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SEZNAM POUZITYCH ZKRATEK

ATM ataxie telangiektasie-mutovana kinasa

CLL chronicka lymfocytarni leukemie

cyt-c cytochrom c

DSB dvojity zlom DNA

FITC fluorescein isothiokyanat

Gy Gray

vyH2A.X histon H2A.X fosforylovany na Ser'®’

HR homologni rekombinace

IRIF lonizujicim zafenim indukovana loZiska

Z 1onizujici zateni

Mcl-1 protein myeloidni bunééné line-1

MRN Mrel1/RadS0/Nbs1 komplex

NHEIJ nehomologni spojovani koncil

PBS fosfatovy pufr v médiu fyziologického roztoku (pH 7,4)
pS3 protein kédovany tumor-supresorovym genem TP53
t-Bid 5t€peny protein Bid

wt wild type

Zkratky a nazvy genit a proteiny, pro néz neni zazity Cesky ekvivalent, nejsou uvedeny.



1 PREDMLUVA

Nadorova onemocnéni jsou jednou z nejcastéjsich pficin tmrti nejen v CR ale i ve svétg,
proto se vyznam studii zaméfenych na objasnéni molekularnich mechanizmii v nddorovych
burikich neustdle zvySuje. Podle American Cancer Society je chronickd lymfocytamni
leukemie (CLL) nejb&znéjsi formou leukemie zépadniho svéta, Citajici jenom v USA zhruba
12 000 novych ptipadii a prevalenci 50 000 az 60 000 pacientd rocn€. CLL je typickym
pikladem lidské malignity zplisobené zejména defektni apoptézou a mnaproti tomu
akcelerovanym bunéénym délenim, proliferaci. Maligni lymfocyty, které¢ se akumuluji
u pacientti s CLL, jsou pfevazné klidové necyklujici butiky vykazujici prodlouZenou Zivotnost
diky selhavajici programované bunééné smrti (Reed, 1998a).

Za normalnich podminek je Zivotnost bun¢k udrZovana delikdtni rovnovihou
antiapoptotickych a proapoptotickych genil, které funguji jako elektricky reostat (Korsmeyer
et al., 1993), jenz zaruduje, Ze denni produkce cca 50 aZ 70 miliard buné&k v lidském t&le bude
kontrolovana jejich programovanou smrti, apoptézou. Nerovnovaha genll kentrolujicich
d&jtm mna molekuldrni Grovni, poznini zmén apoptotickych mechanizmd v lidskych
nadorovych butikach a uréeni zplisobu, jakym terapeutika indukuji apoptézu, miZe nabidnout
nové strategie a raciondini pfistupy v kombinované terapii nadort.

Proto bylo cilem této studie bylo zjistit, jaké signalni drahy vedou ke spuSténi
programované smrti leukemickych bunék po piisobeni fyzikélnich (ionizujici zafeni) a
chemickych (kofein) faktorG a objasnit molekuldrni mechanizmy, které stoji v pozadi
signalizace a reparace po$kozenf DNA a nasledné indukce apoptotického procesu.

Jako modelovou bunéénou linii jsme pouZili butiky MOLT-4, které jsou odvozeny od
lidské T-bun&éné leukémie, nesouci imunofenotypické charakteristiky thymocyth s expresi
CD17 49 %, CD4" 55 %, CD5" 72 % a CD7" 77 % (Greenberg et al., 1998) a jsou vhodnym
modelem pro studium molekularnich mechanizmii zéfenim indukované apoptézy u T-
lymfocytd. Druhou linii byly buitky HL-60 s nizkou urovni diferenciace reprezentujici lidskou
promyelocytarni leukémii. Pouzité linie se lisi expresi vyznamncho nadoroveho supresoru
TP53.

Obecné lze Fici, 7ze indukce apoptozy u bunék MOLT-4 (p53-wild fype; wt) po
expozici davkam do 10 Gy je rychlej$i neZ u bunck HL-60 (p53-negativni). Builky MOLT-4
vykazuji znacnou nesourodost v ¢ase indukce apoptdzy po expozici ionizujicimu zafeni a

umiraji vét§inou tzv. mitotickou apoptézou. Pii testovani klonogenity MOLT-4 byla urCena



hodnota Dy jako 0,87 Gy (davka sniZujici pocet pieZivajicich bunék na 37 %) a tyto buitky
jsou relativné radiosenzitivni ve srovnani s butikami HL-60, jejich? Dg je 2,2 Gy (Vavrova et
al., 2004). Butiky HL-60 se po davkach do 5 Gy akumuluji zejména v G2-f4zi a narozdil od
bunék MOLT-4, pfitomnost v G2-bloku ma vyrazny viliv na jejich radiorezistenci a do

apoptdzy vstupuji pozdéji.



2 PREHLED SOUCASNE PROBLEMATIKY

2.1 ATM - ataxie-telangiektasie mutovand kinasa

Piisobeni fyzikalnich nebo chemickych faktord mize vést ke vzniku 1ézi DNA jako jsou
poskozeni bazi, intramolekuldrni zesitovani vldken DNA, jednoduché &i dvojité zlomy
vldkna a dalgi (Khanna et al., 2001). Dvojité zlomy DNA (double strand breaks, DSB)
zptisobuji remodelaci chromatinu a formovani tzv. fokd (ionising radiation-induced foci,
IRIF), kde se jiz b&hem prvnich minut po ozafeni lokalizuji proteiny podilejici se na opravée
radiadniho poskozeni jako jsou ATM kinasa (ATM), Mrell, Rad50, Nbsl (proteiny
reparaéniho komplexu MRN), Mdcl, 53BP1 (p53-vazebny protein 1) a BRCAL {Bekker-
Jensen et al., 2006).

Jednim z prvnich kroki spojenych s odpovédi savéich bunék na vznik DSB po expozici
ionizujicimu zafeni (IZ) je aktivace ATM (Lavin et al., 1995). ATM se odvozuje od ataxie-
telangiektasie (A-T), lidské autosomalné recesivni poruchy, jejiz odpovédny gen je mutovany.
Jiz pted 30 lety Taylor (1978) navrhl, Ze neobyéejné vysoké mnoZstvi chromosomalnich
aberaci indukovanych radiaci v bufikdch A-T pacientéi v porovnéani s normalnimi vznikd v
diisledku neopravenych DSB, a Ze je to i pfi¢ina vysoké radiosensitivity A-T pacientd, kterd
byla pozorovéana v klinické praxi. Kastan et al. (1991) piinesli dfikaz o tom, Ze A-T je
onemocnéni s defektnim kontrolnim bodem (checkpoint) bunééného cyklu, kde nedochazi
k p53-dependentnimu G1/S bloku.

A-T butiky vykazuji specificky genotyp a kromé zvySené radiosensitivity nalezneme u
téchto bunék i genomovou nestabilitu, nadorové predispozice a zvySenou citlivost
k radiomimetikim a inhibitorim topoizomeras aj. (Lavin & Shiloh, 1997). ATM, defekini gen
v tomto pleiotropnim onemocnéni (progresivni cerebralni ataxie, okulokutanni telangiektasie,
imunodeficience), koduje serin/threoninovou kinasu patffci do rozsahlé rodiny
fosfatidylinozitol-3 kinas. Vyznam ATM je nesporny, nebot’ reguluje viechny tfi kontrolni
body buné&ného cyklu. Dale funguje pii opravé DNA a regulaci apoptézy a je tedy kliCovym
a kontrolnim ¢lankem bunééné odpovédi na vznik DSB (Khanna et al., 2001).

2.1.1 Kontrola bunééného cyklu

V priibéhu let byla identifikovana celd fada substratl, které ATM pomoci fosforylace
aktivuje. My se zaméfime na ty, které jsou vyzadovany pro zastavu bun&tného cyklu a DNA

reparaci a participuji na G1/S kontrolnim bodu. Kromé toho, Ze vyzaduji aktivni ATM, jsou



také zavislé na p53 (Kastan et al., 1991). Jsou jimi murine-double minute protein (Mdm?2) a
checkpoint kinasa-2 (Chk-2). ATM je vyuziva k tomu, aby nastavila patfi¢nou aktivitu a
stabilitu p53.

Protein p53 (TP53 nadorovy supresor) je v normalnich buiikdch p¥{tomen v latentni
formé s nizkou afinitou ke specifickym sekvencim DNA, oviem po genotoxickém stresu se
tato afinita mnohonasobné zvySuje. Pokud je aktivovan, pisobi p53 jako kliCovy regulator
bunééného osudu, jelikoZ ma schopnost iniciovat zastavu bunééného cyklu, senescenci &1
apoptozu cestou transaktivace p53 cilovych gend (Ko & Prives, 1996; Vogelstein et al.,
2000). Rada praci také spojuje jeho aktivaci s procesem DNA reparace (Sengupta & Harris,
2005).

Lidsky p53 je polypeptid sloZeny z 393 aminokyselin (53 kDa) a v roztoku zaujima
konformaci tetrameru (Friedman et al., 1993; Wang et al., 1994). Gene pro p53 je umistén na
kratkém raménku chromozomu 17. Tento protein je sloZen z n&kolika domén: transaktiva¢ni
(1-67), prolinové (67-98), centralni (98-303), lokalizaéni (nuclear localisation signal-
containing region; 303-323), oligomerizatni (323-363) a C-terminalni domény (363-393),
pfiemZ centralni doména je zodpovédnid za vazbu ke specifickym sekvencim DNA
v blizkosti promoterové oblasti p53 cilovych gend (Cho et a., 1994). Na rozdil od jinych
transkripénich faktord obsahuje také druhou DNA vazebnou (C-terminalni) doménu, pomoci
které vytvari stabilni komplexy s nespecifickymi sekvencemi jako jsou jednoduché &i dvojité
zlomy DNA nebo nespravné parovania DNA (Bakalkin et al., 1995; Lee et al., 1995).
Fosforylace na Ser’™ lokalizovaném v této doméng zvySuje schopnost p53 vézat se na
specifické sekvence DNA (Criswell et al., 2003).

Protoze fosforylace a defosforylace p53 miZe kriticky ovliviit osud buriky, je zapotiebi
velmi ucinnych regulaénich mechanizmti. Regulace aktivity p53 po expozici IZ (ne viak UV-
zateni) je do velké miry zavisla pravé na ATM a miZe byt kontrolovana tfemi zplsoby: a)
pomoci subcelularni lokalizace; b) zpéinou vazbou - proteolytickou degradaci
zprostiedkovanou ubiquitinem; ¢) pomoci allosterické modulace na hlavni DNA vazebné
doméné (Criswell et al., 2003).

Jelikoz p53 plsobi vjadie, je zména subcelulamni lokalizace logickym zphsobem
regulace jeho aktivity. Pfenos do cytoplazmy vSak vyzZaduje predchozi spojeni s ubiqitinem
(targeting), ktery je zprostfedkovan onkoproteinem Mdm?2, tedy E3 ubiquitin ligasou (Honda
et al., 1997; Boyd et al., 2000). Mdm?2 je esenciélni pro efektivni degradaci p53 (Roth et al.,

1998) a in vitro bylo prokézano, Ze je fosforylovan na Ser'® a Ser’” zptsobem zévislym na
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Obr. 1. Schema ATM-p53 dependentni drahy a ovlivnéni G2 kontrolniho bodu
bunééného cyklu. Pievzato z www.cellsignal.com.

ATM (Khosravi et al., 1999; Maya et al., 2001). Soucasny model vnima p53 a Mdm?2 v pevné
autoregulatorni vazbé. Protein p53 indukuje transkripci Mdm?2 a ten se obratem vaZze na N-
konec p53, ¢imz znemozni dalsi transkripéni aktivity a podpofi jeho degradaci (Michael &
Oren, 2003).

Pokud je bunka vystavena stresu indukujicimu tvorbu DSB jako je 17, je tato pevna
vazba pteruSena a p53 je fosforylovan s cilem blokovat efekt Mdm2. Model p53-Mdm?2 je

kontrolovan pfimo fosforylaci p33 na Ser'” a neptimo fosforylaci na Ser?, kterou zajistuje
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Chk-2 aktivovana opét ATM na Thr®® (Banin et al., 1998; Canman et al., 1998; Hirao et al.,
2000; Matsuoka et al., 2000). Tyto fosforylace stabilizuji p353, €ini jej odolngj§im viiéi
inhibi¢nim efektim Mdm?2 a navic podnécuji jeho transkripéni aktivitu (Shieh et al., 1997;
Chehab et al., 1999).

Transkripéni aktivitu p53 také podporuje 53BP1 (p53-vazebny protein 1). Obsahuje dv&
BRCAI C-koncové domeény pro vazbu sp53 a jednu doménu zodpovédnou pro vazbu
s fosforylovanym histonem H2A. X, ktera je nutnd pro retenci 53BP1 v misté DSB (Mochan et
al., 2004). Jeho nejvétsi vyznam spociva v tvorbé€ IRIF dileZitych pro reparaci DSB a
v nadorové supresi (Schultz et al., 2000; Ward et al., 2003).

Hlavnim transkripénim cilem p53, ktery ovliviiuje G1/S blok, je protein p21l
(WAF1/Cip/Sdil), ktery spolu sp27 a p57 tvofi rodinu proteinit sdilejicich schopnost
inhibovat celou fadu cyklin-dependentnich kinas (cdk; Schwartz, 2002).

G1/S kontrolni bod je kontrolovéan interakei proteinu rodiny E2F (essential
transcription factors) s pRb (retinoblastoma susceptibility protein). E2F je asociovan s DNA
v promoterové oblasti; defosforylovany pRb se k nému pevné vaze a atrahuje do svého okoli
histondeacetylasy - enzymy odstraiiujici acetylové skupiny z N-konet histond. Deacetylace
histoni indukuje jejich komprimaci a diky sevfené prostorové konformaci je znemoZnén
pfistup dal$ich molekul a nemlZe dojit k transkripci wréitych gend. Proto dochazi za
pritomnosti defosforylovaného pRb krepresi specifickych gendl potfebnych k progresi
bunééného cyklu a kontrolni bod je uzavien. Pokud vsak p21 neinhibuje edk4 a cdk6, mohou
se spojit s cyklinem D-typu a indukovat fosforylaci pRb. Ten disociuje z komplexu s E2F a
bunéény cyklus miZe pokracovat (Pollard & Earnshaw, 2002).

Mimo zastavy bunétného cyklu disponuje p21 dalSimi antiproliferativnimi funkcemi
jako je podpora diferenciace a bunééného starnuti (Child & Mann, 2006) a je také schopen
modulovat apoptozu interakci s kaspasou-3 (Suzuki et al., 1998; 1999).

ATM reguluje kromé G1 bloku také vnitfni blok S-faze, ktery podmiiiuje fenotyp tzv.
radiorezistentni DNA syntézy. Tento jev byl poprvé identifikovan u A-T pacientd jako
neschopnost suprese replikace DNA v ramci odpovédi na poSkozeni DNA zpisobené 1Z
(Lobrich & Jeggo, 2005). U tohoto kontrolntho bodu Chk-2 (aktivovana pies ATM)
fosforyluje fosfatasu Cdc25A, coz vede k jeji vazbé na 14-3-3 protein a degradaci Cdc25A
(Falck et al., 2001). Degradovana Cdc25A pak nemiize fosforylovat cdk2, bez ¢ehoz nemize
dojit k syntéze DNA. Falck et al. (2001) ukazali, Ze mutace v ATM/Chk-2/Cdc25A/cdk2

cesté vedou k neschopnosti bunék inhibovat syntézu DNA. Stejna skupina také pfinesla dikaz
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o tom, Ze existuje paralelni cesta, kterou ATM kontroluje vnitfni blok S-faze, vyZadujici
MRN komplex (Falck et al., 2002).

Poslednim kontrolnim bodem bunééného cyklu regulovanym ATM je G2/M bod, nutny
pro blok bun&k, které byly v Case ozafeni v G2-fazi. Procesy v tomto bloku jsou zavislé na
Chk-1 a Chk-2. Jejich aktivni formy mohou inhibovat aktivaci fosfatasy Cdc25C. Bez aktivni
Cdc25C nedochazi k aktivaci cyklinu B1 a cdkl a k progresi bunécného cyklu (Lukas et al,,
2004).

ATM tedy prostiednictvim fosforylace ovliviiuje celou fadu cilovych molekul. Krome
vySe zminénych se ucastni zastavy bun&fného cyklu také Nbsl, Breal, FancD2 a SMCI v
pfechodném bloku S-faze (Taniguchi et al., 2002; Yazdi et al., 2002; Xu et al., 2002) a Breal
a Radl7 v G2/M kontrolnim bodu (Xu et al., 2001; Bao et al., 2001). V této préci jsme se
zabyvali aktivaci ATM a jejich substratii spojenych s G1 kontrolnim bodem (p53, Mdm?2 a
Chk-2). ATM kontroluje nejen prib&h bunééného cyklu, ale ptes p53 zasahuje 1 do kontroly
reparace poskozené DNA a programované bun&éné smrti. Proto jsme se vénovali 1 dal3im
substratim ATM jako jsou histon H2A.X a proteiny spojené s reparaci DNA - proteiny
komplexu Mrel1/Rad50/Nbs1 (viz niZe).

2.1.2 Reparace DNA a vliv kofeinu

Pfi aktivaci ATM po ozéfeni hraje hlavni roli rychld intermolekularni fosforylace na
Ser'®®! | ktera zptisobuje disociaci inaktivniho dimeru a spousti aktivitu ATM (Bakkenist &
Kastan, 2003). Pro jeji aktivaci je vSak zapotiebi také specifického komplexu proteinid Mrell,
Rad50 a Nbsl neboli MRN komplexu (Uziel et al., 2003). Tento komplex je vlastnim
senzorem DSB a bylo prokézano, ze bez n€¢) ATM aktivovana neni a Ze mutace komponenti
MRN vedou ke genetickych porucham jako jsou neurologické abnormality, radiosenzitivita,
defekty bun&ného cyklu, genomova nestabilita a nddorové predispozice (Lavin, 2004). MRN
komplex je asociovan s chromatinem béhem replikace DNA a je schopen rozpoznat DSB a
pfedat tuto informaci ATM tim, Ze atrahuje ATM k posSkozenym molekuldm DNA (Lee &
Paull, 2005).

Dilezitym poznatkem je skutenost, Ze Nbsl je sice postradatelny pro aktivaci ATM,
ale jeho C-terminélni motiv je nutny pro lokalizaci ATM v misté poskozeni (Falck et al.,
2005). Velmi neobvyklé autosomalné recesivni onemocnéni ,.Nijmegen Breakage Syndrome*
je charakterizované mikrocefalii, imunitni deficienci a predispozici k hematologickym
malignim onemocnénim. Syndrom je zplsoben mutaci Nbsl genu (Digweed & Sperling,

2004). Rad50 zase plsobi jako ochranny chromozomalni faktor. Brani nadmérné rychlému
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zkracovani telomer a tzv. end-fo-end spojovani koncti sesterskych chromatid (Vannier et al.,
2006). Jednotlivé proteiny MRN komplexu také vzajemné reguluji svou aktivitu. Napfiklad
Nbsl atrabuje Mrell do jadra a Mrell zase zvysuje stabilitu Nbsl (Lébrich & Jeggo, 2005).
Ghosal et al. (2007) ve své studii provedené na kvasinkach informovali, Ze Mrell vykazuje
specifickou endonukleasovou aktivitu na DNA s DSB a Rad50 tuto endonukleasovou aktivitu
blokuje. Proto navrhli, Ze vytvofeni komplexu mezi Mrell a Rad50 je dblezité pro zamezeni
nepatfiéného §tépeni DNA a udrZeni délky telomer.

Radiosensitivita A-T bunék tkvi v jejich sniZené schopnosti opravit poskozenou DNA
(Taylor, 1978). Dva zakladni mechanizmy podilejici se na reparaci DSB jsou nehomologni
spojovani konet (ron-homologous end-joining - NHEJ) a homologni rekombinace (HR),
pfi¢emz prvné jmenovany je v sav&ich buitkach dominantni (Jeggo, 1998). Na rozdil od HR,
kterd se fidi homologni sekvenci DNA, pifi NHEJ je prezence homologniho templédtu
vyzadovana minimainé (Haber, 2000).

NHEJ je mechanizmus, ktery je vyuzivan pfedevsim k reparaci v G1 a Casné S-fazi, ale
je aktivni v pribéhu celého bun&éného cyklu (Ma et al., 2005). Jeho nevyhodou je, Ze miize
dochéazet ke znaénému poctu irelevantnich spojl v piipadé, Ze tento aparat piesné nerozpoznd,
které casti DNA maji byt spojeny. V Saccharomyces cerevisivne se NHEJ ulastni
pfinejmendim &tyfi molekuly (Ku70, Ku80, DNA ligasa IV a XRCC4) jakoZto hlavni
reparaéni proteiny (Smith & Jackson, 1999).

Centralni soudasti systému je heterodimerni komplex DNA-dependentnich proteinkinas
Ku70/Ku0, ktery zajistuje iniciaci NHEJ. Pomocnym proteinem je XRCC4 (X-ray cross
complementing), ktery byl objeven ve vysoce radiosenzitivnich liniich s defekini reparaci
DSB (Thacker & Zdzienicka, 2003). Tento protein se spojuje s DNA ligasou IV v komplex
ditlezity mimo jiné pro neurogenezi. U mysi bez genu pro XRCC4 nebo DNA ligasu IV se
rozviji masivni apoptdéza neuralnich bun€k. Mutace bunélné linie fibroblasti 180BR
(odvozena od pacienta s lymfatickou leukémii) vedouci ke zvy$ené radiosenzitivité, byla
spojena pravé s DNA ligasou IV a neschopnosti reparovat radiaéni poskozeni pomoci NHE]
(Riballo et al., 1999).

Systém HR vyuziva homologni sekvenci DNA jako nepoSkozenou matrici, podle které
opétovné spoji DSB, coz umoziiuje opravu a spravné spojeni koncii DNA. HR probiha od
pozdni S-do G2-faze, kdy dochédzi pfednostné krekombinaci mezi replikovanymi
chromatidami, nebot’ tehdy jsou k dispozici identické sekvence (Reliene et al., 2007). Klicovy

pro realizaci je komplex MRN.
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ATM zasahuje do tohoto reparatniho procesu také Glasti na fosforylaci a asociaci
s proteinem BRCA1 (breast cancer susceptibility gene product). BRCA1 je také fosforylovan
ATM neptimo (pfes Chk-2), aby se mohl ndsledn& spojit s proteinem Rad51 (Lee et al.,
2000). Ten katalyzuje ATP-dependentni parovani a vyménu vldken mezi homolognimi tiseky
DNA a jeho aktivitu moduluje fosforylaci daldi ATM podiizeny substrat, c-Abl (Yuan et al.,
1998). ATM ziejmé také participuje na HR prostfednictvim modulace struktury chromatinu
a/nebo zménou fosforylace a acetylace histontl. ATM po ozafen{ asociuje s chromatinem a
také s histondeacetylasami, ¢imZ usnadfiuje pfistup HR proteinti k mistiim poskozeni DNA
(Khanna et al., 2001).

Velmi ¢asny krok v odpovédi na pogkozeni DNA je fosforylace histonu subtypu H2A,
tHdy H2A X. Je to d&j, ktery mohou nezdvisle na sobé provést dvé kinasy - ATM a DNA-
dependentni proteinkinasa (DNA-PK) - a proto je pozorovan i v A-T bun&énych liniich (Stff
et al, 2004). Fosforylovany H2A.X na Ser'® (yH2A.X) miZe byt vhodnou protilatkou
vizualizovan za pomoci imunofluorescence jako diskrétni skvrna (fokus), a bylo zjiténo, Ze
je lokalizovén v oblasti do 2 x10% bazi od mista DSB (Rogakou et al., 1999). A¢koliv H2A.X
neni pro NIHEJ a HR savel esencialni, zda se, Ze ob& cesty vyznamné moduluje (Bassing et
al., 2002). Spise nez pro vazbu je YH2AX zfejm& nutny pro retenci nékterych proteinti
ucastnicich se na reparaci DNA a sestaveni reparacniho komplexu v mist¢ DSB (Celeste et
al., 2002).

Z vvse uvedeného ptehledu neni pochyb o vyznamu ATM v molekularnich cestach
aktivovanych po ozafeni nejen nadorovych bunk. IZ vyvolava jeji aktivaci a je také jednim
z nejrozsifengjich prostfedkd protinddorové terapie. Vyznamnym krokem v radioterapii je
vEak hledani dal3ich agens, které mohou zvy$it senzitivitu bun€k k cytotoxickym ucinktm IZ.
Farmakologické zrufeni G2 kontrolniho bodu by mohlo byt jednou z potencidlnich moZnosti,
jak zvysit efekt radioterapie, jelikoZ by u bunék nedoslo k zastavé bunééncho cyklu potfebné
pro reparaci poSkozené DNA.

Jednou =z latek, které disponuji touto vlastnosti, je kofein. U n& byla prokdzana
schopnost zrudit blok v G2/M pfechodu na Siroké Skale bun¢k (napi.: Jacquet et al., 1995;
Vévrova et al., 2003; Wang et al., 2007). Mechanizmus pisobeni kofeinu nenf zcela znam.
Podle autorii Tempela & Zallingera (1997) je efekt kofeinu pravdépodobné podloZen tvorbou
adukti s DNA. V soucasné dobé pfevladd nazor, Ze kofein inhibuje ATM a také ATR (47M-
related) kinasu, oviem nejsou to jediné enzymy, které inhibuje; vétSina jeho fyziologickych

udinkd je vysvétlovana interakci s cAMP fosfodiesterasou (Kaufmann et al., 2003).
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Mira inhibice ATM je zavisla na koncentraci kofeinu. V této praci jsme pouZivali
koncentraci 2 mmol/l, coz je koncentrace, p¥i ni? kofein jesté efektivné rus§i G2 blok
buné&iného cyklu a zvySuje cytotoxicitu 1Z, ale sdm jes§té neni toxicky (Sarkaria et al., 2003).
Efekt kofeinu se specificky vztahuje na G2 blok; napfiklad Kaufmann et al. (2003) prokézali,
Ze za podminek, pii nichz kofein zrudil zafenim indukovany G2 blok, ke G1 bloku nedochézi.

DSB jsou letdlni formou podkozeni DNA navozenou pomoci 17. Poskozeni je tak
zavazné a slozité, ze kazdy Cas poskytnuty buiikam ,navic” prispiva k efektivni opravé a
zvySuje pravdépodobnost jejich preZiti. Zisk jedné & dvou hodin pro reparaci pfed vstupem
do mitdzy, kdy kondenzace chromosomu jiz trvale blokuje dalsi opravu, je tedy jasnym
benefitem. Jak prokézala fada studii, pouZiti kofeinu ¢&i podobnych inhibitord G2 bloku jako
je UCN-01 (Russel et al., 1995; Wang et al., 1996) zdvojnasobilo toxicitu IZ u lidskych
nadorovych bunéénych linii. I v této praci jsme se zabyvali kombinovanym vlivem 17 a
kofeinu na molekularni signalizaci a reparaci poskozeni DNA (ATM-p53 signalni draha) a

indukei apoptdzy u leukemickych bunék MOLT-4.

2.2 Apoptoza

Programovand buné¢na smrt neboli apoptoza je proces bunééného zaniku s
charakteristickymt morfologickymi rysy, ktery je dileZity jak pro embryondlni vyvo] a
udrZeni bunééné homeostazy, tak pro patogenezi mnoha nemoci (Thompson 1995; Vaux &
Korsmeyer, 1999). V boji s témito onemocnénimi mlize byt vhodné indukovand apoptdza
uzite¢nou zbrani, je vSak zapotiebi detailné porozumét jejim mechanizmim na molekularni
urovni. Ke spusténi apoptézy je zapotfebi specifickych impulsi, které vedou na rozdil od
nekrézy nikoli k zanétu a dal$im patologickym stavd, nybrz k organizovanému 3t€peni
dilezitych celularnich komponent, jehoz vysledkem je zabaleni buniky do neskodné formy -
apoptotického téliska. Tyto stimuly jsou bud fyzikdlni (IZ, UV-zéfeni, teplota) nebo
chemické (specifické smrtici ligandy, nedostatek ristovych faktort a cela fada chemikalii).

V inicializaci tohoto geneticky uchovavaného programu smrti maji hlavni slovo dva
zakladnich mechanizmy, a to vn&jsi, kterd zprostiedkovava pienos signalu do nitra burky
mitochondrie. Oba tyto mechanizmy vedou k zdsadnimu a pro apoptézu charakteristickému
déji. Tim je aktivace specifickych proteas, kaspas, které jsou oznafovany za exekutory
apoptozy. Jsou zodpovédné za zanik buniky (§t€peni strukturalnich, jadernych a dalsich

proteimi) a vysledny morfologicky obraz (Thornberry & Lazebnik, 1998).
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2.2.1 Receptorovy mechanizmus spou§téni apoptozy

Pro spusténi apoptdzy receptorovou cestou je zasadni pritomnost tzv. smrticich
receptori (Death Receptors) na povrch bunééné membrany, které vazou specifické smrtici
ligandy (Death Ligands). Tyto ligandy patfi do rodiny faktord TNF (Tumor Necrosis
Factors). Nejznamé&jsimi jsou TNFa, TRAIL (TNF-Related Apoptosis Inducing Ligand), FasL
(téz CDY3L) a TWEAK (I'NF-like WEAK inducer of apoptosis; Locksley et al., 2001). Po
navazani ligandy dochdzi k trimerizaci odpovidajictho receptoru, k ¢emuz je vyuZivana
sekvence sedmdesati a7 osmdesati aminokyselin, zvand doména smrti (Death Domain, DD).
Zména prostorové konformace piisobi zvydeni afinity a navazani tzv. adaptorového proteinu
TRADD (TNF-receptor-1 Associated DD) a/nebo FADD (Fas-Associated DD). Adaptorové
proteiny vak obsahuji je$t€ daldi interakéni motiv. Jde o efektorovou doménu smrti (Death
Effector Domain, DED), na niz se vaZe inaktivni proteasa, prokaspasa-8 (viz ddle). Takto
obsazeny receptorovy trimer s adaptorovymi proteiny a prokaspasou-8 se nazyva smrt

indukujici signélni komplex (Death Inducing Signaling Complex, DISC).

2.2.2 Rodina kaspasovych enzymil

Esencidlnim krokem execkuéni faze apoptotického programu je kaskadovité $tépeni a
aktivace cystein-aspartatovych proteas, kaspas. V intaktnich busikdch jsou minimalné aktivni,
uchovavané ve formé zymogent, které vyZaduji specifickou enzymatickou aktivaci. B€hem té
je z kaspasového prekursoru postupné od$tépena nekatalytickd doména a dvé katalytické
podjednotky (cca 10 a 20 kDa; Muzio et al., 1998). Katalytick¢ podjednotky se spojuji
v tetramer - aktivni kaspasu. Kazda kaspasa ma dv€ aktivni mista; jedno s hlubokou kapsou
vazajiel aspartat substrétu (P;) a druhé s $irS$i a méléi kapsou vazajici tfi pfedchazejici
aminokyseliny (P2 - Ps), které je specifické pro kazdou jednotlivou kaspasu (Miller et al.,

1997; Thorberry et al. 1997).

.....

-----

charakterizovany piitomnosti rozsahlych N-terminalnich domén DED nebo CARD (caspase
recruitment domain). Pomoci nich kaspasy vazi specifické konstrukéni nebo adaptoroveé
proteiny, napi. TRADD a FADD, které jsou komplementarné nabité (Liang & Fesik, 1997).
Ty zajistuji blizkost kaspas, umoZiujici autoproteolyticky zptisob aktivace prokaspasovych

molekul (Robertson et al., 2002).
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Zmiflovanym proteolytickym Stépenim v komplexu DISC se 3t€pi prokaspasa-8 v
Exekuéni kaspasy jsou efektory apoptozy a St€pi bunéiné substraty. Jsou zodpovédné za
celou fadu morfologickych a biochemickych rysit apoptdzy jako rozklad jadra &i cytoskeletu,
formaci apoptotickych télisek, expoziei fosfatidylserinu na povrch bufiky, coz je pro
makrofagy signalem k fagocytoze, a dalsi.

Receptorova cesta je tedy uplatiiovana prostfednictvim receptorl smrti a faktorih TNF
rodiny. Existuje v3ak také pozitivni zpétna vazba, kterou se tato cesta prolind s
mitochondridlni cestou. K amplifikaci dochdzi v pfipadé slabé iniciace kaspasy-8. Za téchto
podminek aktivuje kaspasa-8 proapoptoticky protein Bid, ktery se translokuje na povrch
mitochondrie a indukuje zde aktivaci vnitini cesty (Belka & Budach, 2002). Proto je také
hlavni regulace receptorové cesty spojena s homologem kaspasy-8, proteinem c-FLIP. Tento
obsahuje vlastni DED a interaguje s adaptorovymi proteiny receptoru smrti, oviem neni
schopen §t&pit dalsi kaspasy a tim tuto cestu inhibuje (Medema et al., 1997). Kromé toho jesté
muze dojit ke kompetitivni inhibici AP (tzv. proteiny inhibitory apoptdzy; Shi, 2002).

2.2.3 Mitochondriilni mechanizmus spou$téni apoptozy

Rada apoptotickych stimulii nezavistych na receptorech smrti miZe spustit apoptozu
vnitini neboli mitochondrialni cestou: [Z, UV-zéfeni, chemoterapeutika, viry, bakterie,
nedostatek cytokini a rastovych faktord ¢&i anoikis — oddéleni od extracelularni matrix
(Borner, 2003). Za ur¢itych podminek mohou 1 TNF faktory (pfes kaspasu-8) spustit
mitochondridlni cestu.

Pfesny mechanizmus sice neni znam, ale vi se, Ze vné&j§i mitochondrialni membrana se
stava propustnou pro nékteré proteiny. A tyto po uvolnéni z mitochondrialni matrix vytvareji
podminky potfebné pro aktivaci kaspasy-9. Nejzndméjsi a nejprozkoumanéjsi z
mitochondridlnich proteinti je cytochrom (cyt-¢). Tento protein se evoludng téméf nezménil a
vyskytuje se v rostlinné 1 Zivo€isné fisi, ale 1 v jednobunéénych organismech. Cyt-c je stabilni,
relativné maly hemoprotein (104 aminokyselin, 12 kDa) kovalentné vazici hem jako
prostetickou skupinu. Jeho nejznaméj§i biochemicka role spoiva v pienosu jednoho
elektronu mezi komplexem III a IV dychaciho fetézce (Skulachev, 1998).

P#i indukei apoptozy vak zastava neméné dileZitou roli. Cyt-c byl identifikovan jako

faktor nutny ke spusténi apopdzy v extraktu Hel.a bunék po pfidani dATP (Liu et al., 1996).
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Obr. 2. Schema indukce apoptézy. Pievzato z www.cellsignal.com.

Cyt-c se v cytoplazmé spojuje s doménou WD-40 proteinu Apaf-1 a tim indukuje ATP-
dependentni oligomerizaci a formaci tzv. apoptosomu, velkého apoptosomalniho komplexu
(1,4 MDa). Tento komplex pfitahuje kaspasu-9 a allostericky zvySuje jeji aktivitu (asi
tisickrat). Aktivovana kaspasa-9 pak $tépi prokaspasu-3 a -7 (Rodriquez & Lazebnik, 1999).
K uvolnéni cyt-c z mitochondrie dochézi prostfednictvim mitochondridlniho péru. Bylo
zji§téno, Ze cyt-c¢ plisobi na inositol-trifosfatové receptory na membrané endoplasmatického

retikula a indukuje tak uvolndni Ca’". Zvyseni hladiny Ca®" pak zpisobuje spolu s dal§imi
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faktory (viz kap. 2.3.2.2) formou pozitivni zpétné vazby masivni uvolnéni cyt-c
(Breckenridge et al., 2003).

Kromé cyt-c se z mitochondrii uvoliiuji asi tfi desitky dal$ich proteind (Patterson et al.,
2000). Patf{ mez1 n€ napfiklad Smac (Second mitochondria-derived activator of caspase) a
serinova proteasa Htr2A/Omi, jejimz ikolem je zajistit sekvestraci a degradaci dalsich
cytoplazmatickych proteinli - inhibitord apoptézy. Oba tyto proteiny zabrafiuji jejich
inhibi¢nimu plisobeni vi&i kaspasdm (Van Loo et al., 2002). Nejdalezit€j$imi regultory

mitochondridlni cesty jsou viak proteiny rodiny Bel-2 (Kutuk & Basaga, 2006).

2.3 Rodina proteinii Bel-2

V eukaryotickych buiikach se vyskytuje asi 30 homolognich proteind rodiny Bel-2,
které mohou mit protichtidny vliv na osud buiky tim, Ze indukuji nebo inhibuji proces
apoptozy. Zavisi to na jejich strukturdlnich rysech, kterymi jsou tzv. Bel-2 homologni domény
(BH). Proteiny podporujici pfeziti obsahuji viechny domény BHI1, BH2, BH3 a BH4, na
druhou stranu proteiny vedouci butiku k zaniku mohou obsahovat rizné domény, ale nikdy
jim nechybi BH3 (Fridman et al.,, 2001). Jejich klasifikace je odvozena od homologt
kédovanych v Caenorhabditis elegans (hlist, na kterém byly provedeny prvni apoptotické
studie) a ¢leni se do tH podskupin: a) antiapoptotické Bel-2-ptibuzné faktory pieZiti jako Bel-
2, Bel-X;, Bel-w, Mcl-1, A1/Bfl-1, NR-13, Boo/Diva/Bel-2-L-10 a Bel-B; b) proapoptotické
Bax-pfibuzné faktory smrti jako Bax, Bak, Bok/Mtd a Bel-xg; a koneéné ¢} BH3-pfibuzné
proapoptotické faktory smrti majici jen doménu BH3 (tzv. BH3-onlies) jako Bid, Bik/Nbk,
Blk, Hrk/DP35, BNIP3, Bimy/Bod, Bad, Noxa, PUMA/Bbc3 a Bmf (Bomer, 2003).

2.3.1 Bel-2-pribuzné faktory preziti

Kazdy ze skupiny Bcl-2-ptibuznych antiapoptotickych faktord obsahuje 3 az 4
homologni domény (BH1-BH4). Hlavnim strukturalnim rysem je hydrofobni kapsa tvotena
doménami BH1-BH3, ktera je stabilizovina na opatné strané¢ N-termindlni BH4 doménou
(Aritomi et al., 1997). Petros et al. (2000) publikovali praci, kde popsali strukturu komplexu
Bel-xp. s proapoptotickymi faktory Bak a Bad. Poukézali na vyznam BH3 domény téchto
faktort, kterd ma sice nahodilé uspoiadani, pokud je protein v roztoku sam, ale ma-li dojit ke
spojeni s Bel-xp, zaujme tvar a-Sroubovice, jeZ pfesné zapadne do hydrofobni kapsy, ¢imzZ je

umoZznéna tvorba heterodi/oligomert.
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Ac&koli je tento model velmi atraktivni, ukdzalo se, Ze antiapoptotické Bcl-2-pfibuzné
faktory jsou schopné tvofit komplexy i s proteiny, které neobsahuji BH3 doménu. S vyse
uvedenym miZzeme polemizovat na zakladé vysledkt fady autort.

