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Souhrn

Jednou ze skupin v soucasnosti intenzivné vyvijenych Ié¢iv jsou inhibitory cyklin-
dependentnich kinaz (CDK). Klinickym zkousenim bezpecnosti a ucinnosti prochazi
dnes nejméné dvacet riznych inhibitort CDK, vcetné roskovitinu. Na rozdil od rady
klasickych cytostatik, ktera ptimo poskozuji DNA, roskovitin zastavuje proliferaci
bunék a zpusobuje jejich smrt skrze inhibici enzymu nezbytnych pro bunééné déleni
a prezivani - CDK. Neni tedy pifimo genotoxicky a jeho ptisobenim by nemélo primarné
dochazet k poskozeni DNA. Presto se v n¢kterych odbornych publikacich objevuji
informace, které genotoxicky potencial roskovitinu naznacuji. K opravam poskozené
DNA slouzi nékolik odlisnych mechanismii, aktivovanych podle povahy posSkozeni
a momentalniho stavu bunky. Homologni rekombinace patii k nejpiesnéjSimu typu
opravy poskozené¢ DNA. Cilem prace bylo posoudit, jak syntetické inhibitory CDK
ovlivituji homologni rekombinaci a zjistit vztahy mezi selektivitou inhibitorG vuci

jednotlivym isoformdm CDK a jejich schopnosti blokovat HR.



Summary

Development of human cancer is linked to deregulation and hyperactivation of
enzymes called cyclin-dependent kinases (CDKs). CDKs are key regulators necessary
for the cell cycle control. Their hyperactivity leads to uncontrolled proliferation and
promotes cancer development. Currently they seem to be important targets for cancer
treatment and indeed many CDK inhibitors, including roscovitine, undergo clinical
trials in patients. In contrast to classical DNA-damaging cytostatics, roscovitine blocks
proliferation of cancer cells and induces selectively their apoptosis, both via inhibition
of CDKs. Despite relatively well-known mechanism of its action, roscovitine is
sometimes suspected of being genotoxic.

Damaged DNA can be repaired by several routes, depending on the lesion itself
and on other cellular factors. Repair of double stranded breaks through homologous
recombination (HR) is a preferred way, dependent on presence of suitable template and
activity of certain CDKSs. The aims of this work were to describe effects of some CDK
inhibitors on HR and to analyze relationships between selectivity of CDK inhibitors and

their interference with HR.



Obsah

N O 1 (3 o) ¢ 1o PSPPSR RPPPRPP 8
2. UV s 10
2.1 POSKOZENT DNA ... .ot 11
2.2 DVOUVIAKNOVE ZIOMY ...ttt 12
2.3 Odpoveéd bunky na poskozeni DNA ..o 12
2.3.1 Oprava DNA zprostiedkovand ATM .........cccoceiiiiiiiiiiiiieeeeee e 13

2.3.2 Ataxia telangiectasia and Rad3 related (ATR) .....cocvoviieienin i 15

2.4 Mechanismus Opravy DSBS.........cccoiiiiiiiiie e 16
2.4.1  Nonhomologous end joining (NHEJ)........cccoooeiiiiiiiiiiice e 16

2.4.2 Homologni reKOMDINACE ........civeiviiiiiieiieie e 17

2.5 Bunécny cyklus a jJeho regulace .........coceiiiiiiiiiieiic e 19
2.6 Cyklin dependentni Kindzy (CDK) .......ccoeiiiriiriiiiieiiiieiieresee e 21
2.6.1 CDK a homologni reKOmMbINACE..........c.erirriiieiiiieiiiie e 22

2.6.2 Charakterizace pouzitych inhibitortt CDK...........ccooiiiiiiiiiiics 23

3. Material @ METOAY ....veiieeiiiiiiieiee e 27
4. PraCOVIL POSTUDY ..eeetiiiiiitiiiiiiie ittt 31
4.1 KuUltivace bunk ........ccoiiiiiiiiiiii s 31
4.2 Lyzace VZOTKU.......ccooiiiiiiiiiii 31
4.3  Elektroforeticka separace a Western Blotting ...........cccccvvviiiiiiiiiiiiiiicce 31
N TS B (0D ([ | YU R RSP PSSPRRIN 32
4.5  Oveéfeni vlivu zvolenych koncentraci CDKi na bunéény cyklus..........cocevviiinnnnnnne 32
4.6  Transfekce linie pro analyzu homologni rekombinace.............cccccovvviviiciiciinnnn, 32
4.6.1  POStUP tranSTEKCE.......cviiiciie et 33

4.6.2 Cytometricka analyza a hodnoceni ..........cccvvveiiiiiiiiiicic e 34

0. VYSICAKY e 36
5.1  Charakterizace G€inku pouzitych inhibitori na bunécny cyklus ........cccocvvrvviiiennnnns 36
5.2  Cytometrickd analyza homologni rekombinace ............c.cevvriviiieiiiiciicniscce, 38
5.3  Analyza hladiny proteinu Rad51 pomoci SDS PAGE a Western Blot ..................... 39
B.  DISKUZE ..o 41
To ZZAVET ot b bbbttt bbbttt e 45
8.  Seznam pouzityCh ZKIatek ..........cccooiiiieiiiiiiieiiee e 46
9. Seznam POUZILE IEETATUTY ..oc.vviiiiiieiiie ittt 48
10, PHIONY .o s 57



Cile prace

Vypracovat reSersi na t¢éma homologni rekombinace a jeji ovlivnéni inhibitory
cyklin dependentnich kinaz

Testovat vliv inhibitord cyklin dependentnich kinaz na homologni rekombinaci
Vv reportérové linii HR-GFP a posoudit vztah jejich selektivity a u¢inku
Posoudit zapojeni proteinu Rad51 v inhibici/ovlivnéni homologni rekombinace

inhibitory cyklin dependentnich kinaz
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2. Uvod

Na vSechny zivé organismy neustale ptsobi rtizné vlivy z jejich okoli. Tyto vlivy
mohou byt pfi¢inou naruseni celistvosti a stalého vnitiniho prosttedi. Kazdy organismus
se snazi zachovat svou genetickou informaci komplexni a nezménénou ji prenaset
do dal§i generace. Uplnd geneticka informace je zakladem pro plné funkéni buiiky
anasledné cely organismus. Udrzet integritu je pfitom jednou ze zakladnich vlastnosti
vSech organismu. Jeji soucasti je nejen bezchybna replikace, ale také plné€ funkéni sit’
proteind zajistujicich opravu poskozeni. Velké mnozstvi latek ma ucinky, které
néjakym zplsobem poskozuji genetickou informaci nebo narusuji procesy spojené s jeji
replikaci. Tyto latky maji tzv. genotoxicky uc¢inek.

Buiiky na poSkozeni DNA reaguji rGznymi zpisoby. Specifické signalni drahy
zastavi bunéény cyklus a tim poskytnou opravnym mechanismiim dostatek ¢asu pro
reparaci vzniklych Skod. Pokud je poskozeni neopravitelné, pfejdou bunky do stadia
senescence nebo je u nich spustén proces apoptdzy, tzv. bunééné programované smrti.

Vzristajici incidence nadorovych onemocnéni je primarni motivaci vyvoje
modernich 1é¢iv, cilenych specificky na mechanismy alterované v nadorech.
V rakovinnych buiikéch je zamérné vyvolavano poskozeni radioterapii ¢i chemoterapii.
Radioterapie 1 béZznd chemoterapie indukuji celkové poskozeni DNA v nadorech.
Protinadorova 1é¢iva poskozuji DNA, blokuji replikaci nepiimo skrze inhibici
prekurzord biosyntézy nebo narusuji hormonalni stimulaci ristu. Cilem je zni¢it dané
buriky. Obé metody poskozuji nejen bunky rakovinné, ale maji vysokou toxicitu i pro
zdravé builky v zasaZené tkéani. Proto se v dnes$ni dobé vyviji metody, které by
specificky zasahovaly pouze rakovinné burnky.

Jednou ze skupin v soucasnosti intenzivné vyvijenych Iéciv jsou inhibitory cyklin-
dependentnich kinas (CDK). Klinickym zkousenim bezpecnosti a ucinnosti prochazi
dnes nejméné dvacet riznych inhibitoru CDK, v¢etné roskovitinu, u jehoz objevu stali
také olomoucti védci. Na rozdil od fady klasickych cytostatik, ktera poskozuji DNA
a indukuji smrt nadorovych bung¢k, roskovitin zastavuje jejich proliferaci a zpasobuje
smrt skrze inhibici enzymi nezbytnych pro proliferaci a piezivani - CDK. Neni tedy
piimo genotoxicky a jeho ptisobenim by nemélo primarné dochazet k poskozeni DNA.
Piesto se v nékterych odbornych publikacich objevuji informace, které genotoxicky
potencial roskovitinu naznacuji. Jedna se naptiklad o akumulaci nadorového supresoru

p53, ktery je klicovou molekulou v odpovédi na poskozeni DNA, nebo zvysena
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fosforylace histonu H2AX, povazovana za jeden z nepiimych dikazi zlomu DNA.
Vysvétleni muze spocivat napi. v zastaveni replikace, ktera je zavisla na CDK2 (a tedy
i citliva k roskovitinu), s naslednym rozpadem replikacnich vidli¢ek a indukci bunécné
smrti.

Dalsi moznosti, kterou se zabyva tato diplomova prace, je omezeni schopnosti
opravovat zlomy DNA homologni rekombinaci. Negativni vliv nékterych inhibitora
CDK na tento opravny mechanismus byl sice popsan, neni vsak zatim zcela jasné, jaky
je presny mechanismus a vztah mezi selektivitou téchto inhibitort a jejich cytotoxickou

aktivitou. Na tyto otazky se ¢aste¢né pokousi odpovedét tato prace.

2.1 Poskozeni DNA

Existuje mnoho exogennich i endogennich ¢initeld. Nékteti poskozeni vyvolavaji
ptimo, jini zprostfedkované skrze G¢inky reaktivnich radikalovych ¢astic, jejichz tvorbu
iniciuji. Jako poskozeni tedy nazyvame fyzické abnormality vznikajici na DNA.
Zahrnujeme sem depurinaci nebo depyrimidinaci, alkylace zpusobujici zesitovani
molekuly DNA, oxidace bazi, pfipadné vznik dimerid thiminu. Zvlasté nebezpeéné jsou
jednovldknové a dvouvldknové zlomy a v krajnim piipadé fragmentace celych
chromozomt. K naruSeni genetické informace dochazi jak pfiirozené, tak jej lze
indukovat cilené. Struktura DNA i samotnych chromozomi miiZze byt poruSena
oxida¢nim ¢i mechanickym stresem (Haber, 2000). Spontanni zlomy na chromozomech
mohou vzniknout béhem procesu replikace. Pfi meioze dochazi k programované
aktivaci endonukleaz, které nasledné fragmentuji DNA, aby mohla probéhnout vyména
homolognich useki. Uméle je moZzné poskozeni vyvolat pomoci latek zvanych
mutageny. Mezi nejbézné&jsi patii zareni (UV nebo ionizujici) a chemické latky.

Kazdy typ poskozeni musi byt opraven, nebot zmény Vv genetické informaci
mohou mit karcinogenni charakter (Khanna & Jackson, 2001). Ruzné typy poskozeni
vyzaduji a zahrnuji rozdilné mechanismy oprav. Aby buniky mohly efektivné reagovat
a opravovat vznikajici poSkozeni, musely vyvinout specifickou sit kontrolnich,
regulacnich a signdlnich drah. Skrze tyto mechanismy maji pod kontrolou dileZité
pochody jako replikace a mitotické déleni, které jsou nejvice citlivé pro vznik

a kumulaci genetickych mutaci.
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2.2 Dvouvlaknové zlomy

24

zasahujici obé vlakna. Dvouvlaknové zlomy (double strand breaks, DSBs) jsou velmi
nebezpecné. Mohou se objevit jako disledek ozafeni bunék ionizujicim zafenim, po
expozici nékterym radiomimetickym latkdm a chemoterapeutikiim, pti mechanickém
stresu. Fyziologicky vznikaji jako intermediaty napt. pti V(D)J rekombinaci (Basing &
Alt, 2004). Vytvareny jsou zde specifickymi enzymy topoizomerazami, které odviji
dvouvldknovou Sroubovici pted replikacni vidliCkou a umoziuji tak dalSim enzymim
replikaénimu komplexu postupovat podél vldkna. Tyto zlomy jsou ovSem ihned
opraveny a nezpusobuji buiice zadné riziko.

DSBs indukované v G; fazi jsou opraveny pomoci nehomologniho spojeni
koncii, zatim co reparace DSBs vznikajicich v S a G, fazi bunééného cyklu probiha
homologni rekombinaci. Jsou-li DSBs ponechany bez opravy, dochazi k zastavé
bunécného cyklu, indukci apoptotické drahy nebo mitotické smrti buniky v disledku
ztraty genetického materialu (Olive, 1998). Pokud by burika toto poSkozeni opravila
nespravné, povede to k mutacim a genomové nestabilité. Protoze dusledkem jsou
chromozomové fragmentace, translokace, inverze, delece a wvznik acentrickych
chromozomu. Naproti tomu slozity mechanismus opravy a extrémni cytotoxicita pro

bunku déla z DSBs vynikajici nastroj pro 1é¢bu nadoru (Allan & Travis, 2005).

2.3 Odpovéd’ buiiky na poSkozeni DNA

Eukaryotické buiiky vyvinuly fadu mechanisma pro rychlou a t¢innou detekci
aopravu chyb. Tato evolu¢né konzervovana signalni draha (DNA damage response,
DDR) zastavuje postup bunééného cyklu a indukuje opravy DNA (Zhou & Elledge,
2000). Jedn4 se o typickou signalné-transdukéni drahu (Obr. &. 1). Ulohu signalu hraje
poskozeni. Signal zachycuji proteiny (MRN, p53BP, MDC1), které se nasledné vazi na
DNA a aktivuji transduktory signalu (ATM/ATR). Protein kindzova kaskada
amplifikuje a §ifi signdl k cilovym efektorovym proteinim. Cela kaskada je selektivni,
rychla, specificka a vysoce G¢inna (Jackson, 2002). DDR a jeji spravné fungovani jsou
kritickym faktorem, kterym bunika pfedchazi vzniku rakoviny v disledku nestability
genomu (Bartek et al., 2007; Gorgoulis et al., 2005). Jakykoliv zasah do téchto procest
vede k preziti bun¢k s geneticky nestabilni DNA.
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Jakmile je vbuice detekovano poskozeni DNA, je aktivovan néktery
z kontrolnich boda bunééného cyklu, tzv. checkpoint. Jedna se o jakési ,,uzlové body*,
které jsou kontrolovany skrze specifické proteiny. Je-li v d¢lici se bunice néco
Vv nepotadku, kontrolni mechanismy to zachyti a cyklus spolu s replikaci jsou v téchto

bodech zastaveny. Burika tak ziska potfebny ¢as pro opravu poSkozeni.

2.3.1 Oprava DNA zprostiredkovana ATM

ATM (Ataxia telangiectasia mutated) je protein patiici do skupiny PI3K kinaz
(phosphatidyl inositol-3-kinazy (Abraham, 2004). Do této skupiny nalezi mimo ATM
i ATR, DNA-PK, hSMG1 a mTOR (Shiloh, 2003). ATM primarné reaguje na DSBs
(Lee & Paull, 2007). V burice, jez neni vystavena stresovym podminkam, se vyskytuje
ve form¢ inaktivnich dimert. V tomto uspofadani je katalytické misto blokovano tésnou
vazbou obou podjednotek. Disociaci na jednotlivé monomery a autofosforylaci Ser-
1981 se kinaza stava aktivni (Bakkenist & Kastan, 2003). Pro svou aktivaci zaroven
vyzaduje specificky komplex proteind.

Jedna se o tzv. MRN komplex (van den Bosch et al., 2003). Ten funguje jako
primarni senzor a rozpoznava DSB poSkozeni. Jsou to heterotrimerné spojené proteiny
Mrell (meiotic recombination 11), Rad50 a Nbsl (nibrin, Nijmegen breakage
syndrom). Cely komplex migruje na dvouvlaknovy zlom a vytvaii na ném
mikroskopicky viditelné jaderné fokusy. Dalsim tikolem komplexu je drzet konce zlomu
blizko sebe, coz usnadiiuje naslednou opravu. Nbsl pak piimo interaguje s ATM
a napomaha jeji lokalizaci na DSB (Kitagawa et al., 2004). Zaroven ma schopnost ATP
dependentné odvijet dsDNA a zprostfedkovava vazbu komplexu na DNA. Mrell
vykazuje 5°—3" exonukledzovou aktivitu, kterd je vyuzivana k lokalni resekci konci
zlomu.

Jakmile je na DSB vazan MRN komplex s ATM, naseda MDC1 (mediator of
DNA damage checkpoint) a posléze pS3BP (p53 binding protein) (Becker-Jensens et
al., 2005). MDC1 vyzaduje pro svou vazbu na DNA fosforylovany H2AX. Histon H2A
je pfirozenou soucasti nukleozomi. Jeho varianta, H2AX, se odliSuje ptfitomnosti
dlouhého C-koncového ,,ocasku® se specifickym SQEY-COOH motivem (Coster &
Goldberg, 2010). Pravé na serinovych reziduich tohoto motivu probiha fosforylace
dilezita pro dalsi DDR odpovéd’. Fosforylovana forma, y-H2AX, se objevuje jiz po

nékolika minutdch po detekci poskozeni. Plni funkci v lokalizaci, ukotveni a aktivaci
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DDR faktoru a slouzi jako marker DNA poskozeni (Sedelnikova et al., 2003). Na y-
H2AX se piimo vaze MDCI1 (Stucki et al., 2005). Dochazi k dalsi vazbé MRN
komplexu a dalsi ATM. Signal se takto $ifi od zlomu dal. MDCI1 také vaze na vznikly
fokus ubiqiutin ligdzu E3 (RNFS8). RNF8 vytvaii na y-H2AX polyubiquitinové fetézce,
které jsou nasledné rozeznavany S3BP nebo komplexem BRCAL.

Mezi cilové substraty ATM patii proteiny lokalizované v jadie; CHK2
(checkpoint kinase), proteiny p53, BRCA1 (breast carcinoma), RPA (replication protein
A), SMC1 (structural maintenance of chromosome 1), NBSI, kinaza Artemis a histon
H2AX (Lee & Paull, 2007). CHK2 funguje jako ,,hlida¢* v S fazovém checkpointu. Jeji
aktivita je podminéna fosforylaci od ATM kinazy na Thr-68 (Matsuoka, 2000).
Fosforylovanym substratem CHK2 je fosfataza Cdc25C na Ser-216. Jde o fosforylaci
s inaktivujicim vlivem, jenz napomaha jeji vazb&é na proteiny rodiny 14-3-3. Takto
inhibovand Cdc25C neni schopna odStépit fosfat z Tyr-15 kinazy Cdc2. Disledkem je
blok kinazové aktivity s naslednym zastavenim cyklu pfed mitotickou fazi (O’Connell
et al., 2000).

0 protein s funkci transkripéniho faktoru. Zprostiedkovava zastaveni bunééného cyklu,
opravu poskozené DNA, stabilizaci genomu, inhibici angiogeneze a indukci apoptdzy.
Ptirozené je lokalizovan v jadie v malém mnozstvi. Jeho akumulace je diisledkem DNA
poskozeni. Fosforylace zprostfedkované kinazami ATM, ATR, CHK2 na N-konci
chrani protein pted vazbou Mdm2. Mdm2 nalezi do skupiny ubiquitin ligaz (Stommel &
Wahl, 2004) a zprostfedkovava transport p53 z bunétného jadra do cytoplazmy
a naslednou degradaci. Stabilizovany p53 muiZze nasledné zprostfedkovat expresi svého
cilového proteinu p21WAF1/C'P1. Tim zastavuje builkku v Gy, jelikoz p21 jako pfirozeny

inhibitor deaktivuje komplex CDK2/cyklin E zodpoveédny za prichod do S faze.
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Obr. ¢. 1: Schema DNA Damage Response (Pievzato z www.cellsignal.com,

Cell signaling technology)

2.3.2  Ataxia telangiectasia and Rad3 related (ATR)

Je dulezitym proteinem vykazujicim sekvencni homologii s ptibuznou ATM.
DohliZi a kontroluje poskozeni na replikac¢nich vidli€kach. ATR primarné zastavuje
replika¢ni vidli¢ky a je senzitivni na poSkozenou DNA v S fazi (Cliby et al., 2002).
Kdyz dojde ke kolapsu replika¢ni vidlicky v disledku ozareni bun¢k UV, vznikaji na
DNA 1éze, a ty zpiisobi zastaveni DNA polymerazy. OvSem DNA helik4za pracuje déle
(Flynn & Zhou, 2010). Zformuji se jednovlaknové piesahy. Na né se vaze specificky
RPA replikaéni protein A, ktery napomaha aktivaci ATRIP komplexu (Zhou & Elledge,
2003). Je také soucasti opravy DSBs. Shiotani a Zhou (2009) dokazali, ze dlouhé

ptesahy tvofené nukleazami v ramci DSB jsou hlavnim faktorem aktivace ATR. Naproti
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tomu dochazi k zeslabeni vazby a aktivace druhé ATM. Specifickymi cily této kinazy

jsou protein p53, histon H2AX a CHK1.

