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1. Uvod

1.1 Akutni lymfoblastick& leukémie u déti

1.1.1 Heterogenita étskych akutnich lymfoblastickych leukémii

Leukémie pedstavuji skupinu malignich onem@aoh charakterizovanych klonalni
expanzi transformovanych hematopoetickych ékurs poruchou diferenciace a
deregulaci bustné proliferace. Dle liniovéhoupodu clime leukémie na lymfoidni a
myeloidni, dle pitbéhu onemocéni na akutni a chronické. Na rozdil od situace u
dosglych prevazuji v dtském ¥ku leukémie akutni. N&asgjSim typem, se kterym se
setkdvame v 80% vseclhiipadi détskych leukémii, je akutni lymfoblasticka leukémie
(ALL). Samotna ALL pak pedstavuje 25% ze vSech malignit &tslvi a je tak ubec
nejasejsi malignitou tohoto skového obdobi. Incidence ALL @eské republice je
priblizné 3 noveé pipady na 100 000t (tj. ve wku 0-18 let) réné s vrcholem vyskytu
mezi 1. a 5. rokem zivota.

Détskd ALL  zahrnuje skupinu  zoe€ heterogennich onemoaosimi s odliSnym
biologickym a klinickym chovanim. Akutni lymfoblaské leukémie klasifikujeme
pomoci morfologickych, imunofenotypovych a genefdk znaki. Na zaklad
morfologie lymfoblasi urcuje tradéni FAB klasifikatni systém 3 podtypy ALL: L1
(neiastjSi podskupina, 70-80%c¢tskych ALL), L2 a L3. Dle linio¢ prislusnych
znaki rozliSujeme ALL B-bug¢ného a T-bu&iného mivodu. Riblizné¢ 80% vSech
détskych ALL pochazi z nezralych B-b&imych prekurzai (B-cell precursor; BCP-
ALL) a tyto se dale &i dle stupg zralosti do nasledujicich imunofenotypovych
podskupin: pro-B ALL, cALL (“common®“ ALL, nejastjSi podskupina) a pre-B ALL.
Priblizn¢ 15% ditskych ALL predstavuje skupina T-ALL a vzéese setkavame s ALL
ze zralych B bugk.

Za Kklinicky i biologicky nejrelevantjSi se povazuje klasifikace¢dkych ALL do
genotypovych podskupin podlgifmmnosti rekurentnich chromozomalnich abetaci
jejich molekularnich prejska. U detskych ALL nalézame chromozomalni aberace
numerické, jako jsou hyperdiploidie a hypodiplojdia dale aberace strukturni,
predevsim chromozomdlni translokace ¢{aefjSi genetické aberacestdké ALL a
jejich frekvence jsou uvedeny na obrazku 1). Tyéagi mezi genetickymi aberacemi



u détskych leukémii v porovani se situaci u ostatnietignit vyznamné misto, jinymi
slovy, ¢asty vyskyt chromozomalnich translokaci je povahowa typicky znak
détskych ALL. Rekurentni genetické aberagtsHlych leukémii jsou aberace ziskané a
hraji roli v etiopatogenezi¢thto onemoceni. Jejich nasledkem dochazi ob&dn
aktivaci protoonkogein a/nebo inaktivaci tumor supresorovych geavsak zvlast

v pripadt aberaci numerickych nejsou vSechny geny, ktenéiastni procesu maligni
transformace, dosud zcela zndmy. Néasledkem chromd@ndich translokaci vznikaji
casto fuzni geny, které kéduji chimerické transkmipfaktory a chimerické kinazy
s aberantni aktivitou. Fuznimi geny TEL/AML1, BCHBA a TEL/ABL a jimi
vymezenymi podskupinamiétskych BCP-ALL jsem se zabyvala ve své praci a
podrobr se jim ¥nuji dalSi kapitoly Gvodu.

Jednotlivé genotypové podskupiny ALLfgglstavuji biologicky i klinicky odliSna
onemocgni. Na podklad spol&ného biologického zakladu se leukémie daného
genotypu vyznéujici do utité miry spolénym fenotypem a chovanim a t@eins
Klinicky vyznamnych vlastnosti jako jsou agresivianemocgni ¢i citlivosti

k terapeutikm. Nekteré genetické aberace tak maji prognosticky wyrm@agenotyp
leukémii je jednim z faktér které se pouZzivajiip fazeni pacierit do rizikovych
skupin afizeni terapie. Z aberaci vyskytujicich se disklych BCP-ALL byly jako
prognosticky piznivé identifikovany hyperdiploidie nad 50 chrorooa, fazni gen
TEL/AML1 a naopak za prognosticky ngmivé fazni gen BCR/ABL, iigstavby genu
MLL ¢i hypodiploidie [1, 2].

Nowgji se také z&na uplabovat molekularni klasifikace étskych ALL pomoci
expresniho profilovani. Jiz¢kolik rozsahlych studii ukézalo, Ze celogenomovym
expresnim profilovAdnim pomoci DNAipa je moZzné velmi date identifikovat
podskupiny ALL odpovidajici znamym prognosticky mgmnym genotypovym
skupinam [3-6]. Tyto prace identifikovaly geny,ipéjz exprese fauz vysok&i nizka)

je vysoce specificka pro tity genotyp. Tyto geny lze vyuzit jako nové diagine a
klasifikacni markery [7], a potenciani jako markery pro monitorovani minimalni
rezidualni nemoci. Dale byla pomoci expresnichijrahezi heterogennimi geneticky
nedefinovanymi leukémiemi identifikovana zcela n@atskupina BCP-ALL [3]. Jde

0 skupinu se Spatnou prognézou a na z&kiadtné podobnosti s expresnim profilem
BCR/ABL pozitivnich leukémii ziskala pojmenovaniCR/ABL-like".
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Obrazek 1 — Frekvence specifickych genetickychader étskych ALL
(upraveno z Pui CH et al., 2004)

Jak jiz bylo uvedeno, leukémie jsou Zn& heterogenni onemoéni a s ukitou mirou
heterogenity se setkavame i v rdmci definovanyamotygovych podskupin, kde se
jednotlivé gipady leukémii liSi citlivosti na chemoterapii, edpdi na I€bu, rizikem
relapsu. V expresnich profilech byly nalezeny npragnosticky vyznamné geny, které
umoziuji detailrgji nez dosud Kklasifikovat leukémie v ramci i &nznamych
genotypovych podskupin do novych rizikovych podskup kterych bude déle mozné
prizpasobovat terapii k dosaZeni lepSicléelénych vysledk [6, 8-10]. Expresnimi
profily nové identifikované geny potencidlrzahrnuji i nové cile pro specifickou terapii



a v neposledniad® jsou novymi vychodisky pro studium molekularni qupneze
leukémii.

Také profilovani genetické a epigenetické (zdenzaptedevsim profilovani DNA
metylace) nabyvaji v poslednich letech na vyznanub@bnym zfisobem pispivaji
ke klasifikaci leukémii do rizikovych skupin, k pwni biologické podstaty leukémii a
k identifikaci potencialnich ail pro nova terapeutika. Genetickym profilovanim
pomoci celogenomovych CGH a SNi#pu byla odhalenarada novych ziskanych
genetickych aberaci, které nebyly nalezeny stamdiarid cytogenetickymi a
molekularg genetickymi metodami [11-14]. Ukazalo se, Ze ggmokeukémii je
mnohem komplex¥)Si, nez se ive jevilo. Na jednu BCP-ALL bylo nalezeno
pramérné 6,6 genetickych aberaci [12ada &chto aberaci je @p rekurentni a bez
pochyby se podili na vzniku onem@on Zastoupeni jednotlivych aberaci a stepk
jejich celkovy peget se liSi mezi tradné¢ definovanymi genotypovymi podskupinami.
Nejmér¢ aberaci (v prméru 1) se vyskytuje u leukémii $gstavbami genu MLL a
naopak nejvice v podskugiteukémii s hyperdiploidii nad 50 chromozibifv praméru
11,1) [12]. Jednou z névnalezenych je aberace genu IKZF1, kterd se veéasto
vyskytuje u BCR/ABL pozitivnich a ,BCR/ABL-like* AL a byla identifikovana jako
novy prognosticky nefenivy marker [15]. Také aberantni DNA metylacéggevsim
hypermetylace, je u leukémiéasta, vede kinaktivaci géna je tak jednim
z mechanizm podilejicich se na vzniku leukémii [16]. Velmi estni prace na
rozsahlych skupinach paciénikazaly, Ze obdokinako pomoci expresnich prafilze
na zaklad profili DNA metylace klasifikovat ALL do znamych genotygoh
podskupin a na zakladnow identifikovanych prognostickych markei do dalSich
novych rizikovych podskupin [17-20].

1.1.2 Etiopatogeneze ALL

Priciny vzniku ALL nejsou dosud navzdory intenzivnimyzkumu plré objasgny. Na
zaklad vice ¢i mére podlozenych poputaich studii byly za mozné rizikové faktory
pro vznik leukémii ozngeny napiklad zvySena expozice ionizujicimu feai ¢i
elektromagnetickému poli ackterym chemikaliim, &kterda virova onemocmi a
konstitutivni genetické defekty [21]. Z epidemiodidgych dat vychézeji dv blizce
piibuzné a vSeobeémiijmané teorie o “infeénim pivodu“ leukémii. OB tyto teorie



piedpokladaji, Ze riziko vzniku leukémie je zvySerstidim aberantni imunitni reakce
pii styku vnimavych jedint s jinak @Znymi patogeny, &i nimZ neziskali tito jedinci
imunitu v obvyklém ¥kovém obdobi tisledkem pedchozi popukni [22] ¢i socio-
ekonomicke [23] izolace.

Jako u ostatnich malignich onem&ch jsou obecnou molekulanbiologickou
podstatou vzniku leukémii aktivace ges protoonkogennim a/nebo inaktivace igen
tumor supresivnim dinkem. K €mto zménam u leukémii dochazi redevsim
nasledkem ziskanych genetickych a epigenetickyenaab U leukémii bylo popsano
jiz pomerné velké mnozstvi takto postizenych genlak bylo zmi#no v gedchozi
podkapitole, klasické cytogenetické a molekutdgenetické metody identifikovaly u
ALL skupinu rekurentnich genetickych aberaci, ma&miiz dominuji chromozomalni
translokace. Ty postihuji ngsgji geny pro transkrigni faktory (TEL, AML1, MLL,
E2A, PBX1) a geny s kinazovou aktivitou (BCR, ABLd ve \tSirg pripadi vedou ke
vzniku faznich get [1]. Ackoliv piesna funkce produktfiznich gei - chimerickych
transkrignich faktofi a kindz - neni je8tdo detaii objasgna a je #ejm¢ velmi
komplexni, obeah Ize fici, Ze jejich m@sobenim dochazi k naruSeni z&kladnich
biologickych proces, jako jsou kontrola sebeobnovy, diferenciaideeni bugcného
cyklu, proliferace¢i buné¢cné smrti. Genetickym mapovanim pomoci DNi@t byla
popsana dalsi getna skupina rekurentnich genetickych aberaci [2d]které jsou
nejvice zastoupeny aberace @é&Rastnicich se B butiné diferenciace (transkkipich
faktori PAX5, E2A, EBF1, IKZF1, IKZF3; geh pro rekombinazy RAG1, RAG2).
Tyto studie navic potvrdily jiz idve popsany velmiasty vyskyt deleci génpro
regulatory bus¢ného cyklu (CDKN2A, CDKN2B) [25].

| pro leukemogenezi plati obecna teorie popisuficaligni transformaci jako
vicestumovy proces, p kterém je nezbytna kooperace vice (minint&wou) aberaci,
tzv. zasah [26]. Dochazi nejprve k vytweni preleukemického klonu a poté k vyvoiji
klonu leukemického [27]. Ke vzniku leukemickych fiizh gerh a zapdeti procesu
leukemogeneze fte dochazet jiz prenat@nSwdei o tom studie leukémii u dvigt a
piitomnost preleukemickych bek v pupe&nkovych krvich (viz dale) i pozitivni
vysledky tzv. backtrackingu fuznich dgena dalSich leukemickych markerna
Guthrieho kartikach s novorozeneckou krvi [28-34]. Platnost dveahavé teorie
dokazuji u BCP-ALL vysledky &kolika typa studii. Za prvé jsou to vysledky studii



mySich moddél BCP-ALL, které ukazaly, Ze jednotlivé genetickéerdre indukuji
preleukemické zrny, ale samy o s@bnevedou ¢ vedou jen s dlouhou latenci) ke
vzniku leukémii. Riziko vzniku leukémie wahto modelech se zvySujefip
spolupisobeni dalSich genetickych aberaci, vnesenych,kawduych ¢i ziskanych
béhem dlouhé doby latencégqal vznikem leukémie [35-39]. Obdobné &dwvyplyvaji

z analyzy frekvence vyskytu faznich gewnpupenikovych krvich zdravychdi, ktera
je nejmér 100-nasob& vysSSi, nez je riziko onemoéni leukémii [40]. TFetim
dukazem jsou vysledky studia konkordance leukémii aneozygotnich dva@pt.
Preleukemické hiky jsou diky propojeni krevnich &k in utero u monozygotnich
dvojcat sdileny, konkordance BCP-ALL #chto dvofat je vSak pouze 10-15% [41-
44]. Souhrna jsou tedy fuzni geny povaZzovany za primarni akeerét.zasah)
vznikajici prenatal®a indukujici vznik preleukemického klonu, kteryize perzistovat

I nekolik let [45]. Vyvoj leukémie je doprovazen ziskemalSich genetickych aberaci
(dalSich zasal) a mize @i ném dochéazet ke vzniku vice subkiof®6-48]. Jednotlivé
subklony se liSi zastoupenim ziskanych geneticlalobraci a mohou mit i rozdilné
biologické vlastnosti, n&podliSnou citlivost na chemoterapii. Preexistugiabklony (a
to i minoritne zastoupené v deéb diagnozy) pak mohou byt zdrojem relapsu
onemockni [49]. Od diagndzy k relapsu onemeénn zpravidla dochazi k dalSim
zménam genomu leukemické populace [50-53]. Dle Mubigh et al. je pouze 8%
relapsi geneticky identickych s leukémii z doby diagnd¥e 34% pipadi dochazi
k zisku novych genetickych aberaci (a nasledkenyctowdeleci i ke ztrétnékterych
puvodnich znén), p@iblizné polovina relaps vznika zcela novym vyvojem z
preleukemického klonu a 6% reld@psejsou ve skut@mosti relapsy fivodniho
onemocgni ale no¥ vzniklé “negibuzné” leukémie [54].

Prednmétem intenzivniho studia je také dalSi velmi zajidnatazka: z btky jakého
hematopoetického vyvojového stadidskeé ALL vychazeji. Ve skutaosti jde spiSe o
dvé podotazky: 1) v biice jakého typu vznika primarni genetickd abera2g abuiky
jakého typu pak vznika leukemicky klon. Tyto otazigbyly dosud jashzodpowzeny.

V nekterych studiich byly primarni genetické aberaceEL(RAML1, MLL/AF4,
hyperdiploidie) nalezeny v linigv nezadanych a tedy potenci&lmultipotentnich
progenitorech [55-57]. Wasti BCR/ABL pozitivnich ALL byl fuzni gen BCR/ABL

nalezen i v bikkdch myeloidnitady, coZz pimo dokazuje jeho{vod v multipotentni



progenitorové biice [58-60]. Buiky, ze kterych vychazi vlastni leukemicky klon (tzv
leukémii iniciujici buiky) vS8ak nemuseji byt s Blkiou vzniku primarni aberace totozné
a zda se, Ze uetiny détskych ALL vychézi leukemicky klon z lymfoidnzadanych
progenitofi [61, 62]. Pré se vSak &které genetické aberace poji vyhradn
s lymfoidnim typem leukémie, je-li primarnim mistejgjich vzniku multipotentni
progenitor? Dle Greavese jde velmi prgwadobr o disledek selektivniho vlivu

genetické aberace naitky urcité linie a diferencigniho stadia [26].

1.1.3 Terapie ALL

Prognéza &i s ALL se Rhem rekolika poslednich desetileti vyrazrelepsSila a
v sowtasné dob je usgsSre vyléteno gFiblizne 80-90% dti [63, 64]. Za timto
auspchem stoji zavedeni novych ¢eEbnych postup a stratifikace paciefit do
rizikovych skupin umotujici volbu vhodné terapie, tj. na jedné srajostaténé
intenzivni a na druhé strars gijatelnou mirou moznych nezéadoucich komplikaci.
Pacienti jsou stratifikovani do rizikovych skupiri gahajeni terapie a dale v jejim
priabéhu. Kritéria pouzivana ke stratifikaci paci@mii zahajeni terapie jsou klinicka a
laboratorni (¥k, potet leukocyti, imunofenotyp, postizeni CNS) aitomnost jiz
zmirénych prognosticky vyznamnych genetickych aberagititéhu terapie jsou déle
pacienti stratifikovani dle odpédi na I&€bu [2, 64]. Sotasné léebné protokoly
sestavaji zeft hlavnich fazi - indukce remise, faze konsolidaceeindukce (pozdni
intenzifikace) - a z faze udrZovaci. Ty jsou naddprovazeny terapii cilenou na CNS.
Cilem prvni faze, kterda obvykle trvd 4-6 tydne dosaZzeni remise oneméoh a
obnoveni normalni hematopoézy&¢&djnimi léky této faze jsou glukokortikoidy, L-
asparaginaza, vinkristin a antracykliny. Rychlosstap& odpowdi na indukni fazi
stanovené dle poklesu blastv kostni deni a periferni krvi jsou vyznamnymi
prediktory vysledku terapie [65-73]. Cilem konsali@ a reindukce je eradikace
rezidualni nemoci, intenzita této fazelg se znan¢ tidi typem leukémie a mirou
rizika. Udrzovaci l&ba, kterd trva 1,5-3 roky, by da nadale potkovat gipadné
rezidualni blasty a z nich potencidlnznikajici rezistentni klony a dlouhodbhak

stabilizovat remisi onemoéni. Fi terapii rekterych vysoce rizikovych skupin

10



détskych ALL se uplatuje také transplantace hematopoetickych kmenovyatieko
(haematopoietic stem cell transplantation, HSCT).

Pfres vyrazny pokrok v ¢ détskych ALL nadale petrvava skupina pacieit
(predstavuje pblizn¢ 10-20% pacierif) u nichZz neni dosazeno remise nebo dochazi
k relapsu onemoemni [74, 75]. Zdrojem relapsu mohou bytiby leukemického klonu
¢i subklonu, ale také liky preleukemického klonu u kterych doSlo k vyvaji dového
leukemického klonu [54]. Pro zlepSenéédnych vysledi u relabujicichei na terapii
Spatré odpovidajicich paciefitje poteba najit prognosticka kriteria, ktera identifikuji
leukémie vyssSiho rizika jizipd zahajenim terapie a umozniatiit tyto pacienty do
adekvatnich I&ebnych protokdl. K identifikaci novych prognostickych marker
vyznamr prispivaji genetické, expresni a epigenetické predith studie, jak jiz bylo
zmirgno vysSe. Tyto nové prognostické markery umg? podrobrjSi stratifikaci
pacieni do menSich biologicky a klinicky homogefgich skupin s fesrji
definovanym rizikem se snahou zvolit jednotlivymdpkupinam terapii “uSitou na
miru“ a maximalizovat k&ebné Usgchy.

Pokroky v terapii dtskych ALL mohou v nejbliZSi da@bprinést také cilena terapeutika,
nagiklad monoklonalni protilatky a inhibitory aberaiti signalnich drah [76]. Mezi
témi zaujimaji vyznamné misto inhibitory kinazy BCHA (imatinib mesylat a
tyrosin-kinazové inhibitory dalSich generaci), ktggou jizradu let Uspgsre pouzivany

v |&cb¢ chronické myeloidni leukémie (CML) daspch a byly z#@azeny i do
nejnowjSich protokoh pro l&bu dtskych BCR/ABL pozitivnich ALL [77, 78].
Prohlubujici se poznani biologické podstattsklych leukémii, identifikace novych
geni a drah dastnicich se procesu maligni transformace a pociapechanizmu
jejich funkce pindSi stale nové potencialni cile pro vyvoj spekifi cilenych
molekularnich terapeutik. V cilené terapiitskych ALL by mohlo nalézt uplagni
také uméovani leukemickych faznich g&npomoci RNA interference (RNAI).
ZjednoduSe& je RNA interference proces vyuzivajici endogenoinebny aparat
k posttranskripnimu uméeni genové exprese. Ke spam$ttohoto procesu dochazi
pomoci tzv. siRNA molekul. Ty jsou v hoe endogennim aparatem rozpoznany,
navazany a pouzity ke specifické vazta mRNA obsahujici sekvenci komplementarni
se sekvenci siRNA; mRNA je poté v ntistazby Spena a je tak br&no syntéze
produktu umiovaného genu. Jako takova mé obrovské vyuziti jpktoda vyzkumné
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a ma i potencial terapeuticky, a to teoreticky wecoks onemockni, kde existuje
patogeneticky vyznamny cil s jedimou sekvenci mRNA. Jeditmost sekvence je
nezbytnym pedpokladem pro to, aby dochazelo ke specifickémucawvani pouze
vybraného cile a nikoliv dalSich dgers fyziologickou aktivitou. Vhodnymi cili u
détskych ALL by mohly byt fuzni geny, nesouci takovonikatni sekvenci v mist
fuze partnerskych gén Bylo jiz publikovano ®kolik praci popisujicich nasledky
umiceni rekterych leukemickych fuznich gértouto metodou. Undeni fuznich gein
BCR/ABL, E2A/PBX1 a MLL/AF4 vyznam& oslabilo maligni potencial
leukemickych buik a ukéazalo, Ze zde tedy jéedpoklad pro usfch na fazni geny
cilené terapie pomoci RNAI [79-81]. Nejen #tskych ALL vSak tato metoda zatim
zastava pedevsim nastrojem vyzkumnym a existuji velmi slakdtindzory na jeji
realné vyuziti terapeutické. DalSi skupinu potelnéth terapeutik fedstavuji tzv.
epigeneticka terapeutika — DNA demetyla latky a inhibitory deacetylaz histbn
(HDACI). Demetyl&ni terapeutika se jiz pouzivaji Cl#& nekterych myeloproliferaci
[82]. Protinadorovy efekt HDACI byl prokazan inngti in vivo a jsou nyni testovany
pro |I&bu vybranych hematologickych malignit wkolika klinickych studiich [82].
Nekteré leukemickée fuzni geny (u BCP-ALL konkrétidzni gen TEL/AML1, u akutni
myeloidni leukémie fuzni gen AML1/ETO) coby aberdntranskrigni faktory
prispivaji k patogenezi leukémiiigjmeé deregulaci genové exprese. K té dochazi na
z&klad jejich interakce s deacetylazami hisiprkteré pak modifikuji chromatin do
neaktivni podoby [83, 84]. Wthto leukémii se fiedpoklada, ze by HDACi mohly

blokovat &inky fuznich gen a vykazovat specificky terapeuticky efekt.

1.1.4 Minimalni rezidualni nemoc

O minimalni rezidualni nemoci (MRN) hokime, pokud u pacientatgirvavaji
leukemické blasty v mnoZzstvi, které je pod deémék prahem &nych morfologickych
metod. Monitorovani MRN umaiije hodnotit odposd’ na I&bu a predikovat jeji
vysledek Rada studii demonstrovala, Ze detekovatelna MBiIm terapie (devsim
na konci indukni faze, ale i v dalSichasovych bodech) a takéga HSCT je velmi
silnym a nezavislym prediktorem relapsu [65-73, 9%- Kromg své prediktivni
hodnoty navic monitorovani MRN umiafe rozpoznat nastupujici relaps onemmén
diive, nez nize byt detekovan morfologickymi metodami. Monitakay MRN se
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vyuzZiva gredevsSim ke stratifikaci pacigntv Iécebnych protokolech, ale i kizeni
intenzity predtransplantani chemoterapie a potransplafta imunoterapie u
transplantovanych pacienf93].

K méteni MRN u @tskych ALL se pouZivaji metody zaloZzené natpkové cytometrii

a kvantitativni reverzhitranskriptazové polymerazoviettzoveé reakci (QRT-PCR).
Pritokovou cytometrii jsou leukemické blasty detekowvara zaklad specifického
imunofenotypu, ktery je odliSuje od zdravych herpatgtickych busk. Specificita
leukemického imunofenotypu je dana abnormalni koenddi imunofenotypovych
znaki, ke které mize dochazet zvySenou, sniZzenou, asynchré@dimiové negislusnou
expresi [94]. Vyhodou metod zaloZenych na imundfgripaci je Siroka
aplikovatelnost, nevyhodami jsouigulevSim niZSi senzitivita oproti molekul&rn
genetickym metodam a nestabilita expresidarych imunofenotypovych znakehem
chemoterapie [95-97]. Pro &eni MRN pomoci qRT-PCR jsou pouZzivany v zé&sad
dva typy leukemickych marker transkripty faznich gen a klonalni pestavby
imunoreceptorovych gén Fuzni transkripty fedstavuji vysoce specifické a s leukémii
stabilre asociované markery, jejich detekce je metodickyndm@arana a relativa
levngjSi, nebd pro podskupinu pacieits danym faznim genem Ize pouzit univerzalni
detekni systém. To na druhou stranéindSi i ugitou nevyhodu - riziko vzajemné
kontaminace vzork jednotlivych pacierit Za dalSi nevyhody jsou povazovany
rozdilné hladiny fuznich transkriptmezi blasty jednotlivych pacient znény exprese
vyvolané chemoterapti degradaci vzorkuipd zpracovanim. Tyto nevyhody odpadaji
pii detekci fuze na genomické uUrovni, ktera je prdnmlivé pacienty specificka,
piitomna obvykle v jedné kopii na tku a Vici degradaci odokjsi. Identifikace mista
genomické fuze je vSak metodicky Zn& nara@&na a ztohoto wodu se Hlis
nepouziva. Monitorovani MRN pomoci detekce fuzrdeni ¢i transkripti navic neni
aplikovatelné u vSech BCP-ALL, neb®izni geny se nachazeji jen dlghzné 40%
vSech pipadi [93]. Standard&i se k monitorovani MRN u BCP-ALL pouZziva
kvantitativni detekce klonalnichigstaveb geih pro imunoreceptory. Stejnjako u
fyziologickych pro¢jska dochazi u blagtBCP-ALL k prestavbam genovych segmént
(V, D, J) geri pro €Zké a lehk&etzce imunoglobulii a také gel pro T-burécné
receptory. B prestavovani segmentéchto geri vznikaji v mistech jejich spojovani
unikatni sekvence, které mohou slouzit jako spadifimarkery leukemického klonu. U
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vice nez 95% vSechstskych BCP-ALL jsou pesta¥ny geny pro imunoglobuliny a u
vétSiny také geny pro T-bétny receptor [98, 99]. Tato metodasifani MRN je tak
aplikovatelnda térr u vSech BCP-ALL. Diky fitomnosti jedné kopie
imunoreceptorového cile naiku umozuje gresré stanovit pdet blast. Navic jsou
imunoreceptorové cile unikatni pro jednotlivé patye ¢imz mizi riziko vzajemné
kontaminace. Na druhou stranu je vSak nutné u Kkezdeédnotlivého pacienta tyto
klonalni markery identifikovat a vyt¥i pro né unikatni dete&ni systémy, coz je
metodicky, finainé i caso¥ nara@né. Pokraujici ¢i sekundarni festavovani
imunoreceptorovych gén mize veést kvytvéeni subklod a znénam jejich
proporcionalniho zastoupengéhem terapieti mezi diagn6zou a relapsem, proto se
doporikuje pokud mozno vzdy monitorovat alegpava imunoreceptorové cile
souwasre [100-106]. K standardizaci a vysoké reproducibilieto metody vyrazh
prispelo vytvoreni jednotnych protokdl pro identifikaci imunoreceptorovych gila
pravidel pro kvantifikaci MRN a interpretaci vysked[99, 107, 108]. V satasné dob
jsou oba z&kladni ffstupy — kvantifikace i@staveb imunoreceptorovych gera
cytometricka analyza — vyuZzivany veét$ine modernich léebnych protokdl véetns
protokoli BFM pouzivanych Weské republice.
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1.2 Fuzni gen TEL/AML1

121 TEL

Gen TEL (podle oficialni nomenklatury ETV6) se nazhna chromozomu 12 v oblasti
12p13 [109]. Kbéduje protein, ktery byl na zakdagfitomnosti vysoce konzervované
domény ETS Z@azen do rodiny ETS transkdipich faktofi. Alternativnim sesthem u
n¢j vznikd vice izoforem mMRNA, dkteré z nich potencidn koduji protein s
dominant negativni funkci [110]. Majoritni izoforma mRNA maoujici vSech 8
exoni genu TEL obsahuje dva alternativni tratslapatatky uvnit jedinéhoéteciho
ramce a jsou ji kodovany &wlavni izoformy proteinu o velikosti 50 a 57 kDx¢eré se
liSi pouze pitomnosti prvnich 42 aminokyselin [111].

Protein TEL obsahuje dkonzervované funii domeény: N-koncovou HLH (pointed,
SAM) doménu a C-koncovou ETS doménu. Oblast megmabdoménami kodovana
z velkécasti exonem 5 se nazyva centralni oblast (centréfmesorova oblast/doména,
centrélni doména). HLH doména zprestkovava dimerizaci (a to homo- i hetero-)
[112, 113] a interakci s dalSimi proteiny [114-11BTS doména nese jaderny
lokalizatni signal a zprostdkovava vazbu na DNA [111], centralni oblast mgele

s rekolika korepresory [115, 118, 119]. Protein TELI¢&alizovan pevéazri v jade
[111]. Jeho funkce je regulovana ptesinictvim posttranstmich modifikaci, jako jsou
sumoylace a fosforylace, které sasré s funkci reguluji i export zjadra do
cytoplazmy [114, 120-122]. TEL jegmeé sekvern¢ specificky transkripni represor a
pro tuto jeho funkci je nezbytnd dimerizace zpexditovana HLH doménou i
piitomnost centralni oblasti kodované exonem 5 (ahppitelre piitomnost DNA
vazebné domény ETS) [118, 123]. Lopez et al. ifigotiali v proteinu TEL d¥¢
autonomni represivni domény. Jedna se nachazi za@atralni oblasti, druhou tkio
koncovacast centralni oblasti a ETS doména [123]. Trangkfipeprese je igjmeé
zprostedkovana interakci s korepresory a s histon deldeetyi (HDAC) vedouci
k inaktivaci chromatinu nasledkem jeh&sijSi vazby k deacetylovanym histiom.
Bylo prokazano, ze HLH doména interaguje s korepea mSin3A a centralni oblast
s korepresory SMRT, mSin3A, N-CoR a s deacetylddstonmi 3 [115, 118]. Boccuni
et al. demonstrovali, Ze TEL interaguje také seirm@m H-L(3)MBT ze skupiny
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polycomb a mohl by tak reprimovat transkripci i &esle na deacetylaci histbfil16].
Dosud nebyly identifikovany té#h Zadné cilové geny tohoto transkigho represoru.
Jedinymi cilovymi geny, u nichZ byla potvrzenginpa vazba proteinu TEL na
promotor, Astavaji gen pro anti-apoptoticky faktor BCL-)Xa gen pro matrixovou
metaloproteindizu MMP3 (stromelysin-1) [124, 125].en@, jejichz expresi
v modelovych systémech TEL svoiitpmnosti ovliviuje (a mezi nimiz by mohly byt
dalsi @imé cile), byly popsany pomoci expresniho profidvave dvou
experimentalnich studiich [126, 127].

Fyziologicka role genu TEL nenitipS znama. Je ubiquitnhexprimovan a to i &dhem
embryonalniho vyvoje [128]. S pouzitim mySich madsé pokusili objasnit jeho roli
béhem embryogeneze Wang et al. [128, 129]. Zjiské, mySi se zcela vgzenym
genem (TELknock-outmysi) umiraji kolem 11. dne embryonalniho vyvdjgto mysi
maji sice zachovanou hematopoézu ve Zloutkovétkwaje zde vSak vyznamna
porucha angiogeneze, a dochazi i k apoptéze mepmabhich a neuralnich bak U
chimerické mysi, kde je gen TEL kazen v hematopoetické linii, probihd fetalni
hematopoéza (kter& se odehrava nejprve ve Zloutkové&ku a pozdji v jatrech)
normalré. Kratce po narozeni, kdy se hematopoéssquva do kostnirdne, vSak
dochazi k jejimu narusSeni a kompletni absenci v$erhatopoetickych linii. TEL je
tedy nepostradatelny pro zaloZeni definitivni heypaézy, konkréth ziejmé pro
usidleni a pezivani hematopoetickych hikn v kostni deni. Inducibilni liniow
specificky knock-out pozcji umoznil studovat roli genu TEL i v hematopoéze
dosglych mysSi [130]. Ukazalo se, Ze i v dekpsti, po uspsném zaloZeni definitivni
hematopoézy v kostnitehi, je TEL pro jeji udrzeni nadale nezbytny. Bylslovena
hypotéza, Ze zpragtdkovava kontinualni signalizaci esencialni praezgi
hematopoetickych kmenovych hikn (HSC), ktera je iejm¢ spouskna interakci
specifickych receptdrs ligandy v mikroprogedi kostni ¢éerg.

TEL je velicecasto deletovari jinak naruSen u hematologickych malignit (viz &)iz
ale i u jinych tyf nadorovych onemoéni [131, 132]. Je tedy vysoce prapddobné,
Ze by mohl mit nador@vsupresivni viastnosti. To dokladadkolik experimentalnich
studii, ve kterych byl TEL schopen paitewat proliferaci iznych tym primarnich i
transformovanych bk, snizovat invazivitu transformovanych fibrobkagt vitro i in
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vivo, redukovat tvorbu solidnich nadoru mysi ¢i indukovat apoptdézu represi
antiapoptotického proteinu Bclyf124, 125, 133-135].

U hematologickych malignit je tento gen aberovarohanzmisoby. U ALL je ¢asto
deletovan, zejména (avSak nejen) u padientfuznim genem TEL/AML1 [12, 136-
140] - tato kombinace tak vede k inaktivaci obopikd@ EL. V neékterych gipadech
ALL, piestoZe je na genomické Urovni zachovan, je porugdmaexprese [141, 142].
DalSim typem aberaci postihujicich tento gen u Akbu ffizné chromozomalni
translokace, které vedou ke vzniku fuznich (g¢it43-146]. Suverérnnegastji se
vyskytuje fuzni gen TEL/AMLL1 (viz samostatna poditala). U akutnich myeloidnich
leukémii (AML) nejsou pestavby genu TEKasté, pouze vzaérse vyskytuji gkteré
fuzni geny [147]. Bylo vSak zji&ho, ze TEL niZze byt postizen bodovymi mutacemi,
které maji za nasledek dominafitnegativni funkci proteinu, a az u 1/3 pacient
s AML je poruSena jeho exprese [148]. Aberace g@mlL se vyskytuji také u
chronické myelo-monocytarni leukémie (CMMoL) a uetodysplastického syndromu
(MDS) [147].

TEL ma mnoho flznich partnerje to jeden z #bec nejastji piestavovanych a
nejvice “promiskuitnich* gein u hematologickych malignit. FGznimi partnery genu
TEL jsou jednak geny koédujici tyrosin kindzy (PDGRRABLL, ABL2, JAK2,
NTRK3, SYK a dalsi), jednak geny transkimpch faktoti (AML1, MN1, PAXS5,
CDX2, EVI1 a dalSi) [147]. Fuzi tak vznikaji chinekeé kinadzy, které jsou
konstitutivre aktivovany na zakladdimerizace zprogtdkované HLH doménou genu

TEL, ¢i chimerické transkrigni faktory s aberantni funkci.

1.2.2 AML1

Gen AML1 (také CBFa2, podle oficialni nomenklatiRiNX1) lezi na chromozomu
21 v oblasti 21922 [149]. Kbéduje jeden zé dlena rodiny RUNX, charakteristické
piitomnosti konzervované domény RHD (runt homologydim) vysoce homologni
s proteinemrunt Drosofily [150, 151]. Jde o velky gen rozsahtibfizné 260 kb
obsahujici 9 exah je pepisovan ze dvou promofora transkripty podléhaji
alternativnimu seéthu. Vznika tak fada izoforem mRNA [152-155]. Transkripce,

sestih i translace jsou tk@ve regulovany [154].
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Translaci vznikaji dva majoritni proteiny - AML1b AML1c - a mér zastoupena
kratSi izoforma AML1a. Proteiny AML1b a AML1c jsadiouhé 453 respektive 480
aminokyselin a liSi se svymi N-konci. AML1a je t&no polovinu kratSi a postrada C-
koncovou oblast [153, 154]. Doména RHD zpifedkovava proteinové interakce a
vazbu na DNA a to specificky na motiv TGT/cGGT [1B83]. Na C-konci proteinu
byva popisovana transaktird@ doména [154] - jde o peékud zavadjici oznaeni,
neba’ celd oblast leZici C-koncéwd RHD domény zprostdkovavaradu interakci a
to nejen s koaktivatory, ale i s korepresory (vizej). Progednictvim domény RHD
vaze AML1 protein CBFb a vytvAs nim heterodimerni transkémp faktor CBF [157,
158]. Transkripni faktor CBF ma d¥ dalSi podoby - obsahuji stejnou CBFb
podjednotku a jeden z dalSich dvélena rodiny proteii RUNX, AML2 (RUNX2,
CBFa3) ¢i AML3 (RUNX3, CBFal), coby CBFa podjednotku. CBKe v ramci
heterodimeru neiastni vazby na DNA, avSak zvySuje afinitu AML1 k BNa
stabilizuje jej tim, Ze brani jeho ubiquitinylachasledné degradaci [159, 160]. AML1
se nachazi v j&d, na jeho C-konci je jaderny lokalizda signdl, pi jehoz mutaci je
poruSena distribuce a tim i funkce AML1 [161, 162].

AML1 (coby sowast CBF) @iznymi zpisoby reguluje transkripci prdstnictvim
interakci gradou partner. Interaguje s koaktivatory p300, CBP a MOZ, ktemndji
vlastni histon acetyl transferazovou aktivitu, dedakoaktivatory ALY a YAP [163-
165]. Je tedy schopen aktivovat transkripci. Nahdtu stranu interaguje ro¥h

s korepresory mSin3A, N-CoR a TLE, s deacetylazhistoni a s metyltransferazou
histomi SUV39H1 a niZze tedy transkripci také reprimovat [166-171}i Regulaci
transkripce déle interaguje a kooperujéeadou liniow specifickych transkrignich
faktoni, jako jsou nap ETS1, PU1, c-MYB, C/EBPa, LEF1, GATALl, PAX5 [172-
181]. Redpoklada se tedy, Ze by mohl pinit funkci orgatums ktery umo#uje
sestaveni transkidpé regul@&niho komplexu [182]. # regulaci rkterych cilije
ziejm¢ nezbytna i jeho homodimerizace [183]. Vyslednagbavregulace (ve smyslu
aktivace¢i transkripce) pak zavisi na strukéukonkrétniho promotoru a b&tmém
kontextu. KratSi formy AML1, jako AML1a, maji zvySeu afinitu k DNA, ale nemaji
C-koncovou oblast odpednou zatradu vySe zmignych interakci a mohly by tak
pusobit dominant& negativié vaci majoritnim izoformam [184, 185]. Mezi znamymi

cily AML1 figuruji predevsim linio¢ specificky exprimované geny, jako jsou IL3,
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TCR, GM-CSF, M-CSFR, CD11a, CR1, myeloperoxidazytrofilni elastaza, BLK,
GZMB ¢i PKC. AML1 se podili na aktivaci jejich transkrgpg¢l81, 186-196]. Jednim
z méla znamych di| jejichz transkripci AML1 reprimuje, je p21 [197].

Aktivita AML1 je regulovana prosgednictvim rkolika typd posttranslénich
modifikaci. Pokud je AML1 ubiquitinylovan, dochakijeho degradaci. Fosforylace
prostednictvim MAPK drahy vede kuvaini vazby na mSin3A a aktivaci
transaktivéni funkce, ale zarowenavozuje degradaci AML1, nebanSin3A stejg
jako CBFb chrani AML1 fed ubiquitinylaci [198]. AML1 je dale acetylovan
proteinem p300iimz se zvySuje jeho afinita k DNA [199].

