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Why are we different?



1. Nature of variation
2. Types of mutations and their consequences
3. Variation in individual genomes
4. Origin and frequency of different types of mutation
5. Consequences for molecular diagnostics of WES/WGS
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Human Genetic Variation



Causes of genetic variation
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Types of variation and their consequences

• Chromosomes & Copy number variation => see lesson on chromosomes
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SNPs : Common variation in the genome
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SNPs : Common variation in the genome



Point mutations (SNV)
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Deletions and insertions (indels)
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Point mutations origin

• During replication (1 mutation/cell division)
• DNA damage

• Estimated to be 10000- 1M nucleotides are damaged/human/day
• Spontaneous chemical processes: e.g. Depurination, 

Demethylation, Deamination
• Chemical mutagens (natural or otherwise)
• Ionizing and UV radiation

• DNA damage is repaired, but some remain. 
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Mutational signatures



Splice consensus signals

Human Genetic Diversity13



Human Genetic Diversity14



Goldfeder et al. (2016). Medical implications of technical accuracy in genome sequencing. Genome Medicine (2016) 8:24

Het humane genoom bevat 50% repeats
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Het humane genoom bevat 50% repeats

Repeats

Interspersed 
Repeats (SINEs, 

LINES, LTRs)

Tandemly repeated 
sequences (simple 
sequence repeats)

Minisatellites
(12-500 bp units)

Simple Sequence 
Repeats

(1-12 basepair units)
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Short tandem repeat (STR)
• Short tandem repeat = Microsattelites = Variable

number of tandem repeats = simple sequence repeats

• They have specific unit: e.g. CGG

• That is repeated: 
CGGCGGCGGCGGCGGCGG

• ± 1 miljoen STRs in the human genome

• Tandem repeats can have a big impact on phenotype
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A schematic of a hypothetical microsatellite marker in 
human DNA.



(CGG)n (GAA)n (CAG)n   (CTG)n

5’UTR 
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INTRON EXON 3’UTR

Friedreich ataxie Huntington
Kennedy
SCA1, 2, 3, 6, 7
DRPLA

Steinert
SCA8

Tandem repeats in genes are associated with disorders 
characterized by anticipation
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• Autosomal dominant
• Trinucleotide repeat expansion

Myotonic dystrophy (Steinert disease)
(as an example)
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DMPK pre-mRNA with relationship between 
CUG repeat size and phenotype. 

Chris Turner, and David Hilton-Jones J Neurol Neurosurg
Psychiatry 2010;81:358-367 Human Genetic Diversity21



• Anticipation
• Increasing severity and successive generations

• Maternal transmission for large expansions

• Often paternal transmission in case of smaller 
expansions.  

Myotonic dystrophy (Steinert disease)
Hereditary aspects
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DM: anticipation
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Myotonic dystrophy (Steinert disease): detection

n = 4-12

n = 1500

n = 100

n = 500
n = 350

n = 35
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Southern blot om lange expansies te bepalen:

1. Knippen van humaan genoom met restrictie enzymes
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Southern blot to detect large expansions

9682 bp

-> Fragment can be recognized via probe
-> Fragment will be larger with larger expansions

Human Genetic Diversity26



Long expansions can be detected by Triplet primed-PCR 
(TP-PCR)

Kan de lengte van lange expansies niet bepalen Human Genetic Diversity27
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Triplet primed PCR



Active mobile elements in the human genome

Sargurupremraj and Wjst Respiratory Research 2013, 14:99 Human Genetic Diversity29
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Variation in individual genomes
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1000 genome project/resource
• Comprehensive description of common human 

genetic variation
• Latest report: genomes of 2,504 individuals from 

26 populations using a combination of low-
coverage whole-genome sequencing, deep exome 
sequencing, and dense microarray genotyping. 

• Results:
– over 88 million variants (84.7 million single nucleotide 

polymorphisms (SNPs)
– 3.6 million short insertions/deletions (indels), and 

60,000 structural variants), all phased onto high-quality 
haplotypes. 

– This resource includes >99% of SNP variants with a 
frequency of >1% for a variety of ancestries. 

