A myeloproliferativ betegségek molekularis diagnosztikaja

az uj vizsgalati modszerek és WHO felosztas tukrében

Bodor Csaba
+E
9O
EMMELWEIS
5 UNIVERSITY 1769 TRAI\I/\IIIES[ISIIA\(El_Ill\Cl)Ié\IAL

MOLECULAR ONCOHEMATOLOGY

Semmelwels Egyetem
Patologial és Kisérleti Rakkutato Intézet,

Molekularis Diagnhosztika Részleg
HCEMM-SE Molekularis Onkohematoldgia Kutatécsoport

Hematoldgia tanfolyam, 2025. februar 25.

bodor.csabal@semmelweis.hu



mailto:Bodor.csaba1@Semmelweis.hu

Genetikai/Diagnosztikai vizsgalémodszerek evolucidja

1665 2021

Al

kariotipizalas

PCR Q-PCR

, v -l : - -
H ; B - - s
E { ‘ MLPA, dMLPA ddPCR ‘E

""""" SEMMELWEIS

29&' EGCYETEM 1769 array-CGH .



Molekularis vizsgalatok szerepe az onkohematolégiaban

Vizsgalatok célja:

= Klonalitas kimutatas

= Diagnodzis megerdsités

= Genetikal szubklasszifikacio
= Prognodzis becslés

= Kezelés megvalasztas

= MRD monitorozas

= Rezisztencia elbrejelzés

= Mintakuldés, érzékenység fontossaga
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Molekularis vizsgalatok Myeloproliferativ kérképekben

Molekularis Onkohematoldgiai vizsgalatok tipusai ( SE, I. Patolégia, 2024 )
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Molekularis vizsgalatok jelentésége CML-ben
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Molekularis vizsgalatok jelent6sége CML-ben
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Molekularis vizsgalatok jelentésége CML-ben
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Molekularis vizsgalatok jelentésége Ph- MPN-ben
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Molekularis vizsgalatok jelentésége Ph- MPN-ben
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Genetikai vizsgalomodszerek evolucidja .
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Genetikai vizsgalodmodszerek evolucidja ll.
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Az Ujgeneracios szekvenalas (NGS) forradalma

Cost per Human Genome

$100,000,000

$10,000,000

Moore’s Law
$1,000,000

$100,000

p_— P $10,000
N I H National Human Genome
Research Institute

genome.gov/sequencingcosts
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Az Gjgeneracios szekvenalas lehet6ségei (NGS)

= Teljes genom szekvenalas (whole genome sequencing; WGS)
= Teljes exom szekvenalas (whole exome sequencing; WES)

= Célzott Ujraszekvenalas (targeted resequencing; TS) > ...”panel” ...

Teljes Géhom WGS
3 milliard nukleotid

AAGCGGTTAAGTCAGCTTTGGCAGTGGGCGTGTTGGCAGTGGGCGTAGG
AAGCGGTTAAGTCAGC TGGCAGTGGGCGTGT GGCA- - - GGCGTAGG
AAGCGGTTAAGTCAG TACGCAGTGGGCGT TTGGCAGTGGGCGT GG
CGGTTAAGTCAGCTTTGGC TGGGCGTGTTGGCAGTGGGCGTAGG
AGCGGTTAAGTCAGCTTTGGCAGT  GCGTGTTGGCA- - - GGCGTAG
CGGTTTAGTCAGCTTTCGCAGTGGGC TTGGCA - - - GGCGTAGG
AAGCGGTTTAGTCAGCTTTCGCAGTGGGCG GTTGGCAGTGGGCGTA
GCGGTTAA CAGCTTTCGCAGTGGGCG GTTGGCAGTGGGCGTAGG
AAGCGGTTAAGTCAGCTTTGGCAGT  GCGTGTTGGCA- - - GGCGTAGG
CGGTTAAGTCAGCTTTGGC TGGGCGTGTTGGCAGTGGGCGTAGG
GCGGTTAA CAGCTTTGGCAGTGGGCG GTTGGCA- - - GGCGTAGG
AAGCGGTTTAGTCAG TTGGCAGTGGGCGT TTGGCAGTGGGCGT GG
AGCGGTTAAGTCAGCTTTCGCAGT  GCGTGTTGGCA- - - GGCGTAG
CGGTTAAGTCAGCTTTCGCAGTGGGC TTGGCAGTGGGCGTAGG
AAGCGGTTAAGTCAGCTTTCGCAGTGGGCG GTTGGCAGTGGGCGTA
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Beteg 8
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NGS stratégia

|||||||||||||||' Beteg 1 JAK2 CALR MPL JAK2-12 ASXL1 IDH1 IDH2 SRSF2 EZH2
|||||||||||||||' Beteg 2 JAK2 CALR MPL JAK2-12 ASXL1 IDH1 IDH2 SRSF2 EZH2
|||||||||||||||' Beteg 3 JAK2 CALR MPL JAK2-12 ASXL1 IDH1 IDH2 SRSF2 EZH2
|||||||||||||||' Beteg 4 JAK2 CALR MPL JAK2-12 ASXL1 IDH1 IDH2 SRSF2 EZH2
|||||||||||||||' Beteg 5 JAK2 CALR MPL JAK2-12 ASXL1 IDH1 IDH2 SRSF2 EZH2
|||||||||||||||' Beteg 6 JAK2 CALR MPL JAK2-12 ASXL1 IDH1 IDH2 SRSF2 EZH2
|||||||||||||||' Beteg 7 JAK2 CALR MPL JAK2-12 ASXL1 IDH1 IDH2 SRSF2 EZH2
|||||||||||||||' Beteg 8 JAK2 CALR MPL JAK2-12 ASXL1 IDH1 IDH2 SRSF2 EZH2
|||||||||||||||' Beteg 9 JAK2 CALR MPL JAK2-12 ASXL1 IDH1 IDH2 SRSF2 EZH2
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NGS stratégia

