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Abstrakt

V Gvodu dizertani prace je na podklédliterarni reSerSe podantghled problematiky
rezistence nadorovych b&kh na podavanou chemoterapii¢etre mechanism jejiho
vzniku a teorie nadorovych kmenovych bBknTeoretick&ast se dale vice zaiila na dw
témata — Uloha ATP-binding cassette (ABC) transpoint proteii a chromosomovych
abnormalit pi vzniku nadorové rezistence. U obou hlavnich tépatdirazrén jejich
mozny terapeuticky potencidkipgécb¢ zhoubnych naddr Vysledkovoucast dizertani
prace tveéi komentdée k pti pivodnim pracim, na kterych se uch&zeodilel v roli
hlavniho autora. Prvni komentovana pradegsi argumenty ve prosgh hypotézy
o existenci genovych expresnich proflABC geru, které jsou spolmé pro vice tyf
zhoubnych naddr (nadory prsu, kolorekta a pankreatu) a maji kkpizyznam. Tyto
obecné expresni profily ABC génby mohly vytvdet novy charakteristicky rys
kancerogeneze. Druha pracénpsla hlubsi poznéni skupiny paciemstakutni myeloidni
leukemii, kt& po dvou pokusech o dosazeni remise tohoto nadbmwonemoadtni
nedosahli kompletni cytogenetické remise. Na z&klegsledki treti prace je mozné
doporwit vyclenéni skupiny pacierit s primarnimi myelodysplastickymi syndromy
atranslokaci t(2;11)(p21;923) bezc¢adti MLL genu jako samostatnou entitu
s predpokladanou dobrou prognozditvrty prispsvek ve forng review ginesl komplexni
pohled na problematiku kontrolovanéhdequseni cilené &by tyrozinkindzovymi
inhibitory u pacient s chronickou myeloidni leukemii a diskuzi nad dosdeWrenymi
otdzkami z pohledu laboratorni a klinické praxe.id#elnit specificky cytogeneticky
piistup k analyze genetickych Zmv nadorovych bikach a jeho vyhody (komplexnost
a zarovaé citlivost na malé subklony) bylo cilem paté pradera hodnotila soubor vzark
od ditskych pacierit s akutni lymfoblastickou leukemii. Celkovou snahméace bylo
piedstavit komplexnost problematiky rezistence na ipadbrova léiva z rekolika
pohledi a @inést nové poznatky, které by mohly napomoci zlej@ggbu onkologickych

pacient.



Abstract

The theme of cancer cell resistance to anti-camdrigs including the common
mechanisms of resistance development and the tlidagncer stem cells was introduced
in the Introduction to the doctoral thesis. Theotie¢ical part was focused more deeply on
the two topics — the role of ATP-binding casset&BC) transport proteins and
chromosomal abnormalities in the development oftearthemoresistance. The possible
therapeutic potential for the treatment of cancas wtressed for both topics. The Results
were composed of the commentaries on the five gt works, which the author of the
thesis conducted as the main author. The first vilmdught the evidence supporting the
hypothesis of the existence of ABC gene expresgimifiles (signatures), which are
common to multiple types of tumors and are assediawvith significant clinical
consequences. These general ABC gene expressifileprmould possibly form a new
hallmark of cancer. The second work studied mooseatyy a group of acute myeloid
leukemia patients, who did not achieve completegsmetic remission after two attempts
to maintain remission of the malignant disease. fidw& entity, consisting of patients with
the translocation t(2;11)(p21;923) without the raagement of th&ILL gene, within the
myelodysplastic syndromes could be recognized enbtisis of the information, which
was described in the third work. The authors oftthil work also suggested that a good
prognosis may be associated with the new entitgomprehensive review of the theme -
controlled discontinuation of the tyrosine kinaswibitor therapy in chronic myeloid
leukemia patients - was presented in the fourthkwar discussion about the unsolved
questions from the laboratory as well as clinicainp of view was the most important
contribution. The main goal of the fifth work was lighlight the specific complex view
and the ability to visualize small subclones maned during the cytogenetic analysis of
the cancer cell karyotype. The concept was dematestron a collection of childhood
acute lymphoblastic leukemia samples. The main @a&pimr writing the presented
doctoral thesis was to show the complex issue oicea cell chemoresistance from
different laboratory as well as clinical directioasd bring new information, which could
help with the treatment of oncology patients.
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1 Uvod

Nadorova onemocini se postup® stavaji nejvétSim problémem pro zdravotnické
systémy po celém s#é a z dosavadniho vyvoje této problematiky |zeskavat, Ze
zhoubné nadory budou lidskou populaci stale viceoddvat i ve ietim tisicileti.
S prodluZzovanim @mérného ¥ku Zivota lidi je pedevsSim ve vysjpych statech stale
zretelrgji pozorovan i naist incidence nadorovych onemeéon ve vysSim vku. Ve
vékové skupi® nad 70 let jsou ved&sSine evropskych zemi n&gstji se vyskytujicimi
nadory bronchogenni karcinom a karcinom prostatguiii a karcinom prsu a karcinom
tlustého steva a konéniku u Zen (Marek et al., 2010). ZvySujici se hiadjenotoxickych
latek v zivotnim prosedi spolén¢ s hektétéjSim Zivotnim stylem posouva zvysSeny vyskyt

nadorovych onemoeni i mezi mladsi generace.

1.1 RozS¥Fujici se moznosti Iéby nadorovych onemocsni

Chirurgicka intervence byla prvni I€éebnou metodou v onkologii, jeji moznosti se stéle
zdokonaluji a wastava lébou prvni volby. E postupném rozvojiradioterapie,
chemoterapie a imunoterapie se v klinické praxi z&lo stale ¢astji uplatiovat
kombinovani vice kebnych metod (Klener a Klener, 2013; Marek et2010). Pokroky
molekularni biologie a genetiky vedou ke stale iletgimu poznani mechanism
podmiiujicich kancerogenezi a patofyziologii nAdorovyclermoncrni. Vysledkem tohoto
poznani je rozsujici sefada izolovanychi syntetizovanych chemickych sloenin, které
cilerg blokuji vnitroburg¢né pochody aberantraktivované u nadorovych b Vznikla
tzv. cilena terapie (cilena molekularni kba), ktera se také stala vyznamnou ¢ssti
komplexni protinddoroveé 8y (Klener a Klener, 2013). lies vysokou lokélni dinnost
lécby se u tér& dvou ftetin nemocnych objevuje vzdaleny rozsev onerocma [¥i
terapeutickém rozhodovani je &kterym solidnim naddam pristupovano jako
k systtmovému onemo&mi. Do farmakologické kby onkologickych onemoeni dale
spada hormonalni a biologicka terapie adjidatky ovliviiujici nadorové mikroprosdi.
Nedilnou soutésti je takélétba podpirnd a dopliikova, které vyznam& omezuji
nezadouci &inky protinadorovych l&v (Klener a Klener, 2013; Marek et al., 2010).



Diagnostika i Iéba zhoubnych nadbrse boiiivé rozviji — od molekularni charakterizace
naddofi pres cilenou terapii na molekularni Udrovni. Onkolédicl&ba sgje téz

k individualizaci |€ebnych postup a aplikaci konceptu personalizované komplexni
péce, ktera vychazi z filosofie o jeditieosti kazdého pacienta nejen na urovni daného

onemocgni, ale i z pohledu rodinného a sociélniho zazémairék et al., 2010).

1.2 Rezistence nadorovych buék na chemoterapii

Rezistence nadoruk pouZzité protinadorové chemoterapii vyraznymisghbem snizuje
acinnost I€by a miZze zpmisobit jeji Uplné selhani. Na klinické drovni se iséance

manifestuje stabilninti progresivhim onemoenim a je v sotasnosti povazovana za
jeden z nej#tSich problémi onkologické &by (Gillet a Gottesman, 2012; Klener
a Klener, 2010).

1.2.1 Vznik nadorové rezistence

Rezistence na protinadorovacia mize byt rozdlena na d¢ zakladni kategorie:
1)vrozena (primarni) rezistence spojena s genetickou charakteristikou nédorovych
burgk vytvarejici ochranny mechanismus proiepiti v nepiznivych podminkach

a 2)ziskana (sekundarni) rezistencesouvisejici s expozici bgk protinadorovymi leky

v pribéhu I&by (Kachalaki et al., 2016; Klener a Klener, 2010).

Vyzkum zabyvajici se vznikem rezistence u nadorbuvyarek je jednim z hlavnich poli
biomedicinského vyzkumu jiz poc¢kolik desetileti. Byla odhalensada mechanisin
podmiujicich vznik rezistence na podktadporuch ¢i abnormalnich modifikaci

fyziologickych vnitrobugénych proces.
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Mezi nej¢astji diskutované mechanismy vzniku rezistence pit:

e SniZeni pijmu ve vod rozpustnych l&v

» ZvySené vylodeni hydrofobnich kv z buiky zprostedkované ABC transportéry

e Zmeény v metabolismu kav

» Povzbuzeni mechanishopravujicich poSkozenou DNA

» Potlateni apopt6ézy (programové hiémé smrti)

« Kuvalitativni ¢i kvantitativni zngny v cili (cilovém enzymu), na ktery jecléo
mifeno

» V¢tSi odolnost bugk v GO/G1 fazi busného cyklu

» Ochranna bariéra mikropréstli nadoru

* ZvySenici oslabeni bu&né adheze k extracelularni matrix

* Prechodna zrina burcéného fenotypu skrze epitelialni-mezenchymatengnu

» Protektivni vliv hypoxie v okoli nadoru

» Chemorezistence zpraéstikovana epigenetickymi zmami

* Chromosomova nestabilita a vznik chromosomovychaabe
(Hol¢akova et al., 2014; Kachalaki et al., 2016; Kufalet 2003; McGranahan et
al., 2012)

Zminéné mechanismy vSak nigobi izolovag a v fipad chemorezistence jdestginou
o komplexni pasobeni poruch ve vice mechanismech s@asré. Vznikne-li
u nadorovych buwk sowasre rezistence na vice protinddorovychtive kterd nemaji
piibuznou strukturu nebo mechanismus jejickinku, je tento stav ozkavan jako

mnohofetna Iékova rezistencémulti-drug resistanceMDR) (Wu et al., 2014).

1.2.2 Nadorové kmenové buiky

V poslednich letechimesla novy pohled na obecné mechanismy kanceragete®rie
nadorovych kmenovych bgk (cancer stem cell]SCSC9. Jeji mozné klinické vyuZiti ji
rychle givedlo do stedu zdjmu mnoha vyzkumnych tymNadory jsou dle této teorie

fizeny subpopulaci pluripotentnich CSCs, které metjiopnost generovatizné populace
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diferencovanych butk vytvéejicich vlastni nadorovou masucioha protinadorova tda
by tedy n¢la zahrnovat i eradikaci CSCs (Kakova et al., 2014; Klener a Klener, 2013).

CSCs byly dosud identifikovany a izolovany z ceddy nadoi pavodem z éznych tkani.
Jejich incidence v ramciiznych nadak je velmi variabilni, od fiblizné¢ 1 % u akutni
myeloidni leukemie po 80 % u akutni lymfoblastide@kemie (Cojoc et al., 2015; Di
a Zhao, 2014). CSCs mohou byt identifikovany pomduarakteristickych povrchovych
proteini (markefi), jako nap. CD133, CD44, CD24 a2B1 integrin (Peitzsch et al., 2013).
U CSCs ziiznych tym nadofi byly prokadzany vysoké hladiny exprese ATP-binding
cassette (ABC) transportnich protigia s nimi asociované aktivovani PI3K/AKT signalni
drahy (obrazek 1) (Bleau et al., 2009). Mezi dai®chanizmy, které udrzuji silnou
chemo- i radiorezistenci CSCs patzejména vysoka aktivita aldehyd dehydrogenaz
(ALDH) a mechanizmi opravujicich poskozenou DNA. Velkou roli budou thtiké
stimulujici faktory (fistové faktory, cytokiny) nadorového mikropii@sti (Cojoc et al.,
2015; Di a Zhao, 2014).

Rustové faktory
%

Tyrosinkinadzové receptory

PI3K
%

PDK
%

AKT

i

MDM?2 NFKB FKHR BAD GSK3B  MTORCI1/2
A
TP53

l

Zastaveni Apoptoza Bunécny cyklus Ryst
bunécného cyklu Metabolismus  Translace
Apoptoza glukozy

Oprava DNA

Obrazek 1 — Schematické znazarnhlavnich komponent a biologickych funkci signaln
drahy PI3K/AKT (upraveno dle Danielsen et al., 2@18ennessy et al., 2005)
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2 ABC transportni proteiny a jejich role p¥i vzniku
MDR

2.1 Zakladni struktura ABC protein t

Proteiny obsahujici ATP vazajici doméndTP-binding cassetteABC) tvori velkou
proteinovou rodinu a vyskytuji se od lnbakteridlnich az po lilky eukaryotni.
Nejcastji jde o transmembranoveé proteiny, které vyuZiejergii ziskanou hydrolyzou
ATP na ADP k penosu Sirokého spektra latek proti konceftiau gradientu. ABC
proteiny jsou sotasti cytoplasmatické membrany i membran olirgidich vnitrobugcné
organely, jako jsou endoplasmatické retikulum, peaxy ¢i mitochondrie (Dean et al.,
2001; Dean a Annilo, 2005). Typické ABC transpogroteiny obsahuji dvATP vazebné
domény fucleotide binding domainsNBD) a dva sety transmembranovych domén
(transmembrane domaingMD). NBD domeény se skladaji z&i tmotiva — Walker A
a Walker B, které maji totoZznou strukturu u vSe@CAproteini, a specifického C motivu,
ktery odliSuje jednotlivé ABC proteiny mezi sebatMD domény jsou tvieny Sesti az
jedenacti membranou prochazejicimi alfa-helixyau jgodpo¥dné za vazbu specifického

substratu utreného k transportu (obrazek 2).

Prenos latek s vyuzitim ABC pump je vzdy jednésmy. U bakterialnich butk byly
nalezeny jak tzv. ABC importéry,igndsejici latky do nitra bakteridlni iy, tak tzv.
ABC exportéry, které ignaseji latky mimo bakterialni tku. U eukaryotnich buik byly
popsany ABC transportéry pumpujicfepaSeny substrat z cytosolu mimo eukaryotni
buiku nebo z cytosolu do nitra b&iimych organel (Dean et al., 2001; Falasca a Linton,
2012; Li et al., 2007).

Vyjimku oproti typické struktie tvai tzv. polovini transportéryHalf-transporter$, které
obsahuji jen jednu NBD a jednu TMD doménu a musejit homo-¢i heterodimery, aby
mohly z&it plInit svoji transportni funkci. DalSi vyjimkowsgu ABC proteiny, které se
skladaji pouze ze dvou NBD domén a TMD domény jirela chybi. Tyto vyjiméné
proteiny maji jiné fyziologické funkce nez je traost latek pes membrany (Barbet et al.,
2012; Dean a Annilo, 2005).

-13 -



ABCC1

Obrazek 2 — Struktura vybranych ABC transportniidtgini (obrazek byl pevzat

s laskavym svolenim autora z publikace Zhang, Redlearch, 2007)

2.2 ABC geny

Dosud bylo u lidskych butk popsano a izolovano 48 ABC dgea jeden pseudogen, které
jsou Klasifikovany do sedmi podrodin - ABCA (ABCIABCB (MDR/TAP), ABCC
(CFTR/MRP), ABCD (ALD), ABCE (OABP), ABCF (GCN20) ABCG (White) (Barbet
et al., 2012; Kathavala et al., 2015).



Geny z podrodin ABCD, ABCG achteré geny z podrodiny ABCB koduji pol@wi
transportéry. Proteiny z podrodin ABCE a ABCF jsgiimecné chynim TMD domén
a specifickymi netransportnimi funkcemi, fylogeokti vSak jejich TMD domeény klastruji
s TMD doménami ostatnich ABC protéifDean a Annilo, 2005).

ABC geny jsou Siroce rozprdgeny po eukaryotickych genomech a jsou mezidrihov
vysoce konzervovany, coZ nazoge, Ze ¥tSina tchto ger existuje jiz od z&tku
evoluce eukaryotnich bgk (Dean et al., 2001). Také funkce ABC proteimistaly
mezidruho¥ zachovany a organismy jako danio pruhovabénfo rerio) nebo kuata
mohou byt vhodnym modelovym organismem pro studaawich ABC proteiri (Dean
a Annilo, 2005). Vyjimkou v rozpro&ni ABC gefii je pit geni z podrodiny ABCA, které

vytvéreji klastr lokalizovany na chromosomu 17 v pruhu (124t al., 2007).

2.3 Funkce ABC proteini

Jako penaseéi velkého spektra latek od iant aminokyselin fes peptidy, lipidy, steroly

a vitaminy aZz po malé proteiny #¥ABC proteiny nedilnou s@ast mnoha fyziologickych
burg¢nych proces. Jde zejména o odstiavani odpadnich latek a detoxikaciepos
burgcnych signal, vymeénu lipida ¢i iontovou rovnovahu na membranach (Aye et al.,
2009; Barbet et al.,, 2012; Theodoulou a Kerr, 201H)jich fyziologické tka&ove
rozmistni a vysSi exprese v tkanich s hlavni funkci bgriéretneé hematoencefalické
bariéry ¢i v travicim traktu podtrhuje jejich protektivnirilkci (Kachalaki et al., 2016).
ABC proteiny bez TMD domén hrajialbzitou tlohu pi translaci mRNA (Barbet et al.,
2012).

Historicky se vyzkum v oblasti ABC transpofiézantioval p‘redevsim na jejich ulohufip
transportu l&v a s tim spojeny vznik rezistence na danfvé u tiznych tym bursk.
Mezi tfi nejstudovawjSi regulatory mnohtetné Iékové rezistence u nadorovych dsun
pati P-glycoprotein(P-gp, MDR1, ABCB1)multidrug resistance-associated protein 1
(MRP1, ABCC1) areast cancer resistance protiBCRP, ABCG2) (Cojoc et al., 2015;
Kunjachan et al., 2013). ZvySena expresehto protei v nddorovych bikach vede

k aktivrejSimu vylwovani cytotoxickych |&v do extracelularniho prostoru a ke snizeni

koncentraceéchto I&€iv uvniti burgk pod toxickou hladinu. Mezi substraty jmenovanych
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tii transportér pati mnoh& klasicka protinadorovaciga etrg taxam, antracykliri,

antimetabolib ¢i inhibitora topoizomerazy, ale také mnoha novéva patici do cilené
lécby jako jsou inhibitory tyrozinkinaz tyfrosine kinase inhibitors TKI) sorafenib,
imatinib, nilotinib, gefitinib¢i erlotinib (Cojoc et al., 2015; Deng et al., 20K4njachan et
al., 2013).

Dulezitost fyziologickych funkci ABC proteinje podtrZzena existenci lidskych vrozenych
monogennickEi komplexnich chorob spojenych s mutacemi v ABCeggn Jedna se niap

o Dubin-Johnson syndrom (ABCC2), cystickou fiordABCC7), Tangierovu chorobu
(ABCA1l), pseudoxanthoma elasticum (ABCC6), X-vaaanadrenoleukodystrofii,
Stargardtovu chorobu, $kem spojenou makularni degeneraci, retinitis pigosn
(ABCA4) nebo sitosterolémii (ABCG8) (Kachalaki et 2016; Falasca a Linton, 2012).

2.4 Mozné pouziti inhibitora ABC transportéra v klinické

praxi

Jiz od prvnich objav spojujicich nad@rnou expresi &kterych ABC transportér se
vznikem rezistence na protinadorovéiv@ se objevily snahy vyvinout Iéky blokuji¢i
snizujici aktivitu ABC transportér a timto zfisobem zvysit koncentraci standardnich
protinadorovych |ék uvnitt nadorovych bugk. V preklinickych studiich jiz byly
testovanytii generace ABC inhibitori (pfedevSim inhibitax ABCB1) se slibnymi
vysledky na bu&nych liniich, avSak pro pouZiti v klinické praxibng dosud schvalen
Zzadny. Oivody byly pedevSimvysoka toxicita, ne@ekavané interakce s jinymi Iéky
nebo mozny vliv na vznik jinych forem rezistence wnadorovych bunék (Chen et al.,
2016; Kathavala et al., 2015). Vyznamnou bariéroonto @istupu je také skuteost, ze

v nadorovych bikkach byva zvySena exprese &asré vice fiznych ABC transportéy
jejichz mnoziny substratsecasté&ne prekryvaji. Inhibice jednoho typu ABC transportéru
pak mize byt pordrné snadno nahrazena aktivitou transportéru jinéheGét al., 2016;
Kathavala et al., 2015).

Vyzkum se proto v poslednich letech zgiinna zkouSeni efektu &&v, ktera nebyla
pavodré uréena klébé nadoti s mnohdetnou Iékovou rezistenci, jako jsou hap
tyrozinkindzové inhibitory (TKI) a inhibitory PDE-5 (fosfodiesterdza 5). U aira TKI,
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v

véetre jiz bézre klinicky vyuzivanych imatinibu, erlotinibu a soeaibu, vyzkum vn vitro
i in vivo podminkach ukazuje, Ze blokuji nebbaspbi proti aktivic ABC transportér
(Deng et al., 2014; Chen et al., 2016; Kathavalal.et2015). Vzhledem k tomu, Ze TKI
pusobi proti vice typm ABC transportér sowasré a pravépodobr neginaseji
nea:ekdvané nezadouctiaky, jde o nadjiny snmer &by MDR. Sowdasré nafista péet
prirodnich latek (predevsSim ze skupin flavondid kumarini, terpenoid a alkaloidh),

u kterych jsou popisovanyciinky proti nadorovym biikam s rozvinutou MDR (Chen et
al., 2016; Kathavala et al., 2015).
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3 Chromosomalni abnormality a mnoh@etna lekova

rezistence

3.1 Genomova a chromosomova nestabilita

Genomova nestabilitaje vyraznym znakem zhoubnych natlarprojevuje se genetickymi
zménami na tznych Urovnich usgéddani genomu (Hanahan a Weinberg, 2011; Negrini et
al., 2010). Na drovni génse jednd o zgmy jednoho aZadow stovek nukleotid, na
arovni chromosorin 0 paietnici strukturni zmeny chromosomovych segmérd na drovni
celého genomu se projevuje ztratatmi zisky celych chromosofn Chromosomova
nestabilita (chromosomal instability CIN) je forma genomoveé nestability, ktera byla
popsana u &tsiny solidnich naddra mnoha hematologickych malignit. CINepstavuje
dynamicky stav, { kterém buiky prabézn¢ ziskavajici ztraceji celé chromosomy jejich
casti se zvySenowetnosti nez je obvyklé u normalnich Bkn Je tedy zakladnim
zprostedkovatelem aneuploidie, stavu s abnormalningétgme chromosorin v buice,

a intra-tumorové heterogenity (McGranahan et all220

3.2 Mechanismy podilejici se na chromosomové nestabdit

Na CIN projevujici s@oéetnimi chromosomovymi znénami se podileji mechanismy,
které vedou k chybam v mitéze a k neroviamému rozdleni chromosorin mezi dcéné
buiky. Jedna se napo zeslabeni mitotického kontrolniho bodu, zmnozmaritrosom
nebo nespravné navazani chromogaoma dlici vieténko (Lee et al., 2011; McGranahan et
al., 2012). Kléovy jev spojeny s CIN projevujici sstrukturnimi chromosomovymi
zménami je tvorba tzv. reaktivnich chromosém vznikajicich na podklad
chromosomovych zlotn T hlavni mechanismy byvaji uvédy v souvislosti se vznikem
chromosomovych zlofn chybn& funkce telomer, fragilni mista a chybnéADbdpravné
mechanismy (Lee et al., 2011; McGranahan et al2p0
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3.3 Klinicky vyznam chromosomové nestability

Klinicky vyznam CIN je podtrZzen jejim spojenim geafhymi vysledky 1&by popsanymi
u mnoha typ nadof, véetng nadof plic, prsu a kolorekta (McGranahan et al., 20I2}0
spojeni je prawpodobré fizeno intra-tumorovou heterogenitou, ktera se podd
piizpisobovani se nadoru jako celku repivym podminkam wSiho prostedi ve
smyslu Darwinovy evokni teorie (Gerlinger a Swanton, 2010). S&mné poznatky také
nazn&uji, Zze CIN je spojena mnohotetnou Iékovou rezistenci(Lee et al., 2011).
Cytogenetické metody zaloZzené na hodnoceni jedgoli burgk prinaseji @i studiu
mechanism CIN vysledky zachycujici, jak dynamiku celého mee, tak intra-tumorovou
heterogenitu. Tyto parametry nelze zachytit moléktil genetickymi metodami, jako
nagiklad expresnim profilovanim, zaloZzenymi na hodmbgmopulace butk, které jsou

vSak snad§si, co se t§e nar@nosti laboratorniho procesu.