Zaprvé, BH3 domény nejsou vzdy a ve vSech proteinech dostupné pro daldi protemy
(viz niZe) a je zapotiebi posttransla¢nich modifikaci a konformacnich zmeén (Sattler et al.,
1997). Za druhé, u celé fady proteind (jako R-Ras, Raf-1, kalcineurin, Bap31, BAG-1/Hsc70
nebo p53 binding protein-2) byla také prokazana schopnost vazat Bel-2-pfibuzné faktory
pieZiti pfesto, Ze ncobsahujl BH3 doménu (Reed, 1998b). Za tieti, odhaleni struktury Bel-2 a
Bel-x;, pfineslo piekvapivé zji§téni, Ze tyto proteiny vykazuji strukturdini homologii s
bakteridlnimi toxiny tvoficimi pory jako jsou kolicin & toxin diftérie (Aritomi et al., 1997;
Petros et al., 2001). Je tedy pravdépodobné, Ze Bcl-2-pfibuzné faktory pfeziti mohou vyuzit
¢ast své hydrofobni kapsy k jinym nez vazebnym ucelim, zejména k formaci iontovych ¢&1
proteinovych kanald (Schendel et al., 1999).

Protein Bel-2 milze také zamerzit peroxidaci lipidid vychytdvanim kyslikovych radikal
(Hockenbery et al., 1993; Amstad et al., 2001) a inhibici kaspas (Bomer et al., 2003) a
fungovat tak jako antioxidant. Navic musime brat v ivahu efekt dalSich regulacnich proteinu,
které nejsou piftomny pi1 vazbé proteinii v podminkach in vitro.

Mechanizmus vzajemné interakce je tedy zfejmé sloZit&j$i. Vime vSak, Ze Bel-2-
pfibuzné faktory pfeZiti jsou zakotveny v intracelularnich membranich (mitochondridlni,
jaderné, retikularni) a funguji jako .,,vychytavace” proapoptotickych faktort a na rozdil od

faktor smrti tak ¢ini bez vyrazné zmény v subcelularni lokalizaci (Borner, 2003).

2.3.2 Bax-pribuzné faktory smrti

Tuto podskupinu tvofi v sav¢ich buiikach pouze tii proteiny. Prvni, ktery byl izolovan,
byl poimenovan Bax (od Bcl-2 associated protein X, protoZe imunoprecipitoval spolu s Bel-2
a také blokoval jeho aktivitu (Oltvai et al., 1993). Dva dal3i homology jsou Bak a Bok/Mtd
(Farrow et al., 1995; Inohara et al., 1998). Bax-pfibuzné faktory smrti obsahuji BH1-BH3
domény a jejich proapoptotické chovani bylo pivodné spojovano s nepiitomnosti stabilizujict
domény BH4, jejiz absence by mohla spustit konformaéni zmény, které by udélovaly
molekule proapoptotickou aktivitu.

Nicméné dnes jiz vime, Ze existuji 1 daldi bilkoviny jako Mcl-1 nebo Al, které
neobsahuji BH4 doménu a pfitom jsou schopné plsobit ve smyslu pieziti buiiky a ne jako
faktory smrti (Adams & Corry, 1998). Navic Bel-x), nemd BH1 a BH2 domény, ale nechybi
mu BH4 motiv a plisobi antiapoptoticky (Boise et al., 1993). Na zékladé t&chto poznatki je
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nutno hledat piicinu proapoptotické aktivity Bax-pfibuznych faktor( nikoli v jejich struktuie

nybrz v subcelularni lokalizaci,

2.3.2.1 Mitochondridini zacileni

Mitochondrialni zacileni (fargeting) oznaduje modifikaci struktury nutnou pro cilenou
zmeénu subcelularni lokalizace proteinu z cytoplazmy do mitochondrie. Strukturalni rozdilnost
proteind se zda byt krucidlni jak pro mitochondrialni ‘argeting, tak pro pozdé&jsi
proapoptotickou aktivitu. Napiiklad 3roubovice regionu BH3 proteinu Bax je méné stodena
nez v Bel-xy, a proto je také vice pfistupnd k vazbé s hydrofobni kapsou Bel-2-pfibuznych
faktord preziti (Saftler et al., 1997). Dal$i zdsadni rozdil je v tom, Ze protein Bel-2 ma po
syntéze volné piistupny kotvici C-konec, kterym je pfichycen k mitochondrialni membrang,
kdezto Bax jej md stoeny dozadu v hydrofobni kapse, a proto je jeho vazba na membranu
znemoznéna, alespori dokud neni C-konec exponovan (Nechushtan et al., 1999).
Mitochondridlni targeting Bax, je urCovan né€jakym nezndmym proteinem &i posttransiaéni
modifikaci, kterd odkryje segment o, ale pfesny mechanizmus pro fargeting, inzerci,
oligomerizaci a vytvofeni membranového péru na molekulérni trovni dosud neni znam.

Jeden model popisuje Bax jako protein slabé vazany k mitochondridlni membrang
s intaktni hydrofobni kapsou, ktery je udrZovan v neaktivnim stavu neznamym inhibiénim
proteinem ¢i specifickym lipidem. Dalsi model zahrnuje zmény konformace molekuly Baxu
ve smyslu odkryti BH3 domény, coZ umozni bud’ inhibiéni efekt Bel-2-pffbuznych faktord a
burika pfezije nebo stabilni zabudovani do mitochondridlni membrany, oligomerizaci a/nebo
interakci s napéfovym kanalem a pfenaSeem VDAC-ANT (voltage-dependent anion channel
- adenosine nucleotide transporter). Nasledné vytvofenym pdrem ¢&i kanélem je pak uvolnén

cyt-c a dochdzi k aktivaci kaspasové kaskady (Borner, 2003).

2.3.2.2 Mechanizmus piisobeni Bax-pribuznych faktorii neni zcela objasnén

Vétdina studii, které se zabyvaly objasnénim role rodiny proteintt Bel-2 v apoptoze,
byla zaméfena na mitochondrie. Divodd bylo hned nékolik: pfi apoptotickém procesu
dochazi ke sniZeni mitochondrialntho membranového potencidluy, dale k uvolnéni
proapoptotickych faktori véetn€ cyt-c a k aktivaci kaspas po poruSeni integrity
mitochondridlni membrany (Fridman et al., 2001). Zd4 se, Ze je to spiSe disledek formace
kanalu a jeho pozdéj$i fizené otevieni neZ ndhodna ruptura membrany.

Stale v8ak neni jasné, zda Bax interaguje s jiz existujicim kanalem nebo jej pfimo

tvofi. Takovym existujicim kanalem by mohl byt tzv. PT-por (permeability transition), jehoz
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hlavnimi komponenty jsou VDAC a ANT (viz vySe) ve vnitini membrané a cyklofilin D v
mitochondrialni matrix. Timto pérem mohou projit pouze molekuly do 1,5 kDa a je mozZné, Ze
Bax interaguje s PT-pérem tak, Ze zv&tiuje jeho velikost az na 15 kDa a potom se jim mohou
dostat ven i takové molekuly jako cyt-¢c (Zamzami & Kroemer, 2001). At" uz Bax-pfibuzné
faktory smrti formuji pory nebo interaguji s proteiny tvoficimi pory, spolupracuji s Bel-2-
piibuznymi faktory pfeZiti jako reostat Zivota & smrti. Bel-2-pfibuzné faktory jsou C-koncem
zakotveny v riznych intracelularnich mernbrandch, sekvestruji Bax faktory a vzdjemnym
pomérem nastavuji onen reostat smérem k proliferaci ¢i apoptdze (Korsmeyer, 1992; 1993).

Nicméné pfesny mechanizmus plsobeni Bax-pfibuznych faktort neni zcela objasnén.
Ba co vic, v literatufe mZeme nalézt spoustu kontroverznich faktd dokladajicich, Ze zptisob,
kterym Bax-piibuzné faktory ovliviiuji mitochondrialni membranu, je velmi slozity.
Naptiklad stile neni jasné, zda oligomerizace Bax-pfibuznych fakiord je nutnd pro jejich
proapoptotickou funkci nebo je to vedlej§i efekt im vitro analyz, protoZe mutace
predpokladané oligomerizaéni domény proteint Bax a Bak jim pfekvapiv€ ponechala jejich
proapoptotickou aktivitu (Borner, 2003).

Pozoruhodné bylo téZ zjisténi, Ze jejich interakce s Bel-2-pfibuznymi faktory mize byt
spusténa piitomnosti neiontovych detergentd (napi. Triton X-100) v extratnim pufru (Hsu &
Youle, 1997; 1998). Piesto jiné prace prokazaly, Ze Bax/Bcl-2 heterodimery se v burikach
vyskytuji (Nechushtan et al., 2001).

2.3.3 BH3-pfibuzné proapoptotické faktory smrti

Proapoptotické faktory smrti, které spoletné s ostatnimi ¢leny Bel-2 rodiny sdileji
pouze BH3 doménu, neboli BH3-onlies, funguji jako mediatory signalu smrti a senzory
bunééné integrity {napf. Bim pro integritu cytoskeletu, Bad pro nedostatek ristovych faktord,
Bid jako senzor signalizace receptorového mechanizmu; viz niZe). Aby se pfedeslo nepatiiné
aktivaci apoptotickych signalnich drah, jsou savéi BH3-pfibuzné faktory udrZovany v
inaktivnim stavu a jsou aktivovany jednim nebo nékolika nasledujicimi mechanizmy. Kazdy
faktor je regulovan rozdilné v zavislosti na povaze proteinu a péivodu apoptotického stimulu.

Jednim mechanizmem je indukce transkripce. Protein p53 je transkripéni faktor, ktery
indukuje expresi BH3-pfibuznych faktori smrti PUMA/Bbe3 a Noxa po poskozeni DNA
chemoterapeutiky, IZ a UV-zafenim (Lakin & Jackson, 1999). Nedostatek cytokinG &
riastovych faktortt (amoikis) nebo vazba ligand na receptory smrti miZe indukovat dalsi
zpasoby aktivace BH3-piibuznych faktord - posttransla¢ni modifikace

(fosforylace/defosforylace). Naptiklad fosforylovany Bad je inaktivni a udrZzovan v
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cytoplazmé pomocnym proteinem 14-3-3 (Zha et al., 1996). Defosforylace Badu fizena
kalcineurinem (Wang et al., 1999) jej uvolni a umoZn{ interakei s Bel-2-pffbuznymi faktory
preziti, ¢imz dojde ke spusténi apoptotického procesu.

Dal3i aktivatni mechanizmus je zaloZen na proteolyze. Tykd se zejména Bidu, ktery
neni pfi spulténi receptorové cesty aktivni. Funkéni kaspasa-8 Stépi Bid (22 kDa) na mensi
fragment, tzv. t-Bid (15 kDa) a odstrafinje tak N-terminalni (inhibi¢ni) doménu. Také se
odhali vazebné misto pro navézani miristoylového zbytku na N-konci (Zha et al., 2000), coz
zplsobuje vysokou afinitu t-Bidu k mitochondridlnimu kardiolipinu (Lutter et al., 2000) a
podnécuje mitochondrialni rargeting (Li et al., 1998). Navic dochazi ke zméné nidboje a
mitochondridlni membrana je jednou z nejvice negativné nabitych biologickych membran
(Burlacu, 2003). To v8e pfispiva k translokaci t-Bid k mitochondrii a jeho integraci do
mitochondridlni membrany. Zda se, Ze t-Bid pak méni sloZeni lipid vné&j${ mitochondridlni
membrany a ta je pak vice permeabilni (Esposti, 2002).

Kromé toho je t-Bid schopen zrusit vazbu Bax-pifbuznych faktorti na Bel-2-piibuzné
faktory a dale stimulovat oligomerizaci a membranovou inzerct Baxu a Baku (Desagher et al.,
1999; Wei et al., 2000). Proapoptoticka role Bidu je nesporna, avSak pravdépodobné vysoce
zéavisla na typu buné&k (Yin et al., 1999). Bid mize byt navic §t€pen i jinymi kaspasami (Li et
al., 1998) a dokonce 1 nekaspasovymi proteasami jako je katepsin B (Stoka et al., 2001). K
tomuto $t€peni ale dochéazi az po mitochondridlni perforaci a ma vyznam jako pozitivni zpétna
vazba.

Posledni zplisob aktivace vychazi z faktu, Ze BH-3 piibuzné faktory smrti jsou v burice
vazany v inaktivnim stavu na dileZité makromolekuldrni struktury jako stresové senzory.
Napiiklad Bim je vazdn na dynein mikrotubull. V pfitomnosti taxolu polymerizujiciho
mikrotubuly se Bim uvolfiuje a vaZe se s Bel-2/ Bel-xp (Puthalakath et al., 1999).

Obecné se da fici, Ze kdyz jsou BH3-pfibuzné proapoptotické faktory posttranslacné
aktivovany, interaguji s Bel-2-ptibuznymi faktory pfeZiti a inaktivuji je tak, aby nemohly
zabranit oligomerizaci Bax-ptibuznych faktord smrti. Tyto volné Bax-ptibuzné fakiory pak
mohou podléhat uréitym konformaénim zménam a nasledné narudi vnéjsi mitochondridini
membranu, coZ ma za nasledek uvolnéni dalsich proapoptotickych a kaspasy aktivujicich
faktord (Lettai et al., 2002).

V této praci jsme se zabyvali proteiny Mcl-1 (zastupce antiapoptotickych) a Bid
9, abychom zhodnotili jejich chovadni a funkei vapoptdéze indukované 1Z v lidskych

leukemickych butikéch.
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2.4 Ionizujici zareni a biodozimetrie

V této pract jsme pracovali s IZ typu gama (*°Co), které ma povahu velmi kratkych
elektromagnetickych vin schopnych ionizovat hmotu. Jeho fotony vyzafované atomovymi
jadry interaguji s orbitdlnimi elektrony hmoty za vzniku ionizace (Comptoniv jev) &1 excitace
atomu (fotoelektricky jev). V elektrickém poli se chovaji neutralng (Osterreicher & Vévrova,
2003).

Udinek 1Z lze z ¢asového hlediska rozdslit na t¥i fize. Nejdiive probihad vlastni
interakce s organismem, tj. fyzikalni faze. Na toto obdobi navazuje chemicka faze, kdy
dochézi k produkci volnych radikald reagujicich se vSemi komponentami ozafenych bunék.
Posledni je fize biologickd, kterd zahmuje odpovéd’ na urovni molekularni, bun&né, tkanové,
orgdnové i na urovni organismu jako celku. Kli¢ovou makromolekulou, jejiz radiatni
poskozeni miZe mit za nasledek smrt buiiky, je DNA (viz kap. 2.1). V diisledku ozéfend
dochazi k poklesu replika¢ni i transkrip&ni aktivity (Osterreicher & Vavrova, 2003).

Radia¢ni poskozeni DNA ma vazné bio-logické dasledky. JelikoZ v soucasnosti nariistd
vyznam [Z v medicing &i primyslu ale i riziko teroristického zneuZiti, nartsta t nebezpezpeti,
¢ bude zafeni vystavena osoba bez osobnitho dozimetru. Proto stoupa i vyznam
biodozimetrie. Tento obor vyuZivd nejriznéjich molekularnich technik pro zpétny odetet
davky, ktery absorboval dany biologicky systém.

Jiz vroce 1975 charakterizoval Dostdl lymfocyty jako drobounké biologické
dozimetry, které se zcela ndhodné pohybuif a rozdéluji po organismu. Ozéateni lymfocytd vede
k zlomim DNA a vzniku chromosomovych a chromatidovych aberacf. K nejcastéjsim
aberacim patfi vznik dicentrickych a kruhovych chromosomi. Takovéto chromosomy jsou po
obarveni dobfe viditelné a jejich hodnoceni je soucast{ metody uZivané ke stanoveni obdrZené
davky zateni, kterd patfi ktzv. zlatému standardu biologické dozimetrie jiZ mnoho let.
Obecné je akceptovano, Ze touto metodou je moZno méfit davky od 0,25 Gy; je viak tfeba
analyzovat alespoii 10° bundk (Blakely et al, 2002). Metoda ma n&které svoje limity.
Piedev&im je po vyssich davkach t€zké nalézt tak velké mnoZstvi bunék v mitéze, protoze
dochazi k oddaleni mitdzy (blok v nékter¢ fazi bunééného cyklu, jako reakce na podkozeni
buriky), interfazové smrti lymfocytd a jejich depleci.

Pro stanoveni DNA mutaci a chromosomalnich aberaci 1ze vyuZzit také interfazovych
lymfocytii. Fluorescenéni in situ hybridizace (FISH) je metoda, kterou lze stanovit nejen
dicentriky, ale také translokace. V biodozimetrii mohou byt vyuzity nékteré dalsi metody jako

napf. fetézova polymerazova reakce (PCR), kdy touto metodou mohou byt analyzovéany
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mutace DNA na hidskych lymfocytech. PCR technologie umozZiuje detekovat piftomnost
mutaci v relativné malych mnoZstvich. Prasanna et al. (2002) popsali metodu in sit PCR ke
kvantifikaci mutaci mitochondridlni DNA na interfizovych lymfocytech. Vyznamnym
limitem, ktery je spoletny pro vdechny zmifiované metody, je velkd ¢asova i technicka
narocnost.

IZ vede ke zménam genové a proteinové exprese, které by mohly byt vyuzity jako
biologické indikétory obdrZené davky, zejména pfi ozéfeni nizkymi davkami zafeni (Blakely
et al., 2002). Jedna se¢ piedeviim o expresi genll spojenych s indukci apoptdzy pfipadné
onkogent ¢ tumor-supresorovych gend. Proto jsme se v této praci kromé molekularnich
‘mechanizmil zabyvali i hodnocenim davkovych zavislosti studovanych proteind. Vyznamnym
limitem, ktery je spole¢ny pro viechny zminované biodozimetrické metody, je velka Casova 1
technickd naro¢nost. Z toho divodu jsme se snaZili pouzit metody technicky nendroéné a

jednoduse aplikovatelné.
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3 CILE PRACE

Cilem této studie bylo zjistit, jaké signalni drédhy vedou k reparaci poSkozeni DNA a
nasledné ke spusténi apoptézy lidskych leukemickych bungk po piisobeni fyzikalnich
(ionizujici zéfeni) a chemickych (kofein) faktort. PouZité bunétné linie se li8f expresi
proteinu p53 (T-lymfocytarni MOLT-4 - p53-pozitivni a promyelocytarni HL-60 - p53-
negativni) a pfedpokladédme tedy i rozdilné molekularni mechanizmy odpovédi na ozafeni.

Jednotlivé cile byly stanoveny takto:

° objasnit molekuldrni mechanizmy, které stoji v pozadi signalizace a reparace
poskozeni DNA,
. objasnit molekularni mechanizmy, které stoji vpozadi nasledné indukce

apoptotického procesu,
® zhodnotit chovani proteint Géastnicich se zminéné signalizace v kontextu obdrzené

davky s ohledem na vyuZiti v biologické dozimetrii.
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4 MATERIAL A METODY

4.1 Bunécné kultury a kultivacni podminky

Lidské buitky promyelocytarni leukemie HL-60 a T-lymfocytdmni leukemie MOLT-4
jsme ziskali zevropské sbirky bunéénych kultur (European Collection of Animal Cell
Cultures, Porton Down, Salisbury, UK). Buiky byly kultivovany v Iskov¢ modifikaci
Dulbeccova media (Sigma, Saint Luis, MS, USA - pfidano 20% fetalni bovinni sérum, 0,05%
L-glutamin, 150 Ul/ml penicilin, 50 pg/ml streptomycin) ve vlhéeném inkubatoru pfi 37 °C a
v kontrolované 5% CQO, atmosféfe. Kultury byly rozdéleny kazdy tfeti den feddnim na
koncentraci 2 x 107 bb/ml. Buiky byly spoéitany s pouzitim hemocytometru; integrita
bunééné membrany byla stanovena technikou barveni trypanovou modii. V této praci byly

pouzity butiky, které prodly maximalné 20 pasazermi.

4.2 Gama ozareni

Exponencialng rostouci buitky byly suspendovény v koncentraci 2 x 10° bb/ml.
Aliquoty 10 ml bun&né suspenze byly v lahvigkdch (Nunc - 25 cm?) ozéfeny pH pokojové
teploté za pouZiti zafice %Co davkovym pHkonem 0,4 - 0,5 Gy/min, ze vzdalenosti 1 m od
zdroje. Po ozateni byly lahvicky umistény do inkubatoru pfi 37 °C a 5% CO- a alikvotni{ asti
byly odebrany v riznych ¢asech. Pro naslednou analyzu byly buriky spocitany a viabilita byla
uré¢ena metodou barveni Trypanovou modfi.

V experimentech s medikamentéznim ovlivnénim, byl 30 min pfed ozafenim do
kultivaénich nadob s bunkami pfidan kofein (Sigma, Saint Luis, MS, USA). Kofein byl
rozpudtén v Eerstvém médiu t€sné pfed experimentem tak, aby findlni koncentrace byla 2

mmol/l.

4.3 Elektroforéza a Western blotting

Buiiky byly v riiznych €asech po ozafeni promyty PBS a zlyzovany. Celobunééné lyzaty
byly piipraveny kyzou v 500 ul lyzaéniho pufru (137 mmol NaCl, 10% glycerol, 1% n-oktyl-
B-glukopyranosid, 50 mmol NaF, 20 mmol Tris, pH=8, 1 mmol Na;VOy, 1 tableta
Complete™ Mini, Roche, Manheim, GER). Mitochondrialni frakce byla pfipravena za pouZiti
Mitochendia Isolation kitu (Pierce, Rockford, IL, USA) podle navodu dodaného vyrobcem.
Vzorky obsahujici ekvivalentn{ mnoZstvi proteinu (30 pg) byly naneseny na 10-12% SDS

polyakrylamidovy gel.
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Po skondeni elektroforézy (200 V, 240 mA, 50 min) byly proteiny pfeneseny (100 V,
250 mA, 120 min) na polyvinyldifluoridovou membrédnu (Immun-blot PVDF for Protein
Blotting, Bio-Rad, Herkules, CA, USA) a hybridizovany s patfi¢nou protilatkou; tj. anti-ATM
(Ser'®!y klon 10H11.E12 - 1:250, anti-Chk-2 (Thr®®) - 1:250, anti-COX IV - 1:2.000, anti-
Mdm?2 (Ser'®®) - 1:1.000, anti-Mrell - 1:1.000 a anti-Nbs1 (Ser’*) - 1:250 (Cell Signaling,
Danvers, MA, USA); anti-p53 1:1.000 a anti-p53 (Ser’’) - 1:1.000 (Exbio, Prague, CZE);
anti-p53 (Ser’>) - 1:1.000 (Calbiochem, San Diego, CA, USA); anti-lamin B - 1:750
(Oncogene, Cambridge, MA, USA); anti-Bid - 1:1.000 (BD Biosciences, Franklin Lakes, NJ,
USA); anti-kaspasa-8 - 1:500, anti-kaspasa-9 - 1:250 a anti-Nbs1 klon EEIS5 - 1:500 (Upstate,
Chicago, IL, USA); anti-Mcl-1 - 1:1.000, anti-p-aktin - 1:10.000, anti-p21 klon CP74 - 1:500
a anti-Rad50 - 1: 500 (Sigma, Saint Luis, MS, USA); anti-cytochrom ¢ klon 7H8.2C12 -
1:1.000 (NeoMarkers, Westinghouse, CA, USA).

Po promyti v TBS (250 mmol Tris-HC], pH=7.4) byly membriany inkubovéiny se
sekundarni protilatkou konjugovanou s kfenovou peroxidasou (1:1.000 - 1:10.000 podle dané
protilatky; Dako, High Wycombe, UK) a signal byl vyvinut pomoci chemiluminiscen&niho
kitu (BM Chemiluminiscence - POD, Roche, Manheim, GER) a exponovén na film (Foma,
Hradec Kralové, CZE).

Filmy byly naskenovany na skaneru Expression 1680Pro (Epson, Long Beach, CA,
USA) densitometricky analyzovany v programu ImagePro 5.1 (Microlmage, MD, USA).

Denzita skvrn byla vypog&itana jako integrovana opticka denzita dané oblasti.
4.4 Prutokovd cytometrie

4.4.1 Stanoveni apoptézy pomoci vazby annexinu V

Promyta bunétna suspenze byla resuspendovdna ve vazebném pufru a znafena
annexinem V konjugovanym fluorescein isothiokyanatem (annexin V-FITC) a propidium
iodidem (PI) z APOPTEST kitu (DakoCytomation, Glostrup, DEN) podle instrukci vyrobce.
Poté byla podrobena analyze na pritokovém cytometru Coulter Electronic (Beckman Coulter,

Fullerton, CA, USA) a/nebo FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA).

4.42 Analyza obsahu DNA a analyza bunééného cyklu

Jednim z Casnych déju pii apoptdze je aktivace endonukleas, které preferenéné §tépi
DNA v internukleosomalni (spojovaci) sekci. Toto Stépeni vede ke vzniku fragmentii s nizkou

molekuldrni hmotnosti, které opoust&)i buiku. Vysledkem je redukce celkového mnozstvi
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DNA v buiice a z tohoto divodu vznik tzv. “sub-G1 vrcholu”, ktery tvo¥ apoptotické buiiky.
Piiblizng 5 x 10° bungk v bunééné suspenzi bylo dvakrat promyto ledovym PBS, fixovano v
70% ethanolu (minimalné 30 min pfi 4 °C). Po centrifugaci (200 g, 10 min, 4 °C) a odstran&n{
ethanolu byly buiiky promyty ledovym PBS a suspendovany v 0,5 ml PBS a 0.5 ml
fosfatového pufru (192 ml 0,2 mmol Na,HPO, + 8 ml 0,1 mmol kyseliny citronové, pH=7,8)
a inkubovany 5 min pfi pokojové teploté pro extrakei nizkomolekularnich fragmentd DNA.
Nakonec byly buiiky barveny v 0,5 ml Vindelova roztoku (1 ml 1 mol Tris, pH=8, 1mg
RNAsy, 100 ul TRITON, 60 mg NaCl, 5 mg PI a destilovand voda do 100 ml (Vindelov,
1977) v termostatu 1 hod pfi 37 °C a déale podrobeny analyze na pritokovém cytometru
Coulter Electronic (Hialeah, FL, USA). V kazdém vzorku bylo analyzovano minimalng 10
000 bungk. Takto ziskané vysledky byly zpracovany pomoci programu Multicycle AV
(Phoenix Flow System, San Diego, USA) a bylo stanoveno procentualni zastoupeni bunék v

jednotlivych fazich bunééného cyklu a v apoptdze.

4.4.3 Stanoveni apoptézy pomoci vazby protilatky APO 2.7

Antigen APO2.7 (n&kdy nazyvany antigen 7AG6), ktery je rozeznivan klonem
2.7A6A3, je 38 kDa protein lokalizovany na mitochondrialni membrané, jehoZ exprese je
omezena na buiiky zadané do apoptézy. Vzhledem k intraceluldrni lokalizaci tohoto antigenu
je urivdna metoda jednak bez permeabilizace a jednak s permeabilizaci bun&éné membrany.
Jako vhodné permeabilizaéni agens je pouZivan digitonin. Buriky byly dvakrat promyty PBS
obsahujicim 5% fetalni teleci sérum (FCS). Nasledn& bylo 1 x 10° bungk resuspendovano
v0,5 ml PBS s5% FCS a inkubovany s myS$i monoklondlni protilatkou APO2.7
konjugovanou fykoerytrinem. V pfipadé pouZiti permeabilizace byly bunky nejprve
permeabilizovany inkubaci ve 100 pl roztoku digitoninu (Sigma, Saint Luis, MS, USA)
v PBS o koncentraci 100 ug/m! po dobu 20 min na ledu. Po inkubaci byly butiky promyty a
barveny protilitkou APO2.7 po dobu 30 min pfi 4 °C a analyzovany na priitokovém

cytometru Coulter Electronic.

4.5 Imunocytochemie

Buiiky byly fixovany 4% Cerstve piipravenym paraformaldehydem 10 min pfi pokojové
teploté (RT), promyty v PBS, permeabilizovany 0,2% Triton X-100/PBS a promyty v PBS.
Pred inkubaci s primami protilatkou (pfes noc pfi 4 °C), byly butky blokovany 7%
inaktivovaném fetalnim bovinnim séru s 2 %BSA v PBS po dobu 30 min pit pokojové

teploté. Pro detekci YH2A X byly pouzity mySi monoklonalni protilatka anti-yH2A.X
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(Upstate, Chicago, IL, USA) a polyklonalni krali¢i protilatka anti-53BP1 (Cell Signaling,
Danvers, MA, USA). Jako sekundarni protilaitky byly pouZity osli anti-mysi-FITC-
konjugovana protilatka a anti-kréli¢i-Cy3-konjugovana protilatka (Jackson Laboratory, Bar
Harbor, ME, USA). Protilatky byly aplikovany na jednotliva skli¢ka (po jejich pre-inkubaci
$5,5% oslim sérem v PBS po 30 min pti pokojové teploté) a inkubovany 1 h ve tm¢ a
nasledn& promyty v PBS. Jadra byla znadena pomoci TOPRO-3 (Molecular Probes, Eugene,
OR, USA) v gerstvé piipraveném citrdtovém pufru.

Fotografie byly ziskany na konfokalnim cytometru s vysokym rozliSenim pomoci
automatizovaného fluorescenéniho mikroskopu DM RXA s CSU-10a konfokalni jednotkou
(Leica, Yokogawa, JAP) a CoolSnap HQ kamerou (Photometrix, Melbourne, Rakousko). Pro
kazdé jadro bylo zaznamenano 40 Fezi po 0,3 pm. Expozi¢ni ¢as a dynamika pasma kamery v
Cerveném, zeleném a modrém kandle byla pro viechny fotografie srovnavané poditatovou
analyzou obrazu nastavena na stejné hodnoty. Integralni opticka denzita jednotlivych jader
(IOD) byla méfena pomoci analyzy obrazu s pouZitim software ImagePro 4.11

{(MediaCybemetics, Bethesda, MD, USA).

4.6 Barveni Diff-Quick

Pro p¥ipravu cytospinovych prepardtl bylo pouZito 2 x 10° bundk. Buitky byly omyty
v 0,2 ml PBS a stogeny pii 200g (5 min). Preparaty byly fixovany ve fixaénim roztoku a
obarveny pomoci soupravy Diff-Quick (Siemens Healthcare Diagnostics, Deerfietd, IL,
USA). Souprava obsahuje roztoky umoZiujici rychlé barveni natérovych nebo cytospinovych
preparatt s vysledky podobnymi klasickému cytologickému barveni Giemsa-May-Griinwald.
Pro stanoveni procenta apoptotickych bun&k byla hodnocena morfologie minimalné 400
bunék. Apoptotické buiky byly identifikovany podle pfitomnosti kondenzovanych a

fragmentovanych jader a protruze bunééné membrany.

4.7 ELISA

Pro analyzu fosforylace proteinu p53 na Ser'” byl pouzit PathScan ELISA Sandwich kit
(Upstate, Chicago, IL., USA). Buiiky byly 2 h po ozéfeni davkami 0,5 - 7,5 Gy promyty PBS a
zlyzovany. Celobungéné lyzaty byly pfipraveny pfidanim 500 pl lyzac¢ntho pufru (137 mmol
NaCl, 10% glycerol, 1% n-oktyl-B-glukopyranosid, 50 mmol NaF, 20 mmol Tris pH=8§,
1 mmol Na;VQy, 1 mmol fenylmethylsulflonyl fluorid) a vzorky byly zpracovany v 96-ti
mikrojamkové desti¢ce podle pokynl vyrobce. Byly provedeny ti1 nezdvislé experimenty

s protilatkou proti nefosforylované a fosforylované (Ser'”) formg proteinu p33.

30



Vysledna opticka densita (OD) byla méfena pfi 450 nm a vynesena do grafu proti ddvee
D (v Gy) a vysledné kiivky jevily sigmoidni tvar kompatibilni s Michaelis-Mentenové
kinetikou: OD =a + b * D/ (¢ + D). Analyza byla ovéfena pomoci Lineweaver-Burkova

postupu (Lineweaver & Burk, 1934), ktery prokazal pfimou zavislost 1/D a 1/0D.

4.8 Statistické hodnoceni vysledki

Hodnoty pouZité v grafech a obrazcich pfedstavuji primér s pfislusnou odchylkou ze ti{
nezévislych experimentii. Vyznamnost rozdild mezi jednotlivymi soubory (resp. rozdilli mezi
parametry polohy jednotlivych souborll) byla stanovena dvouvyb&rovym t-testem v rameci
tabulkového procesoru Excel (Microsoft, Redmond, WA, USA). Homogenita rozptyli byla
vzdy stanovena F-testem a v zévislosti na vysledku F-testu byla hypotéza o shod& & neshods
stiednich hodnot (tj. parametrd polohy) porovnavanych vybéra hodnocena pomoci Studentova
t-testu pro nezavislé uspofadani pokustli variantou pro shodné ¢i rozdilné rozptyly (Knizek et

al., 2000).
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5 VYSLEDKY
5.1 Vliv zdieni na reparaci poskozeni DNA v burikdach MOLT-4

5.1.1 Aktivace ATM a Chk-2

PH experimentech na bun&iné linii MOLT-4 jsme pomoci Western blot analyzy nalezli

1981y velmi brzy po ozafeni, tj. jiz za 0,5 h. Tato

zvysené mnozstvi fosforylované ATM (Ser
fosforylace ptetrvavala 6 h po ozéfeni ddvkou 1,5; 3 nebo 7,5 Gy (obr. 3 a 4), tedy do casu,
kdy byl tépen lamin B a byla indukovéna apoptéza. Aktivni (fosforylované) ATM bylo 0.5 h
po ozéfeni 1,5 nebo 3 Gy méné nez po 7,5 Gy.

Chk-2 byla také fosforylovana (Thr®®) b&hem 0,5 h po ozafeni, ale na rozdil od ATM
bylo jeji mnoZstvi v tomto Sase nejvy3si po davee 1,5 Gy a se vzristajici davkou se snizovalo.
Zatimco fosforylovana forma ATM pietrvavala po viech davkach stejné dlouho (po 2 h dodlo
k poklesu a po 6 h jiZ nebyla detekovana vibec), fosfo'rylované forma Chk-2 pfetrvavala 4 h
po ozafeni davkou 1,5 Gy, 2 h po davee 3 Gy a 1 h po davee 7,5 Gy. Jak fosforylace ATM,
tak fosforylace Chk-2 vak pfedchdzely akumulaci proteinu p53.

Ackoliv se mnozZstvi aktivni ATM v gasnych intervalech po ozafeni zvy$uje s davkou,
nezaznamenali jsme Zadnou signifikantni davkovou zdvislost 1 h po ozafeni davkami 1 az 10

Gy, a také fosforylace Chk-2 nevykazovala v tomto Case Zadnou davkové zavislou odpoved’

(obr. 9).

5.1.2 Reparacni proteiny

Pomoci metody Western blot jsme pozorovali zmény proteini MRN komplexu.
Viechny proteiny tohoto DNA reparaéniho komplexu (Mrel1/RadS0/Nbsl) byly nalezeny
v kontrolnich butikach. Butiky MOLT-4 byly ozafeny davkami 1; 2; 3; 5; 7.5nebo 10 Gy. 1 h
poté, co byly bufiky vystaveny davkdm 5 - 10 Gy doSlo k poklesu mnoZstvi vSech 3
komponentlt MRN. Velmi pfekvapivé viak bylo zjisténi, Ze u bunék MOLT-4 zistavd Nbsl 1
h po ozafeni davkami 1 - 10 Gy navzdory funkéni ATM nefosforylovan (obr. 5).
hodnotili u bun&k MOLT-4 pomoci detekce tvorby IRIF. V misté¢ DSB dochazi rychle po
ozafeni k akumulaci yH2A.X a 53BP1. Na obr. 6 jsou znazornény IRIF detekované v
konfokalnim mikroskopu 1 h po ozafeni. Buriky jsme vyhodnocovali jednak podle poétu
kolokalizaci yYH2A.X a 53BP1 a jednak pomoci integralni optické denzity fluorescence FITC,
kterym byly znaCeny protilatky pro detekci yH2A.X. Oba parametry jevi divkovou zavislost v

rozmezi 0 - 3 Gy.
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Obr. 3. MOLT-4. Ionizujici zafeni indukuje fosforylaci ATM kinasy a jejich substrati. Buiiky byly ozéafeny, zlyzovany a analyzovény, jak
je indikovéno. IZ indukovalo rychlou fosforylaci ATM a Chk-2, ktera byla nasledovana upregulaci a fosforylaci pS3 a Mdm2 (viz obr. 8).
Uvedeny jsou reprezentativni Western bloty ze t¥ nezavislych experimentd.
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Obr. 4. MOLT-4. Casna aktivace ATM a Chk-2 po oziFeni. MnoZstvi aktivni ATM
fosforylované na Ser'”® v asnych intervalech se zvySuje se vzristajici davkou. Na druhou
stranu mnoZstvi aktivni Chk-2 Thr®® se s rostouci davkou snizuje. Grafy vyjadiuji denzitu
jednotlivych proteinovych skvrn Western blottingu uvedenych na obr. 3 v zavislosti na Case
po ozafeni. JOD, integrovand opticka denzita.
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Obr. 5. MOLT-4. Davkova zavislost reparacnich proteinii. Buiky byly ozafeny,
zlyzovany a analyzovany, jak je indikovano. Tonizujici zafeni nevede k fosforylaci Nbsi na
Ser*® {(nebyla vitbec detekovéana) a 1 h po ozéfeni davkami 5 - 10 Gy je indukovan pokles
proteinit MRN komplexu. Naopak fosforylace H2A.X na Ser'? se vzristajici divkou stoupd.
Uvedeny jsou reprezentativni Western bloty nejméné ze tfi nezavislych experimentil, Graf
vyjadiuje denzitu jednotlivych proteinovych skvin Western blottingu v zavislosti na davce.
IOD, integrovand opticka denzita.
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Obr. 6. MOLT-4. Davkova zavislost tvorby IRIF yH2A.X 1 h po ozafeni. Buriky byly
ozafeny, zlyzovany a analyzovany, jak je indikovano. (A) LozZiska yH2A X detekovana
imunocytochemicky na konfokalnim mikroskopu. (B) Pocet IRIF (kolokalizace YH2A.X a
53BP1) na jadro se zvySuje v zavislosti na davce zafeni do 3 Gy. (C) Davkova zavislost
vzestupu intenzity fluorescence yH2A.X (méfeno pomoci software pro analyzu obrazu).
Patrnd je linearni davkova zavislost do 5 Gy. (D) Zaznam méfeni z konfokalniho mikroskopu
(Cervené - 53BP1, zelen& - yYH2A.X) ukazuje kolokalizaci obou proteini u bunék MOLT-4
ozafenych davkami do 3 Gy. 10D, integrovana opticka denzita.
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Obr. 7. MOLT-4. Fosforylace histonu H2A.X na Ser1® po ozifeni. Buiky byly ozéfeny a
analyzovany v indikovanych ¢&asovych intervalech (A) Dynamika fosforylace H2AX
detekovaného imunocytochemicky na konfokalnim mikroskopu po ozéfeni davkou 1,5 Gy.
(B) Dynamika fosforylace H2ZA.X detekovaného Western blottingem. Patrna je masivni
fosforylace indukovand v pozdéj§ich €asovych intervalech po ozéfeni.