24 Mechanismus opravy DSBs

U eukaryotickych systému byly identifikovany dva rozdilné mechanismy opravy
DNA poskozeni pii DSBs. Prvni moznosti opravy je homologni rekombinace, druhou
jednoduché nehomologni spojeni koncii pomoci ligazy (Takata et al., 1998). Oba
mechanizmy kompetuji mezi sebou (Haber, 2000). Mame ovSem jen velmi malo
poznatkll o tom, jak si vlastné bunka vybira cestu opravy. Rozhodujicim faktorem je
pravdépodobné to, ktery z proteinovych komplexti (KU nebo Rad51) nasedne na
ssDNA (Haber, 1999).

2.4.1  Nonhomologous end joining (NHEJ)

Tato cesta je zaloZena na spojeni tupych koncii DNA vznikajicich pfi DSBs
(Obr. €. 2). NHEJ typ opravy muze probihat v celém bunééném cyklu. Nejvice se
uplatiiuje v G1 fazi, kdy neni pfitomna homologni sekvence DNA pro opravu pomoci
homologni rekombinace. Ktomu to zplsobu opravy neni vyzadovana (Khanna &
Jackson, 2001). Nepostradatelnymi funkénimi proteiny jsou heterodimer Ku, DNA
dependentni proteinkinaza (Jeggo, 1997) interagujici s DNA ligazou IV (Critchlow et
al., 1997; Grawunder et al., 1997). Ctvrtym nezbytnym prvkem je proteinovy produkt
genu XRCC4 (Li et al., 1995).

DSBs jsou rozeznany Ku komplexem sloZzenym z proteinovych podjednotek
Ku70 a Ku80 (Critchow & Jackson, 1998). Zformovany Ku tvofici strukturu otevieného
prstence nasedd na konce DNA se sekvencni nespecifitou (Dynan & Yoo, 1998).
Asociaci heterodimerniho proteinu Ku s katalytickou podjednotkou DNA-PKs vznika
aktivni holoenzym DNA-PK (Smith & Jackson, 1999). Ten vykazuje Ser/Thr kinazovou
aktivitu, ktera je zacilena na XRCC4 (Leber et al., 1999) a replikacni faktor A2 (Wang
et al., 2001). Jako posledni naseda komplex proteini DNA ligaza IV/XRCC4/XLF.
Liga¢ni enzym opét spoji zlom mezi obéma konci (Critchow et al., 1997). Ne vzdy je
mozna ptima ligace. Nékdy dochazi ke ,,zpracovani koncii nebo kratsi polymeraci pred

tim, nez NHEJ zapocne. Pokud builka opravi poskozeni touto cestou, ztraci cast
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genetické informace. Vznikaji delece riznych velikosti. Proto je tato oprava nazyvana
error-prone.
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Obr. ¢. 2: Schema NHEJ opravy DSBs (upraveno podle Misteli & Soutoglou, 2009)

2.4.2  Homologni rekombinace

Jedna se o vysoce konzervovany mechanismus, ktery se uplatiiuje nejen pii tvorbé
novych genetickych kombinaci, ale 1 pfi error-free opravé DSBs. Pii vzniku gamet
meidzou (pachytene Profaze I) vytvaii mechanismem crossing overu nové kombinace
genetického materialu (Pagoues & Haber, 1999). Patii tak mezi Cinitele udrzujici
genetickou variabilitu. Vyznamnou ulohu hraje pii opravé DSBs poskozeni. Meioticka
rekombinace je ale 100 — 1000 krat cast&jsi nez mitoticka (Sung & Klein, 2006). Rozdil
mezi nimi je pravé v udalostech probihajicich pifi prekiizeni chromatid. Praveé
u mitotické rekombinace je prektizeni blokovano specifickymi helikdzami.

Nepostradatelnymi faktory regulujicimi HR jsou produkty gent z rodiny Rad52.
Proteiny patifi do skupiny rekombinaz, mezi nimiZ hraje primarni dilezitost Rad51.
Existuji dva typy opravy DSBs homologni rekombinaci. Jedna se o synthesis-dependent
strand annealing (SDSA) a DSB repair (Sung & Klein, 2006). DSB repair probiha

klasickou cestou pies Hollidayovu strukturu. Na rozdil od toho pti SDSA nevznika
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piekiizeni. Dochazi k invazi a syntéze 3" konce poskozené¢ho vldkna, ale poté je
homologni vldkno piemisténo. K dosyntetizovani druhého vldkna je nasledné vyuzito
polymeracni reakce na zdkladé komplementarity bazi.

Jako prvni v sekvenci udalosti homologni rekombinace dochazi k resekci na 5°
koncich zlomu. Nukleolyticka funkce je pripisovana MRN komplexu (Trujilo et al.,
1998). Jednovlaknové piesahy jsou pokryvany proteinem RPA. Ten chrani vzniklé
sSDNA sekvence pied tim, aby nedochazelo k jejich vzajemnému spojeni (Lyndaker &
Alani, 2009). Zaroven piedstavuje vyzvu pro samotny Rad51, ktery musi pro zdarny
prubéh HR nasednout na ssDNA. Rad52 ptimo interaguje s Rad51 a umoziuje jeho
vazbu na ssSDNA (Symington, 2002). Usnadnuje tak vznik presynaptickych filament.
Polymerizaci se vytvaii pravotociva vysoce organizovana filamenta okolo vlaken
nukleové kyseliny (Sung & Robertson, 1995). Jsou znama jako presynapticka filamenta.
Misto se tak stava katalytickym centrem, které se nasledné zapojuje do rekombinaéni
reakce. Presynapticky komplex hleda homologni dsDNA a tu vaze za vzniku
synaptického komplexu (Obr. ¢. 3). Za pomoci Rad54, Rdh54 a Hop2-Mndl
zprostiedkovava invazi poskozeného vldkna do homologniho tuseku sesterské
chromatidy. Na templatové dsDNA se vytvaii specificka D-loop. Nasleduje syntéza od
3" konce poskozeného vlakna podle komplementarni sekvence, pti¢emz dochazi
k posunu celé struktury. Konce jsou poté spojeny ligaci katalyzovanou DNA ligazou I.
Vzniké Hollidayova struktura. Ta je rozstépena a vzniklé zatezy jsou spojeny ligazou.
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Obr. ¢. 3: Tvorba synaptického komplexu a hledani homologni sekvence

zprostiedkované Rad51 a pomocnymi proteiny (pfevzato z Sung & Klein, 2006).
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Homologni rekombinace je regulovdna n¢kolika typy proteini. Jako prvni
regulator je znamy tumor supresor BRCA2 (Moihan et al., 2001). Je prokazano, ze
fyzicky interaguje s Rad51 a napomaha pfi jeho rekombindzové aktivité (Sung & Klein,
2006). Na C-konci se nachazi Rad51 vazebna doména. Pravé jeji fosforylace
zprostiedkovana CDK2 negativné reguluje asociaci BRCA2 s Rad51 (Esashi et al.,
2005). Pravdépodobné v HR hraje dulezitou tilohu i BRCA1. Dodnes neni zcela jasné,
jakym mechanismem se do regulace opravy oba proteiny zapojuji. Welsh et al. (2000)
predpokladaji interakci BRCA2 s histon acetylazou a BRCAL s histon deacetylazou.
Bochar et al. (2000) zase uvazuji 0 interakci BRCAL s chromatin remodelujicim
komplexem. Zhong et al. (1999) prokazal interakci BRCA1 s MRN komplexem. Jelikoz
se MRN zapojuje do obou opravnych mechanismtii DSBs, je pravdépodobné, ze je
BRCA1 zapojen ve vice procesech. Navic je ¢lenem signalni drahy DDR. Dal§im
¢lenem DDR, ktery je spjat s HR, je ATM. Pfimou fosforylaci proteint RPA a BRCA1
reguluje rekombinaci (Rotman & Shiloh, 1999). Tyrosin kindza c-Abl modulujici
aktivitu Rad51 je aktivovana také ATM. V neposledni fad¢ se také podili na alternaci
chromatinové struktury prostfednictvim interakce s histon acetylazami a remodelujicim
komplexem. Dalsim typem regula¢nich proteint je skupina enzymu nazyvana helikazy.
Dokézou potla¢it nevhodnou rekombinaci. Jejich tloha je rozpoznat a napomoci pii

déji, kdy migruji vétve (branch migration) v Hollidayové struktute.

2.5 Bunéény cyklus a jeho regulace

Bunéénym cyklem se rozumi sled udalosti, které¢ vedou k efektivnimu zmnoZzeni
genetické informace za iéelem jeji rovnomérné distribuce do dcetfinych bun¢k (Sielecky
et al., 2000). V prubéhu cyklu bunky prochazi ¢tyimi zakladnimi fazemi (Obr. ¢. 4).
Kritické je jejich spravné nacasovani a poradi. Kontrolu nad timto provadi masinerie
mnoha specifickych regulacnich proteinti. V kazdé fazi se nachazi jakysi uzel, kontrolni
bod, kterym bunka projde do dalsi faze jen tehdy, je-li vSechno Vv potadku. Neni-li,
dochazi v tomto bod¢ k zastave cyklu a ndprave skod.

Bunky jsou vnormalnim stavu vtzv. Go fazi. Jsou metabolicky aktivni,
ale nedochazi u nich k déleni (Toogood, 2001). Rozhodujicim faktorem pro vstup do
bunééného cyklu jsou rustové a faktory a mitogenni signaly, které buika pfijima od
svého okoli (Lukas et al., 1996). Diky nim muze opustit klidovy stav a vstoupit do G;

faze. Béhem ni se pfipravuje na budouci replikaci a déleni (roste, syntetizuje potiebné
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slozky a organely). Dostatek rastovych faktort indukuje expresi cyklini typu D (Kato,
1999). Ten asociuje s kinazami CDK4 a CDK6. Specifickym substratem pro komplex
cyklin D/CDK4 je protein retinoblastomu, RB (Dowdy et al., 1993). Tumor supresor
RB je negativni regulator bunécné proliferace. Svou vazbou blokuje transkripéni
faktory, dualezité pro expresi genu proliferace (Weintraub et al., 1995). Fosforylace
proteinu RB ma inhibi¢ni charakter, uvoliiuje pRB z vazby na transkrip¢ni faktory typu
E2F/DP. Tento d¢j je zasadni pro dalsi priichod cyklem. Uvolnéné transkripéni faktory
umozinuji expresi regulovanych gentd. Mezi nimi je gen pro cyklin typu E. Funk¢ni
komplex cyklin E/CDK2 pifenasi signal dal. Fosforyluje své substraty a tim
zprostiedkovava aktivaci replikacnich faktora (Jackson et al., 1995; Zhou et al., 1998).
Oba komplexy kooperuji a spoleéné¢ sméfuji buiiku skrze restrikéni bod do S faze
(Planas-Silva & Weiberg, 1997).

Projde-li burika restrik¢nim bodem, pro dalsi postup jiz nepotiebuje stimulaci
ristovymi faktory. Béhem S faze probéhne replikace genetické informace. Na pocatku
této faze je jesté aktivni komplex cyklin E/CDK2. Ukézalo se, ze je kritickym faktorem
pro duplikaci centrozomu (Lacey et al., 1999). Cyklin E je poté velmi rychle
degradovan a v komlexu cyklin E/CDK2 je nahrazen cyklinem typu A. Zdarné
dokonceni S faze kontroluje cyklinA/CDK2 (Sielecky, 2000). Protein cdc6, esencialni
faktor pro start replikace, je fosforylovan cyklinem A/CDK2. Fosforylace slouzi jako
signal pro transport tohoto proteinu ven z jadra, coz zabranuje rereplikaci (Petersen et
al., 1999). Kdyz je replikace dokonfena a DNA je bezchybné zdvojena, dojde
k prichodu pies druhy kontrolni bod a postupuje dale do G,.

Komplex cyklin B/CDKI1 je syntetizovan jiz v pozdni S fazi, avSak diky
fosforylaci zprostiedkované Weel kinazou je drzen Vv inaktivni formé. Béhem G, faze
dochazi k jeho aktivaci. Za tu je zodpovédna specifickd fosfatdza cdc25, ktera
odstraniuje inhibi¢ni fosfat. Komplex je téZ nazyvan mitosis promoting factor. Builka
vstupuje do mitodzy. Spravna segregace chromozomu a dokonceni cyklu je fizeno jak

cyklinem A/CDK1 tak cyklinem B/CDK1.
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Obr. ¢&. 4: Schema bunééného cyklu (Pievzato z Huwe et al., 2003)

2.6 Cyklin dependentni kinazy (CDK)

CDK jsou kli¢ové regulatory buné&cné proliferace (Sanchez & Dynlacht, 2005),
ale hraji ulohu 1 pfi transkripci. Jedna se o serin/threoninové kinazy, které kontroluji
spravné nacasovani a pofadi jednotlivych fazi cyklu. Ridi tak priichod bundk bundénym
cyklem (Pines, 1995). Funguji jako molekulové ptepinace. Jejich aktivita je pfisné
regulovana, a to na nékolika Grovnich (Morgan, 1995). Prvnim stupném regulace je
nekovalentni vazba specifické aktiva¢ni podjednotky, cyklinu. Hladina téchto proteind
béhem cyklu osciluje. Naproti tomu, koncentrace kinaz jsou stabilni. Samotné cykliny
jsou regulovany pomoci rychlé syntézy a ubiquitinem zprostfedkované proteazomové
degradace (King, 1996). Jeho vazbou na CDK dochazi ke strukturni zméné v oblasti D-
loop kinazy, a je zptistupnéno aktivni misto pro substrat. V rtiznych fazich buné¢ného
cyklu jsou exprimovany ruzné typy cyklini a vytvaii se rtuzné typy komplext
cyklin/CDK.

Druhou regulacni turovén piedstavuji posttranslacni modifikace, pfedevsim
fosforylace. Komplex CDK/cyklin musi byt aktivovan specifickou CAK kinazou
(Kaldis, 1999). Funkci CAK plni komplex CDK7/cyklin H (Nigg, 1996). Negativni
fosforylace je zprostiedkovana dals§i skupinou kindz, mezi né patii Weel (Fattacy &
Booher, 1997). Tato inhibic¢ni fosforylace mize byt zrusena fosfatazou cdc25 (Draetta
& Eckstein, 1997).

V bunkach se vyskytuji také ptirozené proteinové inhibitory CDK. Lze je
rozdélit do dvou skupin. Do prvni spadaji CDK inhibujici proteiny (CDKI) z rodin
Cip/Kip a INK4 (Lee & Yang, 2001). Skupina Cip/Kip inhibitorti sdruzuje proteiny
rodiny p21, a to p21, p27 a p57. Vazi se na ob¢ jednotky komplexu (cyklin i CDK)
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a vytvarii trimer. Toto usporadani je neaktivni a je zablokovan prichod z G; faze (Russo
et al., 1996). Overexprese inhibitora p21 (WAF1) a p27 (Kipl) specificky zabranuje
funkci komplexa cyklinu D s CDK4 a CDKG6. Protein p21 je piimo aktivovan proteinem
p53, jako reakce na vyskyt poskozené¢ DNA. P27 je aktivovan TGF-B (Transforming
growth factor ). INK4 sdruzuje rodinu proteint piibuznych p16 (p16, p15, p18, a p19)
(Sherr & Roberts, 1995).

Mutace vV téchto kli¢ovych supresorovych proteinech vede k deregulaci
a hyperaktivit¢ CDK. Nasledkem toho je nekontrolovatelna bunééna proliferace, ktera
nasledné¢ muze piejit az v karcinogenezi a vznik nadoru (Vermeulen et al., 2003).
K nejcastéjSim typiim mutaci patii bodové mutace, prevazné delece, inzerce a zamény
nukleotidt, které maji za nasledek vznik nefunkéniho proteinového produktu. Lokus
INK4/ARF byva v mnoha piipadech rakoviny deletovan. Je-li v bufice pravé
nedostateéné mnozstvi proteinu pl14”7F, kodovaného pravé timto lokusem, dochazi
k nadmérné aktivité ubiquitin ligaizy Mdm2. Dusledkem je degradace p53 a také

potlagena exprese daliiho supresoru, p21"VA*F

, Jiz p53 tidi. Samotny gen, kodujici protein
p21 podléha také bodovym mutacim. Protein p16 inhibujici komplex cyklin D/CDK4 je
druhym produktem téhoz lokusu. Exprese genu kodujiciho protein retinoblastomu byva
Casto regulovdna na epigenetické urovni. Jednd se o mechanismy, které
zprostiedkovavaji metylace ostrivki CpG, které se nachazeji v promotorovych
oblastech. Aktivitu retinoblastomu miize také potlacit nadmérna exprese interagujicich
onkogent, které vytésituji z vazby piislusné transkripcni faktory. Ztratou aktivity RB,
dochazi ke ztraté kontroly nad restrikénim bodem. Bunky tak mohou proliferovat

I V nepfiznivych podminkach.

2.6.1 CDK a homologni rekombinace

Systém regulujici bunéény cyklus je s nejvétsi pravdépodobnosti dilezity i pro
nékteré mechanismy DDR. CDK2 tvoii komplex cyklin A1/CDK2, jehoz cilovymi
substraty jsou napi. pS3 (Wang et al., 1995), BRCAL, BRCA2 (Esashi, 2005) a KU
komlex (Diederichs et al., 2004). VSechny tyto proteiny hraji dtlezitou roli v DDR. Je
prokdzéno, ze bunky, u kterych je CDK2 vytfazena pomoci knock-downu, maji
zeslabenou schopnost a proteinovou kapacitu pro opravu DNA poskozeni (Deans et al.,
2006). Naproti tomu ale CDK2 neni pro DDR esencialni a jeji funkci mohou zastat jiné
proteinkinazy, zejména CDK1 (Santamaria et al., 2007). Obecné¢ lze fici, ze inhibice
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CDK, také vede ke snizeni exprese specifickych cyklinti skrze hypofosforylaci proteinu
RB, ktery neni schopen uvolnit transkrip¢ni faktory E2F (Federico et al., 2010). CDK9
je soucasti NHEJ opravy. Bylo prokazano, ze jejim substratem je Ku komplex, ktery je
v tomto mechanismu zapojen (Liu et al., 2010).

Z duvodt uvedenych v piedchozich odstavcich je Vv soucasnosti pozornost
zamétfena na malé nizkomolekularni ATP kompetitivni slouceniny, které ptsobi jako
CDK inhibitory (Huwe et al., 2003; Noble et al., 2004). Jde o polycyklické
heteroaromatické ligandy, které vstupuji do aktivniho mista kindzy a soutézi s ATP
0 vazbu na ni. Diky t€émto latkdm by mohla byt 1écba rakoviny ucinnégjs$i, vice specificka
pro nadorové buiiky a tim i méné toxicka pro bunky normalni. Hlavnim mechanismem
protinadorového ptsobeni je ptimé zastaveni bunééného cyklu prostiednictvim inhibice
CDKl, 2, 4 a 6, a ¢asteén¢ také CDK?7. Inhibice nékterych dalSich CDK, zapojenych
zejména do regulace transkripce mRNA, jako je CDK7 a 9, pak sniZuje uroven
transkripce fady gend. Pokles exprese nékterych genti ma pak negativni vliv na
zivotaschopnost nadorovych bunék; jednd se zejména o antiapoptotické geny (napf.
survivin nebo Mcl-1). V poslednich letech se vSak objevily experimentalni dikazy
0 tom, Ze inhibice CDK muZe vyvolavat poskozeni DNA a navic ovliviiovat také

schopnost bun¢k toto poskozeni opravovat (Liu et al., 2011).

