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Abstrakt

V pribéhu poslednich 30 let bylo objeveno velké mnozstvi inhibitort cyklin-dependentnich kinas
(CDK), znichz né€kolik bylo schvaleno pro 1éébu rakoviny a vice nez 100 latek je komeréné
dostupnych jako chemické nastroje pro bunécénou biologii. Nicméné mira, do jaké jsou vlastnosti
téchto latek studovany s ohledem na jejich Gc¢innost, selektivitu vici jednotlivym CDK a bunécné
efekty, se vyznamné lisi. Inhibitory byvaji obvykle oznacovany jako vysoce selektivni a Géinné,
nicméné v mnohych piipadech nebyly dostatecn€ nebo spravné charakterizovany. Znalost biochemické
selektivity je pfitom nezbytna pro adekvatni interpretaci nasledkt jejich ptisobeni a nezadoucich
ucinkl a také pro jejich spravné pouziti v biologickych studiich. Nezadouci ucinky vSak mohou
souviset i sjejich nizkou bunéénou selektivitou, kdy tyto latky inhibuji kinasy nebo procesy,
které podporuji nadorové bujeni, ale mohou mit esencialni funkci také v nenadorovych bunkéch.
Tato disertacni prace je zaméfena na charakterizaci vybranych komeréné dostupnych inhibitord CDK
(CDK:i), které byly publikovany jako selektivni viici CDK regulujicim bunény cyklus. Na zakladé
nékolika typt experimentli byla hodnocena jejich selektivita vaci CDK1/2/4/5/7/9 a jejich efekty
na bunéény cyklus, které byly porovnavéany s publikovanymi daty. Vysledky poukazuji, Ze vétSina
pavodné selektivnich CDKi by méla byt klasifikovana jako panselektivni a neméla by byt vyuzivana
jako selektivnich chemickych sond. V druh¢ ¢asti prace byl navrzen koncept cileného transportu CDKi
konjugovanych s folatem prostiednictvim folatového receptoru exprimovaného nadorovymi bunkami.
Cytometrickou analyzou byl potvrzen specificky transport konjugati do nadorovych bunék
za soucasného zachovani CDK inhibi¢nich vlastnosti. Cilené doruceni inhibitort tak predstavuje

mozny zpusob vedouci k vyssi bunécné selektivité 1é¢iv.
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Abstract
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SEZNAM POUZITYCH ZKRATEK
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Casein kinase
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Estrogen receptor positive

ETS proto-oncogene 2

Focal adhesion kinase

Food and drug administration

Fms like tyrosine kinase 3

Folate receptor

Cyclin-G-associated kinase

Glycogen synthase kinase

Glycogen synthase kinase
Homeodomain-interacting protein kinase
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Inhibitor of cyclin-dependent kinase 4
Interleukin-1 receptor-associated kinase
Proto-oncogene tyrosine-protein kinase
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Protein kinase D
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1 UVOD A CIiLE PRACE

Proteinkinasy tvofi jednu z nejvétSsich enzymovych rodin lidského genomu a ptisobi jako
klicové signalni pienasece v fadé biologickych procestt (Manning et al., 2002). V podstaté
kazdy ptenos signalu v buiice probiha prostiednictvim fosfotransferovych kaskad tvotrenych
proteinkinasami a jejich naruSena funkce je spojovana srozvojem fady chorob véetné
nadorovych onemocnéni (Zhang et al., 2009). Proteinkinasy tak poskytuji rozsahlou skupinu
bunéénych cili pro terapeutickou intervenci prostfednictvim modulace jejich aktivity.
V prub¢hu poslednich 30 let byla objevena cela fada jejich nizkomolekularnich inhibitord
a vice nez 50 latek bylo schvaleno pro klinické pouziti v protinadorové 1écbé, piicemz vétSina
z nich reversibilné interaguje s ATP-vazebnym mistem kinas (Roskoski, 2021).

Vysoky stupeni strukturni podobnosti ATP-vazebného mista vSak poskytuje pouze
omezené moznosti selektivné modulovat jednotlivé kinasy a dostupné inhibitory
tak Casto interaguji s vice nez jednim proteinem. | kdyz je tato skuteénost vSeobecné znama,
dostupnost informaci o biochemické selektivité jednotlivych inhibitorG se vyrazné l1isi
(Klaeger et al., 2017). Identifikace biochemickych cili a mechanismu uGéinku Sice neni
podminkou pro schvaleni latek pro 1é¢ebné pouziti, nicméné jejich nedostate¢na
charakterizace spole¢né s nespravnou selekci pacientli znatelné¢ piispiva k selhani 1éciv
pfi jejich klinickém hodnoceni (Lin et al., 2019). Inhibice vedlejsich cilt (tzv. off-targets)
je totiz Casto zodpovédna za nezadouci vedlejsi ucinky a toxicitu. V nékterych ptipadech
mohou mit ale i vyhodné disledky a tato aktivita mimo primérni cil miZe byt nezbytna
pro jejich protinadorovy Uc¢inek. Kromé toho znalost mechanismu U¢inku umoziuje odhalit
biomarkery pro selekci vhodnych pacientl a predikci terapeutické odpovédi. Je prokéazano,
ze klinické studie vyuzivajici prediktivni biomarkery pro vybér pacientd maji piiblizné
dvakrat vétsi miru uspéSnosti nez ty, které je nevyuzivaji (Wong et al., 2019). Informace
0 biochemické selektivit¢ inhibitori jsou vSak dualezité také pro adekvatni interpretaci
biologickych uc€inkt latek a jejich spravné pouziti v zdkladnim vyzkumu, ve kterém jsou Casto
vyuZivany pro cilenou inhibici za ¢elem pochopeni zékladnich bunéénych pochodl a funkci
kinas. Nedostatecné¢ nebo chybné stanovena selektivita inhibitori vede k zavadgjicim
vysledkiim a komplikuje tyto studie, které jsou zésadni pro védu a vyzkum (Munoz, 2017;
Linetal., 2019).



Nezadouci vedlejsi ucinky a systémova toxicita vsak mohou byt zplsobeny i nizkou
bunécnou selektivitou proteinkinasovych inhibitorti. VétSina téchto latek inhibuje kinasy
¢i procesy, které podporuji nadorové bujeni, ale mohou mit esencialni funkci také
Vv normalnich nenadorovych bunkach. Jejich inhibice pak vede knezadoucim u¢inktm,
které limituji u¢innost 1é¢by. Zvyseni hladiny inhibitord v cilovych bunkach nebo tkanich
prostfednictvim  selektivniho  transportu =~ muze  pfedstavovat  ucinny  zpisob
pro zlepSeni efektivity 1é¢by proteinkinasovymi inhibitory (Van Beuge et al., 2012;
Ferguson et Gray, 2018).

Cilem této disertacni prace bylo poukazat na diilezitost studia biochemické selektivity
proteinkinasovych inhibitori a ovéfit potencial selektivniho transportu prostfednictvim
folatového receptoru, ktery by mohl vést ke zvySeni bunécné selektivity protinddorovych

1&¢iv.
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2 CYKLIN-DEPENDENTNI KINASY (CDK)

Cyklin-dependentni kinasy (CDK) ptedstavuji skupinu serin/threoninovych proteinkinas,
jejichz katalyticka aktivita je fizena intracelularni interakci s regula¢ni podjednotkou, kterou je
obvykle odpovidajici cyklin (Malumbres et Barbacid, 2005; Malumbres, 2014). Rodina CDK
spada na zaklad¢ sekvence kinasové domény do CMGC vétve kinomu. V lidském genomu je
kédovano 21 €Eleni CDK a nejméné 29 cyklint S jedinecnymi i redundantnimi vlastnostmi
v ramci rodiny (Manning et al., 2002; Malumbres et Barbacid, 2005; Cao et al., 2014).
CDK jsou nejcastéji znamy jako klicové regulatory bunécného cyklu a transkripce
(Lim et Kaldis, 2013; Malumbres, 2014; Hydbring et al., 2016; Palmer et Kaldis, 2020).
Nicméné jsou zapojeny v mnohem S§ir§im spektru bunéénych procest, jako je oprava DNA
(Trovesi et al., 2013), sesttih (Hu et al., 2003; Chen et al., 2006a), regulace mitochondrialnich
funkci (Lopez-Mejia et Fajas, 2015), metabolismus (Wang et al., 2017), epigenetické regulace
(Chen et al., 2010) nebo vezikularni transport (Palmer et al., 2005). CDK maji také funkce
asociované s vyvojem a diferenciaci (Hydbring et al., 2016), které zahrnuji neurogenezi
(Lim et al., 2017), angiogenezi a migraci (Liebl et al., 2010), sebe-obnovu kmenovych bunék,
hematopoézu (Steinman, 2002) nebo spermatogenezi (Palmer et al., 2019). Biologické funkce
a regulace mnohych CDK vSak dosud nebyly zcela objasnény. Mezi nejvice prostudované
patii pravé CDK1/2/4 a 6 regulujici bunéény cyklus, pripadné CDK7 a 9 regulujici transkripci.
Nicméné pro CDKI10-20 bylo dosud publikovano pouze omezené mnozstvi informaci
a je pravdépodobné, Ze v nasledujicich letech budou odhaleny jejich dal§i vyznamné funkce

a substraty (Obr. 1).

CDK10-20
CDK7-9 3%
13 %

CDK1

27 %
CDK6
7%
CDK5 >
7%
CDK2
CDK4 21 %

21% CDK3
1%

Obr. 1: Zastoupeni publikaci o jednotlivych CDK na portalu PubMed (duben 2021).
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Obdobné jako jiné proteinkinasy maji i CDK dvoulalo¢natou terciarni strukturu
tvofenou [-skladanymi listy na N-konci a a-helixy na C-konci, které jsou propojeny
pantovou oblasti. Mezi témito laloky se nachazi konzervovana katalyticka kapsa obsahujici
ATP-vazebné misto, doménu pro vazbu cyklinu a aktivaéni T-smycku, ktera zacina
konzervovanou aminokyselinovou sekvenci asparagin-fenylalanin-glycin (DFG) (Obr. 2).
CDK v monomerni podob¢é jsou neaktivni z divodu uzavieni ATP-vazebného mista
T-smyckou a jejich hladina v bunikach je konstantni (Malumbres et Barbacid, 2009;
Wood et Endicott, 2018). Katalyticka aktivace je obvykle fizena oscilaci hladiny cyklinu,
kdy vazba odpovidajiciho cyklinu vede k tvorbé heterodimeru a k rozsahlym konformaénim
zménam. Dochazi K odklopeni T-smycky, odhaleni substrat-vazebného mista a pieskupeni
residui v aktivnim misté, které umozni enzymatickou aktivaci CDK. Kromé¢ toho se vSak
naregulaci jejich aktivity podileji také inhibi¢ni a aktivaéni fosforylace, které jsou
zprostiedkovany inhibi¢nimi kinasami Weel a Mytl nebo CDK-aktiva¢nimi kinasami.
Aktivitu CDK reguluji také endogenni inhibitory z rodiny Cip/Kip (p21, p27, p57) and INK4
(p16, p15, p18) (Echalier et al., 2010; Whittaker et al., 2017).

2

X /N

N-terminalni lalok

Glycinova
smycka

DFG motiv

Aktivacni T-smycka
al12

C-terminalni lalok

Obr. 2: Dvoulalo¢nata terciarni struktura monomerni CDK2 (pfevzato z Wood et Endicott, 2018).
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2.1 Biologické funkce CDK

CDK jsou znamé predev§im jako klicové enzymy, které reguluji progresi jednotlivymi
fazemi bunécného cyklu. V Casné G1 fazi dochazi v odpovédi na mitogenni signalizaci
k expresi cyklinit D, které nasledné vytvafeji komplexy s CDKA4/6. Aktivni
komplexy iniciuji fosforylaci nadorového supresoru retinoblastomového proteinu (Rb)
(Malumbres et Barbacid, 2001; Narasimha et al., 2014). Hypofosforylace Rb vede
k ¢astecnému uvolnéni transkripénich faktori zrodiny E2F a nasledn¢ k transkripci
podfizenych gent nezbytnych pro progresi buné¢nym cyklem véetné cyklinu E, ktery asociuje
s CDKZ2. Vznikly aktivni komplex déle hyperfosforyluje Rb, dochazi k ipIlnému uvolnéni E2F
a kexpresi genti nezbytnych pro prichod G1/S restrikénim bodem (Weinberg, 1995;
Sherr, 2000). Cykliny D a E jsou v ¢asné S fazi degradovany. CDK2 je nasledné aktivovana
cyklinem A, které spole¢né tidi progresi S fazi a syntézu DNA. Na fazovém rozhrani S/G2
ptebira funkci komplex CDK1/cyklin A. CDK1/cyklin B pak nakonec dokoncuje mitotické
procesy. Navzdory tomuto vysoce regulovanému procesu je CDKI1 jedinou CDK esencialni
pro prichod bunéénym cyklem savcid, zatimco funkce ostatnich Kinas této rodiny jsou
zastupitelné  (Malumbres et Barbacid, 2001, 2005; Santamaria et al., 2007).
Komplex CDK3/cyklin C fosforyluje Rb na rozhrani GO/G1 a také ¢aste¢né piispiva ke vstupu
do S faze (Ren et Rollins, 2004).

Kromé& bunééného cyklu dalsi clenovée CDK rodiny reguluji transkripei.
CDKT7/cyklinH je  soucasti  multiproteinového  iniciaéniho  komplexu  TFIIH,
CDK&8/19/cyklin C je soucasti mediatorového komplexu MED, zatimco CDKO9/cyklin T tvoii
elongacni faktor P-TEFb. Tyto kinasy se Gcastni pfimé regulace transkripce prostfednictvim
fosforylace C-terminalni domény (CTD) RNA polymerasy Il (Compe et Egly, 2012;
Tsai et al., 2013; Paparidis et al., 2017). CDK vsak obvykle nemaji pouze jednu funkci.
Napiiklad CDK7 jako CDK-aktivaéni kinasa fosforyluje T-smycku CDK regulujicich
bunéénych cyklus, ¢imz umoZnuje jejich plnou aktivaci, zatimco CDKS8 plisobi také
jako koaktivator ~ drahy ~ WTN-B-catenin, p53 drahy nebo TGFB  signalizace
(Malumbres et Barbacid, 2005; Donner etal.,, 2007, 2010; Firestein et al.,, 2008).
Mezi regulatory transkripce patii také CDK12 a CDK13, které jsou aktivovany cyklinem K.

CDK12/cyklin K navic reguluje alternativni sestfih a expresi gend zapojenych do odpovédi
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na poskozeni DNA, stres nebo teplotni Sok (Greifenberg et al., 2016; Lui et al., 2018).
CDK10/cyklin M reguluje transkripci nepifimo prostiednictvim fosforylace substratd,
jako je PKN2 nebo transkripéni faktor ETS2 (Guen et al., 2017). CDK11/cyklin L se také
ucastni regulace transkripce fosforylaci CTD RNA polymerasy II a sestiihu.
Podle nejnovéjsich studii je tento komplex nezbytny pro transkripci histonovych geni
(Gajduskova et al., 2020) a také negativné reguluje signalni drahu WNT-B-catenin (Ou et al.,
2020).

funkce, z nichz vSechny nejsou dosud znamé. CDK14 se tcastni WNT-B-catenin signalizace
dilezité pro vyvojové procesy a progresi bunécného cyklu (Davidson et Niehrs, 2010),
zatimco CDK15 ma funkci antiapoptotickou (Park et al., 2014). CDK16 je exprimovana
ve varlatech, kde ptisobi pti spermatogenezi (Mikolcevic et al., 2012), a v mozku, kde reguluje
diferenciaci neuronti a jejich funkci (Ou et al., 2010). Mezi malo prostudované Kinasy patii
CDK17, uniz se pfedpokladd, Ze ma roli v mitochondridlnich funkcich neuront
(Hirose et al., 2000). CDK 18 udrzuje genomovou stabilitu (Barone et al., 2016) a reguluje
dynamiku cytoskeletu, bunénou migraci a adhezi (Matsuda et al., 2017). Kromé regulace
transkripce je CDKI19 také regulatorem odpovédi na stres zprostiedkované nadorovym
supresorem p53 (Audetat et al., 2017). CDK20 byla v n¢kterych studiich oznacena jako druha
CDK-aktiva¢ni kinasa, nicméné jeji funkce zustava nepotvrzena (Liu et al., 2004,
Wohlbold et al., 2006). Zvlastni postaveni ma CDKS5, ktera neni aktivovana cyklinem,
ale proteiny p35 a p39. Je exprimovana V post-mitotickych bunkach nervového systému

a je nezbytna pro synaptickou plasticitu a neurotransmisi (Shupp et al., 2017).

2.2 CDK jako terapeutické cile

CDK se jako klicové regulatory fady biologickych procest staly atraktivnim cilem pro vyvoj
nizkomolekularnich inhibitorii jako protinddorovych 1éciv. Za fyziologickych podminek
je aktivace CDK velmi pfisné regulovana. V fad¢ nadorovych onemocnéni jsou vsak signalni
drahy CDK naruSeny, coz obvykle vede k deregulované proliferaci a nadmérnému ptezivani
bun¢k (Malumbres et Barbacid, 2005; Shapiro, 2006; Peyressatre et al., 2015), které patii mezi

zakladni znaky nadorové transformace (Hanahan et Weinberg, 2011). Onkogenni zmény
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v CDK signalizaci se vyskytuji u vice nez 90 % lidskych nadort (Bonelli et al., 2014).
Nejcastéji se jedna o aberace postihujici cykliny a endogenni inhibitory ¢i modulatory CDK
nebo nadfazené signalni drahy. MuiZe se jednat jak o genetické zmény zahrnujici amplifikace,
chromozomalni translokace, bodové mutace, inzerce ¢i delece, ale i 0 epigenetické zmény,
nadmérnou ¢i predCasnou expresi proteinli nebo jejich nespravnou bunécnou lokalizaci.
Tyto zmény vedou k chybné aktivaci CDK, pficemz incidence mutaci ve vlastnich CDK
je velmi nizka (Peyressatre et al., 2015; Roskoski, 2016). Cyklin D1 je napiiklad amplifikovan
az ve 40 % vsech nadort v¢etné karcinomi prsu, plic nebo melanomt (Musgrove et al., 2011;
Santarius et al., 2010), zatimco cyklin E mnapf. vkarcinomech ovarii adé¢lohy
(Nakayama et al., 2010; Kuhn et al., 2014). Tato data naznacuji, ze farmakologicka inhibice
CDK mize byt efektivnim zplsobem pro 1écbu tady nadorovych onemocnéni
véetné karcinomu rizného typu, hematologickych malignit i sarkomt (Roskoski, 2019).
Kromé malignit byly abnormality v aktivit¢ CDK zaznamenany také ve spojeni
se vznikem dalSich onemocnéni a jejich inhibitory tak maji potencialné mnohem $ir$i vyuziti.
Naptiklad pro 1é€bu virovych infekci jsou navrhovany inhibitory CDK regulujicich
RNA polymerasu II. Kromé vlivu na HIV (Nemeth et al., 2012) byly nedavno inhibitory CDK
popsany také jako modulatory replikace a transkripce SARS-CoV-2 zpusobujiciho akutni
respiracni onemocnéni (Bouhaddou et al., 2020). Hyperaktivita CDKS5 je zase spojovana
S patogenezi neurodegenerativnich poruch jako je Alzheimerova choroba a inhibice CDK5
by mohla zpomalit ztratu neuronovych bunék a paméti (Lopez-Tobon et al., 2011,
Liuetal., 2016). CDKI1 byla identifikovana jako klicova kinasa, ktera podporuje ranou
proliferaci cyst pfi autosomdlné dominantnim polycystickém onemocnéni ledvin,
ajeji inhibice na mySich modelech zabranuje jejich rastu (Bukanov et al., 2006;
Zhang et al., 2021). Inhibice CDK ma vsak potencial také pti 1écbé mirné mozkové ischemie
(Katchanov et al., 2001) a pfi traumatickych poranénich mozku, pti kterych CDK inhibitory
potlacuji bunéénou smrt neuront (Kabadi et al., 2014). Krom¢ toho je 1ze potencialné vyuzit
I pfi 1é¢bé parazitickych infekci, jako je leishmanidza ¢i malarie (Walker et al., 2011),

nebo pii zanétlivych onemocnénich (Fox et al., 2010; Wang et al., 2012).
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3 NIZKOMOLEKULARNI INHIBITORY CDK (CDKi)

V pribéhu poslednich 30 let byla objevena celd fada inhibitort CDK (CDKi), které tvofi
ruznorodou skupinu molekul s odlisnymi chemickymi vlastnostmi. Podle jejich vazebného
modu je Ize rozdélit na ATP-kompetitivni a nekompetitivni. Velkd vétsSina dosud objevenych
CDKi spadd do skupiny ATP kompetitorti typu I vézajicich se do ATP-vazebného mista
kinasy v aktivni konformaci, tedy s DFG motivem T-smy¢ky smérujicim do aktivniho mista.
Inhibitory typu II tvoii o néco méné pocetnou skupinu a vazi se na kinasu v neaktivni
konformaci s motivem DFG orientovanym ven z ATP-vazebné kapsy. V poslednim desetileti
vSak doslo i k objevu alosterickych inhibitori. Mezi né patii inhibitory typu IlI,
které interaguji  vyhradné s alosterickou kapsou sousedici s ATP-vazezbnou kapsou,
a inhibitory typu IV vazajici alostericka mista vzdalena od této kapsy (Obr. 3). Vyznamné
arozsifujici se skupiny tvoii také kovalentni ATP-kompetitivni inhibitory a slouceniny

indukujici selektivni degradaci CDK (Heptinstall et al., 2018; Sanchez-Martinez et al., 2019).

Typ | Typ Il Typ I

Obr. 3: Typy reversibilnich kinasovych inhibitord (upraveno podle Wu et al., 2015).

Vyvoj selektivnich CDKi byl zpoc¢atku povazovan za pomérné naro¢ny vzhledem
K vysokému stupni jak strukturni, tak sekven¢ni podobnosti mezi ATP-vazebnymi misty CDK,
kterd poskytuje pouze omezené moznosti selektivné inhibovat jednotlivé isoformy
CDK (Whittaker et al., 2017; Heptinstall et al., 2018; Wood et Endicott, 2018).
V souvislosti stouto limitaci byla prvni generace CDKIi relativné nespecificka a inhibovala
vétsi pocet CDK. Tyto latky byvaji oznaCovany jako pan-selektivni a fadi se knim
napf. flavopiridol (alvocidib) (Kaur et al., 1992), olomoucin (Vesely et al., 1994) nebo

roskovitin (seliciclib) (Havlicek et al., 1997). Vyznacovaly Se omezenou protinadorovou
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aktivitou a nezadoucimi ucinky a toxicitou. Tyto limitace zfejmé vyplyvaly z jejich nizké
ucinnosti a ze soucasné inhibice vétsiho poctu kinas, které jsou nezbytné pro proliferaci
a prezivani normalnich nenadorovych buné¢k. V disledku selhdni pan-selektivnich inhibitora
CDK se vyvoj zaméfil na latky s vyssi ucinnosti a selektivitou. Toto usili vedlo k ur¢itému
zGzeni selektivity v ramci kinomu a K inhibici mensiho poc¢tu CDK, nicmén¢ ani tyto latky
neni mozné povazovat za vysoce selektivni (Asghar et al., 2015). Do druhé generace spada
napt. dinaciclib (SCH727965) (Parry et al., 2010), R547 (DePinto et al., 2006)
nebo AZD5438 (Byth et al., 2009). Rada téchto inhibitort druhé generace se v preklinickych
studiich jevilo jako velmi slibnych, nicméné ani vétsina z téchto latek Gispésné neprosla dalsim
klinickym testovanim. Zadna z tdchto latek nebyla schvalena pro klinické pouziti, ale nékteré
z nich se stale nachazi v testovani jako napt. fadraciclib (CYCO065) (Pozzi et al., 2010).
Netspéch prvni a druhé generace CDKi Vv klinickém testovani je pfipisovan omezenym
znalostem a nedostatku metod, jeZ neumoznovaly zcela objasnit, které CDK nebo i jiné kinasy
tyto latky inhibuji. Neznamy mechanismus ucinku pak navic neumozioval vhodnou selekci
pacientl, jeZz by odpovidaly na tuto 1é¢bu (Asghar et al., 2015; Peyressatre et al., 2015).
Piestoze ani tyto inhibitory nebyly tspésné v klinickych studiich a vyznacovaly se nizkou
selektivitou, poslouzily jako prukopnici vyvoje selektivnéjsich latek (Whittaker et al., 2017).
Prilomem ve vyvoji CDKi byl az objev pyrido[2,3-d]pyrimidinového jadra, které
vykazovalo vysokou selektivitu viici CDK4/6 (VanderWel et al., 2005). Optimalizace tohoto
skeletu vedla k vyvoji palbociclibu (Ibrance, PD0332991) (Fry et al., 2004), ktery byl v roce
2015 jako prvni CDK inhibitor schvalen Utadem pro kontrolu potravin a 1é¢iv (FDA)
pro 1écbu rakoviny prsu (Beaver et al., 2015; Walker et al., 2016). O dva roky pozdé¢ji pak
schvaleni nasledovalo pro dalsi dva CDKA4/6i, ribociclib (Kisqgali, LEE011) (Syed, 2017)
a abemaciclib (Verzenio, LY283519) (Kim, 2017). Tyto tfi latky jsou dosud jedinymi CDK
inhibitory schvalenymi pro klinické pouziti a jejich identifikace poukézala na to,
ze | ptes vysokou podobnost ATP-vazebného mista je mozné vyvinout selektivni CDKi.
Tento uspéch vzbudil zijem védci o vyvoj dalSich latek selektivné cilicich 1 jiné CDK,
a to nejenom z duvodu jejich terapeutického potencialu v 1€¢bé fady onemocnéni, ale i pouziti
Vv biologickych studiich jako vysoce selektivni chemické sondy pro cilenou inhibici CDK

na farmakologické tirovni.
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3.1 Biochemicka selektivita CDKi

Ackoliv v soucasné dobé¢ existuje velké mnozstvi CDK inhibitord a vice nez 100 téchto latek
je komer¢né dostupnych jako chemické nastroje pro bunécnou biologii, jejich kvalita se
vyznamné li§i s ohledem na jejich ucinnost, selektivitu vaci jednotlivym CDK a bunécéné
efekty. Odborna vefejnost Se totiz stale potyka s nedostatecnou charakterizaci, a to zejména
jejich biochemické selektivity nejen wvici jednotlivym CDK, ale i dal§im cilim.
Zakladni problém spociva vtom, ze v prvotnich fazich vyvoje jsou inhibitory obvykle
popsany a nasledné¢ komercné prodavany jako vysoce potentni a selektivni latky vici danému
cili, nicméné v mnohych ptipadech nebyly dostatecné nebo spravné charakterizovany.
Vysledkem je, ze informace o jejich selektivité jsou ¢asto neuplné a mnohdy je komplikované
je najit, protoze spole¢né s dalSimi latkami jsou soucasti rozsahlejSich studii, které byly
provedeny az vyrazné pozdé&ji. Znalost biochemické selektivity je pfitom nezbytna pro jejich
spravné pouziti a adekvatni interpretaci nasledkt jejich pusobeni (Klaeger et al., 2017;
Munoz, 2017; Wells et al., 2020).

Ukazuje se, ze zakladnim mechanismem u¢inku fady kinasovych inhibitor neni
inhibice puvodné piedpokladaného primarniho cile, ale inhibice vedlejSich cilt, tzv. off-
targets (Lin et al., 2019). Naptiklad roskovitin byl dlouhou dobu povazovan za selektivni
inhibitor CDK1/2 a 5, ale bylo zjisténo, ze také inhibuje transkripci prostiednictvim inhibice
CDK7 a9, ktera je ziejmé prevladajicim mechanismem t¢inku (Whittaker et al., 2004, 2007).
CGP74514A byl na zakladé silné inhibice CDK1 klasifikovan jako selektivni CDK1 inhibitor
bez dalsiho testovani jinych cil (Imbach et al., 1999). Dlouhou dobu byl v biologickych
studiich chybné pouzivan jako selektivni inhibitor CDKI1 (Chen et al., 2006b;
Pernicova et al., 2014) a az pozdéji bylo zjisténo, Ze se vyznacuje pan-selektivni inhibici
(Anastassiadis et al., 2011; Gao et al., 2013; Jorda et al., 2018a). Zajimavym piikladem je také
latka OTS964, ktera byla povazovana za inhibitor PBK (Matsuo et al., 2014). Pozdgjsi studie
vSak odhalily, Ze PBK neni esencilni pro proliferaci a Ze pfevazujicim mechanismem ucinku
OTS964 je inhibice CDK11. Pro tutu kinasu do té doby nebyl vyvinut zadny farmakologicky
inhibitor a tento objev tak mlze mit vyznamny dosah na vyvoj dalsich CDKI1l1i
(Lin et al., 2019).
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Plosnou analyzou selektivity vice nez 240 kinasovych inhibitori bylo odhaleno,
ze vedlej$imi cili mohou byt i jiné nekinasové proteiny, které pfispivaji k cytotoxickym
ucinkim latky. Mezi typické nekinasové cile patii napf. tubulin, receptory sptrazené
s G proteiny nebo proteiny obsahujici bromodomény; ty v§ak mnohdy zlstavaji neodhaleny,
nebot’ se hledaji pravé hlavné proteinkinasy (Munoz, 2017). Nedostatecné prostudovana
selektivita se tyka také klinicky testovanych latek. Neddvna studie odhalila, Ze pivodné
stanovené¢ primarni cile minimalné¢ 7 protinddorovych léCiv, které jsou v soucasné dobé
testovany v klinickych studiich, jsou postradatelné pro jejich ucinnost, a tudiz mechanismus
ucinku té€chto 1é¢iv je vlastné neznamy (Lin et al., 2019). Da se proto ocekavat, Ze s rozvojem
metodologickych pfistupi dojde k pfehodnoceni mechanismu O¢inku ftady 1€civ,
a to nejen ze skupiny proteinkinasovych inhibitort.

CDKi spiesné¢ definovanou biochemickou selektivitou maji nezbytnou roli
Vv zékladnim vyzkumu, kdy jsou vyuzivany pro cilenou inhibici kinasy za uc¢elem studia funkci
jednotlivych CDK a pro pochopeni zékladnich bunéénych pochodi. Jak jiz bylo zminéno,
fada CDK, zejména CDK10-20, postradd kompletni funk¢ni anotaci a pravé CDK-selektivni
chemické sondy by mohly umoznit charakterizaci nasledku jejich inhibice. Jejich pouziti totiz
skytd ve srovnani s genetickymi piistupy jisté vyhody. Vyfazeni genu prostfednictvim
genetickych modifikaci, jako je RNA interference nebo editovani genomu metodou
CRISPR/Cas9, totiz obvykle neumoziiuje zachytit okamzité G¢inky. Genetické manipulace
navic nesou riziko rozvoje kompenzacnich mechanismii nebo spontannich mutaci,
které¢ mohou vést k odliSnému fenotypu. V ptipad¢é genli nezbytnych pro embryonélni vyvoj
tento piistup navic neni mozny a farmakologicka inhibice CDKi na proteinové Grovni ma tak
v tomto sméru vyznamné postaveni (Whittaker et al., 2017). Mnohé latky, které jsou uvadény
jako vysoce selektivni vic¢i danému cili, vSak nespliiuji kritéria vhodné chemické sondy
zahrnujici presné¢ definovanou selektivitu a biologickou aktivitu. Pro nékteré CDK,
véetné CDK15/18 a 20, navic dosud nebyl identifikovan zadny dostate¢né ucinny inhibitor.
Podrobné;jsi studie by tak mohly odhalit jejich vhodné inhibitory, které by umoznily studium
biologickych funkci kinas (Sanchez-Martinez et al., 2019; Wells et al., 2020).

Pravé tyto méné prostudované CDK jsou také castymi neodhalenymi vedlej$imi
nebo i primarnimi cili inhibitort kinas. Z 214 klinicky testovanych kinasovych inhibitort

se vice nez 10 % 1é¢iv vyznacovalo vazbou vici CDK16 nebo CDK17, ktera do té doby
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nebyla odhalena (Klaeger et al., 2017), a neni jasné, zda jejich inhibice je pfinosna
pro terapeutickou intervenci, anebo je naopak spojena s nezadoucimi vedlej$imi GCinky.
Ukazuje se, ze i puvodné udavané selektivni CDKi interaguji s podstatné vyssi afinitou s méné
prostudovanymi ¢leny CDK rodiny. Z téchto diivodd by mél byt kladen vétsi duraz
I na studium interakci s témito kinasami. Komplexni analyza selektivity v prostfedi intaktnich
bunék totiz napiiklad odhalila, Zze ptvodné selektivni CDK2 inhibitor II. typu oznacovany
jako KO3861 (Alexander et al., 2015) disponuje podstatné vyssi afinitou vici CDK8/19.
Tento vysledek klasifikoval KO3861 na CDKS8/19i a poukazal, Ze inhibice typu II
je potencialni strategii efektivniho cileni téchto homolognich kinas (Wells et al., 2020).
Dlouhou dobu nebyl také identifikovan zadny inhibitor CDK10. Nedavna studie vSak
poukazala, ze CDKI10 je vedlejsim cilem né&kolika novych CDK9 selektivnich inhibitord,
MC180295, AZD4573 a NVP-2, pficemz tento cil u dvou z nich v pavodnich studiich viibec
nebyl zaznamenan (Robert et al., 2020). Tyto latky ptredstavuji slibny vychozi bod pro vyvoj
dal$ich analogt, které¢ by mohly selektivné inhibovat CDK10 a které by vyznamné napomohly
pfi studiu jejich funkci a odhaleni, zda ptedstavuje vyznamny terapeuticky cil.

Ackoliv se mulze zdat, ze polyfarmakologie je spiSe negativnim faktorem,
ktery je nutné prostudovat z divodu vysvétleni nezadoucich ucinku, tak jeji existence mize
mit i vyhodné disledky. Poskytuje totiz ptilezitost pro tzv. repurposing, kdy jsou jiz existujici
latky vyuzity Kjinym Gcelim jako vysoce uéinné inhibitory pivodné neodhalenych cild.
Takové latky pak mohou byt pouzity pro 1écbu odlisSnych onemocnéni, nez bylo piivodné
zamysleno. Tento pfistup znovuvyuziti jiz existujicich 1éCiv vyznamné snizuje Cas i naklady
navyvoj (Chaudhari et al., 2017; Cha et al., 2018). Usp&nym klinickym piikladem
repurposingu je imatinib, ktery byl schvalen pro lé¢bu chronické myeloidni leukémie
prostfednictvim  cileni onkogeni BCR-ABL kinasy (Capdeville et al., 2002;
Cohen et al., 2002). Pozdé&ji bylo zjisténo, ze imatinib u¢inné inhibuje i KIT a PDGFR
receptory rastovych faktorti, coz vedlo k pfesmérovani Klinického vyvoje k 1écbé
gastrointestinalnich stromalnich tumort a myelodysplastickych a myeloproliferativnich
chorob (Apperley et al., 2002; Dagher et al., 2002; Piccaluga et al., 2007). Obdobnym
zpusobem by napfiklad mohla byt vyuzita silnd inhibice CDKA4/6i, palbociclibu
a abemaciclibu, vi¢i CLK1 kinase, ktera je povazovana za slibny cil pro 1é¢bu Duchennovy
svalové dystrofie (Sako et al., 2017; Uitdehaag et al., 2019).
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3.1.1 Charakterizace selektivity inhibitoru

Pro jednoznacnou charakterizaci selektivity a molekularni farmakologie inhibitorti je nezbytné
provadét testovani na nékolika trovnich. Prvnim krokem je identifikace vSech biologickych
cilt, se kterymi latka interaguje, a to nejen in vitro na enzymové urovni, ale i v Zivych
bunécnych systémech. Déle pak ovéfit, ze inhibitor je schopen dosahnout primérniho cile
v intaktnich buiikach, a potvrdit, Ze inhibice tohoto cile je odpovédna za vysledny bunécny
efekt (Munoz, 2017). Nicméné tento zpusob identifikace cili dodnes zistava naroénym
ukolem zdavodu =zna¢nych limitaci soucasnych metod. V podstaté neexistuje
zadny univerzaln¢ pouzitelny piistup vhodny pro vSechny latky a bunécéné cile,
a proto je doporucovano vyuzivat kombinace rtznych technologii, které jsou zalozeny
na odlisnych principech, ¢imz se zvysuje uspésnost identifikace vSech relevantnich cili.
Zakladnimi a standardné pouzivanymi metodami identifikace cilii inhibitort kinas byla
dlouhou dobu biochemické méfeni enzymové aktivity, které kvantifikuje tvorbu produktu
reakce (fosforylovany substrat nebo ADP) (Wang et Ma, 2015). Obvykle jde o bezbunécné
experimenty vyuzivajici rekombinantnich proteini nebo jejich domén v odlisnych
koncentracich, nez je typické v bunécném prostiedi. Navic se odliSuji od proteint plné délky
exprimovanych v bunéénych podminkéch, a to zejména v post-translacnich modifikacich,
které ovliviuji stabilitu nebo specifické interakce, jeZ obvykle zavisi na tkanovém
¢1 bunééném typu. Tyto podminky neodpovidaji fyziologicky relevantnimu prostiedi
avSechny tyto faktory mohou ovlivnit interakci latky, a tudiz 1 vysledky testl
(Klaeger et al., 2017). Na buné&né urovni bylo standardni testovani omezeno na analyzu
inhibice fosforylace podfizenych substrati a vyslednou fenotypovou bunécnou odpovéd.
Piistup zaloZeny na analyze substrati je vSak vyznamné zatizen funkcéni redundanci,
kdy jeden substrat je fosforylovan ruznymi CDK, které se vzajemné zastupuji.
Typickym piikladem je protein Rb, ktery je fosforylovan nékolika CDK regulujicimi bunéény
cyklus, nebo RNA polymerasa II fosforylovana transkripénimi CDK. Pro nékteré CDK navic
dosud nebyl identifikovan zadny substrat. V ptipad¢ fenotypovych screeningovych ptistupt
jevelmi obtizné prifadit fenotyp vyvolany latkou k definovanému bunécnému cili

a odpovidajicimu mechanismu ptisobeni (Munoz, 2017; Pasquer et al., 2020).
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Vyse uvedena omezeni a vysoka cCetnost neocekavané aktivity latek podnitila
Vv poslednim desetileti k vyvoji sofistikovan¢jSich chemoproteomickych metod. U novéjsich
inhibitorti, zvlasté pokud maji byt pouzivany klinicky nebo jako chemické nastroje,
je celoprotcomové  testovani  selektivity uz pomémé béznou zaleZitosti obvykle
zprostredkovanou platformami komerénich spole¢nosti vyuzivajicich metody zalozené
na kvantifikaci katalytického produktu nebo afinity (Pan et al., 2016; Wright et Sieber, 2016;
Hacker et al., 2017). Kinasové enzymatické testy kvantifikujici produkt reakce vyuZzivaji
napi. platformy jako je HotSpot (Reaction Biology), KinaseProfiler (Eurofins) zalozené
na radiometrickém principu nebo metody zalozené na kvantifikaci ADP (ADP Hunter HS
nebo ADP Quest HS, DiscoveRx) vyuzivajici fluorescen¢nich detek¢énich koncovek.
Za zlaty standard jsou povazovany pravé radiometrické testy vzhledem k relativné nizkému
stupni faleSné pozitivnich vysledkl oproti napt. fluorescencnim piistuptim, které jsou navic
afinitu  inhibitoru ke kinase patfi napf. KinomeScan Technology (DiscoveRx)
nebo LanthaScreen Eu Kinase Binding Assay (ThermoFisher Scientific). Na rozdil od metod
zalozenych na kvantifikaci aktivity mohou byt provadény s aktivnimi i neaktivnimi Kinasami
obvykle bez ptitomnosti ATP nebo substratu, tudiz vysledky nemohou byt ovlivnény jejich
koncentraci. Obecné vSak nejsou schopny detekovat substratové-specifické inhibitory
nebo také latky interagujici s jinymi doménami, nez je kinasova. Vazebna aktivita latky
se navic nemusi vzdy promitnout do vlivu na aktivitu kinasy (Wang et Ma, 2015).
| tyto pokrocilejsi metody se tedy vyznacuji urCitymi limitacemi. Pouziti fady z nich
je omezeno pouze na rekombinantni proteiny nebo ptipadné bunééné lyzaty, které neumoziuji
zachytit interakce nebo metabolické konverze probihajici pouze v intaktnim bunéném
prostiedi (Chen et al., 2020; Park et al., 2019). Z téchto divodl se v soucasnosti pozornost
zamé&fuje na pokrocilejsi pfistupy hodnoceni interakci ve fyziologicky relevantnim prostredi
intaktnich bunék.

Nedavno byla také vyvinuta technologie, ktera umoziuje ovétit bunéénou dostupnost
inhibitoru a jeho schopnost véazat cil v intaktnich buiikdch. PfisluSnd kinasa je exprimovana
v analyzovanych zivych bunkach s luciferasovou znackou NanoLuc. Pro detekci interakce
latky s inhibitorem byly vyvinuty a optimalizovany bifunk¢ni foto-afinitni sondy BRET
(bioluminiscen¢éni rezonancni pienos energie) na zakladé struktury znamych inhibitort.
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V ptipadé¢ navazani sondy k pfislusné fuzni NanoLuc-kinase je generovan signal,
ktery je ovlivnén kompetici se studovanym inhibitorem (Vasta et al., 2018). Wells a kol.
vyuzili tento systém ve vztahu ke vSem 21 c¢lenim CDK rodiny, coZ umoZznilo analyzu
selektivity inhibitord vuci celé CDK rodiné v zivych bunkach (Wells et al.,, 2020).
Soucasti analyzy bylo 46 vybranych CDKi, které v minulosti postoupily do klinického
testovani. Pro CDK4/6, 8/19, 9 a 12 se podafilo identifikovat CDKi s nanomolérni afinitou
avysokym indexem selektivity (palbociclib aribociclib pro CDK4/6; CCT251545
pro CDK®8/19; BAY-1251152 a atuvecilib pro CDK9; THZ531 pro CDK12). Pro CDK7
byla identifikovana pouze jedna latka s pomérné nizsi selektivitou a intracelularni ucinnosti
(BS-181). Testované CDK2i a dualni CDK1/2i u¢inkujici v nanomolarnich koncentracich byly
oznaceny v této studii jako latky s velmi nizkou selektivitou, které interagovaly i s dal§imi
¢leny CDK rodiny, zejména CDK14-18 (napt. CDKI-73 nebo RGB286639). Vzhledem
k tomu, Ze velka vétSina testovanych CDKi se vyznaCovala vys§i promiskuitou v burikach,
nez bylo ptvodné udavano na zékladé nebunécnych experimentl, tato studie poukazuje

na daleZitost testovani v relevantnich fyziologickych podminkach (Wells et al., 2020).

3.1.2 Biofyzikalni identifikace cila kinas v intaktnich buiikach

SouCasny rozvoj hybridni hmotnostni spektrometrie s vysokym rozliS§enim umoznil
identifikovat intracelularni cile na zéklad¢ biofyzikalnich zmén indukovanych vazbou
inhibitoru (ligandu), které se projevi rozdilnou teplotni, chemickou nebo proteolytickou
stabilitou cile (Park et al., 2019; Pasquer et al., 2020; Sun et al., 2021).

