
From Data to Diagnosis: 
Innovative Bioinformatics Strategies for 

Diagnosing Rare Genetic Diseases

Wouter Steyaert

Radboud
Dissertation
Series



From Data to Diagnosis:  
Innovative Bioinformatics Strategies for  

Diagnosing Rare Genetic Diseases

Wouter Andre Ragelinus Steyaert



Author: Wouter Andre Ragelinus Steyaert
Title: �From Data to Diagnosis: Innovative Bioinformatics Strategies for Diagnosing 

Rare Genetic Diseases

Radboud Dissertations Series
ISSN: 2950-2772 (Online); 2950-2780 (Print)

Published by RADBOUD UNIVERSITY PRESS 
Postbus 9100, 6500 HA Nijmegen, The Netherlands 
www.radbouduniversitypress.nl 

Design: Proefschrift AIO | Guus Gijben
Cover: Proefschrift AIO | Guntra Laivacuma
Printing: DPN Rikken/Pumbo 

ISBN: 9789465150031
DOI: 10.54195/9789465150031
Free download at: www.boekenbestellen.nl/radboud-university-press/dissertations

© 2025 Wouter Andre Ragelinus Steyaert

This is an Open Access book published under the terms of Creative Commons 
Attribution-Noncommercial-NoDerivatives International license (CC BY-NC-ND 4.0). This 
license allows reusers to copy and distribute the material in any medium or format in 
unadapted form only, for noncommercial purposes only, and only so long as attribution 
is given to the creator, see http://creativecommons.org/licenses/by-nc-nd/4.0/. 



From Data to Diagnosis: Innovative Bioinformatics  

Strategies for Diagnosing Rare Genetic Diseases

Proefschrift ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen

op gezag van de rector magnificus prof. dr. J.M. Sanders,
volgens besluit van het college voor promoties

in het openbaar te verdedigen op 

donderdag 23 januari 2025
om 14.30 uur precies

door

Wouter Andre Ragelinus Steyaert
geboren op 21 november 1982

te Gent (België)



Promotoren:
Prof. dr. H.G. Brunner
Prof. dr. C.F.H.A. Gilissen
Prof. dr. A. Hoischen

Manuscriptcommissie:
Prof. dr. M.A. Huijnen
Dr. M. Zamani Esteki (Maastricht UMC+)
Prof. dr. N.C. Voermans



From Data to Diagnosis: Innovative Bioinformatics  

Strategies for Diagnosing Rare Genetic Diseases

Dissertation to obtain the degree of doctor
from Radboud University Nijmegen

on the authority of the Rector Magnificus prof. dr. J.M. Sanders,
according to the decision of the Doctorate Board

to be defended in public on  

Thursday, January 23, 2025
at 2.30 p.m.

by

Wouter Andre Ragelinus Steyaert
born on November 21, 1982

in Gent (Belgium)



PhD supervisors:
Prof. dr. H.G. Brunner
Prof. dr. C.F.H.A. Gilissen
Prof. dr. A. Hoischen

Manuscript Committee:
Prof. dr. M.A. Huijnen
Dr. M. Zamani Esteki (Maastricht UMC+)
Prof. dr. N.C. Voermans



Table of contents

Chapter 1 	 General introduction

Chapter 2	� Systematic analysis of paralogous regions in 41,755 
exomes uncovers clinically relevant variation

Chapter 3	� Genomic Reanalysis of a Pan-European Rare Disease 
Resource Yields >500  New Diagnoses

Chapter 4	� Unravelling undiagnosed rare  disease cases by HiFi  
long-read genome sequencing

Chapter 5	 General discussion

Chapter 6	 References

Chapter 7	 Summaries

Appendices	 Description of the research data management
		  List of abbreviations
		  Curriculum vitae
		  PhD portfolio
		  List of publications
		  Dankwoord

9

29

71

121

155

167

193

204
206
208
210
212
232





Chapter 1

General introduction



10 | Chapter 1

Rare diseases, though individually rare, collectively affect approximately 6-8% of the 
global population, representing nearly 400-500 million people worldwide (Nguengang 
Wakap et al., 2020). A central challenge in rare disease research and diagnostics is to 
identify the genetic alteration(s) in a patient's genome that explain their condition. 
Successfully pinpointing the causative variant not only provides treatment or disease 
management options, but also concludes a costly diagnostic journey. Additionally, 
for couples at risk of transmitting a genetic disease, this identification allows for 
the estimation of recurrence risks and the possibility of prenatal screenings and 
preimplantation diagnostics (Biesecker & Green, 2014; Text box 1).

With current DNA sequencing technologies and data analysis strategies, the disease-
causing variant is identified in approximately 20-70% of patients, depending on 
the disease and the patients' inclusion criteria (Smedley et al., 2021; Turro et al., 
2020). Two primary factors contribute to the significant portion of patients who 
remain undiagnosed: first, despite decades of technological advances, a substantial 
fraction of genetic variants is still difficult or impossible to detect; second, the 
functional consequences of many genetic variants remain unknown, complicating 
clinical interpretation. In this thesis, we address both of these factors. Specifically, 
we contribute to the identification of previously undetected genetic variants 
using novel bioinformatics approaches and advanced sequencing technologies. 
Additionally, we clinically reassessed a large number of genetic variants, utilizing 
the latest knowledge databases.

The Identification of Genetic Variants

To identify genetic variants within a human genome, the order of nucleotides needs 
to be determined. This process is called DNA sequencing and was, until recently, 
only feasible for relatively short DNA fragments (typically 100 or 150 base pairs). 
Once the sequences of all of these short DNA fragments are determined, they can 
be computationally aligned onto a reference genome. In this step, the genetic 
origin of these DNA sequences is determined. By mapping all of the sequence reads 
that originate from a complete human genome onto the reference sequence, the 
DNA sequence of the individual that is sequenced becomes apparent. In the next 
step, the DNA sequence is compared to the reference sequence in a process called 
variant calling (Figure 1a). 
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The two most used DNA sequencing techniques in clinical settings are exome 
sequencing (ES) and (short-read) genome sequencing (GS; Figure 2; H. Lee et al., 
2014; Stranneheim et al., 2021).

The importance of making a genetic diagnosis.
•	 End of diagnostic odyssey: Obtaining a genetic diagnosis can conclude 

a prolonged, expensive, and potentially invasive diagnostic process. 
This resolution not only eliminates the need for further unnecessary 
investigations but also confers substantial psychological benefits. 
By removing the uncertainty surrounding the patient’s condition, it 
significantly enhances quality of life and provides a clearer path for 
subsequent medical management and care (Carmichael et al., 2015).

•	 Psychosocial support: For many patients and families, having a clear genetic 
diagnosis can provide relief by ending the uncertainty of not knowing 
the cause of symptoms. It can also connect them with support groups 
and resources specific to their genetic condition (Boycott et al., 2017; 
Robin, 2006).

•	 Prognosis: Knowing the genetic basis of a disease can provide critical 
information about the expected course of the condition. This can help 
in planning long-term care and managing symptoms more effectively 
(Robin, 2006).

•	 Family planning: The establishment of a genetic diagnosis allows for the 
determination of recurrence risk when the parents of a child with a rare 
condition are considering having more children. Additionally, reproductive 
options such as preimplantation genetic diagnosis can be offered (Aartsma-
Rus et al., 2016; Robin, 2006).

•	 Treatment options: For an increasing number of rare genetic disorders, 
treatment is possible. In many cases, it is crucial to know the precise genetic 
cause (Tambuyzer et al., 2020).

•	 Scientific understanding: Genetic diagnoses contribute to the broader 
understanding of genetic disorders, facilitating research into new 
treatments and potential cures. This research can lead to advancements in 
medical science that benefit not only the individual but also society as a 
whole (Boycott et al., 2017).

Text box 1: The importance of making a genetic diagnosis
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Exome sequencing
Exome sequencing (ES) is a genomic technique that focuses on sequencing the 
protein-coding regions of the genome. Since only about 1% of a complete human 
genome translates into protein and since most fully-penetrant disease-explanatory 
genetic variants are present within these regions or very close by, ES is a highly 
cost-effective diagnostic sequencing strategy (Teer & Mullikin, 2010). To capture an 
individual’s exome, the DNA is first fragmented into smaller pieces. Then, RNA baits, 
which are complementary to the protein-coding regions of the genome, are used 
to selectively capture these regions of interest. The DNA fragments that hybridize 
onto the RNA baits are retained, while non-target DNA is washed away. Finally, the 
captured DNA fragments are sequenced to reveal the genomic sequence within the 
protein-coding regions (Warr et al., 2015).

While ES has been instrumental in discovering numerous gene-disease associations, 
the technique also has several limitations. First, although most large-effect genetic 
variants reside within the coding portions of the genome, a growing number of 
phenotypes is explained by variants in the non-coding space of the human genome, 
often alterations in promoters, enhancers, insulators or other regulatory elements 
(French & Edwards, 2020). To genetically diagnose patients with disease-causing 
variants in these regions, ES falls short (Figure 2). Second, exome-enrichment kits 
do not capture all coding regions effectively. Depending on the enrichment kit 
that is used, roughly 2 to 10% of coding sequences in the human genome is not 
or very poorly enriched (Lelieveld et al., 2015; Yaldiz et al., 2023). Third, the process 
of exome capture itself introduces bias in the sequencing experiment. Two alleles 
from a certain autosomal genomic region may hybridize with different efficiencies 
when genetic variation is present on one the alleles. This might ultimately result in 
the variant being undetected when the fraction of sequencing reads that support 
the variant allele is too small (Meynert et al., 2014). Furthermore, hybridization 
efficiencies of the various baits that together capture the entire exome are highly 
variable, causing the sequence coverage to be uneven. As a consequence, variant 
discovery may be challenged, especially for copy number variants (CNVs) since 
these variants are typically identified by the comparison and evaluation of coverage 
profiles (cf. Genome sequencing). 
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Figure 1: From rare disease patient to genetic diagnosis. Panel A: After blood is drawn from a rare 
disease patient, DNA is extracted from white blood cells. Next, the DNA is prepared for sequencing 
with an NGS instrument. The resulting NGS reads are aligned onto a reference genome allowing for 
variant calling. In order to be able to classify the genetic variants, variant annotation needs to be done. 
In this process biological and genetic information is added to the variant file to facilitate variant 
classification. If a pathogenic variant is identified that is fully disease-explanatory, the patient receives 
a genetic diagnosis. On the other hand, if no disease-explanatory genetic variant is identified, the 
patient remains undiagnosed. Panel B: Research laboratories might prioritize genetic variants and 
continue with functional work to confirm or falsify the disease-relation of a handful of top-candidate 
disease-causing variants. These efforts, often conducted jointly between different laboratories, to 
enhance study power, contribute to the expanding repertoire of known disease genes.
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Genome sequencing
Sequencing complete genomes has, until now, been conducted on a much smaller 
scale as compared to ES. However, the drastically fallen sequencing costs in parallel 
with technological advancements in computer hardware and software (such as the 
sharp decline in cost for storing information on disk, ameliorated capabilities of 
computer processing units and more optimized data compression techniques) are 
leading to an increasing number of human genomes being sequenced in research 
and clinical care (Manolio et al., 2019; H. C. Martin et al., 2014; Riess et al., 2024; 
Scocchia et al., 2019; Thiffault et al., 2019). 

Because there is no DNA enrichment procedure in GS, the technique suffers less 
from allele imbalance and uneven sequence coverage which results in a higher 
quality variant list – even with a lower sequence depth (Belkadi et al., 2015; Yaldiz 
et al., 2023). In addition, sequencing complete genomes enables the identification 
of genetic variants in deep intronic and intergenic regions. The interpretation of 
these variants is still in its infancy, but it already has significantly expanded our 
understanding of the human genome and it also already resulted in a substantial 
number of exome-negative rare disease patients to receive a genetic diagnosis 
(Alfares et al., 2018). Despite the fact that GS is an excellent way for studying genetic 
variation in the entire human genome, not all genetic variants can be identified. 
Several technical and biological phenomena are responsible for this (Figure 2).

Sequence homology
As a result of small and large-scale duplication events in the evolution of the 
human species, around 5% of the human genome contains non-unique sequences 
(Mandelker et al., 2016). Since sequence reads are much smaller as compared to 
these replicated chunks of DNA, read alignment in a significant part of the human 
genome is ambiguous. Technically, when a short sequence read aligns equally well 
to multiple locations in the reference genome, it is assigned a mapping quality of 
zero. Such sequence reads are typically ignored by the variant calling algorithms 
and, as a result, the vast majority of genetic variants within these regions remains 
unidentified. Several known disease genes however partly or completely reside 
within these duplicated DNA regions and thus their incomplete analysis is probably 
one of the reasons why diagnostic success rates are relatively modest nowadays 
(Ebbert et al., 2019; Mandelker et al., 2016).

Structural variants
Through exome and genome sequencing, it is relatively straightforward to reliably 
identify single nucleotide variants (SNVs), multi-nucleotide variants (MNVs) and 
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small insertions and deletions (small indels) in the unique parts of the human 
genome (Poplin, Chang, et al., 2018; Poplin et al., 2018; Supernat et al., 2018). Both 
in research and clinical practice there is no more need for orthogonally validating 
high-quality variant calls (Beck et al., 2016). Genetic variants that alter the structure 
of the DNA with more that 50 base pairs, typically defined as structural variants 
(SVs), are much harder to identify. Given the larger size of these variants, next-
generation sequencing reads cannot fully encompass them while at the same 
time align with proper mapping qualities. Consequently, the detection of such 
structural DNA changes necessitates reliance on alternative, less precise signals (for 
example aberrations of coverage profiles and the inspection of partly aligned reads 
or read pairs). Recent advances in bioinformatics software however enabled the 
identification of various types of SVs from genome sequencing data with relative 
accuracy (cf. Towards improved variant identification).

Towards improved variant identification
Both the fields of bioinformatics and sequencing technologies evolve rapidly. In 
recent years, several efforts have been undertaken to further improve and expand 
variant calling from exome and genome sequencing data. 

Bioinformatics software
Bioinformatics tools for the analysis of next-generation sequencing data continue 
to improve. While single nucleotide variants (SNVs), multi-nucleotide variants 
(MNVs), and small indels are easy to identify with high accuracy, more complex 
variant types remain challenging to detect. Over the past few years, novel 
algorithms and software tools have been developed that have demonstrated that 
these difficult-to-detect variant types, such as de novo mutations, alterations of the 
mitochondrial DNA, and structural variants, can now be identified from exome and 
genome sequencing data with moderate accuracy.

Improved de novo mutation discovery
De novo mutations (DNMs) are genetic changes that are present in the offspring 
but absent from the parents. These new mutations of which each and every 
individual has around 75 can arise in a germ cell of one of the parents or during 
early embryogenesis (Conrad et al., 2011). Several Mendelian diseases are 
(predominantly) caused by DNMs and thus its accurate identification is of utmost 
importance in rare disease genetics (Veltman & Brunner, 2012). Identifying DNMs 
from sequencing data is a complex challenge that involves accurately genotyping 
a specific genetic site across three distinct samples. Commonly used tools for this 
task include GATK, DeNovoGear, and Platypus, but they all generate large numbers 
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of potential de novo variants requiring researchers to further refine these lists 
(Poplin et al., 2018; Ramu et al., 2013; Rimmer et al., 2014). To accommodate for 
this, novel de novo variant callers have been developed that take advantage of the 
latest advances in machine learning. These recent methods, such as DeNovoCNN 
and DeepTrio, demonstrate superior performance as compared to other methods 
(Hu et al., 2022; Khazeeva et al., 2022).

Mitochondrial DNA analysis
In the currently used exome enrichment kits there are no probes present to capture 
the mitochondrial genome. Because most genetic laboratories restrict variant 
discovery to regions that are targeted by the experiment, the mitochondrial 
genome is typically not analysed in data from ES experiments (Samuels et al., 2013). 
Nevertheless, based on epidemiological studies, 1/5,000 individuals have or are 
at risk for developing mitochondrial DNA (mtDNA) disease (Schaefer et al., 2008). 
Due to the high abundance of mtDNA copies in the cell, most often the mtDNA 
is decently covered in ES data as a result of off-target reads. Several studies have 
shown the value of ES for the analysis of mtDNA by comparing the resulting variants 
with a golden standard such as Sanger or targeted next-generation sequencing 
(Griffin et al., 2014; Wagner et al., 2019). In addition to that, dedicated software tools 
were developed to improve variant identification and estimation of heteroplasmy 
levels using exome data (Calabrese, Simone, Diroma, Santorsola, Guttà, et al., 2014; 
Picardi & Pesole, 2012). 

Structural Variant Calling
In recent years, significant progress has been made in accurately identifying 
structural variations (SVs) in sequencing data. Dedicated tools have been developed 
for various subtypes, which have already proven their utility in medical genetics.

Copy number variants
Copy number variants (CNVs) are typically defined as deletions and duplications 
of DNA segments larger than 1 kb and up to several Mb (Freeman et al., 2006). The 
first bioinformatic tools to identify CNVs in ES and GS data were published roughly 
ten years ago (Boeva et al., 2012; Krumm et al., 2012; Plagnol et al., 2012; Roller et 
al., 2016). Most of these tools make use of the fact that the number of sequencing 
reads that align onto a certain genomic site is a proxy for the number of alleles 
in the sample this is sequenced. Since the total number of sequencing reads is 
variable among different samples, the sequence coverage needs to be normalized 
first. Subsequently, the coverage profile of the sample at study is statistically 
compared with a group of technically comparable samples (a reference cohort).  
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Although algorithms exist for both ES and GS, the significantly better coverage 
evenness in GS, as well as the continuity of the data points, make GS much more 
suitable for identifying CNVs. Additionally, the availability of coverage data for 
intronic and intergenic regions facilitates the estimation or determination of 
breakpoints, which may be essential for clinical interpretation (Hehir-Kwa et al., 2015).  
It is important to note that when only a small number of data points are responsible 
for an aberrant coverage profile, the uncertainty associated with the variant call 
is large. Particularly, small heterozygous CNVs (the order of a single exon), are 
the most challenging to detect in coverage profiles that intrinsically exhibit quite 
some variability. In contrast, very large CNVs, spanning several mega bases, can 
often be identified with great accuracy. By comparing different CNV callers and by 
orthogonally validating the calls, researchers gained insights into the capabilities 
of the different published tools (Gordeeva et al., 2021; Tan et al., 2014; Yao et 
al., 2017). By adopting the lessons learned from these comparison studies and 
applying stringent filter protocols to remove false positive CNV calls, multiple 
studies demonstrated an increased diagnostic yield by considering CNVs in clinical 
exome and genome cohorts (Gambin et al., 2017; Gross et al., 2019; Meynert et al., 
2014; Retterer et al., 2015; Zhai et al., 2021).

Short tandem repeat expansions
Short tandem repeats are repeating motifs of 1-6 base pairs comprising roughly 3% 
of the human genome (Lander et al., 2001). The accurate estimation of the repeat 
length from ES or GS data is challenging because the repeat length exceeds the 
length of a typical sequence read. However, the expansion of part of these STRs 
lead to human, mostly neurodegenerative, disease (La Spada & Taylor, 2010). Recent 
bioinformatic developments however have successfully enabled the identification 
and prioritization of these pathogenic STR expansions (Casse et al., 2023; Dolzhenko 
et al., 2019, 2020; van der Sanden et al., 2021).  Basically, these tools take advantage 
of the fact that the number of reads that align onto the repeat locus is a proxy for 
the length of the locus. Statistical modelling allows for the discrimination between 
different autosomal alleles.

Mobile element insertions
Mobile elements are DNA sequences that have the ability, if active, to insert 
new copies elsewhere in the genome via an RNA intermediate. Mobile element 
insertions (MEIs) can lead to disease if these sequences are for example inserted in 
the coding sequence of disease-relevant genes. Currently, more than 150 MEIs have 
been linked to human disease (Hancks & Kazazian, 2016; Qian et al., 2017). Because 
MEIs are SVs, dedicated bioinformatic tools are needed for their identification in ES 
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and GS data (Demidov et al., 2021; Gardner, Lam, Harris, Chuang, Scott, Stephen 
Pittard, et al., 2017; Rishishwar et al., 2017; Thung et al., 2014; Torene et al., 2020; 
Vendrell-Mir et al., 2019; Wijngaard et al., 2024). Recently it has been shown that 
their application on clinical cohorts provides an additional diagnostic yield 
(Gardner et al., 2021). 

Other structural variants
Heterozygous deletions, insertions and duplications of intermediate size (between 
50 and 1000 base pairs) are highly challenging to identify from sequencing data 
with read depth methods (Figure 2). Also copy-neutral events such as inversions 
and translocations do not result in an altered coverage profile. For the detection 
of these variants, methods were developed that exploit other properties of 
sequencing data. Some of these methods for example make use of the fact that 
an SV might result in an altered distance between the mates in a pair of reads 
(the insert size) or that the orientation of the mates in paired-end sequencing is 
altered. Split-read methods on the other hand aim to identify (breakpoints of ) SVs 
by investigating incompletely aligned read pairs, and assembly-based methods try 
to de novo assemble reads resulting in longer contigs that encapsulate putative SVs 
(Kosugi et al., 2019; Tattini et al., 2015). All of these different methods and tools 
produce large lists of putative SVs. Although it is known that a large fraction of 
these variant calls are false positives, it has been demonstrated that the application 
of these tools on clinical ES and GS data combined with stringent filter protocols 
results in an additional diagnostic yield (Gardner et al., 2021; Palmer et al., 2021; 
Shashi et al., 2019). 

Novel sequencing technologies
Despite all of the improvements in bioinformatics software, a substantial fraction of 
genetic variants cannot be identified from ES or GS because there is no trace present 
in the data. Although sequencing short DNA fragments can nowadays be done at 
relatively low cost, it is clear that the short length of these sequence fragments is 
a limiting factor for the identification of a large fraction of genetic variants such as 
SVs and genetic variants in duplicated genomic regions (Huddleston et al. 2017). 
In the past decade, a couple of companies developed and optimized technologies 
to sequence much larger segments of DNA. The two major players in the field 
of long-read sequencing (LRS) are Pacific Biosciences of California and Oxford 
Nanopore. With their technologies it is possible to generate accurate sequence 
reads of multiple tens of kilobases (Figure 2). In addition, there is no need for PCR 
amplification in the sequencing process. This step, which is necessary in short-read 
next-generation sequencing technologies, introduces biases as it cannot be done 
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perfectly uniform (Schadt et al., 2010). A major drawback of LRS technologies is the 
cost which still heavily exceeds that of a regular short-read sequencing experiment. 
For that reason, these novel sequencing experiments are yet not affordable for 
health-care systems (Branton et al., 2008; Deamer et al., 2016; Wenger et al., 2019). 
Nevertheless, more and more researchers report their success stories in pinpointing 
the disease-causative genetic variation by the use of LRS (Grosz et al., 2022; Ishiura 
et al., 2018; Merker et al., 2018; Sone et al., 2019). 

The clinical interpretation of genetic variants

Every single individual has a genome that differs from the reference sequence in 
about 4 to 5 million sites (Auton et al., 2015). To be able to find the alteration that is 
causative for disease in a given patient it is essential to first associate genetic and 
biological information to each variant. This process is called variant annotation and 
allows for prioritizing genetic variants that are most likely involved in the patient’s 
phenotype (Figure1). 

Variant annotation
Among the most important annotations are known disease-gene annotations, 
known disease-variant annotations, population variant allele frequencies, the 
functional consequence of the variant on transcript level and computational 
variant effect predictions.

Known disease-causing variants and genes
In an automated variant interpretation workflow, one of the first steps is to check 
for variants with known pathogenicity. Two important databases that contain 
interpreted genetic variants are ClinVar and HGMD. ClinVar is a freely accessible 
and monthly updated inventory of clinically interpreted genetic variants (Landrum 
et al., 2016, 2020). When a specific laboratory has demonstrated the causative 
relationship between a genetic alteration and a phenotype it can be shared with 
the worldwide genetics community via ClinVar. As a result, other laboratories that 
identify the same genetic variant in a patient with the same phenotype can use this 
information to diagnose their patient. HGMD is a similar more extensive and better 
curated but commercial initiative (Stenson et al., 2020). 

Patients are not only diagnosed based on previously known pathogenic variants. 
All potentially disease-causing variants in a complete set of relevant genes are 
considered. These sets of known disease genes are called gene panels and contain 
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genes known to cause one particular disease or phenotype (Bean et al., 2020). 
Some gene panels only contain a handful of genes while the largest panels contain 
multiple hundreds or even thousands of genes. Only when the clinical presentation 
is unspecific, the complete Mendeliome (the collection of all disease genes leading 
to a Mendelian or monogenic disease) needs to be considered. An example of a 
publicly available collection of curated disease gene panels is PanelApp from the 
Genomics England consortium (A. R. Martin et al., 2019).

To identify the disease-explanatory variant among all genetic variants in the 
applied gene panel, the variants are filtered on population allele frequency and 
their consequence on transcript level. To ensure that the subsequent variant 
interpretation analysis is as correct and uniform as possible, the American College 
of Medical Genetics and Genomics (ACMG) together with the Association for 
Molecular Pathology (AMP) and the College of American Pathologists developed 
standardized guidelines for the interpretation of sequence variants in known 
Mendelian disease genes (Richards et al., 2015). Their protocol uses population 
data, computational data, functional data and segregation data to classify variants 
into one of 5 categories: benign, likely benign, variant of unknow significance, 
likely pathogenic and pathogenic. The strongest evidence for variant pathogenicity 
are “null variants” in disease-relevant gene transcripts where loss-of-function is a 
known disease mechanism.  

Population variant allele frequencies
The diseases for which genetic diagnostics is offered nowadays are typically 
monogenic. These diseases are rare and thus cannot be caused by common genetic 
variation. By using the frequencies of variant alleles in the general population, all 
common variants can be discarded in the search for the causal variant. The most 
important resource for allelic frequencies in the general population that is used 
by researchers and clinical investigators worldwide is the Genome Aggregation 
Database (gnomAD). Currently it includes genetic variants from more than 200,000 
individuals from different ancestries (Karczewski, Francioli, Tiao, Cummings, 
Consortium, et al., 2020). In general, the vast majority of all variants in a human 
genome are common (circa 98% have allelic frequencies above 0.5%; (Auton et 
al. 2015)) and thus can be removed for further consideration in the search for the 
disease-causing variant.

Variant consequences on the transcript
Although rare genetic diseases can be caused by variants that do not alter the 
sequence of amino acids in a protein, both for ES and GS non-synonymous variants 
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(predicted loss-of-function and missense variants) will be investigated first since 
these variants have larger effects on the protein in general. 

Predicted loss-of-function variants
Genetic variants that are predicted to disrupt gene function are called predicted 
loss-of-function (pLoF) variants. These variants can be single nucleotide 
substitutions that give rise to a premature stop codon (nonsense variants), 
small insertions or deletions disrupting the triplet reading frame of a transcript 
(frameshift variants), SNVs at positions ±1 or 2 at the splice sites (canonical splice 
site variants), substitutions leading to a loss of the initiation codon (start loss 
variants) or single or multiple exon deletions. As compared to genetic variants 
with other predicted consequences on the transcript and/or protein, the clinical 
interpretation of pLoF variants in well-established disease genes is relatively 
straightforward. The reason for this is that most of these variants have the same 
effect on the transcript: nonsense-mediated mRNA decay which ultimately leads 
to the absence of gene product. However, nonsense and frameshift variants in 
the last exon of a transcript do not lead to nonsense-mediated decay (Rivas et al., 
2015) and may give rise to functionally different proteins, and thereby to different 
genetic disorders than for genuine pLoF variants. The clinical interpretation of 
canonical splice site variants also poses challenges. Although the ±1 or 2 splice 
donor and acceptor sites are ultra-conserved, canonical splice site variants do not 
automatically lead to a loss of the protein product. Such variants might for example 
cause an in-frame exon skipping without having an effect on protein function, or 
the splicing machinery might make use of cryptic splice sites to allow for splicing. 
Similarly, genetic alterations of the initiation codon do not always result in loss-
of-function. Alternative ATG or non-ATG codons down- or upstream of the original 
start codon may initiate transcription (Bazykin & Kochetov, 2011). In general, a 
substantial portion of pLoF variants lead to functional protein products (Guo et al., 
2013). For that reason, experimental assays that assess the impact of pLoF variants 
at the mRNA level can be useful in variant interpretation.

Missense variants
When an SNV or MNV results at the protein level in the substitution of an amino 
acid by another amino acid the variant is called a missense variant. In general, the 
clinical interpretation of these variants is highly challenging since their effect on 
transcript and protein level is difficult to predict. For that reason, the majority of 
rare missense variants are considered as variants of unknown significance (VUS). 
There are however some specific criteria for missense variants, according to the 
ACMG, which are considered as strong evidence for pathogenicity (Richards et 
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al., 2015). First, if the genetic variant leads to the same amino acid change as a 
known pathogenic genetic alteration. Second, if the missense variant has occurred 
de novo. Third, if the prevalence of the variant allele in a cohort of patients with 
the same phenotype is significantly increased as compared to a group of control 
individuals. Fourth, if functional studies demonstrate the damaging effect of the 
variant on transcript and/or protein level. Only if 2 of these criteria are true or if 1 of 
them is true combined with multiple moderate or supportive lines of evidence for 
pathogenicity the variant can be classified as pathogenic. 

Computational variant effect predictions
The clinical interpretation of DNA variants heavily depends on knowledge about 
their effect on transcript and protein level. Because wet-lab assays are labour 
intensive, expensive and cumbersome, in the past decades, several computational 
tools were developed to predict the effect of genetic variants on molecular and 
human phenotypes. Most of these tools predict the deleteriousness of missense 
variants on protein level by feeding a machine-learning algorithm with information 
on evolutionary conservation, physico-chemical amino acid properties, population 
data, structural protein models for known disease causing and benign genetic 
variants. SIFT and PolyPhen-2 were among the first tools that were broadly used 
by the clinical genetics community (Ng & Henikoff, 2001; Ramensky et al., 2002). 
As more and more sequencing data and clinically interpreted variants became 
available, novel algorithms were developed, also making use of the latest advances 
in predictive modelling theory (Brandes et al., 2023; Frazer et al., 2021; Rentzsch 
et al., 2019). Although the accuracy of these tools substantially increased over the 
years, none have a 100% sensitivity or specificity. As a result, their outcomes are 
only used as a supportive argument in a diagnostic variant interpretation analysis 
(Richards et al., 2015). In research settings however, these tools can be highly 
valuable, as they allow for a meaningful variant prioritization before attempting 
laborious functional validation experiments (Figure 1b). 

Variants of unknown significance
Due to our incomplete understanding of the molecular and phenotypic effect of 
genetic variation, the majority of variants are of unknown clinical significance, partly 
explaining the large number of genetically undiagnosed rare disease patients. The 
disease-explanatory genetic variant might be present in a known disease gene, but 
it might also reside in a gene or regulatory element which is not yet recognized 
as being involved in human disease. For either of these scenario’s functional work 
is typically needed to prove variant pathogenicity. Although validated functional 
assays exist for many well-established disease genes, it is, especially in routine 
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diagnostics, infeasible to perform these assays for all rare variants in undiagnosed 
patients. In several laboratories however the genomes of genetically undiagnosed 
patients are further explored in a research setting. Attention and resources are 
focused on a handful of top disease-causing candidate variants by first prioritizing 
the genetic variants which are most likely involved in the patient’s phenotype. 
These prioritization methods comprise rankings that result from bioinformatic 
tools (cf. Computational  variant effect predictions), statistical analysis and family 
inheritance (Figure 1b; Eilbeck et al., 2017). 

De novo variation and family inheritance
De novo mutations (DNMs) are, on average, more likely to be deleterious as 
compared to more common genetic variants (Veltman & Brunner, 2012). This is 
also apparent from the many genetic diseases that are (too a large degree) caused 
by de novo variation. For that reason, and given the fact that the number of new 
mutations in a genome is small, DNMs in yet undiagnosed rare disease patients 
(with healthy parents) are often of particular interest to rare disease researchers. 
When multiple independent patients with the same phenotype and with DNMs in 
the same gene are found this is considered strong evidence for disease causality. 
Further functional studies are then often required to provide additional support 
of pathogenicity or to decipher the biological pathways involved in disease. This 
strategy has been successful for a large number of diseases (Chong et al., 2016; 
Muona et al., 2015; Polla et al., 2021; Yuan et al., 2014). 

For diseases that are inherited in large families, researchers used to do linkage 
studies to delineate one or a couple of regions in which genetic variants co-
segregate with disease. The genes within these regions are then fully explored to 
find the cause of disease for the given family. Nowadays, sequencing the DNA of 
all family members in a large family is feasible and thus the need for dedicated 
linkage studies disappears. However, family segregation is still a very valuable and 
powerful prioritization strategy which each year aids in the identification of novel 
disease genes (Baetens et al., 2017; Karolak et al., 2019; Wu et al., 2015). 

Statistical analysis
For some phenotypes, single genetic centers or research consortia are able to 
collect data for a large number of disease patients and control individuals. In that 
case, a statistical variant burden analysis can be conducted. The main purpose 
of these analysis is to identify genes in which rare variants are significantly more 
(potentially deleterious) or less (potentially protective) abundant in the case 
group as compared to the control group. Such analysis have been conducted by 
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several research groups and pinpoint genes which are highly likely involved in the 
respective phenotype  (Lelieveld, Reijnders, Pfundt, Yntema, Kamsteeg, de Vries, et 
al., 2016). Another type of variant burden analysis is a de novo variant enrichment 
analysis. These studies have shown to be very successful in identifying genes 
implicated in intellectual disability and autism (Kaplanis, Samocha, Wiel, Zhang, 
Study, et al., 2020). The idea behind such analysis is that DNMs in a cohort of 
patients with the same disease might cluster in disease relevant genes or regions as 
compared to what is expected based on known de novo mutation rates. 

Knowledge exchange in and between centers
Despite variant and gene prioritization strategies being relatively successful, a very 
large number of rare disease patients remain genetically undiagnosed. To further 
accelerate the identification of disease-explanatory variants and disease genes, in 
the last decade, several initiatives were founded to facilitate the transfer of data and 
knowledge between genetic laboratories within or across countries. Among the 
most important of such initiatives are Matchmaker Exchange (MME), Undiagnosed 
disease network (UDN) and Solve-RD (Philippakis et al., 2015; Ramoni et al., 2017; 
Zurek et al., 2021). 

Aims and scope of this thesis

The aim of this thesis is to address some of the current shortcomings in variant 
identification and interpretation and to genetically diagnose previously undiagnosed 
rare disease patients. 

In chapter 2 we investigated the possibility of identifying genetic variation within 
the paralogous regions of the genome using exome sequencing data. We developed 
an algorithm called Chameleolyser in which sequencing reads from all paralogs 
are jointly analysed. We applied this novel method to a cohort of 41,755 exome 
datasets and obtained a genetic diagnosis in 25 previously undiagnosed patients.

Chapter 3 describes the approach and result of a large-scale reanalysis of existing 
exome and genome datasets of the Solve-RD consortium. We collected sequencing 
data from more than 6,000 previously undiagnosed rare disease families together 
with standardized phenotype and family information. In total, 37 institutions across 
13 countries, affiliated to one of 4 European Reference Networks (ERN-ITHACA, ERN-
RND, ERN-NMD and ERN-GENTURIS), contributed to the final dataset. By conducting 
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an in-depth variant analysis and interpretation we genetically diagnosed more than 
500 previously undiagnosed rare disease patients. 

In chapter 4 we applied long-read sequencing to a unique cohort of 293 individuals 
from 114 genetically undiagnosed RD families selected by European Rare Disease 
Network (ERN) experts. We wanted to evaluate the extent to which rare diseases are 
caused by structural variants (SVs), small variants/single nucleotide variants (SNVs), 
or short tandem repeat (STR) expansions undetectable by standard technologies, 
including short-read exome and/or genome sequencing. In total, we identified and 
validated disease explanatory genetic variants in 13 families and in an additional 
four families we identified a candidate disease-causing variant. 

In chapter 5, I discuss the relevance of these findings and their implications for 
future research into the causes of human genetic disease.
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Abstract

The short lengths of short-read sequencing reads challenge the analysis of 
paralogous genomic regions in exome and genome sequencing data. Most 
genetic variants within these homologous regions therefore remain unidentified 
in standard analyses. Here, we present a method (Chameleolyser) that accurately 
identifies single nucleotide variants and small indels, copy number variants and 
ectopic gene conversion events in duplicated genomic regions using whole-
exome sequencing data. Application to a cohort of 41,755 exome samples yields  
20,432 rare homozygous deletions and 2,529,791 rare single nucleotide variants 
and small indels, of which we show that 338,084 are due to gene conversion events. 
None of the single nucleotide variants and small indels are detectable using regular 
analysis techniques. Validation by high-fidelity long-read sequencing in 20 samples 
confirms >88% of called variants. Focusing on variation in known disease genes 
leads to a direct molecular diagnosis in 25 previously undiagnosed patients. Our 
method can readily be applied to existing exome data.