Vzhledem k velmicetnym acastym aberacim AML1 u hematologickych malignit je
tento transkripni faktor jist vyznamnym regulatorem hematopoézy. Z jeho cilovych
gemi vyplyva, Ze se uplauje pi realizaci liniow specifickych transkrignich
programii pii vyvoji jednotlivych hematopoetickych linii. @&em embryonalniho
vyvoje je AML1 silre exprimovan v hemangioblastech, sgolch prekurzorech pro
primitivni hematopoézu a vaskulogenezi, ale i ygm tkdnich [200]. U mysSi
s vyfazenym genem AML1 kfock-out myS) dochazi k normalni morfogenezi i
primitivni hematopoéze ve Zloutkovém c¢ka, avSak zcela chybi definitivni
hematopoéza (tedy hematopoéza vSech linini) wjatj@01, 202]. MySi embrya
umiraji kolem 12. dne intrauterinniho vyvoje nadaegni do CNS. Stejny dopad na
embryonalni hematopoézu byl pozorovan také u imaké CBFb, je tedy evidentni, Ze
pro hematopoézu je nezbytndtpmnost obou sloZzek CBF transkinipho faktoru [203,
204]. Aby bylo mozno obejit embryonalni letalitd gplném vyazeni AML1, byly
dale vytvaeny chimerické mysi. Bylo prokazano, Ze dhto mySi nejsou AML1
deficientni buky schopny podilet se na definitivni hematopoéz@l]2 K naruseni
embryonalni hematopoézy, a tiegevsim k naruSeni jejik@soprostorového fib¢hu

a pattu HSC a nezralych progenitgrdochazi také u haploinsuficientnich mysi [205].
AMLL1 je tedy pro embryonalni hematopoézu zcela eigém. Na rozdil od genu TEL,
ktery je nezbytny proiezivani HSC v dosfosti, vSak inaktivace AML1 v dosgjosti
funkci a gezivani HSC neovliwje [206]. V prvnim popsaném dasem mySim
modelu néla inaktivace AML1 celko¥ pomerné omezeny dopad, vedla “pouze”
k porucham vyzravani megakaryoity vyvoje B a Trady. Ri dlouhodobém sledovani
vSak byl u dosflych mysi s inaktivovanym AML1 pozorovan vznik THa#inych
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lymfomu, splenomegalie a zZiny podobné myelodysplastickému syndromu [207]. Pro
vyznamnou roli AML1 v postnatalni hematopoézeclovéka swdéi navic rada
hematologickych poruch spojenych s jeho aberazir(iie).

Nekolik praci ukazalo, Ze AML1 se podili také na deguburé¢cného cyklu. AML1
zkracuje G1 fazi a podporujégrhod z G1 do S faze [208, 209]. Jednim z mechdnizm
této regulace five byt popsanéifma aktivace transkripce cyklinu D3 [210]. Ten pak
ziejmé negativni zptnou vazebou reguluje hladinu AML1 a ta se &tghu burgcného
cyklu specificky néni [211]. Funkce AMLL1 v regulaci bébaného cyklu je inhibovana
dominant® negativié pasobicimi izoformami AML1 a fuznimi geny (CBFb/SMMHKC
AML1/ETO), coz je tejm¢ podkladem jimi indukované inhibice proliferace (2212-
215].

Gen AML1 je u hematologickych malignit aberovaikelika mechanizmy. P&tmezi

né¢ chromozomalni translokace vedouci ke vzniku fdzrgeni, amplifikace i bodové
mutace vedouci k hyperaktivaci, ztr&unkce ¢i zisku dominantd negativni funkce
[216]. Funkce AML1 niZe byt negativé ovlivnéna i aberacemi druhé podjednotky
transkrigniho faktoru CBF, CBFb. V experimentalnich pracjebu AML1 gi¢itany
jak onkogenni tak nadordvsupresivni vlastnosti. AML1 je schopen transforatov
fibroblasty, na druhou stranu ztrata AML1 v HSC eed poruSe senescence
indukované onkogenem RAS, ktera obepredstavuje dlezity obranny mechanizmus
vici onkogennim inzultm [217-219]. Z vySe vyjmenovaného souboru aberggliywa,

Ze k transformaci hematopoetickych Bkivede jak zrdina genové davky a nadbyig
exprese Wild type' (wt) AML1, tak ztrata funkcei zisk aberantni funkce, tedy Ze u
hematologickych malignit I1ze AML1 chipat jako namoy supresor i onkogen
souwasré. NejasgjSim typem aberace tohoto genu je chromozomalnisio&ace
t(12;21)(p13;922), vedouci ke vzniku fuzniho gendLMAML1 a vyskytujici se u
détskych BCP-ALL. Déle se uatkskych BCP-ALL vyskytuji amplifikace tohoto genu
(ptiblizné u 3% paciernt), které nejsou doprovazeny mutacemi [220-223]cktarych
pacienti byla popsana aberagtrzvySena exprese AMLL,igstoZze u nich neni gen
amplifikovan [224, 225]. ®blizn¢ u 15% AML nachazime translokaci
1(8;21)(q22;922), na jejimz podkladznika fuzni gen AML1/ETO [149]. AML1/ETO
je schopen heterodimerizovat s CBFb, vazat se n#& RNreprimovat transkripci
nékterych geld fyziologicky transaktivovanych AML1 [188, 226, Z27B¢hem

20



embryogeneze vyvolavA AML1/ETO podobné émy jako inaktivace AML1, nejde
vSak o uplnou fenokopii, nebae fetalnich jatrech AML1/ETO pozitivnich embry s
nachazeji dysplastické multiliniové progenitory,jigez in vitro sebeobnovovaci
schopnost je aberartrzvySena [228]. AML1/ETO tedyiejmé nejen inhibuje funkci
wt AML1, ale ma i vlastni aberantni funkci. Ve skia&mySim modelem AML1/ETO
transdukovany do lidskych CD34 pozitivnich progeriit zvySuje schopnost jejich
sebeobnovy, avSak sniZzuje schopnost tvorby koloninhiové zadanych progenitor
[229]. K maligni transformaci fize gispivat tim, Ze blokuje diferenciaci myeloidni
fady [230-232]. Nkteré prace vSak popisuji, Ze AML1/ETO paradoxaké inhibuje
bunéénou proliferaci [233]. AML1L/ETO sam o sélmeni schopen vyvolat AML [215].
Pro transformaci je ptba kooperace s dalSimi zasahy [234], ty mohbspivat

k transformaci prav odstragnim prolifer&niho bloku. V souladu s touto hypotézou
byl popsan zvySeny onkogenni potencial u C terminakracené varianty proteinu
AML1/ETO, kterd na zakladztraty dvou C-koncovych domén kdédovanych fuznim
partnerem ETO nema inhdpii vliv na bur¢nou proliferaci [235]. U AML a MDS se
vzacrgji nachazeji i dalsi translokace, taf{3;21)(g26;922) vedouci ke vzniku faznich
geni AML1/MDS1, AML1/EAP a AML1/EVI1 [182]. Steja jako u ALL i u AML se
objevuji amplifikace AML1, avSak mnohem vz&pgri236]. Naopak mnohendasgjsi
jsou bodové mutace, které se objevuji u 5-10% denazniklyjch a u 16-40%
sekundarnich AML/MDS [237-241]. V neposledai¥ u AML také ¢asto nachazime
inverzi chromozomu 16, ktera sice nepostihufgmp gen AML1, ale druhouast
transkrigniho faktoru CBF - gen CBFb. Na podkéathv(16)(pl3;922)¢i o0 rnéco
vzacrgjSi translokace 1(16;16)(p13;922) vznika fazni g&BFb/SMMHC a ten
podobrE jako AML1/ETO interferuje s funkait AML1 [242].

1.2.3 TEL/AML1

Kryptickd translokace t(12;21)(p13;922), na jejinpbdklad vznikd fuzni gen
TEL/AML1, byla poprvé popsana v roce 1994 [143]n&5ledujicich letech se ukazalo,
Ze jde o wibec nejastjSi strukturalni chromozomalni aberacétskych leukémii
vyskytujici se piblizné u 25% BCP-ALL [243-246]. Ke zlotim DNA pii vzniku této
translokace dochazi v rozsahlé oblasti§0 kb) tvdené introny 1 a 2 genu AML1 a
témet vyhradré v relativre kratkém €15 kb) intronu 5 genu TEL. Translokace tak
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typicky spojuje exon 5 genu TEL k exon 2 nebo 3 genu AML1 [247-249]. Co je
pii¢inou vzniku této chromozomalni translokace nenlazj@sné. Obecnbylo popsano
nékolik mechanizni, které mohou i vzniku chromozomadlnich translokaci hrét roli: 1)
aberantni aktivita rekombinadz seibe podilet na i@stavbach gen které obsahuji
sekvence totozné (alespocasté&ne) srozpoznavacimi sekvencemi pro V-(D)-J
rekombinaci imunoreceptorovych gerj250, 251], 2) wkteré translokace mohou
vznikat homologni rekombinaci mezi Alu sekvence®87], 3) vznik DNA zloni a
nasledg translokaci mohou indukovat inhibitory topoizonmrdl (nap. etoposid)
[253]. Druhy a teti z €chto mechaniziin se uplatuji pfi vzniku prestaveb genu MLL.
Metaanalyza relativh velkého souboru genomickych fuzi TEL/AML1 ukazalze
vintronu 1 genu AML1 se nachazi peme Siroky shluk obsahujicifiblizné 60%
vSech identifikovanych zlofy a dale Ze vintronu 5 genu TEL se nenachazi zadne
shluky zlomi. Ani u jednoho z geh navic v mist zloma nebyly nalezeny Zzadné
specifické sekvemi motivy, které by indikovaly roli mistnhspecifické rekombinace
pii vzniku fazniho genu TEL/AML1 [254].In vitro experimenty ukazaly, Ze u
burg¢nych linii mize vlivem apoptotickych stimiul (odrsti séra, etoposid, kyselina
salicylova) dochazet k indukci dvouvlaknovych zioNA v intronu 5 genu TEL a v
intronu 1 genu AML1 a k naslednému vzniku fuznineng TEL/AML1 [255]. K
opraw dvouvldknovych zlom a vzniku fuzniho genutejmé dochazi spojovanim
nehomolognich konic[254].

Translokace t(12;21) je reciproka a na jejim podkizpravidla vznika nejen fuzni gen
TEL/AML1, ale i fuzni gen AMLL1/TEL. Zatimco TEL/AML je exprimovan vzdy,
transkript AML1/TEL je pitomen u velk&asti, avSak ne u vSecltipadi [256, 257].
Predpoklada se tedy, Ze na rozdil od TEL/AML1 nehsi@l 1/TEL kauzalni roli gi
vzniku leukémii. Hybridni protein TEL/AML1 zahrnujelLH doménu a centralni
oblast proteinu TEL a té#h cely protein AML1 ¥etne RHD domény a C-koncové
oblasti. TEL/AML1 tak ziskav&adu fukénich a interaénich schopnosti, které jsou
vlastni wt proteimim TEL a AML1. Prostdnictvim HLH domény TEL/AML1
homodimerizuje a prosgdnictvim RHD domény se vaze na DNA [244, 258].ebsil
udrZzuje schopnost interagovat s CBFb pomoci RHD agm[226]. HLH doména,
centrdini oblast proteinu TEL, ale i C-koncova sbl&AML1 umoziuji interakci
s korepresorem mSin3A [259], HLH doména a centradilast interaguji i
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s korepresorem N-CoR [260]. Pouzitim reporterovyeseji rkolik autor
demonstrovalo, Zze TEL/AML1 je schopen vazat se muonptorovych oblasti cilovych
genmi AML1 a reprimovat jejich transkripci [258, 259, 26262]. TEL/AML1 je tak
ziejm¢ transkrignim represorem a dereguluje transkripcia cAML1 inaktivaci
chromatinu prosgednictvim korepresér a s nimi interagujicich deacetylaz higion
[263]. Tento mechanizmus by mohl byt podkladem jéukemogenni aktivity. To
nazn&uji i studie TEL/AML1 transfomovanych progenitor u kterych neni
TEL/AML1 schopen navodit charakteristické &my, pokud je mutovan a neschopen
vazat se na DNAI interagovat s CBFb [226, 264]. Dosud vSak nejgpamy zadné
piimé cilové geny TEL/AML1 v leukemickych hk&ch. Leukemogenni aktivita
TEL/AML1 muZe byt podloZena i dalSimi mechanizmy. Gunji edamonstrovali, Ze
TEL/AML1 heterodimerizuje svt proteinem TEL a {sobi wi¢i nému dominant
negativié¢ [265]. TEL/AML1 brani schopnosti genu TEL reprinabvtranskripci a
suprimovat #st transformovanych fibroblast Ve stejném modelu se TEL/AML1
chova dominanth negativé i vacéi AML1, kdy naopak inhibuje schopnost AML1
fibroblasty transformovat. DalSi skupina autalemonstrovala schopnost TEL/AML1
interagovat s koaktivatorem p300, sekvestrovat dej cytoplazmy a branit tak
transaktivéni funkciwt AML1 [266, 267]. To vSak jist nebude hlavni mechanizmus
funkce TEL/AML1, neb6@ tyto prace jsou v rozporu s pozorovanim, Ze pmotei
TEL/AMLL1 je v leukemickych biikach lokalizovan v jaie [111].

Jsou tedy navrzeny potencialni mechanizmy, zatemnahi objasino, jaké drahy a
procesy TEL/AML1 naruSuje a jakigsre ke vzniku leukémie jispiva. Dosavadni
poznatky z experimentalnich modeldvojcecich studii, “backtrackingu“ TEL/AML1
na Gutrieho kartikdch s novorozeneckou krvi a z analyzy gmgiovych krvi ukazuii,
Ze TEL/AMLL1 je primarni genetickou aberaci (prvnizasahem), k jejimuz vzniku
dochazicasto jiz prenatath Sdm o sobvsak neni pro vznik leukémie dostatg a je
pouze jednim z dkolika zasah, které jsou pro maligni transformaci nezbytné (viz
prvni kapitola Uvodu). V prvnim vyt¥¢eném transgennim mysim modelu nevyvolala
exprese TEL/AML1 u mySi pod kontrolou enhanceructepeky aktivniho v B rad
Zadné patologické z&ny fenotypu [35]. V dalSim modelu byly mySi trarepiovany
TEL/AML1-transdukovanymi bikami kostni derg [36]. U wt mysi doSlo ke vzniku

leukémii s nizkou frekvenci a s dlouhou latencied u mySi s inaktivovanym
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lokusem pro regulatory bgéného cyklu pl6 a pl9 se objevila leukémie s vysokou
frekvenci a kratSi latenci. TEL/AML1 tedy vyvolavalikémii ve spolupraci s dalSimi
zasahy, & uz preexistujicimi,¢i béhem dlouhé latence ziskanymi. Pomoéi t
obdobnych “transduiné-transplantanich® mysSich moddél byly pozdiji popsany
preleukemické zrny, které TEL/AML1 u mySi vyvolava. iBobenim TEL/AML1
dochazi kexpanzi HSC a&asnych progenitd; ke zvySeni jejich schopnosti
kompetitivre rekonstituovat hematopoéan vivo a sebeobnovovat da vitro, ale i

k cast&énému bloku vyvoje Bady [37, 268, 269]in vitro preleukemické vlastnosti (tj.
zvySena sebeobnova) jsou zavislé rHigopnosti HLH domény a centralni oblasti genu
TEL i RHD domény genu AML1 [264].

Schindler et al. vytvidi nedavno novy transgenni mysi model, ve kterém
demonstrovali, Zze funkce TEL/AML1 jefgim¢ vysoce zavisla na daném aném
kontextu [270]. Tento modekwngji imituje situaci u TEL/AMLL1 pozitivnich leukémii,
neba’ na rozdil od fedchoziho arteficialijSiho modelu byl zde gen TEL/AML1 cilen
vnesen pod kontrolu endogenniho promotoru genu THEB rozdil od mysSi
s vyfazenymi geny TELS AML1, nedochazelo u TEL/AML1 transgennich mysi
k porucham embryonalniho vyvoje. TEL/AML1 tedy idepbil jako dominanth
negativni inhibitor genu TEL a na rozdil od fuznigenu AML1/ETO (u shoz se
piedpoklada obdobny molekularni mechanizmus funkaeig)ato dominanté negativni
inhibitor AML1. Béhem embryonalniho vyvoje nedochazel@ehto mysi k porucham
vyvoje B fady, pouze mimh naristal p@&et a schopnost sebeobnovy B progeditor
avSak tento efekt TEL/AML1 byl tranzientni a vymlizeo narozeni. K porucham
vyvoje B tady dochazelo, pokud byly fetélni jaterni TEL/AMLldozitivni HSC
transplantovany dogfym mySim ¢i pokud byla indukovana exprese TEL/AML1 u
mySi az v dosgosti. Vyvoj B fady byl blokovan uz ve stadiu velntasného B-
lymfoidniho progenitoru. Zatimco TEL/AML1 na jeds&areé zna&n¢ oslabil potencial
HSC diferencovat do B-lymfoidrfady, na druhé strérenatel zvysil celkovy pdéet
HSC a jejich klidovou frakci. U mysi nedochazelprkgresivni akumulaci HSC ani ke
vzniku leukémie. Pokud byly TEL/AML1 pozitivni HSansplantovany sekundarnim
piijemaim, dlouhodob prezivaly, aniz by vytlély TEL/AML1 negativni protjsky.
Hladiny znamych regulatérbyly u TEL/AML1 pozitivnich HSC na normalni aroyni
coZ naswdcuje tomu, Ze byly pod kontrolou fyziologickych régtnich mechanizii
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TEL/AML1 u dosglych mysSi vyraza zvySoval riziko vzniku leukémietpexpozici
mutagenu. Tento efekt TEL/AML1 byl v8ak zcela podni expresi TEL/AML1
v HSC. Riziko vzniku leukémie nebylo zvySeno, pokuwd TEL/AML1 exprimovan

Z B-lymfoidniho promotoru. TEL/AML1 tedy indukujezrik mirné expandovaného
dlouhodols prezivajiciho rezervoaru HSC, které siéstavaji pod vlivem normalnich
regula&nich mechaniziin ale jsou “zranitelné* a zvySeémachylné ke vzniku leukémie.
Na zaklad popsanych vysledkbyla dale vyslovena hypotéza, Ze ke vzniku leukémi
z TEL/AML1 pozitivhich HSC dochazi pouzeen nastupem dosjg hematopoezy,
neba v dosglosti je jiz vyvoj B fady blokovan a nemohou vznikat B-lymfoidni
preleukemick&i leukemické buiky. Tato hypotéza by mohla byt vydlenim velmi
raritniho vyskytu TEL/AML1 pozitivnich leukémii vodElosti [139].

Uznavana “infekni” teorie vzniku leukémii (viz prvni kapitola uvedpredpoklada, ze
k rozvoji leukémie dochazi nasledkem aberantni itnumeakce. Prace publikovana
v lonském roce zkoumala, jakym igpbem by Bhem takové imunitni reakce mohlo
dochazet k rozvoji leukémie z preexistujiciho TEMIAL pozitivniho preleukemického
klonu [271]. Bylo zjiSéno, Ze TEL/AML1 pozitivni bitky maji in vitro i in vivo
znanou fistovou vyhodu a tim schopnost expanzéitopnosti inhibéné pasobiciho
cytokinu TGH, ktery je Bhem imunitni reakce produkovan aktivovanymi T
lymfocyty.

TEL/AML1 pozitivni leukémie pedstavuji relative homogenni skupinu leukémii.
Postihuji nejastji déti ve weku 2-5 let a prakticky se nevyskytuji v kojeneckesku
ani v dosplosti [244, 246]. Svym imunofenotypem gadi mezi BCP-ALL, od
ostatnich BCP-ALL je Ize velmi déé odliSit pomoci dvou povrchovych
imunofenotypovych znak CD27 a CD44 [7]. TEL/AML1 leukémie jsou CD27
pozitivni a CD44 negativni;ipidealnim nastaveni “cut-off* hladin je Ize poma&ihto
znaki identifikovat coby TEL/AML1 pozitivni se 100% spBiou a 85% senzitivitou.
TEL/AML1 leukémie jsou dale charakterizovany nizkanicialni leukocytézou,
vybornou odpowdi na I€bu a giznivou progndézou [243-245, 272-274]. Maji
charakteristicky expresni profil (nejen profil egpe kodujicich genale i microRNA),
ktery je odliSuje od ostatnich podskupin BCP-ALL $ 275]. V expresnich profilech
byla u TEL/AMLL1 pozitivnich leukémii nalezena sgdatiy vysoka exprese receptoru

pro erythropoetin [4]. Naslednra vitro funkéni studie u TEL/AML1 pozitivnich linii
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demonstrovala pozitivni vliv signalizacées tento receptor na proliferaci a schopnost
celit apoptotickym signdim [276]. Dale byla v profilech identifikovana skuopi gefd,
jejichz exprese odliSuje TEL/AMLL1 pozitivni ALL o8EL/AML1 negativnich ALL, a
biologické drahy, jichZz se tyto genyastni [277]. Vztah mezi TEL/AML1 &mito
geny vSak zatim nebyl objasn NegastjSi pfidatnou genetickou aberaci TEL/AML1
pozitivnich leukémii je delece druhé alely genu TBttera byla genetickym
profilovanim pomoci SNRipu nalezena u 70% TEL/AML1 pozitivnich ALL [12, 136,
138, 278]. Z cytogenetickych natezkde byva tato delecéasto popisovana jako
subklonalni, a z dvegcich studii vyplyva, Ze se jedna o sekundarninumtedy jeden
z dalSich zasahvedoucich ke vzniku leukémie [43, 62, 136, 138}ldde genu TEL
muze hrét roli v leukemogenezi jednak tim, Ze vedetk& funkce genu TEL, jemuz
jsou gipisovany tumor supresoroveéinky, nebo naopak tim, Ze se ji uvgje genem
TEL navozeny blok leukemogenni funkce TEL/AML1, agifedkovany vzajemnou
heterodimerizaci [263]. DalSimi velndastymi sekundarnimi aberacemi jsou delece
lokusu zahrnujiciho geny PAX5 a CDKN2A, které bylglezeny fiblizné u ¢tvrtiny
TEL/AML1 pozitivnich leukémii a potenci&nvedou k deregulaci vyvoje Bady a
buné¢ného cyklu [12]. Jiz mencastou, na druhé strarvSak vysoce specifickou
aberaci, je delece genu TBL1XR1, kterd vede k maiufenové expreséizené
receptory hormoin [12, 279]. Tyto i dalSi nav popsané aberacegustavuji dalSi
vychozi body pro navazujici studie na €ektlepSimu pochopeni vzniku a biologie
TEL/AML1 pozitivnich leukémii.
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1.3 Fuzni gen BCR/ABL

1.3.1 BCR

Gen BCR lezi na chromozomu 22 v oblasti 22g11, llgsadva alternativni exony 1
(el, el’) aexony 2 (e2, e2’) a dalSich 21 eéx@@8-e23). BCR je ubiquitnexprimovan
a koduje protein o velikosti 160 kDa, ktery obsahukolik funkénich domén. Na N-
konci se nachazi oligomeriga coiled-coildoména, nasledu;ji serin/threonin kindzova,
SH2 vazajicidbl-like aplecstrin-homologylomény [280-283]. Jedinym znamym
subtratem, ktery je fosforylovan préetinictvim kindzové domeény, je protein Bap-la
z rodiny proteiri 14-3-3, které serejmeé podileji na regulaci biného cyklu [284].
Dbl-like aplecstrin-homologglomény stimuluji vyrénu GDP za GTP guanidin
exchangdaktori Rho a ty mohou mimo jiné aktivovat transkinp faktor NFxB

[285]. Mezi doménami SH2 d@bl-like mize byt BCR fosforylovan na pozici 17dmz
ziskava schopnost vazat GRB2 a potenéitdk interagovat s drahou Ras [286]. C-
konec BCR aktivuje GTPazovou funkci proteinu Raerkpati do nadrodiny protein
Ras a podili se na regulaci polymerizace aktinktiaitsy NADPH oxidazy u fagocyt
[287]. Fitomnost vSechéthto funknich domén nazitaje, Ze protein BCR se&astni
transdukce signa) jeho resna funkce vSak neni dosud znama. Mysiraagnym
genem BCRKnock-outmysi) se vyvijeji zcela normainjedinym patologickym
néalezem udchto mysi je porucha oxidativniho vzplanuti neuttof288].

1.3.2 ABL

230 kb velky gen ABL lezi na chromozomu 9 v obla8tj34 a vetrg dvou
alternativnich exain 1 (1a, 1b) obsahuje 12 exof289]. Je exprimovan ubiquitna
koduje protein o velikosti 145 kDa, ktery ma dikteenativnim exofim la a 1b d¥
izoformy [290]. Snérem od N-konce obsahuje Src homology(SH) domény. SH1
doména ma& tyrosin-kindzovou aktivitu, SH2 a SH3 éoyn zprosiedkovavaji
interakce gadou proteifi vazbou jejich fosfotyrosin respektive oblasti bohatych na
prolin [291]. Prostednictvim intramolekularnich interakci reguluji MAec proteinu a
SH3 domeéna tyrosin-kinazovou aktivitu proteinu [R9Rale ABL obsahuje oblast

bohatou na prolin, pragdnictvim niz interaguje s dalSimi proteiny, hamaptorovym
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proteinem Crk [293]. Stmem k C-konci se nachazeji huklearni lokalizani signaly a
DNA vazebné regiony, doména vazici F-aktin a sigmalnukleéarni export [294-297].
Pokud je N-konec kédovan exonem 1la, protein jeliokean v jade, pokud exonem
1b, nachéazi se v cytoplagZnasociovan s plazmatickou membranou [295, 297,.298]
Funkce proteinu ABL neni jeSto vSech detail objasgna, v cytoplazm se podili na
pienosu signal z extracelularniho prastdi ges receptory integrin v jade Zejmeé na
regulaci buséného cyklu a butné odpoxdi na genotoxicky stres [299-303]. Diky
cetnym interakcim, schopnosti fosforylovatu proteih a pohybovat se mezi jadrem a
cytoplazmou je tak iejm¢ schopen integrovat signaly z extracelularniho i
intracelularniho prostdi a ovliwiovat bur¢nou odpo¥d’ v ramci bugéného cykluci
apoptozy [304, 305]. Jeho role v hematopoéze nedina. MySi s viazenym genem
ABL se rodizakrsléa umiraji brzy po narozeni [306, 307]. &kterych byla nalezena
atrofie sleziny i thymu a lymfopenie, ty jsou vSakejmé vyvolany sekundamn

vysokymi hladinami kortikosteroid

1.3.3 BCR/ABL

Fuzni gen BCR/ABL vznikd na podkladreciproké chromozomalni translokace
1(9;22)(q34;911) [308, 309]. Derivovany chromozo, da kterém lezi, je nazyvan
filadelfskym chromosomem (Philadelphia chromosomiéh). Tato geneticka
abnormalita se vyskytujefiplizné u 3-5% dtskych BCP-ALL [310-312], daleko
castji se s ni vSak setkdvame u hematologickych madligmiosglosti, a to jednak u
zhruba jednéietiny ALL a predevSim térr u vSech CML [313, 314]. Ke zloim
genu ABL dochazi v po#nn¢ rozsahlé, 300 kb dlouhé oblasti zahrnujici oba
alternativni exony 1 afpehlé intronové oblasti, icéemZ nejastji se zlomy vyskytuji
praw mezi okkma alternativnimi exony [315]. Uétskych BCP-ALL se setkavame
se déma variantami fuzniho genu: u 80-90%pach se vyskytuje minor BCR/ABL
(m-BCR/ABL), u 10-20% Major BCR/ABL (M-BCR/ABL) [31, 316]. Ri vzniku m-
BCR/ABL dochazi ke zlofim BCR v 55 kb dlouhé oblasti (m-BCR) mezi¢oia
alternativnimi exony 2 [317]. Alternativni exonyd2‘ genu BCR a 1a genu ABL jsou
Z primarnich transkrit vysttizeny, v transkriptu m-BCR/ABL je tedy fuzovan pfvn
exon genu BCR k druhému exonu genu ABL [318]. K¥oditskych BCP-ALL se
minor varianta vyskytuje u&Siny BCR/ABL pozitivhich BCP-ALL dosflych a velmi
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raritné u CML doglych [313, 319]. B vzniku M-BCR/ABL se uplatuje mensi oblast
zlomi o velikosti 5,8 kb (M-BCR) zahrnujici exony 12-I@nu BCR. Na urovni
transkriptu M-BCR/ABL jsou népstji fuzovany exony 1%i 14 genu BCR k druhému
exonu genu ABL [320]. Diky alternativnimu sésti je u leukémii s genomickou fazi
M-BCR/ABL exprimovan také m-BCR/ABL transkript anjikédovany protein [321,
322]. M-BCR/ABL se vyskytuje u menSinyétdkych a dosgych BCR/ABL
pozitivnich ALL a prakticky u vSech BCR/ABL pozitiich CML [311, 313, 314].
Fuzni transkript m-BCR/ABL kéduje protein o velikiod90 kDa (p198°RABL) ktery
zahrnuje oligomerizai doménu, SH2 vazebnou doménu, serin/threoninz&wgu
doménu a vazebné misto pro GRB2 kédované prvnimeaswdBCR a prakticky cely
ABL pocinaje SH1 tyrosin-kindzovou doménou. M-BCR/ABL k{&uprotein o
velikosti 210 kDa (p21%R”BY, ktery oproti pedchozi variamt zahrnuje navic

doménydbl-like a plecstrin-homolgy Oba proteiny, p1FG~/ABL | p21PCRABL

, jsou
lokalizovany cytoplazmaticky a u obou je konstiuati aktivovana tyrosin-kindzova
doména, a toiejm¢ na podklad homodimerizace zprdastdkované oligomerizai
doménou BCR [282, 323, 324]. Substraty tyrosin-kowé aktivity BCR/ABL jsou
jednak hybridni protein sam, jednatkda dalSich protein zahrnujici adaptorové
proteiny (nap. p62°%, Crk, Crkl, Shc), proteiny asociované s cytosksfeta s
membranou (nap talin, paxillin, Fak) a proteiny s vlastni katitkou funkci (nap.
PI3K, PLGy, fosfataza Syp) [304]. Vyb substratu je ovlivin cytoplazmatickou
lokalizaci a rejmé zavisi i na bu&ném kontextu, nelfozatimco hlavnim substratem
v BCR/ABL pozitivnich neutrofilech u CML je adapt@rkl, véasnych progenitorech
CML je hlavnim substratem adaptor B82 [325, 326]. Diky konstitutivér aktivni
tyrosin-kinazové funkci a pragtdnictvim interakci fes dalSi funé&ni domeény
BCR/ABL aberantd aktivuje reékolik dulezitych signalizanich drah a protein
(Ras/MAPK, PI3K/Akt, JAK/STAT, NF«B, Myc), jejichZz prostdnictvim aktivuje
mitogenni signalizaci a inhibuje apoptézu [304, [3Z&mito mechanizmy aigjmeé
také dalSimi (nap alteraci bu&né adheze a deregulaci signalizatespintegriny)
prispiva BCR/ABL k maligni transformaci [304].

Rada praci demonstrovala, ibevitro je BCR/ABL schopen transformovat fibroblasty i
primarni hematopoetické bkly a udlit hematopoetickym liniim (lymfoidnim i
myeloidnim) nezavislost naistovych faktorech [282, 283, 295, 323, 324, 328}333
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Tyto prace se také zabyvaly otazkou, které doméjimiaregulované drahy jsou pro
transformaci nezbytné. Zda se, Ze jediné domérgréjsou absoluthnezbytné pro
efekt BCR/ABL v hematopoetickych bk&ch, jsou tyrosin-kindzova doména ABL a ji
aktivujici oligomeriz&ni doména BCR, kdezto pro transformaci fibrolilagtou
nezbytné i dalSi domény. Toue byt zgisobeno Zasti tim, Ze k aktivaci tychZi(
funkéné ekvivalentnich) drah dochazi v hematopoetickychikbhoh na rozdil od
fibroblasti vicero mechanizmy atg@s rékolik raiznych domén najednou; funkce domén
nezbytnych pro transformaci fibroblage tedy u hematopoetickych biknnahrazena
jinymi doménami [327].

Za &elem studiain vivo efektu BCR/ABL bylo vytvéeno rekolik transgennich a
“transdukiné-transplantanich* mySich model [38, 39, 334-343]. Bylo zjigho, Ze u
mysSi vyvolava BCR/ABL #zné typy hematologickych malignit cetrg
myeloproliferaci podobnych CML a akutnich lymfoidnileukémii, ale i nap akutni
myeloidni leukémig&i tumory z makrofa@. Z €chto modei vyplynulo, Ze obeahjsou

u mysi ol varianty BCR/ABL (minor i Major) schopny vyvolaial chronické
myeloproliferace, tak BCP-ALL, avSak existuji memni urcité rozdily. U transgenni
mysSi vytvaené Vonckenem et al. vyvolaval M-BCR/ABL akutni kémie B i T
puvodu i myeloproliferace, kdezto m-BCR/ABL vyvolavabuze BCP-ALL a to
s kratSi latenci nez M-BCR/ABL [338]. Li et al. mopvali v “transdukng-
transplantéanim“ modelu stejnou schopnost obou variant vyvdlawgeloproliferaci
podobnou CML, kdezto ke vzniku ALL dochazelo u mf&BL s kratSi latenci [39].
Li et al. také u m-BCR/ABL popsali vySsi schopntyansformovat lymfoidni linien
vitro a tato schopnost korelovala s jeho vySSi tyrogiddovou aktivitou oproti M-
BCR/ABL [39]. Obdobg dv¢ dalSi prace ukézaly, Ze m-BCR/ABL mé vysSi schepno
in vitro transformovat primarni lymfoidni prekurzory [33344]. Tyto vysledky
z mySich moddl casténé koresponduji se situacidoveka, kdy u étSiny BCP-ALL
déti i dosgglych nalézame m-BCR/ABL variantu. Schopnost vyvalattni leukémii by
mohla byt u M-BCR/ABL spojena se ziskanigtsiho transforméniho potencidl pri
vySSi expresi [305]. V souladu s touto teorii datha mysSi ke vzniku BCP-ALL se
100% penetranci fpvysoké expresi M-BCR/ABL z po#nné silného promotoru
virového pivodu [343]. Steja tak byly nalezeny vyssi hladiny M-BCR/ABL u BCP-
ALL a u CML pii progresi do blastické krize oproti chronické f&WL [305, 345].
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Popsana nizsi tyrosin-kinazova aktivita M-BCR/ABLrajme i pritomnost doméulbl-
like a plecstrin-homologykteré se nevyskytuji u m-BCR/ABL, by naopak mohigat
roli v prefererni indukci CML ucloveka [305]. Otazkou istava, pré mBCR/ABL
oproti mySim modé&m prakticky nezpsobuje CML u¢lovéka. Divodem by mohl byt
jednak preferetni transformani (€inek na lidské lymfoidni hematopoetickéntby ¢i
specificky vyskyt m-BCR/ABL v lymfoidnich hikdch (oproti popsanému
multiliniovému vyskytu M-BCR/ABL u CML) [305]. Vysldky studii zarenych na
puvod BCR/ABL pozitivnich ALL seizni, ale minimala u nekterych m-BCR/ABL
pozitivnich ALL (a také u M-BCR/ABL pozitivnich ALLbyl fazni gen nalezen nejen
v lymfoidnich, ale i v dalSich liniich [58-60, 348]. BCR/ABL pozitivni ALL tak
mohou Zejme byt nejen lymfoidniho, ale i multiliniovéhaigodu.

Z analyzy klonality BCR/ABL pozitivnich akutnichukémii u mysich “transdukeé-
transplantanich* modeli a predevSim z opakovanpopsané fitomnosti BCR/ABL u
zdravych jeding vyplyva, Ze pro vznik leukémiefggmé neni BCR/ABL sam o s@b
dost&ujici a ke vzniku klinicky aktivni malignity je pi@ba dalSich leukemogennich
zasali [38, 39, 349, 350]. NéastjSim pridatnym zasahem vyskytujicim se u vice nez
80% dtskych BCR/ABL pozitivnich ALL je delece genu IKZFXktery koduje
transkrigni faktor Ikaros nezbytny pro vyvoj lymfoidnichilinDalSimi¢astymi zasahy
jsou delece PAX5 a CDKN2A. Samotny BCR/ABEepre hraje roli nejen v indukci,
ale i vudrZzeni leukémie. U transgenni mySi s r@piimim BCR/ABL dochazi f
vypnuti BCR/ABL ke kompletni remisi leukémie a stejtak umEeni BCR/ABL
pomoci RNAI vede ke ztr&imaligniho fenotypu u leukemickych linii [79, 3451].

U déti je BCR/ABL pozitivni ALL onemocénim se Spatnou prognézou [310, 312,
352-355]. Samotny BCR/ABL fazni gen je dgmivym prognostickym faktorem,
navic se u &i s BCR/ABL pozitivni ALL ¢asto vyskytuji i dalSi rizikové faktory jako
starSi ¥k, vysSi inicialni leukocytozai infiltrace CNS. Zti s BCR/ABL pozitivni
ALL tak maji zvySené riziko selhani terapie a ndstho relapsu [310, 352, 354, 355].
Pti jejich l&cbé se uplatuji protokoly pro vysoce rizikové ALL, zahrnujiaitenzivni
chemoterapii, transplantaci kostnied® a nejno¥ji také tyrosin-kindzové inhibitory
(imatinib, dasatinib a dalSi). | v ramci této poalsiny BCP-ALL vSak existuji pacienti
s relativieé lepSi progndzou, a to pacienti s nizkou inicidnikocytézouéi s dobrou
odpowdi na inicialni terapii [311, 316, 356, 357]. &chto pacient by k vyl&eni
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mohla stéit intenzivni chemoterapie, zatimco pro Wdéi pacient zarazenych do
vysokého rizika se zatim zda byt nezbytna altevnatiforma terapie zahrnujici
napiklad alogenni transplantaci kostrieds v prvni kompletni remisi [311, 356, 358-
360]. Role imatinibwi now&jSich kinazovych inhibitar v terapii d¢tskych BCR/ABL
pozitivnich ALL se zatim vyhodnocuje, v recentnidit vedlo kontinualni podavani
imatinibu k vyznamnému zlepSenicébnych vysledk [78]. Stejré jako u dtskych
BCP-ALL obecwr, i pii terapii BCR/ABL pozitivnich ALL zaujim& velmi vymmné
misto monitorovani MRN. V prvniad® umoziuje posoudit odpad’ na I&bu a
identifikovat vySe zmiéné pacienty s dobrou odpsli a lepSi prognézou, cenné
informace o vyvoji onemoa@ni vSak pinasi i v dalSich fazich ¢éy. Standardni
metodou je i zde monitorovani klondlnspecifickych pestaveb gehn pro
imunoreceptory pomoci qPCR, ale prace Cazzanig. atkazala, Zze k monitorovani
odpowdi na terapii Ize vyuzit také kvalitativni detekdzniho transkriptu BCR/ABL a

Ze i touto metodou Ize identifikovat pacienty sSiys rizikem relapsu [361].
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1.4 Fuzni gen TEL/ABL

Fuzni gen TEL/ABL byl poprvé nalezen v roce 199%ajence s BCP-ALL [144].
V prabéhu nasledujicich let se ukazalo, Ze se jedna oivehacre se vyskytujici
genetickou aberaci [362, 363], kdy do dnesSniho loyle celkow popsano pouze 19
piipadi hematologickych malignit s timto faznim genem [1124, 364-378]. Jedna se
0 zn&n¢ heterogenni skupinu zahrnujici Yigadi CML, 3 pipady jinych
myeloproliferativnich onemo¢ni, 4 gipady AML a 3 gipady ALL (z toho jeden T-
ALL). V tomto souboru figuruji pouze 2, u obou byla nalezena TEL/ABL pozitivni
ALL [144, 377]. Kvzacnosti této aberaceiube castén¢ prispivat skuténost, Ze

k jejimu vytvaeni je vzhledem k obracené orientaci oboutgpatieba nejméa tii
zloma DNA. Na rozdil od faznich gégnBCR/ABL a TEL/AML1 tedy tato aberace
nemize vznikat na zakladprosté reciproké translokace a z tohotwatiu zejme¢ neni
piitomen ani reciproky fuzni transkript [144, 379]. WdtSiny pipadi jsou popsany
ponerné slozité pestavby zahrnujici kroténchromozonmi 9 a 12, na kterych se
nachazeji fazni parttie i dalSi chromozomy. Na rozdil odastého vyskytu u
TEL/AML1 pozitivnich leukémii [380] neni u TEL/ABIpozitivnich gipadi nalézana
delece druhé alely genu TEL. U jednoho pacienta hglezena delece zahrnujici geny
pro regulatory buwtného cyklu CDKN2A a CDKN2B, se kterou se u leukémii
setkhvame pommné casto a ktera je povaZzovana za jeden ze tagékpivajicich

k maligni transformaci [25]. Za charakteristicky akn TEL/ABL pozitivnich
hematologickych malignit byla ozéena eosinofilie, ta se vSak objevuje i u
dalSich hematologickych malignit s aberacemi gelBl 381, 382].