Analyza teplotni denaturace (cellular thermal shift assay, CETSA) je zaloZzena
naméfeni zmén v teplotni stabilit¢ proteind po vazb€ ligandu v bunécném prostiedi,
ato bud’ lyzatd, anebo intaktnich bunék. Je obecné znamo, Ze termodynamické a kinetické
zmény proteinti spojené s vazbou ligandu maji tendenci posunout tzv. bod tani (Tm) K vy$§im
teplotam, jejimz vysledkem je zvySeni teplotni stability proteinu (Molina et al., 2013;
Jafari et al., 2014; Molina et Nordlund, 2016). Palbociclib patiil mezi jednu z prvnich latek
testovanych touto metodou, kdy byla ovérena jeho selektivita viici CDK4/6, pricemz nebyla
pozorovana stabilizace CDK2 ani 9 v intaktnich bunkach (Molina et al., 2013). Tato prvotni

studie prokazala nesmirnou uzitecnost této metody a od té doby se stala Siroce pouzivanou
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technikou, ktera byla vyuzita i v této praci (Jorda et al., 2018b, Priloha I). Od imunodetekce,
ktera podstatné¢ limitovala mnozstvi analyzovanych cili, se posunula k implementaci
hmotnostni spektrometrie (termalni proteomové profilovani, TPP) umoznujici analyzu celého
proteomu i nékolika vzorkd soucasné pii jednom bé&hu (Obr. 4A) (Ball et al., 2020).
TPP naptiklad odhalila, ze palbociclib a v nizsi mite i ribociclib indukuje teplotni stabilizaci
fady kinas PI3K/Akt/mTOR drdhy a 20S proteasomu. Diky tomu bylo zjisténo,
ze proteasomalni aktivace je jednim z bunécnych efektli palbociclibu a ze se ziejmé podili
i na indukci senescence (Miettinen et al., 2018).

Druhy pfistup vyuziva chemické denaturace proteini a stanoveni Stupné oxidace
methioninovych residui. Metoda oznacovana jako SPROX (stability of proteins from rates
of oxidation) je zalozena na principu termodynamickych zmén pii skladani proteind
(West et al., 2008). Piedpoklada se, ze za fyziologickych podminek se velka vétSina
hydrofobnich methioninovych residui proteinu nachdzi uvnitt jeho struktury a stupen jejich
oxidace je tedy nizky. Pisobenim rostoucich koncentraci denatura¢nich latek dochazi k jejich
odhaleni a jsou tak vystaveny oxidaci. Oxidované methioniny jsou pak néasledné detekovany
kvantitativni hmotnostni spektrometrii. Cilové proteiny inhibitoru jsou stanoveny na zakladé
porovnani zaktiveni kitivek, které vyjadiuji mnozstvi oxidovaného methioninu versus
koncentrace denatura¢ni latky (Obr. 4B). Nevyhodou této metody je fakt, ze frekvence
vyskytu methioninii je vramci proteomu nizkd, a proto proteiny, které nenesou Zadny
methionin, nemohou byt timto zpusobem analyzovany (Strickland et al., 2013;
West et al., 2010).

Vazba ligandu vede nejenom K teplotni stabilizaci, ale i ke zvySeni proteolytické
stability proteinu. Na tomto principu je zalozena metoda DARTS (drug affinity responsive
target stability), jez byla v prvotni verzi aplikovana na bunéény lyzat, ktery byl vystaven
slabym proteolytickym podminkdm v pfitomnosti a nepfitomnosti studované latky, pficemz
interakce latky s cilovymi proteiny zvySovala jejich odolnost viéi enzymatické digesci.
Po separaci gelovou elektroforézou byly analyzovany hmotnostni spektrometrii proteiny
s odlisnou intenzitou (Lomenick et al., 2009). Tato metoda byla rozSifena i na intaktni
bunky ve spojeni s pfimou hmotnostni analyzou (limited proteolysis-coupled mass
spectrometry, LiP-MS) (Schopper et al., 2017), nicméné v praxi neni pfili§ pouzivana
(Obr. 4C). Pomérné nedavno vsak byla uvedena jeji modifikace, ktera umoziuje analyzovat
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I komplexni lidské vzorky na proteomové urovni, coz by mohlo vést k rozsiteni jejiho pouziti

v praxi (Piazza et al., 2020).
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Obr. 4: Schématické znazornéni principu biofyzikalnich ptistuptd identifikace cild A) teplotni denaturaci
(cellular thermal shift assay, CETSA; termalni proteomové profilovani, TPP), B) chemickou denaturaci
(stability of proteins from rates of oxidation, SPROX), C) omezenou proteolyzou (limited proteolysis-
coupled mass spectrometry, LiP-MS) (upraveno podle Pasquer et al., 2020).

3.1.3 Genetické pristupy identifikace a validace cile

Dulezitym krokem pii validaci je také potvrzeni, Zze inhibice identifikovaného cile
je odpovédna za vysledny bunéény efekt inhibitoru. Tyto pfistupy lze rozdélit do dvou skupin.
Prvni je zalozen na identifikaci mutaci, které zpusobuji rezistenci vucéi studované latce,
a druhy vychazi z naruSeni funkce genu kodujiciho potencialni cil a nasledného sledovani
fenotypového projevu a zmén citlivosti na inhibitor (Pasquer et al., 2020).

V prvnim piipadé¢ se predpoklada, Ze bunécéné linie kultivované v pfitomnosti
cytotoxické latky bud’ nepfeziji, anebo si vyvinou mutace, diky nimz budou rezistentni
Vvuci této latce. Se soucasnym pokrokem sekvenovacich technik je nyni mozné identifikovat
geny nesouci tyto mutace na urovni transkriptomu nebo genomu. Takové geny jsou pak
hypoteticky povazovany za ty, které koduji proteinovy cil testované  latky.

Nicméné¢ za tuto rezistenci mohou byt odpovédné i mutace v genech clenli podfizenych
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signalnich drah, kompenza¢ni mechanismy nebo transportni proteiny, takze tento zplsob
ovéteni nemusi byt jednoznacny (Pasquer et al., 2020).

Druhy pfistup je realizovan prostiednictvim malych interferujicich nebo vlasenkovych
RNA, které zabranuji expresi cilového proteinu. Vysledny fenotyp je pak srovnavan
s fenotypem indukovanym farmakologicky. Interference se vSak vyznacuje vedlejSimi uc¢inky,
které mohou komplikovat analyzu (Lin et al., 2019). Editovani genomu technikou
CRISPR/Cas9 vyrazné rozsiiilo schopnost generovat farmakologicky relevantni bunécné
modely pro validaci cilt (Shalem et al., 2014; Zhou et al., 2014). Nicméné i piesto vysledny
fenotyp nemusi korelovat s farmakologickym vzhledem k rozdilim v nacasovani
(okamzité pasobici farmakologicky inhibitor versus pomaly ucinek genového editovani)
a Vv povaze zmény (inhibice versus absence) (Munoz, 2017).

U kinas je navic nutné pocitat s nekatalytickymi funkcemi, které ovliviiuji fenotypovy
projev. CDK6 napftiklad pfimo interaguje a inhibuje transkripéni aktivitu RUNXI1 a blokuje
tak myeloidni diferenciaci (Fujimoto et al., 2007). Kromé toho také aktivuje c-Jun a STAT3,
coz vede k indukci transkripce pl6, endogenniho inhibitoru CDK4/6, a také vaskuldrniho
endotelialniho rastového faktoru VEGF-A (Kollmann et al., 2013). K expresi tohoto faktoru
prispiva také cyklin D1 a spolecné¢ s CDK6 jsou tak povazovany za mozné regulatory
nadorové angiogeneze (Yasui et al., 2006; Tadesse et al., 2015). Tyto funkce nejsou zavislé
na kinasové aktivit¢ CDK, tudiz nemohou byt ovlivnény konvencnimi kompetitory,
nicméné jsou zasazeny genetickym editovanim, po némz pak vysledny fenotypovy projev
nemusi korelovat s farmakologickou inhibici. Piiidentifikaci cilt tedy nelze spoléhat

ani pouze na genetické ptistupy.

3.2 Soucasny pokrok ve vyvoji selektivnich CDKi

Diky rozvoji strukturni biologie a celoproteomového testovani selektivity i ve fyziologicky
relevantnim prostfedi a pochopeni vztahu mezi strukturou a aktivitou latky bylo dnes
jiz vyvinuto velké mnozstvi selektivnich CDKi. Velkd vétSina téchto latek reversibilné
kompetuje s ATP o vazbu v aktivnim misté. Vysoka podobnost ATP-vazebného mista,
ktera omezuje selektivni inhibici, vSak podnitila i k vyvoji dalSich strategii. Inhibitory

mohou naptiklad interagovat s alternativnimi proteinovymi misty, ktera nejsou konzervovana
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v ramci kinomu, a tudiz se predpokladd, ze by mohly poskytovat vyssi stupen selektivity.
Takovymi latkami jsou kovalentni inhibitory, které obvykle modifikuji cysteiny uvnitt
nebo v blizkosti ATP-vazebné kapsy, nebo alosterické inhibitory (Peyressatre et al., 2015;
Heptinstallet al., 2018; Sanchez-Martinez et al., 2019). Nejnovéj$im pristupem je také vyvoj
konjugatd, které jsou schopny selektivné¢ degradovat CDK (Churcher, 2018;
Scheepstra et al., 2019). Vzhledem kuspéchu palbociclibu, ribociclibu a abemaciclibu
v klinickém pouziti jsou V poslednich letech vyvijeny predev§im selektivni CDK4/6i,
ale pomérmné vysoké selektivity bylo dosazeno také pii vyvoji inhibitorai CDK7, 8/19, 9
nebo CDK12/13 (Heptinstall et al., 2018).

Nasledujici kapitoly poskytuji piehled relevantniho pokroku ve vyvoji selektivnich
CDK inhibitort s diirazem na latky komer¢né dostupné, které jsou nabizeny spole¢nostmi jako
SelleckChem, SigmaAldrich, MedChemExpress, Tocris nebo Santa Cruz Biotechnology.
Latky, které byly jednoznacné klasifikovany na pan-selektivni, nejsou v této kapitole zahrnuty.
Nékteré inhibitory jsou oznacovany jako vysoce selektivni pouze na zékladé publikovaného
patentu, ve kterém mnohdy byly testovany pouze vici nékolika CDK. Selektivitu téchto latek
nelze objektivné hodnotit, proto nejsou zahrnuty. Informace o inhibitorech diskutovanych

Vv téchto kapitolach jsou piehledné shrnuty v Tab. 1 na konci kapitol.

3.2.1 CDKA4/6i

Skupina CDK4/6 selektivnich inhibitort dosahla nejvétsiho tspéchu v klinickém pouziti
(Obr. 5). Jejich hlavni mechanismus Géinku je zalozen piedev§im na inhibici fosforylace
Rb a nasledném zablokovéani bun&éného cyklu v G1 fazi v disledku inhibice CDK4/6. Uginek
téchto latek je spiSe cytostaticky bez vyrazné indukce bunécné smrti, coz je pravdépodobné
divodem jejich nizké toxicity pii terapeutickém pouziti (Asghar et al., 2015;
Knudsen et Witkiewicz, 2017). S postupnym rozvojem znalosti v molekularni biologii se vSak
ukazuje, Ze CDK4/6 maji fadu dalSich funkci, jako je napiiklad vliv na bunéény metabolismus
nebo proteasomalni aktivitu, které byly podrobnéji diskutovany v pfilozené praci
(Hendrychova et al., 2020, Priloha II). Inhibice téchto funkci pak ma vliv na vysledny
fenotyp a CDK4/6i tak mohou putsobit na progresi nadord i jinymi zpisoby nez prostym
zablokovanim bunécného cyklu (Klein et al., 2018).
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Prestoze objevu palbociclibu, ribociclibu a abemaciclibu, které byly schvaleny FDA,
predchazela tada latek oznaCovanych jako vysoce selektivni vi¢i CDK4/6, mnohé z nich
se vyznaCuji  pan-selektivnim  charakterem, jenz byl odhalen v pfilozené praci
(Jorda et al., 2018b, Piiloha 1), a tyto latky jiz byly re-klasifikovany. V poslednich letech
se pozornost zaméfila praveé piedev§im na palbociclib, ribociclib a abemaciclib, které se staly
objektem zajmu ftady nezavislych studii, a jejich selektivita byla velmi podrobné
prostudovana. Diky tomu vSak byly objeveny dalsi vedlejsi cile a biologické efekty spojené
S jejich pusobenim, jez shrnuje piilozena prace (Hendrychova et al., 2020, Piiloha 11).

Palbociclib byl  vyvinut  modifikaci  pyrido[2,3-d]pyrimidinového  jadra
(Fryetal., 2004) a stal se prvnim schvalenym inhibitorem CDK pro 1éébu metastatické
rakoviny prsu (Beaver et al., 2015; Laderian et Fojo, 2017; Walker et al., 2016). Ve vazebném
kompeti¢nim testu se vSak vyznacoval srovnatelnou afinitou jak k CDK16/17, tak k CDK4/6
(Cousins et al., 2018). Nicmén¢ tyto cile nebyly potvrzeny bunéénym testem, ve kterém
naopak disponoval vyhradni CDK4/6 selektivitou v ramci CDK rodiny (Wells et al., 2020).
Palbociclib ale disponuje pomérné nizkou selektivitou, ktera zahrnuje fadu lipidovych kinas
fosfatidylinositolové drahy, kinasy CSNK2 rodiny (Sumi et al., 2015; Klaeger et al., 2017;
Cousins et al., 2018; Klein et al., 2018; Miettinen et al., 2018) a také dalsi vedlejsi cile jako
HIPK, CLK, TTK, ULK nebo FLT3 zejména pii vysSich koncentracich (Chen et al., 2016;
Klaeger et al., 2017; Uitdehaag et al., 2019; Hafner et al., 2019; Kim et al., 2020).

Ribociclib byl odvozen ze stejné struktury jako palbociclib (Rader et al., 2013) a ze tii
schvalenych inhibitord je nejselektivnéjsi vac¢i CDK4/6, a to i v intaktnich bunkach.
Ve vyssich koncentracich inhiboval pouze minimum vedlejsich cila jako je CAMK2 a GAK
(Chen et al., 2016; Cousins et al., 2018; Hafner et al., 2019; Uitdehaag et al., 2019;
Kim et al., 2020; Wells et al., 2020). Vysoka selektivita pravdépodobné souvisi s jeho nizsi
potenci a pro dosaZeni efektivniho protinadorového tc€inku se proto klinicky vyuZziva v duélni
terapii s dalsimi 1é¢ivy (Uitdehaag et al., 2019).

Poslednim schvalenym inhibitorem je derivat 6-pyrymidin-benzimidazolu, abemaciclib
selektivitou. VVykazuje inhibici vétsiho poctu dalsich CDK vcetné CDK1-2/5/7-9/12-17 a 19,
nicméné vysledky studii se vtomto ohledu podstatné rozchdzeji vzhledem k pouzitym

podminkam metod a piistupi (Chen et al., 2016; Cousins et al., 2018; Min et al., 2018;
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Uitdehaag et al., 2019; Wells et al., 2020). Napiiklad CDK9 byla identifikovana jako vedlejsi
cil v biochemickych testech (Gelbert et al., 2014; Chen et al., 2016; Hafner et al., 2019),
avSak jeji inhibice nebyla potvrzena v bunéénych testech a je tudiz povaZovana
za bezpiedmétnou (Gelbert et al., 2014; Torres-Guzman et al., 2017). Mimo CDK rodinu
inhibuje také CSNK2, DYRK, HIPK, CAMK2, PIM a GSK3o/p kinasy (Gelbert et al., 2014;
Chen et al., 2016; Hafner et al., 2019; Uitdehaag et al., 2019; Kim et al., 2020). Tento Siroky
farmakologicky profil pravdépodobné pfipiva k jeho vysoké ucinnosti a silnému negativnimu
efektu na viabilitu nadorovych bun¢k. Diky tomu je uc¢inny v klinice i v monoterapii, nicméné
by nemél byt oznaovan jako selektivni CDK4/6i1 (Dickler et al., 2017; Sledge et al., 2017).

Jednim z nejnovéjsich CDK4/6i je trilaciclib (G1T28) zalozeny na struktuie
tricyklického laktamu, ktery byl ptivodné vyvinut za G¢elem ochrany proti myelosupresi
vyvolané¢ v pribéhu chemoterapie prostiednictvim regulace proliferace kmenovych
a progenitorovych hematopoetickych bunck, kterd je vysoce zavisla pravé na CDK4/6.
Je selektivnim  inhibitorem CDK4/6, ktery neinhibuje dalsi CDK kromé CDK9
(Bisi et al., 2016; Wells et al., 2020), jejiz inhibice vSak nebyla potvrzena v bunééném
prostiedi (Wells et al., 2020). Studie analyzujici jeho selektivitu ale odhalila fadu dalsich cila
véetné FLT3 (D835V), FLT3, PRKD1-3, ULK1/2, MEK5 nebo GAK. Proteiny NEK10
a SNARK se dokonce vyznacovaly hodnotami Kj srovnatelnymi s CDK4 (Bisi et al., 2016).
Modifikaci stejného strukturniho motivu byl vytvofen lerociclib (G1T38) s lepSimi
farmakokinetickymi i farmakodynamickymi vlastnosti. V porovnani s trilaciclibem disponuje
vyssi selektivitou vV ramci kinomu a stejné jako trilaciclib se vyznacuje inhibici CDK9 pouze
v biochemickém testu. Mezi jeho dalsi cile patti NEK10, SNARK, ULK2 a TTK
(Bisi et al., 2017; Wells et al., 2020).

V soucasné dob¢ je v klinickych studiich testovano vice nez 10 dalSich CDK4/61,
ovSem o fadé¢ latek bylo publikovano zatim pouze minimum informaci, ze kterych nelze

vyvozovat jejich selektivitu, z toho divodu nejsou zde zahrnuty.
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Obr. 5: Chemicka struktura CDK4/6 inhibitorti (* indikuje schvaleni FDA; + probihajici klinické testovani).

3.2.2 CDKTi

V ramci skupiny CDK7i bylo dosud vyvinuto pouze nékolik inhibitord publikovanych
jako CDK7 selektivni (Obr. 6) (Sava et al., 2020). Preklinické studie ukazaly, ze tyto latky
pusobi predev§im prostfednictvim inhibice aktivujici fosforylace CTD RNA polymerasy 11
vedouci k represi transkripce, zejména gend asociovanych se super-enhancery. Mechanismem
ucinku je vSak i zablokovani bunécného cyklu, jelikoz CDK7 je aktivaéni kinasou dalSich
CDK regulujicich cyklus. Inhibice CDK7 mimo jiné vede také ke genomové nestabilité
a k indukci apoptozy (Olson et al., 2019; Sava et al., 2020; Zhang et al., 2020).
Mnoho mechanistickych detaili a funkci CDK7 vsak dlouhou dobu nebylo zcela pochopeno
castecné¢ z divodu pouziti nedostatecné selektivnich inhibitord jako chemickych sond,
které poskytovaly rozporuplné vysledky. Z tohoto divodu napiiklad neni dosud zcela jasné,
které CDK jsou odpovédné za fosforylaci serinu-2, 5 a 7 CTD domény RNA polymerasy II
(Sava et al., 2020).

Prvnim selektivnim inhibitorem CDK7 se stal jiz vroce 2009 pyrazolo[1,5-
a]pyrimidinovy derivat, BS-181, ktery se strukturné¢ podoba pan-selektivnimu roskovitinu.
Efektivné inhibuje CDK?7, ale v niz§i mife i CDK2, nicméné pouze za vysoké 10 uM
koncentrace (Ali et al., 2009). Jeho vysoka selektivita byla potvrzena i analyzou Vv prostiedi
intaktnich bungk, kdy byl oznacen za jednu z nejvhodnéjsich CDK7-selektivnich chemickych
sond (Wells et al., 2020). V ramci kinomu byl ale testovan pouze vac¢i 70 kinasam,
coz nevylucuje existenci jinych vedlejsich cila (Ali et al., 2009).
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Za ucelem zlepseni farmakologickych vlastnosti byl vytvofen jeho analog,
samuraciclib (ICEC0942, CT7001) (Hazel et al., 2017; Patel et al., 2018), ktery vsak inhibuje
také CDK2-4 a 10 (Wells et al., 2020). Méné selektivnim analogem je také LDC4297
(Kelso et al., 2014; Hutterer et al., 2015), ktery disponuje inhibi¢ni aktivitou va¢i CDK1-6
a také vaci TAIRE skupiné CDK (Wells et al., 2020). QS1189 je pyrazolo-triazinovy derivat,
jehoz struktura nebyla dosud publikovana. Jeho selektivita dosud byla ovéfovana pouze
biochemickym testem V pivodni studii, ve které se vyznacoval i slabsi inhibi¢ni aktivitou

vaci CDK2/5 a 16 (Choi et al., 2019). Jeho pouziti by tedy mélo predchazet dalsi podrobné&jsi
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BS-181 LDC4297 (ICEC0942, CT?DM)"‘

testovani.

Obr. 6: Chemicka struktura CDK7 inhibitorua (+ indikuje probihajici klinické testovani).

3.2.3 CDK8/19i

CDKS8 a jeji paralog CDK19 se vyznacduji vysokou homologii a jsou ¢asto inhibovany jako
vedlejsi cile pan-selektivnich CDKi, nicméné byly vyvinuty i jejich dualni inhibitory (Obr. 7).
Vysoka podobnost téchto kinas neumoziuje jejich individualni farmakologickou inhibici,
aproto dosud nebyly pochopeny rozdily v jejich ucincich a zistavaji tak relativné malo
prostudovanymi CDK (Wu et al., 2021). Jejich farmakologicka inhibice vede k potlaceni
proliferace nékterych malignit jako je akutni myeloidni leukémie nebo ER™ rakoviny prsu.
Nasledky jejich inhibice jsou vSak zavislé na specifickém bunéném kontextu, kdy CDKS8
mize zaujimat funkci onkogenu, anebo nadorového supresoru (McDermott et al., 2017;
Rzymski et al., 2017).

Vyvoj CDK8/19i odstartoval objev cortistatinu A, ktery se stal prvnim publikovanym
ligandem CDKS8, nicmén¢ se vyznacoval také vysokou afinitou vi¢ci CDK11 a ROCK kinasam

(Cee et al., 2009). Interakce s témito vedlejSimi cili nebo jinymi CDK vSak byla pozdéji
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vyvracena (Pelish et al., 2015). V roce 2012 byla objevena skupina chinazolinovych slouc¢enin
oznaCovanych jako SNX2, znichz senexin A se stal komercné dostupnou latkou
(Porter et al., 2012; McDermott et al.,, 2017). Optimalizaci jeho struktury vznikl 1épe
rozpustny senexin B (SNX-1-165) (Roninson et al., 2013). Farmakologicka inhibice senexiny
fenotypové odpovidala CRISPR/Cas9 vytrazeni gent CDKS8/19 (Porter et al., 2012,
McDermott et al., 2017). Pozd¢jsi kinomova analyza odhalila MAP4K2 jako vedlejsi cil
senexinu B, av8ak s hodnotou Kg 10x vyssi nez pro CDKS8 (Chen et al., 2019).

Optimalizaci struktury inhibitoru signalni drahy WNT byl vyvinut CCT251545
(Mallinger et al., 2015), ktery byl identifikovan jako selektivni CDK8/19 inhibitor na zakladé
nékolika riznych ptistupti (Dale et al., 2015; Wells et al., 2020). Spole¢n¢ s MSC2530818,
ktery je derivatem imidazothiadiazolu, se ob¢ latky vyznacuji také inhibici GSK3 kinas
(Dale et al., 2015; Czodrowski et al., 2016). MSC2530818 v in vivo testech ale disponoval
neoCekavanou systémovou toxicitou, ktera neni bézna pii  inhibici CDK®8/19
(Clarke et al., 2016) a ktera je pravdépodobné spojena s inhibici GSK3 kinas nebo jinych
neodhalenych cilt (Chen et al., 2019).

Zvlastni postaveni ma inhibitor BRD6989, ktery se vyznacuje niz§i ucinnosti
nez ptredchozi zminované latky, nicméné selektivné inhibuje CDKS8, nikoliv CDK19.
Kromé& CDKS vsak byly identifikovany jako jeho vedlejsi cile také lipidové kinasy, PISBKC2A
a PIBKCG (Johannessen et al., 2017).

Jednim z nejnovéjsich CDK8/19i je tricyklicky benzimidazol, SEL120 (SEL120-34A)
(Rzymski et al., 2017), ktery se v soucasné dob& nachazi v klinickém testovani pro 1écbu
akutni myeloidni leukémie (Borthakur et al., 2019). SEL120 se vyznacuje vysokou
selektivitou vramci CDK rodiny Vv kinasovém inhibiénim testu i V intaktnich buikach
(Rzymski et al., 2017; Wells et al., 2020), nicméné jeho aktivita vuci dalsim cilim z kinomu

nebyla publikovana.
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Obr. 7: Chemicka struktura CDK®8/19 inhibitori (+ indikuje probihajici klinické testovani).

3.2.4 CDKO9i

Zakladnim mechanismem ptisobeni CDKYi je inhibice fosforylace CTD RNA polymerasy I,
ktera je mimo jiné asociovana s poklesem hladiny anti-apoptotickych proteind Mecl-1
a onkoproteinu Myc vedouci k rozsahlé apoptoze (Wu et al., 2020). Podobné jako v ptipadé
CDKZ7 i CDKQ je cilem mnoha pan-selektivnich inhibitord a v soucasné dob¢ je jiz komeréné
dostupnych celé fada latek, které jsou uvadény jako CDK selektivni, nicmén¢ jejich vlastnosti
se vyznamn¢ lisi (Obr. 8).

CANS508 byl jednim z prvnich inhibitorti vykazujicich preferencni inhibici CDK9,
nicmén€ také inhibuje CDK2. Vramci kinomu byl testovan pouze vaci 100
kinasam, coz nevylucuje moznou inhibici vedlejSich cila (Krystof et al., 2006, 2011).
Podobnym piikladem je LDCO067 (LDC000067), ktery disponuje vysokou selektivitou
vici CDK9 v ramci CDK rodiny, nicméné kinomova analyza selektivity zahrnovala pouze
28 dalsich kinas (Albert et al., 2014; Wells et al., 2020). Podrobné charakterizovanou latkou
je CDK9i (CDKO9-IN2), kteravsak sniz$i uCinnosti inhibuje také DYRK kinasy
(Lu et al., 2015).

Atuveciclib (BAY-1143572) a jeho strukturni derivat BAY-1251152 byly vyvinuty
stejnou vyzkumnou skupinou a jako prvni CDK9i vstoupily do klinickych studii. Disponuji
vysokou selektivitou vici CDK, a to >50x vyssi nez vici jinym CDK. Mezi vedlejsi
cile atuveciclibu patii GSK3 kinasy, ale celokinomova analyza selektivity BAY-1251152
nebyla zvetejnéna (Scholz et al., 2016; Licking et al., 2017; Luecking et al., 2017;
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Byrne et al., 2018). BAY-1251152 se vyznacuje Vvyssi ucinnosti i selektivitou oproti
atuveciclibu a byl doporucen jako vhodna CDKO9-selektivini chemicka sonda
(Luecking et al., 2017; Wells et al., 2020). GSK3 kinasy jsou také vedlejsim cilem MS180295
(Zhang et al., 2018; Kirubakaran et al., 2020). Kromé¢ CDK9 ale G¢inné inhibuje také CDK10
a ve vyssich koncentracich inhibuje také fosforylaci substratu CDK4/6 kinas
(Zhang et al., 2018; Robert et al., 2020; Kirubakaran et al., 2020).

Selektivitou vici CDK9 disponuje také méné znamy JSH-150, a to >300x vyssi
nez vac¢i jinym CDK. Vramci kinomu byla zaznamenana interakce pouze s DYRKI,
nicméné od jeho vyvoje nebyl dale testovan (Wang et al., 2018). Strukturné podobny NVP-2
ve vazebném kompeti¢nim testu krom¢é CDK9 inhiboval i DYRK1, CDK7 a 13. V kinasovém
inhibi¢nim testu vS§ak CDK7 nebyla inhibovana. Rozdily v téchto vysledcich jsou pfipisovany
tomu, Ze na rozdil od kompeti¢niho testu byla Kinasova reakce provadéna v piitomnosti
ptislusného cyklinu, ktery zpisobuje zmény v konformaci ATP-vazebného mista CDK7,
jejimz vysledkem je znemoznéni vazby inhibitoru (Olson et al., 2018). Chemoproteomicka
analyza bunéénych lyzatd naopak odhalila CDK9 a 10 jako primarni cile a NVP-2
je tak ukazkovym ptikladem rozdilnosti vysledkti odlisnych metod (Olson et al., 2018;
Robert et al., 2020).

AZD4573 patii mezi jeden znejnovéjSich inhibitord, ktery je testovan
Vv klinickych studiich a uvadén jako CDKO9 selektivni. Disponuje vSak inhibici dalSich kinas
véetné¢ CDK1-6, CK, DYRK i GSK3, a to jiz v nizkych koncentracich (Barlaam et al., 2020;
Cidado et al., 2020). CDK1-3 patiily mezi nejvice inhibované vedlejsi cile
(Cidado et al., 2020) spole¢né s CDK10 (Robert et al., 2020). Selektivita AZD4573 by méla
byt zvaZena, zejména vici CDKI a 3, jejichZ inhibice byla pozorovana také u jinych
strukturné podobnych amidopyridint ze stejné série (Barlaam et al., 2020).

Posledni mén€ zndmou latkou s >50x vysSi selektivitou vici CDK9 v ramci
CDK rodiny je KB-0742 (Richters et al., 2021). Tento inhibitor vznikl optimalizaci struktury
KI-ARv-03, ktery byl podrobné charakterizovan na zakladé biochemickych i bunéénych testl
a ktery disponuje vysokou selektivitou viici CDK9 i1 v ramci kinomu. Tato charakterizace v§ak
nebyla provedena s KB-0742 a je znamo, ze i malé zmény struktury mohou vést k naprosto
odliSnym vlastnostem, a proto nelze vylouc¢it inhibici dalSich vedlejSich cila
(Richters et al., 2021).
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Obr. 8: Chemicka struktura CDK9 inhibitort (* indikuje probihajici klinické testovani).

3.2.5 CDK12/13i

CDKI12 a 13 patii mezi transkripéni kinasy, jejichz fyziologické funkce jsou postupné
odhalovany az v poslednich letech, a to prostiednictvim genetickych piistupt, protoze dlouhou
dobu neexistoval zadny selektivni inhibitor. Bylo zjisténo, ze inhibice CDK12 a 13 snizuje
expresi fady genil zapojenych do odpovédi na poSkozeni DNA, jejimz nasledkem je zvySeni
citlivosti na latky poskozujici DNA nebo PARP inhibitory. Synergickym pusobenim téchto
latek dochazi k akumulaci letalnich poskozeni DNA a k bunééné smrti (Bajrami et al., 2014;
Krajewska et al., 2019). Ztohoto divodu se CDK12 a 13 staly objektem zajmu
vyvoje selektivnich inhibitord (Obr. 9). Tyto dvé kinasy jsou velmi uzce piibuzné
ajejich ATP-vazebna mista jsou téméf identickd, nicméné reguluji odlisné geny
(Greifenberg et al., 2016; Johannessen et al., 2017).

Diky znalosti krystalovych struktur a modelovani byl na zdkladé& struktury vysoce
ucinného dinaciclibu a inhibitoru SR-3029 vykazujiciho ucinnost viici CDK12 vyvinut ATP-
kompetitivni CDK12-IN-3. Vyznacuje se selektivitou vici CDK12, ale v niz$i mife inhibuje
také CDK?9 a 13, IRAK1, PI4KB a TAOK1 (sloucenina 7, Johannessen et al., 2017).
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Dalsim selektivnim CDK12/13i je SR-483, ktery disponuje pouze nizkou afinitou viici
dalsim cilim jako jsou CDK4/6/9 a GSK3 kinasy. Jeho selektivita byla testovana v ramci
celého kinomu pouze nebunécnymi technologiemi, avsak farmakologické inhibice fenotypové

odpovidala genetické inhibici CDK12/13 (Quereda et al., 2019).
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Obr. 9: Chemicka struktura CDK12/13 inhibitoru.

3.2.6 Kovalentni inhibitory

Kovalentni inhibice je pomérné atraktivni strategii pro dosazeni vysoké ucinnosti
a dlouhodobéjsi terapeutické odpovédi diky vysoké afinité téchto latek. Ta umoziuje nizsi
améné Casté davkovani oproti jinym nekovalentnim [éCiviim a potencialné tak sniZuje
incidenci nezadoucich vedlejsich ucinki a resistence. Tyto latky maji vSak také své nevyhody
jako je nezadouci farmakokinetika a vysoka reaktivita, ktera byva Casto spojovana s nizkou
selektivitou. Pres pocatecni skepsi vSak fada studii poukédzala na to, Ze mohou byt u€innymi
i pomérn¢ selektivnimi inhibitory s praktickym vyuzitim (Sanchez-Martinez et al., 2019;
Sutanto et al., 2020). Mezi nejnovéjsi kovalentni inhibitory schvalené pro terapeutickou 1é¢bu
patii selektivni inhibitor BTK, zanubrutinib (Syed, 2020), nebo EGFR, dacomitinib
(Shirley, 2018), a ur¢ity pokrok byl zaznamenan i ve vyvoji kovalentnich inhibitort CDK.
V této souvislosti bylo popsano nékolik cysteinovych residui kinas CDK7/12/13 a 14,
které umoznuji ~ jejich  kovalentni  inhibici  (Sanchez-Martinez et al., 2019).
Na zakladé¢ strukturniho porovnani vSak bylo zjisténo, Ze cysteiny 1039 a 1017 se u CDK12,
respektive CDK13, vyskytuji ve stejné pozici, a tudiz jejich modifikatory inhibuji ob¢ tyto
kinasy (Obr. 10). Kovalentni inhibice je vSak efektivnim mechanismem, ktery umoziuje
pomérn¢ selektivni inhibici CDK, protoze cili nekonzervované cysteiny uvnitt nebo v blizkosti
ATP-vazebné kapsy na rozdil od konvenénich ATP kompetitorti. V ramci této skupiny bylo jiz

vyvinuto n€kolik latek, jejichz struktura je zobrazena na Obr. 11.
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Obr. 10:Strukturni porovnini CDK7/12/13 a 14 svyznadenim cysteinovych residui umoZiiujicich jejich
kovalentni inhibici.

Vroce 2014 byl objeven THZI1 jako prvni kovalentni inhibitor CDK rodiny
(Kwiatkowski et al., 2014). THZ1 je fenylaminopyrimidin nesouci akrylamidovou skupinu,
ktera kovalentné modifikuje cystein-312 CDK7, nicméné také inhibuje CDKI12 a 13
ve vyssich koncentracich (Kwiatkowski et al., 2014). Struktura THZ1 vsak byla vyuzita
pro vyvoj dalSich selektivnéj$ich inhibitort transkripénich kinas. Modifikaci jeho struktury
vznikl THZ531, ktery interaguje s cysteinem-1039 CDK12 a cysteinem-1017 CDK13
a ireversibilné inhibuje jejich aktivitu (Zhang et al., 2016). Inhibice CDK7 a 9 v kinasovém
inhibi¢nim testu byla vice nez 50x slab$i nez vi¢i primarnim cilim a jeho selektivita byla
potvrzena i napii¢ kinomem (Zhang et al., 2016; Gao et al., 2018). Testovani na bunétné
urovni odhalilo, Ze pfi nizSich koncentracich (<1 pM) v intaktnich butikach interaguje pouze
s CDK12 (Wells et al., 2020). Zajimavosti je, ze analogy THZ1 i THZ531, které nenesly
akrylamidovou skupinu, a tudiz nebyly schopny kovalentni interakce, se vyznacovaly
podstatné nizsi selektivitou, coz ukazuje, Ze tento kovalentni mechanismus inhibice
jenezbytny pro jejich aktivitu. Cileni jedineénych nukleofilnich cysteini zejména
lokalizovanych mimo kinasovou doménu tedy piedstavuje efektivni zptisob selektivni inhibice
CDK, ktery umoziiuje obejit vysokou sekvencni a strukturni podobnost ATP-vazebného mista
(Kwiatkowski et al., 2014; Zhang et al., 2016; Gao et al., 2018).

O n¢kolik let pozdé&ji byl objeven YKL-5-124, ktery interaguje s cysteinem-312 CDK7
a je neaktivni va¢i CDK12 a CDK13 (Olson et al., 2019). Vzhledem k jeho vysoké selektivité
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a ucinnosti byl vyuzit jako chemickd sonda pro studium duasledkti farmakologické inhibice
CDK?7 na bunécny cyklus a globalni transkripci, nicméné jeho selektivita nebyla testovana
v bunéénych experimentech (Olson et al., 2019; Zhang et al., 2020).

Cilenou modifikaci struktury THZ1 vznikl také mevociclib (SY-1365) s vyssi
ucinnosti a selektivitou vuc¢i CDK7 prostiednictvim interakce s cysteinem-317. Disponuje
pomérné vysokou selektivitou, kdy pouze 7 kinas z 468 testovanych se vyznacovala inhibici
vy$8i nez 90 %. Jednim z téchto vedlejsich cila je vSak i CDK15. Mevociclib jako prvni
CDKT7 inhibitor vstoupil v roce 2017 do klinickych studii a je nyni testovan pro 1é¢bu pacienti
s rakovinou prsu a ovarii (Hu et al., 2019).

Cystein-218 byl identifikovan jako jedinecna aminokyselina vyskytujici se Vv ramci
CDK rodiny v této pozici pouze ve struktute CDK14. Na zakladé sekvenéniho a strukturniho
porovnani bylo také zjisténo, Ze vV ramci kinomu je tento cystein pfitomen pouze u 3 dalSich
kinas JNK rodiny. Cystein-218 je cilem diive popsané¢ho kovalentniho inhibitoru JNK kinas,
JNK-IN-7, ale také panselektivniho inhibitoru AT7519, ktery inhibuje CDK14. Toto residuum
tak poskytuje vyhodny cil pro dosazeni vysoké selektivity kovalentni inhibici CDKI14.
Hybridizaci struktury JNK-IN-7 se strukturou AT7519 byl vytvofen inhibitor FMF-04-159-2
jako potentni kovalentni inhibitor CDK14, ktery ale také nekovalentné inhibuje CDK2/10
a 16-17 v mikromolarnich koncentracich. Jeho pouziti jako chemicka selektivni sonda
vici CDK 14 je tedy striktné vymezeno pouze na kontrolované experimenty s vymytim latky
(Ferguson et al., 2019).
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Obr. 11: Chemicka struktura kovalentnich CDK inhibitord (+ indikuje probihajici klinické testovani).
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Tab. 1: Ptehled komeréné dostupnych inhibitorti, které byly klasifikovany jako selektivni vii¢i specifickym

CDK, a jejich vedlejsich cilit spoleéné se zhodnocenim trovné charakterizace jejich selektivity.

Nazev Publikovany [Pt Maximalni

- primarni cil Identifikované vedlejsi cile pc::::gjch podet kinas Charakterizace

Palbociclib CDK16/17?, PIP4/5, PIK3, CSNK2, HIPK1-3,

2004 Dabocct  CDK4/6 LK1 Tk TRICULKT3. PLTS >5 520 Dostatecna
2013 (RL'gggfl')'b CDK4/6 CAMK2, GAK, QIK, TTK >5 520 Dostatecna
CDK1/2, CDK5?, CDK7-8, CDK12-172,
oo Qe cown DGICMEMRGRETNGS s m oo
ERKS, FLT3
2016 gﬁ‘gg"b CDK4/6 uiﬁg’)'PSIF',\'S"*"T:TT';F({DK%ES')’UFLLKTEI 2, GAK, 3 468 Dostatetna
2017 %g{?gg"b CDK4/6 ?‘D%'%%)’S";'GF;K('ITP;'B%%’;'/)ULKZ' TTK, FLT3 3 468 Dostatetna
2009 BS-181 CDK7 CDK2 2 70 Nedostate&na
2015  LDC4297 CDK7 CDK1-6, CDK15-18 3 333 Dostate&na
Samuraciclib
2017 (ICEC0942, CDK7 CDK2-4, CDK10 4 117 Nedostate&na
CT7001)
2019  QS1189 CDK7 CDK2, CDK5, CDK16 1 410 Nedostatetna
2009 Cortistatin A CDK8/19 CDK11?, ROCK? 4 402 Dostate¢na
2012  Senexin A CDK&8/19 1 N.p. Nedostate¢na
g 2013  Senexin B CDK&8/19 MAP4K2 2 468 Nedostate¢na
§ 2015 CCT251545  CDK8/L9 GSK3a/B 4 201 Nedostatetna
5 2016 MSC2530818 CDK8/19 GSK3a/B 2 468 Nedostate&na
E 2017 Qelisosm  CDK8O 2 N.p. Nedostate¢na
2017 BRD698Y CDK8 PI3KC2A, PI3KCG 4 414 Dostateéna
2006  CANS508 CDK9 cDK2 2 100 Nedostatetna
2014 '(-L%(C:gggow) CDK9 CDK2 4 28 Nedostatedna
2015 ((E:DDﬁg_ilNz) CDK9 DYRK 3 >400 Dostate¢né
2016 (Ag:¥i(:1iggg7z) CDK9 GSK3 3 230 Nedostate&na
2017 BAY-1251152 CDK9 >2 N.p. ;
2018 MS180295  CDK9 CDK4/6, CDK10, GSK3 3 250 Nedostate&na
2018  JSH-150 CDK9 DYRK1 2 468 Nedostate¢na
2018 NVP-2 CDK9 CDK7?, CDK9-10, CDK13, DYRK1 2 468 Nedostate&na
2020 AZD4573 CDK9 CDK1-6, CDK10, CSNK, DYRK, GSK3 3 468 Dostate&na
2021 KB-0742 CDK9 1 16 Nedostate¢na
2017 CDK12-N-3  CDK12 CDK9, CDK13, IRAKL, PI4KB, TAOK1 3 352 Dostatezna
2019 SR-483 CDK12/13  CDK4/6, CDK9, GSK3 3 450 Dostateéna
2014  THz1 CDK7? CDK12-13 2 251 Nedostatetna
£ 2016 THZ531 CDK12/13 5 456 Dostateéna
5 2019 YKL-5-124 CDK7 3 232 Nedostatecna
€ 2010 aroee® CDK7 CDK15, RSK4, DYRK1B, INK1-3, PIP5K2C 2 468 Nedostatecna
2019 FMF-04-159-2 CDK14 CDK2, CDK10, CDK16-18 3 300 Dostatesna

N.p. ... data nebyla publikovana
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3.2.7 PROTAC

Velmi slibnou strategii modulace CDK je jejich selektivni proteolyza indukovana chemicky.
Nejbéznéjsi jsou proteolytické chiméry (tzv. proteolysis targeting chimera, PROTAC)
(Sun et al., 2019), které jsou heterobifunkénimi molekulami skladajicimi se z vlastni struktury
inhibitoru konjugované prostiednictvim flexibilniho linkeru s ligandem pro E3 ubikvitin
ligasu. Tento ternarni komplex dostava cilovou kinasu do tésné blizkosti s E3 ligasou,
cozumozni transfer ubikvitinu na lysinové residuum kinasy, pokud je pfitomno
V jeji struktufe. Polyubikvitinovana kinasa je rozpoznana ubikvitin-proteasomovym systémem
a je degradovana (Obr. 12) (Hughes et Ciulli, 2017; Bozhenko et al., 2013). Vyhodou této
strategie oproti konvencnim CDKi je inhibice jak kinasovych, tak inekinasovych funkci
cilové CDK, kterou lze piekonat pouze opétovnou proteosyntézou. Tento piistup také snizuje
moznost rozvoje rezistence prostfednictvim mutaci nebo nadmérné exprese a akumulace
kompenzacniho proteinu. Vyvoj konjugatt PROTAC diky tomu vzbudil velky zajem
v klinice, nicméné je zapotiebi dalSich studii pro ovéfeni jejich ucinnosti a bezpecnosti
(Sunetal., 2019). Vyznamné postaveni ma vSak také v zakladnim vyzkumu, kde umoziuje
rychle akompletné¢ vyfadit kinasu z funkce na proteinové urovni. Atraktivni vlastnosti
konjugatt  PROTAC je, ze pomémé neselektivni konvenéni inhibitory transformuje
v selektivni degradéry. ATP-vazebné misto CDK se sice vyznacuje vysokou podobnosti,
nicméné okolni povrchy a distribuce lysinovych residui je odlisné u riznych CDK. Diky tomu
lze vyvinout selektivni CDK degradéry, protoZe ubikvitinace a proteosomalni degradace
vyZzaduje vhodné umistény povrchové exponovany lysinovy zbytek. Pfi vhodném navrhu
struktury PROTAC konjugatu, tak mize byt dosazeno vysoce selektivni degradace kinas.
Nicméné je tfeba podotknout, Ze itakto selektivni konjugaty PROTAC se stale vyznacuji
ur¢itou mirou inhibice katalytické aktivity dalSich cili. Ta je vSak vyznamné omezena
vzhledem ktomu, ze k degradaci dochazi obvykle jiz pii nizSich koncentracich latky
(Robb et al., 2017; Olson et al., 2018; Qiu et al., 2021).
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Obr. 12: Mechanismus ptisobeni PROTAC konjugatii (upraveno podle Krajéovicova et al., 2019).