2

31|Systematic analysis of paralogous regions in 41,755 exomes uncovers clinically relevant variation

Introduction

Over 1,700 human protein coding genes partly or completely share a very high 
sequence identity with other genomic regions (Mandelker et al., 2016). These 
paralogous regions originate from small- or large-scale duplication events or retro-
transpositions in the evolution of the human species. The sequence and function 
of these duplicated genomic regions typically diverge over evolutionary time by 
the accumulation of mutations at different rates. One of the copies might lose its 
function and evolve to a non-coding paralog (a pseudogene) or to a coding paralog 
with a different function (Michael & S., 2000; Walsh, 1995).

A well-known genetic mechanism that is relevant when studying paralogous 
regions is the ectopic gene conversion. A non-allelic or ectopic gene conversion 
is an event where a sequence is copied from a specific genomic region (the donor 
region) to a distant region (the acceptor region). When the donor and acceptor 
sequence differ,  this introduces new genetic variation into the acceptor site 
(Dumont, 2015; Santoyo & Romero, 2005). Ectopic gene conversions occur in at 
least 1% of human genes associated with inherited disease (Casola et al., 2012). 
In several of these genes such as STRC, OTOA and SMN1 gene conversions have 
previously been identified as a cause of genetic disease (Campbell et al., 1997; 
Laurent et al., 2021; Shearer et al., 2014). 

Despite their clinical relevance, gene conversions remain unidentified in the 
analysis of short-read data such as whole-exome sequencing (WES) and whole-
genome sequencing (WGS) data. Indeed, in case of an ectopic gene conversion, the 
sequencing reads that originate from the acceptor site will align onto the reference 
sequence corresponding to the donor site. As a result, no reads will be aligned to 
the acceptor site and single nucleotide variants and small insertions and deletions 
(SNVs/Indels) that are introduced by means of the gene conversion remain 
unidentified (Figure 1e). Copy number variant (CNV) callers however will typically 
identify such events as deletions despite the fact that no deletion is present in the 
patients DNA (from here the term ‘deletion’ refers to genetic events with the size of 
a single or multiple exons).
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Figure 1: Schematic overview of genetic events that are identified by Chameleolyser. Regions R1 and 
R2 are 2 regions with a very high sequence identity. In panels a, b and c these 2 regions are completely 
identical (Seq. Id = 100%). As a consequence, reads that align onto these regions will have mapping 
qualities of 0 (when no masking is applied). To indicate this, reads are displayed white. Within 
Chameleolyser, reads are extracted and re-aligned onto a reference sequence in which R2 is masked. 
As a result, reads align uniquely onto R1 and will have mapping scores different from 0. This is indicated 
by representing them in grey. By applying a sensitive variant calling onto this masked alignment, 
Chameleolyser is able to identify single nucleotide variants and small indels (SNVs/Indels; green bullet 
in panel b). Nevertheless, the exact position of the variant remains ambiguous, hence we named them 
VAPs (variant with ambiguous position). In case R1 and R2 are identical in sequence, Chameleolyser 
limits the identification of homozygous deletions to events in which both R1 and R2 are deleted (panel 
c). Panels d, e and f illustrate the scenarios in which R1 and R2 are not completely identical (Seq. Id ≠ 
100%). The 3 positions in which R1 differs from R2 are indicated with a coloured bullet. Since reads that 
align onto these regions will have sufficiently good mapping qualities, the identification of regular 
SNVs/Indels doesn’t pose an issue for standard data analysis pipelines. Nevertheless, SNVs/Indels that 
result from a gene conversion typically remain unidentified. By only considering the coverage profile 
of R1, an ectopic gene conversion and a deletion look identical (panels e and f ). Chameleolyser also 
considers the coverage at locus R2. As a result, gene conversions can be distinguished from deletions. 
Indeed, in case of an ectopic gene conversion, reads that originate from the acceptor site will align 
onto the reference sequence of the donor site resulting in a two-fold increase of the sequencing 
coverage as opposed to the scenario where no gene conversion is present.
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The issue of variant discovery within paralogous regions is not limited to gene 
conversions. SNVs/Indels that are not introduced by means of a gene conversion 
also remain undetected, especially in genomic regions that have an identical 
paralog (100% sequence identity). In such cases, short sequencing reads align 
equally well to multiple locations in the genome and will typically be assigned 
a mapping quality of zero. These reads will be ignored by the variant calling 
algorithm as their alignment is deemed ambiguous. As a result, genetic variants 
that are supported by these reads are not detected (Figure 1b).

Among the methods that enable the identification of CNVs in WES and WGS data, 
a limited number is specifically designed to estimate copy numbers of paralogous 
genes (H. et al., 2010; Handsaker et al., 2015). By using the read depth at singly 
unique nucleotides (SUNs; the sequence differences between paralogs), it is 
possible to genotype the copy and content of paralogs within duplicated gene 
families. For regions that have an identical copy elsewhere in the genome (without 
SUNs), an estimate of the total copy number can be made. Despite these methods 
being accurate, they are designed to run on WGS data and they do not explicitly 
identify gene conversions. Furthermore, to our knowledge, there are currently 
no methods available to identify SNVs/Indels in identical paralogs. Ebbert et al., 
2019 performed a thorough characterisation of paralogous regions in the human 
genome and suggested a strategy for rescuing variants in these regions based 
on re-alignment of reads to a masked reference genome, but their work did not 
provide a concrete solution (Ebbert et al., 2019). For these reasons, the accurate 
sequence analysis of paralogous regions still relies on experimental assays that 
only include one or a couple of genes. Typically, specific polymerase chain reaction 
(PCR) primers are designed to generate long-range PCR fragments which span the 
paralogous regions. Despite the fact that this approach has been successful for 
quite a number of genes these assays remain challenging to design and laborious 
to perform and are therefore not applied at scale (Borràs et al., 2017; Mandelker 
et al., 2016; Steyaert et al., 2021). Here, we present a method (Chameleolyser) that 
enables the identification of SNVs/Indels, CNVs and ectopic gene conversions 
in all paralogous regions in the coding portions of the human genome based on 
short-read sequencing data. By applying Chameleolyser to a cohort of 41,755 WES 
samples, we identify an average of 60 genetic variants per sample that could not 
be detected using standard WES analysis. Validation by high-fidelity long-read 
sequencing in 20 samples confirms >88% of called variants. Stringent filtering 
and clinical interpretation of these variants results in a genetic diagnosis for  
25 previously undiagnosed rare disease patients. The wider application of our 
method might result in a new reservoir of genetic variation from which new 
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biological insights could be gained. Chameleolyser is implemented in Perl5 and 
requires a BAM or CRAM file (relative to GRCh37) as input. It runs about one hour on 
a single core for a single sample (depending on the enrichment kit and sequencing 
depth). Both raw and filtered variants are written to a tab separated file. The 
tool is freely available on  GitHub (https://github.com/Genome-Bioinformatics-
RadboudUMC/Chameleolyser) where also installation and usage instructions can 
be found (Steyaert, 2023).

Results

Chameleolyser works by extracting reads in the 3.5% of the exome that is affected 
by sequence homology (paralogous regions (Methods)) and re-aligning them to 
a reference genome in which all but one paralogs within each set of paralogs are 
masked (Ebbert et al., 2019). By masking all nucleotides in these regions in the 
reference genome, no sequencing reads will be aligned onto them. As a result, 
all reads that originate from a set of paralogous sequences are uniquely aligned 
onto a single region in the reference genome (the non-masked region; Figure 1b). 
Subsequently we perform sensitive variant calling to identify SNVs/Indels (Methods).

Homozygous deletions and ectopic gene conversion events are identified by 
analysing the coverage profile in the original alignment (without masking). In 
short-read sequencing data, a homozygous deletion and the acceptor site of a 
homozygous ectopic gene conversion appear identical: no reads are aligned onto 
that site of the reference genome. By also considering the number of reads that 
align onto the paralogous regions, it is possible to discriminate between deletions 
and gene conversions. In case of an ectopic gene conversion, the reads that 
originate from the acceptor site align onto the reference sequence of the donor site 
which results in a twofold increase in sequencing depth relative to what is expected 
(figure 1e-f ). By applying this approach to a dataset of 41,755 exome samples we 
identified 2,191,707 SNVs/Indels which are not due to a gene conversion (cohort 
allele frequency (CAF)  ≤ 10%; Supplementary Figure 1, Table 1, Supplementary 
data 1), 22,600 homozygous gene conversions that jointly introduce an additional 
338,084 SNVs/Indels (CAF ≤ 10%; Supplementary Figure 2, Table 1, Supplementary 
data 2, Supplementary data 3) and 20,432 homozygous copy number losses  
(CAF ≤ 10%; Supplementary Figure 3, Table 1, Supplementary data 4). Importantly, 
none of the SNVs/Indels, either being the result of a gene conversion or not, were 
detected by a standard WES analysis (Methods).
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Table 1: Observed number of variant calls, VAPs and deletions with 2 different cohort allele frequency 
thresholds (10% and 0.5%) in our cohort of 41,755 exome samples. All variants were annotated on 
Ensembl canonical transcripts. Loss-of-function (LoF) and missense (Miss) variants are relative to 
these transcripts.

Variant type Due to 
ectopic gene 
conversion

Within or outside 
an OMIM disease 
gene

Transcript 
consequence

VAF 
threshold

Number of 
variants

deletion NA Within NA 0.10 6,250

deletion NA Outside NA 0.10 14,182

SNV/Indel Yes Within LoF 0.10 1,043

SNV/Indel Yes Within Miss 0.10 4,507

SNV/Indel Yes Within Rest 0.10 56,279

SNV/Indel Yes Outside LoF 0.10 341

SNV/Indel Yes Outside Miss 0.10 10,970

SNV/Indel Yes Outside Rest 0.10 264,944

SNV/Indel No Within LoF 0.10 13,875

SNV/Indel No Within Miss 0.10 142,324

SNV/Indel No Within Rest 0.10 524,376

SNV/Indel No Outside LoF 0.10 53,908

SNV/Indel No Outside Miss 0.10 514,659

SNV/Indel No Outside Rest 0.10 3,347,319

deletion NA Within NA 0.005 1,182

deletion NA Outside NA 0.005 3,885

SNV/Indel Yes Within LoF 0.005 181

SNV/Indel Yes Within Miss 0.005 1,279

SNV/Indel Yes Within Rest 0.005 22,831

SNV/Indel Yes Outside LoF 0.005 341

SNV/Indel Yes Outside Miss 0.005 4,380

SNV/Indel Yes Outside Rest 0.005 60,298

SNV/Indel No Within LoF 0.005 2,000

SNV/Indel No Within Miss 0.005 20,827

SNV/Indel No Within Rest 0.005 79,037

SNV/Indel No Outside LoF 0.005 8,760

SNV/Indel No Outside Miss 0.005 79,962

SNV/Indel No Outside Rest 0.005 482,720
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Validation
To technically validate our variant call set, we performed whole genome high-
coverage long-read sequencing (LRS) for 20 samples using PacBio high-fidelity 
technology (Wenger et al., 2019). Within this subset of samples, Chameleolyser 
identified 769 SNV/Indel calls that are not the result of a gene conversion. LRS data 
confirmed 678 of these calls (88.2%; Figure 2, Methods, Supplementary data 5). Of the 
120/769 rare SNVs/Indels (CAF ≤ 0.5%), 111 (92.5%) are concordant with the LRS data 
(Supplementary data 5). Our analysis furthermore identified 8 homozygous gene 
conversions and 15 homozygous deletions within the subset of samples for which 
LRS data was generated. LRS data confirmed all ectopic gene conversions  (100%) 
and 13/15 homozygous deletions (86.7%) (Figure 2, Supplementary data 6, Methods).

The quality of our variant call set was further evaluated by using the 6,980 parent-
offspring trios that are present in our dataset. We observe that 99.0% of the SNVs/
Indels that are present in the offspring is also called in one of the parents (Methods, 
Supplementary data 7). This suggests that only a small fraction of our variant calls 
are technical artifacts.

In addition to our in-house validation samples we also applied Chameleolyser to 
5 genome-in-a-bottle samples (Methods). Since the identification of deletions and 
gene conversions requires a larger number of samples enriched with the same 
enrichment kit, the precision analysis was restricted to SNVs/Indels (not the result 
of a gene conversion). From the 118 SNV/Indel calls made by Chameleolyser, 98 
are concordant with LRS (83.1%; Methods, Supplementary data 8). From the  
39 calls corresponding to rare SNVs/Indels, 35 were concordant with LRS  
(89.7%; Supplementary data 8).

Comparison with other variant callers
Chameleolysers ability to identify SNVs/Indels (not the result of a gene conversion) 
was compared with GATK and DeepVariant (Poplin, Chang, et al., 2018). The 
sensitivity for both of these tools is exactly zero within genomic regions that are 
associated with zero mapping qualities in WES (Supplementary data 9, Figure 1b), 
With Chameleolyser a sensitivity of 43% is achieved (Methods). In regions 
onto which sequencing reads align uniquely, it has been shown that GATK and 
DeepVariant are excellent tools for the identification of SNVs/Indels (Lin et al., 
2022). Within these regions, the added value of Chameleolyser is limited with a 
sensitivity of 88.0% compared to 86.3% for GATK (Methods).



2

37|Systematic analysis of paralogous regions in 41,755 exomes uncovers clinically relevant variation

Sensitivity could not be assessed for homozygous deletions and ectopic gene 
conversions since we cannot, due to the availability of only a limited number of 
long-read sequencing samples, derive a call set of high-quality events with a 
population allele frequency ≤ 0.10 (Methods). The unique value of Chameleolyser 
can however be demonstrated by comparing its output with ExomeDepth (Plagnol 
et al., 2012) and Conifer (Krumm et al., 2012) (Methods, Supplementary Figure 4). 
Within the 20 in-house samples for which LRS alignments were generated, there are 
4 events (3 deletions and 1 gene conversion) that are only called by Chameleolyser. 
Of these, 2 events (1 deletion and 1 conversion) were concordant with the LRS 
alignments. The other 12 deletions and 7 conversions that were identified by 
Chameleolyser are all called as deletions by ExomeDepth. As opposed to Conifer 
(for which there are no homozygous deletion calls within the validation samples), 
ExomeDepth made an additional 201 homozygous deletion calls which were not 
made by the other tools. Based on the LRS alignments we estimated the precision 
at 32.5% (Methods, Supplementary data 10).

Variants with ambiguous positions
Heterozygous SNV/Indel calls (not due to a gene conversion and not corresponding 
to SUNs (methods)) result from a genomic alteration in one of the paralogs within 
the respective set of paralogs (Figure 1b). Since short-read data does not contain 
the information to discriminate between the different paralogs in an identical set of 
paralogs, all possible variants that could have caused the variant call are computed 
and annotated (Methods). In the remainder of the text we will call these “variants 
with ambiguous positions” (VAPs). This uncertainty is not applicable for variants 
which are homozygous in all paralogs nor is it relevant for gene conversions and 
deletions since these events are identified based on coverage data (Methods). 

Approximately 10% of VAPs originate from protein-altering variants or from the 
corresponding alteration in only one possible non-coding paralog (the variant 
thus resides in a set of 2 paralogs of which one is coding and the other is not). In 
principle we would expect that half of these VAPs actually reside in the coding 
region. However, selection may act more on coding regions which could lead to an 
overrepresentation of VAPs that are actually present in non-coding regions. In order 
to derive the fraction of VAPs that originate from protein-altering variants we used 
two different approaches. Firstly, by using the LRS data that we used for validation 
purposes we can determine the actual location of these VAPs and thus determine the 
fraction. Within the 20 WES samples for which we generated LRS data, we identified 
65 VAPs satisfying the aforementioned criteria. From these, 25 (38%) turned out to be 
present in the coding regions (p-valuebinom= 0.08; Supplementary data 11).
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< Figure 2: Overview of validation successes with LRS. Each variant type (single nucleotide variant and 
small indel (SNV/Indel) not due to a gene conversion, homozygous gene conversion and homozygous 
deletion) is accompanied with a bar chart and 1 concrete example. Within each bar chart, the 
correspondence between Chameleolyser and long-read sequencing (LRS) is shown. The genomic 
coordinates of the SNV (not due to a gene conversion) in the IGV screenshots is chr2:96,692,489-C/T 
(locus 1) and chr2:96,463,586-G/A (locus 2). In whole-exome-sequencing (WES) we observe that 
roughly 25% of the reads at each locus support the variant allele. Based on LRS we clearly see that the 
genomic alteration is present as a heterozygous SNV in locus 1 (and not in locus 2). The genomic 
coordinate of the homozygous gene conversion that is shown in the IGV screenshot is chr1:22,338,347-
22,339,613 (CELA3A; locus specific). WES data shows a clear difference between a sample with (a case) 
and a sample without the event (a control). In the case (as opposed to the control) there isn’t any read 
that uniquely aligns onto the beginning of intron 1. Considering the LRS data, we see that this region 
is not deleted in the case sample. In contrast, we see several SNVs/Indels which are absent in the 
control sample. These alterations indeed correspond to sequence differences between CELA3A and 
CELA3B (Supplementary data 22). A conversion from CELA3B to CELA3A is responsible for these SNVs/
Indels being present in CELA3A in the case sample. The genomic coordinate of the homozygous 
deletion that is shown in the IGV screenshot is chr9:84,545,162-84,547,705. The difference between a 
case and a control sample can be seen in WES. This corresponds to the LRS data.
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A second approach to estimate the fraction of coding variants among VAPs uses 
the ratios of synonymous, missense and loss-of-function (LoF) variants in the 
paralogous and non-duplicated (unique) regions of the exome. Using our standard 
WES analysis pipeline (Lelieveld, Reijnders, Pfundt, Yntema, Kamsteeg, de Vries, et 
al., 2016) we find exome-wide ratios of 1.19 and 0.043 for missense to synonymous 
and LoF to synonymous variants respectively (Supplementary data 12). Within 
the homologous regions of the exome Chameleolyser identified on average  
6.3 synonymous, 11.1 missense and 1.40 LoF VAPs per sample (Supplementary data 13). 
We assume that synonymous variants are not under strong selection and thus that 
half of synonymous VAPs actually originate from variants residing in protein coding 
regions. If we further assume that the ratios of missense to synonymous and LoF 
to synonymous variants are comparable between paralogous and non-paralogous 
regions, we can calculate the proportion of missense and LoF variants among VAPs 
as 33.8% and 10.0%, or 3.75 and 0.14 variants per sample respectively. As such, we 
provide two lines of evidence that roughly 30-40%, of protein-altering VAPs resides 
in protein coding regions.

Systematic analysis of SNVs/Indels results in 14 diagnoses
In order to investigate SNVs/Indels that could be of clinical interest we only 
considered variants in exomes of patients that were molecularly undiagnosed 
(n=17,650; Supplementary data 14). We selected missense and LoF VAPs with a  
CAF ≤ 0.5%, and occurring in clinically relevant genes according to predefined 
gene panels for which an investigation was requested for the particular 
patient. In addition, we included a single synonymous variant in SMN1 
(chr5:g.70,247,773C>T(GRCh37)) that is known to lead to a truncated protein 
product (Lorson et al., 1999).

The application of the aforementioned filter criteria to our variant call set 
resulted in 1,071 heterozygous VAPs (131 LoF and 940 missense; Supplementary  
data 15) as well as 57 homozygous variants (5 LoF, 46 missense and 6 synonymous; 
Supplementary data 16). All of the homozygous variants are introduced in the gene 
of interest by means of gene conversions that most likely occurred in a proximal 
or distant ancestor (a total of 21). Importantly, the genomic positions of these 
homozygous variants are not ambiguous (hence these are not VAPs), but clear site-
specific calls (Figure 1d-e).

Among the 1,071 rare VAPs that we identified in our cohort there were 7 alterations 
in the STRC gene that occur in patients in which we also identified a heterozygous 
multi-exonic deletion (Supplementary data 17, Supplementary Figure 5). Validation 
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experiments consisting of multiplex ligation-dependent probe amplification 
(MLPA) and long-range polymerase chain reaction (PCR) followed by sequencing 
were conducted for all of the 7 individuals. This confirmed that all of the 7 deletions 
and 4 out of the 7 SNVs/Indels (1 LoF, 3 missense – all in trans with the deletion) 
were present in the STRC gene (and thus not in its pseudogene; Table 2; Figure 3; 
Supplementary Figure 6), resulting in 4 genetic diagnoses. The other 1,064 VAPs did 
not reveal any additional diagnosis. Either the phenotype that is associated with the 
gene of interest did not sufficiently match the clinical presentation of the patient or 
the disease gene is recessive where only a heterozygous variant is identified. 

Out of the 21 ectopic gene conversions that were interpreted, 11 were considered 
as not causal for disease due to their frequency among the patients for which the 
specific gene was not a gene of interest. The other 10 conversions provided a direct 
diagnosis (Table 2; Figure 3; Supplementary Figure 7; Supplementary Figure 8). 
All of these events were found in one of only three genes: STRC (n=1), OTOA (n=3) 
and SMN1 (n=6). The conversion from STRCP1 to STRC causes a LoF variant to be 
introduced in STRC and thus leads to a null allele (Shearer et al., 2014). The 3 gene 
conversions that affect the OTOA gene also lead to null alleles as a result of a LoF 
variant being introduced. This conversion that affects exon 22 of the OTOA gene 
(ENST00000646100) has previously been discussed by Laurent et al., 2014 (Laurent 
et al., 2021). The conversion from SMN2 to SMN1 which was found in 6 patients with 
spinal muscular atrophy (SMA) is causative for disease as a result of a synonymous 
variant that is introduced in the SMN1 gene. This variant leads to altered splicing 
and, as a consequence, results in a non-functional protein product (Lorson et al., 
1999). By using MLPA we confirmed the bi-allelic losses of the STRC and SMN1 
alleles. Using long-range PCR and long-read PacBio sequencing we confirmed the 
bi-allelic losses of the OTOA alleles. 

Importantly, among the individuals for which the deafness disease gene panel 
was not requested we did not identify any homozygous LoF-introducing gene 
conversion in STRC or OTOA. The same holds true for SMN1: all of the identified 
pathogenic gene conversions were exclusively found amongst SMA patients. This 
illustrates the very high precision of our calls (100%; p-valueχ2,STRC = 6.26e-2; 
p-valueχ2,OTOA = 1.51e-11; p-valueχ2,SMN1 = 1.13e-11).
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Table 2: Overview of  new genetic diagnosis in our study cohort as a consequence of disease-causing 
variations identified with Chameleolyser. The first column indicates in which sample the variant was 
identified. The second, third and fourth column respectively represent the chromosome, genomic start 
and end of the event (hg19). In the next column, the type of genetic event can be found. The sixth 
column indicates the respective gene symbol and the last column the associated disease is displayed.

Sample Chrom Start End TypeOfEvent GeneSymbol OMIM

SAMPLE_24323 chr16 21747381 21747911 Conversion OTOA Deafness, autosomal recessive 22

SAMPLE_29813 chr16 21747381 21747911 Conversion OTOA Deafness, autosomal recessive 22

SAMPLE_30025 chr16 21747381 21747911 Conversion OTOA Deafness, autosomal recessive 22

SAMPLE_26907 chr5 70247601 70248925 Conversion SMN1 Spinal muscular atrophy-1-4

SAMPLE_28821 chr5 70247601 70248925 Conversion SMN1 Spinal muscular atrophy-1-4

SAMPLE_36286 chr5 70247601 70248925 Conversion SMN1 Spinal muscular atrophy-1-4

SAMPLE_37053 chr5 70247601 70248925 Conversion SMN1 Spinal muscular atrophy-1-4

SAMPLE_39455 chr5 70247601 70248925 Conversion SMN1 Spinal muscular atrophy-1-4

SAMPLE_20848 chr5 70247601 70248925 Conversion SMN1 Spinal muscular atrophy-1-4

SAMPLE_23606 chr15 43890861 43897797 Conversion STRC Deafness, autosomal recessive 16

SAMPLE_37062 chr16 21747381 21747911 Deletion OTOA Deafness, autosomal recessive 22

SAMPLE_37080 chr16 21747381 21747911 Deletion OTOA Deafness, autosomal recessive 22

SAMPLE_23649 chr5 70247601 70248925 Deletion SMN1 Spinal muscular atrophy-1-4

SAMPLE_6943 chr5 70247601 70248925 Deletion SMN1 Spinal muscular atrophy-1-4

SAMPLE_27880 chr5 70247601 70248925 Deletion SMN1 Spinal muscular atrophy-1-4

SAMPLE_9901 chr5 70247601 70248925 Deletion SMN1 Spinal muscular atrophy-1-4

SAMPLE_29108 chr5 70247601 70248925 Deletion SMN1 Spinal muscular atrophy-1-4

SAMPLE_30394 chr5 70247601 70248925 Deletion SMN1 Spinal muscular atrophy-1-4

SAMPLE_31929 chr5 70247601 70248925 Deletion SMN1 Spinal muscular atrophy-1-4

SAMPLE_31987 chr5 70247601 70248925 Deletion SMN1 Spinal muscular atrophy-1-4

SAMPLE_40265 chr5 70247601 70248925 Deletion SMN1 Spinal muscular atrophy-1-4

SAMPLE_21563 chr15 43908399 43908399 hemizygous SNV/Indel: G>C STRC Deafness, autosomal recessive 16

43890861 43894856 heterozygous deletion

SAMPLE_32502 chr15 43906154 43906154 hemizygous SNV/Indel: G>C STRC Deafness, autosomal recessive 16

43890861 43894856 heterozygous deletion

SAMPLE_38648 chr15 43908409 43908409 hemizygous SNV/Indel: G>- STRC Deafness, autosomal recessive 16

43890861 43894856 heterozygous deletion

SAMPLE_36262 chr15 43908184 43908184 hemizygous SNV/Indel: C>G STRC Deafness, autosomal recessive 16

43890861 43894856 heterozygous deletion
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Table 2: Overview of  new genetic diagnosis in our study cohort as a consequence of disease-causing 
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identified. The second, third and fourth column respectively represent the chromosome, genomic start 
and end of the event (hg19). In the next column, the type of genetic event can be found. The sixth 
column indicates the respective gene symbol and the last column the associated disease is displayed.
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Figure 3: Overview of previously unidentified pathogenic variants. The 3 genes in which we identified 
pathogenic variants are represented by a model of their Ensembl canonical transcript. The orange 
parts of the gene are affected by sequence homology (thus incorporated in our analysis). The black 
parts are not. Homozygous gene conversions are illustrated with blue rectangles (n=10). Loss-of-
function variants (LoFs) which are introduced by means of these gene conversions are indicated 
with a red bullet. Homozygous deletions are indicated with green rectangles (n=11). The bordeaux 
rectangles underneath STRC represent a heterozygous deletion (n=4). The darkest part indicates the 
genomic region that was inspected for heterozygous deletions. This rectangle is extended with a 
lighter coloured rectangle to indicate the actual span of the deletion (based on MLPA). Each of these 
4 respective deafness patients have an ultra-rare hemizygous missense variant (M), indicated with a 
purple bullet.  
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In total, the analysis of SNVs/Indels within paralogous coding regions of known 
disease genes in previously undiagnosed patients resulted in 14 new diagnoses.

Systematic analysis of homozygous deletions results in 11 diagnoses
Analogous to the SNVs/Indels, homozygous deletions were filtered prior to clinical 
interpretation. Only events with a CAF ≤ 0.5% that affect a gene that is present in 
the disease gene panel of interest for an undiagnosed patient were considered. 
Application of this filter resulted in 147 homozygous deletions (Supplementary 
data 18). Among these were several known genetic causes for disease, such as a  
bi-allelic loss of OTOA exon 22 identified in two patients with deafness (Laurent et al., 
2021), and 9 homozygous deletions of SMN1 exon 7 in SMA patients (Lefebvre et al., 
1995) all of which were confirmed with MLPA.

In the group of individuals for which the deafness disease gene panel was not 
requested, no homozygous OTOA deletions were identified. Among the individuals 
for which SMN1 was not present in the disease gene panel of interest, only one 
homozygous SMN1 deletion was found. This may represent a case with a very 
mild phenotype as has been reported in literature (Brahe et al., 1995). When we 
conservatively assume that this call is false positive, the precision of our OTOA 
and SMN1 deletions remains high (91.7%; p-valueχ2,OTOA = 9.02e-7;p-valueχ2, 
SMN1 = 3.51e-16).

Overall, the analysis of homozygous copy number variants in known disease genes 
revealed 11 pathogenic deletions leading to a diagnosis in previously undiagnosed 
patients (Table 2; Supplementary Figure 7, Supplementary Figure 8). 

Distinguishing ectopic gene conversions from deletions
By using STRC as an example, we wanted to investigate whether any patient was 
diagnosed with a pathogenic deletion but in which the real underlying genetic 
event is most likely an ectopic gene conversion (Figure 1e-f ). Our in-house 
diagnostic pipeline identified 58 homozygous deletions in the subcohort of patients 
with hearing impairment. All of these events were confirmed by using MLPA. Using 
Chameleolyser we also found homozygous losses of STRC alleles for these 58 
patients. However, in only 37 of these we actually detected a homozygous deletion. 
In the remaining 22 (37%) we identified, based on coverage profiles, a homozygous 
gene conversion from STRCP1 to STRC (Supplementary data 19). All of these gene 
conversions are predicted to affect at least exons 19-23 (ENST00000450892) and 
therefore introduce LoF variation into STRC. As a consequence, the pathogenicity 
of the identified deletions and gene conversions is the same and thus, the 
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genetic diagnosis of a homozygous STRC deletion in the 22 patients in which we 
identified a gene conversion does not pose an issue. Nevertheless, the ability of 
Chameleolyser to distinguish homozygous deletion events from gene conversions 
events is clinically very relevant since the vast majority of gene conversions is 
benign. For example, in our cohort of 41,755 samples we identified 47 homozygous 
gene conversions from STRCP1 to STRC that do not introduce LoF variation 
(Supplementary data 20). Since these events are present in patients with all kinds 
of different phenotypes as well as in healthy parents of patients we can reasonably 
assume that these events are benign. This can only be true in case the alleles are 
indeed converted and not deleted. However, we note that using ExomeDepth all 
of these events are called as homozygous deletions of STRC exons. This potentially 
poses a risk for making an erroneous molecular diagnosis.

Discussion

We developed a bioinformatics method to systematically analyse all coding 
paralogous regions in 41,755 individuals using existing WES data. We identified an 
average of 60 variants per sample that could not be detected using standard WES 
analysis. Of these, about 1% is a missense or LoF variant with an allele frequency  
≤ 0.5% in one of the 332 OMIM disease genes that are affected by sequence 
homology (Supplementary data 21). We carefully interpreted a subset of these 
variants, namely the variants within the genes in the requested disease gene panels. 
Doing so, we could establish a genetic diagnosis for 25 previously undiagnosed 
patients by either SNVs/Indels, gene conversions or CNVs, or the combination 
thereof. All of these pathogenic variants were identified in 1 of 3 genes: STRC, OTOA 
and SMN1. For the respective patient groups (patients with hearing impairment 
and patients with spinal muscular atrophy) our method solved > 1% of previously 
undiagnosed patients. As our approach identifies causal variants in known disease 
genes, we believe that it may also be used to find novel disease genes. 

We noted that using standard data analysis approaches, CNV callers that are applied 
on WES or WGS data are unable to discriminate between gene conversions and 
deletions. Indeed, gene conversions are falsely called as deletions as a consequence 
of a reduced number of reads at the acceptor site of the conversion (Figure1). 
Sometimes, the pathogenicity of a gene conversion and the corresponding 
deletion is the same, e.g. a LoF-introducing gene conversion in OTOA or STRC. In 
such a scenario there is no risk in making a wrong molecular diagnosis, and only 
the exact genomic alteration that is responsible for the patient's phenotype will be 
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wrong. However, most gene conversions are benign, and a genomic deletion may 
be inferred by standard WES tools, where Chameleolyser could provide an accurate 
diagnosis. Our technical validation efforts demonstrate that large part of the issues 
related to the analysis of duplicated genomic sequences are resolvable with novel 
sequencing technologies (roughly 90% of called variants is concordant with HiFi 
PacBio data). Undoubtedly, the generalized usage of these novel technologies 
will further help the field to characterize these difficult genomic regions – much 
beyond to what Chameleolyser can offer based on short-read data. It also provides 
input to generate a more complete and higher quality human reference genome 
(T2T (Sergey et al., 2022)) which in turn improves variant discovery for both short 
and long-read data (Noyes et al., 2022; Nurk et al., 2022). We foresee that these 
feedback loops will continue to accelerate the quality of sequence analysis in the 
next decades. Currently however these novel sequencing technologies are highly 
expensive and therefore not affordable for a health-care system. As a result, the 
rate at which short-read data is produced is still much higher as compared to LRS. 
For all of these short-read data our method offers an effective way to query the 
difficult parts of the exome and genome. In this study we applied Chameleolyser 
to the large number of WES datasets that are currently available in our medical 
genetics center (van der Sanden et al., 2021; Yauy et al., 2020). Chameleolyser could 
equally well be applied to short-read WGS data. Direct application would however 
only consider homologous coding regions.  A future update of Chameleolyser 
for WGS could also incorporate homologous regions that only affect non-coding 
regions, although the interpretation of identified variants in such regions would be 
very challenging.

In conclusion, we present a bioinformatics method to identify genetic variation 
in paralogous genomic regions. By analysing 41,755 WES samples we identified 
a genetic diagnosis in 25 previously undiagnosed patients. We expect that 
Chameleolyser can substantially contribute to future discoveries based on genome 
variation that has so far remained hidden.

Methods

Samples
The analysis was applied on 41,755 WES samples including 6,980 patient-parent 
trios (20,940 samples (50%)). All samples were sequenced either using Illumina 
HiSeq2000, Illumina HiSeq4000 or BGI DNBSEQ short reads sequencing platforms. 
6,894 exomes were enriched by using the Agilent SureSelect Human All Exon V4 kit 
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while for the other 34,861 Agilent SureSelect Human All Exon V5 was used. All of 
these data were generated between 2002 and 2020 as part of the routine genetic 
investigation from Genome Diagnostics Nijmegen. As such, data processing was 
conducted with our standard diagnostics WES pipeline (Lelieveld, Reijnders, Pfundt, 
Yntema, Kamsteeg, de Vries, et al., 2016). Depending on the patient's phenotype 
a specific gene panel is requested in which genetic variants are inspected and 
interpreted. After this diagnostic screening, 17,650 patients remained molecularly 
undiagnosed (Supplementary data 14). 

Identification of paralogous regions
Two different sets of paralogous regions were derived after which they were 
merged. For the first set, all protein coding genes with one or multiple pseudogenes 
were used as a starting point. For the second set, the genomic coordinates of reads 
with low mapping quality were used.  

Set I: Regions in protein coding genes with known pseudogenes
Starting from all pseudogenes in the comprehensive gene annotation file from 
Gencode 31 (lift37; https://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/
release_31/GRCh37_mapping/gencode.v31lift37.annotation.gff3.gz), those with a 
corresponding protein coding gene were selected (n=1,680). This correspondence 
was based on the HGNC gene name in the file. Next, by using MAFFT v7.407 (Katoh 
& Standley, 2013), a multiple sequence alignment was generated between each 
protein coding gene and its pseudogenes. To only keep the regions for which 
the protein coding gene exactly has 1 paralogous pseudogene and for which the 
sequence identity between the protein coding gene and the pseudogene is 90% or 
more, a sliding window approach was used (window length =  100 bp). This resulted 
in a set of regions in 989 protein coding genes with their respective pseudogenes 
(Supplementary Figure 9).

Set II: Regions corresponding to low mapping qualities
For 250 randomly chosen WES samples (SureSelect Human All Exon V5), low quality 
reads (i.e. mapping quality (MQ) < 10) were extracted using samtools 1.9 (Danecek 
et al., 2021). To avoid that poorly covered regions (and thus uninformative in terms 
of variant identification) are included in the region set, bedtools v2.28.0 (Quinlan & 
Hall, 2010) was used to only keep the genomic positions with a sequence depth ≥ 10.  
Because many regions were fragmented, i.e. separated by only a few bases, the 
resulting regions were merged using three different slopping distances: 250 bp,  500 
bp and 5% of the region length (bedtools). In the last list we removed regions < 50 bp  
(Supplementary Figure 10a). To find the homologous relations between the 
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regions in the lists of regions we performed pairwise sequence alignments 
(PWA) with EMBOSS Needle v 6.6.0.0 (Needleman & Wunsch, 1970) as follows.  
Per list (250bp, 500bp and 5%), PWAs were made between each region and  
each other region in the file, as well as with its reverse complement (Supplementary 
Figure 10b). We then defined sets of paralogs in the following way: all regions 
within a set should mutually have an alignment score ≥ 0.9 (it has been shown that 
the sequence identity between a linked donor and acceptor site is ≥ 90% with very 
few exceptions (J.-M. Chen et al., 2007)). Furthermore, paralogs are only tolerated 
in a set when they do not have an alignment score ≥ 0.9 with a region in another 
set of paralogs (Supplementary Figure 10c). Before merging the 3 lists (each 
corresponding to a different slopping distance), sets without any exonic overlap 
and with > 5 members were removed. The actual merging process starts with the 
region list corresponding to a slop distance of 500. To that list, regions from the  
2 other lists were added (first 250bp, next 5%) with the following rule: only if a 
region doesn’t overlap with regions which are already in the merged region list, the 
region is added. This resulted in 1,334 regions with their paralogs.

