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Abstrakt:

Cyklin-dependentni kinasy (CDK) jsou specifické serin/threoninové proteinkinasy, které hraji
klicovou roli v regulaci bunééného cyklu, transkripci, apoptoze a diferenciaci. Nadmerna aktivita CDK
byva ¢astym znakem riznych lidskych onemocnéni spojenych s abnormalni mirou proliferace jako je
rakovina. Z tohoto divodu se CDK staly slibnym teréem cilenych protinadorovych 1é¢iv. Prvni Cast
prace vyuziva racionalniho pfistupu pii hledani novych inhibitortt CDK. Struktury znamych inhibitord
olomoucinu a roskovitinu zde byly pouZity jako vychozi strukturni motiv, na jehoz zakladé byla
syntetizovana série 2,9-substituovanych 6-guanidinopurinti. VSechny pfipravené derivaty byly
testovany na CDK1 a CDK2 inhibi¢ni aktivitu in vitro, cytotoxicitu a efekt na bunéény cyklus
vV nadorové bunécné linii MCF7 odvozené od karcinomu prsu a byl u nich studovan vztah mezi
strukturou a biologickou aktivitou. Dalsi ¢ast prace je zaméfena na hledani inhibitora CDK mezi
pfirodnimi latkami. Studovény byly antiproliferacni a anti-angiogenni ucinky flavonu eupatorinu a
mechanismus jeho biologické aktivity. Eupatorin je také jednou z hlavnich slozek extrakti z listd
1é¢ivé rostliny Orthosiphon stamineus pouzivané v jihovychodni Asii k 1é¢bé rtiznych onemocnéni.
Jeji susené, drcené listy byly v této praci vyuzity pro vytvorfeni chloroformového extraktu, ktery byl

poté testovan na bunécnych kulturach a jeho ucinky byly srovndvany s aktivitou samotného

eupatorinu.
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1.  Cile disertacni prace

Cyklin-dependentni kinasy (CDK) jsou specifické serin/threoninové proteinkinasy, které hraji
kli¢ovou roli v regulaci bunééného cyklu, transkripci, apoptoze a diferenciaci. Nadmérna aktivita CDK
byva ¢astym znakem ruznych lidskych onemocnéni spojenych s abnormalni mirou proliferace, jako je
rakovina. Z tohoto dtivodu se CDK staly slibnym ter¢em cilenych protinadorovych I1é¢iv.

Cilem této prace byla jednak literarni reSerSe na téma protinadorovych 1é¢iv se zamétenim na
CDK, dale v experimentalni ¢asti hledani novych inhibitori CDK a ovéfeni mechanismu jejich
ucinku. Vyuzity pfitom byly dva pfistupy. Prvni, racionalni pfistup, byl zaloZen na obménovani
struktur jiz znamych inhibitort CDK ve snaze zvysit jejich biologickou aktivitu, druhy poté vyuzival
jako zdroj latky ptirodniho pivodu.

Dalsim cilem bylo posoudit zavislost vlivu CDK inhibitorti na genetickém pozadi, konkrétné
v bunéénych modelech potkanich embryonalnich fibroblastd s rizné funkénimi proteiny p53 a c-Ha-

ras.



2. Teoreticky uvod

2.1 Protinadorova lé¢iva

2.1.1 Strategie hledani novych protinadorovych lé¢iv

Rostouci pocet pripadli nadorovych onemocnéni obvykle doprovazenych drastickou 1é¢bou
s fadou zavaznych vedlejSich Uc€inkii S sebou piinasi potiebu vyvijet stale nova 1éc¢iva s menSimi
negativnimi dopady na lidsky organismus. Kromé toho se navic zavedend léciva potykaji podobné
jako antibiotika s problémem vytvofeni 1ékové resistence a je tedy i z tohoto divodu nezbytné hledat
nejen nové latky, ale i celkové pfistupy pro ptekonani tohoto fenoménu.

Jednou z historicky nejstarSich strategii ve vyvoji chemoterapeutik je hledani biologicky
aktivnich latek mezi ptfirodnimi produkty mikroorganismd, rostlin ¢i zivocicht. Latky jako vinca
alkaloidy, paclitaxel, campthotecin ¢i epipodophyllotoxin jiz nasly své terapeutické uplatnéni a staly
se nedilnou soucasti standardni 1écby rtznych typt rakovin. Objev nové aktivni latky byl vSak
prevazné dilem nahody a jeji mechanizmus ucinku byl také do neddvné doby predmétem
retrospektivniho vyzkumu. Ptikladem muze byt paclitaxel, jehoZ struktura a protinddorové vlastnosti
byly publikovany jiz vroce 1971 (Wani et al., 1971), avSak mechanismus ucinku — stabilizace
mikrotubull — az o 8 let pozdé&ji (Schiff et al., 1979). Soucasné pokroky v molekularni biologii a stale
hlubsi znalosti v oblasti nadorové transformace vSak obratily pozornost védcl na cilenou terapii a
molekularné cilena 1éCiva. Tento typ 1éCiv je zaméfen na inhibici/modifikaci urcité vybrané
molekularni drahy povazované za klicovou pro vznik rakoviny ¢i jeji rozvoj a metastazovani. Hlavni
myslenkou této strategie je individualizovany pfistup k pacientim a co nejpiesnéjsi charakterizace
nadoru, na jejimz zakladé je poté zvolen urity typ terapie. Imatinib (Gleevec®) se stal prvnim
predstavitelem této skupiny inhibujici specifickou tyrosinkinasu, Bcr-Abl fizni onkoprotein, a je
V soucasnosti pouzivan pro lécbu chronické myeloidni leukémie a gastrointestinalnich stromalnich
nadoru (Druker, 2002). Nova cilena 1é¢iva mohou byt hledana pomoci high-throughput screeningu
ruznych ptirodnich produktd ¢i chemickych knihoven za tcelem modifikace konkrétni molekularni
drédhy nebo jsou pro tuto modifikaci pfimo navrhovana a syntetizovana. Aktivni latky ovSem nemusi
mit vhodné vlastnosti z hlediska farmakokinetiky, farmakodynamiky, vedlejSich u¢inki a stavaji se

poté vychozim strukturnim motivem pro vyvoj derivatl s lepsSimi biologickymi vlastnostmi.



2.1.2 Mechanizmy a¢inku a molekularni cile protinadorovych lé¢iv

Onkoproteiny a nadorové supresory

Je znamo, ze udrzeni naddorového bujeni je velmi Casto zavislé na neustalé aktivité urcitych
onkogent (Weinstein, 2002). Tento fenomén byl demonstrovan in vivo pro nékteré onkogeny. Napf.
mysi modely vyuzivajici indukovatelny onkogen MYC prokazaly, ze papilomy, lymfomy ¢&i
osteosarkomy nevznikaji, pokud neni onkogen MYC aktivni (Felsher et Bishop 1999; Pelengaris et al.,
1999; Jain et al., 2002). Podobné i zavislost na onkogenech HRAS a BCR-ABL byla prokazana na
mysich modelech melanomu a leukémie (Chin et al., 1999; Heuttner et al., 2000). Z téchto divodu se
skupina onkogent, jejichz inhibice vede k zastaveni proliferace, bunétné smrti, diferenciaci ¢i
senescenci, stala zajmem vyzkumu protinadorovych 1é¢iv. Na zakladé této myslenky byly vyvinuty
inhibitory nékterych protenkinas jako Bcr-Abl (imatinib/Gleevec), EGFR (gefitinib/Iressa,
erlotinib/Tarceva), HER2 (trastuzumab/Herceptin) atd. (Druker, 2002; Roberts et Der, 2007; Sharma
et Settleman, 2007).

Narozdil od onkogent jsou nadorové supresory soucasti procest, které brani nadmérnému
rustu a déleni, pfezivani a genomické nestabilité. Ztrata jejich funkce vlivem deleci, inaktivujicich
mutaci nebo epigenetického umlceni vede k rozvoji rakoviny a naopak obnova funkce téchto gent
v naddorovych bunkach mtze vést k regresi nadoru. Vyuziti tohoto konceptu v praxi ovSem zlstava
pozadu za vyuzitim inhibice onkogeni, jelikoZz je Casto pomérné slozité vyuzit nizkomolekularni latku
k obnové nebo napodobeni funkce proteinu, ktery je nefunkéni nebo zcela chybi. V ptipadé
nadorovych supresord, které negativné reguluji aktivitu protoonkogenu, lze jako 1éCiva vyuzit latky
cilené na tyto protoonkogeny. Piikladem mitize byt nddor s nefunkénim nadorovym supresorem,
lipidovou fosfatasou PTEN, ktery za normalnich okolnosti inhibuje PI3 kinasovou signalni drahu a je
tedy citlivy k inhibitorim PI3 kinasy. Podobné ztrata nadorovych supresorii Rb, p16, p21, p27 vede
k nadmérné aktivit¢ CDK, kli¢ovych regulatort bunééného cyklu, a proto muze byt proliferace

nadorovych bunék s témito aberacemi inhibovana pomoci inhibitortt CDK.

Poskozeni DNA

Typickym znakem vét§iny nadorovych bunék je zvySena hladina poskozeni DNA a replikacni
stres vedouci ke genomické nestabilité. Jednou z nejcastéjsich pfi¢in jsou mutace v genech DNA
reparacnich enzymi nebo proteinit zahrnutych v signalnich drahach odpovidajicich na poskozeni DNA
jako napf. p53 nebo ATM (Harper et Elledge, 2007). Stres z poskozeni DNA, se kterym se nadorové
buiiky musi neustale vyporadavat, je mozné vyuzit terapeuticky né€kolika zpiisoby. Napiiklad
nadorové buniky podléhajici Castym spontdnnim mutacim vykazuji zvySenou citlivost k latkam
interferujicim se signalni drahou odpovidajici na poskozeni DNA, jako jsou inhibitory kinas ATM
nebo Chkl (Chen et al., 2006; Kennedy et al., 2007). Podobny pfistup byl vyuzit i pro 1écbu



nadorovych bunék s mutaci nadorového supresorového genu BRCAZ2 zodpovédného za opravu
dvouvlaknovych zlomi DNA pomoci homologni rekombinace. Tyto buiiky jsou zavislé na ostatnich
formach opravnych mechanismit DNA napf. na enzymu poly(ADP-ribosa)polymerasa (PARP1)
ucastnici se oprav jednovlaknovych zlomi a jsou tedy citlivé na jeho inhibici (Bryant et al., 2005;
Farmer et al., 2005). Netransformované buiiky pfitom inhibici enzymu PARP1 toleruji diky
funkénimu proteinu BRCA2, ktery jeho funkci kompenzuje (Conde et al., 2001). Dal$i moznosti
vyuziti genomické nestability je i podpora jiz existujicino stresu natolik, ze ho odpovidajici
mechanismy nedokazou vykompenzovat a dochazi tak k zastaveni bunééného cyklu a apoptoze. Timto
mechanismem pravdépodobné pisobi i radioterapie ¢i néktera v klinické praxi standardné pouzivana,

DNA poskozujici 1é€iva.

Mitoticky stres

Jednou z vyznamnych charakteristik nadorovych bunék je naruseny proces mitézy vedouci k
aneuploidii a genomické nestabilité¢ (Thompson et Compton, 2010). Tyto buiky jsou pro své pieziti
zavislé na molekularnich drahach odpovidajicich na mitoticky stres a stavaji se citlivé na jeho dalsi
zvySovani (Weaver et Cleveland, 2005). Kontrolni bod vieténka je jednim z mechanismti umoziujici
opravit defekty v mitdze, na némz jsou nadorové buiiky se zvySenou chromozémovou nestabilitou
zavislé, a jeho inhibice je u téchto bunék letalni. V jinych ptipadech muze byt v nadorovych burikach
ptitomna naopak mutace oslabujici funkci kontrolniho bodu vieténka (Cahill et al., 1998). Bunky
S timto fenotypem jsou senzitivni k latkam zvysujicim mitoticky stres, ktery nejsou schopny piekonat
a umiraji. Takovym mechanismem uc¢inku se vyznacuji jednak néktera standardni 1é¢iva jako napf.
mikrotubuly stabilizujici paclitaxel nebo moderni inhibitory mitotickych kinas PLK1 a aurory A ¢i B
nachazejici se v soucasné dobé ve fazi klinickych testi (Strebhardt et Ullrich, 2006; Carpinelli et Moll,
2008).

Proteotoxicky stres

Proteotoxicky stres vznika pravdépodobné jako nasledek vysokého stupné aneuploidie, zmén
v poétech kopii genti nebo zmén v Grovni transkripce (Pollack et al., 2002; Torres et al., 2007).
Odlisna mira transkripce poté vede k nesrovnalostem ve stechiometrii podjednotek proteinovych
komplext (Papp et al., 2003) a k rostoucimu mnozstvi volnych proteint, jejichz odstranovani je pro
bunku zatézi (Denoyelle et al., 2006). Odpovédi na proteotoxicky stres je aktivace chaperonti, napf.
heat shock proteini podilejicich se na vazbé volnych proteind ¢i jejich degradaci. Zvysena aktivita
heat shock proteint je pozorovana vV mnoha typech nadorti, a proto se také stala potencidlnim cilem
protinadorovych 1é¢iv (Whitesell et Lindquist, 2005).

Dals§i obranou proti nadmérnému mnozstvi nevazanych proteinli je jejich degradace
proteasomem. Experimentalné¢ bylo zjisténo u kvasinek, Ze pfitomnost jediného nadbyte¢ného

chromozému a s tim souvisejici nadbytecny obsah nékterych proteinti je dostacujici pro citlivost
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bunék k inhibitorim proteasomu (Torres et al., 2007). Bortezomid (Velcade) se stal prvnim
inhibitorem proteasomu pouzivanym v klinické praxi pro 1é¢bu mnohocetného myelomu (MM). Po
dlouhou dobu nebylo jasné, zjakého divodu je zrovna MM tak citlivy k inhibitorim proteasomu.
Jedno ze soucasnych vysvétleni je zalozeno na faktu, ze bunky MM syntetizuji a poté i sekretuji
zna¢né mnozstvi protilatek typu IgG nebo IgA (Bianchi et al., 2009; Cenci et al., 2011), které ovsem
nejsou spravné vazany a dochazi tedy k jejich degradaci proteasomem. Inhibice proteasomu vede
k nadmérnému proteotoxickému stresu, ktery jiz bunky MM nedokdzou pickonat a umiraji.
Netransformované bunky ptitom nebyvaji k témto latkam citlivé vlivem jejich nizké bazalni hladiny
proteotoxického stresu. Uspéch bortezomidu stimuloval vyvoj novych inhibitor proteasomu, které
jsou v soucasnosti v riznych stadiich klinického testovani (Kisselev et al., 2012).

Zajimavym vyuzitim proteotoxického stresu pro lécbu rakoviny je zvySeni teploty pro
uvolnéni proteini z komplexti. Hypertermie, V historii Casto pouzivana lécba pro celou fadu
onemocnéni, je v soucasné dobé opét extensivné zkoumana v souvislosti s 1é¢bou rakoviny. Kromé
zvySovani proteotoxického stresu se podili také na zménach ve vlastnostech plazmatické membrany,
vaskulatufe nadoru, na snizovani replikace DNA atd. a je u ni prokdzana synergie v kombinaci
s chemoterapii a radioterapii (Fiorentini et Szasz, 2006). Experimentalni podporou této teorie jsou
vysledky pokust na kvasinkach prokazujici zvySenou teplotni citlivost u aneuploidnich bunék

obsahujicich jeden nadbyte¢ny chromozém (Torres et al., 2007).

Metabolicky stres

Zdravé bunky za normalnich okolnosti ziskavaji pfevaznou ¢ast ATP oxidativni fosforylaci
v mitochondriich. VétSina nadorovych bunék ovSem piednostné produkuje energii pomoci méné
efektivni glykolyzy dokonce i v prostfedi s dostatenym piisunem kysliku pravdépodobné vlivem
poskozeni mitochondrialniho citratového cyklu (tzv. Warburgav efekt, Warburg, 1956; DeBerardinis
et al., 2008). Na zvySeném piijmu glukdzy jsou zaloZeny i nékteré zobrazovaci techniky vyuZzivajici
radioaktivné znadenou glukézu. Cim je oviem glykolyza pro nadorové buiky takovou vyhodou?
Jednak umozniuje vyuziti hojné se vyskytujici ziviny k produkci ATP, a ackoliv je vytézek ATP
v porovnani s oxidativni fosforylaci nizky, pti dostate¢ném piisunu glukézy mize mnozstvi ATP
produkované glykolyzou prekonat mnozstvi vytvafené oxidativni fosforylaci (Guppy et al., 1993;
Pfeiffer et al., 2001). Dale také degradace glukozy zasobuje bunku prekurzory pro biosyntézu
nukleotidt, lipidd, cholesterolu, isoprenoidl, neesencialnich aminokyselin atd. Sekrece kyseliny
mlécneé jako konecného produktu glykolyzy a s tim souvisejici snizovani pH okolniho prostfedi ma
také svilj vyznam — usnadiiuje Sifeni nadoru a potlacuje imunitni reakci. U nadorovych bunék, které
jsou pod neustalym proliferacnim tlakem onkogend, dochazi inhibici kliCcovych enzymu
glykolytickych ¢i biosyntetickych drah k nezvladatelnému metabolickému stresu vedoucimu k amrti
bunék. Piikladem mohou byt inhibitory ATP-citratlyasy (syntéza acetyl-COA z citratu pii biosyntéze
lipida; Bauer et al., 2005), laktatdehydrogenasy A (konverze pyruvatu na laktat v poslednim kroku
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glykolyzy; Fantin et al., 2006) ¢i synthasy mastnych kyselin (syntéza palmitatu z acetyl CoA a
malonyl-CoA; Wang et al., 2005). Jednim z dal8ich pfistupti je zablokovani transportu glukézy do
bun¢k napt. pomoci 2-deoxyglukozy, kterd ma radiosenzitizujici a chemosenzitizujici u¢inky (Simons

etal., 2007).

Ocxidativni stres

Oxidativni stres je charakterizovan ptitomnosti reaktivnich kyslikovych radikald (ROS),
jejichz produkce je v nadorovych buiikach zvySena (Szatrowski et Nathan, 1991). K tvorbé ROS
ptispivaji onkogenni signalni drahy jako napf. Ras (Lee et al., 1999). ROS jsou vysoce reaktivni a
prispivaji ke zvySené mife poSkozeni DNA, proteind, lipidd a dalSich bunécnych komponent.
Nédorové bunky zmirniuji tento stres navozenim glykolyzy a snizenim funkce mitochondrii (Gogvadze
et al., 2008). ROS jsou také vyznamni signalni prenaSeci. Aktivuji napf. transkripéni faktor HIF-1
(hypoxia-inducible factor 1) pfi hypoxii (Dewhirst et al., 2008), ktery je zodpovédny za odklon od
oxidativni fosforylace ke glykolyze a navozeni angiogeneze, jevy Casto pozorované v nadorech. Latky
indukujici tvorbu ROS pfispivaji v nadorovych bunkach kjiz do znatné miry zvySenému
oxidativnimu stresu, ktery se pro né poté stdva letdlnim. Dichloroacetat inhibuje
pyruvatdehydrogenasukinasu (PDK), stimuluje mitochondrialni oxidativni fosforylaci a tedy i tvorbu

ROS a selektivné vyvolava apoptosu v nadorovych burikach (Bonnet et al., 2007).

Modulace imunitni odpovédi

Nadorové bunky Casto exprimuji mutantni formy antigend s novymi epitopy, které mohou
potencialné vyvolat imunitni odpovéd’. Nadory se ovSem imunitnimu systému efektivné brani nékolika
zpusoby. Nékteré redukuji expresi komplexu MHC (major histocompatibility complex) zodpovédnych
za prezentaci antigenti na povrchu bunky (Garrido et Algarra, 2001), jiné zase syntetizuji a uvoliu;ji
fadu imunomodulac¢nich molekul jako chemokiny (napi. CCL2), cytokiny (napt. IL6, IL10) a
prostaglandiny (napf. PGE2) pro potlaceni aktivity T-bunék (Sharma et al., 2005). Inhibitor
cyklooxygenasy-2 (COX2) celecoxib blokuje syntézu PGE2 a zlepSuje tak v mySich modelech
imunitni reakci na nador (Stolina et al., 2000). Reaktivace genit MHC u bunék se sniZenou expresi
téchto komplexi je jeden z dalsich piikladl zvySeni imunitni odpovédi. Atraktivita této metody
spociva hlavngé v jeji pouzitelnosti na Sirokém spektru nadorti a také v moznosti vymyceni nadoru v

relativn€ brzkém stadiu vyvoje.

Hypoxie, nutri¢ni stres a angiogeneze

Solidni nadory diky své nedokonalé naddorové vaskulatufe Casto trpi nedostateCnym piijmem
kysliku a zivin. Nadorové bunky reaguji na tento stres zvysenou tvorbou transkripcniho faktoru HIF-1
(Pouyssegur et al., 2006), ktery podporuje indukci angiogennich signalnich molekul (VEGF-A,

angiopoetin-2) a navozuje glykolyzu indukci glukézového transportéru 1, hexokinasy,



laktatdehydrogenasy nebo pyruvatdehydrogenasykinasy 1 (PDK1). Navic HIF-1 chrani bunky pted
laktatem vyvolanou acidézou indukci monokarboxylatového transportéru MCT4 (pienos laktatu pres
membranu), karbonatdehydratasy (usnadiiuje transport laktatu pfes membranu) a Na*/H" antiportéru
NHRI1 (uprava pH). Latky inhibujici HIF-1 nebo nékterou z podfizenych komponent této signalni
drahy senzitizuji buiiky k hypoxickému stresu. Inhibice monokarboxylatového transportéru vedouci
k akumulaci laktatu v buiice a aciddze je jednim z piistupd pro selektivni likvidaci nadorovych bunék
zavislych na glykolyze (Pouyssegur et al., 2006).

Nadorova vaskulatura se vytvaii v okamziku, kdy rozvijejici se nador dosahne kritického
praméru (do 2 mm) a pro dalsi rist jiz zasobeni kyslikem a Zivinami z okolnich tkani difuzi neni
dostacujici (Folkman, 1971). Buiiky uvnitf nadoru zacinaji v tuto chvili trpét hypoxii, ktera spousti
uvolnovani angiogennich faktord difundujicich do okolnich tkani. Endotelialni buiiky krevnich cév
nachdazejici se v blizkosti nddoru reaguji na koncentracni gradient angiogennich faktord délenim a
migraci smérem k nadoru (Ausprunk et Folkman, 1977; Sholley et al., 1984). Mimo svou funkci
zasobovani kyslikem a zivinami se nadorové cévy také stavaji cestou pro Sifeni nadorovych bunck po
organismu. Pro svlij nesporny vyznam pii rastu, rozvoji a Siteni nadoru se nadorova vaskulatura stala
jednim z dalSich terapeutickych cilit (Folkman, 2007). Jednim z klicovych signdlnich molekul a
aktivatorti angiogeneze jak ve zdravych, tak v nadorovych tkanich je VEGF (vascular endothelial
growth factor; Ferrara et al., 2003), ktery se stal jednim z prvnich cild anti-angiogennich latek.
Pocatecni experimenty na mysSich xenograftech vedly k objevu monoklondlni, VEGF-neutralizujici
protilatky redukujici angiogenezi a rust nadoru (Kim et al.,, 1993). Humanizovana anti-VEGF
monoklonalni protilatka (bevacizumab) se poté stala prvni anti-angiogenni latkou pouzivanou
v klinické praxi a to v kombinaci se standardnimi typy 1é¢by u pacientd s metastatickou rakovinou
tlustého stteva (Hurwitz et al., 2004), nemalobunéénym karcinomem plic (Sandler et al., 2006) a
metastazujici rakovinou prsu (Miller et al., 2007). Od té doby byla vyvinuta fada novych inhibitord
VEGF, popt. VEGF receptort (sorafenib, sunitinib, axitinib atd.), které jsou nyni v riznych fazich
klinického vyvoje (Shojaei, 2012).

Matrixové metaloproteinasy (MMP) byly pivodné identifikovany jako hlavni proteasy
zodpovédné za degradaci riznych slozek extracelularni matrix (ECM), avsak jejich funkce jsou
mnohem komplexné&jsi. Cilem protinddorového vyzkumu se staly prevazné pro svoji ucast v nddorové
angiogenezi a metastazovani. Piikladem muze byt MMP-9 zprostfedkovavajici uvolnéni VEGF
(Bergers et al., 2000). Rada studii potvrdila souvislost mezi zvysenou aktivitou nékterych MMP a
vyssi tumorigenicitou, invazivitou a metastazovanim nadoru a jejich inhibice tedy mutize vést k poklesu

tumorigenicity a v nékterych ptipadech i k inhibici metastazovani (Deryugina et Quigley, 2006).



Stromalni podpora

Nadorové bunky jsou obklopeny mikroprostiedim tvofenym extracelularni matrix a riznymi
typy buneék podle tkané, ve které se nador nachdzi (epitelidlni, endotelidlni, fibroblasty,
myofibroblasty, leukocyty). Toto mikroprostfedi se dramaticky meéni béhem rlstu a vyvoje nadoru a je
charakteristické rostoucim poctem fibroblastll a myofibroblasti, infiltraci lymfocytli, angiogenezi a
remodelovanim ECM. Rizné typy interakci mezi nadorovymi bunkami a okolnimi stromalnimi
buiikami vedou k fenotypovym zménam stromatu nadoru, ktery se poté stava lepsi podporou pro
rostouci nador (Hu et Polyak, 2008). Piikladem mohou byt myofibroblasty v okoli prsniho karcinomu,
které se lisi od normalnich prsnich stromalnich fibroblasti ve schopnosti sekrece chemokinu SDF1
(stromal-derived factor 1) stimulujiciho rist nadoru a vazbou endotelidlnich progenitorovych bun¢k
pro angiogenezi (Orimo et al., 2005). Tento odliSny fenotyp miize byt zalozen na zmeénach genové
exprese a epigenetickych zménach pozorovanych ve stromalnich buiikach asociovanych s rakovinou
(Allen et Louise Jones, 2011). Dale napi. hematopoetické progenitorové buiiky v kostni dieni
exprimujici VEGFR1 (vascular endothelial growth factor receptor 1) vytvaii na vzdalenych mistech
téla pro nador specificka, pre-metastaticka mista jeste pied ptichodem vlastnich nadorovych bunék a
usnadiiyji jim zde zahnizdéni. Inhibice funkce VEGFR1 pomoci protilatek ¢i odstranéni VEGFR1
pozitivnich bunék z kostni dfené€ na mysSich modelech zabranilo formovani téchto pre-metastatickych

klastrt a tim i nddorovému metastazovani (Kaplan et al., 2005).



2.3 CDK tercéem cilenych protinadorovych léciv

2.3.1 CDK a jejich role v regulaci bunééného cyklu a transkripci

Cyklin-dependentni kinasy (CDK) jsou specifické serin/threoninové proteinkinasy, které hraji
kli¢ovou roli v regulaci bunééného cyklu, transkripci, diferenciaci a apoptoze (Malumbres et Barbacid,
2005). Pro jejich aktivitu je nutna asociace s cykliny. Na zakladé sekven¢nich analyz je zatim znamo
21 genu kodujicich CDK a dalsich 5 gent kodujicich vzdalengjsi skupinu proteini zvanou CDK-like
kinasy (CDKL; Malumbres et al, 2009). Podobn¢ bylo na zéklad¢ analyzy lidského genomu odhaleno
29 genu cyklint (Malumbres et Barbacid, 2005). Sou¢asna navrzena nomenklatura CDK zahrnuje 20
klasickych CDK oznacovanych CDK1-20 a 5 CDKL (CDKL1-5) a nahrazuje tak n€které jejich starsi
nazvy (Malumbres et al, 2009).

Prabéh G1 faze je regulovan komplexnim mechanizmem zahrnujicim minimalné 3 CDK:
CDK4, CDK6, CDK2 a jejich regulatory (Sherr et Roberts, 1999; Malumbres et Barbacid, 2001).
Mitogenni signaly indukuji nejprve syntézu cyklind typu D a pravdépodobné i transport CDK4 a 6 do
jadra. Aktivni komplexy CDK4/6 s cykliny typu D poté fosforyluji ¢leny rodiny retinoblastomového
proteinu (Rb) zahrnujici pRb, p107 a p130. Tyto proteiny obsahuji fadu vazebnych mist pro CDK
(pRD jich ma napt. 16), z nichZ pouze nektera jsou rozpoznavana komplexy CDK4/6 s cykliny D. In
vitro studie neodhalily zadné vyznamné rozdily ve strukturach CDK4 a 6 ani mezi cykliny D, je tedy
pravdépodobné, ze jednotlivé molekuly jsou vyznamné spiSe z hlediska tkanové specifity a rozdilné
aktivace béhem vyvoje organismu (Ciemerych et Sicinski, 2005). Fosforylaci proteini rodiny Rb
dochazi k uvolnéni vazanych transkripénich faktorti z rodiny E2F, histondeacetylasy a komplexu
remodelyjicich chromatin (Cobrinik, 2005). Mezi substraty E2F se fadi i cykliny typu E, které jsou
vyzadovany pro aktivaci CDK2 a dokonceni G1 faze. Ackoliv je prvotni fosforylace Rb proteint
zprostfedkovana komplexy CDK4/6 s cykliny D, jejich ireverzibilni inaktivace je uskutecnéna az
komplexem CDK2/cyklin E. V tomto tzv. restrikénim bodu piestavaji byt bunky zavislé na
pritomnosti mitogennich signali a dokoncuji bunécny cyklus i pfi jejich absenci (Malumbres et
Barbacid, 2001). Kinasa CDK3 je strukturné piibuzna CDK2 a CDK1, interaguje s cykliny typu E, A a
C a pravdépodobné se ucastni fosforylace Rb proteinti na pfechodu GO/G1 jesté pred fosforylaci
CDK4/6 v komplexu s cykliny D (Ren et Rollins, 2004).

Komplex CDK2/cyklin E kromé fosforylace proteini Rb umoziuje vazbu proteinového
komplexu MCM (minichromosome maintenance) na DNA v mistech zacatku replikace a je tedy
zodpovédny za zahajeni replikace DNA. Jakmile dojde k zahajeni replikace, je cyklin E rychle
ubiquitinylovan a degradovan proteasomem, aby se zabranilo re-replikaci DNA (Hwang et Clurman,
2005). Mezi dal$i substraty CDK2/cyklin E patii proteiny Géastnici se modifikace histonu, opravy
DNA nebo duplikace a maturace centrosomu. Kromé toho tento komplex fosforyluje svij vlastni

inhibitor p27""* a zprostiedkovava tak jeho degradaci proteasomem (Hwang et Clurman, 2005).
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Inhibice Rb proteinti vede také k transkripci gent cyklinti A a B nezbytnych pro dalsi faze bunééného
cyklu. Po degradaci cyklinu E interaguje CDK2 s nové syntetizovanymi cykliny typu A. Substraty
tohoto komplexu zahrnuji pfevazné proteiny nezbytné pro ukonceni replikace DNA a opusténi S-faze
v&etné proteini, které jsou soudasti kontrolnich bodi bunééného cyklu (p53, p21°**, MDM2; Sherr et
Roberts, 1999).

Na konci S-faze dochazi k asociaci cyklind A s CDK1. Oba ptitomné komplexy CDK1/cyklin
A 1 CDK2/cyklin A fosforyluji n€které stejné substraty jako jsou proteiny i€astnici se replikace DNA,
progrese bunééného cyklu ¢i jeho kontroly. Rozdily v jejich uloze na piechodu S/G2-faze jsou
prozatim nejasné. Béhem G2 faze je cyklin A degradovan ubiquitinylaci zprostfedkovanou
proteolyzou a naopak aktivné syntetizovany jsou cykliny typu B. Aktivaci komplextt CDK1 a cyklint
B je zahajena mitoza. Tyto komplexy reguluji fadu procest jak na pfechodu G2/M-faze, tak v priab&éhu
mitozy a fosforyluji vice nez 70 proteint (Ubersax et al., 2003). Cykliny typu B zahrnuji 3 ¢leny: B1,
B2 a B3. Cykliny Bl a B2 jsou exprimovany ve vét§in¢ proliferujicich bun¢k a li§i se svou
nitrobunéénou lokalizaci. Cyklin B1 je asociovan s mikrotubuly a v komplexu s CDKI1 zahajuje
rozpad jaderné membrany béhem mitdzy, kondenzaci chromozomii a utvareni mitotického vieténka.
Cyklin B2 je asociovan s intraceluldrnimi membranami a spolu s CDK1 se v prub&hu mit6ézy podili na
reorganizaci Golgiho aparatu (Draviam et al., 2001). Cyklin B3 sdili vlastnosti jak cyklint typu B, tak
i typu A, lokalizovan je v jadie, asociuje s CDK2 a jeho exprese je omezena na varlata a fetdlni
vajecniky (Gallant et Nigg, 1994; Nguyen et al., 2002). Na zavér bunééného déleni jsou cykliny typu
B ubiquitinylovany APC/C komplexem a nasledn¢ degradovany proteasomem (Harper et al., 2002).

CDK7-11 se podili na regulaci transkripce a v nékterych piipadech zaroven i na fizeni
bunééného cyklu. Typickou proteinkinasou vykazujici obé zmitiované funkce je CDK7. Tato molekula
je soucasti CDK-aktivujici kinasy (CAK), ktera fosforyluje a tim i aktivuje v8echny CDK t¢astnici se
regulace bunécného cyklu a navic vytvari spolu s dal§imi podjednotkami obecny transkripéni faktor
TFIIH (Lolli et Johnson, 2005) a fosforyluje C-terminalni domény (CTD) velké podjednotky RNA
polymerasy Il. Mezi CDK regulujici transkripci patii CDK9 v komplexu s cykliny typu T a cyklinem
K, které jsou soucasti komplexu pozitivniho transkripcniho elongacniho faktoru P-TEFD a podili se na
fosforylaci C-termindlni domény (CTD) velké podjednotky RNA polymerasy II (Garriga et Grafia,
2004). CTD RNA polymerasy II je fosforylovana i CDK8 s cyklinem C, které jsou soucasti
holoenzymu RNA polymerasy II. Kromé toho se CDK8/cyklin C podili na fosforylaci cyklinu H
vedouci k inhibici aktivity CAK (Akoulitchev et al., 2000). CDK10 také reguluje transkripci
vybranych gent vazbou transkripcniho faktoru Ets2, regulatora exprese CDK1 a navic se podili na
regulaci G2/M-faze bunééného cyklu (Kasten et Giordano, 2001). Dal§i CDK regulujici transkripci je i
CDK11 scyklinem L (Loyer et al., 2005). CDKS5 je aktivovana proteiny p35, p39, které jsou
exprimovany témef vyluéné v mozku, fosforyluje celou fadu substrati a jeji funkce je zvlaste
vyznamna pro spravny vyvoj a funkci centralni nervové soustavy (Cruz et Tsai, 2004). Role zbylych

CDK nejsou prozatim dostatecné prozkoumany.
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2.3.2 Vzajemna kompenzace CDK

Pfitomnost riznych typtt CDK a cyklinti u vyssich eukaryotickych bunék vedla k domnénce,
ze pro kazdy komplex CDK/cyklin je charakteristicka specifickd funkce v ramci urcité faze bunééného
cyklu. Experimenty vyuzivajici vyfazeni geni CDK a cyklini v mySich modelech vSak ukazaly
zna¢nou miru redundance. Mysi postradajici néktery z typt cyklinit D jsou zivotaschopné, vyviji se
normalng, ale vykazuji urcité tkanove specifické abnormality (Fantl et al., 1995). Vytazeni dvou nebo
vSech tii typa cyklini D ma za nasledek pfedCasnou smrt mysi prevazné z dtvodu proliferacnich
defektd hematopoetickych bunék a bunck srdecni svaloviny (Kozar et al., 2004). Genetické nahrazeni
chybgjiciho cyklinu D1 cyklinem E1 zvratilo fenotyp D1-knockoutovanych mysi a vedlo tak k zavéru,
ze cykliny typu E jsou pravdépodobné primarnim kompenza¢nim mechanizmem chybéjicich cyklini
D (Geng et al., 1999). Podobn¢ je tomu i u mysi postradajicich jeden z typa cyklinu E, i v tomto
pripad¢ zde dochazi ke vzajemné kompenzaci a takové mysi jsou Zivotaschopné a vyvijeji se normalng
(Geng et al., 2003). V piipad¢ delece obou cyklini E1 i E2 dochazi k jejich funkéni substituci cykliny
typu A a D. Cykliny typu E tedy nehraji klicovou tlohu pro proliferaci, ackoliv n¢které typy tkani jako
napft. placenta jsou na nich zavislé a jejich defekty jsou poté pti¢inou pired¢asného umrti embryi (Geng
et al., 2003; Parisi et al., 2003). V soucasné dob¢ jsou znamy dva typy cyklini A: Al a A2. Al-
deficientni mysSi jsou zivotaschopné a vyviji se normaln€ narozdil od mysi s deleci cyklinu A2, které
umiraji v ¢asnych stadiich embryondlniho vyvoje (Murphy et al., 1997; Liu et al., 1998). Cykliny typu
B zahrnuji 3 ¢leny: B1, B2 a B3. Delece cyklinu B1 vede k brzkému umrti embrya, ackoliv pfesna
pri¢ina embryonalni letality neni zndma (Brandeis et al., 1998). Naopak cyklin B2-knockoutované
mysi jsou Zivotaschopné a bez riistovych abnormalit pravdépodobné z divodu uplné kompenzace
cyklinem B1 (Brandeis et al., 1998). Cyklin B3-deficientni mysi nebyly doposud pfipraveny a tudiz je
presna funkce a kompenzace cyklinu B3 zatim otazkou.

