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Abstrakt
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1. CiLE PRACE

Cile piedloZzené diserta¢ni prace byly stanoveny takto:
. syntéza novych inhibitori proteinkinas na bazi 2,6,9-trisubstituovanych purinii,
. chemické charakterizace (struktura, identita, ¢istota) nové piipravenych latek,
e  studium vztahu mezi strukturou a aktivitou téchto latek,

. studium  mechanismu  protinadorové  aktivity pfipravenych inhibitord

v modelovych systémech in vitro.



2. UVOD

Diky deregulaci a mutacim proteinovych kinas v mnoha lidskych onemocnénich se tato
dobu byly vyvinuty inhibitory vice nez 30 riznych kinas, z nichz pfevazna ¢ast souvisi
s rakovinou, imunologickymi, neurologickymi, metabolickymi a infekénimi onemocnénimi
(Zhang et al, 2009).

Proteinové kinasy zprostiedkovavaji fosforylaci aminokyselinovych zbytkta
v proteinech (serin, threonin, tyrosin) a moduluji tim nejen pfenos signald, ale i mnoho
dalsich procesti véetné metabolismu, transkripce, progrese bunééného cyklu, preskupeni
cytoskeletu a pohybu bunék, apoptosy a diferenciace. Popularita kinas je dana nékolika
faktory. Za prvé, lidsky set proteinovych kinas (kinom) se sklada z 518 proteind délicich se
do osmi rodin (AGC, CAMK, CKI, CMGC, STE, TK, TKL, RGC) a tvoii nejvétsi rodinu
gentl u eukaryot (Manning, 2002). Prakticky kazda draha ptenasejici signal Vv bunce je
l1é¢ebnou odpoveéd’. Za druhé, i pies vysoky stupen konzervativnosti ATP-vazebného mista
prakticky vSech proteinkinas, mohou byt pfipraveny vysoce selektivni malé molekuly
s vyhodnymi farmaceutickymi vlastnostmi. Za tfeti, inhibice aktivity kinas v normalnich
buikach mize byt prekvapive tolerovana, coz predstavuje terapeutické okno pro selektivni
ovlivnéni nadorovych bun€k. Nicméné navzdory témto skute¢nostem se vyvoj 1é¢iv na této
bazi setkava s problémy jako je nizka selektivita, nizkd uCinnost, absence zjevného
konkrétniho bunécéného cile u dané nemoci, piipadné také vznik specifické rezistence

(Zhang et al, 2009).



3. KINASY

Rakovina je charakterizovana nekontrolovanou proliferaci nadorovych bunék, ktera je
vysledkem aberantni aktivity riznych gent. Mnoho typt rakoviny vykazuje jednozna¢nou
zavislost na kinasach, a proto jsou selektivné citlivé na jejich inhibici (Asghar et al, 2015).
Diky tomu je inhibice kinas dnes jednim z nejcastéjSich vyuzivanych piistupt v designu
moderni cilené 1é¢by rakoviny. Na zaklad¢ farmakologickych, patologickych a genetickych
dikazl jsou kinasy povazovany za vhodné cile u fady onemocnéni, jako je zminéna
rakovina, zanétliva onemocnéni (Barnes, 2013; Clark et al, 2014), onemocnéni centralniho
nervového systému (Muth et al, 2015), kardiovaskularni onemocnéni (Kikuchi et al, 2014)
a diabetu (Banks et al, 2015; Wu et al, 2015).

Lidské kinasy sdileji velky stupent podobnosti v terciarni struktuie, zejména v jejich
katalyticky aktivni kinasové doméné (Obr. 1), kde je umisténo ATP-vazebné misto
skladajici se z B-listu obsahujiciho N-termindlni smycku a a-helixové C-termindlni smycky
a spojovaciho regionu. Flexibilni aktivacni smycka s konzervovanou aminokyselinovou
sekvenci Asp-Phe-Gly (DFG) tidi pfistup k aktivnimu mistu a jeji konformace se méni
Vv zavislosti na aktivaénim stavu kinasy. Adenosin trifosfat (ATP) se vaze mezi N- a C-
smycku a vétSina kinasovych inhibitort kompetuje s ATP pravé o interakce v této oblasti
(Hubbard and Till, 2000).

alosterické misto

Obr. 1: ATP-vazebné misto AKT1s navazanym ATP (PDB: 106L). Vodikové vazby jsou
vyznaceny ¢ervenymi prerusovanymi ¢arami (podle Zhang et al, 2009).
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4. OBECNA KLASIFIKACE INHIBITORU

Naprosta vétSina dostupnych inhibitorti proteinovych kinas kompetuji v aktivnim misté
s ATP. Krom¢ toho byly pfipraveny také inhibitory ireverzibilni, které byvaji obvykle
kovalentné vazany na nukleofilni cysteinové reziduum v blizkosti ATP-vazebného mista,
coz vede k zablokovani ATP mista a ireverzibilni inhibici (Wu et al, 2015).

Reverzibilni inhibitory mohou byt klasifikovany do ¢tyi hlavnich tfid na zaklad¢
konformace vazebného mista a DFG motivu (Obr. 2). Inhibitory typu | jsou ATP-
kompetitivni inhibitory, které se vazou na aktivni konformaci kinasy a vytvaii vazbu
s aspartatovym zbytkem DFG motivu sméfujiciho do aktivniho mista kinasy. Inhibitory
typu Il se vaZzi a stabilizuji inaktivni konformaci kinasy vazbou na aspartatova residua DFG
motivu, ktery vy¢niva smérem ven z ATP vazebného mista. Inhibitory typu Il se vyhradné
vazi do alosterické kapsy sousedici S ATP vazebnym mistem bez jakékoliv interakce
S vazebnym mistem pro ATP, zatimco inhibitory typu IV se vazi do alosterického mista,

které je vzdalené od ATP-vazebného mista (Wu et al, 2015).

»° Jaat & ‘:
.
;gg \

Obr. 2: Typy reverzibilnich inhibitord (podle Wu, Nielsen and Clausen, 2015).