Experimentélni prace ukézaly, Ze chimerickd kindE/ABL ma velmi podobné
funkéni vlastnosti jako mnoherdiastji se vyskytujici chimericka kinaza BCR/ABL.
Stejre jako v ipact BCR/ABL Izein vitro inhibovat jeji kindzovou aktivitu a na ni
zavisly prolifer&ni potencial leukemickych bk imatinib mesylatem [383, 384]. Ten
byl pouzit v |€b¢ nékterych pacient [366-368, 374-376], u poloviny z nich vSak byla
odpowd na terapii pouze kratkodoba [366, 368, 375].dPogresi klasické CML do
blastickeho zvratu nasta hladina fuzniho transkriptu BCR/ABL [345]. Olbdy jev
vSak nebyl pozorovan wipact fuzniho transkriptu TEL/ABL, jehoZ hladina byla
sledovana u jediného pacientia progresi CML z prvni blastické krize do druhé 636
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Prekvapiv doslo u tohoto pacienta s progresi onemiotrk poklesu hladinywt
transkriptu TEL, pestoZze na zakladabsence deleci tohoto genu (viz vySe) neni ztrata
aktivity wt alely povazovana za jeden z mechanizigastnicich se patogeneze
TEL/ABL leukémii.

Hybridni protein TEL/ABL je lokalizovan v cytoplazin kde Zejm¢ interaguje
s aktinovymi filamenty [112, 385, 386]. Kindzovankee ABL casti hybridniho
proteinu je konstitutivéh aktivovana a tato aktivace, st&jjako cytoplazmaticka
lokalizace proteinu, je zavisla naitomnosti HLH domény TEL, ktera umidje
dimerizaci [112, 385]. TEL/ABL transformuje fibradty (ziskavaji schopnosistu
nezavisle na kontaktu s podlozkou) i primarniibou kostni dens u mysi [112] a
hematopoetickym buinym liniim udili schopnost proliferace nezavislepigdomnosti
rastovych fakto [385, 386]. Substraty kinazy TEL/ABL se zm& shoduji se
substraty kinazy BCR/ABL, iixemz jsou odliSné od substiaivt ABL [386]. Obs
chimerické kinazy tak aktivuji tytéZ signal trankdjicich drahy, jako jsou Ras/IMAPK
draha, PI3K/Akt drah&i drahy zahrnujici signalizacitgs STAT5¢I NF-«B, a maji
ziejm¢ i velmi podobné biologické ainky [386-389]. Mezi ty pat mimo jiné
zrychlena oprava DNA poskozenéspbenim exogennich genotoxickych fakiaale i
stimulace vzniku dvouvldknovych zldm DNA a stim spojené zvySovani
chromozomalni nestability [390, 391].

U mysi vyvolava TEL/ABL fuzni gen dva typy onemeaait 1) steji jako fuzni gen
BCR/ABL vyvolava meyloproliferaci podobnou CML, 2)yvolava novy syndrom,
ktery nebyl popsan u BCR/ABL, zahrnujici meyloidmiffiltraci tenkého deva,
vysokou hladinu cirkulujicich endotoxira TNFo. a fulminantni selhani jater a ledvin
[392]. Pro vznik obou onemoéni jsou nezbytné HLH doména TEL a ABL-kindzova
aktivita. Myeloproliferativni onemo@ni je multiliniového fivodu a na rozdil od
myeloproliferace vyvolané fuznim genem BCR/ABL nemrenositelné do
sekundarniho iffjemce. U pacierit byly popsany dva typy fuznich transkfipt

v prvnim je exon 4 genu TEL fazovan na druhy exenwyABL, ve druhém je navic
obsazen exon 5 genu TEL. Wkterych pacierit byl popsan pouze jeden typ
transkriptu [112, 144, 364, 366, 370, 376], u d#Sjsou nasledkem alternativniho
sestihu piéitomny oba typy [365, 367, 371, 372, 375, 377]. Xpexrimentalnich
modelech neni exon 5 genu TEL fsdiny pro konstitutivni kindzovou aktivaci ani pro
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udtleni nezavislosti na ustovych faktorech hematopoetickym liniim [385].
Nepfitomnost exonu 5 vSak znamena ztratu schopnostsforamovat fibroblasty a
oslabuje schopnost vyvolavat myeloproliferativneorocrini u mysi [393]. To mZe

byt zagficinéno ztratou interakce s GRB2, kterou zpfedkovava prav oblast
kodovana exonem 5 genu TEL, nélstejné nasledky ma ztrata vazebného mista pro
GRB2 u BCR/ABL fazniho genu [394].
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2. Cile a vysledky

V naSi praci jsme se zaiili na studium biologickych a klinickych aspékfiznich
gemi TEL/AML1, BCR/ABL a TEL/ABL a jimi vymezenych getgpovych podskupin
détskych BCP-ALL. VeSkeré vysledky jsou podr@ébmpracovany v SestifpoZzenych
publikacich, zde uvadim pouze sty piehled citi a hlavnich vysledk

U fazniho genu TEL/AML1 jsme se zabyvalékolika otazkami. Nejprve jsme se
pokusili identifikovat pimé cile TEL/AML1 analyzou expresniho profilu TEWYA 1
pozitivni leukemické linie REH ovliwné inhibitorem deacetylaz histibivalproatem
(VPA). Vychazeli jsme zast&n¢ prokdzané hypotézy, ze TEL/AML1 coby hybridni
transkrigni faktor aberanthreprimuje transkripci gén(dosud neznamych), jez jsou za
fyziologickych podminek v lymfoidni vyvojové linfegulovany proteinem AML1, a to
prostednictvim inaktivace chromatinu navozené deaceitytastoni. Predpokladali
jsme, Ze funkci TEL/AML1 bude mozné specificky bbetat pomoci VPA,cimz
zvratime aberantni represéchto neznamych cilovych géna budeme je moci
identifikovat v expresnim profilu na zakkdvysSeni jejich exprese. Vytiit jsme
modelovou in vitro reportérovou esej v linii HelLa, ve které jsme destmvali
schopnost TEL/AML1 reprimovat transkripci z promtogranzymu B, znamého
cilového genu AML1, a potvrdili jsme schopnost VRAto funkci TEL/AML1
blokovat. Déle jsme aplikovali VPA vitro na TEL/AML1 pozitivni leukemickou linii
REH a sledovali zémy fenotypu a fedevsim expresniho profilu, které VPA vyvolal.
Abychom zjistili, zda VPA mze prostednictvim inhibice TEL/AML1 navodit zsmy
fenotypu specifické pro TEL/AMLL1 pozitivni iy, porovnali jsme jeho efekt na
TEL/AML1 pozitivni a TEL/AML1 negativni leukemickéinie. Na rozdil od
TEL/AML1 negativnich linii vedla aplikace VPA u TEAML1 pozitivni linie ke
zménam imunofenotypovych markeodpovidajicim mirnému diferen¢i@mu posunu

a k zastay burécného cyklu v G1/GO fazi. Dale jsme u TEL/AML1 pawiti linie
pomoci DNAC ipu analyzovali zrény exprese vyvolané aplikaci VPA. Analyzu jsme
cilili na soubor get, u nichz jsme v dostupnych expresnich profileétskiich ALL
nalezli specificky nizsi expresi u TEL/AML1 pozitivpodskupiny a u nichz se zardve
exprese u TEL/AML1 pozitivnich ALL vyznangnneliSila od studované linie REH.

Mezi €mito geny jsme identifikovali ty, jejichz exprese 8§ linie REH statisticky
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vyznamm zvySila po podani VPA a které by tak mohly byinpymi cily TEL/AMLI.
Vysledky jsme publikovali vivodnim ¢lanku v¢asopiseClinical Cancer Research
v roce 2007.

Dale jsme se zabyvali otazkou, jakou roli hrajenfigen TEL/AML1 v leukemickych
buinkach pro udrzeni jejich maligniho potencialu. Ralhgsme se specificky uriét
TEL/AML1 pomoci RNAI a studovat dopad tohoto weri na viabilitu a proliferani
aktivitu leukemickych bugk a také na genovou expresi. Navrhli jsme sadu Ganych
raznych siRNA cilenych na misto fuze obou parin@ik, aby tyto siRNA byly cileny
pouze na fuzni transkript TEL/AML1 a nikoliv nat transkripty TEL a AML1
piepisované z netranslokovanych aleichto geri. Jelikoz se hybridni protein
TEL/AML1 v piirozenych leukemickych hikach (bugénych linii i pacient) ponmgrné
nesnadno detekuje, pro testovatinaosti siRNA jsme si vytvidli nahradni model —
transgenni reportérovou linii He[&/AM-eSECFP v/ této linii je z trvale vneseného
konstruktu pepisovana bicistronicka mRNA a zni jsou translatgyv proteiny
TEL/AML1 a EGFP. Winnost SiRNA cilenych proti fazi TEL/AML1 jsme
vyhodnocovali dle poklesu intenzity fluorescenceHPGproteinu (reportéru) ené
praitokovou cytometrii. NejginnéjSi siRNA jsme dale testovali na drovni mRNA
v TEL/AML1 pozitivni leukemické linii REH. K maximéaimu poklesu mRNA
TEL/AML1 dochézelo 48 hodin po transfekci, pouiitfou nej@innéjSich siRNA
vedlo ke snizeni hladiny fuzniho transkriptu o 5@3%8%. Sms €chto siRNA jsme
dale pouzili kumieni fuzniho genu TEL/AML1 v TEL/AML1 pozitivnich
leukemickych liniich REH a UOC-B6. Dvoji transfelsiRNA jsme dosahli zriaého
poklesu hladiny TEL/AML1 proteinu v obou liniich,dk mnozstvi proteinu kleslo
vpraméru o 74% vlini REH a o 86% v linii UOC-B6. Nask&n umteni
TEL/AML1 nedochazelo k indukci apopt6zy poklesu viability a proliferace. Naopak
v obou liniich jsme pozorovali mirny, ale vysoceraducibilni a signifikantni nést S
faze a zvySeni frakce proliferujicih itk Vyslovili jsme hypotézu, Ze k tomu dochazi
nasledkem odstr&ni inhibice funkce proteinu AML1, ktery podporujéephod z G1
do S faze bwtného cyklu. Pro atfeni této hypotézy jsme provedli experiment
opaného charakteru, pomoci RNAIi jsme éell wt AML1. V obou leukemickych
liniich, REH i UOC-B6, doSlo ke zénam bugéného cyklu a proliferace op@aého
charakteru nez vifpadt umkeni TEL/AML1, tedy k poklesu S faze a k poklesu
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proliferatni aktivity. Dale jsme analyzovali zmy expresniho profilu o umiceni
TEL/AML1 v linii REH. Nasim cilem bylo pokusit sev&it predchozi praci
identifikované potenciélni cilové geny TEL/AML1. Nedezli jsme vSak Zadné
signifikantni zmény exprese. Vysledky této prace jsme sepsali wagniho¢lanku,
ktery je nyni posuzovan pro publikaci.

Ve spolupraci se zahramimi kolegy jsme dale zkoumali roli microRNA 125b2
TEL/AML1 pozitivnich leukémii. Zjistili jsme, Ze ta microRNA spolu se dima
dalSimi, micro RNA let-7c a microRNA 99a, jsou vgeoexprimovany specificky u
TEL/AML1 pozitivnich ALL a mohly by tak hrat roli yatogenezié&hto leukémii.
Studovali jsme, zdaipsniZeni¢i nadprodukci proteinu TEL/AML1 dochazi ke 2nd
exprese &chto microRNA. K umiteni TEL/AML1 jsme pouZili vySe popsany postup
zaloZzeny na RNAIi. Snizeni mnoZzstvi TEL/AML1 protein leukemické linii REH
nevedlo ke zrgné exprese sledovanych microRNA. Stejak nevedla ke zém¢ jejich
exprese nadprodukce TEL/AML1 v mySich progenitorivy hematopoetickych
buinkach. Chromatinovou imunoprecipitaci jsme dale akaze TEL/AML1 se nevaze
do promotorové oblasté¢hto microRNA a Ze ke zvySeni jejich exprese u R 1
pozitivnich leukémii tedy dochazi nezavisle na fazmenu TEL/AML1. Abychom
posoudili biologicky vyznam zvySené exprese micréRN25b2 u TEL/AML1
pozitivnich leukémii, studovali jsme jednak naskedkadprodukce této microRNA
v mySi progenitorové hematopoeticke linii, jednasledky jeji suprese v TEL/AML1
pozitivni leukemickeé linii REH. Zjistili jsme, ZevgSena exprese microRNA 125b2
poskytuje leukemické lice zvySenou schopnostediti v @itomnosti fist inhibujicich
signah. Vysledky této prace byly publikovany wywodnimélanku véasopise_eukemia

v roce 2009.

Ve skupit 71 TEL/AML pozitivnich ALL diagnostikovanych €eské republice
v obdobi od roku 2005 do roku 2007 jsme objevilad¥ipady s variantnim fuznim
genem TEL/AML1. U obou iipads dosSlo nasledkem raritniho zlomu genu TEL
vintronu 4 k vytvdeni variantni faze a k expresi variantniho tramkri ktery na
rozdil od typického fuzniho transkriptu TEL/AML1 olesahuje exon 5 genu TEL.
Kvili absenci tohoto exonu jsme u obotipad: ziskali @i rutinnim testovani
piitomnosti fazniho transkriptu TEL/AML1 pomoci RT-RCfaleSg negativni
vysledek, ktery byl v rozporu s pozitivnim nalezeanslokace t(12;21) metodou FISH.

38



Analyza genomické fuze a hledani potenciapititomnych netypickych transkrijpt
TEL/AML1 i AMLL/TEL néasledre vedly k identifikaci vySe popsané variantni fuze.
Variantni fazni gen TEL/AML1 kéduje hybridni proteiktery na rozdil od typického
proteinu TEL/AML1 postrada centralni oblast kodowarexonem 5 genu TEL. Tato
centralnicast genu TEL byla podleckterych studii dosud povazovana za nezbytnou
pro leukemickou transforma¢izenou genem TEL/AMLL. V této oblasti se nachazeji
autonomni transkrimé represivni domény proteinu TEL, jejichZz ztrata imphla
modifikovat funkci proteinu TEL/AML1 a ipadré fenotyp leukémii. Zaklonovali
jsme variantni fazi TEL/AML1 do expresniho plasmidu pomoci vySe popsané
reportérové eseje jsme studovali, zda u variantrphmteinu TEL/AML1 dochazi
k ovlivnéni jeho transkripné represivni schopnosti. Zjistili jsme, Ze transknp
represivni schopnostigtava u variantniho proteinu TEL/AML1 glrzachovana. Dale
jsme porovnali klinické a biologické znaky leukémitypickou versus variantni fuzi
TEL/AML1, konkrétre klinické znaky pi manifestaci onemoeni (wk, pcatet
leukocyti, proporce blastv kostni deeni), odpo¥d’ na terapii, imunofenotyp a expresni
profil. V téchto znacich seffpady s variantni fazi neliSily odtipadi s typickou fuzi
TEL/AML1. Vysledky této prace jsme sepsali davpdniho ¢lanku, ktery je nyni
posuzovan pro publikaci.

V praci zabyvajici se BCR/ABL pozitivnimi ALL jsmetudovali moznosti vyuZiti
fuzniho transkriptu BCR/ABL coby cile pro monitoémi MRN. V souboru 218
vzorka kostni dené od 17 @ti s BCR/ABL pozitivni ALL jsme retrospektivnuréovali
hladiny MRN pomoci kvantitativni detekce faznihartskriptu BCR/ABL a satasre i
pomoci standardni metody, kterou je ¢tslych ALL kvantitativni detekce klonain
specifickych pestaveb geh pro imunoreceptory. Zjistili jsme, Ze hladiny MRN
nantiené tmito dwma zmsoby koreluji pouzecast&éné a mira korelace se u
jednotlivych pacierit vyrazre liSi, od vyborné po velmi Spatnou. U jedngipy vSech
vzorkil z vySeteného souboru jsme pomoci metody zaloZzené na detekc
imunoreceptorovych dil nedetekovali fitomnost MRN, pestoZe obdohn citlivou
metodou zaloZenou na detekci fuzniho transkriptla byttchto vzorcich rezidualni
nemoc nalezena (a to i na relatiwysokych hladinach). Zaili jsme se na mozny
Klinicky vyznam gitomnosti MRN zachycené detekci fuzniho transkigfistili jsme,

Ze monitorovanim MRN pomoci fazniho transkriptu BEBBL Ize v pribéhu
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dlouhodobého sledovani pacigériépe a dive predikovat relaps onemagn nez pi
monitorovani MRN standardni metodou. Vyslovili jsingpotézu, Ze jednou Zipin
diskordance obou metod monitorovani MRN by mohla p¥itomnost fazniho
transkriptu BCR/ABL v biikach mimo dominantni leukemicky klon, které na iibzd
od dominantniho klonu neobsahuji specifickéspavby get pro imunoreceptory. Pro
ovéieni této hypotézy jsme u pacientky s velmi SpatRotelaci obou metod a s
dlouhodolg vysokymi hladinami fazniho transkriptu sortovaliubpopulace
hematopoetickych bwk a vySeiili v nich pritomnost jak fuzniho transktiptu tak
imunoreceptorovych dil Zjistili jsme, Ze na rozdil od imunoreceptorovychi je
fuzni transkript BCR/ABL fitomen nejen v pkleukemickych biikkach, ale i mimo
dominantni leukemicky klon - v lidach Brady i myeloidniftady. Vysledky této prace
jsme publikovali v ivodnim¢lanku véasopisd.eukemiav roce 2009.

Mezi diagnostickymi leukemickymi vzorky vy§ehymi na naSem pracovisttilplizné
od konce roku 2003 do poloviny roku 2009 jsme zé&tt8/pripady (2 dti a 1 dosply)
ALL s velmi vzacri se vyskytujicim fuznim genem TEL/ABL. Detailjsme studovali
klinicky a biologicky charakteréthto gipadi, abychom ovfili dosud popsané&i
nalezli nové znaky této raritni podskupiny leukémjistili jsme, Ze u vSechitptipadi
se vyskytuji oba dosud popsané fuzni transkripty/ABL nasledkem alternativniho
setihu. Pomoci array CGH jsme studovatitpmnost a typ fidatnych genomickych
aberaci a u dvou zé pacient jsme nalezli deleci lokusu zahrnujici geny CDKN2A
CDKNZ2B ¢i prilehlou oblast. U obou diskych pacierit jsme pouzili fuzni transkript
TEL/ABL jako cil pro monitorovani MRN a porovna$ime takto nagtenou rezidualni
nemoc s MRN nagfenou standardnim #pobem zalozenym na detekci
imunoreceptorovych dil U obou pacierit obé metody velmi dote korelovaly. Dale
jsme u jednoho zatiskych pacient nalezli misto genomické fuze obou gemvyuZili
jsme jej coby marker pro “backtracking” leukemickéklonu na Guthrieho katite

s novorozeneckou krvi. Zjistili jsme, Ze u tohotacienta byl fuzni gen TEL/ABL
piitomen jiz @i narozeni. Tyto vysledky zasazené do detailnifehlpdu vSech do
sowasné doby popsanych TEL/ABL pozitivnichiigmdh a jejich klinickych a
biologickych znak jsou obsahem twodniho ¢lanku, ktery je nyni posuzovan pro

publikaci.
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Human Cancer Biology

The Identification of (ETV6)/RUNX1-Regulated Genes in
Lymphopoiesis Using Histone Deacetylase Inhibitors
in ETV6/RUNX1-Positive Lymphoid Leukemic Cells

Julia Starkova,! Jozef Madzo,' Gunnar Cario,? Tomas Kalina,' Anthony Ford,®
Marketa Zaliova,! Ondrej Hrusak," and Jan Trka'

Abstract

Purpose: Chimeric transcription factor ETV6/RUNX1 (TEL/AML1) is believed to cause patho-
logic block in lymphoid cell development via interaction with corepressor complex and histone
deacetylase. We wanted to show the regulatory effect of ETV6/RUNX1 and its reversibility by
histone deacetylase inhibitors (HDACi), as well as to identify potential ETV6/RUNX1-regulated
genes.

Experimental Design: We used luciferase assay to show the interaction of ETV6/RUNX1
protein, ETV6/RUNX1-regulated gene, and HDACI. To identify ETV6/RUNX1-regulated genes,
we used expression profiling and HDACI in lymphoid cells. Next, using the flow cytometry and
quantitative reverse transcription-PCR, we measured differentiation changes in gene and protein
expression after HDACi treatment.

Results: Luciferase assay showed repression of granzyme B expression by ETV6/RUNX1 protein
and the reversibility of this effect by HDACI. Proving this regulatory role of ETV6/RUNX1, we
identified, using complex statistical analysis, 25 genes that are potentially regulated by ETV6/
RUNX1 protein. In four selected genes with known role in the cell cycle regulation (JunD, ACKT,
PDGFRB, and TCF4), we confirmed expression changes after HDACi by quantitative analysis.
After HDACi treatment, ETV6/RUNX1-positive cells showed immunophenotype changes
resembling differentiation process compared with other leukemic cells (BCR/ABL, ETV6/
PDGFRB positive). Moreover, ETV6/RUNX1-positive leukemic cells accumulated in G4-Gg phase
after HDACi whereas other B-lineage leukemic cell lines showed rather unspecific changes
including induction of apoptosis and decreased proliferation.

Conclusions: Presented data support the hypothesis that HDACi affect ETV6/RUNX1-positive
cells via direct interaction with ETV6/RUNX1 protein and that treatment with HDACi may release

aberrant transcription activity caused by ETV6/RUNX1 chimeric transcription factor.

N eoplastic transformation is characterized by inadequate
proliferation and changes in the mechanisms of differentiation
and apoptosis (1). Aberrant transcription factors, frequently
present at the diagnosis of leukemias, are probably responsible
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for one of the steps in leukemogenic transformation in these
particular cases. The expression of chimeric transcription factors
results in a block of differentiation and apoptosis by interfering
with the function of their wild-type counterparts. The role for
one of these chimeric transcription factors, ETV6/RUNX1 (TEL/
AML1), in leukemogenesis is still not completely understood
despite the frequency of t(12;21)-positive acute lymphoblastic
leukemia (ALL; up to 25%; refs. 2-4).

In normal hematopoietic cells, the erythroblast transforma-
tion - specific (ETS) family transcription factor ETV6 (TEL) is
composed of two major functional domains: an NH,-terminal
pointed (PNT) domain and a COOH-terminal ETS domain
(5-7). RUNX1 [AML1, core binding factor (CBF)-a2], a
member of the RUNX protein family (8), represents an o-
subunit of CBF and displays high homology with a segment of
the Drosophila gene runt. RUNX1 is composed of some
characteristic domains. The Runt domain is responsible for the
binding with DNA and protein-protein interaction, and the
transactivation domain is located at the COOH-terminal site
(9, 10). The ETV6/RUNXI1 fusion protein contains the NH,-
terminal part of the ETV6 protein with the dimerization PNT
domain and almost the complete RUNX1 protein with all
functional domains. Deficiency in RUNX1 expression leads to
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an early block in hematopoietic differentiation. Therefore,
RUNX1 knockout animals completely lack mature hematopoi-
esis and die embryonically (11, 12). RUNXI1 seems to have a
dual role in promoting cell cycle progression and differentia-
tion, presumably depending on the presence of different factors
that interact with it in different stages of development (13).
RUNX proteins are able to either increase or actively inhibit
the transcriptional activity of target genes, most likely depend-
ing on the specific cell type as well as the particular target
gene (14). ETV6 function is essential for the establishment of
hematopoiesis of all lineages in the bone marrow (15). ETV6 ™/~
mice are embryonic lethal because of a yolk sac angiogenic
defect.

As the DNA-binding domain of RUNX1 is retained in the
ETV6/RUNXI1 fusion, it is expected that this fusion protein
binds to DNA through this domain and functions in a
dominant-negative fashion. Several theories propose a mech-
anism of repressional activity of ETV6/RUNXI1. Siu et al.
describe heterodimerization of ETV6/RUNX1 and ETV6 that
prevents normal ETV6 activity. Another study suggests that the
dominant-negative effect of ETV6/RUNX1 is caused by the
binding with RUNX1 coactivators (e.g., p300) and sequester-
ing them into a complex localized in the cytoplasm (16, 17).
Another theory proceeds from a previously described associ-
ation of the ETV6 part of the chimeric protein with the
nuclear corepressors mSin3A, N-CoR, and histone deacetylase
(HDAC)-3, which led to the assumption that ETV6/RUNX1
works as a transcriptional repressor by changing chromatin
pattern (7, 18, 19). Published results confirmed a direct
negative effect of the ETV6/RUNX1 protein by using reporter
constructs driven by regulatory regions derived from hemato-
poiesis-specific genes including the lymphoid-specific T-cell
receptor-p enhancer and interleukin-3 promoter (10, 20).
However, no other target genes of ETV6/RUNXI1 expressed in
hematopoietic cells have been identified thus far. The
proposed mechanism of action via chromatin remodeling
using HDACs has not been proved.

HDAGC:s are characterized by their capability to cleave acetyl
groups from the lysine residues localized at the ends of
histones. The role of HDACs in hematological diseases was
described for the first time in a study on acute promyelocytic
leukemia. Retinoic acid receptor-a receptor is able to bind the
corepressor complex including HDACs, and this function is
extended by binding with its fusion partner promyelocytic
leukemia in t(15;17). Another fusion partner of retinoic acid
receptor-a, promyelocytic leukemia zinc finger protein in
t(11;17), also binds the corepressors and inhibits transcription
of the target genes, consequently blocking myeloid differenti-
ation. The aberrant repression in both in vivo and in vitro
models of acute promyelocytic leukemia was counteracted only
by HDAC inhibitors (HDACIi) in combination with retinoic
acid (21). A number of HDACi have been characterized that
inhibit the deacetylation of histones, which is associated with
the reactivation of gene expression, leading to differentiation
and thus abolishing tumor growth (1, 22, 23).

We attempted to identify genes regulated by ETV6/RUNX1 in
lymphoblasts using expression profiling and studied whether
their expression can vary depending on the acetylation/
deacetylation of histones. We compared different genetically
characterized subgroups (ETV6/RUNX1, BCR/ABL, and MLL/
AF4) most frequently present in children with ALL to identify
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specific genes of ETV6/RUNX1 genotype. It was proposed that
chromatin remodeling is responsible for the leukemogenic role
of ETV6/RUNX1 fusion protein and that this effect could be
reversible by the application of HDAC] (24). The present work
aimed to verify this assumption by using HDACi trichostatin A
(TSA) and valproic acid (VPA). We tested the hypothesis that
aberrant chromatin remodeling affects expression of genes
originally transactivated by RUNX1 (25-27). We tested
whether HDACi can release repression activity of ETV6/RUNX1
and induce differentiation in lymphoid leukemic cells by
comparison with other B-lymphoid leukemic cells with
different mechanisms of leukemogenesis (BCR/ABL, ETV6/
PDGFRB).

Materials and Methods

Cell cultivation. REH, a B-cell precursor leukemia cell line with
translocation (12;21), kindly provided by R. Pieters (Erasmus Medical
Center Rotterdam), Nalm-6 B-precursor leukemic cell line with
translocation (5;12), Nalm-24 B-precursor leukemic cell line with
translocation (9;22), and NC-NC, normal lymphoblastoid cells immor-
talized by EBV transformation, were used for experiments. Cell cultures
except for REH were purchased from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (German Collection of Microor-
ganisms and Cell Cultures; Braunschweig, Germany). Cells were cultured
at the Roswell Park Memorial Institute (RPMI) 1640 with 2 mmol/L
L-glutamine with 10% fetal calf serum and 10 mL/L antibiotic solution
(100 units/mL penicillin, 100 pg/mL streptomycin). All suspension
cultures were maintained at 37°C in 5% CO,. Cells were collected by
centrifugation for 10 min at 240 X g and resuspended at a density of
5 X 10°/mL in fresh medium 24 h before all experiments. Cell lines were
treated in six-well plates for 24 and 48 h with either VPA at concentrations
of 0.5 and 1.0 mmol/L or TSA at concentrations of 120 and 240 nmol/L.
The doses of VPA were chosen according to the optimum serum
concentrations in neurologic patients (0.35-0.7 mmol/L).

Isolation of mRNA and cDNA conversion. Total RNA was extracted
from a standardized amount of mononuclear cells isolated from cell
lines using a modified method described by Chomczynski and Sacchi
(28) and from patient samples as previously described (29). The total
extraction volume of RNA was adjusted to the number of processed
cells and converted into cDNA using Moloney murine leukemia virus
reverse transcriptase (Life Technologies, Inc., Carlsbad, TX) according to
the manufacturer’s instructions.

Flow cytometry. Immunophenotype measurement of treated cells
was done with a combination of fluorescent monoclonal antibodies.
Particular antibodies were chosen to cover specific stages of studied
B-cell development. The selected immunostainings were measured by
multicolored combinations: surface antigens—CD10 FITC/CD20 phy-
coerythrin/CD71 A1633/4’,6-diamidino-2-phenylindole; intracellular
antigens—iTdT FITC/ilgM phycoerythrin/20 PC5 and iRAG-1 A1633.
For measurement, we used a BD FACSAria Cell Sorting System (Becton
Dickinson, San Jose, CA) and data acquisition analyses were done by
FlowJo (TreeStar, Ashland, OR) and by CELLQuest (Becton Dickinson)
software applications. CycleTEST PLUS DNA Reagent Kit (Becton
Dickinson) was used for DNA analysis. Proliferation activity was
assessed as a percentage of cells in S and G,-M phases of cell cycle. All
individual cultivations and cell measurements were done in indepen-
dent triplicates. Statistics was calculated by ANOVA test.

Plasmids. Mpyc-tagged ETV6/RUNX1 in pcDNA3.1 vector
(pcDNA3.1Myc-ETV6/RUNX1) for transient ETV6/RUNX1 model and
PGZMB-luc for luciferase assay were kindly provided by A. Ford
(Institute of Cancer Research, LRF, London, United Kingdom). Control
vector pcDNA3.1-empty was prepared by EcoRI restriction and pGL3-
basic and pRL-CMV were purchased from Promega (Madison, WI).
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Luciferase assay. The human carcinoma cell line HeLa was seeded at
1.5 x 10° per well and transfected with pcDNA3.1Myc-ETV6/RUNX1 or
pcDNA3.1-empty (1.6 pg) by Lipofectamine (2 pL) in 600 pL of serum-
free medium 24 h before transfection with pGZMB-luc. DNA fragment
of granzyme B (GZMB) promoter was subcloned into the Smal site of
pGL3-basic luciferase reporter gene construct to form pGZMB-luc. Cells
were transfected by pGL3-basic to normalize the luciferase activity
(PGZMB-luc/pGL3-basic). pRL-CMV was transfected to each sample for
normalizing transfection efficiency.

To test the effect of HDACi on ETV6/RUNXI, cotransfected HeLa
cells were treated with VPA or TSA and luciferase activity was
monitored. Subsequently, differences between untreated and treated
cells were calculated. Luciferase activity was measured by a lumino-
meter Microplate TLX2 using Dual-Luciferase Reporter Assay System
(Promega) according to manufacturer’s instructions. Luciferase activity
of untreated cells was arbitrarily set to 100%. All experiments were
done in triplicate. Data were expressed as relative luciferase activity
(RLU).

Quantitative reverse transcription-PCR. Real-time quantitative re-
verse transcription-PCR (RT-PCR) was done in the LightCycler rapid
thermal cycler system (Roche Diagnostic GmbH, Basel, Switzerland)
and Q-Cycler (Bio-Rad, Hercules, CA) according to manufacturers’
instructions. Oligonucleotide hydrolyzation probes were used in
systems for quantification of genes selected from expression profiling,
SYBR Green DNA-binding dye for RAG-1 and TdT genes, and
oligonucleotide hybridization probes for f,-microglobulin (housekeep-
ing gene; ref. 4).

Gene expression measurements and analyses. Spotted cDNA micro-
arrays were used that contain more than 43,000 features representing
~ 30,000 genes (Stanford Functional Genomics Facility, Stanford, CA).
The reference RNA used for all the arrays was Universal Human
Reference RNA (Stratagene Europe, Amsterdam, the Netherlands). We
labeled each of the sample RNA (RNA of untreated REH cells, TSA-
treated REH cells, VPA-treated REH cells) with a red fluorescent dye
(Cy5-dUTP, Amersham Pharmacia Biotech Europe, Freiburg, Germany)
and the reference RNA with a green fluorescent dye (Cy3-dUTP,
Amersham Pharmacia Biotech Europe) and comparatively hybridized
sample RNA and reference RNA to an array. Each experiment was done
in triplicates.

The fluorescence intensities of Cy5 and Cy3 were measured using a
GenePix 4000 scanner (Axon Instruments, Foster City, CA) and
analyzed using GenePix Pro 4.1 software (Axon Instruments).
Subsequent analysis and normalization of data was done as previously
described (29, 30).

Statistical analysis. To analyze the data of REH samples treated with
HDACI in the supervised analysis, we used significance analysis of
microarrays (31). A list of significantly differentially expressed genes
was obtained by carrying out a 1,000-fold permutation test and
considering a false discovery rate of 5% and a fold change of >2.
Analysis of ALL patient expression data was done following our
previously described method (32).

Results

Functional proof of ETV6/RUNX1 regulation of

granzyme B

The transcription of granzyme B is known to be directly
regulated by the RUNX1 protein (33, 34). Therefore, the
granzyme B promoter region was cloned into the luciferase
construct to determine whether ETV6/RUNX1 represses gran-
zyme B expression on the basis of an existing RUNX1-binding
site. Luciferase activity was measured in HeLa cells transfected
with pcDNA3.1 Myc-ETV6/RUNX1 and compared with HeLa
cells transfected with pcDNA3.1 empty vector. The mouse DNA
fragment of granzyme B (bp —324 to —43) has two RUNXI1-
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Fig.1. Granzyme B expression regulation by ETV6/RUNXI1 chimeric transcription
factor. Normalized luciferase activities of GZMB-luc detected in HeLa cells with
empty vector (assigned as 100%) and cells transiently transfected with ETV6/
RUNX1. The ratio of RLU in HeLa GZMB-luc/ETV6/RUNXI-transfected cells to
RLU of HeLa control cells (GZMB-luc/empty vector-transfected) was assigned to a
value of 100%. Both control and ETV6/RUNX1 cells were then treated with HDACi
(VPA 1 mmol/L, TSA 240 nmol/L). Increase of measured luciferase activity due

to released repression activity of ETV6/RUNX1 protein was recalculated as a
percentage.

binding sites (—278 to —273 and —219 to —214) and is
identical to the human gene (whole inserted sequence of
granzyme B has 84% homology with human gene fragment).
Cells were transfected with pGZMB-luc or pGL3-basic to
normalize the luciferase activity. A decrease to 33% in ETV6/
RUNXI1 cells versus control cells with empty vector (100%)
indicated that granzyme B was down-regulated by ETV6/
RUNX1. Twenty-four hours of cultivation with HDACi released
this expression block and increased luciferase activity in ETV6/
RUNXI1 cells by >180%. Values were calculated as relative
luciferase units (RLU) of ETV6/RUNX1 cells divided by RLU of
control cells (Fig. 1).

Screening strategy for identification of down-

stream genes

Step I. Recalculation of expression profiling data from ALL
patients was done by analyzing the data published by Fine et al.
(29, 30), which are available through the Stanford Microarray
Database® as previously described (32). Differences between
genotypic subgroups were calculated using data from patients
with B-cell precursor ALL. For graphical comparison of the
predictive value of genes correlating with a genotype assessed
by different methods, the probe set-specific optimal cutoff
value was determined using statistical software R.> For each
probe set, the frequencies of cases above all possible cutoff
values were computed. The level that led to the largest distance

4 http://genome-www.stanford.edu/microarray
5 http://www.r-project.org
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from the diagonal of equality was used as the optimum cutoff
value for each probe set (32).

This approach was applied to ETV6/RUNX1-positive versus
ETV6/RUNX1-negative, genotypically defined patients (BCR/
ABL and MLL/F4 positive) to select genes specific for ETV6/
RUNX1-positive phenotype. Expecting the repression effect of
ETV6/RUNX1 fusion protein, we searched for genes down-
regulated in the ETV6/RUNX1-positive group. The scale of
cutoff values for each probe set was from 0 to 100. This meant
that genes selected for further analysis had to have a value of
difference between txx (cutoff value of a single gene in ETV6/
RUNX1-positive patients) and tyy (cutoff value of a single gene
in ETV6/RUNX1-negative patients) < —33.3. This approach
allowed us to identify 2,539 down-regulated genes specific for
the ETV6/RUNX1 phenotype in ascending order (order of
importance).

Step II. Then we asked whether an ETV6/RUNXI1-positive
cell line REH could serve as a model in the next intended
in vitro experiments. Therefore, we compared data from two
independent expression profiling experiments, one on ALL
patients and the other using REH samples. It was essential for
our future strategy to choose only those genes from step one of

our analyses that had similar relative expressions in both tested
sets. Mathematically, genes selected in step two had to have
differences (“closeness”) between their expression in ETV6/
RUNX1-positive patients and that in REH cells closer than the
minimum difference in expression between ETV6/RUNXI-
positive and ETV6/RUNX1-negative patients. The output of
the second step of analysis resulted in 927 genes. This set of
down-regulated genes characterized equally ETV6/RUNXI1-
positive patient samples and the REH cell line. For exact
algorithm, see Fig. 2.

Step III. In the next step of analysis, we selected genes that
changed their expression after VPA treatment in samples of REH
cells. Again, only genes with increased expression after VPA
were chosen, thus corresponding with the expected underlying
mechanism of ETV6/RUNX1 action. The difference between
median gene expression in treated samples (with VPA)
and median gene expression in untreated samples (median
VPA — median C) had to be higher than zero. This third step
limited our list to 759 genes.

Step IV. In the last step, we selected genes with a significantly
changed expression pattern after VPA treatment (P < 0.05) and
these genes were listed in descending order. This fourth step
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Fig. 2. Diagrammatic representation of four steps of expression profiling data analysis for identification of genes regulated by ETV6/RUNX]. Step I: Identification of genes
discriminating subgroup of ETV6/RUNX1-positive patients. Selected range characterized only by down-regulated genes. txx, cutoff value of each probe set in ETV6/
RUNX1-positive patients; tyy, cutoff value of each probe set in ETV6/RUNX1-negative patients. Step II: Selection of the genes on the basis of similarity (closeness) of REH
(ETV6/RUNX-positive cell line) cells and ETV6/RUNX1-positive patients. Median pER, median of relative expression of screened gene in all ETV6/RUNX1-positive patients;
median pBA, median of relative expression of screened gene in all BCR/ABL-positive patients; median pMA, median of relative expression of screened gene in all
MLL/AF4-positive patients. Step lll: Selection made on the basis of direction of change in the expression level of selected genes after VPA treatment. Step IV: Selection

of genes with significantly changed expression (<0.05) after VPA treatment.
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Table 1. Selection of genes with significantly changed expression (<0.05) after the treatment with VPA
Name txx tyy Closeness Median C Median VPA VPA-C p(VPA-C)
PAK1 || 5058 0.00 56.25 0.36 -0.28 1.06 1.34 0.0012
Similar to peptidylprolyl isomerase A 54.55 100.00 0.10 -0.32 0.45 0.77 0.0017
(LOC402673), mRNA || 402673
NID67 || 85027 18.18 73.33 0.49 -1.06 1.26 2.32 0.0018
FLJO0012 || 89849 20.00 68.75 0.62 -1.32 0.62 1.94 0.0024
HRMT1L1 || 3275 36.36 75.00 0.47 -0.34 0.34 0.68 0.0032
AA252394 50.00 93.33 0.24 -0.24 0.49 0.73 0.0054
ACK1 || 10188 27.27 100.00 0.20 -0.79 0.25 1.04 0.0054
CXXC5 || 51523 18.18 81.25 0.12 -0.02 0.96 0.98 0.0063
BSPRY || 54836 9.09 92.86 0.60 -0.82 0.41 1.23 0.0074
TNFRSF5 || 958 20.00 53.33 0.28 -0.05 0.32 0.37 0.0079
RNF144 || 9781 10.00 62.50 0.06 -0.03 0.54 0.57 0.0079
AHI1 || 54806 9.09 71.43 0.13 -0.20 0.72 0.92 0.0097
Cl4orf101 || 54916 45.45 93.75 0.22 -0.60 0.01 0.61 0.0103
CDNA FLJ145905 fis, clone OCBBF3026576 45.45 84.62 0.08 -0.31 0.61 0.92 0.0103
CDNA FLJ10641 fis, clone NT2RP2005748 22.22 64.29 0.32 -0.42 0.65 1.07 0.0104
PDGFRB || 5159 0.00 53.33 0.05 -0.81 1.58 2.39 0.0112
ARD1 || 8260 9.09 68.75 0.30 -0.49 0.25 0.74 0.0114
AI302216 18.18 62.50 0.18 -0.24 0.43 0.67 0.0117
MGMT || 4255 0.00 33.33 0.12 -0.36 0.70 1.06 0.0123
N24645 9.09 50.00 0.06 -0.26 0.47 0.73 0.0125
ANTXR2 || 118429 10.00 81.25 0.32 -0.25 1.33 1.58 0.0140
ITM2C || 81618 0.00 68.75 0.57 -1.50 0.52 2.02 0.0141
WDR?7 || 23335 45.45 84.62 0.43 -0.91 -0.16 0.75 0.0150
STARD9 || 57519 30.00 81.25 0.37 -0.34 0.33 0.67 0.0154
LOC125893 || 125893 0.00 35.71 0.12 -0.11 0.46 0.57 0.0165
NOTE: txx, cutoff for each gene in ETV6/RUNX1-positive patients; tyy, cutoff for each gene in ETV6/RUNX1-negative patients; closeness,
relative gene expression similarity between ETV6/RUNX1-positive patients’ samples and ETV6/RUNX1-positive cell line (see also text); median
C, median expression level in untreated ETV6/RUNX1-positive cells; median VPA, median expression level in VPA-treated ETV6/RUNX1-positive
cells; VPA-C, difference between median C and median VPA with a P value.

separated only 72 genes. We present these top 25 genes in
Table 1.

