Obrazek na titulni strance: Inhibice DNA a RNA syntézy roskovitinem (c=20 pM) u buné¢né linie CEM
T-lymfoblastické leukémie. Pro vyhodnoceni inhibice DNA byla pouzita analyza BrdU (5-bromo-2” -
deoxyuridin) inkorporace, BrdU je analog thymidinu inkorporovany do DNA b&hem biosyntézy.
Inkorporovany BrdU byl vizualizovan pomoci anti-BrdU-FITC znacené protilatky a detekovan méfenim
na pratokovém cytometru. U bunék preléCenych roskovitinem byla prokazana inhibice DNA syntézy
(32.06% vs. 60.99% u kontrolnich bunék). Podobné byl analyzovan tcinek roskovitinu na RNA syntézu,
inkorporovanym nukleotidem byl BrU (5° -bromouridin). U bunék ptelécenych roskovitinem byla
prokédzana i inhibice RNA syntézy (84.5% vs. kontrolnich 49.96% na trovni BrU negativnich bunék).
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1.OBECNY UVOD DO PROBLEMATIKY
1.1. Uvod

Burika béhem svého Zivota pfijimd mnoho vnitro- i mimobunéénych signald, které ovliviiuji jeji
prichod bunéénym cyklem. Cely proces je kontrolovan proteiny ze skupiny cyklin-dependentnich kinaz
(CDKs), jejich cykliny a pfirozenymi inhibitory cyklin-dependentnich kindz (CDKIs) (Sherr 1996, Mor-
gan 1997). Rozhodovani, zda dojde k bunécnému déleni, probihd v G1 fazi cyklu, kde maji
nezastupitelnou regula¢ni dlohu riistové supresorové geny proteinti pRb a p53.V S fazi cyklu pak probiha
DNA replikace, ve fazi G2 probihaji posledni piipravy buiiky na mit6zu. Eukaryotické buiiky béhem
bunééného cyklu prochazi kontrolnimi body, kde mize byt v pfipadé posSkozeni buiiky cely proces
docasné pozastaven. Pokud je poSkozeni rozsahlé a neopravitelné, je zahajena apoptéza. UdrZuje se tak
stabilita a integrita genomu organizmu. Jestlize diky genomickym alteracim kontrolni body nefunguji,
dochézi k nekontrolovatelné proliferaci.

Transformace normalni buiiky v buiiku naddorovou je komplexni proces sestavajici z vétsiho mnozstvi
krokti a obvykle neni zpisoben pouze jedinou funkéni poruchou buiiky. Zhruba 90% nadort vykazuje
dysregulaci drahy supresorového proteinu pRb, Casté jsou i mutace nadorového supresoru p53, inhibitort
CDK kinaz pl15, p16 a dalSich.

Vyznam latek inhibujicich CDK kindzy pak spociva pravé v jejich schopnosti substituovat v burice
funkci posSkozenych nddorovych supresorii a zamezit dalSimu nddorovému bujeni a to budto
znovunastolenim rovnovahy v butice nebo prostfednictvim spusténi apopt6zy. Velkym piinosem téchto
sloucenin je jejich specificky ti¢inek na proliferujici nddorové buiiky. Diky evolucni stabilit¢ CDK kindz
jsou tyto latky Gc¢inné u Sirokého spektra organizmi a to i pfi pomérné nizkych koncentracich, pficemz
toxické koncentrace pro zdravé buiiky se pohybuji v fadoveé vysSich hodnotach. Jednu ze skupin
syntetickych inhibitort CDKs tvoii trisubstituované puriny, slou¢eniny odvozené od olomoucinu, jejichZ
ucinkim je vénovana tato dizertacni prace.

Vzhledem k tomu, Ze dizertani prace pojednava nejen o mechanizmech G¢inkl trisubstituovanych
purind, ale i o kombinaci jejich u¢inkl s radioterapii, teoreticka ¢ast je vénovana také poskozeni DNA
indukovanému ionizaénim zafenim.

1.2. CDK kinazy a cykliny

Cyklin-dependentni kindzy jsou serin/threonin protein kindzové enzymy, které jsou aktivni pouze ve
spojeni s pfislusnym cyklinem. V aktivnim stavu katalyzuji pfenos fosfatu z adenosin trifosfatu (ATP) na
substratové proteiny v takovém potadi, aby tspé$né probehlo celé bunécné déleni (Nasmyth 1996,
Sherr 1996). Nazev cyklinll vychazi z faktu, Ze jsou v dé€licich se burikach cyklicky syntetizovany a Ze
v kazdé fazi bunéného cyklu jsou pfitomny specifické cykliny. Vyjimkou jsou cykliny tfidy D, které
jsou v buiice obsazeny béhem celého bunééného cyklu, ostatni cykliny jsou vzdy v urCitém cCase
syntetizovany i degradovany. Dnes zndme celkem 13 CDK kindz a 25 cyklind (Knockaert et al. 2002,
Murray 2004), u vSech nejsou objasnény jejich biologické funkce a zdaleka ne vSechny se uplatiiuji pfi
regulaci bunécného cyklu (Tab. 1). Kindza CDK7 (také CAK — CDK activating kinase) ma na rozdil od
ostatnich CDKs odlisné postaveni, aktivuje ve spojeni s cyklinem H ostatni kindzy bunécného cyklu
fosforylaci na threoninu 161, neni tedy fazové specifickd. Aktivitu CDK kinaz ovliviiuji také tumor
supresorové geny a jejich subcelularni lokalizace.

1.3. Bunéc¢ny cyklus
Burika nachazejici se v G1 fazi cyklu je stimulovana ke vstupu do S faze rtistovymi faktory. Pokud je

mitogenni stimulace dostate¢nd, butika piekroci nevratné tzv. restrikéni bod R v G1 fazi cyklu. Dale uz
pak buiika béhem celého déleni neni zavisla na mitogenni stimulaci. Mitogenni stimulace spousti indukci



D cyklind (D1, D2, D3), jejich stabilizaci, translokaci do bunécného jadra a vazbu s CDK kindzami
(Sherr et al. 1999, Sherr 1996). Cykliny D rodiny jsou vpodstaté senzory rustovych faktord a jejich
overexprese je v nadorovych burikach velmi Casta (Sewing et al. 1993, Sherr et al. 1999, Sherr 1996).

Tab. 1: Funkce komplextit CDK/cyklin (Fischer et al. 2005).

CDK Cyklin/ jiny aktivator Funkce béhem:

CDKI1 cykliny AaB cyklus (G2, G2/M, M), NS

CDK2 cyklinyE, AaB cyklus (G2, G2/M, M), apoptdza, RNA transkripce
CDK3 cyklinyCaE cyklus (GO/G1, G1, G/S)

CDK4 cyklin D cyklus (G1), NS, bunécéna diferenciace

CDKS p35 (p25) ap39 (p29) apoptoza, NS, rizné tkanovée specifické funkce
CDK6 cyklin D cyklus (G1), NS, bunééna diferenciace

CDK?7 cyklin H cyklus (CAK), RNA transkripce

CDK8 cyklin C RNA transkripce

CDK9 cykliny T a K RNA transkripce, diferenciace, apoptdza
CDK10 ? cyklus (G2/M)

CDKI11 cyklin L cyklus (M), RNA transkripce, apoptdza, NS

(NS-nervovy systém).

Priichod buniky G1 fazi cyklu reguluji komplexy CDK4/cyklin D, CDK6/cyklin D, CDK2/cyklin E
a CDK2/cyklin A (Sherr et al. 1999) (Obr. 1). Vyznam bodu R spoc¢iva v regulaci aktivity proteinu pRb,
ktery na sebe vaZe transkripéni faktory E2F rodiny (Obr. 2). Ty jsou potiebné k zahdjeni transkripce genti
nezbytnych pro vstup do S faze cyklu a DNA replikaci, dochdzi také k transaktivaci cyklind A a E
(Strauss et al. 1995, Swanton 2004). Transkripcni faktory se uvoliiuji po fosforylaci proteinu pRb
kindzovymi komplexy CDK4/cyklin D a CDK6/cyklin D. Po skonceni syntetickych pochodii na sebe
pRb protein po své defosforylaci znovu navaze transkripéni faktory a ¢ekd na dalSi aktivaci. pRb protein
je velmi dileZitym nadorovym supresorem (Sherr 2004), poruchy jeho regulaéni cesty a tim i buné¢ného
cyklu jsou v nadorovych burikdch velmi Casté a vyskytuji se u mnoha typli nadorti (Zheng et al. 2001).
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Obr. 1: Regulace bunécného cyklu.



Nakindzu CDK?2 se béhem S faze vaze cyklin A, ten na jejim konci pfechazi na CDK1 kinazu (Obr. 1).
V pozdni G2 fazi je v komplexu s CDK1 kindzou cyklin A nahrazen cyklinem B. Komplex CDK1/cyklin
B nazyvame také maturacni promocni faktor (MPF), aktivni MPF faktor spousti mit6zu. Regulace aktivity

vvvvvv

kindzou je CDK1 kindza inhibi¢né fosforylovana na Tyr15 kindzami Weel a Mytl. Pro vstup do mitézy
je proto inaktivni komplex CDK1/cyklin B aktivovan defosforylaci na Tyr15 CDC25C fosfatazou (Smits
et al. 2001).

Gl faze

P

@®®
s

S faze — S fazové geny

Obr. 2: Regulace aktivity Rb proteinu (upraveno podle Stewart et al. 2003).

1.3.1. Kontrolni body bunééného cyklu

Kontrolni body G1/S a G2/M bunécného cyklu slouZzi ke kontrole poSkozeni DNA. DNA miiZe byt
poskozena genotoxickymi latkami a/nebo zafenim.V kontrolnim bodé G1/S je DNA kontrolovana pied
vstupem buiiky do S faze cyklu (Obr. 3), v bodé G2/M po replikaci DNA (Obr. 4). Pokud je DNA
poskozena, buiika se v kontrolnim bodé¢ zastavi a spusti DNA opravy nebo apoptézu (Zhou et al. 2000,
Lukas et al. 2004) V buiikach funguje také mitoticky kontrolni bod, kde se kontroluje spravna segregace
chromozomul béhem mit6zy (Clarke et al. 2000).

Pro spravnou funkénost kontrolnich bodi maji zcela zasadni vyznam CDXKs inhibitory (CDKIs),
které se déli do dvou skupin na INK4 a Cip/Kip inhibitory. Do rodiny INK4 inhibitort patii p16, p15, p18
a pl9; do Cip/Kip rodiny pak p21, p27 a p57. Inhibitory INK4 rodiny jsou specifické pro CDK4 a CDK6
kindzy v G1 fazi cyklu, vaZou se na né misto cyklinti. Inhibitory Kip/Cip mohou ptisobit béhem celého
bunécného cyklu a inhibuji komplexy CDK/cyklin (Sherr et al. 1999).
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1.3.1.1. Kontrolni bod G1/S

Inhibitor p21 je pozitivné regulovan supresorovym proteinem p53 nazyvanym také straZce genomu
(Obr. 3), ten je velmi dulezitym nadorovym supresorem. (Sherr 2004). Koncentrace a aktivita proteinu
p53 Y nepoékozenfzch buﬁkéch je nizké protein je exprimovén az v reakci na poékozeni DNA napft.
transkripénim cilem je protein p21, Jehoz exprese vede k zastaveni buné¢ného cyklu (inhibice CDKs) a
k inhibici replikace prostfednictvim inaktivace PCNA, cozZ je pomocna podjednotka DNA polymerazy &
(proliferating cell nuclear antigen) (Sherr 2004). Dal$imi transkripcnimi cili pS3 proteinu jsou proteiny
ucastnici se DNA oprav (GADDA45) a v pifipadé rozsahlého poskozeni DNA také proteiny indukujici
apoptozu (BAX) (Stewart et al. 2001, Rousseau et al. 1999). Protein p21 miZe inhibovat v§echny CDK
kinazy bunééného cyklu véetné¢ CDK7 kinadzy. Protein p21 i protein p27 muzZe byt aktivovan také kontaktni
inhibici proliferujicich bunék. Protein p15 je aktivovan v reakci na TGF 3 (Shapiro et al. 2000) (Obr. 3).

Dalsim fenoménem zprostfedkujicim inhibici CDKs prostfednictvim pl6 i p21 inhibitora je
replikativni senescence, coZ je vpodstaté fyziologicky program termindlniho ristového bloku starnouci
buriky (Sherr 2004). Buiiky ale mohou piechazet do stadia senescence i diky dal$im stresovym faktorim,
jako jsou napiiklad genetické manipulace, chemoterapie nebo ioniza¢ni zafeni. Senescentni buriky jsou
metabolicky aktivni, av§ak neproliferuji. Dochazi u nich k charakteristickym zménam v morfologii, jako
napriklad zvySena granularita, zvétSeny a zplostély tvar. NejCastéji pouzivanym markerem s vysokou,
nicméné ne absolutni specifitou je SA-B-gal (senescence-associated B-galactosidase), ktery je detekovately
pomoci X-gal barveni pfi pH=6 a ziejmé odpovidd zvySenému mnoZstvi lysozomi v senescentnich
burikdch. Lécbou indukovand senescence vykazuje podobnosti i rozdily s replikativni senescenci
(Roninson 2003).
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TGF-B inhibice / DNA
Replikativni
senescence p
Smad3 /
D - r M
Smad4 y: ps53
h
Reakce na i
W zareni
Absence
réstovych

faktord \

4
Ubikvitinace « ' -==-3 Ubikvitinace

Replikativni
senescence

8

E2F/DP cilové geny:

E2F) L E2F cyklin E/A, E2F-1/2/3, cde2,
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ON  DHFR, PCNA, H2A, atd.

Obr. 3: Kontrolni bod G1/S (upraveno podle Cell Signaling 2006).
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1.3.1.2. Kontrolni bod G2/M

Kontrolni bod G2/M je na rozdil od bodu G1/S aktivovan predevSim v reakci na poskozeni DNA
ultrafialovym nebo radioaktivnim zafenim (Obr. 4). Hlavni roli zde hraji kindzy: DNA-PK (DNA protein
kinase), ATM (Ataxia telangiectasia mutated kinase) a ATR (Ataxia telangiectasia and Rad3-related ki-
nase) (Lisby et al. 2005, Kastan et al. 2004, Bernstein et al. 2002). Vsechny jmenované kinizy mohou
v kontrolnim bodé¢ G2/M ale i v bodé G1/S, jak jiz bylo uvedeno, zablokovat buiiky prostfednictvim
drahy pS3/MDM2-p21 (Kastan et al. 2004, Lukas et al. 2004).

ATM/ATR kinazy také mohou prostiednictvim aktivace CHK1/CHK?2 kinéz (checkpoint kinases 1 a 2)
inhibovat kindzu CDK1(Obr. 4). CHK1/CHK?2 kinazy fosforyluji CDC25C fosfatazu, na kterou se potom
vaze 14-3-3 protein. Diky této vazbé dochdzi k transportu CDC25C fosfatdzy z bunécného jadra do
cytoplazmy, ¢imzZ je znemoznéna aktivace CDK1 kindzy a bunka zlstdva zablokovana v G2/M fazi
cyklu. Zvysenou expresi proteinu 14-3-3 pfitom reguluje pravé protein p53. Protein 14-3-3 se vaze i na
CDKI1 kinézu, ktera je pak také transportovana do cytoplazmy (Kastan et al. 2004, Lukas et al. 2004).
Dalsi podrobnosti souvisejici s opravami DNA poskozené ozafenim jsou uvedené v kapitole 1.6.
o Ucincich ionizujiciho zafeni na buriky a tkané.
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Obr. 4: Kontrolni bod G2/M (upraveno podle Cell Signaling 2006).
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1.3.2. Dysregulace bunééného cyklu

V nadorovych buiikdch byvaji mutovany predev§im dvé skupiny genll. Prvni skupinu tvofi proto-
onkogeny, které ve zdravych buiikdch stimuluji proliferaci. Druhou skupinu tvofi nadorové supresory,
predevsim p53 a pRb, které za normalnich okolnosti proliferaci inhibuji. Vysledkem je nekontrolovani
proliferace, ponévadz kontrolni body pfestavaji plnit svoji funkci. Obecné se jedna o mutace genil
koédujicich cykliny, CDK kindzy a jejich inhibitory i aktivatory, substraty CDKs (pRb) a proteiny fungujici
v kontrolnich bodech buné¢ného cyklu (p53).

Velmi dulezita je inaktivace funkce pRb proteinu, ktery mize byt budto mutovany, nebo spise
hyperfosforylovany diky overexpresi pRb aktivujicich cyklini D a E, kindiz CDK4 a CDK®6, popt. diky
deleci p16 proteinu. Tuto poruchu pRb regulacni drahy ma zhruba 90% nadort. Patfi sem zejména
nadory prsu, plic, retinoblastom a osteosarkom (Zheng et al. 2001). U transgennich mysi vede overexprese
cyklinu D1 nebo E k vy$Simu vyskytu adenokarcinomd (Wang et al. 1994, Bortner et al. 1997).

Nejcastéji se vyskytujici a také velmi vyznamnou genetickou alteraci v nadorovych buikéach je
mutace p53 proteinu (Stewart et al. 2001). U pacientii s vrozenou mutaci p53 (Li-Fraumeniho syndrom)
je zvyseny vyskyt nadortt mozku, plic a sarkomii. Funkce p53 miZe byt narusena také overexpresi nebo
amplifikaci jeho negativniho regulatoru MDM?2 (Momand et al. 1998).

U skupiny INK4 inhibitortt CDKs jsou alterace celkem bézné, zejména u p15 a p16 (Drexler 1998).
Exprese proteinu p27 u nékterych typt nadori koreluje s rezistenci bunék na chemoterapii, nizka exprese
proteinu znamena Spatnou prognézu (Porter et al. 1997, Naumann et al. 1999). Alterace proteinu p21 je
malo Castd, coz ukazuje na jeho vyznam pro homeostazu a preziti nddorové buiiky (Grana et al. 1995).

Vyssi pravdépodobnost vzniku naddoru s sebou nesou alterace gent icastnicich se v DNA reparacnich
procesech. Napriklad mutace ATM kinazy (ataxia telangiectasia) je asociovana se zvySenou incidenci
leukemii, lymfomt a nadort prsu (Khanna 2000).

1.4. Regulace transkripce prostrednictvim CDK kinaz

Na transkripci se podileji celkem tfi typy RNA polymeraz (RNAP). Nejdulezitéjsi RNAP II polymeraza
hraje vyznamnou roli v transkripci gend na informa¢ni mRNA (messenger RNA) molekuly. Samotné
transkripce se kromé holoenzymu RNAP II polymerdzy ucastni také nejriznéjSi obecné a specifické
transkrip¢ni faktory, ale i dal$i asociované proteiny tak, aby spravné probéhly vSechny faze transkripcniho
procesu. Tzn. vznik preinicianiho komplexu, vazba na DNA, iniciace transkripce, mRNA elongace,
terminace mRNA a posttranskripcni ipravy mRNA. Zakladnim mechanizmem regulace aktivity RNAP 11
polymerazy v jednotlivych fazich transkripce je reverzibilni fosforylace jeji termindlni karboxylové
domény CTD (Carboxy-terminal domain), ke které dochazi diky asociacim ¢i disociacim s rtiznymi
mRNA proteinovymi kindzami (Fischer et al. 2005, Rosypal 1997).

K proteinovym kindzam zodpovédnym za tyto fosforylace (regulace aktivity RNAP II polymerazy)
patii pfinejmensim kindzy CDK1, CDK7, CDK8 a CDK9. Konkrétné pak CDK7/cyklin H-MAT1 komplex
do elongacni faze transkripce. Komplex CDK9/cyklin T je soucasti transkripéniho faktoru p-TEFb, ktery
hraje svoji roli béhem elongace. Naproti tomu komplexy CDK1/cyklin B a CDK8/cyklin C maji spise
negativni u¢inek na prabéh transkripce. Prvni zabraiuje syntéze mRNA béhem mitézy a druhy
Soucasné se zda, ze CDKs mohou regulovat RNAP II polymerazu i mimo CTD doménu (Fischer et al.
2005, Ljungman et al. 2001).

