KATHOLIEKE UNIVERSITEIT

LEUVEN

Principles of clinical
cytogenetics and Genome

analysis
Joris Vermeesch

October 2021,

Interuniversity course in human genetics
Thompson & Thompson chapter 5




5
ax
o
=
m
X
m
&

Overview

Q2
<
m
1 B
«
- 4=
m
=

* Introduction

« Chromosomal rearrangments

e Technologies for CNV detection
 Clinical consequences
 Mechanisms of origin
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Chromosomal abnormalities
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Numerical chromosomal abnormalities
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Polyploidy
Aneuploidy
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Triploidy
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1-3% of all pregnancies
15-20% of all chromosomally abnormal miscarriages



Triploidy phenotype
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Paternal triploidy (diandry) Maternal triploidy (digyny)

(often partial hydatiform moles) (aborted during early pregnancy)

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

veroorzaakt door imprinting.
Aneuploidy
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Origins of Triploidy
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LI3LISHIAINN I

A & C: Diandry
B: Digeny (A)
Triploidy
DNA duplication
but no cell division
(endomitosis)
Tetraploidy -

Aneuploidy



Haploidy

Diploid Cells (2n)

Haploid Cells (n)
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Phenotypes of maternal or paternal only

genomes (endoreplicated haploid )

LI31ISHIAIN:

e 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.




“Heterogoneic” genome segregation:
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LELENR

Maternal and paternal genomes segregate?

nd Vermeesch, BioEssays, 2017
Destouni et al., Genome Research, 2016




Tetraploidy
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Aneuploidy
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Variation in the number of particular chromosomes within a
set

O O
[ @+ @

Normal egg Normal sperm
with 23 with 23
chromosomes chromosomes

Euploid embryo with 46
chromosomes



Aneuploidy
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e Variation in the number of particular chromosomes within
a set

O O
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Normal egg Normal sperm
with 23 with 23
chromosomes chromosomes

Euploi ith 46

C
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Aneuploidy due to mitotic errors

_hromosome gain and loss
due to non-disjunction

Chromosome loss due to
anaphase lagging
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Trisomy Is the most frequent genetic anomaly in

human and the most important cause of miscarriages

) Probability
Frequency of abnormality of
° abnor mal
(%) fetus
surviving
Chromosome | Spontaneous| Stillbirths| Livebirths to Eerm
abnormality |abortions (%)
All 50 5 0.5 5
abnormalities

Trisomy: | 75 = = -— 0

16

13,18,21| 45 Apr |27 2 1014 | A - 15
XXX, A0 ~ U,
XXY, | 03 04 0.15 75
XYY

All others | 13.8= 0.9 = - - 0
Sex
chromosome

Maigsqmy 8.7 0.1 0.01 1

(45, X)

Triploidy 6.4 0.2 - 0
Tetraploidy 2.4 - - 0
Structural
abnormality 2.0 0.8 0.3 45

L1I31ISHIAINN IHIITOHLYA

Hassold, 1986



Incidence of chromosome abnormalities In
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newborns
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Unbalanced rearrangements
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Unbalanced:
abnormal phenotype



Chromosomal rearrangements resulting in

L1I31ISHIAINN IHIITOHLYA

copy number variation

Unbalanced balanced
CNV

Reference ([T J([E] [EJ [B] [E]) Reference chrl (I J(IBJ [&J [BJ [E])
Reference chr2 | o 1F‘i‘—I?D...--'

¢ Translocation

Derivative chrl B ([E I:' ¢ o
Derivative chr2 X lﬁm

Deletion

Duplication (_[AJ J([B] [CIC] [B] [E])

Isochromosome (__[A] 1 [FAT

Reference

‘ .
: :
o
: o :

Ring Chromosome Inversion



Deletions
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1. Deletions: may be terminal or interstitial

The clinical effect depends on the size of the deleted segment and the number
and function of the genes it coded for

Terminal Interstitial

—
|




Duplications

L1I31ISHIAINN IHIITOHLYA

1. Deletions: may be terminal or interstitial

The clinical effect depends on the size of the deleted segment and the number
and function of the genes it coded for

2. Duplications: Less harmful than deletions




Ring Chromosome

L1I31ISHIAINN IHIITOHLYA

1. Deletions: may be terminal or interstitial

The clinical effect depends on the size of the deleted segment and the number
and function of the genes it coded for

2. Duplications: Less harmful than deletions

3. Ring chromosomes: chromosome undergoes two breaks and the broken ends
unite




Isochromosomes

L1I31ISHIAINN IHIITOHLYA

1. Deletions: may be terminal or interstitial

The clinical effect depends on the size of the deleted segment and the number
and function of the genes it coded for

2. Duplications: Less harmful than deletions

3. Ring chromosomes: chromosome undergoes two breaks and the broken ends
unite

4. Isochromosomes: chromosomes that have one arm missing and the other
duplicated.




Balanced rearrangements
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Balanced: normal

NO abnormal phenotype, but can pose a threat to subsequent generations because
carriers are more likely to produce unbalanced gametes.



Inversions

L1I31ISHIAINN IHIITOHLYA

1. Inversions: a chromosome sustains two breaks and the segment inverts before
rejoining the chromosome.

- Paracentric inversion: If both breaks occur in the same arm of a chromosome




Inversion loop at meiosis

Resultant gametes

A B C D E F

1 1" Normal sequence

A 8 € D £ F

2 RN 7' Normal sequence
a d ¢ b e

3 S — T — T — T 3* Inverted sequence

a d ¢ b e f
4 GENSESESRSSESSESSERS 4" Inverted sequence
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Inversions

1. Inversions: a chromosome sustains two breaks and the segment inverts before
rejoining the chromosome,

- Pericentric inversion: If the inverted segment includes the centromere

Pericentric Inversion

Rk 4 HE - Reinserted
b Piece of
: DA with

' I mversmn Centromere
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Crossing-over In pericentric inversion loop

L1I31ISHIAINN IHIITOHLYA

Normal chromosomes (A B 18 B 13 |G
Inversion chromosome (A B & B H
1Meiosis to prophase [
Crossover—_/ 9 N\
\.- 4 3 *‘ \
LTI Ny
A1
1 A G friicH: Rk
Homologous A = n ﬂ .
chromosomes
3 A O mED->
4 A ‘? I r H &
Results of single crossover
between B and C in
inversion loop
Normal product -~ B ’ ;
(all genes present) 1 AR E n n i 1 Vbl
Deletion/duplication
product (EFGH deleted; 2 (A 1B B4 4 Inviable
A duplicated)
Inversion product 3 CA n x H)3 Viable

(all genes present)

Deletion/duplication

product (A deleted; 4 H B E BT 1B H_ 2' Inviable
EFGH duplicated)

© 2010 Fearscn Education, Inc



Translocations
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2. Translocations: Exchange of chromosome segments between non-
homologous chromosomes.

