Strukturni variabilita (SV) genomu
' a
,2genomova“ onemocneni

Petr Kuglik

Ustav experimentalni biologie PfF MU v Brné
Oddéleni Iékarské genetiky FN Brno




Osnova

. Strukturni variabilita genomu (SV) a CNVs

historie, vyznam z hlediska variability genomu a evoluce

Klasifikace CNVs, patogenni CNVs a genomova
onemocneéeni, moderni metody detekce SV

Komplexni CNVs - chromothripsis, chromoplexis a
chromoanagenesis



Spektrum genetické variability Cloveka

Structural variation

Sequence
variation

. N

— Insertion-deletions (“indels”)
*  SNPs—tagSNPs

Single nucleotide
3 + Base change — substitution — point mutation

2 bp to 1,000 bp

*  Microsatellites, minisatellites
( — Indels

*  Inversions
+  Di-, tri-, tetranucleotide repeats
+ VNTRs

+  Intrachromosomal translocations
+  Chromosomal abnormality

—  Heteromorphisms

*  Fragile sites

Whole chromosomal to whole genome

*  Interchromosomal translocations
\ +  Ring chromosomes, isochromosomes
+  Marker chromosomes
—  Aneuploidy
—  Aneusomy

—  Term defined or discussed in Box 1

Scherer 2007 Nat Genet 39:
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Variation in genome structure. So-called "structural variation” (SV)

Reference —J3} B B
CNV Deletion —Eg—3k
Sy Insertion —JIE§} B
CNV Duplication —J§} B
SV Inversion  —JE§} 5 |
SV Translocation —J§ B |

ool o
BRBR

Genomic structural variations (SVs) are
generally defined as deletions, insertions,
duplications, inversions, and translocations
of at least 50 bp in size



Variabilita lidského genomu —
SV ma vétsi vyznam nez SNP

B osekvenovano

ARTICLE 2504 genomu ¢élovéka z
riznych oblasti....
A global reference for human (26 populaci)

genetic Variation

The 1000 Genomes Project Consortium®

88 milionu variant
84,7 milionu SNP
3,6 milionu indels
60 000 SV

The 1000 Genomes Prujeu. set out to provide a comprehensive description of common human genetic variation by
apply 'mg whole-genome sequencing to a duerse set of individuals from multiple populations. H ere we rc'po rt
com

charactes rued hm.u.l spec Lrum fg e tic
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.mu.'slnes We de.'sk.nbe[h distribution of genetic variation across the global sample, and discuss the Lm[.lll |.l ns for
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Nature 256, October 2015

typical genome differs from the reference human genome at

4.1 million to 5.0 million sites

99.9% of variants consist of SNPs and short indels (0, 4 — 0, 5 mil.)
structural variants affect more bases: the typical genome contains
anestimated 2,100 to 2,500 structural variants SV:

SV: cca 1,000 large deletions, 160 copy-number variants, 915 Alu
insertions, 128 L1 insertions, 51 SVA insertions, 4 NUMTs and
10 inversions affecting cca 20 million bases of sequence !




Chromozomové aberace jako
strukturni variabilita genomu

- submikroskopické zmeny, mikroskopické zmeny, zmény poctu
jednotlivych chromozomu, zmény genomu...

a) kvantitativni - copy number variation (CNVs) — delece,
duplikace, inzerce...

b) pozi¢ni — translokace i
c) orientacni - inverze

v

Variabilni pocCet kopii (CNVs) - segmenty DNA vétsi

nez 50 pb (1 kb) pfitomne ve variabilnim poctu kopii v
porovnani s referenCnim genomem

(Feuk et al. 2006)



“Progress in science depends on new
technigues, new discoveries, and new ideas,
probably in that order.”

Sydney Brenner, 2002 Nobel Prize Winner




Chromosome sequencing:
the fifth and final era of cytogenetics

The modern history of cytogenetics fits into
five eras:

chromosome spreading
chromosome banding
chromosome painting (FISH)

chromosome arraying
and now chromosome sequencing !!!

Ferguson-Smith et al. 2017



Vyzkumy SV byly umoznény rozvojem
novych technologii...

1971 G-pruhovani (5 - 10 Mb)
1986 Molekularni cytogenetika

FISH (100 kb)

12 38 80 38 5 333 1997 array-CGH (oligo 0,06 kb)

........

.....

---------

2010 Optical mapping

Od chromozomu ...k
analyzam DNA ...




1996 DNA mikrocipy - revoluce v cytogenetice

Array CGH: ~ 1000-krat vétsi rozliseni nebalancovanych
zmen nez konvencni cytogenetika 1!
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Array-CGH a objev nové genomoveé strukturni
variability - CNVs — variabilni pocet kopii

Timeline | Landmarks in the study of human genetic variation

| (1960-1980) Analysis [ seftreys etaLreported | | Independentreports™ (1989-1996) Microsatellites
of protein sequences | | Kan and Doxy hypervariability described the widespread became the gold-standard
from several | discovered single at minisatellite | existence of short sequence DNA markers lor genetic
individuals revealed | nuclcotide variantsin | sequences’ and their | repeat (35R) variants, also called (= studies™ ™ and thousands of
an extensive and | the Hpal restriction urse i assessing microsatellites or short tandem microsatellite markers were .
largely unexpected | site downstream of individual genetic | repeats (STR) and their used to create linkage maps of The HapMap consortium
level of variation. | | the f-globin gene'. profiles’, application as genetic markers. | | all human chromosomes*™ ™, genotyped 1 million single SNPs™.

1978 1980 1985 1987 1989 1991

(19751980 Wyman and White described a | Nakamura et al, Cenomic Identification thata Interrogation of Redon et ol
Description of copy | highly variable restriction described the FEATANgements large subset of SNPs | | genomic variability by identified 1,447 copy
number variation of the fragment length polymorphism use of variable are identified as are paralogous array hybridization number variable
a-globin genesby Kan | | (RFLPP, number of tandern | | the mutational sequence variants methods demonstrated | | regions showing that
and co-workers™*, T 1 repeat (VNTR) mechanismthat leads | | (PSVs) and define the existence of copy at least 12% of the

| Botstein et al.* proposed to use | | markersforhuman | | to Charcot-Marie— regions of structural | | number variants human genome

RFLPs to generate linkage maps gene mapping®. Tooth disease type LA variability". [CNWVs) e, contains CNVs,
| of the human genome. — | IRER53) = ; ' - ;

2004 — objev segmenti DNA vyskytujici se v rizném

poctu kopii (kb - Mb) pomoci array-CGH (CNVs)




Copy Number Variations in the Human Genome

(L

Person 1

Signal

Signal

Person 2

Chromosome Position

B Extra DNA
B Missing DNA



Prvni objevy CNVs v lidskéem genomu

Large-Scale Copy Number
Polymorphism in the
Human Genome

Jonathan Sebat," B. Lakshmi,” Jennifer Troge,' Joan Alexander,’
Janet Young,? Pir Lundin,? Susanne Manér,? Hillary Massa,?
Megan Walker,? Maoyen Chi," Nicholas Navin," Robert Lucito,’
John Healy,” James Hicks,” Kenny Ye,* Andrew Reiner,’

T. Conrad Gilliam,® Barbara Trask,? Nick Patterson,®
Anders Zetterberg,? Michael Wigler™

76 CNVs in 20 individuals
The extent to which large duplications and deletions contribute to human genetic

variation and diversity is unknown. Here, we show that large-scale copy number ?u genes
polymorphisms (CNPs) (about 100 kilobases and greater) contribute substantially

to genomic variation between normal humans. Representational oligonucleotide

microarray analysis of 20 individuals revealed a total of 221 copy number differ-

ences representing 76 unique CNPs. On average, individuals differed by 11 CNPs,

and the average length of a CNP interval was 465 kilobases. We observed copy

number variation of 70 different genes within CNP intervals, including genes

involved in neurological function, regulation of cell growth, regulation of metab-

olism, and several genes known to be associated with disease.