2.6.2  Charakterizace pouzitych inhibitori CDK

Flavopiridol a roskovitin byly neddvno pouzity ve dvou studiich, které
analyzovaly vztah CDK a homologni rekombinace (Federico et al., 2010, Ambrosini et
al., 2008). Spoleénym zavérem obou praci bylo konstatovani, ze inhibice CDK snizuje
uroven HR a timto nepfimym mechanismem vyvolava v buiice genotoxicky stres. Zatim
vSak nebylo jednozna¢né vysvétleno, jakym mechanismem CDK inhibitory poSkozeni
DNA vyvolavaji a kterd CDK je za tento jev zodpovédna primarng. Oba pouzité
inhibitory jsou totizZ schopny inhibovat hned nékolik CDK. Cilem této prace bylo tedy
posoudit vztah selektivity inhibitortt CDK a jejich G¢inku na HR a pokusit se pochopit
zapojeni proteinu Rad51. Pro studii byly vybrany jak slouceniny strukturné a funkéné
blizké roskovitinu (pyrazolopyrimidiny LGR 1404 a 1406), tak i inhibitory vysoce
specifické pro CDK9 (napt. CAN508 a DRB), a samoziejm¢ také roskovitin

a flavopiridol.
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Roscovitin nalezi do skupiny purinovych derivata (Havlicek et al., 1997).
Chemicky se jedna o 2,6,9 trisubstituovany derivat purinu. Jde o malou molekulu, jez
specificky inhibuje cyklin dependentni kindazy. Mechanismus inhibice CDK
roscovitinem je zaloZzen na kompetici ATP a roscovitinu v aktivnim misté (Meijer et al.,
1997). Jde o inhibitor s vysokou selektivitou pro kinazy CDK1, 2, 5,7 a9 (Bach et al.,
2005). Zptsobuje zastaveni bunééného cyklu v G; fazi a blokuje také ptechod z G, do
mitotické faze v disledku inhibice CDK1 a CDK2. Vysoké davky roscovitinu indukuji
proces apoptézy v nadorovych burikach (Hahntow et al., 2004). Souc¢asné¢ indukuje
akumulaci tumor supresorového proteinu p53 v jadie, ktery nasledné jako transkripéni
faktor spousti expresi genti pro CDKi, konkrétnd p21VA™ (Ljungman et al., 2001).
Vysoké davky CDKi obecné redukuji expresi negativniho regulatoru Mdm?2
a samotného p21"A™! (Demidenko & Blagosklonny, 2004).

Flavopiridol nalezi do skupiny semi-syntetickych flavonoidid. Jde o analog
ptirozené¢ se vyskytujiciho alkaloidu rohitukinu. Je to selektivni inhibitor CDK
vykazujici in vitro aktivitu proti CDK1, CDK2, CDK4 a CAK (Sedlacek et al., 1996).
Zpisobuje apoptéozu a zastavu bunécného cyklu v G; a Go/M, coz koresponduje
sinhibici CDK1 a CDK2 (Wierger et al., 2005). Pti koncentraci 6 nM dokaze
zainhibovat pozitivni transkripéni elonga¢ni faktor b (P-TEF b), ktery je slozen
z CDK9/cyklinu T1 (Chao et al., 2000). Carlson et al. (1999) prokazali, Ze je schopen
potlacit expresi cyklinu D.

DRB nélezi do skupiny inhibitorti se selektivitou pro CDK7 a CDK9. Zarovei je
schopen inhibovat i kaseinové kinazy I a II (Shugar, 1994). Ob¢ cyklin dependentni
kinazy citlivé k DRB jsou vyzadovany pro fosforylaci koncové karboxylové domény
(CTD) velké podjednotky RNA polymerazy II. V koncentracich vys§ich nez 40 uM
inhibuje vice nez 50 % syntézy mRNA, ¢imZ dochdzi k vyraznému potlaceni
transkripce in vivo. U bung¢k s takto zablokovanou transkripci je navozen signal smrti
zprostiedkovavajici apoptozu (te Poele et al., 1999).

CANSO08 nalezi do skupiny pyrazolovych derivati. Byl navrZen a syntetizovan na
katedfe organické chemie Univerzity Palackého v Olomouci jako potencialni inhibitor
CDK (Krystof et al., 2006). Tento para isomer m¢l ze vSech testovanych skupin
kompetitivni inhibici proti ATP a dosahoval hodnoty inhibi¢ni konstanty 13,3 uM. Je to
selektivni inhibitor CDK9/cyklin T1. Testovani inhibice bylo podrobeno dalSich sto
protein-kinaz, jejichz inhibice CANS508 byla velmi slaba nebo zadna. Antiproliferativni

24



ucinky byly ovéfovany cytometrickou analyzou. CANS508 neovliviiuje bunécny cyklus,
byl pouze pozorovan rozdil v S-fazové populaci bunék, ktera byla mén¢ barvena BrdU.
LGR 1404 nalezi do skupiny pyrazolo-pyrimidint (Jorda et al., 2011). Zakladni in
vitro testy potvrdily nejen cytostaticky, ale také vysoce cytotoxicky efekt dané latky na
testované bunécné linie. Nasledovaly testy selektivity pro CDK, kdy jednoznacné
pfevladala inhibice cyklin dependentnich kindz nad ostatnimi. Slaba inhibice byla
prokazana pro GSK3B, MEK a MSKI1. Naméfené hodnoty ICsy byly srovnatelné
s roscovitinem. Zakladem cytostatického ucinku je schopnost 1404 inhibovat fosforylaci
klicového proteinu RB, tim negativné ovlivnit aktivitu CDK2 a CDK4. Vysledkem je
blok bunééného cyklu v G. Tato slouc¢enina vykazuje i schopnost indukovat apoptozu.
LGR 1406 je dalsim derivatem roscovitinu ze skupiny pyrazolo-pyrimidint
(Krystof et al., 2006). Jeho schopnost inhibovat CDK1, 2 a 4 je mirné vys$i nez
u roscovitinu (Sroka et al., 2009). Ve srovnavacich in vitro testech s roscovitinem
prokazal pétkrat silngjsi antiproliferativni Gc¢inky (1C50=3,0 uM). Jeho u¢inek na
bunéény cyklus byl sledovan cytometrickou analyzou. Data potvrdila, ze inhibitor 1406
je schopen upln¢ zablokovat ptfechod do S-faze pfi koncentraci 5 M, zatimco 20 uM
roscovitin pouze zpomali prichod bunéénym cyklem. Mechanismus bloku S faze
vychazi z inhibice S-fazového cyklinu A, jehoz expresi 1406 potlacuje. Ovliviuje také
signdlni drahu spojenou s fosforylaci proteinu retinoblastoma. Potlatenim exprese
cyklinu E dochazi kinhibici fosforylace Rb, na niz je zavislé uvolnéni E2F, jez

pomahaji prichodu skrze restrikéni bod do S.
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3. Material a metody

Biologicky material:

e Bunécna linie HR-GFP (U20S) (zdroj: LGI, PiF UP Olomouc)
e Plazmid pc52 s genem pro RFP

e Plazmid pcKA s genem pro I-Scel

e Plazmid pcDNA 3,1 T

Pro vytvofeni stabilné transfekované linie HR-GFP byla zvolena linie U20S
odvozena z lidského osteosarkomu. Ta nese zainkorporovany plazmid DR-GFP (Obr.
¢. 5). DR-GFR byl navrzen a vytvofen tymem Larryho Thompsona (Pierce et al., 1999)
specialné pro analyzu homologni rekombinace. Plazmid tvofi tfi geny. Prvnim genem
na DR-GFP je modifikovany gen znacovany jako SceGFP vytvoieny zdokonalenim
EGFP; (Clontech). Byla provedena fiize tohoto genu s jaderné-lokalizujici sekvenci
(Donoho et al., 1998) a DNA vazebnou doménou typu zinkového prstu z GAGA2
transkripéniho faktoru (Pedone et al., 1996). V samotném GFP genu muselo byt
vytvoreno specifické restrikéni misto pro endonukledzu I-Scel. Takto upraveny gen byl
vnesen do vektoru pCAGGS (Niwa et al.,, 1991). Fragment iGFP piedstavujici
homologni sekvenci pro opravu pomoci HR ma 812 bp. Od prvniho genu SceGFP je
vzdalen 3,7 kb (Pierce et al., 1999). Mezi obéma geny GFP lezi gen pgk-pur zajist'ujici
rezistenci bun€k na puromycin pro naslednou selekci eukaryotnich buné¢k.

Plazmid pc52 nese gen pro Cerveny fluorescenéni protein. Plazmid pcKA
(pCPASce) ma vneseny gen pro restrikéni endonukledzu 1-Scel, jejiz exprese je fizena
kufecim B-aktin promotorem a zesilena hCMV enhacerem (Richardson et al., 1998).
Oba plazmidy obsahuji gen pro ampicilinovou rezistenci pro selekci v bakterialnich
bunkach. Plazmid pcDNA 3.1 T obsahuje pouze gen pro rezistenci v bakteriich,

ampicilin, a také geneticin pro selekci v eukaryotnich bunikach.
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A. Modified GFP gene
—»

Begl

e

GFP GAGGGCGAGGGCGATGCC

bty

SceGFP TAGGGATAACAGGGTAA'

B DR-GFP recombination reporter substrate

h SceGFP §g iGFP |
I

IScel | pgk-pur Beg|
‘_
C Short tract gene conversion product

—— | / P
! GFP | g! iGFP ¢
= Blcg 1 N pgk-pur | Blcg |
/1 N\

D Homology-mediated deletion product

Obr. ¢&. 5: Schema konstruktu DR-GFP a mechanismus opravy pomoci HR
(Prevzato z Pierce et al., 1999)

Pristrojové vybaveni:

e Centrifuga BR4i multifunkéni, Jouan

e Flowbox s vertikalnim proudénim vzduchu TC 48, Gelaire
e Fluorescencni mikroskop Olympus BX50

¢ Inkubator CO,, Sanyo

e Kyvacka Minirocker MR-1, BioSan

e Magnetické michadlo s ohfevem RCT basic safety control
e Pritokovy cytometr Cell Lab Quanta™, Beckman Coulter
e Spektrofotometr Helios §, UNICAM

e Termoblok PHMT-PSC-18, Grant-Boekel

e Zdroj napéti CPX 400A

e Ultrazvukovy homogenizator Sonopuls HD2200, Bandelin
e Aparatura pro elektroforetickou separaci Mini Protean, BioRad
e Aparatura pro mokry elektroblotting, BioRad

e Fluoroscan Ascent, LabSystem
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Chemikalie:

e Elektroforéza, western blot:
AA+BIS AA; Tris/HCI pH=8,9 a 7,6; APS; deionozovana voda, TEMED, SDS 10%,
SDS 3x nanaseci pufr na elektroforézu (0,31 M Tris/HCI, 50% glycerol, 4% SDS, 5%
2-merkaptoethanol, 0,05% bromfenolova modif), ELFO pufr (25 mM Tris/HCI,
192 mM glycin, 0,1% SDS), standard molekulové vahy Dual Color (Sigma-Aldrich),
blotovaci pufr (15,6 mM Tris/HCI, 120 mM glycin), Coomasie red, kit ECL+ (Pierce),
5% mléko v PBS/Tween

e Kultivace bun¢k:
DMEM (Dulbecco’s modified eagle medium) - standardni kultivaéni médium,
penicilin, streptomycin, fetalni sérum (Sigma), glutamin, rozmrazovaci médium,
Trypsin/EGTA, Ethanol 70% (v/v), ethanol 96%

e Lyzace vzorki
PMSF 10 mM, Aprotinin, Dithiothreitol (DTT), Leupeptin, RIPA pufr (20 mM
Tris/HCI pH=7,4, 100 mM NaCl, 2 mM NaF, 5 mM EDTA, 2 mM EGTA, 0,2%
Nonidet P40), Triton X-100, Tween 20, PBS (137 mM NaCl, 2,7 mM KCI, 1,5 mM
KH,PO,, 6,5 mM Na;HPO,), led

e Transfekce:
Fugene6 (Roche), DMEM

Pouzité inhibitory cyklin dependentnich kinaz

e DRB, 5,6-dichloro-1-p-D-ribofuranosylbenzimidazol (Sigma-Aldrich)

e Flavopiridol, 2-(2-chlorofenyl)-5,7-dihydroxy-1-methylpiperidin-4-yl)chromen-4-on
(Sigma-Aldrich)

¢ Roscovitin, 6-benzylamino-2-(R)-(1-ethyl)-2-hydroxyethylamino)-9-isopropylpurin
(syntetizovan v LRR, Havli¢ek et al., 1997)

e CANS08, 4-[(3,5-diamino-1H-pyrazol-4-yl)diazenyl]fenol
(syntetizovan na katedie org. chemie, Krystof et al., 2006)

e LGR 1404, 7-benzylamino-5(R)-[2-(hydroxymethyl)propyl]amino-3-isopropyl-1(2)H-
pyrazolo[4,3-d]pyrimidin
(syntetizovan v Laboratofi riistovych regulatort AV CR, v.v.i., Jorda et al., 2011)

e LGR 1406, N-5-(2-aminocyklohexyl)-N-7-benzyl-3-isopropyl-1(2)H-pyrazolo[4,3-

d]pyrimidin-5,7-diamin (syntetizovan na Ustavu experimentélni botaniky AV CR,

29



Vv.v.i., Havli¢ek et al., ¢islo patentového spisu: EP 02007163.5)

e LGR 1407, N-5-(4-aminocyklohexyl)-N-7-benzyl-3-isopropyl-1(2)H-pyrazolo[4,3-
d]pyrimidin-5,7-diamin (syntetizovan na Ustavu experimentalni botaniky AV CR,
v.v.i., Havlicek et al., ¢islo patentového spisu: EP 02007163.5)

Pouzité protilatky

e Rad51, rabbit polyclonal antibody (D2209, Santa Cruz Biotechnology) 1:400
e o-Tubulin, mouse monoclonal antibody (T6199, Sigma-Aldrich), 1:500
e RAM/px, rabbit polyclonal anti mouse conjugated to HRP
(P0260, DakoCytomation), 1:1000
e SWAR/px, swine polyclonal anti rabbit conjugated to HRP
(P0217, DakoCytomation), 1:1000
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4, Pracovni postupy

4.1 Kultivace bunék

U20S bunécna linie nese stabilné transfekovany DR GFP konstrukt (Pierce et al.,
1999). Byla kultivovana v klasickém DMEM s 10% FS ve stiednich kultivacnich
lahvich pti 37 °C. Jako selek¢ni Cinitel byl pfidavan do média puromycin (1,5 uM).

4.2 Lyzace vzorki

Treatované buiiky byly odstranény z Petriho misky pomoci $krabky a pieneseny
do centrifugacnich 15 ml zkumavek. Centrifugace probihala 10 minut p#i 4 °C a 1000 g.
K promyti byl vyuzit roztok PBS. Vzorek byl ponechan pii -80 °C pies noc. Pelety byly
zmrazeny v tekutém dusiku a poté lyzovany S pouzitim RIPA pufru s inhibitory
(1 pg/ml aprotin, 1 ug/ml leupeptin, 1 mM PMSF, 1 mM DTT) 30 minut na ledu.
Nésledovala sonifikace (10 s, 3 cykly). Vzorky byly centrifugovany 25 minut pfi 4 °C
a 14000 g. Byl odebran supernatant a prenesen do nové mikrozkumavky. Celkovy obsah
proteini V lyzatu byl stanoven metodou Bradfordové a zméfen spektrofotometricky.
Jako posledni krok byl pfidan nandSeci pufr a s vyuzitim termobloku byl denaturovan

pti 95 °C 5 minut.

4.3 Elektroforeticka separace a Western Blotting

Vzorky byly po piedchozi denaturaci naneseny na SDS-polyakrylamidovy gel
(5% zaosttovaci gel pH=6,8 + 10% délici gel pH=8,8). Separovany byly pii napéti 80-
120 V piiblizné 120 minut. Gel byl vyjmut z elektroforetické aparatury a ptenesen
S nitrocelul6zovou membranou do aparatury pro blotting. Blotovani probihalo pfi max.
proudu 270 mA 2 hodiny. Komirka byla chlazena kazetou sledem. Membrany
S proteiny byly nafezany podle potieby a blokovany v 5% mléku s PBS/0,1% Tween
minimalné 1 hodinu na kyvaéce. Byla nanesena primarni protilatka. Inkubace trvala
pies noc pii 4 °C. Po proplachnuti nasledovala hodinovad inkubace se sekundarni
protilatkou pfi laboratorni teploté. Po opétovném proplachnuti v PBS a PBS/Tween byla
detekovéana chemiluminiscence znacenych sekundarnich protilatek. Detekéni roztok (kit
ECL) byl nalit na membrany a poté prob¢hla vizualizace chemiluminiscence na

specificky citlivy film nebo CCD kamerou.
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4.4 Test toxicity

Bunky byly vysazeny na 96 jamkovou misku v hustoté¢ 10 000 bun¢k/jamku. Byly
3 hodiny ponechdny v inkubatoru a poté byly pfidany inhibitory v nasledujicich
koncentracich 0,4; 1,2; 3,7; 11,1; 33,3 a 100 umol/l v jamce. Jednotlivé koncentrace
byly v triplikatech. Inkubace s inhibitory trvala 56 hodin. Bylo pfidano 100 pl calceinu
(1 mg/ml, fedény 1:500 v PBS) do kazdé jamky. Inkubace trvala 1 hodinu v inkubatoru
a poté nasledovalo meéfeni pocCtu zivych bunék barvenych Calceinem AM

flourometricky.

4.5 Ovéreni vlivu zvolenych koncentraci CDKi na bunéény cyklus

K ovlivnénym vzorkim byl asi hodinu pted sklizenim piidan 5-bromo-2'-
deoxyuridin v koncentraci 10 uM. Sklizeni probéhlo tripsinizaci do centrifuga¢nich
zkumavek a nasledovalo dvojité promyti v 0,5% roztoku BSA/PBS/0,5% Tween 20
a fixace 96% vychlazenym metanolem. Nejméné hodinu byly vzorky ponechany na
ledu. Poté byly fixované vzorky opét promyty. Nasledovala ptlhodinova inkubace
v2M HCI/0,5% Triton X-100. Kyseliny byla neutralizovana promytim v 0,1M
Na;B4O7 (pH = 8,5) a 1% BSA /PBS/0,5% Tween 20. Inkubace protilatky anti-BrdU-
FITC probihala 1 hodinu ve tmé pfi laboratorni teploté. Néasledovalo opétovné promyti
v roztoku BSA/PBS/0,5% Tween 20. Bunéény pelet byl rozsuspendovan v 1 ml PBS.
Ptiddna byla RNaza (200 pug/ml) a propidium jodid (10 pg/ml). Po pilhodinové
inkubaci ve tmé& za laboratorni teploty byly vzorky analyzoviny na pritokovém
cytometru Cell Lab Quanta SC MPL, Beckman Coulter. Méfena byla pozitivni
fluorescence FL3 na propidium jodid a FL1 na BrDU.

4.6 Transfekce linie pro analyzu homologni rekombinace

Byla vyuzita bunécna linie nesouci konstrukt DR-GFP upraveny pro tento ucel.
DR-GFP plasmid zkonstruoval tym profesora Larryho Thompsona (Obr. ¢. 5, Pierce et
al., 1999). Konstrukt nese 2 geny pro zeleny fluorescenéni protein. Prvni gen obsahuje
cilenou mutaci v oblasti Bcgl (SceGFP). Jedna se o dva stop kodony, které brani jeho
ptirozené expresi. V tomto genu je také vytvofeno specifické restrikéni misto pro
endonukleazu 1-Scel. Z druhého genu na DR-GFP byl vnesen jen fragment (iGFP)

umoznujici v pritbéhu HR ptepis komplementarniho useku. Pro transfekci byla vyuzita
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transfekéni reagencie firmy Roche, Fugene6. Transfekci byly vneseny dva typy
plasmidi, s geny pro RFP a restrikéni endonukleazu 1-Scel. Jakmile doslo k ektopické
expresi genil pro [-Scel, tato rozpoznala své restrikéni misto v upraveném GFP. Doslo
k vytvofeni DSB v daném restrikénim misté. Opravila-li buiikka zlom v GFP pomoci
homologni rekombinace s homologni sekvenci iGFP, doslo ke vzniku pIn¢ funkéniho

genu pro zeleny fluorescencni protein. Ten je markerem homologni rekombinace.

4.6.1  Postup transfekce

Bylo vysazeno po 350 tisici bunék na 1 Petriho misku (¢ 10 cm) tak, aby
nasledujici den byla konfluence 30 %. Vzdy je nutné mit dvé zakladni kontroly, RFP:pp
(pcDNA3,1T) 1:4 a RFP:I-Scel:pp 1:3:1. K nim se nasledné bude vztahovat hodnoceni
miry rekombinace. Dalsi pocet misek se odviji od pozadovaného poctu testovanych
latek. Pro kazdou dalsi latku jsou dvé transfekéni misky, RFP 1:4 s RFP:1-Scel 1:3:1.
Potiebny pocet misek:

1. neovlivnény vzorek negativni
. neovlivnény vzorek positivni
. ovlivnény vzorek I. negativni

2

3

4. ovlivnény vzorek 1. positivni
5. ovlivnény vzorek II. negativni
6

. ovlivnény vzorek II. positivni

Druhy den bylo vyménéno médium za rastové DMEM bez antibiotik. Do
sterilnich 1,5 ml mikrozkumavek byla pfipravena transfekéni smés, poklepem
promichéna a inkubovana 15 minut pii RT.

