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Abstrakt

Myeloidni leukémie piedstavuji maligni onemocnéni charakterizovand expanzi myeloidni
krevni fady. Zatimco V piipadé¢ chronické myeloidni leukémie (CML) je hlavni pii¢ina
onemocnéni znama — t(9;22) a aktivita fuzniho produktu BCR-ABL, s akutni myeloidni
leukémii (AML) je spojena fada translokaci a mutaci. Cilem této prace je prispét ke zlepSeni
monitorovani pacientli s myeloidnimi leukémiemi cestou detailniho poznéni exprese
panleukemického markeru, genu Wilmsova tumoru (wtl). Prognosticky vyznam celkové
exprese wtl je znam u pacientit s AML, nebyl ale jednozna¢né potvrzen pro pacienty s CML.
O expresi jednotlivych izoforem (celkem vice nez 36 proteinovych produktii) existuji velmi
kusé informace v pifipad¢ obou diagnoz i zdravé hematopoézy.

VétSina této prace je soustfedéna na CML, AML je vénovana pouze omezena ¢ast. V ramci
prvni ¢asti jsme prokazali vysoky prognosticky vyznam celkové exprese mRNA wtl pro
pacienty s CML. Statisticka hodnoceni ukazala kritické hladiny wtl, které umoznuji
V porovnani s rutinné¢ pouzivanym markerem, hladinou transkriptu bcr-abl, upfesnit prognézu
pacientl, kteti neodpovidaji optimalné na 1écbu. Déale jsme navrhli a optimalizovali reverzné
transkriptazové PCR v realném case pro kvantifikaci vybranych variant wtl (kombinace
sestiihu exonu 5 a KTS sekvence, swtl vs. wtl plné délky). Zjistili jsme, ze zatimco swtl je
exprimovana ve velmi nizkych hladinach u pacienti s CML i AML a nelze ji proto povazovat
za kandidata na prognosticky marker, vysoké hladiny transkriptd variant -5/+KTS u pacientt
s CML a +5/-KTS u pacienti s AML se jevi byt novymi, V porovnani s celkovou expresi wtl,
jsme potvrdili také in vitro po oSetfeni primarnich leukocytd 1é¢ivy pro sledovani citlivosti
k 1é¢bé. Wtl jako marker v tomto smyslu jsme aplikovali v ramci paralelni studie miRNA
v CML, kde naSe data spolu s literaturou naznacila existenci zpétnovazebné regulaéni smycky
mezi BCR-ABL a miR-451, mechanizmus potencialn¢ velmi vyznamny pro udrzeni
leukemického charakteru bunék.

Zavérem je moznO shrnout, ze celkova hladina transkriptu wtl muze slouzit jako
vyznamny marker dal§iho vyvoje pacienti s CML, ktefi neodpovidaji dle soucasnych kritérii
optimaln¢ na 1é¢bu a u kterych rutinné pouzivany bcr-abl sviij vyznam ¢asto ztraci. Vybrané
varianty piedstavuji kandidatni rizikové markery specifické pro dany typ myeloidni leukémie.
In vitro pomaha hladina mRNA wtl odhadnout ucinnost pisobeni 1é¢iv a charakterizovat stav

bunék.



Abstract

Myeloid leukemias include malignant diseases characterized by clonal expansion of the
myeloid cell lineage. While in case of chronic myeloid leukemia (CML), the main cause of
the disease has already been identified — t(9;22) and the aktivity of the fusion product of the
translocation BCR-ABL, acute myeloid leukemia (AML) has been associated with plenty of
different translocations and mutations. The aim of this work was to contribute to the
improvement of monitoring of patients with myeloid leukemias via detailed study of the
panleukemic marker Wilms tumor gene 1 (wtl) expression. Prognostic value of wtl
expression has been proved for AML patients, however, it has not yet been confirmed for
CML patients. Expression of different wtl variants (more then 36 protein products) is known
very poorly in both, AML and CML as well as in normal hematopoiesis. Most of the study is
focused on CML, only limited parts are dedicated to AML.

In the first part of the work, we clearly proved prognostic value of total wtl mRNA
expression for CML patients. Statistical evaluations revealed critical wtl values which enable
to specify prognosis of patients responding non-optimally to imatinib. Bcr-abl looses much of
its prognostic value in these patients. Further, we have designed and optimized PCRs for
selected wtl variants (combination of exon 5 and KTS sequence splicing, swtl vs. full lenght
wtl). We found out, that swtl was expressed at very low levels in CML and AML patients
and it thus could not be considered a candidate marker. On the other hand, -5/+KTS and +5/-
KTS seem to be novel candidates on prognostic markers for CML and AML patients,
respectively. Expression of wtl variants might serve as a more specific markers for given
diagnosis as compared to total wtl expression. We have also confirmed a correlation between
wtl mRNA expression and sensitivity to treatment in vitro. We applied those in vitro
cultivations with BCR-ABL inhibitors in a paralel study of miRNA expression in CML and
we identified negative-feed back regulatory relationship between miR-451 and BCR-ABL.
This mechanism is potentially highly important for maintenance of the leukemic cell
phenotype.

In conclusion, total wtl mRNA expression can be useful as an additional molecular marker
to ber-abl to predict further disease course in CML patients who do not respond optimally to
imatinib. We identified selected wtl variants as novel candidate markers specific for different
leukemia types. Wil mRNA expression measured in vitro after treating patients cells with

kinase inhibitors helps in characterization of cell status and sensitivity to the drug.
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Uvod

Ustav hematologie a krevni transfuze poskytuje 1édebnou pééi a provadi vyzkum fady
hemato-onkologickych diagnoz. Pracovni skupina Dr. Moravcové se tu dlouhodobé zabyva
studiem chronické myeloidni leukémie. V ramci grantovych projektii byla v laboratoii Dr.
Moravcové vyvinuta metodika pro monitorovani exprese bcr-abl na rovni mRNA, které je
dnes provadéno rutinné. Monitorovani hladiny transkriptu bcr-abl bylo pivodné zavedeno pro
casnou detekci relapsu po transplantaci kostni dfené, ktera byla v minulosti hlavni a prakticky
jedinou lé¢ebnou moznosti. Pozd¢ zjisténé relapsy byly pro pacienty fatalni. V soucasné dobé
je lékem prvni volby imatinib, selektivni inhibitor BCR-ABL tyrozinové kinazy, prototyp
molekularné cilené terapie. Ve fazi vyvoje nebo dokonce v klinické praxi jsou inhibitory
dalSich generaci. K progresi onemocnéni dochédzi pii 1écbé kindzovymi inhibitory velmi
ziidka. K hematologickym relapsim dochazi, v porovnani s relapsy po transplantaci kostni
dfen¢ jsou vSak tyto relapsy pozvolnéjsi. Zatimco transplantace smétuje k vymyceni BCR-
ABL pozitivnich bun€k a jejich nahrazeni zdravymi bunikami, v ptipadé kinazovych
inhibitord jde o trvalé potlacovani kindzové aktivity BCR-ABL. Takovy typ 1é€by vyviji na
buiiky pacientti selek¢éni tlak, v disledku kterého miize byt selektovan rezistentni klon.
Spektrum mechanizmu rezistence k 1é¢b¢ je Siroké, v fadé piipadu se dle soucasné literatury
objevuje rezistence Castecné az uplné nezavisla na aktivit¢ BCR-ABL. Grantové projekty
skupiny Dr. Moravcové jsou proto soustfedény na hledani novych pomocnych markerd vedle
ber-abl, které by pomohly urcit prognoézu pacienta a v€as odhalit rozvijejici se rezistenci a
tedy blizici se relaps 1 v ptipadech, Ze se onemocnéni stava vice ¢i méné nezavislym na BCR-
ABL. Tyto markery by umoznily véasnou zménu lécby a prispély k prodlouzeni
bezptiznakového obdobi nemoci a udrzely vysokou kvalitu Zivota pacientl. Individualizace
1é€by, k niz by nové markery ptispély, by umoznila aplikaci agresivnich Sirokospektrych
inhibitori pouze u pacientti, kteti z takové 1€cby budou profitovat, a naopak by snizila zatéz

pacientu, ktefi mohou byt dlouhodob¢ v remisi pii uzivani méné agresivnich 1éciv.



1. Literarni prehled

1.1 Myeloidni leukémie

Myeloidni leukémie jsou maligni onemocnéni, kterd se vyznacuji expanzi myeloidni
krevni tady. Zahrnuji chronickou a akutni myeloidni leukémii. Rozdéleni je piedevsim

historického charakteru, kone¢na stadia chronické leukémie pfipominaji formu akutni.

1.1.1 Chronicka myeloidni leukémie
1.1.1.1. Klinicka charakteristika, ¢asovy pribéh a epidemiologie CML

Chronickd myeloidni leukémie (CML) je myeloproliferativni onemocnéni, které vznika
v disledku maligni transformace kmenové nebo primitivni progenitorové hematopoetické
buiikky. Bez cilené 1écby probiha CML ve tfech stadiich: (1) chronicka faze (CP), faze
»preneoplasticka® charakterizovand silnou expanzi myeloidni fady, buniky jsou vétSinou plné
diferencované; (2) akcelerovana faze (AP) a (3) blasticka krize (BC). AP je charakterizovana
alespoil jednim z nasledujicich znaka: 10 az 30% blastt v periferni krvi nebo kostni dfeni, 20
a vice % blastll a promyelocyti v periferni krvi nebo kostni dfeni, 20 a vice % bazofili
v periferni krvi nebo kostni deni, trombocytopenie méné nez 100x10%I krve bez vztahu
k 16¢be, progresivni splenomegalie, piidatné chromozomalni aberace. V BC ma pacient vice
nez 30% blasth v periferni krvi nebo kostni dfeni. AP a BC se souhrnné oznacuji jako akutni
faze (pfipominaji akutni leukémii). U 60 % pfipadi maji blasty myeloidni morfologii a
exprimuji myeloidni markery, v ostatnich pfipadech je fenotyp podobny akutni lymfoidni
leukémii, vzacné se muze jednat o megakaryoblasty a erytroblasty. V chronické fazi pacient
dobfe odpovida na lécbu, akutni faze, zvlasté pak blastickd krize jsou terapeuticky tézko
zvladatelné. Do neddvné minulosti kon¢ila CML smrti pacienta v blastické krizi. Pfi soucasné
cilené 1écbe (viz Lécba) je progrese onemocnéni pomerné vzacny jev.

CML je onemocnéni znacné heterogenni, jeji agresivita a ptiznaky se lisi u jednotlivych
pacient. K béznym piiznakim patii jinak nevysvétlitelné horecky, ztrata vahy, zvySena
unava, bolesti kloubt a kosti atd.

Incidence CML se uvadi mezi 1 az 2 pfipady na sto tisic lidi. V rdmci vSech leukémii tvoii
CML asi 15% az 20%. Vyskyt onemocnéni roste s vékem, maxima dosahuje Vv Sesté vékové

dekad¢ (Meyer a spol. 2002, Adam a spol. 2001).



1.1.1.2. Biologie CML

1.1.1.2.1. Ph translokace, gen a protein BCR-ABL

Pri¢inou rozvoje CML je reciproka translokace mezi chromozomy 9 a 22 (Ph
translokace), jejimz produktem je tzv. Philadelphsky (Ph) chromozom (zkraceny chromozom
22), cytogeneticky marker CML (Nowell a spol., 1960, Rowley, 1973). Ph chromozém je
detekovan u 95% pacienta S CML, u 5% pacientu se vyskytuje komplexni translokace, ktera
zahrnuje jesté dalsi chromozémy (Adam, 2001). Jedinym dokazanym vné&jsim faktorem pro
vznik Ph translokace je ionizujici zafeni, vyznam mohou mit také duplikony (76kb) v
blizkosti gentt bcr a abl (Salgio a spol. 2002) nebo pfiblizeni obou gend v jadie
hematopoetickych prekurzort pii ptechodu z S do G2 a béhem G2 faze bunécného cyklu
(Neves et al. 1999).

Ve zlomovych oblastech translokace se nachazeji dva geny — abl a bcr. Gen abl (99,34,
225 Kkb) koduje nereceptorovou tyrozinovou kinazu, lidsky homolog v-abl onkogenu
Abelsonova viru zptsobujiciho leukémii u mysi. Jaderny ABL je vyznamny proapoptoticky
protein, ktery hraje klicovou roli v bunééné odpovédi na genotoxicky stres, podili se na
spusténi apoptoézy v bunikach vystavenych ionizujicimu nebo gama zareni (Agami a spol.
1999, Yuan a spol. 1999). Gen bcr koduje Ser/Thr kinazu (160 kDa). Jednou z
je kodovana prvnim ber exonem a zajistuje oligomerizaci BCR jakoz i BCR-ABL (viz dale)
proteinu (McWhirter a spol., 1993).

Na Ph chromozému vznika Ph translokaci fuzni gen bcr-abl, hlavni pti¢ina rozvoje CML.
Za pocate¢nimi exony genu ber na 22q11 dochazi k pfipojeni témét celého genu abl z 9q34.
Zlomové oblasti jsou lokalizovany témét vyluéné v oblastech intrond. Zlom v genu abl
nastava na jeho 5 konci pfed 1b, za 1a, nebo nejcastéji mezi t€mito dvéma exony (celkem
vice nez 300 kb, Melo, 1996). Vysledny transkript bcr-abl je vsak vzdy sestfizen tak, Ze
sekvence abl v bcr-abl zac¢ina exonem 2 (Morris a spol., 1991). Zlomové oblasti uvniti genu
ber spadaji pti CML do jedné ze dvou oblasti, tzv. ,,break point cluster regions®: (1) Vice nez
90%pacientt s CML ma zlom v oblasti zvané ,,major break point cluster region (M-bcr)
mezi exony 12 az 16 (oznaCovano také jako bl az b5, celkem 5,8 kb). Alternativnim
sestithem mohou vznikat fizni transkripty se spojenim el13a2 (b2a2) nebo el4a2 (b3a2). Ob¢
mRNA jsou potom piekladany do proteinu p210 BCR-ABL (Heisterkamp a spol., 1985),
ktery je vedle CML spojovan také s ALL, AML a vzacné dalSimi onemocnénimi. (2) U

pacient s CML se ziidka vyskytuje také zlom v oblasti ,,minor break point cluster region‘
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(m-bcr) mezi alternativnimi exony e2” a e2 (celkem 54,4 kb). Vznikla ela2 mRNA se
pteklada do proteinu p190BCR-ABL (Hermans a spol., 1987), nékdy oznacovaného také jako
pl85. Vzacné se vyskytuji piipady CML s jinymi spojenimi bcr-abl, jako napt. b2a3
(Moravcova a spol., 2005).

Pfitomnost fuzniho transkriptu bcr-abl byla prokazana i v krvi zdravych jedinct (Bose a
spol., 1998). Piedpoklada se, ze v takovych ptipadech se bud’ imunitnimu systému podati
vcas maligni klon vymytit, nebo se jednéd o bunku v terminalnim stadiu diferenciace, ktera se
jiz dale nedéli a nemuze z ni vzniknout maligni klon.

Pro uplnost je tieba zminit, Ze Ph translokaci vznika také novy 9q+ chromozém, na némz
vznika dal§i fuzni gen abl-bcr. Piitomnost mRNA abl-bcr je nalézana piiblizné u 70%
pacientt s CML (Melo a spol., 1993).

1.1.1.2.2 Transformace CML bunék - piisobeni proteinu BCR-ABL

BCR-ABL funguje v bunkach jako tyrozinova kindza, ktera se na rozdil od ABL
vyskytuje vyhradné v cytoplazmé. V dusledku ztraty prvniho exonu a fuze s BCR je BCR-
ABL kinaza konstitutivné aktivni, zcela neregulovana. BCR-ABL vstupuje do regulace
zakladnich bunécnych drah udrzujicich rovnovahu mezi bunéénym ptezitim a smrti:
MAP-kindzova (mitogen-activated protein kinase) draha

MAP-kinazova (Ras/Raf/MEK/ERK) draha je centralni drdhou signalni transdukce, ktera
prendsi signal z riiznych povrchovych receptorti bunky do bunééného jadra. Jeji stimulace
vede k proliferaci bun€k a inhibici apoptdzy. Ras protein je membranova GTPaza, ktera se
ucastni v riznych signalnich drahdch, mimo jiné pravé v Raf/MEK/ERK. V fad¢ lidskych
malignich onemocnéni se 1ze setkat s jejimi mutacemi, v CML jsou vSak vzacné. BCR-ABL
spolu s proteiny Grb2, Shc a Sos stabilizuje aktivni formu Ras proteinu (Skorski a spol.,
1994). K deregulaci Ras drahy v BCR-ABL+ bunkach pfispiva ziejmé také nizka hladina
produktu genu NF1, neurofibrominu, ktery funguje jako negativni regulator Ras drahy
(Jongen-Lavrenic et al. 2005). Dale BCR-ABL aktivuje expresi Rafl (Salomoni et al. 1998).
Na urovnich nize od BCR-ABL je aktivovan pies Rap-1 také B-Raf (Mizuchi et al. 2005).

JAK/STAT draha
Signéalni drdha JAK/STAT piimo spojuje aktivaci cytokinovych receptorii s genovou

expresi. Sklada se ze tfi rodin proteini - JAK (Janus family of tyrosine kinases), STAT
(signal transducers and activators of transcription) a CIS/SOCS (cytokine-induced SH2-

containing proteins/supressors of cytokine signaling) rodiny, ktera tlumi aktivitu JAK/STAT



drahy. Aktivovand JAK kindza fosforyluje STAT na specifickém tyrozinu, nésleduje
dimerizace STAT, zvySeni jeho stability a pfesun do jadra, kde pisobi jako aktivator
transkripce. STAT faktory mohou byt v CML burikach aktivovany nezavisle na JAK kinazach
proteinem BCR-ABL (lIllaria a spol., 1996).

Fosfatidylinositol-3kindzova draha

Fosfatidylinositolkinazy (PIK) ptedstavuji rodinu proteinti katalyzujicich ptenos y-fosfatu
z ATP na fosfoinositidy. Aktivita PI3K je spojena pfedevSim s cytoskeletarni organizaci,
bunéénym délenim a inhibici apoptdzy. PI3K se sklada z katalytické podjednotky p110 se
serin/threoninovou kinazovou aktivitou a regula¢ni p85 podjednotky, ktera stabilizuje a
inhibuje p110. PI3K fosforyluje fosfoinositidy, které aktivuji PDK fosforylujici Akt
(proteinkinaza B, PKB). Pro proliferaci i ochranu BCR-ABL pozitivnich bunék proti
apoptoze je aktivita PI3 kinazové drahy podminkou (Shet et al. 2002). BCR-ABL neptimo
pies podjednotku p85 interaguje s PI3K. Ta je pak v komplexu s dalSimi proteiny, jako je
Gab2, aktivovana (Sattler et al. 2002). Mimo to BCR-ABL inhibuje expresi SHIP1 fosfatazy,
ktera je jednou z fosfataz inhibujicich aktivitu Akt kinazy (Sattler et al. 1999).

1.1.1.2.3 Mechanizmy progrese CML

Mechanizmus progrese CML do akutnich fazi neni zcela jasny. Predpoklada se, ze ke
vzniku blastické krize sta¢i patrné¢ samotné pusobeni BCR-ABL proteinu mechanizmem
alterované regulace geni zavislym na davce BCR-ABL (Calabretta a spol., 2004). Vime, Ze
BCR-ABL prokazatelné navozuje genetickou nestabilitu bunék. PfestoZe je za normalnich
podminek protein BCR-ABL vyhradné cytoplazmaticky, ukazalo se, Ze v leukemickych
bunikach vystavenych genotoxickému stresu translokuje do jadra, kde narusuje opravu DNA
(Dierov et al. 2004). Existuje také nékolik studii poukazujicich na vztah mezi expresi BCR-
ABL a aktivitou nebo expresi proteinli ucastnicich se oprav DNA, zvlasté dvoufetézcovych
zlomi (Deutsch et al. 2001, Deutsch et al. 2003). Sekundarni cytogenetické a molekularni
zmeény jsou nalézany béhem progrese onemocnéni smérem k blastické krizi u 60 az 80 %
pacientd. V chronické fazi se tyto zmény vyskytuji pouze ptiblizné v 5% (Bacher et al. 2004).
Chromozomalni aberace zahrnuji chromozoémy 8, 17, 19 a 22. Mezi nejcastéjsi patii duplikace
Ph chromozému a trizomie chromozému 8§ a naopak spiSe vyjimecné se objevuje ztrata 7.
chromozomu (Bacher et al. 2004). Z molekularnich zmén jsou u myeloidni blastické krize
Casté mutace v oblasti tumor supresorového genu p53 (Brusa et al. 2003). Ptidatné zmény

jsou patrné soucasné pfic¢inou i ndsledkem probihajici progrese.
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1.1.1.3 Soucasné lé¢ebné pristupy k CML

Lécbu CML lze v zésadé rozdélit do dvou skupin - transplantaci a 1é¢bu medikamentdzni.

1.1.1.3.1 Transplantace kmenovych bunék (TKB)

Pod timto pojmem rozumime pifenos kmenovych bun¢k zdravého darce do obéhu
ptijemce, kde maji za ukol obnovit krvetvorbu piijemce, predtim chemoterapeuticky uplné
nebo Castecné zniCenou. V klinické praxi jsou vyuzivany tii typy transplantaci - alogenni
ptibuzenska nebo nepiibuzenskd, syngenni nebo autologni. Alogenni transplantace je stale
jedinou metodou, kterd miize vést k trvalému vyléceni. Riziko relapsu €ini pfiblizné 20%.
Prestoze je TKB jedinou skutecné kurativni metodou, studie ukazaly, ze s ohledem na riziko
transplanta¢ni mortality a morbidity je vyhodngjsi 1écba medikamentozni (Hehlmann a spol.,
2007). S vyjimkou velmi mladych pacientli se tak dnes dava pied transplantaci piednost

imatinibu (viz déle).

1.1.1.3.2 Lécéba medikamentozni

Chemoterapie a interferon « (IFN)

V soucasné dobé se z chemoterapeutik v 1é¢bé CML pouziva uz pouze hydroxyurea,
inhibitor ribonukleotidreduktazy, tedy syntézy DNA (Hehlmann et al. 1993), a to v okamziku
diagnozy ke snizeni poctu bilych krvinek pacient.

Monoterapie interferonem alfa (IFN) dokaze navodit hematologickou az cytogenetickou
odpoveéd’ u pacientii s CML (Talpaz et al. 1986). Protinadorovy ucinek IFN je dan kombinaci
pfimého antiproliferacniho ucinku a nepfimych ucinkd zprosttedkovanych imunitnim
syst¢tmem. IFN pisobi stimulacné na NK-buniky a makrofagy a zaroven stimuluje expresi
MHC gp I, nadorove specifickych antigenti a adhezivnich molekul nadorovych bunék. Uvadi
se také, ze IFN ma piimé cytostatické efekty na nadorové bunky (Jonasch a spol., 2001). Mezi
nevyhody IFN pattily predevSim vedlejsi ucinky. Randomizované studie IRIS srovnévajici
interferon alfa s imatinibem (viz dale; O'Brien a spol., 2003) ukazala na jasnou vyhodu
pokro€ilych 1€kt — cilenych kinazovych inhibitord. IFN se tak dnes pouziva pouze

Vv piipadech, kdy nelze pouzit cilenou lécbu.
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Molekuldrne cilena terapie ( MCT )

Principem MCT je specificka inhibice nékteré z molekul ucastnych na vzniku, resp.
rozvoji CML. VétSina pacientt je v soucasné dobé 1éCena prave timto typem lékd.

Imatinib mesylat (STI 571, obchodni nazvy Glivec, v USA Gleevec, dale pouze imatinib)
je selektivni inhibitor ABL, BCR-ABL, PDGFR, c-Kit a patrn¢ také ARG. Imatinib
kompetuje s ATP o vazebné misto v molekule kindzy (Buchdunger et al 2000, Okuda et al.
2001). Na bunécnych liniich bylo ukézano, Ze imatinib miize navozovat apoptézu a/nebo
diferenciaci leukemickych bunék (napi. Jacquel et al. 2003). Indukovana autofagie mize vést
k zastaveni bunééného cyklu a apoptoze, nebo muze naopak rakovinnym bunkam pomahat
recyklaci proteint a organel zni¢enych 1éEbou (Ertmer et al. 2007). V 1é¢bé CML byl imatinib
poprvé pouzit v roce 1998, dnes je pouzivan jako léCebny prostiedek prvni volby.
V porovnani s IFN imatinib navozuje signikantn¢ vice kompletnich hematologickych a
cytogenetickych odpovédi (O'Brien et al. 2003). Dosavadni studie ukazuji, ze kinazové
inhibitory druhé generace mohou v prvni linii imatinib pfedcit, nicméné vzhledem ke dlouhé

zkuSenosti s imatinibem a jeho bezpecnosti dava vétSina 1¢kait stale piednost imatinibu.

Druha generace MCT zahrnuje dasatinib a nilotinib:

Nilotinib (Tasigna, AMNZ107) je odvozen od imatinibu, je vysoce selektivni pro Abll a ve
srovnani s imatinibem je 10-50x ucinngjsi (Weisberg a spol., 2006, Rosti et al., 2009). Je
ucinny proti nemutovanému BCR-ABL a pouze n€kterym mutantnim formam. Na rozdil od
imatinibu se do bunék dostava difuzi a mize byt proto s vyhodou podan v piipadé
mnohocetné 1ékové rezistence.

Dasatinib (BMS-354825, Sprycel) je schopen vazat jak aktivni, tak i neaktivni formu
kinazy BCR-ABL a inhibuje i kinazy Src rodiny (Tokarski et al. 2004). Ve srovnani
s imatinibem je 300x 0¢inngjsi. Dasatinib je G¢inny i proti mutantnim formam BCR-ABL
kinazy s vyjimkou vysoce rezistentni formy s mutaci T315l (Carter et al. 2005). Vysledky
prvni faze klinickych testi ukazaly, Ze dasatinib navozuje hematologickou nebo az
cytogenetickou remisi u pacientii, kteti netolerovali imatinib, nebo k nému byli rezistentni
(Talpaz et al. 2006). Dasatinib je cilen na Casngjs$i progenitory nez imatinib, nicméné
nejprimitivngj§i CML bunky v klidovém stavu (GO fazi) jsou rezistentni i k dasatinibu
(Copland et al. 2006).

Ve fazi klinickych studii je v Soucasné dobé cela fada dalSich cilenych 1éka.
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1.1.1.3.3 Kurativni medikamentézni 1é¢ba CML?

Nedoiesenou otazkou soucasné 1écby a diivodem, pro¢ 1é¢ba kindzovymi inhibitory neni
kurativni a vyzaduje dozivotni uzivani, je fakt, ze tato 1écba neni ucinna proti leukemickym
kmenovym buitkam, zejména leukemickym kmenovym bunkédm v GO fazi. Jednim z dtvoda
je patrné nedavno prokazand nezavislost preziti kmenovych CML buné¢k na kindzové aktivité
BCR-ABL (Hamilton et al., 2012). Pokud bylo testovano vysazeni 1é€by imatinibem v dobé
kompletni cytogenetické remise, dochazelo u pacientu k relapsim (napt. Yhim a spol., 2012).
Ukaézalo se ale, ze vyskyt relapst je nizsi u pacientt, ktefi byli ptedléceni IFN. Nedavno byla
publikovana prace, ktera tento jev mize vysvétlit — podani IFN aktivuje leukemické kmenové
bunky v GO fazi ke vstupu do bunécného cyklu (Essers a spol., 2010). Tyto bunky, o nichz se
vEti, Ze jsou pfi¢inou relapsi po vysazeni imatinibu, se tak stdvaji citlivymi na naslednou
imatinibovou 1écbu.

Dale se testuji také nékteré dalsi pristupy pro eradikaci leukemickych kmenovych bungk.
Prikladem je pouziti inhibitoru GSK3 beta (glykogen synthase kinase 3 beta) v kombinaci
s imatinibem (Reddiconto et al., 2012) nebo inhibice autofagie soucasné s TKI (Calabretta et
al., 2012).

1.1.1.3.4 Rezistence k 1é¢bé

ProtoZe je dnes vétSina pacientil 1é€ena imatinibem, je pozornost nejvice zaméfena na
mechanizmy rezistence pravé k imatinibu. Lze rozlisit primarni rezistenci, ktera se projevi
neptitomnosti uc¢inku 1écby jiz od jejiho zahajeni, nebo tzv. sekundarni rezistenci, ktera se
projevi ztratou efektivity 1é¢by po pocatecni odpoveédi (Hochhaus 2004). Podle mechanismu
mizeme rozlisit rezistenci na BCR-ABL zavislou a nezavislou. V praxi rozliSeni umoznuje
sledovani fosforylace substrati BCR-ABL jako napt. CRKL (Hochhaus et al. 2002).

Donedavna se predpokladalo, Ze hlavnim mechanizmem rezistence zavislé na BCR-ABL
jsou mutace v genu bcr-abl (Brandford et al. 2002). Pro vznik rezistence mély byt vyznamné
pfedevSim mutace v mistech dulezitych pro vazbu imatinibu, tj. pfedevSim v kinazové
doméné BCR-ABL, mutace v P smycce, tj. v sekvenci, ktera se pfimo ucastni vazby ATP,
mohou souviset shor$i prognoézou pacientd (Brandford et al. 2003). V nepfitomnosti
imatinibu ale vé€tSina mutaci nepfinasi buiikam Zzadnou rtstovou vyhodu (Miething et al.
2006) a pritomnost mutované alely ne vzdy znamena klinickou rezistenci k imatinibu

(Khorashad et al. 2006). Dalsim moznym mechanizmem rezistence zavislé na BCR-ABL je
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overexprese BCR-ABL, kniz mutze dochazet v disledku duplikace Ph chromozomu
(Oshikawa a spol., 2010) nebo genomické amplifikace ber-abl (Virgili a spol., 2010).

Imatinib je do bunck transportovan aktivné prostiednictvim hOCT1 proteinu (human
organic cation transporter). SniZzena exprese nebo aktivita tohoto proteinu by tak mohla byt
jednou z pfi¢in rezistence k imatinibu, at’ uz primarni nebo sekundarni (Thomas et al. 2004).
Existuje také mechanizmus mnohocetné 1ékové rezistence, kdy P-glykoprotein, produkt mdrl
genu, zajist'uje aktivni vylucovani imatinibu z bunky (Mahon et al. 2003).

Mechanizmu rezistence nezavislé na BCR-ABL je patrné cela fada. Piredpoklada se, ze
trvald aktivace (exprese) nékterych molekul navozovana BCR-ABL se mtlize postupem Casu
stat trvalou a na tomto ptvodnim stimulu nezavislou. Jako mozna piic¢ina progrese a/nebo
rezistence Kk 1é¢bé byla identifikovana konstitutivné aktivni NfkB (Donato et al. 2003),
nadmérna aktivace Src Kindz, napi. kinazy LYN spojena s overexpresi antiapoptotického
proteinu BCL-2 (Donato et al. 2004, Dai et al. 2004), snizena exprese fosfatazy SHP-1
(Esposito et al., 2012), konstitutivni aktivace PI3K drahy prostfednictvim mutace v PI3Kalfa
(Quentmeier et al., 2012), aktivace Raf kinazy nezavisla na BCR-ABL i Ras (Hentschel et al.,
2012), indukce cyklooxygenazy 2 (COX-2) (Kalle et al., 2012), aktivace ERK1/2 (Nambu et
al., 2012). V nekterych ptipadech mize byt rezistence disledkem vyvoje nemoci, béhem
kterého se mohou objevit nové pocetni nebo strukturalni cytogenetické aberace, které vedou k

proliferaci leukemickych bunék nezavisle na BCR-ABL.