Na obr. 7 je zndzornéna dynamika fosforylace histonu H2A.X v Case po ozafeni
davkami 1,5 a 3 Gy. Tato fosforylace je minimalni v neozafenych burikdch a po ozéfeni
mnozZstvi yH2A.X stoupd. Masivni fosforylace vSak byla detekovana aZ v pozdéjsich

gasovych intervalech, kdy byla indukovéna apoptdza.

5.1.3 Protein p53

V dalgich pokusech jsme pomoci monoklonalnich protilatek detekovalt protein p53 a
nékteré jeho posttranslaéné modifikované formy. Protein p53 byl upregulovan od 1 do 16 h
po davee 1,5 Gy s maximem za 4 h. Po davce 3 Gy byla upregulace p53 detekovéna od 1 do
24 h s maximem také za 4 h. Davka 7.5 Gy indukovala p53 velmi rychle a pifechodné (od 0,5
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do 6 h) s maximem 1 az 2 h po ozafeni (obr. 3 a 8). Protein p53 byl nasledné fosforylovan na
Ser’™ od 2 h po davkach 1,5 a 3 Gy nebo od 0,5 h po davee 7,5 Gy. Fosforylace na Ser*”
pfetrvavala az 16 h po davkéach 1,5 a 3 Gy, po dévee 7,5 Gy poklesla za 6 h (obr. 3a 8).

V ¢ase maximdlni fosforylace p53 (okolo 4 h po ozéfeni) jsme pozorovali nartst
fosforylované formy onkoprotetnu Mdm?2 (Ser'®), . od 4 do 6 h po davee 1,5 a 3 Gy nebo od
2do 4 hpo 7,5 Gy (obr.3a8).

Viechny analyzované proteiny byly upregulovany 1 h po ozéfeni, nicméné Zadny z nich
kromé Mdm2 nevykazoval davkovou zavislost. MnozZstvi tohoto proteinu se sice 1 h po
ozédteni davkami do 3 Gy zvysilo, oviem po ddvkéch 5 Gy a vétSich jsme pozorovali pokles
v fosforylovaného Mdm?2, takZe ani tento protein zfejmé nebude moiné vyuZit pro
biodozimetrické ulely. Podobné jako ATM a Chk-2 ani indukce p53 ani jeho fosforylace na
Ser’” nevykazovala 1 h po ozéfeni davkovou zavislost po expozici davkam 1 a2 10 Gy (obr.
9). Zjistili jsme v8ak, Ze davkové zavislym zplisobem se fosforyluje p53 na Ser'. Pro ovéfeni
této skutetnosti jsme zvolili kvantitativag citlivéjsi metodu nez Western blotting - ELISA test.

Buitky MOLT-4 byly ozafeny davkami 0,5, 1, 1,5, 3 nebo 7,5 Gy a analyza byla
provedena v ¢ase nastupu fosforylace p53, ti. 2 h po ozafeni. MnoZstvi nefosforylovaného p53
se zvy$ilo. MnozZstvi fosforylované formy na Ser’ se vak zvysilo dramaticky a ze ziskanych
dat vyplyva, e 2 h po ozéfeni je fosforylace p53 na Ser'” déavkové zavisla, a to predeviim

v oblasti nizkych davek do 3 Gy (obr. 10).
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Obr. 8. MOLT-4. lonizujici zaFeni indukuje fosforylaci
p53 a Mdm2. Protein p53 je upregulovan po davkéach 1,5 a 3
Gy s maximem za 4 h. Davka 7,5 Gy pisobi jeho maximaln{
upregulaci 1 - 2 h po ozéfeni. Nasledné je p53 fosforylovan
na Ser””. Po davkich 1,5 a 3 Gy dosahuje fosforylace
maxima za 6 h. Davka 7,5 Gy plisobi rychleji a intenzivnéjsi
fosforylaci s maximem za 4 h po ozéfeni. Negativni regulator
p53, onkoprotein Mdm?2, je fosforylovan na Ser'®®. Casovy
priibéh a dosaZend maxima této aktivace koreluji s fosforylaci
p33. Grafy vyjadfwi denzitu jednotlivych proteinovych skvin
Western blottingu uvedenych na obr. 3 v zavislosti na Case po
ozareni. JOD, integrovana opticka denzita.
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fosforylace také neni davkoveé zévisla. Biodozimetricky
nejperspektivngidi se jevi fosforylace p53 na Ser™ (viz
obr. 10). Grafy wvyjadiuji denzitu jednotlivych
proteinovych skvin Western blottingu v zavislosti na
davee 1Z. Uvedeny jsou reprezentativinl Western bloty ze
ti nezavislych experimentil. /OD, integrovand optickd
denzita.
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Obr. 10. MOLT-4. Fosforylace p53 na Ser'” po ozdfeni je davkové zavisla. Buniky byly ozafeny a zlyzovany, jak je indikovano. Experimenty
byly provedeny 2 h po ozéafeni. (A) ELISA. MnoZstvi nefosforylovaného p53 se zvysilo jen nepatrng. Mno#stvi fosforylované formy na Ser'® se
viak zvySilo davkove zavislym zplsobem. (B) Western blotting. Data ziskand Western blottingem koreluji s vysledky ptedchozi analyzy. Graf
vyjadfuje denzitu jednotlivych proteinovych skvrn Western blottingu v zavislosti na davce IZ. Uvedeny jsou reprezentativni Western bloty ze t#
nezéavislych experimenti. IOD, integrovana opticka denzita.

41



5.1.4 Vliv kofeinu na fosforylaci proteinu p53

V dal§ich experimentech jsme studovali efekt kofeinu — nespecifického inhibitoru
ATM, ktery byl k buttkdm MOLT-4 pfidan 30 min pied ozafenim. Studovali jsme predevsim
vliv kofeinu na expresi proteinu p533 a jeho fosforylace, kterd je po ozaieni ATM-
dependentni. Builky byly vystaveny 2mmo/l kofeinu, IZ (ddvce 1 nebo 3 Gy) & jejich
kombinaci a zlyzovany za 2, 4, 16 nebo 24 h.

Protein p53 byl po obou studovanych davkach upregulovén jiz 2 h po ozafeni.
Maximalni hladina p33 byla detekovana za 16 h. Jeho mnoZstvi se 24 h po ozafeni sniZilo.
Kofein samotny i v kombinaci se zafenim pusobil pokles mnoZstvi p53 oproti ozafené
skuping piedeviim 2 a 4 h po ozafeni. IZ plsobilo ve viech sledovanych Casovych intervalech

fosforylaci p53 jak na Ser'®, tak na Ser’™

. Maximalni hladina obou fosforylovanych forem
p53 byla detekovéna za 4 h, pozdéji se jejich mnoZstvi sniZilo. Nase vysledky prokazaly, Ze
inhibice ATM kofeinem vyznamné tlumi fosforylaci vyvolanou obéma davkami ve vSech
casovvch intervalech (obr. 11 a 12).

V navaznosti na ATM-p53 signalni drahu jsme téZ zkoumali inhibién{ efekt kofeinu na
protein p21. Po ddvce 1 Gy byl protein p21 detekovan velmi slabé za 16 h po ozafeni.
Nejvy§8i mnozstvi bylo prokazano za 24 h. Davka 3 Gy zpiisobila upregulaci p21 také za 16 h
ovSem intenzivnéj§i neZ po davee 1 Gy a za 24 h jiz byl patrny jeho pokles (obr. 11).

Kombinovany efekt kofeinu a IZ se projevil také na trovni indukece apoptozy. Fragment
nukledrniho laminu B byl nalezen 16 h po ozafeni davkou 1 Gy a po davee 3 Gy dokonce

velmi slabé i za 4 h. Preinkubace s kofeinem pak méla opét za ndsledek ¢asteénou inhibici

tohoto §t€peni, a to u obou pouZzitych davek, 16 a 24 h po ozafeni (obr. 11).
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Obr. 11. MOLT-4. Kofein inhibuje fosforylaci p53. Butiky byly ovlivnény kofeinem, ozafeny, zlyzovany a analyzovany, jak je indikovano.
Kofein tlumi expresi p53 a déle inhibuje ATM-dependentni fosforylaci na Ser'” a na Ser’®. Patrnd je také inhibice upregulace proteinu p21 a
kaspasového St€peni laminu B v kombinaci s ob&éma pouzitymi davkami. Uvedeny jsou reprezentativni Western bloty ze t¥{ nezavislych
experimenti.
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Obr. 12. MOLT-4, Kofein inhibuje fosforylaci p33. Paty je pokles obou fosforylaci jak
Ser’, tak na Ser””. Grafy vyjadfuji denzitu jednotlivych proteinovych skvim Western-
blottingu uvedenych na obr. 11 v zavislosti na ¢ase po ozafeni. JOD, integrovana optickd

denzita.
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5.2 Vliv zareni na indukci apoptozy v burikach HL-60 a MOLT-4

5.2.1 Vzestup Mcl-1 po nizkych davkach zareni

Mcl-1 je antiapoptoticky protein a spolu s ostatnimi antiapoptotickymi &leny rodiny
Bel-2 zvySuje pravdépodobnost pfeZiti builky vystavené apoptotickému stimulu tim, Ze
udrZuje mtegritu mitochondridlni membrany.

Buriky HL-60 byly ozafeny davkou 6 Gy. Nejprve jsme pozorovali vzestup mnoZstvi
Mcl-1 6 h po ozafeni a poté nasledoval jeho pokles mezi 16 a 24 h po ozafeni. V tomto &ase je
u bunék HL-60 indukovan vyrazny G2 blok (obr. 23). Apoptoza je maximaln{ za 48 - 72 h po
ozateni. Pozdé&ji (po 72 h) se mnozstvi Mcl-1 opét zvysilo a za 144 h dosahlo urovné
kontrolnich bungk (obr. 13A a 14). Velka &ast bun&k sice umird apoptdzou, ale mala Cast
bunék poskozeni oprévi a za 144 h jsou po davce 6 Gy detekovany pouze butiky 7ivé.
Apoptotické buiiky se rozpadaji a apoptdéza neni indukovana, coZ bylo potvrzeno detekci
§té€peného laminu B.

V neozafenych butikach je tento strukturdlni protein pfitomen v jadie jako molekula o
hmotnosti 68 kDa. 17 pisobi jeho kaspasové St€peni na 48 kDa fragment. Po davee 6 Gy
dojde za 72 h k obnoveni buné¢ného cyklu, coZ se projevi narlistem Mecl-1 a poklesem
§tépeného laminu B a t-Bid (viz niZe).

Po davce 20 Gy (supraletdlni) pak dochdzi k rapidnimu poklesu Mcl-1 za 4 h po

ozafeni a nasledng je §t&pen lamin B (6 h po ozéafeni).

5.2.2 Aktivace Bid na proapoptoticky t-Bid

Protein Bid (22 kDa) je proapoptoticky ¢len rodiny Bel-2 rodiny a je §tépen aktivni
kaspasou-8 na tzv. t-Bid (fruncated Bid; 15 kDa), ktery pfispiva k desintegraci
mitochondrialni membrany a vzniku transportniho péru.

U bunék HL-60 jsme prokézali, Ze protein Bid je $t€pen na aktivni fragment t-Bid a
nasledné je indukovéna apoptéza. t-Bid byl detekovan mezi 16 a 48 h po ozafeni davkou 6
Gy. Po 72 h se mnozstvi t-Bid sniZilo a za 144 h jiZ nebyl pfitomen Z4dny t-Bid a detekovali
jsme pouze 22 kDa formu, coZ korelovalo s Ubytkem fragmentovaného laminu B a schopnosti
bunék reparovat poskozeni vyvolané subletalni ddvkou (obr. 13A a 14).

Po letalni davee 20 Gy jsme pozorovali §tépeny t-Bid jiZz 1 h po ozafeni a doslo také
k narGstu mnozstvi 22 kDa formy. VSechny testované letdlni davky (10, 20 a 50 Gy)
zpusobily §tépeni tohoto proteinu 4 h po ozafeni a mnozstvi jak Bid, tak t-Bid se zvy$ovalo

s rostouci davkou (obr. 13A a 14),
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U bunék MOLT-4 jsme nedetekovali t-Bid ale jen celou molekulu Bid. Pozorovali
jsme pokles mnozstvi 22 kDa formy, pravdépodobné z divodu Stépeni vedoucimu ke vzniku
t-Bid, ktery ovSem v burikach tohoto typu nebyl detekovatelny.

Davka 1,5 Gy zpUsobila pokles mnoZstvi Bid za 16 h po ozéfeni, aviak malé Cast byla
detekovatelna i za 24 h. Dévka 3 Gy zptisobila podobny pokles za 16 h, ale za 24 h jiz Bid
nebyl prokazan. Letdlni davka 7,5 Gy pak vyvolala rychly pokles Bid a po 6 h jiZ nebyl
detekovatelny (obr. 13B a 15).

5.2.3 Uveolnéni cytochromu ¢ z mitochondridlni matrix do cytoplazmy

7 celobunééného lyzatu jsme izolovali mitochondridlni frakeci a hodnotili jsme
mnoZstvi cyt-c pfitomného v mitochondriich pfed a po ozareni.

Mitochondrie bunék HL-60 byly izolovany 16 h po ozafeni davkami 2,5; 5; 7,5 a 10
Gy a lyza byla provedena v ¢ase, kdy Bid byl subletalni davkou roz$tépen na aktivni t-Bid a
mohl pisobit na integritu mitochondridlni matrix. Zjistili jsme, Ze uvolnéni cyt-c do
cytoplazmy v tomto asovém obdobi plisobi pouze davka 10 Gy (obr. 11). Davky do 7,5 Gy
indukuji jeho uvolnéni pozdg&ji.

Na druhou stranu 16 h po ozafeni letdlnimi ddvkami jsme pozorovali totalni uvolnéni
cyt-c, a proto jsme provedli stejny experiment jiZz 4 h po ozéfeni. I v tomto ¢ase po ozafeni 10,
20 a 50 Gy je jiz Bid §tépen na t-Bid, ale pouze davky 20 a 50 Gy plisobily celkové uvolnéni
cyt-c z mitochondrie a davka 10 Gy nezptisobila téméf Zadny pokles (obr. 16).

Buiky MOLT-4 jsme nejprve ozéiili davkou 7,5 Gy scilem sledovat dynamiku
uvolnéni cyt-c. Pozorovali jsme tbytek cyt-c v mitochondridlni frakci mezi 4 a 16 h po
ozafeni (obr. 17). Bid byl u téchto bunék §tépen na t-Bid mezi 6 a 16 h, a proto jsme izolovali
mitochondrialni frakci 12 h po ozafeni. Po ozafeni davkami 1, 2, 3, 5 a 10 Gy jsme zjistili, Ze
cyt-¢ je uvoliiovan do cytoplazmy s vyraznou davkovou zavislosti (obr. 17), ktera naznaduje,

7e 1 tento protein by bylo moZné vyuzit pro biodozimetrické uéely v oblasti vysSich davek.
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Obr. 13. Ionizujici zdFeni piisobi pokles Mcl-1 a Bid. Buiky byly ozafeny, zlyzovany a analyzovany, jak je indikovano. Uvedeny jsou
reprezentativni Western bloty ze tif nezévislych experimentd. (A) Buiiky HL-60. Po ozdfeni davkou 6 Gy nikoliv po dévee 20 Gy mnozstvi
Mcl-1 nartistd, pozdé&ji klesa s nastupem apoptozy (potvrzena detekei tépeni nuklearntho laminu B). Pfed indukei apoptozy je Bid (22 kDa)}
Stépen na proapoptoticky t-Bid (15 kDa). Po subletdlni davce dojde za 72 h k obnoveni bunééného cyklu, coZ se projevi narfistem Mcl-1 a
poklesem t-Bid a $tépeného laminu B. (B) Buiiky MOLT-4. Stejng jako u bunék HL-60 dochdzi po cytostatické a subletalni (1,5 a 3 Gy) nikoliv
po letdlni davee (7,5 Gy) k inicidlnimu narfistu mnoZstvi Mcl-1 (viz obr. 15). S nastupem apoptdzy jeho mnoZstvi klesa. Pokles plné formy Bid
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(22 kDa) koreluje s nastupem apoptozy (potvrzena detekei $tépeni nukledrniho laminu B).
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Uvolnéni cyt-c z mitochondrii {4 h) Uvolnéni cyt-c z mitochondrii po ozafeni (16 h})
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Obr. 16. HL-60. Uvelnéni cyt-c z mitochondridlni matrix po
C -t_ C ozareni, Buriky byly ozafeny, zlyzovany a mitochondridln{ frakce
y byly izolovany, jak je indikovano. Uvolnéni cyt-¢ z mitochondrii
je Casové zavislé na davce. Po davkich 20 a 50 Gy dochézi
0 10 20 30 Gy k uvolnéni velmi rychle (4 h po ozafeni). Davka 10 Gy indukuje
4 h - jeho uvolnéni za 16 h oviem davky mensi nez 10 Gy aZ pozdéji.

Uvedeny jsou reprezentativni Western bloty ze til nezavislych
experimenti. Grafy vyjadiuji denzitu jednotlivych proteinovych
1 6 h e skvrn Western blottingu v zavislosti na davee. /0D, integrovana
opticka denzita.
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Uvolnéni cyt-c z mitochondrii po ozareni (7,5 Gy)

Uvolnéni cyt-c z mitochondrii po ozafeni (12 h)
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t Obr. 17. MOLT-4. Uvolnéni cyt-c z mitochondrialni matrix po

Cy _C ozareni. Buiky byly ozéfeny, zlyzovany a mitochondrialni frakce

byly izolovany, jak je indikovano. Po davce 7,5 Gy dochazi

Y. JaKk J

16 24R kuvolnéni mezi 4 a 16 h po ozafeni. Za 12 h po ozafeni je

| dynamika uvolnéni davkove zavisla. Uvedeny jsou reprezentativni

7,5 Gy Western bloty ze ti nezévislych experimentld. Grafy vyjadiuji

denzitu jednotlivych proteinovych skvin Western blottingu

0 1 % 3 10 Gy v zavislosti na davce. /0D, integrovana opticka denzita.
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5.2.4 Aktivace inicia¢nich kaspas-8 a -9

ktera je zodpovédna za §tépeni a aktivaci molekuly Bid. Buiiky HL-60 jsme ozafili davkou 6
Gy a detekovali jsme aktivni kaspasu-8 (obr. 18). Inaktivni proforma (57 kDa) byla §tépena
ve funkéni kaspasovou podjednotku (18 kDa). Toto $tépeni bylo prokézano po 16 h, tedy
v Sase, kdy byl §té€pen Bid (obr. 13A).

kaspasa-8 kaspasa-9
0 6 16 24 48h 0 6 16 24 48h

Wwwwmw,pq,?

100
=< 80
O —¢— prokaspasa-8
o
—_ - -#- -kaspasa-8
S 40- .
2 ——prokaspasa 9;
ﬁ 20 4
I : : . ;
0 6 12 18 24 30 36 42 48

Gas po ozafeni [n]

|

Obr. 18. HL-60. Aktivace inicianich kaspas po ozafeni. Buiiky byly ozéfeny, zlyzovany a
analyzovany, jak je indikovano. Po ozafeni davkou 6 Gy jsme detekovali aktivni kaspasu-8.
Inaktivni proforma (57 kDa) byla $tépena ve funkéni kaspasovou podjednotku (18 kDa). Toto
§t€peni bylo detekovédno po 16 h, tedy v &ase, kdy byl §tépen Bid (obr. 13A). Pokles
prokaspasy-9 byl zaznamenén s c&asovym zpoZdénim (24-48 h).Graf vyjadiuje denzitu
jednotlivych proteinovych skvin Western blottingu v zavislosti na ¢ase po ozafeni. /0D,
integrovana optickd denzita.

Také u bunék MOLT-4 korelovalo $tépeni kaspasy-8 se sniZenim mmozstvi Bid. Po
davece 1,5 Gy byla detekovéana aktivni podjednotka za 16 h po ozafeni. KdyZ jsme zvyéili
davku na 3 nebo 7,5 Gy byla tato detekovéna za 6 nebo 4 h (obr. 19 a 20).

52



-------

aktivace je podminéna pfitomnosti uvolnéného cyt-c v cytoplazmé, jelikoz tento se udastni
tvorby tzv. apoptosomu, ve kterém dochazi k maturaci kaspasy-9. Prokaspasa-9 je molekula o
velikosti 47 kDa a jeji aktivni podjednotka ma 17 kDa. V naSich experimentech jsme méli
k dispozici protilatku, ktera detekovala epitop piitomny pouze na prokaspase-9 a kaspasu-9
jsme povazovali za aktivai v momenté, kdy se mnoZstvi jeji inaktivni (plné) formy sniZilo.

K tomu doslo u bunék HL-60 po davce 6 Gy za 24 aZ 48 h po ozéfeni (obr. 18). Mezi
aktivaci kaspasy-8 a kaspasy-9 byl interval minimalné 8 h.

Naproti tomu u bun¢k MOLT-4 jsme pozorovali simultanni $t€peni kaspasy-9, které
Casove korelovalo s aktivaci kaspasy-8. Po davee 1,5 Gy se mnozstvi prokaspasy-9 mirné
sniZilo 16 h po ozafeni a po davece 3 Gy doslo k tomuto sniZeni za 6 h a po davee 7,5 Gy za

4 h (obr. 19 a 20).

kaspasa-8 kaspasa-9

0051 2 4 6 18 24h 0051 2 4 6 18 24h
=1 57

T A A AR o g 947

1,6 Gy

3:0 Gy -”w-’:‘im S — S A e
755Gy Fm————— _————

Obr. 19. MOLT-4. Aktivace iniciaénich kaspas po ozafeni. Builkky byly ozaieny,
zlyzovany a analyzovany, jak je indikovano. Po ozafeni viemi dévkami jsme detekovali
simultdnni aktivaci kaspasy-8 a pokles prokaspasy-9. Uvedeny jsou reprezentativii Western
bloty ze tfi nezavislych experimenti.

53



Hladina prokaspasy-8 po ozafeni Hladina kaspasy-8 po ozafeni
120 - 1,5 Gy 400 - 415Gy
310(} Crt i PR SR . —0—30Gy —_
= e —te=—7,5 Gy Cal
o 80 o
o e
g 60 I
= 2
5 5
= m
x 20 o
0 —— P _
0 6 12 18 24 0 6 12 18 24
Cas po ozafeni [h] Cas po ozareni [h]
Hiadina prokaspasy-9 po ozéfeni Obr. 20. MOLT-4. Aktivace iniciaénich kaspas po
120 - ozafeni. Grafy vyjadiuji denzitu jednotlivych proteinovych
skvrn Western blottingu uvedenych na obr. 14 v zédvislosti na
g 100 ¢ase po ozafeni. JOD, integrovana opticka denzita.
o 804
o
= 80
|
2
E 40 4
¥ 20-
Q0 - '
0 6 12 18 24
Cas po ozareni [h}

54




5.2.5 Apoptéza v buiikach HL-60

Nejprve byla u obou linii provedena studie proliferaéni kinetiky po ozafeni. Na obr. 21
je znazomén efekt 17 v dévkach 0,5 - 10 Gy na schopnost proliferace bungk HL-60. Po
ozafeni davkami 0,5 a 1 Gy dochazi pouze k malému zpomaleni ristu bunék vzhledem ke
kontrolnim (neozafenym) buiikdm. Po davee 2 Gy je pokles proliferacni aktivity patrny (48 -
96 h). Bunky ozafené davkami 3,5 a 5 Gy proliferovaly jen velmi malo. Davka 10 Gy byla
letdlni a vedla ke smrti vSech bunék v prib&hu 72 hin po ozafeni.

Pro detekci apoptdzy u bun€k HL-60 bylo pouZito Ctyf riznych metod: morfologicka
identifikace apoptotickych bunék, méfeni obsahu DNA, detekce antigenu APO2.7 (7A6) a
kaspasového Stépeni laminu B. Obr. 22A porovnava mmnozstvi apoptotickych bunék
v procentech ziskané morfologickou identifikaci a detekci APO2.7-pozitivnich a sub-Gl
bunék 6 h po ozafeni.

Prvni metoda vyuZivd hodnoceni cytospinovych preparat. Jako apoptotické jsou

identifikovany buiiky s kondenzovanym a fragmentovanym jadrem a vy&nélky (blebbingem)

Kinetika proliferace po ozareni
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S 250 - —¢— 00
S
F 200 O— 05
3 A 1,0
2 150 -
S —_—— 2,0
H - ¥ - 3,5
S 50 -
o —f— 50
0 : :
9 5 24 48 72 95 — 10,0
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Obr. 21. HL-60. Vliv ionizujiciho zafeni na kinetiku proliferace. Builky byly ozafeny
uvedenymi ddvkami a obarveny Trypanovou modif. Pocitany byly Zivé (nebarvici se) bunky.
Jednotlivé body pfedstavuji primérnou hodnotu ze (i nezdvislych experimenti.
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na bunééné membrané. Za 6 h bylo po ozai'eni davkou 10 Gy 11 %, po dévce 20 Gy 49 % a
po ddvce 50 Gy 81 % bunék apoptotickych (1 % v kontrolni skuping).

Pro detekci apoptotickych bunék jsme pouZili pritokové-cytometrické méfeni obsahu
DNA a hnoceni podle tzv. sub-G1 piku, ktery odpovida mnoZstvi apoptotickych bun€k. Za 6 h
bylo po ozafeni davkou 10 Gy 1 %, po davce 20 Gy 32 % a po davee 50 Gy 48 % bunék
apoptotickych (0 % v kontrolni skupiné).

Indukce apoptozy

------ Diff-Ouick
A 100 - * a

—e— APOZ.T

—0— sub-G1

Apopticke huiky [2]

o 14 20 30 40 a0
Davka [Gy]

Lamin B ¢ 10 20 506y
- = 4 h

Obr. 22. HL-60. Srovnani metod detekee apoptotickych bunék 6 h pe ozareni. Buiky
byly ozafeny davkami 10, 20 nebo 50 Gy a pocet apoptotickych bun&€k byl stanoven
v indikovanych ¢asovych intervalech. (A) Kvantitativni detekce. Apoptotické buriky byly
stanoveny morfologicky barvenim Diff-Quick, poté byly méfeny pritokovou cytometrii
pomoci analyzy DNA obsahu (sub-G1 pik) a dale byly uréeny jako APO2.7-pozitivni. Kazdy
bod reprezentuje primeér znejméne tii nezavislych experimentll. (B) Western-blotova
detekce. Analyza St€peni jadern€ho laminu B. Tento protein (68 kDa) je po ozafeni a
nasledné indukci apoptézy kaspasové §tépen na pfisludny fragment (48 kDa). Uvedeny jsou
reprezentativni Western bloty ze tff nezavislych experimentd.
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Pro urCeni apoptotickych bun€k jsme dale pouzili detekei antigenu APO2.7 (opét
pomoci priutokové cytometrie). JelikoZ je tento antigen lokalizovan na mitochondrialni
membrané apoptotickych bun€k, musi byt cytoplasmatickd membrana stanovovanych bunék
permeabilni, aby mohlo dojit k rekei protilatky s antigenem. V pozdni fazi apoptdézy maji
buitky propustnou cytoplastmatickou membranu vlivem apoptotické degradace a jedna se o
butiky tzv. pozdn& apoptotické. Casné apoptotické buiiky si jedts zachovavaji integritu
bunééné membrany a je nutné ji uméle permeabilizovat (napf. digitoninem). Po vysokych
davkach dochazi k indukei apoptdézy srychlym nastupem, a proto jsme pouzili metodu
s permeabilizaci. Za 6 h po ozaieni bylo po ozéfeni davkou 10 Gy 6 %, po davce 20 Gy 33 %
a po davee 50 Gy 60 % bunék apoptotickych (5 % v kontrolni skuping).

DNA analyza
0 6 24 48 72h

A=0% A=1% A=T7T% A=3% A=62%

4 4 — - 4
G1=44%// G2=16% G2=85% G2=50% G2= 14 %

0 6 24 43 72h

A=0% A=12% Af48% A=87%

206y |-

G‘I“‘ %

G2 12%

Obr. 23. HL-60. Analyza bunééného cyklu po ozareni. Buiiky byly ozafeny a obsah DNA
byl stanoven pomoci pritokové cytometrie v ¢asovych intervalech, jak je indikovano. Davka
6 Gy plsobi oddélenou apoptézu. Za 24 h se buiky akumuluji v G2-fazi a apoptoza je
indukovana za 48 - 72 h po ozafeni. Davka 20 Gy naproti tomu puasobi rychlou apoptozu,
neindukuje G2 blok a vét§ina bungk umird do 24 h po ozéfeni. A - buriky apoptotické (tzv.
sub-G1 buitky); GI, Sa G2 - buiiky v G1-, S- a G2-fazi. Uveden je reprezentativni zdznam
analyzy obsahu DNA z 10° bungk.
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Dal# metodou potvrzujici indukci apoptézy bungk HL-60 byla detekce jaderného
proteinu laminu B (obr. 22B). Fragmentovany lamin B byl nalezen 4 h po davce 50 Gy a malé
mnoZstvi bylo detekovano i po davee 20 Gy. Tato davka indukovala $t€peni laminu B
prokazateln® 6 h po ozafeni. Davka 10 Gy v tomto Case St€peni laminu B neindukovala. Po
davee 6 Gy byl nalezen $t&p laminu B 24 h po ozéfeni. Maximalni $t€peni bylo pozorovano za
48 h, poté (72 h) do¥lo k poklesu a za 144 h po ozéieni jiz fragmentovany lamin B nebyl
detekovan, jelikoz apoptotické butiky se rozpadaji a detekovany jsou pouze Zivé buniky, které
byly schopné opravit zafenim indukované pogkozeni. Na druhou stranu po ddvee 20 Gy byla
indukovana rychld apoptéza a tedy i rychlé $t€peni tohoto proteinu za 6 h (obr. 13A).

Obr. 23 ukazuje rozdil mezi indukei apoptdzy bungk HL-60 po ozafeni nizkymi (6 Gy)
a vysokymi davkami (20 Gy). Jedna se o pritokové-cytometrické stanoveni obsahu bunééné
DNA. Po davee 6 Gy je za 6 h pouze 1 % bun&k apoptotickych. Za 24 h je indukovdn vyrazny
G2 blok (85 % bundk) a apoptéza nastupuje az za 48 h po ozafeni. Proto je tato bunétna smrt
oznatovéana jako odddlena apoptdza. Naproti tomu po ddavee 20 Gy je za 6 h apoptotickych jiZ
12 % bungk. Bufiky se akumuluji v G1-fazi (47 %), ke G2 bloku nedochazi a za 24 h je u

majoritni ¢asti bunék (87 %) indukovéna apoptoza.

5.2.6 Apoptéza v buiikich MOLT-4

Obr. 24 znazomiuje vliv 17 v davkach 0,2 - 7,5 Gy na schopnost proliferace bun&k
MOLT-4. Po ozafeni davkami do 0,5 Gy dochazi pouze k nepatrnému zpomaleni ristu bungk
vzhledem ke kontrolnim (neozifenym) buiitkam. Dévka 0,2 Gy dokonce za 72 h proliferaci
potencuje. Po davkach 0,7 - 1 Gy je patmy pokles proliferaéni aktivity (48 - 72 h) a davka 1,5
Gy plsobi na butiky cytostaticky. Davky 3; 5 a 7,5 Gy byly supra/letalni a vedly ke smrti
viech bunék v pribéhu 72 h po ozéfeni.

Pro detekei apoptézy u bunék MOLT-4 bylo pouZito &tyf riznych metod: detekce vazby
annexinu V, méfeni obsahu DNA, detekce antigenu APO2.7 a detekce kaspasového Stépeni
laminu B. Obrazek 25A porovnava mnoistvi apoptotickych bunék v procentech ziskané
pritokové-cytometrickon detekei annexin-pozitivnich, APO2.7-pozitivnich a sub-G1 bungk
24 h po ozafeni davkami 10, 20 nebo 50 Gy.

Prvni metoda vyuziva detekce vazby annexinu V na fosfatidylserin pomoci priitokové
cytometrie. Expozice fosfatidylserinu na plazmatické membrané svéd¢i o jeji porusenosti a je
znamkou apoptotického procesu. Touto metodou jsou detekovany bunky &asné i pozdné
apoptotické. Za 24 h bylo po ozéfeni davkou 1,5 Gy 31 %, po davece 3 Gy 77 % a po davce
7.5 Gy 94 % bunék apoptotickych (0 % v kontrolni skuping).
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Pro detekei apoptotickych bunék jsme pouzili pratokové-cytometrické méfeni obsahu
DNA a hodnoceni podle tzv. sub-G1 piku, ktery odpovida mnozstvi apoptotickych bungk. Za
24 h bylo po ozéfeni davkou 1,5 Gy 9 %, po davee 3 Gy 15 % a po ddvee 7,5 Gy 18 % bunék
apoptotickych (2 % v kontrolni skupinég). Pro ur€eni apoptotickych bunék jsme dale pouzili
detekci antigenu APO2.7 (opét pomoci prutokové cytometrie). V téchto pokusech jsme
pouzili metodu bez permeabilizace a za 24 h bylo po ozafeni davkou 1,5 Gy 26 %, po ddvce 3
Gy 67 % a po davce 7,5 Gy 91 % bunék apoptotickych (0 % v kontrolni skuping). ProtoZe je u
bun¢k MOLT-4 (na rozdil od bun¢k HIL-60) béhem indukce apoptzy bunéénd membrana
rychle permeabilizovéna, poskytuje metoda detekce annexinu V 1 APQ2.7 témé&F shodné

vysledky.

Kinetika proliferace po ozafreni
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Obr. 24. MOLT-4. Vliv ionizujiciho zireni na kinetiku proliferace. Buniky byly ozafeny
uvedenymi davkami a obarveny Trypanovou modii. Poéitany byly Zivé (nebarvici se) buriky.
Jednotlivé body pfedstavuji primérnou hodnotu ze i nezavislych experimenti.

Dalsi metodou potvrzujici indukei apoptézy bunék MOLT-4 byla detekce jaderného
proteinu laminu B (obr. 25B). Data ziskand pomoci Western blottingu potvrzuyi, Ze apoptéza
byla indukovéna mezi 6 a 16 h v zavislosti na ddvce 17, jelikoz fragmentovany lamin B byl

nalezen 16 h po davce 1,5 Gy a malé mnoZstvi bylo detekovano 6 h po davee 3 nebo 7.5 Gy.
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Zajimavé je, Zze po ozafeni letalni davkou 7,5 Gy nedoslo ke Stépeni laminu B dfive neZ po

ozafeni subletalni davkou 3 Gy (tedy za 6 h), ackoli na rozdil od 7,5 Gy bylo toto §tépeni

méné intenzivnéjsi (obr. 13B).
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Obr. 25. MOLT-4. Srovnani metod detekce apoptotickych bunék 24 h po ozareni. Buriky
byly ozafeny davkami 1,5; 3 nebo 7,5 Gy a pofet apoptotickych bunék byl stanoven
v indikovanych &asovych intervalech. (A) Pritokové-cytometrickd detekce. Apoptotické
buriky byly stanoveny APOPTESTem (DakoCytomation) jako annexin V-pozitivni, poté byly
méfeny pomoci sub-G1 piku analyzy DNA obsahu a dale byly uréeny jako APO2.7-pozitivni
(bez permeabilizace). Kazdy bod reprezentuje primeér z nejméné i nezavislych experimenttl.
(B) Western-blotova detekce. Analyza $t€peni jaderného laminu B. Tento protein (68 kDa)
je po ozaFeni a ndsledné indukci apoptozy kaspasové §tépen na plisludny fragment (48 kDa).
Uvedeny jsou reprezentativni Western bloty ze tf nezavislych experimenti.
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6 DISKUSE

6.1 Zarenim aktivovand ATM-dependentni signalizace v busikdich MOLT-4

Dodnes jsou proteiny fungujici jako senzory poskozeni DNA savéich bunék pievaing
neidentifikovany a mechanizmy, kterymi tyto molekuly pfevadé&ji signal poskozeni DNA na
ATM, stale ¢ekaji na detailni objasnéni. Bakkenist a Kastan (2003) v praci na fibroblastech
predpokladaji, Ze dvojité zlomy DNA (DSB) zpisobuji lokalni zménu struktury chromatinu,
coz ma za nasledek aktivaci ATM. Ta je aktivovana zejména v souvislosti se vznikem DSB,
kdezto dalsi formy poskozeni DNA jako jsou vznik UV-radiaci indukovanych fotoproduktd ¢i
zastaveni replikacni vidlicky aktivuji ATR. Neddvné studie ukdzaly, ze ATM a ATR vykazuji
selektivni substratovou specifitu pfi odpovédi na rizné formy poskozeni DNA (IHelt et al.,
2005). ATM se vaze na chromatin obklopujici DSB, zatimco ATR se akumuluje v mistg
jednoduchych zlomi DNA (Bakkenist & Kastan, 2003).

Nase prace ukazala, Ze buriky MOLT-4 (p53-wt) vykazuji stejnou odpovéd’ po expozici
1Z jako fibroblasty, tj. fosforyluji ATM a Chk-2 velmi rychle po ozafeni. Zjistili jsme, Ze
ATM byla fosforylovana €asné po ozafeni a munoZstvi této fosforyvlované formy se od 2 h
postupné snizovalo (za 4 aZ 6 h doslo k vyraznému poklesu). Pozdé&ji (po ozafeni viemi
testovanymi davkamti) jiZ nebyla fosforylovand ATM detekovana vibec. Diivodem je fakt, Ze
ATM je degradovéna je$t€¢ pred fragmentaci DNA béhem apoptézy a pak dochazi
k predominanci DNA-PK. To je v souladu s vysledky Mukherjee et al. (2006), kteff prokazali,
ze H2A X (jeden z hlavnich histond fosforylovany ATM b&hem prvnich minut po ozéfeni) je
v pozd&jsich fazich apoptdzy fosforylovan vyhradné prostfednictvim DNA-PK, zatimco ATM
je pro tento proces postradatelnd.