Transfekéni smés (1 miska):
250 ul DMEM (¢isté bez FS, RT)
15 pl Fugene6
5 ng plazmida (dodrzet hmotnostni poméry jednot. plazmidi)
RFP:pp 1 ug RFP +4 ng pcDNA 3,1 T
RFP:1-Scel:pp 1 ug RFP +3 pgI-Scel +1 pgpcDNA 3,1 T
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Poté byla smés po kapkach pfipipetovana do média k buiikam. Transfekce trvala
16 — 18 hodin. Po uplynuti této doby bylo médium s transfekéni smési odstranéno
a vyménéno za klasické rastové. Do média byly pfidany CDKi v pozadovanych

koncentracich (pfedem uréené pomoci testii cytotoxicity pitimo na U20S).

4.6.2 Cytometricka analyza a hodnoceni

Transfekované bunky byly ztripsinizovany a sklizeny do centrifugacnich
zkumavek. Centrifugace probihala pii 4 °C, 1000 g, 10 minut. Médium bylo odsato
a vzorky promyty PBS. Pelet byl rozsuspendovéan v prutokové tekutiné cytometru. Pro
analyzu kazdého vzorku bylo méfeno 300 000 bunék. S pomoci cytometru Beckman
Coulter byly detekovany buiiky pozitivni na cerveny signdl. Z nich se néslednou selekci
selektovaly bunky pozitivni na signal zeleny.

Protokol pro meéfeni byl nastaven podle kontrolnich vzorkdl pozitivnich na
cervenou fluorescenci RFP 1:4 a nésledné zelenou fluorescenci GFP ve vzorku I-Scel
1:3:1. Z celkového poctu 300 000 bunék byla na zdkladé zméfené velikosti (SS, Size
scatter) a elektronického objemu (EV, Electronic volume) pro dalsi analyzu vybrdna
jednotnd populace ohrani¢ena regionem 1 (Obr. ¢. 6A). Takto byly z analyzy
odfiltrovany pfipadné shluky bunék a nebunécéné castice. U takto vyselektovanych
bunék byla méfena cCervena fluorescence. Jeji mira byla meéfena na linearni
ose. Divodem byl vybér tizkého rozmezi (region 2), kde byla fluorescence linearni
(Obr. ¢. 6B). Bunécné Castice detekované v tomto rozmezi byly proméfeny na pozitivitu
zeleného signalu. Zelena fluorescence byla na logaritmické skale (Obr. ¢. 6C a 6D).
Vysledkem je graf s kvadranty rozdélujicimi pozitivni bunky s cervenou
a zelenocervenou fluorescenci (Obr. ¢. 6E a 6F). Kvadranty byly nastaveny vzdy
nejprve u dvou kontrolnich vzorka. U cCervené pozitivnich bunék RFP 1:4 byly osa
rozdélujici kvadranty Q4 a Q2 nastavena tak, aby Q2 obsahoval 1 % bunék (Obr. €. 9).
Jedna se o vzorek s minimalni zelenou fluorescenci. Jedno procento vyjadiuje spontanni
miru homologni rekombinace. U vzorku obsahujicim ¢erveno-zelené buiky byla osa
nastavena na piesné¢ stejnou hodnotu jako u pfedchoziho vzorku (Obr. €. 11). Rozdé¢li se
tak ob& populace a ziskame procento rekombinujicich bun¢k. U vzorkl ovlivnénych

inhibitory CDK je postup stejny.
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Obr. ¢. 6: Postup cytometrické analyzy homologni rekombinace v jednotlivych krocich
(A, B, C, E) a ptiklady vyslednych posuzovanych populaci bunék (E,F).

E) kontrolni vzorek transfekovany pouze RFP s nulovou hodnotou zelené fluorescence

(negativni kontrola), F) zelena fluorescence ve vzorku transfekovaném RFP a I-Scel,

kde HR opravuje GFP (pozitivni kontrola).
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S. Vysledky

5.1 Charakterizace uc¢inku pouzitych inhibitorii na bunéény cyklus

Pouzité inhibitory CDK ovliviji prichod bunéénym cyklem. To znesnadnuje
posouzeni jejich vlivu na homologni rekombinaci, jez je zavisla na regulacnim aparatu
bunécného cyklu. Nejprve proto byla stanovena cytotoxicita pouzitych latek na
bunéénou linii HR GFP, ve které se pozd¢ji sledovala. Vysledky jsou uvedeny v tabulce
¢. 1. Hledali jsme nejvyssi koncentrace, pii kterych dané latky jesté vyrazné neovliviuji
zastoupeni jednotlivych fazi bunééného cyklu. Na zdklad¢ téchto naméfenych hodnot
byly zvoleny nésledujici koncentrace; 10 uM roscovitin, 0,1 uM flavopiridol, 25 pM
DRB, 25 uM CANS508, 5 uM LGR 1404, 2 uM LGR 1406 a 10 uM LGR 1407. Témito
koncentracemi byly vzorky z linie HR GFP ovlivnény po dobu 48 hodin. Nésledovala
cytometricka analyza vlivu inhibitort na prichod bunéénym cyklem s dvojitym
znaCenim PI a BrdU. Ta potvrdila, Ze zvolené koncentrace neovliviiuji ani nezastavuji

bunéény cyklus (Obr. €. 12-19) a mohou tedy byt pouzity pro analyzu homologni

rekombinace.

Latka Cs0
(umol/l)

Roscovitin 22,55
Flavopiridol 0,27
DRB 52,95
CAN508 78,25
LGR 1404 12,27
LGR 1406 11,48
LGR 1407 49,09

Tab. €. 1: Cytotoxicita pouzitych inhibitori CDK vu¢i linii HR GFP zjisténé

V tfidennim testu
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Obr. €. 7: Charakterizace vlivu zvolenych koncentraci CDKi na bunéény cyklus. Na
obrazku A) je neovlivnény kontrolni vzorek, dale vzorky ovlivnéné B) 10 uM
roskovitinem, C) 0,1 uM flavopiridolem, D) 25 uM DRB, E) 25 uM CANS508, F) 5 uM
LGR 1404, G) 2 uM LGR 1406, H) LGR 1407.
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5.2 Cytometricka analyza homologni rekombinace

Celkem Dbylo testovano sedm vybranych CDKIi na jejich potencialni vliv na
snizeni homologni rekombinace. Byly vybrany CDKi inhibujici selektivné vice CDK
a inhibitory specifické pro CDK9. Pouzité koncentrace byly zvoleny tak, aby
neovliviiovaly proliferci bunééné linie HR-GFP (viz kapitola 4.1). Nesmi zastavovat
bunécény cyklus nebo byt cytoxické. Transfekce byla provedena ve tfech opakovanich.
Vysledky jednotlivych pokusti jsou vyjadieny jako procentudlni podil zelené¢
fluoreskujicich bunck (Tab. €. 2). Jedna se tedy o buiiky, ve kterych probéhla oprava
nefunkéniho genu SceGFP homologni rekombinaci. Podil zelené fluoreskujicich bunék
se pohyboval okolo 23 %. Roscovitin a DRB nemély Vv pouzitych koncentracich na
snizeni Grovné homologni rekombinace zadny vliv. Snizeni rekombinace u vzorku
ovlivnéného 25 uM DRB ¢inilo 5 %. Latky LGR 1404, LGR 1406 a LGR 1407
snizovaly rekombinaci ve stejné mife zhruba o ¢tvrtinu. Nejvétsi pokles byl zaznamenan
u vzorkd ovlivnénych flavopiridolem a CANS508. Flavopiridol snizil procento
rekombinujicich bunék o 43,9 %. CANS08 byl jesté ucinnéjsi, rekombinace poklesla
0 53,9 % (souhrn Obr. €. 8).

Urovei homologni | Primérna
rekombinace odchylka
(%) (%)
Kontrola 21,89 2,69
Roscovitin 23,01 1,9
Flavopiridol 14,08 1,28
DRB 20,61 0,86
CAN508 9,46 0,31
LGR 1404 16,36 1,94
LGR 1406 15,74 1
LGR 1407 16,7 0

Tab. €. 2: Vliv inhibitortt CDK na uroven HR vyjadiené jako procentudlni podil zelené

fluoreskujicich bun¢k (I-Scel pozitivnich) v analyzované populaci
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Obr. ¢. 8: Grafické znadzornéni vlivu inhibitortt CDK na tGrovent HR vyjadiené jako

procentudlni podil zelené fluoreskujicich bunék v analyzované populaci.

5.3 Analyza hladiny proteinu Rad51 pomoci SDS PAGE a Western Blot

Linie HR-GFP byla ovlivnéna studovanymi CDKi po dobu 48 hodin (Obr. €. 9).
Sledovana byla hladina proteinu Rad51 a vliv CDKi na ni v burikach. Az na flavopiridol
nesnizoval zadny z pouzitych CDKi hladinu tohoto proteinu (Obr. ¢. 9A, 9B, 9C).
Flavopiridol v koncentraci 0,1 uM byl G¢inny (Obr. ¢. 9D). Proto byly v dalsim
experimentu ovlivnény buiky flavopiridolem ve trech casovych intervalech; 6, 24
a48 hodin (Obr. ¢. 10A). Snizeni hladiny Rad51 oproti kontrolnim neovlivnénym
vzorkim (K24 a K48) 0 45 % je pozorovatelné po 24 hodinach. Pro porovnani byla
provedena transfekce specifickou sSIRNA umli¢ujici protein Rad51 (Obr. ¢. 10B). Pokles
v hlading proteinu 0 41 % se projevilo také zhruba 24 hodin od transfekce.
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6. Diskuze

Inhibitory cyklin dependentnich kinaz jsou vyvijeny jako moZna moderni
protinadorova cytostatika, kterd jsou podstatné Setrnéjsi k normalnim builkam
Vv zasazené tkani. Skrze specificky mechanismus inhibice blokuji proliferaci nadorovych
bun¢k. Zptisob, jakym inhibuji rust nadoru, spoc¢iva ve vice ¢i mén¢ selektivni inhibici
skupiny kindz fidicich bunéény cyklus a regulujicich transkripci, tzv. CDK.
Mechanismus jejich piisobeni na molekularni Grovni je pomérné dobie znam, ale
nedavno se objevily piekvapivé experimentalni dikazy o tom, Ze inhibice CDK muze
vyvolavat poskozeni DNA a navic ovliviiovat také schopnost bun¢k toto poskozeni
opravovat (Liu et al., 2011). Flavopiridol a roskovitin byly nedavno pouzity ve dvou
studiich, které analyzovaly vztah CDK a homologni rekombinace (Crescenzi et al.,
2005, Ambrosini et al., 2008). Oba pouzité inhibitory jsou vSak schopny inhibovat hned
n¢kolik CDK, proto neni zcela jednoznacné vysvétleno, jakym mechanismem CDK
inhibitory poskozeni DNA vyvolavaji a kterd CDK je za tento jev zodpovédna
primarné.

Homologni rekombinace je dulezitym zptsobem oprav dvouvlaknovych zlomu
DNA, nezbytnym pro udrzovani stability genomu. Jeji proces je zavisly na bunécném
cyklu a aktivit¢ CDK; probihd pouze béhem syntetické a G, faze, kdy jsou v buiice
pfitomny homologni sekvence.

Zapojeni CDK1 v regulaci HR vsav¢ich bunkach je vSak nejednoznacné
z divodu casteéného piekryvu funkci CDK1 a CDK2 (Santamaria et al., 2007).
Jednoznacné vysvétleni studii s roscovitinem a flavopiridolem navic komplikuje
skutecnost, ze oba tyto inhibitory blokuji i CDK9 regulaéni aktivitu transkripce a tim
snizuji 1 hladinu Rad51 (Crescenzi et al., 2005, Ambrosini et al., 2008).

Studovali jsme proto vliv rizné selektivnich inhibitori CDK na homologni
rekombinaci, abychom objasnili vztah jejich ucinku a selektivity k HR. Vyuzili jsme
k tomu specifické reportérové linie piipravené specialné pro tento typ analyzy. Jakmile
byla transfekci vyvolana indukce dvouvlaknovych zloma v kontruktu DR GFP pomoci
ektopicky exprimované restrikéni endonukledzy I[-Scel, DSBs byly potencialné
opraveny homologni rekombinaci. Nasledujici den byly vzorky ovlivnény inhibitory
CDK po dobu 56 hodin.

Crescenzi et al. (2005) vytvorili specifické vektory exprimujici negativné
dominantni CDK1 a CDK2 (nd-K1 a nd-K2). Spole¢nou kotransfekci s I-Scel sledovali
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pokles homologni rekombinace o 40 % s dn-K1 a az o0 50 % s dn-K2. Zaroven provedli
opacny experiment, kdy vnaseli zvySené mnozstvi CDK2. To vedlo k signifikantnimu
nartstu HR. Prokézali takto zapojeni cyklin dependentnich kindz 1 a 2 v procesu
homologni rekombinace. Autofi také pozorovali 30% pokles rekombinace v HelLa linii
transientné transfekované I-Scel po ovlivnéni 10 uM roscovitinem. Pokles HR v HR-
GFP ovlivnéné 10 uM roscovitinem nebyl pozorovan. Nutno podotknout, ze Crescenzi
ve své publikaci udava, ze pouzita koncentrace roscovitinu (10 puM) signifikantné
potlacovala proliferaci bunék. Je diilezité si uvédomit, Ze homologni rekombinace je na
proliferaci zavisla a pro vérohodné posouzeni vlivu CDKi bunky proliferovat musi! To
z divodu, Ze po vneseni [-Scel endonukleazy musi transfekovana linie projit minimalné
nékolika bunéénymi cykly, aby homologni rekombinace vibec mohla prob&hnout.
V této praci byl roskovitin rovnéZz pouzit v koncentraci 10 uM, ale mame ovéteno, Ze
nema vliv na buné¢ny cyklus linie HR-GFP (viz. Kapitola 4., str. 38).

Analogy roscovitinu LGR 1404, 1406 a 1407 inhibovaly homologni rekombinaci
zhruba ve stejné mite. Jde o skupinové selektivni inhibitory CDK s vy$si G¢innosti na
CDK1 a CDK2 neZz ma roscovitine (Jorda et al., 2011, Sroka 2010), coz prokazalo
i cytometrické méteni. V priameéru snizovaly HR o 25 % vice nez samotny roscovitin.
Také dals$i pouzitd inhibitor CDK, flavopiridol, vykazoval negativni vliv na HR.
Flavopiridol patfi mezi vysoce u€inné inhibitory CDK, jehoZ vliv na poSkozeni DNA
byl popsan nedavno (Liu et al., 2011, Ambrosini et al., 2008). Za primarni cil
flavopiridolu se povazuje CDK9, ovSem jeho schopnost inhibovat ostatni CDK mitize
vyrazné piispivat k jeho protinadorovému pusobeni (Chao et al., 2000, Carlson et al.
1999).

Minimalni G¢inek na snizeni homologni rekombinace vykazovaly i selektivni
inhibitory CDKO9. Pokles rekombinace pro inhibitor DRB ¢inil 4,82 %. Oproti tomu
druhy selektivni inhibitor CAN508 sniZoval miru homologni rekombinace az 0 54 %. Je
to pravdépodobné dano rtiznou biochemickou specifitou obou sloucenin. Je napf.
pravdépodobné, Ze nukleosidovy analog DRB mize inhibovat celou fadu ATP-
vazebnych proteinli. Navic DRB je sice schopen vyvolat rychlou stabilizaci proteinu
p53 nutného K zablokovani drahy HR, ale uz nema potiebny potencial k indukci
fosforylace p53 na Ser-15 (Turinetto et al., 2009). Pravé tato fosforylace p53 je klicova
pro potlaceni exprese Rad51. U CANS508 zase nelze vyloucit jeho Caste¢ny inhibi¢ni
vliv na CDK2, ktera je v homologni rekombinaci zapojena. CDK9 ma vztah spise
k mechanismu NHEJ. To ovétili Liu et al. (2010), kdyZz zkoumali zapojeni CDK9
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vopravé DNA. Diky koimunoprecipitaci proteinovych komplexii a analyze na
hmotnostnim spektrometru identifikovali precipitovany protein v komplexu s CDK9
jako Ku70. Ten je soucasti heterodimeru Ku, jenz slouzi jako senzor DSB. Jeho
katalyticka Cinnost je zaméiena na helikazové odvijeni ssDNA. Na tento komplex se
nasledn¢ vaze katalyticka podjednotka DNA dependentni proteinkindzy a nastava
NHEJ.

Pro pochopeni mechanismu ptisobeni inhibitord CDK na opravy zlomti DNA byla
také analyzovana hladina proteinu Rad51 v ovlivnénych bunkach. Jiz diive Ambrosini
et al. (2008) sledovali hladinu proteinu Rad51 v linii HCT116 p53** osetfené 20 nM
inhibitorem topoisomerazy I (SN38) v kombinaci s 300 nM flavopiridolem v riznych
casovych intervalech. Protein p53 je kliCovy inhibitor opravy DNA, ktery blokuje
homologni rekombinaci, jez je na Rad51 zavisla. Inhibitor flavopiridol indukuje ¢asové
zavisly narust hladiny p53 a zaroven indukuje jeho fosforylaci na Ser-15. Fosforylovany
p53 je schopen potlacit expresi Rad51, ale také s nim fyzicky interaguje (Restle et al.,
2005). Aktivni metabolit SN38 stabilizuje komplex topoizomerazy s DNA, replika¢ni
vidli¢ka kolabuje a dochazi ke vzniku zlomi a permanentnimu zastaveni cyklu v G,. Jiz
po prvnich 5 hodinach se fosforylovana forma p53 vazala na RadS1. Pokles Rad51
pozorovali uz po 5 hodinach expozice. Proto byl proveden ¢asovy experiment. Vzorky
linie HR-GFP byly stejnou koncentraci (0,1 uM) ovlivnény po dobu 6, 24 a 48 hodin.
Pokles v hladin¢ proteinu byl detekovatelny az po 24 hodinach. Je pravdépodobné, ze
linie HR-GFP, ktera je stabilné transfekovana, muze na dané latky reagovat odlisnym
zpusobem nez ,,wild type“ HCT116. Pouzitd koncentrace flavopiridolu v naSem
experimentu je na rozdil od Ambrosiniho tietinova. To muze souviset s poklesem
hladiny Rad 51 az po 24 hod. oproti 6 hod. u Ambrosiniho.

Ambrosini et al. (2008) zaroven ovétovali moznost, ze flavopiridol jako
neselektivni CDK inhibitor potlauje expresi Rad51 mechanizmem inhibice CDKO.
Proto vyuzili selektivni inhibitor CDK9 DRB v 50 mM koncentraci, coz je koncentrace
extrémé vysoka. Linie HCT116 p53*"* byla ovlivnéna DBR po dobu 5, 10, 15 a 24
hodin. Pokles Rad51 je pozorovatelny po 10 hodindch a po 15 hodinach je jeho hladina
téméf na nulové hodnoté. Vzhledem K pouzité koncentraci jsou vSak popsané vysledky
ve vztahu k CDK nejednoznaéné a tézko vysvétlitelné.