3.4 Chromosomova nestabilita jako terapeuticky cil

Vzhledem k zasadni roli kinetochiompii napojeni mikrotubul déliciho weténka na
centromery chromosoim mohou kinetochory figdstavovat atraktivni terapeuticky cil pro
ovlivnéni Spatného rozchodu chromosionv nadorovych bikach. ZvySena exprese
kinetochorovych proteih vede k vyznamnému snizeni Spatného rozchodu clemmio
a potl@eni CIN v nadorovych hikadch (Bakhoum a Compton, 2012). Tim by s&am

v nadorovych biikkach snizovat i schopnost ziskat rezistenci.

Opanym gistupem je podpora stability mikrotuliulnag. podavanim inhibitdr kinaz
Aurora A a B, které mikrotubuly destabilizuji. Nédkem je zvySeni mnozstvi chybi p
rozchodu chromosoiina gripadny vznik polyploidnich buik. Takto cile® destabilizované
inhibitora  kindz Aurora A a B neustalefipyva, Wetné pred®znych vysledk
preklinickych studii. Res utité pozitivni vysledky f 1é¢bé riznych typ rezistentnich
nadofi je v sodasnosti velkym problémem toxicita fquevSim zavazné neutropenie)
u této I&€ebné modality (Dittrich et al., 2015; Cheung et 2014).
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4 Cile prace

Ziskat argumenty ve pro&gh hypotézy o existenci genovych expresnich grofil
ABC geni, které jsou spolmé vice tyim zhoubnych nadéra maji klinicky

vyznam.

Prinést detailjSi laboratorni i klinické informace o skupirpacientt s akutni
myeloidni leukemii, kt# po dvou chemoterapeutickych pokusech o dosazeni

remise onemocimi nedosahli kompletni cytogenetické remise.

Podpdgit ¢ nepodpdit vycleréni  skupiny pacietit s primarnimi
myelodysplastickymi syndromy a translokaci t(2;p2);q23) bez &asti MLL

genu jako samostatné entity a nafippdnou prognézu této nové skupiny.

Zhodnotit potencialni rizika ve vztahu ke vznikwistence f kontrolovaném
pieruSeni cilené &by tyrozinkinazovymi inhibitory u pacieit s chronickou

myeloidni leukemii.
Porovnat vyhody a nevyhody cytogenetické analyzg¢remnadorovych hikach

oproti sodasnym molekulam genetickym pistupim s vyuzitim souboru vzoik

détskeé akutni lymfoblastické leukemie.
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5 Material a pouzité metody

5.1 Analyzované vzorky

Vzorky tkaré primarnich naddr kolorektalniho karcinomu a pérové vzorky nenadorové
tkare byly odebrany vybranym onkologickym pacigmt I&éenym ve Fakultni nemocnici
Plzer od roku 2008 do roku 2013. Tik@é vzorky primarnich nadbrprsu a pislusnée
nenadorové kontrolni vzorky byly ziskany v ramgiblg provagné v Onkocentru skupiny
MEDICON a.s. v Praze v letech 2006 az 2010.ripqt nadoni pankreatu se jednalo
o vzorky nadorové a nenadorové tkaond pacient diagnostikovanych a déénych
v Institutu klinické a experimentalni mediciny vaPe a Fakultni nemocnici Brno
v rozmezi let 2008 az 2012. Vzorky kostriewt ¢i periferni krve za &elem analyzy
karyotypu bugk hematologickych neoplasii (chronicka a akutni loigei leukemie,
akutni lymfoblasticka leukemie) byly odebirany medim lI&éenym ve Fakultni nemocnici
Plzai v letech 2004 az 2015.

5.2 Kvantitativni PCR v realném ¢ase

Naredkna amplifikovand cDNA byla vstupnim materidlem pr&vantitativni
polymerazovourettzovou reakci v realnéntase (QRT-PCR) s pouzitim TagMan Gene
Expression Assays (Life Technologies). Jako retarergeny byly v pipad vzorka
kolorektalniho karcinomu pouzity gerOLR2A HPRT1 PSMC4 EIF2B1, MRPL19
aPPIA GenyEIF2B1, MRPL19 IPO8 a UBB byly vybrany jako nejstabibijSi referegni
geny pro normalizaci dat u vzdrknadoru prsu. U nadbrpankreatu byly referénimi
geny MRPL19 ELF1 a POLR2A Analyzovanymi geny denes of interestGOI) byl
u vSech studovanych typnadofi set 49 popsanych lidskych ABC dgenvcetrg
pseudogenu ABCC13). Protokol pro qRT-PCR byewzat dle doporeni vyrobé
pouzitych reagencii (New England Biolabs Inc, MBirfRentas Inc, Top-Bio s.r.o., Life
Technologies Corp) a byl v souladu se standarddimpioriéenimi (MIQE Guidelines -
Minimum Information for Publication of QuantitativReal-Time PCR Experiments)
(Bustin et al., 2009).
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5.3 Analyza karyotypu nadorovych burék a fluorescereni in

situ hybridizace

Chromosomova analyza byla provedena nékhoh kostni teng nebo periferni krve po
kratkodobé kultivaci vistovém médiu (24-72 hodin). Zakladni kultivace \yaz
spontanniho @&eni nadorovych buik v prostedi in vitro bez nutnosti buitné dleni
stimulovat mitogeny. Cytogenetické preparaty byljpmveny z fixovanych buignych
suspenzi kapanim na speciapiipravena podlozni skla. Preparaty byly obarvenyochet
G-pruhovani, tj. barveni ve vypufrovaném roztokuer@sova barviva po ipdchozim
pusobeni enzymu trypsinu (Michalova, 1999). Analyzgrylotypi byly provedeny
s pomoci karyotypovaciho systému lkaros (MetaSysterrvyhodnoceny dle mezinarodni

cytogenetické nomenklatury (ISCN).

Metody hybridizacen situ vyuZivaji stejného principu jako analyza dle Seutl, to je
schopnosti jednettzcové DNA se vazat s komplementarnimi Useky deoaatuné cilové
dvourettzcové DNA.Césteéné denaturace DNA vzorku bylo dosazerisgbenim vy3si
teploty a pitomnosti labilizujicickeinidel (alkalie, formamid). Syntetickyfipravené DNA
sondy, v pipadt fluorescenni in situ hybridizace (FISH) fedem ozné&né fluorescami
znakou, se pak za vhodnych hybridiéch podminek navazaly na cilovou DNA. Byly
pouzivany pedevsim komené dostupné FISH sondy od firem Abbott-Vysis, Cytocel
a Kreatech. Signal navazané DNA sondy byl detekoy@mmoci fluorescamiho
mikroskopu a analyzovan v programu Isis (MetaSysjem

5.4 Statistické a bioinformatické vyhodnoceni ziskanycliat

Pro &ely relativni kvantifikace expresnich dat byla péaZnormalizace vzhledem
k panelu referafnich ger (viz 5.2 Kvantitativni PCR v realnérsase). Normalizéni
faktor (NF) byl speitan jako geometricky pmér prislusnych Ct hodnot vSech
referegnich geri. Nasobek exprese daného analyzovaného genu u darméku,
vzhledem k normalizaimu faktoru, byl vypsitdn metodou 2 (Schmittgen a Livak,
2008). Pro tely hierarchického klastrovani byla pouzita norxedie pimérnou hodnotou

Ct pro dany analyzovany gen, tj. Ct hodnoty darenelyzovaného genu u daného vzorku
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byly poctleny ptimérnou hodnotou Ct (aritmeticky {omér) pro dany analyzovany gen.
Nasledovalo logaritmovéani takto ziskanych hodngatamem pi zakladu 2.

Pro zjiSéni korelaci mezi expresnimi hodnotami byly &pény korel&ni koeficienty
pomoci Spearmanova testu, ktery je pro hodnocermiwyeh expresnich dat vhogjgi nez
Pearsofiv test. Hierarchické klastrovani dat bylo zaloZzema euklidovskych
vzdalenostech a metodach UPGMRIn(veighted Pair-Group Method using arithmetic
Averages nevazeny mmeér skupin dvojic) a Wardova metoda. Ke zjidit statisticky
vyznamnych zavislosti mezi genovymi expresnimi daty dany analyzovany geti
expresnimi profily a Kklinickymi daty byly pouzity parametrické statistické metody,
piedevSim Mann-Whitnéy U test nebo Kruskal-Wallisy test. Kivky pieZziti byly
odhadovany pomoci Kaplan-Meierovy metody a rozdilgzi nimi testovany log-rank
testem. Za statisticky vyznamné byly povaZzovanyahyts p hodnotou mensi nez 0,05.

Nalezené genové expresni profily byly vizualizovémynou tzv. heat map.

Pro normalizaci a statistické vy s expresnimi daty byly vyuZity programy Microsof
Excel 2013, Netwalker software (https://netwalkéesarg/), Statistica software (StatSoft,
Ceska republika) a PATH software (http://palaeo-
electronica.org/2001_1/past/issuel 01.htm). Geneit& byly vytvdeny v programu
Cytoscape (http://www.cytoscape.org/). Fémkin silico analyza byla provedena na
zaklad informaci ziskavanych z igr¢ dostupnych databazi, zejména Slo o NCBI Gene,
The Weizmann Institute of Science GeneCards, UtiBtSwiss-Prot, UCSC Genome

Browser, Kyoto Encyclopedia of Genes and Genomesagt@me.
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Abstract

ATP-binding cassette (ABC) proteins constitute a large family of active transporters through
extracellular and intracellular membranes. Increased drug efflux based on ABC protein activity is
related to the development of cancer cell chemoresistance. Several articles have focused on ABC
gene expression profiles (signatures), based on the expression of all 49 human ABC genes, in
individual tumor types and reported connections to established clinicopathological features. The aim
of this study was to test our theory about the existence of ABC gene expression profiles common to
multiple types of tumors, which may modify tumor progression and provide clinically relevant
information. Such general ABC profiles could constitute a new attribute of carcinogenesis. Our
combined cohort consisted of tissues from 151 cancer patients - breast, colorectal and pancreatic
carcinomas. Standard protocols for RNA isolation and qRT-PCR were followed. Gene expression data
from individual tumor types as well as a merged tumor dataset were analyzed by bioinformatics
tools. Several general ABC profiles, with differences in gene functions, were established and shown
to have significant relations to clinicopathological features such as tumor size, histological grade or
clinical stage. Genes ABCC7, A3, A8, A12, and C8 prevailed among the most up- or downregulated
ones. In conclusion, the results supported our theory about general ABC gene expression profiles and
their importance for cancer on clinical as well as research levels. The presence of ABCC7 (official
symbol CFTR) among the genes with key roles in the profiles supports the emerging evidence about

its crucial role in various cancers.
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ABC gene expression profiles have clinical importance and possibly create new hallmark of cancer

1. Introduction

Despite the wide range of modern options for treatment of specific cancer types, the main currently
available therapies are generally based on surgery and the use of cytotoxic drugs and/or ionizing
radiation, which have potent antitumor activity. Tumor chemoresistance, constitutional as well as
acquired, limits the effect of administered chemotherapy or can even cause its failure. Resistance of
cancer cells to several structurally and functionally distinct chemotherapeutics composes a
phenomenon known as multidrug resistance (MDR), which is one of the main obstacles to tumor
chemotherapy efficiency at present. This problem has first of all dramatic health impacts, but also

high worldwide economic impacts [1-3].

Changes to any of several physiological processes ongoing in cells can initiate the development of
chemoresistance. Processes mostly involved include blocking of important pathways leading to
apoptosis, increased drug efflux or decreased uptake, accelerated catabolism of drugs, formation of a
protective barrier of the tumor microenvironment, cell phenotype change via epithelial-
mesenchymal transition, strengthened or weakened cell adhesion to the extracellular matrix, cell
cycle phase switching, epigenetic changes or accelerated DNA repair [4, 5]. However, these processes
do not stand alone, and in case of chemoresistance development, imbalances between several inter-
connected processes play a key role [1, 5]. Cancer stem cell (CSC) theory, which has been increasingly

supported in recent years, can also provide an explanation for the origin of chemoresistance [3, 6].

Increased drug efflux based on high expression of ABC transport proteins (ATP-binding cassette
family) is believed to be one of the major factors determining development of chemoresistance [1, 4,
7, 8]. ABC proteins constitute a large family of mostly active transporters located in extracellular and

intracellular membranes in eukaryotic as well as bacterial cells. All 49 recognized ABC genes in



humans can be classified into seven subfamilies according to the similarities in structure and order of
domains - ABCA (ABC1), ABCB (MDR/TAP), ABCC (CFTR/MRP), ABCD (ALD), ABCE (OABP), ABCF

(GCN20) and ABCG (White) [8-10].

After ATP binding by nucleotide-binding domains these pumps use chemical energy for specific
transportation of a wide spectrum of substrates, which are bound by transmembrane-binding
domains. From ions and amino acids, through cholesterol and its derivatives, glycolipids,
phospholipids, sugars, and vitamins, to whole proteins, all these molecules are among their
transported physiological substrates. ABC proteins naturally constitute integral parts of the processes
mediated by these substrates, e. g. membrane homeostasis, lipid trafficking, waste disposal and
detoxification or cell signaling [8, 11, 12]. Toxic endogenous molecules and xenobiotics could also
become substrates, as has been shown by many studies and which has raised considerable interest
[8, 13]. Moreover, members of ABCE and ABCF subfamilies lack transmembrane-binding domains and
are purported to play a role in protein translation [12, 13]. Importantly, Barbet et al. [12] also
stressed the role of ABC transporters in maintenance of stem cells’ pluripotency. However, the
overlapping nature of ABC substrates could be one of the main obstacles to research on ABC gene

function and also to developing promising ABC inhibitors [14].

This article follows three recently published works, which originated from our laboratories and
explored the connection between the expression levels of ABC genes and clinicopathological features
in three types of cancer individually. Expression of all human ABC genes in breast carcinoma (BC) was
analyzed by Hlavac et al. [15], in colorectal carcinoma (CC) by Hlavata et al. [16], and in pancreatic
carcinoma (PC) by Mohelnikova-Duchonova et al. [17]. In comparison to the corresponding non-
neoplastic control samples, many significantly down-regulated or up-regulated ABC transporters
were revealed for each tumor type. Moreover, some relationships between dysregulation of
individual ABC genes and prognostic or predictive markers were statistically significant. Based on our

previous results and influenced by the concept of hallmarks of cancer [18], we hypothesized the



existence of ABC gene expression profiles (signatures), which are common among multiple types of
tumors. These profiles could have common characteristics on the expression as well as functional
levels and bring some general information related to tumor pathogenesis. In clinical practice the
development of new prognostic or predictive markers could be based on knowledge of these
profiles. Moreover, general ABC expression profiles could constitute tumor attributes in a more
general manner, which is getting closer to the concept of hallmarks of cancer in the context
established in the work of Hanahan and Weinberg [18]. Bioinformatic analyses in this article are

presented in support of this hypothesis.

2. Materials and methods

2.1. Dataset characteristics

Our bioinformatic analyses were performed on a merged dataset of 151 Czech cancer patients
diagnosed in four Czech hospitals (Medicon, Prague; University Hospital Pilsen, Pilsen; Institute of
Clinical and Experimental Medicine, Prague; and University Hospital Brno, Brno). ABC transporter
expression data from 68 breast carcinoma (BC) patients, published separately in Hlavac et al. [15],
were included as the first subset of our primary data. Data from both types of tissues - tumor as well
as non-neoplastic control tissues - were available for 43 patients and for 25 patients only tumor
samples were available. Gene expression of 49 human ABC genes (including the ABCC13 pseudogene)

was measured; all genes could be interpreted and entered further analyses.

The second subset of primary data was composed of 51 colorectal carcinoma (CC) samples; details of
this subcohort were separately discussed in Hlavata et al. [16]. Data from 50 tumor and paired non-
neoplastic tissue samples were available and only one patient was missing a control tissue sample.

The expression of 49 ABC genes was measured for the CC samples. The data of all genes except



ABCC12, which was below the limit of method detection in all samples, were included in the

following analyses.

The third subset of primary data was based on the cohort incorporated in the study conducted by
Mohelnikova-Duchonova et al. [17] and contained 32 pancreatic adenocarcinoma (PC) tumor
samples and 27 paired control non-neoplastic tissue samples. The expression data of 49 ABC genes
with the exception of the ABCG4 and ABCG5 genes, which were also below the limit of method

detection, were included in our present analyses.

The three above mentioned studies were our previous works performed in our laboratories. All
clinical data available for our analyses have been continuously updated with the last update in April
2016. This study was conducted in accordance with the Declaration of Helsinki and Uniform

Requirements for manuscripts submitted to Biomedical journals.

2.2. Gene expression profiling

Isolation of total RNA, cDNA preparation and quantitative real-time polymerase chain reactions (qRT-
PCR) adhered to the Minimum Information for Publication of Quantitative Real-Time PCR
Experiments Guidelines [19] and were precisely described in our previous articles [15-17]. The same

amount and quality of input RNA were applied for each sample within the studied tumor cohorts.

2.3. Statistics and bioinformatics

Preprocessing of our gene expression data was performed in Microsoft Excel 2013 and Netwalker
software [20]. Raw gene expression data (Ct values) from individual tumor types were normalized by
the average Ct value of each gene of interest (individual ABC genes) and then log2-transformed

(following the guidelines for data import and processing to the Netwalker software). Log2-



transformed row-normalized gene expression data from BC, CC and PC datasets were collected into
one MS Excel spreadsheet and transposed to a format with cases in rows and ABC genes in columns,
with the aim of creating a merged tumor dataset. Because of the missing data about the expression
of ABCC12 in the CC dataset and ABCG4 and ABCGS in the PC dataset, all the data about the
expression of these three genes were excluded from the merged dataset table. Afterwards, tree
clustering was performed with the merged dataset with the same methodology as with the individual

tumor datasets.

Statistical analyses (including survival analyses) were conducted with the help of Statistica (Statsoft,
Czech Republic) and the freely available PAST statistical software package [21]. Two types of tree
clustering —an unweighted pair-group method using arithmetic averages (UPGMA) and Ward's
method - were performed. Determined clusters were visualized in a heat map manner. Heat maps
with mean values for each cluster and each gene were calculated with the aim of showing
comparable characteristics. Clinical data were sorted according to the relevant clusters, visualized in
heat maps for an overall review and statistically tested using predominantly non-parametric statistics
(the Mann-Whitney U and Kruskal-Wallis tests). Results with a two sided p value less than 0.05 were
considered to be statistically significant. Disease-free survival (DFS) was defined as the time elapsed
between surgery and disease recurrence or death. Overall survival (OS) was defined as the time
elapsed between surgery and patient’s death from any cause. Median survival was estimated using
the Kaplan—Meier method and the difference was tested using the log-rank test. The characteristics
based on the maximum of five most downregulated and five most upregulated ABC genes were
proposed for each of the determined profiles. The comprehensive analysis of ABC gene functions was
based on multiple searches in several publicly available databases — mainly NCBI Gene, The
Weizmann Institute of Science GeneCards, UniProtKB/Swiss-Prot, UCSC Genome Browser, Kyoto

Encyclopedia of Genes and Genomes, and Reactome.



3. Results

3.1. Breast cancer

Tree clustering with Ward's method divided the set of 68 BC samples into five main clusters (BC1-
BC5), which consisted of 3, 19, 16, 13, and 17 cases. Heat map visualization of the clustering analysis
is shown in Fig. 1 (the clustering dendrogram is available in Fig. S1 in the Supplementary Materials).
Possible significant relationships between these established BC clusters and relevant clinical data
(age, menopausal status, tumor size (pT), regional lymph node metastasis (pN), distant metastases
(cM), clinical stage, histological type and grade, expression of ER, PR and HER2, expression of the Ki-
67 protein, triple negative breast cancer (TNBC) status, neoadjuvant chemotherapy (NACT) regimen,

outcome and survival) were further tested by statistical analyses.

The cluster BC3 (with 31 ABC genes upregulated and 15 downregulated) significantly prevailed in ER
negative (p=0.012), PR negative (p=0.009), and TNBC (p=0.022) cases, i.e., in patients with a generally
worse prognosis. Within the cluster BC3, ABCA13, B2, B3, D1, and F2 showed the highest level of
upregulation, and ABCC11, C12, C13, C8, and A10 showed the highest level of downregulation. These
deregulations also constitute the characteristic features of this cluster, defining it against the other
clusters. Median values for each gene within the established clusters were calculated with the aim to
show comparable characteristics between the clusters. In a similar heat map manner, these median
values are presented in Fig. 2. Significant and clinically important findings together with the
characteristics of all BC clusters are summarized in Fig. 3. The cluster BC4 was revealed to be
connected with older patients; no patient younger than 40 years old (there were 15 patients younger
than 40 in the BC cohort) was present in this cluster (p=0.031). A trend for a higher number of pNO
patients was seen in the cluster BC5 (p=0.064). Comparison of clusters with the vast majority of
downregulated ABC genes (clusters BC1 and 5) against clusters with mostly upregulated genes
(clusters BC2, 3 and 4) resulted in the significant finding that cases with pNO status were prevalent in

the clusters BC1 and 5 combined, compared with the rest of the clusters (p=0.019). Similarly, a trend



for longer DFS for the cluster BC5 patients was recognized (Log rank test chi?, p=0.06). Moreover,
after combining the cluster BC1 and BC5 patients, the result — better DFS for patients in this

combined cluster - fulfilled the criteria for statistical significance (Log rank test chi?, p=0.034).

3.2. Colorectal cancer

Tree clustering with Ward's method divided the set of 51 CC samples into four main clusters (CC1-
CC4) composed of 6, 13, 13, and 19 members. A heat map presenting the results of the CC sample
clustering is shown in Fig. 4 (for details see figure Fig. S2 in the Supplementary Materials). Gene
median values for each CC cluster can be compared in Fig. 2. For statistical testing of CC samples, we
considered these clinical data: gender, age, tumor size (pT), lymph node involvement (pN), distant
metastases (cM), clinical stage, histological grade, primary tumor localization (colon C18,
rectosigmoideum C19, and rectum C20), chemotherapy, grade 3 or 4 toxicity, post-operative
radiotherapy, outcome and survival. Surprisingly, the cluster CC4 (representing cases with the vast
majority of ABC genes downregulated) showed a significantly higher incidence of cases with pN1 or
higher (p=0.035). Primary tumor localization in rectum compared with colon prevailed significantly
among CC3 patients (p=0.006). Within the cluster CC3, ABCC7, C13, A12, A8, and C3 were the most
upregulated genes, and ABCB5, B9, C9, A9, and G5 were the most downregulated — constituting the
cluster characteristics. There was no case with pN2 status in the cluster CC2 (p=0.036). Similar to the
BC set, in patients treated by adjuvant therapy after radical surgical resection RO, DFS was evaluated
as a measure of short-term survival. Comparison of DFS and OS between samples with mostly
downregulated ABC genes (cluster CC4) versus samples with most of the genes upregulated (clusters
CC1, 2, and 3) was performed; however, no statistically significant association was observed. The
other survival analyses of the individual clusters against the rest also did not show statistical

significance. Fig. 3 summarizes the significant results and cluster characteristics for the CC set.
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3.3. Pancreatic cancer

Five main clusters (PC1-PC5) were created in the set of 32 PC samples after the clustering analysis,
which was performed in a similar way as in the previous two tumor sets. These clusters contained 1,
2,10, 13, and 6 cases and can be examined in Fig. 5 (Fig. S3 in the Supplementary Materials provides
the clustering dendrogram). In Fig. 2, gene expression median values for each PC cluster can be
studied and compared with the other tumor clusters. From available clinical information, we
evaluated gender, age, histological grade, pTNM stage, angioinvasion (pA), perineural invasion (pP),
margin status (RO versus R1), KRAS mutations in codons 12 and 13 (wild type versus mutant),
chemotherapy administration, and OS in the PC set. Similar types of statistical analyses were
conducted as for the BC and CC sets; however, no statistically significant association of the ABC

profiles with the clinicopathological features were found for our PC samples.