i Beteg1 || sakz || car |[SISENN | 0Ak2-12 || Asxir | ioH1 | ipH2 || srsr2 |[EEEEIN
| seteg 2 |JESKENN cAr | mpe |[sak2a2 || Asxir | ioH1 | ipH2 || srsF2 || Ezn2
| Beteg3 || sakz |[NGHERMN meL || Jake-12 || asxtr | ioH1 | ioH2 || srsF2 || EzH2
| seteg 4 NSRS car | mpL | sake12 || Asxtr | iDH1 | iDH2 || sRsF2 || EzH2
| setegs || iak2 || car | mpu [[1ak2-12 |[ asxia | w1 | bH2 | srsk2 || Ezm2
| setege || a2 |NCRERN me. || sace-12 |JESKEM ov1 | oH2 | sksr2 || EzH2
| Beteg7 || saxz | HCARN v | ace-r: |[ESKER IR o2 || srsr2 || Ezn2

| setegs | JNNKEN cAr | mee |[sake-12 || asxir | ion1  [NEHEN ISR ez

[N Beteg 9 JAK2 CALR MPL JAK2-12 ASXL1 IDH1 IDH2 SRSF2 EZH2
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Akut Myeloid Leukémia (AML)

AML diagnézisok 2011-2024 (SE, Patoldgiai Intézet)
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Akut Myeloid Leukémia (AML

EREDETI KOZLEMENY

Visszatéro genetikai eltérések vizsgalata
akut myeloid leukémiaban
az 4j célzott terapiak titkrében
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Akut Myeloid Leukémia (AML)

I. sz. Patologiai és Kisérleti Rakkutaté Intézetben
2008-2018 kozott diagnosztizalt 880 AML-es
betegek teljes tulélése

100+
804

60+

n=880

Teljes tulélés (%)

0 I I I I 1 L) 1
0 20 40 60 80 100 120 140

Diagnozis ota eltelt id6 (honap)

5 éves teljes
tulélés

20,7%

Krizsan és mtsai, HT 2019



Az AML molekularis diagnosztikaja

WHO ELN Terapia-
osztalyozas rizikostr. tervezés
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Az AML molekularis diagnosztikaja

WHO

osztalyozas rizikostr. tervezés

J

Table 7. Acute myeloid leukaemia.

Acute myeloid leukaemia with RUNXT-RUNXTTT fusion

Acute myeloid leukaemia with CBFB-MYH1] fusion

Acute myeloid leukaemia with DEKCNUP214 fusion

Acute myeloid leukaemia with RBM15:-MRTFA fusion

Acute myeloid leukaemia with BCR-ASLT fusion

Acute myeloid leukaemia with MECOM rearrangement

Acute myeloid leukaemia with NUPSS rearrangement

Acute myeloid leukaemia with APMT mutation

Acute myeloid leukaemia with CEBPA mutation
Acute myeloid leukaemia, defined by differentiation

Acute myeloid leukaemia with minimal differentiation

Acute myeloid leukaemia without maturation

Acute myeloid leukaemia with maturation

Acute basophilic leukaemia

Acute myelomonocytic leukaemia

Acute monocytic leukaemia

Acute erythroid leukaemia

Acute megakaryoblastic leukaemia

4i)y SEMMELWEIS

U EGYETEM 1769

ELN

Terapia-

/ | /

Table 8. Cytogenetic and molecular abnormalities defining acute
myeloid leukaemia, myelodysplasia-related.
Defining cytogenetic abnormalities

Complex karyotype (23 abnormalities)

5q deletion or loss of 5q due to unbalanced translocation

Monosomy 7, 7q deletion, or loss of 7q due to unbalanced
translocation

11q deletion
12p deletion or loss of 12p due to unbalanced translocation
Monosomy 13 or 13q deletion
17p deletion or loss of 17p due to unbalanced translocation
Isochromosome 17q
idic(X){q13)
Defining somatic mutations
ASXLT
BCOR
EZH2
SF381
SRSF2
STAG2
U2AF1
ZRSR2

WHO 2022



WHO klasszifikacié molekularis alapokon

W) Check for updates

REVIEW ARTICLE
The 5th edition of the World Health Organization Classification
of Haematolymphoid Tumours: Myeloid and Histiocytic/
Dendritic Neoplasms
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WHO klasszifikacié molekularis alapokon

o

Table 7.

Acute myeloid leukaemia.

Acute promyelocytic leukaemia with PML::RARA fusion

Acute myeloid leukaemia with R
Acute myeloid leukaemia with C
Acute myeloid leukaemia with D
Acute myeloid leukaemia with R
Acute myeloid leukaemia with B
Acute myeloid leukaemia with K
Acute myeloid leukaemia with ¥/
Acute myeloid leukaemia with N
Acute myeloid leukaemia with N
Acute myeloid leukaemia with C
Acute myeloid leukaemia, myelo

Acute myeloid leukaemia with ot

Acute myeloid leukaemia, defined k

Acute myeloid leukaemia with rr
Acute myeloid leukaemia withot
Acute myeloid leukaemia with i

Acute basophilic leukaemia

Acute myelomonocytic leukaemia

Acute monocytic leukaemia

Acute erythroid leukaemia

Acute megakaryoblastic leukaemia

SEMMELWEIS

ZF EGYETEM 1769

Table 8.
myeloid leukaemia, myelodysplasia-related.

