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Uvod

Akutni lymfoblasticka leukémie (ALL), nejcastéjsi nddorové onemocnéni v détském
véku, je léCena kombinovanou chemoterapii, kterd dosahuje remise u 90 % pacientt.
Ptestoze je terapie ALL velmi uspesna, relaps onemocnéni postihuje v souc¢asné dobe
15-20 % déti. Jedna z moznych pfi¢in je rezistence k 1é¢iviim. V Ceské republice je
ALL 1é¢ena dle mezinarodniho protokolu AEIOP-BFM ALL 2009. Velmi vyznamnou
slozkou protokolu je L-asparagindza (ASNaza). Cytotoxicky efekt ASNazy spociva
Vv depleci extracelularniho asparaginu a glutaminu. Za endogenni syntézu asparaginu je
zodpovédna asparagin syntetdza (ASNS). Leukemické bunky maji expresi genu pro
ASNS vV porovnani s bunkami zdravymi velmi nizkou, jsou proto na podadni ASNazy
citlivé. Detailni mechanismus u€inku ani pfi¢iny rezistence vSak nebyly dosud
vysvétleny.

Nadéjnym ukazatelem rezistence k ASNaze se zdala byt exprese genu pro ASNS.
Na modelu ALL bunéénych linii bylo prokazano, ze vyssi exprese genu pro ASNS je
zodpovédna za rezistentni fenotyp. Pfi studiu rezistence pacientskych vzorka vSak byla
puvodni hypotéza zpochybnéna. Nasim cilem proto bylo zjistit, zda je exprese genu pro
ASNS klicovy ukazatel rozdilné citlivosti jednotlivych ALL pacientd k ASNaze. Vztah
exprese genu pro ASNS a citlivosti k ASNaze jsme studovali za vyuziti modelu ALL
bunécénych linii s gradientové snizenou expresi genu pro ASNS. Daéle jsme zméfili
expresi genu pro ASNS a citlivost k ASNaze u primarnich BCP ALL diagnostickych
vzorkl.

Druha ¢ast prace je v€novand studiu mechanismu G¢inku ASNé4zy se zamétenim
na metabolismus leukemickych bunék. Metabolismus naddorovych bun¢k se vyznacuje
charakteristickymi zménami. Vzhledem k tomu, ze ASNaza depletuje aminokyseliny,
které jsou pro leukemické buiiky esencialni, pfedpokladali jsme, ze dochéazi k ovlivnéni
metabolickych drah. Ke studiu jsme vyuzili ALL bunétné linie s rozdilnou citlivosti
k ASNaze, u kterych jsme stanovili expresni profil a naslednou analyzou ur¢ili bunééné
dréhy, které jsou podanim ASNazy ovlivnéné. Zaméfili jsme se na kliCoveé
bioenergetické procesy: oxidaci mastnych kyselin, glykolyzu a respiraci. Studovali jsme
také zplsob regulace odpovédi leukemickych bunc¢k na podani ASNazy a moZnost
zvyseni cytotoxického u¢inku ASNézy. Vzhledem k tomu, Ze je glutamindzova aktivita
ASNazy povazovand za hlavni pfi¢inu nezadoucich ucinki, zabyvali jsme se také

ucinkem deplece jednotlivych aminokyselin.



Vysledky predkladané prace pomahaji vysvétlit vztah exprese genu pro ASNS
scitlivosti leukemickych bunék k ASNéaze. VnaSi praci popisujeme detailni
mechanismus U¢inku ASNazy v leukemickych bunkach a odkryvame nové moznosti

zvyseni jejiho cytotoxického pusobeni.



1. Literarni piehled

1.1 Akutni lymfoblasticka leukémie u déti

Leukémie predstavuje skupinu malignich onemocnéni, vznikajicich transformaci
hematopoetické kmenové buiky, kterd ztraci schopnost diferenciace, zachovava si
schopnost proliferace vymykajici se fyziologické regulaci. Na zakladé liniového puvodu
maligni leukemické bunky délime onemocnéni na lymfoidni a myeloidni. Dle prabéhu
rozliSujeme leukémie akutni a chronické. Leukémie tvoii 30 % zhoubnych nadort
v détském veku.! Nejeast&jsim typem leukémie a tim i nejéast&jsi malignitou u déti je
ALL, ktera tvoii 80 % détskych leukémii. V Ceské republice je roéné diagnostikovano
piiblizn¢ 65 déti s ALL. Klasifikace ALL dle svétové zdravotnické organizace je
zalozena na typu progenitorti, ze kterych ALL vznikd. Pokud ALL pochazi z B-
lymfocytarni fady, jedna se o ,,B-cell precursor ALL*; (BCP ALL), ktera tvoii ptiblizné
80 % vsSech détskych ALL. BCP ALL se dale déli dle stupné zralosti do tifech
imunofenotypovych podskupin: pro-B ALL (5 %), cALL (“common‘ ALL, 75%) a pre-
B ALL (20%). ALL vychézejici z progenitord T-lymfocytarni fady (T-ALL) ptfedstavuji
piiblizné 15 % détskych ALL. Nejc¢astéjsim typy T-ALL jsou “intermediate” T-ALL
(36 %) nebo zrala T-ALL (40 %), vzacnéjsi vyskyt je tzv. earlyT-ALL (23 %). Velmi
vzacné se setkdvame s ALL ze zralych B bunék (1-2 %). Genetickd analyza odhalila u
vice nez 75 % pacienti s ALL primarni genetickou abnormalitu, proto mohou byt
jednotlivé skupiny ALL dale déleny dle konkrétni genetické aberace.? Frekvence
vyskytu specifickych ALL genotypu je uvedena na Obr. 1. Ze strukturnich aberaci se
nejcastéji vyskytuji chromozomadlni translokace vedouci ke vzniku fuznich gent.
Pfikladem muize byt translokace t(12;21) a jeji produkt TEL-AML1, translokace t(9;22) s
faznim genem BCR-ABL ¢i prestavby genu MLL. U détskych ALL také nalézdme
chromozomalni aberace numerické, jako jsou hyperdiploidie a vzacnéji 1 hypodiploidie.
Detekce primarnich somatickych genetickych abnormalit je z prognostického 1
terapeutického hlediska velmi dilezita, protoze se jednotlivé podskupiny 1isi agresivitou
prubéhu onemocnéni a citlivosti k terapii. Pfitomnost nékterych aberaci tak patii
k nejdilezitéjsim stratifikacnim  kritériim. Mezi prognosticky piiznivé se fadi
hyperdiploidie nad 50 chromozomt a fizni gen TEL-AML1. Jako prognosticky
neptiznivy byl identifikovan fizni gen BCR-ABL, pfestavby genu MLL a
hypodiploidie.™ *® Genetické aberace hraji také kritickou roli v leukemogenezi. Obecné

zpusobuji aktivaci protoonkogenii a/nebo inaktivaci tumor supresorovych genii. Na



experimentalnich modelech vSak bylo prokézano, ze se na vzniku leukémie podili vice
mutaci, ty mohou byt i pfi¢inou rezistence na 1é¢bu.” ® Diky novym a stile se
zdokonalujicim metodam genetického profilovani, byla v poslednich letech odhalena
fada novych ziskanych genetickych aberaci. Analyzou jednonukleotidovych
polymorfisma (Single Nucleotide Polymorphism, SNP) bylo identifikovano v priméru
Sest aberaci na jeden ptipad BCP ALL, pfi¢emz ptevazovaly delece nad amplifikacemi
v poméru 2:1. Cilové geny odhalenych 1ézi regulovaly lymfoidni diferenciaci, tumor
supresorové geny, bunéény cyklus, apoptozu, signalni drahy, micro RNA a odpovéd na
terapii. Mezi jednotlivymi tradicné definovanymi genotypovymi podskupinami byl
vyrazny rozdil v poctu aberaci. ALL s piestavbou genu MLL mély v priiméru méné nez
jednu na pacienta, coZ naznacuje, ze samotny MLL je potentni onkogen, ktery
nepotiebuje mnoho kooperativnich 1ézi k zapfi¢inéni leukemické transformace. Naopak
v ptipadé TEL-AML1 a BCR-ABL1 leukémii bylo identifikovano vice nez 6 aberaci na
jeden piipad.® Tyto vysledky jsou kompatibilni se zndmym chovanim uvedenych
leukémii a navic odhalily, Ze je heterogenita leukémii jeSt€ vyrazn&jsi, nez se
ptedpokladalo. Dalsi vyzvou bude zjistit, které z nové odhalenych aberaci Ize povazovat
za pri¢inu leukemogeneze, které jsou jejim nasledkem a v neposledni fad¢é také urcit

jejich prognosticky vyznam.
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Obr. 1 - Frekvence vyskytu specifickych ALL genotypt
(upraveno z Pui CH et al., 2012)
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1.2 Terapie détské ALL

Uspésnost 1é¢by détské ALL se v poslednich desetiletich dramaticky zlepsila. Do
poloviny 70. let minulého stoleti §lo 0 onemocnéni se 100% tmrtnosti. V souc¢asné dobé
dosahuje remise (vymizeni blastl z kostni diené (KD) a mimodfenovych prostor) 99 %
pacientt, preziti bez relapsu nemoci (pieziti do selhani; event free survival, EFS) témét
80 % a celkového preziti (overall survival, OS) 85 %. Za timto Gispéchem stoji zavedeni
novych lé&ebnych protokolii a stratifikace pacientii dle rizikovych faktort. V Ceské
republice se détska ALL 1é¢i dle mezinarodniho protokolu AIEOP-BFM ALL 2009. V
ramci studie AIEOP-BFM ALL 2009 se spojili specializovani détsti 1ékati z Némecka,
Rakouska, gvycarska, Ttalie, Ceské republiky, Izraele a Australie. Spole¢né vytvofili
jednotny koncept 1é¢by, ktery je zalozen na vysledcich a zkuSenostech z ptedchozich
studii. Pocatecni lécCba se sklada ze tii fazi: indukce remise, konsolidace a pozdni
intenzifikace. Poté nasleduje udrzovaci lécba. Chemoterapie obvykle trva dva roky.
Indukce slouzi k navozeni remise onemocnéni a obnoveni normalni hematopoézy. Tato
faze zahrnuje prednizon, vincristin, daunorubicin a ASNazu. Dalsi fazi je konsolidace,
kdy je podavan cytosinarabinozid, merkaptopurin, cyklofosfamid a vysokodavkovany
metotrexat. Piiblizné 6 mésicli od zah4ajeni terapie nasleduje pozdni intenzifikace, ktera
je obdobna jako indukce. Cilem konsolidace a pozdni intenzifikace je eradikace
rezidudlni nemoci. Pfi udrzovaci 1é¢bé se pouzivda kombinace merkatopurinu a
metotrexatu. Nedilnou soucasti terapie je také opakovana intratekalni aplikace
metotrexatu do mozkomiSniho moku, kterd slouzi k prevenci a lécbé leukemické
infiltrace mozku. U déti s nejvy$Sim rizikem této komplikace je zafazeno ozatfovani
neurokrania (pfiblizné 15 % pacientti s inicialni infiltraci CNS, T-ALL s vysokou
leukocyt6zou nad 100 x 109 /1 a pacienti vysokého rizika).

Pacienti se déli podle genetickych zmén blastl a ¢asné odpovédi na 1é€bu do skupin
standardniho, stfedniho a vysokého rizika. Pacienti standardniho rizika potfebuji méné
intenzivni 1€¢bu nez pacienti vysSich rizik. DéEti s nejméné piiznivou progndzou jsou
indikovany k transplantaci KD v prvni remisi. Nejlepsi prognozu maji pacienti s fuznim
genem TEL-AML1 ¢i s vyznamnou hyperdiploidii nad 50 chromozomt v leukemické
burice s vice nez 90% Sanci na vyléceni. Nejvétsi skupinu tzv. stfedniho rizika tvoii déti
starSi neZ 6 let anebo pacienti s vyssi inicialni leukocytdozou. Skupinu vysokého rizika
tvofi déti se Spatnou odpovédi na lé€bu anebo s nepfiznivymi chromosomalnimi

aberacemi (pfestavba BCR-ABL nebo MLL-AF4). Nejhorsi prognézu maji kojenci,
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zvlasté pokud jsou mladsi nez 6 mésict, u kterych jsou Casté prestavby genu MLL
a vyznamna hyperleukocytdza. Nékteré vzacné genotypy vyskytujici se u méné nez 1 %
déti, jako je vyznamna hypodiploidie < 44 chromozomd, translokace t (17; 19) ¢i prikaz
fizniho genu TEL-ABL, maji velmi Spatnou progndézu. Leukémie z T prekurzorii ma v
soucasnosti stejné vysledky 1écby jako B-ALL.

Casnéa odpovéd’ na terapii je hodnocena ubytkem blastti v PK po tydenni predfazi,
ktera spociva v izolovaném podavani prednisonu a jedné intratekdlni injekci
metotrexatu. DalSim bodem je hodnoceni poklesu blastd v KD 2 tydny od zahdjeni
1é¢by. Citliveéjsi metoda hodnoceni ¢asné odpovédi na léCbu je detekce minimdlni
rezidudlni nemoci (MRN) v KD po 1 a 3 mésicich od zahajeni chemoterapie. Pii
sledovani MRN se detekuje specificka klonalni pfestavba genu pro imunoglobulinovy
nebo T-bunéény receptor (Ig/TCR). Jedna se o unikatni sekvenci, ktera vznika
preskupovanim genovych segment v priabéhu vyvoje leukemické bunky. Tento znak
1ze vyuzivat diky tomu, Ze je pfitomen na povrchu vSech bunék leukemického klonu a je

specificky pro kazdého pacient'cl.lo'12

Pomaly ustup MRN fadi pacienty do vysokého
rizika, naopak rychly pokles MRN vede ke kontrolovanému snizeni intenzity terapie.
Nejcastéjsi pri¢inou neuspéchu 1é¢by ALL je relaps onemocnéni, ktery postihuje
15-20 % pacienti. Z hlediska dal$i prognozy je velmi diilezitd doba a misto vzniku
relapsu. Nejhor$i prognoézu maji déti s velmi Casnymi relapsy v KD, které vznikaji do
18 mésich od diagnézy. Mimodieniové projevy leukémie maji lepSi prognozu. Nejcastéji
vznikaji v CNS nebo u chlapci testikularni infiltraci. Pti¢inou téchto projevi je
nedostatecny prunik cytostatik pies hematoencefalickou a hematogonadalni bariéru.
Pacienti, u nichz k relapsu doslo, jsou rozdéleni do tfech rizikovych skupin. Skupiné
SnejnizSim  rizikem je  poddvdna  intenzivni  chemoterapie = systémem
vysokodavkovanych blokl s 2-3 tydennimi pfestdvkami. Pacienti stfedniho rizika jsou
dle odpovédi na 1é€bu, stanovenou méfenim MRN po prvnich dvou blocich
chemoterapie, stratifikovani k transplantaci nebo pouze k chemoterapii. U déti
Snejvy$Sim  rizikem je intenzivni chemoterapie zakoncena transplantaci

hematopoetickych kmenovych bunék od HLA-identického sourozence nebo

nepiibuzného darce.
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1.3 L-asparaginiza

Jednou z klicovych latek, ktera se pouziva pfi terapii détské ALL, je ASNaza. ASNaza
prokazateln¢ zlepSuje UspéSnost 1écby, v monoterapii dosahuje kompletni remise
40-60 % pacientl. Extensivni klinické studie potvrdily benefit intenzivni ASNazové
terapie v porovnani s mén¢ intenzivni terapii.13'15 Prestoze se ASNaza pouziva jiz po
nékolik desetileti, mechanismus cytotoxického ucinku a pticiny rezistence nebyly dosud

vysvétleny. Rezistence na ASN4zu je negativni prognosticky faktor.**™*®

1.3.1 Zakladni charakteristika ASNazy

ASNiaza je enzym, ktery se vyskytuje vriznych rostlinach, zivociSich a
mikroorganismech. Primdrné hydrolyzuje asparagin za vzniku aspartatu a amoniaku
(NH3). Vétsina typt ASNaz ma vSak i glutaminazovou aktivitu, coz znamena, ze
metabolizuje i glutamin na glutamét a NHs."® Glutaminazové aktivita tvofi pouze 3-9 %

. Je , o . ;. . .o 2
asparaginazové aktivity v zavislosti na zdroji enzymu.”

1.3.2 Objev terapeutického ucinku ASNazy

Protinadorovy t¢inek ASNazy byl poprvé popsan jiz v roce 1953, kdy Dr. Kidd zjistil,
e podani morceciho séra inhibuje v mysich rist lymfomu.?* Nésledné studie ukézaly,
Ze pric¢inou regrese tumoru je enzym ASNaza. Potieba asparaginu pro rist nadorové
masy byla na in vitro modelech postupné potvrzena u Walkerova karcinosarkomu 256 a
mysi leukemické linie L5178Y.% % V roce 1964 bylo zjisténo, Ze lze ASNazu izolovat
z Escherichia coli (E. coli), diky tomu bylo mozné zaéit produkovat a pouzivat tento
enzym ve vétSim mnoZstvi. SouCasné byly zahajeny klinické studie, které potvrdily
protinddorovy tcinek ASNazy. ASNaza byla poté zatazena do 1écebnych protokoli. Pti

porovnavacich studiich bylo potvrzeno, Ze ASNaza signifikantn¢ zvysila EFS a oS4t

1.3.3 ASNazové pripravky

Diky systematickym studiim byly popsany dal$i druhy E. coli, produkujici ASNazu.
Nejvétsi enzymatickd aktivita byla potvrzena u druhu Erwinia chrysanthemi. ASNaza
izolovana z tohoto bakteridlniho druhu se nazyvd Erwindza. V soucasné dobé probihaji
klinické studie rekombinantni Erwinazy konjugované s polyethylenglykolem (PEG)
(mPEG-r-crisantaspaza). Zkousi se také ASNaza vazana v suspenzi Cervenych krvinek
(GRASPA).?* Klinicky se nejéastdji pouziva ASN4za produkovana E. coli konjugovana

SPEG, tzv. pegylovand ASNdza. Tato modifikace vedla ke sniZzeni poctu
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hypersenzitivnich reakci, které nativni ASNaza u pacientl vyvolava. Zplsob podani i
davka ASNé&zy se v jednotlivych zemich li§i. V Ceské republice se podava
intravenozné, lze ji vSak aplikovat 1 intramuskularné. Davka ASNazy je stanovena dle

pouzivaného 1é¢ebného protokolu AIEOP-BFM ALL 20009.

1.3.4 Mechanismus cytotoxického ucinku a priciny rezistence

Jak jiz bylo uvedeno, ASNaza deaminuje neesencialni aminokyseliny asparagin a
glutamin, coz vede ke snizeni obsahu téchto aminokyselin v séru. Antileukemicky
ucinek byl dfive pfisuzovdn piedevsim asparagindzové aktivit¢ enzymu. Deplece
glutaminu byla povaZovéna za piiCinu nckterych nezédoucich Uc¢inki a byla snaha
vyvinout ASNézu bez glutaminazové aktivity. Nové studie vSak ukazuji, Ze je deplece

glutaminu pro cytotoxicky G&inek také potiebnd.?

1.3.4.1 Asparagin syntetiaza
Asparagin je endogenn¢ produkovan enzymem ASNS. ASNS je aminotransferaza, ktera

pfenaSi aminoskupinu z glutaminu na aspartat. V eukaryotickych buiikdch ASNS
nevyuziva jiné substraty, proto je oznacovana jako glutamin-dependentni. Pfi studiu
protinadorového ucinku ASNazy se zjistilo, ze maji leukemické buiiky V porovnani
S buitkkami zdravymi nizsi aktivitu ASNS. Dale byla potvrzena nizka hladina exprese

genu pro ASNS, shodné¢ s nizkou hladinou proteinu.26’ 2t

Vznikla tak hypotéza,
potvrzend nékolika publikacemi, Ze za u¢inkem ASNazy stoji zavislost leukemickych
blastii na extracelularnim asparaginu.zs'30 Zdravé tkan¢ jsou dle této teorie schopny
ztraty asparaginu kompenzovat diky dostatecné aktivni ASNS, pfipadné zvySenim
exprese tohoto enzymu v odpovédi na asparaginovou depleci. Nedostatek asparaginu
vede Vv leukemickych burnkach Kk poskozeni proteosyntézy, syntézy DNA, RNA a
nasledné k apoptoze.

Ptestoze je ASNaza pii terapii ALL velmi u¢inna, jsou mezi jednotlivymi pacienty
rozdily v citlivosti, véetné ptipadi rezistence k tomuto 1é¢ivu. Bazalni exprese genu pro
ASNS zacala byt proto studovana jako moznd pficina interindividualnich rozdild.
Experimenty provedené na modelu leukemickych bunéénych linii zprvu potvrzovaly
predpoklad korelace exprese genu pro ASNS s citlivosti k ASNaze. Pfi snaze aplikovat
tyto poznatky u pacientskych vzorkli se vSak situace zna¢n€é zkomplikovala.
Chronologicky, pfi studiu expresnich profili ALL pacientli nebyla exprese genu pro
ASNS mezi prvnimi 35 geny urCujicimi rozdéleni pacienti do skupin pomoci
hierchického klastrovani podle citlivosti k ASNaze, ackoliv byla potvrzena zvySena
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exprese tohoto genu u rezistentnich pacientﬁ.31 Dalsi nesrovnalosti ve vztahu ASNS a
ASNazy se ukédzaly béhem studia senzitivity k tomuto 1é¢ivu u pacientd s fuznim
genem TEL-AMLL. In vitro testy u téchto pacientt prokazaly vyssi citlivost na ASNazu
ve srovnani s blasty TEL-AMLI1-negativnich pacientﬁ.32 Nase pracovni skupina
paralelné s holandskou skupinou Stams et al. publikovala paradoxné zvySenou expresi
§.33.34

genu pro ASNS u TEL-AML1-pozitivnich pacientt.
k hledani specifického mechanismu u¢inku ASNazy u TEL-AML1-pozitivnich ALL.

Tento prekvapivy vysledek vedl

Nasledujici studie nicméné odhalily, Ze je problematika vztahu mezi expresi ASNS a
citlivosti ALL blasti k ASNaze komplexnéjsi, zahrnujici i jiné genetické subtypy. Prace
publikovana autory Fine et al.*® prezentuje klastrovani ALL bun&énych linii
rezistentnich resp. senzitivnich k ASNé4ze na zéklad€ bazalni exprese ASNS. Klinické
vzorky pacientll se vSak pfi stejném typu analyzy takto nerozd¢lily. Bazalni exprese
genu pro ASNS tedy nebyla prediktivni pro odpoveéd’ primérnich vzorkd na ASNazu. Po
podani ASNazy vsak doslo k velmi podobnym zménam exprese velkého mnozstvi genti

jak ve zminénych bunécnych liniich, tak v klinickych vzorcich.*®

1.3.4.2 DalSi moZné priciny rezistence
Je zfejmé, Ze se na UCinku ASNdazy i1 na vzniku rezistence podili krom& ASNS vice
faktorti. Jednim z nich mtize byt aktivacni transkripéni faktor 5 (activating transcription
factor 5, ATF5). ATF5 je soucasti signaliza¢ni drahy, ktera je aktivovana pii nedostatku
aminokyselin a vede ke zvySeni exprese genu pro ASNS. Leukemické buiiky rezistentni
k ASNaze maji v porovnani s butikami senzitivnimi zvySenou expresi ATF5. Navic byl
u ALL pacientti objeven polymorfismus v ATF5, ktery zvySoval promotorovou aktivitu.
Pacienti s timto polymorfismem maji nizs$i EFS, pfi¢emz tato spojitost byla prokazana
pouze u pacientl lé¢enych ASNézou.*

Mezi dalsi pficiny rozdilné citlivosti ALL pacienti k ASNéze miize patfit ztrata
proteinové kindzy GCN2 (general control nonderepressible kinase 2). Tato kindza ma

.....

nutnd pii bunéné adaptaci na nedostatek aminokyselin. Na mySim modelu bylo
prokazano, Ze poskozeni funkce GCN2 zvy3uje citlivost k ASNéze.>" 38

Usp&snost terapie mize byt ovlivnéna i rozdilnou farmakokinetiokou. ASNaza
muze byt degradovana lyzosomdlnimi proteazami asparaginyl endopeptidazou a
Cathepsinem B. Uvedené proteazy jsou produkovany lymfoblasty. Stdpeni vede

k inaktivaci a vystaveni epitopti imunitni odpovédi.*® %
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Svoji roli muze také sehrat mikroprosttedi KD. Mezenchymalni buiikky KD maji
schopnost sekretovat asparagin a in vitro ochranit blasty pfed nasledky podani
ASN'c'lzy.41 M¢éienim obsahu asparaginu u pacientskych vzorkii vSak bylo prokazano, ze
po podani ASNazy nedochazi ke zvySeni obsahu asparaginu v KD.* Protektivni role
mezenchymalnich kmenovych bunék je proto diskutabilni.

Srezistenci k ASNaze je také spojovana obezita. V in vitro podminkach bylo

zjisténo, ze adipocyty produkuji glutamin a tim inhibuji cytotoxicky ucinek ASNélzy.43

1.3.5 Nezadouci u¢inky ASNazy
Ackoliv ptidani ASNazy do protokoli vyrazné zlepsilo 1éc¢ebné vysledky, existuji limity
dané toxicitou, které muze ASNaza pii vySSich davkach zplsobovat. ASNaza je
bakteridlni protein, nejcastéj$im nezadoucim ucinkem je proto hypersenzitivita, ktera se
miZe projevit jako mirna alergickd reakce az fatilni anafylaxe.** Pitomnost
bakterialniho antigenu také vyvolava u pacientt tvorbu neutraliza¢nich protilatek, které
zpiisobuji rychly pokles aktivity ASNazy, tzv.,tichou inaktivaci®. To ma za nasledek
snizeni efektivity a zvy3eni rizika relapsu.*® Diky PEG-upravé ASNazy doslo ke sniZeni
vyskytu hypersenzitivnich reakci. Pokud k nim i tak dojde, byvé indikovana Erwinéza.
Mezi dal$i nezddouci uCinky patii neurotoxicita, kterd je spojovdna se
sekundérni glutaminazovou aktivitou.”*® Vv nékterych pripadech ASNéaza vyvolava
pankreatitidu, krvaceni, trombdzu, hyperglykémii, hypoglykémii, hyperlipidémii,

hyperbilirubinémii a disfunkci jater.”*>2

1.3.6 DalSi pouziti ASNazy

ASNaza je zahrnuta do léCebnych protokolti pouze v pfipadé ALL, a non-Hodgin
lymfomt, jeji potencidlni terapeuticky ucinek se vSak studuje i u jinych typi
hematologickych malignit. Cytotoxicky ucinek ASNazy byl potvrzen na primarnich
AML buiikéch.”® Pouziti ASNézy u solidnich nadorti je komplikované, protoze je
ASNaza pouze omezené¢ transportovana z vaskularntho do extravaskularniho
prostfedi.‘r’4 Presto existuji studie, které se ptipadnym pouzitim ASNéazy pro 1éCby
solidnich tumort zabyvaji. Jedna se pfedevS§im o nadory ovarii, u kterych preklinické

55-57

studie prokazaly sensitivitu k ASNéaze. Druhé faze klinickych studii vSak byla pro

vysokou toxicitu ASNé&zy ukondena.® Uginek ASNéazy je dale studovan u

hepatocelularniho karcinomu, nadoru pankreatu, nadoru prostaty a nadoru mozku.>*®
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1.4 Metabolické zmény nadorovych bunék

Nepftetrzity vyvoj znalosti biologie nadorovych bunck ukazuje, Ze jsou nadorova
onemocnéni znacné heterogenni. Nadorova onemocnéni 1ze rozdélit dle organového ¢i
tkanového ptivodu, ptipadné podle molekuldrniho subtypu, ¢imz ziskame velmi velké
mnoZstvi podskupin, které se lidi progndzou, terapii a vysledkem 1é¢by.>* Pokrok v
sekvenovani DNA a v dalSich analytickych technologiich umoznil rozlisit genetické
heterogenity mezi histologicky podobnymi tumory a rozdilné fenotypy bunck z jedné
nadorové populace.65 Existuje vSak fada spole¢nych ryst, zahrnujici rizné biologické
vlastnosti a schopnosti, které nadorové bujeni usnadiuji (Obr. 2). Jednim z téchto ryst,

ktery byl poprvé popsan jiz témét pied sto lety, je deregulovany metabolismus.

Unik apoptéze

Zvysena
angiogeneze ’.
Typické znaky

nadorovych bunék
Unik imunitnimu Stres zpusobeny
dohledu ': poskozenim DNA
Oxidativni

stres

Mitoticky
stres

Metabolicky Proteotoxicky

stres stres

Obr. 2 - Typické znaky nadorovych bunék
(Upraveno z Hanahan D et al, 2011)

1.41 Warburgiv efekt
Néadorové bunky maji v porovnani s bunkami zdravymi jiny metabolicky profil,

respektive uptfednostituji jiné metabolické dlreihy.66 Zdravé diferencované bunky tvoii
ATP v aerobnich podminkach prostfednictvim oxidativni fosforylace (oxidative
phosphorylation, OXPHOS). V anaerobnich podminkach vyuZivaji méné efektivni
glykolyzy. Béhem OXPHOS vznikd zjedné molekuly glukoézy 36 molekul ATP,
anaerobni glykolyzou vzniknou zjedné molekuly glukézy dvé molekuly ATP.
Nédorové buiikky maji zvySenou spotiebu glukézy, pficemz jen jeji mensi frakce je
oxidovana v Krebsové cyklu. VétSina glukdzy je i v ptitomnosti kysliku pouzita na

produkci laktatu, proto se tato reakce nazyva aerobni glykolyza. Fenomén zvySeni
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aerobni glykolyzy na ikor OXPHOS byl dle objevitele pojmenovan Warburgiv efekt.®”
® Divody, pro¢ nadorové buiiky s prokazatelnd vy$simi energetickymi naroky
pouzivaji méné efektivni glykolyzu, se stile studuji. Pavodni hypotéza, Ze maji
nadorové builky poSkozené mitochondrie, jiz byla Vyvraicena.69 Proc¢ tedy k Warburgove
efektu dochéazi? ZvySeny obrat glukozy je pro nadorové buinky vyhodny. Ackoliv
Vv pribehu glykolyzy vznikd méné molekul ATP nez béhem OXPHOS, glykolyticky tok
je dostatecné rychly na to, aby energetické naroky pokryl. Béhem degradace glukozy
navic vznikd mnozstvi meziproduktii potfebnych pro biosyntetické drahy, vcetné
ribézovych cukri na tvorbu nukleotid; glycerolu a citratu na syntézu lipidd;
neesencialnich aminokyselin; a redukovana formy nikotinamidadenindinukleotidfosfatu

(NADPH), prostfednictvim pentézového cyklu.70

1.4.2 Zavislost na glutaminu
Vyznamnym substratem je kromé glukézy také glutamin (Obr. 3). Proliferujici buiky

maji vysokou spotiebu glutaminu, coz dokazuje, ze je glutamin jako substrat velmi
univerzalni.