Zablokovani transkripce mize primarné ovlivnit akumulaci transkriptt s kratkymi polocasy rozpadu
(napf. ¢lenové antiapoptické rodiny a regulatory bunécného cyklu) a mtze také zptisobit akumulaci
nékterych proteind v jadie (napf. pS3 protein) nebo komplikace v priibéhu replikace (Obr. 5). Z téchto
ddvodu jsou na inhibici transkripce citlivé pfedevsim proliferujici nadorové buriky, které jsou zavislé na
konstitutivni expresi antiapoptotickych faktord potfebnych jako protivaha k aktivnim stresovym signaliim
uvnitt buiiky (Derheimer et al. 2005, Ljungman et al. 2004).
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RNAP II polymerdza déle funguje jako senzor poskozeni DNA a to tak, Ze se zablokuje na mistech
poskozené DNA. Poté jsou aktivovany transkripcné vazané opravy (TCR-transcription coupled repair)
nebo muze dojit k odstranéni zablokované polymerazy ubikvitinaci (Bernstein et al. 2002). K TCR
opravnym systémim patii nukleotidové excizni opravy NER (nucleotide excision repair) a bdzové excizni
opravy BER (base excision repair) . Aktivace TCR je doprovédzena stabilizaci proteinu p53 modifikovanim
na pozicich Serl5 (fosforylace) a Lys382 (acetylace) a jeho akumulaci v bunééném jadre (Ljungman et
al. 2004). Akumulace p53 proteinu zifejmé souvisi s nefunkénim transportem proteinu z buné¢ného jadra
do cytoplazmy (nepfitomnost exportnich mRNA molekul) nebo se zménami jadernych struktur. Pokud
neni blokada transkripce v¢as vyfesena, buitky mohou vstoupit do apoptézy (Obr. 5) (Ljungman et al.
2004, Derheimer et al. 2005).

Co se tyc¢e moznych komplikaci béhem replikace, neni zcela zfejmé, zda v buitkach mize dochazet
ke kolizim zablokované RNAP II polymerazy s replikaénim aparatem, nebo zda RNAP II polymeraza
hraje béhem replika¢niho procesu budto pifimou nebo nepiimou roli prostfednictvim transkripce gent
potfebnych pro spravny prubéh replikace (Derheimer et al. 2005). Dalsi teorie souvisejici se zablokovanou
transkripci a replikaci je uvedena v kapitole 1.6.3.

zablokovana transkripce

EEEE. ) (EEEE

,//R

Poruseni rovnovahy anti Stabilizace Komplikace Aberantni akumulace
a proapoptotickych a akumulace p53 béhem dalSich proteind
faktoru ve prospéch proteinu v jadie replikace v bunééném jadie

apoptézy \
apoptoza

Obr. 5: Mozné mechanizmy indukce apoptdzy zpiisobené zablokovanou transkripci (upraveno podle
Derheimer et al. 2005).

1.5. CDK inhibitory jako nova protinadorova léciva

Cilem vyzkumu je protinadorova 1écba, kterd by byla vysoce specificka pro nadorové buiiky a proto
by nezatézovala zdravou tkan. Nadorové buiiky jsou pro takovou terapii predisponovany diky nefunkénim
kontrolnim bodiim bunééného cyklu, tzn. diky dysregulaci cyklin-dependentnich kindz, coZ jim umoziiuje
nekontrolovanou proliferaci. Soucasné se zda, Ze jsou tyto proliferujici buniky az extrémné zavislé na
aktivité transkripcni RNAP II polymerdzy, ktera je rovnéz regulovana prostiednictvim CDK kinaz. Z toho
vyplyvé obrovsky potencidl vyuziti CDKs inhibitord (modulatori) v protinddorové 16Cbé.

Existuji riizné terapeutické strategie pro modulaci aktivity CDK kindz. Inhibitory se daji rozdélit na
pfimé a nepiimé, ale také podle jejich rozdilné miry specificnosti pro CDK inhibici (Tab. 2). Napriklad
staurosporin, suramin a 6-methylaminopurin jsou relativné nespecifickymi inhibitory, naopak olomoucin,
flavopiridol a paulony jsou mnohem selektivnéjSimi inhibitory. Flavopiridol inhibuje vSechny testované
CDK kinazy, ale olomoucin, purvanol a paulon inhibuji pfedevsim kindzy CDK1 a CDK2 a pfimo
neinhibuji kindzy CDK4 a CDKG6 (Fischer et al., 2005). Nicméné k inhibici CDK4/6 dochazi nepiimo
prostfednictvim inhibice aktivity CDK?7 kindzy, ktera aktivuje ostatni CDKs kinazy fosforylaci na Thr160/161
(Hajduch et al. 1999a, b).
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U pfimych inhibitortt CDK kinaz flavopiridolu, UCN-01 a roskovitinu uz byly nastartovany klinické
studie. Za zminku stoji také fakt, Ze u CDK inhibitort probiha vyzkum tykajici se jejich vyuziti v oblasti
virologie a nefrologie. S ohledem na téma dizertani price se budeme dile zabyvat pouze souhrnem
udajt tykajicich se syntetickych inhibitort CDKs odvozenych od olomoucinu.

Tab. 2: Prehled pfimych a nepfimych inhibitord CDK kinaz.
A. Primé CDK inhibitory (‘“small molecules”)

1. Pfirodni nebo syntetické derivaty
Flavopiridol (a deschloroflavopiridol)
Staurosporin and UCN-01
9-Hydroxyelipticin

Toyocamycin

Suramin

Butyrolakton 1

Paulony

9-hydroxyelipticin

2. Puriny a jim podobné analogy
6-dimetylamino purin
Isopentenyladenin

Olomoucin

Roskovitin

Bohemin

Purvalanol

3. Peptidy
napodobujici pl6INK4a a p21Cipl inhibitory

B. Nepiimé CDK inhibitory

1. Alterujici kontrolni body bunééného cyklu
Fosfatazové inhibitory (napft. kys. okaidaovd)
UCN-01

Kofein

Pentoxyfylin

2. Snizujici hladinu cyklind D fady
Rapamycin

Benzochinolonové ansamyciny

Cyklin D1 antisense metody

3. Zvysujici hladinu endogennich CDK inhibitort
Butyraty

Retinoidy

Latky s diferencia¢nimi uc¢inky

4. Inhibitory proteosomdlni degradace
PS-34

5. Inhibitory histonovych deacetyldz
butyrat

trichostatin A

hybridni polarni slouc¢eniny

FR901228

fenylbutyrat

oxamflatin

MS-27-275

apicidin A
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1.5.1. Trisubstituované puriny
1.5.1.1. Historie objevu t¢inku trisubstituovanych purini

Historie objevu ucinku trisubstituovanych purinti se vaze k rostlinnym hormoniim, cytokininim. Na
zacatku byly cytokininové slouceniny rozeznany na zakladé jejich schopnosti indukovat buné¢né déleni
u nékterych rostlinnych tkéni, dnes se o nich vi, Ze jejich icinky na rostliny mohou byt riizné (Skoog et
al. 1970).

Jedné se o NS substituované adeniny, které se alespofi v rostlinich vyskytuji jako nukleotidy,
nukleotidy, 3,7,9,0-glukosidy a konjugaty s aminokyselinami. Cytokininy se objevuji i jako volné
slouceniny a jsou také nukleosidovou soucasti transferové RNA (tRNA) rostlin, zvifat a mikroorganizmi
(McGaw et al. 1995). Prevaznou ¢ést cytokininli obsaZzenych v tRNA kvasinkovych a zvifecich bunék
predstavuje N°-(*-isopentenyl)adenosin (iPA). U rostlin a mikroorganizmt dochazi k pfirozenému uvolnéni
volného iPA po skonceni cyklu tRNA, ale to nikdy nebylo detekovano u zvifat. U rdznych savcich linii
iPA inhiboval bunécnou proliferaci (Slak et al. 1970). U iPA byly popsany protinddorové Gcinky v in
vivo experimentech u Ehrlichova ascitického karcinomu, mysi leukémie L1210, lidské myeloidni leukémie
(Grace et al. 1967), ale nikoliv u sarkomu 180, adenokarcinomu 735, Walkerova 256 karcinosarkomu
(Slak et al. 1970) a lidské lymfatické leukémie (Grace et al. 1967). iPA také inhiboval lymfocyty
stimulované fytohemaglutininem (Gallo et al. 1969). U stejného pokusu vedly nizké koncentrace iPA
(10"M) ke stimulaci proliferace lymfocytt, coz je v souladu s aktivitou cytokinint v rostlinnych tkanich
(Suk et al. 1968). PrestoZe mél derivat iPA v in vivo testech jen mirny tGcinek, vstoupil do preklinickych
testll. Hlavnim toxickym uc¢inkem u zvitat byla hepatotoxicita a atrofie Zaludku. Latka inhibovala
proliferaci gastrointestindlni i mizni tkdn¢ a indukovala granulocytézu.U ditéte s akutni promyelocytarni
leukémii iPA opakované indukoval kratkodobou kompletni remisi v kostni dieni (Jones et al. 1968).

Diky témto biologickym u¢inkiim byla zahajena syntéza dalSich derivati cytokinind (Grace et al.
1967). Z nich pouze N°-benzyladenosin proSel testy na buné¢nych kulturach a preklinickymi testy
(Mittelman et al. 1972). VétSina téchto experimenti probéhla v sedmdesatych letech bez dalsiho
pokracovéani. AZ o dvacet let pozdéji, predevsim diky novym poznatkiim z oblasti buné¢ného cyklu,
byly nastartovany dalsi studie s cilem odpovédét na otazku zda tyto slouceniny ovliviiuji molekuldrni
mechanizmy bunécného déleni a jestli cytokininy interaguji se zndmymi regulacnimi proteiny savciho
bunééného cyklu (cyklin-dependentni kinazy, cykliny, atd.). Model Zivo¢iSnych CDKs byl vybran proto,
Ze u rostlin v té dobé nebyla analoga CDKSs a cyklinit znama. V laboratofi Dr. Meijera (CNRS, Francie)
probéhl screening modulace CDK1/cyklin B komplexu u Sirokého spektra rostlinnych hormont a
prekvapivé bylo zjiSténo, Ze 2-(2-hydroxyetylamino)-6-benzylamino-9-metylpurin pfi mikromolarnich
koncentracich selektivné inhibuje CDK1 a také dalsi homologni kindzy (Vesely et al. 1994). Sloucenina
byla nazvana olomoucin (OC) na pocest mésta Olomouce, kde pracovala vétsina ¢lent pracovniho tymu
(Obr. 6). Olomoucin je derivat cytokininu 6-benzylaminopurinu, ktery byl nejcastéji pouZivan
v rostlinnych in vitro systémech. Piivodné byl olomoucin nasyntetizovan pracovni skupinou Dr. Lethama
a rostlinni biologové ho pouzivali jako inhibitor glukosyltransferdz (Parker et al. 1986).

1.5.1.2. Mechanizmus t¢inku trisubstituovanych purini

Olomoucin selektivné inhiboval CDK1/cyklin B komplex, ktery je kli¢ovym mitotickym faktorem, je
vysoce konzervovany a hraje dulezitou roli v zdkladnich mechanizmech kontroly buné¢ného cyklu
vsech eukaryot. Sloucenina neinhibovala ostatni bunécné kinazy (Tab. 3) jako je napf. protein kindza C
(PKC). Dnes mame nasyntetizovanou fadu sloucenin s vét§im potencidlem pro inhibici CDK1 kindzy neZ
ma OC. Jeden z prvnich podstatné ti¢innéjSich derivatti olomoucinu byl nazvan roskovitin (ROS), chemicky
je to 2-(R)-(1-etyl-2-hydroxyetylamino)-6-benzylamino-9-isopropylpurin (Meijer et al. 1997) (Obr. 6).

Syntetické inhibitory CDK kindz odvozené od olomoucinu se chovaji jako kompetitivni inhibitory
vazby ATP na CDK1 kinazu (Vesely et al. 1994). Ve spolupraci s Dr. De Azevedo a Dr. Kimem (Kalifornska
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univerita) byly provedeny prvni krystalografické studie OC a ROS, ze kterych vyplynulo, Ze purinova
cast derivati se vaze do ATP vazebného mista CDK2 kinazy (do adeninové kapsy), ov§em benzylova
skupina je vdzdna vné tohoto mista a je stejné jako fenylova skupina flavopiridolu zodpovédna za
vysokou specifitu vazby latek na kindzu. Jejich celkova prostorové orientace ve vazebné kapse kinazy je
tudiz odli$na od orientace samotného ligandu (Schulze-Gahmen et al. 1995, De Azavedo et al. 1997).
Znalosti z krystalografickych studii umoznily zabyvat se designem jesté ucinnéjsich inhibitort CDK
kindz. K dneSnimu dni byly nasyntetizovany stovky biologicky aktivnich sloucenin s vice nez 10 az 30-
krat zvySenou inhibi¢ni kapacitou (Havlicek et al. 1997, Travnicek et al. 2000, Krystof et al. 2002). Ze
vztahu struktura-aktivita vyplynulo, Ze v 1, 3 a 7 pozici purinového kruhu nesmi byt Zadné substituenty,
puvodni skupiny zfejmé hraji roli pti vzniku vodikovych vazeb s CDK kindzami (Havlicek et al. 1997).
Naproti tomu OC, ROS a dalsi C* N6 N’-trisubstituované adeniny vykazuji vysokou CDK inhibiéni
kapacitu.V pozici 2 nesmi dojit k odstranéni ani ke zméné postranni skupiny, zarovenl v poloze 9 nesmi
byt Zadnd hydrofobni skupina, jinak dochazi k dramatickému sniZeni inhibi¢nich vlastnosti latek
(Havlicek et al. 1997).

Béhem studia nové generace cytokinini s CDK1 kinazovou inhibi¢ni aktivitou byl nasi pracovni
skupinou identifikovan mechanizmus protinddorového t¢inku téchto latek (Hajduch et al. 1997b, Hajdich
et al. 1998, Hajdich et al. 1999a, b, Kovarova et al. 2002, Skalnikova et al. 2005). Do studie byl jako
negativni kontrola zafazen strukturné podobny a inhibi¢né neucinny derivat isopentenyladenin (IP),
déle pak potencidlni inhibitory CDK kinaz: OC, ROS a bohemin (BOH), 2-[(3-hydroxypropyl)amino]-6-
benzylamino-9-isopropylpurin (Obr. 6). PfestoZe tyto latky v in vitro testech neihibuji CDK4 kinazu, jak
uz bylo dfive publikovano, v in vivo podminkédch byla kindza CDK4 inhibovdna pravé diky pfimé
inhibici CDK?7 kindzy, jejimZ tkolem je aktivace ostatnich kindz bunécného cyklu (Obr. 7). Syntetické
inhibitory odvozené od olomoucinu pii koncentracich 1-30 uM v in vitro testech u mnoha nadorovych a
leukemickych linii indukuji apoptézu, pficemz nemaligni buiiky Casto pieZivaji koncentrace vys§i nez
250 uM (Styskalova et al. 2006). Indukovana apoptdza je nezavisla na statutu p53 a pRb proteinu,
nukleo/proteosyntéze de novo a naopak je zavisla na aktivité
kaspaz a fosfataz. Aktivace kaspdz byla potvrzena i rozstépenim laminu B a pRb proteinu v pribéhu
apoptézy (Hajduch et al. 1997b, Hajduch et al. 1998).
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Obr. 6: Chemické vzorce olomoucinu, boheminu a roskovitinu.

Pro analyzu mechanizmi vzniku rezistence na syntetické inhibitory CDK kinaz byly pfipraveny také
rezistentni sublinie (klony) u T-lymfoblastické leukémie (CEM linie) a to tak, Ze tyto butiky byly p€stovany
s postupné rostoucimi subtoxickymi koncentracemi boheminu. Mechanizmus rezistence byl unikatni:
1) sniZend proliferace, 2) indukce bunécné senescence, 3) inhibice exprese CDK1 a CDK7 kinazy (Obr. 8),
4) znovuobnoveni exprese ptirozeného inhibitoru CDK kinaz p21%VAF!, 5) pokles DNA-polymerizové a 6)
DNA-telomerazové aktivity (Hajduach et al. 1997b).

V souhrnu feceno, inhibitory OC, ROS i BOH maji v in vitro i v in vivo podminkach schopnost blokovat
buiiky na prechodech G1/S a G2/M faze cyklu a zpomalovat jejich priichod S fazi bunécného cyklu, tyto
latky také indukuji apopt6zu a to ze vSech fazi bunééného cyklu (Meijer et al. 1997, Raynaud et al.
2005, Hajduch et al. 1997b, Wojciechowski et al. 2003, MacCallum et al. 2005, Hajdich et al. 1999a, b).
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Slouceniny plivodné identifikované jako inhibitory CDK1/2 kindzy inhibuji krom& CDK7 kindzy
také kinazy CDKS5 a CDK9 (Meijer et al. 1997, Raynaud et al. 2005, Hajduch et al. 1999a, b). Profil
inhibi¢nich aktivit trisubstituovanych purint je uveden v tabulce ¢. 3. Prostfednictvim inhibice CDK7
a CDKO kinazy pak inhibuji transkripéni RNAP II polymerazu (MacCallum et al. 2005, Raynoud et al.
2005, Ljungman et al. 2001). Inhibice RNAII polymerazy jednozna¢né souvisi s faktem, Ze roskovitin
u nadorovych bunék obsahujicich pfirozeny (wild type) protein pS3 zptsobuje jeho stabilizaci a jadernou
akumulaci (David-Pfeuty et al. 2001, Ljungman et al. 2001, Blaydes et al. 2000, Wojciechowski et al.
2003) doprovazenou dekondenzaci chromatinu a fragmentaci jadra (David-Pfeuty et al. 2001,
Wojciechowski et al. 2003). Pric¢inou stabilizace p53 proteinu je transkripcni suprese ubikvitinové ligazy
MDM2, kter4 je negativnim regulatorem proteinu pS3 (Lu et al. 2001, David-Pfeuty et al. 2001).

cdk4 aktivita cdk? aktivita
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Obr. 7: In vitro a in vivo aktivita CDK4 a CDK7 kinaz inhibovanych trisubstituovanymi puriny.

Obecné inhibice RNAP II polymerazy vede také k poklesu hladiny mRNA antiapoptotickych faktort
s kratkym polocasem rozpadu. U roskovitinu byla popsana downregulace antiapoptotického faktoru
Mcl-1 s polo¢asem rozpadu 30 minut, u které bylo experimentalné prokazano, Ze sama o sobé staci
k indukci apoptézy u myelomovych bun¢k (MacCallum et al. 2005).

Zda se, Ze jevy souvisejici s inhibici RNAP II polymerazy roskovitinem, pfedchdzeji samotné
zablokovani buné¢ného cyklu a také Ze maji ptfimou souvislost s indukei apoptézy v nadorovych bunkach
(Fischer et al. 2005, Wojciechowski et al. 2003).

Tab. 3: Inhibice aktivity enzymu trisubstituovanymi puriny (IC_,, uM).
CDK1 | CDK2 | CDK4 | CDK5/p53 | CDK7 | MAPK | PKC EGFR
olomoucin 7 7 >1000 3 11.3 30 >1000 440
roskovitin | 0.65 0.7 >1000 0.16 1.4 30 >1000
bohemin 1 >250 1.8
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Obr. 8: Molekularni profil bohemin rezistentnich klont linie CEM (T-lymfoblasticka leukémie).

1.5.1.3. In vivo icinky trisubstituovanych purini

Inhibitory CDK odvozené od olomoucinu byly aktivni v ordlni aplikac¢ni formé u fady zvifecich
nadorovych modeld, napt. OC a BOH u mySich modelt P388D1 leukémie a B16 melanomu prodlouzily
stfedni Cas preZiti, poptipadé vylécily zvifata s transplantovanymi tumory (Hajduch et al. 1997b, Hajdich
et al. 1998). Mimo uz zminénych zvifecich modelt byl nasi pracovni skupinou publikovan i ptipad dogy
se spontannim malignim melanomem, kde OC aplikace vyvolala masivni indukci apoptézy (Hajdich et
al. 1997a). Latka o koncentraci 8 mg/kg/den byla intravendzné aplikovana vzdy 1 krat denné po dobu
sedmi dni. Opakovana biopsie metastatické cervikdlni lymfy uzlin ukazala indukci apoptézy nadorovych
bunék po tfetim dni 1écby. Nebyla prokdzana myelosuprese, hepatotoxicita, nefrotoxicita ¢i neurotoxicita.
Nicméné doga méla pfechodnou anemii, jelikoZ doSlo ke krvaceni z devitalizované nadorové hmoty.
Zvite proto podstoupilo chirurgicky zakrok, kde byly odebrany dva kilogramy nadoru a metastazy
cervikalnich uzlin. Ackoliv pes operaci neprezil v disledku utlumu respiracniho centra, histologické
vySetfeni nadoru prokdzalo zndmky apoptézy v bunikdach primarniho niddoru i metastiz. Olomoucin
eradikoval nejméné 50 % nadorovych bunék. U zbyvajicich nddorovych bunék byla otestovana jejich in
vitro senzitivita na olomoucin a dal$i latky bézné uzivané v chemoterapeutické praxi se zjiSténim, Ze OC
kratkodobé predlécend nadorova populace si zachovava v in vitro podminkdch chemosensitivitu na toto
1é¢ivo (Hajdich et al. 1997a).