- Reciprocal translocation: reciprocal exchange of the broken-off segments “the
total number of chromosomes i1s unchanged™

- Robertsonian translocation: rearrangement that involves two acrocentric
chromosomes that fuse near the centromere, with subsequent loss ol the short
arms. Although the balanced karyotype has only 45 chromosomes (including the
translocation chromosome), the phenotype is invariably unaffected as the short
arms of all five pairs of acrocentric chromosomes have multiple copies of genes
Jor ribosomal RNA. Therefore deletion of two short arms is not deleterious to the
carrier.
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Reciprocal translocatins: quadrivalent
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Alternate segregation Adjacent-1 segregation Adjacent -2 segregation
First with Second with First with Second with First with Third with
fourth third third fourth second fourth
A a A a A |la
B b B b B b
c c c c 0 c o Q
( n 1 0 )
E 5 e 5 E 5 e 5 ' e 5 5
F & 3 4 F 4 3 & F 3 4 4
G ||¥ 2 W ¢ I 2 ¥ ¢ Iz ! ¥
w I U |I° u ||° | H U1 N
r h Jn 1 h r
L T J L - J 1 T J L - J 1 T J | J
Normmal Reciprocal Duplication  Duplication Duplication  Duplication
transiocation and deletion  and deletion and deletion and deletion
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Robertsonian translocations: trivalent




Insertion = non -reciprocal translocation
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e |ntroduction

 Mechanisms of origin
 Clinical consequences
e Technical aspects
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Techniques to study chromosomes

LI31ISHIAIN:

Fluoresence
INn-Situ
Hybridisation

Conventional
karyotyping

Massive
parallel
sequencing

Molecular

karyotyping




Spectrum of resolution In chromosome

and genome analysis
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Techniques to study chromosomes

LI31ISHIAIN:

Conventional

karyotyping



Conventional karyotyping
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PHA stimulation

Blast Transformation of Lymphocytes

Unstimulated Iyym phocyrtes Stmulated Iiym phocyrtes

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.
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Cell synchronisation
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Methotraxate (MTX):

 Inhibits dihydrofolate reductase

* Dblocks cell division at the G1/S border
5-bromodeoxyuriding (BrdU):

e an analog of thymidine

* releases the block dATP
Ribonuclectice
CDP——>dCDP—>dCTP—=2f) <—dGTP
niioton '
Folic acid cycle: ~ ~ 77T R
. . . FDU
FO“C aCId IS acid cyclg dUMP,Jg%n dTMP
. reqUIred. for Methylens s Dihydrofolate
N Corporatl on Of Tetrahydrofolate )
- o . Reductase
thymidine during ‘\ Vierotreate MTX
Tetrahydrofolate 0"

D N / \ Sy n t h e S I S Figure 1 Diagram demonstrating how (a) excess thymiding, (b} methotrexate, and {¢) FdU, all

inhibit DMA synthesis. For full details see sections 5, and 5.1,



Colchicine
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Kinetochore
Replicated Spindle fiber
chromosome pair
| l MITOSIS
4;:
R
N '-v- =\
b
Colchicine o— CO | C h | n e
o O ° « acts to prevent the synthesis of spindle fibers
O _‘ -  inhibits microtubule polymerization by binding
o to tubulin

I o
« stops mitosis in metaphase
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addition of

Harvesting

<>

S0min -24h Centrifuge

e Cells swell
e Chromosomes

e e

spread

C 3 - C :. Chromesome
rd

Suspension
Cen'tnfuge -Eentnluge Centrifuge Centrifuge
Remiye _mm','_ : .
:-.rpa_rmhnt o supernatant, add | | supernatant, add e '“":}ﬂ“'“ﬂ“f;_
Carnoy’s fiaative to Carnoy’s fisative Camoy’s fixative "":".' mp&hmlm
peliet, tg pellet. 1o paliet, .

Hypotonic solution:
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e
24h - 72h

Harvesting

ﬁ "_."
S0min -24h Centrifuge

e Cells swell

Cen'tnfuge -Eentnluge Centrifuge Centrifuge

e Chromosomes
spread

Chromosome
Suspension

wpennunt add
Carnoy's fisative 1o
peeliet,

I#I'I'IM
supernatont, add
Carmnoy’s fisative
to peltet.

supernatant, add
Camoy’s fixative

12 paliet,

Fixation = Methanol : Acetic Acid 3:1

Hypotonic solution:
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Chromosome spreads
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Chromosome banding
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DIFFERENT TYPES OF BANDING

G-Banding:
®Staining a metaphase chromosome with Giemsa stain is
called G-Banding.

®Preferentially stains the regions that are rich in adenine

and thymine and appear dark.
C-Banding:
To specifically stain the centromeric regions and other

regions containing constitutive heterochromatin.



Chromosome banding
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DIFFERENT TYPES OF BANDING
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Chromosome banding

LI3LISHIAINN IHIINOHLYA

Q-Banding

* Quinacrine mustard (a fluorescent stain), an alkylating
agent, was the first chemical to be used for
chromosome banding.

® Quinacrine bright bands were composed primarily of
DNA rich in bases adenine and thymine.




Chromosome banding

L1I31ISHIAINN IHIITOHLYA

Used to identify
* Specific chromosomes and structural
rearrangements.

® Various polymorphisms involving satellites and
centromeres of specific chromosomes.
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ISCN: International standards cytogenetic

LI31ISHIAIN:

nomenclature
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STRUCTURAL CHROMOSOMAL

ANOMALIES: ISCN

Deletion

Duplication

nversion

sochromosome

RIng chromosome

Marker chromosome
Translocation
Robertsonian translocation
Insertion

del(1)
dup(1)
inv(1)
(1)

r(1)
+mar
t1(1;2)
1(13;14)
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Techniques to study chromosomes

LI31ISHIAIN:

Fluoresence
In-Situ

Hybridisation
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Fluorescence In Situ Hybridisation

LI31ISHIAIN:

Fluoresence In Situ Hybridization

Labeling with
fluorescent dye




Interphase FISH
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Metaphase FISH

LI3LISHIAINN IHIINOHLYA
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Fiber FISH

LI3LISHIAINN IHIINOHLYA

Fiber FISH mapping

® DNA is released from chromatin and stretched on slides.
® DNA probes will hybridize like arrays of dots ("beads on a string”)

LCR22-B

LCR22-C

Demaerel et al., Genome Research, 2019



Optical mapping

Bionano mappino

Customer Sample

= Blood - Tissue
« Cells « Microbes

l

Isolate
High Molecular
Weight DNA

2N
AL

W

Label Specific
Sequencoes Across
the Entire Genome

(= >
3 =

X U

Transfer Labeled DNA
into Cartridge
for Scanning

_a

.