Acute myeloid leukaemia with defining genetic abnormalities

Defining cytogenetic abnormalities

Summary Box:

AML is arranged into two families: AML with defining genetic
abnormalities and AML defined by differentiation. AML, NOS is no longer
applicable.

Most AML with defining genetic abnormalities may be diagnosed with
<20% blasts.

AML-MR replaces the former term AML “with myelodysplasia-related
changes”, and its diagnostic criteria are updated. AML transformation of
MDS and MDS/MPN continues to be defined under AML-MR in view of
the broader unifying biologic features.

AML with rare fusions are incorporated as subtypes under AML with
other defined genetic alterations.

AML with somatic RUNXT mutation is not recognized as a distinct
disease type due to lack of sufficient unifying characteristics.

SKOFZ

STAG2
UZ2AF1
ZRSR2

Cytogenetic and molecular abnormalities defining acute

ilocation

ibalanced

inslocation

inslocation



WHO klasszifikacié molekularis alapokon

- H QP4 Table 10. Subtypes of myeloid neoplasms associated with germline
Csiravonalbeli eltérések el s i 0
Jelentosege Myeloid neoplasms with germline predisposition without a pre-

existing platelet disorder or organ dysfunction

» Germline CEBPA P/LP variant (CEBPA-associated familial AML)
+ Germline DDX41 P/LP variant®

+ Germline TP53 P/LP variant® (Li-Fraumeni syndrome)

FAMILIARIS
AML/MDS

Myeloid neoplasms with germline predisposition and pre-existing
platelet disorder

 Germline RUNX1 P/LP variant® (familial platelet disorder with
associated myeloid malignancy, FPD-MM)

+ Germline ANKRD26 P/LP variant® (Thrombocytopenia 2)
+ Germline ETV6 P/LP variant® (Thrombocytopenia 5)

Myeloid neoplasms with germline predisposition and potential
organ dysfunction

+ Germline GATA2 P/LP variant (GATA2-deficiency)
* Bone marrow failure syndromes

Mennyire ritka
a fehér hollo?

o Severe congenital neutropenia (SCN)
o Shwachman-Diamond syndrome (SDS)
o Fanconi anaemia (FA)

+ Telomere biology disorders
* RASopathies (Neurofibromatosis type 1, CBL syndrome, Noonan

syndrome or Noonan syndrome-like disorders®®)
- Down syndrome®®
» Germline SAMD9 P/LP variant (MIRAGE Syndrome)
* Germline SAMD9L P/LP variant (SAMD9L-related Ataxia Pancytopenia

Syndrome)©
* Biallelic germline BLM P/LP variant (Bloom syndrome)

aLymphoid neoplasms can also occur.
bSee respective sections.

“Ataxia is not always present.

P pathogenic, LP likely pathogenic.




Familiaris AML/MDS - FPD-AML RUNX1 mutaciéval
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Az AML molekularis diagnosztikaja
4 )

WHO ELN Terapia-
osztalyozas rizikostr. tervezés

) o J /

20; ELN 2017 ELN 2022

T
Favorable

Q

© Mutated NPM1 with FLT3-ITDHih » Mutated NPM1 with FLT3-ITD
T Wild-type NPM1 without FLT3-ITD or with FLT3-ITD* - — — — » Wild-type NPM1 with FLT3-ITD
Q (9;11)(p21.3;q23.3)/MLLT3::KMT2A / 1(9;11)(p21.3;q23.3)/MLLT3::KMT2A
= Cytogenetic and/or molecular abnormalities not classified as Cytogenetic and/or molecular abnormalities not classified as
..g favorable or adverse favorable or adverse

Fig. 3 Updates in ELN risk stratification of AML. A Sankey plot depicts changes in the 2017 [65] and 2022 [35] ELN risk stratification of AML. ELNET 2022



Az AML molekularis diagnosztikaja

WHO ELN Terapia-
osztalyozas rizikostr. tervezés

. . CPX-351 . . . . .
Midostaurin || = ° . ctarabin- Ivosidenib Glasdegib Ivosidenib
,7+3” Decitabin (FLT3-inhibitor) daunorubicin) (IDH1 inhibitor) (SMO inhibitor) (IDH1 inhibitor)**

i */ b 2015 2017 2018 2019 2020 >

[Gemtuzu.n]ai)] Azacitidin Enasidenib Gemtuzumab- Gilteritinib Venetoclax Azacitidin
ozogamicin (IDH2 inhibitor) ozogamicin (FLT3 inhibitor) (BCL-2 inhibitor) (CC-486)

(CD33-antitest
gyogyszer
konjugdtum) 2024:
menin inhibitorok
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Krizsan és mtsai, HT 2019, Orvosképzés 2021



Az AML molekularis diagnosztikaja

CITOGENETIKA MOLEKULARIS VIZSGALATOK
o ’ ’ .‘ | j“. o ‘
B <. ‘ (LY VY (LAY N
OGM karlotlplzalas FISH Sanger PCR NGS

U U < @

TERAPIA-

DIAGNOZIS RIZIKOBECSLES TERVEZES MONITOROZAS

1. SEMMELWEIS

CF EGYETEM 1769

A szerz$ sajat abraja



2 &w
PRl B o

o o
DRtV

[ ] °
1(6;9)
T
© O .