Expression profiling versus quantitative RT-PCR

For further analysis, we chose genes with a known
proliferative or cell cycle regulative function. Using quantitative
RT-PCR, we confirmed these expression changes after the
treatment with HDACIi (VPA, TSA) in four genes, three of them
down-regulated and one up-regulated in ETV6/RUNX1-positive
leukemia cells. First, ACK1 (alias TNK2, activated p21cdc42Hs
kinase) and PDGFRB (platelet derived growth factor receptor p)
were chosen from our list of 25 genes (see above). Moreover,
differential expression in ETV6/RUNX1-positive and ETV6/
RUNX1-negative patients was confirmed by comparison with
other publicly available expression profiling data® (35, 36).
Gene JunD (junD proto-oncogene) was chosen from the more
extensive list of the first 72 genes, and gene transcription factor
4 (TCF4) was selected as an example of genes up-regulated in
ETV6/RUNXI1-positive cells. Expression of JunD, ACK1, and
PDGEFRB in ETV6/RUNX1-positive patients as well as in the cell
lines was low with a clear increase after HDACIi treatment. TCF4
gene expression was high and the treatment with HDACi led
to a decrease. We confirmed changes of expression levels by
quantitative RT-PCR between treated and untreated cells:

8 Available at: http://www.stjuderesearch.org/ALL1 and http://www.stjudere
search.org/ALL3.
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JunD, TSA P = 0.013, VPA P = 0.0008; ACK1, VPA P = 0.07,
TSA P = 0.5; PDGFRB, TSA P < 0.0001, VPA P = 0.016; TCF4,
TSA P < 0.0001, VPA P = 0.0002 (Fig. 3).

Effect of HDACi on proliferation activity and

apoptosis

We tested cell cycle progress and apoptosis rate after HDACi
treatment in ETV6/RUNX1-positive cells and compared them
with pre-B-leukemic cells with different leukemogenic mech-
anism (ETV6/PDGFRB) to look if there are any differences in
drug effect. EBV-transformed mature lymphocytes were used as
a control to test the toxicity of the compounds in nonleukemic
B-lymphoid cells. An increase in the number of apoptotic cells
was expressed as the ratio of apoptotic fraction in treated cells
to apoptotic fraction in untreated cells. In the REH cell line, the
apoptosis rate was 8% using 1 mmol/L VPA and 26% using 240
nmol/L TSA, in contrast to 3.7% and 1.7% in control
lymphocytes (NC-NC cell line). Similarly, in Nalm-6, the
apoptosis rate reached 17% with VPA and 41% with TSA. The
Nalm-6 and REH cell lines reduced their proliferation activity
(S + G;-M) by 19% (VPA), 28% (TSA) and 7% (VPA), 15%
(TSA), respectively. These data suggest that treatment with TSA
preferentially leads to apoptosis in both ETV6/RUNX1-positive
and ETV6/RUNXI1-negative leukemic cell lines. However, this
effect was clearly seen after VPA treatment only in Nalm-6 cells,
whereas in REH cells, we observed a relative increase in G;-G,.
In contrast, in NC-NC cells the proportion of retained cell cycle
phases was almost unchanged (Fig. 4).
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Detection of differentiation antigen shift

Three leukemic cell lines with known fusion genes, REH
(ETVG/RUNX1), Nalm-24 (BCR/ABL), and Nalm-6 (ETV6/
PDGFRB), were selected for monitoring of HDACi-driven
changes in immunophenotype. Initially, CD10 and CD20
levels were detected 24 and 48 h after HDACi (VPA, TSA)
treatment. Due to different developmental stages of selected cell
lines, mean fluorescence area intensity instead of genuine cell
count was measured. This allowed a simple comparison of
differentiation pattern shift. The pattern of expression for native
REH cells was CD10""/CD20". After cultivation with HDAC;,
the CD10 hyperexpression decreased (CD10"; VPA P = 0.0004,
TSA P = 0.0002) and CD20 expression increased to low
positivity (CD20%™*; VPA P = 0.005, TSA P = 0.01). The
expression pattern for native Nalm-24 cells was CD10*/CD20".
After treatment, expression of both studied antigens decreased
(VPA P = 0.0008, TSA P < 0.0001; VPA P = 0.08, TSA P =
0.0004, respectively). The expression pattern for native Nalm-6
cells was CD10*"/CD20". Expression of CD10 was dysregu-
lated in an up-and-down manner depending on the time of
acquisition and dose and type of HDACI. Although its level
oscillated, its expression tended to be slightly higher. Surface
antigen CD20 maintained its initial negativity under treatment
with HDACi (Fig. 5).

Whereas Nalm-24 and Nalm-6 cell lines did not display
evident differentiation drift, the REH cell line expressed
CD10 and CD20 in a pattern similar to more mature
normal blasts (37). We used another differentiation marker
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Fig. 3. Analysis of selected genes expression using quantitative RT-PCR.
Quantification of four genes selected from microarray data was done by quantitative
RT-PCR comparing untreated and treated (VPA, TSA) REH cells. Gene expression
of target was normalized to f,-microglobulin as a housekeeping gene. All samples
were measured in triplicates and gene expression of each replicate was detected

in duplicate. P value was calculated from the mean of ratio of selected gene to
PB2-microglobulin for all replicates with absolute error.
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of B-cell development, TdT. After VPA administration, the
expression of TdT in the REH cell line significantly decreased
(VPA P = 0.0001), whereas in Nalm-24 cells, the TdT level
decrease was not significant (VPA P = 0.24). RAG-1
expression in REH cell line paralleled that of TdT (VPA
P = 0.006). Lower doses (0.5 mmol/L VPA, 120 nmol/L
TSA) of VPA and TSA were less effective; however, the same
trends were observed. After 48 h, the effect of HDACi was
less pronounced.

The expression decrease of RAG-1 and TdT antigen was
confirmed at the mRNA level by quantitative RT-PCR. The
transcription levels of RAG-1 and TdT were normalized to the
expression of the housekeeping gene f2-microglobulin. Normal-
ized expression data of treated and untreated samples were
compared.

The mRNA level of RAG-1 gene rapidly decreased after
24 h from the initial level 3.30 + 0.321 to 1.004 * 0.053 after
VPA (P = 0.0002) and 0.197 + 0.046 after TSA (P < 0.0001)
administration. Similarly, the mRNA level of TdT significantly
decreased within 24 h after TSA or VPA treatment from initial
RNA level 1.767 £ 0.178 to 0.888 = 0.110 (P = 0.01) and
0.072 £ 0.020 (P = 0.0001), respectively (Fig. 6).

Discussion

The functional consequences of fusion gene formation are
either constitutive kinase activation (e.g., BCR/ABL) or altered
transcriptional regulation. Published studies suggest that
RUNX1 fusion proteins may act as negative regulators of genes
that, in normal hematopoiesis, are transactivated by the RUNX1
transcription factor (18, 38-40). RUNX1 is known to regulate
promoters of various genes involved in myeloid differentiation,
such as macrophage colony-stimulating factor receptor, granu-
locyte-macrophage colony-stimulating factor, interleukin-3,
neutrophil elastase, myeloperoxidase, and others (38, 41).
RUNX1 regulates hematopoietic myeloid cell differentiation
and transcriptional activation but its role in lymphoid develop-
ment is not yet fully understood (42). Only a few RUNX1 target
genes or regions have been described in lymphoid cells (i.e.,
B-lymphoid kinase, complement receptor 1, enhancers of T-cell
receptor B, and immunoglobin o; refs. 10, 17, 43).

We hypothesized that the normal role of RUNX1 in B-cell
precursors is compromised in a dominant-negative fashion by
the ETV6/RUNX1 fusion. ETV6/RUNX1 recruits a corepressor
complex including HDAC, which likely induces chromatin
remodeling and consequently blocks the transcription of genes
normally transactivated by RUNXI1. To prove the direct
involvement of HDACs in ETV6/RUNX1 function, we used
HDAC: to overcome this presumptive block. Despite expected
broad effects of HDACIi treatment on cellular transcriptional
regulation, these compounds act very selectively to alter the
transcription of fewer than 2% of expressed genes (44).

To prove the direct effect of HDACi on ETV6/RUNX1 in
cells in vitro, we chose a previously identified target gene of
RUNX1, granzyme B. To our knowledge, this is the first
time that a direct effect of the interaction between ETV6/
RUNX1 and any potential target genes of RUNX1 has been
shown. For this purpose, we have established a transient
ETV6/RUNXI1 expressing model to show the down-regulation
of granzyme B in the presence of the ETV6/RUNX1 protein
compared with ETV6/RUNXI1-negative controls. Next, we

Clin Cancer Res 2007;13(6) March 15, 2007



L ‘ . ‘ REH
TSA (nM)
- ‘ Naim-6
C 120 240
“ ‘ NC-NC
=\
apo G1/G0 S+G2/M apo G1/G0 S+G2/M apo G1/Go S+G2/M
3.51 63.92 30.66 5.4 49.34 41.29 2861  55.39 15.55 | REH
0.77 62 35.94 13.56  52.13 31.13 4169  50.24 8 Nalm-6
3.33 80.29 14.51 4.91 74.29 17.48 5.07 76.27 1618 [NCNC
—L\ ‘ REH
VPA (mM)
. Nalm-6
C 1.0 20
“ l NC-NC
apo G1/G0 S+G2/M apo G1/Go S+G2/M apo G1/G0 S+G2/M
3.51 63.92 30.66 10.58 65.06 23.63 15.44 70.02 13.49 REH
0.77 62 35.94 1758 6517 16.68 49.36  40.84 9.45  |Nalm-6
3.33 80.29 14.51 1442 7713 753 8.41 80.98 8.91 |NC-NC

Fig. 4. Detection of changes in cell cycle progress. Cell cycle was monitored 48 h after HDACi treatment of REH, Nalm-6, and NC-NC cell lines. Cell cycle fractions

(apoptosis, G1-Go, S + G,-M phases) are presented as a percentage of all cells.

showed that HDACI treatment relieves the repression observed
in the presence of the ETV6/RUNX1 fusion protein. This
experiment confirms the hypothesis that the ETV6/RUNX1
fusion protein can act as a transcriptional repressor and its
activity is reversible by HDACI. Therefore, HDACi can be used
as a tool for the identification of genes potentially regulated
by ETV6/RUNXI.

Childhood ALL subgroups known thus far are characterized
by the presence of specific genetic aberrations, mainly chromo-
somal translocations leading to the fusion genes formation.
They are part of different pathways, thus contributing to
leukemogenesis by different mechanisms. To study neoplastic
transformation in the presence of ETV6/RUNX1 and to identify

potential ETV6/RUNXI1 target genes, we compared expression
data of ALL patients of three genotypically defined groups:
ETV6/RUNX1, BCR/ABL, and MLL/AF4. Identification of
specific genes of the ETV6/RUNXI1-positive phenotype was
based on the analysis of particular cutoffs; a selection of genes
specifically overexpressed or underexpressed in the cells of
ETV6/RUNXI1-positive patients was made. This group of genes
was compared with the genes whose expression patterns
changed significantly after treatment with HDACi. From the
resulting pool of genes that fulfilled all of these criteria of
analysis, we selected four genes (JunD, ACK1, PDGFRB, and
TCF4) to compare expression data from expression profiling
and data from quantitative RT-PCR. These four genes were
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selected from the extensive list on the basis of their previously
described fundamental role in cell proliferation and cell cycle
regulation (45-48). Our analysis pinpointed top 25 genes that
either are directly regulated by the ETV6/RUNX1 fusion protein
or are in ETV6/RUNXI1-regulated pathways. Most likely, they
represent target genes of the RUNXI1 transcription factor
involved in B-lineage lymphopoiesis. We assume that these
genes (albeit not exclusively) are likely to be involved in ETV6/
RUNX1-driven leukemogenesis.

We also investigated the influence of HDACi on cell cycle
progress and differentiation in ETV6/RUNX1-positive cells. As
the morphologic shift was hardly to be expected in lympho-
blasts, we concentrated on flow cytometry analysis. These
immunophenotype changes differed between ETV6/RUNXI1-
positive and ETV6/RUNX1-negative cells. ETV6/RUNX1-positive
cells showed indications of differentiation (decrease of CD10,
TdT, and RAG-1 expression and up-regulation of CD20)
compared with cell lines derived from leukemias with aberrant
tyrosine kinase fusion genes (BCR/ABL, ETV6/PDGFRp), which
underwent unspecific immunophenotype changes without a
differentiation effect.

We are aware of the effect of HDACi on apoptotic
pathways in malignant cells that can complicate analysis of
apoptosis in our model cell lines. Indeed, a proapoptotic

effect was observed in both ETV6/RUNX1-positive and ETV6/
RUNX1-negative leukemic cells. In contrast to leukemic cells,
the administration of HDACi did not change the progress of
the cell cycle in normal mature lymphocytes. HDACI
administration decreased the number of proliferating cells
in the leukemic cell lines. TSA had a more pronounced effect
with a significant shift towards apoptosis in both ETV6/
RUNXI1-positive and ETV6/RUNXI1-negative cells, whereas
VPA acted more selectively, arresting ETV6/RUNXI1-positive
cells in the G;-G, phase of the cell cycle instead of driving
them to apoptosis. This result is in agreement with the
previously published data suggesting that VPA preferentially
acts on corepressor-associated HDACs and inhibits class I
HDACs more efficiently than class II enzymes. Previous
studies also showed lower toxicity of VPA to normal
hematopoietic precursors (25).

HDACI are currently among the most promising compounds
in drug development for cancer therapy, and first-generation
HDACi are currently being tested in phase I/II clinical trials
(49). ALL patients carrying the ETV6/RUNX1 fusion have a
good prognosis compared with other subgroups of childhood
ALL, but relapses still occur in this group. And although
generally the prognosis after relapse tends to be good, second
relapses also occur. As in all subgroups with overall superior
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Fig. 5. Expression of differentiation markers monitored in three types of leukemias. Typical B-lineage differentiation markers (CD10, CD20, and TdT) were detected in three
lymphoid leukemia cell lines, REH (ETV6/RUNX1 positive), Nalm-24 (BCR/ABL positive), and Nalm-6 (ETV6/PDGFRB positive), by flow cytometry. Changes of expression of
individual markers after the treatment with VPA (1.0 mmol/L) are given as the fluorescence mean normalized to control (untreated cells). *, P <0.05; **, P <0.01 (ANOVA test).
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prognosis, the main challenge is to identify the sporadic high-
risk patients. Minimal residual disease quantitation represents
an available tool for the identification of slow responders to
the initial phase of treatment as well as patients with adverse
dynamics of the leukemic clone. As recently showed, minimal
residual disease assessment can even help to test the efficacy of
individual drugs in the multidrug induction therapy in ETV6/
RUNX1-positive patients (50).

We presume that HDACi can potentially be used in the
treatment of patients with detectable residual disease or with
molecular relapses in the relapse treatment and after the
transplantation in this genotypically defined subgroup of
patients. The doses of VPA we used in our study correspond to
the serum concentrations of this agent in neurologic patients.
The use of this agent for human medicine predisposes VPA for
testing in high-risk ETV6/RUNX1-positive leukemia patients.
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Abstract

Translocation (12;21), the most frequent chromosomal aberration in childhood ALL creates
TEL/AMLI fusion gene. Resulting hybrid protein was shown to play a role in preleukemia
establishment. To address its role for leukemia persistence and to explore the possibilities of
potential TEL/AML1-targeted therapy we applied RNA interference to silence TEL/AMLI in
leukaemic cells. We designed and tested eleven different oligonucleotides targeting the
TEL/AMLI fusion site. Using most efficient siRNAs we achieved an average of 74% and
86% TEL/AMLI protein knock-down in REH and UOCB-6 leukemic cells, respectively.
TEL/AMLI silencing neither decreased cell viability, nor induced apoptosis. On the contrary,
it resulted in the modest but significant increase in the S-phase fraction and in higher
proliferation rate. Opposite effects on cell cycle distribution and proliferation were induced by
AML1 silencing, thus supporting our hypothesis that TEL/AML1 may block AML1-mediated
promotion of G1/S progression through the cell cycle. In line with the lack of major effect on
phenotype we found no significant changes in global gene expression pattern upon
TEL/AMLI depletion. Our data indicate, that though TEL/AMLI1 is important for the
(pre)leukemic clone development, it is dispensable for leukemia persistence and would not be
a suitable target for gene specific therapy.



Introduction

Wild type (wt) TEL (ETV6) and AML1 (RUNXI1) genes encode transcription factors, that
play important roles in hematopoiesis, and are frequently rearranged in human lymphoid and
myeloid leukemia (1, 2). Both genes are affected by the most common genetic abnormality of
childhood B-cell precursor acute lymphoblastic leukemia (ALL), the cryptic chromosomal
translocation t(12;21)(p13;q22), that fuses TEL on chromosome 12 to AML1 on chromosome
21 (3, 4). Resulting TEL/AMLI1 fusion gene encodes hybrid protein composed of
dimerization domain and the central region of TEL fused to almost entire AMLI including the
DNA binding runt homology domain.

Despite intensive studies the leukemogenic role of TEL/AMLI is not fully understood. In
general, TEL/AMLI is believed to interfere with the normal function of its wt counterparts.
Most likely, TEL/AMLI1 acts as an aberrant transcription factor and deregulates AMLI1-
dependent transcription (5). This theory is strongly supported by the finding that TEL/AML1
in vitro activity is abrogated upon loss of DNA binding as a result of a single point mutation
within the runt homology domain (6). As a further evidence, TEL/AML1 was shown to
interact with corepressors and histon deacetylases and to repress transcription of AMLI1
targets through the direct binding to AMLI1 consensus binding sites. The promoter regions
employed in these reporter assays mainly belonged to the AML1 targets in myeloid (7) or T
lymphoid cells (5, 8, 9) that do not represent the physiological counterparts of TEL/AMLI1
leukemic cells. Only little is known so far about the direct targets of TEL/AMLI in leukemic
cells that are of B cell origin.

In vivo studies showed, that TEL/AMLI is not able to trigger leukemia as a single event and
that additional cooperating events are needed for the development of full blown leukemia.
Depending on the experimental model used, presence of TEL/AMLI1 protein itself either does
not lead to any observable changes (10) at all or it induces a “preleukemic” state characterized
by the expansion of multipotent or B-cell precursors with enhanced self-renewal and slightly
impaired differentiation to more mature B-cell stages (11-13).

Unlike its role in (pre)leukemic clone origin, the significance of TEL/AMLI protein for
leukemia persistence has not been studied enough. To evaluate the contribution of
TEL/AMLI to fully malignant phenotype and also to assess the potential of TEL/AMLI-
targeted therapy we applied RNA interference (RNAi) to knock-down TEL/AMLI in
definitive leukemic cells. RNAi is a complex endogenous mechanism resulting in a sequence
specific gene silencing. It can be triggered by introduction of small interfering RNA
molecules (siRNAs), double strand RNA oligonucleotides sequentially homologous to the
targeted gene. As such, RNAi has a great potential not only for the analysis of gene function
but also as a gene-specific therapeutic approach.

In our study we aimed to analyse the impact of TEL/AMLI1 depletion in the fully malignant
leukemic clone on cell viability, proliferation and global gene expression pattern. As a study
model we used the only two accessible cell lines established from TEL/AMLI-positive
patients’ leukemias - REH and UOC-B6. Our results indicate that TEL/AMLI1 fusion gene is
not necessary for the maintenance of leukemia phenotype and as such would not be a suitable
target for specific therapy via RNA interference.

Materials and Methods

Cell cultivation and transfection



REH (human B cell precursor leukemia, TEL/AMLI1-positive) and HELA (human cervix
carcinoma) cell lines were purchased from German Collection of Microorganisms and Cell
Cultures (DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH,
Braunschweig, Germany) and cultivated according to producer’s instructions. UOC-B6 cell
line (human B cell precursor leukemia, TEL/AML1-positive) (14) was kindly provided by Dr.
Ondrej Krejci (Massachusetts General Hospital, Boston) and cultivated under the same
conditions as REH cell line.

For the transfection experiments HELA cells were seeded at 160 000 cells per well (2cm?)
one day prior to transfection. Adherent cultures were transfected using Lipofectamine™2000
(Invitrogen, Carlsbad, CA, USA) reagent according to manufacturer’s instructions: 1.6pug
plasmid DNA with 2uL Lipofectamine or 50pmol siRNA with 1uL Lipofectamine in 600uL
serum free medium per well.

REH and UOC-B6 cells were transfected via electroporation performed on EP12500
electroporator (Dr. L. Fischer, Heidelberg, Germany) using 0.4 cm gap Gene
Pulser/MicroPulser Cuvettes (Bio-Rad, Hercules, CA, USA) under following conditions:

1 000 000 of cells/100ul of culture medium, 500nM siRNA, 1 pulse of 10ms, 350V and
1200uF. The siRNA transfection efficiency was monitored by flow cytometry.

HEIA-TEL/AMLI _ires2_EGFP permanent cell line

Using restriction endonuclease EcoRI (Fermentas, Burlington, Canada) TEL/AMLI coding
sequence was cut from pcDNA3.1 plasmid (kindly provided by Dr. Anthony Ford, Institute of
Cancer Research, UK) and cloned to pIRES2-EGFP plasmid (BD Bioscience Clontech, Palo
Alto, CA). TEL/AMLI _ires2_EGFP plasmid was transfected to HELA cells using
Lipofectamine as described above and stable transfectants were selected with geneticin. The
stable EGFP expression was verified by flow cytometry, the stable expression of TEL/AML1
protein was analysed by western blot.

SiRNAs

Eleven TEL/AMLI targeting custom designed siRNAs (TA-1)-(TA-11) (Stealth™ siRNAs,
Invitrogen) were tested for TEL/AMLI1 knock-down efficiency in HELA-

TEL/AMLI _ires2_EGFP cells. Non-T1 was used as a negative control (Stealth RNAi™
siRNA Negative Control Lo GC Duplex #2; Invitrogen). Mix of fluorescein-labeled TA-1 and
TA-5 (TA-1+5) was used for TEL/AMLI1 knock-down in REH and UOC-B6 cells with Non-
T1 as a negative control.

C1 siRNA used for TEL/AMLI1 silecing by Diakos et al (15) with set of 4 siRNAs targeting
Tel portion of TEL/AMLI1 (Tel-set, M-010510-02; Dharmacon, Lafayette, CO, USA) as a
positive control and Non-T2 (siGENOME® Non-Targeting siRNA Pool, D-001206-13;
Dharmacon) as a negative control were also tested for knock-down efficiency and specificity
in REH cells.

AMLI1 targeting siRNAs pool (AMLI1-pool, ON-TARGETplus SMARTpool, L-003926-00;
Dharmacon) was used for AML1 knock-down in REH cells with Non-T3 (ON-TARGETplus
Non-targeting Pool, D-001810-10; Dharmacon) as a negative control.

All 3 negative controls (Non-T1-3) are designed by producers to have the minimal sequence
homology to any known human transcript and have the same chemical structure as the
corresponding targeting siRNAs.

RNA isolation, qRT-PCR

Total RNA was extracted using a modification of the method described by Chomczynski and
Sacchi (16) or using RNeasy Plus Mini kit (QIAGEN GmbH, Hilden, Germany) ) according
to the manufacturer’s instructions. Total RNA was reverse transcribed into complementary



DNA using MoMLV Reverse Transcriptase (Gibco BRL, Carlsbad, TX, USA) according to
the manufacturer’s instructions.

The TEL/AMLI1 and B2M transcripts were detected as described previously (17, 18).

The AMLI transcript was amplified using following primers: forward primer (5°-
GCATATTTGAGTCATTTCCTTCGTAC-3" ) and reverse primer (5’-
CTCGTGCTGGCATCGTGG-3"). qRT-PCR was performed on LightCycler™ instrument
(Roche Diagnostic GmbH, Basel, Switzerland) in a final volume of 20ul 1xQuantiTect SYBR
Green PCR Master Mix (QIAGEN GmbH, Hilden, Germany) containing 0.8uumol/L of each
primer and 1l template cDNA under the following conditions: 94°C for 15 minutes; 50
cycles of 94°C for 5 seconds, 60°C for 15 seconds.

The standard curves were generated using serial dilutions of plasmid calibrators containing
the sequences of measured transcripts. The f2M transcript was used as an endogenous control
to normalise cDNA concentration and quality.

Protein isolation, western blotting

Nuclear protein lysates were prepared using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Pierce, Rockford, IL, USA) supplemented with Complete™ Protease Inhibitor
Cocktail (Roche, Basel, Switzerland) according to manufacturer’s instructions. 100ug of
protein were resolved by 8% SDS-PAGE and transferred to a nitrocellulose membrane (Bio-
Rad, Hercules, CA, USA). Nonspecific binding on the membrane was blocked with PBS
containing 5% dry milk. The membrane was probed with anti-TEL (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), anti-AML1 (Abcam, Cambridge, MA, USA) or
anti-LAMIN B (Santa Cruz Biotechnology) antibodies in 5% dry milk overnight. The bound
antibody was detected with the appropriate secondary antibody conjugated with horseradish
peroxidase and visualized using Immun-Star HRP Substrate Kit (Bio-Rad) followed by
exposition to X-ray film.

To quantify proteins detected by western blot TIFF images of scanned X-ray films were
analysed using Image] software (19).The LAMIN B protein was used an endogenous control
to normalise the protein concentration and quality.

Flow cytometry

Flow cytometry was performed on a BD FACSAria Cell Sorting System instrument (Becton
Dickinson, San Jose, CA, USA).

Immediately after electroporation of fluorescein-labeled siRNA transfection efficiency was
directly assessed as a percentage of positively-fluorescent cells from total transfected cell
population.

The intensity of EGFP fluorescence in HELA-TEL/AMLI1 _ires2_EGFP cells was measured
directly after the cell trypsinization and PBS (phosphate buffered saline) wash. The acquired
data were analysed using FlowJo software (TreeStar, Ashland, OR, USA).

DNA content in REH and UOC-B6 cells was measured using Cycletest™ Plus DNA Reagent
Kit (Becton Dickinson) according to manufacturer’s instructions. ModFit LT™ software
(Verity Software House, Topsham, ME, USA) was used for data analysis.

To analyse the rate of apoptosis 100 000 REH and UOC-B6 cells were washed in PBS,
resuspended in SOUL of Annexin-V binding buffer and stained on ice with 2.5uL of
propidium iodide and 2.5uL of Dy647-conjugated Annexin-V in dark. After 30 minutes cells
were washed with Annexin-V binding buffer, resuspended in 100uL of Annexin-V binding
buffer and analysed by flow cytometry. The acquired data were analysed using FlowJo
software.

Proliferation rate was assessed as DNA synthesis rate in REH cells measured using Click-
iT™ EdU Alexa Fluor 488 Flow Cytometry Assay Kit (Invitrogen) according to



manufacturer’s protocol. Cells were pulsed with EAU for 12 hours and subsequently analysed.
As a part of the manufacturer’s protocol DNA content was measured by Click-iT™ EdU Cell
Cycle 488-red dye (Invitrogen). The acquired data were analysed using FlowJo software.
Mann-Whitney test was used for statistical analysis of cytometric data.

Gene Expression Analysis

Spotted cDNA microarrays were used that contain more than 43,000 features representing
about 30,000 genes (Stanford Functional Genomics Facility, Stanford, CA). The reference
RNA used for all the arrays was Universal Human Reference RNA (Stratagene Europe,
Amsterdam, the Netherlands). We labeled each of the sample with a red fluorescent dye (Cy5-
dUTP, Amersham Pharmacia Biotech Europe, Freiburg, Germany) and the reference RNA
with a green fluorescent dye (Cy3-dUTP, Amersham Pharmacia Biotech Europe) and
comparatively hybridized sample RNA and reference RNA to an array. Each experiment was
done in triplicates. The fluorescence intensities of Cy5 and Cy3 were measured using a
GenePix 4000 scanner (Axon Instruments, Foster City, CA) and analyzed using GenePix Pro
4.1 software (Axon Instruments). Subsequent analysis and normalization of data was done as
previously described (Cario et al., Blood 2005). To analyze the data in a supervised approach,
we used significance analysis of microarrays (SAM) with a 1,000-fold permutation and
considering a false discovery rate (FDR) of 5% as significant (Tusher VG, Tibshirani R, Chu
G. Significance analysis of microarrays applied to the ionizing radiation response. Proc Natl
Acad Sci U S A 2001;98: 5116 ~21).

Results

Identification of the efficient and specific siRNAs targeting the TEL/AMLI fusion

We designed eleven different Stealth siRNAs (TA-1)-(TA-11) targeting the transcriptomic
TEL/AMLI fusion site. The Stealth siRNAs synthesized by Invitrogen are 25 nucleotides
long blunt-ended duplexes that are chemically modified in order to minimize the off-target
effects associated with induction of cellular stress response and sense strand guided silencing.
Our siRNAs were designed with target sites moved by one nucleotide each, all of them
spanning the fusion point and, thus, lacking the total sequence homology to wt TEL and
AML1 genes to avoid their silencing (Fig.1). Our siRNAs also do not have sequence
homology to any other known human transcript further diminishing the potential risk of the
off-target silencing.

To effectively test the efficiency of siRNAs we employed the HELA-

TEL/AMLI _ires2_EGFP model. HELA- TEL/AMLI1 _ires2_EGFP cells are permanently
transfected with TEL/AMLI _ires2_EGFP construct and express a single bicistronic mRNA
from which both TEL/AML1 fusion protein and enhanced green fluorescent protein (EGFP)
are translated. siRNA targeting the TEL/AMLI fusion region of the bicistronic mRNA
triggers silencing of both TEL/AMLI1 and EGFP and, thus, we could highly accurately and
reproducibly compare the efficiency of our siRNAs by measuring decrease of EGFP
fluorescence by flow cytometry. The efficiency of individual siRNAs assessed 48 hours post
siRNA transfection varied from 58% to 6% (i.e. EGFP fluorescence was reduced to 42%-94%
of its level in control, Figure 2A).

The 5 most efficient sSiRNAs (TA-1)-(TA-5), that induced the reduction of EGFP fluorescence
to at least 50% of its level in control were further tested in TEL/AMLI1-positive leukemic
REH cells. Electroporation by rectangular pulses was used to deliver siRNAs into REH cells.
Transfection efficiency monitored as incorporation of fluorescein-labeled siRNAs by flow
cytometry reached 90% and more. We compared the TEL/AMLI1 knock-down efficiency of



individual tested siRNAs at the mRNA level 24h post transfection (analysis of time points
12h, 24h and 48h post transfection revealed, that at the transcript level silencing reaches its
maximum 24h post transfection). We found the siRNAs TA-1 and TA-5 to be the most
efficient ones inducing in average 58% and 57% transcript knock-down, respectively (Figure
2B).

We pooled fluorescein-labeled TA-1 and TA-5 (TA-1+5) siRNAs and further compared their
efficiency with C1 siRNA used for TEL/AMLI silencing by Diakos et al. (15). Commercially
available set of 4 siRNAs (TEL-set) with validated efficiency targeting the TEL portion of
TEL/AMLI was used as a positive control. The efficiency of TA-1+5 in REH cells was
comparable to TEL-set (61% and 64% knock-down, respectively) and higher than the
efficiency of C1 siRNA (48% knock-down) (Figure 2C). Although our siRNAs were designed
to be strictly TEL/AML1 specific we wanted to directly proof that they do not influence the
level of wt allele transcripts. Like in the majority of TEL/AML]1-positive ALLs the wt TEL is
deleted in both cell lines used in this study and thus the potential risk of its silencing is
abolished. However, this is not the case of wt AMLI1. We analysed the AML1 transcript level
24h after siRNA transfection and found that C1 siRNA caused 46% AMLI1 knock-down while
our TA-1+5 siRNA pool caused only a negligible reduction (14%) of AMLI1 transcript level
(Figure 2D). Thus, we found our TA-145 siRNAs pool to be more efficient and far more
specific than previously published C1 RNAI oligo.

TEL/AMLI knock-down in REH and UOC-B6 cells

Having identified the most efficient and specific siRNAs we analysed their potential to silence
TEL/AMLI protein. We found no effect at the protein level after the single siRNA
transfection into REH cells at the time points 24h, 48h and 72h and only a slight reduction of
TEL/AMLI protein 96h post transfection (data not shown). This potentially indicates a longer
half-life of TEL/AMLI1 protein, so to achieve its knock-down we had to further optimize the
experimental design to prolong and maximize the transcript silencing. Finally we performed
two rounds of siRNA transfection in 48h interval with the evaluation of transfection
efficiency and transcript reduction after each transfection and the protein analysis 48h after
the second transfection (see experimental scheme in figure 3). Using this scheme we reached
a substantial depletion of TEL/AMLI protein in REH cells in all 3 experimental replicates:
68%, 73% and 81% knock-down, respectively (Figure 4A). Using the identical approach the
similar results were obtained also in another TEL/AML1-positive leukemia cell line, UOC-
B6: 75%, 89% and 93% TEL/AMLI protein knock-down, respectively (Figure 4B).

The biological consequences of TEL/AMLI knock-down in REH and UOC-B6 cells

Next we studied the impact of TEL/AMLI1 knock-down on cell viability and cell cycle
distribution. Utilizing trypan blue staining followed by optical microscopy we did not observe
any decrease in viability of TEL/AMLI1 depleted cells. In agreement with this observation we
did not detect the increased apoptosis rate assessed by annexin V and propidium iodide
staining. We further analysed the cell cycle distribution by measuring the DNA content using
flow cytometry. We performed several measurements in 24h intervals from the start of the
experiment to the time point 144h (and beyond). As shown in Fig. 6A, we found highly
reproducible changes of the cell cycle distribution with the maximum intensity 24h post
TEL/AMLI depletion in both REH and UOC-B6 cell lines used in this study: The fraction of
S-phase cells increased (from 24.5% to 28.8% in REH and from 28.4% to 34.1 % in UOC-B6;
P=0.0495) with a corresponding decrease in the fraction of GO/G1- phase cells within TA-1+5
treated population compared to controls (from 68.0% to. 64.1% in REH and from 66.5% to
59.8 % in UOC-B; P=0.0495). To address the question whether the observed increase in S



phase is accompanied by the higher proliferation rate, we pulsed the TEL/AML1-depleted
REH cells with EdU nucleoside analogue. After 12h-pulse we measured the percentage of
cells that incorporated EdU, and thus entered or passed the S phase of the cell cycle. Upon
TA1+5 siRNA treatment, more cells incorporated EAU compared to control siRNA treated
cells (63.7% vs. 61.0%, P=0.0495; Table 1) giving evidence of higher proliferation rate. The
proportion of cells in S and G2M phases within the total EdU-positive population measured
by DNA staining did not differ between TA1+5 and control treated cells thus indicating a
normal passage through the S-phase in TEL/AML1-depleted cells (Supplementary figurel).
To assess the impact of TEL/AMLI1 on the global gene expression pattern we performed
genome-wide gene expression profiling of REH cells 24h after TEL/AMLI protein depletion
(TP120h). No significantly differentially expressed genes were identified comparing treated
and untreated cells (SAM, 1000 permutations, FDR<5%).

The biological consequences of AMLI knock-down in REH cells

It was previously demonstrated, that AML1 promotes the transition from the G1 to the S
phase of cell cycle (20, 21). We hypothesized that TEL/AMLI, at least partially, interferes
with this process and that the cell cycle changes found after TEL/AMLI1 depletion resulted
from the restoration of AML1 function. Therefore, we performed an opposite experiment —
we silenced AML1 and analysed the effect of this on the cell cycle. As the TEL/AMLI fusion
includes almost entire AML1, the commercially available validated siRNA pool (AML1-pool)
used for AML1 knock-down targets both wt AML1 and TEL/AMLI1. We used the same
experimental scheme with double transfection as described above and we achieved an
excellent suppression of AML1 protein in REH cells in all 3 experimental replicates: 91%,
92% and 94%, respectively (Figure 5). The concomitant suppression of TEL/AMLI1 protein
by AMLI1- pool reached 30%, 59% and 73 %, respectively. In agreement with our hypothesis,
AML1 depletion had an opposite effect on REH cell cycle distribution compared to
TEL/AMLI depletion. With the maximum intensity 48 hours post depletion the fraction of S-
phase cells significantly decreased (from 26.0% to. 22.1%; P=0.0495) while the fraction of
GO/G1- phase cells significantly increased in AML1-pool treated cells (from 63.5% to 68.7%;
P=0.0495; Figure 6B). In line with the changes of cell cycle distribution, EAU pulse-chase
experiments demonstrated a reduction of proliferation rate upon AML1 silencing (50.4% vs.
55.5%, P=0.0495; Table 1).

Discussion

In our study, we tested the effect of TEL/AMLI1 knock-down in human leukaemic
TEL/AMLI1-positive cells. Knowing that highly efficient and specific siRNA would be the
key step to perform successful RNAi, we designed a set of all possible Stealth siRNA’s
(n=11) specifically targeting the TEL/AMLI1 fusion region without targeting the wt TEL and
AMLI1. We used an EGFP-reporter system in HeLa cells to check their efficiency and after an
arduous process of optimising the transfection we subsequently tested selected siRNAs in
human TEL/AMLI-positive cell line. The two most efficient siRNAs were than pooled for
further experiments. We reached adequate TEL/AML1 silencing on both mRNA and protein
level reproducible in two TEL/AMLI1-positive cell lines.

One would expect that silencing of TEL/AML1, a fusion protein which is the hallmark of
nearly one fourth of all childhood B-cell precursor leukaemias, leads to major changes in the
cell survival, cell cycle and/or expression profile of the target genes. Such an effect was
described for other chimearic genes in leukaemias, including BCR/ABL and MLL/AF4 (22-



24) . However, in our experiments we observed rather subtle changes in the cell cycle and
neither changes in survival characteristics of leukaemic cell nor the change in the gene
expression pattern. Nevertheless, we are convinced that our results are in line with the current
knowledge of the natural history of childhood ALL carrying TEL/AMLI1 fusion.

TEL/AMLI fusion is known to originate during the prenatal period of life (25-27). This single
genetic aberration leads to the generation of an covert preleukaemic clone (found in up to 1%
of normal physiological newborns) with a low probability of conversion to a definitive full-
blown leukaemia. This process requires further genetic events and takes typically 2 to 6 years,
given the age distribution of TEL/AML1-positive ALL (28). In accord with these
epidemiological data, in vitro and in vivo experiments confirm the insufficiency of
TEL/AMLI fusion alone for the malignant transformation. In some of the murine models,
TEL/AMLI transduction did not lead to any phenotypic changes (10); in others to the
increase of multipotent or B-cell progenitors numbers with an incomplete differentiation
block (11-13). In none of these models TEL/AML1 expression had led to the leukaemia origin
without other additional genetic changes. Genomic profiling showed that TEL/AMLI1-positive
leukemic blasts carry in average 6.7 additional copy number alterations (29). Most recent twin
study by Bateman et al. documents that these secondary (‘“second-hit”) changes affect both
genes regulating differentiation and proliferation (PAXS, EBF1, CDKN2A/B, RB1 deletions )
suggesting both these processes may be deregulated in leukemic cells independently of
TEL/AMLI (30). In addition, we demonstrated that aberrant expression of specific miRNAs
in TEL/AML1-positive blasts provides survival advantage to growth inhibitory signals and
represents another event independent of TEL/AMLI (31).