V soucasné dob¢ existuje jiz fada rtuznych konstruktii zalozenych na inhibitorech
CDK4/6 schvalenych pro klinické pouziti, ale i PROTAC degradujici CDK2/8 nebo 9
(Obr. 13) (Brand et al., 2019; Jiang et al., 2019; Sun et al., 2019; F. Zhou et al., 2020).
Témét ve vSech piipadech byl vyuzit jako ligand E3 ubiquitin ligasy derivat thalidomidu
nebo pomalidomidu. Komeréné dostupnych latek je vSak zatim pouze omezené mnoZstvi.
BSJ-03-204 degraduje CDK4/6, zatimco BSJ-04-132 a BSJ-03-123 selektivné pouze CDK4
nebo CDK6. Takové selektivity v pifipadé konvenénich  kompetitort  dosud
nebylo dosazeno. Tyto degradéry jsou zaloZzeny na struktufe CDKA4/6i, degraduji své
primarni cile pti koncentraci 100 nM a vyznacuji se silngjSimi antiproliferacnimi uc¢inky
(Brand et al., 2019; Jiang et al., 2019). Dosud jedinym dostupnym konjugatem degradujicim
CDK8 je JH-XI-10-02, ktery je zalozeny na modifikované struktufe cortistatinu A
a ktery se nevyznacuje degradaci CDKI19 (Hatcher et al., 2018). THAL-SNS-032,
jehoz struktura je odvozena z pan-selektivniho inhibitoru SNS-032, se vyznacuje selektivni
degradaci CDK9 vV zivych bunkéch, aniz by degradoval dalsi cile inhibované SNS-032.
Tato skutecnost je pfipisovana pusobeni konjugati PROTAC jiz v sub-stechiometrickych
koncentracich, které jsou dostacujici pro selektivni degradaci CDK9, nikoliv vSak
pro katalytickou inhibici dalsich cili (Olson et al., 2018). Do skupiny CDK9 degradért
spadaji také konjugaty prodavané pod nazvem PROTAC CDK9 degradér-1 (sloucenina 3,
Robb et al., 2017) a -2 (sloucenina 11c¢, Bian et al., 2018).
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Obr. 13: Chemicka struktura PROTAC konjugatu.

3.3 Buné¢na selektivita CDKi

Kinasové inhibitory se vyznacuji promiskuitou nejen na biochemické urovni, ale i nizkou
selektivitou pfi jejich tkanové a bunééné distribuci. VétSina cili na kinasy ¢i procesy,
jejichZ regulace je u nddorovych bunck naruSena, avSak tyto kinasy mohou mit esencialni
funkci také v jinych nepatologickych procesech normalnich nenadorovych bunék
(Van Beuge et al., 2012; Ferguson et Gray, 2018). Nizka bunécna selektivita vede k akumulaci
latky 1 v jinych organech, coZ miiZze zpiisobovat systémovou toxicitu, kterd vyznamné omezuje

v

davkovani léc¢iva a mnohdy byvé pricinou Vyfazeni z klinického pouiiti.
jednat napt. o dermatologické, hematologické nebo gastrointestinalni komplikace, otoky apod.
(Force et al., 2007; Hartmann et al., 2009).

Systémy umozinujici cileny transport 1é¢iv jsou dlouho dobu intenzivné studovany
a predstavuji slibny zplisob zvySeni bunécné selektivity protinddorovych 1é€iv, a tedy sniZeni

jejich toxicity vici nenddorovym bunikdm. Intenzivni vyzkum probihajicich poslednich 30 let
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vedl k vyvoji nékolika riznych pfistupti umoziujicich preferencni cileni 1é¢iv. Mnohé z nich
jsou zaloZeny na Casto se vyskytujici zvySené expresi antigend nebo receptorti na povrchu
nadorovych bunék (Kok et al., 2010; Srinivasarao et Low, 2017; Zhao et al., 2020).
Selektivniho transportu muize byt dosaZzeno pouzitim cytotoxického Iéciva konjugovaného
s molekulou  (ligandem) rozpoznavajici nadorové-specificky antigen exprimovany
V dostatecném mnozstvi. Takovou molekulou mohou byt latky rGzného charakteru
jako jsou folaty, monosacharidy, derivaty mocoviny, aptamery aj., ale také peptidy
(Srinivasarao et al., 2015; Zhao et al., 2020). Dalsim zpusobem cileni je vyuziti liposomalniho
systému, ktery umoziuje transport jak hydrofilnich latek zabudovanych v membrané
liposomu, tak i lipofilnich latek v jeho vodném stiedu. Specifického cileni je dosazeno
pfipojenim ligandu na povrch liposomu, ktery je obvykle chranén biokompatibilnim
polymerem jako je polyethylenglykol (Sercombe et al., 2015). Obdobnym zpiisobem lze
vyuzit také prirozenych nebo geneticky upravenych bunék, kdy jsou terapeutika navazana
nabunéény povrch nebo zapouzdiena uvniti bunky (Srinivasarao et al., 2015;
Zhao et al., 2020).

Jednou z nejpouzivanéjsich nizkomolekularnich latek vyuZzivanych pro cileni 1é¢iv
je folat (Zhao et al., 2020). Folaty se vyskytuji ve dvou podobach, a to v oxidované formeé
kyseliny listové nebo jako pfirozené se vyskytujici redukované folaty. Jsou esencidlni
pro biosyntézu purini a thymidinu nezbytnych pro syntézu a opravu DNA vSech bunck
(Gonen et Assaraf, 2012). Za fyziologickych podminek je extracelularni folat do bunék
transportovan  predev§Sim  nizkoafinitnimi  folatovymi  nosi€i nebo  transportéry,
ale také glykoproteinovymi folatovymi receptory (FR), které folaty specificky vazou
s vysokou afinitou a transportuji endocytézou do bunék (Antony, 1996; Leamon et Reddy,
2004; Zwicke et al., 2012). Exprese FRa v nezhoubnych tkanich je vSak pomérné vzacna
a je uzce omezena piedev§im na epitelialni bunky délohy, placenty, sitnice, plic a ledvin.
FRa jsou navic lokalizovany pouze na apikalnim/luminalnim povrchu nenadorovych bunék,
coz podstatné omezuje jejich expozici folaty v krevnim ob&hu (Parker et al., 2005;
Zhao et al., 2020). Jsou vsak vysoce exprimovany ve vice nez 40 % lidskych nadoru,
véetné nadort ovarii a endometria, karcinomii plic, ledvin, prsu a tlustého stfeva
a také nadoru centralni nervové soustavy (Ledermann et al., 2015; Zhao et al., 2020).

Pti nadorové transformaci navic dochéazi ke ztrat€ polarizace lokalizace receptorii a nadorova
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bunka pak nese FRa na celém svém povrchu (Kane et al., 1988). Diky tomu je konjugace
folatu s terapeutikem povazovana za uUCinny zplsob zvySeni bunécné selektivity
vaci nédorovym bunkam (Szigetvari etal., 2018).

neucinnych pokust byla odhalena nékterd zakladni kritéria pro vytvofeni funkénich foldtovych
konjugatli. V pocatecnich studiich byla pozornost zaméfena predevSim na schopnost
konjugatu transportovat 1é¢ivo do nadorovych bun¢k bez ohledu na vztah mezi strukturou
a aktivitou konjugatu a uvolnéni 1éCiva z jeho struktury, coz vedlo ktad¢ selhani
(Leamon et Reddy, 2004; Vlahov et Leamon, 2012). Tato limitace byla odstranéna zavedenim
disulfidového linkeru uspofadaného mezi folatem a cytotoxickou latkou, ktera je diky redukci
disulfidové vazby glutationem uvolnéna. Tohoto typu linkeru bylo vyuzito u konjugati jako
maytansin (Ladino et al., 1997), tubulysin (Leamon et al., 2008) nebo vintafolid
(Vlahovetal.,, 2006). Dalsim kritériem bylo zvySeni hydrofility sloucenin.
Vétsina nizkomolekuldrnich cytotoxickych latek ma lipofilni charakter, ktery umoziuje
nahodnou pasivni difuzi skrz bunééné membrany. Aby nedochéazelo k neselektivni pasivni
difuzi konjugatd, bylo nutné do jejich struktury zatfadit spacer obsahujici zbytky polarnich
nabitych aminokyselin, které zvysuji jejich hydrofilitu (Obr. 14). Takové hydrofilni konjugaty
pak mohou vstupovat do bunék vyhradné¢ pies FR-zprostiedkovany pienos

(Vlahov et Leamon, 2012).
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Obr. 14: Piiklad chemické struktury folatového konjugatu se $té€pitelnym disulfidovym linkerem a hydrofilnim

tetrapeptidovym spacerem.
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Nekolik konjugati jiz bylo testovano v klinickych studiich vcetné vintafolidu
(Vergote et Leamon, 2015), nicméné¢ dosud nebyl zadny schvalen pro pouziti v 1écbé
rakoviny. Hlavnimi diivody selhani testovanych latek byla jejich nizka u¢innost a nedostatek
biomarkert pro vhodnou selekci pacientii. Tyto latky vSak poukazaly na potencidl tohoto
pfistupu, ktery by mohl pfispét k diagnostice a 1écbé onkologickych pacienti
(Scaranti et al., 2020). CDK inhibitory se vyznacuji vysokou biochemickou i bunéénou
ucinnosti, nicméné¢ jejich klinické pouziti je mnohdy limitovano nizkou bunécnou selektivitou.
Tato skuteCnost podnitila k rozvoji prvnich konjugati CDK inhibitorti s folaty, které jsou
schopny vézat folatovy receptor FR™ nddorovych bunék a vyznacuji se vysokou biochemickou
ucinnosti vi¢i CDK2. Tento koncept byl popsan v jedné z piilozenych praci a poukazuje
naucinny zpusob vyvoje inhibitorii s vyS$i selektivitou vic¢i nadorovym bunkdm

(Krajéovicova et al., 2017, Priloha 111).
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4 METODIKA

4.1 Bunécné kultury

Lidské nadorové bunééné linie HCT116 wt, HeLa, MCF7, A549, MDA-MB-231 a Hep-G2
byly ziskany z The European Collection of Authenticated Cell Cultures. Buné¢na linie
HCC-827 byla koupena z DSMZ-German Collection of Microorganisms and Cell Cultures.
Linie HCT116 CDK2" byla ziskana od dr. Daniela Fishera (CNRS, Montpellier, Francie)
a vSechny pouzité linie mySich embryonalnich fibroblasti MEFs byly ziskany od dr. Mariana
Barbacida (CNIO, Madrid, Spanélsko).

Vsechny linie byly kultivovany pti 37 °C a v atmosféte 5% COz. Pro linie HCT116 wt,
HelLa, MCF7, A549, MDA-MB-231 bylo pouzito kultivaéni médium DMEM. Toto médium
bylo pro linii HCT116 CDK2” a mysi embryonalni fibroblasty MEFs obohaceno navic
0 glukosu (4,5 g/1). Bunécna linie Hep-G2 byla kultivovdna v médium EMEM a linie
HCC-827 v RPMI. Pouzitd média byla vzdy doplnéna 10 - 20% fetdlnim bovinnim sérem,
streptomycinem (100 pg/ml), penicilinem (100 U/ml) a L-glutaminem (2 mM).

4.2 Analyza cytotoxicity

Pro stanoveni cytotoxickych uc¢inku latek byly pouzity metody MTT a calcein AM.
Kolorimetricka metoda MTT je zalozena na schopnosti mitochondrialnich dehydrogenas
zivych bun€k redukovat MTT (3-[4,5-dimetylthiazol-2-yl]-2,5-difenyltetrazolium bromid)
nasilné pigmentovany formazan, ktery je nasledné rozpustén, a poté je stanovena jeho
absorbance. Principem fluorescenéni metody calcein AM je hydrolyza calceinu AM
intracelularnimi eSterasami zivych buné€k na calcein, ktery siln¢ fluoreskuje.

Bunééné linie byly vysazeny do 96-jamkové mikrotitraéni desticky a druhy den byly
ovlivnény testovanymi latkami v pfislusnych koncentracich v triplikatu po dobu 72 hodin.
Nasledné byl ptidan roztok MTT (vysledna koncentrace 1 mg/ml) po dobu 4 hod. Vznikly
formazan byl rozpustén v DMSO a byla stanovena absorbance pti 570 nm spektrofotometrem
Infinite M200 PRO (Tecan). V ptipadé¢ metody Calcein AM byl po 72 hodinové inkubaci
s testovanymi latkami pfidan roztok Calceinu AM (vysledna koncentrace 1 pg/ml) a po 1 hod
byla zméfena fluorescence pii 485/538 nm na fluorimetru Fluoroskan Ascent (Labsystems).

Vsechna méteni byla provedena v alespont 3 technickych replikatech.
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4.3 Kinasovy inhibi¢ni test

Kinasova reakce byla provedena standardizovanym kinasovym inhibi¢nim testem
s rekombinantnimi CDK1/B1, CDK2/E1 (exprimovanych vV hmyzich bunkach Sf9), CDK2/A2
(exprimovanych v E. coli), CDK4/D1, CDK5/p25, CDK7/H/MAT1, CDK9/T1 (Proginase)
aaurora A, B (Sigma). Jako substrat byl pouzit histon H1 (CDK1/2/5), RPPTLSPIPHIPR
peptid (CDK4), (YSPTSPS)2KK peptid (CDK7), nebo MBP (Aurora A/B). Reakce probihala
v piitomnosti ATP, 0,05 pCi [y-3*P]JATP a testované latky v kinasovém reakénim pufru
Vv celkovém objemu 10 ul (koncentrace DMSO v reakci nepifesahla 0,2 %) v mikrotitraéni
desti¢ce s pouzitim Eppendorf ThermoMixer (350 rpm, 30 °C). Koncentrace ATP V kinasové
reakci byla stanovena na zakladé hodnot Km testovanych kinas. Reakce byla vzdy zastavena
ptidavkem 5 pl 3% kyseliny fosforecné. Z kazdé reakéni smési bylo poté naneseno 5 pl
na P-81 fosfocelulosu (Whatman), kterd byla nasledné¢ 3x promyta 0,5% kyselinou
fosfore¢nou po dobu 6 min a poté oplachnuta 96% ethanolem a ususena. Fosfocelulosovy
papir byl exponovan v kazeté s citlivou deskou pies noc a poté byla citliva deska oskenovana
skenerem FLA7000 (Fujifilm). Koncentrace testované latky nezbytna pro redukci kinasové
aktivity na 50 % (ICso) byla stanovena z kiivek zavislosti fosforylace na koncentraci
testovanych latek s vyuzitim programu Origin verze 6.0. VSechny reakce byly provedeny

nejméné ve tiech technickych replikatech.

4.4 Analyza bunééného cyklu

Bunééné linie byly vysazeny na Petriho kultiva¢ni desky a druhy den byly ovlivnény
testovanymi latkami. Po 24 hod inkubace byly buniky sklizeny trypsinizaci a zafixovany
ve vychlazeném 70% ethanolu. Zafixované vzorky byly rehydratovany PBS a nasledné
inkubovany 30 min v 2N HCI s 0,5% Tritonem X-100. Pro neutralizaci byly promyty v 0,1M
NazB40O7 (pH = 8,5) a poté nabarveny roztokem propidium jodidu (vysledna koncentrace
100 pg/ml). Po ptl hodinové inkubaci byl méfen relativni obsah jaderné DNA pomoci
prutokového cytometru BD FACS Verse sBD FACSuite Software verze 1.0.6
(BD Biosciences) s vyuzitim excitaéniho laseru o vinové délce 488 nm. Ziskana data byla

analyzovana pomoci softwaru ModFit LT verze 4.1.7 (Verity Software house).
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45 SDS-PAGE a imunodetekce

Bunky ur¢ené pro imunodetekci proteinii byly po ovlivnéni piislusSnymi latkami sklizeny
a nasledn¢ lyzovany po dobu 20 min v RIPA pufru (20 mM TRIS pH = 7,4; 100 mM NacCl;
2mM EGTA; 5 mM EDTA,; 0,2% Nonidet P-40 pH = 7.4; pfed pouzitim pifidano: 1 mM
DTT; 1 mM PMSF; 1 mM NaxVOs; 2 mM NaF; 0,5 pg/ml leupeptin a 2 pg/ml aprotinin).
Pomoci ultrazvukového homogenizatoru byly vzorky sonikovany a poté zcentrifugovany.
Spektrofotometrickou Bradforodovou metodou (Bradford, 1976) byla zméfena koncentrace
proteinti ve vzorcich. Po vyrovnani koncentrace k nim byl pfidan vzorkovaci pufr (0,3 M
TRIS pH =6,8; 10% SDS; 50% glycerol; 0,05% bromfenolova modft; 5% 2-merkaptoethanol)
a nasledn¢ byly denaturovany pii 95 °C po dobu 3 min.

Proteiny byly separovany polyakrylamidovou gelovou elektroforézou za denaturujicich
podminek a nasledné pomoci western blotingu pfeneseny na nitrocelulosovou membranu.
Membrany byly blokovany v 3% BSA a nasledné inkubovany s primarnimi a sekundarnimi
protilatkami znacenymi kifenovou peroxidazou. Kvantifikace byla provedena s pouzitim
chemiluminiscenéniho kitu ECL (Thermo Scientific) za pouziti CCD kamery LAS4000
(FujiFilm). Specifikace jednotlivych protilatek jsou uvedeny v piislusnych publikacich.

4.6 Analyza teplotni denaturace

Tato metoda byla nové pouzivanym piistupem testovani, a proto bylo nejprve nutné
optimalizovat jeji podminky. Bunécna linie byla vysazena na Petriho kultivaéni misky a druhy
den byla ovlivnéna testovanymi latkami v pfislusnych koncentracich. Po 3 hodinové inkubaci
byly bunky sklizeny, pfi¢emz tato doba je dostacujici pro interakci latky s cilovou kinasou,
ale zaroven nedochazi k ovlivnéni bunééné viability oproti kontrolnimu vzorku neovlivnénych
bunék. Vlastni analyza teplotni denaturace byla provedena dvéma ptistupy. V prvnim piipadé
byly sklizené bunky nejprve lyzovany RIPA pufrem podle predchozi kapitoly a lyzaty
s vyrovnanymi hladinami proteind byly rozdéleny po 50 pl do PCR stripti. V druhém ptipadé
byla sklizend bunécnd suspenze doplnéna o inhibitory proteas a poté byla rozdélena po 50 pl
do PCR stript. Takto ptipravené¢ vzorky byly vystaveny teplotni denaturaci.
V obou piipadech byly vzorky pfedehiaty po dobu 1 min na 25 °C a poté byla provedena

denaturace Vv pozadovaném teplotnim gradientu S naslednym ochlazenim po dobu 1 min,
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a to pomoci termocykléru MJ Mini (BioRad). Rozsah teplotniho gradientu byl vzdy zvolen
na zakladé¢ piedbéznych experimentl, pii kterych byl stanoven tzv. bod tani (Tm),
pii kterém dochazi k denaturaci jednotlivych kinas. Takto denaturované vzorky intaktnich
bun¢k pak byly lyzovany opakovanym zmrazenim a zahfatim pomoci tekutého dusiku
a termobloku nastaveného na 25 °C. Nasledné byla v obou ptipadech provedena centrifugace
pro odstranéni precipitovanych a agregovanych proteini (pfipadné zbytkli bunék)
a k supernatantu byl pfidan vzorkovaci pufr. Teplotni stabilita proteini byla stanovena
imunodetekci (jejiz postup byl popsan v piedchozi kapitole) a porovnanim boda tani mezi
kontrolnimi a ovlivnénymi vzorky. V obou pfistupech bylo dosazeno srovnatelnych vysledkt
s tim rozdilem, Ze proteiny v intaktnich buitkach disponuji vyssi teplotou bodu téni, a tudiz
bylo nutné pouzit vyssi teploty oproti bunéénym lyzatam (Obr. 15). Pro vysledné experimenty
byl nakonec zvolen pfistup teplotni denaturace bunéfnych lyzati vzhledem k tomu,
ze poskytuje urc€ité technické vyhody, kdy lze sklizené bunky zamrazit a pokracovat

V experimentu pozdéji.
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Obr. 15: Schématické znazornéni pouzitych metodickych pfistupi CETSA a porovnani vysledkd teplotni
denaturace CDK1/2/7 a 9 v intaktnich burikach a v buné&¢énych lyzatech.
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4.7 Analyza kompetice na folatovém receptoru

Bunééné linie byly vysazeny na Petriho kultivaéni misky a byly inkubovdny po dobu
24 hodin. Poté bylo vyménéno kultivaénim médiu za médium bez folati a antibiotik
s ptidavkem 10% dialyzovaného fetdlniho séra, aby bylo mozné kontrolovat mnozstvi folath
pfi experimentu, a Vtomto médiu byly inkubovany dalSich 24 hodin. Poté byly buiky
kultivovany 1 hod pii 37 °C s fluorescencni sondou cilici folatovy receptor, FolateRSense 680
(Perkin  Elmer), nejprve v pfitomnosti, nebo nepfitomnosti samotného folatu
jako kompeti¢niho agens. Po inkubaci byly buiky oplachnuty PBS pro odstranéni
nespecificky navazanych folatd, resuspendovany v PBS a bylo méfeno zastoupeni bunck
Snavazanou fluorescencni sondou pomoci prutokového cytometru BD FACS Verse
s BD FACSuite Software verze 1.0.6 (BD Biosciences) s vyuzitim excitaéniho laseru o vinové
délce 640 nm. Ziskana data byla analyzovana pomoci softwaru BD FACSuite TM
(BD Biosciences). V tomto kroku byla optimalizovana koncentrace fluorescen¢ni sondy
pro dosazeni specifické interakce s FR a koncentrace vlastniho folatu pro jejich dostate¢nou
kompetici. Také byla timto zptisobem ovéfovana exprese FR ve vybranych buné¢nych liniich
MDA-MB-231, HepG2, A549, HCC-827 a HelLa. Po potvrzeni silné exprese FR bunécnou
linii HeLa a zoptimalizovani metody byla testovdna také vazba vlastnich folatovych
konjugati. Bunky HelLa byly vysazeny a kultivovany stejnym zplisobem a nasledné
inkubovany 1 hod s 1 uM fluorescen¢ni sondou Vv neptitomnosti, nebo pfitomnosti testovaného
konjugatu, nekonjugovaného inhibitoru, nebo samotného folatu Poté byly oplachnuty PBS

a analyzovany pratokovym cytometrem (Obr. 16).
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Obr. 16: Schématické znazornéni kompetice testovanych latek na folatovém receptoru (FR) a reprezentativni
vysledky cytometrické analyzy procentudlniho zastoupeni bunék s navazanou fluorescenéni sondou
FolateRSense 680 V nepiitomnosti, nebo v pfitomnosti testovaného konjugatu, samotného folatu,

nebo nekonjugovaného inhibitoru (upraveno podle Krajé¢ovicova et al., 2017).
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5 KOMENTOVANE VYSLEDKY A DISKUSE

5.1 Biochemicka selektivita komercné dostupnych CDKi

Béhem nékolika desitek let bylo vyvinuto velké mnozstvi CDKi, které se vyznacuji rtiznou
mirou charakterizace jejich biochemické selektivity, z nichz vice nez 100 latek je komercné
dostupnych. Piedev§im latky objevené pied 20-30 lety byly Klasifikovany na zakladé
pavodnich publikacich. V té dobé vsak znalosti 0 CDK byly zna¢né limitované a latky byly
testovany pouze vuci né€kolika kinasam, nicméné 1 pfesto jsou komeréné nabizeny
jako selektivni vuci urcité CDK. Podrobné&jsi charakterizace byla provedena jen pro nékteré
CDKIi, a to az podstatné pozdé&ji, a je obvykle soucasti rozsahlejsich studii, kde tyto informace
neni jednoduché rychle a ucelné najit. Katalogy komercnich spole¢nosti navic nedostatecné
aktualizuji své produktové listy o tato novéjsi data, a pokud se uzivatel spoléha pouze
na uvedené informace, Ize snadno vybrat nevhodnou chemickou sondu s naprosto odlisnou
selektivitou, nez je uvadéno (Arrowsmith et al., 2015). Vzhledem k této skutecnosti si fada

Z téchto divodd byla v pfilozené praci harakterizovana biochemicka selektivita
31 vybranych komeréné dostupnych CDKi (Tab. 2), které byly uvadény jako selektivni viéi
CDK1, 2 nebo 4/6 a pro které nebyly dostupné uplné informace o jejich selektivité,
anebo se vyznacovaly neocekavanymi biologickymi efekty spojenymi s inhibici dalSich Kinas
(Jorda et al., 2018b, Priloha I). Latky, které se vyznacovaly pan-selektivnim charakterem,
nebo jejichz selektivita byla popsdna jinde, nebyly zahrnuty. Selektivita byla testovana
v biochemickém inhibi¢nim testu vici CDK1/2/4/6/7/9 a studovan byl také vliv téchto
inhibitor na bunéény cyklus priatokovou cytometrii. Inhibice nékterych cilti byla ovéfovana
analyzou teplotni denaturace nebo fosforylace pfimych substrati. Tyto u€inky byly spojovany
s biochemickym profilem latek a s publikovanymi daty.

Vramci skupiny CDKI1 selektivnich inhibitori bylo testovano pé&t latek,
z nichz benfluoren (Brachwitz et al., 2003), elbfluoren (Voigt et al., 2005) a ,,CDK1 inhibitor
(Andreani et al., 2000) ptekvapivé nedosahly dostatecné inhibi¢ni aktivity vac¢i zadné
z testovanych CDK (PFiloha I, Obr. 3). Publikovana data ,,CDK1 inhibitoru® navic odhalila
neselektivni inhibici fady dalSich kinas inhibovanych podstatné vice nez CDKI

(Anastassiadis et al., 2011). Mechanismus, kterym ,,CDK1 inhibitor* indukoval G2/M blok
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bunééného cyklu, tedy nelze spojovat s inhibici CDK1 (P#iloha I, Obr. 2), ale spise jinych
cilt, jako je napt. MLCK zpisobujici obdobné mitotické defekty (Gao et al., 2013).
V piipadé benfluorenu a elbfluorenu nebyl dokonce pozorovan zadny vliv na bunéény cyklus
linie HCT116 (Pfiloha I, Obr. 2A). CGP74514A byl na zakladé silné inhibice CDKI1
klasifikovan jako selektivni CDKI1 inhibitor bez dalsiho testovani jinych cili
(Imbach et al., 1999). Publikovana indukce G2/M bloku bunééného cyklu by mohla byt
Caste¢né v souladu s inhibici tohoto cile (Pernicova et al., 2014; Jorda et al., 2015),
ale vysledky cytometrické analyzy poukazuji pouze na ¢asteény blok odpovidajici spiSe
inhibici CDK2 jako primarniho cile (Pfiloha I, Obr. 2, 3). Navzdory diive publikovanym
datim odkazujicim na jeho pan-selektivitu zahrnujici pravé CDK2, ale i dalsi kinasy jako
PAK (Eswaran et al., 2007; Fedorov et al., 2007), byl nespravné pouzivan jako CDKI1
selektivni inhibitor v nékolika studiich (Chen et al., 2006b, 2012). V ramci této testované
skupiny pouze RO3306 (Vassilev et al., 2006) dosahl dostate¢né selektivity viaci CDKI,
ktera koresponduje isindukovanym bunéénym efektem a s vysledky termodenaturacni
analyzy (PFiloha I, Obr. 2, 3). Podle publikovanych dat v§ak RO3306 disponuje inhibici
dalsich kinas z CMGC rodiny, zejména DYRK (MRC Kinase Profiling Inhibitor Database,
2021).

Skupina CDK2 inhibitora tvoii jednu z nejpocetnéjsich, avSak tyto latky ¢asto inhibuji
druhy primarni cil, zejména CDKI, 5 nebo 9 vzhledem K jejich sekvencéni podobnosti,
ajsou pak oznacovany jako dualni inhibitory. V ramci studie bylo testovano Sest latek
uvadénych jako selektivni viici CDK2, nicméné ani jedna z nich nesplnila kritéria selektivni
sondy. Ackoliv ,,CDK2 inhibitor II* (Davis et al., 2001) disponoval selektivitou vici CDK2
v kinasovém inhibi¢nim testu, ktera odpovidala indukovanému bunétnému efektu,
tedy zvySenému poctu bunék zablokovanych v G2/M fazi (P¥iloha I, Obr. 4, S3), jeho pouziti
je podstatné limitovano nizkou rozpustnosti, ktera byla pii testech zaznamenana. Inhibitor
SU9516 (Lane et al., 2001) jako jedna z mala latek byl charakterizovan pomérné podrobné
(Moshinsky et al., 2003; Xiong et al., 2010; Anastassiadis et al., 2011), avSak krom& CDK2
interagoval v kinasovém testu isCDK5 (Priloha I, Obr. 4). Inhibice CDK5 byla
zaznamenana také pro CVT313 (,,CDK2 inhibitor III*) (Brooks et al., 1997) a GW8510
(Davis et al., 2001) (Priloha I, Obr. 4). Vsechny tii latky indukovaly pokles fosforylace
serinu-732 FAK kinasy (Piiloha I, S3), ktera je povazovana za piimy substrat CDKS5
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(Daval et al., 2011; Zhou et al., 2017). Tento vysledek spolecné s dalsimi publikovanymi daty
potvrzuje inhibici CDK5 (Anastassiadis et al.,, 2011). SU9516 a GWS8510 zpusobuji
zablokovani cyklu v G2/M fazi, a to i buné¢né linie HCT116 s vyfazenym genem pro CDK2,
coz indikuje inhibici CDKI1 (P#iloha I, S3). Naproti tomu milciclib (PHA848125)
(Brasca et al., 2009) v nizkych koncentracich zablokoval bunky v G1 fazi, coz odpovida
inhibici CDK4, zatimco ve vysSich davkach bunécny efekt korespondoval s inhibici CDK2
(Pfiloha I, Obr. 4, S4). Zajimavym piikladem je latka NU6140 (,,CDK2 inhibitor IV”)
(Pennati et al., 2005), ktera se na panelu CDK v kinasovém inhibi¢nim testu jevila jako CDK2
selektivni (PFiloha I, Obr. 4), nicméné zplsobovala vyraznou tetraploidizaci bunék
odpovidajici inhibici jinych mitotickych kinas (P¥iloha I, Obr. 5A). Publikovana studie
odhalila aurora kinasy jako jedny z nejvice inhibovanych kinas (Anastassiadis et al., 2011)
a jejich inhibice byla potvrzena kinasovym inhibiénim testem i analyzou fosforylace histonu
H3, ptimého substratu aurory B (PFiloha I, Obr. 5B, C). Tyto vysledky tak poskytuji novy
pohled na mozny mechanismus uc¢inku NU6140.

CDK4 a 6 disponuji strukturou mirné odlisnou od jinych CDK, diky které jsou jejich
inhibitory obvykle vice selektivni (Echalier et al., 2014), coz pravdépodobné napomohlo
k uspésnému schvaleni palbociclibu, ribociclibu a abemaciclibu pro 1é¢bu rakoviny prsu.
V rdmci testovan¢ho panelu kinas disponovaly vSechny tfi latky silnou inhibici CDK4
(Priloha I, Obr. 6), nicméné na zakladé publikovanych dat inhibuji i dalsi vedlejsi cile,
jak bylo nastinéno v teoretické ¢asti prace. Analyza bunééného cyklu potvrdila inhibici CDK4
socekavanym Gl blokem bunééného cyklu bez vyrazné indukce apoptozy
jiz v nanomolarnich koncentracich (P¥iloha I, Obr. 7A, S4). Pti vyssich davkach abemaciclib
1 palbociclib zvySuji procentualni zastoupeni bun€k v G2/M féazi v disledku inhibice dalSich
cila (P¥iloha I, Obr. S5) (Liu et Korc, 2012; Hafner et al., 2019). Tti z dalSich testovanych
latek, NSC625987 (,,CDK4 inhibitor I1’) (Kubo et al., 1999), ryuvidin (,,CDK4 inhibitor 111”)
(Ryu et al., 2000) a CINK4 (,,CDK4/6 inhibitor IV”) (Soni et al., 2001), nedosahly dostatecné
inhibice zadné z testovanych CDK a ani piesvédéivého bunééného ucinku odpovidajicimu
inhibici CDK4 (Priloha I, Obr. 6, 7) (Anastassiadis et al., 2011; Gao et al., 2013).
Pouziti ryuvidinu  je  navic vyznamné omezeno jeho nizkou  rozpustnosti,
ktera byla zaznamenana pii analyzach. Tyto latky pravdépodobné pusobi odlisSnym
mechanismem t¢inku. ,,CDK4 inhibitor V” (Tsou et al., 2009), arcyriaflavin A
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(Sanchéz-Martinéz et al., 2003) a jeho derivat ,,CDK4 inhibitor” (Zhu et al., 2003)
sice inhibuji CDK4, nicméné také CDK1/2 a 5 (P¥iloha I, Obr. 6). ON123300 byl popsan
jako inhibitor CDK4 a ARKS5 (Reddy et al., 2014). V nanomolarnich koncentracich zpisobuje
predpokladany G1 blok bunécného cyklu linie HCT116, nicméné¢ v mikromolarnich davkach
se projevuje také inhibici CDK2 spojenou s G2/M blokem (Pfiloha I, Obr. 6, 7),
coz bylo zaznamenano také v pfipadé lymfatickych linii (Divakar et al., 2016).
Jeho aplikace jako CDK4 selektivni inhibitor je tedy striktné vymezena pouzitim vhodné
koncentrace.

Posledni testovanou skupinu tvofilo 10 dualnich CDKi. Zadna z téchto latek selektivné
neinhibovala pouze dvé udavané CDK v kinasovém inhibiénim testu (PFiloha I, Obr. 8).
Pouze tii znich, BMS265246 (Misra et al.,, 2003), BML259 (Helal et al., 2004)
a,,CDK2/9 inhibitor” (S. Wang et al., 2004), opravdu inhibovaly jejich udavané primarni cile
s nejvetsi Gcinnosti. Na zaklad¢é analyzy fosforylace serinu-732 kinasy FAK bylo zjisténo,
ze vSechny tii latky spole¢né s ,,CDK1/2 inhibitorem III” (R. Lin et al., 2005) a CGP60474
(Ruetz et al., 2003) krom¢ udavanych primarnich cili inhibuji také CDKS, coz je také
v souladu s vysledky biochemického testu (Priloha I, Obr. S6, 8). ,,CDK1/2 inhibitor III”
a CGP60474 disponovaly pomérné vysokou afinitou také viici transkripénim kinasam CDK?7
a9, nicméné jejich inhibice se neprojevila poklesem fosforylace RNA polymerasy II
(P¥iloha I, Obr. S6, 8). Dualni inhibitory BIO (6-BIO) (Meijer et al., 2003) a (R)-DRFO053
krom¢ CDK inhibuji také dalsi vedlejsi cile, GSK3p, respektive CSNK 16 (Polychronopoulos
et al.,, 2004; Oumata et al., 2008), zatimco ,,CDK1/5 inhibitor” (Ortega et al., 2002)
a PNU112455A95 (Clare et al., 2001) maji pouze velmi omezenou inhibi¢ni aktivitu vuci
CDK (Priloha I, Obr. 8). Zajimavym piikladem je NU6102, ktery byl pivodné popsan
jako dualni inhibitor CDK1 a 2 (Davies et al., 2002; Hardcastle et al., 2004),
ale pozd¢jsi studie odhalily, Ze se vyznacuje selektivitou pouze k CDK2 (Coxon et al., 2017;
Echalier et al., 2012; Jorda et al., 2018a; Krasinska et al., 2008). Kinasovy inhibi¢ni test
potvrdil preferenci vici CDK2, nicméné NU6102 indukoval vyrazny G2/M blok linie
HCT116 s vyfazenym genem pro CDK2, coz znaci inhibici CDK1 (Priloha I, Obr. 8, S7).
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Tab. 2: Pfehled testovanych inhibitori CDK a jejich cilii stanovenych v této dizertaéni praci.

. ut?liokI;ce Nazev inhibitoru l::::z:r;at?ll), Identifikované cile v ramci studie
1999 CGP74514A CDK1 CDK1-2
2000 CDK1 inhibitor CDK1
2003 Benfluoren CDK1 -
2005 Elbfluoren CDK1 -
2006 RO3306 (CDK1 inhibitor V) CDK1 CDK1
1997 CVT313 (CDK2 inhibitor I11) CDK2 CDK2, CDK5
2001 GW8510 CDK2 CDK1-2, CDK5
2001 CDK2 inhibitor Il CDK2 CDK2
2001 SU9516 CDK2 CDK1-2, CDK5
2005 NU6140 (CDK2 inhibitor 1V) CDK2 CDK2, Aurora kinasy
2009 Milciclib (PHA848125) CDK2 CDK2, CDK4
1999 NSC625987 (CDK4 inhibitor 1) CDK4/6 -
2000 Ryuvidin (CDK4 inhibitor 1) CDKA4/6 -
2001 CINK4 (CDK4/6 inhibitor 1V) CDK4/6 -
2003 Arcyriaflavin A CDKA4/6 CDK1-6
2003 CDK4 inhibitor CDK4/6 CDK1-6
2004 Palbociclib CDK4/6 CDK4/6, ?
2009 CDK4 inhibitor V CDK4/6 CDK4/6, CDK1-2
2013 Ribociclib CDK4/6 CDK4/6
2014 Abemaciclib CDK4/6 CDK4/6, ?
2014 ON123300 CDK4/6 CDK4/6, CDK2
2003 CGP60474 CDK1/2 CDK1-2, CDK5
2002 NU6102 CDK1/2 CDK1-2
2003 BMS265246 CDK1/2 CDK1-2, CDK5
2005 CDKZ1/2 inhibitor 11l CDK1/2 CDK1-2, CDK5
2002 CDKZ1/5 inhibitor CDK1/5 =
2004 (R)-DRF053 CDK1/5 CDK2, CDK5
2001 PNU112455A CDK2/5 =
2003 BIO (6-BIO) CDK2/5 CDK1-6
2004 BML259 CDK2/5 CDK1-2, CDK5
2004 CDKZ2/9 inhibitor CDK2/9 CDK1-2, CDK5, CDK9
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5.2 Bunécna selektivita konjugati 2,6,9-trisubstituovanych purint

Jeden z prvnich objevenych CDK inhibitord, roskovitin (Havlicek et al., 1997),
poukazal na u¢innou biologickou aktivitu 2,6,9-trisubstituovaného purinového skeletu,
ktery se diky tomu stal inspiraci pro vyvoj dalSich derivati slepSimi biologickymi
| farmakokinetickymi ~ vlastnostmi.  Zejména  puriny nesouci  biarylmethylamino
nebo biarylamino substituenty v pozici 6 se vyznaCovaly zlepsenim CDK-inhibi¢nich
a antiproliferacnich vlastnosti. Potencialni klinicka aplikace téchto latek je vSak limitovana
nizkou bunéénou selektivitou (Bettayeb et al., 2008; Oumata et al., 2008; Trova et al., 2009).
Tato skute¢nost podnitila K vytvofeni prvniho konceptu konjugatt CDK inhibitora
s folatovym transportnim systémem, ktery potencidlné¢ zvySuje selektivitu vici nadorovym
bunkam (Krajéovicova et al., 2017, Priloha I11).

Na zakladé krystalovych struktur CDK2 a folatovych konjugatl s jinymi cytostatiky
(Vergote et Leamon, 2015) bylo navrzeno a syntetizovano 7 folatovych konjugati 17a-g
(Priloha 111, Tab. 1). Tyto slouceniny jsou zalozeny na struktufe 2,6,9-trisubstituovanych
purinti nesoucich 4-aminocyklohexylamin v pozici 2, které se vyznacuji CDK2-inhibi¢nimi
a antiproliferaénimi u¢inky (Gucky et al., 2013). Terminalni amino skupina téchto latek
poskytuje vhodnou funkéni skupinu pro konjugaci s folatem prostiednictvim disulfidového
linkerem, pticemz tato modifikace neinterferuje s vazbou inhibitoru s katalytickou doménou
CDK. Tento typ linkeru umoziuje kompletni uvolnéni inhibitoru v redukénim prostiedi
glutathionu v endosomech, ¢imz neni narusena jeho inhibi¢ni aktivita. Oligopeptidovy spacer
tvofeny kyselinou aspartatovou zvySuje celkovou hydrofilitu konjugatu, ktera zajistuje
selektivni transport prostiednictvim FR, nikoliv pasivni difuzi (VIahov et Leamon, 2012).

Nejprve byl stanoven cytotoxicky ucinek nasyntetizovanych konjugati na nadorovou
linii HeLa, u niz byla prokazana exprese folatového receptoru (Priloha ITI, Obr. S24 a S25)
(Liu et al., 2007; Song et al., 2012). Nejvice G¢inny konjugat 17d byl na zakladé téchto
vysledkt zvolen pro dalsi detailné;jsi studie. Skupinou M. Sourala byla provedena simulace
disulfidové reakce, ktera mimikuje uvolnéni inhibitoru in vitro v pfitomnosti redukéniho
¢inidla, dithiothreitolu nebo glutathionu, pro ovéfeni funk¢nosti systému. Byla zaznamenana
kompletni redukce disulfidového linkeru jiz po 5 min pusobeni redukéniho prostiedi

a po uplynuti 20 hod doslo k uplnému uvolnéni samotného inhibitoru (P¥iloha 111, Obr. 2).
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Naproti tomu v pfipadé nejznaméjsiho folatového konjugatu, vintafolidu, byla kompletni
redukce disulfidového linkeru glutathionem zaznamenana az po 2 h, zatimco v ptipadé
dithiothreitolu po 10 min (Vlahov et Leamon, 2012). Nasledné byla prutokovou cytometrii
testovana schopnost konjugatu 17d vazat FR nadorové linie HelLa s pouzitim fluorescenéni
sondy cilici folatovy receptor, FolateRSense 680, jako kompeti¢niho agens (PFiloha III,
Obr. 3A). Bunécéna linie HeLa byla vybrana s ohledem na vysokou expresi FR a podstatné
vy$8i cytotoxicky ucinek 17d neZ viaci jinym testovanym liniim. Vysledky cytometrické
analyzy potvrdily, Ze konjugovany inhibitor podstatné snizil procentualni zastoupeni bunék
s navazanou fluorescen¢ni sondou, a to dokonce U¢inngji nez volny folat (Priloha III,
Obr. 3B). Tato kompetice byla koncentraéné zavisla s hodnotou ICsp Vv mikromolarnim
rozsahu (Priloha III, Obr. 4). V kontrolnim experimentu samotny nekonjugovany inhibitor
s fluorescenéni sondou nekompetoval. Tyto analyzy potvrzuji specificky transport konjugatu
17d prostfednictvim FR. Podobnych vysledkid bylo dosazeno i v pfipad¢ ostatnich latek
ze série (Tab. 3). Nazavér byla testovana inhibi¢ni aktivita 17d vuci CDK2 v komplexu
s cyklinem E standardizovanym kinasovym inhibi¢nim testem, kdy tento konjugat dosahl
srovnatelné kinasové inhibi¢ni aktivity (ICso = 77 nM) jako nekonjugovany inhibitor 17d”

(ICs0 =41 nM), a to i v nepfitomnosti reduk¢niho ¢inidla.