Nové ATP kompetitory jsou nejcastéji vyvijeny kombinaci tii racionalnich metod
(Zhang et al, 2009): chemickymi obménami znamych inhibitort (analog synthesis),
designem zaloZzenym na znalosti struktury vazebného mista proteinu (structure-informed
design) a spojovanim fragmenti interagujicich ve vazebném misté (fragment-based
assembly). Pfi vyvoji novych inhibitord kinas se mnohdy pouziva screeningu inhibitord,
které byly identifikovany v pfedchozich projektech jako méné specifické. Casto se vyuziva

isosterického nahrazovani urcité ¢asti molekuly, ktera se mize podilet na kli¢ové vazbé
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v aktivnim misté a specifitu neméni, nebo ji naopak vyrazné¢ upravuje. Takto byly
vytvofeny inhibitory, které jsou schopny rozpoznat ATP-vazebné misto, jako naptiklad
chinazoliny, pyrimidiny, puriny, imidazoly, pyrazoly, oxindoly a chinoliny (Zhang et al,
2009). Po identifikaci takovéhoto skeletu je videalnim piipadé studovana struktura
komplexu inhibitor-kinasa, coz poskytuje informace o zpusobu vazby, které jsou dilezité
pro pochopeni ucinnosti a selektivity inhibitoru. Na zaklad¢ zjisténé struktury jsou poté
ptipraveny dal$i analoga tak, aby modulovaly ucinnost, selektivitu a farmakologické
vlastnosti. Isosterickd nahrazeni se pouzivaji pro zlepSeni téchto vlastnosti pii zachovani
stereo-elektronovych spojeni zodpovédnych za vazbu do kinasy (Zhang et al, 2009).
Znalost klicovych interakci mezi inhibitorem a aktivnim mistem umoziuje navrhovat
slou¢eniny de novo, nebo kombinovat ¢asti znamych inhibitori a vytvaret tak nové
hybridni molekuly (Okram et al, 2006; Liu and Gray, 2006). To muzZe byt pifedevsim
efektivni zpisob pro tvorbu novych inhibitort typu II

Design inhibitord na zakladé fragmentd interagujicich v riznych ¢astech aktivniho
mista proteinu je obvykle zaloZzen na chemické knihovné, z niz jsou vypocetné (virtudln¢)
nebo experimentalné (NMR, krystalografie, mikrokalorimetrie atp.) vybirany slouceniny
i s nizkou afinitou k proteinu. Typické fragmenty maji obvykle nizkou molekulovou
hmotnost (<150 Da), dobrou rozpustnost ve vodé (logP < 3), pocet potencialnich akceptort
a donort vodikovych vazeb mensi nez 3 a pocet rotujicich vazeb mensi neZ 3. Nasleduje
design inhibitoru kombinujici nalezené fragmenty a jejich syntéza, pficemzZ vysledné
molekuly obvykle maji na rozdil od fragmenti vysokou afinitu k proteinu (Zhang et al,
2009).

12



4.1 Inhibitory na bazi purinu

ATP, cAMP, NAD, FAD, koenzym A a dalsi patii mezi purinové slouceniny zapojené
v mnoha zakladnich bunécnych procesech. Diky snadné chemické modifikaci purinu se
Vv pribéhu let purinové jadro stalo vyznamnym farmakoforem a jednim z nejhojnéji
pouzivanym heterocyklem ve vyvoji inhibitorti riznych proteind, véetné¢ proteinkinas.
Zavedenim substituentd do polohy 2, 6, 8 a 9 se ¢asto vyrazné¢ méni zpusob vazby, afinita
a selektivita vaéi riznym proteinovym cilim (Sharma et al, 2016). Mnoho purinovych
derivata se dostalo do preklinického nebo klinického testovani (Obr. 3) a nékteré latky
obsahujici purinovy skelet se jiz vyuzivaji jako 1éCiva, napf. pro 1é¢bu akutni leukémie
(thiopuriny, pentostatin), jako antivirotika (acyklovir, penciklovir, ganciklovir),

imunosupresiva (azathioprin), protinadorové latky (vidarabin) a broncholidatory (eofylin)

(Sharma et al, 2016).

“NH CPNH
g% 0
‘\\/Nt{ HzN)\N/ N

O N_ -
W/\NH NN N
F NN/EN\ /Q/N\>—
Ly ST e

GS-1101 * VS-5584 * IP1-145 * NU2058
PI3K3 inhibitor inhibitor PI3K a mTOR inhibitor PI3K& inhibitor CDK1 a CDK2
Cl
\N/\’ N N\
0 o LY
_g-NH, 0 K/N NN H,NTONT N
> NN L e -
ALy NN Ly
NN P
H H /O
NU6102 SKLB1206 BIIB021 *
inhibitor CDK1 a CDK2 inhibitor tyrosinové kinasy inhibitor PI3K

Obr. 3: Vyznamné purinové inhibitory Kinas. Latky nachazejici se v klinickém testovani jsou
oznaceny ,,*.
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Pokroky v navrhu a vyvoji 1€k na bazi purinového skeletu inspirovaly rovnéz
paralelni vyvoj strukturné piibuznych heterocyklickych systému, tzv. purinovych isostera
(Obr. 4), tedy strukturné podobnych latek s riznym pocétem a uspofadanim dusikd
(pfipadné jinych heteroatomt) v jejich zakladnim skeletu. ZvySujici se molekularni
rozmanitost pouzivajici riizné purinové isostery je idedlni pro objev novych terapeutickych
¢inidel, které selektivné inhibuji purin dependentni enzymy a receptory (Lim and
Dolzhenko, 2014). Isostery se totiz mohou lisit ve fyzikalné-chemickych vlastnostech, jako
je metabolicka stabilita, biodostupnost a farmakokinetické vlastnosti (Popowycz et al,
2009). Dalsim faktorem, ktery vyrazné pfispiva k obménam heteroatomi v centralnich
heterocyklech, isosternimu nahrazovani farmakofori a syntéze analogli, je moZnost

ochrany duSevniho vlastnictvi novych derivati za ucelem zhodnoceni jejich komeréni

hodnoty.
N7 NTX—N
BN =N N
S ) L Ay aN L)
NN x : N :
H : pyrazolo[3,4-d]pyrimidin pyrazolo[4,3-d]pyrimidin }
imidazo[4,5-d]pyridin imidazo[1,2-a]pyrazin :