Load, Linearize & Image Labeled
DNA In Repeated Cycling
to Scan Whole Genome

High-throughput, High-resolution Imaging of Megabase Length Molecules

Algorithms
Convert Images
into Molecules

Assembly Algorithms Align
Molecules de novo to Construct
Consensus Genome Maps

LU L Bl Ll i RRD LB R R 8

 DRTRTESUIDIOAY O EAOAN 1

Cross-Mapping Across
Multiple Samples or
to a Reference

= Automated SV Detection
+ Scaffolding
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Structural variation types

STRUCTURAL VARIATION TYPES

GAIN/LOSS

Deletion

COPY NUMBER CHANGE

Repeat array expansion

BALANCED

Translocation

Insertion

Tandem duplication

N3IAN3T

L1I31ISHIAINN IHIITOHLYA



Bionano genome assembly
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TWO ENZYME HYBRID SCAFFOLDING

Bionano Map BspG! |11} NN 002N e e g e i Y [0 )
NGs contigs [l [IITM0ANON T 1 COONOR OGO OO ANOD HSAMVONTONE O COANOOO NN OO 00 AR VA A
NGS Contigs N AR T

Bionano Map Bsss! ||INIMIINN NN OO OAFE 0BT PO B OCHROETMCTER T D MUTANETEE D FOECIR RN AT oo



Strand-Seq
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(inversions, larger SVs)

A I. Chromosome ii. Sister chromatids iil. Sequenced template strands
homologues with BrdU in daughter cells
M P M P
= b DNA \ . () :
= 1. DNA 5 2. segregation ||| ; ) -
<IN synthesis |2 & mitosis 8 G 1 9 .
s - 2 ° ) isolati - 1
2 a In BrdU E 3. isolation
£ | sl s of single cells
= B :5 4. library construction ww wc
53 = 5. Removal of B i
= BrdU+ strand . ; & M
/ W - : ) 'S i ; |
[ [ - 1
] | | 3
Jee WC
B Chromosome ) c
reference inversion Normal male cell
35 o : 35! E (HsSs_0123)
| %
:| | * || E E.i-c(E-u EE' E
/ \ Chr 1 6 7 8 9 10 11
Sister chromatids ' = = E
after replication = \ E E ‘, E E L 4 . [
Chr1a 14 18 19 20 21 22 X
D Homozygous Reference Heterozygous Inversion Homozygous Inversion
E E E : E
E . Chromosome 8 (Chr& p23 2 p21 3) Chromosome 7 (Chr? qit. 22 q21 11)
I E: 2 N [ B
HsSs mza- — _— HsSs_01231 Il _7_771_ BT L TN
ii. [ cors: 5Mol _ 10mb] smel | [ o7 7ombl . 75Mb| 80 Mb|

| ———— I
7,224,122 - 12,417,334 | 72,312,825 - 75,040,174

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



Chromosome conformation capture

(changes in TADs structure can identify SVs)
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A Crosslink DNA Cut with Fill ends Ligate Purify and shear DNA;  Sequence using
restriction and mark pull down biotin paired-ends
BNy with biatin

TR
-;_-

Hindlll

& ' I
e F"‘h’

Hindil| (repsat)
'-ll.._l__l_ I_.W.E - ..-I::;

Y

B _ Hindlll
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Techniques to study chromosomes
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Molecular
karyotyping




Microarrays

Patient DNA Control DNA

Amplification
Digestion

Probe labeling

),

N e eﬁ > Oligogtjrgleotide
REREN !

Hybridization

. Normal

* Deletion

@ Duplication

The comparative genomic hybridization (CGH) array compares

the patient’s DNA to control DNA using 2 different fluorescent
labels. Labeled control and patient DNA fragments are hybridized
to an array containing oligonucleotide DNA sequences from

genes throughout the human genome. Each position on the array
correlates to a different part of the genome. The relative intensity
of the 2 different labels indicates copy-number changes. When
only the red label (control DNA) is present, it indicates an absence
of patient DNA and therefore a deletion (red stars). When there is
more patient than control DNA, the patient label is overrepresented
(green circles) and indicates duplication. When there are no copy-
number changes, there should be equal amounts of control-labeled
and patient-labeled DNA (indicated with blue circles).

FIGURE 1

Overview of chromosomal microarrays.

A. CGH array B. SNP array

Patient DNA
Amplification
Digestion
Probe Iabeliny
SNP array

@ Normal

@ Deletion

Allele A

@ Duplication

Allele B

Assingle-nucleotide polymorphism (SNP) array contains small
fragments of DNA from the human genome where there are known
to be multiple alleles. Each allele is represented on the array and
each position on the array corresponds to a genetic locus. DNA from
the patient is hybridized to the array. Patients who have the A allele
at a specific locus will bind to the A allele on the array. If the patient
is homozygous, the sample will bind only to A or B (AA or BB). If the
patient is a heterozygote, the sample will be label hybridized to A
and B (AB). Copy-number changes are determined by the relative
intensity of bound DNA at each allele with a relative decrease in
deletions (red bar) and an increase in duplications (green bar).
Consanguinity is indicated by a loss of heterozygosity over large
spans of DNA.

LI3LISHIAINN IHIINOHLYA




Array Comparative Genomic Hybridization

LI3LISHIAINN IHIINOHLYA

Test DNA Reference DNA logy
test/reference
: A Gain
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Deletions and duplications

L1I31ISHIAINN IHIITOHLYA

Duplication Ratio Red/green= 3/2=1.5
Log2 = 0.56
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Oligonucleotide-based Array CGH:
genome wide view
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Oligonucleotide-based Array CGH
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Unbalanced translocation:

der(7)t(5;7)(g35.2qter;g36.1qgter)

L1I31ISHIAINN IHIITOHLYA

« 5 Mb gain of 5g and 8 Mb loss of /q
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Array resolution depends on

L1I31ISHIAINN IHIITOHLYA

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

- DATAANALYSIS



Reference
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e DNA from normal individual St

— Who’s normal?

e 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
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High-density BeadChip substrate
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Visualisation of CNV & SNP data
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B-allele frequency plot
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Principles of B-allele frequency plot
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Disom

e ! !