Tab. 3: Zastoupeni bunék pozitivnich na fluorescenéni sondu FolateRSense 680, ktera vaze folatovy receptor,
A) v ptitomnosti volného folatu nebo testovanych konjugati 17a-17g v koncentraci 50 uM,
nebo B) v ptitomnosti rostouci koncentrace konjugatu 17d, nebo 17g, nebo jejich prekurzorovych
volnych inhibitora 17d’, nebo 17g".

% zastoupeni bunék % zastoupeni bunék

A L pozitivnhich na sondu B . pozitivhich na sondu
CTRL 72.1 CTRL 75.6
volny folat 50 uM 22.6 17d 0.05 uM 70.6

2 17a50 uM 12.7 17d 0.5 uM 63.5
& 17b50 M 10.3 17d 5 uyM 33.8
% 17¢ 50 pM 12.9 2 17d 50 uM 11.4
§ 17d 50 uM 11.4 é inhibitor 17d” 5 pM 72.0
L 17e 50 uM 15.7 S _inhibitor 17d” 50 uM 74.4
17f 50 uM 11.5 g 179 0.05 uM 72.4

179 50 uM 13.6 m 179 0.5 yM 64.9

179 5 uM 36.7

179 50 UM 13.6

inhibitor 17g° 5 uM 71.0

inhibitor 17g° 50 yM 72.7
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Tyto vysledky souhrnné potvrzuji, ze vazba folatu ptes amino skupinu CDK inhibitort
neblokuje interakci konjugatu s ATP-vazebnym mistem CDK2 a jeho ucinnost tedy neni
limitovana rychlosti uvolnéni samotného inhibitoru v bunikach. Zachovani vysoké ucinnosti
inhibitorti je jednim z vyznamnych faktort, které ovliviiuji uspésnost pii klinickém pouziti.
Prestoze se nekteré foladtové konjugaty dostaly do klinického testovani, jako napft. vintafolid
(Vlahov et al., 2006; Dosio et al., 2010) nebo BMS-753493 (Peethambaram et al., 2015),
zddny znich dosud nebyl schvalen pravé v diasledku jejich nizké 1c¢innosti
(Scaranti et al., 2020).  Vintafolid se  vyznaCuje pouze omezenou  ucinnosti
pfi monoterapeutické  1écbe, kterd vyzaduje jeho pouziti Vkombinaci s jinymi
chemoterapeutiky, ktera jsou vSak neselektivni a zptsobuji nezadouci vedlej$i Gcinky
(Naumann et al., 2013; Hanna et al., 2014). Konjugace folatu s CDK inhibitory s vysokou
biochemickou i buné¢nou ucinnosti by v tomto ohledu mohly ptfedstavovat vyvoj efektivnich

inhibitorti s vyssi selektivitou vii¢i nadorovym bunkam.
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6 ZAVER
V soucasné dobé existuje fada komeréné dostupnych CDKi pomérné odlisnych chemickych
struktur, které dosdhly rizného stupné preklinického ¢i klinického vyvoje. Tti z téchto latek
byly schvéleny jako protinddorova léCiva a desitky dalSich se aktudlné€ nachazi v klinickém
testovani. Piestoze vétSina latek neuspéla v klinickém vyvoji, poskytuji nepieberné mnozstvi
nastroji pro chemickou biologii pfi studiu biologickych pochodl spojenych s funkeci CDK
ataké ve vyvoji ucinngjSich 1é¢iv. Kvalita téchto sloucenin, s ohledem na biochemickou
ucinnost, selektivitu a biologické UcCinky, se vSak muze podstatné lisit. Inhibitory jsou totiz
na pocatku vyvoje mnohdy oznaCovany za vysoce uinné a selektivni vi¢i ur€itému cili,
ale v mnoha pfipadech se toto tvrzeni ukazalo jako nepravdivé. V disledku nedostate¢né
charakterizace jejich biochemické selektivity totiz nejsou spravné idenfitikovany jejich cile,
se kterymi interaguji. Inhibice neodhalenych vedlej$ich, anebo i primarnich cilt limituje jejich
pouziti jako selektivnich chemickych sond, ale i jejich klinicky vyvo;j.

Prvni ¢ast této dizertacni prace byla vénovana charakterizaci biochemické selektivity
a biologickych ucinkli vybranych komeréné dostupnych CDKi, které¢ byly uvadény
jako selektivni vii¢ci CDK1, 2 nebo 4/6, a tyto vysledky byly porovnavany s publikovanymi
daty. Bylo hodnoceno, zda tyto latky spliuji kritéria vhodnych selektivnich chemickych sond,
ktera zahrnuji dostatecnou selektivitu (>50nasobny rozdil v hodnotach ICsp v biochemickém
testu zahrnujicim alesponn 125 kinas), biochemickou (<100 nM) a bunécnou ucCinnost
(<500 nM). Tato kritéria byla souhrnné¢ definovana jako tzv. fitness factor (Frye, 2010;
Workman et Collins, 2010; Knapp et al., 2013). Bylo zjisténo, ze z 31 latek pouze palbociclib,
abemaciclib a ribociclib spliuji vSechna kritéria selektivnich chemickych sond. Ze skupiny
CDK2 inhibitorti, pouze inhibitory NU6102 a ,,CDK2 inhibitor II* disponuji dostatec¢nou
selektivitou vaéi CDK2, nicméné nedosahly dostate¢né bunééné uc¢innosti. Porovnanim
testovanych CDKI1 inhibitorii bylo zjisténo, ze pouze RO3306 je vhodnym kandidatem z této
skupiny; Zadna jind latka nedoséhla tak vysoké selektivity pro CDKI1. VSechny studované
dualni inhibitory by mély byt klasifikovany jako pan-selektivni, protoze zadny z nich
neinhibuje pouze dvé uddavané CDK. Vhodnym kandidatem pro dudlni CDK2/5 inhibitor
by mohl byt CVT313, ktery byl pivodné udavan jako CDK2 selektivni. Velka vétsina

testovanych latek, véetné CDK4/6 inhibitort, zpusobuje mirnou, avsak koncentracné zavislou
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akumulaci bunék v G2/M fazi bunécného cyklu, kterd indikuje podstatné komplexnéjsi
mechanismus ucinku. Naptiklad CDK4/6 inhibitor ON123300 indukuje G1 blok,
ktery od ur€ité koncentrace prechazi v G2/M v disledku inhibice CDK2. Tento jev
se vyskytuje u latek s nanomolarni afinitou vi¢i CDK4, ale nizkym indexem selektivity,
jako ma také ,,CDK4 inhibitor* nebo milciclib. V pfipad¢ nékterych latek dokonce nebyla
prokdzana inhibice CDK jako primarnich bunéénych cilti navzdory ptivodnim publikovanym
datim a mnohé z nich ziejm¢ inhibuji 1 jiné proteinkinasy v ramci kinomu. Zatimco hlavni cil
,CDKI1 inhibitoru® zlistava neodhalen, NU6140 byl vyhodnocen jako silny inhibitor aurora
kinas. Na zaklad¢ téchto vysledkd jsou aurora Kinasy jiz uvadény v produktovych listech jako
vedlejsi cile NU6140 fady komerénich spole¢nosti. Publikovana data pro BIO, ON1233000
amilciclib odhalila, ze tyto latky jsou také U¢innymi inhibitory dalSich kinas v Kinomu
jako GSK3, ARKS5, nebo TRK (Albanese et al., 2010; Meijer et al., 2003; Reddy et al., 2014).
Pro fadu latek vSak nejsou dostupna kompletni data o jejich selektivé v ramci kinomu,
v disledku ¢ehoz nejsou odhaleny jejich dalsi vedlejsi cile, anebo jsou testovany pouze
V jedné, Casto suboptimalni, koncentraci. Napiiklad ,,CDK1/2 inhibitor III* byl analyzovan
v koncentraci 500 nM, kdy vice neZ polovina z testovanych kinas byla inhibovana s G¢innosti
>50 %, nicméné s ohledem na jeho bunéfnou ucinnost by méla byt pouzita podstatné nizsi
koncentrace, diky které by byly vyfiltrovany nerelevantni cile (Anastassiadis et al., 2011).
Vedlejsimi cili ale mohou byt také jiné nekinasové cile, napiiklad ryuvidin v klinicky
relevantnich davkach inhibuje také metyltransferasu SETD8 (Blum et al., 2014). Ze ziskanych
vysledktl je evidentni, ze informace o biochemické selektivité jsou nezbytné pro pochopeni
mechanismu ucinku a pro vyber vhodné selektivni sondy. Biochemické testy by mély byt vzdy
doplnény o bunécné testy a dalsi analyzy pro dosazeni korektni a uplné validace selektivity
inhibitort.

Kinasové inhibitory se vSak vyznacuji promiskuitou nejen na biochemické,
ale i na bunééné urovni, kdy dochazi k jejich akumulaci i ve zdravych nenadorovych burkach.
Vétsina téchto latek inhibuje kinasy ¢i procesy, které podporuji nddorové bujeni, ale mohou
mit esencialni funkci také v nenadorovych buiikach. Jejich inhibice pak miize zpisobovat
systémovou toxicitu a vyfazeni z klinického pouziti. 2,6,9-trisubstituované puriny se vyznacuji
vyznamnymi CDK-inhibi¢nimi a antiprolifera¢nimi vlastnostmi, ale jejich potencidlni klinicka
aplikace je limitovana pravé nizkou buné€nou selektivitou. Cilené zvySeni hladiny inhibitori
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v nadorovych buiikach prostfednictvim selektivniho transportu muize pifedstavovat Ucinny
zpuisob pro zlepSeni efektivity 1écby témito proteinkinasovymi inhibitory.

Tato skuteCnost podnitila k vytvofeni prvniho konceptu folatového transportniho
systému zalozeného na konjugatech 2,6,9-trisubstituovanych purind, jehoz funkénost byla
oveétovana v druhé Casti této dizertani prace. Tyto CDK inhibitory se vyznacuji CDK2-
inhibi¢nimi a antiproliferacnimi u¢inky (Gucky et al., 2013) a jejich terminalni amino skupina
poskytuje vhodnou funk¢ni skupinu pro konjugaci s folatem prostiednictvim disulfidového
linkeru, ktera neblokuje interakci konjugatu s ATP-vazebnym mistem CDK. Konjugat 17d byl
na zaklad¢ nejvyssich cytotoxickych Gc¢inkl vybran pro podrobnéjsi studie. Na zaklad¢ in vitro
simulace bylo ovéfeno u¢inné uvolnéni samotného inhibitoru ze struktury konjugatu
pasobenim redukéniho prostiedi. Cytometrickou analyzou byl potvrzen specificky transport
konjugatu prostfednictvim FR do nadorovych bunc¢k a zachovani jeho CDK2 inhibi¢nich
vlastnosti, které nejsou limitovany rychlosti uvolnéni samotného inhibitoru v bunkach.
Tento koncept tak naznacuje moznou cestu vyvoje protinddorovych 1é¢iv S vyssi bunécnou

selektivitou.
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ABSTRACT: Cyclin-dependent kinases (CDKs) are an important and emerging class of drug targets for which many small-
molecule inhibitors have been developed. However, there is often insufficient data available on the selectivity of CDK inhibitors
(CDKi) to attribute the effects on the presumed target CDK to these inhibitors. Here, we highlight discrepancies between the
kinase selectivity of CDKi and the phenotype exhibited; we evaluated 31 CDKi (claimed to target CDK1—4) for activity toward
CDKs 1,2, 4, 5,7, 9 and for effects on the cell cycle. Our results suggest that most CDKi should be reclassified as pan-selective
and should not be used as a tool. In addition, some compounds did not even inhibit CDKs as their primary cellular targets; for
example, NU6140 showed potent inhibition of Aurora kinases. We also established an online database of commercially available
CDK:i for critical evaluation of their utility as molecular probes. Our results should help researchers select the most relevant

chemical tools for their specific applications.

B INTRODUCTION

A substantial fraction of proteins are modified by phosphor-
ylation catalyzed by protein kinases,' which represent the
largest group of cellular targets for directed anticancer therapy.
The human genome encodes 518 protein kinases, which
regulate most cellular processes. However, the complexity of
protein phosphorylation networks makes experimental studies
aimed at dissecting the functions of individual kinases and
identifying kinase substrates challenging. The use of various
approaches such as RNA interference, chemical inhibitors, in
vivo knockout mouse models, or CRISPR/Cas9 technology
often leads to discrepancies or contradictions.”

An important criterion for a good chemical probe is
biological selectivity for the principal target.”* While the
range of chemical probes targeting several protein kinases
appears to be sufficient, with dozens of commercially available
inhibitors for certain kinases, the selectivity information
available is often incomplete or hard to find.®

Cyclin-dependent kinases (CDKs), together with other cell-
cycle protein kinases (Aurora, polo-like, and checkpoint
kinases), have been well validated as targets for cancer
treatment; three inhibitors have already been approved as
drugs.® The human CDK family comprises 20 members; some
members have been described as essential regulators of the cell
cycle (CDKs 1, 2, 4, 6), while others are involved in diverse

- ACS Publications  © 2018 American Chemical Society
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cell-cycle-independent processes, such as regulation of tran-
scription (CDKs 7, 8, 9, 11, 12), splicing (CDK12), DNA
repair (CDKs 2, 9, 12), migration and angiogenesis (CDKS),
or spermatogenesis (CDK16). In addition, most CDKs have
numerous substrates and often participate in quite distinct
processes, such as CDK7 (serving as both a CDK-activation
kinase and an activator of RNA polymerase II), CDKS
(regulating neuronal function and cell migration), CDK9 and
CDK12 (activation of RNA polymerase I, DNA damage
response), and CDK6 (cell cycle, kinase-independent tran-
scriptional regulation).” "' Nevertheless, the precise biological
function of some CDKs and cyclins has yet to be convincingly
established.

Intensive research in the development of CDK inhibitors
(CDKi) has led to the identification of many compounds that
differ in selectivity toward members of the CDK family and in
potency and cellular effects. Currently, over 100 different
CDKi are commercially available for experimental work
(Supporting Information, File S1). These CDKi are often
classified according to their selectivity as described in the
original literature, but in some cases the selectivity has not
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been well studied. The classification of compounds discovered
10—20 years ago may be incorrect due to the limited
knowledge of other CDKs at that time; many such “selective”
CDK inhibitors were assayed against at most 3 kinases out of
20 (Figure 1). Some CDKi were classified as pan-selective (i.e.,

70 r
O"SELECTIVE"

60 @"SELECTIVE" + OUR DATA
50 |
40

30

Tested inhibitors (%)

20

<3 4-6 27

Amount of CDK/cyclin complexes

Figure 1. Histogram showing the percentage of tested “selective”
CDK inhibitors against specified number of CDK/cyclin complexes.
Formerly, 52% of “selective” CDK inhibitors (62 inhibitors included)
were assayed against at most 3 CDK complexes out of 20 (only ICy,
K; and K, data included) (white bars) while after complementation
with our data (gray bars), 61% of CDK inhibitors were characterized
by at least 7 CDK/cyclin complexes inhibited. Information about
classification, alternative names, CAS numbers, kinase inhibition data,
and references of inhibitors are available in the Supporting
Information, File SI.

inhibiting most CDKs), whereas the rest were classified as
selective inhibitors for a single CDK or two specific CDKs
(usually referred to as dual inhibitors) (Supporting Informa-
tion, File S1). The latter classification, in particular, merits
closer inspection because in many cases there is little obvious
mechanistic basis that could explain dual selectivity. In fact, in-
depth characterizations of the selectivity of many such
compounds have often been published later."*™"” However,
these characterizations have often been part of large studies
addressing several kinase inhibitors and are not easy to find in
the literature. Importantly, commercial catalogues frequently

do not reflect these updates, and if a scientist relies solely on
information provided in the product datasheet, an unsuitable
probe could easily be selected and purchased.

Our aim was to provide more information about inhibitors
targeting cell-cycle CDKs that we considered to be
insufficiently validated and to increase the available knowledge
about these compounds as chemical tools; to do so we
evaluated these inhibitors in terms of activity against a panel of
CDKs 1, 2, 4, 5, 7, and 9 (Figure 1) and effects on the cell
cycle of HCT-116, a cell line commonly used for phenotypic
screen of cell-cycle modulators.”® We did not evaluate
inhibitors that display a pan-selective pattern of inhibition or
whose inhibitory preferences for CDKs have been described in
detail elsewhere (such as the clinically developed dinaciclib,
SNS032, roscovitine, flavopiridol, and AT7519, which are also
less selective). Our study further highlights discrepancies
between kinase selectivity and the phenotype exhibited. These
results should help researchers select the most relevant
chemical tools for their specific applications.

B RESULTS

CDK1 Inhibitors: RO3306 Is the Most Suitable CDK1
Chemical Probe to Date. The strong reported CDK1/B
inhibition by the purine-based CGP74514A (published ICy, =
31 nM)*" led to a simple classification of this inhibitor as a
CDKl-selective without any further investigation of other
possible targets. The reported G2/M cell cycle arrest is partly
in line with the expected target,”” > but our own results (the
G2/M-arrested population increased only by 19% compared to
control after 24 h treatment with 5.9 uM compound) indicated
that CDK1 is unlikely to be the sole target (Figure 2A).
Indeed, our biochemical assays revealed that this inhibitor
primarily targets CDK2 rather than CDK1 (Figure 3). These
results are in agreement with broad kinase selectivity profiling
using a radiometric filter-binding assay.'”'® CGP74514A was
tested at three concentrations against >300 kinases, and the
results obtained indicate that it exhibits a pan-selective pattern
of inhibition (Supporting Information, File S2). Interestingly,
screening based on a thermal shift assay revealed that
CGP74514A has a preference for group II of p2l-activated
kinases (PAKs), which are known nonspecific targets of
purine-based CDK inhibitors.">** Despite the availability of
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Figure 2. (A) Effect of inhibitors designated CDKl-selective on the cell cycle of HCT-116 cells treated for 24 h: flow cytometric analysis (10 000
counts) of DNA stained with propidium iodide. (B) Immunoblot confirming thermal stabilization of CDK1 protein levels by RO3306 in HCT-116

cells after 4 h of treatment.
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RO3306 CGP74514A ”CDK1 inhibitor” Benfluorene: (CAS: 440362-74-3), R = O-C,H,
(CAS: 872573-93-8) (CAS: 190654-01-4) (CAS: 220749-41-7) Elbfluorene: (CAS: n.a.), R = CH,
B
Inhibit IG5 for CDK/cyclin complexes (uM)* Cell cycle  Further
nhibitor )
1/B 2/E 2/A 4/D S5/p25 7/H 9/T effect profiling
RO3306 0.047 0.186 0.253 20 2.48 17.4 14.5 G2M' S.L
CGP74514A 0.147 0.026! 0.046 3.0 0.026: 0.279 1.4 G2M? S.L
"CDK1 inhibitor" 6.7 94 13.2 =20 5.8 16.0 20 G2/M! S.I
Benfluorene 20 14.3 7.1 20 >20 =20 >20 no effect -
Elbfluorene =20 =20 =20 =20 17.5 =20 =20 no effect -

“Tested at least in triplicate; ' > 60% arrested cells compared to control; > 30% - 60% arrested cells compared to control; * £30%
arrested cells compared to control; no effect, < 10% arrested cells compared to control. Data for CDK7 and CDK9 inhibitors
assayed as control are included in Supplementary Figure S1. Further profiling extracted from literature is available from

Supplementary Information, File S2.

Figure 3. (A) Structures of inhibitors designated as CDK1 selective. (B) Kinase inhibition data expressed as IC, values complemented by graphic
illustration of the selectivity for certain CDK. Red and green bars indicate CDK activity on a log,, scale (midpoint corresponds to 1 uM, and
maximum for red and green is 1 nM and 100 uM, respectively). Cellular phenotype is determined in HCT-116 cells treated for 24 h.

sufficient information about CGP74514A targeting CDK2, it
has been used several times as a CDKI-specific chemical
probe.”****” Some authors were aware that the identity of the
cellular target of this inhibitor was unclear and therefore
compared CGP74514A with RO3306,°>* another well-
established CDK1 inhibitor (discussed below).

“CDKI inhibitor” (compound 8a; published IC5, = $.8
uM), was developed from a library of 2-indolinone derivatives
based on the predicted binding to the homology model of
CDK1;*® however, further kinase inhibition or biological data
for this compound have not been published. Our measurement
confirmed its micromolar potency toward CDKI1 but not the
selectivity (Figure 3). Published data from a broad-spectrum
kinase profiling of “CDKI inhibitor” also revealed nonselective
inhibition of several kinases;'® importantly, CDKI is not
present among the most sensitive kinases (CDK1 ranks 103rd
out of 292) (Supporting Information, File $2)."* Nevertheless,
this compound arrested HCT-116 cells in the G2/M phases
(Figure 2A), but due to poor potency and due to the
nonselective nature of “CDKI inhibitor”, the underlying
mechanism for this arrest might not be the inhibition of
CDKI. Another possible target is MLCK (11% residual activity
with 10 uM compound),16 the inhibition of which can cause
similar mitotic defects and cytokinesis failure.””

The 1-aza-9-oxafluorenes benfluorene and elbfluorene have
also been designated as CDKl-selective inhibitors.””*" The
more effective elbfluorene inhibits CDK1 (published ICg, =
42 uM), while inhibition of CDK2 and CDK4 was not
observed at up to 100 uM.”" However, our measurement did
not confirm inhibition of CDKI or of any other tested CDKs
(Figure 3). In addition, we did not observe any effect on the
cell cycle profile of the inhibitor-treated HCT-116 cells (Figure
24).

The thiazolinone derivative RO3306”" is probably the most
frequently used chemical tool in studies investigating the role
of CDK1.”**** Surprisingly, the selectivity profile of RO3306
has only been partially revealed; a recent article described
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RO3306 potency only toward CDK1 and CDK2,” and partial
kinase profiling data showed that CDK2/A and CDK9/T were
only weakly inhibited.** Nevertheless, published data®
demonstrate that RO3306 can also effectively inhibit other
kinases from the CMGC group of kinome, especially DYRKSs
(Supporting Information, File S2). We complemented this
kinase profile and confirmed the high selectivity of RO3306 for
CDKI1 (Figure 3).>” Consistent with potent CDK1 inhibition,
RO3306 treatment strongly arrested the cell cycle of the HCT-
116 cell line in the G2/M phase (Figure 2A). This result has
been described in many studies on different cell lines as usually
leading to a substantial G2/M block or to cyclin B
accumulation,*******? which clearly corresponds to the
inhibition of CDKI at the cellular level.

To further confirm the direct interaction of studied
inhibitors with CDK1, we performed a cellular thermal shift
assay (CeTSA), which is based on the ligand-induced thermal
stabilization of target proteins*”*' of HCT-116 cells treated
with different concentrations of compounds that affect the cell
cycle of these cells. Our data clearly showed that, in contrast to
CGP74514A and “CDK1 inhibitor” (Supporting Information,
Figure S2), only RO3306 can stabilize CDK1 expression levels
in inhibitor-treated cells (Figure 2B).

The above-mentioned results strongly highlight RO3306 as
the most suitable tool for pharmacological inhibition of CDKI,
while CGP74514A should be classified as a pan-selective
inhibitor. “CDK1 inhibitor”, benfluorene, and elbfluorene were
identified as being inactive toward CDKs.

CDK2 Inhibitors: NU6140 Strongly Inhibits Aurora
Kinases in Vitro. Inhibitors that have been claimed to exhibit
selectivity for CDK2 are the most numerous; however, most of
them are designated as dual inhibitors due to the strong
activities of these compounds toward the structurally related
CDK1 and in some cases toward CDKS and CDK9 (see
Supporting Information, File S1).

Purine derivatives CVT313 (marketed as “CDK2 inhibitor
II”)* and NU6140 (marketed as “CDK2 inhibitor IV”)*

DOI: 10.1021/acs.jmedchem.8b00049
J. Med. Chem. 2018, 61, 9105-9120
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Inhibitor 1G5 for CDK/cyclin complexes (uM)* Cell cycle Further
1/B 2/E 2/A 4/D 5/p25 7H 9/T effect profiling
Milciclib 12 0.590 0.109 0.220 0.383 0.270 7.7 Gl1l + G2M*1t SIL
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“Tested at least intriplicate; ' > 60% arrested cells compared to control; * 30% - 60% arrested cells compared to control;* £30%
arrested cells compared to control; no effect, < 10% arrested cells compared to control. Arrows indicate dominant phenotypes
at lower or higher concentrations. Data for CDK7 and CDK?Y inhibitors assayed as control are included in Supplementary
Figure S1. Further profiling extracted from literature is available from Supplementary Information, File S2.

Figure 4. (A) Structures of inhibitors designated as CDK2 selective. (B) Kinase inhibition data expressed as IC, values complemented by graphic
illustration of the selectivity for certain CDK. Red and green bars indicate CDK activity on a log, scale (midpoint corresponds to 1 yM; maximum
for red and green is 1 nM and 100 uM, respectively). Cellular phenotype is determined in HCT-116 cells treated for 24 h.
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Figure S. (A) Effect of different concentrations of NU6140 on the cell cycle of HCT-116 cells treated for 24 h: flow cytometric analysis (10 000
counts) of DNA stained with propidium iodide. (B) Inhibition of Aurora kinases by different CDK inhibitors. JNJ7706621 (dual CDK/AUR
inhibitor) and tozasertib (AURs inhibitor) were used as positive controls. (C) Immunoblotting analysis of Aurora kinases and phospho-histone H3
in HCT-116 cells treated with NU6140 for 24 h. f-Actin was used as a loading control.

inhibit CDK2 in a nanomolar range and exhibit selectivity over
CDKI1 and transcriptional CDKs (Figure 4). Nevertheless, we
found that CVT313 also interacts with recombinant CDKS
(Figure 4), which is in line with published kinase profiling."” In
addition, cellular inhibition of CDKS with CVT313 was
confirmed by monitoring of phosphorylated FAK at S732 that
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was shown to be a direct target of CDKS (Supporting
Information, File $2).*** Both the purines arrested HCT-
116 cells in the G2/M phase, but NU6140 treatment resulted
in a significant tetraploid population (Figure SA). This
observation led us to hypothesize that the main target of
NU6140 might not be CDK2 (determined ICy, = 0.4 M) but
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“Tested at least intriplicate; ' = 60% arrested cells compared to control; > 30% - 60% arrested cells compared to control;* £30%
arrested cells compared to control; no effect, < 10% arrested cells compared to control. Arrows indicate dominant phenotypes
at lower or higher concentrations. Data for CDK7 and CDK?9 inhibitors assayed as control are included in Supplementary
Figure S1. Further profiling extracted from literature is available from Supplementary Information, File S2.

Figure 6. (A) Structures of inhibitors designated as CDK4 selective. (B) Kinase inhibition data expressed as IC, values complemented by graphic
illustration of the selectivity for certain CDK. Red and green bars indicate CDK activity on a log, scale (midpoint corresponds to 1 yM; maximum
for red and green is 1 nM and 100 uM, respectively). Cellular phenotype is determined in HCT-116 cells treated for 24 h.

another mitotic kinase, such as PLK or AURs. The screening
data for NU6140 against a panel of 300 kinases suggest a
possible explanation (Supporting Information, File S2).'?
While CDK2 was only weakly inhibited by this compound
(CDK2 ranked 54th out of 300; S00 nM NU6140 caused 44%
inhibition), all three Aurora kinases were substantially more
sensitive (2nd, 16th, and 23rd ranks).'"” We therefore
determined the ICs, for AURs and found that the values
were approximately 6—10 times lower than that for CDK2
(Figure SB). To further confirm cellular inhibition of AURB,
we performed immunoblotting analysis to examine phosphory-
lated histone H3, a direct substrate of AURB. NU6140 indeed
decreased phosphorylation of H3-S10 in HCT-116 cells in a
dose-dependent manner (Figure SC). In addition, the
structurally related 2,6-disubstituted purine reversine was
described recently as an inhibitor of AURs."” Our findings
thus provide novel insight into the possible mechanism of
action of NU6140.

Indolinone derivatives GW8510 and “CDK2 inhibitor II”
exhibit nanomolar potency for CDK2 (published ICy, = 10—
60 nM)."® We found here that “CDK?2 inhibitor II” has higher
selectivity for CDK2 than for other members of the CDK
family, whereas GW8510 showed strong activity against CDKS
and CDK1 (ICy, ~ 7 and 49 nM, respectively) (Figure 4) that
was confirmed by dephosphorylation of FAK at $732 (CDKS
substrate) and durable G2/M arrest in treated CDK2-
knockout HCT-116 cells (Supporting Information, Figure
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S3). Both inhibitors increased the G2/M-arrested population
of HCT-116 cells (Supporting Information, Figure S3).
Unfortunately, usage of the more selective “CDK2 inhibitor
II” as a chemical probe is limited due to its poor solubility (our
own experience). Despite this limitation, in recent articles,
“CDK?2 inhibitor II” was used as a tool to highlight the role of
CDXK2 in the promotion of tumor proliferation and induction
of radioresistance in glioblastomas* and in the phosphor-
ylation of ligand-dependent progesterone receptor at $400,
histone methyltransferase Suv39H1 at $391,>' and enhancer of
zeste 2 (EZH2) at T416.”> However, results of these studies
should be interpreted with caution. First, the concentration
range of inhibitor that was used to determine these effects was
broad (70 nM to 4 uM). Second, profiling of a broader panel
of kinases has not been reported. Lastly, many related
indolinone derivatives are less selective.”

The indolinone SU9516 is one a few inhibitors that have
been well-profiled, including against different CDKs.'>**~>°
However, the preference of this inhibitor for CDK2 is not
robust; our data revealed similar activity against CDKS/p25
(Figure 4) that was confirmed also in cells by dephosphor-
ylation of pFAK(S732) (Supporting Information, Figure S3).
This finding is in agreement with reported profiling, where
CDKS was seen to be the most sensitive out of 300 tested
kinases (Supporting Information, File $2)."* Cell cycle analysis
of inhibitor-treated HCT-116 cells indicated G2/M arrest
(Supporting Information, Figure S3), which is consistent with
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Figure 7. Cellular effects of commercially available CDK inhibitors marketed as “CDK4 selective” or “dual” do not always correspond to expected
phenotype. Shown are cell cycle analyses of HCT-116 cells treated for 24 h with CDK inhibitors from the same group (panel A, marketed as CDK4
selective; panel B, designated dual inhibitors). Shown is flow cytometric analysis (10 000 counts) of DNA stained with propidium iodide.

data on other cell lines, namely, T24, SPC-Al, or RKO.>*%¢
Moreover, significant G2/M block in SU9516-treated HCT-
116 cell lacking CDK2 showed that SU9516 also targets CDK1
in cells (Supporting Information, Figure S3).

Milciclib (PHA848125) was reported to uniquely inhibit
CDK2/A with 10-fold higher potency than for CDK2/E
(published IC5, = 45 nM and 363 nM, respectively);”’
however, due to nanomolar inhibition of tropomyosin receptor
kinases (TRKs), milciclib has also been designated a dual
CDK-TRK inhibitor.”® Our measurements confirmed the
published data but revealed that milciclib can also moderately
inhibit CDK4 (Figure 4). This finding is probably associated
with the structural similarity of this compound to the CDK4-
selective palbociclib (PD0332991) and ribociclib (LEEO11)
(Figure 6; Supporting Information, Figure S8). Cellular
inhibition of CDK4 is evident from the analysis of the cell
cycle, especially at low inhibitor concentrations, which arrest
HCT-116 cells in the G1 phase. Conversely, higher doses lead
to G2/M arrest, probably due to effective inhibition of CDK2
(Supporting Information, Figure S4). Similar effects were also
reported with ovarian cell lines.*®

Our evaluation showed that no commercially available
inhibitor designated as CDK2 selective should be used as a
CDK2 probe in cellular experiments. The compounds have
either low solubility (“CDK2 inhibitor II”), low CDK
selectivity (GW8510, SU9516, CVT313), or heterogeneous
cellular effect (milciclib and NU6140).

Clinical CDK4/6 Inhibitors Are Selective Chemical
Tools. CDK4 and CDKS exhibit certain structural differences
in comparison with other CDKs, and inhibitors of these
kinases are usually much more selective than other CDKi.>”
This selectivity probably contributed to the successful approval
of palbociclib (PD0332991),°”%" ribociclib (LEE011),°* and
abemaciclib (LY2835219)% for the treatment of advanced
breast cancer. Although these drugs share some pharmaco-
phores (Figure 6), recent data pointed at some distinctions
that confirmed their differences related to their off-
targets..l*g’ls’ﬂ_67 Palbociclib, but not ribociclib, has been
shown to specifically interact with several lipid kinases
PIP4K2A/B/C and to increase the number of autophagic
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vesicles via inhibition of AKT signaling in lung cancer.”’
Autophagy induced by palbociclib was observed also in
hepatocellular carcinoma via the PPS/AMPK axis, while
ribociclib and abemaciclib had minimal effects in this
model.®® Further study revealed that in contrast to palbociclib
and ribociclib, abemaciclib directly inhibits GSK3a/f and
CAMKIlIy/é kinase activity and potently activates f-catenin-
dependent WNT signaling.”* Non-kinase binding studies and
kinome interaction analyses revealed that abemaciclib inhibits
also CDK9,"” but cellular studies did not find any changes in
phosphorylation of CTD RNA polymerase II (a CDK9-
dependent process) in different cell lines.””’ And importantly,
unlike palbociclib and ribociclib, abemaciclib exhibits cellular
toxicity also in Rb-deficient cell lines in vitro, highlighting the
possibility of having different targets.*””"

We also performed the cell cycle analysis of inhibitor-treated
HCT-116 to confirm the selectivity of these CDK4/6
inhibitors and expected phenotype (Gl block without
significant apoptosis in Rb-positive cell lines). As we supposed,
palbociclib and ribociclib arrested the cell cycle in G1 phase in
nanomolar concentrations (Figure 7; Supporting Information,
Figure $4).

Micromolar concentrations of palbociclib and abemaciclib,
but not ribociclib increased G2/M population (Supporting
Information, Figure SS), which is in agreement with previous
reports.”””* Nevertheless, micromolar concentrations of these
drugs do not fall within therapeutically relevant doses, and
therefore only concentration of <1 yM should be used when
targeting CDK4/6 probe.”””"*

Mostly palbociclib and ribociclib have frequently been used
as chemical probes in numerous biological studies; however,
other “CDK4/6-selective” inhibitors are also commercially
available.

NSC625987 (sold as “CDK4 inhibitor I11”)7° is a
thioacridone derivative of 3-amino-9-thio(10H)-acridone (3-
ATA), one of the first inhibitor published as having a
preference for CDK4 over CDK1/2. Nevertheless, our
measurements did not reveal any affinity to the assayed
CDKs at concentrations up to 20 uM (Figure 6). Our findings
are consistent with published kinase profiling data (Supporting

DOI: 10.1021/acs.jmedchem.8b00049
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Figure 8. (A) Structures of inhibitors showing preference for two CDKs (designated as dual). (B) Kinase inhibition data expressed as ICs, values
complemented by graphic illustration of the selectivity for certain CDK. Red and green bars indicate CDK activity on a logy, scale (midpoint
corresponds to 1 yM; maximum for red and green is 1 nM and 100 uM, respectively). Cellular phenotype is determined in HCT-116 cells treated

for 24 h.

Information, File S2), in which none of the 234 tested kinases
were inhibited with more than 50% efficacy by 10 uM
NSC625987."° In addition, our cell cycle analysis in inhibitor-
treated cells reveal only moderate G1 phase arrest accom-
panied by massive apoptosis (Supporting Information, Figure
S4), further disqualifying NSC625987 from being a suitable
chemical probe for CDK4.

Ryuvidine (“CDK4 inhibitor III”), a derivative of
benzothiazole, was reported to weakly but selectively inhibit
CDK4 (published ICsy = 6 uM);”” however, there are no
published results that show cellular inhibition of CDK4 by this
compound. Our measurement confirmed micromolar activity
toward CDK4, but due to the limited solubility of this
inhibitor, we could not record ICy, value with other CDKs
(ICs, > 20 uM) (Figure 6). Published kinase profiling of
ryuvidine (Supporting Information, File S2) revealed that none
of the 300 kinases tested were inhibited with more than 40%
efficacy."”'® Our cell cycle analysis did not show G1 arrest in
inhibitor-treated HCT-116 cells (Figure 7); however, a rather
unexpected accumulation of cells in the S phase was observed
(increased by 15% compared to the control), which is not
typical of CDKi and therefore suggests inhibition of other
targets. Consistent with this finding, recent work has shown
that ryuvidine strongly inhibits the lysine methyltransferase
protein SETD8 (ICs, = 0.5 #M),”® inhibition of which results
in cell cycle defects in the S and G2/M phases.””

The compound CINK4 (available as “CDK4/6 inhibitor
IV”) was reported to inhibit CDK4 in micromolar ranges;"’
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however, our data also revealed measurable inhibition of
CDK1 and CDK2 (Figure 6), discouraging its use as a specific
probe. Broader selectivity toward CDKs was further confirmed
by flow cytometric analysis of inhibitor-treated HCT-116 cells;
we documented significant G1 arrest upon treatment with
lower doses of this compound but clear G2/M arrest with
higher doses (>10 uM) (Figure 7).

Indolocarbazoles arcyriaflavin A®' and its brominated
derivative sold as “CDK4 inhibitor”® are structurally related
to the multikinase inhibitor staurosporine. Our data confirmed
the preference of arcyriaflavin A and “CDK4 inhibitor” for
CDK#4 (Figure 6), but both compounds also inhibited CDK2
and CDKS at nanomolar levels (Figure 6). Published results
for “CDK4 inhibitor” from broad-spectrum kinase profiling
(Supporting Information, File S2) showed targeting of CDK4
and CDK6 (9th and Sth rank, respectively, among the 300
kinases tested) but also confirmed nonspecificity throughout
the kinome."”

Cell cycle analyses confirmed the pan-selectivity of both
compounds; while low doses of inhibitor lead to G1 arrest of
HCT-116 cells, higher doses cause accumulation of cells in
G2/M phases (Supporting Information, Figure S4). This
finding has also been documented for other indolocarbazole
derivatives.*’ On the basis of our investigation, we cannot
recommend the use of these two inhibitors as specific chemical
tools.

Isoquinolinone-based “CDK4 inhibitor V” is described as a
selective nanomolar inhibitor of CDK4;** however, this

DOI: 10.1021/acs.jmedchem.8b00049
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description is not consistent with our measurements. While we
indeed confirmed nanomolar inhibition of CDK4 (ICy, = 38
nM), we found that this compound also inhibits CDK1 and
CDK2 at a submicromolar range (Figure 6). Analysis of the
effects of this compound on the cell cycle further confirmed
our findings; treatment of HCT-116 cells with this inhibitor
resulted in G2/M arrest of cell cycle (Figure 7).

ON123300, which is structurally related to palbociclib, is
known for its preference for not only CDK4 (published ICg, =
4 nM) but also AMPK-related protein kinase S (ARKS)
(published ICy, = 4 nM).** Our data revealed that ON123300
is also able to strongly inhibit CDK2 (Figure 6). An additional
biochemical screening revealed that ON123300 is a nanomolar
inhibitor of other kinases such as FLT3, FYN, Abl, and
PDGFRJ.** When used at nanomolar doses, the effect of this
compound on HCT-116 cells is associated with the inhibition
of CDK4; however, using higher doses (>1 M) leads to the
accumulation of cells in the G2/M phases (Supporting
Information, Figure S4), which was also independently
reported in lymphoma cells.*®

Taken together, our analysis revealed that only few
compounds (palbociclib, ribociclib, and abemaciclib) cause
typical CDK4-specific cellullar phenotype (G1 block without
induction of apoptosis) in treated cells in a dose—response
manner, whereas others display lower CDK4/6 selectivity
(ON123300, “CDK4 inhibitor”, CINK4, arcyriaflavin A, and
“CDK#4 inhibitor V”) or probably another mechanism of action
(NSC625987 and ryuvidine).

Dual Inhibitors: More than Just Two Targets. We were
further interested in CDKi that were classified as dual
inhibitors, suggesting lower selectivity; such compounds
should be avoided by researchers who need a selective
chemical tool. Our results actually provide evidence that
none of the studied compounds selectively inhibit only two
CDKs in biochemical assays (Figure 8). Moreover, only three
of them, namely, BMS265246,°° “CDK2/9 inhibitor”,*” and
BML259,*® exhibit the highest potency for the two CDKs that
are designated as the major targets of these inhibitors. We
found that some other CDKs are inhibited nearly to the same
extent (e.g,, the “CDK2/9 inhibitor” also inhibits CDKS). All
these compounds, together with “CDK1/2 inhibitor I1”*° and
CGP60474,” should be reclassified as pan-selective.

Several other inhibitors were reported to effectively inhibit
not only CDKs but also other kinases, which therefore raises
concerns regarding their use as selective CDK probes. For
example, the indirubin derivative BIO (6-B10)°"** inhibits
glycogen synthase kinase-3f3, while the purine (R)-DRF053
exhibits potent activity toward casein kinase CK18.”> “CDK1/
5 inhibitor”* and PNU112455A™ exhibit limited activity
against CDKs.

To further verify the selectivity of investigated inhibitors, we
performed immunoblot analysis of different CDK substrates
(namely, pFAK-S732 and pRNA polymerase II as substrates of
CDKS and CDK7/9, respectively) in treated HCT-116 cells.
Our results clearly showed that “CDK1/2 inhibitor III”,
BMS265246, and CGP60474 (all designated as CDK1/2
inhibitors) also inhibit CDKS in cells (Supporting Information,
Figure S6) and confirmed results from biochemical assays.
Oppositely, relatively high affinity of “CDK1/2 inhibitor III”
and CGP60474 for transcriptional CDKs from kinase assays
did not express significantly in the dephosphorylation of RNA
polymerase II.
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Further, we confirmed the preference of these inhibitors for
CDKI1 and CDK2 in cells; our data from flow cytometry on
treated HCT-116°P**~/~ cells corresponded with expected
phenotype that co-depletion of CDK1/2 together causes the
greatest increases in G2/M cell cycle (Supporting Information,
Figure S7).”° In the same experiment we also revealed that
CDK inhibitors declared to not inhibit other CDKs (“CDK2/9
inhibitor” and BML259) potently inhibit CDK1 and CDKS in
cells (Supporting Information, Figures S6 and S7).

NU6102 is a purine-based compound bearing an O°-
cyclohexylmethyl moiety and was developed by the opti-
mization of NU6027 and NU2058 (also commercially
available).”””® NU6102 shows a binding mode different from
other CDK inhibitors with a purine scaffold (such as
roscovitine, CR8, or H717); one can therefore expect this
compound to also exhibit substantially different potency and
selectivity. NU6102 was formerly described as a nanomolar
inhibitor of CDK1/2 (published ICs, = 9 and 6 nM),”>*” but
additional studies revealed that NU6102 exhibits high
selectivity for CDK2 over other CDK-family members,
including CDK1.***>*71% n addition, the selectivity of
NU6102 in cells was confirmed by the differences observed
in the cytotoxicity of NU6102 toward cells lacking CDK2
compared to wild-type cells,"""'** and further study showed
that NU6102’s specifity over CDKI1 in the Xenopus homologs
of these kinases.”

Our data confirmed the reported preference for CDK2 and
the weak activity against transcriptional CDKs (Figure 8).
Treatment of HCT-116 cells resulted in rapid G2/M arrest
(Supporting Information, Figure S4), as reported previously in
other cell lines.”*'?® Nevertheless, flow cytometric analysis of
NU6102-treated HCT-116 cells lacking CDK2 revealed
significant G2/M block suggesting CDK1 inhibition (see
Supporting Information, Figure S7).