1.5.1.4. Vysledky probéhlych preklinickych a klinickych zkousek

Nedavno byly publikovéany i vysledky preklinickych studii u mysi s xenografty lidské kolorektalni
nadorové linie Lovo. Zvitata dostavala intraperitonedlné¢ ROS o koncentraci 100 mg/kg 3 x denné po
dobu péti dnii. Doslo k vyrazné 45% redukci ristu nddoru ve srovnani s kontrolou (McClue et al. 2002).
V dalSich experimentech s lidskymi uterinnimi xenografty MESSA-DXS5 (500 mg/kg t.i.d., 4dny)
a kolorektalnim nadorem KM 12 (200 mg/kg t.i.d., 5 dnti) byl ROS podavan oralné, redukce nadorového
rustu byla 62%/53% (McClue et al. 2002, Raynaud et al. 2000). U xenograftu s pomalu rostoucima
prostatickyma burikama, kde byl ROS podéavan rovnéz oralné (100 nebo 200 mg/kg b.i.d., ve dnech 0-4,
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7-11 a 14-18), byla dosazena aZ 35% redukce nadorového riistu (Fischer et al. 2003). Vysledky preklinické
studie na xenograftech lidské kolorektdlni nddorové linie HCT116 pro ordln€ podany roskovitin (200
mg/kg 3 krat denn€ nebo 500 mg/kg dvakrat denné, 5 dni) ukazaly relativné pomaly clearance z plazmy
a vysokou oralni dostupnost (aZ 86%). Redukce nddorového rtstu paty den 1écby byla v rozmezi 65-
79%. Oralni podani roskovitinu jednozna¢né umoznilo dosaZeni aktivnich koncentraci v nadoru, inhibici
rastu nadoru a modulaci farmakodynamickych markert (defosforylace Rb proteinu nebo deplece cyklinu
D1 po vice nez 24 hodinich 1écby) (Raynaud et al. 2005).

Ve Velké Britanii byla ukoncena faze I klinickych zkouSek a nyni probihd faze II. Ve studii faze I
klinického zkouSeni se zdravymi dobrovolniky byly u roskovitinu (< 800 mg p.o.) potvrzeny zavéry
z preklinickych studii ukazujicich efektivni absorpci derivatu z gastrointestinalniho traktu s vyslednou
vysokou orélni dostupnosti latky. Jidlo poddvané soucasné s lékem pouze oddalilo zacatek absorpce
a lehce snizilo procento absorbované davky. Ostatni farmakokinetické hodnoty vcetné dostupnosti
zustaly nezménény, z téchto zavérd jednoznacné vyplynula pouzitelnost ordlné¢ podaného roskovitinu
pro dalsi klinicky vyvoj (de la Motte et al. 2004).

V eskalaéni studii faze I klinického zkouseni u pacientdl s pokro¢ilymi malignitami byl roskovitin
podavan v jedné nebo ve vice davkach ve dvou- ¢i tfitydennich cyklech. Studie byla zaméfena na
zjiSténi maximélni tolerované davky MTD (maximum tolerated dose), profilu nepfiznivych uc¢inkd,
limitnich toxicit DLTs (dose-limiting toxicities) a dalSich farmakokinetickych a farmakodynamickych
dat. U prvniho schématu (2 x denné; podani kazdy 5., 7. a 10. den tfitydenniho cyklu) byly DLTs 1600,
800 a 800 mg b.i.d. Limitni toxicitou byla nausea, zvraceni, hypokalémie, zvySeny kreatinin a vyrazka.
Vsechny tyto ucinky byly reverzibilni a odeznély po skonceni 1éCby roskovitinem (Pierga et al. 2003,
White et al. 2004). U druhého schématu (podani po 3 dny kazdé dva tydny) byly DLTs hodnoty srovnatelné
s témi, které byly dosaZeny pfi 1800 b.i.d. Celkové bylo do studie zafazeno 70 pacientil. Byla zaznamenana
jedna parcidlni odpovéd u pacienta s hepatoceluldrnim karcinomem a 10 stabilizaci onemocnéni trvajicich
déle nez 4 mésice; z toho byli dva pacienti s nemalobunéénym plicnim karcinomem NSCLC (non-small
cell lung cancer) a oba byli stabilni vice neZ 1 rok.

Ukinky roskovitinu jsou v sou¢asné dobé testovany ve &tyfech studiich faze II klinickych zkousek.
Prvni studie probiha u hematologickych B-bunécnych malignit. V dalSich tfech studiich je roskovitin
testovan v kombinaci s gemcitabinem/cisplatinou v prvni linii NSCLC, v kombinaci s docetaxelem ve
druhé linii NSCLC a v kombinaci s kapecitabinem u metastatického prsniho karcinomu (Green S et al. ).
U vSech klinickych zkouSek se s cilem nalezeni markert biologické aktivity délaly farmakodynamické
studie. Pomoci analyzy proteomického profilu krevni plazmy byly detekovany, dosud vSak ne
identifikovany, proteiny, které jsou ziejmé specificky ovlivnény roskovitinem (Green S et al.). Detekce
téchto markertt by mohla do budoucna pfispét k identifikaci pacientli s vyssi pravdépodobnosti
k odpovédi na 1écbu, pripadné indikovat dosaZeni inhibice CDKSs in vivo.

vv_ s

1.5.2. Perspektivy vyuziti modulatori bunééného cyklu

V souhrnu se da fici, Ze olomoucin a od né€j odvozené slouceniny bohemin a roskovitin maji vyssi
protinddorové ucinky neZ se pivodné predpoklddalo na zaklad€ vysledkt in vitro studii. Zda se, Ze
schopnosti této skupiny latek brzdit nadorovou proliferaci a indukovat apoptézu zdaleka nesouvisi
pouze s inhibici CDK?2 kinazy, kterd v nddorovych buiikdch umoZiiuje obnovu funkénosti G1/S
kontrolniho bodu. V posledni dobé do popiedi vyvstava fakt, Ze tyto slouceniny prostfednictvim inhibice
CDK?7 a CDKO kindzy downreguluji trankripéni aktivitu RNAP II polymerazy, coz také nemalou mirou
prispivéa k celkovym protinddorovym tcinktim latek.

Do klinickych zkousek vstoupily minimalné tfi latky inhibujici CDK kindzy: flavopiridol, UCN-01
a v nedavné dobé také roskovitin. Prvni dva derivaty (flavopiridol a UCN-01) byly aplikovany intraven6zné,
jejich toxické a protinddorové ti¢inky byly rozdilné. U flavopiridolu se ukézalo, Ze v klinickych zkouskach
nem4 nijak vyrazny efekt v monoterapii, nadéje se ted vklada spiSe do pouZiti flavopiridolu v kombinaci
s jinymi modalitami jako je ozafovani nebo chemoterapeutika. U obou latek byly koncentrace dosazené
v plazmé dostate¢né pro inhibici funkci CDK kindz, pri¢emZ derivat UCN-01 ma delSi polocas rozpadu
nez flavopiridol (Fischer et al. 2005). Z predbéznych vysledkt klinickych studii u roskovitinu zatim
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vyplyva jeho dobra ordlni dostupnost. V soucasnosti probiha jeho klinické zkouSeni faze II
u hematologickych B-buné¢nych malignit, u nemalobunécného karcinomu plic a u karcinomu prsu.
U solidnich tumort je testovana jeho kombinace s dalSimi chemoterapeutiky. Obecné velké nadé&je se
vkladaji do vylepSeni aplikacnich schémat téchto latek a také do konceptu korelace ucinkt latek
s definovanim statutu/zmén v naddorovém profilu diky modernim technologiim jako napf. expresni
microarray technologie. Kombinace téchto pfistupii by znamenala krok k cilené terapii nddorovych
onemocnéni s minimdlnim toxickym ucinkem na zdravou tkan. U vSech tii latek se ocekdva vyrazny
efekt pii kombinované terapii se zafenim a s chemoterapii.

1.6. U¢inky ionizujiciho zaFeni na buriky a tkané

Radioterapie patii spolu s chemoterapii a chirurgii k zdkladnim metoddm komplexni onkologické
1é¢by. Lécebnym prostfedkem v radioterapii je ionizujici zafeni. Béhem poslednich dvaceti let se ukazalo,
Ze vysledny efekt radioterapie neurcuji pouze standardné volené podminky jako napiiklad davka zareni,
typ zéfeni, nacasovani a frakcionace, ale Ze zde hraje roli fada dalSich faktort. Radiosensitivita/
radiorezistence je zavisla také na proliferacni aktivité bunék a na jejich reparacnich schopnostech. Citlivost
na zafeni miZe byt rovnéz ovlivnéna mnoZzstvim kysliku, obsahem vody ve tkani, teplotou tkané i okoli,
pritomnosti nékterych hormont (napf. hormony §titné Zlazy), vitamini (A,K) a 1ékd, mezi které naleZi
predevsim cytostatika (napf. alkylacni cytostatika, tzv. radiomimetika, protinddorova antibiotika).

Mechanizmus ptisobeni ionizujiciho zafeni na Zivou hmotu je pfimy nebo nepfimy. Pfimy ucinek
fotonového zafeni je pomérné omezeny pro relativn¢ malé mnozstvi DNA v buiice. Pfimé poSkozeni
fetézcli DNA ma pak obvykle letdlni ucinek. Substratem pro Cast€j$i nepiimy efekt zéafeni je voda,
obsaZend v bun&énych strukturdch. U¢inkem zafeni podléha voda radiolyze za vzniku radikala H, OH,
H,0, a HO,, jez jsou biologicky aktivni a reaguji se strukturami DNA a dalSich biomolekul. Vznikajici
radikaly zptsobuji pfevazné reparabilni poskozeni bunék. Ukazalo se, Ze tcinek zéafeni je znasoben
pravé prostiednictvim vodnych systémi a naslednou tvorbou radikali (Steel, 1993; Machacek, et al., 1996).

Ucinek zafeni se projevuje jak na trovni molekularni (G¢inek na DNA, geny), tak na drovni buné&né
(zmény proliferacni aktivity). DNA miZe byt poskozena v mistech bazi i cukrii, mohou vznikat pri¢né
vazby mezi fetézci dvouSroubovice tzv. DNA-cross link (intra i inter vazby), také zde Casto vznikaji
castym poskozenim je vznik dvoutetézcovych DNA zlomd. Na trovni gent a s nimi souvisejicich proteind
pak miize u¢inkem zareni dochazet k jejich indukci nebo supresi, cozZ mtize vést k deregulaci proliferacnich
i reparacnich pochodu. Z tohoto diivodu jsou k zareni citlivéjsi rychleji proliferujici buriky. Této teorii
odpovida fakt, Ze buiiky nachazejici se v ¢asné S fézi, ve fazi G, a na zaCdtku mit6z jsou k zafeni mnohem
citlivéjsi nez bufiky ve fazi G, a v pozdni S fdzi (vyS8i reparacni kapacita souvisejici s kontrolou DNA na
konci replikacniho procesu) (Steel, 1993; Machacek, et al., 1996).

Akumulace radiacnich zmén v buiice mlze vyustit v bunécnou smrt formou apoptézy nebo muize
burika pfi mensim poskozeni prejit do stadia senescence. DalSi formu bun&cné smrti u ozarenych bunék
predstavuje mitoticka katastrofa, ktera je vysledkem abnormalné probihajici mit6ézy vedouci ke vzniku
velkych neZivotaschopnych bun€k obsahujicich mikrojadra, coz jsou oddélené ¢asti nezkondenzovaného
chromatinu nachézejici se mimo buné¢né jadro (Castedo, et al., 2002).

1.6.1. Mechanizmus oprav dvouretézcovych DNA DSBs (double strand breaks) zlomu

Ke vzniku dvoutetézcovych DNA zlomt v butikdch dochazi nejen diky G¢inkiim ioniza¢niho zafeni,
ale také diky V(D)J rekombinaci, ktera je potebna pro zachovani protilatkové diverzity. V mistech zlomi
vznikaji ohniska oprav (foci), do kterych se soustfeduji opravné systémy (Paull et al. 2000). Vznik a
zéanik téchto center je vysoce dynamicky proces pohybujici se v fddu minut. Buiika musi velmi rychle
zkoordinovat celkovou odezvu na poskozeni, tzn. opravy DNA, zablokovani buné¢ného cyklu, remodelaci
chromatinu a pfipadné spustit apoptézu. Opravy DNA DSBs maji naprosto zdsadni vyznam
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Obr. 9: Typy poskozeni DNA vznikajici i¢inkem ioniza¢niho zafeni (upraveno podle Steel 2003).

pro Zivotaschopnost bunék. Eukaryotickymi builkami jsou pro tyto opravy vyuZiviany pfinejmens$im
dva mechanizmy. Prvnim mechanizmem je homologni rekombinace HR (homologous recombination),
druhym mechanizmem je nehomologni spojovani konci DNA NHEJ (non-homologous end joining)
(Bernstein et al. 2002, Lisby et al. 2005). Béhem homologni rekombinace se jako templat neposkozené
DNA vyuziva sesterska chromatida. Mechanizmus HR je presny, nevznikaji pfi ném chyby a prevazuje
v pozdni S/G2 fazi buné¢ného cyklu (Lisby et al. 2005). Naproti tomu NHEJ mechanizmus je nepfesny,
jedna se vpodstaté o jednoduchou ligaci bez ohledu na pfesnou homologii koncii dvoufetézcovych
zlomid. Diky tomu je tento mechanismus nachylny ke vzniku chyb, Casto dochézi ke ztraté nékolika
nukleotidd v misté opraveného zlomu a to 1-10 bazi v tseku 20 bazi od konce zlomu. NHEJ proces
prevazuje v GO a G1 fazi bunééného cyklu (Lees-Miller SP et al. 2003). Vzdjemna koordinace HR
a NHEJ mechanizmt neni dosud znama. Zda se, Ze mechanizmus NHEJ je napojen na HR (Bernstein et al. 2002).

1.6.1.1. Homologni rekombinace (HR)

Hlavni roli zde hraji ATM (Ataxia telangiectasia mutated) a také ATR (Ataxia telangiectasia and
Rad3-related) kinazy, které patii do rodiny PI3K (phosphatidylinositol 3-kinase) proteinovych kinaz.
Kindza ATM je specificky aktivovana v reakci na vznik DNA DSBs. KdeZzto ATR kindza je primarné
aktivovdna na mistech poSkozené DNA zablokovanou replikacni vidlici, naptiklad po expozici buiiky
ultrafialovému zareni (Lisby et al. 2005, Kastan et al. 2004) (Obr. 10). Funkénost ATR kinazy je naprosto
zasadni pro spravny prubéh replikace, tedy pro zachovani intergrity genomu. Jeji exprese v buiikach je
konstitutivni a jeji aktivita je kontrolovana subceluldrni lokalizaci (Zachos et al. 2005). Naproti tomu
kindza ATM je pro béZnou bunécnou proliferaci a diferenciaci postradatelnd, v butikach je pfitomna ve
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vétsi mife aZ v reakci na bunéény stres. ProtoZe mnohé druhy poSkozeni DNA vedou ke vzniku DSBs
a k zablokovani replika¢niho procesu, zda se, Ze kindzy ATM a ATR se ve vysledku ucastni riznych typt
odpovédi na stresové situace a tudiz je nutna jejich vzajemna kooperace. Zda se, Ze aktivace ATR kindzy
predstavuje néco jako kompenzacni systém pro ATM kindzu. Dokonce v ATM deficitnich buitkdch ATR
kindza fosforyluje mnohé ATM substraty (Kastan et al. 2004).

> ilokované replikaéni vid'

aktivace ATM, relokalizace ATR
relokalizace

Mediatory, transkduktory, efektory

I Modulace osudu bunky ‘

Bloky bunécného cyklu, opravy DNA, remodelace chromatinu, apoptéza

‘nomova’ instabilg

Obr. 10: Zakladni schéma odpovédi buriky na poSkozeni DNA a zablokovani replikacni vidlice
(upraveno podle Kastan et al. 2004).

ATM/ATR kindza

Hlavnim senzorem DNA DSBs je ATM kinaza, kter4 je v nepoSkozenych burikach ptfitomna ve formé
inaktivniho homodimeru, popfipadé ve formé multimeru. Vznik DSBs doprovazeny reorganizaci
chromatinovych struktur vede k rychlé aktivaci kindzy prostfednictvim disociace homodimeru
a autofosforylace ATM kindzy v misté Ser1981 (Kastan et al. 2004, Lukas et al. 2004) (Obr. 11). Piesny
zpusob aktivace ATM kinazy neni dosud znam, ale je zfejmé, Ze se na ni podili nukleazovy multiproteinovy
komplex MRN skladajici se z proteint MRE11 (meiotic recombination 11), RAD50 a NBS1(Nijmegen
breakage syndrom 1) (Kobayashi et al. 2004). Tento komplex je nejrannéjSim senzorem DSBs a hraje
pravdépodobné svoji roli nejen v rdmci oprav mechanizmem HR, ale zfejmé se tcastni i NHEJ opravné
cesty. Je pravdépodobné, Ze MRE11 nukledza upravuje a tim stabilizuje konce DNA i pied nastartovanim
NHE]J (Lisby et al. 2005, Lisby et al. 2004).

Pro celkovou aktivaci ATM kindzy je nezbytnd také jeji relokalizace do mist DSBs. Relokalizace
ATM monomeru a jeho substratii je modulovana pomoci MRN komplexu a pomoci tzv. mediatord, mezi
které patii protein MDC1 (mediator of DNA damage checkpoint 1), protein 53BP1 (p53 binding protein 1)
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a protein BRCA1 (Breast cancer type 1 susceptibility protein) (Kastan et al. 2004, Lukas et al. 2004)
(Obr.11).

ATR kindza je v buiice pfitomna ve formé& komplexu s ATR interagujicim proteinem ATRIP (ATR-
interacting protein) prostfednictvim kterého se vdZe na replikacni protein A (RPA, replication protein A)
navazany na jednoretézcové molekuly DNA vzniklé béhem replikace. Optimalni fosforylace substratl
je pak zavisla na proteinech, jako je claspin a komplexy RSR (RAD17-RFC2-5), RHR (RAD9B-RAD1-
HUSI1) a zfejmé i na dal$ich moznych proteinech (Lisby et al. 2005, Zachos et al. 2005) (Obr. 11).
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l

Blok bunécného cyklu

Obr. 11: Zakladni schéma aktivace kinazy ATM a ATR potiebné pro fosforylaci dalSich substratt
(upraveno podle Kastan et al. 2004).

Medidtorové a efektorové proteiny

Pro organizaci celkové odpovédi na bunécny stres (DNA opravy, zablokovani bunécného cyklu,
remodelace chromatinu, apoptéza) potfebuji ATM a ATR kindzy kromé mediatord (adaptori) také
efektorové kinazy (transduktory) a dalsi regulacni proteiny (Lisby et al. 2005, Bernstein et al. 2002)
(Obr. 10). Ukolem medidtort je umozZnit interakci kinaz ATM/ATR s jejich substraty tak, aby probihala
na spravném misté a také ve spravny ¢as. ATM medidtory jsou, jak uz bylo uvedeno, proteiny MDC1,
53BP1 a BRCA1. ATR medidtorem je protein claspin, ktery se selektivné vdZe na rozvolnéné DNA
struktury vznikajici diky aktivni replikacni vidlici (Kastan et al. 2004) (Obr. 11).