Ztrata CDK ma podobny efekt jako knockout celé rodiny cyklinti. Mysi postradajici CDK4
nebo CDK6 jsou Zivotaschopné a vykazuji defekty ve stejnych tkanich a organech jako mysi bez
cyklind typu D (Tsutsui et al., 1999; Malumbres et al., 2004). Tyto experimenty naznacuji vzajemnou
kompenzaci mezi CDK4 a CDK6. Mysi postradajici jak CDK4, tak CDK6 umiraji v pozdnim stadiu
embryogeneze vlivem vazné anémie, ackoliv organogeneze embrya i proliferace vét§iny bunéénych
typu probiha normalné pravdépodobné zastoupenim CDK1 a CDK2 (Malumbres et al., 2004). Delece
CDK2 v buné&énych kulturach vede k bloku bunééného cyklu v G1 fazi (van den Heuvel et Harlow,
1993). Z tohoto dtivodu se predpokladalo, Ze pro piechod G1/S je CDK2 nezbytnou podminkou.
Piekvapenim potom byly CDK2-deficientni mysi, které byly plné zivotaschopné (Berthet et al., 2003;
Ortega et al., 2003). Pozd¢ji byla demonstrovana kompenzace chybé&jici funkce CDK2 pomoci
CDKl1/cyklin E navozujici prechod G1/S (Aleem et al., 2005) a v nekterych typech bunék i pomoci
jinych typt CDK jako napt. CDK4 v neuralnich progenitorovych bunkach (Jablonska et al., 2007).
CDK1 je pravdépodobné jedinou CDK, ktera je pro regulaci bunécného cyklu nezbytna. CDKI-
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deficientni mySi umiraji v ranych stadiich embryonalniho vyvoje (Santamaria et al., 2007). Navic je
CDK1 univerzalni CDK schopna nahradit funkce vSech interfaznich CDK (CDK2, 3, 4 a 6)
(Santamaria et al., 2007).

2.3.3 Deregulace CDK v rakoviné

V rakovin¢ je deregulace CDK castym ukazem. Napi. CDK1 ma sviij diagnosticky vyznam
v rakoviné jicnu (Hansel et al, 2005) ¢i prsu (Kim et al., 2008; Nakayama et al., 2009), sledovani
exprese/aktivity CDK2 naslo také své vyuziti v prognoze rakoviny prsu (Kim et al., 2008), vajecniki
(Marone et al., 1998) nebo dutiny ustni (Mihara et al., 2001). Nadmérna exprese CDK4 byla
pozorovana V malém procentu melanoma (Wolfel et al., 1995), v rakoviné vaje¢niki (Kusume et al.,
1999), mocového méchyie (Simon et al., 2002), endometria (Semczuk et al., 2004) i dutiny 0stni
(Poomsawat et al., 2010). ZvySena aktivita CDK6 byla také nalezena v rakoviné dutiny ustni
(Poomsawat et al., 2010) a v nékterych typech leukémii a lymfomua (Hayette et al., 2003; Corcoran et
al., 1999). Polymorfismy CDK7 se ukazaly byt vyznamnym aspektem rakoviny prsu (Jeon et al.,
2010), v rakoving plic byla nalezena deregulace CDK5 (Choi et al., 2009; Liu et al., 2011).

Ackoliv je zvySena aktivita CDK pozorovana v fadé ptipadu rakovin, mutace v genech CDK
jsou pomérné vzacné. Jednu z vyjimek tvoii bodové mutace v genech CDK4 v urcitych piipadech
melanomtl, které zpisobuji ztratu citlivosti CDK4 vic¢i svym pfirozenym inhibitorim INK4A/B
(Wolfel et al., 1995), nebo translokace zplsobujici zvysenou expresi CDK6 v chronické lymfocytické
leukémii nebo nékterych typech lymfomu (Hayette et al., 2003; Corcoran et al., 1999). Mutace
v genech CDK1 a CDK2 nebyly zatim pozorovany. Zvysena aktivita CDK ve vét§in¢ lidskych
nadorovych onemocnéni obvykle vznika jako nasledek zmén v aktivité regulatort CDK (Ortega et al.
2002; Lapenna et Giordano, 2009). Casto se jedné o inaktivaci endogennich inhibitort z rodin INK4 a
Cip/Kip vlivem bodovych mutaci, deleci nebo epigenetickych umléeni nebo naopak 0 zvySenou
expresi cyklind ¢i CDK-aktivujici fosfatasy Cdc25. V fadé typa rakovin je nadmérna aktivace CDK

disledkem ztraty aktivity nadorového supresoru pRb.

2.3.4 Nizkomolekularni inhibitory CDK

Vyznam CDK v regulaci bunééného cyklu a jejich Casta zvySena aktivita vedla k mySlence
vyvinout inhibitory CDK jako protinadorova lé¢iva. Rada selektivnich, nizkomolekularnich inhibitort
CDK byla vyvinuta pomoci riznych pfistupi béhem poslednich 20 let a pfiblizné 24 latek je
v soucasnosti v riiznych fazich klinického testovani. Navzdory zna¢né chemické diverzité tvoti vétSinu
inhibitort CDK nizkomolekularni, ploché, hydrofobni, heterocyklické molekuly, které kompetu;ji

S ATP v aktivnim misté kinasy. Vyvoj téchto latek casto Cerpal inspiraci v piirodnich latkach.
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Flavopiridol, semisynteticky analog alkaloidu rohitukinu, se stal prvnim inhibitorem CDK, ktery
vstoupil do klinického testovani pod nazvem alvocidib a nyni se nachazi ve fazich I a II pro 1écbu
riznych typti nddorovych onemocnéni. Inhibitor ZK304709 svou strukturou zase napadné piipomina
pifirodni indigoidni barvivo indirubin. Od rostlinnych hormont cytokininii se odvijel vyzkum
purinovych inhibitori CDK. Purinovy skelet byl vilbec prvnim strukturnim motivem systematicky
modifikovanym za tUcelem nalezeni u¢innych CDK inhibitord, ktery vedl k objeviim zndmého
olomoucinu a roskovitinu (Vesely et al., 1994; Havlicek et al., 1997, Meijer et al., 1997)
nasledovanych syntézou purvalanoli (Gray et al., 1998; Chang et al., 1999), olomoucinu Il (Krystof et
al., 2005) ¢i ruznych biarylovych derivati jako CR8, DRF053 atd. (Bettayeb et al., 2008; Oumata et
al., 2008; Trova et al., 2009a; Trova et al., 2009b). Riznymi obménami v poctu a polohach atomu
dusiku v purinovém jadie byly dale piipraveny syntetické inhibitory pyrazolo[1,5-a]pyrimidiny,
pyrazolo[4,3-d]pyrimidiny nebo pyrazolo[1,5-a]pyridiny atd. (Jorda et al., 2012). Pyrazolo[1,5-
a]pyrimidin dinaciclib dokonce vstoupil do III. faze klinickych test pro 1é¢bu chronické lymfocytické
leukémie (www.clinicaltrials.gov). VSechny u¢inné purinové a jim pfibuzné CDK inhibitory obsahuji
aromaticky kruh pfipojeny k purinovému skeletu pfes aminoskupinu na pozici C6 jako jsou
benzylamino- nebo fenylaminoskupina, které se vazou do hydrofobni kapsy blizko aktivniho mista
CDK a zajist'uji tak selektivitu a dale formuji nezbytné vodikové vazby s karbonylem Leu83 u CDK2
popf. s korespondujicimi residui u jinych CDK.

Cytostaticky efekt inhibitordt CDK je primarné dan inhibici téch CDK, které se podileji na
regulaci bunécného cyklu, tedy CDK1, CDK2, CDK4 a CDK6. Typicka je pro né schopnost indukovat
defosforylace pfislusnych substrati CDK v zavislosti na selektivité inhibitoru a tim také navozovat
blok bunéé¢ného cyklu na ptechodu G1/S-faze, v S-fazi nebo na pifechodu G2/M-faze. Prikladem muize
byt pyridopyrimidinovy derivat PD0332991 selektivni vii¢ci CDK4 a CDK6 a indukujici tedy pouze
G1/S blok bunééného cyklu. Jeho antiproliferacni schopnost je ovSem omezena pouze na nadorové
bunky exprimujici funkéni pRb, buiiky s nefunkéni, mutantni formou pRb jsou vyrazné méné citlivé
(Fry et al., 2004; Baughn et al., 2006). Vétsina pouzivanych CDK inhibitora je v§ak méné selektivni a
jejich cilem nemusi byt tedy pouze CDK ucastnici se regulace bunééného cyklu, ale i transkripéni
CDK7 a CDK9. Ne¢které experimenty potvrdily zvlastni vyznam inhibice CDK9 v nadorovych
bunikach (Demidenko et al., 2004; MacCallum et al., 2005; Raje et al., 2005; Byth et al., 2006; Cai et
al., 2006). Bylo prokazano, ze simultanni inhibice CDK9 s nékterou z CDK regulujici bunéény cyklus
vyvolava nejen zastaveni bunécného cyklu, ale i masivni apoptoézu (Cai et al., 2006). Nasledky této
simultanni deplece kinas se podobaji efektim pan-selektivnich CDK inhibitort jako jsou flavopiridol,
roskovitin ¢i SNS-032. Nekteré inhibitory CDK nachazejici se v klinickém testovani maji kromé CDK
i dal8i proteinkinasové cile. Napf. aminopyrazolovy derivat AT7519 interaguje nejenom s riznymi
CDK, ale i s GSK3-B, ¢imz dale zvysuje svij antiproliferacni potencial (Squires et al., 2009). Dobie
znamy, pan-selektivni CDK inhibitor roskovitin je schopen inhibovat kromé CDK také MAPkinasy a
pyridoxalkinasu a zvySovat tak protinadorovy uc¢inek. VEGFR a PDGFR tyrosinkinasy patii k cilim
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dalsiho, mén¢ selektivniho CDK inhibitoru ZK 304709. Z tohoto divodu tedy nejsou piekvapenim
jeho anti-angiogenni a anti-metastatické efekty (Siemeister et al., 2006). Nékteré dalsi inhibitory CDK
jako flavopiridol ¢i SNS-032 také limituji proces angiogeneze prostfednictvim inhibice produkce
angiogennich faktort VEGF (Melillo et al., 1999; Ali et al., 2007). Pfesny mechanismus anti-
angiogennich Uc¢inkd neni zcela jasny, ale vzhledem k inhibici kinas se pravdépodobné jedna o inhibici
syntézy VEGF mRNA jako neptimy nasledek inhibice transkripéni CDK9. Nizsi selektivita je sice
obvykle doprovazena zvySenym antiproliferacnim potencialem, na druhou stranu vsak pfinasi i urcité
riziko pfitomnosti dalSich, neocekavanych molekularnich cilii, které znesnadiiuji charakterizaci
mechanizmu u¢inku i predikci chovani v in vivo testech v¢etné vedlejsich ucinkt. Pfehled vybranych
inhibitori CDK v klinickych testech podava Tabulka 1.

2.3.5 Guanidinopurinové derivaty jako inhibitory CDK

Latky obsahujici guanidinoskupinu jako napt. aminokyseliny jsou Siroce rozsifené v rtiznych
biologickych systémech a vykazuji celé spektrum biologickych aktivit (Berlinck et Kossuga, 2005).
Schopnost guanidinoskupiny formovat silné, nekovalentni interakce v aktivnich mistech enzymi hraje
klicovou roli pro jejich biologické efekty. Z tohoto divodu jsme se rozhodli vytvofit sérii 2,9-
disubstituovanych-6-guanidinopurint odvozenych od struktury olomoucinu nebo roskovitinu a
studovat vliv zavedeni guanidinoskupiny na CDK-inhibi¢ni a antiprolifera¢ni vlastnosti v porovnani s

roskovitinem.
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Tabulka 1. Prehled vybranych inhibitorii CDK v klinickych testech (zdroj www.clinicaltrials.gov)

Faze klinického

CDK Inhibitor Cilena CDK Onemocnéni
testovani
mnohocetny myelom
CDK1, CDK2, CDK4, .
AT-7519 non-Hodgkintv lymfom I/
CDKS5, CDK6, CDK9
chronicka lymfocyticka leukémie
CDK1, CDK?2, CDKY7, malobunéény plicni karcinom,
BAY 1000394 i
CDK9 porocilé solidni nadory
flavopiridol CDKZ2, CDK4, CDKS6,
o hematologické malignity 111
(alvocidib) CDK9
LEEO11 CDK4, CDK6 pokro¢ilé solidni nadory, lymfomy I
pokrocilé solidni nadory
P1446A-05 CDK4 '
hematologické malignity
rakovina slinivky, karcinomy hlavy a krku,
P-276-00 CDK1, CDK4,CDK9 prsni karcinom, melanom, lymfomy, /11
mnohocetny myelom
lymfomy, karcinom tlustého stieva,
hepatocelularni karcinom,
PD-0332991 CDK4, CDK6 111
hematologické malignity,
sarkomy, glioblastom atd.
PHA-848125 karcinom brzliku,
o CDK1, CDK2,CDK4 171
(milciclib) pokrocilé solidni nadory
CDK1, CDK2, CDK4,
R547 pokrocilé solidni nadory |
CDK®6, CDK7, CDK9
CDK1, CDK2, CDK4,
RGB-286638 hematologické malignity I
CDKS5, CDK7, CDK9
roskovitin CDK1, CDK2, CDK5, pokrocilé solidni nadory, |
(seliciclib) CDK?7, CDK9 nemalobunéény karcinom plic IT (ukonceno)
SCH-727965 CDK1, CDK2,CDKS5, lymfomy, melanomy, prsni karcinom, U
(dinaciclib) CDK9 leukémie, mnohocetny myelom
pokrocilé solidni nadory,
SNS-032 CDK2, CDK7,CDK9 chronicka lymfocyticka leukémie, |
mnohocetny myelom
CDK1, CDbK2,CDK?7,
TG02 hematologické malignity I

CDK9
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2.2 Flavonoidy

2.2.1 Vyskyt a vyznam flavonoidu

Flavonoidy (z latinského flavus — zluty) zahrnuji skupinu polyfenolickych latek bézné se
vyskytujici jako sekundarni metabolity v rostlinach s riznymi fyziologickymi funkcemi jako je
ochrana pied fotosyntetickym stresem, UV zafenim, volnymi radikaly ¢i herbivory. Pivodné byly
flavonoidy identifikované jako pigmenty zodpovédné za rtzné odstiny Zzluté, oranzové a Cervené
v kvétech, plodech ¢i podzimem zbarvenych listech (Timberlake et Henry, 1986; Brouillard et
Cheminant, 1988). Vysoky obsah flavonoidi Ize nalézt v ovoci, zelening, obili, semenech, ofechach,
kvétech atd., znama je jejich ptitomnost v citrusovych plodech, ¢aji a ¢erveném viné (Manach et al.,
2004). Prijem flavonoidu v lidské stravé byl jiz predmétem fady vyzkumi v riiznych zemich a byva
odhadovan na desitky az stovky mg/den (Chun et al., 2007; llow et al., 2012). Celkové mnozstvi i
zastoupeni jednotlivych skupin flavonoidil je samoziejme ovlivnéno stravovacimi navyky jednotlivych
kultur.

Vsudypftitomnost flavonoidli v lidské stravé i v riznych 1éCivych rostlindch vyuzivanych v
tradi¢ni mediciné vedla k dikladnému zkoumani jejich biologické aktivity. Mezi vyznamné efekty
kardiovaskularnich chorob a nadorovych onemocnéni, prokazany byly také jejich Gcinky antiviralni,

antidiabetické, pti hojeni ran atd. (Middleton et al., 2000; Havsteen, 2002).

2.2.2 Struktura

Ze strukturniho hlediska jsou flavonoidy nizkomolekularni latky, jejichz zakladem jsou dva
aromatické cykly (A a B) propojené O-heterocyklem (Obrazek 1). Dalsi déleni do skupin je zaloZeno
na pfitomnosti oxoskupiny na pozici 4, dvojité vazby mezi atomy uhliku 2 a 3 C kruhu a na
pritomnosti hydroxylovych skupin. Prehled nejvyznamnéjSich skupin flavonoidd, jejich zastupct a

nejéastéjsi vyskyt v potravinach je znazornén v Tabulce 2.

Obrazek 1: Obecna struktura flavonoidii
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Tabulka 2. Prehled nejbéznéjsich skupin flavonoidii a jejich zdstupcii

skupina schéma struktury zastupci zdroj
katechin _
) . caje
epikatechin
) cervené vino
o gallokatechin
flavan-3-oly ) ) cerveny grep
epigallokatechin )
OH ; ) jablka
epikatechin-3-gallat
) ) kakao
epigallokatechin-3-gallat
O naringenin
o hesperetin _
flavanony ) ] citrusy
eriodyctiol
0 silybin
igenin
5 O apigeni
flavony O luteolin petrzel, tymian
(eupatorin)
o
o genistein
) O daidzein s6jové boby
isoflavony o )
5 glycitein zelenina
biochanin A
o O kaempferol jablka, brokolice, rajcata,
flavonoly O myricetin kapusta, bobule,
OH quercetin ¢aj, Gervené vino
@)
cyanidin
delphinidin
o o o cervené, modré, fialové
antocyanidiny malvidin
o bobule
Z>0OH petunidin
pelargonin
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2.2.3 Biologicka dostupnost a metabolismus flavonoidi

Je dulezité si uvédomit, ze ackoliv patii flavonoidy k béznym latkdm v lidské stravé, nepatii
mezi biologicky nejaktivnéjsi. Nizka aktivita je zptisobena jednak Spatnou absorbci ve stieve, vysokou
mirou metabolizace a rychlou eliminaci ztéla. Biologickd dostupnost flavonoidi znaéné kolisa
v zavislosti na typu flavonoidu, jeho formé¢, dalSich ptitomnych latkach a nezanedbatelny vyznam ma
také variabilita v ramci lidské populace. Nékteti lidé mohou mit odlisné hladiny metabolizujicich
enzymdi ¢i transportéri ovliviujicich absorbci flavonoidi. Koncentrace vSech metabolitd flavonoidu
v krevni plasmé se po piijmu 50 mg aglykonu pohybuje v rozmezi 0 — 4 uM. Nejlépe absorbované
jsou isoflavony, katechiny, flavanony a glukosidy quercetinu. Naopak mezi nejhlie piijimané
flavonoidy patii antocyanidiny a galloylované ¢ajové katechiny (Manach et al., 2005). Pfi podani
vysoké davky flavonoidu intravenozné pro terapeutické ucely vSak koncentrace flavonoidu muize
dosahnout i vice nez 100 uM (Ferry et al., 1996).

Flavonoly, isoflavony, flavony a anthocyanidiny jsou ve stravé pfitomny vétSinou ve formé
glykosidt,, které¢ jsou hydrolyzovany v tenkém stievé piisluSnymi glykosidasami nebo stfevni
mikroflorou v tlustém stievé. V ptipadé hydrolyzy stievni mikroflorou je ovSem efektivita absorbce
flavonoidu sniZzena v dusledku degradace aglykont na jednoduché aromatické kyseliny bakterialnimi
enzymy. Béhem absorbce jsou aglykony v bunkach tenkého stieva a pozdégji i v jatrech metabolicky
upravovany methylaci, sulfataci a glukuronidaci, tedy procesy, které jsou soucCésti béznych
detoxifikacnich procesti spolecnych mnoha xenobiotikim a usnadnujicich jejich eliminaci z téla.
Biologicka aktivita téchto metabolitd muze byt odlisna od ptivodnich flavonoida (Williamson et al,
2005a). V krvi se konjugované derivaty extenzivné vazou na albumin. Flavonoidy jsou z téla
eliminovany pfevazné moéi a zluéi. Zludové cesty pfivadi metabolizované flavonoidy do
dvanacterniku, kde jsou podrobeny u¢inkiim bakterialnich enzymu, zvlasté B-glukuronidasy, a mohou
byt poté reabsorbovany. Tato recyklace muize vést k prodlouZzeni pritomnosti flavonoidi v téle

(Scalbert et Williamson, 2000; Manach et al., 2004; Manach et al., 2005).

2.2.4 Flavonoidy jako nizkomolekularni inhibitory procesu karcinogeneze

Pravdépodobné nejlépe popsanou vlastnosti spole¢nou prakticky celé skupiné flavonoidi jsou
jejich antioxida¢ni u¢inky (RiceEvans et al., 1996), a u nékterych z nich (quercetin, katechin,
epikatechin) byly dokonce prokazany silnéjsi antioxida¢ni ucinky nez u vitaminu C in vitro (Kim et
al., 2002). Flavonoidy maji schopnost jak pfimo zhaset ROS, tak i inhibovat enzymy zapojené
Vv riiznych oxida¢nich procesech jako je xanthinoxidasa (Lin et al., 2000) ¢i NADPHoxidasa (Chow et

al., 2007) nebo naopak zvySovat aktivitu antioxida¢nich enzymu jako katalasa, superoxiddismutasa,
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glutathionperoxidasa ¢i glutathionreduktasa (Rajendran et al., 2008). Timto zptsobem flavonoidy
funguji jako vyznamné chemopreventivni latky.

U ftady flavonoidd byl potvrzen antiprolifera¢ni efekt na rdznych nadorovych bunéénych
liniich (Kawaii et al., 1999; Kuntz et al., 1999). Vyzkumy ukazaly schopnost téchto latek ovliviiovat
aktivitu riznych regulatort bun&ného cyklu a indukovat tak jeho =zastaveni. Flavopiridol,
semisynteticky analog flavonu rohitukinu, se stal prvnim inhibitorem CDK, ktery vstoupil do
klinického testovani pro 1écbu rtiznych typti nadorovych onemocnéni (Zhai et al., 2002; Karp et al.,
2012). Mezi dalsi molekularni cile flavonoida inhibujicich proliferaci patii i receptorové tyrosinkinasy
(EGFR, IGF-1R, PDGFR, VEGFR, c-Met; Teillet et al., 2008) nebo Ras/MAP-kinasova (Chung et al.,
2001) ¢i P13-kinasova/Akt signalni draha (Siddiqui et al., 2004) atd.

Vyznamnym zptsobem likvidace nadorovych bunék je indukce bunécné smrti — apoptozy.
Flavonoidy jiz opakované prokazaly schopnost vyvolat apoptézu v riznych nadorovych bunécénych
liniich (Kuntz et al., 1999; Wang et al., 1999; Sakagami et al., 2000; Wenzel et al., 2000; Erhart et al.,
2005). Mechanizmy tG¢inku zahrnuji inhibici DNA topoisomerasy I/11 (Markovits er al., 1989; Bailly,
2000), uvolnéni cytochromu c, aktivaci caspas (Wang et al., 1999; Erhart et al., 2005; Lee et al.,
2002), inhibici exprese antiapoptotickych mitochondrialnich proteini Bcl-2 a Bcel-X (Erhart et al.,
2005) nebo naopak aktivaci proapoptotickych Bax a Bak, jaderného transkripéniho faktoru NF-kappa
B, endonukleas atd. (Wenzel et al., 2000; Lee et al., 2002).

Krome¢ vyse zminovanych antiproliferacnich efekti je zajimavou vlastnosti nékterych
flavonoidi indukce terminalni diferenciace nadorovych bunék. Flavonoidy genistein, apigenin,
luteolin, quercetin, phloretin ¢i daidzein prokazaly schopnost diferenciace bunék akutni myeloidni
leukemie HL-60 do bunék granulocyti a monocytt (Jing et al., 1993; Takahashi et al., 1998),
erythroidni diferenciace bunék myelogenni leukemie K562 byla pozorovana po aplikaci isoflavonu
genisteinu. Dal$im pfikladem muze byt i indukce diferenciace bunék HT-29 odvozenych od
karcinomu tlustého stieva samotnym flavonem (Wenzel et al., 2000).

Rada flavonoidd jiz také prokézala sviyj inhibi¢ni efekt na nddorovou angiogenezi (Mojzis et
al., 2008). Konkrétnim prikladem mohou byt flavonoidy obsazené v ¢erveném viné nebo zeleném ¢aji,
které jsou schopné inhibovat nékteré klicové procesy angiogeneze jakymi jsou proliferace a migrace
endotelialnich bunék nebo exprese proangiogennich faktori (Oak et al., 2005). Jednim z dalSich
mechanismt Gcinku je i inhibice matrixovych metaloproteinas (Mantena et al., 2005) nebo inhibice
P13-kinasové/Akt a Erk1/2 signalnich drah vedouci k poklesu hypoxii indukovaného HIF-1a faktoru
s nasledkem snizené exprese VEGF (Zhang et al., 2006). Anti-angiogenni ucinky flavonoidi byly
prokazany i in vivo napf. u mysi s rakovinou kize vyvolanou UV-zafenim (Mantena et al., 2005), u
mysi s rakovinou prostaty (Adhami et al., 2003) nebo u mysi s plicnimi nadory vyvolanymi urethany
(Singh et al., 2006). Diky této vlastnosti se flavonoidy stavaji potencidlnimi 1éCivy zvlasté pro 1écbu

solidnich nadoru.
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Kromé angiogeneze flavonoidy také ovliviiuji celou fadu kliCovych procesi metastazovani
jako jsou mezibunééné interakce, degradace tkanové bariéry, migrace, adheze bun¢k k matrix atd.
Aktualni, podrobny piehled vlivu flavonoidd na invazi a metastazovani nadorovych bunék in vitro i in
vivo shrnuli Weng a Yen ve svém aktualnim review (Weng et Yen, 2012).

Urcité flavonoidy maji i efekt na mnohocetnou Iékovou resistenci. Mechanismem tcinku je
obvykle schopnost inhibovat funkci P-glykoproteinu, ktery patfi do rodiny ABC (ATP-binding
cassette) transportérti aktivné precCerpavajicich Siroké spektrum xenobiotik z buiiky na tkor ATP a
snizujicich tak ucinnost 1é¢iv. P-glykoprotein je tvofen transmembranovou doménou
zprostfedkovavajici vazbu latky a vlastni transport z buiky a nukleotid-vazebnou doménu
zodpovédnou za vazbu a hydrolyzu ATP. Mechanizmem inhibice P-glykoproteinu flavonoidy je
jednak snizeni jeho exprese, dale také pfima vazba s vysokou afinitou na nukleotid-vazebnou doménu
a/nebo vazba do vazebného mista subtratu nebo inhibice ATPasové aktivity (Di Pietro et al., 2002;
Morris et Zhang, 2006). Interakce flavonoidt s dal$imi ¢leny rodiny ABC transportéra (MRP1, MRP2,
BCRP) byly také pozorovany (Morris et Zhang, 2006).

2.2.5 Eupatorin

Cast prace je zaméfena na antiprolifera¢ni potencial flavonu eupatorinu. Tato latka byla
vybrana z divodu zajimavych biologickych efektd, kterymi vynikala nad ostatnimi latkami z nasi
testované série potencialnich CDK inhibitord ptirodniho ptivodu. Navic v té dobé nebylo znamo nic o
jejim mechanismu tc¢inku.

Eupatorin je jednou ze slozek rostlin Orthosiphon stamineus (JV Asie; Yam et al., 2010),
Lantana Montevidensis (tropy J Ameriky; Nagao et al., 2002), Tanacetum vulgar (mirné pasmo
Evropy, Asie; Schinella et al., 1998) ¢i zastupcii rodu Eupatorium (Dobberstein et al., 1977) atd. Mezi
rostliny vyskytujici se i v naSich stfedoevropskych podminkach patii Eupatorium cannabinum (sadec
konopac), v jejimz extraktu z listh jsme ovSem pfitomnost eupatorinu neprokazali (nepublikovana
data). V Ceské republice je viak komeréné dostupna i rostlina Orthosiphon stamineus v podobé &aje
nebo ve formé kapsli jako potravinovy doplnék, kde se nam eupatorin podafilo prokazat a které jsme
proto vyuzili pro nase experimenty.

Orthosiphon stamineus Benth. (Lamiaceae) je 1é¢iva rostlina pouZivana jiz po né€kolik stoleti v
ptirodni medicing v jihovychodni Asii pro 1é¢bu fady onemocnéni véetné zlucovych ¢i ledvinovych
kament, otokti, horecky, chiipky, revmatismu, hepatitidy atd. (Tran, 1990). Znama je i pod jinymi
jmény jako ,,Misai kuching* v Indonézii, ,,Rau meo* ve Vietnamu, ,,Neko no hige* (ko€i¢i vous) v
Japonsku ¢i jako “Javsky ¢aj” pro detoxifikaci organismu (Chin et al., 2008). Znamé pozitivni ucinky
na lidsky organismus se staly podnétem pro blizsi studium extrakt z této rostliny a vysledky potvrdily

jeji diuretické (Adam et al., 2009), antioxida¢ni (Akowuah et al., 2005; Yam et al., 2007),
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(Yam et al., 2008), antipyretické (Yam et al., 2009) a antidiabetické G¢inky (Sriplang et al., 2007).
Extrakty z listd Orthosiphon stamineus obsahuji Siroké spektrum latek: flavonoidy, terpenoidy,
saponiny, hexosy, organické kyseliny atd. (Tezuka et al., 2000; Awale et al., 2003; Akowuah et al,
2004; Loon et al., 2005). Polymethoxylované flavonoidy sinensetin, eupatorin a 3'-hydroxy-5,6,7,4'-
tetramethoxyflavon, patii k dominantnim slozkam chloroformovych frakei téchto extraktd a zaroven i
k terapeuticky nejzajimavéjsim (Yam et al.,, 2010). Susené, drcené listy obsazené v kapslich byly
V této praci vyuzity pro vytvofeni chloroformového extraktu, v némz byla stanovena koncentrace
eupatorinu a ktery byl dale testovan na bunécnych kulturach. Vysledky poté byly porovnavany
s ucinky samotného eupatorinu odpovidajici koncentrace.

Eupatorin, 3°,5-dihydroxy-4’,6,7,-trimethoxyflavone (Obrazek 2), jiz v minulosti prokazal
své antiproliferacni ucinky na bunéénych liniich HeLa odvozenych od rakoviny délozniho Cipku
(Csapi et al., 2010), na buitkach MK-1 karcinomu Zaludku (Tezuka et al., 2000) ¢i MDA-MB-468
prsniho karcinomu, avSak zadné cytotoxické ucinky nebyly potvrzeny na normalnich prsnich butikach
MCF-10A (Androutsopoulos et al., 2008). V jedné z nejnovéjsich studii byl eupatorin nalezen v sérii

ptirodnich latek jako inhibitor kontrolniho bodu mitotického vieténka (Salmela et al., 2012).

Obrazek 2: Struktura eupatorinu
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3. Material a metody

3.1 Priprava extraktu z lista Orthosiphon stamineus

Suché, drcené listy O. stamineus byly zakoupeny z firmy Expharma (Ceska republika),
homogenizovany chloroformem (40 ml na 2 g) pomoci vibra¢niho kulového mlynku (MM 301,
Retsch, Némecko). Surovy extrakt byl centrifugovan 10 min pii 20 000 g, supernatant byl zfiltrovan
pfes 0,45um nylonovy membréanovy filtr (Alltech, Nizozemi) a odpafen pomoci rotacni vakuové
odparky (Buchi, Svycarsko). Suchy isolat byl rozpuitén v DMSO a roztok byl pouzit pro testy na
bunécnych kulturach.

3.2 Chemikalie a protilatky

Olomoucin, R-roskovitin a R-olomoucin Il byly syntetizovany dle publikované metodiky
(Havlicek et al., 1997; Krystof et al., 2002). Eupatorin standard (Cistota 94.1 % determinovana pomoci
HPLC dodavatelem) byl zakoupen z firmy Phytolab (Némecko) a inhibitor farnesyltransferasy
744,832 z firmy Alexis Biochemicals (Svycarsko). Latky byly rozpustény v DMSO na koncentraci
100 mM a pouzity pro testy na bunécnych kulturach. Specifické protilatky byly zakoupeny z firem
Cell Signaling Technology (USA; anti-caspasa 3), Sigma-Aldrich (USA; anti-a-tubulin, klon DM1A,;
peroxidasou znacené sekundarni protilatky), Santa Cruz Biotechnology (USA,; anti-Mcl-1, klon S-19;
anti-PARP, klon F-2; anti-Mdm-2, klon SMP14; VEGFR1, klon C-17), Millipore (USA; anti-
pH3%%), Jackson ImmunoResearch Laboratory (VB; kozi protilatka proti mysim IgG znatena FITC),
Exbio (Ceska republika; anti-y-tubulin znadeny Dyomics 647), Invitrogen (USA; kozi sekundarni
protilatka proti krali¢im IgG znacena Alexa Fluor 488) nebo byly poskytnuty jako dar od B. Vojtéska
(Masaryk Memorial Cancer Institute, Brno, Ceska republika; anti-p53, klon DO-1). Viechny
protilatky byly rozpustény v roztoku 5% nizkotuéného mléka a 0.1% Tweenu 20 v PBS.

3.3 Bunécné kultury a test viability

Bunécné linie MCF7 (prsni adenokarcinom), RPMI8226 (mnohocetny myelom), HL-60
(akutni promyelocyticka leukémie), MOLT-4 (akutni lymfoblastickd leukémie), K562 (chronicka
myelogenni leukémie), HeLa (adenokarcinom délozniho ¢ipku) a BJ (predkozkové fibroblasty) byly
zakoupeny z firmy American Type Culture Collection (USA) nebo European Collection of Cell
Cultures (VB). HUVEC endothelidlni buniky byly poskytnuty prof. J. Ulrichovou (Univerzita
Palackého, Olomouc, Ceska republika). Buiiky byly kultivovany podle pokynti dodavatele. Klony
potkanich embryonalnich fibroblastl byly pfipraveny dle publikované metodiky (Schmid et al., 2009).
Testy bunécné viability byly provadény pomoci kalceinu AM (Invitrogen, USA), fluorescence zivych
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bun€k byla méfena pifi 485/538 nm (ex/em) pomoci Fluoroskan Ascent Plate Reader (Thermo

Labsystems, USA) podle zavedené metodiky (Jorda et al., 2011).

3.4 Sledovani tvorby kolonii

HeLa bunky byly nasazeny v nizké hustoté (200 bun€k na jamku) do Sestijamkového panelu a
nechany 24 hod adherovat. Byla provedena bud’ kontinudlni kultivace s eupatorinem na 12 dni anebo
pouze 24-hodinova inkubace nasledovana kultivaci v ¢istém médiu po dobu 11 dni. Po ukonéeni
kultivaci byly buniky promyty, zafixovany 70% ethanolem a nabarveny 25 mM krystalovou violeti. Po
promyti byly jednotlivé kolonie spocitany.

3.5 Analyza buné¢ného cyklu

Piiblizné 10° bun&k bylo sklizeno a zafixovano 90% methanolem. Po rehydrataci byly buiiky

inkubovany s primarni protilatkou proti pH3%"°

a poté s prislusnou sekundarni protilatkou znacenou
Alexa Fluor 488. DNA byla znacena propidium jodidem. Fluorescence byla métena pii 488/575
(ex/em) pro propidium jodid a 488/525 (ex/em) pro Alexa Fluor 488 pomoci pritokového cytometru
Cell Lab QuantaTM SC (Beckman Coulter, USA). Bunécny cyklus byl analyzovan pomoci programu

Multicycle AV for Windows.

3.6 SDS-PAGE a imunodetekce

Po sklizeni bun¢k a jejich lyzi se koncentrace proteint v lyzatech stanovila Bradfordovou
metodou. Vzorky byly separovany pomoci SDS-polyakrylamidové gelové elektroforézy a pfeneseny
na nitrocelulézovou membranu. Néasledovalo blokovani membran a jejich inkubace s primarnimi a
prislusnymi sekundarnimi protilatkami. Komplexy protein-protilatka byly vizualizovany pomoci ECL

(Thermo Fisher Scientific, USA), jak jiz bylo popsano dtive (Jorda et al., 2011).