Merging region set I and II
To combine region set I and II into 1 final set of regions to operate the paralogy 
analysis on, the same iterative procedure as above (i.e. merging set II regions 
with different slopping distances) was used. Here, we start from the full list of set 
I regions. To that list, set II regions were added only if there is no overlap. Doing 
so, 177 sets of regions were removed. The output of this step corresponds to the 
variant calling regions in the paralogy analysis (Supplementary data 23). In order to 
limit the number of broken read pairs in the extraction procedure (cf. mapping and 
short variant calling), the region list for read extraction consists of the same regions 
extended with 500 bp up and downstream (Supplementary data 24). 

Generating the masked reference genome
When re-aligning the sequencing reads, all regions except 1 in a set of paralogs 
should be masked in the reference genome. For this, we choose to mask the regions 
that had the least overlap with a protein coding sequence (Supplementary data 25). 
Masking was conducted with bedtools v2.28.0.

Mapping and short variant calling
All reads overlapping the read extraction regions were extracted using samtools 1.9. 
On the resulting alignments, variant calling using GATK 4.1.2 (Van der Auwera et al., 
2013) was performed. Next, the aligned reads were converted to FASTQ using samtools  
1.9. BBmap v 38.56 was used to remove broken read pairs. Alignment of the reads to the 
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masked reference sequence was done with bwa 0.7.17 (Li & Durbin, 2009). To remove 
duplicate reads, Picard v. 2.20.8 was used. Because reads from paralogous regions are 
aligned to a single region, we do not expect 50% allele ratios for variants. Therefore 
we used LoFreq 2.1.3.1 (Wilm et al., 2012) for sensitive variant calling on this newly 
generated alignment (parameters: no-default-filter, use-orphan, no-baq, no-mq, sig=1).

Identification of deletions and conversions

Determination of subregions
Region set I contains regions that consist of multiple exons and introns. Since we 
want to call deletions and conversions at the resolution of a single exon, we split 
these regions into subregions. This was achieved by intersecting the list of regions 
with the list of all protein coding exons from Gencode 31 (including 200 bp intronic 
flank; lift37). For region set II this operation is not needed because these regions 
are small by design (i.e. they do not contain large introns). Nevertheless, in order to 
ensure high quality deletion and conversion calls, region set II was filtered to only 
keep sets consisting of 2 paralogs. In total we end up with 4,921 subset of regions 
(Supplementary data 26).

Readcounts per subregion
Bedtools v2.28.0 was used to derive, per sample, the number of reads that align 
to the different subregions. This coverage calculation was applied on the original 
alignment (no masking applied).

Kernel density estimation 
In order to accurately identify deletions and ectopic gene conversions it is important 
to consider a large set of samples at once. Doing so, it can be seen from the coverage 
distribution if a poorly covered sample is part of a wide distribution originating from 
samples without deletion or it is not part of such a distribution and thus it is likely 
a sample with aberrant coverage due to a genetic event. The identification of these 
coverage peaks is done in 2 steps. First we estimated the density of the data with the 
technique of kernel density estimation (KDE). This technique smoothens the discrete 
data, i.e. it results in a continues curve with aligns with the density of the data. For this 
scikit-learn was used (exponential kernel; default parameters; Pedregosa et al., 2011). 
After having estimated the density we applied the argrelextrema function from the 
scikit-learn software package to determine the local minima and local maxima of 
the curve. This results in peaks or KDE clusters. This operation was separately done 
for deletions were both paralogs in a set were deleted and deletions plus gene 
conversions affecting only 1 region in a set. 
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Deletions of both paralogs within a set of paralogs
To detect the events where all regions in a set of paralogs are deleted, a vector 
with the per-sample number of reads that align onto one of the regions in the set 
is used as the input for the KDE. This is only done for sets for which the median 
(in the cohort; per enrichment kit) of the total number of reads is 120 or more. To 
find rare deletions, all KDE clusters (peaks) having > 10 reads or corresponding to 
> 10% of samples in the cohort were excluded (taking into account that some read 
ends might have an alignment in the deleted region, we tolerate some reads to be 
aligned). The analysis was done separately for Agilent V4 and Agilent V5 samples 
and, importantly, for this analysis both uniquely and non-uniquely aligned reads 
were used. This resulted in 1,962 calls in our full cohort.

Gene conversions or deletions of 1 region in a set
To identify gene conversions or deletions of 1 region in a set of regions, a vector 
of per-sample read count ratios is used. We call this ratio R: for a set of paralogs 
consisting of region X and region Y it is the number of reads that uniquely align 
to X divided by the number of reads that uniquely align to X or Y. To be able to 
technically discriminate between a low (possible acceptor) and a high (possible 
donor) covered region, within this vector, samples with < 30 uniquely aligned reads 
(sum of both paralogs) were excluded. Furthermore, regions for which the median 
number of reads (in the cohort; per enrichment kit)  in one of the two paralogs is 
below 60 were excluded in the analysis (To be able to discriminate samples with low 
from samples with high coverage). To identify rare genetic events, all KDE clusters 
(peaks) corresponding to > 10% of the samples in the cohort were excluded for 
further analysis. Furthermore, all alterations not overlapping a protein coding gene 
were discarded. This resulted in 49,151 calls. Within this call set we defined an 
event to be either the homozygous deletion of X or the conversion from Y to X if 1) 
maximum 10 uniquely aligned reads onto X 2) R ≤ 0.05 (e.g. we tolerate (acceptor) 
regions with 10 reads aligned to them only if the number of reads on the possible 
donor site is at least 20 times higher).

The distinction between a deletion and conversion is based on the number of 
reads that uniquely align onto Y (the donor site in case of a conversion). First, the 
number of uniquely aligned reads onto X and Y are normalized per sample (based 
on the total number of reads over all paralogs). Next, for each sample, a one-sided 
percentile was calculated. For sample S and region X we call this metric PercDPNX,S, 
for region Y it is PercDPNY,S. We now calculate a threshold 
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An event is predicted to be a gene conversion if PercDPNY,S < TX,S (2) and if the 
normalized number of reads that align onto 
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 (3). If these conditions 
are not met, we predict region X to be deleted. Formula (2) is implemented to 
accommodate for the fact that not all ectopic gene conversions are very rare. The 
basic idea is to require a more extreme coverage (i.e. an extreme observation in the 
subcohort of all samples enriched with the same enrichment kit) on the possible 
donor site when the coverage on the acceptor site is very extreme. When for 
example 1,000 samples only have few reads aligned onto the possible acceptor site 
then it is possible and likely that there is at least in part of the samples an ectopic 
gene conversion. And as a result quite some samples will have an elevated coverage 
on the donor site. If we would then require a very extreme coverage observation in 
order to predict the event as an ectopic gene conversion, we would be wrong for 
most of the samples (overly conservative).When only few samples have a very low 
coverage on the possible acceptor site, it is impossible that there are many samples 
with an ectopic gene conversion. So in that case we can be more strict. By replacing 
PercDPNX,S by a very small value (e.g. 10-5) in the formula, we can see that it the 
formula can be approximated by the cubic square of PercDPNX,S. When we on other 
hand substitute the parameter by 10-1 it can be approximated by the square root 
and thus a less stringent read depth requirement for the possible donor site.

Combining single exon CNVs
After having derived the deletions and conversions per subregion we merged the 
ones that are in direct proximity. For this, all filtered calls were annotated with their 
overlapping gene name using Gencode 31 (lift37). First, the calls were combined 
per gene (e.g. if for a certain patient 2 different exons are deleted in the same 
gene, these calls are merged into 1 deletion). Next, deletions and conversions 
in neighbouring genes were merged.  Also when 1, 2 or 3 coding genes (but not 
necessarily part of a paralogous set of sequences) exist between the 2 different 
CNV calls, it was assumed that these originate from the same genetic event and 
therefore these calls were merged into a single call. 

Short variant processing
After having called variants in the original and newly generated alignments (i.e. 
after masking) we made a raw variant call set with variants of interest.
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Raw call set
The raw variant call set consist of variants satisfying the following criteria:

	− The variant is not an alteration of a singly unique nucleotide (SUN; i.e. sequence 
difference between homologs)

	− Depth of overage at the position of interest in the masked alignment ≥ 60. With 
30x read depth an almost optimal sensitivity is achieved in WES for SNV/Indel 
identification (Meynert et al., 2013). A threshold of 60x is chosen since the vast 
majority of paralogous sets consist of 2 paralogs.

	− Variant allele fraction (VAF) is ≥ 0.15. In a pool of reads originating from 2 alleles, 
a heterozygous variant has an expected read ratio of 0.5. This ratio becomes 0.25 
for a heterozygous variant in 1 of 2 paralogs, each having 2 alleles. If we consider 
all variants with a read ratio of 0.15 and higher, we obtain 97.9% sensitivity 
under a binomial model assuming 60x read depth (and probability 0.25). As 
shown before, the distribution of the ratio of reads that support the variant allele 
approximately follows a binomial distribution (Heinrich et al., 2012).

	− The variant is not present in the original VCF (GATK variant calling; no masking)

This resulted in 56,156,453 calls.

Expansion: from variant calls to variants
Except for calls corresponding to homozygous variants in all paralogs, it is unknown 
in which region (within the group of paralogous regions) the variant is present. For 
that reason we need to compute all possible variants (i.e. VAPs) corresponding to 
a variant call. The number of possible variants equals the number of paralogs in 
the set. The actual computation is done with an in-house Perl script and is based 
on the MSA between the different paralogs. The 56,156,453 calls correspond to 
119,551,166 VAPs.

Annotation
All variants were annotated on canonical transcripts using Ensembl VEP 97.

Filtering
Several filters were applied in order to transform the raw variant call set to a high 
accuracy call set with variants of interest:

•	 Sine the major focus is on (relatively) rare variants, we excluded variants which 
were observed in > 10% of the analysed samples for further analysis. This 
resulted in 4,064,684 calls corresponding to 8,753,075 VAPs. 
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•	 Variants with an apparent good quality in a particular sample but which are 
of low quality in most other samples were filtered out. This is implemented 
as follows: the variant is removed from the call set if the number of samples 
having the variant with a VAF > 0.05 is more than twice the number of samples 
having the variant with a VAF > 0.15. With that we filter out variants for which 
most samples have a VAF between 0.05 and 0.15. This resulted in 2,474,765 calls 
corresponding to 5,152,554 VAPs. 

•	 It has been shown that the Illumina sequencing technology is prone to 
small indel errors within homopolymer tracts (Ross et al., 2013) and post-
homopolymer substitutions (Stoler & Nekrutenko, 2021). In general, the 
longer the mononucleotide run, the more sequencing bias is introduced, but 
from a tract length of 6 and more, the errors become most apparent. For that 
reason, we took genomic coordinates for all homopolymers in the genome  
> 5 mononucleotides from https://github.com/ga4gh/benchmarking-tools. 
These intervals were extended up and downstream with 2 base pairs. All variants 
in these regions were excluded for further analysis. This resulted in 2,337,271 
calls corresponding to 4,859,954 VAPs. 

•	 Because the pairwise alignments of paralogous regions (which was used to 
derive the singly unique nucleotides) and the alignment of the short next-
generation sequencing reads (based on which variants were identified) can be 
slightly different in regions with several sequence differences between paralogs, 
we ignored these subregions because we otherwise would have an inflation of 
false positive variants due to unrecognised singly unique nucleotide. For this 
we excluded variants in subregions containing 5 singly unique nucleotides 
in a stretch of 10 bp or less This resulted in 2,191,707 calls corresponding  
to 4,596,461 VAPs. 

Validation

Technical validation
HiFi PacBio sequencing reads were generated for 20 samples using the Pacific 
Biosciences Sequel II instrument with Chemistry 2.0. DNA for all samples was 
sheared using a Megaruptor 3 instrument aiming fragments of 18kb. SMRTbell 
Express 2.0 was used to prepare the library, the PippinHT instrument for fragment 
size-selection >10 kb. Finally, sequencing was conducted with 3 SMRT Cells per 
sample targeting 30x coverage. Sequencing reads where aligned to the GRCh38/
Hg38 genome with minimap2 (Li, 2018). Variant calling was conducted with 
DeepVariant (Poplin, Chang, et al., 2018).
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Chameleolyser initially identified 15 homozygous deletions, 8 homozygous gene 
conversions and 847 SNV/Indel calls not due to a gene conversion within these 
20 samples based on the short-read data. The coordinates of these variants were 
converted to hg19 with CrossMap (Zhao et al., 2014). For SNVs/Indels not due to a 
gene conversion, if only 1 possible variant could be converted (and thus the other(s) 
failed to be converted) we discarded the variant for validation purposes. Doing so, 
we ended up with 769 variant calls to be validated. Deletions and gene conversions 
were manually checked using the Integrative Genomics Viewer (IGV). For SNVs/
Indels (not due to a gene conversion), a 2-steps approach was followed. Firstly, the 
variant was checked in the VCF. This resulted in 557 calls that were concordant with 
the long-read data. Next, we manually checked (using IGV) the variants that could 
not be validated using the VCFs. This resulted in an extra 121 validated variant calls 
(Supplementary data 5). 

All 15 deletion calls were visually inspected in the LRS alignments. For 8/15 deletion 
calls there is a maximum of 1 LRS read aligning onto the region that Chameleolyser 
claims to be deleted (as opposed to samples without the deletion). For 5 of the 
remaining 7 deletions the reads that align onto the region corresponding to the 
deletion call are all read tails with a large number of non-matching bases. Read tails 
were blasted to the reference genome, showing that these read portions actually 
correspond to the region up or downstream of the actual deletion (Supplementary 
Figure 11). The 2 remaining deletion calls are in complex regions (the KIR gene 
cluster) and we could not unequivocally come to the same conclusion. By 
comparing the alignments with samples without the deletion call we found that 
there is a genetic event, but not necessarily a homozygous deletion. For that reason 
we conclude to have 13/15 deletion calls which correspond to LRS alignments.

All conversion calls were visually inspected in the LRS alignments for absence of a 
deletion or coverage drop. In addition, we checked for homozygous variants that 
correspond to the sequence differences between the linked donor and acceptor 
site. We confirmed this for all 8 ectopic gene conversion calls.

We downloaded exome and PacBio LRS data from https://github.com/genome-in-a-
bottle/giab_data_indexes for 5 genome-in-a-bottle (GIAB) samples (HG002, HG003, 
HG004, HG005 and NA12878). The SNVs/Indels (not the result of gene conversions) 
were validated with the same procedure as described above for in-house generate 
validation samples. 
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Trio-validation
We considered all genomic sites with a minimal read depth of 60 in the masked 
alignment. For these sites, we counted the number of variants in the child for which 
the variant allele fraction in the mother and in the father is below 1%. These variants 
were considered de novo. If, on the other hand, the variant was identified in the 
father or mother (thus having a variant allele fraction above 15%), we considered 
this variant as inherited.

Comparison with other variant callers

SNVs/Indels (not the result of gene conversions)
GATK is run within the Chameleolyser method (cf. Mapping and short variant 
calling). DeepVariant 1.5.0 was run in a Docker container as described in the 
readme (https://github.com/google/deepvariant). To calculate the sensitivity 
of Chameleolyser, GATK and DeepVariant for SNVs/Indels (not the result of gene 
conversions) we first derived a set of high quality SNVs/Indels. To do so, we applied 
DeepVariant on 25 samples for which 30x High-Fidelity LRS alignments were 
available (20 in-house + 5 GIAB). All variant calls with a quality score > 30 which 
are present in the homologous regions that are used in this study (cf. Identification 
of paralogous regions) were considered true positive. Since all LRS samples were 
aligned to hg38 and exome data were mapped against hg19, a lift over of the 
coordinates was needed. This was done with CrossMap (Zhao et al., 2014). Because 
some of these true positive genetic variants might be present on genetic sites that 
are not or insufficiently covered in the exome experiment, we only considered 
variants for sensitivity analysis if the read depth for the corresponding base in 
exome data is ≥ 20. A variant is considered to be present in a zero mapping quality 
region if all reads that cover the respective position have mapping quality = 0.

Homozygous deletions and gene conversions
ExomeDepth and Conifer were applied on all exome samples in the study cohort. 
For ExomeDepth, capture target files were subdivided according to Parrish et 
al. 2017 (Parrish et al., 2017). Reference pools were created each consisting of  
500 samples from healthy sex-matched individuals which were sequenced on the 
same sequencing machine and for which exome capture was done using the same 
enrichment kit. For Conifer, the same initial approach for reference pool selection 
was used. Here, bad quality reads (average quality score < 20) were removed 
from the samples. Next, the standard analysis steps were undertaken for both 
ExomeDepth and Conifer. All deletions in the output of ExomeDepth that overlap 
with a paralogous region and that have an observed/expected read ratio < 0.1 were 
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considered for further analysis. For Conifer, deletions with a SVD-ZRPKM ≤ -3 were 
selected. Next, in analogy with Chameleolyser (and thus for comparability), we 
removed all deletion calls with a cohort frequency > 10%. The remaining deletions 
that were present in the 20 samples for which we generated LRS data were used for 
the comparison between the CNV callers (Supplementary Figure 4). Sensitivity could 
not be assessed for deletions and gene conversions because of two reasons. 1) we 
cannot derive a set of true positive (or approximated by high-quality) events with 
a cohort frequency ≤ 10% because we only have a limited number of LRS samples 
available. This would be needed because the CNV calling within Chameleolyser is 
restricted to events ≤ 10% which is part of the method itself.  2) There are no tools to 
identify ectopic gene conversion events from LRS data. To estimate the number of 
true positive events among the deletion calls from ExomeDepth we first converted 
the regions from hg19 to hg38 by CrossMap. Only 151 regions could unambiguously 
be converted. If the number of LRS reads in the complete region corresponding to 
the deletion call is 20 or less, we presumed the region to be deleted. The reason 
for allowing 20 reads is that for the deletions which were manually validated by 
visual inspection up to 20 reads can be present in the deleted region as a result 
of suboptimal alignment of read endings (Technical validation, Supplementary 
Figure 11). Nevertheless by choosing a different threshold, the difference between 
Chameleolyser and ExomeDepth remains the same.

Variants of clinical interest
OMIM disease gene annotations were fetched from Ensembl Version 97 (MIM morbid 
12/04/2019). 

Variants with ambiguous positions
Exome-wide VCF files for all 41,755 WES samples were available through our in-
house diagnostic pipeline (Radboud University Medical Center). This includes read 
alignment with bwa-mem 0.5.9-r16 and variant calling with GATK 3.2-2. In order to 
only retain high-quality variants, we filtered variants based on GATK’s quality score: 
only substitutions with a GATK quality score ≥ 300 and indels with a quality score  
≥ 1,000 were taken into consideration (Khazeeva et al., 2022; Xicola et al., 2019).

P value calculations
The p-values in the paragraphs ‘Validation’ and ‘Variants with ambiguous positions’ 
are derived from a binomial test in R (two sided). All other statistical tests in this 
manuscript are chi-squared tests, corrected for multiple hypothesis testing per 
series (Bonferroni's method; R 3.5.1). 
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Data availability

The validation data generated in this study have been deposited in EGA under 
accession codes EGAS00001006479 (long-read genome sequencing for individuals 
with biobank consent (https://ega-archive.org/studies/EGAS00001006479)) and 
EGAS00001007513 (STRC amplicon sequencing (https://ega-archive.org/studies/
EGAS00001007513)). These datasets are available under restricted access. Re-use of 
the data will be evaluated by a data access committee whether the proposed re-use 
is in line with the consent. Supplementary table 1 describes the mapping between 
the EGA sample identifiers and the identifiers that were used in this manuscript. 
The data onto which Chameleolyser is applied in this study is collected through 
routine genetic investigation. A diagnostic laboratory can use (de-identified) 
samples from archived clinical samples to validate and implement novel diagnostic 
assays. The derived clinically relevant variants can be shared, but in absence of 
explicit data sharing consent at individual patient level, complete FASTQ, BAM and 
VCFs cannot be disclosed unless specifically consented to by individual patients. 
These methods are also in accordance with relevant guidelines and regulations 
and approved by the institutional review board of the Radboud University Medical 
Center (2020-7142) and the Declaration of Helsinki. Source data are provided with 
this paper. The processed data that support the findings of this study are available 
as Supplementary data 1–26. The genome-in-a-bottle data used in this study are 
publicly on NCBI (URLs available on GitHub (https://github.com/genome-in-a-
bottle/giab_data_indexes)) and/or the PacBio cloud (https://downloads.pacbcloud.
com/public/). A list of download URLs per sample is also available as Supplementary 
Note 1. Source data are provided with this paper.

Code availability

The tool (Chameleolyser) as well as all other code that was used to produce tables 
and figures is available on GitHub (https://github.com/Genome-Bioinformatics-
RadboudUMC/Chameleolyser; Steyaert, 2023).
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Supplementary Information

Supplementary figure 1: Distribution of the number of SNVs/Indels (not the result of an ectopic gene 
conversion) per individual in the study cohort (n=41,755). The horizontal axis indicates the number of 
SNVs/Indels (not the result of an ectopic gene conversion) that were identified per individual. The 
vertical axis represents the number of individuals with that number of variants identified. Clearly, the 
number of SNVs/Indels that were identified is between 0 and 1,000 for almost all individuals. Source 
data are provided as a Source Data file.
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Supplementary figure 2: Distribution of the number of homozygous gene conversions per individual 
in the study cohort (n=41,755). The horizontal axis indicates the number of homozygous gene 
conversions that were identified per individual. The vertical axis represents the number of individuals 
with that number of gene conversions identified. In more than half of the studied individuals we did 
not identify a homozygous gene conversion. Source data are provided as a Source Data file.

Supplementary figure 3: Distribution of the number of homozygous deletions per individual in the 
study cohort (n=41,755). The horizontal axis indicates the number of homozygous deletions that were 
identified per individual. The vertical axis represents the number of individuals with that number of 
gene conversions identified. In more than half of the studied individuals we did not identify a 
homozygous deletion. Source data are provided as a Source Data file.
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Supplementary figure 4: Comparison between Chameleolyser, ExomeDepth and Conifer for the 
identification of homozygous deletions and gene conversions within the paralogous regions of 20 
validation samples. The Venn diagram shows the number of homozygous deletions (del) and the 
number of homozygous ectopic gene conversions (con) that are identified in the paralogous regions 
of the 20 exome samples for which LRS data was generated. The 7 conversions in the intersection 
between ExomeDepth and Chameleolyser are called as homozygous deletions by ExomeDepth.

Supplementary Figure 5: The number of unique STRC versus STRCP1 reads. The horizontal axis 
represents the absolute number of uniquely aligned reads onto the last 6 exons of STRC 
(ENST00000450892). The vertical axis corresponds to the number of reads that uniquely align onto the 
homologous region of STRCP1. Each dot is an individual in the study cohort. The visualization is 
illustrative for the number of STRC and STRCP1 copies each individual has. Patients with hearing 
impairment are coloured red. Point clouds are formed due to the (discrete) genetic nature of the 
events. Source data are provided as a Source Data file.
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Supplementary Figure 6: Examples of pathogenic STRC variations identified by Chameleolyser. 
Panels A and B illustrate a pathogenic homozygous ectopic gene conversion that was identified in 
STRC. Reads and a coverage track for both a patient with hearing impairment (SAMPLE_23606) and a 
control individual are displayed for the affected STRC exons (panel A) and for the homologous exons in 
STRCP1 (panel B). The absolute number of reads that align to the reference sequence in the displayed 
window (shown in purple) is highly indicative for the presence of an ectopic conversion from STRCP1 
to STRC in the patient. Panels C and D illustrate the pathogenic variants in SAMPLE_38648. In panel C a 
single nucleotide deletion is shown in the masked alignment. Since reads from both STRC and STRCP1 
are aligned to the same locus, a heterozygous STRC variant has a variant allele fraction of roughly 0.25. 
Panel D is a replicate of supplementary figure 5, but here we coloured SAMPLE_38648 in green.  
Clearly, the patient is present in the point cloud corresponding to 1 STRC allele and 2 STRCP1 alleles  
(a heterozygous STRC deletion).
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Supplementary Figure 7: Examples of pathogenic OTOA variations identified by Chameleolyser. 
Panels A and B illustrate a pathogenic homozygous deletion that was identified in OTOA. Reads and a 
coverage track for both a patient with hearing impairment (SAMPLE_37062) and a control individual 
are displayed for the affected OTOA exon (panel A) and for the homologous exon in OTOAP1 (panel B). 
The absolute number of reads that align to the reference sequence in the displayed window (shown in 
purple) is highly indicative for the presence of a homozygous deletion in the patient (no reads aligning 
onto the OTOA exon whereas the number of reads aligning onto the OTOAP1 exon is comparable 
between the patient and the control). In panels C and D the same type of IGV screenshots are shown, 
but here the pathogenic event is a homozygous ectopic gene conversion which is strongly suggested 
by the absolute number of reads that are aligned onto OTOAP1 in the patient (SAMPLE_24323).
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Supplementary figure 8: Examples of pathogenic SMN1 variations identified by Chameleolyser. 
Panels A and B illustrate a pathogenic homozygous deletion that was identified in SMN1. Reads and a 
coverage track for both a patient with spinal muscular atrophy (SAMPLE_31987) and a control 
individual are displayed for the affected SMN1 exons (panel A) and for the homologous exons in SMN2 
(panel B). The absolute number of reads that align to the reference sequence in the displayed window 
(shown in purple) is highly indicative for the presence of a homozygous deletion in the patient (no 
reads aligning onto the SMN1 exon whereas the number of reads aligning onto the SMN2 exon is 
comparable between the patient and the control). In panels C and D the same type of IGV screenshots 
are shown, but here the pathogenic event is a homozygous ectopic gene conversion which is strongly 
suggested by the absolute number of reads that are aligned onto SMN2 in the patient (SAMPLE_20848).
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Supplementary figure 9: Graphical summary of the derivation of region set I. This figure is a graphical 
representation of the derivation of region set I: regions in protein coding genes with known 
pseudogenes (Methods).



66 | Chapter 2

Supplementary figure 10: Graphical summary of the derivation of region set II. This figure is a 
graphical representation of the derivation of region set II: regions that are associated with low 
mapping qualities (Methods). Panel A illustrates how low mapping quality regions were found  in 
exome datasets. Panel B displays how these regions were pairwise aligned in order to identify sets of 
paralogous regions. Panel C shows how these initial sets of paralogous sequences were filtered to 
obtain reliable groups of paralogs.
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Supplementary figure 11: Read alignment within deleted region. LRS alignments (and coverage 
track) are displayed for 2 individuals, a case and a control. In the case, as opposed to the control, there 
is a homozygous deletion. Chameleolyser called this homozygous deletion with the genomic region 
corresponding to the brace. The intergenic region between the 2 protein coding genes (FFAR3 and 
GPR42) could not be included in the deletion call since Chameleolyser starts from WES data. Based on 
the LRS alignments, at first sight, the GPR42 gene is not homozygously deleted since > 10 reads align 
onto it. However, the reads that align onto this gene have a large number of non-matching bases and 
the sequence perfectly corresponds to the FFAR3 gene (i.e. without non-matching bases). Based on 
this we could conclude that the read alignment is suboptimal and that the region that Chameleolyser 
claims to be deleted is indeed deleted.

Supplementary Note 1. URLs for the genome-in-a-bottle data used in this study
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HG002
•	 LRS: https://downloads.pacbcloud.com/public/revio/2022Q4/HG002-rep1/analysis/

•	 WES: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/Ashkenazim 

Trio/HG002_NA24385_son/OsloUniversityHospital_Exome/151002_7001448_0359_ 

AC7F6GANXX_Sample_HG002-EEogPU_v02-KIT-Av5_AGATGTAC_L008.posiSrt. 

markDup.bam

HG003
•	 LRS: https://downloads.pacbcloud.com/public/revio/2022Q4/HG003-rep1/analysis/

•	 WES: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/AshkenazimTrio/ 

HG003_NA24149_father/OsloUniversityHospital_Exome/151002_7001448_0359_ 

AC7F6GANXX_Sample_HG003-EEogPU_v02-KIT-Av5_TCTTCACA_L008.posiSrt. 

markDup.bam

HG004
•	 PacBio: https://downloads.pacbcloud.com/public/revio/2022Q4/HG004-rep1/analysis/

•	 WES: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/AshkenazimTrio/ 

HG004_NA24143_mother/OsloUniversityHospital_Exome/151002_7001448_0359_ 

AC7F6GANXX_Sample_HG004-EEogPU_v02-KIT-Av5_CCGAAGTA_L008.posiSrt.mark 

Dup.bam

HG005
•	 LRS: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/ChineseTrio/ 

analysis/PacBio_CCS_15kb_20kb_chemistry2_12072020/HG005/

•	 WES: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/ChineseTrio/ 

HG005_NA24631_son/OsloUniversityHospital_Exome/151002_7001448_0359_ 

AC7F6GANXX_Sample_HG005-EEogPU_v02-KIT-Av5_CGCATACA_L008.posiSrt. 

markDup.bam

NA12878/HG001
•	 LRS: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/NA12878/ 

analysis/PacBio_CCS_15kb_20kb_chemistry2_042021/

•	 WES: https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/NA12878/ 

Nebraska_NA12878_HG001_TruSeq_Exome/NIST-hg001-7001-b-ready.bam
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Supplementary Table 1: Sample identifier mapping between EGA and this manuscript for HiFi 
genome sequencing validation samples

Manuscript sample identifier EGA sample identifier

SAMPLE_17545 EGAN00003613106

SAMPLE_17971 EGAN00003613113

SAMPLE_17973 EGAN00003613116

SAMPLE_17972 EGAN00003613117

SAMPLE_18244 EGAN00003613114

SAMPLE_18246 EGAN00003613115

SAMPLE_18245 EGAN00003613110

SAMPLE_18601 EGAN00003613111

SAMPLE_18603 EGAN00003613108

SAMPLE_18602 EGAN00003613109

SAMPLE_14580 EGAN00003613119

SAMPLE_14579 EGAN00003613121

SAMPLE_15442 EGAN00003613123

SAMPLE_15444 EGAN00003613105

SAMPLE_15443 EGAN00003613107
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Abstract

Genetic diagnosis of rare diseases (RD) requires accurate identification and 
interpretation of genomic variants.

Clinical and molecular scientists from 37 expert centres across Europe created 
the Solve-RD resource encompassing clinical, pedigree, and genomic RD data 
(94.5% exomes, 5.5% genomes), and performed a systematic reanalysis for 6,447 
previously undiagnosed individuals (3,592 male, 2,855 female), affected by RD from 
6,004 families.

We established a genetic diagnosis in 506 (8.4%) families. Of 552 disease-causing 
variants, 464 (84.1%) were single nucleotide variants or short insertions/deletions. 
These variants were either located in recently published novel disease genes (n=67), 
recently reclassified in ClinVar (n=187), or reclassified by consensus expert decision 
within Solve-RD (n=210). Bespoke bioinformatics analyses identified the remaining 
15.9% of causative variants (n=88). Ad-hoc expert review parallel to the systematic 
reanalysis diagnosed 249 (4.1%) additional families for an overall diagnostic  
yield of 12.6%.

The Solve-RD resource is open for the global RD community, allowing phenotype, 
variant and gene queries, as well as genome-wide discoveries.
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Introduction

While the definition of what constitutes a rare disease (RD) is arbitrary, and thus 
varies by jurisdiction, the European Union has adopted a definition of an RD being 
an ailment that affects less than 50 individuals per 100,000. More than 70% of the 
>6,000 unique RDs are genetic, and collectively they constitute a major health 
issue, with 3.5-6% of individuals affected by a RD over their lifetime (Nguengang 
Wakap et al., 2020). 

Despite improvements in diagnostics and research options for RDs, many 
individuals remain without a molecularly proven genetic diagnosis. In healthcare 
systems, where exome sequencing or genome sequencing are becoming standard 
of care, the diagnostic yield varies between 20-70% depending on the type of RD, 
inclusion criteria, sequencing strategy, and analysis standards (Smedley et al., 2021; 
Turro et al., 2020; Wright et al., 2023). 

As reviewed in Dai et al (Dai et al., 2022), it has been shown that reanalysis of existing 
genomic data can lead to novel diagnoses, both as a result of newly described disease 
genes and due to improvements in the identification, annotation, and interpretation 
of genomic variants. However, reanalysis of such data is not routinely undertaken due 
to the time and multidisciplinary expertise required, and associated costs.

In 2017, the European Union brought together expertise on RDs into 24 thematic 
European Reference Networks (ERNs). Each ERN has multiple national centres across 
the 27 member states, which have all been vetted for their clinical, diagnostic and 
research expertise. These collaborations provide a pan-European framework to 
improve care for individuals with RDs. 

Solve-RD is a pan-European -omics project that brings together (i) clinicians, 
geneticists and translational researchers from four ERNs, including Rare Neurological 
Diseases (RND, https://www.ern-rnd.eu/), Intellectual disability, TeleHealth, And 
Congenital Anomalies (ITHACA, https://ern-ithaca.eu/), Neuromuscular Diseases 
(EURO-NMD, https://ern-euro-nmd.eu/), and Genetic Tumour Risk Syndromes 
(GENTURIS, https://www.genturis.eu), as well as the Spanish Undiagnosed Disease 
Program (SpainUDP, https://spainudp.isciii.es/home); (ii) patient organisations 
represented by EURORDIS (Zurek et al., 2021) (https://www.eurordis.org/); 
(iii) genomic data sharing and analysis resources, such as the RD-Connect 
Genome-Phenome Analysis Platform (Laurie et al., 2022) (RD-Connect GPAP;  
https://platform.rd-connect.eu/) and the European Genome-Phenome Archive 
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(Freeberg et al., 2022) (EGA, https://ega-archive.org/); (iv) European networks 
aiming to improve and harmonise the quality of genetic testing services, such as 
EuroGentest (http://www.eurogentest.org/); and (v) experts in the field of -omics 
technologies, bioinformatics, knowledge management and rare disease ontology 
such as the Orphanet Rare Disease Ontology (ORDO, https://www.orphadata.com/
ontologies/) and the Human Phenotype Ontology (Köhler et al., 2021) (HPO).

One of Solve-RD’s core aims is to improve the rate of genetic diagnosis for 
individuals affected by a RD (Graessner et al., 2021). A specific objective of Solve-
RD is to systematically collate and reanalyse existing exome/genome datasets and 
corresponding structured ontology-based phenotype and pedigree information 
across the disease areas of its ERN partners (Figure 1). Here we report the results 
from the systematic reanalysis of data from 6,004 undiagnosed RD families recruited 
from across Europe by Solve-RD. The entire dataset is available as a resource for the 
global RD research community.

< Figure 1: Overview of the Solve-RD analysis and interpretation framework and community resource 
established. A) Solve-RD brought together rare disease (RD) data and expertise. Central to Solve-RD are 
four core European Reference Networks (ERNs) on RD; via these expert disease networks, RD patients 
were recruited from 43 research groups from 37 institutes from 12 European countries (Belgium, the 
Czech Republic, Finland, France, Germany, Hungary, Italy, the Netherlands, Portugal, Slovenia, Spain, 
the United Kingdom) and Canada. The work involved >300 collaborators in the submission, analysis 
and interpretation of RD data. The RD-REAL framework allows sharing of data and expertise on a 
continental scale, consisting of a) expert curated data, b) a comprehensive analysis suite, c) two-level 
(i.e. molecular and clinical) expert review. The complete dataset comprises 9,645 individuals, from 
6,004 families and includes phenotypes in Phenopacket format (average of six HPO terms per affected 
individual), pedigrees, and genomic data (genomes and exomes). Av., average. *For 419 families, 
disease causing SNVs or short insertions/deletions were identified; for 87 families disease-causing 
non-SNV variants were identified, including 3 cases of compound-heterozygosity involving an SNV 
and a CNV/SV. † In 114 of 147 cases where we could confirm the variant identified ad hoc, it would 
also have been found by the standard analysis B) Illustration of the utility of this resource to the global 
RD community. In total RD-REAL data of >23k individuals with >100M unique genomic variants are 
available via the RD-Connect GPAP and the EGA. This represents a growing resource, which contains 
data that has been submitted since the start of Solve-RD. The interpretable data (genetic variants, 
phenotypes and pedigrees) is standardised and annotated, and made available for querying, analysis, 
and interpretation in the RD-Connect GPAP for authorised users. In addition, all raw and processed 
data are available for download at the EGA under a controlled access model.
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Results

A pan-European genomic data collection of individuals affected by 
rare diseases 
Solve-RD involves over 300 clinicians, laboratory geneticists, and translational 
researchers from 43 research groups associated with 37 institutes located in  
12 European countries and Canada. In total, we collected 10,276 genomic datasets, 
as well as phenotypic descriptions and pedigrees from 10,039 individuals, all 
previously analysed through local diagnostic or research efforts. The collection 
includes 554 genomes and 9,722 exomes enriched using 28 different exome-
enrichment kits and generated on several short-read sequencing platforms. 
Following quality control (see Online Methods) 9,874 datasets (523 genomes, 
9,351 exomes) from 9,645 individuals remained. These represent 6,449 individuals 
affected by RDs, and 3,196 unaffected relatives, from 6,004 families (Figure 1; Table 1; 
Supplementary Table S1). Disease categories comprise rare neurological diseases 
(RND, n=2,271 families), (multiple) malformation syndromes, intellectual disability, 
and other neurodevelopmental disorders (ITHACA & SpainUDP, n=1,857), rare 
neuromuscular diseases (EURO-NMD, n=1,517), and suspected hereditary gastric 
and bowel cancer (GENTURIS, n=359).