ATM mediatory jsou velké multidoménové proteiny. Na jejich C konci jsou dva tandemy tzv. BRCT
(Brca 1 carboxy terminal) domén, které umoziuji vznik vazeb protein-fosfoprotein, cozZ zfejme umoziuje
opakované a prechodné interakce vSech proteinli v misté poskozené DNA. Medidtory se akumuluji
v ohniscich oprav na zdkladé ATM/ATR zprostfedkované fosforylaci histonu H2AX, napiiklad MDCI1
protein funguje jako most mezi fosforylovanym H2AX a proteinem NBS1 (MRN komplex) (Kastan et al.
2004, Lukas et al. 2004). Na jeden dvouretézcovy zlom pripada zhruba 2000 fosforylaci H2AX (vznik
YH2AX Ser139), naznaci se tak megadaltony DNA v misté zlomu. Pomoci anti-yH2AX Ser139 protilatky
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se tak daji snadno zviditelnit ohniska oprav DSBs, kterd jsou detekovatelna uz 1 minutu po expozici
buriky ionizacnimu zafeni (Paull et al. 2000). Fosforylace histonu H2AX je tak vpodstaté indikatorem
probihajicich oprav DNA DSBs (Olive et al. 2004, Banath et al. 2003). Nicméné pfesna role
fosforylovaného histonu v ramci oprav DNA neni dosud objasnéna (Fernandez-Capetillo et al. 2004,
Wang et al. 2005). V zasadé se popisuji dvé moznosti, podle prvni teorie spociva tiloha fosforylovaného
histonu H2AX v rekrutovani vSech ¢lent oprav na misto DSBs. Podle druhé teorie dochazi k reorganizaci
chromatinu ve snaze predejit pfedéasnému oddéleni konci DNA dvouretézcového zlomu a tim potencidlné
vzniklym mutacim (Fernandez-Capetillo et al. 2004).

Prominentnimi substraty ATM/ATR kinaz jsou serin/threonin efektorové kinazy CHK1 a CHK?2 (check-
point kinases 1 a 2) (Obr. 12, 13). ATM fosforyluje CHK?2 kindzu v misté Thr68 a ATR fosforyluje CHK1
kindzu v misté Ser345. Fosforylace CHK?2 Thr68 ma zfejmé regulacni funkci a je predpokladem pro dalsi
aktivacni proces, kterym je autofosforylace CHK?2 kindzy v misté Thr383 a Thr387 (Motoyama et al.
2004). Existuje vsak celd fada dalSich fosforyla¢nich mist aktivovanych prostfednictvim ATM/ATR
kinaz (CHK1 Ser317; CHK2 Ser19, Thr26, Ser33, Ser35, Ser50). Zcela jednoznacné rozliSeni opravnych
modulit ATM-CHK2 a ATR-CHKI1 neni mozné, existuje fada sdilenych substratl a jak uz zde bylo
uvedeno, ATR kindza ma kompenzac¢ni funkci vzhledem k ATM kindze a mize fosforylovat mnohé ATM
substraty. Naproti tomu ATM kinaza mtzZe fosforylovat také CHK1 kinazu. CHK1/CHK?2 kinazy poméhaji
ATM/ATR kindzam ,,roznést signal po bunice (Lisby et al. 2005, Kastan et al. 2004).

L @ Mediatory /7\\ osf "W/ W7\
@,
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Dopad na bunéény cyklus

Obr. 12: Zjednodusené schéma popisujici dopad aktivace ATM/ATR kinaz na bunécny cyklus (upraveno
podle Kastan et al. 2004).
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Zablokovdni bunécného cyklu

V reakci na poSkozeni DNA blokuje kaskdda ATM/ATR-CHK1/CHK2 prostfednictvim p53/MDM2-
p21 cesty bunécny cyklus v G1 a G2 fazi (Obr. 12). K zablokovani cyklu touto cestou dochézi pomaleji,
na rozdil od okamZité a docasné iniciované kaskady vyuZivajici CDC25s fosfatdz. Takto vznikly blok
bunécného cyklu mé dlouhotrvajici, poptipadé trvaly charakter (senescence) (Lisby et al. 2005, Lukas
et al. 2004). ATM/ATR kinazy stabilizuji p53 protein fosforylaci v misté Serl5, CHK1/CHK2 kinazy
v misté Ser20 a Thr18. Navic vSechny Ctyfi kinazy (ATM, ATR, CHK1, CHK?2) fosforylaci inaktivuji
ubikvitinovou ligdzu MDM?2, ktera je negativnim reguldtorem p53 proteinu. Diky témto jeviim dochézi
ke stabilizaci p53 proteinu a jeho akumulaci v bunééném jadie, kterd vede ke zvySeni jeho transaktivacni
kapacity (Kastan et al. 2004).

Aktivace ATM/ATR-CHK1/CHK2-CDC25s kaskady vede k zablokovani bunécného cyklu v G1,

S a G2 fazi (Obr. 12). Konkrétnéji v pozdni G1 fazi a béhem S faze cyklu CHK1/CHK?2 kindzy inhibuji
komplexy CDK2-cyklin E/A prostfednictvim inaktivacni fosforylace CDC25A fosfatazy. V G2 fazi je
pak prostfednictvim inaktivaéni fosforylace CDC25C fosfatazy inaktivovan komplex CDK1-cyklin B
(Kastan et al. 2004, Motoyama et al. 2004).
K zablokovani S faze cyklu mize dojit také prostfednictvim ATM-NBS1-SMC1 kaskady (SMC1-struc-
tural maintenance of chromosome 1-like protein) (Obr. 12). ATM kinaza fosforyluje NBS1 protein (¢len
MRN komplexu), ten pak déle fosforyluje SMC1/SMC3 proteiny, které se tcastni koheze sesterskych
chromatid. Nezbytna pro vznik S bloku je také pfimé fosforylace SMC1 proteinu ATM kindzou
(Motoyama et al. 2004, Kastan et al. 2004, Lukas et al. 2004).

Samotné homologni rekombinace se tcastni BRCA1 a BRCA?2 proteiny, proteiny RAD52, RAD51
a RAD54 rodiny a déle napfiklad Xrcc2 a Xree3 proteiny (X-ray repair cross complementing protein 1
a 3) (Lisby et al. 2005, Bernstein et al. 2002).

Reakce na zablokovdni/kolaps replikacni vidlice

BéZného replikaniho procesu a oprav poskozenych sekvenci DNA excizni opravou vystépenim se
ucastni polymerdzy Pold a Pol€. V piipadé€, Ze DNA 1éze nemiZe byt jednoduse odstranéna, polymerazy
Poln, Polr, Pol{ a Polk umozni ,,bypass* poSkozené 1éze a dokonceni opravy se déje postreplikacné.
Pokud neni ani tento mechanizmus odstranéni 1éze dostate¢ny, replikacni vidlice kolabuje, dojde k jeji
disociaci z mista 1éze. Opravy poskozeného mista se déji mechanizmem homologni rekombinace, poté
muZe byt replikace znovu nastartovana. Na stabilizaci zablokované replikacni vidlice se podileji proteiny
RADS3, claspin a dalsi (Lisby et al. 2005).

1.6.1.2. Nehomologni spojovani koncii DNA (NHE])

Druhym mechanizmem oprav DNA DSBs je nehomologni spojovani konci DNA, coZ je vpodstaté
jednoducha ligace bez piedchozich minimalnich nebo Zadnych tprav spojovanych konct nukledzami.
Klic¢ovou roli zde hraje DNA-PK (DNA-activated protein kinase) proteinova kiniza, kterd se sklada
z katalytické podjednotky DNA-PKcs a DNA vazebné a soucasné regulacni podjednotky, heterodimeru
Ku70/Ku86 (Lees-Miller et al. 2003). Vysledna aktivace DNA-PK probihd tak, Ze se Ku heterodimer
vaze do mist DSBs a na né&j se poté navdze DNA-PKcs. Ukolem aktivni DNA-PK kindzy (469KDa) je
zarovnat protilehlé konce dvouretézcovych zloml a umoznit tak jejich ligaci DNA ligazou IV. DNA-PK
kindza mimo jiné fosforyluje p53 protein v misté Serl5 a Ser37 a umoziluje jeho akumulaci v bunééném
jadre diky inaktivujici fosforylaci MDM2 proteinu (Bernstein et al. 2002, Lees-Miller et al. 2003).
DNA-PK kindza zfejmé fosforyluje také histon H2AX (Fernandez-Capetillo et al. 2004, Wang et al.
2005, Paull et al. 2000).
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1.6.2. Poruchy DNA oprav ve vztahu k nadorovym onemocnénim

Mnohé faktory ucastnici se odpovédi na DNA poskozeni byly klasifikovany jako nddorové supresorové
geny a onkogeny. Nékteré z nich pouze ovliviiuji predispozice k nidorovému onemocnéni a nékteré se
pfimo tc¢astni nddorové tumorigeneze. Pfehled nékterych nadorovych onemocnéni spojenych s poruchami
odpovédi na DNA poskozeni je uveden v tabulce ¢. 4. Funkénost DNA opravnych systémi v rannych
fazich tumorigeneze predstavuje jakousi pfirozenou bariéru proti mozné maligni konverzi (Bartkova et
al. 2005, Kastan et al. 2004). Bylo popsano, Ze diky intenzivni mitogenni stimulaci vznika v bunikach
replikacni stres, replikacni proces je pak neuspotrddany a neregulovany, S faze cyklu je prodlouZena.
Tato dysregulace muze vést ke vzniku dvoufetézcovych zlomi. U klinickych vzorku ¢asnych
prekurzorovych 1ézi rizného ptivodu (mocovy méchyt, plice, prsa, tlusté stfevo) byla prokazana aktivace
kindz ATM/ATR, CHK?2 a také fosforylace histonu H2AX a proteinu p53 (Bartkova et al. 2005). Stejny
molekuldrni profil, tedy aktivace ¢lentt DNA opravnych mechanizmii, byl sledovan i u bunénénych
kultur (napf. U20S bunécna linie; lidsky osteosarkom) po intenzivni mitogenni stimulaci (cyklin E,
CDC25A a E2F1) (Bartkova et al. 2005). Pokud ma burka tyto DNA opravné mechanizmy defektni,
jedna se predev§sim o ATM-CHK?2-p53 drahu, mtze dale proliferovat, coz zvySuje nestabilitu genomu
a umoziluje niddorovou progresi.

Tab. 4: Pfehled nékterych nadorovych onemocnéni spojenych s poruchami odpovédi na DNA poskozeni.

Gen Mechanizmus oprav Asociovana nadorova onemocnéni
BRCA1, BRCA2 HR Hereditarni forma nadort prsu/ovarii
ATM HR Leukémie, lymfomy, nadory prsu

Ataxia-telengiectasia (A-T) syndrom
NBS1 HR Leukémie, lymfomy

Nijmegen breakage syndrome (NBS)
Mrell HR Leukémie, lymfomy

A-T like disorder (ATLD)
pS3 HR, NHEJ, TCR Sarkomy, leukémie, nadory mozku a jiné

Li-Fraumeni syndrom

MSH2, MSH6, PMS2

MLHI1, PMS1 MMR, HR, TCR Hereditarni nepolypdzni kolorektalni
karcinom; HNPCC-Lynchtiv syndrom

1.6.3. Transkripce ve vztahu k replikaci a opravam DNA

Déje souvisejici s inhibici transkripce nebyly dosud stejné jako opravy dvoufetézovych zlomu presne
popsany a je vice nez zfejmé, Ze spolu tzce souvisi (Obr. 13). Inhibice transkripce mize obecné vést ke
vzniku komplikaci béhem replika¢niho procesu at uZ jde o moZnost kolize RNAP II polymerazy
s replikacni vidlici nebo o mozné zapojeni RNAP II polymerazy v replikaci (Derheimer et al. 2005).
Soucasné je mozné, Ze by ATR kinaza, senzor zablokované replikace, mohla byt senzorem i pro
zablokované transkripéni komplexy, ale tato teorie nebyla doposud potvrzena (Derheimer et al. 2005,
Ljungman et al. 2004) (Obr. 13). Kontroly transkripce se zfejmé tcastni i dalsi nové objevend kinaza
PI3K rodiny, SMG1 kinaza, ktera by mohla byt senzorem pro nekompletni (neukonc¢ené) mRNA molekuly
vzniklé pii zablokované transkripci (Ljungman et al. 2004) (Obr. 13). Ljungman dokonce navrhl, Ze by
transkripni masinérie mohla fungovat jako dozimetr poskozeni DNA a to tak, Ze by pocet mist se
zablokovanou transkripcni masinérii uréoval zavaznost poskozeni butiky a tim i jeji dalsi osud (Ljungman
et al. 2004). Celkové se zd4, Ze inhibice transkripce pfedstavuje novou potencidlni strategii uc¢inné
protinadorové 1écby (Derheimer et al. 2005, Ljungman et al. 2004).
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Obr. 13: Zakladni schéma propojeni mechanizmi DNA oprav se zablokovanym transkripénim a
replikacnim procesem (upraveno podle Ljungman et al. 2004).
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2. EXPERIMENTALNI CAST,ZHODNOCENI VYSLEDKU

2.1. Cile dizertac¢ni prace

Cilem prvniho projektu bylo analyzovat zmény proteomického profilu bunééné linie CEM T-
lymfoblastické leukémie po inkubaci s boheminem. Soucasné jsme se snaZili nalézt kandid4tni biomarkery,
coZ jsou proteiny vykazujici vyrazné a charakteristické zmény po expozici tomuto syntetickému CDK
inhibitoru.

Cilem druhého projektu bylo studium potencidlnich radiosenzitiza¢nich t¢inkd boheminu a
roskovitinu v in vitro podminkach na bunécné linii A549 lidského plicniho karcinomu. Byla studovana
celkem tfi moZna schémata uspotadani kombinované terapie: A-preinkubace, B-soucasna aplikace a C-
postinkubace.
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2.2. Kapitola prvni

Proteomics approach in classifying the biochemical basis of the anticancer activity of the new
olomoucine-derived synthetic cyclin-dependent kinase inhibitor, bohemine.
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1 Introduction

Cancer is now believed to result from the unconstrained
growth of a given cell and is often due to a block in the
ability of the cell to undergo differentiation and/or apopto-
sis. The key enzymes involved in the cell cycle machinery
belong to a group of homologous serine/threonine protein
kinases known as cyclin-dependent kinases (CDKs)
which typically have as their regulatory subunit a cyclin
[1]. Until now, nine CDKs, named cdk1 (cdc2) — cdk9,
have been identified in both humans and animals [1-4].

3757

Proteomics approach in classifying

the biochemical basis of the anticancer activity
of the new olomoucine-derived synthetic
cyclin-dependent kinase inhibitor, bohemine

The aim of this study was to use two-dimensional electrophoresis (2-DE) coupled with
multivariate principal component analysis (PCA) to characterize the quantitative
changes in the protein composition of the CEM T-lymphoblastic leukemia cell line after
treatment with bohemine (BOH), a synthetic olomoucin-derived cyclin-dependent ki-
nase inhibitor (CDKI). Cell classification, reflecting protein patterns, clearly distin-
guished two main groups: one group consists of 9, 12 and 24 h treated BOH cells while
the second is represented by the 0 and 24 h control untreated cells and the 6 h BOH-
exposed CEM lymphoblasts. Discriminant protein spots differentially expressed in the
BOH-treated CEM cells were selected for identification by matrix assisted laser
desorption/ionization-mass spectrometry (MALDI-MS) or electrospray ionization-tan-
dem MS (ESI-MS/MS). Five of the selected protein spots were unequivocally identified
as o-enolase, triosephosphate isomerase, eukaryotic initiation factor 5A, and o- and -
subunits of Rho GDP-dissociation inhibitor 1. These proteins, all significantly downre-
gulated in CEM T-lymphoblast leukemia in the course of BOH treatment, are known to
play an important role in cellular functions such as glycolysis, protein biosynthesis, and
cytoskeleton rearrangement. These results indicate that the cellular effects of olomou-
cine-derived CDKIls are not dependent on their ability to inhibit CDKs and could be
mediated by several factors such as a decrease in protein synthesis and/or glycolysis
which in turn diminishes the ability of cancer cells to function.

Keywords: Cyclin-dependent kinase inhibitor / CEM T-lymphoblastic leukemia / Two-dimensional
polyacrylamide gel electrophoresis / Mass spectrometry / Glycolysis / Protein synthesis / Actin
cytoskeleton EL 4193

These enzymes preferentially phosphorylate substrates
such as lamins, vimentin, caldesmon, and histone H1,
which play a key role in cell division during the G2/M
phase of the cell cycle, or they phosphorylate proteins
(RBs, E2Fs, DP-1, RNA-polymerase Il, EF-2) implicated
in activation of the S-phase-specific genes on the G1/S
boundary [3]. The enzymatic activity of CDKs in normal
somatic cells is precisely regulated by several mecha-
nisms. The natural CDK inhibitors (CDKIs) [5, 6] play an
important role in this process. These proteins bind to the
cyclin-CDK complex and inhibit its activity. Consequently,
the entry of the cell into the cell cycle is blocked. Due to
the fact that the family of natural CDKIs and/or genes that
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control CDKIs transcription (e.g., p53) belong to the most
frequently mutated proteins in cancer cells [7—13], mole-
cules that could mimic their biological activities are attrac-
tive candidates for anticancer treatment [14—16]. Studying
a group of plant hormones, cytokinins, we have identified
specific inhibitors of the cdk1 family of CDKs, the first of
which (6-benzylamino-2-(2-hydroxyethylamino)-9-methyl-
purine) has been named olomoucine (OC) [17]. OC failed
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to exert an inhibitory effect on major cellular kinases such
as cAMP- and cGMP-dependent kinases, protein kinase
C, src kinases, and it has a capacity to block cells at the
G1/S and G2/M boundaries [17]. Recently we synthe-
sized a new group of CDKIs with higher specificity and
effectiveness [18, 19]. They are strongly cytotoxic to
many tumor cell lines in vitro and one of them, named
bohemine (BOH), was also effective under in vivo condi-
tions [16]. The aim of this study was to use high resolution
2-DE coupled with multivariate principal component anal-
ysis (PCA) to characterize the changes in the protein
composition of the CEM T-lymphoblastic leukemia cell
line after treatment with BOH. As was expected, this
approach allowed us to select proteins differentially
expressed in BOH-treated CEM cells compared to un-
treated CEM cells. Three of these candidate proteins
associated with the drug effects in vitro were identified by
means of MS as ws-enolase, triosephosphate isomerase
and eukaryotic initiation factor 5A.

2 Materials and methods

2.1 Materials

Immobiline DryStrip pH 3—-10 NL, 18 cm, carrier ampho-
lytes pH 9—11 and bromophenol blue were from Pharma-
cia Biotech (Uppsala, Sweden); highly liquid paraffin, urea
glycerol and acetonitrile were from Merck (Darmstadt,
Germany); Resolyte pH 4-8 was purchased from BDH
(Poole, UK); CHAPS, Tris-base, Tris-HCI, agarose,
iodoacetamide and z-cyano-4-hydroxycinnamic acid were
from Sigma (St. Louis, MO, USA), dithiothreitol (DTT),
acrylamide, piperazinediacrylamide (PDA), ammonium
persulfate (APS), and TEMED were from Bio-Rad (Her-
cules, CA, USA); sodium dodecyl! sulfate (SDS) and gly-
cine were from Fluka (Buchs, Switzerland); sequencing
grade trypsin was from Promega (Madison, WI, USA).

2.2 BOH synthesis

BOH (2-(3-hydroxypropylamino)-6-benzylamino-9-isopro-
pylpurine) was synthesized from 2,6-dichlorpurine as de-
scribed previously [19]. The stock solution (10 mm) of the
compound was prepared in 10% dimethylsulfoxide/40 mm
HCl/saline and stored at —20°C until use.