3.4. Merged cancer dataset

Which general ABC gene expression profiles can be distinguished across several different tumor
types? To address this crucial question, we created a merged dataset composed of all available
tumor samples (see Materials and Methods). Similar procedures as described above for the separate
tumor cohorts were applied to the combined cohort afterwards. Tree clustering with Ward's method
created five main clusters (JC1-JC5) within 151 tumor samples of the merged dataset. Importantly,
each main cluster contained some samples from each of the analyzed tumor types, with the
exception of the cluster JC1, which contained only BC and PC samples. The summary of the number
of patients from individual tumor types within the established ABC expression profiles of the merged
tumor dataset is available in Table S1 in the Supplementary Materials. The overall number of the
cases, which were assigned to the main clusters, was 6, 21, 18, 66, and 40 cases (from JC1 to JC5).
After a comparative analysis of the characteristic expression profiles of these main clusters, further

subdivision into nine subclusters was possible. The clustering results of the merged dataset can be
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observed in Fig. 6 (Part 1 and Part 2); the clustering dendrogram is provided in the Supplementary
Materials as Fig. S4. The characteristics of all the merged dataset clusters and subclusters in the form
of expression median values of each ABC gene are shown in Fig. 2. The cluster JC1 had no subcluster
and was characterized by a strong downregulation of all the 46 ABC genes, which were tested across
all our tumor samples. The cluster JC2 had two subclusters (JC2.1 and JC2.2), and contrary to the
cluster JC1, showed upregulation of 45 out of 46 ABC genes. In the JC2, the five most upregulated
genes were ABCA12, C3, A3, C11, and C13 (in descending order) and the only downregulated gene
was B5. 21 upregulated genes (ABCB2, B3, A13, F1, A7, ...) and 18 downregulated genes (ABCAS, C8,
A9, A10, A6, ...) were observed within the cluster JC3, which could be also further divided into two
subclusters (JC3.1 and JC3.2). Milder upregulation of all 46 genes, compared with the JC2,
constituted the characteristic feature of the JC4 having three subclusters (JC4.1-4.3); genes ABCC7,
C8, A8, A9, and A6 showed the highest level of upregulation. Importantly, upregulation of only one
gene, ABCB5, and downregulation of 44 genes (ABCA3, C3, B3, C1, A7, ...) were discovered as the
typical pattern of the JC5, which was further divided into two subclusters (JC5.1 and 5.2) in the
detailed division. Thus, JC1 and JC2 were the most distinctive ones and interesting for further

comparisons (Fig. 3).

In the further statistical analyses, only those clinicopathological features which were available for all
of the samples in the merged dataset could be evaluated. These were: gender, age, histological
grade, clinical stage, pN and pT status, and newly calculated relative risk. Relative risk was defined as
the value 1 or 0 (achieved versus not achieved), according to one year OS in PC patients, three years
DFS in BC patients and three years OS (all CC patients) or DFS (adjuvantly treated CC patients) in CC
patients. The cluster JC3 contained significantly more Grade 3 or 4 patients (p=0.010). A trend for
higher incidence of smaller size tumors (pT1 or pT2) was seen for the subcluster JC3.1 (p=0.056).
Significantly higher incidence of such smaller size tumors was noted in the subcluster JC2.2 (p=0.041).
On the contrary, a higher incidence of larger size tumors (pT3 or pT4) was recognized for the whole
cluster JC4 (p=0.017). Moreover, this tendency was most prominent within the subcluster JC4.3,
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though not fulfilling the cut-off for statistical significance (p=0.059). Within the cluster JC5, the
subcluster JC5.1 had significantly higher incidence of pNO patients (p=0.048) together with higher
incidence of smaller size tumors (p=0.013). Surprisingly, the subcluster JC5.2 showed significantly
higher incidence of patients with larger size tumors (p=0.024) and two times more patients with pN1
or higher than pNO. Higher incidence of stage | or |l patients (p=0.025) and smaller size tumors
(p=0.038) was observed for the cluster JC1. All statistically significant findings for the merged tumor
dataset are also summarized in Fig. 3. No significant association between JCs and relative risk was

revealed.

4. Discussion

The evidence in support of a new approach in the field of ABC gene expression profiles (signatures) is
presented in the current article. We believe that ABC gene expression profiles in cancer can be
recognized on a more general level than the level of individual tumor types. This theory originated
from our previous results, which were obtained from the analyses of the expression levels of all
recognized human ABC genes separately in three tumor types, and also the results of several

published studies, which explored ABC profiles in different tissues.

Scientific articles reporting the relationships between ABC gene expression profiles, based on the
analyses of all described ABC genes in humans, and important biological or clinical consequences
have been published since 2006. Two main directions can be distinguished in this research field, one

focusing on the characterization of different stem cells and the other one on different tumor types.

The ABC transporter expression signature of hematopoietic stem cells (HSCs) was first determined by
de Grouw et al. [22] and further explored by Tang et al. [23]. Unexpectedly, most transporters
showed apparently higher expression in developed blood cell types (monocytes, granulocytes, CD71+

erythroid progenitors, T cells, and NK cells) compared to stem cells, challenging the concept that
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individual transporters may function in maintaining stem cell integrity by protecting them against
xenobiotics [23, 24]. Instead, a distinct expression profile for ABC transporters might be essential for
stem cell function rather than overexpression of individual transporters. It is also tempting to
speculate that the ABC expression profile could represent (and serve as a diagnostic tool for) the

differentiation status or even “stemness” of stem cells including those with carcinogenic potential.

In the field of stem cell characterization, a comparison of human ABC gene expression profiles
between pluripotent embryonic stem cells (hESCs) and early and late multipotent mesenchymal stem
cells (hMSCs) was presented by Barbet et al. [12] and extended by Erdei et al. [25]. The most
important differences were due to variations in ABC transporters with low but significant gene
expression, suggesting their important roles in pluripotency. Similar to the current study, several of
these highlighted transporters shared similar substrates but differed regarding gene regulation. In
line with the previous studies, most of the ABC transporters were expressed at significantly higher
levels in the differentiated cell types than in the pluripotent hESCs. The only ABC transporter that

showed a decreased expression level in all differentiated cell types was ABCG2.

Using oligonucleotide microarrays, Park et al. [26] analyzed the ABC transporter gene expression
profiles in breast cancer patients who underwent neoadjuvant chemotherapy. The expression profile
of ABC transporters in melanoma (47 ABC genes were tested) was generated in the study performed
by Heimerl et al. [27]. Marzac et al. [28] highlighted the putative role of less explored ABC
transporters in primary chemoresistant acute myeloid leukemia, extending the research in the
direction of tumor characterisation. They all emphasized the diversity of ABC transporters that
cooperate to promote chemoresistance rather than overexpression of single transporters, and called
for further research on ABC expression profiles in cancer. Recently published ABC gene expression
profiles (based on the analysis of all human ABC genes) characteristic of specific tumors (in
comparison with non-malignant control tissues) are summarized in the Table 1 and profiles with

clinical importance are stressed in the Table 2.
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Among the work originating from our laboratories, transcript levels of all human ABCs were explored
in tumors and non-neoplastic control tissues from CC patients collected before the first line of
treatment by a 5-fluorouracil (5-FU)-containing regimen (Hlavata et al. [16]). Several significant
results with clinical consequences for CC patients were generated and ABCC11 was proposed as a
promising candidate marker for a validation study on 5-FU therapy outcome (Table 2). A major goal
of our second ABC study (Hlavac et al. [15]) was to investigate associations between the expression
of ABC genes and outcome of BC patients. Transcript levels of all human ABC genes were determined
in post-treatment tumor and non-neoplastic tissue samples from patients treated by neoadjuvant
chemotherapy. Six ABC genes were then evaluated in an independent series of pretreatment
patients. ABCA12, A13, C1, C8, and D2 were suggested as potential modifiers of progression and
response to the chemotherapy of BC. Evaluation of human ABC gene transcript levels in one of the
most drug-resistant cancers, the PC, was the aim of our third ABC study, conducted by Mohelnikova-
Duchonova et al. [17]. The observed upregulation of ABCB4, B11, C1, C3, C5, C10, and G2 in tumors
may contribute to the generally poor treatment response of the disease. Furthermore, the
upregulation of ABCA1, A7, and G1 implicated a serious impairment of cellular cholesterol
homeostasis. On the other hand, the observed downregulation of ABCA3, C6, C7, and C8 suggested a

possible role of stem cells in the development and progression of PC.

Dysregulation of cholesterol homeostasis and tumor progression in human prostate cancer through
cancer-specific ABCA1 hypermethylation and loss of protein expression was proposed by Lee et al.
[29]. Their results were recently confirmed by Demidenko et al. [30], who reported that the ABC gene
expression profile characterized by the downregulation of several genes was particularly prevalent in
the TMPRSS2-ERG-negative prostate tumors. However, although the TMPRSS2-ERG gene fusion is the
most prevalent genetic rearrangement, found in approximately 50 % of prostate cancers, studies

examining its clinical implications have reported ambiguous results [31, 32].
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Based on all the above-described research findings, our team raised the question about the existence
of general ABC gene expression profiles, which could be common to different tumor types, and their
possible clinical implications. This question was addressed for the first time in the current work. The
clustering methodology, used in this article, was first applied to the expression data from individual
tumor types — BC, CC, and PC. The variability in expression of ABC genes within each tumor type was
shown and ABC gene profiles specific to individual tumor types were established. Similar clustering
was then performed on a merged dataset, which was composed of all expression data from the three
tumor types together. Altogether, data from 151 oncology patients were incorporated in the merged
dataset. The ABC expression profiles common to these three types of tumors were revealed and it
can be concluded that the existence of general ABC expression profiles was supported. It was shown
that the spectrum of general ABC gene profiles, established by the clustering methodology, was
similar to the spectrum of profiles seen in individual tumors. Characteristics of all the discovered
profiles, from genetic as well as functional points of view, were established in the presented
bioinformatics analyses and summarized in Fig. 3. The characteristics based on the maximum of five
most downregulated and five most upregulated ABC genes were proposed for each of the
determined profiles. In the following statistical analyses, important connections to relevant clinical

markers were revealed.

In the study, the BC cluster characterized by upregulation of ABCA13, B2, B3, D1, F2 and
downregulation of ABCC11, C12, C13, C8, A10 was revealed to predominate in TNBC positive
patients. Among dysregulated functions, peptide transport (antigen processing) was strongly
upregulated and responsiveness to drugs and organic anion transport downregulated in this cluster.
ABCB3 and ABCF2 were previously described as upregulated in the BC group with pathologic
complete response by Park et al. [26]. Downregulation of ABCC8 was found in relation to expression
of hormone receptors, grade or TP53 protein level in BC patients by Hlavac et al. [15]. The same work
connected downregulation of ABCC8 and ABCC11 with HER2 positivity. Older patients were found to
have higher incidence in the BC cluster with mostly upregulated genes ABCC11, C12, C8, A3, B8 and
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downregulated genes ABCB5, A13, G8, C7, D2 resulting in strong dysregulation of response to drugs,
upregulation of organic anion transport and downregulation of lipid transport including cholesterol
efflux. However, a possible more general link between ABC expression profiles and aging was not
confirmed by the analysis of the merged tumor dataset. In Park et al. [26] upregulation of ABCC11
was described in the BC group with residual disease. Importantly, better DFS and higher incidence of
pNO status were shown for BC patients belonging to two clusters with the vast majority of ABC genes
downregulated in the present study. Surprisingly, the CC cluster with the vast majority of ABC genes
downregulated showed lower incidence of patients with pNO status, suggesting a greater importance
of specific ABC genes than whole ABC gene profiles in this matter. The CC cluster having ABCC7, C13,
A12, A8, C3 genes mostly upregulated and ABCB5, B9, C9, A9, G5 genes mostly downregulated
prevailed among our rectal cancer patients. Lipid transport including cholesterol efflux was strongly
upregulated and peptide transport (antigen processing) downregulated in this CC cluster along with a
strong dysregulation of response to drugs in both directions. Expression of ABCA12 and ABCC7 was
shown to increase in direction from colon to rectum in our previous work on the CC topic (Hlavata et

al. [16]), where expression of ABCB9 and ABCG5 also decreased in the same direction.

Within the general ABC gene profiles established in this study, several of them were significantly
connected with clinical markers. Prevalence of grade 3 or 4 tumors was revealed between samples
attributed to the cluster characterized by high upregulation of ABCB2, B3, A13, F1, A7 and
downregulation of ABCAS8, C8, A9, A10, and A6. Strong upregulation of peptide transport (antigen
processing) together with lipid transport including cholesterol efflux, and on the other hand,
downregulation of lipid transport without cholesterol efflux together with responsiveness to drugs
characterize the general cluster from functional point of view. Mohelnikova-Duchonova et al. [17]
showed a connection between upregulation of ABCB2 and B3 and Grade 3 or 4 and pT3 or pT4
respectively in PC patients. Downregulation of ABCA6 was shown to be related to the presence of
angioinvasion in the same work, as well as the downregulation of ABCC8 in BC Grade 3 patients
described above. A higher incidence of smaller sized tumors (pT1 or pT2) was found to be joined
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together with three separate clusters, again pointing to the similar importance of different ABC gene
combinations. Oppositely, two different clusters were shown to have a higher incidence of larger
sized tumors (pT3 or pT4). A higher number of pNO patients (together with higher number of smaller
sized tumors) were shown to have the cluster with ABCA8, B5, A9, A10, and C9 mostly upregulated
and ABCA12, A13, C3, C7, and C13 downregulated. These alterations are in line with a strong
response to drug deregulation together with lipid transport without cholesterol efflux upregulation,
but lipid transport including cholesterol efflux downregulation. In contrast, ABCB5 was upregulated
in the chemotherapy resistant group studied by Marzac et al. [28]. Prevalence of stage | or Il
(together with a higher number of smaller sized tumors as well) was noticed in the general cluster
with all 46 measured ABC genes downregulated. In descending order, ABCB3, D3, A3, C1, and B8
were the five most downregulated genes, underlining the strong downregulation of responsiveness

to drugs within the cluster.

The frequency of the ABC genes among the five most up- or downregulated genes, within the
revealed general ABC profiles, was also analyzed. Most interestingly, the ABCC7 gene was found to
be three times among the most upregulated and also three times among the most downregulated
genes. ABCC7, official symbol CFTR, codes for chloride channels and also controls the regulation of
other transport pathways. Defective CFTR is widely known to cause cystic fibrosis; however, there is
accumulating evidence that suggests an unexpected role of CFTR in various cancers, especially in
gastroenterological cancers, such as pancreatic and colon cancers [33-35]. From the above-
mentioned previously published ABC studies, Park et al. [26] and Hlavata et al. [16] included ABCC7 in
the ABC expression profiles with clinical consequences. Furthermore, each of the ABCA3, A8, A12,
and C8 genes was present between the most deregulated ABC genes in five general ABC profiles. A
tight connection between each of these four genes and different types of tumors has been also

previously published.
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The major limitation of the current pioneering study was the number of patients and tumor types
that could be included. It is known that the expression and/or function of drug transporters may be
influenced by genetic polymorphisms [36]. Therefore, the analyses of the most important genetic
polymorphisms related to alterations in ABC gene functions should be performed and possible bias
caused by the accumulation of specific variants determined, after the collection of more eligible

samples.

In conclusion, the present study demonstrates the existence of general ABC gene expression profiles
in cancer and their importance on the clinical as well as research levels. It points to several ABC
genes (ABCC7, A3, A8, A12, and (C8), which could play key roles and be interesting also from a
pharmacological point of view. However, the number of patients and tumor types included was the
major limitation. Further research in this field, taking into account more types of tumors and larger

datasets, is therefore needed.
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Table legends

Table 1: Summary of recently published ABC gene expression profiles (based on the analysis of all

human ABC genes) associated with characteristics of individual tumor types
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Table 2: Summary of recently published ABC gene expression profiles (based on the analysis of all

human ABC genes) associated with clinical consequences in cancer

Table S1: Summary of the number of patients from individual tumor types included in the established

ABC gene expression profiles of the merged tumor dataset

Figure legends

Fig. 1: Heat map visualization of the tree clustering (Ward’s method, Euclidean distances) of the

expression levels of 49 human ABC genes in breast carcinoma samples; Cl, cluster

Fig. 2: Heat map summary highlighting ABC gene profiles in individual tumors as well as the merged

tumor dataset (based on gene expression median values for each ABC gene); Cl, cluster; Fc, function

Fig. 3: Summary of the most deregulated ABC genes, gene functions and significant clinically
important findings in relation to the established ABC gene expression profiles in the individual
tumors as well as merged tumor dataset (repeated functions were highlighted); No, number; d. o.,

descending order

Fig. 4: Heat map visualization of the tree clustering (Ward’s method, Euclidean distances) of the

expression levels of 48 human ABC genes in colorectal carcinoma samples; Cl, cluster

Fig. 5: Heat map visualization of the tree clustering (Ward’s method, Euclidean distances) of the

expression levels of 47 human ABC genes in pancreatic carcinoma samples; Cl, cluster

Fig. 6 (Part 1): Heat map visualization of the tree clustering (Ward’s method, Euclidean distances) of
the expression levels of 46 human ABC genes in the merged tumor dataset (breast, colorectal and

pancreatic carcinoma samples); Cl, cluster; Scl, subcluster
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Fig. 6 (Part 2): Heat map visualization of the tree clustering (Ward’s method, Euclidean distances) of
the expression levels of 46 human ABC genes in the merged tumor dataset (breast, colorectal and

pancreatic carcinoma samples); Cl, cluster; Scl, subcluster

Fig. S1: Dendrogram of the tree clustering (Ward’s method, Euclidean distances) of the expression

levels of 49 human ABC genes in breast carcinoma samples

Fig. S2: Dendrogram of the tree clustering (Ward’s method, Euclidean distances) of the expression

levels of 48 human ABC genes in colorectal carcinoma samples

Fig. S3: Dendrogram of the tree clustering (Ward’s method, Euclidean distances) of the expression

levels of 47 human ABC genes in pancreatic carcinoma samples

Fig. S4: Dendrogram of the tree clustering (Ward’s method, Euclidean distances) of the expression
levels of 46 human ABC genes in the merged tumor dataset (breast, colorectal and pancreatic

carcinoma samples)
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Table 1

Click here to download Table Table 1.xlsx

Upregulated ABC Downregulated ABC -
Resource Tumor type Clinical consequences
genes (a. 0.) genes (a. 0.)
A2, A3, A7, A12, B2,
Hiavac et al B3, B8, B9, B10, C1, A5, A6, A8, A9, A10, B1,
2013 v Breast C4, C5,C10, C11, C12, B5,B11, C6, C9, D2, D4,
D1, D3, E1, F1, F2, F3, G5, G8
G1
Hlavata et al., Colorectal A12, A13, B6, C1, C2,
2012 E1
All - tumor characteristics in
i - relation to control tissues
Mohelnikova . B4, B11, C1, C3, C5,
Duchonova et al., Pancreatic c10. G2
2013 ’
Heimerl stal.,  Melanomacell g pe oo 4 E1,F2 A7, A12, B2, B4, BS, D1
2007 lines
Demidenko et al.,
2015 Prostate

a. o.=alphabetical order

ca, G1 A8, B1, C6, C9, C10, D2,

G2, G4

*



Table 2 Click here to download Table Table 2.xlsx %

Upregulated ABC Downregulated ABC .
Resource Tumor type Clinical consequences
genes (a. 0.) genes (a. 0.)
Park et al., 2006 Breast B3, C7, F2 pathologic complete response

A1, A12, B6, C5, C11,

Park et al., 2006 Breast residual disease

C13
H'a";&‘;t A Breast c1 c8 ER-, PR-/Grade 3/TP53+
Hlavacetal, g oost A12 c8, 11 HER2+
2013 ’
Present study Breast A13,B2, B3, D1, F2 A10, C8, C11,C12,C13 More ER-, PR-, TNBC+
Present study Breast A3, B8, C8, C11, C12 A13, B5, C7, D2, G8 Older age
Present study Breast B5 A4, A13, C4, C11,C12
More pNO, better DFS
Present study Breast C12 B2, B3, B8, C5, G1
Hlavata et al., Colorectal A12,C7,C8 B9, B11, G5, G8 increase/decrease in direction from colon

2012 to rectum
Hlav;(t)enét al., Colorectal C6, C11,F1,F2 non-responders to palliative chem.
H"”"’;E; ;t as Colorectal A7, A13, B4, C11, D4 shorter DFS
Present study  Colorectal A2, A3, A7, C2, G2 Less pNO
Present study  Colorectal A6, A8, B1, B5, C9 A12, B3, E1, G5, G8 Less pN2
Present study  Colorectal A8, A12, C3, C7, C13 A9, B5, B9, C9, G5 prevailed among rectal cancer
Mohelnikova-

Duchonova et  Pancreatic A1, A4, B2 Grade 3 or 4
al., 2013

Mohelnikova-

Duchonova et  Pancreatic A1, B3 G1, G2 pT3orpT4
al., 2014

Mohelnikova-

Duchonova et  Pancreatic B9, C4 E1 pN1 status
al., 2015

Mohelnikova-

Duchonova et  Pancreatic A3, D1 A6, C10 with angioinvasion
al., 2016

Marzac et al., A2, B1, B5, B6, C13, .

2011 AML G1, G2 chem. resistant group
Present study General A7, A13, B2, B3, F1 AB, A8, A9, A10, C8 More Grade 3 or 4
Present study General A7,A13,B2, B3, F2 A6, A8, A10, C8, C11 More Grade 3 or 4
Present study General A3, B9, C5, C8, D3 A6, B5, C7, D2, G8 More pT1 or pT2
Present study General A6, A8, A9, C7,C8 More pT3 or pT4
Present study General A8, A9, A10, B5, C9 A12, A13, C3, C7,C13 More pNO, more pT1 or pT2
Present study General A12, G8 A2, A3, A7, C10, D2 More pT3 or pT4
Present study General A3, B3, B8, C1, D3 More Stage | or I, more pT1 or pT2

a. o.=alphabetical order; AML=acute myeloid leukemia; DFS=disease-free survival; t=increased; |=decreased;
chem.=chemotherapy



Table S1

Joint tumor dataset - number of patients in clusters

No. of BC No.of CC No. of PC

Cluster  Subcluster P P P
1 5 0 1
2 14 5 2

2.1 7 5 1
2.2 7 0 1
3 10 4 4
3.1 9 1 2
3.2 1 3 2
4 24 24 18
4.1 7 5 11
4.2 8 9 3
4.3 9 10 4
5 15 18 7
5.1 10 3 2
5.2 5 15 5
3 68 51 32

BC=breast carcinoma; CC=colorectal carcinoma;
PC=pancreatic carcinoma; P.=patients; No.=number

Click here to download Table Table S1.xIsx
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Figure 3

Cluster
No.

No. of 1 No. of |

GRS GIECS Most 1 genes (d. 0.)

A. Breast carcinoma

3 31 15 A13, B2, B3, D1, F2
2 45 0 C12, C11, C8, A10, A8
4 37 10 C11,C12, C8, A3, B8
5 3 43 B5

1 1 47 c12

B. Colorectal carcinoma

4 0 46 -

2 34 9 A8, B5, A6, B1, C9
3 33 8 C7,C13,A12, A8, C3
1 45 2 G8, A3, C7, G5, A12

C. Pancreatic carcinoma

3 38 5 C7, C8, B3, A5, A8
4 40 1 A13, C3, B5,B11, A8
2 37 10 D2, A8, A9, A3, A10
5 2 45 C13,G8

1 0 44 -

D. Merged cancer dataset

3 21 18 B2, B3, A13, F1, A7
341 31 14 B2, B3, A13, A7, F2
3.2 12 30 A3, B10, A7, E1, B6

2 45 1 A12, C3, A3,C11,C13
21 45 1 A12,C3,C7,C4,G8
22 35 10 C8, A3, C5,B9, D3

4 46 0 C7, C8, A8, A9, A6
41 46 0 C7,C8, A8,C13,C3
4.2 30 7 A12, D3, C7, G1, B11
4.3 28 10 A8, B5, A10, A6, A9

5 1 44 B5
5.1 7 38 A8, B5, A9, A10, C9
5.2 2 42 A12, G8

1 0 46 -

a lipid transport - phospholipid efflux
B lipid transport - cholesterol efflux
Yy response to drugs
& peptide transport (antigen processing)
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6.1.1 Komentéar k prispévku I

Ackoliv se spektrum moznosti procku ugitych typi zhoubnych néaddérvelmi rozsfilo

o nové |léebné pistupy, obecé# jsou sodasné léebné rezimy zaloZeny na chirurgické
lécbé¢ a pouziti cytotoxickych protinadorovych ¢ie nebo ionizujiciho Zéni.
Celoswtovym problémem § pouzivani chemoterapie zaloZené na cytotoxickgéivech

je casty vznik rezistence a vyrazné snizerdielbdého Ginku. Bylo popsano vyrazné
spojeni mezi ATP-binding cassette (ABC) proteinyjichz hlavni funkci je

transmembranovyipnos velkého spektra latek, a vznikem nadorovéterzie.