Interestingly, HCT-116 cells with acquired resistance to
NU6102 exhibit upregulated CDK6 activity, suggesting
functional compensation between these two slightly divergent
kinases.'”’ NU6102 has been further optimized to develop
inhibitor 73, which is 2000-fold less active toward CDKI1
(published ICy, = 86 M) while retainin§ high potency against
CDK2 (published ICs, = 0.044 uM).'"” Unfortunately, this
compound, which is the most CDK2-selective inhibitor to
date, is not commercially available yet, and we could not
include it in our study. Another structurally related and
commercially available compound, NU6300, has been
described as the first covalent CDK2 inhibitor.'**

To sum up, results from cellular experiments and
biochemical profiling clearly discriminate the use of most
dual CDKi as selective probes. Some of these CDKi indeed
inhibit CDKs reported as main targets in nanomolar doses;
nevertheless other CDK complexes are often inhibited to the
same extent. Further, some inhibitors have preference for
another cellular target (BIO and (R)-DRF053) or display poor
potency (“CDK1/S inhibitor”, PNU112455A) and one should
avoid their application because it would be unreliable to
confidently address CDK inhibition in cells.

Cyclin-Dependent Kinase Inhibitor Database. In order
to facilitate access to critical information about the utility of
commercial CDK inhibitors as molecular probes, we created
the cyclin-dependent kinase inhibitor database (CDKiDB)
(http://rustreg.upol.cz/CDKiDB). At present, it comprises
101 compounds identified by a survey of vendors’ catalogues.
The following information about the individual inhibitors was

DOI: 10.1021/acs.jmedchem.8b00049
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Figure 9. Distribution of commercially available CDK inhibitors according to their fitness factors,” including biochemical potency (availability of
ICs,, K;, or Ky values for at least one CDK), cellular potency related to direct inhibition of CDK/s in cells (e.g, dephosphorylation of
retinoblastoma protein or RNA polymerase II (for CDK7 and CDK®9 inhibitors), cell cycle arrest, BrdU incorporation or 7dF3 cell based assay (for
CDK8/19 inhibitors), and selectivity profiling across the kinome. Underlined inhibitors also meet stricter criteria of cellular potency (<500 nM)
and profiling on the panel of at least 125 kinases.'” Inhibitors K03861, CDK-IN-2, CDK9-IN-6, butyrolactone I, PHA690509, 3-ATA, “CDK1/2
inhibitor III”, BML259, WHIP180, CDK9-IN-2, indirubin, indirubin-S-sulfonic acid, 6-iodoindirubin-3’-monoxime, alosine B, and hymenidin are
not included due to lack of information in one of the categories. Additional information about compounds, their alternative names, CAS numbers,
kinase inhibition data, and references are available in the Supporting Information, File SI.

compiled from original articles or reviews: chemical structure,
CAS numbers and synonyms, SMILES, activities against the
individual CDKs, total number of studied kinases, and
references. The inhibitors are classified according to their
CDK preference(s) given in literature and/or by vendors. We
provide a critical comment on this classification for 31
inhibitors evaluated in this study. We encourage readers to
join our effort to compile such information from both literature
and unpublished data.

B DISCUSSION AND CONCLUSION

Currently, about 100 CDK inhibitors of rather diverse
chemical structures (for a dendrogram see Supporting
Information, Figure S8) are commercially available, apparently
providing a plethora of tools for chemical biology; however the
quality of these compounds, with respect to biochemical
potency, selectivity, and expected cellular effects, can differ
substantially. A useful chemical tool should meet several
criteria, including a sufficient selectivity profile (>50-fold in
biochemical assays of at least 125 kinases) and biochemical
(<100 nM) and cellular (<500 nM) potency. These features
have been defined as important “fitness factors” of chemical
tools as defined recently.”'*>'® Unfortunately, many CDK
inhibitors do not meet at least one of these factors (Figure 9).
We have measured the inhibitory profile of 41 compounds (31
studied + 10 control CDK inhibitors) to gain information
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about their potency and selectivity of these compounds toward
CDKs 1, 2, 4, S, 7, and 9 (for summary heatmap see
Supporting Information, Figure S1), and these results were
further compared with data available in the literature.
Furthermore, we analyzed the effects of inhibitors on the cell
cycle in the HCT-116 cell line and attempted to link these
effects to the biochemical profile.

We found that out of the 31 inhibitors studied, only
palbociclib, ribociclib, and abemaciclib meet the above fitness
factors and can be used as CDK4-selective probes; application
of the other studied CDK4 inhibitors could be problematic.
These results clearly reflect the clustering of CDK inhibitors
according to CATDS (concentration- and target-dependent)
score reported recently by Klaeger et al.'® Other candidates
from different classes, namely, NU6102 and “CDK2 inhibitor
II”, also showed good performance across two fitness factors,
but the cellular potency was poor or limited. Nevertheless, only
these two inhibitors exhibited reasonable selectivity for CDK2
and can be used as CDK2 probes. Alternatively, the irreversible
CDK2 inhibitor NU6300 is available for studies. Although
biochemical assays have revealed additional interactions with
other kinases, there is little evidence of significant off-target
activity of NU6300 in cells.'” Our comparison of the
selectivity profiles of the tested CDKI inhibitors clearly
shows that RO3306 is the most suitable chemical tool; no
other compound exhibited such high selectivity for CDK1
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(~4-fold). Furthermore, our results provide evidence that no
dual inhibitor selectively inhibits only two of the assayed CDK
complexes; they usually exhibit broader spectra of inhibition.
We also showed that CVT313 and GW8510, both designated
as CDK2 inhibitors, also exhibit high potency toward CDKS.
The use of other compounds, such as “CDK1/S inhibitor”,
CINK4, benfluorene, elbfluorene, PNU112455A, and
NSC625987, to study processes linked with CDKs should be
strictly avoided due to the poor inhibition of CDKs by these
compounds. Our CDK profiling has identified inhibitors that
should be reclassified as pan-selective (e.g, CGP74S514A,
SU9516, and “CDK4 inhibitor V”). Moreover, some
compounds did not inhibit CDKs as a main cellular target,
despite original reports (e.g, “CDK1 inhibitor” and NU6140).
While the major target of “CDKI inhibitor” remains to be
identified, our results provide evidence that NU6140 is a
potent inhibitor of Aurora kinases (Figure ).

Most CDKi also inhibit other protein kinases; in many cases,
the compounds exhibit even higher affinity for these
nonselective targets. Typical examples are BIO, ON123300,
and milciclib, which are also ]potent inhibitors of GSK3, ARKS,
and TRK, respectively.””**”" Kinome-wide selectivity data are
unavailable for most compounds, and the lack of these data
could be a factor that limits the use of these compounds in
chemical biology. While some CDKi have indeed been
profiled, the results are often buried in supplementary files of
articles that do not focus directly on CDKs and are therefore
hard to find."”~"”"" The available selectivity profiles could
reveal potential nonspecific targets and thus improve the
interpretation of obtained results; however, a lack of general
awareness of the existence of these selectivity profiles seems to
be a limiting factor. Additionally, these inhibitors are often
assayed in single, sometimes suboptimal dose, which does not
provide enough information and could limit the use of these
compounds. For example, profiling of “CDK1/2 inhibitor III”
was conducted at a 500 nM concentration, at which
concentration more than half of the 300 kinases tested were
inhibited with efficacy of >50%.'” With respect to the strong
cellular potency, a lower concentration would be more suitable
and would filter out weakly targeted kinases.

A literature survey revealed that at least 47 CDKi have been
profiled against more than 50 kinases (Figure 9 and Supporting
Information, File S1). These data revealed information about
additional kinases that might also be inhibited in cells, which
could therefore interfere with the interpretation of the results
of cellular experiments. Typical examples include p21-activated
kinases (PAKs) or casein kinases (CK1), which are inhibited
by purine-based CDKi such as CGP74514A and (R)-DRF053
(Supporting Information, Files S2 and $3).'”” Notably,
roscovitine and CR8 were initially believed to be pan-CDK
inhibitors;'%® however, subsequent studies have demonstrated
that both these compounds also effectively inhibit CK1 and
have been referred to as dual CDK/CK1 inhibitors.'”'*>""?

In addition to nonspecific kinase targets, unrelated targets
can also complicate the delineation of observed cellular
effects.'’’ Non-protein kinase targets can be isolated, for
example, using affinity chromatography on immobilized
inhibitors; this approach led to the identification of pyridoxal
kinase as a nonspecific target of roscovitine.''> Dinaciclib was
found to interact with the bromodomain testis-specific protein
BRDT, a member of the BET family of bromodomains, via a
hinge-binding scaffold;"*® however, this binding occurred at
clinically irrelevant doses. Bromodomain-containing proteins

9114

might therefore be general targets of kinase inhibitors, as also
shown recently for some clinically tested drugs, such as
fedratinib and volasertib.''* Ryuvidine (“CDK# inhibitor I1I”),
one of the compounds studied in this paper, was shown in
2014 to inhibit the lysine methyltransferase SETDS at clinically
relevant doses.”® These examples highlight the possibility of
obtaining misleading conclusions with nonselective inhibitors,
as previously discussed. For example, SB203508 was originally
developed as a p38a kinase inhibitor but was found to interact
also with CK1."'"

Since most CDKs in our biochemical panel regulate the cell
cycle, their selective inhibition should influence the distribu-
tion of cell populations in different phases. We therefore
analyzed cell cycle effects in inhibitor-treated HCT-116 cells. A
sharp G2/M arrest can indicate interactions with cell cycle-
regulated kinases;** however, such a finding can sometimes be
wrongly interpreted as a result of CDK1 inhibition. Only four
of the studied compounds, including RO3306 and “CDK1/2
inhibitor III”, which are potent CDKI inhibitors, were able to
strongly (>80%) induce G2/M arrest (Figures 2, S and 7). In
contrast, G2/M arrest caused by CDKI1 inhibitors is probably
not linked to CDK1 as the cellular effects were observed at
doses much lower than the biochemical ICs, value of this
compound. Surprisingly, the cellular effect of NU6140 seems
to be related to the inhibition of Aurora kinases but not of
CDK1 (Figure $S).

A majority of the tested inhibitors caused slight, but dose-
dependent, accumulation of cells in the G2/M phases,
suggesting more complex cellular effects. Surprisingly, this
observation was made not only for CDK2 or dual inhibitors
but also for “CDK4 inhibitor V” and CGP74514A (a CDK1
inhibitor). Interestingly, some compounds induce dose-
dependent accumulation of cells in the G1 phase (up to a
certain concentration), which is converted to a G2/M arrest
upon treatment with higher doses. We assume that this effect is
caused by strong cellular inhibition of CDK4 with low doses of
compound, while higher doses also effectively inhibit CDK1 or
CDK2. This phenomenon is observed for those CDKi that
exhibit nanomolar affinity for CDK4 but do not have a high
selectivity index, namely, ON123300, “CDK4 inhibitor”,
CINK4, and milciclib.

It is evident that information about selectivity is crucial
when choosing high-quality chemical tools, and it is important
to avoid using nonoptimized and poorly profiled probes.
Biochemical profiling assays with purified kinases should be
complemented with in vitro phenotypic assays. Further
profiling by different techniques, such as surface plasmon
resonance, isothermal calorimetry, thermal denaturation assays,
cellular thermal shift assays, microscale thermophoresis,
mobility shift assays, and affinity chromatography coupled
with proteomics, will contribute to the correct validation of
these inhibitors as chemical tools and to the identification of
possible nonspecific targets among unrelated proteins.

Last, but not least, instability of some (especially less
explored) compounds may be another critical issue, which
should be also considered. Some compounds could be
chemically unstable in the assay media; possible modifications
include redox reactions, hydrolysis, hydration, and isomer-
ization."'® We could highlight for example benfluorene (an
ethyl ester) and “CDK inhibitor II (a hydrazone), both
susceptible to hydrolysis, or ryuvidine (1,4-quinone deriva-
tive), which may undergo redox reactions and serve as a
dienophile for various Diels—Alder reactions. Consideration of

DOI: 10.1021/acs.jmedchem.8b00049
J. Med. Chem. 2018, 61, 9105-9120



Journal of Medicinal Chemistry

chemical stability is therefore recommended to select reliable
tool compounds and to produce high-quality data.

In conclusion, we created CDKiDB, an online resource for
critical evaluation of commercial CDK inhibitors. It contains
our commentary on the utility of the inhibitors based on the
results presented in this paper. We plan to update and extend
the evaluation by the results of follow-up studies. We would
also like to encourage other researchers to contribute their data
to the database.

B EXPERIMENTAL SECTION

1. Cell Lines. The HCT-116 cell line (colorectal carcinoma) was
obtained from the European Collection of Authenticated Cell
Cultures. Briefly, cells were cultured in DMEM supplemented with
10% fetal bovine serum, penicillin (100 U/ml), and streptomycin
(100 ug/mL). MDA-MB-468 and HCT-116 (CDK27/7) cells were
kindly provided by Dr. Jan Bouchal from Department of Clinical and
Molecular Pathology, Palacky University, in Olomouc, and Dr. Daniel
Fisher from IGMM, CNRS, University of Montpellier, respectively.
These cell lines were cultured in DMEM-high glucose medium
supplemented with 10% fetal bovine serum and antibiotics. Cells were
maintained in a humidified CO, incubator at 37 °C.

2. Reagents. The collection of CDK inhibitors was purchased
from Sigma-Aldrich, MedChemExpress, Santa Cruz Biotechnology,
Enzo Life Sciences, Tocris Bioscience, Calbiochem, Merck, or Selleck
Chemicals. Tozasertib was purchased from LC Laboratories. The
purity of studied compounds was >95% as determined by HPLC-MS
analysis. See Supporting Information Table S1 for specific vendors for
each inhibitor, exact purity, and method used for purity determi-
nation.

3. Immunoblotting. Briefly, the inhibitor-treated cells were
harvested and then lysed in RIPA buffer. Proteins were separated on
SDS—polyacrylamide gels and electrotransferred 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 using Pierce ECL Western blotting substrates
and a CCD camera LAS-4000 (Fujifilm). Specific antibodies were
purchased from Cell Signaling (anti-FAK; anti-Aurora A, clone 1G4;
anti-CDK1, clone POHI; anti-CDK2, clone 78B2), Thermo Fisher
Scientific (anti-pFAK, serine 732), Santa Cruz Biotechnology (anti-f-
actin, clone C4; anti-Aurora B, clone E-15), or Merck Millipore (anti-
pHistone H3, serine 10; anti-RNA polymerase II, clone ARNA3; anti-
PRNA polymerase II, serine 2, clone 3E10; anti-pRNA polymerase II,
serine 5, clone 3E8).

4. Cell Cycle Analysis. Subconfluent cells were treated with
different concentrations of each test compound for 24 h. The cells
were trypsinized, washed with PBS, fixed with 70% ethanol, and
denatured with 2 M HCI. Following neutralization, the cells were
stained with propidium iodide and analyzed by flow cytometry using a
488 nm laser (BD FACS Verse with BD FACSuite software, version
1.0.6.). Cell cycle distribution was analyzed using ModFit LT (Verity
Software House, version 4.1.7).

5. Kinase Inhibition Assay. CDK/cyclin complexes were assayed
as previously described.*”""/7"*° All kinases were tested with
appropriate substrates in the presence of ATP, 0.05 uCi of
[y-*P]ATP and the test compound in a reaction buffer to a total
volume of 10 uL (the concentration of DMSO in the reaction never
exceeded 0.2%) (see Supporting Information Table S2 for details of
individual kinase reaction conditions). The reactions were stopped by
the addition of 5 uL of 3% aq H;PO,. Aliquots were spotted onto P-
81 phosphocellulose (Whatman), washed 3x with 0.5% aq H,;PO,,
and air-dried. Kinase inhibition was quantified using an FLA-7000
digital image analyzer (Fujifilm). The concentration of the test
compounds required to reduce CDK activity by 50% was determined
from the dose—response curves and reported as the ICs, value. The
concentration of ATP used in the kinase assay was determined based
on the K, value for ATP of each enzyme, which was determined for
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each kinase using a standard assay over an appropriate range of ATP
concentrations. All assays were linear with respect to time and enzyme
concentration under the conditions used. All assays were performed at
least in triplicate for the indicated time using an Eppendorf
ThermoMixer (350 rpm, 30 °C) in a 96-well format.

6. Cellular Thermal Shift Assay. HCT-116 cells were treated
with test compounds at different concentrations for 3 h, harvested,
and then lysed in RIPA buffer. The soluble fraction was separated
from the cell debris by centrifugation, and protein concentration was
determined. Then, the samples (S0 uL) were distributed into PCR
tubes, preheated (rt, 1 min), and heated at a thermal gradient for 3
min in an MJ Mini thermal cycler (Bio-Rad) followed by cooling. The
appropriate thermal gradient was determined from preliminary
CeTSA experiments. Then, the samples were centrifuged to remove
precipitated and aggregated proteins, denatured in Laemmli sample
buffer, and analyzed by immunoblotting for appropriate proteins.
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kinases.

Supplementary File S2. The selectivity profiling of selective and dual CDK inhibitors
extracted from literature.

Supplementary File S3. The selectivity profiling of pan-selective CDK inhibitors extracted
from literature.

Supplementary Figure S1. An overview of the selectivity of the inhibitors studied in this
paper. The numbers are ICsy values in micromoles. The heatmap colours are based on
log(ICsg) that were scaled to interval [0,1] for each inhibitor. The log transformation allows a
better visual inspection in the high activity range. The colour sidebar shows the selectivity

according to the vendor/literature.
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Supplementary Figure S2. Effect of inhibitors designated CDKl-selective on thermal
stabilization of CDKI1 protein levels in HCT-116 cells after 4 hours of treatment.
Supplementary Figure S3. (A) Immunoblotting analysis of phospho FAK and FAK
expression in HCT-116 cells treated with different CDK2 inhibitors for 16 hours. B-Actin was
used as a loading control. (B) Effect of CDK2 inhibitors on the cell cycle of HCT-116"" and
HCT-116P**" cells treated for 24 hours. Flow cytometric analysis (10 000 counts) of DNA
stained by propidium iodide.

Supplementary Figure S4. Effect of CDK inhibitors with different selectivity on the cell
cycle of HCT-116 cells treated for 24 hours. Flow cytometric analysis (10 000 counts) of
DNA stained by propidium iodide.

Supplementary Figure S5. Dose-dependent effect of palbociclib, ribociclib and abemaciclib
on the cell cycle of different cell lines treated for 24 hours. Flow cytometric analysis (10 000
counts) of DNA stained by propidium iodide.

Supplementary Figure S6. Immunoblotting analysis of expression of different CDK
substrates in HCT-116 cells treated with “dual” CDK inhibitors for 16 hours. B-Actin was
used as a loading control.

Supplementary Figure S7. Effect of “dual” CDK inhibitors on the cell cycle of HCT-116""
and HCT-116"%*" cells treated for 24 hours. Flow cytometric analysis (10 000 counts) of
DNA stained by propidium iodide.

Supplementary Figure S8. A dendrogram of the structural diversity (RDKit's Morgan
fingerprint with radius 2, distance = 1- Tanimoto score, average linkage clustering) of the
commercial CDK inhibitors. The colour squares show the selectivity according to the
vendors/literature. The legend text colour: blue/red - experiments in this paper support/do not

support the selectivity information, black - not studied in this paper.
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Supplementary Table S1. The list of commercially available CDK inhibitors.

Supplementary Table S2. The reaction conditions for all kinase assays.

Methods

Cheminformatics, database construction

A list of the commercial CDK inhibitors was compiled from vendor‘s online catalogues. Their
SMILES and synonyms were obtained by PubChem search using PubChemPy Python
package (https://github.com/mcs07/PubC). HTML code of the CDKiDB was generated in R
(www.cran.org) and Python. Structure images were generated by RDKit
(https://github.com/rdkit). The dendrogram showing the structural diversity of the inhibitors
was produced as follows. The molecules (loaded as SMILES) were desalted and their Morgan
fingerprints (radius 2) calculated in RDKit. RDKit was also used for calculation of Tanimoto

similarity. Clustering and other data manipulation was done in R.

HPLC-DAD-MS analyse

An Alliance 2695 separations module (Waters) linked simultaneously to a PDA 996 (Waters)
and a Q-Tof micro (Waters) benchtop quadrupole orthogonal acceleration time-of-flight
tandem mass spectrometer were used. Samples were dissolved in methanol and diluted to a
concentration of 10 pg'mL™" in the mobile phase (initial conditions). Then, 10 pL of the
solution were injected on a RP-column (150 mm x 2.1 mm; 3.5 pm; Symmetry C18, Waters).
The column was kept in a thermostat at 25 °C. Solvent (A) consisted of 15 mM formic acid
adjusted to pH 4.0 with ammonium hydroxide. Methanol was used as the organic modifier
(solvent B). At flow rate of 0.2 mL-min ', the following binary gradient was used: 0 min,
10% B; 0—24 min, a linear gradient to 90% B, followed by 10 min isocratic elution of 90% B.

At the end of the gradient, the column was re-equilibrated to the initial conditions for 10 min.
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The effluent was introduced into the DAD (scanning range 210-400 nm, with 1.2 nm
resolution) and an electrospray source was applied (source temperature 110 °C, capillary
voltage +3.0 kV, cone voltage +20 V, desolvation temperature 250 °C). Nitrogen was used as
both the desolvation gas (500 L-h™") and the cone gas (50 L-h™"). The mass spectrometer was
operated in positive (ESI+) ionization mode, and data were acquired in the 50-1000 m/z

range.
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Supplementary Figure S3.

A

HCT-116 cell line - 16h treatment
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Supplementary Figure S4 - continued.
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Supplementary Figure S5.
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Supplementary Figure S6.

HCT-116 cell line - 16h treatment
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Supplementary Figure S7.
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Supplementary Figure S8.
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Supplementary Table S1

Method for purity
Compound CAS number Vendor Purity (%)
determination

RO-3306 872573-93-8 Santa Cruz Biotechnology 99.1 HPLC
CGP74514A 190654-01-4 Enzo Life Science 95 LCMS
CDK1 inhibitor 220749-41-7 Santa Cruz Biotechnology >97 HPLC
Elbfluorene n.a. Enzo Life Science >95 HPLC
Benfluorene 440362-74-3 Santa Cruz Biotechnology 95 HPLC
Milciclib 802539-81-7 MedChemExpress 98.61 LCMS
CVT313 199986-75-9 MedChemExpress 99.47 LCMS
NU6140 444723-13-1 Santa Cruz Biotechnology 95 HPLC
GW8510 222036-17-1 Santa Cruz Biotechnology 97.9 HPLC
CDK?2 inhibitor IT 222035-13-4 Santa Cruz Biotechnology >95 HPLC
SU9516 377090-84-1 Merck - Calbiochem 96 HPLC
Palbociclib 571190-30-2 MedChemExpress 99.94 LCMS
Ribociclib 1211441-98-3 MedChemExpress 99.82 LCMS
ON123300 1357470-29-1 MedChemExpress 98.29 LCMS
Abemaciclib 1231930-82-7 MedChemExpress 99.87 LCMS
Arcyriaflavin A 118458-54-1 Santa Cruz Biotechnology >95 LCMS
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CDXK4 inhibitor
NSC625987
Ryuvidine
CINK4
CDK4 inhibitor V
CDK1/2 inhibitor IIT
BMS265246
CGP 60474
NU6102
CDK1/5 inhibitor
(R)-DRF053
BIO
PNU112455A
BML259
CDKZ2/9 inhibitor
INJ-7706621
Dinaciclib
Flavopiridol

SNS-032

546102-60-7

141992-47-4

265312-55-8

359886-84-3

943746-57-4

443798-55-8

582315-72-8

164658-13-3

444722-95-6

40254-90-8

1186647-87-9

667463-62-9

21886-12-4

267654-00-2

507487-89-0

443797-96-4

779353-01-4

146426-40-6

345627-80-7

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Merck - Calbiochem
Santa Cruz Biotechnology
MedChemExpress
Tocris Bioscience
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
MedChemExpress
Santa Cruz Biotechnology
Enzo Life Science
Merck - Calbiochem
MedChemExpress
MedChemExpress
Sigma Aldrich

Selleck Chemicals

S15

98.5
>98
>96
>98
>98.9
97.47
99.5
95
>99.1
98.8
98.37
99.6
98
>95
99.82
99.10
>98

99.62

LCMS

LCMS

HPLC

HPLC

HPLC

HPLC

LCMS

HPLC

HPLC

HPLC

HPLC

LCMS

HPLC

LCMS

HPLC

LCMS

LCMS

HPLC

HPLC



BS181

CDK9-IN-2

CDK-IN-2

LDC000067

PHA767491

Tozasertib

R-CR8

1092443-52-1

1263369-28-3

1269815-17-9

1073485-20-7

845714-00-3

639089-54-6

294646-77-8

Selleck Chemicals
MedChemExpress
MedChemExpress
MedChemExpress
Sigma Aldrich
LC Laboratories

Eur ] Med Chem. 2016 Mar 3;110:291-301
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99.79

99.83

97.54

98.14

100

>99

98.7

HPLC
LCMS
LCMS
LCMS
HPLC
HPLC, TLC

HPLC



Supplementary Table S2

CDK/cyclin ATP Expression system
Source Substrate, 1 mg/ml (source) Buffer Enzyme Tag

complexes (uM)
CDK1/B1 own histone H1 (Sigma Aldrich) 15 100 mM HEPES-NaOH, pH 7.4 His-tag Baculovirus infected Sf9 cells
CDK2/E1 own histone H1 (Sigma Aldrich) 15 100 mM HEPES-NaOH, pH 7.4 His-tag Baculovirus infected Sf9 cells
CDK2/A2 own histone H1 (Sigma Aldrich) 15 100 mM HEPES-NaOH, pH 7.4 GST-tag E.Coli
CDK4/D1 Proginase =~ RPPTLSPIPHIPR peptide (Clonestar) 15 60 mM HEPES-NaOH, pH 7.5 GST-tag Baculovirus infected Sf9 cells
CDK5/p25 Proginase  histone H1 (Sigma Aldrich) 0.15 60 mM HEPES-NaOH, pH 7.5 GST-tag Baculovirus infected Sf9 cells
CDK7/H/MAT1 Proginase  (YSPTSPS),KK peptide (Apronex) 1.5 60 mM HEPES-NaOH, pH 7.5 GST-tag Baculovirus infected Sf9 cells
CDKY9/T1 Proginase  (YSPTSPS),KK peptide (Apronex) 1.5 60 mM HEPES-NaOH, pH 7.5 GST-tag Baculovirus infected Sf9 cells
AURORA A Sigma MBP (Sigma Aldrich) 0.3 50 mM MOPS, pH 7.2 GST-tag Baculovirus infected Sf9 cells
AURORA B Sigma MBP (Sigma Aldrich) 3 50 mM MOPS, pH 7.2 GST-tag Baculovirus infected Sf9 cells
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Abstract

Pharmacological inhibition of cyclin-dependent kinase 4/6
(CDK4/6) has emerged as an efficient approach for treating
breast cancer, and its clinical potential is expanding to other
cancers. CDK4/6 inhibitors were originally believed to act
by arresting proliferation in the G1 phase, but it is gradually
becoming clear that the cellular response to these com-
pounds is far more complex than this. Multiple context-
dependent mechanisms of action are emerging, involving
modulation of quiescence, senescence, autophagy, cellular
metabolism, and enhanced tumor cell immunogenicity.
These mechanisms may be driven by interactions with
unexpected targets. We review cellular responses to the
Food and Drug Administration-approved CDK4/6 inhibitors
palbociclib, ribociclib, and abemaciclib, and summarize
available knowledge of other drugs undergoing clinical trials,
including data on their off-target landscapes. We emphasize
the importance of comprehensively characterizing drugs'
selectivity profiles to maximize their clinical efficacy and
safety and to facilitate their repurposing to treat additional

diseases based on their target spectrum.

KEYWORDS
cancer, cyclin-dependent kinase 4/6, inhibitor, off-target,

polypharmacology, selectivity

1 | CLEAR INSIGHT IN DRUG TARGET SPECTRUM OFFERS NEW

OPPORTUNITIES

Despite great efforts and remarkable advances in modern medicine, cancer remains a major cause of death

worldwide, highlighting an urgent need for more effective therapies. To maximize the clinical efficacy of any
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anticancer drug, its potency and selectivity spectrum must be well understood, because polypharmacology (i.e. a
drug's propensity to interact with multiple targets) may have both advantageous and undesirable consequences.
Misunderstanding a drug's mechanism of action may hamper efforts to predict therapeutic responses and thereby
reduces clinical success. In particular, off-target activities can cause dangerous side effects, leading to failures in
patient treatment. However, in many cases, rather than causing only undesired effects, off-target interactions are
essential for anticancer activity.! They also offer opportunities to repurpose drugs towards more specified cohorts
or new indications.” It is therefore important to investigate the selectivity profile of drugs; this is particularly true
for kinase inhibitors targeting structurally conserved ATP-binding sites, where polypharmacology is expected.

Kinase inhibitors are often claimed to be potent and selective in the first stages of discovery, but this has
proven to be untrue in many cases.” Inhibitor potencies and selectivity profiles based on large panels of cell lines
and kinases are missing or unavailable to the public for many compounds. Kinase inhibitors may have also non-
kinase off-targets, whose discovery would require robust cellome-wide screening, which can be challenging.>®
Selectivity screening assays are usually performed with recombinant proteins, which typically lack certain features
of native full-length proteins in the cellular context, such as variable posttranslational modifications or interactions
with other proteins (which are often tissue- or cell type-dependent).® Presumptive targets are rarely validated
genetically; in fact, a recent study showed that many targets of clinical drugs are nonessential and the drugs act
independently of their putative target.” These findings raise important questions about the relevance of cellular
assays and xenograft models using immunodeficient mice.” As a result, the precise mechanisms of action of most
kinase inhibitors are not well understood.

Here we summarize current knowledge about the cellular responses and selectivity landscapes of the most
promising cyclin-dependent kinase 4/6 (CDK4/6) inhibitors at this time including the three compounds of this class
with Food and Drug Administration (FDA) approval: ribociclib, palbociclib, and abemaciclib. Evidence of substantial

differences between these compounds is emerging; we provide a comprehensive overview of their target spectra.

2 | BIOLOGY OF THE CANONICAL CDK4/6-RETINOBLASTOMA
PATHWAY

CDKs are crucial regulatory enzymes whose best-characterized members are implicated in the control of orderly
progression through the cell cycle and transcription.” Tight control over the timing of CDK activation is essential
for the maintenance of normal physiological cell functions, and aberrant activation of cell cycle proteins is one of
the main hallmarks of cancer.? 1° CDK4/6, as the key regulators of the G1/S transition, are currently the most well-
established therapeutic targets for CDK inhibitors. In the early G1 phase of the cell cycle, activation of CDK4/6 is
driven by multiple factors, especially interactions with p-type cyclins expressed in response to changes in the
overall mitogenic signaling balance. The catalytic activity of CDK complexes is also regulated by endogenous
inhibitors, which are divided into two families called Cip/Kip (p21, p27, p57) and INK4 (p16, p15, p18). Once
activated, CDK4/6 initiate phosphorylation of the retinoblastoma (Rb) protein and the related Rb-like family
proteins p107 and p130, which are their best-characterized substrates.’®"** CDK4/6 have been proposed to add
only one phosphate during the G1 phase, which primes Rb for hyperphosphorylation by other CDKs.'® Hyper-
phosphorylation of Rb reduces its inhibitory activity towards E2 factor (E2F) transcription factors, enabling them to
drive the expression of genes necessary for promoting entry into the S-phase and DNA replication.*>*¢”
However, a growing body of evidence indicates that CDK4/6 also phosphorylate other substrates including
FOXM1, SMAD3, and nuclear factor of activated T cells (NFAT).*®72° Phosphorylation of the FOXM1 transcription
factor leads to its stabilization and activation, which is required for progression in both S phase and mitosis.
Interestingly, it also suppresses senescence.’®?* SMAD3 is a transcription factor that mediates the transforming
growth factor-f (TGF-B) antiproliferative response under physiological conditions and provides an additional level
of regulatory control over the cell cycle network. Phosphorylation induced by CDK4 or CDK2 inhibits the
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transcriptional activity and antiproliferative effects of SMADS; this reduces levels of p15 and increases those of
c-Myc, thereby facilitating the G1/S transition. Inhibition of CDK4/6 and CDK2, thus, leads to cell cycle blockage
induced by TGF—[3.19‘22 It should be noted that not all functions of CDK4/6 are directly related to the cell cycle. For
example, these CDKs negatively modulate the activity of NFAT transcription factors, crucial regulators of T-cell
function.?® CDK4/6 also phosphorylate substrates affecting metabolic processes, cell differentiation, apoptosis,
and mitochondrial activity.?®> ¢ In addition, CDK4/6-cyclin D complexes perform noncatalytic functions such as
sequestering endogenous CDK inhibitors of the Cip/Kip family, including p21 and p27, that would otherwise bind to
CDK2.27?% Interestingly, a recent study revealed that in addition to its inhibitory function, p27 allosterically
activates CDK4 in complex with cyclin D to increase catalytic activity. This is another avenue by which it influences
sensitivity to pharmacological CDK4/6 inhibitors.??

3 | IMPLICATION IN CANCER

The Cancer Dependency Map Portal of clustered regularly interspaced short palindromic repeats screening
data from project Achilles indicates that 352 out of 739 genomically characterized cancer cell lines have an
essential requirement for CDK4, 390 for CDK6, 579 for cyclin D1, 54 for cyclin D2, and 119 for cyclin D3.%%3! The
CDK4/6-Rb-p16 pathway is commonly altered by amplification or overexpression of D-type cyclins or deletion of
endogenous CDK inhibitors, or more rarely by activating mutations or amplification of CDKs. It can be also evaded
by the upregulation of upstream pathways, which leads to Rb hyperphosphorylation.*>*? Because of the multi-
functional nature of Rb, which in complex with E2F transcription factors represses hundreds of genes involved in
several cellular functions, the CDK4/6-Rb-p16 pathway influences several fundamental properties of cancer
cells.*? Although further research is needed, preclinical and clinical data demonstrate that CDK4/6 inhibition is an
efficient strategy for treating various malignancies. Most clinical applications of this strategy relate to hormone-
positive breast cancer,®® but it is also effective for other diseases with poor prognosis including glioblastoma
multiforme, metastatic melanoma, mantle cell lymphoma, and other hematologic malignancies. Clinical trials using

CDK4/6 inhibition against these cancers are currently underway.>* ¢

4 | FROM PAN-SELECTIVE COMPOUNDS TO SELECTIVE CDK4/6
INHIBITORS

Several CDK inhibitors have been developed in the last 20 years. The first generation of compounds in this class
such as flavopiridol®” and roscovitine®® was relatively nonspecific and targeted multiple CDKs. These compounds
suffered from certain limitations associated with cytotoxicity, giving rise to narrow therapeutic windows. Because
of the limited understanding of their mechanisms of action and inappropriate patient selection, they displayed poor
results in clinical trials. Consequently, efforts were made to discover drugs with higher selectivity and greater
overall potency.*®%?

On the basis of the central role of CDK4/6-Rb-p16 in controlling proliferation and the fact that genetic
alteration or overexpression of CDK4 and cyclin D1 are observed in several tumor types, CDK4/6 kinases were
identified as promising therapeutic targets. 3-ATA and its derivative NSC625987 were among the first compounds
described as selective for CDK4 over CDK1/2°%; other selective CDK4/6 compounds were subsequently dis-
covered, including ryuvidine,** CINK4,%? and arcyriaflavin A.**> While all these compounds were described as
selective, their CDK4/6 selectivity is limited and they often produce distinct cellular outcomes.” It was later shown
that certain pyridopyrimidines exhibit high selectivity for CDK4/6 over other CDKs,** and subsequent optimization
led to a discovery of palbociclib (Ibrance, PD0332991),*> which was finally approved by the FDA for treatment of

breast cancer in 2015.%>*’ Its approval was shortly followed by approval for ribociclib (Kisqali, LEEO11)*® and
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abemaciclib (Verzenio™, LY2835219).*° Since selective inhibition of the CDK4/6 pathway has emerged as a
beneficial approach, at least 14 CDK4/6 inhibitors have been entered into clinical trials, including trilaciclib
(G1T128),>° lerociclib (G1T38),°* and SHR6390°? (Table 1; Figure 1).

5 | FDA-APPROVED CDK4/6 INHIBITORS

Palbociclib, ribociclib, and abemaciclib have been described as potent orally bioavailable small-molecule
inhibitors.”**>>* They exhibit strong inhibitory potency towards CDK4/6, with low nanomolar half-maximal
inhibitory concentration (ICsp) values (see Figure 2). Their chief mechanism of action is thought to be based on
preventing Rb phosphorylation by inhibiting CDK4/6 and consequently inducing G1 cell cycle arrest,'?1345:54.57
Unlike less selective drugs exhibiting cytotoxic effects, they tend to have cytostatic effects without substantial
induction of cell death, which is probably linked to their reduced clinical toxicity.

However, recent studies have revealed other cellular effects that accompany CDK4/6 inhibition induced by
all three compounds or by knockdown. These effects may be due to the impact of inhibition on other CDK4/6
kinase substrates or to the noncatalytic functions of these CDKs, either of which could influence cellular
phenotype. Moreover, these effects could potentially alter tumor progression by mechanisms other than
prevention of Rb phosphorylation. This could offer opportunities to increase the clinical efficacy of these drugs
by developing new therapeutic approaches such as combining CDK4/6 inhibition with immunotherapy. To do

this, it is crucial to understand common mechanisms by which CDK4/6 inhibitors exert their effects.”*

TABLE 1 CDK4/6 inhibitors under clinical development

CDK4/6 inhibitor Company Stage Reference
Palbociclib (PD033291) Pfizer Approved, Phase 1/11 [45]
Ribociclib (LEE11) Novartis Approved, Phase /1l [53]
Abemaciclib (LY283519) Eli Lilly Approved, Phase I/11/111 [54]
SHR6390 Hengrui Medicine Phase I/11/111 [52]
Trilaciclib (G1T28) G1 Therapeutics Phase Il [50]
Lerociclib (G1T38) G1 Therapeutics Phase I/I1 [51]
MM-D37K? MetaMax Phase 1/11 [55]
BPI-16350 Betta Pharmaceuticals Phase | b
TQB3616 CTTQ Pharma Phase | [56]
FCN-437 Fochon Pharmaceutical Phase | [57]
Birociclib (XZP-3287) Sihuan Pharmaceutical/XuanZhu Pharma Phase | [58]
HS-10342 Jiangsu Hansoh Pharmaceutical Group Phase | ©
CS3002 CStone Pharmaceuticals Phase | d
BEBT-209 Guangzhou BeBetter Medicine Technology Phase | €

Note: Information obtained from clinicalgov.org and apps.who.int/trialsearch/in June 2020.
?Peptide-based inhibitor.

bbettapharma.com.

“hspharm.com.

dcstonepharma.com.

®bebettermed.cn.
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FIGURE 1 Chemical structures of the most advanced cyclin-dependent kinase 4/6 inhibitors. Asterisks indicate
Food and Drug Administration approval

The cellular responses to CDK4/6 inhibitors beyond simple cytostatic growth arrest are discussed at length
below and briefly summarized in Figure 3.

6 | BIOLOGICAL CONSEQUENCES OF PHARMACOLOGICAL CDK4/6
INHIBITION

6.1 | Decision point: Quiescence or senescence?

The cell cycle inhibition induced by CDK4/6 inhibition is accompanied by phenotypic changes characteristic of
quiescence or senescence. Unlike quiescence, which is reversible, senescence is defined as irreversible cell cycle
arrest and is characterized by a senescence-associated secretory phenotype.*? Progression from quiescence to
senescence has been termed geroconversion.®® CDK4/6 inhibitors cause reversible cell cycle arrest in lower doses
and irreversible arrest in higher doses (especially upon prolonged treatment) in diverse cell lines.”*” 7% In several
cases, the cellular response is dose-dependent and predetermined by the intrinsic programs of specific tumor cell
types, which are activated following the cell's withdrawal from the cell cycle.?*”*”? Induction of senescence or
quiescence may be coupled with the assembly of the dimerization partner, RB-like, E2F, and multivulval class B

Palbociclib Ribociclib Abemaciclib
CDK1/B | : : Com ] 3 3 : Com ] 3 ‘ | —
CDK2/E | 3 : : Pom ] : m | D
CDK2/A | ; 3 : - : C -
CDK3/E | : | : Pom ] i L P
CDK4/D1 | | — 3 3 | ; - - 1 — 1 ;
CDK4/D3 | — 3 i L — | 1 —
CDK5/p25 | : : ; | o : ; : m : : [
CDK6/D1 |  mmmmm - : 1 —
CDK6/D3 | P o : ‘ | ‘ Do i i : [
CDK7/H | L . | : 3 —
CDK9/T 5 i i | m 3 3 | —— 3 —
1 10 100 1000 | 10 100 1000 1 10 100 1000
IC5 nM IC5 nM IC50 NM

FIGURE 2 Ranges of published half-maximal inhibitory concentration (ICs) values for Food and Drug
Administration-approved cyclin-dependent kinase 4/6 (CDK4/6) inhibitors, showing their differing degrees of
selectivity*#>>4¢0-64
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FIGURE 3 Impact of cyclin-dependent kinase 4/6 (CDK4/6) inhibitors on the hallmarks of cancer defined by
Hanahan and Weinberg® and Luo et al.® CDK4/6 inhibitors primarily block sustained proliferation of cancer cells in
the G1 phase by suppressing Rb/E2F-regulated gene transcription and the phosphorylation of other CDK4/6
substrates. When arrested cells exit the G1 phase, they may undergo reversible quiescence or progress into an
irreversible senescence state. Altered metabolism could increase ROS levels, which may lead to apoptosis. In some
cells, autophagy occurs as an adaptive mechanism promoting survival. G1 cell cycle arrest is also associated with a
higher proteasomal activity, which may be critical for the induction of senescence. CDK4/6 inhibition enhances
antitumor immunity via multiple mechanisms including increasing levels of MHC | class proteins, type Il interferons
(IRI), or 1L2, promoting T effector cell activation, and improving recognition and clearance of tumor cells. In
addition, the senescence state is accompanied by SASP involving cytokines, chemokines, promigratory factors, and
T cell chemoattractants, possibly enhancing tumor clearance. E2F, E2 factor; IL2, interleukin-2; MHCI, major
histocompatibility complex class I; Rb, retinoblastoma; ROS, reactive oxygen species; SASP, senescence-associated
secretory phenotype [Color figure can be viewed at wileyonlinelibrary.com]

(DREAM) complex, which was shown to repress the expression of most, if not all, cell cycle genes during quiescence.
This multisubunit complex includes the Rb paralog p130 and the MuvB protein, which scaffold with E2F4/5
transcription factors. Active CDK4/6 phosphorylate p130, leading to disruption of DREAM and shifting the balance
from quiescence to proliferation. The released MuvB core component then interacts with BMYB and FOXM1 and
coordinates gene expression during the S and G2/M phases.”>”* Inhibition of CDK4/6 activity blocks DREAM
complex disassembly and prevents cell cycle entry.”> FOXM1 is itself a CDK4/6 substrate, and its phosphorylation
was found to prevent senescence.*® Inhibition or small interfering RNA (siRNA) knockdown of CDK4/6 led to the
loss of multisite phosphorylation and destabilization of FOXM1 together with a reduction in cellular self-renewal
capacity.”® However, siRNA depletion of FOXM1 led to a weaker induction of senescence in melanoma cells,
indicating that some other function of CDK4/6 inhibitors may have contributed to the response observed initially.*®

The nature of the decision point that determines whether or not a cell progresses to permanent senescence is not
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entirely clear at present. Other proteins such as MDM2, ATRX, HRAS, and mTOR have been shown to arbitrate in
the transition to senescence in a cell type-specific way.”>”%7¢ In addition, in breast cancer cell lines, only higher
doses (5 uM) of palbociclib induced irreversible cell cycle inhibition and CDK4/6 knockdown did not recapitulate
this irreversible effect, suggesting that the inhibition of other targets by high doses of palbociclib may be required
for the irreversible transition.”®

6.2 | Cellular metabolism

The process of cell division is tightly coordinated with the activity of the metabolic machinery. Cell cycle entry is
accompanied by increased production of metabolites required for cell division, and enzymes of cellular metabolism
have been identified as CDK4/6 kinase targets.”®”” In pancreatic ductal adenocarcinoma, CDK4/6 inhibition by all
three approved inhibitors increases cellular complexity, leads to accumulation of mitochondria and ATP, and sti-
mulates glycolytic and oxidative metabolic pathways, which also increase the production of reactive oxygen species
(ROS). Such enhanced metabolic activity was associated with increased mTORC1 activity.?® In keeping with previous
studies, siRNA depletion of CDK4/6 increased ROS levels, indicating that this is an on-target effect of CDK4/6
inhibitors.”® Two key enzymes in glycolytic metabolism, 6-phosphofructokinase 1 (PFK1) and pyruvate kinase M2
(PKM2), were subsequently identified as important CDK6é substrates that are inhibited by CDKé-mediated
phosphorylation. PFK1 and PKM2 are rate-limiting enzymes in glycolysis; the reduction in their catalytic activity
redirected glycolytic intermediates into the pentose phosphate and serine pathways that produce NADPH and
glutathione.?” In T-cell acute lymphoblastic leukemia lines with high expression of CDK6 and cyclin D3, pharmaco-
logical inhibition of CDK4/6 or knockdown of CDKé6 reduced carbon flow through the pentose phosphate and serine
pathways. This led to the depletion of the antioxidants NADPH and glutathione together with increased ROS
production, making the cells susceptible to ROS-dependent apoptosis upon CDK4/6 inhibition. Conversely, in cell
lines not expressing appreciable levels of CDK6 and cyclin D3, such as breast cancer cells, CDK4/6 inhibition did not

reduce the catalytic activity of PFK1 and PKM2 and the cells only underwent cell cycle arrest.?>757?