3.7 Méreni aktivity caspasy 3/7

Metoda byla provedena podle Jordy et al., 2011. Ve stru¢nosti, buniky byly sklizeny, lyzovany
a koncentrace proteinii se stanovila Bradfordovou metodou. 15 pug proteinti se smichalo se 100 ul
reakéni smési obsahujici 100 uM Ac-DEVD-AMC jako substrat. Fluorescence byla méfena pomoci

Fluoroskan Ascent reader (Thermo Labsystems, USA) pti 346/442 nm (ex/em).
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3.8 Imunofluorescenc¢ni znacéeni

Bunky byly kultivovany na krycich sklickach v Sestijamkovych panelech. Po promyti PBS
nasledovala fixace smési methanol : aceton (1:1) a blokovani 10% fetdlnim hovézim sérem. V dal§im
kroku prob&hla inkubace s primarnimi a ptislusnymi sekundarnimi protilatkami. DNA byla zna¢ena
DAPI. K pofizovani fotografii byl pouzit fluorescen¢ni mikroskop BX50 (Olympus, Japan) vybaveny
digitalni kamerou Cool Snap (Photometrics, USA).

3.9 Meéreni inhibice proteinkinas

CDKl1/cyklin B a CDK2/cyklin E byly produkovany pomoci bakulovirového expresniho
systému a purifikovany pomoci Ni?*-NTA kolony (Qiagen, Némecko). Reakéni smés obsahovala
enzym, 1 mg/ml histon H1, 15 pM ATP, 0,05 pCi [y-*P]JATP a testovanou latku, vie v reakénim
pufru (60 mM HEPES-NaOH, pH 7,5, 3 mM MgCl,, 3 mM MnCl,, 3 uM orthovanadat sodny, 1,2 mM
DTT, 2,5 ng/50 ul PEG,o000). Reakce byla po inkubaci zastavena piidavkem 3% H3PO,. Podil reakéni
smési se nanesl na P-81 fosfocelul6zovy papir (Whatman, VB), ktery se poté 3x promyl 0,5% vodnym
roztokem H3;PO, a nechal na vzduchu uschnout. Radioaktivita byla méfena pomoci digitalniho
obrazového analyzatoru FLA-7000 (Fujifilm, Japonsko). Hodnoty ICsy byly ziskany z grafické

analyzy.
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4. Komentované vysledky a diskuse

4.1 Biologicka aktivita guanidinovych analogt roskovitinu

Testovani biologické aktivity

CDK inhibiéni aktivity 2,9-disubstituovanych-6-guanidinopurinti (Tabulka 1 PFilohy I) byly
studovany pomoci purifikovanych rekombinantnich enzymi CDK1/cyklin B a CDK2/cyklin E. Testy
viability byly provddény na nadorové bunécné linii MCF7 odvozené od karcinomu prsu. Analyza
pratokovym cytometrem prokdzala schopnost nékterych latek indukovat narist populace G2+M
bun¢k. Ve snaze odlisit G2 a M fazi jsme sledovali intracelularni hladinu histonu H3 fosforylovaného
na serinu 10 (pH3*"%). Tato fosforylace, katalyzovana aurora kinasami A a B, je nezbytna pro
kondenzaci chromatinu béhem mitdzy a je proto ¢asto vyuZivana jako mitoticky marker (Crosio et al.,
2002; Perez-Cadahia et al., 2009). Vsechna data jsou shrnuta v Tabulce 2 Prilohy |I. CDK inhibitor
roskovitin vyvolavajici specificky G2 blok byl pouzit jako pozitivni kontrola (ICso: CDK2 = 0,17 uM,
CDKI1 = 2,4 uM, MCF7 = 20,2 uM).

Vztah mezi strukturou a aktivitou

Aromaticka substituce na pozici 6 purinového skeletu je kritickym elementem determinujicim
ucinnost a selektivitu purinovych derivati vaéi CDK (DeAzevedo et al., 1997; Jorda et al., 2012).
Schopnost guanidinoskupiny na pozici 6 stabilizovat vazebné interakce v aktivnim mist¢ CDK byla
demonstrovana zvySenymi aktivitami 6-guanidinopurini 3 a 5 (ICs CDK2 < 2 uM, CDK1 < 15 uM)
ve srovnani s odpovidajicimi 6-aminoderivaty 11 a 12. Dale také srovnani inaktivni latky 13 se slabym
CDK inhibitorem 9 poukazalo na fakt, ze nahrazeni dimethylamino skupiny (13) guanidinoskupinou
(9) vede ke zlepSeni inhibi¢nich vlastnosti. Na zakladé téchto vysledkl jsme pftipravili sérii N9-
substituovanych 2-amino-6-guanidinopurini a testovali jejich biologickou aktivitu. Podobnym
zpusobem byly jiz diive pfipraveny a evaluovany i jiné sety purinovych derivata (Havlicek et al.,
1997; Meijer et al., 1997; Williamson et al., 2005b).

Nase vysledky ukazaly, ze nejsiln€j$imi inhibitory CDK byly derivaty obsahujici maly,
nepolarni, alkylovy N9-substituent. Mezi nejaktivnéjsi z této fady pattily latky obsahujici na pozici N9
ethyl (5) nebo isopropyl (3), dale methyl (1), propyl (2) a nejméné aktivni byla latka 4 obsahujici
isobutyl. NO9-substituce polarnimi heteroalkyly obecné vedla ke ztraté CDK inhibi¢nich i
cytotoxickych vlastnosti.

Navzdory ur¢ité schopnosti téchto N9-substituovanych 2-amino-6-guanidinopurind inhibovat
CDK nemégla vétSina téchto latek zadny vyznamny cytotoxicky efekt na buinky MCF7 (IC5:>100 pM)
nebo pouze slaby (ICs50>50 uM). Nicméné nékteré tyto derivaty byly i presto schopné akumulovat
buniky v G2+M fazi (derivaty 2-5). V porovnani s roskovitinem byly latky 3 a 5 slab§imi inhibitory
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CDK s hodnotami 1Cs, alespon pétkrat vy$8imi, jejich cytotoxicita byla také niz$i (4x, resp. 2x), avsak
schopnost ovliviiovat bunéény cyklus byla obdobna. Doslo k nartustu populace bunék v G2+M fazich
bun&éného cyklu (2x, resp. 1,6x) a vice ne pétinasobnému poklesu bundk pozitivnich na pH3%",
ktery je charakteristicky pro G2 blok buné¢ného cyklu. Na druhé strané derivaty obsahujici propyl (2)
a isobutyl (4) zpisobily nartst populace mitotickych bunék prokazany akumulaci mitotického markeru
pH3%*™. Tato pozorovani poukazuji na skute¢nost, Ze i mald zména v N9-substituentu zjevnd vede
k alternativnim mechanismim ucinku.

Jelikoz derivat nesouci isopropyl na pozici N9 (3) patfil k nejucinngj$im z dané série a také
protoze N9-isopropyl obsahuje i molekula roskovitinu, syntetizovali jsme sérii substituovanych 6-
guanidino-9-isopropylpurinii s riznymi C2-Substituenty odvozenymi od C2-postranniho fetézce
olomoucinu ¢i roskovitinu. Vyznam C2-substituentu byl demonstrovan porovnadnim biologickych
aktivit 2-amino-6-guanidino-9-methylpurinu (1), ktery inhiboval CDK ftadové v mikromolech, a
neaktivniho, C2-nesubstituovaného 6-guanidino-9-methylpurinu (10). Latka 16a nesouci na pozici C2
hydroxyethylamino skupinu, olomoucinovy postranni fetézec, vyznamnym zpisobem nezvysila CDK
inhibi¢ni vlastnosti odpovidajiciho 2-aminoderivatu (3), avSak zlepsila jeho antiproliferacni vlastnosti
na bunkach MCF7 témét osmkrat. Z toho vyplyva, Ze tato zvySena ucinnost pravdépodobné nesouvisi
s inhibici CDK. Prodlouzeni olomoucinového postranniho fetézce o jednu methylenovou skupinu
(16b) vedlo ke zvyseni CDK inhibi¢ni aktivity piiblizné Ctyfikrat, avSak k vyznamnému zlepSeni
antiprolifera¢nich vlastnosti na buitkach MCF7 nedoslo. Dalsi prodluzovani fetézce (16¢) jiz nevedlo
k zadné vyznamné zméné v biologické aktivite.

Dale byla ptipravena série 6-guanidino-9-isopropylpurini s N- a O-vazanymi C2-substituenty.
Obecné lze Fici, Zze 2-N- i 2-O-derivaty s vysokou aktivitou vi¢i CDK vykazovaly ve vétsing piipadd i
vys$i aktivitu na bunkach MCF7. Z toho lze usoudit, Ze alespon ¢ast biologické aktivity je zptisobena
inhibici CDK. 2-O-derivaty byly v porovnani se svymi 2-N-regioisomery nékolikanasobné méné
aktivni. Vyjimkou byla latka 16j, jedna z nejaktivnéjSich z celého setu. Ackoliv byla podobné jako
ostatni 2-O-derivaty slabsim inhibitorem CDK2 (25x) nez odpovidajici 2-N-regioisomer 16Kk, jeji efekt
na CDK1 i buniky MCF7 byl ptekvapive téméf identicky.

Nejaktivnéjsi latkou z celého setu byl derivat 169 nesouci jak stejny N9-, tak i C2-substituent
jako molekula roskovitinu. Tato latka byla n€kolikanasobné G¢innéjsi v inhibici CDK (2,7x pro CDK1
a 4,6x pro CDK2) stejné jako na buitkdich MCF7 (ICsy vice nez 10x niz8i) nez samotny roskovitin.
Jelikoz je C2-postranni fetézec roskovitinu opticky aktivni, je tfeba poznamenat, ze mluvime-li zde o
roskovitinu, jedna se o jeho (R)-enantiomer, ktery byl dfive popsan jako aktivnéjsi forma v porovnani
se svym (S)-isomerem (Bach et al., 2005). U nami syntetizovanych latek byl prekvapivé pozorovan
opacny trend. (S)-enantiomery byly obecné aktivnéjsi nez piislusné (R)-isomery, a to jak v fadé 2-N-
derivati 16e a 169, 16i a 16k tak i 2-O-derivata 16d a 16f, 16h a 16j.

Posledni charakterizovanou skupinou latek byly derivaty obsahujici ve své molekule cyklus na

pozici C2. Pritomnost cyklopropylaminoskupiny na pozici C2 (16l) zlepsila CDK inhibi¢ni (pfiblizné
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2,5X) a cytotoxické vlastnosti (téméf 20x) ve srovnani s odpovidajicim 2-aminoderivatem (3). D- a L-
prolinol byly dal$i zkoumané cyklické C2-substituenty. Ve skupin¢ riznych isomerti prolinolu na
pozici C2 (16m-p) byl nejaktivngjsi derivat 16n nesouci N-vazany L-prolinol, jehoz biologicka

aktivita byla velmi podobna roskovitinu.

Kinasova selektivita

U dvou nejaktivnéjsich (R)- a (S)-enantiomerti 16e a 169 byla sledovana schopnost inhibovat
rizné kinasové cile na panelu 121 proteinkinas. Je znamo, ze ucinnost a selektivita spolu negativné
koreluji (Posy et al., 2011), proto nebylo ptekvapenim, kdyZz se oba derivaty ukazaly byt
nespecifickymi inhibitory redukujicimi aktivitu celé fady proteinkinas (Tabulka 3 P¥ilohy I).
Roskovitin je naproti tomu znam jako selektivni inhibitor CDK vyznamné ovliviiujici kromé aktivity
CDK pouze né€kolik malo dalsich kinas jako CaM kinasu 2, CK1la, CK18, DYRKI1A, EPHB2, ERKI,
ERK2, FAK a IRAK4 (Bach et al., 2005; Bain et al., 2007; Obrazek 3). Dtivodem snizené selektivity
6-guanidinopurinil je pravdépodobné odstranéni aromatického substituentu na pozici C6, ktery hraje
kli¢ovou tlohu v selektivité vii¢éi CDK (DeAzevedo et al., 1997). V souladu s pfedchozimi daty (S)-

enantiomer 169 inhiboval testované kinasy efektivnéji nez (R)-enantiomer 16e.

1 MM roskovitin 1 uM latka 16g

% residudini aktivita
Obrazek 3: Porovndni specificity 1 uM roskovitinu (zdroj www.invitrogen.com) a 1 uM latky 169 na

reprezentativnim panelu proteinkinas.
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4.2  Antiprolifera¢ni a anti-angiogenni u¢inky flavonu eupatorinu

Eupatorin je aktivni sloZkou extraktu z listi Orthosiphon stamineus

Ptiprava chloroformového extraktu je popsana v sekci Material a metody. Extrakt vyznamné
redukoval viabilitu nadorovych bungk, jak ukazuje Tabulka 1 Prilohy Il a Suppl. 2 Prilohy Il. Jiz
diive bylo popsano, ze eupatorin patii k nejaktivnéjsim latkam v chloroformovém extraktu z listi O.
stamineus (Yam et al., 2010). Nasi snahou bylo ohodnotit pfispévek eupatorinu k celkové aktivité
extraktu. Za timto u¢elem byla stanovena koncentrace eupatorinu v extraktu pomoci UPLC-MS/MS
(0,53 £ 0,08 mg/g DW; Suppl. 1 Prilohy I1) a u¢inky extraktu o znamé koncentraci eupatorinu byly
poté porovnavany s ¢istym, komeréné dodavanym eupatorinem odpovidajici koncentrace (Tabulka 1
a 2 a Suppl. 2 P¥ilohy I1). Vysledky jasné demonstruji, Ze eupatorin vyznamnym zpisobem piispiva
k celkové aktivité extraktu. Navic byl tento flavon selektivné aktivni v nadorovych bunéénych liniich

a mnohem mén¢ u¢inny v netransformovanych burikach (Tabulka 2 P¥ilohy II).

Eupatorin indukuje G2+M blok bunééného cyklu

Pfipraveny extrakt (6,48 mg DW/ml, konecna koncentrace eupatorinu v médiu byla 10 puM,
Fig. 2A Prilohy II) i cisty eupatorin (Fig. 2B Prilohy II) indukovali po 24 hod G2+M blok
bunééného cyklu HeLa bunkach (kvantifikace na Obrazku 4).
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Obrazek 4: Kvantifikace analyzy bunécného cyklu HelLa bunék znacenych propidium jodidem po

aplikaci extraktu a eupatorinu na 24 h.



Pro odliSeni G2 fize od mitézy jsme sledovali intracelularni hladinu histonu H3
fosforylovaného na serinu 10 (pH3*"%) pritokovou cytometrii (Fig. 2C Pkilohy 11) a
imunofluorescen¢ni mikroskopii (Suppl. 3 Piilohy I1). Tato fosforylace, katalyzovana aurorami A a
B, je nezbytna pro kondenzaci chromatinu na pocatku mitdézy a je proto Casto vyuZzivana jako
mitoticky marker (Crosio et al., 2002; Perez-Cadahia et al., 2009). Jeji inhibice vede k bloku
bunééného cyklu v pozdni G2 fazi (Prigent et Dimitrov, 2003). Aurora B je také soucasti kontrolniho
bodu vieténka a je aktivovana v piipadé¢ nedostatecného napéti mikrotubuli napojenych ke
kinetochorim chromozomut (Ditchfield et al., 2003; Hauf et al., 2003). Inhibice jeji aktivity
v mitotickych bunkach vede k inaktivaci tohoto kontrolniho mechanizmu a naslednému nucenému
prichodu mitézou s narusenym procesem cytokineze (Salmela et al., 2012). Vysoké koncentrace
eupatorinu inhibuji aurora kinasu B jak v in vitro testech, tak i v buiikach HeLa, jak bylo v nedavné
dob¢ prokazano (Salmela et al., 2012). V asynchronni populaci bunék HeLa je ovSem pouze Cast
bun¢k v mitdze (pfiblizné 25 %) a pouze u téchto bunck tedy dochazi ucinkem vysokych koncentraci
eupatorinu k inhibici aurory B a s tim souvisejicimu piekonani kontrolniho bodu vieténka. Tyto buiiky
prochazi mitdézou s naruSenym procesem cytokineze a vstupuji poté do G1 faze v tetraploidnim,
mnohojaderném stavu. Pfitomnost malé subpopulace polyploidnich bunék po aplikaci eupatorinu
podporuje tuto hypotézu (Fig. 2B,C Prilohy I1). AvSak vice nez 75% asynchronni populace HelLa
bunek je v momenté aplikace eupatorinu pfitomno v interfazi. Inhibice aurory B vlivem vysokych
koncentraci eupatorinu (20 uM) vede v tomto piipadé k bloku fosforylace histonu H3 na serinu 10 a
k naslednému selhani kondenzace chromatinu. Vysledkem je tedy akumulace interfaznich bunék
Vv pozdni G2 fazi, které obsahuji defosforylovany histon H3 (Fig. 2C P¥ilohy 11).

Jina situace nastava pii pouziti nizkych koncentraci eupatorinu (5 puM), kdy nedochazi
k aplnému potladeni aktivity aurory B. Interfazni buniky jsou tedy schopny vstoupit do mitdzy, kde
dochazi k aktivaci funk¢éniho kontrolniho bodu vieténka, protoze, jak bude ukazano pozdéji, je proces
mitoézy poskozen. Vysledkem je blok bunééného cyklu v mitdze charakterizovany stoupajicim poétem
bun&k pozitivnich na pH3*™°. Funkéni kontrolni bod vieténka ma kromé bloku bunééného cyklu za
nasledek aktivaci apoptdzy, charakterizované nardstem umirajicich, degradovanych bunék (Debris)
(Fig 2C Prilohy 11, Obrazek 4) a prokazané i dal§imi experimenty (viz. dale). Velmi podobné
vysledky byly pozorovany i u linie K562, u které byla navic provadéna analyza bunécného cyklu
v Sestihodinovych intervalech (Obrazek 5). Z téchto vysledkl je patrné, Ze eupatorin ma v nizsich
davkach cytotoxické ucinky a pfi vysSich spiSe cytostatické (Schéma 1). Uvedené tvrzeni je ovSem
platné pouze v pripad€ kratSich, 24-hodinovych inkubacich, pfi dlouhodobych kultivacich uz je
cytotoxicky ucinek koncentraéné zavisly, jak je mozné pozorovat u tfidennich testi viability (Suppl. 2
Piilohy I1). Z toho je ziejmé, ze ackoliv bunky vystavené 20 uM eupatorinu po 24 hodinach neumiraji
bezprostiedné z divodu nefunkéniho kontrolniho bodu vieténka, ktery by vyvolal bunéénou smrt,

jejich poskozenti je pii delSich inkubacich zdvazné a neslucitelné s prezitim.
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Obrdzek 5: Casovy prithéh piisobeni eupatorinu na bunécny cyklus bunék K562. (A) Zastoupeni bunék

znacenych propidium jodidem v jednotlivych fazich bunécného cyklu, (B) zastoupeni bunék

propidium jodidem a protilatkou proti fosfo-histonu H3 (serin 10) v G2 fazi a mitoze.
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Schéma 1: Navrhovany mechanismus piisobeni vysokych (A) a nizkych (B) ddvek eupatorinu na

priichod bunécnym cyklem.
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Utinky eupatorinu jsou ¢aste¢né reverzibilni

Jednim z dalsich cilti bylo prozkoumat reverzibilitu u¢inkii eupatorinu. Za timto ucelem jsme
bunky K562 kultivovali 24 hod v pfitomnosti eupatorinu, poté jsme médium vymeénili za Cisté na
dalsich 24 hodin. Analyza bunéného cyklu pritokovou cytometrii odhalila ¢aste¢nou schopnost
reverzibility (Obrazek 6). Bun¢k akumulovanych v G2+M fazi ubyvalo a S-fazovych naopak ptibylo.
Rada bunék viak jiz byla poskozena natolik, Ze nebyla schopna piezit, ¢emuz nasvédéuje stale vysoké

zastoupeni subdiploidni populace (Debris; mrtvé, degradované buiiky).
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Obrazek 6. Bunky K562 byly kultivovdany v pritomnosti eupatorinu na 24 h, poté bylo médium
vyménéno za cisté na dalsich 24 hod. Bunky byly znaceny propidium jodidem a analyzovany

priitokovou cytometril.
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V dal$im testu jsme sledovali schopnost bun€k tvorit kolonie. HeLa buiky byly v nizké
hustoté nasazeny a inkubovany s eupatorinem kontinualné na 12 dni anebo na 24 h s naslednou
kultivaci v ¢istém médiu po dobu 11 dni. Tvorba kolonii byla pti kontinualni inkubaci s 5, 10 a 20 uM
eupatorinem Upln¢ potlacena, avSak pfi nahrazeni eupatorinu Cistym médiem doslo k ¢astecné obnove

této schopnosti (Obrazek 7).
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Obrazek 7. Sledovani schopnosti HelLa bunék tvorit kolonie. (A) Hela bunky byly kultivovany
kontinudalné 12 dni v médiu obsahujici eupatorin, (B) HeLa buriky byly kultivovdny s eupatorinem 24
hodin a nadsledné 11 dni v cistém médiu. Kolonie byly zafixovany 70% ethanolem, nabarveny

krystalovou violeti a spocitany.

Eupatorin indukuje mitotickou katastrofu a apoptézu

Predchozi experimenty prokazaly schopnost eupatorinu vyvolat bunénou smrt nadorovych
bunék, avsak jeji mechanismus bylo nutné jesté dale experimentalné potvrdit. Za timto Géelem jsme
provedli imunodetekci vybranych markerd apoptdézy v lyzatech HelLa bunék kultivovanych
S eupatorinem 24 hod. Detekovano bylo §tépeni proteinu PARP, aktivujici §tépeni caspasy 3 ¢i mirny
pokles v hladinach antiapoptotickych mitochondrialnich proteini Bcl-2 a Mcl-1 (Fig. 3A Prilohy I1).
U proteinu Bcl-2 byla navic pozorovana pomaleji migrujici, fosforylovana forma spojovana s G2+M
blokem bunééného cyklu a inaktivaci jeho antiapoptotické funkce (Terrano et al., 2010). Hladina
proteinu p53 v bunikach HelLa je redukovana dusledkem asociace s virdlnim onkoproteinem E6
vedouci k jeho degradaci proteasomem (Scheffner et al., 1993). Po aplikaci eupatorinu bylo mozné
pozorovat stabilizaci tohoto nadorového supresoru a Stim souvisejici redukci jeho negativniho
regulatoru Mdm?2 (Fig. 3A Ptilohy I1). Kromée toho byla také v bunécnych lyzatech namétena zvySena

aktivita caspas 3 a 7, efektorovych caspas zodpovédnych za §tépeni celé fady proteinti jako laminin ¢i
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PARP (Fig. 3B Prilohy Il). VySe jmenované markery apoptdzy byly zieteln&jsi pii nizSich
koncentracich eupatorinu (5 a 10 uM) a naopak slabsi v piipade vyssi davky (20 uM). Tyto vysledky
jsou v souladu s ptfedchozimi experimenty, které poukazovaly na dualni chovani (cytotoxické vs.
cytostatické) eupatorinu pti 24-hodinové inkubaci (Fig 2B,C P¥ilohy 11, Obrazek 4).

Jelikoz byla u tady flavonoidt strukturné blizkych eupatorinu prokazana schopnost inhibice
polymerizace mikrotubuld (Beutler et al., 1998), bylo nasim dal§im cilem posoudit vliv eupatorinu na
mikrotubularni systém. Pomoci imunofluorescenéniho znaceni a- a y-tubulinu jsme vizualizovali
mikrotubuly, resp. centrosomy HeLa bunék ovlivnénych eupatorinem. Zadnou vyznamnou
depolymerizaci mikrotubull jsme nepozorovali, avSak po aplikaci 10 pM eupatorinu bylo mozné
pozorovat narGst mitotickych bunék obsahujici multipolarni délici vieténka s y-pozitivnimi
centrosomalnimi poly a také velké, mnohojaderné buiiky s dekondenzovanym chromatinem (Obrazek
8A, B). Tyto znaky jsou charakteristické pro mitotickou katastrofu (Roninson et al., 2001), ktera jiz
byla popsana jako odpovéd’ na fadu protinadorovych 1é¢iv jako je napt. bleomycin, etoposid nebo
taxol (Tounekti et al., 1993; Lock et Stribinskiene, 1996; Torres et Horwitz, 1998). Tento typ bunécné
smrti je vysledkem naruseného procesu mitézy a byva také cCasto doprovazen klicovymi
molekuldrnimi jevy typické pro apoptézu jako je aktivace caspas, uvolnéni cytochromu c
Z mitochondrii ¢i degradace DNA (Castedo et al., 2004). Z tohoto diivodu usuzujeme, Ze mitoticka
katastrofa nasledovana apopt6zou je mechanismem bunééné smrti indukované 10 uM eupatorinem.
Utinkem vy3§i davky eupatorinu (20 uM) dochazi, jak jiz bylo diskutovano diive, pravdépodobné
vlivem inhibice aurory B k bloku interfaznich buné€k v pozdni G2 fazi. Tomu nasvéd¢uje pfitomnost
fady bunék s velkym jadrem, dekondenzovanym chromatinem a casto i se zfeteln€¢ oddélenymi
centrosomy (Obrazek 8A). Kromé téchto bunék byly pozorovany i buiiky mnohojaderné podporujici
teorii nuceného pruchodu mitézou vlivem nefunkéniho kontrolniho bodu vieténka v pripadé

mitotickych bunék (Obrazek 8A).

Eupatorin je nespecificky inhibitor proteinkinas

Vzhledem ke strukturni podobnosti eupatorinu a znamych inhibitori proteinkinas (Singh et
Agarwal, 2006; Teillet et al., 2008) jsme zkoumali schopnost 1 uM eupatorinu redukovat aktivitu
ptiblizné 110 lidskych proteinkinas. Eupatorin se ukazal byt nespecifickym inhibitorem (Suppl. 4
Ptilohy II) snizujici nejvyznamnéji aktivity kinas RIPK2, VEGFR1 a MLK3 s residualnimi aktivitami
pod 33 %. Ackoliv byla inhibice aurory B prokazana jinymi autory in vitro i v bunéénych lyzatech
(Salmela et al., 2012), v naSich testech nepatfila aurora B s residualni aktivitou 79 % k tém
nejcitlivéj§im. AvSak in vitro testy s rekombinantnimi enzymy nemusi nutné odrazet realnou situaci
v buiikkdch a navic k vyznamnému bunéénému efektu, ktery je pravdépodobné zplisoben inhibici

aurory B, dochézelo prave az pii vyssich koncentracich eupatorinu (20 uM).

34



A a-tubulin

long exposure short exposure DAPI
&
J
[
c
8
.~
Ed
2 x 3 ‘
- »
=0
33 - -
3y W
[
2
.
| - -
=3
25
o Q
N S
(0]
B a-tubulin~ y-tubulin DNA
e
=
8
£
28
o8
pt i |
(]
10 um

Obrdzek 8: (A) Imunofluorescencniho znaceni o-tubulinu v bunkich HeLa kultivovanych
s eupatorinem na 24 h. (B) Imunofluorescencni znaceni o-tubulinu (délici vieténka), resp. y-tubulinu
(centrosomy) v busikdch HeLa kultivovanych s eupatorinem 24 h. DNA byla znacena DAPI. Cervené

Sipky oznacuji separované centrosomy.

Eupatorin redukuje schopnost angiogeneze in vitro

Silna inhibice VEGFR1 eupatorinem in vitro a také fakt, ze fada flavonoidu (Fotsis et al.
1997; Igura et al. 2001; Mojzis et al. 2008) i extrakty z O. stamineus (Sahib et al., 2009; Ahamed et
al., 2012) negativné ovlivituji proces angiogeneze, nas inspiroval ke studiu anti-angiogennich
vlastnosti tohoto flavonu. Jako in vitro model angiogeneze jsme pouzili endotelialni buniky HUVEC a

sledovali jejich schopnost migrovat a tvofit tubuly v pfitomnosti eupatorinu. V migra¢nim testu byla
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do souvislé vrstvy HUVEC bunék vytvotena ryha, do které buiiky migrovaly. Kontrolni burniky béhem
20 hodin zaplnily celou ryhu narozdil od bun¢k vystavenych uc¢inklim eupatorinu, kde byla schopnost
migrace omezena a ryha zistala castecné Ci zcela zachovana (Fig. 5 Prilohy I1). Také pocet a délka
tubulll vytvarenych HUVEC bunikami a jejich vétveni byly vyznamnym zptsobem redukovany (Fig. 6
Piilohy II). V obou ptipadech byl efekt koncentra¢né zavisly.

VEGF receptory jsou dulezitou soucasti molekularnich drah procesu angiogeneze a zahrnuji 3
typy receptorovych tyrosinkinas: VEGFRI1 (Flt-1), VEGFR2 (KDR, Flk-2) a VEGFR3 (Olsson et al.,
2006). Silna inhibice VEGFR1 eupatorinem byla v pfedchozich experimentech prokazana in vitro
s rekombinantnim enzymem (Suppl. 4 PFilohy 11). V bunéénych lyzatech HUVEC buné¢k byla dale
sledovana intracelularni hladina receptord VEGFR1 pomoci imunodetekce. Uginkem eupatorinu doslo
uz po 2 h v nejvyssi koncentraci (20 uM) k poklesu hladiny VEGFRL1 (Fig. 7 Prilohy I1). Vzhledem
ke strukturni podobnosti VEGF receptorti (Neufeld et al., 1999) a také nespecifickému inhibiénimu
potencialu eupatorinu lze ocekavat i inhibici VEGFR2 a VEGFR3, kterou jsme ovSem neprokazovali.
Redukce hladiny VEGF receptort pfispiva ke snizeni citlivosti endoteliadlnich bunék viici molekuldm
VEGF a tim i k potlaceni angiogeneze. Nase zaveéry jsou podporeny soucasnymi vysledky Ahameda a
jeho spolupracovnikii (Ahamed et al., 2012), ktefi potvrdili anti-angiogenni t¢inky 50% ethanolického

roztoku O. stamineus obsahujici eupatorin in vitro i in vivo jako disledek potla¢eni funkce VEGFR2.
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4.3  Aktivita inhibitori CDK na potkani embryonalni fibroblasty

S riznym funkénim statusem proteini pS3 a c-Ha-ras

Bunécny model

Analyza vlastnosti nadorovych supresord a onkoproteinti hraje vyznamnou roli pro pochopeni
procesu karcinogeneze. Gen nadorového supresoru TP53 a onkogen RAS patfi k nejcastéji mutovanym
genim v riznych typech rakovin. Z tohoto divodu jsme na§ vyzkum zamértili pravé na tyto dva
proteiny a zkoumali vliv inhibitori CDK na potkani embryonalni fibroblasty s riznym funkénim
statusem téchto proteint.

Primarni potkani fibroblasty (REFs, rat embryonal fibroblasts) izolované z embryi starych
13,5 dne (YREFs, young REFs, klony 402/534 a 189/111) nebo 15,5 dne (oREFs, old REFs, klony
602/534 a 173/1022) byly transfekovany teplotné senzitivnim (ts), mutantnim nadorovym supresorem
p53 obsahujici substituci alaninu 135 valinem (klony 402/534 a 602/534) samostatné anebo
vV kombinaci s mutantnim onkoproteinem c-Ha-ras (klony 173/1022 a 189/111; Schmid et al., 2009).
Za normdlnich okolnosti neni konstitutivni nadmérna exprese proteinu p53 uskutecnitelnd z divoda
indukce bloku buné¢ného cyklu ¢i apoptdzy, proto model REF piredstavuje uzitecny nastroj pii studiu
funkce tohoto proteinu, jehoz aktivita je pfepinana jednoduse na zakladé zmény konformace vlivem

3135Val

teploty. Ts p5 ptrechazi mezi funkéni (wild type, wt) konformaci pfi 32 °C a mutantni, nefunk¢ni
konformaci pti 37-39 °C. Rlzné& stard embrya zde slouzi pro posouzeni vlivu vnitiniho bunééného
programu daného embryonalniho vyvoje na chovani bunék.

Bunky nasazené v definované hustoté byly kultivovany pii 32 °C resp. pii 37 °C a jejich pocet
byl méfen ve 12ti-hodinovych intervalech. Pti 37 °C exprimovaly buiiky mutantni a tedy nefunkéni
formu p53**V¥. REFs transfekované pouze ts p53™°'® (klony 402/534 a 602/534) nabyvaly v tomto
pripadé fenotyp imortalizovanych bunék, ptekonavaly Hayflickaf limit a nepodléhaly senescenci. Pti
porovnani yREFs a oREFs starsi klony (602/534) proliferovaly rychleji (Obrazek 9A). Kotransfekce
mutantnim c-Ha-ras (klony 173/1022 a 189/111) vedla kbunkam s vysokym proliferaénim
potencialem (Obrazek 9A). Tyto klony mély charakter transformovanych bunék, jak bylo prokazano
pii jejich aplikaci pod kizi potkant vedouci k tvorbé rozsahlych nadorti (Schmid et al., 2009). Pt
32 °C dochazelo u klonti k expresi wt p53 zplsobujici inhibici proliferace u vSech klonid (Obrazek
9B) a indukujici blok bunééného cyklu v G1 fazi (Fig. 2, 3 Prilohy 111). Pro transformovany fenotyp
REFs exprimujici c-Ha-ras je tedy nutna soucasnd inaktivace nadorového supresoru p53, jak jiz bylo
pozorovano diive (Serrano et al., 1997). Tato pozorovani podporuji teorii multikrokového procesu
karcenogeneze, tzn., ze ptitomnost pouze jednoho onkoproteinu pro transformovany charakter bun¢k
neni dostacujici (Vogelstein et Kinzler, 1993; Hahn et Weinberg, 2002). Pfi porovnani yREFs a

OREFs vykazovaly star$i klony vyssi proliferacni potencial podobné jako u ptedchozi dvojice klonti.
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To, Ze je G1 blok bunééného cyklu pii 32 °C zptsoben funkénim proteinem p53 dokazuji
experimenty s primarnimi REFs s nizkou bazalni hladinou p53, u kterych k podobné akumulaci
nedochazelo (Schmid et al., 2009). Tento G1 blok je pfechodny, pfi pfesunu bunék z 32 °C zpét do 37
°C dochazi vlivem indukce mutantni formy p53"*V® k op&tovnému vstupu do aktivniho bun&&ného

cyklu (Fig. 4 Prilohy I11).
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Obrazek 9: Kinetika proliferace teplotné senzitivnich (ts) klonii potkanich fibroblastii izolovanych
Z embrya starého 13,5 dne (402/534, 189/111) nebo 15,5 dne (602/534, 173/1022) po oplozeni a
exprimujicich teplotné senzitivni ndadorovy supresor p53*°"® samostatné (klony 402/534, 602/534)
anebo v kombinaci s c-Ha-ras (klony 173/1022 a 189/111). Ts p53**“ piepind mezi nefunkcni,
mutantni (A, 37 °C) nebo funkcni, wild type (B; 32 °C) konformaci.

Efekt inhibitori CDK a inhibitoru farnesyltransferasy na REFs

Pro posouzeni vlivu studovanych CDK inhibitorti olomoucinu, roskovitinu a olomoucinu II na
imortalizované, popt. transformované bunky jsme sledovali viabilitu klond kultivovanych pii 37 °C a
ovlivnénych témito latkami kontinualné na 24 nebo 48 hod. Dale jsme posuzovali vliv inhibice ras
onkoproteinu s vyuzitim inhibitoru farnesyltransferasy 1.744,832 na citlivost jednotlivych klonu
k CDK inhibitorim. Farnesyltransferasa se W€astni postranslaéni modifikace proteinu,
zprostiedkovava piipojeni isoprenoidni skupiny farnesylu k nové syntetizovanym proteinti a umoziiuje
tak jejich asociaci s membranou diky hydrofobnimu charakteru farnesylové skupiny. Jednim z cila
tohoto enzymu jsou prave i ¢lenové rodiny proteinti ras, proto i inhibitory farnesyltransferasy (FTI)
nasly své uplatnéni jako potencidlni cytostatika. Inhibitory CDK vyznamné snizily viabilitu REFs
kultivovanych pii 37 °C a exprimujici nefunkéni p53**V® (Obrazek 10). P¥i porovnani jednotlivych
klonii mezi sebou nebyly pozorovany vyznamné rozdily, pouze nejpomaleji proliferujici linie 402/534
se jevila méné€ senzitivni k t¢émto inhibitorGm. Inhibitor farnesyltransferasy podle ocekavani snizil
viabilitu klonti exprimujicich c-Ha-ras (189/111, 173/1022), prekvapivé vSak podobnym zpisobem
snizil i viabilitu kloni s nizkou bazalni hladinou tohoto proteinu (402/534, 602/534; Obrazek 10).