Omezeny peet praci se dosud zabyval genovym expresnim pnofdalozenym na #sieni
exprese vSech 49 popsanych ABC {géwnietnt pseudogendABCC13 u vybranych typ
zhoubnych naddr Vztah k etablovanym Kklinicko-patologickym  zrimk byl
vyhodnocovan fedevsSim vzhledem ke zmam v expresi jednotlivych ABC gén
Hlavnim cilem prezentovanéhdanku bylo owfit naSi hypotézu o existenci ABC
expresnich profil spol&nych vice tyfim zhoubnych nadér Tyto obecné ABC expresni
profily by dle nasi hypotézy mohly byt novym atribon karcinogeneze a vyzna#én
korelovat s gkterymi ze znamych prognosticky¢hprediktivnich faktod.

NaSe sjednocena nadorova databaze expresnich gbnolay byla zaloZzena naeth
samostatnych souborech paciese temi niznymi typy nadak — nadory prsu, kolorekta
a pankreatu. Hodnoty genové exprese 49 ABQGi gty ze 151 tkAovych vzorki ziskany
shodnym zpisobem ve vSechiipadech. Rednmétem dalSiho studia bylo vyhodnoceni
a vizualizace vysledkbioinformatické analyzy expresnich dat zaloZzendissarchickém

klastrovani Wardovou metodou.

Prezentovana praceripesla poprvé vysledky podporujici hypotézu, Ze naéézt vzory
exprese ABC geh (ABC expresni profily) spotamé pro fizné typy zhoubnych nador
Prace vychazela Z@dchozich vlastnich vysletlksledovani ABC expresnich prdiil
u jednotlivych ty@ nadofi a také z publikovanych studii hodnoticich ABC pyof
v riznych tkanich &etné populaci kmenovych bgk. Na z&atku diskuze k vysledin

piispivku byl podan gehled publikovanych ABC expresnich profi(zaloZzenych na
hodnoceni vSech popsanych ABC @euytvarejicich charakteristiku dgitych typi nadofi
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(v porovnéani s expresnimi profily uriplusné nenadorové tkdnnebo s prokazovanym

Klinickym vyznamem.

Pro zachovani informaci specifickych pro jednotlipy nadoé byl pouzity postup
klastrovani dat aplikovan nejprve na samostatnd@yujednotlivych tyd nadofi a az
poté na sjednocenou databazi. Byly odhaleny cheviaktké ABC expresni profily
obsahujici vzorky od v3echi sledovanych typ nadofi (obecné profily) a tim podporujici
nasi hypotézu. Dale byla sledovana korelace taktoezenych obecnych ABC prafil
s klinicko-patologickymi znaky dostupnymi pro vSeghamalyzované vzorky. Jednalo se
0 Udaje o pohlavi, &u, rozsahu postizeni regionalnich lymfatickychiuZpN status),
rozsahu nadoru (pT status), histologickém stupferelinciace, tzv. grade, a klinickém
stadiu, tzv. stage. Névbyl spaitan tzv. faktor relativniho rizika relapsu onemémn

Nasled’ byla provedena furdi in silico analyza popisovanych obecnych ABC pitofil

U nekterych definovanych obecnych ABC prdfibyly nalezeny statisticky vyznamné
vztahy krozsahu postizeni regionalnich lymfatidkycuzlin, rozsahu néadoru,
histologickému stupni diferenciace a klinickémudgia Co se t§e funiéni charakteristiky
téchto obecnych ABC profil, mnozstvi sill poznenénych funkci v jednotlivych profilech
bylo zn&né a vyty¥eni rekolika charakteristicky zgnénych funkci nebylo mozné. Bylo
provedeno vyhodnoceretnosti ABC geft mezi nejvice up- a down-regulovanymi geny
v ramci obecnych profi. GenyABCC7, ABCA3, ABCA8, ABCAB2ABCC8se v této
statistice vyskytovaly s nejvyS&etnosti a lze usuzovat, Ze na poli précesgliviiovanych
ABC geny v nadorovych hikach hraji kléovou roli. Velmi zajimavy je vyskyt genu
ABCC7 na prvnim mist Gen ABCC7 s oficialre dopori&ovanou zkratkouCFTR je
transmembranovy ipnasé spojeny pedevsim s transportem chloridovych ibmhimo
buiku a je vSeobe@énznama jeho kauzalni rolefipvzniku cystické fibrozy. Nkolik
sowasnych praci vSak jiz nazfi i jeho klicovou ulohu pi patogenezi &kterych tym

zhoubnych naddr predevsim gastrointestinalniho traktu.

V praci bylo naznéeno, Ze tyto obecné expresni profily ABC gdny mohly vytvdet
novy charakteristicky rys kancerogeneze. Hlavniitioi pedkladané prace byl mensSi
pocet hodnocenych pacignta typi: nadofi, proto bude pdeba vysledky saiasné prace

dale o¥fit na wtSich a z pohledu typnadofi riznorodjSich souborech.
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6.2 Prispévek I

Nazev prispévku: Allogeneic stem cell transplantation can improwdcome of AML
patients without complete cytogenetic response aftkiction and consolidation treatment

Auto¥i: Pavel Dvaak, Daniel Lysak, Samuel Vokurka, Michal Karas,n\&ubrt
Nazevéasopisu a nakladatelstviNeoplasma (AEPress)
Rok vydani a impakt faktor ¢asopisu:2015, Ikz015)1,961

Citace: DVORAK, Pavel, Daniel LYSAK, Samuel VOKURKA, Mich&ARAS a Ivan
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140-145. ISSN 00282685.

-62 -



140

Neoplasma 62, 1, 2015

doi:10.4149/neo_2015_018

Allogeneic stem cell transplantation can improve outcome of AML patients
without complete cytogenetic response after induction and consolidation

treatment

P. DVORAK"**, D. LYSAK?, S. VOKURKA?, M. KARAS?, I. SUBRT!

Institute of Medical Genetics, University Hospital Pilsen, Faculty of Medicine in Pilsen, Charles University in Prague, Pilsen, Czech Republic;
*Institute of Biology, Faculty of Medicine in Pilsen, Charles University in Prague, Pilsen, Czech Republic; *Department of Haematology and

Oncology, University Hospital Pilsen, Pilsen, Czech Republic

*Correspondence: Pavel. Dvorak@Ifp.cuni.cz

Received April 2, 2014 / Accepted May 19, 2014

Our retrospective analysis was performed on 376 consecutive patients diagnosed with AML. A total of 256 (68%)
were treated with standard “7+3” induction and high-dose cytarabine and mitoxantrone containing “4+3” consolidation/
intensification regimens. Our study focused on patients with presumably very poor prognosis — patients, who did not
achieve complete cytogenetic remission (CRc). Twenty-five AML patients without CRc were further analysed for clinical
and laboratory parameters. Firstly, the subgroups with or without morphologic CR were compared. Similar cytogenetic
abnormalities were observed in both with myelodysplasia related changes being the most common. Complex karyotype
with deletion of 5q constituted approximately a third of all karyotypes in both subgroups. There were 1 patient with in-
termediate risk cytogenetics in the subgroup without morphologic CR and 5 patients in the subgroup with morphologic
CR. Interestingly, in 4/25 patients subclones were diminished by the chemotherapy treatment, however cytogenetically
less advanced clones proliferated. Secondly, transplanted or nontransplanted patients were analysed. Allogeneic stem cell
transplantation (allo-SCT) was found to be the only curative treatment for patients without CRc after 7+3 and 4+3 regi-
mens. In our cohort, 40% of the patients, who underwent allo-SCT, are alive. Importantly, 67% of the patients, who died
after allo-SCT, died of causes unrelated to progression of AML. Nonrelapse mortality is therefore one of the fields where
survival could be further improved.

Key words: acute myeloid leukaemia, complete cytogenetic remission, cytogenetic abnormalities, stem cell transplantation,

nonrelapse mortality

The prognostic importance of some cytogenetic abnor-
malities identified at diagnosis of acute myeloid leukaemia
(AML) has been proved in many extensive studies. Cytogenetic
abnormalities were also largely reflected in the latest WHO
classification of tumours of haematopoietic and lymphoid
tissues [1]. Furthermore, the international working group led
by Cheson recommended to use the achievement of complete
cytogenetic remission (CRc) after chemotherapy as one of the
most important criteria for assessment of treatment outcomes
already in 2003 [2]. However, only a few studies focusing on
this topic have been published. In fact, a detailed analysis of
clinical data together with cytogenetic characteristic of AML
patients, who failed to achieve CRc after induction and consoli-
dation/intensification chemotherapy, has not been published

so far. This study adds to the limited amount of research in
this important field.

Materials and methods

Our retrospective analysis was performed on a cohort of
376 consecutive patients, who were diagnosed with AML
at University Hospital Pilsen between January 2000 and
December 2012. A total of 256 (68%) of these patients were
treated with the “7+3” induction and high-dose cytarabine
and mitoxantrone containing “4+3” consolidation/inten-
sification regimens (both regimens are described below),
71 (19%) were maintained with a different type of chemo-
therapy or got only 7+3 regimen and 49 (13%) were given
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symptomatic therapy. Clinical and laboratory data from 256
patients treated with both regimens were further analysed.
The study was approved by the Ethics Committee at our
institution and conducted in accordance with the Declara-
tion of Helsinki.

Chromosome G-banding analysis in combination with
FISH analysis was performed in unstimulated 24-h cultures
of bone marrow samples according to standard procedures.
At least 20 metaphase cells were fully analysed to exclude
any clonal abnormalities in accordance with ACC (Associa-
tion of Clinical Cytogeneticists) and UK NEQAS (National
External Quality Assessment Schemes) guidelines for clinical
cytogenetics. The clonal abnormalities were described accord-
ing to ISCN 2013 guidelines [3]. Complex karyotype (CK)
was defined, in agreement with the WHO 2008 classification
[1], as karyotype with 3 or more unrelated abnormalities.
Molecular genetic techniques were performed according to
standard protocols. The presence of these molecular genetic
abnormalities was detected: MLL-PTD, FLT3-ITD, FLT3
Asp835, GSTM1 and GSTT1 polymorphisms, Cyclin D1 and
BAALC overexpression, and NPM1 mutations.

Overall survival (OS) was measured from the date of initial
treatment until the date of death and censored on the date of
the last follow-up if alive. Progression free survival (PFS) was
measured from the date of remission until the date of relapse
or death and censored on the date of last follow-up if alive.
Descriptive statistics were calculated. Kaplan-Meier curves
were used to estimate unadjusted OS and PFS. Log-rank tests
were used to compare each time-to-event variable between
groups. The Cox proportional hazards regression model was
used to evaluate the ability of the relevant variables to predict
either OS or PES. SAS 9.3 software (SAS Institute Inc., Cary,
NC, USA) was used for statistical analyses.

Two chemotherapeutic attempts to achieve complete re-
mission (CR) of AML (in line with Cheson et al. [3]) meant
application of induction chemotherapy according to 7+3 regi-
men followed by consolidation/intensification chemotherapy
according to 4+3 regimen (HiDAC +Mx). The 7+3 regimen
consisted of: cytarabine 200mg/day i.v. continuously for 7 days,
idarubicin 12mg/m?/day i.v. for 3 days. The 4+3 regimen
consisted of: cytarabine 1500-3000 mg/m? (reduced doses for
elderly patients) twice daily i.v. for 4 days, mitoxantrone 10-
12mg/m?*/day i.v. for 3 days.

In patients in complete or partial remission after the two
chemotherapeutic attempts, the allogeneic stem cells trans-
plantation (allo-SCT) was performed within the period of
2-8 weeks after the last chemotherapy regimen. Allo-SCT
with reduced intensity conditioning regimen FLU/MEL was
administered in elderly patients (the age 50-years and more)
and consisted of fludarabine 30 mg/m? i.v. once daily for 4
days (total dose 120 mg/m?*) and melphalan 140 mg/m? i.v.
once daily one day prior to transplantation. In young patients,
the conventional Bu/CY2 conditioning regimen was admin-
istered and consisted of busulphan 4 mg/kg p.o. or 3,2 mg/
kg i.v. in divided doses for 4 days (total dose 16 mg/kg) and

cyclophosphamide 60 mg/kg once daily i.v. for 2 days (total
dose 120 mg/kg).

Results

Normal karyotype at diagnosis was detected in 120 (47%)
out of 256 AML patients treated with 7+3 and 4+3 regimens.
Abnormal karyotype was found in remaining 136 (53%) pa-
tients. CRc was not achieved in 25 (18%) patients following
two cycles of chemotherapy. Morphologic CR was not reached
in 9 of these 25 patients (no CR/ no CRc¢; group A). The rest of
these patients without CRc (16 patients) achieved morphologic
CR (CR/ no CRg; group B).

A total of 9 patients (4 males and 5 females) were included
in the group A. 6 patients were diagnosed with “AML with
myelodysplasia related changes” (AML-MRC), 2 patients with
“AML with inv(3)(q21q26)/t(3;3)(q21;q26)” and 1 patient
with “treatment related AML” (t-AML). Clinical data of group
A patients are summarized together with group B patients in
the Table 1. Only 2 group A patients were found to be suitable
for allo-SCT, the rest had disease resistant to all administered
chemotherapy and sustained on symptomatic therapy. One of
these 2 patients undergoing allo-SCT is alive 6 months after
the diagnosis and the other died of pneumonia after 6 months.
All of the 7 nontransplanted patients died due to the disease
progression.

In the group A, 7 out of 9 patients (78%) had a complex
karyotype. The assumed primary cytogenetic changes in CK
were: abnormality of 5q in 3 patients, abnormality of 3q in
2 patients, abnormality 1p or 9q in 1 patient and abnormality
of 11qin 1 patient (Table 2). Abnormalities of 7q were present
in 4 patients and abnormality of 17p in 2 patients, presumably
as secondary changes. Noncomplex karyotypes were present
in 2 patients: 46,XY,inv(3)(q21q26)[6]/45,idem,-7[19] and
47,XY,+8(3]/46,XY[16] respectively. Interestingly, in 1 patient
(patient No. 4) the karyotype 45,XX,der(1)t(1;6)(p33;?),der(6)
t(1;6)(p33;923)t(6;9)(p11;p123),-9[3]/46,idem,+10[16] was
revealed at diagnosis, however the subclone with trisomy
10 (secondary change in this case) was diminished by the
chemotherapy treatment and the main clone with no recurrent
primary change expanded. Complete karyotypes including
FISH results of the group A patients are shown in the Table
S1 in the Supplemented Materials. The patient with trisomy
8 as a sole abnormality was positive for NPM1 mutation
and overexpression of BAALC in molecular genetic analysis
(Table 3).

Sixteen patients (8 males and 8 females) were included in
the group B. Eleven patients were diagnosed with “AML with
myelodysplasia related changes” (AML-MRC), 1 patient with
“AML with inv(3)(q21q26)/t(3;3)(q21;926)” and 4 patients
with “AML not otherwise specified” (AML-NOS) (Table 1).
Allo-SCT was performed in 13 patients. Five of these 13
patients are alive (6, 8, 64, 66 and 79 months from diagnosis)
and 8 patients died. Only 3 of these 8 patients died on disease
progression and conversely 5 patients died on reasons not di-
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Table 1. Clinical data of 25 patients without CRc after 7+3 and 4+3 regimens

Previous Previous Disease

CR after

;("' Sex Age Chemo- Actino- Dgi (();A;;—IO Status after 7+3 and 22(';: Donor GVHD (ml(:fltshs) Alive (months) Cause of death
therapy therapy 743 4+3

1 F o6l No No AML-MRC  resistant No No No No 2.3 No 9.2 resistant disease
2 M 50 No No AML-MRC PR No No No No 2.6 No 3.0 progresion

3 F 44 No No AML-MRC  resistant No No No No 1.4 No 4.3 progresion

4 F 63 No No AML-MRC  resistant No No No No 2.0 No 55 progresion

5 F 60 No No AML-MRC  resistant No No No No 1.9 No 3.2 progresion

6 M 25 No No AI;/IIIE (‘;v)lth resistant No Yes R Yes 6.7 Yes 6.7

7 M 62 No No Alfll‘; (‘;v)lth resistant No No No No 2.0 No 2.3 resistant disease

M 6l No No AML-MRC  resistant No No No No 2.0 No 2.0 pneumonia
F 62 Yes Yes t-AML resistant No Yes R No 4.8 No 6.6 pneumonia

10 M 44 No No AML-MRC  resistant Yes Yes No 2.9 No 13.9 progresion
11 F 52 No No AML-MRC PR Yes Yes U Yes 23.2 No 24.4 pneumonia
12 M 62 No No AML-MRC PR Yes No No No 2.8 No 3.5 progresion
13 M 56 No No AML-MRC PR Yes No No No 5.7 No 8.8 progresion
14 F 63 No No AML-NOS CR Yes Yes U Yes 5.4 No 5.4 GVHD

15 M 57 No No AML-MRC PR Yes Yes 16) Yes 244 No 244 lung failure
16 F 50 No No AML-MRC PR Yes Yes R No 79.3 Yes 79.3

17 M 53 No No AML-MRC CR Yes Yes U Yes 13.9 No 15.3 CNS infection
18 F 47 No No AML-MRC PR Yes Yes 9] Yes 36.4 No 57.6 progresion
19 F 48 No No AML-MRC PR Yes Yes U Yes 6.5 No 7.4 suicide

20 M 63 No No AML-MRC CR Yes Yes U Yes 5.9 Yes 6.7

21 F 56 No No AML-MRC PR Yes Yes U Yes 8.3 Yes 8.3

22 F 63 No No Ab:[(g;;\;lth resistant Yes No No No 39 No 4.0 progresion
23 F 52 No No AML-NOS PR Yes Yes U Yes 64.0 Yes 64.0

24 F 54 No No AML-NOS  resistant Yes Yes R Yes 66.8 Yes 66.8

25 M 66 No No AML-NOS CR Yes Yes U Yes 32.4 No 38.9 progresion

Dg.=diagnosis; CR=complete remission; Allo-SCT=allogeneic stem cell transplantation; R=related; U=unrelated; GVHD=graft versus host disease;

PES=progression free survival; OS=overall survival;

rectly related to disease progression (pneumonia, graft versus
host disease, lung failure, CNS infection, and suicide).

In the group B, CK was found in 7 patients (44%) and 9
patients had noncomplex karyotypes. The assumed primary

Table 2. Primary cytogenetic changes of 9 patients without hematological
remission after 7+3 and 4+3 regimens

Abn.\P.No.

Complex karyotype

Abn. 5¢q/-5

Abn. 3q X X X

Trisomy 8 X

Abn. 1p X

Abn. 9¢/-9 X

Abn. 11q X
Abn.=abnormality;

M| =
XN
| e
R ]
>
>

cytogenetic changes in CK were: abnormality of 5q in 6
patients and abnormality of 12p in 1 patient (Table 4). Ab-
normality of 7q was present in 3 patients and abnormality of
17p in 2 patients, presumably as secondary changes. Primary
cytogenetic changes observed in the noncomplex karyotypes
were: der(7)del(7)(p12)del(7)(q11.2); +8 (3 patients); t(2;3)
(p13;q26); del(7)(q22q36); t(3;3)(q21;q926); t(9;11)(p22;p15);
del(20)(q11.2). In 3 patients subclones were reduced by the
chemotherapy treatment, however main clones or other
subclones proliferated. After the chemotherapy, subclone
with monosomy 7 was diminished in the patient No. 11,
subclones unseen at the diagnosis were detected in the No.
17 and on the other hand main clone with the sole abnor-
mality — deletion of 5q - unseen at diagnosis was present
in the No. 21. Complete karyotypes including FISH results
of the group B patients are shown in the Table S2 in the
Supplemented Materials. One of the 5 patients with inter-
mediate risk cytogenetics was positive for NPM1 mutation
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and overexpression of BAALC and 2 patients were positive
for overexpression of BAALC in molecular genetic analysis
(Table 3).

All of the patients from the groups A and B were included
in the statistical analysis. Median follow-up for the whole
group (25 patients) was 7.4 months, median PFS was 0.5 years
and median OS was 0.8 years. Statistically significant dif-
ferences in survival parameters were found between two
groups - transplanted and nontransplanted patients. PFS
and OS were significantly higher than patients who under-
went allo-SCT in comparison to nontransplanted group.
PFS and OS in transplanted patients were 2.7 and 2 years,
in nontransplanted patients 0.2 and 0.3 years respectively
(Log-Rank test, P=0.0001, Figure 1 and Figure 2). Patients
without transplantation had 22.8 times higher risk of disease
progression and 12.5 times higher risk of death (Cox Regres-
sion Hazard Model).

Discussion

In 1997, Grimwade et al. [4] published the results of
the 10th UK MRC AML trial. One of the trail’s objectives
was to determine the role of autologous bone marrow
transplantation in AML patients lacking an HLA-matched
sibling. Among 101 of 190 patients with AML character-
ised by abnormal karyotype at diagnosis, persistence of
the disease-related clone in eight patients (8%), revealed
by conventional cytogenetic assessment at bone marrow
harvest whilst in morphologic CR, was found to predict
a poor prognosis [4].

Fung et al. [5] reviewed the records of 68 patients who
consecutively underwent transplantation at the City of Hope
Cancer Center with allogeneic SCT for primary refractory
AML between July 1978 and August 2000. Allogeneic SCT
can cure approximately one third of patients with primary
refractory AML. Cytogenetic characteristics before SCT cor-
relate with transplantation outcome and posttransplantation
relapse [5].

AML patients treated on Cancer and Leukemia Group
B front-line studies were included in the work of Marcucci et

Table 3. Molecular genetic results of 25 patients without CRc after 7+3
and 4+3 regimens

P.No. Positive molecular genetic results
1 NPM1
2 neg.
3 unk.
4 FLT3/ITD, BAALC
5 BAALC
6 BAALC
7 neg.
8 NPM1, BAALC
9 BAALC
10 unk.
11 neg.
12 neg.
13 neg.
14 FLT3/ITD, BAALC
15 BAALC
16 neg.
17 BAALC
18 unk.
19 FLT3/ITD, BAALC
20 neg.
21 BAALC
22 neg.
23 NPMI, BAALC
24 neg.
25 BAALC

neg.=negative;unk.=unknown;

al. [6] published in 2004. Cytogenetic samples were obtained
at diagnosis and on the first day of documented morphologic
CR following induction chemotherapy. Patients with abnormal
cytogenetics at diagnosis, and normal cytogenetics at mor-
phologic CR (NCR; n=103) were compared with those with
abnormal cytogenetics both at diagnosis and at morphologic
CR (ACR; n=15) for overall survival (OS), disease-free sur-

Table 4. Primary cytogenetic changes of 17 patients with hematologic but without cytogenetic complete remission

Abn.\P.No. 12 13 17 20 21 14

15 16 23 18 22 10 19 11 24 25

Complex karyotype X X X X X X

X

Abn. 5¢/-5 X X X X X X
Trisomy 8

Abn. 3q

Abn. 7q/-7

Abn. 12p

t(9;11)(p22;p15)

Abn. 20q

Abn.=abnormality;
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Figure 1. Comparison of progression free survival (Kaplan-Meier survival
curves) between transplanted (n=15) and nontransplanted (n=10) patients
from our cohort of 25 patients without CRc after 7+3 and 4+3 regimens
(Log-Rank test, P<0.0001), median progression free survival was 2.7 and
0.2 years respectively.

vival (DFS), and cumulative incidence of relapse (CIR). ACR
patients had significantly shorter OS, DFS and higher CIR.
The relative risk of relapse or death was 2.1 times higher for
ACR patients than for NCR patients [6].

118 high-risk MDS or AML patients with an abnormal
karyotype at diagnosis and a second cytogenetic analysis
performed after induction chemotherapy were included
in the retrospective study of German researchers in 2009
[7]. The authors confirmed that the persistence of minimal
disease on a cytogenetic level in patients with de novo or
secondary AML as well as high-risk MDS who achieved
morphologic CR following conventional induction therapy
was an independent prognostic parameter for the probability
of shorter OS [7].

Data from 254 adult patients with AML (excluding acute
promyelocytic leukaemia) who achieved CR after induction
chemotherapy on various first-line protocols were examined
by Chen etal. [8] in 2011. Persistent cytogenetically abnormal
cells at CR predict a significantly shorter relapse-free survival
and OS. SCT in CR1 may improve the clinical outcome of pa-
tients lacking cytogenetic remission after induction although
this depends on patient selection [8].

Our study focused on AML patients with presumably very
poor prognosis - patients, who did not achieve CRc after two
chemotherapeutical attempts (7+3 and 4+3 regimens). The
frequency of patients with this condition can be estimated to
be as high as 18% between consecutive AML patients. Some
of these patients have normal karyotype and CRc cannot be
evaluated. In our study, 25 AML patients without CRc, who
had an abnormal karyotype at diagnosis, were analysed for
clinical and laboratory parameters. Approximately a third of
these patients did not achieve even morphologic CR.
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Figure 2. Comparison of overall survival (Kaplan-Meier survival curves)
between transplanted (n=15) and nontransplanted (n=10) patients
from our cohort of 25 patients without CRc after 7+3 and 4+3 regimens
(Log-Rank test, P<0.0001), median overall survival was 2.0 and 0.3 years
respectively.