W g ¢
13 14 & 15
o . .
§8 23 sk
19 20 21

X EGYETEM 1769

Citogenetikai eltérések AML-ben
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%
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3,0%
15,4%

Krizsan és mtsai, Orvosképzés 2021



Az AML genetikai hatterének megismerése

» SEMMELWEIS
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DNA sequencing of a cytogenetically
normal acute myeloid leukaemia genome

Timothy J. Ley'**** Elaine R. Mardis™*, Li Ding™”, Bob Fulton’, Michael D. McLellan®, Ken Chen®, David Dooling”,
Brian H. Dunford-Shore”, Sean McGrath®, Matthew Hickenbotham’, Lisa Cook’, Rachel Abbott®, David E. Larson’,
Dan C. Koboldt®, Craig Pohl®, Scott Smith®, Amy Hawkins®, Scott Abbott’, Devin Locke®, LaDeana W. Hillier™®,
Tracie Miner”, Lucinda Fulton’, Vincent Magrini’*, Todd Wylie®, Jarret Glasscock®, Joshua Conyers®,

Nathan Sander’, Xiaoqi Shi®, John R. Osborne®, Patrick Minx®, David Gordon®, Asif Chinwalla®, Yu Zhao',
Rhonda E. Ries', Jacqueline E. Payton®, Peter Westervelt'*, Michael H. Tomasson'**, Mark Watson™**, Jack Baty®,
Jennifer lvanovich®”, Sharon Heath', William D. Shannon'*, Rakesh Nagarajan**, Matthew J. Walter'”,

Daniel C. Link"*, Timothy A. Graubert'*, John F. DiPersio’* & Richard K. Wilson™**

@ Ley et al, Nature 2008

The NEW ENGLAND JOURNAL of MEDICINE

“ ORIGINAL ARTICLE ”

Genomic and Epigenomic Landscapes
of Adult De Novo Acute Myeloid Leukemia

The Cancer Genome Atlas Research Network

@ TCGA, NEIM 2013

The NEW ENGLAND
JOURNAL of MEDICINE

JUNE 9, 2016

ESTABLISHED IN 1812 VOL.374 NO. 23

Genomic Classification and Prognosis in Acute Myeloid

Leukemia
Elli P. apaemmanuil Ph.D., Moritz Gerstung, Ph.D., Lars Bullinger, M.D., Verena |. Gaidzik, M.D
Qo D. alba AA DY Nlicala D DAl I [+~ p: L Dottor DL DY AL 1ol AD Lol Ik

Papaemmanuil, NEIJM 2016

= 1 beteg teljes genom szekvenalasa
= 248 mutacio
= Azels6 human ,onkogenom”

= 200 teljes genom/exom szekvenaldsa

= Legaldbb 1 mutacid szinte minden esetben
= 23 szignifikansan mutalt gén

=  Nagymértékl heterogenitds, mintazatok

= 1540 beteg, 111 gén vizsgalata

= 5234 mutacio 76 génben

= 2 vagy tobb mutacid a betegek 86%-aban
=  Molekularis altipusok, eltérd progndzissal



Az AML (cito)genetikai hattere

Signal Transduction/Oncogenes

Splicing Mutations
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‘7. SEMMELWEIS
Zwaan et al, JCO 2015.
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Szomatikus mutaciok AML-ben (sajat adatok)

FLT3-ITD NPMI1 CEBPA
pozitiv, 21% pozitiv, 26% pozitiv, 2%
Q 905 Q 884
FLT3-TKD IDH1 IDH2
pozitiv, 4% pozitiv, 8% pozitiv, 14%

o 606 Q 591 o 590

7. dbra: Intézetlinkben rutinszerten vizsgdlt génekben detektdlt mutdcidk gyakorisdga. A betegekben leggyakrabban az NPM1 (26%),
az FLT3-ITD (21%) és az IDH2 (14%) mutdcidjat lehetett kimutatni. A CEBPA mutdcick esetében csak a kedvezd prognozist jelenté
biallélikus mutdciét tiintettiik fel az dbrdn.

41y SEMMELWELIS

" EGYETEM 1769
Krizsan és mtsai, Orvosképzés 2021



FLT3 ITD és TKD mutaciok

Immuno-
globulinlike ClTs 11D
|00pS pozitiv, 21% i

Transmembrane
domain

Ce“ memb;ran? )

Tandem Juxtamembrane
FLT3 ITD:> duplication domain
ACiG . | FLT3-TKD
m 10k (insertion of .- |
Utac o 3400 bp) l pozitiv, 4%
Point .
mutations at Kinase 2
D836 |
FLT3 TK 1836 C-terminus
PR Insertions
mutaciok e

S840 and N841

https://ashpublications.org/blood/article/106/10/3331/20904/More-flitting-about-FLT3 Krizsan és mtsai, HT 2019, Orvosképzés 2021



https://ashpublications.org/blood/article/106/10/3331/20904/More-flitting-about-FLT3

FLT3 gatlas

Inactive
conformation

Active
conformation

FLT3
receptor

Intracellular space ITD
mutation
i | e T |
ype ype , ‘
Inhibitors —_l TKll_— Inhibitors -_I v " TKD
Sorafenib "~ A TK2 Sunitinib x \ e
Ponatinib - Midostaurin
Quizartinib* Lestaurtinib
Crenolanib*
Gilteritinib*