Dvé dalsi kinasy, checkpoint kinasa-1 a -2 (Chk-1, Chk-2), se nekoncentruji okolo mista
poskozeni DNA, ale pfena$i signdl dal tim, Ze se rychlou diftzi $if{ po celém jadie. Chk-1 a
Chk-2 jsou strukturalné nepfibuzné, ale pfesto funkéné se pfekryvajici serin/threoninové
kinasy. Chk-1 je labilni protein, aktivni i pfi neporuSeném bun&éném cyklu, jelikoZ hraje
dilezitou rolt vudrZovani Cdc25C fosfatasy v pohotovostnim stavu pro odpovéd na
poskozeni DNA tim, Ze ji fosforyluje na Ser*'® behem $- a M-faze (Kaneko et al., 1999; Zhao
et al., 2002). Naproti tomu Chk-2 je relativné staly protein, ktery pfi odpovédi na radiaéni
poskozeni DNA kontroluje bunétny cyklus a pfi absenci tohoto podkozent je inaktivai (Lukas

et al., 2001). Nicméné nové poznatky ze specifickych genetickych studii nazna¢uji, Ze Chk-1
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a nikoliv Chk-2 je jedinou relevantni checkpoint kinasou pro tzv. cilenou protinddorovou
1é¢bu (Xiao et al., 2006).

Matsuoka et al., (2000) demonstrovali na fibroblastech, Ze fosforylovand ATM nésledné
fosforyluje Chk-2 na Thr®®. V praci Tichy et al. (2007) jsme ukézali, Ze za 0,5 h po ozafeni
davkou 1,5 a 3 Gy se mnoZstvi aktivni ATM zvy3uje, nicméné je signifikantn€ niZsi neZ po
davee 7,5 Gy. Pfesto je 1 toto malé mnozZstvi dostacujici k tomu, aby byla aktivovana Chk-2,
jejiz fosforylaci jsme prokazali také b&hem 0,5 h po viech pouZitych davkach.

K prvotnim zménam probihajicim v dusledku vzniku DSB dochazi v chromatinu
obklopujicim poskozené misto. V mist¢ DSB je jeden z chromatinovych proteinf, histon
H2A X, fosforylovan ATM rychle (v minutich) po ozéfeni (Rogakou et al., 1998). Tato
fosforylace se dale §ifi po sousedicim chromatinu. Na modifikovany chromatin se pak vazi
daldi proteiny, napf. 53BP1, a vznikaji loZiska, do kterych se translokuje cela fada proteini
souvisejicich s reparaénimi a smrticimi pochody. Mezi proteiny, kieré kolokalizuji s
fosforylovanym H2A.X vtzv. lozizcich neboli focich (IRIF) patii zejména proteiny
souvisejici s aktivaénimi a reparaénimi pochody - ATM, Mrell, Rad 50 a Nbsl (proteiny
reparainiho komplexu MRN), Mdcl, 53BP1 a BRCA1 (Bekker-Jensen et al., 2006). Tyto
proteiny jsou schopny obklopit DSB ve viech fazich bunééného cyklu. Interakce v3ech té€chto
proteintl jsou esncidlni pro reparaci DSB. Proteiny dileZité pro zastavu bunééného cyklu jako
p53, Cdc25A fosfatasa, Chk-1 a -2 se v aktivované formé neakumuluji v misté DSB, ale jsou
aktivovany uvolnénou aktivni ATM. Napiiklad fosforylace p53 se objevuje také brzy po
ozafeni, avSak disperzné po celém jadfe buiiky (Bekker-Jensen et al., 2006).

Tvorbu IRIF jsme pozorovali v koafokdlnim mikroskopu jiz 2 minuty po ozafeni
davkou 1,5 Gy, za 72 h byla jiz vétSina bunék bez IRIF, aviak v n&kterych butikdch
pretrvavala nereparovand loZiska. Zde je nutno poznamenat, Ze apoptotické butiky pii
zpracovani vzorkd neadheruji dobfe na mikroskopické sklicko, v&tsina jich je béhem barveni
ziracena a tato analyza je zachyti pouze sporadicky. Naproti tomu pomoci metody westen
blot, ktera zpracovava celobunééné lyzaty z kompletni bunééné populace, jsme nejveétsi
fosforylaci YH2A.X pozorovali za 24 h, tedy v dobé indukce apoptdzy.

ATM také kontroluje aktivaci dalsich komponent reparaéniho apardtu buiiky, komplexu
Mrell/Rad50/Nbsl. Gatei et al. (2000) poukazali na to, Ze defekty ATM brani fosforylaci
Nbsl a 7e tato fosforylace je podminkou normaélni radiosensitivity bunék. Je zndmo, Ze defekt
v Nbslgenu (plisobici vyfazeni funkce reparacniho proteinu Nbsl) zpisobuje podobné
symptomy jako defekt ATM (Varon et al., 1998). Onemocnéni je znamo jako Nijmegen
Breakage Syndrom. Prokazali jsme, Zze ATM 1 p53 jsou v buiikach MOLT-4 funkéni (Tichy et
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al., 2007). Nésledné jsme prokazali, 7e¢ nemodifikovany (nefosforylovany) Nbsl je ve
zminénych bufikéch ptitomen bez ohledu na to, zda jsou i nejsou ozéfeny. Nedetekovali jsme
viak fosforylovanou formu Nbsl na Ser’®. Navic se zd4, ¢ mno¥stvi nefosforylovanych
MRN proteinti klesa s rostouci davkou a 1 h po ozéfeni supraletilnimi ddvkami (5 — 10 Gy)
nebyly tyto detekovany viibec. N&které genetické studie (Resnick et al., 2003; Chryanowska
et al., 2006) ukazaly, Ze mutace Nbs/ genu jsou spojeny s vy3§im rizikem vyskytu malignit a
ze tyto mutace mohou hrat dileZitou roli u relapsu akutni ymfatické leukemie. Uvedena data
souhrnné podporuji  hypotézu, Ze navzdory funkéni ATM neni reparace zafenim
indukovaného poSkozeni DNA u bun€k MOLT-4 dostatecna. Jednim z divodt mizZe byt
§patna funkce Nbsl a z toho vyplyvajici zvySena radiosensitivita.

Po ozafeni davkami 1 - 10 Gy jsme zaznamenali pokles viech tif komponent MRN
komplexu za 1 h. Na druhou stranu jsme za 1 h po ozafeni stejnymi davkami detekovali nardst
fosforylované formy H2A.X na Ser™. Tato fosforylace je kritickd, jelikoz bez
fosforylovaného H2A.X nedochézi k efektivnimu rozpoznani a/nebo reparaci DSB (Pilch et
al., 2003). MnoZstvi yH2A.X je v neozdfenych buitkach minimalni a po davkach 1,5 a 3 Gy
stoupa jiz v prvnich hodindch po ozafeni. Masivni fosforylace vSak byla detekovdna aZ
v pozdégjSich €asovych intervalech, kdy byla indukovana apoptédza a podle prace Mukherjee et
al. (2006) je tato pozdni fosforylace zavisla na DNA-PK a nikoliv na ATM. Tuto doménku
podporyji i nade vysledky, jelikoZz aktivini ATM jsme pozorovali pouze do 6 h po ozafeni;
pozdéji aktivni ATM nebyla detekovana.

Poskozeni DNA ve form¢ DSB indukované 17 vede k okamZité aktivaci ATM, kterad se
podili nejen na regulaci reparace DNA ale také na regulaci bunécného cyklu a pievadi signal
dal aZ na nadorovy supresor, protein p33. Je dobfe znamo, Ze p53 disponuje ochrannymi
funkcemi jako je stimulace excize vadnych nukleotidt ¢ indukce zastavy bunééného cyklu
v Gl-fazi (pfes dalsi genové produkty), kterd poskytuje €as nutny pro opravu poskozené
DNA.

V kontrastu k t€émto protektivhim funkcim stoji fakt, Ze p53 se téZ zapojuje do indukce
apoptozy, 1 kdyZ pouze v uréitém typu bunék (Ljungman, 2000). Prace Nakano et al. (2001)
ukazala, Ze radiaci indukovana apoptoza v buiikach MOLT-4 je plné zavisla na p53. Ob&
studované kinasy (ATM 1 Chk-2) spoletné piispivaji k precizni kontrole dileZitého &lanku
zachranného tymu buiiky - proteinu p53.

JelikoZ p53 pisobi jako transkripéni faktor pro fadu gent zprostfedkovévajicich bud
zastavu bunééného cyklu, nebo indukei apoptézy, sehrava kritickou roli v udrZovani

genomové integrity tim, Ze po vystaveni buiiky uréitému stresu brani propagaci poskozené
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DNA. Nakano et al. (1999) a Szkanderova et al. (2003) se domnivaji, Ze mnoZstvi p53 musi
pfesdhnout uréity prah, aby byla indukovana apoptéza.

Exprese protein p53 byla stimulovana 1 h po ozafeni cytostatickou a subletlni davkou
(1,5 a 3 Gy). Letalni davka indukovala p53 velmi rychle (b&hem 0,5 h, coZ byl i &as aktivace
ATM a Chk-2). Tato rychlost odrazi naléhavost stavu v bufice po vzniku rozséhlého
poskozeni DNA. Je potfeba rychle indukovat dostateéné velké mnozstvi p53, aby bylo mozZno
zastavit bun&&ny cyklus a pokusit se o reparaci poSkozeni ¢ spustit apoptdzu. Po ,spinéni
ukolu“ byl p53 degradovdn pomoci Mdm?2, jehoz maximalni fosforylace byla pozorovana
podle davky 17 kolem 4 h po ozafeni.

Ovgem pouha upregulace p53 nestaéi. Aby spravné fungoval, musi byt tento protein
posttranslaéné modifikovan. C-konec p53 slouZi jako allostericky regulator. Fosforylace na
Ser’” lokalizovaném v této doméné zvysuje schopnost p53 vazat se na specifické sekvence

DNA (Criswell et al., 2003). Kascinkinasa 2 (CK2) fosforyluje p53 na Ser™”

, ale Claudio et
al. (2006) ukazali, Z¢ Cdk9 je schopna takovéto fosforylace nezavisle na CK2. Sakaguchi et
al. (1997) prokazali, Ze fosforylace na Ser’”? stabilizuje tetramerovou konformaci p53.
Tetramerovd konformace totiz usnadiiuje daldi fosforylaci na tzv. transaktivaéni domeéné,
ktera je pak 1épe pristupna a je kritickd pro spusténi transkripéni aktivity.

92 a tato fosforylace pietrvava

V této préci jsme prokézali, Ze p53 je fosforylovan na Ser
16 h po cytostatické nebo po subletalni ddvee a 6 h po letalni divee. Szkanderova et al. (2003)
ukazali, Ze davka 7,5 Gy zplsobuje v bunikich MOLT-4 fosforylaci na Ser'” a ob& tyto

2y se chovaji v ¢ase podobng - obé klesaji 6 h po ozéfeni.

fosforylace (Ser'® a Ser

Za fosforylaci na Ser'” jsou zodpovédné ATM ale taky ATR a DNA-PK (Shieh et al.,
1997; Tibbets et al., 1999; Helt et al., 2005). Tato fosforylace vede k prodlouzeni Zivotnosti
p53, jelikoz oslabuje interakei s negativnim regulatorem Mdm2, ktery inhibuje p53-
dependentni transaktivaci tim, Ze piispiva k degradaci p53 (Shieh et al., 1997)

V dalgich experimentech jsme fosforylaci p53 na Ser'” hodnotili pomoc] techniky ELISA.
Prokazali jsme davkovou zévislost této fosforylace 2 h po ozafeni, coz dosud u bun&k MOLT-
4 nebylo pozorovano. Skupina Bekker-Jensena (2006) se zabyvala podobnou problematikou
na osteosarkomové linii U208 a fibroblastech BJ a zjistili, Ze bufiky vystavené DSB-
generujicimu zdroji (laser, IZ) odpovidaji homogennim zvySenim fosforylované formy p53 na
Ser'®, ktery detckovali difizné v celém jadfe pomoci fluorescenéni mikroskopie. Na zékladg
nadich vysledkti mizeme doporudit detekci zmifiované formy p53 pro biodozimetrické tcely.

JelikoZ signifikantni ndrdst fosforylace na Ser’” jsme zaznamenali i na fytohemaglutininem
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stimulovanych lidskych T-lymfocytech zdravych ddrch ozétenych ex vivo (Vilasova et al.,

2008), jevi se tento potencidlni marker obdrZené davky 1Z jako velmi perspektivni.

6.2 Inhibice ATM-dependentni drahy kofeinem v busikdch MOLT-4

V radioterapii se &asto vyuZzivd nejen efektu samotného zafeni, ale i kombinace
s latkami, které dokazi potencovat cytotoxicky efekt IZ. Jednou z cest jak toho dosdhnout, je
zablokovat ATM a tim sniZit schopnost reparace poskozeni DNA. Moznym zpilisobem je
chemickd inhibice kofeinem, kterou jsme pouzili i v této praci. Pracovali jsme na lidské
leukemické T-lymfocytarni bunééné liniit MOLT-4 majici funk&ni protein p53 .

Chemickou inhibici ATM byla potlaena reparace DSB. Kofein je nespecifickym
inhibitorem ATM a ovliviiuje ATM-dependentni signalizaci. Po pfidani kofeinu a nasledném
ozafeni jsme se zabyvali zmé&nami proteinu p533. Sledovani fosforylace tohoto proteinu po
zablokovani ATM je vhodné pro uréeni funk&nosti signalni drahy spoudténé vznikem
dvojitych zlomt DNA (DSB), jelikoZ p53 se vyskytuje na konci této drahy.

Fosforylace p53 na Ser' je povarovéna za hlavn{ misto posttranslaéni modifikace
spojené s odpovédi na ozafeni, ktera vede k zastav€ bun&éného cyklu. Proto také po davee 3
Gy vznika vét§i mnoZstvi p53 fosforylovaného na Ser'® neZ po davee 1 Gy. Kofein tuto
fosforylaci po obou davkach inhiboval. Fosforylace na Ser’”” je vyznamné pro usnadnéni
funkce p53 jako transkripéniho faktoru a mnozstvi této formy bylo po ozafeni 3 Gy niZi nez
po ozateni davkou 1 Gy. Navzdory tomu, Ze tato fosforylace je fizena kaseinkinasou 2 (CK2),
pfidani kofeinu tuto fosforylaci opét tlumilo, coZ naznaluje, Ze a€ tato fosforylace podléha
CK2, neni zcela ATM nezavisla.

Po plsobeni kofeinu a nisledném ozafeni jsme téZ zaznamenali inhibici exprese
proteinu p21l/WAFI1/Cipl, ktery funguje jako inhibitor cyklin-dependentnich kinas a je
povazovan za vykonny ¢lanek ATM-p53 signélni drahy. Na druhou stranu, v podobné studii
(30 min pfed ozafenim 1,5 Gy byl podan 2 mmol/l kofein) provedené na lidskych
fibroblastech (Kaufmann et al., 2003) bylo publikovano, ze ATM-dependentnd fosforylace
p53 a transaktivace p21 je po ozéafeni k efektu kofeinu rezistentni. To podporuje hypotézu, ze
pusobeni kofeinu je vyrazné zavislé na typu ovliviiovanych bunék.

Nase vysledky dale prokézaly, Ze kofein také tlumi $t€peni laminu B v prvnich 24 h po
ozafeni. Neznamena to ale, Ze by byla apoptdéza vlivem kofeinu méné indukovdna. Jak
naznadila prace Vavrové et al. (2003), 5lo by o zkreslenou interpretaci dat, protoZe k apoptoze

po plsobeni kofeinu nedochaz{ v niz8{ mife, nybrZz je indukovéna az ve velmi pozdnich
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intervalech (3 - 6 dni po ozafeni), které nejsou ve vétsing studii sledovény, a jde o tzv. druhou
vinu apoptdzy.

Souhrnné se d4 fici, Ze kofein prokazatelné¢ inhibuje ATM-p53 signalni drdhu bunék
MOLT-4, coZ u nich vede ke sniZené inhibici cyklin-dependentnich kinas a néslednému

zkraceni G2 bloku, ktery je potfebny pro efektivni reparaci poSkozeni DNA.

6.3 Vyznam proteinii rodiny Bcl-2 v kontrole apoptézy leukemickych bunék

Mecl-1 je protein rodiny Bel-2 a pilsobi jako jedna z nejvySe postavenych molekul
v kontrole apoptozy a podpory bunééného pieziti tim, Ze v Casnych stadiich indukce apoptézy
brani uvolnéni cyt-¢c z mitochondri{ (Borner et al., 2003). Mcl-1 je sice funkéné blizkym
ptibuznym proteinu Bcl-2, ale strukturilné je znaéné odliSny. Poprvé byl izolovan
z diferencujicich se myeloidnich bunék (myeloid cell line-1), kde mu byla pfisouzena role
proteinu napomahajiciho bunéénému pieZiti. Od té doby se ukazalo, Ze se vyskytuje v celé
fadé tkani a malignich bungk (véetné CLL), kde je jeho exprese signifikantné zvySena a je
spojena s neschopnosti dosdhnout kompletni remise po cytotoxické terapii, jelikoz neni
indukovana apoptdza (Kitada et al., 1998; Saxena et al., 2004). Zajimavé také je, Ze mcidence
tumord je vy u transgennich mysich nesoucich Mcl-1 v porovnani s t&mi, které nesou Bel-2
a exprese Mcl-1 je obecné zvySena i u téch tumordy, které se podobaji lymfomiam (Kitada et
al., 1998; Saxena et al., 2004).

Princip antiapoptotické aktivity spociva ve skute¢nosti, Ze Mcl-1 vytvaii heterodimer
s proapoptotickym proteinem Bak a udrZuje jej tak v inaktivnim stavu. Jak prokdzal Willis et
al. (2005), Bak je aktivovan poté, co dalsi BH3-piibuzny proapopioticky protein Noxa
indukuje disociaci zminéného heterodimeru a umoZni mu tak pisobit na integritu
mitochondridlni membrany. Noxa, kromé toho Ze uvoliluje Bak, podnécuje také degradaci
Mcl-1 v proteasomu (Gélinas & White, 2007). Je nutno dodat, Ze Noxa jeSt¢ spolu
s proteinem Puma (ten plsobi pfes protein Bax) spadaji do skupiny genl indukovanych
proteinem p33; p53 je vyuZiva jako jednu z mnoha cest, kterymi reguluje osud buiky
(Nakajima & Tanaka, 2007).

Jednim z pozoruhodnych ryst Mcl-1 je rychlé regulace jeho hladiny, a proto je také
spojovan s regulaci apoptdzy vyvolané rychle se ménicimi ¢i nahlymi podnéty (Craig et al.,
2002). Vysledky této prace ukézaly, Ze Mcl-1 je v leukemickych liniich rychle upregulovén
nékolik hodin po ozafeni nizkymi davkami, a to i u bun€k HL-60 - tedy nezavisle na p53.
Pocatecni narfist mnoZstvi Mcl-1 je odpovédi na zafenim indukovany apoptoticky stimul a

butiky se tim brani spusténi apoptotického programu. ZvySeni Mcl-1 viak bylo doCasné
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s ohledem na to, Ze i niZ8f davky indukovaly v urdité &asti bunék apoptézu, a proto doslo
k jeho prechodnému poklesu. KdyZ se ale builkdm podatilo poskozeni DNA reparovat,
hladina Mcl-1 se opét zvysila. Je to proto, Ze Mcl-1 ma velice rychly obrat, v priméru je to
méné neZ 3 h (Yang et al., 1995; Schubert & Duronio, 2001; Balakrishnan et al., 2005). Svou
roli zde schravaji 1 proteiny transkripéni kontroly a proteinova stabilita ovliviiovana riistovymi
faktory a tzv. signdly pfeziti (Packham & Stevenson, 2005).

Ackoliv je rychly obrat Mcl-1 ve zdravych butikach typicky zaji§tovan z valné ¢asti
degradaci v proteasomu, je degradovan i jinak. S nastupem apoptézy je Mcl-1 velmi u¢inné
Stépen kaspasami (Clohessy et al., 2004). Kaspasové Stépeni inaktivuje jeho antiapoptotickou
funkci a zaroven pfeméiuje 40 kDa Mcl-1 v 35 kDa proapoptotickou molekulu (1), ¢imz je
aktivovéna pozitivni zpé€tna vazba vedouci ke zvySené kaspasové aktivaci (Jamil et al., 2005).
Proto Mcl-1 funguje jako molekularni vyhybka, kter je schopna zménit se z ,,bodyguarda® na
atentatnika™ pouhym proteolytickym $tépenim.

Jeho vyznam v3ak saha daleko do funkce imunitniho systému a je také ddleZity pro
spravny embryonalni vyvoj (Michels et al., 2005). Exprese Mcl-1 by mohla byt pouZita jako
informativni nastroj pfi rozhodovéni o 16¢bé nejrizngjsich forem rakoviny a potladeni funkce
Mecl-1 je atraktivni terapeutickou strategii u malignich, zanétlivych i infek&nich
onemocnénich, kde tento protein zastava klicovou tlohu jako apoptoticky supresor. Vzhledem
k tomu, Ze jeho pokles u studovanych leukemickych linii byl davkove€ zavisly, bylo by mozné
uvazovat 1 0 jeho vyuZiti v biodozimetrii.

Druhym ze skupiny proteinii rodiny Bel-Z, kterym jsme se zabyvali je proapoptoticky
protein Bid. Jeho §té€peni u bun¢k HL-60 po déivee 20 Gy jsme zaznamenali jiZ v prvnich
hodinéch po ozafeni. Naproti tomu Hosokawa et al. (2005} informovali, Ze ve stejné bunééné
linii byl Bid aktivovan pouze pit apoptdze indukované H,0,, ale pii apoptoze indukované IZ
ke Stépeni Bid nedochézi. Studovali viak pouze Casové intervaly do 6 h po ozafeni.
Hosokawliv tym pouZival davku 4 Gy; v naSi praci jsme kromé letalni davky ozatovali také
nizs$i davkou 6 Gy, a i po této davce byl Bid St€pen 16 h po ozafeni. Je tedy zfejmé, ze pfi
oddélené apoptdze, kterd nastdva u bunék HL-60 po ozafeni niZz$imi davkami, je Bid $tépen
ikdyZz az v pozdgsich Casovych intervalech. Hosokawa vysvétluje, Ze radiaci indukovana
signalizace je nezavisla na kaspase-8, protoZe jeji aktivita (na rozdil od kaspasy-3 a -9) 6 h po
ozafeni nebyla zvy$ena. Podle nis by toto vysvétleni bylo opodstatnéné pouze pokud by byla
zkoumdna aktivita kaspasy-8 i1 v dal8ich €asovych intervalech, protoZe podle naSich vysledka
byla aktivita kaspasy-8 6 h po ozéfeni sice také nulova, ale prokaspasa-8 byla po davce 6 Gy

Stépena aZ za 16 h s maximem za 48 h po ozateni.
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Také prace Kasahary et al. (2002) ukézala, Ze v buitkdch HL-60 je béhem apoptozy
indukované 1Z Bid §tépen na t-Bid. Na druhou stranu Gamett et al. (2007) informovali, Ze
aktivace Bid miize Casové piechazet aktivaci kaspasy-8 a byt tak na ni znan€ nezdvisla,
oviem tyto vysledky byly ziskany pii experimentech na osteosarkomové linii a navic po
indukei apoptdzy ligandou TRAIL (vngjsi cesta indukee) a nikoliv po gama-ozateni.

Vysledky tykajici se aktivace Bid, které jsme ziskali na bunéné linii MOLT-4, také
potvrzuji, ze¢ Bid je po expozici IZ §t&pen a 24 h po ozafeni dokonce dévkoveé zavislym
zplsobem. Aktivace Bid je viak ziejmé zavisld 1 na typu bunék.

S uréitosti vime, Ze proapoptotické proteiny jsou zapojené do regulace integrity
mitochondriélni membrany (Borner, 2003). Pravdou je, Ze =ziistiva otdzka, jakym
mechanizmem dochazi k uvolnéni mitochondridlnich proteini. Kim et al. (2000) ukazali in
vitro, 7e t-Bid funguje nezévisle na proteinu Bax, i kdyZ oba mohou pilisobit synergicky.
Navic se jim podatilo prokazat, Ze t-Bid disponuje schopnosti indukovat uvolnéni cyt-c,
oviem d&je se tak zplsobem nezavislym na mitochondridlnf transitnim poru, jelikoz t-Bid
(pfestoze byl pouzit ve vysokych koncentracich) neindukoval bobtndni mitochondrif
(swelling) ani zvy$eni permeability jejich membrany. Pfesny mechanizmus nenf dodnes znam,
ale je pravdépodobné, Ze daldi mitochondrialni faktory ¢i dalSf proapoptotické proteiny se
podileji na vzniku transportniho péru, ktery vSak neni specificky jen pro cyt-c, protoze i
mnohem vétsi molekuly mohou byt uvolnény (Kim et al., 2000).

V nadi praci jsme izolovali mitochondridlni frakei ozafenych bun¢k a zkoumali jsme,
zda a kdy je cyt-c uvolnén z mitochondrii do cytoplazmy. Cas izolace jsme zvolili podle
Stépeni Bid a pozorovali jsme pokles cyt-c v mitochondriich. Zajimavé bylo, Ze 4 h po ozafeni
bungk HL-60 davkou 10 Gy (t-Bid byl pfitomen jiz od 1 h po ozéfeni davkou 20 Gy) nedoslo
k uvolnéni cyt-c. To jsme pozorovali v daném Casovém intervalu az po davce 20 nebo 50 Gy.
Uvedené vysledky naznacéuji, Zze k uvolnéni cyt-c z mitochondrii pouhd pfitomnost aktivniho
proapoptotického t-Bid nesta¢f. Musi byt bud piekro¢eno urCité prahové mmnozstvi (které
miize vzniknout po ozafFeni vy$§i davkou), nebo se zapojujf jeste daldi molekuly, jak navrhuje
Kim et al. (2000).

Nebylo pfekvapenim, Ze i u bunék MOLT-4 dochézi k uvolnéni cyt-c do cytoplazmy,
ale jeho pokles v mitochondriich koreloval s davkou. Proto mize byt tento protein doporuden
jako potenciaini biologicky indikator obdrzené ddvky IZ pro biodozimetrické ucely.

Po expozici apoptotickému stimulu je cyt-¢ uvolnén z mitochondrie a miZe se spojit
s prokaspasou-9 (47 kDa) pouze pokud jsou piitomny dal§i faktory (Apaf-1, ATP aj.).
Prokaspasa-9 je pak Stépena na velkou (35 nebo 17 kDa) a malou (10 kDa) aktivni
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podjednotku na principu autoproteolyzy na Asp>*® (Liu et al., 1996; Li et al., 1997; Zou et al.,
1999).

Jest€ pied nekolika lety nebylo jasné, jakym mechanizmem dochazi k aktivaci
modulace a druha vyuZivala teorii dimeru a tzv. indukované proximity na povrchu komplexu
zvaného apoptosom. Muzio et al. (1998) navrhli model indukované proximity pro kaspasu-8 a
dnes jiZz fada studii (Chao et al., 2005; Pop et al., 2006) pfinesla dikazy podporujici tuto
dimerovou hypotézu. Aktivni kaspasa-9 pak $té€pi dalsi cystein-aspartatové proteasy jako jsou
kaspasa-3 a kaspasa-7, ¢imz je spuSténa kaspasovd kaskada vedouci k fizenému kolapsu
buiiky. Kromé autoproteolytického St€peni mulzZe byt vradmeci zp&tné vazby prokaspasa-9
St&pena in vivo kaspasou-3 na Asp> ' (Slee et al., 1999).

My jsme pozorovali u bun&k HL-60 pokles prokaspasy-9 48 h po ozafeni davkou 6
Gy, tedy se zpoZdénim 24 h viiéi kaspase-8. To je opét v rozporu s vysledky Hosokawa et al.
(2005), ktefi stanovili u bun&k HL-60 kaspasu-9 aktivni jiz 4 h po déavce 4 Gy. Zda se vSak, Ze
kaspasa-9 nebude pro mdukci apoptotické kaskady tak vyznamna, protoZe Marsden et al.
(2004) ve své praci na mySich hematopoetickych bufikdch (kaspasa-2 a -9 negativnich)
prokazali, Ze cyt-c mizZe byt uvolnén do cytoplazmy nezavisle na kaspase-2 a -9. Navic Ho et
al. (2004) piinesli dikaz, Ze urCité dosud nespecifikované apoptotické kaskady mohou obejit
apoptosom a aktivovat kaspasu-9 nezavisle na mitochondriich a Apaf-1. Apoptosomova cesta
je tudiz jen jednou z nékolika moZnosti jeji aktivace,

U bunék HL-60 predchazela aktivace kaspasy-8 poklesu mmnoZstvi prokaspasy-9.
Naproti tomu u bunék MOLT-4 probéhla konverze obou prokaspas-8 a -9 na aktivni
podjednotky po vSech testovanych davkéich simultdnn€. V obou liniich dochazi ziejmé
k aktivaci kaspasy-9 za odliSnych podminek, které jsou dany ne/pfitomnosti p53. Pokud se
v bunice protein p53 nenachazi, neznamena to, Ze by cyt-c nebyl uvolnén do cytoplazmy, ale
aktivita p53 (a pfitomnost dalSich proteinh napfiklad zrodiny Bcl-2, které transkripiné
reguluje) toto uvolnéni pravdépodobné podnécuje a napomaha Casnéjsi aktivaci kaspasy-9,
coZ je také ziejmé jeden z né€kolika faktori pfispivajicich ke sniZené radiorezistenci bunék
MOLT-4.

Nakano et al. (2001) oznaéili apoptdzu v ozéafenych buiikach MOLT-4 za zcela zavislou
na p53. Kuwabara et al. (2003) v3ak Zadny dikaz o nepostradatelnosti p53 v apoptdze
ozafenych bunék MOLT-4 nenasli. Naopak poukézali na vyznam aktivace SAPK/INK cesty,
ktera indukuje expresi receptoru smrti Fas. Hara et al. (2004) pak v praci provedené na

lidskych gliomovych buiikdch piinesli ditkaz o tom, Ze pH ztrdté p53 mlZe apoptézu
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indukovat ceramid vznikly st&penim kyselou sfingomyelinason. Navic p53 je pak eliminovan
ceramidovou signalizaci (upregulace ceramidasy a inhibice kyselé sfingomyelinasy).

Je vic neZ pravdépodobné, Ze existuje nckolik cest, které jsou schopné nezavisle
regulovat apoptozu a ndkteré funguji jaké zdlozni mechanizmy. V piipad€, Ze hlavni cesta

nemiize byt spusténa, aktivuj{ se daldi mechanizmy, které jsou jinak v klidovém stavu.

6.4 Indukce apoptozy v leukemickych burikdch

Smyslem naSich experiment(t na linii HL-60 bylo poukazat na dva odliSné zptsoby
indukece bun&ené smrti. Jedna se o tzv. premitotickou a postmitotickou apoptézu. Vzijemné se
ligi ¢asem, ve kterém se tato forma bun&iné smrti objevuje a dale specifickym prib&hem
bunéného cyklu. Davky 20 Gy a vys§i vedly k rychi¢ fragmentaci DNA, kiera se objevovala
jiz 6 h po ozafeni. Co se tySe bun&énc¢ho cyklu, ukdzalo se, Ze bufiky byly asynchronni a
vstupuji do apoptdzy z té faze cyklu, v niZ byly ozafeny, pted prvni mitézou (Vavrova et al.,
2001). Tento typ smyrti je klasifikovan jako interfazovéa neboli premitotickd apoptoza.

V kontrastu se zminénym typem apoptdzy je smrt bunék navozena po ozafeni davkami
do 10 Gy. Ta byla spojena s fragmentaci DNA, ktera byla patrnd az po vstupu bungk do
bun&&ného cyklu. Za 16 - 24 h po ozéfeni se bufiky synchronizovaly v G2-fizi. Maximélni
indukee apopt6ézy byla pozorovana az za 48 h po ozafeni a nésledovala po bloku v G2-fazi.
Tento fenomén byva klasifikovan jako reprodukéni smrt & postmitotickd apoptdza, nebot’
nové buitky hynou paralelné s bun&énym rdstem. Podobné chovani popsali Shinomiya et al.
(2000) na linii lidskych monoblastickych bunék 1J937.

Pro detekei apoptozy bun€k HL-60 byly vyuZity tyto metody: morfologické stanoveni
barvenych preparati (Diff-Quick), pritokové-cytometrické stanoveni obsahu sub-G1 frakce
DNA a mitochondridlniho membrénového proteinu protilatkou APO2.7, a Westemn-blotova
detekce laminu B. Srovnanim uvedenych metod 6 h po ozafeni vysokymi davkami dochazime
k pomérné dobré shodé. Po davce 10 Gy jsme pozorovali jen malé procento apoptozy
(morfologicky 11 %, sub-Gl-buiky 12 % a APO2.7-pozitivita 6 %). Davka 20 Gy
indukovala apoptozu vyrazné (morfologicky 49 %, sub-G1- buriky 32 % a APO2.7-pozitivita
33 %). Doplitkovou metodou byla Western-blotova detekce laminu B, pfi niZ byl detekovan
48 kDa fragment za 6 a 4 h po ozéafeni davkou 20 a 50 Gy. Po ddvce 6 Gy byl fragmentovany
lamin B detekovan 24 h po ozaieni. Jeho mnoZstvi pak dosahlo maxima za 48 h a nésledné
(72 h) pokleslo tak, Ze za 144 h od ozafeni jiZ apoptdza touto metodou nebyla prokdzana.

Vysledky této analyzy potvrzuji, Ze k indukci apoptdzy dochézi u buné¢k HL-60 po
déavkach do 10 Gy az poté, co se buiiky synchronizuji v G2-fazi, kde reparuji vzniklé
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poSkozeni. Na druhou stranu davky vyS3i nez 10 Gy indukuji rychly ndstup apoptézy bez
vstupu do G2-bloku. Navic §t€peni laminu B ¢asové dobfe koreluje s poklesem a naslednym
naristem hladiny antiapoptotického proteinu Mecl-1, coz odrazi fakt, Ze davka 6 Gy sice
pusobi apoptézu ve znaéném mnozstvi bunék, ale za 144 h v kultufe pieZivaji pouze Zivé
neapoptotické burky.

Zatimco builky HL-60 jsou pomérmné nediferencované, buitky MOLT-4 jsou odvozeny od
lidské T-bunééné leukémie a jsou vhodnym modelem pro studium molekuldarnich
mechanizmi zafenim indukované apoptézy u T-lymfocytd. Prace na p533 / mysich (Clarke et
al., 1993) ukazala, Ze protein p53 je dileZity pro indukei apoptézy jakozto odpovédi na
poSkozeni DNA. Nade vysledky spolu s publikacemi dai$ich autord (Nakano & Shinokara,
1999; Nakano et al., 2001) dokazuji, Ze akumulace p53 u bunc¢k MOLT-4 pfedchazi typickym
apoptotickym zménam jako jsou fragmentace DNA (sub-G1 pik), zmény mitochondridlni
membrany (APO2.7) a fosfolipidd plazmatické membrany (annexin V) a $tépeni jadernych
strukturdlnich proteint (lamin B).

Srovnavme-li mnozstvi apoptotickych bunék MOLT-4 v procentech stanovena tfemi
priitokové-cytometrickymi metodami 24 h po ozafeni ddvkami 1,5; 3 a 7,5 Gy, zjistime, Ze
urfeni mnozstvi annexin V-pozitivnich a APO2.7-pozitivnich bungk poskytuje piiblizné
stejné vysledky (24 h po ozéfeni byla plazmatickd membrana vétSiny bunék permeabilni).
Tieti metoda (hodnoceni sub-G1 bunék) poskytuje mnohem rozdilngj$i data. Po davkach 3 a
7,5 Gy jsme stanovili pfiblizné stejnou frakei €asné apoptotickych bunék (15 % a 18 %). Zda
se, 7ze butiky MOLT-4 rychle tvofi apoptotickd t€liska, rozpadaji se a pritokovy cytometer
pak hodnoti vysledné fragmenty jako tzv. debris neboli odpad.

Za 24 h byly skoro viechny bunky ozafené davkou 7,5 Gy APO2.7-pozitivni (bez
permeabilizace), jejich plazmatickd membrana byla permeabilni a byly apoptotické. Endlich
et al. (2000) informoval ve své praci na buiikkach MOLT-4, Ze pouze 24 % pfeslo do apoptozy
bez pokusu o bunééné deéleni po davee 4 Gy. VéEtiina bun¢k umird az po aberantnim déleni 18
aZ 30 h po ozdfeni. Proces konéf vznikem apoptotickych télisek a ke kolapsu bun€k dochazi
za 36 az 60 h po ozafeni (Endlich et al., 2000).

Dopliikovou metodou byla Western-blotova detekce laminu B, pfi niz byl detekovan 48
kDa fragment za 16 h po ozafeni cytostatickou davkou 1,5 Gy. Letalni a supraletalni ozafeni
indukovalo §tépeni laminu B dokonce jiz za 6 h po ozafeni a miZeme Fici, Ze mnozZstvi
vznikajiciho fragmentu je zdvislé na pouZité davce. Vysledky této Casové analyzy dobfe

koreluji s poklesem hladiny antiapoptotického proteinu Mcl-1.
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Obecné lze Fici, Ze indukece apoptdzy u bunék MOLT-4 (p53-wt) po expozici davkam
do 10 Gy je rychlejdi neZ u bungk HL-60 (p33-negativni). Buiiky MOLT-4 vykazuji znaénou
nesourodost v ¢ase indukce apoptdzy po expozici IZ a umiraji vétSinou tzv. mitotickou
apoptézou. Vysledky prace Vavrové et al. (2004) ukézaly, Ze u butiky HL-60 se po davce 5
Gy akumuluji zejména v G2-fazi. Na rozdil od bungk MOLT-4, pfitomnost v G2-bloku ma

vyrazny vliv na jejich radiorezistenci a do apoptézy vstupuji s maximem za 48 aZ 72 h po

ozafeni.
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7 SOUHRN HLAVNICH VYSLEDKU

e U bunék MOLT-4 jsme prokazali indukci ATM/Chk-2/p53 signalni dréhy, kterd je
aktivovana ¢asné po ozafeni. Navzdory funkéni ATM jsme vSak u téchto bunék
prokézali, Ze zde nedochdzi k fosforylaci Nbsl, dilezitého komponentu reparaniho
komplexu MRN. V disledku sniZené aktivace proteind MRN nedochazi k dostateéné
reparaci zafenim indukovaného poskozeni DNA, coZ pokladame za jeden z divodd
zvysené radiosenzitivity téchto bunék.

o U této linie se ndm podafilo prokdzat davkové zavisly vzestup fosforylace histonu
H2A.X na Ser'”. Dale jsme prokazali fosforylaci proteinu p53 na Ser', coz dosud u
bunék MOLT-4 nebylo pozorovano. Tento protein (resp. danou formu) jsme proto
navrhli jako potencialni marker vyuZitelny v biodozimetrii pro zpétny odecet obdrZzené
davky IZ.

e Buriky MOLT-4 vykazuji znaénou nesourodost v ¢ase indukce apoptdzy po ozafeni a
umiraji vétsinou tzv. mitotickou apoptoézou. Prokézali jsme aktivaci obou iniciacnich
kaspas-8 a -9 po pisobeni 1Z, ktera probiha simultanné.

e Naproti tomu buitky HL-60 podléhaji po nizkych davkach tzv. oddalené apoptdze,
které pfedchazi akumulace bun€k v G2 bloku nutna pro opravu poskozené DNA.
Druhou mozZnosti je rychld apoptdza, kterd je navozena supra/letdlnimi davkami
nékolik hodin po ozéfeni. V p53-negativnich buiikdch HL-60 dochazi nejprve k
aktivaci kaspasy-8 a pozd&i kaktivaci kaspasy-9. To naznaCuje, Ze pii radiaci
pfenos apoptotického signalu v p53-negativnich podminkach.

sV obou liniich po subletalni nikoli letalni davee mnoZstvi antiapoptotického proteinu
Mcl-1 nardstd a s nastupem apoptodzy klesd. IZ také indukovalo aktivaci
proapoptotického proteinu Bid a uvolnéni cyt-c.

e Prokézali jsme radiosenzibilizujici efekt kofeinu na buitky MOLT-4. Inhibice
ATM/Chk-2/p53 signélni drahy vede pfes sniZenou aktivaci proteinu p21 ke zru$eni
G2 bloku a zafenim indukované poskozeni DNA pak nemize byt efektivng opraveno.
Latky sniZujici schopnost nadorovych bun¢k reparovat radiaéni poskozeni jsou

potencialné vyznamné v kombinované terapii nadorovych onemocnéni.
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8 ZAVER

V této praci jsme se vénovali studiu molekuldrnich mechanizmt aktivovanych
ionizujicim zafenim (IZ) v lidskych nadorovych buitkdch. Hlavnimi metodickymi p¥istupy
byla SDS-elektroforéza s imunodetekei a pritokova cytometrie. Experimenty byly provedeny
na T-lymfocytarni leukemické linii MOLT-4, ktera exprimuje protein p53 (p53-wt) a na
promyelocytarni leukemické linii HL-60, kterd je p53-negativni. Pfi testovani klonogenity
MOLT-4 byla uréena hodnota Dg jako 0,87 Gy (davka sniZujici pocet pieZivajicich bunék na
37 %) a tyto bunky jsou relativng radiosenzitivni ve srovnéni s burikami HL-60, jejichZ Dg je
2,2 Gy (Vavrova et al., 2004).

