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Overview

• Chromosomal rearrangments
• Technologies for CNV detection
• Clinical consequences
• Mechanisms of origin



Chromosomal abnormalities

Numerical Structural



Numerical chromosomal abnormalities

Numerical Structural

Polyploidy
Aneuploidy



Normal Diploid 



Triploidy

1-3% of all pregnancies
15-20% of all chromosomally abnormal miscarriages



Paternal triploidy (diandry)

(often partial hydatiform moles)

Maternal triploidy (digyny)

(aborted during early pregnancy)

The phenotype of a triploïde foetus is dependent on the 
parental origin (maternal or paternal).  Dit verschil wordt 

veroorzaakt door imprinting. 
Aneuploidy

Triploidy phenotype



A & C:  Diandry
B:  Digeny

Aneuploidy

Origins of Triploidy



Haploidy



• Ovarium teratoma: Germ line tumors with only 
maternal genome. (parthenogenetic?). 

• Mola hydatiformis (schijnzwangerschap): Only the 
development of a trophoblast but not of a fetus.  
Contains only a paternal chromosome.  

Phenotypes of maternal or paternal only 
genomes (endoreplicated haploid)



“Heterogoneic” genome segregation:
Maternal and paternal genomes segregate?

Destouni and Vermeesch, BioEssays, 2017
Destouni et al., Genome Research, 2016
De Coster, Genome Biology, 2022



Tetraploidy

Likely the result of failure of 
completion of early zygotic division



Aneuploidy

Variation in the number of particular chromosomes within a 
set



Aneuploidy

• Variation in the number of particular chromosomes within 
a set

45 47



Aneuploidy due to mitotic errors

Chromosome loss due to
 anaphase lagging

Chromosome gain and loss 
due to non-disjunction



26 4 0,3

Hassold, 1986

Trisomy is the most frequent genetic anomaly in human 
and the most important cause of miscarriages



Incidence of chromosome abnormalities in 
newborns



Unbalanced rearrangements

Numerical Structural

Unbalanced: 
abnormal phenotype



Chromosomal rearrangements resulting in 
copy number variation

Unbalanced
CNV

balanced



Deletions



Duplications



Ring Chromosome



Isochromosomes



Balanced rearrangements

Numerical Structural

Balanced: normal 
phenotype



Inversions



Inversion loop at meiosis



Inversions



Crossing-over in pericentric inversion loop



Translocations



Reciprocal translocations



Reciprocal translocatins: quadrivalent



Robertsonian translocations: trivalent



Insertion = non-reciprocal translocation



Overview

• Introduction
• Technologies for CNV detection
• Mechanisms of origin
• Clinical consequences
• Technical aspects



Techniques to study chromosomes

Conventional 
karyotyping

Fluoresence 
In-Situ 

Hybridisation

Molecular 
karyotyping

Massive 
parallel 

sequencing



Spectrum of resolution in chromosome 
and genome analysis



Techniques to study chromosomes

Conventional 
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In-Situ 
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Conventional karyotyping



PHA stimulation 

• Lymphocytes are differentiated cells which do normally no 
undergo subsequent cell divisions.

• By culturing lymphocytes in the presence of a mitogen, 
they are stimulated to replicate their DNA and enter into 
mitosis.

• Transformation of lymphocytes  into lymphoblasts can be 
induced by phytohemagglutinin (PHA), a mitogenic lectin 
extracted form red kidney beans.



Cell synchronisation

Methotraxate (MTX): 
• Inhibits dihydrofolate reductase
• blocks cell division at the G1/S border

5-bromodeoxyuriding (BrdU):
• an analog of thymidine
• releases the block  

Folic acid cycle:
Folic acid is 
required for 

incorporation of 
thymidine during 
DNA synthesis



Colchicine

Colchine:
• acts to prevent the synthesis of spindle fibers
• inhibits microtubule polymerization by binding 

to tubulin
• stops mitosis in metaphase

MITOSIS



Harvesting

Hypotonic solution:
• Cells swell
• Chromosomes 

spread



Harvesting

Hypotonic solution:
• Cells swell
• Chromosomes 

spread

Fixation = Methanol : Acetic Acid 3:1



Chromosome spreads

Chromosomes are spread onto microscopic glass 
slides under temperature and humidity (60%) 
controlled conditions.