Sebat et al 2004 Science 305: 525

Detection of large-scale variation
in the human genome

A John Iafrate?, Lars Feuk?®, Miguel N Rivera',
Marc L Listewnik!, Patricia K Donahoe??, Ying Qi?,

Stephen W Scherer®3 & Charles Lee!»?? 255 [NVS ”.I 5 5 IﬂdWl[jUﬂlS

We identified 255 loci across the human genome that contain

genomic imbalances among unrelated individuals. Twenty-four .I.E? gEﬂES
variants are present in >10% of the individuals that we

examined. Half of these regions overlap with genes, and many

coincide with segmental duplications or gaps in the human

genome assembly. This previously unappreciated heterogeneity

may underlie certain human phenotypic variation and

susceptibility to disease and argues for a more dynamic human

genome structure.

lafrate et al 2004 Nat Genet 36: 949




Copy number variabilni oblasti v (CNVRs) v
lidskem genomu - 2006

Global variation in copy number in the human genome
Richard Redon et al.: Nature. 2006 November 23; 444(7118): 444—-454.
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nature Vol 4641 April 2010|doi:10.1038/nature08516

ARTICLES

Origins and functional impact of copy
number variation in the human genome

Donald F. Conrad'*, Dalila Pinto®*, Richard Redon'”, Lars Feuk**, Omer Gokcumen’, Yujun Zhang', Jan Aerts',
T. Daniel Andrews', Chris Barnes', Peter Campbell’, Tomas Fitzgerald', Min Hu', Chun Hwa lhm®,

Kati Kristiansson', Daniel G. MacArthur', Jeffrey R. MacDonald®, Ifejinelo Onyiah', Andy Wing Chun Pang’,
Sam Robson', Kathy Stirrups’, Armand Valsesia', Klaudia Walter', John Wei’, Wellcome Trust Case Control
Consortiumt, Chris Tyler-Smith’, Nigel P. Carter', Charles Lee”, Stephen W. Scherer™® & Matthew E. Hurles'

 oligonukleotidovy €ip, 42 miliénu sond
* 450 jedincu
* nalezeno vetsSich nez 443 pb




Variabilni pocet kopii - vyznam

CNVs - variabilni pocet kopii ovliviuje 12-16 %
genomu clovéeka ! (privatni x populacéneé specificke)
priumérny genom obsahuje 3-7 vzachych CNV
5-10 % jedincu nese CNV > 500 kb, 1-2 % > 1 Mb

Vyznam: :
variabilita lidskeho genomu (fenotypu)...

0 polymorfismus — geneticka diverzita mezi jedinci

O evoluce
U genomova onemocneéni




CNVs a evoluce genu - priklady
pozitivni selekce u Cloveka

| Examples of CNV genes showing evidence of positive selection in humans® C N VS — S u bstrét p ro

Gene and/or gene family Feature(s) of selection Fixed or variable with humans | Refs d t = I -
ACOTI High population differentiation Variable [48] a a p a c I a evo u c I

ACOT2 High population differentiation Vanable [44] é I ov é k a

o SOhno E;l/%llétion — ||l < 146 genlis CNVs
iacaTL] ne T vykazuje pozitivni
v 1970 Duplication — y .j '? -
— : — selekci u clovéka
P ronte —

prene —|| *+ duplikace i

== “natural selection ] delece genu !
| : merely modifies, _—

i | + gen AMY1

cures |l + geny podilejici se
C200nf101 . .

Cros ] na vyvoji mozku,
CAMTAI mgn popu.l.ar.fon OT e Lfar.fon \-v . w‘; i m u n itn ih o

ccDciz2 High population differentiation Variable [103]

CCDC77/NM 001130148 High population differentiation Variable [49] systé mu....

CCL3LI High population differentiation Variable [14.38 44 49]

CCL4 High population differentiation Variable [44.49]

Iskow et al. 2012



Vyznam CNVs v evoluci hominidu...aneb

duplikace a delece zpusobuji rozdily mezi lidoopy a lidmi

Evolution and diversity of copy number variation
in the great ape lineage

Peter H. Sudmant,' John Huddleston,'? Claudia R. Catacchio,® Maika I\/Ialig,1

LaDeana W. Hillier,* Carl Baker,' Kiana Mohajeri,’ Ivanela Kondova,® Ronald E. Bontrop,’
Stephan Persengiev,5 Francesca )ﬁmtonacci,3 Mario Ventura,3 Javier Prado-Martinez,‘5
Great Ape Genome Project,” Tomas Marques-Bonet,®® and Evan E. Eichler'*°

« osekvenovan genom 97 lidooput
(orangutan, gorila, Simpanz)

Great Ape Genome Project

* 469 Mb pokryto CNVs vs. 167
Mb SNP

« 3x veétsi pocet pb ovlivhén
CNVs nez SNP !

« nalezeno celkové 340 deleci a
450 duplikaci genu....

« 13,5 Mb sekvenci, které se
nevyskytuji v lidském genomu...




...a maji vyznam z hlediska diversity cloveka

Reconstructing Large Adaptive Introgressed CNVs

CONCLUSION: Our results suggest that large CNVs originating in archaic hominins and

introgressed into modern humans have played an important role in local population adaptation and

represent an insufficiently studied source of large-scale genetic variation that is absent from

current reference genomes.

tt "".._ -2

Large adaptive-introgressed CNVs at chromosomes 8p21.3 and 16p11.2 in Melanesians. The

magnifying glasses highlight structural differences between the archaic (top) and reference

(bottom) genomes. Neanderthal (red) and Denisovan (blue) haplotypes encompassing large CNV's n
occur at high frequencies in Melanesians (44 and 79%, respectively) but are absent (black) in all '_l-.',-";'

1Ce

> Science. 2019 Oct 18;366(6463):eaax2083. doi: 10.1126/science.aax2083.

Adaptive archaic introgression of copy number
variants and the discovery of previously unknown
human genes

PingHsun Hsieh 1, Mitchell R Vollger ', Vy Dang 7, David Porubsky ', Carl Baker 1,
Stuart Cantsilieris ', Kendra Hoekzema 1, Alexandra P Lewis ', Katherine M Munson ',

Melanie Sorensen 1, Zev N Kronenberg 1, Shwetha Murali 2, Bradley J Nelson 1,

Giorgia Chiatante 3 Flavia Angela Maria Maggiolini 3 Héléne Blanché #, Jason G Underwood ' 2,

Francesca Antonacci >, Jean-Francois Deleuze 4, Evan E Eichler & 2

Long-read sequencing discovers

383 kbp duplication specific to Melanesians

—_—a . { Melanesian contig (~1.8 Mbp)

s smPad

non-Melanesians. These CNV's create positively selected genes ( TNFRSFI0DI, TNFRSFI10D2,

and NPIPBI6) that are absent from the reference genome.

[ = I LN R o
. - NPIPB16, 0008531112288 * 095

adaptace lokalnich

- .1.|:I

1 H I H & framechif

Aming acid sequence alignmenl pasition

=183 kbp duplication is specific 1o Melanesian population

Prob{di/d5=1)
I!l_l!-_ E
-

populaci, metabolismus,

= Carrics at least neo duplicate penes

imunitni systém...