6.3 | Impact on proteasome activity

A recent study showed that G1 cell cycle arrest induced by the CDK4/6 inhibitors palbociclib and ribociclib
(abemaciclib was not included in the study), is associated with a high proteasomal activity, which may be also
critical for the induction of senescence.®” Interestingly, proteasomal activation increased proteolysis and levels of
endogenous proliferation-related proteins in a breast cancer cell line but was not associated with increased protein
ubiquitylation. Thermal proteome profiling revealed that the increase in proteasome activity was mediated at least
partly by reducing the proteasomal association of EMC29, which normally suppresses proteasome activity. Further
analysis showed that the palbociclib- and ribociclib-mediated increase in proteasomal activity may be an additional
mechanism required for complete G1 arrest. However, knockdown studies showed that proteasomal activation was
CDK4/6- and cell cycle-independent. Further studies are required to identify the direct target driving these
outcomes, which may be a common off-target contributing to the mode of action of these drugs.®’

6.4 | Tumor immune microenvironment
Interestingly, CDK4/6 inhibitors also enhance antitumor immunity via effects on both tumor cells and immune cells.

Palbociclib and abemaciclib suppressed the proliferation of regulatory T cells, reducing their immunosuppressive
function, and enabling recognition of tumor cells by cytotoxic T cells.®* This effect was proposed to be a
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consequence of suppressed E2F transcription activity and subsequent downregulation of its target, DNA me-
thyltransferase 1 (DNMT1). Downregulation of DNMT1 is believed to reduce methylation of endogenous retroviral
genes in tumor cells, increasing levels of double-stranded RNA. CDK4/6 inhibition mediates the production of
type Il interferons in tumor cells, which induce expression of responsive transcription factors such as signal
transducer and activator of transcription 1 and enhance tumor antigen presentation.®'#? CDK4/6 kinase inhibition
also derepressed NFAT family transcription factors and their target genes, which are crucial for promoting
T cell activation and function.”®®? Heightened NFAT signaling increased secretion of interleukin-2, a marker of
T cell activation, and levels of tumor-infiltrating T cells.’® Moreover, senescence induced by CDK4/6 inhibitors
was accompanied by a senescence-associated secretory phenotype (SASP), which involves upregulation of various
cytokines, chemokines, promigratory factors, and possibly also T cell chemoattractants, suggesting that SASP may
enhance tumor clearance.®® However, although abemaciclib treatment increased g-galactosidase activity, which is a
marker of cellular senescence, no increased expression of SASP factors was observed.*®#* CDK4/6 inhibition also
increased expression of antigen processing and presentation proteins including MHC class | molecules, enabling
recognition of tumor cells by cytotoxic T cells.?* These results indicate that pharmacological CDK4/6 inhibitors
have a strong impact on the tumor immune microenvironment via multiple pathways that collectively enhance
immune cell activity and tumor clearance. On the other hand, CDK4/6 inhibitors may also suppress immune
responses. CDK4/6 inhibition elevated PD-L1 levels by preventing CDK4-mediated phosphorylation of the SPOP
adaptor of E3 ubiquitin ligase, which regulates PD-L1 stability. Elevated PD-L1 levels may facilitate evasion of
immune surveillance checkpoints.84 However, pharmacological CDK4/6 inhibitors enhance the efficacy of immune
checkpoint blockage; accordingly, combinatorial treatment using pharmacological CDK4/6 inhibitors with anti-PD-1

immunotherapy enhanced tumor regression and improved overall survival in preclinical tumor models.?%%54

6.5 | Responses independent of Rb status

Although CDK4/6 inhibitors are reported to be mostly inactive in Rb-deficient cell lines,*? recent studies suggest
that they can affect Rb-deficient cell lines. For example, bladder cancer cells were sensitive to CDK4/6 inhibitors
regardless of their Rb status: Rb wild-type cells were arrested in the G1 phase, while Rb-deficient cell lines
displayed reduced mitotic entry and induction of apoptosis. This seems to be a consequence of decreased
phosphorylation of FOXM1 upon CDK4/6 inhibition, which downregulates its transcriptional targets involved in the
G2/M phase of the cell cycle. Levels of FOXM1 correlated with sensitivity to CDK4/6 inhibitors in Rb-deficient
bladder and small-cell lung cancer cell lines. This observation led to a breakthrough in the treatment of advanced

bladder cancer, which was previously considered unfit for treatment using existing drugs.®®

6.6 | Cell cycle dynamics

Cellular responses to CDK4/6 inhibition also involve tissue-specific alternative cell cycle regulation mechan-
isms.?® The discovery of functional redundancy between CDKs has changed the classical view of orderly cell
cycle regulation, and the supposedly essential role of CDK4/6 has been challenged by the finding that CDK1 or
CDK2 can facilitate the G1/S transition alone in some cases.®”®® For example, triple-negative breast
cancer luminal androgen receptor subtype cells were considerably more sensitive to CDK4/6 inhibition by
palbociclib than basal-like cells.®¢ Luminal cells exited mitosis with low levels of CDK2, and, therefore, required
CDK4/6 activity to re-enter the cell cycle following quiescence. Conversely, basal-like cells could proceed
directly into mitosis because they exhibited persistently high levels of CDK2, bypassing the requirement for
CDK4/6 activity; consequently, they were not responsive to CDK4/6 inhibitors. This may explain why some
tumor types resist CDK4/6 inhibition therapy.®®
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7 | SUBSTANTIAL DIFFERENCES AMONG TRIO OF APPROVED
COMPOUNDS

Although all three approved compounds are reported to be CDK4/6-selective, emerging profiling data have de-
monstrated clear differences in their overall selectivity both within and outside the CDK family (Figure 4). These
off-target activities lead to significant differences in the drugs' phenotypic effects, making their molecular and
clinical behavior even more complex. Abemaciclib, in particular, elicits biochemical and phenotypic responses that

b.%* These drugs also have quite different cellular

are not induced by ribociclib and only weakly by palbocicli
potencies with respect to cytostasis induction, partly because of their different CDK inhibition profiles. Abemaciclib
is approximately 5.5-fold more potent on average than palbociclib as an inducer of cytostasis in breast cancer
cell lines.®* Abemaciclib also induces distinct cellular effects in higher doses, including cell cycle blockage in the
G2 phase as well as G1, and cytotoxicity even in the absence of Rb. Exposure to ribociclib has little or no impact on
cell death, while palbociclib exhibits only weak cellular toxicity at lower doses.®* However, in pancreatic cell lines,
palbociclib elicits cytotoxic effects upon high or prolonged dosing, and surviving cells exhibit G2/M cell cycle arrest,
indicating inhibition of other kinases.®”

The drugs also have significantly different clinical profiles. They all are approved for estrogen receptor
positive (ER*)/human epidermal growth factor receptor-2 negative (HER2") breast cancer and cause similar
improvements in progression-free survival, but their dose-limiting toxicities differ significantly. Palbociclib and
ribociclib elicit myelosuppression and high-grade neutropenia as the main dose-limiting toxicities, and, thus,
require discontinuous dosing, whereas abemaciclib is dosed continuously.®**?“* Abemaciclib also exhibits
higher single-agent activity, whereas palbociclib and ribociclib are most effective in combination with other
drugs, namely letrozole fulvestrant.”? %7

These data collectively suggest the drugs have distinct and complex pharmacology, especially abemaciclib,
leading to differences in their cellular effects in vitro and in the clinic. Each drug, thus, has distinct advantages and
drawbacks. Further research on their polypharmacology could improve understanding of their mechanisms of
action and expand their clinical applications. Polypharmacology could enable the repurposing of drugs to treat
different diseases and because inhibiting multiple signaling pathways may slow or even prevent the development of

drug resistance. The off-target activities of FDA-approved CDK4/6 inhibitors are discussed below in more detail.

7.1 | Palbociclib

Palbociclib was developed by elaborating on the pyrido[2,3-d]pyrimidine-7-one scaffold*® and was the first CDK4/6
inhibitor approved by the FDA for the treatment of metastatic breast cancer.>>*¢*’ It has high potency towards
CDK4 and CDK6, with nanomolar 1Csg values. On the basis of kinetic assays, palbociclib is the most potent inhibitor
of CDKé among the approved compounds discussed herein.*® It was found to inhibit CDKé more strongly than
CDK4 in a dose-response cellular thermal shift assay.”®

Early tests using a panel of 36 kinases suggested that palbociclib was exquisitely selective for CDK4/6,*> but
more comprehensive studies revealed possible off-targets.>°** A chemoproteomic study and thermal proteome
profiling indicated that palbociclib also interacts with CDK9,2%?? but this was not confirmed by other assays in
which palbociclib did not exhibit appreciable inhibition of or affinity for CDK9.%¢962-¢478 A subsequent binding
competition assay identified CDK16/17 as possible targets with affinities comparable to CDK4/6,° but the Ky
values for these proteins determined in other studies were over twice those for CDK4/6.° Further comprehensive
investigations are needed to confirm the relevance of these proteins.

Palbociclib has also been convincingly demonstrated to interact with several lipid kinases such as PIK3R4,
PIK3CD, PIP4K2A/B/C, and PIP5K2C.>¢?8%97 Al these lipid kinases are involved in the phosphatidylinositol
signaling pathway, which produces phosphatidylinositol 3,4,5-triphosphate, a compound critical for activation of
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the protein kinase B (AKT) signaling cascade.’®® Palbociclib was shown to dose-dependently inhibit phosphoryla-
tion of AKT and its downstream target GSK3g in squamous cell lung carcinoma and melanoma models.”4%7?
In contrast to previous studies, palbociclib mediated activation of AKT in malignant pleural mesothelioma,
osteosarcoma, and breast cancer cells.®”*°" Biochemical assays indicated that palbociclib did not appreciably
inhibit GSK3B or CAMKIIy/8.°>** Combinatorial treatment with PI3K/AKT/mTOR inhibitors gave promising
synergistic results against triple-negative breast cancer in preclinical trials.*%?

Subsequently, members of the CSNK2 family and AMP-activated protein kinase a1 (AMPKa1) were shown to interact
specifically with palbociclib; CSNK2a1/2 were highlighted as the most prominent targets.?>?? Inhibition of AMPK and
CSNK?2 kinases together with lipid kinases in the PISK/AKT pathway were considered to be responsible for modulation of
autophagy, which was observed in lung squamous carcinoma in response to dosing with palbociclib in the micromolar
range.”” Inhibition of CSNK2a1/2/3 kinases was confirmed in other profiling studies,>“* and the K values determined
towards CSNK2B and CSNK2a2 were even lower than that for CDK4.> However, AMPK kinases were not inhibited
sufficiently,®>*** and the ICso values determined for CSNK2c1/2 were above 8 pM.** Conversely, Hsieh et al.’*® re-
ported that palbociclib treatment activates AMPK and inhibits PP5 at micromolar concentrations, inducing both apoptosis
and autophagy in hepatocellular carcinoma. These effects were not reproduced upon CDK4/6 depletion. Induction of
autophagy was also observed in breast and gastric cancer cells as well as fibroblasts and leukemic cells.”%1041% |n preast
cancer cell lines, only low (1 uM) concentrations of palbociclib induced autophagy accompanied by reversible G1 cell cycle
arrest; higher doses (> 2.5 uM) induced senescence. The induction of a similar phenotype at a dose of 1 uM was confirmed
in cells with siRNA-silenced CDK4/6. Inhibition of CDK4/6 increased cellular ROS levels, which, in turn, triggered au-
tophagy, which may degrade ROS and mediate reversal of cell cycle arrest. Induction of autophagy can, thus, be seen as an
adaptive mechanism that promotes cancer cells' survival and prevents the induction of senescence.”® However, it is not
clear whether the induction of autophagy is due to CDK4/6 inhibition or other off-targets. Simultaneous inhibition of
autophagy significantly enhances the efficacy of palbociclib in cancers with intact G1/S transition.”°

Mass spectrometry (MS)-based drug affinity screening and thermal proteome profiling indicated that c-Jun
N-terminal kinase 1 (JNK1) also interacts with palbociclib.2%>?? Accordingly, JNKs were downregulated in palbociclib-
treated breast cancer cells. These kinases have been shown to suppress cell migration and invasion via the modulation
of the c-Jun/COX-2 axis. Together with enzymes of the extracellular-signal-regulated kinase (ERK) pathway, JNK
phosphorylates and stabilizes the c-Jun transcription factor, which promotes transcription of COX-2, an enzyme that is
involved in the epithelial-mesenchymal transition (EMT) and is, thus, critical for migration and metastasis.'°” However,
other profiling studies provided no convincing evidence of JNK inhibition by palbociclib.>°*¢?** In pancreatic
cancer cells, palbociclib surprisingly upregulated several genes implicated in EMT, thereby enhancing invasiveness and
metastasis. Moreover, silencing CDK4/6 with short hairpin RNA also led to EMT induction, increased SMAD3
transcriptional activity, elevated p15 levels, and activation of TGF-{ signaling, suggesting that these outcomes are due to
an on-target effect.?” The inconsistent reported findings concerning the effects of palbociclib on EMT suggest that
further research is needed to clarify the involvement of CDK4/6 kinases or other off-targets in EMT modulation.

Other kinases sensitive to palbociclib that repeatedly appear with high ranks in profiling datasets include HIPK,
CLK, TTK, ULK, and FLT3.2¢0¢1635% However, no follow-up studies targeting these enzymes have been reported.

FIGURE 4 Kinome tree views showing the selectivity of approved CDK4/6 inhibitors. Processed profiling data
were adapted from published (A) mobility shift assays using 1 pM compounds with 274 kinases®®; (B) KinomeScan®
assays using 1 uM concentration with 465 kinases®"; (C) mobility shift, enzyme-linked immunosorbent assay and
IMAP assays using 1 uM concentration with 280 kinases®®; and (D) mass spectrometry-based chemoproteomic
kinobead assays using 0.003-3 UM concentration, originally performed with 587 proteins.® Kinome trees were
generated by the web-based tool KinMap.”® Illustration reproduced courtesy of Cell Signaling Technology, Inc.
(www.cellsignal.com). TK, tyrosine kinase; TKL, tyrosine kinase-like [Color figure can be viewed at
wileyonlinelibrary.com]
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Palbociclib also exhibited considerable activity against MPSK1/STK16 in KinomeScan and cell-based assays.®%¢*

In addition, there are several kinases exhibiting inconsistent results. For example, palbociclib exhibited an I1Csq of

191 nM towards CAMK25 in one assay®* but did not appreciably inhibit this kinase in other assays.®%¢>

7.2 | Ribociclib

Ribociclib was developed from the same pyrido[2,3-d]pyrimidine-7-one scaffold as palbociclib.’® It is the most
selective CDK4/6 inhibitor but less potent than palbociclib and ribociclib in a biochemical assay.®® At a con-
centration of 0.1 uM, it was exclusively selective for CDK4 in addition to CDKé (which was not included in the

assay)®te* d.60-64

and even at higher concentrations, only a few other kinases were inhibite

Comprehensive profiling studies clearly showed that CAMK2a/B/y/8 isoforms are among these additional
ribociclib targets.>¢%¢1¢3%% The |Cs value for CAMK28 was 58.9 nM, which is comparable to the values obtained
for CDK4/6 in the same assay®”; in fact, the binding affinities for CAMK2y and CAMK28 exceeded that for CDK6.?

Another notable kinase involved in cell cycle proliferation identified as a target of ribociclib when applied at a
dose of 1uM is cyclin G-associated kinase (GAK).?? Slight inhibition of GAK was also observed in other selectivity
screenings®>** and the binding affinity (Ky) of ribociclib for GAK was determined to be 658 nM.> GAK is involved in
several biological processes including cell proliferation and membrane trafficking.'°® Aurora kinase A was also found
to interact with ribociclib in a chemoproteomic study,”® but this drug did not exhibit even moderate ICso values
towards aurora kinases in a kinase assay. Therefore, the changes in aurora expression observed in the proteomic
analysis probably reflect an indirect effect on the cell cycle related to the arrest of cells in the G1 phase, which would
reduce the level of aurora phosphorylation in the G2 phase.®* Ribociclib also induced similarly modest inhibition
of another cell cycle-related protein, TTK (MPS1).°%* TTK plays a key role in the spindle checkpoint, and in a

biochemical assay, it exhibited an 1Csq value of 92 nM.%* It is also weakly inhibited by palbociclib and abemaciclib.®***

7.3 | Abemaciclib

The benzimidazolylpyrimidine derivative abemaciclib is the only CDK4/6 inhibitor approved by the FDA for use as a
single agent in breast cancer treatment.”>?> Of the compounds discussed herein, it is the strongest inhibitor of
CDK4, with ICsq values 2-5 times lower than those for palbociclib or ribociclib in kinase assays. It also had higher
affinities for CDK4 and CDK&6 in binding assays compared to palbociclib and ribociclib.*¢*

Although abemaciclib seemed far less active against other cells cycle-related CDKs in early selectivity screening
assays,” later profiling studies revealed several additional targets in the CDK family.>¢°~¢* Multiplexed inhibitor bead/
MS competition experiments indicated that abemaciclib inhibits CDK1/2/9/16/17 with potencies comparable to those
for CDK4/6, and is a slightly less potent inhibitor of CDK5/7/8/12/13/14/15/19.? However, other studies yielded
different results. For instance, an assay using kinobeads did not confirm these additional targets; aside from CDK4/6,
only CDK9/16 exhibited Ky values in the nanomolar range.® Potent targeting of CDK9 by abemaciclib was subsequently
confirmed in three independent studies.”*¢%“* Interestingly, however, CDK9 inhibition was not confirmed in cellular
assays and was, therefore, considered to be inconsequential.”**°? Abemaciclib also exhibited significant potency to-
wards atypical CDK5 in a biochemical assay, with an ICso value of 200 nM,°® which was consistent with other re-
ports.”*¢%¢% Although abemaciclib was less potent against CDK1/2 (for which it has ICso values of 194 and 238 nM,
respectively) than against CDK4/6,°*¢* combined inhibition of these kinases probably contributes to the drug's effects
on the cell cycle in higher doses.®* As expected, nanomolar doses of abemaciclib reduce Rb phosphorylation, leading to
G1 cell cycle arrest.>*'” However, at doses above 0.3 uM and depending on the cell type, a subset of cells is also
arrested in the G2 phase and abemaciclib treatment elicits cytotoxic effects.'>®* Given the inconsistent results that

have been reported, further assessments of abemaciclib's activity against other CDKs are needed.
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The cellular cytotoxicity induced by higher doses of abemaciclib has also been attributed to inhibition of
the CSNK2, DYRK, and HIPK kinase families,”” which were found to be sensitive to this drug in profiling
studies.>*¢0¢16364 |nterestingly, HIPK2/3 were also identified to bind strongly to abemaciclib based on Kino-
meScan profiling data.®>“* The cytotoxic effects of abemaciclib were accompanied by the formation of multiple

large vacuoles,? 110111

which were also observed in a control experiment using CX-4945, a CSNK2 inhibitor with a
similar off-target spectrum including DYRK and HIPK kinases.”” Other studies have found that increases in overall
cellular complexity are associated with senescence phenotypes, suggesting that the multivacuolar phenotype is a
consequence of CDK4/6 inhibition rather than off-target activity of abemaciclib.’°”**° However, in renal cell
carcinoma, enhanced vacuolization was accompanied by cleavage of LC3, an increased presence of autophago-
somes, and elevated beclin-1 levels, which were attributed to changes in autophagy.'** On the other hand, in non-
small-cell lung cancer cells, abemaciclib induced vacuole formation and cell death independently of autophagy.'*?
Palbociclib was also shown to inhibit CSNK2 and HIPK kinases but to a lesser degree than abemaciclib.®¢*¢3
CSNK2 together with lipid kinases has been suggested to modulate autophagy induced by palbociclib,”’ so
abemaciclib and palbociclib may have common off-targets whose inhibition modulates autophagy. However, there
are still considerable differences between them, such as abemaciclib's cytotoxic effect, which is induced by
inhibition of other unique off-targets.

PIM kinases have also been identified as interesting targets of abemaciclib that are insensitive to palbociclib
and ribociclib. Abemaciclib inhibits PIM1 (ICso=50nM) and PIM3%°4606163 byt is less potent against PIM2
(IC50 = 3.4 uM).>* Interestingly, the binding affinity of abemaciclib towards PIM1 (K4=7 nM) measured using a
kinobeads assay was even higher than those for CDK4 and CDK6 (Ky=97 nM and 59 nM, respectively).® PIM1
inhibition was also mentioned in Eli Lilly's original abemaciclib patent®*® and was confirmed by the observation of
reduced phosphorylation of two known PIM1 substrates, BAD and 4EBP1.°* PIM kinases are overexpressed in
various hematological and solid tumors, where they support malignant proliferation via their effects on cell cycle
regulation and inhibition of apoptosis. Consequently, they have become potential targets in cancer research and
inhibitors of PIM kinases have been developed such as SGI-1776 and LGH447.1*4 7 Knowledge of this off-target
activity has made abemaciclib an attractive drug for treating renal cell carcinoma, in which CDK4/6 and PIM1
kinases were identified as potentially effective targets. Dual inhibition of those kinases proved to be beneficial in
vitro and in vivo for treating this type of cancer.*'*

Cell-based and in vitro kinase assays revealed GSK3a/B to be very potent targets of abemaciclib,®> which were
also confirmed by other profiling studies.>¢%¢>** Abemaciclib was shown to inhibit GSK3a/B with 1Cso values
of 5.8nM and 10.4 nM, respectively.®* By inhibiting GSK3g, abemaciclib induces f-catenin stabilization, which
increases its transcriptional activity, and, thus, activates WNT signaling.®> Among other things, activation of WNT
signaling enhances neutrophil production; this may explain why the clinical profile of abemaciclib differs from those
of palbociclib and ribociclib, for which neutrophenia is the main dose-limiting factor.6>¢%118

Profiling studies indicated that all three approved CDK4/6 inhibitors also inhibit members of the CAMK2
kinase family, but abemaciclib was found to be their most potent inhibitor.>°%¢?¢% |n kinase assays, CAMK2§
exhibited an ICsq value of 0.8 nM, which was even lower than that for CDK4/6; low ICsq values were also observed
for CAMK2a/B/y (3.3nM, 3.5nM, and 14.2 nM, respectively).>** CAMK2 isoforms are multifunctional kinases
that are responsive to calcium signaling and modulate proliferation, cell cycle control, invasion, and metastasis.
Importantly, they are established as therapeutic targets for the treatment of malignant diseases.**?

Several other protein kinases have been identified as potential abemaciclib targets. For instance, the CLK
family was efficiently inhibited in several profiling studies. The CLK1 isoform exhibited a high binding affinity
towards abemaciclib (K, = 7 nM)* and an IC5o value of 60 nM in a kinase assay.®* Other kinases assigned high ranks
in profiling studies include AAK1, MPSK1/STK16, IRAK1, ERK8, PCTK1, SGK, FLT3 (D835V) and FLT3 (D835V),
and NEK10.°%¢0°¢* AAK1, MPSK1/STK16 belong to the same numb-associated kinase family as GAK.'%®
Interestingly, a binding competition assay revealed a lipid kinase, PIP4K2B, to be a possible abemaciclib target®”
that is shared with palbociclib.



HENDRYCHOVA T AL. 1591
WILEY

To identify nonkinase activities of abemaciclib, 17 diverse functional protein sentinels were probed by ligand
displacement analysis. Abemaciclib did not strongly inhibit any of these proteins; the lowest ICsq values determined

in this experiment were in the micromolar range.®®

8 | NEW CDK4/6 INHIBITORS DEVELOPED FOLLOWING THE SUCCESS
OF APPROVED COMPOUNDS

The clinical success of CDK4/6 inhibitors has prompted the development of additional compounds in this class
because while the approved CDK4/6 inhibitors are very promising drugs, their use is limited by drawbacks in-
cluding dose-limiting toxicity and acquired resistance. The most studied of these compounds are trilaciclib
(G1T28),°° lerociclib (G1T38),°* and SHR6390.%? There is very little public information on the properties of other
compounds in this class that is currently undergoing clinical trials.

Trilaciclib (G1T28) is based on a tricyclic lactam scaffold and was developed to preserve bone marrow and
immune system function during chemotherapy.’® It is currently being tested in phase Il clinical trial to investigate
its clinical impact on the antitumor effects of chemotherapy.?° Trilaciclib has high potency against CDK4/6, with
the I1Csq value for CDK4 being fourfold lower than that for CDKé in a biochemical assay. It exhibits no appreciable
activity against CDK2/5/7, but has a nanomolar ICsq value against CDK9. Additional cell-based assays are needed
to confirm this apparent CDK9 inhibition. Trilaciclib was also profiled against a large panel of kinases, of which
NEK10 and SNARK exhibited K4 values comparable to those for CDK4. Other kinases inhibited by over 90% in a
profiling assay included FLT3 (D835V), FLT3, PRKD1/3, ULK2, and GAK.*°

Lerociclib (G1T38) was developed from the same scaffold as trilaciclib. It has unique pharmacokinetic and
pharmacodynamics properties that minimize undesirable side effects such as myelosuppression. It can, thus, be
dosed continuously, unlike some approved CDK4/6 inhibitors. It is currently being evaluated in a phase Il clinical
trial for the treatment of ER*, HER2™ breast cancer. Lerociclib is highly selective for CDK4/6 over CDK1/2/5/7. It
did apparently inhibit CDK9 in a biochemical assay, but this finding was contradicted by the results of a cellular
assay. Like trilaciclib, it is highly potent against NEK10, SNARK, ULK2, TTK, PRKD1/3, FLT3 (D835V), and FLT3
(ITD, D835V), but not against wild-type FLT3.°*

SHR6390 has been described as a selective CDK4/6 inhibitor that exerts antiproliferative effects against
esophageal squamous cell carcinoma cell lines and PDX models by inhibiting Rb phosphorylation and arresting the
cell cycle in the G1 phase.®? It is currently being tested in phase Il clinical trial for the treatment of advanced
breast cancer and is also being considered for the treatment of other cancer types. However, no profiling studies
have yet been published, so its selectivity cannot be evaluated.’?*?*

An emerging approach to modulate CDK4/6 is based on their selective degradation induced by proteolysis
targeting chimera (PROTAC) compounds. PROTACs developed from palbociclib, ribociclib, and abemaciclib redirect
an E3 ubiquitin ligase to CDK4/6, leading to their proteolysis in the proteasome.'?? 2’ Interestingly, these
PROTAC S are still nanomolar kinase inhibitors, but they display various degrees of selectivity towards CDK4 and
CDK®, at least partly due to the linker type and length.'** In comparison with traditional kinase inhibitors, this
strategy offers an advantage in targeting not only enzymatic but also enzyme-independent (and inhibitor-
insensitive) functions of kinases, which have been recently discovered for CDK6.*?® Nevertheless, further work will
be necessary to develop CDK4/6 targeting PROTACs into clinical candidates.

9 | CONCLUSION AND FUTURE DIRECTIONS

The development of CDK4/6 inhibitors was a major breakthrough in the treatment of breast cancer and their

application has been gradually expanding to additional oncological indications. However, the precise mechanism of
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action of approved compounds is incompletely understood. Although the main outcome of CDK4/6 inhibition is
cytostatic cell cycle arrest, its impact on cellular processes is highly heterogenous and appears to depend on
intrinsic cellular programs and/or cell cycle dynamics. It is, thus, context-specific and involves induction of quies-
cence, senescence, or autophagy as well as modulation of cellular metabolism and enhanced tumor cell im-
munogenicity. In addition, substantial differences at the molecular level and even in the clinic have emerged in
recent years. It has gradually become clear that these compounds inhibit other proteins beyond CDK4/6, and
profiling methods are being used to reveal those secondary targets. However, determining a drug's overall
selectivity spectrum remains challenging. There are many ways to measure selectivity including various in vitro or
cell-based assays, and results obtained using different methods can vary greatly. Disagreements between methods
arise from the fact that they measure different quantities under different conditions. Consequently, one method
may be more or less suitable than another for a specific kinase and/or drug, leading to controversial results for
some targets. Integration of multiple profiling methods is thus needed to obtain accurate selectivity profiles for
drugs and understand their mechanisms of action.

Here, we compare published results obtained using a wide range of profiling methods and provide clear
evidence that approved CDK4/6 inhibitors have distinct selectivity profiles (Figure 5). We conclude that ribociclib
is the most selective CDK4/6 inhibitor; its cellular response is fully consistent with inhibition of CDK4/6 and it
exhibits only weak off-target activities towards kinases such as CAMK2 or GAK. Palbociclib has a wider range of
targets including several lipid kinases involved in phosphatidylinositol signaling and protein kinases from the
CSNK2 family, which are probably linked to the modulation of autophagy induced by this compound. Autophagy is
also influenced by abemaciclib, but despite its substantially broader selectivity profile, neither PI3SK nor CSNK2 is
sensitive to this compound; higher doses arrest a subset of cells in the G2 phase, which may be due to inhibition of
CDK1/2, and also induce cytotoxic effects inconsistent with selective inhibition of CDK4/6. It may also target other
members of the CDK family, especially CDK16/17, as well as additional kinases including CAMK?2, PIM, DYRK, and/
or GSK3a/f isoforms. This broad pharmacology probably contributes to its high potency, strong negative effect on
viability, and single-agent activity in the clinic.

Differences in selectivity profiles are also supported by the fact that palbociclib-resistant breast cancer cells
accustomed to palbociclib were cross-resistant to ribociclib but sensitive to abemaciclib. Similar results were
obtained in a cell line established from a patient whose cancer progressed on ribociclib and letrozole treatment.

These results suggest that palbociclib and ribociclib have overlapping selectivity landscapes whereas abemaciclib

PALBOCICLIB RIBOCICLIB

ULK2-3

TRK
PIK3R4 PIP5K2C

PIP4K2A/C PIKSCD

FIGURE 5 Targets of palbociclib,
ribociclib, and abemaciclib that
repeatedly appear with high ranks in
kinomic selectivity profiling data. GAK,
G-associated kinase [Color figure can be
viewed at wileyonlinelibrary.com]
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targets additional signaling pathways important for survival and cancer progression and can thus overcome
acquired resistance. Patients who become resistant to initially effective treatments may therefore benefit from
a change in therapy.®*

We emphasize the importance of investigating drugs' selectivity profiles and adverse effects to better inform
clinical decisions and improve the efficacy and safety of cancer therapy. Thorough characterization of drug
selectivity landscapes may also enable repurposing of known drugs to treat additional indications. For example,
palbociclib and abemaciclib were shown to be potent against CLK1, which is considered a promising target for
the treatment of Duchenne muscular dystrophy.'?’ These compounds could thus be repurposed to treat this
rare disease.’® Similarly, CAMK2 kinases are inhibited by abemaciclib (and to a lesser extent, ribociclib),
and could, therefore, be repurposed for CAMK2-driven diseases such as colon cancer, myeloid leukemia, or
osteosarcoma. However, more research in this area is required®>*'? because off-target activities may be beneficial
if therapeutically useful but may also increase the risk of unwanted effects and toxicity.
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ABSTRACT: Herein, we report an alternative synthetic
approach for selected 2,6,9-trisubstituted purine CDK
inhibitor conjugates with folic acid as a drug-delivery system
targeting folate receptors. In contrast to the previously
reported approaches, the desired conjugates were constructed
stepwise using solid-phase synthesis starting from immobilized
primary amines. The ability of the prepared conjugates to
release the free drug was verified using dithiothreitol (DTT)
and glutathione (GSH) as liberating agents. Finally, binding to
the folate receptor (FOLR1) overexpressed in a cancer cell line
was measured by flow cytometry using a fluorescent imaging
probe.

B INTRODUCTION

Little or no specificity toward cancer cells is one of the most
serious problems of traditional cancer chemotherapy, as it leads
to systemic toxicity. The systemic toxicity of conventional
chemotherapy causes serious side effects and is also one of the
limiting factors of treatment efficiency.' The use of small-
molecule delivery systems that can decrease the systemic
toxicity of cytotoxic drugs to normal cells is a promising
approach. Tumor-targeting delivery systems have been studied
intensively in the past three decades and represent a promising
approach for both increasing chemotherapy selectivity and
decreasing systemic toxicity. Selective drug delivery is based on
the frequent overexpression of many receptors in tumor cells,
which can serve as targets to deliver a cytotoxic agent selectively
into a tumor. Relatively selective transport into tumor cells can
be accomplished with the use of conjugates of a cytotoxic agent
and tumor recognition moiety.”

One of the most recent and powerful approaches involves
targeting the folate receptor (FOLRI).” FOLRI is a
glycosylphosphatidylinositol-anchored cell-surface receptor
that binds and transports folic acid into cells with high affinity
(Kg =~ 0.1—1 nM). It is overexpressed in a wide range of human
cancers.” Folate-targeting technology has successfully been
applied for the delivery of various chemotherapeutic agents to
FOLRI-positive cancers.” Because of its selective expression,
FOLRLI is considered a “Trojan horse” that delivers molecules

- ACS Publications  © 2017 American Chemical Society
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selectively to folate receptors.’ Specific drug delivery using
FOLRI has been studied intensively since the late 1980s. The
crucial points for folic acid—drug conjugate design, namely, its
optimal constitution for cell penetration and release of the free
drug, have been reported.” A suitable folic acid—drug conjugate
consists of four parts: folic acid, a spacer, a cleavable self-
immolative linker, and a cytotoxic agent. Determining a suitable
spacer between folic acid and the cleavable drug-release linker,
which is connected to the cytotoxic agent, has been studied
with the aim of maintaining a high affinity of the final conjugate
to the folate receptors. According to the published results, the
spacer modification has a rather small impact on the targeted
activities of folates, as it consists of hydrophilic groups.'' One
of the working classes of spacers for this purpose are
oligopeptide chains, which have already been utilized in a
number of conjugates with various cytotoxic agents. To date,
four folate-based therapeutics are undergoing clinical test-
ing 10

Similarly, the potencies of bioreleaseable self-immolative
linkers have been extensively examined, and the choice of an
appropriate candidate seems to be crucial.'" These studies have
resulted in the design of a disulfide linker that is most
effectively cleaved within the cell, releasing the active drug. For
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Scheme 1. Design and Potential Application of Target Conjugates
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this reason, this type of linker has been successfully applied in a
large number of folate—cytotoxic agent conjugates.'’ Among all
others, the most successful conjugate, vintafolide, entered phase
IT clinical trials and phase III clinical trials for the treatment of
platinum-resistant ovarian cancer. Although the clinical trials
have been stopped, the strategy of FOLR1 targeting with small-
molecule drug conjugates is promising."”

Cyclin-dependent kinases (CDKs) are specific serine/
threonine protein kinases that play a key role in cell cycle
regulation, especially in the progression of the cell cycle from
the G1 to S phase and from the G2 to M phase."” Therefore,
CDKs are promising targets for the inhibition of cancer cell
proliferation, and a large number of small-molecule CDK
inhibitors have been synthesized and studied for their CDK
inhibitory activities."” To date, more than 20 of the most potent
inhibitors have been registered for clinical trials on cancer
diseases.'”'> The performed structure—activity relationship
studies, together with proper knowledge of the binding sites for
ATP in various CDKs, have enabled the synthesis of 2,6,9-
trisubstituted purines that show potent biochemical, cellular,
and in vivo activities. In particular, 2,6,9-trisubstituted purine
derivatives bearing biarylmethylamino or biarylamino substitu-
ents at the 6 position of the gurine skeleton are the most active
known CDK inhibitors.'*™"® However, their possible clinical
application is significantly limited by their low selectivity.
Despite this fact, targeting of CDK inhibitors using conjugation
with folic acid has not been reported to date.

We recently reported the syntheses and activities of highly
potent purine CDK inhibitors bearing a 4-aminocyclohexyl
moiety in the C* position.'” The terminal amino group of these
compounds was found to be a suitable functionality to attach to
the FOLRI-targeting system (Scheme 1). The preparation and
preliminary evaluation of desired conjugates are summarized in
this article.

B RESULTS AND DISCUSSION

Synthesis. First, we attempted to use the previously
reported conventional synthetic approach.'”*”*" It consisted
of the preparation of a folic-acid-oligopeptide-SH segment
using solid-phase synthesis and its subsequent coupling with a
premodified drug equipped with the self-immolative drug-
release linker (Scheme 2, Conventional approach). However,
despite the successful preparation of the corresponding
intermediates, this strategy failed in the stage of the final
thiol—disulfide exchange because of the low purity of the
resulting products and irreproducibility on a preparative scale.
Moreover, because of the zwitterionic structure and high
polarity, the solubility of folic acid in organic solvents (except
for DMSO) was limited, and the final products required at least
two-step purification using reverse-phase chromatography.””

For these reasons, we designed an alternative synthetic
approach. It consisted of the sequential construction of the
target conjugates in the following direction: purine — drug-
release linker — tetrapeptide — folic acid (Scheme 2, Stepwise
approach). Considering the well-known advantages of solid-
phase synthesis in multistep reaction sequences (especially the
fast and simple isolation of reaction intermediates without the
need for tedious purification) and taking the previous
knowledge in the area of polymer-supported synthesis of
purines into account,”® we designed the entire reaction
sequence on the solid phase using a common aminomethyl
polystyrene resin equipped with an acid-labile benzaldehyde
linker (i.e., backbone amide linker, BAL).

The synthetic pathway was started by the immobilization of
primary amines (resulting in purine C® substitution) through
the reductive amination of starting resin 1. Intermediates 2
were regioselectively arylated with 2,6-dichloropurine and were
then subjected to alkylation of the N position with alkyl
halides to obtain intermediates 4 (Scheme 3, steps iv and v).

Scheme 3. Synthesis of Immobilized CDK Inhibitors®
Cl

! 0 ; ;
EQ’L\’O = O/\NJL(")C; : OCH, | ‘(")

' CHO o
L_O () N

o O\L/\N’R1 . /le\ )
PS-DVB 1 2 H e >N N

R?
3a; R? = cyclopentyl
(iv), () 3p; R? = isopropyl
(ii)

L N
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NN <) N No—
% >
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“Reagents and conditions: (i) R'-amine, NaBH(OAc);, DMF/AcOH
(10:1), room temperature; (i) R>-OH, PPh,, diisopropyl azodicarbox-
ylate (DIAD), THF, room temperature (3a, 86%; 3b, 80%); (iii)
N,N'-diisopropylethylamine (DIPEA), dioxane, 80 °C; (iv) 2,6-
dichloropurine, dioxane, DIPEA, 80 °C; (v) R, (tert-butylimino)-
tris(pyrrolidino)phosphorane (BTPP), DMSO, 65 °C; (vi) H,N-R*-
NH,, Pd,dba, (dba = dibenzylideneacetone), 2-dicyclohexylphosphi-
no-2',4',6'-triisopropylbiphenyl (XPhos), LIHMDS, THF, 60 °C.

Alternatively, we obtained such intermediates after the N°-
alkylation of 2,6-dichloropurine in the solution phase using
Mitsunobu conditions (yielding 3a and 3b), followed by their
immobilization through the arylation of resin 2 (Scheme 3, step
iii). The latter alternative procedure yielded the desired
intermediates with higher crude purities. Subsequently, the C
position underwent replacement of the chlorine with diamines.
Because of the low reactivities of intermediates 4, the reaction
of these intermediates with 1,4-diaminocyclohexane required
very harsh conditions to yield intermediates S quantitatively.
For this reason, we developed a more efficient Pd-catalyzed
substitution using Buchwald—Hartwig C—N coupling con-
ditions that was successfully tested for both 1,4-diaminocyclo-
hexane and putrescine to yield intermediates 5 with excellent
crude purities (for a representative example, see Figure 1).

As in the conventional synthetic approach, the key step of the
stepwise solid-phase sequence was the formation of the
disulfide bridge using thiol—disulfide exchange. First, we
intended to mimic the solution-phase approach, and for this
reason, intermediates 5 were reacted with reagent 7, which had
been presynthesized from mercaptoethanol according to a
published procedure (Scheme 4).”* The desired intermediates
8 were obtained in excellent crude purities, as detected by
ultrahigh-performance liquid chromatography (UHPLC)-UV-
MS analysis after trifluoroacetic-acid-mediated cleavage from
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Figure 1. HPLC-UV traces of selected steps of the reaction sequence leading to compound 17c to demonstrate the crude purity of the
corresponding intermediates after cleavage from the polymer support.

Scheme 4. Attempted Use of Intermediates 8 for Thiol—Disulfide Exchange”
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“Reagents and conditions: (i) methoxycarbonyl sulfenyl chloride, 2-mercaptopyridine, CH;CN, 0 °C to reflux, (6: 81%); (ii) 1-hydroxybenzotriazole

(HOBt), triphosgene, triethylamine (TEA), CH,Cl,, 0

°C to room temperature (7: 60%); (iii) DMAP, DIPEA, CH,Cl,, room temperature.

the resin. However, the subsequent reaction with Fmoc-Cys-
OH or Fmoc-Cys-OBu provided results similar to those
obtained in the case of the conventional approach: It was not
possible to optimize the thiol—disulfide exchange to obtain the
desired intermediates, even using various conditions (various
pH values™
bases).

To overcome such problems, we switched to a hybrid

and concentrations of reagents, solvents, and

approach consisting of the liquid-phase synthesis of the

13533

problematic segment and its incorporation into the solid-
phase synthesis sequence (Scheme S). More specifically,
intermediate 12 was prepared in three steps using commercially
available L-cystine derivative 9. Compound 12 was then reacted
with resin §, and the desired intermediate 13 was obtained in
excellent crude purity, as determined from HPLC-UV traces
after cleavage from the polymer support (see Scheme 6 and
Figure 1).

DOI: 10.1021/acs.joc.7b02650
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Scheme 5. General Scheme for the Hybrid Approach to Overcome the Problematic Thiol—Disulfide Exchange
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Scheme 6. Synthetic Sequence for the Proposed Hybrid Approach”
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R
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“Reagents and conditions: (i) P(Bu);, THF/H,O (40:1), room temperature (10, 91%); (ii) mercaptoethanol, methoxycarbonyl sulfenyl chloride,
lutidine, CH;CN, 0 °C to room temperature (11, 75%); (iii) HOB, triphosgene, TEA, CH,Cl,, 0 °C to room temperature (12, 62%); (iv) CH,Cl,,

room temperature.