Ref CTCCGATCTCTGGCTCCCCGAATATATTA

Allel 1: CTCAGATCTCTGGGTCCCCGACTATATTA
Allel 2: CTCCGTTCTCTGGGTCCCCGAATATATAA

Allel B N

® ® o [ ) AB 05
Allel A™® —® w0




Principles of B-allele frequency plot
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Ref: CTCCGATCTCTGGCTCCCCGAATATATTA

Allel 1: CTCAGATCTCTGGGTCCCCGACTATATTA
Allel 2: CTCCGTTCTCTGGGTCCCCGAATATATAA
Allel 3: CTCCGTTCTCTGGGTCCCCGAATATATAA
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Visualisation of CNV & SNP data
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Triploidy
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Copy number?
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Mosaic aneuploidies
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A 0% B% 15% 40%  B0%  A0% AR 90%  100%

75%

Conlin et al., Hum. Mol.Gen.,2010
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Karyotyping FISH Micro-array

Genome-wide

% Detection of High resolution Genome-wide
balanced and Fast High resolution
unbalanced
rearrangements
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Advantages of SNP arrays
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 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

e Loss of heterozygosity (LOH) in cancer cases (acquired regions
of homozygosity)
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Massive parallel sequencing
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Read-depth Analysis
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Paired-end Mapping
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Split-read Analysis
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Read-depth reveals copy number variation
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Overview
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e Introduction
e Technologies for CNV detection

 Mechanisms of origin



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

5
5%
o
=
m

F
m
=C
=
m
2

LI3LISHIAINN I



3ITOHLVM

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

Deletions
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For all recurrent deletion syndromes the

reciprocal duplication i1s now identified

N3IAN3T

17921.31 microduplication patients are
characterised by behavioural problems and poor
social interaction

B Grisart, L Willatt, A Destrée, J-P Fryns, K Rack, T de Ravel, J Rosenfeld, J R
Vermeesch, C Verellen-Dumoulin and R Sandford

[+ — LT LT PR TP TR EE P KirchhofT er al., 2007 (Agilent 244 K)
Patient 1 (Agilent 44K)

<€ Patient 2 (Affymetrix 250 K)

- ' 5 Patient 3 (BAC Tilingpath array)

Paticnt 4 (Signature Genomics)

Koolen ef al. (2008) recurrent deletion
il smrie snia Redon ef ol (2006) CNV

Centromere Telomere

41500000 T
600000
41700000 T
41800000 T
41900000 T~
42100000
42200000 T
42300000 T

;

41100000

40800000 T~
41000000 T

42

Map position on hgl8 assembly

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

deletion

N I N N N N N ey
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tA) Refseq genes " LI //l;l/;}’ - II-I“J&,&\‘ mon k—l
b ESEREE S PooRooemens LRY : O3
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= = . m
(B) BAC clones — E = =
CTCA8HY -_— EE RPISN010
RPI1-1006ER RPI1Q33KIZ RP11-158F 10
(C) Sotos critical region Sos.PREP Sos eritical region Sos.DREP
and flanking LCRs
P caset ——. e

Case 2 e

(E) Kirchhoff et al., 2006 —

Chenetal, 2006

1734 ¢ - 1799
Mb b

Franco et al., Eur.J. Hum. Gen., 2011
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Accumulation of non-recurrent imbalances
leads to the functional identification of genes
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Molecular mechanisms by which chromosomal
rearrangements can influence phenotypes
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CNVs as cause of developmental disorders
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Guidelines for molecular karyotyping in
constitutional genetic diagnosis
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Joris Robert Vermeesch*!, Heike Ficglerz, Nicole de Leeuw?, Karoly Szuhai®,
Jacqueline Schoumans®, Roberto Ciccone®, Frank Speleman’, Anita Rauch®,
Jill Clayton-Smith?, Conny Van Ravenswaaij'’, Damien Sanlaville'',

Philippos C Patsalis'?, Helen Firth'?, Koen Devriendt' and Orsetta Zuffardi®

#  Consensus Statement: Chromosomal Microarray
" Is a First-Tier Clinical Diagnostic Test for Individuals
with Developmental Disabilities or Congenital Anomalies

David T. Miller,®.” Margaret . Adam,?3 Swaroop Aradhya,® Leslie G. Biesecker,® Arthur R. Brothman,®
Nigel P. Carter,” Deanna M. Church,® John A. Crolla,® Evan E. Eichler,?® Charles J. Epstein,1?
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James H. Tepperberg,2? Erik C. Thorland,?# Joris R. Vermeesch,?5 Darrel J. Waggoner,2%

Michael S. Watson,27 Christa Lese Martin,2 and David H. Ledbetter2®

The American Journal of Human Genetics 86, 749-764, May 14, 2010

E T m.
- =



The Bad News : We Are All Variable
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~35% of the Genome is Copy Variable in Normal Individuals




Criteria For Determining Pathogenicity
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Clinical Genetic Testing: Patients with unexplained DD, MR, MCA, ASD*

|

NORMAL | < Ghiramosomal » | ABNORMAL
+ No clinically significant Microarray + Targeted, clinically relevant
copy number change region or gene
l = Known benign CNVs l + Backbone region (size, gene content)
Further clinical evaluation Variant of
and testing, as indicated: Uncertain Clinical
-+ fragile X testing Significance (VOUS)
« single gene tesis
= other molecular test panels :
l Follow-up Analysis:
+ Proband: Confirmation, if needed (FISH, G-band,
Parental samples required ) qPCR, MLPA)
for clinical interpretation Neghanism (FisH. S-band)
« Parents: Inherited or de novo
el EISH, A7, GPCR, MLPA) Recurrence risk [RR] (FISH, G-band)
PARENTAL RESULTS: de novo ——  Inferited Inherited ——— de novo
Unbalanced URbalanced  Balanced Unbalanced Unbalanced  Balanced
parent, rent, carrier parent, parent. carrier
unaffected aflected parent unaffectad affected parent
(reduced
penetranc&)
FINAL RESULTS: ABNORMAL, FAMILIAL ABNORMAL, ABNORMAL,
LOW RR VARIANT INCREASED RR LOW RR
Consensus Statement: Chromosomal Microarray
* Excludes patients with recognizable syndrome (e.g., Down syndrome}, family history Is a First-Tier Clinical Diagnostic Test for Individuals
of a chromosomal rearvangement or multiple miscariages with Developmental Disabilities or Congenital Anomalies

David T. Miller,’* Margaret P. Adam,2* Swaroop Aradhya,* Leslie G. Biesecker,> Arthur R. Brot

- - = - = - - Nigel P. Carter,” Deanna M. Church,® John A. Crolla,” Evan E. Eichler,' Charles J. Epstein,!!
Figure 3. Algorithm for CMA Testing in Patients with Unexplained DD, MR, MCA, and A " ndrew Faucett,? Lars Feuk, 2 Jan M. Friedman,'* Ada Hamosh, 14 Laird Jackson,15

Erin B. Kaminsky,2 Klaas Kok,'¢ JTan D. Krantz,'” Robert M. Kuhn,!'8 Charles Lee,!” James M. (
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The Challenge :
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Which Variants Are Causal For The Phenotype?