Metabolismus glutaminu lze rozdélit dle vyuziti y-dusiku (syntéza nukleotidd,
hexosaminil), a-dusiku nebo uhlikového fetézce. Druhé dva typy reakci vyuzivaji jako
substrat glutamat. Ackoliv maji nadorové buiky vysoky obsah intracelularniho
glutamatu, udrzeni této hladiny zavisi na schopnosti konvertovat glutamin na glutamat,
protoze glutaminu je v extracelularnim prostiedi na rozdil od glutamatu dostatek. Tento
proces je umoznén pritomnosti glutaminazy, mitochondridlniho enzymu, ktery je vysoce
exprimovan v nadorovych buiikach. Bylo prokazano, ze glutaminazova aktivita koreluje

71,72

S ristem tumord in Vivo. Na experimentalnich modelech bylo potvrzeno, Ze inhibice

glutaminazové aktivity vede k poklesu rastu nadorovych bunék a Xenograftﬁ.73’ I

Glutamin je proto povazovan v ptipadé nadorového ristu za esencialni.” .

V nékterych nddorovych buiikédch je glutamin primarni mitochondridlni substrat a je
potfebny pro udrZzeni mitochondridlniho membranového potencidlu. Deaminaci
glutaminu na pyruvat navic vznikd NADPH, ktery je nutny pro syntézu lipidi a pro
redoxni kontrolu. Dochazi tim také k doplnéni intermediati Krebsova cyklu. Ddle je
glutamin potfebny pro vstiebavani aminokyselin a aktivaci kinazy mammalian target of

rapamycin (mMTOR), viz dale.
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Glutamin se podili na metabolismu, bunécné signalizaci a genové expresi, proto je
snaha vyuzit terapeutika, ktera zasahuji do metabolismu glutaminu, velmi atraktivni a

opodstatnéna.

Glukéza Leucin Glutamin Glutamin |——— ]-asparaginaza
' ) \
~— ==
utt LAT1 ‘%
. '
i ! ! |
Y Y ' Y \
fioucia Ll ol e s Glutamin
Glukéza { -
A N <

Laktat @

Pyruvat

Glutamin

s

{ Gs

—
Glutamat

a-ketoglutarat
NADH
NAD*

— /
ME NADPH f

Komplexy dfchaciho Fetézce

Sukcinyl-CoA

Malit |l Acetyl-CoA

Sukcinat

Citrat
Fumarit

OAA T Citrat

Acetyl-CoA
OAA < Malst

Syntéza lipidi / acetylace proteini ———

Obr. 3- Ptehled metabolismu glutaminu

(Upraveno z Wise DR et al, 2010)

1.4.3 Metabolismus mastnych Kyselin
Dalsi typ metabolické alterace zahrnuje oxidaci lipida a MK. MK jsou zdrojem energie,

sloZzkou membran a slouzi jako signalni molekuly. MK mohou byt exogenniho ptivodu
nebo vznikaji de novo syntézou. Zdravé lidské bunky preferuji exogenni zdroje MK,
zatimco pro nadorové buiiky je hlavnim zdrojem de novo syntéza.”® Oxidace MK
produkuje dvojnasobné mnozstvi ATP neZ oxidace sacharidii.” K oxidaci MK dochazi
vV mitochondriich a peroxisomech, nicméné¢ hlavnim mistem oxidace jsou
mitochondrie.®*® Behem oxidace MK dochézi k sérii reakci, v kazdém cyklu se MK
zkrati o dva uhliky za vzniku NADH, FADH2 a acetyl-CoA. NADH a FADH2 vstupuji
do elektronového transportniho fetézce a produkuji ATP. Acetyl-COA vstupuje do
Krebsova cyklu, kde také vznika ATP a dale se tvofi redukéni ekvivalenty, které jsou
nutné pro elektronovy transportni fetézec a dalsi biologické procesy.”

Pied vlastni oxidaci musi dojit k aktivaci MK a transportu do mitochondrie. MK
v aktivované formé (acyl-CoA) nemohou projit ptes mitochondridlni membranu, proto
musi byt transportovany pomoci karnitinového pienasece (Carnitine palmitoyl
transferdza 1, CPT1). CPT1 se nachazi na vné¢js$i mitochondrialni membrané a konjuguje

aktivované MK s karnitinem za vzniku acyl-karnitinu. CPT1 je pro oxidaci MK kli¢ova,
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vykazuje az 80% kontrolu nad oxidaci MK.2! Jakmile dojde k prenosu acyl-karnitinu do
mitochondrie, CPT2, kterd se nachédzi na vnitini mitochondridlni membrang, preméni
acyl-karnitin zp&t na acyl-CoA, ktery jiz mize podstoupit oxidaci.®® Oxidace MK je pro
prezivani bunék esencialni. Inhibice miize vést az k bunécné smrti, ktera je zptisobena

jak akumulaci lipida (lipotoxicitou) tak nedostatkem metabolickych meziprodukti.” %

-
'lm ) S J— &= Peroxizom ik
" |@oon [ \@ﬁm—?y/—' =\
| =

Lipotoxicita

= e (O

e
g

Obr. 4 — Utinek oxidace MK na metabolismus nddorovych bunék

(Upraveno z Carracedo A et al, 2013)
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1.5 Metabolismus leukemickych bunék

Vétsina dosavadnich studii se zabyvala metabolismem solidnich nddort. Charakter
leukemickych bunc¢k je znacné odliSny a neni tak dobie prozkoumén. Nekteré
metabolické alterace byly jiz nicméné popsany i u leukemii. Autofi Samudio et al.
potvrdili, Ze i leukemické buinky produkuji i v pfitomnosti kysliku laktat, coz

828 Tyto metabolické zmény mohu byt pro leukemické

rekapituluje Warburglv efekt.
buiky vyhodné. Jak jiz bylo uvedeno, pouziti i jinych uhlikovych zdrojii nez je
glukoza, hraje vyznamnou roli v biosyntetické kapacité. Schopnost vyuzivat misto
OXPHOS glykolyzu je pro proliferujici leukemické buiky vyhodou i1 z divodu
hypoxického prostredi v KD.

Leukemické bunky jsou schopné vyuzivat pro doplnéni intermediati Krebsova

8283 744 se, Ze

cyklu kromé glutaminolyzy také acetyl-CoA vznikly oxidaci MK.
vysvétleni charakteristického metabolického profilu souvisi s expresi odptfazovaciho
proteinu 2 (uncoupling protein 2 (UCP2). UCP jsou mitochondrialni proteiny, které
zvysuji propustnost vnitini mitochondrialni membrany pro protony. Autoti Skrtic et al.
objevili u AML bun&k zvysenou mitochondrialni biogenesi.?* Dale bylo popsano, Ze
maji leukemické buiiky zvySenou expresi genu pro ucp2.53.8 Odpiazené mitochondrie
maji sniZeny protonovy gradient, coz znemoziiuje produkci ATP. Dochéazi k
metabolické pfeméné, protoze se zvySuje oxidace uhlikovych zdroja, jako jsou MK
nebo glutamin.® % Odprazeni mitochondrii také zptisobuje zvyieni hladiny proteint
Bcl-2, coz vede k rezistenci k apoptoze.®? %

DalSim vyznamnym objevem souvisejicim s metabolismem leukemickych bunck
bylo odhaleni mutace v genu pro isocitrat dehydrogenazu (IDH). IDH protein katalyzuje
oxidativni dekarboxylaci isocitratu na a-Ketoglutarat (a-KG). Mutantni proteiny IDH1 a
IDH2 katalyzuji reakci a-KG za vzniku onkometabolitu 2-hydroxyglutaratu (2-HG),

87.88 2_HG ovliviiuje rodinu protein ,,tet methylcytosine

ktery se v buiikdch akumuluje.
dioxygenase®, coz vede k poskozeni hydroxymetylace DNA a epigenetické kontroly.89
Pfitomnost mutace IDH1/2 byla potvrzena u pacientt s AML(5-20 %), pediatrickych
pacientti s ALL (6,5 %), CML (3,7 %) a 3 % pacientii s chronickou myelomonocytarni

leukemii (CMML). Mutace IDH koreluje s niz§im ptezitim pacientd s AML.%
1.5.1 Vyuziti v terapii

Studium metabolismu nadorovych bunék zaziva v poslednich letech renesanci. Stéle
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Charakteristickych metabolickych vlastnosti nadorovych bun¢k se vyuziva K cilené
terapii metabolickymi inhibitory, které zvysuji i€innost konvenc¢nich latek.

Jako ptiklad mize poslouzit rezistence na glukokortikoidy u T-ALL, jejiz pfic¢ina
byla spojena s vyssi glykolytickou aktivitou rezistentnich bunék. Kombinace inhibitort
glykolyzy, metabolismu cholesterolu a bunééné respirace s metylprednisonem zvysila
jeho cytotoxicky ucinek.*

Nejvice poznatkil tykajicich se vyuziti charakteristickych metabolickych zmén pro
cilenou terapii bylo v ramci leukémii popsano u AML. U AML bun¢k rezistentnich na
cytarabin byla prokdzdna =zavislost na argininu, deplece argininu potencovala
cytotoxicky U&inek cytarabinu.*? Jind prace zdiraziiuje zavislost AML bungk na
glutaminu a mozné vyuziti ASNazy pro terapii AML.* V piipadé¢ AML byl také
potvrzen vyznam oxidace MK pro bunééné prezivéni, inhibice oxidace MK zvySovala
apoptozu.¥ V preklinickych studiich jsou také inhibitory mutovaného proteinu IDH,
jehoz funkce byla popséana v &asti 1.5.93%

Pfi porovnani ALL a AML bunéénych linii senzitivnich a rezistentnich
k daunorubicinu byl popsan metabolicky profil rezistentnich bunék, ktery se
vyznacoval snizenou zavislosti na glutaminu, vys$si spotiebou glukézy a rozdilnou
aktivitou oxidace MK.*" Viechny uvedené charakteristiky jsou proto potencialni cile
pro kombinovanou terapii.

Kromé¢ intracelularnich vlastnosti hraje vyznamnou roli také prosttedi KD. Bylo
prokazano, ze se hypoxie podili na rezistenci CML k inhibitorim tyrosin kin'cisy.98

Bioenergetickd rovnovaha je pro pteziti nadorovych bunck velmi dulezita. Jeji
prostudovani a cilené naruSeni proto miZze velmi vyrazné pfispét k GspéSné terapii

nadorovych onemocnéni.

1.6 mTORC1

Mezi vyznamné regulatory bunééného metabolismu patfi signilni drdha
fosfatidylinositol-3-kinaza (PI3 kinaza, PI3K), Akt a mTOR (PI3K/Akt/mTOR) (Obr.
5). Draha PI3K/Akt/mTOR je u nadorovych onemocnéni €asto deregulovana a podili se
na patogenezi n&kolika typi leukemii véetnd AML, T-ALL a pre-B ALL.% %

Kinaza mTOR reaguje na mnozstvi extracelularnich a intracelularnich podnéti.
Tvorbou dvou fyziologicky a funkéné odliSnych komplexi ma centralni ulohu
vV homeostatické kontrole bunééného rlstu, proliferace a ptezivani. mTOR je tvofen

proteinovymi komplexy 1 a 2 (NMTORC1, mTORC2). mTORCI1 se sklada z proteint
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Raptoru (Regulatory associated protein of mMTOR) a mLST8 (mammalian Lethal with
SECI13 protein 8). mTORC2 se sklada z proteind Rictor (Rapamycin insensitive
companion of mTOR), mSIN1 (mammalian Streass activated protein kinase interacting
protein 1) a mLST8. Oba dva komplexy maji dalsi podjednotky, které nejsou pro jejich
funkci nutné. Zékladni rozdil mezi komplexy mTOR je citlivost k rapamycinu, ktery pfi
kratkodobém podéni inhibuje pouze komplex mTORCI. Vzhledem k tomu, ze byl
komplex mTORC2 objeven pozdéji, se vétSina poznatki o uloze v tumorogenezi tyka
komplexu mTORC1. mTORCI1 reguluje fadu bunécnych procest, jako je proteinova
syntéza, de novo syntéza pyrimidinil, autofagie a metabolismus. 1%

Aktivita mTORCI1 je zavisla na pfitomnosti aminokyselin. Autofi Sancak et al
popsali, ze pro aktivaci mMTORC1 aminokyselinami jsou nutné proteiny Rag, skupina 4
guanosinovych trifosfatas (GTPazy). Proteiny Rag neaktivuji mTORCI1 piimo, ale
podnécuji intracelularni lokalizaci mTOR smérem ke kompartmentu, ktery obsahuje
b 105

aktivator mTOR, protein Rhe
Mezi nejlépe popsané cile komplexu mTORCI1 patii ribosomalni kindza p70S6

.....

fosforylaci substratu p70S6K a 4E-BP1. Fosforylace p70S6K1 aktivuje, ta nasledné
fosforyluje ribosomalni protein S6 a elF4B. mTORCI1 defosforyluje 4EB-BP1 coz
zahdjeni translace. p70S6K fosforyluje i protein CAD (carbamoyl-phosphate synthetase
2, aspartate transcarbamylase, a dihydroorotase), ktery katalyzuje prvni téi kroky de
novo syntézy pyrimidini. mTORC Itak prostiednictvim fosforylace p70S6K stimuluje
pyrimidinovou syntézu.106

Autofagie je hlavni lyzosomalni draha recyklujici intracelularni komponenty.
Bazalni autofagie slouZi eliminaci poskozenych organel, které by pro buniku mohly byt
toxické. V ptipadé nedostatku zivin dochazi k aktivaci autofagie s cilem doplnit
potiebné zdroje a zajistit tak preziti.'?” *® Autofagie je indukovana celym spektrem
signall, na zakladé kterych degraduje proteiny, oxidované lipidy, proteinové agregaty,
poSkozené organely 1 intracelularni patogeny. V Casnych stadiich nadorového
onemocnéni muze mit autofagie tumorusupresivni funkci, ale také mize zajiStovat
dopliiovani nutrienti pro rostouci nddorovou masu. Stimulace autofagie tak muze

o “ " o tx1.. 108, 1 o1x . -
zpusobovat zlepSeni 1 zhorSeni odpovédi na 1écbu. 08,109 s prubéhu autofagie dochazi
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k tvorbé specialnich vesikulti, autofagosomtl, které dopravuji naklad k lyzosomum a
spojenim vytvaii autofagolyzosomy. Zahijeni tvorby autofagosomi je regulovéano
komplexem ULK1 (Unc51-like kinase 1), ktery je regulovana prostfednictim mTORCI.
Pie nedostatku zivin dochazi k inhibici mTORCI, ktera zpusobi aktivaci autofagie.
Autofagie miiZe byt aktivovand i nezavisle na mTORC1.1042

Aktivita mTORCI1 je klicova i pro metabolismus lipidi. mTORCI aktivuje
nuklearni receptor PPARYy (peroxisome proliferator-activated receptor y), ktery reguluje
vsttebavani MK. mTORCI1 ovliviluje MK prostiednictvim kindzy S6, u mysi
s deficientni p70S6K dochazi k aktivaci oxidace MK .13

Vzhledem ktomu, ze ASNaza depletuje asparagin a glutamin, jeji ucinek na
MTORCL byl jiz v ALL studovan. Iiboshi et al. potvrdili, ze podani ASNazy inhibuje
drahu mTORC1, na tirovni p70S6K."** Uginek ASNazy na dal3i cile mTORC1 v ALL
studovan nebyl. Na modelu AML a ovaridlnich nadorti bylo ukazano, ze deplece
glutaminu po podani ASNézy aktivuje autofagii a ta je kli¢ovéa pro piezivani.>® '*°
Inhibice autofagie v deprivovanych podminkach aktivovala apoptozu. Lze tedy
predpokladat, Ze ASNaza ovliviiuje v ALL 1 dalsi cile drahy mTORCI.

poskozeni nedostatek ristové

zanét hypoxie DNA energie faktory

o @

mTORC2

@ organizace

\ ‘ mTOR aktinu
aminokyseliny = —~J @ e mLST8 \

mTORC1 . _—

Ekbpid 4E BP translace

blogeneze
autofagie  ribozomi
metabolismus

bunéény rist, proliferace, prezivani

transkripce

Obr. 5 — Signalni draha mTOR
(Upraveno z McCromick MA et al., 2010
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2. Vymezeni cilii a zakladni hypotézy prace

V nas$i praci jsme chtéli potvrdit nebo vyvratit hypotézu, ze se jednotlivi ALL pacienti
lisi v citlivosti k ASNaze v disledku rozdilné hladiny exprese genu pro ASNS. Dale
jsme se chtéli zaméfit na podrobné prostudovani mechanismu ucinku tohoto 1éciva.
ASNaza enzymaticky rozklada asparagin a glutamin, pficemz ob¢ aminokyseliny jsou
pro leukemické buiiky esencialni. Predpoklddali jsme proto, ze v disledku jejich
deplece dochazi ke zméndm v bunééné signalizaci a knaruSeni metabolické
homeostdzy. Déle jsme se domnivali, ze podrobné popsdni mechanismu u¢inku ASNazy
by mohlo odhalit novou ,,Achillovu patu“ leukemickych bun¢k, diky které by bylo

mozné cilenou terapii zvysit cytotoxicky ucinek ASNazy. Nase cile byly nésledujici:

1. stanoveni vyznamu hladiny exprese genu pro ASNS v cytotoxickém ucinku

ASNazy v ALL pacientskych vzorcich

2. stanoveni expresniho profilu ALL bunék s rozdilnou citlivosti k ASNaze

3. odhaleni klicovych signalnich a metabolickych drah, jejichz aktivita je v ALL

bunkach po podani ASNazy ovlivnéna

4. objasnéni regulace u¢inku ASNazy

5. navrzeni kombinované terapie, kterd by zvysila cytotoxicky uc¢inek ASNazy

v ALL bunkach

6. urceni podilu deplece asparaginu a glutaminu na celkovém cytotoxickém ucinku

ASNazy
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3. Material a metody

3.1 Pacientské vzorky a zdravé kontroly

Diagnostické vzorky KD pacientd s BCP ALL byly ziskany z 1é¢ebnych center
Pracovni skupiny détské hematologie CR (PSDH, CR). Zakladni charakteristika
pacientd je shrnuta v Tab. 1. Material byl zpracovan v souladu s informovanym
souhlasem pacientl. Povoleni prace se vzorky bylo schvaleno etickou komisi 2.
1¢kaiské fakulty UK. Kontrolni vzorky periferni krve (PK) zdravych darct byly ziskany
z Ustavu hematologie a krevni transfuze (UHKT, Praha, CR).

3.2 Zpracovani vzorku

Vzorky KD pacientli a PK zdravych kontrol byly odebrany do sterilnich zkumavek s

antikoagulancii, transportovany do laboratofi a poté ihned zpracovany.

3.2.1 1Izolace mononuklearnich bunék z KD pacienti
Mononuklearni buiiky byly z KD separovany centrifugaci pomoci hustotniho gradientu

(Ficoll-Paque Research Grade, PharmaTech, New Jersey, USA). Bunky promyté
fosfatovym pufrem (Phosphate Buffered Saline, PBS; lékarna FN Motol, Praha, CR)

byly nésledné zamrazeny nebo kultivovany.

3.2.2 1Izolace mononuklearnich bunék z PK zdravych darci
Mononuklearni buiiky jsme izolovali z PK za vyuziti systému RosetteSep™ Human B

Cell Enrichment Cocktail (Stemcell Technologies, Vancouver, BC, Canada). Metoda je
zaloZena na principu negativni selekce. Koktejl obsahuje bispecifické protilatky, které
interaguji s povrchovymi antigeny hematopoetickych buné€k (mimo B-lymfocyti) 1 s
povrchovy antigenem erytrocytd, glykoforinem A. Dochazi k tvorbé rozet, které jsou
diky vyssi denzité odstranény centrifugaci v hustotnim gradientu. Pracovni postup byl
provadén podle doporuceni od vyrobce. Builkky promyté PBS byly nésledné

kultivovany.

3.3 Bunécné linie

BCP ALL bunécné linie REH (TEL-AML1[+], t(12;21)), UOCB-6 (TEL-AML1[+]),
RS4;11 (MLL-AF4[+]) a NALM-6 (TEL-PDGFRB1[+]), byly zakoupeny u Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ Human and Animal
Cell Lines Database, Némecko). Pfi ptipravé virovych partikuli byly pouZivany bunky
HEK293T a NIH3T3 (Ustav molekularni genetiky AVCR Praha).
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3.3.1 Kryoprezervace
Zamrazovaci zkumavky se smési o slozeni 600 pl bunécné suspenze, 300 pl

inaktivovaného fetalniho bovinniho séra (FBS; Life technologies, Carlsbad, USA) a 100
ul 99% dimetylsulfoxidu (DMSO; Sigma-Aldrich, St Louis, MO, USA) jsou pfes noc
uloZeny v zamrazovaci nadob¢é Mr. Frosty (Thermo Fisher Scientific Inc, Waltham, MA
USA) pii teploté -80 °C. Mr. Frosty je naplnén isoprapanolem a diky tomu dochazi
K postupnému promrazeni vzorku. Poté jsou zkumavky uloZeny do boxu s tekutym

dusikem pro dlouhodobé¢ skladovani.

3.3.2 Kaultivace buné¢nych linii
Leukemické buiiky jsme péstovali v kultivaénim médiu RPMI 1640 (Life technologies,

Carlsbad, USA) s 10% FBS a smési antibiotik s antimykotiky (Antibiotic-Antimycotic,
100X; Life technologies, Carlsbad, USA). V ptipadé mononuklearnich bun¢k
izolovanych z PK zdravych darct kultivaéni médium navic obsahovalo stimulaéni
faktory interleukin-21 (50 ng/ml) a interleukin-2 (50 ng/ml)(Sigma-Aldrich, St Louis,
MO, USA). Buitkky HEK293T a NIH3T3 byly kultivovany v médiu DMEM (Life
technologies, Carlsbad, USA) s 10% FBS. Buiky byly drzeny v kultivatorech pfi
teploté 37 °C s 5 % CO, (HERAcell 150 CO2 (ThermoScientific, Wilmington, USA).

3.3.3 Priprava leukemickych bunék pro experimenty in vitro
Pokud neni u jednotlivych metod uvedeno jinak, tak jsme pfed kazdym experimentem

leukemickou bunécnou linii centrifugovali 5 minut rychlosti 1000 otacek za minutu
(revolutions per minute; rpm) a nasadili o koncentraci 0,5 milionu bunék na 1 ml
kultiva¢niho média. Po 24 hodinach jsme ptidali ASNazu (Medac GmbH, Hamburg,
Némecko) o koncentraci 0,5 a 4 IU/ml a kultivovali dalSich 24 hodin. Poté jsme bunky
centrifugovali, peletu promyli vPBS a pouzili k jednotlivym experimentim.
Koncentrace ASNazy byly vypocitany na zéklad¢ davek, které se pouzivaji pii 1écbé

pacientii s ALL.

3.3.4 Piiprava leukemickych bunécnych linii rezistentnich k ASNaze
Leukemickeé linie REH a NALM-6 jsme dlouhodobé péstovali S nizkou davkou ASNazy

a pribézné jsme metodou MTS méfili citlivost k ASNéze. Pouzitd davka byla vybrana
na zaklad¢ senzitivity parentdlni linie. Linii NALM-6 jsme péstovali s davkou 0,04
IU/ml a linii REH s davkou 0,0012 IU/ml. Obé& dv¢ linie jsme paraleln¢ kultivovali bez

ASNazy. Jakmile byl rozdil v citlivosti mezi parentdlni linii a linii inkubovanou
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s ASNazou vice nez desetindsobny, pfipravili jsme vzorky na analyzu expresniho

profilu.

3.4 Stanoveni genové exprese

V ramci naseho projektu, jsme vySetfovali expresi genu pro ASNS a c-Myc metodou

kvantitativni polymerazové fetézové reakce v realném ¢ase (QRT-PCR).

3.4.1 Izolace nukleovych kyselin
RNA jsme izolovali pomoci RNeasy Mini kitu (Qiagen GmbH, Hilden, Némecko) dle

navodu vyrobce. Kvalitu a koncentraci vysledné RNA jsme zkontrolovali pomoci

spektrofotometru NanoDrop (ThermoScientific, Wilmington, USA).

3.4.2 Reverzni transkripce
RNA ve vychozim mnozstvi 1 pg byla pfepsdna do cDNA reverzni transkriptazou

pomoci kitu iScript (BioRad, Hercules, USA).

3.4.3 gRT-PCR
ASNS a c-Myc transkript byl detekovan pomoci Power SYBR Green PCR Master Mixu

(Life Technologies, Carlsbad, CA, USA) a specifickych primert (500nM). cDNA
tvofila 10 % mixu. Gen 32 microglobulin (£2M) byl vybran jako dostate¢n¢ stabilni tzv.
,housekeeping“ gen. Reakéni smés pro detekci S2M obsahovala: 2 pl 10x
koncentrovaného pufru (Life Technologies, Carlsbad, USA), 2,5mM MgCl (chlorid
hotecnaty; Life Technologies, Carlsbad, USA), 200uM dNTPs (deoxyribonukleotidy;
LifeTechnologies, Carlsbad, USA), 500nM forward a reverse primery, 200nM
fluorescen¢ni hybridizaéni sondy znacené fluoresceinem a LC Red 640, 0,2 pl
polymerdzy Platinum Taq DNA polymerase (Life Technologies, Carlsbad, USA),
cDNA (5% RT mixu) a 95 pl sterilni vody. Sekvence primerd jsou uvedeny v Tab. 2.
PCR reakce probihala na pfistroji LightCycler®480 Real-Time PCR machine (Roche
Diagnostics, Basel, Svycarsko). Reakéni podminky byly nasledujici: 95°C 10 min; 40
cykla skladajicich se z 15 s pii 95°C a 60 s pii 60°C (ASNS, c-Myc). 95°C 10 min; 41
cykla skladajicich ze 3 s pii 95°C, 10 s pii 62°C a 5 s pii 72°C (52M).

Hodnoty exprese 2M byly pouzity pro normalizaci expresnich dat ASNS a c-Myc dle
rovnice R = 2 —~AACt , kde AA Ct = A Ct vzorek - A Ct kontrola; A Ct = Ct studovany
gen - Ct 2M.

28



3.5 Stanoveni expresniho profilu ALL bunéénych linii

Expresni profil ALL bunéénych linii jsme stanovili pomoci mikro¢ipové technologie.

3.5.1 Pr¥iprava vzorki
Zlinii REH, NALM-6 a jejich rezistentnich prot&jsku (rezZREH, rezNALM-6) jsme

pomoci RNeasy mini-Kitu izolovali RNA. Koncentrace, Cistota a integrita vysledné
RNA byla kontrolovéna spektrofotometrem NanoDrop (ThermoScientific, Wilmington,
USA) a kapilarni elektroforézou s vyuzitim ¢ipové technologie — Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, USA). Z analyzy jsme vyloucili
vzorky, které meély ,,RNA integrity number* (RIN) mensi nez 7, pomér absorbance

260/280 mensi nez 1,8 a pomér absorbance 260/230 mensi nez 1,6.

3.5.2 Meéreni expresniho profilu
Expresni profil byl zméfen pomoci NimbleGen Human Gene Expression microarray

4x72K, HG18, NCBI 36 (Roche Nimblegen Inc., USA). Cip byl skenovan pii rozliseni
2 pum na pfistroji InnoScan 900 (Innopsys, France). Analyza obrdzku byla provedena v

softwaru NimbleScan 2.6 software (Roche NimbleGen, USA).

3.5.3 Analyza expresniho profilu
Analyza dat byla provedena pomoci softwaru GeneSpring GX 12.6 (Agilent

Technologies, Santa Clara, USA). Expresni profil parentalnich a rezistentnich linii byl
porovnan jednoparametrickym t-testem s “false discovere rate” (FDR) menSim nez
0,05; p-hodnoty byly korigovany pomoci Benjamini-Hochberg korekce. Pro porovnani
dat mezi danymi skupinami byl pouzit i test ,Kruskal-Wallis” (FDR < 0,05).
Identifikace spole¢nych a unikatné exprimovanych genti byla provedenaa pomoci
Vennova diagramu. Vysledné skupiny genti byly analyzovany softwarem MetaCore
pathway analysis software (GeneGo Inc., St Joseph, MO, USA). Funk¢ni vztahy mezi
jednotlivymi geny byly objeveny pomoci funkce ,,Enrichment analysis tool for GeneGo
and GO ontologies with canonical pathways, networks and diseases”, ktera je zalozena
na vyhledavani v dostupnych GeneGo databazich. Nastroj ,,Top GeneGo Pathway
Maps* popisuje logické celky obsahujici kanonické drdhy ovéfené alespon ze tii
literarnich zdrojii. Nastroj ,,GeneGo Networks* zobrazi sit¢ jednotlivych interakci, které

mohou, ale nemusi obsahovat kanonické drahy.
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3.6 Detekce proteinii metodou Western blot

V rémci této metody byl z inicidlni suspenze bunék pfipraven proteinovy lyzat. Bunky
byly dvakrat promyty PBS. Peleta byla resuspendovana lyza¢nim pufrem s nasledujicim
slozeni: 1% Triton-X-100 (Merck, Darmstadt, Némecko); 0,1% dodecylsulfat sodny
(sodium dodecylsulfat, SDS; Sigma-Aldrich, St. Louis, USA); 2mM Kkyselina
etylendiamin tetraoctova (EDTA; Sigma-Aldrich, St. Louis, USA); 150mM chlorid
sodny (NaCl; Sigma-Aldrich, St. Louis, USA); 50mM
(tris(hydroxymethyl)aminomethan s kyselinou chlorovodikovou (Tris-HCI, pH=7,5;
Sigma-Aldrich, St. Louis, USA); 50mM fluorid sodny (NaF; Sigma-Aldrich, St. Louis,
USA), ImM ortovanadat sodny (NasVO,; Sigma-Aldrich, St. Louis, USA); koktejl
protedazovych inhibitord (Complete Protease Inhibitor Coctail Tablets; Roche
Diagnostics, Basel, Svycarsko); ImM phenylmethylsulfonylfluorid (PMSF; Roche
Diagnostics, Basel, Svycarsko) a 0,002M chlorid hofe¢naty (MgCl2; Roche
Diagnostics, Basel, Svycarsko). Lyzat jsme inkubovali za ob&asného vortexovani 20
minut na ledu a poté centrifugovali 10 minut rychlosti 14 000 rpm pii teplot¢ 4 °C.
Supernatant jsme skladovali pii -80 °C. Koncentrace proteinovych lyzat jsme stanovili
spektrofotometricky pomoci RC DC Protein Assay Kit I (BioRad, Hercules, USA). Pro
vytvofeni standardni kfivky byl pouzit albumin bovinniho séra. Dle vypocitané
koncentrace jsme smichali proteinovy lyzat se vzorkovym pufrem NuPAGE® LDS
Sample Buffer a redukénim cinidlem NuPAGE® Sample Reducing Agent (Life
technologies, Carlsbad, USA). Vzorek jsme inkubovali 10 minut pti 70 °C. Proteiny
byly separovany elektroforeticky v Bolt® 4-12% Bis-Tris Plus Gelu (Life technologies,
Carlsbad, USA) pomoci aparatury Bolt® Mini Gel Tank (Life technologies, Carlsbad,
USA). Proteiny rozdélené podle své velikosti byly poté z gelu pieneseny na
nitrocelul6zovou membranu (BioRad, Hercules, USA) za pouziti Wet/Tank Blotting
System (BioRad, Hercules, USA). Membranu s navazanymi proteiny jsme 1 hodinu
inkubovali v 5% bloka¢nim pufru, ktery jsme ptipravili rozpusténim Blotting Grade
Blocker Non-Fat Dry Milk (BioRad, Hercules, USA) v roztoku Tris-Buffered Saline
stweenem (TBST; 50mM Tris-Cl, pH 7,5; 150mM NaCl; 0,2% tween BioRad,
Hercules, USA) a poté pies noc inkubovali v primarni protilatce. Seznam pouzitych
protilatek je uveden v Tab. 3. Nasledujici den jsme membranu promyli v TBST a
inkubovali s pfisluSnou sekundarni protilatkou (goat anti-rabbit nebo goat anti-mouse;

BioRad, Hercules, USA) v 1% roztoku bloka¢niho pufru. Pro vizualizaci navazané
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protilatky jsme pouzili detekéni kit o slozeni 0,1 M Tris (pH 8,5), 0,2 mM kyselina p-
kumarova (Sigma-Aldrich, St. Louis, USA), 1,25 mM luminol (Sigma-Aldrich, St.
Louis, USA) a 3% peroxid vodiku (H20,. Sigma-Aldrich, St. Louis, USA). Vysledna
chemiluminiscence byla zachycena na svétlo¢ivém filmu (Kodak, Rochester, NY,
USA), ktery byl nasledné vyvolan na pfistroji OptiMax X-ray Processor (ClassicXray,
Rolla, USA). Pro kontrolu rovhomérného naneseni vzorku jsme na kazdé membrané
detekovali protein B-aktin. Po naskenovani vyvolaného filmu jsme kvantifikovali

mnozstvi proteini pomoci volné dostupného softwaru ImageJ.