NEN=N
3N k\/N\NrJ

imidazo[2,1-f]-1,2,4-triazin

H : E
ZN-N N/iN) : PN A~ -N
17 » T R oy
SN kN/ / : : KNJQ \N)QN>

pyrolo[3,2-d]pyrimidin

pyrazolo[1,5-a]pyrimidin  pyrazolo[1,5-a]-1,3,5-triazin triazolo[1,5-a]pyrimidin ©
NN
LAY
N
N"H
purin
N -N
> g8
N X
H :
benzo[d]imidazol pyrazolo[1,2-a]pyridin ; ‘/\I 3
2N . K ~\
8-azapurin

= N
N
imidazo[1,2-a]pyridin

Obr. 4: Priklady purinovych isostert, které byly vyuzity pro vyvoj inhibitort Kinas.
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V néasledujicich kapitoldch budou popsany purinové inhibitory, piipadné latky
s isosternim heterocyklem, které inhibuji rizné kinasy a jsou vyvinuty pro terapeutické
ucely (pozn. uvedené struktury jsou ocislovany dle piivodni literatury). Nicméné pouziti
purinovych inhibitori se nevztahuje pouze na kinasy, ale i jiné proteinové cile. Purinové
derivaty nasly uplatnéni také jako inhibitory Hsp90 (Llauger et al, 2005; Chiosis et al,
2001), sulfotransferas (Chapman et al, 2002), fosfodiesteras (Pissarnitski et al, 2004; Pitts
et al, 2004), AAK1 (Shahani et al, 2013), purinové nukleosidfosforylasy (Halazy et al,
1991), BRD9 (Picaud et al, 2015), 5'-nukleotidasy Il (Cividini et al, 2015), leukotrien A4
hydrolasy (Penning et al, 2003), cysteinové proteasy kathepsinu K (Robichaud et al, 2003)
(Altmann et al, 2004), polymerizace mikrotubula (myoseverin — (Chang et al, 2001),
cholinesterasy (Schwarz et al, 2014) a troponin I-interagujici kinasy (TNNI3K) (Lawhorn
et al, 2015). Dale se derivaty purinu daji pouzit jako induktory interferonu (Hirota et al,
2002; Kurimoto et al, 2004), ligandy adenosinovych receptortt (Poulsen and Quinn, 1998;
Perreira et al, 2005), modulatory CRH-R1 (Beck et al, 1999) a mimetika proteinu A
(Zacharie et al, 2009).

5. INHIBITORY TYROSINOVYCH KINAS

Proteinové tyrosinové kinasy (TK) jsou enzymy pienasejici y-fosfatovou skupinu z ATP
na hydroxylovou skupinu tyrosinovych rezidui substratovych proteint (Schlessinger,
2000). Tyrosinové kinasy hraji ustfedni roli zejména Vv pfenosu bunéénych signald a piisna
motilita, smrt). Genetické zmény tyrosinovych kinas jsou spojovany s rozvojem mnoha
onemocnéni v¢etné diabetu a rakoviny, ale i s fadou vrozenych syndroma (Robinson et al,
2000). Dusledkem genetickych zmén je ztrata kontroly jejich aktivity. Ta zptsobuje
nadmémou fosforylaci jejich substrati udrzovanim signalni transduk¢ni drahy
v aktivovaném stavu.

Lidsky genom obsahuje 90 tyrosinkinasovych gena, které se déli do dvou skupin
na zéklad¢ pfitomnosti transmembranovych a extracelularnich domén. Prvni skupinou jsou
geny kodujici receptorové kinasy (celkem 58), které muzeme rozdélit do 20 podrodin

na zaklad¢ sekvence jejich kinasové domény. Receptorové TK (RTK) pfenaseji signaly
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pfes bunécnou membranu, a to obéma sméry. Druhou skupinou jsou geny, které koduji
nereceptorové TK (NRTK), kam spada 32 gent. Ty mizeme jesté rozdélit do 10 podrodin
(Robinson et al, 2000). Nereceptorové TK se nachazeji uvniti bunky a postradaji
transmembranovou ¢ast. Mnoho typt receptorovych i nereceptorovych TK jsou u lidskych
malignit mutované nebo nadmémé exprimované. Uloha TK u rakoviny je velmi vyznamna
a jsou proto vyuzivany jako cil 1é¢by. Na trhu je dostupnych nékolik protinadorovych 1ékd,
kdy mezi Casto klinicky cilené receptorové TK patii EGFR, PDGFR a VEGR (Vlahovic,
2003).

Prvni diskuse o nizkomolekularnim a specifickém inhibitoru TK probéhly jiz v 90.
letech 20. stoleti. Inhibice aktivity TK pomoci nizkomolekularnich sloucenin schopnych
interferovat bud’ s vazajicim se ligandem (Vv piipadé RTK) nebo s proteinovym substratem
(NRTK) byla povazovana za nerealnou (Bennasroune et al, 2004). Pokusy o identifikaci
nekompetitivnich nebo alosterickych inhibitort také selhaly, tudiz inhibice pomoci ATP-
kompetitivnich inhibitori se zda byt nejlepsi volbou (Paul and Mukhopadhyay, 2004).
Prvnim schvalenym Ié¢ivem na bazi inhibitori TK je imatinib (Gleevec), ktery inhibuje
fazni proteinkinasu BCR-ABL podilejici se na fenotypu chronické myeloidni leukémie
(Deininger et al, 1997; Cohen et al, 2002).

5.1 Inhibitory receptorovych tyrosinovych kinas

Receptorové tyrosinové kinasy (RTK) jsou transmembrdnové proteiny V plazmatické
membrang, které pienasi signaly z extracelularniho prostfedi do cytoplasmy nebo obracené.
Obecné jsou RTK aktivované vazbou ligandu do vazebného mista extracelularni domény,
coz obvykle vyvolava dimerizaci receptoru (Schlessinger, 2000) a autofosforylaci
tyrosinovych rezidui v intracelularni kinasové aktivacni doméné nebo v juxtamembranové
oblasti, coz ma za nasledek konformaéni zmeény, které vedou ke stabilizaci kinasy
v aktivnim stavu (Obr. 5; Hubbard, 2004). Fosfotyrosinové zbytky slouzi jako signal a jsou
rozpoznavany podiizenymi signalnimi proteiny, které se na né vazi a touto vazbou jsou
aktivovany. RTK reguluji bunééné procesy jako je rust, diferenciace nebo motilita (Pawson
et al, 2001; Hubbard and Miller, 2007).
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signalni molekula ve formé dimeru

I

EXTRACELULARNI
PROSTOR

CYTOSOL
. aktivované
intracelularni signalni
3 V. proteiny vazané na
tyrasiny ’ . < fosforylovane tyrosiny

INAKTIVOVANA RTK STIMULACE AKTIVOVANA RTK TRANSDUKCE SIGNALU
KINASOVE AKTIVITY

Obr. 5: Aktivace receptorové tyrosinové kinasy (Alberts, 2008).