A Auton et al. Nature 526, 68-74 (2015) doi:10.1038/nature15393 Human Genetic Diversity32



A Auton et al. Nature 526, 68-74 (2015) 
doi:10.1038/nature15393

SNP variation/population
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A Auton et al. Nature 526, 68-74 (2015) doi:10.1038/nature15393

SNP variation/population

Human Genetic Diversity34



Structural variation
genome aggregation database or GnomAD
Based on short read sequencing in 14290 genomes
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Structural variation characteristics
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Mapping full spectrum of structural variation
• Human Structural variation consortium

• Comprehensive structural variation analysis with a multitude of techniques.

• 3 parent-child trios (Han, Puerto Rican, Yoruban)
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Per genome variation
(3-7x more than known from short read sequencing)

818000 indels (<50bp)
31599 structural variants (>50bp)

156 inversions (>50bp)
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Origin and frequency of de novo variation
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Selection-mutation balance
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Estimated de novo mutations per exome: 
1.4 exonic mutatons/ individual

Frequency of de novo mutations
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Collins et al., Nature, 2020

0.29 de novo SVs per generation in regions of the genome accessible to
short-read WGS  or 1 per 2-8 live births

Frequency of de novo structural variation
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Collins et al., Nature, 2020

Frequency varies along types of SVs
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Overview



Molecular diagnostics WES/WGS

A few genes
genen (1-5)

Panel of 
genes (1-100)

All genes

PCR + 
sequencing

Sequence capture
‘targeted capture’

Whole genome
sequence

low

high
ease of 
interpretation

chance of:
- Finding the

causal variant
- Variants of 

unknown
significance
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Interpretation of variants

• Databases
• SNP Databases > population frequenties
• (internationale en lokale) mutation databases
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Aims

Material and 
methods

Added value of 
NGS in 

heterogeneous 
disorder

Added value of 
NGS in very rare 

disorders
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HSP1 124255 121566 119990 10941 1447 8  2 7 12 22 20 71 
AD filter      0  2 3 11 5 11 32 

IGV manual filter      0  2 0 9 2 6 19 
HSP2 136348 132897 131361 12629 1579 4  6 8 22 28 19 87 

AD filter      4  6 3 22 12 9 56 
IGV manual filter      1  6 2 20 2 3 34 

HSP3 132074 129033 127452 12663 1670 3 21 3 8 33 19 33 120 
AD filter      3 21 3 1 33 11 11 83 

IGV manual filter      0 13 3 0 31 2 3 52 
HSP4 142886 139516 137912 14089 1676 2 13 6 0 23 22 28 94 

AD filter      2 13 6 0 11 22 10 64 
IGV manual filter      2 9 1 0 4 19 0 35 

HSP5 144163 140673 138947 14421 1666 12  1 13 18 13 24 81 
AD filter      1  1 6 12 7 11 38 

IGV manual filter      1  1 3 4 1 5 15 
HSP6 146582 143457 141854 15320 1834 10  10 6 14 23 29 92 

AD filter      5  7 4 14 12 16 58 
IGV manual filter      0  4 0 10 0 5 19 

HSP7 138251 135430 133714 14355 1682 2  6 9 14 21 37 89 
AD filter      2  6 5 14 6 16 49 

IGV manual filter      0  6 1 14 0 10 31 
HSP8 141432 138077 136365 13863 1586 2 9 0 8 31 16 22 88 

AD filter      2 9 0 8 31 11 12 73 
IGV manual filter      0 8 0 0 26 1 6 41 

mean total  138249 135081 133449 13535 1643 5 14 4 7 21 21 27 99 
mean after AD filter      2  4 4 19 11 12 51 
mean after IGV MF      0,50 10 3 1 15 3 5 37 

 

IG
V

BAF >0,25

HSP: trio-based WES analysis of a cohort of 8 patients
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gnomAD (past Exac) database
Gene identification from genome wide population sequencing data based on 140000 exomes
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Probability of being LOF intolerant

• Haploinsufficiency to estimate the total number of 
autosomal recessive human protein-coding genes based
on mutation tolerance

• Haploinsufficient genes do not tolerate loss-off-function
(LOF) variants in one of the two alleles.  

• Their probability of being LOF intolerant (pLI) is thus
close to 1. 