Chromosome banding



Chromosome banding



Chromosome banding



Chromosome banding



Microscopic imaging 



Karyotyping 

47,XY,+21 46,XX,t(9;22)(q34;q11) 



ISCN: International standards cytogenetic 
nomenclature 





STRUCTURAL CHROMOSOMAL 
ANOMALIES: ISCN 

Deletion del(1)
Duplication dup(1)
Inversion inv(1)
Isochromosome i(1)
Ring chromosome r(1)
Marker chromosome +mar
Translocation t(1;2)
Robertsonian translocation    t(13;14)
Insertion





Techniques to study chromosomes

Conventional 
karyotyping

Molecular 
karyotyping

Massive 
parallel 

sequencing
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In-Situ 

Hybridisation



Fluorescence In Situ Hybridisation



Interphase FISH



Metaphase FISH



Multicolor FISH



Fiber FISH

Demaerel et al., Genome Research, 2019 



Optical mapping
Bionano mapping

https://www.youtube.com/watch?v=S2ng6glu04I



Structural variation types



© 2016 Sanders et al.; Published by Cold Spring Harbor Laboratory Press

Strand-Seq
(inversions, larger SVs)



Chromosome conformation capture
(changes in TADs structure can identify SVs)

Lieberman-Aiden et al., 2009, Science



Techniques to study chromosomes

Conventional 
karyotyping

Molecular 
karyotyping

Massive 
parallel 

sequencing

Conventional 
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Molecular 
karyotyping

Fluoresence 
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Hybridisation



Microarrays



Array Comparative Genomic Hybridization



Deletions and duplications

Ratio Red/green= 3/2=1.5
Log2 = 0.56Patient   rood

Controle groen

Duplication

Ratio Red/green= 1/2=0.5
Log2 = -1

Patient   rood
Controle groen

Deletion



Oligonucleotide-based Array CGH: 
genome wide view



Oligonucleotide-based Array CGH

duplication

Deletion



Unbalanced translocation:
der(7)t(5;7)(q35.2qter;q36.1qter)

• 5 Mb gain of 5q and 8 Mb loss of 7q
• Typical pattern associated with an unbalanced translocation



?



Array resolution depends on

Depends on number of targets 

(The more targets the higher the resolution)

and

 –STANDARD DEVIATION (the variability of intensity ratio)

- DYNAMIC RANGE of individual targets

- DATA ANALYSIS



Reference

• DNA from normal individual
– Who’s normal?

• DNA from a mixture of individuals
– How many?
– Which?
– Value?

• DNA from other patients
– When?
– Three way hybridisations

• DNA from same individual (for acquired disorders only)



Genome wide genotyping techniques

Affymetrix (arrays) Illumina  (Chips) 

1.6 cm2

30X



Illumina: Infinium set-up

SNP1                   SNP2                     SNP3   - - - - - SNP

A-DNP C-Bio C-BioA-DNP
A-DNP C-Bio

SNP1                     SNP2                     SNP3   - - - - - SNP

TT GG G T

(whole genome amplified DNA)20h 37°C

AA BB AB



Visualisation of CNV & SNP data

B-allele frequency plot



Principles of B-allele frequency plot
Disomy

Ref       CTCCGATCTCTGGCTCCCCGAATATATTA

Allel 1:  CTCAGATCTCTGGGTCCCCGACTATATTA
Allel 2:  CTCCGTTCTCTGGGTCCCCGAATATATAA

Allel B

Allel A

BB

AB

AA

0.5
0

1



Ref:      CTCCGATCTCTGGCTCCCCGAATATATTA

Allel 1:  CTCAGATCTCTGGGTCCCCGACTATATTA
Allel 2:  CTCCGTTCTCTGGGTCCCCGAATATATAA
Allel 3:  CTCCGTTCTCTGGGTCCCCGAATATATAA
Allel B

Allel A

BBB

ABB

AAB

AAA

Principles of B-allele frequency plot
Trisomy

0.33
0

1
0.66



Visualisation of CNV & SNP data



Allele A

Allele B

Monosomy



Triploidy

Log2 R

AAA

AAB

ABB

BBB



Copy number?



???