Mnoho onemocnéni je vysledkem genetickych zmén nebo abnormalit, které méni
aktivitu, abundanci, bunétnou distribuci nebo regulovatelnost RTK. Spojeni RTK
s nemocemi jako je rakovina, cukrovka, arteriosklerdza vedlo Kk vyvoji nové generaci latek,
které blokuji nebo zeslabuji aktivitu RTK (Lemmon and Schlessinger, 2010). N¢kolik 1éka
bylo schvaleno pro 1écbu rakovin a jinych onemocnéni zpiisobené aktivovanymi RTK. Tyto
latky mtiZzeme rozdélit do dvou kategorii: na nizkomolekularni inhibitory, které obsazuji
vazebné misto pro ATP (napi. imatinib, gefitinib, erlotinib, nilotinib, lapatinib,
dasatinib, sunitinib; Shawver et al, 2002), a na monoklonalni protilatky, které interferuji
s aktivaci RTK extracelularnim ligandem (napf. trastuzumab, cetuximab, bevacizumab,
panitumumab; Reichert and Valge-Archer, 2007). Mnoho inhibitortt RTK muze navic
oproti puvodnimu cili inhibovat i jiné tyrosinkinasy (Obr. 6), coz se stava hlavnim
problémem pii 1é¢bé. Tyto vedlejsi cile mohou byt pfi¢inou vedlejSich ucinkd 1é¢by.
Z biochemického hlediska se jednd o nizkou selektivitu inhibitord (Lemmon and
Schlessinger, 2010).

Erlotinib Sunitinib Sorafenib Imatinib Dasatinib Lapatinib
*R i . “ o
kS ",. <y B el - ?
. : : .‘ : o? .’. .. N ” 3 .. :.
- » o’ -’.‘0; K s o ; b
4\ . )
" i o

Obr. 6: Selektivita vybranych klinicky pouzivanych inhibitortt RTK (podle Ghoreschi et al, 2009).
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5.1.1. Inhibitory FLT3

FLT3 (Fms- like tyrosine kinase 3) patii do skupiny RTK, charakterizované extracelularni
doménou pro vazbu ligandu, transmembranovym helixem a C-terminalni
intracytoplasmatickou ¢asti (Blume-Jensen and Hunter, 2001). FLT3 je exprimovana
vyluén¢ Vv hematopoetickych bunikich. Po vazbé ligandu FLT indukuje aktivaci
intracelularnich signaliza¢nich cest PISBK/AKT nebo ERK/MAPK (Levis, 2011). Mutace
v genu pro FLT3, jako jsou interni tandemové duplikace (FLT3-1TD; v 30 % ptipadi AML;
Nakao et al, 1996) a aminokyselinové substituce (FLT3-TKD; v 5-10 % piipadd AML,;
Yamamoto et al, 2001), dereguluji signalni drahy FLT3 a vyskytuji se v mnoha ptipadech
akutni myeloidni leukémie (AML,; Patel et al, 2012; Papaemmanuil et al, 2016). Mutace
FLT3-ITD produkuje receptory s konstitutivni aktivitou v disledku homodimerizace nebo
heterodimerizace s normalnimi FLT3 receptory (Kiyoi et al, 1998). Zatimco FLT3
receptory indukuji signalni transdukci zbuné¢né membrany, FLT3-ITD receptory
se vétsinou nachazeji v endoplazmatickém retikulu jako dusledek aberantni glykosylace,
coz vede ke ztrat¢ regulovatelnosti a hyperfosforylaci a aktivaci transkripénich faktort
STAT (Schmidt-Arras et al, 2009; Hospital et al, 2017).

Objev castych mutaci FLT3 u pacienti s AML a zaroven nepfiznivé klinické
vysledky pacient s mutaci FLT3-I1TD, vyvolaly snahu najit u¢inné inhibitory FLT3. FLT3
inhibitory miizeme dé¢lit na inhibitory prvni a druhé generace na zakladé¢ jejich specifi¢nosti
pro FLT3 a na typ I a typ II na zakladé mechanismu interakce s kinasou. Inhibitory prvni
generace (sunitinib, sorafenib; Obr. 7) maji nizkou specifi¢nost vi¢i FLT3, ktera je
spojovana nejen s omezenou aktivitou, ale také snezadouci toxicitou. Naproti tomu
inhibitory druhé generace byly pfipraveny racionalnim vyvojem a jsou mnohdy specifictéjsi
a ucinngjsi. Maji také mén¢ toxickych uc¢inkd spojenych s vedlej$imi cili. Inhibitory této
generace, jako je napiiklad quizartinib a crenolanib (Obr. 7), jsou v klinickém testovani
(Larrosa-Garcia and Baer, 2017).

FLT3 inhibitory mohou byt také klasifikovany na zakladé strukturni povahy jejich
interakce sreceptorem (Ke et al, 2015). Po aktivaci FLT3 ligandem dochazi
ke konformacnim zméndm vedoucim k aktivaci, které zahrnuji pfesunuti t
aminokyselinovych zbytkt (Asp-Phe-Gly neboli DFG motiv). Inhibitory typu I se vazou

na aktivni receptor, zatimco typu Il na receptor v neaktivni konformaci a brani tak aktivaci
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receptoru. Aminokyselina D835 je nejbéznéji mutovanym mistem, které navic ovliviiuje
schopnost zaujmout aktivni konformaci. V dasledku toho inhibitory typu I inhibuji
signalizaci FLT3 u AML bunék jak u ITD, tak i u TKD mutace, zatimco inhibitory typu 1l
inhibuji FLT3 s ITD ale ne s mutacemi TKD (Smith et al, 2015). Mezi inhibitory typu |
patii sunitinib a mezi inhibitory typu Il naptiklad sorafenib, quizartinib a ponatinib
(Obr. 7).