‘ Conventional Wisdom ‘

Recurrent imbalances with same phenotype are causal

The larger the size, the more likely causal
Inherited imbalances are benign whilst de novo imbalances are causal

Population embedded CNVs are benign



|dentification of Recurrent Imbalances
& Assoclated Phenotypes
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Sctz= spndrome
Te11 23 duplication syndrome

Split hand/foot malformation 1 (SHFM1)
Willizms-Beuren Syndrome (WES)
8¢23.1 deletion syndrome

Sq subt=lomeric deletion syndrome
Fotocki-Shaffer syndrome

WAGR 11513 deletion syndrome

1214 microdeletion syndrome

15q13.3 micredeletion syndrome

15524 recurrert microdalefion syndrome
15526 cvmrgrowth syndrome

Angelman syndrome (Type 1)

Angelman syndrome (Type 2)

Frader-Wilk Syndrome (Typs 2)
Prader-Wilk syndrome (Type 1)

16p11.2 micreduplication syndrome
16p11.2-p12 2 microdeletion syndrome

16p13.11 recurrent microdsistion (neurocognitive disorder suscsptbility locus)
16p13.11 recumr=nt mi ication (; gritive Sssrder
locus)

ATR-16 syndrome
Rubinstein-Tayti Syndroms

17521.3 recurrent microdsietion syndrome
Charcot-Marie-Tooth syndrome type 1A (CMTLA)
Hereditary Lisbility to Pressurs Falsi=s (HNFF)

Millzr-Dizkar syndrems (MDS)

NFL-microdeletion syndrame
Potocki-Lupski syndrome (17p12.2 duplication syndrome)
RCAD {renal cysts and distetes)

Smith-Magenis Syndrome

Exrty-crz=t Alzheimer diszase with cersbeal amyloid angiopathy
22q11 deletion syndrome (Velocardicfacial / DiGeorgs syndrome)
22q11 dupication syndrome

22q11.2 Gistal deistion syndroms

22313 geletion syndrome (Phetan-Modermid syndrome)

Cat-Ey= Syndrome (Type I)

Leri-Weill gy=chontrostosis (LWD) - SHOX deletion

Leri-Weill dyschondrostosis {LWD) - SHOX delstion
Pelizszus-Merziacher diszass

Steroid sulphatass d=fidency (STS)

Xq28 (MECF2) duplication
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AZFD+AZFC
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The Challenge :
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Which Imbalances Are Causal For The Phenotype?

‘ Conventional Wisdom ‘

Recurrent imbalances with same phenotype are causal

The larger the size, the more likely causal

Inherited imbalances are benign whilst de novo imbalances are causal

Population embedded CNVs are benign



Rare CNVs Megabases In Size Are

L1I31ISHIAINN IHIITOHLYA

Observed in Normal Individuals

ARTICLE

10000+ O

5000 O

Population Analysis of Large Copy Number Variants
and Hotspots of Human Genetic Disease

- Homozygous Deletio

- Deletions
Andy Itsara,'” Gregory M. Cooper,!.” Carl Baker,! Santhosh Girirajan,! Jun Li,2 Devin Absher,?
- Duplications Ronald M. Krauss,* Richard M. Myers,? Paul M. Ridker,> Daniel I. Chasman,> Heather Mefford,!

VICFS recip dup Phyllis Ying,! Deborah A. Nickerson,! and Evan E. Eichler!.¢*

@*/ #Genes: © O O
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Figure 4. CNV Length, Gene Content, and Frequency Distributions

CNVs were plotted according to event type (color), length (y axis), frequency in the population (x axis, number of individuals from
n = 2493), and number of RefSeq genes affected (circle size). To facilitate comparison across different platforms, events from different
individuals were considered the same if their putative breakpoints were within 50 kb of one another. CNVs related to previously reported
disease-causing variants are highlighted.

154 The American Journal of Human Genetics 84, 148-161, February 13, 2009

Size Alone Is Not A Good Determinant
Nor Occurrence In Apparently Normal Individuals
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Which Imbalances Are Causal For The Phenotype?

‘ Conventional Wisdom ‘

Recurrent imbalances with same phenotype are causal

The larger the size, the more likely causal

Inherited imbalances are benign whilst de novo imbalances are causal

Population embedded CNVs are benign



De novo Is not always causal

E14.
G inferior colliculu: cortical

of tectum Ny - plate
cerebellar y
primordium :-‘" 4

P

S BN

7 S s >
ﬁg K== 3

E18.5 subventricular zone of striatum & olfactory lobe

L1I31ISHIAINN IHIITOHLYA

chromosome 20

g:-ncl:im

Exome sequencing identifies MLL2 mutations as a cause
of Kabuki syndrome

Sarah B Ng'”, Abigail W Bighan™, Kati | Buckingham?, Mark C Hannibal®?, Margaret | McMillin®,

Heidi I Gildersd eeve®, Anita E Beck®”, Holly K Tabor™, Gregory M Cosper!, Heather C Mefford?, Choli Lee!,
Emily H Turner', Joshua [} Smith!, Mark | Rieder', Ksh-ichiro Yoshiura®, Maomichi Matsumoto®, Tohru Ohta®,
Morio Nilkawa®, Debarah A Nickerson!, Michael | Bamshad! = & Jay Shendure!

R e s O = s vevm s m i sar elermareoniar e | 25a

Micale M € Moas, Tom Van de Putte, Cindy Melotte, Annick Francis,
Constance TR M Schrander-5t mpel, Damien Sanlaville,

David Genevieve, Stonislas Lyonnet, Boyan Dimitrov, Thi pepar i oy "‘:"’H' oriine
Koenmaod Devriendt, Jean-Pierre Fryns, Joris B Vermeesch :-'*hp.rgﬁtﬁ whemm

Vermeesch et al., EJHG, 2011



An estimated 1 out of 5 CNVs between 60 & 50(@

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



3ITOHLVM

The Challenge :
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Which Imbalances Are Causal For The Phenotype?

‘ Conventional Wisdom ‘

Recurrent imbalances with same phenotype are causal
The larger the size, the more likely causal

Inherited imbalances are benign whilst de novo imbalances are causal

Population embedded CNVs are benign




Databases of Genomic Variants :
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Catalogue of ‘Benign’ CNVs

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

 Beware of ‘HapMap bias’
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Mendelian CNVs:

naradigm shift in (¢ 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.
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Mendelian CNVs: New wine in old bottles

e Autosomal recessive

e Autosomal dominant

o X-linked

e Imprinted CNVs

e Variable expressivity and incomplete penetrance
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Autosomal recessive CNVs

LI31ISHIAIN:

Hemizygous and mutation
INn second allele

I

|

Inherited deletion IS causal

de novo is not necessarily de
novo




An example: Cohen syndrome

LI3LISHIAINN IHIINOHLYA

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 Inheritance:

;-D ﬁ) 8: 998204031 0372, 680 Kb
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Autosomal recessive spastic ataxia of

LI31ISHIAIN:

Charlevoix-Saguenay (MIM: 270550)

e 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

Fig ure 1 Brain MRI at the age of 26 years showing atrophy of the Ve rm IS an d th e S u pe rl O r
Noanomales o e cerebra hemipheres wee detecied, cerebellar peduncles

Breckpot et al., EJHG 2007



Inherited mutation, de novo deletion
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Autosomal recessive CNVs
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de novo is not necessarily de
novo




Autosomal recessive CNVSs:

LELENR

The first example?