Conlin et al., Hum. Mol.Gen.,2010 

Mosaic aneuploidies



Karyotyping FISH Micro-array

��
Genome-wide

Detection of 
balanced and 
unbalanced 

rearrangements

High resolution

Fast

Genome-wide

High resolution

��
Low resolution

Labour-intensive

Subjective => 
skilled personnel

Locus specific

A priori knowledge 
necessary

No detection of 
balanced 

rearrangements



Advantages of SNP arrays

• SNP arrays have the added advantage of obtaining 
genotyping, which can be used to identify regions of 
homozygosity and can detect triploidy

• Homozygosity may indicate
• Uniparental disomy (UPD) –although only isodisomy can be 

identified with SNP arrays
• Absence of heterozygosity (AOH) in constitutional postnatal, 

prenatal) cases
• Loss of heterozygosity (LOH) in cancer cases (acquired regions 

of homozygosity)



Massive parallel sequencing



Read-depth Analysis

Deletion

Duplication

Mean 
Coverage



Paired-end Mapping

c
d

Expected     > Cd
(deletion)

      < Ci
(insertion)

c
i

Reverse orientation
(inversion)



Split-read Analysis

Deletion Insertion



Read-depth reveals copy number variation

Chr.2 Chr.19



Overview

• Introduction
• Technologies for CNV detection
• Clinical interpretation & 
consequences

• Mechanisms of origin



??
15 years ago

Question: Can 
submicroscopic 
imbalances explain the 
cause of the MCA/MR?



15% of developmental anomalies 
can be explained by CNV’s

16

16
22

Deletions

Duplications



For all recurrent deletion syndromes the 
reciprocal duplication is now identified

A syndrome of short stature, microcephaly and 
speech delay is associated with duplications 
reciprocal to the common Sotos syndrome 

deletion 

Franco et al., Eur.J. Hum. Gen., 2011



Accumulation of non-recurrent imbalances 
leads to the functional identification of genes 

J.Med.Gen., 2011



Molecular mechanisms by which chromosomal 
rearrangements can influence phenotypes



CNVs as cause of developmental disorders 



The Bad News : We Are All  Variable

~35% of the Genome is Copy Variable in Normal Individuals



Criteria For Determining Pathogenicity



The Challenge : 
Which Variants Are Causal For The Phenotype? 

Conventional Wisdom:

Recurrent imbalances with same phenotype are causal

The larger the size,  the more likely causal

Population embedded CNVs are benign

Inherited imbalances are benign whilst de novo imbalances are causal



Identification of Recurrent Imbalances 
& Associated Phenotypes



The Challenge : 
Which Imbalances Are Causal For The Phenotype? 

Conventional Wisdom:

Recurrent imbalances with same phenotype are causal

The larger the size,  the more likely causal

Population embedded CNVs are benign

Inherited imbalances are benign whilst de novo imbalances are causal



Rare CNVs Megabases in Size Are 
Observed in Normal Individuals

Size Alone Is Not A Good Determinant
Nor Occurrence In Apparently Normal Individuals



The Challenge : 
Which Imbalances Are Causal For The Phenotype? 

Conventional Wisdom:

Recurrent imbalances with same phenotype are causal

The larger the size,  the more likely causal

Population embedded CNVs are benign

Inherited imbalances are benign whilst de novo imbalances are causal



De novo is not always causal

20

855L24

del 20

Sequencing of MLL2 shows de novo mutation 
in this patient!!

Vermeesch et al., EJHG, 2011



An estimated 1 out of 5 CNVs between 60 & 500 
kb are benign!

Itsara et al., Genome Research, 2010

• De novo CNV mutation rate: 2.5/100 live births
• A fourfold increase of de novo CNVs in autism spectrum 
patients

•=> 1/5 de novo CNVs  is benign

For smaller CNVs this frequency is likely higher!

Van Ommen al. Nature Gen. 2005:

1 deletion every 8 generations and a duplication of 1/50 
generations

Vermeesch et al., EJHG, 2011



The Challenge : 
Which Imbalances Are Causal For The Phenotype? 

Conventional Wisdom:

Recurrent imbalances with same phenotype are causal

The larger the size,  the more likely causal

Population embedded CNVs are benign

Inherited imbalances are benign whilst de novo imbalances are causal



Databases of Genomic Variants : 
Catalogue of ‘Benign’ CNVs

• Databases Of ‘Benign’ CNVs Have 
Limited Value For Clinical Assessment

• Beware of ‘HapMap bias’

Toronto Database of Genomic Variants



Mendelian CNVs: 
a paradigm shift in (cyto)genetics

Inherited apparently benign CNVs 
CAN cause disease 

“Mendelian CNVs” is the term coined here to indicate 
benign CNVs which can cause disease dependent on either 
copy number state,  inheritance pattern or genetic and 
environmental background.