Vzhledem K problémim se selektivitou dostupnych inhibitort, jejich Kklinickou
ucinnosti a vznikem specifické rezistence, jsou i nadale hledany a vyvijeny dalsi inhibitory
FLT3 pro 1écbu AML. Jednim z nalezenych inhibitord je 2,6,9-trisubstituovany purinovy
derivat AP23846 (Obr. 7), ktery byl puvodné identifikovan jako inhibitor kinasy Src
vykazujici antiangiogenni vlastnosti. Mezi jeho vyznamné vedlejsi cile vSak patii také
FLT3, ktera je inhibovana s ICso = 1 nM (Summy et al, 2005). Dalsi piibuzné purinové
derivaty (napt. latka 39; Obr. 7) jsou jesté Gcinngjsi a dosahuji hodnot 1Cso Vv rozmezi
od 0,1 nM do 0,5 nM pfi inhibici FLT3 (Cheng et al, 2005). Mezi klinicky vyvijené
inhibitory FLT3 vSak purinové derivaty nepatfi.
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Obr. 7: Vybrané inhibitory FLT3.
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5.1.2. Inhibitory MER a AXL

Mer spolu s Tyro-3 a Axl patii do rodiny TAM transmembranovych receptorovych TK.
Cleny TAM rodiny obsahuji extracelularni doménu, transmembranovou doménu
a konzervativni intracelularni kinasovou doménu, ktera je v porovnani s ostatnimi TK
odlisna. Rozdil je dan ptitomnosti konzervované sekvence KW(I/L)A(I/L)ES vV kinasové
doméné a adheznim doménam v extracelularni oblasti slozené ze dvou imunoglobulinovych
(Ig) a dvou fibronektinovych domén typu III (FNIII). Tyto motivy jsou dulezité¢ pfi
bunéném kontaktu a napodobuji strukturu adhezni molekuly nervovych bunék, ktera
obsahuje pét Ig domén a dvé domény FNIII (Linger et al, 2008). Biologickymi ligandy
pro Mer jsou Gas6 (growth arrest specific 6) a protein S, které po vazbé& zpusobuji
dimerizaci  a trans-autofosforylaci tyrosinovych rezidui a aktivaci signalni drahy (Verma
et al, 2011). Abnormalni exprese a aktivace MER je asociovana s adenomy hypofyzy
(Evans et al, 2001), lymfomy plastovych bunek (EKk et al, 2002), akutni lymfoblastickou
leukémii (Graham et al, 2006), akutni myeloidni leukémii (Lee-Sherick et al, 2013),
nemalobunéénym karcinomem plic (Linger et al, 2013), melanomy (Schlegel et al, 2013)
a glioblastomy (Wang et al, 2013b). Tyto skute¢nosti ¢ini z MER vyhodny cil pro
selektivni inhibitory (Liu et al, 2012).

Preference Mer kinasy pro purinové inhibitory byla objevena v roce 2009, kdy bylo
otestovano 157 kinasovych inhibitord, zdali interaguji s Mer kinasou. Z této série inhibitort
se dva ukazaly byti inhibitory Mer s mikromolarni aktivitou. Jednim znich je
substituovany purinovy derivat latka 52 (Obr.8), slaby MER inhibitor (ICso = 11,3 uM;
Gray et al, 1998). Latka 52 byla krystalizovana s MER a na zakladé molekularniho
modelovani byly navrZzeny analogické latky s potencialni vyssi inhibi¢ni aktivitou proti
Mer. Byla pfipravena série uc¢innych trisubstituovanych pyrazolopyrimidinovych inhibitort
Mer, kde latky UNC2250 (ICso = 0,7 nM; Obr. 8; Zhang et al, 2013) a UNC2025 (Mer:
ICs0 = 0,5 nM, FLT3: ICso = 0,8 nM; Obr. 8; Zhang et al, 2014) jsou v preklinickém
testovani (Schoumacher and Burbridge, 2017). Latka UNC2025 se stala vychozim bodem
pro piipravu série ucinnych makrocyklickych pyrrolopyrimidinovych Mer inhibitort,
kde nejucinngjsi latka UNC3133 (Obr. 8) vykazuje hodnotu ICsp 3 nM (Wang et al,
2016b). Vyvoj latek UNC je zaznamenam v Obr. 8.
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Obr. 8: Vyvoj Mer inhibitor.

DalSim c¢lenem TAM rodiny je Axl kinasa, kterd je nadmérné exprimovana
u nékolika hematologickych a solidnich malignit véetné akutni myeloidni leukémie (Ben-
Batalla et al, 2013), nemalobunécné rakoviny plic (Ishikawa et al, 2013), karcinomu prsu
(Wang et al, 2013a) a vaje¢niki (Lozneanu et al, 2016). Nadmérna exprese AxIl fidi

rozsahlé procesy, veetné prechodu epitelialné-mezenchymalniho, nadorovou angiogenezi,
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rezistenci vii€i chemoterapeutikiim a 1éciviim a snizuje protinadorovou imunitni odpovéd’
(Gay et al, 2017). Diky klicové roli AxI v biologii nador a v terapeutické rezistenci je AXI
atraktivnim cilem pro antineoplastickou terapii. Jeji inhibice Axl vede ke zvySovani
apoptosy v glioblastomu (Onken et al, 2016), zvySuje citlivost nadort k inhibitorim PARP
(Balaji et al, 2016) a pusobi synergicky s antracyklinem v modelech rakoviny prsu (Wang
et al, 2016a).

I presto, ze byla popsana celd fada inhibitortt Axl, ve vétSin¢ ptipadi AxIl nebyl
zamyslen jako primarni cil, ale jeho inhibice je zptisobena podobnosti mezi kinasovymi
doménami Axl a jinych RTK jako je Mer nebo Met. Mezi takové inhibitory patii
cabozantinib (Abdelaziz and Vaishampayan, 2017) a bosutinib (Abbas and Hsyu, 2016),
které jsou schvalené FDA pro 1écbu rakoviny §titné Z1azy a CML a Axl je jejich vedlej$im
cilem. Nicméné byl ale popsan i opac¢ny piipad, kdy inhibitor Met BMS-777607 (Obr. 9a)
vykazuje tiikrat vyssi a¢innost proti Axl (Schroeder et al, 2009).