Firstly, we compared two subgroups — with or without
morphologic CR. Similar cytogenetic abnormalities were
observed in both subgroups with myelodysplasia related
changes being the most common. CK with deletion of 5q, as
suspected primary cytogenetic change, constituted approxi-
mately a third of all karyotypes in both subgroups. There were
only two noncomplex karyotypes in the subgroup without
morphologic CR. Interestingly, one of them had trisomy 8
as a sole abnormality. Molecular genetic analysis revealed
NPM1 mutation and overexpression of BAALC in this patient.
There were 5 patients with intermediate cytogenetics risk
in the subgroup with morphologic CR. Three of them were
positive for some of the negative prognostic markers tested in
molecular genetic analyses. From cytogenetic point of view it
is interesting that in 4/25 patients subclones were diminished
by the chemotherapy treatment, however cytogenetically less
advanced clones proliferated.

Secondly, we made statistical analyses on other two
subgroups - transplanted or nontransplanted patients.
Allogeneic stem cell transplantation was found to be the
only curative treatment for patients without CRc after 7+3
and 4+3 regimens. In our cohort, 40% of the patients, who
underwent allo-SCT, are alive. Importantly, 67% of the
patients, who died after allo-SCT, died of causes unrelated
to progression of AML. Nonrelapse mortality is therefore
one of the fields where survival of patients without CRc
could be further improved. However, there is still a lack of
knowledge and further studies are needed to explore this
very important topic.

Supplementary information is available in the online version
of the paper.
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Supplementary Table

Table S1. G-banding and FISH results of 9 patients without hematologic complete remission

P.No. At AML diagnosis

After 7+3 and 4+3 (HiDAC+MXx)

1

44,XX,del(4)(q227),-5,der(5)t(4;5)(2q27;q21),der(7)t(5;7)(q13;q22),?2der(8),
der(9)t(5;9)(p13;q21),der(12)del(12)(p11)del(12)(q21),-16[12]/46,XX[6],
FISH: 85% deletion EGR1(5q31),80% deletion D75486(7q31),75% deletion
CBFB(16q22)
68-71<3n>,XXY,+Y,del(5)(?q12q35),+del(5)(?q12q35),+6,del(7)(q22q36), der(7)
t(7;17)(p14;2p12)x2,+del(7)(q22q36),+8,-9,-10,-11,-13,+14,-16,-17,-18,+19,+20,
+der(?)t(17;2)(2q;?),+1-3mar[cp20]

FISH: 6% deletion EGR1(5q31),92% deletion EGR1x2,10% deletion
D75486(7q31),87% deletion D75486x2,95% tetrasomy 8
45-46,X,der(X)t(X;?)(?),der(3)del(3)(2q)t(3;26) (?q;?q24),der(6)t(3;6) (?q;q2?3) der(7)
del(7)(p12)del(7)(q21),-14,-15,+der()t(X;?) (), +der(?)t(?;3)(?) [cp20]
45,XX,der(1)t(1;6)(p33;?),der(6)t(1;6)(p33;q23)t(6;9)(pl1;p123),-
9(3]/46,idem,+10[16],

FISH: 90% deletion 9921, 50% trisomy 10
46,XX,+1,der(5)del(5)(q2?2q31)ins(5)(q31p15p1?21),i(8)(ql0),-17,der(18)
t(17;18)(q11.1;p11.1)[4]/47,s1,+i(8)(q10)[10]/48,sd11,+i(8)(q10)[3]/48,sdl1,+
marl[1]/49,sdl1,+marl,+mar2[1]

FISH: 99% deletion EGR1(5q31),22% trisomy ETO(8q22),52% pentasomy
ETO,12% septasomy ETO

46,XY,inv(3)(q21q26)[6]/45,idem,-7[19]

FISH: 90% traslocation EVI1 (3q26), 90% monosomy 7
46,XY,inv(3)(q21q26),t(4;12)(q2?5;p13),der(11)del(11)(p11)del(11)(q13),
der(13)t(11;13)(p11;p11)[4]/46,XY (1],

FISH: 74% deletion MLL(11q23), 80% deletion TEL(ETV6,12p13), 70% trans-
location EVI1(3q26)

47,XY,+8[3]/46,XY[16], FISH: 45% trisomy 8
46,XX,del(5)(q12q33)[2]/45,idem,der(7)(17?pter-172p::72p13-72q11.2::172q21-
172q25::20q11.2-20qter),-17,der(20)(20pter-20q11.2::217q-?17qter)[17]

FISH: 85% deletion EGR1 (5q31), 85% deletion D75486 (7q31)

44,XX,del(4)(q2?7),-5,der(5)t(4;5)(2q27;q21),der(7)t(5;7)(q13;q22),
der(9)t(5;9)(p13;q21),der(12)del(12)(p11)del(12)(q21),-16[8]
FISH: 90% deletion EGR1, 90% deletion D7S486

67-71<3n>,XXY,+Y,del(5)(?q12q35),+del(5)(2q12q35),+6,del(7)
(q22q36), der(7)t(7;17)(p14;2p12)x2,+del(7)(q22q36),+8,-9,-10,-11,-
13,+14,-16,-17,-18,+19, +20,+der(?)t(17;?)(?q;?),+ 1-5mar[cp15]
FISH: 90% deletion EGR1x2,80% trisomy 12 and disomy 13

Persistent massive infiltration by blasts of AML in bone marrow and
periferal blood by cytology, cytogenetic analysis not performed
45,XX,der(1)t(1;6)(p33;?),der(6)t(1;6)(p33;q23)t(6;9) (p11;p123),-
9[13]/46,XX[1]

FISH: 80% deletion 9921, <1% trisomy 10
46,XX,+1,der(5)del(5)(q2?2q31)ins(5)(q31p15p121),i(8)
(q10),-17,der(18)t(17;18)(q11.1;p11.1)[2]/47,s1,+i(8)(q10)
[9]/48,sd11,+i(8)(q10)[3]

FISH: 90% deletion EGR1,8% trisomy ETO,45% pentasomy
ETO,25% septasomy ETO
46,XY,inv(3)(q21q26)(4]/45,idem,-7[13]/46,XY (3]

FISH: 77% traslocation EVI1, 84% monosomy 7
46,XY,inv(3)(q21q26),t(4;12)(q2?5;p13),der(11)del(11)(p11)
del(11)(q13), der(13)t(11;13)(p11;q11)[5]/46,XY[1]

FISH: 74% deletion MLL(11q23)

47,XY,+8[1]/46,XY[14], FISH: 3% trisomy 8
G-banding unsuccessful

FISH: 66% deletion EGR1
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Table S2. G-banding and FISH results of 17 patients with hematologic but without cytogenetic complete remission

P.No. At AML diagnosis

After 7+3 and 4+3 (HiDAC+MXx)

10

11

12

13

14

15

16
17

18
19

20

21

22
23
24
25

46,XY,der(7)del(7)(p12)del(7)(q11.2)[1]/46,XY[1],

FISH: 75% deletion D75486(7q31), 14% monosomy 7
46,XX,der(2)ins(2;16)(q31;q22q?)t(2;12)(q33;q21-23),del(7)(p11),
der(12)del(12)(p12)t(?2;12)(g33;q21-23),del(16)(q11)[3]/45,idem,-del(7)
(p11)[11]/ 46,XX[1],

FISH: 93% deletion TEL(ETV6), 80% monosomy 7
42-45,XY,der(1)t(1;?)(p13;?),2i(1)(q10),-4,der(5)t(5;?)(?q14-21;?),del(7)
(p11),-10, der(11)(?),-12,2der(12)(?),der(15)t(15;?)(p11;?),-16,+der(18;21)
(q10;q10),-19,+1-4mar[cp22]

FISH: 78% deletion EGR1(5q31), 82% deletion TP53(17p13)
44-49,XY,-4,add(5)(q13),del(7)(q11.2),der(11)(q?),der(?14;15)(q10;q10),-
15,0-5mar[cp4]/43-49,idem,der(12)add(12)(p1?)del(12)(q?),+der(?)
t(12;2)(q%?)[cp13]/46,XY[2]

FISH: 91% deletion EGR1(5q31),92% deletion 7q31(D75486),96% am-
plification MLL(11q23),70% deletion TEL(ETV6, 12p13)
46,XX,der(5)t(5;11)(q32-34;q14-22),del(11)(q13),der(12)ins(12;11)
(q24;q13q14-22)[2]/48,idem,+8,+13[13]

FISH: 57% trisomy 8; deletion EGR1 (5q31) and MLL negative
47,XY,+8[8]/48,XY,+8,+21[12],

FISH: 50% trisomy ETO(8q22)+trisomy AML1(21q22), 40% trisomy
ETO(8q22)

47,XX,+8[13]/46,XX[3], FISH: 56% trisomy 8
47,X,der(Y)t(Y;13)(p11.3;q22),-3,der(5)ins(5;3)(p124;?)del(5)(q12),
+der(5)ins(5;3)(p1?4;?)del(5)(ql2),+8,del(13)(ql3),del(20)(ql1.1)
[19]/46,XY[1]

FISH: 86% deletion EGR1(5q31), 87% trisomy 8, 88% deletion
D20S108(20q12)

46,XX,t(2;3)(p13;q26)[15], FISH: 95% translocation EVI1
46,XX,del(7)(q22q36)[4]/46,XX[16]

FISH: 31% deletion D75486 (7q31), 18% deletion 9q21
49-61,XY,+X,+1,+1,+3,+4,+5,del(5)(?q15q33),+6,+7,+7,del(7)
(2922936),+8,+9,+11,der(11)del(11)(p11.2)del(11)(q12),der(11)t(11;?)
(q21;?),+12,del(13)(?q12q14),+del(13)(?q12q14),der(13)t(13;?)(?;2),+15,+
17,+18,+19,+20,+der(?)t(11;?)(q21;?),+der(?)t(13;?)(?;?),+1-2mar[cp20]

FISH: 80% deletion EGR1(5q31), 79% deletion D7S486(7q31), 62%
trisomy 17
41,XX,del(5)(q14-21q32-34),der(11)t(11;12)(p15;q13),-12,der(13;22)
(q10;q10),der(14;15)(q10;q10),-17,der(221)(21qter>21q21::22q11.2522
q12:21p11.2521q21:21q11.221qter),-22[11]/46,XX[9]

FISH: 56% deletion EGR1(5q31), 61% monosomy 17
45,XX,t(3;3)(q21;q26),-7[14]/46,XX[1], FISH: 91% monosomy 7
47,XX,+8[9]/46,XX[8], FISH: 73% trisomy 8
46,XX,t(9;11)(p22;p15)[20]

46,XY,del(20)(q11.2)[20], FISH: 97% deletion D20S108(20q12)

G-banding unsuccessful

FISH: 9% deletion D75486, 4% monosomy 7
46,XX,der(2)ins(2;16)(q31;922q?)t(2;12)(g33;q21-23), del(7) (p11),der(12)
del(12)(12)t(?2;12)(q33;q21-23),del(16)(q11)[4]/46,XX[11],

FISH: 20% deletion TEL(ETV6), <1% monosomy 7
44,XY,del(1)(p13),-4,der(5)t(?1;5)(p13;q13),del(7) (p10),-10,-11,-12,-15,-
16,-19,+5mar([1]/43,idem,-18[1]/46,XY[23]

FISH: 12% deletion EGR1(5q31)
46,XY[15]

FISH: 8% amplification MLL,7% deletion TEL

48,XX,der(5)t(5;11)(q32-34;q14-22),+8,del(11)(q13),der(12)ins(12;11)
(q24;q13q14-22),+13[7]/46,XX[8]

FISH: 80% trisomy 8

47,XY,+8[9]/48,XY,+8,+21[6],

FISH: 50% trisomy ETO(8q22)+trisomy AML1(21q22), 40% trisomy
ETO(8q22)

46,XX[15], FISH: 10% trisomy 8
46,XY,der(3)t(3;25)(p21;p1?4),-5,+8[2]/48,XY,-3,der(5)ins(5;3) (p1?4;?)
del(5)(q12), +der(5)ins(5;3)(p1?4;?)del(5)(q12),+8,+?del(20)(q11.1)
(5]/46,XY([11]

FISH: 63% deletion EGR1(5¢31), 54% trisomy 8

46,XX,t(2;3)(p13;q26)[14]/46,XX][1], FISH: 90% translocation EVI1
46,XX[20]

FISH: 2% deletion D7S486

51-56,XY,+5,del(5)(?q15q33) or t(5;?)(?%;?),+6,+7,del(7)
(?q22q36),+11,der(11)del(11)(p11.2)del(11)(q12),der(11)t(11;?)
(q21;7?),del(13)(?ql2ql4),+del(13)(?ql2ql4),der(13)t(13;?)
(239),+15,der(17)t(17;2)(q?25;2),+der(17)t(17;2)(q225;2),+19,+20,+1-
5mar[cp9]/46,XY[6]

FISH: 18% deletion EGR1(5q31), 20% trisomy 17

46,XX,del(5)(q14-21q32-34)[2]/46,XX[13]

FISH: 6% deletion EGR1; monosomy 17 negative
45,XX,t(3;3)(q21;q26),-7[1]/46,XX[9], FISH: 1,5% monosomy 7
46,XX[15], FISH: 1,5% trisomy 8
46,XX,1(9;11)(p22;p15)[1]/46,XX[19]
46,XY,del(20)(q11.2)[11]/46,XY[3], FISH: 80% deletion D20S108




6.2.1 Komentéar k prispévku Il

Akutni myeloidni leukemie (AML) je onemoéni vzniklé v disledku klonalni expanze
myeloidnich blast v periferni krvi, kostni teni nebo i jiné tkani. Jedna se o onemioén

heterogenni na klinické, morfologické a genetickévii a mize zahrnovat pouze jednu
nebo vSechny myeloidni b&me linie. Celosstové je raini incidence této choroby asi 3

piipady na 100000 lidi s mirnodgyvahou mud, pramérny ek pri diagnéze je 65 let.

Komentovany fispevek predkladéa retrospektivni analyzu 376 postugiagnostikovanych
pacienti s AML. Z tohoto celkového souboru bylo 256 (68 &eno standardni inddhki
chemoterapii “7+3” nasledovanou konsotidan/intenzifik&nim rezimem “4+3”
s vysokymi davkami cytarabinu a mitoxantronu. Z Z&ient lécenych rezimy “7+3”
i “4+3” byl pfi cytogenetickém vySsgni nadorovych butk z kostni dené nalezen u 120
(47 %) pacient normalni karyotyp a u zbyvajicich 136 (53 %) patiiebyla nalezena
alespa jedna cytogeneticka aberace. NaSe studie seiigamma pacienty, ki@ po
uvedenych dvou pokusech o dosazeni remise onemiocnedosahli kompletni
cytogenetické remise (CRc), tjfipkontrolnim vySeteni po I€b¢ byly stale pitomné
cytogenetické zimy. NedosaZzeni CRc znamenalo pro tyto pacienty ivéipatnou
progndézu vyvoje onemoéni a gredpokladéasné progrese. U paciérd nedosazenou CRc

Ize také pedpokladatitzné stupa rezistence &i podavanym protinadorovymdguam.

Mezi pacienty Iéenymi ol¥ma rezimy a majicimi alespgednu cytogenetickou aberaci
v karyotypu bylo vyhledano 25 (18 %) pacieez dosaZzeni CRc a tito pacienti byli dale
analyzovani z pohledu laboratornich a klinickycht. dsejprve byly porovnany dv
podskupiny &chto pacient — s a bez s@asného dosazeni kompletni morfologické remise
(16 versus 9 pacieit V obou skupinach bylo pozorovano shodné zastuiuppektra
cytogenetickych  aberaci s nejvyS8§im  vyskytem  tzv.beraci  spojenych
s myelodysplastickymi z#émami. Mezi tyto zminy pati predevSim delece dlouhého
raménka (g rameénka) chromosomu 5 (delece 5q),azttéeho chromosomu 5, delece
g raménka chromosomu 7, ztrata celého chromosomab@&race kratkého raménka
(p raménka) chromosomu 17 a delece q raménka clsammoll. S myelodysplasii je také
asociovan tzv. komplexni karyotyp, definovany jakaryotyp seiemi a vice

nesouvisejicimi aberacemi. Komplexni karyotyp, flsmw@asti byla delece 5q, tiib
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priblizn¢ tretinu vSech karyotypv obou porovnavanych skupinach. U AML fvekupinu
se stedni progndzou pacienti s normalnim karyotypem nglaberacemi nezahrnutymi
mezi aberace spojené s dobrdunaopak Spatnou prognézou. V podskyépiez dosazené
morfologické kompletni remise byl pouze jeden paic{e 9 pacierit, 11 %) nalezejiciip
diagnéze do #tdni prognostické skupiny, v podskupirs dosazenou morfologickou
kompletni remisi bylo takovych paciéniet (31 %).

Zajimavym pozorovanim bylo, Ze u 4 z 25 padiebyly chemoterapii eliminovany
subklony vzniklé klonalnim vyvojem (tj. s vysSSim ¢gem cytogenetickych aberaci),
zatimco mé# odvozené klony dale proliferovaly a vykazovaly $fyStupé rezistence.
Toto pozorovani by mohlo naztwvat, Ze rezistence by mohla bythem vyvoje nadoru

v n¢kterych subpopulacich nadorovych Bkm samovol® ztracena.

V ramci pacieni bez CRc byli dale porovnani pacienti, iktgpodstoupili allogenni
transplantaci kostnitdrg, s pacienty, kié pro tento typ &y indikovani nebyli. | pro
pacienty s takto néfznivou prognézou bylo demonstrovano, Ze allogdramisplantace
kostni derg predstavuje kurativni dbu. 40 % paciefitpo transplantaci bylo dlouhod®b
nazivu. Doba feziti do progrese (PFS) a celkovéefti (OS) pro celou skupinu
transplantovanych pacignbylo 2,7 a 2 roky, zatimco pro skupinu netransjolzanych
pacient byla tatocisla 0,2 roku pro PFS a 0,3 roku pro OSldiitym faktem v3ak bylo,
Ze 67 % pacieft kteri zenteli po absolvované transplantaci, Zefo na jiné pi¢iny nez
je progrese AML. Jednou z moznych cest k dalSimgpSani peziti velmi rizikovych
pacienfi s AML by mohlo byt zarfeni se na zdravotni problémy nesouviseji¢mp

s progresi zakladniho maligniho onem#dn
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6.3 Prispavek Il
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The translocation t(2;11)(p21;q23) is associated with de novo myelodysplastic syndromes
(MDS) and has an overall frequency of approximately 1%. The outcome of MDS patients
with this translocation is not clear until now, because most of the clinical data addressing
the t(2;11)(p21;q23) has been collected without investigating the status of the mixed lineage
leukemia (MLL) gene. In this report, we present seven new patients with MDS diagnosis
and the t(2;11)(p21;q23) in bone marrow cells; all of them without MLL gene
rearrangement. They were found in two databases consisting of 1185 patients of two Czech
institutions. These patients tended to be younger and showed a strong male predominance.
A cytological and histological assessment of bone marrow at diagnosis revealed only mild
MDS with marked dysplasia in megakaryopoiesis. Similar to other primary abnormalities
in MDS (e.g. deletion of 11q), the t(2;11)(p21;q23) was frequently associated with deletion
of 5q. Our results stress the common clinicopathological features of this entity and indicate
that the t(2;11)(p21;q23) may be associated with a good prognosis for MDS patients
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(median survival 72 months). Copyright © 2013 John Wiley & Sons, Ltd.

myelodysplastic syndromes; karyotype; t(2;11)(p21;q23); good prognosis

Introduction

Myelodysplastic syndromes (MDS) constitute a heteroge-
neous group of myeloid neoplasms characterized by abnormal
differentiation and maturation of myeloid cells, bone marrow
(BM) failure and a genetic instability with enhanced risk of
transformation to acute leukemia. These preleukemic condi-
tions mainly affect adult patients of older age. Based on the
disease etiology, MDS can be classified into three main
categories: primary (de novo) MDS, MDS with a myeloprolif-
erative syndrome and treatment-related MDS secondary to
previous chemotherapy, radiotherapy or treatment with other
toxic agents [1,2]. Each of these different biological entities
has a characteristic cytogenetic profile.

Chromosomal abnormalities are detected in approxi-
mately 50% of patients with de novo MDS and are important
in disease diagnosis, classification and prognostic stratifica-
tion [1-4]. Approximately 30% of de novo MDS patients

Copyright © 2013 John Wiley & Sons, Ltd.

have a pathologic karyotype with some of the recurrent
chromosomal abnormalities that have a well-defined
relationship with myelodysplasia and prognosis. However,
non-random chromosomal changes found in approximately
10% of de novo MDS patients have no clearly defined
prognostic value [3,5].

The translocation t(2;11)(p21;q23) (Figure 1) was first
reported in 1982 in a patient 8years after developing
refractory sideroblastic anemia [6]. There are currently 45
cases with the translocation published in the literature [7].
The vast majority of the published cases involved
patients who were diagnosed with MDS or acute myeloid
leukemia (AML). At least half of the patients had a t
(2;11)(p21;923) as a primary chromosomal abnormality.
The most frequently found abnormality associated with
the t(2;11)(p21;923) was deletion of the long arm of
chromosome 5 (5q). This occurred in approximately half
of the published cases [7]. According to the WHO 2008
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Figure 1. The t(2;11)(p21;923) translocation by G-banding
technique

classification, the t(2;11)(p21;923) has an overall frequency
of approximately 1% and belongs to the group of
abnormalities that are characteristic for de novo MDS [1].
The clear prognostic significance of the translocation has
not been assessed previously because most clinical studies
addressing t(2;11)(p21;923) did not determine the mixed
lineage leukemia (MLL) gene (new HGNC official name
KMT2A) involvement.

Materials and methods

The databases of the Institute of Medical Genetics at the
University Hospital Pilsen (IMGP) and the Cytogenetic
Department at the Institute of Haematology and Blood
Transfusion and Centre of Oncocytogenetics of General
Faculty Hospital in Prague from 1996 to the present were
searched for patients with MDS with t(2;11)(p21;q23).
The database of IMGP contained 335 consecutive MDS
patients and the database of CDCOP contained 850
consecutive MDS patients. Clinical information was
obtained by review of the electronic medical records for
history of any antecedent neoplasm, chemotherapy,
radiation therapy, cytopenia(s), treatment information and
outcome. The study was conducted in accordance with
the Declaration of Helsinki.

Representative BM aspirate smears or trephine biopsy
specimens were available for evaluation for all patients.
BM samples were cultured for 24 h without stimulation.
Chromosomal preparations were made by standard tech-
niques using colcemide, hypotonic treatment, fixation in
methanol/acetic acid and G-banding. Twenty metaphases
were analyzed in all cases, if available, and the results
reported using the International System for Human Cyto-
genetic Nomenclature (ISCN 2013) [8]. In some cases
fewer than 20 metaphases were available, but in all cases
the number of metaphases was adequate for conventional
cytogenetic analysis. Fluorescence in sifu hybridization
analysis for MLL rearrangement was performed using a
dual-colour break-apart probe (Vysis LSI MLL Break
Apart Probe, Abbott Molecular Inc., Des Plaines, IL, USA)

Copyright © 2013 John Wiley & Sons, Ltd.

on interphase nuclei and metaphase cells on freshly harvested
BM cells according to the manufacturer’s instructions.

Survival of the patients with MDS associated with
t(2;11)(p21;923) described in our study was compared to
that with complex karyotype and trisomy 8 as a sole
abnormality in our historical database consisting of 335
consecutive MDS patients from IMGP. Patient survival
was estimated by the Kaplan—Meier method from the date
of BM diagnosis until death from any cause or until the last
patient follow-up. Survival curves were statistically
compared using the log-rank test.