Phenotypic information was collected using standardised Human Phenotype 
Ontology (HPO) terms, with a median of six terms (range 0-74 terms) assigned per 
affected individual (Supplementary Figure S1), varying from a median of four terms 
for GENTURIS to ten for ITHACA, reflecting the phenotypic complexity of probands 
from the respective RD. In addition, for 2,126 (35.4%) probands, a clinical diagnosis 
was encoded using Orphanet ORPHAcode(Lagorce et al., 2024), of which 338 
were unique.
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Table 1: Solve-RD reanalysis data: Number of datasets after QC filtering (see Online Methods), 
representing the number of previously undiagnosed families/probands. Numbers are given for the 
entire project and for each European Reference Network (ERN) separately. We provide the overall 
yield of newly diagnosed RD cases for both the multi-centre systematic reanalysis, and the parallel 
ad hoc expert review. The table also indicates the number of (likely) pathogenic variants that led to 
‘candidate diagnoses’.

Solve-RDRD-REAL data ERN RND ERN 
ITHACA

ERNEURO-
NMD

ERN 
GENTURIS

Sum across 
ERNs

Experiments (exomes/
genomes) 

2852
(2,692/160)

4470
(4,231/239)

2162
(2,059/103)

390
(369/21)

9,874

Participants 
(affected individuals)

2,799
(2,453)

4,331
(1,933)

2,125
(1,685)

390
(378)

9,645
(6,449)

Families 2,271 1,857 1,517 359 6,004

Diagnosed probands 
(systematic reanalysis) [%]

242 
[10.7%]

158 
[8.5%]

96 
[6.3%]

10
[2.8%]

506
[8.4%]

Diagnosed probands
(ad hoc expert review) [%]

61
[2.7%]

145
[7.8%]

42
[2.8%]

1
[0.3%]

249
[4.1%]

Probands with ‘candidate 
diagnoses’ [%]

119
[5.2%]

139
[7.5%]

41
[2.7%]

45
[12.5%]

344
[5.7%]

>500 new genetic diagnoses upon systematic reanalysis
A two-level expert analysis strategy (data-expert and clinical-expert levels) was 
applied as detailed in the Online Methods. All datasets were reanalysed for a 
broad range of genomic variants, including Single Nucleotide Variants and short 
Insertions-Deletions (SNVs/InDels), non-canonical splice variants predicted in-
silico, homoplasmic and heteroplasmic mtDNA variants, Copy Number Variants 
(CNVs), Structural Variants (SVs), Mobile Element Insertions (MEIs) and Short 
Tandem Repeat expansions (STRs) (Supplementary Figure S2). Each ERN generated 
a list of established disease genes for their respective conditions, resulting in 
gene lists ranging from 230 genes for GENTURIS to 1,820 genes for RND (Online 
Methods; Supplementary Table S2). Systematic reanalyses resulted in 506 new 
genetic diagnoses, by (likely) pathogenic variants that explained the phenotype, 
representing 8.4% of probands.

New molecular diagnoses 
SNV/InDel reanalysis revealed 461 (likely) pathogenic variants, enabling a diagnosis 
in 419 families. In order to retrieve the 461 (likely) pathogenic SNV/InDel variants 
from the >50k prioritised variants, a total of 4.8 minutes was spent per variant 
(with an average of 9 variants per sample) on molecular and clinical expert review 
(Supplementary Table S3). 
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The 461 SNV/InDel variants identified, in 419 probands, consisted of  
282 heterozygous variants with dominant effect, 85 homozygous and 76 
compound heterozygous variants with recessive effect, and 18 hemizygous 
variants. Functionally, these represented 187 nonsense/frameshift variants,  
249 missense variants, 11 in-frame deletions, ten splicing variants (eight intronic, 
and two synonymous variants), two 5’ UTR variants, one promoter region variant 
and one complex InDel variant (Figure 2; Supplementary Table S4). 41 of the  
461 (9.1%) variants could be confirmed as de novo mutations, due to the availability 
of proband-parent trios for 1,320 (22%) families, primarily from ERN ITHACA (1,081).

We evaluated why the 461 SNV/InDel variants were not classified as disease-
causing in prior analyses. We found that 67 of these variants affect genes which 
were established as a novel disease gene after data submission to Solve-RD  
(i.e. appeared in OMIM after 01/01/2018; Supplementary Figure S3, Supplementary 
Table S4) while the remaining 394 were in established disease genes at the time 
of data submission. Of these, 117 variants have been reclassified in the interim  
(i.e. novel or modified ClinVar entry since 2018), and 70 had initially been deemed 
not to fully explain disease, despite the variant being classified as pathogenic in 
ClinVar, as a result of perceived insufficient clinical concordance at the time. The 
remaining 207 variants were not in ClinVar and were only classified as (likely) 
pathogenic by the experts involved in this project.

We applied a suite of analysis tools for calling and annotating variants. These 
included queries for non-canonical splice variants, mtDNA variants, CNVs, SVs, MEIs, 
and STRs. These additional analyses yielded a diagnosis in 87 RD families through 
a total of 88 variants, with CNVs in 44 probands (45 variants) as the most prevalent 
variant type. This included three cases where biallelic pairings of an SNV with a 
CNV/SV formed a compound heterozygous variant, and one case where two CNVs 
affecting different genes led to a digenic diagnosis (Supplementary Figure S2; 
Supplementary Table S4).

The diagnostic yield across disease groups (i.e. ERNs) ranged from 2.8% (genetic 
tumour risk syndromes, GENTURIS) to 10.6% (rare neurological disorders, RND), 
with yields correlating with the number of established disease genes provided by 
the ERNs (Figure 2; Supplementary Table S2). Overall, for the 506 newly diagnosed 
probands, the inheritance pattern was autosomal dominant for 306 probands, 
autosomal recessive for 137, X-linked for 42, mitochondrial for 16, dual-diagnoses in 
four individuals, and digenic inheritance in one individual (Supplementary Table S4).
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Figure 2: Systematic reanalysis of genomic datasets for the genetic diagnosis of RDs. A) Flowgram of 
systematic analysis of 6,004 families. Yield per analysis type (new genetic diagnoses by SNV/InDel and 
other variant types; candidate genetic diagnoses and new genetic diagnoses by ad hoc expert review) 
is shown. For SNV/InDels we evaluated why the 464 variants identified in 419 families had not been 
classified as disease-causing previously. B) Chart summarising the diagnostic yield across 6,004 
families in Solve-RD. C) Chart summarising the yield per disease category (ERN), denominator is 6,004 
families. D) Chart summarising the different variant types that led to a molecular diagnosis in 506 of 
6,004 families as part of the systematic reanalysis effort of Solve-RD. Abbreviations: RD: rare disease; 
DATF: data analysis task force; WG: work group; DITF: data interpretation task force; SNV: single 
nucleotide variant; InDel: short insertions and deletions; mtDNA: mitochondrial DNA; CNV: copy 
number variant; SV: structural variant; MEI: mobile element insertion; STR: short tandem repeat; 
Splicing SNV/InDel: non-canonical splicing sites; RND: rare neurological diseases; ITHACA: rare 
malformation syndromes, intellectual and other neurodevelopmental disorders; EURO-NMD: rare 
neuromuscular diseases; GENTURIS: genetic tumour risk syndromes. *Three families were diagnosed 
due to a combination of an SNV/InDel and a variant identified through the “other variant type” analyses 
and are counted only under ‘New genetic diagnosis other variant types’.
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Next to the overall yield across the cohort, the importance of new diagnoses can 
be illustrated by individual RD cases and families, each benefitting from technical 
and interpretational improvements, leading to the closure of diagnostic odysseys. 
We present examples of previously missed SVs/CNVs in RND (B4GALTNT1) and 
GENTURIS (APC), missed mosaic de novo mutations in ITHACA (PIK3CA), as well as 
novel disease-gene associations (ITHACA, MN1) (for details see Case Reports in 
Supplementary Information).

One other example on how variant annotation pipelines can aid in variant 
interpretation is exemplified by the diagnostic path of a girl (P0012491) who 
was clinically suspected to have Rett syndrome (MIM#312750). WES performed 
in 2014 did not yield a diagnosis, despite specific attention for variants affecting 
MECP2, the gene associated with Rett syndrome. Almost eight years later, the re-
analysis presented here uncovered a pathogenic de novo MECP2 variant from the 
same data. Retrospective analysis of previous interpretation steps revealed that 
the variant was initially annotated to a less relevant isoform of MECP2 (MECP2-e2; 
ENST00000303391.11), in which the variant located to an intron. However, 
reannotation here revealed that the variant truncates the brain-specific isoform of 
MECP2 (MECP2-e1; ENST00000453960.7) and hence is indeed explanatory for the 
Rett syndrome in this girl.

Cases diagnosed by ad hoc expert review 
During the course of Solve-RD, many contributing partners continued to performed 
analysis on specific families of interest, both locally and using the RD-Connect 
GPAP. This ad hoc expert review provided 249 additional diagnoses (4.1%), some 
of which have been included in individual reports (de Boer et al., 2021; Matalonga 
et al., 2021; Pauly, Brüggemann, et al., 2023; Pauly, Korenke, et al., 2023; Schüle et 
al., 2021; te Paske et al., 2021; Töpf et al., 2021) and novel disease gene discovery 
efforts (Kaplanis, Samocha, Wiel, Zhang, Retterer, et al., 2020; Weihl et al., 2023) 
published previously. Cases solved through ad hoc expert review were reported 
to Solve-RD and not interpreted further as part of the systematic reanalysis. For  
197 (79%) of these ad hoc diagnoses the causative variants were SNVs. For  
147 (75%) of these SNVs we could assess post hoc whether the variants would also 
have been identified by the systematic reanalyses performed. We found that in  
114 of 147 (78%) cases the SNVs would have been identified, while the remaining 
cases were diagnosed due to the discovery of variants located in novel disease 
genes not included in the ERN gene lists, or initially discounted for technical reasons 
e.g. having insufficient coverage (<10 reads) or being deep intronic variants.
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Candidate disease-causing variants
In addition to variants that were deemed causative for disease, we identified 378 
further variants (in 333 affected individuals) in established disease genes that have 
not yet been confirmed as causative, either because the variant does not fully 
explain the individual’s phenotype, or because the variant’s pathogenicity cannot 
yet be conclusively determined (Figure 2; Supplementary Table S4).

Cross-ERN analysis, genetic recurrences and clinical actionability

Cross ERN de novo mutation analysis
Systematic reanalyses were performed by each of the four ERNs, thus maximising 
disease-specific expertise. Because the clinical spectrum may occasionally cross 
ERN boundaries, we assessed all de novo mutations across all genes included in 
any of the ERN gene lists (2,512 unique genes), irrespective of which ERN originally 
submitted the case. This led to a molecular diagnosis in an additional three 
probands through the identification of (likely) pathogenic de novo variants in CSDE1 
(Gangfuß et al., 2022), EP300, and SYT1 (Supplementary Table S5; Supplementary 
Information), which would have been missed without this cross-ERN analysis.

Recurrent variants
We observed recurrence for 21 (likely) pathogenic variants, together accounting 
for 41 diagnoses (Supplementary Table S6). These 21 variants occurred in 18 genes, 
with three genes harbouring two different recurring variants (SPG7, KCNA2, 
and SPAST).

One of the recurring variants was identified across three ERNs: an identical MT-ATP6 
missense variant (chrM:9185T>C (ENST00000361899:c.659T>C (p.Leu220Pro))) was 
observed in five affected individuals from three unrelated families submitted by 
ERNs EURO-NMD, RND and ITHACA. The variant was observed with a heteroplasmy 
of 77% and 90% in the EURO-NMD and RND probands, respectively, while it 
was homoplasmic in the ITHACA proband, in line with the variable phenotypic 
presentation (Supplementary Table S7; Supplementary Information).

Beyond diagnosis: clinical actionability
We investigated the number of diagnosed individuals that would potentially benefit 
from therapy or other actionability by considering medications or interventions 
included in three databases: IEMbase (Ferreira et al., 2019), Treatabolome (Atalaia et 
al., 2020), ClinGen (Rehm et al., 2015), and international cancer guidelines.
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We identified 73 affected individuals (14.4% of diagnosed individuals) that 
harboured variants in a potentially actionable gene (Supplementary Figure S4). 

Implementation, and feedback to referring clinicians and eventually families 
and patients is following local guidelines which differ between centres. Actual 
actionability has already happened and is continuously ongoing. To date we 
have received feedback for a subset of the aforementioned cases, with details of  
16 examples summarised in Supplementary Table S8.

An example from ERN EURO-NMD, is provided by the case of two young-adult patients 
from different families who had presented with limb-girdle muscle weakness and 
fatigability from 2 years of age, and subsequently developed ptosis and difficulty 
swallowing, leading to a suspected diagnosis of limb-girdle myasthenic syndrome. 
While prior ES analyses were negative, reanalysis within Solve-RD using SpliceAI 
(Jaganathan et al., 2019) led to the identification of a homozygous intronic variant 
with a potential splice donor effect, c.1023+5G>A proximal to the exon 5 / intron 
5 junction of DES in both patients. In parallel, but outwith Solve-RD, a female with 
a similar phenotype, among a cohort of patients suspected of having congenital 
myasthenic syndrome (CMS) being treated in the same hospital, was also found 
to be homozygous for this mutation. Subsequent laboratory analyses indicated 
reduced production of normal desmin transcript and protein. Administration of 
the standard CMS treatment of Pyridostigmine and Salbutamol was initiated and 
while one of the two patients showed no improvement after 3 months, the other 
exhibited a 50% improvement in measures of fatigable weakness (for further details 
see Example Case Reports in Supplementary Information).

Discussion

Genomic data from RD cases which have been extensively analysed by experts in 
the past can still yield a large number of new diagnoses, with prior studies reporting 
success rates commonly in the range of 6-13% (Dai et al., 2022). We previously 
reported on preliminary ClinVar focussed reanalyses undertaken within Solve-RD 
which resulted in molecular diagnoses being provided for 111 families (Denommé-
Pichon et al., 2023; Matalonga et al., 2021). The value of an in-depth systematic 
reanalysis is supported by our success in newly diagnosing 8.4% of affected 
individuals through our systematic reanalysis, and the further 4.1% diagnosed in 
parallel by local reanalysis in individual centres through ad hoc expert review. In 
total, we have achieved 12.6% new diagnoses to date. While a few recent studies 
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have reported higher diagnostic rates following reanalysis, ranging from 15-21% 
(Baker et al., 2019; Bullich et al., 2022; Liu et al., 2019; Wright, McRae, et al., 2018), 
it should be noted that those data sets were more homogeneous in nature, usually 
originated from one country, and were of substantially smaller scale and breadth, 
ranging from 240-1,684 probands, facilitating interpretation and diagnosis. 
Nevertheless our diagnostic yield is in the top end of the typical range of that 
found across the 29 reanalysis studies described in Dai et al (Dai et al., 2022). All 
expert-curated (likely) pathogenic variants are being uploaded to ClinVar (Landrum 
et al., 2020).

The example of Solve-RD is instructive because it provides a real-world 
investigation of the current diagnostic potential of systematic reanalysis of exome 
and genome sequencing data for rare diseases at scale (Baker et al., 2019; Bullich 
et al., 2022; Liu et al., 2019; Wright et al., 2018). As such, comprehensive reanalyses 
are typically infeasible for individual centres, but will lead to many new diagnoses. 
Implementation of initiatives similar to Solve-RD at a national or transnational level 
may prove beneficial and cost-effective.

Limitations 
The data presented here, pertain to only four RD domains, i.e. rare neurological 
disease, intellectual disability and malformation syndromes, rare neuromuscular 
disease, and hereditary tumour risk syndromes. It remains to be seen if other types 
of rare disease will have the same return of new diagnoses by systematic reanalysis. 
Nonetheless, the approach that we applied in Solve-RD is generic and can easily be 
implemented across all 24 ERNs representing the full gamut of rare diseases.

Further, the previously generated exome and genome sequencing data was highly 
heterogeneous since this is a pan-European project aiming to provide diagnoses 
for individuals across Europe. This heterogeneity, both in terms of the quality 
of the historic ES data, and the breadth of phenotypic descriptions, impacted 
upon our ability to confidently identify potentially pathogenic variants. Another 
limitation was that for two-thirds of the families analysed (4103/6004), we only had 
sequencing data from the affected proband, thus limiting supporting segregation 
information during downstream variant interpretation, especially with respect to 
the identification of pathogenic de novo variants.

Key findings
After more than a decade of diagnostic exome sequencing (de Ligt et al., 2012; 
Rauch et al., 2012), our knowledge of the spectrum of genes and variants causing 
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monogenic rare disease is clearly still steadily increasing. This is exemplified by the 
large number (n=394) of SNV/InDel variants that could now be correctly interpreted, 
based on the availability of new gene-level or variant-level information.

Our finding that systematic reanalysis yielded many new diagnoses also reflects the 
fact that analysis pipelines and methods are not harmonised across countries and 
centres. Consequently, a substantial proportion (15.9%; n=87) of novel diagnoses 
were a result of individually rare variant types that are not SNV/InDels, many of 
which were not detectable by standard diagnostic bioinformatics pipelines.

With increasing size of RD datasets, we shall identify an increasing number of 
identical variants in multiple individuals. This is evident here, as we identified 
21 (likely) pathogenic variants that occurred two or three times across a total of 
41 unrelated probands from the 6,004 families analysed, sometimes straddling 
different clinical disease categories.

The proposed framework, RD-REAL (see Online Methods for more information) with 
its two-level expert review represents a practical blueprint for reanalysis efforts 
on a global scale and in part overcomes heterogeneity in data type and origin. 
The amount of time that was invested in expert reanalysis was manageable at 4.8 
minutes per variant, or 42.8 min on average per proband. In Europe, the existing 
organisation of rare disease expertise in 24 ERNs should enable the implementation 
of the Solve-RD approach to the full gamut of Rare Diseases.

Value of a genetic diagnosis
Providing a diagnosis to individuals affected by a rare condition and their families 
brings an end to their diagnostic odyssey, often after many years. It has been shown 
that parents place intrinsic value on information and knowledge regarding their 
child’s condition, suggesting that changes in clinical outcomes alone may not be a 
perfect measure of the full benefit of diagnostic tests (Marshall et al., 2019).

We examined clinical actionability for the new diagnoses in the series, using a 
definition that only considered approved medication or (preventive) interventions. 
This is a more restrictive definition than that applied in a previous study (Smedley 
et al., 2021), which also considered informed future reproductive choice and 
additional surveillance of other family members. Even with this limited definition, 
there was potential for medical actionability in 14.4% of those receiving a diagnosis 
in our series, with ongoing implementation and the first concrete examples shown 
in Supplementary Table S8.
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Data and tools for the entire RD and genomics community
Global data sharing is essential for the discovery of rare disease genes (Rehm, 2022). 
Increasingly, novel gene discovery is driven by very large datasets (Fu et al., 2022; 
Zhou et al., 2022) that cover specific disease-domains, such as neurodevelopmental 
disorders or autism spectrum disorder (ASD). In some cases, the analysis may be 
restricted to a specific type of variant such as de novo mutations (Kaplanis, Samocha, 
Wiel, Zhang, Retterer, et al., 2020). Ideally, rare disease resources should contain 
complete phenotypic and genomic datasets in an accessible format. One such 
successful resource is the Simon-Simplex Collection (Fischbach & Lord, 2010) (SSC), 
which has detailed phenotype and genotype data (e.g. SFARI | Simons Simplex 
Collection), for 2,600 individuals affected by ASD and their unaffected parents.

Solve-RD offers a resource that comprises a wider range of phenotypes and diseases 
across four disease-domains for 6,004 families affected by a RD. We anticipate 
this resource will continue to grow as part of Solve-RD and beyond (Figure 1). 
Authorised users can use either the RD-Connect GPAP to search and analyse 
phenotype (HPO, ORPHAcodes), gene and variant level data, or the EGA to access 
all data simultaneously. The detection of gene-level recurrence in other individuals 
globally affected by a rare condition is further facilitated through connection to the 
MatchMaker Exchange network (Boycott et al., 2022). 

In line with the successful demonstration of the reanalysis undertaken here and 
throughout the Solve-RD project, several countries, such as Germany, have 
recently built infrastructure and implemented formal processes to facilitate 
periodic reanalyses of data from undiagnosed RD patients (https://translate-
namse.de/). Furthermore, the tools and infrastructure developed within 
Solve-RD have been adopted as the core framework for undiagnosed RD case 
reanalysis within the ERDERA project, which aims to extend out to all 24 ERNs, 
and reanalyse over 100,000 datasets from rare disease families across all disease 
types (https://www.ejprarediseases.org/erdera/).

Outlook
Our current effort focussed on diagnoses in established RD genes. However, this 
resource and the datasets in Solve-RD should be well suited for the generation 
of continued insights. This effort will allow the community to continue to make 
new diagnoses. As an example, since the systematic analysis presented her was 
completed, we have already promoted 2 SVs and 7 CNV from candidate to disease 
causing (Demidov et al. (Demidov et al., 2023, 2024)) and an additional 10 SNV/
InDel variants (Supplementary Table S9). This resource shall also allow the discovery 
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of novel disease genes or loci, and discovery of new disease mechanisms and 
causes is an ongoing part of Solve-RD (Graessner et al., 2021; Zurek et al., 2021). 
As a first example, the most recent discovery by Genomics England of variants 
in the non-coding RNA gene RNU4-2 that cause a complex NDD phenotype  
(Y. Chen et al., 2024; Greene et al., 2024) led to one further solved case in Solve-RD 
(P001996), in addition to the Solve-RD case (P0007197) which contributed to the 
original discovery, Supplementary Table S9; Figure 3, Panel I). As a further example, 
we would like to highlight the gene RAB14, member RAS oncogene family (RAB14), 
which encodes a protein involved in intracellular membrane trafficking during early 
embryonic development. Although the importance of RAB14 for neurodevelopment 
had already been suggested by a statistically significant enrichment of de novo 
variants in a developmental disorder cohort in 2020 (Kaplanis, Samocha, Wiel, 
Zhang, Retterer, et al., 2020), the associated neurodevelopmental phenotype 
remains to be fully characterised. The Solve-RD dataset includes data from two male 
individuals with neurodevelopmental phenotypes harbouring de novo variants in 
RAB14, thus enabling clinical characterisation as a result of the comprehensive HPO 
description collected as part of this effort (Figure 3, Panels G & H). Thus, for RAB14, 
the Solve-RD resource serves as a starting point for establishing a new genotype-
phenotype association, and accordingly, many additional genotype-phenotype 
and/or mechanistic studies have been initiated from the Solve-RD datasets and 
are currently followed up within the Solve-RD RDMM-Europe initiative (see Model 
matchmaking via the Solve-RD Rare Disease Models & Mechanisms Network 
(RDMM-Europe); Ellwanger et al., Nature Lab Animal, in press).

New genomic technologies such as optical mapping and long-read genome 
sequencing will undoubtedly add novel molecular mechanisms of rare disease 
in the future (Beyter et al., 2021; Cohen et al., 2022; Mantere et al., 2019; Merker 
et al., 2018; Sabatella et al., 2021; Te Paske et al., 2022). Similarly, combinations of 
genomic data with other -omics technologies may lead to further improvements 
in the RD diagnostic yield (Cummings et al., 2017; Wortmann et al., 2022; Yépez et 
al., 2022). It is also likely that developments in AI will also have a significant impact 
(Cheng et al., 2023). 

Expansion to other types of RD through their respective ERNs or future international 
data sharing initiatives will further enhance the Solve-RD resource for the global RD 
research community.
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Figure 3: Examples of ‘beyond standard’ variant types, and new discoveries by Solve-RD. Panels A-F 
provide illustrative examples of previously unsolved RD probands for which a new variant other than a 
coding SNV/InDel resulted in a new diagnosis, while panels G-I provide examples of new discoveries 
enabled by the Solve-RD resource. A) Non-canonical splicing variant (individual P0017701); B) mtDNA 
variant (P0002456); C) de novo copy number variant (P0012861); D) Mobile element insertion variant 
(P0014682); E) Structural variant (P0011371); F) Short tandem repeat expansion (P0002409). G-H) 
RAB14 de novo variants in two cases from this project contribute to the establishment of a new 
genotype-phenotype relationship. The first individual (P0012753) presents with mild global 
developmental delay in the absence of any facial dysmorphism or congenital anomalies and carries a 
de novo variant in RAB14 (chr9:123952916G>A; NM_016322.3:c.200C>T; p.(Thr67Met)) which is rare 
(not observed in gnomAD v2.1.1), likely to be deleterious (CADD score of 29), and observed de novo in 
at least 4 additional individuals with developmental disorders in the literature (Kaplanis, Samocha, 
Wiel, Zhang, Retterer, et al., 2020). The second individual (P0012904) presents with mild ID, subtle 
facial dysmorphisms comprising a high square-shaped forehead, downslant of palpebral fissures and a 
low hanging columella, in the absence of congenital anomalies. The de novo variant found in this 
individual (chr9:123954475A>C; NM_016322.3:c.80T>G; (p.(Leu27Trp)) is also absent from gnomAD, 
predicted to be deleterious (CADD score of 28), and observed de novo in at least one additional 
individual with a neurodevelopmental disorder in DECIPHER (Firth et al., 2009) (https://www.
deciphergenomics.org/patient/305550/phenotypes/person/62257). The female individual reported in 
Decipher presents with moderate ID, facial dysmorphism consisting of large earlobes, smooth 
philtrum, a wide mouth and protruding tongue, short feet with congenital talipes calcaneovalgus, 
thick hair and an umbilical hernia. I) The new discovery of recurrent de novo variants in RNU4-2 led to 
likely new diagnoses in two Solve-RD cases. Both variants have been validated, and the phenotypes 
match the recently published phenotypic descriptions (Y. Chen et al., 2024; Greene et al., 2024). 
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Box 1: Practical recommendations for large scale distributed genomic  
re-analysis initiatives.
1)	 Harmonise pheno-clinical data and metadata, and make sure it is accessible 

together with the corresponding genomic data.
2)	 For heterogeneous collections use raw sequencing data as input.
3)	� Perform quality control of all data as early as possible and define strict 

inclusion criteria. e.g. make sure samples are biologically related in the 
manner described in the phenotypic submission. Require a minimum on-
target coverage - we recommend 80-fold for ES and 30-fold for GS. 

4)	� Apply genome-wide variant calling, irrespective of enrichment kit used for 
exome sequencing. 

5)	 Use multiple variant calling pipelines for each variant type, with the possible 
exception of SNV/short InDels, for which variant calling is relatively robust 
and reproducible. Of all other variant types, CNVs promise the highest yield 
from exome data, as found here and by Lemire et al (Lemire et al., 2023)

6)	 Consider reducing stringency with respect to observed alternative allele 
frequency for heterozygous calls (i.e. allow values below 20%), or apply 
bespoke somatic mutation calling algorithms, if variants are observed in 
genes commonly associated with the observed phenotype, in order to allow 
detection of mosaicism or true heterozygotes with poor allele balance.

7)	 Prioritise variants according to their occurrence in clinical interpretation 
databases such as ClinVar, HGMD, and similar local/national resources.

8)	� Reverse phenotyping can be key to re-evaluate the clinical diagnosis in 
some cases, especially for syndromic disease.

9)	 Update bioinformatic workflows regularly to incorporate new tools and the 
latest versions of key databases such as ClinVar. 

10)	  �If it is necessary to prioritise among cases for re-analysis, focus first on cases 
which were (re-analysed) further in the past, since diagnostic yield is likely 
to be higher.

11)	� Collect feedback on disease-causing and prioritised candidate variants and 
solved cases in an accessible database.

12)	� To facilitate feedback on variant interpretation, favour specificity over 
sensitivity, and share short-lists of variants for each individual once, and 
only once.
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Online methods

Family Recruitment
Any undiagnosed individual with an apparent genetic RD that falls under the 
umbrella of conditions in which one of the four partner ERNs specialize, and for 
whom a prior ES analysis had been undertaken and proven inconclusive, was 
a candidate to be included in this study. The pan-European recruitment effort 
involved over 300 clinicians with expertise in RD working in 43 research groups 
across 37 institutions located in 13 countries. To facilitate data submission and 
sharing we implemented a pragmatic approach to collect datasets to allow efficient 
reanalysis across centers. We refer to these datasets as RD-REAL: Rare Disease – RE-
Analysis Logistics datasets. An RD-REAL dataset must include genomic data, family 
information, and phenotypic descriptions. The RD-REAL framework facilitates 
sharing of data and expertise at a continental scale, consisting of a) expert curated 
data, b) a comprehensive analysis suite, c) two-level (i.e. molecular and clinical) 
expert review (Figure 1). Informed consent for data sharing within Europe for the 
purpose of research was obtained from all recruited individuals.

Data pertaining to 10,039 individuals from 6,246 undiagnosed families was initially 
assembled, which was reduced to 9,645 individuals (6,447 affected) in 6,004 families 
following application of quality control measures, as described below. Of the 6,447 
affected individuals, 3,592 (56%) were male and 2,855 (46%) female. 6,215 (96.4%) 
were alive at the start of the study, 84 (1.3%) were deceased, and for 148 (2.3%) the 
vital status was unknown.

Pseudonymized phenotypic data collation for all individuals was facilitated using 
the PhenoStore module of the RD-Connect GPAP. PhenoStore promotes deep 
phenotyping of affected individuals using HPO terms and disease classification using 
Orphanet Rare Disease Ontology (ORDO) ORPHA codes (http://www.orphadata.
org/cgi-bin/index.php) and/or OMIM identifiers (https://www.omim.org/)  
as appropriate, and can import/export this information using the GA4GH 
Phenopackets format (Jacobsen et al., 2022).

ERN Cohort descriptions
For all families recruited to Solve-RD, local standard of care genetic diagnostic 
work-up and/or research-based analyses had failed to identify any molecular 
genetic cause underlying the proband’s rare condition. 
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ERN RND
The ERN RND cohort consists of 2,799 individuals from 2,271 families with previously 
unsolved rare neurological diseases. Genomic and phenotypic data for all affected 
individuals, and family members where available (~20% of families), were submitted 
for reanalysis by nine ERN RND partner institutions located in eight European 
countries: Belgium, France, Germany, Hungary, the Netherlands, Slovenia, Spain, 
and the United Kingdom. Individuals had been recruited and sequenced either as 
part of standard diagnostic care, or through participation in large European rare 
neurological disease research projects such as NeurOmics (https://rd-neuromics.
eu/) and Treat-HSP (https://www.treathsp.net/). The 2,271 families comprised  
1,924 singletons, 168 duos, 141 triples (103 of which were parent-child trios), and  
38 families with four or more members, including a total of 2,453 affected 
individuals. The most frequently used HPO terms to describe the phenotypes were 
ataxia, gait disturbance, dysarthria, and spastic paraplegia (Supplementary Table 
S10). ORPHA codes were assigned to 1,294 (57%) probands, the most common of 
which were Hereditary Spastic Paraplegia (n=397, 31%), Rare Hereditary Ataxia 
(n=353, 27%), and Paroxysmal Disorders (n=189, 15%).

ERN ITHACA
The ERN ITHACA cohort consists of 4,405 individuals from 1,836 families, submitted 
for reanalysis by twelve partner institutions located in six countries: the Czech 
Republic, France, Germany, Italy, the Netherlands, and the United Kingdom.  
A further 65 individuals from 21 families from the Spanish Undiagnosed Disease 
Program (SpainUDP) (López-Martín et al., 2018) were included in this cohort for 
analysis, due to the similarity of the underlying phenotypes. The clinical spectrum 
of the ERN ITHACA cohort consisted of individuals with intellectual disability (ID) 
with or without additional phenotypic features, and individuals with (multiple) 
congenital anomalies without ID. Given the importance of de novo mutations 
underlying the rare conditions within ERN ITHACA (de Ligt et al., 2012; Gilissen et al., 
2014), unaffected parents and/or unaffected siblings were also included, wherever 
possible, to allow for direct segregation of variants. The 1,857 families comprised 
632 singletons, 38 duos, 1,138 triples (1,081 parent-child trios), and 49 families 
with four or more members, including a total of 1,933 affected individuals. The 
most frequently used HPO terms to describe affected individuals related to global 
developmental decay, intellectual disability, and autism (Supplementary Table S10). 
ORPHA codes were assigned to 242 (13%) probands, the most common of which 
were Rare Intellectual Disability (n=41, 17%), and Pseudohypoparathyroidism with 
Albright Hereditary Osteodystrophy (n=22, 9%).
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EURO-NMD
The ERN EURO-NMD cohort consists of 2,125 individuals from 1,517 families, 
submitted for reanalysis by sixteen partner institutions located in eight countries: 
Belgium, Canada, Finland, France, Germany, Italy, Spain and the United Kingdom. 
Previously unsolved RD-REAL datasets submitted to Solve-RD had either been 
recruited and sequenced as part of large international neuromuscular research 
projects such as NeurOmics (https://rd-neuromics.eu/), SeqNMD, Myocapture 
(Bauché et al., 2016), MYO-SEQ (Töpf et al., 2020), UK10K (https://www.uk10k.org/), 
Unravel-CMS, BBMRI-LPC (https://cordis.europa.eu/project/id/313010), CMS CMG 
(https://cmg.broadinstitute.org/), Consequitur (Hiz Kurul et al., 2022), or through 
participating centres’ own diagnostic or research pipelines. Samples incorporated 
from the MYO-SEQ project were recruited from 50 specialised neuromuscular 
disease centres across Europe and the Middle East, and some datasets incorporated 
from the Unravel-CMS, BBMRI-LPC, and CMS CMG projects were from privately 
sequenced undiagnosed individuals followed at Nimhans, India (https://nimhans.
ac.in/). The 1,517 families comprised 1,202 singletons, 90 duos, 156 triples  
(135 parent-child trios), and 69 families with four or more members, including a 
total of 1,685 affected individuals. The most frequently used HPO terms to describe 
affected individuals related to muscle weakness, myopathy, and abnormal muscle 
morphology (Supplementary Table S10). ORPHA codes were assigned to 338 (22%) 
probands, the most common of which were Limb-Girdle Muscular Dystrophy  
(n=56, 17%), Congenital Myasthenic Syndrome (n=49, 14%), Distal Hereditary Motor 
Neuropathy (n=44, 13%),and non-Limb-Girdle Muscular Dystrophy (n=44, 13%).

ERN GENTURIS
The ERN GENTURIS cohort consists of 390 individuals, from 359 families, with 
a suspected genetic tumor risk syndrome, submitted for reanalysis by seven 
partner institutions located in four countries: Germany, the Netherlands, Portugal, 
and Spain. All individuals were either recruited and sequenced as part of daily 
diagnostic care, or as part of research projects. The 359 families comprised  
345 singletons, six duos, four triples (one parent-child trio), and four families with 
four or more members, including a total of 378 affected individuals. The most 
frequently used terms to describe affected individuals related to colorectal cancer, 
followed by gastric cancer and pheochromocytoma (Supplementary Table S10). 
ORPHA codes were assigned to 252 (70%) of the probands, the most common of 
which were Familial Adenomatous Polyposis (n=122, 48%), Hereditary Gastric 
Cancer (n=65, 26%), Hyperplastic Polyposis Syndrome (n=56, 22%), and Intestinal 
Polyposis Syndrome (n=33, 13%).
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Depth of standardised phenotypic and clinical 
diagnosis annotations
A median of six HPO terms (range 0 - 74) were used to describe each affected 
individual across this Solve-RD cohort. This drops to five HPO terms (range 0 - 45) 
when removing HPO redundancies. To remove annotation redundancy, only the 
most specific HPO terms were considered by counting terms from leaf nodes, 
or nodes without selected parent or child entities. Overall quality of phenotypic 
descriptions was assessed using the Monarch Initiative annotation sufficiency score 
(Shefchek et al., 2020) (maximum possible value of 5.0). The median annotation 
sufficiency value across the Solve-RD cohort was 3.61 (Supplementary Figure S1). 
Clinical diagnosis was reported using ORDOcodes for 2,126 affected individuals.