2.3 Cell cultures and sample preparation

CEM cells (kindly provided by Dr. Thomas Beck, St. Jude
Children Research Hospital, Memphis, TN, USA) were
cultured in 1 mL aliquots at a density of 1 x 10° cells/mL
in RPMI 1640 medium supplemented with 2 mm gluta-
mine, 100 U/mL penicillin, 100 ug/mL streptomycin and
30% fetal calf serum with or without addition of BOH
(10 um) at 37°C and 5% CO5 for 0, 6, 9, 12, and 24 h, re-
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spectively. After incubation, cells were pelleted and
washed three times in ice-cold phosphate-buffered saline
(PBS). After the last wash the supernatants were carefully
removed and cell pellets were lysed in 60 pL of lysis buff-
er containing 8 m urea, 4% w/v CHAPS, 40 mm Tris,
65 mm DTT, 2% v/v carrier ampholytes pH 9-11, and a
trace of bromophenol blue. The samples were centrifuged
for 5 min at 12 000 rpm. The total protein concentration in
the samples was measured using the Bio-Rad protein
concentration assay kit, slightly modified according to
Ramagli and Redriguez [20]. Samples equal to 100 pg
and 250 g of proteins for analytical run and MS identifi-
cation, respectively, were loaded on immobilized pH gra-
dient strips for 2-DE.

2.4 2-DE

The separations were performed as described by Hoch-
strasser et al. [21]. The isoelectric focusing, with immobi-
lized sigmoid pH 3.5-10 gradient, was carried out in a
Multiphore apparatus with 5000 V power supply. The sec-
ond dimension was done in 9-16% polyacrylamide gra-
dient gels using the Protean Il xi 2D multi cell. Protein
spots were visualized by sensitive ammoniacal silver
staining or Coomassie Brilliant Blue R-250 (CBB) [22].
CBB staining, compared to the silver staining, was
approximately ten times less sensitive according to the
estimated number of 200 spots.

2.5 Image processing

Silver-stained gels were scanned using a laser densitom-
eter (Personal Densitometer, 4000 X 5000 pixels, 12 bits/
pixel, stored on 16 bits, Molecular Dynamics, Sunnyvale,
CA, USA) generating 20 Mb images. The images were
then transferred to the SUN workstation for analysis with
Melanie Il, version 2.2, software (Bio-Rad). For each gel
the spots were detected and quantified automatically,
using default spot detection paramaters from Melanie II.
Manual spot editing was performed in agreement with the
visual inspection of the gels. Quantification of spots was
done in terms of their relative volume (%VOL), i.e. the
digitized staining volume which is the spot volume of an
individual spot divided by the sum of the staining volumes
of all spots in the image and then multiplied by 100. The
relative volume was calculated in order to correct for any
differences in protein loading and gel staining. The gels
were matched in terms of their spot position with 24 h
control BOH-untreated gel as the reference gel.

2.6 Data analysis

To evaluate quantitative changes in protein expression in
CEM samples, the analysis of 2-DE gel data was per-
formed using multifactorial PCA which enables a compre-
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Figure 1. Subset of 748 protein spots matched in all six
gels of the experimental set. These spots, spread all over

the gel, are the basis for multivariate principal component
analysis.

hensive analysis of a large data set [23]. The 748 spots
for this study were chosen on the basis of the criterion of
their presence on all six gels of one experimental set and
their %Vol served as the source for the initial matrix with
six rows (gels) and 748 columns (spots). The statistical
calculations of the principal components were calculated
by finding the eigenvalues and the eigenvectors of the
correlation matrix. These calculation were performed
using Statgraphic software, version 4.2. The gquantitative
differences of selected candidate proteins were verified in
two independent experimental series. The significance of
the differences in the protein abundance of the differen-
tially expressed proteins was calculated by analysis of the
variance (p < 0.05) for the three experimental data sets.

2.7 MALDI-MS

CBB-stained protein spots were cut from the gel and
washed with 200 pL of 100 mm Tris-HCI, pH 8.5, buffer in
50% ACN. Following dehydration and shrinkage in ACN
and by speed vacuum centrifugation, the gel pieces were
swollen in a digestion buffer containing 100 mm Tris-HCI,
pH 8.1, 1 mm CaCl,, 10% ACN and 0.5 ug of sequencing-
grade trypsin. The resulting peptides were extracted in
50% ACN/2% TFA after overnight digestion. A 1 pL ali-
quot of peptide mixture was deposited on the target and
after few seconds 1 pL of a matrix solution (saturated
w-cyano-4-hydroxycinnamic acid in 30% ACN/0.2% TFA)
was added. The mixture was allowed to dry at ambient
temperature. Positive-ion mass spectrum was measured
on a MALDI reflectron time-of-flight mass spectrometer
BIFLEX (Brucker-Franzen, Bremen, Germany) equipped
with a nitrogen laser (337 nm) and a gridless delayed
extraction ion source. lon acceleration voltage was 19 kV
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and the reflectron voltage was set to 20 kV. The reported
spectra were accumulated from 50 to 100 laser shots.
The spectrometer was calibrated internally using the
monoisotopic [M+H]" ions of the peptide standards of
angiotensin Il and insulin. Protein spots were identified by
searching for their peptide mass fingerprints in a non-
redundant database NCBI using the search program Pro-
Found (http://prowl.rockefeller.edu/cgibin/ProFound).

2.8 ESI-MS/MS

Excisted protein spots were destained in 40% EtOH, 60%
50 mm NH4HCOg3 until clear, then finely chopped and
equilibrated to pH 7-8 in 25 mm NH4HCO3. Following
dehydration and shrinkage in ACN and by speed vacuum
centrifugation, the gel pieces were rehydrated in a mini-
mal volume digestion buffer of 12.5 ng/uL sequencing-
grade trypsin in 25 mm NH4HCO; at 4°C (on ice) for
60 min. The digestion buffer was replaced with sufficient
volume of the same buffer but without the protease to
keep the gel pieces wet during the enzymatic cleavage
(37°C overnight). Resultant tryptic peptides were
extracted in 50% ACN/5% aqueous TFA (3 X) and ACN
(3 X), the recovered extracts combined and dried down
on a SpeedVac. Immediately prior to MS analysis the pro-
tein digests were concentrated and desalted using Milli-
pore P10 pZipTipe1g (Millipore UK, Watford, Herts, UK).
Positive-ion nanoelectrospray-MS was performed on a Q-
TOF instrument (Micromass UK, Manchester, UK), using
borosilicate glass capillaries on a total sample volume of
2.0 uL. lons were produced in an atmospheric pressure
ionization source at a temperature of 40°C and an applied
capillary potential of 1.2 kV. The cone voltage was fixed
at 45 V. The MS acquisitions were performed over the
mass range 200-1600 Da m/z, and the quadrupole mass
analyzer was used to select precursor ions for collision-
induced dissociatiion (CID) in the hexapole collision cell
(MS/MS). Proteins were characterized by searching the
OWL nonredundant database using the Mascot computer
program [24].

3 Results

We performed a 2-DE protein analysis of CEM T-lympho-
blastic leukemia cells which were untreated or treated
with BOH. Since the CEM cell line represents a relatively
homogeneous clonal population, sample-to-sample varia-
bility is minimal. Therefore, this experimental model is a
powerful tool for both the detection of proteins differen-
tially expressed in cells treated by BOH and for identifica-
tion of candidate proteins that are associated with the
drug effects in vitro.
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Figure 2. The spatial distribution of 2-D gel analyses of
BOH-treated and control untreated CEM cells in 2-D PCA
space.

About 2000 polypetide spots were detected in each of the
gels in the separating area of the 3.5-10 pH range and
molecular mass range of 8—200 kDa using the Melanie Il
software. Approximately 40%, e.g., 748 spots, of the total
number of polypeptide spots were sucessfully matched in
all of the six analyzed cell samples from one experiment
(Fig. 1). Reproducibility of the 2-DE gels seems to be suf-
ficient, as demonstrated by both the closely matching
results and the confirmation of described protein altera-
tions obtained from the two independently prepared sets
of gels.

3.1 PCA analysis

Because the analysis of such a large amount of data
would have been difficult by classical means, we applied
PCA to the quantitative 2-DE gel data. It is a classification
procedure using numeric taxonomy in which the taxo-
nomic distance is given by a relative hyperdimensional
distance in the chosen projection planes. This multifacto-
rial approach makes it possible to reduce the number of
observed abundant variables (protein spots) whilst pre-
serving as much as possible of the original data. The prin-
cipal components are measures of truly different “dimen-
sions” in the data set with lack of abundant correlations.
To remove a major source of variance, which is usually
the variation in spot abundance, we used relative instead
of absolute VOL values of analyzed spots. The first three
components cover 89% of the total variance.

Figure 2 illustrates the spatial distribution of gel samples
using a 2-D PCA-space projection. It is possible to recog-
nize two main groups of protein patterns. The group on
the left side of the first principal component consists of
the 9, 12 and 24 h BOH-treated cells while the group on
the right side is represented by the 0 and 24 h control
cells and 6 h BOH-exposed CEM lymphoblasts. The rela-
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Figure 3. Scatter plot showing the most typical proteins
in the factorial space defined by the two largest eigenval-
ues. The spots are selected by their absolute contribution
to the first factorial axis. Nine numbered spots (spot group
number) showed reproducible positions in two independ-
ent experiments and were selected for identification.

tive nearness for each gel in PCA space illustrates a simi-
larity. The larger distance between the analyzed samples
indicates a dissimilarity in polypeptide abundance. PCA is
not only suitable for grouping the gels according to a rela-
tionship in their protein patterns but also for the determi-
nation of typical polypeptide spots in the analyzed gels.
This mathematical procedure allows the projection of
eigenvectors for the most distinct proteins present in the
same space defined by the first two principal components
with the largest eigenvalues (Fig. 3). The positions of the
proteins with significant eigenvector values for the first
principal component are shown and only protein spots
which showed reproducible positions in two independent
experiments and significant differences in their abun-
dance calculated by analysis of the variance (p < 0.05)
for the three experimental data sets are numbered.

3.2 Protein identification

In Fig. 4, “discriminant spots” are highlighted on the 24 h
CEM cells and their relative abundance following BOH
treatment is detailed in Fig. 5. These proteins were
selected for identification by MS. To date, five of the
altered proteins have been identified by peptide mass
profiling by MALDI-MS or ESI-MS/MS. These protein
spots were unequivocally identified as a a-enolase, triose-
phosphate isomerase, eukaryotic initiation factor 5A,
o- and B-subunits of Rho GDP-dissociation inhibitor 1. A
summary of the identification data is shown in Table 1. All
identified proteins are significantly downregulated in CEM
T-lymphoblast leukemia in the course of BOH treatment
(Fig. 5). These proteins are known to play an important
part in metabolic pathways and cellular functions.
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Figure 4. Standard images of silver-stained gels of 24 h CEM cells with marked positions of the nine most different spots
between BOH exposed and control CEM cells determined by multivariate PCA.

Table 1. Identification of proteins of CEM cells affected by BOH
Spot 2-DE Identification Number Sequence Number Protein name/Pathway
No. p//mol.mass  method of found coverage of matched
(kDa) peptides (%) sequences
p1122  7.17/47.6 Mass fingerprinting 13 46 -— Alpha-enolase/glycolysis
(MALDI-MS)
E.C.4.21.11.
p1978 7.10/25.8 Mass fingerprinting Triosephosphate isomerase/
MS sequencing 6 29 4 glycosis
(ESI-MS/MS)
E.C.5.3.1.1.
p2315  5.10/15.3 Mass fingerprinting Initiation factor 5A/protein
MS sequencing 3 18 2 synthesis
(ESI-MS/MS)
p2060  4.99/26.6 Mass fingerprinting Alha-Rho GDP dis.
(MALDI-MS) 6 35 . inhibitor 1/ cytoskeleton
p2085  5.08/22.7 Mass fingerprinting Beta-Rho GDP dis.
(MALDI-MS) 4 32 —_— inhibitor 1/ cytoskeleton
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4 Discussion

The ability to control the cell cycle progression via inhibi-
tion of key CDKs by synthetic CDKIs provides a unique
opportunity to control cellular division. Indeed, we have
shown that olomoucine inhibits, in vitro, the M-phase pro-
moting factor activity in metaphase-arrested Xenopus
egg extracts, DNA synthesis in interphase Xenopus eggs,
and in vivo starfish oocyte G2/M transition [17, 25]. This
compound also inhibits the licensing factor, an essential
replication factor ensuring that DNA is replicated only
once in each cell cycle. Consistent with its inhibitory effect
on G1/S and mitotic kinases, OC arrests cells in both
G1/S and G2/M boundaries [17, 25]. Recently we showed
that the OC-derived synthetic CDKIs inhibit cdk7 [16, 26],
induce apoptosis in tumor cells, and are effective in vari-
ous in vivo tumor models [16, 27].

4.1 Principal component

Using a 2-DE analysis of cellular proteins we were able to
measure simultaneously the abundance of a large num-
ber of gene products. To evaluate the quantitative altera-
tions of protein spots, i.e., variables, and to search for co-
regulated proteins that might be helpful in interpretating
the drug mechanism of action, we utilized the multifacto-
rial method known as PCA. Instead of multidimensional
space we can restrict ourselves to the first components
that reflect the relevant differences in the protein patterns
analyzed. The position of the cell samples as well as the
original variables are usually represented by biplots. The
vector values of these positions indicate their relative
“weight” for the principal component. These values are
especially important in the proposal and resolution of the
possible mechanism related to the differences in the stud-
ied samples [23]. This approach proved to be beneficial.
CEM T-lymphablastic leukemia cells treated 9-24 h with
BOH, a synthetic CDK inhibitor with anticancer activity,
have been satisfactorily distinguished from 6 h treated
and untreated cells.

4.2 Proteins coregulated after BOH treatment

We show here, in addition to the previously described
downregulation of CDK activities by synthetic CDKls in
cell lines, that the downregulation of key enzymes of both
the glycolytic pathway (o-enolase, triosephosphate isom-
erase) and of protein synthesis (eukaryotic initiation factor
5A) is synchronous. Although the precise role for eukary-
otic initiation factor 5A remains to be identified, it appears
to function by promoting the formation of the first peptide
bond [28]. Downregulation of protein synthesis is also
suggested from previously published data on inhibition of
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Figure 5. The abundance of the nine selected protein
spots are indicated by histograms. Bars a and d corre-
spond to 0 and 24 h control untreated CEM cells, respec-
tively; bars b and c represent 12 and 24 h BOH exposed
CEM cells, respectively. The values of spot relative
volumes (%VOL) were obtained using Melanie Il soft-
ware. The data represent one typical experiment. Analy-
sis of %VOL values from three independent experiments
confirmed significant differences (p < 0.05) in abundance
of all nine proteins in 24 h BOH-exposed samples
compared to untreated controls.

phosphorylation/activity of y-and 8-subunits of the elonga-
tion factor 1 complex [17]. Those results collectively indi-
cate possible links between cell cycle regulation and pro-
tein synthesis.



Electrophoresis 2000, 21, 3757-3764

The other two identified proteins play an important role in
metabolic pathways. Triosephosphate isomerase (E.C.
5.3.1.1) is involved in several metabolic pathways and its
deficiency is the most severe clinical disorder of glycolysis
[29]. This enzyme catalyzes the isomerization of o-glycer-
aldehyde 3-phosphate and dihydroxy-acetone phosphate.
Alpha-enolase (E.C. 4.2.1.11) is also an important glyco-
lytic enzyme which cleaves 2-phospho-p-glycerate to the
high energy phosphoenolpyruvate, a precursor of acetyl-
CoA. A decrease in the levels of these substrates within
the BOH-treated cancer cells decreases the capacity of
the tricarboxylic acid cycle and, consequently, decreases
mitochondrial function and ATP production. Since the
OC-derived CDK inhibitors compete with ATP for binding
to the ATP-pocket of the kinase [18], we suggest that a
decrease in the ATP level facilitates a more effective
binding of the CDK inhibitors. We propose that those
compounds effect their own CDK inhibitory activity in a
feed-back loop manner, which may further increase the in
vivo effectiveness of these drugs. The presented results
and the proposed hypothesis allow us a deeper under-
standing of the biochemical basis of the potent anticancer
activity of the relatively weak CKD inhibitor, OC, under in
vivo conditions [27]. Additionally, it is generally accepted
that cancer cells in solid tumors are energetically deficient
due to starvation. This condition could further facilitate the
in vivo anticancer potency of the synthetic CDK inhibitors
and other ATP analogs.

Finding downregulation of Rho GDP-dissociation inhibitor
1 in cancer cells by BOH treatment indicates modulation
of the activity of the Rho proteins. While it was shown that
the overexpression of Rho GDP-dissociation inhibitor 1
mimics phenotypic changes associated with the inactiva-
tion of Rho proteins and leads to disruption of action
cytoskeleton [30], the rearrangement of these cytoskele-
tal structures may be mediated by BOH. Overall, these
data indicate that the cellular effects of the OC-derived
CDK inhibitors on cancer cells may be partly independent
of their ability to inhibit CDKs, and could be mediated by
several cellular factors, among them due to decreases in
both protein synthesis and glycolysis, which thus
decreases the ability of cells to function. Verification of
the above proposed hypothesis is under scrutiny in our
laboritories.
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2.3. Kapitola druha

The radiosensitising effect of synthetic cyclin-dependent kinase inhibitors derived from olomoucine.
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Abstract

Background and Purpose: To evaluate potential in vitro radiosensitising effect of bohemine (BOH)
and roscovitine (ROS).

Material and Methods: Clonogenic survival assay on human lung adenocarcinoma cell line A549
(wt p53) were used. Treatment schedules were: A-pre-treatment, B-concomitant application and C-post-
treatment. Tested concentrations corresponded to IC , IC,  and IC, for BOH/ROS. The radiation doses
were 1, 2 or 3 Gy. Flow cytometry and western blot analysis were used to characterize cell cycle distribu-
tion and DNA repair processes.

Results: The highest in vitro radiosensitising effect of BOH/ROS was observed for Schedule A in all
tested concentrations (SER 37% values from 1.46 to 3.20). In the other schedules synergistic effect was
achieved in highest concentration only (IC, ). Redistribution of the cell cycle was only moderate with
unaltered level of apoptosis. In Schedule A we observed rearrangements/inhibition of the DNA DSBs
repair processes and mild stabilisation of p53 protein accompanied by strong induction of p21 protein 12
hours after treatment.

Conclusions: The results demonstrated strong in vitro radiosensitising effect of BOH/ROS, which is
concentration and schedule dependent. This effect is probably mediated through the hyperstimulation of
p53 protein activity and subsequent enduring or permanent G1 arrest caused by induction of p21 protein.

Keywords: Bohemine; Roscovitine; Radiosensitivity; Cyclin-dependent kinase inhibitors; Activation
of p53
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1. Introduction

Bohemine and roscovitine, compounds structurally derived from olomoucine, act as inhibitors of
cyclin-dependent kinases [CDKIs; 1-2]. Cyclin-dependent kinases (CDKs) are key regulators of cell
cycle, which is often disrupted in cancer cells resulting in uncontrollable proliferation. Therefore, re-
search on the synthetic CDKIs brings interesting possibilities for anticancer therapy. The greatest activity
of BOH/ROS was described against CDK2, CDK7 and CDK9, but also CDK1 and CDKS5 are affected
[2-4]. These compounds have demonstrated their potential to block the proliferation and induce apoptosis
under both in vitro and in vivo conditions [2-5]. Currently the phase II clinical trials for roscovitine are
underway [6].

Repair of DNA DSBs (double strand breaks), caused by ionizing radiation, is essential for survival of
the cell. In eukaryotes, DSBs are either repaired by homologous recombination (HR) or non-homologous
end joining (NHEJ) [7]. HR works accurately and functions preferentially in late S/G2 phase. The central
role in HR is played by ATM and ATR kinases, which phosphorylate diverse components of the DNA
DSBs repair network/apoptosis pathway either directly or through the transducing kinases CHK?2 and
CHK1 [8-9]. Although ATR-CHK1 pathway seems to be primarily activated by arrest of the DNA replica-
tion fork [8]. In response to DNA damage, these kinases can rapidly and transiently delay cell-cycle
progression in G1, S or G2 phases through the CDC25s phosphatase pathway. They can also impose
delayed and enduring cell-cycle arrest in G1 or G2 phase through the p5S3/MDM2-p21 pathway [9].
NHEJ however is the prominent repair pathway during the GO/G1 phase and it is a potentially error-prone.
The key role in NHEJ is played by the kinase DNA-PK [7]. ATM, ATR and also DNA-PK kinases directly
activate and stabilize p53 protein by phosphorylation of his Serine-15 site. This modification of p53
protein stimulates further protein modifications [9-10]. CHK1 and CHK?2 kinases phosphorylate p53 on
Ser20 and Thrl18. In addition the ubiquitin ligase MDM?2, that normaly ensures rapid pS3 turnover, is also
targeted by ATM/ATR and CHK1/CHK2 kinases [8].