5 = Arose =300 kya and introgressed =50 kya from Denisova to Melanesians

Shows signatures nflrmmw: selection (d™Nd5) and adaptive evolation

Hsich ¢t al., Science, 2019



CNVs - priklad pozitivni selekce u ¢clovéka
Polymorfismus v poc¢tu kopii a-amylazového genu AMY1

naAlne

genctics

Distribuce poc¢tu genu AMY1 v lidské
populaci

Diet and the evolution of human amylase gene copy
number variation
George H Perry' 2, Nathamtel | Doming®, Katrina G Claw™!, Arthar 5 Lee?, Helle Flegler®, Richasd Redon®,

Juhn Werner!, Fernando A Villanea®, Joanna L Mountain®, Kajeev Misra®, Migel P Carter®, Charles Lee™™® &
Anne C Stone'*

enzym a-amylaza (ptyalin) — podili se na Stépeni
Skrobu (maltoza, izomaltoza, glukéza, dextriny...) .
geny AMY1A, AMY1B, AMY1C, (AMY2A, AMY2B — »

]
T

kopii...

E

vztah k evoluci — dieta s obsahem Skrobu !

pankreas) vykazuji extenzivni variabilitu v poctu i | | ‘
E- ‘

.....

oo bty

[ [
AMTTA hphaed g copry mrnber

+ diploidni poget genti 2 — 15

(Simpanz - 2 kopie)

vztah mezi konzumaci potravy
bohaté na Skrob a poétem gend

uZitetna adaptace - pocet genu
odraZi zmény stravovani v
pribéhu evoluce élovéka

lovci vs. zmédélci
ryze kukufice, brambory...

Perry et al. 2007




CNVs u jednovajecnych dvojcat (MZD)

Twin Research amd Human Gemetics
g 1-12 B & The Auiberis) 2015 I r

CNV Concordance in 1,097 MZ Twin Pairs

vy Waher, ! Hamd Mbarek, '

oeske-dan Hotiengs,” Tadary
1 2 van Beguterveldt,” Andrew Brooks,? Sm J. Hudrisk,* Patrich F. Sellran,*

sty how Hualth sl Cars Brrarsh, Amsteedien, fos Wt losts

« MZD geneticky identicka - moznost studia somatickych mutaci !!!
 analyzovany CNVs u 1097 paru MZD

 Affymetrix 6.0 microarray, periferni krev, bukalni sliznice....

 nalezeno celkem 4,415 konkordantnich deleci a 3,037 duplikaci

* Zzjisténo 153 de novo vzniklych diskordantnich CNVs > 100 kb
casto v 15q11.2



One human, multiple genomes....?

Single-cell multi-omics to study genetic heterogeneity in
health and disease

b
Thierry Voet

A genome-plus-transcriptome sequencing atlas of human preimplantation ,
embryogenesis at single-cell resolution N T
. 13" EUROPEAN CYTOGENOMICS CONFERENCE | 3 - 5 JuLy 2021

CNVs acquired during a lifetime

’ KU Leuven
@ Institute for
Single Cell
Omics

Towards a human CNV body map:
small clonal populations of CNV aberrant cells in tissues

@ E> Single-nucleus G&T-seq:
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CNVs a genomova onemocnhneni

co CNVs zpusobujia jak vznikaji
jak je klasifikujeme
jak je muzeme detekovat




Prvni pozorovani vlivu CNV na fenotyp --
duplikace a mutace Bar u drozofily

Alfred Sturtevant

s 1
b s o

“Crossing over has proved to be the key to
the mutation behavior of bar...... The case
appears not to be, strictly speaking, a point-
mutation after all, but a new kind of section-
mutation...... in which unequal crossing
over furnishes the mechanism for bringing
about the new types”

Sturtevant , Genefics, 1925




CNVs a efekt prvné popsany
genové davky u ¢lovéeka

Article =~ Published: 01 April 1992

Gene dosage is a mechanism for
Charcot-Marie-Tooth disease type 1A

James R. Lupski, Carol A. Wise, Akira Kuwano, Liu Pentao, Julie T. Parke, Daniel G. Glaze,

David H. Ledbetter, Frank Greenberg & Pragna | Patel

Nature Genetics 1, 29-33 (1992) Download Citation %

CHROMOSOMAL 17p SUBMICROSCOPIC

g CMTIA-REP
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Prof. J. Lupski, 2018
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Hereditarni motoricka a T

senzoricka neuropatie - duplikace genu PMP22 — peripheral myelin protein 22
- postizeni koncetin, atrofie svalstva, porucha citlivosti..
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CNVs a genomova onemocneéni
proc... a jaké mechanismy....

Trends i
|Genetics] Cell ,

"""" Genomoveé choroby
Volume 14, Issue 10, 1 October 1998, Pages 417-422 (genOmIC dlSOI‘derS) _ Vznikaji V

Genomic disorders: structural features of the genome can lead dus;;ledku prQSta_V9b g_enomu
to DNA rearrangements and human disease traits zpusobujicich zisky Ci ztraty
gent (CNVs)

James R Lupski -

Evoluce lidského genomu -

o duplikace gent, genovych
% segmentu a repetitivnich sekvenci

Vhodné podminky pro
nehomologni rekombinaci, pfi
niz muze dochazet k prestavbam

chromozomu

(a) Direct repeats

Genomic rearrangements resulting from recombination
between repeated sequences.



LCRs a SDs v genomu

cca 50 % genomu tvofi repetitivni sekvence zahrnujici mj.

4

repetitivni sekvence o nizkém poctu kopii (LCRs) —
intrachromozomalni duplikace o velikosti >10 kb s > 97 %
sekvendéni identitou (10-400 kb), vytvari shluky s pfimou Ci
inverzni orientaci

segmentalni duplikace (SDs) — segmenty o velikosti > 1 kb s
> 90 % sekvencni identitou

vice nez 5,4 % lidského genomu je pokryto SDs
prumér 18,5 kb

1% — 14 % kazdého chromozomu obsahuje SDs

3.4 % az 10,7 % genu muze byt duplikovano

Zhang et al. 2004



Architektura GENOMU
ONEMOCNENI

vs. GENOMOVA

Y N TR TR
Mﬁ-.,___l .
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ccccc

Rozlozeni intrachromozomalnich a
interchromozomalnich duplikaci (210 kb; 295%) v
genomu

lidsky genom je nachylny
k strukturni variabilité v disledku
existence LCRs a SDs !

existuje asi — az 8000 , hot spots“v
genomu - tvofeny unikatni sekvenci

(o délce 50 kb — 10 Mb), ktera je ohraniCena
vysoce homolognimi useky DNA, (LCR) Ci

SDs G

substrat pro nealelickou homologni
rekombinaci v meiéze (NAHR)
nerovhomeérny crossing-over

\ 4

delece, duplikace, inverze, translokace
divergence genomu

genomova onemocneni !

Jeffrey A. Bailey et al. Science 2002;297:1003-1007



Nealelicka homologni rekombinace (NAHR)

rekombinace mezi repetitivhimi sekvencemi (SDs

nebo LCRs)

o e e A2

e e ——> S
| —- e TEL M

ABC : TEL TEL
v Deletion or duplication - Inversion
- EEES ey Bel s TEL - RELLE TEL
==—TEL

Genomic disorders



Mechanismy vzniku NAHR

NAHR muze byt inter- nebo téz intrachromatidova

B Inter-chromatid NAHR by chromosomal compression/extension (i.e., inter-C/E)

L = I ]
COMIPTEss1an
L — = = )

EXIENSI0

C Inter-chromatid NAHR by chromosomal looping (i.e., inter-L)

D Inter/Intra-chromatid NAHR by chromosomal looping (i.e., inter/intra-L)

Figure 3. A model of CCEL for inter'intra-chromatid NAHR. Black crosses represent inter-chmmatid recombinations; green cross represents intra-chromatid
recombination. (A) Allelic homologous recombination (AHR). (B) Chromosomel compression/extension could cause SD mis-pairing and inter-chromatid NAHR. (C)
Chromosomal looping could cause SD mis-pairing and inter<hmmatid NAHR. (D) Chromosomal looping could also cause inter- and/or intra-chromatid MAHR.