Results

A total of 1185 patients with diagnosis of MDS in two
Czech institutions were examined for the presence of
t(2;11)(p21;q23) in BM cells. Seven patients with the
t(2;11)(p21;q23) were identified, all of them were with-
out MLL rearrangement. All of the patients were males,
with a median age of 52years (range 37-71 years). At
diagnosis, they presented heterogeneous clinical symp-
toms similar to MDS patients (symptoms connected to
anemia, persistent raised body temperature and skin
rash). The first cytological or histological assessment
of BM showed mild MDS. A marked dysplasia in
megakaryopoiesis was described in five patients. Con-
ventional karyotyping (G-banding) revealed the t(2;11)
(p21;923) as the sole chromosomal abnormality in two
patients at diagnosis. One patient had a subclone with
deletion of 5q together with the translocation, and four
patients had the t(2;11)(p21;q23) together with deletion
of 5q in the main clone at diagnosis. The BM karyo-
types at diagnosis and during follow-up are summarized
in Table 1. All seven patients were tested by fluores-
cence in situ hybridization for MLL gene rearrangement
and were negative. All patients were treated with symp-
tomatic or cytoreductive therapy immediately after diag-
nosis. During the course of the disease treatment, one
patient with deletion of 5q received lenalidomide,
however, without permanent response to this therapy.
Two patients underwent allogeneic peripheral blood
stem cell transplantation, one had a stable disease but
the other had transformed to acute leukemia. Two
patients were alive at the time of writing the manuscript
(130 and 144 months from MDS diagnosis), and five
patients died (13, 22, 33, 72 and 127 months after
MDS diagnosis). The median survival for all seven
patients was 72 months. The detailed information on
treatment and survival is also shown in Table 1. The
median survival of MDS patients with t(2;11)(p21;q23)
was significantly better than that of MDS patients with
complex karyotype and MDS patients with trisomy 8 as
a sole abnormality (72months vs 7.5 and 57 months,
Kaplan-Meier, log-rank test, P=0.0007) (Figure 2).

Hematol Oncol 2014; 32: 82—-86
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Table I. Clinical and cytogenetic data of seven de novo myelodysplastic syndrome patients with the t(2;11)(p21;q23) without MLL gene rearrangement

Agelsex Karyotype Therapy Outcome
59/M Atdg (3/2011) 46, XYt(2;1 1) (p21:923)[8]/46 XY[12] Symp.
Progression of 46, XYt(2;1 1 (p21;,923)[3]/46, XY 7] Died I3 months from
autoimmune MDS dg. on autoimmune
CNS vasculitis CNS vasculitis
(3/2012)
2 71/M At dg. (8/2009) 46, XYt(2;1'1)(p21;,923),del(5)(q12933) Symp. Died 33 months from dg.
[101/46,XY[7] on subdural haemorrhage
and heart failure
3 37M At dg. (5/1999) 46, XYt(2;1 1) (p21;923)[20] HU, IA, AP
Transformation to 46, XYt(2;1 1) (p215,g23)[I5] allo-PBSCT
AML (6/2008)
Relapse after allo-PBSCT 45 XYt(2;1 1) (p21;923),-7,der(1 (21 1) DL
(1/2009) (P2 1,923)[13]/ 46,XY[2]
Progression of AML 45 XYt(2;1 1) (p21,g23),-7,der( Ht(2;1 1)
(9/2009) (p21;,923)[13]/47idem,+3,+21[2]
Progression of AML 45 XYt(2;1 1) (p215,g23),-7,der(1 Dt(2;1 1) Died 127 months from
(1'172009) (P2 1;,923)[9V dg. on progression of AML
45,idemt(3;17)(q26;q23-24)[9]/ 47 idem,
+3+21[17/46XY[1]
4 50/M At dg. (11/2000) 46, XYt(2;1 1) (p21;923)[8]/46,idem,del(5) allo-PBSCT Lives 130 months from
(q13g33)[7] dg. in remission
5 52/M At dg. (8/1998) 46, XYt(2;1 1)(p21;923),del(5)(q14g33)[34] Symp.
Progression to MDS complex karyotype LD Ara-C, Died 72 months from
RAEB Il (3/2000) MTX, PU dg. on progression of MDS
6 54/M At dg. (9/2000) 46, XYt(2;1 1) (p21;923),del(5)(q13g33)[ 13}/ Symp.
46,XY[7]
Without progression 46,XYt(2;1'1)(p21;,923),del(5)(ql3933)[20)/ LE, symp.
(1'1/2009) 46,XY[2]
Without progression 46, XYt(2;1 1 (p21,923),del(5)(ql3g33)[4)/ Symp. Lives 144 months from
(6/2010) 46,XY[12] dg. without progression
7 47/M At dg. (10/1996) 46, XYt(2;1 1) (p21;923),del(5)(q13g33)[20] Symp.
Without progression 46, XYt(2;1'1)(p21;,923),del(5)(q1 3g33)[39] Symp.
(6/1997)
Progression to MDS 46,XYt(2;1'1)(p21;,923),del(5)(q1 3g33)[40] Symp. Died 22 months from
RAEB (1/1998) dg. on progression

of MDS

m.months;dg,diagnosis;DLI, donor lymphocyte infusion;symp.symptomatic;HU hydroxyurea;lAinterferon alfa;APallopurinolLD Ara-CLow dose Ara-CMTX methotrexate;PU,purinethol,LE,
lenalidomide;MDS, myelodysplastic syndrome; allo-PBSCT, allogeneic peripheral blood stem cell transplantation.
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Figure 2. Comparison of survival (Kaplan-Meier survival curves)
between our cohort of myelodysplastic syndrome patients with
t(2;11)(p21;923), n=7, median survival 72months, de novo
myelodysplastic syndrome patients with complex karyotype (>3
abnormalities), n= 16, median survival 7.5months and de novo
myelodysplastic syndrome patients with trisomy 8 as a sole ab-
normality, n= 13, median survival 57 months, from our historical
database consisting of 335 myelodysplastic syndrome patients
from University Hospital Pilsen (P=0.0007)

Discussion

Patients with the t(2;11)(p21;g23) have been shown to share
some common clinicopathological features, like younger age
at diagnosis (mostly under 60years) and a strong male
predominance (3M:1F). Cytological or histological assess-
ment of BM usually reveals only a mildly presented MDS
with marked dysplasia in megakaryopoiesis. Because of the
translocation breakpoint in 11q23, MLL gene involvement
was presumed. However, only four of the 28 published cases
tested for MLL rearrangement were positive for MLL gene
translocation. These MLL positive cases were also clinically
very different from the rest of the published cases [9,10].
Recently, Bousquet ef al. [10] proved that t(2;11)(p21;q23)
without MLL rearrangement results not in direct oncogene
activation, but in up-regulation of miR-125b. Mir-125b is
located near the translocation area in 11q23, distally to
MLL. Moreover, miR-125b is also up-regulated in patients
with B-cell acute lymphoblastic leukemia carrying the
t(11;14)(q24;q32) translocation. The overexpression of
miR-125b has been shown to target multiple signalling
pathways. MiR-125b regulates expression of several genes
important for hematopoietic development, such as STAT3,
BAKI, JUN and LIN28A [11,12].

There are few data on survival of MDS patients with the
t(2;11)(p21;923) in the literature. Fleischman et al. [9]
collected some data from 14 previously published cases with
the t(2;11) for the first time in 1999. However, only three
patients were tested for MLL rearrangement (two patients
were positive and one was negative), and 11 patients were
not tested for MLL. MDS lasted from 6 months—8 years
without leukemic transformation in that heterogeneous
group of patients [9]. In 2003, Gozzetti et al. [13] published
another review of this topic and added one new case with the
t(2;11)(p21;923) without MLL rearrangement. In that case,

Copyright © 2013 John Wiley & Sons, Ltd.

AML evolved from MDS 2 years after diagnosis. The patient
was treated with Ara-C based chemotherapeutic regimens
but died within 1 year [13]. The results of a large cohort of
968 patients with MDS were published in the work of Solé
et al. [5] in 2005. A subgroup of six patients with t(2;11)
(p21;923) as a single abnormality (MLL was not studied)
reached a median survival of 26.6 months. However, the
subgroup had a higher incidence of evolution to acute
leukemia than cases in the intermediate risk category [5].
Haase et al. [3] analyzed another large cohort of 2124
patients with MDS in 2007. Their subgroup consisted of
six patients with t(2;11)(p21;q23), but the MLL status was
not mentioned. These patients had a median survival of
20.0months [3]. Both works placed patients with the
t(2;11)(p21;g23) into an intermediate risk group [3,5]. Our
study, which involved patients with the t(2;11)(p21;q23)
without MLL gene rearrangement, indicates better clinical
outcome and suggests a connection between this abnormal-
ity and good prognosis. In addition, based on our limited
results, it seems that the favourable outcome of patients is
not influenced by the presence of the abnormality deletion
of 5q as a sole additional aberration.

In conclusion, the molecular mechanisms and clinical
relevance of rare chromosomal abnormalities in MDS are
the targets of current research in the field of cytogenetics.
However, most of the clinical data addressing the t(2;11)
(p21;923) has been collected without investigating the sta-
tus of the MLL gene. Contrary to other studies, this is the
first report evaluating the clinical outcome of patients with
the translocation but without MLL gene rearrangement.
Despite the low number of cases in our study, our results
indicate that the t(2;11)(p21;q23) could be associated with
a good prognosis for MDS patients. However, a larger
cohort of patients is necessary to confirm this finding.
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6.3.1 Komentar k prispévku Il

Myelodysplastické syndromy (MDS) igdstavuji heterogenni skupinu myeloidnich
neoplasii charakterizovanou abnormalni diferencaoiyzravanim myeloidnich bék
selhavanim funkce kostniteh® a genetickou nestabilitou vyligici ve zvysSené riziko
piechodu do akutni leukemie. Akutni leukemie na padkMDS vykazuji obec® horsi
odpowd na standardhpodavanou kbu a vySSi stugerezistence v porovnani s akutnimi
leukemiemi bez fedchozi historie MDS (s vyjimkou akutnich leukensipojenych

s predchozi protinadorovou dbou). MDS Ize ozn&t za pre-leukemické stavy a jejich
vyskyt je nejvySSi mezi doslymi lidmi ve vysSSim ¥ku (vekovy praimeér 70 let)

s prevahou muzskych paciéntO primarnich nebolile novoMDS hovdime tehdy, neni-li
toto onemoc#éni spojeno s myeloproliferativnim onemeénim nebo nevzniklo-li jako

nasledek fedchozi Iéby jiného maligniho onemoéni.

U priblizné 30 % pacierit s primarnimi MDS je f cytogenetickém vyS&ni burgk kostni
dierg odhalen patologicky karyotyp skterou z nejbzngjSich aberaci, u nichZz je vztah
k myelodysplasii a progndéze onemeéchjiz dolre popsan. V karyotypu 10 % pacignt
s primarnimi MDS je vSak nalezengktera ze vzacnych cytogenetickych aberaci, o jgjich
vztahu k tomuto onemoeni a jeho prognéze je informaci nedostatek a déskdji na

upresreni.

Translokace je cytogeneticka &na, i které dojde k vyriné chromosomovych segment
mezi d¥ma ¢i vice riznymi chromosomy. Krogh piimého poruSeni primarni struktury
geni lezicich v mist chromosomovych zlofn mize v jejim disledku dojit také ke zémé
regul&nich mechanisi exprese gahn které samotnou translokaci fyzicky porusené
nebyly. Translokace mezi kratkym raménkem chromasdna dlouhym raménkem
chromosomu 11, zapisovana dle cytogenetické noratmkl t(2;11)(p21;923), je
asociovana s primarnimi MDS a jégtnost se pohybuje okolo 1 %. Komentovana prace si
dala za cil ginést hlubsi informace o této translokaci jak z fabarniho, tak z klinického

pohledu.

VétSina z dosud publikovanych praci, zabyvajicickraeslokaci t(2;11)(p21;923), neéfa

jednoznéné vyreSenu otazku, zda se translékiazlom nenachaziipmo v mis¢ genuMLL
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(mixed lineage leukemia gen&enMLL je totiz do pruhu 11923 lokalizovan. Souvislost
genuMLL (novy oficialni ndzev j&KMT2A) se vznikem &kterych tym leukemii je jiz
delSi dobu studovana a je vSeokieznamo spojeni translokaci se zlomem v #nichoto
genu a Spatné progndzy. V naSi praci byla u vSednkir provedena analyza metodou
FISH, zda se fize jednat o translokaci se zlomem v #igénuMLL. Zadny z pacierit

s MDS a t(2;11) v naSem souboru réétnanslokaci v mistgenuMLL. V databazich dvou
ceskych cytogenetickych pracowjskteré jsme pro nasi studii mohli vyuzivat, byl@zan
1185 pacienty s MDS nalezeno 7 padiesttranslokaci t(2;11) bez zlomu v ndigienu
MLL.

Pacienti v nami vytipované sedffl@nné skupit se vyzn&ovali spiSe mladSim ékem
(prameér 52 let), ve srovnani simérnym wkem pacient s MDS, a vyraznou
predominanci muk Fxi cytologickém a histologickém vy§eni kostni ¢ené pri zachytu
onemocgni byly zmény souvisejici s MDS nazdeny jen mird, avSak s vyraznou
dysplasii v megakaryopoéze. V karyotypech bylalf{pgasto spojena s dalSi 2nou —
deleci 5q, coz bylo popséano jiz u jinych primarnichen vyskytujicich se u MDS (n&p
udelece 11qg). Popisovana pracefingsla argumenty ve prosgh vyclenéni
t(2;11)(p21;923) bez aasti MLL genu u primérnich MDS jako samostatné entity. érac
dale naznéla, Ze by tato jednotka mohla souviset s dobragpézou udchto typi pre-
leukemickych onemogmi.

Na zaklad literarni reSerSe bylo dale konstatovano, Ze maZngnkogennim
mechanismem t(2;11)(p21;q23) beastiMLL genu by mohla byt up-regulace miR-125b,
coz by byl pro cytogenetickou abnormalitu rééasty mechanismusipobeni.

-78 -



6.4 Prispévek IV

Nazev prispévku: Discontinuation of tyrosine kinase inhibitors imrenic myeloid
leukemia patients — worldwide battlefield

Autori: Pavel Dveak, Daniel Lysak, Samuel Vokurka
Nazevéasopisu a nakladatelstviNeoplasma (AEPress)
Rok vydani a impakt faktor ¢asopisu:2015, Ikz015)1,961

Citace: DVORAK, Pavel, Daniel LYSAK a Samuel VOKURKA, 201Biscontinuation
of tyrosine kinase inhibitors in chronic myeloidikemia patients — worldwide battlefield.
Neoplasma : journal of experimental and clinicalcotogy. Bratislava: AEPres%2(2),
167-171. ISSN 00282685.

-79 -



Neoplasma 62, 2, 2015

167

d0i:10.4149/neo_2015_021

Discontinuation of tyrosine kinase inhibitors in chronic myeloid leukemia

patients - worldwide battlefield

Minireview

P. DVORAK'"?, D. LYSAK?, S. VOKURKA?

!Institute of Biology, Faculty of Medicine in Pilsen, Charles University in Prague, Karlovarska 48, 301 66 Pilsen, Czech Republic; Institute of
Medical Genetics, University Hospital Pilsen, Dr. Edvarda Benese 13, 30599 Pilsen, Czech Republic; *Department of Haematology and Oncology,
University Hospital Pilsen, alej Svobody 80, 304 60 Pilsen, Czech Republic

*Correspondence: Pavel. Dvorak@Ifp.cuni.cz

Received May 6, 2014 / Accepted July 14, 2014

Advances in understanding the pathogenesis of chronic myeloid leukemia (CML) and implementation of the therapy with
tyrosine kinase inhibitors (TKI) could be considered as a prototype of successful fight against cancer. However, for an optimally
responding patient it is recommended to follow the TKI therapy indefinitely. The question about the possibility of safe TKI
treatment discontinuation in certain clinical situations was raised and is currently under close investigation worldwide. Cur-
rently, imatinib discontinuation trails have shown that about 60% of eligible patients experienced molecular recurrence within
6 months of treatment discontinuation, while the remaining 40% remained in defined deep molecular response throughout the
duration of mostly two years follow-up. Interestingly, retreatment with the same TKI or another TKI was successful in the vast
majority of patients demonstrating molecular recurrence of the disease. These findings support the concept of safe TKI treat-
ment discontinuation and its usefulness for a specific subset of CML patients. However, recent data are not sufficient for TKI
discontinuation attempts outside clinical trials yet. Because of the high risk of potentially problematic molecular recurrences of
the pathological clones, the key question is to find the right predictive marker of TKI discontinuation success, however it stays
unsolved yet. This minireview brings a concise summary of this hot topic with a realistic view from clinical routine.

Key words: tyrosine kinase inhibitors, imatinib, discontinuation, chronic myeloid leukemia

Chronic myeloid leukemia (CML) is a clonal hemat-
opoietic stem cell disorder consequent to the origin of the
BCR-ABLI fusion gene, which is predominantly generated
by a t(9;22)(q34;q11) reciprocal translocation. The product
of the oncogene, ber-abll fusion protein, has a constitutive
tyrosine kinase activity and is believed to play a crucial role
in the development of CML. Biological therapy with tyrosine
kinase inhibitors (TKIs) specifically disables this activity and
effectively clears malignant clone in the vast majority of CML
patients. Imatinib mesylate, first-generation TKI, has become
the standard first-line treatment of chronic phase CML during
the last decade. Second-generation TKIs (dasatinib, nilotinib)
were shortly developed to overcome the resistance or intoler-
ance to imatinib. Clinical trials with next generation TKIs
(bosutinib, ponatinib) are in progress.

Several studies of imatinib as first-line therapy have
published comparable long-term results. The estimated
event-free survival at 6 years was 83%, and the estimated
rate of freedom from progression to accelerated phase and
blast crisis was 93% in the IRIS study [1]. Practice guidelines
issued by the European LeukemiaNet (ELN) and the National
Comprehensive Cancer Network (NCCN) both recommend
that a patient who is responding optimally to TKI treatment
continues indefinitely at the standard recommended dose
[2, 3]. However, some situations in clinical routine raised
the question about the possibility of safe TKI treatment
discontinuation. These situations involve issues like chronic
toxicity, patient compliance, pregnancy or patient’s wish.
Furthermore, financial issues of TKI treatment are being
considered not only in economies with limited financial
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sources (approximately 5,000 new cases are diagnosed with
CML in Europe each year).

Rare cases with long-term stable minimal residual disease
or complete molecular response after cessation of interferon
alpha therapy had been reported and they laid the theoreti-
cal basis for the TKI discontinuation attempts [4]. Soon after
2000, when imatinib treatment came into clinical routine,
case reports of patients who stopped the treatment were
reported. Few years later, first clinical studies focusing on
imatinib dose modification or discontinuation started to be
published [5-7].

Response to TKI treatment. At present, the most impor-
tant prognostic factor for CML patients is the response to TKI
treatment. The response is measured based on cytogenetic (G-
banding, FISH) and molecular genetic (QRT-PCR) methods.
The definition of optimal response has evolved during the
last few years. At present, an optimal response to any TKI as
first-line treatment is defined by at least partial cytogenetic
response (PCyR; 1-35% Ph+ metaphases) at 3 months, at least
complete cytogenetic response (CCyR; No Ph+ metaphases) at
6 months and at least major molecular response (MMR; BCR-
ABLI:ABLI <0.1% on the International Scale) at 12 months
[2]. Molecular response (MR) is mostly assessed according
to the International Scale (IS) as the ratio of BCR-ABLI tran-
scripts to ABLI transcripts and it is reported as BCR-ABLI
% on a log scale, where 10%, 1%, 0.1%, 0.01%, 0.0032%, and
0.001% correspond to a decrease of 1, 2, 3, 4, 4.5, and 5 logs,
respectively, below the standard baseline that was used in the
IRIS study [2]. A BCR-ABLI expression of 0.1% (MR?*°) corre-
sponds to major molecular response (MMR). The proportion
of patients who achieved MMR after 12 months of 400 mg
imatinib daily (standard dose) ranged from 18% to 58% in
the published studies [2, 3]. A high number of commercially
available kits for molecular genetic analyses from different
manufacturers for different platforms are available on the mar-
ket. It is the responsibility of each laboratory to choose some
of the kits to fit with the recommended criteria and obtain
results, which are comparable with other laboratories.

Success rate for TKI discontinuation. The nonrand-
omized multicentre Stop Imatinib (STIM) study was one
of the largest prospective studies of TKI treatment discon-
tinuation organized to date [8]. Imatinib treatment was
discontinued in patients who maintained MR*® (defined as
undetectable BCR-ABLI with assay sensitivity of 25 log below
IS-standardized baseline) for at least 2 years. Of 100 patients
enrolled, 61 patients had molecular recurrence after a median
of 30 months of follow-up (58 patients within 7 months) and
39 patients maintained MR after a median of 22 months of
follow-up. The overall probability of maintaining MR>® at 12
months and 24 months was 43% and 39%, respectively [8, 9].
Molecular recurrence was defined as BCR-ABL1 > 0.001% IS
in the STIM study.

The results of another prospective study, TWISTER, were
published in 2013 [10]. Imatinib treatment was stopped in
40 patients who maintained MR** for at least 2 years. With

amedian of 42 months of follow-up post-treatment cessation,
18 patients (45%) had not demonstrated molecular relapse
(defined as loss of MMR or two consecutive occurrences of
detectable BCR-ABL1), and the Kaplan—Meier estimate of rate
of treatment-free remission at 2 years was 47.1% [9, 10]. Mo-
lecular relapse was defined as loss of MMR or two consecutive
occurrences of detectable BCR-ABLI in TWISTER study.

In the HOVON 51 study, patients received escalating doses
of imatinib in combination with escalating doses of cytarabine
according to the study protocol. Thirty-three patients from
the HOVON 51 study with an MR** for at least 2 years who
were still on imatinib treatment were randomized between
continuation of imatinib (arm A, n = 18) or discontinuation of
imatinib (arm B, n = 15) [11]. After a median follow up of 36
months since randomization, 3 patients (17%) inarm A and 10
patients (67%) in arm B had a molecular relapse. All 3 relapsing
patients in arm A had also stopped imatinib after randomiza-
tion. All but one relapsing patient relapsed within 7 months
after discontinuation of imatinib. The molecular relapse rate
at 12 and 24 months after randomization was 0% and 6% (arm
A) and 53% and 67% (arm B) respectively [11].

Takahashi et al. [12] conducted a nationwide retrospec-
tive survey of the clinical outcomes of CML patients after
discontinuation of imatinib in Japan. Among 3,242 imatinib-
treated CML patients, they identified 50 (1.5%) who had
discontinued imatinib for at least six months; of these they
were able to analyze 43 in full. A complete molecular response
(CMR) was defined as detection of no BCR-ABLI transcript
in a real-time quantitative-polymerase chain reaction (RQ-
PCR) assay (n=24), nested reverse transcriptase-polymerase
chain reaction (RT-PCR) assay (n=14), or a highly sensitive
transcription-mediated amplification (TMA) method (n=5).
These PCR methods could detect at least a 4-log reduction in
the BCR-ABLI transcript (international scale <0.01%). The rea-
sons for which imatinib was discontinued were adverse events
(n=18), patient’s request due to cost (n=14), patient’s desire
to become pregnant (n=3), and long undetectable residual
disease (n=8). The median duration of CMR before cessa-
tion was 27.4 months (range 0.9-79.6 months). The median
period of cessation was 22.4 months (range 6.2-97.9 months).
Molecular recurrence was detected in 19 patients (44%). The
relapse free survival (RES) rate at five years was estimated to
be 47% while median RFS was determined to be 41 months
using the Kaplan-Meier method [12].

The higher rates of deep molecular responses achievable
with nilotinib and dasatinib suggest that use of second-gen-
eration TKIs might broaden the pool of candidates eligible for
treatment discontinuation. To date, only very limited clinical
data on discontinuation of nilotinib or dasatinib therapy are
available.

Summary of qualification criteria for TKI discontinua-
tion. Above mentioned prospective trails had differed in the
qualification criteria for TKI discontinuation and there has not
been published any consensus yet. Length of TKI treatment
duration, level of response, and duration of response were the
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main criteria used [8, 10, 11]. Atleast 3 years of TKI treatment
duration was demanded in the STIM and TWISTER study. At
least MR* for at least 2 years were the minimal required level of
response and its duration [8, 10, 11]. The ongoing EURO-SKI
study (NCT01596114) has these main inclusion criteria: CML
in chronic phase, duration of TKI treatment before enrolment
at least 3 years, at least MR*? for at least one year (personal
communication).

Predictive factors for TKI discontinuation success. Statis-
tically significant predictive factors differed between published
studies as well. A trend for a shorter time to BCR-ABLI nega-
tivity in nonrelapsing patients versus relapsing patients was
found in the pilot study conducted by Rousselot et al. [6]. The
absence of relapse was also not significantly associated with
the length of interferon alpha (IFN-a) exposure prior to im-
atinib in this study [6]. Highest Sokal score group and female
sex were predictive of worsened prognosis, whereas a long
duration of imatinib was predictive of improved prognosis
in the STIM study conducted by Mahon et al. [8]. Significant
interaction with relapse risk was observed only for duration
of IFN-a treatment and time to achieve undetectable minimal
residual disease after switching from IFN-a to imatinib treat-
ment in the TWISTER study performed by Ross et al. [10].
Three (75%) of 4 Sokal high-risk patients relapsed vs 45% of
low-risk patients (log-rank P > .05) in this study [10]. The
retrospective study of Takahashi et al. [12] found that based
on multivariate regression analysis, imatinib dose intensity
and prior IFN-a administration were independently predictive
of molecular recurrence within 12 months. The depth of the
molecular response should be a factor influencing long-term
sustained complete molecular response after discontinuation
of imatinib according to this study [12]. Interestingly, dura-
tion of prior IFN-a treatment was the most frequently found
predictive factor.

