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Cile prace

Cilem predkladané prace bylo podat piehled o struktuie a funkcich CDK s diirazem
na jejich deregulaci u mnoha nadorovych onemocnéni. Pravdépodobné nejjednodussim
a nejefektivnéj§im zplisobem potlaceni aktivity téchto enzymi je aplikace
nizkomolekuldrnich inhibitord, a proto bylo dal§im zdmérem této disertace shrnout
historii jejich vyvoje od prvotnich substanci izolovanych z pfirodnich materidla az
po nové pievazné uméle vytvorené slouceniny. Z praktického hlediska bylo cilem
otestovat nové trisubstituované pyrazolo[4,3-d]pyrimidiny na né¢kolika nadorovych
bunéénych liniich a lidskych neutrofilech, popsat vztahy mezi jejich strukturou

a aktivitou a prostudovat mechanismus jejich bunéénych ucink.



1. Uvod
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Nadorova onemocnéni patfici k nejobtiznéji 1éCitelnym chorobam jsou zaroven jednou
z nejCastéjSich pficin umrti a stavi se celosvétové do centra zdjmu mnoha védeckych
skupin. Prvni poznatky o existenci téchto onemocnéni se datuji do konce 18. stoleti, kdy
byla popséna rakovina Sourku u kominika a byla téZ naznacena souvislost jejiho vzniku
s vyskytem toxickych latek v sazich.! Objev rentgenového zafeni v nasledujicim stoleti
a jeho nadmérné uzivani vyvolalo rakovinu u nékolika védcl, mezi které patfila zfejmée
i Marie Curie-Sktodowska.” Mezi dalii rany, aviak z genetického hlediska velmi cenny
objev, se fadi identifikace viru vyvolavajiciho vznik sarkomii u kufat.> Béhem minulého
stoleti byla identifikovana cela Skala dalSich nadorovych onemocnéni a byly naznaceny
mozné pficiny jejich vzniku. Komplexnimu porozuméni molekularnich mechanismi
maligni transformace vSak napomohly az moderni biologické pfistupy a nové
technologie, které stoji také za vyraznym pokrokem v 1écbé téchto ptivodné obskurnich
chorob.

Tumorigeneze predstavuje Casto mnohostupniovy proces, kdy diky akumulaci
genetickych zmén podporujicich rist dochéazi k progresivni pfeméné normalni bunky
v nddorovou. Sled a kombinace téchto mutaci jsou ndhodné, coz vysvétluje nezmérnou
rozmanitost nadorovych onemocnéni. V Casovém meétitku se jednd prevazné
o dlouhotrvajici d¢j, o cemz svédci 1 vysoka incidence zhoubnych chorob u starSich lidi.
Ackoli mize tumorigeneze postihnout prakticky jakoukoli tkan, 1ze u vSech typii nadora
vysledovat nékolik spole¢nych znakl. Podle teorie jsou maligni bunky nezévislé
na ptijmu rastovych signalt z okolniho prostiedi, necitlivé k signalim blokujicim rist,
nepodléhaji programované bunécné smrti, neboli apoptose, maji neomezeny replikacni
potencial, podporuji angiogenezi a tvori metastazy.® Ackoli diky témto vlastnostem
ziskavaji nov¢ transformované builky onkogenni potencidl, lze vyuzit pravé tyto
atributy beéhem 1écby pro selektivni zacileni.

Pocatky terapii nadorti spocivaly v chirurgickém zasahu a aplikaci ionizujiciho
zéafeni ¢i chemoterapeutik. Trebaze jsou tyto pfistupy stale hojné vyuzivany a mohou
byt efektivni u vcasné diagnostikovanych malignit, zdd se nezbytné hledat nové
ucinngjsi piistupy, které specificky postihnou dané onemocnéni a budou mit méné
vedlejSich ucinkt. Identifikace deregulovanych bunécnych procest a jejich komponent
poskytuje cenné informace slouzici jako templat pro design novych efektivnich

biologickych terapii. Pomoci nizkomolekularnich latek lze zasahnout poskozené
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kontrolni mechanismy a vyvolat apoptosu nadorovych bunék. Jednim z takovych cilt
jsou cyklin-dependentni kinasy (CDK) znamé jako regulatory bunééného cyklu, které
budou detailn€ji popsany v hlavni ¢asti této prace. Inhibice jejich aktivity byla
prokézéna jako velmi Gc¢innd protinadorové strategie a béhem poslednich 25 let bylo
nasyntetizovano mnoho sloucenin s inhibi¢nim potencidlem vi¢i CDK. Neékolik latek
dokonce postoupilo do klinickych zkousek, kde jsou aplikovany na rtiznd nadorova
onemocnéni jak monoterapeuticky tak v kombinaci s klasickymi cytostatiky. Laboratof
rustovych reguléatort stala jakozto mateiské pracovisté za objevem klinicky testované¢ho
CDK inhibitoru s ndzvem roskovitin a stile se, kromé¢ jinych védeckych zaméfeni,
intenzivné vénuje vyvoji CDK inhibitori a jejich uplatnéni v 1écbé malignich
onemocnéni. Predkladand prace popisuje potencidlni vyuziti derivati roskovitinu pii
1é¢bé nekterych malignit, pficemz se opird 1 o experimentalni zjisténi.

Inhibice CDK aktivity miZe byt ovSem vyuzita v §ir§Sim spektru chorob. Bylo
zjiSténo, Ze za vznikem a rozvojem chronickych zénétlivych a autoimunitnich
onemocnéni stoji extrémné dlouhé ptezivani neutrofili, které jsou nadmérné aktivovany
a reaguji vici antigenim télu vlastnim. V konecném disledku pak dochazi
k nevratnému poskozeni tkani a v extrémnich pifipadech jsou tato onemocnéni
1 smrtelnd. Nekolik studii prokazalo, Ze viabilita neutrofili miZe byt sniZzena aplikaci
nizkomolekuldrnich CDK inhibitorti, coz podnitilo 1 naSe snahy o nové uplatnéni
derivati roskovitinu.” Ve spolupraci s britskou skupinou prof. Janet Lord (University
of Birmingham) se ndm podafilo objasnit mechanismus uc¢inku CDK inhibitor
v indukci apoptosy neutrofilli izolovanych z krve zdravych darcii a neutrofild, u kterych

byl simulovan patologicky stav.



2. Cyklin-dependentni kinasy (CDK)

CDK se obecné¢ tadi do tfidy enzyml nazyvanych transferasy, které katalyzuji
fosforylaci proteind, coz muze vést ke zmeéné jejich lokalizace, enzymové aktivity ¢i
interakce s jinymi biomolekulami. Jedna se tudiz o klicové signalni molekuly, jejichz
zmény ve struktufe jakoZzto i1 v mnozstvi Casto zplsobuji maligni transformaci.
V lidském genomu je celkové obsazeno 518 proteinkinas, znichz bylo 21
identifikovano pravé jako CDK, a navic bylo popsano dalSich 5 genii kodujicich CDKL
(CDK-like kinase).® A&koli byly CDK zpo&atku popsany jako regulatory bun&ného
rustu a déleni, jejich funkce jsou daleko obsirngjsi. Kontroluji totiz celou fadu dalSich

biologickych procest v¢etné transkripce, metabolismu nebo diferenciace neuronti.

2.1. Regulace bunécného cyklu

Béhem prichodu bunéénym cyklem dochdzi k sekvenéni aktivaci nékolika typtt CDK,
ato CDK1, CDK2, CDK3, CDK4 a CDK®6. Vzhledem ke konstantni expresi vSech typt
CDK béhem bunécéného déleni je ziejmé, Ze spravné nacasovani aktivace jednotlivych
CDK musi byt zajisténo jinym mechanismem. Jedna se o interakci s proteinovymi
podjednotkami, které jsou pravidelné syntetizovany a degradovany pouze v urcitych
fazich cyklu, a dostaly tudiz nazev cykliny. U dormantnich ¢i termindlné
diferencovanych bun¢k v GO fazi je vstup do GI1 fizen komplexem CDK3/cyklin C,
ktery fosforyluje Ser807/Ser811 pRb (retinoblastoma protein).” Mitogenni signaly
zokoli posléze =zapinaji expresi cyklini D (1,2,3) stimulujicich po vazbé
na CDK4/CDK6 dalsi fosforylaci pRb vedouci k ¢astecné inaktivaci jeho funkce jako
transkripéniho represoru a rekonformaci transkripéniho faktoru E2F.' Jednim
znasledné transkribovanych proteini je cyklin E aktivujici CDK2, kterd poté
hyperfosforyluje pRb, coz mé za nasledek kompletni uvolnéni E2F a jeho maximalni
pusobeni jako transkripéniho faktoru. V tomto tzv. restrikénim bodé prestavaji byt
bunky zavislé na mitogennich signilech a postupuji do S faze, kde se komplex
CDK2/cyklin E tcastni replikace DNA, duplikace a maturace centrosomu a fosforyluje
téz proteiny modifikujici histony. Po zah4ajeni replikace je cyklin E rychle degradovéan
a CDK2 interaguje s noveé exprimovanym cyklinem A, ktery se pozd¢ji vaze i na CDKI.
Oba komplexy se podileji na ukonceni S faze, pti¢emz v G2 fazi je cyklin A degradovan

a nahrazen nové syntetizovanymi cykliny B (1,2,3). Do pfechodu mezi G2 a M fazi
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se zapojuje CDK10 s cyklinem M, a to prostiednictvim fosforylace Ets2 (v-ets avian
erythroblastosis virus E26 oncogene homolog 2), ktery je posléze degradovan
proteasomem.'"'* V diisledku dochazi ke snizovani exprese nékolika regulatorti mitosy,
véetné AURKA (Aurora kinase A) a AURKB." Komplex CDK10/cyklin M tak slouzi
jako nadorovy supresor, ktery brani vzniku aberaci v poctu centrosomli a nasledné
defektim v bundéném déleni.'* V M fazi ¥idi jednotlivé B cykliny ve spojeni s CDK1
rozpad jaderné membrany, kondenzaci chromosomil i tvorbu mitotického vieténka.
Cykliny B  jsou poté  ubiquitinyloviny = APC/C  (anaphase-promoting
complex/cyclosome) a degradovany v proteasomu.

Pomérné nedavno bylo zjisténo, ze CDK14 (PFTKI) interagujici s cyklinem Y
atzv. 14-3-3 proteiny reguluje Wnt (wingless/int-1) signalizaci, jejiz funkce ovliviiuje
pricchod bun&énym cyklem.'>'® CDK 14 totiz fosforyluje LRP6 (low-density lipoprotein
receptor-related protein 6) podilejici se na tvorb¢é mitotického vieténka prostfednictvim
proteinu DvI2 (Dishevelled 2) a nadorového supresoru APC (adenomatous polyposis
coli), ktery zajistuje napojeni mikrotubulii na kinetochory.'”'® Wnt signalizace je
ovSem klicova téz béhem GI1 faze, kdy jeji aktivita blokuje funkci GSK3 (glycogen
synthase kinase 3), a tim podporuje transkripci c-myc (v-myc avian myelocytomatosis
viral oncogene homolog) zavislou na B-cateninu.'” C-Myc jakoZto transkripéni faktor
indukuje expresi cyklinu D a zaroven potlacuje produkci pfirozenych inhibitord CDK

p21 ap27 (viz. dale), ¢imz podnécuje bundené déleni.”**

2.2. Regulace transkripce

Kromé regulace bunécéného déleni kontroluji CDK téz transkripéni proces, a to
prostfednictvim regulace enzymové aktivity RNAPII (RNA polymerase II), ktera
jakozto jeho tustfedni slozka zajistuje prepis DNA na mRNA a nékteré snRNA. Ze
strukturniho hlediska ¢itd RNAPII v zédkladni podobé 12 podjednotek oznaCovanych
jako Rpb1-12 (DNA-directed RNA polymerase II subunits), z nichZ nejvétsi Rpbl hraje
hlavni roli v kontrole RNAPII. Jeji soucasti je tzv. CTD (C-terminal domain), jejiz

> Zakladnim motivem je totiZ

aminokyselinové slozeni je pomémé unikatni.®
heptapeptidova sekvence Tyrl-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 opakujici se v fadé
za sebou. Mnozstvi repetic se pohybuje od 26, typickych pro kvasinky, po 52

vyskytujicich se u obratloved.* V ptipadé obratlovetl je 21 opakovani identickych,
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zatimco zbyvajicich 31 obsahuje jednu nebo vice substituci v pozici 2, 4, 5a 7.2 T

yrl
a Pro6 se nachdzi ve vsech repeticich, oproti Ser7, ktery byl identifikovan jen u 26
opakovani.”* Vyjime&nost této struktury oviem spoliva piedeviim ve vysokém podtu
potenciondlnich fosforyla¢nich mist, jez jsou cilem nékolika typt CDK.

Na zacatku transkripéniho procesu dochéazi k fosforylaci Ser5 a Ser7
prostfednictvim CDK7 ve spojeni s cyklinem H a MAT1 (ménage a trois), které jsou
soucasti TFIIH (transcription factor ITH).**>° Fosforylace Ser7 je kliova pro navazani
specialniho integraéniho komplexu na t&lo RNAPII a transkripci snRNA.*' Fosforylace
Ser5 pak slouzi jako dokovaci misto pro vazbu enzyml modifikujicich 5" konec
vznikajici mRNA 7-methylguanosinem.” Po syntéze 20-40 nukleotidi dochazi
k zastaveni transkripce pomoci proteinit DSIF (DRB sensitivity inducing factor, DRB
= 5,6-dichloro-1-B-ribofuranosyl-benzimidazole), slozené¢ho z proteini Spt4 a Spt5,
aNELF (negative elongation factor).” Takto vznikld prodleva umoziuje navazani
elongacnich faktorh a dalSich proteini modifikujicich vznikajici transkript
na RNAPIL** Piechod do elongadni faze zajistuje P-TEFb (positive transcriptional
elongation factor b) a jeho slozka CDK9 spolecné s cyklinem T fosforylujici NELF
spole¢né s Spt5.”® Na rozdil od NELF, ktery disociuje z t&la RNAPII, Spt5 ziistiva
nadale navazany na transkripni maSinerii a pfepind se z negativniho modu do role
pozitivniho regulatoru nasledné elongace.”~° CDK9 navic fosforyluje téZ dalsi rezidua
v CTD, a to Ser2 a Thré, coz piispiva ke spuiténi elonga&niho procesu.’’ Pied¢asnému
ukonceni transkripce v prub¢hu elongacni faze brani fosforylace Tyrl prostfednictvim
c-Abl (Abelson tyrosine kinase).*** Zatimco fosfatasy SSU72, Rtrl (RPAP2) a FCP1
postupné odstranuji fosfaty ze Ser5, do fosforylace Ser2 se zapojuji komplexy
CDKI12/cyklin K a CDKI13/cyklin K, jejichz aktivita je nejvyssi u 3° konce
transkriptu.*** CDK12/cyklin K jsou v transkripénim procesu dalezité zejména
pro expresi dlouhych genl s velkym poctem exont, kam patii geny kodujici regulatory
genomove stability, véetné BRCA1 (breast cancer 1), ATR (ataxia telangiectasia and
Rad3-related protein), FANCI1 (Fanconi anemia complementation group 1) a FANCD2
(Fanconi anemia group D2 protein).”* Po dokonéeni celého procesu fosfatasy odstrani
vSechny fosfaty, ¢imz je umoznéna regenerace RNAPII a dalsi kolo transkripéniho
cyklu.

Kromé zminénych CDK jsou do regulace transkripce zapojeny dalsi typy CDK.
Cisek a Corden (1989) jako prvni ukazali, ze CDK1 fosforyluje serinova rezidua
v CTD.* Toto zjisténi bylo pozdgji podpofeno studii, ktera ukazala, ze CDK1/cyklin B
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ve spolupraci s Pinl (peptidyl-prolyl cis/trans isomerase 1) hyperfosforyluje CTD v M
fazi bunécéného cyklu (isoforma se pak oznacuje jako RNAPIIOO), pfiemz tato
modifikace inhibuje aktivitu RNAPII, a prispiva tak k mitotickému umléeni gent.*
Dalsi kinasou s fosforylaénim potencialem viigi CTD je CDKS (Rickert et al 1996).%
Vyznam téchto modifikaci nebyl ovSem doposud popsan. CDKS8/cyklin C jakozto
souCast mediatoru negativné ovliviiuje progresi transkripénim cyklem, nebot
fosforyluje cyklin H, coz vede kjeho degradaci, a tim inaktivaci CDK7.*
CDK11/cyklin L jsou pak zapojeny do sestiihu mRNA.*

2.3. Dalsi funkce CDK

Ackoli jsou CDK stimulovany jiz vazbou pfisluSnych cyklini, k jejich maximalni
aktivaci je nutna fosforylace v tzv. aktivacni smycce (téZ nazyvéana jako T-smycka),
kterou zprostiedkovavd CDK?7 ve spojeni s cyklinem H a interakénim partnerem MAT1

(komplex je nazyvan jako CAK, CDK-activating kinase). Tento fakt byl potvrzen
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dvéma nezavislymi experimenty. V prvnim byla inaktivovana CDK7 u Drosophila
melanogaster, coz zpusobilo pokles fosforylace T-smycky CDK1, néasledné zablokovani
mitosy u zarode¢né linie a také embryonalni a larvalni letalitu.*’ Teplotn& podminéna
mutace v cdk7 u Caenorhabditis elegans vedla k redukci transkripce a umléeni CDK7
prostiednictvim RNA interference zastaveni bun&éného cyklu.”® Strukturni podstata
tohoto mechanismu bude popsana nize.

Ackoli je CDKS5 strukturné podobna ostatnim ¢lenim CDK rodiny, jeji funkce
jsou velmi specifické. Bylo prokazano, Zze béhem embryogeneze je jeji aktivita
nepostradatelna pro normélni vyvoj mozku.”® U dospélych lidi pak reguluje prezivani
neurontll, synaptickou plasticitu a je zapojena do procesti uceni, drogové zévislosti,
signalizace bolesti aj.””>* Oproti ostatnim CDK je aktivita CDK5 kontrolovana
odliSnymi mechanismy, které zahrnuji vazbu regulacnich podjednotek p35 a p39
a autoinhibici prostiednictvim fosforylace p35 a jeji nasledné degradace.”’

CDK16 (PCTK1) exprimovand postmitotickymi buiikami mozku reguluje
spolecné¢ s CDKS cytoskeletalni uspofadani béhem migrace neuronti a zaroven

kontroluje rist neuriti.”®

Molekularni mechanismy téchto procesti nejsou ovSem
doposud detailné prostudovany. Kromé cerebralni exprese byla detekovana proteinova
hladina téZz ve varlatech, kde hraje CDK16 ve spojeni cyklinem Y esencidlni roli
ve spermatogenezi.”” Spermatické buiiky izolované z nadvarlat CDK16 deficientnich
mysi totiz vykazovaly snizenou pohyblivost a navic mély deformované hlavicky, coz
naznacuje, ze je CDK16 dulezita pii spermiaci. CDK16 ma také promyogenni Ucinky,
jelikoz reguluje migraci a fuzi myoblasti.”

Mezi mélo prozkoumané CDK patii CDK15 (ALS2CR7), u které byl pozorovan
onkogenni potencidl. Pii sledovani rezistence nddorovych bunék k 1é¢bé pomoci TRAIL
(tumor necrosis factor-related apoptosis-inducing ligand) bylo prokazano, ze CDK15

interaguje s proteinem survivinem a fosforyluje jej na Thr34.°" Tato posttranslagni

modifikace nésledné stabilizuje survivin, a podporuje tak ptezivani bunky.

2.4. Struktura CDK a regulace jejich aktivity

Poté co byly CDK popsany jako kli¢ové molekuly fidici nejriznéjsi bunééné pochody
a jejich deregulace byla pozorovana u mnoha nddorovych onemocnéni, zacaly se mnohé
védecké skupiny vénovat studiu jejich proteinové struktury a regulace aktivity s cilem
poskytnout bazi pro vyvoj nizkomolekuldrnich inhibitorii. JelikoZ byla nejintenzivnéji
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zkoumana struktura CDK2, bude néasledujici text zalozen na poznatcich tykajicich
se jejiho uspofadani. Ostatni CDK patfici do stejné kinasové rodiny pak sdili prakticky
stejnou konformaci pouze s jemnymi rozdily.

CDK2 je tvofena 2 poddoménami, nazyvanymi téz laloky, pficemZ mensi
N-koncova ¢ast je bohatd na B-skladany list a vétsi C-koncova poddoména je pievazné
helikalni.®* Obg& &asti jsou propojeny polypeptidovym Fetézcem, ktery slouzi jako pant,
kolem néhoZ mohou obé ¢asti rotovat. Soucasti N-koncového laloku je jediny a-helix
(C-helix) obsahujici sekvenci Pro-Ser-Thr-Ala-Ile-Arg-Glu, jeZ hraje dilezZitou roli pfi
interakci CDK s cyklinem, a inhibi¢ni segment bohaty na glycin nazyvany G-smycka.®’
Jeji soucasti jsou Thr14 a Tyrl5, jejichz fosforylace blokuje aktivitu kinasy. Kli¢ovym
elementem karboxyterminalni poddomény je pak T-smycka =zapojujici se téz
do regulace aktivity CDK. Katalytické misto, do n¢hoz se vdze ATP, je zasazeno
hluboko uvnitf enzymu mezi obéma poddoménami a lezi pod vysoce flexibilni
G-smyckou.

Spravné nacasovani a souslednost aktivit jednotlivych CDK je zajiS§téno celou
Skalou regula¢nich mechanismi. Vétsina ¢lent CDK rodiny je zavisla na vazbé jiz
zminénych cyklint. Pfi studiu interakce CDK2 s cyklinem A bylo zjisténo, Ze béhem
vazby dochézi ke konformaénim zménam v oblasti C-helixu a pfemisténi postranniho
tetézce GluS1 do aktivniho mista, kde vytvari solny mistek s Lys33, ktery kotvi a a
fosfatové skupiny ATP.®* Ve volné formé je karboxyl Glu51 vystaven na povrchu
molekuly, zatimco Glu33 vytvaii solny mistek s dalSi dualezitou aminokyselinou
Aspl45, ktera v komplexu vaze Mg*". K dal§im strukturnim reorganizacim dochazi
v misté aktivacni smycky. U volné CDK2 formuji rezidua Gly147-Gly153 al.12 helix
zasahujici do katalytického mista, a znemoziujici tak kontakt ATP se substratem.
U CDK2/cyklin A se méni jeho konformace na B-skladany list, coz vede k vychyleni
T-smyc¢ky z plvodni pozice, zpfistupnéni aktivniho mista a odkryti Thr160, jehoz
fosforylace prostfednictvim CAK usti v plnou aktivaci kinasy.

I kdyz vétsina CDK podléha stejnému dvoustupiiovému procesu aktivace,
existuje zde vyjimka, a tou je CDKS. Jeji funkci totiz fidi proteiny p35 a p39, které
nevykazuji sekvenéni podobnost s zddnym typem cyklinu a neinteraguji ani s dalSimi
CDK.** Rozdil mezi ob&ma proteiny tkvi v mistné specifické expresi, kdy p35 je
exprimovana v cerebralnim kortexu vyvijejictho se mozku, zatimco p39 je typicka
pro zadni mozek embryi i dospélych lidi a také postnatalni cerebralni kortex.®>®’

Jedine¢nost CDKS5 spocivd také v jeji schopnosti regulovat svou vlastni aktivitu
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prostiednictvim fosforylace p35 na Ser8 a Thr138.°® Fosforylace Ser8 zistavé
konstantni béhem vyvoje mozku, zatimco fosforylace Thr138 béhem né&j postupné
klesa, coz je pravdépodobné dano piisobenim proteinfosfatasy 1 ¢i proteinfosfatasy 2A.
Bunécna lokalizace p35 je diky myristoylaci vdzana na membrany a bylo prokazano, ze
fosforylace Ser8 je dileZita pro udrzeni proteinu v cytoplasmé.” Fosforylace Thr138
pak brani Stépeni p35 kalpainem, tim vzniku neurotoxického produktu p25 a zaroven
zpisobuje zvysenou degradaci p35 proteasomem.’™® Podobny zpisob regulace byl
pozorovan u jiz diive zminéné CDK14, kterd je schopna kontrolovat vlastni aktivitu
prostiednictvim fosforylace svého partnera cyklinu Y na Ser71 a Ser73.”' Takto
modifikované aminokyseliny vytvari fosfodegron podporujici asociaci cyklinu Y s SCF
komplexem (Skp, Cullin, F-box containing complex), ktery nasledn¢ katalyzuje
ubiquitinylaci cyklinu Y a jeho degradaci proteasomem. Kromé p35 a p39 byla
prokazana interakce CDKS s cykliny E a D, které inhibuji aktivitu CDKS, a cyklinem I,
coz vede k expresi antiapoptotickych proteinit Bcl-2 (B-cell lymphoma 2) a Bel-Xi
(B-cell lymphoma-extra large).”*”*

Kromé aktivacni CDK7 jsou znamé téZ inhibi¢ni kinasy Weel a Mytl, které
fosforylaci Thrl4 a Tyrl5 v CDK2 blokuji jeji aktivitu, a tim chrani buiku

v N % . 75,76
ptfed pfed¢asnou mitosou. ™

Kinetické a krystalografické analyzy prokazaly, zZe
posttranslaéni modifikace Thr14 a Tyrl5 stéricky brani vazbé& proteinového substratu.”’
Po fosforylaci Tyrl5 v CDK2 sice nedochazi ke zméné K, pro ATP, ovSem nasledna
modifikace Thr14 znemoZiluje vytvoieni vhodné konfigurace ATP pro dalsi fosforylaci
substratu. Princip inhibi¢nich fosforylaci je zachovan prakticky u vSech ¢lenit CDK
rodiny, s vyjimkou CDKS, u které fosforylace ekvivalentniho Tyrl5 prostfednictvim
c-Abl Gsti v jeji aktivaci.”® K prichodu bunéénym cyklem je nutné inhibiéni fosfaty
odstranit, pfi¢emz tuto funkci plni rodina cdc25 fosfatas (a,b,c).” P-Thrl4 i P-Tyrl5
zustavaji po celou dobu vystaveny na povrchu proteinu, a jsou tudiZ neustale piistupné
Weel/Mytl i cdc25 fosfatasam.”’

V urditych situacich, kdy napiiklad buiitka nema dostatek mitogennich signala,
podléha diferenciaci ¢i senescenci, je aktivita CDK blokovana pomoci pfirozenych
CDK inhibitort. Proteiny INK4 rodiny (pl5, pl6, pl8 a pl9) se mohou véazat jak
na monomerni CDK4/CDK6, ¢imz brani jejich interakci scykliny D, tak
na CDK/cyklin, coz vede k tvorb& inaktivniho komplexu.®*™ Podle krystalové struktury
CDK6/cyklin D (virovy)/pl8 je ziejmé, ze pl8 vychyluje katalyticka rezidua z jejich

puvodni pozice a deformuje ATP i cyklin vazebna mista.* Stejny princip blokovani
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CDK funguje i u ostatnich INK4 inhibitord. p21, p27 a p57, které jsou soucasti Cip/Kip

8586 Krystalova

rodiny, pak potlacuji aktivitu CDK vazbou na CDK/cyklin komplex.
struktura ternarniho komplexu CDK2/cyklin A/ p27 ukézala, ze p27 interaguje s obéma
proteiny, pii¢emz reorganizuje N-koncovy lalok CDK2, a navic zasahuje
do katalytického mista, kde mimikuje ATP.*” U ostatnich &lent Cip/Kip je opé&t

predpokladan podobny mechanismus inhibice CDK.

2.5. Deregulace CDK

Ackoli se muze zdat, ze faktory ovliviljici aktivitu CDK jsou natolik abundantni
a spletité, Ze dokonale kontroluji spravné nacasovani funkci CDK, stavaji se prave tyto
vlastnosti nevyhodné z divodu moznosti vzniku ¢etnych poskozeni, které vedou cCasto
ke vzniku nejriznéjSich onemocnéni vcetné ndadorovych. Nejhojnéji dochazi
ke zvySovani exprese cyklind. Piikladem muaze byt elevace cyklinu D
u nemalobun&ného karcinomu plic, rakoviny prsu, slinivky bfisni nebo jicnu.”>”®
Pomérné unikatnim zplisobem maligni transformace je proteolytické Sté€peni cyklinu E
za vzniku jeho zkracené formy, ktera vykazuje vyrazné¢ vyssi CDK aktivaéni
schopnost.*® U n&kterych typii nadortt byly prokazany mutace (delece, umléeni, bodové
mutace) genli kddujicich pfirozené inhibitory CDK. V jistych piipadech muze byt
hyperaktivita zpiisobena i1 zvySenou expresi samotného genu kodujiciho danou CDK.
Byly ovSem identifikovany 1 pfipady, kdy bodové mutace v CDK brani vazbé
ptirozenych inhibitord CDK. U melanomu byla detekovana Arg24Cys substituce CDK4
zpusobujici snizenou citlivost k inhibici prostfednictvim pl6 a zaroven ponechavajici

interakéni potencial s cyklinem D.'*°

V neposledni fad€¢ pak miize dojit i ke zvySené
expresi cdc25 fosfatas. Jak jiz bylo naznaceno vyse, n€které CDK vykazuji nadorove
supresorové vlastnosti, a neni tedy piekvapenim, ze jejich snizend produkce ¢i mutace
potlacujici kinasovou funkci zptsobuje tumorigenezi. K takovym kinasam se tadi
CDK12, jejiz mutace znemoziuji interakci s cyklinem K, coz vede k poklesu hladin
proteind zapojenych do opravy DNA dvoufetézcovych zlomt, prohlubovani genomové
nestability a vzniku nadori vajeénika."?’

At uz je pficina hyperaktivace CDK jakakoli, disledky jsou si velmi podobné.
Trvale aktivni CDK totiz nadmérné fosforyluji své substraty, a umoznuji tak buitkdm
projit bunéénym cyklem navzdory nepfiznivym intra- ¢i extracelularnim podminkam,

ato 1 v pifipadech, kdy je poSkozena DNA. Strategie jak potlacit hyperaktivaci CDK
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Tabulka 1 Aberace CDK a jejich regulatori vedouci ke vzniku nadorovych

onemocnéni

AML, rakovina prsu,
ledvin, stitné zlazy
cyklin B rakovina kolorekta, prsu 93,94
nemalobunécny karcinom plic,

cyklin A 89-92

cyklin D . 2. v 1 o 95-98
rakovina prsu, slinivky bfisni, jicnu
cyklin E  osteosarkom, rakovina vaje¢nikii, zaludku 99-101
CDK1 difuzni velkobunéény B-lymfom, 102
CDK2 rakovina vaje¢nikd, prsu, hrtanu 103,104
CDK3 glioblastom, rakovina prsu 105,106
Zviseni CDK4 melanom, gg)kb(}sisltl(;n;i i(():steosarkom, 107-110
exprese CDK5 rakovina prostaty, slinivky bfiSni, prsu 111-113
CDK6 T-bunéén}’r lymfczm, ’medulvobl,avstom, 114-116
rakovina mocového méchyie
CDKS8 rakovina kolorekta 117
CDK11 osteosarkom, rakovina prsu 118,119
CDK13 hepatocelularni karcinom 120
CDK14 hepatoceluldrni karcinom, rakovina jicnu 121,122
CDK18 rakovina jicnu 122
cdeds rakovina pI:SH,, Vulvélni, 123-125
hepatoceluldrni karcinom
CDK7 rakovina jicnu 122
CDK10 rakovina prsu, Zlu¢niku 126,127
. CDK19 lymfom, leukémie 128
:I):;)Z:e:?a 15K rakovina moc¢ového méchyie 129
ple™* rakovina prsu, hrdla a hltanu 130,131
p21CiptWail rakovina hrtanu 132
p27 Cipt/Wafl rakovina prostaty, ust 133,134
CDK2 glioblastom (P45K) 135
mutace CDK4 melanom (R24C) 136
CDK12 rakovina vajecnikti 137

u nadorovych onemocnéni jsou v principu dvé. Jednak Ize nepfimo manipulovat
regula¢nimi drahami, které ovlivituji aktivitu CDK, nebo ptimo zablokovat funkce CDK
prostfednictvim nizkomolekuldrnich inhibitorti. V prvnim piipadé¢ se mulze jednat
ozmeénu exprese a syntézy cyklind, pfirozenych inhibitort CDK ¢i modulaci
fosforylacniho stavu CDK ovlivnénim proteinkinas nebo fosfatas odpovédnych za tyto
posttranslaéni modifikace, ale také o regulaci proteolytického aparatu, ktery degraduje
cykliny nebo regulatory CDK. V poslednich letech ovSem doslo k vyraznému pokroku

ve vyvoji nizkomolekuldrnich inhibitort a jejich potencial v 1é€bé mnoha onemocnéni
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bude popsan nize, stejn¢ jako strategie k zacileni malignit vyznacujicich se deregulaci

nadorové supresorovych CDK.

2.6. Inhibice CDK

Studium molekularnich mechanisml maligni transformace a popsani deregulace CDK
béhem tohoto procesu vzbudilo zdjem mnoha védeckych skupin o vyvoj slouenin,
které by zablokovaly aktivitu CDK. Béhem 90. let 20. stoleti byly objeveny prvni
nizkomolekuldrni CDK inhibitory s terapeutickym potencidlem vici fadé chorob, coz
nasledné vedlo k intenzivnéjSimu vyzkumu a syntéze jest¢ ucinnéjSich latek, z nichz je

v soucasnosti nékolik v riznych fazich klinickych testii (Tabulka 2, Obrazek 2)."**'%

2.6.1. Pocatky vyvoje CDK inhibitoru

Piivod prvnich nizkomolekularnich CDK inhibitorli je ptevazné ptirodni, jelikoz valna
vétSina aktivnich substanci byla izolovana z bakterii, hub ¢i rostlin. Mechanismus
protinadorovych ucinkli objevenych sloucenin, jenZ byl zprvu nezndmy, pomohly
odhalit nésledné biochemické studie, které¢ ukazaly, Ze se jednd o latky kompetujici
s ATP o aktivni misto CDK. Ze strukturniho hlediska jde pak c¢asto o plandrni
polycyklické heteroaromatické molekuly.

Staurosporin  (AM-2282), bisindolovy alkaloid izolovany vroce 1977
ze Streptomyces staurosporeus, byl pivodné pouzivan jako antimykotikum, pti¢emz
jeho ucinky byly pfisuzovéany inhibici PKC (protein kinase C) (ICsy 2,7 nM). 141142
Pozdé&ji bylo zjisténo, Ze se jednd o Sirokospektry kinasovy inhibitor blokujici
pii vys§ich koncentracich (160 nM) normalni i transformované buiiky v G2 fazi.'*>'**
Kinasou odpovédnou za tento efekt byla poté identifikovana CDK1, kterou staurosporin
inhiboval sICsy 4-5 nM.'* Pravé nedostatek specifity jej vsak vyfadil z kandidatt
pro klinické testovani.

Bé&hem screeningu CDK1 inhibitorGt v médiu s bakteridlni kulturou Aspergillus
terreus byl objeven metabolit butyrolakton I, ktery krom& CDK 1 blokoval téz CDK2.'*
Oproti staurosporinu byl ovSem vyrazné specifi¢téjsi. Testovanim na bunéénych liniich
odvozenych od malobunééného a nemalobunééného karcinomu plic se potvrdily

pfedchozi zjiSténi, jelikoz butyrolakton I blokoval bunky v G2/M fazi.'*
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Tabulka 2 Vybrané klinicky testované CDK inhibitory (zdroj www.clinicaltrials.gov).

, CDK faze .,
nazev . Onemocnéni
preference testi

pokrocilé metastazujici solidni tumory, non-
AT-7519 1,2,4,6,9 /11 Hodgkintv lymfom, mnohocetny myelom, lymfom
plastovych bunék, chronickd myeloidni leukémie

AZD5438 1,2,9 I pokrocilé solidni malignity
dinaciclib / 12.5.9 VI solidni tumory, mnohocetny myelom, non-Hodgkintiv
SCH-727965 T lymfom, melanom, rakovina prsu, NSCLC
flavopiridol / i .
alvocidib 1,2,4,6,7,9 /11 Hematologické malignity
P276-00 1,4,9 /I mnohocetny myelom, melanom, rakovina hlavy a krku
PD-0332991 46 VI lymfom plastovych bunék, pokrocily hepatocelularni

karcinom, glioblastom

milciclib /

PLIA-848125 1,24 /11 solidni tumory, rakovina brzliku
R547 1,2,4 I pokrocilé solidni tumory
roskovitin /
seliciclib / 2,5,7,9 1T Cushingliv syndrom
CYC-202
SNS-032 27.9 I pokrocilé solidni tumory, pokrocilé B-lymfoidni

malignity

U pankreatickych naddorovych linii indukoval expresi proteinu Bax (Bcl-2-associated X
protein), coz nasledn& vedlo k apoptose.'*” Jeho protinadorové uéinky jsou viak znaéné

omezeny nizkou permeabilitou pes cytoplasmatickou membranu.'*

Béhem studia bentickych organisml Zijicich v oblasti McMurdo Sound
v Antarktidé byly identifikovany houby, které byly toxické pro okolni ryby.'*® Pozdgji
se ukazalo, ze extrakt jedné z nich (Kirkpatrickia varialosa) vykazuje antileukemické
ucinky a nasledné¢ byly vyizolovany jeho bioaktivni slozky, jimz byl dan néazev
varioliny."* Nejaginng&ji molekulou byl stanoven variolin B, pri¢emz krystalografické
analyza odhalila, ze se jedna o pyridopyrrolopyrimidin, ktery ma navic i antiviralni
efekt. U nékolika nadorovych linii byl prokdzan blok bunécného cyklu v G1 1 G2
fazich, za n&z je zodpovédna inhibice CDK1 a CDK2."° Strukturné blizkymi
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Obrazek 2 Chemické struktury vybranych klinicky testovanych CDK inhibitord.

slouc¢eninami jsou meridianiny, indolové alkaloidy izolované z jihoatlantické sumky
Aplidium meridianum, které rovnéz vykazaly protinadorovou aktivitu spojenou
s inhibici CDK."" Varioliny a meridianiny pak daly zaklad nové &isté chemické t¥idé
latek, tzv. meriolinim."” Oproti variolinu B i meridianinim vykazaly merioliny
zvySenou specifitu a U€innost vici CDK a zaroven antiproliferacni vlastnosti.
U neuroblastomové linie byl pak objasnén mechanismus t¢inku meriolinu 3, kdy doslo
k rapidnimu poklesu hladiny proteinu Mcl-1 (myeloid cell leukemia 1), uvolnéni
cytochromu ¢ do cytoplasmy a aktivaci kaspas.