Treatment of cell lines with BOH/ROS at micromolar level leads to arrest of the cell cycle on G1/S and
G2/M boundaries and deceleration of S phase development. The synchronised cells, especially those
blocked in the G2/M boundary, could sensitively respond to consequent irradiation. Moreover roscovitine
treatment causes stabilisation and nuclear accumulation of wild-type p53 protein [5, 11-13], which is
accompanied by nucleolar fragmentation [11, 5]. This stabilisation occurs due to the downregulation of
the ubiquitin ligase MDM?2 that normally ensures rapid p53 turnover [11, 14]. Possible hyperstimulation
of p53 activity using roscovitine in combination with irradiation was proposed [13-14]. In contrast to this
hypothesis, Dr. Maggiorella described the radiosensitising effect of concomitantly administered roscovitine
using p53 mutated breast cancer MDA-MB231 cell line under in vitro and also in vivo conditions [15].

The aim of this study was to evaluate in vitro radiosensitising effects of BOH/ROS using clonogenic
survival assay on p53 wild-type human lung adenocarcinoma cell line A549. Paclitaxel was used as
a positive control for its known radiosensitising effect. This study deals mainly with rearangements and
inhibition of DNA repair processes in response to BOH/ROS combined with irradiation.

2. Materials and methods
2.1. Cell culture and cell line

Human lung adenocarcinoma cell line A549 was purchased from the American Type Culture Collec-
tion (Rockville, USA). The cells were grown in RPMI medium supplemented with 10% fetal calf serum
and containing 100 U/ml penicilin, 100 pg/ml streptomycin at 37°C and 5% CO,. All experiments were
performed in exponentially and asynchronously growing cultures.

2.2. Tested compounds and irradiation conditions

Tested compounds were bohemine, roscovitine (BOH and ROS; Laboratory of Growth Regulators,
Palacky University, Olomouc, Czech Republic) and paclitaxel (TAX; Bristol-Myers Squibb, USA). 10mM
stock solutions of BOH/ROSC were prepared in 10% DMSO in saline and stored at -20°C. &-irradiation
was delivered at room temperature using “°Co source (Chisostat, Chirana, Czech Republic).
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2.3. Clonogenic survival assay

Cells were seeded in triplicates into 6-well plates (250 cells per well) and left to stabilize for 24 hours.
Initial experiments were designed to determine doses of radiation and drugs, which inhibit growth of 10,
25 and 50% of tumour cells (IC,, IC,, IC_). Then we used those values for experiments combining
irradiation and CDKIs. Three different schedules were used: A—pre-treatment, of cells with drugs before
irradiation; B—concomitant, concomitant application of radiation and drugs followed by wash-out of the
drugs 24 hours later; and C—post-treatment, treatment of cells with drugs 1 day after irradiation for 24
hours. Treated cultures were incubated for additional 7 days in drug-free medium to grow-up colonies.
Finally, the cultures were fixed, stained and colonies containing >50 cells were counted.

2.4. Flow cytometry methods

Briefly, cells were treated with radiation (2 Gy) and/or IC; of BOH/ROS (12.5/9 puM) respectively
according to above mentioned schedules, and analysed by flow-cytometry 24 and 48 hours later. For
BrdU (bromodeoxyuridine) incorporation assay, cells were exposed to 10 uM BrdU for 30 minutes before
trypsinization and fixed in ice-cold ethanol. DNA content and cell cycle analysis was performed using
hypotonic citrate buffer and propidium iodide staining method [16]. BrdU positive cells were visualized
using anti-BrDU-FITC antibody (Becton Dickinson, San Jose, USA) after chemical DNA denaturation
according to the manufacturer’s instructions.

Cell suspensions were measured on Becton Dickinson FACS Calibur flow cytometr (Becton Dickinson,
San Jose, USA) at excitation wavelength of 488nm. Cell cycle histograms were analyzed using ModFit
software (Verity Software House, Inc., Topsham, USA). Cell Quest software (Becton Dickinson, San Jose,
USA) was used for quantification of both apoptotic subG1 and BrdU positive cells. The ratio of G2/M
BrdU positive versus negative cells was calculated to reflect the intensity of DNA repair (ratio= G2/M
BrdU positive/ G2/M BrdU negative x 10).

2.5. Immunoblotting

Cell cultures irradiated with 10 Gy and pretreated (Schedule A) with IC,, of BOH/ROS (12.5/9 uM)
were prepared in different time points after complex therapy and analysed for expression of key cell cycle
regulatory/DNA repair proteins by immunoblotting protocol developed by Cell Signaling company in
combination with the enhanced chemiluminescent detection ECL system (Amersham, Little Chalfont,
UK). The used antibodies were: polyclonal antibody anti-phospho H2AX(Ser139) (Upstate, Lake Placid,
NY); polyclonal antibodies p53, CHK1, CHK2 and phospho p53(Serl5), p53(Ser20), p53(Ser46),
p53(Ser392), CHK1(Ser345), CHK2(Thr68) (Cell Signaling, Danvers, MA); monoclonal antibody
p21CIP1/WAF]1 (Exbio, Prague, Czech Republic); monoclonal antibodies PARP, MSH6, MSH2 and DNA-
PKcs/p350 (BD Biosciences Pharmingen, Philadelphia, PA). Control of protein loading was performed
using monoclonal antibody against -tubulin (Sigma, St Louis, USA).

2.6. Statistical methods

The survival rates are reported as survival curves. Each data point is represented by 6/9 replicates from
two/three independent experiments and standard deviation of the mean. The values of the sensitising
enhancement ratio (SER) for 37% survival level were calculated. The radiation dose that reduced the
surviving colonies to 37% of the non-treated controls was divided by the radiation dose that reduced
survival to 37% in combination with BOH/ROS. Statistical comparison of the survival curves was per-
formed using the one-tailed t-test for each data point. Data analysis and graphics were made using PRISM
4.01 software (Graph-Pad, San Diego, USA).
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3. Results
3.1. Cytotoxic/cytostatic activities of monotherapy

Survival curves for individual treatment modalities were analyzed for proper dosage of drugs and
radiation in combinations (Fig 1) using the standard clonogenic survival assay. Cells were exposed to
CDKIs for 24 hours only, since this was previously shown to be sufficient [4]. The concentrations inhibit-
ing colony formation for 10, 25 or 50% (ICIO, IC25 and ICSO) were calculated and were used further in the
combination therapies (0.1 pM, 12.5 pM and 30 uM for bohemine; 0.1 pM, 9 uM and 13 pM for roscovitine;
0.02 nM, 0.53 nM and 1.64 nM for paclitaxel). Mean IC, values of BOH and ROS (30 uM and 13 pM
respectively) were comparable to the mean IC, values (27 uM for BOH and 15 pM for ROS) obtained
across a panel of 24 human tumour cell lines [4]. As shown in Figure 1, the A549 cells were relatively
sensitive to radiation, since they significantly responded to irradiation in low, clinically relevant doses (1-3 Gy).

3.2. Cytotoxic/cytostatic activities of combined treatment

Schedule A-pre-treatment schedule

All three compounds clearly demonstrated radiosensitising effects (Fig 2) even in the lowest tested
concentrations (IC, ). The SER(37%) values for IC, concentrations were 1.55/1.47/1.6 for bohemine/
roscovitine/paclitaxel respectively. However, in higher concentrations of CDKIs (IC, ), their radiosensitising
effect was even more apparent than in the case of paclitaxel. The highest SER(37%) values achieved were
3.20 for BOH and 2.53 for ROS at level of IC, . The achieved SER values for paclitaxel were similar to
those obtained by the Dr. Zanelli et al. [17]. Decrease of survival fraction was significant for all tested
concentrations of BOH/ROS (p<0.0001).

Schedule B—concomitant application

The only significant radiosensitising effect was registered for the highest concentrations (IC, | levels)
of both BOH (p<0.0001) and ROS (p<0,0204) (Fig 3). The relevant SER(37%) values were 1.77/1.76 for
BOH/ROS respectively. However, at lower concentrations (IC, , IC,,) the effects were merely additive.

Schedule C—post-treatment schedule

Similarly to Schedule B, the radiosensitising effect was found in the highest concentrations of CDKIs
(IC,,) with SER(37%) 1.56(p<0058)/1.61(p<0,0001) for BOH/ROS respectively. A weak radiosensitising
effect was also demonstrated for ROS at level of IC,, with SER(37%) 1,18 (p<0,0464).

The typical result of clonogenic assay is presented on Figure 4, which clearly demonstrate synergistic
effect of radiation and synthetic CDKIs in pre-treatment Schedule A, while other combinations were
merely additive.

3.3. Cell cycle analysis

Figure 5 summarizes the effects of radiation and compounds 24 hours after the wash-out of the drugs.
Our data demonstrate that the combined therapy leads to substantially decreased count of S phase cells
and increase in G2/M population. The most noticeable redistribution of cell cycle phases occured in
Schedule A (before irradiation). Bohemine and roscovitine alone reduced S phase of the cell cycle (29.5%
for BOH and 29.7% for ROS, control cells 40%). In Schedule A the level of S phase was decreased to
22.6% / 19.8% for BOH/ROS respectively. The decreased level of S phase remained on the same level
also 48 hours after the wash-out and the percentage of cells in GO/G1 phase was increased (67.5% / 65.5%
for BOH/ROS respectively) at the expense of G2/M phase (data for time interval 48 hours are not shown).
In the same time interval the irradiated cells and the cells treated with BOH/ROS demonstrate the common
profile of exponentially growing A549 cells (S phase 30-37%, G2/M phase 13-14% and GO/G1 48-58%).
Similar, although weaker trend to develop G1 arrest was also shown for Schedule B.

The analysis of subG1 peak (Fig 5) showed that the level of apoptosis for the irradiated cells was
increased 24 h after irradiation (8%). Similar fraction of apoptotic cells was observed 48 hours after wash-
out for BOH plus irradiation (Schedule A; 9.6%) and for ROS plus irradiation (Schedule B; 8.3%). In
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summary the data of the radiosensitising treatment schedule A (before irradiation) showed inhibition of the
cell proliferation, which is not accompanied by increased level of apoptosis even 48 hours after the wash-
out of the drugs.

3.4. BrdU incorporation assay and DNA repair

For finer distinction of S phase cells and cells currently undergoing DNA repair, we have implemented
the BrdU incorporation assay. In this analysis, the pulse labelled BrdU positive cells are either S phase
cells (S-phase DNA content) or cells undergoing DNA repair (G2/M DNA content). The ratio of BrdU
positive/negative cells in the G2/M phase reflects the percentage of DNA repairing cells. Figure 6 shows
significant inhibition of DNA repair for Schedule A. This suggests that pre-treatment of tumour cells with
BOH/ROSC results in strong inhibition of DNA repairs. Mild inhibition was also registered in the case of
Schedule B (concomitant application). Inhibition of DNA DSBs repair by roscovitine 24 hours after
treatment was also shown in the paper of Dr.Maggiorella [15], where the pulse-field gel electrophoresis
(PFGE) was used.

3.5. Molecular changes of A549 cells treated using Schedule A-before irradiation

Cell lysates corresponding to the intervals 1, 3, 6 and 12 hours after the wash-out of the drugs were
prepared. The irradiation dose used for immunoblotting (10Gy) was increased in order to enhance the
chances of capturing some of the DNA DSBs repairs. Resulting western blot pictures are shown in Figure
7. To describe inhibition of DNA repair we initially used antibody against phosphorylated form of histone
H2AX (y-H2AX Ser139), this phosphorylation could be an indicator of ongoing DNA DSBs repair. Our
data showed more noticeable phosphorylation of histone H2AX at the time interval 6 and 12 hours in the
case of preincubation with bohemine or roscovitine, indicating long lasting DNA repair after incubation
with compounds.

Unambiguous inhibition of DNA-PK kinase give evidence of influence on DNA DSBs repair after
incubation with BOH/ROS (time intervals 3 hours). DNA-PK inhibition in combined treatment was de-
scribed also by Dr. Maggiorella, where in accordance with our data (BOH and ROS, time interval 1 and 3
hours) they described also activation of DNA-PK by roscovitine (SuM). It means, that incubation with
CDKI caused formation of DNA DSBs. This was demonstrated using the mikronuclei assay and PFGE
analysis [15].

ATM/ATR kinases phosphorylate mainly Thr68 site of CHK?2 kinase and Ser345 or Ser317 sites of
CHKI1 kinase. In our experiments the inhibition of CHK?2 kinase was not detected, on the contrary stronger
activation in the case of combined therapy was observed using the CHK2(Thr68) antibody at time inter-
val 1 hour. Stronger induction of CHK1 kinase with different dynamics for bohemine or roscovitine was
detected. Only mild decrease of activity in the case of roscovitine plus irradiation was observed using
CHK1(Ser345) antibody. Phosphorylation of Ser317 site of CHK1 was not examined.

Up-regulation of MSH6 protein after incubation with BOH/ROS indicates activation of methyl di-
rected mismatch repair system (MMR), which is a mechanism for post-replication DNA repair. Complex
MSH2-MSHS6, inducing during MMR conformational changes in the DNA before excision repair, prob-
ably plays a role in HR to correct base mispairs or other abnormalities that can arise from the strand
reactions of HR [7]. Up-regulation of MSH6 protein, observed after irradiation, points to involvement of
MSH2-MSH6 complex in DNA DSBs repairs. The levels for MSH2 protein were not affected.

As a next step we decided to investigate p53 status. BOH/ROS alone did not influence the stability of
p53 protein. Our results in the case of combined therapy demonstrated mild stabilisation of
nonphosphorylated p53 protein at time interval 12 hours that could be attributed to stabilisation of Serl5
phosporylated form of p53 (12 hours). Phosphorylation of p53 on Ser20 showed no remarkable differ-
ences between irradiation and combined therapy. No signal was observed using p53(Ser46) and p53(Ser392)
antibodies. Stabilisation of p53 protein at time interval 12 hour was accompanied by strong induction of
its key transcriptional target, protein p21, which is an inhibitor of cyclin-dependent kinases. Strong
induction of p21 protein at 3 hours in response to irradiation was transient, however combined therapy
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caused delayed and prolonged induction of p21 starting at 3 hours and clearly visible at 6 and 12 hours.
In the case of incubation with roscovitine, mild induction of p21 was also observed. Together with no
cleavage of PARP protein and flow cytometry data describing cell cycle distribution and apoptosis,
induction of p21 suggests prolonged or permanent blockage (senescence) of cells in the GO/G1 phase of
the cell cycle.

4. Discussion

Recently the role of CDK kinases in the regulation of the RNA polymerase II (RNAP II) transcription
has been highlighted. Kinases CDK 1, 7, 8 and 9 activate RNA II polymerase and thus facilitate efficient
transcriptional initiation and elongation [6, 12]. Blockage of transcription can primarily affect the accu-
mulation of transcripts with short half-lives, inappropriate accumulation of proteins in the nucleus or
complications during replication. Moreover RNAP II blocked at sites of DNA lesions acts as the sensor of
DNA damage triggering transcription coupled repair (TCR) and stabilising p53 protein by modifications
at the Ser15 (phosphorylation) and Lys382 (acetylation) sites [10, 18].

Stabilization of p53 protein [5, 11-13], down-regulation of antiapoptotic factor Mcl-1[19] , depletion
of cyclins [4] and induction of apoptosis [19] occur due to inhibition of RNA polymerase II by roscovitine
(above 20) and bohemine (above 50 uM) [4, 12, 19]. Moreover stabilisation of p53 together with inhibi-
tion of CDK2 probably leads to down-regulation of the CHK1 kinase [20]. Our data showed, that roscovitine
and bohemine alone at concentration 9/12.5 uM respectively did not stabilize p53 protein, however mild
induction of p21 protein was detectable for roscovitine (Fig 7). Mild induction of CHK1 kinase and also
increased amount of MSH6 protein suggests possible problems caused by BOH/ROS arising during the
replication (Fig 7). Dr. Derheimer suggested, that ATR-CHK1 pathway can also play a role in transcription
control [18]. Activation of DNA-PK (NHEJ pathway) gives evidence of occuring DNA DSBs (Fig 7). Both
occurance of DSBs and activation of DNA-PK induced by roscovitine also described Dr. Maggiorella [15].
In the case of HR, induction of MSH6 protein suggests possible activation of HR. The detailed mecha-
nism by which BOH/ROS might cause DNA DSBs is yet unclear. Our first hypothesis is, that DNA DSBs
probably arise in a response to aberrant replication process either due to inhibition of CDK?2 kinase or due
to possible collision of the replication machinery with stalled RNA polymerase complex. The second
hypothesis is related to fact, that under in vitro conditions during mitosis CDK1 kinase forms stabile
molecular complexes with topoisomerase Ila , thus leads to altered DNA/topoisomerase interactions and
to possible occurance of DNA DSBs [21]. Inhibition of CDK2 or possibly CDK1 kinase is in all likelihood
important for the resulting effect, because incubation with the inhibitor of RNAII polymerase transcrip-
tion 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB; inhibitor of CDK7 and CDK9) does not re-
sult in DNA damage [18]. Finally bohemine and roscovitine, inhibiting kinases CDK1, 2, 7 and 9, at very
low concentrations (about 10 uM) alter transcription and also replication process [5, 12] and possibly also
inhibit activity of topoisomerase Ila., all these events lead to occurance of DNA DSBs and to activation of
DNA-PK.

In the case of combined therapy (BOH/ROS plus irradiation) some rearrangements/inhibition of DNA
DSBs processes were observed. DNA-PK kinase was inhibited compared to irradiation only, although
BOH/ROS alone cause its activation (Fig 7). On the other hand CHK2 kinase exhibited higher activity due
to the incubation with the compounds (Fig 7, time interval 1 hour). Though the clear coordination of HR
and NHEJ repairs is unknown [8], our data suggest preferential activation of ATM-CHK2 pathway in
response to combined therapy. The possible reason is, that combined therapy induces earlier than 24
hours after irradiation strong G2/M arrest, where the homologous recombination predominates. Inhibition
of DNA-PK activity related to strong G2/M arrest was also described in literature in the case of combina-
tion roscovitine with irradiation [15] and with sublethal dose of doxorubicine [22]. Inhibition of DNA
repair processes resulted from BrdU incorporation assay (Fig 6) and long-lasting phosphorylation of
histone H2AX (Fig 7) indicates longer DNA repair after incubation with the compounds. This occured
either due to rearrangements of DNA DSBs processes or due to possible inhibition in HR downstream of
the ATM-CHK?2 pathway. In literature is also suggested possible role of CDK kinases in regulation of
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homologous recombination in yeast cells [23]. Strong induction of p21 gives evidence for hyperstimulation
of p53 protein activity, although strong stabilisation of p53 was not shown.

The highest in vitro radiosensitising effect of BOH/ROS was observed for Schedule A in all tested
concentrations. This effect is probably mediated through the hyperstimulation of p53 protein activity and
subsequent enduring or permanent G1 arrest (senescence) caused by induction of p21 protein. The fact
can be explained so that even the smallest concentrations of BOH/ROS used in preincubation (ScheduleA)
are sufficient to increase nuclear accumulation of p53 protein before irradiation, although the overall level
of p53 protein is uneffected. On the other hand in Schedules B and C higher concentrations have to be
used to achieve p53 activity hyperstimulation.

The mechanism of radiosensitising effect of roscovitine at c=5 uM (but not for 2.5 uM) on p53 mutated
cell-line MDA-MB231 has yet to be studied. Dr. Maggiorella believed that the radiosensitising effect is
caused by the inhibition of DNA-PK kinase and possible effect on HR was not studied [15]. Dr. Maggiorella
showed strong cytostatic effect and no increase of apoptotic induction even on the fourth day after
finishing the treatment. The viability of treated cells was still 80-95% at this time interval. We presume,
that signal cascades ATM/ATR-CHK1/CHK2-CDC25s and ATM-NBS1-SMCI1 were able to fully com-
pensate the cascade ATM/ATR-CHK1/CHK2-p53/MDM2-p21 and that the subsequent and final state
was directly senescence. Another mechanism that could explain the studied radiosensitisation would be
the mitotic catastrophe-cell death resulting from abnormal mitosis. However this phenomenon is yet to be
studied in the field of radiosensitisation effect of bohemine and roscovitine.

