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Diagnostic sensitivity of todays Whole Exome Sequencing
in pediatric diseases

Wright/FitzPatrick/Firth Nat Rev Genet 2018 

8.4 % solved by WES

12 % solved by WES

37 % solved by WES

10 % solved by WES

10 % solved by WES

Overall diagnostic
sensitivity

< 50%



UNSOLVED after WES:
50% of all patients with a rare 
disease will not have access to
health care without having a clear
diagnosis

300 Mio RD patients worldwide
150 Mio patients unsolved

30 Mio patients in Europe
15 Mio unsolved

3-4 Mio RD patients in Germany
1.5 Mio unsolved after WES
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Use case: Rare diseases

Diagnosis: A disease has to have a name to

• Communicate with doctors, relatives, authorities, health insurance

• Better define disease impact and progression and disease management

• Potentially apply disease-specific treatment

• Select disease information via internet
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Solving the Unsolved: Rare diseases

Major limitations to increase diagnostic sensitivity:

• Bureaucracy, ethical hurdles,  data protection regulations

• Financing

• Limited knowledge

• Clinical processes in patient tissue/sample collection

• But presumably NOT technical limitations
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From Exome to Genome
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Limitations of Whole Exome Sequencing (WES)

Important: Type of enrichment system: SureSelectXT Human All Exon v6
Statistics of coverage: complete coding sequence +/-5bp intronic region

depth of sequencing (at least 20 fold)
coverage: 98.99%

Limitations of WES: 
Coverage
Copy number
Aberrant splicing
Structural aberrations
Regulatory regions
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Patient

Heterozygous Inversion Exons 36-40

WGS in unsolved chorea acanthocytosis: Structural variants in VPS13A 

8-10% increase of diagnostic
Sensitivity compared to WES
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Genome: Regulatory regions
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https://enhancer.lbl.gov/gallery_n.html

Regulatory regions: Enhancers
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Genome: Towards long read sequencing
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Combination of short and long read NGS
Required for sensitive detection of deletions and insertions



2,363 new insertion sequences 

corresponding to 720 genomic loci. 
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11.04.2021 Nature Vol.590, 2021

Complexity of analysing genomes in the clinical context

TOPMed study (Trans-Omics for Precision Medicine)

https://www.shutterstock.com/de/image-illustration/organic-chemistry-model-dna-molecule-illustration-93597241?id=93597241

53,831 Genomes analysed

>400 Mio variants

97% of the variants
less than 1%

53% present
in only 1 individual

-> 4,6 Mio protein-coding variants
Total 230,000 putative loss of function variants in 18.493 genes
-> 104,000 frameshift variants
->   97,000 putative splice and truncation variants

2.5 unique pLOF per individual

☐ Yes/Ja    ☐ No/Nein         

Additional read out needed !
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Genome: Complemented with RNAseq
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RNAseq in research and diagnostics – Technical „details“

Nature Biotechn 2014

Exonic sequences

Intronic
sequences



RNAseq in diagnostics

94 patients / 1600 controls
343 outliers per sample
7.5% diagnostic rate

Additional 16.7% improved
candidate gene resolution

RNAseq control data:
909: Depression Genes and Network (DGN)
65: Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS)
620: Genotype-Tissue Expression Consortium (GTEx vs 7)

Expression
outliers

Splicing
outliers



RNAseq in diagnostics



Variant 1 (frameshift) DX174053_01

W
ES

Ataxia patient
WES defined heterozygous frameshift
Mutation of one allele in SIL1

If both alleles affected, it would cause
Marinesco-Sjörgen-Syndrome

No indication of deletion of the second allele

Phenotype of the patient would fit MSS
R

N
A

se
q

RNASeq revealed clear indication of
loss of the second allele

RNAseq in diagnostics



WGS finds Second Hit
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WGS detects splice variant
not covered in WES

RNAseq in diagnostics
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The Genome is not „naked“: 
The Epigenome
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Beckwith-Wiedemann-Syndrome (BWS)

Transient Neonatal Diabetes mellitus

Birk-Barel intellectual disability syndrome

Silver-Russel syndrome

Temple syndrome

Kagami-Ogata syndrome

Central Precocious Puberty

Prader-Willi syndrome

Angelman syndrome

Schaaf-Yang syndrome

Mulchandani-Bhoi-Conlin syndrome

Pseudo-hypoparathyoridism

Don‘t forget the epigenome in diagnostics !



Chromatin
-structure
-domains
-accesibility

Histone
-modifications 
-variants

DNA
-modifications

3C, 4C, 5C, Hi-C,
ChIA-PET, DNAse-seq, 
FAIRE-seq, ATAC-seq

ChIP-seq,
Mnase-seq

WGBS, RRBS, 
MeDIP-seq,
Methyl-seq

Rare Diseases

Episignatures

Epivariants
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Erfan Aref-Eshghi et al 2020

Mafalda Barbosa et al 2018

Epigenome Profiling using NGS 



Methylation-sensitive arrays for detection of epigenomic disease specific profiles

MethBank 450K Array > 5000 controls

MethSeq control data:
Epigenie data base:
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Technical hurdles in diagnostics

„Implemented“  into

diagnostic pathways

„Pilot diseases“

Long read seq



Solving the unsolved Rare Diseases

The Solve-RD project has received funding from the European Union’s Horizon 
2020 research and innovation programme under grant agreement No 779257.



Genome

Transcriptome

Epigenome

MetabolomeProteome

Cellular/

molecular 
phenotypes

Exome

Solving  
Unsolvable
diseases

Challenge in Diagnostic Transition:

From genome analysis towards

„System Diagnostics“

Technological hurdles in diagnostics



„in numbers“

• Re-analysis of 19.000 exomes of unsolved cases
• 800 ultra-rare RD patients presenting new phenotypes that will undergo WES/WGS
• WGS for 2.000 cases to achieve a more complete coding sequence 
• Novel omics approaches (transcriptome, epigenome, proteome, metabolome, deep 

WES, deep molecular phenotyping) for more than 2.000 cases
• Long-read genomes for 500 cases with smartly chosen phenotypes such as anticipated 

repeat expansion disorders (SBMA; DM1 and DM2, disorders with phenotype 
anticipation)

• Multi-Omics approaches for 120 „unsolvable syndromes“



ERN

ERN

ERN….

Gene 
discovery
group

Coordination and 
Subcontracting Office

Research
group

REGISTER  
Technologies
& Research groups

Catalyst Research 
grants

Canadian Network
(Australien Functional Network)
(Japanese Functional Network)

Validating gene discoveries

Modeling diseases Therapeutic targets Disease models

Topic & time-restricted collaborations

Specialised Research Groups

Clinical & Research
Advisory Board:
Grant evaluation

Proposal
application

Innovative and internationally interoperable small funding service

RDMM Europe
50 projects –
20.000€ each
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Diagnostic yield of genetic technologies in rare diseases

Cave: 80% of all RD have a clear genetic cause



1. Patient cohort of „Undiagnosed diseases“ should be subgrouped to define different diagnostic 
follow-up strategies 

2. Development and availability of novel Omics technologies will contribute to deciphering 
unsolved and unsolvable diseases

3. Next steps in Omics diagnostics (system diagnostics) will be a challenge and require further 
strong support of research consortia

4. Implementing Machine learning and AI algorithms will greatly improve diagnostic work up

5. Whereas WES/WGS are more „global“ approaches of entire patient cohorts, next steps in terms 
of technology, methods, and analytics will be more patient individualized and require time

6. Special functional attention should be on solving VUS
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Conclusions
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