' l» SEMMLELWEIS

& EGYETEM 1769 Daver et al, Leukemia (2019) 33:299-312



Az IDH1 mutaciok felfedezése

The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE ‘

Recurring Mutations Found by Sequencing
an Acute Myeloid Leukemia Genome

Elaine R. Mardis, Ph.D., Li Ding, Ph.D., David J. Dooling, Ph.D.,

David E. Larson, Ph.D., Michael D. McLellan, B.S., Ken Chen, Ph.D.,
Daniel C. Koboldt, M.S., Robert S. Fulton, M.S., Kim D. Delehaunty, B.A,,
Sean D. McGrath, M.S., Lucinda A. Fulton, M.S., Devin P. Locke, Ph.D.,
Vincent J. Magrini, Ph.D., Rachel M. Abbott, B.S., Tammi L. Vickery, B.S.,

Jerry S. Reed, M.S., Jody S. Robinson, M.S., Todd Wylie, B.S., Scott M. Smith,
Lynn Carmichael, B.S., James M. Eldred, Christopher C. Harris, B.S.,
Jason Walker, B.A., B.S., Joshua B. Peck, M.B.A,, Feiyu Du, M.S.,
Adam F. Dukes, B.A., Gabriel E. Sanderson, B.S., Anthony M. Brummett,
Eric Clark, Joshua F. McMichael, B.S., Rick J. Meyer, M.S.,

Jonathan K. Schindler, B.S., B.A., Craig S. Pohl, M.S., John W. Wallis, Ph.D.,
Xiaoqi Shi, M.S., Ling Lin, M.S., Heather Schmidt, B.S., Yuzhu Tang, M.D.,
Carrie Haipek, M.S., Madeline E. Wiechert, M.S., Jolynda V. vy, M.B.A,,
Joelle Kalicki, B.S., Glendoria Elliott, Rhonda E. Ries, M.A.,
Jacqueline E. Payton, M.D., Ph.D., Peter Westervelt, M.D., Ph.D.,
Michael H. Tomasson, M.D., Mark A. Watson, M.D., Ph.D., Jack Baty, B.A,,
Sharon Heath, William D. Shannon, Ph.D., Rakesh Nagarajan, M.D., Ph.D.,
Daniel C. Link, M.D., Matthew J. Walter, M.D., Timothy A. Graubert, M.D.,
John F. DiPersio, M.D., Ph.D., Richard K. Wilson, Ph.D., and Timothy J. Ley, M.D.

' l» SEMMLELWEIS
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1 beteg WGS analizise

Majd 15/187= 8%

Mardis, NEJM 2009



IDH1/2 mutaciok az onkolégiaban
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Pirozzi et al., Nat Rev Clin Oncol 2021



IDH1/2 mutaciék az AML-ben

AML
4.3% 6.6%

3.6%
1.6%

" EGYETEM 1769

[ IDH1-R132C IDH2-R140Q |l Other
IDH1-R132G IDH2-R172G IDH-wild-type
W IDH1-R132H [ IDH2-R172K
B DH1-R132L [ IDH2-R172M
I /DH1-R132S [0 IDH2-R1725
B DH2-R172T
iy SEMMELWEIS

IDH1-mutaciok megoszlasa

= R132C
= R132G

= R132H

Sajat adatok

IDH2-mutaciok megoszlasa

\ ® R140Q

= R140L

m R172K

Pirozzi et al., Nat Rev Clin Oncol 2021



Ujgeneracios szekvenalas (NGS) AML-ben

e

of

MHTT konszenzus myeloid panel

~ " Hotspots | Whole cDs

ABL1 ETNK1 KIT PTPN11  TERT ASXL1 IKZF1 ZRSR2
ACD FLT3 KRAS  SAMD9  U2AF1 BCOR PHF6 TERC
ANKRD26  GATA1 MPL  SAMDIL  WTI1 CEBPA RAD21
BRAF GNAS myc SETBP1 DDX41 RUNX1
CALR GNB1 NF1 SF3B1 DNMT3A SETD2
CBL IDH1 NPM1 SH2B3 ETV6 SRSF2
CSF3R IDH2 NRAS  SMCIA EZH2 STAG2
cux1 JAK2  PDGFRA  SMC3 GATA1 TET2
ERCC6L2 KDM6A  PRPF8  SRP72 GATA2 TP53
| AML/MDS | | FamiligrismMps/amL | [ ummL | | cvL |
llumina PanCancer Panel
Myeloid NGS panel (59 genes) (1380 genes)
SEMMELWEIS
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MHTT Molekularis Munkacsoport (2013-2025)
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Ujgeneracios szekvenalas (NGS) AML-ben
(sajat adatok)

R e
B 2::'%%;: ::H ,_Hw s IIIIIiww T
IRZF1 111 —
& o | Esetszam | M eI0|d NGS L mh0|d NGS | Pan- Cancer | Osszesen |
il i e i = 20719.
i ER Y 2 2020. 48 64 77
:: n := 2021. 40 88 98
= 2022. 120 104 105
e i e 2023. 118 90 77
e Wi = 2024, 143 99 70
B (55%»\ ai| 5’2

* Betegek 37,8%-aban valtozott a rizikdbesorolas!