Finally it is clear, that inhibition of transcription by the CDK inhibitors bohemine and roscovitine is an
important phenomenon not only for their radiosensitising effect. Cell-cycle arrest or apoptosis occur
depending on used concentration of compounds. Importantly, transformed cells seem to be more sensi-
tive to disruption of RNA synthesis than corresponding normal cells. We can presume that the cyclin-
dependent kinase inhibitors may have a promising therapeutic potential as radiosensitisers.
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Figures

Fig. 1. Cytotoxic/cytostatic activity of monotherapy in clonogenic survival assay. The A549 cells
were either irradiated or incubated for 24 hours with the compound and after 7 days incubation the
colonies were counted and survival fractions were calculated. The concentrations inhibiting colony
formation for 10, 25 or 50% (IC, , IC; and IC, ) were calculated. Each data point represents the mean +
S.D. from at least three separate experiments.

Fig. 2. Cytotoxic/cytostatic activities of combined therapy; Schedule A. The A549 cells were incu-
bated with the compounds for 24 hours and then irradiated, after 7 days incubation the colonies were
counted and survival fractions were calculated. Each data point represents the mean + S.D. from three
separate experiments.

Fig. 3. Cytotoxic/cytostatic activities of combined therapy; Schedule B and C. In Schedule B, the
A549 cells were exposed to the compounds and immediately irradiated. In Schedule C A549 cells were
first irradiated and then after 24 hours of resting were treated with the compounds. Each data point
represents the mean + S.D. from two or three separate experiments.

Fig. 4. Typical results of clonogenic survival assay for all three treatment schedules on A549 cell line.
Irradiation dose was 2 Gy, concentrations of BOH/ROS were 12.5/9 uM respectively (IC 25).

Fig. 5. Cell cycle and subG1 peak analysis. Data correspond to 24 hours after the wash-out of the
drugs for all treatment schedules. Irradiation dose was 2Gy and concentrations of BOH/ROS were 12.5/9
1M respectively (IC25). Each data point represents the mean = S.D. from two separate experiments.

Fig. 6. BrdU incorporation assay. Data correspond to 24 hours after the wash-out of the drugs for all
treatment schedules. Irradiation dose was 2Gy and concentartions of BOH/ROS were 12.5/9 uM respec-
tively (IC25). The ratio of G2/M BrdU positive versus negative cells was calculated to reflect the inten-
sity of DNA repair (ratio= G2/M BrdU positive/ G2/M BrdU negative x 10). Each data point represents the
mean + S.D. from two separate experiments.

Fig. 7. Immunoblotting of selected proteins related to DNA repair. Cell lysates corresponding to the
schedule A and to the intervals 1, 3, 6 and 12 hours after the wash-out of the drugs were prepared.
Irradiation dose was 10 Gy and concentrations of BOH/ROS were 12.5/9 uM respectively (IC,,). Loaded
protein volumes were usually 20 pg or 50 ng (CHK1, CHK1(ser345), CHK2(Thr68), CHK2) or 100 ng
(DNA-PKcs/p350, yH2AX, p21).
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3.SOUHRN

Inhibitory CDK kinaz olomoucin, bohemin a roskovitin piivodné identifikované jako inhibitory CDK1/
2 kindzy inhibuji kromé CDK?7 kinazy také kinazy CDKS a CDK9 (Meijer et al. 1997, Raynaud et al.
2005, Hajdvch et al. 1999a, b). Prostiednictvim inhibice CDK7 a CDK9 kinédzy pak inhibuji transkripéni
RNAP II polymerazu (MacCallum et al. 2005, Raynoud et al. 2005, Ljungman et al. 2001). V posledni
dobé se zda byt vice nez ziejmé, Ze jevy souvisejici s inhibici RNAP II polymerdzy roskovitinem,
predchazeji samotné zablokovani bunécného cyklu a také Ze maji ptfimou souvislost s indukei apoptozy
v nadorovych burikach (Fischer et al. 2005, Wojciechowski et al. 2003).

V projektu ¢.1 jsme popsali, Ze se na celkovém antiproliferacnim ucinku téchto latek podileji i dalsi
jevy, jako je inhibice proteosyntézy, zmény v expresi cytoskeletarnich bilkovin a inhibice metabolickych
pochodt, konkrétné glykolyzy. Detailnéji, pomoci konven¢ni dvourozmérné gelové elektroforézy
(2-DE) jsme analyzovali buitky CEM T-lymfoblastické leukémie inkubované s BOH (c=10 uM) po dobu
0, 6,9, 12 a 24 hodin. Parametry elektroforetického déleni byly v rozpéti pH 3.5-10 a Mr 8-200 kDa. Za
ucelem kvantifikace zmén v proteinové expresi u jednotlivych vzorka jsme pouzili multivariani analyzu
(PCA-Principal component analysis), kterd umoziiuje komplexni analyzu objemnych dat. Z celkového
poctu 2000 detekovanych proteinovych bodi jsme analyzovali sadu 748 proteinovych bodu nalezenych
vZzdy na vSech zkoumanych gelech. Pomoci PCA analyzy je moZné nalézt podobnosti/odli§nosti mezi
jednotlivymi gely a také nalézt proteinové body (kandidatni biomarkery) charakteristické pro dany typ
vzorku. Vysledky této klasifikace ndm umoznily jednozna¢né odliSit dvé skupiny bunéénych lyzata.
Jednu skupinu tvoii buiiky inkubované s BOH po dobu 9, 12 a 24 hodin, ve druhé skupiné jsou buiiky
inkubované s BOH po dobu 6 hodin a také kontrolni neptfelécené buiiky odpovidajici intervalu O a 24
hodin. Tzn., Ze po 9-ti hodinach inkubace s BOH se podstatnym zptisobem méni mnozstvi detekovanych
proteinovych bodu. Pomoci PCA analyzy jsme dale vytipovali skupinu typickych proteinovych bodi,
z toho u péti proteint byla pomoci metod MALDI-MS (matrix assisted laser desorption/ionization-mass
spectrometry) a ESI-MS/MS (electrospray ionization-tandem MS) provedena identifikace. Mezi
identifikovanymi proteiny jsou a-enoldza a triosafosfitisomerdza, enzymy ucastnici se glykolyzy, dale
identifikovanymi proteiny jsou a a § podjednotky Rho GDP-disocia¢niho inhibitoru 1, které jsou spojeny
se zménami v uspofadani cytoskeletu. V souhrnu feceno, inkubace CEM T-lymfoblastickych bunék
s boheminem zde nebyla asociovana s inhibici CDK kindz, ale vedla k inhibici metabolickych pochodi
a buné¢nych funkci na riznych drovnich, coz je v podstaté konzistentni s blokadou transkripce a nasledné
i translace (Kovarova et al. 2000).

U boheminu a roskovitinu bylo popsédno, Ze prostfednictvim inhibice CDK kindz blokuji bunécny
cyklus na prechodu G1/S a G2/M féaze a soucasné zpomaluji pribéh S faze cyklu. Synchronizované
buiiky, jedna se predevSim o buiiky zablokované na prechodu G2/M faze cyklu, by pak mohly velice
citlivé reagovat na ozafeni. Navic u bunék s nemutovanym (wild-type) p53 proteinem dochdzi k jeho
stabilizaci a akumulaci v bunééném jadie (David-Pfeuty et al. 2001, Ljungman et al. 2001, Blaydes et
al. 2000, Wojciechowski et al. 2003). Protein pS3 hraje obecné duleZitou roli v odpovédi na posSkozeni
DNA, tedy i na poskozeni vzniklé po ozéatfeni. MoZnost hyperstimulace aktivity pS3 proteinu pfi pouZiti
roskovitinu v kombinaci se zafenim jiz byla zminéna diive (Blaydes et al. 2000, Lu et al. 2001). V kontrastu
s touto hypotézou byl popsén in vitro i in vivo radiosenzitizacni Gi¢inek roskovitinu u pS3 mutované linie
MDA-MB231 (Maggiorella et al. 2003). U této prace nebyl definitivné objasnén mechanizmus
radiosenzitiza¢nich i¢inkl a nebyla zde ani zkoumana moZnost zmény v usporadani kombinované terapie.
V projektu ¢. 2 jsme se zabyvali moZnosti kombinace antiprolifera¢nich t¢inkii boheminu a roskovitinu
s u¢inky ionizovaného zareni, tedy moZnosti nalezeni radiosenzitizacnich U¢inkd a to v in vitro
podminkéich na bunécné linii A549 lidského plicniho karcinomu, kterd nevykazuje Zadné delece ani
mutace proteinu p53. Studovali jsme celkem tii moznéd schémata uspotfddani kombinované terapie:
A-preinkubace, B-soucasné aplikace a C-postinkubace s CDK inhibitorem. Pro popis cytotoxickych/
cytostatickych ucinka jsme pouzili standardni metodu klonogennich testii. Nejvyssi radiosenzitiza¢ni
ucinky jsme nalezli u schématu A, tzn. pfi preinkubaci, kdy byly buriky pfed ozarenim 24 hodin inkubovany
s BOH/ROS. Hodnoty senzitizacnich koeficienti SER(37%) se pohybovaly v rozmezi od 1.47 do 3.20.
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, tedy
koncentrace které sniZuji tvorbu kolonii o pouhych 10 %, vedly k radiosenzitizaénimu u¢inku s hodlgotami
SER(37%) 1.55/1.47 pro BOH/ROS. U ostatnich schémat (schéma B a C) jsme popsali radiosenzitizaéni
Ucinek pouze pfi nejvysSich testovanych koncentracich odpovidajicich hladin€ 1C,, (30/13 uM pro
BOH/ROS). Analyza distribuce fazi bunécného cyklu odpovidajici 24 hodindm po skoncéeni 1€cby ukazala,
Ze kombinovana terapie (davka zafeni 2 Gy a koncentrace BOH/ROS 12.5/9 uM) vede ke sniZeni poctu
bunék v S fazi cyklu a k nartstu populace v G2/M fazi, pficemz nejvyraznéjsi redistribuce fazi byla pravé
u preinkubac¢niho schématu A. V ¢asovém intervalu 48 hodin po skonceni 1é¢by (schéma A) zlstava
hladina S faze nezménéna a na ukor G2/M faze cyklu se zvySilo procento bunék nachazejicich se v GO/
G1 fazi bunécného cyklu (67,5% / 65,5% pro BOH/ROS). Ve stejném Casovém intervalu jiz kontrolni
ozarené buiiky i buiiky inkubované pouze s BOH/ROS vykazovaly typicky profil exponencidlné rostoucich
nadorovych bunék linie A549 (S faze 30-37%, G2/M faze 13—14% a GO/G1 48-58%). Podobn4, ackoliv
slabsi tendence k tvorbé G1 bloku byla zaznamenéna i u schématu B. Analyza subG1 piku ukazala, Ze
zmény v G2/M a S fazi cyklu po kombinované terapii nebyly doprovazeny korespondujicim narGistem
poctu apoptotickych bunék. Pomoci metody BrdU inkorporace jsme u schématu A zjistili vyraznou
inhibici DNA oprav pro buriky 1é¢ené s BOH/ROS v ¢asovém intervalu 24 hodin po ozafeni. Inhibice
oprav dvoufetézcovych DNA zlomii roskovitinem (c=5 uM) 24 hodin po 1é¢bé byla také demonstrovana
v publikaci Dr. Maggiorelly (Maggiorella et al. 2003), kde byla pouZzita metoda PFGE (pulse-field gel
electrophoresis). NaSe data ukazala, Ze by inhibice DNA oprav mohla byt jednim z hlavnim mechanizmi
radiosenzitizaéniho G¢inki boheminu a roskovitinu.

V druhé ¢asti projektu €. 2 jsme se zaméfili na popis molekuldrnich zmén souvisejicich
s radiosenzitiza¢nim ti¢inkem boheminu a roskovitinu, nalezenym v preinkuba¢nim schématu A. S cilem
zvyS§it pravdépodobnost zachyceni molekuldrnich zmén souvisejicich s opravami DNA jsme zvySili
davku zafeni na 10 Gy, pouZité koncentrace ROS/BOH byly 9/12,5 uM. NasSe data ukdzala, Ze samotny
roskovitin a bohemin v monoterapii nezvySuji expresi proteinu p53. Aktivace DNA-PK kinazy (tedy
NHEJ drihy) po inkubaci s obémi latkami ukazuje na vznik dvoufetézcovych zlomi. Dr. Maggiorella
také prokazal vznik DNA DSBs (micronuclei assay) a aktivaci DNA-PK kindzy roskovitinem (c=5 pM)
(Maggiorella et al. 2003). Pro aktivaci homologni rekombinace (HR), druhého mechanizmu oprav DNA
DSBs, hovoti snad jen zvySené mnoZzstvi MSHG6 proteinu a slaba indukce CHK1 kinazy, ktera je prednostné
aktivovdna v reakci na replikacni stres buiiky. Detailni mechanizmus, kterym BOH/ROS indukuji vznik
DNA dvouretézcovych zlomi, zatim neni znamy. Nasi prvni hypotézou je, Ze DNA DSBs pravdépodobné
vznikaji jako reakce na aberantni priibéh replikacniho procesu a to budto diky inhibici CKD2 kinazy
nebo kvuli moZznym kolizim replika¢ni vidlice s neaktivnim zablokovanym komplexem RNAP II
polymerazy. Je také mozZné, Ze RNAP II polymeraza hraje pfimou ¢i nepfimou podpiirnou regulaéni roli
i béhem replikace (Derheimer et al. 2005). Druha nase hypotéza o vzniku DNA DSBs souvisi s faktem,
ze CDKI1 kindza tvofi béhem mitézy v in vitro podminkach stabilni molekuldrni komplexy
s topoizomerazou o a tim ovliviluje jeji interakce s molekulami DNA, coz miZe také vést ke vzniku
dvoufretézcovych zlomt (Escarquiel et al. 2001, Larsen et al. 2003, Wells NJ et al. 1995). Inhibice
CDK2, popt. CDKI1 kinazy je zcela urcité nezbytnd pro vysledny efekt, nebot inkubace s inhibitorem
RNAP II transkripce 5,6-dichloro-1-b-D-ribofuranosylbenzimidazolem (DRB), inhibitorem CDK7 a CDK9
kinaz, nevede k poSkozeni DNA (Derheimer et al. 2005). Skuteénost, Ze roskovitin pfi koncentraci pod
5 uM inhibuje syntézu jak RNA tak DNA, také podporuje nasi hypotézu (Ljungman et al. 2001,
Wojciechowski et al. 2003). V souhrnu fe¢eno, bohemin a roskovitin jiZ pfi velmi nizkych koncentracich
zasahuji prostfednictvim inhibice CDK kinaz 1, 2, 7 a 9 nejen do spravného pribéhu replikace a transkripce,
ale pravdépodobné také inhibuji aktivitu topoizomerdzy Ila, coZ je doprovazeno vznikem
dvoutetézcovych zloma.

Vysledky kombinované terapie v projektu ¢.2 ukdzaly reorganizaci a také inhibici oprav DNA DSBs.
U kombinované terapie (BOH/ROS plus zafeni) byly pozorovany urcité zmény nebo inhibice oprav DNA
DSBs. Ve srovnani s ozafenymi buiitkami zde byla po preinkubaci s BOH/ROS inhibovana DNA-PK
kindaza (NHEJ), ptestoze BOH/ROS samy o sobé kindzu aktivuji. Na druhé strané kiniza CHK2 (HR)
vykazovala vyss§i aktivitu. ACkoliv dosud neni zndma jednoznacné koordinace HR a NHEJ drah mezi
sebou (Lisby et al. 2005, Bernstein et al. 2002), nase data poukazuji na preferenéni aktivaci ATM-CHK2
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cesty v odpovédi na kombinovanou terapii. MoZné vysvétleni této reorganizace vychdazi z redistribuce
fazi bunécného cyklu. Samotny ROS/BOH pfi téchto koncentracich (9/12.5 pM) po 24 hodinové inkubaci
zvySuje procento bunék v G2/M fazi cyklu (posun z 11.5 na 18.3/19.6 % pro ROS/BOH) a roskovitin
také snizuje S fazi cyklu (posun z 36.5 na 25.6). U boheminu dochézi k deceleraci S faze cyklu pozdé;i.
Tésné po ozafeni se také zvySuje procento bunék v G2/M fézi cyklu (posun z 11.5 na 18.7 %; davka
zateni 2Gy) (zatim nepublikovana data). Na zdkladé téchto informaci se domnivame, 7e po ozafeni
BOH/ROS preinkubovanych bunék vzniké silny G2/M blok, kde, jak uz bylo uvedeno v teorii, probihaji
opravy DSBs ptednostné cestou homologni rekombinace HR.

Inhibice aktivity DNA-PK kindzy souvisejici s ptitomnosti silného G2/M bloku byla popsana v ptipadé
pouziti roskovitinu v kombinaci se zafenim nebo se subletdlnimi ddvkami doxorubicinu (Maggiorella et
al. 2003, Crescenzi et al. 2005). Fosforylace histonu H2AX pak ukazuje na dlouhodobé opravy DNA
DSBs zptisobené budto diky diskutovanym zménam ve vzajemné koordinaci HR a NHEJ systému nebo
diky dal§im moZnym poruchdm uvnitf t€chto drah. Je mozné, Ze CDK kindzy jsou piimo zapojeny i do
odpovédi na poSkozeni DNA. Konkrétné bylo u kvasinek Saccharomyces cerevisiae popséano, Zze CDK
kindzy reguluji opravy dvoufetézcovych zlomti mechanizmem homologni rekombinace (Aylon et al.
2004). Navic Dr. Crescenzi pak prokazal inhibici homologni rekombinace roskovitinem v in vivo
rekombinaé¢nim testu u bunééné linie HeLLa lidského karcinomu dé€lozniho krk¢ku (Crescenzi et al. 2005).

Silna indukce p21 proteinu v reakci na kombinovanou terapii (projekt ¢. 2) svéd¢i jasné pro
hyperstimulaci aktivity pS3 proteinu, ackoliv zvySena exprese pS3 proteinu nebyla prokdzana. MozZné
pro zvySeni jaderné akumulace proteinu p53 pied ozédfenim, ackoliv celkové mnoZstvi proteinu p53
zlstava nezménéno. U schématu B (soucasnd aplikace) a C (postinkubace) pak k hyperstimulaci dochézi
pouze pii vysSich koncentracich. Silna indukce proteinu p21 pak vede k dlouhotrvajicimu, popf.
k trvalému (senescence) G1 bloku (Kastan et al. 2004, Roninson et al. 2003). Dalsi moZnou alternativou
vedle senescence by mohla byt mitoticka katastrofa — buné¢nd smrt zpisobend abnormdlné probihajici
mitézou, kterd obvykle vede ke vzniku velkych bunék obsahujicich ¢etnd mikrojadérka a
nezkondenzovany chromatin (Castedo, et al., 2002, Roninson et al. 2003). Mechanizmus
radiosenzitiza¢niho u¢inku roskovitinu na p53 mutovanych butikach linie MDA-MB231 prsniho karcinomu
pak zGstava zcela neobjasnén. Dr. Maggiorella (Maggiorella et al. 2003) predpoklada, Ze radiosenzitiza¢ni
ucinek je zpusoben inhibici DNA-PK kindzy (NHEJ) a mozny vliv na HR nebyl zkoumén. Byl zde
prokazan silny cytostaticky tcinek (82 % G2/M blok 24 hodin po ozéfeni) avSak bez indukce apoptdzy
a to dokonce ani &tvrty den po skondeni 16¢by. Zivotaschopnost bunék zde zistala zachovdna na
hladin€ 80-95% (Maggiorella et al. 2003). Pfedpokladame, Ze kaskddy ATM/ATR-CHK1/CHK2-CDC25s
aATM-NBS1-SMCI1 v nepiitomnosti pS3 proteinu plné kompenzovaly kaskddu ATM/ATR-CHK1/CHK2-
pS3/MDM2-p21 a také vedly k zablokovani bunééného cyklu a Ze nésledujicim findlnim stavem by
mohla byt pravé buné¢na senescence nebo mitoticka katastrofa (Kastan et al. 2004, Roninson et al. 2003).

Nase vysledky projektu ¢. 2 jednoznacné ukazaly, Ze latky bohemin a roskovitin maji velmi silny
radiosenzitiza¢ni u¢inek pfi preinkubaci (schéma A), ktery je zprostfedkovan reorganizaci/inhibici oprav
DNA DSBs a naslednym G1 blokem souvisejicim se silnou indukci proteinu p21 sméfujicim
pravdépodobné k senescenci.

