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Next generation sequencing innovation 

2010

Gene discovery by exome sequencing 
for dominant disorders
Ng et al. Nat Genetics 2010
Hoischen et al. Nat Genetics 2010

A de novo paradigm for ID
Vissers et al. Nat Genetics 2010

2012-2013

Momentum for
Rare Disease Gene Discovery

Diagnostic use of WES for RD
De Ligt et al. NEJM 2010 -- ID
Rauch et al. Lancet 2012  -- ID
Neveling et al. Hum Mut 2013  -- many RD
Yang et al. NEJM 2013

2014

Diagnostic use of WGS for ID
Gilissen et al. Nature 2014

solved



From research to clinic and back



Clinical WES @Radboudumc since 2012

§ 25 different gene panels
§ 3,742 unique gene entries
§ >20,000 index cases tested



Step 1: Gene panel
SNVs and CNVs
in genes known for 
the disease

Step 2: Open Exome
SNVs and CNVs 
outside panels

(all genes)

Clinical WES analysis: a two step process



Why (do) we need exome sequencing (?)

A 5 year clinical utility study in pediatric neurology



150 consecutive patients consulted in clinical practice of pediatric neurology
with a phenotype of presumed genetic origin

Ø MRI
Ø Blood withdrawal
Ø Gene test 1
Ø Lumbal punction
Ø Gene test 2
Ø Genomic array
Ø Gene test 3
Ø …
Ø Diagnosis?

Conventional processPatient Perspective

Interviews 
assessing expectations

and experience of 
diagnostic process so far

(20 patients)

Interviews 
assessing experience of 
diagnostic process and 

obtained diagnosis
(IQ Health care)

Project support: ZonMW Healthcare Efficiency Studies (40-41200-98-9131)

Cost effectiveness (HTA)

From last resource to first tier test?

Whole exome sequencing

Ø Blood withdrawal
Ø Exome sequencing
Ø Diagnosis?

Compare diagnostic yield of both trajectories 
(Human Genetics/ Pediatric Neurology)



ID (with or without add features)
Movement disorder
Neuromuscular
Epilepsy
Mitochondrial disorder
Combination of gene panels

Pediatric neurology cohort description

• 150 patients recruitment between Nov 2011 and Jan 2015
• Representation of ‘every day practice’ in pediatric neurology clinic
• Mixture of new patient referrals (n=66) and patients ‘somewhere’ in the 

diagnostic tract (n=84) 

Median age: 5 yr 7 mo
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Number of genetic tests per patient

Total number of genetic tests: 810 (!!!)
Number of tests per patient: 0-28
Average genetic tests/patient: 5.4

# tests per patient

# 
pa

tie
nt

s

o 491 targeted gene tests  (Sanger)
o 161 different genes
o 42 karyotypes
o 49 FISH/ MLPA
o 158 arrays 



Diagnostic outcome in standard testing

Standard GENETIC testing cohort (n=150)
Total number of tests: 810
Number of tests per patient: 0-28
Average tests/patient: 5.4

Genetic cause identified: 11

Number of genetic 
tests needed to 
obtain diagnosis

Patient 1 5 (NSD1)

Patient 2 5 (PMP22)

Patient 3 2 (FLNA)

Patient 4 7 (SCN8A)

Patient 5 3 (CNV)

Patient 6 7 (CNV)

7.3 %

Number of genetic 
tests needed to 
obtain diagnosis

Patient 7 5 (CNV)

Patient 8 3 (CNV)

Patient 9 3 (NKX2-1)

Patient 10 6 (FMR1)

Patient 11 5 (CNV)

Ø Mean: 4.6 genetic tests 
needed to obtain 
diagnosis

Ø No correlation between 
obtaining a diagnosis and 
the number of genetic 
tests (p=0.57)



Added value of WES?
Total number of patients 
with a possible diagnosis: 41

Diagnostic outcome WES

WES testing in cohort (n=150)
Total number of tests: 150 (x3)
Number of tests per patient: 1
Average tests/patient: 1

Genetic cause identified: 44 

29.3%

1
2
3

27.3%

Positive diagnosis
Possible diagnosis
No diagnosis



WES provides significantly more diagnosis

Vissers, van Nimwegen, Schieving et al. Genetics in Medicine 2017

At cohort level:  
WES better for patient care

At patient level:  
3 diagnoses in standard care were 

not identified by WES!