3.7 Invitro cytotoxicky test

In vitro cytotoxicita ASNazy byla stanovena testem s 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium  (MTS; AQueous One
Solution Cell Proliferation Assay, Promega, Madison, WI, USA). Test je zaloZen na
redukci MTS na formazan, ktera probiha v Zivych bunikach pomoci mitochondrialnich
dehydrogenaz. Mnozstvi vzniklého produktu se hodnoti spektrofotometricky.
Leukemické buiky (0,12 milionu/1 ml) byly inkubovany v 96-jamkové desticce
s osmi riznymi koncentracemi ASNazy (4 az 4E-07 IU/ml v desitkovém fedéni) v
triplikaté. Kontrolni vzorek, ktery ASNazu neobsahoval, jsme pouzili pro normalizaci
dat. Jamka obsahujici pouze kultivatni médium slouzila k odecteni pozadi. Po 72
hodinach inkubace (37 °C, 5% CO,) jsme do kazdé jamky ptidali 14 pl MTS. Po
dalsich 3 hodinach inkubace jsme na spektrofotometru VersaMAX Microplate reader

(Molecular Devices, Sunnyvale, USA) zmétili mnozstvi vznikajiciho formazanu.

3.8 RNA interference (RNAI)

Pro inhibici exprese genu pro ASNS jsme zvolili metodu elektroporace malé interferujici
RNA (small interfering RNA, siRNA).

Buiiky jsme transfekovali pomoci elektroporatoru EP12500 (Dr. L. Fischer,
Heidelberg, Némecko) za pouziti kyvet 0.4-cm gap Gene Pulser/MicroPulser Cuvettes
(BioRad, Hercules, USA). Podminky transfekce byly: 1 pulz, 10 ms, 350 V, 1200 pF.
Pouzita siRNA proti genu ASNS byla smési 4 siRNA komplementarnich k riznym
sekvencim genu, ¢imz byla zvySena uspésnost umléeni (ON-TARGETplus SMARTpool
siRNAs, Dharmacon). Abychom dosahli gradientového snizeni exprese genu pro ASNS,
pouzili jsme 5 rtiznych koncentraci siRNA (0,78 pmol, 1,56 umol, 3,13 umol, 6,25
umol a 9,38 umol). Kontrolni buiiky byly transfekovany za stejnych podminek siRNA,
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ktera nebyla namifena proti zadnému lidskému genu (ON-TARGETplus Non-Targeting
Pool siRNAs, Dharmacon). Buiiky jsme kultivovali 24 hodin a poté jsme metodou qRT-
PCR stanovili expresi genu pro ASNS, metodou Western blot jsme detekovali
proteinovou hladinu ASNS a MTS testem jsme stanovili citlivost jednotlivych vzorki
k ASNaze.

Pro ovéfeni uGCinnosti transfekce byly builky transfekovany siRNA
konjugovanou s FITC (BLOCK-iT™ Fluorescent Oligo, for electroporation, Life
Technologies, Carlsbad, CA, USA). Usp&nost transfekce byla ovéfena pritokovou
cytometrii na ptistroji LSR II (BD, San José, USA).

3.9 Hodnoceni apoptézy metodou priitokové cytometrie

Detekci apoptickych bun¢k jsme provedli za pouziti annexinu V-FITC (Exbio, Praha,
Ceska Republika) a barveni propidium jodidem (PI; Miltenyi Biotec, Bergisch
Gladbach, Némecko) nebo 4',6-diamidin-2-fenylindolem (DAPI; Life Technologies,
Carlsbad, CA, USA).

Bunky jsme inkubovali s ASNazou 0 koncentraci 0, 1, 2, 4, 8 nebo 16 IU/ml,
s etomoxirem (Sigma-Aldrich, St Louis, MO, USA) o koncentraci 0, 25, 100, 200 nebo
400 uM a v kombinaci obou latek. Vzorky jsme dvakrat promyli v PBS. Peletu jsme
resuspendovali v 50 ul annexinového pufru (Exbio, Praha, Ceska Republika) a poté
jsme ptidali 5 ul annexinu-V-FITC a 1 pl Pl. Vzorky jsme inkubovali v temnu 30 minut
pii 4 °C. Po inkubaci jsme k buitkam piidali 250 ul annexinového pufru a centrifugovali
(5 minut, 2000 rpm). Buriky jsme resuspendovali ve 100 pul annexinového pufru a poté
thned analyzovali na pfistroji LSR II (BD, San Jos¢, USA). V piipad€ pouziti DAPI
(misto PI) doslo k pfidani 1 pl této protilatky do 100 ul bunécéné suspenze tésné pred

méfenim.

3.10 Monitorovani toku autofagie

Vliv ASNazy na tok autofagie jsme stanovili detekci proteinu microtubule-associated
protein light chain 3 (LC3) metodou Western blot. Cytosolicka forma LC3 (LC3-1) je
Vv pribehu autofagie modifikovana na membranoveé vazanou formu LC3-11. LC3-1I se na
rozdil od formy LC3-I nachazi na preautofagosomu a autofagosomu, proto je LC3-1I
vyuzivan jako autofagicky znak. Po fuzi autofagosomu a lyzosomu je LC3-1I

degradovan spolecné s autofagocytovanym materialem uvniti lyzosomu. Jako dalsi znak
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jsme pouzili protein p62/SQSTMI1, ktery se stava soucasti kompletniho autofagosomu a
je degradovan v autolyzosomech, proto jeho hladina v priibdhu autofagie klesa.'*®
Uvedené proteiny jsme detekovali po inkubaci bunék s ASNazou (4 IU/ml) a
100nM bafilomycinem Al (Baf Al; Sigma-Aldrich, St Louis, MO, USA) v ¢asech 6, 12
a 24 hodin. Baf A1 inhibuje fizi autofagosomi s lyzosomy. Porovnani G¢inku ASNazy
samotné, BafAl a kombinace téchto latek slouzi k ovéteni, Ze zvySena hladina LC3-II

znamena aktivaci autofagie a nejedna se pouze o kumulaci autofagosomad.

3.11 Méieni de novo syntézy pyrimidini

Intermediaty pyrimidinové syntézy jsme nechali komerc¢né¢ zméfit na metabolické
platformé laboratofe CIC BioGUNE (Spanélsko) metodou ultra G&inné kapalinové
chromatografie s tandemovym vysokorozliSovacim hmotnostnim detektorem typu time-
of flight (ultra-performance liquid chromatography coupled to time-of-flight mass
spectrometry, UPLC-ToF-MS). Pelety bun¢k byly resuspendovany v 500 pL roztoku
methanol/voda (50/50; v/v%) s 10 mM kyselinou octovou. Builky byly
homogenizovany v Precellys 24® homogenizatoru (Bertin Technologies, Montigny-le-
Bretonneux, Francie) za vyuziti sklenénych homogenizujicich kulicek (0,5 mm). Kazdy
vzorek byl lyzovan ve dvou cyklech (30 sekund, 6000 rpm). Poté bylo do Ccisté
zkumavky odebrano 370 pL vysledného homogenatu, ktery byl tfepan (30 minut, 1400
rpm, 4 °C). Vzorek byl nésledné centrifugovan (14 minut, 13000 rpm, 4 °C).
Supernatant (300 pL) byl evaporovan v rota¢ni vakuové odparce (Savant Speed Vac,
Thermo Fisher Scientific Inc, Waltham, MA USA). Pelety byly resuspendovany ve 100
ul roztoku voda/acetonitril/kyselina mravenc¢i (39,9/60/0,1 v/v/v%) a centrifugovany (14
minut, 13000 rpm, 4 °C). Vysledny extrakt byl injikovan do systému ACQUITY UPLC
(Waters). Chromatografickd analyza probihala na ACQUITY UPLC systému na
Acquity UPLC Amide koloné (1,7 pm, 100 mm x 2,1 mm) pfi teploté 40° C. Rychlost
pritoku mobilni faze byla 0,25 ml/1 minutu. SloZeni mobilni faze A: 0,5% kyselina
mravenci ve vodé s 10 mM amonnou soli kyseliny mravenc¢i; sloZeni mobilni faze B:
0,5% kyselina mravenéi v acetonitrilu. Cas, po ktery probihala analyza, ¢inil 4 minuty.
Objem injikovaného vzorku byl 6 pl. Detekce analyti byla provedena za pouztiti ToF
MS, SYNAPT G2 (Waters). Ptistroj pracoval za pouziti elektrosprejového zdroje v
negativnim modu. Parametry ioniza¢niho zdroje byly nésledujici: kapilarni napéti 100
V, teplota zdroje 120 °C a teplota desolvatacniho plynu 450 °C. Doslo k separaci ionta

podle poméru jejich hmotnosti k ndboji (m/z) a méteni zastoupeni jednotlivych druhti
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separovanych iontli. Retencni Casy byly pro uridinmonofosfat (uridinmonophosphate,
UMP) 2,95 min a Uridine 1,68 min. limity detekce UMP 0,5 microM, Uridine 0,05

microM.

3.12 Méreni obsahu aminokyselin

Obsah extracelularnich aminokyselin jsme méfili metodou vysokoucinné kapalinové
chromatografie (High Performance Liquid Chromatography, HPLC) chromatografem
Beckman Coulter Gold s fluorescen¢nim detektorem Merck-Hitachi F-1080 (ex.250nm,
em. 395nm) za pouziti kitu Waters AccQ-Tag(TM) Chemistry Package (Waters) dle
pokynu vyrobce. Mobilni faze se skladala z pufru A a 60% acetonitrilu. Stacionarni fazi
tvofila kolona AccQTag Column 3.9 X 150mm (Waters). Vzorek o objemu 10 pl byl
derivatizovan 70 ul boratového pufru (Waters) a 20 ul derivatiza¢niho ¢inidla (Waters)
pti pokojové teploté po dobu 5 minut. Reakce byla zastavena inkubaci pfi 55°C, ktera
trvala 10 minut. Na kolonu bylo nasttiknuto 5 pl této rekéni smési. Rychlost pritoku
byla 1ml/min. Vysledky byly vyhodnoceny chromatografickym softwarem DataApex
CSWa32.

3.13 Méreni spoti‘eby glukézy

Vliv ASNazy na metabolismus glukdzy jsme méfili za pouziti radioaktivné zna¢eného
substratu [3H]-2-deoxygluk(')zy (PerkinElmer Life Sciences, Waltham, MA, USA), coz

je modifikace metody Dr. Sokoloffa.**’

Metoda je zaloZena na faktu, ze glukoéza a 2-
deoxyglukéza (2-DG) jsou transportovany do bunék stejnymi prenaseci a fosforylovany
enzymem hexokinaza. Produkt fosforylace 2-DG, 2-deoxygluké6za-6-fosfat (2-DG6P),
se ale na rozdil od gluk6zy-6-fostatu (G6P) kumuluje, protoze nemuize byt konvertovan
na analog fruktozy-6-fosfatu. Méfenim radioaktivity stanovujeme obsah vznikajiciho
[*H]-2DG6P.

Bunky byly dvakrat promyty v pufru Krebs-Ringer-HEPES (KRH) (20 mM
HEPES, pH 7,4, 136 mM NaCl, 4,7 mM KCI, 1,25mM MgSO,, 1,25mM CacCl,)
(Sigma-Aldrich, St Louis, MO, USA). Peletu jsme resuspendovali v 900 pul pufru KRH
a inkubovali 15 minut ve 37 °C, poté jsme ptidali 100 ul 10x koncentrovaného START
roztoku (1 mM 2-deoxyglucose, 5 pCi/ml [*H]-2-deoxyglucose) a inkubovali 10 minut
pii 37 °C. Buiky jsme dvakrat promyli v PBS a peletu jsme resuspendovali v1 ml
0,03% SDS a 10 minut inkubovali v 37 °C. Poté jsme 900 ul piepipetovali do

scintila¢ni nadoby (Sigma-Aldrich, St Louis, MO, USA), kterd obsahovala 5 ml
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scintila¢niho roztoku (Thermo Fisher Scientific Inc, Waltham, MA USA). Radioaktivita
byla méfena na pfistroji 1900TR liquid scintillation analyzer (Packard). Namétené

hodnoty byly normalizovany ke koncentraci proteinu.

3.14 Stanoveni hladiny extracelularniho laktatu

Me¢éieni hladiny extracelularniho laktatu, glykolytick¢é produktu, je dal§i zplsob
stanoveni aktivity glykolyzy. Pouzili jsme Lactate Kit (Trinity Biotech, Bray, Ireland).
Metoda je zalozena na rozkladu laktatu pomoci laktat oxidasy na pyruvat a peroxid
vodiku, v jehoz ptitomnosti kienova peroxidasa Kkatalyzuje oxidativni kondenzaci
chromogennich prekurzort, které poskytnou barevné zabarveni vzorku piimo imérné
koncentraci laktatu. Vysledné zabarveni se méfi spektrofotometrem.

Nejdiive jsme spocitali zivé bunky v 10 ul suspenze barvenim trypanovou modii
(Lonza, Basel, Svycarsko). Zbylou bun&énou suspenzi jsme centrifugovali (5 minut,
1200 rpm) a supernatant jsme pouzili na stanoveni hladiny laktatu. Ke konstrukci
kalibra¢ni ptimky jsme pouzili standard Lactate Kit: Standard Set (Trinity Biotech,

Bray, Ireland). Naméfené hodnoty jsme normalizovali ke koncentraci proteinu.

3.15 Méreni oxidace mastnych kyselin

Princip pouzité metody spocival v kvantifikaci produktu *H,0, ktery se uvoliuje pii
dehydrogenaci acyl-CoA.

3.15.1 Piiprava iontové vyménnych kolon
Den pied méfenim oxidace MK jsme pfipravili iontové vyménné kolony. Do

sklenénych Pasteurovych pipet (Sigma-Aldrich, St Louis, MO, USA) jsme vlozili
piiblizné 0,5-1 cm skelné vaty (Sigma-Aldrich, St Louis, MO, USA). Smichali jsme
iontové vyménnou pryskytici DOWEX 1x2 400 (Sigma-Aldrich, St Louis, MO, USA)
svodou (36,7 g/100 ml), napipetovali 2 ml do kazdé kolony a nechali pfes noc
prokapat.

3.15.2 Priprava a méfeni vzorki
Bunky jsme v hexaplikatu ptes noc kultivovali s ASNazou (4 1U/ml). Triplikat byl poté

pouzit na kultivaci s médiem obsahujicim kyselinu palmitovou (vysledna koncentrace
100 uM), karnitin (vysledna koncentrace 1 mM) (Sigma-Aldrich, St Louis, MO, USA) a
1,7 uCi [9,10(n)-*H kyselinu palmitovou (GE Healthcare, Chalfont St. Giles, UK).

Dodani substrat do média a preinkubace s nimi slouzi k aktivaci f-oxidace. Ke dvéma
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vzorkim jsme navic pfidali inhibitor oxidace MK etomoxir (Sigma-Aldrich, St Louis,
MO, USA) o vysledné koncentraci 200 uM. Hodnota B-oxidace namétena u vzorkl
inkubovanych s etomoxirem byla pouzita pro normalizaci dat, pro odecteni
nemitochondridlni B-oxidace a nespecifické radioaktivity. Posledni jamka slouzila ke
kvantifikaci proteinu. Po ctythodinové inkubaci (37 °C) se substraty jsme vzorky
centrifugovali (5 minut, 2000 rpm). V dalsim kroku jsme precipitovali proteiny, k 500
ul supernatantu jsme pridali 500 pl 10% kyseliny trichloroctové (Sigma-Aldrich, St
Louis, MO, USA) a vzorky jsme opé¢t centrifugovali (10 minut, 2000 rpm). Pred
nanesenim supernatantu (900 ul) na iontové vymeénnou kolonu bylo nutné vzorky
alkalizovat smichanim se 100 ul 6M NaOH (Sigma-Aldrich, St Louis, MO, USA).
Kolony védzou vétSinu radioaktivity a radioaktivné znaceny produkt *H,0 je poté
eluovan vodou (dvakrat 800 ul) do scintila¢ni nadoby (Sigma-Aldrich, St Louis, MO,
USA) s obsahem 5 ml scintila¢niho roztoku (Thermo Fisher Scientific Inc, Waltham,
MA USA). Radioaktivita byla métena na ptistroji 1900TR liquid scintillation analyzer
(Packard) a je vyjadiena v nCi/mg protein/h.

3.16 Méreni respirace

Endogenni respiraci jsme méfili pomoci ,,high-resolution® respirometrie na piistroji
Oxygraph K2 (OROBOROS Instruments Corporation, Innsbruck, Rakousko). Jedna se
o Clarkovu polarografickou elektrodu, kterd umoziiuje méfit respiraci velmi malého
mnozstvi vzorku. Polarograficky kyslikovy senzor je tvofen platinovou katodou a
Ag/AgCl anodou, jako elektrolyt je pouzit roztok 1M KCI. M¢feni spotieby kysliku
probiha za stalého michani (750 rpm) pii 30 °C v uzavienych komurkach o objemu 2
ml. Data jsou ukladana v ¢asovych intervalech (2 s) a analyzovana softwarem DatLab4
(OROBOROS Instruments Corporation, Innsbruck, Rakousko). Rychlost respirace, tj.
spotieba kysliku, je vypocitana jako negativni derivace koncentrace kysliku v ase a je
vyjadiena v pmol 02.s.mg proteinu™.™® Na intaktnich buiikach jsme méfili rutinni
respiraci (tj. v kultivatnim médiu RPMI) a rutinni respiraci rozptazenou piidanim
FCCP (carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone; Sigma-Aldrich, St
Louis, MO, USA). Inhibice ATP syntazy oligomycinem (Sigma-Aldrich, St Louis, MO,
USA) byla pouzita k ovéfeni zavislosti rutinni respirace na mitochondrialni FoF1-ATP
syntaze. Pouzili jsme nasledujici koncentrace inhibitor: 1uM oligomycin, 200-300nM
FCCP, and 0,5uM antimycin A (inhibitor respira¢niho fetézce; Sigma-Aldrich, St
Louis, MO, USA).
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3.17 Stanoveni NAD+/NADH

Pomér celkového oxidovaného a redukovaného nikotinamidadenindinukleotidu
(NAD+/NADH) jsme stanovili pomoci kitu NAD+/NADH Glo assay (Promega,
Madison, WI, USA). NAD/NADH-Glo™ detekéni reagent obsahuje enzymy NAD
Cycling enzym, jeho substrat, reduktazu, proluciferin a Ultra-Glo™ rekombinantni
luciferazu. Test je zalozen na konverzi NAD+ na NADH pomoci NAD cycling enzymu.
V pritomnosti NADH, reduktdza redukuje proluciferin za vzniku luciferinu, ktery je
poté kvantifikovan pomoci luciferazy, produkovany svételny signal odpovida mnozstvi
NAD+ a NADH ve vzorku. Individualni kvantifikace NAD+ a NADH je mozna diky
jejich rozdilné stabilit¢ v kyselém a v zdsaditém prostfedi. Oxidovana forma je
selektivné rozkladdna zahiatim v zasaditém roztoku. Redukovana forma neni stabilni
vV kyselém prostfedi. Nejdiive jsme buiiky smichali s 02N NaOH s1%
dodecyltrimetylamonium bromidem (DTAB; Sigma-Aldrich, St Louis, MO, USA),
ktery bunky lyzuje, ale zachovava stabilitu dinukleotidi. Poté jsme vzorky rozpipetovali
do 96-jamkové desticky (50 ul). Ke vzorktim, které slouzili ke kvantifikaci NAD+ jsme
pridali 0,4 N HCI, desticku jsme zahtali (60 °C, 15 minut), poté jsme ji inkubovali pii
pokojové teploté dalSich 10 minut. Ke vzorkiim, slouzicim ke stanoveni NAD+ jsme
pfidali 25 pl roztoku Trisma base, ke vzorkiim slouZicim ke k méfeni NADH, jsme
pridali 50 pl roztoku HCl/Trizma (Sigma-Aldrich, St Louis, MO, USA). Ke vSem
jamkam jsme ptidali 100 pl NAD/NADH-Glo™ reagentu, inkubovali jsme 60 minut a

zméfili luminiscenci na pfistroji Infinite® 200 PRO (Tecan, Ménnedorf, Svycarsko).

3.18 RagB model

Pomoci lentivirové transdukce linie NALM-6 jsme stabilné exprimovali wild type (wt)
a mutovany gen pro RagB. Pouzili jsme lentivirové konstrukty Flag pLIM1 RagB wt
(Addgene plasmid 19313) a Flag pLIM1 RagB 99L (Addgene plasmid 19315)
(Addgene, Cambridge, MA, USA). Lentivirové ¢astice byly produkovany v burikach
HEK293T. Den pied transfekci byly bunky HEK293T nasazeny tak, abychom v den
transfekce dosahli 80% konfluence. Buiiky jsme transfekovali pomoci polyethyleniminu
(PEI) se smési 12 pg expresniho vektoru kodujici gag/pol, 1,4 pg expresniho vektoru
koédujiciho VSV-G  (virus envelope G protein, VSV-G) a 15 pg lentivirového
konstruktu. Pfimo pted transfekci byly buiiky piesazené do média s 2% FBS. Tti hodiny
po transfekci bylo médium vyménéno za kompletni DMEM. Po 24 a 48 hodinach jsme
odsali kultivacni médium, pfidali 18 ml DMEM s5 % FBS. Médium s virovym
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vektorem jsme sbirali druhy a tfeti den po transfekci. Média z obou dni byla spojena a
jednotlivé aliquoty byly okamzité¢ zamrazeny (-80 °C). Pouzité lentivirové konstrukty
obsahuji expresni kazetu pro puromycinovou rezistenci. Pozitivni klony byly proto
selektovany na zakladé rezistence k puromycinu. Na 48-jamkovou desku byly vysety
bunky NIH3T3. V kazdé jamce bylo 30000 bun¢k ve 300 ml média DMEM s 10% FBS.
Pomoci fedici fady byly pfipraveny jamky s 0,01 ul, 0,05 pl, 0,1 pl, 0,5 pl, 1T pla 5 ul
virové suspenze. Po dvou dnech byl pfidan puromycin (2 pg/l1 ml média), timto
zpusobem byla provedena selekce infikovanych bunék. Dva tydny po infekci jsme
spocitali narostlé kolonie a poté jsme vypocitali optimalni titr viru, kterym jsme
nasledn¢ transdukovali linii NALM-6. Pfitomnost mutace RagB 99L jsme ove¢fili

Sangerovym sekvenovanim. Sekvence primert je uvedena v Tab. 2.

3.19 Analyza dat a statisticka analyza

Sekvence primerti a sond jsme navrhli v programu Vector NTI 8 Suite Software
(Informax, Bethesda, USA). Data naméfend na priitokovém cytometru jsme analyzovali
softwarem FlowJo 9.2 (TreeStar, Oregon, USA). Kombinacni index ASNazy a

etomoxiru jsme vypocitali za pouziti softwaru CompuSyn (www.combosyn.com).

Vsechny experimenty byly provaddény minimaln€ v triplikatu, ze kterého byla
vypolitana primérnd hodnota a zméfena smeérodatnd odchylka. Vysledky byly
zpracovany ve statistickém softwaru Prism 5 (GraphPad, La Jolla, USA). Statisticka
vyznamnost rozdilu hodnot mezi dvéma skupinami byla stanovena t-testem. Dosazena
hladina testu (p-hodnota) je vyznaéena v grafech (*** p<0.001; ** p<0.01; * p<0.05).
Korelace exprese genu pro ASNS a citlivosti k ASNaze byla stanovena

neparametrickym testem Spearman.
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4. Vysledky

4.1 Korelace exprese genu pro ASNS s citlivosti k ASNaze

Nizs$i exprese genu pro ASNS Vv leukemickych bunkach v porovnani s buinikami
zdravymi je pro cytotoxicky ucinek ASNazy klicova. Prace zabyvajici se korelaci
bazalni exprese tohoto genu s rozdilnou citlivosti leukemickych bun¢k k ASNaze vsak
vedly ke kontroverznim vysledkiim. Nejdiive jsme se proto zaméfili na vztah exprese
genu pro ASNS a citlivosti leukemickych bunék k ASNaze scilem vysvétlit

pfetrvavajici nejasnosti.

4.1.1 Utinek sniZeni exprese genu pro ASNS u ALL bunéénych linii na citlivost
k ASNaze

Metodou gRT-PCR jsme stanovili basalni expresi genu pro ASNS u ¢ty BCP ALL linii
REH, UOCB-6, RS4;11 a NALM-6 (Obr. 6). Nejvyssi hladinu vykazovala linie UOCB-
6 (normalizovand hladina exprese genu pro ASNS, nASNS=4,225), nésledovala linie
NALM-6 (nASNS=3,640), REH (nASNS=2,336) a RS4;11 (nASNS=0,058). Vysledky
byly navzajem signifikantné¢ rozdilné (p<0,001).

Pro objasnéni vztahu mezi mirou exprese genu pro ASNS a citlivosti k ASNaze
jsme u linii UOCB-6, REH a RS4;11 gradientové sniZili hladinu exprese tohoto genu
pomoci RNA interference (RNAi) a sledovali cytotoxicky ucéinek ASNazy. U
jednotlivych linii jsme pouzili zvySujici se koncentrace siRNA proti genu ASNS
(siASNS), ¢imz jsme dosahli spektra exprese od nASNS=4,40 aZ po nASNS=0,008 (Obr.
7). Poté jsme pomoci testu MTS zméfili citlivost bun¢k k ASNéze. Gradientové snizeni
exprese genu pro ASNS vedlo u linie UOCB-6 ke gradientovému zvyseni citlivosti
k ASNaze (Obr. 8). U linie REH vedl pokles exprese mRNA od nASNS=1,010 do
NASNS=0,749 také ke zvyseni citlivosti k ASNaze. Dalsi pokles exprese genu pro ASNS
hladinu exprese genu pro ASNS, gradientové sniZeni exprese tohoto genu citlivost
nezvysilo (Obr. 10).

Z uvedenych vysledkll vyplyva, Ze jsme nasli hrani¢ni hodnotu exprese genu pro
ASNS. Citlivost vzorkli k ASNaze negativné koreluje s expresi ASNS pouze u vzorkt
S bazalni expresi nad touto hrani¢ni hodnotou. U vzorkii s nizkou bazalni expresi genu
pro ASNS, ktera je pod definovanou hranici, jiz exprese tohoto genu s Citlivosti

k ASNaze nekoreluje.
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4.1.2 Porovnani exprese genu pro ASNS primarnich ALL diagnostickych vzorku
a ALL bunéénych linii

Pomoci qRT-PCR jsme stanovili basalni expresi genu pro ASNS u 30 BCP ALL

diagnostickych vzorka (Obr. 11). U 29 vzorku jsme naméfili velmi nizkou hladinu

119 iy
Median exprese

exprese genu pro ASNS, coz je v souladu s jiz publikovanymi daty.
0,18 byl pod hrani¢ni hladinou definovanou v piedchozim experimentu. Median exprese
tohoto genu u leukemickych bunéénych linii REH, UOCB-6, NALM-6 a RS4;11 (2,99)
byl signifikantn¢ vyssi v porovnani s primarnimi ALL blasty (p<0,0001).

V dal$im experimentu jsme se zamé&fili na urceni proteinovych hladin metodou
Western blot (Obr. 12). U leukemickych bunéénych linii korelovalo mnozstvi proteinu
s hladinou mRNA. Navzdory pouziti tfi riznych primarnich protilatek specifickych pro
ASNS (SantaCruz, Abcam a protilatka z laboratofe Dr.Kilberga, University of Florida
College of Medicine, USA) a precizni optimalizaci byl protein ASNS u pacientskych

vzorki nedetekovatelny.

4.1.3 Korelace exprese genu pro ASNS s citlivosti primarnich ALL
diagnostickych vzorkii k ASNaze

Testem MTS jsme zméfili citlivost leukemickych bunécnych linii a pacientskych ALL
blastli k ASNaze. Z bunécnych linii byla k ASNaze nejvice citliva linie RS4;11 s IC50
2,5x10-3 IU/ml. Linie REH, NALM-6 a UOCB-6 mély IC50 0,15 IU/ml, 0,3 TU/ml a
0,9 IU/ml (Obr. 13). Spearmentuv korelaéni koeficient (=1) potvrdil korelaci mezi
expresi genu pro ASNS a IC50 bunécnych linii (p=0,0833). Dale jsme zméfili citlivost
sedmi (1-7) ALL diagnostickych vzorka (Obr. 14) s namétfenou expresi genu pro ASNS
NASNS=0,4319; 0,5621; 0,4944; 0,2559; 0,2315; 0,1029 a 0,0421. Odpovéd ALL blasti
k podani ASNazy byla nezavisla na bazalni expresi genu pro ASNS. Vypocet
Spearmanova korela¢niho koeficientu (0,2242; p=0,5367) ukazal, Ze mezi bazalni
expresi genu pro ASNS a in vitro citlivosti ALL pacientd k ASNaze neni korelace.
Vypocet byl zalozen na hodnoté absolutni IC50 a normalizované expresi genu pro

ASNS.