Penk et al. 2015



Mechanismy, kterymi CNVs mohou ovliviovat
fenotyp | - monoalelické

Genova davka, haploinsuficience, disrupce, fuze genu ....

(A) Dosage sensitivity (B} comiguousgene syndrome (D) Gene fusion
Allste 1]~ 33— Alele 1—] j— Allele 1— 30 m—
Allate T 3 - LY IR P S e - T Alleka 2 EN E

Deletion l

Allle 1 r g

Allete 1 S (C) Gene interruption Alele 2——J00 =
PP S A — P -—

Duplication

Allele 2 -

(E} Mon-coding regulatory element

Bilsle 3 = T Dosage-sonsitive ganefs Miske1—— Jm—
Allele2—— F > FVF £ Non-coding reguianory slement Mliete 2 O—
Triplication -

FIGURE 3 Downstream mechanisms of monoallelic CHVE A, Haploinsufficiency due to deletion of 3 dosage -sensitive gene or triplosensitivity
due to duplication of 3 dosage-sensitive gene leads to phenotypic consequences. Further support of dosage sensitivity comes from triplication
of a dosage-sensitive gene associated with a more severe phenotype. B, Deletions may encompass multiple dosage-sensitive genes; in sudh
cases, the overall phenotype can be attributed to the sum of the individual phenotypes or to synergistc effects. C, Gene interruption with
subsequent loss of expression can lead to a phenotype. D, Gene fusion within pamlogs of a gene family or between gene families can lead to a
fusion gene, provided that the reading frame is not disrupted. E, CNVs may disrupt noncoding regulatory elements such as promoters or

enhancers, either upstream or downstream of a gene

Harel and Lupski 2017



Mechanismy, kterymi CNVs mohou
ovlivhovat fenotyp Il - bialelicke

Bialelicka delece, projev recesivni alely, nekodujici varianty...

FIGURE 4 Biallelic effects of CHVE A,
Homozygous deletion CHY. B,
Compound heterazygous CHY. C,
Monoallelic deletion unmasking
recessive deletenous vanant Mote that
the variant would appear homozygous
upon sequendng by the Sanger
method. D, Monoalielic deletion
unmasking noncoding variant. E,
Complex rearrangement on allele

1 leading to segmental uniparental
isodizomy and absence of
hetemmzygosity (ACH), with resultant
expression of recessive disease

(A)
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Allele z—|:

Control
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[.G.[:rlhl—c 37—
Allele 2 %

Control 0 ]

I Gene

{} Coding variant

‘ Mon-coding variant

= Complex rearrangement

Harel and Lupski 2017




Koncept ,,genomic disorders*!

od pocC. 21. stoleti dochazi ke zmene pohledu na pfiCinu nekterych
vrozenych genetickych onemocneni...

genocentricky (gene - specific) vs. genomicky pfistup...

CNVs - genomova onemocneéni (genomic disorders) -
1.7 x107¢ to 1.0 x 104 per locus per generation

onemochneéni vznikla bodovymi mutacemi - 1.8-2.5 x 1078 per
base pair per generation

genomova onemocnhneéni u Clovéka vznikaji 1000 az
10 000 CGastéji nez onemocneni vyvolana bodovymi
mutacemi !




CNVs a jejich klinicka klasifikace

CNVs
benigni
pravdepodobneé benigni
patogenni
pravdepodobneé patogenni
nejasného vyznamu (VOUS)




Gen\ QA=

CNV Classification — the principles

e B o -

OR Duplication

—_— L l_! .|_ ;:.r on

* Be consistent during analysis

Recurrent regions




Gen, QA=

Inheritance & Family Studies

. Testing parents or siblings
may help in interpretation

» E.g. de novo variant or
segregation

- Also important for
recurrence risks

Genetic counselling
essential

:

Reported patients

Patients with the same imbalance and phenotype can add
pathogenicity evidence to your classification, especially if de
novo!

«  Many databases with excellent patient datasets such as:
« Decipher ': DECIPHER
« ClinVar [previously ISCA)

« Patients also reported in the literature

« PubMed

+ Human Gene Mutation Database (HGMD) -

Population Data
» Main databases for CNV's are DGV (including DGV Geld) and
GnomadsV

If same variant (specifically loss OR gain) =1% then can be
called benign

wiabgsn ol  eomIc arany

4 s e e s

gnomAD
alANA

QEFGME A5) HJanas datibeis

o — AR 11 2 e by e e v

o
Gen, QA=

Gene Content — OMIM
Online Mendelian Inheritance in Man

7 122470
CORNELIA DE LANGE SYNDROME 1; CDLS1

Alnernsnme nife: syrshely

COL: COLS

TYPUS DEGENERATIVLS AMSTELODAMENSIS
DE LANGE SYNDROME

BRACHMANN.DE LANGE SYNDROME: BDLS

Phenotype-Gene Relationships

Fhanalype Fhanobype Gt Lok
Location  Phenoiyps Bk mamber  mhavingnce -l-u-‘u\' Cone/Lorus Wik number
Spisz Comratts da Linge prmdiome | 12 AD ML wsed”




Mikrodelecni/mikroduplikacni syndromy (MMS)
jako priklady patogennich CNVs

pri¢ina - drobné mikrodelece (duplikace) DNA segmentu (2-4
Mb), které nejsou detekovatelné klasickymi cytogenetickymi
metodami

pacienti maji spolecné specifické klinické priznaky...dfive popis

dle fenotypu (,phenotype first“...
variabilni expresivita, neuplna penetrance E a ‘ .

efekt genové davky, haploinsuficience. ﬂ ﬂ
rekurentni (LCRs) vs. nerekurentni .... - E

korelace genotyp — fenotyp — genetické poradenstvi

=

cetnost mensi nez 1: 2000 - vzacna
,chromozomova“ onemocneéni !



Charakteristiky nejCastéjsich rekurentnich
mikrodeleénich syndromu

Sotos 5g35 ND Paternal (90%) 2.2 NSDI
(10%)
Williams 7q11.23 1/20,000—1/50,000 Equal 1.6 CGS
8p deletion 8p23.1 ND Maternal 5 CGS
Prader—Willi 15q11.2-13 1/20,000 Paternal 3.5 CGS
Angelman 15q1.2-13 1/20,000 Maternal 35 UBE3A
(10— 15%)
Smith—Magenis 17pl 1.2 1/25,000 Equal 4 RAII (ND)
Neurofibromatosis | 17ql1.2 1/40,000-1/80,000 Maternal 1.5 NFI
(90—95%)
Velocardiofacial 22ql 1.2 1/4,000 Equal 3 (1.5) CGS

Abbreviations: ND, not determined; CGS, contiguous gene deletion syndrome

Pleiotropie, variabilni expresivita...

Viz. pfednaska Cytogenetika Devriendt and Vermeesch 2004



Moderni metody detekce SV

« sekvenovani
« optické genomové mapovani

T esesnue BTTTTE
No single method allows detection of the whole spectrum of genetic VE

Karyotyping

>é0 bp 10 1=00 kb >1=Mb I‘il)
- chr

"SNP | CNV mmdy

CIC W B

[ (1] L1} (1] 1] .