Retreatment after relapse. Importantly, in patients who
demonstrated molecular recurrence after TKI discontinua-
tion, retreatment with the same TKI or another TKI resulted
in high rates of response, mostly as deep as that observed
during initial TKI treatment [6-12]. Loss of MMR was recently
recommended as a practical and safe criterion for restarting
therapy by Rousselot et al. [13]. It is too early to draw any
conclusions about survival of continuing versus discontinu-
ing patients.

Limitations of current data. Clinical data on TKI dis-
continuation obtained from published studies are difficult
to compare. The cohorts varied among the clinical studies
in many criteria such as how long they had been on TKI
therapy, what level of response they had achieved, how long
that response had been maintained before discontinuation,
and how molecular recurrence was defined. Milder criteria for
TKI discontinuation might expand the low pool of candidates,
but their heterogeneity may lead to higher rates of relapse and
hamper the ability to define the right candidate characteristics.
Another limitation of the published studies is the duration
of follow-ups, which could not be sufficient to draw relevant

conclusions [14]. Moreover, each of the published studies
suggested different predictive factors of TKI discontinuation
success. Current data about TKI discontinuation don’t allow us
to predict any long-term consequences of TKI discontinuation
and retreatment on the clinical course of CML as well.

Models of operational cure of CML Several models for
the achievement of a prolonged drug-free remission in CML
are discussed in the literature [9, 14, 15]. The models are not
mutually exclusive, and different pathways to drug-free remis-
sion might apply in different patients. In the Model of stem
cell depletion, there is a rapid initial drop in the level of BCR-
ABLI, which is thought to reflect the clearance of mature CML
progeny that are sensitive to TKI. There follows a second phase
with a shallow gradient, which is thought to reflect the gradual
depletion of the less-sensitive CML stem cells. The slow but
progressive depletion of CML progenitors during TKI treat-
ment may be explained by the apoptosis that is dependent on
cell cycling [14, 15]. In the Model of immunological control,
a reduction in the level of minimal residual disease by TKI
therapy is sufficient to overcome T-cell anergy and enables
the emergence of an autologous immunological response that
suppresses, but may not eradicate, the whole CML clone. The
risk of relapse on TKI cessation is dependent on the functional
immune response and the intrinsic immunogenicity of the
CML cells [14, 15].

Future directions. Many of the above-mentioned limita-
tions should be solved by numerous ongoing clinical trials
conducted or planned worldwide. In Europe these are STIM
2 (imatinib), STOP 2GTKI (nilotinib, dasatinib), EURO-SKI
(all TKDs), and German CML Study V (nilotinib), in the
United States study organized by the University of Michigan
Cancer Center (imatinib) and ENESTgoal (nilotinib), in Japan
Dasatinib Stop Trail (dasatinib), in Korea study organized
by the Seoul St. Mary’s Hospital (imatinib). Other trails are
organized by the pharmaceutical companies — Bristol-Myers
Squibb (DASFREE, dasatinib), Novartis Pharmaceuticals
(ENESTop and ENESTfreedom, both nilotinib). Furthermore,
French investigators from around the STop IMatinib (STIM)
trial have started to explore the feasibility of second attempt to
discontinue imatinib in patients with second sustained CMR
who experienced molecular recurrence after first attempt of
imatinib discontinuation [16]. Their preliminary data suggest
that such a second attempt could be possible and could be
beneficial for a small subset of patients [16].

Leukemic stem cells are believed to play a crucial role in
leukemic hematopoiesis. Strategies to eradicate both proliferat-
ing mature progeny and stem cells will continue to be a focus
of much clinical research in the field of CML. Research efforts
have focused mainly on combination approaches — TKIs plus
other drugs.

Despite the remarkable success of TKIs against bcr-abll,
secondary resistance develops in a significant subset of pa-
tients, most often due to point mutations in the BCR-ABLI
tyrosine kinase domain or insensitivity of leukemic stem cells
to TKIs [17]. One of the current approaches to overcome this
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resistance is launch of new non-TKI drugs with a different
mechanism of action. One of them is the natural alkaloid
omacetaxine mepesuccinate that inhibits protein synthesis
and induces cell death independently from the presence of
bcr-abll mutations [18].

Conclusions

In general, imatinib discontinuation trails have shown that
about 60% of eligible patients experienced molecular recur-
rence within 6 months of treatment discontinuation, while the
remaining 40% remained in defined deep MR throughout the
duration of mostly two years follow-up. It seems certain that
achievement of an MMR is not enough to decide on TKI treat-
ment discontinuation and deeper MR is needed. Interestingly,
retreatment with the same TKI or another TKI was success-
ful in the vast majority of patients demonstrating molecular
recurrence of the disease. These findings support the concept
of safe TKI treatment discontinuation and its usefulness for
a specific subset of CML patients. Regardless of economic
issues, major benefits from TKI treatment discontinuation
could have patients with adverse events and pregnant women.
However, recent data are not sufficient for TKI discontinuation
attempts outside clinical trials yet. Furthermore, the high risk
of potentially problematic molecular relapse can be only hardly
acceptable for many of the optimally responding patients, who
don't experience any significant discomfort connected with
the TKI therapy. The key issue is to find the right predictive
marker of TKI discontinuation success and it waits for the
results of the current research.
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6.4.1 Komentar k prispévku IV

Chronicka myeloidni leukemie (CML) gamezi myeloproliferativni maligni onemaam.
Jeji celoswtova rani incidence je asi 2ifpady na 100000 obyvatel, &kaliv se mize
objevit v kazdé vkove skupig, pramérny vk pri diagnéze CML se nachazi v paté a Seste

dekad lidského zivota.

Porozundni mechanisiim patogeneze chronické myeloidni leukemie (CML) na
molekulérni i bus¢né arovni a zavedeni cilené terapie s vyuZzitimbitdit tyrozinkinaz
(TKI) muze byt povazovano zaebnicovy prototyp boje proti nadorovému onentmgin
Z pohledu mechanismu vzniku je CML charakterizovandonalni poruchou
hematopoetické kmenové iiky, ktera je néasledkem vzniku abnormalniho flazniho
proteinu BCR-ABL1. Tém¥ ve 100% pipadi je kauzalnim mechanismem
chromosomova translokace mezi dlouhym raménkem mobsomu 9 a dlouhym
raménkem chromosomu 22, 1(9;22)(q34;911), ktera kianichybnou opravou
chromosomalnich zlotnv danych segmentech. TKI prvni (imatinib), drultagatinib,
nilotinib) i treti (bosutinib, ponatinib) generace&inné blokuji konstitutivie aktivovany

fuzni protein a jeho onkogenni funkci.

Mezinarodni doporteni pro Iébu CML shod& doporiuji, aby pacienti optimath
reagujici na primarni ¢&u TKI byli, bez gestani, dale eni standardnim davkovanim
|éciva. Presto v klinické praxi existuji situace, kdy kepuSeni 18by TKI dochazi. Za prvé
jde o gipady vzniku rezistence na podavanou TKiblé nebo netolerovatelné toxicity,
a zde je pak nutné hledat novédiné strategie. Za druhé se jedna vliv sociokulthrni
faktoni, jako jsou ochota nemocného spolupracovatgsb¢ (compliance), ghotenstvici
subjektivni pani pacienta. Nemaly ime byt i ekonomicky vliv spojeny s neustale se
zvySujicimi naklady na protinadorovolgi.

Klinické studie zabyvajici se kontrolovanym vysamenié&by s TKI u pacient
s definovanou hlubokou molekularni odpdv jiz v poslednich letech probihaji a jsou
publikovany prvni vysledky. Publikované vysledky aakiji, Ze asi 40 % paciént
s vysazenou l#ou Zistalo v hluboké molekularni odp&ii béhem celych dvou let, po

které studie #Sinou probihaly. U valné &Siny ze zbyvajicich 60 % paciéntktei
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dosaZzenou odped ztratili vétSinou hem prvnich 6 msiol vysazeni, byla hluboka
molekularni odpo¥d’ znovu nastolena po obnoveni TKEIbg.

Otazkou stale istava, zdaigruseni tyrozinkinazove dBy neniize zvysit vyskyt fipadi
rezistence na tuto dbu predevSim tim, Ze umoznitéi proliferaci nadorovych bgh,
atim ivznik @tSi heterogenity mezi nimi. Vzhledem k tomu, Zevhien mechanismem
vzniku sekundérni rezistence na TKI jsou bodovéacritv BCR-ABL1 tyrozinkindzoveé
domér, je to teoreticky pravipodobné. Zasadni je také nalezeni prediktivnihdofak
spojeného s rychlejSi rekurenci oneminpo kontrolovaném vysazeni TKICky, ktery
se zatim nalézt nepada. Také ochota optimatnodpovidajicich pacieatk (Casti na
studiich s vysazenimdBy je mensi a pochopitelna.

Prispivek ve forng review ginesl komplexni pohled na problematiku kontrolovamée
pieruSeni 18by s TKI a diskuzi nad dosud otenymi otazkami z pohledu laboratorni

a klinické praxe.
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Postaveni cytogenetického vysetreni
v soucasném managementu lécby detskeé akutni
lymfoblastické leukemie

Pavel Dvorak'?, Petra Vohradska', Tomas Votava3, Lenka DoleZalova3, Petr Smisek?,
Zdenka Cerna3, Ivan Subrt’
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2stav biologie LF UK v Plzni
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Vznik détské akutni lymfoblastické leukemie (ALL) je dle souc¢asnych poznatkli mnohastupriovy proces pocinajici ¢asto jiz pred narozenim jedin-
ce. Na vyvoj preleukemického klonu maji vliv vnéjsii vnitini faktory, vrozené genetické dispozice i nahoda. Vyznamnym faktorem ovliviiujicim
vznik détské ALL mohou byt infekéni onemocnéni. Vice nez konkrétni druh mikroorganizmu vsak hraje roli abnormalni odpovéd imunitniho
systému na béznou infekci, ktera miiZze u vnimavych jedinc spustit dalsi procesy. Vyrazného pokroku bylo dosaZeno v pochopeni genetické-
ho profilu patologickych bunék ALL. Na klinické urovni je dnes znamo mnoho korelaci genetickych zmén s mirou agresivity chovani daného
subtypu leukemického onemocnéni. S tim také souvisi Uprava lé¢ebnych protokoll na zékladé stratifikace dle rizika (prognostické a/nebo
prediktivni genetické faktory, sledovani minimalni zbytkové nemoci). Lé¢ba détské ALL dosahuje v porovnani s jingymi malignimi chorobami
vyborné vysledky (5leté preziti dosahuje 90 %), s vyjimkou leukemii v kojeneckém véku, které maji stale horsi prognézu. Do laboratorni praxe
se dostavaji mnohé nové genetické techniky véele s metodami zalozenymi na mikroarray technologii a sekvenovani nové generace (next-ge-
neration sequencing). Silnou strankou jiz plné etablovaného cytogenetického vysetteni ziistava moznost komplexniho pohledu na karyotyp
patologickych bunék. Tento pohled nam umoziiuje pochopit mechanizmus vzniku pfitomnych aberaci a také moznost zachytit diverzitu
nadorovych bunék ve formé vznikajicich malych subklond. Zviditelnit tento specificky cytogeneticky pfistup je cilem pfredkladanych kazuistik.

Klicova slova: akutni lymfoblasticka leukemie, prognostické faktory, cytogenetika.

Role of cytogenetic analysis in current management of childhood acute lymphoblastic leukemia treatment

Childhood acute lymphoblastic leukemia, like cancer in general, probably arises from interactions between exogenous or endogenous
exposures, genetic susceptibility, and chance. This multistep process begins sometimes even during prenatal period of life. Abnormal
response to a common infection remains the strongest candidate for causal exposure. More precise risk stratification and personalized
chemotherapy based on the biological characteristics of leukemic cells and hosts (prognostic and/or predictive genetic markers, minimal
residual disease monitoring) have pushed the cure rate of childhood acute lymphoblastic leukemia to near 90 %. However with the ex-
ception of infant leukemia, which still bears a dismal prognosis. Many new genetic techniques are approaching to clinical praxis mostly
based on microarray or next-generation sequencing techniques. The strong point of well-established cytogenetic analysis remains in
the possibility of a complex view to the whole karyotype of pathological cells. This kind of view allows us to understand the origin of
genetic abnormalities and diversity of cancer cells in the form of evolving new subclones. The main goal of the presented case reports
is to bring attention to this specific advantage of cytogenetic analysis.

Key words: acute lymphoblastic leukemia, prognostic stratification, cytogenetics.
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Uvod

Vznik détské akutni lymfoblastické leuke-
mie (ALL) je dle soucasnych poznatkd mno-
hastupnovy proces pocinajici obvykle jiz pred
narozenim jedince. Na vyvoj preleukemického
klonu maji vliv vnéjsi i vnitfni faktory, vrozené
genetické dispozice i ndhoda. Riziko vzniku ALL
u populace déti do 15 let je pfiblizné 1:2000
(1). V poslednich letech bylo dosazeno velkych
Uspéchl v pochopeni biologické podstaty
a mechanizmu tohoto procesu, pfesto zUstava
mnoho nedofesenych otdzek. Dalsi postup v po-

Onkologie | 2015; 9(1) | www.onkologiecs.cz

chopni podstaty procesu vzniku ALL je kompli-
kovan skute¢nosti, Zze se velmi pravdépodobné
jedna o vice biologicky odlisnych skupin, které
nemuseji mit stejny mechanizmus vzniku. Také
identifikace vyznamnych vnéjsich i vnitfnich
vlivll a role vrozenych genetickych dispozic se
ukazuje jako nesnadna.

Vyznamné faktory vzniku
détskych leukemii

Z vnéjsich faktord byl prokdzan vliv ionizu-
jiciho zéfenf (napt. zafeni vznikajici pfi vybuchu

atomovych bomb, rentgenové zafeni), jeho
vliv na soucasnou populaci by viak nemél byt
velky. Vliv neionizujiciho zafeni (napf. zéfeni
z béznych elektrickych spotrebicd) je hodné
diskutovan, ale dosud se jej nepodafilo valid-
né experimentalné dokazat (1). Vyznamnym
faktorem pro vznik détské ALL jsou infekenf
onemocnéni. Vice neZ konkrétni druh mikro-
organizmu v3ak hraje roli abnormalini odpovéd
imunitniho systému na béznou infekci u vnima-
vych jedincl. Vnimavost jedince v tomto smyslu
mUZe byt ddna vrozenymi genetickymi dispo-



Tabulka 1. Piehled genetickych skupin détské
prekurzorové B-ALL, jejich Cetnost a rizikovost
(kompilace z literarnich zdrojd pouZitych v ¢lanku)

Geneticka skupina  Cetnost (%) Rizikovost
Hyperdiploidni 25 nizka
ETV6-RUNXI1 20 nizka
BCR/ABL1 like 9 vysoka
KMT2A (MLL) 6 vysoka
TCF3-PBX1 4 stfedni
CRLF2 4 vysoka
ERG 3 vysoka
BCR/ABL1 2 vysoka
dic(9;20) 2 vysoka
iAMP21 2 vysoka
Hypodiploidni 1 vysoka
TCF3-HLF 05 vysoka

zicemi (v populaci béznymi variantami gen0).
Dlouhodobé je zndmo, Ze déti s Downovym
syndromem maji asi 40ndsobné riziko vniku
ALL nez béznd populace. Analyzy na zdkladé
studia kandidatnich genl nepfinesly statisticky
vyznamné vysledky. Celogenomové asociacn{
studie (GWAS) na velkych souborech pacient
a zdravych kontrol prokazaly vliv béZnych ale-
lickych variant u 4 gent — IKZF1, ARID5B, CEBPE
a CDKN2A. Utinek téchto nizce rizikovych variant
se sCitd az po 10ndsobné riziko pro nosice variant
ve vsech 4 genech v homozygotni formé (1).

Biomarkery a geneticky profil
Stanoveni rizikovosti onemocnéni u konkrét-
niho pacienta vychazi z kombinace prognostic-
kych a prediktivnich marker( ziskanych pfi zachy-
tu onemocnéni a béhem prvnich tydnu lécby.
Zavyznamné markery se v soucasnosti povazuj
predevsim klinické Udaje (vék, pocatecni pocet
bilych krvinek, CNS status — mira eventudIni infilt-
race centralniho nervového systému leukemickymi
burikami), odpovéd na lé¢bu sledovand pomoci
hladiny minimalIni zbytkové nemoci/choroby (mi-
nimal residual disease, MRD) a biologicka charak-
teristika patologického klonu (imunofenotypizace,
cytogenetické vysetfeni, molekuldrné geneticka
vysetreni) (1, 2, 3). Na hodnoceni MRD v pfesné
danych terminech se uplatnuji pfedevsim meto-
dy molekuldrné genetické a imunofenotypizacni,
které dosahuji vyrazné vys3i citlivosti nez vysetfenf
cytogenetické (4). Vyrazného pokroku bylo dosa-
Zeno v pochopeni genetického profilu patolo-
gickych bunék ALL a jeho korelace s agresivnosti
chovanidaného subtypu onemocnéni na klinické
drovni. Stejné jako v ostatnich oborech mediciny
je v soucasné hematoonkologii uplatriovan kon-
cept personalizované mediciny. S tim také souvisf
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Obrdzek 1. Cytogenetické vysledky FN Plzer 2004-2014

e 53 détis ALL Vzdcné nalezy T-ALL
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Obrdzek 2. Cytogenetické vysetieni — kazuistika 1

G-pruhovani:
1. hlavni klon 46,XY,der(12)del(12)(p11p12)1(12;21)(p13;922)[5]
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2. subklon 47,idem, +10[2]
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12 21 10

3. normalini karyotyp 46,XY[13]

Obrdzek 3. Cytogenetické vysetieni — kazuistika 1

FISH:
73 % int. jader (6/15 mit6z) TEL/AML1

18 % jader (3/15 mit6z) duplikace TEL/AML1
+der(21)t(12;21)(p13;922)

Sonda: LSI TELJAML1 SGIS0 ES Probe(Vysis)

13 % jader (2/16 mitdz) trizomie 10

Sonda: 10 alpha Satellite (Aquarius-Cytocell)
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Obrdzek 4. Cytogenetické vysetieni — kazuistika 1

arrayCGH (CytoChip Focus Haematology):
delece v oblasti 12p13.2—12p11.21 (20Mb oblast od 3'ETV6 (TEL) smérem
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Obrdzek 5. Cytogenetické vysetieni — kazuistika 2

G-pruhovani:

1. hlavni klon 47,XY,+X,(9:22)(q34:q11)[5]
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2. normalni karyotyp 46,XY[10]

Uprava lé¢ebnych protokolll a obecné vyborné
vysledky lécby détské ALL v porovnani s jinymi
malignimi chorobami (Sleté preZiti dosahuje 90%)
(5). Vyjimkou z této poxzitivni situace jsou stale ko-
jenecké akutni leukemie, které maji vysledky hors.
Tabulka 1 pfindsi soucasny prehled genetickych
skupin détské prekurzorové B-ALL, jejich ¢etnost
a rizikovost. Détskd prekurzorova B-ALL tvoff pfi-
blizné 85% viech pfipadl détské ALL, u pfiblizné
10% je diagnostikovana T-ALL a pfiblizné 2% tvoif
zrald B-ALL.

Vyvoj cytogenetického vysetieni
Vychozim materidlem pro cytogenetické

vysetfeni je u hematologickych malignit kostni
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dren, eventuélné periferni krev. Po kratkodobé
kultivaci bunék (obvykle 24 hodin) je bunécné
délenf zastaveno mitotickym blokétorem (kol-
chicin), ke vzorkdim je pfidan hypotonicky roztok
zpUsobujici zvyseni objemu vnitfnich bunécnych
struktur a déle fixace (metanol s kyselinou octo-
vou), kterd mimo jiné zplsobuje kiehkost bunéc-
nych membran. Za specifickych podminek (nizka
teplota, vysoka vihkost) je tato cytogeneticka
suspenze kapana na podloznf skla. U nékterych
délicich se bunék dojde k prasknuti cytoplazma-
tické i jaderné membrany a uvolnéni mitotickych
chromozom do okoli. Chromozomy jsou na-
sledné barveny rlznymi barvicimi technikami.
Celosvétove nejrozsitengjsim barvenim je tzv.

G-pruhovani (natravenf trypsinem a obarveni
roztokem Giemsa-Romanowski). Na obarvenych
chromozomech Ize pod optickym mikroskopem
hodnotit pocetni a strukturni zmény s rozlisenim
priblizné 5-10 megabdzi (MB). Ze strukturnich
zmeén jde pfedevsim o translokace, inverze, de-
lece, amplifikace ¢i inserce. Také do této oblasti
zasahl rychly rozvoj informacnich a komunikac-
nich technologii a umoznil dalsf vyvoj cytoge-
netickych technik. Slo pfedevéim o digitalizaci
nasnimanych obrazk{ karyotypt a vyvoj mnoha
metod na pomezi cytogenetiky a molekularnf
genetiky (molekuldmé cytogenetické metody)
v obdobi kolem roku 2000. V rutinni praxi i vy-
zkumu se dnes vyznamné uplatruji metody za-
loZené na fluorescencni in situ hybridizaci (FISH)
a celogenomové hybridizaci (CGH) umoznujici
rozliSeni abnormalit o velikosti nékolika desitek
kilobdzi (kb). Postupné bylo odhaleno mnoho
primarnich i sekundérnich cytogenetickych ab-
normalit a jejich vztah k rizikovosti onemocnéni
a jeho progndze.

Vyznamné primarni
cytogenetické abnormality

Mezi vyznamné pocetni abnormality pa-
tologického klonu patii hyperdiploidie (hyper-
diploidni karyotyp), kterd je charakterizovana
nendhodnym zmnozenim poctu chromozomd,
ve formé trisomif byvaji nejcastéji nalézany chro-
mozomy X, 4,6, 10, 14,17, 18 a 21 (obvykle celkem
vice nez 50 chromozomd). Tato skupina zahrnuje
pfiblizné jednu ¢tvrtinu véech détskych pacientd
s prekurzorovou B-ALL a koreluje s dobrou pro-
gnozou vyvoje onemocnéni. Vzacnou skupinou
(asi 1%) je naopak hypodiploidie (hypodiploidnf
karyotyp, obvykle je definovana jako méné nez
44 chromozomd), ktera viak koreluje s prognoé-
zou $patnou (zejména pak near-haploidnf ka-
ryotyp s po¢tem méné nez 30 chromozom)
(1,6). Nejcastejsi (priblizné 20%) ze strukturnich
abnormalit je translokace mezi p raménkem
chromozomu 12 a g raménkem chromozomu
21 - zapis dle cytogenetické nomenklatury je t
(12;21) (p13; g22). Jako dUsledek této translokace
vznikd novy fuzni gen ETV6/RUNXT, dfive ozna-
Covany jako TEL/AMLI, ktery vykazuje onkogennf
aktivitu. Vlastni translokace t (12; 21) je krypticka
(na hranici detekénich mozZnosti) pro klasickou
karyotypovaci techniku G-pruhovéni a byla
objevena az s vyvojem molekuldrné cytogene-
tické metody FISH. Pfftomnost této translokace
U pacienta je spojovana s dobrou prognézou.
Po zavedeni vysetfeni ETV6/RUNX1 fuze pomoci
metody FISH do rutinni praxe cytogenetickych
laboratofi a s pfibyvajicimi laboratornimi daty



Obrdzek 6. Cytogenetické vysetieni — kazuistika 2

FISH:
85 % int. jader BCR/ABL1

75 % jader s nadpoZetnym chromosomem X

byla identifikovéna dalsi prognosticky dllezitd
podskupina — B-ALL s intrachromozomalni am-
plifikaci genu RUNX1 oznacovana jako iAMP21.
Tato vzacnéjsi zména (2%) je naopak spojovana
se $patnou prognoézou. Mezi dalsi prognosticky
vyznamné translokace u détské prekurzorové
B-ALL (velmi ¢asto u kojenct) patif translokace
oblasti 23 na g raménku chromozomu 11 s vel-
kou paletou jinych chromozom vedoucf k akti-
vaci onkogenu KMT2A (dfive MLL). Translokace
KMT2A genu jsou vétsinou spojovany se 3$pat-
nou prognézou. Obecné zndm4 translokace
mezi chromozomy 9 a 22 —t (9; 22) (34; g11),
pfi které vznika tzv. filadelfsky chromozom (Ph
chromozom, jde o derivovany chromozom 22)
a s nim spojend nova genova fuze BCR/ABLI, pa-
tf mezi vzacnéjsi ndlezy u B-ALL (2 %). Podstatou
patofyziologického procesu u tohoto subtypu
ALL je aktivace tyrozinkindzy ABL1. | pfes zacle-
nénf cilené biologické lé¢by tyrozinkindzovymi
inhibitory (nej¢astéji pouzivany je imatinib me-
syldt) do chemoterapeutickych protokoll pro
|écbu détské B-ALL a slibné vysledky velkych
studif, je vsak spojovéna s vysokou rizikovosti
onemocnéni. Novymi genetickymi metodami,
mezi néz patfi napt. celogenomové sekvenova-
ni, byla v poslednich letech objevena pocetné
pomérné vyznamna skupina oznacena jako
BCR/ABLI-like, u které byl nalezen stejny profil
exprese gend jako u klasické BCR/ABL1 pozi-
tivni B-ALL (pfes nepfitomnost BCR/ABL1 fuze).
Také BCR/ABLI-like onemocnéni ma vysokou
rizikovost (1, 6).