Inhibice proteinu ras ucinkem FTI zvysila antiproliferaéni potencial pouzitych CDK inhibitort
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(Obrazek 10). Analyza bun&tného cyklu neodhalila vyrazné zmény v distribuci bunék v jednotlivych
fazich bunécného cyklu, bylo vSsak mozné pozorovat zvyseny podil sub-G1 oblasti charakteristické pro
degradované buiky (Obrazek 11). Buniky kultivované pii 32 °C a zablokované tedy v G1 fazi
bunécného cyklu byly k pouzitym inhibitorim mén¢ citlivé (Obrazek 12) a ani analyza bunécného

cyklu neodhalila vyznamné zmény (Obrazek 13).
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Obrazek 10: Efekt CDK inhibitorii olomoucinu (OLO), roskovitinu (ROSK) a olomoucinu Il (OLO I1I)
aplikovanych na 24 nebo 48 hod samostatné anebo v kombinaci s inhibitorem farnesyltransferasy

(FTI) na viabilitu klonii potkanich embryondlnich fibroblastii kultivovanych pri 37 °C a exprimujicich
mutantn formu p53-°"?,
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aplikovanych na 24 nebo 48 hod na bunécny cyklus klomi potkanich embryondlnich fibroblasti
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Obrazek 11: Efekt CDK inhibitorii olomoucinu (OLO), roskovitinu (ROSK) a olomoucinu I (OLO II)

kultivovanych pri 37 °C a exprimujicich tedy mutanmi formu p53-°".
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Obrazek 12: Efekt CDK inhibitorii olomoucinu (OLO), roskovitinu (ROSK) a olomoucinu I (OLO II)
aplikovanych na 24 nebo 48 hod samostatné anebo v kombinaci s inhibitorem farnesyltransferasy

(FTI) na viabilitu klonii potkanich embryondlnich fibroblasti kultivovanych pri 32 °C a exprimujicich
wild type p53"V2!,
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Obrazek 13: Efekt CDK inhibitorti olomoucinu (OLO), roskovitinu (ROSK) a olomoucinu I (OLO II)
aplikovanych na 24 nebo 48 hod na bunécny cyklus klonu potkanich embryondlnich fibroblastii

kultivovanych pri 32 °C a zablokovanych tedy v Gl fazi bunécného cyklu viivem exprese wild type
p53135VaI
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5. Zavér

V prvni ¢asti prace byl studovan vztah mezi strukturou a aktivitou nové syntetizované série
6-guanidinopurinlt odvozenych od struktury olomoucinu ¢i roskovitinu. VSechny pfipravené derivaty
byly testovany na CDK1 a CDK2 inhibi¢ni aktivitu in vitro, cytotoxicitu a antiproliferac¢ni efekt
v nadorové bunééné linii MCF7 odvozené od karcinomu prsu. Nejaktivnéjsi derivat 16g obsahoval
stejny N9- i C2-postranni fetézec jako roskovitin. V porovnani s nim byla jeho aktivita viici CDK2
priblizné 5x vyssi a v bunkach MCF7 byla tato latka dokonce vice nez desetinasobné ucinnéjsi.
Zajimavym zjisténim, které je v kontrastu s pfedchozimi studiemi purinovych derivatd, je obecné
vys§i aktivita (S)-6-guanidinopurinii v porovnani s jejich (R)-optickymi isomery. Testovani obou
nejucinnéjsich (R) a (S)-enantiomertt 16e a 16g na panelu proteinkinas odhalilo snizenou selektivitu
6-guanidinopurinil v porovnani s roskovitinem vlivem zavedeni guanidinoskupiny na pozici C6.

Dalsi cast disertacni prace byla zamétena na antiproliferacni a anti-angiogenni ti€inky flavonu
eupatorinu, ktery byl také soucasti piipraveného chloroformového extraktu =z listd rostliny
Orthosiphon stamineus. Extrakt redukoval viabilitu nadorovych bun€k a indukoval G2/M blok
bunééného cyklu podobné jako Ccisty, komeréné¢ dodavany eupatorin odpovidajici koncentrace.
Z nasich experimenti je zfejmé, ze eupatorin zasadnim zpisobem ptispiva k celkové aktivité extraktu.
Vyznamnou vlastnosti eupatorinu je jeho selektivita vi¢i nadorovym bunéénym liniim a naopak nizka
aktivita ve zdravych lidskych buiikach. Mitoticka katastrofa doprovazena apoptdzou je pravdépodobné
pric¢inou smrti nadorovych bunék ovlivnénych timto flavonem. Eupatorin se ukazal byt nespecifickym
inhibitorem celé fady kinas vcetné CDK. Klicovou kinasou, jejiz inhibice je nejspiSe pri¢inou
antimitotické aktivity eupatorinu, je vSak pravdépodobné aurora B hrajici dulezitou ulohu pfi
kondenzaci chromatinu a v kontrolnim bodu mitotického vieténka. Jednou z nejcitlivéjSich kinas in
vitro byla i receptorova tyrosinkinasa VEGFR, ucastnici se procesu angiogeneze; Z tohoto diivodu
jsme zkoumali i anti-angiogenni efekt studovaného flavonu. Eupatorin inhiboval jak migraci
endotelialnich bunék, tak i jejich schopnost tvorby tubulti, aniz by vyznamné snizoval jejich viabilitu.
Potencialni protinadorovy efekt eupatorinu tedy nemusi byt zalozen pouze na jeho cytotoxicité, ale i
na schopnosti inhibovat proces nadorové angiogeneze a je tedy vhodnym kandidatem pro dalsi in vivo
testy zametfené na lécbu solidnich nadora.

Ackoliv zde zkoumané latky maji zajimavé ucinky in vitro, teprve po provedeni in vivo testi
bude mozné posoudit jejich potencial jako protinddorova 1éCiva. V piipadé eupatorinu bude
pravdépodobné kli¢ova jeho farmakokinetika a farmakodynamika, protoze je obecné znamym faktem
Spatna biologicka dostupnost flavonoidd i jejich rychla metabolizace a exkrece z téla. SniZena
selektivita 6-guanidinopurini zase znesnadiiuje charakterizaci mechanizmu Géinki téchto latek, na
druhou stranu v8ak piedstavuje dobry pocate¢ni bod pro vyvoj novych inhibitord zaméfenych na riizné

dalsi proteinkinasové cile.
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Poslednim tématem bylo posouzeni vlivu CDK inhibitord na mladé a staré potkani
embryondlni fibroblasty s riznym funkcnim statusem proteini p53 a c-Ha-ras. VSechny studované
CDK inbibitory snizily viabilitu klonl s fenotypem imortalizovanych ¢i transformovanych bunék
(mutantni p53 samostatné anebo v kombinaci s mutantnim c-Ha-ras), naopak ztrata téchto vlastnosti
vlivem exprese funkéni, wild type formy p53 s nasledkem G1 bloku bunééného cyklu vedla ke snizeni
citlivosti k pouzitym latkam. FTI snizujici aktivitu onkoproteinu c-Ha-ras redukoval podle o¢ekavani
viabilitu klonti exprimujicich c-Ha-ras, piekvapiveé vsak podobnym zplisobem snizil i viabilitu klont
s nizkou bazalni hladinou tohoto proteinu. Souc¢asna aplikace FTI s inhibitory CDK vedla k potenciaci
jejich ucinkt. Pfi porovnani citlivosti mladych a starych klonti vii¢i pouzitym inhibitorim nebyl

nalezen vyznamny rozdil.
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7. Seznam pouzitych zkratek

ABC transportér
APC
Bcl-2
CAK
CDK
COX2
CTD
DMEM
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ECM
ERK
FTI
GSK3-8
HIF1
IC50
MAPK
Mcl-1
MCM
Mdm-2
MHC
MM
MMP
MRNA
OoLO
oLoll
P-TEF
PARP
PDGFR
PDK
PGE2
pH3sert0
PLK

Rb
REFs

ATP-binding cassette transportér
Anaphase-promoting complex

B-cell CLL/lymphoma 2
CDK-aktivujici kinasa
Cyclin-dependent kinase
Cyklooxygenasa 2

C-terminal domain

Dulbecco’s modified Eagle’s medium
Dimethylsulfoxid

Extracelularni matrix
Extracellular-signal-regulated kinase
Inhibitor farnesyltransferasy
Glycogen synthase kinase 3
Hypoxia-inducible factor 1

50% inhibitory concentration
Mitogen-activated protein kinase
Myeloid-cell leukemia 1
Minichromozome maintenance
Murine double minute 2

Major histocompatibility complex
Mnohocetny myelom

Matrixové metaloproteinasy
Messenger ribonucleic acid
Olomoucin

Olomoucin Il

Positive transcription elongation factor
Poly(ADP-ribosa)polymerasa
Platelet-derived growth factor receptor
Pyruvatdehydrogenasakinasa
Prostaglandin 2

Histon H3 fosforylovany na serinu 10
Polo-like kinase

Retinoblastoma protein

Potkani embryonalni fibroblasty
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ROS Volné kyslikové radikaly

ROSK Roskovitin

RTK Receptor tyrosine kinase

SDF1 Stromal-derived factor 1

TFIIH Transcription factor 11 H

ts p53-va Teplotné senzitivni mutantni p53 se substituci alaninu 135 valinem a

prepinajici mezi mutantni konformaci pti 37 °C a funk¢ni, wilde type
konformaci pii 32 °C

VEGF Vascular endothelial growth factor

VEGFR Vascular endothelial growth factor receptor
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A series of 2,9-substituted 6-guanidinopurines, structurally related to the cyclin-dependent kinase (CDK)
inhibitors olomoucine and roscovitine, has been synthesized and characterized. A new copper-catalyzed
method for the synthesis of 2-substituted 6-guanidino-9-isopropylpurines under mild reaction condi-
tions has been developed. All prepared compounds were screened for their CDK1 and CDK2 inhibitory
activities, cytotoxicity and antiproliferative effects in the breast cancer-derived cell line MCF7. The most
active derivative 16g possessed an identical side chain in the C2 position to roscovitine; this compound
displayed approximately five fold higher inhibitory activity towards CDK2/cyclin E and more than ten
fold increase in cytotoxicity in MCF7 cells. Interestingly and in contrast to previously described findings,
(S)-6-guanidinopurine derivatives were generally more active than their (R)-counterparts. Kinase
selectivity profiling of (R)- and (S)-enantiomers 16e and 16g, respectively, revealed that introduction of
a guanidino group at the C6 position of the purine moiety decreased selectivity towards protein kinases
compared to roscovitine. Nevertheless, increased inhibitory activity and decreased selectivity offer

a good starting point for further development of new protein kinase inhibitors.

© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

Cyclin-dependent kinases (CDKs) are specific serine/threonine
protein kinases which play a key role in regulation of the cell cycle,
transcription, apoptosis and differentiation [1]. Their activity is
regulated on multiple levels such as synthesis or degradation of
activating subunit cyclins, phosphorylations, inhibition by specific
proteins or intracellular localization. Overactivation of CDKs is
a frequent feature of human pathologies associated with abnormal

Abbreviations: ATP, adenosine 5'-triphosphate; CDK, cyclin-dependent kinase;
DABCO, 1,4-diazabicyclo[2.2.2]octane; DMEM, Dulbecco’s modified Eagle’s medium;
DMF, dimethylformamide; DMSO, dimethyl sulfoxide; DTT, dithiothreitol; EDTA, eth-
ylenediaminetetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; K, Michaelis constant; NMP, N-methyl-2-pyrrolidone; PEG, polyethylene gly-
col; pH3%°, histone H3 phosphorylated on serine 10; RESP, restrained fit to the
electrostatic potential; r.m.s.d., root mean square deviation; RT, room temperature; SAR,
structure—activity relationship; TEAB, triethylammoniumbicarbonate; THF, tetrahy-
drofuran; TMS, tetramethylsilane.

* Corresponding author. Tel.: +420 585 634 854; fax: +420 585 634 870.

E-mail address: iva.doleckova@centrum.cz (I. Doleckova).

1 Both authors contributed equally.

0223-5234/$ — see front matter © 2013 Elsevier Masson SAS. All rights reserved.
http://dx.doi.org/10.1016/j.ejmech.2013.01.021

rates of proliferation such as cancer. Although mutations of CDKs
have been described in some tumours (CDK4 [2,3], CDKG6 [4], CDK9
[5]), more frequent is overexpression of cyclins or inactivation of
endogenous CDK inhibitors [4,6]. For these reasons, CDKs have
become a promising target in anticancer research and intensive
search for small molecule inhibitors of CDKs has been encouraged.
Some CDK inhibitors have already been evaluated in clinical trials
[6,7].

In spite of large chemical diversity, the vast majority of CDK
inhibitors are low molecular weight, flat, hydrophobic heterocyclic
molecules that compete with ATP for binding at the kinase
ATP-binding site by both hydrophobic interactions and hydrogen
bonding [8]. The purine skeleton was the first systematically
modified scaffold that led to early discoveries of olomoucine and
roscovitine [9—11] (Fig. 1), followed by synthesis of purvalanols
[12,13], olomoucine 11 [14] or CR8 [15], DRF053 [16] and other biaryl
derivatives [17,18]. Modification of purine core was another
approach to obtain new potent CDK inhibitors such as pyrazolo[1,5-
alpyrimidines, pyrazolo[4,3-d]pyrimidines or pyrazolo[1,5-a]pyri-
dines [19]. Dinaciclib is a pyrazolo[1,5-a]pyrimidine which has
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Fig. 1. Some purine and related CDK inhibitors.

already entered phase III clinical trials for the treatment of chronic
lymphocytic leukaemia (Fig. 1).

All potent purine and related CDK inhibitors contain an aromatic
amine moiety at position 6, such as benzylamino or phenylamino
groups, that (i) binds to the hydrophobic pocket near the active site
of CDKs (and thus deliver their selectivity) and (ii) forms an
essential H-bond to carbonyl of leucine 83 in CDK2 (or to corre-
sponding residues in other CDKs).

Compounds containing the guanidino group such as amino
acids or other natural compounds are widespread throughout
biological systems with a wide spectrum of biological activities
[20]. The ability of the guanidino group to form strong non-covalent
interactions at the active site of enzymes is a key factor in their
biological activities. For this reason, we decided to explore the in-
fluence of the guanidino group at position C6 of the purine and we
prepared a library of compounds consisting of 2,9-disubstituted-6-
guanidinopurines. These compounds were screened for CDK
inhibitory activities and antiproliferative effects in the human
breast cancer-derived cell line MCF7.

2. Chemistry

Firstly, various substituted 2-amino-6-guanidino-9-(hetero)
alkylpurines (Table 1) were synthesized to evaluate the effect of
substitution in the N9 position on the activity of CDKs and to confirm
whether the introduction of a methyl or isopropyl group to 6-
guanidinopurine derivatives is essential for the activity of the
compounds, as in the case of olomoucine and roscovitine, respec-
tively [9,10]. 2-Amino-6-guanidinopurine derivatives 1-5 bearing
the nonpolar aliphatic chains and derivatives 6—9 containing the
polar functional groups were readily prepared by alkylation of
commercially available 2-amino-6-chloropurine with the appro-
priate alkyl halogenides in the presence of NaH and subsequent
guanidinolysis of the obtained intermediates [21]. Compound 10
was prepared by the guanidinolysis of 6-chloro-9-methylpurine. 9-
Alkyl-2,6-diaminopurines 11 and 12 were prepared by ammonolysis
of appropriate 2-amino-6-chloropurines and compound 13 was
isolated as a side product as described by Cesnek and co-workers
[21].

The SAR study was continued by the derivatization of the active
6-guanidino derivative 3 at the purine position C2. The synthesis of
several 2-0 and 2-N derivatives was achieved. The usual synthetic
access to substituted 2-aminopurines was based on the treatment
of appropriate 2-halogenopurine with corresponding alkyl or
arylamine [10,16,22—24]. The coupling reaction of 2-chloro-6-
guanidino-9-isopropylpurine with appropriate amines failed. 6-
Guanidino-2-iodo-9-isopropylpurine (15), as an excellent starting
compound for coupling reactions [25,26], was prepared. The most
reactive intermediate 15 was prepared by the diazotization reaction

of starting 2-amino-6-chloro-9-isopropylpurine in the presence of
Cul according to published procedure [27] and subsequent guani-
dinolysis of obtained 6-chloro-2-iodo-9-isopropylpurine (14) in the
presence of 1,4-diazabicyclo[2.2.2]octane (DABCO) and NaH
(Scheme 1). A catalyst-free reaction of compound 15 with amines at
room temperature (RT) gave no desired products, while at elevated
temperature only decomposition of starting material was observed.

In this way we modified a copper mediated nucleophilic sub-
stitution described by Nair and Sells [28] for the introduction of
substituted amines into the C2 position of the purine moiety. The

Table 1
Structures of prepared derivatives.

R2

N N

/'\

R3
Compound R! R? R®
1 NH; Guanidino Me
2 NH; Guanidino Pr
3 NH, Guanidino ipr
4 NH, Guanidino Bu
5 NH, Guanidino Et
6 NH, Guanidino CH,CF3
7 NH, Guanidino CH,CH,OH
8 NH; Guanidino CH,CH,NH,
9 NH, Guanidino CH,CH,N3
10 H Guanidino Me
11 NH, NH, iPr
12 NH, NH, Et
13 NH, (Me),N— CH,CH,N;
16a NH(CH,),0H Guanidino ipr
16b NH(CH,)s0H Guanidino ipr
16¢ NH(CH,)sOH Guanidino ipr
16d (R)-OCH,CH(Et)NH- Guanidino iPr
16e (R)-NHCH(Et)CH,0OH Guanidino ipr
16f (S)-OCH,CH(Et)NH, Guanidino ipr
16g (S)- NHCH(Et)CHZOH Guanidino iPr
16h (R)- OCHZCH( Pr)NH, Guanidino ipr
16i (R)-NHCH('Pr)CH,0H Guanidino ipr
16j (S)-OCH,CH('Pr)NH, Guanidino iPr
16k (S)-NHCH('Pr)CH,0H Guanidino iPr
161 Cyclopropylamino Guanidino ipr
16m (8)-0-Prolinol Guanidino ipr
16n (S)-N-Prolinol Guanidino iPr
160 (R)-0O-Prolinol Guanidino ipr
16p (R)-N-Prolinol Guanidino ipr

Synthesis of compounds 1-13 was published by Cesnek and co-workers [21].
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16d,f R = (R/S)-OCH,CH(Et)NH,
16e,g9 R = (R/S)-NHCH(Et)CH,OH
16h,j R = (R/S)-OCH,CH(iPr)NH,
16i,k R = (R/S)-NHCH(iPr)CH,OH

161 R = cyclopropylamino
160,m R = (R/S)-O-prolinol
16p,n R = (R/S)-N-prolinol

Scheme 1. Synthesis of 6-guanidino-9-isopropylpurine derivatives 16a—p.

best results were achieved using 2 equivalents of Cul and
10 equivalents of amine in the presence of N,N-diisopropylethyl-
amine at RT.

The desired 2-N-substituted purine derivatives were obtained in
moderate yield because the reaction with hydroxylamines was
accompanied by the formation of the corresponding 2-O-substituted
purine isomers as side-products. The yields were also influenced by
the multistep purification process.

Since there seemed to be problem with the solubility of the
starting compounds in tetrahydrofuran (THF), the influence of the
solvent on the reaction course was studied. Further, preferential
formation of undesired O-isomer was observed in THF. On the other
hand, 2-(N,N-dimethylamino) derivative was isolated as a major
by-product of the reactions run in dimethylformamide (DMF).
Finally, N-methyl-2-pyrrolidone (NMP) proved to be the most
convenient solvent for this type of reaction. Compounds 16a—p
were prepared in NMP according to the above mentioned proce-
dure (2 equivalents of Cul and 10 equivalents of amine in the
presence of N,N-diisopropylethylamine at RT).

We also attempted to use 2-chloro-6-guanidino-9-isopropylpu-
rine (17) as a starting material for the above mentioned amination
reaction both with and without the copper catalyst. This derivative
was prepared by the guanidinolysis [21] of known 2,6-dichloro-9-
isopropylpurine [29]. The reaction of the compound 17 with
amines at RT failed and elevated reaction temperature again caused
only the decomposition of the guanidino group, similar to the
previously described observations with the amido [25] and gua-
nidinopyrimidine derivative [30].

Transformation of copper halogenide into the soluble complex
caused problems with purification of these reaction mixtures. The
guanidino group probably makes a complex with a copper ion.
Classical silica gel purification was not efficient due to the high
polarity of products. The polarity and equal distribution between
organic and water phases also did not allow the application of
extraction using EDTA or dithisone (diphenylthiocarbazone).
Removal of copper from its complex with amines by H»S gas bub-
bled into the reaction mixture was left due to formation of by-
products. High affinity of the guanidino group on the purine moi-
ety to the Dowex 50 x 8 was used to overcome this problem. After
adsorption of neutralized residue on Dowex 50 x 8, the copper
residues were removed very efficiently by washing of the column
with aqueous HCI:H,0 (1:10). N- and O-Isomers were subsequently
separated on the HPLC column to yield products 16a—p.

3. Pharmacology

CDK inhibitory activity of the prepared compounds was evaluated
using purified recombinant enzymes CDK1/cyclin B and CDK2/cyclin
E. Cytotoxicity assays were then performed on MCF7 breast cancer
cells. Flow cytometry analysis of the cell cycle showed that several
compounds arrested cells in G2 + M phases. In an effort to dis-
tinguish between G2 and M phase arrest we examined the intra-
cellular level of histone H3 phosphorylated on serine 10 (pH3¢"0),
This phosphorylation, catalyzed by aurora kinases A and B, is
essential for chromatin condensation during mitosis and is often
detected as a mitotic marker [31,32]. All the data are summarized in
Table 2. CDK inhibitor roscovitine (ICsy values: CDK2 = 0.17 uM,
CDK1 = 2.4 pM, MCF?7 proliferation = 20.2 pM) inducing specifically
G2 arrest was used as a positive control throughout the study.

4. Results and discussion
4.1. Structure—activity relationship

Substitution at position 6 is a critical element determining po-
tency and selectivity of purine derivatives towards CDKs [19,33].
Replacement of benzylamine in the roscovitine molecule e.g. with
biaryl derivatives improved the biological activity and led to dis-
covery of even more potent compounds such as CR8 [15], DRF053
[16], and others [17,18]. The ability of the guanidino group at position
C6 to stabilize binding interaction with the active site of CDKs can be
demonstrated by the increased activities of 6-guanidinopurines 3
and 5 (IC50 CDK2 < 2 uM, CDK1 < 15 M) compared to corresponding
6-amino derivatives (11, 12). Similarly, comparison of inactive
compound 13 with a weak CDK2 inhibitor 9 showed that the
replacement of 6-dimethylamino substituent (13) with the guani-
dino group (9) improved CDK inhibitory activity.

As aresult, we prepared and evaluated N9-substituted 2-amino-
6-guanidinopurines for their biological activity as was previously
done with other sets of purine derivatives [10,13,34]. Our results
show that the most active compounds of this set in terms of CDK
inhibition possess small nonpolar alkyl substituents in sequence
from the most active ethyl (5) and isopropyl (3) as in the roscovitine
molecule, then methyl (1), propyl (2) and the least active
was compound 4 with isobutyl. Generally, substitution with polar
heteroalkyls led to loss of both CDK inhibitory and cytotoxic
activity.
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Table 2
Biological activities of prepared compounds.

Compound ICs0 [uM] Effects on the cell cycle of MCF7 cells dose 100 uM, 24 h
CDK1/cyclin B CDK2/cyclin E MCF7 G2 + M? (compound/control) PH3 (Ser10)° (compound/control)

1 382 +55 6.8 + 2.8 >100 1.5+0.7 0.81 + 0.09
2 559+ 1.5 10.7 + 49 36.5+9.8 4.0+ 1.0 6.71 + 2.49
3 148 £33 1.3+£0.2 97.2 +£ 242 2.0+0.8 0.18 + 0.01
4 >100 66.5 + 30.0 96.6 + 38.2 3.5+0.6 7.00 + 1.00
5 126 +1.3 1.7+ 1.0 543 + 25.7 1.6 £0.2 0.10 + 0.03
6 >100 >100 >100 0.8 £ 0.5 ND

7 >100 >100 >100 09 +03 ND

8 >50 >100 >100 1.0 £ 0.6 ND

9 >100 74.9 + 14.1 >100 14 +038 ND

10 >100 >100 >100 1.0+ 04 ND

11 649 + 174 222 +17.2 >100 09+ 04 ND

12 37.5+10.7 79 + 3.7 >100 1.2+ 0.6 ND

13 >100 >100 >100 1.0+ 04 ND

16a 151 +9.2 0.82 + 0.34 124 + 64 29+11 0.15 + 0.02
16b 41 +03 0.18 + 0.07 8.8 +33 25+1.2 0.18 + 0.02
16¢ 42 +1.7 1.6 £0.1 52+ 3.1 20+08 0.33 + 0.01
16d 476 +11.0 133+70 >100 08 +04 1.08 + 0.21
16e 21+04 0.14 + 0.06 45+ 13 1.8+ 1.1 0.08 + 0.06
16f 8.1 +5.1 6.2 +34 163 +£29 1.5+ 04 0.07 + 0.01
16g 0.9 + 0.5 0.037 + 0.031 1.6+03 1.6 +0.38 0.09 + 0.03
16h 15.6 + 6.8 8.0+33 794 + 221 21+0.7 0.39 + 0.06
16i 20+1.0 0.14 + 0.03 10.5 + 3.8 23+10 0.13 + 0.09
16j 1.1+03 1.8 +£0.38 34+07 1.7+ 04 0.09 + 0.07
16k 1.1+ 06 0.071 + 0.046 21+04 1.8 +0.7 0.09 + 0.08
161 64+ 15 0.50 + 0.18 54+ 02 24+ 0.6 0.17 + 0.03
16m >100 252 +48 >100 1.7+0.2 0.80 + 0.10
16n 1.5 +0.1 0.16 + 0.04 6.2+ 33 1.7+ 0.8 0.11 + 0.08
160 81.5 +£27.0 236 +49 >100 1.3 +0.5 ND

16p 6.2 +£22 0.67 + 0.44 204 + 16.8 20+07 0.10 + 0.07
Roscovitine 24+ 094 0.17 + 0.05 202 £ 123 1.5+0.1 0.11 +£ 0.01

@ Ratio of G2 + M populations in treated cells and G2 + M populations in control cells.

b Ratio of pH3-positive cells treated and pH3-positive control cells.

In spite of CDK inhibitory activities of several N9-substituted 2-
amino-6-guanidinopurines, the majority had no significant cyto-
toxic effect on MCF7 cells (ICsop > 100 pM) or only moderate
(ICs50 > 50 uM). Nonetheless, some were still able to accumulate
cells in G2 + M phases (compounds 2—5). In comparison with
roscovitine, derivatives 3 and 5 were weaker CDK inhibitors with
IC59 at least 5-times higher and their cytotoxicity was also lower
(4x and 2x, respectively). However, these compounds induced
increase in the G2 + M population (2x and 1.6 x, respectively) and
more than 5-times decrease in mitotic marker pH3%¢"0 in a similar
manner to G2-block induced by roscovitine. On the other hand,
propyl (2) and isobutyl (4) derivatives caused an increase in the
mitotic cell subpopulation as evidenced by a strong (7-times)
accumulation of pH3%¢"0, It is interesting that such a small change
in the structure of the N9 substituent apparently leads to alter-
native mechanisms of action resulting in different responses in
biological systems.

Having confirmed isopropyl as one of the most active sub-
stituents in the group of various N9 substituents, we synthesized
substituted 6-guanidino-9-isopropylpurines and investigated the
effects of the introduction of various substituents related to the
olomoucine or roscovitine C2 side chain to position C2. The
importance of the C2 substituent was demonstrated by comparison
of the biological activities of 2-amino-6-guanidino-9-methylpurine
(1), which inhibited CDKs in micromolar range, and inactive, C2
unsubstituted 6-guanidino-9-methylpurine (10). Compound 16a
containing 2-hydroxyethylamino group, the olomoucine C2 side
chain, did not significantly improve the CDK inhibitory activity of
the corresponding 2-amino derivative (3), but it potentiated its
antiproliferative properties towards MCF7 almost 8-times. This
observation suggests that the increased potency is not due to in-
hibition of CDKs. Elongation of olomoucine C2 side chain by

a methylene group (16b) increased CDK inhibitory activity
approximately 4-times, but no significant increase in cytotoxicity
was observed (Table 2). Further, elongation by methylene groups
(16¢) did not potentiate the biological activity.

A set of 6-guanidinopurines with various N- or O-linked C2
substituents was then prepared. Generally, derivatives with the
high CDK inhibitory activity tended to be more active against MCF7.
This trend was observed for both 2-N- and 2-O-subgroups. This
observation suggests that at least part of the activity is due to CDK
inhibition. 2-O-Substituted derivatives were several times less
potent than their 2-N-regioisomers. The only exception was 16;j,
one of the most active compounds of our set. Although the 25x less
potent CDK2 inhibitor than its N-regioisomer 16k, its effects on
CDK1, MCF7 cells and on the cell cycle were surprisingly nearly
identical.

Compound 16g was the most active 6-guanidinopurine bearing
the same substituent at position C2 as roscovitine (in addition to
the roscovitine N9 substituent). This compound was more active in
CDKs (2.7x for CDK1 and 4.6x for CDK2) as well as on MCF7 cells
(IC50 more than 10x lower) than roscovitine itself. In contrast to
roscovitine, which is a more potent CDK inhibitor as an (R)-enan-
tiomer [35], (S)-enantiomer (16g) seems to be more active than its
(R)-counterpart 16e. Similarly, the other guanidinopurines in (S)-
configuration also proved to be more active in CDK inhibition as
well as in the antiproliferative effects in MCF7 cells. We found the
same with 2-N-enantiomers 16e and 16g, 16i and 16k as well as 2-
O-enantiomers 16d and 16f, 16h and 16j.

The presence of a cyclopropylamino group at position C2 (161)
improved both CDK inhibitory (about 2.5-times) and cytotoxic ac-
tivity (almost 20-times) in comparison with the similar 2-amino
derivative 3. (S) and (R)-Prolinol were other cyclic C2 substituents
tested. In a group of various prolinol isomers and enantiomers at
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position C2 (16m—p) we observed that the most active compound
16n possessed N-linked (S)-prolinol. The biological activity of this
derivative was very similar to that of roscovitine.

4.2. Kinase selectivity

The most active compounds 16e and 16g were further evaluated
for selectivity on a panel of protein kinases. As selectivity and po-
tency are usually inversely correlated for kinase inhibitors [36] it
was not surprising that both these derivatives were found to inhibit
a broad range of various kinase targets (Table 3). In comparison,
roscovitine has been shown to be more selective, inhibiting only
a few kinases besides CDKs as CaM Kinase 2, CK1a, CK13, DYRK1A,
EPHB2, ERK1, ERK2, FAK and IRAK4 as published previously [35,37].
The reason for this decreased selectivity is probably the removal of
aromatic substitution at C6 that was designed as a key determinant
of CDK selectivity [33]. In accordance with our other data, (S)-
enantiomer 16g inhibited selected kinases more efficiently than its
(R)-enantiomer 16e.

4.3. Docking study

In order to acquire insight into the location and molecular
interaction of the most active compounds in the binding site,
a docking study was performed. When we compared the X-ray
structure of CDK2/roscovitine complex (PDB code 2A4L) with the
results of docking of two enantiomer pairs 16e/16g and 16i/16k, we
found that the position of the purine moiety is conserved as well as
the orientation of isopropyl group at position N9 (see Fig. 2A, B).
Hydrogen bonding of adenine moiety is also conserved and in
comparison to roscovitine is extended by one hydrogen bond
donated by a guanidine secondary amino group to the carbonyl
oxygen of leucine 83. Interestingly, the docking study of compounds
16e, 16g, 16i and 16k showed that modification on C2 by [1-(1S)-
(hydroxymethyl)propyl]amino (compound 16g) gave a superior
binding due to the two hydrogen bonds of the hydroxyl, one donated
to the carboxy group of aspartate 145 and one accepted from side
chain amino group of lysine 33 (Fig. 3).

5. Conclusion

In this study we evaluated a library of 2,9-disubstituted-6-
guanidinopurines, structurally related to the CDK inhibitors olo-
moucine and roscovitine. From this series, 2-substituted 6-
guanidino-9-isopropylpurines were newly synthesized. SAR anal-
ysis proved that small changes in the structure of the N9 substit-
uent yielded compounds with a different mode of action. Although
the majority of the compounds arrested cells in the G2 phase of the
cell cycle in a similar manner to roscovitine, a few of them induced
significant accumulation of mitotic cells. Moreover, in contrast to
roscovitine, our compounds were more active in (S)-configuration
as supported by our docking study. The introduction of the guani-
dino group at position C6 increased the inhibitory potential to-
wards protein kinase targets several times more than with
roscovitine but with a concomitant decrease in selectivity. Never-
theless increased potency and decreased selectivity offer a good
starting point for further development of new, more selective
protein kinase inhibitors.

6. Experimental protocols
6.1. General chemical procedures

Unless otherwise stated, solvents were evaporated at 40 °C/2 kPa,
and the compounds were dried over P05 at 2 kPa. NMR spectra were

Table 3
Selectivity of compounds 16e and 16g against a panel of recombinant protein
kinases. The compounds were screened at 1 pM concentration in duplicate.