Tradi¢ni ¢inskd medicina se stala pfedmétem zajmu nékolika védeckych skupin,
pficemz jedné z nich se podafilo identifikovat aktivni ingredienci Danggui Longhui
Wan, coz je smés bylin pouzivana pii 1écbé chronickych onemocnéni. Je ji indirubin,
3,2-bisindol, ktery je ucinnym inhibitorem CDK a potlacuje proliferaci bunck

prostiednictvim G2/M bloku.'”?

Podobnou, avSak uméle vytvofenou slouceninou, je
SU9516, jenz je selektivnim inhibitorem CDK2."* U nékolika nadorovych linii

blokoval fosforylaci pRb, indukoval G1 a G2/M blok a zpiisobil aktivaci kaspasy 3.
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Krystalografick4 analyza odhalila jeho vazbu na Leu83 CDK2, coz je klicova interakce
spole¢na pro viechny uginné ATP-kompetitivni inhibitory.'”> Zda byl SU9516
inspirovan strukturou indirubinu lze pouze spekulovat, i kdyZ podoba je vice nez
zfetelna.

Béhem screeningu aromatickych cytokinint va¢i inhibici CDKI byl
identifikovan purin, jenz kromé CDKI, kterou blokoval nejucinngji ze vSech
testovanych sloucenin (ICso 7 pM), inhiboval rovn&z CDK2 a CDKS5 (ICso 7; 3 uM)."®
Tato latka byla pojmenovéna podle mésta svého plivodu jako olomoucin a stala
se matetfskou slouceninou pro nasledné vyvinuté inhibitory. Strukturni modifikaci byl
napiiklad ziskdn 2,6,9-trisubstituovany purin roskovitin (CYC-202, seliciclib), jehoz
CDK inhibi¢ni u¢inky daleko predgily efekty samotného olomoucinu.””’ Ackoli
roskovitin vykazoval podobnou selektivitu pro CDK jako olomoucin, blokoval aktivitu
CDK1, CDK2 a CDKS5 pii 10x nizsich koncentracich (ICsy 0,65; 0,7 a 0,2 uM). Vici
CDK4 a CDK6 byl pak prakticky neucinny (ICso > 100 uM). Na zaklad¢ vysledka
z preklinickych  studii byl roskovitin podroben klinickému testovani proti
nemalobunéénému karcinomu plic a karcinomu nosohltanu, ve kterém ovSem selhal
(www.clinicaltrials.gov, identifier NCT00372073). Jednou z moznych pfi¢in mize byt
jeho rychla in vivo pfeména na metabolit s oxidovanou hydroxyskupinou na C2
postrannim fetézci, ¢imz je potlacena CDK inhibi¢ni G¢innost, a tim 1 terapeuticky
efekt.'

Strukturné  odliSnym CDK inhibitorem je flavopiridol (alvocidib),
semisynteticky derivat alkaloidu izolovaného zindické rostliny Dysoxylum
binectariferum. V prvnich preklinickych studiich bylo zjiSténo, ze zpisobuje
zablokovani bunécného cyklu u linii odvozenych od nédord prsu a plic, coz bylo
nasledné odiivodnéno schopnosti flavopiridolu inhibovat CDK1, CDK2 a CDK4.'>'!
V dalSich studiich se ukdzalo, Ze je flavopiridol schopny potlacit rast lidskych
nadorovych xenograftl a navic zesiluje G&inky radiace i klasickych chemoterapeutik.'®*
17 Ac¢koli jeho uvedeni do klinickych testéi prob&hlo wsp&sng, v dalsich fazich
se ukazalo, Zze jako monoterapeutikum nevykazuje aktivitu, je toxicky v zavislosti
na mnoZstvi a neni u¢inny ani v kombinaci s jinymi pouzivanymi 1é¢ivy. *17

Zpocatku byly protinddorové ucinky zminénych CDK inhibitorti pficitany
schopnosti danych molekul blokovat CDK regulujici bunécny cyklus, ovSem pozdé&ji
se ukazalo, ze za jejich biologickymi Uc¢inky stoji téz inhibice transkripcnich CDK.

Latky, které vykazuji takové vlastnosti, se pak oznacuji jako panselektivni. Terapie
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zalozené na principu inhibice transkripce mohou byt vyhodné piedev§im u onemocnéni,
ktera jsou zavisld na expresi onkogent s kratkym poloCasem rozpadu. Jedna se Casto
o antiapoptotické proteiny Bcl-2, Mcl-1, cIAP-1 (cellular inhibitor of apoptosis 1),
survivin ¢i XIAP (X-linked inhibitor of apoptosis). Kuptikladu flavopiridol, ktery je
uc¢innym inhibitorem CDK7 a CDK9 (ICsy 110-300 nM resp. Ki 3 nM), potlacil
fosforylaci Ser2 a Ser5 CTD RNAPII u bun¢k chronické lymfoidni leukémie, coz vedlo
k poklesu Mcl-1 a XIAP, a tim k indukei apoptosy.'®'">'"® U roskovitinu byla také
prokazana CDK7 a CDK9 inhibi¢ni uc¢innost (0,6; 0,6 uM) a né€kolik preklinickych

177

studii potvrdilo stejny mechanismus uc¢inku jako u flavopiridolu. " U mnohocetného

myelomu zabrénil fosforylaci Ser2 a Ser5 CTD RNAPII vedouci k poklesu Mcl-1 a

iniciaci apoptosy.'”*' U chronické lymfoidni leukémie dokonce zpusobil
downregulaci TFIIB, TFIID, TFIIEB a eukaryotnich inicia¢nich faktorii eiF-2a, y a eiF-
4181

Inhibice transkripce se kromé predchozich disledkii odrazi i na stabilizaci
a aktivaci nadorového supresoru p53, ktery jakozto transkripéni faktor reguluje
odpovéd’ bunky na rizné typy stresu. Za normalnich podminek protein Mdm2 (mouse
double minute 2) ubiquitinyluje p53, a to vede k jeho nésledné degradaci proteasomem.
Pii pouziti flavopiridolu ¢i roskovitinu vSak klesd hladina Mdm?2, pfi¢emz dochazi
k p53 indukované expresi p2l1 a proapoptotickych proteini Bax a Puma (p53
upregulated modulator of apoptosis).'**'** P¥i pouziti transkripénich inhibitort Ize navic
dosdhnout potlaceni angiogeneze snizenou produkci VEGF (vascular endothelial
growth factor), jehoZ syntéza je rovnéz blokovéana v diisledku CDK9 inhibice.'*

Pocatecni Uspéch zminénych CDK inhibitorti inspiroval mnoho védeckych
skupin k syntéze podobnych latek, které by ptekonaly protinddorové t¢inky matetskych
sloucenin. Selhani flavopiridolu a roskovitinu v klinickych testech se pak stava vyzvou
k vytvofeni molekul, u kterych by doSlo ke zlepSeni farmakokinetickych vlastnosti,

wewr

znat presné genetické pozadi daného onemocnéni.

2.6.2. CDK inhibitory druhé generace

I kdyz prvni CDK inhibitory vykazovaly v preklinickych studiich slibné protinddorové
vlastnosti, jejich nespecifita naznacovala, Ze by mohly mit pfi pfipadnych terapiich
zavazné vedlejsi Giginky. Casto se navic jednd o sloudeniny, které nejsou metabolicky
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stabilni a navic maji nizkou biodostupnost. Pfesto vsechno byl diky nim polozen zaklad
pro vyvoj jesté ucinnéjSich sloucenin, jez tvoii vétSinu soucasné klinicky testovanych

CDK inhibitori.

2.6.2.1. Roskovitin a jeho analoga

Selektivita, inhibicni potencidl a biologické ucinky roskovitinu stdly za rozsdhlym
vyzkumem, jehoz cilem bylo a stile je vytvofit siln€j$i inhibitory. Cilem modifikaci
se staly jednak substituce v 2,6 a 9 pozicich a dale mnozstvi i poloha dusikovych atomu
samotného purinového skeletu.'® Kombinaci obou piistupti je pak vytvofeno §iroké
pole pro design velkého mnoZstvi sloucenin.

Pomoci prvni strategie byl vytvofen napfiklad purinovy derivat roskovitinu
olomoucin II, ktery je selektivni viici CDK2, CDK7 a CDK9."™ Olomoucin II byl
testovan na panelu nadorovych linii, pfi¢emz efektivné blokoval jejich proliferaci
s preferenci pro buniky exprimujici wild-type p53. Hlavnim mechanismem ucinku této
latky se jevi inhibice transkripce. Purin CVT313 blokoval aktivitu CDK2 s ICsy 0,5 uM,
to se vbunééném systému projevilo potlacenim fosforylace pRb a zablokovanim
bun&éného cyklu v G1/S."*" Daliim roskovitinovym analogem je latka CR8."™® Mezi
108 testovanymi kinasami byla stanovena jeji preference pro CDK1, CDK2, CDK3,
CDKS5, CDK7 a CDKO9, které inhibovala 2-4x silnéji nez samotny roskovitin. U 25
bunéénych linii byla po ovlivnéni CRS8 sledovdna mnohondsobné vyssi indukce
apoptosy nez pii pouziti roskovitinu.

Druhym pfistupem lze ziskat tzv. bioisostery, pfiCemz jiz byla nasyntetizovana
fada takovych sloucenin.'™ U nékterych byly zachovany vlastnosti purinu, nkteré ale
zase ztratily CDK inhibi¢ni potencidl. Zaroven byly vyvinuty molekuly, u nichz doslo
k naristu CDK inhibi¢ni aktivity. Jednd se o pyrazolo[4,3-d]pyrimidiny,
pyrazolo[1,5-a]pyrimidiny a pyrazolo[1,5-a]-1,3,5-triaziny.'**"! Obménou substituentii
pak byl dan vznik mnoha latkam, z nichz se jiz jedna dostala do klinického testovani.

3,7-disubstituované pyrazolo[4,3-d|pyrimidiny se ukazaly jako silné inhibitory

2.1% Dalsi substituce

CDK1 s protinddorovym potencidlem vici leukemické linii K56
v poloze 5 poskytla slou¢eninu LGR1406, kterd byla schopné potlacit proliferaci bunék
hladkého svalstva prostfednictvim bloku bunécného cyklu v Gl, a to pfiblizné 5x

192

ucinngji nez roskovitin. "~ LGR1406 by tak mohla byt vyuzita u pacientl trpicich

restenosou, coz je jev charakterizovany znovuzuZenim tepny, napiiklad
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po angioplastice. Dal§im testovanym pyrazolo[4,3-d]pyrimidinem je latka E2GG, ktera
je bioisosterem mikrotubularniho inhibitoru myoseverinu.'”> Oproti myoseverinu sice
E2GG ztraci schopnost blokovat tvorbu mikrotubulli, vykazuje ovSem inhibi¢ni uinky
vuci CDK1, CDK2 a CDK7. Biologické ucinky vySe zminéného purinu CR8 nés
motivovaly k syntéze latek se zlepSenymi protinddorovymi vlastnostmi. Podatilo se ndm
vytvofit a charakterizovat fadu jeho pyrazolo[4,3-d]pyrimidinovych analogl, které
se li§ v substituentu v poloze 5. Nejucinngjsi derivat byl asi 7x silng&jsim CDK2
inhibitorem nez CR8. U linie HCT116 indukoval G1 a G2/M blok s naslednou aktivaci
apoptosy. Vzhledem k podobnosti ATP-vazebného mista CDK2 s CDKS5 nebylo
prekvapenim, ze blokoval i jeji aktivitu, coz bylo spojené s poklesem fosforylace FAK
(focal adhesion kinase), substratu CDKS5. Ackoli se zatim jedna pouze o spekulaci, je
mozné, 7¢ CDKS5 inhibitory mohou pravé diky inhibici FAK potlacit metastaticky
potencial nadord.

Pyrazolo[1,5-a]pyrimidinové jadro se rovnéz ukéazalo jako vhodny zaklad
pro design t¢innych CDK inhibitora.'”® Bromovany derivat s timto skeletem se projevil
jako silny a zaroven selektivni inhibitor CDK2, ktery je navic i ordln¢ dostupny.
Vhodnou kombinaci postrannich substituentii byla ziskdna slouc¢enina SCH 727965,
znama spise jako dinaciclib.'”® Dinaciclib blokoval CDK2, CDK5, CDK1 a CDK9 jiz
v nanomolarnich koncentracich (ICso 1, 1, 3 a 4 nM), indukoval apoptosu v mnoha
nadorovych liniich a zpisobil regresi nadort v fadé¢ mysSich modeld. V soucasné dobé¢ je
klinicky testovan vic¢i melanomu, nddorim prsu a plic a n¢kolika hematologickym
onemocnénim, vcetné mnohocetného myelomu a chronické lymfoidni leukemie
(www.clinicaltrials.gov,  identifiers = NCT01026324  NCTO00871663).  DalSim
pyrazolo[1,5-a]pyrimidinem s unikatnimi vlastnostmi je latka BS-181, jejiz Ucinky
budou popsany nize.

Pyrazolo[1,5-a]pyridin N-&-N1 byl testovan vi¢i inhibici CDKI1, CDK2,
CDKS5, CDK7 a CDKO9, které blokoval ve srovnani s roskovitinem 3-5x silnéji.191
Nasledné byly sledovany ucinky N-&-N1 na panelu 60 nadorovych linii, kde bioisoster
roskovitinu inhiboval proliferaci v priméru 14x efektivnéji nez samotny roskovitin.
Obzvlasté pak melanomové linie byly velmi senzitivni k indukci buné¢né smrti, coZ

19 protinadorové vlastnosti N-&-N1

muze byt dano jejich zavislosti na aktivit¢ CDK2.
byly zkoumany téZ na mys$im xenograftu Ewingova sarkomu, u né¢hoz 2x nizsi

koncentrace N-&-N1 vyvolala stejné ucinky jako roskovitin.
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Obrazek 3 Chemické struktury nékterych preklinicky testovanych CDK inhibitord.

Ptedchozi poznatky byly komplexné studovany z hlediska biologické aktivity
jednotlivych molekul a zaroven jejim vztahem ke struktufe danych latek. Spojenim dat
s vysledky z krystalografickych studii pak byly ziskany cenné poznatky, které mohou
poslouzit pii vyvoji novych sloucenin. Pii zkoumani vazebného modu purind
do aktivniho mista CDK2 se ukézalo, Ze velkou roli pfi interakci hraje péti¢lenny kruh,
ktery je v pfimém kontaktu s pantovou oblasti kinasy."”’ Pro uginnou inhibici je dale
nezbytna piitomnost atomu dusiku v poloze 7, jelikoZz vytvari vodikovou vazbu
s aminoskupinou Leu83. Zavedenim atomu dusiku do pozice 5 pak dochazi ke zvyseni
bazicity skeletu, coz ma za nasledek zesileni vodikové vazby s Leu83 a zvyseni afinity
k CDK."" Naopak rozlozeni i potet atomd dusiku v Sesti¢lenném kruhu neni tolik

zasadni.

2.6.2.2. Od panselektivnich inhibitorii ke specifickym slou¢eninam

Kromé¢ vyvoje novych panselektivnich inhibitort se zajem medicinalnich chemiki upira

téz smérem k syntéze latek, které specificky zablokuji funkce pouze jedné kinasy.
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Vzhledem k ptibuznosti CDK, a tudiz velké podobnosti jejich aktivnich center, je
ponékud obtizné takové molekuly navrhnout a syntetizovat."” To je pravdépodobn
také divodem, pro¢ bylo doposud vytvoreno jen n¢kolik monospecifickych inhibitort.
Na zaklad¢ znalosti interakce CDK se zndmymi inhibitory a rovnéz diky molekularnimu
modelovani je v§ak mozné zachytit jemné rozdily ve vazebnych mistech jednotlivych
CDK a vyvijet selektivni slouceniny.

Ptikladem monospecifického inhibitoru mize byt jiz dfive zminénd latka
BS-181, coz je vysoce specificky CDK?7 inhibitor, jehoz pyrazolo[1,5-a]pyrimidinové

jadro bylo odvozeno od roskovitinu.'”’

Biologicka data ukazuji, Ze BS-181 zpiisobuje
zablokovani bunééného cyklu, apoptosu nadorovych linii a vykazuje i protinddorové
ucinky in vivo. Dalsi selektivni slouceninou je EXEL-8647, ktery blokuje aktivitu
CDKO9, a to 100x u¢inn&ji nez CDKI1, CDK2, CDK4 a CDK7.*” Pii jeho pouziti
dochazi k zastaveni proliferace a indukci apoptosy nadorovych bun¢k jak in vitro, tak
in vivo. Za zminku pak stoji také latka LDC000067 selektivné inhibujici CDK9 (ICs 44
nM), jez podle ptedpokladu potlacila fosforylaci Ser2 CDKO9 s naslednou stabilizaci

a aktivaci p53.%""

2.7. Charakterizace funkci CDK pomoci genetickych modelii

VétsSina doposud vytvofenych inhibitorti vykazuje jiz diive zminénou panselektivitu,
kterd mlze stat za vznikem vedlejSich G€inkl pfi jejich piipadném pouziti v klinickém
vyhodnéjsi vyvijet slouCeniny specifické viici jedné kinase. Co by v této strategii mohlo
ztiZit situaci, je vzdjemna kompenzovatelnost nékterych typti CDK, ktera se da vyfesit
kombinaci monospecifickych inhibitort.

Bylo prokazano, ze pfi uml¢eni CDK2, CDK4 ¢i CDK6 u mysi neni postiZzena
jejich zivotaschopnost, coz je pravdépodobné¢ dano pravé schopnosti jejich vzajemné
kompenzace. Pro nékteré typy bunék jsou viak tyto genetické zmény fatalni.”**>%
Naptiklad delece CDK4 u mysi zpisobila vznik diabetu kvili redukei poctu B-bunck

. P 203
pankreatu, a u samicek navic 1 neplodnost.

Za sterilitou stoji potlacend tvorba
laktotrofi hypofyzy produkujicich prolaktin, coz je hormon ovlivijici sekreci
progesteronu, ktery zajistuje implantaci vajicka.”” Delece CDK6 zpisobuje pokles
erytrocytd v periferni krvi, a navic i snizeni po&tu krevnich bun&k v brzliku a slezing.**

Umlceni CDK2 vedlo podobné jako u CDK4 k neplodnosti, a to z divodu nezbytnosti
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CDK2 pro ukonéeni profize I b&hem meiosy.”*> V piipadé zablokovani CDK2
pfi nddorové terapii miize byt tudiz ovlivnéna plodnost, pfi¢emz pii jejim preruseni je
pravdépodobné, ze dojde k obnoveni zrani pohlavnich bunék. Stejné tak béhem aplikace
CDK4 specifického inhibitoru by byla znemoznéna piipadna gravidita, béhem niz
dochazi k proliferaci laktotrofii. K rozvoji diabetu by ovSem dojit nemélo, jelikoz
B-buiiky vykazuji dlouhou Zivotnost.**®

Kombinovand uml¢eni CDK2, CDK4 a CDK6 pomohla zjistit, které kinasy jsou
schopné vzajemné kompenzace. MysSi embryondlni fibroblasty (MEF) se spolecné
uml¢enou CDK4 a CDK6 normalné proliferovaly, béhem sérové deprivace presly
do GO faze a po mitogenni stimulaci byly schopné znovu projit bun&&nym cyklem.***
Vzhledem ke schopnosti interakce CDK2 s cykliny D a inhibici proliferace CDK4™
CDK6" mutantnich MEF po uml€eni CDK2 pomoci shRNA ve srovnani s normalnimi
MEF je ziejmé, 7e za kompenzaci funkci CDK4 a CDKG6 stoji pravé CDK2.*"” Béhem
embryonélniho vyvoje oviem vznikaji u CDK4”~ CDK6"" mutantnich mysi defekty

v hematopoese, které vedou az k letalitd.”**

Béhem protinaddorové terapie pomoci CDK4
a CDKG6 specifickych inhibitord je tudiZ nutné pocitat s pfipadnym negativnim
ovlivnénim krvetvorby. PD 0332991 jakozto prvni klinicky schvaleny CDK inhibitor je
pravé takovym inhibitorem a jeho pouziti je skute¢né spojeno se vznikem neutropénie,
trombocytopénie a anémie.’” Relativni postradatelnost CDK2, krom& jiz zmin&né
funkce pii meiose, neni zptisobena jejim zastoupenim CDK4 ¢ CDKG6, ale CDK1.2%21?

U dalsich CDK bud’ doposud nebyla prokazana kompenzovatelnost, nebo se o ni
zatim jen spekuluje. Mitotickd CDKI1 je schopna zastoupit funkce CDK2, CDK3,
CDK4 i CDKS6, oviem jeji samotné umléeni je pro buiky letalni.*'" Mysi CDK1™
embrya pak odumiraji jest¢ pfed vznikem moruly. Podobné dasledky maji i delece
cyklinu A2 a Bl, vazebnych partnerd CDKI1, které vedou téz k rané embryonalni

v 212213
letalité.” =

Dale bylo prokazéano, ze ablace CDK11 u mysi indukovala mitotickych
blok a apoptosu bunék blastocysty.”'* Podobn& vyfazeni CDK7 zptisobilo embryonalni
letalitu v dasledku poskozeni fosforylace T-smycek ostatnich CDK, avsak bez dopadu
na transkripci, coz naznacuje, ze funkce CDK7 jsou v transkripénim procesu
kompenzovany jinymi kinasami.*"> Mohou jimi byt CDK 1, CDK2 ¢&i kinasy, u nichZ byl
vyse popsan transkripéni potencial. '**!" Ztrata exprese CDK7 u proliferujicich tkani
dospélct sice nepostihla jejich bunécnou obménu, nicméné doslo k oslabeni rezerv

’ v Loy v 1w r . ’ - 21
kmenovych bunék, zkracovani telomer, piedéasnému starnuti a smrti.*"

Vyjimecénost
CDKS5 uz sama o sobé naznacuje, Ze jsou jeji funkce nezastupitelné a jeji umlceni miize
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poskodit mozkovou aktivitu. Bylo totiz prokadzéno, Ze je CDKS5 esencidlni
pro neurogenezi hipokampu dospélych mysi.*'"® Kompletni vyfazeni tdchto kinas by
na zaklad¢ danych faktli mohlo mit pomérné vazné vedlejsi uinky, se kterymi je nutné
pocitat pii ptipadné protinadorové terapii.

Ackoli by se na zdkladé predchozich fakti mohlo zdat, Ze vyuziti inhibitort
specifickych vici nékterym CDK v klinické praxi by mélo zna¢ny negativni dopad
na zdravi pacienta, existuje nova strategie, pomoci nizZ by mély byt potlaceny vedlejsi
ucinky zplsobené danymi latkami. Koncept tohoto pfistupu a jeho vyuziti budou

popsany niZe.

3. Vyuziti syntetické letality pro optimalizaci protinadorovych
terapii
I kdyz doslo béhem poslednich let k vyraznému pokroku v odhalovani mechanisml
molekularni transformace, v poptedi protinadorovych terapii se neustale drzi klasicka
chemoterapie zalozena pievdzné na inhibici funkce mitotického vieténka, blokovani
syntézy DNA ¢i vyvolani DNA poskozeni. Jejim cilem je postiZzeni nekontrolovatelného
déleni, tedy typické vlastnosti nadorovych bunék, a to bez ohledu na normalni délici
se buiiky, kterymi jsou napiiklad hematopoetické prekurzory, buniky vlasovych vacku ¢i
epitelialni buiiky gastrointestinalni sliznice.””® Dusledkem téchto 1é¢ebnych piistupt
jsou casté vedlejsi t€inky spojené s oslabenim rezerv bunék kostni dfen€, vypadavanim
vlasti nebo nevolnosti. Zajem védcl se proto v soucasné dobé soustiedi na vyvoj 1€k,
kter¢ budou mit oproti konvencni terapii vyS$Si terapeuticky index, tzn. Siroké
koncentra&ni rozmezi, v némz zni¢i nadorové butiky, aniz by poskodily zdravou tkan.**
Klasickym ptikladem takovych 1éCiv jsou antibiotika a antimykotika, jejichz cile
se u lidi nevyskytuji. Otdzkou je, zda se 1 v nddorovych bunkach nachazi molekuly
nepiitomné v normalni tkani. Onkogenni bodové mutace neékterych signalnich proteint
by mohly takovym piipadem, ovSem design latek selektivné blokujicich pouze tyto cile
bez ovlivnéni jejich nemutovanych protéjskti je extrémné slozity. Jednodu$§im
zpusobem jak zvysit selektivitu protinddorovych 1€Civ je vysledovat kvantitativni zmény
dané onkogenni molekuly u nadorovych bunék a tuto pak ovlivnit.
Radu let bylo velkym otaznikem, pro¢ néktefi pacienti odpovidaji na danou
1écbu 1épe nez druzi, pficemz nové genetické technologie pomdhaji tento problém

rozlustit. Pro GspéSnou terapii je totiz nutné znat krom¢ onkogenniho cile téz genetické
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pozadi pacienta. Zaklady konceptu, ktery odhaluje genové interakce a mize poslouzit
k selekci vhodnych skupin pacienti, byly polozeny uz ve 20. letech minulého stoleti
apostupné¢ zdokonalovany az do soucasnosti. Pfi studiu mutaci u Drosophila
melanogaster sledoval Calvin Bridges, Ze maji jisté kombinace letalni G&inky.**' Nazev
synteticka letalita dodal tomuto jevu Theodore Dobzhansky roku 1946.*** V principu
se jedna o stav, kdy pfitomnost jednoho genu umoznuje bufice tolerovat genetické
zmény v druhém genu. Pokud je ovSem mutovan i gen prvni, pufrovaci kapacita
systému mizi, coz je pro buiiku letdlni (Obrazek 4a,b). Pomoci tohoto konceptu by
se dala vyfeSit dlouhotrvajici problematika terapii nadorti s potlacenou ¢i zcela
redukovanou expresi nadorovych supresort. Prakticky jedinou mozZnosti 1é¢by danych
onemocnéni byly doposud genové terapie, které jsou ponékud slozité, a navic se Casto
nedostavuje kyzeny efekt. Synteticky letalni interakce jsou ale zcela bézné téz mezi
geny se zvySenou expresi, a mohou byt tedy univerzalné vyuzity pro personalizovanou
1écbu.

K identifikaci SL interakci se nejprve pouzivaly modelové organismy. Roku
1999 byla vytvotfena knihovna mutant Saccharomyces cerevisiae, u niz byl kazdy ¢teci
ramec nahrazen genetickym markerem a ten byl ohrani¢en z obou stran specifickymi
oligonukleotidovymi znackami (20 bazi), které slouzily jako ,,¢arové kody* pro dany

22
kmen.?*?

Kftizeni kment poskytlo haploidni dvojité mutanty, coz sice pomohlo k urceni
SL interakci, ale bez moZnosti kvantifikace. K tomuto Ucelu poslouzilo zavedeni
univerzalni sekvence obklopujici carové kody, které umoznily jeho amplifikaci pomoci
PCR.*** Ackoli byly takto odhaleny mnohé SL interakce, bylo nutné vyuzit pro studium
Z toho dlivodu se zacaly provadét genetické experimenty téZ na Caenorhabditis
elegans, Drosophila melanogaster ¢ Mus musculus, které navic usnadnily aplikaci
RNA interference. Vzhledem ke komplikacim spojenym s antiviralni odpovédi sav¢ich
bunck na transfekci siRNA, byla tato molekula nahrazena shRNA zakodovanou
v plasmidovém nebo virdlnim vektoru.””>**® Dnesni genetika uz ke studiu pouziva
primo lidské bunééné linie. Existuji zde pak dva zakladni ptistupy, kdy prvni je zaloZen
na experimentech s riiznymi liniemi charakterizovanymi sledovanou mutaci a druhy
pracujici s isogennim parem, ktery byl uméle vytvofen mutaci objektu zajmu. Obé
strategie maji ovSem jist¢é nedostatky. Pomoci isogennich linii lze sice piesné

identifikovat SL interakci, ale pouze u dané¢ho genotypu. Samotnd RNA interferencni

strategie se navic jevi mnohdy nedokonald zdivodu nekompletniho umlceni
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studovaného genu a castych vedlejSich cilii. Pfipadna protinddorovéa 1écba tudiz
vyzaduje peclivou validaci odhalenych SL interakci v nezavislych modelech. Koncept
syntetické letality byl nasledné rozsifen pouzitim inhibitorti sledovanych makromolekul,
které jsou aplikovany na panel linii s mutacemi celé $kaly gent.”?” Kombinace mutace
a inhibitoru ustici v bunécnou smrt pak svédci o SL vztahu.

Uspéch olaparibu ¢ iniparibu v 1é¢bé prsnich nadort s deleci BRCA-1 (breast
cancer 1) nebo BRCA-2 je pravdépodobné nejznaméjSim prikladem syntetické letality.
Béhem opravy jednofetézcovych zlomi v DNA dochazi k autopolyribosylaci PARP-1
(poly(ADP-ribose) polymerase-1), kdy se takto modifikovand molekula stdva
dokovacim mistem pro vazbu dalSich proteinii zapojenych do opravy poskozené DNA.
V ptipad€é inhibice PARP-1 pomoci olaparibu resp. iniparibu se tvofi mnoho
jednotetézcovych zlomu, které maji v misté¢ replikac¢nich vidlicek za nasledek vznik
dvoufetézcovych zlomul. Buiky s normélni funkci BRCA-1 a BRCA-2 jsou schopné
opravit tato poSkozeni prostfednictvim homologni rekombinace. Pokud ovSem dané
proteiny chybi, anomalie byva opravena nehomolognim spojovanim koncil, coz vede
ke zkracovani DNA a nésledné k bunééné smrti. Podobnym piikladem SL interakce je
vztah mezi BRCA-2 a Rad52.**® Rad52 je zapojen do rozpoznani a opravy zlomi
v DNA, pokud je ovSem deletovan u BRCA-2 deficientnich bun€k, dochéazi ke vzniku
rozsahlych chromosomalnich aberaci snaslednou bunéénou smrti. Jinym casto
mutovanym genem je myc, jehoz nadmérnd exprese byla sledovana u mnoha
nadorovych onemocnéni. Bylo prokdzéno, Ze buniky se zvySenou hladinou tohoto
proteinu jsou letdlné citlivé k aplikaci agonistd DRS, receptoru pro TRAIL (tumour
necrosis factor-related apoptosis-inducing ligand).**’ Jak se v posledni dobé& ukazuje, SL
interakce jsou velmi casté a jejich odhalovani méd mimofadny vyznam pro uéinngjsi

1é¢bu nadorovych onemocnéni.

3.1. CDK jako synteticky letalni partnefi jinych gent

Jak jiz bylo zminéno dfive, aplikace klasickych protinadorovych terapii ma velmi casto
neblahé ucinky, které mohou byt potlaceny kombinaci konvenénich cytostatik
s nizkomolekularnimi inhibitory CDK. Klinické studie pak ukazuji, ze ob¢ slozky dané
1é¢by synergicky zesiluji svoje ucinky, a to i v nizSich koncentracich nez
pfi monoterapii. Pfikladi takovych kombinaci je celd tada, kterou jsme zpracovali

230

v nasem piehledném clanku (viz PFiloha 1).””" Flavopiridol jakozto nejvice studovany
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inhibitor CDK byl testovan s mnoha latkami vcetné docetaxelu, paclitaxelu ¢i SN-38,
pfiCemz za synergickymi uCinky stoji nejspiSe potlaceni opravy DNA poskozeni
v dissledku zacileni CDK regulujicich tento proces. '®+**'*** Ovlivnéni mechanismi
kontrolujicich genomovou integritu se tudiz jevi jako velmi u¢inna strategie.

Co se tyCe syntetické letality s CDK, doposud bylo odhaleno né¢kolik
potenciondlné klinicky vyuzitelnych interakci. Na zaklad¢ uspéchu PARP inhibitort
v 1écbe prsnich nddort byly sledovany dalSi interakce s proteiny zapojenymi
do odpovédi na DNA poskozeni. Mezi nové identifikovanymi geny byla objevena
CDKS3, jejiz uml€eni u bun¢k HeLa oSettenych PARP inhibitorem KU0058948 vyvolalo
fosforylaci yH2AX, narGst RADS5I ohnisek, coz vedlo k selhani opravy
jednofetézcovych zlomil s naslednou bun&énou smrti.”>® Tato studie navic odhalila
doposud nepopsanou funkci CDKS5 jakozto kontrolniho bodu S faze, ktery v ptipadé
DNA poskozeni ptredchazi mitose. O pfesném mechanismu plisobeni neni zatim piili§
znamo, ackoli se spekuluje o interakci s kinasami reagujicimi na poskozeni DNA ¢i
napojeni na SCF ubiquitinligasu. Dale se ukazalo, Ze v SL vztahu s PARP je i CDK12,
jejiz deficience zpiisobila u bunék odvozenych od rakoviny vajeénikit po aplikaci
olaparibu selhani homologni rekombinace, a to pravdépodobné v dasledku potlacené
exprese BRCAI, FANCI, FANCD2 a ATR***

Mezi Casto mutované nadorové supresory se fadi VHL (Von Hippel Lindau),
jehoz snizena produkce byla sledovana mezi jinymi i u nador ledvin. Pfi normalni
koncentraci kysliku dochazi k hydroxylaci HIF-oa (hypoxia-inducible factor a), kdy
modifikované aminokyseliny slouzi jako vazebné misto pro VHL, ktery nasledné
polyubiquitinyluje HIF-a, ¢imz ho oznacuje k degradaci. Nedostatek kysliku naopak
vede k akumulaci HIF-0, jenz interaguje s HIF-B, a takto vznikly heterodimer ptisobi
jako transkripéni faktor nékolika genii véetné VEGF, PDGF-B (platelet derived growth
factor B), TGFa (transforming growth factor a) &i EPO (erythropoietin).”” S vyuzitim
isogennich linii odvozenych pravé od nadord ledvin byla pomoci siRNA strategie mezi
jinymi detekovana CDK6 jako SL partner s VHL.”® Tato interakce byla nasledng
potvrzena pouzitim CDK4/CDK6 inhibitoru CAS 546102-60-7, ktery blokoval pouze
rist VHL™ bungk.

Vzhledem k vysoké incidenci mutaci K-Ras (Kirsten rat sarcoma viral oncogene
homolog) a jeho obtiznému farmakologickému zablokovani byly rovnéz zkouméany SL
interak¢ni vztahy, pficemz se skute¢né podatilo objevit protein, jehoz inhibice potlacuje

rust nddorG se zvySenou hladinou K-Ras. Jelikoz je K-Ras soucdsti mitogenni
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signalizace, nebylo ptfekvapenim, Zze se nové¢ identifikovanou SL molekulou stala
CDK4.”7 Nadorové linie s nadmé&rmou expresi byly totiz citlivé k umldeni CDK4,
anavic se ukdzalo, ze indukce exprese K-Ras u mySich xenograftii se ztratou CDK4
vedla k redukci nadort.

Nékolik SL vztahi s CDK bylo objeveno i u onkogend rodiny Myc. U linii
odvozenych od néadorG prsu snadmérnou produkci Myc, které neodpovidaji
na hormondlni terapii (trojité negativni vic€i receptoru pro estrogen, progesteron
a HER2) doslo po umléeni CDK1 k indukci apoptosy, a navic byl potlacen i riist mySich
xenografti.”*® Aplikace purvalanolu A a dinaciclibu pak méla stejny dopad na viabilitu
trojité negativnich linii se zvySenou expresi Myc jakozto i mysich xenograft.”’
Za mechanismem ucinku pravdépodobné stoji potlacena fosforylace antiapoptotického
proteinu survivinu v disledku inhibice CDK1.2***! Krom& CDK1 byl potvrzen SL
vztah t6Z mezi CDK2 a MYCN.**? Umlgeni CDK2 totiz indukovalo apoptosu
u neuroblastomovych linii se zvySenou produkci MYCN, kdy simultdnni umlceni
CDK2 a MYCN nemélo vliv na buné€nou viabilitu. K SL partnerim Myc v neposledni
rad€ patii CDKY, jejiz farmakologickd inhibice stejné jako genetické umlceni mély
protinddorové Gcinky u linii odvozenych od hepatocelularniho karcinomu s nadmérnou
hladinou Myc.**?