« NPM1 (35%), DNMT3A (31%), FLT3 (28%), STAG2 (19%), GATA2 (16%), IDH2 (15%),
RUNX1 (15%) and IDH1 (14%)

* Potencidlisan célozhatd eltérések (FLT3, IDH1, IDH2, NRAS) a betegek 53%-aban

ﬂ'@a SEMMELWEIS

X EGYETEM 1769
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Mérheto Rezidualis Betegség (MRD) AML-ben

3

ilw. SEMMELWEIS

UF EGYETEM 1769

Methods for detection of MRD in AML

Method Target Sensitivity | Applicable | Turn- Limitations/problems
in % of around
AML time
(days)
Established | Multi-parameter Leukemia-associated immunophenotype 1073 to 85-90 2 Less sensitive, more
flow cytometry (LAIP) or different from normal (DfN) 1074 subjective analysis
(MFC)
Established | Real-time Robust data: NPM1, CBFB::MYHT1, 10~ to 40-50* 3-5 Limited applicability
quantitative PCR RUNXT:RUNXIT1 1075
(RT-gPCR) Less validated: KMT2A::MLLT3,
DEK::NUP214, BCR::ABL1, WT1
Exploratory | Next-generation Potentially any somatic mutationt 1072 to ~100 5-10 Less sensitive, costly,
sequencing 1074 technically challenging
(NGS)T.+
Exploratory | Digital PCR (dPCR) | Specific targeted mutations 103 to ~70 3-5 Specific assay necessary for
1074 every mutation, limited

sensitivity

Dohner et al. Blood (2022) 140 (12): 1345-1377.



Mérheto Rezidualis Betegség (MRD) AML-ben

Method Diagnosis After 2 cycles End of treatment Follow-up (24 mo)
Analysis gPCR BM every 3
y 3 mo, or
» aPGCSR BMor PB PB BM I PB every 4-6 weeks
NPM1 —
MRD relapse:
0,
————» gPCR lMR_D ZdZ /zéf; —> Conversion MRD"®9 to
Clinical eg-red. MRDP®* or 21 log, , increase
biomarker
Analysi
—>na ysts gllng —— BMorPB —— PB —_— BM —_— PB every 4-6 weeks
CBF-AML —
MRD relapse:
O,
gPCR IMRD Zdz /oéoz Conversion MRD"9 to
Clinical og-red. <o- MRDP®s or 21 log,, increase
biomarker
Analysis Exploratory:
» MFC® BM BM BM BM every 3 mo
All AML —
MEC? MRD positive — MRD positive —— MRD positive (exploratory)
Clinical
biomarker

<1y, SEMMELWEIS

7y& EGYETEM 1769 Déhner et al. Blood (2022) 140 (12): 1345-1377.



Mérheto Rezidualis Betegség (MRD) AML-ben

NPM1 mutaciék nyomonkévetése ddPCR-rel (10-4/-5)
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Az AML molekularis diagnosztikaja

CITOGENETIKA
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Uj (valés) lehetdség: Digitalis Citogenomika
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A citogenetika fejlédése
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2017

1956
Bionano Genomics

Tijo és Levan
 Teljes genom térképezés
Strukturalis variansok azonositasa (= 500 bp)

 Kopiaszameltérések detektalasa
Tijo & Levan, Hereditas 1956

e 46 human kromoszoéma

51l SEMMELWEIS
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Optikai genom térképezés

1. nap 2. nap 3. nap

« Ultra nagy  Enzimatikus jeldlés * Chip-re toltés
molekulasulyd DNS » Specifikus nukleotid  DNS molekula linearizalédasa
izolalasa szekvencia (CTTAAQG) « DNS molekula nanocsatornaba aramlasa
* Molekulahossz >150 kbp  DNS-vaz festése « DNS molekuldk fényképezése
1, SEMMELWEIS

5
£

g EGYETEM 1769 BioRender.com, bionanogenomics.com
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Sajat eredmények - |
2022-Pal0/60609

« CBFB:MYHII
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Sajat eredmények - I

2022-Pal0/60251

« Komplex kariotipus

o t(1;12)(p21.1;p12.1)
t(1;12)(p31.1,922)

« t(10;12)(g25.3;p13.2)

* t(11;16)(p15.1,912.1)

(

(

* 1(2,10)(p24.2,025.3)

« 1(3;,12)(g26.2;p13.2)

o fus(1;1)(p31.1;p21.3)

o fus(11;11)(p15.2;p15.1)
(12,12)(p13.2;p12.1)

o fus(3;3)(p12.2;913.13)

» fus(5;5)(q14.3;,933.1 Ry T — Al
0 s w, LU }? del(5)(q14.3933.1)

¢ 1y SEMMELWEIS
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Sajat OGM adatok AML-ben

OGM SoC

Favorable

Intermediate

Adverse

Not specified

SoC - Standard of Care methods

OGM

Favorable

Intermediate

Adverse

7 ot specified

ELN — European LeukemiaNet



Myelodysplasias szindromak (MDS)

MDS klasszifikacio

Myelodysplastic syndromes (MDS)
MDS with single lineage dysplasia
MDS with ring sideroblasts (MDS-RS)
MDS-RS and single lineage dysplasia
MDS-RS and multilineage dysplasia
MDS with multilineage dysplasia
MDS with excess blasts

lMDS with isolated delgSﬁ,

MDS, unclassifiable

Provisional entity: Refractory cytopenia of childhood
Myeloid neoplasms with germ line predisposition

MDS diagnosztikai kritériumok

MDS/MPN diagnostic criteria

« Anemia associated with erythroid lineage dysplasia with or without multiineage
dysplasia, =15% ring sideroblasts,* <1% blasts in PB and <5% blasts in the BM

» Persistent thrombocytosis with platelet count =450 x 10%/L

» Presence of a SF3B1 mutation or, in the absence of SF3B1 mutation, no history of
recent cytotoxic or growth factor therapy that could explain the myelodysplastic/
myeloproliferative featurest

« No BCR-ABL1 fusion gene, no rearrangement of PDGFRA, PDGFRB, or FGFRT,;
or PCM1-JAKZ; no (3;3)(q21;926), inv(3)(g21g26) or del(5q)%

« No preceding history of MPN, MDS (except MDS-RS), or other type of MDS/MPN

*At least 15% ring sideroblasts required even if SF387 mutation is detected.