Kinase Remaining Kinase Remaining
activity [%] activity [%]
16e 16g 16e 16g

ABL 540 6+3 MINK1 64+0 75 +4
AMPK 29 +1 22 +1 MKK1 4140 28+9
ASK1 100 + 6 81+7 MKK2 53 +4 39+38
AURA 39+1 30+ 4 MKK6 72 £ 12 88 +2
AURB 47 +12 70+3 MLK1 25+5 31+10
BRK 50+15 44+9 MLK3 37+7 37 +£14
BRSK1 44 + 2 45+ 18 MNKI1 173 +15 178 +10
BRSK2 77 +£12 67 +£12 MNK2 119+ 8 122 +7
BTK 53+1 48 +11  MPSK1 36 +2 28+9
CAMK1 35+6 24 +£5 MSK1 46 + 1 38+3
CAMKKb 17+0 13+1 MST2 35+5 43 + 8
CDK2/cyclin A 541 7+1 MST4 42 + 19 40 + 18
CK1 15+ 6 21+2 NEK2a 73 £ 11 57+6
CK2 43 +1 33+4 NEK6 95 +4 85+4
CLK2 4+2 4+2 NUAK1 8+1 7+3
CSK 58 + 6 59+0 OSR1 16 +2 16 + 1
DAPK1 54 +8 36 £5 p38a MAPK 87 +£ 14 82 +£17
DYRK1A 1+0 1+0 p38b MAPK 64 +3 66 +9
DYRK2 27 £3 16 +1 p38d MAPK 37+9 23+2
DYRK3 18 +£2 11+3 p38g MAPK 77 +£ 2 71+7
EF2K 94 +1 94+ 6 PAK2 45 4+ 1 38+5
EIF2AK3 17 +£1 11+0 PAK4 1542 12+0
EPH-A2 22+5 17+ 8 PAK5 18+1 15+3
EPH-A4 22+ 6 41 +13 PAK6 26+ 3 17 +£5
EPH-B1 840 7+2 PDK1 68 + 10 62 +18
EPH-B2 242 2+1 PHK 14 +2 12+0
EPH-B4 6+2 6+4 PIM1 85+ 10 71 £ 20
ERK1 50 +£3 28+7 PIM2 88+7 91+5
ERK2 32+4 15+3 PIM3 64 + 10 44 +9
ERK8 16 +8 18+ 6 PKA 90 +3 83+6
FGF-R1 4+0 54+0 PKBa 99 +8 107 £ 24
GCK 15+2 10+1 PKBb 111 +19 103 +8
GSK3b 37+1 28 +12 PKCa 71+ 1 68 + 14
HER4 27 £2 29 +12 PKCz 68 £2 61 +£10
HIPK1 15+1 11+2 PKCy 73 +1 61+7
HIPK2 8+0 6+1 PKD1 17 +£1 18 +1
HIPK3 38+6 24+0 PLK1 108 +4 108 £ 19
CHK1 58 +£8 46 + 16 PRAK 76 + 16 74 £ 23
CHK2 59 +8 42 +15 PRK2 85 + 22 84 + 34
IGF-1R 10+2 5+0 RIPK2 72 +5 76 £15
IKKb 74+ 6 76 £ 12  ROCK 2 61 +23 65 + 18
IKKe 66 +8 52 + 14 RSK1 18+1 12+ 4
IR 5+0 3+0 RSK2 35+7 17 +£1
IRAK1 26 +£1 17+ 6 S6K1 49 4+ 2 36 +3
IRAK4 21+1 11+0 SGK1 60 +1 51 +15
IRR 19+2 16 +2 SMMLCK 49 + 3 32+2
JAK2 16 +3 16 + 8 SRC 22 +£22 6+3
JNK1 88 +38 78 +7 SRPK1 22 +1 14+1
JNK2 85+4 73 +19 STK33 11+0 9+3
INK3 96+20 80+19 SYK 58+ 6 50 + 4
LCK 1342 1243 TAK1 7+2 13+10
LKB1 13+4 16+9 TAO1 942 9+3
MAPKAP-K2 41+9 48 + 27  TBK1 92 +1 90 + 45
MAPKAP-K3 80+18 78+4 TIE2 39+ 12 40 + 14
MARK1 31+7 39+0 TLK1 941 945
MARK2 45+ 16 62 +24 TRKA 24 +£5 28 +14
MARK3 24 +3 17 +7 TTK 40 +£1 32+4
MARK4 38+3 29+38 VEGFR 6+1 4+0
MEKK1 91+12 9645 YES1 13+2 11+4
MELK 27 +2 19+2 ZAP70 86 + 15 109 + 54

recorded on Bruker Avance 500 ('H at 500 MHz, 3C at 125.8 MHz)
and Bruker Avance 400 ('H at 400 MHz, 13C at 100.6 MHz) spec-
trometers with TMS as internal standard or referenced to the residual
solvent signal. Mass spectra were measured on a ZAB-EQ (VG Ana-
lytical) spectrometer. The chemicals were obtained from commercial
sources (Sigma—Aldrich) or prepared according to published
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Fig. 2. Overlay of ligands poses and X-ray structure of CDK2—roscovitine complex, based on CDK2 superposition: (A) view perpendicular and (B) parallel to purine plane. Colour
coding: carbon atoms green for roscovitine, magenta for 16g, light-blue for 16e, orange for 16k and light-yellow for 16i; nitrogen atoms blue, oxygen atoms red.

procedures. DMF and acetonitrile were distilled from P,05 and stored
over molecular sieves (4 A). Preparative HPLC purifications were
performed on columns packed with 7 um C18 reversed phase resin
(Waters Delta 600 chromatograph column), 17 x 250 mm; in ca.
200 mg batches of mixtures using gradient MeOH/H,0 as eluent or
using a 0.1 mol triethylammoniumbicarbonate (TEAB) as a buffer.
Deionization was performed on Dowex 50 x 8 (H-+-form) columns
by the following procedure: after application of crude product the
column was washed with water until the UV absorption dropped.
Thereafter, the column was eluted with 2.5% aqueous NH3. Chro-
matography on Dowex 1 x 2 (acetate form) was as follows: after
application of the aqueous solution of the crude product onto the
column, it was washed with water until the UV absorption dropped.
The column was then eluted with a gradient of dilute acetic or formic
acid (0—1 M). All tested compounds were characterized by 'H NMR,
13C NMR and mass spectrometry. Representative examples of 'H and
13C spectra are provided as supplementary material (Figs. S1—S12).

6.1.1. 6-Guanidino-2-iodo-9-isopropyl-9H-purine (15)

A filtered solution of guanidine [38] in NMP (15.5 ml, 15.5 mmol)
was added to a mixture of 6-chloro-2-iodo-isopropyl-9H-purine
[27] (1 g, 3.1 mmol) and DABCO (0.35 g, 3.1 mmol). The reaction
mixture was stirred at RT for 4 h. The resulting mixture was
neutralized with aqueous HCIl, the solids were removed by
filtration. The filtrate was evaporated in vacuo, co-distilled with
DMF (3 x 50 ml) and subsequently with toluene (3 x 50 ml). The

P )

Fig. 3. Complex of CDK2 with compound 16g, detail of active site. CDK2
shown in cartoon representation, ligand in stick representation. Colour coding:
nitrogen atoms blue, oxygen atoms red, hydrogen atoms white, carbon atoms
grey for CDK2 and magenta for 16g. Hydrogen bonds are depicted by green
dash-line.

residue was dissolved in MeOH (150 ml) and filtered through the
Celite pad once again. The filtrate was adsorbed on SiO, and
purified with column chromatography (HUB III); yield 0.7 g, 65%.
FABMS: 345.9 [MH*] (50). '"H NMR (DMSO-dg): 1.48 (d, 6H, J(CHs,
CH) = 6.8, CH3); 4.65 (sept, 1H, J(CH, CH3) = 6.8, N—CH); 7.40 (br,
4H, NH); 8.13 (s, 1H, H-8). 3C NMR (DMSO-dg): 22.36 (2C, CH3);
46.45 (N—CH); 118.32 (C-5); 125.28 (C-2); 138.91 (C-8); 150.24
(C-4); 159.16 and 159.74 (N—C and C-6). For CgHy2IN7 (345.14)
caled: C, 31.32; H, 3.50; I, 36.77; N, 28.41. Found: C, 31.55; H, 3.59; |,
36.67; N, 28.46.

6.1.2. General procedure for preparation of 2-substituted 6-guanidino-
9-isopropyl-9H-purines

N,N-Diisopropylethylamine (0.48 ml; 2.8 mmol) and appro-
priate amine (14 mmol) were added to a mixture of compound 15
(0.5 g; 1.4 mmol) and Cul (0.52 g; 2.8 mmol) in NMP (7 ml) under
Ar. The reaction mixture was stirred at RT by the time until the
starting compound disappeared. The reaction mixture was neu-
tralized with a solution of HCl in DMF and evaporated, co-distilled
by DMF and subsequently with toluene. The residue was dissolved
in 20% aqueous MeOH (25 ml), applied on column of Dowex
(50 x 8) and washed subsequently with 20% aqueous MeOH and
water. Impurities (mainly copper salts) were eluted with 10%
aqueous HCl and the column was then washed with water to
remove the acid. The elution was made with 10% aqueous Et3N (20%
MeOH in H,0). The collected UV absorbing fractions were evapo-
rated and purified by HPLC column chromatography to give desired
products in moderate yields.

6.1.3. 6-Guanidino-2-[(2-hydroxyethyl)amino]-9-isopropyl-9H-purine
(16a)

General procedure; ethanolamine (1.5 ml, 24 mmol); 2 h, RT;
yield 0.41 g, 69%; FABMS: 279.1 [MH*] (100). '"H NMR (DMSO-dg):
143 (d, 6H, J(CHs3, CH) = 6.7, CHs); 3.32 (brq, 2H, 0—CHy); 3.55 (t,
2H, J(CH,, CHy) = 5.7, N—CH>); 4.56 (sept, 1H, J(CH, CH3) = 6.7, N—
CH); 4.70 (brt, 1H, OH); 6.60 (brs, 1H, NH) and 7.80 (br, 4H, NH); 7.81
(s, 1H, H-8). 13C NMR (DMSO-dg): 22.21 (2C, CH3); 44.20 (N—CH>);
45.75 (N—CH); 60.39 (O—CH3y); 118.90 (C-5); 136.02 (C-8); 151.88
(C-4); 158.09, 2C, (C-6; C-2); 159.25 (N—C). For Cy;H1gNsO-
-EtOH-HCI (278.31) calcd: C, 43.27; H, 6.98; N, 31.05; Cl, 9.81.
Found: C, 43.29; H, 6.75; N, 30.85; Cl, 10.12.

6.14. 6-Guanidino-2-[(3-hydroxypropyl)amino]-9-isopropyl-9H-
purine (16b)

General procedure; 3-aminopropan-1-ol (2.48 ml, 32.6 mmol);
5 h; RT; yield 046 g 57%; FABMS: 293.2 [MH*] (100). 'H
NMR (DMSO-dg): 1.42 (d, 6H, J(CH3, CH) = 6.8, CH3); 1.50 (m, 2H,
CH,-2); 3.19 (bq, 2H, J(1’=2") = J(1'=NH) = 6.7 CH,-1’); 3.32 (m, 2H,
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0—CHy); 4.50 (br, 1H, J(CH, CH3) = 6.8, N—CH); 4.60 (brs, 1H, OH);
6.40 (br, 1H, NH); 7.31 (vbs, 4H, NH); 7.75 (s, 1H, H-8). 13C NMR
(DMSO-dg): 22.25 (2C, CHs); 29.85 (C-2'); 42.45 (C-1'); 45.60 (N—
CH); 60.50 (C-3"); 119.45 (C-5); 135.90 (C-8); 151.80 (C-4); 158.10
(C-2); 159.50 (N—C); 159.70 (C-6). For C13Hz0NgO-1/3H,0-1/3 HCl
(292.34) calcd: C, 46.42; H, 6.82; N, 36.09; Cl 3.81. Found: C, 46.37;
H, 6.71; N, 35.92; Cl 4.18.

6.1.5. 6-Guanidino-2-[(6-hydroxyhexyl)amino]-9-isopropyl-9H-
purine (16c)

General procedure; 6-amino-1-hexanol (1.99 g, 177 mmol); 24 h;
not fully converted, RT; yield 0.13 g, 25%; FABMS: 335 [MH*] (100).
TH NMR (DMSO-de): 1.32 (m, 4H, CH»-3',4'); 1.42 (m, 2H, CH-5);
1.45 (d, 6H, J(CHs, CH) = 6.8, CH3); 1.53 (m, 2H, CH,-2’); 3.20 (bq,
2H, J(1'-2') = J(1'-NH) = 6.6 CH;-1"); 3.37 (m, 2H, CH»-6'); 4.36
(brs, 1H, OH); 4.54 (br, 1H, J(CH, CH3) = 6.8, N—CH); 6.46 (brt, 1H,
J(NH-1") = 5.3, NH); 7.3 (vbs, 4H, NH); 7.73 (s, 1H, H-8). 3C NMR
(DMSO-dg): 22.30 (2C, CH3); 25.65 (C-4'); 26.84 (C-3'); 29.54 (C-2');
32.80(C-5); 41.36 (C-1'); 45.62 (N—CH); 60.94 (C-6'); 119.62 (C-5);
135.47 (C-8); 151.88 (C-4); 158.17 (C-2); 159.74 (N—C); 159.84 (C-6).
For Cy5Hy6NgO-MeOH (334.42) calcd: C, 52.44; H, 8.25; N, 30.58.
Found: C, 52.84; H, 7.88; N, 30.63.

6.1.6. 2-[2-(2R)-(Aminomethyl)propoxy]-6-guanidino-9-isopropyl-
9H-purine (16d) and 6-guanidino-2-{[1-(1R)-(hydroxymethyl)propyl]
amino}-9-isopropyl-9H-purine (16e)

General procedure; R-(—)-2-amino-1-butanol (1.32 ml, 14 mmol);
6 h; RT; compound 16d: yield 0.2 g, 45%; FABMS: 307.0 [MH*] (20).
[¢]p —5.4° (c 0.34, methanol); '"H NMR (DMSO-dg): 0.93 (t, 3H, J(4/,
3')=7.5, CH3-4'); 1.28 (m, 1H, CH,-3'b); 1.48 (d, 6H, J(CH3, CH) = 6.8,
CHs); 1.52 (m, 1H, 3'a); 2.90 (m, 1H, CH-2'); 3.98 (dd, 1H, J(1'b—
2') = 6.6, Jgem = 10.2,1'b); 4.07 (dd, 1H, J(1'a~2) = 5.4, Jgem = 10.2,
1'a); 4.61 (br, 1H, J(CH, CH3) = 6.7, N—CH); 7.3 (vbs, 4H, NH); 7.96 (s,
1H, H-8)."3C NMR (DMSO-dg): 10.60 (C-4'); 22.31 (2C, CHs); 26.97 (C-
3'); 46.11 (N—CH); 51.63 (C-2); 71.71 (C-1'); 122.07 (C-5); 137.58 (C-
8); 151.08 (C-4); 159.93 (N—C); 160.20 (C-2); 160.75 (C-6). For
Cy13H22NgO0-MeOH (306.37) caled: C,49.69; H, 7.74; N, 33.11. Found: C,
49.82; H, 7.39; N, 33.53.

Compound 16e: yield 0.15 g, 33%; FABMS: 307.0 [MH"] (100).
[o]p +32.3° (c 0.38, methanol); '"H NMR (DMSO-dg): 0.89 (t, 3H, J(4',
3') = 7.4, CHs-4'); 145 (d, 3H, J(CHs, CH) = 6.8, CH3); 1.46 (d, 3H,
J(CH3, CH) = 6.8, CH3); 1.46 (m, 1H, 3'b); 1.65 (m, 1H, 3'a); 3.38 (dd,
1H, J(1'b—2') = 5.9, Jgem = 10.6, 1'b); 3.49 (dd, 1H, J(1'a-2') = 5.0,
Jgem = 10.5, 1'a); 4.52 (br, 1H, J(CH, CH3) = 6.8, N—CH); 4.63 (brs,
1H, OH); 6.12 (brs, 1H, NH); 7.25 (vbs, 4H, NH); 7.71 (s, 1H, H-8). 13C
NMR (DMSO-dg): 10.87 (C-4'); 22.21 and 22.27 (2C, CHz); 24.18 (C-
3'); 45.63 (N—CH); 54.37 (C-2); 63.30 (C-1’); 119.84 (C-5); 135.32
(C-8); 151.67 (C-4); 158.06 (C-2); 159.82 (N—C); 160.17 (C-6). For
C12H20Ng0-2/3 MeOH (306.37) caled: C, 50.09; H, 7.59; N, 34.19.
Found: C, 49.90; H, 7.29; N, 34.19.

6.1.7. 2-[2-(2S)-(Aminomethyl)propoxy ]-6-guanidino-9-isopropyl-
9H-purine (16f) and 6-guanidino-2—{[1-(1S)-(hydroxymethyl)propyl]
amino}-9-isopropyl-9H-purine (16g)

General procedure; S-(+)-2-amino-1-butanol (132 ml,
14 mmol); 6 h; RT; compound 16f: yield 0.3 g, 44%; FABMS: 307.0
[MH*] (100). [a]p +15.6° (c 0.39, methanol); '"H NMR (DMSO-de):
0.93(t,3H,J(4/,3") = 7.5, CH,-4’); 1.28 (m, 1H, CH,-3'b); 1.48 (d, 6H,
J(CH3, CH) = 6.8, CH3); 1.52 (m, 1H, 3’a); 2.90 (m, 1H, CH,-2'); 3.98
(dd, 1H, J(1'b—2') = 6.6, Jgem = 10.2, 1'b); 4.07 (dd, 1H, J(1'a—
2') = 5.4, Jgem = 10.2, 1'a); 4.61 (br, 1H, J(CH, CH3) = 6.7, N—CH);
7.3 (vbs, 4H, NH); 7.96 (s, 1H, H-8). >*C NMR (DMSO-ds): 10.60 (C-
4'); 22.31 (2C, CH3); 26.97 (C-3’); 46.11 (N—CH); 51.63 (C-2'); 71.71
(C-1"); 122.07 (C-5); 137.58 (C-8); 151.08 (C-4); 159.93 (N—C);
160.20 (C-2); 160.75 (C-6).

Compound 16g: yield 0.2 g, 29%; FABMS: 307 [MH™] (100).
[¢]p —33.3° (¢ 0.21, methanol); "H NMR (DMSO-dg): 0.89 (t, 3H, J(4/,
3') = 7.4, CH3-4'); 1.45 (d, 3H, J(CHs, CH) = 6.8, CH3); 1.46 (d, 3H,
J(CH3, CH) = 6.8, CH3); 1.46 (m, 1H, 3'b); 1.65 (m, 1H, 3’a); 3.38 (dd,
1H, J(1'b—2) = 5.9, Jgem = 10.6, 1’b); 3.49 (dd, 1H, J(1'a—2') = 5.0,
Jeem = 10.5, 1’a); 4.52 (br, 1H, J(CH, CH3) = 6.8, N—CH); 4.63 (brs,
1H, OH); 6.12 (brs, 1H, NH); 7.25 (vbs, 4H, NH); 7.71 (s, 1H, H-8). 13C
NMR (DMSO-dg): 10.87 (C-4'); 22.21 and 22.27 (2C, CH3); 24.18 (C-
3'); 45.63 (N—CH); 54.37 (C-2'); 63.30 (C-1'); 119.84 (C-5); 135.32
(C-8); 151.67 (C-4); 158.06 (C-2); 159.82 (N—C); 160.17 (C-6). For
C12H20NgO- 2 HC1 (306.37) calcd: C, 48.10; H, 6.99; N, 34.52. Found:
C, 48.40; H, 7.01; N, 34.29.

6.1.8. 2-{[(2R)-2-Amino-3-methylbutyljoxy}-6-guanidino-9-isopro-
pyl-9H-purine (16h) and 6-guanidino-2-{[(1R)-1-(hydroxymethyl)-2-
methylpropylJamino}-9-isopropyl-9H-purine (16i)

General procedure; (2R)-(—)-2-amino-3-methyl-1-butanol (1 g,
10 mmol); 10 h; RT; compound 16h: yield 0.09 g, 28%; FABMS: 321.0
[MH™*] (40). [a]p —9.4° (¢ 0.19, methanol); 'H NMR (DMSO-dg): 0.89
(d, 3H, J(4',3") = 6.8, CH3); 0.93 (d, 3H, J(4',3') = 6.8, CH3); 148 (d,
6H, J(CH3, CH) = 6.8, CH3); 1.72 (m, 1H, CH-3'); 2.83 (m, 1H, CH-2');
3.99 (dd, 1H, J(1'b—2') = 7.1, Jgem = 10.4, 1'b); 4.19 (dd, 1H, J(1'a—
2') = 5.2, Jeem = 10.4, 1a); 4.61 (br, 1H, J(CH, CH3) = 6.8, N—CH);
7.30 (vbs, 4H, NH); 7.96 (s, 1H, H-8). *C NMR (DMSO-dg): 17.52
and 19.74 (C-4'); 22.29 (2C, CH3); 30.34 (C-3'); 46.15 (N—CH); 55.07
(C-2); 70.10 (C-1"); 122.08 (C-5); 137.60 (C-8); 151.08 (C-4); 159.92
(N—C); 160.21 (C-2); 160.75 (C-6). For Cign24NgO-2/3 MeOH
(320.39) calcd: C, 51.54; H, 7.86; N, 32.79. Found: C, 51.35; H, 7.59;
N, 33.09.

Compound 16i: yield 0.1 g, 31%; FABMS: 321.0 [MH"] (100).
[¢]p +37.5° (c 0.35, methanol); 'H NMR (DMSO-dg): 0.90 (d, 3H,
J(4,3")=6.9, CHs); 0.91 (d, 3H, J(4',3') = 6.9, CH3); 1.45 (d, 3H, J(CH3,
CH) = 6.9, CH3); 1.46 (d, 3H, J(CH3, CH) = 6.8, CH3); 1.97 (m, 1H, CH-
3’); 3.49 (m, 2H, CH,-1'); 3.75 (brs, 1H, CH,-2'); 4.52 (br, J(CH—
CH3) = 6.8, CH-N); 4.58 (brs, 1H, OH); 6.13 (br, 1H, NH); 7.4
(vbs, 4H, NH); 7.71 (s, 1H, H-8). *C NMR (DMSO-dg): 18.55 and 19.83
(C-4'); 22.18 and 22.33 (2C, CH3); 28.82 (C-3'); 45.71 (N—CH); 57.71
(C-2"); 61.67 (C-1"); 119.74 (C-5); 135.38 (C-8); 151.67 (C-4); 158.42
(C-2); 159.76 (N—C); 159.97 (C-6). For Cy6124Ng0-1/3 EtOH-1/3 HCl
(320.39) calcd: C, 50.63; H, 7.63; N, 32.21. Found: C, 50.61; H, 7.50; N,
32.55.

6.1.9. 2-{[(2S)-2-Amino-3-methylbutyl]oxy}-6-guanidino-9-isopro-
pyl-9H-purine (16j) and 6-guanidino-2-{[(1S)-1-(hydroxymethyl)-2-
methylpropylJamino}-9-isopropyl-9H-purine (16k)

General procedure; (25)-(—)-2-amino-3-methyl-1-butanol (1 g,
10 mmol); 10 h; RT; compound 16j: yield 0.12 g, 38%; FABMS: 321.0
[MH*] (100). [a]p +12.6° (c 0.17, methanol); 'H NMR (DMSO-de):
0.89 (d, 3H, J(4/,3") = 6.8, CH3); 0.93 (d, 3H, J(4',3’) = 6.8, CH3); 1.48
(d, 6H, J(CHs, CH) = 6.8, CH3); 1.72 (m, 1H, CH-3’); 2.83 (m, 1H, CH-
2');3.99 (dd, 1H, J(1'b—2") = 7.1, Jgem = 10.4,1'b); 419 (dd, 1H, J(1'a—
2')=5.2, Jeem = 10.4,1'a); 4.61 (br, 1H, J(CH, CH3) = 6.8, N—CH); 7.30
(vbs, 4H, NH); 7.96 (s, 1H, H-8). >C NMR (DMSO-dg): 17.52 and
19.74 (C-4'); 22.29 (2C, CH3); 30.34 (C-3'); 46.15 (N—CH); 55.07 (C-
2'); 70.10 (C-1"); 122.08 (C-5); 137.60 (C-8); 151.08 (C-4); 159.92
(N—C); 160.21 (C-2); 160.75 (C-6).

Compound 16k: yield 0.12 g, 28%; FABMS: 321.0 [MH"] (100).
[a]p —35.6° (¢ 0.24, methanol); 'TH NMR (DMSO-dg): 0.90 (d, 3H,
J(4',3')=6.9,CHs); 0.91 (d, 3H, J(4',3') = 6.9, CH3); 1.45 (d, 3H, J(CH3,
CH) = 6.9, CH3); 1.46 (d, 3H, J(CH3, CH) = 6.8, CH3); 1.97 (m, 1H,
CH-3'); 3.49 (m, 2H, CH,-1’); 3.75 (brs, 1H, CH,-2’); 4.52 (br, J(CH—
CH3) = 6.8, CH—N); 4.58 (brs, 1H, OH); 6.13 (br, 1H, NH); 7.4 (vbs,
4H, NH); 7.71 (s, 1H, H-8). 3C NMR (DMSO-dg): 18.55 and 19.83
(C-4'); 22.18 and 22.33 (2C, CH3); 28.82 (C-3'); 45.71 (N—CH); 57.71
(C-2"); 61.67 (C-1"); 119.74 (C-5); 135.38 (C-8); 151.67 (C-4); 158.42
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(C-2); 159.76 (N—C); 159.97 (C-6). For Cypn24NgO-4/5 MeOH
(320.39) calcd: C, 51.37; H, 7.92; N, 32.38. Found: C, 51.23; H, 7.41; N,
3231

6.1.10. 2-Cyclopropylamino-6-guanidino-9-isopropyl-9H-purine (161)

General procedure; cyclopropylamine (2.3 ml, 32.6 mmol); 4 h,
RT; yield 0.25 g, 25%; FABMS: 275.1 [MH ] (100). 'H NMR (DMSO-
ds): 0.43 and 0.62 (m, 2H, 2x CHy); 1.48 (d, 6H, J(CH3, CH) = 6.7,
CH3); 2.60 (m, 1H, N—CH); 4.55 (sept, 1H, J(CH, CH3) = 6.7, N—CH);
6.72 (brs, 1H, NH); 7.50 (brs, 4H, NH); 7.77 (s, 1H, H-8). >C NMR
(DMSO-dg): 6.68, 2C, (CHy); 22.27 (2C, CH3); 24.20 (N—CH); 45.50
(N—CH); 119.79 (C-5); 135.70 (C-8); 151.86 (C-4); 158.75 (C-6);
159.68 and 160.02 (N—C and C-2). For CipHygNs-0.5H20-HCI
(274.32) calcd: C, 45.37; H, 6.26; N, 32.66; Cl 11.09. Found: C, 45.07;
H, 6.30; N, 35.04; Cl 10.92.

6.1.11. 6-Guanidino-9-isopropyl-2-(2S)-(pyrrolidin-2-ylmethoxy )-
9H-purine (16m) and 6-guanidino-2-[2-(2S)-(hydroxymethyl)pyrr-
olidin-1-yl]-9-isopropyl-9H-purine (16n)

General procedure; (S)-(+)-2-(hydroxymethyl)pyrrolidine
(1.43 ml, 14 mmol); 10 h; RT; compound 16m: yield 0.07 g, 16%;
FABMS: 318.0 [MH™'] (10). [a]p +5.0° (c 0.28, methanol); 'H NMR
(DMSO-dg): 1.43 (m, 1H, 3'b); 1.48 (d, 6H, J(CH3, CH) = 6.8, CH3);
1.65 (m, 2H, CH-4’); 1.82 (m, 1H, 3’a); 2.79 (m, 2H, CH,-5'); 3.68 (m,
1H, CH-2'); 4.02 (dd, 1H, J(CH—2') = 6.1, Jgem = 10.3, 0—CH3b); 4.06
(dd, 1H, J(CH2—2') = 6.7, Jgem = 10.3, 0—CH>a); 4.61 (br, 1H, J(CH,
CHs) = 6.8, N—CH); 7.40 (vbs, 4H, NH); 7.95 (s, 1H, H-8). >°C NMR
(DMSO-dg): 22.27 (2C, CH3); 25.24 (C-4'); 28.65 (C-3'); 46.09 (N—
CH); 46.25 (C-5'); 56.70 (C-2'); 70.32 (O—CHy); 122.05 (C-5);
137.49 (C-8); 151.06 (C-4); 159.89 (N—C); 160.23 (C-2); 160.72 (C-6).

Compound 16n: yield 0.22 g, 48%; FABMS: 319 [MH*] (100).
[a]p —83.4° (¢ 0.33, methanol); 'H NMR (DMSO-dg): 1.47 (d, 6H,
J(CH3, CH) = 6.8, CH3); 1.83—1.99 (m, 4H, CH,-3/, 4’); 3.37 (m, 1H,
5'b, CH,—0); 3.49 (m, 1H, 5a); 3.66 (bdt, J(CH,—OH) = J(CHy-
2') = 41, Jgem = 10.2, CHp—0); 4.04 (brs, CHp-2'); 4.54 (br, 1H,
J(CH, CH3) = 6.8, N—CH); 4.90 (brs, 1H, OH); 7.3 (vbs, 4H, NH); 7.74
(s, 1H, H-8). 3C NMR (DMSO-dg): 22.01 (2C, CH3); 23.21 (C-4');
28.00 (C-3'); 45.85 (N—CH); 47.83 (C-5'); 59.46 (C-2'); 62.48 (O—
CHy); 119.73 (C-5); 135.81 (C-8); 151.64 (C-4); 156.48 (C-2);
159.95 (N—C); 160.09 (C-6). For Cy12H2oNgO-1/3 MeOH (292.34)
calcd: C, 52.32; H, 7.15; N, 34.05. Found: C, 52.45; H, 6.97; N, 34.15.

6.1.12. 6-Guanidino-9-isopropyl-2-(2R)-(pyrrolidin-2-ylmethoxy )-
9H-purine (160) and 6-guanidino-2-[2-(2R)-(hydroxymethyl)pyrr-
olidin-1-yl]-9-isopropyl-9H-purine (16p)

General procedure; (R)-(—)-2-(hydroxymethyl)pyrrolidine
(1.43 ml, 14 mmol), 10 h; RT; compound 160: yield 0.07 g, 15%;
FABMS: 319.0 [MH*] (40). [a]p —8.6° (c 0.21, methanol); 'TH NMR
(DMSO-dg): 1.43 (m, 1H, 3'b); 1.48 (d, 6H, J(CH3, CH) = 6.8, CH3);
1.65 (m, 2H, CH-4'); 1.82 (m, 1H, 3’a); 2.79 (m, 2H, CH,-5'); 3.68 (m,
1H, CH-2); 4.02 (dd, 1H, J(CH2-2") = 6.1, Jgem = 10.3, 0—CHyb); 4.06
(dd, 1H, J(CH2—2') = 6.7, Jgem = 10.3, 0—CH>a); 4.61 (br, 1H, J(CH,
CH3) = 6.8, N—CH); 7.40 (vbs, 4H, NH); 7.95 (s, 1H, H-8). *C NMR
(DMSO-dg): 22.27 (2C, CH3); 25.24 (C-4'); 28.65 (C-3'); 46.09 (N—
CH); 46.25 (C-5'); 56.70 (C-2'); 70.32 (O—CHy); 122.05 (C-5);
137.49 (C-8); 151.06 (C-4); 159.89 (N—C); 160.23 (C-2); 160.72 (C-6).

Compound 16p: yield 0.23 g, 50%; FABMS: 319.0 [MH™] (50).
[a]p +94.3° (c 0.53, methanol); 'H NMR (DMSO-dg): 1.47 (d, 6H,
J(CH3, CH) = 6.8, CH3); 1.83—1.99 (m, 4H, CH,-3/, 4’); 3.37 (m, 1H,
5'b, CHy—0); 3.49 (m, 1H, 5a); 3.66 (bdt, J(CH,—OH) = J(CHy-
2') = 41, Jgem = 10.2, CHy—0); 4.04 (brs, CH»-2'); 4.54 (br, 1H,
J(CH, CH3) = 6.8, N—CH); 4.90 (brs, 1H, OH); 7.3 (vbs, 4H, NH); 7.74
(s, 1H, H-8). 3C NMR (DMSO-dg): 22.01 (2C, CH3); 23.21 (C-4');
28.00 (C-3'); 45.85 (N—CH); 47.83 (C-5'); 59.46 (C-2'); 62.48 (O—
CHy); 119.73 (C-5); 135.81 (C-8); 151.64 (C-4); 156.48 (C-2);

159.95 (N—C); 160.09 (C-6). For C16n22Ng0-¥2 EtOH (318.38) calcd:
C, 52.77; H, 7.38; N, 32.82. Found: C, 52.75; H, 7.06; N, 32.98.

6.1.13. 2-Chloro-6-guanidino-9-isopropyl-9H-purine (17)

2,6-Dichloro-9-isopropyl-9H-purine [29] was treated with
a solution of guanidine [21] at RT. The precipitate was filtered and
filtrate was purified by column chromatography (5—15% ethano-
l:EtOAc followed by EtOAc:acetone:EtOH:H,0, 6:1:1:0.5). Yield
3.21 g, 75%. FABMS: 254.0 [MH '] (100). 'H NMR (DMSO-dg): 1.49
(d, 6H, J(CHs, CH) = 6.8, CH3); 4.67 (sept, 1H, J(CH, CH3) = 6.8, N—
CH); 7.40 (br, 4H, NH); 8.19 (s, 1H, H-8). 13C NMR (DMSO0-dg): 22.30
(2C, CH3); 46.56 (N—CH); 124.50 (C-5); 139.36 (C-8); 150.57 (C-2);
150.87 (C-4); 160.16 (C-6); 160.34 (N—C). For CgH12CIN7-1/4H,0
(253.69) calcd: C, 41.87; H, 4.88; N, 37.97; Cl, 13.73. Found: C, 42.16;
H, 4.68; N, 37.82 (I, 14.05.

6.2. Enzyme inhibition assay

CDK1/cyclin B and CDK2/cyclin E kinases were produced using
the baculoviral expression system and purified on a Ni?*-NTA
column (Qiagen). The kinase reaction was performed with 1 mg/ml
histone H1 in the presence of 15 pM ATP, 0.05 pCi [y->3P]ATP, and
with a test compound in a final volume of 10 pl, all in the reaction
buffer (60 mM HEPES—NaOH, pH 7.5, 3 mM MgCl,, 3 mM MnCly,
3 uM sodium orthovanadate, 1.2 mM DTT, 2.5 pg/50 ul PEG20.000)-
The reaction was stopped by adding 5 pl of 3% aqueous H3POj4.
Aliquots were spotted onto P-81 phosphocellulose paper (What-
man), washed 3x with 0.5% aqueous H3POy4, and finally air-dried.
Kinase inhibition was quantified using digital image analyzer
FLA-7000 (Fujifilm). The ICsq values were determined from dose—
response curves.

Kinase selectivity profiling was carried out under the conditions
used as described previously [37]. Compounds 16e and 16g were
screened at a concentration of 1 uM in duplicate. The assays were
initiated with ATP (800 cpm/pmol [y->3P]ATP at 5, 20 or 50 uM in
order to be at or below the K;;, for ATP for each enzyme), stopped by
the addition of phosphoric acid and spotted onto P81 filter plates.
Inhibition was expressed as residual kinase activity.

6.3. Cytotoxicity assay

The cytotoxicity of the studied compounds was determined on
MCF7 breast cancer cell line. The cells were cultivated in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum, 2 mM glutamine, 100 IU/ml penicillin and
100 mg/ml streptomycin and maintained at 37 °C, in a humidified
environment with 5% CO,. Approximately 10,000 cells were seeded
into a well of a 96-well microtiter plate. After 4 h stabilization,
a tested compound in various concentrations was added in tripli-
cates. The final concentration of DMSO never exceeded 0.5%. After
72 h incubation, calcein AM solution (Molecular Probes) was added
to the final concentration of 1 ug/ml for 1 h and the fluorescence of
free calcein was measured at 485/538 nm (excitation/emission)
using Fluoroskan Ascent reader (Labsystem). The viability was
expressed as a percentage of the fluorescence of the control cells
and the ICsp values (the concentration of an inhibitor that is
required for 50% decrease of the intracellular esterase activity) were
determined by graphical analysis from dose—response curves. The
ICso values represent averages of at least three independent
experiments.

6.4. Cell cycle analysis

Approximately million cells were fixed with 90% methanol. Af-
ter rehydration the cells were incubated with primary antibody
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against pH3%¢''® and then with secondary antibody conjugated

with Alexa Fluor 488. DNA was stained with propidium iodide and
the fluorescence signal was measured at 488/575 nm (ex/em) for
propidium iodide and 488/525 nm (ex/em) for Alexa Fluor 488
using Cell Lab Quanta™ SC flow cytometer (Beckman Coulter). The
data were analyzed using the program Multicycle AV for Windows.

6.5. Docking study

The human CDK2, roscovitine and inhibitors 16e/16g and 16i/
16k were prepared for docking in the YASARA modelling package
[39] on the basis of deposited structure 2A4L [33]. H atoms were
added to the protein to mimic neutral pH and their positions were
optimized. The glycerol and water molecules were removed from
the model. The parameter set used for the protein was AMBER ff03
[40]. The ligand was optimized in a vacuum and partial charges on
its atoms were obtained by a restrained fit to the electrostatic po-
tential (RESP) at the AM1BCC level [41]. The ligand was then docked
to the protein using the AutoDock program [42]. 1000 poses were
obtained using a local search protocol, these were subsequently
clustered based on similarity (r.m.s.d. < 5 A) and then scored.

Contributions

ID, MC, MD, VK and ZJ conceived and designed the experiments.
MC performed organic syntheses. ID performed biological assays
and ID, VK and ]V analyzed biological data set. ID, MC, VK, JV and ZJ
wrote the paper. JB performed the docking study. All authors have
approved the article.

Acknowledgements

This work is a part of the research project #AV0Z40550506. It
was supported by the “Centre for New Antivirals and Antineo-
plastics” (1IM0508) and by Gilead Sciences, Inc. (Foster City, CA,
USA). The authors from Palacky University were supported by grant
P305/12/0783 from the Czech Science Foundation and Ministry of
Education, Youth and Sports, Czech Republic (ED0007/01/01 Centre
of the Region Hana for Biotechnological and Agricultural Research).
The authors thank Dita Parobkova from Palacky University for the
technical assistance and the staff of the mass spectrometry and
analytical departments of the Institute of Organic Chemistry and
Biochemistry ASCR.

Appendix A. Supplementary material

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.ejmech.2013.01.021.

References

[1] M. Malumbres, M. Barbacid, Mammalian cyclin-dependent kinases, Trends
Biochem. Sci. 30 (2005) 630—641.

[2] L.Zuo, J. Weger, Q. Yang, A.M. Goldstein, M.A. Tucker, G.J. Walker, N. Hayward,

N.C. Dracopoli, Germline mutations in the p16INK4a binding domain of CDK4

in familial melanoma, Nat. Genet. 12 (1996) 97—99.

