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Klinicka cytogenetika v roce 2018
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Chromozomové aberace u c¢loveka —
zdravotni disledky

A) vrozené CHA: 50 - 60 % abortu v I. trimestru...

« poskozeni chromozomu se vyskytuje u 0, 56 % zivé
rozenych deti —>

VVV, psychomotoricka retardace, stigmata, obezita,
sterilita, hypoplazie varlat, amenorhea, sterilita...

CHROMOZOMOVE SYNDROMY (mikrodelece,
mikroduplikace)

B) ziskané CHA:
+ geneticka toxikologie (2 — 5 % AB.B. normal)

« ONKOCYTOGENETIKA — studium ziskanych
chromozomovych zmén v bunkach nadoru

(leukémie, solidni nadory)



Vyvoj nadorové cytogenetiky
(klasicka cytogenetika)
David Hanseman (1890) Nowell a Hungerford (1960)
Theodor Boveri (1914)
(30
LARTAULEL S LI L L)

Pa 46 @ %% 44 av

SR T IS R s

Ph chromozom

Tjio a Levan (1956) Rowleyova (1973)
T e : ”EEE..B

Y o s S ﬁ E E ) !
AP T =
@, {:f . ; : e 3 _g_i_ —h—

. < o
B, b 27 Govek -
2n=46 9 1922) 22




A minute chromosome in
human granulocytic
leukemia. Science 132,

A Minute Chromaosome in | laman
Chroale Gramalocytic Leukemia

In seven cases thus [ar investipated
ifive males, two  femabes), a  menme
chromenome Bas been observed replacing
one of the four smillest aulosomos i ghe
cheomosame  complement  of gells of
shranic  granubecytie  leukemin  euliursd
freen perigheral hlood. Mo abnormulity
was observed in tke cells of four caver of
i il g:,;.-mh}-;:,:ic leukemia in mlulis or
of six cases of acule loulemas an chulifren
There have been severnl recenl reporls of
chromasame abndrmalitics 18 & nemhor ol
ot of human leubemia [incleding two
of the seven cuses repouied Bere: Mowell
] quni:lrurlj_ I Nagl, Cimeer Fan
IS5, B C1e0g], bul no series his appoarcil
i which there was a conuslenl change
typical of = particular ype of leubeme

Cells of the live sew Cigs weng oh-
tmned from peripheral blomd {and hone
MaEraw in ong imdanc |, prows in ol
for =T howrs. wml F.‘Ih.{'h.'\-\.l,'l.‘l [isr <yide
lopical exnmimaleon by @ recontly  ale-
veboped wr-dryving techaigue | Moorhead,
el wl, Expil Cell Retewrch, in press).
The patiems vared frosm asymplomatic
umireated cases d0 extensively  dreated

cates af several years duration in ferminal
miyslpblnagic criis. All seven individuals
abowed 3 similar minese  chromosome,
arsd nong showed any ather frcgmcnl of
regielar chrosnosomse change. In medt of
the cases, celld willh normal chromonomes
wiere aled observed, The, the minule &
noi o part of the mormal chiomwsome
consiitutson of such individuals,

The findingy supped o causal relabos
ship hetween the chromomame absormality
obsceved amd chroric  granulocytie leu-
Lemia,

Priam . NowgLL
Setiownd o] Medicine,
Uinivernity of Pranselemels
D AL HUsGERTDED
Inativute for Concer Boscarcl

1960

...the findings suggest a
causal relationship

1960, 1497.

PC Nowell, DA Hungerford,

University of Pennsylvania in
Philadelphia

some

abnormality observed
and chronic granulocytic

leukemia...




Vznik Filadelfského chromozomu a fuzniho genu
BCR — ABL po translokaci

Zménény chromozom 9

Normalni Zlom a vyména Zménény
chromozom 9 &asti chromozom( chromozom 22
Normalni (Filadelfsky
chromozom 22 chromozom)

U

Novy fazni
patologicky
gen BCR-ABL1

gen
BCR

(LD

* rezistence k
apoptoze

* ovlivnéni
bunécného cyklu

gen ABL1

Chronicka myeloidni leukémie (CML) - 25% vsech leukémii dospélého
véku s incidenci 1-2 pripady na 100 000 obyvatel

Ph chromozom - 95 % pacienti s CML



1998 - klinické zkousky léku STI 571
(Glivec — Novartis) - inhibitor TK

Ber-Abl Ber-Abl
- Substfats
Imatinib e
blokovani
=iee] Efektor fosforylace
ATP \ é Q
B P Signalizace ATP
Ph chromozom
CML t(9;22)

Tyrozinkinazové inhibitory - imatinib, dasatinib a nilotinib -
model moderni necytostatické 1écby malignich chorob !

Personalizovana medicina !!!



Vyvoj nadorové cytogenetiky — rychleji se rozvijela
cytogenetika hematologickych malignit !

22076
No. of cases
20000
AN INTERACTIVE DATABASE ON CD-ROM
Felix Mitelman
X <. : - Bertil Johansson and Fredeilk Mertens
15000 - —— 14141 10% |— |- | Associabe Bditors
Database of Chromosome
Aberrations in Cancer
10000 9069 1% - (July 1, 2009)
11% 63% 3
119, 5345 689 Hematological disorders 42193 (74%)
5000 2 PR -
o, 3844 % %
12% 12% % Mesenchymal tumors 9277 (16%)
10% 77%
78%
Epithelial tumors 5,545 (10%)
0
1983 1985 1988 1991 1994 Total 57,016
Hematologické nadory Solidni nadory

Felix Mitelman: ,Catalog of Chromosome Aberrations in Cancer”
popsano vice nez 30 000 pripadd a 100 000 aberaci !!!