17 zplsobuje dvojité zlomy DNA (DSB) a priméami molekulou odpovidajici na vznik
DSB a regulujici reparaci poskozené DNA je ATM-kinasa (ATM). Zabyvali jsme se
mechanizmy spojenymi s aktivaci (fosforylacl) ATM a jejich substratl checkpoint kinasy-2
(Chk-2), histonu H2A.X, proteinu p53 a jeho negativniho regulatoru Mdm?2 a dale proteiny
DNA repara¢niho komplexu Mrel 1/Rad50/NbsI.

Nage prace ukazala, Ze v burikdch MOLT-4 byla velmi ¢asné po ozafeni aktivovdna
ATM na Ser'?®! a také Chk-2 na Thr®®. Krétce po jejich aktivaci byl indukovan p33, ktery byl
fosforylovan na Ser’*?, co? usnadiiuje jeho vazbu na DNA a podporuje transkripéni aktivitu, a
déle na Ser'®, coZ tlumi interakei s Mdm?2. 17 také indukovalo autoregulatorni zp&tnou vazbu

166y ktery byl fosforylovan v dob& maximalni

v podobé aktivace onkoproteinu Mdm2 (Ser
fosforylace p53.

Velmi ¢asny krok v odpovédi na poskozeni DNA je fosforylace HZA X, ktery byl 1 h
po ozafeni detekovan pfedeviim imunocytochemicky pomoci konfokalni mikroskopie v misté
DSB, kde byl kolokalizovan s proteinem 53BP1. V ozafenych buiikach vSak nebyla 1 h po
expozici detekovana fosforylovand forma Nbsl a mnoZstvi nefosforylovanych reparacnich
proteint Nbs1, Mrell i Rad50 se po letalnich davkach sniZilo. Navzdory funkéni ATM neni
tedy reparace radiaéniho pokozeni DNA u bungk MOLT-4 dostatena, coZz miiZe byt jeden
z divodii zvy$ené radiosenzitivity téchto bun&k.

Pokud poskozeni DNA dosahne takové miry, Ze je nereparovatelné, je spusténa
programovand bun&tna smrt. U studovanych linif je patrny odliSny zpisob indukce apoptozy.
Apoptdéza ma u bunék HL-60 po ozafeni davkami nad 10 Gy rychly nastup a je prokazatelna

za 6 h. Po niz§ich davkach (do 10 Gy) pfechazi bunky do G2 bloku a pokousi se reparovat

vzniklé poskozeni. Apoptdza je pak navozena s maximem za 48 az 72 h po ozafeni. Buniky
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MOLT-4 se akumuluji v S- a Casteéné v G2-fazi a hynou pievaZné mitotickou apoptézou
v rozmezi 12 az 24 h po ozaieni.

Apoptoticky proces je kontrolovan zejména proteiny rodiny Bcl-2. Nase vysledky
ukdzaly, Ze vobou liniich po subletalni nikoli letdlni davce mnoZstvi antiapoptotického
proteinu Mcl-1 naristd a s nastupem apoptézy kiesa. 1Z také indukovalo aktivaci
1 ob& cesty indukce apoptozy (receptorova a mitochondrialni). Tuto aktivaci jsme pozorovali
v obou liniich a milZeme tedy fici, Ze byla nezévisld na pfitomnosti p53 v bufikach.
Zajimavym zjisténim vsak bylo, Ze v p53-negativnich butikach dochdzi k nejprve k aktivaci
kaspasy-8 a pozdéji k aktivaci kaspasy-9, kdeZto v p53-pozitivnich burikach jsou obé kaspasy
aktivovany simultanné. To naznacuje, Ze pfi radiaci indukované apoptdze zastava dilezitdjsi
roli kaspasa-8, kterd pomaha zprosttedkovat pfenos apoptotického signalu v p53-negativnich
podminkéch.

Kromé objasnéni nékterych molekularnich mechanizmt aktivovanych po ozéfeni bylo
dalezitym vystupem na8i prace zhodnoceni chovani proteind ucastnicich se této signalizace
v kontextu obdrzené davky. MnozZstvi fosforylované ATM se po ozafeni ve srovnani
s neozafenymi bunkami zvy3Suje, ale stejné jako fosforylace Chk-2 nejevi Zadnou davkové
zavislou odpovéd. Fosforylace H2A.X a kolakalizace s 53BP1 vykazuje davkovou zavislost
pfedeviim do 3 Gy. Fosforylace Mdm2 se sice po niZ§ich davkach (do 2 Gy) zvySuje, ale
vy$$i davky pak plsobi abytek fosforylované formy. Podafilo se ndm oviem prokazat, 7e
protein p33 (forma fosforylovand na Ser'”) reaguje na ozafeni davkové zavislym vzestupem
(v Case 2 h) a proteiny Mcl-1 a cyt-c reaguji na ozafeni davkoveé zavislym poklesem (za 16 a
12 h). Zejména protein p53, u kterého byla ovéfena dédvkove zavisla odpoveéd’ téZz metodou
ELISA, je tedy mozné doporucit jako potencidlni molekuldrni indikator vyuZitelny
v biologické dozimetrii pro zpémé uréeni obdrzené davky IZ.

Daéle byl na ozafovanych butikach MOLT-4 studovén vliv preinkubace s kofeinem (2
mmol/l). Prokédzali jsme inhibi¢ni efekt kofeinu na ATM-p53 signdlni drahu. Obé fosforylace
jak na Ser", tak na Ser’” byly vyrazné inhibovany. Diky tomu nedoilo prostiednictvim p33
k aktivaci proteinu p2l. Ten funguje jako inhibitor cyklin-dependentnich kinas a pfi jeho
sniZené expresi dochazi ke zruSeni G2 bloku, kiery je nutny pro efektivni reparaci radiacniho
poskozeni DNA. Kofein pouZity v koncentraci, pfi které neni pro buiiky toxicky, zvysuje
cytotoxické u€inky 1Z a je potencialni latkou vyuZitelnou pifi kombinované 1é¢bé nadorovych

onemocnéni.
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(Gamma irradiation of human leukaemic cells HL-60 and MOLT-4 induces decrease in Mcl-1
and Bid, release of cytochrome c, and activation of caspase-8 and caspase-9. International
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ABSTRACT
Purpose: Apoptosis is significantly contrelled by proteins of Bel-2 (B-cell lymphoma 2)

family promoting cell death or maintaining cell survival. We selected two representatives of Bel-

evatuate their function in ionising radiation (IR)-induced apoptosis in human leukaernic cell lines

diverging in p53 (TP33:imor;suppressor gene} status.

Materials and methods: 30ug of proteins of whole-cell lysates or 10 pg of mitochondrial

protein fractions were electrophoretically separated and analyzed by Western-blotting.

Results: Here we show th

both HL-60 (p53 null) and MOLT-4 (p53 wild type)

leukaemic cells the amount of Mcl-1 m;ﬁ ncreased after irradiation by sublethal but not by

lethal dose and later (when apoptosis occitred) it decreased in a dose-dependent manner.

Caspase-8 was cleaved and afterwards the amount of:Bid decreased as it was truncated. We also

found cyt-c release from the inner mitochondrial mem .space into cytopiasm to be dose-

dependent and it was followed by induction of apoptosis, Inghe p53-null cells caspase-8 was

activated prior caspase-9, whereas the cells harboring p33 exhibited a simultancous activation of

both initial caspases.

Conclusion: IR induced a decrease in Mci-1, activation of Bid.! spase-8, and -9, and

release of cyt-c. Presented data indicate that both extrinsic and intrinsic dpoptosis signalling

pathways were activated in HL-60 and MOLT-4 cells upon exposure to IR regardléss to:the p53

status.
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INTRODUCTION

Apoptosis is the key biological process for physiological death of eukaryotic cells. It is
conserved through evolution and programmed at the genetic level and is necessary for cell
recycling, normal tissue homeostasis and regulation of immune system (Vaux & Korsmeyer,

1999). Apoptosis is characterized by typical morphological changes and malfunctions in

PR !

apoptosis have been implicated in human discases including cancer, neurodegenerative disorders

and others (J acobsoqE £

1997; Price et al,, 1998). In spite of the fact that we do not fully

[ E RN R |

[

Ived in apoptosis, a key component is activation of caspases.

understand the mechanisms i

4

iy

This family of cystein-aspartafe ﬁxoteases participates in a cascade of events that result in
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cleavage of structural, nuclear an roteins and causes ultimate disassembly of a cell

{reviewed in Thornberry & Lazebnik, 199 aspases are the central element of executive stage

of apoptosis; nevertheless, regulation of ap is is executed by different factors. The proteins

of Bcl-2 family play the principal role and the major regulators of apoptosis signalling

gl

(reviewed in Kutuk & Basaga, 2006). The apoptotic path eading to caspase activation might
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be triggered by two diverse but partially overlapping mechanisms; either mediated by cell surface

receptors or by mitochondrial factors (reviewed in Adarmis, 2003). Under each scenaric an

initiation caspase is activated, such as caspase-§ in the case of redeptor-mediated pathway or

3

3

368 caspase-9 in the case of mitochondria-mediated pathway and they both.contribute to the cleavage
27

38 of executive caspase-3.
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S-phase, followed by cell cycle arrest in G2-phase with maximum from 16 to 24 hours after
trradiation. When exposed to the dose range of 3.5 - 10 Gy, the onset of apoptosis was delayed
and maximum of apoptotic HL-60 cells was detected 48 hours after irradiation (Vdvrova et al.,
2001). Therefore we used here low and high doses of IR to study expression of selected Bel-2
proteins during both rapid and delayed cell death. We also described apoptosis in MOLT-4 cells

previously. In contrast to HL-60, these cells undergo only so-called post-mitotic apoptosis.

Therefore we used only: 1 doses based on a proliferation rate test in our previous work {Tichy
et al., 2007) and we expose M LT-4 cells to cytostatic, sublethal, or lethal dose (1.5, 3.0, or 7.5

adiotherapy.

Gy, resp.), which are relevant

In this paper we focused on g sembers of Bel-2 (B-cell lymphoma 2) family. They

might be classified according to their strugtire and function: (1) Bel-2-like survival factors such

as Bel-2, Bel-x, (Bel-2-like protein 1), Bcl= 2-like protein 2), Mcl-1 (myeloid cell line-1);

(i) pro-apoptotic BH3-only (death factors co al ﬂgz-only Bcl-2 homology domain 3) such as

Bad (Bcl-2-associated death promoter), Bid (Bcl-2 homol

agonist), Bmf (Bcl-2-modifying factor), Noxa (derived,
PUMA (p53 up-regulated modulator of apoptosis); and (iii) pro "iaoptotic Bax-like factors such
as Bax (Bcl-2-associated X protein), Bak (Bcl-2 homologous mtag t killer), Bel-xg (Bel-xg,

pro-apoptotic splice variant) (reviewed in Borner, 2003). We evaluated ‘thejchanges of the anti-

ogy domain 3 interacting death

tin word for “damage”), and

i.e. in both HL-60 (p53 null) and MOLT-4 (p53 wild type: wt) cells upon irradiation.

-
”

-
-
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I . £ Deleted: g
‘: Cell cultures and culture conditions. The human promyelocyte leukacmia HL-60 cells

g and human T-lymphocyte leukaemia MOLT-4 cells were obtained from the American Type

7

E: Culture Collections (Manassas, VA, USA). The cells were cultured in Iscove’s modified

EE ‘ Dulbecco‘s medium (Sigma, St. Louis, MS, USA) supplemented with 20% fetal calf serum,

jiﬁ 0.05% L-glutamine, 150 UL/m! penicillin, 50 pg/ml streptomycin in a humidified incubator at 37

éj °C and controled 5% ¢ atft;osphcra. The cultures were divided every second day by dilution to

é¢lis/ml. The ceil counts were performed with a hemocytometer; the

PR
RS IR PR

& -

a concentration of 2 x 10_5;;‘

cell membrane integrity wasvd__g;t,é thined by using the Trypan blue exclusion technique. Cell lines

[ ad e

NS

p {Deieted: D

-~
-

at a distance of 1 m from the source. After the irradiftiorithe flasks were placed in a 37 °C

(S

o)

incubator with 3% CO, and aliquots of the cells were remoyed. at various times after irradiation

B B T N B B o s B N o I T
3T AT A (D

Py
Pt

for analysis, The cells were counted and cell viability was tetmined with the Trypan blue

Ay
[

34 exclusion assay.

a8 Electrophoresis and Western blotting. At various times afterdrradiation, the cells were

;c washed with PBS and lysed. Whole cell extracts were prepared by lysis it 300:u] of lysis buffer

an (137 mM NaCl, 10% glycerol, 1% n-octyl-B-ghicopyranoside, 50 mM NaF, 20 mM:Tis)pH=8, |

;;,3 mM Na;VQ, - all from Sigma, St. Louis, MS, USA - and 1 tablet of CompleteTM::%Mm Roche,

A% /{Deleted: D
44 Manheim,_GER). Mitochondrial fractions were obtained using Mitochondria Isolatio

Zﬁ (Pierce, Rockford, 1L, USA) according to the manufacturer’s guide. The lysates containing eq

amount of protein {30 pg of whole cell lysates and 10 pg of mitochondrial protein fractions) were

o

Cod BNy - O340
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loaded onto a 12% SDS (sodium dodecyl sulphate) polyacrylamide gel. After electrophoresis,
proteins were transferred to a PVDF (polyvinylidene difluorids) membrane (BioRad, Hercules,
CA, USA), and hybridized with an appropriate antibody {(anti-Bid - 1:1.000 from BD
Biosciences, Franklin Lakes, NJ, USA; anti-caspase-8 - 1:500 (detecting both full-length and

active), anti-caspase-9 - 1:250 (detecting only full-length) and anti-cytochrome ¢ oxidase IV

(COX IV) 1: 2.000 from Upstate, Chicago, IL, USA; ani-lamin B - 1:750 (Oncogene.

Cambridoe, MA,., USA- cl-1 - 1:1.000 and anti-B-actin - 1:10.000 from Sigma, St. Luis,

MS, USA; antincytochrol}qﬁcf 1:1.000 from NeoMarkers, Westinghouse, CA, USA). After

washing, the blots were inc aé Fiwith secondary peroxidase-conjugated antibody (1:1.000 -

1:10.000 from Dakeo, High Wycombe; TK}.and the signal was developed with ECL detection kit

P { Deleted: b )

RESULTS

After sublethal but not after lethal dose Mcl-1 exp ssion: initially increased, with onset of

apoptosis it declined,

Mcl-1 is an anti-apoptotic protein and together with nti-apoptotic members of Bcl-

2 family increases probability of cell survival by maintaining theé mitochondrial membrane
integrity, We irradiated HL.-60 cells by the sublethal dose of & Gy and at first we observed an

increase in anti-apoptotic Mcl-1 (40 kDa) after 6 hours post-irradiation. as followed by a

decrease at the time of induction of apoptosis between 16 and 24 hours post-irrat

(after 72 hours) the amount of Mcl-1 increased again and after 144 hours reached:the level of
non-irradiated cells (Figure 1A). Apoptosis was attenuated, which was confirmed by dé{qqﬁog f

fragmented nuclear protein lamin B. When HL-60 cells received the dose of 20 Gy (lethaljido
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there was no increase but a straight decrease in Mel-1 from 4 to 6 hours post-irradiation, which

LRy D

f was followed by cleavage of lamin B after 6 hours (Figure 1A, C).

; We tested expression of Mcl-1 in this cell line after irradiation by higher doses of IR (10,
7

?:’ 20, and 50 Gy). Four hours after irradiation by the dose of 10 Gy we observed an increase in
I

i Mcl 1, while the dose of 20 Gy caused a substantial decrease in Mcl-1 and after the dose of 50
Ei Gy we did not detect Mcl-1 at all (Figure 1A).

:é 3 -4 <cells to cytostatic, sublethal, or lethal dose (1.5, 3.0, or 7.5 Gy,
f/“i resp.}. The dose of 1.5 Gyr;,ééﬁ:‘scd an increase in Mcl-1. Tts maximal expression was found after 4

oy

hours after irradiation, then it declined and after 24 hours it was comparable to non-irradiated

o

o

10t gbserve any increase but after 16 hours (when lamin B

AL

cells. After the dose of 3.0 Gy we dig

was found to be cleaved) the amount of Mel:1 decreased and after 24 hours we detected only a

1)

[5

small amount of Mcl-1. The lethal dose induced straight decrease in Mcl-1 within 16

IR

hours after irradiation (Figure 1B, D). Takcn"ti();géthér 24 hours after irradiation the amount of

Mcl-1 decreased in a dose-dependent manner.

[ EEA SRS A

lonising radiation induced cleavage of Bid

L3 B3 e

:.i.ly and it is cleaved by

B

Protein Bid (22-kDa) is a pro-apoptotic member of Bcel-2.£
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(10, 20, and 50 Gy) caused cleavage of Bid 4 hours post-irradiation and the amount of both Bid
and t-Bid increased with the dose (Figure LA).

In MOLT-4 cells we did not detect t-Bid but just the whole molecule of Bid. We observed
a decrease in a 22-kDa form presumabiy due to its cleavage producing t-Bid, which was not
detectable in this type of cells.

The dose of 1.5 Gy caused a decrease in Bid after 16 hours post-irradiation but small

amount was detectable,_

fter 24 hours. The dose of 3.0 Gy caused a similar decrease after 16

hours post-irradiation but affémz_ﬁl hours no Bid was detected. The dose of 7.5 Gy caused a rapid

iation there was no Bid detected (Figure 1B).

Page 8 of 23

decrease and 16 hours after irt.

.- Deleted: g
-7 << FIGURE 1 >>§

Cytochrome ¢ was released from mitoch ! matrix into cytoplasm

To prove whether IR caused a releas yt-¢ from the mitochondrial matrix we isolated

a mitochondrial fraction of cells lysates and examined presence of cyt-c after irradiation.

At HE-60 the mitochondria were isolated 16 ho after irradiation by the doses of 2.5, 5,

7.5, or 10 Gy, in the time when t-Bid was observed after bicthal dose. We found out that cyt-

¢ is released into cytoplasm only after the dose of 10 Gy (Fi A). The doses up to 7.5 Gy

induced its release later (data not shown).
On the other hand, 16 hours after trradiation by the lethal dosg, 20, and 50 Gy) we

observed a total release of cyt-¢ (Figure 2A) and therefore we conducte .same experiment

already 4 hours after irradiation. Even in this early time Bid was cleaved into t-Bid buit’

doses of 20 and 50 Gy caused a total release of cyt-c from mitochondria and the dose’
caused just a slight decrease in cyt-c (Figure 2A).
MOLT-4 celts were initially irradiated by the dose of 7.5 Gy and we observed a decrease

in eyt-¢ in the mitochondrial fraction from 4 to 16 hours after irradiation (Figure 2B). As Bid was

E-mail: ffrb@ubnres.uforonto.ca URL: hitp:/imc.manuscriptcentral.com/fijrb
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1

; cleaved in these cells between 6 and 16 hours we chose the interval 12 hours after irradiation.

i The cells received the doses of 1, 2, 3, 5, or 10 Gy resp. We found out that cyt-c was released into

(: cytoplasm in a dose-dependent manner (Figure 2B).

7 1 Deleted: §
8 <" | «<FIGURE 2 >>Y
o N !

10 Both initial caspases -8 and -9 were activated

11

iz One of the initiation caspases involved in apoptotic signalling is caspase-8. It is

13

14 responsible for cleavagéiandactivation of pro-apoptotic Bid. We irradiated HL-60 cells by the

- agcs:

o

dose of 6 Gy and we fouxxld':é%igpase-S to be activated; i.e. a full-length molecule (57-kDa) was

S
{

[COREC TRt

cleaved into an active subunit.(18:kDa). This cleavage was observed 16 hours post-irradiation,

which was the time when we detecied t-Bid (Figure 3A).

In MOLT-4 celis cleavage of caspase-8 correlated with cleavage of Bid, too. After the

S R

dose of 1.5 Gy we detected an active sub aspase-8 16 hours post-irradiation. When we

R ot

23

increased the dose to 3.0 or 7.5 Gy the cleavagé,-,:_o caspase-8 occurred more rapidly, after 6 or 4

Ty

A 4

hours, resp. (Figure 3B).
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Another initiation caspase involved in apoptotic signalling is caspase-9. Its activation is

%1

:;):ﬁ conditioned by a release of cyt-c into cytoplasm because it p yates in formation of so-called
554)- apoptosome, in which procaspase-9 is maturated, Procaspase:9" (47-kDa) is cleaved in
25

36 apoptosome producing an active subunit (17-kDa).

s

;ﬁ A decrease in procaspase-9 was observed in HL-60 cells irradiated;'

between 24 and 48 hours post-irradiation. Therefore caspase-9 activalion cce
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dose of 1.5 Gy and a substantial decrease in procaspase-9 after the doses of 3.0 or 7.5 Gy was

observed after 6 or 4 hours, resp. (Figure 3B).

DISCUSSION
Various physical and chemical agents can induce cell death offering some promising

strategies for the treatment of cancer. One of the physical agents is gamma-radiation. It is known

to induce apoptosis, whichis regulated mostly by Bcl-2 protein family (reviewed in Borner,

2003). One of its membefs; “Mcl-1, acts as an apical mofecuie in control of apoptosis and

propagation of cell survival by~maintaining mitochondrial integrity via interaction with pro-

apoptotic parters. Mcl-1 is a close functional relative of Bcl-2 but seructurally different. It was

first isolated in a myeloid cell line, where itvas thought to play a transient role in promoting cell

survival, but has since been shown to be eXpres séd in various tissues and malignant cells, where

its expression is significantly associated with .afailure to achieve complete remission after

cytotoxic therapy (Saxena et al, 2004). Moreover, A blocks IR-induced apoptosis and
inhibits clonogenic cell death (Skvara et al., 2005). Interestingly, the incidence of tumours is
higher in mice expressing Mcl-1 transgene than in those expres ng Bcl-2, and also generally in

tumours such as lymphomas. Its anti-apoptotic activity is based he fact that it can create a

heterodimer with pro-apoptotic Bak, keeping it an inactive state. Wi al:.(2005) provided an

insight into this specific interaction, when reported that Bak is activafed through its Noxa-

dependent displacement from Mcl-1 (Noxa is another p53-inducible pro-apoptotic ms

Bcl-2 protein family). Dissociated Bak undergoes a conformational change and trazslocates to

mitochondrion and oligomerize with Bax to propagate apoptotic signal. Noxa also  ih 'cc_a'fs.fzE

{besides unleashing from Bak) degradation of Mcl-1 in proteasome (Gélinas & White, 2007)

Page 10 of 23
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E One of the remarkable features of Mcl-1 is its rapid regulation. Our results have shown
i that Mcl-1 was rapidly up-regulated several hours post-irradiation by a sublethal dase in both
5 MOLT-4 and HL-60 cells, thus independently on p53 status. An initial increase in Mci-1 was a
iﬁ response to IR-induced apoptotic stimulus and the cells tried to avoid triggering the programmed
;{ cell death. An increase in Mcl-1 was transient, because even a sublethal dose induced apoptosis
i

7" in a part of the cells and therefore we later observed a temporary decrease in Mcl-1. On the other
i3 :

j:’ hand, when the ce]lsmana d to repair DNA damage, the Jevel of Mcl-1 increased again. It is
”;'CE due to a very rapid turnov;f; is anti-apoptotic molecule. Typically, it is shorter than 3 -hours
’EQ (Yang ct ai., 1995; Schub(“:rt Pitronio, 2001; Balakrishnan et al., 2003). Although the rapid
5, turnover in healthy cells is largely cal by proteasome-mediated degradation, during apoptosis,

Mecl-1 is a very cfficient substrate for ases (Clohessy et al., 2004). Remarkably, caspase-

™3

(oS

catalyzed cleavage of Mel-1 simultaneou tivates the survival function of this protein and

converts 40 kDa Mcl-1 into 35/36 kDa cell fggig:_'aﬂ'fépromoting molecule (Jamil et al., 2005),

~\ P
R S e AR

g

activating a positive feedback loop that results in an in caspasc-activation (Michels et al.,

Lo B b B Pl R RS DG B RO Ty

D

2005). On the other hand, Kubota et al. (2006) showedon mice macrophages that Mcl-1

4
, depletion in IR-induced apoptosis was suppressed by a proteaso e inhibitor but not by caspase
:;iﬁ: inhibitor and they concluded that Mcl-i depletion was attributé‘lé Qilz;_lrrest of global protein
\;i synthesis.

;; Another member of Bcl-2 protein family is Bid. We observed cayage early after
:;‘ irradiation by the dose of 20 Gy. By contrast, Hosokawa et al. (2005) rcportea that

: Bid was activated only in H;0,-treated cells and in irradiated cells no Bid activafit

2 Hosokawa’s team was using a sublethal dose of 4 Gy; in our experimenis we ﬁsc

sublethal dose of 6 Gy and after this dose we found Bid to be cleaved 16 hours post—irradia;:i_on

a7

48
4

point of controversy arises, since both studies were performed on the same cell line. Hosokawa

Gy LI (0 Oy g
¥ .
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explains that Bid is not activated because IR-induced signalling is caspase-8-independent and in
irradiated cells caspase-8 (unlike caspase-3 and -9) activity was not observed. We argue that this
explanation would be well-founded only if caspase-8 activity would have been tested for a longer
time. We agree that there 1s no caspase-8 activity © hours after irradiation, but we detected active
caspase-8 subunit 16 hours after irradiation with maximum at 48 hours post-irradiation. Also a

work of Kasahara et al. (2002) has shown Bid to be cleaved during IR-induced apoptotic

signalling in HL-60 ¢cg 1. the other hand Barry et al. (2000) showed that granzyme B can

short-circuit the need for 'aés"gsc—S activity during granule-mediated cytotoxic T-lymphocyte

killing by directly cleaving Bid:“Moreover, Garnett ct al. (2007} published that Bid activation

may temporally precede caspase-8 act alion and hence may be caspase-8§-independent, but these

data were obtained during a study on hugidh, osteosarcoma cells and apoptosis was induced by

TRAIL (tumor necrosis factor-related apopt: ducing ligand) and not by IR. In our previous

work (Rezicovid et al., 2005) we studied the e eet’'ofiiTRAIL but not IR on Mcl-1 and Bid. Both

of these were cleaved and their amount significantly dé d in HL-60 cells after exposure ta

TRAIL. The current work shows the importance of Mcl:

apoptosis, which might contribute to a stronger effect of combinzed:therapy.

Despite some controversy about Bid, it is quite sure th

apoptotic protelns are

wediin Bomer, 2003).

involved in regulation of mitochondrial membrane integrity (rev

Nevertheless, we stiil debate about release of intra-mitochondrial protein .et-al. (2000) have

shown in vitro that t-Bid functions Bax-independently, although the two proteins tould act

synergistically. Moreover, they found that induction of cyi-c release by t-Bid

accompanied by permeability transition even at high doses of t-Bid. The exact mechanis

known, but probably other mitochondrial components or other pro-apoptotic members of B¢

protein family may be involved to form a unique type of pore. Notably, this type of pore is not

nd Bid decrease in IR-induced

-
’
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likely specific to cyt-c, since other inter-membrane proteins with larger motecular mass, such as

[SANN AN

sulfite oxidase, can also be released by -Bid (Kirm et al., 2000).
In this work, we isolated mitochondrial fraction of irradiated cells and examined whether

and when is cyt-c released from mitochondria to cytoplasm. The time of isolation was chosen

]

according to the cleavage of Bid and we observed a decrease in cyt-c in mitochondria.

o

e

]

Interestingly, 4 hours post-irradiation of HL-60 cells by the dose of 10 Gy we did not observe

{ak

AN

cyt-c release, despite gfithefact that t-Bid was already detected (after the dose of 20 Gy even

from 1 hour). Cyt-c releas¢conld be seen at the given time only after the dose of 20 or 50 Gy,

[PV WL S ST UL N AL T IO S T s B

suggesting that just the mere Pr.esénce of active t-Bid is not enough to induce opening of the

MR ARSI M

20¢ permeability transition pore in the p hondria but the amount of t-Bid must reach a certain
2Z threshold to induce a release of ¢yt-c int lasm or other molecules must be involved as Kim
P et al. {2000) proposed. Not surprisingly,' on induced cyt-c release also in MOLT-4 cells,
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procaspase-9 into a large active fragment (35- or 17-kDa) and a small;
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cleavage at As,p315 (Liu et al,, 1996; Liet al., 1997; Zou et al., 1999).
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proposed a model of “induced proximity” for caspase-8 and nowadays many studies (Chao et
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2005; Pop et al, 2006) proved that also caspase-9 is processed as a dimer via “induced
proximity” mechanism.

Cleaved caspase-9 further processes other caspase members, including caspase-3 and
caspase-7, to initiate a caspase cascade, which leads to cellular break-down. In addition to self-
cleavage, procaspase-9 also can be cleaved in vive by caspase-3 at Asp330. This process serves as

a positive feedback loop to amplify the apoptotic signal in the caspase activation pathway (Slee et

al., 1999). In our expe nts we worked with an antibody recognizing specifically the full-

length molecule of procasp; therefore caspase-9 activation was considered as a decrease in

procaspase-9. We observed a dgcréase in procaspase-9 48 hours post-irradiation of HL-60 cells

by the dose of 6 Gy (24 hours after ictiviation of caspase-8). This was again in contrast to the

results of Hosokawa et al. (2005) who ep rted activation of capsase-9 already 4 hours after

irradiation by the dose of 4 Gy, However, it $€ems that caspasc-9 is not of a crucial importance

for induction of apoptotic cascade, since Mars . (20043 generated caspase-2797 mice and

suggested that cyt-c release can occur independently of oth caspase-2 and -9. Moreover, Ho et

al. (2004) brought evidence that certain apoptotic casgades:can bypass the apoptosome and

activate caspase-9 independently of the mitochondria. Thus, dpoptosomal activation of caspase-9

seems to represent only one of the routes for its activation; other pathw some of which are yet
to be discovered, can bypass the requirement for Apaf-1 and activ _Lrﬁszpase@ in a tissue and

context specific manner.

CONCLUSION

Here we show that in both HL-60 (p53 nully and MOLT-4 (p53 wt) cells the amount gf*

Mecl-1 initially increased after irradiation by sublethal but not by lethal dose and in th;f;: later

stages (when apoptosis occurred) it decreased. We also show that IR induced cleavage of Bid and
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aenk

subsequent release of cyt-c from mitochondria, which preceded induction of apoptosis. Cyt-c was
released in pS3 null cells, but the cells harboring p53 likely use other proteins (transcriptionally

regulated by p53) contributing to earlier caspase-9 activation, which might be also one of the

RIS B o 4 IS SN A AV )

reasons of MOLT-4 radio-sensitivity. Activation of caspase-8 and caspase-9 was involved in both

o

of the cell lines but in HL-60 activation of caspase-8 occurred prior to activation of caspase-9

while in MOLT-4 cells we observed a simultaneous activation of these two caspases, Caspase-9

was activated but at the tirict time and under distinct conditions, which are given by different

p33 status. This suggests Eﬁé%‘j’linder the p33-null conditions caspase-8 is of a greater importance

O O

v o-

LE

in radiation-induced apopto

thanicaspase-9. This idea is supported also by the work of Afshar

N VT U Ot S S S o
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s

[

et al. (2006) who reported that in gljpzx.gi'a cslis IR relies on caspase-§ activity to help mediate p53-

h

By R OBE

IR

independent cell death.
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Presented data indicate that both jic and intrinsic apoptosis signalling pathways

PERRSY

were activated in HL-60 and MOLT-4 cells upen

3

exposure to IR and that activation of these

i .

RSk

pathways occurred regardless of p33 status.

i

2RI BRI DI BN

i
P b

REFERENCES

2O T f

Adams JM, 2003. Ways of dying: multiple pathways to apoptosis. Ge éDeveIopment 17: 2481-

2495,

b OE LR e D

Afshar G, Jelluma N, Yang X, Basila D, Arvold ND, Karlsson A, Yount G ansen TB, Koller

O R

E, Haas-Kogan DA. 2006. Radiation-induced caspase-8 mediates p 335§Er‘faépendent

apoptosis in glioma cells. Cancer Research 66: 4223-4232.

%

Balakrishnan K, Stellrecht CM, Genini D, Ayres M, Wierda WG, Keating MJ, ﬁeq_n’i-

Gandbi V., 2005. Cell death of bioenergetically compromised and transcriptlgna_ﬂj”

b OB A 1

challenged CLL lymphocytes by chlorinated ATP. Blood 105: 4455-4462.

e

T S S N S A N N I TP T
e o PR e o :

PE AN A

T

l¢s

H 511’ 3L O N O (1 0 on

Py
L

E-mail: ijrb@ubnres.utoronte.ca LURL: hitp://mec.manuscriptcentral.comfijprb



international Journal of Radiation Biclogy Page 16 of 23

Bamry M., Heibein J.A., Pinkoski M.I., Lee 8.-F., Moyer R.W., Green D.R., Bleackley R.C. 2000,
Granzyme B short-circuits the need for caspase 8 activity during granule-mediated
cytotoxic T-lymphocyte killing by directly cleaving Bid. Molecular and Cellular Biology
20: 3781-3794,

Borner C. 2003. The Bcl-2 protein family: sensors and checkpoints for life-or-death decisions.

Molecular Immunology 39: 615-647.

Chao Y, Shiozaki ENjiSrinivasula SM, Rigotti DI, Fairman R, Shi Y. 2005. Engineering a

dimeric caspase-9 evaluation of the induced proximity model for caspase activation.

Public Library of S(;1e =Biology 3: el&3.

Clohessy JG, Zhuang I, Brady HJ ._200'4; ‘haracterisation of Mcl-1 cleavage during apoptosis of
haematopoietic cells. British Jourpaliof Haematology 125: §55-665.
Garnett TO, Filippova M, DuerksemHﬁgh J: 2007, Bid is cleaved upstream of caspase-8

activation during TRAIL-mediated apép‘os it human osteosarcoma cells. Apoptosis 12:

1299-1315.

Gélinas C and White E. 2007. BH3-only proteins in C{gn‘gj pecificity regulates MCL-1 and

BAK-mediated apoptosis. Genes and Development

Ho AT, Zacksenhaus E. 2004. Splitting the apoptosome. Cell Cyé]q 23:446-448,

Hosokawa Y, Sakakura Y, Tanaka L, Okumura K, Yajima T, Kanek . 2005, Radiation-

induced apoptosis is independent of caspase-8 but dependent on chrome ¢ and the

caspase-9 cascade in human leukaemia HL60O cells. Journal of Radiation:

293-303.

Jacobson MD, Weil M, Raff MC. 1997. Programmed cell death in animal development: Lell 88

347-354.

E-mail: ijrb@uhnres.utoronte.ca URL: hitp/imc.manuscriptecentral.com/ijrb



Page 17 of 23 international Journal of Hadiation Biology

Tamil S, Sobouti R, Hojabrpour P, Raj M, Kast J, Duronio V. 2005. A proteolytic fragment of

Mcl-1 exhibits nuclear localization and regulates cell growth by interaction with Cdkl.

s B o P2

Biochemical Journal 387: 659-667.

Kasahara T, Koguchi E, Funakoshi M, Aizu-Yokota E, Sonoda Y. 2002. Antiapoptotic action of

o]

focal adhesion kinase (FAK) against ionising radiation. Antioxidants & Redox Signaling

4: 491-499,

Kim TH, Zhao Y, Barh MIT Kuharsky DK, Yin XM. 2000. Bid-induced cytochrome ¢ release is

mediated by a pathWiy; independent of mitochondrial permeability transition pore and

Bax. Journal of Biological Chemistry 275: 39474-39481.

SRy VRIS bR 3 R AN O Y

A, Takahashi S. 2007. Mcl-1 depletion in apoptosis

i Kubota Y, Kinoshita K, Suetomi K, ]
,} v

& elicited by ionizing radiation in pegjtoneal resident macrophages of C3H mice. Journal of

RS SN 0 T A TR S AU UL R P A St A T £ v - B
{ H 5

24 Immunology 178: 2923-2931.
& Kutuk O, Basaga H. 2006. Bcl-2 protein famil¢s: implications in vascular apoptosis and
27 ' '

atherosclerosis. Apoptosis 11: 1661-1675.

o Lo

Li P, Nijhawan D, Budihardjo I, Srinivasula SM, A‘l_mgd' Alnernri ES, Wang X. 1997.

o

(R

Cytochrome ¢ and JATP-dependent formation of A

; spase-9 complex initiates an

L

apoptotic protease cascade. Cell 91: 479-489.

e

Lin X, Kim CN, Yang J, Jemmerson R, Wang X. 1996. Induction of:apoptatic program in cell-

3 s (5

free extracts: requirement for JATP and cytochrome c. Cell 86: 147

Marsden VS, Ekert PG, Van Delft M, Vaux DL, Adams JM, Strasser A. 2004, B&l-2 fegulated

dme B (e Gad DA Q3 Ol LAY LA GO L DD D

apoptosis and cytochrome c release can occur independently of both cas-pas;y and

L LR R ]

B I

caspase-9, Journal of Cell Biology 165: 775-780.