Slibnym preklinickym kandidatem je purinovy isoster UNC2025, ktery byl zminén
vyse jiz mezi inhibitory Mer (Obr. 8). Jedna se o dualni inhibitor Mer/FLT3, ktery blokuje
rovnéz aktivitu Axl s ICso = 1,6 nM (Zhang et al, 2014). Tato latka vychazi z inhibitoru
Mer/FLT3 UNC1062 (Obr. 8; Liu et al, 2013a), ktery tlumi aktivaci signalni drahy Mer
v melanomu, indukuje apoptosu a inhibuje invazivitu (Schlegel et al, 2013; Myers et al,
2016). Dalsim G¢innym inhibitorem Axl je SGI-7079 (ICso = 5,7 nM, Obr. 9b), ktery vSak
inhibuje i Mer, Met, RET, YES a FLT3. Oseteni bun¢€k rakoviny plic touto latkou vsak

zpusobuje jejich senzibilizaci pro 1é¢bu erlotinibem (Byers et al, 2013).
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Obr. 9: Struktura: a) BMS-777607, b) SGI-7079.
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5.1.3. Inhibitory EGFR

Lidské EGFR (také znamé jako Herl/ErbB1) a jemu tii piibuzné receptory pro lidsky
epidermalni rustovy faktor 2, 3 a 4 (EGFR2, 3 a 4), kontroluji buné¢ny rust a diferenciaci.
Tyto receptory vyvolavaji silnou mitogenni odpovéd. Genetické abnormality téchto
receptort predstavuji jeden z nejcastejSich defekti v rakovinnych bunikach. EGFR byl prvni
RTK, ktery byl rozpoznan jako onkogen. Vice nez 30 % ptipadu rakoviny prsu (Harari and
Yarden, 2000), 60 % nemalobuné¢nych karcinomu plic (Sharma et al, 2007) a 40 %
glioblastomu (Westphal et al, 1997) nadmérné exprimuji nebo obsahuji aktiva¢ni mutace
piiklady cilenych protinadorovych terapii (Arteaga, 2003; Moasser, 2007) a zahrnuji
terapeutické protilatky (napf. trastuzumab a cetuximab) a nizkomolekularni inhibitory
tyrosinovych kinas (napf. erlotinib, gefitinib, lapatinib; Lemmon et al, 2014).

U lidi je EGFR regulovan nejméné sedmi rtiznymi aktivacnimi ligandy: EGF,
transformujicim rastovym faktorem o (TGF-a), betacelulinem (BTC), heparin vazebny
rastovy faktorem podobnym EGF (HB-EGF), amphiregulinem (ARG), epiregulinem (EPR)
a epigenem (EGN; Harris et al, 2003). Kazdy z ligandii obsahuje EGF doménu, ktera je
zodpovédna za vazbu a aktivaci receptoru s charakteristickym vzorem Sesti prostorove
konzervovanych cysteinl, které vytvareji tfi intramolekularni disulfidy. Struktura
extracelularni oblasti EGFR poskytla zajimavé informace o dimerizaci receptoru. Ukazalo
se, ze na rozdil od jinych RTK je dimerizace extracelularni oblasti EGFR zprostfedkovana
prostfednictvim kontaktd receptor-receptor. Ve vSech pfiipadech, krom¢ inzulinového
receptoru EGFR, se aktivujici rastovy faktor vdze na dimerové rozhrani a efektivné
zesituje oba receptory na dimer typicky spomoci dalSich receptor-receptor kontaktt
(Lemmon and Schlessinger, 2010). Kazdy navazany ligand je bivalentni. To znamena, ze je
soucasné Vv kontaktu s doménami I a III v extracelularni oblasti jednoho receptoru. Aktivace
zahrnuje konformacéni zménu, ktera ma za nasledek vytazeni dimerizaéniho ramena
domény II (Lemmon et al, 2014).

Prvni generace reverzibilnich inhibitori EGFR (Obr. 10a), erlotinib a gefitinib,
byly ve velké mife studovany v souvislosti slécbou pacienti s pokrocilymi
nemalobunéénymi karcinomy (Gridelli et al, 2015). Nadory nesouci aktivujici EGFR

mutace, zejména deleci v exonu 19 a bodovou mutaci L858R, ¢asto dobie reaguji na 1é¢bu
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inhibitory prvni generace. Dlouhodobé pouzivani téchto inhibitorti nicméné ¢asto omezuje
ziskana rezistence (vétsinou bodova mutace T790M), ktera se objevuje u vétsiny pacientt
béhem prvniho roku 1écby (Peters et al, 2014). Ziskana rezistence u inhibitort prvni
generace proto vedla k vyvoji inhibitorti druhé generace (afatinib, dacomitinib; Obr. 10b),
které se ireverzibiln¢ vazou na tyrosinkinasovou doménu EGFR a nékteré dalsi receptory
ErbB rodiny (napt. Her2) a vykazuji aktivitu také proti T790M-pozitivnim nadoram (Tan et
al, 2015; Liao et al, 2015).
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Obr. 10: Vybrané inhibitory EGFR a) prvni generace, b) druhé generace, C) tieti generace.
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inhibuji jak onkogenni varianty EGFR, tak i rezistentni mutanty s T790M, ale pfitom
vyrazn¢ slabé&ji interaguji s pfirozenou formou EGFR (Liao et al, 2015). Mezi tfeti generaci
(Obr. 10c) patii latky jako osimertinib a rociletinib, ale i purinové isostery jako je
olmutinib (Kim, 2016), avitinib (Xu et al, 2016) a nazartinib (Lelais et al, 2016).
Nazartinib (Obr. 11a) je kovalentni ireverzibilni selektivni inhibitor EGFR, ktery vytvaii
ireverzibilni vazbu s Cys797 s ekvivalentni nanomolarni aktivitou jak na onkogenni
(L858R a ex19del), tak na rezistentni (T790M) formy EGFR (Lelais et al, 2016). VSechny

tyto latky jsou nyni v klinickém testovani.
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Obr. 11: a) Schéma vyvoje nazartinibu, b) Vyvoj série pyrazolo[3,4-d]pyrimidint.
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Nékteré vySe zminéné inhibitory se staly odrazovym mistkem pro sérii
pyrazolo[3,4-d]pyrimidina (Obr. 11b), které vykazuji mikromolarni aktivitu pro inhibici
EGFR (ICso = 4,18 — 35,88 uM; Bakr et al, 2012; Abdelgawad et al, 2016).