There is more to the coding sequence
than meets the eye



Diagnostic exome sequencing for ID
Step1: Gene-Panel Strategy: SNVs and CNVs in ±1,000 established ID genes

Step2: Exome-wide de novo mutation analysis 
Patient-parent trios are interpreted ‘in isolation’

Can we systematically 
identify novel ID genes by 
meta-analysis using all 
sequenced trios?



ID trios for meta-analysis

820 ID trios    
for analysis

>1,500 
ID trios

Uniformity of exome sequencing 
approach:
• Agilent SureSelect v4 enrichment
• Illumina HiSeq PE 2x101bp
• 75x median coverage

Appropriate informed consent for this 
study

Uniformity for:
Enrichment

Mapping, Calling
Annotation

• 1,079 de novo mutations (1.3 per patient)
• 915 different genes
• 105 with more than one DNM
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How to identify novel ID genes given 
the per generation mutation rate?

• Use gene specific mutation rates (GSMR)1 to determine the 
excesses in DNMs per gene for 820 ID trios

• Categorize mutations in:
Loss-of-function (LoF): 

stop-gain
frameshift
canonical splice sites, 
start-loss
nonsense

1. Samocha et al. Nat Gen. (2014)

Functional: 
missense
in-frame indels
LoF



1. Remove all individuals with a DNM in a known gene

2. Identify genes with more Lof and/or functional DNMs than expected 
based on the gene specific mutation rate$

Theory put into practice

820 trios

236 trios 584 trios
452 DNMs
348 Genes

627 DNMs
584 Genes

DNM in  
known genes#

DNM in other 
genes

Statistical analysis

# 1,537 known ID genes (DD2GP + RUMC Diagnostics); $ Samocha et al. Nat Gen. (2014)



4 novel candidate ID genes in the RUMC cohort
Gene p-value* LoF Description

DLG4 1.13x10-04

(n=3)
Post-synaptic density gene

PPM1D 0.047
(n=2)

Ser/Thr phosphatase mediating regulation of p38-p53 signaling

SOX5 0.016
(n=2)

Member of Transcription factors that regulate embryonic 
development. 

TCF20 6.22x10-06

(n=4)
Transcriptional activator of matrix metalloproteinase 3 and 
(co)activator of various other transcriptional activators.

*Benjamini-Hochberg corrected p-values for multiple testing

Increase 
power!

2,104 ID trios* 
2,637 DNMs 
(2,073 genes)

*Rauch et al. Lancet (2012), de Ligt et al. NEJM (2012), Gilissen et al. Nature (2014), DDD study. Nature 
(2015)

Repeat 
analysis!



Meta-analysis of 2,104 trios identifies 10 novel ID genes

• Reproduce the 4 novel candidate ID genes in RUMC cohort
• 6 additional novel candidate ID genes

Significance 
threshold

Lelieveld & Reijnders et al. Nature Neuroscience 2016



Statistics do not prove disease causality,
patients, their phenotypes 

and functional follow-up of the mutations do!
(Right?)



Genotype-first approach for involvement of SON in ID

Ø Loss-of-function 
mutations only

ØDe novo occurrence in all

Ø20 patients 
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Phenotype associated with SON haploinsufficiency

2 4 5

11 13 15

8 10 18

19 16 6



SON facilitates spliceosome recruitment               
to the RNA Pol II complex and enhances splicing

Adapted from Hickey et al. J Cell Biochem 2014

e4 e5* * e4 e5

e7 e9* *e8 e7 ex9ex8

Recognition of weak and alternative splice sites

SON e4 e5* * e4 e5

e7 ex9* *e8 e7 e9

Intron retention and skipping of (alternative) exons

e8



SON haploinsufficiency downregulates genes 
essential for neurodevelopment in patients

Gene selection for RNA expression analysis based on downregulation of these genes in 
SON knockdown in cell line systems, and known to cause disease by themselves
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Dosage effects of essential developmental genes 
result from erroneous SON-mediated RNA splicing
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Kim, Shinde, Reijnders et al. Am J Hum Genet 2016