1.1.1.3.5 Odpovédi na 1é¢bu a moznosti jejich predikce

Odpovéd na 1écbu je hodnocena na tGrovni klinické (celkovy stav pacienta, stav sleziny,
jater apod.), hematologické (krevni obraz a charakteristika jednotlivych krevnich elementi),
cytogenetické a molekularné genetické. Cytogenetické metody vyuZivaji konvenéni techniky,
tzv. G-pruhovani (barveni chromozomu podle Giemse) nebo metod FISH (fluroscence in situ
hybridization). Citlivost téchto metod je zhruba 1 az 5%. Molekularné genetické metody se
zamé&fuji na sledovani transkriptu BCR-ABL kvantitativni reverzné transkriptazovou PCR (Q-
RT-PCR), v pfipadé dosazeni BCR-ABL negativity kvalitativni dvoustupnovou RT-PCR.
Citlivost téchto metod (0,001 az 0,0001%) umozni zjistit jednu leukemickou buiitku mezi 10°
az 10% normalnimi leukocyty. NarGist mnozstvi transkriptu BCR-ABL signalizuje $patnou
odpovéd’ na 1é¢bu, pokles a nizka hladina BCR-ABL naopak dobrou odpovéd’ na 1é¢bu a
dobrou prognoézu. V indikovanych piipadech jsou vySetfovany mutace v kindzové doméné

BCR-ABL.
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Na zaklad¢ vysledkii klinickych, cytogenetickych a molekularné genetického vySetieni
byly stanoveny jednotlivé odpovédi na 1écbu imatinibem (Tab. 1- Baccarani a spol., 2009). U
ztraty odpovédi na 1éEbu - relapsu onemocnéni - rozliSujeme relaps hematologicky,
cytogeneticky a molekularni. Hematologicky relaps znamena zhorsSeni krevniho obrazu
nad normalni hodnoty, nebo obecné nardst hodnot. O cytogenetickém relapsu mluvime,
pokud je detekovan Ph chromozém po dosazeni CCgR, nebo obecné dochazi-li k naristu
procentualniho poctu Ph+ metafazi. Molekularni relaps je definovan jako alespon

desetinasobny narust hladiny transkriptu BCR-ABL pii CCgR.

velka molekuldrni (MMR) < 0,1% BCR-ABL (mezindrodni stupnice)
kompletni cytogeneticka (CCgR) 0% Ph+
CasteCna cytogeneticka (pCgR)  1-34% Ph+
mala cytogeneticka (mCgR) 35-94% Ph+

leukocyty <10*10°/L, trombocyty <450*10°/L, nepfitonost
kompletni hematologickd (CHR) nezralych bunék v periferni krvi, nepfitomnost splenomegalie
hematologicka (HR) jakékoliv zlepseni krevniho obrazu

Tabulka 1. Definice odpovédi na 1é¢bu (Baccarani a spol., 2009).

Na zaklad¢ statistického hodnoceni vysledkll 1é€by imatinibem od jeho zavedeni do praxe
byly postupné stanoveny ,,dynamické odpovédi na 1écbu®. Jde o stanoveni prognozy pacientil
na zékladé¢ odpovédi dosazenych ve stanovenych casovych bodech. Podle Evropské
Leukemické Sit€¢ (ELN) lze rozliSit odpovéd optimalni, suboptimalni a selhani 1écby
(Baccarani a spol., 2009; Tab. 2). Podle doporu¢eni ELN jsou pacienti v tzv. selhani 1é¢by
indikovani ke zmén¢ 1é€by, i1 kdyZ nerelabuji (kompletni hematologicka odpovéd’). Pacienti,

ktefi odpovidaji suboptimalné, jsou do selhani 1écby pretazeni, pokud nedojde ke zlepSeni.
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Meésice od nasazeni imatinibu Odpovéd

optimalni suboptimalni selhani |éCby
3 CHR <CR Bez CHR
6 >pCgR mCgR zadna CgR
12 CCgR pCgR <pCgR
18 MMR <MMR <CCgR
kdykoliv stabilni CCgR a MMR ztrata MMR ztrdta HR
mutace ztrata CgR
pridatné aberace mutace

Tabulka 2. Dynamické odpovédi na 1é¢bu imatinibem. (Baccarani a spol., 2009)

1.1.2 Akutni myeloidni leukémie (AML)
1.1.2.1 Klinicka charakteristika a ¢asovy pribéh, epidemiologie AML

Akutni myeloidni leukémie dospélych (AML) je klondlni maligni onemocnéni
charakterizované akumulaci leukemickych blasti. AML je velmi heterogenni onemocnéni
S fadou subtypd.

Primérné incidence vyskytu AML v celé populaci je 3,4 pfipadu na 100 000 obyvatel
(1,2/100 000 v populaci mladsi 30 let, 13,2/100 000 u lidi do 65 let a vice nez 20/100 000
obyvatel v populaci star$i nez 80 let). AML je pfevazné onemocnéni starSich lidi, median
veku pii stanoveni diagnézy AML je témét 70 let.

AML nemé zadné specifické projevy (Unava, horecky, no¢ni poceni, bolesti kloubil aj.).
Nedostatek ¢ervenych krvinek se projevuje chudokrevnosti a anemickym syndromem.
Nedostatek funk¢nich bilych krvinek znamena snizenou imunitu. Nedostatek krevnich
desti¢ek se projevi zvySenou krvacivosti (tvorba modfin, krvaceni z nosu, nalez krve ve
stolici, nalez krve v mo¢i apod.).

Akutni myeloidni leukémie postupuje pomérné rychle a nemocného bez 1é¢by usmrti do

nékolika tydni az mésict (Adam a spol., 2001).

1.1.2.2 Biologie a klasifikace AML

AML je v porovnani s CML jesté o poznani vice heterogenni onemocnéni. Neexistuje

jednotnd pficina. Je znamo mnozstvi aberaci, které maji dle statistickych hodnoceni vliv na
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prognozu pacientd a jsou tak vyuzity v Klasifikaci jednotlivych subtypi AML (Grimwade a
spol., 2009).

V praxi se paralelné pouzivaji dva klasifikacni systémy. Prvni ptedstavuje konsenzus
francouzskych, americkych a britskych odbornikti z roku 1976 (FAB, Bennett a spol., 1976;
Tab. 3) a je zalozen na morfologickém a cytochemickém hodnoceni blasti. WHO Kklasifikace
zohlednuje kromé morfologie i klinicka a imunofenotypizacni kritéria a soucasné i nejnovejsi
poznatky na poli genetiky (Vardiman a spol., 2002). Je zna¢né nepiehledna, ale odrazi
rozdilnou leukemogenezi jednotlivych typtt AML, coz se odrazi i v odlisném terapeutickém
ptistupu i prognoze (Tab. 4).

Na zéklad¢ vysledkid standardni karyotypizace leukemickych bunék lze nemocné zaradit
do 3 prognostickych skupin: s pfiznivou, stiedni ¢i §patnou prognézou, riziko je vztazeno k
poctu komplexnich remisi (complete remission - CR) a k celkovému pteziti (overall survival -
OS) (Tab. 5, Slovak a spol., 2000; Byrd a spol., 2002). Intermediarni progndza zahrnuje rizné
karyotypy vcetn¢ normalniho — CN-AML (cytogenetically normal AML). V tomto piipad¢ je
pozornost soustfedéna na mutacni status nékterych gend. Znamé ziskané somatické mutace,
které jsou klinicky relevantni, muzeme rozdélit do tifi skupin: 1) mutace v npml
(nukleofosmin), flt3 (FMS-like tyrosinové kinaze 3), cebpa (CCAAT/enhancer vazebny
protein alfa), které jsou dnes doporucovany k testovani v dobé diagndzy; 2) mutace v genech
idh (izocitrat dehydrogenazy), asxl1, ezh2, dnmt3alfa (DNA metyltransferaza 3 alfa), které
pravdépodobné ovliviiuji biologii AML prostiednictvim vlivu na epigenom, 3) ras, nfl -

skupina genti, které mohou indikovat efektivitu 1écby.

»French-American-British* (FAB) klasifikace

MO: minimalné diferencované leukémie

M1: myeloblastickad leukémie bez vyzravani

M2: myeloblastcka leukémie s vyzravanim

M3: hypergranularni promyelocytarni leukémie

M4: myelomonocytarni leukémie

M4Eo: varianta: nartst abnormanich direfiovych eosinofilt
M5: monocytarni leukémie

M6: erythroleukémie (DiGuglielmova nemoc)

M7: megakaryoblasticka leukémie

Tabulka 3. Francouzko-americko.britska klasifikace AML (Bennett a spol., 1976)
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World Health Organization (WHO) Klasifikace

I. AML s recurrentnimi genetickymi abnormalitami
e  AML s t(8;21)(q22;q22);RUNX1/RUNX1T1

e  AML s abmormalni eosinofilii v kostni dfeni [inv(16)(p13g22) or
t(16;16)(p13;q22);CBFB/MYH11]

e  Akutni promyelocytarni leukémie [AML with t(15;17)(q22;q12) (PML/RARa) and variants]®

° AMLs 11923 (MLL) abnormalitami

II. AML s multilineage dysplazii

° nasledujici myelodysplasticky syndrom, myelodysplasticky syndrom, myeloproliferativni
onemocnéni

e  bez predchoziho myelodysplastického syndromu

III. AML a myelodysplastické syndromy, ve vztahu k Ié&cbé

e Alkylacnimi latkami
° Inhibitory topoisomerase II
e jiné
IV. AML jinak nespecifikovana
e  AML minimalné diferencovana
e  AML bez vyzravani
e  AML s vyzravanim

e  akutni myelomonocytarni leukémie

e  akutni monoblasticka a monocytarni leukémie
e akutni erythroidni leukémie

e  akutni megakaryoblasticka leukamie

e  akutni basofilova leukémie

e  akutni panmyeldza s myelofibrézou

myeloidni sarcom

Tabulka 4. WHO klasifikace AML (Vardiman a spol., 2002)
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Rizikové skupiny abnormality 5Sti leté preziti vyskyt relapsu

dobra prognéza t(8;21), t(15;17), inv(16) 70% 33%

normalni, +8, +21, +22,
del(7q), del(9q), abnormalni

. I . o o

intermediatni progno6za 1123, vechny jiné strukturni 48% 50%
nebo pocetni zmény

$patna progndza -5, -7, del(5q), abnormalni 3q, 15% 78%

komplexni cytogenetické zmény

Tabulka 5. Klasifikace AML do prognostickych skupin podle karyotypu (Slovak a spol.,
2000; Byrd a spol., 2002)

1.1.2.3 Lécba AML

Lécba AML muze byt s kurativnim cilem, paliativni nebo pouze suportivni (korekce
anémie, trombocytopenie atd.). Pfi kurativnim pfistupu se terapie AML zahajuje induk¢ni
1é¢bou, jejimz cilem je navodit kompletni remisi (CR). Je-li ji dosazeno, nasleduji terapie
postremisni - konsolida¢ni (majici konsolidovat CR), nebo udrzovaci (maintenance) terapie.

Nedojde-li k navozeni CR, podava se zachranna (tzv. salvage) terapie.

1.1.2.4 Monitorovani pacientia s AML

Stanoveni genetickych markert AML je vyznamné v dob& diagndzy pro stanoveni
progndzy a rozhodnuti o 1é€b€. Nasledn€ béhem chemoterapie a po transplantaci kmenovych
bunék se potom monitorovanim téchto markerti sleduje vyskyt minimalni rezidualni choroby
a relapsu. Podle typu AML je na molekularni arovni monitorovana hladina fuznich
transkriptli, poCetni nebo komplexni alterace jsou vySetfovany pomoci interfazni FISH.
V piipad¢ vSech AML subtypil je pro monitorovani minimalni rezidualni choroby vyznamny
predev§im gen Wilmsova tumoru (wtl). Celkovéa exprese mRNA wtl ma patrné pro vétSinu
pacienti S AML v pribéhu 1é¢by vysoky prognosticky vyznam (Andersson a spol., 2012;
Polak a spol., 2012), i kdyz toto pozorovani ne vSechny studie potvrzuji (Yanada a spol.,
2004).
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1.2 Gen a protein Wilmsova tumoru (WT1)

1.2.1 Struktura genu WT1 a regulace jeho exprese

Gen Wilmsova tumoru 1 (wtl) lezi na 11. lidském chromozému v oblasti 11p3 a sestava
z deseti exonu (Call a spol., 1990). Alternativni udalosti, které davaji vznik velkému mnozstvi
transkripti a proteinovych produktdt WT1 jsou schématicky znazornény na obr. 1. Sekvence
genu WT1 zahrnuje dvé alternativné sestfihovana mista — exon 5 a sekvenci KTS (lysin,
treonin, serin). Varianty, které vznikaji kombinaci téchto dvou sestfihovych mist jsou
Vv literatuie oznaCovany jako Ctyfi hlavni sestfihové varianty wtl (Haber a spol., 1991).
Alternativni prvni exon Ela dava vzniknout zkracené variant¢ mRNA (swtl, Dallosso a spol.,
2004, Hossain a spol., 2006). Tyto udalosti se mohou dale kombinovat s editaci RNA
(zaména na konci exonu 6, Sharma a spol., 1994) a alternativnimi promotory (Bruening a
spol.,1996; Scharnhorst a spol.,1999). Exprese dalsi izoformy zaéinajici na konci patého
intronu byla zatim popsana pouze U rakoviny prostaty, prsu a leukemickych bun¢k
(Dechsukhum a spol., 2000).

WTL1 je vyznamny pro vyvoj urogenitalniho traktu a pfechod mesotelia v epitel.
V dospélosti je exprese WTI1 omezena na tkan¢ urogenitdlniho systému, mozku a
hematopoetickou tkan (shrnuto v Yang a spol., 2007). Na regulaci exprese se podili patrné
vice transkripénich faktor specifickych pro konkrétni tkané. V hematopoetickych tkanich
byla potvrzena regulace prostiednictvim GATA-1 a MYB (Wu a spol., 1995, Zhang a spol.,
1997). V posledni dob¢ se v regulaci exprese WT1 ukazuje také role microRNA (miRNA),
kratkych nekodujicich RNA, které negativné reguluji expresi cilovych mRNA inhibici
translace nebo piimo S$tépenim cilovych mRNA (Alemdehy a spol., 2012). U akutni
myeloidni leukémie byla nedavno popsana regulacni aktivita miR-132 a miR-212 ve vztahu
kK WT1 (Luesink a spol., 2009). Gao a spol. ukazali vyznam miR-15a a miR-16-1 v regulaci
exprese WT1 (Gao a spol., 2011). O regulaci exprese jednotlivych izoforem je toho znamo jen
velmi malo. Sestiih sekvence KTS je patrné€ regulovan (mimo jiné) intronickym enhancerem

(Yang a spol., 2008).

1.2.2 Struktura a funkce proteinu WT1, role jednotlivych izoforem

Struktura vybranych izoforem proteinu WT1 je znazornéna na obr. 1. S vySe uvedenymi
zménami na urovni transkripce se dale kombinuji tfi alternativni zacéatky translace. Hlavni

AUG dava vznik proteinim o velikosti 52 (-5/-KTS) az 54 kDa (+5/+KTS) (Morris a spol,.
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1991). Tomuto hlavnimu mistu ptedchazi CUG, ze kterého vznikaji proteiny o velikosti 60 az
62 kDa (Bruening a spol., 1996). Naopak za hlavnim sestfihovym mistem ve sméru translace
je AUG, které dava vznik proteintim o velikosti 36 az 38 kDa (Scharnhorst a spol., 1999).
Dohromady davaji vSechny uvedené alternativni udalosti vznik 36 izoformam WT1 proteinu.
Pitomnost ¢ty zinkovych prstl typu Cys2His2 (DNA vazebna doména) na C-konci proteinu
(exony 7 az 10) umoziuje WT1 vazbu na DNA a tedy funkci transkripéniho regulatoru
(Nurmemmedov a spol., 2006, Haber a spol., 1991). Diky piitomnosti transkripéné represni i
aktivacni domény mtize WT1 ovliviiovat expresi cilovych genii pozitivné 1 negativné.
U sWTI dochézi ke ztraté transkripcné represni domény a v disledku toho k aktivaci gent,
které jsou WT1 plné délky reprimovany (Hossain a spol., 2006). Geny, jejichz expresi WT1
reguluje, lze zafadit mezi regulatory bunééného cyklu (p21, cyklin D), regulatory apoptdzy
(Bcl-2) nebo regulatory proliferace (Myb) (shrnuto v Yang a spol., 2007).

Ctyfi hlavni izoformy WT1 se li§i svymi vlastnostmi a funkci v buiice. Sekvence KTS
ovlivituje vzajemné postaveni zinkovych prsti (Laity a spol., 2000) — izoformy obsahujici
sekvenci KTS maji odlisny konsenzualni vazebny motiv na DNA (Hewitt a spol., 1996),
preferuji vazbu RNA (Nurmemmedov a spol., 2006, Nurmemmedov a spol., 2009), vykazuji
zrité rozlozeni Vbunééném jadfe (Larsson a spol., 1995), asociuji s nékterymi
komponentami sestfihového aparatu bunky a uvazuje se tak o jejich roli v sestiihu (Davies a
spol., 1998, Englert a spol., 1995). lzoformy + i —KTS piechazi mezi cytoplazmou a
bunéénym jadrem, asociuji s ribonukleoproteinovymi ¢asticemi a aktivnimi polyzémy (Niksic
a spol., 2004). Exon 5 koduje protein-protein interakéni doménu a sekvence jim kodovana je
tedy vyznamna pro interakci s dal$imi proteiny (Campbell a spol., 1994).

Pasobeni WT1 dale ovliviiuji také dva typy posttranslaénich modifikaci — fosforylace
(Ser365, Ser393, Sakamoto a spol., 1997) a sumoylace na lysinech 17 a 173 (Smolen a spol.,
2004). O konkrétnim vyznamu téchto modifikaci neni zatim mnoho znamo. Sumo-1 je mala
molekula pfibuzna ubikvitinu, na rozdil od n& vSak naopak stabilizuje cilovy protein.
Sumoylace neovliviiuje bunéénou lokalizaci WT1 (Smolen a spol., 2004). Sakamoto a spol.,
1997 ukazali, Ze fosforylace muze hrat roli v modulaci transkripén€ regulacni aktivity
proteinu  WT1 interferenci sjadernou translokaci a zarovenl inhibici vazby k DNA.
Fosforylaci dochazelo také k inhibici vazby na RNA. Fosforylaci mize zprosttedkovat napf.

CAMP dependentni protein kinadza A.
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Obr. 1. Struktura genovych a proteinovych produktd WT1
(upraveno podle Yang a spol., 2007)

1.2.3 Vyznam WT1 v hematopoéze

Role WT1 v hematopoéze neni zatim zcela znama. Studie naznacuji dil¢i role: Exprese
WTTI je patrné omezena predevSim na primitivni CD34+ populaci bunék kostni diené, miize
byt ale detekovana i ve zralych krevnich bunkach. Bylo ukazano, ze WT1 v progenitorovych
krevnich bunkéch hraje roli v jejich sebeobnovovacim potencialu, ptilisné zvysSeni exprese ale
vede k ptechodu bunék do GO faze a podporuje myelo-monocytarni diferenciaci (Svedberg a
spol., 2001, Smith a spol., 1998, Loeb a spol., 2003). Jiné prace naopak uzaviraji, ze zvySena
exprese WT1 zastavuje diferenciaci (Svedberg H a spol., 1998, Gu a spol., 2005). WT1 je

patrné dileZitou komponentou regulace proliferace T lymfocytd zavislé na oxidu dusnatém
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(Marcet-Pacios M et al., 2007). Je patrné, Ze rozporuplné vysledky jsou zptisobeny piedevsim

nedostate¢nou komplexitou studii, kterou si zna¢né mnozstvi izoforem WT1 zada.

1.2.4 Vyznam WT1 v onkologii a hematoonkologii

WT1 byl poprvé izolovan jako gen zodpovédny za détskou nefrologickou malignitu,
Wilmstv tumor (Haber a spol., 1990). V tomto piipadé¢ je WTI inaktivovan mutaci a
predpokladala se tak funkce tumor supresoru. Ukazalo se ale, ze u fady malignit se WTI
chova naopak jako onkogen. WT1 je nadmérné¢ exprimovan u fady pevnych nadortu (Oji a
spol., 2002; Loeb a spol., 2001,Viel a spol., 1994; Rodech a spol., 1994; Campbell a spol.,
1998; Amin a spol., 1995; Amini a spol., 2005; QOji a spol., 2004) a také u vétsiny leukémii
(Miwa a spol., 1992). Vice nez 20 let vyzkumu WT1 zatim nevysvétlilo mechanizmy, jakymi
funguje, pravdépodobné diky velkému mnozstvi genovych produkti a modifikaci WT1
vyzadujicich pfti jeho studiu velmi komplexni ptistup.

V piipadé leukémii existuje fada dikazi pro onkogenni pisobeni WTI. Pokusy na
bunécnych liniich ukéazaly, ze WT1 je vyznamny pro piezivani leukemickych bunck
(Yamagami T a spol., 1996, Ito K a spol., 2006). Zvysena everexprese WT1 byla potvrzena
na my$im modelu jako druhy zasah v pfipadé AML s fuzi aml1/eto (Nishida a spol., 2005).

Mutace wtl jsou detekovany u velmi nizkého procenta pacienti s AML. Mutace jsou
heterozygotni, obvykle se jedna o drobné inzerce, bodové mutace v oblasti zinkovych prsti,
nebo zkraceni proteinu. Vztah mezi pfitomnosti mutované formy WTI1 a hor§i prognozou
pacientli s AML nebyl jednozna¢né prokazan (Wang a spol., 2011).

V posledni dobé¢ se jiz objevuji také prace, které ukazuji na odlisny vyznam jednotlivych
izoforem. Overexprese variant wtl obsahujicich exon 5 chrani K562 bunky pied bunéénou
smrti navozenou chemoterapeutiky (Ito K et al., Oncogene, 2006). Renshaw a spol. ukazali,
ze v disledku 1écby cytotoxickymi latkami mtize dochazet k naruSeni sestiihu exonu 5
(Renshaw a spol., 2004). Umlceni exprese izoforem obsahujicich exon 5 na rozdil od uml¢eni
celkové exprese Wtl vede ke zvySeni citlivosti bun¢k k apoptéze navozené cytostatiky.
Graidist a spol. ukazali, ze izoformy +5+KTS a +5/-KTS mohou fungovat jako
antiapoptotické proteiny v bunkach rakoviny prsu (Graidista a spol., 2010).

Piestoze mechanizmus fungovani WT1 v leukemickych bufikach ani zdravé hematopoéze
neni zatim vysvétlen, pro lécbu myeloidnich leukémii jsou testovany vakcinace WTI

peptidem (Sugyiama et al., 2012; Oka a spol., 2010).
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Piedevs§im u dospélych AML pacientli a pfipadné také u myelodysplastického syndromu
(MDS) se pouziva celkova exprese Wtl na trovni mRNA jako marker pro monitorovani
minimalni rezidualni choroby (Andersson a spol., 2012; Polak a spol., 2013; Polak a spol.,
2012; Gray a spol., 2012; Yamauchi a spol., 2012). Je vSak i n¢€kolik praci, které takovy
vyznam pro WT1 nepotvrzuji (Yanada a spol., 2004; Miglino a spol., 2011).

V ptipad¢ CML pravdépodobné diky existenci vysoce specifického markeru ber-abl je
praci, které se vénuji wtl jako markeru podstatné méné. Prvni nadéjné vysledky ukazujici na
vyznam exprese wtl pro pacienty s CML ukazalo n¢kolik malo praci (Kreutzer a spol., 2001,
Cilloni a spol., 2003; Varma a spol., 2011). Zatimco prace Kreutzera a spol. byla soustfedéna
na pacienty po transplantaci kostni dfen€, prace Cilloni a spol. a Varma a spol. naznacily

vyzanm exprese wtl také pro pacienty 1écené imaitnibem.
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2. Cile

Cilem prace bylo piispét k efektivnéjsimu monitorovani pacienti s CML, a ¢aste¢né také
AML cestou detailniho studia exprese wtl, které umozni jeho efektivnéjsi a Sirsi vyuziti jako

prognostického markeru a ptipadné také jako terapeutického cile.

Konkrétni cile prdace byly ndsledujici:

1. Ovétit moznost vyuziti celkové exprese wtl na urovni mRNA jako markeru pro predikci
dalsiho vyvoje onemocnéni pro pacienty s CML

2. Vyvinout piistupy pro sledovani exprese sestiihovych variant wtl na trovni mRNA

3. Vyvinutymi metodami stanovit expresni profil variant wtl v dob¢ diagnozy pacientli
s CML a AML a zjistit, zda profil koreluje s progndzou pacientt (retrospektivni studie)

4. Zjistit Kinetiku exprese variant wtl v prubéhu 1é¢by, ukazat zda kinetika exprese
jednotlivych variant mize mit vyznam pro v€asnou predikei relapsu pacientli

5. Sledovat zmény v expresi wtl in vitro po kultivaci pacientskych leukocytd s pouzivanymi
1é¢ivy a ovétit moznost stanoveni ucinnosti 1€¢iv pomoci meteni poklesu exprese mRNA

witl.
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3. Vycet pouzitych metod

Izolace celkovych leukocytii pacientll (osmoticka lyze erytrocyti)
Ptiprava celkovych lyzati pro extrakci RNA, pfiprava proteinovych lyzata

Izolace celkové RNA, miRNA, plazmidovych DNA (kysela fenol-chloroformova extrakce,
komer¢ni kity)

Reverzné transkriptazova PCR v realném ¢ase (navrhy primert a sond, in silico analyzy, in
vitro optimalizace reakci, PCR s interkala¢nimi barvivy, PCR se sondami typu TagMan)

Piimé sekvenovani

Elektroforéza nukleovych kyselin

PCR klonovani (TOPO-TA clonning Kit)

SDS elektroforéza (Laemmliho protokol, protokol Schager-Jagow, komeréni systémy)
Western Blot (,,polosuchy*, ,,mokry* blot)

Vyhodnocovani metody microarray

Kultivace buné¢nych linii a primarnich leukocytl pacientt s kinazovymi inhibitory

,Lab-on-chip* pfistupy pro detekci apoptdzy (znaceni anexinem V, sledovani miry degradace
RNA)

Mg¢teni zivotaschopnosti bun¢k (barveni trypanovou modii, AlamarBlue assay)
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4. Vysledky — komentar k publikacim

4.1 Exprese mMRNA wtl v celkovych leukocytech pacientii s myeloidnimi leukémiemi
Prvni ¢ast prace byla zaméfena na expresi Wtl na irovni mRNA jako marker myeloidnich
leukémii. Exprese WT1 byla vySetiovana v celkovych leukocytech periferni krve pacientt
s CML (celkova exprese wWtl, exprese Sestiihovych variant wtl) a AML (exprese Sestiihovych
variant wtl). Abychom zjistili, jaky vyznam muize monitorovani exprese Wtl pro pacienty
mit, porovnavali jsme vysledky s prognostickymi ukazateli pouzivanymi v rutinni klinické

praxi.

4.1.1 Celkova exprese mRNA wtl u pacienti s CML
Publikace ¢ 7: Wtl: a helpful additional marker to BCR-ABL for patients with chronic

myeloid leukemia. Tereza Lopotovd, Sylvie Nadvornikova, Markéta Zackova, Hana

Klamova, Jana Moravcova; odeslano k recenzi

Piestoze CML ma svuj hlavni a nezastupitelny molekularni marker bcr-abl, existuji
pacienti, u nichz bcr-abl prognosticky vyznam postrada. Podle soucasnych kritérii ELN pro
odpovédi na 1écbu imatinibem plati ze, nedojde-1i u suboptimalniho odpovidace ke zlepSeni
odpovédi, prechazi odpoveéd’ v selhani 1é¢by. V takovém ptipadé je doporucena zména 1é¢by,
i kdyz pacient zustava v kompletni hematologické odpovédi. Dle literatury (Mauro a spol.,
2009, Rohon a spol., 2011) i naSich vlastnich zkuSenosti pfedev§im z pre-dasatinib a pre-
nilotinib éry je vSak zndmo, Ze ne vSichni pacienti shor§i nez optimalni odpovédi
hematologicky relabuji. Skupina suboptimalni odpovédi, resp. Selhani 1é¢by zahrnuje zaroven
pacienty, ktefi dosdhnou odpovédi pozdéji (,,pomali odpovidaci“) a pacienty s dosud
neznamymi obrannymi mechanizmy proti CML, ktefi ptezivaji dlouhodobé v kompletni
hematologické odpovédi navzdory vysokym hladinam bcr-abl. Hladina transkriptu bcr-abl
zustava obvykle u suboptimalnich odpovédi a selhani 1éCby stabilni a neumoznuje odhadnout
spolehlivé blizici se hematologicky relaps. Na zakladé literatury a naSich vlastnich
predbéznych dat (T. Lopotova, diplomova prace) jsme jako vhodny kandidatni pomocny
marker pro upiesnéni progndzy téchto pacientl zvazovali praveé gen wtl.

V ramci soucasné studie byl soubor pacientl rozsifen na 32 a studie zaméfena pfitom
pravé na suboptimalni odpovidace a pacienty, ktefi vykazuji selhani 1é¢by. Zjistili jsme, Ze

celkova exprese mRNA wtl je u 60% pacientt schopna predikovat bliZici se hematologicky
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relaps o 2,5 meésice dfive v porovnani s bcr-abl. U vétSiny pacientd (témét 70%) je nartst
exprese wtl navic vyrazngjsi a tedy jasnéji interpretovatelny v porovnani s bcr-abl. Provedené
analyzy dale ukazaly, ze vedle kinetiky exprese ma pro pacienty vyznam 1 konkrétni hladina.
Statistické analyzy naznacily vyznam hladin wtl v 6. a 12. mésici od zahdjeni 1éCby
imatinibem. Svou hladinou wtl predikuje riziko hematologického relapsu pro dalSich 35
meésicu 1écby. ROC (reciever operating characteristic) kiivkou stanovené kritické hladiny se
navic na zakladé zpétného hodnoceni priabéhu exprese Wtl u jednotlivych pacienti v prabéhu
1éCby zdaji mit vyznam i déle nez 35 mésicii od zahéjeni 1écby. Relabujici pacienty ptitom od
nerelabujicich nebylo mozné odlisit na zaklad¢ hladin ber-abl. Hladina transkritpu wtl
predikovala relaps stejné spolehlivé u pacientd, jimz byla detekovana mutace v kinazové
doméné BCR-ABL, jako u pacientli s divokym typem BCR-ABL.

Uzavieli jsme, ze kinetika exprese i konkrétni hladina wtl jsou velmi vhodnym markerem
dopliujicim bcr-abl v monitorovani pacienti s CML, pfedevsim téch, ktefi neodpovidaji na
imatinib optimalné. Nase vysledky podporuji vyznam hladiny mRNA wt1 jako markeru, ktery
praveé pro svou obecnou povahu (overexprese napii¢ riznymi typy leukémii) odrazi patrné
aktivitu bunék pacienti obecné - nejen aktivitu puvodniho leukemického klonu, ale i

ptipadnych kloni rezistentnich, jejichz zavislost na BCR-ABL mitize byt snizena.