Experimenty shrnuté v této diplomové praci vyuzivaly riizn€ selektivni inhibitory
CDK v koncentracich, které vyrazn€ neovliviiuji proliferaci bunék. Pfestoze je HR

zavisla na aktivit¢ CDK, které proliferaci reguluji, nékteré z testovanych latek
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schopnost provadét rekombinaci piesto snizovaly. Ponékud pirekvapivé mély negativni
vliv na HR také inhibitory transkripéni kinazy CDKO9. Ze vSech studovanych latek vSak
pouze flavopiridol vyrazné redukoval expresi proteinu Rad51 (Obr. &. 10A). Zadny
z dalsich pouzitych inhibitordc CDK hladinu Rad51 v buiikdch neménil. Na zakladé
téchto vysledkil 1ze konstatovat, ze inhibitory CDK potlacuji homologni rekombinaci

nezavisle na proteinu Rad51 (Jorda et al., 2011, ptiloha I).
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1. Zavér

V poslednim desetileti bylo piipraveno velké mnozstvi inhibitordt CDK, z nichz
piiblizn¢ dvacet je studovano v klinickych experimentech jako mozna protinddorova
1éciva. Mechanismus jejich plisobeni je spojen s blokem proliferace a indukci apoptozy.
Nedavné experimentv vSak dokazuji jejich schopnost indukovat dvouvlakové zlomy
DNA a narusovat jejich opravy homologni rekombinaci. Cilem této prace bylo
zhodnoceni vlivii nékterych inhibitori CDK na miru homologni rekombinace
a posouzeni vztahli mezi jejich selektivitou a ucinnosti. Jednoznaénym a primarnim
zjisténim této prace je nezavislost ptisobeni inhibitordt CDK na homologni rekombinaci
na hladiné proteinu Rad51. Tato nové zjisténa schopnost inhibitordt CDK miize byt pfi
jejich dal§im klinickém vyvoji vyuzita pro zvySovani citlivosti nddorovych bun¢k pro
klasicka cytostatika poskozujici DNA, pfipadné pro terapii nékterych nadorovych
onemocnéni s inaktivovanymi mechanismy pro opravy zlomi DNA. Ne¢které ze
ziskanych vysledkt byly pouZity v publikaci, charakterizujici bunééné uc¢inky jednoho

z inhibitort pouzitych v této diplomové praci (pFiloha I).
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8. Seznam pouzitych zkratek

AA
APS
ATM
ATP
ATR
BRCA
BrDU
CAK
CBM
Cdc
CDK
CDKi
CHK
CTD
DDR
DMEM
DNA
DNA-PK
DNA-PK
DSB
DTT
dsDNA
EGTA
ELFO
EV

FS

G1

GFP
GSK
H2AX
HCI
HR

akrylamid

ammonium persuphate

Ataxia telangiectasia mutated
adenosin trisfosfat

Ataxia and Rad3 related

Breast carcinoma
bromdeoxyuridin

CDK activating protein kinase
cyclin binding motif

fosfataza

cyklin dependentni kinazy
inhibitory cyklin dependentnich kindz
checkpoint kinase

carboxy terminal domain

DNA damage response
Dulbeco’s modified eagle medium
deoxyribonukleova kyselina
DNA dependentni proteinkindza
katalyticka podjednotka DNA dependentni proteinkinazy
double strand break

dithiotreitol

double strand DNA
ethylenglycol tetraacetic acid
elektroforeticka separace
electronic volume

fetalni sérum

gap (mezera)

green fluorescent protein
glykogen syntaza kindza

typ histonu

kyselina chlorovodikova

homologous recombination
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MDC
MEK
Mrell
MRN
MSK1
mMRNA
NBS
NHEJ
nM
p53BP
PIK3
PMSF
P-TEF
RB
RFP
RPA
RT

SDS
SDSA
SMC
SS
SSDNA
TEMED
TGF
Thr

Tyr

uv

inhibi¢ni koncentrace

mitotickd faze bunécného cyklu
mediator of DNA damage checkpoint
mitogen activated protein kinase kinase
meiotic recombination

komplex proteinti Mre/Rad50/NBS1
mitogen and stress-activated protein kinase
meditorova ribonulkeova kyselina
Nijmegen breakage syndrom

non homologous end joining
nanomolarni koncentrace

p53 binding protein

fosfatidyl inositol-3 kinaza
phenylmethane sulphonylfluorid
pizotivni transkrip¢ni elongaéni faktor
retimoblastom

red fluorescent protein

replication protein A

room temperature

synteticka faze bunécného cyklu
sodium dodecyl sulphate

synthesis dependent strand annealing
Structural maitenaince of chromosome
size scatter

single strand DNA

tetrametylen diamin

transforming growth factor

threonin

tyrosin

ultrafialové zafeni
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ABSTRACT: Inhibition of cyclin-dependent kinases (CDKs)
with small molecules has been suggested as a strategy for
treatment of cancer, based on deregulation of CDKs commonly
found in many types of human tumors. Here, a new potent
CDK2 inhibitor with pyrazolo[4,3-d]pyrimidine scaffold has
been synthesized, characterized, and evaluated in cellular and
biochemical assays. 7-Benzylamino-5(R)-[2-(hydroxymethyl)-
propyl]amino-3-isopropyl-1(2)H-pyrazolo[4,3-d]pyrimidine,
compound 7, was prepared as a bioisostere of the well-known
CDK inhibitor roscovitine. An X-ray crystal structure of com-
pound 7 bound to CDK2 has been determined, revealing a

PDB: 3PJ8

Pyrazolo[4,3- rimidine 7
Y 14,2-dlpy CDK2/Compound 7

binding mode similar to that of roscovitine. Protein kinase selectivity profile of compound 7 and its biological effects (cell cycle
arrest, dephosphorylation of the retinoblastoma protein, accumulation of the tumor suppressor protein pS3, induction of apoptosis,
inhibition of homologous recombination) are consistent with CDK inhibition as a primary mode of action. Importantly, as the
anticancer activities of the pyrazolo[4,3-d]pyrimidine 7 exceed those of its bioisostere roscovitine, compound 7 reported here may

be preferable for cancer therapy.

B INTRODUCTION

A growing body of evidence has linked abnormal protein
phosphorylation patterns with pathogenesis of various human
diseases and encouraged the search for compounds capable of
specifically inhibiting protein kinases. Indeed, therapeutic success of
several kinase inhibitors that had been approved for the treatment of
particular cancer type(s) during recent years established protein
kinases as an important class of novel drug targets. Among the 518
human genes encoding protein kinases, cyclin-dependent protein
kinases (CDKs) have orxgmally attracted attention because of their
frequent deregulation in cancer." Cyclin-dependent kinases, listing
at least 13 members in humans, are serine/threonine kinases that
participate mainly in processes of cell cycle control, transcription,
and postranscriptional modifications but also in cell differentiation
and cell death.>*

v ACS Publications ©2011 american chemical Society

2980

During the past decade many CDK inhibitors have been
developed and characterized. Some of the most efficient ones
entered clinical trials as candidate drugs against various types of
cancer™® and/or advanced to preclinical evaluation of potential
value in treatment of other diseases linked with CDK deregula-
tion, such as neurodegenerative and cardiac disorders, viral and
protozoan infections, %lomerulonephritis or other types of
chronic inflammation.> The purine heterocycle became
one of the first systematically investigated scaffolds of CDK
inhibitors (due to a possibility of variable substitutions mainly at
positions 2, 6, and 9), leading to the discoveries of olomoucine
and roscovitine.'' ' Roscovitine is a pan-selective CDK
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inhibitor with multiple effects on cell proliferation, cell cycle
progression, pS3 expression, and pS3-dependent transcription
and/or induction of apoptosis in cancer cells.'* Because of these
effects, (R)-roscovitine was among the first CDK inhibitors that
entered clinical trials.

Inspired by the success of roscovitine, further exploration of
purine-derived CDK inhibitors has been mainly oriented toward
either modifications of the roscovitine molecule in its substitu-
table positions or, more recently, redistribution of nitrogen
atoms of the purine scaffold. Both these directions have led not
only to the large number of purine inhibitors derived from
roscovitine'>>* but also to libraries of compounds with alter-
native core heterocyclic skeleton structure with side chain types
of roscovitine: pyrazolo[3,4-d]pyrimidines,**** pyrazolo[1,5-a]-
1,3,5-triazines,” >’ imidazo[2,1-f]- 1,2,4-triazines,>>*° yrazolo-
[1,5-a]pyrimidines,”® ** imidazo[1,2-a]pyrazines,*>*° triazolo-
[1,5-a]pyrimidines,*”** imidazo[4,5-d]pyridines® and pyrolo-
[3,2-d]pyrimidines.*’

In this study, we describe synthesis of a novel bioisostere of
roscovitine with the pyrazolo[4,3-d]pyrimidine core. The 3,7-
disubstituted pyrazolo[4,3-d]|pyrimidines were previously de-
scribed as CDK inhibitors,*' and we have found that introduction
of the third substituent to position 5 led to development of a new
class of potent purine-related CDK inhibitors. The representa-
tive 3,5,7-trisubstituted pyrazolo[4,3-d]pyrimidine 7 has been

evaluated in diverse biological assays in comparison with roscov-
itine as a reference molecule. Our results demonstrate that a
change in a position of a single nitrogen atom can alter CDK
inhibitory properties of this class of compounds, analogous to
some other purine bioisosteres (Figure 1).232326333%4

B RESULTS AND DISCUSSION

Chemistry. We have previously described synthesis of 5,7-
di(4-methoxybenzyl)amino-3-isopropyl-1(2)H-pyrazolo[4,3-
d]pyrimidine that was prepared as an analogue of microtu-
bule-interfering drug myoseverin.” A key assumed intermediate
of the synthetic route was $,7-dichloro-3-isopropyl-1(2)H-
pyrazolo[4,3-d]pyrimidine. However the intermediate was not
isolated and characterized. An attempt to synthesize pyrazolo-
[4,3-d]pyrimidine analogue of roscovitine, i.e., the compound
with different S,7-substituents in contrast to 5,7-disubstituted
myoseverin derivative, via the same synthetic approach was not
successful. Therefore, we developed a completely new synthetic
route outlined in Scheme 1. This synthetic approach is simple,
and all intermediates are easily detectable and isolatable, with the
exception of the final compound 7. The last reaction step gives
only poor yield of the desired compound even in a complex
reaction mixture, and therefore, compound 7 has to be isolated
by a column chromatography.
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Scheme 1

Table 1. Inhibition of Proliferation in a Panel of Human
Cancer Cell Lines by Compound 7

human tumor cell lines

origin type ICso (uM),* 7
breast MCE-7 75+23
HBL-100 113 £24
BT-474 85+ 05
colon HT-29 6.6 19
HCT-116 11.0 £ 1.8
multiple myeloma RPMI-8226 3.6+03
U266 49 £ 0.1
leukemia K-562 7.7 £08
CEM 3.8+0.8
HL-60 7.1 £ 0.5
osteosarcoma HOS 7.5+ 19
melanoma G-361 48+ 1.6
cervix HeLa 69 + 1.7
lung A-549 71 +21
epidermis A-431 7.7+£0.3

“ Average £ SD values from three determinations.

Anticancer Cytotoxicity. For a comparison of pyrazolo[4,3-d]-
pyrimidines with purines, the antiproliferative activity of com-
pound 7 was tested on a panel of human cell lines representing a
range of tumor types (Table 1). Determination of proliferation
clearly showed stronger activity of compound 7 over roscovitine.
This result was further confirmed through testing on the NCI60
panel (Figure S2 in Supporting Information),™ where com-
pound 7 showed a higher activity than both racemic R,S-
roscovitine and R-roscovitine in all three assay end points
(Glso, TGI, LCso) (Table 2). All the observed differences in
the activity are statistically highly significant (p < 10”7, one-sided
Wilcoxon paired test). In contrast to roscovitine, compound 7
showed not only cytostatic (Glso, TGI) but also significant
cytotoxic (LCsp) effect against the majority (74.6%) of the
NCI60 cell lines in the concentration range applied. The
observed comparable median activities of compound 7 toward
the cell lines with either the wild-type or mutant pS3 (7.5 vs 10.4,
23.2 vs 26.4, and 55.8 vs 66.5 uM for Gls,, TGIL and LCs,

respectively) are consistent with the accepted opinion that pS3
status does not play a major role in resistance to CDK
inhibitors.*> %’

In order to identify compounds with similar effects on the
NCI60 cell lines, we calculated Pearson correlation coefficients
(r) of the activity patterns (Glso values for the individual cell
lines) of compound 7 and 16 533 other compounds tested on the
NCI60 panel (see Experimental Section for the criteria of
compound selection). Calculations were carried out on a
log—log scale. The analysis identified 2H-pyrazolo|[3,4-d]-
pyrimidine CGP-57380"° (r = 0.66, rank 1, p = 1.0 x 10~ %),
an inhibitor of MNKI. MNKI is a positive regulator of the
eukaryotic initiation factor 4E (eIF4E), which besides its role in
translation also regulates distribution of cyclin D1 mRNA.*
Treatment with MNKI1 inhibitor leads to a decrease of the
cellular content of cyclin D1.¥°° A strong correlation was
observed for the cells with both the wild type (N = 16, r =
0.71, p = 0.0022) and mutant pS3 gene (N =43,r=0.63,p =7.0
x 10 ). It is tempting to speculate that the observed similarity
in the activity patterns of the two compounds might stem from an
effect on CDK activity, directly in the case of compound 7 and
indirectly in the case of MNKI inhibitor. On the other hand,
comparison with experimentally validated (ICso < 100 «M)
inhibitors of cyclin-dependent kinases 1 and 2 and related kinases
(CDKs4,5,7,8,9 and/or glycogen synthase kinase-3/3) included
in BindingDB (33 compounds, 37 activity patterns)®">* shows
that Glso pattern of compound 7 is distinctly different. This
observation suggests that other factors beyond the known shared
molecular target(s) influence the resulting biological activity.
Figure 2 shows signed coeflicients of determination #* (measure
of variability explained by a regression line) calculated separately
for the cell lines with the wild-type and mutant p53 gene. The
cumulation of the data points along the x axis indicates various
degrees of similarity in the activity of compound 7 and the
individual CDK/GSK3B inhibitors against the cell lines expres-
sing wild-type p53. On the other hand, the activity pattern of
compound 7 on the pS3 mutant cell lines was distinctly different
(low signed 1*). A possible explanation of this difference might be
a generally high sensitivity of certain pS3 wild type cell lines to
chemical insults. Similar results were obtained when rank sum
correlation was used instead of Pearson's correlation for calcula-
tion of signed coefficient of determination (not shown). We
conclude that growth inhibitory activity of compound 7 differs

2982 dx.doi.org/10.1021/jm200064p |J. Med. Chem. 2011, 54, 2980-2993
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Table 2. Cytostatic and Cytotoxic Effects of Compound 7 and R,S- and R-Roscovitine against NCI60 Panel”

Glso (uM) TGI (M) LCso (uM)
median range median range median range
7 10.2 3.0—23.8 (0/59) 25.9 10.6—60.8 (0/59) 65.3 39.1 to >100 (15/59)
R,S-roscovitine 17.9 4.6—57.8 (0/59) 58.1 20.9 to >100 (14/59) >100 51.9 to >100 (39/59)
R-roscovitine 19.3 4.9 to >100 (1/52) >100 14 to >100 (36/53) >100 82.0 to >100 (50/53)

“ Given are median and range of Glso, TG and LCs together with proportion of the cell lines for which the end point was not reached at the highest

concentration tested (100 #M) (data in parentheses).
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Figure 2. Effect of pS3 status on relation (expressed as signed coeffi-
cient of determination r*) between Gls, patterns of compound 7 and
individual inhibitors of CDKs and/or GSK3B. Black circle designates
MNK-1 inhibitor.*® Black triangle designates R-roscovitine, and black
square designates racemic roscovitine.

from those of other structurally diverse CDK inhibitors, includ-
ing its isomer roscovitine, and this difference is typically more
pronounced when only the cell lines harboring mutant p53 are
considered.

Kinase Selectivity of Compound 7. The kinase selectivity of
compound 7 was determined in enzyme assays with recombinant
CDK2/cyclin E, CDKS/p35, CDK7/cyclin H/MAT1, and
CDK9/cyclin T1. The ICsy values for compound 7 were
comparable to that of roscovitine (Table 3), but isomer 7 showed
generally better efficiency in CDK inhibition with ICs, values in
the submicromolar range (Figure S1). In the following experi-
ment the selectivity of compound 7 was tested against a panel of
purified recombinant human protein kinases at a single concen-
tration of 10 uM. The assays confirmed that compound 7 inhibits
preferentially CDKs (Table 3). In addition to potent inhibition
of CDKs, moderate inhibition was observed for GSK3B, stress-
activated protein kinases PRAK and MSKI, and mitogen-acti-
vated kinase MEK, and these activities may contribute to the
observed antiproliferative effects of compound 7.

Crystal Structure of Compound 7 with CDK2. The crystal
structure of compound 7 in complex with CDK2 has been
determined at 1.96 A resolution. Compound 7 binds in the
narrow cleft between the N- and C-terminal domains of CDK2.

Table 3. Kinase Selectivity Profile for Compound 7 and Its
Purine Analogue Roscovitine

kinase inhibition (%)* ICso (uM)®
protein kinase 7 roscovitine 7 roscovitine
CDKl1/cyclin B 84 70 nd nd
CDK2/cyclin A 97 94 nd nd
CDK2/cyclin E 98 95 0.04 0.22
CDKS5/p3S 95 85 0.20 0.94
CDK?7/cyclin H/MAT1 96 87 0.16 0.48
CDK9/cyclin T1 90 87 1.00 1.77
CK1 7 1 nd nd
CK2 19 10 nd nd
GSK3A 32 13 nd nd
GSK3B 54 25 nd nd
MEK1 S8 38 nd nd
PRAK 30 28 nd nd
MSK1 39 29 nd nd

2983

“In the presence of 100 uM ATP with 10 uM compound. ¥ nd: not
determined.

The electron density for the inhibitor is excellent with all its
atoms being well-defined in density and allowing the unambig-
uous positioning of the inhibitor in the binding cleft (Figure 3A).
The binding mode of compound 7 in the active site of CDK2 is near
identical in the positioning of the pyrazolo[4,3-d]pyrimidine core
when compared with other homologous ligand structures (Protein
Data Bank codes 2A0C, 1GSS, IW0X, 1CKP, 2A4L, 3DDP, 3NS9)
with the pyrazolo[4,3-d]pyrimidine being sandwiched between the
side chains of Leu134 and Ile10. Similar to other homologous ligand
structures, compound 7 forms a conserved hydrogen bond pattern
to the backbone carbonyl of Leu83 and to the backbone NH of this
same residue. An additional conserved hydrogen bond is found at
the backbone carbonyl of Glu81, yet this interaction is considerably
shorter when compared to other similar ligand structures (2.77 A
compared to 3.18 A for the roscovitine complex, PDB code 2A4L)
(Figure 3A). Some variation between homologous structures is
found in the positioning of the phenyl ring of the benzylamino
group. In general this group is sandwiched between the side chain of
Ile10 and the backbone of His83. This is also the case with
compound 7, although the interaction of the His84 backbone
carbonyl at the ortho position of the ring is longer in this structure
(Figure 3A). A further difference in the binding mode is apparent
when comparing the position of the hydroxymethylpropyl group.
This group takes up a similar orientation to that found in the
olomoucine II structure (PDB code 2A0C) and is rotated in the
opposite direction to that found in the structure containing
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Figure 4. Immunoblot analysis of Rb phosphorylation and some cell
cycle regulators. Asynchronous MCF-7 cells were exposed for 24 h to the
indicated concentrations of compound 7. Tubulin levels are included as
a control for equal protein loading.

roscovitine (PDB code 2A4L, Figure 3B). The hydroxyl atom of this
group makes a strong hydrogen bond to a water molecule (water
71), which in turn forms strong interactions to the side chain of
Asp14S (Figure 3). This bridging interaction is not observed in any
of the homologous ligand/CDK2 complex structures. Therefore,
although ligand compound 7 is reminiscent of other roscovitine-like
ligands, these are significant differences in their respective binding
modes that make compound 7 distinct.

Cellular Effects of Compound 7. When exponentially grow-
ing human MCEF-7 breast cancer cells were treated with com-
pound 7 for 24 h, a dose-dependent inhibition of retinoblastoma
protein (Rb) phosphorylation at Ser249/Thr252, Ser807/811,
Ser780, and Ser795 became apparent on immunoblots of total
cellular proteins probed with phosphospecific antibodies.
These results demonstrate the ability of compound 7 to affect
the activities of CDK4 and CDK2 in proliferating cells. These
CDKs play critical positive roles at the G;/S transition by
phosphorylating the Rb protein. Inhibition of cellular CDK
activity and consequent Rb dephosphorylation causes cell
cycle arrest in the G, phase. Similar observations have been
published not only with roscovitine®*~® but also with roscov-
itine isomers imidazo[2,1-f]-1,2,4-triazine 13*° and pyrazolo-
[1,5-a]-1,3,5-triazine 722

Moreover, changes of protein abundance for some cell cycle
regulators upstream of the Rb protein were monitored in MCF-7
cells treated with compound 7, compared with mock-treated
controls. A significant reduction in CDK4 protein level was
observed, and the abundance of cyclin D1, a positive regulator of
CDXK4, also diminished. In contrast, no changes in protein levels
of CDK1, CDKG6, and cyclins E and A were seen (Figure 4). This
inhibitory pattern, consistent with the cell-cycle effects of com-
pound 7, was observed in MCF-7 cells also upon treatment with
roscovitine™ and pyrazolo[1,5-a]pyrimidine BS-181.>* On the
other hand, human HT-29 colon cancer cells responded to
roscovitine treatment by a decrease in cyclin A protein level,
while the abundance of CDK4 remained unchanged.>*

Cell Cycle Analysis. The antiproliferative activity of com-
pound 7 was verified by flow cytometry analysis of asynchro-
nously growing MCF-7 cells and the multiple myeloma RPMI-
8226 cell line, through double staining with propidium iodide
and S-bromo-2’-deoxyuridine (BrdU). As shown in Figure S,
treatment with both compound 7 and roscovitine arrested the
cell cycle progression in the G,/M phase and resulted in
decreased S-phase populations in the two cell lines. Upon
treatment with higher concentrations of roscovitine and
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Figure 5. Compound 7 arrests cells at various stages of the cell cycle: flow cytometric analysis of BrdU and propidium iodide incorporation in RPMI-
8226 and MCF-7 cells treated for 24 h with roscovitine and compound 7, respectively.

compound 7 the populations of cells actively replicating DNA
(i.e,, BrdU-positive cells) also decreased markedly. In addition,
accumulation of RPMI-8226 cells in G, was found, an outcome
not observed in MCF-7 cells. In summary, compound 7 arrested
the cell cycle of two human cancer cell lines more efficiently than
roscovitine, but both compounds displayed similar patterns of
the cell-cycle blockade.