K.S. Smalley, R. Contractor, T.K. Nguyen, M. Xiao, R. Edwards, V. Muthusamy,

AJ. King, K.T. Flaherty, M. Bosenberg, M. Herlyn, K.L. Nathanson, Identification

of a novel subgroup of melanomas with KIT/cyclin-dependent kinase-4

overexpression, Cancer Res. 68 (2008) 5743—5752.

S. Ortega, M. Malumbres, M. Barbacid, Cyclin D-dependent kinases, INK4 in-

hibitors and cancer, Biochim. Biophys. Acta 1602 (2002) 73—87.

[5] G. Romano, A. Giordano, Role of the cyclin-dependent kinase 9-related

pathway in mammalian gene expression and human diseases, Cell Cycle 7

(2008) 3664—3668.

S. Lapenna, A. Giordano, Cell cycle kinases as therapeutic targets for cancer,

Nat. Rev. Drug Discov. 8 (2009) 547—566.

V. Krystof, S. Uldrijan, Cyclin-dependent kinase inhibitors as anticancer drugs,

Curr. Drug Targets 11 (2010) 291-302.

3

[4

(6

(7

(8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

M. Knockaert, P. Greengard, L. Meijer, Pharmacological inhibitors of cyclin-
dependent kinases, Trends Pharmacol. Sci. 23 (2002) 417—425.

J. Vesely, L. Havlicek, M. Strnad, ]J. Blow, A. Donella-Deana, L. Pinna,
D.S. Letham, ]. Kato, L. Detivaud, S. LeClerc, Inhibition of cyclin-dependent
kinases by purine analogues, Eur. ]. Biochem. 224 (1994) 771—-786.

L. Havlicek, J. Hanus, ]J. Vesely, S. LeClerc, L. Meijer, G. Shaw, M. Strnad,
Cytokinin-derived cyclin-dependent kinase inhibitors: synthesis and cdc2
inhibitory activity of olomoucine and related compounds, J. Med. Chem. 40
(1997) 408—412.

L. Meijer, A. Borgne, O. Mulner, J.P. Chong, ]J.J. Blow, N. Inagaki, M. Inagaki,
J.G. Delcros, J.P. Moulinoux, Biochemical and cellular effects of roscovitine,
a potent and selective inhibitor of the cyclin-dependent kinases cdc2, cdk2
and cdk5, Eur. J. Biochem. 243 (1997) 527—536.

N.S. Gray, L. Wodicka, A.M. Thunnissen, T.C. Norman, S. Kwon, F.H. Espinoza,
D.0. Morgan, G. Barnes, S. LeClerc, L. Meijer, S.H. Kim, DJ. Lockhart,
P.G. Schultz, Exploiting chemical libraries, structure, and genomics in the
search for kinase inhibitors, Science 281 (1998) 533—538.

Y.T. Chang, N.S. Gray, G.R. Rosania, D.P. Sutherlin, S. Kwon, T.C. Norman,
R. Sarohia, M. Leost, L. Meijer, P.G. Schultz, Synthesis and application of
functionally diverse 2,6,9-trisubstituted purine libraries as CDK inhibitors,
Chem. Biol. 6 (1999) 361-375.

V. Krystof, LW. McNae, M.D. Walkinshaw, P.M. Fischer, P. Muller, B. Vojtesek,
M. Orsag, L. Havlicek, M. Strnad, Antiproliferative activity of olomoucine II,
a novel 2,6,9-trisubstituted purine cyclin-dependent kinase inhibitor, Cell.
Mol. Life Sci. 62 (2005) 1763—1771.

K. Bettayeb, N. Oumata, A. Echalier, Y. Ferandin, J.A. Endicott, H. Galons,
L. Meijer, CR8, a potent and selective, roscovitine-derived inhibitor of cyclin-
dependent kinases, Oncogene 27 (2008) 5797—5807.

N. Oumata, K. Bettayeb, Y. Ferandin, L. Demange, A. Lopez-Giral, M.L. Goddard,
V. Myrianthopoulos, E. Mikros, M. Flajolet, P. Greengard, L. Meijer, H. Galons,
Roscovitine-derived, dual-specificity inhibitors of cyclin-dependent kinases
and casein kinases 1, ]. Med. Chem. 51 (2008) 5229—5242.

M.P. Trova, K.D. Barnes, C. Barford, T. Benanti, M. Bielaska, L. Burry,
J.M. Lehman, C. Murphy, H. O’Grady, D. Peace, S. Salamone, ]. Smith, P. Snider,
J. Toporowski, S. Tregay, A. Wilson, M. Wyle, X. Zheng, T.D. Friedrich, Biaryl
purine derivatives as potent antiproliferative agents: inhibitors of cyclin
dependent kinases. Part I, Bioorg. Med. Chem. Lett. 19 (2009) 6608—6612.
M.P. Trova, K.D. Barnes, L. Alicea, T. Benanti, M. Bielaska, ]J. Bilotta, B. Bliss,
T.N. Duong, S. Haydar, RJ. Herr, Y. Hui, M. Johnson, J.M. Lehman, D. Peace,
M. Rainka, P. Snider, S. Salamone, S. Tregay, X. Zheng, T.D. Friedrich, Hetero-
biaryl purine derivatives as potent antiproliferative agents: inhibitors of cyclin
dependent kinases. Part II, Bioorg. Med. Chem. Lett. 19 (2009) 6613—6617.
R. Jorda, K. Paruch, V. Krystof, Cyclin-dependent kinase inhibitors inspired by
roscovitine: purine bioisosteres, Curr. Pharm. Des. 18 (2012) 2974—2980.
R.G. Berlinck, M.H. Kossuga, Natural guanidine derivatives, Nat. Prod. Rep. 22
(2005) 516—550.

M. Cesnek, A. Holy, M. Masojidkova, Z. Zidek, Synthesis of 9-alkyl and 9-
heteroalkyl substituted 2-amino-6-guanidinopurines and their influence on
the NO-production in macrophages, Bioorg. Med. Chem. 13 (2005) 2917—
2926.

AJ. Hutchison, M. Williams, J.R. de, R. Yokoyama, HH. Oei, G.R. Ghai,
R.L. Webb, H.C. Zoganas, G.A. Stone, M.F. Jarvis, 2-(Arylalkylamino)adenosin-
5’-uronamides: a new class of highly selective adenosine A2 receptor ligands,
J. Med. Chem. 33 (1990) 1919—-1924.

C.H. Hocart, D.S. Letham, C.W. Parker, Inhibitors of cytokinin metabolism 4.
Substituted xanthines and cytokinin analogs as inhibitors of cytokinin N-
glucosylation, Phytochemistry 30 (1991) 2477—2486.

V. Brun, M. Legraverend, D.S. Grierson, Traceless solid-phase synthesis of
2,6,9-trisubstituted purines from resin bound 6-thiopurines, Tetrahedron 58
(2002) 7911-7923.

S. Piguel, M. Legraverend, Selective amidation of 2,6-dihalogenopurines:
application to the synthesis of new 2,6,9-trisubstituted purines, J. Org. Chem.
72 (2007) 7026—7029.

N. Boudet, S.R. Dubbaka, P. Knochel, Oxidative amination of cuprated py-
rimidine and purine derivatives, Org. Lett. 10 (2008) 1715—1718.

M. Legraverend, O. Ludwig, S. LeClerc, L. Meijer, Synthesis of a new series of
purine derivatives and their anti-cyclin-dependent kinase activities,
J. Heterocycl. Chem. 38 (2001) 299—303.

V. Nair, T.B. Sells, Copper mediated reactions in nucleoside synthesis, Tetra-
hedron Lett. 31 (1990) 807—810.

M. Rypka, ]. Vesely, Z. Chmela, D. Riegrova, K. Cervenkova, L. Havlicek, K. Lemr,
J. Hanus, B. Cerny, J. Lukes, K. Michalikova, In vitro biotransformation of 2,6,9-
trisubstituted purine-derived cyclin-dependent kinase inhibitor bohemine by
mouse liver microsomes, Xenobiotica 32 (2002) 1017—1031.

D.L. Ladd, Synthesis of some substituted guanidinopyrimidines and their
structural assignment by C-13 and H-1-NMR, J. Heterocycl. Chem. 19 (1982)
917-921.

C. Crosio, G.M. Fimia, R. Loury, M. Kimura, Y. Okano, H.Y. Zhou, S. Sen,
C.D. Allis, P. Sassone-Corsi, Mitotic phosphorylation of histone H3: spatio-
temporal regulation by mammalian aurora kinases, Mol. Cell. Biol. 22 (2002)
874—885.

B. Perez-Cadahia, B. Drobic, J.R. Davie, H3 phosphorylation: dual role in
mitosis and interphase, Biochem. Cell. Biol. 87 (2009) 695—709.

W.F. DeAzevedo, S. LeClerc, L. Meijer, L. Havlicek, M. Strnad, S.H. Kim, In-
hibition of cyclin-dependent kinases by purine analogues — crystal structure


http://dx.doi.org/10.1016/j.ejmech.2013.01.021

452

[34]

[35]

[36]

[37]

1. Doleckovd et al. / European Journal of Medicinal Chemistry 62 (2013) 443—452

of human cdk2 complexed with roscovitine, Eur. ]. Biochem. 243 (1997)
518—526.

D.S. Williamson, M.J. Parratt, ].F. Bower, ].D. Moore, C.M. Richardson, P. Dokurno,
A.D. Cansfield, G.L. Francis, RJ. Hebdon, R. Howes, P.S. Jackson, A.M. Lockie,
J.B. Murray, C.L. Nunns, J. Powles, A. Robertson, A.E. Surgenor, CJ. Torrance,
Structure-guided design of pyrazolo[1,5-a]pyrimidines as inhibitors of human
cyclin-dependent kinase 2, Bioorg. Med. Chem. Lett. 15 (2005) 863—867.

S. Bach, M. Knockaert, J. Reinhardt, O. Lozach, S. Schmitt, B. Baratte, M. Koken,
S.P. Coburn, L. Tang, T. Jiang, D.C. Liang, H. Galons, J.F. Dierick, L.A. Pinna,
F. Meggio, F. Totzke, C. Schachtele, A.S. Lerman, A. Carnero, Y.Q. Wan, N. Gray,
L. Meijer, Roscovitine targets, protein kinases and pyridoxal kinase, J. Biol.
Chem. 280 (2005) 31208—31219.

S.L. Posy, M.A. Hermsmeier, W. Vaccaro, K.H. Ott, G. Todderud, J.S. Lippy,
G.L. Trainor, D.A. Loughney, S.R. Johnson, Trends in kinase selectivity insights
for target class-focused library screening, J. Med. Chem. 54 (2011) 54—66.

J. Bain, L. Plater, M. Elliott, N. Shpiro, CJ. Hastie, H. Mclauchlan, I. Klevernic,
J.S.C. Arthur, D.R. Alessi, P. Cohen, The selectivity of protein kinase inhibitors:
a further update, Biochem. J. 408 (2007) 297—315.

[38]

[39]

[40]

[41]

[42]

M. Cesnek, M. Masojidkova, A. Holy, V. Solinova, D. Koval, V. Kasicka, Synthesis
and properties of 2-guanidinopurines, Collect. Czech. Chem. Commun. 71
(2006) 1303—1319.

E. Krieger, K. Joo, ]J. Lee, ]. Lee, S. Raman, J. Thompson, M. Tyka, D. Baker,
K. Karplus, Improving physical realism, stereochemistry, and side-chain ac-
curacy in homology modeling: four approaches that performed well in CASP8,
Proteins 77 (2009) 114—122.

Y. Duan, C. Wy, S. Chowdhury, M.C. Lee, G.M. Xiong, W. Zhang, R. Yang,
P. Cieplak, R. Luo, T. Lee, ]J. Caldwell, ].M. Wang, P. Kollman, A point-charge
force field for molecular mechanics simulations of proteins based on
condensed-phase quantum mechanical calculations, J. Comput. Chem. 24
(2003) 1999—2012.

A. Jakalian, D.B. Jack, C.I. Bayly, Fast, efficient generation of high-quality
atomic charges. AM1-BCC model: II. Parameterization and validation,
J. Comput. Chem. 23 (2002) 1623—1641.

G.M. Morris, R. Huey, W. Lindstrom, M.F. Sanner, R.K. Belew, D.S. Goodsell,
AJ. Olson, AutoDock4 and AutoDockTools4: automated docking with selective
receptor flexibility, J. Comput. Chem. 30 (2009) 2785—2791.



PRILOHA II



Fitoterapia 83 (2012) 1000-1007

Contents lists available at SciVerse ScienceDirect

Fitoterapia

journal homepage: www.elsevier.com/locate/fitote

Antiproliferative and antiangiogenic effects of flavone eupatorin, an active
constituent of chloroform extract of Orthosiphon stamineus leaves

Iva Doleckova **, Lucie Rarova P, Jifi Graz *°, Magdaléna Vondrusova ?,
Miroslav Strnad P, Vladimir Krystof
2 Laboratory of Growth Regulators, Faculty of Science , Palacky University & Institute of Experimental Botany, Academy of Science, Slechtitelii 11, 783 71, Olomouc,

Czech Republic
b Centre of the Region Hand for Biotechnological and Agricultural Research, Faculty of Science, Palacky University, Slechtitelii 11, 783 71 Olomouc, Czech Republic

ARTICLE INFO ABSTRACT

Article history: Flavone eupatorin is one of the constituents of Orthosiphon stamineus, a medicinal herb used in
Received 3 April 2012 folk medicine in South East Asia for treatment of various disorders. In our study, we
Received in revised form 28 May 2012 investigated the antiproliferative properties of a chloroform extract of the leaves of O.

Accepted 2 June 2012

- . stamineus and of pure eupatorin. The compound was able to reduce the number of viable
Available online 12 June 2012

cancer cells to the same extent as the extract, with ICso values in micromolar range. Moreover,
both the eupatorin standard and the extract caused cells to arrest in the G2/M phase of the cell

KeyWDTt?Si cycle. This clearly demonstrates that eupatorin contributes significantly to the overall extract
Eupatorin ) activity. Induction of mitotic catastrophe, accompanied by key molecular events defining
Orthosiphon stamineus apoptosis, is the mechanism of eupatorin-induced cell death. Importantly, eupatorin (at the
Flavonoids . . . . . . .

Kinase inhibitor doses cytotoxic to cancer cells) did not kill normal cells; it only limited migration of HUVEC
Antiproliferative endothelial cells and their ability to create tubes. The ability of eupatorin to nonspecifically

Antiangiogenic inhibit many protein kinases was proven and is the probable cause of its cellular effects. In
summary, eupatorin emerges as a promising agent in anticancer research.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction urinary lithiasis, edema, eruptive fever, influenza, rheuma-
tism, hepatitis, jaundice and biliary lithiasis [1]. Leaves of the

Orthosiphon stamineus Benth. (Lamiaceae) is a medicinal plant are consumed as Java tea to facilitate body detoxifica-
herb widely used for many centuries in folk medicine in tion [2]. Tablets or capsules containing dried leaves are also
South East Asia for treatment of various disorders including available as a dietary supplement. For its demonstrated

efficacy the extracts from O. stamineus have been more

Abbreviations: AIF, apoptosis inducing factor;CDK, cyclin-dependent closely examined and the results confirmed its diuretic,

kinase;EGFR, epidermal growth factor receptor;HUVEC, human umbilical uricosuric [3], antioxidant, hepatoprotective [4], anti-
vein endothelial cells;PARP, poly(ADP-ribose)polymerase;PDGFR, platelet inflammatory [5] and other properties. Extracts of O.
derived growth factor receptor;pH3%¢""°, phosphorylated histone H3 on stamineus leaves consist of a wide range of compounds,

serine 10;SAC, spindle assembly checkpoint;VEGFR, vascular endothelial
growth factor receptor
* Corresponding author at: Laboratory of Growth Regulators, Faculty of

including flavonoids, terpenoids or organic acids such as
rosmarinic or caffeic acid [6]. The polymethoxylated flavo-

Science, Palacky University & Institute of Experimental Botany, Academy of noids sinensetin, eupatorin and 3’-hydroxy-5,6,7,4'-tetra-
Science, Slechtitel( 11, Olomouc 783 71, Czech Republic. Tel.: +420 585 634 methoxyflavone, found as dominant compounds in the
854; fax: +420 585 634 870. chloroform fraction of such extracts, are among the most

E-mail addresses: iva.doleckova@centrum.cz (1. Doleckova), therapeutically important constituents [ 5]
lucie.rarova@upol.cz (L. Rarova), jiri.gruz@gmail.com (J. Graz), p y imp :

majda.snow@seznam.cz (M. Vondrusova), miroslav.strnad@upol.cz Flavonoids are secondary metabolites widely distributed
(M. Strnad), vladimir.krystof@upol.cz (V. Kry3tof). throughout the plant kingdom with well known and proven

0367-326X/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.fitote.2012.06.002


http://dx.doi.org/10.1016/j.fitote.2012.06.002
mailto:iva.doleckova@centrum.cz
mailto:lucie.rarova@upol.cz
mailto:jiri.gruz@gmail.com
mailto:majda.snow@seznam.cz
mailto:miroslav.strnad@upol.cz
mailto:vladimir.krystof@upol.cz
http://dx.doi.org/10.1016/j.fitote.2012.06.002
http://www.sciencedirect.com/science/journal/0367326X

L. Doleckovd et al. / Fitoterapia 83 (2012) 1000-1007 1001

antioxidant, anti-inflammatory, antitumor and other biolog-
ical activities [7]. The ability of some of these compounds to
block the cell cycle, induce apoptosis [8], disrupt mitotic
spindle [9] or inhibit angiogenesis [10] makes them promis-
ing agents in anticancer research and some of them, such as
quercetin, genistein or flavopiridol (a synthetic analogue of a
natural alkaloid rohitukin), have already entered clinical
trials for several oncological indications [11-13]. On the
molecular level flavonoids exert a broad spectrum of action:
they inhibit several kinases including epidermal growth
factor receptors (EGFRs), platelet derived growth factor
receptors (PDGFRs), vascular endothelial growth factor re-
ceptors (VEGFRs), c-Met [14] or cyclin-dependent kinases
(CDKs) [15]. The latter are all important enzymes that drive
development of many cancer types. Interaction with tubulin,
leading to depolymerization of microtubules and disruption
of the mitotic spindle, has also been reported for some
flavonoids [9].

Screen of a library of flavonoids and related natural
compounds yielded eupatorin to be a cytotoxic agent able to
weakly inhibit cyclin-dependent kinases. This observation
led us to study the antiproliferative and antiangiogenic
effects of the compound in detail and in an effort to explain
the mechanism of its action. We also tried to evaluate the
contribution of eupatorin to the overall activity of the
chloroform extract of O. stamineus leaves where eupatorin
is among the main constituents [5].

The flavone eupatorin (Fig. 1) has been already shown to
be an antiproliferative agent active against several cancer cell
lines, including human cervical adenocarcinoma (Hela),
human gastric adenocarcinoma (MK-1), murine melanoma
(B16F10), murine colon carcinoma (26-L5), or human breast
cancer cell line (MDA-MB-468), but it has no cytostatic
effects in normal human breast cell line (MCF-10A) [6,16,17].
These observations suggest that eupatorin could become an
anticancer agent with desired selectivity between cancer and
normal cells. In a recently published study [18], eupatorin
was found in a high-throughput screen of 2000 bioactive
compounds as a new spindle assembly checkpoint (SAC)
inhibitor.

2. Materials and methods
2.1. Chloroform extract of O. stamineus leaves

Dried leaves of O. stamineus were purchased from Expharma
(Prague, Czech Republic), homogenized with chloroform
(40 mL per 2 g) using an oscillation ball mill (MM 301, Retsch,
Haan, Germany). The crude extract was centrifuged for 10 min
at 20,000 g, the supernatant was filtered through a 0.45-um
Nylon membrane filter (Alltech, Breda, Netherlands) and
evaporated using a rotary vacuum evaporator (Buchi, Flawil,

OCH,

OH O

Fig. 1. Structure of eupatorin.

Switzerland). The dried isolate was dissolved in DMSO and the
solution was used for cell culture assays.

2.2. Quantification of eupatorin in the extract

Eupatorin was quantified using an ACQUITY Ultra Perfor-
mance LC™ system (Waters, Milford, MA, USA) linked to a PDA
2996 diode array detector and Micromass Quattro micro™ API
benchtop triple quadrupole mass spectrometer (Waters MS
Technologies, Manchester, UK), equipped with a Z-spray
electrospray ionization (ESI) source operating in positive
mode. Diluted sample solutions were injected onto a reversed
phase column (BEH C8, 1.7 um, 150 x 2.1 mm, Waters, Milford,
MA, USA), which was maintained at 30 °C. The mobile phase
consisted of the following sequence of linear gradients and
isocratic flows of solvent A (water) and solvent B (acetonitrile
with 7.5 mM HCOOH) at a flow rate of 0.25 mL/min: 50-100% B
over 3 min, 100% B for 1.5 min, and finally 100-50% B over
1 min. Eupatorin was detected in multiple reaction monitoring
(MRM) mode using mass-to-charge (m/z) transitions of
precursor (m/z 345) and product (m/z 284) ions. Quantification
was performed by the method of external calibration
(R?>>0.995) with authentic standard of eupatorin (Suppl. 1).

2.3. Antibodies and reagents

Eupatorin standard (purity 94.1% determined by HPLC by
supplier) was purchased from Phytolab (Vestenbergsgreuth,
Germany) and solubilized in DMSO to give a 100 mM
solution. Specific antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA) (anti-caspase 3),
Sigma-Aldrich (St. Louis, MO, USA) (anti-a-tubulin, clone
DM1A; peroxidase-labeled secondary antibodies), Santa Cruz
Biotechnology (Santa Cruz, CA, USA) (anti-Mcl-1, clone S-19;
anti-PARP, clone F-2; anti-Mdm-2, clone SMP14; VEGFRI1,
clone C-17), Millipore (Billerica, MA, USA) (anti-pH35¢19),
Jackson ImmunoResearch Laboratory (Suffolk, UK) (FITC-
conjugated goat anti-mouse IgG), Exbio (Vestec, Czech
Republic) (anti-y-tubulin conjugated with Dyomics 647),
Invitrogen (Carlsbad, CA, USA) (Alexa Fluor 488-conjugated
goat anti-rabbit IgG) or were a generous gift from B. VojtéSek
(Masaryk Memorial Cancer Institute, Brno, Czech Republic)
(anti-p53, clone DO-1). All antibodies were diluted into 5%
nonfat dry milk in PBS with 0.1% Tween 20.

2.4. Cell cultures and cell viability assay

MCF7 breast adenocarcinoma, RPMI8226 multiple myeloma,
HL-60 acute promyelocytic leukemia, MOLT-4 acute lympho-
blastic leukemia, K562 chronic myelogenous leukemia, HeLa
cervical adenocarcinoma cell lines and BJ foreskin fibroblasts
were purchased from the American Type Culture Collection
(Manassas, VA, USA) or the European Collection of Cell Cultures
(Salisbury, UK). HUVEC endothelial cells were a kind gift from
J. Ulrichova (Palacky University Olomouc, Olomouc, Czech
Republic). The cells were cultivated according to the instruc-
tions provided by suppliers. Cell viability assay was performed
using calcein AM (Invitrogen, Carlsbad, CA, USA), the fluores-
cence of viable cells was measured at 485/538 nm (ex/em)
using a Fluoroskan Ascent Plate Reader (Thermo Labsystems,
Waltham, MA, USA) according to Jorda et al. [19].
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2.5. Cell cycle analysis

The cells were harvested and fixed with 90% methanol.
After rehydration the cells were incubated with primary
antibody against pH3%°"'° and then with secondary antibody
conjugated with Alexa Fluor 488. DNA was stained with
propidium iodide and the fluorescence signal was measured
at 488/575 nm (ex/em) for propidium iodide and 488/525 nm
(ex/em) for Alexa Fluor 488 using Cell Lab QuantaTM SC flow
cytometer (Beckman Coulter, Indianapolis, IN, USA). The data
were analyzed using the program Multicycle AV for Windows.

2.6. SDS-PAGE and immunoblotting

The cells were harvested, lysed and proteins in the lysates
were quantified by the Bradford method. The samples were
separated on SDS-polyacrylamide gels and transferred onto
nitrocellulose membranes. The membranes were blocked and
probed with primary and appropriate secondary antibody.
Protein-antibody complexes were visualized using ECL
(Thermo Fisher Scientific, Waltham, MA, USA) as described
previously [19].

2.7. Caspase 3/7 assay

The assay was performed as described previously [19].
Briefly, the cells were harvested, lysed and the protein
concentration was determined by the Bradford method.
15 pg of the proteins were mixed with 100 pL of the assay
buffer containing 100 uM Ac-DEVD-AMC as a substrate. The
fluorescence signal was measured using a Fluoroskan Ascent
reader (Thermo Labsystems, Waltham, MA, USA) at 346/442 nm
(ex/em).

2.8. Immunofluorescence staining

Hela cells were cultivated on glass cover slips in six-well
plates. The cells were then washed, fixed with methanol-
acetone (1:1) and blocked with 10% fetal bovine serum. The
slips were incubated with primary antibodies and after
washing with secondary antibodies. DNA was stained with
DAPIL Images were captured using a fluorescence microscope
BX50 (Olympus, Tokyo, Japan) equipped with digital camera
Cool Snap (Photometrics, Tucson, AZ, USA).

2.9. Protein kinase assays

Kinase selectivity profiling was carried out under the
conditions used as described previously [20]. Eupatorin was
screened at a concentration of 1 uM in duplicate. The assays
were initiated with ATP (800 cpm/pmol [y->3P]ATP at 5, 20
or 50 UM in order to be at or below the K, for ATP for each
enzyme), stopped by the addition of phosphoric acid and
spotted onto P81 filter plates. Inhibition was expressed as
residual kinase activities.

2.10. Migration scratch assay
A scratch by tip was made in a layer of confluently

growing HUVEC cells. The cells were treated with eupatorin
for 20 h and then fixed with 3% formalin. Images were

captured using microscope BX50 (Olympus, Tokyo, Japan)
equipped with digital camera Cool Snap (Photometrics,
Tucson, AZ, USA) and analyzed using S.CORE Image Analysis
software (S.CO LifeScience, Munich, Germany). Migration
was expressed as the ratio of pixels non-covered by cells and
the total number of pixels in the wound area.

2.11. Tube formation assay

The method was performed according to Zahler et al., 2010
[21]. Briefly, HUVEC cells were seeded on Matrigel (BD
Biosciences, Franklin Lakes, NJ, USA) in Ibidi p-slides (15-well,
Ibidi GmbH, Munich, Germany) and treated with eupatorin for
20 h.Images were captured with a BX50 microscope (Olympus,
Tokyo, Japan) equipped with digital camera Cool Snap
(Photometrics, Tucson, AZ, USA). The total length of tubes and
the number of nodes was quantified using the MATLAB based
image analysis program developed in house.

2.12. Statistical analysis

Statistical calculations were carried out with the GraphPad
Prism 5.0 for Windows software package. Results are expressed
as the mean 4 S.D. of at least 3 independent experiments. One-
way ANOVA with Dunnett's post test was used for statistical
analyses.

3. Results and discussion

3.1. Eupatorin is the active constituent of chloroform extract of
0. stamineus leaves

A chloroform extract of O. stamineus leaves was prepared
as described in the Materials and Methods section. The extract
reduced cell viability of cancer cells tested as shown in Table 1.
It was reported previously that eupatorin is one of the most
biologically active constituents of O. stamineus leaves [5]. To
evaluate its contribution to the antiproliferative activity of the
extract found in this study, the concentration of eupatorin in
the extract was determined by using UPLC-MS/MS (0.53 +
0.08 mg/g DW; Suppl. 1) and the activity of the extract was
compared to that of the eupatorin standard. Pure eupatorin
was able to reduce the number of viable cancer cells in a
similar manner to the extract, with ICsq values in micromolar
range (Table 2). This clearly demonstrates that eupatorin
contributes significantly to the overall extract activity. More-
over pure eupatorin was selectively active against a broad
spectrum of cancer cells and was much less effective against
normal cells (Table 2). The dose response curves of both the
extract and the eupatorin standard are attached as Suppl. 2.

3.2. The extract as well as the eupatorin standard induces G2/M
arrest of the cell cycle

After 24 h the extract (6.48 mg DW/mL, final concentra-
tion of eupatorin in culture medium was 10 uM; Fig. 2A) as
well as pure eupatorin (Fig. 2B) induced G2/M arrest of the
cell cycle of HelLa cells. In an effort to distinguish between G2
and M phase we examined the intracellular levels of histone
H3 phosphorylated on serine 10 (pH3%'%) by flow
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Fig. 2. Chloroform extract of Orthosiphon stamineus leaves as well as pure eupatorin induces G2/M arrest of the cell cycle in HeLa cells. Flow cytometry analysis:
(A) propidium iodide staining of HeLa cells treated with the extract (6.48 mg DW/mL, concentration of eupatorin in culture medium was 10 uM) for 24 h,
(B) propidium iodide staining of HeLa cells treated with pure eupatorin (5, 10, 20 uM) or nocodazole (50 pg/mL) for 24 h, (C) combined staining with propidium
iodide and antibody against phospho-histone H3 on serine 10 (pH3) of HeLa cells treated with pure eupatorin (5, 10, 20 pM) or nocodazole (50 pg/mL) for 24 h.
Each picture shows a representative example of at least 3 independent experiments. Nocodazole was used as a positive control. Deb. Debris.

cytometry (Fig. 2C) and immunofluorescent microscopy
(Suppl. 3). This phosphorylation, catalyzed by aurora kinases
A and B, is essential for chromatin condensation during
mitosis and is often detected as a mitotic marker [22,23]. Its
inhibition leads to late G2 phase arrest [24]. Aurora B is also a
part of SAC and sustains activated when kinetochors are
attached to microtubules but are not under tension [25,26].
Inhibition of its function in mitotic cells causes inactivation of
SAC and forced exit from mitosis with perturbed cytokinesis
[18]. High concentrations of eupatorin inhibit aurora kinases
in cells as well as in vitro with purified enzyme as shown in

Table 1

The antiproliferative effects of chloroform extract of Orthosiphon stamineus
leaves on cancer cells.

Cell line Extract Eupatorin in culture
ICs5p [mg DW/mL]? medium [puM]

Hela 6.81+1.11 10.52+1.71

K562 2.2540.33 3.4740.51

recent study by Salmela and coworkers [18]. In asynchronous
population of HeLa cells only a part of them is present in
mitosis and only these cells override mitotic checkpoint upon
treatment with high doses of eupatorin, they do not undergo
cytokinesis and exit mitosis in tetraploid, polynucleated
state. Presence of a small population of polyploid cells after

Table 2
The antiproliferative effects of eupatorin on cancer and normal cells.
Flavopiridol was used as a positive control.

Cell line Eupatorin Flavopiridol
ICs0 [UM] ICs0 [UM]

Hela 11.724+2.86 0.5440.04
K562 4294135 0.8140.07
MCF7 16.61+5.56 0.2240.04
RPMI8226 4.774+0.51 0.27 £0.02
HL-60 14.094+0.55 ND
MOLT-4 4744043 ND

BJ >50 0.14+0.01
HUVEC >50 ND

2 mg of dried leaves per mL of culture medium.

ND not determined.
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treatment with eupatorin confirms such assumptions
(Fig. 2B,C). However, more than 75% of asynchronously
growing cells are present in interphase when eupatorin is
added. Inhibition of aurora kinases in this case leads to a
block of phosphorylation of histone H3 on serine 10 (Fig. 2C)
with concomitant late G2 arrest due to inability to condense
chromatin.

Lower doses of eupatorin are not sufficient to block the
activity of aurora B; the number of HeLa cells positive to
pH3%¢"1% increases in this case (Fig. 2C). Moreover, cells treated
will lower doses of eupatorin are evidently more susceptible to
induction of the cell death as the percentage of disintegrated
cells (Debris) is higher than in the case of higher doses (Fig. 2B,
C). Similar results were observed in the K562 cell line (data not
shown). From our findings we concluded that eupatorin acts as
a biphasic agent being more cytotoxic at lower concentrations
and rather cytostatic at higher in short incubations (24 h).
However, the arrested cells, although not dying immediately,
are affected at large extent and die later as shown by typical
shape of dose response curves from 3 days experiments we
made (Suppl. 2).

3.3. Eupatorin induces mitotic catastrophe accompanied by
apoptosis

Cell cycle analysis of cells treated with lower doses of
eupatorin revealed a large number of dying cells, but further
experiments were necessary to investigate whether cell death
was due to apoptosis. For this purpose we treated HelLa cells
with eupatorin for 24 h after which they were harvested and
lysed. The lysates were analyzed by immunoblotting to detect
some markers of apoptosis, such as the 89 kDa fragment of
poly(ADP-ribose)polymerase (PARP), the active fragment of
caspase 3, antiapoptotic mitochondrial proteins Bcl-2 and
Mcl-1 or tumor suppressor p53 and its negative regulator
Mdm?2 (Fig. 3A). The level of p53 is diminished in untreated
HeLla cells due to association with viral E6 oncoprotein
leading to its degradation by proteasome [27]. Stabilization
of p53 was observed after treatment with eupatorin in
correlation with reduction of Mdmz2. The intracellular levels
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Fig. 3. Induction of apoptosis in HeLa cells after treatment with eupatorin for 24 h.
(A) Detection of some markers of apoptosis by immunoblotting. (B) Relative
activity of caspase 3/7 in lysed cells. The data represent mean+SD of 3
independent experiments.

of proteins Bcl-2 and Mcl-1 showed a modest decrease.
Moreover, we observed the appearance of a slowly migrating,
phosphorylated form of Bcl-2 connected with G2/M arrest of
the cell cycle and inactivation of its antiapoptotic function
[28]. In the cells treated with eupatorin we also detected the
increased activity of caspases 3 and 7, the effector proteases
which cleave various intracellular proteins including lamins
and PARP and play a key role in the execution phase of
apoptosis (Fig. 3B). Detected marks of apoptosis were again
weak at the highest tested concentration.

Because of previously reported negative effects of related
flavonoids on the tubulin polymerization [9] we inspected
microtubular system in HeLa cells using immunofluorescence
staining of a-tubulin and <y-tubulin, a well-characterized
component of microtubules and centrosomes, respectively.
No significant depolymerization of microtubules was observed,
but a substantial number of mitotic cells containing multipolar
mitotic spindles with y-positive centrosomal poles was present
as well as large cells with multiple micronuclei and decon-
densed chromatin (Fig. 4A, B). These marks have been described
as typical morphological characteristics of a mitotic catastrophe
[29] and have already been reported as a prominent response
to some anticancer drugs such as bleomycin [30], etoposide [31]
or taxol [32]. Mitotic catastrophe, a type of death following
aberrant mitosis, is in some cases accompanied by key
molecular events that define apoptosis such as caspase
activation, mitochondrial release of proapoptotic proteins
such as cytochrome ¢ and apoptosis inducing factor (AIF) and
DNA degradation [33]. Therefore we suggest that mitotic
catastrophe accompanied by apoptosis is the mechanism of
eupatorin-induced cell death.

3.4. Eupatorin is a nonspecific kinase inhibitor

In an attempt to identify primary targets of eupatorin, and
due to its structural similarity to known protein kinase
inhibitors [14,15], we examined the ability of 1 UM eupatorin
to inhibit the activity of kinases on a representative panel of
one fifth of known human protein kinases. The results show
that eupatorin is a nonspecific inhibitor of protein kinases
(Suppl. 4). Among the most sensitive kinases are RIPK2,
VEGFR1 and MLK3 with residual activities below 33%. Both
aurora A and B were inhibited approximately to the same
extent (70% and 79% of residual activity, respectively).
Similarly, Salmela and coworkers [18] observed significant
inhibition of aurora B activity in vitro with recombinant
enzyme (ICso approx. 20 uM) as well as downregulation of
the activating autophosphorylation on T232 in cell lysates.
On the other hand, they observed only a slight decrease of
activating autophosphorylation on T288 of aurora A in cell
lysates although according to our experiments both aurora A
and B are sensitive to eupatorin to the similar extent.
However, our in vitro experiments with purified enzymes
do not always reflect the real situation in the cells and also
the reduction of autophosphorylation of aurora A on T288 is
only indirect proof of its inhibition by eupatorin.