Pomoci racionalniho designu byl objeven inhibitor tfeti generace PF-06459988
(Obr. 12a) s nanomolarni G¢innosti proti rezistentnim mutantim EGFR (T790M/L858R
a T790M/Del) a vynikajici selektivitou (minimalni u¢inek na standardni EGFR; Cheng et
al, 2016). Jeho vyvoj byl zahajen screeningem asi 20 000 latek, mezi nimiz byl
identifikovan 2,6,9-trisubstituovany purinovy inhibitor (2, Obr. 12a), ktery vykazuje
aktivitu proti T790M/L858R sICso = 78 nM a 76 krat vyssi selektivitu (mutantni
vs. standardni forma). Optimalizaci byla ptipravena latka 7 (L858R 1Cso = 7 nM; Obr. 12a)
obsahujici fluor ve své struktufe, ktery interaguje pomoci dipol-dipol interakci s Phe723
v G-smycce, ¢imz se zvysuje interakce s proteinem a také podstatné zvysuje Uc¢innost.
Nicmén¢ zavedeni fluoru ma negativni vliv na selektivitu, jelikoz Phe723, se kterym fluor
interaguje, se nachazi napfic¢ celym kinomem (67 % kinas). Proto se pro zvyseni selektivity
nabizi residuum Leu792, jelikoz mnoho kinas (59 %) obsahuje v tomto misté rozmérny
fenylalanin nebo tyrosin. Proto byla do struktury zavedena methoxy skupina, ktera dle
ocekavani zvysila selektivitu. Pro snizeni inhibice standardni formy EGFR se vhodnou jevi
modifikace pozice N9. Proto byl pfipraven methylovy derivat 21 (PF-06747775; Obr. 12a),
ktery vykazuje aktivitu proti ¢tyfem mutantnim formdm EGFR (exonova delece 19, L§58R
a dvojité mutace T790M/L858R a T790M/Del) a selektivitu vuci standardni formé EGFR.
Tato latka se vV soucasnosti nachazi v 1. fazi klinického testovani (Planken et al, 2017).

Zcela odlisné uspotadani substituenti na purinovém skeletu a stim souvisejici
naprosto odliSny zplsob orientace v aktivnim mist¢, maji 1 dal$i inhibitory EGFR. Virtualni
screening vice nez 650000 znamych inhibitord kinas vedl kidentifikaci 2,8-
disubstituovaného purinu 1 (Obr. 12b), ktery inhibuje relativné dobie EGFR L858R (ICso =
98 nM) a EGFR L858R/T790M (ICso = 978 nM). Optimalizaci struktury 1 byla pfipravena
série 2,8-dianilinopurinii S dal$im substituentem v poloze N9. Nejucinnéjsim derivatem
byla latka 9e (ICsp = 0,01 nM; Obr. 12b), ktera ma subnanomolarni G¢innost na bunécné

linii HCCS827, ktera se vyznacuje aktivacni mutaci vV EGFR. M¢éné ucinnd je také
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na bunééné linii H1975 (ICso = 0,36 uM), ktera obsahuje mutaci T790M (Yang et al,
2012).
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Obr.12: a) Vyvoj nékterych inhibitort EGFR, b) Vyvoj 2,8-disubstituovanych purint jako
inhibitori EGFR.
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5.2. Inhibitory nereceptorovych tyrosinovych kinas

Src rodina —m-ﬂﬂmﬂ]-(:l'
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Obr. 13: Doménova organizace nékterych rodin NRTK. Prevzato z Gocek et al, 2014.

Nereceptorové tyrosinkinasy jsou zapojené¢ do transdukce signali pochézejici
z extracelularniho prostfedi a Casto interaguji s transmembranovymi receptory, nebo jsou
jimi aktivovany. Jsou tedy dualezitou komponentou signalnich drah, které reguluji zakladni
bunééné funkce, jako je diferenciace, apoptosa, pieziti a proliferace. Deregulace nebo
nadmérna exprese fady NRTK je typickd pro nékteré formy rakoviny. NRTK jsou
rozdéleny do deviti hlavnich rodin zaloZenych na jejich doménové strukturni podobnosti
(Obr. 13). Katalyticka (SH1, kinasova), p-Tyr vazajici (SH2) a protein-protein interagujici
(SH3) domény sdili vysoky stupeni homologie (Gocek et al, 2014).

5.2.1. Inhibitory Src

Src kinasy jsou pravdépodobné nejvice prostudovanou skupinou nereceptorovych TK
Citajici u savcu jedenact Clent. Deregulace, nadmérnd exprese nebo mutace téchto kinas
byly nalezeny a studovany v mnoha lidskych malignitach jako je rakovina prsu, tlustého
stteva a karcinomu pankreatu. Proto se tyto kinasy staly atraktivnim cilem pro design
novych terapeutickych latek proti riznym onemocnénim, zejména proti rakoviné

a onemocnéni kosti (Rucci et al, 2008).
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Velmi ucinné inhibitory Src byly ziskany optimalizaci inhibitort jinych kinas. 2,6,9-
trisubstituované puriny, pfipravené puvodné jako silné inhibitory cyklin-dependentnich
(CDK), zéklad Vyvoj
a pyridopyrimidinovych derivati. Optimalizaci purvalanolu A (Src: ICso = 0,24 uM, Obr.
14) byly ptipraveny ucinné inhibitory Src jako AP23464 (ICsp = 0,4 nM; O’Hare et al,
2004) a AP23451 (ICsop = 67 nM; Shakespeare et al, 2008). Latka AP23464 (Obr. 14)
vykazuje velice silnou aktivitu proti Src, 500x krat silnéjsi nez purvalanol A, ale 300x krat
slabsi aktivitu proti CDK2 (|C50 = 20,9 uM). Vysoké afinita této létky k Src je

MW

kinas poslouzily  jako pro pyrolopyrimidinovych

v poloze N9, ktery vytvaii polarni a hydrofébni interakce s rezidui v aktivnim misté Src
a za druhé vyskytem fosfinoxidu v poloze C6 na purinu, ktery tvoii vodikovou vazbu
s postrannim fetézcem Tyr340 (Dalgarno et al, 2006). Modifikaci AP23464 byla pfipravena
série 4-amino-tetrahydroquinazolino (3,2-e)purinovych derivata, které vsak svou

aktivitou patfi do stfedn€ u¢innych inhibitort Src (Obr. 14; Verones et al, 2010).
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Obr. 14: V§voj inhibitort Src (Summy et al, 2005).
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latky jako AP23848 (ICso = 0,4 nM), AP23846 (ICso = 0,5 nM) a AP23980 (ICs0= 6,5 nM;
Obr. 14; Summy et al, 2005).