SON haploinsufficiency causes a novel ID syndrome by erroneous splicing



Let’s go back to statistics, 
mutation location and 

the legend of Abraham Wald



Abraham Wald’s theory of survivorship bias

bullet hole

BDomain A C

Protein X

Bullet h
oles ≈

 ExA
c

Absence of missense variation 
in ExAc define the critical 
regions

Any de novo mutation in a 
patient is highly interesting

Clustering suggestive for 
mechanisms other than 
haploinsufficiency

Missense variant



How to identify clustering?
Mutual distance of all missense variants

Permutation 1Permutation 2Permutation 3Permutation 4

Distance

Permutation based distribution
of mutation distance

Fr
eq

ue
nc

y

p-value
significance of finding that the 
permutated distance is smaller or 
equal to the observed distance

Genes with 
mutation cluster

COL4A3BP



15 genes with clusters of missense mutations

de novo missense mutations

Genes with a significant cluster

de novo variants

15 0

6,495

4,061

1,942

1,269

Patients
(n= ~5,300)

Controls
(n= ~2,400)

Denovo-dB: Turner et al. Nucleic Acids Research (2016)



15 genes show clustering of missense mutations

• 12 genes are well-known ID genes
For all, the disease mechanism is reported to be gain-of-function or dominant-negative

• 3 genes have not been implicated in ID before, but they are 
important for neurodevelopmental processes

Can 3D structural 
modelling help to 
understand the 
underlying disease 
mechanism?



3D modeling: mutational mechanisms
Ø De novo missense variants in non-haploinsufficiency genes are located at 

the surface of protein structures
Ø They disrupt protein-protein interactions (complex formation), rather than 

protein folding (stability)

GNA1 
(Haploinsufficient mechanism) 

PPP2R5D 
(Non-haploinsufficient mechanism) 
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3D protein modeling: mutational mechanism

Genes with clustering mutations show mutation clustering at the 

protein surface and suggest non-HI mechanisms as underlying cause

• HI genes: 25 genes, 75 de novo 
missense mutations

• Non-HI genes: 10 genes (incl. ACTL6B
and GABBR2), 48 de novo missense 

mutations

Lelieveld , Wiel et al. AJHG 2017

34%

24%

42%

61%

28%

11%

P<0.05

HI         non-HI



- Novel genes for ID and/or NDD (and beyond)
- Insight into disease mechanisms and underlying biology

Why NGS innovation matters in diagnostic care

*Lelieveld & Reijnders et al. Nat Neurosc 2016; Lelieveld & Wiel et al AJHG 2017

28,1%

70,6%

n = 2,419

n = 713

n = 30

ID trios @Radboudumc
(with consent for diagnostic 
innovation)

Patients with a de novo 
mutation any of the known 
~1,000 ID genes

Patients with a de novo 
mutation in one of the 13* 
novel genes

>200 patients per year 
in Europe alone!



Exome vs. Genome sequencing
in a clinical setting



Diagnostic yield of current technologies

1. Vulto-van Silfhout et al. Human Mutation 2013
2. De Ligt et al. New England Journal of Medicine 2012

1 2

Cumulative estimate: conclusive diagnosis in 

~35.5% of patients with severe ID

50 ‘WES negative’ 

patients for WGS

• Sequence 50 patient-parent trios in collaborative project

• Sequence depth: 80-fold



WGS with focus on clinically relevant mutations

Did WES/ arrays miss mutations?

What is the added diagnostic value of WGS over WES?

1.

Non-coding SNVs, and SVs affecting known ID genes
UTR
Introns
Promoters

Re-assess the coding sequence for SNVs and CNVs

2.