Rrecent work of Schindler et al. demonstrated that only TEL/AML1 expression in HCS’s has
the potential for leukaemia initiation in contrast to TEL/AMLI expressing committed
lymphoid progenitors (32). They also showed that TEL/AMLI1-positive HSC’s did not
progressively accumulate over time, did not outcompete the wt HSC’s, were more quiescent
than wt HSC’s and did not exhibit deregulated expression of major known regulators of
HSC’s. Thus, when translating this knowledge to the clinical setting, TEL/AMLI1-positive
HSC’s can survive in the patient’s organism for a long period of time waiting for the
secondary event or the series of them. One potential mechanism for the long term survival and
propagation of the preleukaemic clone was proposed by Ford et al. In the reaction to TGFB
signalling, TEL/AMLI1-positive preleukaemic cells can exert their proliferative advantage and
expand (33).

Ford et al also analysed the cell cycle changes after induced expression of TEL/AMLI in the
murine BaF3 cell line. They clearly demonstrated that TEL/AMLI1 expressing cells elevated
the GO/G1 fraction, decreased S/G2/M fraction and slowed down the proliferation. This is in
agreement with the subtle but significant opposite changes in the cell cycle observed in our
experiments after TEL/AMLI silencing. We also show that REH cells with TEL/AML1
knock-down tend to higher proliferation rate. It was previously demonstrated, that AML1
stimulates G1 to S progression and shortens the G1 phase of the cell cycle (20, 21). This
function of AML1 seems to be inhibited by AMLI/ETO fusion protein (34). We
hypothesised, that TEL/AMLI also partially inhibits AML1 function and that the observed
cell cycle changes occurred due to the functional restoration of AML1 after TEL/AMLI1
depletion. To prove this hypothesis we performed the opposite experiment — RNAi-mediated
AML1 knock-down — and analysed the cell cycle and proliferation. AML1 silencing indeed
led to the increase in G1/G0 phase and decrease in S phase and to slowing the overall
proliferation rate.This shows that the functional block of AML1 by TEL/AMLI is incomplete
and thus we observe enhancement of the changes typical for TEL/AMLI presence when
AMLI is totally depleted.



One of the obvious effects of silencing a potential leukaemogenic fusion gene to be tested
would be the changes in the expression profile. The pattern of changes may point to the
functional pathways to be disrupted and help to identify the target genes of the culprit. So far,
no direct target gene of AML1 and/or TEL/AMLI proteins was identified and only handful
were proposed in the lymphoid lineage (35, 36). We have previously published the list of
potential TEL/AMLI1-regulated genes, identified among upregulated genes in the expression
profile of REH cells treated with HDAC:i (thus targeting the functional pathway of
TEL/AMLI protein function) (8). Given the subtle effect of TEL/AMLI silencing on cell
cycle and survival, we did not expect major changes in GEP performed 24 hours after RNAi-
mediated TEL/AMLI silencing. Indeed, no detectable changes were recorded by GEP
analysis. This finding, though seemingly counterintuitive is in fact in agreement with the
findings of Fischer et al, who also found very subtle changes in the GEP of TEL/AML1-
transduced HSC’s (11). Clearly, the potential of RNAI in the search for potential target genes
of the “first hit” aberrations in leukemia is rather limited.

During our work on the current project, contradictory data on TEL/AML1 silencing were
published(15). It was described, that TEL/AML1 silencing has an proaptotic effect and leads
to profound changes in gene expression profiles. However, we found that the siRNA oligo
used in that study (C1) is not exclusively specific for the TEL/AMLI1 fusion but is fully
complementary to the wt AML1 sequence (see Fig. 1 for sequence comparison). This
different silencing pattern might — at least in part —explain the differences between our and
these data. Our experiments confirmed that AML1 was efficiently silenced using the oligo Cl1,
however, the TEL/AMLI1-targeted efficacy was lower than the combination of oligos we
designed and used in the current study (TA-1+5). Therefore, the lack of apoptosis we
observed using our TA-1+5 oligos clearly cannot be caused by the insufficient knock-down.
This notion is further supported by the fact that more efficient silencing in UOC-B6 cell line
(average of 86% vs. 74% in REH) resulted in more profound changes in the cell cycle (S-
phase increase: 5.7% in UOC-B6 vs. 4.3% in REH; G1 decrease: 6.7% in UOC-B6 vs. 3.9%
in REH). Additional increase of the silencing efficacy would very likely intensify these
changes, but would not lead to a reverse effect. Interestingly, in contrast to other studies
working with the identical model cell system, Diakos and colleagues showed that the ectopic
expression of TEL/AMLI1 leads to the growth factor independence in BaF3 cell. (10, 33)
Here, further models are needed to find the real effect of an TEL/AMLI1 ectopic expression.
In summary, in line with the majority of recent reports, our data support the hypothesis that
the TEL/AMLI1 protein is essential for the formation and preservation of the preleukaemic
clone, but may be dispensable for the definitive leukaemic cells.
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Table 1
Proliferation rate

TEL/AML1 knock-down in REH

EdU-positive _Mean_  p
SD
62.8% .
TA-145 63.9% % 0.0495
64.5% e
59.1%
Non-T1 61.6%  ZLO%
62.1% 3%
AML1 knock-down in REH
EdU-positive _Mean_  p
SD
49.3%
49
AML1-pool  52.0% %o//" 0.0495
49.8% il
54.4%
Non-T3 53.9% %
58.2% 9%
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Figures Legends

Table 1 - Proliferation rate

Proliferation rate, e.i. the fraction of de novo DNA synthesizing cells, was assessed by flow
cytometry as a percentage of the cells that incorporated EAU (EdU-positive) from the total
EdU pulsed population; Mean =mean of EdU-positive cells; SD = standard deviation

Figure 1 — Sequences and target sites of siRNAs within the TEL/AML1 fusion

Partial sequences of TEL/AMLI1 fusion and wt AML1 and TEL transcripts are shown. Black
color indicates TEL and TEL part of TEL/AMLI, grey color indicates AML1 and AMLI1 part
of TEL/AML1; dashed line runs through the fusion site; 3 base-pair region of sequence
homology between both wt trancripts surrounding the fusion site is underlined.

The siRNAs (TA-1) —( TA-11) and C1 sequences are positioned to indicate the targeted
region within the TEL/AMLI fusion.

Figure 2 — siRNA efficiency in HELA-TEL/AML1-ires2-EGFP and REH cells

A- the efficiency of (TA-1) — (TA-11) siRNAs in HELA-TEL/AMLI1-ires2-EGFP cells
measured as a decrease of EGFP fluorescence intensity by flow cytometry; y axis — mean
fluorescence intensity (MFI) normalized to control (Non-T1); standard deviation refer to
experimental hexaplicate

B,C — the TEL/AMLI knock-down efficiency of selected siRNAs in REH cells at the
transcript level; the TEL/AMLI transcript level was normalized to the f2M transcript level
D — the level of AMLI1 transcript knock-down induced by selected siRNA in REH cells; the
AMLI transcript level was normalized to the B2M transcript level

B,C and D - standard deviation refer to experimental triplicate

Figure 3 — Schema of experimantal design

Timeline of individual experimental steps.

1*" and 2™ Transfection — electroporation of siRNAs; mRNA — evaluation of the knock-down
at the transcript level; Protein - evaluation of the knock-down at the protein level; GEP — gene
expression profiling; Cell cycle distribution/Apoptosis — flow cytometric analysis of cell cycle
distribution, proliferation and apoptosis rate

Figure 4 - TEL/AMLI1 protein knock-down in REH and UOC-B6 cells

TEL/AMLI protein detected by western blot at TP 96h in TA-145 or control (Non-T1)
siRNA treated REH (A) and UOC-B6 (B) cells in three independent experimental replicates
(Exp.1-3). LAMIN B is shown as nuclear protein loading control. Graphs show the relative
quantity of TEL/AMLI protein normalised to LAMIN B and further to (TEL/AML1)/LAMIN
B ration of control for each individual experiment.

Figure 5 - AML1 and TEL/AMLI1 proteins knock-down in REH cells

TEL/AMLI and AMLI1 proteins detected by western blot at TP 96h in AML1-pool or control
(Non-T3) siRNA treated REH cells in three independent experimental replicates (Exp.1-3).
LAMIN B is shown as nuclear protein loading control. Graphs show the relative quantity of
TEL/AMLI and AMLI1 proteins normalised to LAMIN B and further to
(TEL/AML1)/LAMIN B or AML1/LAMIN B ration of control for each individual
experiment.

Figure 6 — Cell-cycle distribution
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The proportion of G1 and S phases of cell cycle after TEL/AMLI1 knock-down in REH and
UOC-B6 cells (A) and after AML1 knock-down in REH cells (B) versus controls (Non-T1
and Non-T3, respectively); y axis — percentage of cells from the total population; *P= 0.0495
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Figure 1  siRNAs sequences and positions within TEL/AML1 fusion

1
- g Jap— - A . Pv— p—
AML1 TCCTTCGTACCCACAGTGCTTCATGAGAGAATGCATACTTGGAATGAATCCTTCTAGAG

TEL/AML1 GCACGCCATGCCCATTGGGAGAATAGCAGAATGCATACTTGGAATGAATCCTTCTAGAG

—

TEL GcacgcchGcCCATTGGGAGAATAGCﬁééCTGTAGACTGCTTTGGGATTACGTCTATC
TA-1 CCAUUGGGAGAADAGC&Q&AUGCAU

TA-2 CAUUGGGhGAhUAGCéEEhUGCAUA

TA3 ADUGGGAGAAUAGCEQEAUGCAUAC

TA-4 UUGGGAGAAUAGCAGAAUGCAUACU

TA5 UGGGAGAAUAGCQQEAUGCAUACUU

TA6 GGGAGAAUAGC&EEAUGCAUACUUG

TA-T GGAGAAUAGCEEE&UGCAUACUUGG
TA-8 GAGAAUAGcggéauecauacuueaa
TA-9 AGAAUAGC&EEAUGCAUACUUGG&A
TA-10 GAAUAGCAGAAUGCAUACUUGGAAU
TA-11 AauagcgééauscauaCUUGGAAUG

|
c1 AGAAUGCAUACUUGGRAUG
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Figure 2 siRNA testing in HELA-TEL/AML1_ires2_EGFP and REH cells
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Figure 3 Schema of experimental design
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Figure 4 TEL/AML1 protein knock-down in REH and UOC-B6 cells
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Figure 6 Cell cycle distribution
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Supplementary Figure 1 Proliferation rate assesssed by EdU incorporation
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Profiferation rate after TEL/AML1 and AML1 depletion, respectively, was assessed as de novo DMA synthesis rate
measured by EdU incorporation using fow cytometry. After EAU pulse cellz were stained for incorporated EdU (EdU
Alexa Fluor 488) and for DMNA content (Cell Cyele 488-red). Quandrant 1 represents S-phase cells and quandrant 2
represents G2M-phase cells within the total fraction of EdU-positive cells (21+Q2). Data are shown for 1 of 3
representative experiments.
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Hsa-mir-125b-2 is highly expressed in childhood ETV6/RUNX1 (TEL/AML1) leukemias
and confers survival advantage to growth inhibitory signals independent of p53
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MicroRNAs (miRNAs) regulate the expression of multiple
proteins in a dose-dependent manner. We hypothesized that
increased expression of miRNAs encoded on chromosome 21
(chr 21) contribute to the leukemogenic function of trisomy 21.
The levels of chr 21 miRNAs were quantified by qRT-PCR in
four types of childhood acute lymphoblastic leukemia (ALL)
characterized by either numerical (trisomy or tetrasomy) or
structural abnormalities of chr 21. Suprisingly, high expression
of the hsa-mir-125b-2 cluster, consisting of three miRNAs,
was identified in leukemias with the structural ETV6/RUNX1
abnormality and not in ALLs with trisomy 21. Manipulation of
ETV6/RUNX1 expression and chromatin immunoprecipitation
studies showed that the high expression of the miRNA cluster
is an event independent of the ETV6/RUNX1 fusion protein.
Overexpression of hsa-mir-125b-2 conferred a survival advan-
tage to Ba/F3 cells after IL-3 withdrawal or a broad spectrum of
apoptotic stimuli through inhibition of caspase 3 activation.
Conversely, knockdown of the endogenous miR-125b in the
ETV6/RUNX1 leukemia cell line REH increased apoptosis after
Doxorubicin and Staurosporine treatments. P53 protein levels
were not altered by miR-125b. Together, these results suggest
that the expression of hsa-mir-125b-2 in ETV6/RUNX1 ALL
provides survival advantage to growth inhibitory signals in a
p53-independent manner.
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Introduction

Aberrations in chromosome 21 (chr 21) are commonly found in
childhood acute lymphoblastic leukemia (ALL). The high-
hyperdiploid ALL (HHD ALL),'? the most common type of
childhood ALL with numerical chromosomal aberrations, is
characterized by 3—4 copies of chr 21 and a variable presence of
other specific chromosomal trisomies. The markedly increased
incidence of ALL in children with Down’s syndrome (DS)?
strongly suggests that trisomy 21 is leukemogenic, but the chr 21
genes involved in these leukemias are presently unknown.
A newly discovered rare subtype of childhood ALL is
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characterized by an intrachromosomal amplification of a small
region within the long arm of chr 21 (iAMP21) around the
RUNX1 locus.* In contrast to ETV6/RUNXT and HHD ALL, it is
associated with poor prognosis. The most common structural
chromosomal aberration in childhood ALL occurring in
approximately 25% of pediatric B-cell precursor ALL fuses the
RUNX1 (AML1) gene on chr 21 with the ETV6 (TEL) gene on chr
12.>% Although ETV6/RUNXT causes a prenatal preleukemic
clonal expansion, additional genetic events are required for
evolution of leukemia.”®

MicroRNAs (miRNAs) are 20-25 nucleotide long non-coding
RNAs that have a vital function in the regulation of protein
expression.9 Currently, there are six validated mature miRNAs
encoded on human chr 21 (http:/microrna.sanger.ac.uk
Figure 1a). Hsa-mir-99a, hsa-let-7c and hsa-mir-125b-2 are
clustered together in the same intron of the C21ORF34 gene
on 21g.21.1 (NC_000021.7) (hsa-mir-125b-2 cluster). Hsa-mir-
125b-1, the homolog of Caenorhabditis elegans lin-4, has been
shown to be expressed in solid tumors and associated with
enhanced cell proliferation and survival.'®™'? An insertion of hsa-
mir-125b-1 into the IGH locus was described in a patient with B-
cell precursor ALL suggesting its involvement in the leukemic
process.'” It has been shown to be expressed in myeloid
malignancies and to block myeloid differentiation.'® Recently, it
was also reported to protect from apoptosis through negative
regulation of p53 in zebrafish, human neuroblastoma cells and
lung fibroblasts, but not in mouse cells.'> Hsa-mir-155 has been
linked to B-cell development. Others and we have shown its
increased expression in lymphomas.'®™'? Strikingly, transgenic
expression of miR-155 induced pre-B-cell leukemias and lymphomas
in mice,? thus miR-155 seems to be a potent oncogene.

The mechanisms of miRNA function suggest that their activity
should be correlated with their dosage and that each miRNA
may regulate multiple targets.>' Thus, we hypothesized that
miRNAs contribute to the oncogenic effects of chromosomal
trisomies, a situation in which a small change (x1.5) in
genomic dosage results in profound effects. This hypothesis is
strengthened by our recent observations showing a general
increase in expression of multiple genes from the trisomic
chromosomes.?? Thus, we expected that miRNAs from chr 21
would be overexpressed in HHD and DS ALL (3—4 copies of chr
21) relative to ETV6/RUNXT1 and iAMP21 leukemias.

Here, we report the surprising observations that unlike most of
the genes encoded on chr 21, the expression of the hsa-mir-
125b-2 cluster does not correlate with gene copy number, but
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Figure 1

Expression of miRNAs encoded on chr 21 in different leukemia samples. (a) Schematic representation of the location of miRNAs

encoded on chr 21. The level of the mature hsa-miR-802 could not be measured because of the lack of an appropriate qRT-PCR-based assay.
(b, ©) MiRNA expression was determined by qRT-PCR using the TagMan MicroRNA Assays from Applied Biosystems. The numbers on the y axis
represent relative expression levels of mature miRNA normalized to an internal control (RNU43). Standard errors are indicated. Asterisk
marks significance. (b) Expression of the chr 21 miRNAs in diagnostic bone marrow samples of different ALL subtypes: ETV6/RUNXT
(24 patients), DS (10 patients), high hyperdiploid (10 patients), iAMP21 (7 patients) P<0.05 (ANOVA). (c) Comparison of miRNA expression
between diagnosis and remission samples of ETV6/RUNXT leukemias P<0.005 (T-test).

rather is highly expressed in ETV6/RUNXT ALL. Additional
research suggests that the expression of the hsa-miR-125b-2
cluster is an independent event in ETV6/RUNXT ALL, conferring
survival advantage under growth inhibitory and apoptotic
conditions in a p53-independent manner.

Materials and methods

Patients
RNA was derived from diagnostic or remission bone marrow
samples of childhood ALL patients obtained with informed
consent. Diagnostic bone marrow samples contained at least
80% lymphoblasts. The samples were anonymized before
shipping except for the information on the genetic subgroup.
The study was approved by the IRB of the Israeli Health Ministry
and Sheba Medical Center.

The rest of the material and methods are detailed in a
supplementary file.

Results

Hsa-mir-125b-2 cluster is highly expressed in ETV6/
RUNXT leukemias

We measured the expression of the mature forms of four
miRNAs encoded on chr 21 (hsa-mir-99a; hsa-let-7c; hsa-mir-
125b-2 and hsa-mir-155) by qRT-PCR in RNA derived from
diagnostic bone marrow samples of four diverse subtypes of ALL
with structural or numerical aberrations of chr 21: ETV6/RUNX1
ALL (n=24), HHD ALL (n=10), DS ALL (n=10) and iAMP21
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ALL (n=7). Surprisingly, extra copies of chr 21 did not
contribute to the expression level of these miRNAs (Figure 1b).
Although hsa-mir-155 is similarly expressed between the
different ALLs, the other miRNAs hsa-mir-99a, hsa-let-7¢ and
hsa-mir-125b-2 are up-regulated in the ETV6/RUNXT ALL, the
subtype of leukemia with a structural aberration of chr 21.
The expression was derived from the leukemic blasts, as it was
not observed in remission samples (Figure 1c). To ensure that the
observed results were not because of the normalization to a
single internal control (RNU 43), we have extended the miRNA
profiling using TagMan Low Density miRNA arrays (TLDA, ABI)
normalizing to two additional internal controls (RNU6 and
RNU48). As can be seen in Supplementary Figure 1, the TLDA
results are similar to the results obtained with the singleplex
miRNA expression profiling.

Hsa-mir-125b-2 cluster is not a target of the ETV6/
RUNXT fusion protein

To test whether mir-125b-2 is a target of ETV6/RUNXT, we
performed overexpression experiments in two mouse hemato-
poietic progenitor cell systems: Ba/F3 cells and primary mouse
embryonic fetal liver progenitors. It has been earlier shown that
ectopic expression of ETV6/RUNXT in these progenitors induces
proliferation of B-cell progenitors, similar to the preleukemia
observed in human beings*® (Supplementary Figure 2). In
neither of these cells, the expression level of the mmu-mir-
125b-2 cluster was affected by the fusion protein (Supplemen-
tary Figure 3). As overexpression in mouse cells may not
represent the relevant model, we have knocked down ETV6/
RUNXT in the human REH ALL cell line with siRNA
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analysis of ETV6/RUNXT knockdown in REH cells: Scr, scramble siRNA; si-15, mixture of siRNAs 1 and 5. Two independent experiments are
shown. (b) A histogram showing quantification of the average ETV6/RUNXT protein level as detected by two independent western blots,
determined by the Image] software. (c) No significant change in expression levels of the hsa-mir-125b-2 cluster could be observed in REH cells
after knockdown of ETV6/RUNXT as determined by qRT-PCR. An average of three independent experiments is shown. Expression levels are
normalized to an internal control (RNU43). (d) qRT-PCR of chromatin immunoprecipitation analysis with anti-ETV6, anti-RUNX1, anti-IgG (served
as negative control) or anti-TBP (served as positive control—see Materials and methods). Granzyme B (GZMB1) was used as positive control for
the binding of RUNXT1. The y axis indicates the enrichment normalized to GAPDH from sample and input. Three independent experiments were

performed. Standard errors are indicated.

oligonucleotides (oligos) directed against the fusion part of this
translocation (Supplementary Figure 4). Two-third silencing
efficiency of ETV6/RUNXT, but not RUNXT, was observed by
gRT-PCR and by western blots 5 days after the first round of
transfection (Supplementary Figure 5; Figure 2a and b,
respectively). Figure 2c shows that the expression of the hsa-
mir-125b-2 cluster was not influenced by the knockdown of the
ETV6/RUNXT fusion protein. To further examine whether ETV6/
RUNXT protein binds to RUNXT sites on the vicinity of the
hsa-mir-125b-2 cluster, we performed chromatin immunopre-
cipitation analysis. There are three potential RUNX1 binding
sites in the hsa-mir-125b-2 cluster, one upstream of each
miRNA (Supplementary Figure 6). As a positive control, we
examined the promoter of granzyme B (GZMB), a RUNXI1-
regulated protein.’* Figure 2d clearly shows that while the
RUNXT binding site upstream granzyme B (GZMB) is occupied
by the ETV6/RUNXT and RUNXT proteins, the putative RUNXT
binding sites of the hsa-mir-125b-2 cluster are not bound by the
fusion protein.

Taken together these experiments suggest that the hsa-mir-
125b-2 cluster is not a direct target of ETV6/RUNXT, but rather
an independent event occurring during leukemogenesis.

Hsa-miR-125b-2 has a pro-survival effect under growth
inhibitory conditions

To test the hypothesis that the expression of the hsa-mir-125b-2
cluster contributes to survival and growth of lymphoid
progenitors, we performed forced expression experiments in
IL-3-dependent Ba/F3 cells. Transformation of these pro-B cells

is commonly used to identify activating mutations of kinases.?®
We decided to focus on hsa-mir-125b-2 because of earlier
studies implicating a function of this miRNA in human
cancers.'%12627 |n addition, the endogenous mmu-miR-99a
and let-7c are expressed in Ba/F3 cells, whereas miR-125b is not
expressed. Furthermore, the sequence of the mature miR-125b is
identical in human and mouse. We transduced Ba/F3 cells with
an empty retroviral vector, a vector expressing hsa-mir-125b-2
or a construct encoding hsa-mir-125b-2 mutated in the seed
region (see Materials and methods; Supplementary Figure 7) and
confirmed the expression of the mature miRNAs by northern
blot analysis (Figure 3a). No differences in growth were
observed under steady-state conditions (not shown). However,
Ba/F3 cells expressing hsa-mir-125b-2 were highly resistant to
a transient removal of IL-3. On reintroduction of IL-3 to the
growth medium only hsa-mir-125b2-transduced Ba/F3 cells,
but not cells transduced with an empty vector or a mutated
hsa-mir-125b-2, resumed their normal growth (Figure 3b). To
examine the mechanism of resistance to IL-3 withdrawal, we
performed a cell cycle analysis of Ba/F3 cells transduced with
the different constructs before and after IL-3 withdrawal; 24 h
after IL-3 deprivation most of the hsa-mir-125b-2 transfected
cells were arrested in G1 (71.7%), whereas most of the control
Ba/F3 cells were apoptotic (73% in subG1 phase; Figure 4a).
This relative protection from apoptosis conferred by hsa-mir-
125b-2 was evident at different time points during the first 24 h
of IL-3 deprivation (Figure 4b). The anti-apoptotic activity of
hsa-mir-125b-2 was associated with a marked inhibition of
caspase 3 activation and the cleavage of its substrate PARP
(Figure 4c).

Leukemia
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Figure 3 Hsa-mir-125b-2 confers growth advantage in Ba/F3 cells
after transient IL-3 deprivation. Ba/F3 cells were transduced with an
empty vector, a vector expressing mir-125b-2 or mutated mir-125b-2.
(@) Northern blot analysis showing representative clones overexpres-
sing hsa-mir-125b-2 or mutated hsa-mir-125b-2. (b) Ba/F3 cells
transduced with either empty vector, a vector expressing hsa-mir-
125b-2 or mutated hsa-mir-125b-2 were cultured in the absence of
IL-3 for 24 h. After 24h, IL-3 was added to the medium and cell
proliferation was measured by MTT every 24 h. The graph shows an
average of at least three different clones and three experiments.
Standard errors are indicated.

To examine how broad the anti-apoptotic phenotype
observed in Ba/F3 cells overexpressing miR-125b is beyond
the growth factor weaning, we exposed the cells to different
apoptotic stimuli. Supplementary Figure 8 summarizes the
percentage of living cells as has been quantified by FACS
analysis of Annexin negative and 7AAD negative staining of four
different treatments. As cytokine survival pathways involve
activation of multiple kinases, we examined the effect of miR
125b on apoptosis induced by three kinase inhibitors with
decreasing specificity: JAK Inhibitor 1, AG490 and Stauro-
sporine. Ba/F3 transduced with hsa-mir-125b-2 were markedly
resistant to each of these inhibitors in comparison with Ba/F3
cells transduced with mutated miR or with empty vector. Mild,
but statistically significant resistance was also observed after
treatment with Doxorubicin. Thus, miR125b provides survival
advantage in response to multiple pro-apoptotic stimuli.

To test whether the survival advantage observed in Ba/F3 cells
overexpressing miR-125b is relevant to ETV6/RUNXT leukemia,
we used REH cells, a cell line derived from a patient with ETV6/
RUNXT leukemia that highly expresses miR-125b. We knocked
down the endogenous miR-125b by using LNA oligos labeled
with FAM (Figure 5a) and measured the level of living cells of
the FAM positive population (transfected with the LNA oligo)
after treatment with either Doxorubicin or Staurosporine (see
Materials and methods). Figure 5b and c shows that on knocking
down miR-125b, the REH cells become more sensitive to
Staurosporine and Doxorubicin treatments, respectively. These
results indicate that the endogenous mir-125b-2 provides partial
protection from apoptosis induced by those agents similar to our
observation in Ba/F3 cells.

Leukemia

A recent publication by Le et al.'® suggested that miR-125b is
a negative regulator of zebrafish and human (but not mouse)
p53. We, therefore, asked whether the effects of miR-125b on
apoptosis of Ba/F3 and REH cells could be explained by its
regulation of p53 protein levels. Thus, we checked the levels
of p53 and its main cellular protein target, p21, both under
steady-state conditions and during apoptotic stress in both
human and mouse models. The binding site of miR-125b on the
3’'UTR of p53 is different between mouse and human
particularly in the ‘seed’ area, an area considered to be the
most significant for the recognition of miRNAs and their targets
(Figure 6a). Therefore, it was not surprising that in the mouse
Ba/F3 model, we have not observed any changes in the level of
p53 neither under steady-state conditions nor under apoptotic
conditions of IL-3 withdrawal (data not shown) or Doxorubicin
treatment (Figure 6b and c). Surprisingly, knocking down miR-
125b in the human REH cells did not alter p53 protein levels
or p21 levels. Furthermore, treating the REH cells with
Doxorubicin resulted in similar elevation of p53 levels in the
cells transfected with a control LNA oligo or a miR-125b
antisense LNA oligo, suggesting that p53 is not a target of miR-
125b in these cells. This is further substantiated in the lack
of alteration in the levels of p21 (Figure 6d and f). Similarly,
there was no effect of miR-125b knockdown on p53 or p21
levels on treatment with Staurosporine (Figure 6e and f).
Thus, p53 levels are not regulated by miR-125b in REH cells.

Discussion

Here, we describe that expression of the hsa-mir-125b-2 cluster
residing on chr 21 characterizes ETV6/RUNXT leukemias
compared with other ‘chr 21’ leukemias. We show that this
miRNA cluster is not regulated by the ETV6/RUNXT fusion
protein and, therefore, hypothesize that its expression is an
independent event occurring during the evolution of these
leukemias. We further show by overexpression and knockdown
studies that mir-125b-2 provides a survival advantage by
suppressing apoptosis and caspase 3 activation in response to
growth inhibitory conditions.

This study was prompted by the hypothesis that increased
expression of chr 21 miRNAs may explain the leukemogenic
function of trisomy 21 in ALL of DS and in sporadic HHD
leukemias (which uniformly contain either 3 or 4 copies of chr
21). This hypothesis was on the basis of our earlier observations
that trisomies are usually associated with increased expression
of multiple genes from the trisomic chromosomes** and by
increased expression in DS AML of the miRNAs belonging to the
hsa-mir-125b-2 cluster.*® Furthermore, increased expression of
all chr 21 miRNAs has been recently reported in fetal heart and
fetal hippocampus of DS patients.”® Our findings that the
expression of those miRNAs in B-cell precursor ALLs was not
correlated to gene dosage but rather to the leukemia subtype
were, therefore, unexpected. Increased expression levels of the
hsa-mir-125b-2 cluster were observed in ETV6/RUNXT ALL,
whereas hsa-miR-155 was similarly expressed in all subtypes.
Furthermore, the expression of the hsa-mir-125b-2 cluster was
specific to the leukemic cells, as it was not observed in
remission samples.

ETV6/RUNXT is the most common translocation in childhood
ALL. Similar to HHD ALL, these are B-cell precursor leukemias
with excellent prognosis on contemporary treatment proto-
cols.>® The translocation is necessary for the initiation of a
preleukemic clone, but insufficient for the evolution of
leukemia.”®3! Little is known about the acquired somatic
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respectively, in REH cells transfected with a control LNA oligo.

oncogenic events that promote the progression of an
ETV6/RUNXT preleukemic clone into a frank leukemia.
The observation that the hsa-mir-125b-2 cluster is not regulated
by the ETV6/RUNXT fusion protein, suggests that its over-
expression might be such an independent progression event.
MiRNAs have been shown to be dysregulated in cancer in
tissue and cancer type-specific patterns. Although one miRNA
acts as an oncogene in one type of cancer, the same miRNA
serves as a tumor suppressor in another. In breast cancer, miR-
125b has been found to suppress ERBB2 (HER2) and ERBB3
(HER3) expression®® and thus functions as tumor suppressor.
Conversely, a recent study suggested that miR-125b enhances
growth and survival of prostate cancer and glioma cells."*?” To
test the hypothesis that the increased expression of mir-125b-2
in ETV6/RUNXT leukemia has a similar pro-survival function in
hematopoietic cells, we used the IL-3-dependent pro-B Ba/F3
cells. These cells are considered as a standard screening tool to
identify leukemia kinase oncogenes.?>**7** Functional analysis
of hsa-mir-125b-2 in Ba/F3 cells showed that this miRNA
conferred growth factor independence by blocking apoptosis
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induced by IL3 withdrawal through delayed activation of
caspase 3.

Cytokines such as IL3 promote cell survival through activation
of JAK/STAT and related signal transduction pathways.**®
The function of mir-125b in protecting from death caused by
silencing of pro-survival kinase regulated pathways is shown by
the relative resistance it endowed Ba/F3 cells to three kinase
inhibitors in decreasing specificity from JAK inhibitor 1 to
Staurosporine. However, the anti-apoptotic effect of miR-125b
is not limited to kinases as modest, but consistent and
statistically significant resistance to apoptosis was also conferred
to cells treated by the DNA damaging drug Doxorubicin.
The anti-apoptotic phenotype was not an artifact of miRNA
overexpression in Ba/F3 cells. Its relevance to ETV6/RUNXT
leukemias is suggested by the sensitization to apoptosis induced
by Staurosporine and Doxorubicin after knockdown of the
endogenous miR-125b in REH cells.

Like most of the miRNAs, the precise targets of miR-125b are
unknown. MiRNAs are believed to regulate many targets and
currently bioinformatic target prediction algorithms are rather



limited.* A recent study suggested that miR-125b reduces the
level of the pro-apoptotic protein BAK1,%” thus blocking
apoptosis. Though, we have not seen any reduction in BAK1
in either Ba/F3 or HEK293T cells overexpressing hsa-mir-125b-2
(data not shown). We also have not detected any observable
changes in several related pro-apoptotic proteins including BIM,
BID, BAX and MCL-1 (data not shown). The recent report
showing that p53 is negatively regulated by miR-125b" is
intriguing as p53 is a major regulator of apoptosis in response to
a variety of stresses including Doxorubicin. However, our
experiments do not support that report. Similar to the obser-
vations by Le et al., and consistent with the lack of conservation
of the miR-125b seed region in the 3'UTR region of mouse p53,
we have not seen any alteration of the mouse p53 protein levels
in Ba/F3 cells overexpressing miR-125b. Moreover, the very
efficient knockdown conferred by specific LNA oligos in REH
cells did not lead to any alterations in the human p53 levels or
its target p21 before or after treatment with Doxorubicin. Thus,
at least in these hematopoietic cells, p53 is not regulated by
miR-25b.

Two provoking recent proteomic studies show that single
miRNAs induce very small alterations in a large number of
proteins and affect functional pathways by acting as sensitive
‘Rheostats’.*>*"  Although such small alterations putatively
induced by miR-125b in proteins that regulate cell survival
may not be significant under steady-state conditions, they could
provide growth advantage during periods of growth factor
deprivation.

The pathogenesis of ETV6/RUNXT leukemias has been a
mystery. In vivo modeling of ETV6/RUNX1 leukemias by many
laboratories has been proven experimentally challenging and
resulting at most in a preleukemic condition.>' A recent analysis
of a ‘knock-in" mouse model in which ETV6/RUNX1T was
expressed from the ETV6 promoter has shown an increase in
hematopoietic stem cells. Intriguingly, the hematopoietic stem
cells expressing the fusion protein were markedly more sensitive
to apoptosis induced by cytokine withdrawal.** We propose
that hsa-mir-125b-2 and possibly the two other miRNAs in this
cluster may collaborate with ETV6/RUNXT in the leukemogenic
process by providing survival advantage under growth inhibitory
conditions. It would be interesting to test this hypothesis in that
mouse model.
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Abstract

Background: The TEL/AML1 fusion gene which represents the mbsiguent genetic
abnormality in childhood ALL, usually results frogenomic breakpoints in TEL intron 5 and
AMLL1 intron 1 or 2. At the protein level the heli@op-helix domain and exon 5-coded
central region of TEL are typically fused to almesttire AML1 including DNA binding
domain.

Procedure: We identified two ALL patients with genomic breakms within TEL intron 4
resulting in variant TEL/AML1 fusion lacking the TEexon 5-coded central region. This
region was supposed to play an important role il /AEIL1 function, particularly in
TEL/AML1-mediated transcriptional repression of AMltargets. We aimed at investigating
the impact of the loss of this region on diseaskab®r and TEL/AML1 function. We
compared clinical and biological characteristiagatment response and outcome of the
variant vs. classical TEL/AML1 cases, analyzed geaavide gene expression profiles and
performed reporter gene assay.

Results: No distinct differences between variant and cladsiEEL/AML1 cases were
observed including gene expression profiling anthiteel immunophenotyping. By using
reporter gene assay we showed that the loss oteh&al region does not influence the
TEL/AML1-mediated transcriptional repression.

Conclusions. We had the opportunity to study leukemic charasties in unmanipulated
natural acute leukemias. The deletion of the cemégion did not affect the TEL/AML1-
specific phenotype and comparing clinical and lmalal features of the variant vs. classical
TEL/AML1-positive cases, we did not find any relavalifferences in its characteristics.
Thus, the central region seems to be dispensablEHW/AML1 leukemogenesis.



I ntroduction

The TEL/AML1 (ETV6/RUNX1) fusion gene, resultingofin the cryptic chromosomal
translocation t(12;21)(p13;922), is the most fragugenetic abnormality in childhood acute
lymphoblastic leukemia (ALL) occurring in approxitely 20-25% of B-cell precursor (BCP)
ALL [1-3]. The TEL/AML1-positive cases form a rehatly homogeneous ALL subgroup
with typical onset of the disease in the pre-sctag®, low white blood cell count (WBC),
characteristic immunophenotype and excellent preigng4,5]. Genomic breakpoints are
found within the long (> 160 kB) area of AML1 intr® 1 and 2, but cluster almost
exclusively to the relatively short intron 5 (< kB) of the TEL gene. Thus, the translocation
typically fuses the TEL exon 5 to the AML1 exon 23o(classical” TEL/AML1) [6-9]. Both
TEL/AML1 and the reciprocal AML1/TEL transcripts veedescribed in leukemias carrying
the TEL/AML1 fusion. However, the AML1/TEL transptiis not detected in all cases while
the TEL/AMLL1 is expressed consistently; thus, otilg TEL/AMLL is supposed to play an
important (although not fully understood yet) rateleukemogenesis [6]. AML1 and TEL
genes are frequently rearranged in human lymphod rayeloid leukemias [10,11]. Both
genes encode transcription factors important indtepoiesis [12-15] and both are attributed
with tumor suppressor properties [16,17].

The TEL/AML1 fusion as a single event is not suéit to induce overt disease and further
cooperating events are needed for leukemia developifi8-20]. The TEL/AMLL1 itself
induces a preleukemic state characterized by eigamsg B-cell precursors with enhanced
self-renewal and impaired differentiation to moratune B-cell stages [21-23]. At the protein
level, the TEL/AML1 contains the helix-loop-helik(H) domain and central region of TEL,
fused to almost entire AML1, including runt homoyogomain (RHD) responsible for DNA
binding. Morrow et al. demonstrated thatvitro TEL/AML1 preleukemic activity requires
multiple functional domains: HLH domain, centralpressor domain and DNA binding
domain [24].

How does TEL/AML1 contribute to the pathogenesisAdl ? In general, the TEL/AML1
probably interferes with normal function of its Wikype counterparts. According to the
favored hypothesis TEL/AML1 acts as an aberramsitaption factor and deregulates the
AMLL1 target genes [25]. Severnal vitro studies described the ability of TEL/AML1 chirger
protein to interact with corepressors and to biadtite AML1 binding sites within the
promoter regions of AML1 targets and repress tmapson [26-31]. This observation was
further supported by the finding, that single pamttation within the DNA binding RHD
domain abrogates the TEL/AML1 induced preleuker@i@.[An alternative mechanism of the
TEL/AMLL1 interference with the AML1 function is tH@omodimerization of the TEL/AML1
and subsequent formation of complexes with coaiciiga The resulting sequestration of the
coactivators into cytoplasm finally prevents AMLlediated transactivation [32,33]. Through
the HLH domain TEL/AML1 is not only able to homodnee but also to heterodimerize
with  TEL and by this inhibits the TEL-induced tranptional repression and tumor
suppressor function [34]. However, recently puldidhdata suggest that the effect of
TEL/AML1 does not result from acting dominant negatover AML1, at least not in
hematopoietic stem cell model [35].

Here we report two cases of TEL/AML1-positive lemka with, so far, extremely rare
genomic breakpoints within the TEL intron 4. To émowledge only one such case has been
already mentioned [1]. The TEL/AML1 protein encod®y the identified variant transcript
lacks the TEL exon 5-coded amino acids correspantbnthe TEL central region, which
seemed to play essential role in the TEL-represamneTEL/AML1 preleukemic activities so
far [24,36]. However, we demonstrate that in ouo patients this variant TEL/AML1 does
not result in distinct clinical or biological feaes as compared to classical TEL/AMLL1 cases.



Moreover, utilizing reporter assay we show thaslotthe TEL exon 5 coded central region
within the TEL/AML1 does not hamper its ability tepress transcription from the AML1
target gene promoter. Thus, our study demonsttatgghe central region of TEL seems not
to be required for the TEL/AMLL1 (pre)leukemic adyv

Methods

Patients

Two patients (UPN916 and UPN1078) diagnosed witbeB-precursor ALL in 2005 and
2007, respectively, are reported. Both childreneneeated according to the ALL IC-2002
BFM protocol. This treatment protocol was useddlbrchildren (1 - 18 years) diagnosed in
the Czech Republic with BCR/ABL-negative ALL betwelovember 2002 and November
2007. We analyzed diagnostic bone marrow (BM) sasmfrbm all 305 patients diagnosed in
the Czech Republic during this period for the pneseof TEL/AML1 fusion by both RT-PCR
and fluorescence in-situ hybridization (FISH). Morer, 20 diagnostic bone-marrow cDNA
samples from patients with TEL/AML1-positive ALL weeanalyzed for the expression of the
TEL/AMLL1 transcripts missing the TEL exon 5.

All experiments were conducted according to thegiples expressed in the Declaration of
Helsinki. Ethical committee and Institutional rewieboard approved the project and all
samples were analyzed with written informed conséstbjects or their guardians.