1A diagnosis of MDS/MPN-RS-T is strongly supported by the presence of
SF3B1 mutation together with a mutation in JAKZ2 V617F, CALR, or MPL genes.

}In a case which otherwise fulfills the diagnostic criteria for MDS with isolated del
(5q9)-no or minimal absolute basophilia; basophils usually <2% of leukocytes.

= Morfoldgia/klinikum koézponti szerepe
= del(5q) alcsoport definidld (cito)genetikai eltérés
= Szomatikus mutaciok limitalt szerepe

= SF3BI mutaciok jelentbsége

= Csiravonalbeli mutaciok jelentdsége

WHO 2016



Myelodysplasias neoplazia (MDS) -2022

REVIEW ARTICLE
The 5th edition of the World Health Organization Classification

of Haematolymphoid Tumours: Myeloid and Histiocytic/
Dendritic Neoplasms

Table 3. Classification and defining features of myelodysplastic neoplasms (MDS).

Blasts Cytogenetics Mutations
:> MDS with defining genetic
abnormalities
MDS with low blasts and isolated <5% BM and <2% PB  5q deletion alone, or with 1 other
5q deletion (MDS-5q) abnormality other than monosomy 7
or 7q deletion
MDS with low blasts and SF3B1 Absence of 5q deletion, monosomy 7, SF3B1
mutation® (MDS-SF3B1) or complex karyotype
MDS with biallelic TP53 inactivation <20% BM and PB Usually complex Two or more TP53 mutations, or 1
(MDS-biTP53) mutation with evidence of TP53 copy
number loss or cnLOH
|:> MDS, morphologically defined
MDS with low blasts (MDS-LB) <5% BM and <2% PB

MDS, hypoplasticb (MDS-h)
MDS with increased blasts (MDS-IB)
MDS-IB1 5-9% BM or 2-4% PB

MDS-IB2 10-19% BM or 5-19%
PB or Auer rods

MDS with fibrosis (MDS-f) 5-19% BM; 2-19% PB

Detection of =15% ring sideroblasts may substitute for SF387 mutation. Acceptable related terminology: MDS with low blasts and ring sideroblasts.
bBy definition, <25% bone marrow cellularity, age adjusted.
BM bone marrow, PB peripheral blood, cnLOH copy neutral loss of heterozygosity.

Blood (2022), blood.2022015850., Leukemia (2022) 36:1703-1719.
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Atfedés az AML-ben ismert
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= Az esetek 80-85%-a legalabb egy
= A mutaciok leggyakrablban a DNS

= Egyes mutaciok prognosztikus



Az MDS genetikai hatterének feltérképezése

X % of patients
Cytogenetic aberrations (50%) 0 510152025

-7/del(7q) (12%)
-5/del(5q) (10%)

8 Deletio - Trisomy 8 (10%)

-17/del(17p) (9%)
del(20q) (8%)

—-— del(11q) (3%)

% > del(12p) (3%)

Cancers 2021, 13, 3380



Az MDS genetikai hatterének feltérképezése

RNA splicing (50%)

0 5 10152025

SF3B1(25%)
SRSF2 (12%)
U2AF1 (7%)
ZRSR2 (5%)
U2AF2 (2%)

0 5 10152025

TET2 (23%)
DNMT3A (10%)
IDH2 (3%)
IDH1 (2%)

0 510152025
ASXL1 (13%)
EZH2 (5%)
KDM6A (1%)
EED (1%)

Transcription factors (10

19%)

Cohesin complex (8-10%)

Signaling pathways (5-10%)

Cancers 2021, 13, 3380



Az MDS genetikai hatterének feltérképezése

Transcription factors (10-15%)

0 510152025
RUNX1 (7%)
BCOR (3%)
ETV6 (2%)
CUXT (2%)
GATA2 (1%)

0 510152025

STAG2 (5%)
RAD21 (1%)
SMC3 (1%)/
SMC1A (<1%)

0 510152025

JAK2 (3.5%)
CBL (3%)
NRAS (3%)
KRAS (1.5%)
FLT3(1%)
KIT (1%)
PTPN11(1%)

Cancers 2021, 13, 3380



Klonalis Hemopoezis (,,Chip mutciok)

Disease or

no disease ?




Premalignus lézidk - Progresszioé

Monoclonal Most batients d .

- ammonpathy of ost patients do not progress ]

ad gund etel::minyed — No progression;
Post-germinal significance (MGUS) death from

unrelated causes

center B cell
Smoldering Multiple Plasma cell
myeloma leukemia

; myeloma
Progresssion:

~1% per year Other plasma cell neoplasms (e.g., systemic amyloidosis), J
Waldenstrém macroglobulinemia or non-Hodgkin lymphoma

Monoclonal Most patients do not progress
- B-cell — No progression;
death from

lymphocytosis (MBL)

) unrelated causes
Post-germinal
center (”hmergor)lfl") - Chronic lymphocytic Transformed
oranother B ce Progression: leukemia (CLL) lymphoma (Richter)
~1-2% per year
Non-Hodgkin )
lymphoma
Clonal hematopoiesis Most patients do not progress .
= o| oOfindeterminate *MO progression;
potential (CHIP) death from
unrelated causes

Myeloid progenitor, -
lymphoid progenitor or Myelodysplastic Acute I'I.’lyElOld
multipotential progenitor syndromes (MDS) leukemia (AML)

t Il =
orsiem e Other myeloid

Progression:
~0.5-1.0% per year

neoplasms

Lymphoid )

neoplasms

¢ily, SEMMELWEIS
Blood 2015]126:9-16.
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CHIP, CCUS, ICUS ...és a tobbiek

ICUS CHIP CCUS

Cytopenia Cytopenia
Somatic Somatic
Mutation Mutation

Distinction between ICUS, CHIP, CCUS, and MDS.