W [LEuven |y |
| 3

|
Progress note
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Autosomal dominant CNVs

3ITOHLVM

N3IANIT
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Duplications

Father: 2 Mother: 2 Father Mother:

N
(-

Child Child

de novo is not necessarily
de novo:

Condition: The region = CNV in some
individuals:

Amplifications

“de novo = de novo”
i.e. thereis no inheritance
mechanism to explain a new

amplification
(intensity ratio difference with
parents> 1.5)
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Autosomal dominant CNVs

Z
:
m
mm
@«
z_1
m
=

amplification at single allele
Autosomal dominant
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Denovo @
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An amplification linked to autosomal dominant inherited
microtia

L1I31ISHIAINN IHIITOHLYA

(3} 12
0453038 221 223 225 207
D452983 246 246 254 248
D482923 130 124 124 126
D4s1582 106 116 12 114
D4S2960 233 243 243 233
0482948 120 120 112 104
D4S3017 186 186 186 192
D452994 179 165 173 151
D4s39t 177 183 165 169

D483038

D452923'
D4S1582

D452960
D452946
4

g fe
EIRTRReRT) NPy

D4s391

|

-]
D4s3038 227 221 221 22 221 207 207 221 7?7
D4520R 48 ri A 2458044
D452923 1268 126 130 130§ 124
D451582 7 ? 106 | 114
2 239 233 233 M 243
114 120 104

2 i

7
169 177 ?

Balikova et al., ATHG, 2008



An amplification linked to autosomal dominant inherited
microtia
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The alteration is located within the
4p olfactory receptor gene cluster

Five exact tandem copies of ~750

kb segment

CENER
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X-linked CNVs

Deletions

Father: 1 Mother: 1

"l

Duplications

Father: 1 Mother: 3

"
|

Child: 2

Apparently de novo in child is not necessarily de novo but

inherited from mother
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X-linked CNVs

N3IAN3T

Deletions

Father: 1 Mother: 1
Expressed 1  Expressed 1

i
|

Child: 0
Expressed O

Duplications

Father: 1 Mother: 3
Expressed 1 Expressed 1

s
|

Child: 2
Expressed 2

Apparently de novo in child is not necessarily de novo but

inherited from mother

LI3LISHIAINN IHIINOHLYA



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

Severe-to-profound MR

— Characteristic facial appearance
— Genital anomalies

— Alpha thalassaemia

Father: 1 Mother: 3

'
|

Child: 2

Mb

Puimers: 235 035 e30 e29i28-29

1 RP13-728A10 \

3. RP11-42M11

= RP5-875J14

4

RP3-34808

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

N3IAN3T
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ATR-X syndrome

 Severe-to-profound MR
— Characteristic facial appearance
— Genital anomalies

Log,(Cy5/Cy3)
e
-

— Alpha thalassaemia e e
021 ﬂW

Primers: 835 035 &30 @29i28-29 39 23 &2 2 &l
Father: 1 Mother: 3 1 RP13-728A10 \
3. RP11-42M11
z RP5-875.14 4 RP3-34506
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Child: 2

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

 Severe-to-profound MR
— Characteristic facial appearance
— Genital anomalies

Log,(Cy5/Cy3)
e
-

— Alpha thalassaemia - TN,
-027?0 a 7i.0 .

Primern: 835 035 &30 @29i28-29 39 23 &2 2 a1
Father: 1 Mother: 1 RP13-728A10 |
Expression 1  Expression 1 ‘ . RP11-42M11
2 RP5-875)14 4 RP3-34806
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Child:2
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Thienpont et al. Eur.J. Hum. Gen. (2007) 15, 1094-1097
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Imprinted CNVs

LI31ISHIAIN:

Deletions Duplications
Maternal Paternal Maternal Paternal

Imprint imprint imprint imprint

Expression 1  Expression 1 Expression 1  Expression 1

| R

Expression O Expression O Expression 2 Expression 2

No copy number change is not necessarily not causal




Variable expressivity and incomplete
penetrance

Deletions Duplications

inherited De novo Inherited De novo

Unaffected .
Father: 1 Mother: 2 Father: 2 Mother: 1 Unaffected Mother: 2

LI

[ | ‘ ‘ ]
Affected Affected or

Child: 1 unaffected!
Child: 1

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




CNVs as risk factor for MR/CA

L1I31ISHIAINN IHIITOHLYA

The HEW ENGLAND JOURMNAL of MEDICINE

16p13.11: The deletion is a risk factor for MR/MCA
while the duplication may be a rare benign variant

Femke D Hannes, Andrew J Sharp, Heather C Mefford. Thomy de Ravel,

m Recurrent reciprocal deletions and duplications of
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CONCLUSION:

T have 25.000 genes!

How abou you? The boundary between benign

Euh,..

Surely alot less.. )R and pathogenic variation

becomes blurred.

Even known disease causing
imbalances can be tolerated
and appears to be part of the
normal phenotypic human
spectruml!!

De Ravel et al., Cyt. Genome research, 2007
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e Introduction
e Technologies for CNV detection

e Clinical Conseiuences
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Mechanisms causing

LI31ISHIAIN:

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)
e Replication slippage
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Genomic disorders (recurrent CNVS)

N3IANIT

LI3LISHIAINN I

« Conditions that result from rearrangements of the
genome rather than base pair changes of DNA

* Due to inherent genomic instability that results in
susceptibility to structural variation mutagenesis.

e Structural variants:

— Include copy number variants (CNVs), copy humber neutral,
Inversions, insertions and translocations

— Are not resolved by chromosome karyotype studies (< 5Mb) but
at least 50bp in size, discriminating them from smaller variants,
such as singe-nucleotide variants (SNVs) and short insertions
and deletions (indels)

— are an underlying factor in human evolution and in many
diseases (ID/DD/cancer).



Recurrent versus non-recurrent CNVs

L1I31ISHIAINN IHIITOHLYA

* A changein copy number requires a change in
chromosome structure, joining two formerly separated
DNA sequences.

* These breakpoint junctions yield insights into the
mechanisms that cause the chromosomal structural
change.