Fisman V., 2021



Problemy s detekci strukturni variability (SV) -
pomoci NGS

1.) SVs are important
2.) SVs happen in complex regions

3.) Classical NGS is not ideal for SV detection

Structural Variations are the hardest to detect genomic variants

Translocation

e
Insertion —

Repeat

Expansion @( )—' Inversion

Single Nucleotide

Structural Aneuploidy
Polymorphisms Variations
« (SNPs) (SVs)
1 base pair (bp) 100s bp to Millions bp Full Chromosomes



NGS a strukturni variabilita

SINEs 13.1%

TR retrotransposons 8.3%

A DNA retrotransposons 2.9%
—"_ Single sequence repeats 3.0%

Segmental duplications 5.0%

Repeat Elements

NGS attempts to puzzle together fragmented DNA heterochromatin 8.0%
molecules to detect Structural Variation

2/3 of the genome is repetitive and SVs in repeat

regions are often invisible by whole genome sequencing

Short Read Sequencing

—_— — — -

s = - s 00
=D D 7?7 s oees 2 2 [ — =
— : — —

P
@
C

 kratka Cteni <300 pb lllumina, nedetekuji >70 % SV vétSi nez 50 pb,
pritomnost repetitivnich sekvenci (telomery, centromery, akrocentr.
chromozomy...)

Bocklandt S. 2021



CNVs a sekvenovani

NGS - vhodné pro detekci sekvenénich variant .....

Problémy s CNVs:

kratka Cteni <300 pb lllumina, nedetekuji >70 % SV vetSich nez 50 pb,
pritomnost repetitivnich sekvenci (telomery, centromery, akrocentr.
oblasti)

WES - pozice CNVs....hledani novych bioinformatickych pristupu...
WGS - nakladné

M oin é feée n i TECHNOLOGY SNAPSHOT: LOW-PASS WHOLE GENOME SEQUENCING

Long-read sequencing (Cteni 10 — 100 kb 0 e

SMRT, Oxford Nanopore Technology) == T 1% 8
Low-pass whole genome sequencing N R

(hloubka &teni 0,1 — 10x) - T
Novel SNP Detect v v imited x
Optické mapovani . rETECarT



NGS vs. cytogenetika

Urcité strukturni zmény chromozomu nemusi byt
zachyceny pomoci NGS !!!!

Pomoci WGS nelze spolehlivée detekovat
aberace v pripade:

A) malych mozaiek Ci klond...
B) Robertsonovskych translokaci...
C) malych markerovych chromozomdu...

D) balancovanych translokaci s mistem zlomu v nekddujicich
sekvencich...



8% of postnatal abnormal results
are missed by current sequencing by synthesis WGS

retrospective study of all postnatal referrals 2006-2015 in Utrecht (n= 15,017 with 1,455 abnormal)

Hochstenbach et al. (2018) Eur J Med Genet doi: 10.1016f.0jmg.2018.09.010

European Journal of Medical Genetics 62 (2019) 103543

Contents lists available at ScienceDirect

European Journal of Medical Genetics

ELSEVIER journal homepage: www.elsevier.com/locate/ejmg

A survey of undetected, clinically relevant chromosome abnormalities when = %)
replacing postnatal karyotyping by Whole Genome Sequencing =4
Ron Hochstenbach®, Ellen van Binsbergen, Heleen Schuring-Blom, Arjan Buijs,

Hans Kristian Ploos van Amstel

Department of Genetics, University Medical Cenre Utrecht, Utrecht Universiry, Utrecht, P.0. Box 85090, 3508 AB. Utreche. the Netherlands

Table 1
Numbers of abnormalities undetectable by WGS in referrals for postnatal karyotyping to our laboratory during 2006-2015".

referral reason (subcategories/explanation) number of number of abnormal results undetectable by WG5S

referrals (percentage of referrals)
number percentage of percentage of
abnormal total
recwrrent miscarriage (couples who had at least two unexplained 5881 B& (1.5%) a2 2564 0.37%
TETITTTIE
multiple congenital abnormalities and/or mental retardation (products 3952 21 (13.2%) 14 2T7% 0.35%

of conception, stillbirths, suspicion of trisomy 13 or trisomy 13, all other
postnatal patients, from newboms to adults, including cytogenetic
follow-up of abnormal microarray results)

Down syndrome (suspicion of trisomy 21, usually in newbomns) &35 9B [E2.7%) 1 0.25% 0.14%
dizorders of sexual development

child (usually newbom) with ambiguous genitalia 53 7 (13.2%) o 0.0% 0.00%
woman = 36 years of age with POF 228 15 (6.6%0) 11 T33% 4.82%
bt [ i - e e =k G R T TE. 70 AT
girl with suspicion of Tumer syndrome 310 20 [(6.5%) 2 10.0% 0.65%
boy or male with suspicion of Klinefelter syndrome 253 45 (17.8%) 4 8.9% 1.58%
reduced male fertility (infertile/subfertile male electable for JCSI) 1047 57 (5.4%) a7 47.4% 2.58%
carrier of chromosomal rearrangement (family member has Down 1905 282 (14.8%) 33 11.7% 1.73%

syndrome; family member has other chromosomal rearrangement)
total 14,957 1455 (9.7%) 118 8.1% 0.7 %%

? We did not include referrals of postnatal follow-up of abnormal prenatal findings in our survey,



Zmény detekované na urovni DNA mohou byt zplisobeny
riznymi strukturnimi prestavbami chromozomu!

o 13
— 112 b =]

=
:Ei Priklad
g%% Ztraty DNA sekvenci
—= (array-CGH, NGS) mohou
‘AR byt zptisobeny rtiznymi
15 termin an
7 e 7 Interstitial deletion strukturnimi zménami
CMA or WGS o
=4 chromozomu !!!

/ Fig. 1 This example shows that a loss of a terminal segment of a

chromosome arm, as detected by CMA or WGS (in red), can be
caused by four different structural rearrangements. Current WGS
+ ring chromasome -’;:R:&ﬂfn discriminate between these possible rearrangements because break-
GTG-bandi fFlSH R points that are located within repetitive DNA sequences are not
ng — recognized [4]. In contrast, these rearrangements can be discriminated

by microscopy, using karyotyping and/or FISH. The simplest struc-

tural rearrangement is a terminal deletion although an interstitial

. . . . deletion, a ring chromosome, or a derivative chromosome representing
Chromosomes in the genomic age. Preserving cytogenomic an unbalanced translocation involving chromosome 15 and the very
competence of diagnostic genome laboratories terminal end of another chromosome arm (here 20p) can underlie such
a terminal loss. As emphasized in current guidelines for cylogenomic

Ron Hochstenbach(®' « Thomas Liehr? - Rosalind J. Hastings® investigation [7], identification of the underlying rearrangement is
essential for determining the recurrence risk for the parents of the

Received: 6 April 2020 / Revised: 26 October 2020 / Accepted: 17 November 2020 patient, for genetic counseling and for the identification of family
© The Author(s) 2020 members who are at an increased risk of having imbalanced progeny.

Dulezité pro genetické poradenstvi !



Existuje univerzalni metoda, ktera by
nahradila vSe?

O &> Cytogenetic
e N\ " ,-‘ Analysis
'

OPTICAL GENOME MAPPING
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Next-Generation Cytogenomics
with Optical Genome Mapping is
Here! To stay!

s H -.-_-,-i.:-.:-'—..- FSH
EMOPHILIA A

Alka Chaubey, Ph.D., FACMG

Chief Medical Officer, Bionano Genomics

2021

bionano
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REVOLUTIONIZING
CYTOGENOMICS

Bionano visualizes patterns on intact DNA molecules to detect
Structural Variation
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OGM vs traditional cytogenetic techniques

Karyotype FISH aCGH
« S §F Bb o
Y As ab XX XA as : e
L - - a
~50Kph

510 Mb By

Higher resolution
One-step

) 5%

Next generation cytogenetics [

Cytogenetics with 500,000 ‘bands’ i.e. labels ~10,000 improved sensitivity!
-Genomewide analysis
-Positional information
-Single molecule resolution




Co umi optické genomoveé mapovani
(OGM)

OGM detects all classes of SVs

VARIANT TYPE KARYOTYPE FISH CMA / NGS OGM \

Aneuploidy o @ Targeted o ° o

Deletion ) >s10Mbp () Targeted Q & 9

Duplication (0 >s10Mbp () Targeted ° & Q

Translocation @ >5-10 Mbp @ Targgted 9 @ :{aersgt;izt:i atzels °

Inversion @ >5-10 Mbp @ Targeted ° ° °

AOH ° o ° ° @ Germline

Repeat expansion ° ° ° @ ::ier;::t: to short :Lr:::i to large

Repeat Contraction ° o ° ° °

SNV (x ) [ %] [ %) ] ® /
bionano For research Use only. Not for use in diagnostic pror,edures.bioﬂeﬂg

For ResB&MR WLE Only. Not for use in diagnostic proceduras.