Generation of ERN-specific Candidate Gene Lists
To facilitate the potential for clinicians to confirm a diagnosis based upon identified 
variants, findings returned to the ERN DITFs for interpretation were restricted to 
those in disease genes of interest to the specific ERN, apart from any potentially 
pathogenic variants encountered in the mitochondrial genome, all of which were 
returned. Each of the four ERNs generated a curated list of genes implicated in 
diseases studied by their ERN, exploiting their pan-European disease expertise. 
The RND list was primarily based upon genes associated with neurological disease 
which have a green review status in Genomics England PanelApp (A. R. Martin et 
al., 2019), with the addition of 25 further genes based upon recommendations by 
clinical experts (n=1,821 genes). For ITHACA a consolidation of gene lists pertaining 
to intellectual disability (ID) from a variety of resources was undertaken, followed 
by evaluation based upon occurrence in multiple resources and the quality of 
curation of said resources, resulting in a list of diagnostically relevant genes 
(n=1,645). In the case of GENTURIS the list included all genes routinely screened 
in the partners’ diagnostic laboratories (n=230). For EURO-NMD, the manually 
curated, and annually updated, Gene Table of Muscular Disorders (Benarroch et 
al., 2023) was used (n=615 in 2021). These ERN gene lists were used as a primary 
filter in the identification of potentially pathogenic variants of any type in affected 
individuals submitted to Solve-RD by collaborators from the corresponding ERN, 
irrespective of the individual’s phenotype. This resulted in a list of 2,512 distinct 
genes implicated in rare diseases of interest to the four ERNs, many of which were 
identified by more than one ERN (Supplementary Table S2). Further details on the 
criteria used to define these lists are provided in the Supplementary Information.
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Identification of Clinically Actionable Genes
Potentially clinically actionable genes in affected individuals were identified 
from three independent initiatives: ClinGen (Rehm et al., 2015) (n=77), IEMbase 
(J. J. Y. Lee et al., 2018) (n=214), and Treatabolome (Bonne, 2021) (n=154;  
https://treatabolome.cnag.crg.eu). This provided a total of 392 unique genes, 
of which 311 (79%) were included in at least one of the curated gene lists from 
the ERNs. For the assessment of clinically actionable genes in individuals affected 
by a hereditary cancer disposition we searched GeneReviews® and the National 
Comprehensive Cancer Network Clinical Practice Guidelines in Oncology (Ajani et 
al., 2022) for actionability based on surveillance for cancer advice.

Data Submission and Analysis Workflow
Raw sequencing data, associated metadata, phenotypic and pedigree descriptions, 
were collated from 43 research groups across Europe using the RD-Connect 
GPAP (Laurie et al., 2022). In order to ensure secure, rapid, and robust transfer of 
the large quantity of raw genomic data (FASTQ, BAM or CRAM) to be reanalysed 
(approximately 100 terabytes in total), each research group was provided with 
access to a dedicated private space, in which to upload their sequencing data, on 
an Aspera server hosted by RedIRIS, the Spanish national research and education 
network (https://www.rediris.es/). From here the sequencing data were downloaded 
to the Centro Nacional de Análisis Genómico in Barcelona, which develops and 
hosts the RD-Connect GPAP.

All genomic data submitted to Solve-RD was analysed in identical fashion to 
minimise any batch effects, using the RD-Connect GPAP standard analysis pipeline 
(Laurie et al., 2016). Briefly, reads were aligned to the decoy version of GRCh37 
(hs37d5) using BWA-MEM v0.7.8 (Li, 2013). Short variants, i.e. SNVs, and insertions 
and deletions less than 50nt in length (referred to here as InDels), were identified 
across the genome, independent of the target capture region of interest, using 
the GATK HaplotypeCaller (v3.6) in accord with the GATK Best Practices workflow 
(DePristo et al., 2011). The output of the pipeline for each experiment is an aligned, 
base quality score recalibrated BAM, and a gVCF per chromosome and for the 
mitochondrion. All variant positions covered by at least eight reads and a GATK 
assigned Genotype Quality of at least 20, are uploaded to the RD-Connect GPAP, 
as are any non-variant positions for which at least one other experiment in the 
uploaded batch has a variant position at the same genomic location. SNVs, InDels, 
and mitochondrial variants received detailed annotations provided by Ensembl 
Variant Effect Predictor (McLaren et al., 2016), gnomAD (Karczewski, Francioli, Tiao, 
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Cummings, MacArthur, et al., 2020), and ClinVar (Landrum et al., 2020) (May 2021 
release), among other resources.

In addition to the above described annotations available through the RD-Connect 
GPAP, all gVCFs derived from affected individuals were converted to VCFs and 
annotated by a custom annotation pipeline at RadboudUMC, as described 
previously. (Lelieveld, Reijnders, Pfundt, Yntema, Kamsteeg, De Vries, et al., 2016) 
This comprises variant-based annotations including nucleotide conservation scores 
(phyloP, CADD), RadboudUMC in-house database allele frequencies, and gene-
based annotations including e.g. mouse knockout model phenotypes, and pLI/
LOEUF scores, among others. These annotated VCF files were made available to the 
Solve-RD consortium through the Solve-RD Sandbox, hosted by UMC Groningen, 
Netherlands (see below).

Raw sequencing data (FASTQ), and newly generated alignment (BAM or CRAM) and 
variant call (gVCF) files for each experiment, accompanied by the corresponding 
phenotypic description in Phenopackets and pedigree descriptions in PLINK 
PED format, were submitted to the European Genome-Phenome Archive (EGA) 
(Freeberg et al., 2022) in Hinxton, UK for long-term archival and controlled access to 
the wider human genomics community.

To facilitate further analyses within the Solve-RD consortium, files submitted to 
the EGA were shared with authorised Solve-RD partners from the University of 
Nijmegen, Netherlands and the University of Tübingen, Germany. In addition, the 
files could be downloaded by authorised users to the Solve-RD sandbox. The Solve-
RD sandbox is a cloud environment used by project partners to conduct bespoke 
analyses and to securely share analysis and interpretation results. For more detailed 
information on the Solve-RD information technology infrastructure, please see 
Johansson et al. 2024 (manuscript accepted for publication, GigaScience).

Quality Control
A total of 10,276 ES and GS RD-REAL datasets from 10,039 individuals were initially 
submitted to Solve-RD for reanalysis. Preliminary quality control of sequencing data 
required a median coverage of at least ten reads over at least 70% of the defined 
target region of interest for the corresponding enrichment kit, or across the entire 
genome in the case of GS data. Furthermore, with respect to phenotypic data, 
each submitted family was required to have an affected proband with associated 
HPO terms. Misassigned relationships were identified, and subsequently corrected 
where possible, using KING (Manichaikul et al., 2010). Following application of 
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these quality control measures the final number of RD-REAL datasets taken forward 
for reanalysis comprised data from 9,645 individuals from 6,004 families, of which 
6,447 (66.9%) are affected by a rare disease. Of these, ES data was available for 
9,124 (94.6%) individuals, GS data for 333 (3.5%), and both ES and GS data for the 
remaining 190 (2.0%).

Variant Identification and Prioritisation

RD-REAL Data Analysis and Interpretation
We applied two-level expert analysis and interpretation to the RD-REAL datasets 
comprising firstly of bioinformatic and molecular genetics experts working together 
in dedicated working groups within a Data Analysis Task Force (DATF), and secondly, 
clinical and RD experts from each ERN who jointly prioritised and interpreted all 
variants returned by the DATF, working in four separate Data Interpretation Task 
Forces (DITF). To maximise generalisability of this effort, the entire dataset of 6,004 
families, was included in a comprehensive analysis suite comprised of firstly, a 
centralised analysis of each different variant type: SNVs and InDels; de novo mutations; 
mitochondrial variants, non-canonical splice variants, copy number variants (CNVs), 
structural variants (SVs), short tandem repeat expansions (STRs) and mobile element 
insertions (MEIs). Secondly, general filters were applied with respect to variant 
quality, control population allele frequencies, and predicted consequence, followed 
by further ERN and disease specific filters (see below). Details of all tools applied in 
these analyses are provided in Supplementary Table S11.

As Solve-RD processed data in multiple data freezes over time, subsets of 
experiments continued to undergo analyses in parallel, some of which resulted 
in new diagnoses prior to the results of the centralised systematic analyses being 
returned to submitters. This includes the preliminary analysis of a smaller dataset 
(Denommé-Pichon et al., 2023; Matalonga et al., 2021). Furthermore, many datasets 
underwent parallel or additional analyses in the laboratories of the respective 
submitters, resulting in the identification of (likely) pathogenic, or candidate 
disease-causing variants in established or novel genes. These results are labelled as 
ad hoc expert review (Figure 2, Supplementary Table S12), though the majority of 
these variants were also prioritised in the systematic analyses.

Taken together this resulted in either diagnosed individuals, i.e. those harbouring 
(likely) pathogenic variants which fully explain the proband’s phenotype, 
unequivocally allowing a molecular diagnosis of a rare condition, or affected 
individuals with candidate variants, worthy of further follow-up and/or functional 
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studies, which may prove to be diagnostic in the future, as adjudged by the 
referring clinicians and/or expert ERN partners.

SNVs/InDels
Programmatic reanalysis was undertaken on annotated variants from the RD-
Connect GPAP using Application Programming Interface (API) endpoints as 
previously described (Matalonga et al., 2021). Two different sets of parameters were 
used: firstly, a low-hanging fruit analysis to identify (likely) pathogenic variants 
already listed in ClinVar; secondly, identification of rare variants of high or moderate 
impact in ERN genes of interest, matching the expected mode(s) of inheritance.

1.	 Low-hanging fruit analysis: depth of coverage (DP) >7; GATK genotype 
quality (GQ) >19; Minor Allele Frequency (MAF) <0.01 in gnomAD; observed 
allele frequency <0.02 in the internal RD-Connect GPAP database; affecting a 
gene in the corresponding ERN gene list, and annotated as pathogenic (class 
5) or likely pathogenic (class 4) for any disorder in ClinVar as of May 2021.

2.	 High-Moderate impact variant analysis: DP >7; GQ >19; MAF <0.01 in 
gnomAD; observed allele frequency <0.02 in the internal RD-Connect GPAP 
database; affecting a gene in the corresponding ERN gene list, and predicted 
to have a high or moderate consequence at the protein level according to 
Ensembl VEP, and matching the expected inheritance pattern i.e. autosomal 
dominant, autosomal recessive or X-linked.

Variants passing the above filtering criteria were returned in a single table to the 
respective DITF for each ERN to facilitate evaluation and provision of feedback. 
Across the Solve-RD cohort we identified a mean of nine short variants per 
affected individual for interpretation, ranging from one to thirteen across ERNs, 
the difference largely reflecting differences in the number of genes included in the 
corresponding ERN gene lists (Supplementary Tables S2 and S13).

De novo Mutations
For all families for which parent-child trios were available (n=1,320; 22% overall), 
de novo mutation calling was undertaken using both HaplotypeCaller (DePristo 
et al., 2011) and DeNovoCNN (Khazeeva et al., 2022). DNM calls with a probability 
>0.85 of being a bona fide event and any apparent de novo mutations identified by 
HaplotypeCaller which were located in a gene on the respective ERN gene list were 
returned to DITFs for variant interpretation.
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Mitochondrial Genome Variants
Mitochondrial DNA variants were identified using MToolBox (Calabrese, Simone, 
Diroma, Santorsola, Gutta, et al., 2014) (version 1.2). The workflow includes mapping 
reads to the revised Cambridge Reference Sequence mitochondrial genome and 
annotation using the MITOMAP (Lott et al., 2013) database (accessed 28th June 
2021). Both homoplasmic and heteroplasmic variants were identified.

Identification of Non-canonical Splicing Variants
To identify variants potentially affecting splicing at sites other than canonical splice 
sites, two novel tools were applied, SpliceAI (Jaganathan et al., 2019) and SQUIRLS 
(Danis et al., 2021). Rare variants receiving a strong splice-altering prediction from 
both tools, i.e. a delta-score >0.8 in SpliceAI and a pathogenic classification by 
SQUIRLS, which would potentially alter splicing of any gene in the corresponding 
ERN gene list were returned to DITFs for interpretation.

Large Copy Number and Structural Variants
Three different tools were used to maximise the likelihood of identifying 
pathogenic CNVs as described in Demidov et al. (Demidov et al., 2023): ClinCNV 
(Demidov et al., 2022), Conifer (Krumm et al., 2012), and ExomeDepth (Plagnol 
et al., 2012). Variants observed to have a frequency >0.01 across the cohort were 
discarded and the remaining rare CNVs were intersected with the corresponding 
ERN gene list, and annotated using AnnotSV (Geoffroy et al., 2018), before being 
returned to DITFs for interpretation. In parallel Manta (X. Chen et al., 2016; Demidov 
et al., 2024) was run in exome mode to look for signatures of split reads, which may 
indicate the presence of balanced structural variants such as inversions. To facilitate 
interpretation, Integrative Genomics Viewer (Robinson et al., 2011) tracks were 
generated for all large variants, indicating the exons, the position and type of call 
produced by the tools, and beta-allele frequency.

Short Tandem Repeat Expansions
The identification of potentially pathogenic STR expansions was largely based on 
the work of van der Sanden et al. (van der Sanden et al., 2021). ExpansionHunter 
(Dolzhenko et al., 2017) (version 3.1.2) was used to screen 21 genomic loci 
previously described as harbouring pathogenic repeat expansions in both ES and 
GS data, from a total of 5,983 families. Following retrieval of predicted pathogenic 
genotypes across all samples, any frequently observed events were discarded, 
and the remaining variants affecting genes on the corresponding ERN gene 
list were manually curated by visual inspection, before being returned to DITFs 
for interpretation.
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Mobile Element Insertions
MEI identification was undertaken using both MELT (Gardner, Lam, Harris, Chuang, 
Scott, Stephen Pittard, et al., 2017) and SCRAMble (Torene et al., 2020), to identify 
any MEIs potentially affecting ERN genes of interest (see Wijngaard et al (Wijngaard, 
Demidov, O’Gorman, Corominas-Galbany, Yaldiz, Steyaert, de Boer, Vissers, 
Kamsteeg, Pfundt, et al., 2024), for further details).

Inclusion and ethics statement
All individuals were recruited via four ERNs. Inclusion criteria were a clinical rare 
disease diagnosis in at least one family member by one of the associated expert 
centres and a not conclusive exome or genome analysis at time of submission. 
We did not exclude anyone based on sex, gender, ethnicity, race, age or any other 
socially relevant groupings.

Each patient entry was associated with its submitting investigator or clinician and 
linked to its corresponding ERN or UDP. The responsibility of checking the data 
was suitable for submission to the RD-Connect GPAP and Solve-RD lay with the 
data submitter as required by their Code of Conduct (institution: Fundació Centre 
de Regulació Genòmica) and Data Sharing Policy (institution: Solve-RD general 
assembly), respectively. In some cases, individuals had to be re-consented prior 
to data submission. The individuals described in Supplementary Figure 6 gave 
permission for their photos to be used in this publication, for which we thank them 
and their families. This study adheres to the principles set out in the Declaration 
of Helsinki.

Data Availability
Pseudonymised phenotypic information for all individuals and their genetic 
variants are accessible through the RD-Connect GPAP (https://platform.rd-connect.
eu/) upon validated registration. All raw and processed data files are available at 
the EGA (Datasets EGAD00001009767, EGAD00001009768, EGAD00001009769, and 
EGAD00001009770, under Solve-RD study EGAS00001003851). All novel and expert 
curated variants have been submitted to ClinVar (n=207).
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Supplementary materials

Abbreviations Used
Array CGH	 Microarray-based Comparative Genomic Hybridisation
CNV	 Copy Number Variant
DATF	 Solve-RD Data Analysis Task Force
DITF	 Solve-RD Data Interpretation Task Force
DNM	 De novo Mutations
DP	 Depth of Coverage, assigned by GATK
EGA	 The European Genome-Phenome Archive
ERN	 European Reference Network
ERN GENTURIS	 The ERN for Genetic Tumour Risk Syndromes
ERN ITHACA	� The ERN for Intellectual disability, TeleHealth, And 

Congenital Anomalies
EURO NMD	 The ERN for Rare Neuromuscular Diseases
ERN RND	 The ERN for Rare Neurological Diseases
ES	 Exome Sequencing
GATK	 The Genome Analysis Tool Kit
gVCF	 Genomic Variant Call Format file
GQ	 Genotype Quality, assigned by GATK
GS	 Genome Sequencing
HPO	 The Human Phenotype Ontology
ID	 Intellectual Disability
InDels	 Short Insertions or Deletions (<50 nucleotides in length)
IGV	 The Integrative Genomics Viewer
MAF	 Minor Allele Frequency
MEI	 Mobile Element Insertion
MLPA	 Multiplex Ligation-dependent Probe Amplification
NDD	 Neurodevelopmental Disorders
ORDO	 The Orphanet Rare Disease Ontology
RD	 Rare Disease
RD-Connect GPAP	 The RD-Connect Genome-Phenome Analysis Platform
RD-REAL	 Rare Disease REAnalysis Logistics
SNV	 Single Nucleotide Variant
SpainUDP	 The Spanish Undiagnosed Rare Disease Program
STR	 Short Tandem Repeat
SV	 Structural Variant
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Definitions
Pathogenic variants, as described in this manuscript, are defined as genomic 
variants with a direct, proven link between the exact change, the gene it occurs in, 
and a particular condition or syndrome.

Likely pathogenic variants, as described in this manuscript are defined as 
genomic variants for which there is a high likelihood for a causal relation between 
the change, the gene it occurs in, and a particular condition or syndrome.

Variants of unknown significance (VUS), as described in this manuscript, are 
defined as either i) variants affecting a disease gene on the corresponding ERN 
disease gene list, but for which establishing variant pathogenicity requires further 
analysis (such as by experimental function follow-up, segregation analysis etc.), 
or alternatively, ii) variants meeting criteria for pathogenicity based on molecular 
deleteriousness to protein function, but for which the gene-disease association 
has not been established (e.g. a de novo Loss of Function variant in candidate 
disease gene).

Disease genes, as described in this manuscript, are defined as genes for which, 
based on expert opinion by the ERNs, (well)-established genotype-phenotypes 
exist. Consequently, the gene was included for interpretation by the ERNs in 
this study.

Candidate disease genes, as described in this manuscript, are defined as genes for 
which a genotype-phenotype association has not been formally established. Based 
on gene function and ERN expert opinion, it may, however, be expected that (likely) 
pathogenic variants disrupt this function, resulting in phenotypic consequences in 
line with the ERNs disease domain. 

Disease-causing variants, as described in this manuscript, are defined as (likely) 
pathogenic variants in disease genes that fully explain the RD phenotype observed 
in the individual. For dominant diseases, this involves a single (likely) pathogenic 
variant affecting one allele. For recessive diseases, (likely) pathogenic variants are 
observed for both alleles.

Candidate disease-causing variants, as described in this manuscript, are defined 
as either i) variants of unknown significance in established disease genes, ii) (likely) 
pathogenic variants in disease genes which do not fully explain the RD phenotype 
observed, or iii) (likely) pathogenic variants in a candidate disease gene.
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Supplementary Results

Example Case Reports
The following case reports illustrate a spectrum of individuals who have been 
diagnosed as a result of their inclusion in Solve-RD. They describe the clinical 
courses of disease, previous test results, indicate the newly identified (likely) 
pathogenic variants identified by Solve-RD, and indicate why the original analyses 
failed to provide a diagnosis.

ERN RND

P0015028
This 58-year-old male attended special education in childhood but was reported 
not to have physical problems at that time. However, at the age of 42, he developed 
progressive gait disturbances, eventually requiring the use of a walking aid, 
approximately eight years after the initial onset of symptoms, and also complained 
of urinary urge incontinence. He underwent nerve conduction studies including 
electromyography at 44 years of age, which showed signs of sensory neuronopathy 
or sensory polyneuropathy. Neurological examination at 48 years of age revealed a 
spastic ataxic gait and confirmed the presence of signs of peripheral neuropathy. 
His lower limbs were hypertonic with peroneal muscle weakness. Vibration sense 
in his ankles was impaired, his Achilles tendon reflexes were absent, and there 
was a bilateral extensor plantar response. Neurological examination of the upper 
limbs was normal. Magnetic Resonance Imaging (MRI) of his brain and spine at 48 
years of age showed no abnormalities, but his eye movements showed saccadic 
hypermetria with increased latency of pursuit.

Systematic reanalysis of ES data in Solve-RD identified two variants in the B4GALNT1 
gene, one being an intragenic heterozygous deletion of a large part of the gene 
(commencing in exon 5, removing exons 6-11 (NM_001478.5), and ending in the 
3’UTR (Chr12(GRch37): g.58014705-58024263del; Supplementary Figure S5) and the 
other a missense SNV leading to an amino acid change of unknown pathogenicity 
(c.451G>A (p.(Gly151Ser)). Presence of the deletion was confirmed with multiplex 
amplicon quantification (MAQ) analysis, and segregation analysis showed that 
the proband’s mother was a heterozygous carrier of the deletion (B4GALNT1 
Chr4(GRch37): g.(58016984-?)_(58019959+?)del), but not of the missense 
variant. Unfortunately, the proband’s father was not available for genetic testing. 
Functional confirmation was obtained via glycomics analysis of plasma glycolipids, 
indicating reduced levels of B4GALNT1 glycolipid products. Pathogenic variants 
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in the B4GALNT1 gene are known to cause autosomal recessive spastic paraplegia 
type 26 (OMIM #609195; https://www.omim.org/entry/609195), which was the 
diagnosis reached for this individual, given the combination of phenotypic match, 
genetic data, and biochemical profile. Thus, the final diagnosis was achieved via a 
combination of the variant identification undertaken in Solve-RD and subsequent 
follow-up experiments performed by the local research team. 

ERN ITHACA

P0012716
This 24 year old male was referred for genetic diagnostics at 15 years and 10 months 
of age with recurrent luxation of the left patella and asymmetry of legs and face, 
described as underdevelopment of the left side. During pregnancy, his mother had 
a large splenic cyst, but pregnancy and delivery were otherwise uncomplicated. 
At birth, asymmetry of the legs and face was evident and there was a postaxial 
rudimentary digit on the right hand that regressed to a small nodule over time. 
The asymmetry of the face and legs was reported to be stable over time and his 
cognitive development was within the normal range (IQ of 89). He was affected 
by complex partial seizures with continuous spike-and-wave during sleep from 
childhood, however the seizures had a good clinical progression and medication 
could be discontinued at eleven years of age. Other medical problems included 
scoliosis, autism spectrum disorder, clumsy motor skills, and sleeping problems. 
Physical examination at 15 years and 10 months of age revealed normal overall 
growth (height 172.6 cm (SD -1), weight 58.3 kg (SD=0), and head circumference 
55 cm (SD -1)), with asymmetry of the legs (thigh circumference right 46 cm, left 
41.5 cm; calf circumference right 25 cm, left 26 cm; ankle circumference right  
38 cm, left 36 cm; smaller shoe size of left foot). Additionally, there was gynaecomastia 
on the right side, a small postaxial nodule on the right hand, scoliosis, and a pelvic 
tilt as a result of the difference in leg length. Facial characteristics included full 
hair with a low posterior hairline, synophrys, long eyelashes, and facial asymmetry, 
with a smaller left than right side and the left eye positioned lower than the right 
eye. Re-examination at 23 years and six months showed leg length difference of  
2 cm (right longer than left), and a thigh circumference difference (right 54 cm, left  
49.5 cm), similar facial asymmetry to that seen at age 15 years and 10 months, 
scoliosis with winging of the right scapula, hypermobility of the hand joints and 
one café au lait spot on the right leg.

Previous genetic investigations included Affymetrix CytoScan HD array, which 
did not identify any relevant variants, and trio-based ES (Agilent SureSelectXT 
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Human All Exon 50Mb Kit, Illumina HiSeq2000, BGI-Europe, with a mean target 
coverage of 115-fold). ES data were subjected to several local reanalyses, but only 
a heterozygous de novo variant of uncertain significance in DLG1 was identified 
(Chr3(GRCh37):g.196807944T>C; NM_004087.2:c.1982A>G; p.(Asn661Ser)) as being 
of potential interest.

Systematic reanalysis of ES data in Solve-RD using the de novo variant calling 
pipeline led to the identification of a mosaic de novo variant in PIK3CA: 
Chr3(GRCh37):g.178916876G>A; NM_006218.4:c.263G>A; p.(Arg88Gln), present 
in 13% of the reads (Supplementary Figure S6 Panel A). The variant had been 
previously reported in PIK3CA-related overgrowth syndrome (McDermott et al., 
2018; Rivière et al., 2012).

Retrospective analysis of the original ES data revealed that the variant was probably 
missed due to its mosaic state, and hence having been assigned a low quality by the 
variant calling software. Additionally, this individual had been clinically suspected 
to have underdevelopment of the left side of the body, rather than overgrowth 
of the right side of the body, which meant that an overgrowth syndrome had not 
previously been considered. Furthermore, likely due to the mosaicism, the proband 
presents with a relatively mild phenotype when considering the spectrum of 
PIK3CA-related overgrowth, which makes accurate clinical diagnosis challenging. 
Inclusion within Solve-RD ended a decade-long diagnostic odyssey for this 
individual and his family.

P0013065
This 22 year old male was born following an uncomplicated pregnancy and delivery 
at 39 weeks of gestation. Initial concerns regarding his development arose around 
six months of age and he was subsequently affected by severe developmental 
delay, with delayed motor, communicative and social milestones: crawling at  
15 months, walking at two years and six months, first words at seven years of age, 
and speech characterised by severe verbal dyspraxia. Additional medical problems 
comprised divergent strabismus, muscle tone dysregulation with contractures, 
and inattentive and hyperactive behaviour with aggressive tantrums. The family 
history was unremarkable. Physical examination at 21 years and 11 months 
revealed a slender body and microcephaly (height 184 cm (SD=0); weight 51.5 kg, 
BMI 15.2; head circumference 54.5 cm, SD -2). He had a small asymmetric thorax 
of unusual shape (the mid-thoracic region being broader in the frontal plane and 
flattened in the sagittal plane compared to the high thoracic region), high thoracic 
kyphosis, and scapular winging. His hands and feet were slender with long fingers 
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and toes, camptodactyly of the 2nd, 3rd and 4th fingers of the right hand, and he 
exhibited elbow and knee contractures. Facial dysmorphisms included a long and 
narrow facial shape, full eyebrows with synophrys, downslant of the palpebral 
fissures, prominent eyelids with ptosis, divergent strabismus, low-set ears with a 
square-shaped and flattened upper helix, a short nose, an open mouth with full lip 
vermillion, a high and narrow palate with gum hypertrophy and irregular dentition. 
General investigations included brain MRI (at seven and seventeen years of age), 
EEG, brainstem auditory evoked potential analysis, general metabolic screening, 
and chest, spine and skull X-rays at seven years of age, none of which showed any 
clinically meaningful abnormalities.

This individual has undergone a wide variety of previous genetic investigations 
including karyotyping, analysis of repeats in FMR1, 3.5K and 32K BAC arrays, 
Affymetrix 6.0 array, Array CGH, and trio-based ES (Illumina HiSeq at BGI-Europa, 
after enrichment with Agilent SureSelectXT Human All Exon 50Mb Kit, with a mean 
target coverage of 110-fold (de Ligt et al., 2012)). Upon negative ES results, and 
repeated negative reanalyses, trio-based GS was performed (DNBSEQTM technology 
BGI, mean coverage >40-fold), but no conclusive diagnosis was established.

Systematic reanalysis of ES and GS data in Solve-RD with both the de novo variant 
calling and SNV/InDel low-hanging fruit analysis workflows led to the identification 
of a heterozygous de novo nonsense variant in MN1: Chr22(GRCh37):g.28146963C>T; 
NM_002430.2:c.3903G>A; p.(Trp1301*). (Supplementary Figure S6 Panel B). This 
nonsense variant in the last exon of MN1 has been reported to be pathogenic in the 
literature (CEBALID syndrome (Mak et al., 2020); MIM#618774) and associated with a 
very similar phenotype to that observed in this individual. However, brain abnormalities 
reported in individuals with variants in MN1 from other studies had not previously been 
detected in the brain imaging of this individual. Therefore, we performed retrospective 
reanalysis of his brain MRI, which revealed dysplasia of the cerebellar vermis, 
rhombencephalosynapsis and mild bitemporal narrowing of the skull, highly similar to 
the MN1-associated brain phenotype described by Mak et al (Mak et al., 2020).

Retrospective analysis of the original ES and GS data revealed that this variant in 
MN1 was indeed noticed by the diagnostic laboratory, but discarded because MN1 
had not yet been described to cause CEBALID syndrome at the time of the original 
analysis, having only been associated with familial susceptibility to meningioma 
(MIM#607174, https://www.omim.org/entry/607174) at that point in time. Thus, it was 
reanalysis within Solve-RD that finally led to the end of this individual’s twenty-year 
diagnostic odyssey.
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EURO-NMD

P0005327
This 14 year-old boy was born to non-consanguineous parents and had normal 
developmental milestones overall but was not active in sports from early 
childhood. He started to experience recurrent falls at eight years of age and 
went on to develop progressive proximal lower limb weakness with prominent 
fatigability, and a waddling gait. There was no history of bulbar or ocular 
symptoms. On examination, bilateral asymmetric ptosis with fatigability was 
observed, as was polyminimyoclonus. Muscle strength was normal in all four limbs, 
but fatigue occurred upon sustained arm abduction. Deep tendon reflexes were 
normal, as were serum creatine kinase levels, while repetitive nerve stimulation 
was inconclusive. Due to a clinical suspicion of Congenital Myasthenic Syndrome 
(CMS), a trial of pyridostigmine was initiated, but the individual was non-compliant. 
However, his parents reported spontaneous improvement in baseline limb 
weakness and falls over the following six years with only episodic worsening due to 
fever and exertional myalgias. There was a strong family history of diabetes on the 
maternal side and the mother's fasting glucose levels were suggestive of borderline 
diabetes, and she also has a long history of migraines. Retrospective serum lactate 
testing in both proband and mother showed mildly elevated levels (>20 mg/dl).

Prior genetic testing for spinal muscular atrophy was negative, as was ES with 
respect to detection of any significant variants in known CMS and myopathy genes.

Systematic reanalysis of the affected family members’ ES data within Solve-
RD led to the identification of a mitochondrial variant, m.3243A>G, in MT-TL1 
with an observed heteroplasmy of 0.27 in the proband and 0.14 in his mother 
(Supplementary Figure S7). The difference in heteroplasmy likely correlates with 
the mild phenotype observed in the proband, and the absence of mitochondrial 
myopathy features in his mother. However, non-specific findings of early onset 
diabetes and migraine headaches were noted in the mother. While the initial 
clinical suspicion in the proband was CMS due to the significant fatigability, the fact 
that mitochondrial disease can be clinically highly variable means that mild forms 
of mitochondrial myopathy can be difficult to diagnose clinically.

Hence it was the dedicated reanalysis of mitochondrial genes in Solve-RD, in 
conjunction with the retrospective correlation of phenotype and biochemistry 
which helped to determine the correct diagnosis for this individual.
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P0014714
This young girl was referred at seven years of age, presenting with microcephaly, 
face abnormality, muscle hypotonia, and neurodevelopmental delay, leading to a 
clinical suspicion of Cornelia de Lange syndrome (MIM#122470; https://www.omim.
org/entry/122470). Array CGH and ES were performed, but only genes related to 
the clinical suspicion (i.e. a virtual panel) were evaluated, and no relevant variants 
were identified at this point. 

Systematic reanalysis of the proband’s ES data within Solve-RD led to the 
identification of a de novo frameshift variant in the histone acetyltransferase p300 
gene: EP300(NM_001429.4):c.1152_1153del; p.(Gly385GlnfsTer25). The variant was 
discovered following a cross-ERN de novo mutation scan (see Supplementary Table 
S5), suggesting a clinical diagnosis of Rubinstein Taybi syndrome (MIM#180849; 
https://www.omim.org/entry/180849). This prompted clinical re-evaluation of 
the proband's phenotype, at which point the clinical diagnosis was confirmed. 
Retrospective analysis of the original ES results revealed that the variant had not 
been called by the corresponding in-house pipeline.

P0012248
This young male was initially referred for genetic testing at three years of age. He 
presented with severe neurodevelopmental delay, microcephaly, absent speech, 
generalised hypotonia, nystagmus, and inability to walk. However, array CGH and 
ES results proved negative.

Systematic reanalysis of the proband’s ES data within Solve-RD led to 
the identification of a de novo missense variant in synaptotagmin 1, 
SYT1(NM_001135806.2):c.1103T>C; p.(Ile368Thr). This variant was discovered 
following a cross-ERN de novo mutation scan, leading to a molecular diagnosis of 
Baker-Gordon syndrome (MIM#618218; https://www.omim.org/entry/618218).

Retrospective analysis of the original ES data revealed that the variant had not been 
identified by the corresponding in-house pipeline.

ERN GENTURIS

P0009136
This male proband was diagnosed with colorectal adenomatous polyposis in 1991 
at the age of 31. However, initial symptoms (hematochezia) had appeared as early 
as 20 years of age. Colonoscopy revealed that the entire colon and rectum were 
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covered with a mass of polyps, which were almost exclusively tubular adenomas, 
suggestive of familial adenomatous polyposis (FAP), the most common type of 
gastrointestinal polyposis. FAP is an autosomal-dominant precancerous condition, 
caused by heterozygous pathogenic germline variants in the APC regulator of WNT 
signalling pathway gene, APC. Early detection and removal of adenomas is crucial, 
as otherwise they invariably result in colorectal cancer (CRC). Adenomas were also 
found to be present in the duodenum, and there were multiple fundic gland cysts 
in the stomach. To date the proband has not developed CRC due to prophylactic 
surgery (proctocolectomy) and frequent surveillance measures. The family history 
suggests an autosomal dominant inheritance pattern, consistent with FAP: the 
proband's sister and her son, as well as his own two children have all been affected 
by early-onset colorectal polyposis. Furthermore, the proband’s father died of 
gastric cancer at 47 years of age, but it is unknown whether he had a polyposis in 
the upper or lower gastrointestinal tract.

During routine diagnostics, no pathogenic germline SNV or large deletion or 
duplication was identified in either APC or MUTYH by Sanger sequencing nor MLPA 
(kit P043-APC, MRC Holland). Neither did cDNA analysis of the whole transcript 
reveal any aberrant splicing that may result from deep intronic variants in APC 
(Spier et al., 2012). However, haplotype analysis demonstrated that all affected 
family members carry the same alleles at the APC locus, inherited from the paternal 
branch of the family. No pathogenic variant was identified in APC or any other 
potentially relevant gene following ES in a local research project.

Initial reanalysis of the ES data within Solve-RD did not identify any potentially 
causative germline SNV/InDels either. However, subsequent comprehensive CNV 
analysis uncovered a heterozygous, approximately 200bp germline deletion, 
at the beginning of coding exon 15 of the APC gene (Supplementary Figure S8), 
subsequently confirmed by qPCR. It is very likely that this results in an out-of-frame 
deletion resulting in a premature stop codon, and the variant segregates with the 
phenotype in the family. As a result of these findings the clinical diagnosis of FAP 
was confirmed, and predictive genetic testing can be offered to all at-risk members 
of the family.

Although the clinical course, family history, and haplotype analysis had already 
pointed to an underlying APC variant, the diagnostic deletion was not detected in 
routine diagnostics due to there being a lack of MLPA probes covering the specific 
region affected.
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MT-AP6 Recurrent Variant Analysis
The mitochondrial variant m.9185T>C affecting the ATP6 gene has been associated 
with phenotypic presentations ranging from Leigh syndrome, NARP (neuropathy, 
ataxia, and retinitis pigmentosa) with variable onset and severity, to mild isolated 
neuropathy, ataxia and intellectual disability (Castagna et al., 2007; Childs et al., 
2007; Ganetzky et al., 2019). The level of heteroplasmy often correlates with the 
severity of the clinical presentation with >90% heteroplasmy associated with 
more severe disease, while homoplasmy has also been reported across tissues in 
some affected individuals. In the present cohort, the mitochondrial chromosome 
reanalysis identified m.9185T>C in five affected individuals from three unrelated 
families submitted by ERNs RND, ITHACA and EURO-NMD. The phenotypic 
presentations varied from severe early-onset Leigh-like syndrome in the ERN 
ITHACA proband (homoplasmy) to late-onset isolated axonal neuropathy in the 
ERN EURO-NMD proband (77% heteroplasmy). Intrafamilial variability was observed 
in the ERN ITHACA family with the mother and sister having relatively late onset 
and a milder disease course, while the proband presented with severe disease 
(Supplementary Table S7). Interestingly, near homoplasmic variant levels resulted 
in very different phenotypes in the three affected individuals from the ERN ITHACA 
family. Identification of this recurrent variant highlights the importance of the 
cross-ERN analysis in the present cohort, and the inclusion of mitochondrial variant 
analysis irrespective of ERN specific gene lists, since mitochondrial diseases often 
result in multisystemic involvement with variable onset and presentation.