4.1.4 Utinek ASNazy na mRNA a proteinovou hladinu ASNS
Bunééné linie REH, UOCB-6, NALM-6 a RS4;11 jsme inkubovali s ASNazou (4

[U/ml). Ve tfech ¢asovych bodech (6, 24 a 48 hodin) jsme odebrali vzorek, u kterého
jsme zméfili expresi genu pro ASNS na mRNA (Obr. 15) i proteinové urovni (Obr. 16).
U linii REH, NALM-6 a UOCB-6 doslo po podani ASNazy k signifikantnimu zvySeni

exprese genu pro ASNS ve vsech tfech ¢asovych bodech. Nejvyrazné€jsi zvyseni bylo
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v akutni fazi, v ¢ase 6 hodin po podani ASNazy, kdy u linie REH doslo k 7,6
nasobnému nardstu exprese (p=2,34x10-4), u linie NALM-6 doslo k 6,8 nasobnému
narustu exprese (p=7,4x10-6) a u linie UOCB-6 k 4,3 nasobnému zvySeni exprese genu
pro ASNS (p=7,1x10-7). U linie RS4;11 v akutni fazi podani ASNazy nedoslo ke
zvySeni exprese genu pro ASNS. Navic v zadném z Casovych bodi nebyla hladina
exprese genu pro ASNS u linie RS4;11 srovnatelnd ani s bazalnimi hladinami ostatnich
linii. Hladina proteinu ASNS byla napfi¢ liniemi velmi rozdilna. U linie REH a UOCB-
6 doslo po podani ASNazy k jejimu signifikantnimu zvySeni, zatimco u linie NALM-6
nedoslo k zadné zméné¢. U linie RS4;11 byl protein ASNS nedetekovatelny.

Ackoliv je nizkda exprese genu pro ASNS vV leukemickych bunkach pro
terapeuticky ucinek ASNazy kli¢ova, nelze hodnotu jeji bazalni hladiny pouZivat pro
predikci citlivosti k ASNaze. Abychom odhalili pii¢iny rozdilné citlivosti pacientd
k tomuto 1é¢ivu, zaméfili jsme se v dal$i praci na podrobné popsani mechanismu ucinku

ASNazy.
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4.2 Vysledky expresniho profilovani leukemickych bunék se znamou

citlivosti Kk ASNaze

Abychom zjistili, jaké geny a signdlni drahy mohou byt pro cytotoxicky ucinek ASNazy
dalezité¢, vypéstovali jsme ALL bunécné linie rezistentni k ASNaze. Citlivost
parentalnich (REH, NALM-6) a rezistentnich linii (rezREH, rezNALM-6) jsme zméfili
testem MTS (Obr. 17 a 18). U vsech ¢tyt bunécnych linii jsme stanovili expresni profil.
Dale jsme porovnali vysledky expresniho profilu parentalni a rezistentni linie (REH vs.
rezREH; NALM-6 vs. rezNALM-6). V ptipad¢ linie REH, doslo po vytvoieni
rezistence ke zmén¢ exprese (fold change, FC) 837 gent (p<0,01, FC>=1,45). Expresni
profil parentdlni a rezistentni linie NALM-6 se liSil v expresi 392 gent (p<0,01,
FC>=1,45). Pro urceni spole¢nych znaki rezistence jsme udélali prinik obou skupin a
tim jsme ziskali seznam 30 genu (Tab. 4).

Podobnou analyzu jsme provedli i s daty z pacientskych vzorkd. K tomu jsme
pouzili vetejné¢ dostupné vysledky expresniho profilovani détskych pacientd s BCP
ALL se znamou citlivosti k ASNaze.*' Geny se signifikantng zménénou expresi
(p<0,01) reprezentujici rezistentni profil ALL pacienti (564 genil) jsme porovnali se
vSemi geny, jejichZ exprese byla rozdilnd u rezistentnich linii (1229). Vysledkem bylo
32 genu (Tab. 5).

Pomoci néstroje ,,Enrichment analysis tool for GeneGo and GO ontologies*
jsme zjistili, do jakych bunéénych procest jsou definované skupiny genli zapojené. Do
této analyzy jsme zahrnuli 30 gent, které byly spole¢né pro rezistenci bunécnych linii
(Tab. 6 a 7), 564 geni ziskané z expresniho profilu ALL pacientt (Tab. 8 a 9) a 32
gentl, které charakterizuji spole¢ny rezistentni profil bunéénych linii a diagnostickych
vzorku (Tab. 10 a 11). Ziskali jsme seznamy biologickych drah a biologickych siti,
jejichz aktivita je klicova pro rozdilnou odpovéd’ na podani ASNazy. Mezi signdlni a
metabolické drahy, které jsme touto analyzou ziskaly, patfily regulace translace,

glukézovy a lipidovy metabolismus.
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4.3 Vliv ASNazy na metabolismus leukemickych bunék

Vzhledem k tomu, ze ASNéza enzymaticky rozklada dvé aminokyseliny, dochazi tim
K naruseni metabolické homeostazy leukemickych bunék. Vysledky expresniho
profilovani leukemickych bunék rezistentnich k ASNaze potvrdily vyznam
metabolickych drah v odpovédi na ASNazu. Udinek ASNazy na metabolismus
leukemickych bunék nebyl dosud popsan, proto jsme studovali vliv ASNazy na kli¢ové

metabolické drahy.

4.3.1 Utinek ASNizy na celkovy obsah aminokyselin
V uvodnim experimentu jsme zméfili, zda ASNaza ovliviluje obsah 1 jinych

aminokyselin, nez je asparagin a glutamin. Krom¢ aminokyselin jsme zméfili i obsah
NHs. Pouzit¢ davky byly vybrany dle farmakokinetickych vlastnosti a citlivosti
pouzitych bun&énych linii k ASNéze.® Inkubovali jsme kultivaéni médium RPMI
s ASNazou o koncentraci 0,5 IU/ml, 1 IU/ml a 4 IU/ml po dobu 18 hodin. ASNaza
snizila v porovnani s kontrolnim vzorkem obsah asparaginu (2,3 - 2,4krat) a glutaminu
(2,7 - 2,9krat). Doslo ke zvySeni obsahu aspartatu (2,8 — 2,9krat), glutamatu (2,1 -
2,4krat) a NH3 (2,5 — 2,9krat). Obsah ostatnich aminokyselin nebyl ovlivnén (Obr. 19).
Stejného vysledku jsme dosahli 1 po zméfeni extracelularniho obsahu aminokyselin.
Linie REH a NALM-6 jsme inkubovali s ASNazou (4 IU/ml; 18 hodin). Podani
ASNazy zpiisobilo ubytek extracelularniho asparaginu (REH 2,4krat; NALM-6 3,4krat)
a glutaminu (REH 18,2krat; NALM-6 9,1krat), doslo k nartstu aspartatu (REH 1,6krat;
NALM-6 1,9krat), glutamatu (REH 5,1krat; NALM-6 4,4krat) a NH; (REH 2,2krat;
NALM-6 1,4krat)(Obr. 20 a 21). Cytotoxicky ucinek ASNazy nespociva v depleci

jinych aminokyselin neZ je asparagin a glutamin.

432 Ukinek ASNazy na oxidaci MK
Z analyzy expresnich profili vyplyva, Ze ma ASNaza vliv na metabolismus lipidi.

Oxidace MK je rozhodujici pro ptezivani leukemickych bunék pfi nedostatku Zivin.
Z konkrétnich metabolickych drah jsme proto nejdfive studovali vliv ASNazy na (-
oxidaci. Linie REH, NALM-6 a RS4;11 jsme inkubovali s ASNazou a poté jsme
zmé&fili aktivitu oxidace MK. Doba inkubace byla 18 hodin, linie REH a NALM-6 jsme
inkubovali s ASNazou o koncentraci 4 IU/ml. Linii RS4;11 jsme inkubovali s ASNazou
o koncentraci 0,5 IU/ml. ASNaza signifikantn¢ zvysila B-oxidaci u vSech tfech linii

(REH p=0,0156; NALM-6 p=0,0016; RS4;11 p=0,0036)(Obr. 22).

43



4.3.3 Utinek ASNAazy na glykolyzu
Kromé glutaminu a MK je velmi vyznamnym substratem pro tvorbu ATP také glukoza.

Me¢éiili jsme proto uCinek ASNéazy na glukézovy metabolismus leukemickych linii.
Podani ASNazy signifikantné snizilo spotiebu glukézy (REH; p=0,0395; NALM-6
p=0,0003)(Obr. 23). U linie NALM-6 a RS4;11 doslo také ke snizeni tvorby
glykolytického produktu laktatu (NALM-6 p< 0,0001; RS4;11 p=0,0320). U linie REH
jsme zadnou zménu v laktatové produkci nenamétili (Obr. 24).

Mezi znamé regulatory glykolyzy patii c-Myc, proto jsme detekovali jeho
expresi na mMRNA (Obr. 25) a na proteinové urovni (Obr. 26). Podani ASNazy
signifikantné snizilo expresi c-Myc u leukemickych linii (REH p=0,0003; NALM-6
p=0,0002; RS4;11 p=0,0102).

Glukoza je z extracelularniho prostfedi transportovand do bunék ptfenaSeCem
,Glucose transporter type 1¢“ (GLUT1). ASNaza vyrazné snizila proteinovou hladinu
pienasece GLUT1 (Obr. 26). V souladu s vysledky naméfenymi na modelu buné¢nych
linii jsme naméfili snizenou expresi proteinu c-Myc i u nékterych pacientskych vzorkl

(Obr. 27).

4.3.4 Utinek ASNAazy na respira¢ni kapacitu
Oxidace MK i glykolyza vedou k produkci NADH, ktery je poté oxidovan

V mitochondrialnim respira¢nim fetézci. V dalSich experimentech jsme proto studovali
vliv ASNazy na mitochondrialni respiraci. Na obrazku 28 a 29 jsou reprezentativni
grafy zjednoho méfeni respirace bunéénych linii REH a NALM-6 po inkubaci s
ASNazou. ASNaza signifikantné zvysila rutinni respiraci linie REH (p=0,0276)(Obr.
30). V rozptazeném stavu, ktery umoziuje méfit maximalni kapacitu respiraéniho
fetézce, jsme pozorovali signifikantni zvySeni spotfeby kysliku u vSech tfech linii (REH
p=0,0177; NALM-6 p=0,0359; RS4;11 p=0,026)(Obr. 30, 31 a 32). Zajimavé bylo, ze u
vSech trech linii doSlo po podani ASNazy ke zvySeni zbytkové respirace (hodnoty
naméfené po rozpifazeni respiracniho fetézce normalizované k rutinni respiraci; Obr.
33). U linie REH a NALM-6 byl vysledek signifikantni (REH p=0,0216, NALM-6
p=0,0059). U linie RS4;11 bylo zvyseni zbytkové respirace na hranici signifikance
(p=0,062).

Podobny ucinek ASNéazy na zbytkovou respiraci jsme naméfili u primarnich
diagnostickych vzorkli (N=3), u kterych doSlo po podani ASNazy k jejimu
signifikantnimu zvyseni (p=0,0435). U zdravych B-lymfocytl (N=3), izolovanych z PK
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zdravych darct, vsak ke zvyseni zbytkové respirace nedoslo (Obr. 34). Tento vysledek
dokazuje, ze ASNaza ovliviiuje respiraci specificky pouze u leukemickych bunék.

Zvyseni respiracni kapacity nevedlo u leukemickych linii ke zvySeni hladin
proteint OXPHOS (Obr. 35), coz znamena, Ze¢ nevede ke zvySeni aktivity OXPHOS a
nasledné tvorbé ATP. Predpokladali jsme, ze zvySena respirace pravdépodobné
predstavuje posun v rovnovaze dostupnych substrati. To jsme potvrdili naméfenim
hladin NAD" a NADH. Po podani ASN4zy doslo u bun&énych linii REH a NALM-6
k signifikantnimu poklesu poméru NAD'/NADH (REH p=0,0182; NALM-6
p=0,0186)(Obr. 36).

45



4.4 Regulace ufinku ASNazy

Nase predchozi experimenty ukézaly, ze podani ASNazy pusobi v leukemickych
buiikach na kli¢ové metabolické drahy. V dalsi praci jsme studovali regulaci tohoto
ucinku. Mezi znamé bunétné senzory piitomnosti aminokyselin patii regulacni
proteinovy komplex mTORCI1. Nasi hypotézou proto bylo, ze je ucinek ASNazy
zprostifedkovan signaliza¢ni drdhou mTORCI1. Zaméfili jsme se na efekt ASNazy na

jednotlivé cile mTORCI.

4.4.1 Utinek ASN4azy na proteosyntézu a syntézu pyrimidini
V leukemickych liniich a v primarnich diagnostickych vzorcich jsme detekovali

proteiny p-P70S6K a p-S6 (Obr. 37). Podani ASNazy zputsobilo sniZeni fosforylace
téchto proteintll, coz svédci o inhibici translace mRNA. Navic jsme zjistili, ze inkubace
s ASNazou zpusobila snizeni fosforylace proteinu p-CAD (Obr. 38), ktery pozitivné
reguluje de novo syntézu pyrimidini.’® Metodou UPLC-ToF-MS jsme zmé&fili
intermediaty pyrimidinové syntézy v bunéénych liniich REH a NALM-6. V souladu
s niz§i hladinou proteinu p-CAD, podani ASNézy vedlo k signifikantnimu poklesu
hladiny UMP (REH p=0,0181; NALM-6 p=0,0034)(Obr. 39) a uridinu (REH p=0,043;
NALM-6 p=0,0019)(Obr. 40), coz inhibici pyrimidinové syntézy potvrdilo.

4.4.2 Utinek ASNazy na autofagii
Dal8i mechanismus, ktery mize byt drdhou mTORC1 ovlivnén, je autofagie. Pti

inhibici MTORC1 dochazi k aktivaci autofagie.’™ % Abychom zjistili, zda ma podani
ASNazy vliv na autofagicky tok, detekovali jsme konverzi proteinu LC3-1 na LC3-I11.
Inkubace s ASNazou zptisobila v bunétné linii NALM-6 ¢asové zavisly narust exprese
proteinu LC3-11 (Obr. 41), coz znamena, Ze pravdépodobné dochazi k aktivaci
autofagie. Dale jsme zjistili, Ze dochazelo k poklesu hladiny selektivniho autofagického
substratu, proteinu p62/SQSTM1(Obr. 41). **®Akumulace LC-II byla v linii NALM-6
jesté intenzivngj$i pii kombinaci ASNazy s BafAl (Obr. 41). BafAl je inhibitor
vakuolarni ATPazy, blokuje fazi autofagosomu s lyzosomy a to vede k akumulaci

autofagosomi.*?*

Nas vysledek proto potvrzuje, Ze pozorovany narust hladiny LC3-II
po podani ASNazy byl zptisoben aktivaci autofagického toku a ne poklesem degradace

lipidovaného LC3.
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4.4.3 Utinek ASNazy na ALL buiiky s mutaci v genu pro RagB
V dal$ich experimentech jsme studovali mechanismus, kterym ASNaza inhibuje drahu

mMTORC1. Aktivace komplexu mTORC1 aminokyselinami je zprostfedkovana
GTPazami Rag A, B, C a D. Kli¢ova je konverze RagA/B-GDP na RagA/B-GTP.104 105
Abychom urc¢ili, zda ASNaza inhibuje mTORCI1 stejnym mechanismem jako celkova
deprivace aminokyselin, vytvofili jsme model linie NALM-6 swt (RagB wt) a
mutovanym genem pro RagB (RagB 99L). Mutace genu pro RagB zpiisobuje

konstitutivni aktivaci drahy mTORCI1 i pii nedostatku aminokyselin.

4.4.3.1 Ovéreni funkénosti modelu s mutaci v genu pro RagB
Po podani ASNazy nedoslo u RagB 99L bunék ke snizeni fosforylace proteinu p-S6,

zatimco u bunék RagB wt k inhibici mTORC1 doslo (Obr. 42). Timto jsme potvrdili, Ze
nedostatek asparaginu a glutaminu inhibuje mTORCI1 prostfednictvim RagB GTPazy.
Také jsme si ovéfili, Ze je linie NALM-6 s mutaci RagB 99L rezistentni k inhibici
MTORC1 z nedostatku aminokyselin a proto je model vhodny pro studium mechanismu
regulace drah ovliviiovanych ASNézou. V souladu s pfedchozimi daty, dochazelo u
bun¢k RagB wt po inkubaci s ASNazou k vyraznéjSimu snizeni hladiny proteinu p-
CAD nez u bunék RagB 99L (Obr. 42). Na Obr. 43 je grafické znazornéni vysledki

densitometrie.

4.4.3.2 Vztah mezi drahou RagB-mTORC1 a oxidaci MK
M¢étenim aktivity oxidace MK bunck Ragb wt a RagB 99L po inkubaci s ASNazou

jsme chtéli zjistit, zda je tato metabolicka draha regulovana drahou RagB-mTORCI.
Buniky RagB 99L nebyly na rozdil od bun¢k RagB wt (p=0,0352) schopné po podani
ASNazy zvysit aktivitu oxidace MK (Obr. 44). Zda se proto, ze je zvySena aktivita
oxidace MK u leukemickych bun¢k po podani ASNazy zavisla na inhibici mTORCI.

4.4.3.3 Vztah mezi drahou RagB-mTORCT1 a glykolyzou
Pii detekei glykolytickych znakt jsme ale pozorovali opak. Jak u linie RagB wt tak u

linie RagB 99L doslo po inkubaci s ASNazou k poklesu hladiny proteinu c-Myc (Obr.
42). Shodn¢ doslo u obou typli bunek k signifikantnimu poklesu hladiny
extracelularniho laktatu (RagB wt p=0,0001; RagB 99L p=0,0019)(Obr. 45). Pro
potvrzeni predpokladu, Ze je inhibice c-Myc nezavisla na inhibici komplexu mTORCI,
jsme u linii REH a NALM-6 zmétili hladinu proteinu c-Myc po inkubaci rapamycinem

(bézny inhibitor mTORC1). Na rozdil od ASNazy, podani rapamycinu nezpusobilo
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pokles proteinové hladiny c-Myc (Obr. 46). Doslo ale ke snizeni fosforylace proteinu p-
CAD, ktery slouzil jako pozitivni kontrola inhibice mTORCI1 (Obr. 46).

Z nasich vysledkt vyplyva, ze ASNéza inhibuje proteinovou translaci a syntézu
DNA prostiednictvim inhibice drahy RagB-mTORC1. Jejim prostiednictvim dochazi

také ke zvySeni oxidace MK. Glykolyza se zda byt regulovana jingym mechanismem.
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4.5 Vliv farmakologicka inhibice oxidace MK na cytotoxicky ucinek
ASNazy

Zvyseni oxidace MK muize u nadorovych bunék predstavovat zachranny
mechanismus.?* #* 12 Testovali jsme proto, zda zvysend oxidace MK zpiisobena
ASNazou napomdhd leukemickym buikdm vyrovnat se s nastalym metabolickym

stresem.

4.5.1 Vliv inhibice oxidace MK na cytotoxicky ucinek ASNazy
Zvolili jsme farmakologickou inhibici oxidace MK za pouziti etomoxiru. Mechanismus

ucinku etomoxiru spociva v inhibici mitochondridlniho pfenasece MK CPT1. Bunécné
linie REH (Obr. 47) a NALM-6 (Obr. 48) jsme inkubovali bez inhibitord, s etomoxirem
(25 uM, 50 uM, 100 uM, 200 uM a 400 uM) s ASNézou (1 IU/ml, 2 IU/ml, 4 IU/ml, 8
IU/ml a 16 1U/ml) nebo v kombinaci obou latek. Poté jsme metodou pratokové
cytometrie zméfili jejich viabilitu. Inhibice oxidace MK signifikantné zvysila
cytotoxicky ucinek ASNazy v obou liniich. Nejvice efektivni byla kombinace ASNazy s
etomoxirem o koncentraci 100 a 200 uM, pfi které doslo u linie REH k signifikantnimu
zvySeni cytotoxického ucinku ASNazy ve vSech péti koncentracich. U linie NALM-6
doslo pti pouziti 100 a 200 uM etomoxiru k signifikantnimu zvySeni u Ctyf z péti
koncentraci ASNéazy. Z naméfenych hodnot jsme vypocitali kombinacni index.
Vysledna hodnota byla pro kombinaci ASNazy a etomoxiru (100 a 200 uM) mensi nez
1 (Obr. 49), coz znamena, Ze etomoxir synergicky zvySuje cytotoxicky ucinek
ASNazy. '

Pro analyzu G¢inku kombinace etomoxiru s ASNazou Vv primarnich diagnostickych
vzorcich v podminkéach ex vivo jsme zvolili koncentrace etomoxiru 100 a 200 pM.
Vysledek byl podobny jako v pfipadé bunécnych linii. Etomoxir zvysil cytotoxicky
ucinek ASNazy u ¢tyfech z péti BCP ALL pacientskych vzorkd (Obr. 50).

4.5.2 Vliv aktivity oxidace MK na citlivost k ASNaze
V dalSich préci jsme pouzili model buné¢né linie NALM-6 s mutaci genu pro RagB, u

kterého jsme v pfedchozim experimentu prokdzali snizenou schopnost aktivovat oxidaci
MK po podani ASNazy. Bunky RagB wt a RagB 99L jsme inkubovali s ASNazou a
poté jsme sledovali jeji cytotoxicky ucinek. Metodou Western blot jsme stanovili
hladinu proteinu poly(ADP-ribose)polymeraza (PARP). Mira S$tépeni tohoto DNA
reparacniho proteinu kaspasami odrazi aktivitu apoptozy.'”> U bundk RagB 99L
dochazelo po podani ASNazy k vyraznéjsimu stépeni PARP nez u bunék RagB wt (Obr.
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51). Metodou priitokové cytometrie jsme potvrdili, Ze jsou buniky RagB 99L k ASNéza
signifikantné vice citlivé nez RagB wt (p=0,0004)(Obr. 52). Tyto vysledky prokazaly,
ze schopnost zvysit oxidaci MK je pro prezivani leukemickych bunék inkubovanych s

ASNazou kriticka.
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4.6 Vliv asparaginu a glutaminu na jednotlivé procesy v ALL buiikich

ASNaza enzymaticky rozklada jak asparagin, tak glutamin. Neni vSak jasné, zda je
cytotoxicky ucinek zavisly na odstranéni asparaginu, glutaminu ¢i na kombinaci obou
enzymatickych aktivit. Studovali jsme proto ucinek deplece jednotlivych aminokyselin
na leukemické bunky. Dale jsme sledovali zda, ma pfitomnost jednotlivych

aminokyseliny schopnost ovlivnit odpovéd’ na ASNazu.

4.6.1 Utinek deplece asparaginu a glutaminu na drahu mTORC1 a na hladinu
proteina c-Myc, ASNS a PARP

Leukemické linie jsme kultivovali ve ¢tyfech rozdilnych podminkach: 1. v kompletnim
médiu RPMI; 2. v médiu RPMI bez asparaginu; 3. v médiu RPMI bez glutaminu a 4.
v médiu RPMI s ASNazou. Sledovali jsme ucinek deplece jednotlivych aminokyselin
na hladinu proteinu ASNS, na drahu mTORC1, metabolismus i apoptozu (Obr. 53).

Po odstranéni asparaginu doSlou u linii REH a NALM-6 stejné jako po podani ASNazy
ke zvySeni hladiny proteinu ASNS. Deplece glutaminu neméla na hladinu proteinu
ASNS vliv. U linie RS4;11 byl protein ASNS nedetekovatelny ve vSech ctyfech
kultiva¢nich podminkach. V piipad€¢ proteinové hladiny c-Myc, kterd reprezentuje
uc¢inek na glukdézovy metabolismus, doslo u bunéénych linii REH a NALM-6 K jejimu
poklesu po depleci asparaginu i1 glutaminu. RovnéZz dosSlo ke snizeni fosforylace
proteinu p-S6. U linie NALM-6 vsak méla vétsi ti¢inek deplece glutaminu. Rozdilny
ucinek jsme detekovali u linie RS4;11, kde doslo k poklesu hladiny proteini c-Myc a
p-S6 po inkubaci v médiu bez asparaginu. Ve vSech tiech bunéfnych liniich méla
deplece asparaginu stejny ucinek na hladinu proteinu p-CAD jako deplece glutaminu,
v obou piipadech doslo ke snizeni fosforylace, ktera ale nebyla tak vyrazna jako po
podani ASNazy. Miru apoptozy jsme méfili na trovni §tépeni proteinu PARP. U linie
NALM-6 nevedla deplece jednotlivych aminokyselin k aktivaci apoptdzy, apoptoticky
ucinek méla pouze ASNéza. V pfipad¢ linie REH a RS4;11 doslo ke Stépeni proteinu
PARP pfi depleci asparaginu.

4.6.2 Utinek deplece asparaginu a glutaminu na oxidaci MK a respiraci
V ptedchozich experimentech jsme ukazali, Ze je aktivace oxidace MK pro leukemické

bunky inkubované s ASNazou vyznamny obranny mechanismus. Déle se zda, Ze se
jednotlivé leukemické linie 1isi nejen v citlivosti k ASNaze, ale také v odpovédi na
odstranéni jednotlivych aminokyselin. Abychom ur¢ili, zda se na aktivaci oxidace MK

podili odstranéni asparaginu nebo glutaminu, kultivovali jsme linie NALM-6 a RS4;11
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ve vyse uvedenych ¢tyfech podminkach. U linie RS4;11 doslo k aktivaci oxidace MK
po odstranéni asparaginu (p=0,0152)(Obr. 54). Rozdilny vysledek jsme naméfili u linie
NALM-6, kde m¢la aktivacni G¢inek deplece glutaminu (p=0,0116)(Obr. 55).

Bunécna respirace je podminénd ptitomnosti glutaminu, protoZe odstranéni
glutaminu zptsobuje omezeni produkce NADH. V naSich experimentech jsme tento
efekt také pozorovali. Pfi depleci glutaminu doslo k inhibici maximalni respiracni

kapacity jak u linie RS4;11 (Obr. 56) tak u linie NALM-6 (Obr. 57).

4.6.3 Utinek ptidani asparaginu a glutaminu na jednotlivé bun&&né procesy
Linie REH a NALM-6 jsme 8 hodin inkubovali s ASNazou, poté jsme bunky promyli

pomoci PBS a inkubovali dalSich 18 hodin 1. v kompletnim médiu RPMI; 2. V médiu
RPMI bez asparaginu; 3. v médiu RPMI bez glutaminu (Obr. 58 a 59). Médium bez
asparaginu piedstavuje pfidani glutaminu a naopak, médium bez glutaminu predstavuje
pfidani asparaginu. Detekovali jsme proteinovou hladinu p-S6, p-CAD a S$tépeni
proteinu PARP. Pfidani asparaginu zpusobilo u linie REH opétovnou fosforylaci
proteinu p-S6 a pokles ve §tépeni proteinu PARP. Popsany ucinek je vyraznéjsi nez po
pfidani glutaminu. U linie NALM-6 doslo po ke zvySeni fosforylace p-S6 po pfidani jak
asparaginu, tak glutaminu. Pokles apopdzy byl evidentni také po ptfidani obou

aminokyselin.
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5. Diskuse

Terapie détské ALL je velmi GspéSna, stale v8ak dochazi u nékterych pacienti k relapsu
onemocnéni. ASNéza se pro lécbu détské ALL pouziva jiz desitky let, piesto je
mechanismus jejiho ucinku stale piekvapivé nejasny. Jeho odhaleni by vyznamné

zlepsilo dosavadni terapeutické postupy i prognézu leukemickych pacientti.

S citlivosti ALL bun¢k k ASNaze byla vzdy spojovana nizka exprese genu pro
ASNS. Bazélni exprese tohoto genu byla proto potencialné¢ nadéjnym ukazatelem
odpovédi leukemickych blasti k ASNaze. Prestoze existuje fada publikaci, které
vyznam exprese genu pro ASNS v souvislosti s inter-individualnimi rozdily v senzitivité
k ASNaze zpochybiuji, exprese genu pro ASNS byla i nadala uvadéna jako dulezity
znak rezistence. NaSimi experimenty jsme chtéli proto potvrdit nebo vyvratit hypotézu,
ze rozdily v expresi genu pro ASNS mohou zpusobovat rozdilnou odpovéd’ pacientl
k ASNaze. Sledovali jsme zmény senzitivity ALL buné¢nych linii k ASNaze po
gradientovém snizeni exprese genu pro ASNS. Odhalili jsme hrani¢ni hladinu exprese
genu pro ASNS, kterd rozdé€lila naSe vzorky. Pokles hladiny exprese genu pro ASNS u
vzorkl s bazalni expresi nad touto hranici vedl ke zvySeni citlivosti k ASNéaze. SniZeni
exprese genu pro ASNS, ktera byla pod uvedenou hranici, jiz ke zvySeni citlivosti
nevedlo. Dale jsme zjistili, ze 29 z 30 vySetfenych ALL pacientd mélo bazalni expresi
genu pro ASNS pod stanovenou hranici. Tyto vysledky ukazuji, ze na zédklad¢ bazalni
exprese genu pro ASNS nelze predikovat citlivost pacientii k ASNaze, coZ jsme poté
potvrdili cytotoxickym testem MTS. Exprese genu pro ASNS nekorelovala s citlivosti
k ASNaze. Piuvodni hypotéza o vztahu mezi expresi genu pro ASNS a citlivosti k
ASNaze byla potvrzena na modelu bunécnych linii. Jako piiklad miZeme uvést praci
autorl Aslanian et al., ktefi ovéfili jiz publikovanou informaci o zvySeni hladiny genu,
proteinu i aktivity ASNS u leukemické linie MOLT-4 po podani ASNézy.'?® 27 Autofi
navic dokazali, Ze samotné zvySeni exprese ASNS vede K rezistentnimu fenotypu.126
Pouze jedna prace potvrdila obdobné vysledky i na klinickych vzorcich. Autofi Haskell
et al. popsali u péti pacientl rezistentnich na ASNazu zvySenou enzymatickou aktivitu

;or R . P )
ASNS  vporovnani se &tyfmi pacienty senzitivnimi.'?®

Vypovédni hodnota
publikovanych dat je vSak nizkd. Kromé omezené¢ho poctu vzorkl nebyla vysvétlena
kritéria ureni senzitivity ¢i rezistence. Navic byla tato studie provedena na heterogenni
skuping€, zahrnujici i dospé€lé pacienty jak s akutni, tak chronickou leukemii. Dalsi

analyzy klinickych vzorkii vedly ke kontroverznim aZ paradoxnim vysledkim.
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Paraleln¢ se Stams et al. naSe pracovni skupina publikovala ¢lanek o zvySené expresi
genu pro ASNS u TEL-AML1-pozitivnich pacienti v porovnani s TEL-AMLI1-
negativnimi. Pravé TEL-AML1-pozitivni pacienti maji ale lepsi progndézu a
signifikantné¢ nizs§i IC50 ASNazy, ktera byla méfena MTT cytotoxickym testem u

pacientskych vzorki ex vivo.®®

Tyto vysledky byly zpocatku interpretovany jako
anomadlie zpisobend piitomnosti fuzniho genu. Z dalSich praci zpochybiiyjicich vliv
ASNS na vznik rezistence vSak vyplyva, Ze §lo o vyvraceni 35 let staré teorie o pfimém
vlivu hladiny ASNS na cytotoxicky efekt ASN4zy.* Nage nové vysledky jasné ukazuji,
ze puvodni hypotéza nebrala v iivahu fakt, Ze pacientské blasty maji mnohem nizsi
expresi genu pro ASNS nez leukemické bunécné linie (az 20krat). Rozdily v expresi
genu pro ASNS mezi jednotlivymi pacienty neodpovidaji rozdilim v citlivosti
k ASNaze. Porovnavani primarnich vzorkd s bunéénymi liniemi je vzdy diskutabilni.
Jednim z moznych mechanismu, ktery by mohl vysvétlit vysokou expresi genu pro
ASNS u ALL linii v porovnani s pacientskymi vzorky je rychlejsi proliferace v in vitro
podminkach. Leukemické bunécné linie si pii optimalnich kultivacnich podminkach
velmi stabiln¢ zachovavaji hlavni vlastnosti bunck, ze kterych byly odvoze:ny.129
Vzhledem k tomu, Ze potiebuji celé spektrum zivin, je ale mozné, Ze reaguji zvySenou
expresi enzyml zapojenych do metabolismu aminokyselin. Pomoci expresniho
profilovani bylo navic ukazano, Ze jsou mezi klinickymi vzorky a modelovymi
leukemickymi liniemi jisté rozdily. Konkrétné se jednalo o bunééné linie CML, akutni
promyelocytarni leukémie a AML, u kterych byla ukadzana zvySend exprese gent
spojenych s makromolekularnim metabolismem. U klinickych vzorkli byla zase

130 Kolektiv autort

ukdzana abundantni exprese genll spojenych s imunitni odpovédi.
Nan Su a et al. ve své praci upozornil na dulezitost detekce proteinu ASNS, ktery
s citlivosti k ASNaze koreloval u buné¢nych linii 1épe nez hladina mRNA.* Testovali
jsme Ctyii ALL bunécné linie a exprese genu pro ASNS korelovala s hladinou proteinu.
U klinickych vzorkli mizeme o stejné preferenci zatim pouze spekulovat, protoze
mnozstvi proteinu je tak nizké, Ze jej nelze metodou Western blot spolehlivé detekovat.
Ve zminéném c¢lanku Nan Su a et al. se to podafilo pouze u jednoho pacienta z deseti,
nam se to nepodarilo u Zddného. Protein ASNS neni detekovatelny ani u ALL bunécné
linie RS4;11, ktera ma velmi nizkou expresi genu pro ASNS. Indukce exprese genu pro
ASNS je jednou z prvnich reakci pfi nedostatku aminokyselin.'?" *3* Akutni podani
ASNazy také zplsobuje zvySeni exprese genu pro ASNS 33 126 127 Apsolutni hladina

indukované exprese genu pro ASNS zavisi na hladiné inicialni.* Nase vysledky ukazuji,
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ze se jednotlivé ALL linie v odpovédi na podani ASNazy lisi v zavislosti na tom, zda je
bazalni hladina exprese genu pro ASNS nad nebo pod stanovenou hranici. Podéani
ASNazy signifikantn¢ zvysilo mRNA hladinu ASNS u tfi ALL linii: REH, NALM-6 a
UOCB-6. Bazalni hladina exprese genu pro ASNS vsech tfech linii je nad stanovenou
hranici. V ptipad¢ linie RS4;11 nedoslo po kratkodobé inkubaci s ASNazou ke zvySeni
exprese genu pro ASNS. V zadném z casovych bodi navic nedoslo ke zvySeni hladiny
MRNA ASNS natolik, aby byla nad trovni stanovené hranice, kde exprese genu pro
ASNS jiz s citlivosti k ASNaze koreluje. Nasi hypotézou je, Ze buiiky, u nichz je bazalni
hladina mRNA ASNS pod definovanou hranici, pouzivaji alternativni mechanismus

odpovédi na deprivaci aminokyselin.