4.1.2. Exprese sestfihovych variant wtl v myeloidnich leukémiich

V prvni praci jsme ukazali vysoky prognosticky vyznam celkové exprese Wil pro pacienty
s CML. Odpurci vyuziti wtl v praxi poukazuji na mozny problém s pfipadnou interpretaci
vysetieni s ohledem na nenulovou hladinu v periferni krvi s moznymi drobnymi vykyvy i u
zdravych darci. Hladina mRNA wtl je marker pan-leukemicky, kterému byva vy¢itana nizka
specifita. Nase vysledky ukazaly, ze celkova hladina mRNA wtl je u zdravych darct natolik
nizka, ze patrné¢ nebude dosahovat hodnot, jaké nachdzime u pacientii, kteti se blizi relapsu.
Piesto jsme se chtéli pokusit dale zvysit specifitu tohoto markeru. Bylo ukazano, Ze exprese
nékterych konkrétnich izoforem, ale nikoliv celkové exprese wtl, mize chranit bunky pred
apoptozou, navozenou cytotoxickymi latkami (Renshaw a spol., 2004). Muzeme tedy
predpokladat, Ze exprese nékteré konkrétni varianty nebo jejich vzajemny pomér mohou
predstavovat specifi¢téjsi markery rozvijejici se rezistence (relapsu) v porovnani s celkovou

hladinou wtl.
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4.1.2.1 Exprese mRNA &tyr hlavnich sestfihovych variant wtl v myeloidnich leukémiich

Publikace ¢. 2: Expression of four major WT1 splicing variants in acute and chronic myeloid

leukemia patients analyzed by newly developed four real-time RT PCRs. Tereza Lopotova,
Jaroslav Poldk, Jifi Schwarz, Hana Klamov4 and Jana Moravcova, Blood Cells Mol Dis
49(1):41-7 (2012), IF 2,351

Exprese Ctyt hlavnich sestfihovych variant vznikajicich kombinaci sestiihu exonu 5 a KTS
sekvence (+5/+KTS, +5/-KTS, -5/+KTS, -5/-KTS) byla dosud stanovovana pouze semi-
kvantitativnimi pfistupy (oddé€lené stanoveni variant s a bez exonu 5 nezavisle na pfitomnosti
¢i nepfitomnosti sekvence KTS a naopak). My jsme jako prvni vytvofili systém Ctyf
oddélenych reverzné transkriptdzovych PCR Vv redlném cCase pro stanoveni exprese téchto Ctyt
hlavnich sestfihovych variant WT1 a aplikovali jej na vzorky pacientt s CML i AML
(Lopotova a spol., Gstni prezentace, Osaka, Japonsko, 2009; Lopotova a spol., poster, ASH,
2010; publikace I1). Na rozdil od dosud publikovanych pfistupti nase reakce umoziuji
sledovat kazdou konkrétni variantu oddélené

Nami navrzené reakce vyuzivaji primery, které hybridizuji do oblasti sestfihovych mist.
V pribéhu navrhu a optimalizace bylo tfeba fesit predevsim tyto problémy — dlouhy amplikon
(cca 420 nt.) a velmi omezeny prostor pro navrh, nepfizniva sekvence s adeninovymi
repeticemi a celkové maly rozdil v + vs. —=KTS variantdch (KTS sekvence zahrnuje pouze 9
nukleotidl). Po otestovani fady modifikaci protokolu byla nakonec ispé$nou kombinaci pro
nejméné ucinnou PCR vybrana LNA modifikace reverse primeru a nizka koncentrace DTT
jako aditiva v reakéni smési. Funkénost systému byla ovéfena pomoci uméle pfipravenych
smési plazmidovych DNA imitujicich rizné poméry variant.

Pomoci nové vytvorené metodiky jsme zjistili, Ze profil AML a CML diagnozy se shoduje
ve vysokém zastoupeni variant pozitivnich pro obé sestfihovd mista, +5/+KTS. Zatimco u
AML je druhou nejzastoupenéjsi variantou +5/-KTS, u CML pievlada varianta -5/+KTS.
Abychom zjistili, zda varianty mohou mit vyznam pro odpovéd na lécbu, provedli jsme u
AML pacientli v okamziku diagnozy porovnani profili variant mezi riznymi FAB a WHO
prognostickymi skupinami. Zjistili jsme, ze -5/+KTS je vysoce zastoupena u agresivnich typt
jako je AML M3. Porovnani skupin s dosazenim Vvs. nedosazenim odpovédi potom potvrdilo
moznost fungovani +5/-KTS jako nezavislého prognostického markeru. Vzorky nékolika
CML pacienti z prub¢hu 1écby umoznily nahlédnout do kinetiky exprese variant. Zjistili

jsme, ze v ptipadé CML jako prvni a zdroven nejvyraznéji smeérem do hematologického
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relapsu nartsta varianta -5/+KTS. Nase vysledky tedy naznacily, ze varianty -5/+KTS a +5/-
KTS mohou fungovat jako rizikové markery CML a AML. Pro dikladné posouzeni vyznamu
exprese téchto variant v porovnani s celkovou expresi mRNA wtl je vSak tieba analyzovat

vEtsi soubor pacientt.

4.1.2.2. Exprese mRNA swtl v myeloidnich leukémiich

Publikace ¢. 3: N-terminally truncated WT1 variant (SWTL1) is expressed at very low levels in

acute myeloid leukemia and advanced phases of chronic myeloid leukemia. Tereza Lopotova,
Sylvie Nadvornikova, Markéta Zackova, Jaroslav Polak, Jifi Schwarz, Hana Klamova, Jana
Moravcova, Leuk Res. 2012 Apr;36(4):e81-3. Epub 2012 Jan 9; IF 2,555

Druhou ze dvou studii navazujicich na praci vénovanou celkové expresi mRNA wtl je
studie zaméfena na variantu SWT1. Tato varianta vyuziva oproti wtl plné délky alternativni
prvni exon, diky ¢emuz vysledny protein postrada transkripné represni doménu. Pravé v tom
vidéli Hossain a spol. (2006) pti¢inu mozného onkogenniho plisobeni této varianty.

Hossain a spol. prezentoval vysoké hladiny swtl specificky u leukemickych pacientd,
neuvedl ale sekvence primert, které pouzil. Vyvinuli jsme proto vlastni PCR, primery byly
navrzené do oblasti rozhrani exontt E1/Ela E2 podle referencnich sekvenci swtl a wtl plné
délky databaze NCBI. Optimalizované reakce jsme aplikovali na soubor 12 CML a 34 AML
diagnostickych vzorkt (Lopotova a spol., EHA 2010; publikace ¢. 3).

Exprese swtl je dle nasich analyz v celkovych leukocytech periferni krve pacienti s CML
I AML velmi nizka. Zatimco v piipadé AML pacientd jsme swtl detekovali vzdy, u pacientt
s CML se swtl objevovala az v blastické krizi. Zda se tak, Ze jeji pfitomnost souvisi
s pfitomnosti blasti ve vzorcich. Kratkou publikaci jsme z ¢asti reagovali na praci Ishikawi a
spol., kterym se rovnéz nepodafilo data Hossaina a spol. potvrdit. Ishikawa a spol. (2011)
analyzoval vedle vzorka pacienti s AML také vzorky kostni dfen¢ zdravych darct. Stejné
jako my pozoroval velmi nizké hladiny wtl u pacientd s AML. V kostni dfeni zdravych darcti
swtl nedetekoval vilbec. Dohromady tak nase data spolu s praci Ishikawi a spol. naznacila, Ze
se exprese swtl je specificka pro leukemické blasty. V publikaci jsme zdtraznili také potiebu
presného popisu a standardizace pouzitych metodik tak, aby jednotlivé studie byly navzajem

porovnatelné.
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Varianta swtl jist¢ neni vhodnym kandidatem na prognosticky marker vzhledem k velmi
nizké Grovni exprese, muze byt ale zajimava pro dalsi studium exprese a role této varianty

v nezralych leukemickych burikach.

4.2. Exprese mMRNA wtl po osetieni bunék inhibitory in vitro — aplikace wtl

Publikace ¢. 4: Expression patterns of microRNAs associated with CML phases and their

disease related targets. Katetina Machova Polakova, Tereza Lopotova, Hana Klamova, Pavel
Burda, Marek Trnény, Tomas Stopka, Jana Moravcova, Mol Cancer. 2011 Apr 18;10:41

Publikace ¢ 5: MicroRNA-451 in chronic myeloid leukemia: miR-451-BCR-ABL regulatory
loop? Tereza Lopotova, Markéta Zackova, Hana Klamova, Jana Moravcova, Leuk Res. 2011
Jul;35(7):974-7. Epub 2011 Apr 20; IF 2,555

Testovani citlivosti pacientil k 1é€bé pomoci kultivaci primarnich leukocytt pacientd in
Vitro s pouzivanymi 1é¢ivy je v nasi laboratofi zavedeno téméf do klinické praxe. Hodnoti se
mira poklesu aktivity BCR-ABL nepfimo stanovenim poklesu fosforylace proteinu Crkl,
prominentniho substratu BCR-ABL kindzy, po oSetfeni bunék in vitro inhibitory. Pokles
celkové exprese mMRNA wtl jako ukazatel citlivosti ke kindzovym inhibitorim resp. miry
inhibice kinazové aktivity BCR-ABL byl jiz publikovan skupinou Cilloni a spol., 2004, a dale
Vv praci Otahalové a spol., 20009.

Nasim dil¢im cilem bylo kultiva¢ni testy dale optimalizovat tak, abychom jimi mohli
soucasné¢ sledovat také zavislost hladiny vybranych molekul na aktivité¢ kinazy BCR-ABL.
Bylo tfeba ur¢it piedev§im dobu inkubace s inhibitorem tak, abychom mohli sledovat
sekundarni efekty v ndvaznosti na inhibici BCR-ABL pfitom ale na jeSt¢ dostatecné
zivotaschopnych buiikach (Zackova, Lopotova a spol., ASH abstrakt, 2011). Exprese wtl by
podle Svensona a spol., 2007, méla byt v CML bunkach zavisla mimo jiné praveé na aktivité
BCR-ABL. Zatimco fosforylace Crkl klesa jiz po 2 hodinach inkubace bunék s 1 az 10 uM
imatinibem, v piipadé hladiny mRNA wtl dochazi k prikaznému poklesu az po 24 hodinach.
Po 72 hodinéch je pak mira apoptdzy natolik vysoka, ze dochazi k degradaci vétSiny mRNA
(Zagkova, Lopotova a spol., ASH abstrakt, 2011). Optimalizované testy s inkuba¢nim ¢asem
48 hodin pfi koncentraci bunék 4 milidony/ml jsme vyuzili v ramci paralelni studie miRNA

v CML.
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MIRNA jsou kratké nekodujici RNA, které negativné reguluji expresi cilovych mRNA.
Predpoklada se, ze miRNA mohou regulovat piiblizné jednu tfetinu bunéénych mRNA.
V roce 2008, kdy jsme zahajili nasi studii vénovanou miRNA v CML, bylo o expresi miRNA
v CML znamo velmi malo. V ramci prvotniho screeningu exprese miRNA v CML jsme
provedli microarray analyzu miRNA ve vzorcich pacientll s riiznou odpovédi na lécbu a
zdravych darcu (publikace ¢. 4). Vétsina miRNA, jejichz expresi se podafilo detekovat,
vykazovala zvySenou nebo snizenou hladinu v blastické krizi oproti chronické fazi CML a
zdravym darcim, coz mohlo mit souvislost s rozdilnym diferenciacnim stadiem testovanych
bunék. Pouze 3 miRNA byly odlisné exprimované v pribéhu CML a v porovnani se zdravymi
darci — miR-451, miR-150 a miR-328. Exprese vsech tii miRNA klesala se zhorSujici se
odpovédi na 1é€bu a fazi CML. Zajimavé bylo, ze k poklesu dochazelo jiz v hematologickém
relapsu, tedy jesté vramci chronické faze CML. Zmény se tak zdaly byt v souvislosti
s onemocnénim, nikoliv diferencia¢nim stadiem bunék.

Otazkou, kterou jsme si polozili, abychom vybrali miRNA potencidlné zajimavou pro
podrobngéjsi studie, bylo, zda je jeji exprese aberantni v dusledku aktivity BCR-ABL, nebo se
mize jednat o nezavisly faktor patogeneze CML. Pomoci vySe zminénych in vitro kultivaci
bun¢k leukemickych linii, pacienti s CML a zdravych darct jsme ukazali, Ze sniZzend exprese
miR-451vznika v dasledku pusobeni BCR-ABL. Po osetfeni bun€k imatinibem dochazelo
K restaurovani hladiny miR-451 spolu s poklesem fosforylace Crkl a mRNA exprese WT1.
Iraci a spol. ptitom v roce 2009 ukézali, ze miR-451 ma potencial cilit pifimo BCR-ABL.
Dohromady tak nase data s literaturou dala vznik myslence vzajemné regulacni vazby mezi
miR-451 a BCR-ABL. BCR-ABL svou aktivitou snizuje hladinu miR-451, jakozto svého
vlastniho negativniho regulatoru. Nase vysledky tykajici se miR-451 a nami navrZeny
regula¢ni mechanizmus, ktery mize byt velmi dilezity pro uchovani maligniho fenotypu
CML bungk, jsme uvedli v kratké publikaci (publikace ¢. 5).

4.3 Exprese izoforem WT1 na proteinové urovni

Studium exprese sestiithovych variant wtl na urovni mRNA ukazalo, ze prestoze je wtl
povazovana za pan-leukemicky marker, mechanizmus jejiho pisobeni se muze li§it mezi
jednotlivymi diagnézami — u CML pievazuje mRNA -5/+KTS, u AML +5/-KTS. Abychom
mohli pochopit mechanizmus ptsobeni WT1, pfipadné¢ abychom mohli vyuZzit poznatky o
expresi izoforem pro zvyseni efektivity studia terapeutickych vakcin zalozenych na WTI,

bude dale nutné poznat hladinu efektorové molekuly, tedy proteinu.
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V ramci projektu grantové agentury Univerzity Karlovy (GAUK ¢. 454511, 2011-2012)
jsme tedy zacali studium exprese WT1 také na proteinové urovni. Toto je vedle vysokého
poctu izoforem vznikajicich alternativnim sestfihem, vyuzitim alternativniho prvniho exonu a
alternativnich zacatka translace komplikovano dvéma posttranslacnimi modifikacemi —
fosforylace (Ser 365 a Ser 393) a sumoylace (Lys 17 a Lys 173). V souc¢asné dobé& neexistuji
specifické protilatky pro jednotlivé izoformy. Protilatky proti obéma fosforylovanym formam
WT1 existuji, jejich kvalita je ale dle naseho testovani 1 hodnoceni dalSich uzivatelti velmi
nizka. V ramci komeréné dostupnych jsme nakonec vybrali protilatku proti epitopu z C-konce
proteinu, kde dosud nebyly popsany zadné alternativni udélosti (ty jsou soustfedény ve stiedu
proteinu nebo na jeho N-konci, viz Uvod). Takové protilatka by tedy méla detekovat viechny
znamé izoformy.

Metodami SDS-PAGE a Western Blot jsme zjistili, ze po oSetieni bun¢k linie K562, CML-
T1 i JURL-MK1 ale i pacientt in vitro inhibitory BCR-ABL (imatinib, nilotinib, dasatinib)
dochazi k urc¢itym zménam v profilu variant (obr. 2, pt. linie CML-T1).

Abychom ziskali pfesné€jsi informaci o tom, které izoformy jsou jak zastoupeny,

pfipravujeme v soucasné dob¢ kontrolni rekombinantni proteiny a optimalizujeme pro lepsi

rozliseni metody NEPHGE (nonequilibrium pH Gel Electrophoresis) a 2D-ELFO.

52KDa

38KDa

31kDa

C 1M 10IM 10DASA 100DASA 0,2NILO 1INILO Std.

Obr. 2 Exprese WT1 po oSeti‘eni bunék kinazovymi inhibitory. 1 a 10IM — 1 a 10uM
koncentrace imatinibu v médiu; 10 a 100 DASA — 10 a 100 nM koncentrace dasatinibu

v médiu; 0,2 a 2 nM koncentrace nilotinibu v médiu.
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ABSTRACT

Chronic myeloid leukemia (CML) is a myeloproliferative disorder which arises from 1{9;22)
translocation. This translocation gives rise to BCR-ABL fusion gene. BCR-ABL kinase is the main cause
of CML development and a target for therapy. Despite of impressive results with imatinib, selective
BCR-ABL inhibitor, however, 20 to 30% of patients are resistant or intolerant. BCR-ABL transcript
level and mutation status are the maolecular markers of CML. As there are many different
mechanisms of resistance more ar less dependent on BCR-ABL, new markers additional to BCR-ABL
would be useful for early relapse detection and prognosis. Here we report a complex retrospective
study of Wilms™ tumaor gene 1 (WT1) expression in CML patients treated with imatinib. Our data
highlight the advantages of WT1 as general leukemic marker enabling to rapidly assess the

effectiveness of treatment and risk of relapse.
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INTRODUCTION

Chronic myeloid leukemia {CML) is a myeloproliferative disorder which arises from translocation of
the ABL gene on chromosome 2 and the BCR gene on chromosome 22 to produce the Philadelphia
(Ph) chromosome with the BCR-ABLI fusion gene. BCR-ABL codes for a constitutively active tyrosine
kinase protein, which affects proliferation, differentiation, and apoptosis, leading to malignant
transformation of cells. BCR-ABL represents the main driving force of CML development. Following
the era of interferon-alpha (IFN-at) therapy, cytarabine, and hematopoietic stem cell transplantation
as the standard treatment for CML patients, a break-through has come with the BCR-ABL-targeted
therapy. The introduction of the tyrosine kinase inhibitor (TKI), imatinib mesylate (IM), has
revolutionized the treatment of CML. Currently, imatinib is the first-line therapy for all newly
diagnosed CML patients. Despite of impressive results of imatinib therapy, however, 20 to 30% of
patients have primary refractory disease, intolerance or experience relapse after initial response. For
successtul therapy outcomes it is important to detect developing relapse early. For this purpose,
patients are routinely examined for mRNA expression levels of the only molecular marker of CML
BCR-ABL. Results from all haesmatological, cytogenetic and maolecular examinations are used to
stratify patients into three main groups with different risk of relapse and progression
[EuropeanleukemiaMst (ELN) criteria) [1]: optimal responders (OR) with low risk, suboptimal

responders (SR) and therapy failures (TF) with increased risk.

BCR-ABL as the main cause of CML development has its irreplaceable role in CML monitoring. Its high
prognostic value has been dearly proved for CML patients. Our experience, however, shows that
there are also patients in whom BCR-ABL is unable to bring satisfactory information on prognosis. It is
our own and others experience [2, 3] that suboptimal responders (ELN criteria) include both patients
who are in high risk of relapse and “slow responders”™ group. CML mechanisms in such patients
remain unknown, BCR-ABL levels remain usually stable and its monitoring looses much of its

prognostic value in our own experience. If suboptimal responders do not achieve improvement of
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response to therapy, they are considered therapy failures and they are recommendead for therapy
change although they do not relapse haesmatologically. There is increasing evidence that CML may
become more or less independent of BCR-ABL and driven by other proteins and mechanisms over the
time. That might explain why BCR-ABL on its own may stop being a reliable marker in “non-optimal
responders” (SR, TF) to therapy (our own experience). There is an evident need for new CML
biomarkers additionally to BCR-ABL (1) to early and reliably predict relapse, (2) to specify prognosis
of suboptimal responsesftherapy failures and indicate patients who require doser medical
observation or (3) even redefine non-optimal responders according to actual risk of relapse (recently

suggested also by Faber et al,, 2013).

Wilms™ tumor gene 1 (WT1) encodes a zinc-finger transcriptional regulator important for cell growth
and development. While in Wilms" tumor, WT1 behaves as tumor suppressor gene, it is a proved
oncogene in leukemias. [4] More than 36 WT1 isoforms probably enlarge the field of activities of the
protein. While it was first suggested that WT1 expression might be restricted to leukemic blast cells,
Inoue et al. showed that WT1 was also expressed in peripheral blood mononuclear cells from CWL
chronic phase. Total WT1 mRMA expression was found 10times higher in leukemias as compared to
normal bone marrow cells. [5] Our own analyses have shown that certain WT1 variants might be
restricted to blast cells only. [6] Total WT1 mRNA expression has already been used in clinical
practice for monitoring patients with AML and MDS. [7, 8, 2] In 1994, Inoue et al. first suggested WT1
as new candidate on prognostic leukemic marker for monitoring minimal residual disease including
CML. [3] Studies by Cilloni et al. [10] and maore recent data by Varma et al. [11] indicated that WT1

might be useful also for CML patients on TKls therapy.

Following promising data by Inoue et al, [5] Cilloni et al, [10] Varma et al. [11] we report herein a
complex retrospective study of WT1 expression in CML patients treated with imatinib with the aim to
test WT1 mRMNA expression as a candidate additional CML biomarker which may improve early

relapse prediction especially in suboptimal responders and therapy failures. Qur data highlight the
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advantages of WT1 as general leukemic marker enabling to rapidly assess the effectiveness of
treatment and risk of relapse regardless of actual mechanisms underlying response or resistance to

therapy.

MATERIAL AND METHODS

Patients, Cell Lines and Sample Processing

Totally, 39 patients with CML treated with imatinib (IM) in IHET Prague between years 2001 — 2011
were included in this study. Thirty three patient samples of different responses to imatinib and CML
phases (CCR, pCR, mCR, HR, Hr, AP/BC, definitions see below) were included in the primary
evaluation of WT1 expression in CML (Figure 1), 396 samples of 32 patients were analysed during
therapy (median: 10 samples per patient, range: 4-26, Figures 1-3). Median follow-up of patients was
41 months (range: 10-88 months). See Table | for detailed patients” characteristics. All patients gave
their written informed consent approved by the Ethics Comity of the Institute of Hematology and

Blood Transfusion, Prague.

K562 cells used as positive controls were cultivated in RPMI medium under standard conditions and
further processed in the same way as patients” leukooytes. Total leukocytes were isolated by osmaotic
lysis and RNA was extracted by modified phenol-chlorophorm extraction. [12] cDNA was prepared
using random hexamer primers and Superscript Il reverse transcriptase (Invitrogen/Life Science,

Usa).

Response to Imatinib Criteria

The criteria for monitoring patients receiving TKls are summarized in the European LeukemiaNet and

Mational Comprehensive Cancer Network guidelines [1], briefly:

Haematological response (HR) is defined as the normalization of peripheral blood counts.

Cytogenetic response is determined by bone marrow metaphase chromosome analysis (using at least
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20 metaphases): complete (CCR; no Ph+ metaphases), partial (pCR; 1%-34% Ph+ metaphases), or
minor (mCR; 35%-90% Ph+ metaphases). Major molecular response (MMR) is defined as a decrease
of BCR-ABL level below 0.1% 15 (international scale). Haematological relapse was defined as loss of

complete HR (CHR).

Suboptimal response was defined as no CR at 3rd month, less than pCR at 6th month, pCR at 12th
months, less than MMR at 18th month, and, in case of MMR loss, BCR-ABL mutations still sensitive to
imatinib. Failure was defined as less than CHR at 3rd month, incomplete HR or no cytogenetic
response at 6th month, less than pCR at 12th month, less than CCR at 18th month, and in case of CHR

or CCR loss, clonal cytogenetic abnormalities, or BCR-ABL mutations.

Real-time PCR Analyses

All real-time PCR analyses were performed using Rotor Gene equipment {Qiagen) and B2M control
gene. [12, 13] WTL transcript level was quantified with primers and probe designed by Kreutzer et al.
[14] Two delta delta CT method was used for WT1 data assessment; cDMA from K562 cells ten times
diluted by cOMNA from a mibtture of leukocytes of healthy donors was applied as a calibrator. The
results of BCR-ABL analyses were performed as previously described [12], data were taken from

routine examinations.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism 4.0 and MicroSoft Excell. Differences in
WT1 levels between different therapy response groups were performed by Student t-test, ANOVA +
Tukey test. The critical levels were estimated by ROC (receiver operator characteristic) curves. All the

analyses were consulted with statistician.

RESULTS

WT1 Expression Levels in Different Responses to Imatinib
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Patient samples of different responses to imatinib (n=33) were analysed for WT1 transcript level
(Figure 1a). The results were compared with the analysis of BCR-ABL transcript levels in the same
samples (Figure 1b). Samples of cytogenetic responses were included from arcund the 18 month of

imatinib therapy (15-21), haematological remissions around the 4™ month [2-5).

Patients with cytogenetic response exhibited low expression of WTL; expression in the CCR group
was about the zame as in normal individuals. WT1 levels were slightly increased in pCR and mCR
groups (median 0.5 log) but the differences from CCR were not statistically significant {p>0.05). High
WT1 levels with significant differences from cytogenetic responders were found in patients without
cytogenetic response and then in disease progression (p<0.05). The difference in WT1 median level
between mCR/pCR and BC was 3 logs (total expression range 5 logs). If we compare differences in
BCR-ABL transcript levels with WT1 results, we found quite opposite situation. BCR-ABL, as a CML
typical fusion transcript not present in normal individuals, exhibited great difference in oytogenetic
responders; it was 3 logs in medians between CCR and mCR/pCR (p<0.05). Between mCR/pCR and
BC, however, the difference was only 2 logs (p<0.05). It suggests that WT1 might be a candidate for
marker of “un-optimal responders” but not for monitoring good responders to imatinib, where BCR-

ABL is of advantage.

WT1 Expression Kinetics during the Course of CML treated with Imatinib

The kinetics of WT1 transcript level during therapy was retrospectively evaluated in 32 patients. We
compared WT1 and BCR-ABL kinetics with regard to their ability to characterize disease status and to

predict disease evolution, with focus on early (and clear) detection of haematological relapse.

Generally, WT1 as well as BCR-ABL levels are low and/or decreasing in good responders and high

and/or increasing in poor responders with evolution of disease relapse or progression.

In patients with optimal response to imatinib, who achieved MMR before the 18 month since the

therapy start, WT1 as well as BCR-ABL level exhibited sharp decrease (Figure 2a). WT1 achieved its
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minimal level comparable with levels in healthy individuals and remained stable when the state of

the disease was unchanged. BCR-ABL transcript level usually achieved negativity in these cases.

In relapsing patients (n=17; Figure 2b, c} the BCR-ABL expression was increasing or it showed stable
levels. WT1 was increasing in all relapsing patients (n=17; Figure 2b, c). As compared to BCR-ABL,
WT1 showed higher increase on average by 1 log in 65% (11/17) of patients. Total increase of WT1
was on average 2 logs as compared to only 1 log in case of BCR-ABL. More interestingly, WT1 was in
nearly 60% (10/17) increased also earlier as compared to BCR-ABL. On average, WTL1 increase
preceded haematological relapse by 4.3 months while BCR-ABL by only 1.8 months in our patient

cohort.

WT1 Expression in Patients with BCR-ABL Kinase Domain Mutation M244V

Several BCR-ABL mutations have been shown to exhibit patient to patient difference of clinical
relevance. We tested whether WT1 might be of help in estimation of clinical relevance of detected

mutaticon.

Four patients with the same mutation M244V were included in this study. While three out of those
four patients relapsed haematologically within 10 to 30 months one patient remained in complete
hasmatological remission for further 50 months. In relapsing patients, WT1 as well as BCR-ABL were
increasing and thus signalized an on-going haesmatological relapse (Figure 2d). Decreasing levels of

both WT1 and BCR-ABL (Figure 2e) differentiated patient who continued CCR from the others.

Mutations in the BCR-ABL kinase domain represent BCR-ABL-dependent mechanism of resistance
and are associated with an increase in BCR-ABL transcript levels. WT1 might confirm the significance

of risk of haematological relapse.

Predictive Value of WT1 Levels at selected Time Points of Imatinib Therapy for further Disease Course
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Patients with SR or TF are in higher risk of haematological relapse than patients responding optimally
(ELM criteria). However, these groups include patients who achieve response later (“slow
responders”), patients who remain in long term complete haematological remission and patients
who relapse haematologically. BCR-ABL transcript level is usually stabilised and loses thus much of its
prognostic value. We wanted to find out whether WT1 levels would have a predictive value for

further disease evolution in these non-optimal responders.

We tested 20 patients who did not achieved MMR but also did not develop haematological relapse
within 18 months on imatinib (SR or TF according to ELN; see Table 1 for patients™ characteristics).
We measured WT1 levels at the 6th and 12th month after beginning of imatinib therapy and
evaluated haematological relapse incidence between 18th and 36th month. The patients were
divided into 2 groups: a) patients with and b) patient without haesmatological relapse within 18-36
months. A group of 3 optimal responders was added for comparison. We found statistically
significant differences in WT1 levels between all three groups (P<0.0001) (Figure 3a). When the same
evaluation was performed for BCR-ABL transcript level, we did not find significant differences
(p=0.06) (Figure 3b) and only optimal responders differed significantly from both remaining groups

(P<0.0001).

ROC (receiver operating characteristic) curve analysis indicated that WTL levels might be of
predictive value and revealed the critical levels of WT1 expression in the 6th and 12th month: WT1
level > 0.12 at 6 months and WT1 level > 0.16 at 12 months were associated with significantly

increased probability of haematological relapse.

Three CML Cases reporting predictive Value of WWT1 Monitoring

The conclusion based on the above mentioned evaluations suggests that monitoring of BCR-ABL
transcript levels complemented by monitoring of WT1 expression kinetics and particular levels may
be of advantage. To illustrate how WT1 monitoring could be useful in patients with CML, we report

finally three maore interesting cases (Figure 4):
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The first case (Fig. 4a) can be considered “slow cytogenetic responder” as defined by Tantiwiorat et
al. Despite of achieving CCR more than a year later then it is recommended by ELM, patient remained
in complete haematological remission for more than 85 months. Low WT1 levels indicated no

immediate risk of Hr despite of BCR-ABL levels.

Figure 4b report results of a patient treated with imatinib in the pre-DASA and NILO era. The patient
remainad in complete haematological remission in the long term despite of 100% Ph positivity and
extremely high BCR-ABL levels. Again, low WT1 expression indicated no immediate risk of
haematological relapse. Further studies on defensive mechanisms against CML in such patients might

be of high interest.

Patient in the Figure 4c exhibited primary resistance to imatinib and thus did not even achieve CHR.
High WT1 levels together with clearly increasing trend since therapy initiation indicated aggressive
and resistant form of CML. BCR-ABL levels were high and did not significantly differ from the other
patients described in the previous paragraphs who did not relapse during the follow-up period

(Figure 4a, b vs. Figure 4c).

DISCUSSION

CML is characterised by a typical fusion gene BCR-ABL which is used as a marker in monitoring the
disease state in patients with CML. RT-PCR for monitoring of BCR-ABL transcript was introduced for
early relapse detection in patients after transplantation as these relapses were abrupt and quickly
progressed to untreatable blast crisis. In the era of targeted THI therapy with high rate of molecular
responses, BCR-ABL transcript monitoring is routinely used in all CML patients. The BCR-ABL
transcript level well characterizes the state of the disease and the BCR-ABL kinetics has a prognostic
value. Patients, who achieve decrease in BCR-ABL levels bellow 0.1% till the 18" month of imatinib
therapy, are in low risk of relapse and progression. Recently, a prognostic value has been suggested
for BCR-ABL expression already at the 3™ month of imatinib therapy. Hansftein et al. have showed
that a BCR-ABL 1S of 10% or more at the 3™ month of imatinib therapy is associated with a S-year

10
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overall survival of 87% suggesting the need for an early change of treatment. [15] On the other hand,
BCR-ABL 15 of 1% or less indicates a favorable S-year overall survival of 97%:. However, there are still

cases where BCR-ABL guantification on its own is unable to bring satisfactory information.