Example of Actionability
Patient P0020778 is a 22-year-old male born in India to non-consanguineous 
parents who presented with progressive limb girdle weakness with easy fatigability 
from 2 years of age. Ptosis and swallowing difficulty was observed from 5 years of 
age. He also has voice fatigability and generalised wasting of limb girdle muscles. 
Serum creatine kinase (CK) was elevated (>1000 IU) and repetitive nerve stimulation 
(RNS) showed >10% decrement in quadriceps. Initial clinical suspicion was of limb-
girdle myasthenic syndrome.

Patient P0020953 is a 16-year-old male born in India to non-consanguineous 
parents and presented with ptosis from birth and progressive limb girdle weakness 
with easy fatigability from 2 years of age. He also reported mild swallowing difficulty 
and had ankle contractures with thoracolumbar scoliosis. Serum CK was elevated 
(>2000 IU) and a significant decrement of >10% was observed in RNS of quadriceps. 
Calf muscle biopsy was reported as muscular dystrophy. He was clinically suspected 
to have limb-girdle muscular dystrophy / limb-girdle myasthenic syndrome.
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Initial whole exome sequencing (WES) analysis in both patients was negative 
for any significant variants in coding or canonical splice site regions of known 
neuromuscular disease genes.

Re-analysis of WES data from both patients in Solve-RD (P0020778 – patient and 
unaffected sibling) and P0020953 -patient and parents), which included analysis of 
non-canonical splice proximal regions led to the identification of a homozygous 
intronic variant c.1023+5G>A near exon 5 / intron 5 junction of DES (Desmin) in both 
patients. The variant segregated as heterozygous in unaffected sibling of P0020778 
and the parents of P0020953. In silico predictions (spliceAI) indicated a possible 
donor splicing defect. While undertaking reverse phenotype correlation in both 
patients and other unsolved CMS patients from the same Indian hospital, another 
female patient with a similar clinical phenotype was also found to have the same 
c.1023+5G>A homozygous variant in DES which had previously been classified 
as VUS in a diagnostic genetic laboratory. In view of the significant phenotype 
correlation in these three unrelated limb-girdle CMS patients, we considered the 
DES homozygous intronic variant as likely causative.

To further validate the pathogenicity, muscle biopsy of left tibialis anterior was 
performed in patient P0020778 retrospectively, which showed myopathic features 
and partial loss of Desmin staining on immunohistochemistry. Electron microscopy 
was suggestive of disorganised myofibrillar architecture with aggregates. RT-PCR 
of muscle RNA showed the presence of two transcripts: a reduced normal desmin 
transcript and a longer transcript with intron 5 inclusion suggesting a leaky splice 
site caused by the +5 variant. Western blotting showed reduced normal desmin 
protein. Neuromuscular junction involvement with clinically CMS like features have 
been previously reported in only one family with a homozygous frameshift DES 
mutation resulting in complete loss of desmin and a severe phenotype of childhood 
onset myopathy, cardiomyopathy and CMS (ref: PMID: 27440146). The identification 
of this novel intronic DES variant not only expands the clinicopathological spectrum 
of Desminopathies, but also establishes the c.1023+5G>A variant as a possible LG-
CMS associated DES variant specific to the Indian sub-continent.

Individual P0020778 has reported significant improvement (50%) in their CMS 
symptoms following treatment of Pyridostigmine and Salbutamol after six 
months, while patient P0020953 reported no improvement or worsening, having 
taken the same medication for three months. However, a long-term course of 
Salbutamol is expected to have some impact on improving fatigable weakness. 
While Desminopathies currently have no known treatment, CMS drugs including 
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pyridostigmine and salbutamol can be useful in patients with associated 
neuromuscular junction involvement.

Supplementary Figures

Figure S1: HPO terms (A) and Monarch phenotype specificity meter (B). Violin plots illustrating (A) the 
number of Human Phenotype Ontology terms associated to each proband across ERN and (B) the 
Monarch specificity score (range 0-5, higher better) which provides an indication of how 
comprehensive the phenotypic description of the affected individual is. The solid line indicates the 
median, and the dashed line the 25th and 75th centiles.
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Figure S3: Date of initial creation, and of last update of OMIM records for genes shown to be disease-
causing in this study. This figure shows (A) the date of creation of the first OMIM entry for a particular 
gene determined to be explanatory for the condition in a Solve-RD proband-phenotype association, 
and (B) the date of the last update of the relevant entry. The OMIM entry for 67 genes was only created 
after 01/01/2018, when Solve-RD started, and many genes of interest have had their records updated 
since then. This explains why a number of these genes were only confirmed as being disease-causing 
in affected individuals here as a result of reanalysis in Solve-RD.
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Figure S4: Clinical actionability. A) Percentage of solved cases for which the causative gene is reported 
in one of the three gene-treatment databases included in this study (ClinGen, IEMbase and 
Treatabolome) and guidelines for surveillance of genetic tumour risk syndromes. B) Gene-treatment 
databases and surveillance guidelines for genes in which (likely) disease-causing variants have been 
identified per ERN. C) List of genes with (likely) disease-causing variants, and number of RD probands/
families diagnosed in this study in parentheses, identified in each of the three gene-treatment 
databases as well as surveillance guidelines included in this study.
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Figure S5: Example of an individual diagnosed with a RD from ERN RND. The left panel shows the 
pedigree of a 58-year old individual first diagnosed at 42 years of age with progressive gait disturbance 
and urinary urgency, in the absence of family history of these symptoms (P0015028). The right panel 
shows two IGV screenshots indicating a heterozygous missense SNV in B4GALNT1 (top) and a 
heterozygous, approximately 10kb in length, deletion on the other allele (bottom), resulting in 
complete deletion of exons 6-11. Location of the deletion is indicated by the red line in the top track, 
supported by the reduced beta-allele frequency of variants in this region as shown in the centre track, 
and further supported by read pairs spanning the full 10kb (in red) observed in the lower track.
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Figure S6: Examples of two individuals diagnosed with RDs from ERN ITHACA. A) The left panel shows 
the phenotypic presentation of a 24-year old male diagnosed at fifteen years of age with asymmetry of 
legs and face, described at that time as underdevelopment of the left side (P0012716, written consent 
that allows sharing of photographs was given). The IGV screenshot in the right panel confirms the 
presence of a rare de novo mosaic missense variant (observed in only 13% of reads) in PIK3CA 
(chr3:178916876G>A), validated by Sanger sequencing. This variant had previously been reported 
elsewhere to cause PIK3CA-related overgrowth, leading to a change in the clinical diagnosis for this 
young man, and the resolution of his diagnostic odyssey. B) The left panel shows the phenotypic 
presentation of an undiagnosed 22-year old male who had experienced severe developmental delay, 
and presented with a variety of physical anomalies, though brain MRI was initially reported to be 
uninformative (P0013065, written consent that allows sharing of photographs was given). The IGV 
screenshot in the right panel indicates the presence of a rare de novo nonsense variant in MN1 
(chr22:28146963C>T) unobserved in the parents. Retrospective reanalysis of the brain MRI revealed 
dysplasia of the cerebellar vermis, rhombencephalosynapsis and mild bitemporal narrowing of the 
skull, consistent with a diagnosis of CEBALID syndrome. The individuals described gave permission for 
their photos to be used in this publication, for which we thank them and their families.
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Figure S7: Example of an individual diagnosed with a RD from ERN EURO-NMD. The left panel shows 
the pedigree, and clinical history of proband P0005327 (indicated by the arrow). At eight years of age 
he began to develop progressive lower limb weakness and fatigability. The IGV screenshot in the right 
panel indicates the presence of a heteroplasmic mitochondrial variant (MT-TL1, MT:3243A>G)) 
observed with a frequency of 27% in the proband, and 14% in his mother. This difference may explain 
the divergence in symptoms between mother and child.

Figure S8: Example of a diagnosed individual with RD from ERN GENTURIS. Left panel: pedigree of 
proband P0009136 (indicated by the arrow). Haplotype analysis demonstrated that all affected 
individuals carry the same allele at the APC locus, inherited from the paternal branch of the family. 
Right panel: comprehensive CNV analysis uncovered a heterozygous germline deletion, approximately 
200bp in length, at the beginning of coding exon 15 of the APC gene which could not be identified by 
routine diagnostics using just the sequencing and MLPA methods.
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Abstract

Solve-RD is a pan-European rare disease (RD) research program that aims to identify 
disease-causing genetic variants in previously undiagnosed RD families. We utilized 
10-fold coverage HiFi long-read sequencing (LRS) for detecting causative structural 
variants (SVs), single nucleotide variants (SNVs), insertion-deletions (InDels), and 
short tandem repeat (STR) expansions in extensively studied RD families without a 
clear molecular diagnosis. Our cohort includes 293 individuals from 114 genetically 
undiagnosed RD families selected by European Rare Disease network (ERN) experts. 
Of these, 21 families were affected by so-called ‘unsolvable’ syndromes for which 
genetic causes remain unknown, and 93 families with at least one individual 
affected by a rare neurological, neuromuscular, or epilepsy disorder without 
genetic diagnosis despite extensive prior testing.

Clinical interpretation and orthogonal validation of variants in known disease 
genes yielded thirteen novel genetic diagnoses due to de novo and rare inherited 
SNVs, InDels, SVs, and STR expansions. In an additional four families, we identified 
a candidate disease-causing SV affecting several genes including a MCF2/FGF13 
fusion and PSMA3 deletion. However, no common genetic cause was identified in 
any of the ‘unsolvable’ syndromes. Taken together, we found (likely) disease-causing 
genetic variants in 13% of previously unsolved families and additional candidate 
disease-causing SVs in another 4.3% of these families.

In conclusion, our results demonstrate the added value of HiFi long-read genome 
sequencing in undiagnosed rare diseases.

Keywords
LRS Special Issue, long-read sequencing (LRS), rare disease (RD), Solve-RD, 
undiagnosed RD, structural variants (SVs), short tandem repeats (STRs).
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Introduction

Rare diseases (RD) affect 400 million people worldwide (Nguengang Wakap et al., 2020).  
It is estimated that 80% of these diseases have a genetic origin (Sernadela et al., 
2017). Pinpointing the disease-causing genetic variant is important for RD families, 
because it ends an often time-consuming, stressful, and costly diagnostic odyssey 
(Biesecker & Green, 2014). In addition, several disease management strategies 
and treatment options depend on the specific disease gene or variant (Pogue et 
al., 2018).

With routinely used short-read sequencing (SRS) technologies, such as exome and 
genome sequencing, diagnostic yields vary between 8% and 70%, depending on the 
diseases studied and inclusion criteria used (Wright, FitzPatrick, et al., 2018). Recently, 
a large-scale reanalysis effort of exomes and genomes from undiagnosed disease 
families has been conducted within the Solve-RD consortium; this study illustrates 
that updated knowledge and improved variant identification and interpretation 
substantially increase diagnostic yield (S. Laurie, W. Steyaert, E. de Boer et al., Nat 
Medicine in press). Other re-analysis efforts have resulted in similar increases in 
diagnostic yield (Bullich et al., 2022; Liu et al., 2019; Wright, McRae, et al., 2018). 
Despite this, the majority of tested RD patients remain without a genetic diagnosis. 
Besides incomplete knowledge of the functional and phenotypic consequence 
of genetic variation, shortcomings at the variant identification level substantially 
contribute to the fact that many RD patients remain genetically undiagnosed. 
Indeed, SRS technologies result in an almost complete characterization of short 
genetic variants (single and multi-nucleotide substitutions and small insertions 
and deletions) in the unique portions of an individual’s genome, but the analysis 
of duplicated and repetitive genomic regions and particularly the identification of 
structural variants (SVs) and short tandem repeat (STR) expansions remain far from 
complete (Chaisson et al., 2019; Chintalaphani et al., 2021; Porubsky et al., 2023). 
Several recent studies demonstrate that long-read sequencing (LRS) technologies 
uncover a whole new reservoir of (structural) genetic variation (Beyter et al., 2021; 
Chaisson et al., 2019; Kucuk et al., 2023; Pauper et al., 2021; Zook et al., 2020). This is 
especially true for SVs of intermediate size (50 to a couple of thousands base pairs), 
which are not identified in SRS data, nor with molecular cytogenetic technologies 
such as multiplex-ligation dependent probe amplification (MLPA) or comparative 
genomic hybridization arrays (aCGH). Now that these LRS technologies produce 
high-quality sequencing reads at steadily dropping costs, researchers are able to 
evaluate the hypothesis that part of the genetically undiagnosed RDs are caused 
by variants that remain hidden from previously used technologies. The exploration 
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and interpretation of SVs in undiagnosed RD families has indeed shown to be 
successful in the past couple of years for several disease phenotypes (Fadaie et 
al., 2021; Merker et al., 2018; Mizuguchi, Suzuki, et al., 2019; Mizuguchi, Toyota, et 
al., 2019; Sanchis-Juan et al., 2018; Zeng et al., 2019). Here, as part of the Solve-RD 
consortium effort, we applied long-read genome sequencing to two unique patient 
cohorts. Firstly, a cohort of 21 families (including 16 trios) with clinically well-
recognized, so-called ‘unsolvable’ syndromes, including Aicardi (MIM ID %304050), 
Hallermann-Streiff (%234100), Gomez-Lopez-Hernandez (%601853), Pai (%155145), 
and syndromes belonging to the oculoauriculovertebral spectrum, all of which 
remain genetically elusive despite huge global efforts to identify the disease cause. 
These patients had not necessarily undergone previous testing. The second cohort 
consisted of 232 individuals from 93 families with rare neurological, neuromuscular, 
or epilepsy disorders. While most of these patients are affected by conditions 
for which several genetic causes are known, these particular families remained 
‘unsolved’; as extensive diagnostic and/or research testing, including prior exome 
or genome sequencing had failed to yield a diagnosis.

Results

We analyzed the genomes of 293 individuals from 114 previously undiagnosed RD 
families using HiFi long-read sequencing (Fig. 1; Supplemental Table S1). Part of the 
cohort consists of families selected by experts from ERN-ITHACA - mostly parent-
offspring trios - with a clinically well-recognizable syndrome termed ‘unsolvable’ 
syndromes (n=21). The other part of the cohort (n = 93) are RD families with a rare 
neurological, neuromuscular, or epilepsy disorder, selected by experts from ERN-
EURO-NMD, ERN-EpiCARE, ERN-RND, and ERN-ITHACA.

All of these families and/or syndromes were genetically well-studied in the past 
using SRS and other applicable approaches, but without diagnostic success 
(Supplemental Table S2). Consequently, we hypothesized that part of these 
syndromes are caused by genetic variants, mostly SVs or STRs, that cannot not be 
identified using SRS or probe-based technologies. Within known disease relevant 
genes (ERN specific gene lists; Methods) we assessed all types of SVs. Outside 
these gene panels we focused our analysis on putative de novo events in parent-
offspring trios and, due to the lack of effective population databases for SVs, on 
large inherited SVs (> 100 kb (corresponding to breakend calls)) since these 
events are more likely to affect the phenotype (Coe et al., 2014; Methods). We also 
genotyped 56 known disease associated STR loci since these loci are highly relevant 
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for neurological disease, yet difficult to characterize using SRS techniques. To fully 
exploit our sequencing data we also identified SNVs. We assessed all rare SNVs 
within known disease relevant genes and, in parent-offspring trios, on putative de 
novo events in the complete genome (Methods).

Figure 1: HiFi long-read sequencing in a unique cohort of 293 individuals from 114 RD families. The 
study cohort consists of two subcohorts: the ‘unsolvables’ (families affected by clinically well-
recognizable syndromes for which the cause is yet unknown) and the ‘unsolved’ (families affected by a 
rare neurological, neuromuscular or epilepsy disease). All patients were recruited via four European 
Reference Networks and subsequently sequenced using a single SMRT cell of sequencing data per 
individual. Genome-wide calling of SVs and SNVs was conducted and STRs were genotyped at 56 
known disease associated loci. Abbreviations: ERN = European Reference Network, BND = Breakend 
call, INH = Inherited variant, DNM = De novo mutation.

On average, we identified 55,658 SVs (≥ 20 bp; 23,385 SVs ≥ 50 bp) and 4,700,505 
SNVs per individual (Methods; Supplemental Table S3). Of these, 13,481 SVs and 
43,172 SNVs are private to one family. From the 18 visually curated putative de novo 
SVs for which flanking sequencing primers could be designed, four were confirmed 
as de novo variants in the child. In turn, five calls were false positives, six of the 
variants turned out to be true but inherited from a parent and 3 other variants were 
true positive too but the parental sequences failed (Methods; Supplemental Fig. S1; 
Supplemental Table S4,S5).
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Identification of (likely) pathogenic variants in previously 
undiagnosed RD

Unsolvable syndromes
In the subcohort consisting of 21 families with ‘unsolvable’ syndromes, we could not 
identify a gene or locus in which rare (de novo) variants were present in multiple 
families with the same syndrome. However, in a sporadic female patient (P0185637) 
initially diagnosed with Aicardi syndrome, presenting with global developmental 
delay, partial agenesis of the corpus callosum, and abnormalities with the 
vasculature and innervation of the eye, we identified a de novo missense variant in 
TUBA1A (Tubulin alpha 1a, MIM ID *602529, NM_006009.4, Chr12:g.49,185,725C>T, 
c.641G>A, p.(Arg214His); Figure 2; Table 1). The variant has previously been 
described as a cause of lissencephaly 3 (LIS3, MIM ID #611603; (Bahi-Buisson 
et al., 2014)). Clinical reassessment of the patient’s phenotype confirmed the 
new diagnosis.

Figure 2: Visualization of the TUBA1A de novo missense variant in P0185637 using IGV, and a pedigree 
of the family. The variant has earlier been described as a cause of lissencephaly. The healthy family 
members do not carry the variant. Sequenced individuals are marked with an asterisk (*) in 
the pedigrees.

Disease-causing variants identified in rare neurological, 
neuromuscular and epilepsies diseases
After prioritizing and clinically interpreting genetic variants in the 93 families 
from the ‘unsolved’ cohort, we established a genetic diagnosis in 12 of them  
(Methods; Table 1).

Structural variants
In two unrelated male patients (P0078963 and P0695060; Fig. 3A-D) with muscular 
dystrophy we identified disease-explanatory inversions breaking DMD (Dystrophin, 
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MIM ID *300377, NM_004006.3; Fig. 3A, 3C). The breakpoints in patient P0078963 
are ChrX:23,308,848 and ChrX:32,004,110 (hg38) resulting in an inversion of  
8.7 Mb which breaks DMD in intron 44, resulting in a truncated transcript (Fig. 3A). 
This event was initially discovered by optical genome mapping (OGM) and LRS 
detected the exact breakpoints of the event. In patient P0695060 an inversion of 
ChrX:17,398,320-32,130,845 was identified (Fig. 3C). This event breaks NHS (NHS 
actin remodeling regulator, MIM ID *300457, NM_0129186.2) in intron 1 and DMD in 
intron 44. This event was confirmed by Sanger sequencing, which also highlighted 
the insertion of a short ATAAT sequence in the first intron of NHS, and of a  
38 nucleotide sequence in the intron 44 of DMD, which likely favored the inversion. 
As these genes have opposite orientations on the chromosome, the inversion 
results in two theoretical fusion genes in which the exon orientation is conserved. 
However, neither theoretical gene product is in frame much past the fusion 
breakpoint. The likely disruption of both genes is also in line with the patient's 
phenotype, who in hindsight presents not only with a dystrophy but also with 
a cataract which is a characteristic feature of Nance-Horan syndrome (MIM ID 
#302350) caused by loss-of-function variants of NHS. 

In a duo consisting of an affected father and affected son (P0011782 and P0011781, 
respectively; Fig. 3E-H) presenting with hereditary spastic paraplegia, we detected 
a 1.2 kb deletion encompassing the entire exon 6 of REEP1 (Receptor expression-
enhancing protein 1, MIM ID *609139, NM_001371279.1), Chr2:g.86,232,216-
86,233,399del, eventually leading to a frameshift mutation p.(Gly140Cysfs*18) 
that removes exons 6-9. Both the father and the son are heterozygous carriers of 
this deletion (Fig. 3F-G). REEP1 is expressed in larger degrees in all brain tissues, 
the gastrointestinal tract, and arterial tissues, but has some expression in most 
other tissue types as well. It regulates lipid droplet formation and the morphology 
of the endoplasmic reticulum (Renvoisé et al., 2016). Variants in REEP1 have been 
described in autosomal recessive distal hereditary neuronopathy (MIM ID #620011) 
and autosomal dominant spastic paraplegia 31 (SPG31, MIM ID #610250). Of SNVs, 
frameshift variants are the most common causative variant type in SPG31 cases 
(Beetz et al., 2008). In addition, single-exon deletions in REEP1 of exons 2 and 3 
have been described as pathogenic (Goizet et al., 2011). Additionally, two cases 
with deletions encompassing more than one exon have been described (Ishiura et 
al., 2014), neither affecting exon 6.

In a singleton patient with adult onset distal myopathy (P0657753, Figure 3I-K), 
a 65kb duplication involving MYOT (myotilin, MIM ID *604103, Chr5:137,832,296-
137,897,203) had earlier been identified by a gene panel for myofibrillar myopathy. 
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Table 1: Overview of disease-causing (DC) and candidate disease-causing (cDC) genetic variants  
in the complete study cohort. Allele frequency databases used: gnomAD v.4.1.0 (SNVs), gnomAD  
SVs v.4.1.0 (SVs), and gnomAD v.3.1.2 (STRs)

Participant 
ID

ERN Cohort DC/cDC Gene name(s) Variant type Inheritance HGVS GnomAD allele 
frequency

Orthogonal 
validation

P0185637 ITHACA Unsolvables DC TUBA1A (NM_006009.4) (de novo) SNV De novo AD Chr12:g.49185725C>T, c.641G>A, p.(Arg214His) N/A -

P0695060
EURO-
NMD

Unsolved DC
DMD,NHS (NM_004006.3, 
NM_001291867.2)

SV (inversion) XLR;XLD ChrX:g.17398320_32130845inv N/A Sanger

P0078963
EURO-
NMD

Unsolved DC DMD (NM_004006.3) SV (inversion) XLR ChrX:g.23308848 _32004110inv N/A OGM

P0016368 RND Unsolved DC NOP56 (NM_006392.4) STR AD Chr20:g.2652734_2652756GGCCTG[1200] N/A RNA-Seq

P0018996 RND Unsolved DC NOP56 (NM_006392.4) STR AD Chr20:g.2652734_2652756GGCCTG[34] N/A RNA-Seq

P0016356  RND Unsolved DC DAB1 (NM_001365792.1) STR AD
Chr1:g.57367044_57367118AAA
AT[29]GAAAT[117]AAAAT[615]

N/A -

P0019022 RND Unsolved DC RFC1 (NM_002913.5) STR AR
Chr4:g.39348427_39348476delinsAAGGG[1181]; 
Chr4:g.39348427_39348476delinsAAGGG[271]

N/A RNA-Seq

P0008178
EURO-
NMD

Unsolved DC DMD (NM_004006.3)
(deep intronic) 
SNV

XLR ChrX:g.33174335C>T, c.31+36947G>A N/A Sanger

P0016160 RND Unsolved DC SPAST (NM_041946.4) (intronic) SNV AD Chr2:g.32115840G>A, c.1004+5G>A, p.(spl) 6,24E-04
ES, exon-
skipping, Sanger

P0631224 RND Unsolved DC TTN (NM_001267550.2) (de novo) SNV

AR, Maternally 
inherited, 
de novo on 
paternal allele

Chr2:g.178530761dup, c.105854dup, 
p.(Pro35286Thrfs*13); Chr2:g.178640613del, 
c.40652del, p.(Pro13551Glnfs*47)

N/A; N/A SRS

P0657753
EURO-
NMD

Unsolved DC MYOT (NM_006790.3)
SV (tandem 
duplication)

AD Chr5:g.137832296_137897203dup N/A SRS

P0237528
EURO-
NMD

Unsolved DC REEP1 (NM_001371279.1)
(deep intronic) 
SNV

AD Chr2:g.86327804T>C, c.32+9675A>G 6,57E-03 -

P0011781 RND Unsolved DC REEP1 (NM_001371279.1) SV (deletion) AD
Chr2:g.86232216_86233399del, c.418-
597_595+409del, p.(Gly140Cysfs*18)

N/A PCR + LRS

P0936700
EURO-
NMD

Unsolved cDC
FGF13, MCF2 and F9 (NM_004114.5,  
NM_001171876.2, NM_000133.4)

(de novo) SV 
(duplication)

De novo 
AD/XLR

ChrX:g.139164887_139679311dup N/A
PCR + LRS + 
cDNA + RNA-seq

P0021581
EURO-
NMD

Unsolved cDC PSMA3 (NM_002788.4)
(de novo) SV 
(deletion)

De novo AD Chr14:g.58268649_58283944del N/A PCR + Sanger

P0537031 ITHACA Unsolved cDC CPE, TLL1, NEK1, CLCN3, ...
SV (5Mb 
duplication)

N/A Chr4:g.165447976_170473344dup N/A Array CGH, ES

P0016165 RND Unsolved cDC ARMC9, NCL
SV (300 kb 
duplication)

AD Chr2:g.231348004_231684006dup N/A -
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Table 1: Overview of disease-causing (DC) and candidate disease-causing (cDC) genetic variants  
in the complete study cohort. Allele frequency databases used: gnomAD v.4.1.0 (SNVs), gnomAD  
SVs v.4.1.0 (SVs), and gnomAD v.3.1.2 (STRs)

Participant 
ID

ERN Cohort DC/cDC Gene name(s) Variant type Inheritance HGVS GnomAD allele 
frequency

Orthogonal 
validation

P0185637 ITHACA Unsolvables DC TUBA1A (NM_006009.4) (de novo) SNV De novo AD Chr12:g.49185725C>T, c.641G>A, p.(Arg214His) N/A -

P0695060
EURO-
NMD

Unsolved DC
DMD,NHS (NM_004006.3, 
NM_001291867.2)

SV (inversion) XLR;XLD ChrX:g.17398320_32130845inv N/A Sanger

P0078963
EURO-
NMD

Unsolved DC DMD (NM_004006.3) SV (inversion) XLR ChrX:g.23308848 _32004110inv N/A OGM

P0016368 RND Unsolved DC NOP56 (NM_006392.4) STR AD Chr20:g.2652734_2652756GGCCTG[1200] N/A RNA-Seq

P0018996 RND Unsolved DC NOP56 (NM_006392.4) STR AD Chr20:g.2652734_2652756GGCCTG[34] N/A RNA-Seq

P0016356  RND Unsolved DC DAB1 (NM_001365792.1) STR AD
Chr1:g.57367044_57367118AAA
AT[29]GAAAT[117]AAAAT[615]

N/A -

P0019022 RND Unsolved DC RFC1 (NM_002913.5) STR AR
Chr4:g.39348427_39348476delinsAAGGG[1181]; 
Chr4:g.39348427_39348476delinsAAGGG[271]

N/A RNA-Seq

P0008178
EURO-
NMD

Unsolved DC DMD (NM_004006.3)
(deep intronic) 
SNV

XLR ChrX:g.33174335C>T, c.31+36947G>A N/A Sanger

P0016160 RND Unsolved DC SPAST (NM_041946.4) (intronic) SNV AD Chr2:g.32115840G>A, c.1004+5G>A, p.(spl) 6,24E-04
ES, exon-
skipping, Sanger

P0631224 RND Unsolved DC TTN (NM_001267550.2) (de novo) SNV

AR, Maternally 
inherited, 
de novo on 
paternal allele

Chr2:g.178530761dup, c.105854dup, 
p.(Pro35286Thrfs*13); Chr2:g.178640613del, 
c.40652del, p.(Pro13551Glnfs*47)

N/A; N/A SRS

P0657753
EURO-
NMD

Unsolved DC MYOT (NM_006790.3)
SV (tandem 
duplication)

AD Chr5:g.137832296_137897203dup N/A SRS

P0237528
EURO-
NMD

Unsolved DC REEP1 (NM_001371279.1)
(deep intronic) 
SNV

AD Chr2:g.86327804T>C, c.32+9675A>G 6,57E-03 -

P0011781 RND Unsolved DC REEP1 (NM_001371279.1) SV (deletion) AD
Chr2:g.86232216_86233399del, c.418-
597_595+409del, p.(Gly140Cysfs*18)

N/A PCR + LRS

P0936700
EURO-
NMD

Unsolved cDC
FGF13, MCF2 and F9 (NM_004114.5,  
NM_001171876.2, NM_000133.4)

(de novo) SV 
(duplication)

De novo 
AD/XLR

ChrX:g.139164887_139679311dup N/A
PCR + LRS + 
cDNA + RNA-seq

P0021581
EURO-
NMD

Unsolved cDC PSMA3 (NM_002788.4)
(de novo) SV 
(deletion)

De novo AD Chr14:g.58268649_58283944del N/A PCR + Sanger

P0537031 ITHACA Unsolved cDC CPE, TLL1, NEK1, CLCN3, ...
SV (5Mb 
duplication)

N/A Chr4:g.165447976_170473344dup N/A Array CGH, ES

P0016165 RND Unsolved cDC ARMC9, NCL
SV (300 kb 
duplication)

AD Chr2:g.231348004_231684006dup N/A -
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Because we did not observe this variant in our filtered variant calls, we reverted 
to the raw sequencing data for this specific case, which allowed us to determine 
that the duplication was in tandem. The variant also segregates with the probands 
similarly affected sibling. Heterozygous variants in MYOT are a known cause of 
myofibrillar myopathy 3 (MIM ID #609200), a slowly progressive muscle disorder 
with an adult onset.

Repeat expansions
In two families with autosomal dominant (AD) ataxia, we identified disease-
explanatory heterozygous expansions of the GGCCTG motif in intron 1 of the 
NOP56 gene (Table 1; NOP56 ribonuclear protein, NM_006392.4, MIM ID *614154). 
Repeat expansions in NOP56 are a known cause of AD spinocerebellar ataxia 36 
(SCA36, MIM ID #614153; (Kobayashi et al., 2011)). The hexanucleotide motif count 
in a duo consisting of two affected siblings (P0016368 and P0018504; Fig. 4A) was 
estimated at >1200. In the other family, consisting of two affected family members 
in two generations and one unaffected family member (P0018996, P0019023, and 
P0019024, respectively, Fig. 4B), the motif count was >34 in the affected mother and 
>45 in the affected child. The pathogenic repeat threshold of NOP56 is generally 
regarded to be 650 hexanucleotide repeats, however, shorter repeats are also 
known to be causative (Obayashi et al., 2015). The repeat expansion in the latter 
family was also discovered by reduced expression through RNA-sequencing and 
whole genome sequencing by parallel efforts in Solve-RD (Supplemental Fig S2). 

In a family presenting with autosomal dominant ataxia (P0016356, P0019033), 
we found a repeat expansion in DAB1 (DAB adaptor protein, NM_001365792.1, 
MIM ID *603448), a known causal gene for Spinocerebellar ataxia 37 (SCA37, MIM 
ID #615945). Age-dependent penetrant alleles have been reported to have an 
insertion of 31-75 ATTTC repeats, while the normal motifs are usually uninterrupted 
and consisting of 7-400 units of ATTTT (Matilla-Dueñas & Volpini, 1993). The analysis 
of LRS data indicated the presence of two alleles in the index case P0016356, one 
with 7 ATTTT repeats and another with a complex structure of (estimated) 615 
ATTTT motifs, followed by 117 ATTTC repeats and then again by 29 ATTTT repeats 
(Fig. 4C), supported by 5 high quality spanning PacBio reads.



4

131|Unravelling undiagnosed rare disease cases by HiFi long-read genome sequencing

Figure 3: Visualization of disease-causing SVs in the ‘unsolved’ cohort in the form of cartoons and/or 
IGV screenshots, along with corresponding pedigrees. In two unrelated male patients (P0078963 in A 
and B, P0695060 in C and D) with muscular dystrophy, we found X-Chromosomal inversions (A-D). In 
both cases, DMD is disrupted (A and C), in one a second gene disruption adds to the phenotype (C). In 
a father and son with hereditary spastic paraplegia, we detected a deletion of REEP1 exon 6 (E-H). The 
deletion in P001782 and P0011781 is shown here as a cartoon (E) and as a screenshot in IGV (F). The 
deletion was also visualized by agarose gel electrophoresis, which confirms that both patients are 
heterozygous for the deletion (G). The pedigree of the family is shown in (H). In a patient with adult 
onset distal myopathy, a 65 kb duplication involving MYOT (I) was confirmed to be in tandem by LRS 
(J). The pedigree of the family is shown in K. Sequenced individuals are marked with an asterisk (*) in 
the pedigrees (B, D, G, H, K). Abbreviations: MD = muscular dystrophy, AD-HSP = autosomal dominant 
hereditary spastic paraplegia.
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Finally, a homozygous repeat of the pathogenic AAGGG motif in the RFC1 gene 
(Replication factor C, NM_002913.5, MIM ID *102579) was found in a patient 
with ataxia (P0019027). Repeat expansions in RFC1 are known to cause CANVAS-
spectrum disorder (“Cerebellar ataxia, neuropathy, and vestibular areflexia 
syndrome”, MIM ID #614575), being very consistent with the observed phenotype. 
The number of AAGGG motifs was estimated by the tool to be 271 on one allele 
and 1181 on the other allele (Fig. 4D). However, it is possible that the first allele 
is longer than 271 pathogenic repeats, since it was inferred based on soft clipped 
reads, not reads spanning the full repeat. The visualization of LRS data from this 
patient in Integrative Genome Viewer (IGV) indicated that no normal alleles were 
present. The further validation of this likely causative repeat is prepared to be 
described elsewhere.

Single nucleotide variants
In a sporadic male patient with suspected titinopathy (P0008178), presenting 
with progressive proximal muscle weakness, and myopathic features in his muscle 
biopsy, we identified a deep intronic SNV in DMD (ChrX:33,174,335C>T) (Fig. 5A). 
This variant has previously been shown to be a cause of Becker muscular dystrophy 
(BMD, MIM ID #300376) through exonization of a 149 bp sequence within intron 
1 of DMD (Okubo et al., 2020). Clinical reassessment of the patient’s phenotype 
confirmed the BMD diagnosis.

In a duo consisting of an affected mother and daughter (P0859417, P0016160) with 
AD hereditary spastic paraplegia (HSP), we identified a variant in intron 6 of SPAST 
(Spastin, MIM ID *604277, NM_014946.4, Chr2:g.32,115,840G>A, c.1004+5G>A) 
(Fig. 5B). Variants in SPAST are known to cause HSP4 (MIM ID #182601; (Hazan et 
al., 1999)) and while the same variant has not been previously recorded, a variant 
affecting the same base has previously been evaluated as pathogenic in ClinVar 
(variation ID 989101). The variant was identified in parallel by the referring 
laboratory but was initially considered to be of uncertain significance. Subsequent 
RNA analysis eventually demonstrated skipping of exon 6 showing that the variant 
is likely pathogenic through loss-of-function exon-skipping.
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Figure 4: Visualizations produced using the PacBio TRGT tool and pedigrees for the families with 
pathogenic STR expansions. In siblings P0016368 and P0018504, a heterozygous GGCCTG expansion 
in NOP56 was detected (A). In another family, an expansion including the motifs GGCCTG and CGCCTG 
in NOP56 was detected in one generation (P0018996), and the STR expansion was subsequently also 
identified in the mother (B). In patient P0016356 and their father, we identified heterozygous STR 
expansion DAB1 including both ATTTT and ATTTC motifs (C). In another patient, we identified 
homozygous STR expansions in RFC1. Alleles are denoted by “A1” and A2”. Sequenced individuals are 
marked with an asterisk (*) in the pedigrees. Abbreviations: AD-ATX = autosomal dominant ataxia.
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In a sporadic patient with suspected titinopathy (P0631224), two pathogenic 
frameshift variants in TTN (titin, MIM ID *188840, NM_001267550.2) had been 
previously identified before submission to the Solve-RD collection. Of these, one was 
maternally inherited, Chr2:g.178530761dup, c.105854dup, p.(Pro35286Thrfs*13), 
and one de novo, Chr2:g.178640613del, c.40652del, p.(Pro13551Glnfs*47) (Fig. 5C). 
Both variants are located in ubiquitously expressed exons; the maternally inherited 
variant affects the constitutional exon 308, and the de novo variant affects exon 
221, which is expressed in 99% of TTN transcripts (Savarese et al., 2018). Previous 
SRS efforts had not been successful in identifying on which allele the de novo 
event had occurred. Using our approach, we were able to successfully differentiate 
between the alleles and confirmed the two frameshift variants to be in trans, thus 
explanatory for the patient’s phenotype (Fig. 5D).