ASNS jist¢ hraje dileZitou roli v mechanismu G€inku ASNazy, ale ne jako
jediny Cinitel. Pro pochopeni tohoto komplexniho déje jsme proto porovnali expresni
profil ALL bunék citlivych a rezistentnich k ASNaze. Néslednou analyzou signdlnich a
metabolickych drah jsme zjistili, Ze rozdilnd odpovéd na poddni ASNéazy muze souviset
s aktivitou translace a metabolickym nastavenim bun€k. Metabolické drahy malignich
bunék mohou byt v porovnani s builkami zdravymi pozménéné v zavislosti na
dostupnosti Zivin a mohou se tak podilet na mechanismu rezistence k 1é¢iviim.'*?
Citlivost k ASNaze proto mize byt ovlivnéna schopnosti leukemickych bunék
adaptovat se na nedostatek aminokyselin aktivaci alternativni biosyntetické anebo
bioenergetické drahy. V nasi préaci jsme ukézali, Ze podani ASNazy zplisobuje rozséhlé
zmény v metabolismu leukemickych bunék a aktivuje drahy, které jsou vyznamné pro
bunétné prezivani. ASNaza v leukemickych buinikdch zvysSila aktivitu oxidace MK,
respiraci a inhibovala glykolyzu. Oxidace MK slouzi k produkci NADH, FADH2 a
acetyl-CoA, které dopliuji Krebsiv cyklus, coz nasledné vede k aktivaci
mitochondridlni OXPHOS. Oxidace MK je proto dileZita pro bunéény riist nadorovych
bunék v normalnich i deprivovanych podminkach.’® *# 1313 podil oxidace MK na
bunééném prezivani byl popsan u riznych typti nadort, jako je difuzni velkobunécny B
lymfom, mnohocetny myelom a glioblastom.l‘%'138 Aktivita oxidace MK miuze také
zpusobovat chemorezistenci, coz bylo ukézdno na adenokarcinomu plic. Inhibitor
oxidace MK etomoxir zvysil citlivost tohoto nadoru k paklitaxelu.**® Pfi studiu
rezistence CLL k dexamethazonu bylo také zjisténo, Ze se na ni podili oxidace MK.'?
Farmakologickd inhibice oxidace MK by mohla byt prospésna i pii [écbe

hematologickych onemocnéni, na mySim modelu s myeloidni leukémii bylo ukazano, ze
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potencuje &inek konvenéni chemoterapie.?” **° Vzhledem k tomu, e ASNaza aktivuje
oxidaci MK a inhibice oxidace MK je jedna z moznych cest potlaceni chemorezistence,
pouzili jsme kombinaci etomoxiru s ASNazou u ALL vzorkd. Etomoxir zpusobil
zvyseni citlivosti ALL bunécnych linii a primarnich diagnostickych vzorki k ASNaze.
V piedchozich studiich byla uk4zdna negativni asociace mezi mTOR a oxidaci MK a
naopak, pozitivni vztah mezi syntézou MK a aktivaci mTOR.3 141192 ASN4za v nasem
modelu inhibovala mTORCI1 prostiednictvim RagB, coz jsou mediatory, které
zaznamenavaji pritomnost aminokyselin a ovliviiuji signalizaci mTORC1.!® RagB
mutantni buiiky, které maji konstitutivné aktivovanou drahu mTOR, mély po podani
ASNazy méné aktivovanou oxidaci MK v porovnani s buitkami RagB wt. Bunky
s mutaci v genu pro RagB byly navic vice citlivé k ASNaze, nez kontrolni buiky RagB
wt. Tyto vysledky potvrzuji, ze k inhibici drahy RagB-mTOR dochéazi nésledkem
metabolického stresu. Inhibice mTOR nasledné zpusobuje aktivaci oxidace MK.
Domnivame se, ze omezend aktivace oxidace MK u RagB mutantnich bunék zptisobuje

jejich zvysenou citlivost k depleci aminokyselin.

Vzhledem k tomu, Ze podani ASNazy zpusobilo inhibici mTORCI, soustiedili
jsme se na znamé cile tohoto regulacniho komplexu. Po inkubaci s ASNazou doslu u
ALL bunék k inhibici proteinové translace a de novo syntézy pyrimidint. Tuto ¢ast
ucinku ASNazy lze povazovat za pravdépodobnou pficinu zastavy proliferace, jak jiz ve

®  Glutamin je nutny pro aktivitu ti enzymui

své praci komentoval J.G. Cory."
zapojenych do de novo syntézy purini a dvou enzymi pii syntéze pyrimidint, hlavni
pri¢inou inhibice syntézy nukleotidii v leukemickych builkkach je pravdépodobné
glutaminazova aktivita ASNazy. V nasich experimentech snizila fosforylaci proteinu p-
CAD kromé deplece glutaminu i deplece asparaginu. Mnohem ucinnéjsi vSak byla
kombinace, tzn. ASNaza. Duvod, pro¢ dochazi ke snizeni fosforylace p-CAD i po
depleci asparaginu mize byt ten, Ze v dusledku této deplece dochazi k aktivaci enzymu

ASNS, jehoz funkce je glutamin-dependentni.

Soucasné s jiz uvedenymi metabolickymi zménami doSlo po podani ASNazy
k aktivaci autofagie. ZvySeni autofagie v dusledku inkubace s ASNazou jiz bylo
ukézané u AML a ovarialnich nadori.”® **° P¥i¢inou mize byt kromé inhibice mTORC1
také produkce NHj, ktery vznika pii deaminaci asparaginu i glutaminu. Aktivace
autofagie deaminaci aminokyselin je na drize mTORCI nezavisla.'* Oxidaci MK

111

vznika acetyl-CoA, coz je dalsi metabolit, ktery mize autofagii aktivovat.”~ Autofagie
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degradaci proteini a organel napomaha kudrzeni intracelularni metabolické
homeostazy."* Produkci aminokyselin a MK se proto mize podilet na doplnéni Zivin,

které¢ ASNéza depletuje a zplisobovat tak snizeni uspesnosti terapie.146

Dalsi metabolicka draha, kterou podani ASNazy v leukemickych bunkach
ovlivnilo, byla glykolyza. Jakym konkrétnim mechanismem ASNéza inhibici glykolyzy
navozuje, neni zatim jasné. ASNdza zpuUsobila inhibici c-Myec, ktery glykolyzu
reguluje. Zda se jedna o ptimy ucinek ASNazy na c-Myc nebo jde o zpétnou reakci na
inhibici glykolyzy je potieba ovéfit. Z naSich vysledki nicméné vyplyva, ze je inhibice
glykolyzy nezavisld na inhibici komplexu mTORCI. Jednou z moznosti je, Ze
bunécnou hladinu c-Myc reguluje komplex mTORC2, jak bylo ukazéano u

glioblastomu.’

Jiné vysvétleni by mohlo spocivat v substratové inhibici, kterd je
zpusobena nahromadénim pyruvatu, v dusledku zvySené tvorby acetyl-CoA oxidaci

MK.

Velmi zajimavé je také zjisténi, ze podani ASNazy zvySuje maximalni respiracni
kapacitu leukemickych bunék. ZvySeni respirace miize odrazet zvySeny tok zivin, které
mohou byt oxidovany v mitochondriich, coz mize a nemusi byt zavislé na oxidaci MK.
Vzhledem ktomu, Zze jsme naméfili zvySenou oxidaci MK, je pravdépodobné, Ze
zvySeni respiracni aktivity v tomto ptipad¢ s oxidaci MK souvisi. ZvySeni poméru
NAD*/NADH po podéni ASNazy také naznacuje, ze dochazi k mitochondrialni oxidaci
redukénich ekvivalentli. Také byla po inkubaci s ASNazou zvySena zbytkova respirace,
ktera charakterizuje potencialni rezervni kapacitu pro bioenergetické bunécné funkce.**®
U AML bunék bylo popsano, ze maji nizkou zbytkovou respiracni kapacitu, kterd

zpusobuje zvysSenou citlivost k oxidativnimu metabolickému stresu.

ZvySeni
zbytkové respirace po podani ASNazy je proto mozny zpiisob kompenzace nedostatku

aminokyselin.

Dale nas zajimalo, jakou ulohu hraje samotnd deplece jednotlivych
aminokyselin, asparaginu a glutaminu, Vv metabolickych procesech a drahach
podiizenych mTOR. Z naSich vysledkd vyplyva, ze ¢im vice jsou leukemické bunky
citlivé na ASNézu, tim vice jsou i zavislé na asparaginu. Jinym vysvétlenim, které
vychazi z poznatkt publikovanych autory Chan et al., je, Ze glutaminazova aktivita
ASNézy neni dalezitd pro ty ALL bunky, které maji velmi nizkou expresi genu pro
ASNS (ASNS-negativni buflky).lso Bunécna zéavislost na asparaginu je proto nepiimo

umérna hladiné proteinu ASNS v naSich testovanych liniich. Deplece asparaginu méla
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vliv na cile komplexu mTORCI u linii citlivéjSich k ASNaze (RS4;11, REH). U méné
citlivé linie NALM-6 doslo k inhibici mTORCI1 pfi depleci asparaginu i glutaminu.
Apoptodzu aktivovala u citlivéjSich linii deplece asparaginu, u linie NALM-6 deplece

jednotlivych aminokyselin nezptsobilo.

Po pfidani asparaginu doslo u linii REH a RS4;11 k inhibici apoptozy, zatimco u linie
NALM-6 apoptdzu inhiboval jak asparagin, tak glutamin. Aktivace oxidace MK také
reflektovala zavislost leukemickych bun¢k na jednotlivych aminokyselinach. U linie
RS4;11 doslo k aktivaci oxidace MK po odstranéni asparaginu, zatimco u linie NALM-
6 méla deplece glutaminu vyraznéjsi efekt na aktivaci MK. Jednotlivé ALL linie se
nelisily pouze v citlivosti k ASNaze, expresi genu pro ASNS, ale také v nékterych

odpovédich na odstranéni asparaginu resp. glutaminu.
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Zavér

ASNaza je esencialni a osvédCena komponenta modernich 1écebnych protokoll, k 1é¢bé
détské ALL se pouziva jiz od sedmdesatych let minulého stoleti. Nové se testuje u fady
jinych nadorovych onemocnéni. Detailni mechanismus cytotoxického plisobeni vSak
nebyl dosud vysvétlen. Nedostatek poznatkii tak komplikuje i studium pficin rezistence
a nezddoucich Uc¢inkda.

Cilem nasi prace bylo v prvé fad¢ vysvétlit mnohokrat diskutovany vztah mezi
expresi genu pro ASNS a citlivosti ALL bunék k ASNéze. Dale jsme chtéli vnést novy
nahled do mechanismu uc¢inku ASNazy.

Nase vysledky vyvratily hypotézu, ze rozdily v expresi genu pro ASNS mohou
zpiisobovat rozdilnou odpovéd’ leukemickych pacienti k ASNaze. Ackoliv je enzym
ASNS pro mechanismus ucinku ASNazy zasadni, jeho dulezitost spo¢iva hlavné v
nizké hladingé, kterd je specifickd pro leukemické bunky ve srovnani s bunkami
zdravymi. Tato nizka hladina exprese genu pro ASNS vsak znemoziuje pouzit hladinu
bazalni exprese genu pro ASNS pro predikci odpovédi na 1é€bu ASNézou.

Pii dalSim studiu mechanismu U€inku ASNazy jsme odhalili, Ze ASNaza
vyrazné¢ méni bioenergetické a biosyntetické procesy leukemickych bunék. Hierarchii
jednotlivych dé&ji bude nutné jest¢ prozkoumat. Podafilo se ndm nicméné zjistit, ze
ASNaza c¢ast téchto déji ovlivituje prostiednictvim drahy RagB-mTORCI1. Konkrétné
se jedna o oxidaci MK, proteinovou translaci a de novo syntézu pyrimidin.

V nasi praci jsme také popsali n€kolik zplsobi, kterymi by bylo teoreticky
mozné zvysit cytotoxicky ucinek ASNazy. Potencial tkvi v inhibici autofagie a inhibici
bunécné respirace. Prakticky jsme se zaméfili na oxidaci MK, protoZe jeji kriticky
vyznam pro prezivani leukemickych bunék byl jiz dfive popsan. Zjistili jsme, Ze
farmakologickd inhibice oxidace MK potencuje cytotoxicky efekt ASNazy jak u
leukemickych bunéénych linii, tak u primérnich diagnostickych vzorkd. Pouzity
inhibitor oxidace MK etomoxir s ASNazou navic pasobil synergicky.

Nase prace jako prvni ukazuje G€inek ASNazy na metabolismus leukemickych
bunék. Metabolické zmény, které jsme na modelu leukemickych bunék popsali, jsou u
nadorovych bunck casté. Kombinace ASNéazy s etomoxirem by proto mohla byt

pouzita kromé 1écby détské ALL také v terapii jinych naddorovych onemocnéni.
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Abstrakt

Akutni lymfoblasticka leukémie (ALL) je nejCastéj$i nadorové onemocnéni u déti.
L-asparaginaza (ASNaza) klicova slozka terapie détské ALL, hydrolyzuje plazmaticky
asparagin a glutamin. Leukemické buiiky jsou na depleci aminokyselin citlivé, protoze
maji v porovnani se zdravymi bunikami snizenou aktivitu asparagin syntetdzy (ASNS).
Lécba deétské ALL je velmi uspéSna, presto se V nekterych piipadech projevuji
nezadouci Gc¢inky a rezistence na terapii. PfiCiny nebyly dosud spolehlivé vysvétleny.

V nasi préci jsme chtéli objasnit, do jaké miry exprese genu pro ASNS ovliviiuje
citlivost ALL bun¢k k ASNéze. Dale jsme se zamé¢fili na detailni mechanismus t¢inku
ASNazy, s cilem vysvétlit pfi¢iny rozdilné citlivosti leukemickych pacienta k tomuto
1é¢ivu.

Pro studium vztahu mezi expresi genu pro ASNS a citlivosti k ASNaze jsme
pouzili BCP ALL bunétné linie (REH, NALM-6, RS4;11 a UOCB-6) a 30
diagnostickych BCP ALL vzorki. Pomoci RNA interference jsme u ALL linii
gradientové snizili expresi genu pro ASNS. Definovali jsme hrani¢ni hodnotu exprese
genu pro ASNS, pod jejiz Grovni jiz exprese genu pro ASNS nekoreluje s citlivosti
k ASNaze. Hladina exprese genu pro ASNS u pacientskych vzorku je pod definovanou
hranici. Déle jsme potvrdili, ze citlivost ALL diagnostickych vzorkii k ASNéze
nekoreluje s expresi genu pro ASNS. Navic jsme ukazali, ze u ALL bunék s velmi
nizkou bazalni expresi genu pro ASNS nedochazi po poddni ASNazy ke zvySeni
exprese tohoto genu.

Pro dal§i praci jsme dlouhodobou inkubaci s ASNazou vypéstovali subklony
leukemickych linii s nizsi citlivosti k ASNaze (rezREH, rezNALM-6). U parentalnich 1
rezistentnich linii jsme zmé&fili expresni profil a nasledné jsme analyzovali signalni a
metabolické drahy, jejichz aktivita byla po vytvofeni rezistence zménéna. Stejnym
zpisobem jsme analyzovali vefejn¢ dostupna expresni data pacientskych vzorkl, u
nichZz je znama citlivost k ASNaze. Zjistili jsme, Ze geny jejichz exprese byla
signifikantné zménéna, se vyskytuji v drdhdch regulujicich translaci mRNA a
metabolismus. Zamé¢iili jsme se proto na ucinek ASNazy na metabolismus ALL bunék.
Inkubace ALL bun¢k s ASNazou vedla ke zvySeni oxidace MK, respirace a ke snizeni
glykolyzy. Zvysena oxidace MK, spolecné se sniZzenou translaci a syntézou pyrimidinQ
byla zptisobena inhibici drahy RagB-mTORCI. U¢inek ASNazy na glykolyzu je na
RagB-mTORCI nezavisly. Bylo popséano, Ze aktivita oxidace MK je velmi dilezitd pro
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prezivani leukemickych bun€k v metabolickém stresu. Studovali jsme proto, zda
oxidace MK neovliviiuje citlivost ALL bun¢k k ASNéze. Farmakologickd inhibice
oxidace MK signifikantné zvysila cytotoxicky uc¢inek ALL bunécnych linii i BCP ALL
diagnostickych vzorki k ASNaze. Dalsi dikaz vyznamu oxidace MK pro buné¢né
ptrezivani jsme ziskali pfi vyuziti ALL bunécné linie s konstitutivni aktivaci mTORCI.
U této linie nedochazi po inkubaci s ASNazou k aktivaci oxidace MK, v porovnani
s kontrolnimi bunkami je vSak na ASNazu citlivé;si.

Zavérem nas$i prace je, ze na zakladé bazalni exprese genu pro ASNS nelze u
ALL pacientt predikovat citlivost k ASNéaze. Navic jsme zjistili, Ze ASNéaza vyznamné
ovliviiuje bioenergetické a biosyntetické procesy ALL bunck. Nase vysledky dale
ukazuji, Ze lze pro zvySeni cytotoxické ucinku ASNazy vyuZzit kombinaci s

farmakologickymi inhibitory oxidace MK.
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Abstract

Acute lymphoblastic leukemia (ALL) is the most frequent type of childhood cancer.
The key component in the therapy, L-asparaginase (ASNase), hydrolyzes plasma
asparagine and glutamine. Leukemic cells are sensitive to the depletion due to low
activity of asparagine synthetase. Although the treatment is very effective, resistance
and side effects remain a serious problem in some cases and its mechanism of action is
not well understood.

In this study, we wanted to elucidate the effect of ASNS expression level on the
sensitivity of ALL cells to ASNase treatment. Our aim was also to clarify the
intracellular consequences of the amino acid depletion to define the reason of different
patients” response.

We used four ALL cell lines (NALM-6, RS4;11, REH, and UOCB-6) and 30
diagnostic bone marrow samples of ALL patients to study the relationship between
ASNS expression and sensitivity to ASNase using MTS proliferation assay. RNA
interference was used to study the effect of a range of ASNS levels on the response to
ASNase treatment. Using a cell line model with a gradually knocked-down ASNS gene,
we defined a cutoff level below which ASNS gene expression does not correlate with
sensitivity to ASNase. Importantly, ASNS gene expression in patients’ ALL blasts is
below this level. We confirmed that there was no correlation between ASNS gene
expression and sensitivity to ASNase in ALL blasts. In addition, we show that cells with
low ASNS expression level do not respond to asparagine deprivation by upregulation of
ASNS gene expression.

To study further the effect of ASNase on leukemic cells, we have generated
ASNase-resistant subclones through chronic exposure to the enzyme. Pathway analysis
of gene expression profiles of the cell lines (REH, NALM-6 and their resistant
counterparts) and primary samples (sensitive and resistant to ASNase; Holleman et al.
(NEJM, 2004)) revealed that ASNase affects the translation machinery and metabolism
of leukemic cells. Therefore, we studied the impact of ASNase on the main metabolic
pathways in leukemic cells. Treating leukemic cells with ASNase increased fatty acid
oxidation (FAQO) and cell respiration and inhibited glycolysis. FAO, together with the
decrease in protein translation and pyrimidine synthesis, was regulated through
inhibition of the RagB-mTORC1 pathway, whereas the effect on glycolysis was RagB-

mTORC1 independent. Since FAO has been suggested to have a pro-survival function
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in leukemic cells, we tested its contribution to cell survival following ASNase
treatment. Pharmacological inhibition of FAO significantly increased the sensitivity of
ALL cells to ASNase. Moreover, constitutive activation of the mTOR pathway
increased apoptosis in leukemic cells treated with ASNase, but did not increase FAO.

In conclusion, the ASNS expression level does not predict sensitivity to ASNase
in leukemic blasts. Moreover, our study uncovers a novel therapeutic option based on
the combination of ASNase and FAO inhibitors.
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Obrazky
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Obr. 6 - Normalizovana bazalni hladina exprese genu pro ASNS u ALL bunécnych linii
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Obr. 7 — Gradientové snizend hladina exprese genu pro ASNS u ALL bunéénych linii
pomoci RNA interference
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Obr. 8 - Vysledek MTS cytotoxického testu bunééné linie UOCB-6 s gradientoveé

umléenym genem pro ASNS
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Obr. 9 - Vysledek MTS cytotoxického testu bunécné linie REH s gradientové
umléenym genem pro ASNS
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Obr. 10 - Vysledek MTS cytotoxického testu bunééné linie RS4;11 s gradientove

umléenym genem pro ASNS
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Obr. 11 - Normalizovana bazélni hladina exprese genu pro ASNS u ALL bunécnych

linii a BCP ALL diagnostickych vzorkt
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Obr. 12 — Hladina proteinu ASNS u ALL bunécnych linii a BCP ALL diagnostickych
vzorkil
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Obr. 13 - Vysledek MTS cytotoxického testu ALL bunécnych linii
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Obr. 14 - Vysledek MTS cytotoxického testu BCP ALL diagnostickych vzorkt
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Obr. 15 - Normalizovana hladina exprese genu pro ASNS u ALL buné¢nych linii
po inkubaci s ASNéazou
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Obr. 16 — Hladina proteinu ASNS u ALL bunécnych po inkubaci s ASNazou
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Obr. 17 - Vysledek MTS cytotoxického testu ALL bunéénych linii REH a rezZREH
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Obr. 18 - Vysledek MTS cytotoxického testu ALL bunéénych linii NALM-6 a
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Obr. 19 — Obsah aminokyselin v médiu RPMI po inkubaci s ASNazou
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Obr. 20 — Obsah extracelularnich aminokyselin po inkubaci linie REH s ASNé4zou

Pomeér

5.0x10° 4

4.0x10° 4

3.0x10° 4

2.0x10° 4

1.0x10°

1.0x10-4

NALM-6

\%\*\5’ $ POROCOU N

»x

Obr. 21 — Obsah extracelularnich aminokyselin po inkubaci linie NALM-6 s ASNazou
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Obr. 22 — Oxidace mastnych kyselin ALL buné&énych linii po inkubaci s ASNazou
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Obr. 23 — Spotieba glukozy ALL bunécnych linii po inkubaci s ASNazou
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Obr. 24 — Extracelularni laktat po inkubaci ALL bunéénych linii s ASNazou
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Obr. 25 — Normalizovana hladina exprese genu pro c-Myc u ALL bunéénych linii po
inkubaci s ASNazou
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Obr. 26 — Hladina proteinu c-Myc a GLUT1 u ALL bunécnych linii po inkubaci

s ASNazou
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Obr. 27 — Hladina proteinu c-Myc u BCP ALL diagnostickych vzorkl po inkubaci
s ASNazou
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Obr. 28 — Reprezentativni obrazek respirace bunééné linie REH po inkubaci

s ASNazou
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Obr. 29 — Reprezentativni obrazek respirace bunééné linie NALM-6 po inkubaci
s ASNazou
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Obr. 30 — Respirace bunécné linie REH po inkubaci s ASNazou
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Obr. 31 — Respirace bunécné linie NALM-6 po inkubaci s ASNazou
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Obr. 32 — Respirace bunécné linie RS4;11 po inkubaci s ASNazou
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Obr. 33 — Zbytkova respirace ALL bunécnych linii po inkubaci s ASNazou
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Obr. 34 — Zbytkova respirace zdravych B-lymfocytti a BCP ALL diagnostickych
vzorkll po inkubaci s ASNéazou
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Obr. 35 — Hladina proteint OXPHOS u ALL bunécnych linii po inkubaci s ASNazou
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Obr. 36 — Pomér NAD/NADH u ALL buné&énych linii po inkubaci s ASN4zou
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Obr. 37 — Hladina proteinti p-p70S6K, p70S6K, p-S6, S6 a stépeny PARP u ALL
bunéénych linii po inkubaci s ASNazou
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Obr. 38 — Hladina proteini p-CAD a CAD u ALL bunécnych linii po inkubaci

s ASN4zou a rapamycinem
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Obr. 39 — Hladina UMP u ALL buné¢nych linii po inkubaci s ASNazou
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Obr. 40 — Hladina uridinu u ALL bunéénych linii po inkubaci s ASNazou
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Obr. 41 — Autofagicky tok u bunécné linie NALM-6 po inkubaci s ASNéazou
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Obr. 42 — Hladina proteinti p-S6, S6, p-CAD, CAD, c-Myc, PARP a RagB
u bunéénych linii RagB wt a RagB 99L po inkubaci s ASNazou
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Obr. 43 — Vysledky densitometrie proteint p-S6, p-CAD a c-Myc u bunécnych linii
RagB wt a RagB 99L po inkubaci s ASNazou
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Obr. 44 — Oxidace mastnych kyselin bunéénych linii RagB wt a Ragb 99L po inkubaci

s ASNazou
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Obr. 45 — Extracelularni laktat bunéénych linii RagB wt a RagB 99L po inkubaci
s ASNazou
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Obr. 46 — Hladina proteinti c-Myc a p-CAD u bunéénych linii REH a NALM-6
po inkubaci s ASNazou a rapamycinem
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Obr. 47 — Procento apoptotickych bunék po inkubaci bunécné linie REH s ASNazou

a etomoxirem

85



% Annexin V/DAPI % Annexin V/DAPI

% Annexin V/DAPI

pozitivnich bunék pozitivnich bunék

pozitivnich bunék

16 TU/ml

T
16 IU/ml

% Annexin V/DAPI
pozitivnich bunék
(3]
=
1

0
ASNiza 0 1 2 4 8 16 TU/ml
401 "
Z 35 301 =
£ = =
== K& o
=5 20 ET I =
=7 [=o
2 .2 b=
23 =
S =
< 2104 i

=

16 TU/ml

[ ASNaza +
Etomoxir -

[ ASNaza +
Etomoxir 25 uM

) ASNaza +
Etomoxir 50 uM

] ASNaza +
Etomoxir 200 uM

E3 ASNaza + [
Etomoxir 100 uM

B ASNaza +
Etomoxir 400 uM
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s ASNazou a etomoxirem
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Obr. 49 — Kombinaéni index ASNazy a etomoxiru u bunéénych linii REH a NALM-6
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Obr. 50 — Procento apoptotickych bun¢k po inkubaci BCP ALL diagnostickych
vzorkli s ASNé4zou a etomoxirem
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Obr. 51 — Hladina proteinu PARP u bun€k RagB wt a RagB 99L po inkubaci s
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Obr. 52 — RagB wt a RagB 99L apoptotické buniky po inkubaci s ASNazou
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Obr. 53 — Hladina proteina p-S6, S6, p-CAD, CAD, c-Myc, stépeny PARP a ASNS u
ALL bunéénych linii po inkubaci v kompletnim médiu RPMI, médiu RPMI bez aspa-
raginu, médiu RPMI bez glutaminu a kompletnim médiu RPMI s ASNazou
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Obr. 54 — Oxidace mastnych kyselin bunééné linie RS4;11 po inkubaci v kompletnim
médiu RPMI, médiu RPMI bez asparaginu, médiu RPMI bez glutaminu a kompletnim
médiu RPMI s ASNézou
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Obr. 55 — Oxidace mastnych kyselin bunééné linie NALM-6 po inkubaci v komplet-
nim médiu RPMI, médiu RPMI bez asparaginu, médiu RPMI bez glutaminu a kom-
pletnim médiu RPMI s ASNazou
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Obr. 56 — Respirace bunécné linie RS4;11 po inkubaci v kompletnim médiu RPMI,
médiu RPMI bez asparaginu a médiu RPMI bez glutaminu
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Obr. 57 — Respirace bunécné linie NALM-6 po inkubaci v kompletnim médiu RPMI,
médiu RPMI bez asparaginu a médiu RPMI bez glutaminu
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Obr. 58 — Hladina proteind p-S6, S6, p-CAD, CAD, stépeny PARP u bunécné linie
REH preinkubované v kompletnim médiu s ASNazou a poté inkubované v komplet-
nim médiu RPMI, médiu RPMI bez asparaginu nebo bez glutaminu
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Obr. 59 — Hladina proteint p-S6, S6, p-CAD, CAD, $tépeny PARP u bunécné linie
NALM-6 preinkubované v kompletnim médiu s ASNazou a poté inkubované v kom-
pletnim médiu RPMI, médiu RPMI bez asparaginu nebo bez glutaminu
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vék