Despite of BCR-ABL being the main causative factor in CML, the disease is very heterogenous. Other
kinases cooperating with BCR-ABL might in some cases partially or even totally overtake the role of
the driving force of the disease. In such cases, BCR-ABL on its own stops being reliable marker. In
patients responding non-optimally to imatinib, BCR-ABL levels remain usually stable (1% to 100%).
According to our own experience and others [2, 3], suboptimal responses as defined by ELN [1]
include patients with truly inadequate response who are in a risk of relapse/progression, but also
patients who could be called “slow responders”. In our small patients” cohort, we identified also
patients remaining in complete haematological remission long term despite of Ph positivity and
consistent BCR-ABL expression. CML mechanisms in such patients remain unknown. BCR-ABL
monitoring losses much of its prognostic value and cannot predict relapse reliably on its own.
Currently, no marker is available to distinguish sub-groups of suboptimal responses and therapy
failures according to risk of haematological relapse and its immediacy. As we do not know all those
side-players in CML pathogenesiz a common marker reflecting the activity of the malignant cells
might be useful. Based on literature data, Wilms” tumor gene 1 seems to be suitable candidate. [5,
10, 11] WT1 gene sometimes even called “pan-leukemic” marker due to its overexpression in vast
majority of leukaemias including CML. WT1 mRMA as comparad to BCR-ABL may exhibit non-zero
levels in leukocoytes of healthy individuals. That was probably the reason why BCR-ABL showed higher
sensitivity in relapse detection after transplantation. Herein we present a complex study of WT1

mRNA expression during the course of CML treated with imatinib.

We focused on the most problematic groups in terms of prediction of further disease course —
suboptimal responses and therapy failures. Our data indicate that WT1 enables to improve risk of

relapse assessment and prediction of response to therapy durability in those CML patients. As

11
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compared to BCR-ABL, WT1 expression kinetics indicated on-going haematological relapse by higher
and even earlier increase in 68.8 and 56% of patients, respectively. Both, expression kinstics and
particular levels are probably of importance for further CML course prediction. While BCR-ABL did
not allow to distinguish between suboptimal responders and therapy failures who relapsed
haematologically vs. those who did not within the first 35 months of imatinib therapy, our statistical
analyses revealed critical level for WT1 enabling to distinguish those patients at 12" month of
imatinib therapy. Patients having WT1 levels over 0.115 in the 12% menth on imatinib were found to
be in high risk of haematological relapse for further 35 months. Levels below that critical level during
all the course of therapy were associated with no immediate risk of relapse. As in the case of BCR-
ABL, WT1 levels should be confirmed at least in three subsequent samples and taken into account
together with the overall expression trend. Our data also suggest that WT1 might be helpful also in
specification of clinical relevance of BCR-ABL kinase domain mutations. It seems that WTL increase

always means increased risk of relapse independently on the mechanism of resistance to therapy.

Recently, Tantiworawit et al. [17] and Hiwase et al. [18] discussed the phenomenon of so called
sudden blast crisis. Sudden blast crisis develops in patients who achieved CCR and none of current
markers or early response criteria can predict it. In our study, no patient with sudden blast crisis was
included. However, based on our data showing excellent correlation of WT1 with CML status, we
believe that WT1 is a highly suitable candidate marker which would warn and enable to detect

progression also in these cases at time. This issue remains for further studies.

In conclusion, retrospective analyses of our CML patients revealad high suitability of WT1 monitoring
for improvement of prediction of further disease course in CML patients. Qur data indicate that both
WT1 mRNA expression levels at selected time points of therapy and WT1 expression kinetics might
help to better stratify “non-optimal responders™ to imatinib according to actual risk of relapse and

progression.

12
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Total number of 32

Male 19

Female 13

Age at diagnosis 54

Patient no. Sample used for  OR/SR/TF (the the best Hr {months on total months on therapy change BCR-ABL KD
Figure 1 18" month) 18th responseon IM IM) I mutation on IM

1 NA OR CMR N 102 N MD

2 NA OR CMR N 78 N MD

3 NA QR MMER N 23 N L273H

4 mCR OR CMR N 100 N WD

5 NA TF CCR ¥ (27) 71 MNILOD wt

13 CCR TF CCR ¥ (17) 24 DASA L378M

7 CCR TF CCR ¥ (20) 28 SCTT F370L, G250E

8 NA TF CCR ¥ (29) 35 SCT wt

9 mCR TF CCR ¥ (58) 59 DASA wit

10 pCR TF CCR (22) ¥ (32) 33 DASA F3sav (21)

11 Hr TF CHR ¥ (26) 26 MILD wt

12 Hr TF CHR ¥ (32) 60 DASA M244Y, H396R

13 BC/AP TF CHR ¥ (16) 75 Nt wt

14 HR TF CHR ¥ (18) 48 N M2a4v

15 HR TF CHR ¥ (20) 67 DASA m244y
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16 Hr TF CHR ¥ {24) 56 DAsAT F311l
17 Hr TF CHr ¥ {22) a0 DASA, NILO  M351T
18 Hr TF CHR ¥ {9) 50 5CT F317L, M351T
19 NA TF CHR ¥ {11) 14 Nt wt

20 HR; BC/AP TF CHR ¥ {14) 19 SCTT wt

21 Hr TF CHR ¥ {20) 35 Nt wt

22 NA TF Prim rez - 0 Nt H39&R
23 NA TF CCR N 119 N wi/F317L/N358K
24 mCR TF CCR N 44 DASA E255K
25 pCR TF mCR N 30 DASA wt

26 HR TF pCR N 78 N wt

27 HR TF CHR N 15 DASA ND

28 HR TF CHR N 34 Nt wt

29 CCR TF MMER N 57 N wt

30 pCR TF CCR N a7 N wt

31 CCR SR CCR N 46 N M244V
32 CCR SR CCR N 60 N wt

33 CCR SR MMR N 63 N wt

34 mCR SR MMR N 102 N wt

35 pCR SR CCR N 18 DASA wt

36 HR SR MMR N og N wt

37 HR 5L CCR ¥ {36) 58 DASA ¥253H
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38 BC/AP sL pCR NA* 10 MY wt
39 BC/AP 5L pCR NA* 15 NT T3151, G250E

Tahble I. Patients” characteristics; BC — blast crisis, CCR — complete cytogenetic response, HR — haematological remission, Hr — hasmatological relapse, mCR —
minor cytogenetic response, MMR — major malecular response, N — no, OR — optimal response, pCR — partial cytogenetic responss, SR — suboptimal
response, TF — therapy failure, wt — wild type, ¥ — yes, T - death; patients 33 to 39 were included in the evaluation on Figure 1 only due to low number of

seguential analyses or short time on imatinib; *patients were administered imatinib in the accelerated phase of CML
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FIGURE LEGENDS

Figure 1. Comparison of WT1 (a) and BCR-ABL (b) expression in different responses to imatinib and
CML phases; aligned dot plot, median with range; CCR — complete cytogenetic response, pCR —
partial cytogenetic response, mCR — minor cytogenetic response, HR — haematological remission, Hr

— haematological relapse, BC — blast crisis, N — healthy controls.

Figure 2. WT1 expression kinetics during the course of imatinib therapy; (a) patient no.1, optimal
responder to imatinib (b) patient no.13, Hr 17th month on imatinib, high WT1 increase indicated
hematological relapse completing warning given by stably high BCR-ABL levels, conclusive increase of
WT1 preceded BCR-ABL by 2 month, total WT1 increase was 3 log as compared 1 log increase of BCR-
ABL levels; (c) patient no 7, Hr 20 months after starting with imatinib, WT1 increase preceded BCR-
ABL by 2 months; (d) patient no.31, M244V mutation in BCR-ABL kinase domain detected in the 10th
month not followed by Hr — decreasing trend in both BCR-ABL and WTL; (e) patient no.15, M244V
detected 2 months after starting with imatinib, increase in both, BCR-ABL and WT1 since imatinib

therapy initiation.

Figure 3. Predictive value of WT1 expression for the first 35 manths of imatinib therapy; (a) WT1 and
(b) BCR-ABL levels in the 6th and the 12th month of IM therapy in SR/TF Hr [white box), SR/TF (grey
box; Student t-test, p<0.001 and p>0.05, respectively). OR (black box) is shown as control. (c) ROC
curve analysis indicated that the test might be useful in the 12th month of imatinib therapy (area
under curve 0.7) for distinguishing SR/TF and SR/TF Hr. The 0.161 has been identified as the critical

level.

Figure 4. Predictive value of combinatoral consideration of BCR-ABL kinetics and WT1 kinstics and
levels; (a) patient no.23, “slow cytogenetic responder™ CCR achieved in the 28th months after
starting with imatinib, remaining in CCR for more then 85 months of further follow up; (b) patient

no_26, patients achieving minorCG as the best response 60 months after starting with imatinib,
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retaining complete hematological remission for further 18 months; (c) patient no 22, primary

resistant patient, progression 10 months after starting with imatinib.
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ARTICLE INFO ABSTRACT

Although the mechanism of action of leukemic oncogene Wilms' tumor gene 1 (WT1) remains unclear, WT1 has
already been used in monitoring of patients with acute myeloid leukemia (AML) and it is being tested for immu-
notherapy. More detailed understanding of the role of WT1 in leukemia may improve its utilization. At least 36
isoforms may be produced. Four major variants denoted as — 5/—KTS, -~ 5/ KTS, +5/—KTS and + 5/+KTS are
produced by combining splicing of exon 5 and KTS sequence. In this study, we report applicability of newly de-
veloped real-time RT PCRs enabling for the first time full quantification of the four major WT1 splicing variants.
Following careful optimization and testing of quantification reliability of four assays, we analyzed 34 samples of
patients with AML and 12 samples of patients with chronic myeloid leukemia (CML) at the time of diagnosis.
Analyses of five more CML patients provided insight into WT1 variants expression kinetics. We found predomi-
nance of + 5/+ KTS in both diagnoses. Comparison of WT1 variant expression in AML and CML patients' groups
differing in response to therapy suggested possible importance of particular WT1 variant levels as markers of
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further disease course.
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Introduction

The Wilms' tumor gene (WT1) takes part in physiological devel-
opmental processes and also in tumorigenesis. While WTT acts as a
tumor suppressor gene in Wilms' tumor, it has oncogenic effects in
most of leukemias [1,2]. Although the mechanism of WT1 action in
leukemia has not yet been explained, total WT1 expression is already
used to monitor minimal residual disease (MRD) in acute myeloid
leukemia (AML) patients in our laboratory and in others [3-5], and
WTT1 peptides are being tested for vaccination [6]. Detailed under-
standing of the role of WT1 in leukemias may improve its utilization
in diagnostics, prognostics and therapy.

WT1 encodes for a zinc finger transcriptional regulator which,
depending on the cellular context, can either enhance or inhibit tran-
scription of its target genes which include genes important for cellular
growth and metabolism. Enormous amount of WT1 variants further ex-
tend the field of activity of WT1. At least 36 isoforms are produced by
combining several transcriptional modifications, alternative sites for
initiation of translation {7,8}, alternative promoter [9], alternative first
exon [10] and RNA editing [11]. Two splicing events including exon 5
and the KTS sequence in exon 9 are considered predominant. By com-
bining these two events, four major WT1 splicing variants denoted as

* Corresponding author.
E-mail address: Tereza Lopotova@uhkt.cz (T. Lopotova).

1079-9796/$ ~ see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcmd.2012.04.001
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—5/—KTS, —5/+KTS, +5/-KTS and -+ 5/-+KTS are produced. Splicing
of KTS removes three amino acids (lysine=K, threonin=T, serine =S5)
between zinc fingers 3 and 4 of the WTT1 transcriptional regulator which
alters the nucleic acid-binding properties of the protein [12-15]. Splicing
of exon 5 removes a 17-amino-acid segment in the middle of protein—
protein interaction domain which is involved in overcoming apoptosis
[16,17]. Both splicing events may affect impact of cytotoxic drugs. Levels
of individual variants thus might give additional information on patients'
responsiveness to therapy and prognosis. Predominance of + 5 variants at
mRNA level has been previously found in AML patients' samples using a
semi-quantitative approach [5,18].

In the present study, we demonstrate applicability of newly developed
real-time RT PCRs for full quantification of four major WT1 splicing vari-
ants possibly exploitable to a number of diseases with altered WT1 ex-
pression. The method was originally presented on The Annual Meeting
of American Society of Hematology 2009 [19] and subsequently further
tuned and found imperfections rectified {20] until the form described in
this article. Our dataindicate possible importance of WT1 variants expres-
sion as markers for further disease course in patients with CML and AML

Material and methods
Patients' samples and cell lines

Thirty four samples of patients with AML and 12 with chronic myeloid
leukemia (CML) were analyzed at the time of diagnosis (i.e. untreated) in
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this study. AML patients were classified according to French-American-
British (FAB) [22] and all AML subtypes were included. AML patients'
characteristics are given in more detail in Table 1a. CML samples were
characterized by Sokal and Hasford risk scores and by achieved re-
sponses to treatment defined by European LeukemiaNet (ELN) criteria
[23]. Twelve CML patients’ characteristics are given in more detail in
Table 1b. Five more CML patients were analyzed during the course of
imatinib therapy (characterization is given in Results, paragraph “CML
patients”) which provided some insight into kinetics of WT1 variants
expression. All patients gave their written informed consent. The
study was approved by the Ethics committee of the Institute. The
<DNA of CML leukemic cell line K562 was used during development of
real-time RT-PCRs. >

Leukocytes were prepared from peripheral blood samples by red
cell osmotic lysis within 12 hours after sample collection. K562 cells
and patients' leukocytes were lysed in guanidium-thiocyanate buffer
in the concentration of 107 leukocytes/ml.

RNA extraction and cDNA preparation

Total RNA was extracted by acidic phenol-chloroform extraction:
cDNA synthesis was prepared using random hexamers and SuperScript
11 transcriptase (Invitrogen/Life Technologies, USA).

Plasmid standard preparation

Plasmid standards for WT1 and WT1 variants quantifications were
prepared using PCR cloning with TOPO-TA cloning kit (Invitrogen/Life
Technologies, USA) following manufacturers' instructions. The presence
of proper inserts was checked by three times repeated sequencing of
plasmid DNA in both forward and reverse directions using M13 primers
(included in the cloning kit). Linearization was performed using Nsil
restrictase (Sigma-Aldrich, USA), and plasmid DNA copy numbers were
established. Linearized plasmid DNAs were diluted in sonicated Salmon
Sperm DNA (Agilent Technologies, USA; 200 ng/ul in 1XTE buffer, pH 8).

Table 1a
AML patients' samples characteristics.
Total number of patients 34 Number of
patients (%)

Sex Male 17 (50)
Female 17 (50}

Age at the time of diagnosis 18.4-74.1 (Median
412)

FAB subtype MO 1(3.1)
M1 8(21.9)
M2 8(219)
M3 4(12.5)
M4 5(15.6)
M5 5(15.6)
M6 1(3.1)
sec. AML 1(3.1)
AML-MLD 1(3.1)

WHO subtype (cytogenetics -based Poor 4(13.3)

prognostic group) Intermediate 23 (66.6)

Favorable 7(20)

Response to induction CR1 21 (61.8)
CR2 7 (20.6)
PR 1(29)
NR 5(14.7)

Hematological relapse Yes 8(24.1}
No 26 (759)

CR~complete remission, MLD—multilineage dysplasia. NR—no response to therapy, PR
—partial remission.
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Table 1b

CML patients' samples characteristics.

Total number of patients 12 Number of patients (%)
Sex Male - 4(33)
Femnale 8 (67)
Age at the time of diagnosis ~ 22-61, 15 (Median 49.7)
Sokal score i 2(16.7)
2 6 (50)
3 4(33.3)
Hasford score 1 4(333)
2 5(41.7)
3 3(25)
IFN pre-treatment 3(25)
Imatinib as a first line therapy 9(75)
Response to imatinib Optimal 8(67)
Suboptimal/failure 4(33)
Hematological relapse Yes 1(8)
No 11(92)

Responses to imatinib were evaluated according to European LeukemiaNet criteria in
the 18th month of imatinib therapy: Optimal response—achieving major molecular
response (BCR-ABL below 0.1%), suboptimal response-less than major molecular
response, therapy failure—less than complete cytogenetic response (0% of Ph positive
cells).

Real-time PCR analyses

All PCRs were performed using Rotor-Gene equipment (Qiagen,
USA).

Primers and probes for analyses of four major WT1 splicing vari-
ants (transcription variant A (—5/—KTS) [NM_000378.3], transcrip-
tion variant B (4 5/—KTS) [NM_024424.2}, transcription variant C
(—5/+KTS) [NM_024425.2], and transcription variant D (+5/
+KTS) [NM_024426.3]) were designed using Primer 3 software V
0.4.021 (Rozen S. and Skaletsky H.J. 2000); sequences are listed in
Table 2. The method was based on combination of four discriminating
primers. Forward primers were positioned on exons 4/5 or 4/6 junc-
tion to distinguish + 5 and — 5 variants, respectively. Reverse primers
hybridized to the region of spliced and non-spliced KTS sequence to
distinguish —KTS and -+ KTS variants, respectively. All four primers
were to be combined with one common TagMan probe. Reaction
fmixes were as follows: (1) for —5/—KTS, +5/—KTS and +5/+KTS
1U Fast Start polymerase (Roche, Switzerland), 10x PCR buffer
(Roche, Switzerland), 3.7 mM MgCl, (Roche, Switzerland), 200 nM
dNTP (Promega), 200 nM primers and 100 nM probe were mixed
into a final volume of 20p; (2) for —5/+KTS 5mM DTT was
added. Temperature profiles were the following: (1) for —5/—KTS
95 °C 10 min, followed by 45 cycles: 95°C 10s, 64 °C 45s; (2) for
— 5/4KTS and -+ 5/+KTS 95 °C 10 min, followed by 45 cycles: 95 °C
10, 60°C 60's; (3) +5/—KTS 95 °C 10 min followed by 45 cycles:
95 °C 10s, 60 °C 45 s. All samples were tested in duplicates. Expres-
sion of total WT1 was measured using primers and probe according
to Kreutzer et al. [3]. Evaluation was performed using standard curves
and the data were normalized to beta glucoronidase (GUS) expres-
sion levels [24,25). Where denoted, the WT1 variants expression
was expressed as a proportion of all four variants (%).

Table 2
Primers and probe sequences for expression analyses of the four major WT1 splicing
variants,

Primer name (specificity) Sequence

F1 (=5 specific forward} gagecaccttaaagggeeaca
F2 (+ 5 specific forward) ggacagaagggeagageaace
R1 (—~KTS specific reverse) gaagggcttitcacctgtatgag
R2 (+KTS specific reverse) cttttcactTgTtttacctgt

Probe 5'FAM cgagagcgataaccacacaacgeee 3'BHQ1

LNA modified nucleotides are underlined.
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Statistical analyses

Statistical analyses including Spearmans' correlation test and two-
tailed Mann-Whitney test were performed using GraphPad Prism version
4.1. (GraphPad Software). The level of statistical significance was set at a
p-value 0.05.

Results

Optimization and verification of the assays for quantification of four
major WTT splicing variants

To optimize PCR parameters, we tested different annealing times, LNA
modifications within the +KTS primer and various PCR additives. To
check reaction parameters, we performed amplifications of serial dilu-
tions of plasmid standards. When using the optimized protocol described
in Materials and Methods, we found linearity of the measurement in a
range from 10 to 1,000,000 copies. Representative examples of standard
curves including reaction efficiency and sensitivity for each reaction are
given in Fig. 1. Slight differences among reaction efficiencies (93%, 83%,
95% and 84%) aimed us to check quantification reliability of whole system.
Primer positions moreover indicated low but non-negligible risk of cross-
amplification. To check quantification reliability with respect to the risk of
cross-amplification of the assays, we performed two tests.

First, we prepared mixtures of plasmid standards of known con-
centrations simulating 20 different ratios of four WT1 variants. All
four variants were measured in all 20 mixtures, and obtained copy
numbers and ratios were compared with known plasmids concentra-
tions and ratios. Correlation coefficients R?>0.9 confirmed quantifi-
cation reliability in this artificial system.

Second, we compared amounts of total WT1 with sums of all four
WT1 variants in real AML (n=34) and CML (n=12) patients' sam-
ples. PCR for total WT1 expression analyses amplifies a sequence
lying between the two spice sites, i.e. amplicons of all four variants in-
clude this part (Fig. 1). The PCR for total-WT1 meets optimal real-
time PCR parameters including 98% efficiency and <10 copies sensi-
tivity. Correlation of the sum of all four variants normalized copy
numbers with total WT1 normalized copies (R=0.85) confirmed
quantification reliability of our method.

Application of the method

The above described method was subsequently used to retrospec-
tively evaluate WT1 variants profile of AML and CML patients.

WTT1 splicing variants expression profile of AML and CML diagnoses

The expression profile of the four major WTT1 splicing variants for
the investigated patients is shown in Fig. 2—a for AML and b for CML.
In both AML and CML diagnoses, +5/+KTS variants represented
nearly 50% of total WT1 expression. The AML and CML diagnostic
samples differed in the proportion of +5/—KTS and — 5/+4 KTS vari-
ants (Fig. 2a, b). While the + 5/—KTS was more expressed in AML,
higher expression of —5/+ KTS was seen in CML. Differences in ex-
pressions of these two WTT1 variants between AML and CML were sta-
tistically significant (p<0.001).

We found statistically significant differences among different AML
FAB subtypes (Fig. 3a~i). While in the majority of AML FAB subtypes,
the + 5/—KTS and + 5/+ KTS were nearly equally expressed, levels of
+5/=KTS were found much higher in AML M3, M6 and secondary
AML as compared to remaining subtypes (p<0.05). The proportion
of —KTS as compared to +KTS was increased in those patients.
Total WT1 showed the highest levels in AML M2, sec. AML and AML
M1 in our patients' cohort (Fig. 3d, g, i). Our data did not indicate
any association of WT1 variants ratio with total WT1 levels.

Changes in WT1 variants expression in AML and CML patients associated
with response to therapy

AML patients

We made a comparison of W11 variants expression in diagnostic sam-
ples of patients who did vs. who did not achieve response to therapy in
further follow-up. While there were no significant differences found
among cytogenetics based AML risk groups, our data indicated certain dif-
ference in proportions of +5/—KTS and + 5/+ KTS from total WT1 in as-
sociation with achieved response to therapy (Fig. 3j; p>0.05). Higher
proportion of 4 5/—KTS and lower proportion of +5/+KTS were
found in patients who did not achieve response to therapy. True assess-
ment of statistical significance will however need larger patients' cohort.

¢

Concertrsation . Cencentration
Efficiency  93% Efficiency  83%
Sensitivity <10 copies Sensitivity <10 copies
- d 404
,,,,,,,,,,,,,,,,, o s ermme] comsssra frrmssmaraisien e
: 30
- ; : G
- : ‘\“\“‘\~ SRy 20
18 1¢ 1d 10 1 1 1§ i 1§
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Fig. 1. Reaction parameters and calibration curves of real-time PCRs for expression analyses of four major WT1 splicing variants. Amplification of 10-dilutions of plasmid DNAs carrying
PCR products of particular WT1 variants confirmed linearity of measurement from 10 to 1,000,000 copies. a, — 5/—KTS; b, = 5/+KTS; ¢, +5/—KTS; d, + 5/+KTS.
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Fig. 2. The expression profile of four major WT1 splicing variants in diagnostic sam-
ples of AML and CML. WT1 splicing variants are expressed as proportion from total
WT1 (%), median total WT1 expression is shown as copies per 100,000 copies of
GUS; (a) AML patients’ samples from the time of diagnosis, n = 34; (b) CML patients’
samples from the time of diagnosis, n=12. The + 5/—KTS was found in higher pro-
portion from total WT1 in AML, AND the —5/+4-KTS was found higher in CML
(Mann-Whitney test, p<0.001).

Total WT1 levels were found in median only three times higher in pa-
tients' without remission as compared to those who achieved remission
(Fig. 3j).

CML patients

Due to low number of patients in the CML diagnostic cohort (n=12),
we could not evaluate differences in WT1 variants expression to assess
any association with further disease course. Inclusion of another 5 pa-
tients at different times from imatinib therapy initiation into our CML
patients' cohort provided a possibility to investigate WT1 variants ex-
pression kinetics (Fig. 4). In frame of this pilot study, we retrospectively
examined 5 CML patients—3/5 hematologically relapsed, 2/5 remained in
complete hematological remission. Total WT1 well correlated with the
course of the disease in all cases: Total WT1 levels increased in all three
patients with hematological relapse, preceding relapse by 3-5 months,
but remained low in two patients remaining in complete hematological
remission. The - 5/+ KTS was the first and most highly increased variant

before and in relapse in all three relapsed patients. In two out of
three hematologically relapsed patients, the —5/4KTS increase
even preceded BCR-ABL and total WT1 increase (for example see
Fig. 4a). Importantly, in two patients remaining in complete hemato-
logical remission, the — 5/-+ KTS remained mostly undetectable (for
example see Fig. 4b). Those figures, whatever low, suggest possible
importance of —5/+ KTS WT1 variant in early detection of CML re-
lapse onset.

Discussion

Although the exact role of WTT in physiological and leukemic hemato-
poiesis has not yet been fully explained, prognostic value of total WT1 ex-
pression is well known and it has already been used in clinical practice in
AML [3,4], MDS [21] and eventually also for CML patients. Splicing of WT1
exon 5 has been previously associated with regulation of sensitivity to ap-
optosis [16,17]. We thus suppose that knowledge of expression levels of
WT'T splicing variants and their ratios might give additional and possibly
more precise information on the disease state and prognosis, comple-
mentary to other markers including total WTT levels. Only two studies
dealing with the analysis of expression of four major WT1 splicing vari-
ants (—5/—KTS, —5/+KTS, +5/—KTS and +5/+KTS) in leukemias
have been reported, both of them using a semi-quantitative approach
[5,18]. We have therefore developed fully quantitative assays for the
four major WT1 splicing variants expression analyses which enabled us
to assess quantitatively all four variants, each one separately. By means
of it, we identified expression profile of four major WT1 variants in AML
and CML patients' samiples.

Our data showed predominance of + 5 variants in diagnostic sam-
ples of AML patients which is in agreement with results previously pub-
lished by Siehl et al, 2004 {18] and Gu et al, 2010 [5]. Further, we
extended those observations also on CML patients and found higher in-
cidence of - 5 variants also in CML diagnostic samples. Moreover, as our
assays enable us to obtain information on any particular WT1 variant
expression, we showed that + 5/+ KTS is the most highly expressed
in most of both CML and AML patients at the time of diagnosis. On the
other hand, while the -+ 5/—KTS was more expressed in AML, higher
expression of —5/4 KTS was seen in CML. In the majority of AML pa-
tients, the+to —KTS ratio remained nearly 1. The+KTS variants
were predominant in CML

To see whether there might be any association between WT1 variants
expression and responsiveness to therapy, we also compared WT1 vari-
ants expression among diagnostic samples of different AML subtypes
and different responses to therapy in further follow-up. Analyses of five
CML patients during the course of therapy provided insight into kinetics
of WT1 variants expression in developing relapse vs. retaining hemato-
logical response. High expression of the +5/—KTS (increased to + KTS
ratio) at the time of diagnosis seemed to be associated with aggressive
(AML M3, sec. AML) and/or resistant AML (patients without subsequent
response to therapy). Total WT1 levels did not differ significantly in asso-
ciation with different sensitivity to therapy in our AML patients’ cohort.
WT1 variants thus might possibly be useful in specification of AML pa-
tients' prognosis. True assessment of statistical significance will however
need larger patients' cohort. During CML relapse, the —5/4-KTS became
the predominant variant while it remained mostly undetectable in pa-
tient remaining in complete hematological remission. Careful evaluation
of - 5/+-KTS variant expression during the course of CML in a larger pa-
tients' cohort may reveal its potential to serve as an early marker of re-
lapse onset. This seems to be supported by our preliminary data from
the five patients.

Fig. 3. Analyses of four major WT1 splicing variants expression in AML diagnostic samples; whiskers—5-95% percentile, dots—outliers. (a-i} Expression of WT1 variants in different
AML FAB subtypes; a—M0, b—M1, ¢c—M2, d—M3 (APL), e~M4, f-M5a, g-M6, h—AML-MLD, I--sec. AML; significantly higher proportions of +5/—KTS from total WT1 were found in
AML M3 (APL), AML MG and sec. AML as compared to other subtypes (Mann-Whitney test, p<0.05). (j) Expression of WT1 variants in diagnostic AML samples of patients who did
(gray boxes) vs. who did not achieve (clear boxes) remission. Data indicated differences in +5/—KTS and + 5/+KTS levels (Mann-Whitney test, p>0.05).
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Fig. 4. Expression kinetics of four major WT1 splicing variants during the course of CML as compared to BCR-ABL and total WT1 expression. Upper graphs: expression of four major
WT1 splicing variants (e {3e — 5/—KTS, {3 — 5/+ KTS, ==+ + 5/~ KTS, —f@— + 5/4-KTS), lower graphs: expression of total WI'l (—fl=') and BCR-ABL (~-@--). (a) Forty-
two-year old male with optimal response to imatinib in the 12th month of therapy (achieved CCR). He showed 1 log increase in BCR-ABL in the 18th month and hematologically
relapsed in the 21th month. Interestingly, total WT1 was increased 8.4-fold already 5 months before HR (lower graph). The most early (3 months even before total WT1) and the
highest increase was seen in —5/+ KTS (upper graph). (b) Sixty-two-year old man with failure in the 12th months of imatinib therapy (insufficient cytogenetic response). How-
ever, he did not develop relapse within further 30 months of imatinib therapy. BCR-ABL was high but relatively stable (lower graph). Also total WT1 (lower graph) and its variants
showed no permanent increase (upper graph). Importantly, — 5/+ KTS stayed mostly undetectable.

Conclusions

In conclusion, our study demonstrates applicability of newly devel-
oped real-time RT PCRs for quantification of four major WT1 splicing
variants possibly exploitable to a number of diseases with altered WT1
expression. Our analyses of CML and AML patients’ samples suggest pos-
sible importance of WT1 variant levels as markers of further disease
course in patients with myeloid leukemias. WT1 variants might specify
the information given by total WT1 expression. Further analyses of a
larger set of patients' samples are however necessary to confirm our re-
sults and to assess truly statistical significance of our observations.
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Letter to the Editor

N-terminally truncated WT1 variant (sWT1) is expressed at very
low levels in acute myeloid leukemia and advanced phases of
chronic myeloid leukemia

The Wilms' tumour gene 1{WT1) encodes amultifunctional pro-
tein important for regulation of cell growth and survival, It plays
a role in many physiological developmental processes and also
in cancers including leukemia, WT1 is overexpressed in most of
leukemias and therefore it is sometimes even called a“panleukemic
marker”, Total WT1 expressicn level is used in monitoring minimal
residual disease in acute myeloid leukemia (AML) and myelodys-
plastic syndrome (MDS) patients [1]. Besides this, WT1 is being
currently tested for vaccination, Although the oncogenic behaviour
of WT1 in leukemia has been proved, the mechanism has not yet
been clearly explained, Detailed understanding of the role of WT1
in leukemia will improve the wtilization of WT1 in diagnostics,
prognostics and also in therapy. WT1 has an enormous number of
variants due to alternative splicing, alternative initiation of trans-
lation etc, In 2004, a novel N-terminally truncated WT1 variant
(sWT1) has been described by Dalloso et al. [2). The sWT1 arises
from alternative first exon Ela; it lacks the N-terminal transcrip-
tional repression domain of full length WT1 (PWT1) and it activates
expression of genes, which are repressed by PWT1, Hossain et al,
|3] reported overexpression of sWT1 in leukemias and assumed
that sWT1 might be the oncogenic WT1 variant based on in vitro
experiments, Recently, we have read with high interest a study of
Ishikawa et al, [4] which supplemented Hosszin's and also our own
data on sWT1 expression in myeloid leukemias.