PCR analysis

The TEL/AML1 fusion transcript in patients UPN916daUPN1078 was amplified using
touchdown RT-PCR with primers Tel-F (5-ATGTCTGAGACCTGCTCAGTG-3") and
TA-R (5-GCGGCAACGCCTCGC3’). To detect TEL/AML1 tmacripts with outspliced
TEL exon 5 in 20 TEL/AML1-positive patients we anfipd TEL/AML1 fusion using Tel-
ex4F (5-GGTGATGTGCTCTATGAACTCCTTCAGCATATTC -3’) ahTA-R primers.

The TEL/AML1 and AML1/TEL genomic fusion sites iaukemic cells of patients UPN916
and UPN1078 were identified with an asymmetric iplék PCR and long-distance PCR.

Gene expression profiling

Genome wide gene expression was analyzed as desbgoiteviously [39]. Unsupervised
cluster analysis [40] was performed using geneesgion profiles (GEP) of initial leukemic
samples of the variant samples UPN916 and UPN16d@8&hese of TEL/AML1-, MLL/AF4-
and BCR/ABL-positive samples published recently][41

Cloning, Western blotting

The TEL-exon 4/AML1-exon 3 transcript was clonetbithe pcDNA3.1 expression plasmid
resulting in the TEAex5/AML1-pcDNA3.1 construct. The TAex5/AML1-pcDNA3.1 was
transfected into HelLa cell line. The Th&x5/AML1 protein expression was checked 48
hours post transfection by Western blot.

Luciferase assay

The Hela cells were seeded at 150.000 cells peelll ok 24-well plate and cotransfected
with 0.8ug of expression vectors (pcDNA3.1, TA&x5/AML1-pcDNA3.1, TEL/AML1-
pPcDNA3.1 or AML1-pcDNA3.1), 0.7Ag of luciferase reporter (GZMB-pGL3 or GZMB
pGL3) and 0.0fg of renilla reporter (pRL-CMV5) per well (2én using 2l
Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USABOQI of serum free medium.
Firefly and renilla luciferase activity were measlir 48hours post transfection by a
luminometer Microplate TLX2 using Dual-Luciferaseeporter Assay System (Promega,



Madison, WI, USA) according to the manufacturenstiuctions. The firefly luciferase
activity was normalized to renilla luciferase atgiv All experiments were performed in
triplicate. Data are expressed as relative lucseractivity (RLU). The AML1- pcDNA3.1,
TEL/AML1-pcDNA3.1 and GZMB-pGL3 containing partiadequence of granzyme B
(GZMB) promoter with AML1 consensus binding sitesrey kindly provided by Dr. Anthony
Ford, Institute of Cancer Research, UK

In GZMB™-pGL3 both AML1 consensus binding sites were mutai®m TGTGGT to

TGCAGT using PCR-mediated site-directed mutagenesis

Results

Fusion transcripts analysis

Among the 305 children diagnosed in the Czech Repuietween November 2002 and
November 2007 the TEL/AML1 fusion gene was detettedFISH in 71 children (23%). By
standardized RT-PCR screening we determined thé AML1-positivity in 69/305 cases; in
two FISH-positive cases (patients UPN916 and UP)L@ie RT-PCR produced negative
results. As the vast majority of other standardipeatocols for RT-PCR screening [42], our
RT-PCR system for TEL/AML1 detection utilizes prirmeannealing to the TEL exon 5 and
AML1 exon 3 to detect both common types of the T&ML1 fusion transcripts (TEL-exon
5/AML1-exon 2 and TEL-exon 5/AML1-exon 3). To te#ie presence of an atypical
TEL/AML1 transcript in patients UPN916 and UPN10W& performed RT-PCR with
primers in other exons of TEL and AML1. Using thengers located in TEL exon 1 and
AML1 exon 3 we detected specific PCR products ithbmatients (Figure 1A and B). The
PCR products were sequenced and the analysis eevebhe presence of TEL/AML1
transcripts fusing TEL-exon 4 and AML1-exon 3 irtipat UPN916 (FigurelA) and TEL-
exon 4 and AML1-exon 2 in patient UPN1078 (FiguB).1

Such TEL/AMLL1 transcripts may result from eitheteahative splicing of TEL exon 5 or
from genomic TEL/AML1 fusion with the breakpoint L intron 4. To our knowledge, the
alternative splicing of TEL exon 5 within TEL/AML{usion was not described yet. However,
we amplified the TEL/AML1 transcripts with outspdid TEL exon 5 in 16 diagnostic bone
marrow samples from 20 patients positive for thessical TEL/AML1 (data not shown).
Thus, alternative splicing of TEL exon 5 from TEIMA1 fusion is a common phenomenon.
To investigate whether the transcripts in patiddBN916 and UPN1078 result from an
alternative splicing of the TEL exon 5 or from gemo breakpoint within the TEL intron 4
we further analyzed reciprocal AML1/TEL fusion tsanipts. Using the RT-PCR system
described by Nakao et al.[38] specific productseaastained in both patients (Figure 1A and
B). In patient UPN1078 sequencing revealed presefcine AML1-exon 1/TEL-exon 5
transcript pointing to the genomic breakpoint withihe TEL intron 4 (Figure 1B).
Surprisingly, in patient UPN916 we detected AMLIeexX2/TEL-exon 6 fusion at the cDNA
level (Figure 1A). Both the TEL/AML1 and AML1/TELrdnscripts of patient UPN916
lacked the TEL exon 5. Thus, the localization @& ¢enomic breakpoint within the TEL gene
(intron 4 or intron 5) could not be elucidated hg ainalysis of transcripts in this sample.

Genomic fusion sites analysis

Using the LD-PCR we amplified the genomic TEL/AM{lision in both patients. Sequencing
revealed TEL-intron 4/AML1-intron 2 fusion in UPNL® and TEL-intron 4/AML1-intron 1
fusion in UPN1078, corresponding to the transcripiid.-exon 4/AML1-exon 3 and TEL-
exon 4/AML1-exon 2, respectively (Figure 2A and C).

While the genomic DNA analysis corresponds withiePCR data in UPN1078 confirming
the breakpoints in the TEL intron 4 and AML1 intr@nthe data from UPN916 were still



ambiguous. To uncover whether the reciprocal AMkare 2/TEL-exon 6 transcript in
UPNO916 is a result of a breakpoint located in tk& Thtron 5 or of an alternative splicing of
the TEL exon 5 we further utilized the LD-PCR tadte the reciprocal AML1/TEL genomic
breakpoint. The analysis confirmed the genomicoiusaf AML1 intron 2 to TEL intron 5
(Figure2) revealing the loss of approximately 1®klgenomic region within the TEL gene,
including the TEL exon 5 (see schematic presemtatbdb TEL/AML1 and AML1/TEL
genomic fusions and transcripts of both patientSigure 3).

We utilized the identified genomic fusion sequeragslonotypic markers for (pre-)leukemia
‘backtracking’ on the archived Guthrie cards (ndahalood spots) that were available for
both patients. However, negative (and thus unin&bive) results in both cases (data not
shown) were obtained.

Biological and clinical features of patients with variant TEL/AML1 fusion

The two patients with the variant TEL/AML1 fusioacking the exon 5 of TEL presented
with clinical characteristics similar to and tydidar other TEL/AML1-positive cases (Table
1). Deletion of the second TEL allele was showrFifyH in one of the patients (UPN 916).
The immunophenotypic characteristics were typical the TEL/AML1 subgroup as well:
CD27-positivity (above 30%) and CD44-negativitylfve 40%) characterize the TEL/AML1
subgroup with 100% specificity and > 85% sensii{d3] and our unpublished updated
data) and both the patients with the variant fusitall into this well-defined
immunophenotypic subgroup (with CD27 expressiorD$4and CD44 expression < 20% in
both patients).

Moreover, we analyzed GEP in primary leukemic cellboth patients and compared them to
those of childhood ALL samples positive for TEL/AML MLL/AF4 and BCR/ABL
rearrangements, respectively, by performing unsuged hierarchical cluster analysis.[41]
Although analyzed in different batches, the varisamples clustered within the group of
classical TEL/AML1-positive patients indicating th@milarity of GEP of variant and
classical TEL/AML1 positive ALL (Figure 4).

The patient UPN916 was stratified into the stand#skl arm of the treatment protocol, the
patient UPN1078 into the intermediate risk (onhhbsis of age > 6 years and WBC > 20,000
x 10°/L). Both patients responded well to the initiaeg@nisone pre-phase (prednisone good
responders) and reached remission by the day +1tedfeatment. They are still in the first
continuous complete remission with the follow-upt8fand 22 months, respectively.

Luciferase-reporter assays revealed no functional difference between classical and variant
TEL/AML1 fusion protein at the granzyme B promoter

The protein resulting from the TEL/AML1 rearrangerhen patients UPN916 and UPN1078
lacks 182 amino acids encoded by the TEL exon 9.(f8x5/AMLL1 protein) corresponding
to central region of TEL (see Figure 3A). Therefoxe asked whether the loss of TEL exon
5-coded amino acids might influence TEL/AML1 repige activity. The TEL/AML1 coding
sequence from UPN916 was cloned to expression magtfter the transfection to HelLa cell
line the TELAex5/AML1 protein expression was confirmed by Western bloishg product

of smaller molecular weight compared to the cladSiI@TEL/AML1 (Figure 5A). We
compared the repressive activity of the T¥eX5/AML1 protein with the classical”
TEL/AML1 protein using luciferase reporter assaywine granzyme B (GZMB) promoter
established previously [27]. We found no significdiiferences between the two variants of
the fusion protein: both TElex5/AML1 and classical” TEL/AML1 proteins had similar
repressive activity at the GZMB promoter (Figure)5B/hile AML1 expression induced
major increase in the luciferase activity, both TAUL1 variants decreased the basal activity
to the same level (66% and 63% for the TEL/AML1 ahBLAex5/AML1 proteins,



respectively). Moreover, the repressive effect othbTEL/AML1 and TEIAex5/AML1
proteins was dependent on the presence of the Abtirlsensus binding sites within the
GZMB promoter region - mutation of both binding m®tresulted in elimination of the
repressive effect (99% and 112% of the basal agtivespectively). The transactivation by
AML1 was also significantly reduced by mutationA¥IL1 binding sites. (However, it was
not abolished completely as the AML1 binding washaibly partly preserved, either to the
mutated sites or to other parts of the promotdrg iepressive effect was visible also after co-
transfection of TEL/AML1 and TEAex5/AML1 proteins with wild type AML1 (repression
of the AML1-induced activation to 78% and 82%, esjpvely; data not shown). Again, the
effect of both TEL/AML1 variants was identical.

Discussion

The 305 children diagnosed with the ALL in the QzdRepublic between 2005 and 2007
were routinely screened for the presence of TEL/AMusion gene by both FISH and RT-
PCR methods. Discrepant results (FISH positivity R$-PCR negativity) were obtained in
two patients. Transcript and genomic fusion sitalysis showed that both leukemias express
variant TEL/AML1 fusion lacking the TEL exon 5 agesult of a genomic breakpoint within
the TEL intron 4. Interestingly, we found that doean alternative splicing of the TEL exon 5
the majority of classical-TEL/AML1-positive patient(16/20, i.e. 80%) also express the
variant TEL/AML1 mRNA (together with the classidednscript).

We would have failed to identify the variant TEL/AM fusions in our patients when having
applied only one of the methods. Both patients werated according to the ALL 1C-2002
BFM protocol that does not consider TEL/AML1-poaity for risk group stratification. Thus,

a false negative result would not have impededpitoper stratification. However, some
treatment protocols currently use the TEL/AML1 statfor treatment stratification. As
discussed above, variant patients treated on th@eeocols would be stratified as
TEL/AML1-positive or TEL/AML1-negative depending dhe detection method used. From
this point of view, we find the parallel screenibg both methods helpful, as it enables
identification of the variant fusion, which progtiossalue needs to be further evaluated.

To our best knowledge, the TEL/AML1 fusion lackifgL exon 5 was only mentioned once
so far [1] (and thus could be considered extrenmabg). Here, the variant transcript was
described in one patient and no further analysis warformed to confirm a genomic
breakpoint in TEL intron 4 instead of intron 5. Qwro patients with variant TEL/AML1
fusion represent 2.8% (2/71) of TEL/AML1 cohort &L IC-2002 BFM protocol in the
Czech Republic. The overall frequency of this aditéyn may be underestimated due to the
fact that only single method for routine TEL/AMLtreening (either FISH or RT-PCR) is
often employed for diagnostics, hampering a deiactf the variant cases as discussed
above.

Despite considerable effort to elucidate the TELAAM function and its role in
leukemogenesis, it is still not fully understoodnidal and in-vitro models showed, that
TEL/AML1 as a single event is not able to confell faukemic transformation but rather
induces a preleukemic state characterized by expansd early B-cell precursors with
enhanced self-renewal and impaired differentiatomore mature B-cell stages. Employing
deletion mutants, Morrow et al [24] demonstrateak tine central domain of Tel is required
for TEL/AML1 preleukemic activity. This is in coratst to our data describing ALLs driven
by TEL/AMLL1 lacking this region. At the moleculagJel, the best described mechanism of
the TEL/AML1 function is transcriptional repressia@i AML1 targets. The TEL/AML1
transcriptional repression is believed to be mediahrough interaction with corepressors.
Both, mSin3A and N-CoR corepressors, interactioringas of the wild type TEL [44,45],
were shown to interact also with TEL/AML1 [29,30). accordance with the studies on the



wild type TEL the same regions were found to beywesible for interaction with these
corepressors within the TEL/AML1: the HLH domairtdracts with mSin3A [30] and the
central region interacts with N-CoR [29]. The cahtregion of TEL was further shown to
recruit also SMRT corepressor [45] and finally amfethe two functionally autonomous
repression domains essential for the TEL-inducadstriptional repression was mapped to
the exon 5-coded amino acid residues 171-215 [36§ indicates that central region of TEL
may play an important role also in the TEL/AML1-negdd transcriptional repression. To
test whether the loss of central region attenu#ttesability of TEL/AMLL to repress the
transcription of AML1 targets we utilized the refmorgene assay. Direct target genes of
AML1 (TEL/AML1) in lymphoid cells have never beedentified, therefore, we used the
reporter system with granzyme B promoter, that suascessfully used in previous studies.
We saw the same level of transcriptional repressiogranzyme B promoter mediated by the
variant TEL/AML1 compared to the classical TEL/AML Thus the repressive ability of
TEL/AML1 seems not to be attenuated by the logh@fcentral region in the variant fusion.
The TEL gene is frequently rearranged in leukenaiad has several fusion partners. The
genomic breakpoints of TEL usually occur in intrehsand 5. Interestingly, both types of
breakpoint were described in fusions with some naagt (ABL1, JAK2) whereas some
selectivity exists in fusions with other genes:ai@ints in intron 4 exclusively occur in
fusions with PDGFRB and breakpoints in intron 5 preferentially employed in fusions with
AML1 [10]. The nature of this selectivity is unctedn TEL/ABL1 mouse model it was
demonstrated, that the ability of this fusion geéadnduce CML-like disease in mouse is
attenuated in the absence of the TEL exon 5 [4BlsTalthough the TEL exon 5 is not
essential for the TEL/ABL1 leukemogenesis its lossdulates the TEL/ABL1 functional
properties and disease phenotype at least in tineahmodel. In another TEL fusion gene -
TEL/TRKC - the presence/absence of the TEL exos &sbsociated with 2 unrelated types of
cancer: TEL/TRKC including the TEL exon 5 occurs solid tumors (e.g. congenital
fibrosarcoma) while TEL/TRKC lacking the exon 5 waand in AML. This suggests that the
central region of TEL possibly confers cell typeesific functional properties of TEL/TRKC
fusion gene [47]. Furthermore, the loss of a protEmain with interaction properties similar
to the central region of TEL within the AML1/ETOdwn also has an important impact on its
function. The AML1/ETO fusion gene (occurring inildhood AML) is also believed to
block the AML1 function. In AML1/ETO9a, a C-termindomain, which (correspondingly to
the TEL exon 5-coded corepressor region) interadis N-CoR/SMRT corepressors, forms
complexes with histone deacetylases and deregutdiitd targets expression, is lost. As a
result, the AML1/ETO-induced inhibition of cell piferation is abrogated which probably
confers the enhanced leukemogenic potential of ABMID9a in a mouse model [48].

Using a reporter gene assay, we did not observenapgct of loss of the Tel central region
on the repressive TEL/AML1 transcriptional potehtisVe can not exclude that other
TEL/AML1 functional properties could have been imfhced and that the variant patients
form a specific subgroup within the TEL/AML1-pos#i leukemias. However, here we had
the opportunity to study leukemic characteristicsunmanipulated natural acute leukemias
that are - in terms of defining a leukemogenic prtips - superior to any animal or in-vitro
model. Importantly, the deletion of the exon 5 abdmentral region did not affect the
TEL/AML1-specific phenotype and comparing clinicahd biological features of the two
variant TEL/AML1-positive leukemias with the classi TEL/AML1-positive cases, we
didn’t find any relevant differences in its chaexddtics. The same holds true for
immunophenotyping and GEP. Thus, we conclude tietentral region of TEL encoded by
the exon 5 is dispensable for TEL/AML1 leukemogénes
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Figure L egends

Fig. 1. PCR products with amplified TEL/AML1 and AML1/TELu$ion transcripts on
agarose gels with the length markers and transseigiences with solid lines representing the
site of fusion are shown for patient UPN 92§ and patient UPN 1073j.

Fig. 2. PCR products with amplified TEL/AML1 genomic fusiam patient UPN 916K4),
AMLL/TEL genomic fusion in patient UPN 918 and TEL/AML1 genomic fusion in
patient UPN 1078 Q) on agarose gels with the length markers and sporeding PCR
product sequences are shown. Dashed lines borderetions with sequences that are
identically found in both fusion partners.

Fig. 3. Schematic presentation of TEL/AML1 protein incluglim scale position of key
functional domains and TEL exon 5 coded regidh (HLH = helix-loop-helix domain, CR =
central region, RHD = runt homology domain. Scheoatesentation of wt TEL and AML1
genes B), genomic fusions and fusion transcripts in pasddPN 916 C) and UPN 1078
(D): numbered boxes represent exons, numbered |lg@®gsent introns, complete coding
region was analyzed in both patients; note the tdsE5kb genomic region including TEL
exon 5 bordered with dashed lines in patient UP6l 91

Fig. 4. Unsupervised hierarchical cluster analysis of gempression data in leukemic
samples positive for variant-TEL/AML1, classicaH7/EML1, MLL/AF4 and BCR/ABL
rearrangements, respectively, was carried out derisg those clones that had a 2-fold
difference in expression from the mean on at I€astrrays (1271 clones). Each column
represents one sample, each row one clone. Genessign is displayed as a variation in
color as indicated in the left lower corner. Grapnesents data that were omitted because
they were not well measured.

Fig. 5. Western Blot analysis demonstrated the stable sxfme of the variant TEL/AML1
fusion protein A): classical TEL/AML1 protein with molecular weighpproximately 97 kDa
was detected in nuclear lysate of TEL/AML1-positiveukemic cell line Reh;
TELAex5/AML1 with a molecular weight of approximatel§ KDa is the variant TEL/AML1
protein identified in nuclear lysates of HelLa cdihe, transiently transfected with
TELAex5/AML1-pcDNA3.1 construct. Luciferase assay cormga ability of classical
(TEL/AML1-pcDNA3.1) and variant (TEDAex5/AML1-pcDNA3.1) TEL/AML1 proteins to
repress transcription from Granzyme B promotB): (relative luciferase activity was
normalized to empty vector (pcDNA3.1) and fold aation on wt Granzyme B promoter
(GZMB-pGL3) and Granzyme B promoter with mutated BMbinding sites (GZMB-
pGL3) is shown.
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Supplemental Appendix

Sample processing, nucleic acids isolation, reverse transcription

Mononuclear cells from diagnostic bone marrow sawnplere isolated by Ficoll-Paque
(density 1.077g/mL; Pharmacia, Uppsala, Swedengitjecentrifugation. Aliquoted cells
were stored at —8C prior to the DNA/RNA extraction.

Genomic DNA was isolated by the QlAamp® DNA BloodniKit (QIAGEN GmbH,

Hilden, Germany).

Total RNA was extracted using a modification of thethod described by Chomczynski and
Sacchi [37]. Total RNA was reverse transcribed camplementary DNA (cDNA) using
MoMLV Reverse Transcriptase (Gibco BRL, Carlsbad, USA) according to the
manufacturer’s instructions.

RT-PCR and analysis of PCR products

The TEL/AML1 fusion transcript in patients UPN91isdaUPN1078 was amplified using
touchdown RT-PCR with primers Tel-F (5-ATGTCTGAGACCTGCTCAGTG-3’) and
TA-R (5-GCGGCAACGCCTCGC3’). The RT-PCR was perfauhnin a final volume of 25
ul containing 2.5 10x HotMaster Taq Buffer, O@ HotMaster Taq DNA Polymerase
(Eppendorf); 0.4M each primer; 200M each dNTP; fil template cDNA. PCR was
performed on a Gene Amp PCR System 2400 (Appliedy&items, Foster City, CA, USA)
under the following conditions: 94°C for 5 minuté§; cycles of 94°C for 30 seconds, 68°C
minus 1°C per each cycle for 20 seconds, 72°C foiriute; 30 cycles of 94°C for 30
seconds, 58°C for 20 seconds, 72°C for 1 minut&C#@r 7 minutes. The AML1/TEL
transcript was amplified as described previous8}.[RCR products were analyzed on
agarose gel containing ethidium bromide and diyesgjuenced. Sequencing was performed
on ABI PRISM® 3100 Avant Genetic Analyzer with Big™ Primer v3.0 Sequencing Kit
(Applied Biosystems, Foster City, CA, USA). Sequenwere analyzed using Chromas
version 1.5 software (Technelysium, QueenslandirAlig).

To detect TEL/AMLL1 transcripts with outspliced TiEkon 5 in 20 TEL/AML1-positive
patients we amplified TEL/AMLL1 fusion using Tel-&x45'-
GGTGATGTGCTCTATGAACTCCTTCAGCATATTC -3’) and TA-R pners. The RT-
PCR reaction was set as described above and treeahiing conditions were used except
for annealing and elongation times which were smat to 15 seconds per each. The PCR
products were analyzed on Agilent 2100 Bioanaly2agilent Technologies, Santa Clara, CA,
USA) using a DNA Series Il Kit (DNA 1000 Assay) aAdilent 2100 Expert software
according to the manufacturer’s instructions.

Gene expression profiling

To reduce potential bias resulting from the usevof different array batches, data were
mean-centered within each of the 2 batch runs. @wlye clones were considered with data
evaluable on at least 70% of arrays and that Ha€bdd difference in expression from the
mean on at least six arrays. The primary data lamdhtage files are stored in and are publicly
available through the Stanford Microarray Datal(asi://smd.stanford.edu

Genomic fusion sites analysis

The TEL-AML1 genomic fusion sites in leukemic caldispatients UPN916 and UPN1078
were identified with an asymmetric multiplex PCRith\the primer pairs TEL.14.F4-
AML.12.R54B (5'- TTTGTAGTGTAGGCGCCCTGAAAATAGAGC-3'+5'-
CGGGAAGAACTAGCGTTCGAGGATAAAAGA-3) and TEL.E4.F1-AML.11.R49 (5'-
TTCACCATTCTTCCACCCTGGAAACTCTAT-3'+5'-
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CTCAGGCATATCCAGGCTAGCAATTTTCAT-3) a 2.7 kb and &b big fragments were
amplified in patients UPN 916 and UPN1078, respebtti PCR products were analyzed on
agarose gel and directly sequenced as describe®.abloe long distance PCR (LD-PCR) was
performed on a GeneAMiPCR SYSTEM 9700 (Applied Biosystems, Foster Gij,

USA), using the PCR Extender System (5 PRIME Inatl&rburg, MD, USA) under
following conditions: 93°C for 3 minutes; 10 cycleis93°C for 15 seconds, 62°C for 30
seconds, 68°C for 18 minutes; 27 cycles of 93°Closeconds, 62°C for 30 seconds, 68°C
for 18 minutes + 20 seconds.

The AML1/TEL genomic fusion site in patient UPN94/&s amplified using primers TA-F
(5-TGCATACTTGGAATGAATCCTTCTAGA-3) and ETS (5'-
TTGTAGTAGTGGCGCAGGGC?3)

The long distance PCR (LD-PCR) was performed omraeGAmp PCR System 2400
(Applied Biosystems, Foster City, CA, USA) usingifjase® Enzyme Mikinvitrogen,
Carlsbad, CA, USA) under the following conditio@2°C for 2 minutes; 40 cycles of 92°C
for 30 seconds, 65° for 30 seconds, 68°C for 1ue® 30 seconds.

PCR products were analyzed on agarose gel andlgiseguenced as described above.

Cloning, Western blotting

The TEL-exon 4/AML1-exon 3 transcript from diagno€M cDNA of patient UPN916 was
amplified using following primers: forward primes’{
TAGAATTCCCTGATCTCTCTCGCTGTGA-3') and reverse primr'-
TAGAATTCTCAGTAGGGCCTCCACACGGCCT-3).

The RT-PCR was performed in a volume ofibfontaining: Bl 10x Pfx Amplification

Buffer, 1Qul 10x PCRx Enhancer Solution, @l4Platinum® Pfx DNA Polymerase
(Invitrogen,Carlsbad, CA, USA); 018V of each primer; 300M of each dNTP; @il template
cDNA. The PCR was performed on a Gene Amp PCR 8y2#00 (Applied Biosystems,
Foster City, CA, USA) under the following conditgard4°C for 5 minutes; 10 cycles of 94°C
for 30 seconds, 60°C minus 0,5°C per each cycl8@meconds, 68°C for 2 minutes; 25
cycles of 94°C for 30 seconds, 55°C for 30 seco®8%C for 2 minutes; 68°C for 7 minutes.
PCR product was subcloned into PER®2.1-TOPO vector using TOPO® TA Cloning®
Kit (invitrogen, Carlsbad, CA, USA), the insert was cut from PCR®PAPO vector with
EcoRI restriction endonuclease (Fermentas, St. {Rmin Germany) and cloned into the
pPcDNA3.1 expression plasmid resulting in the T¥ek5/AML1-pcDNAS.1 construct.

The TELAex5/AML1-pcDNAS.1 was transfected into HelLa catidi(Human epithelial
carcinoma cell line) using Lipofectamine™ 2000 (tragen Carlsbad, CA, USA) according
to the manufacturer’s instructions. The T&Xx5/AML1 protein expression was checked 48
hours post transfection by Western blot. Nucleaatgs were prepared using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (PjdRoekford, IL, USA) supplemented
with Complete™ Protease Inhibitor Cocktail (RocBasel, Switzerland). Proteins were
resolved by 8% SDS-PAGE and transferred to a rethdlose membrane (Bio-Rad, Hercules,
CA, USA). Nonspecific binding on the membrane wiasked with PBS containing 5% dry
milk. The membrane was probed with anti TEL (N-&@)ibody (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA) in 5% dry milk overnigiihe bound antibody was detected with
the appropriate secondary antibody conjugated motseradish peroxidase and visualized
using Immun-Star HRP Substrate Kit (Bio-Rad, HezsulCA, USA).



Figure 1

A UPN 916
— -—
Ll —]
t = AGAMACCATOAAGAAGATGC CAGCAC GAG
2 3 ” I
= = ' |
bp = - L~ lr.l
2072 ) I'f':ﬁ'lﬂ T'I(.j |'E
1500 | |
TEL ex4/AML1_ex3
600
100
UPN 916
B
-— —
: &
=T -
3 —]
= B
be E g
2072
1500
GO0
100

UPN 1078



Figure 2

A UPN 916
TEL/AMLA

ko TEL_ind/AML1_in2

4200
3700

2600

B AMLUTEL

» AML1 in2/TEL in5

TAAATGCCTCTATAC ACTCT CTAAA*.AIU. i:AC GGGGTTTCOCCACGTT GGTCa)

[
i
'
]

3000
2500

C UPN 1078
TEL/AMLA
TEL_ind/AML1_in1

i I
CTTACTC TG AGAGC TGC TGGC:;&A&'&A_ ATGCTTTCTGTGCCCTCTTTG




Figure 3
A

TEL

AML1

TEL/AMLA

AML1TEL

D

TEL/AMLA

AML1TEL

HLH | gxonh

h

[~] i
(] []
[=] []
(2] [=]
[=] Em
[~] i

-

-

[=] [=]

UPN 916

fusion genes

{5} 5 = =5 =6} 7 =] 8]
5 6 7
i
7 Els -
fusion transcHpts
tevama  [1]2[3]a3]a]s[6]7]8]
AML1TEL (1]2]6]7]8]
UPN 1078
fusion genes
[ =3 =1 = [6 =7}

= f—{s

~]

fusion transciipts
Team [1]2]3]4]2]3]4]5]6]7]8]

AMLATEL (1]5]6]7]8]

7

[=] [+]



Figure 4

TADE b0T38
TADE 10148
TRADY 1138

TRADE 00738
T/Dd Tt
/DA E0T8
T/ Tl 91748
150/ Tl 02138
15/ TAL 67748
T/ Tl 07738

bt/ TH S21.48
bt/ T L0V
bt/ THI $2728
bt/ TH 8078
bt/ TH €718
bt/ B S0T28

T/ Tl 1178
—— T/ TAL 60748
— TT/'TL 2173
| — VTR LT
T/ AL 7738
SLOT WUA-TELL
96 dA-Ta

-30

g0

0125 10

Figure 5

A

130 kDa —

« TEL/AML1

05 kDa ___ e—
PR « TELAex5/AMLI

72 kDa —

S5 kDa — =

B czmBpGL3
O czmBrpGL3

66% MR 63% QNFAL

LN 100% 243%

uopeAlIe pjo)

TEL Aex5/AMLA
-pcDHNAGA

TEL/AMLA1-
pcDHAZA

AML1-
pcDNAZ.A

pcDNAT.1



ORIGINAL ARTICLE

Leukemia (2009), 1-8
© 2009 Macmillan Publishers Limited All rights reserved 0887-6924/09 $32.00

d

www.nature.com/leu

Quantification of fusion transcript reveals a subgroup with distinct biological properties
and predicts relapse in BCR/ABL-positive ALL: implications for residual disease

monitoring

M Zaliova, E Fronkova, K Krejcikova, K Muzikova, E Mejstrikova, ] Stary, J Trka and ] Zuna

CLIP, Department of Paediatric Haematology and Oncology, 2nd Faculty of Medicine, Charles University Prague and University

Hospital Motol, Prague, Czech Republic

Minimal residual disease (MRD) monitoring is an essential tool
for risk group stratification in current treatment protocols for
childhood acute lymphoblastic leukaemia (ALL). Although
quantitative detection of clonal immunoglobulin (/g) and T-cell
receptor (TCR) gene rearrangements is currently considered to
be the standard method, leukaemia fusion genes provide other
possible targets for MRD follow-up, as already demonstrated in
TEL/AML1-positive ALLs. We analysed and compared MRD
levels quantified by BCR/ABL transcript detection and by the
standard Ig/TCR-based method in 218 bone marrow specimens
from 17 children with BCR/ABL-positive ALL. We found only a
limited overall correlation of MRD levels as assessed by the two
methods (correlation coefficient R?2=0.64). The correlation
varied among patients from excellent (R?>=0.99) to very poor
(R?=0.17). Despite identical sensitivity of the approaches, 20%
of the samples were negative by the Ig/TCR approach whereas
positive by the BCR/ABL method. We show that multilineage
involvement is at least partly responsible for the discrepancy.
Moreover, our data demonstrate that BCR/ABL monitoring
enables better and earlier prediction of relapse compared to
the standard Ig/TCR methodology. We conclude that BCR/ABL-
based MRD monitoring of childhood ALL is a clinically relevant
tool and should be performed in parallel with the standard lg/
TCR follow-up.

Leukemia advance online publication, 22 January 2009;
doi:10.1038/leu.2008.386

Keywords: acute lymphoblastic leukaemia; BCR/ABL; Ig/TCR,
minimal residual disease; relapse

Introduction

The chromosomal translocation t(9;22) resulting in the Phila-
delphia chromosome (Ph) is found in 3-5% of all children with
acute lymphoblastic leukaemia (ALL)." Two types of this
chromosomal rearrangement occur in childhood ALL. In the
majority of ALL cases (~90%), the chromosome 22 breakpoint
is located in the minor breakpoint cluster region (m-BCR), and
translocation to the ABL gene on chromosome 9 generates the
m-BCR/ABL fusion gene, encoding a 190kDa hybrid protein
(p190). The breakpoint within the Major breakpoint cluster
region (M-BCR) of the BCR gene is typical for chronic myeloid
leukaemia (CML) but it is less frequent (~10% of cases) in
ALL.? The latter variant results in the M-BCR/ABL fusion gene,
encoding a 210kDa hybrid protein, p210.
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The presence of the BCR/ABL fusion gene in ALL is an adverse
prognostic factor associated with a high risk of therapeutic
failure.*~® Although the prognosis of BCR/ABL-positive child-
hood ALL is generally poor, certain heterogeneity in clinical
outcomes reflecting the biological heterogeneity of this disease
has been reported.*”~ The key components of the modern
high-risk BCR/ABL-positive childhood ALL therapy are intensive
chemotherapy (including bcer/abl kinase domain inhibitors) and
haematopoietic stem-cell transplantation (HSCT).

Minimal residual disease (MRD) monitoring is used for the
evaluation of treatment response, to stratify patients into risk
groups on treatment protocols, and it also significantly
influences clinical decisions in transplanted and off-protocol-
treated patients. The highly significant prognostic value of MRD
level at specific time points during treatment (both on frontline
protocols and after HSCT) has been clearly documented in
several studies.'®"®

Real-time quantitative polymerase chain reaction (RQ-PCR)-
based detection of clonal immunoglobulin (ig) and T-cell
receptor (TCR) gene rearrangements is the only standard method
for MRD monitoring in childhood ALL. This method is
applicable in virtually all (~95%) ALL patients. Use of the
European BIOMED-1 and BIOMED-2 standardized protocols for
target identification and the ESG-MRD-ALL (European Study
Group for MRD detection in ALL—recently renamed to ESLHO,
European Scientific Foundation for Laboratory Haematology and
Oncology) standardized principles for MRD quantification and
interpretation provides an excellent basis for the substantial
reproducibility of this method.'”™"® On the other hand, due to
the necessity of individual target identification and RQ-PCR
optimization, this MRD method is extremely labourious and
time consuming and relatively expensive. Moreover, in a subset
of patients, a clonal evolution of [g/TCR targets during the
follow-up period can hamper the accuracy of MRD monitor-
ing.2%2% In Ph-positive (Ph+) ALL cases, quantitative detection
of the BCR/ABL fusion transcript provides an alternative option
for follow-up. MRD monitoring based on fusion transcript
detection possesses some disadvantages,?* but the substantial
advantage of this method is the opportunity to use a universal
system for fusion transcript identification and monitoring, which
makes this method relatively easier, faster and cheaper than the
Ig/TCR approach. We have previously shown that in TEL/AML]-
positive childhood ALL, fusion transcript-based MRD monitor-
ing is clinically relevant and closely correlates with the Ig/TCR
approach.?>?® The clinical relevance of fusion transcript-based
MRD monitoring in BCR/ABL-positive childhood ALL was
shown in a study by Cazzaniga et al,” demonstrating that
prospective qualitative monitoring of BCR/ABL by reverse
transcription-PCR reveals the heterogeneity in treatment re-
sponse and risk of therapy failure. However, there are no
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published data regarding quantitative BCR/ABL follow-up in
childhood ALL and, importantly, no comparison of quantitative
BCR/ABL fusion transcript detection and standard Ig/TCR-based
MRD monitoring has been ever provided.

In our study we aimed to determine the correlation between
two independent MRD approaches in BCR/ABL-positive child-
hood ALL. We retrospectively analysed 218 samples from 17
children with Ph+ ALL and compared MRD levels by
quantitative detection of Ig/TCR and BCR/ABL fusion transcript.
Our data show that there is only a limited correlation between
both methods and a relatively high subset of samples with
discordant MRD information and that multilineage involvement
is at least partly responsible for the discrepancy. We demon-
strate that parallel MRD monitoring based on BCR/ABL
transcript detection brings additional clinically relevant infor-
mation to Ig/TCR-based follow-up and, thus, should be
preformed in all children with BCR/ABL-positive ALL.

Patients and methods

Patients and samples

A total of 17 children (6 girls and 11 boys, age 4-17 years) with
Ph+ ALL diagnosed in the Czech Republic between 1994 and
2007 were enroled in our retrospective study. Depending on the
time of diagnosis, they were treated according to one of four
consecutive BFM-based treatment protocols. Of the 17 children,
13 suffered from one or more relapses during the treatment
(bone marrow relapse: n=13; isolated central nervous system
relapse: n=2; isolated testicular relapse: n=1), 4 patients are in
the first complete remission (CR; median follow-up of these 4
patients is 62 months). Of the children, 15 underwent HSCT (8
in the first CR, 7 in the second CR). For the MRD analysis, 218
bone marrow (BM) follow-up samples were available. The
informed consent of the patients’ parents or guardians was
obtained in all cases.

Cell processing, DNA and RNA extraction, reverse
transcription

Mononuclear cells from diagnostic and relapse BM/peripheral
blood (PB) samples were isolated by Ficoll-Paque (density
1077 g/ml; Pharmacia, Uppsala, Sweden) density centrifugation.
Follow-up samples were processed by erythrocyte lysis.
Aliquoted cells were stored at —80°C before DNA/RNA
extraction.

Genomic DNA was isolated by one of the following methods:
the QlAamp DNA Blood Mini Kit (QIAGEN GmbH, Hilden,
Germany); BioRobot EZ1 with the EZ1 DNA Blood Kit (QIAGEN
GmbH); ethanol precipitation from phenol phase after RNA
isolation; the salting out method.?”

Total RNA was extracted using a modification of the method
described by Chomczynski and Sacchi.?® Total RNA was reverse
transcribed into cDNA using MoMLV Reverse Transcriptase
(Gibco BRL, Carlsbad, TX, USA) according to the manufacturer’s
instructions.

BCR/ABL RQ-PCR detection

BCR/ABL and B2 microglobulin (f2M) transcript levels in the
cDNA samples were determined by RQ-PCR in the LightCycler
system (Roche Diagnostic GmbH, Basel, Switzerland) according
to manufacturer’s instructions. The f2M transcript was used as
an endogenous control to normalize cDNA concentration and
quality as described previously.?® The BCR/ABL Major and
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minor variants were detected by two separate systems with
identical reverse primers and hydrolysation probes but
two different forward primers (ABL reverse primer:
GGTTTGGGCTTCACACCATTC; probe: 6FAM-CCATTGTGAT
TATAGCCTAAGACCCGGAGCTXT-PH; m-BCR forward pri-
mer: GCCCAACGATGGCGAGG; M-BCR forward primer:
TTCCGCTGACCATCAATAAGQG). The PCR amplification was
carried out in 1 x PCR buffer (supplied with Platinum Taq DNA
polymerase) containing 200 pmol/l of each dNTP, 0.5 pmol/l of
each primer, 0.2 umol/I of probe, 5 pg of bovine serum albumin
and 1 U of Platinum Taq DNA polymerase (Invitrogen Corpora-
tion, Carlsbad, CA, USA) per reaction in a final reaction volume
of 20 pl. The cycling conditions were 150 at 95 °C followed by
45 cycles at 95°C/3s, 62°C/10s and 72 °C/5s. The standard
curves were generated using serial dilutions of plasmid
calibrators containing the sequences of measured transcript.
The standard curve parameters were obtained automatically by
the LightCycler software using calculations of the second
derivative maximum. Concentrations of the target (BCR/ABL)
and control (f2M) were measured in each sample, and the
relative copy number of the target (target level) was calculated
as a ratio between BCR/ABL and fi2M concentrations. Experi-
ments were performed in duplicate, except for 12 samples
where the RQ-PCR reactions were run just once due to a lack of
cDNA material. Correlation of MRD levels between the Ig/TCR
and BCR/ABL approaches did not differ significantly in these 12
samples compared to the rest of the sample cohort.

Ig/TCR detection

Rearrangements of immunoglobulin heavy chain (IGH), im-
munoglobulin light chain kappa (/GK) and T-cell receptors delta
(TCRD), gamma (TCRG) and beta (TCRB) were identified using
single or multiplex PCR.'®'?-Quantification of clone-specific
antigen-specific receptor gene rearrangements was performed
using germline probes and reverse primers?®>* as described
previously."® The albumin gene was used to normalize DNA
concentration and quality.>* We monitored three Ig/TCR targets
in 1 patient, two Ig/TCR targets in 13 patients and one Ig/TCR
target in 3 patients. The highest Ig/TCR target level was used for
MRD assessment.