Mendelian CNVs: New wine in old bottles

• Autosomal recessive
• Autosomal dominant
• X-linked
• Imprinted CNVs
• Variable expressivity and incomplete penetrance



Autosomal recessive CNVs

Nullisomy

Mother: 1Father: 1

Child: 0

Mother: 1Father: 2

Child: 0

de novo is not necessarily de 
novo 

Hemizygous and mutation 
in second allele

Mother: 1Father: 2

Child: 1

Inherited deletion IS causal 



An example: Cohen syndrome 

• Autosomal recessive inheritance: 
mutations in VPS13B (COH1)

• Phenotype
– mild to severe MR
-  microcephaly
- Truncal obesity
- Characteristic face
- Specific behavior 
- Retinal dystrophy , high myopia 

(retinal detachment, cataract)



Autosomal recessive spastic ataxia of 
Charlevoix-Saguenay (MIM: 270550)

• Features:
� Ataxia 
� Dysarythria
� Spasticity
� Distal muscle wasting
� Nystagmus
� Mitral valve prolapse (57%)
� Prominent myelinated retinal 

nerve fibers
• Brain MRI: cerebellar atrophy 

of the upper part of the 
vermis and the superior 
cerebellar peduncles 

Breckpot et al., EJHG 2007



Inherited mutation, de novo deletion

Breckpot et al., EJHG 2007

Mother 2
Expressed 2

Father: 2
Expressed 1

Child: 1
Expressed 0



Autosomal recessive CNVs

Critical copy number 
due to combinations 

of alleles

de novo is not necessarily de 
novo 



Autosomal recessive CNVs: 
The first example?



Autosomal dominant CNVs

de novo is not necessarily 
de novo: 

Condition: The region = CNV in some 
individuals:

Mother: 2Father: 2

Child

Mother:Father

Child

Duplications
Amplifications

“de novo = de novo”
i.e. there is no inheritance 

mechanism to explain a new 
amplification 

(intensity ratio difference with 
parents> 1.5)



Autosomal dominant CNVs

amplification at single allele
Autosomal dominant 

De novo



An amplification linked to autosomal dominant inherited 
microtia

A B

C D
microtia Lacrimal duct obstruction 

Colobomata

Balikova et al., AJHG, 2008



An amplification linked to autosomal dominant inherited 
microtia



The alteration is located within the 
4p olfactory receptor gene cluster

Five exact tandem copies of ~750 
kb segment



X-linked CNVs

Mother: 1Father: 1

Child: 0

Mother: 3Father: 1

Child: 2

Deletions Duplications

Apparently de novo in child is not necessarily de novo but 
inherited from mother



X-linked CNVs

Mother: 1
Expressed 1

Father: 1
Expressed 1

Child: 0
Expressed 0

Mother: 3
Expressed 1

Father: 1
Expressed 1

Child: 2
Expressed 2

Deletions Duplications

Apparently de novo in child is not necessarily de novo but 
inherited from mother

Xin Xin



MECP2 duplication

• Deletions cause Rett syndrome
– Progressive neurodegenerative 

disorder 
– Affecting mainly females

• Duplications 
– Severe-to-profound MR
– Axial and facial hypotonia
– Progressive spasticity 
– Seizures
– Recurrent infections leading to 

early death.
– Mild dysmorphic features

• Affect only males

Van Esch et al. Am.J.Hum.Genet. 77:442-453, 2005

B

C

D



ATR-X syndrome

Thienpont et al. Eur.J. Hum. Gen. (2007) 15, 1094-1097

• Severe-to-profound MR
– Characteristic facial appearance
– Genital anomalies
– Alpha thalassaemia

Mother: 3Father: 1

Child: 2



ATR-X syndrome

Thienpont et al. Eur.J. Hum. Gen. (2007) 15, 1094-1097

• Severe-to-profound MR
– Characteristic facial appearance
– Genital anomalies
– Alpha thalassaemia

Mother: 3Father: 1

Child: 2



ATR-X syndrome

Thienpont et al. Eur.J. Hum. Gen. (2007) 15, 1094-1097

• Severe-to-profound MR
– Characteristic facial appearance
– Genital anomalies
– Alpha thalassaemia

Mother: 
Expression 1

Father: 1
Expression 1

Child:2
Espression  0



Imprinted CNVs

Deletions Duplications

Mother: 2
Expression 1

Father: 3
Expression 1

Child: 3
Expression 2

Mother: 2
Expression 1

Father: 1
Expression 1

Child: 1
Expression 0

Mother: 1
Expression 1

Father: 2
Expression 1

Child: 1
Expression 0

Mother: 1
Expression 1

Father: 1
Expression 1

Child: 0
Expression 2

Maternal 
imprint

Paternal 
imprint

Maternal 
imprint

Paternal 
imprint

No copy number change is not necessarily not causal 



Variable expressivity and incomplete 
penetrance

Deletions

Mother: 2Unaffected 
Father: 1

Affected 
Child: 1

Mother: 1Father: 2

Affected  or 
unaffected!