Inourstudy, we have tested sWT 1 expression in chronic myeloid
leukemia {CML) and AML patients. We designed discriminating for-
wiard primers hybridizing onto exen E1 or Ela and common probe
and reverse primer hybridizing onto exon 2 to distinguish between
PWT1 and sWT1: forward sWT1 5-cctgectactoctggect-F, forward
PWT1 5-cagoccgotattogoaate-3, reverse 5'-tcatgettgaatgagtestipr-
% and probe 5-FAM cagracggreaccttegacggga BHQ1-3 . We used
cDMAs from K562, CML-T1 and JURL-MKI1 cell lines as positive
controls. All three cell lines expressed low levels of sWTI1 (less
than normalized 100 copies) and high levels of PWT1 (more than
10,000 normaliz ed copies ), The cDMAs from total leukocytes of four
normal individuals were used as negative controls; WT1 expres-
sion was negligible, Plasmid standards prepared from K562 cell
line were used for checking reaction sensitivity, preparing stan-
dard curves and performing quantification. Expression data were
normalized to glucoronidase (GUS) gene expression [5]. We have
analyzed samples of total leukocytes of peripheral blood (PB) in 48
AML and 18 CML patients. AML samples were collected at the time
of diagniosis; different FAB subtypes were included in the study.
Six of 18 CML patients’ samples were collected in major molec-
ular response (MMR, BCR-ABL levels <0.1%), & in hematological
relapse (Hr, increase in leukocyte count over the physiclogical level
of 10x 10%/L of peripheral blood) and € in accelerated phase (AP;

0145- 21265 - see Framt matter £ 2011 Elsevier Ltd. All rights res=rved.
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10-30% of blast cells in PB) or blast crisis (BC; =30% of blast cells in
PB],

The sWT1 and PNT1 expression in different AML FAB subtypes
are shown in Fig. 1A, Altogether, we detected sWT1 in 30 of 48
[63%) patients with AML. The highest rate of sWT1 positivity was
found in M3{10/12; 83%), M4({6/9; 67%), M5b and MG { 100% ). How-
ever, only a very low number of patients in M3b and M& (2 and 1,
respectively) was evaluated. The sWT1 levels were very low in all
AML patients’ samples except of M5b AML, where sWT1 expres-
sion was equal to AWT1 (Fig. 1A). In CML (Fig. 1B), sWT1 expression
was detected exclusively in blast crisis or accelerated phase but its
expression levels were very low similarly to the case of cell lines
K562, CML-T1 and JURL-MK1 derived from CML blast crisis. The
sWT1 was undetectable in CML chronic phase samples including
hematological relapse, PWT1 was the only variant detected in CML
chronic phase,

In the study of Hossain et al, [3]. sWT1 mRNA expression was
analyzed in 12 MDS, 26 AML, and 14 ALL patients; solely AML
[n=237) patients were analyzed in the study of Ishikawa et al. [4].
Our study included 48 AML and 18 CML patients. Therefore only the
results of AML patients’ analyses could be directly compared. Major
differences were found in the rates of sSWT1 positivity in these stud-
ies, It was 19% (45/237) in Ishikawa et al. [4], 63% (30/48] in our
study and 85%(22/26) in Hossain et al.'s study [ 3]

Also sWT1 expression levels found in those studies differed. The
sWT1 transcript level reported by Ishikawa et al. was much lower
as compared to PWT1, By contrast, Hossain et al_ found sWT1 rather
highly expressed and notably, he found sWT1 as the single pre-
dominant isoform in 12/52 cases of adult leukemia. However, at
the same time, Hessain mentioned that on the protein level, PWT1
was predominant, Our data correlate with those of Ishikawa et al.
In further agreement with Ishikawa et al., we also found out that
PWT1 level was higher in sWT1-epressing than in non-expressing
AMLpatients, In our study, 77 out of 37 (72%) AML samples showing
= 1000 PVT1 normalized copies were sWT1 positive. On the other
hand, sWT1 was detected only in 3 of 10 (30%) AML patients” sam-
ples showing = 1000 PWT1 normalized copies. In CML, sWT1 was
found only in AF{BC. In these CML advanced phases the fWT1 was
higher than in CP, We found a statistically significant correlation of
SWT1 with fWT1 (R?-00728).

The differences among the results of these three studies might
be the consequence of (1) different material used in these studies,
as they were bone marrow samples in Ishikawa's and PE samples
in Hossain's and our study, (2] to some extent different number of
analyzed patients and of course (1) different PCR sensitivities or
other parameters of methods used in individual laboratories.

The sWT1 expression was found in bone marrow [4] and leuko-
cytes of peripheral blood of AML patients and in advanced phases
of CML where a large number of immature cells is present but not
in samples of CML CP, Therefore we can assume an association of
sWT1 with immature cell character. As sWT1 was not detected in
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normal bone marrow [4] it seems probable that sWT1 is expressed
only in immature cells of leukemic character.

In conclusion, our results demonstrate a low expression level of
sWT1 variant in myeloid leukemias, which excluded sWT1 as a suit-
able marker for monitoring disease state, Current studies on CML
and AML patients suggest that sWT1 is expressed preferentially in
immature leukemic cells. Further studies are needed to clarify the
role of WT1 and its variants in leukemias, The first step should be
the standardisation of real-time RT-PCRs for WT1 variants to unify
the results of different laboratories.
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Expression patterns of microRNAs associated with
CML phases and their disease related targets

Katefina Machové Polskova'”, Terez Lopotova 12 Hana Klamowd', Pavel Burds®, Marek Tménj", Tomaé 5t-::u|:lka3
and Jana Moravoovd'

Abstract

Background: MicroRhAs are important regulators of transcription in hematopoiesis. Their expression deregulations
wene described in association with pathogenests of some hematological malignancies. This study provides
integrated microRNA expression profiling at different phases of chronic myelold leukemia (CML) with the aim to
identify microRMAs associated with CML pathogenesis. The functions of in slico filtered targets are in this report
annotated and discussed in relation 1o CML pathogenasis.

Results: Using microarrays we identified differential expression profiles of 49 mifNAs in CML patients at diagnasis,
in hermatological relapse, therapy failure, blast oriss and major molecular response. The expression deregulation of
miR-150, mif-20a, miR-17, mik-19a, mik-103, mik-144, miR-155 mik-181a, mik221 and mif-222 in CML was
confirmed by reaktime quantitative PCR. In slico analyses identified targeted genes of these miRNAs encoding
proteins that are involved in cell cycle and growth regulation as well as several key signaling pathways such as of
mitogen activated kinase-like protein (MAPE), epidermal growth factor receptor (EGFR, ERBE), transforming arowth
factor beta (TGFB1) and tumor protein p53 that are all related to CML. Decreased levels of miR-150 were detected

pathogenesis.

in patients at diagnosis, in blast crisis and 67% of hematological relapses and showed significant negative
comelation with miR-150 proved target MYE and with BCR-ABL transcript level.

Conclusions: This study uncovers microRMAs that are potentially involed in CML and the annotated functions of
in siico filtered targets of selected miRMAS outline mechanisms whereby microRMAs may be imoled in CML

Intreduction

Mammalian microRNAs (miRMNA, miR) are short non-
coding RMAs that regulate preferentially gene expression
by inhibiting translation of specific target mRNAs.
MiRNA-mBNA matching is based on imperfect
sequence base-pairing with the required complementar-
ity centered over positions 2 - 8 of mENA's seed
sequence [1]. Depending on specific target genes, miR-
MAs regulate many cellular functions such as develop-
mental timing, signal transduction, apoptosis, cell
proliferation and tumorigenesis [2-5]. Thus, gene
expression and role of miBNAs are currently being lar-
gely studied in human malignancies and chemical com-
pounds that regulate miRNA levels are potentially very
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important for developing new treatment strategies in
chronic myeloid lenkemia (CML). The first miRNA
maolecules that have been associated with human leuke-
mia pathogenesis were found in chronic lymphocytic
leukemia (CLL) [6]. MiR-15 and miR- 16 are located in a
genomic region that is frequently deleted in CLL, thus
the expression of these two miBNAs is downregulated.
Other works brought the evidence that many miRMNAs
are indeed found at chromosomal breakpoints and
genomic regions associated with cancer [7.8].

In CML the following miRNAs were associated with
the disease pathogenesis. For instance, the miR-203 was
found to be epigenetically silenced in human leukemic
Philadelphia chromosome-positive (Ph+) cell lines; this
is in line with the observation that BCR-ABL and ABL
kinases are miR- 303 putative targets [9]. Derivative Sg+
chromosome deletions carrying miR-199b that occurred
in some CML patients were associated with miR-199b
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decrease [10]. Venturini et al. [11] showed miR-17-92
cluster (onkomir-1) to be aberrantly expressed in CD34
+ cells of CML patients. Agirre at al. [12] analyzed the
expression of 157 miRNAs in mononuclear and CD34+
cells separated from bone marrow of 6 CML patients at
diagnosis and found 11 miRMNAs (e.g. miR-150, miR-
151, miR-221, miR-127, miR-16) aberrantly expressed in
D34+ cells and 53 miRNAs differentially expressed in
mononuclear cells (e.g. miR-150, miR-126, miR-221,
miR-272, miR-21). Two recent works contributed to the
knowledge about expression change in specific micro-
RMAs associated with resistance to imatinib or respon-
siveness to imatinib after the treatment initiation in
CML patients [13,14]. A group of 19 miRNAs (e.g. miR-
191, miR-2%9a, miR-422b, miR-100, miR-326, miR-26a)
were identified as possible predictors for clinical resis-
tance to imatinib in patients with newly diagnosed CML
[13]. A relatively rapid increase in the expression of
miR-150 and miR-146a and decrease of miR-142-3p and
miR-199b-5p in peripheral blood mononuclear cells
(PEMCs) of patients newly diagnosed with CML was
found two weeks after imatinib initiation [14].

In this study, we used an array platform to character-
ize differentially expressed miRMAs in peripheral blood
total leukocytes of patients at different stages of CML
including diagnosis, major molecular response, therapy
failure, hematological relapse, accelerated phase and
blast crisis with the aim to identify microRMNAs asso-
ciated with pathogenesis of CML. To the best of our
knowledge, such integrated microRMNA profiling during
the course of CML has not yet been performed. Hier-
archical clustering analysis based on expression profiles
of 49 miRMAs clearly separated patients at diagnosis,
hematological relapse and blast crisis from those in
major molecular response and therapy failure. We used
in silico analyses to better understand the targets of 17
selected miRMAs whose deregulation was confirmed by
real-time quantitative PCR (RT-gPCR). Based on our
previous results demonstrating that miR-150 downregu-
lation is associated with CML [15], we further validated
miR-150 expression in a lrger number of patients (n =
7). As MYB represents functionally validated target of
miR-150 [16], its gene expression analysis was per-
formed on the same patient cohort. Our data provide
significant inverse correlations between miR-150 and
MYB expression and BCR-ABL transcript level and indi-
cate that this relationship is potentially important for
pathogenesis in CML.

Materials and methods

Patient samples

Twenty four patient samples of total leukocytes from
peripheral blood (Table 1) were used to prepare pools
representing different CML phases for microarray
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analysis: diagnosis (n = 5, Dg), major molecular response
(n = 5 MMR), therapy failure (n = 5, TF), hematological
relapse (n = 5 Hr), and blast crisis (n = 4, BC). Briefly,
Dg, Hr and BC contain 100% of Ph+ cells. Therapy fail-
ure is defined here as complete hematological response
with failure to achieve complete cytogenetic remission
(CCgR). Hematological relapse is defined as increased
number of WEC (range 14-28*10°/L). MMR samples are
characterized as BCR-ABL «0.1% (I15). BC samples con-
tain blast cells in peripheral blood from 50% to 79%.
Eleven healthy donors of age median 60 (range 45 - 78)
and man/woman ratio 3/2 following CML incidence
were used to create a control pool.

Seventy patient samples of total leukocytes from per-
ipheral blood were used for miR-150 expression valida-
tion and M ¥B expression analyses (Table 2). Of these,
13 represented Dyg, 16 = MMR, 14 = TF, 15 = Hr and
12 = AP (accelerated phase) together with BC [AP/BC).
Therapy failure is defined here as non CCgR achieve-
ment; all patients achieved complete hematological
remission and two patients major and minimal cytoge-
netic response, respectively. Hematological relapse is
characterized by increased number of WBC and PLT
(median 16*10°(L and 448*10°/L, respectively).

The percentage of BCR-ABL transcript level was
observed from the routine monitoring using real-time
gqPCR that is standard wed within the frames of interna-
tional standardization [17]. Mutation analyses were per-
formed by direct sequencing method [18].

All subjects donated their samples with informed con-
sent approved by the Ethic Committee of the Institute
of Hematology and Blood Transfusion, Prague.

Sample preparation

Cell pooling was applied for microarray analysis at the
aim to reduce individual variability and to find common
features of the disease stage. Pooling strategy was per-
formed according to previously described recommenda-
tions [19,20]). Pools consisted of five patient samples; the
blast crisis pool contained only four samples due to lack
of appropriate material. Samples were selected for pool-
ing according to their similar characteristics listed in
Table 1. Each patient contributed to the pool by the
same amount of leukocytes {107

RMA extraction

Two different approaches were initially tested to extract
total RMA containing small RMA molecules: acidic phe-
nol-chloroform procedure and miRVana kit I:Arn]:nim'r.
Applied Biosystems, Foster City, CA, USA). The quality
and quantity of BNA were evaluated using Agilent 2100
Bioanalyser (Agilent Technologies, Santa Clara, CA,
USA) and spectrophotometer (ManoDrop Technal ogies,
Wilmington, DE, USA), respectively. The miRVana kit



Machova Folakova er all Moleadar Cancer 20011, 1041 Page 3 of 13
It Swwencmolec ul ar-cancers om/oontent/ 104141

Table 1 Characteristics of patient samples in the pools

Pools Patient M WEC Thmmbnqm Elast EBCR- Ph+ Pretreatment BCR-AEBL
number 1 e apry count count count ABL cells mutations
lgender) (months)  (*10%L PBI (*10°/L PB) (%in PBl (% (%)

Dg 1iF) a 714 Ta3 a ail 100 HU MA
21{F a 665 B2 3 131 100 HU MA
LT [ 23 505 1 144 100 HU MA
ERLY] a 155 635 a 312 100 HU MA
R a 1885 550 1 139 100 HU, AN MA

MMR & (8 148 57 244 o [ili] o HU MA
7R 74 53 153 o om o HU MA

) 22 &l E]] 0 oo 0 HU MA
) 1496 a2 309 0 o008 0 HU MA
10 84 131 4 230 o [ili] o HU MA

T O uf 176 a3 224 o 37 Ed N EL
12 4 143 a2 142 o 15 100 HU W1
13 8 151 54 252 o 37 30 HU W1
14 ) 135 24 100 o 23 & HU, FN W1
15 131 45 171 0 38 100 HU W1

Hr 168 136 21 448 a a0 100 HU MESTT, F317L
17§ 166 140 44 0 212 100 HU, IFN 3l
18 165 173 444 [ 63 100 i, HU W2 Sy
15§ 253 1432 550 [ 66 100 N MESTT
2080 224 »1 245 a 164 100 N, HU F3171

BC 1 ¥ 554 5 147 a2 1883 100 MA s
2 a7 178 454 k1 2188 100 MA W
73 ) 330 =7 14 79 2500 100 MA w1
24 ) 367 a0 kel 7 1000 100 MA WEETT, D760

BC = blast coss; Dg = Dkagnosis F = female; Hr = hemaiological relapse; HU = hydemopures; IF = intespheron alighz; IM = mmatni; M = male; MAA = major
moleaular response; P8 = peripheral blood: TF = therapy falum; W8C = white Blood ool WT = wild type.

Table 2 Characteristics of patient samples in groups for miR-150 and MYB expression anakhysis
Disease MNumber HLU, IFN or Manths on WBC x10°/L PE median  Blasts in PE  Ph+ cells BCR-AEL (%] BCR-ABEL KD
med ian

fdage  of combination  imatinib {rangel % (%4 it ati o
patients pretreatment median PLT x10°/L PB median median medi an {range Humber of
months from  (rangel {ramiyel {ramie) {ramg el patients
disgnosis
median
(range)
Dg 13 NA NA &7 (12-457) 2101-5) 100 13261-318 WA
431 {130-324
APBC 12 24 2-106) 24 (&55) 3 (1.17-147) 13 @74 100 510 3
10325000
a1 N4-563
Hr 15 181166 22 {10-54) 16 5-28) 112 100 32100) &80 (3877 15
M3 71-1779)
T 14 14 {165 18 {1267 Phy [ 100440100 32 M4 4
Py
MME 16 3q-1 16 (7-24) Phy [ 0 a2 MA
0om-m)
Ay
N = zxelemted phase; BC = bkt s Dg = ais; Hr = hematologial mizpss; MMA = major malecular responss; P = pespherd blbad; Phy =

phymalogcal (WEC 410 = 10°; PAT 150-400 » 10%L); PLT = platelets; TF = thempy Riure; WBC = whie bibod ool
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and phenol-chloroform procedure gave comparable
results with respect to BENA quality (RN A integrity
numbers 7.8 - 9.1 and 85 - 9.0, respectively) and quan-
tity (mean total ENA amounts 5 ug and 3 ug,
respectivelyl.

MiRVana kit however gave better 230280 ratio and
therefore was then selected for preparation of samples
for microarrays. Acidic phenol-chloroform extraction
was used for real-time qPCRs, which is a standardized
method in our laboratory for BCR-ABL monitoring in
international scale (15).

Microarray analysis

PIQOR™ miRXplore arrays (Miltenyi Biotech GmbH,
Cologne, Germany) were used for miENA expression
profiling and the whole procedure including miRXplore
data analysis (control vs. sample) was performed within
the genomic facility of the manufacturer. Total RNAs
with controlled quality (RIN 8 - 9.2; A260/A280 186 -
201; AZ30/A260 195 - 2.1) and quantity (1.2 - 4.0 pg)
were sent to Miltenyi Biotech laboratory on dry ice.
RMA quality and quantity was checked after delivery
with the comparable results. Microarray platform con-
tained 872 probes for human miRNAs according to
mikBase version 10.1 and an extensive system of con-
trols. Raw data were derived from ImaGene® software
(Biodiscovery, El Segundo, USA). Only spots with signal
equal to or higher than 50% percentile of the back-
ground signal intensities were further analyzed.

The complete microarray data were deposited in Gene
Expression Omnibus (GEQY) database under the accoes-
sion number GSE26260 (http://www.nchinlmnih gov/
geof).

We applied MultiExperiment Viewer (MeV v4.0
release; httpy/ www.tmd.org/mev) for k-means/medians
and hierarchical clustering was performed using average
linkage and average dot product metric.

Real-time gPCRs
Real-time qPCR was performed on RotorGene 6000
(Qiagen, San Francisco, CA, USA). The miENA expres-
sion assay kits (Applied Biosystems) specific for selected
miRMNAs were used to perform reverse-transcriptions
and RT-gPCRs MiR-30c showed stable expression
across all the patient and control samples analyzed
(stable Ct/ngRMNA) and was used as a housekeeping
gene for normalization. Relative fold changes of gene
expression were assessed using 2T method. Mean of
ACT walues of 11 healthy donors was used as a calibra-
tor. Results are presented as expression fold change of a
patient to a healthy control

TagMan Gene Expression Assay (product number
Hs00193527; Applied Biosystems) was used for MYE
transcript quantification according to the manufacturer’s
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recommendations. The GUS gene was used as the
housekeeping gene with the primer set. probe, and pro-
tocol adopted from Beillard et al. [21].

Prediction of putative miRNA target genes

The TargetScan Human release 5.1. (httpe/ferww targets-
can.org) was used for prediction of miRNA targets
Visualization and Integrated Discovery (DAVID) (httpe//
david abconciferf.govs) [22,23] was applied to annotate
the biological functions of the predicted targets.

Statistical analyses

Analyses of MYE and miR-150 differential expression
between different groups of samples were conducted
using Kruskall Wallis's test and Dunn's multiple com-
parison test. Correlation analyses were calculated using
the Spearman’s rho correlation test. Statistical analyses
and graphs were performed using GraphPad Prison ver-
sion 403 (GraphPad Software, La Jolla, CA, USA).

Results

miRMA expression profiles in CML

Microarray analysis in CML resulted in the detection of
56 differentially expressed miRNAs (samples vs. con-
trol). Figure 1 shows three main gene clusters (clusters
L, IL, IlI) of altogether 49 miRNAs. A markedly (more
than 1.5 fold; others are not indicated here) increased
level over the control was found in BC pool for miR-
19a, miR-19b, mik-221, miR-126, miR-106a, miR-17,
miR-2{a and miR-222 that belong to the cluster I A
distant gene cluster [l grouped down-regulated miBNAs
in BC; more than L5 fold change was detected for miR-
24, miR-29b, miR-26b, miR-107, miR-103, miR-150,
mik-451. The cluster Il consisted of miENAs with
increased level in MME; more than 1.5-fold change was
found for miR-663, miB-638 and miR-720.

A separate cluster was created from MMR and TF
pools and was distant from the cluster grouping Dg
pool together with Hr and BC pools. MMR and TF
pools are represented by the samples from patients dur-
ing the imatinib treatment with optimal response and
failure to achieve CCgR, respectively. The samples from
MMR and TF pools were characterized by physiclogical
blood count but different BCR-ABL transcript level and
number of Ph+ metaphases (Table 1). The distant clus-
ter of Hr, BC and Dg pools represented CML in pro-

gression and at diagnosis, respectively.

Validation of array data and sample pooling

Eight up-regulated (miR-1%a, miR-19b, miR-221, miR-
222, miR-126, miR-106a, miR-17 and miR-20a) and 3
down-regulated miRNAs (miR- 103, miR-150 and miR-
451) with more than 2.0-fold change in their expres-
sion (see Figure 1) over the control were selected for
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Figure 1 Hierarchical clustering analysis of expresion data of
49 microRNAs from microamay analysis. Seven mitiAs ae not
diplayed due 10 Sgnal at he hacdkground level in at ke one of
the pocis anahyeed

array data validation and for evaluation of pooling pre-
cigsion by the RT-qPCR. MiRMNAs expressions were
measured in the pools and in individual samples of
each pool. The heatmaps showed comparable results
(Figure 2); on comparing array and RT-gPCR data of
pools and averaged RT-qPCR data of individuals, hier-
archical clustering formed similar gene and sample
clusters. We noted also few discrepancies e.g. for miR-
126 and miR-451. We evaluated RT-gPCR data of each
sample using hierarchical clustering (Figure 3) Seven
miENAs (miR-181a, miR-181b, miR-92a, miR-146a,
let7c, miR-144, miR-155) that were not displayed in
Figure 1 and 2 due to low signal on the array analysis
in at least one of the pools, were included into the
ET-gPCR analysis becanse of strong change in their
expressions in BC pool. Three prominent patient clus-
ters and three prominent miEMNA clusters were identi-
fied (Figure 3). Firstly, a gene cluster distant from the
other two consisted of miR-103, miR-150, miR-451
and miR-144. These molecules showed a rather
decreased level at Dg, in Hr and BC. The other two
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closely related clusters consisted of miR-19b, miR-19a,
miR-17, miR-20a, miR-92a, miR-10%a, miR-222, miR-
126, miR-146a, miR-181a, miR-181b, let7c, miR-155
and miR-221 that were up-regulated in BC samples.
The BC samples formed one cluster that was mixed
with two samples from hematological relapse (Hr 4, 5),
one from diagnosis (Dg 3) and one therapy failure (TF
4). This cluster was related to the cluster that was
formed by Hr samples (Hr 1-3), two Dg samples (Dg 1,
4) and one therapy failure (TF 3). The third cluster
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J

distant from the other two consisted of all MMR sam-
ples, three TFs (TF 1, 2, 5) and was mixed with Dg 2
sample.

Target in silico analyses and functional annotation

The putative target genes were selected for 17 miRNAs
with validated expression in different phases of CML
(Figure 3). The predicted targets containing highly con-
served sites were further studied according to the P
values [24] from the TargetScan release 5.1 except for
miR-106a because of lack data in the database. Because
the P values are available only in the TargetScan we
did not use another databases for miR-106a target pre-
diction to preserve data consistency.

The targets were selected according to Pt equal or
higher than 0.1 and 0.5 of miRNAs with low and high
number of targets in the database, respectively (see
Additional file 1: Table S1). The Pcr, ranging between 0
and 1, corresponds to a Bayesian estimate of the prob-
ability that a site conserved to a particular branch length
is conserved due to miRNA targeting [24]. The 30% of
all of the targets with only conserved sites (Additional
file 1: Table S1) are putative target genes of more than
one of the selected miRNAs,

Functional annotation analysis of predicted targets
(Table 3) revealed several biological processes (P <
0.0001). The encoded proteins are involved mainly in
the regulation of transcription, intracellular signaling
cascades, amino acid phosphorylation, regulation of
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RNA metabolic processes, regulation of apoptosis, regu-
lation of cell praliferation and protein transport. Several
proteins are implicated in hemato poietic or lymphoid
organ development (n = 52 eg. BMI1, WNT3A, MLL5,
IL25, CDK6, MYH9, BCL2L11, CRKL, KIT, BCL2,
RUNXI1, TCF3, PIK3R1, NOTCH2, PKNOX1, SP1, SP3,
TGFBR3), regulation of erythrocyte differentiation
(ACVR2A, ACVRIB, ETS1, MAFB, SPl1, CDK6,
FOXO3, INPP5D, ARNT) and regulation of myeloid cell
differentiation (ZFP36, HMGB3, MAFB, KLF10,
NDHP1, SPI1, CDK6, FOXO3, PRDM16, PURB, ARNT,
LIF, ACVR1B, ACVR2A, ID2, ETS1, GNAS, INPP5D,
RUNX1).

Using KEGG database [25] we analyzed signaling
pathways with significant hits (P < 0.0001) for predicted
targets involved in endocytosis (hsa04144), pathways in
cancer (hsa05200), mTOR signaling pathway (hsa04150),
hedgehog signaling pathway (hsa04340), chronic myeloid
leukemia (hsa05220), focal adhesion (hsa(4510) and
Wnt signaling (hsa04310) (Table 3).

Table 4 summarizes predicted targets associated with
chronic myeloid leukemia. Most of them are involved in
MAPK signaling (BCR, E2F2, E2F3, CBL, RAF1, CRK,
CRKL, KRAS, SOS1, MAPK1). TGBR2, SMAD4 and
ACVRI1B play a role in transforming growth factor beta
signaling pathway. Cyclin D1 (CCND1) and cyclin-
dependent kinase 6 (CDK6) are important for the cell
cycle and in the p53 pathway. Cell cycle is influenced by
cyclin-dependent kinase inhibitor 1B (p27). ErbB
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Table 3 Functional annotation of predicted targets

GO category Count % * P-value
Hological pavcess

Feguiation of tEnsorption a7 o 428620
Intracellular signaling casace X8 124 552E-12
Froein aming sl phosphondation 127 adh 20N
Feguiation of RNA metabolic process 69 1454 SA7E-10
Negative regulation of celular bicsynthetic proces 07 578 268E8-10
Phosphate metabolic process 159 a5y 759
Fegulation of small GTPase mediated signal transduction 58 314 14168
Fegulation of Ras peotein Sonal transduction 51 23 18368
Feguiation of apopioss 132 71 13567
Vesde-medated ranaport 101 55 21X
Megathvee regulaion of signal transducton 50 a7 AT7ET
Pro®in Tangpot 124 a7 54867
Tamsmamb@Ene ROoSplor proten Hodne kinass sonaling pathvay L 255 104E-6
Feguiation of call migration ad 216 157E-6
Foitive regulation of call diflsmntation a3 265 2BE-6
Intraceiular transpoet 108 584 20485
Feguiation of cell praiferation 124 a7 219566
Hematopoietc or lymphoid osgan development 52 28 TAIES
Fegulation of peotein kinase cascade a7 25 35S
Feguiation of potein kinase achity al 34 10564
Feguiation of enythrocyte diferentiaion g as 24164
Feguiation of myelbid cel differentiation 1% 12 24264
Muleculor Encrion

Tansciption eaulator Aoty 63 145 A81E-19
GlFae eguator activity jrd 44 13268
Proein Mnase activity no 595 23368
Cytenbelotal paotein Dinding a0 485 10666
Tarmsciption epreses adiviy a3 341 18666
Promein dumain spacilc binding &5 351 16766
DA bincing 314 1657 15166
Zinec iom binding 303 1638 3FES
Chaoen i binciing 34 184 40565
(Catidy [inciing 509 51 12864
SHE dodrEin Danding 2 13 1514
Pathay

Enclocytosis a5 243 153E-8
Fathways i cancer 6d 345 1A1E-7
mlIOR signaing pathvway & 185 11364
Hedgehog signaling pathway 16 (085 24
Cheonic myeboid beukemia 1% 105 3214
Focal adhesion 37 20 33904
Wint signaling pathay F- 157 8774
* Som total 1850

Major Gene Onfolbgy 1G0) categanes. The threshald of d i fior G0 ennchment in the gene st wes set up to P s 107
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Table 4 Target annotation in pathways of chronic myelid keukemia (hsa05220)

Targets* Definition Per Pathway in CML
BCH Beeakpoint chster mgion proein 056
; ExF2 E2F tmnsaiption facos 2 032
milit-17 059
frifi-155 073
mrili-17 E2F tmnsaription facoe 3 054
=150 E3 ubaquitin-protein Bgase 045
222 033
frii-155 0&7
mili-1% RAF prot-oncogens sedne fuennine-protan kinase 082 MAPK signaling
mifi-1 26 Proto-oncogens C-ork 055
mifi-17 083
-2 21 Prto-oncogens Crk 016
frilit-19a GiPe 052
frii-155 033
erilii-155 Lo of sevenlang 053
mili-181a 078
mili-19a Extraceular sgnal-eguled 086
milit-17 kinaze 12 (E) 036
mridfi-19a Transfonming growth Goor -heta 087
mii-144 recenlon fype-? 065
fridfi-155 028 Transforming growth facter &
=144 Mothens againa DIF homokog 4 058
mii-17 Transforming growth Bctor -beta recepior Type-1 052
Cydlin D1 036
087 p53 pathway
055
Cyclin-ge pendent kinase 6 073
=222 Cyclindependent kingse inhibliorn 18 §pa7) 050 Call eyele
mifi-103 Phos phoinoditide-3-Hnase, 073
mii-221 requiatony sulnnit 063
frilfi-155 028 ErbE sgnaling
mili-19a Phos phoinoditide-3-Hnase, 082
mili 1812 requiatory sulnit 0a1
mili-17 funt-selaed ransoription faooe 1 033 Abnormality in
rifi-1.44 (AMILT) 05g growt b inhi biti on

* official gene gymbal

signaling pathway encompasses PIK3R1 and PIK3R3.
RUMNX1 known as AMLI contributed to the abnormality
in growth inhibition.