Cislo (mésice) pohlavi diagnéza mol. aberace karyotyp 1é¢ebny protokol vysledek
1 4 m cALL 56,XY,+X,+Y,+4,+6,+8,+14,+14,+18,+21,+21[5]/46,XY[4] ALL BFM 2009 CR1
2 2 V4 cALL 53~54,XY,+X,+6,+10,+14,+17,+18,+21,+21[cp20]/46,XY[2] ALL BFM 2009 CR1
3 13 m praeB ALL 46,XY,?der(7),?der(11) [4]/46,XY[14] ALL BFM 2009 CR1
4 3 m cALL TEL/AML1 46,XY[13] ALL BFM 2009 CR1
5 5 m cALL 46,XY[17] ALL BFM 2009 CR1
6 3 m CALL ?;B,XX,+4,+5,+6,+8,+10,+12,+14,+17,+18,+21[cp12]/46,XX[ ALL BEM 2009 CR1

47,XY,2der(5),t(8,12,21),+mar[5]/46,XY,?der(5),t(8,12,21)[7
7 6 m CALL 1/46.XY 1(8.12,21) [5] ALL BFM 2009 CR1
8 3 m CALL 84-88, XX [9] ALL-IC BFM 2002 CR1
9 4 7 CALL TEL/AML1 No data ALL-I1C BFM 2002 Relaps,
10 3 7 CALL TEL/AML1 46, XX [6] ALL-I1C BFM 2002 CR2
11 8 m CALL TEL/AML1 No data ALL-I1C BFM 2002 CR1
12 5 m cALL TEL/AML1 46,XY,1(12;21)(p13;022),del(12)(p13),der(21)t(21;?)[?] ALL-IC BFM 2002 CR1
13 14 m CALL No data Interim CR1
14 17 7 CALL 46, XX [6] ALL-I1C BFM 2002 CR1
15 10 m CALL 47, XY,+8,del(9)(p11)[12] Interim CR1
58~62,XY,+X,der(1),+4,+5,+6,+8,+10,+11,+12,+14,i(17q),+
16 5 m CALL 18,+21,+21,+21,+2mar[cp9]/59,XY ,+X+der(2),+4,+5,+6,+8, Interim CR1
+10,+11,+12,+14,i(17q),+18,+21,+21,+21[2]
17 8 7z praeB ALL TEL/AML1 No data Interim CR1
18 16 z CALL 46,XX Interim ex.l.
19 18 m CALL 45,XY ,del )9p), -20 Interim CR1
58,XXYY,+3,+6,+8,+10,+10,+14,+14,+18,+21,+21 .
20 3 m CALL [19]46,XY [6] Interim CR1
21 6 f cALL 46,XX[12], 47XX,+21[2] Interim CR1
59~63,CY,+X,dup(1)(q21.1932.2),+4,+5,+der(6)t(X;6)(?;911 .
22 ! m CALL ),+8,+8,+10,+11,fiz),(+q14,+35,+1;,+18,+21,+2(1,)2(2[12§( i Interim CR1
23 4 f praeB ALL giflzgrfﬁ?;&)[(ﬁé+5,+6,+7,+9,+10,+14,+16,+17,+18,+21,+ Interim CR1
24 2 m praeB ALL 46,XY[20] Interim CR1

Tab. 1 Zakladnich charakteristika pacientt (1. Cast)




vék

Cislo (mésice) pohlavi diagnéza mol. aberace karyotyp 1é¢ebny protokol vysledek
63~65,XX.2der(2),+3,+5,+6,+7,2der(9),+10,+11,+12,+14,+1 .
25 6 f CALL 5,418,+21,+21,+5.-Tmar [cp9] Interim CR1
26 1 m proB No data Interfant CR1
27 4 m cALL No data Interim CR1
28 7 m CALL ]56,XY,+X,+4,+6,+10,+14,+17,+18,+21,+21,+22[4]/46,XY[4 ALL BEM 2009 CR1
29 3 f CALL TEL/AML1 No data ALL BFM 2009 CR1
30 3 m cALL 50~54,XY,+X,+18,+21,+21[cp6]/46,XY[3] ALL BFM 2009 CR1
relaps
31 11 F CALL mBCR/ABL 46,XX,1(9;22)(q34;911)der(9)t(1;9)(p?22;p24)[21] EsPhALL BM+CNS/e
arly
32 6 M praeB-ALL B-other 50,XY,+X,+4,idic(7)(p11.1),+10,+21[12]/46, X Y[8] A'Eopz'ggg'\" ALL CR1
33 4 F CALL TEL/AML1 46,XX[10] A'EOPZ'SOFQM ALL CR1
45.X,7 AIEOP-BFM ALL
34 6 F CALL TEL/AML1 X,der(12)t(12;21)(p13;922)del (12)(p13p13),der(21)t(12;21)( CR1
. 2009
p13;022)[15]
AIEOP-BFM ALL relaps
35 13 M CALL 46,XY[18] 2009 BM/early
36 5 M CALL hyperdiploid | 46 XY[17] A'Eopz'ggg'v' ALL CR1
46,XY 1(5;13)(q?35;0?13),t(12;21)(p13;022),del(12)(p13)[9)/ | AIEOP-BFM ALL
37 3 M CALL TELAMLL 1 16"y 1(12:21)(p13:22).del (12) (p13)[8]//46, XY [1] 2009 CR1
46,XY,del(9)(p21),der(9)del(9)(p21)t(1;9)(q?25;p13)[28].ish AIEOP-BEM ALL
38 14 M cALL hyperdiploid | der(9)del(9)(p21)t(1;9)(INK4A-,ARF-,INK4B- 2009 CR1
,D9Z1+;wcpl+,wep9+)
46,XX,del(12)(p13)[6]/46,XX[9].ish t(12;21)(ETV6- AIEOP-BFM ALL
39 3 F CALL TELAMLL | o UNX1+ETV6+RUNX1+),del(12)(p13)(ETV6-)[12/20] 2009 CR1
40 2 M CALL 54 XY, +X,+6,+10,+14,+17,+18,+21,+21[15]/46,XY[7] A'Eopz'ggg'\" ALL CR1

Tab. 1 Zakladnich charakteristika pacientt (2. Cést)




Nazev

Sekvence primeri (5°-3")

ASNS forward primer

AAAGTGGAGCCTTTTCTTCCTG

ASNS reverse primer

AGCCAATCCTTCTGTCTGTCATC

c-Myc forward primer TCGGATTCTCTGCTCTCCTC
c-Myc reverse primer TCGGTTGTTGCTGATCTGTC
RagB sekvenacni primer (exon 1) TGAGTAATATCAACCAAATTGCAGACA
RagB sekvenacéni primer (exon 2) GCTGTTCCGGGTGAGATCC

Tabulka 2.

Sekvence pouzitych primerti

Nazev protilatky

Vyrobce

anti-Phospho-p70S6K (T389)

Cell Signaling Technology, Danvers, MA, USA

anti-p70S6K

Cell Signaling Technology, Danvers, MA, USA

anti-S6

Cell Signaling Technology, Danvers, MA, USA

anti-phospho-S6 (Ser235/236)

Cell Signaling Technology, Danvers, MA, USA

anti-PARP Cell Signaling Technology, Danvers, MA, USA
anti-c-Myc Cell Signaling Technology, Danvers, MA, USA
anti-CAD Cell Signaling Technology, Danvers, MA, USA

anti-phospho-CAD (Ser1859)

Cell Signaling Technology, Danvers, MA, USA

anti-RagB Cell Signaling Technology, Danvers, MA, USA
anti-LC3 Novus Biologicals, Littleton, CO, USA
anti-Glut-1 Abcam, Cambridge, MA, USA
OXPHOS Blue Native .
WE Antibody Cocktail Abcam, Cambridge, MA, USA
anti-Porin Poskytnuta Prof. De Pintem,
University of Catania, Catania, Italy
. Poskytnuta Dr. Kilbergem,
anti-ASNS University of Florida College of Medicine, USA
anti-p62/SQSTM1 Abnova, Taipei, Taiwan
anti-p-actin Sigma-Aldrich, St Louis, MO, USA

Tabulka 3. Seznam pouzitych protilatek
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Gen

popis

REH vs. rezREH

N6 vs rezN6

regulace p-value FC Absolute | regulace | p-value FC Absolute

CTSG cathepsin G zvyseni 1,58E-04 6,26 | zvyseni 9,45E-04 6,55
RBM3 RNA binding motif (RNP1, RRM) protein 3 zvyseni 7,97E-03 2,67 | zvyseni 7,85E-05 2,28
TPMT thiopurine S-methyltransferase zvyseni 2,90E-03 2,42 | zvyseni 3,98E-03 2,03
PTP4A2 protein tyrosine phosphatase type IVA, member 2 zvyseni 5,39E-03 2,08 | zvyseni 1,01E-05 1,69

C3 and PZP-like, alpha-2-macroglobulin domain
CPAMDS containing 8 snizeni 2,23E-03 5,70 | snizeni 5,56E-03 5,50

LFNG O-fucosylpeptide 3-beta-N-
LFNG acetylglucosaminyltransferase snizeni 6,44E-03 4,08 | snizeni 5,99E-04 1,91

small nuclear RNA activating complex, polypeptide 3,
SNAPC3 50kDa sniZeni 8,06E-03 3,33 | sniZeni 5,30E-03 5,30
THAP9 THAP domain containing 9 sniZeni 8,93E-03 2,48 | sniZeni 8,55E-03 2,55
FKBP4 FK506 binding protein 4, 59kDa sniZeni 6,25E-04 2,30 | sniZeni 2,31E-03 3,94
CPT1A carnitine palmitoyltransferase 1A (liver) snizeni 7,04E-03 2,11 | sniZeni 9,06E-05 4,75
CCDC46 coiled-coil domain containing 46 snizeni 5,76E-03 1,96 | snizeni 8,24E-03 1,70
GTF3C3 general transcription factor 111C, polypeptide 3, 102kDa | sniZeni 1,58E-03 1,58 | snizeni 8,53E-03 1,97
LST1 leukocyte specific transcript 1 snizeni 1,29E-03 5,61 | zvySeni 8,90E-03 2,94
CCDC69 coiled-coil domain containing 69 snizeni 2,12E-03 4,03 | zvySeni 1,41E-03 2,69
FAM129C family with sequence similarity 129, member C snizeni 7,98E-03 3,93 | zvyseni 1,69E-03 1,84
LY86 lymphocyte antigen 86 snizeni 6,15E-03 2,21 | zvyseni 7,61E-03 3,33
EAF2 ELL associated factor 2 snizeni 4,32E-03 2,05 | zvyseni 5,70E-03 1,64
ABHD14B abhydrolase domain containing 14B snizeni 9,29E-03 1,88 | zvyseni 9,11E-04 1,65
METTL7A methyltransferase like 7A snizeni 1,14E-03 1,77 | zvySeni 2,32E-04 2,77
C150rf37 chromosome 15 open reading frame 37 snizeni 5,06E-03 1,73 | zvySeni 7,55E-03 1,75
C12orf75 chromosome 12 open reading frame 75 snizeni 8,46E-03 1,66 | zvyseni 6,00E-07 1,66
SEC31A SEC31 homolog A (S. cerevisiae) sniZeni 7,01E-03 1,45 | zvyseni 2,66E-03 2,00
HIST2H2AA3 histone cluster 2, H2aa3 zvySeni 8,41E-03 2,65 | sniZeni 9,56E-03 1,82
MFAP4 microfibrillar-associated protein 4 zvyseni 7,56E-03 2,34 | snizeni 2,65E-04 6,21
NXN nucleoredoxin zvyseni 3,63E-03 2,10 | snizeni 6,26E-03 2,90

Tabulka 4 - Seznam gend, jejichZ exprese byla zménéna po vytvoieni rezistence k ASNaze




Exprese u ALL

Exprese u BCP-

Gen Popis genu Linie linii ALL vzorka

lysophosphatidylcholine

LPCAT1 acyltransferase 1 rezNALM-6 snizena zvysena

FKBP11 FK506 bhinding protein 11 rezREH snizena zvysena

FBL fibrillarin rezREH zvysena zvysena
major histocompatibility

HLA-DOA | complex, class Il, DO alpha rezREH snizena snizena

CD47 CD47 molecule rezREH zvysend zvysena

MAGEH1 melanoma antigen family H1 | rezREH snizena snizena
eukaryotic translation

EIF3B initiation factor 3, subunit B rezREH zvysend zvysena

TMEMb5 transmembrane protein 5 rezREH sniZzena zvysena

APOE apolipoprotein E rezNALM-6 zvysend zvysena

OTUD4 OTU deubiquitinase 4 rezNALM-6 snizena snizena

CDC34 cell division cycle 34 rezREH zvysend zvysena
coiled-coil domain containing sniZzena/zvysena

CCDC69 69 prunik (REH/N®G) zvysena
protein tyrosine phosphatase,

PTPRE receptor type, E rezREH zvySena snizena

NPY neuropeptide Y rezNALM-6 zvysena sniZzena

SF3A1 splicing factor 3a, subunit 1 rezREH snizena zvysena
SMEK homolog 1, suppressor

SMEK1 of mekl rezREH zvysena snizena
SURP and G patch domain

SFRS14 containing 2 rezNALM-6 snizena zvysena
guanylate binding protein 1,

GBP1 interferon-inducible rezREH snizena zvySend/snizena
HECT and RLD domain
containing E3 ubiquitin

HERC4 protein ligase 4 rezREH snizena snizena
fibroblast growth factor

FGFR1 receptor 1 rezNALM-6 sniZzena zvySend

QARS glutaminyl-tRNA synthetase rezREH zvysena zvysena

NCF2 neutrophil cytosolic factor 2 rezREH snizena snizena
microtubule associated
monooxygenase, calponin and

MICAL3 LIM domain containing 3 rezREH zvysena zvysena
mitogen-activated protein

MAP2K?2 kinase kinase 2 rezREH zvysena zvysena
DEAD (Asp-Glu-Ala-Asp)

DDX23 box polypeptide 23 rezREH zvysena zvysena
vascular endothelial zinc

VEZF1 finger 1 rezNALM-6 zvysena snizena
fibroblast growth factor

FGFR1 receptor 1 rezNALM-6 snizena zvySena
target of mybl membrane

TOM1 trafficking protein rezREH zvysena zvysena
major histocompatibility

HLA-DRA | complex, class I, DR alpha rezNALM-6 snizena snizena
Ral GEF with PH domain and

RALGPS?2 SH3 binding motif 2 NALM-6 snizena snizena

FH fumarate hydratase rezREH snizena zvysena
major histocompatibility

HLA-F complex, class | rezREH zvysena snizena

Tabulka 5. Seznam genti charakterizujicich spolecné znaky ALL linii a BCP ALL pacientt

rezistentnich k ASNaze
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Nazev biologické drahy p

Delta508-CFTR traffic / ER-to-Golgi in CF 9,82E-05
Normal wtCFTR traffic / ER-to-Golgi 9,82E-05
Transport Rab-9 regulation pathway 1,18E-02
Regulation of lipid metabolism_Regulation of acetyl-CoA carboxylase 1

activity in lipogenic tissue 2,00E-02
Regulation of lipid metabolism_Regulation of acetyl-CoA carboxylase 1

activity in keratinocytes 2,00E-02
Development Glucocorticoid receptor signaling 2,81E-02
Neurophysiological process nNOS signaling in neuronal synapses 3,39E-02
Regulation of lipid metabolism RXR-dependent regulation of lipid

metabolism via PPAR, RAR and VDR 3,51E-02
Apoptosis and survival Regulation of Apoptosis by Mitochondrial Proteins | 3,62E-02
Cell cycle Start of DNA replication in early S phase 3,74E-02

Tab. 6. — Vysledek analyzy expresnich profild parentalnich a rezistentnich ALL linii

za pouziti nastroje ,,Top GeneGo Pathway Maps*

Nazev biologické sité p
Transcription Transcription by RNA polymerase II | 2,85E-02
Signal transduction NOTCH signaling 5,86E-02
Protein folding ER and cytoplasm 7,37E-02
Protein folding Protein folding nucleus 9,41E-02
Apoptosis Apoptotic mitochondria 1,23E-01
Proteolysis ECM remodeling 1,35E-01
Signal transduction Nitric oxide signaling 1,40E-01
Signal transduction Leptin signaling 1,61E-01
Proteolysis Connective tissue degradation 1,84E-01
Protein folding Folding in normal condition 1,84E-01

za pouziti nastroje ,,GeneGo Networks*
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Tab. 7. — Vysledek analyzy expresnich profilti parentalnich a rezistentnich ALL linii




Nazev biologické drahy
Cytoskeleton remodeling TGF, WNT and cytoskeletal remodeling
Immune response T cell receptor signaling pathway
Cytoskeleton remodeling Cytoskeleton remodeling
Development MAG-dependent inhibition of neutrite outgrowth
Translation Regulation of translation initiation
Immune response CD28 signaling
Signal transduction Erk Interactions: Inhibition of Erk
Immune response Fc epsilon RI pathway
Immune response Histamin H1 receptor signaling in immune response
Apoptosis and survival BAD phosphorylation

Tab. 8 — Vysledek analyzy expresniho profilu BCP ALL vzorkt za pouziti nastroje
., Top GeneGo Pathway Maps*

Nazev biologické sité
Translation Translation initiation
Translation Elongation-Termination
Translation Elongation-Termination test

Immune response Antigen presentation

Immune response BCR pathway

Immune response Phagosome in antigen presentation
Inflamation NK cell cytotoxicity

Signal transduction WNT signaling
Inflammation MIF signaling

Cell cycle G2-M

Tab. 9 — Vysledek analyzy expresniho profilu BCP ALL vzorki za pouZiti nastroje
,,GeneGo Networks*
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Nazev biologické drahy p

Immune response Signaling pathway mediated by IL-6 and IL-1 7,649E-04
Regulation of metabolism_Bile acids regulation of glucose and lipid

metabolism via FXR 1,165E-03
Development FGF-family signaling 2,292E-03
Development FGFR signaling pathway 2,470E-03
Immune response CCR3 signaling in eosinophils 4,960E-03
Cell adhesion Chemokines and adhesion 8,243E-03
Immune response Antigen presentation by MHC class 11 1,668E-02
Development FGF2-dependent induction of EMT 2,766E-02
Atherosclerosis Role of ZNF202 in regulation of expression of genes

involved in Atherosclerosis 2,903E-02
Development S1P4 receptor signaling pathway 3,039E-02

Tab. 10. — Vysledek analyzy priniku expresnich profili senzitivnich a rezistentnich
ALL linii a BCP ALL pacientl za pouZiti nastroje ,,Top GeneGo Pathway Maps*

Nazev biologické sité p

Signal transduction CREM pathway 2,085E-03
Inflammation Interferon signaling 2,899E-03
Inflammation IL-4 signaling 3,288E-03
Translation Regulation of initiation 4,351E-03
Signal transduction Neuropeptide signaling pathways 7,578E-03
Cell cycle G1-S Growth factor regulation 1,416E-02
Regulation of metabolism_Bile acid regulation of lipid metabolism

and negative FXR-dependent regulation of bile acids concentration 1,501E-02
Cell cycle G2-M 1,619E-02
Inflammation Neutrophil activation 1,930E-02
Proliferation Positive regulation cell proliferation 1,977E-02

Tab. 11. — Vysledek analyzy priniku expresnich profili senzitivnich a rezistentnich
ALL linii a BCP ALL pacientt za pouziti nastroje ,,GeneGo Networks*
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Seznam pouzitych zkratek

2DG 2-deoxyglukoza
2DG6P 2-deoxygluko6za-fostat
2-HG 2-hydroxyglutarat
ABL Abelson gene
Ag stiibro
AgCl chlorid stfibrny
Associazione Italiana Ematologia Oncologia
AIEOP Pediatrica
Ala alanin
ALL akutni lymfoblastické leukémie
AML akutni myeloidni leukémie
AMLI1 acute myeloid leukemia 1 protein
Arg arginin
ASNase L-asparaginase
ASNaza L-asparaginaza
ASNS asparagin syntetaza
Asp aspartat
ATF5 activating transcription factor 5
ATP adenosintrifostat
Baf bafilomycin A1l
BCP B-cell precursor
BCR breakpoint cluster region
BFM Berlin-Frankfurt-Munster
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CaCl2 chlorid vapenaty

CAD carbamoyl-phosphate synthetase 2
cALL common ALL

cDNA complementary DNA

CLIP Childhood Leukemia Investigation Prague
CML chronic myeloid leukemia

CMML chronicka myelomonocytarni leukémie
CNS centralni nervovy systém

CcO2 oxid uhlicity

CPT1 carnitine palmitoyltransferaza |

CPT1 carnitine palmitoyltransferdza II

CR complete remission

Cys cystein

DAPI 4',6-diamidino-2-phenylindole

DMSO dimethylsulfoxid

DNA deoxyribonukleova kyselina

dNTPs deoxyribonukleotidy

DSMZ Human and Animal Cell Lines Database
E.Coli Escherichia coli

EDTA ethylenediamine tetraacetic acid

EFS event free survival

elF2 eukarioticky inicia¢ni faktor 2

elF2 eukarioticky inicia¢ni faktor 3
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Eto
FADH2
FAO
FBS
FC
FCCP
FN
Go6P
GCN2
Glu
Gly
His/GIn
HLA
HPLC
IDH
Ig

Ile

U
KCl
KD
KRH
LC3

Leu

etomoxir

redukovany flavinadenindinukleotid
fatty acid oxidation

fetal bovine serum

fold change

carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone
fakultni nemocnice

glukoza-fosfat

general control nonderepressible kinase 2
glutamat

glycin

histidin/glutamin

human leukocyte antigen
high-performance liquid chromatography
isocitratdehydrogenaza
immunoglobulin

isoleucin

International Unit

chlorid draselny

kostni dfent

Krebs-Ringer-HEPES

light chain 3

leucin
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Lys

Met
MgCl12
MgS0O4
min
MK
MLL
mLST8
MRN
MS
mSIN1
mTOR
mTORCI

mTORC2

MTS
MTT

N
Na3VO4
NaCl
NAD

NADH

lysin

mili

molar

methionin

chlorid hotecnaty

siran hotecnaty

minuta

mastné kyseliny

mixed lineage leukemia

mammalian lethal with SEC13 protein 8
minimalni reziduélni nemoc

mass spectrometry

mammalian stress-activated protein kinase
interacting protein 1

mammalian target of rapamycin
mammalian target of rapamycin complex 1
mammalian target of rapamycin complex 2
[3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt
3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

pocet

ortovanadat sodny

chlorid sodny

nikotinamidadenindinukleotid

redukovany nikotinamidadenindinukleotid
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redukovany

NADPH nikotinamidadenindinukleotidfosfat
NaF fluorid sodny
NaOH hydroxid sodny
normalizovand hladina exprese genu pro
nASNS ASNS
NH3 amoniak
oS overall survival
OXPHOS oxidativni fosforylace
p probability
PARP Poly (ADP-ribose) polymerase
PBS phosphate buffered saline
Beta-type platelet-derived growth factor
PDGFRB receptor
PEG polyethylenglykol
PEI polyethylenimin
Phe phenylalanin
PI Propidium iodide
PI3K Fosfatidylinositol-3-kinaza
PK periferni krev
PMSF phenylmethylsulfonyl fluorid
PPAR peroxisome proliferator-activated receptor
Pro prolin
PSDH pracovni skupina pro détskou hematologii
quantitative real time polymerase chain
qRT-PCR reaction
Rapa rapamycin
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rezNALM-6
rezREH
Rictor

RIN

RNA

rpm

SDS
Ser/Asn
siRNA
SNP
SQSTM1
TCR
Thr

ToF

Tyr
UCP2
UHKT
ULK1
UMP
UPLC
USA

Val

subklon linie NALM-6 rezistentni ASNaze
subklon linie REH rezistentni ASNaze
rapamycin-insensitive companion of mTOR
RNA integrity number

ribonukleova kyselina

revolutions per minute

sekunda

sodiumdodecylsulfat

serin/asparagin

small interfering RNA

single nucleotide polymorphism
Sequestosome 1

T-cell receptor

threonin

time to flight

tyrozin

uncoupling protein 2

ustav hematologie a krevni transfuze
Unc51 like kinase 1

uridinmonophosphate

Ultra Performance Liquid Chromatography
United States of America

valin
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VSV-G virus envelope G protein

wt wild type
a-KG a-ketoglutarat
B2M B, microglobulin
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Childhood acute lymphoblastic leukemia (ALL) is treated with combined chemotherapy,
including L-asparaginase (L-asp). Recent studies question the traditional view that the level
of asparagine synthetase (ASNS), an enzyme producing the intracellular asparagine, corre-
lates with the response to L-asp treatment. However, the importance of ASNS in response
to L-asp has neither been confirmed nor refuted so far. In this study, we wanted to elucidate
the effect of ASNS expression level on the sensitivity of ALL cells to L-asp treatment. We used
four ALL cell lines (NALM-6, RS4;11, REH, and UOCB6) and 30 diagnostic bone marrow
samples of ALL patients to study the relationship between ASNS expression and sensitivity
to L-asp using MTS proliferation assay. RNA interference was used to study the effect of
a range of ASNS levels on the response to L-asp treatment. Using a cell line model with a grad-
ually knocked-down ASNS gene, we defined a cutoff level below which ASNS gene expression
does not correlate with sensitivity to L-asp. Importantly, ASNS gene expression in patients’
ALL blasts is below this level. We confirmed that there was no correlation between ASNS
gene expression and sensitivity to L-asp in ALL blasts. In addition, we show that cells with
low ASNS expression level do not respond to asparagine deprivation by upregulation of
ASNS gene expression. In conclusion, the ASNS expression level does not predict sensitivity
to L-asp in leukemic blasts. Moreover, cell lines with high basal expression of ASNS cannot
serve as a valid model for studies on the relationship between the ASNS and L-asp cytotoxic

effect. © 2012 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.

Acute lymphoblastic leukemia (ALL) is the most common
hematological malignancy in childhood [1]. Treatment
requires a combination of chemotherapeutics with the crit-
ical component L-asparaginase (L-asp). L-asp administra-
tion significantly improves patient outcomes [2—6]. L-asp
depletes asparagine and glutamine in plasma [7,8]. The
antileukemic effect is based on the decreased activity of
the enzyme asparagine synthetase (ASNS) in leukemic cells
compared to their healthy counterparts. Consequently,
malignant lymphoblasts cannot face the extracellular deple-
tion of asparagine and undergo apoptosis [9-12]. In vitro
resistance to L-asp correlates with an increase in the
cellular ASNS activity, messenger RNA (mRNA) and
protein level in model systems [13,14]. Based on these find-
ings, ASNS mRNA level seemed to be a promising marker
of patients’ sensitivity to L-asp. However, recent studies on

Offprint requests to: Jan Trka, M.D., Ph.D., Childhood Leukaemia Investi-
gation Prague, 2nd Faculty of Medicine, Charles University in Prague,
V Uvalu 84, Prague 15006, Czech Republic; E-mail: jan.trka @1fmotol.cuni.cz

patients’ samples have questioned the attractive general
applicability of this hypothesis. Chronologically, in a gene
expression study by Holleman et al. [15], ASNS was not
among the 35 most discriminating genes for L-asp sensi-
tivity, even though it was significantly overexpressed in
resistant ALL. In addition, we and others have shown that
TEL/AML1-positive ALL patients, although significantly
more sensitive to L-asp [16], have higher expression of
ASNS mRNA than TEL/AMLI1-negative patients [17-19].
This seeming paradox had led to the search for a specific
mechanism of response to L-asp in TEL/AMLI-positive
ALL. However, further studies on the relationship between
ASNS mRNA expression and ALL blasts’ sensitivity to L-asp
revealed that the problem is more complex, comprising
other genetic ALL subtypes. Fine et al. have not seen
consistent basal expression patterns of ASNS that would
be associated with sensitivity to L-asp in ALL blasts [20].
In particular, the basal expression of ASNS was not predic-
tive of the response to L-asp. In the same line, upregulation
of ASNS expression was not linked to the clinical response

0301-472X/$ - see front matter. Copyright © 2012 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.
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to L-asp [21]. As these data exclusively reflect the mRNA
levels of ASNS, it is of interest that Su et al. have observed
a correlation between L-asp sensitivity and ASNS protein
content, rather than ASNS mRNA level, in leukemic cell
lines [22]. This complicates the situation even further
because, generally, ASNS protein levels in patient samples
are so low that they cannot be ascertained by Western blot
and are therefore linked to the relative sensitivity or resis-
tance to L-asp.

Although the information coming from the studies
mentioned does suggest that ASNS does not play a central
role in the response of ALL blasts to L-asp, this presump-
tion has so far not been confirmed experimentally, and it is
rather the expression of ASNS mRNA that is still referred
to as a key factor. Therefore, we concentrated on the func-
tional relationship between ASNS expression and sensi-
tivity to L-asp in ALL cells with the aim to elucidate to
what extent ASNS expression is important for sensitivity
to L-asp and, more specifically, whether the differences in
ASNS mRNA level measured in patient samples have bio-
logical and clinical consequences.

Materials and methods

Patient samples

Bone marrow samples from 30 untreated children initially diag-
nosed with B-cell precursor ALL were collected from the Czech
Pediatric Hematology Centers. Within 24 hours after aspiration,
mononuclear cells were isolated by density gradient centrifugation
using Ficoll-Paque PLUS (GE Healthcare, Uppsala, Sweden) and
then stored at —80°C All samples were obtained with the informed
consent of the children’s parents or guardians. Table 1 shows the
characteristics of these patients.

Cell culture

REH (human B-cell precursor leukemia, TEL/AMLI1-positive),
RS4;11 (human B-cell precursor leukemia, MLL/AF4-positive),
and NALM-6 (human B-cell precursor leukemia TEL/PDGFRB1-
positive) cell lines were purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ-Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH, Braunschweig,
Germany) and cultivated according to producer’s instructions.
UOCB6 (human B-cell precursor leukemia, TEL/AML]1-positive)
[23] was cultivated under the same conditions as other studied cell
lines.

RNA extraction, complementary DNA synthesis, and

quantitative reverse transcription polymerase chain reaction
Total cellular RNA was extracted using the RNeasy mini-kit
(Qiagen, Hilden, Germany) according to manufacturer’s instruc-
tions and converted to complementary DNA using iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA). The ASNS transcript
was detected using the Power SYBR Green PCR Master Mix (ABI,
Foster City, CA, USA). The primer sequences of ASNS (5'-3") were
as follows: forward primer AAAGTGGAGCCTTTTCTTCCTG,
reverse primer AGCCAATCCTTCTGTCTGTCATC. The poly-
merase chain reaction (PCR) reaction was performed in the Light-
Cycler 480 Real-Time PCR System (Roche Diagnostic GmbH,

Manheim, Germany) according to manufacturer’s instructions.
Oligonucleotide hybridization probes were used in the system for
quantification of B2 microglobulin, which served as a housekeeping
gene. The PCR reaction was performed in LightCycler Rapid
Thermal Cycler System (Roche Diagnostic GmbH, Manheim,
Germany). Raw data were normalized against B2 microglobulin,
that is, ACt = Ct-specific gene-Ct 32 microglobulin.