Uloha cytogenetického vysetieni v onkologii

B nedilna soucast urcitych onkologickych vysetreni (vstupni vysetieni) u
vysSetieni u hematologickych i nékterych solidnich nadort

B cytogenetické a molekularné genetické metody pouzivané v onkologii
jsou soucasti diagnostiky a Iécby mnoha malignit ve smyslu:

B upresnéni diagnodzy, stanoveni progndzy

B stratifikace pacient(, stanoveni |éCebné strategie
M diferencialni diagnostiky

B monitorovani lécby (predikce citlivosti na Iécbu)

B sledovani rezidudlni choroby po transplantaci

B predpovéd pravdépodobného vyvoje onemocnéni
M sledovani klonalniho vyvoje

B vyznam cytogenetického a molekuldrné genetického vysSetieni u
hematologickych malignit je zdlGraznén i v klasifikaci myeloidnich
nékterych nadorovych chorob, kde jsou vyclenény samostatné

jednotky se specifickymi genetickymi zménami




Priklady chromozomovych aberaci
vySetrovanych u nékterych nadoru

Onemocnéni Chromozémova | Mista zlomu
zména nebo delece
LEUKEMIE
Chronické myeloidni leukemie t(9;22) 9q34;22q11
Akutni myeloidni leukemie M1 t(9;22) 9q34;22q11
M2 | #821) 8q22;21q22
M3 t(15;17) 15q22;17q11
M4 | inv(16) 16p13q22
M4, M5 | t(9;11) 9p22;11q23
M1, M2, M4, M5, M6 | del(5q) del(5)(q13q33)
+8
Chronicka lymfocytarni leukemie | +12, 13q-, 17p-
t(11;14) 11q13;14q32
Akutni lymfocytarni leukemie
L1-12 £(9;22) 9q34;22q11
L2 t(4;11) 4q21;11¢23
L3 t(8;14) 8q24;14q32
(8:22) 8q24;22q11
LYMFOMY
Burkittav lymfom t(8;14) 8q24;14q32
SOLIDNI NADORY
Diseminovany neuroblastom del(1p) 1p31p36
Malobunéény karcinom plic del(3p) 3pl4p23
Retinoblastom, familiarni, del(13q) 13q14
sporadicky

Aniridie-Wilmstv tumor del(11p) 11p13




Cytogenetické a molekularné-cytogenetické metody
pouzivané v onkocytogenetice

Metafazni cytogenetika Interfazni cytogenetika
G-pruhovani 5-10 Mb I-FISH 100 kb (LSI Probe)
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Priklad - vysetreni karyotypu - kratkodoba
kultivace bunék kostni drenée

sterilni odbér kostni dfené do odbérového média

nebo PBS

nasazeni vzorku do kultivacniho média obohaceného sérem

zpracovani po 2 hodinach nebo kultivace 24 az 48 hodin

zastaveni déleni bunék kolchicinem
zpracovani kultivace
WV hypotonie (0,075 M KCI)
WV fixace (metanol:kys. octova 3:1)
WV opakovani fixace
priprava preparati

barveni preparatd (G- pruhovani)

¥

hodnoceni nejméné 20 G -pruhovanych mitoz

Minimum 0,5 ml kostni drené

H.J. 1947 46, XY
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3 14 5 16 ™ 18
e na & A A A A
19 20 71 7z ¥
104-00 104 [ M.J. 1947 29. 5.00 | 8:13:04 | 46 ||1\0003
1]

46, XY




Chromozomové aberace u nadoru jsou klonalni...

bunécéné populace nadord jsou
sestaveny z heterogennich bunék....

Vznik patologického bunécéného klonu (prevzato od F. Mitelmana, Bertinoro, 2004).

e vétSina zmeén jsou klonalni, ¢asto ale
nachazime i bunky s normalnim
karyotypem

e karyotyp nadoru se vyviji postupné

* nalézame nékolik klonu — selekéni
vyhoda !!!

* klonalni heterogenita — pricina
relapsu — lécba - eliminace vSech
klont !

Definice klonu

e ve 3 mitdzach chybi stejny chromozom

e ve 2 mitézach je stejny nadpocetny
chromozom nebo stejna strukturalni
aberace Zapis karyotypu s klony

46,XY,t(9;22)(q34;q11.2)[3]/47,idem,+8[10]/48,idem,+8,+der(22)t(9;22)[4]/47,idem+19[3]



Destabilizace genomu a proces vzniku nadoru -
podilet se mohou i chromozomové zmény

Vznik nadoru je dusledek mutaci postihujici geny:

e starnuti bunék (telomeraza)

* bunécné protoonkogeny - napr. MYC, ERBBB, MYB, INT1,
RAS, NEU, ABL (aktivace inzercni mutagenezou, bodovou
mutaci, translokaci, genovou amplifikaci) chovaji se
dominantne

* tumor supresorové geny (mutace, ztrata genu Ci celého
chromozomu) — LOH, napr. gen p53, Rb1

*  chovaji se recesivné \

e 1% nadoru — gametické mutace

e 99 % nadoru — somatické mutace LOH -ztrata konstituéni
heterozygozity




Chromozomové aberace u nadoru - rozdéleni

primarni

sekundarni

specifické

nahodné

zakladni pti vzniku nadord, jedina zména,
spousti mnohastupnovy proces
karcinogeneze — napt. t(9;22)

objevuji se v pribéhu onemocnéni, obraz
stadia choroby, vyraz progrese tumoru,
nékdy prognosticky faktor progrese onemocnéni

pravidelné u urcitého typu nadoru, stejné chromozomy
predstavuji specificky nadorovy marker, v mistech
zlomu byly identifikovany geny, které jsou

zucastnéné v nadorovém procesu — vliv na prognoézu !!!

