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The array revolution

Molecular karyotyping: DNA microarrays 

Conventional karyotyping
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Beware of mosaics

As low as 5% 

mosaicism can 
be detected!!

Sensitivity > 

karyotyping

Menten et al., J.Med.Gen., 2005



• 59 cases
– 41 apparently balanced 

translocations: 

• 27 patients : 40% (11/27) 
unbalanced 

– 22% (6/27) with deletions at the 
translocation breakpoints

– 18% (5/27) with complex 
rearrangements

• 14 fetuses: all normal

– 18 complex rearrangements: 16/18 
(89%) unbalanced

• 13 patients

• 3 fetuses

• 2 females with repeated abbortions

Apparently balanced translocations: the 
majority is unbalanced!!!

De Gregori et al., J. Med. Gen. 2007



• Patient

– Pulmonary valve 
stenosis

– Cleft uvula

– Mild 
dysmorphism

– Mild learning 
difficulties

– High myopia

CHR22
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From diagnosis to prognosis



For all recurrent deletion syndromes the 
reciproce 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., in press



Accumulation of non-recurrent imbalances 
leads to the functional identification of 
genes 
Duplications of the critical Rubinstein Taybi deletion region on
chromosome 16p13.3 cause a novel recognizable syndrome

J.Med.Gen., in press



CNVs as cause of developmental disorders: 
> 500 new syndromes in 5 years

(1127 deletion/752 duplications)



The bad news: 
we are all copy variable



Clinical VALIDITY?
Clinical significance of anomaly?

I was thinking:

What if you would 
add a gene…

We are all copy 
variable!!

Benign copy 
number variation

Malignant 

imbalances

1 bp Deletion or duplication size 10 Mb

With ever increasing resolution, the With ever increasing resolution, the 
boundary between bening and boundary between bening and 

pathogenic CNVs becomes pathogenic CNVs becomes 
blurred!blurred!



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 while de novo imbalances are causal



Solutions

• Large scale collection of all genotypes & phenotypes!
• Require submission of phenotype and genotype to public repository upon 
publishing.

Identifying recurrent imbalances and 
phenotypes

Limitations

• Only imbalances believed to 
be causal are collected

• Depend on goodwill of 
laboratories (lot of information 
lost)

• Phenotyping is labour 
intensive



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 while de novo imbalances are causal



The challenge: Which imbalances are 
causal for the phenotype?

Size alone is not a good determinant!



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 while de novo imbalances are causal



Genome variation Database: 
Map all “benign” variation

• Database of genomic variants May 2008

• Redon et al. Nature, 2008

Databases of genomic variants 
have only limited value in clinical 

assessment



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.



Autosomal recessive CNVs: 
e.g.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)

Balikova et al., Hum. Mutation, in press



Autosomal dominant CNVs:
Five tandem copies of ORGC cause microtia



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



Messages from postnatal diagnosis

Ability to interpret CNVs clinically is in 
it’s infancy: 

• Need for large scale genotype/phenotype efforts

• Need for bio-informatic expert systems

Higly penetrant recurrent CNVs Rest of the world:

Rare CNVs with variable penetrance & 
expressivity



Need for bioinformatic tools for 
interpretation

www.cartagenia.com



Towards prenatal diagnosis

No technical problems!



Towards prenatal diagnosis?

Right to have “normal” baby 

TERRA INCOGNITA

How to deal with

• Variable expressivity and penetrance?

• Unclassified variants?

• Late onset disorders? 

• Unexpected finding in foetus?

• Unexpected finding in parents?

What is “normal”



Prenatal diagnosis for abnormal ultrasound?

Strategy in Leuven (approved by ethical committee)

- Only foetuses with abnormal ultrasound and at least two signs

- Interpretation by both a cytogeneticist & clinical geneticist

- Report only relevant findings

- No connection between the original data and patients!



Prenatal diagnosis 

When conventional karyotyping 
shows chromosomal anomaly

(apparently balanced translocation, marker 
chromosomes,..)

Miscarriages

Robberechts et al., Gen. Med.. 2009



Towards single cell array CGH?

Why?



Chromosomal anomalies are a major cause of 
reproductive failure

Main disadvantage: Only some loci !

FISH shows 45-70% 
embryos with aneuploidy
=>screen against 
abnormal embryos

FISH shows 45-70% 
embryos with aneuploidy
=>screen against 
abnormal embryos



Towards pre-implantation genetic diagnosis?

Is it technically possible?



Single cell array comparative genomic 
hybrization using arrays

Lage et al, 2003

Genomi Phi 

2.5 µg DNA

Single blastomere

7 pg DNA



Chromosome Y

Chromosome 1

Le Caignec et al, Nucleic Acids Res 2006

Single cell array CGH



What is the accuracy?

Non disjunction ? Anaphase lag ?

Reproducible but intermediate 
values



New methodology: 
Combine array CGH and SNP array data

Array CGH by BACs
Mixture model based on posterior 

probabilities



Biopsy of 1 or 2 blastomeres FISH

Correct

allele

Good morphology Bad morphology
aCGH and SNP on 

remaining 
blastomeres

Analysis of human embryos : study design

ET

PGD patients 

Data analysis

Validation

Biological meaning

Inclusion criteria : 

PGD for sex-selection or microdeletion

Age ≤ 35 years

Normal karyotype

Good quality embryos

Wrong

allele



The majority of human cleavage stage embryos 
contain chromosomally imbalanced blastomeres

• 2/23 (9%) : normal diploid in all cells

• 1/23 (4%) : diploid, but UPID

• 8/23 (35%) : mosaic diploid/aneuploid (4 embryos : ratio diploid/aneuploid > 1

• 12/23 (52%) : mosaic aneuploid (3 embryos : meiotic (same aberration in all cells)

FISH  /  array : normal diploid  /  array : abnormal 



Deleted segment
Duplicated segment
Amplified segment

1 2 3 4 5 6 7 8 9 10 11 12

Overview of the chromosomal status of all blastomeres 
of  embryo 18

13 14 15 16 17 18 19 20 21 22 X



Normal diploid
Deleted segment
Duplicated segment
Amplified segment

13 14 15 16 17 18 19 20 21 22 X

1 2 3 4 5 6 7 8 9 10 11 12

Simple terminal imbalances are terminal deletions, 
duplications or amplifications

Embryo 18

4



Simple terminal imbalances detected in 39% embryo’s

Blastomere “d”5 blastomeres

Chromosome 4

Blastomere “a”



Embryo 39: chromosoom 5

1xcep 1xcep 2xcep

posterior probabiliteit

1xp, 2xq 1xp, 1xq 2xp, 1xq

4x 1x 1x

2xp, 2xq

4x



17% of IVF embryos contain complex rearrangements

Deleted segment
Duplicated segment
Amplified segment
UPID

13 14 15 16 17 18 19 20 21 22 X

1 2 3 4 5 6 7 8 9 10 11 12



13 14 15 16 17 18 19 20 21 22 X

1 2 3 4 5 6 7 8 9 10 11 12

Embryo 20

17% contain complex rearrangments

4

Deleted segment
Duplicated segment
Amplified segment
UPID



Blastomere ”a and f” Blastomere “e” Blastomere “d”

Blastomere “c” Blastomere “g”

Complex terminal imbalances are terminal imbalances 
accompanied by aneuploidies for the same chromosome



Parent of origin algorithm



Mechanics behind terminal imbalances in human embryogenesis



Embryos are chromosomally unstable

PGD for aneuploidy screening is useless because
- mitotic error rate is higher than meiotic error rate
- One cell is not representative of whole embryo
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