Protein detection

Cells were washed twice by centrifugation in phosphate-buffered
saline and lysed in RIPA buffer. The lysate was sonicated and
then centrifuged at 7500 rpm for 3 minutes at 4°C. Protein concen-
tration was determined spectrophotometrically on each sample of
supernatant using Bio-Rad DC Protein Assay (Bio-Rad). Proteins
were resolved by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane (Bio-
Rad). Nonspecific binding on the membrane was blocked with
TBS containing 5% dry milk. The membrane was probed over-
night with ASNS (kindly provided by Dr. Kilberg, University of
Florida College of Medicine, Gainesville, FL, USA) or B-actin
(Sigma, St Louis, MO, USA) antibodies in phosphate-buffered
saline containing 5% and 1% dry milk, respectively. The bound
antibody was detected with the appropriate secondary antibody
conjugated with horseradish peroxidase and visualized using
SuperSignal West Femto Maximum Sensitivity Substrate or
SuperSignal West Pico Chemiluminescent Substrate Kit (Thermo
Scientific, Logan, UT, USA), followed by exposition to x-ray film.

Short interfering RNA transfection

REH, UOCB6, and RS4;11 cells were transfected via electropora-
tion performed on EPI2500 electroporator (Dr. L. Fischer,
Heidelberg, Germany) using 0.4-cm gap Gene Pulser/MicroPulser
Cuvettes (Bio-Rad) under the following conditions: 1,000,000
cells/100 pL culture medium, one pulse of 10 ms, 350 V, and
1200 pF. Cells that were transfected by the ON-TARGETplus
Non-Targeting Pool siRNAs (siNon-T; Dharmacon, Layfayette,
CO, USA) served as a negative control. The negative control is de-
signed by producers to have the minimal sequence homology to
any known human transcript and have the same chemical structure
as the corresponding targeting short interfering RNAs (siRNAs).
ASNS-targeting ON-TARGETplus SMARTpool siRNAs (siASNS;
Dharmacon) at concentrations 0.78 pmol, 1.56 umol, 3.13 pumol,
6.25 pmol, and 9.38 pmol were used for ASNS knockdown.
The volume of siASNS was kept the same by the addition of
siNon-T. ASNS mRNA expression was measured 24 and 48 hours
after the knockdown.

In vitro L-asp cytotoxicity assay

In vitro L-asp (Medac, Wedel, Germany) cytotoxicity was deter-
mined using AQueous One Solution Cell Proliferation Assay
(MTS Cell Proliferation Assay; Promega, Madison, WI, USA).
Cells were cultured in 96-well microtiter plates in the presence
of eight different concentrations of L-asp (4 to 457 IU/mL in
decimal dilution) in triplicate. Control cells were cultured without
L-asp. Cell lines were incubated for 72 hours. ALL primary cells
show a low control cell viability [24,25]. Insulin-transferrin-
sodium selenite media supplement (Sigma Aldrich, Schnelldorf,
Germany) [26] was therefore used during a 96-hour long incuba-
tion with L-asp. Afterward, MTS reagent was added for 3 hours.
The amount of rising formazan was spectrophotometrically
measured and thereby cell viability was determined.
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Table 1. Characteristics of acute lymphoblastic leukemia patients
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Patient  Age

no. (month) Sex Diagnosis Fused gene Karyotype Treatment protocol ~ Outcomes
1 4 M cALL 56,XY,+X,+Y,+4,+6,+8,+14,+14,+18,4+21,4-21[5]/4 6,XY[4] ALL BFM 2009 CR1
2 2 F cALL 53 ~54,XY,+X,+6,+10,4+14,+17,4+18,+21,4+21[cp201/46,XY[2] ALL BFM 2009 CR1
3 13 M praeB ALL 46,XY,2der(7),2der(11) [4]/46,XY[14] ALL BFM 2009 CR1
4 3 M cALL TEL/AML1 46,XY[13] ALL BFM 2009 CR1
5 5 M cALL 46,XY[17] ALL BFM 2009 CR1
6 3 M cALL 55, XX,4+4,+5,46,+8,4+10,+12,4+-14,+17,4+18,4-21[cp12]/46,XX[1] = ALL BFM 2009 CR1
7 6 M cALL 47,XY,2der(5),t(8,12,21),+mar[5]/46,XY,?der(5), t(8,12,21)[7]/46, ALL BFM 2009 CR1
XY,t(8,12,21) [5]
8 3 M cALL 84-88, XX [9] ALL-IC BFM 2002 CR1
9 4 F cALL TEL/AMLI1 No data ALL-IC BFM 2002 Relapse CR2
10 3 F cALL TEL/AMLI1 46, XX [6] ALL-IC BFM 2002 CR1
11 8 M cALL TEL/AMLI1 No data ALL-IC BFM 2002 CR1
12 5 M cALL TEL/AML1 46,XY,t(12;21)(p13;q22),del(12)(p13),der(21)t(21;?)[?] ALL-IC BFM 2002 CR1
13 14 M cALL No data Interim CR1
14 17 F cALL 46, XX [6] ALL-IC BFM 2002 CR2
15 10 M cALL 47, XY,+8,del(9)(p11)[12] Interim CR1
16 5 M cALL 58 ~62,XY,+X,der(1),+4,4-5,46,+-8,+10,411,+12,+14,i(17q),+18, Interim CR1
+21,421,421,42mar[cp9]/59,XY,+X+der(2),4+4,4-5,4+6,+-8,+10,
+11,+12,4+14,i(17q),+18,4-21,4-21,4-21[2]
17 8 F praeB ALL TEL/AML1 No data Interim CR1
18 16 F CcALL 46,XX Interim death
19 18 M cALL 45,XY,del )9p), -20 Interim CR1
20 3 M cALL 58,XXYY,+3,4+6,+8,4+10,+10,414,+14,4-18,4+21,+21[19]46,XY [6] Interim CR1
21 6 F cALL 46,XX[12], 47XX,+21[2] Interim CR1
22 7 M cALL 59~63,CY,+X,dup(1)(q21.1932.2),+4,45,+der(6)t (X;6)(?;q11), Interim CR1
+8,48,+10,+11,4+12,+14,4+15,+17,4+18,4+-21,+21,22[12]
23 4 praeB ALL 59 <2n> XX, +X,+4,+5,4+6,+7,+9,+10,+14,+16,+17, +18,+21, Interim CR1
+21[13], 46,XX[7]
24 2 M praeB ALL 46,XY[20] Interim CR1
25 6 F cALL 63 ~65,XX.7der(2),+3,4+5,+6,4+7,72der(9),+10,4+11,+12,4+14,4+-15,  Interim CR1
+18,+21,+21,+5,-7mar [cp9]
26 1 M proB ALL No data Interfant CR1
27 4 M cALL No data Interim CR1
28 7 M cALL 56,XY,+X,+4,4+6,+10,4+14,+17,4+18,+21,4-21,4-22[4]/46,XY[4] ALL BFM 2009 CR1
29 3 F cALL TEL/AML1 No data ALL BFM 2009 CR1
30 3 M cALL 50~54,XY,+X,+18,4-21,4+21[cp6]/46,XY[3] ALL BFM 2009 CR1

ALL = acute lymphoblastic leukemia; ALL BFM 2009 = International MRD-based BFM protocol; ALL-IC BFM 2002 = International non-MRD-based
BFM protocol; cALL = intra-IgM+; CR = complete remission; F = Female; Interfant = International protocol for infant leukemia; Interim = Czech
version of MRD-based BFM 2000 protocol; M = Male; praecB ALL = intra-IgM+; proB = CD10— Intra-IgM— CD20—.

Statistical analysis

Student ¢ test and Spearman nonparametric test using GraphPad
Prism software (La Jolla, CA, USA) were performed for statistical
analyses.

Results

ASNS knockdown in ALL cells with low basal ASNS
expression does not increase sensitivity to L-asp

Baseline ASNS mRNA expression was measured by real-
time quantitative PCR in four human B-precursor leukemic
cell lines (i.e., REH, UOCB6, RS4;11, and NALM-6).
UOCB6, with the highest expression of ASNS (normalized
ASNS [nASNS] = 4.225), was followed by NALM-6
(nASNS = 3.640), REH (nASNS = 2.336), and RS4;11
(nASNS = 0.058). We chose UOCB6, REH, and RS4;11

to perform silencing of ASNS gene. Using increasing
concentrations of siRNA specific for ASNS, we achieved
a spectrum of ASNS mRNA expression levels in these
cell lines starting at 4.40 to 0.008 nASNS expression
(Fig. 1A). We subsequently tested sensitivity of the cells
to the L-asp using MTS Cell Proliferation Assay (Fig. 1B).
Gradual ASNS gene silencing in UOCB6 led to an increase
of sensitivity to L-asp. REH cell line with decreased ASNS
mRNA expression from nASNS = 1.010 to nASNS =
0.749 increased sensitivity to L-asp. Further knockdown
did not cause another change in the sensitivity. Importantly,
decreased ASNS mRNA expression in RS4;11 cell line did
not increase the sensitivity to L-asp. We concluded that
what we found was a clear cutoff of ASNS gene expression
level that discriminated among the samples’ high and low
ASNS mRNA expression. These two groups differed in
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Figure 1. Response of UOCB6, REH, and RS4;11 cells with downregulated ASNS to L-asp treatment. (A) ASNS in UOCB6, REH, and RS4;11 was down-
regulated using increasing concentration of siRNA specific for ASNS (siASNS 1 = 0.78 umol, siASNS 2 = 3.13 pmol I, siASNS3 = 6.25 umol, siASNS 4 =
9.38 umol in UOCB6; siASNS 1 = 0.78 pumol, siASNS 2 = 1.56 umol 1, siASNS 3 = 6.25 pmol in REH and RS4;11). siNon-T served as a control. Normal-
ized levels of ASNS mRNA measured 24 hours after electroporation are shown. The discontinuous line shows ASNS cutoff level. (B) Sensitivity of cells
(MTS assay) with gradual knockdown of ASNS expression, using siRNA, was monitored 72 hours after L-asp treatment. Experiments were performed in
triplicate, and the standard deviation was calculated. UOCB6 cells with gradually decreased ASNS expression displayed a gradual increase in sensitivity
to L-asp. REH cells exhibited an increased sensitivity to L-asp after siASNS treatment. RS4;11 cells with ASNS knockdown did not display an increase

in sensitivity to L-asp.

their response to L-asp treatment. While ASNS mRNA
expression above this level negatively correlated with sensi-
tivity to L-asp, below this cutoff there was no correlation
between ASNS mRNA level and sensitivity to L-asp.

ASNS mRNA and protein level is substantially lower

in patient samples compared to cell lines

ASNS mRNA levels were measured in 30 B-precursor ALL
diagnostic specimens. Twenty-nine of 30 patients had
a very low level of ASNS mRNA, which is in concordance
with data reported previously by Su et al. [22]. A median of
0.18 was well below the cutoff determined in the previous
experiment. The median ASNS mRNA expression of REH,
UOCB6, NALM-6, and RS4;11 (2.99) was significantly

higher compared to ALL primary blasts (p < 0.0001)
(Fig. 2). ASNS protein content, analyzed by Western blot,
correlated with mRNA levels in all four cell lines. ASNS
protein level in patient samples remained undetectable,
despite the use of three different antibodies specific for
ASNS (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA; Abcam, Cambridge, MA, USA; and the in-house
antibody kindly provided by Dr. Kilberg, University of
Florida College of Medicine) and precise optimization.

ALL primary blasts do not show a correlation between
sensitivity to L-asp and ASNS expression

In vitro resistance to L-asp of children with newly diag-
nosed ALL is associated with worse clinical outcomes after



1. Hermanova et al./ Experimental Hematology 2012;40:657-665 661

59 299,

0.18

44

normalized ASNS mRNA

-

asns - dED T 64kDa

Bactin @Em GEER e =,

REH UOCB6 NALM-6 RS4;11

ASNs |— 64kDa
B-actin  — N .  42kDa

Hela P1 P2 P3

Figure 2. The basal ASNS expression of ALL cells. ASNS mRNA expression was measured in REH, UOCB6, NALM-6, and RS4;11 cell lines and leukemic
blasts isolated from the bone marrow cells of ALL patients. Data were normalized to the B2 microglobulin level. Medians calculated from group of cell lines
and group of patient samples are shown. Whole cell extracts were collected, subjected to Western blot analysis, and probed for ASNS or B-actin, which served
as a loading control. As a reference for relative abundance in Western blot of patient samples, a HeLa cell extract was included.

combination chemotherapy [27]. The sensitivity of leukemic
cells to L-asp was measured by MTS Cell Proliferation
Assay (Fig. 3). Cells were cultured in the presence of eight
different concentrations of L-asp (4 to 47 IU/mL in
decimal dilution). Control cells were cultured without L-asp.
RS4;11 cells were the most sensitive, with ICsy of 2.5 x
10~ U/mL. REH, NALM-6, and UOCB6 cells had an
ICsq of 0.15 U/mL, 0.3 U/mL, and 0.9 U/mL, respectively.
There was a correlation between ASNS mRNA expression
and IC5q with Spearman correlation coefficient of 1.00 (p =
0.0833). Next, we studied the sensitivity of 7 (1-7) ALL
diagnostic samples with ASNS mRNA expression 0.4319,
0.5621, 0.4944, 0.2559, 0.2315, 0.1029, and 0.0421, respec-
tively. The response of ALL blasts to L-asp treatment was
independent of the ASNS basal level. The Spearman corre-
lation test showed no correlation between ASNS basal level
and sensitivity to L-asp in ALL patient samples with
Spearman correlation coefficient of 0.2242 (p = 0.5367).
The calculation was based on absolute ICsy and normalized
ASNS mRNA expression.

Low-expressing RS4;11 cell line does not upregulate
ASNS mRNA expression after L-asp treatment

REH, UOCB6, NALM-6, and RS4;11 cells were incubated
with L-asp (concentration at 4 U/mL) for 6, 24, and 48
hours (Fig. 4). The induced relative expression of ASNS
mRNA reached statistical significance at all three time
points in REH, NALM-6, and UOCB6 cells, with a peak
at 6 hours after the addition of L-asp. In rapid response cor-

responding to 6 hours, REH achieved a 7.6-fold increase
(p = 2.34 x 10~*) of ASNS mRNA, NALM-6 displayed
a 6.8-fold increase (p = 7.4 x 10_6), and UOCB6 showed
a 4.3-fold increase (p = 7.1 x 1077). RS4;11 did not
respond in the acute phase of treatment by the elevation
of ASNS mRNA. In addition, at none of the time points
did the induced expression of ASNS in this cell line reach
levels comparable with basal levels in all other cell lines.
Changes in the ASNS protein amount varied greatly among
the cell lines. REH and UOCBG cells exhibited a significant
increase of ASNS protein, whereas NALM-6 cells did not
show any changes in protein expression. ASNS protein in
RS4:;11 cells remained undetectable.

Discussion
Low ASNS mRNA expression was traditionally linked to the
sensitivity of ALL cells to L-asp. Recent studies indicated that
the straightforward correlation between L-asp sensitivity and
ASNS mRNA expression was not sufficient to explain the
differences in patient response to the treatment with L-asp.
Nevertheless, as the relationship has not been clearly ex-
plained, the ASNS mRNA expression level was still referred
to as an important factor influencing the response to L-asp
treatment. Based on these findings, we decided to elucidate
whether the differences in ASNS mRNA expression levels
can cause inter-individual variations in sensitivity to L-asp.
Using RNA interference, ASNS mRNA expression was
gradually decreased in three ALL cell lines. We found the
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Figure 3. Sensitivity of ALL cells to L-asp. (A) Sensitivity of four leukemic cell lines to L-asp was determined by MTS assay. Cell lines were treated with
a range of L-asp concentrations for 72 hours. Experiments were done in triplicate and the standard deviation was calculated. The magnified portion of the
graph shows data from treatments with O to 0.04 U/mL L-asp. (B) Sensitivity of seven primary ALL samples determined by MTS assay. Cells were treated
with a range of L-asp concentrations for 96 hours. Experiments were done in triplicate and the standard deviation was calculated.

cutoff in ASNS mRNA expression level that discriminated
among our samples. Suppression of ASNS above this cutoff
increased sensitivity to L-asp. ASNS gene knockdown that
was under the cutoff did not cause increase sensitivity to
L-asp. Importantly, 29 of 30 ALL patients studied had
very low ASNS mRNA expression, below the cutoff. These
results show that ALL patients cannot be characterized as
resistant or sensitive to L-asp treatment on the basis of
ASNS mRNA expression. We confirmed these findings by
MTS cytotoxic assay. There was no significant correlation
found between ASNS gene expression and ICsq in patient
samples.

The original hypothesis on the relationship between the
sensitivity to L-asp and ASNS expression was confirmed in
cell line models. Indeed, in the selected cell lines, the high

ASNS expression was linked to the resistant phenotype.
However, studies trying to apply this theory to patients’
samples had led to controversial or paradoxical results,
including Stam et al’s reports and our own on TEL/
AMLI1-positive patients [17-19]. Our data clearly indicate
that this model did not take into account the simple fact
that patients’ ALL blasts have generally much lower (up
to 20 times) basal expression of ASNS. In the patients’
blasts expression range of the ASNS expression differences
are not linked to the distinct sensitivity to L-asp. Compar-
ison of primary samples with cell lines is always debatable.
The possible mechanism that could explain the high ASNS
expression in ALL cell lines compared to patients’ ALL
cells might consist of faster metabolic and proliferative
rates in in vitro conditions. Under optimal cell culture
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Figure 4. Expression of ASNS in leukemic cells treated with L-asp. Graphs describe normalized expression of ASNS mRNA in REH, UOCB6, NALM-6,
and RS4;11 cells after L-asp (4 U/mL) treatment and untreated control cells. All measurements were done in triplicate at 6, 24, and 48 hours after treatment.
ASNS protein content was measured by Western blot analysis. REH cells displayed an increase in ASNS protein at all three time points. UOCBG6 cells ex-
hibited an increase in ASNS protein at 24 hours after L-asp addition. NALM-6 cells did not increase ASNS protein at any time point. The ASNS protein

levels in RS4;11 cells were not detectable.

conditions, leukemic cell lines very stably retain the major
features of their original cells as major oncogenic features
[28]. Nevertheless, because the cells need the whole spectrum
of supplements, they might respond by over-regulation of
enzymes involved in amino acid metabolism. In addition,
it has been shown that gene expression profiling reveals
consistent differences between clinical samples of human
leukemias and their model cell lines. In detail, chronic
myeloid leukemia in chronic phase, acute promyelocytic
leukemia, and acute monocytic leukemia cell lines chiefly
overexpressed genes related to macromolecular metabolism,
whereas in clinical samples, genes related to the immune
response were abundantly expressed [29].

Su et al. reported that it is not the mRNA expression but
rather the ASNS protein level that correlates with sensitivity
to L-asp in ALL cell lines. We tested four ALL cell lines and
the ASNS mRNA expression correlated with protein level.

Next, we analyzed ASNS protein amounts in patient
samples. ASNS protein remained undetectable in the tested
samples of the ALL patients and were not reproducibly
detectable in the low-expressing cell line, RS4;11. Induction
of ASNS mRNA level is among the first steps of amino acid
stress response [14,30]. Moreover, short-term treatment of
cells with L-asp caused induction of ASNS expression
[13,14,17]. As we have shown before, the absolute level of
induced ASNS depended on the initial level [17]. Our recent
data show a discrepancy in response to L-asp between cells
with ASNS level above and below the certain cutoff. L-asp
significantly induced ASNS mRNA level in three cell
lines-REH, NALM-6, and UOCB6. Baseline ASNS mRNA
expression of all the three cell lines was above this cutoff.
RS4;11 cells with low ASNS levels did not respond in the
acute phase of treatment by an elevation of ASNS. At
none of the time points did the induced expression of
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ASNS reach levels above the cutoff, where ASNS expres-
sion correlates with sensitivity to L-asp. We assume that
cells with the ASNS expression level below the defined
cutoff use an alternative mechanism of response to amino
acid deprivation stress. One of the possible scenarios is the
loss of GCN2, eIF2 kinase essential for adaptation to amino
acid deprivation studied in mice treated with L-asp [31,32].
Other explanation of various responses to L-asp treatment
can consist of degradation of L-asp by lysosomal cysteine
proteases [33] or ATF5 polymorphism [34]. As shown by
Iwamoto et al., microenvironment could also be involved
in response to L-asp by secretion of asparagine by bone
marrow mesenchymal cells [35].

Conclusions

Although ASNS enzyme may be involved in the mechanisms
by which the primary leukemic cells respond to L-asp, it is
not possible to use the basal ASNS mRNA expression as
a marker of sensitivity to L-asp. In addition, cell lines with
high basal expressions of ASNS cannot serve as a valid model
for studies on the relationship between ASNS and L-asp cyto-
toxic effect.
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Running title: L-asparaginase alters metabolism of leukemic cells

Abstract

L-asparaginase (ASNase), a key component in the treatment of childhood acute lymphoblastic
leukemia (ALL), hydrolyzes plasma asparagine and glutamine and thereby disturbs metabolic
homeostasis of leukemic cells. The efficacy of such therapeutic strategy will depend on the
capacity of cancer cells to adapt to the metabolic challenge, which could relate to the activation
of compensatory metabolic routes. Therefore, we studied the impact of ASNase on the main
metabolic pathways in leukemic cells. Treating leukemic cells with ASNase increased fatty acid
oxidation (FAO) and cell respiration and inhibited glycolysis. FAO, together with the decrease
in protein translation and pyrimidine synthesis, was positively regulated through inhibition of
the RagB-mTORC1 pathway, whereas the effect on glycolysis was RagB-mTORC1
independent. Since FAO has been suggested to have a pro-survival function in leukemic cells,
we tested its contribution to cell survival following ASNase treatment. Pharmacological
inhibition of FAO significantly increased the sensitivity of ALL cells to ASNase. Moreover,
constitutive activation of the mTOR pathway increased apoptosis in leukemic cells treated with
ASNase, but did not increase FAO. Our study uncovers a novel therapeutic option based on the
combination of ASNase and FAO inhibitors.
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Introduction

L-asparaginase (ASNase) is an essential component in the treatment of childhood acute
lymphoblastic leukemia (ALL)."! Intensified use of ASNase increases event-free survival in
children with ALL by 10 % to 15 %.% * ASNase has the potential to be used in other types of
cancers besides childhood ALL - currently, it is already used in the treatment protocol of adult
T-ALL and lymphomas.* ® There are also ongoing in vitro studies on its use in solid tumors
(brain, prostate, and ovarian cancers).®*® Although ASNase has been in clinical use for the
treatment of childhood ALL for several decades, our knowledge of mechanisms behind its
therapeutic effect is still incomplete. ASNase catalyzes deamination of asparagine (Asn) and
glutamine (GIn).** *# Intracellular Asn is typically produced by asparagine synthetase (ASNS).
The cytotoxic effect of ASNase on leukemic cells was traditionally explained by the lower
activity of ASNS in leukemic cells compared with healthy cells.** ** However, recent studies
reported that basal ASNS expression does not predict resistance to ASNase among ALL

>18 and has no biological or clinical consequences in ALL patients.”® These findings

patients
indicate that the mechanism of action of ASNase is more complex and cannot be explained by

the expression of a single gene.

Proliferating cancer cells are characterized by considerably different metabolic requirements
compared with normal differentiated cells.”> ** Cancer cell metabolism is therefore studied with
a focus on potential therapeutic targets. Since metabolic modulators are widely used for
pathologies beyond cancer, drug repurposing has become a very appealing concept in the field,
as exemplified by metformin, an antidiabetic that has been newly investigated for its inhibitory
effect on cancer progression.** By deaminating Asn and GIn, ASNase obviously also perturbs
metabolism, but these metabolic consequences have not yet been described. The main sensor of
amino acid deprivation is mammalian target of rapamycin (MTOR), which has been associated
with the activity of ASNase.” Moreover, it has been shown that GIn depletion can efficiently
inhibit downstream mTOR signaling in acute myeloid leukemia (AML) and ovarian cancer
cells.?® 2" Under nutrient-rich conditions, mTORC1 promotes cell growth by stimulating
biosynthetic pathways. Meanwhile, cellular catabolism, such as autophagy, is inhibited.

Signaling via mTOR also influences a wide range of metabolic mechanisms®*>*

and the impact
of ASNase on the downstream mTOR targets that are involved in metabolic processes has not
yet been studied thoroughly. This study for the first time describes the profound effect of
ASNase on the metabolism of lymphoid leukemic cells that is driven by mTOR. The
characterization of these cellular processes reveals novel potential targets for the treatment of

ALL to enhance the effects of chemotherapy and improve clinical outcome in patients.
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Materials and methods

Cell culture. REH (human B-cell precursor leukemia, TEL/AML1-positive) , NALM-6 (human
B-cell precursor leukemia, TEL/PDGFRB1-positive) and RS4;11 (human B-cell precursor
leukemia, MLL/AF4-positive) 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 the producer’s

instructions. Cell lines were negative for mycoplasma contamination.

Patient samples. Bone marrow samples from untreated children initially diagnosed with B-cell
precursor ALL were collected from the Czech Pediatric Hematology Centers. Within 24 hours
after aspiration, mononuclear cells were isolated by density gradient centrifugation using Ficoll-
Paque PLUS (GE Healthcare, Chalfont St. Giles, UK). Ethical committee approved the study #
NT12429. All samples were obtained with the informed consent of the children’s parents or
guardians. Isolated blasts were maintained in RPMI media with 10% FBS (Life Technologies,
Carlsbad, CA, USA) and insulin-transferrin-sodium selenite supplement (Sigma-Aldrich, St
Louis, MO, USA).* The characteristics of the patients whose samples were used for western
blot analysis (1-3), Annexin V/DAPI staining (4-8) and measurement of respiration (9-11) are
listed in Supplemental Table 1.

Isolation of B-lymphocytes. Human B Cell Enrichment Cocktail (Stemcell Technologies,
Vancouver, BC, Canada) was used according to the manufacturer’s instructions to isolate B
cells from the buffy coat of healthy donors. B cells were incubated in RPMI media
supplemented with 10% FBS, IL-21 (50 ng/ml) and IL-2 (50 ng/ml) (Sigma-Aldrich, St Louis,
MO, USA). B cells were isolated from three healthy donors.

Electrophoresis and western blotting. Protein lysates were prepared as previously described.*
Proteins (10-40 ug per well) were resolved by NuPAGE® Novex® 4-12% Bis-Tris Gels (Life
Technologies, Carlsbad, CA, USA) and transferred to a nitrocellulose membrane (Bio-Rad,
Hercules, CA, USA). The membrane was probed overnight with primary antibodies listed in
Supplementary Table 2. The bound antibodies were detected with the appropriate secondary
antibodies (Bio-Rad, Hercules, CA, USA) conjugated with horseradish peroxidase and
visualized using ECL reagent followed by exposure to x-ray film (Kodak, Rochester, NY,
USA). Rapamycin (Sigma-Aldrich, St Louis, MO, USA) served as a positive control of
MTORCL inhibition. Densitometry was performed using Image J software. The densitometry

value was normalized against the value for -actin.
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RNA extraction, cDNA synthesis and gRT-PCR. Total cellular RNA was extracted using the
RNeasy mini-kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s
instructions and converted to cDNA using an iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA, USA). The c-Myc transcript was detected using the Power SYBR Green PCR Master Mix
(Life Technologies, Carlsbad, CA, USA). The primer sequences of c-Myc is listed in
Supplementary Table 3. B2 microglobulin (f2m), served as a house-keeping gene. PCR
reactions were performed in a LightCycler®480 Real-Time PCR machine (Roche Diagnostics

GmbH, Germany).

Assessment of cell death. Cells were treated with ASNase (Medac GmbH, Hamburg,
Germany), etomoxir (Sigma-Aldrich, St Louis, MO, USA) or both and apoptosis was quantified
by Annexin V-FITC (Exbio Praha, a.s., Czech Republic) and DAPI (Life Technologies,
Carlsbad, CA, USA) or PI (Miltenyi Biotec, Bergisch Gladbach, Germany) staining using flow

cytometer. Measurements were performed in triplicate.

Combination index (CI) calculation. Cl values were calculated using CompuSyn software

(www.combosyn.com). The calculation of dose-effect relationship for each drug we used was

done via serial dilution. Cl was calculated from serial dilution of ASNase and each dose of
etomoxir. Cl was used to express synergism (Cl<1), additive effect (CI=1), or antagonism
(C1>1).%

Assessment of autophagic flux. Cells were treated with ASNase and bafilomycin (Sigma-
Aldrich, St Louis, MO, USA) for 6, 12 and 24 hours. Autophagic flux was quantified by

western blotting.

Detection of de novo intermediates of pyrimidine synthesis by UPLC-ToF-MS. The cells
were seeded to fresh media and incubated O.N. Next we treated the cells with ASNase (4
IU/ml) for 24 hous. Five millions of cells were harvest for each condition and washed in PBS.
Dried cell pellets were resuspended in 500 pL of a methanol/water (50/50; v/v%) mixture
containing 10 mM acetic acid. After precipitation of the protein content, the supernatant was
evaporated. The dried pellets were resuspended in 150 pl of water/acetonitrile/formic acid
(39.9/60/0.1 viviv%) and centrifuged. The resulting extracts were injected into the LC-MS
system using ACQUITY UPLC with Acquity UPLC amide column 1.7 pum (2.1 x 100 mm) and
ToF MS, SYNAPT G2 (Waters Corporation, Milford, MA, USA). Retention time for uridine
monophosphate (UMP) and uridine was 2.95 min and 1.68 min respectively. The limit of
detection of those compounds: UMP 0.5 uM, Uridine 0.05 pM. The measurement was

performed in three independent experiments.


http://www.combosyn.com/
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HPLC analysis. HPLC analysis of amino acids was performed using Waters AccQ-Tag(TM)
Chemistry Package (WAT052875) on two pump Beckman Coulter Gold chromatograph with
Merck-Hitachi F-1080 fluorescence detector (ex.250nm, em. 395nm). Data were collected and
evaluated with DataApex CSW32 chromatography software.

Glucose-uptake measurement. Cells were washed twice with Krebs-Ringer-HEPES (KRH)
buffer (20 mM HEPES, pH 7.4, 136 mM NaCl, 4.7 mM KCI, 1.25mM MgSQ,, 1.25mM CacCl,),
resuspended in 900 ul of KRH buffer and incubated for 15 minutes at 37 °C. Next, we added
100 pl of 10x START solution (I mM 2-deoxyglucose, 5 pCi/ml [*H]-2-deoxyglucose,
PerkinElmer Life Sciences, Waltham, MA, USA) and incubated the cells for 10 minutes at 37
°C. Cells were washed with PBS, collected by centrifugation, and the cell pellet was solubilized
in 1 ml of 0.03% SDS for 10 minutes at 37 °C. Radioactivity was measured using a 1900TR
liquid scintillation analyzer (Packard). The measurement was performed in four independent

experiments.

Extracellular lactate. Extracellular lactate was measured using the Lactate Kit (Trinity
Biotech, Bray, Ireland) according to the manufacturer’s directions. Changes in lactate
production were normalized to the protein content. The measurement was performed in five

independent experiments.