SL s CDK by mohla byt vyuzita také pii terapii doposud obtizné 1é€itelného
glioblastomu. Ukdazalo se totiz, ze imidazopyridin PIK-75, jenz byl pivodné povazovan
predevSim za inhibitor PI3K (phosphoinositide 3-kinase), blokuje t¢éz CDK1 a CDK2,
au linii odvozenych od glioblastomu s normalni funkei PTEN indukuje atpoptosu.244
Pfi genetickém umlc€ovani se ukazalo, Ze samotnd inhibice CDK1 ¢1 CDK2 po pouziti
PI3K inhibitoru neovliviiuje viabilitu glioblastomovych bunék s normalni funkci PTEN,
coz svéd¢i o vzajemné kompenzaci obou kinas, zatimco simultanni umlceni CDKI
a CDK2 vyrazné indukuje apoptosu bunék ovlivnénych PI3K inhibitorem.

V poslednich letech byla vyvinuta celd fada CDK inhibitort, i kdyZ jejich
uplatnéni v 1é€bé nadorovych onemocnéni bylo zatim rozporuplné. Na zaklade
popsanych piikladd SL vztahd je vSak zfejmé, Ze medicindlni chemie zaméfena
na syntézu novych CDK inhibitord ma vyznam. Pro optimalni terapii bude ale nutné

identifikovat nové genové interakce a zaroven znat genetické pozadi danych chorob.
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Obrazek 4 Koncept syntetické letality a ptiklady synteticky letdlnich vztahi s CDK
(pfevzato z Vymétalova & Krystof 2016).

4. Protein Mcl-1, regulator apoptosy

Jak se ukézalo, pfi 1écbé mnoha onemocnéni vyznacujicich se nadmérnou proliferaci
urcitého typu bunék, se jevi velmi vhodnou strategii indukovat jejich apoptosu. Jednou
z kliCovych molekul fidicich tento proces je antiapoptoticky protein Mcl-1, jehoz Casté
deregulace zduraziluje potfebu objeveni piistupu, ktery pomiize potlacit jeho hladinu.
Pro efektivni zpusob zacileni je pak nutné znat strukturu a stejné tak i funkce tohoto
proteinu.

Mecl-1 byl piivodné identifikovan jako rany gen exprimovany béhem diferenciace
bun¢k myeloidni linie ML-1 a zéaroven byla prokdzana sekven¢ni podobnost
s antiapoptotickym proteinem Bcl-2, ktery je soucasti rodiny proteind regulujicich
apoptotické procesy.”*® Jeji ¢leny lze nazékladé funkci a piitomnosti Bcl-2
homolognich domén (BH) rozdélit do tfi skupin. Bcl-2, Bel-X;, Bel-W (Bcl-2-like
protein 2) a Bcl2A1 (Bcl-2-related protein Al) obsahuji BH1-4 domény vcetné
transmembranové (TM) sekvence a vykazuji antiapoptotickou aktivitu. Bax, Bak (Bcl-2
homologous antagonist killer) a Bok (Bcl-2 related ovarian killer) maji podobnou
strukturu, ackoli postradaji BH4 doménu a podporuji apoptosu formovanim port
ve vnéjsi mitochondridlni membrané, které propousti cytochrom c¢ do cytosolarniho
prostoru, kde dochazi k tvorbé apoptosomu a aktivaci kaspas. Posledni a zaroven

nejveétsi  skupina je prezentovana proteiny pouze sBH3 doménou, ato Bik
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(Bcl-2-interacting  killer), Hrk (harakiri, Bcl-2-interacting protein), Bim
(Bcl-2-interacting mediator of cell death), Bad (Bcl-2-associated death promoter), Bid
(BH3-interacting domain death agonist), Puma, Noxa (/at. zniCeni, phorbol-12-
myristate-13-acetate-induced protein 1) a Bmf (Bcl-2 modifying factor), jejichz vazba
na Bax, Bak ¢i Bok vede k formaci pord, ale jsou také schopné zablokovat funkce
antiapoptotickych proteinli vazbou BH3 helikalni ¢asti do hydrofobni kapsy tvotfené
BHI-3 doménami.** Je tedy ziejmé, ze pomér mezi jednotlivymi ¢leny rodiny fidi
viabilitu bun€k a naruseni rovnovahy vede ke vzniku nejriizn€jSich onemocnéni.

Mecl-1 je umistén na chromosomu 1q21, pfi¢emz obsahuje 3 exony a nejméné 2
polyadenyla¢ni mista. Béhem sestfihu mRNA mohou vzniknout 3 rGzné varianty,
ato Mcl-1L kodujici protein s 350 aminokyselinami (AK), TM a BHI1-3 doménami,
dale Mcl-1S s271 AK postradajici BHI,2 a TM a Mcl-1ES se 197 AK rovnéz
bez BHI,2 a TM Kim et al 2009).2*** Kratké formy se podobaji proteinim s BH3
doménou, a jsou tudiz schopné vykonavat proapoptotické funkce vazbou k Mcl-1L.
VSechny varianty Mcl-1 se 1i$i od ostatnich ¢lenli Bel-2 rodiny obsahem specifickych
sekvenci bohatych na Pro, Glu, Ser a Thr (PEST) na N-konci, které jsou typické
pro proteiny s kratkym polocasem rozpadu (u Mcl-1 méné nez 1 h).**

Mcl-1 je cilem cetnych posttranslacnich modifikaci fidicich pfedev§im jeho
stabilitu. Ustfedni roli hraje pravdépodobné fosforylace Thr163 prostfednictvim ERK-1
(extracellular signal-regulated kinase 1) & JNK (c-Jun N-terminal kinase).”"*>
Nésledna fosforylace Thr92 a kontakt s Pinl vede ke zvySené stabilité, stejné jako
fosforylace Ser121 pomoci JNK. Thr163 ovSem slouzi také jako zéklad dalSich
fosforylaci Ser155 a Ser159 prostfednictvim GSK3p, které maji za nasledek oznaceni
proteinu B-TrCP (B-transducin repeat containing E3 ubiquitin protein ligase) a jeho
degradaci v 26S proteasomu (Obrazek 5). Krom¢ fosforylacné zavislého odbouravani
je Mcl-1 konstitutivné odstrafiovan u neovlivnénych 1 stresovanych bunék pomoci Mule
(Mcl-1 ubiquitin ligase), kterd interaguje s BH3 hydrofébni vazebnou kapsou
Me]-] 253254
a Bax. Po zahiajeni apoptosy Bik, Noxa a tBid vytésni a nahradi oba proteiny,
coz umozni jejich oligomerizaci a dalsi apoptotické kroky.”>*" Aktivace kaspasy 3
navic vede ke Stépeni Mcl-1L za Aspl127 resp. Aspl57, kdy vznika C-proapoptoticky
fragment.”® Mcl-1 je také schopny interagovat s PCNA (proliferating cell nuclear

- v . I oy vy 7 ;=259
antigen), coz ma za nasledek zablokovani bunétného cyklu v S-fazi. Vazba
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Obrazek 5 Posttranslacni modifikace Mcl-1. A Souhrn modifikovatelnych mist. B
Kinasy tidi osud Mcl-1.

proteolytického fragmentu Mcl-1 k CDK1 vede k jeji snizené aktivité a zastaveni
v G2/M f4zi ainterakce s CHK1 (check kinase 1) zase k akumulaci bunék v G2 fazi
v zavislosti na fosforylaci CHK1 pomoci ATR.***2¢!

Komplexni funkce Mcl-1 v ramci celého organismu byla zkoumana pomoci
podminénych mutaci, kdy Mcl-1 deficientni mySi vykazaly jiz periimplanta¢ni

letalitu.?

Delece Mcl-1 béhem rané diferenciace lymfocytl zastavila jejich vyvoj
a zaroven u nich indukovala apoptosu, ktera byla detekovéana i u zralych B a T bunék
s Mcl-1 deficienci.*® Mcl-1 delece u ranych hematopoetickych progenitori zase
zpusobila ztratu kostni dfené, coz prokdzalo, ze je Mcl-1 kriticky reguldtor udrzujici
homeostazu hematopoetickych kmenovych bungk.”**

Béhem poslednich let byl prokazan mimofadny vyznam Mcl-1 exprese u mnoha
nadorovych onemocnéni vcetné chronické myeloidni leukémie, B-bunééného lymfomu,

chronické lymfoidni leukémie, lymfomu plastovych bunck, mnohocetného myelomu,
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hepatocelularniho, pankreatického a testikuldrniho karcinomu, rakoviny délozniho

&ipku, melanomu a nemalobuné&éného karcinomu plic.?*>>"

Ke zvySené expresi Mcl-1
Casto prispiva vliv nejriznéjSich cytokini a rastovych faktort, které aktivuji Cetné
signalni drahy zahrnujici MAPK (mitogen-activated protein kinase)/ERK, PI3K ¢i Jak
(Janus kinase)/STAT (signal transducer and activator of ‘[ranscription).276 IL-6
(interleukin 6) aktivoval u linie odvozené od mnohocetného myelomu a bunck
cholangiokarcinomu STAT3, jehoz konstitutivni aktivace byla esencialni i pro pfeZivani
diferencovanych makrofagi.””’?” zase ukazali, e IL-3 zapina signalizaci
PI3K/proteinkinasa B/CREB (c-AMP response element-binding protein) resp.
p38MAPK/PU.1 vedouci k nadmémé produkci Mcl-1.2%2*" Popsani zapojeni Mcl-1
v nddorové transformaci vedlo ke snaze eliminovat pravé tuto molekulu a pomérné
efektivni se jevi potladeni jeji transkripce pomoci CDK inhibitort.'>>!"®!72%2 Nage
studie prokazala, ze potlaceni jeho exprese prostfednictvim nizkomolekularnich
transkripénich inhibitori vede k rapidnimu poklesu viability a indukci apoptosy
u mnohocetného myelomu (nepublikované vysledky).

Ackoli se mnoho let pouze spekulovalo o spojeni mezi rakovinou a zanétem,
mnohé epidemiologické studie tuto myslenku potvrdily, a navic se ukazalo, Ze zanétlivé
slozky jsou piitomné v mikroprostiedi vétsiny neoplastickych tkani*®® Genetické
zmény vedouci ke vzniku nddort jednak samy o sobé podnécuji prozanétlivé procesy,
jejichz mediatory jesté vice prohlubuji genetickou nestabilitu, ale je téz prokazano, ze
chronické zanéty veetné infekci ¢i autoimunitnich onemocnéni zplsobuji vznik mnoha
malignit. ZasaZeni imunitni odpovédi miize byt tudiz vyuZzitelné i pii 1écbé rakoviny.
Neutrofily, které jsou soucasti pfirozené imunitni odpovédi, by se mohly stat jednim
z cild takovych terapii. Vznik zénétlivych ¢i autoimunitnich onemocnéni je totiz ¢asto
spojen s inhibici jejich apoptosy a nadmérnou aktivaci nékterych funkci. Jelikoz je pro
udrZovani Zivotaschopnosti neutrofild kli¢ovy pravé Mcl-1, mohly by CDK inhibitory
indukovat jejich apoptosu. NaSe nové syntetizované CDK inhibitory skute¢né snizovaly
viabilitu neutrofilii izolovanych zkrve zdravych déarct v disledku snizené exprese
Mecl-1, potlatovaly ucinky GM-CSF (granulocyte-macrophage colony-stimulating

factor) a blokovaly tvorbu ROS (reactive oxygen species) (Vymeétalova et al v ptiprave,

Priloha 3).
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5. Neutrofily, zakladni sloZky imunitni odpovédi

Zanét jakozto proces predstavuje klicovy prvek antimikrobidlniho imunitniho systému,
ktery byl peclivé stfezen béhem evoluce v prabéhu miliont let. Tato zakladni bunécna
obrana byla zaroven nepfetrzit¢ zdokonalovdna diky mikroorganismim napadajicim
lidské telo a také mechanismiim, jez dané patogeny vyvijely pii snaze uniknout imunitni
obrang. Za normalnich podminek nejriiznéjsi imunitni elementy navzajem spolupracuji
pii odhalovani nezddoucich mikrobt, jako jsou bakterie, houby ¢i viry, a zajistuji jejich
eliminaci pted pfipadnym zmnozenim, Sifenim a poSkozenim jinych ¢asti lidského téla.
V konecné fazi je pak nutné, aby aktivované zanétlivé buiiky podlehly apoptose a byly
odstranény z mista zanétu, coz vede k navratu k ptivodnimu poctu imunitnich Cinitelt

’ sy 7 284
a obnoveni tkafové homeostasy.”®

5.1. Zrani, mobilizace a aktivace neutrofili

Granulocyty ptfedstavuji prvni bunécné typy, které jsou ptitahovany do infikovanych
oblasti v obrovském mnozstvi, kde poté vyuZivaji svlij obranny materil
pfi odstranovani nezaddoucich podnétl. Neutrofily, znamé téZ pod ndzvem
polymorfonukledrni  leukocyty, tvoifi nejpocetnéjsi populaci bilych  krvinek
(2,0-7,5x10°/1). Jejich nazev byl odvozen od zbarveni histologickych preparatd
pfi pouziti hematoxylinu a eosinu. Na rozdil od basofilli a eosinofilli, které se barvi
modre resp. cervené, neutrofilni komponenty zlstavaji neutralné¢ riZzové. Neutrofily
se vyviji v kostni dfeni z CD34" pluripotentnich kmenovych bundk v draze zahrnujici
nasledujici faze: myeloblast, promyelocyt, myelocyt a metamyelocyt, a to v zavislosti
na fad¢é faktort jako IL-3, G-CSF (granulocyte colony-stimulating factor) nebo
GM-CSF.**** Pod vlivem chemotaktickych signalii, jakymi jsou napiiklad LPS
(lipopolysaccharide), fMLP (N-formyl-methionyl-leucyl-phenylalanine), TNF-a (tumor
necrosis factor a), IL-1p nebo IL-17, produkovanych v mistech zanétu jsou neutrofily
vychytavany endotelidlnimi bufikami z cévniho fecisté prostiednictvim interakce mezi
P- a E-selektiny na povrchu endotelu a PSGL-1 (P-selectin glycoprotein ligand-1)
a L-selektinu konstitutivné exprimovanych neutrofily.**’** Bshem nasledného kutaleni
po endotelu dochéazi k aktivaci signalnich kaskad zahrnujicich Src (proto-oncogene
tyrosine-protein kinase), Syk (spleen tyrosine kinase), PI3K a MAPK, coz vede

v disledku k expresi P2 integrinii, které zakotvi neutrofil po vazbé na ICAM-1
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290292 Nasledné  dochazi

(intercellular adhesion molecule 1) vjednom miste.
k transmigraci neutrofilu podél endotelidlnich spoji, vysunuti lamelipodia a dalsi

chemotaxi ke zdroji signalu.

5.2. [Eliminace Skodlivych faktori

Vzhledem k rozmanitosti patogennich druhli a nespoctu jejich toxickych efekta
vyvinuly neutrofily pestrou Skdlu antimikrobialnich prostfedki, které se znatelné lisi
v mechanismech ucinku tak, Ze jsou schopny postihnout nejriiznéjsi procesy nezbytné
pro vznik, rozvoj a Sifeni infekce.

Jako zastupci granulocytii obsahuji neutrofily 3 zakladni typy granulovych
struktur, jmenovité azurofilni (primarni), specifické (sekundarni) a terciarni nazyvané
také jako gelatinové. Navic se v jejich cytoplasmé nachézi tzv. sekre¢ni granule, které
na rozdil od predeslych organel nevznikaji odStépenim z Golgiho aparatu, nybrz
endocytosou.”” Tyto vagky slouzi jako rezervoar membranovych receptort, které jsou
po fuzi granuli s cytoplasmatickou membranou aktivovany interakci s cilovymi
molekulami, coz vede k mobilizaci terciarnich granuli obsahujicich metaloproteasy jako
je gelatinasa nebo leukolysin, jejichZ aktivace napomahd priiniku neutrofilu pfes bazalni

, 2942
membranu. >+

V mist¢ infekce pak dochdzi kuvolnéni obsahu specifickych
a azurofilnich granuli do extracelularniho ¢i fagosomalniho prostoru. Specifické vacky
jsou jednak zdrojem mnoha antimikrobialnich sloucenin vcetné laktoferinu, lysozymu
nebo NGAL (neutrophil gelatinase-associated lipocalin), ale v jejich membrané je navic
ukotvena dulezitda komponenta NADPH oxidasy flavocytochrom b558 zajistujici
iniciaci oxidativniho vzplanuti (viz nize).”**"’ Mobilizace azurofilnich granuli vede
kone¢né k uvolnéni kompletniho toxického materidlu vcetné defensind, lysozymu,
neutrofilni elastasy, proteinasy 3, katepsinu G nebo MPO (myeloperoxidase).”"
Oxidativni vzplanuti a tvorba ROS predstavuje dalSi obrannou strategii proti
nezddoucim patogentim. Béhem degranulace dochazi k formovani NADPH oxidasy
katalyzujici ptenos elektronu na molekularni kyslik za vzniku superoxidu, ktery podléha
rapidni pfeméné na peroxid vodiku nebo reaguje s oxidem dusnatym pii tvorbé jeste
agresivnéjSiho peroxynitritu. Uvnitt fagosomu MPO katalyzuje produkci kyseliny
chlorovodikové v reakci chloridového iontu s peroxidem vodiku.”® Antimikrobidlni
ucinky HCl se nasledné projevi v pifimé reakci s patogenem a zaroven nepiimo
po modifikaci aminovych skupin proteinti na chloraminy, které maji rovnéz toxické

. 299
vlastnosti.
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Obrazek 6 Odstranéni nezadoucich patogenii neutrofily.

Pro uplatnéni zminénych strategii je nutny bezprostfedni kontakt neutrofilu
s puvodcem infekce, ktery je zajiStén dvéma zpusoby. Pokud je mikroorganismus
dostatecné maly, mize byt pohlcen pii tzv. fagocytose. Po vytvofeni fagosomu zac¢ina
mobilizace specifickych a primarnich granuli, tyto fuzuji s fagosomélni membranou,
a jejich obsah tak kone¢né pfichazi do kontaktu s patogenem. Navic se na membrané
formuje NADPH oxidasovy komplex produkujici ROS. Fagocytosa také napomaha
iniciaci apoptosy neutrofilu v procesu nazyvaném PICD (phagocytosis-induced cell
death).*® Druhym zptisobem interakce s patogenem jetvorba NET (neutrophil

301

extracellular traps). Jednd se o vlaknité struktury sloZené z dekondenzovaného

chromatinu, histon a granuldrnich proteind, které zachycuji nejriznéjsi

mikroorganismy, a vystavuji je tak vysoké koncentraci toxickych latek (Obrazek 6).”

5.3. Konec¢na faze zanétlivé reakce

V poslednim staddiu imunitni odpovédi probihd nejen odstranéni apoptotickych

a nekrotickych neutrofilii, ¢imz se vyrovnava jejich plvodni hladina, ale dochézi

rrrrr
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Jakmile neutrofil splni svou obrannou funkci, podléha bunééné smrti a zaroven
vysila signdly slouzici jako atraktanty makrofagl. NejznaméjSimi zéstupci téchto
molekul jsou EMAPII (endothelial-monocyte activating polypeptide II), trombospondin
1, LPC (lysophosphatidylcholine) a SIP (sphingosine-1-phosphate).’®> Specifické
rozpoznani nekrotickych a apoptotickych bunék je pak zajiSténo pomoci interakce
makrofagovych receptort s ligandy v cytoplasmatické membrané neutrofilu, pfipadné
vyuzivaji daldi rozpustné molekuly jako prostiedniky t&chto kontaktd.’”> B&hem
nekolika poslednich let bylo identifikovano mnoho takovych signal, ovSem nejvice
prostudovanou molekulou zodpovédnou za odstranéni odumirajiciho neutrofilu se stal
fosfatidylserin, ktery je pfi apoptose vystaven ve vné&jSi vrstvé cytoplasmatické
membrany. U zivych bunék je jeho pozice ve vnitini vrstvé udrzovana pomoci
aminofosfolipidtranslokasy, jejiz aktivita bshem bun&éné smrti klesa. """
Po zachyceni neutrofilu dochézi k aktivaci signalnich drah zahrnujicich rodinu Rho
(Ras homology) GTPas ovliviiyjicich zménu cytoskeletalniho uspotfadani, naslednou
tvorbu fagosomu a rozitdpeni jeho obsahu na zakladni elementy.*”?

Na rozdil od pocate¢ni faze imunitni reakce, kdy neutrofily sekretuji zanétlivé
lipidové molekuly typu prostaglandinti a leukotrientl, v zavére¢ném stadiu piepinaji svij

expresni profil a produkuji lipoxiny, resolviny a protektiny.*"

Tyto slou€eniny blokuji
dalsi pfiliv neutrofild 1 jejich pfipadnou aktivaci, a navic podporuji fagocytosu
prostiednictvim makrofagt, které nasledné syntetizuji protizanétlivé cytokiny jako je

TGF-B a IL-10.°9%"

5.4. Patologicka aktivita neutrofili u nékterych zanétlivych
onemocnéni

Zanétlivé choroby postihuji nejriiznéjsi ¢asti lidského téla a vznikaji v disledku fady
imunitnich defekt. Casto dochazi k nadmémym a dlouhotrvajicim obrannym reakcim
v situaci, kdy neni organismus schopen eliminovat patogen nebo jinou cizorodou
¢astici, coz poté vede k poSkozeni tkané. V jinych piipadech byla prokazana imunitni
reakce vici antigenim télu vlastnim. V nésledujicim ptehledu budou popsany pficiny
a nasledky vzniku nékterych zanétlivych onemocnéni spojenych s nespravnou funkci
¢i prodlouzenou zivotnosti neutrofild.

Vaskulitida je pouZzivana jako souhrnny nazev pro nékolik riznych onemocnéni

zpusobenych produkci protilatek vici MPO (p-ANCA) a proteinase 3 (c-ANCA)
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neutrofil.**®

Vytvotfené imunitni komplexy aktivuji neutrofily, které podléhaji
degranulaci, dochazi k produkci superoxidu, zanétlivych cytokini a tvorbé
extracelularnich siti.’” Nejznamé&j§imi onemocnénimi jsou Wegenerova granulomatosa
napadajici malé cévy v dychacim ustroji za tvorby granulomti a glomerulonefritida
postihujici ledviny.

Systémovy lupus erythematodes napadd cetné tkané a organy vcetné kuze,
ledvin, kloubti, srdce a dalSich. Toto rovnéz autoimunitni onemocnéni zplsobuje
obrannd reakce vic¢i jadernému chromatinu neutrofili a antimikrobidlnimu peptidu
katelicidinu LL37.*'%*"" Vzniklé imunitni komplexy stimuluji tvorbu neutrofilnich
extracelularnich siti (NETosa), které¢ aktivuji pDC (plasmacytoid dendritic cells)
produkujici IFNy (interferon 7y) prostfednictvim TLRY (Toll-like receptor 9). IFNy
podporuje dalsi NETosu neutrofilli a cely proces se opakuje.

V piipadé¢ bulosniho pemfigoidu je imunitni reakce namifena proti
hemidesmosomalnim proteinim BP180 a BP230, které v komplexech s protilatkami
podporuji uvolnéni gelatinasy B degradujici al-proteinasovy inhibitor elastasy a ta
nasledn¢ rozstépi BP180, pfiCemz vzniklé peptidy slouzi jako atraktanty dalSich
neutrofili.*'? U pacientil s bulosnim pemfigoidem se ¢asto vyskytuji podkozni puchyie
objevujici se zprvu na koncetindch a nasledné téz na trupu. Bulosni epidermolyza je
zase zpusobena tvorbou protilatek proti kolagenu typu VII tvofici vldknité struktury,
které zpeviiuji prechod mezi pokozkou a Skarou. Bulosni epidermolyza se projevuje
prevazné tvorbou puchyiii na kiizi, ale také na sliznicich. Pro vyvoj tohoto onemocnéni
je nutnd funkce NADPH oxidasy, coz bylo prokdzano experimentem, kdy byl geneticky
umlcen Ncfl (neutrophil cytosolic factor 1), ktery je jeji podjednotkou. Mysi modely
s Ncfl deleci byly rezistentni vici experimentalni bulosni epidermolyze, pficemz
injekce Ncfl™" granulocytii obnovila nachylnost k této chorob.*"

OvSem nejzndméj$im autoimunitnim onemocnénim s nejvyssi incidenci je
revmatoidni artritida (RA). Pivodcem vzniku této choroby je tvorba protilatek proti
nékolika riiznym antigentim, z nichz byly doposud prokazany nasledujici: kolagen typu
II, cyklické citrulinované peptidy a Fc fragmenty IgG.>'* RA postihuje predeviim
kloubni spojeni, kde neutrofily syntetizuji v pocatecni fazi LTB4 (leukotriene B4), ktery
posléze autokrinné aktivuje BLT1 (LTB4 receptor), a tim podporuje ptiliv neutrofild.>"
Imunitni komplexy slozené ze zminénych antigent stimuluji syntézu IL-8 neutrofily,

v ... v . . 31 w , .
coz vede kjejich dalsi masivni migraci.’'® Ptitomné imunokomplexy jsou v tomto

stadiu rovnéz zodpovédné za aktivaci neutrofilniho Fcy receptoru, naslednou
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degranulaci a produkci ROS.*"7 V koneéné fazi dochézi k destrukei kolagenové matrix,
synovialni hyperplazii za vzniku ztlu§télé membrany zvané pannus, kterda izoluje
chrupavku od vyzivné synovialni tekutiny, odumirani chondrocyti a v zavéru ke kostni

€rozi.

5.5. Lécba zanétlivych a autoimunitnich onemocnéni

Soucasné terapie vétSiny zanétlivych a autoimunitnich onemocnéni jsou ptrevazné
zalozeny na modifikaci funkci neutrofild. Nejhojnéji pouzivanymi léky se staly
kortikosteroidy, které snizuji produkci ROS, degranulaci a migraci do mista zanétu
a DMARD (disease-modifying antirheumatic drugs) potlacujici navic syntézu

chemoatraktantu LTB,.>'**"

Vzhledem k nespecifité¢ téchto 1¢kt, a tudiz Castym
vedlej§im u¢inkiim se moderni medicina intenzivné vénuji vyvoji sloucenin, které by
selektivné postihly deregulované bunécné procesy.

Mezi prvnimi signalnimi drahami zapojenymi do patogeneze RA byla
identifikovana Jak/STAT kaskada spoustéjici expresi zanétlivych cytokini a genl
podporujicich prezivani buiiky.****' Vyzkum 1é¢by RA se proto zaméfil na vyvoj
nizkomolekularnich inhibitorit Jak, znichZz byl uZz jeden schvélen pro terapii
pokrocilych ~ stddii RA  neodpovidajici na aplikaci methotrexatu. Jedna
se o pyrrolopyrimidin s ndzvem tofacitinib (CP-690,550), ktery preferen¢né blokuje
aktivitu Jak3 a Jak1.**? Tofacitinib je oraln dostupny a jeho poloas rozpadu
se pohybuje kolem 3 h. Mezi klinicky testované inhibitory se dale zatfadil ruxolitinib
(INCB018424) blokujici Jak1 a Jak2.**> Krom& Jak/STAT dréhy piispivaji ke vzniku
arozvoji RA také MAPKkinasovéa a PI3K/Akt/mTOR (mammalian target of rapamycin)
signalni draha. N¢kolik inhibitort p38, véetné SCIO-469, VX-702 nebo pamapimodu,
postoupilo az do klinickych zkousek, ve kterych se ukézalo, Ze 1 kdyZ tento typ latek
potlacuje  tvorbu C-reaktivniho proteinu, v dlouhodobém méfitku postrada
324327

ucinnost. Jednim z ddvodi tohoto selhani mize byt =zapojeni p38

(R-788), jehoz ucinky byly ovSem v klinickych testech 1écby RA srovnatelné s ucinky
placeba.®® Na zakladé téchto zjisténi je nasnadé hledat nové piistupy jak zacilit
aberantni imunitni procesy.

Vzhledem k faktu, Ze u mnoha zanétlivych onemocnéni dochazi k nepfimétrené
proliferaci neutrofilti, se jevi mnohem ucinn¢jSim zplsobem jejich 1é¢by indukce
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329 Tento predpoklad byl potvrzen experimentem, ve kterém injekce

bunécné smrti.
apoptotickych neutrofilii ochranila mysi pred smrti zpiisobenou LPS.**" Pro vytvoreni
efektivni strategie indukce apoptosy vSak bylo nejprve nutné komplexni prostudovani
apoptotickych pochodii neutrofilti.

Apoptosa u neutrofili mize byt stejné¢ jako u ostatnich bunck aktivovana
extracelularnimi ligandy, které zapinaji signalni kaskadu fizenou receptory smrti, nebo
naruSenim integrity mitochondridlni membrany s naslednou tvorbou apoptosomu.
Kromé téchto dvou drah existuje u neutrofilu unikatni modifikace vnéj$i apoptotické
dréhy, kdy starnouci neutrofil neni schopen udrzet redoxni status, coz vede k aktivaci
sfingomyelinasy prostfednictvim ROS, tvorbé ceramidu formujiciho lipidové rafty,
v nichZ dochézi k agregaci receptort smrti a nasledné aktivaci kaspasy 8.>*!

Béhem intenzivniho zkoumani apoptotickych drah neutrofilu byla objevena
zasadni funkce proteinu Mcl-1 vregulaci integrity mitochondridlni membrany.
Leuenroth et al (2000) ukazali, Ze mnozstvi Mcl-1 béhem starnuti neutrofilu postupné
klesa, ¢imZ se narusuje rovnovaha mezi pro- a antiapoptotickymi proteiny Bcl-2 rodiny
a naslednd dochazi k indukci apoptosy.”*> RovnéZ bylo prokazano, ze mnohé faktory
podporujici preziti (GM-CSF, LPS, butyrat sodny, IL-1B) udrzuji konstantné vysoké
hladiny Mcl-1.** Pfesné mechanismy, které zodpovidaji za regulaci Mcl-1, nejsou viak
doposud detailn¢ znamy, ackoli jsou predmétem usilovného vyzkumu.

O CDK, které¢ byly plvodné povazovany za regulatory bunécéného déleni,
se domnivalo, Ze by nemély byt exprimovany terminaln¢ diferencovanymi neutrofily
bez proliferaéniho potencidlu. Klausen et al (2004) skute¢né prokazali ztratu exprese
CDKI1, CDK2, CDK4 a CDK6 béhem diferenciace myeloidnich progenitori, ovSem
v nékolika dalSich experimentech byly naopak detekovany vysoké hladiny CDK?7
a CDK9.%*"® Bghem starnuti pak dochazi k poklesu CDK9 aktivity a pravdépobnd
spolu s ni i Mcl-1.” Kli¢ova funkce CDKO v regulaci Zivotaschopnosti neutrofilu byla
potvrzena jeji farmakologickou inhibici pomoci flavopiridolu, DRB a roskovitinu, kdy
doslo k potlageni exprese Mcl-1 a nasledné k indukci apoptosy.® Nedavné experimenty
rovnéz naznacily zapojeni RNAPII do tohoto procesu, kdy inhibice CDK7 a CDK9
vede k potlaceni fosforylace RNAPII, coz mé za nasledek pokles hladiny Mcl-1 a dale
indukci apoptosy.6’7

Predeslé poznatky iniciovaly testovani CDK inhibitori proti nejriznéjSim
zanétlivym onemocnénim, piicemz nejvice prostudovanou slouceninou se stal

roskovitin. Rossi etal (2006) vyuzili pfi experimentech hned tfi mys$i modely.**’
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U pasivné indukované artritidy doslo po podani roskovitinu k utlumeni zanétlivé reakce
uz pét dni po prvni injekci séra z artritické mysi, coz bylo prokdzano zlepSenymi
klinickymi skore. Roskovitin dale snizil celkovych pocet neutrofilti u modelu plicniho
poskozeni indukovaného bleomycinem a zaroven redukoval komplexni poSkozeni
tkan¢. U akutniho  zanétu  pohrudnice = vyvolaného  karagenanem  doslo
po intraperitonedlnim podéani roskovitinu ke snizeni poctu zanétlivych bunék a redukci
edému. Roskovitin také indukoval apoptosu neutrofili u mysi s pneumokokovou
meningitidou, a to jak in vitro, tak in vivo.*** Moriceau et al (2010) pak demonstrovali
obnoveni potladené apoptosy neutrofilii izolovanych z pacientil s cystickou fibrosou.*’
Podrobnéjsi studium mechanismu indukce apoptosy neutrofili pomoci CDK inhibitorii
ukazalo zavislost na aktivaci kaspas.>’ CDK inhibitory byly navic natolik u¢inné, e
dokazaly potlacit ucinky nékolika faktort (LPS, GM-CSF, db-cAMP) podporujicich

TR 335
pfezivani neutrofilu.
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6. Metody
6.1. Analyza bunécného cyklu

Po ovlivnéni byly buniky naznaceny 10 uM BrdU (5-bromo-2’-deoxyuridine) 30 min
pti 37°C, sklizeny trypsinizaci, zcentrifugovany pii 200 g po dobu 5 min, promyty PBS,
zafixovany v 70% ethanolu a denaturovany v 2M HCI. Po neutralizaci byly bunky
inkubovany s fluorescentné¢ znacenou protilditkou proti BrdU, promyty, obarveny
propidium jodidem a analyzovany pomoci pritokového cytometru Cell Lab Quanta SC

(Beckman Coulter).

6.2. Imunofluorescence

Suspenzni buniky byly po ovlivnéni zcentrifugovany pii 200 g po dobu 5 min,
rozsuspendovany v Cerstvém médiu a inkubovany se sklicky pokrytymi polylysinem
20 min pii 37 °C. Poté byla sklicka dvakrat oplachnuta PBS a fixovéna ve smési
methanolu a acetonu (1:1) 30 min pii -20 °C. Sklicka byla dale rehydratovana béhem
10 min v PBS, promyta médiem s 10% fetalnim telecim sérem a inkubovéna s primarni
protilatkou 1 hod pii pokojové teploté. Nasledné byla sklicka tiikrat promyta PBS
a inkubovana s fluorescen¢né znac¢enou sekundarni protilatkou 1 hod opét pti pokojové
teploté. Po inkubaci byla sklicka tfikrat promyta PBS, jadra byla obarvena pomoci
DAPI (4’,6-diamino-2-phenylindole) (MP Biomedicals), naposled promyta vodou
a zamontovana na mikroskopicka sklicka pomoci Mowiolu (Calbiochem). Fluorescence

byla sledovdna na mikroskopu Olympus BX50 s digitalni kamerou Olympus DP71.

6.3. Stanoveni cytotoxicity

Cytotoxicita testovanych sloucenin po 72 hod inkubaci byla stanovena bud’ pomoci
roztoku Calcein AM (Sigma Aldrich) nebo MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (Sigma Aldrich). V prvnim pfipadé byl k bunkam pfidan
roztok Calcein AM a po hodinové inkubaci byla zméfena fluorescence vzniklého
produktu pomoci destickového readeru Fluoroscan Ascent (Labsystems) pii 485/538
nm. V druhém ptipadé bylo do kazdé jamky ptfiddno MTT (0,5 mg/ml) s néslednou
inkubaci pfi 37°C po dobu 4 hod. Vznikly produkt byl rozpustén ve 100 ul DMSO
(dimethyl sulfoxide) a absorbance byla zméfena pomoci destickového readeru Synergy
H4 Hybrid Multi-mode (BioTek) pti 570 nm. Z vyslednych kiivek byly stanoveny
hodnoty ICs, tedy koncentrace latek letalni pro 50 % bunék.
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6.4. Test inhibice proteinkinas

Komplex CDK2/cyklin E byl produkovan v hmyzich buitkach Sf9 s vyuzitim
bakuloviralni infekce a purifikovdn na NiNTA (nickel-nitrilotriacetic acid) (koloné
(Qiagen). CDK5/p35 byl zakoupen od firmy ProQinase GmbH. Reak¢ni kinasova smés
obsahovala 1 mg/ml histonu H1, 15 ¢i 0,15 uM ATP pro CDK2 resp. CDKS, 0,05 uCi
[y->*P]ATP a testovanou slouceninu v celkovém objemu reakéniho pufru 10 ul (60 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)-NaOH, pH 7,5; 3 mM
MgCl,, 3 mM MnCl,, 3 uM orthovanadat sodny, 1,2 mM DTT (dithiothreitol), 2,5 pg /
50 pul PEGago00 (polyethylene glycol)). Reakce byla zastavena ptidavkem 5 ul 3%
vodného roztoku H;POs4. Alikvoty byly pipetovany na P-81 fosfocelulosovy papir
(Whatman), tfikrat promyty 0,5% vodnym roztokem H3;PO4 a vysuSeny na vzduchu.
Kinasova inhibice byla kvantifikovana pomoci FLA-7000 digitalniho obrazového

analyzatoru (Fujifilm).

6.5. SDS-PAGE a imunodetekce

Po ovlivnéni byly bunky zlyzovany ve vzorkovacim pufru Laemmli, proteiny byly
separovany na SDS-polyakrylamidovém gelu a pomoci elektroblotingu preneseny
na nitrocelulosovou membranu. Membrany byly dale blokovany v 5% roztoku
nizkotuéného mléka ¢1 3% roztoku teleciho sérového albuminu (v 0,1% Tweenu
20 v PBS, PBS-T), inkubovany s roztoky primarnich protilatek ptes noc pii 4 °C, tfikrat
promyty v PBS-T, inkubovany hodinu s roztoky peroxidasou znac¢enych sekundarnich
protilatek a opét tiikrat promyty PBS-T. Peroxidasova aktivita byla detekovana pomoci
ECL reagencii (AP Biotech) a kamery LAS 4000 (Fujifilm). Intenzita proteinovych

past byla analyzovana programem Multi-Gauge.