3.5. Eupatorin inhibits angiogenesis in vitro

Due to the strong inhibition of VEGFR1 by eupatorin in
vitro and the fact that some flavonoids structurally close to
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Fig. 4. Eupatorin disrupts the process of mitosis. (A) Visualization of microtubular system in Hela cells treated with 10 pM eupatorin for 24 h by
immunofluorescent staining of ai-tubulin, DNA was stained with DAPI. (B) Mitotic spindles and centrosomes visualized using immunofluorescent staining of

a-tubulin and y-tubulin, respectively. DNA was stained with DAPIL.

eupatorin as well as extracts from O. stamineus limit this
process [10,34,35], we tested the antiangiogenic properties of
eupatorin. We used HUVEC cells for modeling of angiogenesis
in vitro and examined their ability to migrate and to form
tubes in the presence of the compound. In a migration scratch
assay the cells exposed to eupatorin for 20 h migrated to a
lesser extent into the scratch than untreated cells (Fig. 5).
Also the number of tubes and nodes created by HUVEC cells
was significantly reduced by eupatorin (Fig. 6). In both cases
the effects were dose dependent. Although in vitro assays
with isolated endothelial cells in culture are simplified, they
provide basic information that are useful not only for the
design of in vivo experiments, but also for interpretation of
data obtained from them.

Vascular endothelial growth factor receptors (VEGFRSs)
are among the most important components in molecular
pathway of the process of angiogenesis and they include
three types of receptor tyrosine kinases: VEGFR1 (Flt-1),
VEGFR2 (KDR, Flk-2) and VEGFR3 [36]. We determined the
intracellular level of VEGFR1 in HUVEC cells and observed its
decrease after only two hours of treatment with eupatorin at
the highest concentration (Fig. 7). Due to the structural
similarity of VEGFRs [37] and the nonspecific inhibitory

A _—
200 pm
0 5 10 20 0 eupatorin [uM]
+ + growth factors
B
5 %P < 0.001
®
=)
£
0]
=
©
p
0 5 10 20 0 eupatorin[uM]

growth factors

+ o+ o+ o+ -

Fig. 5. Eupatorin inhibits migration of HUVEC cells into the scratch after 20 h
treatment: (A) image analysis, (B) quantification. The data represent mean
=+ SD of 3 independent experiments.
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Fig. 6. Eupatorin inhibits tube formation of HUVEC cells after 20 h treatment:
(A) image analysis, (B) quantification. The data represent mean + SD of 3
independent experiments.

potential of eupatorin, inhibition of VEGFR2 and VEGFR3 is
expected, but was not determined. Reduction of VEGFRs
levels therefore may contribute to the insensibility of HUVEC
cells to VEGF stimuli and by this means to the more effective
suppression of angiogenesis. Our conclusions are supported
by recent results by Ahamed and coworkers [35] who
showed that 50% ethanolic extract of O. stamineus containing
eupatorin inhibits angiogenesis in vitro as well as in vivo in
colon tumors in nude mice via suppressing VEGFR2 function.

4. Conclusion

Eupatorin exhibited cell growth inhibition and apoptosis
induction preferentially in cancer cells despite being a
nonspecific inhibitor of several protein kinases. Our study
demonstrates that the anticancer effect of eupatorin can
based not only on its cytotoxicity, but also on the ability to
interfere with angiogenesis perhaps through inhibition of
VEGFRs. Therefore we suggest it can be further evaluated in
solid cancers in vivo with a view to its development as an
anticancer drug.

24h ,
5 10 20

eupatorin [uM]

— i ﬁ B VEGFR
A Y ]

Fig. 7. The effects of eupatorin on the intracellular level of VEGFR1 in HUVEC
cells after 2 or 24 h treatment.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.fitote.2012.06.002.
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Suppl. 1. UPLC-MS/MS chromatogram of the chloroform extract from Orthosiphon stamineus leaves.
Eupatorin (RT 2.36 min) was detected in multiple reaction monitoring mode (m/z 344.5 > 284.2). The

product ion spectrum of the eupatorin molecular ion is shown in the inset.
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Suppl. 2. The antiproliferative effects of chloroform extract of Orthosiphon stamineus leaves (A) or

pure eupatorin (B) on various cancer or normal cells.
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Abstract Overexpression of p53 tumor suppressor protein
in malignant cells induces cell cycle arrest, or alternatively,
apoptosis thereby indicating that additional factors may
contribute to the p53-mediated outcome. Comparison of the
experimental protocols revealed that the construct encoding
wild-type (wt) p53 was expressed in cells of different
origin. Therefore, we decided to determine whether the
intrinsic cellular program of primary cells of the same
genetic background could have any effect on the oncogenic
potential of mutated c-Ha-RAS and TP53. Primary rat cells
(RECs) isolated from rat embryos of different age: at
13.5 gd (y) and 15.5 gd (0), were used for transfection.
Immortalized rat cell clones overexpressing temperature-
sensitive (ts) p53'*¥® mutant and transformed cell clones
after co-transfection with oncogenic c-Ha-Ras, were gener-
ated. The ts p53'**V®! mutant, switching between wt and
mutant conformation, offers the possibility to study the role
of pS3 in cell cycle control in a model of malignant
transformation in cells with the same genetic background.
Surprisingly, the kinetics of cell proliferation at non-
permissive temperature and that of cell cycle arrest at
32°C strongly differed between cell clones established from
yRECs and oRECs. Furthermore, the kinetics of the re-enter
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of G;-arrested cells in the active cell cycle strongly differed
between distinct cell clones. Finally, the susceptibility of
immortalized and transformed cells to the pharmacological
inhibitors of cyclin-dependent kinases (CDKs) considerably
differed. Our results clearly show that overexpression of
genes such as mutated 7P53 and oncogenic c-Ha-RAS is
not able to fully override the intrinsic cellular programme.

Keywords p53 tumor suppressor - Cell cycle arrest -
Cell synchronization - Signal transduction - c-Ha-Ras -
FPTase-FTI

Abbreviations

CDKs cyclin-dependent kinases
FPTase farnesylproteintransferase
FTI inhibitors of FPTase

HH Hedgehog

MDM-2 mouse double minute-2
OLO olomoucine

PARP-1 poly(ADP-ribose) polymerase-1
PD Petri dish

PDT population doubling time
PI propidium iodide

REC rat embyonal cell

ROSC  roscovitine

SD standard deviation

ts temperature-sensitive

wt wild-type

Introduction

The decision of a cell to stop cell cycle progression and to
initiate the repair of (mildly) damaged DNA, or to induce
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apoptosis as a consequence of rather severely damaged DNA,
bears fundamental implications on the future development,
well-being, and fate of the whole organism. In case repair does
not function properly or the induction of apoptosis is impaired,
neoplastic transformations arising from damaged DNA, might
culminate in the death of the whole organism. Consequently,
in the case of apoptosis a single cell is sacrificed to facilitate
the survival of the being. Therefore, an extremely sophisticat-
ed cellular network protects the integrity of the genome and
induces the necessary steps once this integrity is disrupted.

At the interface between the incoming intra- and
extracellular signals and the downstream induction and
execution of cell cycle arrest and apoptosis, higher
eukaryotic cells have a molecule of paramount importance:
the p53 tumor suppressor protein. In most cases of cellular
damage p53 is involved in the decision to trigger cell cycle
arrest or apoptosis. Additionally, p53 is involved in all 5
major pathways for DNA repair {2, 20, 26, 35)]. The fact
that p53 is inactivated in a wide variety of tumors,
underscores its importance and makes it an outstanding
candidate for cancer therapy [3, 34].

P53 transmits its signals through transactivation of target
genes but also through direct binding to other proteins. In
the cell, p53 levels rise as a result of certain stress stimuli
but are otherwise kept low due to the action of a negative
feedback loop with MDM?2. If the action of p53 is needed, a
variety -of proteins disrupt the interaction between p53 and
MDM2 [29]. A protein strongly contributing to the stability
of p53 is poly(ADP-ribosyl) polymerase-1 (PARP-1) [38,
42, 43], a protein that enzymatically modifies p53 [19, 41]
thereby preventing its nuclear export [19, 39] by impeding
the binding to CRM1 [19]. A protein that retains p53 in the
cytoplasm preventing its nuclear functions, is mortalin, a
member of the heat shock protein 70 (HSP70) family. Mortalin
binds p53 [31] and inhibits its pro-apoptotic functions what
leads to increased tumor development [31, 371

The constitutive overexression of p53 in cells or animals is
not feasible because this would trigger apoptosis or at least cell
cycle arrest, making a functional study of the proteins’ features
impossible. Fortunately, a temperature-sensitive (ts) mutant of
p53 that displays wt properties at 32°C but mutant character at
elevated temperature [25], can be used to perform experiments
aimed to elucidate its functions. This ts mutant demonstrates
clear properties of mutant p53 at 39°C. At 37°C the cells also
behave like mutant cells although a small portion of p53
protein is in wt conformation. However, mutated p53 protein
localized in the cytoplasm impedes the action of the wt
protein. Thereby, the conformation and activity of p53 can be
changed at will by simply growing the cells at 37 or 39°C.

The decision of p53 to trigger cell cycle arrest or
apoptosis depends on the severity of the damage and is also
regulated on the transactivational level by the use of p53
responsive elements to which the protein has different

@ Springer

binding affinity [16]. In general, p53 binds to targets
mediating cell cycle arrest with a higher affinity than to
those which induce apoptosis [16]. A recent publication
also showed that p53 is capable of inducing anti-apoptotic
targets [17], adding further complexity to the functions and
activities of the tumor suppressor protein.

Also the Ras proteins are important for tumor develop-
ment. In their active form they reside in the cytoplasmatic
membrane and transmit signals from growth factor stimu-
lation and downstream targets involve Raf-1 and PI3-
kinase. Gain of function mutations lead to a constitutively
active Ras protein that sustains growth-promoting signals,
irrespective of extracellular stimulation, resulting in uncon-
trolled proliferation. For its proper anchoring in the
cytoplasmic membrane and activity, Ras has to be iso-
prenylated by farnesyl protein transferases (FPTases) or/and
geranylgeranyl protein transferases. Therefore, inhibitors of
farnesylation have been used for treatment of cancers with
constitutively activated RAS. Interestingly, tumor cells with
constitutively activated R4S are rendered prone to treatment
with pharmacological inhibitors of cyclin-dependent
kinases (CDKs) like roscovitine (ROSC) and olomoucine
(OLO) when they are pre-treated with FTIs [45].

To test the responsiveness of cells overexpressing c-Ha-
Ras and ts p53, we used primary rat embryonal cells
(RECs) isolated at 13.5 or 15.5 gestation days. Importantly,
the age of the embryos seems to have an effect on the
properties of the cells [30]. In the present work we
investigated the effect of the cellular microenvironment in
young vs old RECs in response to combined treatment with
FPTase inhibitors and CDK inhibitors.

Material and Methods
Plasmids

pLTRp53cGvall35, comprising a chimera of mouse p53
c¢DNA and genomic DNA (generous gift of Dr. M. Oren),
has been previously referred to as pLTRp53cG [6]. It
encodes a mutant protein harboring a substitution from
alanine to valine at the amino acid in position 135. The
plasmids pVV2, bearing the neomycin resistance sequence,
and pVEIB coding for a mutated human c-Ha-Ras gene
cloned into pVVI were used.

Cell Clones

The transformed rat cell clones were established as previously
described in detail [40] using primary Fisher rat embryo cells
(RECs). RECs were obtained from embryos isolated at 13.5
(y) and 15.5 (0) gestation days. Cells were grown at basal
temperature (37°C) in DMEM supplemented with 10% FCS
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in an atmosphere of 7.5% CO,. For experiments dealing with
a change of the conformational state of p53 protein, cells
grown at basal temperature, were shifted to 32°C for
indicated periods of time.

Drugs

Olomoucine (OLO) and roscovitine (ROSC) were prepared
as 50 mM stock solution in DMSO according to
the published procedure [14]. Aliquots of the stock
solution were stored until use at -20°C. Furthermore,
L-744,832 [(2 S)-2-[[(2 S)-2-[(2 8,3 S)-2-[(2R)-2-amino-
3-mercaptopropyl]amino]-3-methylpentyl]oxy]-1-ox0-3-
phenylpropyllamino]-4-(methylsulfonyl)-butanoic acid
1-methylethyl ester ] an inhibitor of protein farnesyltrans-
ferase (FTI) from Alexis Biochemicals (Lausen, Switzer-
land) was used. The stock solution of L-774,832 was
prepared in DMSO. Aliquots of stock solutions were
protected from light and stored until use at -20°C.

Cell Treatment

After plating, cells were cultivated at a basal temperature of
37°C for 24 h. Then drugs were added to a final concentration
as indicated. Cells were incubated continuously for 24 h or
48 h, or alternatively, after 24 h treatment medium was
changed and cells were post-incubated (p. i.) in a drug-free
medium for a further 24 h or 48 h. In some experiments cells
were shifted to 32°C and kept there for at least 24 h prior to the
onset of treatment to allow p53 to adopt wt conformation.

Determination of Population Doubling Time

To determine the kinetics of the proliferation of distinct cell
clones, cells were plated into PD of 6 cm diameter. For each
time point two PDs were used. Immortalized cells were
plated at a medium density (2x10°) and transformed cells
at a lower density (0.5x10°/PD). Cells were cultivated at a
basal temperature for 5 days. PDs were collected in 12 h
intervals, suspended in a defined volume of medium and
were counted in a cell counter (CASY). Cell number was
determined in at least two distinct aliquots of cell
suspension collected from each PD.

Determination of the Number of Viable Cells

Proliferation of immortalized and transformed control rat
cells and their sensitivity to increasing concentrations of the
CDK inhibitor ROSC were determined by the CellTiter-
Glo™ Luminescent Cell Viability Assay (Promega Corpo-
ration, Madison, WI). As described recently in more detail
[44], the CellTiter-Glo™ Luminescent Cell Viability
Assay, generating a luminescent signal, is based on

quantification of the cellular ATP levels. Tests were
performed at least in quadruplicates. Luminescence was
measured in the Wallac 1420 Victor, a microplate lumines-
cence reader. Each point represents the mean £SD (bars) of
replicates from at least four experiments.

Determination of Caspase-3/7 Activity

The activity of both caspases was determined using the
APO-ONE Homogenous Caspase-3/7 Assay (Promega,
Madison, WI) which uses the caspase-3/7 substrate rhoda-
mine 110, bis-(N-CBZ-L-aspartyl-L-glutamyl-L-valyl-
L-aspartic acid amide) (Z-DEVD-R100) as described
previously [44]. Briefly, rat cells were plated in 96-well
microtiter plates. One day after plating the cells were
exposed for 24 h to increasing drug concentrations.
Thereafter, culture supernatant was transferred into another
microtiter plate to separately determine the caspase activity
in cells and in culture medium. Then an equal volume of
caspase substrate was added and samples were incubated at
37°C for different periods of time to assess the best signal-
to-background ratio. The fluorescence was measured at
485 nm. Luminescence and fluorescence were measured in
the Wallac 1420 Victor, a microplate luminescence reader.
Each point represents the mean + SD (bars) of replicates
from at least three experiments.

Measurement of the DNA Content of Single Cells by Flow
Cytometry

The measurement of DNA content was performed by flow
cytometric analysis based on a slightly modified method [38]
described previously [36]. The cells were detached from
substratum by trypsinization, and then all cells were harvested
by centrifugation and washed in PBS. Aliquots of 1x10°
cells were used for further analysis. Cells were stained with
propidium iodide (PD) as described, previously [39]. Fluores-
cence was measured using the Becton Dickinson FACScan
after at least 2 h incubation of the cells at +4°C in the dark.

Results

Differential Proliferation Rate of y and o Immortalized
Rat Cells

In the first step the proliferation rate of primary rat cells and
four studied cell clones were determined. Cells plated in the
defined cell density were cultivated for 5 days at a basal
temperature. Cell numbers were determined in 12 h
intervals by two different methods. First, cells were counted
using an automatic cell counter and in parallel numbers of
living cells were determined by the CeliTiter-Glo™
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Luminescent Cell Viability Assay (Promega Corporation,
Madison, WI). As described recently in more detail [44],
the CellTiter-Glo™ Luminescent Cell Viability Assay,
generating a luminescent signal, is based on quantification
of the cellular ATP levels. Both methods gave comparable
results within the first 3 days; later CellTitert-Glo under-
estimated the numbers of transformed cells. The primary
cells isolated from rat embryos (RECs) at gestation
day 13.5 (y) grew much slower than those isolated at
day 15.5 (o) [30]. The population doubling time (PDT)
calculated from growth curves for the oRECs was approx-
imately 2-fold shorter than that for yRECs (Table 1).

RECs transfected with ts p53'**V® mutant alone, or
simultaneously with human c-Ha-RAS, generated immor-
talized and transformed cells, respectively. As described
previously [30], the phenotype of immortalized cells
resembled that of primary cells. However, in contrast to
RECs, cells expressing ts p53'35V¥ got over the Hayflick
limit and did not undergo senescence. Cotransfection with
c-Ha-RAS resulted in a clear change of cell morphology to
spindle-shaped [30] and conferred the generated cell lines a
high mitotic potential. The features of transformed cells
were also functionally proved. After subcutaneous injection
of cells overexpressing p53'>°¥#! +¢c-Ha-Ras into rats large
tumors appeared within approximately 2 weeks [30].

As shown in Fig. 1, the transformed cells divided very
rapidly. Interestingly, the immortalized and transformed cell
lines originated from oRECs (clone 602/534 and 173/
1022), divided at 37°C much more rapidly than those from
yRECs (clone 402/534 and 189/111). The population
doubling time (PDT) was calculated for each cell clone
from the growth curves. As depicted in Table 1, even
immortalization of yRECs with ts p53'*V® mutant (clone
402/534) did not confer them high mitotic potential at non-
permissive temperature. On the other hand, the proliferative
potential of their counterparts generated from oRECs was
markedly higher. Interestingly, the same trend was observed

Table 1 Comparison of the values of the population doubling times
(PDTs)

Cells Age of RECs  Overexpressed proteins ~ PDT [h]
Rat embryonal cells (RECs)
yRECs 13.5 gd - 85.8
oRECs 155 gd - 44.8
Cell clones
402/534 13.5 gd p53t3svat 32.07
602/534 15.5 gd p53135val 14.20
189/111 13.5 gd p535V¥! c.Ha-Ras 11.52
173/1022 155 gd p533V¥l ¢ Ha Ras 11.16

The increase of the cell numbers within the time period between 24 h
and 48 h after plating was used for determination of the PDT
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Fig. 1 Kinetics of proliferation of immeortalized and transformed rat
cells. Immortalized (402/534 and 602/534) and transformed (189/111
and 173/1022) cell clones established in RECs from embryos at 13.5
(») and 15.5 (o) gestation days were examined. The growth curves of
immortalized and transformed RECs from young (402/534 and 189/
111) and old (602/534 and 173/1022) embryos at basal temperature
are shown. Cells were counted in a cell counter (CASY). Each point
represents the mean of four cell aliquots + SD. Transformed cells grow
faster than primary cells. The cells originating from older embryos
always grow faster than their counterparts from young embryos.
Population doubling time (PDT) for each cell line is-shown in Table 1.
402/534 - yRECs p53'3°V2, 602/534 - oRECs p53'3°Va; 1897111 -
yRECs p53!3°Val + ¢-Ha-Ras; 172/1022 - oRECs p53'>¥2 + ¢-Ha-Ras

in transformed cell lines after co-transfection with c-Ha-
RAS. However, during the time period between 24 h and
48 h after cell plating, the transformed cells did not gain the
full dividing capacity. The difference in the proliferation
rate between transformed y and o cell clones became
evident 48 h after cell plating (Fig. 1).

Kinetics of wt p53-Mediated Cell Cycle Arrest Differs
Between Cell Clones Generated in y and o Embryonal
Rat Cells

In accordance with previous reports, in cells overexpressing
ts mutant p53'3>¥?, the protein switches conformation after
temperature shift to 32°C and as a consequence, cells start
to accumulate in G; phase of the cell cycle (Fig. 2). The
induction of cell cycle arrest after temperature shift to 32°C
was observed solely in cells expressing ts mutant p53'3>¥2!
but not in cells overexpressing ¢-myc + c-Ha-Ras (our
unpublished data) and was associated with the translocation
of p53 protein from the cytosol to the nucleus {30, 37, 41].
Moreover, primary yRECs and oRECs lacking the ts
mutant and expressing endogenous p53 at low concen-
trations failed to accumulate in G; phase after maintenance
at 32°C [30]. These observations substantiate the assump-
tion that the temperature-dependent block of cell prolifer-
ation and of the cell cycle progression at permissive
temperature is attributable to ts p53 mutant and evidence
that the experimental system functions properly.
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Fig. 2 Intrinsic features of
RECs determine the p53-
mediated cell cycle regulation.
DNA profile obtained from one
representative experiment.
Young immortalized (first
horizontal row), old immortal-
ized (second horizontal row),
young transformed (third
horizontal row) and old trans-
formed cells (fourth horizontal
row) were cultivated at 37°C for
24 h and then shifted to 32°C for
24 h. DNA concentration in
single cells was determined by
flow cytometric analysis of
Pl-stained cells. DNA histo-
grams were prepared using the
CellQuest evaluation program
(upper panel). The frequency of
diploid cells in the distinct cell
cycle phases was determined
using the ModFit evaluation
program (lower panel)
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After maintenance for 24 h at permissive temperature, the
population of S-phase cells was strongly reduced in all four
cell lines. However, the frequency of the Go/M population
varied between them. The comparison of the time course of
the cell cycle changes revealed considerable differences in
the kinetics of the cell cycle arrest at permissive tempera-
ture as shown in Fig. 3. The immortalized 402/534 cells
were almost completely arrested in G, after 24 h at 32°C,

mmortalized cells
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Fig. 3 Kinetics of the cell cycle arrest in the permissive (32°C)
temperature. The FACS analyses show the cell cycle distribution of
immortalized, and transformed cells originating from young (left
panels) and old (right panels) RECs at 32 and 37°C. oRECs more
efficiently evade cell cycle arrest than yRECs in all groups. As
expected, immortalized cells show stronger growth than primary cells
and transformed cells exhibit the strongest growth. The frequency of
diploid cells in the distinct cell cycle phases was determined using the
ModFit evaluation program. The values represent the means of three
independent experiments + SD (bars)
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whereas in 602/534 cells only S-phase, but not G, phase
was diminished (Fig. 3, upper panel). In contrast, trans-
formed cells (clone 173/1022) generated from oRECs,
showed a stronger response to the temperature shift.

G;-arrested, Transformed Rat Cells Re-enter more Rapidly
the Active Cell Cycle than their Immortalized Counterparts

In the next series of experiments we addressed the question
whether the endogenous features of primary cells used for
establishment of cell lines might display any effect on the
recovery of Gy-synchronized cells in the active cell cycle.
We maintained all cell clones for 24 h at permissive
temperature and then shifted them back to the basal
temperature. As depicted in Fig. 4, transformed cells
entered the active cell cycle more rapidly than the
immortalized cells. Surprisingly, the kinetics of cell cycle
recovery strongly differed between cell lines derived from y
and o RECs. In the latter a pronounced increase of S-phase
cells was observed 6 h after elevation of temperature and
after a further 6 h the ratio of DNA-replicating ceils was
approximately 70%. Moreover, maintenance of examined
rat cells at permissive temperature slightly increased the
ratio of sub-G; cells indicating that this subset of cells
represents apoptotic cells. To check it, the activity of
caspase-3/7 was determined. A moderate elevation of the
activity of effector caspases was observed in 402/534 and
189/111 cells (data not shown) confirming the assumption
that at permissive temperature wt p53 may induce apoptosis.

The Pharmacological Inhibitors of CDKs Stronger Affect
Transformed Rat Cells Established from Primary Cells
Isolated at 13.5 gd than Cells Isolated at 15.5 gd

To determine the effect of both examined CDX inhibitors
on the proliferation of exponentially growing transformed
rat cells, the cells were continuously exposed to the drugs
for 24 h or 48 h. Then the cell number was determined
using the CellTiterLumiGlo viability assay immediately
upon termination of the treatment, or alternatively the
medium was changed, cells were post-incubated in a drug-
free medium for further 1 or 2 days, and then the assay was
performed. OLO is a weaker inhibitor of CDKs than ROSC
[14] and therefore we used it at a higher dosage. As
expected, ROSC stronger reduced the number of living cells
than OLO. Moreover, transformed cells established from
primary rat cells isolated at 13.5 gd (189/111 cells) were
more sensitive to the inhibition of CDKs than their counter-
parts generated from 15.5 gd RECs (173/1022) (Fig. 5).
Exposure of 189/111 cells to ROSC at a final concentration
of 20 uM reduced the number of living cells by approxi-
mately 30% and the number of 173/1022 cells by approx-
imately 15%. The anti-proliferative effect of ROSC at higher
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Fig. 4 Temperature-dependent kinetics of proliferation of primary,
immortalized, and transformed rat cells. RECs were isolated from
embryos at 13.5 (y) and 15.5 (o) gestation days. The growth curves of
primary, immeortalized, and transformed RECs from young (left
vertical row) and old (right vertical row) embryos at three different
temperatures are shown. Immortalized cells grow faster than primary
cells and transformed cells grow fastest. The cells originating from
older embryos always grow faster than their counterparts from young
embryos. The values represent the means of three independent
experiments + SD (bars)

dosage was very highly significant in both cell lines after
treatment for 24 h (Fig. 5) and 48 h (data not shown).

Inhibition of c-Ha-Ras Processing Sensitizes Transformed
Rat Cells Established from oRECs to CDK Inhibitors

Further, we addressed the question whether the activity
status of overexpressed oncogenic c-Ha-Ras might have

any effect on the susceptibility of transformed rat cells to
tested CDKs inhibitors. To gain full biological activity, Ras
proteins after de novo synthesis have to be stepwise
modified. Isoprenylation, catalyzed by farnesyl protein
transferase (FPTase), is the first reaction in this series of
events. Both cell lines were treated for 24 h with L-
744,832, a pharmacological inhibitor of FPTase (FTT) alone
or in combination with OLO or ROSC. Then the number of
living cells was determined immediately or alternatively,
medium was changed and cells were post-incubated for
24 h in a drug-free medium or with FTI. The inhibition of
isoprenylation had a stronger anti-proliferative effect on
173/1022 than on 189/111 cells (Fig. 6). Addition of FTI to
ROSC enhanced its inhibitory effect on 173/1022 cells. The
strongest reduction of the number of viable 173/1022 cells
occurred after post-incubation for 24 h in the presence of
FTI (Fig. 6).

Taken together, our above results show that immortal-
ized and transformed cell lines established from primary
cells isolated from older embryos (15.5 gd) had a
proliferation advantage over their counterparts isolated
from younger embryos (13.5 gd) associated with less
susceptibility to therapy. It seems that c-Ha-Ras, when
overexpressed in oRECs, contributes to their lower suscep-
tibility to synthetic CDK inhibitors.

Discussion

For investigations concerning tumor development and also
the treatment of cancer, the analysis of properties from
tumor suppressor proteins as well as from oncogenes is of
paramount importance. Since the 7P53 and RAS genes are
two .of the most frequetly affected targets during neoplastic
transformation in a wide variety of cells and tissues [11, 13],
we focused our research presented here, on these two
molecules. The RAS proto-oncogene is often mutated, leading
to a constitutively active form and p53 is usually inactivated
or expressed as a dominant negative protein in tumors.
Most importantly, inactivated 7P53 and mutated c-Ha-
RAS act synergistically in making cells vulnerable to
chemically induced carcinogenesis in vitro and also in vivo
[47, 48]. The ts p53 used in our work was shown to
synergistically induce malignant transformation together
with c-Ha-Ras in primary RECs [12]. Hemizygosity in
P53 leads to clear signs of haploinsufficiency [10, 15] and
germ line mutations in humans are known as Li-Fraumeni
syndrome [23] leading to multiple cancers with poor
prognosis [7]. The synergistic action of mutated 7P53 and
c-Ha-RAS in tumor development and progression [32, 47]
is not surprising, considering that p53 protein usually
arrests the cell cycle of damaged cells or induces
apoptosis, and Ras is able to transmit extracellular,
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Fig. 5 The pharmacological inhibitors of CDKs stronger affect
transformed rat cells established from primary cells isolated at
13.5 gd than from cells isolated at 15.5 gd. Transformed cells were
plated into 96 well microtiter plates (two plates for each condition).
One day after plating, cells were exposed to drugs for 24 h or for 48 h
(not shown). Thereafter, the number of viable cells was determined

growth-promoting signals via the Ras/Raf/MEK/ERK
pathway [21].

Several isoforms of the two other members of the
p53 family, p63 [46] and p73 [4], have overlapping
functions with p53 and some isoforms have rather opposing
functions. Therefore, these proteins are important for fine-
tuning and play additional roles in early development, but they
are not able to take over the functions of inactivated p53.

In the present work we used primary, immortalized (ts
p53), and transformed (ts p53 and c-Ha-Ras) RECs from
young (13.5 gd) and old (15.5 gd) embryos to compare
their growth potential and their susceptibility to treatment
with FPTase inhibitors and CDK inhibitors, At the basal
temperature (37°C; p53 inactive) the immortalized and
transformed cell lines originating from oRECs (clones 602/
534 and 173/1022, respectively) showed a clearly elevated
growth potential as compared to their counterparts from
yRECs (402/534 and 189/111, respectively). Not surprisingly,
transformed cells in both cases grew faster than immortalized
cells from the same kind of embryos (y vs 0). Apparently,
epigenetic changes take place between 13.5 and 15.5 gestation
days, leading to an elevated potential of cells from older
embryos to overcome growth arrest.

Next we tested the effect of the CDK inhibitors
roscovitine and olomoucine on transformed cells from
young and old embryos. The transformed cells from young
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using CellTiterGlo. Tests were performed at least in quadruplicate.
Luminescence was measured in the Wallac 1420 Victor, a multilabel,
multitask plate counter. Each point represents the mean + SD (bars) of
replicates from three independent experiments. Statistical analysis was
performed using GraphPad Prism and significance levels were
evaluated using T test

embryos were more sensitive to treatment with CDK
inhibitors than their counterparts from older embryos. Most
importantly, following prior treatment with an FPTase
inhibitor that inactivates c-Ha-Ras, also transformed cells
from older embryos were strongly susceptible to the
growth-inhibiting effect of CDK inhibitors. These results
show, that c-Ha-Ras contributes to the partial resistance of
transformed cells from oRECs to the action of CDK
inhibitors. A thorough scrutiny of the exact mechanistic
background for the differences in the behaviour of the
mentioned cell types should shed additional light on the
cellular basis for the described effects.

In distinct stages of embryonic development tissue
homeostasis is modulated by a balance between proliferation
and programmed cell death. A temporally and spatially
regulated apoptosis is essential for differentiation and matu-
ration of different tissues and plays an important role,
especially in neurogenesis. The increase of apoptotic events
occurs in mid stages of embryonic development. Analyses of
rat fetuses from the biologically most interesting stages
revealed differences in the expression of some important
proteins including CDKS [5, 27] or alpha-fetoprotein [24].

The epigenetic changes between 13.5 and 15.5 gestation
days seem to allow a synergistic action of mutated p53 and
c-Ha-Ras to overcome cell cycle arrest and facilitate the cell
to pass through the whole cell cycle. Presumably, the
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Fig. 6 Inhibition of c-Ha-Ras processing sensitizes transformed rat
cells established from oRECs to CDK inhibitors. Transformed cells
were plated into 96 well microtiter plates (two plates for each
condition). One day after plating, cells were exposed to indicated
drugs for 24 h. Thereafter, the number of viable cells was determined
in the first microtiter plate. In the second microtiter plate medium was
changed (MC) and cells were post-incubated (p.i.) for a further 24 h in
a drug-free medium or with FTI. The measurement of the number of
viable cells immediately after treatment for 24 h provided information

epigenetic changes might comprise pathways involved in
chromatin remodelling and/or the Ras/Raf/MEK/ERK
pathway. Two of the candidates that are also important in
embryonal development are the Wnt/catenin and the
Hedgehog (HH) pathways. Since the HH pathway is also
connected to the K-Ras pathway [18, 28] and plays a central
role in the embryonal patterning during the phase under
scrutiny, it is our prime candidate. HH regulates embryonal
patterning through gradients of its 3 isoforms, however, in
some adult tissues HH is also responsible for homeostasis
and has effects on cell proliferation and apoptosis. Most
importantly, deregulated HH can also lead to cancer
development [1, 22, 33] and cyclopamine, an inhibitor of
the HH pathway, is able to reduce metastasis [8, 9].

At 32°C ts p53 adopts wt conformation and cells
accumulate in G, phase of the cell cycle. The ratio of cells
in S phase was strongly reduced in all tested cells. The
immortalized cells from young embryos (402/534) were
nearly completely arrested in G; phase after 24 h at 32°C,
whereas the immortalized cells from older embryos (602/
534) showed a reduction in S phase, but not in G, phase
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on the direct cytotoxic effect of the drug. On the other hand, post-
incubation of cells treated for 24 h, for another 48 h in a drug-free
medium, allowed the evalvation of the long-term effects of the
treatment. Tests were performed at least in quadruplicate. Lumines-
cence was measured in the Wallac 1420 Victor, a multilabel, multitask
plate counter. Each point represents the mean + SD (bars) of replicates
from three experiments. Statistical analysis was performed using
GraphPad Prism and significance levels were evaluated using T test

pointing to a different regulation in both cell types.
However, transformed cells from oRECs showed a stronger
response to the temperature shift. After shifting the cells
back to 37°C, transformed cells from oRECs re-entered the
cell cycle much faster then transformed cells from yRECs.
As expected, transformed cells entered the cell cycle more
quickly than their immortalized counterparts.

The most salient finding of our present work is the
strong impact of the endogenous cell traits in 0 vs y RECs.
Our results show that even strong oncogenes such as
mutated c¢-Ha-RAS and mutated 7P53 are not able to
override the intrinsic cellular program. Taken together, our
results show that transformed RECs from older embryos
show a higher growth potential than their counterparts from
yRECs and are less susceptible to the action of CDK
inhibitors. However, afier inactivation of c-Ha-Ras with an
inhibitor of farnesylation, also the transformed oRECs are
strongly susceptible to growth inhibition by CDK inhib-
itors. If the phenotype of a certain tumor is known, this
knowledge might help to develop a customized freatment
for tumors with constitutively activated Ras.
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Abstrakt

Cyklin-dependentni kinasy (CDK) jsou specifické serin/threoninové proteinkinasy, které hraji kli¢ovou roli
Vv regulaci bunééného cyklu, transkripci, apoptoze a diferenciaci. Nadmérna aktivita CDK byva ¢astym znakem
riznych lidskych onemocnéni spojenych s abnormalni mirou proliferace jako je rakovina. Z tohoto diivodu se
CDK staly slibnym teréem cilenych protinadorovych 1é¢iv. Prvni ¢ast prace vyuziva racionalniho piistupu pii
hledani novych inhibitord CDK. Struktury zndmych inhibitorti olomoucinu a roskovitinu zde byly pouzity jako
vychozi strukturni motiv, na jehoz zéklad¢ byla syntetizovdna série 2,9-substituovanych 6-guanidinopuring.
Vsechny ptipravené derivaty byly testovany na CDK1 a CDK2 inhibiéni aktivitu in vitro, cytotoxicitu a efekt na
bunéény cyklus v nadorové bunééné liniit MCF7 odvozené od karcinomu prsu a byl u nich studovan vztah mezi
strukturou a biologickou aktivitou. Dalsi ¢ast prace je zaméfena na hledani inhibitort CDK mezi pfirodnimi
latkami. Studovany byly antiprolifera¢ni a anti-angiogenni G¢inky flavonu eupatorinu a mechanismus jeho
biologické aktivity. Eupatorin je také jednou z hlavnich slozek extraktt z listu 1é¢ivé rostliny Orthosiphon
stamineus pouZzivané v jihovychodni Asii k 1é¢bé rliznych onemocnéni. Jeji susené, drcené listy byly v této praci
vyuzity pro vytvoreni chloroformového extraktu, ktery byl poté testovan na bunécnych kulturach a jeho ucinky

byly srovnavany s aktivitou samotného eupatorinu.

Abstract

Cyclin-dependent kinases (CDKSs) are specific serine/threonine protein kinases which play a key role in
regulation of the cell cycle, transcription, apoptosis and differentiation. Overactivation of CDKSs is a frequent
feature of human pathologies associated with abnormal rates of proliferation such as cancer. For these reasons,
CDKs have become a promising target in anticancer research. In the first part of the thesis, a series of 2,9-
substituted 6-guanidinopurines, structurally related to the CDK inhibitors olomoucine and roscovitine, has been
synthesized and characterized. All prepared compounds were screened for their CDK1 and CDK2 inhibitory
activities, cytotoxicity, effects on the cell cycle in the breast cancer-derived cell line MCF7 and the structure-
activity relationship was evaluated. The second part is focused on CDK inhibitors of the natural origin. We
investigated the antiproliferative and anti-angiogenic properties of flavone eupatorin and the mechanisms of its
biological action. Eupatorin is also one of the constituents of the medicinal herb Orthosiphon stamineus used in
folk medicine in South East Asia for treatment of various disorders. We prepared a chloroform extract of dried,
crushed leaves of this plant, tested it on the cell cultures and its activity was then compared to that of the

eupatorin standard.
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1. Cile disertacni prace

Cyklin-dependentni kinasy (CDK) jsou specifické serin/threoninové proteinkinasy, které hraji klicovou
roli v regulaci buné&éného cyklu, transkripci, apoptoze a diferenciaci. Nadmérna aktivita CDK byva Castym
znakem rdznych lidskych onemocnéni spojenych s abnormalni mirou proliferace, jako je rakovina. Z tohoto
divodu se CDK staly slibnym teréem cilenych protinadorovych 1é¢iv.