* Recurrent rearrangements:

b c
RECURRENT NONRECURRENT NONRECURRENT
(common) (with grouping)

| vz e - -
T ' ———T =
— Same genomic content — aml, N
* Nonrecurrent rearrangements: —_— e o
——
— unique size e e
@2 - low-copy repeat (LCR)
- uniq ue genomic content N AL N D——



Genomic disorders (recurrent CNVs)

L1I31ISHIAINN IHIITOHLYA

Key mechanism:
Change in copy number by homologous recombination

) non-allelic/ectopic homologous recombination (NAHR)
between low copy repeats (LCRs)/segmental duplications

I1) Single-strand annealing

e Meiotic (most often)
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Low copy repeats
(LCRs or segmental duplicons)
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« Definition: segments of >1000 bp that are present in
multiple copies in the genome

e |ntrachomosomal and interchromosomal



Genome wide LCRs
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W o=~ ;b Wk =

s _ PRSI T SRR B Ouplicated Saquence
Hiiy=rH B Centromeres and acrocentric p-arms
= 1{ Mb Scale

TR [TL IR 5 s
l“"l"l BB L) | B BN BRLL N

Figure 3 GCenome-wide view of segmental duplications. The positions of alignments are depicted in red for each of the 24 chromo-
somes. Panels separate alignments on the basis of similarity: (4) 90%-98% identity and (B} 98%-100% identity. Purple bars depict
centromeric gaps aswell as the p-arms of acrocentric chromosomes (13, 14, 15, 21, and 22).Because of scale constraints, only alignments
=5 kb are visible. Views were generated with the program PARREIGHT (J.A. Bailey, unpubl), a graphical painvise alignment viewer.

Baily et al., Genome research, 2001



Segmental duplications in the human
genome
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Chromosome 16 segmental duplications
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of DNA during hominoid evolution
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Recurrent rearrangements
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a Normal recombination event
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Model for

— I interchromosomal

RGRRRTEEES - - s recombination
between two

b Misligmment folowed by recombioation homOIOQUES
—i-n— leading to
formation of a
- . deletion and a
« — - - - reciprocal
PP ———— 5 duplication

Chromosomes are shown as lines; solid and dotted lines are used to distinguish between the two homologues.
a | Segmental duplications or low-copy repeats (LCRs) are shown as blue or red boxes with arrows to indicate
the orientation of the shared modules within them. They are depicted during a normal recombination event
between two properly aligned segmental duplications, A and D. b | Misalignment of segmental duplications
that share sequence homology in the same orientation results in interchromosomal recombination between
the two homologues of a chromosome. This results in a reciprocal duplication on homologue A and a deletion

on homologue B.



Potential rearrangemetns driven by
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Recurrent rearrangements
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Key mechanism:

Change in copy number by homologous recombination

1) non-allelic/ectopic homologous recombination (NAHR)
between low copy repeats (LCRs)/segmental duplications

[II) Single-strand annealing J




Recurrent rearrangements
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Key mechanism:
Change in copy number by homologous recombination

b Single-strand annealing

I1) Single-strand annealing

w X ¥ X z
s ES)
When 5'-end resection on either side of DSB
a double-stranded break (DSB) does not woox Y. X 2
. . | m— -
lead to invasion of homologous
sequence, resection continues. If this o Sl eacti
resection reveals complementary single- WX y o K. 3
_-_ — L
stranded sequence (x) shown by the
filled regions, these can anneal. Removal
of flaps, gap filling and ligation complete = Xa i =
repair of the DSB with deletion of the
sequence between the repeats (y) and of Annealing
one of the repeats. X
y
Ligation
w X 4




NAHR by break induced replication

NAHR can also occur by break induced
replication (BIR) when the broken molecule
uses ectopic homology to restart the
replication fork. BIR will form duplications
and deletions in separate events.
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Genomic disorders
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Genomic disorders
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Chromosomal rearrangements mediated by segmental duplications
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Genomic disorders on chromosome 17
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Duplication => Charcot-Marie-Tooth type 1A
Reciprocal deletion => hereditary neuropathy
and liability to pressure palsies (HNPP)

Deletion =>

Smith Magenis
CMTIA/HNPP fiskame
L]
5 Mb
A
15Mb s 72 Duplication =>
~T7pll Potocki-Lupski
7l v 3 Syndrome
SMS
e 17q21.31
15 Mb [ s 9
1.5 Mb
NFI
Deletion => Chromosome 17

Deletion => Koolen-de Vriese syndrome

Neurofibromatosis type |
(NF)

Reciprocal duplication => 17q21.31
duplication syndrome
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Genomic disorders on chromosome 22911
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Genomic disorders on chromosome 22

3 mo D B
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q],'_'f; ] Critical qil.2 o2
region
deletion =
(|
inv dup(22)
Chr22  22qn.2 del Chr22 dir dup(22) Chr22 Chr22 Chr22 Chr22

t— 1 Tk jis

DiGeorge/velocardiofacial dir dup(22)

Cat eye syndrome +der(22)t(N:22)

syndrome

Different 22q11.2 rearrangements mediated by NAHR

the deletion of chromosome 22q11.21-11.23 (indicated by an arrow) is associated with DiGeorge and
velocardiofacial syndrome.

the interstitial reciprocal duplication is a susceptibility locus.

the inv dup(22) is associated with cat eye syndrome => tetrasomy for 22q11.2 = bisatellited marker.

the +der(22)t(11;22) — a derivative chromosome 22 that is generated by the translocation between
chromosomes 11 and 22 — is associated with Emanuel syndrome.
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Rearrangements between different LCR22s

lead to different deletion sizes
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Recurrent human translocations
mediated by NAHR .« cenoms esearcn 2011
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-~ Qlfactory receptor loci
(5030 to 9935 bases) t(4;8), 1(8;12), t(4;11) (9936 to 16593 bases)

y X ! recurrent translocations
7 zzo‘—‘--‘ 2
20 @ s

1 0& \ ) ;;¢0

(16594 to 31678 bases) (31679 to 754003 bases)

Figure 4. Recurrent translocation map. A global genomic view of interchromosomal LCR pairs with >5 kb in size and >94% DNA sequence identity
represented by dotted lines and distribution divided into four groups based on the size of LCR. To create this plot we circularized the genome using polar
coordinates. We then connected points between a pair of chromosomes linked by LCRs satisfying our size sequence identify criteria (see Supplemental
Table 3). The midpoints of the LCRs were used to identify each segment with a single location on each chromosome. The red dotted lines indicate the
translocations identified in our patient database, while the green dotted lines represent the olfactory receptor LCRs. (A) The size of LCR ranges from 5030
t0 9935 bases in the first 25%. (B) The size of LCRs range from 9936 to 16,593 bases for the second 25% of LCRs. (C) The size of LCRs range from 16,594 to
31,678 bases for the third 25% of LCRs. (D) The size of LCRs range from 31,679 to 754,003 bases for the final 25% of LCRs.