Optické mapovani genomu - postup

* long linear single DNA molecules (median size >250 kb)

bionano

Vzorka:
i Znaceni - sekvencni motiv CTTAGG vyskytujici se kazdych 5 kb v genomu
bunky/baktérie
2
Izolacia DNA Znatenie Specifickych Prenos znatenej DNA Ol?akm{ané cykly linearizé'cie
o vysokej molekulovej sekvencii DNA v celom na &ip a snimania DNA v nanokanaloch
hmotnosti genome pre naskenovanie celého genomu
N
~ \\
=i El
ﬁ ———

Efektivne snimanie molekul DNA o dizke niekol'’ko megabaz s vysokym rozlisenim

Premena snimanych obrazov ‘
na optickia mapu
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Tvorba konsenzualnych genomovych map
pomocou zostavovacich algoritmov

analyzujtcich prekryvy

Q—lnm

Prirovnanie optickej mapy

| Tiro
k referencnej mape

‘ }
MU T
‘ -Automatické detekcia

Struktirnych variantov
\ -Zostavovanie gendému

Bionano Genomics (https://bionanogenomics.com/technology/platform-technology/)

Visualize and Manipulate Maps and Structural Variants
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Bionano’s technology is Optical Genome Mapping with Saphyr

0 0,5 1,0 Mb 4

opticka
mapa

I I | mapa ziskana
in sifico

katodovy pilitky nanokanalky anodovy
prostor mikrokanalky prostor

From 100x up to 1600X coverage
At no extra cost.
Toegelova H. 2016



Detekce chromozomovych aberaci pomoci
optického mapovani

Structural variant calling by optical mapping

GAIN/LOSS COPY NUMBER CHANGE BALANCED

Deletion >500bp Repeat array expansion Translocation > 50 kb

referenc
e

vzorek

Insertion > 300 bp Tandem Duplication >30kb Inversion >30 kb




OGM - priklady chromozomovych aberaci
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OGM - priklad translokace (13;20)(q32;p13)

Chromosome 20
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Dremsek et al. 2021



OGM - cytogenetika budoucnosti?

European consortium comparing Bionano to standard

of care in constitutional cohort

Alexander Hoischen, PhD
Associate professor,

Radboud Medical Center,
Nijmegen, The Netherlands

Laila El Khattabi, PharmD PhD
Associate professor,

APHP Cochin

Paris Descartes University,

Paris, France

Hopital Cochin
Port-Royal
AP-HP

Radboudumc

university medical center

Hospscen Crvils da tyon

= 85 samples with intellectual disability, infertility, family history of

genetic abnormalities, and prenatal samples
AJHG  Juy 2021 (oad

® 100 Chromosomal abnormalities (balanced and unbalanced)
Available online 7 July 2021

In Press, Corrected Proof (B

Article
Optical genome mapping enables constitutional

chromosomal aberration detection

e ol s A s (o) concordant with the standard of care methods (array-
;..... Mant  Kornelia Neveling Céline Pebrel-Richard 3, Marion Benoist &, Guillau d a : 100/) based technology and Karyotyping)

ande !, Ellen Kater-Baats |, Imane Bastout , Ronald van Beek !, Tony Yammine 7+ ¥, Michiel Oorsprong !, Faten
Hsoumi ¥, Daniel Olde-Weghuis , Wed Majdali %, Susan Vermeulen *, Marc Pauper *, Aziza Lebbar , Marian
Stevens-Kroef * Damien Sanlaville ¥ . Lafla Bl Khattabi & 0. 33 2.8

Show more

b. For Research Use Only. Not for use in diagnostic procedures.
IOQEI:IIQ For research Use only. Not for use in diagnostic procedures.



Komplexni SV



Komplexni chromozomoveé prestavby
(complex chromosomal rearrangements — CCRs)

strukturni prestavby (de novo €i zdédéné)pfri kterych dochazi ke
3 a vice zlomum postihujici 2 a vice chromozoml

Casté chromozomové zmény u mnoha nadoru — ziskané
aberace

vzacné chromozomové zmény — vrozené aberace (cca 300

pfipadu na celém svéte)
313/99

2

CCRs jsou klasifikovany do
3 skupin:

gy * %,

A
19 der(11)#%

 chromothripsis . el '2
. 13

« chromoplexis ‘

« chromoanasynthesis

_ Priklad komplexniho karyotypu u
) chromoanagenesis  nador




2011 — objev ,,chromotripsis“u pacientky s CLL

Cell. 2011 Jan 7;144(1):27-40. doi: 10.1016/).cell. 2010.11.055.

Massive genomic rearrangement acquired in a single catastrophic event during cancer development.

Stephens PJ', Greenman CD, Fu B, Yang F, Bignell GR, Mudie LJ, Pleasance ED, Lau KW, Beare D, Stebbings LA, McLaren S, Lin ML, McBride DJ, Varela |, Nik-Zainal S, Leroy C, Jia M,
Menzies A, Butler AP, Teague JW, Quail MA, Burton J, Swerdlow H, Carter NP, Morsberger LA, lacobuzio-Donahue C, Follows GA Green AR, Flanagan AM, Stratton MR, Futreal PA Campbsll
BJ

) Author information

Abstract

Cancer is driven by somatically acquired peint mutations and chromosomal rearrangements, conventionally thought to accumulate gradually over time. Using next-
generation sequencing, we characterize a phenomenon, which we term chromothripsis, whereby tens to hundreds of genomic rearrangements occur in a one-off cellular
crisis. Rearrangements involving one or a few chromosomes crisscross back and forth across involved regions, generating frequent oscillations between two copy number
states. These genomic hallmarks are highly improbable if rearrangements accumulate over time and instead imply that nearly all occur during a single cellular catastrophe.
The stamp of chromothripsis can be seen in at least 2%-3% of all cancers, across many subtypes, and is present in ~25% of bone cancers. We find that one, or indeed
more than one, cancer-causing lesion can emerge out of the genomic crisis. This phenomenon has important implications for the origins of genomic remodeling and temporal
emergence of cancer.

NGS - 42 genomovych prestaveb
allex:

A PD3172a (CLL): Chr 4 w— Delation-type w— Tall-to-tail inverted
= Tandem dup-type = Head-to-head inverted d Catastrophic chromosomal
— Interchromosomal bmange
Non-inverted m . -
orientation . . 10s to 100s of
‘ - DNA fragments
§ 3 " 43
i) p [ L
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i g Attempted chromosomal
g o~ repair
1
Inverted ‘Chromothripsis’
orientation = . _

aEbéea _ IIm
f T T T T T | .