Besides cell cycle changes, increases of subG; population
(indicative of apoptosis) upon treatment with the two com-
pounds were also observed (Figure S). Notably, compound 7
triggered apoptosis already after 24 h of treatment at compound
concentrations above 10 #M in MCEF-7, U266, and RPMI-8226
cells (Figure S3). These results correlate well with data on
induction of apoptosis obtained by other apoptotic assays (see
below and Figures 6 and S4).

Induction of Apoptosis. Most CDK inhibitors, including
roscovitine, semisynthetic flavone flavopiridol,>’ > and 3-sub-
stituted indolinone compound SU9516,°*°" exert a strong
proapoptotic effect on multiple mgfeloma cells through down-
regulation of Mcl-1 protein.”*®*~®* Therefore, we studied in-
duction of apoptosis in multiple myeloma cell lines in more
detail. Compound 7 induced apoptosis in the multiple myeloma
cell line RPMI-8226, as documented by detection of a cleaved
fragment of caspase-3 and its enhanced enzymatic activity, by
fragmentation of poly(ADP ribose )polymerase 1 (PARP) and by
down-regulation of antiapoptotic protein Mcl-1 (Figure 6C). As
shown in Figure 6A, treatment with 20 #M compound 7 induced
strong activation of caspases 3 and 7 as quantified by a biochem-
ical assay. This result correlates well not only with the immuno-
blotting analysis, where the cleavage of caspase-3 zymogene was
observed under the same experimental conditions, but also with

the flow cytometric detection of the caspase-3 fragment using
the anticleaved caspase-3 (Asp175) antibody (Figure 6B,C).
Monitoring of the cleavage of PARP, a nuclear target of
caspase-3, further confirmed the above results. Taken together,
our results clearly showed that compound 7 induces apoptosis
in the RPMI-8226 multiple myeloma cell line in a concentra-
tion-dependent manner. Furthermore, consistent results were
found also for another multiple myeloma cell line, U266
(Figure SS).

Induction of p53-Dependent Transcription. Treatment of
cells harboring wild-type pS3 with CDK inhibitors leads to
accumulation of p53 and to an increase of p53-dependent
transcription, as shown with roscovitine.*>%¢ A strong nuclear
immunofluorescence signal of pS3 was also evident in MCF-7
cells following treatment with compound 7 (Figure 7A). These
results were then confirmed and extended by immunoblotting
analyses of the levels of pS3 and its targets, p21""*"" and Mdm-2
(Figure 7C). We found that after 24 h incubations of proliferating
MCE-7 cells with 20 #M roscovitine and 10 #M compound 7 the
level of pS3 was strongly increased. Moreover, the accumulated
pS3 was transcriptionally active, as indicated by the enhanced
expression of the cell cycle inhibitory protein p21"A™, a well-
established transcriptional target of p53.

Next, the effect of compound 7 on pS53-dependent transcrip-
tional activity was determined by the f-galactosidase activity
measurement in the human melanoma cell line ARN8.°° Com-
pound 7 showed a dose-dependent activity effect on pS3-
regulated transcription, with the maximum impact observed
between 10 and 20 uM (Figure 7B), while the maximal effect
of roscovitine was observed at an approximately 1.5-fold higher
concentration (data not shown).
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Figure 6. Compound 7 induces apoptosis in RPMI-8226 cell line after continuous 24 h treatment. (A) The activities of caspases 3 and 7 measured using
a fluorogenic substrate Ac-DEVD-AMC in lysates of cells treated with increasing doses of compound 7. (B) Active fragment of caspase-3 (gray line)
detected by flow cytometry using specific anticleaved caspase-3 (Asp175) antibody in cells treated with 20 M compound 7. Black and gray lines indicate
untreated and treated cells, respectively. (C) Fragmentation of PARP and caspase-3 and down-regulation of Mcl-1 detected by immunoblot analysis.

Tubulin levels were monitored to verify equal protein loading.

Compound 7 Inhibits DNA Repair via Homologous Re-
combination Independently of RAD51 Protein Abundance.
Homologous recombination (HR) is important for DNA double
strand break (DSB) repair, and its proper function is required for
the maintenance of genomic stability and cell survival®” HR
repair seems to be restricted only to S and G2 phases of the cell
cycle, where homologous sequences are available, consistent with
regulation of HR activity via CDK dependent mechanism(s).
Indeed, in yeast, Sae2 protein phosphorgflation by CDK was
identified as an important HR regulator® and a similar CDK-
dependent mechanism was proposed also for mammalian cells.
However, in mammalian cells the identification of CDK(s)
responsible for regulation of HR is rather problematic because
studies with roscovitine or flavopiridol also showed rapid down-
regulation of a core HR-pathway protein Rad51,%"”° the effect
which may mask any other potential regulatory impact of CDK
inhibition on HR. Moreover, RadS51 down-regulation seems
unlikely to represent a physiological mode of HR regulation
because RadS1 abundance is not markedly altered throughout
G1, S, and G2 phases of the cell cycle.71 Thus, we examined
whether compound 7 could be used as an alternative CDK
inhibitor, possibly capable of modulating the HR process without
affecting the RadS1 status. We selected the highest concentra-
tions of roscovitine, flavopiridol, and compound 7 which do not
yet affect the cell cycle progression (Figure S6) and assessed HR
using an assay in which HR efficiency to repair DSB within a
reporter plasmid in human cells is quantified through measure-
ment of the repair-generated GFP fluorescence signal by flow
cytometry.”” In parallel we monitored the RADS1 protein level
by immunoblotting. In cells treated with compound 7 and
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flavopiridol, the HR efficiency was reduced to 66% and 62% of
control values, respectively (Figure 8A). Notably, at the drug
concentrations used for the HR assay only flavopiridol caused a
significant RADS1 decrease (Figure 8B). Treatment with ros-
covitine at a concentration not affecting the cell cycle did not
influence HR significantly nor did it affect the RADS1 level
(Figure 8). On the basis of these results, obtained particularly
because of compound 7, we conclude that CDK inhibition can
affect HR efficiency independently of effects on RADS1 protein
abundance.

B CONCLUSION

Compound 7 was prepared and characterized as a representa-
tive of a new group of CDK inhibitors, trisubstituted pyrazolo-
[4,3-d]pyrimidines. In several biochemical and biological assays,
the effects of compound 7 were compared with those of its
bioisostere, roscovitine. These analyses showed similar kinase
selectivity profiles of roscovitine and compound 7, yet apparently
higher efficiency of the latter compound. The overall molecular
and cellular effects of compound 7 were consistent with its ability
to inhibit CDKs and, furthermore, revealed evidence for a role of
CDKs in regulation of DNA repair by HR. The data suggest that
blocking HR-mediated repair by compound 7 and perhaps also
by other CDK inhibitors could potentially be exploited in cancer
therapy in at least three scenarios: (i) to sensitize cancer cells to
therapeutically used clastogens including ionizing radiation; (ii)
as single agents to affect cancer cells preferentially, because of the
tumor-specific oncogene-evoked reglication stress and the ensu-
ing constitutive DNA damage7377 whose repair requires HR;
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Figure 8. Compound 7 reduces homologous recombination. DR-
U20S-GFP cells expressing I-Scel nuclease to produce DSBs within
the HR-reporter sequences were used to measure the GFP product as a
readout for effects of CDK inhibitors on HR efficiency. (A) GFP level
and its fluorescence intensity in DR-U20S-GFP cells reflect the degree
of successful HR-mediated recombination that was subject to modula-
tion by roscovitine (10 uM), compound 7 (S uM), or flavopiridol (0.1
UM) for 56 h. (B) Protein levels of RADS1 were analyzed by immuno-
blotting in DR-U20S-GFP cells exposed to increasing concentrations of
the drugs, as indicated. Frames highlight scenarios with drug concentra-
tions used in the HR assay.

(iii) to selectively kill cancer cells that often harbor defects in
DNA damage response pathways, taking advantage of the
synthetic lethality principle.”” Altogether, our present character-
ization of this novel trisubstituted pyrazolo[4,3-d]pyrimidine

warrants further evaluation of these purine-derived bioisosteres
as potential new candidate anticancer drugs.

B EXPERIMENTAL SECTION

General Experimental Procedures. Melting points were deter-
mined on a Kofler block and are uncorrected. NMR spectra were
measured on a Bruker AVANCE III 400 MHz spectrometer (400.13
MHz for 'H and 100.61 MHz for '*C) and a Bruker AVANCE III 600
MHz spectrometer (600.23 MHz for "H and 150.93 MHz for >C) and a
Varian Geminy 300 (300.1 MHz for "H and 75 MHz for *C) in DMSO-
dg or CDCl; at 303 K. The residual solvent signal was used as an internal
standard (Og 2.500 and O¢ 39.60 for DMSO-dg or Oy 7.265 and O¢
77.00 for CDCL;). "H NMR, "*C NMR, COSY, HSQC, and HMBC
results were obtained using standard manufacturers’ software (Topspin
2.1, Bruker Biospin GmbH, Rheinstetten Germany). Chemical shifts are
given in O scale [ppm] and coupling constants in Hz. Digital resolution
enabled us to report chemical shifts of protons to 3 and coupling constants
to 1 and carbon chemical shifts to 2 decimal places. ESI or APCI mass
spectra were determined using a Waters Micromass ZMD mass spectro-
meter (direct inlet, coin voltage 20 V). IR spectra were recorded on an FT-
IR Nicolet 200 instrument with KBr tablet. Compound purity was
determined by elemental analyses (0.4%) or LC—MS analysis and was
confirmed to be >95% for all compounds. Merck silica gel Kieselgel 60
(230—400 mesh) was used for column chromatography.

Prepared Compounds. 4-Amino-5-isopropyl-1(2)H-pyrazole-
3-carboxamide (1). 1 was prepared according to the published synthesis.*

3-Isopropyl-5-sulfanyl-1(2)H-pyrazolo[4,3-d]pyrimidin-7-ol (2).
A mixture of amide 1 (1.5 g, 9 mmol) and thiourea (3.8 g, 46 mmol) was
fused (195 °C) for 30 min under argon atmosphere. After cooling, the
reaction melt was suspended in water (20 mL) and the solution was
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alkalized at 0 °C by 2 M NaOH solution to pH 12.3. The resulting dark
solution was decolorized by carboraffin. The filtered solution was
acidified by HCI to pH 5.7—6.0. After 1 h the product was filtered off,
washed with cooled water, and dried at 80 °C/20 Torr. Yield 82%, mp
>305 °C (dec). MS ESI : [M — H]™ = 209.3. "H NMR (400 MHz,
303.1 K, DMSO-dg) 6 1.225 (d, ] = 6.9 Hz, 6H, (CH,),), 3.370 (sept, ] =
6.9 Hz, 1H, CH), 12.116 (brs, 1H), 12.651 (brs, 1H), 13.842 (br's, 1H).
3C NMR (100 MHz, 303.1 K, DMSO-ds) 6 21.91 (q, (CH3),), 24.08
(d, CH), 124.04 (s), 126.91 (s), 134.08 (s, C-9), 143.13 (5, C-9), 152.57
(s), 155.34 (s). Anal. (CgH;(N,OS) C, H, N, S.
3-Isopropyl-5-methylsulfanyl-1(2)H-pyrazolo[4,3-d]pyrimidin-7-ol
(3). Thiol 2 (16 g, 70 mmol) was added to a mixture of 50 mL of EtOH
and 170 mL of water at 35 °C. The pH of the solution was adjusted to 9.3
by adding a water solution of 30% NaOH, and thus, thiol 2 was dissolved.
During vigorous agitation dimethylsulfate (6.6 mL, 70 mmol) was added
at 20 °C to the reaction mixture. The crystallized product was filtered off,
washed (2 ) with a mixture of EtOH/H,O (1/2.5, 20 mL), and water.
The product was dried at 80 °C/20 Torr. Yield 90%, mp 213—216 °C.
MSESI: [M — H]~ =223.3. "H NMR (600 MHz, 303.1 K, DMSO-ds)
8 1.349 (d, J = 7.0 Hz, 6H, (CH,),), 2.531 (s, 3H, CH;S), 3.216 (sept,
J=7.0 Hz, 1H, CH), 12.398 (s, 1H, NH or OH), 13.513 (s, 1H, NH or
OH). *C NMR (150 MHz, 303.1 K, DMSO-dg) 6 12,94 (q, CH5S),
21.69 (q, (CH3),), 26.32 (d, CH), 125.08 (s), 136.91 (s, C-4), 149.48 (s,
C-9),151.94 (s, C-2), 153.51 (s). Tautomer: "H NMR (600 MHz, 303.1
K, DMSO-ds) 0 1.369 (d, ] = 7.0 Hz, 6H, (CH3),), 2.50* (s, 3H, CH,S),
3285 (sept, J = 7.0 Hz, 1H, CH), 11.959 (s, 1H, NH or OH), 13.770 (s,
1H, NH or OH). *C NMR (150 MHz, 303.1 K, DMSO-ds) 6 12,86 (g,
CH,S), 21.69 (q, (CH,),), 24.74 (d, CH), 133.60 (s), 134.69 (s),
140.34 (s, C-9), 151.21 (s, C-2), 157.35 (s). HSQC readout was done.
7-Chloro-3-isopropyl-5-methylsulfanyl-1(2)H-pyrazolo[4,3-d]pyri-
midine (4). Dimethylaniline (30 mL) was dropped under nitrogen
atmosphere into a mixture of thioether 3 (18 g, 80 mmol) and POCl;
(120 mL) during 30 min. Then the reaction mixture was refluxed for S h
(bath temperature of 108 °C). After cooling to room temperature, the
reaction mixture was concentrated under vacuum (the excess of POCl;
was removed). Methyl tert-butyl ether (MTBE) (140 mL) was added,
and during agitation water (50 mL) was added. The organic phase was
separated off, and the water phase was extracted once more by MTBE.
Combined organic phases were diluted by 70 mL of water and alkalized
by solid NaHCOj3 (2 g) to pH 7.5. The mixture was then agitated for 2 h.
The organic phase was separated by carboraffin trituration and dried by
MgSO,. Crystallization from MTBE—heptane afforded (after drying at
70 °C/20 Torr) 16 g of a yellow product. Yield 80%, mp >170 °C (dec).
MS ESI™: [M — H]™ =241.3 (100%), 243 (30%). "H NMR (400 MHz,
303.1 K, CDCly) 6 1.500 (d, J = 7.0 Hz, 6H, (CH3),), 2.644 (s, 3H,
CHS,S), 3.488 (sept, ] = 7.0 Hz, 1H, CH). *C NMR (100 MHz, 303.1 K,
CDCl;) 6 14.59 (q, CH3S), 21.34 (q, (CH3),), 27.12 (d, CH), 128.77
(s, C-6), 144.21 (s, C-5), 144.51 (s, C-4), 151.96 (s, C-9), 163.60 (s,
C-2). Anal. (CoH,,CIN,S) C, H, N, CL
7-Benzylamino-3-isopropyl-5-methylsulfanyl-1(2)H-pyrazolo[4,3-
dJpyrimidine Hydrochloride (5). 7-Chloro derivative (8.5 g, 35S mmol),
benzylamine (9 mL, 85 mmol), and triethylamine (23 mL, 230 mmol) in
50 mL of 1-butanol were heated with stirring at 100 °C for 3 h. The
solution was evaporated to dryness in vacuum, and the residue was
partitioned between H,O and EtOAc. The combined organic phase was
purified by carboraffin and dried with magnesium sulfate and evapo-
rated. Product was dissolved in a mixture of 30 mL of MTBE, 10 mL of
H,0, and 4 mL of isopropanol. After acidification by S N HCl to pH 0.5,
hydrochloride § crystallized. Product was filtered off, washed twice with
a mixture of MTBE/2-propanol (7/3, 10 mL), and dried at 70 °C/20
Torr. Yield 11 g, 88%, mp 197—204 °C (after recrystallization from
boiling EtOH, mp 205—210 °C). MS ESI": [M — H] ™~ = 312.3 (100%),
348 (50%, M 4 CI7). MS ESI™: 314.3 (100%, M + H). IR (ecm™):
1618,1581,1532, 1353, 1246, 1181, 1062, 924, 698. "H NMR (400 MHz,

303.1 K, CDCly) 0 1.340 (d, ] = 7.0 Hz, 6H, (CH;),), 2.541 (s, 3H,
CHS,S), 3.300 (sept, J = 7.0 Hz, 1H, CH), 4.762 (br s, 2H, NHCH,),
6.658 (br s, 1H, NHCH,), 7.213—7.277 (5H, m, H-ortho, H-meta,
H-para), 11.615 (br s, H-7 or H-8). *C NMR (100 MHz, 303.1 K,
CDCl,) 8 1442 (q, CH,S), 21.51 (q, (CHs),), 26.01 (d, CH), 44.65 (t,
NHCH,), 127.53 (d, C-para), 127.79 (d, C-ortho), 128.62 (d, C-meta),
137.96 (s, C-ipso), 138.77 (s), 151.24 (s, C-9), 163.34 (s, C-2). Anal.
(C16H19NsS) C, H, N.

7-Benzylamino-3-isopropyl-5-methylsulfonyl-1(2)H-pyrazolo[4,3-
dlpyrimidin (6). Thioether S (liberated base, 8 g, 26 mmol) was
dissolved in 40 mL of ethanol, and solution of 20 g of Oxone in
50 mL of H,O was added at 45—50 °C. Oxygenation was checked by
TLC (silica gel, MeOH/toluene, 1/ 9) and was completed in 30 min.
Water (130 mL) and ethyl acetate (S0 mL) were added. Product was
extracted in the organic phase once more with 20 mL of ethyl acetate.
The combined organic phase was purified by carboraffin and dried with
magnesium sulfate and evaporated. Product was crystallized from
methanol. Yield 7.5 g, 83%, mp 96 °C. MS ESI : [M — H] ™ = 3443
(100%, M — H™). MS ESI™: 346.3 (100%, M -+ H™). IR (cm™"): 1626,
1534, 1453, 1359, 1297, 1128 (SO,), 1060, 926, 753. "H NMR (400
MHz, 303.1 K, CDCly) 0 1.325 (d, ] = 5.0 Hz, 6H, (CHs),), 3.222 (s,
3H, CH;S0,), 3.349 (br s, 1H, CH), 4.761 (br s, 2H, NHCH,),
7.259—7.185 (3H, m, H-meta, H-para), 7.310 (2H, m, H-ortho). *C
NMR (100 MHz, 303.1 K, CDCl;) 0 21.56 (q, (CHs),), 26.14 (d, CH),
39.13 (g, CH3S0,), 45.17 (t, NHCH,), 124.79 (s), 127.64 (d, C-para),
128.01 (d, C-ortho), 128.64 (d, C-meta), 137.27 (s, C-ipso), 150.68 (s),
151.39 (s), 157.79 (s, C-2). Anal. (C,4H;sN50,S) C, H, N.