MiR-150 down-regulation and targeted MYB
overexpression

Dramatic reduction of miR-150 in BC, at Dg and in Hr
and itz normal levels in patients under imatinib treat-
ment (MMR and TF) (Figure 3) prompted us to deter-
mine this expression pattern on a larger cohort of
patients (n = 7k Table 2). Significant down- regulation
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of the miENA (p < 0.05) in comparison to healthy con-
trols (n = 11) was confirmed for diagnosis and pro-
gressed phases of CML (Figure 4A.). MiR-150 level
decreased more than 2-fold in 67% of hematological
relapses (n = 10/15). There was no significant change in
MMR and TF compared to controls. Among all patient
samples analyzed, we found significant inverse correla-
tion of mik-150 expression with BCR-ABL transcript
level (p = 0L01; r = -0501). To test whether miR-150 is
regulated by BCR-ABL we have used a Ph+ cell line
MOLM-7 and incubated it with two concentrations of
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imatinib (1uM and 10 uM, Additional file 2: Figure S51A)
for total 48 hours. We observed that following reduction
of BCR-ABL tyrosine kinase activity (exemplified by
decreased intensity of p-CRKL (Additional file 2: Figure
51B)) by imatinib the miR-150 levels were significantly
upregulated. This paragraph provides link between levels
of one particular microRMA, miR- 150, identified by our
microarray analysis and CML pathogenesis.

MYB is a confirmed target of miR-150 [16]. The
expression pattern of MYE during the course of CML
has not as yet been reported. We decided to analyze
MYR transcript levels in the same cohort of patients.
MYE was significantly increased at Dg, in AP/BC and
Hr in comparison to controls (p < 0,001), to MMR (p <
0.05) and to TF (p < 0.05). Spearman’s rho analysis dis-
played significant inverse correlation of MYE with miR-
150 expression (p = 0.01; r = -0.521) and significant
positive correlation between MYE expression and BCR-
ABL transcript level (p = 0.01; r = 0.771).

Discussion

Specific microRNAs regulate hematopoietic cell differen-
tiation and development [26]. The main interest is in
whether there exists a link between levels of miRMNAs
and leukemia pathogenesis. The first work dealing with
miRNA expression in CML demonstrated enhanced
expression of the miR-17-92 cluster in CML CD34+
cells [11]. Other works that reported miRNA aberrant
expression in CML appeared very recently. For example,
it demonstrated that several miRNAs dysregulated in
CML (miB-150, miR-146a, miR-142-3p, miR-199k-5p)
were rapidly restored under imatinib treatment [14].
Several miEMNAs (e.g. miR-191, miR-29a, miR-422hb,

miR-100, miE-326, miR-26a) are promising predictors of
imatinib resistance in newly diagnosed CML patients
[13].

This study nvestigates microRMA differential expres-
sion profiles that were initially analyzed at different
stages of CML using microarrays. Pooling of patient
samples was applied for microarray analysis to reduce
individual variahility and to find common features of the
disease.

MiEMNA array data showed similar expression pattern
of 49 miRMNAs in imatinib responders with MMR and
patients with failure to achieve complete cytogenetic
response. As expected, hierarchical clustering assembled
the pools of samples at diagnosis, in hematological
relapse and blast crisis, while MMR and TF pools
formed a separate cluster (Figure 1). Total leukocytes
from blast crisis peripheral blood that consisted of maore
than 50% blasts of each sample in the pool showed the
highest number of strongly deregulated miRNAs.

We applied the functional annotation tool DAVID to
look for the biological functions of predicted targets
with only conserved sites and high P values of the 17
miR MAs with real-time gPCR-confirmed up-regulation
(miR-19a, miR-19b, miR-17, miR-20a, miR-92a, miR-
21, miR-222, miR-126, miR-146a, miR-181a, miR- 181b,
let7c and miR-155) and down-regulation (miR-103,
miR-150, miR-451 and miR-144) in blast crisis (Figure
3). Several targets were involved in the processes that
were found to be important in CML; endocytosis [27],
mTOR signaling pathway [28,29], hedgehog signaling
[30,31), focal adhesion [32,33] and Wnt signaling
[34,35]. We summarized 19 genes with the probability
to be targeted by miR-20a, miR-17, miR-19a, miR-103,
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mi R-144, miR-150, miR-155, miR-181a, miR-221 and
miR-222. The encoded proteins were annotated in path-
ways related to the CML (hsa05220). Out of these, 10
targets are involved in MAPK signaling (BCE, E2F2,
E2F3, CBL, RAF1, CRE, CRKL, KRAS, 5051, MAPKI1).
Interestingly, inhibition of MAPK signaling in Ph+ cell
line K562 induced apoptosis [36). Application of MAPK
specific inhibitor L0126 showed synergistic effect with
imatinib resulting in CD34+ progenitor reduction in
CML [36].

Confirmed increase of miR-19a, miR-19b, miR-17,
mil- 20a, miR-92a, mik-106a, miR-221, miR-222, miR-
126, miR-146a, miR-181a, miR-181b, let7c and miR- 155
was identified in samples of BC pool (Figure 3). This
pattern was not found in Dg, Hr, TF or MMRE pools.
Overexpression of these miRs may be related to the
immature character of blasts. Whether the increased
level of these miENAs may contribute to the CML
pathogenesis or may simply reflect the stage of the dis-
ease is the matter of further investigation. Abnormal
expression of onkomir miR-17-92 (miR-17; miR-19a;
mi R-19b; miR-20a; miR-92a) was described in CML
D34+ cells [11]. Agirre et al. [12] found up-regulated
miR-221 and miR-222 in mononuclear cells of CML
patients in comparison to healthy controls. MiR-155,
miR-106a, miR-146a, miR-181 and miR-126 were
reported as deregulated miRNAs in CML [13,14]. To
our knowledge, let7c expression has so far not been
described in CML. In this study, our in silico analyses
revealed that miR-221 and miR-103 (Per 0.63 and 0.73,
respectively) target PIK3R1. PIK3R3 is predicted to be
regﬂxtﬂi b} miR-19a and miR-181a (P 092 and 0.51,
respectively). PI3K is annotated in ERBB, MAPK and
mTOR signaling pathways. KRAS, which is involved in
MAPK signaling, is a predicted target of miR-19a (P
0.92). MAPK expression may be regulated by onkomirs
miR- 17 and miR-19a (Pt 0.9 and 0.86, respectively).
Interestingly, it was reported that RAS/MAPK signaling
may contribute to the survival of BCR-ABL positive
cells under imatinib selection pressure [37]. AKT1, a
member of the antiapoptotic PI3K pathway, is involved
in both, BCR-ABL mediated transformation as well as in
response to the BCR-ABL kinase inhibitors. It was
shown that the PI3K/AKT/mTOR signaling is activated
in imatinib naive cells while under imatinib pressure it
may enhance resistance to imatinib [38]. As shown in
our real-ime qPCR data (Figure 3), the rather decreased
levels of miR-181a, miR-221 and miR-19a in some ima-
tinib treated patients, and miR-108 down-regulation in a
number of blast crisis, diagnosis and progressed CML
may contribute to the increased level of PI3K and thus
may be involved in the previously described PI3K/AKT/
mTOR signaling activation and in the resistance devel-
opment in some CML cases. Though no experimental
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therapy using miRNA moduolation has as yet provided
significant and curative approach, the knowledge of
deregulation of miEMAs specific for CML may facilitate
the development of such therapeutic strategies. Several
candidate microRMNAs (eg. miR-181a, miR-221, miR-
19a, miR-103) regulating expression in CML target
important signaling pathways may represent promising
candidate targets for CML therapy.

The real-time qPCR validated the down-regulation of
miR-150, miR-451, miR-103 and miR-144 overall in
individual samples of BC, Hr, Dg pools and in some
samples of TF pool (Figure 3). These molecules may be
related to the CML pathogenesis and may reflect trans-
formation from chronic to accelerated phases. Agirre et
al. found miR-150 downregulation in mononuclear cells
and CD34+ cells separated from bone marrow in newly
diagnosed CML patients (n = &) in comparison to
healthy donors (n = 6) [12]. MiR-150 was recently
described to be downregulated in untreated CML
patients [14]. Flamant et al. [14] suggest that miR- 150
play a role in leukemic cells and potentially in the more
primitive hematopoietic compartment in chronic phase
CML patients. This is in line with the lnowledge that
miR-150 is important in the regulation of hematopoiesis.
During normal erythroid differentiation its level is gra-
dually decreased [39], however; it shows the highest
expression in mature lymphocytes [40]. Others proved
that miR-150 expression increases during B-lymphoid
differentiation in contrast to myeloid differentiation. [t
seems likely that miR-150 regulates the development of
other two different blood lineages; B lymphocytes and
megakaryocytes [41,42). Thos, miR-150 deregulation is
found in hematological malignancies; miR-150 is
decreased in polycytemia vera reticulocytes [43] and a
marked decrease was recently also detected in MDS-del
(5q) [44] while, in contrast, a twofold increase was
found in CLL ymphocytes [45].

Based on our results [15] and recent results of others
we expanded real-time qPCR assays of miR-150 on the
larger cohort of CML patients. Decreased level of miR-
150 was confirmed in patients at diagnosis, in the
majority of patients with hematological relapse and in
accelerated phase and blast crisis. Mormal miR-150 level
was observed in imatinib treated patients with major
malecular response and failure to achieve CCgR. Our
observations are consistent with the data of Flamant et
al. [14] showing rapid increase of miR-150 expression
after imatinib treatment initiaion in patients with newly
diagnosed CML. They further found that low miR- 150
expression inversely correlated with white blood count
and thus speculated that the level reflected the high leu-
kocyte counts in newly diagnosed CML patients. We
showed here a significant inverse correlation of miR-150
expression with BCR-ABL transcript level (p = 001: r =
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-0.501). Mon-treated newly diagnosed patients, patients
with disease progression and resistant to imatinib
showed a high level of BCR-ABL together with high leu-
kocyte count and decreased amount of miR-150. Mormal
miR-150 level was detected in imatinib responders
(MMER) and patients with failure to achieve CCgR (TF)
with normal blood count and low BCR-ABL franscript
level. As imatinib targets Ph+ cells, the normal level of
miR-150 in imatinib treated patients in chronic phase
with physiclogical blood count could be the result of
the suppression of lenkemic cells and the concomitant
recovery of normal hematopoiesis under imatinib treat-
ment. Qur i vitro tests showed elevated expression of
miR-150 and marked decrease of p-CREL following
imatinib in vitro treatment of Ph+ cell line MOLM-7.
These findings suggest a potential functional relation-
ship between miR-150 and BCR-ABL.

Gene expression of MYB in our stady showed a signif-
icant inverse correlation with miR-150 transcript level (p
= 0L01; r = -0409). MYH is the proven target of miR-150
and encodes a transcriptional factor required for prolif-
eration and survival of normal and leukemic blast cells.
A recently published study on a mouse model of blast
crisis reported that c-MYE is required for BCR- ABL
dependent lenkemogenesis [46]. Lidonnici et al. [46]
speculated that miR- 150 reduction might contribute to
the «-M ¥YH upregulation that is likely induced by BCR-
AEL, and may be involved in BCR-ABL driven leukemo-
genesis in CML. Interestingly, we found a significant
correlation between MYE expression and BCR-ABL
transcript level (p = 0.01; r = 0,782) in CML patients,
which is in line with the above described suggestion.

In summary, our data demonstrated that miR-150, miR-
2a, miR-17, mik-1%, miR-103, miR-144, miR-155, miR-
181a, miR-221 and miR-222 are deregulated in CML.
Furthermore, in silico filtering identified targeted genes
that are involved in cell cycle, growth inhibition, MAPE,
ErBb, transforming growth factor beta and p53 signaling
pathways that are reported in CML pathogenesis. MiR-
150 expression showed significant negative correlation
with its target M YH and with BCR-ABL transcript level.
The results of this study outline the mechanisms whereby
miRNAs may be implicated in CML pathogenesis. How-
ever, if they function in BCR-ABL dependent or indepen-
dmt manner has to be elicidated.

Additional material

MAdiditional file 1: Table 51: Number of predicted tangets of
onserved miltNA fmilies Take wrmmadee numier o Be moraNA
Rargels Thal wee sslecked acoeding 1o Py equal o highes than 01 and
a5

Additional file 2: Figure 51: MiR-150 exresion is elevated and BCR-
ABL sctivity is dropped after in Ph+ MOML-7
el Dda bom i witro Test of mif-150 expeession change aftes Ph+ ool

Page 11 of 13

ne incubation with matnib. (A) Mll-150 expeesion change afer
natiniy Festrent in Phi MOMLT el 3 ¢ 107 MOIM-T cells were
ncubaited for 24 o dhn with o without fwhine barg CTRL = contmd
Tk, T ciillemn] concentmalions of rraline wers lesed (1 pM -
cpay bam and 10 pMd - Black) Callule ANA was molted by Texd
fritmgen)), anscshbed using High Cagacity cDMA Revers Transasption
B Roche Disgnes fey). Aestfme qPCR wes pedanmed using TagMan
pratocd Roche DRsgnodics) and wes run on the AR 7A00HT s bument
P v e s hos e ping gene. Data wens evabusied by 277
method The vidility of culture with Fratind decemed 1 g matinib-
Eowr S99 afar J4Frs b 219 afer AFhe 10 pM el Borm 959 aller
2he 1o 180 alter 48ivs [8) The ntansity change of p-ORKL after
Eranily Bestrent n Pire MOIM-T7 el The amount of 0L {a chent
rrcdecule of BIR-ARL troine Enass] wes mesured by standasd westesn
o anaiyss (A0 Ty 207) antitody, Cell Sagnaling Technology] e
24h cullure cultivaion with imainib using both nenalion Beta-
adin frmonockonal aniibody An-tee-Actin, Sgma) wes wed & the
Iaading conlel mid wa meswed by wedtern blol snabs s using
akaline phoghates. The messumrren of gL was nol posaibie 1o
pedosm n the cullure after 48 ncubstion due & marked visbaity
decese and tan 1o kow anount of matesal

Acknowdedgements and Funding

e are guatefil 1o the panel of eapents Borm the CELL study group 'We would
Bk 1o scknowladge Hana Brochaovi-Vatsowd for her valushble sduice and
eifical mdtion of fe manusapd, Bohumin Prochdeis o statatical maker,
and Eatefina VEBanowd for edhrical samance. We s thankful 1o Pl Eya
Michalowd and lana Bfemnoed for cogenslic data 'We thank o Shia Ribesg
Minernyi Botech) ko tachnical supgoe. We abio thank 1o Zuzmsna Ondadikond
for wesembion andysi, Markdta P o the cultvalion gotadad, and 1o
D M2 rrerved and 1o Pelr SHckbaoes for groviding of MOUM-7 call cultue.
TS & suppodtad by grant IGA (NS10E10-27009), MEMT WP 2806077), MPO
FR-TR/S0G), PB i sugpated by GALK 251135 822101

Thiss wadk has been supgoded by GATR @ 301087154 and MZOUHT2005
0002ETEE)

Author details

etine of Hemataogy and Bood Transfuseon, Prague, U Nemoonice 1, 128
30, Comch Republic. “The Facuity of Sdence, Charks Liniversity, Prague,
Wiridnd 5, 128 00, Caech Republc. Wt Faculty of Medicine and Ceanter of
Experimentd Hermdaagy Thades Univesity i Pague, U Mermoonice 5, 128
53, Caech Republic.

Authors” contributi ons

EMP - conception and design, i shiao analyees, data eadudion and

nEpes o, manusaigl deafing: TL - conmibuiion to the manucspt
crafting, eal-frme qPCH analyies and evauation; HE - peoviion of palient
sargdess, clnical data evaluston, cftcal evesons PE - i vl 1ests
conbiluBion 1o dda evalistion and nlegpestation, cabical revison; MT -
clinical data revirion; cftical eviions of e meneaigt; TS - contsiution 1o
chala eadudnon and nlepeslabon, alcal reveioe M - ailcd reve o, Al
anthos read and apgroved Fie Gnal manusosg.

interests
The suthars declas that they have no armpeting inleseds

Remived: 30 Novemnber 2010 Aameped: 18 Apil 2011
[Published: 18 April 2011

References

1. Bouta A Delidskis C Tabler M: Developmental defects by antbemne-
msdiated insctivation of micra-RMAs 2 and 13 in Drasophils and the
identfication of putstive target genes. Moe Ac Ber 2003, 3180734080

2 Bashee SA Estes PS, Colo AM, Hilstyanid ), Luedernan RS, Caller M,
Jabmzon W, Mawlen IC, Cenyg C, Uerda B, Brand AM, Newtury 5F, Wiheim
Lawine RS, Makarnuea A, Paker B, Ranassacni M Staufen and FMAP
containing neumnal ANPs e stucumslly and functionally relsted ©
somatic P bodies. Mewon 2006, 52.997-1000.

78



Machowva Poldkova et al. Moleavar Cancer 2011, 10641
It Swwenemiodes ul ar-cancer. om content/ 1041,/41

Brafahanys N, Hibernacher B, Martne U, O E) Filiposcs - Relisf of
microfN Armedisted tanslaonal mpresion in human cells subjecied o
steess Gl 2006, 12511111124
Carthew B RNA ntefemnoe: the fragile X syndrome monedion. Cer
Bi 002, 12AR50854
Epanchingtey A, Jung P, Mermsen A, Hemneling M indudble micoRNA
expresion by an alHmrone episomal vedor system Moc A B 341190
Calin GA, Cain DD, Shimizu M, Bichi B, Zupn 5, Moch E, Adler H, Raman 5
Keting M, Flsi K, Rassertti L, Kipgs T, Megpini M, Bulldch F, Crace OM:
Fesquent delsfions and down-mgulson of mico-ANA genes milll 5 and
miR1& at 13q14 in chranic lymphogtic leukemia PHAT 2002,
15541550
Calin GA, Liu CG, Sdgnani C, Ferradin M, Felli W, Durmiru (D, Shimizu M,
Grnering A, Zugn 5, Dona M, el Aquils ML, Alder H, Rasserni L Kings T)
Bulrich F, Negrni M, Graze CAE MicroR NA profiling meverses distinag
signatumes in B csll dheonic ymphocyic leukemiss. PNAT 21004,
1011173511760
Trug L, Huang | Yang N, Greshack J, Megraw M5 (Garrukakis 4, Liog 5,
Blagior TL, Barche® A, Wil MR, Yao G, Meding A, OBder-lenkirs A,
Easres D, Hamgenmiou A Grmalty PA, Weber BL, Coukes & Micro-RMAs
exhibiit high frequency genomic alerafions in human cancer AT 20065,
10591 362141,
Buena M, de Caswa 1P, de Cadrdin MG, Samos |, Cdin GA, Ggudea T,
Croce CM, Piquers F, Maunky e M: Genetic and epigenstic siencing of
micrafNA-203 enhances ABLY and BOR-ABLY onmgene expee ssion.
Concer Cell 2008, 13496506
ﬂMuFArdllL,i‘ma.ﬁ,Lm\' Rexetn M,Spﬂ_chaG NURM 1998

ian fin dhmnic ] with
deletions an des9). 8) d'.lhzrru!nhgym 1271273
Werturini L, Bammer K, Castoldi M, Schultheis B, Hockiuas A,
Muckermhaier MU, Gser 4, Bler M, Scher M Expe=sion of the mi-17-
92 polycistmn in chronic myebid beulemis (AL) D34+ cells. Blooed
07, 109405,
Agime ¥, Velasco A, San Jesd-Endsiz F, Gasate |, Bandk & E, Condeul,
Aparida O Saer B, Mavamo G, Vias-Tfomaza A, Péer-Roge || Gacle
Foncilas J, Tores A, Heiniger A, Calaasr M1 Fores P, RomdrnGhmes J,
Préezes o Dosn-regu laion of hae-mif- 10 in dhaonic mysioid leuemis
D34+ cells incemmes USF2medisted ool growth, Mol Cancer Bes 2008,
E1E30-1840
Endaz B, RomdrrGdmes ), Srndner-Velsco A, Gaate L, Madm ¥,
Covedy L, Vilas-Zomaza A Roddguer-Otwero P, Calsare M), Pridsper F,
Agive X MicoRNA e mafling in imainit chmriic
mmyeloid keukemis patients without clinically significant ABL-matations.
Mol Cancer 2000, B60-72
Flarnar 5, Richie W, Guihat ), Mok J, Bonnet ML, Chomel JC, Guikbat F,
Tusun AG, Reka B Mioo-ANA respomse to imatinib mesylate in

et with chranic mpeks ke Hasma bgiea 2010,

9513351333
Poidond ¥, Lopatowd T, Kemodd H, Moo | Differential expe=sion
of mifNAs during the coune of chronic mysloid leukemis. Bbod 2008,
TMEI0ER
Barags OF, Fhumn M, Easharsky K Thrombaopoietin sequistes oMyb
expression by madulsting mico ANA miR-150 and high BIC/miR-1 55
expression Fxp Hemaky! 2008, 36 1585 1592
Ruierrad | Trnefoond W, Zernanced 2, Klarnond M, Morascovd & The effect of
fotl-ABL, GUS and B2M cntol genes on BOR-ABL monitaring by mal-
e AT-POR. Lewk R 2007, 31483491,
Palaerd KM, Lopatowd T, Karmnowd M, Marawcod & High-wes ohution melt
auree anabysic Initiel somening for mutations in BORABL Binse domain
Lk Bes 2008, X106 143
Kendrinmi G Iizamy B4, Ohen B5 Haag 10, Gould MBE On the wtlity of
padling bislagical samples in micmarsy expedments. AVAS 2008,
102LE24257,
Peng X, Wiad CL, Blaick EM, Chen BCh, Landfieid PW, Stromibeng Ak
Statistical implcatiore of poaling BMA sampbes for micmaray
experiments. BUC Rianf 2003, 4263,
Bedlad E, Palagased N, an der Veiden W, BW, Dee R, wn der Schoot
Delibege E, Madntpe E, Gotiaadi E, Sagio G, Walsnges F, Lion T, an
Dorigen 14 Hodand P, Gabert & Basbuation of candidate contml genes for
disgnem s and residual disesss detsctibn in keukemic pafent using
‘realtime” quantitative reverse tramcfipta e polymens e chain macon

.

&1,

79

Page 12 of 13

FRO-POH) - & Eurapes sqainst cancer progesm. Lasemia 2000,
17 MT4-2486
Huang W, Sherman BT, Lemgicki RA: Systematic and integmtie analysis
of large gene st using DAVID Bibinformatics Resoumes. Matee Pooeod
2000, BA4ET.
Dermis Gk, Shemnan BT, Hosack DA, Yang J, Gaa W, Lane HC, Lermpckl RA
DAVID: Datahes = for Annotation, Visusliztion, and Integeted Dismwvery.
Gerome Bid W03, &3
Friedrman BC, Farh KEH, Burge (M8, Barted DP- Mast mammalian mifk A
am conserved target of micraRN A Ganane Ba 20069, 1992105,
Fanehizs M, Gota 5, Fuurmichi M, Tanate M, Hirskawa M KEGG for
representation and snabysis of moksoulsr networks hvaiving disesses
and druge Modlee Acile B 20010, 3RD3S5-0560
Chen (T, Li, Lodish MF, Batd 0P MicoRNAs modulate hematopaoietic
linasqe diffessnfiation. Since 2004, RET-E4
Ezende K, Lang A, B B, Machbaw D, Gasdl H, Fiegl M, Thder |, Gasd &
Phenotypic and functional deficiencies of leuksemic dendritic cells from
patiants with chmmic mysios i ) o Hbermatobgy 200,
1AH6ETE
Cararpad W, Vikana E, Sasana A, Bauwr 5, Gousets DY, Glser M, Drsker B
Dmduﬂ.klnmj(ﬂm&ﬁdmmLCChdmlﬁhni‘Mnd
e mTORC 1 in gmwth md surival of
BOR-ABL-=xpess sing leubemic aslls. ANAS 2000, 1071 2460-12474,
Mayper e M, Acklshenyer K Floran S, Kauth MT, Haswinth AW,
Derdak 5 Sperr WH, Etedbausr H, Wagner O, Manssi Th, P WF,
Desivinges M, Wisisherg E, Druker B, Gaffin D, Silsber T, YVdent P
hﬁdhmdmﬂalrnelbﬁmd:md'lqdm dnmlcmqelttl
e y and VEGF-supp ety
dwmhﬁaﬂco* H.‘I.!IOS\ 19060062
Than T, Then A Jarmiesan CH, Feresbiteh M, Alrahamason A Blum ),
Ewan MY, Chute P, Rizieri D Mu'r.l'l'nfM \'m:chleT Beackry PA,
Fegs T: Hedgehiog sig q s ance of cancer stem
o*mnqdudlmlzm?ﬂmmﬂmm
Dhedes O, Beigi B, Gua GR, Tk K, Seget MA, Manley P, Trusell C, Shermin-
Graell A, Landwerlin &, Veslken H, Warmuth M Expansion of Bo-Abl-
(et beuiemic stem ol B deper tof Hedgehog pathway
adtivadon Cancey Gal 2008, 14258240
Brurian W, AdZenyte E Fincham V), Semels B, Mewall CRA Il Saqyer TK,
Frame MC: denffication of Sx-specific phospharylation sie on foal
adhesion Knase dissecfion of the rale of Src SH2 md catalytic funcion
and their conssquences for tumar o=l behavior, Ganeer B 2005
5 TARS-1342.
Sdgia R, Baunkhamst B, Pisick E, Li L, Lo SH, Chen LB, Gilfin It Incesed
tyremine phasphosylation of focal alhesion poieins in myelid o=l lines
expressing p2 10BCRABL. Oreogens 1995 1111431155
Deziande A, Busee e Knodidng the 'Wint out of the sails of leukemia
stem sl d ] Sreen Dl 2007, 1597508
Rz A Mosling K Bo b anegative regulsior of the Wit signalling
pathwey. FMBC 2005 &1095-1 100
[Eang Ch, Yoo 30, Hwanga BW, Kima EW, Eimc DWW, Kma ChiM, Kma 39,
Chunga B The inhibition of ERCMAPK not the actvation of JNICSAPK
& primarily requissd 1o induce apapiogi in chronic myslogenaus
leukemic K562 aells. Lk Bes 2000, 24527-534,
Cha 5 Mol M Gupta M, Bhatie Rt BORABL kinase inhbiSion by imatink
megylate enhances MAP kinase actidty in chonic myslogenous
leukemis OD3 4+ calls. Bloced 1004, 1023167-3174
Burchert A, Whng Y, Cai O, wan Bulbmal N, Pasdhka P, Musler-
Brussalbach § Ofmarn 06, Duyster |, Hachhaau A Neubaus A
Compensatory PE-kinese/AtmTor acthetion regulsies resistance
dewebpment lakamia 2005 191774-1782
Bruchoras M, Yoan 0, Agasaal AM, Mendell ), Prckal IT: Requlsted
expression of micmANAS in normal and emia wera
enthmpolesis P Meenatad 2007, 3R1657-1667.
Frou B Wang 5 Mayer C Baned DP, Lodish M7 MiR-150, & mico RNA
expressed in mature B and Teells, blocs safy B o=l dewe bpment when
expraved prematussly. Proc My Acad 5 2007, 104 1080-7085,
Mo O Calada DP, Galer G, Tha TH, Paterson HCh, Wang | Rgewsior M,
Berder T, Rapewcky B MiR-1 50 contmoks B-cell diffessntistion by
tagetng the vamecription facor c-byb. Gl 1007, 1371146139,
Lu ), Gua 5 Ehert BL, Frang M, Peng Y, Betco ), Pretz | Schilanger B,
Wang ¥ Mk RH, Dombkosss DM, Preffer A, Scacden OT, Galus TR




Machova Polakova er al. Molsadar Cancer 2011, 10641 Page 13 of 13
it Ao moldec ul ar-canced.com/\oontent/10:1 /41

MicmANA-medisted contral of cell fate in megaianotesrythrocte
progenitors. Dewbyvnantal Gel 200E, 14843853

43 Brochosw M, Yoon D, Ageewd AM, Swiescesk 5, Prcial IT: Enthropoiess in
pohcythemis vera i hyper-pofferatve and has soslented maturation.
Bl Cels, Modarn by and Didoees 2000, 438180,

44 Hhussein K, Theaphie K Busche G, Schiegelbenger B, Gafring G, Kreipe H,
Bock O Significant inverse comelation of micoR NA-150/MYB and
miraRNA-ZZ2 2T in myebdysplastc syndrome. Leok e 2010,
B0R-304,

45 Fulei ¥, Chiasemi 5, Galdars M, Assalin G, Caucd M, Tavalara 5, Casellana L,
Mageedli A, Tlarela F, Meming M, Maggio B, Peragine N, Sartangela 5,
Maum FR, Landgraf B, Tuschl T, Wasie DB, Crien M, Busso 1), Ju |
Shedclan B, Sander Ch, Zavalan M, Guani A, Faa® B, Madng &
Quantitative tachnalagies establish & novel micoflNA profie of chmonic

i heubemia Blood 2007, 1084944 4951,

46 Lidomici MR, Corradini F, Waidron T, Bender TF, Calaheena B Requisement
af c-Myh for p210BCR/ABL-dependent aBan of h L
progenitors and ukemogenesis. Bbed 2008, 111477147749,

dar1d 11846/1476-4528-10-41

Cite this artide as Machowd Polikovd ef ol Expression patiens of
microfi As assoceted with CML pheses and their disease related
tangets. Molermibr Concer 2011 1041,

Submit your next manuscript to BloMed Caentral
and take full advantage of:

s Conveniznt online submission

* Thorough peer review

+ No space constraints or color figure charges

+ Immediate publication on acceptance

* Indusion in PubMed, CAS, Scopus and Google Scholar
* Reseanch whidh is freely svailable for redistribution

Subsmit your manuscript at
M.bl‘nulrudourlral.gtnml:lmt (,-_) EioMed Central

80



Publikace ¢. 5

Leuk=mia Research 35 (201 1) 57 4-977

FISEVIER

Contents lists available st ScienceDirect

Leukemia Research

journal homepage: www_elsevier.com/locate/leukres

Brief communication

MicroRNA-451 in chronic myeloid leukemia: miR-451-BCR-ABL regulatory loop?

Tereza Lopotovd™®©*, Markéta Zickova®, Hana Klamova®, Jana Moravcova®

* Department of Molecular Genetics, Institute of Hematology and Blood Trangfusion, Prague, Goech Republic
¥ (Tinical Department. Instituie of Hematology and Biood Trorsfision, Progue, Czech Repubiic

* Department of Geretics and Micrebiology, Chorles Undversity Prager, Czech Bepublic

AERETICLE INFO ABSTRACT

Article history:

Recsived 1] January 2011

Receved in revised form 23 March 2011
Accepted 33 March 2011

#Aailable online 30 April 2011

Keywords:

oML

milMNA
mil-451
BLR-ABRL kinase
Ematinib

Cell cultivation

BCR-ABL in CML

Chronic myeloid leukemia (CML) is caused by constituve activity of BOR-ABL tyrosine kinase. Despite of
high efficiency of imatinib, selective BCR-ABL inhibitor, about 30% of patients develop resistance. Movel
markers and targets for therapy are thus necessary. MicroRMNAs are small intereference BNAs whose rale
in physziological and malignant hematopoiesis has been shown. This study is focused on miR-451 in CML
Following our observation of mif-451 downregulation in CML, we further show its relation to BCR-ABL
activity. Dur data together with current literature indicate a more complex relationship of miR-451 and

& 2011 Elsevier Ltd. All rights reserved.