I < -
o 20 40 60 80 100 120 140 160 180
Genomic location (Mb) Lost to cell

A

Rearrangements on Chromosome 4q in a
Patient with Chronic Lymphocytic Leukemia

Progression towards cancer




Chromothripsis aneb chromozomy v krizi

chromothripsis (z feckého chromos — chromozom a thripsis
— rozdéleni na kousky)

jedna se o desitky az stovky prestaveb na jednom ¢i vice
chromozomech vzniklé hahle pri jedné katastrofické udalosti

chromozom nebo jeho €ast je roztriSten na malé kousky a ty
jsou pak nasledné pomoci reparacnich mechanismi nahodné
poskladany zpét

toto slozeni ovSem neni uplné presné, nékteré ¢asti mohou byt
sestaveny v jiném poradi, mohou chybét ¢i byt duplikovany
chromothripsis prokazana u ruznych typu nadoru, ale téz u
vrozenych genetickych onemocnéni (PMR, vyvojové
vady)




Chromothripsis - charakteristika

Telomere
Centromere

l Shattering

b
1%y

‘ Stitching

LT 0@90?@0 DE FH 9 il

@ 5k oo D&&M
c

desitky az stovky prestaveb
vzniklych pfi jedné nahlé udalosti
postizen je pouze jeden nebo
nékolik malo chromozomui

mista zlomuU vytvafi shluky ve
specifické oblasti chromozomu
prestavéné chromozomy vykazuji
delece, duplikace Ci ,copy-
number® neutralni prestavby
(translokace, inverze)

oscilace 1, 2 ¢i 3 kopii

Cytogenetické dusledky - komplexni prestavby

B delece tumor supresorovych gent, amplifikace onkogent, vznik
faznich genu... Meyerson and Pellman 2011



Profil array-CGH - chromothripsis 18
(pacient s mnohocetnym myelomem)
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1) H-MM profil (+3,+5,+9, +11, +15,+19), zisk v oblasti 121 a 16p12.1 - 16p13.3, ztraty materialu v oblasti
8p, 16p13.3; -X
2) arr18p11q32.3(64748-78012829)cth 12x delece, 4x zisk, 2x amplifikace



Objev chromothripsis prinesl novy pohled na ulohu
chromozomovych zmen pri tvorbé nadoru !

a) model of ,,multistep tumor development* -
postupna kumulace mutaci a genomovych zmén

b) ,chromothripsis — driven tumor development” —
jedna katastroficka udalost

d multistep tumor developmeant

chromathnpsis-driven tumor development

el ool

Rode et al. 2016



Chromothripsis u nadorovych
onemocnheni

vyskyt 3 — 5 % vSech nadorovych onemocnéni

chromothripsis prokazana u leukémii, mnohocCetnéeho
myelomu, karcinomu tlustého stfeva, meduloblastomu,
neuroblastomu...

Casty vyskyt u nadort kosti (az 25 %)- osteosarkom,
Ewinguv sarkom, chondrosarkom

chromothripsis — horsi prognéza !!! — rozsahlée
prestavby - delece, duplikace, inverze, inzerce -
deregulace velkého poctu genu !!!

selekcCni vyhoda, proliferace bunek....




M elSSN 2234-0742
G&I Check for Cenomics Inform 2017:15(3):87-97
Genomics & Informatics | et https://doi.org/10.5808/C1.2017.15.3.87

ORIGINAL ARTICLE

Chromothripsis in Treatment Resistance in
Multiple Myeloma

Kyoung Joo LeelJ Ki Hon Leel, Kyong-Ah Yoonz, Ji Yeon Sohna, Eunyoung Le.e4J
Hyewon Lee®”, Hyeon-Seok Eom'*, Sun-Young Kﬂng1’3'4'£*

Pacienti s MM a chromothripsis —
rezistence k nejmodernéjsim
protinadorovam lékim — Bortezomid
(Velcade) ?




Molekularni mechanismus rozpadu
chromozomui = mnohonasobny
dvouretézcovy zlom (DSB)

Exogenous agents Endogenous agents (replication
(radiation, genotoxic DNA Damage stress, V(D)J recombination breaks,

chemicals, mechanical class switch recombination, meiosis,
stress, efc.) oxidative free radicals, etc.)

Sensors

O Transducers
- Effectors

,/1\‘

Unrepaired
Misrepair bre‘:lks

¥ N = Before translocatlon After translocation Faulty DNA repair,
DNA Re pair 4-|_ chemo and
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I -i'
Nonhomologous Mlcrohomology
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Pandey and Raghavan 2018



Co muze spustit rozpad chromozomu
vnejsi faktory

Virové infekce

lonizujici zareni

Cannabis exposure




Co muze spustit rozpad chromozomu
vnitrni faktory

« chyby pri segregaci
chromozomu — vznik
mikrojadra....

« predéasna kondenzace
chromozomu (PCC) v
mikrojadre

« porucha telomer — zkraceni,
fuze sesterskych chromatid,
masivni rozpad...

« selhani apoptézy
« mutace genu p53
« replikaéni stres — inhibice
DNA polymerazy...
Rode et al. 2016




Jak vznika chromothripsis - A model of
chromothripsis and aneuploidy via micronucleus

formation

Cell cycle progression

G1 5 phase GE Early mitosis
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vznik mikrojadra
defektivni a opozdéna
replikace chromozomu v
mikrojadre — poskozeni
DNA

predcasna kondenzace
chromozomu

masivni rozpad
chromozomu v
mikrojadre

spojeni fragmentu —
vznik derivovaného
chromozomu s
chromothripis
zaclenéni do jadra

Forment et al. 2012



Chromothripsis a mutace genu p53
predchazi mutace genu 53 chromothripsis?

Mitotic entry C}(tok”qems
DDR, centrosome
and/or mitotic defects@/

Micronucleus
Lagging chromosome R i

Tumour
development '
p53-

Checkpomt or

p53-defective PU5't"*E‘
cells cells
* Genome instability F“rohferatmn Cell cycle
* Oncogene activation ; arrest or
* Tumour suppressor loss apoptosis

‘ Chromothripsis in micronucleus

Micronucleus : I_D_| I—l - :

reintegrated —— ‘ DNA end joining

into main nucleus
] [ T




Chromoplexis
restrukturalizace

 jedina katastroficka udalost....

» rozpad chromozomu - vznik
mnohonasobnych
translokaci a deleci
postihujici az 7 chromozomu
(vznik fuznich genu)

* nalezena u nadoru prostaty
(delece genu PTEN Cci tvorba
TMPRSS2-ERG fuzniho genu)
nadoru plic, melanomu...

chromo — chromozom, plexis -

d [ "] 1
§ | 3 |
d §! D]
Double-swrand breaks ('¥)
L] | L]
d (] D
>
]
a > ) D

Sa B
o
‘>

« [ ® 0 D
g Reassembly and formation
] [ of chained translocations
@ and deleted fragments
d [ [ "] || (D
Fig. 3 The concept of chromoplexy: a series of chained, complex inter- and intra-chromosome translocatic Iving up to eight ¢ 10S0r
with frequent deletions at their breakpoints and presumably occuring simulta ly. These serial rearrang 1ts occur in the majority of prostal
cancers. Non-homologous end-joining (NHEJ) is the predominant mechanism f assembling then chrol al fragments

Pellestor 2019




Chromoanasythesis — mechanismy

ABERANTNI REPLIKACE v dusledku jedné katastrofické udalosti
blokovani replika€ni vidlice a zména templatového vlakna (fork stalling and
template switching, FoSTeS) nebo

» replikace zpusobena zlomem zprostredkovana mikrohomologii (microhomology-
mediated break induced replication, MMBIR)

- tento typ komplexnich pfestaveb je spojovan s vyskytem castéjsich duplikaci,

triplikaci, inverazi.....

Replicating
chromosome

Neighboring
chromatid
(sister chromatid
or homolog)

Rearranged
derivative
chromosome

and lost fragments.

replicatif stress microk logy segments
A s [F [c[n] i
replication fork —>—> T o 3
stalling or pause J] o e PG
H
H
A (8] [F o] |
l duplicated segments
I
A [ & e |  ENEIEY
& triplicated segments
ho rancent nf chramng
Fig. 2 The concept of chromoanasynthesis: the phenomenon can arise when a replication fork stall or collapse.|

vyskytuje se u vrozenych VV, PMR.....