MRD assessment

The ESG-MRD-ALL criteria for RQ-PCR sensitivity, quantitative
range and MRD interpretation were applied to both Ig/TCR and
BCR/ABL approaches.'” The RQ-PCR sensitivity was at least
10™*for Ig/TCR and 10 transcript copies for BCR/ABL. Strict cut-
off values for the minimal control gene/transcript concentrations
were applied to eliminate samples with inadequate DNA/cDNA
quality. The main cut off (1% of ‘reference value’) was applied
to all samples. To preclude the possibility of false-negative
results we applied an even stricter second cut off (10% of
‘reference value’) to the samples with immeasurable Ig/TCR or
BCR/ABL MRD levels. The ‘reference value’ for the DNA
experiments was the level of albumin assessed in 200 ng of buffy
coat DNA. The ‘reference value’ for the cDNA experiments was
set individually in each patient as a f2M concentration assessed
in the diagnostic cDNA containing 10° copies of BCR/ABL
transcript; this strict approach ensures comparable sensitivity of
BCR/ABL quantitative monitoring up to the MRD level 1077 in
all patients. The samples with a DNA/cDNA concentration
under the cut-off values were excluded from further analysis.
Thus, we refer to 17 diagnostic/relapse samples and 201 follow-
up specimens. MRD in follow-up samples was expressed as a
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Figure 1 Quantitative BCR/ABL levels (logarithmic scale) in diag-

nostic/relapse samples. @: m-BCR/ABL in diagnostic samples of
patients expressing only m-BCR/ABL; <: m-BCR/ABL in diagnostic
samples of patients expressing both m-BCR/ABL and M-BCR/ABL; A:
M-BCR/ABL in diagnostic samples of patients expressing both m-BCR/
ABL and M-BCR/ABL; %: m-BCR/ABL in relapse samples of patients
expressing only m-BCR/ABL.

ratio of target level in a particular sample to target level in a
diagnosis or relapse (in the 5 patients with unavailable material
from diagnostic BM aspiration).

Cell sorting

In one of the recent cases with sufficient amount of material we
were able to sort the BM cells from one of the follow-up samples
according to the presence of surface antigens into three different
subpopulations: malignant B-cell precursors (CD19 +, CD20—,
CD34 +), non-malignant B-lineage (CD19 +, CD20+, CD34—,
CD13—, CD14—) and myeloid cells (CD13+ or CD14+,
CD19-). The sorting was performed on high speed cell sorter
FACS Aria (BD, San Jose, CA, USA).The purity of the sorted
subpopulations was >99%.

Results

The BCR/ABL level in the diagnostic/relapse samples

We detected m-BCR/ABL expression in all 17 patients and
M-BCR/ABL in 3 cases, expressing both transcripts simulta-
neously. The relative m-BCR/ABL copy number in nine
diagnostic BM samples from patients expressing only the m-
BCR/ABL transcript ranged from 134 to 20,909, spanning >1.5
logs (Figure 1). The relative M-BCR/ABL copy number in three
diagnostic samples from patients expressing both variants
ranged from 3276 to 7453 spanning less than 0.5 log (Figure 1).
The relative m-BCR/ABL copy number in diagnostic samples
from these three patients ranged from 0.8 to 2.3, being on
average 10° times lower than in patients expressing m-BCR/ABL
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only (Figure 1). White blood cell (WBC) count, age, immuno-
phenotype and blast proportion in BM showed no relation to the
initial BCR/ABL level (data not shown). Due to the observed
interpatient differences in initial BCR/ABL expression, the MRD
level was expressed as a ratio of the target level in a particular
follow-up sample to the target level in a diagnostic sample. This
approach is analogous to ESG-MRD-ALL principles, where the
diagnostic sample is assigned a value of 1 (=100%).

The M-BCR/ABL was used for MRD assessment in the follow-
up samples of all patients expressing both BCR/ABL variants. In
five patients expressing only m-BCR/ABL, we had no material
from the diagnostic BM. In these patients, we used relapse as the
reference value for MRD follow-up. The relative m-BCR/ABL
copy number in these five relapse samples ranged from 820 to
6040, matching the range of the diagnostic samples (Figure 1).

Correlation of BCR/ABL- and Ig/TCR-based MRD

Figure 2 shows the overall correlation between BCR/ABL- and
Ig/TCR-based MRD (R*=0.6429; n=201). In total, 70 (35%)
and 84 (42%) samples were MRD-negative or -positive by both
methods (‘double-negative’ and ‘double-positive’), respectively.
The double-positive samples with Ig/TCR and BCR/ABL levels
within 1 log (as well as all double-negative samples) are
considered to be well correlating. The quantitative levels
differed by >1 log in 25 (30%) double-positive samples, being
higher by [g/TCR method in 8 (10%) samples and higher by the
BCR/ABL method in 17 (20%) samples. Of the samples, 47
(23%) were positive by one method only (‘single-positive’): 7
(3%) Ig/TCR single-positive and 40 (20%) BCR/ABL single-
positive. The highest MRD level in the Ig/TCR single-positive
samples did not exceed 5 x 10~*. However, in 19 (48%) BCR/
ABL single-positive samples, the MRD was higher than 5 x 107
(MRD>5x10"* n=2; MRD>10"" n=10; MRD>10"":
n=4; MRD>10"": n=3). We compared the correlation of
M-BCR/ABL and m-BCR/ABL with Ig/TCR. Our data showed a
better correlation of Ig/TCR with M-BCR/ABL than m-BCR/ABL
(R>=0.8114; n=33 vs R?=0.6103; n=168).

The m-BCR/ABL transcript is present also in
Ig/TCR-negative non-leukaemic cells

In one of the patients with m-BCR/ABL transcript and poor BCR/
ABL vs Ig/TCR correlation (UPN1092) we were able to analyse
one of the early follow-up samples for the presence of clonal
markers in three sorted cell populations: malignant B-cell
precursors, non-malignant B-lineage and myeloid cells. As
expected, the levels of both Ig/TCR targets (IGH and IGK) and
m-BCR/ABL found in pure malignant B-cell precursor subpopu-
lation were higher compared to the unsorted diagnostic sample.
For the comparison of subpopulations the levels in the
leukaemic cells were stated as 100%. Although the m-BCR/
ABL expression was high also in the non-malignant B-lineage
and in myeloid cells (>20% and >10% of the ‘leukaemic cells
expression’, respectively) the level of both Ig/TCR markers was
very low in non-malignant subpopulations (0.02-0.1%) and
corresponded to the level of sort purity (Figure 3). The Ig/TCR vs
BCR/ABL ratio was 1.0 (malignant B-cell precursors), 0.005
(non-malignant B-lineage) and 0.004 (myeloid lineage).

The level of BCR/ABL transcript is better and earlier
predictor of relapse than 1g/TCR

Altogether, 14 relapses with at least 1 preceding BM sample
occurred during the follow-up of our cohort. We aimed to assess
the value of both MRD-monitoring approaches in terms of

-

Leukemia



BCR/ABL quantification in Ph+ ALL
M Zaliova et al

1.0E+02

1.0E+01

R?=0.6429

n =201
1.0E+00

1.0E-01

Ig/TCR

1.0E-02

1.0E-03

1.0E-04

1.0E-05

1.0E-05 1.0E-04 1.0E-03

(double negative)

1.0E-02

T T 1
1.0E-01 1.0E+00 1.0E+01 1.0E+02

BCR/ABL

Figure 2 Correlation scatterplot of BCR/ABL- and Ig/TCR-based minimal residual disease (MRD; logarithmic scales). Dashed line shows
theoretical optimal correlation, area between the full lines shows acceptable correlation with less than 1 log difference between both methods.
R? = correlation coefficient. n=number of samples. For the mathematical analysis, positive samples with MRD below the quantitative range

(otherwise referred as ‘positive’ only) were set numerically.

prediction of subsequent relapse and to determine whether the
discordant BCR/ABL vs Ig/TCR MRD levels in BM samples have
any clinical significance. The predictive value of MRD positivity
in the early time points is very limited as virtually all the samples
show high MRD levels. Among 35 BM samples taken within the
first 12 weeks of the frontline treatment (samples used for
treatment stratification of patients according to the current
MRD-based childhood ALL protocols) 32 were double-positive,
1 double-negative and 2 BCR/ABL single-positive (both at a high
level >107"). The level of positivity was >10"> by both
methods in 29/32 double positive samples. Thus, to analyse
predictive value of the two approaches we compared number of
BCR/ABL and Ig/TCR-positive (MRD level >107") samples
among all BM specimens taken 6 and 12 months before
relapse. The distribution of the positive samples was signifi-
cantly different. Although the majority of samples preceding
relapse were BCR/ABL-positive (17/23 and 29/45 6 and 12
months before relapse) only a minority of samples were Ig/
TCR-positive (8/23 and 15/45, respectively). The non-equal
distribution of the BCR/ABL and Ig/TCR-positive samples was
statistically significant (Fisher’s exact test, P=0.017 and
P=0.0058 for the two time points). The difference was also
substantial when only the last 1 (in total 14 samples) or the
last 2 (27 samples) BM specimens before relapse were taken into
account (BCR/ABL-positive, 10/14 and 20/27; Ig/TCR-positive,
4/14 and 7/27; P=0.057 and P=0.0009 for the last one and
the last two samples, respectively). On the contrary, the
distribution of MRD positivity in the BM samples taken more
than 1 year before relapse was comparable using both
approaches (P>0.3 for samples taken between 1 and 2 years
before relapse and also for all BM samples preceding relapse by
>1 year).
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Discussion

We present the first study evaluating the use of quantitative BCR/
ABL-based MRD monitoring in childhood ALL. Moreover, we
show its direct correlation with the Ig/TCR-based approach, the
only standard method for the MRD monitoring in ALL. We
analysed quantitative levels of the BCR/ABL fusion transcript in
17 BM diagnostic/relapse samples and in 201 follow-up samples
from patients with Ph+ ALL. The level of BCR/ABL transcript
expression at the time of diagnosis of childhood ALL has not
been studied so far. In a study by Yokota et al.,>” the initial levels
of m-BCR/ABL in 11 adults with ALL differed by 0.56 orders of
magnitude. Substantial differences in the levels of M-BCR/ABL
between patients in specified stages of CML were also described
(>1.5 logs and >1 log in chronic phase and blast crisis,
respectively)®® as well as an increase in M-BCR/ABL expression
level corresponding to disease progression from the chronic
phase to the blast crisis of CML.>” However, the significance of
the different BCR/ABL expression levels between individual
CML (at the same disease stage) and ALL patients remains
unknown. In our cohort, the levels of m-BCR/ABL transcript at
diagnosis varied significantly between patients, spanning >1.5
logs.

We report three patients with simultaneous expression of
minor- and Major-BCR/ABL transcripts. In all of them, the
quantitative level of M-BCR/ABL in the diagnostic sample was
significantly higher than the level of m-BCR/ABL and remained
dominant in all follow-up samples. Low levels of m-BCR/ABL
transcript were also described in adult M-BCR/ABL-positive
CML patients, where they are believed to arise through
alternative splicing or missplicing of the Major variant.*® The
number of patients expressing both BCR/ABL variants in our



study was too small to draw any broad conclusions. However,
our data show that all children with Ph+ ALL should be initially
screened for both BCR/ABL variants, and in case they are
expressed simultaneously, both transcripts should be analysed in
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all follow-up samples. In each particular follow-up sample, the
dominant transcript should then be used for MRD assessment.

In our study, we assessed MRD by two independent methods:
quantitative detection of the BCR/ABL transcript at the mRNA
level and quantitative detection of [g/TCR rearrangements at the
DNA level. We applied ESG-MRD-ALL principles for MRD
quantification to both approaches in an attempt to provide the
highest possible reproducibility, objectivity and comparability.
In our previous study, we compared these two approaches in a
biologically distinct subtype of childhood leukaemia— TEL/
AML1-positive ALL.?® In that study we compared MRD levels
assessed by Ig/TCR monitoring and by fusion transcript-based
RQ-PCR in 117 samples from TEL/AML1-positive patients. We
demonstrated an excellent correlation of the two methods in the
TEL/AML1-positive  ALL (R?=0.9032) with only <7% of
samples differing by >1 log. In contrast to that study, we found
only a limited overall correlation of both methods in BCR/ABL-
positive cases (R?=0.6429) using exactly the same methodo-
logy as described in the TEL/AMLT report.

The distribution of discordant samples between BCR/ABL-
positive patients was non-random. Although the concordance in
some patients was excellent (for example, patient UPN861:
R*=0.99, 13 samples), in most of the cases the correlation was
unsatisfactory (the lowest concordance found in patients
UPN1092: R>=0.17, 10 samples; UPN4: R>=0.35, 28
samples). Some patients were consistently MRD-positive by
the BCR/ABL method and negative by the Ig/TCR approach
during long period before relapse. In Figure 4, the levels of MRD
by both methods are shown for two such patients (Figures 4a
and b) and for one patient with excellent overall correlation
(Figure 4c). Although our data suggested better correlation of
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Figure 4 Minimal residual disease (MRD) follow-up of patients UPN1092 (a), UPN658 (b) and UPN861 (c). MRD levels of BCR/ABL and two Ig/

TCR targets are shown. IGH=immunoglobulin heavy chain rearrangements; /GK=immunoglobulin light chain kappa rearrangement; TCRD =
T-cell receptor delta rearrangement; TCRG = T-cell receptor gamma rearrangement; TCRB = T-cell receptor beta rearrangement; DG = diagnosis;
Rgm =bone marrow relapse; Ry =testicular relapse; HSCT = haematopoietic stem cell transplantation. Grey area represents MRD levels below the
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M-BCR/ABL expression with the Ig/TCR approach (2/3 patients
showed excellent correlation, R?> =0.99 and R? =0.93), the low
number of M-BCR/ABL-positive patients (n=3) precluded any
reasonable conclusions.

During the follow-up of our patients we also examined 138
PB samples (data not shown). We found a significant discre-
pancy between the correlation levels in BM vs PB samples (PB:
R?=0.5389). Our results demonstrate that leukaemic cells have
lower BCR/ABL expression in PB compared to BM, despite being
positive for clonal Ig/TCR markers in both compartments (data
not shown). Thus, we strongly recommend preferential use of
BM rather than PB specimens for BCR/ABL-based MRD
monitoring and we report only to BM samples in this study.

Six of our patients received the specific BCR/ABL inhibitor,
imatinib, during the follow-up period. Although this compound
became a crucial component of CML treatment, publications
analysing its role in the management of childhood ALL are so
far extremely rare.>® The correlation of the two analysed MRD
methods is very similar in the ‘imatinib’ vs ‘non-imatinib’ BM
samples and our data do not demonstrate any tendency to lower
BCR/ABL expression in 1g/TCR-positive cells during the imatinib
treatment. Prospective studies with imatinib in childhood ALL
are in progress worldwide; these studies will definitely show
whether imatinib has a specific effect on BCR/ABL expression
and the correlation of the DNA vs mRNA-based MRD approach.

We consider the high frequency of BCR/ABL single positivity
to be the most significant result of our study. Among all samples,
20% were BCR/ABL-positive and Ig/TCR-negative. There are
several possible explanations of this discrepancy: (1) false BCR/
ABL positivity due to sample cross-contamination, (2) false g/
TCR negativity (for example, due to the subclonal Ig/TCR target
or loss of Ig/TCR positivity during clonal evolution), (3) higher
sensitivity of the fusion transcript-based method, (4) the
presence of the BCR/ABL fusion in [g/TCR-negative cells (for
example, due to a multilineage BCR/ABL involvement) or (5)
very high BCR/ABL expression in a very small cell population.
Although we cannot completely rule out the reasons listed under
points 1-3, we believe they are very unlikely explanations for
the discrepancy between the two approaches. Sample cross-
contamination is considered to be a general disadvantage of
fusion transcript-based MRD monitoring, and to prevent this, we
followed strict rules for sample processing. In some patients the
BCR/ABL single positivity was present at a high level, and BCR/
ABL was continuously single-positive in many subsequent
samples processed separately, over the course of years. Thus,
we consider cross-contamination to be a highly improbable
explanation of this phenomenon. In a majority of patients, we
monitored >2 clonal Ig/TCR targets, and in all cases we
repeated [g/TCR rearrangement screening upon relapse of the
disease. We found no loss of Ig/TCR target due to the clonal
evolution in our cohort of patients. According to our experi-
mental data, the sensitivity of both methods was identical.
Moreover, in the patients with concordant results, the MRD data
correlated well even at low levels.

We believe that both of the reasons listed as (4) and (5) could
play a role in the overall unsatisfactory correlation of the two
methods. Although multilineage/stem cell involvement has been
proven in M-BCR/ABL-positive CML, there is still dispute about
its role in BCR/ABL-positive ALL. The published studies usually
refer to a limited number of patients and draw different
conclusions, but at least in a subset of patients, multilineage
involvement has been clearly demonstrated.**~** We were able
to analyse sorted cell populations from a follow-up sample in
one of the recent cases with m-BCR/ABL expression (UPN1092)
and we conclusively show that although the clonal Ig/TCR
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rearrangements are present only in the leukaemic cells, the BCR/
ABL fusion gene is found also in a subset of non-malignant
B cells and in myeloid lineage. The data demonstrate that BCR/
ABL fusion as the first or early hit in leukaemogenesis arises in a
progenitor cell with ability to differentiate into multiple
haematopoietic lineages. This also opens an important question
of a boundary between ALL and lymphoid blast crisis of CML;
however, speculations about optimal treatment of these cases go
beyond the scope of this study.

Different levels of BCR/ABL expression in various Ph+
subsets have been demonstrated as already mentioned above.
The data show higher BCR/ABL expression in less mature cells
in CML.***” Theoretically, these less mature cells (if also present
in ALL cases) could cause a discrepancy in the BCR/ABL and
Ig/TCR MRD approach by very high BCR/ABL expression in a
limited subpopulation—perhaps potentiated by combination
with Ig/TCR negativity.

The important question is: does BCR/ABL positivity in Ig/TCR-
negative samples have clinical relevance, or is it a meaningless
finding? Our data clearly show that the BCR/ABL positivity
during the long-term follow-up is an earlier and better predictor
of subsequent relapse of the disease compared to the Ig/TCR;
thus, we believe BCR/ABL positivity reflects either the remaining
leukaemic blast population, persistence of vulnerable cells with
a significant leukaemic potential (leukaemic stem cells?) or—
most likely—combination of both.

In conclusion, we strongly recommend monitoring of both
MRD targets (BCR/ABL and Ig/TCR) in all Ph 4+ ALLs. The higher
MRD level—obtained by either approach—should then be
considered clinically relevant.

Acknowledgements

This work was supported by grants MSM0021620813,
MZ0O00064203 and NS10004. We acknowledge all participating
centres within the Czech Paediatric Haematology Working Group
(CPH) for clinical management and sample collection.

References

—_

Schlieben S, Borkhardt A, Reinisch I, Ritterbach J, Janssen JW,

Ratei R et al. Incidence and clinical outcome of children with BCR/

ABL-positive acute lymphoblastic leukemia (ALL). A prospective

RT-PCR study based on 673 patients enrolled in the German

pediatric multicenter therapy trials ALL-BFM-90 and CoALL-05-92.

Leukemia 1996; 10: 957-963.

2 Deininger MW, Goldman JM, Melo JV. The molecular biology of
chronic myeloid leukemia. Blood 2000; 96: 3343-3356.

3 Suryanarayan K, Hunger SP, Kohler S, Carroll A, Crist W, Link MP
et al. Consistent involvement of the bcr gene by 9;22 breakpoints
in pediatric acute leukemias. Blood 1991; 77: 324-330.

4 Arico M, Valsecchi MG, Camitta B, Schrappe M, Chessells J,
Baruchel A et al. Outcome of treatment in children with
Philadelphia chromosome-positive acute lymphoblastic leukemia.
N Engl ] Med 2000; 342: 998-1006.

5 Fletcher JA, Lynch EA, Kimball VM, Donnelly M, Tantravahi R,
Sallan SE. Translocation (9;22) is associated with extremely poor
prognosis in intensively treated children with acute lymphoblastic
leukemia. Blood 1991; 77: 435-439.

6 Uckun FM, Nachman JB, Sather HN, Sensel MG, Kraft P, Steinherz
PG et al. Clinical significance of Philadelphia chromosome
positive pediatric acute lymphoblastic leukemia in the context of
contemporary intensive therapies: a report from the Children’s
Cancer Group. Cancer 1998; 83: 2030-2039.

7 Cazzaniga G, Lanciotti M, Rossi V, Di Martino D, Arico M,

Valsecchi MG et al. Prospective molecular monitoring of BCR/ABL

transcript in children with Ph+ acute lymphoblastic leukaemia



20

21

22

unravels differences in treatment response. Br /] Haematol 2002;
119: 445-453.

Ribeiro RC, Broniscer A, Rivera GK, Hancock ML, Raimondi SC,
Sandlund JT et al. Philadelphia chromosome-positive acute
lymphoblastic leukemia in children: durable responses to che-
motherapy associated with low initial white blood cell counts.
Leukemia 1997; 11: 1493-1496.

Schrappe M, Arico M, Harbott J, Biondi A, Zimmermann M, Conter
V et al. Philadelphia chromosome-positive (Ph+) childhood acute
lymphoblastic leukemia: good initial steroid response allows early
prediction of a favorable treatment outcome. Blood 1998; 92 (8):
2730-2741.

Biondi A, Valsecchi MG, Seriu T, D’Aniello E, Willemse MJ,
Fasching K et al. Molecular detection of minimal residual disease
is a strong predictive factor of relapse in childhood B-lineage acute
lymphoblastic leukemia with medium risk features. A case control
study of the International BFM study group. Leukemia 2000; 14:
1939-1943.

Eckert C, Biondi A, Seeger K, Cazzaniga G, Hartmann R,
Beyermann B et al. Prognostic value of minimal residual disease
in relapsed childhood acute lymphoblastic leukaemia. Lancet
2001; 358: 1239-1241.

Panzer-Grumayer ER, Schneider M, Panzer S, Fasching K, Gadner
H. Rapid molecular response during early induction chemotherapy
predicts a good outcome in childhood acute lymphoblastic
leukemia. Blood 2000; 95: 790-794.

Sramkova L, Muzikova K, Fronkova E, Krejci O, Sedlacek P,
Formankova R et al. Detectable minimal residual disease before
allogeneic hematopoietic stem cell transplantation predicts ex-
tremely poor prognosis in children with acute lymphoblastic
leukemia. Pediatr Blood Cancer 2007; 48: 93-100.

van der Velden VH, Joosten SA, Willemse MJ, van Wering ER,
Lankester AW, van Dongen JJ et al. Real-time quantitative PCR for
detection of minimal residual disease before allogeneic stem cell
transplantation predicts outcome in children with acute lympho-
blastic leukemia. Leukemia 2001; 15: 1485-1487.

van Dongen JJ, Seriu T, Panzer-Grumayer ER, Biondi A, Pongers-
Willemse MJ, Corral L et al. Prognostic value of minimal residual
disease in acute lymphoblastic leukaemia in childhood. Lancet
1998; 352: 1731-1738.

Krejci O, Prouzova Z, Horvath O, Trka ], Hrusak O. Cutting edge:
TCR delta gene is frequently rearranged in adult B lymphocytes.
J Immunol 2003; 171: 524-527.

van der Velden VH, Cazzaniga G, Schrauder A, Hancock J, Bader
P, Panzer-Grumayer ER et al. Analysis of minimal residual disease
by Ig/TCR gene rearrangements: guidelines for interpretation of
real-time quantitative PCR data. Leukemia 2007; 21: 604-611.
van Dongen JJ, Langerak AW, Bruggemann M, Evans PA, Hummel
M, Lavender FL et al. Design and standardization of PCR primers
and protocols for detection of clonal immunoglobulin and T-cell
receptor gene recombinations in suspect lymphoproliferations:
report of the BIOMED-2 Concerted Action BMH4-CT98-3936.
Leukemia 2003; 17: 2257-2317.

Pongers-Willemse MJ, Seriu T, Stolz F, d’Aniello E, Gameiro P,
Pisa P et al. Primers and protocols for standardized detection of
minimal residual disease in acute lymphoblastic leukemia using
immunoglobulin and T cell receptor gene rearrangements and
TAL1 deletions as PCR targets: report of the BIOMED-1 CON-
CERTED ACTION: investigation of minimal residual disease in
acute leukemia. Leukemia 1999; 13: 110-118.

Baruchel A, Cayuela JM, Macintyre E, Berger R, Sigaux F.
Assessment of clonal evolution at Ig/TCR loci in acute lympho-
blastic leukaemia by single-strand conformation polymorphism
studies and highly resolutive PCR derived methods: implication for
a general strategy of minimal residual disease detection. Br J
Haematol 1995; 90: 85-93.

Beishuizen A, Verhoeven MA, van Wering ER, Hahlen K,
Hooijkaas H, van Dongen JJ. Analysis of Ig and T-cell receptor
genes in 40 childhood acute lymphoblastic leukemias at diagnosis
and subsequent relapse: implications for the detection of minimal
residual disease by polymerase chain reaction analysis. Blood
1994; 83: 2238-2247.

Steward CG, Goulden NJ, Katz F, Baines D, Martin PG, Langlands
K et al. A polymerase chain reaction study of the stability of Ig
heavy-chain and T-cell receptor delta gene rearrangements

BCR/ABL quantification in Ph+ ALL
M Zaliova et al

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

between presentation and relapse of childhood B-lineage acute
lymphoblastic leukemia. Blood 1994; 83: 1355-1362.
Szczepanski T, Willemse M), Brinkhof B, van Wering ER, van der
Burg M, van Dongen JJ. Comparative analysis of Ig and TCR gene
rearrangements at diagnosis and at relapse of childhood precursor-
B-ALL provides improved strategies for selection of stable PCR
targets for monitoring of minimal residual disease. Blood 2002; 99:
2315-2323.

Szczepanski T. Why and how to quantify minimal residual disease
in acute lymphoblastic leukemia? Leukemia 2007; 21: 622-626.
Fronkova E, Madzo J, Zuna J, Reznickova L, Muzikova K, Hrusak
O et al. TEL/AML 1 real-time quantitative reverse transcriptase PCR
can complement minimal residual disease assessment in child-
hood ALL. Leukemia 2005; 19: 1296-1297.

Madzo J, Zuna J, Muzikova K, Kalinova M, Krejci O, Hrusak O
et al. Slower molecular response to treatment predicts poor
outcome in patients with TEL/AML1 positive acute lymphoblastic
leukemia: prospective real-time quantitative reverse transcriptase-
polymerase chain reaction study. Cancer 2003; 97: 105-113.
Miller SA, Dykes DD, Polesky HF. A simple salting out procedure
for extracting DNA from human nucleated cells. Nucleic Acids Res
1988; 16: 1215.

Chomczynski P, Sacchi N. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal
Biochem 1987; 162: 156-159.

Bruggemann M, van der Velden VH, Raff T, Droese ], Ritgen M,
Pott C et al. Rearranged T-cell receptor beta genes represent
powerful targets for quantification of minimal residual disease in
childhood and adult T-cell acute lymphoblastic leukemia.
Leukemia 2004; 18: 709-719.

Langerak AW, Wolvers-Tettero IL, van Gastel-Mol EJ, Oud ME, van
Dongen J). Basic helix-loop-helix proteins E2A and HEB induce
immature T-cell receptor rearrangements in nonlymphoid cells.
Blood 2001; 98: 2456-2465.

van der Velden VH, Wijkhuijs JM, Jacobs DC, van Wering ER, van
Dongen JJ. T cell receptor gamma gene rearrangements as targets
for detection of minimal residual disease in acute lymphoblastic
leukemia by real-time quantitative PCR analysis. Leukemia 2002;
16: 1372-1380.

van der Velden VH, Willemse MJ, van der Schoot CE, Hahlen K,
van Wering ER, van Dongen JJ. Immunoglobulin kappa deleting
element rearrangements in precursor-B acute lymphoblastic
leukemia are stable targets for detection of minimal residual
disease by real-time quantitative PCR. Leukemia 2002; 16:
928-936.

Verhagen O), Willemse M), Breunis WB, Wijkhuijs AJ, Jacobs DC,
Joosten SA et al. Application of germline IGH probes in real-time
quantitative PCR for the detection of minimal residual disease in
acute lymphoblastic leukemia. Leukemia 2000; 14: 1426-1435.
Pongers Willemse MJ, Verhagen O), Tibbe GJ, Wijkhuijs AJ, de
Haas V, Roovers E et al. Real-time quantitative PCR for the
detection of minimal residual disease in acute lymphoblastic
leukemia using junctional region specific TagMan probes.
Leukemia 1998; 12: 2006-2014.

Yokota H, Tsuno NH, Tanaka Y, Fukui T, Kitamura K, Hirai H et al.
Quantification of minimal residual disease in patients with ela2
BCR-ABL-positive acute lymphoblastic leukemia using a real-time
RT-PCR assay. Leukemia 2002; 16: 1167-1175.

Elmaagacli AH, Beelen DW, Opalka B, Seeber S, Schaefer UW. The
amount of BCR-ABL fusion transcripts detected by the real-time
quantitative polymerase chain reaction method in patients with
Philadelphia chromosome positive chronic myeloid leukemia
correlates with the disease stage. Ann Hematol 2000; 79: 424-431.
Gaiger A, Henn T, Horth E, Geissler K, Mitterbauer G, Maier-
Dobersberger T et al. Increase of bcr-abl chimeric mRNA
expression in tumor cells of patients with chronic myeloid
leukemia precedes disease progression. Blood 1995; 86:
2371-2378.

van Rhee F, Hochhaus A, Lin F, Melo JV, Goldman JM, Cross NC.
p190 BCR-ABL mRNA is expressed at low levels in p210-positive
chronic myeloid and acute lymphoblastic leukemias. Blood 1996;
87: 5213-5217.

Fuster JL, Bermudez M, Galera A, Llinares ME, Calle D, Ortuno FJ.
Imatinib mesylate in combination with chemotherapy in four
children with de novo and advanced stage Philadelphia chromo-

.1

Leukemia



BCR/ABL quantification in Ph+ ALL
M Zaliova et al

40

41

42

43

some-positive acute lymphoblastic leukemia. Haematologica
2007; 92: 1723-1724.

Dow LW, Tachibana N, Raimondi SC, Lauer SJ, Witte ON, Clark SS.
Comparative biochemical and cytogenetic studies of childhood
acute lymphoblastic leukemia with the Philadelphia chromosome
and other 22q 11 variants. Blood 1989; 73: 1291-1297.

Estrov Z, Talpaz M, Kantarjian HM, Zipf TF, McClain KL, Kurzrock
R. Heterogeneity in lineage derivation of Philadelphia-positive
acute lymphoblastic leukemia expressing p190BCR-ABL or
p210BCR-ABL:  determination by analysis of individual
colonies with the polymerase chain reaction. Cancer Res 1993;
53: 3289-3293.

Primo D, Sanchez ML, Espinosa AB, Tabernero MD, Rasillo A,
Sayagues JM et al. Lineage involvement in chronic myeloid
leukaemia: comparison between MBCR/ABL and mBCR/ABL
cases. Br /] Haematol 2006; 132: 736-739.

Secker-Walker LM, Cooke HM, Browett PJ, Shippey CA, Norton
JD, Coustan-Smith E et al. Variable Philadelphia breakpoints and

Leukemia

44

45

46

47

potential lineage restriction of bcr rearrangement in acute
lymphoblastic leukemia. Blood 1988; 72: 784-791.

Schenk TM, Keyhani A, Bottcher S, Kliche KO, Goodacre A,
Guo JQ et al. Multilineage involvement of Philadelphia chromo-
some positive acute lymphoblastic leukemia. Leukemia 1998; 12:
666-674.

Tachibana N, Raimondi SC, Lauer §J, Sartain P, Dow LW.
Evidence for a multipotential stem cell disease in some childhood
Philadelphia chromosome-positive acute lymphoblastic leukemia.
Blood. 1987; 70: 1458-1461.

Jiang X, Zhao Y, Smith C, Gasparetto M, Turhan A, Eaves A et al.
Chronic myeloid leukemia stem cells possess multiple unique
features of resistance to BCR-ABL targeted therapies. Leukemia
2007; 21: 926-935.

Wetzler M, Talpaz M, Van Etten RA, Hirsh-Ginsberg C, Beran M,
Kurzrock R. Subcellular localization of Bcr, Abl, and Bcr-Abl
proteins in normal and leukemic cells and correlation of
expression with myeloid differentiation. J Clin Invest 1993; 92:
1925-1939.



Acute leukaemias with TEL/ABL (ETV6/ABL1) fusion: poor prognosisand prenatal origin

*Jan Zuna, *Marketa Zaliovd, Katerina Muzikovg Claus MeyeT, Libuse Lizcovd, Zuzana
Zemanova Jana BrezinovaFelix Votava, Rolf Marschalek Jan Staryand Jan Trka

L CLIP (Childhood Leukaemia Investigation Prague)p&ement of Paediatric Haematology and
Oncology, Charles University Pragué? Eaculty of Medicine and University Hospital Motol,
Prague, Czech Republic

?Institute of Pharmaceutical Biology, ZAFES, Diagio€enter of Acute Leukemia, Goethe-
University of Frankfurt, Biocenter, Frankfurt/Mai@ermany

3 Centre of Oncocytogenetics, Institute of Clinica@emistry and Laboratory Diagnostics,
General University Hospital and Charles Univer§itpgue, 1 Faculty of Medicine, Prague,
Czech Republic

*Institute of Haematology and Blood Transfusion,gei Czech Republic

® Department of Paediatrics, Charles University Peagll Faculty of Medicine, Prague, Czech
Republic

* JZ and MZ equally contributed to this work as first authors

Correspondence to: Jan Zuna, MD, PhD
CLIP (Childhood Leukaemia Investigation Prague)
Department of Paediatric Haematology and Oncology
Charles University Prague!“Faculty of Medicine
V Uvalu 84
150 06 - Prague 5
Czech Republic
E-mail: jan.zuna@Ifmotol.cuni.cz

Supported by: This work was supported by grantdd@&1620813, IGA-MZ NS10004,
MZOFNM2005 and MZOVFN2005.

Short title: TEL/ABL-positive leukaemias



Abstract

The TEL/ABL (ETV6/ABL1) fusion gene is a rare aberration in human ongol@uly nineteen cases
of TEL/ABL-positive haematological malignancy have been phbli, diagnosed with chronic
myeloid leukaemia or another type of chronic myediferative neoplasm, acute myeloid
leukaemia or acute lymphoblastic leukaemia (ALL)eTpresent study reports 3 new cases (aged 8
months, 5 years and 33 years) of ALL with Wi /ABL fusion found by screening 392 newly
diagnosed ALL patients (335 children and 57 aduhgshorough review of the literature and an
analysis of all published data, including the 3 reases, reveal poor prognosisTél/ABL-positive
acute leukaemias. The course of the disease itwthpaediatric patients is characterised by
minimal residual disease monitoring, using quardiion of both th@EL/ABL transcript and
immunoreceptor gene rearrangements. Eosinophifiamoabe confirmed as a hallmark of the
TEL/ABL-positive disease. Scrutiny of the neonatal blqoat semonstrates that, in the child
diagnosed at 5 years, tMEL/ABL fusion initiating the ALL originated prenatally.

Keywords. ETV6, ABL1, leukaemia, aetiology, prognostic factor, minimesidual disease
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TheTEL/ABL (ETV6/ABL1) fusion gene, first described in 1995 (Papadomatal., 1995), is
thought to be a very rare aberration in human hémpogetic malignancies. A thorough search of the
literature reveals 19 cases published so far, disgphwith chronic myeloid leukaemia (CML, 9
patients) or another type of chronic myeloprolifa@neoplasm (cMPN, 3 patients), acute myeloid
leukaemia (AML, 4 patients) or acute lymphoblagtickaemia (ALL, 3 patients) (Papadopoulos et
al., 1995; Brunel et al., 1996; Golub et al., 1986¢dreasson et al., 1997; Van Limbergen et al.,
2001; Keung et al., 2002; La Starza et al., 2002t al., 2002; O'Brien et al., 2002; Barboutakt
2003; Meyer-Monard et al., 2005; Tirado et al., 20@ozziconacci et al., 2007; Baeumler et al.,
2008; Kawamata et al., 2008; Kelly et al., 2009ndlat al., 2009). The list of cases indicates a
preference of myeloid over lymphoid lineage (163/sases), a male to female ratio 2.6:1 and a
median age of 48 years at diagnosis. The revieteohiterature is summarised in Table 1.

Inverse orientation of th€EL (located at 12p13) arABL (9934) genes requires at least three DNA
breaks to form functiondlEL/ABL fusion - this fact is probably at least partlypassible for the
rareness of this aberration and for the fact thatréciprocaRBL/TEL fusion has never been
described so far in parallel with ti€L/ABL. At the mRNA level, two types of the fusion tranpt
were described - the type A transcript, composeatefirst 4 exons ofEL fused to the second
exon of ABL, and the type B transcript, where ffteL exon 5 is included as well. As demonstrated
in the mouse model, the ability ®EL/ABL to induce CML-like disease in mice is attenuatethe
absence of th€EL exon 5, and th&EL/ABL variant missing this exon is defective for B-lynojdh
transformation in vitro and lymphoid leukemogenésigivo (Million et al., 2004). Thus, although
the TEL exon 5 is not essential for tA&L/ABL driven leukaemogenesis, its presence modulates the
TEL/ABL functional properties and disease phenotype at iedahe animal model.

Eosinophilia was suggested as a clinical hallmatk@®TEL/ABL-positive leukaemia (La Starza et
al., 2002) — 5/19 published case-reports do natigpine number of eosinophils; the remaining 14
cases presented eosinophilia.

The biological consequencesTiEL/ABL show a significant similarity with the far morefuent
fusion in human leukaemi8CR/ABL. In vitro studies demonstrated that both abematiead to
constitutive activation of the non-receptor tyre@skinase ABL with similar downstream effects
associated to cellular growth, survival, growthtémendependence and transforming capacity
(Okuda et al., 1996; Malinge et al., 2006; Peceguet., 2007). However, differences between the
two fusions have been described, for example,arsttbstrate preferences (Voss et al., 2000). The
similarity with theBCR/ABL-induced transformation is also reflected in tha fhat tyrosine kinase
inhibitor imatinib can inhibit the growth GfEL/ABL-positive cells in vitro (Carroll et al., 1997;
Okuda et al., 2001), and six published case repdstssuggest transient (O'Brien et al., 2002;
Barbouti et al., 2003; Kelly et al., 2009) or pmodeed (Tirado et al., 2005; Kawamata et al., 2008;
Nand et al., 2009) treatment respons&kif/ABL-positive leukaemia to imatinib or second-
generation kinase inhibitors.

The vast majority of infant leukaemias (diagnosetbte 1 year of age) are thought to originate
already during in-utero development. Studies onaaggotic twins/triplets with acute leukaemia
(Ford et al., 1993; Zuna et al., 2003) and retrospe analysis of neonatal blood spots (Guthrie
cards) (Gale et al., 1997) revealed that acutealenkas are initiated prenatally also in a substhnti
number of older paediatric patients, often by faroraof a leukaemogenic fusion gene (e.g.
TEL/AML1 or AMLLVETO) (Ford et al., 1993; Ford et al., 1998; Wiemelalgt2002). Prenatal
initiation of leukaemia with clinical onset delaysgbically by several years clearly demonstrates th
need for an additional, post-natal hit(s) in ththpgenesis of the disease.

Our study describes 3 neMEL/ABL-positive patients (one adult and two children)avered in a
population-based study, all diagnosed with ALL. $#ew here clinical and biological features of
these leukaemias, including evidence for the pegraigin of theTEL/ABL fusion and the long



latency period (>5 years) before the clinical on€ertr data provide new insights into the biology of
this rare but remarkable subgroup of haematologinadignancies.

Materialsand Methods

Patients and samples

Between November 2003 and June 2009, 392 diagri®stisamples from patients diagnosed in the
Czech Republic with ALL were screened for the pneseofTEL/AML1, BCR/ABL, MLL/AF4,
E2A/PBX1 andTEL/ABL fusion genes using the multiplex RT-PCR systene ddhort was
composed of 335 children (187 tested prospecti{@lynewly diagnosed children in the Czech
Republic between December 2006 and June 2009)4thdetrospectively (all newly diagnosed
children in the Czech Republic between NovembeB20@ November 2006 except for 50 cases
with already knowmEL/AML1, BCR/ABL, MLL/AF4 or E2A/PBX1 positivity)) and 57 adults (all
tested prospectively).

Twenty-four follow-up samples from the tWi&L/ABL-positive paediatric patients (UPN1014 and
UPN1168) were available for minimal residual dige@4RD) analysis. A Guthrie card from patient
UPN1168 was obtained from the central repositangbe Czech Republic. A Guthrie card from an
age-matched healthy child was used as a contr@@tinrie card analyses.

The informed consent of the patient or patientisepts/guardians was obtained in all cases.