Non-recurrent chromosomal
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rearrangements

Mechanism of structural abnormalities

Misrepair of a double strand break/segregation error
Recombination error
DNA replication error



Non-recurrent rearrangements

e Breakpoint junctions can be characterized by simple blunt
endS or m|CrOh0mO|Og|eS (short stretches of shared nucleotide identity; 2-15bp)

« Chromosomal structural changes can be complex

« Junctions do not coincide with LCRs but tend to occur in the
vicinity of regions that are rich in LCRs => complex regional
genomic architecture

Key mechanism:
# homologous recombination
= nonhomologous repair mechanism:
e non-replicative
» replicative (linked to DNA replication)




Non-recurrent rearrangements

e Breakpoint junctions can be characterized by simple blunt
endS or m|CrOh0mO|Og|eS (short stretches of shared nucleotide identity; 2-15bp)

« Chromosomal structural changes can be complex

« Junctions do not coincide with LCRs but tend to occur in the
vicinity of regions that are rich in LCRs => complex regional
genomic architecture

Key mechanism:
# homologous recombination
= nonhomologous repair mechanism:
[  non-replicative }
» replicative (linked to DNA replication)




Non-recurrent structural variants
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NONNOMOIOgOUS non-replicatve repallr mecnanisms

A. Non-Homologous End Joining
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No Change Small Deletion Small Insertion

B. Microhomology-Mediated End Joining
Minimal Resection

i NHEJ and MMEJ =
E— ) two pathways of
o—= DSB repair that do
' not require
G homology or need
O——= very short

Deletion between microhomologies h omo I Og | es fo I



Non -recurrent structural variants

™z
o
e
=
m
A
G?
(o=
K
-
m
m:
«
="
m
S

NONNOMOIOgOUS non-replicatve repallr mecnanisms

/

)

. C \k\ . . vy -

f Breakage
a Breakage

Random breakage
00—~ => large inverted ‘:yﬁ
° duplications => repeated
cycles => amplification € Anaphase separation
of the inverted repeat

B O O i

-~
Antrc chromosome
¢ Fusion
—0——vy -
—o—- -

b Replication

Figure 4 | The breakage-fusion-bridge cycle. Centromeres are indicated by a blue circle, telomeres by a black block
and genomic sequence as grey arrows showing orientation. Breakage points are shown as double black lines, and
fragments that are lost are in green. a | A doubled-stranded break (DSB) occurs in an unreplicated chromosome,
causing it to lose a telomere. b | After replication, both sister chromatids lack telomeres. ¢ | These two ends are thought
to fuse. d | The fusion in part ¢ forms a dicentric chromosome. e | At anaphase, the two centromeres of the dicentric
chromosome are pulled apart, initially forming a bridge between the telophase nuclei. f | Eventually, the bridge is
broken in a random position. This inevitably leads to the formation of a large inverted duplication. The chromosome
once again has an unprotected end, and after replication will form two sister chromosomes that can fuse to form a new
a dicentric chromosome, and so the process is repeated until the end acquires a telomere from another source.



Non-recurrent rearrangements

e Breakpoint junctions can be characterized by simple blunt
endS or mICFOhOmO|OgIeS (short stretches of shared nucleotide identity; 2-15bp)

« Chromosomal structural changes can be complex

« Junctions do not coincide with LCRs but tend to occur in the
vicinity of regions that are rich in LCRs => complex regional
genomic architecture

Key mechanism:
# homologous recombination
= nonhomologous repair mechanism:
e non-replicative
[ * replicative (linked to DNA replication) }




Non -recurrent structural variants
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NONNOMOIOgOUS repiicative repalr mecnanisms

A | Replication slippage.

During replication, a length of lagging-strand template becomes exposed as a single strand (Aa).

The 3' primer end can move to another sequence showing a short length of homology on the exposed template
(Ab); this move might occur owing to the formation of secondary structures in the lagging-strand template.

Lagging strand synthesis can continue after having failed to copy part of the template (Ac). As shown, this will
produce a deletion. Several variations on this mechanism can also produce a duplication of a length of DNA. Events
occurring by this mechanism are confined to the length of genome found in a single_replication fork.



Non-recurrent structural variants

NONNOMOIOgOUS repiicative repalr mecnanisms

B FoSTeS
Ba

/ *d*%{*'@
ot

B | Fork stalling and template switching (FoSTeS).

An exposed single-stranded lagging strand template (Ba) might acquire a secondary structure (Bb), which can
block the progress of the replication fork. The 3' end then becomes free from its template (Bc), and might then
alight on another exposed single-stranded template sequence on another replication fork that shares
microhomology (Bd), thus causing duplication, deletion, inversion or translocation, depending on the relative
position of the other replication fork. Fork stalling can be caused by other situations, such as lesions in the
template strand or shortage of deoxynucleotide triphosphates.

F
m
G
=
m
<

5
T
o
=
m
=
m
(=
<
<
m
X
@
=
m
5



Non-recurrent structural variants

5'-end resection

3'-end invasion
Replication Tork formation

Separation

C b -:'-:"I ee

Reinvasion
Replication fork formation

Reinvasion
RBDHC&MI‘I fork formation

Resolution

G — Temewn SEEEsEE R

b ]

nonhomologous replicative repair
mechanisms

Microhomology-mediated break-
Induced replication

Starts with replication fork collapse in which
one arm breaks off a replication fork because
the fork encounters a nick on a template
strand, or can be caused by endonuclease.

¥

7

The molecule that is produced carries short
sequences from other genomic locations
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Chromoanagenesis
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(A) Chromothripsis
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(B) Chromoanasynthesis
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The most severe forms of genomic reorganization are described as ‘chromoanagenesis,’ or
chromosome rebirth, so named because the chromosomes are rearranged beyond
recognition. Chromosome shattering, or ‘chromothripsis’, and chromosome reconstitution,
or chromoanasynthesis’, are two types of chromoanagenesis.

(A) Chromothripsis shatters three nonhomologous chromosomes . The only copy-
number variations (CNVs) are deletions of B and E, but translocating segments and
inversions have shuffled the contents of the three chromosomes. The 12 breakpoint
junctions have blunt ends or short microhomology.

(B) Chromoanasynthesis leads to triplication (B) and duplications (D and F) across one
chromosome . These breakpoint junctions contain micronomology and insertions that
suggest a DNA replication-based mechanism of repair.




chromoanasynthesis
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A Distinct Class of Chromoanagenesis Events HGVé]

Characterized by Focal Copy Number Gains

HUMAN GENOME
VARIATION SOCIETY

www.hgvs.org
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