7-Benzylamino-5(R)-[2-(hydroxymethyl)propyllJamino-3-isopro-
pyl-1(2)H-pyrazolo[4,3-d]pyrimidine (7). Methylsulfone 6 (0.2 g, 0.58
mmol) and R-(—)-2-amino-1-butanol (2 mL, 23 mmol) were heated in
sealed ampule for 3 h to 160 °C. Excess of the amine was evaporated at a
temperature below 70 °C, and the residue was partitioned in CHCl;/
H,O. The combined organic phases were dried with magnesium sulfate
and evaporated. Product was purified by column flash chromatography
on silica gel stepwise with 1%, 2%, 4%, and 6% MeOH in CHCl;.
Product was obtained in noncrystallizable amorphous colorless glass
form. Yield 54 mg, 25%, [0 ]p +53 (¢ 1.35, CHCl;). MSESI*: [M+H] ©
= 355.4 (100). MS ESI : [M — H]~ = 353.3 (100). 'H NMR (300
MHz, DMSO-d,) 0.85 (t,] = 7,5 Hz, 3H, CH;CH,), 1.32 (d, J = 7.0 Hz,
6H, (CH;),CH), 1.39—1.68 (m, 2H, CH,CH3), 3,16 (sept, ] = 7,0 Hz,
1H, CH(CHs,),), 3.37 —3.51 (m, 2H, CH,OH), 3.78 (m, 1H, CHNH),
4.68 (brs, 2H, CH,Ph), 5.74 (brs, 1H,NH), 7.26 (m, 1H, H-para), 7.34
(m, 2H, H-meta), 7.39 (m, 2H, H-ortho), 11.79 bs (*/, H, NH), 13,28
bs (*/, H,NH). *C NMR (75 MHz, DMSO-dg) 8 10.6,21.5,21.6,23.8,
25.9, 43.0, 54.2, 63.4, 126.9, 127.5, 128.3, 139.3, 147.1, 157.6 . Anal.
(C1oH6NgO) C, H, N.

Enzyme Inhibition Assay. CDK2/cyclin E kinase was produced
in Sf9 insect cells via baculoviral infection and purified on a NiNTA
column (Qiagen). CDKS/p3S, CDK7cyclin H/MAT1, and CDK9/
cyclin T1 were purchased from ProQinase GmbH. The kinase reactions
were assayed with 1 mg/mL histone H1 (for CDK2 and CDKS) or
(YSPTSPS),KK peptide (for CDK7 and CDK9) in the presence of 15/
0.15/1.5/1.5 uM ATP (for CDK2/CDKS/CDK?7/CDK9), 0.0 uCi
[7-**P]ATP, and the test compound in a final volume of 10 L, all in a
reaction buffer (60 mM HEPES—NaOH, pH 7.5, 3 mM MgCl,, 3 mM
MnCl,, 3 uM sodium orthovanadate, 1.2 mM DTT, 2.5 ug/S0 uL
PEGa0,000)- The reactions were stopped by adding S uL of 3% aqueous
H3PO,. Aliquots were spotted onto P-81 phosphocellulose (Whatman),
washed 3Xx with 0.5% aqueous H3PO,, and finally air-dried. Kinase
inhibition was quantified using digital image analyzer FLA-7000
(Fujifilm). The concentration of the test compounds required to
decrease the CDK by 50% was determined from dose-response curves
and designated ICsp.
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Kinase Selectivity. All kinase assays were carried out by the
SelectScreen Kinase Profiling Service in the presence of 100 uM ATP
and 10 uM compound and performed according to the standard
protocol of Invitrogen.

Crystallization and Structure Determination. Human recom-
binant CDK2 was purchased from ProQinase GmbH, and crystals were
grown following the protocol of the supplier. The compound 7/CDK2
complex was prepared by transferring a coverslip containing a drop of
native CDK2 crystals over a well solution of 35% PEG 6000 and
equilibrating at 17 °C for 24 h. A single crystal of CDK2 was transferred
from this drop into a 1 4L drop of 35% PEG 6000, 100 mM Na HEPES
buffer (pH 7.5), 1 mM compound 7, and S mM DMSO and placed over
a well of the same solution. Crystals were left to soak for 2 days. The
crystal of about 0.1 mm in length was mounted in a 0.1—0.2 mm
cryoloop (Hampton Research) and was flash-frozen in liquid nitrogen.
The soaking solution acted as a cryoprotectant. All diffraction data were
collected at 100 K (Cryostream) using a Rigaku Micro7 rotating anode
generator and a Mar34S detector (MarResearch). Data processing was
carried out using the programs MOSFLM and SCALA.”® Initial struc-
ture solution was performed using the program PHASER” using an
available CDK2 structure (PDB code 2A0C). The programs
REFMAC”® and PHENIX”® were used for refinement, with manual
refinement and waterfitting being performed by the program COOT.*
Crystallographic processing and refinement statistics are summarized in
Supporting Information (Table S1). Atomic coordinates have been
deposited in the Brookhaven Protein Data Bank under the accession
code 3PJ8.

Cell Maintenance and Cytotoxicity Assay. The cytotoxicity of
the studied compounds was determined with cell lines of different
histological origin. The cells, cultured in DMEM (supplemented with
10% fetal calf serum, 4 mM glutamine, 100 IU/mL penicillin, 100 zg/mL
streptomycin) in a humidified CO, incubator at 37 °C, were redis-
tributed into 96-well microtiter plates at appropriate densities for their
respective cell sizes and growth rates. After preincubation, test com-
pounds in 3-fold dilutions were added in triplicates. Treatment lasted for
72 h and then calcein AM solution was added. The fluorescence of the
live cells was measured at 485 nm/538 nm (excitation/emission) with a
Fluoroskan Ascent microplate reader (Labsystems). ICs, values, the
drug concentrations reducing number of viable cells to 50%, were
determined from the dose-response curves.

Immunoblotting. For direct immunoblotting, total cellular pro-
tein lysates were prepared by harvesting treated cells in Laemmli sample
buffer. Proteins were separated on SDS-polyacrylamide gels and elec-
troblotted onto nitrocellulose membrane. The blotted membranes were
stained with 0.2% Ponceau-S in 1% aqueous acetic acid to verify equal
protein loading, destained, and blocked in PBS and 0.1% Tween 20
(PBS-T) with 5% low fat milk or 3% bovine serum albumin (BSA). The
membranes were then incubated with specific antibodies overnight at
4 °C. After being washed three times in PBS-T, the membranes were
incubated with a 1:2000 dilution of peroxidase-conjugated secondary
antibodies. After another three washes in PBS-T, peroxidase activity was
detected using ECL+ reagents (AP Biotech) according to the manu-
facturer’s instructions.

Antibodies. Specific antibodies were purchased from Cell Signaling
Technology (antitotal pRb, clone 4H1, and anti-pRb antibodies phos-
phorylated at S780, S79S, and S807/811), Sigma-Aldrich (anti-pRb
phosphorylated at Ser249/Thr252, anti-0-tubulin, clone DM1A, perox-
idase-labeled secondary antibodies), Santa Cruz Biotechnology (anti-Mcl-
1, clone S-19, anti-PARP, clone F-2, anti-Mdm-2, clone SMP14, anti-
RADS], clone H-92, anti CDK1, clone B-6; anti-cyclin E, clone HE12),
DAKO Cytomation (anti-caspase-3), Roche Applied Science (anti-S-
bromo-2'-deoxyuridine-fluorescein, clone BMC 9318), Jackson Immu-
noResearch Laboratory (fluorescein-conjugated Goat Anti-Mouse IgG),
Beckman Coulter (anti-cleaved caspase-3) or were a generous gift from

Dr. B. Vojtések (anti-p$3, clone DO-1, anti—pZIWAFl, clone 118, anti-
CDK4, anti-cyclin D1, anti-CDKS6, anti-cyclin A).

BrdU Incorporation and Cell Cycle Analysis. Subconfluent
MCEF-7 cells were treated with compound 7 or roscovitine at different
concentrations for 24 h. The cultures were fed and pulse-labeled with
10 uM S-bromo-2'-deoxyuridine (BrdU) for 30 min at 37 °C before
harvesting. The cells were trypsinized, washed by PBS containing 1%
BSA (PBS/BSA), fixed with ice-cold 70% ethanol, incubated on ice for
30 min, washed with PBS/BSA again, and resuspended in 2 M HCl for
30 min at room temperature in order to denature their DNA. Following
neutralization with 0.1 M Na,B40,, the cells were harvested by
centrifugation and washed with PBS/BSA containing 0.5% Tween-20.
They were then stained with anti-BrdU fluorescein-labeled antibody
(1:50) for 30 min at room temperature in the dark. The cells were then
washed with PBS, incubated with propidium iodide (0.1 mg/mL) and
RNase A (0.5 mg/mL) for 1 h at room temperature in the dark and
finally analyzed by flow cytometry using a 488 nm laser (Cell Lab Quanta
SC, Beckman Coulter).

p53-Dependent Transcriptional Activity. To measure pS3-
dependent transcriptional activity, -galactosidase activity was deter-
mined in the human melanoma cell line ARN-8, stably transfected with a
pS3-responsive reporter construct pRGCAfoslacZ.66 After 24 h of
incubation with the inhibitors the cells were permeabilized with 0.3%
Triton X-100 for 15 min, and then 4-methylumbelliferon-f3-p-galacto-
pyranoside was added as a substrate to a final concentration of 80 (M.
After 1 h the fluorescence was measured at 355 nm/460 nm (excitation/
emission) with a Fluoroskan Ascent microplate reader (Labsystems).

Immunofluorescence. MCF-7 cells grown on coverslips were
treated with increasing concentrations of compounds for 24 h. Slips were
then rinsed in PBS, and cells were fixed in methanol/acetone (1:1)
at —20 °C for atleast 1 h. The coverslips were then rehydrated in PBS for
10—20 min, rinsed with 10% fetal bovine serum, and incubated with the
mouse monoclonal anti-p$3 antibody (DO-1) for 1 h at room tempera-
ture. The samples were then washed three times with PBS before being
incubated for 1 h with a secondary fluorescein isothiocyanate-conju-
gated anti-mouse IgG antibody. After incubation the coverslips were
rinsed three times in PBS and then the nuclei were stained by DAPI (MP
Biomedicals). After the final wash by water the coverslips were mounted
on microscope slides using Mowiol mounting medium (Calbiochem)
and observed using a fluorescence microscope (Olympus BXS0)
coupled with a digital camera (Olympus DP71).

Caspase-3/7 Assay. The cells were harvested by centrifugation
and homogenized in an extraction buffer (10 mM KCl, S mM HEPES,
1 mM EDTA, 1 mM EGTA, 0.2% CHAPS, inhibitors of proteases, pH
7.4) on ice for 20 min. The homogenates were clarified by centrifugation
at 10000g for 30 min at 4 °C. The proteins were quantified by the
Bradford method and diluted to equal concentrations. Lysates were then
incubated for 1 h with 100 uM Ac-DEVD-AMC as substrate in the assay
buffer (25 mM PIPES, 2 mM EGTA, 2 mM MgCl,, S mM DTT, pH
7.3). For negative controls, the lysates were supplemented with 100 uM
Ac-DEVD-CHO as a caspase-3/7 inhibitor. The fluorescence of the
product was measured using a Fluoroskan Ascent microplate reader
(Labsystems) at 355 nm /460 nm (excitation/emission).

Flow Cytometry Analysis of Cleaved Caspase-3. RPMI-8226
cells were collected by centrifugation, and the pellets were resuspended
in 4% formaldehyde solution for 10 min at 37 °C. The cells were then
permeabilized by adding ice-cold methanol to a final concentration of
90% and incubated for 30 min on ice. Subsequently the cells were rinsed
in BSA/PBS, pelleted, resuspended in a few drops of BSA/PBS, and
incubated for 10 min at room temperature. Then anticleaved caspase-3
antibody conjugated with Alexa Fluor 488 (Beckman Coulter) was
added, and the cells were incubated for 1 h in the dark at room
temperature. Finally the cells were washed in BSA/PBS, resuspended
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again, and analyzed by flow cytometry using a 488 nm laser (Cell Lab
Quanta SC, Beckman Coulter).

Homologous Recombination Assay. A U20S clone containing
a single complete copy of the integrated HR reporter hprt-DR-GFP was
obtained from Pierce et al.®* DR-U20S-GFP cells (3.3 x 10° per well)
were seeded in 100 mm dishes and transfected with 1 g of pCKA-I-Scel
plasmid using Fugene 6 reagent. Sixteen hours later, the medium was
replaced with fresh medium containing tested compounds (S M for
compound 7, 10 uM for roscovitine, 0.1 #M for flavopiridol). Cells were
harvested after 2 days for flow cytometric analysis on a Cell Lab Quanta
SC cytometer (Beckman Coulter).

NCI60 Cytotoxicity Assay. Tests of toxicity on NCI60, a set of 59
human cancer cell lines derived from nine tissue types, were performed
at the Developmental Therapeutics Program of the National Cancer
Institute (Bethesda, MD, U.S.). The cytotoxicity of compound 7 was
evaluated by measuring total cell protein using the sulforhodamine B
method according to the standard protocol at time 0 and after 48 h. The
highest concentration tested was 100 #M. Glso, TGI, and LCsq
(concentration of a drug inducing S0% reduction of growth, total
growth inhibition, and 50% reduction of initial cell population, re-
spectively) were estimated from the dose-response curves.

Correlation Analysis of NCI60 Activity. The activity pattern
(Gl values for individual NCI60 cell lines) of compound 7 was
correlated with the drug activity patterns in the DTP cancer screening
data set, May 2009 release (http:/ /dtp.ncinih.gov/docs/cancer/
cancer_data.html). Pearson correlation coefficients (r) were calculated
on a log—log scale. Signed version of coefficient of determination is
defined as [r/abs(r)]r”. Only the activity patterns fulfilling following
criteria were analyzed: (1) Glsg values for at least 50 cell lines, (2) Gls,
reached against more than 50% of the cell lines tested, and (3) Gl for
the most sensitive cell line at least S times lower than GI; for the most
resistant cell line. Experimentally validated low molecular inhibitors of
CDKs 1,2,4,5,7,8,9 and glycogen synthase kinase-3 with ICs, < 100
UM were extracted from BindingDB.*"*> SDfile with the data was
downloaded on November 17, 2009. Pubchem ID was used for
conversion of BindingDB and NCI60 identifiers. Data manipulation
and analysis was done in R 2.8.1.

B ASSOCIATED CONTENT

© Ssupporting Information. Crystallographic data collec-
tion and refinement statistics, kinase inhibition curves, NCI60
screening of compound 7, cell cycle analysis of K562, U266, and
DR-U20S-GFP cells upon treatment with roscovitine, com-
pound 7, and flavopiridol, and the influence of compound 7 on
subG1 cell population in different cell lines. This material is
available free of charge via the Internet at http://pubs.acs.org.

Accession Codes
"PDB code 3PJ8.

Bl AUTHOR INFORMATION

Corresponding Author
*Phone: +420585634854. Fax: +420585634870. E-mail: vladimir.

krystof@upol.cz.

B ACKNOWLEDGMENT

The authors thank J. Hudcova and D. Parobkova for their
technical assistance. Dr. B. Vojtések is acknowledged for the gift
of antibodies. This work was supported by GACR Grants 204/
08/511,301/11/P554, and 301/02/0475, GAAV Grant IAASO-
1370902, IGAMZ Grants NS10282-3/2009 and NT/11065-5/

2010, the European Commission (Projects Infla-Care and
CZ.1.05/2.1.00/01.0030), and Grant MSM6198959216 and Grant
EDO0007/01/01 of Centre of the Region Hana for Biotechnological
and Agricultural Research. Cytotoxicity testing on NCI60 panel was
done at the Developmental Therapeutics Program (DTP) of the
National Cancer Institute (Bethesda, MD, U.S.).

B ABBREVIATIONS USED

BrdU, 5-bromo-2'-deoxyuridine; CDK, cyclin-dependent kinase; CK,
casein kinase; DSB, double strand breaks; SAR, structure—activ-
ity relationship; Glso, growth inhibition 50%; GSK, glycogen
synthase kinase; HR, homologous recombination; LCsq, reduc-
tion of initial cell population 50%; MEK1, MAPK/ERK
kinase 1; MNK-1, MAPK-interacting kinase 1; MSK, mito-
gen- and stress-activated protein kinase; MTBE, methyl tert-
butyl ether; MUG, 4-methylumbelliferon-3-p-galactopyra-
noside; NCI, National Cancer Institute; PARP, poly(ADP
ribose)polymerase 1; PCNA, proliferating cell nuclear anti-
gen; PDB, Protein Data Bank; PRAK, p38-regulated-acti-
vated protein kinase; Rb, retinoblastoma protein; TGI, total
growth inhibition

B REFERENCES

(1) Malumbres, M.; Carnero, A. Cell cycle deregulation: a common
motif in cancer. Prog. Cell Cycle Res. 2003, S, 5-18.

(2) Malumbres, M.; Barbacid, M. Cell cycle, CDKs and cancer: a
changing paradigm. Nat. Rev. Cancer 2009, 9, 153-166.

(3) Knockaert, M.; Greengard, P.; Meijer, L. Pharmacological in-
hibitors of cyclin-dependent kinases. Trends Pharmacol. Sci. 2002,
23, 417-428.

(4) Malumbres, M.; Barbacid, M. Mammalian cyclin-dependent
kinases. Trends Biochem. Sci. 2005, 30, 630-641.

(S) Kurystof, V.; Uldrijan, S. Cyclin-dependent kinase inhibitors as
anticancer drugs. Curr. Drug Targets 2010, 11, 291-302.

(6) Lapenna, S.; Giordano, A. Cell cycle kinases as therapeutic
targets for cancer. Nat. Rev. Drug Discovery 2009, 8, 547-566.

(7) Kurystof, V,; Chamrad, I; Jorda, R.; Kohoutek, J. Pharmacological
targeting of CDK9 in cardiac hypertrophy. Med. Res. Rev. 2010, 30, 646-666.

(8) Leitch, A. E; Haslett, C.; Rossi, A. G. Cyclin-dependent kinase
inhibitor drugs as potential novel anti-inflammatory and pro-resolution
agents. Br. J. Pharmacol. 2009, 158, 1004-1016.

(9) Rossi, A. G.; Sawatzky, D. A.; Walker, A.; Ward, C.; Sheldrake,
T. A; Riley, N. A;; Caldicott, A,; Martinez-Losa, M.; Walker, T. R;;
Duffin, R;; Gray, M.; Crescenzi, E.; Martin, M. C.; Brady, H. J.; Savill,
J. S.; Dransfield, I; Haslett, C. Cyclin-dependent kinase inhibitors
enhance the resolution of inflammation by promoting inflammatory
cell apoptosis. Nat. Med. 2006, 12, 1056-1064.

(10) Wang, S.; Fischer, P. M. Cyclin-dependent kinase 9: a key
transcriptional regulator and potential drug target in oncology, virology
and cardiology. Trends Pharmacol. Sci. 2008, 29, 302-313.

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

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

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

2990 dx.doi.org/10.1021/jm200064p |J. Med. Chem. 2011, 54, 2980-2993



Journal of Medicinal Chemistry

(14) Meijer, L.; Bettayeb, K.; Galons, H. (R)-Roscovitine (CYC202,
Seliciclib). In Inhibitors of Cyclin-Dependent Kinases as Anti-Tumor
Agents; Smith, P. J., Yue, E. W,, Eds.; CRC Press: Boca Raton, FL,
2006; pp 187—226.

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

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

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

(18) Krystof, V.; McNae, I. W.; Walkinshaw, M. D.; Fischer, P. M,;
Muller, P.; Vojtesek, B.; Orsag, M.; Havlicek, L.; Strnad, M. Antiproli-
ferative activity of olomoucine II, a novel 2,6,9-trisubstituted purine cyclin-
dependent kinase inhibitor. Cell. Mol. Life Sci. 2008, 62, 1763-1771.

(19) Moraveg, J.; Krystof, V.; Hanus, J.; Havlicek, L.; Moravcova, D.;
Fuksova, K;; Kuzma, M.; Lenobel, R.; Otyepka, M.; Strnad, M. 2,6,8,9-
Tetrasubstituted purines as new CDKI1 inhibitors. Bioorg. Med. Chem.
Lett. 2003, 13, 2993-2996.

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

(21) Trova, M. P.; Barnes, K. D.; Alicea, L.; Benanti, T.; Bielaska, M.;
Bilotta, J.; Bliss, B.; Duong, T. N.; Haydar, S.; Herr, R. J,; Hui, Y,;
Johnson, M.; Lehman, J. M.; Peace, D.; Rainka, M.; Snider, P.; Salamone,
S.; Tregay, S.; Zheng, X,; Friedrich, T. D. Heterobiaryl purine derivatives
as potent antiproliferative agents: inhibitors of cyclin dependent kinases.
Part II. Bioorg. Med. Chem. Lett. 2009, 19, 6613-6617.

(22) Trova, M. P.; Barnes, K. D.; Barford, C.; Benanti, T.; Bielaska,
M,; Burry, L,; Lehman, J. M.; Murphy, C.; O’Grady, H.; Peace, D,;
Salamone, S.; Smith, J.; Snider, P.; Toporowski, J.; Tregay, S.; Wilson, A.;
Wyle, M.; Zheng, X.; Friedrich, T. D. Biaryl purine derivatives as potent
antiproliferative agents: inhibitors of cyclin dependent kinases. Part L
Bioorg. Med. Chem. Lett. 2009, 19, 6608-6612.