• In Gnomad pLI is measure by analysis of 140k exomes
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Database of genomic variants
(curated structural variation)



Human Gene mutation database
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Clinvar
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Plon SE, Eccles DM, Easton D, et al. Sequence variant 
classification and reporting: recommendations for improving the 
interpretation of cancer susceptibility genetic test results. Hum 
Mutat. 2008; 29:1282–1291. [PubMed: 18951446] 
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Patel et al. Genome Medicine 2017
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Genetic testing

Molecular testing

Molecular cytogenetic
testing

Cytogenetics

1 disease
1 (single) mutation

1 disease
1 gene

different diseases
1 (single) gene

1 disease
few genes

different diseases
many genes

(un)known defect
karyotyping

1 disease
1 chromosomal

anomaly

different diseases
different anomalies

total
genome
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Whole-Genome SEQUENCING
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MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis

Anamnesis:

• Only child of an healthy unrelated couple. 

• At birth facial dysmorphism with polymalformative syndrome

• Large anterior fontanella  

• Microcephaly

• Right-turning aortic arch

• Abdominal wall hypoplasia with protruding navel

• Cleft palate

• Hypoplasia of the scrotum 

• Cryptorchidia

• Major hearing loss (bilateral cochlear implant)

• Hypertension due to the presence of the aortic malformation. 

• Feeding problems

• Short stature

• Congenital thoracic vertebral fusion  severe torsional scoliosis 

Patient 1

Molecular analysis:
• Karyotyping
• FISH for 22q11.2 and 9p-
• Array-CGH 

• 8q12.1(56899737-57048789)x3mat 
• 16p13.3(4379999-4443009)x3mat 
• likely benign
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• Hypotonia

• Failure to thrive

• Progressive macrocephaly (H&W at p3, OFC at p97) 

• Periventricular leukomalacia on imaging

• Epilepsy, treated with Depakine

• Frontal bossing 

• Deep-set eyes 

• Downslanting palpebral fissures with mild ptosis

• Mild hypertelorism

• Mild intellectual disability, with a social and cheerful character 

• Clear picture of ectodermal dysplasia

• Very slow growth of hair and nails 

• Mild alteration of pigmentation of maxillary incisors primary teeth

• Small and fragile teeth

Patient 2

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis

Molecular analysis:

• Array CGH

• Fragile X

• PTEN, MID1 and NEMO genes
• gene panel for Rasopathies

(PTPN11, SOS1, RAF1, RIT1, KRAS, BRAF, 
MEK1, MEK2 and HRAS) 

• Mendeliome in 2015
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Number of variants
Filtering criteria Patient 1 Patient 2

Total 108071 105933
Not in negative panel 104375 102349
Not in-house class 1-2 102901 100890

Frequency < 2% 8337 8083
Exonic and splice site variants 1450 1351
x-linked + recessive + de novo 95 75

AD filtering 60 58

SNVs Analysis:

Negative

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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Number of variants
Filtering criteria Patient 1 Patient 2

Total 108071 105933
Not in negative panel 104375 102349
Not in-house class 1-2 102901 100890

Frequency < 2% 8337 8083
Exonic and splice site variants 1450 1351
x-linked + recessive + de novo 95 75

AD filtering 60 58

SNVs Analysis:

Negative

de novo 

c.430dupG -

p.Ala144Glyfs*52 

in HIST1H1E

HISTONE GENE CLUSTER 1, H1 HISTONE 
FAMILY, MEMBER E; HIST1H1E
HGNC Approved Gene Symbol: H1-4
Cytogenetic location: 6p22.2
Genomic coordinates (GRCh38): 6:26,156,330-26,157,114 (from NCBI)

Location Phenotype
Phenotype
MIM number Inheritance

6p22.2 Rahman syndrome 617537 AD

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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https://www.genenames.org/tools/search/#!/genes?query=H1-4
https://www.omim.org/geneMap/6/135?start=-3&limit=10&highlight=135
https://genome.ucsc.edu/cgi-bin/hgTracks?db=hg38&position=chr6:26156330-26157114&dgv=pack&knownGene=pack&omimGene=pack
https://www.ncbi.nlm.nih.gov/
https://www.omim.org/geneMap/6/135?start=-3&limit=10&highlight=135
https://www.omim.org/entry/617537


c.430dupG   p.Ala144Glyfs*52 

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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CNVs Analysis: Negative
SVs Analysis: Number of variants