Pellestor 2019



Chromothripsis vs. chromoanasynthesis

— rozdily

Chromothripsis
* Preferred repairing
mechanism = NHEJ

* Balanced rearrangement or
losses

chromothripsis

@1 T
‘ breakage
HIEN |

Chromoanasynthesis
* Preferred repairing mechanism=
MMBIR/FoSTeS

* Duplications / Triplications (...) possible

Chatron N. ESHG 2020



Ukazka chromoanasyntesis s opakovanymi
amplifikacemi na chromozomech 22 a 18 u tri
pacientu s PMR a VVV

= T |w B8
-4 =
Figure 1 180K array CBH copy m h plmsl IAI hl?. n patient 1, B} chr1B in patiant 2, ndr[!J hl’l‘ n patient 3. Above each plat. an
duq hl.-.ln Flh '.'ul ed h e. Copy dpl 5 show the Igznfth ﬂ nresnenc mr d'u yaxls and genomic
pns 1:h is (patien 1|'|gIBpa1:| 23hg'|EJEh rasents a prabe on the m ','.ﬂu'npl ations ualized as shaded
regio

Masset et al. 2016



Chromoanasythesis pri gametogenezi

konstituéni chromothripsis muze vznikat ve
spermiich, vajiCkach, ranych embryich....
Castéji postizen puvodem otcovsky chromozom

(spermatogeneze citlivéjSi k poskozeni DNA ...vysoky pocet déleni,
omezena reparacni kapacita)

vznik komplexnich prestaveb, delece, duplikace,
Inverze, translokace...ale méné zmeén...

pouze chromothripsis vedouci k balancovanym
aberacim je zivotaschopna!

dusledkem jsou pacienti s
dysmorfickymi rysy, vyvojovymi vadami,
PMR...



Chromoanagenesis v preimplantacnich
embryich

Lidska preimplantacni embrya vykazuji vysoky
stupen chromozomoveé instabillity:

« aneuploidie, chaoticky karyotyp - 60%
* mozaicismus - 20-50 %

e casto chromoanagenesis ! -
PriCiny: rychlé deéleni,mitotické chyby, repllkacnl
stres, tvorba mikrojader...




Chromothripsis u vrozenych chorob -
priklad

Loeys-Dietz syndrome type 4, caused by chromothripsis, (W) oo
involving the TGFB2 gene

Paolo Fontana **, Rita Genesio ¢, Alberto Casertano ", Gerarda Cappuccio ”, Angela Mormile ¢, Lucio Nitsch 9,
Achille Iolascon ?, Generoso Andria °, Daniela Melis ”

2 Department of Molecular Medicine and Medical Biotechnology, Federico Il University, Naples, Italy
b Department of Translational Medical Sciences, Division of Pediatrics, Federico Il University, Naples, Italy

Loeys-Dietzuv syndrom - je autozomalné dominantni genetické
onemocneéni, které se podoba Marfanovu syndromu.

Toto onemocnéni je zpusobeno mutaci v genech kodujici TGF-
signalni drahu. Tato draha reguluje bunécnou proliferaci,
diferenciaci a reguluje nékolik funkci pojivové tkané. Naruseni
genu kédujicich TGF-B signalni drahu nebo jejich slozek je
pricinou nékolika lidskych patologii, jako jsou aneurisma aorty,
skolidza, arachnodaktylie, hrudni deformace, hyperflexibilitu
kloubli a mentalni postizeni.



Loeys—Dietzuv syndrom a chromothripsis

Kazuistika - 18 leta Zeny nizkého vzristu, ktera méla nizké 1Q (70), vyvojové vady,
srdecni anomalie, skoliézu, morfologické anomalie kosti, hyperflexibilitu kloubti a
mnoho dalsiho, které odpovidaji mutaci v genech pro TGF-B signalni drahu - Fontana,
etal. (2014)

* Genetickd analyza pomoci aCGH prokazala 6 zlomovych mist (¢tyfi na
chromozomu 1, jedno na chromozomu 9 a jedno na chromozomu 21) a
Ctyfi de novo delece zahrnujici 20 gent

* Array-CGH identified the interstitial deletion of four regions: 1g41, that
was approximately 5.23 Mb in size; 1943 (1.33 Mb); 9p24.3 (158.71 kb);
and 21922.12 (826 kb).

* Deletované OMIM geny - SMYD2, PTPN14, CENPF, KCNK2, KCTD3, USH2A,
ESRRG, SPATA17, RRP15, TGFB2 (1q41); CHRM3 (1g43); KANK1 (9p24.3);
RCAN1, CLIC6, RUNX1 (21922.12).

* Tyto aberace se shoduiji s kritérii pro chromotripsis, konkrétné v bodech:

Na jednom chromozomu, rameni chromozomu nebo v jedné oblasti
chromozomu se vyskytuje vice komplexnich prestaveb. Muze se také objevit i
vice preskupeni mezi dvéma a vice chromozomy.



Fenotyp pacientky s Loeys—Dietzovym syndromem

Na obrazku lze vidét morfologické anomalie kosti a extrémni prohnuti
kolenou (Fontana, et al., 2014)



Clinical report
Constitutional chromoanasynthesis: description of a rare
chromosomal event in a patient

Julie Plaisancié®*, Pascale Kleinfinger”, Claude Cances ‘, Anne Bazin", Sophie Julia?,
d

- = Detlef Trost”, Laurence Lohmann °, Adeline Vigouroux =

| Pacient s facialni
P dysmorfii —
abnormalni

i chromozom 18

Tty ®

f s

J 18

Fig. 1. A, B, C: Photographs of the proband at the age of 30 months. Note the round hypotonic face, the telecanthus with the downslanted palpebral fissures and the low and
posteriorly rotated ears, and D: RHG-banding showing complex rearrangement of one of the copies of chromosome 18 of the patient (the derivative chromosome is marked by an
arrow )

. Weighted Log2 Ratio

« 7 duplikovanych
segmentl na 18q

» 1 triplikace 18p

20 Mb navic 18 | |

Fig 3. Schematic representation of the complex chromosomal rearrangement identified in our patient. Duplications and triplication observed by SNP-array were localized by FISH
analysis using BAC probes.

Fig 2. Results of the SNP-array (40 Kb) showing the duplications and triplication observed in the patient. It consisted of seven duplicated segments of the long arm of chromosome
18 and one triplicated segment of the short arm. The size of these regions ranged from 200 Kb to 5 Mb, representing around 20 Mb of surplus chromosomal material
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Muze byt chromothripsis uzitecna?
WHIM syndrom

WHIM - warts, hypogammaglobulinemia, infections and myelokathexis syndrome

vzacny syndrom vrozené imunodeficience — opakované bakterialni a virové
infekce

pricina — mutace genu CXCR4 (2g22.1) ...autozomové dominantni

Shattered chromosome

(chromathripsis) cures woman of

immune disease 59 |etd pacientka, 2 postizené dcery s
H dominant CXCRem Chromothripsis mutaci CXCR4

mutation on Chr 2 B o XCR4
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McDermott et al. 2015 - Chromothriptic Cure of WHIM Syndrome



Zaver

SV predstavuje hlavni zdroj polymorfismu a

genetické variability mezi jedinci, ma velky vyznam z hlediska
diversity a evoluce lidského genomu

Patogenni CNVs mohou zpusobovat zavazna genomova
onemocnhneéni

jak s mendelovskym zplisobem dédi¢nosti tak mohou ovliviiovat
komplexni znaky i nadory

nova kategorie genetickych chorob?
monogenni onemocneéni
chromozomové syndromy (napfr. +21)

,genomic disorders“?