6.6. Sledovani aktivity kaspas 3 a 7

Bunky byly po ovlivnéni homogenizovany v extrakénim pufru (10 mM KCIl, 5 mM
HEPES, 1 mM EDTA (ethylene diamine tetraacetic acid), | mM EGTA (ethylene
glycol tetraacetic acid), 0,2 % CHAPS, inhibitory proteas, pH 7,4) na ledu 20 min.
Homogenaty byly dale centrifugovany pii 10 000 g a 4 °C po dobu 30 min.
Po kvantifikaci koncentrace proteinit metodou Bradfordové byly lyzaty nafedény na
stejnou koncentraci a inkubovany 3 hod se 100 uM Ac-DEVD-AMC v reakénim pufru
(25 mM PIPES (piperazine-N,N’-bis(2-ethanesulfonic acid), 2 mM EGTA, 2 mM
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MgCl,, 5 mM DTT, pH 7,3). Fluorescence vzniklého produktu byla zméfena pomoci

destickového readeru Fluoroscan Ascent (Labsystems) pti 355/460 nm.

6.7. RNA interference

Buniky byly nejprve zcentrifugovany pii 200 g 5 min a pelet byl rozsuspendovan
v 100 ul PBS. Nasledné byly k suspenzi pfidany rtizné siRNA duplexy (Dharmacon)
a pro kontrolu Gspé&s$né transfekce siGLO indikator (Dharmacon). Vznikly roztok byl
ptenesen do kyvety (Lonza) a elektroporovan pomoci nukleofektoru (Amaxa). Poté bylo
k suspenzi ptidano 500 pl pfedehfatého kultivaéniho média a cely obsah byl pienesen
pomoci Pasteurovy pipety (Lonza) do média v Petriho misce, kde probihala dalsi

kultivace.

6.8. Meéreni RNA syntézy

Pro oznaceni DNA byly builkky 24 hod pfed méfenim ovlivnény [14C]thymidinem
(60 Bg/ml v rGstovém médiu). Sledovani vznikajici RNA bylo umoznéno pifidanim
[*H]uridinu (7 x 10° Bg/ml) 30 min pied méfenim. Buiiky byly nasledné dvakrat
promyty vychlazenym PBS a precipitovany 10% vychlazenou TCA (trichloroacetic
acid). Precipitat byl poté separovan pomoci kolonek s filtrem (Invitek), promyt 5%
TCA, dH,0 a nukleové kyseliny byly vymyty 1M NaOH. Mnozstvi H a '*C v eludtech
bylo simultanné kvantifikovano LS6500 kapalinovym scintilaénim pocitac¢em
(Beckman Coulter). Relativni syntéza RNA byla uréena pomérem “H/'*C pro kazdy

vzorek a jeho srovndnim s pomérem u neovlivnénych kontrolnich bunék.

6.9. Izolace a kultivace lidskych neutrofili

Neutrofily byly izolovany z krve zdravych darci podle diive popsaného protokolu.**®

Krev byla odebrana do zkumavek obsahujicich EDTA, do kterych byl dale pfidan 2%
dextran zajist'ujici sedimentaci erytrocytl. Neutrofily byly poté izolovany ze separované
plazmy diskontinudlni centrifugaci s vyuzitim Percoll gradientu hustoty (Sigma Aldrich,
Poole, Velka Britanie) a rozsuspendovany v RPMI 1640 médiu (Sigma Aldrich)
doplnénym 10% teplem inaktivovanym fetdlnim telecim sérem (Sera Laboratories
International, Bolney, Velkd Britanie), 2 mM glutaminem, 100 U/ml penicilinem
a 100 pg/ml streptomycinem (Sigma Aldrich). Kultivace poté probihala pti 37 °C
v inkubatoru s 5% CO..
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6.10. Stanoveni tvorby ROS neutrofily

Hladina ROS generovana po pfislusSném oSetfeni bunck byla detekovana pomoci
predesle popsaného postupu.®’ Neutrofily byly nejprve zcentrifugovany pii 250 g
po dobu 5 min pfi pokojové teploté a poté rozsuspendovany v solném roztoku HBSS
(Gibco). Obsah jamek byl pfenesen do neprihledné 96 jamkové desky (Greiner
Bio-One GmbH) a do kazdé jamky byl pfidan roztok luminolu ve findlni koncentraci
100 uM. M¢feni luminiscence v odpovédi na ptidavek 2,5 uM fMLP bylo provedeno
pomoci luminometru (Centro LB 960, Berthold Technologies, Bad Wildbad, Némecko)

v intervalu od 1. do 30. min.

6.11. Sledovani apoptosy neutrofili

Ovlivnéné buiky v 96 jamkovém panelu byly nejprve jednou promyty PBS,
zcentrifugovany pii 250 g po dobu 5 min pii 4 °C a poté rozsuspendovany ve 100 pl
Annexin V pufru (10 mM HEPES, pH 7.4; 140 mM NaCl; 2,5 mM CaCl,). Nasledné
byl pfidan 1 pl anti-Annexin V FITC (fluorescein isothiocyanate)-konjugované
protilatky na jamku a buiky byly inkubovany 10 min pfi laboratorni teploté.
Pro sledovani pozdné apoptotickych a nekrotickych neutrofilt byly buniky po piedchozi
inkubaci déale obarveny propidium jodidem ve finalni koncentraci 5 pg/ml. Poté byl
obsah jamek pfenesen do FACS vialek a fluorescence byla méfena pritokovym
cytometrem (BD Accuri C6 Flow Cytometer, Accuri Cytometers Inc.). Urceni
apoptotické populace bylo stanoveno jako procenta Annexin V pozitivnich a zaroven

propidium jodid negativnich bunék.

6.12. Posouzeni jaderné morfologie neutrofili

Po pfislusném ovlivnéni byly neutrofily zcentrifugovany na skli¢ko pti 300 g po dobu
5 min a obarveny pomoci komeréniho roztoku May-Griinwald-GIEMSA. Morfologie

jader byla nasledn¢ sledovana svételnou mikroskopii.

6.13. Test migrace neutrofili

Experimenty byly provedeny podle difive popsaného protokolu.’*® Sklenéna kapilara
byla potazena HUVEC builkami (human umbilical vein endothelial cells), které¢ byly
aktivovany 2 h TNFa (10 ng/ml). Aparaturou proudilo médium za podminek
simulujicich fyziologicky stav (0,1 Pa, 37 °C). Pro studium u¢inkd neutrofili byly tyto
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bunky aplikovany do systému a pocet kutalejicich se, adherujicich i transmigrovanych

neutrofilt byl mikroskopicky zaznamenéavan v intervalu 20 min.
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7. Diskutované vysledky
7.1. S-substituované 3-is0pr0pyl-7-[4-(2-pyridyl)benzyl]amino-
1(2)H-pyrazolo[4,3-d]pyrimidiny jako nové u¢inné CDK

inhibitory s protinadorovym potencialem

Ve snaze vyvinout analoga roskovitinu se zlepSenymi CDK inhibi¢nimi vlastnostmi
asilng$i  antiproliferaéni  aktivitou jsme se zaméfili na  modifikaci
pyrazolo[4,3-d|pyrimidinového skeletu, jelikoz bylo jiz dfive prokézano, ze pirekonava

e w 1w, . , v . 341342
GGinky prislusnych purinovych slougenin.**'

K vys$si G€innosti danych inhibitorQ
piispiva mj. H-vazba tvofena N2 pyrazolo[4,3-d]pyrimidinového skeletu a Glu81.**!
Substituenty byly zvoleny na zéklad€ studii vztahti mezi strukturou a aktivitou purint
a pyrazolo[1,5-a]pyrimidint.**"'*® N6 biaryl u latky CR8 se ukazal jako vhodna
modifikace zesilujici ucinky purinového skeletu, a proto byl do pozice 7

188,343

pyrazolo[4,3-d]pyrimidinu zaveden téz [(2-pyridyl)benzyl]amin. Isopropyl byl

ponechédn na stejném misté jako u CRS, jelikoz se osvédcil jako vhodny substituent,

ktery vyplituje malou hydrofobni kapsu hluboko v aktivnim misté.**

Do pozice 5 pak
bylo vneseno 20 riznych substituentd. Pro biologické a biochemické studie byly
pfipraveny diive nepopsané slouceniny, jejichz struktury byly ovéfeny NMR
spektroskopii, ESI hmotnostni spektrometrii a elementarni analyzou. Cistota produkti
byla zkontrolovana HPLC-DAD analyzou. Syntézu a chemické analyzy provad¢l doc.
Ing. Libor Havli¢ek, CSc. (Ustav experimentalni botaniky AV CR).

VSech 20 sloucenin bylo nasledné testovano na inhibici CDK2 a CDKS
(Tabulka 1, Pfiloha 2). Vysledky byly porovnany s referencni CRS, kdy vétSina latek

byla ucinngjsi nez CR8 s ICsp < 100 nM. Z naméfenych hodnot ICsg je navic patrné, ze

| =

A o

B B
A A
\\NH HN)

A
HO /\> N//\N
jli}\ o

CRS8 sloucenina Sb

Obrazek 1 Chemické struktury CR8 a slouceniny Sh.
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substituent v poloze 5 zna¢n¢ prispiva ke zvySené ucinnosti pyrazolo[4,3-d|pyrimidinu.
Bylo prokazano, Zze uz malé substituenty s koncovou aminoskupinou zvysuji afinitu
inhibitoru k CDK2, ovSem s rostouci délkou alifatického fetézce se aktivita slouceniny
snizuje.** V nafich experimentech jsme pozorovali podobny efekt, nebot’ u latek
s methylsulfanylem a methylsulfonylem v pozici 5 byl znatelny maly narGst v inhibici
CDK2 i CDKS. Nejvyhodnéjsim fetézcem se vSak jevi hydroxyalkylamin
a aminoalkylamin. Toto zjisténi navic podporuji 1 piedchozi pozorovani u purind,

pyrazolo[1,5-a]triazinti i pyrazolo[4,3-d]pyrimiding.'#3*-%347  {

aromatickych
substituentl ve stejné poloze naopak dochdzi k poklesu aktivity (ICso > 1 uM), coz opét
koresponduje s diiv&jsimi vysledky s purinovymi inhibitory.**” 4-aminocyklohexyl
ve stejné pozici u purini byl ovSem prokazan jako velmi vyhodny substituent
interagujici  prostfednictvim dvou H-vazeb sAspl45 a Thrl4 CDK2.*
2-aminocyklohexyl u pyrazolo[4,3-d]pyrimidnt zvysil afinitu inhibitoru k CDK2, ale
oproti pfedchozi studii doSlo u slouceniny s 4-aminocyklohexylem k téméf
desetinasobnému poklesu uginnosti.*** Tento poznatek je v rozporu s predchozi studii
a zustava otdzkou, co stoji za timto pozorovanym rozdilem. Nésledné jsme porovnali
jednu z nejaktivnéjsich substanci Sb s dinaciclibem v inhibici né¢kolika CDK (Tabulka
2, Priloha 2). NaSe sloucenina Sb vykdazala podobny inhibi¢ni profil jako dinaciclib
s niz$i ucinnosti pro CDK1. Na panelu 50 dalSich proteinkinas se ukézalo, ze Sb
efektivné blokuje také PAK4 (p21 protein (Cdc42/Rac)-activated kinase 4) a CKI1o
(casein kinase 10), které jsou cili jak strukturné podobnych purind tak i1 dalSich
pyrazolo[4,3-d]pyrimidini (Tabulka S1, doplitkova data k Priloze 2),188:192.342,348

U vSech 20 derivati jsme dale sledovali jejich antiproliferacni vlastnosti na 4
nadorovych liniich rizného ptvodu (Tabulka 1, Pf¥iloha 2). Vyznam substituce
pyrazolo[4,3-d]pyrimidinu v poloze 5 byl zfetelny pii srovnani ICs
3,7-disubstituovaného pyrazolo[4,3-d]pyrimidinu s CR8, kde byl sledovan témét
desetinasobny pokles cytotoxicity u 3,7-disubstituovaného pyrazolo[4,3-d]pyrimidinu
oproti CR8. Zavedeni substituce do polohy 5 pak znatelné zlepSuje protinadorové
ucinky dané slouceniny, kdy hodnoty ICsy klesaji od1 pM zméfeného
pro 3,7-disubstituovany  pyrazolo[4,3-d]pyrimidin az knizkym nanomolarnim
koncentracim pro testovanou latku. Nejefektivnéjsi byly v naSich testech opét
slouceniny s hydroxyalkylaminovym resp. aminoalkylovym fetézcem, které byly az 10x
ucinngjsi nez CRS8. Stejné tak nebylo piekvapenim, ze se hodnoty ICsg

u pyrazolo[4,3-d|pyrimidini s aromatickymi fetézci v pozici 5 pohybovaly
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v mikromoléarnich koncentracich. Pomérné zajimavé bylo pozorovani snizené aktivity
latek s cyklickymi aminy ve stejné poloze (ICso > 100 nM), jelikoz v biochemickych
testech byly naméfeny nizké nanomolarni CDK inhibi¢ni koncentrace. U podobného
typu purinovych sloucenin liSicich se mirn€¢ v pozicich 6 a 9 byl ovSem pozorovan
opacny efekt, kdy se pii obméné alifatického fetézce za cyklicky razantné zvysila
cytotoxicita.*

Pro zjiSténi mechanismu ucinku jedné z nejucinnéjSich sloucenin celé série,
latky Sb, jsme vyuzili bunéény model kolorektalniho karcinomu. U linie HCT-116
doslo pfi aplikaci zvySujici se koncentrace Sb k poklesu poctu bun€k v S fazi a zaroven
k narastu subG1 populace, kterd svéd¢i o pritomnosti apoptotickych bunek (Obrazek 2,
Piiloha 2). Navic byl sledovan blok bunécného cyklu v pozdni Sa G2/M fazich.
Indukce G1 bloku byla zietelnd az pii nejvyssi testované koncentraci (500 nM). Tato
pozorovani naznacuji, ze latka Sb potlacuje DNA replikaci a proliferaci pravdépodobné
v disledku CDK2 inhibice. Velmi pravdépodobné dochazi také k inhibici transkripéni
CDK7 a CDKO9, nebot” slouc¢enina Sb zptisobuje pokles proteinu Mcl-1 (Obrazek 3,
Piiloha 2). Biochemicky test aktivace kaspas 3 a 7 dale ukazal narast aktivity obou
enzymu uZz pii 63 nM Sb. Pokles detekovany pii 500 nM je ¢astym jevem pozorovanym
pfi aplikaci vysoké koncentrace testované sloucCeniny a je pravdépodobné spojen
s intenzivni degradaci vSech bunéénych proteini. Indukce vnitini apoptotické drahy nasi
laitkou Sb byla dale potvrzena 1 detekci Stépného fragmentu PARP-1 pomoci
imunoblotu.

Jelikoz bylo potvrzeno, ze je aktivita CDK2 dilezitd pro rast primérniho
1 metastazujiciho melanomu, rozhodli jsme se studovat u¢inky novych slouc¢enin na linii
G361 odvozenou praveé od tohoto typu nadoru. VSechny testované slouceniny uc¢inné
potlacovaly fosforylaci CTD domény RNA polymerasy II na Ser2 i Ser5, coz vedlo
k poklesu proteinové hladiny Mcl-1, aktivaci kaspas 3 a 7 a Stépeni PARP-1, a to
pti vyrazné nizSich koncentracich nez CR8 (Obrazek S2 a S3, doplikova data
k Priloze 2).

Vzhledem k malo prostudovanym funkcim CDKS5 nebyla protinadorova uc¢innost
CDK inhibitoril zatim spojovana s jeji inhibici. Mezi experimentalnimi protinadorovymi
lé¢ivy doposud nejsou zadné inhibitory CDKS. Nedavna studie v§ak naznacuje zapojeni

349

CDKS5 do nadorové transformace.”™ V zavislosti na aktivaci MAP kinasové signalni

drahy dochdzi prostfednictvim CDKS5 k fosforylaci Ser732 FAK (focal adhesion

kinase), kterd poté interaguje s mikrotubuly déliciho vieténka a pfispiva k jejich
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depolymerizaci. Hladina P-Ser732 FAK byla u interfaznich nadorovych bunék oproti
mitotickym bunkam stézi detekovatelna. Inhibice CDKS5 roskovitinem vedouci
k poklesu P-Ser732 FAK zplsobuje defekty ve formovani vieténka, a tim 1 v usporadani
chromosomil v ekvatorialni roving. Je tedy ziejmé, Ze inhibice CDKS5 u néadorovych
bun¢k muiize postihnout jejich viabilitu. Vzhledem ke strukturni podobnosti mezi CDK2
a CDKS5 nebylo ptfekvapenim, ze nase slouceniny inhibovaly se srovnatelnou tc¢innosti
ob¢ kinasy (Tabulka 1, Priloha 2). Pro potvrzeni vysledkl z biochemického testu jsme
detekovali proteinovou hladinu P-Ser732 FAK po ovlivnéni bunék HCT-116 latkou 5b,

kde jsme pozorovali jeji koncentracné zavisly pokles (Obrazek 2, Priloha 2).
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7.2. Trisubstituované pyrazolo[4,3-d|pyrimidiny potlacuji funkce

neutrofili a indukuji jejich apoptosu

Deregulace viability ¢i funkci neutrofili je typickym jevem spojenym s rozvojem
chronickych zanétlivych ¢i autoimunitnich onemocnéni, jejichz 1écba je 1 navzdory
pokroku ve vyvoji 1ékti stdle komplikovana, a navic je Casto doprovazena vedlejSimi
ucinky. Nedavné studie vSak naznacuji, Ze by pravé CDK inhibitory mohly pomoci pfi
feSeni tohoto problému. Ukézalo se totiz, ze roskovitin indukoval apoptosu neutrofili
prostfednictvim blokovani funkei RNAPII vedouci ke sniZzené expresi Mcl-1, tvorbé
portt v mitochondridlni membrané, uvolnéni cytochromu ¢, formovani apoptosomu

a aktivaci kaspas.335

Navic byl schopny ptrekonat i ¢inky antiapoptotickych sloucenin
GM-CSF, LPS a dibutyryl-cAMP. V in vivo testech pak znateln€¢ utlumil akutni zanét
pohrudnice vyvolany karagenanem, snizil poSkozeni plic zplsobené¢ bleomycinem
apotlac¢il pasivné indukovanou artritidu u mySi. Na zdkladé¢ téchto faktd
predpokladdme, Ze by nov€ vyvijend analoga roskovitinu mohla mit podobné t¢inky.
Pro studium proapoptotickych ucinkd jsme vytvofili knihovnu 42 derivati
roskovitinu, kterymi jsme ovlivnili neutrofily izolované zkrve zdravych darci
(Obrazek 5, Priloha 3). Inkubace s jednotlivymi latkami probihala 8 h pfi jednotné
koncentraci 10 nM. Pro analyzu apoptotické populace byly buniky dvojité naznaceny
Annexinem Va propidium jodidem a analyzovany pritokovym cytometrem.
Nejucinngjsi slouceniny série LGR3437 a LGR3465 byly poté inkubovany s neutrofily
v koncentra¢né zavislém mnozstvi 8 h a jejich vliv na viabilitu neutrofili byl validovan
stejnym zplsobem jako v predeslém experimentu (Obrazek 1A, Priloha 3). LGR3437
stimulovala apoptosu pii 10 nM s narstem apoptotickych bunék az k 90 % pti 100 nM
(ICso 11,6 £ 1,3 nM). LGR3465 zvysila podil apoptotické populace nejméné o 5 %
uz pti 0,1 nM (ICsy 4,8 £ 2,5 nM). Pro potvrzeni piedchoziho zjisténi byla provedena
morfologickd analyza neutrofilnich jader pomoci GIEMSA barveni (Obrazek 1B,
Piiloha 3). Pii apoptose ztraci jadro neutrofilti klasicky lalo¢naty tvar a ziskdva
kruhovou strukturu. Po aplikaci obou latek v koncentraci 10 nM byla pozorovana
pfitomnost vétSiny apoptotickych bunék. Roskovitin (20 uM) podobné indukoval
bunécnou smrt neutrofilti, kdy po 8 h inkubaci vzrostl pocet apoptotickych bunék az
na75 %.” Zajimavy je oviem piechod od apoptotickych neutrofili k nekrotickym,
nebot’ po 20 h inkubaci dochazi po aplikaci roskovitinu k indukci sekundarni nekrosy

(60 %). Nicmén¢ ve srovnani s roskovitinem jsou nase latky mnohonasobné uc¢inngjsi.
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Stejnd skupina demonstrovala, Zze DRB, transkripéni inhibitor aktinomycin-D
a transla¢ni inhibitor cykloheximid podobné jako roskovitin indukuji apoptosu
neutrofilt.®

Za ucelem zjisténi mechanismu U¢inku jsme se zaméfili na analyzu hladin
vybranych proteinli pomoci imunoblotu (Obrazek 2A, Priloha 3). Po 8§ h ovlivnéni
neutrofild obéma slouceninami v zavislosti na koncentraci postupné klesala hladina
fosforylovanych forem RNAPII na Ser2 a Ser5 a stejné tak 1 proteinu Mcl-1. Naopak
hladina proapoptotického proteinu Bak vykazala opacny trend, ktery byl vyraznéjsi
v piipadé LGR3465. Pii pouziti roskovitinu (20 uM) Pti detekci Mcl-1 jsme kromé
klesajici formy pozorovali nartst téZzSiho proteinového pasu. Moznym vysvétlenim
tohoto jevu miize byt detekce fosforylované varianty Mcl-1 na Thr163/Serl59 v jeho
PEST sekvenci. Ac¢koli fosforylace Thr163 prostfednictvim ERK1/2 stabilizuje Mcl-1
a zvySuje viabilitu bun¢k, slouzi zaroven jako templat pro fosforylaci Ser159 pomoci
GSK3p. Tato modifikace nasledné vede k degradaci celého proteinu proteasomem.>" 2>

I kdyz ob¢ slouceniny indukuji apoptosu neutrofild, jejich vyuziti jako
prezivani neutrofilii. Vzhledem ke zvySené hladiné GM-CSF u mnoha autoimunitnich
a zanétlivych onemocnéni byl pro nasledujici experimenty pouZzit pravé tento cytokin.
V testech se prokazalo, ze GM-CSF (10 ng/ml) skute¢né¢ potlacoval apoptosu neutrofila,
a to az 0 20 % po 20 h inkubaci (Obrazek 3A, Priloha 3). Pfi pouziti obou latek
u neutrofildl stimulovanych GM-CSF (10 ng/ml) doslo k naristu podilu apoptotickych
bunék prumémeé o 30 %. Pro srovnani 20 uM roskovitin obratil antiapoptoticky efekt
indukovany LPS (100 ng/ml) a TNFo (10 ng/ml) az o 40 %.” V dal§im experimentu
ve stejném  uspofadani byla analyzovana exprese Mcl-1 pomoci imunoblotu.
U kontrolnich bun€k byl sledovan postupny pokles Mcl-1, ktery byl patrny uz po 6 h
inkubaci, zatimco buniky stimulované GM-CSF exprimovaly i po 20 h inkubaci Mcl-1
ve srovnatelné mife jako kontrolni bunky. Aplikace LGR3437 i LGR3465 (1 pM)
zpusobila rapidni pokles leh¢i varianty Mcl-1 po 6 h, pficemz tato forma zcela vymizela
uz po 8 h. Naopak diive detekovany t¢zs8i pas byl pozorovan po 6 h a béhem delSich
kultivaci mirn€ nariistal. Podobné bylo ukézéano, ze 20 uM roskovitin potlacil uz po 4 h
expresi Mcl-1 u neutrofili stimulovanych GM-CSF (50 ng/ml), LPS (100 ng/ml)
i TNFa (10 ng/ml).” Tento efekt nebyl zptisoben zasaZenim signalnich drah zahrnujicich

NFkB (nuclear factor of kappa light polypeptide gene enhancer in B cells) a ERK
spusténych LPS a TNFa.
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Kromé potlaceni viability neutrofili byla téZz sledovana schopnost obou
sloucenin tlumit jejich aktivitu (Obrazek 4, Priloha 3). Po 1 h inkubaci s LGR3437
a LGR3465 byly buiky ovlivnény GM-CSF (10 ng/ml) a nasledn¢ stimulovany
piidavkem fMLP (2,5 uM). Produkce ROS byla sledovana pomoci luminometru béhem
10 min intervalu. Inhibice tvorby ROS byla stanovena z nejvyssiho bodu kiivek, kde byl
patrny koncentracné zavisly pokles (ICso 2,5 uM a 5,5 uM pro LGR3437 resp.
LGR3465). Na druhou stranu roskovitin (20 uM) nebyl schopny potlacit produkci ROS
po stimulaci neutrofili PMA (phorbol ester).” Je mozné, e koncentrace roskovitinu

byla pro sledovani zddaného efektu pfilis nizka.
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7.3. Novy synteticky nukleosid redukuje zanétlivé ucinky

neutrofilu

Pfirozend odpovéd’ organismu na nadmérnou imunitni reakci zahrnuje mezi jinymi
endogenni produkci adenosinu, a to bud’ pfimym uvolnénim z bunék prostiednictvim
nukleosidovych transportéri nebo extracelularnim katabolismem ektonukleotidasami
CD39 (cluster of differentiation 39) a CD73.%%%! Nasledng dochazi k interakci
adenosinu se 4 typy receptortl spfazenymi s G proteiny, jmenovité A, Asa, Az a Az.>>
Za fyziologickych podminek stimuluje nizkd hladina adenosinu (<1uM) aktivitu A,
a Az, coz vede k inhibici produkce cAMP, zvy$ené chemotaxi a fagocytose.”> B&hem
zanétu koncentrace adenosinu rapidné stoupd a dosahuje 10-100 puM, kdy dochazi

353-355

k aktivaci A,s stimulujiciho funkci adenylatcyklasy. Tyto zmény vedou

k potlageni zanétlivych efekti vietng degranulace, adheze &i syntézy leukotrient. >
Terapeutické efekty adenosinu byly detailné zkoumany, ovSem jsou limitované
jeho kratkym polo¢asem rozpadu (<10s) kvili pfeméné deaminasou na inosin nebo

353,356

adenosinkinasou na AMP. Navic bylo prokazano, ze aplikace adenosinu miize

vyvolat nezadouci vedlejsi efekty jako je plicni otok, zuzeni prudusek ¢i dokonce

srde¢ni infarkt.>>’

Vyvoj analogli adenosinu specificky aktivujicich urcity typ receptoru
by mohl mit tudiz i lep$i terapeutické Uc¢inky. A,a receptor prezentujici hlavni typ
protizdnétlivého efektoru neutrofild vyvolal zdjem védeli o vyvoj jeho agonistil.
Nejstudovanéjsi slouCenina CGS21680 utlumila poSkozeni tkdni u mySiho modelu
artritidy vyvolané kolagenem, potlacila zdnét pohrudnice vyvolany karagenanem téz
u mysi a redukovala poskozeni plic u pacienti s akutnim respiraénim syndromem.*>*>%
Slibné vysledky poskytly také dalsi agonisté jako regadenoson, WRC-0470 a ATL146e.
Z krystalografické analyzy struktury A;a receptoru s navazanym agonistou UK-432097
vyplynulo, ze U¢inny A,a agonista interaguje s receptorem prostiednictvim H-vazeb
vytvatenych obéma hydroxyskupinami ribosy, N6 a N7 purinového skeletu.’® Dalsi
modifikace v pozici 4 u ribosy a poloze 2 u purinu zvySuje afinitu vici receptoru. Cilem
této studie bylo charakterizovat u¢inky nové vyvinutého derivatu adenosinu LGR1568
na funkce neutrofill a objasnit mechanismus jeho pusobeni. Tato sloucenina byla
neddvno popsana jako synteticky modulator zivotaschopnosti neutrofilli (patent
W02010130233).%%

Schopnost neutrofili adherovat k vaskularnimu endotelu a migrovat zkrve

do tkdni je prvnim krokem v zanétlivém procesu, jehoz potlaceni mize napomoci
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Obrazek 1 Chemické struktury vybranych A, agonista.
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s prutokem a tlakem napodobujicim in vivo vaskulaturu. Jeho stény byly pokryty
lidskymi endotelidlnimi buitkami HUVEC stimulovanymi TNFoa a ovlivnénymi
na 30 min LGR1568 v koncentracich 50 a 100 uM. Do systému byly poté aplikovany
neutrofily ovlivnéné LGR1568 pii stejnych koncentracich. Z vysledkt je patrné, ze
LGR1568 mirn¢ potlacuje adhezi neutrofilli, snizuje jejich transmigraci a zaroven
podporuje kutaleni (Obrazek 1A,B). V podobné navrzeném experimentu se ukazalo, ze
CGS21680 rovnéz inhibuje migraci neutrofild pfes uroepitelidlni vrstvu bunck, a to
dokonce i v piitomnosti uropatogenni Escherichia coli’® Z molekularniho hlediska
stimuluje TNFa u neutrofild expresi CD49d, ktery prosttednictvim interakce s VCAM-1
(vascular cell adhesion molecule 1) zajistuje adhezi buiiky k povrchu.*** Pii pouziti Aja
agonisty ATL146e doSlo k potlaceni exprese CD49d a zarovenl klesl pocet neutrofil
1364

adherovanych na povrch pokryty VCAM-
aktivity neutrofili stimulovanych 30 min GM-CSF (50 ng/ml) a 10 min LGR1568

Nésledné byla sledovéana inhibice

v koncentra¢ni fad€é od 0,1 do 100 pM. Produkce ROS byla sledovdna po ptidavku
100 ng/ml fMLP luminometrem v 8 min intervalu. LGR1568 v zavislosti na koncentraci
postupné tlumila produkci ROS s absolutnim poklesem pii 100 uM (Obrazek 1C).

Podobné¢ byla potlacena i produkce zanétlivého cytokinu IL-8 a uvolnéni
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Obrazek 1 LGR1568 ovliviiyje funkce i viabilitu neutrofili.

myeloperoxidasy (Obrazek 1D,E). Selektivni A, agonista WRC-0470 vykazal
obdobné ucinky na funkce neutrofild, jelikoz potlacil uvolnéni superoxidu a zaroven
inhiboval degranulaci.’®® Kromé ovlivnéni funkei neutrofili byl sledovan vliv LGR1568
na jejich viabilitu pomoci GIEMSA barveni a svételné mikroskopie. Po 20 hod inkubaci
se hladina apoptotickych neutrofili pohybovala kolem 60 %, kdy pii rostouci
koncentraci LGR1568 vzrlstala i viabilita neutrofilt az na 80 % pii 100 uM (Obrazek
1F). Podobné¢ CGS21680, CADO (2-chloroadenosine) a NECA (5'-N-
ethylcarboxamidoadenosine) prodlouzily zivotnost neutrofili po 16 h inkubaci,

CGS21680 az 0 10 h.>%
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Za prodlouzenim viability neutrofilii by mohla podle literatury stat aktivace
adenosinového A,, receptoru.’” Za ugelem objasnéni této hypotézy byla analyzovana
vazebna afinita LGR1568 k receptorim A;, A;a a A; (provedla skupina doktora
Jacobsona KA, USA). Z vysledkt plyne, ze se LGR1568 vaze na vSechny testované
receptory s afinitou viéi A; a A; (nM) a v mikromoldrnich koncentracich k Aja
(Tabulka 1). Vzhledem k dominantni expresi A; a Ajs neutrofily a zdroven
mikromolarnim koncentracim pouzitym v naSich experimentech jsme se zaméfili

na moznost zacileni A,y pomoci LGR1568.%¢

Neutrofily byly ovlivnény komerénim
agonistou CGS21680, nespecifickym agonistou CADO a LGR1568 v koncentracich
0,01 az 1 pM po dobu 8 h (Obrazek 2). Po inkubaci byla analyzovéna apoptosa
neutrofild pomoci dvojit¢ho barveni Annexinem V a PI a pritokového cytometru.
Z vysledkl vyplyva, ze s rostouci koncentraci vSech latek se zvySovala viabilita bunék
s piiblizné 10% ndarastem pifi 1 uM u vSech latek. Pfi ovlivnéni danymi latkami
a zaroven komer¢nim antagonistou A ZM241385 doslo k néartstu poctu apoptotickych
bunck, a lze tudiZz usuzovat, Ze doSlo ke kompetitivni reakci, pii které antagonista
vytésnil testovanou slouceninu.

Signalni kaskdda spusténd aktivaci A, receptoru neni doposud zcela objasnéna.
Bylo prokéazano, Ze agonisté A,a stimuluji ¢innost proteinfosfatasy la, ovSem dalsi

kroky nejsou znamy.’’

Vtéto studii navrhuji mozny mechanismus, kdy
proteinfosfatasa 1o odstrani fosfat z p47™*. Nasledng dojde k poklesu aktivity NADPH
oxidasy, ktera produkuje mén& ROS, snizi se aktivita sfingomyelinasy, coZz vede
k potladeni tvorby ceramidu, inhibici kaspas 3 a 8 a nakonec az k inhibici samotné
apoptosy. Pro potvrzeni této hypotézy je ovSem nutné mit k dispozici velmi silné¢ho
agonistu A,a, a navic je nezbytné pracovat s dostatkem biologického materidlu, coz

nebylo za danych podminek mozné.

Tabulka 1 Vazebné afinity LGR1568 vii¢i adenosinovym receptortim.