(23) Kim,D.C.;Lee, Y.R,; Yang, B. S; Shin, K.]J.; Kim, D.].; Chung,
B.Y,; Yoo, K. H. Synthesis and biological evaluations of pyrazolo[3,4-
d]pyrimidines as cyclin-dependent kinase 2 inhibitors. Eur. ]. Med. Chem.
2003, 38, 525-532.

(24) Zask, A; Verheijen, J. C,; Curran, K; Kaplan, J; Richard, D. J;
Nowak, P.; Malwitz, D. J.; Brooijmans, N.; Bard, J.; Svenson, K; Lucas, J.;
Toral-Barza, L; Zhang, W. G.; Hollander, I; Gibbons, J. ].; Abraham, R. T.;
Ayral-Kaloustian, S.; Mansour, T. S.; Yu, K. ATP-competitive inhibitors of
the mammalian target of rapamycin: design and synthesis of highly potent
and selective pyrazolopyrimidines. J. Med. Chem. 2009, 52, 5013-5016.

(25) Bettayeb, K.; Sallam, H.; Ferandin, Y.; Popowycz, F.; Fournet,
G.; Hassan, M.; Echalier, A.; Bernard, P.; Endicott, J.; Joseph, B.; Meijer,
L. N-&-N, a new class of cell death-inducing kinase inhibitors derived
from the purine roscovitine. Mol. Cancer Ther. 2008, 7, 2713-2724.

(26) Popowycz, F.; Fournet, G.; Schneider, C.; Bettayeb, K.; Ferandin,
Y.; Lamigeon, C.; Tirado, O. M.; Mateo-Lozano, S.; Notario, V.; Colas, P.;
Bernard, P.; Meijer, L.; Joseph, B. Pyrazolo[ 1,5-a]-1,3,5-triazine as a purine
bioisostere: access to potent cyclin-dependent kinase inhibitor (R)-ros-
covitine analogue. J. Med. Chem. 2009, 52, 655-663.

(27) Guzi, T. J. Paruch, K. Pyrazolotriazines as Kinase Inhibitors.
Patent WO 2005/082908, 2005.

(28) Alj, S.; Heathcote, D. A.; Kroll, S. H.; Jogalekar, A. S.; Scheiper,
B.; Patel, H.; Brackow, J.; Siwicka, A.; Fuchter, M. J.; Periyasamy, M.;
Tolhurst, R. S.; Kanneganti, S. K.; Snyder, J. P.; Liotta, D. C.; Aboagye,
E. O.; Barrett, A. G.; Coombes, R. C. The development of a selective
cyclin-dependent kinase inhibitor that shows antitumor activity. Cancer
Res. 2009, 69, 6208-6215.

(29) Chen, F.X; Keertikar, K.; Kuo, S; Lee, S.; Raghavan, R. R.;; Wu,
G. G.; Xie, J. Process and Intermediates for the Synthesis of (3-Alkyl-5-
piperidin-1-yl-3,3a-dihydropyrazolo[ 1,5-a]-pyrimidin-7-yl)-amino De-
rivatives and Intermediates. Patent WO 2008/027220, 2008.

(30) Heathcote, D. A; Patel, H.; Kroll, S. H.; Hazel, P.; Periyasamy,
M,; Alikian, M.; Kanneganti, S. K; Jogalekar, A. S.; Scheiper, B,;
Barbazanges, M.; Blum, A.; Brackow, J.; Siwicka, A.; Pace, R. D.; Fuchter,
M. J,; Snyder, J. P.; Liotta, D. C.; Freemont, P. S.; Aboagye, E. O,;
Coombes, R. C.; Barrett, A. G.; Ali, S. A novel pyrazolo[ 1,5-a]pyrimidine
is a potent inhibitor of cyclin-dependent protein kinases 1, 2, and 9,
which demonstrates antitumor effects in human tumor xenografts
following oral administration. J. Med. Chem. 2010, 53, 8508-8522.

(31) Parratt, M. J.; Bower, J. F.; Williams, J. W.; Cansfield, A. D.
Pyrazolopyrimidine Compounds and Their Use in Medicine. Patent
WO 2004/087707, 2004.

(32) Paruch, K; Dwyer, M. P.; Alvarez, C.; Brown, C.; Chan, T. Y;
Doll, R J; Keertikar, K; Knutson, C.; McKittrick, B.; Rivera, J;
Rossman, R.; Tucker, G.; Fischmann, T. O.; Hruza, A.,; Madison, V.;
Nomeir, A. A;; Wang, Y.; Lees, E.; Parry, D.; Sgambellone, N.; Seghezzi,
W.; Schultz, L.; Shanahan, F.; Wiswell, D.; Xu, X,; Zhou, Q.; James,
R. A; Paradkar, V. M,; Park, H.; Rokosz, L. R.; Stauffer, T. M.; Guzi,
T. J. Pyrazolo[1,5-a]pyrimidines as orally available inhibitors of
cyclin-dependent kinase 2. Bioorg. Med. Chem. Lett. 2007, 17, 6220-
6223.

(33) Snyder, J. P; Liotta, D. C.; Barrett, A. G.; Coombes, R. C.; Ali,
S.; Siwicka, A.; Brackow, J.; Scheiper, B. Selective Inhibitors for Cyclin-
Dependent Kinases. Patent WO 2008/151304, 2008.

(34) Williamson, D. S; Parratt, M. J.; Bower, J. F.; Moore, J. D.;
Richardson, C. M,; Dokurno, P.; Cansfield, A. D.; Francis, G. L.;
Hebdon, R. J.; Howes, R.; Jackson, P. S.; Lockie, A. M.; Murray, J. B.;
Nunns, C. L.; Powles, J.; Robertson, A.; Surgenor, A. E.; Torrance, C. J.
Structure-guided design of pyrazolo[1,5-a]pyrimidines as inhibitors of
human cyclin-dependent kinase 2. Bioorg. Med. Chem. Lett. 2008,
15, 863-867.

(35) Paruch, K; Guzi, T. J.; Dwyer, D. M; Doll, R. J.; Girijavallab-
han, V. M,; Mallams, A. K. Imidazopyrazines as Cyclin Dependent
Kinase Inhibitors. Patent WO 2004/026877, 2004.

(36) Yu, T.; Belanger, D. B.; Kerekes, A. D.; Meng, Z.; Tagat, J. R;;
Espotzite, S.J.; Mandal, A. K.; Xiao, Y.; Kulkarni, B. A.; Zhang, Y.; Curran,
P. J; Doll, R; Sidiqui, M. A. Imidazopyrazines as Protein Kinase
Inhibitors. Patent WO 2008/156614, 2008.

(37) Richardson, C. M.; Williamson, D. S.; Parratt, M. J.; Borgog-
noni, J.; Cansfield, A. D.; Dokurno, P.; Francis, G. L.; Howes, R.; Moore,
J. D; Murray, J. B.; Robertson, A.; Surgenor, A. E.; Torrance, C. J.
Triazolo[1,5-a]pyrimidines as novel CDK2 inhibitors: protein struc-
ture-guided design and SAR. Bioorg. Med. Chem. Lett. 2006, 16,
1353-1357.

(38) Bower, ]. F.; Cansfield, A; Jordan, A.; Parrat, M.; WAImsley, L.;
Williamson, D. Triazolo[1,5-a]pyrimidines and Their Use in Medicine.
Patent WO 2004/108136, 2004.

(39) Meijer, L.; Bettayeb, K.; Galons, H.; Demange, L.; Oumata, N.
Perharidines as CDK Inhibitors. Patent WO 2009/034411, 2009.

(40) Capek, P.; Otmar, M.; Masojidkova, M.; Votruba, L; Holy, A. A
facile synthesis of 9-deaza analogue of olomoucine. Collect. Czech. Chem.
Commun. 2003, 68, 779-791.

(41) Moravcova, D.; Krystof, V.; Havlicek, L.; Moravec, J.; Lenobel,
R; Strnad, M. Pyrazolo[4,3-d]pyrimidines as new generation of cyclin-
dependent kinase inhibitors. Bioorg. Med. Chem. Lett. 2003, 13,
2989-2992.

(42) Havlicek, L.; Fuksova, K; Krystof, V.; Orsag, M.; Vojtesek, B.;
Strnad, M. 8-Azapurines as new inhibitors of cyclin-dependent kinases.
Bioorg. Med. Chem. 2005, 13, 5399-5407.

(43) Krystof, V.; Moravcova, D.; Paprskarova, M.; Barbier, P,;
Peyrot, V.; Hlobilkova, A.;; Havlicek, L.; Strnad, M. Synthesis and
biological activity of 8-azapurine and pyrazolo[4,3-d]pyrimidine analo-
gues of myoseverin. Eur. . Med. Chem. 2006, 41, 1405-1411.

(44) Shoemaker, R. H. The NCI60 human tumour cell line antic-
ancer drug screen. Nat. Rev. Cancer 2006, 6, 813-823.

2991 dx.doi.org/10.1021/jm200064p |J. Med. Chem. 2011, 54, 2980-2993



Journal of Medicinal Chemistry

(45) McClue, S.J.; Blake, D.; Clarke, R.;; Cowan, A.; Cummings, L.;
Fischer, P. M.; MacKenzie, M.; Melville, J.; Stewart, K.; Wang, S.; Zhelev,
N.; Zheleva, D.; Lane, D. P. In vitro and in vivo antitumor properties of
the cyclin dependent kinase inhibitor CYC202 (R-roscovitine). Int. .
Cancer 2002, 102, 463-468.

(46) Paprskarova, M.; Krystof, V.; Jorda, R;; Dzubak, P.; Hajduch,
M.; Wesierska-Gadek, J.; Strnad, M. Functional pS3 in cells contributes
to the anticancer effect of the cyclin-dependent kinase inhibitor roscov-
itine. J. Cell. Biochem. 2009, 107, 428-437.

(47) Payton, M.; Chung, G.; Yakowec, P.; Wong, A; Powers, D.;
Xiong, L.; Zhang, N.; Leal, J.; Bush, T. L.; Santora, V.; Askew, B.; Tasker,
A.; Radinsky, R.; Kendall, R.; Coats, S. Discovery and evaluation of dual
CDKI1 and CDK?2 inhibitors. Cancer Res. 2006, 66, 4299-4308.

(48) Knauf, U; Tschopp, C.; Gram, H. Negative regulation of
protein translation by mitogen-activated protein kinase-interacting
kinases 1 and 2. Mol. Cell. Biol. 2001, 21, 5500-5511.

(49) Topisirovic, L; Ruiz-Gutierrez, M.; Borden, K. L. Phosphoryla-
tion of the eukaryotic translation initiation factor eIF4E contributes to its
transformation and mRNA transport activities. Cancer Res. 2004,
64, 8639-8642.

(50) Culjkovic, B.; Topisirovic, I; Skrabanek, L.; Ruiz-Gutierrez, M.;
Borden, K. L. eIF4E promotes nuclear export of cyclin D1 mRNAs via an
element in the 3'UTR. J. Cell Biol. 2005, 169, 245-256.

(51) Chen, X, Lin, Y.; Liu, M.; Gilson, M. K. The binding database:
data management and interface design. Bioinformatics 2002, 18, 130-139.

(52) Liu, T.; Lin, Y.; Wen, X; Jorissen, R. N.; Gilson, M. K.
BindingDB: a Web-accessible database of experimentally determined
protein—ligand binding affinities. Nucleic Acids Res. 2007, 3S,
D198-D201.

(53) MacCallum, D. E.; Melville, J.; Frame, S.; Watt, K.; Anderson,
S.; Gianella-Borradori, A.; Lane, D. P.; Green, S. R. Seliciclib (CYC202,
R-roscovitine) induces cell death in multiple myeloma cells by inhibition
of RNA polymerase II-dependent transcription and down-regulation of
Mcl-1. Cancer Res. 2005, 65, 5399-5407.

(54) Whittaker, S. R;; Te Poele, R. H.; Chan, F.; Linardopoulos, S.;
Walton, M. L; Garrett, M. D.; Workman, P. The cyclin-dependent kinase
inhibitor seliciclib (R-roscovitine; CYC202) decreases the expression of
mitotic control genes and prevents entry into mitosis. Cell Cycle 2007,
6, 3114-3131.

(55) Barrie, S. E.; Eno-Amooquaye, E.; Hardcastle, A.; Platt, G.;
Richards, J.; Bedford, D.; Workman, P.; Aherne, W.; Mittnacht, S.;
Garrett, M. D. High-throughput screening for the identification of small-
molecule inhibitors of retinoblastoma protein phosphorylation in cells.
Anal. Biochem. 2003, 320, 66-74.

(56) Raynaud, F. L; Whittaker, S. R.; Fischer, P. M.; McClue, S.;
Walton, M. L; Barrie, S. E.; Garrett, M. D.; Rogers, P.; Clarke, S. J.;
Kelland, L. R.; Valenti, M.; Brunton, L.; Eccles, S.; Lane, D. P.; Work-
man, P. In vitro and in vivo pharmacokinetic-pharmacodynamic rela-
tionships for the trisubstituted aminopurine cyclin-dependent kinase
inhibitors olomoucine, bohemine and CYC202. Clin. Cancer Res. 2008,
11, 4875-4887.

(57) Blagosklonny, M. V. Flavopiridol, an inhibitor of transcription:
implications, problems and solutions. Cell Cycle 2004, 3, 1537-1542.

(58) Sedlacek, H. H. Mechanisms of action of flavopiridol. Crit. Rev.
Oncol. Hematol. 2001, 38, 139-170.

(59) Senderowicz, A. M. Flavopiridol: the first cyclin-dependent
kinase inhibitor in human clinical trials. Invest. New Drugs 1999,
17, 313-320.

(60) Lane, M. E; Yu, B; Rice, A; Lipson, K. E,; Liang, C.; Sun, L.;
Tang, C.; McMahon, G.; Pestell, R. G.; Wadler, S. A novel cdk2-selective
inhibitor, SU9516, induces apoptosis in colon carcinoma cells. Cancer
Res. 2001, 61, 6170-6177.

(61) Moshinsky, D.].; Bellamacina, C. R.; Boisvert, D. C.; Huang, P.;
Hui, T; Jancarik, J.; Kim, S. H.; Rice, A. G. SU9516: biochemical analysis
of cdk inhibition and crystal structure in complex with cdk2. Biochem.
Biophys. Res. Commun. 2003, 310, 1026-1031.

(62) Gojo, 1; Zhang, B.; Fenton, R. G. The cyclin-dependent kinase
inhibitor flavopiridol induces apoptosis in multiple myeloma cells

through transcriptional repression and down-regulation of Mcl-1. Clin.
Cancer Res. 2002, 8, 3527-3538.

(63) Raje, N.; Kumar, S.; Hideshima, T.; Roccaro, A.; Ishitsuka, K;
Yasui, H.; Shiraishi, N.; Chauhan, D.; Munshi, N. C.; Green, S. R;
Anderson, K. C. Seliciclib (CYC202 or R-roscovitine), a small-molecule
cyclin-dependent kinase inhibitor, mediates activity via down-regulation
of Mcl-1 in multiple myeloma. Blood 2005, 106, 1042-1047.

(64) Gao, N; Kramer, L.; Rahmani, M.; Dent, P.; Grant, S. The three-
substituted indolinone cyclin-dependent kinase 2 inhibitor 3-[ 1-(3H-imida-
zol-4-yl)-meth-(Z)-ylidene]-S-methoxy-1,3-dihydro-indol-2-one (SU9516)
kills human leukemia cells via down-regulation of Mcl-1 through a transcrip-
tional mechanism. Mol. Pharmacol. 2006, 70, 645-655.

(65) David-Pfeuty, T.; Nouvian-Dooghe, Y.; Sirri, V.; Roussel, P.;
Hernandez-Verdun, D. Common and reversible regulation of wild-type
pS53 function and of ribosomal biogenesis by protein kinases in human
cells. Oncogene 2001, 20, 5951-5963.

(66) Kotala, V.; Uldrijan, S.; Horky, M.; Trbusek, M.; Strnad, M.;
Vojtesek, B. Potent induction of wild-type p53-dependent transcription
in tumour cells by a synthetic inhibitor of cyclin-dependent kinases. Cell.
Mol. Life Sci. 2001, 58, 1333-1339.

(67) Helleday, T. Homologous recombination in cancer develop-
ment, treatment and development of drug resistance. Carcinogenesis
2010, 31, 955-960.

(68) Huertas, P.; Cortes-Ledesma, F.; Sartori, A. A,; Aguilera, A;
Jackson, S. P. CDK targets Sae2 to control DNA-end resection and
homologous recombination. Nature 2008, 455, 689—-692.

(69) Ambrosini, G.; Seelman, S. L.; Qin, L. X,; Schwartz, G. K. The
cyclin-dependent kinase inhibitor flavopiridol potentiates the effects of
topoisomerase I poisons by suppressing RadS1 expression in a pS3-
dependent manner. Cancer Res. 2008, 68, 2312-2320.

(70) Deans, A. J.; Khanna, K. K;; McNees, C. J.; Mercurio, C,;
Heierhorst, J.; McArthur, G. A. Cyclin-dependent kinase 2 functions in
normal DNA repair and is a therapeutic target in BRCAIl-deficient
cancers. Cancer Res. 2006, 66, 8219-8226.

(71) Chen, F; Nastasi, A.; Shen, Z.; Brenneman, M.; Crissman, H.;
Chen, D. J. Cell cycle-dependent protein expression of mammalian
homologs of yeast DNA double-strand break repair genes RadS1 and
Rad$2. Mutat. Res. 1997, 384, 205-211.

(72) Sartori, A. A.; Lukas, C.; Coates, J.; Mistrik, M.; Fu, S.; Bartek,
J.; Baer, R.; Lukas, J.; Jackson, S. P. Human CtIP promotes DNA end
resection. Nature 2007, 450, 509-514.

(73) Bartkova, J.; Horejsi, Z.; Koed, K; Kramer, A; Tort, F;
Zieger, K; Guldberg, P.; Sehested, M.; Nesland, J. M.; Lukas, C,;
Orntoft, T.; Lukas, J.; Bartek, ]. DNA damage response as a candidate
anti-cancer barrier in early human tumorigenesis. Nature 2005,
434, 864-870.

(74) Gorgoulis, V. G; Vassiliou, L. V.; Karakaidos, P.; Zacharatos, P.;
Kotsinas, A.; Liloglou, T; Venere, M.; DiTullio, R. A,, Jr.; Kastrinakis, N. G.;
Levy, B.; Kletsas, D.; Yoneta, A.; Herlyn, M; Kittas, C.; Halazonetis, T. D.
Activation of the DNA damage checkpoint and genomic instability in human
precancerous lesions. Nature 2008, 434, 907-913.

(75) Halazonetis, T. D.; Gorgoulis, V. G.; Bartek, J. An oncogene-
induced DNA damage model for cancer development. Science 2008,
319, 1352-135S.

(76) Evans, P. Scaling and assessment of data quality. Acta Crystal-
logr,, Sect. D: Biol. Crystallogr. 2006, 62, 72-82.

(77) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; Winn,
M. D,; Storoni, L. C.; Read, R. . Phaser crystallographic software. J. Appl.
Crystallogr. 2007, 40, 658-674.

(78) Murshudov, G. N.; Vagin, A. A;; Dodson, E. J. Refinement of
macromolecular structures by the maximum-likelihood method. Acta
Crystallogr., Sect. D: Biol. Crystallogr. 1997, $3, 240-255.

(79) Adams, P. D.; Afonine, P. V,; Bunkoczi, G.; Chen, V. B.; Davis,
L W, Echols, N.; Headd, J. J.; Hung, L. W,; Kapral, G. J.; Grosse-Kunstleve,
R W,; McCoy, A. J.; Moriarty, N. W.; Oeffner, R.; Read, R. J; Richardson,
D. C; Richardson, J. S; Terwilliger, T. C; Zwart, P. H. PHENIX: a
comprehensive Python-based system for macromolecular structure solution.
Acta Crystallogr, Sect. D: Biol. Crystallogr. 2010, 66, 213-221.

2992 dx.doi.org/10.1021/jm200064p |J. Med. Chem. 2011, 54, 2980-2993



Journal of Medicinal Chemistry

(80) Emsley, P.; Cowtan, K. Coot: model-building tools for molecular
graphics. Acta Crystallogr., Sect. D: Biol. Crystallogr. 2004, 60, 2126-2132.

(81) Pierce, A. J; Johnson, R. D.; Thompson, L. H.; Jasin, M.
XRCC3 promotes homology-directed repair of DNA damage in mam-
malian cells. Genes Dev. 1999, 13, 2633-2638.

2993

dx.doi.org/10.1021/jm200064p |J. Med. Chem. 2011, 54, 2980-2993



	DIPLOMOVApraceJN
	jorda2011