vyskytuji se ndahodné, postihuji rtizné
chromozomy




Chromozomové zmény u nadoru - rozdéleni

Bpremisténi bez ztraty materialu
(translokace, inverze, inzerce)

HMztrata genetického materidlu

(delece, monozomie)

HMzmnozeni genetického materialu
(duplikace, amplifikace, aneuplidie, polyploidie)




Translokace a nadory

Existuji dva principialni dtisledky
translokaci a inverzi:

* misto zlomu uvnitf genl na kazdém
chromozomu, preskupenim se vytvori
fuzni gen, kddujici chiméricky protein,
zapojeny do maligniho procesu

* deregulace exprese genu translokaci
do oblasti silného promotoru (gen pro
T-cell receptor nebo imunoglubulinovy
protein v blizkosti protoonkogenu)
...Casto transkripcni faktory

hlm;(g@qu;ncncf(hwbemﬂom i

Deregulation of A or B

Fusion of A and B



Translokace spojené se vznikem chimerického
proteinu - priklady
t(9;22)

m u CML, vznika Ph chromozom S )

B na chromozomu 9q34 je lokalizovan bunécny
protoonkogen ABL, na chromozomu 22qll gen
BCR, pri translokaci vzajemna vymeéna casti obou ' I Tl
chromozom i B

m na chromozomu 22 se vytvori fazni gen 1B
BCR/ABL, ktery kéduje hybridni protein p210, | P;“f;:{
ktery je inicidtorem maligniho procesu...nékolik = ]
mist zlomu

Chromosome 22

t(15;17) TEIIE armoanes
m AML M3, fuzni protein PML/RARA je B

pravdépodobné cilovym proteinem pfi terapii 210 Ber_An
trans retinovou kyselinou
T oo ncr-au
m primy \{ztah lécby gevne’tlckeho defektu a B W oos ! senconsimAL
maligniho onemocnéni I ————

—— INTRONS




Detekce fuzniho genu pomoci techniky FISH

Two colour (ES) FISH for CML

Larger probe — spanning the breakpoint

MNormal interphase

c-abl
oncogene
9 22

Mormal metaphase t(9.22) metaphase




Translokace spojené s aktivaci protoonkogentu

t(8;14)
m uALLalymfomu

B c-MYC onkogen z 8q24 pfesunut
do oblasti genu pro tézky retézec 8 14
imunoglobulinu na 14¢32

B premisténim dochazi k deregulaci
exprese c-MYC protookogenu

m deregulace spousti proces
karcinogeneze

t(2;8), t(8;22)

variantni translokace s mistem zlomu v
c-MYC genu ...oblasti geni pro lehké
fetézce kappa (2p11) a lambda C-Hmyc
(22q11)

=
B
=




Delece a nadory

m ztrita Casti  chromozomu, ¢asto postizeny hadoroveé-
supresorové geny (RB1, p53) nebo geny pro stimulaéni a
rustové faktory

B LOH- ztrata heterozygozity v diisledku delece genu

® u hematologickych malignit specifické zmény

del 5¢

® u akutni myeloidni leukémie (AML) a myelodysplastického syndromu
(MDS), delece je intersticialni, rozsah velmi variabilni, vzdy je
postizen pruh 5g31-kriticka oblast, v oblasti zmapovano vice genli
fidicich normalni hematoopoézu, predpoklada se pritomnost
nadorového- supresorového genu

del 11923

B u AML a ALL, v oblasti 11g23 mapovan MLL gen, mimo deleci
zucCastnén v pocetnych translokacich (6927, 9p21, 10p15, 17911,
19p13)

delece genu p53 - mnoho nadori

mohnhozomie

m ztrata celych chromozomu, zmény jsou spiSe sekundarni, casta
monozomie 5, 7 u MDS




RB1 - kostni dren

del RB1



Ztrata konstitucni heterozygozity u
retinoblastomu — LOH genu RB

Teorie dvojiho zasahu (Knutson)

a) Sporadic b) Hereditary
retinoblastoma retinoblastoma

Tumors of the Eye 459

" Retina cell /
at birth

" Nondisjunction
RB*/RB* —normal RB/RB* —inherited
2 cell growth RB mutation; : _— 5
First : normal cell growth rb rb - Nond|Slunct|on
mutation l and reduplication
th* b Mitotic
Two | Seaogy recombination
mutations ] tb- RB* A
K -
>, W o8 i .
rb Deletion including
[I the RB1 locus
RB/RB*-normal
cell growth
Second l b- b -
mutation . . -
Gene inactivation
o ca Mutation of
the RB1 locus
Fig. 3. Mechanisms whereby hemizygosity or homozygosity for a defect in the retinoblastoma
locus (RB1) may be achieved. The wild-type allele is designated RB *, the defective allele rb—.
RB/RB—loss of RB/RB-loss of Inactivation of the wild-type allele in retinoblastoma can be achieved through nondisjunction
growth control growth control with or without subsequent reduplication of the abnormal homologue, mitotic recombination,
! v deletion of the wild-type suppressor locus, gene inactivation, or a second mutation.

Eye tumor Eye tumor



Pocetni chromozomové aberace u nadoru a
jejich dusledky

* aneuploidie x polyploidie

* hyperdiploidie (vice nez 46 chromozomu) — casto
lepsi prognoza (akutni lymfoblasticka leukémie,
mnohocetny myelom) ...vice tumor
supresorovych genu?