TN N 9

Michels J, Johnson PW, Packham G. 2005. Mcl-1. International Journal of Biochemistry & Cell

g 05

Biology 37: 267-271.

P s 34D OB

TOOR LR T B BN B

.....

E-mail: ijrb@uhnres.utoronte.ca URL: hitp://me.manuscriptcentral.comiijrb



internationat Journal of Radiation Biology

Muzio M, Stockwell BR, Stennicke HR, Salvesen GS, Dixit VM. 1998. An induced proximity
model for caspase-8 activation. Journal of Biological Chemistry 273: 2926-2930,

Pop C, Timmer J, Sperandio S, Salvesen GS. 2006. The apoptosome activates caspase-9 by
dimerization. Molecular Cell 22: 269-275.

Price DL, Sisodia SS, Borchelt DR. 1998, Genetic neurodegenerative diseases: the human illness

and transgenic model. Science 282: 1079-1083.

Rezicovd M, Vivrovi okurkovd D, Tichy A, Knizek I, Psutka J. 2005. The importance of

abrogation of G2-phiaseiarrest in combined effect of TRAILL and ionizing radiation. Acta

andon P, Sankaran 1§, Sheridan DP. 2004. Mcl-1 and
Bel-2/Bax ratio are associated with#treatment response but not with Rai stage in B-cell
chronic lymphocytic leukemia. Amer rnal of Hematology 75: 22-33.

Schubert KM, Duronio V. 2001. Distinct rol A i:‘(i:éXtracellula;r-signal—regula\tf:d protein kinase

(ERK) mitogen-activated protein kinases and: phesphatidylinositol 3-kinasc in the
regulation of Mcl-1 synthesis. Biochemical Journal 73-480.

Skvara H, Thallinger C, Wacheck V, Monia BP, Pechamberg H br;sen B, Selzer E. 2005. Mcl-

1 blocks radiation-induced apoptosis and inhibits clonogehic celi death. Anticancer

Research 25: 2697-2703.

Slee EA, Harte MT, Kluck RM, Wolf BB, Casiano CA, Newmeyer DD g HG, Reed JC,

Nicholson DW, Alnemri ES, Green DR, Martin SJ. 1999. Ordering the c§to

initiated caspase cascade: hierarchical activation of caspases-2, -3, -6, -7, -Biiand -10 in a

caspase-9-dependent manner. Journal of Cell Biology 144: 281-292.

E-mail: ijrb@uhnres.utoronto.ca URL: hitp:/fmc.manuscriptcentral.comfijrb

Page 18 of 23



Page 19 of 23 international Journal of Radiation Biclogy

[CRRR eI B o BN L < RN R N

JUC——

A b b maB ol wede
b T OOF A D23 B e (D

i
sy

3R

s

A I B R
3

RY TN B
[EGTR v E RN B RN G N ]

FoLad L3 L Lar Pap D2

S P
Fno LA B oen D 0D IR

Do B e

B
[ BRI S 1]

o
<E

LR i

Y
57
5

72

4
4
o

Tichy A, Zagkodovd D, Rezdtova M, Vivrova J, Vokurkovd D, Pejchal J, Vilasovd Z, Cerman J,
Osterreicher J. 2007, Gamma-radiation-induced ATM-dependent signalling in human T-
lymphocyte leukemic cells, MOLT-4, Acta Biochimica Polonica 54: 281-287.

Thornberry NA, Lazebnik Y. 1998. Caspases: enemies within, Science 281:1312-1316. Review.

Vaux DL, Korsmeyer SJ. 1999, Cell death in development. Cell 96: 245-254,

Vivrovd J, Marekovd M, Vokurkovd D. 2001. Radiation-induced apoptosis and cell cycle

progression in TP, ~d='(:ficient human leukemia cell line HL-60. Neoplasma 48: 26-33.

Vivrovd J, Rezdcova M, ;Vokurkovd D, Psutka J. 2004. Cell cycle alteration, apoptosis and

response of leukemi mzc’éllftf]incs to gamma radiation with high- and low-dose rate.

BH3-only proteins. Genes Development 18:1294-1305.

Yang T, Kozopas KM, Craig RW. 1995. The intracell ar distribution and pattern of expression

of Mcl-1 overlap with, but are not identical to, tho Bcel-2. Journal of Cell Biology

128: 1173-1184,
Zou H, Li Y, Lin X, Wang X. 1999. An APAF-I.cytochroine fﬁilltimen'c complex is a
functional apoptosome that activates procaspase-9. Journal of:Bislogical Chemistry 274:

11549-11556.

. {Deleted:

=5

E-mail: ifrb@uhnres.utoronto.ca URL: hitp:///me.manuscriptcentral.comfijrb



International Journal of Radiation Biology Page 20 of 23

—_ {Formatted: Indent: First fine; Q pt )

FIGURE 1. Gamma-radiation induces decrease in Mel-1 and Bid. The cells were in‘adiated‘r

and analyzed as indicated. Representative Western blots are shown. A. HL-60 cells. After

sublethal (6_Gv) but not_after lethal dose (20 Gy) the amount of full-lensth Mcl-1 (40-kDa)

imitially increased, with onset of apoptosis (confirmed by cleavage of Lamin B) it declined. Full-

length Bid (22-kIDa) was cleaved into t-Bid (a 15-kDa fragment). B. MOLT-4 cells. Mcl-1

expression again initially increased after cyiostatic (1.5 Gv) but not after lethal dose (7.5 Gv).

with onset of apoptosis, ‘ ﬁfi:rmed by cleavage of Lamin B) it declined as well as the amount of

Bid {22-kDa). C and D. Intécrated optical density {IOD) craphs of Western blots shown in A and

B.resp.

- ’[Furmatted: Indent; First line: 0 pt ]

-

lease of cytochrome ¢, The cells were nyadiated and

FIGURE 2. Gamma-radiation induces

miochondrial protein fractions were isolatéd-and:analvzed as indicated. Representative Western

blots are shown; A. HL-60 celis. When irrad a‘"tg‘- bv the doses of 10, 20, or 30 Gy. Bid was

:the lethal and supralethal doses 16

cleaved early after irradiation but cvt-c was released o

hours post-irradiation, B. MOELT-4 cells. Cyt-c_was_r leased: in_a dose-dependent manper 12

hours after irradiation. COX IV. cytochrome ¢ oxidase IV as_a_mitochondrial loading Formatted: Indent: Lefe: 0 pi, First
JHline: 0 pt
control. . | Delated: T
A |
B!
7 i1y
i
L
FIGURE 3. Gamma-radiation induces activation of initial caspases. TH |s:were irradiated b
L %
i [
and analvrzed as indicated. Representative Western blots are shown. A. HL-60 cellsi: S ML
: T
bl
bl
1
q
bl
1
1
, | Formatted: Font color: Black,
[ English {U.K.)
1.5, 3.0, 0r 7.5 Gy. resp ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,J-:’—--{Formaned:ﬁnglish(U.K.) }

E-mail: ffrb@uhnres.utoronto.ca URL: hitp//mc.manuscriptcentral.comlfijrb



Page 21 of 23 international Journal of Radiation Biology

1
N
i
A
8
A Mal-1 Bid Lamin B r-actin
4]
: N6 16244872144 n 0 61 2448 72 h 05 187244872 144h 06 152448721440
I 60y [Fo—— ==l [ | — 1% |
,3/-\ 91 Z 4 §h 21 24 8h 41 2 4 Bh 01 24 Bh
13 200Gy [seeme—— -fee  [TZTETIE ik [rem———]
'453 G 10 20 500Gy 0 10 20 56 Gy 0 16 20 H0Gy ft 1020 S0Gy
45 ah [ome v [rmmmam R [
P
FLE
B hcl-1 Bid Lamin B fi-actin

.
‘E’% d051 2 4 6§16 24h 0051 2.4 518 24h 0051 2 4 618 24k 0054 2 4 516 24h
12 (] IS pererepiy VL p——— == Fbs
[t
z:i 3.0 Gy [wwemmriiatmam - Lo | fraz | ‘.—...I:Sig I bt |
5 T5GY [mmmme— J50 [ Jpiz [T Il [
23
24 C 6 Gy 20 Gy D T ooy
¥ e el
& " - — TGy
27 T

a v '-‘-x

Gamma-radiation induces decrease in Mcl-1 and Bid. The cells were irradiated and
analyzed as indicated. Representative Western blots are shown. A. HL-60 cells. After
sublethal (6 Gy) but not after lethal dose (20 Gy) the amount of full-length Mci-1 (40-
kDa) initially increased, with onset of apoptosis (confirmed by cleavage of Lamin B) it
declined. Fuil-length Bid (22-kDa} was cleaved into t-Bid (a 15-kDa fragment). B. MOLT-4

:% cells. Mcl-1 expression again initially increased after cytostatic (1.5 Gy) but not after
); lethal dose (7.5 Gy), with onset of apoptosis (confirmed by cleavage of Lamin B) it

f: declined as well as the amount of Bid {22-kDa). C and D. Integrated optical density (IOD}
53{ graphs of Mcl-1 blots shown in A and B, resp.

44 160x119mm {254 x 254 DPI})

&7

45

4%

E-mail: ijfrb@uhnres.utoronto.ca URL: hitpld/me.manuscriptcentral.comfijrb



international Journal of Radiation Biology

A cyt-c

0 10 20 50 Gy
4hr  [mm— | pta

| e s o comme | COX [V

16 hr [=— | pi2

| e o . e | COX IV

0 25 5 7.5 10GY
16hr [m=—— —— }en

| s st gy e | COX IV

B cyt-c

0 4 16 24 hr
7.5 Gy I_m%~ | p12

| s s o nmsre| COX IV

G 1 2 3 5 10 Gy
Do T D ——— fpiz.

twmmwml COX IV

Gamma-radiation induces release of cytochrome c. The cells were irradiated and
mitochondrial protein fractions were isolated and analyzed as indicated. Representative
Western blots are shown. A. HL-60 cells. When irradiated by the doses of 10, 20, or 50
Gy, Bid was cieaved early after irradiation but cyt-c was released only by the lethal and
supralethal doses 16 hours post-irradiation. 3. MOLT-4 cells. Cyt-¢c was released in a
dose-dependent manner 12 hours after irradiation. COX IV, cytechrome ¢ oxidase IV used
as a mitochondrial loading control.
75x119mm (254 x 254 DPI)

E-mail; frb@ubnres.utoronto.ca URL: hitp:/imec.manuscriptcentral.comfijrb

Page 22 of 23



Page 23 of 23 international Journal of Radiation Biclogy

Z

" A Pro/Caspase-& Procaspase-9
:2\ 0 6 16 24 48 hr 0 6 16 24 48hr
6.0 Gy __ .318 F par
=] R-actin F==ma===]r-actin
! B Pro/Caspase-& Procaspase-9

00571 2 4 616 24hr 0051 2 4 616 24hf

P 1.5 Gy —— i I fpéi

f [ {i3-actin ! |R-actin
: | —— »|B-aictin | s |-actin
0 pee————— 57 — B

1 7.5 Gy o — 'E:'IS I s l»p:](

l - . s o . . “-|f?>—ac:tir1

I-'“*- -““““—-WI{S-actin

[SS I

b

¥

Gamma-radiation induces activation of initial caspases. The cells were irradiated and
anzlyzed as indicated. Representative Western blots are shown. A. HL-60 cells.
Procaspase-8 (57-kDa)} was activated after 16 hours {18-kDa subunit), while procaspase-
9 (47-kDa) was activated 48 hours after irradiation by the dose of 6 Gy. B. MOLT-4 cells.
Procaspase-8 and procaspase-9 were activated simultaneously after 16, 6, or 4 hours,
when irradiated by the dose of 1.5, 3.0, or 7.5 Gy, resp.
130x110mm (254 x 254 DPI)

Fao b @;.) G303 L 80 GX G0 L 0D G P B B B3 NG RO D B
O g . :

dne G B e 0

L

JEEVRNE N N - N N

S A

7 e
o

E-mail: ifrb@uhnres.utoronto.ca URL: http/ime.manuscriptcentral.comfijrb



10.2 Priloha 2 (Tichy et al., 2007)

Tichy A, Zaskodova D, Rezatova M, Vavrova J, Vokurkova D, Pejchal J, Vilasova Z,
Cerman J, Osterreicher J. Gamma-radiation-induced ATM-dependent signalling in human T-

lymphocyte leukemic cells, MOLT-4. Acta Biochimica Polonica 2007; 54: 281-287.

88



cia
Biochimica
olonica

Vol. 54 No. 2/2007, 281-287

on-line at: www.actabp.pl

Regular paper

Gamma-radiation-induced ATM-dependent signalling in human
T-lymphocyte leukemic cells, MOLT-4

Ale3 Tichy'?®, Darina Zaskodova?, Martina Rezacova?, Jifina Vavrova?,

1

Doris Vokurkova®, Jaroslav Pejchal!, Zdena Vilasovd', Jaroslav Cerman® and
Jan Osterreicher!

'Department of Radiobiology, Faculty of Military Health Sciences in Hradec Krilowé, University of Defence
in Brno, Czech Republic; 2Instifute of Medical Biochemistry, Faculty of Medicine in Hradec Krdlové, Charles
University in Prague, Czech Republic; 3Instituie of Clinical Immunology and Allergology, University Hospital

Hradec Krdlové, Czech Republic

Received: 16 January, 2007; revised: 21 May, 2007; accepted: 01 June, 2007
available on-line: 12 June, 2007

ATM kinase (ATM) is essential for activation of cell cycle check points and DNA repair in re-
sponse to ionizing radiation (IR). In this work we studied the molecular mechanisms regulating
DNA repair and cell death in human T-Iymphocyte leukemic cells, MOLT-4, Apoptosis was eval-
uated by How-cytometric detection of annexin V. Early apoptotic cells were determined as sub-
G1 cells and late apoptotic cells were determined as APO2.7-positive ones. Proteins involved in
ATM signalling pathway were analysed by Western-blotting. We observed a rapid (0.5 h} phos-
phorylation of ATM declining after 6 h after irradiation by all the doses studied (1.5, 3.0, and
7.5 Gy). Checkpoint kinase-2 (Chk-2) was also phosphorylated after 0.5 h but its phosphorylat-
ed form persisted 4, 2, and 1 h after the doses of 1.5, 3.0, and 7.5 Gy, respectively. The amount
of p53 protein and its form phosphorylated on Ser-392 increased 1 h after irradiation (1-10 Gy).
The lethal dose of 7.5 Gy caused an immediate induction and phosphorylation of p53 after 0.5
h post-irradiation. At the time of phosphorylation of p53, we found simultanecus phosphoryla-
tion of the oncoprotein Mdm?2 on Ser-166. Neither ATM mnor its downstream targets showed a
dose-dependent response after 1 h when irradiated by the doses of 1-10 Gy. MOLT-4 cells were
very sensitive to the effect of IR. Even low doses, such as 1.5 Gy, induced apoptosis 16 h after
irradiation {evaluated according to the cleavage of nuclear lamin B to a 48-kDa fragment), IR-in-
duced molecular signalling after exposure fo all the tested doses was triggered by rapid phospheo-
rylation of ATM and Chk-2. Subsequent induction of p53 protein and its phosphorylation was
accompanied by concomitant phosphorylation of its negative regulator, oncoprotein Mdm?2, and
followed by induction of apoptosis.

Keywords: ATM kinase, checkpoint kinase-2, p53, Mdm2, jonizing radiation

INTRODUCTION

Various physical and chemical factors induce
DNA lesions, including base damage, intra- and
inter-strand cross-linking, and single- and double-
strand breaks (DSBs) (Khanna et al, 2001). DSBs
cause remodelling of chromatin and formation of

so-called ionizing radiation (IR)-induced foci, where
the proteins invoived in radiation damage repair are
localized within the first minutes after irradiation
(Bekker-Jensen ef al., 2006). A very early step in the
response of mammalian cells to DSBs induced by IR
is activation of ATM kinase (Lavin ef al., 1995). ATM
stands for ataxia-telangiectasia (A-T, a human auto-

HCorresponding author: A. Tichy, Department of Radicbioclogy, Faculty of Military Health Sciences in Hradec Kralové, Uni-
versity of Defence in Brno, Brno, Czech Republic; phone: (420) 973 253216; fax: (420) 973 253000; e-mail: tichy@pmfhk.cz
*Preliminary report presented at: The 35th Annual Meeting of the Eurcpean Radiation Research Society, 22-25 August,

2006, Kiev, Ukraine.

Abbreviations: ATM, ataxja telangiectasia-mutated kinase; Chk-2, checkpoint kinase-2; DSE, double strand break; IR, ion-
izing radiation; Mdm?2, murine double minute 2 protein; wt, wild type.
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somal recessive disorder), whose responsible gene is
mutated. ATM, the defective gene in this pleiotropic
disease (progressive cerebral ataxia, oculocutaneous
telangiectasia, immunodeficiency), encodes a large
serine/threonine kinase belonging to the phosphati-
dylinositol-3 kinase family (Powers et al,, 2004). A-
T cells exhibit a specific phenotype including in-
creased radiosensitivity, genome instability, cancer
predispositions and others (Lavin & Shiloh, 1997).
Cells derived from A-T patients are extremely sen-
sitive to IR, radiomimetic drugs and topoisomerase
inhibitors, The importance of ATM is undeniable,
since it regulates all three cell cycie checkpoints and
functions in the regulation of DNA repair and ap-
optosis, suggesting that it is a central controller of
cellular responses to DSBs (Khanna et al., 2001). Ac-
tivation of ATM involves rapid intermolecular auto-
phosphorylation of Ser-1981 that causes dissociation
of the inactive dimer (Bakkenist & Kastan, 2003).
ATM affects numerous different targets iz phos-
phorylation and some of them participate in the cell
cycle arrest. These are pb3, murine-double minute
protein (Mdm2), and checkpoint kinase-2 (Chk-2) in
the G1 checkpoint (Canmen et al., 1998; Matsuoka
et al., 2000; Maya ef al., 2001); Nbsl, Brcal, FancD2,
and SMC1 in the transient IR-induced S-phase ar-
rest {Taniguchi et al., 2002; Yazdi ef al., 2002; Xu et
al., 2002); and Brecal and hRad17 in the G2/M check-
point (Xu et al., 2001; Bao et al., 2001).

In this work we studied the molecular path-
way initiated by IR in MOLT-4 cells. These cells are
very radiosensitive; by clonogenic survival assay we
determined the D value (the dose reducing cell sur-
vival to 37%) at 0.87 Gy, whereas for the human pro-
myelocyte leukemic cell line HL-60 the Dy is 2.2 Gy
(Vavrova et al, 2004). We investigated mechanisms
related to phosphorylation of ATM (Ser-1981) and
therefore we studied the phosphorylation of p53
(Ser-392), Chk-2 (Thr-68) and Md?2 (Ser-166). Here,
we report a rapid phosphorylation of ATM and
Chk-2 after exposure of cells to IR. We found that
protein pd3 was induced shortly after activation of
ATM and Chk-2. Subsequent phosphorylation of
P53 on Ser-392 appeared soon after induction of p33,
facilitating its ability to bind to DNA. That was ac-
companied by concurrent phosphorylation of MdmZ
on Ser-166, which provides a platform for p53 deg-
radation and decreases its transcriptional activity as
part of an auto-regulatory feedback loop.

METHODS

Cell cultures and culture conditions. MOLT-4
cells were obtained from the American Type Culture
Collections (Manassas, VA, USA). The cells were cul-
tured in Iscove’s modified Dulbecco’s medium (Sig-

ma) supplemented with 20% fetal calf serum, 0.05%
r-glutamine, 150 Ul/ml peniciilin, 30 pg/mi strepto-
mycin in a humidified atmosphere with 5% CO, at
37°C. The cultures were split every second day by
dilution to a concentration of 2x10° cells/ml. The
cell counts were performed with a hemocytometer;
the celi membrane integrity was determined by us-
ing the Trypan blue exclusion technique. Cell lines
at up to 20 passages were used for this study.

Gamma irradiation. Exponentially growing
MOQLT-4 cells were suspended at a concentration of
2x10%mi. Aliquots of 10 ml of cell suspension were
plated into 25 cm? flasks (Nunc) and hrradiated at
room temperature using %Co gamma-ray source
with a dose-rate of 0.4 Gy/min, at a distance of 1 m
from the source. After the irradiation the flasks were
placed in a 37°C incubator with 5% CO, and alig-
uots of the cells were removed at various times after
irradiation for analysis. The cells were counted and
cell viability was determined with the Trypan blue
exclusion assay.

Flow-cytometric apoptosis detection. We
used APOPTEST-FITC (DakoCytomation, Brno, CZ)
for detection of apoptotic cells (annexin V-positive)
according to the manufacturer’s guide. Analysis was
performed on an Epics XL flow-cytometer (Coulter
Electronic, Hialeah, FL, USA).

Early apoptotic cells were determined as sub-
G1 cells in DNA content analysis. Fellowing the
incubation, 1x10* cells were washed with cold PBS
(phosphate-buffered saline), fixed with 70% ethanol
and stained with propidium iodide in Vindelov’s so-
lution for 30 min at 37°C. Fluorescence {DNA con-
tent) was measured using the Coulter Electronic ap-
paratus.

Late apoptotic cells were determined by de-
tection of the APQO2.7 antigen. The cells were collect-
ed and washed twice with cold PBS with 5% fetal
calf serum. Subsequently, 1x%10° of cells were resus-
pended in 0.5 ml of PBS with 5% fetal calf serum
and incubated with mouse monoclonal anti-APO2.7
antibody conjugated with phycoerythrin {(Beckman
Coulter, Fullerton, CA, USA) for 0.5 h at 4°C and
measured using the Coulter Electronic apparatus.

In all experiments three independent meas-
urements were performed. Data were analysed us-
ing Epics XL System Il software (Coulter Electronic).

Electrophoresis and Western blotting. At
various times after irradiation, the MOLT-4 cells
were washed with PBS and lysed. Whole cell ex-
tracts were prepared by lysis in 500 ul of lysis
buffer (137 mM NaCl, 10% glycerol, 1% n-octyl-
B-glucopyranoside, 50 mM NaF, 20 mM Tris/HCl,
pH=8, 1 mM Na,VO,, 1 tablet of protein inhibitors
Complete™ Mini, Roche). The lysates containing
equal amounts of protein (30 pg) were loaded onto
a 12% SDS/polyacrylamide gel. After electrophore-
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sis, proteins were transferred to a PVDF membrane
and hybridized with an appropriate antibody {anti-
ATM (Ser-1981), anti-Chk-2 (Thr-68) or anti-Mdm?2
(Ser-166) from Upstate, Chicago, IL, USA; anti-p53
or anti-pb3 (Ser-392) from Exbio, Prague, CZ; anti-
lamin B from Oncogene, Cambridge, MA, USA).
After washing, the blots were incubated with a
secondary peroxidase-conjugated antibody (Dako,
High Wycombe, UK} and the signal was developed
with a chemiluminescence (ECL) detection kit (Boe-
hringer Mannheim) by exposure to an X-ray film
(Foma, Hradec Kralove, CZ).

RESULTS
Induction of apoptosis

For detection of apoptosis 24 h after the irra-
diation we used four different methods: annexin V
binding, DNA content measurement, detection of 7A6
antigen and caspase-catalysed cleavage of lamin B.

The first method uses flow-cytometric detec-
tion of annexin V binding to phosphatidylserine. Ex-
posure of this phospholipid at the plasma membrane
is a hallmark of apoptotic process; the method de-
tects both early and late apoptotic cells. After 24 h,
30,7, 76.9, and 94.4% of cells were apoptotic when
irradiated by 1.5, 3.0, and 7.5 Gy, respectively.

For determination of early apoptosis we used
How-cytometric determination of DNA content and
so-called sub-Gl1 peak corresponding to apoptotic
cells. After 24 h, 8.8, 15.1 and 18.4% of cells were
apoptotic when irradiated by 1.5, 3.0, and 7.5 Gy, re-
spectively,

For determination of late apoptosis we used
flow-cytometric detection of APO2.7 antigen. Since
this antigen is localized on the mitochondrial mem-
brane of apoptotic cells, it is possible to perform the
assay with permeabilization or without permeabili-
zation, to detect the cells whose plasma membrane
is already permeable. To determine cells in the late
stage of apoptosis the method without permeabiliza-
tion was used in this siudy. After 24 h, 25.5, 66.7,
and 91.0% of cells were apoptotic when irradiated by
1.5, 3.0, and 7.5 Gy, respectively. Figure 1A shows
the percentage of annexin V-positive, APO2.7-posi-
tive and sub-G1 cells 24 h after gamma irradiation
with increasing doses.

Another method confirming the induction of
apoptosis of MOLT-4 cells was Western blot analysis
of fragmented nuclear protein lamin B. In non-irra-
diated cells lamin B is present in the nucleus as a
68-kDa protein. Irradiation causes its cleavage pro-
ducing a 48-kDa fragment. The data obtained from
Western blot analysis indicated that apoptosis was
induced within 6 and 16 h, depending on the dose
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Figure 1. Induction of apoptosis after gamma-irradiation.
MOLT-4 cells were irradiated by the doses of 1.5, 3.0,
and 7.5 Gy and apoptosis was determined at the indicat-
ed times. A. Flow cytometric detection of apoptotic cells.
Annexin V-posifive cells were determined by APOPTEST
(DakaCytomation), early apoptotic cells were measured as
sub-G1 cells of DNA content analysis and late apoptotic
cells were determined as APO2.7-positive ones, Each point
represents the average of three independent experiments
+5EM., B. Western blots analysis of lamin B. A 68-kDa
nuclear protein is cleaved into a 48-kDa fragment when
apoptosis is induced. Representative blots are shown.

of IR, since cleaved lamin B was detected 16 h after
1.5 Gy, and a small amount of the cleaved fragment
could also be detected afier 6 h after the doses of 3.0
or 7.5 Gy, respectively (Fig. 1B). Interestingly, after
irradiation by the lethal dose of 7.5 Gy we did not
found cleaved lamin B earlier than we did after the
sublethal dose of 3.0 Gy, that is after 6 h, although
this cleavage was more intense.

Phosphorylation of ATM and Chk-2

In our experiments on MOLT-4 cells we
found an increased amount of phosphorylated ATM
(Ser-1981) as soon as 0.5 h after irradiation. This
phosphorylation declined after 6 h after irradiation
by the doses of 1.5 Gy, 3.0 or 7.5 Gy (Fig. 2A), ie.
just before the time when lamin B was cleaved and
apoptosis was induced. After 0.5 h there was less
active ATM after 1.5 or 3.0 Gy than after 7.5 Gy.
Chk-2 was also found to be phosphorylated (Thr-
68) within 0.5 h, but, unlike for ATM, its amount
at that time was not affected by the dose. While the
persistence of the phosphorylated form of ATM was
the same (up to 6 h} after all the doses tested, phos-
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Figure 2. Gamma-radiation induced phosphorylation of ATM and its downsiream targets.

Representalive Westam blots are shown. A, MOLT4 cells were irradiated by the doses of 1.5, 3.0, and 7.5 Gy and are-
lysed at the times as indicated. IR induced rapid phespharylation of ATM and Chlc-2 with subsequent induction and
phosphorylation of p53 and concomitant phosphorylation of Mdm?. These processes were followed by induction of ap-
optosis confirmed by detection of cleavage of lamin B (see Fig. 1B). B. MOLT-4 cells were irradiated by the doses as
indicated and analysed 1 h afier irradiation. Neither ATM nor its subsirates exhibited a dose-dependent response. Only
the amount of phosphorylated Mdm?2 at Ser-166 was increased after the exposure to the doses up to 3 Gy, but after the

dose of 5 Gy or higher it was decreased.

phorylation of Chk-2 (Thr-68) was detected up to
4, 2, and 1 h after 1.5, 3.0, and 7.5 Gy, respectively,
and it preceded the accumulation of p53 (Fig. 2A).
Although the amount of ATM after 0.5 h appeared
to increase with an increasing dose, we did not ob-
serve any significant dose-dependence after 1 h after
the exposure to the doses of 1-10 Gy, and also phos-
phoryiation of Chk-2 did not exhibit a dose-depend-
ent respense 1 h post-irradiation (Fig. 2B).

Phosphorylation of p53

The p53 protein was up-regulated from 1 up
to 16 h after the dose of 1.5 Gy with a maximum at
4 h. After the dose of 3.0 Gy the up-regulation of
p53 was detectable from 1 to 24 h and it was more
intense, with a maximum also at 4 h. The dose of
7.5 Gy induced pd3 very rapidly and transiently
(from 0.5 to 6 h) with a maximum within 1-2 h af-
ter irradiation (Fig. 2A). p53 was subsequently phos-
phorylated on Ser-392 beginning 2 h after the dose
of 1.5 and 3.0 Gy, or 0.5 h after 7.5 Gy. The phos-
phorylation on Ser-392 persisted up to 16 h after ir-
radiation by 1.5 and 3.0 Gy. After 7.5 Gy it declined
after 6 h.

At the time of maximal phosphorylation of
p53 we observed an jncrease in phosphorylated on-
coprotein Mdm2 (Ser-166), i.e. from 4 to 6 h after the
dose of 1.5 or 3.0 Gy, or from 2 {o 4 h after 7.5 Gy
(Fig. 2A).

Similarly to ATM and Chk-2, neither induc-
tion of p33 nor its phosphorylation on Ser-392 exhib-
ited a dose-dependent response 1 h after the expo-
sure to the doses of 1 to 10 Gy (Fig. 2B). All proteins
analysed were up-regulated afier T h after gamma
irradiation, nevertheless none of them but Mdm2

exhibited a dose-dependent response. One hour af-
ter the exposure to doses up to 3 Gy the amount of
Mdm?2 phosphorylated on Ser-166 increased, how-
ever, after the dose of 5 Gy or higher we observed
a decrease in Mdm?2 phosphorylation (Fig. 2B), sug-
gesting that not even this protein might be exploited
as a biodosimetric indicator.

DISCUSSION

MOLT-4 cells are derived from human T-cell
leukemia, with immunophenotypic characteristics
of thymocytes, expressing CD1* (49%), CD4* (55%),
CD5* (72%), and CD7* (77%) (Greenberg ef al., 1988)
and they are a suitable model system to study mo-
lecutar mechanisms of gamma-radiation-induced
apoptosis of T-lymphocytes. Work on p53-null mice
has revealed that p53 protein is important for induc-
tion of apoptosis as a response of T-lymphocytes to
DNA damage (Clarke et al, 1993). Our results to-
gether with the work of other authors (Nakano &
Shinohara, 1999; Nakano ef al, 2001) prove that in
MOET-4 cells accumulation of p53 precedes typical
apoptotic changes, such as fragmentation of DNA
(sub-G1 peak), changes in plasma membrane phos-
pholipids (annexin V), loss of plasma membrane
integrity and mitochondrial changes (APO2.7), and
cleavage of nuclear structural proteins (lamin B).

Induction of apoptosis in MOLT-4 cells (p53
wt) after exposure to doses up to 10 Gy is faster
than in HL-60 cells (promyelocytic leukemia, p53-
null). MOLT-4 cells show a wide disparity in the
time when apoptosis is induced after gamma irradi-
ation. The cells die mostly by delayed apoptosis and
by post-mitotic apoptosis. The results of our previ-
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ous werk show that the sub-G1 peak is not induced
before 6 h after irradiation by doses up to 5 Gy. The
cells accumulate mainly in S phase and less in G2
phase (not shown).

Figure LA compares the percentage of apopto-
sis determined by three methods 24 h after irradia-
tion — annexin V-positive, APO2.7-positive (without
permeabilization) and sub-G1 ceils. A comparison
of these methods indicates that determination of an-
nexin V-positive and APQO2.7-positive cells shows
approximately the same results (thus, 24 h after ir-
radiation the plasma membrane of the majority of
apoptotic cells was permeable). The third method,
determination of sub-GI cells, provides much differ-
ent data, After the doses of 3.0 and 7.5 Gy we deter-
mined roughly the same fraction of early apoptotic
cells, 15.1% and 18.4%, respectively. It seems that
MOLT-4 cells quickly form apoptotic bodies, decom-
pose and the flow-cytometer evaluates the resulting
fragments as debris,

After 24 h almost all the cells irradiated by
the dose of 7.5 Gy were APO2.7-positive (without
permeabilization), their plasma membrane was per-
meabie at that time and they were apoptotic. Endlich
et al. (2000) reported that only 24% of MOLT-4 cells
underwent apoptosis without attempting cell divi-
sion after a dose of 4 Gy. Most of the cells did not
die until 18 to 30 h, however, mitosis either failed or
the division was aberrant. We noticed the beginning
of apoptosis (according to cleavage of nuclear lamin
B) 16 h after 1.5 Gy and after 6 h after 3.0 or 7.5 Gy,
respectively. Endlich ef al. (2000} observed that the
apoptotic death process ended by formation of ap-
optotic bodies 36 to 60 h post-irradiation.

To date, the proteins that directly sense DNA
damage in mammalian cells are largely unidentified
and the mechanism by which these sensors transmit
DNA damage recognition to ATM remains to be elu-
cidated. Bakkenist and Kastan (2003) in their work
on fibroblasts suggested that introduction of DSB
causes a rapid change of a higher-order chromatin
structure, and that this chromatin alieration initiates
ATM activation. ATM responds primarily to DSB,
whilst other forms of DNA damage, such as UV ra-
diation-induced photoproducts and replication fork
stalling signal through the ATM- and Rad3-related
{ATR) kinases. Recent studies have demonstrated
that ATM {functions upstream of ATR following ex-
posure to IR in 5/G2 (Stiff ef al., 2006) and they both
exhibit selective substrate specificity in response to
different genotoxic agents (Helt ef al, 2005). In ad-
dition, Bekker-Jensen e¢f al. (2006) have reported
that ATM is spatially redistributed to DSB-flanking
chromatin and ATR accumulates by single-stranded
DNA. Two other kinases, Chk-1 and Chk-2, do not
concenirate around the DNA damage sites but rap-
idly spread to the entire nucleus. Chk-1 and Chk-2

are structurally unrelated yet functionally overlap-
ping serine/threonine kinases. Chk-1 is a labile pro-
tein, active even in unperturbed cell cycles, since it
plays an important role in keeping Cdc25C prepared
for responding to DNA damage by phosphorylat-
ing its Ser-216 during the 5 to M phase (Kaneko ef
al., 1999; Zhao ei al., 2002). In contrast, Lukas ef al.
{2001) showed that Chk-2 is a relatively stable pro-
tein responding to gamma-radiation throughout the
cell cycle and it appears to be inactive in the absence
of DNA damage. Nevertheless, recent findings of
specific target knockdowns (Xiao et al., 2006) suggest
that Chk-1 is the only checkpoint kinase relevant as
a cancer drug target. Our study shows that MOLT-
4 cells, having wt pb3, exhibit the same response to
gamma-irradiation as fibroblasts do, i.e. they phos-
phorylate ATM and Chk-2 quickly after irradiation.

We found ATM to be phosphorylated early
after irradiation and this phosphorylation persisted
6 h. Later (after irradiation by all the doses tested)
the amount of ATM decreased. This was due to the
fact that ATM is degraded before DNA fragmenta-
tion in the later stages of apoptosis resulting in the
predominance of DNA-dependent protein kinase
(DNA-PK). This is consistent with the results of
Mukherjee ef al. (2006), who proved that HZA X (one
of the core histones phosphorylated by ATM within
the first minutes after irradiation) is phosphorylated
in the later stages of apoptosis solely by DNA-PK,
while ATM is dispensable for this process. Matsuoka
et al. (2000) showed on fibroblasts that phosphor-
vlated ATM subsequently phosphorylates Chk-2 on
Thz-68. Here we show that after 0.5 h the amount of
active ATM after 1.5 or 3.0 Gy was significantly less
than after 7.5 Gy, nevertheless, even that amount
was sufficient to activate Chk-2, which was phos-
phorylated within 0.5 h foo.

Exposure to IR causes damage to DNA in
the form of DSBs. This immediately activates ATM,
which is involved in the cell cycle regulation and
DNA repair and further conducts the signal up to
p53 protein. It is well known that p53 possesses
protective functions, such as stimulation of nucle-
otide excision repair and induction of cell cycle ar-
rest (zia other gene products) that is needed in order
to check and repair the DNA damage. In contrast to
these protective properties, p53 has also been im-
plicated in the induction of apoptosis in certain cell
types following DNA damage (reviewed in Ljung-
man, 2000). Work of Nakano ef al. (2001) and our
previous work (Szkanderova ef al.,, 2003) showed the
radiation-induced apoptosis in MOLT-4 cells to be
fully p53-dependent.

Both ATM and Chk-2 contribute to the pre-
cise control of an important element of the cellular
emergency team, the p53 protein. Acting as a fran-
scription factor for a number of downstream genes
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that mediate either cell cycle arrest or apoptosis, p53
plays a critical role in maintaining genomic integ-
rity after cellular stress by preventing propagation
of damaged DNA. Nakano et al. (1999) and Szkan-
derova et al. (2003) suggested that the level of pb3
must reach a threshold for the cells to undergo ap-
optosis.

Protein p53 was up-regulated after 1 h after
irradiation by the cytostatic or the sublethal dose (1.5
and 3.0 Gy). The lethal dose (7.5 Gy} induced up-
regulation of p53 very quickly (within 0.5 h, which
was the time of activation of ATM and Chk-2). This
rapidity reflects the emergency state in the cell after
a large DNA insult and the need to urgently induce
enough p53 te stop the cell cycle and to try to repair
the damage or induce apoptosis.

Bu: the up-regulated p53 does not function
properly until post-translationally medified. The
carboxyl terminus of p33 functions as an allosteric
regulator. Phosphorylations on Ser-315 and Ser-392
jocalized within this domain enhance its sequence-
specific DNA binding (Criswell et al, 2003). Casein
kinase 2 (CK2) phosphorylates p53 on Ser-392, but
Claudio et al. (2006) demonstrated that Cdk? itself
is capable of such phosphorylation independently
of CK2. Sakaguchi ef al. (1997) showed that phos-
phorylation of Ser-392 stabilizes the tetramer forma-
tion of p53 that is critical for pa3's ability to activate
transcription because it facilitates phosphorylation of
the transactivation domain due to a more favourable
conformation. In this study, we also demonstrated
that p53 was phosphorylated on Ser-392 and this
phosphorylated form persisted 16 h after the cyto-
static or the sublethal dose and 6 h after the lethal
one. We showed in our previous work (Szkanderova
et al,, 2003) that IR causes in MOLT-4 cells alse phos-
phorylation on Ser-15 and both phosphorylations on
Ser3-92 and on Ser-15 show similar temporal pat-
terns (they both decline after 6 h).

Whilst Bekker-Jensen ef al. (2006) showed that
U205 human osteosarcorna cells treated with a DSB-
generating insult (1-10 Gy) respond after T h by a
homogeneous increase of phosphorylated p53 (Ser-
15) throughout the entire nucleus, our experiments
revealed no dose-dependent response of phosphor-
ylation of p53 (Ser-392) 1 h after the exposure to the
doses of 1 to 10 Gy (Fig. 2B).