Cilem této prace byla jednak literarni reSerSe na téma protinddorovych 1éCiv se zaméfenim na CDK,
dale v experimentalni ¢asti hledani novych inhibitort CDK a ovéfeni mechanismu jejich G¢inku. Vyuzity pfitom
byly dva pfistupy. Prvni, racionalni piistup, byl zalozen na obménovani struktur jiz zndmych inhibitortt CDK ve

snaze zvysit jejich biologickou aktivitu, druhy poté vyuzival jako zdroj latky ptirodniho ptivodu.



2. Teoreticky uvod

Rostouci pocet pfipadii nadorovych onemocnéni obvykle doprovazenych drastickou lécbou s fadou
zavaznych vedlejSich G¢inkl s sebou pfinasi potiebu vyvijet stale nova 1é¢iva s mensimi negativnimi dopady na
lidsky organismus. Soucasné pokroky v molekularni biologii a stale hlubsi znalosti v oblasti nadorové
transformace nyni obraci pozornost védcl na cilenou terapii a molekularné cilena 1é¢iva. Hlavni myslenkou této
strategie je individualizovany piistup k pacientlim a co nejpifesnéjsi charakterizace nadoru, na jejimz zakladé je
poté zvolen urcity typ terapie. Cilena 1éCiva jsou zaméfena na inhibici/modifikaci ur¢ité vybrané molekularni
drahy povazované za klicovou pro vznik rakoviny ¢i jeji rozvoj a metastazovani. Nova cilena 1é¢iva mohou byt
hledana pomoci high-throughput screeningu rtznych ptirodnich produkt ¢i chemickych knihoven za ucelem
modifikace konkrétni molekularni drahy nebo jsou pro tuto modifikaci pfimo navrhovana a syntetizovana.
Aktivni latky ovSem nemusi mit vhodné vlastnosti z hlediska farmakokinetiky, farmakodynamiky, vedlejSich

ucinki a stavaji se poté vychozim strukturnim motivem pro vyvoj derivatii s lepSimi biologickymi vlastnostmi.

2.1  Nizkomolekularni inhibitory CDK

2.1.1 Uvod

Cyklin-dependentni kinasy (CDK) jsou specifické serin/threoninové proteinkinasy, které hraji kliCovou
roli v regulaci bunééného cyklu, transkripci, apoptéze a diferenciaci. Nadmérna aktivita CDK byva castym
znakem riznych lidskych onemocnéni spojenych s abnormalni mirou proliferace jako je rakovina. Z tohoto
divodu se CDK staly slibnym teréem cilenych protinadorovych 1é¢iv. Nizkomolekularni inhibitory CDK jsou
nyni pfedmétem intenzivniho vyzkumu a fada z nich se v soucasnosti nachdzi v rtznych stadiich klinického
testovani. Navzdory znacné chemické diverzité tvoii vétSina inhibitori CDK nizkomolekularni, ploché,
hydrofobni, heterocyklické molekuly, které kompetuji s ATP v aktivnim misté kinasy. Vyvoj téchto latek casto
Cerpal inspiraci v pfirodnich latkach. Flavopiridol, semisynteticky analog alkaloidu rohitukinu, se stal prvnim
inhibitorem CDK, ktery vstoupil do klinického testovani pod nazvem alvocidib a nyni se nachazi ve fazich I a Il
pro 1é¢bu raznych typii nddorovych onemocnéni. Inhibitor ZK304709 svou strukturou zase napadné pfipomina
pfirodni indigoidni barvivo indirubin. Dal§im piikladem mohou byt rostlinné hormony cytokininy, od kterych se
odvijel vyzkum purinovych inhibitort CDK. Purinovy skelet byl vibec prvnim strukturnim motivem
systematicky modifikovanym za ucelem nalezeni G¢innych CDK inhibitora, ktery vedl k objevim znamého
olomoucinu a roskovitinu (Havli¢ek et al., 1997; Meijer et al., 1997) nasledovanych syntézou purvalanolt

(Chang et al., 1999), olomoucinu II (Krystof et al., 2005) ¢i riznych biarylovych derivati (Bettayeb et al., 2008).
2.1.2 Guanidinopurinové derivaty jako inhibitory CDK

Latky obsahujici guanidinoskupinu jako napf. aminokyseliny jsou Siroce rozSifené v riznych
biologickych systémech a vykazuji celé spektrum biologickych aktivit (Berlinck et Kossuga, 2005). Schopnost

guanidinoskupiny formovat silné, nekovalentni interakce v aktivnich mistech enzymi hraje klicovou roli pro
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jejich biologické efekty. Z tohoto divodu jsme se rozhodli vytvofit sérii 2,9-disubstituovanych-6-
guanidinopurind odvozenych od struktury olomoucinu nebo roskovitinu a studovat vliv zavedeni

guanidinoskupiny na CDK-inhibi¢ni a antiprolifera¢ni vlastnosti v porovnani s roskovitinem.

2.2  Flavonoidy jako nizkomolekularni inhibitory procesu karcinogeneze

22.1 Uvod

Flavonoidy zahrnuji skupinu polyfenolickych latek bézné se vyskytujici jako sekundarni metabolity
Vv rostlinadch s riznymi fyziologickymi funkcemi jako je ochrana pted fotosyntetickym stresem, UV zafenim,
volnymi radikaly ¢i herbivory. Ze strukturniho hlediska jsou flavonoidy nizkomolekularni latky, jejichz
zakladem jsou dva aromatické cykly (A a B) propojené O-heterocyklem (Obrazek 1). Dalsi déleni do skupin je
zalozeno na pFitomnosti oxoskupiny na pozici 4, dvojité vazby mezi atomy uhliku 2 a 3 C kruhu a na pfitomnosti
hydroxylovych skupin.

Pfijem flavonoidt v lidské stravé byl jiz pfedmétem fady vyzkumt v riznych zemich a byva odhadovan
na desitky az stovky mg/den (Chun et al., 2007). Je vSak dulezité si uvédomit, ze ackoliv patii flavonoidy k
béznym latkdm v lidské stravé, nepatfi mezi biologicky nejaktivnéj$i. Nizka aktivita je zplsobena Spatnou

absorbci ve stfeveé, vysokou mirou metabolizace a rychlou eliminaci z téla.

Obrazek 1: Obecna struktura flavonoidii

U tady flavonoidu byl potvrzen antiproliferacni efekt na riznych nadorovych bunéénych liniich (Kawaii
etal., 1999). Vyzkumy ukazaly schopnost té€chto latek ovliviiovat aktivitu riznych regulatorti buné¢ného cyklu a
indukovat tak jeho zastaveni. Flavopiridol, semisynteticky analog flavonu rohitukinu, se stal prvnim inhibitorem
CDK, ktery vstoupil do klinického testovani pro 1é¢bu riiznych typli ndadorovych onemocnéni (Zhai et al., 2002).
Mezi dalsi molekularni cile flavonoid inhibujicich proliferaci patii i receptorové tyrosinkinasy (EGFR, IGF-1R,
PDGFR, VEGFR, c-Met; Teillet et al., 2008) nebo Ras/MAP-kinasova (Chung et al., 2001) ¢i PI3-kinasova/Akt
signalni draha (Siddiqui et al., 2004). Vyznamnym zpuisobem likvidace nadorovych bunék je indukce bunécné
smrti — apoptozy. Flavonoidy jiz opakované prokazaly schopnost vyvolat apoptézu v riznych nadorovych
bun&énych liniich (Wenzel et al., 2000; Erhart et al., 2005). Rada flavonoidi také prokazala sviij inhibi¢ni efekt

na naddorovou angiogenezi (Mojzis et al., 2008).



2.2.2 Eupatorin

Cast prace je zaméfena na antiproliferaéni potencial flavonu eupatorinu. Tato latka byla vybrana
z divodu zajimavych biologickych efekti, kterymi vynikala nad ostatnimi latkami z nasi testované série
potencialnich CDK inhibitorti pfirodniho ptivodu. Navic v t¢ dobé nebylo znamo nic o jejim mechanismu
ucinku.

Eupatorin je jednou ze slozek rostlin Orthosiphon stamineus (JV Asie; Yam et al., 2010), Lantana
Montevidensis (tropy J Ameriky; Nagao et al., 2002), Tanacetum vulgar (mirné pasmo Evropy, Asie; Schinella
et al., 1998) ¢i zastupci rodu Eupatorium (Dobberstein et al., 1977). Mezi rostliny vyskytujici se v naSich
stfedoevropskych podminkach patii Eupatorium cannabinum (sadec konopac), v jejimz extraktu z listd jsme
oviem piitomnost eupatorinu neprokazali (nepublikovana data). V Ceské republice je viak komeréné dostupna i
rostlina Orthosiphon stamineus v podobé ¢aje nebo ve formé kapsli jako potravinovy doplnék, kde se nam
eupatorin podatilo prokazat a které jsme proto vyuzili pro nase dalsi experimenty.

Orthosiphon stamineus Benth. (Lamiaceae) je 1é¢iva rostlina pouzivana jiz po nékolik stoleti v pfirodni
mediciné v jihovychodni Asii pro 1é¢bu fady onemocnéni (Tran, 1990). Znamé pozitivni ucinky na lidsky
organismus se staly podnétem pro blizsi studium extraktl z této rostliny a vysledky potvrdily jeji diuretické
et al., 2008; Yam et al., 2010), analgetické (Yam et al., 2008) ¢i antipyretické u¢inky (Yam et al., 2009).
Extrakty z listd Orthosiphon stamineus obsahuji Siroké spektrum latek: flavonoidy, terpenoidy, saponiny,
hexosy, organické kyseliny atd. (Tezuka et al.,, 2000; Akowuah et al, 2004; Loon et al., 2005).
Polymethoxylované flavonoidy sinensetin, eupatorin a 3’-hydroxy-5,6,7,4'-tetramethoxyflavon, patii k
dominantnim slozkam chloroformovych frakei téchto extraktl a zaroven i k terapeuticky nejzajimavéjsim (Yam
et al., 2010). Susené, drcené listy obsaZzené v kapslich byly v této praci vyuZity pro vytvoieni chloroformového
extraktu, v némz byla stanovena koncentrace eupatorinu a ktery byl dale testovan na bunécnych kulturach.
Vysledky poté byly porovnavany s ucinky samotného eupatorinu odpovidajici koncentrace.

Eupatorin, 3’,5-dihydroxy-4,6,7,-trimethoxyflavone (Obrazek 2), jiz v minulosti prokazal své
antiproliferac¢ni G¢inky na bunéénych liniich HeLa odvozenych od rakoviny délozniho ¢ipku (Csapi et al., 2010),
na buitkich MK-1 karcinomu zaludku (Tezuka et al., 2000) ¢ MDA-MB-468 prsniho karcinomu
(Androutsopoulos et al., 2008). V jedné z nejnovéjsich studii byl eupatorin nalezen v sérii ptirodnich latek jako

inhibitor kontrolniho bodu mitotického vieténka (Salmela et al., 2012).

Obrdzek 2: Struktura eupatorinu



3. Material a metody

Chemikalie a protilatky

Olomoucin, R-roskovitin a R-olomoucin II byly syntetizovany dle publikované metodiky (Havlicek et
al., 1997; Krystof et al., 2002). Eupatorin standard (Cistota 94.1 % determinovana pomoci HPLC dodavatelem)
byl zakoupen z firmy Phytolab (Némecko) a inhibitor farnesyltransferasy 1L.744,832 z firmy Alexis Biochemicals
(Svycarsko). Latky byly rozpustény v DMSO na koncentraci 100 mM a pouzity pro testy na bunéénych
kulturach. Specifické protilatky byly zakoupeny z firem Cell Signaling Technology (USA; anti-caspasa 3),
Sigma-Aldrich (USA; anti-a-tubulin, klon DM1A; peroxidasou znaené sekundarni protilatky), Santa Cruz
Biotechnology (USA,; anti-Mcl-1, klon S-19; anti-PARP, klon F-2; anti-Mdm-2, klon SMP14; VEGFR1, klon C-
17), Millipore (USA; anti-pH3%°), Jackson ImmunoResearch Laboratory (VB; kozi protilatka proti mysim IgG
znatena FITC), Exbio (Ceskd republika; anti-y-tubulin znateny Dyomics 647), Invitrogen (USA; kozi
sekundarni protilatka proti krali¢im IgG znacena Alexa Fluor 488) nebo byly poskytnuty jako dar od B. Vojtéska
(Masaryk Memorial Cancer Institute, Brno, Ceska republika; anti-p53, klon DO-1). Vsechny protilatky byly

rozpustény v roztoku 5% nizkotu¢ného mléka a 0.1% Tweenu 20 v PBS.

Priprava extraktu z listii Orthosiphon stamineus

Suché, drcené listy O. stamineus byly zakoupeny z firmy Expharma (Ceskd republika),
homogenizovany chloroformem (40 ml na 2 g) pomoci vibraéniho kulového mlynku (MM 301, Retsch,
Némecko). Surovy extrakt byl centrifugovan 10 min pti 20 000 g, supernatant byl zfiltrovan pies 0,45um
nylonovy membréanovy filtr (Alltech, Nizozemi) a odpafen pomoci rotaéni vakuové odparky (Buchi, Svycarsko).

Suchy isolat byl rozpustén v DMSO a roztok byl pouzit pro testy na bunéénych kulturach.

Bunééné kultury a test viability

Bunééné linie MCF7 (prsni adenokarcinom), RPMI8226 (mnohocetny myelom), HL-60 (akutni
promyelocyticka leukémie), MOLT-4 (akutni lymfoblastickd leukémie), K562 (chronickda myelogenni
leukémie), HeLa (adenokarcinom délozniho ¢&ipku) a BJ (pfedkozkové fibroblasty) byly zakoupeny z firmy
American Type Culture Collection (USA) nebo European Collection of Cell Cultures (VB). HUVEC
endothelialni buiiky byly poskytnuty prof. J. Ulrichovou (Univerzita Palackého, Olomouc, Ceskd republika).
Buiiky byly kultivovany podle pokynd dodavatele. Klony potkanich embryonalnich fibroblastii byly pfipraveny
dle publikované metodiky (Schmid et al., 2009). Testy bunécné viability byly provadény pomoci kalceinu AM
(Invitrogen, USA), fluorescence zivych bunék byla méfena pti 485/538 nm (ex/em) pomoci Fluoroskan Ascent

Plate Reader (Thermo Labsystems, USA) podle zavedené metodiky (Jorda et al., 2011).

Analyza bunééného cyklu
Piblizng 10° bungk bylo sklizeno a zafixovano 90% methanolem. Po rehydrataci byly buiiky

inkubovény s primarni protilatkou proti pH3%"™°

a poté s prislusnou sekundarni protilatkou znacenou Alexa
Fluor 488. DNA byla znacena propidium jodidem. Fluorescence byla métena pii 488/575 (ex/em) pro propidium
jodid a 488/525 (ex/em) pro Alexa Fluor 488 pomoci priitokového cytometru Cell Lab QuantaTM SC (Beckman

Coulter, USA). Bunéény cyklus byl analyzovan pomoci programu Multicycle AV for Windows.



SDS-PAGE a imunodetekce

Po sklizeni bun¢k a jejich lyzi se koncentrace proteinl v lyzatech stanovila Bradfordovou metodou.
Vzorky byly separovany pomoci SDS-polyakrylamidové gelové elektroforézy a pieneseny na nitrocelul6zovou
membranu. Nasledovalo blokovani membran a jejich inkubace s primarnimi a piislusSnymi sekundarnimi
protilatkami. Komplexy protein-protilatka byly vizualizovany pomoci ECL (Thermo Fisher Scientific, USA), jak
jiz bylo popsano dtive (Jorda et al., 2011).

Méieni aktivity caspasy 3/7

Metoda byla provedena podle Jordy et al., 2011. Ve strucnosti, buiikky byly sklizeny, lyzovany a
koncentrace proteinti se stanovila Bradfordovou metodou. 15 pg proteinti se smichalo se 100 pl reakéni smési
obsahujici 100 uM Ac-DEVD-AMC jako substrat. Fluorescence byla métena pomoci Fluoroskan Ascent reader
(Thermo Labsystems, USA) pii 346/442 nm (ex/em).

Imunofluorescenéni znaceni

Bunky byly kultivovany na krycich sklickach v Sestijamkovych panelech. Po promyti PBS nasledovala
fixace smési methanol : aceton (1:1) a blokovani 10% fetalnim hovézim sérem. V dal§im kroku probé¢hla
inkubace s primarnimi a pfislusnymi sekundarnimi protilatkami. DNA byla znacena DAPI. K pofizovani
fotografii byl pouzit fluorescencni mikroskop BX50 (Olympus, Japan) vybaveny digitalni kamerou Cool Snap
(Photometrics, USA).

Méfeni inhibice proteinkinas

CDKl1/cyklin B a CDK2/cyklin E byly produkovany pomoci bakulovirového expresniho systému a
purifikovany pomoci Ni?*-NTA kolony (Qiagen, Némecko). Reakéni sm&s obsahovala enzym, 1 mg/ml histon
HI, 15 uM ATP, 0,05 uCi [y-*P]ATP a testovanou latku, vie v reakénim pufru (60 mM HEPES-NaOH, pH 7,5,
3 mM MgCl,, 3 mM MnCl,, 3 uM orthovanadat sodny, 1,2 mM DTT, 2,5 pug/50 ul PEGyg00). Reakce byla po
inkubaci zastavena piidavkem 3% H3PO,. Podil reakéni smési se nanesl na P-81 fosfocelulozovy papir
(Whatman, VB), ktery se poté 3x promyl 0,5% vodnym roztokem H3PO,4 a nechal na vzduchu uschnout.
Radioaktivita byla méfena pomoci digitalniho obrazového analyzatoru FLA-7000 (Fujifilm, Japonsko). Hodnoty
ICs byly ziskany z grafické analyzy.



4. Komentované vysledky a diskuse

4.1  Biologicka aktivita guanidinovych analogii roskovitinu

Vsechny ptipravené 2,9-disubstituované-6-guanidinopuriny (Tabulka 1) byly testovany na CDKI1 a

CDK2 inhibiéni aktivitu in vitro, cytotoxicitu a antiprolifera¢ni efekt v nadorové bunééné linii MCF7 odvozené

od karcinomu prsu. Detekce histonu H3 fosforylovaného na serinu 10 (pH

BSerlo

) byla vyuzita jako mitoticky

marker. CDK inhibitor roskovitin vyvolavajici specificky G2 blok byl pouzit jako pozitivni kontrola (ICsq:
CDK2 = 0,17 uM, CDK1 =2,4 uM, MCF7 = 20,2 uM). Vsechna data jsou shrnuta v Tabulce 2.

Tabulka 1: Struktury pripravenych derivdtii

R2
NN
)l\ “ y
N N
R’ \
R3
Latka R! R? R®
1 NH, guanidino Me
2 NH, guanidino Pr
3 NH, guanidino iPr
4 NH, guanidino iBu
5 NH, guanidino Et
6 NH, guanidino CH,CF;
7 NH, guanidino CH,CH,0OH
8 NH, guanidino CH,CH,NH,
9 NH, guanidino CH,CH,N;
10 H guanidino Me
11 NH, NH, iPr
12 NH, NH, Et
13 NH, (Me),N- CH,CH,N;
16a NH(CH,),OH guanidino iPr
16b NH(CH,);0OH guanidino iPr
16¢c NH(CH,)sOH guanidino iPr
16d (R)- OCH,CH(Et)NH, guanidino iPr
16e (R)- NHCH(Et)CH,0OH guanidino iPr
16f (S)- OCH,CH(Et)NH, guanidino iPr
169 (S)- NHCH(Et)CH,0OH guanidino iPr
16h (R)- OCH,CH(iPr)NH, guanidino iPr
16i (R)- NHCH(iPr)CH,OH guanidino iPr
16j (S)- OCH,CH(iPr)NH, guanidino iPr
16k (S)- NHCH(iPr)CH,0OH guanidino iPr
16l cyclopropylamino guanidino iPr
16m (S)-O-prolinol guanidino iPr
16n (S)-N-prolinol guanidino iPr
160 (R)-O-prolinol guanidino iPr
16p (R)-N-prolinol guanidino iPr
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Tabulka 2. Biologicka aktivita pripravenych derivdtii

bunéény cyklus MCF7 bunék

Litka 1Cs0 [nM] davka 100 pM, 24 h
CDKl/cyklin B CDK2/cyklinE ~ MCF7 G2+Mm? pH3(Ser10)®

1 38.2+55 6.8+2.8 >100 1.5+0.7 0.81+0.09
2 559+15 10.7+4.9 36.5+9.8 40+1.0 6.71+2.49
3 14.8+3.3 1.3+£0.2 97.2+£24.2 2.0+0.8 0.18+0.01
4 >100 66.5+30.0 96.6+38.2 3.5+0.6 7.00+1.00
5 126+1.3 1.7+£1.0 543+ 257 1.6 0.2 0.10+0.03
6 >100 >100 >100 0.8+0.5 ND

7 >100 >100 >100 0.9+03 ND

8 >50 >100 >100 1.0+ 0.6 ND

9 >100 749+14.1 >100 14+0.8 ND

10 >100 >100 >100 1.0+ 04 ND

11 649+17.4 22.2+17.2 >100 0.9+04 ND

12 37.5+10.7 7.9+37 >100 1.2+0.6 ND

13 >100 >100 >100 1.0+ 04 ND
16a 15.1+9.2 0.82+0.34 124 +6.4 29+1.1 0.15+0.02
16b 41+03 0.18 £ 0.07 8.8+3.3 25+1.2 0.18 +£0.02
16¢ 42+17 1.6+0.1 52+3.1 20+£0.8 0.33+0.01
16d 476+ 11.0 13.3+£7.0 >100 0.8+0.4 1.08+0.21
16e 21+04 0.14 +0.06 45+£13 1.8+1.1 0.08 + 0.06
16f 8.1+5.1 6.2+3.4 16.3+2.9 1.5+04 0.07 £0.01
169 0.9+05 0.037+0.031 1.6=+0.3 1.6+0.8 0.09 +0.03
16h 15.6 + 6.8 8.0+£3.3 79.4+22.1 2.1+0.7 0.39+0.06
16i 20+1.0 0.14+0.03 105+3.8 23+1.0 0.13+0.09
16j 1.1+0.3 1.8+0.8 34+07 1.7+£04 0.09 + 0.07
16k 1.1+06 0.071+0.046 2.1+04 1.8+£0.7 0.09 +0.08
16l 6.4+15 0.50+0.18 54+0.2 24+0.6 0.17 +£0.03
16m >100 25.2+4.8 >100 1.7+£0.2 0.80+0.10
16n 15+0.1 0.16 £ 0.04 6.2+3.3 1.7+0.8 0.11+0.08
160 81.5+27.0 23.6+49 >100 1.3+0.5 ND
16p 6.2+22 0.67+044 20.4+16.8 2.0+0.7 0.10 +£0.07
roskovitin 24 +£0.94 0.17 £0.05 20.2+12.3 1.5+0.1 0.11+0.01

& pomér G2+M populace ovlivnénych a kontrolnich bungk
b . L. , . v , v
pomér pH3-pozitivni populace ovlivnénych a kontrolnich bunék
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Nejaktivnéjsi derivat 16g obsahoval stejny N9 i C2-postranni fetézec jako roskovitin. V porovnani s
nim byla jeho aktivita viici CDK2 pfiblizné 5x vyssi a v buiikdich MCF7 byla tato latka dokonce vice nez
desetinasobné ucinnéjsi. Zajimavym zjisténim, které je v kontrastu s predchozimi studiemi purinovych derivata,
je obecné vyssi aktivita (S)-6-guanidinopurinii v porovnani s jejich (R)-optickymi isomery. Testovani obou
nejucinngjsich (R) a (S)-enantiomerti 16e a 169 na panelu pfiblizn¢ 100 kinas odhalilo snizenou selektivitu

6-guanidinopurintl v porovnani s roskovitinem vlivem zavedeni guanidinoskupiny na pozici C6 (Obrazek 3).

1 MM roskovitin 1 UM latka 16g

% residualni aktivita

Obrazek 3: Porovnani specificity 1 uM roskovitinu (zdroj www.invitrogen.com) a 1 puM latky 169 na

reprezentativnim panelu proteinkinas.
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4.2

Antiproliferacni a anti-angiogenni ucinky flavonu eupatorinu

Extrakt o znamé koncentraci eupatorinu redukoval viabilitu nadorovych bun¢k podobné jako disty,

komeréné dodavany eupatorin odpovidajici koncentrace s hodnotami ICs fadové v mikromolech. Vyznamnou

vlastnosti eupatorinu je jeho selektivita vii¢i nddorovym bunéénym liniim a naopak nizké aktivita ve zdravych

lidskych buiikach (ICsy > 100 pM). Extrakt i eupatorin standard indukovaly G2/M blok buné&ného cyklu

(Obrazek 4A,B). Z naSich experimentl je ziejmé, Ze eupatorin vyznamnym zpusobem piispiva k celkové

aktivité extraktu.

>
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Obrazek 4: Chloroformovy ektrakt z listi Orthosiphon stamineus i cisty eupatorin indukuji G2/M blok

bunécného cyklu HelLa bunék. Analyza pritokovou cytometrii: (A) Znaceni DNA V bunkdch oviivnénych

extraktem na 24 h (konecnd koncentrace eupatorinu v médiu byla 10 uM), (B) znaceni DNA bunék oviivnénych

cistym eupatorinem nebo nocodazolem na 24 h. (C) Znaceni DNA a histonu H3 fosforylovaného na serinu 10

(pPH3*") v buiikdch ovlivnénych cistym eupatorinem nebo nocodazolem na 24 h. Pro znaceni DNA byl pouZit

propidium jodid, pro pH3**"° imunodetekce. Nocodazol byl vyuzit jako pozitivai kontrola.
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Pro odliSeni G2 faze od mitdzy jsme pomoci pritokové cytometrie sledovali intracelularni hladinu

3 Serl10

histonu H3 fosforylovaného na serinu 10 (pH ). Po aplikaci 5 a 10 pM eupatorinu jsme pozorovali

3 Serl0 3 Serl0_

akumulaci mitotickych bunék (pH -pozitivnich); 20 pM eupatorin naopak zptsobil enormni narast pH
negativni populace bunék odpovidajici pozdni G2 fazi ¢i tetraploidni G1 fazi (Obrazek 4C). Porovnanim hodnot
Debris (mrtvé, degradované bunky) je patrné, Ze eupatorin ma v niz§ich davkach cytotoxické ucinky a pfi
vysSich spiSe cytostatické. Uvedené tvrzeni je ovSem platné pouze v pfipadé kratSich, 24-hodinovych
inkubacich, pfi dlouhodobych kultivacich je cytotoxicky ucinek koncentra¢né zavisly, jak je mozné pozorovat
u ttidennich testl viability. KliCovou kinasou, jejiz inhibice je nejspiSe pti¢inou téchto odlisnych G¢inkd riznych
koncentraci eupatorinu, je pravdépodobné aurora B hrajici dilezitou tlohu pii kondenzaci chromatinu a v
kontrolnim bodu mitotického vieténka a jejimz substratem je mimo jiné pravé histon H3. Inhibice aurory B

eupatorinem byla také potvrzena v jedné z nejnovéjsich studii in vitro i v buné¢nych lyzatech (Salmela et al.,

2012). Navrhovany mechanismus dudlniho chovani eupatorinu je znazornén na Schématu 1.

A interfazni bunky
Ser10 &R - pozdni G2 blok
vysoké davky

ATP
3 kon ace 3 \
\0/, @ ch%u m)éa
eupatorinu —1 auﬁ‘(a B

N o
ko\r/mft ‘L ZOd —_— metaaf%aféze
opt

a

mitotické buriky

- nuceny pruchod mitézou

- porucha cytokineze

- vstup do G1 faze v polyploidnim stavu

B Ser10 (®

ATP
kondenzace .
\’/I @ > chromatinu a}noza

nizké davk
y % aurora B

eupatorinu \
. blok
koc;;?éwk?d —> | metafaze/anafaze
apoptéza

interfazni i mitotické buriky

Schéma 1: Navrhovany mechanismus pusobeni vysokych (A) a nizkych (B) davek eupatorinu na priichod

bunécnym cyklem.
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Experimenty prokazaly schopnost eupatorinu vyvolat bunécnou smrt nddorovych bunck, avSak jeji
mechanismus bylo nutné je$té dale potvrdit. Detekei vybranych markerd apoptozy a zvysenou aktivitou caspasy
3 a 7 jsme potvrdili apoptézu jako mechanismus bunééné smrti (Obrazek 5). Vybrané markery byly zieteln&jsi
pfi niz8ich koncentracich eupatorinu (5 a 10 pM) a naopak slabsi v pripad€ vyssi davky (20 uM). Tyto vysledky
jsou v souladu s pfedchozimi experimenty, které poukazovaly na dudlni chovani (cytotoxické vs. cytostatické)

eupatorinu pti 24-hodinové inkubaci.
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Obradzek 5: Indukce apoptozy v bunkdach HeLa po oviivnéni eupatorinem na 24 h. (A) Detekce vybranych

markerii apoptozy pomoci western blottingu, (B) relativni aktivita caspasy 3/7 v bunécnych lyzatech.

Jelikoz byla u ftady flavonoidi strukturné blizkych eupatorinu prokazana schopnost inhibice
polymerizace mikrotubulii (Beutler et al., 1998), bylo nas§im dal$§im cilem posoudit vliv eupatorinu na
mikrotubularni systém. Pomoci imunofluorescenéniho znaceni a- a y-tubulinu jsme vizualizovali mikrotubuly,
resp. centrosomy HeLa bunék ovlivnénych eupatorinem. Zadnou vyznamnou depolymerizaci mikrotubulii jsme
nepozorovali, avsak po aplikaci 10 uM eupatorinu bylo mozné pozorovat narst mitotickych buné€k obsahujici
multipolarni de€lici vieténka s y-pozitivnimi centrosomalnimi pdly a také velké, mnohojaderné bunky
s dekondenzovanym chromatinem (Obrazek 6A, B). Tyto znaky jsou charakteristické pro mitotickou katastrofu
(Roninson et al., 2001). Ztohoto duvodu usuzujeme, Ze mitoticka katastrofa nasledovana apoptozou je
mechanismem bunééné smrti indukované 10 pM eupatorinem. Uginkem vy$§i davky eupatorinu (20 pM)
dochazi pravdépodobné vlivem inhibice aurory B k bloku interfaznich bunék v pozdni G2 fazi. Tomu nasvédcuje
pfitomnost fady bunék s velkym jadrem, dekondenzovanym chromatinem a Casto i se zietelné¢ oddélenymi
centrosomy (Obrazek 6A; separované centrosomy oznaceny Sipkami). Kromé téchto bun€k byly pozorovany i
bunky mnohojaderné podporujici teorii nuceného prichodu mitézou vlivem nefunkéniho kontrolniho bodu
vieténka v ptipadé mitotickych bunék (Obrazek 6A).

Vzhledem ke strukturni podobnosti eupatorinu a zndmych inhibitora proteinkinas (Teillet et al., 2008)
jsme zkoumali schopnost 1 uM eupatorinu redukovat aktivitu ptiblizn€¢ 110 lidskych proteinkinas. Eupatorin se
ukdzal byt nespecifickym inhibitorem snizujici nejvyznamnéji aktivity kinas RIPK2, VEGFR1 a MLK3
s residudlnimi aktivitami pod 33 %. Ackoliv byla inhibice aurory B prokdzand jinymi autory in vitro i
V buné¢nych lyzatech (Salmela et al., 2012), v naSich testech nepattila aurora B s residualni aktivitou 79 % Kk tém

nejcitlivéjsim. AvSak in vitro testy s rekombinantnimi enzymy nemusi nutné odraZet realnou situaci v buiikach a
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navic k vyznamnému bunéénému efektu, ktery je pravdépodobné zplisoben inhibici aurory B, dochazelo prave

az pti vyssich koncentracich eupatorinu (20 uM).

A a-tubulin
long exposure short exposure DAPI

“
& » 8

B a-tubulin y-tubulin DNA

... 10 pm

Obrazek 6: (4) Imunofluorescencniho znaceni a-tubulinu v buitkiach HeLa kultivovanych s eupatorinem na 24 h.

control

10 uM
eupatorin

20 uM
eupatorin

control

10 uM
eupatorin

(B) Imunofluorescencni znaceni a-tubulinu (délici vieténka), resp. y-tubulinu (centrosomy) v busikach Hela

kultivovanych s eupatorinem 24 h. DNA byla znac¢ena DAPIL. Cervené sipky oznacuji separované centrosomy.
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Silna inhibice VEGFR1 eupatorinem in vitro a také fakt, Ze fada flavonoidd i extrakty z O. stamineus
negativné ovlivituji proces angiogeneze, nas inspiroval ke studiu anti-angiogennich vlastnosti eupatorinu. Jako in
vitro model angiogeneze jsme pouzili endotelidlni buitky HUVEC a sledovali jejich schopnost migrovat a tvofit
tubuly v pfitomnosti flavonu. Eupatorin potvrdil schopnost oba tyto procesy vyznamné inhibovat (Obrazek 7 a
8). Redukce intracelularni hladiny VEGFR1 byla kromé¢ in vitro testd s purifikovanym enzymem prokazana i
vV bunéénych lyzatech pomoci imunodetekce (Obrazek 9). Vzhledem ke strukturni podobnosti VEGF receptort
(Neufeld et al., 1999) a také nespecifickému inhibi¢nimu potencialu eupatorinu lze o¢ekavat i inhibici VEGFR2
a VEGFR3, kterou jsme ovSem neprokazovali. Inhibice VEGF receptori je tedy pravdépodobné mechanismem

anti-angiogennich G¢inkl eupatorinu.

A B
g ***P < 0.001
o
: i)
b 1S
~ ‘E
2
: ©
o
0 eupatorin [uM] 0 5 10 20 O eupatorin[uM]
+ + + + - rustové faktory + + + + - rustove faktory

Obrdzek 7: Schopnost endotelialnich bunek HUVEC migrovat do vytvorené ryhy po ovlivnéni eupatorinem na 20

h. (4) Obrazova analyza, (B) kvantifikace. Médium bez riistovych faktorii bylo pouzito jako pozitivai kontrola.

eupatorin [uM]

A
kontrola 20 i 0,3 uM axitinib
. - T e RN e
B : e
o 2 ! . ; e e :
e e T o100 i,
B
E
\© 5 *x P < 0.001 N *** P <0.001
32 =
=3 §
[ »
o2 8
g g 0.5 ‘g
o =
°° L
0 5 10 20 0 eupatorin [uM] 0 5 10 20 O eupatorin [uM]
- - - - + 0,3 uM axitinib & - 4 - + 0,3 uM axitinib

Obrazek 8: Schopnost endotelialnich bunék HUVEC tvorit tubuly in vitro po inkubaci s eupatorinem na 20 h. (A)

Obrazova analyza, (B) kvantifikace. Axitinib byl pouzit jako pozitivni kontrola.

2h 24h ,

0 5 10 20 O 5 10 20 eupatorin [uM]

. VEGFR1

Obrdazek 9: Imunodetekce VEGFR1 v endotelidlnich buiikiach HUVEC po ovlivnéni eupatorinem na 2 a 24 h.

17



5. Zavér

Ackoliv zde zkoumané latky maji zajimavé Géinky in vitro, teprve po provedeni in vivo testti bude
mozné posoudit jejich potencial jako protinadorova léciva. V piipadé eupatorinu bude pravdépodobné kli¢ova
jeho farmakokinetika a farmakodynamika, protoZze je obecné znamym faktem Spatna biologicka dostupnost
flavonoidi i jejich rychla metabolizace a exkrece z téla. SniZena selektivita 6-guanidinopurini zase znesnadiiuje
charakterizaci mechanizmu 0¢inkt téchto latek, na druhou stranu vSak ptedstavuje dobry pocateéni bod pro

vyvoj novych inhibitorti zaméfenych na rizné dalsi proteinkinasové cile.
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