* hypodiploidie — méné nez 46 chromozomu — horsi
prognoza



Ukazka hyperdiploidniho karyotypu u pacientky s
mnohocetnym myelomem pfri stanoveni diagnozy — 63
chromozomui

Mnohocetny myelom: hyperdiploidni podskupina — lepsi prognoza
non hyperdiploidni podskupina — horsi prognoéza
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63,X,-X,-X,der(1),+3,+3,+3,-4,-5,-6,-6,-8,-10,-12,-13,+14,-15,-16,+18,-22,+mar,+mar



Aberace se zmnozenym genetickym
materialem

Amplifikace — zmnozZeni jednotlivych gent

m casté u solidnich nadort ale i u leukémii

m vétSinou zmnoZeni protoonkogeni (N-myc, c-myc),
Her 2)

B vysetreni pritomnosti amplifikace ma diagnosticky a
prognosticky vyznam !!!

o Her-2/neu

Indicators of Increased HER2 Production

1 = Increased
Gene Copy Number

2 = Increased Transcription

3 = Increased Protein Synthesis

HERZ overexpression can be achieved by 1) gene alteration resulting in additional copies of the HERZ gene,

2) increased transcription of the HER2 gene, producing incraased levels of HER2 mRNA' and/or 3} increased

translation of HERZ2 mRNA. All thvee alerations can resull in greater HER2 synthesis and expression on
the cell surtace as well as increased cell pvolferation

Amplifikace Her 2 (metoda )
FISH) 15— 30 % pacientek Her 2 gen - Human Epidermal Growth Factor Receptor-2

s CA prsu nadmeérna exprese receptoru HER 2



Mechanismus amplifikace genu HER2
breakage-fusion-bridge
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Komplexni karyotyp u nadoru

Strukturni a numerické zmeény, které zahrnuji tri a vice
chromosomu

a/nebo

strukturni prestavby, pri kterych dochazi ke trem a vice
zlomim na chromosomech

313/99
2

t(1;8)
13 Mg @ L
t(1;8)
- der(11)8 Priklad
2 komplexniho

karyotypu

13




Vyznam komplexniho karyotypu u ALL

Graf & 2: Analyza EFS (event free survival) v mésicich u déti sa bez komplexnich

prestaveb a TEL/AMLI fazi

Survival Functions p = 0,001

1,00~ skupina

[ Tewama

I TELAML1+RZK
+ 1

+ 2-censored

Cum Survival
o
3
1

s
L

EFS

Akutni lymfoblasticka
leukémie u deti

Typ ALL podra rekurentnej genetickej abnormality Prognoza

1(9:22)(q34:q11.2); BCR-ABL (Ph") Najhor$ia (dnes zlep$ena imatinibom)

t(v: 11923); MLL (KMT2A) prestavbha

Zla

£(12:21)(p13:922); ETV6-RUNX1

Velmi priazniva

Obrazek & 7: Analyza komplexnich prestaveb karyotypu u pacienta s TEL/AMLI fuzi

metodou mFISH (MetaSystems):
46.XY.der(1)t(1:12)(g41:q14).del(8)(q11.2).del(11)(q23),(12:21)(p13:q22).
del(12)(q14).der(14)t(14:11)(q23:q23).der(22)1(8:22)(q11.2:p11.1)

S hyperdiploiditou Priazniva
S hypodiploiditou Zla
t(5;14)(931;932);IL3-IGH Ako u ALL
t(1;19)(g23;p13); TCF3-PBX1 Skoér zla

« komplexni zmény
(mnohonasobné
translokace, delece)

Spatna prognéza



2011 - objev ,,Chromotripsis“u pacientky s CLL

Cell. 2011 Jan 7;144(1):27-40. doi: 10.1016/j.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, MclLaren 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, Stration MR, Futreal PA, Campbell
PJ.

+ Author information

Abstract

Cancer Is driven by somatically acquired point 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
moere than one, cancer-causing lesion can emerge out of the genomic crisis. This phenomenon has impoertant implications for the origins of genomic remodeling and temporal

emergence of cancer.

NGS - 42 genomovych prestaveb
alpoan = I

Catastrophic chromosomal
breakage

A PD3172a (CLL): Chr 4

Non-inverted

orientation

apeda b K 10s to 100s of
' - DNA fragments

i
H B g B

Copy number

b= Attempted chromosomal
Inverted repair
ortentation ‘Chromothripsis’ Y .“ 3
| I
. . Lost to cell
Rearrangements on Chromosome 4q in a Patient v

with Chronic Lymphocytic Leukemia Progression towards cancer




Chromoth ripsis aneb chromozomy v Kkrizi

cytogeneticky jev poprvé popsany v roce 2011 Stephenem et. al. u
pacienttli s chronickou lymfatickou leukémii

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

jedna se o desitky az stovky prestaveb na jednom ci vice chromozomech
vzniklé ndhle pri jedné katastrofické udalosti

chromozom nebo jeho cast je roztristén 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 riznych typu nadoru, ale téz u
vrozenych genetickych onemocnéni




Chromothripsis — charakteristika

@ 5o co

Telomere

Shattering

Centromere \

= Q
4 ” %@ \

| Stitching

@ ol 50 o sl (Jraac e rLSHIED

desitky az stovky prestaveb
postiZzen je pouze jeden nebo
nékolik malo chromozomu

mista zloma vytvari shluky ve
specifické oblasti chromozomu
prestavéné chromozomy vykazuji
delece, duplikace ¢i, copy-
number” neutralni prestavby
(translokace, inverze)

oscilace 1, 2 ¢i 3 kopii — nahly
rozpad mitotickych chromozom?
chromothripsis — 10 aberaci
/chromozom - definice

Cytogenetické disledky - komplexni prestavby

3

delece tumor supresorovych gentli, amplifikace onkogent, vznik ftznich geni

Meyerson and Pellman 2011



Step 1

Step 3

Step 4

{
&\,

Patient
DNA

Equal

DNA
hybridization dosage loss

“% Control
DNA

DNA

dosage gain

N

Step2

Array CGH: The Complete Process

Steps 1-3 Patient and control DNA are labeled with fluorescent dyes

and applied to the microarray.