In a family with suspected autosomal dominant hereditary spastic paraplegia 
(AD HSP), we identified a deep intronic substitution in the first intron of REEP1 
(Chr2:g.86327804T>C, NM_001371279.1:c.32+9675A>G), segregating in the 
affected mother and son. Previous genetic analysis with HSP and hereditary 
neuropathy panels was negative. The variant is predicted to alter splicing by 
activation of a cryptic donor site by Human Splicing Finder and MaxEntScan 
(Desmet et al., 2009; Yeo & Burge, 2003). Loss-of-function variants including splice-
altering intronic variants in REEP1 have previously been reported as causative in 
AD-HSP families (Züchner et al., 2006).

Candidate disease-causing variants identified in rare neurological, 
neuromuscular and epilepsy diseases
In addition to the pathogenic variants identified above, in which the disease gene  
is well established and fits the patient’s phenotype according to clinical experts,  
our analyses revealed novel, likely pathogenic aberrations in four additional 
families (Table 1).

De novo duplication on Chromosome X
In a female patient (P0936700) presenting with arthrogryposis multiplex congenita, 
thoracolumbar scoliosis, and restrictive ventilatory defect, we discovered a 500 
kb X-chromosomal tandem duplication (ChrX:g.139,164,887_139,679,311dup), 
which was confirmed de novo in the patient by gel electrophoresis and sequencing  
(Fig. 6A-D). The breakpoints of the duplication disrupt two genes; FGF13 (fibroblast 
growth factor 13, MIM ID *300070, NM_004114.5), and MCF2 (Cell line-derived 
transforming sequence, *311030, NM_001171876.2).
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Figure 5: Visualization of disease-causing SNVs and InDels in the ‘unsolved’ cohort in the form of IGV 
screenshots, along with corresponding pedigrees. In a sporadic patient with suspected titinopathy, we 
identified a deep-intronic variant in DMD (A). The nonaffected sibling did not carry the variant (A and 
B). In a duo consisting of an affected mother and affected daughter with hereditary spastic paraplegia, 
we identified a non-canonical splice site variant in SPAST (C and D). In a patient with titinopathy 
(P063122), a maternally inherited and a de novo variant had been identified earlier (C-F). The two 
variants are located 109 kb apart, but the alleles were successfully phased through the entire region by 
LRS (G). In a family with an affected mother and son (P0847234 and P0958540), we detected an intronic 
variant in SPAST (H). The index patient also has an affected uncle, whose sample was not sequenced (I). 
The reads are colored by haplotag; pink and light blue, or yellow and purple represent different alleles 
in A, C, E, G, and H. Unphased reads, such as X-Chromosomal reads in males, are shown in grey (A and 
E). Sequenced individuals are marked with an asterisk (*) in the pedigrees (B, D, F, I). Abbreviations: 
BMD = Becker Muscular Dystrophy, AD-HSP = autosomal dominant hereditary spastic paraplegia.
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FGF13 modulates the function and location of voltage-gated sodium channels in 
the brain (Fry et al., 2021). Mutations in the gene have been linked to developmental 
and epileptic encephalopathy 90 (MIM ID #301058) and intellectual developmental 
disorder (MIM ID #301095). MCF2 is an oncogene belonging to a family of GDP-GRP 
exchange factors, the role of which is to modulate the activity of small GTPases in 
the Rho family. In addition to brain tissue, it has relatively high expression in the 
adrenal gland, the testes and the ovaries. Molinard-Chenu and colleagues reported 
a putative pathogenic missense mutation in MCF2 in a patient presenting with 
complex perisylvian syndrome and demonstrated that murine Mcf2 controls the 
migration of cortical projection neurons in mice (Molinard-Chenu et al., 2020).

The duplication results in a hypothetical FGF13-MCF2 fusion gene, in which the 
breakpoint resides within the second intron of FGF13 and the first intron of MCF2 
(Fig. 6B). The second exon of MCF2 is usually partially untranslated, but it is assumed 
that it is entirely translated in the fusion gene product; in this case, the entire fusion 
gene product is in-frame. The putative pathogenic mechanism of this fusion gene 
will be subject for another study.

PSMA3 C-terminal deletion
In a sporadic female patient (P0021581) we identified a de novo 15.3 kb deletion 
on Chromosome 14 affecting the three last exons (ex 9-11) of PSMA3 (Proteasome 
subunit, Alpha type, 3, MIM ID *176843, NM_002788.4) (Fig. 6E-H), Chr14:58,268,649-
58,283,944. The phenotype consists of marked delay of psychomotor development 
resulting in achievement of independent walking at the age of 3 years. The patient 
displays facial dysmorphism and marked intellectual disability. From the age of  
21 there was progressive worsening of motor functioning. Nerve conduction 
studies revealed an axonal sensorimotor neuropathy. Unaffected siblings of the 
index patient did not carry the deletion, and haplotyping of PSMA3 suggests that 
the deletion has arisen de novo in the patient. The deletion breakpoints were 
confirmed by Sanger sequencing, and its absence in the siblings was confirmed by 
PCR and gel electrophoresis (Fig. 6G).

PSMA3 is expressed in tissues throughout the body, including skeletal muscle and 
nerve tissues. As a proteasome subunit, the role of PSMA3 is to contribute to the 
proteolytic pathway of aberrant proteins and/or proteins with high turnover rates 
in the ubiquitin-proteasome system (UPS). Variants in PSMA3 have not previously 
been linked to disease and no structural variants only affecting PSMA3 are described 
in any public databases. However, variants in genes contributing to the UPS have 
been linked to several neurodegenerative diseases caused by the aggregation of 
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neurotoxic proteins in the absence of a functioning ubiquitin-proteasome system. 
Biran and colleagues have proposed that the PSMA3 C-terminal region targets 
intrinsically disordered proteins for degradation, and would thus play an important 
role in the ubiquitin-proteasome system (Biran et al., 2022). The loss-of-function 
observed/expected upper bound fraction (LOEUF) for PSMA3 is 0.28 (gnomAD 
v.2.1.1), suggesting that the gene is likely important for normal function. 

De novo duplication on Chromosome 4
In a singleton female patient (P0537031) with a congenital malformation syndrome, 
we identified a 5 Mb tandem de novo duplication on Chromosome 4 (Fig. 6I-J). 
The patient presented with a complex phenotype involving growth delay, facial 
syndromic features with optical and neurological involvement, cleft palate, and 
tonic-clonic seizures. The duplicated sequence is Chr4:165,447,976-170,473,341, 
and involves several known disease-causing genes, amongst which NEK1 (MIM ID 
*604588), and CLCN3 (MIM ID *600580).

While none of the known disease-causing genes within the duplicated region can 
be directly tied back to the phenotype of the patients, some overlap is present. 
Variants in NEK1 are a known cause of a form of thoracic dysplasia (short-rib 
thoracic dysplasia 6 with or without polydactyly, MIM ID #263520). This syndrome 
involves cleft palate, and enlargement of the lateral ventricles; however, it is 
also characterized by several clinical manifestations not present in the patient. 
In turn, missense variants in CLCN3 are a known cause of autosomal dominant 
neurodevelopmental disorder with seizures and brain abnormalities (MIM ID 
#619512). This disorder is characterized, among other symptoms, by dysmorphic 
facial features, hypertelorism, strabismus, abnormalities of the cerebellum and 
corpus callosum, and, in some patients, seizures.

300 kb duplication on Chromosome 2
In a family presenting with hereditary spastic paraplegia, we identified a 300 kb 
tandem duplication on Chromosome 2 in the affected father (P0016174) and an 
affected son (P0016165) (Fig. 6K-L). The non-affected brother of the son (P0018356) 
does not carry the duplication. The duplicated sequence is Chr2:231,348,004-
231,684,006, with a breakpoint within ARMC9 (armadillo repeat-containing protein 9, 
MIM ID *617612, NM_001352754.2) and containing NCL (nucleolin, MIM ID 
*164035, NM_005381.3), among other genes. RNA-seq confirmed upregulation  
NCL within the duplicated sequence.
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Nucleolin is an ubiquitously expressed, major nucleolar protein in growing 
eukaryotic cells, and plays a role in the regulation of ribosomal RNA transcription, 
ribosome maturation and assembly, and transportation of ribosomal components 
between the nucleus and cytoplasm. It is predicted to be intolerant to loss-of-
function variants (pLI 1.00) and dosage sensitive (LOEUF 0.18). In addition, variants 
in ARMC9 are a known cause of Joubert syndrome 30 (MIM ID #213300), a genetically 
heterogeneous neurodevelopmental ciliopathy (Van De Weghe et al., 2017). 
Individuals with Joubert syndrome present with ataxia, along with hypotonia, 
abnormal eye movements, and cognitive impairment (Latour et al., 2020).

Discussion

The Solve-RD consortium has set itself the goal to genetically diagnose previously 
undiagnosed rare disease families. In our current study, HiFi long-read genome 
sequencing was conducted for 293 carefully selected patients and healthy relatives 
from 114 rare disease families. The cohort was further divided into two subcohorts, 
consisting of ‘unsolvable’ syndromes in which we expect the molecular cause to be 
currently unknown, and ‘unsolved’ families with RNDs or NMDs in which we expect 
to identify new variants in known or novel disease genes.

Whereas sequencing was performed at relatively modest coverage of ~10-fold, 
we identified and orthogonally validated pathogenic variants of all classes: 
SNVs, InDels, SVs and STRs. Although our approach is not ideally suited for 
obtaining highly comprehensive SNV call sets, strict filtering, interpretation and 
validation of calls shows that previously unidentified and/or misclassified SNVs 
also contribute to the diagnostic yield of our study. For example, we identified a 
previously unidentified deep-intronic hemizygous DMD variant leading to altered 
splicing in a male patient with muscular dystrophy, as well as an intronic SPAST 
variant segregating in a family with hereditary spastic paraplegia, which was not 
considered for clinical interpretation in the initial exome analysis.

In two cases, our study did not identify a novel variant but provided additional 
information about previously identified candidate variants. In the case of a 
titinopathy patient, a pathogenic maternally inherited mutation and a single base 
pair de novo deletion in TTN had already been identified. However, the diagnosis 
was inconclusive because the allele on which the de novo mutation had occurred 
could not be determined. The long reads of this study allowed for the phasing of 
this variant and could confirm that it occurred on the paternal allele thereby leading 
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to a definite diagnosis. Similarly, a previously detected gain involving MYOT, was 
shown here to be a tandem-duplication. 

In total, we identified disease-causing variants in 12 out of 93 families with 
unsolved disorders (13.0%), but only one in the 21 families (4.8%) with ‘unsolvable’ 
disorders. The variant found in the ‘unsolvable’ trio is a de novo SNV in TUBA1A in a 
patient initially suspected of Aicardi syndrome. The identified TUBA1A variant has 
previously been associated with LIS3 (Bahi-Buisson et al., 2014). In hindsight, and 
by reverse phenotyping, the clinical experts in this project also confirmed this as 
the disease causing genetic variant in this specific case. Individuals with LIS have 
severe neurological problems, including intellectual disability and epilepsy, and 
may appear phenotypically very similar to patients with Aicardi syndrome. The 
difference in the number of resolved cases between the two cohorts suggests that 
‘unsolvable’ syndromes indeed are a special class of syndromes. In such cohorts 
other explanations for the disorder should be considered, such as methylation 
defects, somatic mutations, polygenic origin, larger heterogeneity than expected, 
or even non-genetic causes of disease (Boycott et al., 2018). 

Next to the 13 diagnoses we also identified four candidate disease-causing SVs: 
one intragenic deletions in PSMA3, two large duplications (a 5Mb event breaking 
and involving multiple coding genes, and a 300kb event affecting the ARMC9 and 
NCL genes) and an X-Chromosomal duplication likely leading to the production of a 
FGF13-MCF2 fusion protein. 

Of these, two events, the intragenic deletion in PSMA3 and the X-Chromosomal 
duplication were de novo events. Although for PSMA3, parental samples were not 
available, we were able to infer the de novo status of the deletion by using the long-
reads to reconstruct the haplotype on which the deletion occurred and observing 
that the deletion was not present in other siblings with the same haplotype. The 
low SV mutation rate in humans (strong evolutionary constraint against SVs) 
implies that such genic de novo SV events are good candidates for pathogenicity 
(Porubsky & Eichler, 2024).

The de novo deletion affects the last three exons of PSMA3 in a sporadic patient 
with a phenotype similar to Charcot-Marie-Tooth disease type 2. The deletion likely 
results in truncated mRNA and subsequent nonsense mediated decay. Mutations 
in PSMA3 have not been described in literature, however, the gene encodes for a 
subunit of the ubiquitin proteasome system (UPS). Variants in other genes encoding 
for UPS subunits have been described as causative in several neurodegenerative 
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disorders; in these, the absence of a functioning ubiquitin-proteasome system leads 
to the aggregation of neurotoxic proteins. Moreover, the gene is highly intolerant 
to loss-of-function variants, making it a likely candidate for a dominant disease 
gene. PSMA3 is (lowly) expressed in whole blood and future gene expression 
analysis in patient material would likely provide further support for the disease-
causing nature of the deletion. 

In the patient with the 300 kb tandem duplication, RNA-Seq showed significant 
upregulation of NCL expression. While NCL is not a characterized disease gene, its 
role in RNA biology coupled with its intolerance score predictions for both loss-
of-function variant and dosage sensitivities renders it a good candidate as the 
pathogenetic underlier of the phenotype in the family.

The de novo duplication on the X-Chromosome of a patient with arthrogryposis 
multiplex congenita, thoracolumbar scoliosis, and restrictive ventilatory defect 
likely results in a fusion FGF13-MCF2 gene. FGF13 is a X-linked dominant disease 
gene associated with neurodevelopmental disorder phenotypes, different from 
the phenotype observed in this female patient. F9 is not known to be associated 
with a disease once duplicated, and also MCF2 has not been associated with 
disease yet. We can hypothesize that the creation of a FGF13-MCF2 fusion gene 
and especially the simultaneous loss of an FGF13 wildtype allele may have a 
phenotypic consequence for this patient. However, further investigations, including 
X-Chromosome inactivation and functional studies, will be needed to understand 
the relationship between this event and the patient’s phenotype.

Out of the four candidate variants, three concern variants affecting already 
established disease genes, although ARMC9 is an unlikely causative gene in the 
family harboring the 300 kb duplication on Chromosome 2. Confirmation of the 
pathogenic nature of these variants may broaden the known phenotypic spectrum 
of the affected genes or establish new inheritance patterns. The de novo deletion 
affecting PSMA3 suggests a potential novel neurodevelopmental disease gene, 
and the significant upregulation of NCL warrants more studies in its putative 
pathogenicity in the family with hereditary spastic paraplegia. 

While it is challenging to compare diagnostic rates across different studies due to 
varying factors such as cohort sizes, patient inclusion criteria, sequencing methods, 
depth of sequencing, and analysis techniques, it can be cautiously suggested that 
diagnostic rates in LRS (long-read sequencing) reanalysis studies such as ours 
tend to be higher than those in SR-WGS (short-read whole genome sequencing) 
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reanalysis studies. This is likely because a subset of variants identified in LRS cannot 
be detected or are incompletely characterized with SR-WGS, for example inversions 
and STRs. 

One factor currently limiting the diagnostic yield in LRS studies is the clinical 
interpretation of the large number of identified “rare” SVs. Large catalogs of 
identified variants from long-read sequencing of both affected and unaffected 
individuals will therefore be of critical importance to improve variant interpretation 
in such cases. Control population efforts are underway, for example in the All of 
Us Research Program (Mahmoud et al., 2024) or initiatives such as colors-db 
(https://colorsdb.org/). Such control cohorts may, in the future, help to diagnose 
additional patients in our cohort. Here, Solve-RD shares the full dataset, including 
expert curated pedigree and phenotype information (EGA: EGAD00001008602). 
In addition, we also share a frequency call set of high-quality SVs of the unrelated 
individuals as a resource for other researchers (Methods; EGA: EGAD00001008602). 
This resource shall prove valuable in particular with the increase in novel variant 
types for which LRS has higher sensitivity.

Recent studies suggest similar benefits of long-read sequencing for diagnosing 
previously undiagnosed rare disease cases. In similarly heterogeneous groups of 
rare diseases the authors demonstrated disease-causing or candidate disease-
causing variants in 16/96 cases (16.7% (Hiatt et al., 2024)). In more homogenous 
disorders, such as sensorineural hearing loss, a study has shown diagnostic yield 
in 4/19 (21%) of included cases (Redfield et al., 2024). Further advancements in 
sequencing technology and bioinformatic algorithms will eventually make LRS a 
comprehensive test capable of accurately detecting all genetic variants (Ebert et al., 
2021; Höps et al., 2024).

In conclusion, HiFi long-read genome sequencing was conducted for a unique 
cohort of 293 individuals from 114 previously studied rare disease families. While 
we did not identify a common genetic cause in any of the ‘unsolvable’ syndromes, 
we identified causal genetic variants in 13.0% of families from the ‘unsolved’ cohort, 
and candidate variants in an additional 4.3%. Our study shows the potential and 
effectiveness of even modest-coverage LRS in rare disease studies.
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Methods

Study cohort
HiFi long-read genome sequencing was conducted for 293 individuals from 114 
genetically undiagnosed rare disease families (Supplemental Table S1). Patient 
samples came from two sub-cohorts: the ‘unsolvables’ (n=61) for which genetic 
causes remain unknown, and the ‘unsolved’ (n=232) for which a previously hidden 
genetic variant in a known or yet unknown disease gene is expected to be the cause 
of disease. All of the patients and healthy relatives were carefully selected by experts 
from four European Reference Networks: RND (38 families; 95 individuals), EURO-
NMD (37 families; 89 individuals), ITHACA (32 families; 88 individuals; including all 
‘unsolvables’), and EpiCARE (7 families; 21 individuals). Depending on the research 
hypothesis and sample availability 1 to 7 (un)affected individuals were selected 
per family for sequencing on a PacBio Sequel IIe instrument. The most represented 
family structure is the parent-offspring trio (nfamilies= 42; nsamples = 126; 43.0%  
of cohort). We have used a single SMRT cell of sequencing data per individual 
which, after read alignment (onto hg38) and read filtering, resulted in a mean HiFi 
read depth of 9.8 (Supplemental Table S6).

DNA sequencing
Genomic DNA was isolated from peripheral blood according to standard protocol 
and long-read genome HiFi sequenced using SMRT sequencing technology (Pacific 
Biosciences, Menlo Park, CA, USA). For every sample, 7-15 µg of DNA was sheared on 
Megaruptor 2 or 3 (Diagenode, Liège, Belgium) to a target size of 15-18 kb. Libraries 
were prepared with SMRTbell Prep Kit 2.0 or 3.0. Size selection was performed 
using a BluePippin DNA size selection system (Sage Science, Beverly, MA, USA) 
targeting fragments equal to or longer than 10 kb in length. Sequence primer and 
polymerase were bound to the complex using the Sequel II binding kit 3.2 (PacBio), 
and sequencing was performed on the Sequel IIe system with 2.0 Chemistry and 
30h movie time per SMRTcell using a single flow cell per sample.

Primary data analysis
All samples were processed in the same fashion using a custom workflow based on 
standard methods from the Pacific Biosciences analysis pipeline (https://github.com/
PacificBiosciences/pb-human-wgs-workflow-snakemake) (Supplemental Fig. S3).  
Sequencing reads were aligned to the GRCh38/Hg38 genome with pbmm2 
(version 1.4.0 (Li, 2018b, 2021)) using default parameters. HiFi reads (>QV20)  
were extracted for all downstream analyzes. Small variant (substitution and indel) 
calling was performed using DeepVariant (version 1.1.0) with default settings 
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(Poplin, Chang, et al., 2018). No threshold for maximum size of the indels was 
applied, and all indel calls were used for further analyses. For parent-offspring 
trios, GLNexus (version 1.3.1) was used to conduct SNV joint genotyping (Yun et 
al., 2021).

Small variants were phased using Whatshap (version 1.1.0) and variants were 
annotated using an in-house developed pipeline (M. Martin et al., 2016). This 
variant annotation was based on the Variant Effect Predictor (VEP V.91) and 
Gencode 34 basic gene annotations. STR calling was performed using Tandem 
Repeat Genotyper (TRGT; version 0.3.3) at 56 known disease associated STR loci 
(Supplemental Table S7 (Dolzhenko et al., 2024)). SV calling was performed using 
PBSV (version 2.4.0) using default settings with a minimum SV size of 20 bp (https://
github.com/PacificBiosciences/pbbioconda). SVs were annotated using AnnotSV 
(version 3.1.1 (Geoffroy et al., 2018)).

In each of the 114 RD families that comprise our study cohort we selected the 
maximum number of unrelated individuals resulting in a subcohort of 166 unrelated 
individuals. SVs merging using Jasmine resulted in a call set of 251,672 unique SVs 
(corresponding to 11,290,783 variant alleles in the subcohort) of which 59,876 are 
private to one individual (Kirsche et al., 2023). Only 1,971 unique SVs (0.78%; 51,433 
alleles) in the complete call set affect a coding exon. An additional 2,965 unique 
SVs (1.18%; 111,231 alleles) alter the non-coding sequence of an exon and 95,197 
unique SVs (37.8%; 4,445,817 alleles) reside in an intron of a protein coding gene. 
Lastly, 35,525 unique SVs (14.1%; 1,638,574 alleles) affect a non-coding gene. 

The distribution of sequence gains and losses in our study cohort is characterized, 
as expected, by the inverse relation between SV length and frequency. Exceptions 
to this smooth decrease in density are the characteristic peaks for short interspersed 
nuclear elements (SINE) and long interspersed nuclear elements (LINE) peaks which are 
respectively present at medians +/- 323 bp and +/- 6,050 bp (Supplemental Fig. S4).

Variant filtering

Structural Variants
In parent-offspring trios we focused on putative de novo variants. For this, we 
selected sites which are covered by at least 8 HiFi reads in each of the members 
of the trio. Furthermore, at least 3 HiFi reads should support the variant allele 
in the child, and only SVs which are unique in the study cohort were retained 
(Supplemental Table S3). Because of the modest sequencing depth we subjected all 
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of the resulting SVs to visual inspection using IGV. In this step, we removed SV calls 
that were unclear in the child (despite the variant call), SVs for which one of the 
parents had a trace in their sequencing data (for example supported by one read) 
and SVs for which both or one of the parents only had 1 allele sequenced (based on 
the phased alignments). All of the remaining sites were subjected to primer design 
for further validation (cf. wet-lab validation).

In all of the other family structures we focused on rare inherited high-quality 
SVs that co-segregate with disease. To do so, we selected family-unique SV calls 
which were observed in all affected members of a given family and absent from 
all unaffected family members. Furthermore, in at least one of the affected family 
members the SVs needs to be covered by at least 8 HiFi reads of which 3 support the 
variant allele. In contrast to SV calls corresponding to well-characterized deletions, 
inversions, duplications and insertions we visually inspected all breakend-calls. 
We evaluated, based on coverage and on the complexity of the sequence context, 
whether or not a breakend-call could, together with the linked breakend-call, be 
a signature of a genetic event which is too large to be characterized as a deletion, 
inversion, duplication or insertion by pbsv. In this step, we required that all 
clipped reads support the same regional split. Since these calls support relatively 
large genetic events (> 100 kb) we clinically assessed them in the complete 
human genome. In contrast, clinical interpretation of SV calls corresponding to 
characterized deletions, inversions, duplications and insertions (size < 100 kb) was 
restricted to events that reside in genes within recently curated ERN-specific gene 
lists (S. Laurie, W. Steyaert, E. de Boer et al., Nat Med in press). 

Single nucleotide variants
In parent-offspring trios we focused on putative de novo events. These were 
selected from the joint calls generated by GLnexus. We considered a variant to be 
putative de novo when the child is heterozygous (genotype ‘0/1’) and both parents 
are homozygous for the reference allele (genotype ‘0/0’). In addition, we require 
that both parents and the child have ≥ 8 HiFi reads covering the site of which  
3 reads support the variant allele in the child.

In all other families we selected for rare inherited SNVs that co-segregate with 
disease. For this, we selected SNVs which are unique to a single family that are 
present in all affected family members and absent from all unaffected family 
members. In contrast to the de novo variant interpretation we restricted variant 
interpretation for inherited variants to variants that reside in genes incorporated in 
the recently curated ERN-specific gene lists. 
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STR genotypes
STR genotypes were visualized in R per submitter group in comparison with the 
rest of the cohort in order to facilitate the evaluation of quality of calling per locus 
and the detection of pathogenically expanded alleles. These results were sent to 
the groups for clinical interpretation.

Wet-lab variant validation
Altogether 35 variants called as de novo were selected for validation using targeted 
LRS (Supplemental Fig. S1). Primers for the validations were designed using the 
online Primer3 design tool as per the manufacturer’s suggestions. Primers were 
selected to be 18-21 nucleotides in length with a GC-content ranging from 40-60%. 
While an annealing temperature of 60°C was proposed to be optimal, annealing 
temperatures between 57-61°C were considered to be acceptable as well. Sizes of 
the products ranged between 1000-4000 nucleotides, to ensure capture of the full 
region and compatibility with PacBio LRS. 

In three cases, two adjacent SVs could be covered by one primer pair, and for the 
large X-Chromosomal duplication, altogether three primer pairs were designed 
(Fig. 6). For 9 variants, primer design was not possible, resulting in a total number of 
23 primer pairs designed for de novo variants (Supplemental Table S5). In addition 
to these, primers were also designed for the inherited candidate exon 6 deletion 
in REEP1 and a 50 bp deletion in MAPK8IP3 segregating with disease in P0016368 
and P0018504.

The running conditions were optimized in gradient runs using melting temperatures 
of 60, 61, and 62°C and extension times appropriate to product length using 
LongAmp HotStart Taq 2x MasterMix (New England Biolabs, Ipswich, MA, USA). 
All successfully optimized primer pairs (n = 18) were run on patient, control, and 
parental DNA. The samples were cycled as follows: 94°C 30 seconds; 27 cycles of 
94°C 30 seconds, 60-62°C 1 minute, 65°C 1 minute 40 seconds (short), 3 minutes  
20 seconds (long) or 5 minutes (ultra); 65°C 10 minutes; 4°C hold. The short program 
was used for amplicons under 2500 bp, the long program for amplicons between 
2500 and 3500 bp, and the ultra-long program for amplicons over 6000 bp. The PCR 
products were verified by agarose gel electrophoresis. 

All successfully amplified patient samples were validated by targeted LRS. 
Subsequent sequencing of parental samples was performed as per the workflow 
above for samples in which the variant call was confirmed in the index.
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Supplementary figures

Figure S1: Flow of de novo variant validations by targeted LRS. 



150 | Chapter 4

Figure S2: RNA-seq outlier analysis for NOP56. The vertical axis in the figure displays the normalized 
NOP56 read count, the horizontal axis indicates the rank of the samples according to the sorted 
normalized read count. Two samples show aberrant mRNA expression: P0018996 and P0018504 
(affected sister of the index P0016368). The reduction in expression with respect to the mean across 
the Solve-RD RNA-seq cohort is 35% for P0018996 and 39% for P0018504. In both cases this is 
indicative for the loss of one NOP56 allele.
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Figure S3: Schematic overview of the analysis workflow



152 | Chapter 4

Figure S4: SV length distribution for sequence gains (insertions and tandem duplications) and 
sequence losses (deletions) visualized using different length and frequency ranges. In panel a the full 
length spectrum of sequence losses and sequence gains is visualized. In this plot, the peaks 
corresponding to the long interspersed nuclear elements become apparent at plus and minus 6,050 
bp. Similarly in panel b where the horizontal axis ranges from -1,000 to +1,000 bp, the peaks 
corresponding to the short interspersed nuclear elements become apparent at 323 bp.
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Due to a multitude of technological and biological factors the disease-causing 
genetic variant is identified in less than half of RD patients whose genome is 
sequenced (Nguengang Wakap et al., 2020; chapter1). The past five years I 
developed and applied approaches to tackle several of these limiting aspects. On 
the one hand we addressed challenges related to the identification of genetic 
variants in sequencing data (using novel bioinformatics methods in chapters 2 and 
3, and by using the latest sequencing technologies in chapter 4) while on the other 
hand we collaborated with clinical experts from across Europe to improve clinical 
variant interpretation (chapters 3 and 4; Figure 1). While my work substantially 
contributes to an improved variant identification and interpretation, it is only one 
step forward on an ever-continuing road towards a complete understanding of our 
genes and phenotypes.

Figure 1: Schematic representation of the research conducted in this thesis. Rectangles with grey 
background colour represent a simplified flow chart of routine genetic testing. The work presented in 
this thesis contributes to improving genetic diagnostics with the ultimate goal of enhancing the 
diagnosis of rare diseases in more patients (rectangles with green background). Specifically, we have 
focused on improved variant identification in Chapters 2 and 3, and on enhanced variant interpretation 
in Chapters 3 and 4. Since not all genetic variants can be detected in previously generated data, we 
have also employed new technologies to generate novel data that are better suited for identifying 
variants that would otherwise remain hidden, particularly structural variants. The research in this 
thesis will contribute to the short- and medium-term integration of these new aspects into existing 
routine diagnostic practices, ultimately leading to an increased diagnostic yield.
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Towards the identification of all genetic variants in 
an individual

In recent decades, major steps have been undertaken to determine the sequence 
of a complete human genome starting from DNA fragments of 50-150 base pairs. 
In chapter 1 I introduced some of the main challenges associated with short-
read sequencing. I also touched on long-read sequencing technologies which use 
fragments of several tens of kilobases, and strongly emerging now due to their 
greatly improved data quality and continuously decreased sequencing costs. Here, 
I further elaborate on some of these challenges and discuss the relevance and 
implications of the solutions developed during this PhD. 

Paralogous genomic regions
Duplicated genomic regions cannot be analysed accurately with conventional next-
generation sequencing analysis techniques. Chapter 2 describes the design and 
application of a method (Chameleolyser) that enables the identification of genetic 
variants in the 3.5% of the exome that is characterized by sequence paralogy. Using 
Chameleolyser, an average of 60 previously hidden genetic variants are identified 
in a single exome. The vast majority of these variants reside in sets of identical 
paralogs and can therefore not be determined unambiguously using short-read 
sequencing data. In case one of the possible variants that could have caused the 
variant call (hence we call them variants with ambiguous positions) is of (clinical) 
interest, a downstream validation experiment needs to be conducted to verify in 
which of the paralogs the variant resides. For these repetitive genomic regions, the 
design of sequencing primers that result in the unique amplification of the region 
of interest is most often challenging, undoubtedly a major reason that prevented 
us from making more genetic diagnosis. 

In the last couple of years, technologies have been developed and optimized that 
allow for the targeted enrichment of long DNA molecules without the need to 
design sequencing primers. Xdrop is a droplet-based sequence capture technology 
in which sequences of interest are discriminated from other DNA fragments by 
fluorescent labels (Madsen et al., 2020). Other strategies take advantage of the 
sequence specificity of CRISPR/Cas9 systems (Fiol et al., 2022; McDonald et al., 
2021; Schultzhaus et al., 2021). Possibly in the future, these technologies can be 
used in tandem with algorithms such as Chameleolyser, further boosting diagnostic 
success in genetically undiagnosed patients. 
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In addition to the challenges that we faced to validate variants of interest, we figured 
out that the sensitivity of Chameleolyser for SNVs/Indels in identical paralogs 
is 43%, a major increase when compared to regular analysis techniques (where 
this sensitivity is exactly 0%), but far from perfection. Therefore, we can expect 
that many more genetic diagnoses hide within these difficult-to-analyse regions. 
An observation that ties in with this is the fact that the density of known disease 
genes among protein coding sequences within these regions is substantially lower 
when compared to the unique portions of the genome. Possibly, this reflects the 
technical challenges that are associated with the identification of genetic variants 
in these regions. 

Besides the identification of genetic variants in identical paralogs, Chameleolyser 
also identifies homozygous deletions and homozygous ectopic gene conversions 
in nearly identical homologs. In case of an ectopic gene conversion event, a 
conventional read aligner will map the short sequence reads that originate from 
the acceptor site onto the reference sequence corresponding to the donor site. 
As a result, the acceptor site appears to be deleted while no deletion is present. 
Furthermore, the variants that are introduced into the acceptor site by means of this 
gene conversion are not identified. Chameleolyser conducts a coverage analysis 
of the uniquely aligned reads, jointly for all paralogs within a set of paralogs. 
Consequently, homozygous deletions and ectopic gene conversions are identified 
in a site-specific manner. To our knowledge, Chameleolyser is the first method that 
enables an exome-wide screening of ectopic gene conversions. Within the 41,755 
individuals that comprise our study cohort, we identified a total of 20,432 rare 
homozygous deletions and 338,084 homozygous SNVs/Indels that are introduced 
by ectopic gene conversion events.

We filtered the complete output of Chameleolyser and clinically interpreted the rare 
variants that reside in disease-relevant genes. Among the previously undiagnosed 
patients in our study cohort (n=17,506) we established 25 new genetic diagnoses 
by either SNVs/Indels (some resulting from ectopic gene conversions) or deletions, 
or a combination thereof. All of the underlying pathogenic variants (n=29) were 
identified in one of three genes: STRC, OTOA and SMN1. These are genes for which 
orthogonal validation assays were already available in our laboratory. 

At least as important as the identification of previously hidden genetic variants 
is the uncovering of ectopic gene conversions which tend to be falsely called 
as deletions by standard ES and GS analysis pipelines. Sometimes, the clinical 
consequence of the variant that is introduced by means of a gene conversion is 
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the same as a deletion, but this is most often not true. Within the STRC gene alone, 
we identified 47 ectopic gene conversions that do not introduce pLoF variation. 
Since these events are present in patients with all kinds of different phenotypes as 
well as in healthy parents of patients we can reasonably assume that these events 
are benign. This can only be true in case the alleles are indeed converted and not 
deleted. We note that using the standard CNV caller ExomeDepth, all of these events 
are called as homozygous deletions. This puts patients at risk for an erroneous 
molecular diagnosis. Even more problematic is the fact that probe-based validation 
techniques such as MLPA most often confirm these false events. The reason for this 
is that the typically used nucleic acid probes are too short to reliably derive the 
origin of the hybridizing DNA. For that reason, special care should be taken when 
interpreting potential deletions in the paralogous regions of the genome. 

Long-read genome sequencing
Very promising for the analysis of these difficult genomic regions are long-read 
sequencing technologies such as single-molecule, real-time (SMRT) sequencing 
(Pacific Biosciences of California, Inc) and Nanopore sequencing (Oxford Nanopore 
technologies) which we used in chapter 2 to validate the output of Chameleolyser 
in a subset of our study cohort (demonstrating > 88% validation success) and in 
chapter 4 to genetically diagnose previously undiagnosed but well-studied RD 
families (X. Chen et al., 2023; Figure1). While short reads are typically 100 or 150 
base pairs in length, with long-read sequencing technologies tens of thousands 
of bases can be sequenced consecutively. Consequently, reads that originate from 
genomic regions with a high sequence similarity to other regions in the genome 
can most often be uniquely and correctly aligned onto the reference genome 
because the anchoring sequence is long enough to include multiple sequence 
differences between the paralogous sequences.

Apart from offering the possibility to analyse the sequence of paralogous genomic 
regions, long-read sequencing technologies and analysis algorithms also enable a 
much more accurate identification of SVs as compared to short-read technologies 
while reaching similar sensitivity and specificity percentages for SNVs and small 
indels in the unique parts of the genome (Kucuk et al., 2023). The gain in accuracy 
that is observed for all types of variants in long-read sequencing technologies is 
primarily caused by the length of the sequencing reads, but also by the fact that 
these techniques are PCR-free and thus operate on native DNA molecules. 

We established 62 genetic diagnoses based on the analysis of SVs in short-read 
exome data of 6,004 previously undiagnosed RD families (chapter 3). Nonetheless, 
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we know, based on comparisons with long-read sequencing data, that the vast 
majority of SVs remained unidentified. Furthermore, using short-read sequencing 
data it is hard or impossible to derive the exact breaking points, information which 
might be essential for clinically interpreting the variant. Also, to obtain a list of 
SVs with as few false positives as possible, most often consensus variant calling is 
performed with multiple variant callers per type of SV. In chapter 3 for example we 
used three different variant callers to identify CNVs. For MEIs, we used two different 
callers after conducting a benchmark study with six callers and for STR expansions we 
used a single caller after a study in which the performance of three different callers 
was evaluated. The application of all of these different analysis algorithms requires 
specific expertise and the necessary computational resources, which is not available  
in all genetics centers. Because of the fact that the identification of SVs from short-
read sequencing data will always be associated with larger numbers of false positive 
events (as compared to long-read sequencing technologies), expensive orthogonal 
validations will be needed. Of special difficulty is the identification of relatively small 
(the order of magnitude of a small exon) single copy number changes. In short-read 
sequencing data, as opposed to long-read sequencing, the identification of SVs is 
indirect based on a signature, most often the read depth. Because for small events 
that affect a single allele, this coverage profile is only distorted to a limited extent, 
specifically when considering the read depth variability which is intrinsically present 
in exome data and to a lesser extent also in genome data. Incidentally, this property 
is also the reason why I could not accurately identify heterozygous duplications, 
deletions and gene conversions in chapter 2.