Receptor isotype K, (nhM)

Ay 19.7+£2.6
Aoa 1050 + 210
As 941+1.2
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Obrazek 2 A4 antagonista inhibuje antiapoptotické ucinky LGR1568.
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8. Zavér

Vystupem této prace bylo n€kolik poznatki tykajicich se objasnéni mechanismu ac¢inki
nékolika nizkomolekuldrnich latek. U nové vyvinutych pyrazolo[4,3-d]pyrimidind byly
na bunécnych modelech prokdzany protinddorové efekty, které byly podstatné silnéjsi
nez u matetského roskovitinu. I kdyz se jednd o panselektivni inhibitory,
predpokladdme, ze hlavni podil na aktivité¢ téchto latek mé inhibice CDK2 a CDK7
spolecné¢ s CDK9 kontrolujici transkripci. DalSi ze série pyrazolo[4,3-d]pyrimidint
indukovaly apoptosu neutrofilti. Navic byly schopné piekonat 1 G€inky prozanétlivych
cytokini, a mohly by se tudiz stat kandidaty pro dalSi testovani. Podobné jako
u pfedchozich slouc¢enin dochézi po aplikaci téchto latek k inhibici transkripénich CDK,
které jsou esencidlni pro viabilitu neutrofilli. V neposledni fadé¢ byl naznacen
mechanismus U¢inku adenosinového derivatu s antiapoptotickym vlivem na neutrofily

zahrnujici aktivaci A,a receptoru.
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10. Seznam pouzitych zkratek

B-TrCP B-transducin repeat containing E3 ubiquitin protein ligase
Akt proteinkinasa B

APC adenomatous polyposis coli

APC/C anaphase-promoting complex/cyclosome
ATR ataxia telangiectasia and Rad3-related protein
AURK Aurora kinase

Bad Bcl-2-associated death promoter

Bak Bcl-2 homologous antagonist killer

Bax Bcl-2-associated X protein

Bcl2A1 Bcl-2-related protein Al

Bcl-2 B-cell lymphoma 2

Bcel-W Bcl-2-like protein 2

Bel-X¢ B-cell lymphoma-extra large

Bid BH3-interacting domain death agonist
Bik Bcl-2-interacting killer

Bim Bcl-2-interacting mediator of cell death
BLTI LTB4 receptor

Bmf Bcl-2 modifying factor

Bok Bcl-2 related ovarian killer

BRCA breast cancer

BrdU 5-bromo-2’-deoxyuridine

c-Abl Abelson tyrosine kinase

c-IAP-1 cellular inhibitor of apoptosis 1

CADO 2-chloroadenosine

CAK CDK-activating kinase

CD cluster of differentiation

CDK cyclin-dependent kinase

CDKL CDK-like kinase

CKl1s casein kinase 13

CREB c-AMP response element-binding protein
CTD C-terminal domain

DAPI 4’,6-diamino-2-phenylindole
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DMARD
DMSO
DRB
DSIF
DTT
Dvi2
EDTA
EGTA
EMAPII
EPO
ERK
ESI
Ets2

FAK
FANCI1
FANCD2
FITC
fMLP
G-CSF
GM-CSF
GSK3
HEPES
HIF
HPLC-DAD

Hrk
HUVEC
CHK1
ICAM-1
IFNy

IL

Jak

JINK

disease-modifying antirheumatic drugs
dimethyl sulfoxide
5,6-dichloro-1-B-ribofuranosyl-benzimidazole
DRB sensitivity inducing factor

dithiothreitol

Dishevelled 2

ethylene diamine tetraacetic acid

ethylene glycol tetraacetic acid
endothelial-monocyte activating polypeptide 11
erythropoietin

extracellular signal-regulated kinase
electrospray ionization

v-ets avian erythroblastosis virus E26
homolog 2

focal adhesion kinase

Fanconi anemia complementation group 1
Fanconi anemia group D2 protein

fluorescein isothiocyanate
N-formyl-methionyl-leucyl-phenylalanine

granulocyte colony-stimulating factor

oncogene

granulocyte-macrophage colony-stimulating factor

glycogen synthase kinase 3

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

hypoxia-inducible factor

high-performance liquid chromatography with photodiode

array detection

harakiri, Bcl-2-interacting protein
human umbilical vein endothelial cells
check kinase 1

intercellular adhesion molecule 1
interferon vy

interleukin

Janus kinase

c-Jun N-terminal kinase
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K-Ras
LPC
LPS
LRP6
LTB4
MAPK
MATI1
Mcl-1
Mdm?2
MEF
MPO
mTOR
MTT

Mule

Nefl
NECA
NELF
NET
NF«B

NGAL
NiNTA
NMR
Noxa
NSCLC
PAKA4
PARP-1
PCNA
pDC
PDGF
PEG
PIBK

Kirsten rat sarcoma viral oncogene homolog
lysophosphatidylcholine

lipopolysaccharide

low-density lipoprotein receptor-related protein 6
leukotriene B4

mitogen-activated protein kinase

ménage a trois

myeloid cell leukemia 1

mouse double minute 2

mouse embryonal fibroblast

myeloperoxidase

mammalian target of rapamycin
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

Mcl-1 ubiquitin ligase

v-myc avian myelocytomatosis viral oncogene homolog
neutrophil cytosolic factor 1
5’-N-ethylcarboxamidoadenosine

negative elongation factor

neutrophil extracellular traps

nuclear factor of kappa light polypeptide gene enhancer in
B cells

neutrophil gelatinase-associated lipocalin
nickel-nitrilotriacetic acid

nuclear magnetic resonance
phorbol-12-myristate-13-acetate-induced protein 1
non-small cell lung carcinoma

p21 protein (Cdc42/Rac)-activated kinase 4
poly(ADP-ribose) polymerase-1

proliferating cell nuclear antigen

plasmacytoid dendritic cells

platelet derived growth factor

polyethylene glycol

phosphoinositide 3-kinase
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PICD
PKC
PIPES
Pinl
PMA
pRDb
PSGL-1
P-TEFb
Puma
RA
Rho
RNAPII
ROS
Rpb
S1P
SCF
Src
STAT
Syk
TCA
TFIIH
TGF
TLR9
TNF-a
TRAIL
VCAMI1
VEGF
VHL
Wnt
XIAP

phagocytosis-induced cell death

protein kinase C
piperazine-N,N’-bis(2-ethanesulfonic acid)
peptidyl-prolyl cis/trans isomerase 1
phorbol ester

retinoblastoma protein

P-selectin glycoprotein ligand-1

positive transcriptional elongation factor b
p53 upregulated modulator of apoptosis
rheumatoid arthritis

Ras homology

RNA polymerase II

reactive oxygen species

DNA-directed RNA polymerase II subunit
sphingosine-1-phosphate

Skp, Cullin, F-box containing complex
proto-oncogene tyrosine-protein kinase
signal transducer and activator of transcription
spleen tyrosine kinase

trichloroacetic acid

transcription factor IIH

transforming growth factor

Toll-like receptor 9

tumor necrosis factor o

tumor necrosis factor-related apoptosis-inducing ligand
vascular cell adhesion molecule 1

vascular endothelial growth factor

Von Hippel Lindau

wingless/int-1

X-linked inhibitor of apoptosis
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Abstract: Developments in genetic and genomic technology have produced vast quantities of data that
are gradually yielding new insights into fundamental cellular and molecular processes. In particular, they
have revealed some differences between normal and transformed cells that could potentially be exploited to
develop targeted, personalized cancer therapies with unprecedented efficiencies. This review summarizes
recent findings from synthetic lethality (SL) screens against cyclin-dependent kinases (CDKs) that can
be targeted with small molecule kinase inhibitors. SL screens can be used to identify cancers sensitive
to CDK inhibitors. Several SL partners of specific CDKs have been identified, including MYC, K-Ras,
VHL, PI3K, and PARP, all of which are discussed in the review. CDK inhibitors have been in clinical
trials for nearly 20 years and it has become clear that effective therapy using these compounds will require
careful selection of patients with respect to the specific molecular phenotype of their disease. ©2015
Wiley Periodicals, Inc. Med. Res. Rev., 35, No. 6, 1156-1174, 2015

Key words: cyclin-dependent kinase; inhibitor; cancer; drug; synthetic lethality

1. SYNTHETIC LETHALITY AND THE EVOLUTION OF TARGETED THERAPY

Anticancer chemotherapeutics developed over the past century have saved many lives. However,
there are still some bottlenecks that hinder their use in vivo. One of the main problems is their
low therapeutic index, that is, the narrow concentration range within which they kill cancers
without harming healthy tissues." Most clinically used anticancer drugs kill rapidly growing
cells nonspecifically, with the result that they target not only cancer cells but also certain
healthy dividing cells such as hematopoietic bone marrow progenitor cells, hair follicle cells, and
gastrointestinal mucosal epithelial cells.” Many normal nondividing cells are also sensitive to
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classical chemotherapeutics.> Consequently, there is an urgent need for a better understanding
of the differences between normal and cancer cells. Such an understanding would enable the
identification of targets that are only essential for the viability of tumor cells, leading to the
development of new drugs targeting cancers as specifically as possible.

Tumorigenesis is a complex multistep process that often takes many years, during which
cells acquire a set of genetic lesions that ultimately yield a cancerous state. It has been stated that
cancers are often self-sufficient in the production of growth factors, less sensitive to growth-
inhibitory signals and induction of apoptosis, unlimited in their replicative potential, and
capable of inducing both angiogenesis and metastases.® These properties are typically conferred
by loss of function mutations in tumor suppressor genes and gain of function mutations in
oncogenes that are collectively critically important for cancer development. While they are
essential for the induction of the cancerous state, these attributes can also be regarded as
weaknesses that could be exploited therapeutically because they define the ways in which
transformed cells differ from their normal counterparts.

A pivotal milestone in the development of molecular anticancer therapeutics was the dis-
covery of imatinib mesylate, a potent kinase inhibitor targeting a protein encoded by a fused
breakpoint cluster region (BCR)-Abelson murine leukemia viral oncogene homologue (ABL).
This oncogene is activated by a translocation between chromosomes 9 and 22 in hematopoietic
stem cells, and induces chronic myeloid leukemia (CML).” Imatinib proved to be strikingly ef-
fective in the treatment of CML patients and was approved for this purpose in 2001. Since then,
several small molecule and monoclonal antibody inhibitors of oncogenic enzymes have been
approved for therapeutic use, and many others are in various stages of clinical development.®-°
While most of these agents have acceptable therapeutic indices, it is well known that they target
both oncoproteins present in cancer cells and other proteins found in normal cells. Although
several of the newer agents exhibit improved selectivity toward cancers, many fail in cancer
treatment due to the emergence of distinct patterns of resistance based on general multidrug
resistance, metabolism, compartmentalization or target-specific mutations such as point mu-
tations, and mutations that induce oncogene overexpression. It therefore seems necessary to
identify new strategies in order to overcome issues of drug resistance and find ways of targeting
cells with loss of function mutations.

Over the past few years, intensive studies on cancer genetics have yielded new insights
into gene—gene interactions. As a result, conventional strategies that target oncogenic pathways
regardless of their impact on normal cell signaling have been outperformed by new alternatives
discovered as a result of the ongoing development of genomic technologies. A very promising
anticancer drug discovery method that was first described in 1922 is the so-called synthetic lethal
(SL) approach.? SL is a genetic property whereby the presence of one gene allows an organism
to tolerate genetic changes in a second gene that would be lethal in the absence of the first
(Fig. 1A).'° In some cases, simultaneous mutations in both genes may only reduce cellular
fitness, resulting in a condition known as synthetic sickness. Strategies based on synthetic
sickness and lethality could potentially solve a major problem of anticancer drug development
by permitting the specific targeting of cancer cells with loss of function mutations in tumor
suppressor genes. The products of a pair of synthetic lethal genes may be components of the
same multiprotein complex, participate in parallel redundant pathways, belong to the same
linear pathway, or even act in two separate pathways essential for cell viability.

Many synthetic lethal interactions have been mapped out in a range of model organisms
using RNA interference. However, the field as a whole is rooted in studies on the budding
yeast Saccharomyces cerevisiae. In 1999, a yeast knockout library was generated in which each
open reading frame was replaced with a genetic marker and tagged with two specific molecular
TAGs or barcodes (upstream and downstream)—20-base oligomer sequences that serve as
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Figure 1.  (A) Synthetic lethality is a genetic property whereby the presence of gene A allows a cell to tolerate
mutation in gene B that would otherwise be lethal (and vice versa). (B) In an alternative version of synthetic
lethality, gene A may interact with the third gene C such that increasing the expression or activity of C would
be synthetically lethal when paired with the downregulation of gene A. (C) Schematic depiction of known SL
interactions involving CDKs. Arrows pointing downward and upward indicate decreased and increased gene
activity, respectively.

strain identifiers.!! Synthetic lethal or sick interactions were then identified by crossing strains
carrying mutations of interest with the array of deletion mutants after mating and sporulation.
The desired interactions were readily identified because they produce haploid double mutants.
However, another technique was required to quantify the double mutations effects on growth
rates. To this end, the molecular barcodes in each mutant strain were flanked by universal
priming sites, enabling the amplification of the tag sequences by PCR. The amplified products
were hybridized to oligonucleotide arrays so that the intensity of the amplified signal could be
determined.!> However, many cancer-related genes do not have yeast orthologs, so it was also
necessary to conduct similar studies using alternative metazoan models. The most widely used
organisms for this purpose were Caenorhabditis elegans and Drosophila melanogaster, both of
which enabled the use of more sophisticated RNA interference strategies than were previously
possible. Unfortunately, the siRNA sequences used to induce interference in simpler model
organisms elicit antiviral responses in mammalian cells, so they were replaced with shRNA
encoded by plasmids or viral vectors.!>!* This improved RNAi system has become a staple of
novel screening strategies that enable the systematic identification of gene-gene interactions in
human cells. There are two main approaches used by geneticists to map out SL relationships,
referred to as the forward and reverse approaches. The forward tactic relies on the genetic
variability of cancer cell lines characterized by a common mutation in a gene of interest, while
the reverse strategy uses an isogenic cell line pair created by a single specific genetic change.
These approaches led to the identification of several new synthetic lethal interactions. For
example, many cancers are characterized by oncogenic mutations in Ras, which is difficult to
inhibit directly with small molecule inhibitors and was therefore targeted for synthetic lethal
screening. It was demonstrated that cells expressing mutant K-Ras are highly dependent on
the expression of TANK-binding kinase 1 (TBK1), mitotic polo-like kinase 1 (PLK1), and the
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transcriptional repressor SNAIL2.'517 In a similar way it was shown that deficiencies of the
tumor suppressor Rb, which are often responsible for malignant conversion, can be overcome by
inactivating tuberous sclerosis complex 2 (TSC2); that overexpression of the serine/threonine-
protein kinase PIM1 in prostate cancer cells can be overcome by PLK 1 inhibition; and that p53
deprivation can be relieved by silencing telomerase reverse transcriptase (TERT).!820

While novel screening strategies have revealed many new SL interactions, the limited overlap
between the results obtained in different SL screening campaigns targeting the same gene
indicates that there are important weaknesses in existing methodologies. The identification of
three different SL partner proteins in three separate K-Ras screens is a case in point, and suggests
that the genetic backgrounds of the tested cells can have significant effects on the observed
lethality. The limited overlap between the results of different SL screens targeting the same
protein may be due to the use of different cell lines in different studies, imperfections in RNAi-
mediated gene knockdown, or off-target effects. Regardless of its causes, this variability makes
it essential to thoroughly validate newly identified SL interactions using multiple independent
models in order to provide a sound basis for rational patient-drug pair selection.

Except of experimental studies, many predictive approaches have been proposed, but these
primarily focus on extending experimentally derived SL networks rather than de novo predic-
tion of interactions, limiting their utility for cancer.>! However, a new computational algorithm
DAISY (data mining synthetic lethality identification pipeline) that aims to facilitate the large-
scale identification of SLs in cancer has been described recently.?> Importantly, cancer SL
networks identified by DAISY included known SL partners of tumor suppressors and onco-
genes. In addition, it has been shown to be useful in predicting gene essentiality, drug efficacy,
and clinical prognosis.

It is not yet clear whether discovered SL interactions will ever translate into efficient
therapeutics. However, the basic concept of genetic screens for SL interactions has already
been applied in drug discovery screening studies. In these investigations, an inhibitor of a given
protein is screened against a panel of viable cells bearing mutations in different genes to identify
cases where the combination of the mutation and inhibitor results in cell death but neither is
fatal by itself.?? This approach has revealed SL effects of many compounds in specific cancer
cell lines. At present, the most important clinical application of an SL relationship is probably
the use of synthetic poly(ADP-ribose) polymerase-1 (PARP-1) inhibitors such as olaparib or
iniparib to treat breast cancers featuring deletions of BRCA-1 or BRCA-2.2* BRCA-1 and 2 are
necessary for the repair of DNA double-strand breaks (DSB) by homologous recombination
(HR). PARP-1 is implicated in the repair of single-strand breaks (SSB) via autopoly(ADP-
ribosyl)ation, in which it serves as a docking site for other proteins involved in the repair
process. PARP-1 inhibition prevents the docking of these proteins, leading to the formation
of multiple SSB; these SSB in turn give rise to DSB at replication forks. The DSBs would
normally be repaired by HR, but this is not possible in the absence of BRCA-1 or BRCA-2
so the DNA lesions are instead repaired by nonhomologous end joining (NHEJ), leading to
extensive chromosomal alterations and cell death.

The identification of cyclin-dependent kinases (CDKs) as cell cycle regulators prompted the
development of several small molecule CDK inhibitors, many of which have shown promising
results in the context of anticancer therapy and could be potentially exploitable in combinatorial
experiments as discussed in the next section.

2. DEREGULATION OF CDKS IS A FREQUENT HALLMARK OF CANCER DISEASES

The CDKs are a family of 20 serine/threonine protein kinases that are generally classified as
regulators of the cell cycle (CDK1, 2, 4, 6) or transcription (CDK7, 8,9, 11, 20). However, in the

Medicinal Research Reviews DOI 10.1002/med



1160 o VYMETALOVA AND KRYSTOF

last few years they have been shown to have diverse functions including the regulation of angio-
genesis, senescence, exocytosis, spermatogenesis, and neuronal development.”> CDK activity is
highly dependent on the binding of regulatory subunits called cyclins, whose name derives from
their oscillatory expression: they are produced and degraded during different phases of the cell
cycle. To be fully activated, most CDKs must be phosphorylated by CDK7 at specific residues
in their so-called T-loops.”® The timing of CDK activity is also subject to negative regula-
tion mediated by the binding of natural CDK inhibitors (INK4, Cip/Kip), and by inhibitory
phosphorylation catalyzed by the Weel and Myt1 kinases.”®?” These phosphorylations can be
reversed by the cdc25 phosphatases.

The uncontrolled upregulation of CDK activity has been identified as a hallmark of cancer
and several CDK hyperactivity-inducing mechanisms have been identified. Many of these mech-
anisms involve loss of function mutations (deletions, silencing, or point mutations) affecting
genes encoding natural CDK inhibitors or the overexpression of CDK-activating cyclins. For
example, excessive production of cyclin D1 has been detected in breast, bladder, esophageal, and
squamous cell carcinoma.?® Similarly, overproduction of cyclin E has been detected in colon,
lung, and breast cancers as well as acute lymphoblastic and myeloid leukemias,?-** and cyclin A
overproduction has been observed in lung carcinoma.® In addition, some breast malignancies
are promoted by shortened hyperactive forms of cyclin E that are generated by proteolysis.>*
However, in some cases, especially those involving CDK4 and 6, hyperactivity is caused by the
amplification or overexpression of the CDK gene itself.>> 37 Alternatively, mutations in CDK
genes may affect the corresponding proteins’ sensitivity to negative regulators. For example,
in melanoma the R24C point mutation in CDK4 was found to cause insensitivity to inhibi-
tion by pl6INK4a without affecting the variant protein’s ability to bind cyclin D and form
an active kinase.®® Finally, CDK activation requires the removal of inhibitory phosphates by
Cdc25 phosphatases, which are present at unusually high levels in certain tumors.?>*’ For these
reasons, CDKs and their natural modulators have become important targets for anticancer
drug development in recent years. Most efforts in this area have focused on small molecule
inhibitors.

Over the past 20 years, many CDK inhibitors have been developed using different ap-
proaches, and around 24 have entered clinical trials (Table I, Fig. 2).4"43 Most CDK inhibitors
are pan-selective and block the transcriptional regulators CDK7 and CDK9 in addition to
the cell cycle regulating CDKs. It was demonstrated that these compounds induce cell cycle
arrest and activate apoptosis by inhibiting transcription, which is most effective in cells that
are strongly dependent on the expression of antiapoptotic proteins with short half-lives such
as myeloid cell leukemia 1 (Mcl-1). Many groups have demonstrated that early inhibitors such
as roscovitine and flavopiridol are effective against multiple myeloma and other malignan-
cies that depend on continuous mRNA synthesis and Mcl-1 expression.* 4% Inhibitors of the
transcriptional CDKs also influence the stabilization of the tumor suppressor p53, probably
by downregulating its target genes; these include the ubiquitin ligase Mdm?2, which negatively
regulates p53.47-%° On the basis of various in vitro studies, it has been suggested that the simulta-
neous inhibition of multiple CDKs (i.e., CDK1, 2, and 9) could be a desirable feature of clinical
drug candidates.®® The justification for targeting multiple CDKs at once comes from studies
on genetic models;>' cells lacking one or more interphase CDKSs can proliferate because most
CDKs are redundant and capable of standing in for one another if one is disabled somehow.
The only CDK whose functions cannot be fulfilled by some other member of the CDK family
is CDK1.%-

Although the simultaneous inhibition of several CDKs may be more efficient than selec-
tively blocking a single CDK in many cases, there has been considerable interest in developing
inhibitors specific to individual CDK isoforms over the last few years.*>>3 It was recently shown
that many cancers are heavily dependent on the activity of a single CDK-—Dbreast cancer on
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Table 1. Some Small Molecular CDK Inhibitors in Clinical Trials

Compound (alternative name) Target Trial phase Condition References

AT7519 CDK1, CDK2, CDK4, CDK6, CDK9 1/11 Lymphoma, mantle cell 90
lymphoma, chronic
lymphocytic leukemia,
multiple myeloma

BAY 1000394 (roniciclib) CDKI1, CDK2, CDK3, CDK4, CDK7, CDK9 1/I1 Neoplasms, small cell lung 91
carcinoma

Flavopiridol (alvocidib, HMR 1275, CDKI1, CDK2, CDK4, CDK6, CDK7, CDK9 1/I1 Hematologic malignancies 92,93

L86-8275)

LEEO11 (ribociclib) CDK4, CDK6 /11 Solid tumors, lymphomas, WWWw.cancer.gov
malignant rhabdoid tumors,
neuroblastoma, melanoma,
breast cancer

LY2835219 (abemaciclib) CDK4, CDK6 /11 Advanced cancer, mantle cell WWW.cancer.gov
lymphoma, lymphoma,
breast neoplasms, nonsmall
cell lung cancer

P1446A-05 CDK4 I Solid tumors, hematologic WWW.cancer.gov
malignancy

P276-00 (riviciclib) CDK1, CDK4, CDK9 /11 Multiple myeloma, mantle cell 94
lymphoma

PD-0332991 (palbociclib) CDK4, CDK6 I/11/111 Solid tumors, hematologic 95
malignancies

PHA-848125 (milciclib) CDK2, CDK4, CDK7 /11 Thymic carcinoma, solid 96
tumors

Roscovitine (seliciclib, CYC202) CDK1, CDK2, CDK5, CDK7, CDK9 1/11 Breast cancer, advanced solid 97,98
tumors, nonsmall cell lung
carcinoma

SCH-727965 (dinaciclib) CDK1, CDK2, CDK5, CDK9 1/11/111 Hematologic malignancies, 99
solid tumors

SNS-032 (BMS-387032) CDK2, CDK7, CDK9 1 Hematologic malignancies, 100
tumors

R-547 CDK1, CDK2, CDK4 I Neoplasms 101

TGO02 (SB1317) CDKI1, CDK2, CDK7, CDK9 1 Hematologic malignancies 102
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Figure 2. Chemical structures of some CDK inhibitors in clinical development.

CDK4, pancreatic cancer on CDKS5, and bladder cancer on CDK6, for instance.’* ¢ Several
specific inhibitors have been designed, often with the assistance of molecular modeling. These
agentsinclude BS-181 and EXEL-8647, which target CDK 7 and CDKDY, respectively,”’-® as well
as three compounds targeting CDK4/6 that are currently undergoing clinical trials: LEEO11,
1.Y2835219, and palbociclib (granted accelerated approval by FDA in 2015).3°6!

While there are currently many CDK inhibitors in clinical trials, several problems with their
therapeutic use remain to be addressed. In particular, it is not straightforward to determine
which patients are likely to be most sensitive to specific therapies and many current compounds
have low therapeutic indices while exhibiting strong general cytotoxicity. These problems could
potentially be avoided by exploiting SL.

Medicinal Research Reviews DOI 10.1002/med
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3. CDK INHIBITORS CAN ENHANCE THE EFFECTIVENESS OF CURRENT
CHEMOTHERAPEUTICS

Although classical chemotherapeutics continue to dominate the clinical treatment of cancer,
their limited efficacy, side effects, and susceptibility to drug resistance collectively complicate
their use. Most of these compounds inhibit the functioning of the mitotic spindle, block DNA
synthesis, or induce DNA damage. All of these processes lead to the activation of checkpoints
followed by cell cycle arrest, during which the damage they cause may be repaired and drug
resistance may be induced. Combination therapies are generally believed to avoid these prob-
lems, and in recent years a number of studies have demonstrated that combination therapies
involving CDK inhibitors can have remarkable effects. Several studies examining different drug
combinations have revealed synergistic effects that can be enhanced by precisely controlling the
sequence and schedule on which the various agents are administered.

Flavopiridol was the first pan-selective CDK inhibitor and the most extensively studied. It
has been tested in combination with diverse classical chemotherapeutic agents, resulting in the
identification of some combination therapies that are currently undergoing clinical trials. For
instance, it was shown to enhance the anticancer effect of paclitaxel, a microtubule-interfering
agent that inhibits mitosis.®> Paclitaxel monotherapy induced a transient increase in cyclin Bl
expression and CDKI1 activation followed by mitotic exit without cytokinesis. Subsequent in-
hibition of CDK1 using flavopiridol accelerated mitotic exit, activated caspase-3, and induced
PARP cleavage. Interestingly, the two drugs had antagonistic effects if the order of treat-
ment was reversed by applying flavopiridol before paclitaxel because flavopiridol pretreatment
prevented mitotic entry. This finding demonstrates the importance of applying combination
therapies in the correct sequence.®?> Similar results were obtained when using flavopiridol in
combination with docetaxel, a semisynthetic paclitaxel analogue.®® In another example, SN-38,
an active metabolite of the DNA topoisomerase I inhibitor CPT-11, induced p21 expression
and G2 arrest in the HCT-116 gastric cancer cell line without activating apoptosis; this failure
of apoptotic induction could be overcome by subsequent treatment with flavopiridol,** which
caused the activation of caspase-3 and the cleavage of p21 and X-linked inhibitor of apoptosis
(XIAP). A third example is the combination of flavopiridol with gemcitabine, a ribonucleotide
reductase inhibitor. In several cases, gemcitabine monotherapy has led to resistance due to up-
regulation of the mRNA and protein expression of the ribonucleotide reductase M2 subunit.%
Flavopiridol treatment suppressed this resistance by downregulating the expression of the tran-
scription factor E2F-1 in gemcitabine-treated cells, causing a reduction in the expression of the
ribonucleotide reductase M2 subunit.®’

Based on this body of evidence, clinical trials on a range of combination therapies in-
volving various CDK inhibitors have been initiated (see Supporting Information Table I). The
extensively investigated CDK inhibitor flavopiridol has been the subject of several such studies,
usually in combination with DNA targeting agents with which it exhibited strong synergistic
effects in preclinical settings. Given the known involvement of certain CDKs in DNA damage
repair processes,® it is tempting to speculate that these synergies could be due to cell death
arising from the blockage of DNA repair. There have also been several clinical trials involving
the use of microtubule-interfering agents in conjunction with CDK inhibitors because such
combinations have yielded promising results in animal models.®>¢’

In addition to classical chemotherapeutics, CDK inhibitors are being tested as components
of therapeutic cocktails featuring more recently developed molecularly targeted drugs (including
biologics) for which clear mutual potentiation has been observed in vitro or in vivo. The striking
results obtained in these models support the hypothesis that simultaneously blocking multiple
signaling pathways may confer superior clinical efficacy. Therefore, various combinations of
CDK inhibitors with inhibitors of mitogen transducing kinases (both receptor and cytoplasmic
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kinases), proteasome inhibitors, or antiestrogens have been designed for clinical evaluation (see
Supporting Information Table I).

The examples mentioned above clearly show that CDK inhibitors can potentiate the ac-
tivity of current chemotherapeutic agents. However, more effective anticancer strategies could
potentially be developed by specifically targeting individual cancer-related genes in order to
exploit SL interactions in patients whose genetic background is known.

4. SYNTHETIC LETHALITY OF CDK INHIBITORS IN THE TREATMENT OF SPECIFIC
TUMOR DISEASES

A. CDK1/2 and Phosphatidylinositol-3'-Kinase (PI3K)

Glioblastoma multiforme is the most common and aggressive astrocytoma, and has poor prog-
nostic outcomes despite the availability of several multimodal therapies. Almost half of all
astrocytomas are characterized by an amplification of the epidermal growth factor receptor
(EGFR), which subsequently overactivates PI3K leading to a deregulation of the protein ki-
nase B (Akt)/mammalian target of rapamycin (mTOR) signaling pathway.®® The malignant
conversion is also influenced by gain of function mutations in PI3K« and loss of function muta-
tions in tumor suppressor phosphatase and tensin homolog (PTEN), which negatively regulates
PI3K activity.®® Early efforts to develop targeted glioblastoma treatments largely focused on
small molecule inhibitors of EGFR, PI3K, or mTOR. This approach yielded disappointing
results, inducing cytostatic effects rather than cell death. However, the screening of inhibitors of
PI3K isoforms led to the identification of the imidazopyridine PI-75, which effectively induced
apoptosis in glioma cell lines expressing wild-type PTEN without affecting PTEN mutant cell
lines.” Treatment of a wild-type PTEN cell line with the PTEN inhibitor bisperoxovanadium
in combination with PI-75 caused increased phosphorylation of Akt and attenuated cell death
without affecting G2/M arrest. Surprisingly, computational studies indicated that PI-75 is also
a strong inhibitor of CDK1 and 2.7° While the inhibition of single CDKs (CDK1 or CDK?2)
or CDK1 and PI3K« had no impact on apoptosis in glioma cells expressing wild-type PTEN,
combined CDK2 and PI3K« inhibition increased cell death, albeit to a lesser extent than was
observed following PI-75 treatment. This finding was confirmed by siRNA experiments, in
which the silencing of CDK1 or 2 alone after treatment with a PI3K« inhibitor did not influ-
ence apoptosis in glioma cells expressing wild-type PTEN. This may indicate that CDK1 can
compensate for the absence of CDK2 and vice versa.”! However, the simultaneous silencing
of both CDKs significantly reduced the viability of cells treated with the PI3K« inhibitor. In
keeping with this finding, overexpression of CDK1 and 2 attenuated apoptosis in glioma cells
expressing wild-type PTEN. Similarly, a combination of the CDK1/2 inhibitor roscovitine with
a PI3K« inhibitor reduced tumor size in mice xenografts more effectively than monotherapy
with either agent alone. All of these results suggest that it should be possible to use combina-
tion therapies based on CDK1/2 and PI3K inhibitors to treat patients with gliomas expressing
wild-type PTEN.

B. CDK1/2/9 and MYC

Neuroblastomas are embryonal tumors that arise from the sympathetic nervous system and
are the second most common cause of cancer-related deaths in children.””> They are associated
with a range of molecular changes including MYCN amplification, which is found in 20-30%
of all neuroblastomas and is linked to advanced disease with bad prognosis.”* As a ligand-
independent transcription factor, MYCN is very challenging to drug. Interestingly, CDK2 was
shown to have a strong effect on the viability of MYCN-amplified neuroblastomas: its silencing
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using siRNA or shRNA induced apoptosis in MYCN-amplified neuroblastoma cell lines.”*
However, the simultaneous silencing of MYCN and CDK2 had no impact on cell viability,
suggesting that these two proteins have an SL relationship. Subsequent experiments demon-
strated that both roscovitine and the related compound CRS8 are potent inducers of apoptosis
in MYCN-positive cells but have no effects in M YCN-negative neuroblastoma lines.”+ ">

Various other cancers overexpress the closely related M YC oncogene, which encodes a
transcription factor that regulates the expression of genes controlling cell growth, division, and
apoptosis.”® Using a panel of fibroblast human cell lines expressing nine common oncogenes, it
was shown that MYC-overexpressing cells were highly sensitive to the induction of apoptosis by
purvalanol A (a CDK inhibitor related to roscovitine).”” Importantly, this sensitivity correlated
well with the strength of the cells’ expression of MYC. Artificially induced Bcl-2 overexpression
prevented cell death in both normal and M YC-overexpressing cells treated with purvalanol A,
demonstrating that the apoptosis observed in drug-treated cells was due to mitochondrial depo-
larization. This effect was attributed to a drug-induced destabilization of survivin, an inhibitor
of apoptosis whose activity depends on phosphorylation by CDK 1.7® The anticancer efficacy of
purvalanol A was also confirmed in mouse models of lymphoma and hepatoblastoma, further
supporting the proposed interaction between CDK 1 and MYC.”?

The SL interaction between MYC and CDK 1 could potentially be exploited in the treatment
of triple-negative breast cancer, which is resistant to drugs targeting the HER2, estrogen, and
progesterone receptors.”%® CDKI1 silencing using siRNA decreased the viability of triple-
negative breast cancer cell lines and suppressed tumor growth in mice xenografts.”” Two small
molecule CDK inhibitors, purvalanol A and dinaciclib, induced significant apoptosis in several
triple-negative cell lines with elevated MYC expression as well as in related mouse xenograft
models.®® CDKI1 is not the only CDK that has a synthetic lethal relationship with MYC:
studies on hepatocellular carcinomas revealed that CDK9 was required for their survival and
its pharmacological or shRNA-mediated inhibition caused robust antitumor effects whose
magnitude correlated with MYC expression levels.®!

It can be difficult to unravel synthetic lethal relationships involving CDKs because of
the broad specificity patterns of established CDK inhibitors and because these proteins exhibit
pronounced functional redundancy such that one CDK can often compensate for deficiencies in
the activity of another. However, a remarkable study in which CDK4, CDK?2, and CDK 1 were
inhibited specifically and separately using either RNAi or small molecule inhibitors showed that
only CDK 1 inhibition rapidly decreased the viability of MYC-dependent cells.®? The suggested
mechanism of SL between CDK1 and MYC is based on the induction of mitotic catastrophe
by CDKI1 depletion, which may promote MYC-induced replication stress and subsequently
activate checkpoint signaling, resulting in cell death.

C. CDK6 and VHL

The inactivation of the Von Hippel Lindau (VHL) tumor suppressor gene, which serves as
a regulator of hypoxia-inducible factor « (HIF-), is a frequent hallmark of clear cell renal
carcinomas (RCC).%? In the presence of oxygen (normoxia), HIF-o becomes hydroxylated at
one or two prolyl residues to form a binding site for VHL, a component of the ubiquitin ligase
complex that directs the polyubiquitinylation of HIF-«. On the other hand, a lack of oxygen
leads to an accumulation of HIF-«, which then binds HIF-g. The HIF-«/8 heterodimer acts
as a transcriptional factor of genes involved in acute or chronic adaptation to hypoxia such as
vascular endothelial growth factor (VEGF), platelet-derived growth factor B (PDGF-B), tumor
growth factor o (TGFa), and erythropoietin.®* Loss of VHL leads to an activation of kinases
such as EGFR, c-Met, VEGFR, or PDGFR, which can support invasiveness, angiogenesis, and
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metastasis.®* Renal tumors generally do not respond to conventional treatment and therefore
require novel therapies. The scope for specifically targeting VHL-negative cells was investigated
using isogenic cell lines derived from RCC patients of different VHL status.3* Focused silencing
of individual kinases resulted in the identification of three genes that reduced the viability of
VHL”/- RCC cell lines: c-Met, CDK6, and MAP2KI. A synthetic lethal interaction between
VHL and CDK6 was then confirmed by experiments using a small molecule CDK4/6 inhibitor
(CAS 546102-60-7), which only blocked the growth of VHL”" cells. This finding suggests that
CDK6 inhibitors could potentially be useful in the treatment of VHL”- RCC.

D. CDK4 and K-Ras

Given the role of CDK4/6 in the conjunction of mitogenic signaling and cell cycle regulation,
it was not a surprise when CDK4 was revealed as a promising target in cancers overexpressing
K-Ras.®’ Inducible overexpression of K-Ras in mouse embryonic fibroblasts was found to
overcome the typical replicative senescence response of cells exposed to culture shock, while
CDK4 ablation restored this senescence. K-Ras-positive tumor cell lines were sensitive to
CDKA4 silencing while cell lines lacking K-Ras were unaffected. Moreover, the induction of
K-Ras expression in murine xenograft models with a loss of CDK4 significantly reduced their
tumor burden, and all of the tumors that did arise were benign. It was also demonstrated that
K-Ras-positive cells with a loss of CDK4 undergo senescence in a way that is normally observed
only in lung cells. Mice with induced K-Ras overexpression were treated with the CDK4-specific
inhibitor PD0332991. After 30 days, less than 20% of all animals developed lesions compared
to 75% for control mice. Biochemical analysis revealed a decrease in Rb phosphorylation at
serines 807 and 811 in the treated mice; both of these residues are targets of CDK4. However,
no senescence response was detected in cells treated with a CDK4 inhibitor, suggesting that
CDK4 activity was not adequately suppressed. It would therefore be desirable to develop more
potent CDK4 inhibitors and test their usefulness in the treatment of K-Ras-positive NSCLC.
The synthetic lethal relationship between K-Ras and CDK4 was subsequently observed in a
K-Ras overexpressing NSCLC cell line, in which CDK4 silencing reduced cell proliferation, as
well as in a murine xenograft model, in which it inhibited tumor growth.%¢

E. CDK5/12 and PARP

As noted in the introduction the SL relationships that have been most widely exploited in
the clinic are those associated with PARP inhibition. Turner et al. searched for additional SL
interactions between PARP and DNA damage response proteins by performing a screen using
an siRNA library targeting 779 human kinases and kinase-associated genes in a breast cancer
cell line.®” This approach yielded six on-target hits, the most notable of which was CDK35.
The SL relationship between PARP and CDKS5 was subsequently confirmed by experiments
using HeL a cells treated with a PARP inhibitor: CDK5-silenced cells were more sensitive than
controls to DNA-damaging agents such as camptothecin and cisplatin. CDKS5 silencing in cells
treated with the PARP inhibitor caused a striking increase in y H2AX phosphorylation and
an increase in the abundance of RADS5]1 foci even in the absence of exogenous DNA damage.
Thus, CDKS silencing in PARP-inhibited HeLa cells causes failures of SSB repair that lead
to DSB formation but has no effect on HR or NHEJ. Interestingly, when CDKS5-silenced
cells were irradiated, they exhibited radiation-resistant DNA synthesis and an unusually high
proportion of cells were found to be in mitosis after irradiation, suggesting that CDKS controls
an intra S-phase checkpoint that normally prevents mitotic progression in cells with DNA
damage. While its precise function in the various cell cycle checkpoints remains unclear, it may
act via SCF ubiquitin ligase or some noncatalytic interaction with DNA-damage kinases. In
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conclusion, PARP inhibition causes the accumulation of SSBs; when this is paired with a failure
of an intra-S-phase checkpoint due to the absence of CDKS, the result is an increased rate of
replication fork collapse that leads to cell death. These results suggest that PARP inhibitors
may be particularly effective in the treatment of patients with CDKS5 loss of function mutations.
They also suggest that in addition to their uses in treating patients with BRCA1 or BRCA2
deficiencies, PARP inhibitors may be useful for other malignancies when applied in combination
with CDKS5 inhibitors.

In an effort to identify even more genes for which loss of function might predict sensitivity
to PARP inhibitors, Bajrami et al. performed a genome-wide synthetic lethal screen using the
PARP inhibitor olaparib.®® Their analysis showed that the cytotoxicity of olaparib is governed
by the status of the DNA damage response apparatus as well as genes that proofread chro-
matin remodeling and regulate sister chromatid cohesion. Of the genes identified in this work,
CDKI2 stands out as a potential predictive biomarker for responsiveness to PARP1/2 in-
hibitors. CDK12 is a regulator of RNA polymerase IT and is also important in HR. High-grade
serous ovarian cancer (HGS-OVCa), a disease characterized by a high frequency of familial
and somatic BRCA mutations, was selected as a model in which to evaluate the synthetic
lethal relationship between PARP1/2 and CDKI12 based on its susceptibility to olaparib after
carboplatin treatment. The loss of CDK12 function may sensitize HGS-OV cells to PARP1/2
inhibitors because it reduces the expression of key DNA repair genes such as BRCAI, FANCI,
FANCD2, and ATR, rendering the cell deficient in HR.%-8% Consequently, the SSBs induced
by PARP1/2 inhibition are not effectively repaired, leading to cell death.