The subsequent task focused on the synthesis of the
hydrophilic oligopeptide scaffold using repetitive coupling
with Fmoc-Asp(O‘Bu)-OH. Contrary to our expectations, this
part of the reaction sequence also required careful optimization.
Although the synthesis of a tetrapeptide from 13 using a
standard Fmoc solid-phase peptide synthesis proceeded well
and afforded intermediates 15 in high crude purity, cleavage of
its Fmoc protective group using a common cocktail consisting
of 20% piperidine in DMF caused the formation of unexpected
major products. From the LC-MS traces, their structures were
suggested to be the symmetrical disulfides 14 (Scheme 7).
Fortunately, after further optimization, the formation of
undesired byproducts 14 was fully suppressed using only 1%
piperidine in DMF.

13534

Finally, intermediates 16 were subjected to acylation with
Fmoc-Glu(OH)-O'Buy, followed by cleavage of Fmoc protective
group and acylation with pteroic acid, which yielded the desired
conjugates (Scheme 8). Products 17a—g were cleaved from the
polymer matrix using 50% TFA in CH,Cl, and purified using
semipreparative HPLC.

The reaction sequence was successfully tested using different
building blocks, and the list of conjugates synthesized using the
developed method is summarized in Table 1. Furthermore,
Figure 1 displays the HPLC-UV traces of representative
reaction intermediates. This figure demonstrates that the
optimized procedure furnished the corresponding compounds
in excellent crude purities and good yields after 15 reaction
steps and reverse-phase purification.

DOI: 10.1021/acs.joc.7b02650
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Scheme 7. Undesired, Base-Catalyzed Redox Reaction Leading to Symmetrical Disulfides 14“
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“Reagents and conditions: (i) DMF/piperidine (4:1), room temperature; (ii) DMF/piperidine (99:1), room temperature; (jii) Fmoc-Asp(O'Bu)-
OH, N,N'-diisopropylcarbodiimide (DIC), DMF/CH,Cl, (1:1), room temperature.

Scheme 8. Finishing the Reaction Sequence”
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“Reagents and conditions: (i) Fmoc-Glu-O'Bu, DIC, DMF/CH,Cl, (1:1), room temperature; (ii) pteroic acid, HOBt, 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), DIPEA, DMF/DMSO/NMP (9:5:1), room temperature, protected from light; (iii)

TFA/CH,CI, (1:1), room temperature.

In Vitro Disulfide Reduction Test. To test the
applicability of our conjugates, we subsequently mimicked
drug release in vitro. The mechanism of self-immolative
cleavage of the linker is based on 1,2-elimination.”*
Accordingly, the release of the CDK inhibitor was successfully
accomplished by treating a 0.04 mM solution of representative
conjugate 17d (Figure 2A) with 4 mM of the reducing agent
dithiothreitol (DTT) at 37 °C. The release was monitored by
UHPLC-UV (4 = 289 nm) at pH 7 and 7.4. The disulfide bond
was cleaved within 5 min and yielded the drug—spacer
intermediate (Figure 2B), which subsequently self-immolated
and quantitatively released the purine inhibitor after 20 h
(Figure 2C). Use of glutathione (GSH) instead of DTT led to
cleavage of the conjugate 17d after the same time.

Cellular and Biochemical Assays. For a proof of concept,
conjugate 17d was further tested for its binding to the HeLa

cell line overexpressing FOLR1 by flow cytometry using the
folate-receptor-targeted fluorescence probe FolateRSense 680
(PerkinElmer) as a competing agent (Figure 3A). The Hela
cell line was used because of its overexpression of FOLRI and
significantly greater probe uptake over other cell lines; in
addition, HeLa cells were also much more sensitive to the
conjugate than other cell lines (see Supporting Information,
Table S1). The cells were stained with 1 M FolateRSense 680
in the absence or presence of conjugate 17d (Figure 3B,C). In
control incubations, the probe was combined with either the
unconjugated inhibitor or free folic acid (Figure 3D,E). After 1
hour of incubation, cell-associated fluorescence was quantified
by flow cytometry. Autofluorescence of the unstained cells was
used for gating strategies, in which cells scattered outside the
autofluorescence signal were considered probe-marked cells.
The measurements confirmed that the presence of conjugated

13535 DOI: 10.1021/acs.joc.7b02650
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Table 1. List of Synthesized Conjugates

Yield!

Compound R' R? R® al
RO v N S ..
17b - 5 O 2%
17¢ OCN—©—§— Ewg w 25%
17d OO 5 oF 2%
17e Qo@w E”g XOY 19%
17f F;CO—@’@’X 5 xOX 20%
TR

“Overall yield calculated from the loading of resin 2 after the entire
reaction sequence and preparative HPLC purification.

CDK inhibitor 17d markedly decreased the percentage of cells
with bound FolateRSense 680 from 75.6% to 11.4% (Figure
3C). Free folate also reduced the percentage of positive cells
and thus confirmed the function of the probe (Figure 3D). The
specificity of cellular binding of conjugate 17d was demon-
strated in a control experiment in which an excess of
unconjugated CDK inhibitor (synthesized according to a
previously published procedure)'® did not compete with the
probe (Figure 3E). In a titration experiment, 17d caused clear
dose-dependent competition with the fluorescence probe
(Figure 4), with half-maximal inhibitory concentration (ICs)
in the micromolar range.

Finally, conjugate 17d was assayed to determine its kinase
inhibitory potency toward recombinant human CDK2/cyclin E
according to a published protocol.'” The IC, value for 17d was
77 nM, which is comparable to the inhibition activities of
related purine inhibitors.'*™"* The high potency of 17d was

rather surprising; however, it can be considered advantageous,
because the inhibition of cellular CDKs is not necessarily
limited by the speed of release of the free purine inhibitor from
conjugate.

B CONCLUSIONS

To conclude, we developed a synthetic method applicable for
the preparation of purine CDK inhibitor conjugates targeted to
the folate receptor. Compared to the conventional approach, a
stepwise construction concept using solid-phase synthesis
enabled the rapid production of the desired compounds.
Furthermore, the diversification of individual parts of the target
conjugates (oligopeptide, R'—R? substituents) can be easily
accomplished by changing the building blocks in the reaction
sequence. With respect to the numerous kinases as molecular
targets of cytotoxic purines,”® the strategy is not limited to
CDK ligands, but can be used to produce the targeted
conjugates of different inhibitors. The stepwise approach is not
limited exclusively to purines but can furnish conjugates of any
immobilized compound containing reactive nucleophilic
moieties. Thus, the method reported herein represents a
general approach for the modification and study of diverse
drug-like heterocycles yielded by solid-phase synthesis. Flow
cytometric measurements demonstrated the ability of an
example conjugate to bind to cancer cells overexpressing the
folate receptor. In addition, in vitro simulation of the
intracellular liberation of the ligand from the drug-delivery
handle demonstrated the applicability of our conjugates to
release the inhibitor. In summary, we confirmed that CDK
inhibitors conjugated to folate could bind FOLRI-over-
expressing cells, suggesting that this concept is a possible
route to the development of more selective anticancer drugs.
Detailed biological experiments are in progress in our
laboratories and will be reported in subsequent contributions.
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Figure 2. UHPLC-UV traces of the mimicked disulfide reduction test: (A) conjugate 17d, (B) complete reduction of the disulfide bond in the
presence of DTT after S min, (C) release of purine inhibitor after 20 h.

13536

DOI: 10.1021/acs.joc.7b02650
J. Org. Chem. 2017, 82, 13530—13541



The Journal of Organic Chemistry

A B

probe- conj. free free
-folate 17d  folate inhibitor

¢m oo
¢ 6 o

FOLR1

cell

1
s
%

i al ——H
binding no P—
/ binding w i

probe + folate

C
probe A probe + 17d
- | ‘\ (competition)
|
|1
g, ,
& [
/ \
75.6% i 11.4%
% probe-positive “ g‘ 'l\ probe-positive
\ b \"w—_ ] g
APC r(‘}"r.\ " " -\P('vé")?-\ ' "

probe + inhibitor
(no competition)

)
N\
P
| 74.4%

(competition)

Count

\ probe-positive

20.1% /
ﬂ—< e e ———
probe-positive /
‘ R \

A

o ' ' e
APC-CyT-A APCCyTeA

Figure 3. In vitro binding to the folate receptor: (A) Experimental design is shown for clarity. (B—E) HeLa cells were stained with 1 yM
FolateRSense 680 probe (B) alone or in the presence of (C) conjugated CDK inhibitor 17d, (D) free folic acid, or (E) unconjugated CDK inhibitor
in 50 #M concentrations. Segments mark probe-negative (left segment) and probe-positive (right segment) cells; numbers refer to the percentages

of probe-positive cells.

100 *

80 -

60 -

40

probe-labelled cells (%)

20 4

0 T T
0001 001 0.1 1 10 100

conjugate concentration (LM)

Figure 4. Dose-dependent competition of conjugate 17d with
FolateRSense 680 probe for binding to the folate receptor in HeLa
cells.

B EXPERIMENTAL SECTION

General Information. All reagents were of reagent grade and were
used without further purification. Solvents and chemicals were
purchased from Sigma-Aldrich (Milwaukee, IL, www.sigmaaldrich.
com) and Acros Organics (Geel, Belgium, www.acros.cz). Dry solvents
were dried over 4 A molecular sieves or stored as received from
commercial suppliers. Aminomethyl resin [100—200 mesh, 1%
divinylbenzene (DVB), 0.9 mmol/g] was obtained from AAPPTec
(Louisville, KY, www.aapptec.com). The reactions were carried out in
plastic reaction vessels (syringes, each equipped with a porous disk)
using a manually operated synthesizer (Torvig, Niles, MI, www.torviq.
com) or in dried glassware, unless stated otherwise. The volume of
wash solvent was 10 mL per 1 g of resin. For washing, resin slurry was
shaken with the fresh solvent for at least 1 min before the solvent was
changed. Resin-bound intermediates were dried under a stream of
nitrogen for prolonged storage and/or quantitative analysis. For the
LC-MS analysis, a sample of resin (~5 mg) was treated with CH,Cl,/
TFA (1:1, 1 mL, v/v), the cleavage cocktail was evaporated under a
stream of nitrogen, and the cleaved compounds were extracted into
CH;CN/H,0 (1:1, 1 mL, v/v). The LC-MS analyses were carried out
on a UHPLC-MS system consisting of a UHPLC chromatograph
Acquity with a photodiode array detector and a single-quadrupole
mass spectrometer (Waters), using an X-Select C18 column at 30 °C
and a flow rate of 600 yL/min. Mobile phase consisted of (A) 0.01 M

ammonium acetate in H,0 and (B) CH;CN, linearly programmed
from 10% A to 80% B over 2.5 min and held at the latter composition
for 1.5 min. The column was re-equilibrated with 10% of solution B for
1 min. The ESI ion source was operated at a discharge current of S uA,
a vaporizer temperature of 350 °C, and a capillary temperature of 200
°C. Purification was carried out on a C18 reverse-phase column (YMC
Pack ODS-A, 20 X 100 mm, S-um particles), with a gradient formed
from 10 mM aqueous ammonium acetate and CH;CN at flow rate of
15 mL/min. Flash chromatography was carried out on silica gel (230—
400 mesh). TLC plates were visualized under UV and/or with cerium
ammonium molybdate (CAM) stain. For lyophilization of the residual
solvents at —110 °C, a ScanVac Coolsafe 110-4 freeze dryer was used.
NMR spectra were recorded on a JEOL ECXS00 spectrometer at a
magnetic field strength of 11.75 T (with operating frequencies of
500.16 MHz for 'H and 125.77 MHz for *C). Chemical shifts () are
reported in parts per million (ppm), and coupling constants (J) are
reported in Hertz (Hz). The 'H and *C NMR chemical shifts (5 in
ppm) were referenced to the residual signals of CDCl; [7.26 ppm
(*H) and 77.23 ppm (**C)] and DMSO-d; [2.50 ppm (*H) and 39.51
ppm (**C)]. F NMR chemical shifts (§ in ppm) were referenced to
the signal of trifluoroacetic acid (—76.5S ppm). Structural assignment
of resonances was performed with the help of 2D NMR gradient
experiments (COSY, '"H—'*C HMQC, ROESY). Acetate salt (residual
agent from the semipreparative HPLC purification) exhibited a singlet
at 1.89—1.90 ppm in the 'H NMR spectrum and two resonances at
21.1-21.3 ppm and 172.0—172.1 ppm in the *C NMR spectrum.
Abbreviations in NMR spectra: app d, apparent doublet; app s,
apparent singlet; app t, apparent triplet; br s, broad singlet; d, doublet;
dd, doublet of doublets; m, multiplet; s, singlet; sp, septet; t, triplet. IR
spectra (4000—400 cm™) were collected on a Nicolet Avatar 370
FTIR spectrometer. Solid samples were measured neat, and oily
samples were measured as films. Abbreviations in IR spectra: s, strong;
m, medium; w, weak. HRMS analysis was performed using an Orbitrap
Elite LC-MS hybride quadrupole mass spectrometer (Dionex UltiMate
3000, Thermo Exactive Plus, Waltham, MA) operating in positive full-
scan mode (120000 fwhm) in the range of 100—1000 m/z. The
settings for electrospray ionization were as follows: oven temperature,
150 °C; source voltage, 3.6 kV. The acquired data were internally
calibrated with diisoctyl phthalate as a contaminant in CH;OH.
Samples were diluted to a final concentration of 0.1 mg/mL in H,O
and CH;OH (50:50, v/v). Before HPLC separation (Phenomenex
Gemini column, 50 X 2.00 mm, 3-um particles, C18), the samples
were injected by direct infusion into the mass spectrometer using an
autosampler. The mobile phase was isocratic CH3;CN/isopropanol
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(IPA)/0.01 M ammonium acetate (40:5:55) at a flow rate of 0.3 mL/
min.

Experimental Procedures. 2,6-Dichloro-9-cyclopentyl-9H-pu-
rine (3a). To a solution of 2,6-dichloropurine (2 g, 10.60 mmol)
and PPh; (3.6 g, 13.76 mmol) in dry, degassed THF (20 mL) was
added cyclopentanol (1.9 mL, 21.20 mmol), and the solution was
cooled to 0 °C. At this temperature, DIAD (2.7 mL, 13.76 mmol) was
slowly added, and the reaction mixture was stirred at ambient
temperature under a nitrogen atmosphere. The reaction was
monitored by UHPLC-MS, which indicated its completion after 18
h. The reaction mixture was concentrated, diluted with brine (100
mL), and extracted with EtOAc (S X 120 mL). The organic extracts
were combined, dried over MgSO,, filtered, and evaporated under
reduced pressure. The crude product was purified by flash
chromatography (CH,CL/EtOAc = 1:1, v/v) to afford compound
3a as a bright yellow crystalline solid (2.3 g, 86% yield). '"H NMR (500
MHz, CDCL): 8 8.15 (s, 1H), 2.37-2.32 (m, 2H), 2.07—1.94 (m,
4H), 1.90—1.80 (m, 2H) ppm. Other data were consistent with
published results.””

2,6-Dichloro-9-isopropyl-9H-purine (3b). To a solution of 2,6-
dichloropurine (500 mg, 2.64 mmol) and PPh; (838 mg, 3.20 mmol)
in dry, degassed THF (10 mL) was added isopropanol (400 uL, 5.30
mmol), and the solution was cooled to 0 °C. At this temperature,
DIAD (630 uL, 3.20 mmol) was slowly added, and the reaction
mixture was stirred at ambient temperature under a nitrogen
atmosphere. The reaction was monitored by UHPLC-MS, which
indicated its completion after 18 h. The reaction mixture was
concentrated, diluted with brine (50 mL), and extracted with EtOAc
(5 X 70 mL). The organic extracts were combined, dried over MgSO,,
filtered, and evaporated under reduced pressure. The crude product
was purified by flash chromatography (CH,ClL/EtOAc = 1:1, v/v) to
afford compound 3b as a white crystalline solid (490 mg, 80% yield).
'"H NMR (500 MHz, CDCl,): § 8.17 (s, 1H), 491 (sp, ] = 6.8 Hz,
1H), 1.65 (d, J = 6.8 Hz, 6H) ppm. Other data were consistent with
published results.”®

2-(Pyridin-2-yldisulfanyl)ethan-1-ol (6). To a solution of methox-
ycarbonyl sulfenyl chloride (2.3 mL, 25.60 mmol) in CH;CN (10 mL)
at 0 °C was slowly added 2-mercaptoethanol (1.8 mL, 25.60 mmol) in
CH,CN (10 mL), and the solution was stirred for 30 min at 0 °C. To
the clear solution was added 2-mercaptopyridine (2.5 g, 23.04 mmol)
in CH;CN (15 mL), and the yellow mixture was refluxed for 2 h until
a white precipitate formed. The reaction mixture was cooled to
ambient temperature and stirred for an additional 1 h at 0 °C. The
precipitate was filtered and washed with CH;CN (3 X S0 mL). The
crude white solid product 6 was dried and used in the next step
without further purification (3.9 g, 81% yield). Data were consistent
with published results.”

1H-Benzo[D][1,2,3]triazol-1-yl (2-(pyridin-2-yldisulfanyl)ethyl)
Carbonate (7). To a solution of triphosgene (1.84 g, 6.20 mmol) in
dry CH,Cl, (15 mL) at 0 °C under a nitrogen atmosphere was slowly
added a solution of compound 6 (3.9 g, 20.67 mmol) and TEA (2.9
mL, 20.67 mmol) in dry CH,Cl, (15 mL). The reaction mixture was
stirred at ambient temperature for 1 h. Then, a solution of HOBt (3.16
g, 20.67 mmol) and TEA (2.9 mL, 20.67 mmol) in dry CH,Cl, (15
mL) was slowly added over a duration of 20 min at 0 °C. The reaction
was monitored by UHPLC-MS, which indicated its completion after
12 h. The reaction mixture was concentrated, diluted with brine (50
mL), and extracted with CH,Cl, (5 X 70 mL). The organic extracts
were combined, dried over MgSO,, filtered, and evaporated to dryness
under reduced pressure. Product 7 was obtained as a white crystalline
solid (2.86 g, 40% yield). "H NMR (500 MHz, CDCL;): § 8.46—8.45
(m, 1H), 8.22—8.20 (m, 1H), 8.04—7.97 (m, 1H), 7.79—7.76 (m, 1H),
7.70=7.62 (m, 2H), 7.57—7.53 (m, 1H), 7.10—7.08 (m, 1H), 4.81 (t, J
= 6.4 Hz, 2H), 3.26 (t, ] = 6.4 Hz, 2H) ppm. *C NMR (126 MHz,
CDCL): 6 159.0, 149.9, 147.1, 137.3, 133.4, 133.0, 126.5, 121.3, 120.4,
1159, 115.2, 66.4, 36.7 ppm. HRMS (ESI) m/z: [M + H]" calcd for
C14H,3N,0,S,, 349.0424; found, 349.0425.

tert-Butyl (((9H-fluoren-9-yl)methoxy)carbonyl)cysteinate (10).
To a solution of protected cystine 9 (700 mg, 0.87 mmol) in dry,
degassed THF/H,O (40:1, 12.5 mL, v/v) at 0 °C was slowly added

P(Bu); (240 pL, 0.96 mmol), and the solution was stirred at ambient
temperature. The reaction was monitored by TLC (hexane/EtOAc =
3:1, v/v), which indicated its completion after 6—12 h. The reaction
mixture was diluted with 10% aqueous AcOH (50 mL) and extracted
with EtOAc (S X 70 mL). The organic extracts were combined, dried
over MgSO,, filtered, and evaporated under reduced pressure. The
crude product was purified by flash chromatography (hexane/EtOAc =
3:1, v/v) to afford compound 10 as a pale yellow oil (639 mg, 92%
yield). 'TH NMR (500 MHz, CDCL,): § 7.77 (d, J = 7.5 Hz, 2H), 7.61
(d,]=74Hz 2H), 741 (app t, ] = 7.4 Hz, 2H), 7.33 (app t, ] = 74
Hz, 2H), 5.70 (d, ] = 7.0 Hz, 1H), 4.57—4.53 (m, 1H), 4.46—4.37 (m,
2H), 4.24 (t, ] = 6.9 Hz, 1H), 3.03—2.96 (m, 2H), 1.51 (s, 9H), 1.34
(t, ] = 89 Hz, 1H) ppm. *C NMR (126 MHz, CDCl;): § 169.0,
155.7, 143.9, 1414, 127.8, 125.2, 125.1, 120.1, 83.1, 67.1, 55.4, 47.2,
28.1, 27.4 ppm. HRMS (ESI) m/z: [M — H]™ caled for C,,H,,NO,S,
398.1426; found, 398.1423.
tert-Butyl-N-(((9H-fluoren-9-yl)methoxy)carbonyl)-5-((2-
hydroxyethyl)thio)cysteinate (11). To a solution of methoxycarbonyl
sulfenyl chloride (200 uL, 2.22 mmol) in CH;CN (2 mL) at 0 °C was
slowly added 2-mercaptoethanol (155 yL, 2.22 mmol) in CH;CN (2
mL), and the solution was stirred for 30 min. Then, a solution of
compound 10 (800 mg, 2.00 mmol) and 2,6-lutidine (1.3 mL, 11.1
mL) in CH;CN (S mL) was slowly added to the reaction mixture. The
reaction was monitored by UHPLC-MS, which indicated its
completion after 1.5 h. The residual solvent was evaporated, and the
reaction mixture was diluted with NH,Cl (50 mL) and extracted with
EtOAc (5 X 70 mL). The organic extracts were combined, dried over
MgSO,, filtered, and evaporated under reduced pressure. The crude
product was purified by column chromatography (first, CH,CL,/
EtOAc = 1:1, v/v; second, hexane/EtOAc = 2:1, v/v) to afford
compound 11 as a pale yellow oil (715 mg, 75% yield). "H NMR (500
MHz, CDCL): 6 7.77 (d, J = 7.6 Hz, 2H), 7.61 (d, ] = 7.4 Hz, 2H),
741 (t, ] = 7.4 Hz, 2H), 7.32 (t, ] = 7.4 Hz, 2H), 5.67 (d, ] = 7.3 Hz,
1H), 4.59 (dd, ] = 12.5, 5.3 Hz, 1H), 4.46—4.36 (m, 2H), 424 (t, ] =
7.0 Hz, 1H), 3.85 (app t, J = 5.6 Hz, 1H), 3.27 (dd, ] = 14.1, 5.3 Hz,
1H), 3.15 (dd, J = 14.1, 5.3 Hz, 1H), 2.90—2.84 (m, 1H), 1.50 (s, 9H)
ppm. *C NMR (126 MHz, CDCL): § 169.4, 155.9, 143.8, 141.4,
127.8, 127.2, 1252, 120.1, 83.4, 67.3, 60.4, 54.3, 47.2, 42.2, 414, 28.1
ppm. HRMS (ESI) m/z: [M + H]" caled for C,,H;(NO;S,, 476.1565;
found, 476.1562.
tert-Butyl-S-((2-((((1H-benzo[d][1,2,3]triazol-1-yl)oxy)carbonyl)-
oxy)ethyl)thio)-N-(((9H-fluoren-9-yl)methoxy)carbonyl)cysteinate
(12). To a solution of triphosgene (310 mg, 1.0S mmol) in dry CH,Cl,
(8 mL) at 0 °C under a nitrogen atmosphere was slowly added a
solution of compound 11 (715 mg, 1.50 mmol) and 2,6-lutidine (523
uL, 4.5 mmol) in dry CH,Cl, (8 mL). The reaction mixture was
stirred at ambient temperature for 3 h. Then, a solution of HOBt (230
mg, 1.50 mmol) and 2,6-lutidine (523 yL, 4.5 mmol) in dry CH,Cl, (8
mL) was slowly added within 10 min at 0 °C, and the reaction mixture
was stirred at ambient temperature. The reaction was monitored by
UHPLC-MS, which indicated its completion after 12 h. The residual
solvent was evaporated to dryness, and the crude reaction mixture was
diluted with EtOAc (100 mL) and extracted with aqueous NH,Cl (6 X
200 mL). The organic extract was dried over MgSO,, filtered, and
evaporated under reduced pressure. The crude product was used
without further purification or was purified by semipreparative HPLC
to afford compound 12 as a pale yellow solid (600 mg, 65% yield). 'H
NMR (500 MHz, CDCl,): § 8.16 (d, J = 8.4 Hz, 1H), 7.99 (d, ] = 8.4
Hz, 1H), 7.74—7.72 (m, 3H), 7.59 (d, ] = 7.4 Hz, 2H), 7.51 (t, ] = 7.8
Hz, 1H), 7.42—7.27 (m, SH), 5.66 (d, ] = 7.3 Hz, 1H), 475 (t, ] = 6.7
Hz, 2H), 4.59 (d, ] = 6.6 Hz, 1H), 442 (dd, ] = 10.2, 7.6 Hz, 1H),
4.37-4.31 (m, 1H), 422 (t, ] = 6.9 Hz, 1H), 3.32 (dd, ] = 13.8, 4.8 Hz,
1H), 3.20 (dd, J = 13.8, 4.8 Hz, 1H), 3.13—3.07 (m, 2H), 1.49 (s, 9H)
ppm. *C NMR (126 MHz, CDCL): § 169.3, 160.8, 155.7, 147.2,
143.8, 1414, 132.9, 127.8, 127.2, 1265, 1252, 120.1, 1159, 115.2,
83.5, 67.2, 66.6, 54.2, 47.2, 42.1, 36.5, 28.1 ppm. HRMS (ESI) m/z:
[M + HJ* caled for C3;H33N,0,S,, 637.1791; found, 637.1790.
Preparation of BAL Resin 1. Aminomethyl polystyrene resin (1 g,
loading of 0.98 mmol/g) was swollen in CH,Cl, (10 mL) for 30 min,
washed with DMF (3 X 10 mL), neutralized in DMF/piperidine (5:1,
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10 mL) for an additional 30 min, and then again washed with DMF (§
% 10 mL). Backbone amide linker (700 mg, 2.94 mmol) and HOBt
(450 mg, 2.94 mmol) were dissolved in DMF/CH,CL, (1:1, 10 mL, v/
v), and DIC (460 uL, 2.94 mmol) was added. The resulting solution
was added to a polypropylene fritted syringe with aminomethyl resin.
The reaction slurry was shaken at ambient temperature overnight and
then washed with DMF (3 X 10 mL) and CH,Cl, (3 X 10 mL). A
bromophenol blue test confirmed the quantitative acylation of amino
groups.

General Procedure for Reductive Amination to Obtain Resin 2.
BAL resin 1 was swollen in CH,Cl, (10 mL) for 30 min and then
washed with dry THF (3 X 10 mL) and dry DMF (3 X 10 mL). A
solution of the corresponding amine (4.9 mmol) in DMF/AcOH
(10:1, 10 mL, v/v) was added to the resin, and the mixture was shaken
overnight at ambient temperature. Then, NaBH(OAc); (210 mg, 2.94
mmol) in DMF/AcOH (20:1, S mL, v/v) was added portionwise to
the reaction mixture during a period of 4 h, after which the mixture
was washed with DMF (5 X 10 mL) and CH,Cl, (3 X 10 mL) and
neutralized with DMF/TEA (10:1, 10 mL, v/v) for an additional 30
min to obtain resin 2. The loading was determined according to a
published procedure.*

General Procedure for the Preparation of Intermediates 4.
Arylation with 2,6-Dichloropurine Followed by On-Resin N°-
Alkylation. Resin 2 (500 mg) was swollen in CH,Cl, (S mL) for 30
min and then washed with CH,Cl, (3 X S mL). 2,6-Dichloropurine
(320 mg, 1.55 mmol) and DIPEA (256 pL, 1.55 mmol) were dissolved
in dioxane (5 mL) and added to a sealed vial with resin 2. The reaction
slurry was shaken at 80 °C overnight and then washed with THF ($ X
5 mL) and CH,Cl, (5 X S mL). The corresponding resin (500 mg)
was swollen in CH,Cl, (S mL) for 30 min and then washed with
CH,CL, (3 X S mL), DMF (3 X 5 mL), and DMSO (3 X 5 mL). Alkyl
iodide (3.72 mmol), BTPP (1.13 mL, 3.72 mmol), and DMSO (S mL)
were added to the resin. The reaction slurry was shaken at 65 °C
overnight and then washed with DMF (10 X S mL), DMSO (5 X §
mL), THF (5 X § mL), and CH,Cl, (10 X 5 mL).

Arylation with N°-Prealkylated Intermediates 3. Resin 2 (500 mg)
was swollen in CH,Cl, (5 mL) for 30 min and then washed with
CH,Cl, (3 X § mL). Intermediates 3 (3 mmol) and DIPEA (495 uL, 3
mmol) were dissolved in dioxane (5 mL) and added to a sealed vial
with resin 2. The reaction slurry was shaken at 80 °C overnight and
then washed with THF (5 X 5§ mL) and CH,Cl, (5§ X 5 mL).

General Procedure for the Preparation of Intermediates 5. Resin
4 (250 mg) was swollen in CH,Cl, (5 mL) for 30 min and then
washed with CH,Cl, (3 X S mL) and dry THF (3 X S mL) that had
been degassed prior to use. Amine (2 mmol), XPhos (96 mg, 0.2
mmol), Pd,dba; (92 mg, 0.lmmol) and LiHMDS (1 M solution in
THEF, 2 ml, 2 mmol) were dissolved in dry, degassed THF (S mL) and
added to a sealed vial with resin 4. The reaction slurry was protected
from light and shaken at 60 °C for 24 h, after which it was washed with
DMF (10 X $ mL), THF (5 X $ mL), and CH,CL, (5 X § mL).

General Procedure for the Preparation of Intermediates 13.
Resin § (250 mg) was swollen in CH,Cl, (S mL) for 30 min and then
washed with CH,Cl, (3 X S mL). Linker 12 (318 mg, 0.5 mmol) was
dissolved in CH,Cl, (2.5 mL) and added to a polypropylene fritted
syringe with resin 5. The reaction slurry was shaken at ambient
temperature overnight and then washed with CH,CL, (5 X 3 mL).

General Procedure for the Preparation of Intermediates 15. To
obtain intermediates 15, the following procedures were repeated three
times:

Step 1: Deprotection of Fmoc. Resin 13 (250 mg) was swollen in
CH,Cl, (5 mL) for 30 min and then washed with CH,Cl, (3 X § mL).
To the resin was added a solution of DMF/piperidine (99:1, 2.5 mL,
v/v), and the slurry was shaken for 2 h at ambient temperature
followed by wash with DMF (5 x § ml) and CH,Cl, (5 x § ml).

Step 2: Acylation. Fmoc-Asp(O'Bu)-OH (308 mg, 0.75 mmol) was
dissolved in DMF/CH,CI, (1:1, 2.5 mL, v/v), and DIC (58 uL, 0.37
mmol) was added. The reaction mixture was added to a propylene
fritted syringe with deprotected resin 13, and the reaction slurry was
shaken overnight at ambient temperature. The resin was washed with
CH,CL, (5 X 3 mL).

General Procedure for the Preparation of Intermediates 16.
Resin 15 (250 mg) was swollen in CH,Cl, (5 mL) for 30 min and
then washed with CH,Cl, (3 X S mL). To the resin was added a
solution of DMF/piperidine (99:1, 2.5 mL, v/v), and the slurry was
shaken for 2 h at ambient temperature. The resin was washed with
CH,Cl, (5 x 3 mL).

General Procedure for the Preparation of Final Compounds 17.
Step 1: Acylation with Fmoc-Glu-O'Bu. Fmoc-Glu-O'Bu (317 mg,
0.75 mmol) was dissolved in DMF/CH,Cl, (1:1, 2.5 mL, v/v), and
DIC (58 uL, 0.37 mmol) was added. The reaction mixture was added
to a propylene fritted syringe with resin 16, and the reaction slurry was
shaken overnight at ambient temperature. The resin was washed with
CH,CL, (5 X 3 mL).

Step 2: Fmoc Cleavage and Acylation with Pteroic Acid. The
resin (250 mg) was swollen in CH,Cl, (5 mL) for 30 min and then
washed with CH,Cl, (3 X 5 mL). To the resin was added a solution of
DMF/piperidine (99:1, 2.5 mL, v/v), and the slurry was shaken for 2 h
at ambient temperature and then washed with CH,Cl, (5 X 3 mL).

Then, HBTU (112 mg, 0.3 mmol) and HOBt (46 mg, 0.3 mmol)
were dissolved in DMF/DMSO/NMP (9:5:1, 7.5 mL, v/v), and
pteroic acid (250 mg, 0.64 mmol) was added. The reaction mixture
was added to a propylene fritted syringe with the resin, and the
reaction slurry was protected from light and shaken for 18 h at
ambient temperature.

The resin was washed with DMF (10 X § mL), DMSO (10 X §
mL), water (10 X § mL), DMSO (10 X 5 mL), DMF (10 X 5 mL),
THF (10 X 5 mL), and CH,Cl, (5 X 5§ mL).

Step 3: Cleavage from the Resin. The resin (250 mg) was swollen
in CH,Cl, (5 mL) for 30 min and then washed with CH,Cl, (3 X §
mL). To the resin was added a solution of CH,Cl,/TFA (1:1, S mL,
v/v), and the slurry was shaken for 2 h at ambient temperature, after
which it was evaporated under a stream of nitrogen and extracted into
CH;CN/H,O (1:1, 3 mL, v/v). The final conjugates 17a—g were
purified by semipreparative HPLC.

Conjugate 17a. Yellowish oil (60 mg, 27% yield). "H NMR (500
MHz, DMSO-dy): § 9.15 (brs, 1H), 8.63 (s, 1H), 8.25 (d, ] = 6.9 Hz,
1H), 8.18 (d, J = 7.7 Hz, 1H), 8.05 (d, ] = 6.6 Hz, 1H), 7.89 (s, 1H),
7.84 (d, ] = 8.7 Hz, 2H), 7.73 (d, ] = 6.4 Hz, 1H), 7.66—7.61 (m, 2H),
7.33 (brs, 1H), 7.28 (d, J = 8.0 Hz, 1H), 6.95 (t, ] = 6.7 Hz, 1H), 6.87
(d, J = 9.1 Hz, 2H), 6.65—6.62 (m, 2H), 6.35 (br s, 1H), 4.55—4.47
(m, 7H), 4.29—4.20 (m, 3H), 4.16—4.14 (m, 3H), 3.76—3.72 (m, SH),
3.22-3.13 (m, 2H), 3.06—3.02 (m, 4H), 2.98—2.94 (m, SH), 2.74—
2.55 (m, 4H), 2.03—1.95 (m, 4H), 1.86—1.81 (m, 2H), 1.48 (d, ] = 6.6
Hz, 6H), 1.35—1.25 (m, SH) ppm. *C NMR (126 MHz, DMSO-d,):
6 174.0, 172.3, 172.0, 171.1, 170.5, 170.1, 167.4, 161.9, 158.1, 155.2,
154.4, 154.1, 152.0, 150.6, 148.6, 148.4, 146.3, 135.5, 133.0, 13L.1,
128.8, 127.8, 121.5, 115.4, 111.3, 66.2, 61.7, 56.8, 53.4, 52.5, 50.3, 49.9,
49.4,49.3, 45.9, 43.6, 367, 31.6, 31.2, 26.8 ppm. IR (i,,,,) = 3270 (w),
3056 (w), 2919 (w), 2851 (w), 1632 (m), 1605 (m), 1511 (s), 1452—
1411 (m), 1300 (m), 1263 (m), 1228 (s), 1178 (s), 1118 (m), 1005
(s), 951 (m), 924 (m), 822 (m), 765 (m), 719 (m) cm™'. HRMS
(ESI) m/z: [M + H]" caled for Cg;H7N1904S,, 1442.5001; found,
1442.5000.

Conjugate 17b. Yellowish oil (66 mg, 22% yield). 'H NMR (500
MHz, DMSO-d): 6 8.62 (s, 1H), 8.24—8.23 (m, 1H), 8.19 (d,J = 7.1
Hz, 1H), 8.03 (d, ] = 7.3 Hz, 1H), 7.84—7.83 (m, 3H), 7.73 (d,] = 7.6
Hz, 1H), 7.62 (d, ] = 8.7 Hz, 2H), 7.39 (br s, 1H), 7.28 (d, ] = 7.6 Hz,
1H), 6.94 (t, ] = 5.2 Hz, 1H), 6.87 (d, J = 9.0 Hz, 2H), 6.63 (d, ] = 8.7
Hz, 2H), 4.70—4.63 (m, 1H), 4.49—4.47 (m, SH), 4.27—4.22 (m, 2H),
4.15 (t, ] = 5.8 Hz, 2H), 3.76—3.68 (m, SH), 3.60 (br s, 1H), 3.26 (br
s, 1H), 3.21-3.1S5 (m, 1H), 3.05—3.02 (m, 4H), 3.00—2.88 (m, 4H),
2.74-2.53 (m, 4H), 2.24—1.99 (m, 11H), 1.85—1.83 (m, 4H), 1.67—
1.64 (m, 2H), 1.31-1.26 (m, 4H) ppm. *C NMR (126 MHz, DMSO-
dg): 6 174.1, 172.4, 172.4, 172.3, 172.1, 171.1, 170.6, 170.1, 166.1,
161.5, 158.1, 1552, 154.5, 150.7, 148.6, 1484, 146.3, 1362, 132.9,
128.8, 127.8, 121.6, 121.1, 1154, 111.3, 66.2, 61.7, 53.4, 52.6, 49.9,
49.4, 49.3, 459, 41.7, 37.3, 37.0, 36.7, 31.8, 31.6, 312, 269 ppm. IR
(Dmae) = 3304 (m), 2914 (w), 2849 (w), 1637 (s), 1604 (s), 1510 (s),
1450—1408 (m), 1264 (m), 1227 (m), 1183 (m), 1115 (m), 1002 (s),
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950 (m), 924 (m), 820 (m), 766 (m) cm™'. HRMS (ESI) m/z: [M +
H]* caled for Cg3HysN4046S,, 1468.5157; found, 1468.5165.

Conjugate 17c. Yellowish oil (60 mg, 25% yield). "H NMR (500
MHz, DMSO-dg): 6 9.11 (br s, 1H), 8.62 (s, 1H), 8.25 (d, ] = 4.8 Hz,
1H), 8.17 (d, J = 7.2 Hz, 1H), 8.02 (d, ] = 5.5 Hz, 1H), 7.85—7.81 (m,
3H), 7.72 (d, ] = 7.0 Hz, 1H), 7.61 (d, ] = 8.6 Hz, 2H), 7.37—7.31 (m,
2H), 6.95 (t, ] = 6.1 Hz, 1H), 6.87 (d, ] = 9.1 Hz, 2H), 6.66—6.60 (m,
2H), 6.56—6.50 (m, 1H), 4.71—4.65 (m, 1H), 4.51-4.47 (m, 5H),
4.23—4.22 (m, 3H), 4.12 (t, ] = 6.2 Hz, 2H), 3.75-3.70 (m, 6H),
327-3.23 (m, 3H), 3.20—3.14 (m, 2H), 3.05—3.02 (m, 4H), 3.02—
2.87 (m, 8H), 2.72—2.56 (m, 4H), 2.22 (m, 1H), 2.16—2.06 (m, 3H),
2.04—1.92 (m, 4H), 1.70—1.60 (m, 3H), 1.55—1.44 (m, SH) ppm. *C
NMR (126 MHz, DMSO-dy): § 174.1, 1724, 172.1, 171.1, 170.6,
170.1, 166.0, 161.2, 158.9, 155.9, 154.5, 152.0, 150.6, 148.6, 148.4,
146.3,136.1, 132.8, 131.6, 128.7, 127.8, 121.1, 115.3, 111.3, 66.2, 61.7,
54.8, 53.5, 50.3, 50.2, 49.9, 49.2, 45.9, 43.6, 36.8, 31.8, 27.1, 23.7 ppm.
IR (Dpnqe) = 3282 (m), 2952 (w), 2916 (w), 2850 (w), 1639 (m), 1605
(m), 1511 (s), 1452—1411 (m), 1376 (m), 1228 (s), 1179 (m), 1121
(m), 1005 (s), 997 (m), 951 (m), 923 (m), 823 (m), 801 (m), 765 (s)
cm™. HRMS (ESI) m/z: [M + H]" caled for CgHgN;90;6S,,
1442.5001; found, 1442.5009.

Conjugate 17d. Yellowish oil (50 mg, 23% yield). '"H NMR (500
MHz, DMSO-d;): 6 8.64—8.58 (m, 2H), 8.37 (d, ] = 4.8 Hz, 1H), 8.25
(d,J = 5.7 Hz, 1H), 8.16 (d, ] = 6.6 Hz, 1H), 8.00 (d, ] = 8.3 Hz, 2H),
7.90 (d, J = 8.0 Hz, 1H), 7.84 (td, ] = 7.9, 1.8 Hz, 1H), 7.76—7.72 (m,
3H), 7.65 (d, ] = 8.8 Hz, 1H), 7.59 (d, ] = 8.5 Hz, 2H), 7.44 (d, ] = 8.2
Hz, 2H), 7.34—7.27 (m, 2H), 6.94—6.90 (m, 1H), 6.64—6.61 (m, 2H),
6.07 (d, ] = 6.6 Hz, 1H), 4.63 (br s, 3H), 449—4.41 (m, 4H), 4.38—
4.36 (m, 1H), 4.16—4.13 (dd, J = 12.8, 6.3 Hz, 4H), 3.61—3.52 (m,
1H), 2.98—2.86 (m, 10H), 2.63—2.60 (m, 1H), 2.15—2.13 (m, 1H),
2.04—1.92 (m, 6H), 1.81-1.75 (m, 2H), 1.64—1.58 (m, 10H), 1.52—
1.49 (m, SH), 1.30—1.17 (m, 4H) ppm. *C NMR (126 MHz, DMSO-
dg): 6 174.8, 173.9, 173.6, 173.0, 172.4, 1714, 171.1, 170.6, 165.6,
161.9, 158.3, 156.0, 1552, 154.9, 150.5, 149.4, 148.3, 141.8, 137.2,
136.9, 128.5, 127.8, 127.6, 126.3, 122.4, 121.9, 120.0, 111.4, 61.7, 53.9,
53.4, 50.7, 50.4, 49.4, 49.2, 45.9, 43.5, 42.6, 38.5, 38.0, 37.4, 31.8, 31.6,
31.3,27.7, 224 ppm. IR (T,,,,) = 3270 (w), 3054 (w), 2917 (w), 2850
(w), 1655 (m), 1604 (s), 1512 (s), 1394 (m), 1300 (m), 1263 (m),
1228 (s), 1178 (m), 1127 (m), 1046 (s), 999 (s), 949 (m), 902 (m),
822 (m), 768 (m), 719 (m) cm™". HRMS (ESI) m/z: [M + H]* caled
for CggH¢N;9O14S,, 1474.5052; found, 1474.5055.

Conjugate 17e. Yellowish oil (24 mg, 19% yield). "H NMR (500
MHz, DMSO-d): § 8.63 (s, 1H), 8.24 (br s, 2H), 8.18 (d, ] = 7.5 Hz,
1H), 8.05 (d, J = 7.1 Hz, 1H), 7.72 (s, 2H), 7.62 (d, ] = 8.7 Hz, 2H),
7.35—7.28 (m, SH), 7.23 (d, ] = 6.8 Hz, 1H), 7.10 (dd, ] = 14.3, 7.3
Hz, 3H), 6.98 (s, 1H), 6.95—6.93 (m, 3H), 6.80 (dd, J = 8.1, 1.9 Hz,
1H), 6.64—6.62 (m, 2H), 6.05 (br s, 1H), 4.67—4.44 (m, 10H), 4.27—
421 (m, 3H), 4.13 (t, ] = 6.0 Hz, 3H), 3.22—3.15 (m, 3H), 2.99—-2.91
(m, 6H), 2.70—2.55 (m, SH), 2.27—1.92 (m, 10H), 1.85—1.63 (m,
11H), 1.23-1.22 (m, 4H) ppm. *C NMR (126 MHz, DMSO-d): &
174.0, 172.2, 172.0, 171.0, 170.5, 170.0, 166.1, 158.2, 156.6, 156.4,
155.2, 154.4, 150.6, 150.1, 148.5, 143.3, 142.7, 135.5, 129.9, 129.68,
128.8, 127.8, 123.2, 122.4, 121.5, 118.3, 117.4, 116.6, 111.3, 61.7, 54.7,
53.3, 52.5, 50.3, 50.1, 49.8, 49.4, 49.2, 45.9, 43.6, 36.7, 31.8, 31.5, 31.2,
22.2,21.7 ppm. IR (¥,,,) = 3269 (w), 3066 (w), 2947 (w), 2919 (w),
2851 (w), 1654 (m), 1605 (s), 1513 (s), 1487 (m), 1400 (m), 1376
(m), 1349 (m), 1246 (m), 1180 (m), 1128 (m), 1021 (s), 1002 (s),
950 (m), 901 (m), 820 (m), 768 (m), 719 (m), 691 (s) cm™. HRMS
(ESI) m/z: [M + H]" caled for CeH77N150,5S,, 1489.5048; found,
1489.5049.