Step4  Patient and control DNA compete to attach, or hybridize,
to the microarray.
Step5  The microarray scanner measures fluorescent signal intensity.
Step6  Computer software gathers the data and generates a plot.
Step 5

COMPUTER
SOFTWARE

DNA dosage loss

DATA PLOT
(Chromosome 7)

Metody pouzivané pri detekci chromothripsis — array CGH, NGS

1

sssee SIGNATUR
ss22: GENOMIC

@seee LABORATORIES,LLC



Array- CGH profil chromozomu s mikrodeleci v oblasti 7q11 (Williams-
Beurenliv syndrom) a s chromothripsis (pacient s myelomem)

$ &8 & gt 2 ¢
H By & o

delece 7q11

plial

plizz

qill

HES

FHEH

0zl

a3

Chromothripsis 18

delece

duplikace



Dusledky chromothripsis:

komplexni aberace

CENTRUM NADOROVE CY TOGENE TIKY ULBLD, VPN a LLF UK v Praze

GEEDE §

IEETTEOT T

14 17 18 19

41,XY,psu dic(2;5)(p11.1;g11.2)t(5;20)(p15.3;p11.2),-5,-7,der(8)hsr(8)(q24.1)t(8;19;21)(q24.3;?;?),+9,
-14,-16,der(17)t(2;14;17;18;19)(?;?;7;?;?),der(18)t(2;18;19)(q37;?;?),-19,der(20)t(2;20)(?;p11.2)
t(18;20)(?;9713.1),der(21;21)(q10;q10)

Zemanova Z . et al.




Dusledky chromothripsis:

delece, inserce, inverse, ring chromosomy atd.

mBAND 7

17

r(7)(q11q31), der(?)ins(?;7)(?;p22->p15.1::q32->q35)

Zemanova Z. et al.




Objev chromothripsos prinesl novy pohled ulohu
chromozomovych zmén pri tvorbé nadoru

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

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

a multistep tumor development

chromothnipsis-driven tumor development

noma’ coll

Rode et al. 2016



Co muze spustit chromothripsis - modely

a Micronuclei formation

DO

lagging chromosome

> %) ®

micrenuchei pulverization
b premature Chromosome Condensation (PCC) within micronuclei

® (D) (D)

asynchronous nucieus y N Sein
1o micronucleus rephcation micronucles pulverization

C Breakage-fusion bridge (BFB) and telomere disfunction
R CroRons

end fo end chromosome fusion anaphasa brdpes

d lonizing radiation

-2, ionizing radiation
or ‘ = . ==

@ Aborted apoptosis

vnéjsi a vnitrni faktory

chyby pfi segregaci chromozom
— vznik mikrojadra

predéasna kondenzace
chromozomu (PCC) v mikrojadre
porucha telomer - fuze
sesterskych chromatid

vnéjsi faktory (oxidativni stres,
ionizujici zareni)

selhani apoptozy

mutace genu p53

replikacni stres — inhibice DNA
polymerazy...

Rode et al. 2016



Jak vznika chromothripsis - A model of chromothripsis

and aneuploidy via micronucleus formation _ .

[ Cell cycle progression '

G1 S phase G2

Early mitosis

Condensed
chromosomes

Micronucleus|
G1 formation |

* 'Uncoordinated
replication

. S

Micronucleus

Fragmen :
Agmant Micronucleus  Nuclear

joining to form h h ill replicati
Hartathia chromosome  chromosomes still replicating
b s shattering condense

Nature Reviews | Cancer

v
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 Cytok“jems
DDR, centrosome
and/or mitotic defects@/

Micronucleus
Lagging chromosome B ki

Tumour
development '
p53-

Checkpomt or

p53-defective PU5'“‘“E‘
cells cells
* Genome instability P‘rohferatmn Cell cycle
* Oncogene activation ’ arrest or
* Tumour suppressor loss apoptosis

‘ Chromothripsis in micronucleus

Micronucleus : \_D_| I—I - :

reintegrated —— ‘ DNA end joining

into main nucleus
] [ T




Molekularni mechanismus rozpadu
chromozomu = mnohonasobny dvouretézcovy

zlom (DSB)

Exogenous agents
(radiation, genotoxic
chemicals, mechanical
stress, efc.)

DNA Repair

AT 1 o 5
£ o 4 ) ‘A
AR ; v

VAR ‘ O

DODT

Homology-

directed repair end joining

XNA Damage

O Transducers

- Effectors

Misrepair

Before translocatlon After translocation

-b
Nonhomologous Mlcrohomology
medlated end *J

Chromosomal
abnormalities

Endogenous agents (replication
stress, V(D)J recombination breaks,
class switch recombination, meiosis,

oxidative free radicals, etc.)

Unrepaired
breaks
Faulty DNA repair,
<.|_ chemo and
radiotherapeutic
regimes
& ° - .
O '.