5. CONCLUSION

For a long time, attempts to treat patients with tumors could be likened to “tilting at wind-
mills” due to the heterogeneity of cancer and related diseases. While treatments with classical
chemotherapeutics often initially provide good outcomes, different patterns of resistance appear
in many patients. In addition, these drugs are characterized by high levels of general toxicity
and severe side effects. However, developments in genetics and genomic technologies have made
it possible to explore the genetic basis of diverse tumors, leading to the identification of novel
molecular targets whose specific inhibition offers the potential for more effective treatment that
can overcome resistance. In recent years, many drugs targeting specific cancer-related proteins
have been developed, several of which have been approved for clinical use. Although no CDK
inhibitor has yet been approved for cancer therapy several phase III clinical trials involving
such agents are underway. There has been quite a large gap between the development of the first
CDK inhibitors and their use in phase I1/111 trials for several reasons including their low ther-
apeutic indices (especially in monotherapy) and a lack of robust criteria for selecting patients
who are likely to respond well to such therapies. Hopefully, these problems could potentially
be avoided by exploiting SL. Studies on this phenomenon, which was first demonstrated in
yeasts before being explored further in cell lines and model organisms, have revealed a range of
gene—gene interactions that could potentially be exploited to develop novel targeted therapies
that will make it possible to effectively treat previously incurable tumors and provide more
effective therapies, perhaps based on CDK inhibition, with fewer side effects for other cancers.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the
publisher’s web site:

Table S1. Clinical combination of CDK inhibitors with current chemotherapeutics (source:
clinicaltrials.gov)
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A series of 5-substituted 3-isopropyl-7-[4-(2-pyridyl)benzyl]lamino-1(2)H-pyrazolo[4,3-d]|pyrimidine
derivatives was synthesized and evaluated for their cyclin-dependent kinase (CDK) inhibition activity.
The most potent compounds contained various hydroxyalkylamines at the 5 position and possessed low
nanomolar ICsq values for CDK2 and CDK5. Preliminary profiling of one of the most active compounds on
a panel of 50 protein kinases revealed its high selectivity for CDKs. The compounds arrested cells in S and
G2/M phases, and induced apoptosis in various cancer cell lines. Significant dephosphorylation of the C-
terminus of RNA polymerase Il and focal adhesion kinase (FAK), well-established substrates of CDKs, has
been found in treated cells. Cleavage of PARP-1, down-regulation of Mcl-1 and activation of caspases
correlated well with CDK inhibition and confirmed apoptosis as the primary type of cell death induced in
cancer cells treated with the compounds in vitro. A comparison of known purine-based CDK inhibitor
CR8 with its pyrazolo[4,3-d]pyrimidine bioisosteres confirmed that the novel compounds are more
potent in cellular assays than purines. Therefore, pyrazolo[4,3-d]pyrimidine may emerge as a novel
scaffold in medicinal chemistry and as a source of potent CDK inhibitors.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Deregulation of the cell cycle is a common hallmark of cancers
and, on the molecular level, is tightly linked to cyclin-dependent
kinases (CDKs). Upon binding to regulatory subunits called
cyclins, these enzymes play a key role in the cell cycle, from initi-
ation, through DNA replication, to mitosis [ 1]. Deregulation of CDKs
is often caused by amplification or overexpression of cyclins, or by
mutation or silencing of the genes encoding natural protein in-
hibitors of CDKs. In principle, however, many various upstream
alterations can hyperactivate CDKs inappropriately and, as a
consequence, promote proliferation of cancer cells despite the lack
of mitogens [2]. Besides that, deregulation of CDKs induces
genomic and chromosomal instability that mediate neoplastic

Abbreviations: CDK, cyclin-dependent kinase; FAK, focal adhesion kinase.
* Corresponding author.
E-mail address: vladimir.krystof@upol.cz (V. Krystof).

http://dx.doi.org/10.1016/j.ejmech.2016.01.011
0223-5234/© 2016 Elsevier Masson SAS. All rights reserved.

transformation of cells [2].

Such observations in the vast majority of cancers provided a
rationale for targeting CDKs using pharmacological inhibitors. The
first small molecule CDK inhibitors, such as flavopiridol, roscovi-
tine, and many others, demonstrated anti-proliferative and anti-
cancer activity mediated by suppression of the expected targets.
These targets comprised several CDK-family members including
CDK1, CDK2, CDK4, CDK7, and CDK9 [3,4]. Both roscovitine and
flavopiridol were therefore selected for clinical trials as anti-cancer
drugs with a novel mechanism of action. However, both drugs
exhibited toxicity and low efficacy. More potent compounds were
developed soon afterward, and several were investigated in Phase
II-1II clinical trials [2].

Despite high sequence similarity within the CDK family, several
truly monospecific CDK inhibitors were also identified, including
CDK4-specific palbociclib [5], CDK7-specific irreversible binder
THZ-1 [6], and CDK9-specific LDC0O00067 [7] (Fig. 1). Although it
has proven necessary to inhibit several CDKs to produce anti-
cancer activity in certain models, the abovementioned
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palbociclib, with its higher selectivity for CDK4 and CDK6 than
other CDKs, received accelerated FDA approval as the first com-
pound in its class [8]. Palbociclib has shown efficacy in the treat-
ment of certain breast cancers [9,10], but it becomes clear that other
cancers will require different CDK selectivity patterns. Therefore,
there is still a need for the development of new inhibitors.

We recently focused on the skeleton of pyrazolo[4,3-d]pyrimi-
dine, an isostere of purine, and prepared a series of compounds
substituted analogous to the purine-based roscovitine. To date,
several other CDK inhibitors built on heterocycles isosteric to pu-
rine have been described (reviewed by Ref. [11]), but among them,
only pyrazolo[1,5-a|pyrimidines, pyrazolo[1,5-a]-1,3,5-triazines,
and pyrazolo[4,3-d]pyrimidines exceed the activity of corre-
sponding purines. Compounds based on the latter group, the pyr-
azolo[4,3-d]|pyrimidines, display anti-cancer activity [12,13]. In
addition, some derivatives suppress abnormal proliferation related
to the pathogenesis of restenosis in vascular smooth muscle cells
[14] and tumor angiogenesis [15], all by inhibiting CDKs and aurora
A kinase [13].

The objective of this work was to synthesize novel potent CDK
inhibitors with a pyrazolo[4,3-d]pyrimidine scaffold bearing N6-
biaryl substituents. N6-biaryl substituents were proven most ad-
vantageous for the activities of analogous purines, such as CR8,
BP14, and others [16—19]. As we expected, the newly prepared
derivatives displayed nanomolar potency against CDKs and cancer
cell lines. The most potent derivative was over 7 times more active
against CDK2 than CR8, and was comparable to another bioisostere
of roscovitine, dinaciclib [20].

2. Results and discussion
2.1. Synthesis

The pyrazolo[4,3-d]|pyrimidine substitutions were based on
studies of structure-activity relationships for related purine and
pyrazolo [1,5-a]pyrimidine CDK inhibitors, and included one of the
most beneficial biarylamino substituents at position 7, ie. [(2-
pyridyl)benzyl]amine. Position 5 was modified using various side
chains in order to understand the importance of each chain for
activity. Products of position 5 modifications were also compared to
the disubstituted derivative 3-isopropyl-7-[4-(2-pyridyl)benzyl]
amino-1(2)H-pyrazolo[4,3-d|pyrimidine (6) that was prepared by
reacting  7-chloro-3-isopropyl-1(2)H-pyrazolo[4,3-d]|pyrimidine
[21] with 1-[4-(pyridin-2-yl)phenyl]methanamine. Another simple
derivative, 3-isopropyl-5-methylsulfanyl-7-[4-(2-pyridyl)benzyl]
amino-1(2)H-pyrazolo[4,3-d]pyrimidine (2a) was prepared from 7-
chloro-3-isopropyl-5-methylsulfanyl-1(2)H-pyrazolo[4,3-d]pyrim-
idine (2) by reaction with 1-[4-(pyridin-2-yl)phenyl|methanamine.

The synthesis of 5-substituted 3-isopropyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidines (Scheme 1) was
based on two subsequent nucleophilic substitutions. This synthesis

is analogous to the synthesis of the pyrazolo[4,3-d]pyrimidine
bioisostere of roscovitine [12]. However, contrary to the synthesis
of the roscovitine analog, oxidation of the methylsulfanyl group of
compound 2 must be performed before nucleophilic substitution of
the chloro atom at position 7 in order to prevent oxidation of the
pyridylbenzylamine part of the desired product. Substitution of the
chloro atom of compound 3 proceeds under gentle conditions (60
°C/1 h) in a high yield. Subsequent substitution of the methyl-
sulfonyl group of compound 4 needs severe conditions (125—150
°C/5—30 h) producing approximately 20% yield of derivatives 5,
which must be isolated by chromatography.

The structures of all newly-synthesized compounds were veri-
fied using NMR spectroscopy, ESI mass spectrometry, and
elemental analysis. The purity of each synthesized compound was
checked by HPLC-DAD analysis. Detailed information about syn-
thesis and characterization of all compounds is described in the
experimental and supporting information sections of this
manuscript.

2.2. CDK inhibitory activity of novel pyrazolo [4,3-d]pyrimidines

The presence of a heterobiaryl substituent at position 6 of the
purine molecule was proven crucial for CDK inhibitory activity,
compared to monoaryl substituted derivatives like roscovitine
[16,18,19]. This was clearly demonstrated by compound CR8 which
showed a 3-fold lower IC5q for CDK2, and >200-fold higher potency
in cells than roscovitine [16].

We synthesized a collection of 3,5,7-trisubstituted pyrazolo[4,3-
d]pyrimidines with the same substitutions at positions 3 and 7 as
CDK inhibitor CR8 and a different substitution at position 5. All
novel derivatives were tested for CDK2/CDK5 kinase inhibition
according to established protocols (see details in the Experimental
section) and the data obtained are presented in Table 1.

The results demonstrate that most of the new compounds
display significantly higher potency for inhibiting CDK2/CDK5 than
the reference purine compound CR8, with IC5q values well below
100 nM. The 3,7-disubstituted pyrazolo[4,3-d]pyrimidine 6, lacking
substitution at position 5, was slightly more active than CR8, sug-
gesting that the biaryl function at 7 markedly increases affinity of
the skeleton to a CDK. Addition of a suitable substitution at position
5 further increased potency. A small increase in potency of inhibi-
tion of either CDK2 or CDK5 (ICsg values in a high nanomolar range)
was observed when the scaffold was substituted, at position 5, with
small sulphur-containing functions (2a, 4). However the structures
of most beneficial pyrazolo[4,3-d]pyrimidines with 5-substitutions,
in terms of CDK inhibition, shared a hydroxyalkylamine or an
aminoalkylamine motif (5a—e). This finding corresponds to earlier
observations performed with analogous purine and pyrazolo[1,5-a]
triazine inhibitors [18,19,22—24]. The most potent derivative, 5c,
showed ICsq values for CDK2 and CDK5 of 9 nM and 1 nM,
respectively. The activity of 5¢ is comparable to clinically developed
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dinaciclib [20]. Only two newly-prepared derivatives, 5p and 5q,
with aromatic chains at position 5, showed insufficient activity
(IC50 > 1 uM). One study shows that the aromatic substitution at 5 is
detrimental for the activity of related purine inhibitors [23].

We also compared one of the most active compounds, 5b, with
several other known CDK inhibitors: pan-selective dinaciclib,
CDK7-specific BS-181, and CDK4-specific palbociclib (Table 2).
Compound 5b displayed a similar profile and potency to those of
dinaciclib, with a slightly lower potency against CDK1. Preliminary
selectivity profiling of 5b was then performed using a panel of 50
additional protein kinases. The compound was assayed at a single
concentration of 1 pM. As shown in the Supplementary Table S1,
residual activity of other tested kinases reached values of approx-
imately 50% (for CAMKKD) or 60% (for DYRK1A, CK16, AMPK, PAK4),
which clearly confirmed 5b selectivity (intrapolated residual ac-
tivities of CDK2 and CDK5 are <10%). It was not surprising that 5b
also inhibited PAK4 or CK16 because these kinases are sensitive to
previously described pyrazolo[4,3-d]pyrimidines [13,14] and
structurally related purines [16,25].

2.3. Activity in cancer cell lines

All novel derivatives were tested for cytotoxicity on four cancer
cell lines (Table 1). Our data showed that the presence of sub-
stituents at position 5 rapidly increased cellular potency to nano-
molar activities, compared to 3,7-disubstituted derivative 6. While
compound 6 displayed an ICsq of approximately 1 uM for all cancer
cell lines, other derivatives showed mid-level (5f-h, 5j-k, 5m-0) or
low (5a-e, 51) nanomolar ICsy values. These activities clearly
correspond with anti-CDK activity. All derivatives with high cyto-
toxicity also displayed high affinity for CDK2 and vice versa,
whereas derivatives 5p and 5q were significantly less active in both
assays. Surprisingly, replacing hydroxyalkylamines with cyclic
amines usually weakens cellular potency (ICsg values of 5f-h, 5j, 5n,
50 > 100 nM), although CDK inhibition in biochemical assays still
occurred at a low nanomolar range. The most potent pyrazolo[4,3-
d]pyrimidines, 5a-c and 51, each showed an ICsg that was at least
10-fold lower than that of CR8.

Next, the activity of 5b, one of the most potent inhibitors in the
series of compounds, was studied in detail in a colon carcinoma cell
line, HCT-116. As shown in Fig. 2A, treatment with 125 nM and
higher concentrations of 5b substantially decreased the S-phase
population (BrdU-positive cells) of cells, increased the subG1
population (apoptotic cells), and arrested cells in late S and G2/M
phases. In addition, similar effects were observed in breast

adenocarcinoma cells, MCF-7, treated with 5b and other pyrazolo
[4,3-d]pyrimidines, compared to cells treated with CR8 (the con-
trol; Fig. S1). These results indicate that the compounds block DNA
replication and proliferation in a dose-dependent manner, an effect
attributable to CDK2 inhibition. Similar outcomes have been
described for numerous other CDK inhibitors, such as roscovitine,
dinaciclib, SNS032, and flavopiridol [20,26—28].

Due to structural similarities between CDK2 and CDKS5, it was no
surprise that the compounds inhibited both kinases (Table 1).
Because CDK5 emerged as a new potential target of cancer therapy,
we attempted to show that compound 5b also targets CDK5 in cells.
We immunoblotted lysates of treated HCT-116 cells and discovered
a dose-dependent decrease of FAK phosphorylation at Ser 732
(Fig. 2B), which is a known CDK5 substrate [29,30].

Due to the strong cytotoxicity of 5b in the HCT-116 cell line, we
sought to identify the type of cell death that occurs, using
biochemical assays. Lysates of treated HCT-116 cells were subjected
to immunoblotting. Subsequent analysis revealed a dose-
dependent decrease of anti-apoptotic protein Mcl-1 as well as
cleavage of PARP-1, a known caspase substrate (Fig. 3A). We also
found that 5b rapidly increased the expression of tumor suppressor
p53 at concentrations of 250 nM and higher. In addition, caspase
activation in treated cells was confirmed by an enzymatic assay,
using fluorescently labeled substrates of caspases 3 and 7 (Fig. 3B)
that revealed clear dose-dependent responses in a sub-micromolar
range.

Although CDK2 is dispensable for the growth of most tumors
[31], some articles showed that CDK2 might be a suitable target for
molecular therapy of primary and metastatic melanoma [32].
Indeed, the anti-melanoma activity of CDK inhibitors dinaciclib and
roscovitine has been confirmed [33—35]. We therefore studied the
effects of novel derivatives in a melanoma cancer cell line, G361.
The tested derivatives potently activated caspases in treated cells
(Supplemental Fig. S2). Moreover, ongoing apoptosis (as evidenced
by immunoblotting of cleaved PARP-1 and decreased Mcl—1 levels)
correlated well with reduced phosphorylation of RNA polymerase I
at the C-terminus (Supplemental Fig. S3 and S4). Importantly, the
tested derivatives induced cancer cell death in substantially lower
doses than related purine derivative CR8 and pyrazolo[4,3-d]py-
rimidine bioisostere of roscovitine (designated as compound 7)
[12].

3. Conclusion

A library of 20 novel pyrazolo[4,3-d]|pyrimidine derivatives,
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Table 1
Cytotoxicity and anti-CDK activity of novel 3,5,7-trisubstituted pyrazolo[4,3-d]pyrimidines.
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N
5e ),z 0.047 0.059 0.072 0.087 0.012 0.021
u O/ﬁ/\ﬁ
OH
5f )& 0.110 0.163 0.197 0.270 0.018 0.005
@
O\)
5g % 0.589 0.530 0.873 0.940 0.061 0.114
Y
SQ
5h “T' 0.165 0.133 0.204 0.142 0.024 0.037
HO. N
5i HN N )& 0.063 0.062 0.230 0.227 0.018 0.008
H
5j 0.175 0.295 0.477 0.427 0.046 0.044
NH
.,W,NHZ
5k )& 0.700 0310 1.018 0.781 0.051 0.017
HO u
NH,
51 )a 0.017 0.021 0.064 0.088 0.050 0.119
N
HNQ
5m 0.125 0.225 0.640 0.390 0.467 2.136
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Table 1 (continued )
N ICs0, (LM)
J "{ RN Cancer cell lines Kinases
— NH{ N
/)
N
=
Compound R K-562 MCF-7 G361 HCT-116 CDK2 CDK5
5n 0.593 0474 0.745 0.720 0.096 0.179
NH
H9N\\\“\\.
50 > 0.145 0.195 0.181 0.350 0.132 0.422
0
N
HO/\/ \)
5p P 3.950 5.300 7.487 17.40 1.483 4415
SO
2.535 2.385 3.610 7.325 1.450 3.600

\O
5q N
N
N,
N
F

Table 2
CDK selectivity profile of Compound 5b and some known CDK inhibitors (assayed as
controls).

Kinases ICs0 (UM)?

Cmpd. 5b Dinaciclib BS-181 Palbociclib
CDK1 0.777 0.072 14.0 >10
CDK2 0.021 0.002 1.80 9.20
CDK4 >2 0.127 447 0.016
CDK5 0.034 0.045 3.70 >10
CDK7 2.780 n.a. 0.134 >10
CDK9 0.240 0.178 2.18 0.892

2 Average values from at least three determinations.

with nanomolar inhibitory activities against CDK2 and CDKS5, was
generated. The majority of compounds demonstrated strong anti-
proliferative effects, including cell cycle arrest and induction of
apoptosis, for which CDK inhibition is a primary mode of action.
Although the pyrazolo[4,3-d]pyrimidine is isosteric to purine and

A B

== G2/M mmmm BrdU neg
—BrdU pos —G1
—&o—sub-G1

100% - i

75% -

50% -

25% -

0% T T T .
0 62.5 125 250 500
5b (nM)

pyrazolo[1,5-a]pyrimidine and the new compounds are analogous
to roscovitine and dinaciclib, we found that pyrazolo[4,3-d]|py-
rimidines were substantially more active than purines. This scaffold
may serve as an alternative source of novel, potent CDK inhibitors
that may display different physico-chemical and pharmacological
properties. Therefore, pyrazolo[4,3-d]pyrimidine may emerge as a
novel scaffold in medicinal chemistry and is worth further inves-
tigation, especially in the field of cancer therapeutics, where drug
resistance significantly complicates efficacy.

4. Experimental section
4.1. Chemistry

NMR spectra were recorded on a JEOL ECA-500 spectrometer
operating at frequencies of 500.16 MHz ('H) and 125.76 MHz (3C).

TH NMR and ¥C NMR chemical shifts were referenced to the sol-
vent signals; 'H: é(residual CHCl3) = 7.25 ppm, d(residual DMSO-

HCT-116 / 500 nM 5b (hours)

0 4 8 16 24 0

e | PFAK (S732)

- ——
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| , ) —

3-actin

Fig. 2. Effect of 5b on the HCT-116 cancer cell line. (A) Asynchronous cells were treated with different concentrations of 5b for 24 h. The cell cycle was analyzed by flow cytometry;
DNA was double-labeled with propidium iodide and 5-bromo-2’-deoxyuridine. (B) Time-course immunoblotting analysis of phosphorylation of FAK, a known CDKS5 substrate, in

cells treated with 500 nM of 5b. B-actin was detected to verify equal loading.
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Fig. 3. Induction of apoptosis in HCT-116 cancer cells treated with different doses of 5b for 24 h. (A) Immunoblotting analysis of apoptosis-related proteins in treated cells. Tubulin
levels were detected to verify equal loading. (B) Fluorimetric assay for caspase-3 and caspase-7 activity in lysates prepared from treated cells. Caspase activity was measured using
the fluorogenic substrate Ac-DEVD-AMC and normalized against untreated control cell lysates.

ds) 2.50 ppm, d(residual CD,HOD) 331 ppm; BC:
6(CDCl3) 7723 ppm, d6(DMSO-dg) 39.52 ppm,
0(CD30D) = 49.15 ppm. Chemical shifts are given in ¢ scale [ppm]
and coupling constants in Hz.

Melting points were determined on a Kofler block and are un-
corrected. Reagents were of analytical grade and from standard
commercial sources. Thin layer chromatography (TLC) was carried
out using aluminium sheets with silica gel F,54 from Merck. Spots
were visualized under UV light (254 nm). ESI mass spectra were
determined using a Waters Micromass ZMD mass spectrometer
(solution in MeOH, direct inlet, coin voltage 20 V). Column chro-
matography was performed using Merck silica gel Kieselgel 60
(230—400 mesh). The purity of all synthesized compounds was
determined by HPLC-PDA (200—500 nm). Specific optical rotation
was measured on polarimeter polAAr 3001 (wave length:
589.44 nm, tube length: 5 cm, and t = 23 °C). All compounds gave
satisfactory elemental analyses (0.4%).

4.1.1. 3-Isopropyl-5-methylsulfanyl-1(2)H-pyrazolo[4,3-d]
pyrimidin-7-ol (1)
This compound was prepared as previously described [12].

4.1.2. 7-Chloro-3-isopropyl-5-methylsulfanyl-1(2)H-pyrazolo[4,3-
d]pyrimidine (2)
This compound was prepared as previously described [12].

4.1.3. 3-Isopropyl-5-methylsulfanyl-7-[4-(2-pyridyl)benzylJamino-
1(2)H-pyrazolo[4,3-d[pyrimidine (2a)

A solution of 7-Chloro-3-isopropyl-5-methylsulfanyl-1(2)H-
pyrazolo[4,3-d]pyrimidine (2) (0.56 g, 2.3 mmol), 1-[4-(pyridin-2-
yl)phenylmethanamine (0.48 g, 2.6 mmol) and ethyldiisopropyl-
amine (0.86 mL, 5 mmol) in 12 mL t-BuOH was heated with stirring
at 70 °C for 2 h. After cooling to room temperature, the reaction
mixture was concentrated under vacuum and the residue was
partitioned between H,0 and CHCl3. The combined organic phase
was dried with magnesim sulfate and evaporated. Crystallization
from CHCl3/Et;0 generated a colorless product with
m.p. = 170—173 °C, mass = 0.79 g, and 87% yield. ESI + m/z 391.1
[M+H]*, ESI- m/z 389.1 [M — H] . 'H (500 MHz; DMSO-ds): 1.36 (d,
J = 7.03 Hz, 6H, —CH(CH3),); 2.43 (s, 3H, -SCH3); 3.31-3.35 (m,
1H, —CH(CH3)y); 4.75 (bs, 2H, —NH—-CH»—); 7.32 (ddd, ] = 7.34 Hz,
J=4.89Hz,]=0.92 Hz, 1H, ArH); 7.48 (d, ] = 7.03 Hz, 2H, ArH); 7.84
(dt,J = 7.64 Hz,] = 1.53 Hz, 1H, ArH); 7.92 (d, ] = 7.95 Hz, 1H, ArH);
8.05 (bd,J = 7.03 Hz, 2H, ArH); 8.63 (bd, ] = 4.58 Hz, 1H, ArH). Anal.
(C21H22N6S) G, H, N, S.

4.14. 7-Chloro-3-isopropyl-5-methylsulfonyl-1(2)H-pyrazolo[4,3-
d]pyrimidine (3)

OxoneR solution (monopersulfate comp., Aldrich Cat: 228036,
36 g) in water (180 mL) was added in a dropwise manner, within
1 h, to a solution of 7-chloro-3-isopropyl-5-methylsulfanyl-1(2)H-
pyrazolo[4,3-d]pyrimidine (2) (10 g, 41.3 mmol) in EtOH (180 mL) at
55 °C. The reaction mixture was stirred for another hour at 60 °C.
After cooling to room temperature, the EtOH was removed by
evaporation and the residue was partitioned between H,O and
EtOAc. The combined organic phase was dried with sodium sulfate.
Crystallization from EtOAc/Et,0 generated a product with
m.p. = 111-114 °C, mass = 9.17 g, and 81% yield. ESI- m/z 273.1
[M — H]~."H NMR (CDCl3): 1.49 (d, ] = 6.96, 6H, CH(CH3),); 3.49 (s,
3H, CH3), 3.58 (sep, ] = 6.96, 1H, CH). Anal. (CoH11CIN40,S) C,H, N, S.

4.1.5. 3-Isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)benzylJamino-
1(2)H-pyrazolo[4,3-d]pyrimidine (4)

A mixture of 7-Chloro-3-isopropyl-5-methylsulfonyl-1(2)H-
pyrazolo[4,3-d]pyrimidine (3) (4.89 g, 17.8 mmol) and ethyl-
diisopropylamine (4 mL, 22.5 mmol) were heated with stirring in
80 mL t-BuOH at 60 °C. A solution of 1-[4-(pyridin-2-yl)phenyl]
methanamine (3.84 g, 20.9 mmol) in 30 mL t-BuOH (50 °C) was
added and the reaction mixture was heated at 60 °C for 1 h. The
product started to crystallize after 10 min. After cooling at room
temperature, the product was filtered off, washed with MeOH and
dried under vacuum; the product had m.p. 214-218 °C,
mass = 6.4 g, and 85% yield. ESI + m/z 423.3 [M+H]", ESI- m/z 421.3
[M — H|"'H (500 MHz; DMSO-ds): 1.38 (d, ] = 6.72 Hz,
6H, —CH(CH3),); 3.27 (s, 3H, CH3); 3.31-3.35 (m, 1H, —CH(CH3),);
482 (bs, 2H, NH-CH,-); 7.30-7.32 (m, 1H, ArH); 753 (d,
J = 7.00 Hz, 2H, ArH); 7.82—7.86 (m, 1H, ArH); 7.91-7.92 (m, 1H,
ArH); 8.05 (bs, 2H, ArH); 8.63 (bd, ] = 4.28 Hz, 1H, ArH). Anal.
(C21H22Ng02S) C, H, N, S.

4.1.6. 3-Isopropyl-5-(2-hydroxyethyl)amino-7-[4-(2-pyridyl)
benzyljamino-1(2)H-pyrazolo[4,3-d]pyrimidine (5a)

A solution consisting of 3-isopropyl-5-methylsulfonyl-7-[4-(2-
pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d|pyrimidine (4)
(0.20 g, 0.48 mmol) and ethanolamine (4 mL, 66 mmol) was heated
in a sealed ampoule at 130 °C for 25 h. Excess amine was evapo-
rated at a temperature below 70 °C, and the residue was partitioned
between H,O and CHCl3. The combined organic phase was dried
with sodium sulfate and evaporated under vacuum. The product
was purified by column chromatography: stepwise (5%, 6%, 8%, 10%)
with MeOH in CHCl3 containing a trace of concentrated aqueous
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NH4OH. Chromatography provided (after evaporation under vac-
uum) a noncrystalizable, amorphous colorless glass foam, with
mass = 0.10 g, and 51% yield. ESI + m/z 404.1 [M+H]", ESI- m/z
4021 [M — H]~. 'H (500 MHz; CDCl5): 118 (d, J = 7.07 Hz,
6H, —CH(CH3)3); 3.09 (sept., ] = 7.03 Hz, 1H, —CH(CH3);); 3.41 (bs,
2H, —CHy—); 3.69 (bs, 2H, —CH,—); 4.57 (bs, 2H, -NH—-CH,—); 7.12
(qd, J] = 7.64 Hz, ] = 4.89 Hz, ] = 1.22 Hz, 1H, ArH); 7.21 (d,
J = 795 Hz, 2H, ArH); 7.52 (d, ] = 7.95 Hz1H, ArH); 7.62 (td,
J =7.34Hz, ] = 1.83 Hz, 1H, ArH); 7.72 (d, ] = 7.95 Hz,1H, ArH); 8.54
(d,J =4.58 Hz, TH, ArH). 13C (125 MHz; CDCl3): 21.4, 25.9, 43.9, 45.3,
64.3,120.6,122.1,127.0,127.8,136.9, 138.1,138.8, 149.3, 152.3, 156.8,
158.2. Anal. (C22H25N70) C, H,N.

4.1.7. 3-Isopropyl-5(R)-(2-hydroxypropyl)amino-7-[4-(2-pyridyl)
benzyljamino-1(2)H-pyrazolo[4,3-d]pyrimidine (5b)

A solution consisting of 3-isopropyl-5-methylsulfonyl-7-[4-(2-
pyridyl)benzyl]lamino-1(2)H-pyrazolo[4,3-d]pyrimidine (4)
(1.25 g, 296 mmol) in R-(—)-1-amino-2-propanol (10 mlL,
110 mmol) in a sealed ampoule was heated at 130 °C for 12 h. Excess
amine was evaporated at a temperature below 60 °C, and the res-
idue was partitioned between H,O and CHCls. The combined
organic phase was dried with sodium sulfate and evaporated under
vacuum. The product was purified by column chromatography,
stepwise (3%, 5%, 7%) with MeOH in CHCl; containing a trace of
concentrated aqueous NH4OH. Chromatography provided (after
evaporation under vacuum) a noncrystalizable, amorphous color-
less glass form, with mass = 0.65 g, and 52% yield. ESI + m/z 418.1
(100%) [M-+H]", 209.6 (20%) [M+2H]?**, ESI- m/z 4161 [M — H]". 'H
(500 MHz; DMSO-dg + CDCl3): 0.99 (d, ] = 6.42 Hz, 3H, —CH3); 1.27
(d, J] = 7.03 Hz, 6H, —CH(CH3),); 3.06—3.11 (m, 2H, —CHy—);
3.20—3.23 (m, 1H, —CH(CH3),); 3.72—3.75 (m, 1H, —CH—); 4.69 (bs,
2H, —NH—CH»—); 6.02 (bs, 1H, —-NH—CH,—); 7.27—7.30 (m, 1H,
ArH); 7.45 (d, ] = 7.34 Hz, 2H, ArH); 7.63 (bs, 1H, —NH—); 7.82 (dt,
J = 7.64 Hz, | = 1.53 Hz, 1H, ArH); 7.88—7.89 (m, 1H, ArH); 8.01 (s,
2H, ArH); 8.60 (d, J = 3.97 Hz, 1H, ArH); 11.76 (bs, 1H, -NH-). 13C
(125 MHz; DMSO-ds + CDCl3): 21.9, 22.2, 26.6, 43.4, 49.9, 66.7,
120.5,122.8,127.2,128.4,137.7,149.8, 156.3. Anal. (C3H27N70) C, H,
N. [a]p = + 2.6° (MeOH, ¢ = 5 mg/mL, 23 °C).

4.1.8. 3-Isopropyl-5-(2-hydroxy-2-methylpropyl))amino-7-[4-(2-
pyridyl)benzyllamino-1(2)H-pyrazolo[4,3-d]pyrimidine (5c)

A mixture of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyllamino-1(2)H-pyrazolo[4,3-d]pyrimidine  (4) (0.6 g,
1.42 mmol) and 1-amino-2-methyl-2-propanol (1.25 g, 14 mmol)
was heated at 150 °C for 15 h in a sealed ampoule. After cooling, the
reaction mixture was partitioned between H,O and CHCls. The
combined organic phase was dried with sodium sulfate and evap-
orated under vacuum. The product was purified by column chro-
matography, stepwise (3%, 5%, 7%) with MeOH in CHCls.
Chromatography provided (after evaporation under vacuum) a
noncrystalizable, amorphous colorless glass form, with 0.2 g, and
33% yield. ESI + mjz 432.1 [M+H]*, ES- m/z 4301 [M — H]". 'H
(500 MHz; DMSO-dg): 1.06 (s, 6H, (OH)C(CH3),); 1.29 (d, ] = 7.03 Hz,
6H, —CH(CH3)y); 3.14 (sept., ] = 7.03 Hz, 1H, —CH(CH3),); 3.20 (d,
J =5.81Hz, 2H, ~NH—CH,—); 4.73 (d, ] = 4.89 Hz, 2H, —NH—CH,—);
6.12 (bs, 1H, —NH—CH,—); 7.31 (dd, ] = 7.03 Hz, | = 5.50 Hz, 1H,
ArH); 7.48 (d, | = 7.95 Hz, 2H, ArH); 7.84 (dt, ] = 7.64 Hz, ] = 1.53 Hz,
1H, ArH); 7.91 (d, ] = 7.95 Hz, 1H, ArH); 8.04 (d, ] = 7.64 Hz, 2H,
ArH); 8.63 (d, ] = 4.28 Hz, 1H, ArH). Anal. (C24H29N70) C, H, N.

4.1.9. 3-Isopropyl-5(R)-[1-(hydroxymethyl)propylJamino-7-[4-(2-
pyridyl)benzylJamino-1(2)H-pyrazolo[4,3-d]pyrimidine (5d)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyllamino-1(2)H-pyrazolo[4,3-d]pyrimidine  (4) (0.5 g,
1.19 mmol) in R-(—)-2-amino-1-butanol (5 mL, 50 mmol) was

heated at 150 °C for 15 h in a sealed ampoule. Excess amine was
evaporated at a temperature below 70 °C, and the residue was
partitioned between Hy0 and CHCl3. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (3%, 5%,
7%) with MeOH in CHCls. Chromatography provided (after evapo-
ration under vacuum) a noncrystalizable, amorphous colorless
glass form, with mass = 0.14 g, and 27% yield. ESI + m/z 432.1
[M-+H]*, ESI- m/z 430.1 [M — H] . 'H (500 MHz; DMSO-dg): 0.81 (t,
J = 6.72 Hz, 3H, —CH,—CH3); 1.39—1.45 (m, 7H, —CH(CH3),, —CHu.-
CH3); 155-1.59 (m, 1H, —CHB—CHs); 3.43-3.47 (m, 1H,
—CH(CHs)); 3.77-3.80 (m, 1H, —CH-NH-); 4.49—4.67 (m, 4H,
—CH,—OH, —NH-CH,—); 5.82 (d, ] = 7.64 Hz, 1H, —NH-CH,—);
7.29—7.31 (m, 1H, ArH); 7.44 (d, ] = 7.95 Hz, 2H, ArH); 7.78 (s, 1H,
NH); 7.83 (t,J = 8.01 Hz, 1H, ArH); 7.89 (d, ] = 7.95 Hz, 1H, ArH); 7.99
(d, J = 8.25 Hz, 2H, ArH); 8.62 (bd, J = 4.58 Hz, 1H, ArH. Anal.
(C24H20N70) C, H, N. [at]p = + 45.5° (MeOH, ¢ = 1.9 mg/mL, 23 °C).

4.1.10. 3-Isopropyl-5-(2,3-dihydroxypropyl)amino-7-[4-(2-pyridyl)
benzyljamino-1(2)H-pyrazolo[4,3-d]pyrimidine (5e)

A mixture of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzylamino]-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.20 g,
0.47 mmol), and 2,3-dihydroxypropylamine (2 mL, 26 mmol) was
heated at 125 °C for 20 h. After cooling to room temperature, the
reaction mixture was partitioned between H,O and CHCls. The
combined organic phase was dried with sodium sulfate and evap-
orated under vacuum. The product was purified by column chro-
matography, stepwise (3%, 5%, 8%, and 10%) with MeOH in CHCls.
Chromatography provided (after evaporation under vacuum) a
noncrystalizable, amorphous colorless glass form, with
mass = 0.05 g, and 25% yield. ESI + m/z 434.1 [M+H]*, ESI- m/z
4321 [M — H]". 'H (500 MHz; DMSO-dg): 1.29 (d, ] = 6.72 Hz, 6H,
—CH(CH3)2); 1.85-1.91 (m, 1H, —CH,Hg—); 2.16 (t, ] = 8.25 Hz, 1H,
—CH,Hp—); 3.14-3.16 (m, 1H, —CH(CHs)y); 3.20—3.34 (m, 2H,
—CHy—); 3.54—3.56 (m, 1H, —CH—); 4.72 (bs, 2H, -NH—CH;,—); 6.18
(bs,1H, —NH-); 7.32 (dd, ] = 6.72 Hz, ] = 5.50 Hz, 1H, ArH); 7.48 (d,
J=7.34Hz, 2H, ArH); 7.85 (td,] = 7.79 Hz, ] = 1.83 Hz, 1H, ArH); 7.91
(d,J =795 Hz, 1H, ArH); 8.03 (bs, 2H, ArH); 8.63 (d, ] = 3.97 Hz, 1H,
ArH); 11.85 (bs, 1H, -NH-). 13C (125 MHz; DMSO-ds): 17.2, 21.7, 30.2,
42.7, 448, 48.5, 63.5, 71.9, 120.2, 122.5, 126.6, 128.0, 137.3, 149.6,
155.8. Anal. (C23H27N702) C,H, N.