MicroRNAs are extremely short (21-23 nucleotides) single
stranded RNA molecules which regulate gene expression via trans-
lational repression or mRMA cleavage. There is an increasing
evidence in the literature that miRMAs belong ameng impor-
tant regulators of both physiological hemopeiesis and abberant
hemopoiesis of leukemias [1-3]. Abberant expression of miRMNAs
in chronic myeloid leukemia { CML) was reported previcusly [1-3],
and in some of those miRMAs their relationship to BCR-ABL Kinase
was shown [1]. BCR-ABL tyrosin kinase constitutive activity was
confirmed to be the main cause of CML and it has become a target
for therapy, Imatinib (Clivec, imatinib mesylate, Movartis Oncol-
ogy), selective BCR-ABL tyrosin kinase inhibitor is currently used
as the first line therapy for all newly diagnosed CML patients, Non-
negligible incidence of resistance to imatinib together with missing
curative potential of tyrosine kinase inhibitors therapy call for novel
biomarkers and molecules important in CML resistance, progres-
sign and pathogenesis in general,

In our previous study we tried to find possible novel biomark-
ers and/or players in CML pathogenesis among the miRNAs [4].
On the basis of literature data [1-3] and our own microarray data
[4]. we investigated miR-451 expression in CML patients by real-
time PCR. We analyzed samples of total leukocytes in CML patients

¢ Corresponding authar at: Department of Molscular Genetics, Institote of Hema-
tology and Blood Transfusion, U Kemocnice 1, Pragoe, 128 20, Ceech Republic.
Tel- +430 321 977 F21; fc: + 420 221 W7 AT
E-mail address: terera lopotova@uhkoz (T, Lopatows).

0145-2 1255 - === front matber & 200 1 Elsevier Led. All rights reserved.
doi 101016 leukres. 201 1.03.025

at the time of diagnosis (Dg, n=14), in major molecular response
(MMR; n~ 14), in hematological relapse (Hr; n=17) and in subop-
timal response (SRITF; n=7 ). Response to therapy definitions and
patients” samples characteristics are given in Table 1A Total leuko-
cytes of 11 healthy donors were used as controls. By this approach,
we found miR-451 downregulated in most of the Dg and Hr in
contrast to normal er slightly increased levels in MMR and SR/TF
(Fig. 1).

The Ph positivity and BCR-ABL transcript levels correlated
inversely with miR-451 expression at Dg. in Hr and MMR, but no
such correlation was found in SRITF (BCR-ABL as well as miR-451
levels were high in SRITF]. This discrepancy might be explained by
results of our western blot analyses, which showed that there is
a difference between Dg/Hr and SR/TF in BCR-ABL activity. While
at Dg and Hr, BCR-ABL is not inhibited, BCR-ABL remains proba-
bly under partial control of imatinib in SRITF (Fig. 1b). Our data
thus indicated that the miR-451 downregulation might be related
to BCR-ABL kinase activity.

To verify the hypothesized relation of miR-451 downregulation
to BCR-ABL kinase activity we decreased BCR-ABL kinase activity
by in vitro cultivations of cells with imatinib. We used leuko-
cytes of imatinib-naive CML patients, i.e., patients with the CML
diagnosis but not yet treated with imatinib (n= 6, Table 1B); Ph+
(CML-T1, JURL-MK1) and Ph— cell lines (ML-2) and leukocytes
of healthy donors as controls, Activity of BCR-ABL Kinase was
determined via phosphorylation of Crkl protein (western blots)
[5]. Sensitivity of cells to imatinib was further checked by WT1
mRMA levels [6]. Based on literature data and our previous expe-
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Table 1
Characterization of patients samples.
(A) Disease Number of Moaths an WEC = 10°71 PR, Blasts in PB (%) Phee cells (Z) BLR-ABL (%],
stage patients’ samples imatinib, median median (range} median [rangs) median (range]
{rang=) PLT = 1071 PB
median ([ range}
Dg 14 o 713B(X232-457) o 100 132,1{B0.B-153,6)
S02(130-B24)
MMR 14 15493 (7,4-26,85) Physiological ] o 0015 (00005011}
Physiclagical
ST 7 21 (11-&7} Physiclagical o 100 174011-6983)
Physiclogical
Hr 17 2125 (10-53 85) 15,19(583-28,13} o 100 T3,7{14,1-256.8)
455507 1-2172)
(B) Group Patient No WBL -« 10571 PR PLT = 10971 PR Blasts in PR {X) P+ cells (%) BCR-ABL (%)
B 1 BLI7 DG 2 100 178
P 5558 152 <1z 100 L]
A k| 152 174 2 100 169
4 1E8 206 L5 100 41
5 216 2E3 0.5 100 421
B BG57 EE3 2 100 133

[ A) Characteristics of patients’ samples of the course of CML Dg - diagnosis, samples prior to therapy; Hr- hematolagical relaps, increase in total leukocytes over the normal
level of 10" 1081 peripheral blood; SEITF - suboptimal responsstherapy filure, samples of complste hemaiological response of patients not achieving complets cytogenatic
respanse within 12 ar more month of imatinib therapy, MMRE - major molecular responss, decrease in BOR-ADL to less 0, 1%; Scaling of responsss to imatinib followed current
eriteria of Furopean Leukemia Net. (B) Characteristic of patients used in cultivation analyses.

rience, 1 and 10 pM imatinib doses were applied on cells leading
usually to partial and total inhibition of BCR-ABL activity, respec-
tively [5]. Optimal time for in vitre cultivations was thoroughly
tested [7]. It was necessary to find the time when changes of
monitored parameters were not influenced by apoptotic/necrotic
processes, We tested four different cultivation times: 2, 24, 48 and
72h. Up to 48 h, number of apoptotic/mecrotic cells (RNA degra-
dation, Anexin V staining) was lower than 15% both in treated
cells and non-treated controls, Changes of measured parameters
at mRMA and protein levels were clearly detected in 48h, At
72h, high levels of RNA degradation and of apoptosis and necro-
sis (more than B0%, Anexin V staining) were found, which might

A 107 miR-451 expression during the course of CML
L -]
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Fig. 1. MicroBNA-45] expression profile in the courss of CHL {A) MicroRNAs were
quantified using comercially available assays [Life Technologies). miB-451 expres-
sion was evaluated with miR-30c as a control gene [4] and healthy contral as
a calibrator. (B) BCR-ABL activity during the course of CML was investigated by
western blot analyses of pCrikl levels; results of repres=ntative samples of different
respanses to imatinib are shown.
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distort results of our analyses. Therefore, 48h were used in this
study,

We found BCR-ABEL activity to be high in all Fh+ samples prior
to cultivation and decreased or fully inhibited after imatinib treat-
menit, No BCR-ABL activity was found in Ph— samples, which stayed
unchanged after cultivation. Prior to cultivation, the miR-451 was
downregulated in CML-T1 and JURL-MK]1 cells in comparison to
healthy leukocytes (0.00006 and 0.54, respectively ], Interestingly
encugh, miR-451 was increased in both Ph+ cell lines after cul-
tivation with imatinib (Fig. 2a, 2.8-fold in CML-T1 and 4.2-fold in
JURL-MK]1 ) suggesting relation of miR-451 downregulation to BCR-
ABL activity in these cells. Control Ph— cell line ML-2 exhibited no
changes in miR-451 levels after imatinib treatment which effec-
tively excluded possible influence of imatinib via any other way
then the BCR-ABL inhibition (Fig. 2a).

Concerning patient samples, samples of 4 out of 6 imatinib-naive
patients showed decreased miR-451 levels (group A) prior to culti-
vation (median of 0,04), Remaining 2 patients showed comparable
levels of miR-451 to that of healthy leukocytes prior to cultivation
(group B; median of 0.55). After in vitro cultivation with imatinib,
miR-451 increased in samples from group A patients (Fig. 2c, 2.2
fold) and remained on almost the same level in group B (Fig, 2b).
We detected no expression changes of miR-451 in healthy donor
leukocytes after treating cells with imatinib (Fig. 2a). At present,
we have no clear explanation of the differences in miR-451 expres-
sion between groups A and B. There were no significant differences
im results of cytogenetic or BCR-ABL transcript and other analy-
ses between patients of those two groups. Some other molecules
may play a role, e.g. mediators between BCR-ABL and miR-451. To
elucidate this, further studies are needed, preferentially on larger
patient cohorts,

Nevertheless, the results of our in vitro experiments again con-
firmed our previous suggestion that expression changes of the
miR-451 found in Ph+ cell lines and CML patients’ samples are
associated with BCR-ABL inhibition.

In conclusion, we showed that BCR-ABL activity plays cer-
tain role in downregulation of miR-451 in CML cells. On the
other hand, Iraci et al. [8] showed previously that miR-451 had
a potential to target BCR-ABL. Combination of those two find-
ings suggests that there may exist a reciprocal regulatory loop
between BCR-ABL and miR-451 (Fig. 31 BCR-ABL kinase activity
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Fig. 3. Scheme of possible miR-451/BCR-ABL regulatory loop.

blocks expression of miR-451, its own negative regulator, increas-
ing thus its own expression. This might be one of the ways
by which leukemic state of the CML cells is preserved. Disrup-
tion of suggested regulatory loop could help o improve CML
therapy.

Proving our hypothesis might help o understand the miR-
451/BCR-ABL relationship, mechanism of CML pathogenesis and
resistance to treatment in general.
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ABSTRACT

Tyrosine kinase inhibitors have reveolutiomized treatment of chromic myeloid
leukemma {CML). However, despite of excellent results with imatimb, cwrent first-line
therapy, 20-35% of patients in chronic phase has primary refractory disease, intolerance
or experience relapse after imitial response. Early relapse and prognosis prediction is
immportant for selection and tmung of therapeutic interventions. BCE-ABL mRMNA
expression and BCR-ABL kmase domzin mufation status are the molecular markers
cwrrently used in early prediction of relapse and m categorization of patients into three
prognostic groups by ELN (Baccaram et al., 200%): optimal responders (OR), suboptimal
responders (SR) and therapy failures (TF). All patients who do not respond to therapy
optmally are considered to be in an increased nsk of relapse according to cwrent ELN
criteria. However, it 1s our own and others expenence that suboptimal responders mnclude
both patients who are at lagh nsk of relapse and so called slow responders who achieve
good response later. If suboptimal responders do not achieve any mmprovement, they are
considered therapy fallures and recommended for therapy change even in case they do
not relapse. BCR-ABL transcript level remains usually stable and 1= momitoring 1s
without prognostic value in these patients. There 15 increasing evidence that CML may
become more or less mdependent on BCE-ABL and drven by other proteins and
mechanisms over the time. That mught explain why BCR-ABL stops being reliable
marker in “non-optimal” responders (SE, TF). There 15 apparently need for novel CML
biomarkers addiional to BCR-ABL (1) to early and reliably predict relapse, (2) to specify
prognosis of suboptimal response'therapy failure or (3) to even redefine not optimal
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responders zccording to actual nsk of relapse even in cases of hmited contmbutions of
BCER-ABL to the resistance. In principle, there are three possibilities to improve CML
patient momtonng: (1) searching for unigue mechamsms of resistance (2) selection of
smtable marker among the general leukemic (cancer) bromarkers or (3} performung
functionzl testing of sensitmvity to dmgs in vifro. In this chapter, the use of possible
addifional prognostic markers mostly referred m the cwrent lterature and ways and
approaches to look for new ones will be diseussed.

1. INTRODUCTION

Chronic myeloid leukemia (CML) is a myeloid neoplasm characterized by abmormal
proliferation of myeloid limeage. It is the best charactenized type of lenkemia on the molecular
level: the fusion proten BCE-ABL has been identified as the causative factor for CML
development. Tyrosine kinase mhibitors targeting BCR-ABL have revolutionized treatment
of chronic myeloid lewkemuia (CML). However, despite excellent results obtained with
imatimib mesylate, a selective BCR-ABL inhibiter and cumrent first-line therapy dmg, 20-35%
of patients in chronic phase have primary refractory disease, intolerance or experience relapse
after inifial response. Early relapse detection and progmosis is important for selection and
timing of therapeutic interventions. BCE-ABL mRNA expression and BCR-ABL kinase
domain mmtation status are the molecular markers currently used for early prediction of
relapse and in  categorization of patients inte three progoostc groups by
Europeanl eukemialNet (ELN) [1]: optimal responders (OF.), suboptimal responders (SE) and
therapy failures (TF). Suboptimal responders and also therapy failures are heterogenous in
terms of prognosis and include patients who relapse but also patients who remain in long term
haematological remission. BCE-ABL remains unsually stable and losses thus mmch of its
prognestic vahie in “nen-optimal” responders to imatinib. New markers for specification of
prognosis and early relapse prediction are desirable as they may bnng significant
improvement In individualized treatment In this chapter, possible use of additional
prognostic markers suggested so far in the literature will be discussed, ther pros and cons,
novel approaches to search new markers, with respect to our own expenence.

1.1. Current Status of CML Patients” Moniroring and
EuropeanLeukemiaNet (ELN) Criteria for Responses To imartinib

Table 1| summanzes cument ELN cntena for different responses to imatimb and
recommendations for therapeutic interventions [1]. According to those cntena, if suboptimal
responders (SE) do not achieve any improvement, they are transfemred into the group of
therapy failures (TF) and recommended for therapy change even in case that they do not
relapse. According to current ELN cntena, all patients who do not respond to imatimb
optmally (5E., TF) are considered to be in an increased nisk of relapse. However, our own
and others expenience [2, 3] shows that “non-optimal responders to mmatimb™ (SE, TF) as
defined by ELN [1] mnclude patients with tmuly inadequate response who are in a nsk of
relapse/progression, but also patients who could be called “slow responders™ because they
achieve response later. We have also identified a group of patients who remain in long term
complete hematological remussion despite of steadily high BCR-ABL levels (10 — 100%). [1]
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Mechanisms of CML in non-optimal responders (SE., TE) are very poorly understood. In
general, BCR-ABL transcript level remains usually stable and its monitoring has limated
proguostic value in those patients. Taken together, no molecular marker is cumrently available
te distinguish sub-groups of suboptimal respenses and therapy failures according to the real
sk of relapse and its wrgency. Novel CML biomarkers additional to BCR-ABL are cleardly
needed (1) to enable early and reliable relapse prediction, (1) to specify progmosis of
suboptimal respense/therapy failure or (3) to redefine non-optimal responders according to
the actual nsk of relapse even in cases of imited contributions of BCE-ABL to the resistance.

There are apparently a mumber of mechanisms of resistance to tyrosine kinase inhibitors.
The first and the best known mechanism of resistance to imatinib are mutations in BCR-ABL
kinase domain which hamper imatimb binding (reviewed mm [4]). Until very recently, BCE.-
ABL kinase domain mmtations were considersd the main cause of resistance to imatimb. With
the exception of the hughly resistant T315] mutation, only a weak cormrelation has been found
between the in vitre sensitivity of mutated BCR-ABL forms to inlubitors and the in vivo
responses. Many patients with resistance do not even have any BCR-ABL kinase domam
mutations. [3] Those observations indicate that other mechamisms mcluding the BCR-ABL
independent ones take part m CML pathogenesis. As other proteins are necessary for the
oncogenic effects of BCR-ABL (adaptor proteins, [6], [7]; other kinases cooperating with
BCR-ABL, [£], [9]), sensitivity to drugs depends on the whole cell context. There is also
mmcreasing evidence that CML may become more or less independent from BCE-ABL and
drven by other proteins which may overtake the role of the drving force of the disease
during the time (Src family kinases, [10], PI3K. [11]).

Table 1. Response to imatinib definitions [1]

Fesponse to imatimab

Month on matimb  Optimal Suboptimal Therapy failure

3 CHE =CHR without HR

& =pCER mCE without CR

12 CCE pCR =pCR

18 MME =MME <CCR

any tme stable CCE and MME loss of MIME loss of HE
BCR-ABL mmtztion loss of CR.
additional aberration BCER-ABL mutation

CCF. — complete cytogenstic response; HE. — hematological response; mCFE — minor cytogenstic
response; MME — major molecular response; plCE. — partal cytogenstic response.

2. POTENTIAL PROGNOSTIC/PREDICTIVE MARKERS FOR CML
PATIENTS ADDITIONAL TO BCR-ABL

In principle, there are three possibilities to improve CML patient monitoring by adding
supplemental markers to the tradiiomally used BCER-ABL: (1) searching for individual
mechanisms of resistance (2) selection of a suitable marker among general leukemic (cancer)
biomarkers or (3) performing functional testing of sensitivity to drugs in vitre. In the next
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paragraphs, examples of potential new markers selected from current literature and based on
our own expenence will be descnibed.

2.1. Causative Factors of Resistance to Imatinib

One of the ways to find new markers and to understand different mechanisms of
resistance 1s the search for specific mechanisms of resistance using leukemic cell lines
resistant to tyresine kinase inhibitors (TEIs) developed and isolated in vitro under selective
pressure of TKIs. A mmmber of specific protems which can cause resistance to imatinib have
already been identified. Selected mechamisms and candidate markers most frequently
encountered in the current literature will be listed and discussed below.

Protein Phospherylation Status in CML

As descmbed above, CML patients under treatment are routinely monitored for BCE-
ABL mBNA levels, but not for protein levels neither for the kinase activity of BCR-ABL.
Only few studies tested BCR-ABL activity for its predictive value for further therapy [12,
13]. As BCR-ABL protein is often degraded in patients” cells duning cell lysis, BCR-ABL
activity 15 measured indirectly. The phosphorylation status of V-crk sarcoma virus CT10
oncogene homolog (avian)-like protein (Cikl) is the most widely used swrogate marker of
BCR-ABL activity mamnly in the in vire testing of sensitivity to TEIs. Crkl 15 a promuinent
substrate of BCR-ABIVABL kinase and its tyrosme phosphorylation ocours as a direct
consequence of BCE-ABL activity [14-16]. White et al. [12] reported that a decrease in pCrkl
levels in monomuclear cells at an early phase of imatimb treatment might be a sigmificant
predictor of the response to the therapy. Lucas then reported predictive value of pCrkl/Crkl
ratio also in fresh penpheral blood samples of CML patients at diagnosis for response to
therapy [13]. The pCikl/Crkl levels can be considered a predictive marker of response to
imatindb (TKIs), though the method for pCrkl'Cikl detection has to be standardized first and
the results validated on larger patient cohort.

BCE-ABL can directly activate members of Sre kinases fanuly (Lyn, Far, Hek; [2]) and
also affects negative feedback mechanisms regulating Sre fanuly kinases signalling [9]. While
Src family kinases have been proved necessary for BCR-ABL-mnduced B-lymphoblastic
leukemia, no such requirement was found for Src kinases in CML. [17] Yet, an important role
of several Src kinases has been showed in CML resistance to imatinib and alse to nilotinib.
One of the first molecules to be associated with the term “BCE-ABL-independent resistance”™
was the Lyn kinase [10]. It is an mportant component of cytokine signal transduction In a
vanety of cell types and it has been shown to play a key role in the growth and apoptotic
regulation of hematopoietic cells [18, 19]. Observations of Donate et al. have suggested a
shift from BCR-ABL to Lyn kinase dependence induced through chronic imatinib exposure in
imatinib-resistant K562 cells [10]. Further, Donato et al. idenfified increased expression of
Lyn also in samples of patients resistant to imatinib. Those results have then been confirmed
i a further study by Wu et al [20]. Pene-Dumitrescu et al. [21] showed that Hek kinase might
play similar role in resistance to imatinib. The authors reported, that overexpression of Hek: is
sufficient to cause resistance to imatimb n wild-type BCR-ABL expressing cells. Evaluation
of Src family kinases expression and activity may be important especially for patients with
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suspected BCE-ABL mdependence who are candidates for therapy with dual Sre/BCE-ABL
inhibitors such as dasatinib.

Amnother pathway, BCE-ABL affects and interacts with, 15 the phosphatidylinositol-3-
kinase (PFI3K)} Akt PI3K has been shown to be regulated by BCR-ABL by Skorski et al. more
than 15 years ago [22]. Using cell lines, it has been shown that constitubive activity of
PI3E/Akt pathway 15 associated with resistance to imatimib [11]. PI3K inhibitors were
effective against imatmib-resistant K562 cells [23] and PI3K inhibition enhanced the
antileukemic effect of imatinib on prmary CML cells [24]. Importantly, Marley et al.
reported that PI3K inhubition selectively decreases proliferation of CML but not of normal
cells. Limited evidence in the literature suggests a role for specific PISK isoforms which,
however, remams to be further explored [23].

Protein phosphorylation is negatively regulated by protein phosphatases. SHP-1 and
SHP-2? are twe SH2-containing tyrosine phosphatases imvelved in the regulation of cell
growth: SHP-1 has been described as a negative regulator of the Jak/Stat pathway; SHP-2 is a
positive regulator of Fas/Raf signaling. SHP-1 is expressed at high levels in hematopoietic
precursors and has been shown to be physically associated with BCE-ABL in CML cells [24,
27]. SHP-1 is probably able to block BCR-ABL-dependent transformation and to mediate
PP2A-induced BCR-ABL proteasome degradation [28]. Esposito et al. [29] showed that low
levels of SHP-1 are associated with a reduced degree of response or with a failure to IMA
treatment.

Deregulation of activity (phosphorylation status) has been shown for many specific
proteins in CML. Occasionally, those proteins may escape from the need of being activated
by BCE-ABL kinase and become BCR-ABL independent dnving force of the disease and
resistance to mmatmib (TEIs). With the increasing spectrum of TEIs with different targets, the
need for a complex research of active protem profiles of CML patients is ever Increasing.

Drug Transporters

Infracellular imatimib concentration is the cnotical parameter for effective BCE-ABL
inhibition. Therefore, a set of studies was performed, focused on molecules implicated in the
transport of imatimb inte and out of the cells. Imatimb is transported imto cells actively
through the organic cation transporter, member 1 (Oct-1); efflux can be performed through
ABCBI1 [30]. Oct-1 is a member of sclute cammer family of proteins, subfamuly 22 which
mchudes 18 members. Oct-1 activity has been shown to be of prognostic value at diagnosis
when measured in mononuclear cell fraction but not in CD34+ cells [31]. Oct-1 activity I
mononuclear cells seems to be related not only to major molecular response rates but also to
the overall and event free survival [32]. A more simple examination would be to test Oct-1
expression on the mBNA level. However, data on the comelation of the Oct-]l mRNA
expression with clinical outcomes remain still controversial [33-33]. Also, the association
between ABCE1 (multidrug resistance protein 1, MDE.1) expression or activity and response
to therapy is not generally accepted [36, 37, 38, 39].

There are a number of other membrane transporters whose interaction with different TEKIs
was described. Intracellular uptake of second generation TKIs may also be independent of
major drug transporters [40-43]. Mutual substtution of different transporters together with the
possibility of passive diffusion decreases the importance of specific transporter proteins on
their own as predictors of sensitivity to therapy.
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Summary

Studies on cell lines selected in vifre for resistance to imatinib may reveal highly specific
markers which might also be considered new potential targets for therapy. However, a lot of
the mechanisms and markers found this way may have very limited incidence in patients.
First, permamnent cell lines are quite different from ex vivo patients” cells. CML cell lines are
denived from blast cnisis cells in which other mechanisms take part as compared to chronic
phase CML cells. Second, the number of studies identifyng specific proteins as nsk factors
for CML resistance to imatinib 15 rapidly increasing and there are probably many ways how
the cell can escape from the effects of the dmg. Each of the suggested nsk proteins has to be
considered mn the whole cell context Rather than being used as mdividual specific markers,
those proteins are candidates to be included m the list of msk proteins examinable
simultaneously n an array-based approach.

2.2, General Cancer (Leukemic) Markers in CML Monitoring

The key regulators of cellular viability are highly conserved throughout vanous cell types
and even organisms. Such molecules might serve as markers for cellular activity in different
timeurs. The Wilms® fumer gene (WT1) and heat shock proteins (Hsps) represent molecules
of such general importance in regulation of cell viability n many tumors including leukemia
and CML m particular. WT1 and Hsps have already been suggested or even used as
prognostic markers in clinical practice in other fumors.

Wilins ™ Tumor Gene 1

Wilms" tumer gene 1 (WT1) encodes a zinc-finger transcriptional regulator important for
cell growth and development. While in Wilms® tumor, WT1 behaves as a tumor suppressor
gene, it 15 a proved oncogene in leukemias [44]. WT1 mBNA expression has already been
used in climical practice for monitoring patients with AML and MDS [4547].

In 1994, Inoue et al. [48] first suzgested WT1 as a new prognostic lenkemic marker for
moenitoring CML minimal residual disease after allogenic stem cell fransplantation. Studies by
Cillomi et al, 2003 [49] and more recent data by Varma et al. 2012 [50] indicated that WT1
might be useful also for CML patients on TEIs therapy. Cilloni et al. [49] showed that WT1
expression had predictive value for response to imatinib. In advanced phases of CML, WT1
was suggested to be even supenior to BCR-ABL for menitoring patients” response to therapy
[51]. In our lab, we have shown that WT1 expression may sigmificantly improve early relapse
prediction especially in suboptimal responders [32]. Our statistical analyses indicated that
both WT1 mPNA expression levels at selected time pomts of the therapy and WT1
expression kinetics might help to better stratify “non-optmal responders™ to imatmib
according to the actual nsk of relapse and progression. Schuittger et al., 2009 [33] showed
another advantage of WT1 expression examunation in CML patients. The awthors found
elevated WT1 expression in patients who developed Ph negative clonal evolution. Together,
data of these studies highlight the advantages of WT1 as a general leukemic marker which
enables rapid assessment of the effectiveness of the treatment and of the sk of relapse
regardless of actual mechamsms underlying response or resistance to therapy.

The opponents of use of total WT1 mPNA expression as a marker for momdtoring
leukemic patients under treatment point to the non-zero and changing levels of WT1
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expression in healthy penipheral blood. However, our own and other studies showed that WT1
levels were always very low in healthy individuals. well below the levels found in leukemic
patients [32, 34].

The mechanism of WT1 function in both, normal and lenkemic hematopoiesis remains to
be elucidated. Effects of WT1 protein in cells are imfluenced by postranslational
modifications, spectra of interactive partners offered by the host cell and WT1 isoform ratio
(reviewed in [33]). Up to now, more than 36 WT1 isoforms have been described. This widens
the field of activities of the protein; besides its role of transcriptional regulator, WT1 probably
takes part in regulation of splicing and translation [36, 37, 58, 59]. To classify WT1 isoforms,
two splicing events are considered predominant: exon 3 and KTS sequence in exon 9. By
combination, four major WT1 splicing vaniants are produced referred to as -3-KTS, -
SMHETS, +3/-KTS, +5/+KT5. Benshaw et al. [60] showed an association of +3 isoforms with
sensitivity to cytotoxic dmgs. In general, +5 1soforms were associated with regulation of cell
susceptibility to apoptosis [61]. Excess of +5 variants mPNA expression has already been
shown in acute myeloid leukema relapses [62]. Three studies so far have focused on all the
four major WT1 isoform expression in myeloid acute leukemmas [63-65]. Our lab also
analysed CML patient” samples and found excess of -5+KTS in CML diagnosis and relapse
[64]. Together, recent data on expression of the four major WT1 splicing variants in myeloid
leukemia [62-63] indicate that particular variants may be applicable as new markers of higher
specificity for particular diagnosis than the conventionally used total WT1 expression and
warrant thus further more complex studies on WT1.

Heat Shock Proteins

Heat shock proteins belong among the most highly expressed cellular proteins across all
species. Functions of Hsps include assisting in protein folding, stabilizing warious proteins
and aiding in protein degradation. Hsps are mportant regulators of the stabilization of vanous
cellular oncogenes and their role has been shown in varous tumors including leukemias [66-
69]. There might also be increasing demand for Hsps during the course of CML relapse as
increased levels of BCR-ABL and/or of other proteins need to be maintained to execute their
pathological effects.

Heat Shock Protein 90 (Hsp24d)

Besides other proteins, Hsp90 has been shown mportant in stabilization of Src and BCE-
ABL kinases [70]. Therefore, we have analysed hsp®( protein expression in CML patients
differentially responding to therapy [71]. We found out that Hsp 90 level in total leukocytes
of peripheral blood is possible nsk marker for CML patients, examinable at any time duning
the course of CML. Increased levels at diagnosis or at any later time point were associated
with disease deterioration and relapse. In contrast to WT1, follow-up analyses of four patients
during the course of imatimb therapy showed that Hsp®0 probably did not change
significantly during the course of the disease. Thus, increased Hsp@0 expression level seems
te indicate patient”s predispesition te less favorable outcome in general.

Heat shock protemn 70 (Hsp70)

Hsp70 has been found to be abundantly expressed in malignant human tomers of various
origms, whereas in normal cells, its expression is mamly stress-inducible [72-74]. Hsp70 has
been demonstrated to enter the blood stream and travel throughout the body regulating
various cellular processes, particularly stinmlating the mmmme system and potentially
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triggening anti-cancer immune response [75]. Guo et al. [76] found that Hsp70 ihibits
apoptosis upstream and downstream of the mitochondnia in blast cells from CML patients in
blast crisis. In CML patients, levels of Hsp70 circulating in plasma are significantly higher
than those of healthy donors and the increase has been reported to comelate with disease
progression/resistance to imatinib therapy [77]. On the other hand, we have tested Hsp70
intracellular protein expression in whole white blood cells of CML patients in chronic phase
and found no significant difference among patients groups with different responses to
imatiab [71]. Thus, hsp70 protein levels in plasma may be more informative than its
intracellular levels.

Summary

Our expenience shows that general cancer markers may be very useful despite of or
maybe thanks to their lowered specificity which is associated with their relative mdependence
as to the mechanisms underlying resistance they wam agamst. General leukemic biomarkers
may help to select CML patients who need closer surveillance. As showed on the example of
Hsp20 or WT1, targets for therapy can also be found among the general leukemic markers.
Hsp?0 mhubitors have been shown effective for patients with T315] mmtation which are
highly resistant even to BCE-ABL inhibitors of second generation [78, 79]. WT1 targeted
vaccination has been proved successful also in CML patients (reviewed in [80, 81]).

2.3, MicroENAs (miRNAs)

MicroPNAs (muFNA) are short non-coding ENAs that regulate gene expression by
mhibiting translation of specific target mPMNAs. One miFNA can have thousands of targets
and dependmg on particular target genes, muFNAs can regulate all cellular processes
mcluding apoptosis and proliferation. Many studies have shown vanous miFNAs to be
aberrantly expressed in human malipnancies including leukemia (reviewed in [82]). As
compared to mENAs, miFNAs are executive molecules similarly to protems and can serve as
a marker and a target for therapy at the same time. MiENAs represent a specific group of
possible prognostic markers for CML patients including molecules causing individual
mechanisms of resistance and also molecules of more general role in CML pathogenesis.