MDS
Cytopenia

Somatic
Mutation

Dysplasia

Cytogenetic
Abnormality

ICUS, idiopathic cytopenia of undetermined significance;
CCUS, clonal cytopenia of undetermined significance;
IDUS, idiopathic dysplasia of undetermined significance;
CHIP, clonal hematopoiesis of indeterminate potential.

DOI: 10.1002/ajh.24930



Mutacidk Prognosztikus Szerepe

Favorable Neutral/unknown Adverse
Prognosis Prognostic Impact Prognosis
SF3B1 DH1/2 TPS53
BCOR
ETVE \SXL1
GATA2 RUNX1
U2AF1 SRSF2
ZRSR2 CBL
RAS
MUTATION FUNCTION: B
DNA Damage Response

Transcription Factors
RNA Splicing

Signal Transduction
Cohesin Complex

{1 SEMMELWELS

EJHaem. 2022; 3(1): 301-313



Prognozist meghatarozé tényezék

10S
-Y, del(11q)
-~
MDS-RS
+ SE3B1mut
%
£ 0%
10S
& Time to
AML
Clinical variables
10s Ferritin >1000 ng/ml
EPO>500UL/L
Patient-related
variables
Elderly
ECOG >1
Comorbidities

|Time to AML
Gene
mutation Cytogenetic
TP53, abnormalies
SRSF2, ||  Cht7, Chr3
ASXL1, and
SETBP1 Complex
Karyotype(23)

N

Intermediate-2 /
High risk
IPSS-R:
>3.5 score
WPSS:
High /
Very High risk
MDASS:
Intermediate-2 /
High risk

J. Clin. Med. 2021, 10, 2052



MD<

IPSS-M Risk Calculator
for Myelodysplastic Syndromes (MDS)

(NEJM
Evidence @ o
e = 54% maradt az eredeti rizikdcsoportban
uMbie;:ular International Prognostic .
Scoring System for Myelodysplastic = 349% magasabb, 12% alacsonyabb csoportba kerult
Syndromes
e = 7% legaldbb két kategdriat valtott
40

32

% of patients
N
i

Very low Low Moderate Moderate High  Very high
-low -high

21 gén: TP53mutli, MLLPT®, FLT3ITP/TKD SE3BT, NPM1, RUNXI, IDH2, NRAS, ETV6,
EZH2, SETBPI, CBL, SRSF2, U2AF1, DNMT3A, ASXLI, KRAS, NF1, STAG2, BCOR, CEBPA



Osszefoglalas

CITOGENETIKA MOLEKULARIS VIZSGALATOK
\ . ‘) J l (\ﬁ -
' OGM kariotipizalas EISH Sanger
W,
HAGYOMANYOS VIZSGALATOK UJ-GENERACIOS SZEKVENALAS
KOLTSEGEI KOLTSEGEI
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Osszefoglalas

Genetikal eltérések megjelenése a WHO klasszifikacioban
Cenetikai eltérések szerepe a rizikdbecslésben (IPSS-M, ELNET)
Biomarker vezérelt kezelési lehetdségek

Csiravonalbeli mutaciok jelentdsége (CATAZ2, DDX41 és tarsaik)

NGS a mindennapi diaghosztikaban Magyarorszagon
= Mely betegcsoport szamara?

= Milyen kivant leletatfordulasi iddvel

= Megfeleld minta szUkségessége
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Ajanlott Irodalom

A GRADUALIS ES POSZTGRADUALIS KEPZES foly(

RVI 1S

2021; XCVI. 3:301-620.

https://www.semmelweiskiado.hu/t

PATOLOGIAI
ES MOLEKULARIS %
ONKODIAGNOSZTIKAI
MODSZEREK ...

KRENACS TIBOR
BODOR CSABA

MATOLCSY ANDRAS

https://www.medicina-kiado.hu/kiadvanyaink/szak-es-

ermekek/folyoiratok/orvoskepzes

tankonyvek/patologia/patologiai-es-molekularis-

onkodiagnosztikai-modszerek/



https://www.semmelweiskiado.hu/termekek/folyoiratok/orvoskepzes
https://www.semmelweiskiado.hu/termekek/folyoiratok/orvoskepzes
https://www.medicina-kiado.hu/kiadvanyaink/szak-es-tankonyvek/patologia/patologiai-es-molekularis-onkodiagnosztikai-modszerek/
https://www.medicina-kiado.hu/kiadvanyaink/szak-es-tankonyvek/patologia/patologiai-es-molekularis-onkodiagnosztikai-modszerek/
https://www.medicina-kiado.hu/kiadvanyaink/szak-es-tankonyvek/patologia/patologiai-es-molekularis-onkodiagnosztikai-modszerek/

Molekularis Onkohematologia csapat

¢1y SEMMELWEIS
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