4.1.11. 3-Isopropyl-5-(N-morpholinyl)-7-[4-(2-pyridyl)benzyl]
amino-1(2 )H-pyrazolo[4,3-d[pyrimidine (5f)

A mixture of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d|pyrimidine (4) (036 g,
0.85 mmol) and morpholine (3 mL, 27 mmol) in a sealed ampoule
was heated at 150 °C for 8 h. Excess morpholine was evaporated at a
temperature below 70 °C, and the residue was partitioned between
H,0 and CHCls. The combined organic phase was dried with so-
dium sulfate and evaporated under vacuum. The product was pu-
rified by column chromatography, stepwise (2%, 4%, 5%) with MeOH
in CHCl3. Chromatography provided (after evaporation under vac-
uum) a noncrystalizable, amorphous colorless glass foam, with
mass = 0.15 g, and 41% yield. ESI 4+ m/z 430.1 [M+H]", ES- m/z 428.1
[M — H]". 'H (500 MHz; DMSO-dg): 1.32 (d, ] = 7.03 Hz, 6H,
-CH(CH3)); 3.8 (bs, 1H, —CH(CHs)); 3.58—3.60 (bs, 8H,
4x—CHy—); 4.74 (bs, 2H, —NH—CH,—); 731 (dd, ] = 6.72 Hz,
J =5.50 Hz, 1H, ArH); 7.48 (d, ] = 7.95 Hz, 2H, ArH); 7.78 (bs, 1H,
—NH-); 7.84 (dt, ] = 7.64 Hz, | = 1.53 Hz, 1H, ArH); 7.91 (d,
J = 795 Hz, 1H, ArH); 8.04 (d, ] = 5.81 Hz, 2H, ArH); 8.63 (d,
J=3.97 Hz, 1H, ArH); 11.84 (bs, 1H, —NH—). Anal. (C24H»7N70) C, H,
N.
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4.1.12. 3-Isopropyl-5-(thiomorpholinyl)-7-[4-(2-pyridyl)benzyl]
amino-1(2)H-pyrazolo[4,3-d[pyrimidine (5g)

A mixture of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.2 g,
0.47 mmol) and thiomorpholine (3 mL, 29 mmol) in a sealed
ampoule was heated at 150 °C for 5 h. Excess thiomorpholine was
evaporated at a temperature below 70 °C, and the residue was
partitioned between H,0 and CHCls. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (2%, 3%,
4%) with MeOH in CHCl3. Chromatography provided (after evapo-
ration under vacuum) a noncrystalizable, amorphous yellow glass
foam, with mass = 0.05 g, and 24% yield. ESI + m/z 446.1 [M+H]",
ES- m/z 444.1 [M — H]". 'H (500 MHz; CDCl3): 1.33 (d, ] = 6.72 Hz,
6H, —CH(CH3)y); 2.55—2.57 (m, 4H, 2x —CHy—); 3.30 (sept.,
J = 6.72 Hz, 1H, —CH(CH3)); 4.07—4.09 (m, 4H, 2x —CH,—); 4.64
(bd, J = 5.20 Hz, 2H, —NH—CH,—); 7.17—7.20 (m, 1H, ArH); 7.28 (d,
J = 8.25 Hz, 2H, ArH); 7.60 (d, ] = 7.95 Hz, 1H, ArH); 7.69 (dt,
J =795 Hz, ] = 1.83 Hz, 1H, ArH); 7.79 (d, ] = 8.25 Hz, 2H, ArH);
8.60—8.62 (m, 1H, ArH). Anal. (C;4H27N5S) C, H, N, S.

4.1.13. 3-Isopropyl-5-[2-(2-hydroxyethyl)piperidin-1-yl]-7-[4-(2-
pyridyl)benzyl]Jamino-1(2)H-pyrazolo[4,3-d|pyrimidine (5h)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.20 g,
0.47 mmol) and 2-piperidineethanol (2.3 mL, 19 mmol) was heated
in a sealed ampoule at 130 °C for 35 h. Excess amine was evapo-
rated (0.2 torr, 85 °C) and the residue was partitioned between H,0
and dichloromethane. The combined organic phase was dried with
sodium sulfate and evaporated under vacuum. The product was
purified by column chromatography, stepwise (4%, 6%, 8%) with
MeOH in CHCls. Chromatography provided (after evaporation un-
der vacuum) a noncrystalizable, amorphous colorless glass foam,
with mass = 0.022 g, and a 10% yield. ESI + m/z 472.2 (100%)
[M+H]*, 236.7 (90%) [M+2H]**, ESI- mjz 4702 [M — H]".'H
(500 MHz; CDCl3): 1.19 (d, ] = 6.72 Hz, 6H, —CH(CH3),); 1.41-1.44
(m, 1H); 1.55—1.76 (m, 5H); 2.01—2.17 (m, 1H); 2.77 (bt, 1H); 3.06
(sept.,J = 7.03 Hz, 1H, —CH(CH3)3); 3.40 (bt, 1H); 3.67—3.69 (bs, 1H);
4.59 (bs, 1H); 4.70—4.76 (m, 3H); 7.16—7.18 (m, 1H, ArH); 7.40 (d,
J = 795 Hz, 2H, ArH); 7.60 (d, ] = 8.25 Hz, 1H, ArH); 7.68 (td,
J =795 Hz, ] = 1.83 Hz, 1H, ArH); 7.81 (d, | = 8.25 Hz, 2H, ArH);
8.60—8.61 (m, 1H, ArH). 13C (125 MHz; CDCl3): 19.5, 20.9, 21.6, 25.4,
25.8,29.6, 29.7, 31.9, 40.1, 44.3, 48.5, 57.8,120.2, 122.1, 126.9, 128.2,
136.8,138.2,139.0, 149.4, 151.3, 156.0, 157.0. Anal. (C,7H33N70) C, H,
N.

4.1.14. 3-Isopropyl-5-(2-aminoethyl)amino-7-[4-(2-pyridyl)benzyl]
amino-1(2)H-pyrazolo[4,3-d[pyrimidine (5i)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyllamino-1(2)H-pyrazolo[4,3-d|pyrimidine (4) (0.3 g,
0.71 mmol) and 2-aminoethylamine (10 mL, 150 mmol) in a sealed
ampoule was heated at 125 °C for 20 h. Excess amine was evapo-
rated at a temperature below 70 °C, and the residue was partitioned
between H,0 and CHCls. The combined organic phase was dried
with sodium sulfate and evaporated under vacuum. The product
was purified by column chromatography, stepwise (6%, 8%, 11%,
13%) with MeOH in CHCI; with a trace of concentrated aqueous
NH4OH. Chromatography provided (after evaporation under vac-
uum) a noncrystalizable, amorphous colorless glass foam, with
mass = 0.16 g, and 56% yield. ESI 4+ m/z 403.1 [M+H] ", ES- m/z 401.1
[M — H]". '"H (500 MHz; CDCl3): 1.27 (d, J] = 7.03 Hz, 6H,
—CH(CH3)3); 2.79 (t, ] = 5.50 Hz, 2H, —CH,—); 3.21 (sept,
J = 6.72 Hz, 1H, —CH(CH3),); 3.39 (bs, 2H, —CH,—); 4.58 (bs, 2H,
—NH—CH,—); 5.07 (bs, 1H, =NH-); 7.14—7.17 (m, 1H, ArH); 7.23 (d,
J = 825 Hz, 2H, ArH); 7.57 (d, ] = 7.95 Hz, 1H, ArH); 7.66 (td,

J=795Hz,] = 1.53 Hz, 1H, ArH); 7.74 (d, ] = 8.25 Hz, 2H, ArH); 8.58
(d, J = 3.97 Hz, 1H, ArH). 13C (125 MHz; CDCl3): 21.7; 25.8; 42.0;
43.8; 44.6; 120.7; 122.2; 127.0; 127.9; 136.9; 138.1; 139.5; 149.4;
152.1; 157.0; 158.6. Anal. (C23H26Ng) C, H, N.

4.1.15. 3-Isopropyl-5-(trans-2-aminocyclohexyl)amino-7-[4-(2-
pyridyl)benzyllamino-1(2)H-pyrazolo[4,3-d]pyrimidine (5j)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyllamino-1(2)H-pyrazolo[4,3-d|pyrimidine (4) (14 g,
3.32 mmol) in trans-1,2-diaminocyclohexane (30 mL, 68 mmol)
was heated in a sealed ampoule at 150 °C for 20 h. Excess amine
was evaporated at a temperature below 70 °C, and the residue was
partitioned between H,0 and CHCls. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (4%, 8%,
11%, 14%) with MeOH in CHCl3 containing a trace of concentrated
aqueous NH4O0H. Chromatography provided (after evaporation
under vacuum) a noncrystalizable, amorphous colorless glass foam,
with mass = 0.20 g, and 13% yield. ESI + m/z 457.3 (100%) [M+H]",
2291 (50%) [M+2H]**, ESI- m/z 455.3 [M — H]".'H (500 MHz;
CDCl3): 113-1.20 (m, 4H, —CHy—); 1.25 (bs, 6H, -CH(CHs3)y);
1.57—-1.59 (m, 2H, —CH,—); 1.86 (bs, 2H, —CH,—); 2.47 (bs, 1H,
>CHNH>); 3.15 (sept., ] = 6.42 Hz, 1H, CH(CHs),); 3.56 (bs, 1H,
—CHNH-); 4.57 (bs, 2H, —NH—CH,—); 713 (dd, ] = 734 Hz,
] = 4.89 Hz, 1H, ArH); 7.28 (d, J = 7.95 Hz, 2H, Ar); 7.53 (d,
J = 795 Hz, 1H, ArH); 7.63 (d, ] = 7.64 Hz, 1H, ArH); 7.73 (d,
J = 7.95 Hz, 2H, ArH); 8.58 (d, J = 4.58 Hz, 1H, ArH). 13C (125 MHz;
CDCl3): 18.3; 21.7; 21.8; 24.7; 25.0; 25.9; 32.5; 34.0; 43.7; 46.0;
56.3; 57.2; 57.9; 120.4; 121.9; 126.8; 127.0; 127.4; 127.7; 136.7;
137.9; 139.6; 149.3; 149.6; 151.8; 156.9; 158.0. Anal. (CogH32Ng) C, H,
N.

4.1.16. 3-Isopropyl-5-(3-amino-2-hydroxypropyl)amino-7-[4-(2-
pyridyl)benzylJamino-1(2)H-pyrazolo[4,3-d|pyrimidine (5k)

A mixture of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzylamino]-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.69 g,
1.64 mmol), 1,3-diamino-2-propanol (10 mL, 95 mmol) and 1-
methyl-2-pyrolidone 2 mL was heated at 140 °C for 12 h in a
sealed ampoule. Excess amine was evaporated at a temperature
below 70 °C, and the residue was partitioned between H,O and
CHCl3. The combined organic phase was dried with sodium sulfate
and evaporated under vacuum. The product was purified by column
chromatography, stepwise (5%, 8%, 11% 14%) with MeOH in CHCl3
containing a trace of concentrated aqueous NH4OH. Chromatog-
raphy provided (after evaporation under vacuum) a non-
crystalizable, amorphous colorless glass form, with mass = 0.17 g,
and 24% yield. ESI + m/z 433.1 (100%) [M+H]", 217.6 (90%)
[M-+2H]?**, ESI- m/z 431.1 [M — H]". 'H (500 MHz; DMSO-dg): 1.27
(d, J = 7.03 Hz, 6H, -CH(CH3);); 2.40—2.50 (m, 2H, —CH>—);
310-320 (m, 2H, —CH,—); 2.28—2.33 (m, 1H, —CH(OH)-);
3.45-3.49 (m, 1H, —CH(CH3)y); 4.69 (bs, 2H, —NH—CH,—); 6.06
(app. bt, 1H, —NH—CH,—); 7.26—7.29 (m, 1H, ArH); 7.44 (d,
J = 8.25 Hz, 2H, ArH); 7.81 (dt, ] = 7.64 Hz, | = 1.83 Hz, 1H, ArH);
7.87—7.89 (m, 2H, ArH, -NH-); 8.01 (d, ] = 8.56 Hz, 2H, ArH);
8.59—8.60 (m, 1H). 13C (125 MHz; DMSO-dg): 22.1, 22.2, 26.2, 43.1,
45.7, 46.0, 72.8, 120.6, 123.0, 126.7, 127.0, 127.8, 128.4, 137.7, 137.9,
140.9, 150.0, 156.3, 158.9. Anal. (C23H28NgO) C, H, N.

4.1.17. 3-Isopropyl-5-(piperazin-1-yl)-7-[4-(2-pyridyl)benzyl]
amino-1(2)H-pyrazolo[4,3-d[pyrimidine (51)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]lamino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (032 g,
0.76 mmol) in pyrazine (3 mL, 27 mmol) in a sealed ampoule was
heated at 150 °C for 6 h. Excess amine was evaporated at a tem-
perature below 70 °C and the residue was partitioned between H,O
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and CHCI3. The combined organic phase was dried with sodium
sulfate and evaporated under vacuum. The product was purified by
column chromatography, stepwise (2%, 4%, 5%) with MeOH in CHCl3
containing a trace of concentrated aqueous NH4OH. Chromatog-
raphy provided (after evaporation under vacuum) a non-
crystalizable, amorphous colorless glass foam, with mass = 0.18 g,
and 55% yield. ESI + m/z 429.1 [M+H]*, ES- m/z 4271 [M — H]".'H
(500 MHz; DMSO-dg): 131 (d, J = 7.03 Hz, 6H, —CH(CH3)y);
2.73-2.75 (m, 4H, 2x—CH,—), 317 (sept, ] = 7.03 Hz, 1H,
CH(CH3),); 3.58—3.60 (m, 4H, 2x—CHy—); 4.71 (d, J = 5.20 Hz, 2H,
—NH—CH,—); 7.29 (ddd, ] = 7.34 Hz, | = 4.89 Hz, | = 0.92 Hz, 1H,
ArH); 7.48 (d,] = 8.25 Hz, 2H, ArH); 7.84 (dt,] = 7.49 Hz, ] = 1.53 Hz,
1H, ArH); 7.91 (d, J = 8.25 Hz, 1H, ArH); 8.04 (d, J = 7.64 Hz, 2H,
ArH); 8.63 (d, J = 4.58 Hz, 1H, ArH). Anal. (Cy4HgNg) C, H, N.

4.1.18. 3-Isopropyl-5-[2-(dimethylamino )ethylJamino-7-[4-(2-
pyridyl)benzylJamino-1(2)H-pyrazolo[4,3-d]pyrimidine (5m)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d|pyrimidine (4) (03 g,
0.71 mmol) and 2-(dimethylamino)ethylamine (3 mL, 27 mmol) in
a sealed ampoule was heated at 140 °C for 5 h. Excess amine was
evaporated at a temperature below 50 °C, and the residue was
partitioned between H,0 and CHCl3. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (5%,
10%, 14%) with MeOH in CHCl3 containing a trace of concentrated
aqueous NH4OH. Chromatography provided a noncrystalizable,
amorphous colorless glass foam, with mass = 0.06 g, and 20% yield.
ESI + mjz 431.2 (100%) [M+H]*, 216.1 (30%) [M+2H]**, ESI- m/z
4292 [M — H]". 'H (500 MHz; CDCl3): 1.31 (d, J] = 7.03 Hz, 6H,
—CH(CH3)3); 2.23 (s, 6H, (CH3)2N); 2.65 (t, ] = 7.64 Hz, 2H, —CHy—);
3.20 (t, J] = 7.34, 2H, —CHy—); 3.27 (kvint.; ] = 7.03 Hz, 1H,
—CH(CH3s),); 4.61 (bs, 2H, —NH—CH,—); 6.97 (bs, 1H, -NH—CH-);
7.14—7.18 (m, 3H, ArH); 7.55 (d, J = 8.25 Hz, 1H, ArH); 7.66 (dd,
J=764Hz,] =183 Hz, 1H, ArH); 7.69 (d,] = 7.95 Hz, 2H, ArH); 8.55
(d, J = 3.97 Hz, 1H, ArH). C (125 MHz; CDCls): 21.8; 26.4; 28.1;
44.0; 45.1; 59.1; 120.9; 122.3; 127.1; 128.0; 137.2; 138.2; 139.1;
149.4; 150.7; 157.0; 161.7. Anal. (Ca4H30Ng) C, H, N.

4.1.19. 3-Isopropyl-5-(trans-4-aminocyclohexyl)amino-7-[4-(2-
pyridyl)benzylJamino-1(2)H-pyrazolo[4,3-d]pyrimidine (5n)

3-Isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)benzyl]amino-
1(2)H-pyrazolo[4,3-d]|pyrimidine (4) (0.3 g, 0.71 mmol) in melted
trans-1,4-diaminocyclohexane (5 g, 44 mmol) was heated in a
sealed ampoule at 150 °C for 20 h. Excess amine was evaporated at
a temperature below 70 °C, and the residue was partitioned be-
tween H,0 and CHCls. The combined organic phase was dried with
sodium sulfate and evaporated under vacuum. The product was
purified by column chromatography, stepwise (4%, 8%, 11%, 14%)
with MeOH in CHCI3 containing a trace of concentrated aqueous
NH4OH. Chromatography provided (after evaporation under vac-
uum) a noncrystalizable, amorphous colorless glass foam, with
mass = 0.06 g, and 19% yield. ESI + m/z 457.3 (100%) [M+H] ", 229.1
(50%) [M+2H]?*, ESI- m/z 455.3 [M — H]~. 'H (500 MHz; DMSO-ds):
1.08—1.18 (m, 4H, 2x—CH,—); 1.27 (d, ] = 7.03 Hz, 6H, —CH(CH3),);
1.71-1.72 (m, 2H, —CH,—); 1.85—1.87 (m, 2H, —CH,—); 2.50—2.52
(m, 1H, —CH—NH-); 3.11 (sept., ] = 7.03 Hz, 1H, —CH(CHj3););
3.54-3.56 (m, 1H, —CH-NH-); 4.68 (bd, ] = 4.58 Hz, 2H,
—NH—CH,—); 5.69 (bd, ] = 7.34 Hz, 1H, -NH—CH-); 7.26 (m, 1H,
ArH); 7.44 (d, ] = 8.25 Hz, 2H, ArH); 7.79-7.82 (m, 2H, ArH, and
—NH-); 7.86—7.88 (m, 1H, ArH); 8.00 (d, /] = 8.25 Hz, 2H, ArH);
8.59—8.60 (m, 1H, ArH). 3C (125 MHz; DMSO-ds): 22.1; 26.4, 31.8,
34.9, 43.2, 50.0, 50.4, 120.6, 122.9, 127.0, 128.3, 137.7, 137.8, 141.2,
150.0, 156.3, 157.8. Anal. (Cy6H3,Ns) C, H, N.

4.1.20. 3-Isopropyl-5-[4-(2-hydroxyethyl)piperazin-1-yl]-7-[4-(2-
pyridyl)benzyl]Jamino-1(2 )H-pyrazolo[4,3-d [pyrimidine (50)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d|pyrimidine (4) (0.21 g,
0.5 mmol) and 2-piperazin-1-ylethanol (3 mL, 23 mmol) in a sealed
ampoule was heated at 150 °C for 5 h. The reaction mixture was
partitioned between H,0 and CHCl3. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (2%, 3%,
4%) with MeOH in CHCl3. Chromatography provided a syrupy
product that crystallized from CHCl;, with m.p. = 135—-140 °C,
mass = 0.035 g, and 15% yield. ESI + m/z 473.1 [M+H]*, ES- m/z
4711 [M — H]". 'H (500 MHz; CDClz + DMSO-dg): 1.23 (d,
J = 7.03 Hz, 6H, —CH(CH3),); 2.45—2.46 (m, 6H, 3x —CHy—); 3.14
(sept.,J = 6.72 Hz, 1H, —CH(CH3),); 3.50—3.52 (m, 2H, —CH—); 3.67
(m, 4H, 2x —CHy—); 4.60—4.61 (m, 2H, —NH—CH>—); 7.05—7.09 (m,
1H, ArH); 718 (bs, 1H, —NH—-); 7.31-7.32 (m, 2H, ArH); 7.54—7.59
(m, 2H, ArH); 7.78—7.79 (m, 2H, ArH); 8.47—8.48 (m, 1H, ArH); 11.3
(bs, 1H, —NH-). 13C (125 MHz; CDCl3 + DMSO-ds): 21.6, 26.5, 44.0,
44.6, 52.9, 57.7, 59.8, 120.3, 122.2, 126.9, 128.4, 136.8, 138.3, 140.0,
149.6, 156.7, 157.9. Anal. (C26H32N80) C H, N.

4.1.21. 3-Isopropyl-5-(4-methoxybenzyl)amino-7-[4-(2-pyridyl)
benzyljamino-1(2)H-pyrazolo[4,3-d]pyrimidine (5p)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyllamino-1(2)H-pyrazolo[4,3-d|pyrimidine  (4) (0.5 g,
1.18 mmol) in 4-methoxybenzylamine (10 mL, 58 mmol) was
heated in a sealed ampoule at 150 °C for 5 h. Excess amine was
evaporated at a temperature below 70 °C, and the residue was
partitioned between H,0 and CHCl3. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (3%, 5%,
7%) with MeOH in CHCls. Chromatography provided (after evapo-
ration under vacuum) a noncrystalizable, amorphous colorless
glass, with mass = 0.15 g, and 26% yield. ESI + m/z 480.3 [M+H]T,
ES- m/z 478.3 [M — H]~. 'H (500 MHz; CDCl3): 1.29 (d, ] = 6.72 Hz,
6H, -CH(CH3),); 3.21 (sept., ] = 6.72 Hz, 1H, —CH(CH3);); 3.67 (s, 3H,
OCH3); 4.50 (bd, J = 3.97 Hz, 2H, —NH—CH,—); 4.69 (bs, 2H,
—NH—-CH,—); 6.72 (d, ] = 8.56 Hz, 2H, ArH); 717—7.22 (m, 3H, ArH,
—NH-); 7.29(d, ] = 8.25 Hz, 2H, ArH); 7.59 (d, ] = 7.95 Hz, 1H, ArH);
7.69 (dt, ] = 7.64 Hz, ] = 1.83 Hz, 1H, ArH); 7.78 (d, ] = 8.25 Hz, 2H,
ArH); 8.60—8.61 (m, 1H, ArH). 13C (125 MHz; CDCl3): 21.8, 26.1, 44.2,
454, 55.3,113.8,120.7,122.3, 127.1, 128.1, 128.4, 128.9, 129.0, 1374,
138.4, 149.6, 157.0, 158.7. Anal. (C2gH29N70) C, H, N.

4.1.22. 3-Isopropyl-5,7-di[4-(2-pyridyl)benzyl]Jamino-1(2)H-
pyrazolo[4,3-d[pyrimidine (5q)

A mixture of 3-Isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d|pyrimidine (4) (0.25 g,
0.59 mmol), 1-[4-(pyridin-2-yl)phenyllmethanamine (0.48 g,
2.6 mmol), ethyldiisopropylamine (0.4 mL, 2.3 mmol) and 1-
methyl-2-pyrolidone 1 mL was heated at 150 °C for 5 h in a
sealed ampoule. The reaction mixture was concentrated under
vacuum and the residue was partitioned between H,0 and CHCls.
The combined organic phase was dried with sodium sulfate. The
product was purified by column chromatography, stepwise (4%, 6%,
8%, 10%) with MeOH in CHCl3 containing a trace of concentrated
aqueous NH4OH. Chromatography provided (after evaporation
under vacuum) a noncrystalizable, amorphous colorless glass form,
with mass = 0.069 g, and 21% yield. ESI 4+ m/z 527.3 [M+H]*, ES- m/
2525.3 [M — H]". 'H (500 MHz; DMSO-ds): 1.30 (d, J = 7.03 Hz, 6H,
—CH(CH3),); 3.22—3.27 (m, 1H, —CH—(CH3);); 4.62 (bs, 2H,
—NH—-CH,—); 4.73 (d, ] = 5.81 Hz, 2H, -NH—CH—); 7.27—7.37 (m,
6H, ArH); 7.74—7.77 (m, 4H, ArH); 7.91-793 (m, 4H, ArH);
8.59—8.60 (m, 2H, ArH). Anal. (C33H3oNg) C, H, N.
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4.1.23. 3-Isopropyl-7-[4-(2-pyridyl)benzyl]amino-1(2 )H-pyrazolo
[4,3-d]pyrimidine (6)

A solution of 7-chloro-3-isopropyl-1(2)H-pyrazolo[4,3-d]py-
rimidine (Moravcova 2003), 1-[4-(pyridin-2-yl)phenyl]methan-
amine (0.31 g, 1.58 mmol) and ethyldiisopropylamine (0.4 mL,
2.3 mmol) in CHCl3/t-BuOH (6 mL/1 mL) was heated for 1 h at 60 °C.
After cooling to room temperature the reaction mixture was
concentrated under vacuum and the residue was partitioned be-
tween H,0 and CHCls. The combined organic phase was dried with
magnesim sulfate and evaporated. Column chromatograpy, step-
wise (1%, 2%, and 4%) with MeOH in CHCl3 provided (after evapo-
ration under vacuum) a noncrystalizable, amorphous colorless
glass form, with mass = 0.442 g, and 81% yield. ESI + m/z 345.1
[M-+H]*, ESI- m/z 343.1 [M — H]~. 'H (500 MHz; DMSO-dg): 1.33 (d,
J=7.03 Hz, 6H, —CH(CH3),); 3.29 (m, 1H, —CH(CH3),); 4.78 (bs, 2H,
—NH—-CH,—); 7.27—-7.29 (m, 1H, ArH); 7.46 (d, ] = 7.03 Hz, 2H, ArH);
7.80—7.83 (m, 1H); 7.87—7.89 (m, 2H, ArH, and —NH-); 8.03 (d,
J=17.03 Hz, 2H, ArH); 8.21 (bs, 1H, ArH, HC5); 8.60 (d, ] = 4.28 Hz,
1H, ArH); 12.26 (bs, 1H, —NH-). 3C (125 MHz; DMSO-ds): 22.2,
26.8, 43.6,120.6, 122.4, 123.0, 126.9, 127.1, 128.5, 128.8, 137.7, 138.1,
139.4, 140.3, 149.6, 150.0, 150.7, 151.2, 156.3. Anal. (C20H20Ns) C, H,
N.

4.2. Cytotoxicity assays on cancer cell lines

The cytotoxicity of each compound was determined using cell
lines of different histological origin, as described earlier [17,36].
Briefly, cells were treated in triplicate with three different doses of
each compound for 72 h. After treatments, Calcein AM solution was
added, and fluoresence from live cells was measured at 485 nm/
538 nm (excitation/emission) using a Fluoroskan Ascent microplate
reader (Labsystems). The ICsq value, that is, the drug concentration
lethal to 50% of the tumor cells, was calculated from the dose
response curves that resulted from the assays. MCF-7, K562, G361,
and HCT-116 cell lines were maintained in DMEM medium sup-
plemented with 10% fetal bovine serum, penicillin (100 U/ml), and
streptomycin (100 pg/ml). All cell lines were cultivated at 37 °C in
5% CO,.

4.3. Kinase inhibition assays

CDK2/Cyclin E kinase was produced in Sf9 insect cells via
baculoviral infection and purified on a NiNTA column (Qiagen).
Other CDKs were purchased from ProQinase GmbH. Kinase re-
actions of each test compound were assayed using a mixture of the
following: 1 mg/mL histone H1 (for CDK2 and CDK5), 15 uM and
0.15 uM ATP for CDK2 and CDK35, respectively; 0.05 uCi [y->>P]ATP;
the test compound; and reaction buffer, in a final volume of 10 pL.
The reaction buffer consisted of: 60 mM HEPES-NaOH, pH 7.5,
3 mM MgCl,, 3 mM MnCl,, 3 uM Na-orthovanadate, 1.2 mM DTT,
and 2.5 pg/50 ul PEGy0,000)- The reactions were stopped by adding
5 puL of 3% aqueous H3PO4. Aliquots were spotted onto P-81 phos-
phocellulose (Whatman), washed 3 times with 0.5% aqueous
H3POy4, and finally air-dried. Kinase inhibition was quantified using
a FLA-7000 digital image analyzer (Fujifilm) [17,36]. The concen-
tration of each test compound required to decrease CDK activity by
50% was determined from its dose-response curve and designated
as its ICsq.

4.4. Immunoblotting and antibodies

Immunoblotting was performed as previously described [17,36].
Briefly, cell lysates were prepared by harvesting cells in Laemmli
sample buffer. Proteins were separated on SDS-polyacrylamide gels
and electroblotted onto nitrocellulose membranes. After blocking,

the membranes were incubated with specific primary antibodies
overnight, washed, and then incubated with peroxidase-
conjugated secondary antibodies. Finally, peroxidase activity was
detected with ECL + reagents (AP Biotech) using a CCD camera LAS-
4000 (Fujifilm). Specific antibodies were purchased from: Cell
Signaling (anti-FAK), Santa Cruz Biotechnology (anti-PARP, clone F-
2; anti-B-actin, clone C4; anti-Mcl-1, clone S-19), Bethyl Labora-
tories (anti-pRNA polymerase Il antibodies phosphorylated at S5
and S2), Millipore (anti-RNA polymerase II, clone ARNA-3), Roche
Applied Science (anti-5-bromo-2’-deoxyuridine-fluorescein, clone
BMC 9318), Sigma-Aldrich (anti-e-tubulin, clone DM1A), Thermo-
fisher Scientific (anti-pFAK, S732), Bioss (anti-CDK5); or were
generously gifted by Dr. B. Vojtések (anti-p53, clone DO-1).

4.5. Caspase activity assay

The cells were homogenized on ice for 20 min in an extraction
buffer (10 mM KCl, 5 mM HEPES, 1 mM EDTA, 1 mM EGTA, 0.2%
CHAPS, inhibitors of proteases, pH 7.4). The homogenates were
clarified by centrifugation at 10,000 x g for 30 min at 4 °C, and then
the proteins were quantified and diluted to equal concentrations.
Lysates were then incubated for 3 h with 100 uM Ac-DEVD-AMC, a
substrate of caspases 3 and 7, in assay buffer (25 mM PIPES, 2 mM
EGTA, 2 mM MgCl,, 5 mM DTT, pH 7.3). The fluorescence of the
product was measured using a Fluoroskan Ascent microplate
reader (Labsystems) at 355/460 nm (excitation/emission).

4.6. Cell cycle analysis

Sub-confluent cells were treated with different concentrations
of each test compound for 24 h. The cultures were pulse-labeled
with 10 uM 5-bromo-2’-deoxyuridine (BrdU) for 30 min at 37 °C
prior to harvesting. The cells were then washed in PBS, fixed with
70% ethanol, and denatured in 2 M HCI. Following neutralization,
the cells were stained with anti-BrdU fluorescein-labeled anti-
bodies, washed, stained with propidium iodide, and analyzed by
flow cytometry using a 488 nm laser (Cell Lab Quanta SC, Beckman
Coulter) [17,36].
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Abstract

Neutrophils also known as polymorphonuclear leukocytes present the most abundant cell type playing a
key role in the innate immune responses. A deregulation of neutrophil half-life or functions leads often to
a rise of different chronic inflammatory and autoimmune diseases whose treatment is still complicated due
to many side effects of used drugs. However, the recent studies show that cyclin-dependent kinase (CDK)
inhibitors induce neutrophil apoptosis by a downregulation of antiapoptotic protein Mcl-1 which normally
neutralizes Bel-2 family members (Bid, Bax, Bak). In the absence of Mcl-1 these proteins form pores in
the outer mitochondrial membrane leading to a release of cytochrome ¢, a formation of apoptosome and an
activation of caspases. Mcl-1 as a member of Bcl-2 family has an extremely short half-life thanks to PEST
sequences in its C-terminal end whereas this site is a target for diverse posttranslational modifications
such as phosphorylations or ubiquitinations regulating protein stability. Inhibition of RNA polymerase II
phosphorylation by CDK inhibitors presents elegant way for downregulation of Mcl-1. We tested our
chemical library of forty two compounds (trisubstituted purines and pyrazolo[4,3-d]pyrimidines) on the
ability to induce apoptosis in neutrophils. Two most potent pyrazolo[4,3-d]pyrimidines showed were
studied in detail. Both compounds induced morphological changes typical for apoptosis, downregulated

RNA polymerase II and Mcl-1 and overrode neutrophil oxygen radical production.
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Introduction

Neutrophils (also known as polymorphonuclear leukocytes or PMNSs) present the most abundant cell type
playing a key role in the innate immune responses. They are drawn from the circulation to sites of
inflammation by a variety of factors like IL-8, LTB4 or fMLP (Loike et al 1995) where are then able to
kill microorganisms by phagocytosis or secretion of their toxic content into the extracellular space. Under
the pressure of these signals and other endogenous cytokines (GM-CSF, TNF-a, 1L-6) a half-life of
neutrophils can be extended from 7-12 h up to 10-fold (Fox et al 2010) leading to an overactivation
followed by necrosis and a release of granules resulting in tissue damage and thus to a rise of different
chronic inflammatory or autoimmune diseases (Németh & Mocsai 2012).

The best solution for a treatment of these diseases is an induction of neutrophil apoptosis and their
consecutive removal by other specialized phagocytes such as macrophages in the process called
efferocytosis (Savill et al 1989). Indeed, Ren et al have approved the protective effect of apoptotic cells
against LPS-induced endotoxic shock in mice. Current therapy is based on an administration of
glucocorticosteroid drugs, which are very successful in the treatment of eosinophil-driven inflammatory
diseases like asthma (Lamas et al 1991) but surprisingly prolong neutrophil survival (Meagher et al 1996).
Usage of non-steroidal compounds inhibiting cyclo-oxygenase 1 and 2 (COX-1, 2) has been linked with
some side effects as a development of peptic ulcer disease or heart attack (Fosbel EL et al 2009). Another
example of anti-inflammatory drugs includes lipid-derived chemicals such as aspirin-triggered 15-epi-
LXA (El Kebir et al 2009), anti-TNF-a compounds (Williams et al 2007) or newly CDK inhibitors.

Neutrophil survival is tightly regulated process highly dependent on an expression of
antiapoptotic protein Mcl-1 (Leuenroth et al 2000). Mcl-1 is a member of Bcl-2 family which has thanks
to PEST sequences in its C-terminal end extremely short half-life about 3 h (Moulding et al 2001).
Namely, this part of Mcl-1 is a target for diverse posttranslational modifications such as phosphorylations
or ubiquitinations directing its stability (Edwards et al 2004). A function of Mcl-1 in neutrophil survival
lies in neutralization of other Bcl-2 family members (Bid, Bax, Bak) which in the absence of Mcl-1 form
pores in the outer mitochondrial membrane leading to release of cytochrome ¢, formation of apoptosome
and activation of caspases. An inhibition of transcription based on blocking of RNA polymerase II
phosphorylation presents elegant way for downregulation of Mcl-1 that was also demonstrated by usage of
roscovitine, CDK2, 5, 7 and 9 inhibitor, which markedly enhanced resolution of carrageenan-elicited acute
pleurisy, bleomycin-induced lung injury and passively induced arthritis in mice (Rossi et al 2006).
Roscovitine was also able to override powerful antiapoptotic signals from survival factors such as

granulocyte-macrophage colony-stimulating factor (GM-CSF) (Rossi et al 20006).
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Material and methods

Studied compounds

2,6,9-Trisubstituted purines and 3,5,7-trisubstituted pyrazolo[4,3-d]|pyrimidines were synthesized and
characterized according to previously described methods (Zatloukal et al 2013, Gucky et al 2013,
Vymetalova et al 2016). The compounds were dissolved in DMSO at a concentration 100 mM and diluted

with culture media prior assays. The maximum DMSO concentration in assays never exceeded 0.1%.

Isolation and culture of human neutrophils

The neutrophils were isolated from the peripheral blood of healthy human donors as described previously
(Afford et al 1992). Briefly, blood was collected into tubes containing EDTA followed by usage of 2%
dextran solution for sedimentation of erythrocytes. The neutrophils were then isolated from leukocyte
layer using a discontinuous Percoll density gradient centrifugation (Sigma-Aldrich, Poole, UK) and
resuspended in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal
bovine serum (Sera Laboratories International, Bolney, UK), 2 mM glutamine, 100 U/ml penicillin and
100 pg/ml streptomycin (Sigma-Aldrich). The purity of isolated neutrophils was assessed by Giemsa
staining (Diff-Quick, Baxter Healthcare, UK) and light microscopy and was routinely greater than 97 %.

The neutrophils were then cultured in the presence of studied compounds and other stimulating factors.

Assessment of nuclear morphology

After competent treatment, neutrophils were spun onto slides at 300 g for 5 min, the preparations were
then differentially stained using a commercial May-Grunwald Giemsa stain and assessed for apoptotic
morphology by light microscopy by means of Olympus IX71 microscope (Olympus America Inc., Center
Valley, PA).

Measurement of neutrophil apoptosis

For evaluation of early apoptosis, neutrophils were double stained with anti-Annexin V FITC-conjugated
antibody (BD Pharmingen) binding extracellular phosphatidylserine and propidium iodide (Sigma-
Aldrich) detecting late apoptotic and necrotic cells. After appropriate treatment, cells were once washed
with PBS, centrifuged at 250 g for 5 min at 4°C and then resuspended in 100 pl of Annexin V buffer (10
mM HEPES, pH 7.4; 140 mM NaCl; 2.5 mM CaCl,). 1 pul of anti-Annexin V FITC-conjugated antibody
was added per well and cells were then incubated at room temperature for 10 minutes followed by

addition of propidium iodide at final concentration of 5 pg/ml. Neutrophils were consequently transferred
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into FACS tubes and fluorescence was analyzed by means of flow cytometry (BD Accuri C6 Flow

Cytometer, Accuri Cytometers Inc.) with Annexin V positive / PI negative cells taken as apoptotic.

Superoxide generation assay

Levels of reactive oxygen species (ROS) generated by neutrophils were measured using a luminol-based
chemiluminescent assay (Gyllenhammar 1987). After treatment, neutrophils were resuspended in Hank‘s
Balanced Salt Solution (HBSS) containing calcium and magnesium (Gibco) and transferred to opaque 96
well plates (Greiner Bio-One GmbH). Luminol was then added to each well at final concentration of 100
uM followed by a measuring of chemiluminescence in response to the stimulus fMLP (2.5 uM) at 1 min
intervals for 30 min by means of a luminometer (Centro LB 960, Berthold Technologies, Bad Wildbad,

Germany).