26% of cohort has a clinically relevant de novo SNV

Genes previously
implicated in ID

Novel Candidate
ID gene

Nonsense mutation RAI1
SCN2A
TBR1
POGZ

ASUN
APPL2
SON

Missense mutation KCNA1
TBR1

SPTAN1
MED13L
PPP2R5D

NGFR
GFPT2
BRD3
NACC1
MAST1

Insertion/deletion WDR45
SMC1A
SATB2

Synonymous w/
effect on splicing KANSL2 WWP2



Structural variation dectection in WGS

• Read depth approach

16% of patients has a clinically relevant SV

• Discordant reads pairs/ split reads method



De novo intra-exonic deletion MECP2 exon4

FW1

RV1

FW2

RV2

Girl, with signs of Rett syndrome
MECP2 tested by Sanger sequencing and no mutations identified
Exon 4: ~1kb in size, amplified by two PCRs

one MLPA probe for CNV detection

MLPA probe

breakpoint



A de novo duplication on chromosome 4….

patient

father

mother

Chr4(GRCh37):g.183693000-183756000
Estimated size ~60 kb

Contains one gene (in part): TENM3

Chromosome 4 

Lo
g2

 ra
tio



Duplication inserted into chromosome X…



….creating a stable fusion gene disrupting IQSEC2



So what about non-coding variants in ID...?

Location* # variants
Non-coding 43

Promoter 1

Intron 38

Splice site 1

3’UTR 1

5’UTR 3

Ø Predicted effect on splicing? NO
Ø Predicted effect for miRNA binding? NO
Ø Predicted effect promotor? Weak, and gene does not 

fit patients phenotype

Ø Role? Significance? Currently unknown....
BUT………..

*of known ID genes (n=528)



De novo 5´UTR SLC2A1 causes GLUT1 deficiency
c.1 c.*1666

c.-107G>A

a

b
c.19c.1

Wildtype initiation site

Mutant initiation site 

5’-UTR

c

Willemsen et al. EJHG 2017

SLC2A1 5’-UTR GFPex1
wt ATG

GFP
wt ATG out of frame with GFP

GFP
c.-107G>A in frame with GFP 

wt ATG out of frame with GFP

GFP
c.-107G>A out frame with GFP 

wt ATG out of frame with GFP

SLC2A1 5’-UTR GFP
c.-107G>A out frame with GFP 

wt ATG in frame with GFP

DAPI GFP merge
a’ a’’

c.-107G

c.-107G
a’’’

b’ b’’ b’’’

c’ c’’ c’’’

d’ d’’ d’’’

e’ e’’ e’’’

SLC2A1 5’-UTR

SLC2A1 5’-UTR

SLC2A1 5’-UTR

ex1

ex1

ex1

ex1

20 kD

25 kD

37 kD

50 kD

d

Green: Tubulin (loading control); Red: SLC2A1



What if... WGS would be introduced in clinic

WGS has the potential to provide a conclusive molecular diagnosis 
for 62% of patients with severe ID

Cumulative estimate of cases solved
standard diagnostics

Cumulative estimate of cases solved
with WGS

36%

64% 62%

38%

Gilissen & Hehir-Kwa et al. 2014 Nature

WGS provided a conclusive genetic diagnosis in 21/50 cases



Take home messages

1. Exomes are a (cost-)effective strategy in clinic and 
outperforms routine diagnostic by number of diagnoses

2. Statistical large-scale analyses on existing WES data 
allows identification of novel disease genes

3. WGS provides a better representation of the exome and 
more detailed insight in structural variation

4. Most disease causing mutations are located in coding 
sequence, and the importance of non-coding mutations 
is largely to be explored



With NGS in clinic,                  
close worldwide collaboration 

between all stakeholders,                     
especially patients, clinicians 

and researchers, 
is required to                                    

solve rare disease
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Are the same diagnosis obtained?

Yes Possible No Total

Yes 8 - 3 11

No 36 41 62 139

Total 44 41 65 150

St
an

da
rd

WES

Genetic
 

path

Hypothesis:
WES will detect the vast majority, if not all, mutations identified in routine 
diagnostic genetic testing

Standard care did better 

WES did better



Standard care did better?

• In 3 patients WES did not identify the genetic cause of disease, whereas 

the standard of care did.

Disease Cause Why missed by WES

FraX CGG triplet repeat expansion
Triplet repeat expansions cannot be 
detected by WES

PMR
Mosaic 27Mb duplication on 

chr 7 (20-30% cells)

Mosaic CNV detection in WES still being 
optimized. In retrospect, CNV is visible in de 
data

Benign 

hereditary

chorea

NKX2-1 9bp duplication

Larger indels are difficult to detect using 
WES and depend heavily on sequence read 
length