% Apoptosis

Pandey and Raghavan 2018



Chromothripsis — molekularni mechanismy vzniku
aberantnich chromozomu — chybna reparace DSB

Chybujici reparace

dvouretézcovy zlom DNA , vv s
, W po cely bunécny cyklus

Bezchybna reparace

S — G2 faze e ~
homologni h | ; .,
¥ Y| et e Y
I —
; mikrohomologii zprostfedkovaneé
‘ spojovani volnych konct (MMBIR)
jednoretézcova . ,
—— - g v
hybridizace (SSA)
— 1L spojovani koncu DNA
homologni rekombinace

Homologni rekombinace vyzaduje homologni sekvenci jako templat. Jednofetézcova hybridizace
(SSA) probiha pomoci jednovlaknovych useku, které jsou nasledné odstépeny. Nehomologni
spojovani volnych koncu (NHEJ) zahrnuje pfimou ligaci volnych koncu. Mikrohomologii
zprostredkované spojovani volnych koncu (MMBIR) vyzaduje pro ligaci nalezeni mikrohomolognich

usekt a upravu koncu. (Forment ef al., 2012; upraveno)



Chromothripsis u nadorovych
onemochéni

vyskyt 2 — 3 % vSech nadorovych onemocnéni

chromothripsis prokazana u leukémii, mnohocetného
myelomu, karcinomu tlustého streva, meduloblastomu,
neuroblastomu...

¢asty vyskyt u nadort kosti (aZz 25 %)- osteosarkom, Ewinglv
sarkom, chondrosarkom
chromothripsis — horsi prognoza !!l — rozsahlé prestavby -

delece, duplikace, inverze, inzerce - deregulace velkého poctu
genu !!!




Table 1. Prevalence of chromothripsis across tumor entities

Tumaor entity

Hematopoietic malignancies

Acute lymphoblastic leukemia with iAMP21
Acute myeloid leukemia with mutant TP53
Acute myeloid leukemia with WT TP53

Myelodysplastic syndrome with complex
chremosome aberrations

Chronic lymphocytic leukemia
Multiple myeloma

Carcinomas

Invasive bladder carcinoma
High-risk breast cancer

Breast cancer (basal-like)
Owarian cancer

High-risk prostate cancer

Lung adenccarcinoma

Lung squamous cell carcinoma
Esophageal adenocarcinoma
Malignant melanoma

Uwveal melancma
Hepatocellular carcinoma
Central nervous system tumors
SHH medulloblastoma with mutant TP53
Medulleblastoma, all subgroups
Medulloblastoma, all subgroups
Glioblastoma

Grade IV glioma, /DH mutant
Grade II-1ll glioma

Low-grade glioma

Ependymoma

Neuroblastoma

Neuroblastoma

Meningioma

Retinoblastoma

Glioneuronal tumors

Uterine leiomyoma
Uterine leiomyoma
Ostecsarcoma

Chordoma

n' Method CT prevalenfe (%)° Ref.
Hematopoletc malignancies
9 WGS 88.9 12
i7 SNP array 47.1 &
91 SMP array 1.1 4
157 SHP array 47 13
10 WGES 10 3
764 SHP array 1.3 14
| carcoowas
5 WGS 60 15
29 aCGH 41 16
12 WGES o 17
11 WGS o 17
6 WGES 16.7 18
& WGES 33.3 i7
13 WGS 15.4 17
123 WGS and SNP array 32 19
20 aCGH 10 20
25 OncoScan assay g 21
1] WGES 5.7 22
| central nervous systemtowmors
10 SMP array and WGS 100 4
o8 SMP array and WGS 13.3 4
1,070 SHP array 11.4 23
18 WGS 38.9 17
24 OncoScan assay 37.5 24
45 OncoScan assay 11.1 24
41 SMP array 2.4 25
41 WGS 22 26
B7 WGES 11.4 27
233 SMP array 4.3 28
11 WGES 2.1 29
EL WGS and SMP array 3.2 30
114 WGS 26 31
 softtssve towmors
16 WGS 41.7 32
5 SHP array 20 33
9 SMP array 33.3 3
11 WGES 18.2 3
36 SHP array 2.5 34

Phaeochromocytoma

Rode et al. 2016



Prognosticky vyznam klonalnich chromozomovych aberaci pri pouziti
novych lééebnych metod u MM

MNOHOCGETNY MYELOM

» Tvori asi 10% vSech onkohematologickych onemocnéni

> Klonalni onemocnéni, jehoZ podstatou je maligni mutace ve vyvoji
B-lymfocytu

> Postihuje zejména starsi osoby, do 40 let
veku se vyskytuje vzacné

> V soucasné dobé nevylécitelny, riizna je délka
prezivani a odpovédi pacientd na Iécbu

> Siroké spektrum klinickych projevu: destrukce kosti, pancytopenie, anemie,
porucha protilatkové imunity, myelomova nefropatie ...

> Optimalizace Iécby vyzaduje stanoveni prognostickych faktoru




Chromozomoveé aberace - prognosticky vyznam !

Hypodiploidie: nejcastéji monozomie chromozomu 8, 13, 14, X
neprizniva prognéza

Hyperdiploidie: nejcastéji trizomie chromozomu 3, 5, 7, 9, 11,
pFizniva prognoéza

RB1 - kostni dien

Translokace zahrnujici /gH gen (14q32):
t(11;14) (q13;932)
t(4;14)(p16;932),
neprizniva prognoéza

Delece genu RB7 (13q14) stredni prognéza
Delece genu p53 (17p) Spatna prognoéza

Zisk 1q - Spatna prognéza



Analyza preziti — vliv zisku 1921 u pacientt s MM
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Biol Blood Marrow Transplant. 2010 Apr;16(4):548-54. Epub 2010 Jan 18, Save items R

Gain of 1921 is an unfavorable genetic prognostic factor for multiple
myeloma patients treated with high-dose chemotherapy.