Western blot analysis

Neutrophils were after treatment resuspended in SDS-PAGE sample buffer (125 mM HCI, pH 6.8; 5%
glycerol; 2% SDS; 1% B-mercaptoethanol; 0.003% bromophenol blue), prepared lysates were incubated
for 10 min at 100 °C, then separated by means of SDS-PAGE and blotted onto PVDF membranes. Non-
specific protein binding was blocked using 5% BSA. The membranes were consequently incubated with
primary antibodies against phospho-S2 and S5 RNA polymerase II (Bethyl Laboratories, 1:1000), Mcl-1,
Bak and B-actin (Santa Cruz Biotechnology, 1:500, 1:500 resp. 1:1000) overnight at 4°C followed by
incubation with appropriate secondary antibodies (ECLTM anti-rabbit or anti-mouse IgG; GE Healthcare,
Sweden) for 1 hour at room temperature. The proteins were visualized by ECL according to
manufacturer’s instructions (GeneFlow, UK). Densitometric analyses were performed using Multi Gauge

software (FujiFilm).

Results

CDK inhibitors induce apoptosis in human neutrophils

Based on the observation of potent proapoptotic activity of roscovitine in human neutrophils described
recently (Rossi et al 2006), we have selected 44 potent CDK inhibitors, including 2,6,9-trisubstituted
purines and 3,5,7-trisubstituted pyrazolo[4,3-d]pyrimidines, prepared in our laboratory, and assayed them
with human neutrophils to determine their ability to induce apoptosis. Isolated human neutrophils were
incubated with studied compounds at a single dose of 0.01 uM for 8 h, stained with Annexin V and then
analysed by flow cytometry. Although all studied compounds were potent CDK inhibitors (as described
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earlier), only 21 compounds increased apoptosis in neutrophils above the basal level of 50 % (Figure 1).
Interestingly, some compounds had positive effect on neutrophil survival. The most potent were
LGR2674, LGR2893, LGR3437, LGR3465 and LGR3491, trigerring apoptosis in approximately 90 % of

neutrophils.

LGR3437 and LGR3465 induce human neutrophils apoptosis

For detailed study on mechanism of action, we selected LGR3437 and LGR3465 which were then tested
for concentration-dependent effects on the induction of apoptosis in neutrophils. After 8§ h treatment
LGR3437 started to enhance apoptosis from 10 nM with consequent growth almost to 90 % at 100 nM as
well as 1 pM (Fig. 2A). LGR3465 was more efficient because it increased apoptosis already at 0.1 nM
(Fig. 2A). ICs values for both compounds were calculated from the curves at 11.6 = 1.3 and 4.8 = 2.5 nM
for LGR3437 and LGR3465, respectively. For confirmation of proapoptotic action of these chemicals we
provided morphological analysis of neutrophil nuclei using Giemsa staining. During cell death nucleus
loses its typical lobular shape and chromatin condenses forming ring structure. After treatment by 10 nM

of both compounds most of the cells appeared to be apoptotic (Fig. 2B).

LGR3437 and LGR3465 target RNA polymerase II transcriptional machinery

R-roscovitine as a potent inhibitor of CDK7 and CDK9 blocks RNA polymerase II activity leading to
Mcl-1 decrease, a disruption of mitochondrial membrane integrity and an activation of apoptosis (Leitch
2012). Our compounds are derivatives of roscovitine and should thus exhibit similar effect. For
confirmation we provided expression analysis of some proteins involved in regulation of apoptosis. After
8 h treatment of neutrophils by both chemicals phosphorylation of RNA polymerase II on S2 and S5
gradually declined (Fig. 3A). A level of Mcl-1 lighter form was analyzed densitometrically and obtained
data are shown in Fig. 3B. LGR3437 induced sequential decrease from 60 % at 0.01 uM, more than 22 %
at 0.1 uM and final fall to 14 % at 1 pM. LGR3465 was even more efficient with 31 % at 0.01 uM and
following decline to 21 % at 1 uM (Fig. 3B). We surprisingly detected another band with higher mass
which we predicted as possible posttranslational modification of Mcl-1. A level of this form was
increasing in concentration-dependent manner of both compounds and reached the maximum at 1 uM
LGR3465 (Fig. 3B). A proapoptotic protein Bak showed also concentration-dependent growth which was
more striking in the case of LGR3465 (Fig. 3B). We thus demonstrated that our compounds effectively
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inhibit function of RNA polymerase II which leads to disruption of equilibrium maintaining integrity of

mitochondrial membrane.

LGR3437 and LGR3465 override prosurvival effect of GM-CSF

Although LGR3437 and LGR3465 induced efficiently neutrophil apoptosis, their potential use as anti-
inflammatory drugs depends on ability to reverse the effects of agents extending neutrophil life-span. For
following experiment we chose cytokine GM-CSF which levels are elevated in many autoimmune and
inflammatory diseases. In our assay GM-CSF delayed apoptosis of neutrophils about 20 % compared to
control (Fig. 4A). After 2 h there was no difference between control and treated cells, whereas average
rate of apoptosis got around 13 % (Fig. 4A). However, apoptotic neutrophils rose up to 45 % after 6 h
treatment by both compounds with striking increase almost to 80 % after 20 h (Fig. 4A). The percentages
of apoptotic cells after treatment by both compounds were in average about 30 % higher than in GM-CSF
stimulating neutrophils (Fig. 4A) confirming the ability of new chemicals to suppress effects of this
antiapoptotic cytokine.

Then we provided the same experiment and analysed an expression of Mcl-1 using western
blotting. In control cells, a level of protein was gradually decreasing after 6 h with the biggest decline after
20 h. This phenomenon was completely abolished by GM-CSF which maintained stable protein level of
Mcl-1 during whole time-dependent assay. LGR3437 and LGR3465 efficiently inhibited Mcl-1 expression
already after 6 h followed by complete suppression of lighter form after 8 h. This decrease was linked with
simultaneous rise of Mcl-1 heavier form. We thus showed by this experiment that the effect of our

compounds on Mcl-1 protein reduction is very fast.

LGR3437 and LGR3465 suppress production of reactive oxygen species

For successful treatment of inflammatory diseases it is necessary to inhibit neutrophil functions. Therefore
we investigated an ability of GM-CSF stimulated neutrophils to produce oxygen radicals in response to
2.5 uM fMLP after 1 h treatment by both compounds. Inhibition of oxygen radical production was evident
on the main peak invoked by fMLP action. Both LGR3437 and LGR3465 suppressed generation of
reactive oxygen species in a dose-dependent manner ((Fig. 5). ICsy values were calculated from the main

peak values at 2.5 uM and 5.5 uM for LGR3437 and LGR3465, respectively.
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Discussion

CDKs are essential signaling proteins that were first identified as regulators of cell cycle controlling
entirely the fate of proliferating cells. A deregulation of their activity mediated by diverse mechanisms
often leads to cell turnover and tumor development. Therefore, CDKs have recently become an attractive
target for new anticancer therapies. During last two decades, many of small molecule inhibitors have been
developed through various approaches and more than 20 are now in different phases of clinical trials
(Krystof and Uldrijan 2010).

Neutrophils as terminally differentiated cells that are not dividing were thought not to express
functional CDKs and thus not to be sensitive to CDK inhibitors. Indeed, Klausen et al. (2004) described
progressive loss of CDK?2, 4, 6 during granulopoiesis of primary healthy human bone-marrow cells, which
began at the myelocyte/metamyelocyte stage and was almost complete by full maturation. This was
consistent with an upregulation of the endogenous CDK inhibitor p27kip1 which levels started to increase
from myelocyte/metamyelocyte stage and reached the peak in PMNs. However, CDK1 and CDK2 were
detected at the constant levels in freshly isolated and aged neutrophils as well as neutrophils treated with
GM-CSF, roscovitine or gliotoxin (Rossi 2006). CDKS5 was earlier known as a regulator of neuronal
processes such as cytoskeletal dynamics or synaptic function, although many non-neuronal functions are
now emerging. CDKS5-p35 complex was detected in secretory granules of neutrophils with increased
activity upon GTP stimulation (Rosales 2004). Roscovitine completely blocked GTP-stimulated granule
CDKS5 activity that led to decreased lactoferrin secretion as well as CDK63 and CD66b surface
localization (Rosales 2004). Other members of CDK family, CDK7 and CDKDO9, are also highly expressed
in neutrophils (Wang 2012). The application of CDK inhibitors with varying selectivity towards different
CDKs suggested an importance of CDK9 activity in regulation of neutrophil lifespan (Wang 2012).
Moreover CDK9 activity and the expression of its activating partner cyclin T1 decreased during
neutrophil aging followed by entry to spontaneous apoptosis (Wang 2012). These findings provided new
insights into issue of inflammatory diseases and gave the base to novel therapeutic strategies.

Recent studies have shown that CDK inhibitors, mainly known as efficient anticancer drugs,
could be active also against inflammatory diseases induced by abnormal functions of neutrophils (Rossi
2006, Leitch 2010, Leitch 2012, Wang 2012). Although roscovitine inhibited apoptosis of terminally
differentiated neurons (Maas 1998), its effect on neutrophil viability was opposite. Roscovitine induced
caspase-dependent apoptosis of neutrophils in a time- and concentration-dependent manner even in the
presence of different powerful pro-survival agents such as dbcAMP, GM-CSF or LPS (Rossi 2006).
Surprisingly, roscovitine targeted only inflammatory neutrophils providing important advantage for future
therapies (Rossi 2006). Neutrophils are also capable of phenotypic alteration during early stages of

resolution of inflammation, switching from a phenotype that generates pro-inflammatory mediators to one
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generating anti-inflammatory and/or pro-resolving mediators (Rossi 2006). Roscovitine treatment
promoted apoptosis by reducing concentrations of the anti-apoptotic protein Mcl-1 (Rossi 2006). Leitch et
al. (2010) showed that downregulation of Mcl-1 by roscovitine occurred at the mRNA level already after 2
h and was more pronounced at 4 h. Although caspase inhibitor prevented neutrophil apoptosis, Mcl-1
protein level was almost unaffected suggesting Mcl-1 downregulation occurs upstream of caspase
activation (Leitch 2012).

In this study we foreshadowed possible mechanism of Mcl-1 degradation involving
phosphorylation of T163/S159 in its PEST sequence. Although Mcl-1 phosphorylation on T163 by
extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) leads to stabilization of Mcl-1 protein
level and increased viability (Zhao 2009, Liao 2011, Ding 2008, Wang 1999, Booy 2011), it
simultaneously serves as a priming site for glycogen synthase kinase 3 [ (GSK3p)-induced
phosphorylation at S159 (Morel 2009, Mauer 2006). This modification is then recognized by Mule, [-
TrCP or Fbw7 E3 ubiquitin ligases which earmark Mcl-1 for destruction in proteasome (Zhong 2005,
Ding 2007, Inuzuka 2011).
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Figure legends

Fig. 1 Antiapoptotic activity of prepared compounds in neutrophils. Isolated human neutrophils were
incubated with the single doses of compounds (0.01 uM) for 8 h, stained with Annexin V and then
analysed by flow cytometry.

Fig. 2 LGR3437 and LGR3465 induce neutrophil apoptosis. (A) Isolated human neutrophils were
incubated with both compounds for 8 h at the indicated concentrations followed by flow cytometric
analysis of Annexin V binding. Data are mean + s.d. for three separate experiments. (B) Morphological
changes of nuclei after 8 h treatment with both compounds at 10 nM were assessed by means of
cytocentrifuge preparations and Giemsa staining. Here are shown representative images of at least three

experiments.

Fig. 3 LGR3437 and LGR3465 inhibit RNA polymerase II phosphorylation on serine 2 and 5 leading to
protein changes of apoptotic regulators. (A) Freshly isolated human neutrophils were incubated with
indicated concentrations of both compounds for 8 h followed by western blot analysis of highlighted
proteins. Here are shown representative images from too experiments. (B) A quantification of Mcl-1

lighter form was analyzed densitometrically using Multi Gauge software and normalized on B-actin levels.

Fig. 4 LGR3437 and LGR3465 overcome an antiapoptotic effect of GM-CSF. (A) Isolated human
neutrophils were cultured in the presence of prosurvival factor GM-CSF (10 ng/ml) with or without both
compounds (1 pM) for different time periods followed by flow cytometric analysis of Annexin V binding.
Data are mean + s.d. for four separate experiments. (B) An expression of Mcl-1 in neutrophils treated the

same way as in the case A was analyzed using western blotting. Representative images are shown.

Fig. 5 LGR3437 and LGR3465 override neutrophil oxygen radical production. Isolated human neutrophils
were incubated in the presence of prosurvival factor GM-CSF (10 ng/ml) with or without both compounds
at indicated concentrations for 1 h. A production of ROS during stimulation with fMLP (2.5 pM) was
measured using a luminol-based chemiluminiscent assay. Here are shown representative images from at

least three separate experiments.
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Fig. 2 LGR3437 and LGR3465 induce neutrophil apoptosis. (A) Isolated human neutrophils were incubated
with both compounds for 8 h at the indicated concentrations followed by flow cytometric analysis of Annexin
V binding. Data are mean % s.d. for three separate experiments. (B) Morphological changes of nuclei after 8

h treatment with both compounds at 10 nM were assessed by means of cytocentrifuge preparations and
Giemsa staining. Here are shown representative images of at least three experiments.
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Fig. 4 LGR3437 and LGR3465 overcome an antiapoptotic effect of GM-CSF. (A) Isolated human neutrophils
were cultured in the presence of prosurvival factor GM-CSF (10 ng/ml) with or without both compounds (1
uM) for different time periods followed by flow cytometric analysis of Annexin V binding. Data are mean +
s.d. for four separate experiments. (B) An expression of Mcl-1 in neutrophils treated the same way as in the
case A was analyzed using western blotting. Representative images are shown.
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Fig. 5 LGR3437 and LGR3465 override neutrophil oxygen radical production. Isolated human neutrophils
22 were incubated in the presence of prosurvival factor GM-CSF (10 ng/ml) with or without both compounds at
23 indicated concentrations for 1 h. A production of ROS during stimulation with fMLP (2.5 uM) was measured
24 using a luminol-based chemiluminiscent assay. Here are shown representative images from at least three
25 separate experiments.
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Adiscovery of roscovitine as an efficient pan-selective CDK inhibitor inspired us to synthesize its new
derivatives with pyrazolo[4,3-d]pyrimidine core. Due to the strong CDK2 inhibitory activity of
roscovitine, we also evaluated the preference of its new derivatives for this kinase. As seen in Table I,
compounds A, B and C show only weak activity against CDK2, but most of other compounds
significantly overcome the CDK2 inhibition of roscovitine. Especially compounds J and | appear to be
the most potent CDK2 inhibitors of this series with IC,,'s for CDK2 about 12-fold less than roscovitine.

Table I. CDK2 inhibitory effect of new roscovitine derivatives.
Compound Rosc. A B Cc D E F G H I J

CDK2 inhibition (ICso, "M) 1800 >1000 >1000 817.5 173.3 957 915 50.7 485 21.0 9.2

20 -
18
16
14 4
12 4
10 4
8.
6.
44
: il
o m o [1[]
@ 9O ¢ « o 2
&

(‘O

&

relative CDK2 inhibitory activity

>

Figure 1. Relative CDK2 inhibitory activity of new derivatives expressed as ratios of value of
roscovitine's activity.

ANTICANCER ACTIVITY

Anticancer activity of all compounds was tested against four human cancer cell lines (K562, MCF-7,
G-361, HOS). As seen in Table Il., majority of inhibitors show much more strong anticancer activity
than roscovitine. The most effective compounds J and | exert average value of IC,, in subnanomolar
range (28 nM and 36 nM, respectively) and are about 650-fold lower than roscovitine.

Table Il. Cytotoxicity of new derivatives of roscovitine.
ICso (nM)

SO K562 MCF-7 G-361 HOS

Roscovitine 45.5 12.3 224 243
C 53.075 40.885 49.565  89.055
D 14.680  20.630  29.900  19.270
A 3.950 5300 7487 3723
B 2,535 2385 N/A N/A
G 0.700 0310  1.018  0.684
E 0.593 0398 0710  0.307
F 0595 0350 N/A N/A
H 0.070  0.053  0.067  0.030
I 0.057  0.027  0.040  0.020
J 0.029  0.024 0028  0.030

CELLCYCLEANALYSIS

The antiproliferative activity of compound | was analyzed in asynchronously growing colon carcinoma
cell line HCT-116 stained with propidium iodide (PI). As shown in Figure 2., compound | arrested cells in
G2/M phase (we observed almost twice more cells in G2/M phase after the treatment with 500 nM
compared to control cells). Antiproliferative effect of compound | was confirmed by increased population
of cells in sub-G1 phase. The effect of compound I on replication was analyzed by flow cytometric
measurement of HCT-116 cells doubly stained with Pl and 5-bromo-2'-deoxyuridine (BrdU). As shown in
Figure 2., compound | decreased the population of cells actively replicating DNA (i.e. BrdU-positive
cells) in a dose-dependent manner. At the dose of 250 nM compound | we observed markedly
decreased replication to 9% value of control in HCT-116 cells. Higher concentration (500 nM) then
caused total block of replication.

100%
80%
(=L Figure 2. Flow cytometric
60% EEEBrdU neg analysis of cell cycle after
[JBrdU pos propidium iodide staining in
40% —G1 HCT-116 cell line treated with
o & sub-G1 compound Ifor 24 hours.

0% = T T T T ]
0 62.5 125 250 500

concentration (nM)

Laboratory of Growth Regulators, Faculty of Science and Institute of Experimental Botany R2_
ASCR, Palacky University, Slechtitelu 11, 783 71 Olomouc, Czech Republic

ACTIVATION OF TUMOR SUPPRESSOR P53

Expression and accumulation of tumor suppressor p53 is often associated with inhibition of CDKs.
According to strong CDK2 inhibitory activity of our new compounds, we evaluated activation status of
p53 upon treatment of colorectal carcinoma HCT-116 cells with one of the most effective inhibitor,
compound I. Compound I rapidly increased the expression of p53 starting from 125 nM concentration
(Figure 3.). Accumulation of p53 was accompanied with decreased expression of Mdm-2, which is a
negative regulator of p53.

HCT-116 / compound | (nM)

0 625 125 250 500 Figure 3. Analysis of p53 activation.

Immunoblot analysis of expression of p53 and
Mdm-2 in HCT-116 treated with compound I for
24 h. Tubulin level was detected to verify equal
protein loading.
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'Y P Mdm-2
=1 T T

tubulin

INDUCTION OF APOPTOSIS

For the evaluation of apoptotic effects of compound | in HCT-116 cells we used immunoblotting
analyses of some apoptotic markers (Figure 4A.) and fluorimetric-based caspase-3,7 activity assay.
Expression of protein PUMA increased in dependence on concentration of compound | and the same
trend was seen in the fragmentation of poly(ADP-ribose)polymerase (PARP-1). Induction of apoptosis
upon the treatment of compound | was also verified by a gradual decrease of a level of anti-apoptotic
protein Mcl-1.

The following results were complemented by caspase-3,7 enzyme activity assay. Activity of
caspases-3,7 increased gradually after compound | treatment of HCT-116 cells (Figure 4B.). The
highest activity of enzyme was seen at 250 nM concentration of compound I.
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Figure 4. (A) Immunoblotting analysis of apoptotic markers in HCT-116 cells treated with compound |
for 24 h. Tubulin levels were detected to verify equal protein loading. (B) Fluorimetric caspase-3,7
enzyme activity assay (based on cleavage of specific Ac-DEVD-AMC peptide substrate) in HCT-116
cells upon treatment with compound I for 24 h.

EFFECT ON GENERAL TRANSCRIPTION HCT-116 / compound I (NM)

For the evaluation of transcription inhibition of
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Figure 5. Effect of compound I (24 h treatment) on
cellular transcription in HCT-116 cells.
Imunoblotting analysis of dephosphorylation of
RNApolymerase Il at Ser2 and 5. Tubulin level was
detected to verify equal protein loading.
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TIME-DEPENDENT EFFECT OF COMPOUND |
HCT-116 / compound | (h)

For the evaluation of the time-
dependent effect of compound | in
HCT-116 cell line we treated cells with

0o 1
‘--ﬂ . ‘ - - -‘ S2 concentration of 250 nM. Then we
analyzed expression of some selected

. - . - - . S5 proteins involved in transcription, cell

total RNA pol Il cycle regulation and apoptosis by
means of immunoblotting. As seen in

Figure 6., phosphorylation of RNA
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- hours as a level of tumor supressor p53
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important member of anti-apoptotic
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Figure 6. Time-dependent effect of compound lin HCT-116 cells.
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Abstrakt

Cyklin-dependentni kinasy (CDK) reguluji ¢etné bunééné procesy, ovsem do povédomi
vstoupily pfedevs§im jako reguldtory bunééného cyklu. Poznavani molekularni podstaty
nadorovych onemocnéni postupné odhalilo aberace ve struktuife ¢i mnozstvi téchto
enzymu vedouci k deregulaci jejich aktivity. Z toho diivodu se CDK staly novym cilem
protinddorovych terapii. V ramci této prace byla provedena literarni reSerSe zabyvajici
se vyvojem inhibitord CDK a konceptem syntetické letality, ktery by mohl pomoci pfi
1é€bé nadorovych onemocnéni. Jelikoz je rakovina Casto Uzce spjata s poruchami
imunitniho systému, byla ¢ast prace vénovana zanétlivym chorobam, jejichz vznik je
mnohdy spojeny s nespravnou funkci ¢i prodlouzenou zivotnosti neutrofilii. V praktické
casti byly popsany ucinky novych pyrazolo[4,3-d]pyrimidinovych inhibitort CDK
na nadorové linie, a navic byl navrZzen 1mechanismus jejich pusobeni. Dale byl
studovan vliv novych inhibitort na funkce neutrofili a rovnéz byl odhalen princip jejich

ucinkd.

Abstract

Cyclin-dependent kinases (CDK) control several cell processes but they are known
especially as cell cycle regulators. Discovering of molecular principle of cancer has
gradually revealed aberations in the structure or amount of these enzymes leading
to a deregulation of their activity. Hence, CDK came to the fore of many scientists and
became a novel antitumor target. This study describes the development of CDK
inhibitors and the concept of synthetic lethality which could help in anticancer
therapies. Since a cancer is often linked to defects in immune system, a part of this
dissertation was focused on inflammatory diseases which frequently arise from
abnormal functions or prolonged viability of neutrophils. In practical section, the effects
of novel pyrazolo[4,3-d]pyrimidines on cancer cell lines were described and the
mechanism of their action was suggested. Further, an action of novel inhibitors

on neutrophil functions was assessed and the principle of their activity was discovered.
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1. Cile prace

Cilem ptedkladané prace bylo podat piehled o struktufe a funkcich CDK s dirazem
na jejich deregulaci u mnoha nadorovych onemocnéni. Pravdépodobné nejjednodussim
a nejefektivnéjSim  zpisobem potlaceni aktivity téchto enzym je aplikace
nizkomolekularnich inhibitorfi, a proto bylo dalSim zdmérem této disertace shrnout
historii jejich vyvoje od prvotnich substanci izolovanych z pfirodnich materiald az
ponové pievazné uméle vytvoiené slouCeniny. Z praktického hlediska bylo cilem
otestovat nové trisubstituované pyrazolo[4,3-d]pyrimidiny na nékolika nadorovych
bunécnych liniich a lidskych neutrofilech, popsat vztahy mezi jejich strukturou
a aktivitou a prostudovat mechanismus jejich bunéénych ucinkli. Kromé téchto
vyty€enych cilii bylo dalSim zdmérem objasnit molekularni zéklad potlaceni apoptosy

neutrofild pomoci nového syntetického nukleosidu.



2. Uvod

Pocatky terapii nadort spocivaly v chirurgickém zéasahu a aplikaci ionizujiciho zéfeni ¢i
chemoterapeutik. Ttfebaze jsou tyto pfistupy stale hojné vyuzivany a mohou byt
efektivni u vcasné diagnostikovanych malignit, zd4a se nezbytné hledat nové ucinné;si
piistupy, které specificky postihnou dané¢ onemocnéni a budou mit méné vedlejSich
ucinkt. Identifikace deregulovanych bunéénych procest a jejich komponent poskytuje
cenné informace slouzici jako templat pro design novych efektivnich biologickych
terapii. Pomoci nizkomolekuldrnich latek lze zasdhnout poskozené kontrolni
mechanismy a vyvolat apoptosu nddorovych bunék. Jednim ztakovych cilii jsou
cyklin-dependentni kinasy (CDK) znamé jako regulatory bunétného cyklu. Inhibice
jejich aktivity byla prokdzéna jako velmi u€innd protinddorovéa strategie a béhem
poslednich 25 let bylo nasyntetizovano mnoho slouc¢enin s inhibi¢nim potencidlem viici
CDK. Ne¢kolik latek dokonce postoupilo do klinickych zkousek, kde jsou aplikovany na
riznd nadorova onemocnéni jak monoterapeuticky tak v kombinaci s klasickymi
cytostatiky. Laboratof rlstovych regulatori stdla jakozto matefské pracoviste
za objevem klinicky testovaného CDK inhibitoru s ndzvem roskovitin a stale se, kromé
jinych védeckych zaméfeni, intenzivné vénuje vyvoji CDK inhibitora a jejich uplatnéni
v 1é¢bé malignich onemocnéni.

Inhibice CDK aktivity miZe byt ovSem vyuzita v §ir§Sim spektru chorob. Bylo
zjisténo, Ze za vznikem a rozvojem chronickych zanétlivych a autoimunitnich
onemocnéni stoji extrémné dlouhé prezivani neutrofili, které jsou nadmérné aktivovany
a reaguji vici antigenim télu vlastnim. V koneném duasledku pak dochazi
k nevratnému poskozeni tkani a v extrémnich pifipadech jsou tato onemocnéni
1 smrtelnd. Nekolik studii prokazalo, Ze viabilita neutrofili miZe byt sniZena aplikaci
nizkomolekuldrnich CDK inhibitorti, coz podnitilo i naSe snahy o nové uplatnéni

. e .. 1-
derivati roskovitinu.'™



3. Vysledky

3.1. S-substituované 3-isopropyl-7-[4-(2-pyridyl)benzyl]amino-1(2)H-
pyrazolo[4,3-d|pyrimidiny jako nové ucinné CDK inhibitory

s protinadorovym potencialem

Ve snaze vyvinout analoga roskovitinu se zlepSenymi

R
CDK inhibi¢nimi vlastnostmi a siln¢j$i antiproliferacni | N
aktivitou  jsme  se  zaméfili na  modifikaci S
pyrazolo[4,3-d]pyrimidinového skeletu, jelikoz bylo jiz | o

diive prokdzano, ze prekondva ucinky piislusnych

HNJ
inovych slou¢enin.*> Viechny latky byly nasledng +
purinovych sloucenin.™ VSechny latky byly nasledné ' & N,
testovany na inhibici CDK2 a CDKS5. Znaméfenych |0 LA
NH N
hodnot ICsy je patrné, Ze substituent v poloze 5 znaéné \h
pfispiva ke zvySené ucinnosti pyrazolo[4,3-d]|pyrimidinu. slou¢enina Sb

Nejvyhodnéjsim fetézcem se pak jevi hydroxyalkylamin
Obrazek 1 Chemicka

inoalkylamin. asledné  j i j .
a aminoalkylamin. Nasledné jsme porovnali jednu struktura slougeniny 5b

znejaktivngjSich  substanci  Sb (Obrazek 1)
s dinaciclibem v inhibici n¢kolika CDK. Nase sloucenina Sb vykazala podobny
inhibicni profil jako dinaciclib s niz8i ucinnosti pro CDKI1. Na panelu 50 dalSich
proteinkinas se ukazalo, ze Sb efektivné blokuje také PAK4 (p21 protein (Cdc42/Rac)-
activated kinase 4) a CK16 (casein kinase 10), které jsou cili jak strukturné¢ podobnych
purint tak i dal3ich pyrazolo[4,3-d]pyrimidind.>®

U vsech derivati jsme dale sledovali jejich antiproliferacni vlastnosti na 4
nadorovych liniich rizného pivodu. Bylo prokazano, ze zavedeni substituce do polohy
5 znatelné zlepSuje protinddorové uc¢inky dané slouceniny. Nejefektivnéjsi byly v naSich
testech opét slouceniny s hydroxyalkylaminovym resp. aminoalkylovym fetézcem.
Pro zjisténi mechanismu uc¢inku nejacinngjsi latky Sb jsme vyuzili bunéény model
kolorektalniho karcinomu. Analyza bunééného cyklu ukézala, ze doslo k nartstu poc¢tu
bun¢k prevazné v G2/M fazi a zaroven vzrostla subG1 populace. Biochemickymi testy
byl odhalen pokles antiapoptotického proteinu Mcl-1 a zvySena aktivace kaspas 3 a 7.
Indukce vnitini apoptotické drahy nasi latkou Sb byla dale potvrzena i detekci $tépného
fragmentu PARP-1. Sb blokuje téz aktivitu CDK7 a CDK9, nebot’ potlacila fosforylaci
CTD domény RNA polymerasy II na Ser2 i Ser5 u bun¢k odvozenych od melanomu.

V neposledni fad¢ patfi mezi molekularni cile nasi latky také CDKS, coz bylo

7



prokdzano snizenou fosforylaci FAK (focal adhesion kinase) u bunc¢k odvozenych

od kolorektalniho karcinomu.

3.2. Trisubstituované pyrazolo[4,3-d|pyrimidiny potlacuji funkce neutrofili

a indukuji jejich apoptosu

Nedéavné studie naznacCily, ze by CDK inhibitory mohly byt vyuzitelné pii 1€cbé
chronickych zanétlivych 1 autoimunitnich onemocnéni. Pfi studiu Gc¢inkd roskovitinu
na funkce neutrofild se totiz ukdzalo, ze pfi jeho aplikaci dochdzi k indukci apoptosy
prostfednictvim blokovani funkci RNAPII (RNA polymerase II) vedouci ke sniZzené
expresi Mcl-1, tvorbé portt v mitochondridlni membrang, uvolnéni cytochromu c,
formovani apoptosomu a aktivaci kaspas.’

Pro studium proapoptotickych uUc¢inkdi jsme vytvofili knihovnu 42
derivath roskovitinu, kterymi byly ovlivnény neutrofily izolované z krve zdravych
darcii. Analyzou apoptotickych populaci pomoci priatokového cytometru byly
vyselektovany dvé nejucinnéjsi slouceniny LGR3437 a LGR3465, u nichz byl nasledné
zkoumén mechanismus pulsobeni. Po ovlivnéni neutrofili obéma slouceninami
v zé&vislosti na koncentraci postupné klesala hladina fosforylovanych forem RNAPII
na Ser2 a Ser5 a stejné tak 1 proteinu Mcl-1. Pfi detekci Mcl-1 byl kromé klesajici
formy pozorovan nartst téz$iho proteinového pasu. Moznym vysvétlenim tohoto jevu
muze byt detekce fosforylované varianty Mcl-1 na Thr163/Ser159 vjeho PEST
sekvenci vedouci k degradaci celého proteinu.'®"?

I kdyz obé slouceniny indukuji apoptosu neutrofilii, jejich vyuziti jako
prezivani neutrofilii. Vzhledem ke zvySené hladiné GM-CSF u mnoha autoimunitnich
a zanétlivych onemocnéni byl pro nasledujici experimenty pouZzit pravé tento cytokin.
Pti pouziti obou latek u neutrofilti stimulovanych GM-CSF doslo k nartstu podilu
apoptotickych bun¢k. V dalsim experimentu ve stejném uspotfadani byla analyzovéana
exprese Mcl-1 pomoci imunoblotu. Aplikace LGR3437 i LGR3465 zptsobila rapidni
pokles leh¢i varianty Mcl-1 a zaroven postupny nartst téz§itho pasu. Kromé potlaceni
viability neutrofilti byla téz sledovana schopnost obou slou¢enin tlumit jejich aktivitu.
Aplikace obou sloucenin potlacila produkci ROS (reactive oxygen species) neutrofily
ovlivnénymi GM-CSF, a navic stimulovanymi chemotaktickym faktorem fMLP

(N-formyl-methionyl-leucyl-phenylalanine).



3.3. Novy synteticky nukleosid redukuje zanétlivé i¢inky neutrofili

Pfirozend odpovéd’ organismu na nadmeérnou imunitni reakci zahrnuje mezi jinymi
endogenni produkci adenosinu, ktery se nasledné vaze na 4 typy receptort sprazenych
s G proteiny, jmenovité¢ A, Aja, Azp a A3.13 Béhem zanétu rapidné stoupa koncentrace
Tyto

zmény pak vedou k potlaceni zanétlivych efektli véetné degranulace, adheze ¢i syntézy

adenosinu a dochazi k aktivaci A, stimulujicitho funkci adenyleitcyklasy.14'16

leukotrient.'* Vzhledem k nestabilité adenosinu a jeho nezaddoucim G&inkim je nasnadé
vyvijet analoga specificky aktivujici urCity typ receptoru. Aza prezentujici hlavni typ
které se tadi naptiklad CGS21680, UK-432097, WRC-0470 nebo ATL146e (Obrazek
2). Cilem této studie bylo charakterizovat G€inky nové vyvinutého derivatu adenosinu
LGR1568 na funkce neutrofilii a objasnit mechanismus jeho ptisobeni. Tato sloucenina
byla neddvno popsana jako synteticky moduldtor zivotaschopnosti neutrofili (patent
W02010130233)."

Schopnost neutrofild adherovat k vaskuldrnimu endotelu a migrovat z krve
do tkani je prvnim krokem v zanétlivém procesu, jehoz potlaceni mize napomoci
pfi 1écbe. V kapilarnim systému napodobujicim in vivo vaskulaturu. LGR1568 mirné
potlacovala adhezi neutrofill, sniZovala jejich transmigraci a zarovenl podporovala
kutdleni. V dalSim experimentu byly neutrofily ovlivnény GM-CSF a LGR1568
a po stimulaci fMLP byla sledovana produkce ROS, kterd v zavislosti na koncentraci
LGR1568 postupné klesala. Podobné byla potlacena i produkce zanétlivého cytokinu
IL-8 a uvolnéni myeloperoxidasy. Kromé ovlivnéni funkci neutrofild byl sledovan
vliv LGR1568 na jejich viabilitu pomoci GIEMSA barveni a svételné mikroskopie, kdy
se ukazalo, ze LGR1568 zvysuje viabilitu bun¢k, a to opét v koncentracné zavislém
mnoZzstvi.

Za prodlouZenim viability neutrofili by mohla podle literatury stat aktivace
adenosinového Aja receptoru. Za ucelem objasnéni této hypotézy byla analyzovana
vazebna afinita LGR1568 k receptorim A1, A2a a A3 (provedla skupina doktora
Jacobsona KA, USA). Z vysledkii plyne, ze se LGR1568 vaze na vSechny testované
receptory s afinitou vici A3 a A1 (nM) a v mikromoldrnich koncentracich k A2a.
Vzhledem k dominantni expresi A3 a A2a neutrofily a zarovenn mikromolarnim
koncentracim pouzitym v nasich experimentech jsme se zaméfili na moznost zacileni

A2a pomoci LGR1568. Neutrofily byly ovlivnény komerénimi agonisty Aa, LGR1568,



a to bud samostatné¢ nebo v kombinaci s antagonistou Ajs. Analyza apoptotickych
populaci pomoci pratokového cytometru ukazala, ze agonist¢ i LGR1568 zvySuji
viabilitu neutrofilti, ktera je potlacena v pfitomnosti antagonisty. Na zaklad¢ tohoto
faktu je zfejmé, ze doSlo ke kompetitivni reakci, pii které antagonista vytésnil

testovanou slouc¢eninu.

| |
¢ / “\*\ Yon

NH
OJ o ATL146e
OH
o UK-432097 0
g S
by OH |
P
( NH, 0 ) o
XN 2 | OH j\
</ )\ P R NN
NH "~ " Jl\/ \>
cl” N N -
o/
WRC-0470 OH CGS21860 LGR1568 -

OH

Obrazek 2 Chemické struktury vybranych A, agonista.
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4. Z.avér

Vystupem této prace bylo n€kolik poznatki tykajicich se objasnéni mechanismu ac¢inki
nékolika nizkomolekuldrnich latek. U nové vyvinutych pyrazolo[4,3-d]pyrimidind byly
na bunécnych modelech prokézany protinddorové efekty, které byly podstatné silnéjsi
nez u matetského roskovitinu. I kdyz se jednd o panselektivni inhibitory,
ptedpokladdme, ze hlavni podil na aktivité¢ téchto latek mé inhibice CDK2 a CDK7
spolecné¢ s CDK9 kontrolujici transkripci. DalSi ze série pyrazolo[4,3-d]pyrimidint
indukovaly apoptosu neutrofili. Navic byly schopné piekonat i1 G¢inky prozanétlivych
cytokini, a mohly by se tudiz stat kandidaty pro dalsi testovani. Podobné jako
u pfedchozich sloucenin dochézi po aplikaci téchto latek k inhibici transkripénich CDK,
které jsou esencidlni pro viabilitu neutrofill. V neposledni fadé¢ byl naznacen
mechanismus Uc¢inku adenosinového derivatu s antiapoptotickym vlivem na neutrofily

zahrnujici aktivaci A,a receptoru.
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