Co se ty¢e moznych chemosenzitizacnich G¢inka inhibitort CDKs, v nedavné dobé bylo popsano, Ze
pouZiti roskovitinu (10 uM) u bunék prelécenych subletdlnimi davkami doxorubicinu vede u nékterych
bunécnych linii budto k prohloubeni G2/M bloku (buné¢na linie HCT116 a H1299) nebo k prohloubeni
senescence (bunécnd linie A549 a HEC1B) (Crescenzi et al. 2005). Vysledny efekt byl pak zavisly na
aktivit¢ pRb drahy u konkrétni bunécné linie, jeji inaktivace vedla k zesileni G2/M bloku a ke sniZeni
tvorby kolonii ve srovnani se samotnym doxorubicinem. Naopak aktivni pRb draha umozZnila prohloubeni
senescence indukované primarné i doxorubicinem a ke zvySené tvorbé kolonii ve srovnani s doxorubicinem.
Bylo zde popséno, Ze inkubace s roskovitinem vede k alteracim obou DNA DSBs opravnych systémt,
tzn. HR i NHEIJ. Roskovitin byl zde pouZit i v kombinaci s etopozidem (bunécna linie HI299 a A549),
ukézalo se, Ze vysledny efekt byl zavisly na pouZité davce doxorubicinu, ktera bud'to vedla nebo nevedla
k inaktivaci Rb proteinu (Crescenzi et al. 2005). Roskovitin byl v ramci preklinickych studii pouzit také
v kombinaci s docetaxelem, pti¢emz synergicky efekt byl zavisly na spravné volbé schématu. Kombinace
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roskovitin plus docetaxel je v soucasné dobé testovana v ramci II faze klinickych zkouSek u NSCLC
(Fischer et al. 2005). Z nasich pfedbéznych, dosud nepublikovanych vysledkt tykajicich se pouZziti
roskovitinu a boheminu v kombinaci s riznymi typy cytostatik vyplyva, Ze synergicky ucinek je dosazen
pfedevsim pti kombinaci CDKIs s cytostatiky, jejichZ pouZiti vede ke vzniku dvoufetézcovych
a jednofetézcovych DNA zlomil, napf. bleomycin, daunorubicin a topotekan. Zfejmé pak ROS/BOH,
stejné jako u DNA poSkozené ozarenim, inhibuji opravy DNA. NaSe vysledky také jednozna¢né podtrhly
dileZitost spravné volby 1é¢ebného schématu.

V souhrnu se d4 fici, Ze olomoucin a od néj odvozené slouceniny bohemin a roskovitin maji vyssi
protinadorové ucinky neZ se puvodné predpokladalo na zaklad€ vysledku in vitro studii. Zda se, Ze
schopnosti této skupiny latek brzdit nadorovou proliferaci a indukovat apoptézu zdaleka nesouvisi
pouze s inhibici CDK2 kindzy, kterd v nadorovych buiikich umozZiiuje obnovu funkcénosti G1/S
kontrolniho bodu. V posledni dobé do popfedi vyvstava fakt, Ze tyto slouceniny prostfednictvim inhibice
CDK?7 a CDKO9 kinazy downreguluji transkripcni aktivitu RNAP II polymerazy a Ze inhibuji DNA opravy,
coz také nemalou mirou pfispiva k celkovym protinddorovym uéinkim latek. Celkovou komplexnost
ucinku téchto latek dokumentuji i zminéné proteomické studie. Radiosenzitizacni i chemosenzitizacni
studie nasledné podtrhuji ditleZitost volby spravného 1é¢ebného schématu v piipadé kombinace inhibitort
CDK kinaz se zafenim nebo jinymi cytostatiky. VSechny zmifiované mechanizmy tGc¢inkti podporuji fakt,
Ze vuci témto latkam jsou senzitivni pfedevsim proliferujici nddorové buiiky. Zaroven se zda, Ze senes-
cence je vedle mozné indukce apoptdzy dilezitou odpovédi na expozici bunék inhibitoriim CDK kinaz.
Velky potencidl téchto latek coby klinicky pouzivanych 1€kt doklada fakt, Ze v soucasné dobé probiha
ve Velké Britanii II. faze klinickych zkouSek roskovitinu.
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4.SUMMARY

The compounds olomoucine, bohemine and roscovitine originally acknowledged as CDK1/2 inhibi-
tors inhibit in addition to CDK7 kinase also CDKS5 and CDKO9 kinases (Meijer et al. 1997, Raynaud et al.
2005, Hajduch et al. 1999a, b). Through inhibition of CDK7 and CDK9 they inhibit transcriptional
RNAP II polymerase (MacCallum et al. 2005, Raynoud et al. 2005, Ljungman et al. 2001). Recently, it
seems more than obvious, that the actions related to the inhibition of RNAP II polymerase by roscovitine
precede the blockage of cell cycle itself and that they also are directly related to apoptosis induction in
cancer cells (Fischer et al. 2005, Wojciechowski et al. 2003).

In the project no.1 we have shown that the overall anti-proliferative effect of these compounds is also
influenced by other phenomenon: inhibition of protein synthesis, changes in expression of cytoskeletal
polypeptides and inhibition of metabolic processes, concretely glycolysis. In more detail, using conven-
tional (2-DE) gel electrophoresis we have analysed the CEM T-lymphoblastic cells incubated with BOH
(c=10uM) for 0, 6, 9, 12 and 24 hours. The parameters for electrophoretic separation were ranging from pH
3.5 to 10 and Mr 8 — 200kDa. PCA (Principal Component Analysis) multivariate analysis was used for
quantification of changes in protein expression. The method is useful for complex analysis of large
amount of data. From the overall number of 2000 detected protein spots we have analysed 748 protein
spots that were found on all examined gels. The PCA analysis can find similarities and differences be-
tween individual gels and also find specific spots (candidate biomarkers) that are unique for the given
sample types. The results of this classification helped us to identify two groups of cell lysates. One group
contains cells incubated with BOH for 9, 12 and 24 hours, the other group contains cells incubated with
BOH for 6 hours and also control untreated cells that correspond to the intervals 0 and 24 hours. The
results suggest that after 9 hour incubation the number of detected protein spots substantially changes.
Using the PCA analysis we have found a group of typical protein spots. From this group five proteins were
further identified via the methods MALDI-MS (Matrix Assisted Laser Desorption/lonization-mass
Spectrometry) and ESI-MS/MS (Electrospray Ionizing Tandem — MS). Among the identified proteins
there were o-enolase and triosephosphate isomerase, enzymes participating in glycolysis and eukaryotic
initiation factor 5A, that plays an important role in protein synthesis. The last identified proteins were o
and B-subunits of Rho GDP-dissociation inhibitor 1, that are related to the changes in cytoskeletal struc-
ture. Finally, the incubation of CEM T-lymphoblastic cells with bohemine was not associated with CDK
inhibition but led to inhibition of metabolic processes and cell functions on various levels, which is virtually
consistent with blockage of transcription and consequent blockage of translation. (Kovarova et al. 2000).

Bohemine and roscovitine are known to arrest the cell cycle on G1/S and G2/M boundaries via the
inhibition of CDKs and also decelerate of S phase development. The synchronised cells, especially those
blocked on the G2/M boundary, could sensitively respond to consequent irradiation. Moreover in cancer
cells with wild-type p53 protein expression, roscovitine treatment causes stabilisation and nuclear accu-
mulation of this protein (David-Pfeuty et al. 2001, Ljungman et al. 2001, Blaydes et al. 2000,
Wojciechowski et al. 2003). Protein p53 generally plays a significant role in response to DNA damage
and therefore to damage caused by radiation. Possible hyperstimulation of p53 activity using roscovitine
in combination with irradiation was proposed earlier (Blaydes et al. 2000, Lu et al. 2001). In contrast to
this hypothesis Dr. Maggiorella (Maggiorella et al. 2003) described the radiosensitising effect of roscovitine
using p53 mutated breast cancer MDA-MB231 cell line under in vitro and also in vivo conditions. The
mechanism of radiosensitising action was not completely explained in this work. The possibilities of
change in schedule of combined therapy were also not examined.

In project no. 2 we have dealt with the possibility of combining the anti-proliferative effects of
bohemine and roscovitine with the effects of ionising radiation, i.e. with looking for radiosensitising effects
of the given compounds. The tests were carried out under in vitro conditions on A549 human lung
carcinoma cell line, which does not exhibit any deletion or mutation of p53 protein. We have studied three
possible schedules of combined therapy: A-preincubation, B—concomitant application and
C—postincubation with CDK inhibitors. We have used standard method of clonogenic survival assay for
description of cytotoxic/cytostatic actions. The highest radiosensitising effect was found in Schedule
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A-—preincubation, when the cells were incubated with BOH/ROS for 24 hours and then irradiated. The
values of sensitising enhancement ratios SER (37%) ranged from 1.47 to 3.20. Whereas the lowest tested
concentrations of BOH/ROS (0.1/0.1 uM) corresponding to IC  level, i.e. they decrease the colony
formation by mere 10%, led to radiosensitising action with SER(37%) values of 1.55/1.47 for BOH/ROS.
In the other used schedules (Schedule B and C) we have found a radiosensitising effect only in the highest
tested concentrations on the IC_ level (30/13 uM for BOH/ROS). The analysis of cell cycle distribution
representing 24 hours after finishing the treatment showed that the combined therapy (dose 2 Gy and
concentration of BOH/ROS 12.5/9 uM) led to decrease in number of cells in the S phase of the cell cycle
and to growth in the population in G2/M phase. Nevertheless, the most remarkable redistribution oc-
curred in Schedule A. The decreased level of S phase remained on the same level also 48 hours after
irradiation and the percentage of cells in GO/G1 phase was increased (67.5 % / 65.5 % for BOH/ROS
respectively) at the expense of G2/M phase. In the same time interval the control irradiated cells and the
cells treated with BOH/ROS demonstrated the common profile of exponentially growing cancer cell line
A549 (S phase 30-37 %, G2/M phase 13-14 % and GO/G1 48-58. Similar, though weaker tendency
towards G1 block was observed in Schedule B. The analysis of subG1 peak revealed that the changes in
G2/M and S phase of the cell cycle after the combined therapy were not accompanied by corresponding
growth in number of apoptotic cells. Using BrdU incorporation assay a strong inhibition of DNA repairs
for cells treated with BOH/ROS was found 24 hours after irradiation. Inhibition of DNA double strand
break repairs by roscovitine (c=5 uM) 24 hours after treatment was also described in the publication by Dr.
Maggiorella (Maggiorella et al. 2003) where the PFGE method (pulse-field gel electrophoresis) was
used. Our data showed that DNA inhibition could by one of the key mechanisms of radiosensitising effects
of bohemine and roscovitine.

In the second part of project no. 2 we focused on description of molecular changes corresponding with
radiosensitising effects of bohemine and roscovitine, which were discovered in preincubation Schedule A.
The irradiation dose used for immunoblotting (10 Gy) was increased in order to enhance the chances of
capturing some of the DNA DSBs repairs. The used concentrations of ROS/BOH were 9/12.5 uM. Our data
showed that roscovitine and bohemine alone in monotherapy did not increase expression of pS3 protein.
Activation of DNA-PK (NHEJ pathway) after incubation with both compounds gave evidence of occur-
ring DNA DSBs. Dr. Maggiorella also showed occurrence of the DNA DSBs (micronuclei assay) and
activation of DNA-PK caused by roscovitine (c=5 M) (Maggiorella et al. 2003). The only fact support-
ing the theory of activation of homologue recombination (HR) — the second mechanism of DNA DSBs
repairs - may be the increased amount of MSH6 protein and weak induction of CHK1 kinases, which is
preferentially activated in response to replication cell stress. The detailed mechanism by which BOH/ROS
might cause DNA DSBs is yet unclear. Our first hypothesis was that DNA DSBs probably arised in a
response to aberrant replication process either due to inhibition of CDK2 kinase or due to possible
collision of the replication machinery with stalled RNA polymerase complex. It is also possible that
RNAII polymerase plays a direct or indirect supporting role in replication (Derheimer et al. 2005). The
second hypothesis is related to fact, that under in vitro conditions during mitosis CDK1 kinase forms
stabile molecular complexes with topoisomerase Ila , thus leads to altered DNA/topoisomerase interac-
tions and to possible occurrence of DNA DSBs (Escarquiel et al. 2001, Larsen et al. 2003, Wells NJ et
al. 1995). The inhibition of CDK2 or possibly CDK1 kinase is in all likelihood important for the resulting
effect, because incubation with the inhibitor of RNAII polymerase transcription 5,6-dichloro-1-b-D-
ribofuranosylbenzimidazole (DRB; inhibitor of CDK7 and CDK9) does not result in DNA damage
(Derheimer et al. 2005). The fact, that roscovitine at the concentration under 5 uM inhibits RNA as well
as DNA synthesis also supports our hypothesis (Ljungman et al. 2001, Wojciechowski et al. 2003).
Finally bohemine and roscovitine at very low concentrations through the inhibition of CDK1, 2, 7 and 9
alter not only transcription and replication processes, but probably also inhibit activity of topoisomerase
I1a, all these events lead to occurrence of DNA DSBs.

In the case of combined therapy (BOH/ROS plus irradiation), studied also in project no. 2, some
rearrangements/inhibition of DNA DSBs processes were observed. DNA-PK kinase was inhibited com-
pared to irradiation only, although BOH/ROS alone cause its activation. On the other hand CHK?2 kinase
(HR pathway) exhibited higher activity due to the incubation with the compounds. Though the clear

coordination of HR and NHEJ repairs is unknown (Lisby et al. 2005, Bernstein et al. 2002), our data suggest
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preferential activation of ATM-CHK?2 pathway in response to combined therapy. Possible explanation of
this re-organisation comes from the redistribution of cell cycle phases. ROS/BOH (9/12.5 uM) themselves
increase the percentage of cells in G2/M phase (shift from 11.5% to 18.3/19.6 %) after 24 hours incuba-
tion and roscovitine also decreases the S phase (shift from 36.5% to 25.6%). In bohemine the deceleration
of the S phase occurs later. Immediately after irradiation the percentage of cells in G2/M phase of the cycle
also increases (shift from 11.5 to 18.7%; radiation dose 2 Gy) (yet unpublished data). On the bases of this
information we believe that immediately after irradiation there occurs a strong G2/M arrest in BOH/ROS
preincubated cells, where, as previously suggested in the theory, the repairs of DSBs take place mainly via
the homologous recombination (HR) pathway.

Inhibition of DNA-PK activity related to strong G2/M arrest was also described in literature in the case
of combination roscovitine with irradiation (Maggiorella et al. 2003) and with sub lethal dose of
doxorubicine (Crescenzi et al. 2005). Phosphorylation of histone H2AX indicates long-lasting DNA
DSBs repair after incubation with the compounds. This occurred either due to the rearrangements of DNA
DSBs processes or due to possible lesions downstream these pathways. Literature also describes possible
role of CDK kinases in regulation of homologous recombination in yeast cells, concretely in Saccharomy-
ces cerevisiae, where the CDKs regulate DNA DSBs repair by homologous recombination (Aylon et al.
2004). Dr. Crescenzi then demonstrated the inhibition of homologous recombination by roscovitine in
in vivo recombination test on HeLa cell line of human cervical carcinoma (Crescenzi et al. 2005).

Strong induction of p21 in reaction to the combined therapy (project no. 2) gives evidence for
hyperstimulation of p53 protein activity, although increased expression of p53 was not shown. The fact
can be explained so that even the smallest concentrations of BOH/ROS used in preincubation (Schedule
A) are sufficient to increase nuclear accumulation of p53 protein before irradiation, although the overall
level of p53 protein is unaffected. On the other hand in Schedules B (concomitant application) and
C (postincubation) higher concentrations have to be used to achieve p53 activity hyperstimulation.
Strong induction of p21 then leads to long-lasting or possibly permanent G1 arrest (senescence). (Kastan
et al. 2004, Roninson et al. 2003). Another mechanism would be the mitotic catastrophe-cell death
resulting from abnormal mitosis-cell death that results from aberrant mitosis, leading to the formation of
the large non-viable cells with several micronuclei containing uncondensed chromosomes (Castedo, et
al., 2002, Roninson et al. 2003). The mechanism of radiosensitising effect of roscovitine at c=5 pM (but
not for 2.5 uM) on p53 mutated cell-line MDA-MB231 remains unexplained. Dr. Maggiorella believed
that the radiosensitising effect is caused by the inhibition of DNA-PK kinase (NHEJ pathway) and possible
effect on HR was not studied (Maggiorella et al. 2003). Dr. Maggiorella showed strong cytostatic effect
(82% G2/M arrest 24 hours after irradiation) however without induction of apoptosis even on the fourth
day after finishing the treatment. The viability of treated cells was still 80-95% at this time interval. We
presume, that signal cascades ATM/ATR-CHK1/CHK2-CDC25s and ATM-NBSI-SMCI1 were able to
fully compensate the cascade ATM/ATR-CHK1/CHK2-p53/MDM2-p21 and they also led to cell cycle
arrest and that the subsequent and final state should be directly senescence or mitotic catastrophe (Kastan
et al. 2004, Roninson et al. 2003).

Our results of the project no. 2 clearly demonstrated strong radiosensitising effect of bohemine and
roscovitine in the case of preincubation (Schedule A), that is mediated via rearrangements/inhibition of
DNA double strand breaks repair with subsequent G1 arrest corresponding with strong induction of p21
protein leading probably to the senescence.

Concerning the possible chemosensitising effects of CDK inhibitors, a recent publication describes
that using roscovitine (10uM) on cells previously treated by sublethal doses of doxorubicine results in
deepening of G2/M arrest in some cell lines (cell line HCT116 a H1299) or to deepening of senescence in
others (cell line A549 a HEC1B) (Crescenzi et al. 2005). The final effect depended on the activity of pRb
pathway in specific cell lines. Its inactivation resulted in strengthening of G2/M arrest and to decrease in
colony formation compared to doxorubicine itself. On the other hand the active pRb pathway enabled
deepening of senescence induced primarily also by doxorubicine and to increased colony formation
compared to doxorubicine itself. It has been described that incubation with roscovitine leads to alterations
of both DNA DSBs repair systems —i.e. HR as well as NHEJ. Roscovitine was used here in combination
with etoposide (cell line H1299 and A549). The resulting action depended on the doxorubicne dose
which either did or did not lead to Rb protein inactivation (Crescenzi et al. 2005). In pre-clinical
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trials roscovitine was used also together with docetaxel while the synergistic effect was dependent on
correct choice of application schedule. The combination of roscovitine and docetaxel is currently tested
in the phase II of clinical trials in NSCLC (Fischer et al. 2005). Our preliminary unpublished results on
usage of roscovitine and bohemine in combination with various types of cytostatic drugs show that the
synergistic effect is achieved mainly in combination with CDKIs with cytostatic drugs which cause single
and double strand DNA breaks —e.g. bleomycin, daunorubicin and topotecan. Possibly BOH/ROS inhibit
the DNA repairs in the same way as with irradiation. Our results unambiguously stress the importance of
correct choice of treatment schedule.

We can say that olomoucine and its derived compounds bohemine a roscovitine have higher antican-
cer effect than was previously expected from the results of in vitro studies. It seems that ability of these
compounds to hinder tumour proliferation and induce apoptosis is related not only to the inhibition of
CDK2 kinases, which renews the functionality of G1/S checkpoint in cancer cells. Recent studies suggest
that these compounds via inhibition CDK7 and CDK9 downregulate the transcription activity of RNAP
IT polymerase and also inhibit DNA repairs, which also aids in the overall anticancer efficiency. The
complexity of effects of these compounds is also illustrated by the cited proteomic study. Radiosensitising
and chemosensitising studies consequently stress the importance of careful choice of suitable treatment
schedule in combination of synthetic inhibitors of CDKs with irradiation or with other chemotherapeutics.
All described mechanisms of action support the fact, that it must be the proliferating cancer cells that are
sensitive to these compounds. At the same time it seems that senescence may be apart from apoptosis
induction also an important response to cell exposure to synthetic CDK inhibitors. The great potential of
these compounds as clinically useful drugs is also supported by the fact that currently the second phase
of clinical trials of roscovitine is taking place in the Great Britain.
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