Vysledky ve FN Plzen

V letech 2004 az 2014 bylo ve FN Plzen dia-
gnostikovano 53 déti' s ALL. Obrézek 1 pfedstavuje
hlavni cytogenetické skupiny pro pacienty s B-ALL.
Nasledujici dvé vybrané kazuistiky demonstrujf
pifpady nizce a vysoce rizikovych pacient(.

Kazuistika 1

2,5lety chlapec s pal roku trvajicimi recidi-
vujicimi respira¢nimi infekty si obcas stézoval
na bolest dolnich koncetin a mélzvysenou tvor-
bu hematomU. Pro ndpadnou bledost byl prak-
tickym lékafem vysetien krevniobraz a nalezena
anémie s hemoglobinem 65 g/l a trombocyto-
penie 54 x 10*9/1, pocet leukocytd byl v normé.
Pro podezfeni z akutni hemoblastozy byl chla-
pec v dubnu 2010 odeslan na Détskou kliniku
FN Plzen. Po pfijeti na détskou hematoonkologii
v klinickém nélezu dominovala vyraznd hepa-
tosplenomegalie, laboratorné v diferencidlnim
rozpoctu bilych krvinek byly pfitomny blasty.

VySetfenim aspiratu kostni dfené byla s vyu-
Zitim flowcytometrie a molekuldré genetickych
metod rychle potvrzena diagnoza akutni lym-
foblastické leukemie — euploidni common ALL,
ETV6/RUNX1 pozitivni. Cytogenetické vysetieni
nam dale pfineslo blizsi pohled na genetické
zmeény v nddorovych bunkach. Na chromozomu
12 Ucastnicim se translokace t (12; 21) odhalilo
metodou G-pruhovani jesté soucasné piitom-
nou delecina p raménku chromozomu 12 a sub-
klon s trisomii chromozomu 10. Metodou FISH
byl odhalen jesté druhy subklon s duplikaci deri-
vovaného chromozomu 21, resp. duplikaci ETV6/
RUNX1 fuze (obrazky 2, 3 a 4 ukazuji vysledky tif
rdznych metod pouzivanych v cytogenetickych
laboratofich — G — pruhovani, FISH a array CGH, z
nichz kazda si zachovéva své vyhody a nevyho-
dy). Byla zahdjena terapie dle protokolu Interim
AIEOP BFM 2000 prednisonovou predféazi, kterd
probéhla bez komplikaci, bez projevd syndro-
mu nadorového rozpadu (tumor lysis syndrom).
V den +8 byla spInéna kritéria pro dobrou léceb-
nou odpoved na prednison (prednison good
respons). 1. &ast protokolu I. byla komplikovana
dvéma ataky febrilni neutropenie, kultivacné
zjistén Hemophilus influenzae. Antibiotickou

Sdéleni z praxe

|é¢bou doslo rychle k Upravé stavu. Pfechodné
Cetnéjsi stolice byly upraveny dietnimi opatie-
nimi. Utlum parametr( krevniho obrazu i koa-
gulopatie doprovazejici aplikaci L-asparaginazy
(L-ASP) byly feSeny opakovanymi substitucemi.
V den 433 bylo dosazeno 1. kompletni remise.
2. ¢ast protokolu . probéhla bez vétsich kom-
plikaci a protokol I. byl ukonc¢en v ¢ervnu 2010.
| dalsi protokoldrni Ié¢ba probihala bez vétsich
problémd, ve 12. tydnu byl parametr minimalni
zbytkovéd nemoc (MRD) negativni a Ié¢ba byla
kompletné ukoncena v dubnu 2012. V lednu
2015 je pacient bez klinickych a laboratornich
znamek plvodniho onemocnéni ALL.

Kazuistika 2

Slety chlapec s febriliemi, krénf lymfade-
nopatif, nechutenstvim a bolesti pfi polykanf
byl v zaif 2004 vysetfen na Infekenf klinice FN
Plzen. Zde byla zjisténa hepatosplenomegalie
a v krevnim obraze leukocytoza 127 tis., ane-
mie s hemoglobinem 64g/l, trombocytopenie
10x10*9/I. Chlapec byl pfeloZzen na oddéleni
détské hematoonkologie FN Plzer.

VySetfenim kostni dfené byla potvrzena
euploidni common ALL, BCR/ABL1 pozitivni,
na podkladé t (9; 22) (q34;917), tj. pfitomnos-
ti Ph chromozomu. Cytogenetické vysetieni
pfineslo kromé potvrzeni pfitomnosti klasické
translokace t (9; 22) dalsi informaci o pfitom-
nosti nadpocetného pohlavniho chromozo-
mu X v hlavnim patologickém klonu (obrazky
5 a 6). Byla zahdjena lé¢ba dle protokolu ALL
IG-BFM 2002, odpovéd na lé¢bu viak byla ve
stanovenych parametrech nepfiznivd, v den
+8 Spatné IéCebné zareagoval na prednison,
v den +15 byla pozorovdna minimalni regre-
se nalezu ve dfeni. Nasledné byl vzhledem k
zjisténé BCR/ABL1 pozitivité zafazen do studie
EsPhALL s Glivecem (imatinib mesylat, inhibi-
tor tyrozinkindz 1. generace) a k pokracovani
chemoterapie pfeloZen na Kliniku détské he-
matologie a onkologie FN Motol. Chlapec byl
dale indikovan k neptibuzenecké transplantaci
kostni dfené. Po ukon¢eni indukéniho bloku
chlapec doséhl cytologické remise. Lé¢ba in-
dukeni i dalSimi tzv. high riskovymi bloky byla
ale provazena cetnymi zavaznymi komplika-
cemi. Vysetfenim minimaln{ residudini nemoci
pred alogennf transplantaci kostni dfené byla
prokédzana pozitivita BCR/ABL1 na hranici citli-
vosti pouzité molekuldrné genetické metody
RT PCR (citlivost az 1:1000000), prestavby
IGH@ genu zUstaly negativni. Potransplantacni
pribéh byl komplikovén infekcemi i rozvinutim
reakce Stépu proti hostiteli, postupné doslo k
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vyvoji molekuldrné genetického a poté v biez-
nu 2006 i cytologického relapsu. Pokus o expe-
rimentaini 1é¢bu dasatinibem (tyrozinkindzovy
inhibitor 2. generace) byl nelspésny, chlapec
umird na progresi zakladniho onemocnénf v
Cervnu 2006.

Zavér

Cytogenetické vysetieni pfindsi klinickym
lékafim hlavné informace s prognostickym ¢i
prediktivnim vyznamem. Tvofi dlleZity kdmen
v mozaice managementu soucasné lécby dét-
ské ALL sméfujici k cili mediciny Sité na miru
konkrétnimu pacientovi. Silnou strankou cyto-
genetického vysetfeni zUstava kromé schop-
nosti detekce nékterych vzacnéjsich aberaci

Onkologie | 2015; 9(1) | www.onkologiecs.cz

pfedeviim moznost komplexniho pohledu

na karyotyp patologickych bunék. Tento pohled

ndm umoznuje pochopit mechanizmus vzniku

pfitomnych aberaci a také moznost zachytit

diverzitu nddorovych bunék ve formé nové
vznikajicich subklond.
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6.5.1 Komentéar k prispévku V

Vznik détské akutni lymfoblastické leukemie (ALL), malignilmnemocini lymfoblast,
je dle sodasnych poznatk mnohastupovy proces, ktery z@na obvykle jiz ped
vrozené genetické dispozice i nahoda. Riziko vzritll u populace dti do 15 let je
priblizn¢ 1:2000. Vyznamnym faktorem ovifivjicim vznik ditské ALL mohou byt
infekéni onemocani. Vice nez konkrétni druh mikroorganismu vSakérali abnormalni
odpowd imunitniho systéemu naébnou infekci, ktera rize u vnimavych jedincspustit

fetz reakci podporujicich ve svémdledku peziti defektnich bugk.

Vyrazného pokroku bylo dosaZzeno v pochopeni gekétiim profilu patologickych buk
ALL. Na Klinické arovni je dnes znamo mnoho kordl&onkrétnich genetickych zm

s mirou agresivity daného subtypu leukemického auedmi. S tim také souvisi Uprava
lé¢ebnych protokal na zaklad stratifikace dle rizika (prognostické a/nebo pkdgini
genetické faktory, sledovani minimalni zbytkové oei L&ba dtské ALL dosahuje
v porovnani s jinymi malignimi chorobami vybornésigdky a 5Sleté f@ziti dosahuje
90 %. Problematické vSak stala@istavaji pedevSim d¥ skupiny pacierit, pacienti

v kojeneckém ¥ku a pacienti s relapsem zakladniho onensocn

ALL v relapsu onemoani je obeca vice rezistentni na chemoterapeutickotbie nez
now diagnostikovand ALL, coZ se klinicky projevuje Boodpo¥di i na intenzivejsi
|écebné rezimy. Uplauje se zde jak primarni, tak sekundarni rezistealeej konstiténi
polymorfismy v genech, které séastni i metabolismu I&v. Na sekundarni rezistenci se
mohou podilet mutace ziskanéhbm cytotoxické l&by nebo selekcetpodn® malého
subklonu nadorovych bgh vykazujicich ¥tSi rezistenci nez hlavni populacgétpmnd pi
zachytu. Je znamockolik signélnich drah, které jsouriprelapsu ALL deregulovany
a napomahaji vzniku chemorezistence. Nejvice dislata je signalni draha RAS
(MAPK), ktera fidi vice biologickych procés vcetre burgcné proliferace, feziti
amigrace (obrazek 3). Mutace v genedtRAS KRAS BRAF ¢ FLT3, ale
i chromosomalni translokace, jako hat{9;22)(q34;911) spojena se vznik@TR-ABL1

fuze, jsou mechanismy, které tuto drahu u Alasto aktivuiji.
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Obrazek 3 — Schematické znazsrhhlavnich komponent a biologickych funkci signaln
drahy RAS (MAPK) (upraveno dle Knowles a Hurst, 20Rapatsoris et al., 2007
a Pratilas a Solit, 2010)

Do laboratorni praxe se dostavaji mnohé nove gekgetiechniky vcéele s metodami
zaloZzenymi na mikr&ipech (microarrays) a sekvenovani nové generacd-@gemeration
sequencing). Silnou strankou jiz plretablovaného cytogenetického vysef Zistava
moznost komplexniho pohledu na karyotyp patologitkyourgk. Tento pohled nam
umoziuje pochopit mechanismus vznikditomnych aberaci a také moZznost zachytit
diverzitu nadorovych butk ve fornme vznikajicich subklofé. V kontextu celé nadorové
populace je velikost na&v vznikajicich subkloh ¢asto pod hranici rozliSitelnosti
molekularé genetickymi pistupy. Zviditelnit tento specificky cytogeneticgiistup a jeho
vyhody bylo cilem komentované prace. kgpvku je zaznamenan celkovyighled
cytogenetickych vysledk souboru 53 é&skych ALL a prezentovany dvkazuistiky

z protichidnych rizikovych pdl. Fipad pacienta s nizkym rizikem a ETV6-RUNX1
genovou fazi aifjpad pacienta s vysokym rizikem a BCR-ABL1 fazi.

Mnozstvi nizkomolekularnich inhibitdrcilicich na komponenty RAS (MAPK) drahy,
které se v satasnosti testuji v klinickych studiich, slibuje poswrpieziti vysoce-

rizikovych pacieni s ALL.

-92 -



7 Hodnoceni prace a zaér

V ramci predkladaného vyzkumu se pdilia publikovat @t ptivodnich praci, na kterych se
uchaze podilel jako hlavni autor. Pracéimasi sjednoceni dvou metodickyctigiupi ke
studiu vzniku rezistence nadorovych Bkima protinadorovou &bu. Jde za prvé ofgtup
molekularé genetického profilovani exprese lidskych ABC iyen niznych typi
zhoubnych naddra za druhé o sledovani #msouvisejicich s kancerogenezi na urovni
chromosonm za pomoci cytogenetickych metod. Zatimco prvistpp odhaluje poruchy

v signalnich drahach vedouci ke vzniku rezistencengjaizsi biologické arovni, druhy

piistup sedmito poznénénymi mechanismy zabyva na Urovniam vyssi.

Prvni prezentovana pracepiinesla poprvé vysledky podporujici hypotézu, Zerla&zt
vzory exprese ABC gén(ABC expresni profily) spotaé pro tizné typy zhoubnych
nadofi. Podkladem tohoto vysledku byly bioinformatickeabay dat ze spot@mé databaze
vzorkd tii typi nddoti - nadoti prsu, kolorekta a pankreatu. Wkierych definovanych
obecnych ABC expresnich prdfibyly nalezeny statisticky vyznamné vztahy k rozsah
postizeni regionalnich lymfatickych uzlin, rozsamadoru, histologickému stupni
diferenciace a klinickému stadiu. Tyto vysledky mohly souviset se znamymi, ale
i dosud neznamymi funkcemi ABC protéinV dalSic¢asti prace byla provedena analyza
negasgjSich deregulovanych ABC gén Geny ABCC7, ABCA3, ABCA8, ABCA12
aABCC8byly vyzdvizeny jako geny pra¥dodobr hrajici klicovou roli na poli proces
ovlivihovanych ABC geny v nadorovych itkach. Velmi zajimavy je vyskyt gerABCC7
(CFTR vtomto seznamu na prvnim ngstV praci bylo nazng&no, Ze tyto obecné

expresni profily ABC geinby mohly vytvdet novy charakteristicky rys kancerogeneze.

Druha prezentovana praceukazala detaikjSi cytogenetickou charakteristiku skupiny
AML (akutni myeloidni leukemie) pacieht s velmi nepiznivou progndzou
a predpokladanou rezistenci na podavanou chemotedayiinalo se o pacienty, kitani po
dvou chemoterapeutickych pokusech o dosazeni repmismocini nedosahli kompletni
cytogenetické remise. Zajimavé bylo pozorovani, waxkolika pacieni doslo po
chemoterapeutické d6¢ k vymizeni klonalni evoluci odvozé&sich subkloi (s vySSim
poétem cytogenetickych z#ém), zatimco méh odvozené klony dale proliferovaly
a vykazovaly vysSi stuperezistence. | pro pacienty s takto Hepivou prognézou bylo
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demonstrovano, Ze allogenni transplantace kostaiedpiedstavuje kurativni tbu.
Dulezitym faktem vSak také bylo, Ze 67 % padenktei zenteli po absolvované
transplantaci kostnirdrg, zenteli na jiné giciny nez je progrese AML. Jednou z moznych
cest k dalSimu zlepSentgiiti vysoce rizikovych pacieints AML by mohlo byt zaé&eni

se na zdravotni problémy nesouvisejictinp s progresi zakladniho maligniho

onemocgni.

Akutni leukemie na podklgdmyelodysplastickych syndram(MDS) vykazuji obec#
horSi odpowd’ na standardh podavanou kbu a vysSSi stupe rezistence v porovnani
s akutnimi leukemiemi bezigdchozi historie MDS (s vyjimkou akutnich leukemii
spojenych siedchozi protinddorovou dBou). Tieti prace se zaniiila na vzacnou
cytogenetickou zgnu vyskytujici se rekurentnu primarnich MDS a&ekajici dosud na
blizSi charakterizaci jak z laboratorniho, tak inikkého pohledu. Pacienti s translokaci
t(2;11)(p21;923) bez dasti MLL genu se vyznmvali mladSim ¥kem (pamér 52 let),
vyraznou predominanci maz markantni dysplasii v megakaryopoézastym spojenim
s dalsi zminou — deleci 5q a dobrou prognézou. Pratieepla zjiSéni vyznivajici ve
prosgch vyéleneni t(2;11)(p21;923) bezeéasti MLL genu jako samostatné entity v ramci
primarnich MDS.

Porozuméni mechanisiim patogeneze chronické myeloidni leukemie (CML) na
molekulérni i bus¢né arovni a zavedeni cilené terapie s vyuZzitimbitdit tyrozinkinaz
(TKI) muze byt povazovano zaebnicovy prototyp boje proti nadorovému onentmgin
TKI n¢kolika generaci standaréinpouzivané v 1. linii &by CML ®&inné blokuji
konstitutivre aktivovany fuzni protein BCR-ABL1 a jeho onkogeffumikce. Mezinarodni
doporieni pro Iébu CML shodg doporwuji, aby pacienti optimatn reagujici na
primarni I&€bu TKI v |&b¢ bez gestani pokréovali se standardnim davkovanim stale dal.
Presto v klinické praxi existuji situace, kdy kepusSeni |8by TKI dochazi. A uz se jedna

o pripady vzniku sekundarni rezistence nebo netoleetvattoxické vedlejsidinky TKI
lé¢by, nebo 0 neochotu nemocnéhoéphpolupracovat i Ié¢bé (compliance), &hotenstvi

¢i subjektivni gani pacienta.

Klinické studie zabyvajici se kontrolovanym vysdpenléby TKI u pacieni
s definovanou hlubokou molekularni odpdv jiz v poslednich letech probihaji a jsou
publikovany prvni spiSe naghé vysledky. Otazkou vSak staléstava, zda ifgruseni TKI
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lécby nemize zvysit vyskyt fipadi rezistence na tuto dBu predevSim tim, Zze umozni
vétSi proliferaci nddorovych bk, a tim i vznik ¥tSi heterogenity mezi nimi. Vzhledem
k tomu, Ze hlavnim mechanismem vzniku sekundarmistence na TKI jsou bodoveé
mutace v BCR-ABL1 tyrozinkinazove don€ne to teoreticky prawpodobné. Zasadni je
také nalezeni prediktivniho faktoru spojeného #$lej8i rekurenci onemoéni po

kontrolovaném vysazeni TKI dBy, ktery se zatim nalézt nepdifla Také ochota
optimalre odpovidajicich pacieat k i¢asti na studiich s vysazenim¢lg je menSi
a pochopitelna. Ctvrty p¥ispévek ve forme review ginesl komplexni pohled na
problematiku kontrolovaného rgruSeni I8by TKI a diskuzi nad dosud ot®nymi

otdzkami z pohledu laboratorni a klinické praxe.

Akutni lymfoblasticka leukemie (ALL) v relapsu oneaméni je obecs vice rezistentni na
chemoterapeutickou dBu nez nov diagnostikovana ALL, coZ se Klinicky projevuje Bor
odpowdi i na intenziviyjSi 1&ebné rezimy. Upléuje se zde jak priméarni, tak sekundarni
rezistence, ale i konstitoi polymorfismy v genech, které s&astni gi metabolismu |&v.
Na sekundarni rezistenci se mohou podilet mutasieaaé Bhem cytotoxické &y nebo
selekce pvodre malého subklonu nadorovych hkiknvykazujicich ¥tSi rezistenci nez
hlavni populace ifitomn& @i zachytu. Je znamoékolik signalnich drah, které jsouip
relapsu ALL deregulovany a napomahaji vzniku chexnistence. Nejvice diskutovana je
signéini draha RAS (MAPK), kterdidi vice biologickych procés véetre bungéné
proliferace, peziti a migrace. Mutace v geneddRAS KRAS BRAF ¢i FLT3, ale

i chromosomalni translokace, jako haf{9;22)(q34;911) spojena se vznik@TR-ABL1

fuze, jsou mechanismy, které tuto drahu u Alalsto aktivuiji.

Do laboratorni praxe se dostavaji mnohé nové gekeéettechniky vele s metodami
zaloZzenymi na mikréipech a sekvenovani nové generace. Silnou stranigoylné
etablovaného cytogenetického vygei Zistava moznost komplexniho pohledu na
karyotyp patologickych butk. Tento pohled nAm umidje pochopit mechanismus vzniku
piitomnych aberaci a také mozZnost zachytit diverziadorovych bugk ve forme
vznikajicich subklofi. V kontextu celé nadorové populace je velikosténwenikajicich
subkloni ¢asto pod hranici rozliSitelnosti molekulérgenetickymi pistupy. Zviditelnit
tento specificky cytogenetickyistup a jeho vyhody bylo cilepaté komentované prace

V piispivku je zaznamenan celkovyghled cytogenetickych vysletiksouboru étskych

ALL a prezentovany dv kazuistiky z protichdnych rizikovych pdal. Pripad pacienta
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s nizkym rizikem a ETV6-RUNX1 genovou fuzi @igad pacienta s vysokym rizikem
a BCR-ABL1 fuzi.

Predkladana dizertani prace se zamdfila na studium nefyziologické aktivace Uzce
spojenych signalnich drah PI3K/AKT a RAS (MAPK), ktera je patologickym
mechanismem objevujicim se jak u solidnich nadtak u hematologickych malignit.

Mnozstvi nizkomolekularnich inhibitbrcilicich na komponenty obou signalnich drah,

které se v satasnosti testuji v klinickych studiich, slibuje poswrpieziti vysoce-

rizikovych pacieni.

7.1 Shrnuti dosazenych vysled#

Byly piedloZeny argumenty ve prag hypotézy o existenci genovych expresnich
profild ABC geni, které jsou spotmé vice tydm zhoubnych nadér Vysledky
piedkladané prace nazfily, Ze tyto ABC expresni profily by mohly nejen
piedstavovat obe&si rys kancerogeneze, ale byt spojeny i s proggigsh ¢i

prediktivnim vyznamem.

Na urovni cytogenetickych abnormalit byla provedestaarakterizace skupiny
velice rizikovych pacierit s akutni myeloidni leukemii, kie po dvou
chemoterapeutickych pokusech o dosazeni remiseanmni nedosahli kompletni
cytogenetické remise. Byl potvrzen kurativni potéhallogenni transplantace
kostni derg i pro tyto vysoce rizikové pacienty a dopé&eno cileg se zaniit na
dalSi zdravotni problémy paciéntkteré nesouvisejifpmo se zakladnim malignim

onemocgnim.

S podporou fedloZzenych vysledk Ize dopordit vyc¢lenéni skupiny pacierit s
primarnimi myelodysplastickymi syndromy a transloka(2;11)(p21;923) bez
Gcasti MLL genu jako samostatné entity spojené p¢pedobrt s dobrou

prognézou vyvoje pre-maligniho onemenn

Pti kontrolovaném peruseni cilené &by tyrozinkindzovymi inhibitory u pacieints

chronickou myeloidni leukemii je peba povazovat proliferaci maligniho klonu
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spojenou se vznikem geneticky heterogennich subkianpotencidlni riziko ve
vztahu ke vzniku rezistence. Snizeni tohoto ribkaxineslo nalezeni specifického
biomarkeru, ktery byigdpovidal Usggnost vysazeni ¢@y.

V. Bylo prezentovano shrnuti cytogenetickych vystediouboru dtskych pacienit
s akutni lymfoblastickou leukemii a vyzdvizen cytogticky pistup umo#ujici
pochopit mechanismus vzniku patologickychémnv genomu nadorovych béina

sowasre zachytit heterogenitu subkldmadoroveé populace.

Na zawr Ize konstatovat Ze fedkladana dizertai prace zkoumala genetické pozadi
mechanismi  souvisejicich se vznikem rezistence nadorovych ¢&lbunna
chemoterapeutickou déu na dvou iznych bugénych drovnich — arovni nukleovych
kyselin a darovni chromosoim Celkovou snahou prace bylareplstavit komplexnost
problematiky rezistence na protinadorov&iMa a ginést nové poznatky, které by
predevsim mohly napomoci zlepSitiél onkologickych paciefit Predkladané vysledky

také ukazuji nové stny, na které by se mohl za#it dalSi vyzkum.
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