The first miENA reported in association with CML was the nuF-203. BCR-ABL as well
as WT1 is putative targets of muR-203 which has been found to be epigenetically silenced in
buman leukemic Philadelphia chromosome-posiive (Pht) cell lines [83]. The question
remains open as fo the expression of miR-203 i patient samples. Denvative 9g+
chromosome deletions occur in some CML patients and were associated with worse
prognoesis. This region includes location of miF-199b and a decrease of this miBNA can be
the cause of unfavourable prognosis of patients with 9q+ deletions [24]. Both, miF-203 and
miF.-199b need to be tested for their expression durng the course of CML to evaluate their
potential to serve as molecular markers.

The analysis of miENAs can reveal regulation mechanisms for proteins whose role in
CML has already been established. Such nuFNAs can then represent earlier biomarkers. In
our microarray study, decreased levels of miR-451 in CML as compared to healthy donors
were found [83, 86]. Sholl et al. [87] suggested muFl-451 as possible predictor of the
achievement of CCyE. dunng mmatimb therapy. Interestingly, miF-431 was found to be
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potential negative regulator of BCE-ABL which makes muiF.-451 also a tool for therapy [22].
Further, we have found ocut that nuBR-451 levels were lowered due to BCR-ABL activity.
Suggested regulatory loop between miF-451 and BCE-ABL might be of interest as a site for
therapeutic intervention [86]. Two other P NAs have recently been related to the regulation
of WT1 expression. MiR-15a and miF-16-1 were shown to inhibit proliferation of leukemic
cells via dewn-regulation of WT1 in lenkemic cell lines [89]. Whether these miFNAs are
aberrantly expressed in CML patients and whether these may serve as a marker superior to
WT1 warrant further studies.

Only few studies focused directly on muBNAs expression m association with
responsiveness to imatinib therapy. San José-Enénz et al. [90] identified 19 muBNAs that
may predict clinical resistance to imatinib in patients with newly diagnosed CML. Oliver
Bruhn et al [?1] identified distinct microFNA pattern comparmg blood samples of
responders and non-responders also prior to imatib therapy. Predicted target genes were
primarily transcription factors and oncogenes. Transporters and exocytotic pathways are in
addition frequent targets of microPNAs deregulated after imatinib therapy.

Further studies are necessary to confirm the data and to validate and complete the list of
miFNAs having possible prognostic value for CML patients. Smaller changes in miBNA as
compared to mPENA expression handicap muENAs in their application as prognostic markers,
yet, due to advanced technologies of lugh accuracy and sensitivity (Teverse transcriptase stem
loop real-ime PCE), miFNAs can be considered potential biomarkers.

2.4. Testing of Sensitivity to Imarinib (TKTs)

Imatinib Flasma Levels

Studies focused on imatinib pharmacekmetics revealed differences in imatimb plasma
trough concentration in mdividual patients. Although i the majonty of clinical studies,
imatinib plasma levels were found to comelate with response rates [92, 93], other authors
point out that importance of imatimb plasma levels in CML treatment outside the clinical
trials 15 limited due to differences in CML mechanisms and patients” compliance [94, 95].
The importance of imatinb plasma levels m clinical practice is thus still controversial.

In vitroe testing of sensitivity to TEIs

Ancther approach te evaluate actual sensitivity to TEI andfor even predict therapy
outcome is i vifre testing based on incubation of patients” cells with TEIs in vifre and
menitoring TEIs effects, mainly the inhibition of BCE-ABL activity. The activity of BCE.--
ABL 15 measured indirectly via the phosphorylation status of Crkl, the promment target of
BCR-ABL in CML cells (see above). As reported by Cilloni et al. [96] and confirmed by
Otahalova et al. [97], WT1 mPINA expression can also be used as the marker of sensitivity to
dmg and BCR-ABL mhubition. Predictive significance of in wire testing has been discussed
in many papers with controversial results so far. As descnbed below, the results depend on
cultivation conditions (TKIs concentrations, incubation time), cell type used (bone marmmow
cells, mononuclear cells, whole whate blood cells, CD34+ cells), detection method for the
phosphorylation status of Crkl (westemn blot, flow cytometry , fluorescence resonance energy
tranzfer-based hiosensor).

White and coworkers [98] tested in vifre Imatinib sensitivity in samples of monenuclear
cells collected at diagnosis and assessed prediction power of IC30 of matimub (mhibitory
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concentration 50%). They found IC50 values as a statistically sigmificant predictor of patient
outcome at the 12th month of imatimb therapy. While Holyoake's lab [99] showed a
predictive value of the decrease in pCrkl levels in CD34+ cells from leukapheresis or bone
marrow, other authors failed to find any comelation in the CD34+ cell population [100, 101].
In our lab, we have tested sensitivity to TEIs in vifre m whole white blood cells. To reduce
the amount of patients” material required for the analysis, we selected only 2 concentrations
of imatinib and harvested the cells after 48h [102]. We analysed samples of patients at
diagnosis and also duning treatment to assess the usefulness of this test. The results showed
high predictability for response to therapy. Similar results o ours have been reported by
Shiabata et. al. [103] who tested sensitivity in total peripheral blood cells incubated 24 hours
with imatintb. Taken together, cument data indicate a comelation of i vifro and in vive
sensitivity to TEIs when tested in whole peripheral white blood cells but not in the CD34+
progenitors. This seems to be in line with the recognition of general insensitivity of primitive
progenitors to imatimb [104-106] mentioned already. In vifre sensiivity tests should be
performed using the cells which are actually affected by imatimb. Whole peripheral white
bleod cells represent a highly heterogenous population but include all such cells. Besides the
actual sensitivity/resistance of patients” cells to therapy, these tests seem to have predictive
value for further response to therapy (duration of response).

Mutations in the BCR-ABL kinase domain are the best described mechanism associated
with secondary resistance but play only a limited, if any, role In primary resistance [107]. In
vitre tests of sensitivity of different BCR-ABL nmtants to TEIs were performed. The first
studies were run on transfected cells, but it appears that the sensitivity of mutants to TET also
depends on the cell system used. Only highly resistant nmtants as T3151 were resistant i all
tested systems [108-110]. In vitre 50% mhubitory concentration (IC50) values alone are not
sufficient to gmde the choice of a tyrosine kinase inhibitor, because of differences between
sensitivity of cells transfected with BCE-ABL mutants and sensimvity of patient to treatment
in vive [111]. We believe that in vifre testing, using primary patients” cells, gives the most
relevant information as to the sensitivity to TEIs.

An cbvious advantage of these in vitro tests of sensitivity to TKIs is that they resemble
relatively closely the real effects the drug produces in patients™ cells in vive and it can thus
show sensitivity or resistance relatively independently of the mechanism of the disease.
Mainly, such in vitre testing can be useful for patients exhibiting nmutation in the BCR-ABL
kinase domain to assess 1ts climcal relevance. On the other hand, clear weak pomnt of these
tests in vifre 1s that these do not account for pharmacokinetics or immumological mechanism
that may affect sensitivity of patient to the dmug in vive. Yet, those tests seem to be capable of
bringing relevant information on the patients” sensitivity to the dmg in most cases.

NOVEL APPROACHES TO LOOK FOR NEW PREDICTIVE/
PROGXOSTIC MARKERS

Current advances m molecular lology have brought novel gh-throughput techniques
which enable effective search for new markers, both on the mENA and protemn levels.

Microarray technelogy enables to study expression levels of thousands of genes m a
single experiment. All [112] but one [113-116] microarray study of gene expression in CML
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patients responding differentially to therapy reported a gene classifier predicting cytogenstic
response at diagnosis. However, there was no overlap among the gene lists in those studies.
Therefore, some authors fumn attention on the analysis of less heterogenous samples, mostly
on the pnmitive CD34+ cell population. McWeeney et al. [117] reported a set of 75 genes
whose expression in CD34+ cell of bone marrow was of predictive value for achievement of
major cytogenetic response. Importantly, those genes have already been associated with ChL
prognosis and disease stage.

Unlike mRMAs, the proteins represent the executive force and proteomic studies thus
may 1dentify not only new biomarkers but also targets for therapy. Mass spectrometric protein
detection is a findamental technique m clinical proteomics and the use of mass spectrometry
based methods in myeloid leukemia research has recently been reviewed by Hijelle et al
[118]. A new possibility in complex cancer protecmic research is the use of protein arrays and
microarTays, a rapidly developing approach applicable with the common laboratory
equipment. In our lab, we have tested several types of protein arrays and found differences in
active protein profiles of patients responding differentially to imatimib [119]. As in the case of
mPINA expression amays, array platform and list of protemns of prognostic value need to be
validated prior to their introduction into climcal practice.

CONCLUSION

The number of kinase mhibitors is increasing rapidly and several other inhibitors besides
imatinib are already tested for the first line therapy. Because of their widened specificity and
because of multiple nsk markers associated with resistance to TEIs which have been
identified, it seems necessary to introduce the array-based approaches into clinical practice.
Special attention will be focused on the markers predictive at the time of diagnosis helpful n
distimguishing “high risk™ patients whe would benefit from aggressive therapy, from “low-
nisk™ patients who could be spared from imnecessary high toxicity. Although TEIs brought a
break-through in CML therapy as most patients on TEI therapy stay free of symptoms and
progression in the long term, TKT therapy is probably not curative in most of them The most
primitive CML cells remain imsensitive to BCRE-ABL inhibitors. Research of the CD34+
population is highly important for finding new targets for therapy to develop dmgs with
curative potential for CML patients.
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6. Diskuze

Chronickd myeloidni leukémie je nejlépe prostudovanym typem leukémie, 1écba
umoznuje dlouhodobé pieziti pacientll v kompletni remisi. Existuje vsak pfiblizné 20 az 30%
pacientd, ktefi vykazuji k imatinibu rezistenci, intoleranci, nebo u nich dochazi k relapsu.
Vcasna detekce rozvijejici se rezistence je kliCova pro moznost efektivniho terapeutického
feSeni.

Soucasné schéma ELN definuje jednotlivé odpovédi na 1écbu a nabizi doporuceni ke
zméng 1é¢by Vv piipadé tzv. selhani 1é¢by. Suboptimalni odpovédi, nedojde-li ke zlepseni, jsou
prefazeni do skupiny selhdni 1écby a jsou tedy také doporuceni ke zméné. Skupina Dr.
Moravcové se monitorovanim pacientt s CML béhem 1éby imatinibem vénuje od jeho
zavedeni do praxe, tedy véetné obdobi, kdy nebyly k dispozici kinazové inhibitory dalSich
generaci a kdy tedy i pacienti, ktefi na imatinib neodpovidali optimalng, setrvavali na téze
1écbé. Nase zkuSenosti jasné ukazuji, ze existuje nezanedbatelné procento pacientil, kteti
presto, ze jsou definovani jako suboptimdlni odpovidaci nebo selhdni 1écby, prezivaji
dlouhodob¢ na imatinibu v kompletni hematologické odpovédi. Tato naSe pozorovani jsou
dokladovana i n€kolika sou¢asnymi pracemi. Mauro a spol., 2009, vymezuji novou skupinu
Vramci ,ne-optimalnich odpovidaci®, tzv. pomalé odpovidace, kteti dosdhnou velké
molekularni odpovédi pozdeji a dlouhodobé v ni zlstavaji. Sami jsme déle identifikovali také
skupinu pacientu, ktefi ptfezivaji dlouhodobé navzdory velmi vysokym hladinam bcr-abl.
Rohoni a spol., 2011, pfimo navrhli pfedefinovani suboptimalnich odpovédi. Dale existuje
také nekolik praci, které popisuji fenomén tzv. nahlé blastické krize, ktera se prudce rozviji u
pacienttl, kteti odpovidali do té doby uspokojivé (napi. Tantiworawit a spol., 2012; Hiwase a
spol., 2012). Je tedy jasné, Ze piesto, Ze CML je charakterizovana jednoznacné pfitomnosti
BCR-ABL v okamziku diagnézy, jeji progndza je heterogenni a BCR-ABL jisté neni jedinym
faktorem, ktery se v prubéhu onemocnéni v patogenezi CML uplatiuje. V literatuie se
objevuje rostouci mnozstvi praci, které identifikuji proteiny, které mohou byt pfi¢inou
rezistence k 16¢b¢é nezavislé na BCR-ABL. Piedevsim kinazy z rodiny Src byly ukazany jako
proteiny schopné prevzit roli BCR-ABL. Je proto tfeba nalézt pomocné molekularni markery
k ber-abl, které umozni co nejpiesnéji odhadnout prognozu, detekovat vcas rozvijejici se
rezistenci a piiblizit se tak vice idedlu individualizované 1é¢by, ktera je pravé jen tak

agresivni, jak bude pro dané¢ho pacienta vyhodné.
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Pro pripady rezistence k imatinibu jsou dnes sice jiz k dispozici kindzové inhibitory druhé
a dalSich generaci, stfidani inhibitorti vSak neni vzdy mozné bez rizika. Obecné s sebou
zména jednoho cileného 1éku na dalsi nese potencidlni riziko selekce multi-rezistentniho
klonu. Kinazové inhibitory sS$ir$i specificitou navic oteviraji otdzku bezpe¢nosti pfi
dlouhodobém uzivani. V ptipad¢ dasatinibu, dudlniho inhibitoru BCR-ABL a SRC kinaz, se
sice ukazal ve stfedné-dobém méfitku pozitivni vliv na imunitu pacientii (Rohoni a spol.,
2011), pti dlouhodobé inhibici molekul vyznamnych pro fungovani zdravych krevnich bunék
vsak muzeme predpokladat i negativni efekty. Tento fakt jen dale doklada, jak vyhodné by
bylo dokazat odlisit pacienty, kteti skuteéné potiebuji zménu 1écby, od téch, ktefi mohou
dlouhodobé¢ profitovat z imatinibu navzdory méné nez optimalni odpovédi podle soucasnych
kritérii.

Z praxe vidime tii piistupy, jak vylepsit monitorovani pacienti S CML: Muzeme hledat
konkrétni mechanizmy pomoci rezistentnich bunécnych linii pfipravenych dlouhodobym
vystavenim selekénimu tlaku 1é¢by, muZeme testovat citlivost primarnich bunék in vitro
(kultivace s inhibitory, méfeni imatinibu v plazmé/v buiikach pacientll), miizeme se pokusit
najit marker obecnéjsiho charakteru mezi jiz zndmymi obecnymi nddorovymi markery. Kazdy
zpisob ma své vyhody a nevyhody. Konkrétni mechanizmy identifikované pomoci
rezistentnich CML bunéénych linii mohou pfinést vysoce specifické markery a zaroven
potencidlni nové cile 1é€by. Na druhé strané¢ ale mechanizmy identifikované v umélém
modelovém systému jako je bunécna linie, mohou byt relativné vzacné u pacientii. V nasi
laboratofi se také snazime hledat konkrétni mechanizmy, ale abychom se vyvarovali
problémiim plynoucim z prace s modelem, vyuzivame piimo vzorki pacientd. Zavedli jsme
nékolik typl proteinovych arrayi, pomoci kterych se snazime najit dals$i kandidatni molekuly
ucastnici se patogeneze CML nebo piimo rezistence k 1é¢be. Prvni vysledky nés upozornily
napf. na roli phosphatidylinositol-3-kindz a nebo fosfataz v CML (Zackové, Lopotova, EHA,
2012). Kultivace s 1écivy in vitro piedstavuji stav relativné blizky tomu, co se odehrava v Krvi
pacientl. Takové testy mohou dat patrn€ informaci o aktualni citlivosti k 1é¢be (v zéavislosti
na zpusobu hodnoceni a podminkéch testu, viz dale), je ale otazka, zda testy mohou mit
prognosticky vyznam. Vzhledem Kk tomu, ze moznych mechanizmt, jakymi bunky uniknou
vlivu 1€¢by, existuje patrné celd fada, vyhodné mohou byt markery obecnéjSiho charakteru.
Tyto nase nazory spolu s vlastnimi vysledky a ptiklady z literatury jsme shrnuli v kapitole
v ramci knihy ,,Chronic Myeloid Leukemia: Signs/Symptoms, Classification and Treatment

Options* (Lopotova, Zatkova, 2012). V ramci této dizertadni prace jsem se zaméfila na
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obecny leukemicky (nadorovy) marker, gen wtl. Véfime, ze nedostatetné poznani jeho
exprese i funkce v myeloidnich leukémiich (i zdravé hematopoéze) brzdi jeho plné vyuziti
Vv diagnostice, prognostice i pfimo jako terapeutického cile/néstroje.

Celkova exprese MRNA wtl nebyla dosud u pacientt s CML léCenych kinazovymi
markeru pro v€asnou detekci relapsu po transplantaci kostni dien¢ neukazaly wtl jako vhodny
marker pro pacienty s CML. V porovnani s bcr-abl se wtl jevil nevyhodny jisté diky tomu, ze
zatimco bcr-abl neni ve zdravé krvi pfitomen a pouha detekce tak znamena relaps, hladina
wtl stoupa znenulovych hodnot. V ptipadé kindzovych inhibitorl je situace v porovnani
s transplantaci odlisna. Nejedna se nutné o vymyceni maligniho klonu, nybrz 0 jeho trvalé
potlacovani. NaSe studie potvrdila vyznam celkové exprese Wtl u pacienti s CML 1écenych
imatinibem a jako prvni ukazala na moznost vyuziti wtl jako markeru pro upiesnéni
prognézy suboptimalnich odpovidacl a pacientii stzv. selhdnim 1écby. NaSe statisticka
hodnoceni ukazala kritické hladiny wtl, které umoziuji upfesnit prognézu téchto pacientd.
Zda se tedy, ze pokud se nepodafi snizit hladinu wtl pod urc¢itou mez (dostatecné potlacit
aktivitu bun¢k pacienta), je pravdépodobnost relapsu zvySena. Kinetika exprese wtl byla
Vv porovnani s kinetikou exprese bcr-abl vyraznéjsi a predikovala tak jasnéji blizici se relaps.
Zatimco Na a spol., 2005 jiz dfive ukazali, ze wtl pted¢i ber-abl v monitorovani pacientt
v akcelerované fazi, my jsme vyhody WTI1 prokazali také u pacientd v chronické fazi.
Schnittger a spol., 2009, ukazali, ze exprese Wtl korelovala s Ph negativni klonalni evoluci u
pacientii S CML, nase data ukazala nezavislost exprese wtl na mechanismu rezistence alespon
pokud jde relaps s nebo bez mutace v kinazové doméné ber-abl. Na zakladé naSich vysledkd i
literarnich dat vétime, ze kombinace monitorovani exprese wtl spolu s bcr-abl miize pomoci
dale uptesnit progndzu pacienti S CML lécenych imatinibem (kindzovymi inhibitory).

WTL1 je studovan a testovan pro terapeutické vyuziti nejen jako marker, ale také jako
antigen asociovany s leukémii. Ve studiich testujicich vakciny zalozené na WTI bylo
ukazano, ze WT1 je na rozdil od BCR-ABL zna¢né imunogenni. Zaroven vime, ze vybrané
typy HLA chrani pfed CML (Posthuma a spol., 2000). Vyjimky z pravidla ,,vysoka hladina
wtl — Spatna prognoza, relaps, nizkd hladina wtl — dobréd prognoéza“, mohou mit souvislost
S parametry a stavem imunitniho systému.

Jind moznost vysvétleni ,,nekorelace celkové hladiny WT1 s vyvojem nemoci mize byt
také odlisné zastoupeni jednotlivych izoforem. Soucasnd literatura podporuje myslenku, ze

onkogenni ptisobeni WT1 v leukémiich souvisi s konkrétni variantou WT1 nebo pomérem
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variant. V praci Renshawa a spol., 2007 byl ukazan odlisny efekt soucasné inhibice vSech
variant od inhibice pouze urcitych variant. Konkrétné varianty obsahujici sekvenci kddovanou
exonem 5 se zdaji mit souvislost s ochranou bun¢k proti apoptdze navozené cytotoxickymi
latkami. Drfive publikovany semi-kvantitativni pfistup pro kvantifikaci ¢ty hlavnich
sestithovych variant mél tu vyhodu, Ze mohl byt a logicky byl navrzen tak, aby reakce mély
optimalni ucinnost, citlivost 1 specifitu. My jsme jako vibec prvni vyvinuli reverzné
transkriptazové PCR reakce pro kvantifikaci ¢ty hlavnich sestiithovych variant wtl
(Lopotova, ustni prezentace, Japonsko, 2009). Nami navrzeny pfistup v porovnani
s pfedchozim semi-kvantitativnim pfistupem umoziuje kvantifikovat a tedy monitorovat
kazdou z variant oddélend. Uginnost a citlivost reakci je sice niz§i, nicméné rozsahla
testovani, kterd jsme provedli, jasné potvrdila kvantifikacni schopnost naSich reakci.

V ramci studie ¢tyf hlavnich sestfihovych variant WT1 jsme vytipovali rizikové varianty
pro CML i AML pacienty - varianty +5/-KTS a -5/+KTS se objevovaly ve zvySenych
hladinach v souvislosti s relapsem AML a CML. Varianta +5/-KTS jako rizikovy faktor AML
byla potvrzena praci Kramarzové a spol., kteti velmi podobnou metodou analyzovali expresi
¢tyt hlavnich sestfihovych variant u détskych a dospélych AML a MDS. PrestoZe
Kramarzova a spol. neshledali rozdil signifikantni, pozorovali jisté zvyseni +5/-KTS varianty
u pacientil s vy$Sim rizikem relapsu.

Pokud bychom prepokladali alespon bazalni korelaci mRNA izoforem s proteiny, miZeme
na zéklad¢é dat tykajicich se exprese variant na urovni mRNA a dosavadnich informaci 0
funkci jednotlivych variant hypotetizovat o mechanizmu fungovani WT1 v leukémiich.
Hossain a spol. pavodné piedpokladali, Ze onkogenni izoforma bude pravé sWT1 pro absenci
transkripcné represni domény, ktera vede k tomu, Zze sSWT1 aktivuje expresi gentl, které bézné
se vyskytujici WT1 plné délky reprimuje. Nové vysledky obraci pozornost spiSe ke ¢tyfem
hlavnim sestfihovym variantdm. Nejzastoupen&js$i u obou diagnéz byla varianta +5/+KTS.
Vime, Ze +5 izoformy obecné mohou chranit bunky pfed apoptéozou navozenou
chemoterapeutiky, vime, Ze exon 5 kdéduje doménu vyznamnou pro interakci s partnery WT1.
Mizeme tedy usuzovat na vyznamnou roli pravé interakénich partnert WT1 v jeho
onkogennim pusobeni. Varianty +KTS upiednostiiuji vazbu RNA a asociuji se sestiihovym
aparatem bunky. Proto mtizeme hypotetizovat také o tom, Ze onkogen WT1 miize fungovat
prostiednictvim své role regulatoru sestfihu spiSe nez transkripce. Z preliminarnich dat
k expresi WT1 na proteinové urovni mizeme zatim uvazovat pouze o tom, ze v ramci tii

moznych zacatku translace je v CML nejvice vyuzivan treti. Zda existuje rozdil ve funkcich
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proteind vznikajicich ze tfi moznych zacatkl translace, neni zatim znamo.

Zajimavé je dale také porovnani jednotlivych diagnéz, u nichz byl dosud pomér
jednotlivych izoforem stanoven. V ramci nasi prace to byli dospé€li pacienti s AML nebo
CML. V ramci prace Kramarzové a spol. byla analyzovana détskéa i dospéla AML a MDS.
Zatimco v ptipadé CML byla druhou nejzastoupengjsi variantou -5/+KTS, u AML to byla
+5/-KTS. Kramarzova a spol. ukazala zaroven také profil variant ve vzorcich kostni dien¢
zdravych darcii, kde byl podil obou izoforem roven. Zdé se tedy, ze vyznam pro leukemicky
charakter bun¢k muze mit pravé naruseni pomeéru téchto dvou izoforem at’ uz jednim ci
opacnym smérem. Odlisné profily izoforem u jednotlivych hemato-onkologickych diagnéz
navic nabouravaji zazitou predstavu o WT1 jako panleukemickém markeru, ktery funguje
obdobnym mechanizmem napfi¢ témito diagnézami.

Nejen nase data k expresi wtl a jeho izoforem potvrdila, ze vyuziti obecného nadorového
markeru mize byt v kombinaci se specifickym markerem BCR-ABL vyhodné. Mimo ramec
této dizertaCni prace jsme testovali jako potencidlni prediktivni markery pro CML pacienty
také heat shock proteiny (HSP), jejichz exprese je podobné jako v ptipadé WT1 zvySena u
fady nadorti. HSP jsou vyznamné pro spravné slozeni, udrzeni stability a funkce bunécnych
proteint véetné BCR-ABL (Wu a spol., 2008). V souvislosti s CML se mluvi pfedevsim o
HSP90 a 70 (Chakraborty a spol., 2008, Peng a spol., 2007). HSP70 byl nalezen ve zvySené
hladingé v plazmé pacienti s CML (Yeh a spol., 2009), zvysena exprese v buiikach linie K562
byla spojena s rezistenci k imatinibu (Pocaly a spol., 2007). HSP90 tvoii komplex s BCR-
ABL, ktery BCR-ABL stabilizuje a jehoZ naruseni se zvaZzuje jako jeden z dalSich moznych
terapeutickych pfistuptt (Wu a spol., 2008). Nase pracovni hypotéza byla, Ze pokud se
s ¢asem v patogenezi CML, V jeji progresi nebo pii rozvoji rezistence k 1é¢bé uplatiuje vyssi
mnozstvi proteinu BCR-ABL a/nebo vice riznych proteint (kindzy rodiny SRC apod.), bude
patrné naristat 1 potfeba HSP proteinll. Zjistili jsme, Ze zatimco hladina HSP70 zGstava
Vv bunikach pacienti s CML neménna napfi¢ rdznymi odpovéd'mi na 1é¢bu, v piipadé HSP90
jsme pozorovali korelaci se stavem onemocnéni. Vyssi hladiny korelovaly s hor§im stavem a
vyskytem relapsu. Statistickd hodnoceni potom ukdazala, Ze HSP90 mé4 pro CML pacienty
prognosticky vyznam a to dokonce uz v okamziku diagnézy a dale kdykoliv béhem 1écby. Na
rozdil od wtl se hladiny HSP90 v prubéhu onemocnéni neménily a tedy vyznam nema
kinetika exprese ale konkrétni hladina (Za¢kova a spol., 2012). Inhibitory HSP90 se testuji u
CML pacientli pouze v pokrocilych fazich a ptedev§im se uvazuji pro piipad vysoce
rezistentni mutace T315I. NaSe studie naznacuje vyznam téchto proteind také v chronické fazi

CML.
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Dale bude zajimavé zjistit, jaky vliv maji inhibitory HSP90 na expresi WT1. Nase
predbézna data ukazala, Ze jiz po 48 hodinach inkubace bun¢k s novobiocinem dochazi ke
zménam v profilu izoforem a k celkovému poklesu hladiny proteinu WT1 souc¢asné s indukci
apoptozy a poklesem zivotaschopnosti bunék. NasSe vysledky tak celkoveé podporuji testovani
inhibitort hsp jako cilenych 1¢kt pro pacienty s CML.

Vzhledem k velkému poctu cilovych molekul mizeme za potencialni obecné markery
povazovat i miRNA. NaSe uvodni studie exprese miRNA u CML ndas navedla k bliz§imu
zkoumani miR-451. Zjistili jsme pomoci kultivaci buné¢nych linii, primarnich bunék pacienti
a zdravych darct s inhibitory BCR-ABL in vitro, ze snizena hladina této miRNA v CML
vznikd v disledku ptsobeni BCR-ABL. V nasi publikaci jsme toto pozorovani dali do
souvislosti s predchozi praci Iraciho a spol., 2009, ktefi ukazali, Ze¢ miR-451 ma potencial
inhibovat BCR-ABL, a navrhli jsme zpétnovazebnou regula¢ni smy¢ku mezi t€émito dvéma
molekulami. Vyznam naseho pozorovani zdaraznily dvé navazujici prace, které je cituji a dale
rozvadi. Autofi Scholl et al., 2012 ukazali, ze miR-451 je dokonce pouzitelna i ptimo jako
prognosticky marker pro pacienty s CML. Liu a spol., 2012, ukézali, Ze miR-451/144 ma
vztah také k rezistenci k imatinibu a dale podpofili vyznam cileni téchto molekul v 1é¢bé
CML. Znovuobnoveni zpétnovazebné regulace miR-451-BCR-ABL mtize byt vyznamné pro
efektivni dlouhodobé potlaceni BCR-ABL. Vyuziti miR-451 jako terapeutického nastroje
vSak jist¢ bude vyzadovat detailni poznéni jeji role v CML 1 zdravé hematopoéze. Zatim
vime, ze miR-451 hraje roli v regulaci erytroidni diferenciace a jeji dodani leukemickym
pacientim by tak mohlo mit vedle inhibice BCR-ABL pozitivni efekt také cestou obnoveni
nebo v ptipadé CML spiSe upevnéni diferenciace progenitorovych CML bun¢k.

Zéavérem lze shrnout, Ze tato prace ukazala hladinu mRNA wtl jako vhodny kandidatni
marker pro lepsi odhad prognézy pacientti s CML. Svilij vyznam ma monitorovani exprese ex
Vivo i in vitro po oSetfeni primarnich bun¢k 1é¢ivy. Studium exprese sestfihovych variant
naznacilo moznost, jak zvysit specificitu wtl jako markeru a zaroven poskytlo cenny novy

nahled do patogeneze myeloidnich leukémii.
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7. Shrnuti

V ramci této prace se podarilo prohloubit dosavadni znalosti o expresi wtl v myeloidnich
leukémiich.

Vedle prokazani vysokého prognostického vyznamu pro pacienty s CML, kde hlavni
molekularni marker bcr-abl selhava, jsme dale vytvorili unikatni metodiku pro kvantifikaci
Sesti Sestfihovych variant wtl. Analyzy naznaCily vyznam konkrétnich variant jako
rizikovych markerd pro pacienty sAML i CML. Nové vytvofena metodika je navic
pouzitelna i pro dal$i onemocnéni, kde WT1 hraje roli.

Paralelni studie miRNA v CML pfinesla ve spojeni s aplikaci méfeni exprese wtl in vitro
po ovlivnéni bunék inhibitory BCR-ABL kinazy poznani zpétnovazebné regulacni smycky
mezi BCR-ABL kinazou a miR-451. Pozorovany vztah mezi BCR-ABL a miR-451 muze byt
velmi zajimavy pro potencialni terapeutické vyuziti miR-451.

Data ziskana v ramci feSeni této prace poskytla také motivaci a otazky pro dalsi vyzkum.
Piestoze je nyni wtl chépan jako panleukemicky marker a pfedpokladd se tak jednotny
mechanizmus putsobeni napii¢ hemato-onkologickymi diagn6zami, naSe expresni data
naznacila, ze WT1 miize fungovat odliSnym mechanismem u rtiznych hemato-onkologickych
diagnoz. Protoze protein, nikoliv. mRNA, je vykonnou molekulou, klicové pro dalsi
pochopeni role WT1 v patogenezi leukémii bude poznani exprese WT1 a jeho izoforem praveé
na proteinové urovni. ReSeni této problematiky je metodicky komplikované, nicméné bylo
rovnéz zapocato v ramci této prace.

Celkové nase prace ukazuje vyznam pomocnych markert k bcr-abl pro monitorovani

pacienti s CML lécenych kinazovymi inhibitory.
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