Qur results indicate that molecules involved
in downstream pathways activated by ATM rather
than ATM itself and its direct downstream targets
would be suitable for biodosimetry in practice.
ATM and its substrates might be used only in the
low dose-range, although for reliable biodosimetry
net a single one, but several biological indicators of
the absorbed dose should be exploited.

We proved that MOLT-4 cells (p53 wt) re-
spond to the IR-induced damage by phosphorylation

of ATM and Chk-2 (within 0.5 h after irradiation),
We also proved that phosphorylation of p53 protein
(2 h after irradiation) is accompanied by phospho-
rylation of its negative regulator, Mdm2 protein,
which occurs concomitantly with maximal p53 phos-
phorylation.
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APOPTOTIC MACHINERY: THE BCL-2 FAMILY PROTEINS
IN THE ROLE OF INSPECTORS AND SUPERINTENDENTS

Ales Tichy

Charles University in Prague, Faculty of Medicine in Hradec Kralové, Czech Republic: Department of Medical
Biochemistry

Summary: Programmed cell death, apoptosis, plays an integral role in a variety of biological events, e.g. morphogenesis,
removal of unwanted or harmful cells, tissue homeostasis etc. Members of the Bcl-2 family have been described as the key
players in the regulation of the apoptotic process. This family consists of proteins that prevent apoptosis (Bel-2-like) and
two structurally distinct subgroups (Bax-like and BH3-only) that on the contrary promote cell death. Majority of their
response is concentrated to the mitochondrial level. In this paper, besides reviewing some new information in this field we
focused on how they interact among each other and on the way they sense and influence the death signals from the envi-
ronment. Here, we compare Bel-2 family to inspectors and superintendents since they supervise the manufacturing process

of celi death and they determine whether the cell will die or it will resist and survive.

Key words: Apoptosis, Bel-2 family proteins, Mitochondria, Caspases

Introduction

Programmed cell death or apoptosis is a process of self-
destruction with distinctive morphological features, which
is important to embryonic development, maintenance of
homeostasis, and pathogenesis of many diseases (48,50).
Apoptosis is like a cellular death producing manufactory
with a number of empiovees. Many workers such as caspase
enzymes execute the job of the killers but it is up to the of-
ficers, who control the production and the managers who
integrate the communication within the factory to decide
whether the cell machinery will stop or continue working.
One of these managers and officers are proteins of Bcl-2
family.

To understand properly the particular functions of Bel-2
proteins we shall primarily describe from where the death
signal comes from, how is it mediated and executed and
then how Bcl-2 proteins affect it.

1. Triggering the programmed death

A great number of death stimuli might trigger a pro-
grammed cell death. They can induce a death signal, which
further expands by at least two caspase-dependent signal-
ling pathways. The death receptor pathway is usually dis-
cussed as the first one. Members of TNF (Tumour Necrosis
Factor) super family trigger apoptosis extraceilularly. The
second pathway is called mitochondrial.

ACTA MEDICA (Hradec Kralové) 2006;49(1):13-18

1.1 Death receptor pathway

TNE-like members such as TNFa, TRAIL (TNF-
Related Apoptosis Inducing Ligand), Fasl. (also called
CD95L) and TWEAK (TNF-like weak inducer of apopto-
s5is) also designated as death ligands (25) bind to specific
death receptors (DR) integrated in cytoplasmic membrane,
thus inducing DR trimerisation. This causes a recruitment
of adaptor proteins TRADD (TNF-Receptor-1 Associated
Death Domain) and/or FADD (Fas-Associated Death
Domain), which happens via 70-80 amino acid interaction
motifs, called the death domain. TRADD and FADD con-
fain another motif, called the death effector domain (DED)
which recruits an immature protease, procaspase-8 (see be-
low), leading to the formation of the death inducing signal-
ling complex {(DISC).

LI1 Caspase fumily

An essential step in the execution phase of the apop-
totic death program involves the sequential cleavage and
activation of a hierarchical cascade of cystein-aspartate
proteases, caspases, which are the key workers of the apop-
totic machinery.

They are minimally activated in the healthy cells being
synthesized as zymogens, which need further enzymatic
activation at specific aspartate residues to fulfil their func-
tion. Caspases can be classified as the initiators of apopto-
sis, inciuding so-called apical or upstream caspase-2, -8, -9,
-10 and, probably, -11 and the executioners of apoptosis
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(downstream caspases), which are caspase-3, -6 and -7 (35).
The initiator caspases appear at the beginning of the death
signal pathway and they are characterised by presence of an
extended N-terminal caspase recruitment domain (CARD)
or DED (see above). In order to be activated caspases bind
by these domains to the specific scaffold or adaptor prote-
ins {e.g. TRADD, FADD) whose task is to ensure close
proximity permitting proteolytical auto processing of mole-
cules of procaspases (39).

Effector caspases or executioners of apoptosis, in turn,
do that crucial job and cleave the vital cellular substrates
and they are responsible for the nucleus breakdown and
characteristic morphological and biochemical features of
apoptosis {formation of apoptotic bodies, exposure of
phophatidylserine at the surface of the cytoplasmic mem-
brane as a signal to macrophages for subsequent phago-
cytosis etc.).

CD95-RECEPTOR

L

By the proteolytic cleavage in DISC procaspase-8 be-
comes the mature initiator caspase-8 that transmits and
amplifies the death-inducing signal to other downstream
executioner caspases such as caspase-3, -6 and -7.

In contrast to mitochondrial pathway, the death receptor
pathway is out of controi of Bel-2 family proteins, although
the simple model of TNF-like members-mediated apoptosis
is complicated by the existence of an amplification loop in
cases of low initial caspase-8 activation. In this scenario,
caspase-8 activates the pro-apoptotic BH3-only protein Bid
that translocates to mitochondria and induces cytochrome
¢ release {3); see Activation of BH3-only death factors.

Receptor pathway can be inhibited by the caspase-§ ho-
mologue FLIP which contains its own DED and it can in-
teract with adaptor proteins but it can not transmit the
death signal because it is not capable of cleavage of other
caspases (29). Alternatively, a competitive inhibition might

Cytoplasmic
membrane

rr‘ procaspase-8

—> p53 % | Bax

Bid _L

caspase-8
\ BCI—KL
& Bel-2
procaspase-3 _L
| . < — - t'BId [ERRE—— mitOChondIion
caspase-9 | |
,
caspase-3 \ cytochrome ¢
/ AJF
!v APOPTOSOME
Smac/Diablo
APOPTOSIS / \
Apaf-1 procaspase-9

Fig. 1: Schematic model of apoptotic signalling pathways leading to activation of caspase-3. In the death receptor pathway
plays the key role caspase-8, which is activated in the death inducing signalling complex localized near the cytoplasmatic
membrane. Mature caspase-§ then cleaves either procaspase-3 or (in the case of its low activation} Bid (22 kD>a) into t-Bid
(15 kDa). t-Bid translocates to mitochondria where it induces changes of mitochondrial membrane with subsequent re-
lease of cytochrome ¢. The mitochondrial pathway is under control of Bel-2 proteins. The activation of Bax-like proteins
leads as well to mitochondrial membrane permeabilization. Bel-2-like survival factors block these events by binding Bax-
like and BH3-only proteins either from mitochondria or ER. The release of cytochrome c later results in activation of cas-
pase-9, which together with caspase-8 activates the main execufioner of apoptosis, caspase-3. For more details see text

(according to 18).
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appear as an action of inhibitor of apoptosis proteins
(IAPs), which compete with caspases at the active sites of
their substrates (43).

1.2 Mitochondrial pathway

Several death receptorindependent apoptotic stimuli
can contribute to triggering mitochondrial pathway: UV-
and y-irradiation, chemotherapeutic drugs, viruses, bacte-
ria, withdrawal of cytokines, neutrophins and growth fac-
tors or anoikis ~ detachment from the extracellular matrix
(3). As Scaffidi et al. (42) reported, under certain circum-
stances (especially in some so-calied type II cells) TNF-ike
factors can also trigger mitochondrial pathway in order to
amplify the death signal in the case that caspase-8 is mini-
mally activated (see Activation of BH3-only death factors).

Each of these stimuli targets certain cellular compo-
nents and transmits the death signal up to mitochondria.
We still know little about the exact mechanism, but mito-
chondria must play a central role in this pathway, since it is
sure that the outer membrane gets permeable for some pro-
teins of the mitochondrial intermembrane space, which
further plays a crucial role in activation of the main down-
stream caspases. It is cytochrome ¢, which is probably the
most important protein invoived. When cytochrome c is
released from mitochondria it binds WD-40 repeats of
another protein, Apaf-1, thus triggering its ATP-dependent
oligomerization and formation of so-called apoptosome,
a large apoptosomal complex of 1.4 MDa. This complex
recruits procaspase-9 and allosterically enhances (by about
1000-fold} its activity, which leads to effective cleavage of
caspase-3 and caspase-7 (40).

Bc¢l-2 family members do not control only the release
of cytochrome ¢ from the outer mitochondrial membrane,
but also almost 30 other proteins (33). One of them is the
“Second mitochondria-derived activator of caspase” (Smac})
and serine protease Hir2A/Omi whose task is to ensure
apoptosome formation by triggering sequestration and/or
degradation of cytosolic proteins - inhibitors of apoptosis
(IAPs) - preventing their caspase inhibitory function (49).
Anyway, the most important regulators of mitochondrial
apoptotic pathway are Bcl-2 proteins. How do they influence
mitochondria and what is the mode of their action?

2. Bel-2 protein family

In higher eukaryotes this family involves up to 30 ho-
mologues that can have absolutely different impact on the
cell fate by promoting or inhibiting apoptosis depending on
their structural featnres. These features are Bel-2 homology
(BH) domains being highly conserved throughout this fa-
mily. The pro-survival proteins contain BHI, BH2, BH3
and BH4 domain, whereas the pro-death members have, at
least, a BH3 domain {17). The Bcl-2 family classification
derives from homologues encoded in Caenorhabditis ele-
gans, a nematode on which the first apoptotic studies were
performed.

Bel-2 proteins can be grouped in three categories: (i)
Bel-2-like survival factors such as Bcl-2, Bcl—XL, Belw, Mcl-1,
A1/Bfi-1, NR-13, Boo/Diva/Bcl-2-L-10 and BelB; (ii) pro-
apoptotic BH3-only death factors such as Bik/Nbk, Blk,
Erk/DP5, BNIP3, Bim, {Bod, Bad, Bid, Noxa, PUMA/
Bbe3 and Bmf;, and (iii) pro-apoptotic Bax-like factors Bax,
Bak, Bok/Mtd, Belx_ and Drosophila DEBCL, a subgroup
not presented in C. elegans (5).

2.1 Bel-2-like survival factors

Every Bel-2 like survival factor contains three to four
homology domains (BH1-BH4). The BH1-BH3 domains
form the hydrophobic pocket and the N-terminal BH4 do-
main stabilizes the protein structure from the backside (2).
Since Petros et al. {34) referred about the NMR siructure
of Belx; complex with the BH3 domain of the death factors
Bak and Bad, we know that BH3 domain is a random coil
when free in solution, but it adopts an amphiphatic c-helix
when completed with another protein member. Therefore it
just fits into the hydrophobic pocket, thus forming a hete-
rodifoligomer.

However, there are reports indicating that mode of ac-
tion of Bellike survival factors is tricky and more complex.
First, BH3 domains are not available for binding in all pro-
teins at all times needing a post-transiation modification
and/or a conformational change (41; see Bax-like and BH3-
only death factors befow). Second, a plenty of proteins
{such as R-Ras, Raf-}, calcineurin, Bap31, BAG-1/Hsc70
or p53 binding protein - p53BP-2) without BH3 domain
were shown to bind Bel-2 survival factors (38). Third, so-
lution of Bel-2 and Belx, structure revealed surprising
structural homoltogy with bacterial pore-forming toxins
such as colchicin and diphteria toxin (2, 34), so it is likely
that Bcl-2-like proteins use part of the hydrophobic pocket
for other purposes than binding, namely for formation of
ion- or protein-conducting channels (435). Finally, Bcl-2
was shown to prevent lipid peroxidation by scavenging oxy-
gen radicals functioning as an antioxidant (19} or by inhij-
bition of caspases involved in production of oxvgen
radicals. In addition, we also have to consider regulatory
effects of proteins that are not presented under in vitro
binding conditions.

Briefly, Bcl-2-like survival factors tail-anchored in intra-
cellular membranes (mitochondrial, nuclear, endoplasmic
reticulum) can scavenge pro-apoptotic death factors (and
even some BH3-lacking proteins) and in contrast to the
death factors they do so without any major change in con-
formation or subcellular localization (3).

2.2 Bax-like death factors

This subgroup consists of four members. The first one
isolated was named Bax for Bel-2-associated protein X, since
it immuonoprecipitated together with Bel-2 and blocked its
survival activity when co-expressed (31). Two other homo-
logues were isolated in mammals, Bak and Bok/Mtd (16,
20) and one in Drosophila, Drob/dBorg/DEBCL (7,11).



Bax-like death factors comprise BH1-BH3 domains and
their pro-apoptotic behaviour was originally associated with
the lack of stabilizing BH4 domain as its absence could un-
fold the hydrophobic pocket and trigger conformational
changes conferring pro-apoptotic activity. Nevertheless,
there are some celiular proteins such as Mcl-1 or Al and all
viral homologues lacking BH4 region and they are potent
cell survival and not death factors (1). Moreover, Belx
[acks BH1 and BH2 but retains BH4 and possesses pro-sur-
vival activity (4).

2.2.1 Mitochondrial targeting

The diversity of the BH3-region helix seems to be cru-
cial for mitochondrial targeting and later pro-apoptotic ac-
tivity. It is less packed to the hydrophobic pocket in Bax
than in Belx, and therefore more available for binding to
the hydrophobic grooves of Bcl-2-like survival factors (41).
Another difference consists in the fact that hydrophobic
membrane-anchoring C-terminus {9) of Bel-2 is exposed
immediately after proteosynthesis and needs to be targeted
to membranes instantly in order to prevent clustering and
precipitation. On the other hand, a9 terminus of molecule
of Bax is folded back in the hydrophobic groove and there-
fore it is protected from binding to membranes as well as to
other proteins (30) at least until a9 is exposed.

Mitochondrial targeting of Bax is determined by some
vet unknown protein or post-translational modification that
uncovers o9, but we still do not fully understand the te-
chanism of membrane targeting, insertion, oligomerization
and channel formation on molecular ievel. One model
proposes that Bax is weakly attached to mitochondrial
membrane, with intact hydrophobic pocket and it is kept in-
active by an unknown inhibitory protein or by a specific k-
pid. Another model involves conformational changes and
exposure of BH3 domain which enables either Bel-Z-like
factors inhibition of Bax and cell survival upon death signal
or stable membrane insertion of Bax, oligomerization
and/or interaction with VDAC/ANT (voltage-dependent
anion channel, adenosine nucleotide transporter). Sub-
sequent pore or channel formation releases cytochrome
¢ and triggers caspase cascade (5).

2.2.2 Mode of action of Bax-like death factors is not fully
elucidated

Mitochondria have been the focus of the majority of stu-
dies aimed at explaining the role of the Bel-2 family in cell
death. Evidences for such a role are: loss of mitochondrial
potential and release of pro-apoptotic factors inciuding
cytochrome c, AIF and caspase activation upon disruption
of mitochondrial membrane (17) which probably involves
channel formation and its opening rather than membrane
rupture. It is not clear whether Bax directly forms a chan-
nel or interacts with a pre-existing one. Even number of in-
vestigators (32,28,44) has not found an importance of PT
pore for the cytochrome creleasing activity of Bax. On the
other hand, such a channel might be permeability transi-

tion (PT) pore whose main components are voltage-de-
pendent anion channel {(VDAC) in the outer membrane,
adenosine nucleotide transporter {ANT) in the inner mem-
brane and cyclophilin D in the matrix. This channel allows
passage of molecules up to 1.5 kDa, therefore one hypothe-
sis is that Bax would interact with PT pore increasing its
size. Then even higher molecular weight molecules (up to
15 kDa) as cytochrome ¢ can pass through (54).

In summary, Bax-like death factors either form channels
or interact with channelforming proteins, and as Kors-
mever {21} proposed, Bel-2 survival factors (tail-anchored
to different intracellular membranes) sequester Bax-like fac-
tors, thus co-working like a survival/death rheostat. Never-
theless, the exact mode of the Bax-like death factors action
stays controversial.

2.3 BH3-only death factors

The BH3-only death factors share only the short BH3
domain with each other and with the rest of the Bcl-2 fa-
mily. They function as mediators of death signalling and
sensors for cellular integrity (e.g. Bim for cytoskeleton inte-
grity, Bad for growth factor withdrawal and Bid as a sensor
for death receptor pathway signalling; see below). BH3-on-
lies are kept in an inert state preventing inappropriate cell
death and one or several of the following mechanisms acti-
vate them.

2.3.1 Activation of BH3-only death factors

Each of mammalian BH3-onlies is regulated differently,
depending on the nature of the protein and the origin of
apoptotic stimulus. One mechanism is transcriptional in-
duction. For example p53 is a transcription factor that in-
duces PUMA/Bbe3 and Noxa after DNA damage affected
by chemotherapeutics, UV- and y-irradiation (22).

Cytokine or growth factor withdrawal, anoikis and de-
ath receptor ligation induce a second possible way of BH3-
onlies activation - posttranslational modification -
phospho- rylation/dephosphorylation. For instance, phos-
phorylated Bad is inactive and sequestered in cytoplasm by
binding to 14-3-3 scaffold protein (55). Dephosphoryla-
tion of Bad processed by calcineurin (51) makes Bad frec
and available for interaction with Bcl-2-like survival factors,
thus triggering apopiosis.

Another mechanism is based on proteolysis; it involves
Bid when the death receptor pathway ts not {ully activated.
Active caspase-8 cleaves Bid (22 kDa) into a truncated frag-
ment, tBid (15 kDa), thereby exposing a binding site for
N-myristoylation (56), which together with its high affinity
to mitochondrial cardiolipin (26) causes targeting of tBid
to mitochondria (24). tBid seems to change lipid composi-
tion of the outer mitochondrial membrane (15), making it
more permeable during apoptosis. Besides that, tBid is able
to release Baxlike factors from Bcl-2-like factors as well as
to stimulate oligomerization and membrane insertion of
Bax and Bak (14,32). Pro-apoptotic role of Bid is undeni-
able, but probably cell-type dependent {53). Moreover, Bid



can be cleaved also by other caspases (24) and even by non-
caspase proteases €.g. cathepsin B (46), but so far this of-
ten occurs after mitochondria perforation and probably
serves as a positive feedback loop.

Lastly, BH3-onlies are bound in the inactive state to the
important macromolecular structures such as microtubules
being placed as the stress sensors that are released after
apoptotic stimuli. For instance, Bim is bound to a light
chain of dynein motor complex on microtubules. Taxol,
a microtubule-polymerising drug, can trigger the release of
Bim and its association with Bel-2/ Bel-X (36).

In summary, once BH3-onlies are post/translationally
activated, they interplay with Bcl-2-like survival factors.
They inactivate Bcl-2-iike survival factors that restrict Bax-
like death factors oligomerization. These free pro-apoptotic
factors undergo conformational changes, subsequently dis-
turb the outer mitochondrial membrane and release caspa-
se-activating and other pro-apoptotic factors (23).

3. Conclusion: Bel-2 inspectors
and superintendents

In the cell death producing machinery Bel-2 family pro-
teins are working on the very important posts. The fact that
they exist as inactive conformers needing activation by
death signals suggests that members of this family are stra-
tegically positioned within the cell (just like the inspectors)
to record damage at the specific sites and to rapidly con-
verge diverse cell injuries on the common apoptotic path-
way (8). In mammals, the execution of the most of so-calied
“death orders” takes place by the central part of the manu-
factory - the mitochondrion. This is the target of the Bel-2
family proteins, the mediators of apoptosis. Their major
function is to directly control the outer mitochondrial
membrane permeability and subsequent release of several
pro-apoptogenic factors (cytochrome ¢, Smac etc.) although
the exact mechanism is still to be determined.

Subcellular distribution of Bcl-2 family proteins no
doubt plays a crucial role in their ability to regulate apop-
tosis. Some of these superintendents (Bcl-2) are also loca-
lized on endoplasmic reticulum serving as a first line of
defence against apoptotic signals (5). They sequestrate pro-
apoptotic proteins keeping them away from their site of
action (the mitochondria). On the other hand, Bcl-2 and
Belx; on the mitochondria inhibit the death factors that
have already accumuiated there (47) functioning as a second
defence line.

4. Outlook

Recent genetic and biochemical studies (6,10,37) showed
that Bcl-2 proteins act in coordinated and interdependent
manner, since Bax- and Baklike pro-apoptotic proteins are
not able to execute death in the cells where BH3-only pro-
teins have not been activated in response to the stress sti-
muli. Despite of increasing number of publications and new

findings about the interactions among Bcel-2 family proteins
we are still far from full understanding the complexity of
the controlling pathways. Basically, BH3-only proteins
(activated via one of the mechanisms mentioned above)
can act through Bcl-2 and Bax subfamilies because they
contain the binding site for BH3-only proteins (the hydro-
phobic pocket). However, this fact contradicts a variety of
recent findings, which might be misguiding. Most of the
contemporary studies have been done with over expressed
proteins and the binding affinities among particular Bel-2
proteins have not been determined vet. Therefore, we can
hardly say which interactions might occur under the physio-
logical conditions. Hence, only some general modeis of the
mode of the Bcl-2 family action can be proposed.

‘We are still dealing with the guestions like what mecha-
nisms induee the loss of mitochondrial integrity, how the
intramitochondrial proteins are released, what role plays
calcium in this process etc. Answering such questions will
surely help us to find new therapeutic attitudes (9,12,27)
and it would be probably of great implications because phy-
siological apoptosis is essential for healthy development
and homeostasis of mammals.

Dysregulation of programmed cell death leads to vari-
ous diseases in humans, including cancer, certain neuro-
degenerative diseases etc. For example, failure to remove
autoimmune celis (that arise during development or that
develop as a result of somatic mutation during an immune
response) can result in autoimmune diseases or (in the case
of damaged or mutant cells} in cancer. Therefore com-
pounds that block survival and activate pro-apoptotic pro-
teins as recently discovered BH3-mimetics (13) could offer
a new way to ireat cancer and other diseases. This way
would be targeted at Bcel-2 proteins family but a lot of
further work in this field is needed.
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Abstract

Mutations in NBS1 gene are related to higher occurrence of malignancies. In this work we studied response of T-lymphocyte leukemia
cells MOLT-4 to ionizing radiation, We detected IRIF (ionjzing radiation ferming foci) containing histone yH2A X, protein 53BP1, and Nbs1,
which were formed around double-strand breaks of DNA. We found dose-dependent increase in foci number (colocalization of yYH2A. X and
53BP1) and vH2A.X amount {integral optical density) 1h after irradiation. After dose of 1.5 Gy the number of foci decreases with time,
but 72 h after irradiation 9% of live cells stilt contained big foci around unrepaired DNA damage. Western blot method revealed massive
phosphorylation of H2A.X during apoptosis induction, 6-24 h after iradiation by doses 1.5 and 3 Gy. Cells with apoptotic morphology showed
strong phosphorylation of H2ZA X, but it was not accompanied by 53BP1.

1 h after irradiation by lethal doses 5 and 10 Gy we detected by Western blot a decrease in repair proteins Mrel1, Rad50, and Nbs1, While
phosphorylation of H2A X 1h after irradiation was detected by both confocal microscopy and Western blot, phosphorylation of Nbsl on
serine 343 was not detectable in MOLT-4 cells. Despite functional ATM and p53 the phosphorylation of Nbsi on serine 343 was impaired in
these cells, and might be responsible for high radlosensmwty ‘of MOLT-4 cells.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: MOLT-4; Leukemia; Radiation; Nbs1; DNA repair; H2A.X; Phosphorylation

1. Introduction

Double-strand breaks of DNA (DSB) are the deadliest
DNA lesions resulting from the exposure to ionizing radiation
(IR) and also as an unavoidable consequence of stochas-
tic errors during DNA replication [1]. The DNA damage
response network involves parallel modulation of a wide
array of signaling pathways, including lesion processing and
repair, activation of cell cycle checkpoints, apoptotic path-
way, and many less characterized stress signals [2,3]. Very

* Corresponding author. Tel.: +420 495 816 166; fax: +420 495 512 715,
E-mail address: vezacovam@Ithk.cuni.cz (M. Rezdtova),

0145-2126/% - sec front matter © 2007 Elsevier Ltd. All rights reserved.
doi: [0.1016/].levkres.2007.12.014

carly event in response to irradiation is formation of IR
induced foci (IRTF), dynamic microscopically discernible
structures containing thousands of copies of proteins involved
in various aspects of DSB metabolism, IRIF can be used
as a marker of DSB localization [4-6]. Bekker-Jensen et al.
[7] proved that DSB flanking chromatin marked by yH2A X
{histone H2A.X phosphorylated on serine 139) is occupied by
ATM kinase, Mdc1 and 53BP1. BRCA1 and proteins of MRN
complex (Mre!1-Rad50-Nbsl) also react with this compart-
ment, Other proteins related to DNA repair are not stably
accurmnulated in the IRIF (Chkl, Chk2, Ku70, Smsl, Smc3,
DNA-PK). Checkpoint effectors such as p53 and Cdc25c are
not located at the site of DSB at all [7].
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Human T-lymphocyte leukemia and lymphoma cells
greatly differ in their radiosensitivity. An important fac-
tor affecting sensitivity to DNA-damaging agents, such as
iR, is the ability to repair sublethal damage. It has been
reported by Uckun et al. [8] that 37% of isolated T-cell-
derived acute lymphoblastic leukemia cells have the ability
to repair radiation-induced damage, and their survival curves
showed a significant shoulder. Also main agent responsible
for adult T-cell leukemia — T-cell leukemia virus — reduces
expression of DNA-repair genes Rad51, XRCCI, Ungl and
RPA [9].

T-lymphocyte leukemia cells MOLT-4, used in our study,
are immunophenotypically similar to thymocytes as to the
expression of CD1-CD8: they are CD17% (49%), CD4A* (55%),
CD5* (72%) and CD7t (77%) [10]. MOLT-4 cells are very
sensitive to IR, similarly as pre-T-lymphoma cells HSB-2. On
the other hand, frequently used T-lymphoma cells CEM and
Jurkat are much more radioresistant. While CEM and Jurkat
cells do not express functional p53 and undergo apoptosis
after cell cycle arrest in G2/M phase [11,12], apoptosis of
MOLT-4 cells is fully p53 dependent [13,14]. In response o
irradiation by the dose of 4 Gy, only 24% of MOLT-4 cells die
by quick apoptosis without previous aberrant mitosis, major-
ity of the cells die 18-30h after irradiation after aberrant

mitosis. The process results in formation of apoptotic bodies

and cell collapse 36—40h after irradiation [15].

In our previous study [16] we found that MOLT-4
cells have limited capacity to repair DNA damage dur-
ing low dose-rate (3.9mGy/min) irradiation, as the Dy
value did not substantially changed with dose-rate (0.87 Gy
for 600mGy/min, 0.78 Gy for 3.9mGy/min). One of the
most important regulatory pathways activated in response
to DSB is autophosphorylation of ATM kinase [17] and its
downstream processes. ATM kinase at MOLT-4 cells is phos-
phorylated on serine 1981 within 30 min after irradiation
by the dose of 1.5Gy, consequently Chk2 is phospho-
rylated on threonine 68 [18]. The activated kinases then
phosphorylate p33 on serine 392 and serine 15 [14]. Acti-
vation of p33 negative regulator Mdm2 was also detected
[18].

MRN complex is crucial in repair of radiation damn-
age and checkpoint signaling. Patients suffering from
mutations in NBS1 (Nijmegen breakage syndrome, NBS),
similarly to patients with dysfunctional ATM kinase (ataxia-
telangiectasia) are extremely radiosensitive, cannot repair
radiation-induced damage [19,20] and have many other
similar defects, mainly immunodeficiency, partial body
degeneration and higher risk of cancer. At 90% of patients
with NBS deletion of 5 nucleotides in exon 6 of NSBI
(657del5) was described [21]. NBS patients have high pre-
disposition to lymphoid malignancy [22]. NBS patients, who
are homozygous, having mutation in both NSB 1 alleles show
a characteristic predominance for malignant lymphoprolifer-
ative disorders, i.e. 22/25 patients suffered from lymphorna
[23]. Incidence of heterozygous carriers of 657del5 mutation
of NBS1 gene is low in healthy population (Slavic popu-

lation (.5%, German population 0.1%) [24]. Chryanowska
et al. [25] studied mutation 657del5 of NBSI and found
it in 3 of 270 patients with acute lymphoblastic leukemia
(ALL) and in 2 of 212 patients with non-Hodgkin lymphoma
(NHL). ALL is the most common malignant disorder in
childhood. 20-25% of children with ALL suffer a relapse.
Varon et al. [26] analyzed mutations in NBS1 in children
patients with first relaps of ALL and found 4 different
mutations of NBS1 gene in 15% of patients. Resnick et
al. [24] found in group of 68 pediatric patients with lym-
phoid malignancies 657del5 mutation in two children, one
with ALL, second with NHL. Several relatives of the second
patient, who were carriers of the same mutation, had can-
cer (ALL, breast cancer, GI cancer). The authors presume,
that mutations in NBS1 increase predisposition to malignan-
cies.

In this study we evaluated changes of proteins related to
DNA damage recognition (H2A.X) and repair (MRN com-
plex) and phosphorylation of Nbs1 on serine 343 at MOLT-4
cells exposed to IR.

2. Material and methoeds

2.1. Cell culiure and culture conditions

MOLT-4 cells were obtained from American Type Cul-
ture Collection {(University Blvd., Manassas, USA). The
cells were cultured in Iscove’s modified Dulbecco’s medium
(Sigma) supplemented with 20% fetal calf serum (PAA
Laboratories GmbH, Austria), 2mM glatamine (Sigma),
100 Ul/ml penicillin (Sigma) and 0.1 mg/ml streptomycin
(Sigma) at 37 °C, controlled 5% CO; and humidified atmo-
sphere. The cultures were divided every 2nd day by dilutionto
a concentration of 2 x 10° cells/ml, Cell counts were detected
with a hemocytometer, cell membrane integrity was deter-
mined using the Trypan Blue exclusion technique. Cells in
the maximal range of 20 passages were used for this study.

2.2. Gamma irradiation

The exponentially growing MOLT 4 cells have been sus-
pended at a concentration of 2 x 10° cells/ml in a complete
medium. Aliquots of 10ml have been plated into 25cm?
flasks (Nunc) and irradiated using a °Co gamma-ray source
with a dose-rate of 1 Gy/min. After irradiation the flasks have
been placed in the incubator and the aliquots of the cells have
been removed at various times after irradiation for analysis.

2.3. Flow-cytomerric analysis and apoptosis detection

For apoptosis detection we nsed Apoptest-FITC kit (Dako-
Cytomation, Brno, Czech Republic). During apoptosis, cells
expose phosphatidylserine at the cell surface. Annexin V
(A) is a phospholipid binding protein which, in the pres-
ence of calcium ions, hinds selectively and with high affinity
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to phosphatidylserine. Cells with permeable cell membrane
(Iate apoptotic or necrotic) were detected by propidium iodide
(PI) staining. Flow-cytometric analysis was performed on a
Coulter Epics XL flow cytometer equipped with a 15 mW
argon-ion laser with excitation capabilities at 438 nm (Coul-
ter Electronic, Hialeah, FL, USA). A minimum of 10,000
cells was collected for each 2-colour sample in a list mode
file format. List mode data were analyzed using Epics XL
System II software (Coulter Electronic).

2.4. Cell cycle analysis

Following the incubation, the cells were washed with
cold PBS, fixed by 70% ethanol and stained with propidium
todide in Vindelov’s solution for 30 min at 37 °C. Fluores-
cence (DNA content) was measured with Coulter Electronic
apparatus. A minimum of 10,000 cells analyzed in each sam-
ple served to determine the percentages of cells in each phase
of the cell cycle, using Multicycle AV software. Three inde-
pendent experiments were performed.

2.5, Immunocytochemistry

The cells were fixed with 4% freshly prepared
paraformaldehyde for 10min at room temperature (RTY),
washed in PBS, permeabilized in 0.2% Triton X-100/PBS
for 15min at RT, and washed in PBS. Before incu-
bation with primary antibodies (overnight at 4°C), the
cells were blocked with 7% inactivated FCS+2% bovine
serum albumin in PBS for 30min at RT. Antibodies
from two different hosts (rabbit and mouse) were used
in each slide to detect two different antigens in the same
nuclei. For detection of yH2A.X and Nbsl mouse mono-
clonal anti-phospho-histone H2A.X and mouse monoclonal
anti-Nbst (Upstate) and for detection of 53BP] rabbit poly-
clonal antibody and rabbit polyclonal Nbsl-phospho $343
(Cell Signaling) were used. Secondary antibodies: affinity
pure donkey anti-mouse-FITC-conjugated and affiriity pure
donkey anti-rabbit-Cy3-conjugated were purchased from
Jackson Laboratory (Bar Harbor, ME). The mixture of
both antibodies was applied to each slide (after their pre-
incubation with 5.5% of donkey serum in PBS for 30 min
at RT) and incubation for 1h in dark succeeded by wash-
ing (3 x 5min) in PBS. Counterstaining was performed by
TO-PRO-3 (Molecular Probes, Eugene, OR) in saline sodinm
citrate prepared fresh from the stock solution.

Images were obtained by high-resolution confocal
cytometer based on a completely automated Leica DM RXA
fluorescence microscope equipped. with CSU-10a confocal
unit (Yokogawa, Japan) and a CoolSnap HQ charged-coupled
device camera (Photometrix, Melbourne, Australia). Forty
optical sections at 0.3 pm sections were acquired for each
nucleus and stored in the computer memory. The exposi-
tion time and dynamic range of camera in the red, green
and blue channels were adjusted to the same values for all
slides to obtain quantitatively comparable images. Integral

optical density was measured using image analysis software
ImagePro 4.11 (MediaCybernetics, USA).

2.6, Western blotting

MOLT-4 cells were washed with a PBS at various times
after irradiation. The lyzates containing an equal amount
of protein (30 g) were loaded into each lane of a poly-
acrylamide gel. After electrophoresis, the separated proteins
were transferred to a PVDF membrane. The membranes
were blocked in Tris-buffered saline containing 0.05% Tween
20 and 5% non-fat dry milk and then incubated with pri-
mary antibody  (rabbit polyclonal antibody gamma HZA.X,
rabbit polyclonal antibody Nbsl-phospho S343 and rabbit
polyclonal antibody Mrell from Cell Signaling, mouse mon-
oclonal anti-Nbs1from Upstate, mouse monoclonal anti actin
beta and rabbit polyclonal antibody anti Rad50 from Sigma)
at 4°C overnight. After washing, the blots were incubated
with secondary antibody (DakoCytomation) and the sig-
nal was developed with a chemiluminiscence detection kit
(Boehringer).

3. Results

..3.1. Apoptosis

MOLT-4 cells were very sensitive to the effect of IR of

- %0Co and during 6 days after irradiation we observed induc-

tion of dose-dependent apoptosis. Using fow-cytometric
detection of Annexin V binding, we found 29 and 62% of
the MOLT-4 cells apoptotic after 16h after irradiation by the
doses of 1 or 3 Gy, resp. (9% in control), Maximal apop-
tosis occurred after 72 h when 33 and 92% of the cells were
Annexin V positive. After both doses the number of apoptotic
cells begun to decrease 144 h after the irradiation (Fig. 1),

100 4
80 A

G0

- 1Gy =3Gy
40 -

% Annexin V binding cells

201

0 7 T T T T 1
o] 24 48 72 96 120 144

time after the irradiation (h)

Fig. t. Dynamic of apoptosis mduction after irradiation of MOLT-4 cells by
the dese of 1 Gy (open triangles) and 3 Gy (black squares). Apoptosis was
measured by flow-cytometric detection of Annexin V binding, as described
in Section 2. Mean values from 3 independent experiments -+8.D, are given,
Apopiosis peaks 24-72h after irradiation.
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3.2, Cell cycle

Distribution of the cells in cell cycle phases was analyzed
by DNA content measurement. After both doses of 1 or 3 Gy
statistically significant increase in the number of cells in S
(control 36%, 1 Gy 51%, 3Gy 53%) and G2 (control 7%,
1 Gy 17%, 3 Gy 17%) phase was detected 6 h after the irradi-
ation, The increase in percentage of cells in § and G2 phase
persisted in the cells irradiated by the dose of 3 Gy only (S
56%, (32 17% 24 h after irradiation) (Fig. 2A). Fig. 2B shows
representative results of flow-cytometric analysis of the cell
cycle 6, 24 and 72 h after the irradiation by the dose of 1 Gy.
Maximal increase in percentage of cells in S phase of the cell
cycle is apparent 6 h after the irradiation.

3.3. Dynamics of H2A.X phosphorylation and yH2A.X
foci formation

We studied dynamics of yYH2A X foci formationin MOLT-
4 cells after irradiation by the dose of 1.5Gy (Fig. 3A).
Phosphorylation of H2A.X in response to radiation-induced
DSB occurred quickly and IRTF could be detected as soon
as 2min after irradiation. After this dose majority of the
cells fail to repair DNA lesions and die by apoptosis within
72 h after the irradiation (Fig. 1). With increasing time of

S phase

% of cells

incubation after irradiation the number of foci in remain-
ing live cells decreased and 72h after irradiation 90%
of the live MOLT-4 cells are comparable with control,
sham-treated cells (without foci). However, 72 h after the irra-
diation 9% of the live cells still contained single big focus
with colocalized yH2A.X and 53BP1. These big foci are
probably formed around severe DNA lesions, which can-
not be repaired. In control cells these big foct were not
observed. Fig. 4 shows three types of cells, which were
detected immunocytochemically 72h after irradiation by
the dose of:1,5Gy. In the majority of the live cells (90%)
vH2A.X was not detectable and radiation-induced damage
was repaired (4A), 9% of the live cells contained big focus,
indicating irreparable DNA damage (4B) and sporadically
apoptotic cells (which in general are lost during the staining
procedure due to their lower adherence) with typical mor-
phology and extremely high intensity of vH2A X (4C) were
detected.

. We also used Western blot analysis of H2A X phospho-
rylation after doses of 1.5 and 3 Gy. Phosphorylation was
detected by this method within 30 min after irradiation and

- the amount of yH2A X increased in time (Fig. 3B). This

% of cells

increase was probably related to apoptosis induction, which
was detectable from 16h after irradiation by both studied
doses.
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Fig. 2. Effect of irradiation on distribution of MOLT-4 cells in cell cycle phases determined by flow-cytometric analysis of DNA content. (A) Dynamic of
accumulation of the cells in 8 and G2 phase of cell cycle. (C) Sham-treated control, (1) 1 Gy, and (3) 3 Gy. Mean values from 3 independent experiments -+ 5.D.
are given. (B) Representative results of DNA conlent analysis after irradiation by the dose of 1 Gy.