MNemec P, Zemanova Z, Greslikova H, Michalova K, Filkova H, Tajtlova J, Kralova D, Kupska R, Smetana J, Krejci M, Pour
L, Zahradova L, SandeckaV, Adam Z, Buchler T, Spicka |, Gregora E, Kuglik P, Hajek R

University Research Centre, Czech Myeloma Group, Masaryk University, Kamenice 5,Brmo, Czech Republic. handcock@mail. muni.cz

Abstract

The prognostic significance of 1921 gain, del(13)(q14), del{17)(p13), t(4;14)(p16.3;932), and t(11;14)(q13;932)
detected by interphase fluorescein in situ hybridization (FISH) was studied in a cohort of 91 patients with newly
diagnosed multiple myeloma (MM). 1g21 gain was detected in 37 of 91 patients (40.7%). In comparison with
patients lacking 1g21 gain, patients with 1921 gain had significantly shorter progression-free survival (PFS) (14.9
versus 27.4 months; P = .044) and worse 4-year overall survival (OS) (40.1% versus 76.2% of patients, P =
<.001). PFS or OS were not influenced by the presence or absence of the other studied chromosomal
abnormalities. Although the occurrence of 1g21 gain correlated with deletion of 13g14, the presence of 1g21 gain
can be considered an independent prognostic factor, as no impact of del(13)(q14) as an isolated chromosomal
abnormality on either PFS or OS has been observed. In comparison with patients lacking 1g21 gain, patients
with 1921 gain were significantly more likely to discontinue the preplanned treatment protocol because of disease
progression or death. We conclude that 1g21 gain defines a prognostically unfavorable group of MM patients.

Copyright (c) 2010 American Society for Blood and Marrow Transplantation. Published by Elsevier Inc. All rights
reserved
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Chromothripsis u MM - udaje z literatury

Blood. 2011 Jul 21:118(3):675-58. doi: 10.1182/blood-2011-03-344065. Epub 2011 May 31.

Chromothripsis identifies a rare and aggressive entity among newly diagnosed multiple myeloma
patients.

IMagrangeas F1, Avet-Loiseau H, Munshi NC, Minvielle S.

# Author information

Abstract

Multiple myeloma (MM) develops fram a premalignant plasma cell proliferative disorder, and with time can progress to a more aggressive
disease in extramedullary locations. The gradually clinical evelution is supported by clonal expansion of cells that acquire genetic lesions over
years. This model of cancer evolution based on ongoing genomic instability mechanism may apply to development of most MM cases.
However, in a small fraction of newly diagnosed MM who relapse quickly and finally die within 2 years, the gradual model appears to be
untenable. Analysis of high resolution copy number profiles obtained using single nuclectide polymorphism array data from 764 newly
diagnosed MM identified large numbers of genomic rearrangements with the hallmarks of chromothripsis in 1.3% of samples. Moreover, this
catastrophic event confers a poor outcome. Because chromothripsis appears to occur in a single crisis, our results suggest that high-risk MM
patients use this novel way of cancer evolution.

* soubor 764 n.d. pacientl, analyza na SNP arrays

* incidence chromothripsis 1,3% (10/764), velmi Spatna
prognoza

* medidn OS < 2 roky (6 —34 mésicu)



Chromothripsis chromozomu 18 -

kazuistika

Vysetiren soubor 184 MM pacientl pomoci array-CGH -
4x44K a 4x180K Agilent Human Microarrays:

CNAs detekovany u 98.9% (182/184), cth 1,1% (2/184)

Pacientka M.M., nar. 1949, diagnoza MM 2/2012

D.S. stadium Ill, ISS Il., MR komprese C3 a L5 obratle

7x CVD Junior, dosazeno PR

Autolog. PBSC + MEL 200

8/2013 — EM relaps patere a misSni |éze - nasazen RAD rezim
10/2013 — celkové zhorseni stavu, hospitalizace na JIP
11/2013 — exitus (OS = 21 mésicli)

Smetana 2016



Geneticka charakteristika PCLs

e CD138+ populace: 92%

* FISH - disrupce IgH negat., del. TP53 a RB1 neg.,
+1g921: 86%, H-MM (+5,+9,+15) — 81%

 aCGH
aneuploidie: +3,+5,+9, +11, +15,+19, -X

strukturni zmény: 9x oblasti zisku, 18 ztrat

Chromothripsis 18 !



Array-CGH profil (4x44k)

chromothripsis 18

CNAs: 12x delece, 4x zisk, 2x amplifikace,
median vel. CNAs: delece 7,4 Mbp, zisk 15,4 Mbp, 7x oblasti zlomu

N open appication f X application Type: CGH

C
©
105151 11 1 0 1913101090 8 = 0
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1) H-MM profil (+3,+5,+9, +11, +15,+19), zisk v oblasti 121 a 16p12.1 - 16p13.3, ztraty materidlu v oblasti 8p, 16p13.3; -)
2) arr18p11q32.3(64748-78012829)cth
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ORIGINAL ARTICLE

Chromothripsis in Treatment Resistance in
Multiple Myeloma

Kyoung Joo Lee!, Ki Hong Lee', Kyong-Ah Yoon?, Ji Yeon Sohn’, Eunyoung Lee®,
Hyewon Lee*”, Hyeon-Seok Eom™*, Sun-Young Kong">***

Pacienti s MM a chromothripsis — rezistence k
nejmodernéjsSim protinadorovam lékiim —
Bortezomid (Velcade) ?