Child: 1

inherited De novo

Duplications

Mother: 2Unaffected
Father: 3

Affected
Child: 3

Mother: 2Father: 2

Affected or 
unaffected

Child: 3

Inherited De novo

Inherited imbalances can  be causal 
A copy number change does not necessarly causes a phenotype



CNVs as risk factor for MR/CA
(variable penetrance and expressivity)

Deletion
25/5218 patients
0/4737 controls
P = 1.1x10-7

Duplication
9/5218 patients
1/4737 controls
P = 0.02

Deletion
5/1026 patients
0/2014 controls
P =0.0048

Duplication
5/1026 patients
5/1682 controls
No Difference

http://content.nejm.org/content/vol359/issue16/images/large/08f2.jpeg
http://jmg.bmj.com/content/vol46/issue4/images/large/JMG-46-04-0223-f04.jpeg


The boundary between benign 
and pathogenic variation 

becomes blurred.  
Even known disease causing 
imbalances can be tolerated 

and appears to be part of the 
normal phenotypic human 

spectrum!!!

I have 25.000 genes!  
How about you?

Euh,..
Surely a lot less…

De Ravel et al., Cyt. Genome research, 2007

CONCLUSION:



Overview

• Introduction
• Technologies for CNV detection
• Clinical consequences
• Mechanisms of origin



Mechanisms causing 
intrachromosomal CNVs

Recurrent CNVs (genomic disorders)
• Non-allelic Homologous recombination (NAHR)

– Unequal crossing over
– Break-induced replication
– Single-strand annealing

Non-recurrent CNVs
• Non Homologous End Joining (NHEJ)
• Microhomology mediated break induced replication 

(MMBIR)
• Fork stalling and template switching (FoSTeS)
• Replication slippage



Recurrent versus non-recurrent CNVs



Non-recurrent chromosomal 
rearrangements



Non Replicative mechanisms of 
non-recurrent CNVs



Genomic disorders 
(recurrent CNVs)

• Change in copy number driven by homologous 
recombination
– Non-allelic/ectopic homologous recombination (NAHR) between 

low copy repeats
– Single-strand annealing

• Meiotic (most often)



Low copy repeats
(LCRs or segmental duplicons)

• Definition: segments of >1000 bp that are present in 
multiple copies in the genome

• Intrachomosomal and interchromosomal



Genome wide LCRs

Baily et al. , Genome research, 2001



Segmental duplications in the human 
genome

http://www.sciencemag.org/content/vol297/issue5583/images/large/se3120752002.jpeg


Chromosome 16 segmental duplications



Potential rearrangemetns driven by 
NAHR



Genomic disorders



Genomic disorders on chromosome 17



Genomic disorders on chromosome 22q11



Genomic disorders on chromosome 22



22q11DS (VCFS/Digeorge)



LCRs are patchwork of subunits

Shaikh et al., 2000
Guo et al., BMC Genomics 2011
Vervoort and Vemeesch, 2022

http://hmg.oupjournals.org/content/vol9/issue4/images/large/ddd06403.jpeg
http://hmg.oupjournals.org/content/vol9/issue4/images/large/ddd06403.jpeg


LCRs subunits are arranged in 
larger duplicons

Demaerel et al., Genome Research, 2019



LCR A variability is human specific

Vervoort et al., Frontiers in Genetics, 2021

5-7 Mya

8 Mya

13-16 Mya



Not only NAHR but palindromes driven 
rearrangements can cause  22q11 rearrangements



Recurrent human translocations 
mediated by NAHR (Ou et al., Genome research 2011)



Inversion polymorphisms between 
LCRs are common in population

Porubsky et al., Cell, 2022



Take home messages

• Non-recurrent rearrangements occur at random
• Recurrent rearrangements occur via NAHR between 

LCRS