Fatty acid oxidation (FAO) measurement. Cells were incubated for 4 hours in culture
medium containing 100 uM palmitic acid, 1 mM carnitine and 1.7 pCi [9,10(n)-*H]palmitic acid
(GE Healthcare, Chalfont St. Giles, UK) in the presence or absence of etomoxir (100 uM,
Sigma-Aldrich, St Louis, MO, USA), and the medium was collected to analyze the amount of
released *H,0 that was formed during the cellular oxidation of [*H]-palmitate.**** Medium was
precipitated with 10% TCA, and supernatants were neutralized with 6 M NaOH and loaded onto
ion exchange columns packed with DOWEX 1X2-400 resin (Sigma-Aldrich, St Louis, MO,
USA). *H,0 was eluted with water and quantitated by liquid scintillation counting. The
oxidation of [*H]-palmitate was normalized to the protein content, as determined using a DC
Protein Assay (Bio-Rad, Hercules, CA, USA). Non-mitochondrial FAO and background signal
(FAO measured in samples after incubation with etomoxir) was extracted, and mitochondrial
FAO (etomoxir counts extracted from total counts) was presented in nCi/mg protein/h. The

measurement was performed in four independent experiments.

Respiration. The endogenous respiration of intact cells was measured in the culture medium at
37 °C using Oxygraph-2k-respirometer (OROBOROS Instruments Corporation, Innsbruck,

Austria). Respiratory rates were determined in both coupled and uncoupled states, the latter
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after titration of the uncoupler FCCP (carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone;
Sigma-Aldrich, St Louis, MO, USA). Inhibition by ATP synthase inhibitor oligomycin (Sigma-
Aldrich, St Louis, MO, USA) was used to verify dependence of coupled respiration on
mitochondrial F,F;-ATP synthase. The following concentrations of cells and respiratory
inhibitors were applied: 0.4 mg/mL cells, 1 pM oligomycin, 200-300 nM FCCP, and 0.5 uM
antimycin A (respiratory chain inhibitor; Sigma-Aldrich, St Louis, MO, USA). The
measurement was performed in four (REH, NALM-6) and three (healthy B-lymphocytes, BCP-

ALL) independent experiments.

NAD*/NADH ratio. The NAD*/NADH ratio was measured using the NAD*/NADH Glo assay
(Promega, Madison, WI, USA) according to the manufacturer’s protocol. The ratio was

measured in three independent experiments.

Lentiviral RagB cell models. We have used Flag pLIM1 RagB wild-type (RagB wt; Addgene
plasmid 19313) and and Flag pLIM1 RagB 99L (Addgene plasmid 19315) lentiviral constructs
(Addgene, Cambridge, MA, USA).*" Lentiviral particles were produced as previously
described® and used for the transduction of NALM-6 cells. Positive clones were selected by

puromycin resistance and further used for experiments.

Statistical analysis. Student’s t-tests were performed in GraphPad Prism software (GraphPad
Software, Inc., San Diego, CA) for statistical analyses.

Results

ASNase treatment extensively alters cellular metabolism

Since ASNase disrupts nutrient homeostasis, we studied its effect on key metabolic pathways in
leukemic cells. Effect of applied ASNase dosage (RS4;11: 0.5 IU/ml; REH, NALM-6: 4 1U/ml
chosen according to the pharmacokinetics of ASNase® was confirmed as a change in
extracellular amino acid levels by HPLC (Supplementary Figure S1). First, we focused on the
impact of ASNase on FAO. We incubated REH, NALM-6 and RS4;11 B-precursor leukemic
cells with ASNase for 18 hours and measured the activity of FAO. ASNase treatment
significantly increased FAQ in these cell lines (Figure 1a). The effect of etomoxir on FAO in
ALL cells is shown in Supplementary Figure S2. Next, we determined the effect of ASNase on
glucose metabolism in REH and NALM-6 cells and observed that ASNase treatment
significantly reduced glucose uptake in both cell lines (Figure 1b). This was accompanied by
decreased lactate production in NALM-6 cells (Supplementary Figure S3). Lactate production

in RS4;11 was also significantly reduced after ASNase treatment. There were no observable
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changes in REH cells; however, the basal lactate level was substantially lower in REH cells
compared to NALM-6 (data not shown). Furthermore, we determined the levels of the
glycolysis regulator c-Myc and glucose transporter type 1 (GLUT1). As shown in
Supplementary Figure S4, ASNase significantly decreased c-Myc mRNA expression in ALL
cell lines with a concomitant decrease in the protein levels of c-Myc and GLUT1. Consistent
with these results observed in ALL cell lines, we detected decreased c-Myc protein levels also
in some primary ALL cells following ASNase treatment (Supplementary Figure S4).

Both FAO and glucose oxidation yield reduced NADH, which is then oxidized by
mitochondrial respiratory chain. In the subsequent experiment we therefore investigated the
impact of ASNase on the mitochondrial respiration in ALL cells. ASNase significantly
increased basal oxygen consumption (routine respiration) of REH cells (p=0.0276) (Figure 1c
and Supplementary Figure S5). In the uncoupled state, which serves as a measure of the
maximum capacity of the respiratory chain, we observed a significant increase in oxygen
consumption in ALL cell lines (Figure 1c and Supplementary Figure S5). More interestingly,
we observed significant increase of the spare respiratory capacity (uncoupled/coupled
respiration) in REH and NALM-6 cell lines treated with ASNase (Figure 1d). The increase of
spare respiratory capacity was borderline significant (p=0.062) in RS4;11 cell line. We found a
similar increase in the spare respiratory capacity also in the primary ALL cells upon ASNase
treatment (Figure 1d). In contrast, this was not the case for the control B-lymphocytes isolated
from peripheral blood of healthy subjects (Figure 1d), indicating that the effect of ASNase is
specific to leukemic cells. The increase in the respiratory capacity was not accompanied by a
change in the content of oxidative phosphorylation (OXPHOS) proteins (Supplementary Figure
S6), meaning that it likely represents a shift in the balance of available substrates. Indeed, we
detected a significant increase in the NAD*/NADH ratio in ALL cell lines following ASNase
treatment (Supplementary Figure S7).

ASNase modulates pyrimidine synthesis and autophagy via mTORC1 inhibition

Our previous experiments have shown that ASNase treatment affects key metabolic pathways in
ALL cells. Based on the sensitivity of mMTORC1 to amino acids levels and the evidence that
ASNase treatment inhibits mTORC1 signaling, *°> we hypothesized that the effect of ASNase on
metabolism is driven through mTORC1. First we confirmed the effect of ASNase on main
MTORCL targets. We detected dephosphorylated p-P70S6K and p-S6 in ALL cell lines and
some primary ALL samples treated with ASNase (Figure 2a and Supplementary Figure S8).
Furthermore, we detected dephosphorylated carbamoyl phosphate synthase Il (p-CAD),
suggesting a decrease in the de novo synthesis of pyrimidines (Figure 2a).*° Similar effect on p-
CAD status was also observed using specific mTOR inhibitor rapamycin (Figure 2a). We also

measured the intermediates of de novo pyrimidine synthesis using UPLC-ToF-MS in REH and
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NALM-6 cells treated with ASNase. In concordance with the dephosphorylation of p-CAD, we
observed significantly decreased synthesis of uridine monophosphate (UMP) and uridine in
REH and NALM-6 cells treated with ASNase (Figure 2b). Another mechanism that may be
activated upon mTORCL1 inhibition is autophagy. To investigate whether ASNase treatment
augments autophagic flux, we detected the conversion (LC3-1 to LC3-Il) of the marker of
autophagosome, microtubule-associated protein light chain 3 (LC3) by western blot. Treatment
with ASNase induced a time-dependent increase in the expression of LC3-1l in the NALM-6
cell line (Figure 2c), indicating that ASNase activates autophagy. Consistent with increased
autophagic flux following treatment with ASNase, there was a time-dependent decrease in the
level of p62 (selective substrate of autophagy). LC3-1I accumulation following ASNase
treatment was intensified in the NALM-6 cell line after treatment with Bafilomycin Al (BafAl)
(Figure 2c). BafAl is an inhibitor of the vacuolar ATPase, which blocks the fusion of
autophagosomes with lysosomes, leading to an accumulation of autophagosomes.** This result
confirms that the observed increase in LC3-11 after ASNase treatment was due to increased

autophagic flux and not because of decreased degradation of lipidated LC3.

ASNase acts through the RagB-mTORC1 pathway

Next, we investigated the mechanism whereby ASNase inhibits the mTORCL1 pathway. The
activation of mMTORCL in the presence of amino acids is mediated by the Rag GTPases A, B, C
and D. A key event in the amino acid-dependent activation of mTORCL is the conversion of
RagA or RagB from a GDP- to GTP-bound state.*" *" *2 To determine whether ASNase inhibits
MTORCL1 by the same mechanism as general amino acid deprivation, we established RagB
wild-type (RagB wt) and RagB mutant (RagB 99L) cells (Figure 3). The mutation of RagB
causes constitutive activation of mTORC1 by permanent conversion to GTP and localization of
mMTOR in the vesicle compartments regardless amino acid deprivation. ** We used a lentiviral
system to achieve permanent expression of RagB in the NALM-6 cell line. The resistance of the
MTOR pathway inhibition to amino acid deprivation by ASNase treatment was confirmed in
RagB 99L. There was no change in p-S6 level in the RagB 99L cells whereas ASNase treatment
inhibited p-S6 protein in RagB wt cells. Concordantly, p-CAD protein was inhibited more
extensively in RagB wt cells than in RagB 99L cells (Figure 3a). Importantly, the ability to
enhance FAO was impaired in RagB 99L cells exposed to ASNase (Figure 3b). These results
suggest that the effect of ASNase on protein translation, de novo pyrimidine synthesis and FAO
is mediated through the RagB-mTORC1 pathway. By contrast, c-Myc expression was decreased
in both RagB wt and RagB 99L cells (Figure 3a). Consistent with this result, there was a
significant decrease in the level of extracellular lactate in RagB 99L cells (Supplementary
Figure S9), indicating that ASNase inhibits glycolysis in a RagB-mTORC1-independent

manner. To test whether c-Myc inhibition following ASNase treatment is mTORC1
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independent, we detected the c-Myc protein level in REH and NALM-6 cells treated with the
mTORC1 inhibitor rapamycin. Contrary to the effects of ASNase, inhibition of mMTORC1 by
rapamycin did not cause a substantial decrease in c-Myc (Supplementary Figure S10).

These results suggest that ASNase inhibits protein translation and DNA synthesis directly
through RagB-mTORC1, and inhibition of the mTORCL1 pathway also causes enhancement of
FAO. However, glycolysis seems to be regulated through a different mechanism.

Inhibition of FAO increases the cytotoxic effect of ASNase in ALL cells

The activation of FAO has been suggested to exert a pro-survival function in leukemic cells
under nutrient stress conditions. We tested whether the increase of FAO upon ASNase treatment
allows leukemic cells to cope with metabolic stress. We treated REH and NALM-6 cells with
the FAO inhibitor etomoxir, ASNase, or both drugs, and measured its effect on the viability of
the cells. The concentrations of etomoxir were 25, 50, 100, 200 and 400 uM. The range of
etomoxir was chosen according to previous publications.”* * Pharmacological inhibition of
FAOQ in combination with ASNase increased apoptosis in REH and NALM-6 cells. As shown in
Figure 4a, combination indices (Cl) for etomoxir with ASNase were less than 1, indicating
synergistic mode of action in both cell lines.*® Complete data on the effect of both drugs is
shown in Supplementary Figure S11. The most effective concentrations of etomoxir in the
combination with ASNase were 100 and 200 uM. Importantly, similar results were obtained in
primary diagnostic ALL patient samples co-treated with ASNase and etomoxir. Etomoxir
increased the cytotoxic effect of ASNase in ex vivo conditions in four out of five diagnostic
BCP-ALL patient samples (Figure 4b). These results reveal that increased FAO is crucial for the
survival of ALL cells treated with ASNase. Moreover, cells with the inability to induce FAO
(RagB 99L) were significantly more sensitive to ASNase compared with RagB wt cells, shown
by the cleavage of PARP (Figure 3a) and the assessment of apoptosis by Annexin V/DAPI
staining (Figure 4c). Altogether, our results revealed enhanced cytotoxic effect of ASNase due
to FAO inhibition.

Distinct effect of Asn and GIn on mTOR downstream targets and FAO activity

Lastly, we examined the individual roles of GIn and Asn on cellular processes. We cultured
ALL cell lines under four different conditions: complete media, media without Ash, media
without GIn and complete media treated with ASNase. In REH and NALM-6 p-S6 and c-Myc
protein levels were decreased after cultivation in media without Asn or Gln but the effect of GIn
depletion was more pronounced in NALM-6 cells. On the other hand, in RS4;11 we detected a
substantial reduction of p-S6 and c-Myc in the cells cultured in media without Asn. Apoptosis
detected by cleaved PARP was not increased by depletion of any amino acid in NALM-6,
whereas in REH and RS4;11 apoptosis was triggered by Asn depletion. Depletion of either Asn

10
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or Gln had similar impact on p-CAD levels in all studied cell lines (Figure 5a). RS4;11 cells are
dependent on Asn presence as also documented by a significant increase of FAQO in this cell line
after cultivation in media without Asn. FAO was significantly increased after cultivation in GIn-
depleted media in NALM-6 cells (Figure 5b). Cell respiration did not follow the FAO activation
upon individual amino acids depletion (Supplementary Figure S12). In general, GIn depletion
causes suppression of NADH production which, in our experiments, was reflected as the
inhibition of maximum capacity of cell respiration. Moreover, we studied the rescue effect of
Asn and Gln after ASNase treatment. We pre-treated NALM-6 and REH cell line with ASNase
for 8 hours and then changed the media to complete RPMI media, RPMI media without Asnh or
without GIn, respectively. Media without Asn represent addition of GIn and vice versa, media
without Gln represent addition of Asn. After O.N. cultivation we detected mTOR targets (p-S6,
S6) and PARP cleavage. Rescue effect of Asn after ASNase treatment is more evident in REH
cells. There is an increase in p-S6 as well as a decrease of cleaved PARP compared to addition
of GIn in the media. In the NALM-6 cell line though, p-S6 was increased by addition of either
Asn or Gln after ASNase treatment. Apoptosis was decreased after addition of both amino acids

(Supplementary Figure S13).

Discussion

ASNase was incorporated into the treatment protocol for childhood ALL in 1970. Despite the
successful use of this drug for decades, the mechanism underlying its cytotoxic effect remains
surprisingly obscure. ASNase depletes two extracellular amino acids, Ash and GIn. The
depletion of amino acids changes nutrient availability and consequently influences metabolic
signaling. Metabolic pathways in malignant cells can be rewired depending on the cellular
availability of the nutrients* and thus participate in the mechanisms of drug resistance. This
study, for the first time, presents evidence that ASNase triggers extensive metabolic
reprogramming in leukemic cells and reveals the adaptive activation of pro-survival metabolic
pathways following ASNase treatment. Our data show increased levels of FAQ, inhibition of
glycolysis and elevated respiratory activities after ASNase treatment. FAO serves as a source of
NADH, FADH, and acetyl-CoA feeding the Krebs cycle and mitochondrial OXPHOS.
Utilization of FAO for energy provision is thus important for the growth and survival of cancer
cells under both normal and metabolic-stress conditions.®® “**° The metabolic rescue role of
FAO has been described in different tumors such as diffuse large B cell lymphoma, multiple
myeloma and glioblastoma.®®>® Moreover, FAO can contribute to chemoresistance.”*
Pharmacological inhibition of FAO showed a therapeutic benefit in combination with
chemotherapy in mouse models of human myeloid leukemia, suggesting that the shift toward

FAO could be a target for the treatment of hematological malignancies.®® ** In this study, we
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combined ASNase and the FAO inhibitor etomoxir in the treatment of childhood ALL samples
for the first time. Our experiments showed an increase in FAO after ASNase treatment,
providing a rationale for the combination treatment. Etomoxir sensitized leukemic cells to
ASNase in two leukemic cell lines in vitro as well as under ex vivo conditions when treating
BCP-ALL patient samples. These data support the pro-survival effect of FAO in the treatment
of ALL cells with ASNase and demonstrate the potential of this combination treatment.
Previous studies have described a negative association between mTOR and FAO and a positive
relation of mTOR upregulation with fatty acid synthesis.”>*’. Our results show that ASNase
inhibited mTORC1 through RagB (Ras-related GTPase), which is a mediator of amino acid
signaling.®” Importantly, in the presence of ASNase, RagB mutant cells with the constitutively
activated mTOR pathway exhibited a reduction of FAO compared with the significant FAO
elevation observed in RagB wt cells. Accordingly, RagB mutant cells were significantly more
sensitive to ASNase than RagB wit cells. These results demonstrate that RagB-mTOR inhibition
senses metabolic stress, which induces FAO. We hypothesize that the limited elevation of FAO
after ASNase treatment in RagB mutant cells was not sufficient to protect these cells from

amino acid deprivation.

Since ASNase treatment inhibited mTORC1, we focused on the downstream targets of
MTORCL1 that are involved in cellular metabolism. ASNase treatment inhibited protein
translation and pyrimidine synthesis in ALL cells as part of the apoptotic process. Concurrently,
leukemic cells treated with ASNase increased autophagy as has been already shown in other
cancer type.'” *® Autophagy may serve to maintain intracellular metabolic homeostasis through
the degradation of unfolded or aggregated proteins and organelles.”® Thus, autophagy may serve
as another rescue mechanism by producing amino acids or even fatty acids> that restore the
nutrient balance disrupted by ASNase. Glycolysis was yet another metabolic pathway affected
by ASNase. ASNase inhibited c-Myc, but it is not clear if this was a direct effect or a feedback
loop resulting from the inhibition of glycolysis. Of particular note is our finding that treatment
with ASNase increases spare respiration exclusively in leukemic cells. Increase in respiration
may reflect increased flux of nutrients that can be oxidized by mitochondria. While this could
be both FAO-dependent and FAO-independent, the observed increase in FAO (involving the
whole pathway from uptake of palmitate from culture media to its final oxidation to water)
argues that at least substantial part of these fatty acids originated from extracellular environment
and was oxidized by mitochondria. The increased ratio of NAD*/NADH measured after
ASNase treatment further supports the increased mitochondrial oxidation of reducing

equivalents.

The role of individual amino acids in these cellular processes is cell line specific. The tested

leukemic cell lines differ in their sensitivity to ASNase and also in ASNS protein level. RS4;11
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cells are the most sensitive with undetectable ASNS protein, REH cells are intermediate
sensitive and have higher ASNS protein levels and NALM-6 cells are the most resistant of the
studied cell lines with higher ASNS protein level. ** ® Most importantly, we did not see any
differences in the effect of ASNase in ALL cell lines on mTOR targets and metabolic processes.
Next, we propose that the higher the sensitivity, the deeper the cells” dependence on Asn. In
other words, the cells’ dependence on Asn is inversely proportional to the ASNS protein
expression. Accordingly, the rescue effect of Asn was pronounced in sensitive cells (REH) after
ASNase treatment whereas in NALM-6 cells both amino acids displayed rescue properties. Our
data support previous finding presenting that glutaminase activity of ASNase is not essential in

anti-cancer effect of ASNS-negative cancer cells. ®

In conclusion, our results demonstrate that ASNase has a strong effect on the bioenergetics and
biosynthesis in leukemic cells. Our data further show that increased FAO has a pro-survival
effect on leukemic cells. Moreover, our results also suggest that pharmacological blocking of
FAO sensitizes leukemic cells to ASNase treatment. Metabolic changes similar to those
described here in acute leukemia cells are rather frequent among other cancer subtypes;
therefore, using ASNase in combination with etomoxir may represent a treatment option not

only for ALL but also for other types of cancers.
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Figure Legends

Figure 1. Effect of ASNase on the metabolism of leukemic cells. (a) ALL cell lines were
cultured for 18 hours with or without ASNase and the rate of fatty acid oxidation was assessed.
The concentration of ASNase was 4lU/ml (REH, NALM-6) and 0.5 1U/ml ( RS4;11) The
experiment was performed in quadruplicate. (b) ALL cell lines were cultured overnight with or
without ASNase (4 1U/ml). Changes in glucose-uptake were measured by the accumulation of
[*H]-2-deoxyglucose in cells. (c) ALL cell lines (d) healthy B-lymphocytes and BCP-ALL
patient samples were cultured with or without ASNase for 24 hours. The dose of ASNase was 4
IU/ml for all samples except of RS4;11 (0.5 IU/ml). The endogenous respiratory rates were
determined in both coupled and uncoupled states (the latter after titration of the uncoupler
FCCP) and also after the addition of oligomycin. The spare respiratory capacity was calculated.
The following concentrations of cells and respiratory inhibitors were applied: 0.4 mg/mL cells,
1 uM oligomycin, 200 - 300 nM FCCP. Asterisks represent significant changes. *** p<0.001;
** p<0.01; * p<0.05.

Figure 2. Effect of ASNase on mTORCL1 targets. (a) ALL cell lines were cultured for 24 hours
with or without ASNase (4 1U/ml). Levels of phospho-CAD and CAD proteins were measured
by immunoblotting, with f-actin used as a loading control. Rapamycin (Rapa; 10 nM) served as

a positive control of mTORC1 inhibition. Phospho-S6 and phospho-CAD proteins were
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measured in ASNase-treated cells (4 1U/ml; 24 hours) from 3 different patients by
immunoblotting, using B-actin as a loading control. (b) ALL cell lines were cultured for 24
hours with or without ASNase (4 1U/ml). Uridine monophosphate (UMP) and uridine levels
were measured using UPLC-ToF-MS. (c) NALM-6 cells were cultured with or without ASNase
(4 1U/ml) in the presence or absence of bafilomycin Al (Baf Al, 100 nM) for 6, 12 and 24
hours to analyze autophagic flux. LC3 I/Il and p62 protein levels were measured by
immunoblotting, with B-actin used as a loading control. Asterisks represent significant changes.
** p<0.01; * p<0.05.

Figure 3. Effect of ASNase on RagB wild-type and RagB mutant cells. (a) RagB wild-type
(RagB wt) and mutant (RagB 99L) NALM-6 cells were cultured with or without ASNase (4
IU/ml) for 24 hours. Expression levels of phospho-S6, S6, phospho-CAD, CAD, c-Myc,
cleaved PARP and RagB proteins were measured by immunoblotting, with B-actin used as a
loading control and quantified by densitometry (lower graph). The measurement was performed
in three independent experiments. (b) RagB wt and RagB 99L cells were cultured overnight
with or without ASNase (4 IU/ml) and the rate of fatty acid oxidation was measured. The

experiment was performed in quadruplicate. Asterisks represent significant changes. * p<0.05.

Figure 4. Effect of FAO inhibition on ASNase-mediated cytotoxicity. (a) REH and NALM-6
cells were treated with ASNase (1, 2, 4, 8 and 16 1U/ml) in combination with etomoxir (Eto1,
100 uM; Eto2, 200 uM) for 24 hours. The percentage of cell death was determined by Annexin
V/PI staining followed by FACS analysis. Combination indexes (CI) were obtained by entering
the resulting specific death values into the CompuSyn program. Fraction affected (FA,
Percentage of Annexin V/PI positive cells)-Cl plots indicate that the combinations of ASNase
with etomoxir are synergistic (Cl<1). (b) Leukemic blasts isolated from the bone marrow of
patients with ALL were cultivated with or without ASNase (4 1U/ml) in the presence or absence
of the FAO inhibitor etomoxir (Etol, 100 uM; Eto2, 200 uM) for 24 hours. (c) RagB wt and
RagB 99L NALM-6 cells were cultivated with or without ASNase (41U/ml) for 24 hours. The
percentage of cell death was determined by Annexin V/DAPI staining followed by FACS
analysis. Values represent the mean of triplicate measurements. Asterisks represent significant
changes. *** p<0.001; ** p<0.01; * p<0.05.

Figure 5. Effect os Asn and GlIn depletion on ALL cells. (a) ALL cell lines were incubated in
complete RPMI media (Ctrl), RPMI media without Asn (-ASN), RPMI media without Gln (-
GLN) or complete RPMI media with ASNase for 24 hours. The concentration of ASNase was
41U/ml (REH, NALM-6) and 0.5 IU/ml ( RS4;11). Levels of phospho-S6, S6, phospho-CAD,
CAD, c-Myc, cleaved PARP (cl.PARP), ASNS proteins were measured by immunoblotting,

with B-actin used as a loading control. (b) ALL cell lines were incubated in complete RPMI
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media (Ctrl), RPMI media without Asn (-ASN), RPMI media without GIn (-GLN) or complete
RPMI media with ASNase for 18 hours and the rate of fatty acid oxidation was assessed.
Asterisks represent significant changes. **** p<0.0001; * p<0.05.

Supplementary Figure Legends

Supplementary Figure S1. Detection of amino acids was performed in RPMI media after
incubation with or without ASNase (0.5, 1 and 4 IU/ml) for 18 hours. ALL cell lines were
incubated with or without ASNase (4 IU/ml) for 18 hours and the media was collected for
HPLC analysis of the content of extracellular aminoacids.

Supplementary Figure S2. ALL cell lines were incubated for 4 hours in culture medium
containing 100 pM palmitic acid, 1 mM carnitine and 1.7 uCi [9,10(n)-*H]palmitic acid and the
rate of fatty acid oxidation was assessed.

Supplementary Figure S3. ALL cell lines were cultured with or without ASNase (4 1U/ml) for
24 hours. The lactate yield was determined by measuring the amount of lactate in the culture
medium at the endpoint. All data are shown as the average of five experiments.

Supplementary Figure S4. ALL cell lines were incubated with or without ASNase for 24 hours.
c-Myec transcript levels (relative to B2 microglobulin) were determined using quantitative PCR.
Expression levels of c-Myc and GLUT]1 proteins were measured by immunoblotting, with -
actin used as a loading control. The level of c-Myc protein was measured in ASNase-treated
cells (4 1U/ml; 24 hours) from 3 different patients by immunoblotting, using B-actin as a loading

control.

Supplementary Figure S5. The oxygen consumption trace shows representative results of

oxygraphic analysis of REH and NALM-6 cells.

Supplementary Figure S6. REH and NALM-6 cells were cultured with or without ASNase (4
IU/ml) for 24 hours. The expression levels of succinate dehydrogenase complex, subunit A
(SDHA), NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 9 (NDUFA9), Complex I
subunit Core 2 (Core 2), subunit IV of cytochrome ¢ oxidase (COX4), subunit F1- a of ATP
synthase (F1-0) and Porin proteins were measured by immunoblotting, with B-actin used as a

loading control.

Supplementary Figure S7. REH and NALM-6 cells were cultured with or without ASNase (4
IU/ml) for 24 hours. The ratio of NAD*/NADH was measured by the detection of luminescence.
The experiment was performed three times in duplicate. Asterisks represent significant changes.
* p<0.05.
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Supplementary Figure S8. ALL cell lines were cultured for 24 hours with or without ASNase.
The concentration of ASNase was 4lU/ml (REH, NALM-6) and 0.5 1U/ml (RS4;11). Levels of
phospho-p70S6K, p70S6K, phospho-S6, S6, cleaved PARP (cl.PARP), phospho-CAD and
CAD proteins were measured by immunoblotting, with B-actin used as a loading control.

Supplementary Figure S9. RagB wt and RagB 99L cells were cultured with or without ASNase
(4 1U/ml) for 24 hours. The lactate yield was determined by measuring the amount of lactate in
the culture medium at the endpoint. The experiment was performed in five independent
experiments. Asterisks represent significant changes. *** p<0.001; ** p<0.01.

Supplementary Figure S10. REH and NALM-6 cell lines were incubated with or without
ASNase (4 1U/ml) and rapamycin (Rapa; 10 nM) for 24 hours. The expression levels of c-Myc
and phospho-CAD proteins were measured by immunoblotting, with -actin used as a loading
control. Phospho-CAD served as a positive control of mTORCL inhibition.

Supplementary Figure S11. REH and NALM-6 cells were treated with ASNase (1, 2, 4, 8 and
16 IU/ml) in combination with etomoxir (25 pM, 50 uM, 100 pM, 200 pM, 400 uM) for 24
hours. The percentage of cell death was determined by Annexin V/PI staining followed by

FACS analysis. Asterisks represent significant changes. *** p<0.001; ** p<0.01 and * p<0.05.

Supplementary Figure S12. ALL cell lines were incubated in complete RPMI media (Ctrl),
RPMI media without Asn (-ASN) or RPMI media without GIn (-GLN). The endogenous
respiratory rates were determined in both coupled and uncoupled states (the latter after titration
of the uncoupler FCCP) and also after the addition of oligomycin. Graphs represent uncoupled

respiration.

Supplementary Figure S13. ALL cell lines were incubated with or without ASNase (4 1U/ml)
for 8 hours, washed in PBS and seeded into complete RPMI, RPMI media without Asn (no
ASN) or RPMI media without GIn (no GLN). Control and treated cells (ASNase; 4 1U/ml) were
maintained in media without washing in PBS (Ctrl, ASNase). The samples were collected after
18 hours. Levels of phospho-S6, S6, phospho-CAD, CAD and cleaved PARP (cl.PARP) were

measured by immunoblotting, with B-actin used as a loading control.
Supplementary Table Legends

Supplementary Table 1. Characteristics of the patients with ALL included in the study.
Supplementary Table 2. List of antibodies used in western blotting

Supplementary Table 3. c-Myc primer sequence
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Supplementary Table 1

Characteristics of ALL patients
Patient| age . . molecu'lar
o (years) Sex |[Diagnosis| genetic
supgroup
1 11 F cALL mBCR/ABL
2 6 M praeB-ALL B-other
3 4 F cALL TEL/AML1
4 6 F cALL TEL/AML1
5 13 M cALL
6 5 M cALL hyperdiploid
7 3 M cALL TEL/AML1
8 14 M cALL hyperdiploid
9 60 M cALL mBCR/ABL
10 3 F cALL TEL/AML1
11 2 M cALL




Supplementary table 2. List of antibodies used in western blotting

Antibody name

Company

Catalogue number

anti-Phospho-p70S6K (T389)

Cell Signaling Technology, Danvers, MA, USA

9234

anti-p70S6K Cell Signaling Technology, Danvers, MA, USA 2708
anti-S6 Cell Signaling Technology, Danvers, MA, USA 2217
anti-phospho-S6 (Ser235/236) Cell Signaling Technology, Danvers, MA, USA 4858
anti-PARP Cell Signaling Technology, Danvers, MA, USA 9532
anti-c-Myc Cell Signaling Technology, Danvers, MA, USA 9402
anti-CAD Cell Signaling Technology, Danvers, MA, USA 11933
anti-phospho-CAD (Ser1859) Cell Signaling Technology, Danvers, MA, USA 12622
anti-RagB Cell Signaling Technology, Danvers, MA, USA 8150
anti-LC3 Novus Biologicals, Littleton, CO, USA NB 100-2220
anti-Glut-1 Abcam, Cambridge, MA, USA 652
g(féglégfkgﬁe Native WB Anti- Abcam, Cambridge, MA, USA 110412
anti-Porin kindly provided by Prof. De Pinto, University of Catania, Catania, Italy

anti-ASNS kindly provided by Dr. Kilberg, University of Florida College of Medicine,

USA

anti-p62/SQSTM1

Abnova, Taipei, Taiwan

HOOOO08878-MO1

anti-f-actin

Sigma-Aldrich, St Louis, MO, USA

A1978

Supplementary Table 3. c-Myc primer sequence (5-3")

Forward primer

TCGGATTCTCTGCTCTCCTC

Reverse primer

TCGGTTGTTGCTGATCTGTC
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