Total 20414
Filtering criteria DEL/DUP/INV INS BND

Good quality and rare 737 3795 2827
> 10 bp * 165 *

De novo and recessive containing 
gene and/or regulatory regions 

44 20 40

IGV manual filtering 3 4 0

Inversion 

chr8:69893659-76806725
6,9 Mb

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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INVERSION

Patient

Father
Mother

Patient

Father
Mother

8

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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ZFHX4

ZFHX4

ZINC FINGER HOMEOBOX 4; ZFHX4

Alternative titles; symbols
ZFH4

HGNC Approved Gene Symbol: ZFHX4
Cytogenetic location: 8q21.13 Genomic coordinates 
(GRCh38): 8:76,681,218-76,867,284 (from NCBI)

Gene-Phenotype Relationships

Location Phenotype
Phenotype
MIM number Inheritance

8q21.13 ?Ptosis, congenital 178300 AD

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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https://www.genenames.org/tools/search/#!/genes?query=ZFHX4
https://www.omim.org/geneMap/8/329?start=-3&limit=10&highlight=329
https://genome.ucsc.edu/cgi-bin/hgTracks?db=hg38&position=chr8:76681218-76867284&dgv=pack&knownGene=pack&omimGene=pack
https://www.ncbi.nlm.nih.gov/
https://www.omim.org/geneMap/8/329?start=-3&limit=10&highlight=329
https://www.omim.org/entry/178300


• Round face with full cheeks
• High forehead
• Ptosis
• Corneal opacities
• Wide nasal bridge
• Underdeveloped alae
• Short philtrum
• Cupid's bow of the upper lip
• Downturned corners of the mouth
• Micrognathia
• Low-set and prominent ears
• Short neck

• Camptodactyly
• Syndactyly
• Broadening of the first rays
• Hypotonia
• Impaired balance
• Sensorineural hearing loss
• Underdeveloped corpus callosum
• Unusual behavior

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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22 years old
• Non-consanguineous, healthy parents
• Ventricular septum defect
• Coarctation of the aorta
• Horseshoe kidney
• Bilateral choanal atresia
• Clinodactyly of the third and fourth finger 
• Bilateral sandal gap
• Short stature
• Hyperextension of the knees and slumped shoulders
• Hypogenesis of the abdominal mesentery
• Mild intellectual disability
• Facial dysmorphism

• Midfacial hypoplasia
• Short palpebral fissures
• High-arched palate
• Undersized maxilla resulting in a nasal speech
• Ptosis of the upper eyelids
• Smallmouth and ears 
• Horner’s syndrome

Molecular analysis:
• CHD7 negative
• Array-CGH negative

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis

Human Genetic Diversity81



Filtering criteria Number of variants
Total 6,912,472
De novo variants 102,190
Rare variants (MAF<1%) 69,071
Exonic and splice-site variants 223
CADD > 20 142
Excluding synonymous variants 91

SNVs Analysis:

Negative

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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CNVs Analysis:

• fold change under 0.7 and above 1.3
• good mappability
• de novo 

deletion 
chr6: 149,308,196 - 149,360,335 

in TAB2 gene

IGVArray-CGH

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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Gene expression

qRT-PCR 
with 2 different primer pairs mapping to the exon 3

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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• CHDs
• Facial dysmorphism
• Growth failure
• Joint laxity
• Hypotonia
• Connective tissue abnormalities 
• Developmental or intellectual 

disability

• Horseshoe kidney
• Bilateral choanal atresia
• Hypogenesis of the abdominal 

mesentery

MCA/ID: trio-based WGS analysis of 3 patients with unknown clinical diagnosis
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Analysis of the complete genome (SNPs + CNVs)
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Analysis of the complete genome

Diagnostic yield: 62%
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The burden of autosomal recessive diseases in rare 
developmental disorders

• DDD study
• 3.6% autosomal recessive
• 40% de novo coding mutations

• Pakistani study:
• 30.9% autosomal recessive
• 30% de novo dominant
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gnomAD (past Exac) database
exercise
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We are all mutants!
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