Conjugate 17f. Yellowish oil (45 mg, 20% yield). '"H NMR (500
MHz, DMSO-dy): & 8.66 (br s, 1H), 8.62 (s, 1H), 8.25—8.18 (m, 3H),
8.17—8.15 (m, 3H), 7.98 (d, ] = 6.7 Hz, 1H), 7.93 (d, ] = 8.2 Hz, 2H),
7.85 (d, ] = 7.7 Hz, 2H), 7.75—7.71 (m, 3H), 7.61 (d, ] = 8.8 Hz, 2H),
745 (d, J = 8.1 Hz, 4H), 7.27 (d, ] = 7.6 Hz, 1H), 6.96—6.93 (m, 1H),
6.66—6.62 (m, 2H), 6.14 (d, ] = 5.9 Hz, 1H), 4.63 (br s, 3H), 4.51—
4.47 (m, 6H), 4.23—4.18 (m, 3H), 4.13 (t, ] = 5.8 Hz, 3H), 3.56 (br s,
1H), 3.20—3.17 (m, 2H), 2.997—2.88 (m, 4H), 2.73—2.60 (m, 3H),
2.22—-1.94 (m, 10H), 1.88—1.63 (m, 11H), 1.27—1.23 (m, SH) ppm.
13C NMR (126 MHz, DMSO-dy): & 174.2, 172.5, 172.1, 171.1, 170.6,

170.1, 166.0, 161.6, 1582, 155.2, 154.6, 152.9, 150.6, 149.0, 148.7,
148.4, 137.8, 136.4, 1354, 128.7, 128.3, 127.8, 121.6, 121.2, 120.0,
119.1, 111.3, 61.7, 53.6, 52.7, 50.4, 50.2, 50.0, 49.4, 49.3, 45.9, 37.4,
372,369, 31.8, 31.6, 31.2, 27.0, 23.7 ppm. "°F {'"H} NMR (471 MHz,
DMSO-dy): § —59.69 (s, 3F) ppm. IR (¥,,) = 3271 (m), 2936 (w),
1641 (m), 1604 (s), 1512 (m), 1480 (m), 1394 (m), 1337 (m), 1304
(m), 1254 (s), 1220 (s), 1170 (m), 1021 (s), 1002 (s), 998 (s), 952
(m), 901 (m), 823 (m), 764 (m) cm™". HRMS (ESI) m/z: [M + H]*
caled for CygH,sF3N 4014S,, 1558.4875; found, 1558.4878.

Yc_r was not determined because of poor signal-to-noise ratio.

Conjugate 17g. Yellowish oil (32 mg, 21% yield). 'H NMR (500
MHz, DMSO-dg): 6 8.63 (s, 1H), 8.21 (d, J = 7.5 Hz, 1H), 8.17 (d, ] =
7.4 Hz, 2H), 8.09 (d, ] = 7.4 Hz, 1H), 7.77 (d, ] = 7.2 Hz, 1H), 7.71 (s,
1H), 7.64 (d, ] = 8.8 Hz, 2H), 7.23—7.18 (m, 4H), 7.08 (d, ] = 7.8 Hz,
2H), 6.92 (t, ] = 5.9 Hz, 1H), 6.65—6.63 (m, 2H), 6.01 (d, J = 7.1 Hz,
1H), 4.64—4.60 (m, 1H), 4.56—4.47 (m, 7H), 4.36—4.23 (m, 3H),
4.14 (t, ] = 6.0 Hz, 2H), 3.57 (br s, 2H), 3.25—3.14 (m, 3H), 3.01—
2.91 (m, 4H), 2.74—2.62 (m, 4H), 2.25—2.24 (m, SH), 2.18—2.03 (m,
9H), 1.85—1.78 (m, 6H), 1.67—1.62 (m, 2H), 1.27—-1.21 (m, SH)
ppm. *C NMR (126 MHz, DMSO-dy): § 173.9, 172.2, 172.0, 171.9,
170.9, 170.4, 170.1, 168.3, 166.1, 1582, 155.1, 154.1, 150.6, 148.6,
148.4, 137.7, 135.3, 129.3, 128.8, 128.5, 127.8, 127.2, 121.4, 111.2,
61.6,52.9, 52.3, 50.0, 49.7, 49.3, 49.2, 45.9, 37.2, 36.6, 36.4, 31.7, 31.5,
31.2, 26.7, 23.7, 20.8 ppm. HRMS (ESI) m/z: [M + H]" calcd for
Ce6H,sF3N150,,S,, 1558.4875; found, 1558.4878.
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Figure $23: °C spectrum of compound 17g in DMSO-d.

In vitro selectivity to folate receptor (Folate uptake assay)

Hela cell line derived from human cervix epitheloid carcinoma expressing folate receptor was
purchased from ATCC and maintained in DMEM medium supplemented with 10% fetal bovine
serum, penicillin (100 U/ml) and streptomycin (100 pg/ml) under standard cell culture conditions at

37°Cin 5% CO,.

Before the incubations, Hela cells were rinsed three times in PBS and then cultured in folate-free
DMEM medium supplemented with 10% dialyzed FBS. After 24h incubation, medium was removed
and cells were stained with 1 uM folate receptor targeted fluorescence probe FolateRSense 680
(Perkin Elmer) diluted in folate-free DMEM medium in the absence or presence of increasing
concentrations of conjugate, unconjugated inhibitor or free folic acid as a positive control. After 1 h
staining at 37 °C, cells were rinsed four times to remove surface bound folate, resuspended in PBS

and immediately analyzed via flow cytometry (BD FACS Verse) in APC-Cy7 channel.
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Figure S24. Expression of FOLR1 in different cancer cell lines analyzed by immunoblotting.
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Figure S25. FolateRSense 680 probe uptake by Hela cell line. Autofluorescence of unstained cells
(solid line) vs. cells stained with 1 uM probe (dot line). Numbers refer to mean fluorescence intensity
of cells.

Cell line sensitivity

The cytotoxicity of compound 17d was against cell lines HeLa, MCF7 and K562 was determined using
MTT assay. Briefly, cells were treated in triplicate with various doses of the compound for 72 h. Then
MTT stock solution (5 mg/ml) was added into each well and incubated for 4 h. After this incubation
period, produced formazan was dissolved by DMSO and final absorbance was measured at 570 nm
with Synergy H4 Hybrid Multi-Mode Microplate Reader. The IC50 value, the drug concentration
lethal to 50% of the cells, was calculated from the dose response curves that resulted from the
assays.

Table S1. In vitro cytotoxicity of conjugate 17d.

Cell line ICso (LM)
Hela 2.3
MCF7 >100
K562 >100
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Souhrn

V pribéhu poslednich 30 let bylo objeveno velké mnozstvi inhibitori cyklin-dependentnich kinas
(CDK), z nichz nékolik bylo schvaleno pro 1é¢bu rakoviny a vice nez 100 latek je komercné
dostupnych jako chemické nastroje pro bunécnou biologii. Nicméné mira, do jaké jsou vlastnosti
téchto latek studovany s ohledem na jejich ucinnost, selektivitu vii¢i jednotlivym CDK a bunécné
efekty, se vyznamné lisi. Inhibitory byvaji obvykle oznacovany jako vysoce selektivni a ucinné,
nicméné v mnohych pifipadech nebyly dostatecné nebo spravné charakterizovany.
Znalost biochemické selektivity je pifitom nezbytna pro adekvatni interpretaci nasledki jejich
pusobeni anezadoucich uc¢inkli a také pro jejich spravné pouziti v biologickych studiich.
Nezadouci ucinky vsak mohou souviset i s jejich nizkou bunécnou selektivitou, kdy tyto latky
inhibuji kinasy nebo procesy, které podporuji nadorové bujeni, ale mohou mit esencialni funkci
také v nenadorovych bunkach. Tato disertacni prace je zaméfena na charakterizaci vybranych
komercné dostupnych inhibitort CDK (CDKi), které byly publikovany jako selektivni viici CDK
regulujicim bunécny cyklus. Na zaklad¢ nékolika typli experimentli byla hodnocena jejich
selektivita vuci CDK1/2/4/5/7/9 a jejich efekty na bunéény cyklus, které byly porovnavany
S publikovanymi daty. Vysledky poukazuji, ze vétSina plivodné selektivnich CDKi by méla byt
klasifikovana jako panselektivni a neméla by byt vyuzivéna jako selektivnich chemickych sond.
V druhé casti prace byl navrzen koncept cileného transportu CDKi konjugovanych s folatem
prostiednictvim foldtového receptoru exprimovaného nadorovymi buiikkami. Cytometrickou
analyzou byl potvrzen specificky transport konjugati do nédorovych bunék za soucasného
zachovani CDK inhibi¢nich vlastnosti. Cilené doruceni inhibitort tak piedstavuje mozny zptisob

vedouci k vys$si bunécné selektivité 1éCiv.
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1 Uvod do FeSené problematiky a cile prace

Cyklin-dependentni kinasy (CDK) piedstavuji skupinu serin/threoninovych proteinkinas,
které se podili na regulaci bunééného cyklu a transkripce, nicméné jsou zapojeny v mnohem SirSim
spektru bunéénych procest jako je napf. apoptoza, oprava DNA, metabolismus, diferenciace,
spermatogeneze nebo angiogeneze (Malumbres et Barbacid, 2005; Lim et Kaldis, 2013;
Malumbres, 2014; Palmer et Kaldis, 2020). Jakozto klicové regulatory fady biologickych procest
se staly atraktivnim cilem pro vyvoj nizkomolekularnich inhibitortt (CDKi) jako protinadorovych
1é¢iv a vice nez 100 téchto latek je komercné dostupnych jako chemické nastroje pro bunéénou
biologii. Vétsina z nich reversibilné interaguje s ATP-vazebnym mistem kinas (Sanchez-
Martinez et al., 2019).

Vysoky stupeii strukturni podobnosti ATP-vazebného mista vSak poskytuje pouze omezené
moznosti selektivné modulovat jednotlivé kinasy a dostupné inhibitory tak ¢asto interaguji s vice
nez jednim proteinem. | kdyz je tato skute¢nost v§eobecné znama, mira, do jaké jsou informace
0 biochemické selektivite, ale 1 o uc€innosti a bunécnych efektech studovany, se u jednotlivych latek
vyrazné lisi (Klaeger et al., 2017). Ukazuje se, ze zakladnim mechanismem uc¢inku fady
kinasovych inhibitori neni inhibice ptvodné ptredpokladaného primarniho cile, ale inhibice
vedlejsich cild, tzv. off-targets (Lin et al., 2019), které ptispivaji k cytotoxickym ucinkiim latky
a kterymi mohou byt i jiné nekinasové proteiny (Munoz, 2017). Odborna vefejnost se totiz stale
potyka s nedostate¢nou charakterizaci zejména biochemické selektivity nejen viici jednotlivym
CDK, ale 1 dalSim ciliim. Zékladni problém spociva v tom, Ze v prvotnich fazich vyvoje jsou
inhibitory obvykle popsany a komer¢né prodavany jako vysoce potentni a selektivni vii¢i danému
cili, nicméné¢ v mnohych piipadech nebyly dostatené nebo spravné charakterizovany.
Vysledkem je, Ze informace o jejich selektivité jsou Casto neliplné a mnohdy je komplikované
je najit, protoze spole¢né s dalsimi latkami jsou soucasti rozsahlejsich studii, které byly provedeny
az vyrazné pozdéji (Klaeger et al., 2017; Munoz, 2017; Wells et al., 2020).

Znalost biochemické selektivity je pfitom nezbytnd pro adekvatni interpretaci nasledkt
jejich ptisobeni, piipadné toxicity a nezadoucich ucink, za které je casto odpovédna prave inhibice
vedlejsich cilt. Informace o biochemické selektivité umoziuji také odhalit biomarkery pro selekci
vhodnych pacientt a predikovat terapeutickou odpoveéd’. Kromé toho jsou dulezité také pro spravné

pouziti inhibitorG v zakladnim vyzkumu, ve kterém jsou Casto vyuzivany pro cilenou inhibici



za ucelem pochopeni zékladnich bunéénych pochodi a funkci kinas. Nedostatecné nebo chybné
stanovena selektivita inhibitord vede k zavadéjicim vysledkim a komplikuje tyto studie,
které jsou zasadni pro védu a vyzkum, a proto by mél byt na jejich charakterizaci kladen vétsi diiraz
(Munoz, 2017; Lin et al., 2019).

Ackoliv se muze zdat, Ze promiskuita inhibitori je spiSe negativnim faktorem,
ktery je nutné prostudovat z divodu vysvétleni nezadoucich G¢inkd, tak jeji existence muze mit
i vyhodné disledky. Poskytuje totiz ptilezitost pro tzv. repurposing, kdy jsou jiz existujici latky
vyuzity k jinym ucelim jako vysoce uc¢inné inhibitory piivodné neodhalenych cilt. Takové latky
pak mohou byt pouzity pro 1écbu odli$nych indikaci, nez bylo pivodné zamysleno.

Nezadouci vedlejsi ucinky a systémova toxicita vSak mohou byt zptisobeny také nizkou
bunécnou selektivitou inhibitorh pii jejich tkdniové a bunééné distribuci. Vétsina téchto latek cili
na kinasy ¢i procesy, které podporuji nadorové bujeni a jejichZ regulace je u nadorovych bunck
narusena. Tyto kinasy ale mohou mit esencialni funkci také v jinych nepatologickych procesech
normalnich nenadorovych bunék (Van Beuge et al., 2012; Ferguson et Gray, 2018). Nizka bunééna
selektivita vede k akumulaci latky i v jinych orgdnech, coz miiZze zplisobovat systémovou toxicitu,
kterd vyznamné omezuje davkovani 1éciva a mnohdy byva pticinou vytazeni z klinického pouZziti.
Zvyseni hladiny inhibitort v cilovych buiikdch nebo tkanich prostiednictvim selektivniho
transportu muze predstavovat ucinny zpisob pro zlepSeni efektivity 1écby proteinkinasovymi
inhibitory (Force et al., 2007; Hartmann et al., 2009; Ferguson et Gray, 2018).

Cilem této disertacni prace bylo poukazat na dileZitost studia biochemické selektivity
proteinkinasovych inhibitorti a ovéfit potencial selektivniho transportu prostfednictvim folatového

receptoru, ktery by mohl vést ke zvySeni bunécné selektivity protinadorovych 1é¢iv.



2 Metodika
2.1 Bunécné kultury
Lidské nadorové bunécné linie HCT116 wt, HeLa, MCF7, A549, MDA-MB-231 a Hep-G2
byly ziskany z The European Collection of Authenticated Cell Cultures. Bunééna linie HCC-827
byla koupena z DSMZ-German Collection of Microorganisms and Cell Cultures. Linie HCT116
CDK27 byla ziskana od dr. Daniela Fishera (CNRS, Montpellier, Francie) a viechny pouzité linie
mysich embryonéalnich fibroblastii MEFs byly ziskany od dr. Mariana Barbacida (CNIO, Madrid,
Spanélsko).

VSechny linie byly kultivovany pti 37 °C a v atmosféfe 5% CO2. Pro linie HCT116 wt,
HeLa, MCF7, A549, MDA-MB-231 bylo pouzito kultivatni médium DMEM. Toto médium
bylo pro linii HCT116 CDK2”" a mysi embryonalni fibroblasty MEFs obohaceno navic o glukosu
(4,5 g/1). Bunécna linie Hep-G2 byla kultivovana v médium EMEM a linie HCC-827 v RPMI.
Pouzitda média byla vzdy doplnéna 10 - 20% fetdlnim bovinnim sérem, streptomycinem

(100 pug/ml), penicilinem (100 U/ml) a L-glutaminem (2 mM).

2.2 Analyza cytotoxicity

Bunééné linie byly vysazeny do 96-jamkové mikrotitracni desticky a druhy den byly ovlivnény
testovanymi latkami v pfisluSnych koncentracich v triplikatu po dobu 72 hodin. Nasledné byl
pfidan roztok MTT (vyslednd koncentrace 1 mg/ml) po dobu 4 hod. Vznikly formazan
byl rozpustén v DMSO a byla stanovena absorbance pii 570 nm spektrofotometrem Infinite
M200 PRO (Tecan). V ptipadé¢ metody Calcein AM byl po 72 hodinové inkubaci s testovanymi
latkami piidan roztok Calceinu AM (vyslednd koncentrace 1 pg/ml) a po 1 hod byla zméfena
fluorescence pii 485/538 nm na fluorimetru Fluoroskan Ascent (Labsystems). VSechna méfeni

byla provedena v alespon 3 technickych replikatech.

2.3 Kinasovy inhibi¢ni test

Kinasova reakce byla provedena standardizovanym kinasovym inhibi¢nim testem
s rekombinantnimi CDK1/B1, CDK2/E1 (exprimovanych v hmyzich buiikdch Sf9), CDK2/A2
(exprimovanych v E. coli), CDK4/D1, CDK5/p25, CDK7/H/MAT1, CDKO9/T1 (Proginase)
a aurora A, B (Sigma). Jako substrat byl pouzit histon H1 (CDK1/2/5), RPPTLSPIPHIPR peptid
(CDK4), (YSPTSPS):KK peptid (CDK7), nebo MBP (Aurora A/B). Reakce probihala



V piitomnosti ATP, 0,05 uCi [y-**P]ATP a testované latky v kinasovém reakénim pufru v celkovém
objemu 10 pl (koncentrace DMSO vV reakci neptesahla 0,2 %) v mikrotitra¢ni desticce s pouzitim
Eppendorf ThermoMixer (350 rpm, 30 °C). Koncentrace ATP v kinasové reakci byla stanovena
na zaklad¢ hodnot K testovanych kinas. Reakce byla vzdy zastavena ptidavkem 5 pl 3% kyseliny
fosforecné. Z kazdé reak¢éni smési bylo poté naneseno 5 pl na P-81 fosfocelulosu (Whatman),
ktera byla nasledné 3x promyta 0,5% kyselinou fosfore¢nou po dobu 6 min a poté oplachnuta 96%
ethanolem a ususSena. Fosfocelulosovy papir byl exponovan v kazeté s citlivou deskou pies noc
a poté byla citliva deska oskenovana skenerem FLA7000 (Fujifilm). Koncentrace testované latky
nezbytna pro redukci kinasové aktivity na 50 % (ICsg) byla stanovena z kiivek zavislosti
fosforylace na koncentraci testovanych latek s vyuzitim programu Origin verze 6.0.

Vsechny reakce byly provedeny nejméné ve tfech technickych replikatech.

2.4  Analyza bunécéného cyklu

Bunééné linie byly vysazeny na Petriho kultivacni desky a druhy den byly ovlivnény testovanymi
latkami. Po 24 hod inkubace byly bunky sklizeny trypsinizaci a zafixovany ve vychlazeném
70% ethanolu. Zafixované vzorky byly rehydratovany PBS a nasledné inkubovany 30 min
v 2N HCI s 0,5% Tritonem X-100. Pro neutralizaci byly promyty v 0,1M Na2B40O7 (pH = 8,5)
a poté nabarveny roztokem propidium jodidu (vysledna koncentrace 100 pg/ml). Po pil hodinové
inkubaci byl méfen relativni obsah jaderné DNA pomoci pritokového cytometru BD FACS Verse
s BD FACSuite Software verze 1.0.6 (BD Biosciences) s vyuzitim excitaéniho laseru o vlnové
délce 488 nm. Ziskana data byla analyzovana pomoci softwaru ModFit LT verze 4.1.7 (Verity
Software house).

2.5 SDS-PAGE a imunodetekce

Buniky urcené pro imunodetekci proteind byly po ovlivnéni pfislusnymi latkami sklizeny
anasledné lyzovany po dobu 20 min v RIPA pufru (20 mM TRIS pH = 7,4; 100 mM NacCl,
2 mM EGTA; 5 mM EDTA, 0,2% Nonidet P-40 pH = 7.4; pfed pouzitim pfidano: 1 mM DTT;
I1mM PMSF; 1 mM NaVOs3; 2 mM NaF; 0,5 pg/ml leupeptin a 2 ug/ml aprotinin).
Pomoci ultrazvukového homogenizatoru byly vzorky sonikovany a poté zcentrifugovany.
Spektrofotometrickou Bradforodovou metodou byla zmétena koncentrace proteini ve vzorcich.

Po vyrovnani koncentrace k nim byl pfidan vzorkovaci pufr (0,3 M TRIS pH = 6,8; 10% SDS;



50% glycerol; 0,05% bromfenolova modft; 5% 2-merkaptoethanol) a nasledné byly denaturovany
pti 95 °C po dobu 3 min.

Proteiny byly separovany polyakrylamidovou gelovou elektroforézou za denaturujicich
podminek a nésledné pomoci western blotingu pfeneseny na nitrocelulosovou membranu.
Membrany byly blokovany v 3% BSA a nasledn¢ inkubovany s primarnimi a sekundarnimi
protilatkami znacenymi kienovou peroxiddzou. Kvantifikace byla provedena s pouzitim
chemiluminiscen¢niho kitu ECL (Thermo Scientific) za pouziti CCD kamery LAS4000 (FujiFilm).
Specifikace jednotlivych protilatek jsou uvedeny v ptislusnych publikacich.

2.6 Analyza teplotni denaturace

Tato metoda byla nové pouzivanym pfistupem testovani, a proto bylo nejprve nutné optimalizovat
jeji podminky. Bunécna linie byla vysazena na Petriho kultiva¢ni misky a druhy den byla ovlivnéna
testovanymi latkami v pfislusnych koncentracich. Po 3 hodinové inkubaci byly buniky sklizeny,
pricemz tato doba je dostacujici pro interakci latky s cilovou kinasou, ale zaroven nedochazi
k ovlivnéni bunééné viability oproti kontrolnimu vzorku neovlivnénych bun¢k. Vlastni analyza
teplotni denaturace byla provedena dvéma pfistupy. V prvnim ptipadé byly sklizené buiiky nejprve
lyzovany RIPA pufrem podle pfedchozi kapitoly a lyzaty s vyrovnanymi hladinami proteina byly
rozdéleny po 50 pl do PCR stripti. V druhém ptipadé byla sklizend bunéénd suspenze doplnéna
0 inhibitory proteas a poté byla rozdelena po 50 pl do PCR stripti. Takto ptipravené vzorky byly
vystaveny teplotni denaturaci. V obou pfipadech byly vzorky piedehtaty po dobu 1 min na 25 °C
a poté byla provedena denaturace v pozadovaném teplotnim gradientu s naslednym ochlazenim
po dobu 1 min, a to pomoci termocykléru MJ Mini (BioRad). Rozsah teplotniho gradientu byl vzdy
zvolen nazakladé ptredbéznych experimentt, pii kterych byl stanoven tzv. bod tani (Tm),
pfi kterém dochdzi k denaturaci jednotlivych kinas. Takto denaturované vzorky intaktnich bun&k
pak byly lyzovany opakovanym zmrazenim a zahiatim pomoci tekutého dusiku a termobloku
nastavené¢ho na 25 °C. Nasledné byla v obou ptipadech provedena centrifugace pro odstranéni
precipitovanych a agregovanych proteini (pfipadné zbytki bunék) a k supernatantu byl pfidan
vzorkovaci pufr. Teplotni stabilita proteint byla stanovena imunodetekcei (jejiz postup byl popsan
v predchozi kapitole) a porovnanim bodii tani mezi kontrolnimi a ovlivnénymi vzorky.
V obou piistupech bylo dosazeno srovnatelnych vysledki s tim rozdilem, Ze proteiny v intaktnich

bunkach disponuji vyssi teplotou bodu tani, a tudiz bylo nutné pouzit vyssi teploty oproti bunéénym
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lyzatim. Pro vysledné experimenty byl nakonec zvolen pfistup teplotni denaturace bunécnych
lyzath vzhledem k tomu, Ze poskytuje urcité technické vyhody, kdy 1ze sklizené bunky zamrazit

a pokracovat v experimentu pozd¢ji.

2.7 Analyza kompetice na folatovém receptoru

Bunééné linie byly vysazeny na Petriho kultiva¢ni misky a byly inkubovany po dobu 24 hodin.
Poté bylo vyménéno kultivaénim médiu za médium bez folati a antibiotik s pfidavkem 10%
dialyzovaného fetalniho séra, aby bylo mozné kontrolovat mnozstvi folatli pii experimentu,
a Vv tomto médiu byly inkubovany dalSich 24 hodin. Poté byly buiiky kultivovany 1 hod pti 37 °C
s fluorescen¢ni sondou cilici folatovy receptor, FolateRSense 680 (Perkin Elmer),
nejprve v pritomnosti, nebo nepfitomnosti samotného folatu jako kompeti¢niho agens.
Po inkubaci byly bunky oplachnuty PBS pro odstranéni nespecificky navazanych folatd,
resuspendovany v PBS a bylo méteno zastoupeni bunék s navazanou fluorescencni sondou pomoci
pritokového cytometru BD FACS Verse s BD FACSuite Software verze 1.0.6 (BD Biosciences)
s vyuzitim excitacniho laseru o vlnové délce 640 nm. Ziskand data byla analyzovana pomoci
softwaru BD FACSuite TM (BD Biosciences). V tomto kroku byla optimalizovana koncentrace
fluorescenéni sondy pro dosazeni specifické interakce s FR akoncentrace vlastniho folatu
pro jejich dostate¢nou kompetici. Také byla timto zpiisobem ovéfovana exprese FR ve vybranych
bunécnych liniich MDA-MB-231, HepG2, A549, HCC-827 a HeLa. Po potvrzeni silné exprese FR
bunécnou linii HeLa a zoptimalizovani metody byla testovana také vazba vlastnich folatovych
konjugatd. Buiiky HelLa byly vysazeny a kultivovany stejnym zptisobem a nasledné inkubovany
lhod s 1 uM fluorescencni sondou v nepfitomnosti, nebo ptitomnosti testované¢ho konjugatu,
nekonjugovaného inhibitoru, nebo samotného folatu Poté byly oplachnuty PBS a analyzovany

priatokovym cytometrem.
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3 Komentované vysledky a diskuse

3.1 Biochemicka selektivita komercné dostupnych CDKi

Vzhledem k ¢asté incidenci netplnych nebo nespravnych informaci o biochemické selektivité
CDKi, které¢ jsou mnohdy vyuzivany jako chemické néstroje pro bunéénou biologii, bylo v prvni
Casti prace charakterizovano 31 vybranych komeréné dostupnych CDKIi. Byly vybrany takové
latky, které jsou uvadény jako selektivni viici CDK 1, 2 nebo 4/6, nicmén¢ pro né nebyly dostupné
uplné informace o jejich selektivité, anebo se vyznacovaly neo¢ekavanymi biologickymi efekty
spojenymi s inhibici dalSich kinas (Jordaetal., 2018a, Priloha I). Jejich selektivita byla
testovana biochemickym inhibi¢nim testem, a to vaci CDK1/2/4/6/7/9, a studovan byl také vliv
téchto inhibitorli na bunéény cyklus priitokovou cytometrii. Inhibice nékterych cilti byla ovétovana
analyzou teplotni denaturace nebo fosforylace pfimych substratii. Tyto G¢inky byly spojovany
s biochemickym profilem latek a s publikovanymi daty.

V ramci skupiny CDK1 selektivnich inhibitorid bylo testovano pét latek, z nichz benfluoren
(Brachwitz et al., 2003), elbfluoren (Voigt et al., 2005) a ,,CDK1 inhibitor* (Andreani et al., 2000)
pfekvapivé nedosdhly dostatecné inhibicni aktivity viaci Zzadné ztestovanych CDK
(P¥iloha I, Obr. 3). Podle publikovanych dat ,,CDKI1 inhibitor” neselektivné inhibuje fadu
raznych kinas (Anastassiadis et al., 2011; Gao et al., 2013), které jsou pravdépodobné odpoveédné
za G2/M blok bunééného cyklu linie HCT116, nikoliv vSak CDKI1 (P¥iloha I, Obr. 2).
V ptipadé benfluorenu a elbfluorenu nebyl dokonce pozorovan zadny vliv na bunéény cyklus
(Piiloha I, Obr. 2A) a casteény G2/M  blok vyvolany inhibitorem CGP74514A
(Imbach et al., 1999; Pernicova et al., 2014; Jorda et al., 2015) odpovidal spise inhibici CDK2
jako primarniho cile (PFiloha I, Obr. 2, 3). V ramci této testované skupiny pouze RO3306
(Vassilev et al.,, 2006) dosahl dostateéné selektivity vacéi CDKI, ktera koresponduje
I s indukovanym bunéénym efektem a s vysledky termodenaturacni analyzy (PFiloha I, Obr. 2, 3).
Podle publikovanych dat vSsak RO3306 disponuje inhibici dal$ich kinas z CMGC rodiny,
zejména DYRK (MRC Kinase Profiling Inhibitor Database, 2021).

Skupina CDK2 inhibitorti tvoii jednu z nejpocetnéjSich, avSak tyto latky casto inhibuji
i druhy primarni cil, zejména CDKI1, 5 nebo 9 vzhledem k jejich sekvenc¢ni podobnosti,
a jsou pak oznacovany jako dualni inhibitory. V ramci studie bylo testovano Sest latek uvadénych

jako selektivni vi¢i CDK2, nicméné ani jedna znich nesplnila kritéria selektivni sondy.
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Ackoliv ,,CDK2 inhibitor II* (Davis et al., 2001) disponoval dostate¢nou selektivitou vaci CDK2
(Piiloha I, Obr. 4, S3), jeho pouziti je podstatné limitovano nizkou rozpustnosti. Inhibitory
SU9516 (Lane et al., 2001), CVT313 (,,CDK2 inhibitor 111*) (Brooks et al., 1997) a GW8510
(Davis et al., 2001) krom¢ CDK2 interagoval Vv kinasovém testu i s CDK5 (Priloha I, Obr. 4),
coz bylo potvrzeno také poklesem fosforylace serinu-732 FAK kinasy (Priloha I, S3).
Naproti tomu milciclib (PHA848125) (Brascaetal., 2009) v nizkych koncentracich inhibuje
CDK4, zatimco ve vyssich davkach CDK2 (Priloha I, Obr. 4, S4). Zajimavym ptikladem je také
latka NU6140 (,,CDK2 inhibitor IV”’) (Pennati et al., 2005), ktera se na panelu CDK v kinasovém
inhibi¢nim testu jevila jako CDK2 selektivni (PFiloha I, Obr. 4), nicméné zptusobovala vyraznou
tetraploidizaci bun¢k (PFiloha I, Obr. 5A) prostfednictvim inhibice aurora kinas (P¥iloha I,
Obr. 5B, C). Tyto vysledky tak poskytuji novy pohled na mozny mechanismus G¢inku NU6140.

CDK4 a 6 disponuji strukturou mirné¢ odlisnou od jinych CDK, diky které jsou jejich
inhibitory obvykle vice selektivni (Echalier et al., 2014). V ramci testovaného panelu kinas
disponoval palbociclib (Fry et al., 2004), ribociclib (Rader et al.,, 2013) a abemaciclib
(Dickler etal., 2017; Sledge et al., 2017) silnou inhibici CDK4 (Priloha I, Obr. 6).
Analyza bunééného cyklu potvrdila tuto inhibici o¢ekavanym G1 blokem bunécného cyklu
v nanomolarnich koncentracich (PF¥iloha I, Obr. 7A, S4). Pti vyssich davkach ale abemaciclib
i palbociclib zvySuji procentualni zastoupeni bunék v G2/M fazi v dusledku interakce s jinymi
kinasami (Priloha I, Obr. S5) (Liu et Korc, 2012; Hafner et al., 2019). Tfi z dalsich testovanych
latek, NSC625987 (,,CDK4 inhibitor II”) (Kubo et al., 1999), ryuvidin (,,CDK4 inhibitor III”")
(Ryu et al., 2000) a CINK4 (,,CDK4/6 inhibitor IV”) (Soni et al., 2001), nedosahly dostate¢né
inhibice zadné z testovanych CDK (PFiloha I, Obr. 6, 7). Pouziti ryuvidinu je navic vyznamné
omezeno jeho nizkou rozpustnosti. ,,CDK4 inhibitor V” (Tsou et al., 2009), arcyriaflavin A
(Sanchéz-Martinéz et al., 2003) a jeho derivat ,,CDK4 inhibitor” (Zhu et al., 2003) sice inhibuji
CDK4, nicméné také CDK1/2 a 5 (PFiloha I, Obr. 6). ON123300 byl popsan jako inhibitor CDK4
a ARK5 (Reddy et al., 2014), nicméné ve vySsich davkach se projevuje také inhibici CDK2
(P¥iloha I, Obr. 6, 7). Jeho aplikace jako CDK4 selektivni inhibitor je tedy striktné vymezena
pouzitim vhodné koncentrace.

Posledni testovanou skupinu tvofilo 10 dualnich CDKi. Zadna z tdchto latek selektivné
neinhibovala pouze dvé udavané CDK v kinasovém inhibiénim testu (PFiloha I, Obr. 8).

Pouze tii z nich, BMS265246 (Misra et al., 2003), BML259 (Helal et al., 2004)
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a,,CDK2/9 inhibitor” (Wang et al., 2004), opravdu inhibovaly jejich udavané primarni cile
S nejvetsi ucinnosti, ale spoleéné s ,,CDK1/2 inhibitorem III” (Lin et al., 2005) a CGP60474
(Ruetz et al., 2003) inhibuji také CDKS5 (P¥iloha I, Obr. S6, 8). Dualni inhibitory BIO (6-Bl1O)
(Meijer et al., 2003) a (R)-DRF053 krom¢ CDK inhibuji také dalsi vedlejsi cile, GSK3, respektive
CSNK16 (Polychronopoulos et al., 2004; Oumata et al., 2008), zatimco ,,CDK1/5 inhibitor”
(Ortega et al., 2002) a PNU112455A95 (Clare et al., 2001) maji pouze velmi omezenou inhibi¢ni
aktivitu vuci testovanym CDK (PFiloha I, Obr. 8). Zajimavym piikladem je NU6102, ktery byl
ptuvodné popsan jako dudlni inhibitor CDK1 a 2 (Davies et al., 2002; Hardcastle et al., 2004),
ale v n¢kterych studiich se vyznacoval selektivitou pouze vuci CDK2 (Coxon et al., 2017;
Echalier et al., 2012; Jorda et al., 2018b; Krasinska et al., 2008). Kinasovy inhibi¢ni test potvrdil
preferenci k CDK2, nicméné vyrazny G2/M blok linie HCT116 s vyfazenym genem pro CDK2
znaci inhibici CDK1 (P¥iloha I, Obr. 8, S7).

3.2 Bunécna selektivita konjugati 2,6,9-trisubstituovanych purini

Utinna biologicka aktivita CDKi roskovitinu (Havli¢ek et al., 1997) se stala inspiraci pro vyvoj
fady dalSich derivatd 2,6,9-trisubstituovanych purind, nicméné jejich klinicka aplikace
je limitovana nizkou buné¢nou selektivitou (Bettayeb et al.,, 2008; Oumata et al., 2008;
Trovaet al., 2009). Tato skute¢nost podnitila k vytvofeni prvniho konceptu konjugati CDK
inhibitorti s foladtovym transportnim systémem, ktery potencidlné zvySuje selektivitu
vici nadorovym bunkam (Krajcovicova et al., 2017, P¥iloha III).

Na zéklad¢ krystalovych struktur CDK2 a jinych folatovych konjugati
(Vergote et Leamon, 2015) byly navrzeny a syntetizovany konjugaty 17a-g (Priloha III, Tab. 1)
zalozené na struktufe 2,6,9-trisubstituovanych purintt S CDK2-inhibi¢nimi a antiproliferacnimi
ucinky (Gucky et al., 2013). Jejich terminalni amino skupina je konjugovana prostiednictvim
disulfidového linkeru a oligopeptidového spaceru s folatem. Nejucinngjsi konjugat 17d
(P#iloha 111, Obr. S24 a S25) byl podroben skupinou M. Sourala in vitro simulaci disulfidové
reakce v reduk¢nim prostiedi, kdy byla potvrzena kompletni redukce disulfidového linkeru jiz
po 5 min pasobeni a uvolnéni samotného inhibitoru po 20 hod (PFiloha III, Obr. 2). Naproti tomu
Vv ptipad¢ nejznaméjsiho folatového konjugatu, vintafolidu, dochazi ke kompletni redukcli
glutathionem az po 2 h, zatimco v piipad¢ dithiothreitolu po 10 min (Vlahov et Leamon, 2012).

Prutokovou cytometrii byla potvrzena schopnost konjugatu 17d vazat FR nadorové linie HelLa
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s pouzitim fluorescencni sondy cilici foladtovy receptor, FolateRSense 680, jako kompeti¢niho
agens (Priloha III, Obr. 3A). Konjugovany inhibitor podstatné snizil procentudlni zastoupeni
bun¢k s navéazanou fluorescencni sondou, pricemz tato kompetice byla koncentracné zavisla
a ucinnéjsi nez s volnym folatem (P¥iloha III, Obr. 3B, 4). V kontrolnim experimentu samotny
nekonjugovany inhibitor s fluorescen¢ni sondou nekompetoval. Tyto analyzy potvrzuji specificky
transport konjugatu 17d prostiednictvim FR za soufasného zachovani srovnatelné kinasové
inhibi¢ni aktivity (ICso = 77 nM) a to i v nepfitomnosti redukéniho ¢inidla. Vazba folatu tedy
neblokuje interakci konjugatu s ATP-vazebnym mistem CDK2 a jeho ucinnost neni limitovana
rychlosti uvolnéni samotného inhibitoru v buiikkdch. Zachovani vysoké ucinnosti inhibitorti
jejednim z vyznamnych faktort, které ovliviiuji GspéSnost pii  klinickém pouziti.
Prestoze se n¢které foladtové konjugaty dostaly do klinického testovani, jako napt. vintafolid
(Vlahov et al., 2006; Dosio et al., 2010) nebo BMS-753493 (Peethambaram et al., 2015),
zadny z nich dosud nebyl schvalen pravé v dusledku jejich nizké Géinnosti (Scaranti et al., 2020).
Vintafolid se vyznacuje pouze omezenou u¢innosti pti monoterapeutické 1é¢be, kterd vyzaduje
jeho pouziti v kombinaci s jinymi chemoterapeutiky, kterd jsou vSak neselektivni a zptsobuji
nezadouci vedlejsi uc¢inky (Naumann et al., 2013; Hanna et al., 2014). Konjugace folatu s CDK
inhibitory s vysokou biochemickou i bunéénou uc¢innosti by v tomto ohledu mohly ptedstavovat

vyvoj efektivnich inhibitorti s vyssi selektivitou vii¢i nadorovym buikam.
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4 Zavér

Prvni ¢ast této dizertaéni prace byla vénovana charakterizaci komeréné dostupnych CDKi.
Bylo hodnoceno, zda tyto latky spliuji kritéria vhodnych selektivnich chemickych sond,
ktera zahrnuji dostatecnou selektivitu (>50nésobny rozdil v hodnotach ICsp vV biochemickém testu
zahrnujicim alesponn 125 kinas), biochemickou (<100 nM) a bunécnou uc¢innost (<500 nM)
(Frye, 2010; Workman et Collins, 2010; Knapp et al., 2013). Bylo zjisténo, ze z 31 latek pouze
palbociclib, abemaciclib a ribociclib spliuji v§echna kritéria. Ze skupiny CDK2 inhibitord, pouze
NU6102 a,,CDK2 inhibitor II* disponuji dostate¢nou selektivitou vic¢i CDK2, nicméné nedosahly
dostate¢né bunééné ucinnosti. Z testovanych CDKI1i je pouze RO3306 vhodnym kandidatem,
nebot’ Zadna jina latka nedosahla tak vysoké selektivity pro CDKI1. V pfipad¢ nékterych latek
dokonce nebyla prokdzana inhibice CDK jako primarnich buné¢nych cili a mnohé z nich zfejmeé
inhibuji i jiné proteinkinasy v ramci kinomu nebo i jiné nekinasové cile. NU6140 byl vyhodnocen
jako silny inhibitor aurora kinas a tyto cile diky tomu jiz byly doplnény Vv produktovych listech
fady komerc¢nich spolecnosti. Ze ziskanych vysledkil je evidentni, Ze informace o biochemickeé
selektivité jsou nezbytné pro pochopeni mechanismu ucinku a pro vybér vhodné selektivni sondy.
Biochemické testy by mély byt vzdy doplnény o bunééné testy a dalsi analyzy pro dosazeni
korektni a Gplné validace selektivity inhibitori.

Kinasové inhibitory se v§ak vyznacuji promiskuitou nejen na biochemické, ale i na bunécné
urovni, kdy dochazi k jejich akumulaci 1 ve zdravych nenddorovych bunkéch, kterd mlze vést
k systémové toxicité a vytrazeni latky z klinického pouziti. V druhé ¢asti prace byl proto navrzen
a testovan koncept cileného transportu CDKi konjugovanych s folatem prostifednictvim folatového
receptoru exprimovaného nddorovymi bunikami. Nejucinnéjsi 2,6,9-trisubstituovany purinovy
konjugat 17d byl podroben in vitro simulaci disulfidové reakce v redukénim prostiedi, ktera ovéfila
ucinnou redukci disulfidového linkeru a uplné uvolnéni samotného inhibitoru po 20 hod.
Cytometrickou analyzou byl potvrzen specificky transport konjugatu prostiednictvim FR
do nadorovych bunék a zachovani jeho CDK2 inhibi¢nich vlastnosti, které nejsou limitovany
rychlosti uvolnéni samotného inhibitoru v bunikdch. Tento koncept tak naznac¢uje moznou cestu

vyvoje protinadorovych Ié¢iv S vySsi bunécénou selektivitou.
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7 Summary

Over the last 30 years a number of small-molecule inhibitors of cyclin-dependent kinases (CDK)
have been discovered. Some of them have been approved for the treatment of cancer and more than
100 are commercially available as chemical tools for cell biology. However, the extent to which
the properties of these compounds are studied varies significantly with respect to their efficacy,
selectivity for individual CDKs and cellular effects. Inhibitors are often claimed to be potent
and selective, butthey have not been sufficiently or correctly validated in many cases.
The knowledge of biochemical selectivity is essential for adequate interpretation of
the consequences of their action and side effects, as well as for their correct application
in biological studies. However, side effects may also be related to their low cellular selectivity,
because they inhibit kinases or processes that promote tumor growth, which may have an essential
function in non-tumor cells. This doctoral thesis is focused on the characterisation of selected
commercially available CDK inhibitors (CDKi), which are claimed to selectively inhibit cell-cycle
regulating CDKSs. Selectivity of CDKi toward CDK1/2/4/5/7/9 and their effects on a cell cycle
were evaluated in several types of experiments and compared with published data. Results suggest
that most originally selective CDKIi should be reclassified as pan-selective and should not be used
as selective chemical tools. In the second part of this thesis, the concept of targeted transport of
folate-conjugated CDKi through the folate receptor expressed by tumor cells was suggested.
Cytometric analysis confirmed the specific transport of the conjugates into tumor cells while
preserving their CDK inhibitory properties. Therefore, targeted delivery of inhibitors represents
a possible strategy to achieve increased cellular selectivity of drugs.
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