We can expect that long-read sequencing technologies, which have been improved 
already in the past decade in terms of increased data quality and throughput 
and decreased sequencing cost, will eventually become the first-tier sequencing 
technology in routine genome sequencing. Nonetheless, the cost for sequencing 
a genome with long-read technologies is currently a multiple of the cost for 
generating a short-read genome and thus these technologies are yet not affordable 
for health-care systems. Pacific Biosciences announced that with their latest long-
read sequencing device, the Revio, genomes can be sequenced with a median read 
depth of 30 for roughly 1000 Euros. Further technological advances will eventually 
decrease the cost even further and make the cost for generating these datasets 
comparable with the cost for generating short-read data. 

Whole-genome de novo assembly
The length of the sequencing reads is not the only limiting factor for variant 
identification. The procedure of aligning reads to a reference genome also hinders 
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the identification of some genetic variants. In RD research and diagnostics but 
also in other genomics studies, sequencing reads derived from human genomes 
are all aligned to the same reference genome. Although the quality of the human 
reference genome has improved over the years, it is questionable whether a single 
representation of a human reference genome results in the highest quality variant 
list for each and everyone's sequenced genome (Ebler et al., 2022; Jarvis et al., 2022; 
Wang et al., 2022). Aligning reads to a reference genome as an intermediate step in 
the process of identifying genetic variants implies the assumption that all human 
genomes are sufficiently similar to this reference genome to allow for all reads 
aligning onto this reference. We know that this assumption is oftentimes violated. 
For example, sequencing reads that overlap a genomic region that harbours a 
complex genetic variant might be too different from the reference genome to be 
aligned onto it. To identify such variants, alternative variant discovery approaches 
exist. By these procedures, reads are de novo assembled to long sequence contigs 
which afterwards can be aligned onto a reference genome. Although the accuracy 
and efficiency of these algorithms are still insufficient for their wide application in 
routine diagnostics, they are extensively used by researchers for constructing the 
first reference genome of a certain species (Xu et al., 2018; Zimin et al., 2009, 2017) 
Also for improving the human reference sequence, long-read de novo assembly 
methods were used (Miga et al., 2020; Nurk et al., 2022; Rhie et al., 2023). A general 
idea in the field of long-read sequencing is to construct a collection of high quality 
human haplotype references onto which assembled long-reads can be aligned. 
As a result, the full spectrum of human genetic variation could be uncovered. 
Even though we do not use de novo assemblies for patient genomes yet, several 
researchers demonstrated that the use of the human T2T reference genome, 
which is an improved genome assembly as compared to GRCh38, helps for a more 
complete characterisation of genetic variants (Aganezov et al., 2024; Noyes et al., 
2022; Olson et al., 2023). I expect that in the coming years with further decreasing 
long-read sequencing costs and with increasing quality of output and assembly 
algorithms, the de novo assembly of sequencing reads will be key in any routine 
genome sequencing analysis pipeline. 

The epigenome
The information regarding a cell’s functioning is not only stored in the order of 
nucleotides of which our genome is composed. Reversible chemical modifications 
to the DNA or to the proteins that are associated with DNA also play key roles in 
the regulation of our genes. It has been shown that these so-called epigenetic 
modifications which might or might not survive cell division are implicated 
in several human diseases (Bohacek & Mansuy, 2013; Levy et al., 2022; Portela & 
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Esteller, 2010) . Mendelian disorders of the epigenetic machinery are a group of 
disorders which are caused by genetic variants in genes encoding for proteins 
that regulate the epigenetic machinery (Fahrner & Bjornsson, 2014). In principle, 
to identify the genetic variants that are causative for these diseases, only the DNA 
of the respective patient needs to be sequenced and interpreted. Other diseases 
are caused or influenced by epigenetic changes which result from environmental 
changes. To decipher these diseases it is necessary to query the epigenomic layers 
in the cell which is a non-trivial task because each type or class of epigenetic change 
requires another experiment and analysis. The most widely studied epigenetic mark 
is 5-methylcystosine. To detect this modification in a high-throughput manner, 
typically, the DNA is treated with sodium bisulfite causing the unmethylated 
cytosine to convert to uracil which then is converted to thymine during PCR 
amplification (Frommer et al., 1992; Grunau et al., 2001). Although this protocol 
is still considered the gold standard for the determination of 5-methylcystosine, 
it also has quite some disadvantages such as the need for different experiments 
in case both the sequence of the DNA and its methylation status needs to be 
known. Also, bisulfite treatment of DNA introduces biases. A particular advantage 
of long-read sequencing techniques is the fact that the sequence of the DNA and 
its epigenetic marks can be determined in the same experiment. Because native 
unamplified molecules are sequenced with these methods, the epigenetic marks 
are still present on the sequenced DNA allowing for the direct identification by 
polymerase kinetics (SMRT sequencing, PacBio) or current changes (Nanopore 
sequencing, ONT). Not only do these technologies and methods enable to detect 
of 5-methylcystosine, but also a whole series of other epigenetic marks including 
4-methylcytosine, 5-hydroxymethylcytosine, N6-methyladenine and 8-oxoguanine, 
probably making long-read sequencing technologies the method of choice in the 
near future (Logsdon et al., 2020).

Genetic mosaicism 
Even if complete chromosomes can be sequenced accurately from telomere to 
telomere in the foreseeable future, the complete set of all genetic variants that 
an individual carries will still not be completely known. Most of human DNA that 
is sequenced nowadays is derived from white blood cells and because our DNA is 
not necessarily identical in all cells of the human body (as a result of mosaic and 
post-zygotic mutations), it might well be that a disease-causative genetic variant 
is not identifiable in sequence data derived from white blood cells, but only in a 
tissue which is difficult or impossible to sample. The last couple of years it has been 
shown extensively by multiple researchers that there is a relatively large genomic 
variability among different populations of cells in the brain and other tissues and 
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that these mosaic differences might lead to disease (Huisman et al., 2013; Kurek 
et al., 2012; McConnell et al., 2013). To identify or validate genetic variants which 
are only present in part of the sampled cells, deep sequencing followed by mosaic 
variant calling is typically applied. Because whole-genome deep sequencing is still 
costly, a targeted sequence capture of the regions of interest can be conducted 
followed by deep sequencing. 

Future perspectives
Clearly, we still cannot determine all genetic variants in an individual which could 
possibly be of clinical interest, even not in a research setting. Looking back however 
at the progress that has been made in the past decades, we must recognize that 
huge steps have been taken to determine the perfect sequence of a complete 
human genome. In the next years and decades, further advances will eventually 
close the last gaps and probably introduce highly accurate long-read sequencing 
in clinical practice. 

The phenotypic consequences of genetic variation

In addition to the difficult exercise of perfectly deriving the sequence of a patient’s 
genome, there is an even bigger bottleneck which limits us from achieving higher 
diagnostic success rates and that is the clinical interpretation of genetic variants. 
The complex biological reality that lies between the sequence of the DNA and 
an individual's phenotype makes it impossible for the vast majority of variants 
identified in exome or genome experiments to immediately conclude whether and 
to what extent they contribute to the phenotype. Although in silico predictions 
based on current knowledge might be relatively accurate with respect to the effect 
of a variant on protein level, they fail in telling us with certainty if a particular 
genetic variant causes disease or not in a given patient. Even for the latest 
algorithms based on artificial intelligence it is impossible to capture the complete 
picture of an organism’s or a cell’s mechanics. For that reason, most often, years of 
functional studies are needed to prove the causal link between variants in a gene 
and a disease phenotype. 

Exome and genome reanalysis
Every year the number of human genes that are linked to disease substantially 
increases. This observation suggests that the re-evaluation of existing genetic 
data using the latest biological and genetic information could potentially be 
of high value. Chapter 3 describes such an analysis. In that work, which is part 
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of the Solve-RD project, we reassessed 9,874 exomes and genomes from 6,004 
previously undiagnosed RD families. All of these datasets were carefully analysed 
by the contributing laboratory prior to 2018. From the 506 diagnoses that resulted 
from the systematic reanalysis of these data, a total of 63 (12.5%) were based on 
pathogenic variants in genes which were found to be a disease gene after 2018. The 
use of recent information at the variant level also resulted in a substantial number 
of diagnoses. In 165 RD families we identified disease-explanatory variants which 
were all VUSs prior to 2018. Their reclassification between 2018 and 2022 together 
with a careful judgement by the disease experts revealed that these variants are 
indeed the cause of the patient’s disease. In addition to genetic diagnoses which 
result from knowledge that is acquired by the field in recent years, the clinical 
interpretation of VUSs by top disease experts across Europe resulted in a genetic 
diagnosis in 191 RD families. Although a small subset of these diagnoses might be 
attributed to the use of the latest and thus higher quality variant callers, most of 
these disease-causing genetic variants are easy-to-identify but more difficult to 
clinically interpret. The systematic Solve-RD reanalysis also resulted in 87 diagnoses 
due to difficult-to-identify genetic variants, but the vast majority of diagnoses that 
we established (n=419) are the result of the gain in biologic and genetic knowledge 
between 2018 and 2022 or from the disease expertise that was brought together 
within the project. Our Pan-European study is not the only large-scale reanalysis 
effort that has been conducted in recent years. Other consortia and research 
groups performed similar studies resulting in comparable diagnostic yields, further 
illustrating the importance of analysing RD sequencing data at multiple points in 
time using the latest RD and bioinformatics knowledge (Bullich et al., 2022; Liu et 
al., 2019; Wright, McRae, et al., 2018). 

Even though these research activities substantially contribute to the field and 
potentially improve a large number of patient lives, we need to concede that 
most RD families still remain genetically undiagnosed. Undoubtedly, for a large 
number of these yet undiagnosed RD families, functional studies will be needed 
to unambiguously proof the causal relationship between a genetic variant and 
the phenotype. Because these studies are time and resource intensive, they are 
typically only conducted in case there already is a certain degree of certainty about 
the disease-explanatory nature of a specific genetic variant. The judgment that a 
certain VUS is more likely causative for disease as compared to another VUS is, apart 
from co-segregation and statistical information, largely formed by various in silico 
parameters such as the population allele frequency of the variant, the conservation 
of the altered nucleotide in other species, in silico predictors of pathogenicity and 
the function of the respective gene. For the paralogous regions in the genome, all of 
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these values are either unavailable or inaccurate causing the (clinical) interpretation 
of the variants within these regions more difficult as compared to the rest of the 
genome. Despite this, linking genetic variants to phenotypes is also challenging in 
the unique regions of the genome as a result of the complex path between variant 
and phenotype. In case of ultra-rare diseases, this challenge often becomes even 
bigger because to prioritise candidate disease-causing variants and to proof their 
involvement in the phenotype, multiple families with candidate disease-causing in 
the same gene are most often desirable and needed. A similar issue with numerical 
power presents in families affected by di- or oligogenic diseases. 

Perspectives on the future

The improved bioinformatics approaches and advanced sequencing technologies 
presented in this work have the potential to increase the detection rate of disease-
causing variants, leading to more definitive diagnoses in a greater number of cases. 
This is crucial for both patients and their families, as it provides clarity and direction 
for managing health concerns. For clinicians, these advancements mean they can 
have greater confidence in the diagnostic outcomes of genetic tests and may be 
able to offer treatment options more quickly and with greater certainty.

Furthermore, the results of this work may prompt clinicians to place greater 
emphasis on the iterative nature of genetic diagnostics. Instead of viewing genetic 
testing as a one-time event, patients may need to undergo multiple tests as new 
variants and their clinical significance are discovered. This requires a shift in how 
genetic testing is discussed, highlighting the possibility of follow-up testing and 
the ongoing re-evaluation of genetic data.

Looking ahead, I anticipate that with the continuous evolution in these fields, it 
will become possible to query all types of genetic and epigenetic changes in a 
genome with a single test, at a cost that is affordable for most healthcare systems. 
Undoubtedly, the pace at which genomes are sequenced will accelerate in the 
coming years and decades, eventually leading to a deeper insight into the human 
genome. I expect that this enhanced understanding will result in the development 
of novel, personalized treatment options, ultimately improving patient care 
and outcomes.
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English summary

Rare diseases (RD), the vast majority of which have a genetic origin, are individually 
rare but collectively affect more than 400 million people worldwide. As a result, these 
diseases pose a serious economical, societal and healthcare burden. Knowledge 
of the precise cause of the disease is, among other reasons, needed to optimize 
medical treatment and to allow for reproductive options such as pre-implantation 
and prenatal diagnosis. Currently, comprehensive analyses of genome-wide 
sequencing data identifies the disease-causing genetic variant only in about half of 
RD patients. Although complete genomes can be sequenced today at relatively low 
cost and high quality, there is a substantial number of genetic variants that cannot 
or only incompletely be identified using current technologies and methodologies. 
Examples of these variants include alterations of the mitochondrial DNA, variants 
in the paralogous regions of the genome and structural variants (an overview is 
given in chapter 1). Shortcomings at the variant identification level are however 
not the only reason why a genetic diagnosis cannot be established. The clinical 
interpretation of genetic variants is another challenge preventing us from achieving 
higher diagnostic yield rates. The work that has been conducted as part of this PhD 
is focused on the development and application of bioinformatic methods to both 
improve variant identification and variant interpretation, ultimately aiming for 
higher diagnostic success. 

In chapter 2 I describe the design and application of a method (Chameleolyser) 
that enables the accurate sequence analysis of paralogous regions in the genome. 
To identify genetic variants in identical paralogs, Chameleolyser extracts reads 
from a conventional read alignment and realigns them onto a reference genome 
in which all but one paralog in a set of paralogs is masked. Subsequently, a 
sensitive variant calling is applied. Apart from identifying variants in identical 
paralogs, Chameleolyser also enables the identification of homozygous deletions 
and homozygous ectopic gene conversions. The application of our method on the 
diagnostic exome cohort from the Radboudumc resulted in the identification of 
an average of 60 genetic variants in a single exome that cannot be identified with 
conventional analysis pipelines. Having demonstrated that these hidden genetic 
variants could be identified using our new method, we evaluated the fraction of 
genetic diagnoses that occur in RD patients as a result of a so-far hidden disease-
causing variants. Clinical interpretation of these variants in yet undiagnosed RD 
patients resulted in 25 genetic diagnoses (0.14%) that could not be established 
using regular exome analysis techniques.
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Chapter 3 describes a large-scale reanalysis of exome and genome sequencing 
data from 6,004 previously undiagnosed RD families. This study is part of the Solve-
RD research project which is the largest multi-center re-analysis study worldwide. 
Sequence, phenotypic and pedigree data was collected from 37 institutes across 
Europe and uniformly reanalysed in five different data analysis working groups. 
The variants that were identified by these data analysis experts were then jointly 
interpreted with European disease experts. We demonstrated that this 2-level 
expert review system is highly efficient as it only took 4,253 expert review 
hours to interpret variants in 6,004 RD families. In total, a genetic diagnosis was 
established in 506 (8.4%) families by considering well-established disease genes. 
The parallel ad-hoc expert review analysis at local sites provided an additional  
249 (4.1%) diagnosis. Furthermore, 378 variants in 333 RD families were identified as 
candidate disease-causing. We investigated why the genetic diagnoses were made 
as part of our systematic reanalysis effort but not before. First, 12.5% of diagnoses 
result from pathogenic variants in genes which were only found to be a disease 
gene in or after the year 2018, the starting year of the project. Second, pathogenic 
variants in 32.6% of diagnosed RD families were variants of unknown significance 
before 2018 but were reclassified in ClinVar between 2018 and 2021. Third, 37.7% 
of RD families were diagnosed a result of pathogenic variants which were still 
not present in ClinVar in 2021 (as a pathogenic variant), but were interpreted as 
disease-causing by collaborating clinical experts from across Europe. These three 
reasons together, sum up to 82.8% of diagnoses, related to variant interpretation. 
The remaining 17.2% of novel genetic diagnoses were generally easy-to-interpret 
but difficult-to-identify variants. These more exotic variant types include copy 
number variants, mobile element insertions, short tandem repeat expansions, 
other structural variants, non-canonical splice site variants and mitochondrial DNA 
variants. The complete set of sequencing, phenotypic and pedigree data together 
with the clinically interpreted variants were made available via the European 
Genome Archive (EGA) as well as Genome-Phenome Analysis Platform (GPAP) as a 
resource for the whole RD community. This ever growing resource will still allow for 
new diagnoses and discoveries.

The research project in chapter 4 is also part of the Solve-RD research project. 
Here, HiFi long-read genome sequencing was applied to a unique cohort of  
293 individuals from 114 previously undiagnosed RD families which was compiled 
by disease-experts from four European reference networks (ERN-ITHACA, ERN-
RND, EURO-NMD and ERN EpiCARE). Included in this cohort are patients with a 
well-characterized clinical syndrome for which no disease gene is yet identified 
(the unsolvables; 61  individuals in 21 families). The remaining RD families are 
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exome or genome negative patients (and healthy relatives) that present with a 
rare neurological or neuromuscular disease (the unsolved; 232 affected individuals 
in 93 families). Because the analysis of short-read sequencing data did not reveal 
the disease-causing variant in any of these families, it was hypothesized that so-
far hidden SVs (including short tandem repeat expansions) or SNVs might be 
responsible for the phenotype. To identify these, we selected all ultra-rare SVs 
and SNVs that co-segregate with disease and that reside in a well-established 
disease gene. In parent-offspring trios (healthy parents with an affected child) a 
dedicated de novo variant discovery was conducted. Clinical interpretation of these 
variants solved one parent-offspring trio, originally diagnosed with the ‘unsolvable 
syndrome’ Aicardi syndrome, in which a disease-explanatory de novo missense 
variant in the TUBA1A​ gene was identified. Careful inspection of the patient’s clinical 
features indeed confirmed that she was initially clinically misdiagnosed, probably 
as result of the clinical overlap between Lissencephaly 3 (caused by pathogenic 
variants in TUBA1A) and Aicardi syndrome. In the subcohort of unsolved RD families, 
12 (13%) genetic diagnosis were established, all in well-established disease genes: 
3 SVs, 4 STR expansions and 5 SNVs. In addition to these firm diagnoses, candidate 
disease causing variants are presented partially in novel genes/loci. Our analysis 
demonstrates the added value of HiFi long-read genome sequencing of previously 
undiagnosed RD families. 

In chapter 5 I discuss the results and relevance of the work that I did over the past 
five years. I elaborate on our achievements and the challenges that still remain. 
Furthermore, I reflect on how the field might evolve in the foreseeable future as 
sequencing costs further decrease and quality of output and analysis algorithms 
further improve. All of the new technologies that are adopted by the research 
community, progressively  provide answers for the numerous patients with clinical 
diagnostic questions.
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Nederlandse samenvatting

Zeldzame ziekten (ZZ), waarvan de meerderheid een genetische oorsprong heeft, 
zijn op individueel niveau zeldzaam, maar treffen wereldwijd meer dan 400 miljoen 
mensen. Deze ziekten leggen een aanzienlijke last op de economie, samenleving 
en gezondheidszorg. Kennis over de exacte oorzaken is essentieel om medische 
behandelingen te optimaliseren en reproductieve opties zoals pre-implantatie- en 
prenatale diagnostiek mogelijk te maken. Momenteel wordt bij ongeveer de helft van 
de ZZ-patiënten een ziekteveroorzakende genetische variant gevonden na uitgebreide 
analyse van genoombrede sequentiegegevens. Hoewel het sequencen van volledige 
genomen tegenwoordig relatief goedkoop en van hoge kwaliteit is, blijft er een 
aanzienlijk aantal genetische varianten over die met de huidige technologieën en 
methoden niet of slechts gedeeltelijk geïdentificeerd kunnen worden. Voorbeelden 
hiervan zijn veranderingen in mitochondriaal DNA, varianten in de paraloge regio's 
van het genoom en structurele varianten (een overzicht hiervan wordt gegeven in 
hoofdstuk 1). Deze tekortkomingen in variantidentificatie zijn echter niet de enige 
reden waarom een genetische diagnose uitblijft. De klinische interpretatie van 
genetische varianten vormt een andere uitdaging die het stellen van meer genetische 
diagnoses in de weg staat. Het onderzoek uitgevoerd als onderdeel van dit PhD-traject 
focust op de ontwikkeling en toepassing van bio-informatica methoden om zowel de 
identificatie als de interpretatie van varianten te verbeteren, met als uiteindelijk doel 
het aantal diagnoses te vergroten.

In hoofdstuk 2 beschrijf ik het ontwerp en de toepassing van een methode genaamd 
Chameleolyser, die de nauwkeurige sequentieanalyse van paraloge regio's in het 
genoom mogelijk maakt. Chameleolyser extraheert reads uit een conventioneel read 
alignment en hermapt deze op een referentiegenoom waarin alle paralogen behalve 
één gemaskeerd zijn, waarna een sensitieve variant calling wordt uitgevoerd. Naast het 
identificeren van varianten in identieke paralogen, stelt Chameleolyser ons ook in staat 
om homozygote deleties en ectopische genconversies te identificeren. De toepassing 
van onze methode op het diagnostische exoomcohort van het Radboudumc 
resulteerde in de identificatie van gemiddeld 60 genetische varianten per exoom die 
niet met conventionele analysepijplijnen konden worden geïdentificeerd. Nadat was 
aangetoond dat deze verborgen genetische varianten konden worden geïdentificeerd 
met onze nieuwe methode, evalueerden we het aandeel van genetische diagnosen die 
voorkomen bij ZZ-patiënten als gevolg van tot nu toe verborgen ziekteveroorzakende 
varianten. De klinische interpretatie van deze varianten bij nog niet gediagnosticeerde  
ZZ-patiënten resulteerde in 25 genetische diagnosen (0,14%) die niet konden worden 
vastgesteld met reguliere exoomanalysetechnieken.
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Hoofdstuk 3 beschrijft een grootschalige heranalyse van exoom- en 
genoomsequentiegegevens van 6.004 ongediagnosticeerde ZZ-families. Deze studie, 
de grootste multicenter heranalysestudie ter wereld, maakt deel uit van het Solve-
RD-onderzoeksproject. Sequentie-, fenotypische en stamboomgegevens werden 
verzameld vanuit 37 instituten in heel Europa en uniform geheranalyseerd in vijf 
verschillende data-analysegroepen. De varianten die door deze data-analyse-experts 
werden geïdentificeerd, werden vervolgens geïnterpreteerd door Europese ziekte-
experts. We hebben aangetoond dat dit systeem van expertbeoordeling op twee 
niveaus zeer efficiënt is, aangezien het slechts 4.253 expertbeoordelingsuren kostte 
om varianten in 6.004 ZZ-families te interpreteren. In totaal werd in 506 (8,4%) van 
de families een genetische diagnose gesteld in gekende ziektegenen. De parallelle 
ad-hoc expertbeoordelingsanalyse (niet gecentraliseerd) leverde een aanvullende  
249 (4,1%) diagnoses op. Verder werden 378 varianten in 333 ZZ-families 
geïdentificeerd als kandidaat-ziekteveroorzakend. Vervolgens onderzochten 
we waarom deze genetische diagnoses werden gesteld als onderdeel van onze 
systematische heranalyse-inspanning maar nog niet eerder aan het licht waren 
gekomen. Ten eerste was 12,5% van de diagnoses het resultaat van pathogene 
varianten in genen die pas in of na 2018 als ziektegenen werden erkend (het jaar 
waarin de studie is gestart). Ten tweede waren pathogene varianten in 32,6% van 
de gediagnosticeerde ZZ-families van onbekende klinische betekenis voor 2018, 
maar werden ze tussen 2018 en 2021 geherclassificeerd in ClinVar. Ten derde werd 
37,7% van de ZZ-families gediagnosticeerd als gevolg van pathogene varianten 
die in 2021 nog steeds niet aanwezig waren in ClinVar (als pathogene variant), 
maar werden geïnterpreteerd als ziekteveroorzakend door samenwerkende 
klinische experts uit heel Europa. Deze drie redenen zijn allen gerelateerd aan 
variantinterpretatie en vormen samen 82,8% van de diagnosen. De resterende 
17,2% van de nieuwe genetische diagnosen worden veroorzaakt door over het 
algemeen gemakkelijk te interpreteren, maar moeilijk te identificeren varianten. 
Deze meer exotische varianttypes omvatten CNVs, MEIs, STR expansies en andere 
SVs, alsook niet-canonieke splice-sitevarianten en mitochondriale DNA-varianten. 
De complete set van sequencing-, fenotypische en stamboomgegevens samen met 
de klinisch geïnterpreteerde varianten werden beschikbaar gesteld voor de gehele  
ZZ gemeenschap via het ‘European Genome-Phenome Archive’ (EGA) en het 
‘Genome-Phenome Analysis Platform’ (GPAP).

In hoofdstuk 4, hetgeen ook deel uitmaakt van het Solve-RD onderzoeksproject, 
werd HiFi longread genoomsequencing toegepast op een unieke cohort van  
293 individuen uit 114 niet gediagnosticeerde ZZ-families, samengesteld door 
ziekte-experts van vier Europese referentienetwerken (ERN-ITHACA, ERN-RND, 
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EURO-NMD en ERN EpiCARE). In deze cohort bevinden zich patiënten met een 
goed gekarakteriseerd klinisch syndroom waarvoor nog geen ziektegen is gekend 
(‘the unsolvables’; 61 individuen in 21 families). De resterende ZZ-families zijn 
exoom- of genoom negatieve patiënten (en gezonde familieleden) die een 
zeldzame neurologische of neuromusculaire ziekte vertonen (‘the unsolved’;  
232 individuen in 93 families). Omdat de analyse van short-read sequentiegegevens 
de ziekteveroorzakende variant in geen van deze families aan het licht bracht, werd 
gehypothetiseerd dat tot nu toe verborgen SVs (inclusief STR expansies) of SNVs 
verantwoordelijk zouden kunnen zijn voor het fenotype. Om deze te identificeren, 
selecteerden we alle ultrazeldzame SVs en SNVs die co-segregeren met de ziekte 
en die zich bevinden in een gekend ziektegen. In ouder-nakomelingtrio's (gezonde 
ouders met een aangetast kind) werd een de novo variantontdekking uitgevoerd. 
Klinische interpretatie van deze varianten leverde een genetische diagnose op: 
in een patiënt die oorspronkelijk klinisch gediagnosticeerd werd met het Aicardi-
syndroom werd een ziekteverklarende de novo missense variant in het TUBA1A-
gen geïdentificeerd. Een zorgvuldige inspectie van de klinische kenmerken 
van de patiënt bevestigde inderdaad dat zij aanvankelijk klinisch verkeerd was 
gediagnosticeerd, waarschijnlijk als gevolg van de klinische overlap tussen 
Lissencephaly 3 (veroorzaakt door pathogene varianten in TUBA1A) en Aicardi-
syndroom. In de subcohort van ‘unsolved’ ZZ-families werden 12 (13%) genetische 
diagnosen vastgesteld, allemaal in gekende ziektegenen: 2 SVs, 3 STR-expansies en 
2 SNVs. Naast deze genetische diagnosen worden kandidaat-ziekteveroorzakende 
varianten gevonden in nog eens 4.3% van deze families. Onze analyse toont de 
toegevoegde waarde aan van HiFi longread genoomsequencing in exoom en/of 
genoom negatieve ZZ-families.

In hoofdstuk 5 bespreek ik de resultaten en relevantie van het werk dat ik 
de afgelopen vijf jaar heb gedaan. Ik ga dieper in op onze bevindingen en de 
uitdagingen die nog resten. Verder reflecteer ik op hoe het veld zich in de nabije 
toekomst zou kunnen ontwikkelen naarmate de sequencingkosten verder dalen 
en de kwaliteit van output en analysealgoritmen verder verbeteren. Alle nieuwe 
technologieën die door de hele onderzoeksgemeenschap worden ontwikkeld 
en toegepast, bieden geleidelijk antwoorden voor de talrijke patiënten met 
diagnostische vragen.
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Description of the research data management

Ethics and privacy
All research conducted in this thesis involves data from human individuals, including 
rare disease patients and their healthy relatives. All data were pseudonymized 
to protect patient identities. This pseudonymization ensures that data cannot be 
directly traced back to individuals, thereby maintaining their privacy. The research 
strictly adhered to the principles set out in the Declaration of Helsinki, which 
outlines ethical guidelines for medical research involving human subjects.

Ethical considerations were crucial throughout the research process. Each study 
was reviewed and approved by the relevant institutional review boards and 
ethics committees. For Chapter 2, the institutional review board of the Radboud 
University Medical Center (approval number 2020-7142) provided ethical approval. 
For Chapters 3 and 4, the Ethics Committee of the University of Tübingen, Germany 
(ClinicalTrials.gov Nr.: NCT03491280), granted ethical approval.

Data collection and storage
The raw data that we have used for Chapter 2 were collected through routine 
genetic investigations at the Radboudumc. All of these data were analyzed on a 
secure and dedicated high-performance computing infrastructure (TURBO). 

For Chapter 3, individuals were recruited via four European Reference Networks 
(ERNs). Inclusion criteria required a clinical rare disease diagnosis in at least one family 
member, with inconclusive exome or genome analysis at the time of submission. Data 
collection did not exclude participants based on sex, gender, ethnicity, race, age, or any 
other socially relevant groupings. We collected genomics, phenotypic and pedigree 
information. These data were uploaded by the various submitters to a dedicated 
server at CNAG (Centro Nacional de Análisis Genómico) in Barcelona. Subsequently, 
the bioinformatics laboratories at Radboudumc and Tübingen downloaded the data 
for analysis. Portions of this dataset were also downloaded to a central analysis server 
(the Sandbox), which is accessible to authorized Solve-RD analysts.

Chapter 4 followed similar inclusion criteria and ethical standards as Chapter 3.  
Participants were recruited via European Reference Networks, and the data 
collection did not exclude anyone based on socio-demographic factors. Each patient 
entry was linked to the respective ERN, and data suitability was the responsibility 
of the submitter. Informed consent was obtained from all participants, ensuring 
compliance with ethical standards.
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Data sharing
Data sharing is a critical aspect of this research, facilitating further scientific 
exploration and validation. The raw sequencing data that we have used in 
chapter 2 can only be disclosed with specific consent from individual patients, 
respecting privacy and consent. Scientific results and summary data are available 
as supplementary material attached to the scientific publication. The data that we 
generated for validation purposes have been deposited in the European Genome-
phenome Archive (EGA) under the accession codes EGAS00001006479 (long-read 
genome sequencing for individuals with biobank consent) and EGAS00001007513 
(STRC amplicon sequencing). These datasets are available under restricted access, 
and their re-use will be evaluated by a data access committee to ensure it aligns 
with the provided consent. 

For Chapter 3, pseudonymized phenotypic information for all individuals and 
their genetic variants are accessible through the RD-Connect Genome-Phenome 
Analysis Platform (GPAP) upon validated registration. The RD-Connect GPAP 
allows authorized users to query, analyze, interpret, and tag data within a secure 
environment, although direct download of full datasets is not permitted. All 
raw and processed data files are available at the EGA under the Solve-RD study 
EGAS00001003851, with datasets EGAD00001009767, EGAD00001009768, 
EGAD00001009769, and EGAD00001009770. Additionally, all novel and expert-
curated variants identified in this study (n=207) have been submitted to ClinVar, 
ensuring broader accessibility and usability of the genetic data.

Raw sequencing data and variant calls for the different types of genetic variants 
that we generated for the research described in chapter 4 have been deposited in 
the EGA, ensuring secure long-term storage and controlled access for authorized 
researchers. Data access is granted to authorized researchers and clinicians, with 
decisions made by a Data Access Committee (DAC) based on whether the request 
aligns with the provided consent. The EGA serves as a secure archive adhering to 
the FAIR principles (Findable, Accessible, Interoperable, and Reusable). 
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List of abbreviations

ACMG: American College of Medical Genetics and Genomics
AMP: Association for Molecular Pathology
API: Application Programming Interface
ASD: Autism Spectrum Disorder
BAM: Binary Alignment Map
CNV: Copy Number Variant
DAC: Data Access Committee
DITF: Data Interpretation Task Force
DNM: De Novo Mutation
ES: Exome Sequencing
EGA: European Genome-phenome Archive
ERN: European Reference Network
FASTQ: A text-based format for storing nucleotide sequences
GS: Genome Sequencing
GUI: Graphical User Interface
HPO: Human Phenotype Ontology
LIS3: Lissencephaly type 3
LRS: Long-Read Sequencing
MAF: Minor Allele Frequency
MEI: Mobile Element Insertion
MLPA: Multiplex Ligation-dependent Probe Amplification
MME: Matchmaker Exchange
MQ: Mapping Quality
MT-TL1: Mitochondrially Encoded tRNA Leucine 1
OGM: Optical Genome Mapping
OMIM: Online Mendelian Inheritance in Man
ORDO: Orphanet Rare Disease Ontology
PCR: Polymerase Chain Reaction
PIK3CA: Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha
QC: Quality Control
RNA: Ribonucleic Acid
SCA: Spinocerebellar Ataxia
SMA: Spinal Muscular Atrophy
SMRT: Single Molecule Real-Time
SNV: Single Nucleotide Variant
STR: Short Tandem Repeat
SV: Structural Variant
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UTR: Untranslated Region
VAF: Variant Allele Frequency
VCF: Variant Call Format
VEP: Variant Effect Predictor
VUS: Variant of Uncertain Significance
WES: Whole Exome Sequencing
WGS: Whole Genome Sequencing
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Curriculum vitae 

Wouter Steyaert was born on November 21, 1982, in 
Ghent, Belgium. He completed his secondary education 
at Don Bosco College in Zwijnaarde, focusing on science 
and mathematics. Wouter earned his Bachelor's degree 
in Biomedical Laboratory Technology, graduating magna 
cum laude. For his thesis, he contributed to a project on 
stress resistance in genetically modified maize at the 
University of Girona in Spain, under the guidance of 
Professor Maria Pla.

With the advent of exome sequencing and related technologies, there was an 
increasing demand for professionals skilled in programming and large-scale data 
analysis. Subsequently, after his  bachelor's degree, Wouter began his career as 
a bioinformatician at the Center for Medical Genetics in Ghent. During the years 
he worked there, he developed various data analysis pipelines for examining 
exome, genome, and transcriptome data that were utilized in both research and 
diagnostics. The research projects he contributed to during this period primarily 
focused on unraveling the molecular basis of several connective tissue disorders. 
Recognizing the importance of continuous education, Wouter decided to pursue 
a Master’s program in bioinformatics. As this program was initially unavailable in 
Ghent, he completed the necessary bridging courses part-time at KU Leuven while 
working full-time. Two years later, the master’s program was introduced in Ghent, 
allowing him to continue his studies there. In 2019, Wouter completed his Master’s 
in Bioinformatics with magna cum laude. His thesis, supervised by Professors 
Lieven Clement, Bert Callewaert, and Wim Van Criekinge, focused on the statistical 
methodology for comparing genetic variantion between two groups of individuals.

After obtaining his master's degree, Wouter applied for a PhD position at Radboud 
University Medical Center in Nijmegen. He was accepted to work on the Solve-RD 
project, marking a significant milestone in his academic and professional journey. 
In 2021, he was a predoctoral semifinalist for the Charles J. Epstein Trainee Awards 
for Excellence in Human Genetics and in 2023, he won an early career award from 
the European Society of Human Genetics.
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Wouter has co-authored several publications in scientific journals, contributing 
valuable insights to the field of human genetics. His work continues to impact 
the scientific community, reflecting his dedication and expertise in his ongoing 
research endeavors. His commitment to advancing human genetics is evident 
through his collaborative and innovative approach to research.
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PhD portfolio

PhD portfolio of Wouter Steyaert

Department: Department of Human Genetics
PhD period: 01/05/2019 – 30/09/2023
PhD Supervisor(s): Prof. Han Brunner, Prof. Christian Gilissen and Prof. Alexander Hoischen

Training activities Hours

Courses
RIMLS - Introduction course "In the lead of my PhD" (2019) 
RU - Mindfulness Based Stress Reduction (2019) 
RU - Projectmanagement voor Promovendi (2020) 
Clinical Genomics and NGS (2021) 
Radboudumc - Scientific integrity (2023) 

15.00
45.00
45.00
40.00
20.00

Seminars
Human Genetics GDG group meeting (2021) 
Theme discussion Human Genetics (weekly, 2 oral presentations) (2023) 

14.00
112.00

Conferences
Solve-RD annual meeting 2020 (2020) 
European Human Genetics Conference 2020 (2020) 
Solve-RD annual meeting 2021* (2021)
European Human Genetics Conference 2021 (2021) 
American Human Genetics Conference 2021* (2021) 
Solve-RD annual meeting 2022* (2022)
European Human Genetics Conference 2022+ (2022) 
Solve-RD final meeting 2023* (2023) 
Dutch Society of Human Genetics meeting 2023* (2023) 
European Human Genetics Conference 2023* (2023) 

14.00
35.00
14.00
35.00
42.00
14.00
35.00
14.00
14.00
35.00

Other
Radboudumc - General Radboudumc introduction for research personnel (2019) 
RIMLS PhD retreat (2021) 

9.00
21.00

Total 573.00

* oral presentation+ poster presentation
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