M. Rezddovd et al. / Lenkemia Research xxx {2008} xxx—xxx

(B) 0 05

2 4 6 24h

Hax | -

—— " ST I

1.5 Gy

p-actin I —u-—————“—ﬂ"

wH2ax | -

— T e |

3Gy

B-actin I T T —" I

Fig. 3. Phosphorylation of H2A.X in response of MOELT-4 cells to ioni zing radiation. (A) Dynamic yH2A X foci formation in live cells detected by immuno-
cytochemical staining and confocal microscopy after irradiation of the cells by the dose of 1.5 Gy. Focl are detectable 2 min after irradiation and their number
decreases in time. Outlined are nuclei of the cells, coresponding to TO-PRO-3 counterstaining. (B) Dynamic of H2ZA X phosphorylation as detected in whole

cell lyzates by Western blot after irradiation of the cells by 1.5 and 3 Gy.

3.4. Phosphorylation of H2AX and colocalization with
33BPI is dose-dependent

DNA damage in MOLT-4 cells 1 h after irradiation by an
increasing dose of IR was detected by phosphorylation of his-
tone H2A X on serine 139 (vH2ZAX). Confocal microscopy of
immunostained YH2A. X in individual cells revealed forma-
tion of nuclear foci in all irradiated cells (Fig. 5A). These foci
were formed around DSB, colocalized with 53BP1, and the
number foci was dose-dependent in the dose tange 1-3 Gy
(Fig. 5B). Since it is difficult to distinguish individual foci
for doses above 4 Gy, we also measured intensity of H2A X
phosphorylation per nucleus by image analysis software. The
intensity of H2A X phosphorylation, measured as integrated
optical density (IOD) of appropriate fluorescence, showed
linear dose-dependance for the doses up to 5 Gy and then
formed plateau (Fig. 5C).

3.5, yH2AX, 53BP1 and Nbsl célbcalize in IRIF, but
Nbs] is not phosphorylated

Using confocal microscopy we studied colocalization of
proteins 1h after irradiation of the cells by the dose of
1.5 Gy. Upon irradiation we detected localization of 53BP1
in yH2A.X foci. 53BP1 was also marginally detectable in

sham-treated control cells, but did not form discernibie foci.
It is presumed that 53BP1 serves as an adaptor molecule and
allows recruitment of other signaling and repair proteins to
the sites of DSB. We found also colocalization of 53BP1 and
nibrin (Nbs1) part of repair complex MRN. However, we did
not observe colocalization of YH2A.X and phosphorylated
Nbs1 (Fig. 6).

3.6. Western blot analysis of MRN complex

Using Western blot method we observed changes in pro-
teins of DNA-repair complex MRN, 1 h after irradiation by
the doses of 1-10 Gy. We found that all proteins were present
in control cells. Irradiation by the high doses of 5-10Gy
caused decrease in amount of all three components, Mrell,
Rad50 and Nbsl. Phosphorylation of H2A.X increased in
dose-dependent manner, but phosphorylation of Nbs| on ser-
ine 343 was not be detected (Fig. 7).

4. Discussion

Ataxia-telangiectasia (AT) is rare, multi-system, auto-
somal recessive disease, characterized by neurcnal degen-

303
304
306
306
307

308

310

3N
312
318
314
315
316
A7

e

s

320

321



322

323

3256

326

327

328

6 M. Rezddovd et al. / Leukemia Research xxx (2008} xxx—xxx

YHZA2.X 53BP1
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Nucleus

Fig. 4. Detection of yH2A X (green) and S3BP1 (red) 72 h after irradiation by the dose of 1.5 Gy. Nuclear counterstaining by TO-PRO-3 (blug). Three distinct
types of cells are found. (A Cells comparable to control cells, which do not contain discernible IRTF. This type represents 90% of the evaluated cells. (B} Cells
with single big focus, where vH2A X colocalizes with S3BP1, are found in 9% of the evaluated cells. This single focus probably indicated unreparable DNA
lesion. {C) Apoptotic cells, with typical chromatin condensation and nuclear fragmentation. Apoptotic cells exhibit massive positivity for yH2A.X, but without

33BPL.

eration, genome instability, and an increased risk cancer.
Approsimately 10% of AT homozygotes develop cancer,
mostly of the lymphoid system (Hodgkins and non-
Hodgkin’s lymphoma, and leukemia) [27]. The ATM gene
has also been found to be mutated or deleted in the major-
ity of case of T-cell prolymphocytic levkemia (T-PLL)—-a
rare form of mature leukemia that occurs both in adults as a
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sporadic disease and in younger patients suffering AT [28].
AT patients are highly radiosensitive, and radiotherapy is not
suitable for the treatment of their malignancies.

The cells of human T-lymphocyte leukemia MOLT-4
are very radiosensitive, but it has been proved that ATM
kinase in these cells is functional, quickly activated after
irradiation [18] and its downstream targets are also phos-
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Fig. 5. Dose-dependence of yH2A X foci formation 1 h after irradiation. {A) yH2A.X foci formation detected by immunocytochemical staining and contfocal
microscopy 1h after irradiation. Outlined are nuclei of the cells, corresponding to TO-PRO-3 counterstaining. {B) Number of the foci containing yH2A. X
and 53BP1 per nucleus increases in dose-dependent manners for dose range 0.5-3 Gy. Medians + 1st and 3xd quartile are shown. (C) The graph summarizes
dose-dependent increase of intensity of fluorescence used for yH2AX detection. Amount of fluorescence per nucleus was measured using image analysis
software (see Section 2), This parameter shows nearly linear dose-dependent increase for doses up to 5 Gy. Medians & 1st and 3rd quartile are shown.
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Control
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63BP1

Nbst
53BP1 |

vHZAX
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Fig. 6. IRIF formation 1 h after irradiation of the cells by the dose of 1.5 Gy. Iinages are merge of red (A, B, C, b for 53BPi; E, F for pNbs 1 _ser343) and green
fluerescence (A, B, E, F for vy HZA X, C, I» for Nbs1) with outlined nuelei (TO-PTO-3). 1 h after irradiation by the dose of 1.5 Gy IRIF containing vH2A X,
33BP1 and Nbst are formed (B, D, F}, but Nbs1 is not phosphorylated in IRIF in MOLT-4 cells (F). (A, C, E) Control cells.
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Fig. 7. Western blot analysis of MRN complex and yH2A.X 1 h after irra-
diation by the doses of 1-10 Gy. Representative Western blots are shown.
Decrease of Mrel1, Rad50 and Nbs1 amount was detected after irradiation
by lethal doses (510 Gy). While phosphorylation of H2A X on serine 139 is
dose-dependant, phosphorylation of Nbs-1 on serine 343 was not detected.

phorylated, including p33 [14). It is known that defect in
NBS1 gene (which disables function of repair protein Nbs1)
causes similar symptoms as ATM kinase defect, including
high radiosensitivity [21]. The disease is known as Nijmegen
hreakage syndrome. Protein Nbsl, also called p95 or nibrin,
is together with Mrel1 and Rad50 a part of DNA-repair com-
plex. MRN complex plays an important role in nucleolytic
processing of DNA ends, recombination, repair and check-
jpoint signaling, Activity of MRN is regulated by ATM. All
three components of MRN are phosphorylated in response
to DNA damage. So far, the best characterized is phos-
phorylation of Nbsl. It seems that dynamic accessibility
of ATM-phosphorylated Nbsl to DSB sites is essential for
the biological roles of the MRN complex [29]. One of the
most important roles of phosphorylated Nbs-1 is inhibition
of DNA replication after irradiation and activation of intra
S-phase check point. Lukas et al, [1] proved colocalization
of Nbsl phosphorylated on serine 343 with yH2AX in the
laser-induced DSB. In this study with MOLT-4 cells we
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proved colocalization of YH2A X and Nbs1 in IRIF induced
by 1.5 Gy irradiation, but we did not detect phosphorylated
form of Nbs1 (on serine 343) in IRIF nor by Western blot. It
seems that Nbs1 and ATM have a role in the same biochem-
ical pathway. It has been proved previously [30] that defects
of ATM prevent Nbs1 phosphorylation, and that Nbsl phos-
phorylation is required for normal radiosensitivity of cells,
In MOLT-4 cells ATM function seems to be unaffected [18].
In presented study we detected unmodified form of Nbs1 in
both sham-treated and irradiated cells, and proved that upon
irradiation Nbsl is recruited to the site of DSB. However,
no phosphorylation of Nbs1 on serine 343 could be detected
in MOLT-4 cells, which might be the reason of their high
radiosensitivity. Also the amount of MRN proteins detected
in cell lyzates decreased after irradiation by the supralethal
doses (5 and 10 Gy) as soon as after 1 h.

As shown here, MOLT-4 cells die after irradiation by apop-
tosis. 16 h after irradiation by the doses of I and 3 Gy 30%
resp. 62% of the cells were A+. The cells are rapidly degraded
to small apoptotic bodies, which cannot be detected as subGl
peak. The cells are accumulated shortly in 8 and G2 phase of
the cell cycle after irradiation by doses 1 and 3 Gy. This accu-

mulation occurs also after irradiation by the high supralethal

dose of 7.5 Gy [14]. However, this cell cycle arrest does not
have protective effect during low dose-rate irradiation, as
proved in Vivrovd et al. [16]. That work compared behav-
jor of HL-60 cells of human promyelocyte leukemia, which

react to irradiation with lower doses by accumulation in G2 -

phase and are more radioresistant, with behavior of MOLT-4
cells after exposure to low dose-rate irradiation, where the
majority of the dose is delivered to cells with arrested cell
cycle. While at HL-60 cells the decrease in dose-rate has
protective effect and increases Dg, in MOLT-4 celis Dy does
not significantly change and stays at 0.8 Gy, Taking these
data together supports the hypothesis that repair of radiation-
induced damage in MOLT-4 cells is not effective, regardless
of their functional ATM. We account this to defective Nbsl
phosphorylation. Some genetic studies [24,26] indicate that
mutations in NBS1 gene are related to higher risk of malig-
nancies and that these mutations may also play important role
in relapse of ALL. -

Quick response of eukaryotic cells to IR is formation of
IRIF around DSB. In MOLT-4 cells we detected IRIF as
soon as 2 min after irradiation (by colocalization of yYH2ZA.X
and 33BP1). The number of foci decreases in time, and 72h
after irradiation most of the cells are comparable to sham-
treated control cells, without any foci. Sparsely we could
detect cells containing big focus (unrepaired lesion) or cells
with fragmented nucleus, with high positivity of vH2A.X
and without 53BP1 foci, which are apoptotic cells. Phospho-
rylation of H2A.X in the sites of DNA fragmentation during
apoptosis was recently suggested [31]. The authors show that
vyH2A.X occurs simultaneously with apoptotic DNA frag-
mentation and is limited to nuclei with condensed chromatin.
They found that H2A.X phosphorylation during apoptosis is
catalyzed by DNA-PKcs, while ATM is dispensable for the

process. Since only live cells adhere well to the slides dur-
ing immunocytochemical staining used in our experiments,
we also detected yH2A . X by Western blot from cell lyzates,
which enables analysis of whole cell population. Indeed,
Western blot reveals increasing positivity of YH2A X during
24 h after irradiation, which correlates with apoptosis cnset.
Itcan be concluded that doses from 1 to 4 Gy of y-radiation
induce dose-dependent formation of foci containing yH2A. X
and 53BP1 in MOLT-4 leukemia cells. Also Nbsl is found
in IRIF in MOLT-4 cells. Despite functional ATM and p33
the phosphorylation of Nbsl on serine 343 is impaired in
these cells,-and might be responsible for high radiosensitivity
of MOLT-4 cells. H2A X is also strongly phosphorylated in
apoptotic cells, where it is not accompanied by 53BP1.
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Background: In this work we studied the relationship between the enhanced expression of DR5
receptor and the effect of combination of TRAIL and ionizing radiation on cell cycle arrest and
apoptosis induction in human leukemia cell line HL-60. Material and methods: DR5, APO27 and
cell cycle were analyzed by flow cytometry. Proteins Bid and Mcl-1 were analyzed by Westem-
blotting. For clonogenic survival, colony assay on methylcellulose was used. Results: Ionizing ra-
diation caused significantly enhanced positivity of IMR5 receptors 24 h after irradiation with high
doses (6 and 8 Gy). An increase of DR5 receptor positivity after a dose of 2 Gy was not statisti-
cally significant and application of TRAIL 48 h after frradiation did not increase the apoptosis
induction. However, a decrease of radiation-induced G, phase arrest and an increase of apoptosis
were observed when TRAIL was applied 16 h before irradiation with the dose of 2 Gy. Incuba-~
tion with 6 ug/l TRAIL for 16 h reduced D value from 2.9 Gy to 1.5 Gy. The induction of apo-
ptosis by TRAIL was accompanied by Bid cleavage and a decrease of antiapoptotic Mcl-1 16 h
after incubation with TRAIL. Conclusion: TRAIL in concentration of 6 pg/l applied 16 h before
irradiation by the dose of 1.5 Gy caused the death of 63% of clonogenic tumor cells, similarly as
the dose of 2.9 Gy alone, which is in good correlation with the enhanced apoptosis induction.

Keywords: TRAIL, ionizing radiation, DR5 receptor, apoptosis, HL-60 cells

TRAIL is a potent activator of cell death act-
ing through so-called ,death receptors” DR4 and
DR5. TRAIL preferentially kills tumor cells while it
is non-toxic towards most of normal tissues. Plasi-
lova et al. (2002) have shown that TRAIL does not
have any negative effect on the number of CFU-GM
colonies and clusters derived from bone marrow
cells of AML patients in complete remission and
lymphoma patients without bone marrow involve-
ment, as well as cells derived from normal cord
blood. On the other hand, it suppressed the growth
of early primary leukemia and myelodysplasia pro-
genitors,

The receptors for TRAIL, DR4 and DR3, con-
tain a cytoplasmic “death-domain” capable of en-
gaging the cell suicide apparatus through an adap-

tor molecule intermediate such as a Fas-associated
death domain protein (Srivastava, 2001). The main
pathway which activates the apoptotic process start-
ed by death receptors leads through death inducing
signaling complex (DISC) assembly and activation
of caspase 8 and further activation of caspase 3
(Gong & Almasan, 2000). However, the apoptotic
process can be also activated by TRAIL through the
mitochondrial pathway. In such case, Bid (Bcl-2 in-
hibitory BH3-domain-containing protein) is cleaved
by caspase 8, the apoptosome is assembled, cas-
pase 9 is activated, and it further activates effector
caspase 3 (Belka et al., 2001). Wen et al. (2000) has
shown that for cells of hematopoietic lineages Jur-
kat, HL-60 and U-937 apoptosis induced by TRAIL
is related mainly to the mitochondrial pathway, ie.

Abbreviations: AML, acute myeloid leukemia; ATM, ataxia telangiectasia-mutated; CFU-GM, colony-forming unit granu-
locyte macrophage; DR, death receptor; FCS, fetal calf serum; FIDR, high dose-rate; LDR, low dose-rate; mAB, mono-
clonal antibody; PBS, phosphate-buffered saline; PE, phycoerythrin; TNE, tumor necrosis factor; TRAIL, TNF-related ap-

optosis-inducing ligand.
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Bid activation and accumulation of cytochrome ¢ in
the cytosol. An increased expression of antiapoptotic
proteins Bel-2 and Bel-X significantly reduces apop-
tosis induction by TRAIL in HL-60 cells. Caspase 8
and ¢ inhibitors also inhibit apoptosis induced by
TRAIL. Another member of the Bcl-2 protein family
is Mcl-1. High level of Mcl-1 in hematopoietic cells
is responsible for survival of hematopoietic progeni-
tor cells (Kitada & Reed, 2004}. Mcl-1 is one of the
very labile proteins of the Bcl-2 family; it contains
sequences enabling quick degradation. Expression
of Mecl-1 significantly increases after therapy using
growth factors and cytokines. Parallels exist between
Mcl-1 and Bcl-2, suggesting that Mcl-1 also reacts
with Bax and therefore extends the survival of he-
matopoietic cells in cytotoxic conditions (Zhou et al.,
19973,

Several observations indicate that radiation
and receptor-induced apoptosis each use distinct
although partially overlapping pathways. Efforts
to combine ionizing radiation and TRAIL in cancer
therapy are therefore reasonable. Tonizing radiation
in doses up to 10 Gy causes in HL-60 cells (which
lack functional p53) a long G, phase arrest and ap-
optosis is observed as late as 48 h after irradiation
(Marekova et al, 2003). Ionizing radiation induces
apoptosis by causing double strand breaks of DNA,
activation of ATM kinase and by the mitochondrial
pathway by activation of proapoptotic members of
Bcl-2 family (Bakkenist & Kastan, 2003). Abrogation
of G, phase arrest, e.g. by caffeine, has a strong ra-
diosensitizing effect in HL-60 cells (Vavrova et al,
2003).

In our work we looked for the most effective
sequence of the combination of therapeutic doses of
ionizing radiation and TRAIL. The application of
TRAIL after irradiation has been supported by some
of the previous studies (Belka ef al, 2001), proving
the increase of receptors containing death domain
after irradiation of Jurkat cells. Also application of
etoposide, ara-C and doxorubicin increases DR5 re-
ceptors in HL-60, Jurkat and U-937 cells. Wen et al.
{2000} have found that treatment of these cells with
the above-mentioned cytostatics for 6 h followed by
TRAIL application causes stronger apoptosis induc-
tion in comparison to simultaneous treatment. How-
ever, Kim et al. (2001) have shown that doxorubicin
increases the amount of DR5 receptor and enharices
TRAIL-induced apoptosis also in normal lung and
skin fibroblasts.

In our work we studied the expression of
DR5 receptor after irradiation of HL-60 cells and the
expression of members of Bcl-2 protein family (Mcl-
1 and Bid), which can significantly affect apoptosis
induction. We locked for the lowest dose of TRAIL,
which in combination with the therapeutic dose of
2 Gy of ionizing radiation, would have a significant
effect on apoptosis induction and the loss of clono-

genic survival in human promyelocytic leukemia
HL-60 cells.

MATERIALS AND METHODS

Cell cultures and cufture conditions. Hu-
man leukemia HL-60 cells were obtained from the
European Collection of Animal Cell Cultures (Por-
ton Down, Salisbury, UK). The cells were cultured
in Iscove’s medified Dulbecco’s medium (Sigma)
supplemented with 20% fetal calf serum, 0.05% r-
ghutamine, 150 Ul/ml penicillin, 50 pg/ml streptomy-
cin in a humidified incubator at 37°C and control-
led 5% CO, atmosphere. The cultures were divided
every 2nd day by dilution to a concentration of 2 x
10° cells/ml. The cell counts were performed with a
hemocytometer, the cell membrane integrity was de-
termined by using the Trypan blue exclusion tech-
nique. Cell lines at no more than 20 passages were
used for this study.

Gamma irradiation. Aliquots of 10 ml of
cell suspension (2 x 105/ml) were plated into 25 cm?
flasks (Nunc) and irradiated at room temperature
using ®Co v-ray source with a dose-rate of 0.5 Gy/
min, at a distance of 1 m from the source. After the
irradiation the flasks were placed in a 37°C incuba-
tor with 5% CQ, and aliquots of the cells were re-
moved at various times after irradiation for analysis.
The cells were counted and cell viability was deter-
mined with the Trypan blue exclusion assay.

TRAIL (TNF-related apoptosis-inducing lig-
and). For the experiments Killer TRAIL™ (Alexis,
Germany) was used. TRAIL was diluted in a buffer
containing 20 mM Hepes, pH 7.7, 300 mM Nadl,
0.006% Tween 20, 1% sucrose, 0.5 mM DTT (dithio-
threitol).

Cell cycle analysis. The cells were collected
and washed with cold PBS (phosphate-buffered sa-
line), and fixed in 70% ethanol. For the fixation of
low molecular fragments of DNA the cells were in-
cubated for 5 min at room temperature in a phos-
phate buffer and then stained with propidium io-
dide (PI) in the Vindelov's solution for 30 min at
37°C. The fluorescence (DNA content) was measured
with a Coulter Electronic (Fialeah, FL, USA} appa-
ratus, A minimum of 10000 cells analyzed in each
sample served to determine the percentages of cells
in each phase of the cell cycle, using the Multicycle
AV software. Three independent experiments were
performed.

In vitro clonogenic survival assay. The radia-
tion survival curves were generated using an in vitro
clonogenic assay. The HL-60 cells (10°-10°/ml) were
mixed in the Iscove’s modified Dulbecco’s medium
supplemented with 0.9% methylcellulose, 30% fetal
calf serum and 10% conditioned medium from the
5637 human bladder carcinoma cell line, One mil-
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lilitre of the plating mixture was dispersed into 35
mm tissue culture Petri dishes. The colonies (con-
taining 40 or more cells) were counted after 14 days
of incubation in 5% CO, and 5% O, at 37°C and the
curves were generated. All semi-solid cultures were
performed in duplicates. Two independent experi-
ments (4 measurements} were performed.

Flow cytometry. The cells were washed twice
with PBS containing 5% FCS and 0.02% NalN,. Then,
1 x 10% cells suspended in 0.5 ml of PBS with 5%
FCS and 0.02% NaN, were incubated with mAbs:

1. APO27 antibody: For the apoptosis de-
tection mouse phycoerythrin (PE)-conjugated mAb
APO2.7 clone 2.7 A6A3 {obtained from Immunotech,
Prague, CR) specific for a 38 kDa mitochondrial pro-
tein (7A6 antigen) was used. The cells were incubat-
ed with mAbs for 30 min at 4°C. The method with
nonpermeabilised cells was used.

2. Antibody to DR5: For detection of TRAIL
receptor DR5 mAb to DR5 clone HS201 (obtained
from Alexis, Germany) was used. The cells were in-
cubated with mAb for 15 min at room temperature.
Then the cells were washed with PBS containing 5%
FCS and 0.02% NaN, and incubated with anti-mouse
IgG(Fcy)-PE (obtained form Beckman-Coulter, USA)
for 15 min at room temperature,

All flow cytometric analyses were performed
on a Coulter Epics XL flow cytometer equipped
with a 15 mW argon-ion laser with excitation capa-
bilities at 488 nm (Coulter Electronic, Hialeah, FL,
USA). A minimum of 10000 cells was collected for
each sample in a list mode file format. The list mode
data were analyzed using Epics XL System II soft-
ware (Coulter Electronic, Hialeah, FL, USA). Three
independent experiments were performed.

Electrophoresis and Western blotting. At
various times after irradiation, the HL-60 cells were
washed with PBS and lysed. Whole cell exiracts
were prepared by lysis in 500 pl of lysis buffer
(137 mM NaCl, 10% glycerecl, 1% n-octyl-B-p-gluco-
pyranoside, 5¢ mM NaF, 20 mM Tris, pH 8, 1 mM
Na,VO,, Complete ™Mini). The lysates containing
equal amount of protein (30 ug) were loaded onte
a 12% SDS/polyacrylamide gel. After electrophore-
sis, proteins were transferred to a PVDF membrane
and hybridized with an antibody (rabbit anti-Bid
polyclonal antibody from PharMingen, 1:500, and
anti-Mcl-1 antibody developed in rabbit by Sigma-
Aldrich, 1:1500). After washing, the blots were in-
cubated with secondary peroxidase-conjugated anti-
body diluted 1:1000 (Pako, High Wycombe, UK) and
the signal was developed with a chemiluminescence
(ECL) detection kit {Boehringer Mannheim}).

Statistical analysis. The results were statis-
tically evaluated with Student’s #-test. The values
represent the mean +5.I). (standard deviation of the
mean). The statistical significance of the difference
of means in comparable sets is indicated.

The statistical evaluation of the clonogenic sux-
vival curves was performed as follows: At first clo-
nogenic survival curves were approximated by line-
ar combination of orthogonal polynomials. Together
the highest polynomial degree was determined with
the help of statistical test by testing of appropriate
regression coefficient against zero; the test was re-
jected on significance level & = 5% (Ralston, 1973).
Statistical evaluation of mutual (un)identity of clo-
nogenic survival curves was provided with help of
two-dependence (two-sided) f-test. It was found out
from P-value dependence on the dose or concentra-
tion in which dose or concentration range the clo-
nogenic survival curves do not mutually statistically
differ and in which domains they are mutually sta-
tistically different.

RESULTS

DDR5 receptors after irradiation

As the main goal of this study was to find the
most effective sequence for combination of TRAIL
and ionizing radiation, we evaluated changes in
expression of TRAIL DR5 receptors after exposure
of HL-60 cells to different doses of ionizing radia-
tion. As shown in Fig. 1, ionizing radiation induced
a significant increase of DRS5 receptors after irradia-
tion with the doses of 6 and 8 Gy, as detected by
flow cytometry 24 h after irradiation. On the other
hand, the therapeutically used dose of 2 Gy (a dose
usually used as one fraction during fractionated ra-
diotherapy} did not significantly increase DR5 recep-
tors.

Combination of ionizing radiation followed by
TRAIL

As the most pronounced (albeit nonsignifi-
cant) increase of TRAIL DR5 receptors was detected
48 h after irradiation with the dose of 2 Gy, we de-
cided to add TRAIL to the culture medium at this
tirne. The cells were irradiated with the dose of 2 Gy
and 48 h later TRAIL was added to culture medi-
urmn in a final concentration of 20 ug/l. However, no
significantly greater effect of the combination treate-
ment was obtained (not shown).

Combination of TRAIL treatment followed by ion-
izing radiation

In our further experiments we observed an
effect of a 16-h-long incubation with TRAIL and a
consecutive irradiation by the dose of 2 Gy on HL-
60 cells. HL-60 cells were incubated for 16 h in the
presence of TRAIL (5-100 ug/l). When TRAIL had
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Figure 1. The effect of irradiation of HL-60 cells on posi-
tivity of TRAIL receptor DR5.

The cells were irradiated by the dose of 2, 6 and 8 Gy
of ionizing radiation and the positivity of DR5 receptors
was determined by flow cytometry 6, 24, 48 and 72 h after
the irradiation. Each point represents the average of three
independent experiments +5.E.M. 0, Control; m, 2 Gy; !
6 Gy; %, 8Gy.

been washed away, one group was irradiated by
the dose of 2 Gy. Immediately after the irradiation
the clonogenity test was started and the number of
colonies was determined on T4th day of cultivation.
As far as the clonogenic survival of HL-60 cells is
concerned, the application of TRAIL 16 h before ir-
radiation with the dose of 2 Gy had an additive ef-
fect. The concentration of TRAIL which caused a
decrease of the colony number to 50% (EC,,) was
19.1 pg/l for nonirradiated cells. In the case of cells
irradiated with the dose of 2 Gy after 16 h of incu-
bation with TRAIL, the EC;; value decreased to 6.3
pg/l. From the P(c) behavior it was observed that in
the concentration range from 0 to 354 pg/l, Pc) <
0.01, and therefore both tabular dependencies may
statistically be considered as highly different; in the
concentration range 35.4 to 45.2 ug/l, where 0.01 <
P(c) € 0.05, as different, and within the concentration
range from 45.2 to 51.9 ug/l, where 0.05 < P{c) < 0.1,
as marginally different.

In the following experiments we studied the
effect of a 16-h-long incubation with 6 pg/l TRAIL
{concentration close to EC,, when combined with
2 Gy irradiation, as mentioned above) combined
with the irradiation with the dose of 2 Gy on the
mode of cell death and cell cycle progress. Apopto-
sis was detected by two different methods — subG,
peak (Fig. 2) and APO2.7 positivity (Fig. 3). The
method analyzing the subG, peak detects early
phase of apoptosis, while the method analyzing the
mitochondrial antigen APO2.7 in nonpermeabilised
cells detects a later phase of apoptosis (Marekova et
al., 2003). We proved that the combination (TRAIL
followed after 16 h by 2 Gy irradiation) is more ef-
fective in induction of apoptosis, which was more
intensive and lasted longer after irradiation.

When looking for the mechanism involved in
the enhanced apoptosis induction we found that the
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Figure 2. The comparison of effect of the 16-h-long in-
cubation with 6 pg/l TRAIL, the irradiation by the dose
of 2 Gy, and their combination on apoptosis induction
{(detection of subG, cells during DNA content analysis)
in HL-60 cells.

TRAIL was applied 16 h before irradiation and washed
away immediately after irradiation. Cells in eatly phase of
apoptosis are detected as subG, peak {i.e. cells with lower
amount of DNA than cells in G, phase of cell cycle) due
to fragmentation and loss of DNA during apoptosis. Each
point represents the average of three independent experi-
menis +S.EM. 03, Control; @ 2 Gy; & TRAIL 6 ng/ml; <,
combination.

application of TRAIL inhibited the cell cycle arrest
in G, phase, which is cbserved 24 h after irradiation
with the dose of 2 Gy. A representative result of one
out of three experiments is shown in Fig. 4. There
was a statistically significant decrease of the percent-
age of cells in G, phase 24 h after TRAIL and irra-

% of APO 2.7 pozitive cells

tima afiar irradiation [h)

Figure 3. The comparison of effect of the 16-h-long in-
cubation with 6 ug/l TRAIL, the irradiation by the dose
of 2 Gy, and their combination on apoptosis induction
(detection of mitochondrial membrane antigen APO22.7,
without permeabilization) in HL-60 cells.

TRAIL was applied 16 h before irradiation and washed
away immediately after irradiation. Mitochondrial mem-
brane antigen APO2.7 is a specific marker of apoptosis.
When used without digitonin permeabilization of cell
membrane it detects cells in later phase of apoptosis. Each
point represents the average of three independent experi-
ments £5.EM. For designations see Fig, 2.
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Figure 4. The effect of 16-h-long incubation with TRAIL (6 pg/l} and consecutive irradiation by the dose of 2 Gy on

abrogation of cell eycle arrest in G, phase.

TRAIL was applied 16 h before irradiation and washed away immediately after irradiation. The cells were analyzed 24 h
after irradiation. The percentage of subG, cells is calculated from the total cell count, distribution of the cells in cell cycle
(the percentage of cells in G,, 5, G,) is calculated only among the cells in the cycle (excluding subG,). Representative re-

sults of one out of three independent experiments.
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Figure 5. TRAIL induced changes in proteins of Bcl-2
family.

HL-60 cells were incubated with TRAIL (100 ug/) for 16
h. Bid and Mcl-1 proteins were detected by Western blot-
ting. TRAIL induced increase of truncated form of Bid (15
kDa) and decrease of Mcl-1 levels.

diation (13.9 * 1.2%)} in comparison to the irradiated
only (2 Gy) group (27.2 + 6.3%).

We next proved that a 16-h-long incubation
with TRAIL induces changes in Bid and Mcl-1, pro-
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Figure 6. The effect of 16-h-long incubation with 6 ug/l
TRAIL and consecutive irradiation by the dose of 2 Gy
on clonogenic survival of HL-60 cells.

For the clonogenic survival data, each point is a mean of
4 measureiments from two experiments =+ S.D. The clono-
genicity test has been started immediately after the end
of the irradiation. Equations of generated curves: Control:
y=109.22¢70378x TRATL: y =5%9.7110351%_ @, Control; ¢,
TRAIL.

teins of the Bcel-2 family, in HL-60 cells. Using West-
ern blot analysis we detected induction of the pro-
apoptotic form of Bid (t-Bid) and inhibition of the
anti-apoptotic protein Mcl-1 (Fig, 5).

Effect of TRAIL on radiosensitivity of HL-60 cells

Incubation with 6 ugfl TRAIL for 16 h re-
duced the D value (the dose of ionizing radiation
after which 37% of clonogenic HL-60 cells survive)
from 2.9 Gy to 1.5 Gy. From the P(c) behavior it was
observed that in the dose range from 0 to 2.77 Gy,
P(c) < 0.01, and therefore both tabular dependencies
may be considered as statistically highly different; in
the dose range 2.77 to 2.98 Gy, where 0.01 < P(c} =
(.05, as different, and within the dose range 2.98 to
3.09 Gy, where 0.05 < P(c) < 0.1, as marginally differ-
ent. The preincubation of HL-60 cells with TRAIL
did not change the radiosensitivity itself, but shifted
the dose-response curves due to the additional kili-
ing of the cells by TRAIL (Fig. 6).

DISCUSSION

Cancer cells often develop a resistance to
chemotherapy or irradiation through mutations in
the p53 tumor-suppressor gene, which prevent apo-
ptosis induction in response to cellular damage. The
HE-60 cells (devoid of p53) are more radioresistant
in comparison to the human T-lymphocyte leukemia
cells MOLT-4 (wild type p53), mainly due to the
long reparation of radiation-induced damage dur-
ing the G, phase arrest of the cell cycle. Irradiation
of HL-60 cells by a low dose-rate gamma radiation
{0.23 Gy/h, LDR) caused prolonged irradiation in G,
phase and increased radioresistance in comparison
to a high dose-rate irradiation (0.6 Gy/min, HDR).
The cells repaired their damage already during the
LDR irradiation (Vavrova ef al., 2004). When the HL~
60 cells were irradiated by a low dose-rate gamma
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radiation in the presence of the ATM kinase inhibi-
tor caffeine, the D, value decreased from 3.7 Gy to
2.2 Gy (LDR in the presence of caffeine) (Vavrova et
al., 2003).

The effect of therapeutic doses of ionizing
radiation on tumor cells can be enhanced by com-
bininig ionizing radiation with other substances
which selectively enhance apoptosis induction in
these cells. One of such selective inducers of apopto-
sis is TRAIL, From our and others (Wen et al., 2000}
results it is apparent that TRAIL induces apoptosis
regardless of p53 status. We proved that in the range
of low doses (up to 4 Gy) the application of 6 ug/l
TRAIL 16 h before irradiation significantly reduces
the Dy, value from 2.9 Gy to 1.5 Gy. This observation
is in good correlation with the results showing that
application of low concentration of TRAIL prevents
the accumulation of the cells irradiated by the dose
of 2 Gy in G, phase of the cell cycle, and therefore
disables the reparation of radiation-induced damage,
which in turn causes enhanced apoptosis induction.
The relatively long interval of detectable apoptosis
induced by a combination of TRAIL and irradia-
tion could be caused by the attempt of the irradiated
cells to enter mitosis with an insufficiently repaired
DNA, which is responsible for delayed post-mitotic
apoptosis in later intervals. Similar results were ob-
tained during studies of the combined effect of caf-
feine applied 30 min before irradiation (Vavrova et
al., 2003).

The importance of the mitochondrial pathway
of apoptosis induction after TRAIL seems to be be-
yond doubts in the case of leukemic cells. Belka et
al. (2001} have shown the activation of Bid 4-6 h af-
ter application of TRAIL in Jurkat cells. In our work
we detected an active form of Bid and a significant
decrease of the antiapoptotic Md-1 16 h after treat-
ment of HL-60 cells with TRAIL.

The interactions of TRAIL and radiation were
studied in the HL-60 cell line, because these cells
are sensitive to apoptosis induced by TRAIL alone
and they are less sensitive to ionizing radiation (D,
= 2.2 Gy) in comparison to hematopoietic stem cells
(D, =1 Gy) (Vavrova ef al., 2002). We proved a dose
dependent up-regulation of DR5 receptor after the
studied doses of radiation (6 and 8 Gy). After the
dose of 2 Gy the expression of DR5 receptor in-
creased (but not significantly) only 48 h after irradia-
tion. When TRAIL was applied 48 h after irradiation
of the cells by the dose of 2 Gy we did not detect a
higher amount of apoptosis in comparison to nonir-
radiated cells. Belka et al. (2001) have described an
increase of DR5 receptor expression in Jurkat cells 12
and 24 h after the dose of 10 Gy. A é-h-long incuba-
tion of HL-60 cells with increasing concentrations of
ara-C (1-100 pmol/l} also significantly increased the
DR5 receptor amount. However, even the dose of 8
Gy did not cause an increase of DR5 receptors dur-

ing 6 h after irradiation in our experiments with HL-
60 cells. The expression of DR5 receptors increased
also after 6-h-long incubation of HL-60 cells with 50
pmol/l doxorubicin (Wen el al., 2000). It seems to be
apparent that both ara-C and doxorubicin are better
inducers of the DR5 receptor expression in compari-
son to ionizing radiation. On the other hand, doxo-
rubicin was also found to sensitize normal nontu-
mor lung and skin fibroblasts to TRAIL (Kim et al.,
2001). When we applied TRAIL 48 h after irradiation
by the dose of 2 Gy (i.e. during the period of the
highest expression of DR5 receptors after this dose
of radiation) we did not detect an increased apopto-
sis after TRAIL in comparison to the nonirradiated
group.

We proved in this work that the incubation
of HL-60 cells with TRAIL 16 h before irradiation
prevented the accumulation of cells in the G, phase
after irradiation and induced a higher degree of apo-
ptosis of irradiated cells. This resulted in a synergic
effect, where the ECy, value decreased from 19.1 pg/l
(TRAIL) to 6.3 ug/l (TRAIL + irradiation by the dose
of 2 Gy). The results of Kim el al. (2001) proved that
TRAIL-resistant jurkat clones were not cross-resist-
ant to ionizing radiation. The combined treatment
of radiation and TRAIL synergistically increased
the cell death through the activation of the caspase
pathway in clones resistant to TRAIL-induced apo-
ptosis. When TRAIL and ionizing radiation were
applied together no increase of DR5 or DR4 recep-
tors was detected. This means that the synergic ef-
fect was caused by TRAIL receptor-independent
activation of the caspase 8 cascade pathway. The in-
teraction of irradiation and TRAIL involves multiple
genes such as DR5, caspase 8, caspase 3, and Bcl-2
family. Marini et al. (2003) proved that the expres-
sion of receptor DR5, the adaptor molecule FADD
and initiator caspase 8 or 10 is required for the com-
bined effect of TRAIL and irradiation. FADD is not
necessary for the ionizing radiation effect, but it is
absolutely essential for the TRAIL-induced apopto-
sis. FADD negative cells show no additive effect of
radiation and TRAIL,

Procaspase 8 seems to be the key molecule in
the apoptosis induced through death receptors. Its
function can be partially substituted by caspase 10.
The down-regulation of Bcl-2 and Mcl-1 also plays
an important role in apoptosis induction. We proved
that after a 16-h-long incubation of HL-60 cells
with TRAIL the active form of Bid appears and the
amount of Mcl-1 significantly decreases, which can
also contribute to a stronger effect of ionizing radia-
tion.

We proved that the anti-tumor effect of
TRAIL applied 16 h before irradiation of HL-60 cells
(p53 negative) was linked with the higher intensity
of apoptosis induction and with the abrogation of
the G, phase arrest induced by ionizing radiation,
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We also showed that the therapeutically used dose
of 2 Gy did not significantly increased DR5 receptor
positivity of HL-60 cells. The combined effect of irra-
diation (2 Gy) and TRAIL (6 ug/l) is synergic mostly
because the application of TRAIL before irradiation
prevents the cells from accumulating in G, phase,
and consequently they cannot repair the radiation-
induced damage sufficiently. This causes enhanced
apoptosis induction, which is also demonstrated in
the decrease of the D, value from 2.9 Gy to 1.5 Gy.
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