Chromothripsis u vrozenych genetickych chorob — ¢im
se lisi

 castéji postizen plivodem otcovsky chromozom

(spermatogeneze citlivéjsSi k poskozeni DNA ...)

e vznik komplexnich prestaveb, delece, duplikace,
inverze, translokace...ale ménée zmeén...

» dusledkem jsou pacienti s dysmorfickymi rysy,

vyvojovymi vadami, PMR...
- @ =

unbkalanced

sperm oell rearrangements



Chromothripsis u vrozenych chorob

Loeys-Dietz syndrome type 4, caused by chromothripsis, @ CrossMark
involving the TGFB2 gene

Paolo Fontana **, Rita Genesio ?, Alberto Casertano °, Gerarda Cappuccio ?, Angela Mormile ?, Lucio Nitsch 2,
Achille Iolascon ?, Generoso Andria ”, Daniela Melis ”

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

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

Toto onemocnéni je zplisobeno mutaci v genech kédujici TGF-8
signalni drahu. Tato draha reguluje bunécnou proliferaci,
diferenciaci a reguluje nékolik funkci pojivové tkané. Naruseni
genu kédujicich TGF-B signdlni drahu nebo jejich slozek je
pricinou nekolika lidskych patologii, jako jsou aneurisma aorty,
skolidza, arachnodaktylie, hrudni deformace, hyperflexibilitu
kloubli a mentalni postizeni.



Loeys—Dietzuv syndrom a chromothripsis

Kazuistika - 18 letd Zeny nizkého vzristu, ktera méla nizké 1Q (70), vyvojové vady,
srdecni anomalie, skoliézu, morfologické anomalie kosti, hyperflexibilitu kloubt 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
Ctyri de novo delece zahrnujici 20 genli

* Array-CGH identified the interstitial deletion of four regions: 1941, 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 (1g41); CHRM3 (1g43); KANK1 (9p24.3);
RCAN1, CLIC6, RUNX1 (21q22.12).



Fenotyp pacientky s Loeys—Dietzovym syndromem

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



Chromothripsis u vrozenych chorob - jiné
mechanismy vzniku aberantnich chromozom

ABERANTNI REPLIKACE

* blokovani replikacni vidlice a zména templatového vlakna (fork stalling and
template switching, FoSTeS) nebo

* replikace zptisobena zlomem zprostfedkovanym mikrohomologii
(microhomology-mediated break induced replication, MMBIR)

Template switching Template switching between forks  Normal replication fork

= N\ Ao
\/: N Tento typ prestaveb je nékdy
e nazyvan
etttk cotpse (5T NN G chromoanasythesis — castejsi

Serial template switching |_<—_->\—_’I Homologous chromosomes| d u p I i ka Ce, t ri p I i ka Ce, i nve rze ! ! !
l—|_

Forment et al 2012

Nature Reviews | Cancer



Nova klasifikace — chromoanagenesis ?

Chromoanagenesis — komplexni strukturalni prestavby vzniklé
pri jedné katastrofické udalosti postihujici jeden Ci vice

4

chromozomu

Chromothripsis - postihuje jeden chromozom, rameno Ci ¢ast
chromozomu — rozpad a nahodné spojeni chromozomu, zmeény
mohou byt balancované, Ci se vyskytuji zisky a ztraty sekvenci,
vyskyt hlavné u nadoru (NHEJ)

Chromoanasynthesis — dusledek chybné replikace, vznik deleci,
duplikaci, triplikaci, vyskytuje se spiSe u vrozenych onemocnéni
(poruchy replikace)

Holland and Cleveland, 2012



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

Julie Plaisancié®*, Pascale Kleinfinger”, Claude Cances‘, Anne Bazin”, Sophie Julia?,
Detlef Trost”, Laurence Lohmann °, Adeline Vigouroux ¢

Pacient s facialni
dysmorfii — abnormalni
chromozom 18

}

€

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

e 7 duplikovanych

o
s e m e n t u n a 1 8 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.
. L
e 1triplikace 18p 7 2 111 sk 3 443 55 66 788
!
P 18 |
c 20MB '
navic p 2 q
Fig 3. Schematic representation of the complex ¢ 1 rear i in our patient. Dupli and triplication observed by SNP-array were localized by FISH

analysis using BAC probes.




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 (2922.1) ...autozomové dominantni

Shattered chromosome
(chromothripsis) cures woman of
immune disease

Hematopoietic cells with
dominant CXCR4WH™ Chromothripsis
mutation on Chr 2 . am
@ ®o e S T - _—
® e WHIM
/ ® ® C‘) l Shattering
/ @ \ & oo
/ > \ EXCR‘
5% Chromothripsis on -_—
Chr2inoneHsCc *=f Wil  ‘mE®
"
g l Rearrangement
=S ~
- @ o

N 3 > 7
= ’O ®
S
O ®e
O ()
\ 4&!% advantage forj
myeloid repopulation

59 leta pacientka, 2 postizené dcery s
mutaci CXCR4

sama 20 let bez potizi

cytogenetické vysetreni —nalez 0 15 %
kratSi chromozom 2

NGS — chybi mutovana alela CXCR4 a
dalSich 163 genl

delece genu po reparaci -
chromothripsis léci?

McDermott et al. 2015 - Chromothriptic Cure of WHIM Syndrome



Zaver
Chromothripsis — novy typ strukturni variability

lidského genomu objeveny v roce 2011 diky NGS a
aCGH

novy pohled na vzniku nador ...‘all-at-once””
Spatna prognoza ...rezistence k soucasnym lécebnym
pristupim ....jina [écba?

vzacne i u vrozenych genetickych chorob

nutno pouzivat celogenomové metody pri
vySetiovani pacienti !

Dékuji za pozornost !