Cell processing, DNA and RNA extraction, reverse transcription

Mononuclear cells from diagnostic BM samples werdated by Ficoll-Paque (density 1,077g/mL;
Pharmacia, Uppsala, Sweden) density centrifugaiquoted cells were stored at <& prior to
DNA/RNA extraction.

Genomic DNA was isolated by one of the followingthuels: the QIAamp® DNA Blood Mini Kit
(QIAGEN GmbH, Hilden, Germany); BioRobot® EZ1 withe EZ1 DNA Blood Kit (QIAGEN
GmbH, Hilden, Germany); ethanol precipitation frpimenol phase after RNA isolation; the salting
out method.

Total RNA was extracted using a modification of thethod described by Chomczynski and Sacchi
(Chomczynski et al., 1987). Total RNA was revers@dcribed into cDNA using MOMLV Reverse
Transcriptase (Gibco BRL, Carlsbad, TX, USA) acaogdo the manufacturer’s instructions.

RT-PCR, cloning and sequencing

The primers and conditions used in the diagnostittiplex RT-PCR were adapted from BIOMED-
1 paper (van Dongen et al., 1999) with primers TE[5-AAGCCCATCAACCTCTCTCATC-3)
located in the TEL exon 5 and ABL-a3-B hybridizing to theABL exon 3 (5-
GTTTGGGCTTCACACCATTCC-3). To further analyse theepence of two described variants of
the TEL/ABL transcript, we performed the touchdown RT-PCR \hih forward primer TEL-ex4-F
hybridizing to theTEL exon 4 (5-GTGATGTGCTCTATGAACTCCTTCAGCATATTC-3).

The PCR products were analysed on an Agilent 21@@rlyzer (Agilent Technologies, Santa
Clara, CA, USA) using a DNA Series Il Kit (DNA 10@say) and Agilent 2100 Expert software,
according to the manufacturer’s instructions.

The PCR products were cloned using a TOPO® TA @lpiiit for Sequencing (Invitrogen
Corporation, Carlsbad, CA, USA) according to thenafacturer’s instructions and subsequently
sequenced. Sequencing was performed on an ABI PRISMO Avant Genetic Analyzer with a
BigDye™ Primer v3.0 Sequencing Kit (Applied Biosysts, Foster City, CA, USA). Sequences
were analyzed using Chromas version 1.5 softwageh(iielysium, Queensland, Australia).

Conventional cytogenetics
Conventional G-banded chromosomal analysis wagedaout on bone marrow samples cultured for
24 hours without stimulation, prepared using clzdgiechniques. Where possible, G-banded



analysis was performed on a minimum of 20 metaghd&ayotypes were described according to
the International System of Human Cytogenetic Nastaare (ISCN, 1995).

Fluorescence in situ hybridization

For the molecular cytogenetic analysis, we perfarfkSH with locus-specific (Locus Specific
Identifier (LSI) ETV6 Break Apart (BA), LSI BCR/ABIExtra Signal (ES), LSI BCR/ABL + 934
Dual Fusion (DF), LSI TEL/AML1 ES), centromeric (@mosome Enumeration Probe (CEP) 12)
and subtelomeric (TelVysion 9p/9q, TelVysion 12gl2ommercially available DNA probes
(Abbott Vysis, Des Plaines, IL, USA). Cells weraunterstained with DAPI (4,6-diamidino-2-
phenylindole). At least 20 mitoses and 200 intesghauclei were analyzed per hybridisation probe
mix, using an AXIOPLAN 2 Imaging microscope (Zeias)d ISIS computer analysis system
(MetaSystems). Structural and/or complex chromosaiperrations and chromosomal breakpoints
were identified by multicolor FISH (mFISH) and matilor banding (MBAND), using a ZCyte
color kit and arXCyte color kit, respectively (MetaSystems, Altlusish, Germany). FISH assays
were made according to manufacturer’s protocols

Array CGH

The array CGH was performed using CytoChip Focusnitidology arrays (BlueGnome,
Cambridge, UK), following the manufacturer’s insttions (including the dye-swap experiments in
all three cases). Array scanning was performednofxan GenePix® Professional 4200A
instrument (Molecular Devices, Sunnyvale, CA, USM)e CGH data were analysed using
BlueFuse for Microarrays software (BlueGnome, Caddar, UK).

Genomic fusion sites analysis

The TEL/ABL genomic fusion site in patient UPN1168 was idédifvith an asymmetric multiplex
PCR. With the primer pair ETV6.F5-ABL1.11.R14 (5'-
GGCTTCAAGGACTGGGAGAAGTCACTGTAT -3’ and 5'-
GTTGAGACGTCATAAGTCAGGGACCATCTG-3') a 2.2 kb fragmewas amplified. The PCR
products were analysed on agarose gel and direatjyenced as described above. The long distance
PCR (LD-PCR) was performed on a GeneAmp® PCR SYSBEDD (Applied Biosystems, Foster
City, CA, USA), using the PCR Extender System (3NPRInc. Gaitherburg, MD, USA) under the
following conditions: 93°C for 3 minutes; 10 cyclas93°C for 15 seconds, 62°C for 30 seconds,
and 68°C for 18 minutes; 27 cycles at 93°C for d&osds, 62°C for 30 seconds, and 68°C for 18
minutes + 20 seconds.

Guthrie card PCR

The following PCR primers were used for the speda®tection of th&EL/ABL1 genomic fusion:
forward primer (5-GCCCTTCTGTAGACCTCTGTAGCC-3),verse primer (5'-
AAGTGATCCTCCTAATCCACCTCC-3'). To achieve and acctely determine the maximum
PCR sensitivity, the gPCR system was optimisedhguserial dilutions of patients’ diagnostic DNA
sample mixed with the DNA of a healthy donor. TIRC&R amplification was carried out in
1xQuantiTect SYBR Green PCR Master Mix (QIAGEN Gmistiden, Germany), containing
1.75umol/L of each primer in a final reaction volume2&iL. The cycling conditions were 15
minutes at 9%C followed by 50 cycles at 96/5s and 62C/30s.

Guthrie cards were processed using INSTAGENE™ DRYOD kit (Bio-Rad, Hercules, CA,
USA), according to the manufacturer’s instructicg@sthrie card PCR was performed using the
conditions specified above in a final volume ofibfa segment of Guthrie card (1/8 to 1/16) was
added directly to the 2QOPCR tube. It was prepared in a separate roonmreasgeparate PCR box,
and all other common anti-contamination procedurexe followed to avoid any potential risk of
contamination. A random Guthrie card stored forghme time in the same conditions was used as a
negative control.



PCR products were analysed on an Agilent 2100 Bilyaer as described above. All positive
products from the Guthrie card were directly segaedn(as described above) to confirm the
specificity of the product.

MRD monitoring

In patients UPN1014 and UPN1168, the MRD was mositaising quantitative detection of the
TEL/ABL transcript at the mRNA (cDNA) level and immunogltib (1g) and T-cell receptofMCR)
gene rearrangements at the DNA level. For the ifaéime TEL/ABL detection the TEL-C primer
was used together with the reverse primer (ENR&6G#)the probe (ENP541) both located\BL

and described previously (Gabert et al., 2003). Gdte-2-microglobulin gene was used to normalise
the cDNA concentration and quality. Quantificatmfrclone-specifidg/TCR gene rearrangements
was performed using germline probes and reversegpsi as described previously (Sramkova et al.,
2007). Thealbumin gene was used to normalise DNA concentration aadit.

The ESG-MRD-ALL criteria for RQ-PCR sensitivity, gutitative range and MRD interpretation
were applied to both tHg/TCR andTEL/ABL approaches (van der Velden et al., 2007; Zaliova e
al., 2009). The qPCR sensitivity was at least fd all Ig/TCR targets as well as for tA&EL/ABL
transcript. MRD in follow-up samples was expresaga ratio of target level in a particular sample
to target level in the diagnostic sample.

Results

Clinical features of the TEL/ABL-positive patients

We screened 90% of all children diagnosed with Aldtween November 2003 and June 2009 in the
Czech Republic by multiplex RT-PCR and found twieyds bearing th&@ EL/ABL fusion gene

(overall incidence 0.5%). Moreover, 1/57 (1.8%]}led adults with the same diagnosis examined in
our lab was also found to be positive for e /ABL fusion. A more detailed description of the 3
positive cases follows:

Infant patient UPN1014. At the age of 8 months, the boy was diagnosed @athmon ALL. His

bone marrow was uniformly infiltrated by lympholkasvith L1 morphology and common ALL
immunophenotype with aberrant expression of CDXbearploid DNA content. Peripheral blood
count showed 565 x2. WBC, 89% blasts and 1% (i.e. 5.6XM0) eosinophils. He had no blasts in
the cerebrospinal fluid (CSF). Conventional cytagers showed
46,XY,der(1)t(1;?)(p?;?)[14]/46,XY[5]; FISH analgsievealed normal configuration of thi.L

gene. The treatment was started according to teefamt 2006 protocol, low risk arm. He was a
good prednisone responder and reached haematdlogitiasion at day +33 of the treatment. Eight
months from diagnosis and 24 days after cessafioriensive chemotherapy, a very early isolated
CNS relapse was diagnosed with massive infiltratibthe CSF with blasts (64Q€.) while still in
haematological remission in bone marrow and lackimg clinical symptoms. After intrathecal
application of methotrexate, he started the ALL RED2 protocol, S2 arm, and was scheduled for
stem cell transplantation (SCT) (Bader et al., 20B8fore SCT he received 5 blocks of
chemotherapy (F1-F2-R2-R1-R2), the last four foboviby two-week intervals of imatinib mesylate
(300mg/nf/day). Out of the 48 days of peroral imatinib, tse of the drug was reduced for 29
days (leukopaenia) and skipped once. Unrelated ldomtl was transplanted 4 months after the first
relapse. The second relapse of ALL with infiltratiof bone marrow, testes and CNS was diagnosed
on D+105 after the SCT, and the boy died 1 morttr.la

Paediatric patient UPN1168. The 5% year old boy was diagnosed with common All,
morphology, euploid with aberrant expression of 6DAD66¢, CD33 and low levels of CD38 and
CD34. Hyperleukocytosis in peripheral blood reach®d.1x16/L with 67% of blasts; eosinophilia
was present (8%, i.e. 15X1ID). Three suspect blasts were present in the C8Rventional



cytogenetics showed a normal karyotype (46,XY[268p.started treatment according to the Interim
AIEOP BFM 2000 protocol; due to poor response @pgtednisone prephase (absolute blast count
D+8: 1421/mm), he was advanced to the high-risk arm. Complagetatological remission in bone
marrow was reached at D+33. The patient receivadatinib treatment. As this report is written,
the patient is still in the first complete remissi@4 months after diagnosis.

Adult patient UPN1146. The 33 year old woman first displayed leukocyt¢4i3x10/L). Two days
later, her WBC spontaneously decreased to 21%8x18nd after another 5 days (i.e. one week after
the first examination) she had only mild leukocijgq®VBC 16.0x1&L), still without corticoids or
any other treatment. She had no eosinophilia (mamxird.05x18/L, i.e. <1%); the bone marrow
aspiration showed infiltration by lymphoblasts (63%nd she was diagnosed with common ALL
(CD34/CD19/CD10-positive with coexpression of CDLIIhe karyotype of the blasts was
46,XX,1(8;9;12)(p12;934;p13)[22]. The patient moweaay from the Czech Republic before the
start of the treatment protocol, and we have natiatidl data on the continued course of the
disease. She reached haematological remissiorubséguently died 1.5 years after the diagnosis.

Molecular genetics and minimal residual disease follow-up

Multiplex RT-PCR screening revealed the "typeTEEL/ABL transcript TEL exon 5 -ABL exon 2)

in all three cases, suggesting a genomic breakpointron 5 of TEL and intron 1 oABL. To
determine whether the "type A" transcript is algpressed, we performed RT-PCR with a forward
primer in theTEL exon 4. All three diagnostic samples proved tpdstive for the expression of
both types of th@EL/ABL transcript. On the other hand, we did not deteetréciprocahBL/TEL
MRNA.

During the follow-up of the two paediatric patientse monitored MRD using the standard method,
guantifyinglg/TCR gene rearrangements (two unrelated immunoglolé@avy chainlGH) targets

in patient UPN1168 and three targets (two unrelatedunoglobulin kappal GK) rearrangements
and ond GH target) in patient UPN1014), and, moreover, we glsantified the levels GfEL/ABL
transcript. Patient UPN1014 responded favourabtiédnitial treatment and became MRD-
negative in all 4 targets at the end of inductioerapy; however, at another prognostically impdrtan
timepoint (before OCTADA protocol (Van der Velderag, 2009)) his MRD rose above 10
Despite administration of the combined chemotherxaiply kinase inhibitor imatinib after the
subsequent CNS relapse, he did not reach the ctaridRD-negativity before the SCT and
relapsed 15 weeks after the transplantation. Titialiresponse of patient UPN1168 was slower,
and he was MRD-positive in all targets (althouglowethe quantitative range of the analysis) at the
end of induction. In addition, he was still pos#tiv 1 out of the 3 targets at week +12 of treatmen
However, he became completely negative 4 weeksaéter the first high risk block and remained
negative thereatfter.

The follow-up of the two patients is shown in thgufe 1.

Cytogenetics, FISH, array CGH

The rearrangement between chromosomes 9 and 12atvesvealed by conventional cytogenetics
in the two paediatric patients, original karyotybesng 46,XY,der(1)t(1;?)(p?;?)[14]/46,XY[5] and
46,XY[20] in patients UPN1014 and UPN1168, respetyi. The examination of the adult case
(UPN 1146) revealed a 3 way translocation 46, XX%@®)(p12;934;p13)[22]. FISH with LSI
BCR/ABL ES, TEL/AML1 and CEP12 probes showed insarpf part of theABL gene into the
12p13 region in patients UPN1146 and UPN1168, withearrangement of subtelomeric regions of
9g and 12p. No abnormality of tA8L andTEL genes was found by FISH in patient UPN1014
using the LSI BCR/ABL ES and TEL/AML1 probes. Hoveeya complex aberration between
chromosomes 1, 9 and 12 resulting in insertioefdubtelomeric region 12p13.3 into the 9934
locus - probably together with the telomeric pdrTBL - was detected using mFISH/mBAND. The
complex karyotype after mFISH/mMBAND experiments wascluded to be 46,XY,



der(1)inv(1)(p11p34.2)t(1;9)(p11;p21)del(1)(q41)(0¢t(9;12)(q34.3;p13.3),der(9)t(1;9)(p11;p21),d
er(12)t(1;9;12)(q417;934.3;p13.3)[14]/46,XY)[5] ¢uire 2).

In all three patients, array-CGH analysis was peréad. Apart from the DNA copy number changes
caused by the physiological rearrangements of inaglabulin genes (chromosome 2, Ig-kappa,;
chromosome 14, Ig-heavy chain gene; chromosomky2a@mbda), we detected a short deletion in
the CDKN2A/CDKN2B (p16/p15) locus at 9p21 in pateldPN1014 and UPN1146.

Prenatal origin of the TEL/ABL fusion in the paediatric patient

To get insight into the aetiology ®EL/ABL-positive ALL, we traced Guthrie cards (archived
neonatal blood spots) from both paediatric case$ortinately, we were not able to define the
intronic TEL/ABL breakpoint at the genomic DNA level in the casenfe#nt ALL (UPN1014). Thus,
we analysed only the preschool boy's (UPN1168) utard for the presence of thEL/ABL

fusion. The sensitivity of the patient-specifictgya was >= 3.3 x I i.e. 1 positive cell among ~30
OO0 TEL/ABL-negative cells. Our analysis showed thatfBE/ABL fusion originated prenatally as
it was present (in 3/4 segments) already at hinbre than 5 years before clinical symptoms of the
leukaemia. In all positive segments, the gentiBe/ABL genomic fusion, identical to that found at
diagnosis, was confirmed by sequencing of the P@yzt. The results of the backtracking are
shown in the Figure 3.

Discussion

The number of th@EL/ABL-positive cases published so far (22 includingtbuee patients since

the first report in 1995) suggests that this tracedion is extremely rare. However, the RT-PCR
targeted to this fusion transcript is only seldoenfermed routinely, and routine cytogenetics fail t
detect the fusion in most cases. The translochsivween chromosomes 9 and 12 is usually cryptic,
below the sensitivity threshold of conventionalydyping. The fusion could be revealed using
FISH; however, a probe designed for Tie/ABL detection is not commercially available. Thus,
only a mixture of standard probes in combinatiothwmetaphasic chromosomes can give clues to
unravel the fusion. Our systematic PCR screeningeofly diagnosed patients with ALL revealed
3/392 positive cases, i.e. between 0.5 and 1%. ddis implies that the incidence of this aberration
in human haematological malignancies might be wslgnated.

The TEL/ABL fusion gene was described in various haematolbgialignancies, chronic and acute,
lymphoid and myeloid. Eosinophilia, typical for ma&tological neoplasms with aberrant activation
of PDGFRA/B kinases, was suggested also as a hallmark GfEhBABL-positivity. Interestingly,

we can not confirm al00% correlation betw@&h/ABL and eosinophilia. Only 1 out of 3 patients
described in this report displayed elevated eosiit®pt diagnosis (UPN1168; 8% eosinophils, i.e.
15x10/L). The other child (UPN1014) had only 1% eosirimim the peripheral blood at the
beginning of the treatment; no eosinophils (<1%)eansescribed in the differential count two days
before the start of the therapy, during the ficsital admission (with leukocytosis 563.8%10.
Eosinophilia is usually defined by the absolute banof eosinophils in the blood (> 0.5X10.
Despite this, the patient exceeded this level dwegrominent hyperleukocytosis; we do not think
this condition with a proportional increase of eagihils (accompanied by an elevation of segments
and lymphocytes) should be considered a typicahephilia. The adult patient (UPN1146) did not
fulfil any criteria for eosinophilia (0.05x20Q., <1%).

Two types of the fusion transcript were describedbs, differing in presence/absence of T

exon 5. Only two reports detected solely the typeafsscript (lacking th@EL exon 5)
(Papadopoulos et al., 1995; La Starza et al., 20@#)e in the remaining 13 cases reporting the RT-
PCR data, either solely type B transcript (6 pasipar both types (7 patients) were reported (see
Table 1). It is not clear whether, in the two caséblout the type B variant, this transcript was
absent indeed, or whether the system used fordteiibn was not sensitive enough. In the original
study by Papadopoulos et al. (Papadopoulos €t945), the size of the type A RT-PCR product,



with the primers used in the nested approach ®trmscript detection, exceeded 1200 bp in the 1
round and 1000bp in thé%ound. Thus, this product might have been easisged in the analysis.
In the paper by La Starza et al. (La Starza eR@02), the RACE experiments showed the presence
of TEL exon 5, however, the 5' splicing site of introw&s probably impaired by the break, and
thus, exon 5 was perhaps outspliced. Informatidicating whether an RT-PCR system with the
forward primer inTEL exon 5 was used for the type B transcript detegsanissing. We looked for
both transcripts and in all three of our patienésdetected the presence of both type A and type B
variants. Taking the data together, the publiskesdlts suggest that in the vast majority of (if not
all) cases, the genomic breakpoints are localisdeL intron 5 andABL intron 2 (between exons la
and 2), and alternative splicing produces both rilesd transcript variants in a majority of the case
In two patients (UPN1146, UPN1168) the mechanistm@TEL/ABL fusion was probably identical

- part of the 9934 locus including the C-terminfithe ABL gene was inserted (in inverse
orientation) into th@EL gene at the 12p13 locus. The mechanism of cytdigerteanges was
probably more complicated in the third patient (UPN§4). Our data suggest that in this case part of
the TEL gene was inserted inABL and, moreover, both chromosomes 9 and one chrameo
were included in the complex rearrangement. Varamditional chromosomal aberrations were
described in the published case reports regartie@EL/ABL-positive patients, which probably
correspond with the more complicated process oTEH&ABL fusion generation requiring 3 or more
breakpoints. Similar aberrations to those describexir study were already shown in previous
reports — a translocation involving the same laafushromosome 8 (8p12) but with a different
partner (12p13 vs. 9934) was described by La Setrah (La Starza et al., 2002). The cytogenetic
result of our patient UPN1014 and of the case ghbli by Baeumler et al. (Baeumler et al., 2008)
involves the same locus of chromosome 1 (1g41) elder, the deletion of 9p21, including the
CDKN2A/CDKNZB region - a feature present in 2 out of 3 patientsur study (UPN1014 and
UPN1168) - was previously described as well (Baeuml al., 2008). However, more
cytogenetic/molecular data need to be collecteéteal whether p15/p16 silencing is a more
common mechanism GiEL/ABL driven leukaemogenesis.

The TEL/ABL fusion results in the constitutive activation lo¢ @abl tyrosine kinase. This effect is
identical to the far more frequeBCR/ABL fusion. Notably, the immunophenotype of our two
TEL/ABL paediatric cases resembBSR/ABL-positive ALL, and these patients
immunophenotypically cluster among tBER/ABL cases (e.g. high expression of CD66¢, CD34
and CD22; low/negative CD38 on a subpopulationla$ts). Also the adult case reported here
generally fits to thisBCR/ABL-like" picture; however, the lack of detailed imnoymenotypic data
prevents a thorough analysis.

Like theBCR/ABL, theTEL/ABL-positive cells show very good in-vitro sensitivitythe kinase
inhibitor imatinib as well (Carroll et al., 1997k0da et al., 2001). The real clinical effect ofthi
drug in theTEL/ABL-positive leukaemia is, however, still to be detied, as only 7 patients
(including one case from this report) received tleatment. Moreover, these patients were treated
for various diseases (CML, AML, MPN, ALL) at variegtages of therapy protocols and by various
dosages of the drug. In all published cases, at Eetemporary response to imatinib (or nilotinib)
was demonstrated. However, 4 of them (includingpatient UPN1014) subsequently died; in 2
cases, the last published response durations wamd 72 months (Tirado et al., 2005; Kawamata et
al., 2008). In the last case, the imatinib treatinfi@gifed after 17 months; the patient was switcteed
the second generation inhibitor nilotinib and wilsis remission after another 11 months (Nand et
al., 2009). Thus, we can conclude that kinase itgrdmight be potent drugs in tAi&L/ABL-

positive malignancies - but an optimal treatmehesitile is yet to be determined.

Also the actual prognostic impact of thEL/ABL fusion is indistinct - again, different types of
malignancy, different treatment protocols and hygtdriable age in a small cohort of positive
patients preclude an accurate analysis. Despgddbt, we tried to pool all the available publidhe
data, separate chronic leukaemias from AML and Adrig the result of this "meta-analysis” is
shown in the Figure 4. The resulting picture suggtsat the prognosis GEL/ABL-positive acute



leukaemias is very poor with a survival rate ofyob%%. In particular, four patients (including two
in the present study) were children (0-5 years, @liof them diagnosed with ALL. Despite the
relatively high survival rate of childhood ALL (amgximately 80-90%), compared to other
haematological malignancies, only 1 out of thepbreed paediatric cases survived more than 13
months after diagnosis (as this report is writfatient UPN1168 from the present study has been in
complete remission for 24 months). Thus, Th&/ABL is probably a poor prognostic factor in
childhood ALL and perhaps in acute leukaemias imegal.

Prenatal initiation of leukaemia was already sidfitly evidenced in a substantial number of
genetically defined subgroups of ALL and AML. Ireud origin of various leukaemogenic
aberrationsNILL rearrangement3EL/AML1, AMLLT/ETO, PML/RARalpha, CBFbeta/MYH11

fusion genesNOTCH1 mutation, hyperdiploidy) was demonstrated usingtsty of Guthrie cards

or banked cord bloods in cases of paediatric leuka¢reviewed in (Greaves et al., 2003;
Burjanivova et al., 2006; Zuna et al., 2009)). Waravable to prove the in-utero origin of the
TEL/ABL fusion in a boy (UPN1168) diagnosed with ALL a #ge of 5% years. The relatively
long latency period suggests that at least onenskacy genetic hit was required for the overt diseas
in this patient. Though we suppose thit./ABL fusion occurred prenatally in the infant case
(UPN1014) as well, we were not able to find theageit breakpoint between the two genes needed
to prove this hypothesis via the neonatal blood sprautiny. We did not find an additional
aberration that could be considered the second bie Guthrie card-positive case using cytogenetic
and molecular-cytogenetic methods. However, thetael at theCDKN2A/CDKN2B region in the
remaining two cases (also described previousIyH/ABL-positive ALL (Baeumler et al., 2008))
suggests that loss of function in this region ootimer tumour-suppressor loci (not necessarily
detectable by cytogenetics) might contribute ti&émogenesis of the primary aberration.
Interestingly, the non-translocated allele of Tl gene (playing an important role in the
TEL/AML1-positive leukaemias (Zuna et al., 2004)) doesseein to be crucial in thEEL/ABL
pathogenesis. Its deletion/silencing was descriey twice so far (Golub et al., 1996; Barbouti et
al., 2003) and, correspondingly, none of the tlugeses from our study show any aberration of the
non-translocatedEL allele. Taking into account all the published saslkee median age at diagnosis
of all TEL/ABL-positive leukaemias (including the 3 from thisodpis over 40 years. So far, four
children with this aberration were diagnosed (idatg the two cases from the present study), all as
ALL and all under six years of age. There are niolishedTEL/ABL-positive leukaemias in patients
aged 6 to 24 years. All the adult cases are tHatively evenly distributed in thé%o 8" decades.
Considering the overall low number of patients,caa only speculate on two different mechanisms
of theTEL/ABL fusion origin - childhood leukaemias with prenbtglenerated EL/ABL fusion
(possibly preferring the lymphoid phenotype of tesg leukaemia) and postnatally initiated cases
with increasing prevalence in adulthood (correspamtb theBCR/ABL-positive leukaemias).

In this report, we present three new cases of kmlka characterised by tA&L/ABL fusion gene
together with a thorough review of the literatuaed we integrate the new patients into already
published data. For the first time, we show detbdlkaracterisation of the course of the disease,
including MRD data in two paediatric cases, andne of them we demonstrate the prenatal origin
of theTEL/ABL fusion.
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Figurelegends:
Figure 1:

Monitoring of minimal residual disease during tloeicse of ALL in the two paediatric patients
(UPN1014 (A) and UPN1168 (B)). Filled squarll®) fepresent levels of tHEEL/ABL m-RNA
transcript, open symbols stand fgfTCR rearrangements quantified at the genomic DNA level
Three (GK-1 (A), IGK-2 ((J) andIGH (<)) and two [GH-1 (A) andIGH-2 (<)) unrelated
|g/TCR targets were monitored in the patients UPN1014AN1168, respectively. Sensitivity of
all targets was I8 For the graphical display, all the samples pesitielow this level (i.e. positive,
not quantifiable) were assigned the level 5 X.1HCT - stem cell transplantation; IM - imatininib
mesylate.

Figure 2:

The mFISH karyotype of the patient UPN1014 revgatiomplex chromosomal rearrangements
46,XY,der(1)inv(1)(p11p34.2)t(1;9)(p11;p21)del(4dg,der(9)t(9;12)(g34.3;p13.3),der(9)t(1;9)(p1
1;p21),der(12)t(1;9;12)(q41?;q34.3;p13.3) (A). sedreakpoints were analysed with the "XCyte"
probe kits for chromosome 1 (B), 9 (C) and 12 {@3¥pectively. Translocation of the 12p13.3 region
into the 9934.3 locus was proved also by FISH wsithtelomeric probe TelVysion 12p/12q (E).

Figure 3:

Results of backtracking PCR with Guthrie card dfgza UPN1168. The PCR products were run on
Agilent 2100 Bioanalyzer. Guthrie card of patie®®NIL168 (lanes 1-4) showing PCR products of
the expected size (163 base pairs) in lines 1d2daontrol negative Guthrie card (lanes 5-8) and
positive controls diluted to 10(lanes 9 and 10) and 3.3 x1(anes 11 and 12). The positive
controls were analysed in a separate PCR run. Mlecular weight markers.

Figure 4:

Kaplan-Meier graph showing overall survival curtesall TEL/ABL-positive patients published so
far, including the three cases from the presemtystin some cases the time to failure had to be
estimated (+/- 3 months). The patients were dividéa three groups - chronic leukaemias
(CML/cMPN, dotted line; cases 3-5, 8-9, 12-15, Bras indicated in the Table 1) acute myeloid
leukaemias (AML, dashed line; cases 2, 7, 10, hdl)aecute lymphoblastic leukaemias (ALL,
continuous line; cases 1, 6, 16 and 20-22).



Tablel
Review of the literature regarding tMEL/ABL-positive leukaemias. ALL - acute lymphoblastic
leukaemia; AML - acute myeloid leukaemia; CML - @hic myeloid leukaemia; LBC - lymphoid
blast crisis; MBC - myeloid blast crisis; cMPN +ohic myeloproliferative neoplasm; RAEB -
refractory anaemia with excess blasts; TKI - tymeskinase inhibitors; CR - complete remission;
SCT - stem cell transplantation; n.r. - not repabria the two youngest patients also the age at
diagnosis in months is shown in parentheses.

Age at
Case diagnosis TKI Type of
number Diagnosis Gender (years) treatment Qutcome Eosinophilia | transcript Reference
1|ALL F 1 (22Mm) no died n.r. A Papadopoulos
2 | AML-M6 M 81 no died n.r. B Golub
3 | CML (atypical) n.r. 49 no died yes B Brunel
4| CML M 32 no CR (>3Y) yes B Andreasson
5| CML M 59 no died yes A B Van Limbergen
6 | ALL (T-lineage) M 4 no died yes A B Van Limbergen
7 | AML-M6 (or CML-MBC?) M 38 yes died n.r. A, B O'Brien
8| CML M 53 no CR (>6Y) yes A B Lin
9| CML F 44 no CR (>6M) yes n.r. Keung
10 | AML-M2 M 29 no CR (>20M post SCT) yes A La Starza
11 | AML-M1 (after RAEB) M 48 no died yes B La Starza
12 | CML-MBC M 36 yes died yes B Barbouti
13 | CML-LBC M 72 yes CR (>12M) n.r. B Tirado
14 | cMPN - myeloid sarcoma F 65 no died yes A B Meyer-Monard
15 | cMPN M 57 no CR (>15Y) yes n.r. Mozziconacci
16 | ALL M 30 n.r. died n.r. A B Baeumler
17 | CML F 24 yes CR (>7M) yes A B Kawamata
18 | cMPN F 61 yes CR (>3Y) yes n.r. Nand
19 | CML (atypical) M 79 yes died yes n.r. Kelly
20 | ALL F 33 n.r. died no A B present study
21| ALL M 5 no CR (>24M) yes A B present study
22 | ALL M 0 (8M) yes died no A, B present study
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4. Zavér a diskuze

Intenzivni vyzkum Bhem uplynulych 15 let od identifikace fuzniho géreL/AML1 a
jeho castého vyskytu u askych ALL pinesl mnoho poznatk o molekularnim
mechanizmu funkce TEL/AML1 a jeho rolifipvzniku leukémii. Nkteré kltove
otazky vSak @stavaji nezodpaszeny. Risobi-li TEL/AMLL1 jako aberantni transkipi
faktor, které geny a tedy které biologické procgsy jim deregulovany? Hraje fazni
gen TEL/AML1 roli nejen p vzniku leukémie, ale takeé fip jeji perzistenci?
K zodpowzeni €chto otazek jsme se pokusiliigpét nasi praci. in vitro reportérové
eseji jsme potvrdili schopnost fazniho proteinu TAML1 reprimovat transkripci
z promotoru AML1-cilového genu a navic jsme ukgzadi tuto funkci TEL/AMLL1 Ize
inhibovat VPA. NaSe data tak potvrzuji hypotézu, Z&L/AML1 by mohl
v leukemickych  bitkdch  reprimovat transkripci  prdstinictvim  interakce
s korepresory a deacetylazami histoninhibici transkrigné represivni aktivity
TEL/AML1 pomoci VPA jsme vyuzili k identifikaci fmych cii TEL/AML1
v leukemickych bitkach. Potencialni cilové geny identifikované tinpidstupem se
nam vsak v dalSi praci nepdda potvrdit, nebd umiceni TEL/AML1 fazniho genu
v leukemickych biikach pomoci RNAI nevedlo k Zzadnym signifikantnim p@m
exprese. FestoZze jsme pouzitim ékolikastupiového algoritmu serovali hledani
piimych cii TEL/AML1 po aplikaci VPA do specifické podskupimeni, nemizeme
vylowcit, Ze ke zmin¢ exprese nami identifikovanych potencialnichi abchazi bd
zprostedkovanym a nikoliv fimym pisobenim TEL/AML1, nebo nasledkemgobeni
VPA na jiné transkripni faktory a procesy. Také se domnivame, Ze&rgnexprese
indukované TEL/AML1 mohou byt relatign malé, mohou se tykat relati&n
omezeného ptu geni, nebo mohou bytcaso¥ omezeny na inicialni fazi
leukemogeneze. Nemusely tak bjityomi¢eni TEL/AML1 pomoci RNAIi zachyceny na
jedné straé robustnim, na druhé stanomezen reproducibilnim expresnim
profilovanim pomoci DNAipa. Cilové geny TEL/AML1 v leukemickych kikach tak
nadale #stavaji neznamé. Myslime si, Zze jsme vSdisli k zodpowzeni druhé
otazky. Ukéazali jsme, Ze utidni TEL/AML1 nevede k oslabeni maligniho potencialu
leukemickych bugk a tedy Ze funkce tohoto fuzniho genu je v jizim&¥nich
leukemickych biikach zejm¢ postradatelna. NaSe vysledky jsou v rozporu svremla
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publikovanou studii, ve které po utehi TEL/AML1 pomoci RNA interference
v leukemickych bitkach dochazelo k bgdné smrti apoptdézou [395]. Ve zhimvané
praci byla vyslovena hypotéza, Ze na tomto jeviséymohlo podilet snizeni hladiny
apoptotického inhibitoru survivinu vyvolané TEL/AML depleci. Podporou této
hypotézy byl nalez ogaého efektu, tj. zvySeni hladiny survivinu a zisk mstovych
faktorech nezavislé proliferace a rezistence k aypmym stimutim prfi expresi
TEL/AML1 v mySi hematopoetické linii. Hodnotu téfarace vSak snizuji zdsadni
nedostatky. Pro urdéni TEL/AML1 byla pouzita siRNA, ktera zaravesili i nawt
AMLL1. Dale se fenotyp mysi linie exprimujici TEL/AM vyzname liSil od fenotypu
popsaného minimatndvéma dalSimi pracemi, v nichz TEL/AMLL1 zavislost tétoie
na ristovych faktorech neodstranil [35, 271]. NaSe wjisjenavic zcela koresponduji
s mySimi modely, kde se TEL/AML1 chova jako slabykagen, ktery neni schopen
vyvolat leukémii bez spoluprace s dalSimi zasal®+33, 268]. V dalSi praci na poli
TEL/AML1 pozitivnich leukémii jsme ukazali, Ze jddm z kooperujicich zasah
vedoucich ke vzniku¢thto leukémii, by mohla byt na TEL/AMLIfgm¢ nezvisla
nadprodukce microRNA 125b2, ktera udili hematop&étbuice rezistenci k signém
inhibujicim rist. Castym nanitem studia fizniho genu TEL/AMLL1 je rosin otazka,
které funkni domény TEL/AML1 (a odvozentedy jaké molekularni mechanizmy)
jsou nezbytné pro jeho leukemogenni funkci. Studianteficidlré vytvorenych
deletnich mutant ukazalo, Ze pio vitro preleukemickou aktivitu TEL/AML1 jsou
nezbytné HLH doména a centralni oblast TEL a DN&etea doména AML1 [264].
My jsme identifikovali pirozeré se vyskytujici variantu fuzniho genu TEL/AML1,
kterd koduje hybridni protein postradajici cenfrdbblast genu TEL kddovanou
exonem 5. Z toho jednozé&& vyplyva, Ze v rozporu se zn@mou in vitro studii neni
centralni oblast pro leukemogenni funkci TEL/AMIA vivo nezbytna. Zajimavé
rovnéz je, Ze zatimco iftomnost centralni oblasti kédované exonem 5 gekll T
modifikuje charakter onemoéni vyvolanych faznimi geny TEL/ABKiI TEL/NTRK3
[393, 396], fenotyp TEL/AML1 pozitivnich leukémiieni gitomnosti/absenci této
domény modifikovan. festoZze se centralni oblast podili na interakcirefr@sory a
obsahuje autonomni represivni domény proteinu TEbhami vytvdené modelové
reportérové eseji nevedla jeji ztrata k oslabeangkrigné represivni schopnosti
fuzniho proteinu TEL/AMLL1.
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Monitorovani MRN je v sotasné dob nepostradatelnou soédsti terapeutickych
protokoli détskych ALL. Na zaklad me¢ieni hladin MRN Ize u BCR/ABL pozitivnich
ALL stanovit ¢asnou odposd® na terapii a identifikovat podskupiny pacient
s odliSnou prognozou [361]. Zgsreni odhadu rizika napomaha stanoveni vhodného
terapeutického postupu a zlepSenielinych vysledk této prognosticky nefznivé
podskupiny ALL. V naSi praci jsme ukazali, Ze oprdbdsud pouzivané standardni
metod zaloZené na detekci imunoreceptorovychi cimoziuje monitorovani MRN
pomoci detekce fuzniho transkriptu BCR/ABL lépeidvel identifikovat pacienty se
zvySenym rizikem relapsu i vigrehu dlouhodobého sledovani. Na rozdil od situace u
TEL/AML1 pozitivnich leukémii, kde MRN zaloZen& wmietekci fuzniho transkriptu
piinasi prakticky totoZznou informaci jako standardnétend MRN [397] a hraje tak
roli predevSim u fipadi, kde nejsou k dipozici vhodné imunoreceptorove,cil
BCR/ABL pozitivnich pacierit piinasi tento zfisob monitorovani MRN nové, klinicky
relevantni informace. Proto dopdujeme, aby u BCR/ABL pozitivnich paciénbyl
spol&né s imunoreceptorovymi cily vzdy monitorovan takézrfil transkript.
Biologicka podstata pozorované diskrepance ohdstyps méieni MRN u BCR/ABL
pozitivnich pacienit ma teoreticky &olik moznych vys¥tleni. Jednim z nich je vznik
fuzniho genu BCR/ABL v hice s multiliniovym potencidlem, ktery byl jiziige
popsan u é&kolika pacieni a ktery jsme nyni prokazali u pacientky se ¢nma
diskrepanci obou metod. Jaky je celkovy podil gtalSich teoreticky moznyclhign
vSak Zistava nejasné.

Fuzni gen TEL/ABL se vza¢nvyskytuje u fiznych tygi hematologickych malignit.
Tti nové nami identifikované ffpady TEL/ABL pozitivnich ALL ginesly noveé
klinické a biologické poznatky a doplnily seasny stav znalosté¢hto malignit. Zjistili
jsme, Ze TEL/ABL pozitivni ALL u &ti mohou byt prenatalnihaipodu a Ze na vzniku
téchto leukémii by se mohla podilet inaktivace retpta buni¢ného cyklu
CDKN2A/CDKN2B. Z Kklinického hlediska by sedho k TEL/ABL pozitivnim ALL
pristupovat jako k onemoénim se Spatnou prognoézou, v jejichZ terapii by s#lgn
uplatnit tytéz pistupy jako u BCR/ABL pozitivnich ALL, s nimiz, zdge, tyto

leukémie sdili nejen biologickou podstatu, ale priavwegiznivou prognozu.
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6. Seznam pouzitych zkratek

ALL
AML
B-ALL
BCP-ALL
BFM
CGH
CML
CMMoL
CNS
FAB
FISH
HDAC
HDACI
HLH
HSC
HSCT
MDS
MRN
gRT-PCR
RHD
SH1
SH2
SH3
SiRNA
SNP
T-ALL
VPA

wt

akutni lymfoblasticka leukémie
akutni myeloidni leukémie
akutni lymfoblasticka leukémie z B-bék

akutni lymfoblasticka leukémie z B-btimych prekurzai
pracovni skupina Berlin-Frankfurt-Munster
komparativni genomicka hybridizace

chronicka myeloidni leukémie

chronick&d myelo-monocytarni leukémie

centralni nervovy systém
French-American-British Cooperative Group
fluorescedni in situ hybridizace

histon deacetylazy

inhibitor histon deacetylaz

helix-loop-helix

hematopoeticka kmenovaika

transplantace hematopoetickych kmenovychkhun
myelodysplasticky syndrom

minimalni rezidualni nemoc

kvantitativni reverzrtranskriptdzova polymerazovéitzova reakce
runt homology domain

src homology domain 1

src homology domain 2

src homology domain 3

small interfering RNA

single nucleotide polymorphism
akutni lymfoblasticka leukémie z T-bék

valproat

wild type
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