Screeningem knihovny purinovych latek byly nalezeny dvé latky vykazujici aktivitu

proti Src, které se staly vychozim bodem pro dal§i vyvoj novych inhibitorti. Po¢itaCovym

modelovanim byly navrzeny fragmenty do pozic C6 (fragment A — celkem 15) a C2 purinu

(fragment B — celkem 8), které by mohly tvofit interakce mezi ligandem a Src kinasou.

Vysledkem projektu bylo 308 kandidata z celkovych 480, znichz bylo pro syntézu

a ovefeni aktivity vybrano pouze 32. Tyto latky vykazovaly hodnoty ICsg V rozmezi pouze
od 0,02 uM do 3,14 puM. Nejucinnéjsi latkou z této série byla latka 5i (ICsop = 0,02 uM)
s 120x vyssi aktivitou nez latka 1a (Obr. 15; Huang et al, 2010).
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Obr. 15: Vyvoj 2,6-disubstituovanych purinovych inhibitort Src.
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Src kinasy hraji dilezitou roli také ve fyziologii osteoklastt a osteoblasti. Podili se
na remodelaci kosti (resorpce a tvorba), ale také v patofyziologii kostnich onemocnéni,
véetné osteopordzy, revmatoidni artritidy a dalSich. Bylo zjisténo, Ze Src patii mezi dulezité
negativni regulatory aktivity osteoblastomli a naopak jako mediatory antiapoptické
signalizace vyvolané pohlavnimi steroidy v osteoblastech. Diky tomu maji inhibitory Src
vysoky potencidl i v 1é€bé onemocnéni spojenych s kostnimi chorobami a metastazovanim
do kosti. Bylo zjisténo, ze bisfosfonaty vykazuji vyjimecnou afinitu ke kostni tkani, proto
je tato funk¢ni skupina vyuzivana pii designu modulatort funkci kosti (Wang et al, 2003).
Mezi purinové derivaty stouto skupinou, zaclenénou v jejich struktufe, patii latka
AP23317 (ICso = 41 nM; Obr. 16a; Wang et al, 2003) a AP23451 (ICso = 67 nM; Obr. 16b;
Shakespeare et al, 2008).
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Obr. 16: a) struktura latky AP-23317, b) vyvoj latky AP-23451.
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5.2.2. Inhibitory Bcr-Abl/ Src-Abl

Rodina cytoplazmatickych tyrosinovych kinas Abl obsahuje dva ¢leny Abl a Arg (Abl-
related gene), které jsou kodované geny ABL1 a ABL2 (Pendergast, 2002). U lidi jsou Abl
kinasy zahrnuty v mnoha chromozomalnich abnormalitach u riznych rakovin, které vedou
k expresi fuznich proteini; aktivacni bodové mutace dosud nebyly zadné identifikovany.
Fuzni partner ptispiva sekvenci, ktera fidi dimerizaci nebo multimerizaci kinasy (Smith and
Van Etten, 2001). Obecné plati, ze flze vede ke ztraté¢ autoinhibi¢ni schopnosti Kinasy
odstranénim myristoyla¢niho mista a v nékterych piipadech i SH2 a SH3 domény (Barila
and Superti-Furga, 1998; Hantschel et al, 2003).
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nase domain
E (o' I'm Saal A_l] A, Arg
Last exon region
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g 1L.l ') -l Bor-Al
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Obr. 17: Schématické znazornéni ABL1 a fuzniho proteinu BCR-ABL1 (Hantschel and Superti-
Furga, 2004).

Filadelfsky (Ph) chromozom, ktery vznika reciprokou translokaci chromozomu 9
a 22, patfi k nejcastéjSim cytogenetickym aberacim u hematologickych poruch. Tento
chromozom koéduje Ber-Abl protein (Obr. 17), ktery vznika fuzi geni ABL1 (chromozom
9) a BCR (chromozom 22; Deininger et al, 2000). Exprese fuzniho proteinu Ber-Abl ma
n¢kolik dusledki. Ber siln€ podporuje dimerizaci proteinu, pfi¢emz Abl kinasova doména
se autofosforyluje, stava katalyticky velmi aktivni a aktivuje fadu substratovych proteind.
Ber ¢ast navic slouzi jako interakéni motiv pro fadu proteinti se SH2 a PTB doménami,
které jsou v dusledku toho neptirozené silné aktivovany (Brehme et al, 2009; Hantschel,
2012). Abnormalni interakce mezi Ber-Abl a dal§imi cytoplazmatickymi proteiny, vede
k naruseni klicovych bunéénych procest, véetné MAPK, JAK-STAT a PI3K/AKT
signaliza¢nich drah podporujicich proliferaci a potlacujicich apoptosu (Melo and Deininger,
2004).
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Vzhledem Kk vyse uvedenym skutec¢nostem se kinasa Abl stala vyznamnym cilem
antileukémickych inhibitort, které jsou jiz od roku 2001 vyuzivany klinicky. Existuji tii
vyuzivané zpusoby inhibice signalizace Abl; ATP-kompetitivni, alostericka nebo inhibice
signalnich drah podtizenych Abl. Prvnim klinicky vyuzivanym inhibitorem Bcr-Abl se stal
imatinib. Podavani imatinibu vede K trvalé remisi u vétSiny pacientd s CML a dramaticky
zlepsuje jejich celkové preziti (Hochhaus et al, 2009). Nicméné vyskyt bodovych mutaci
v doméné Bcer-Abl kinasy je hlavni pfi¢inou ziskané rezistence a komplikuje dlouhodobou
1écbu (Soverini et al, 2011). Ve snaze pickonat tyto nedostatky byly vyvinuty latky
nilotinib (Weisberg et al, 2005) a dasatinib (Shah et al, 2004), které inhibuji vétSinu
béznych bodovych mutaci zpusobujicich rezistenci k imatinibu, ovSem kromé nejbéznéjsi
mutace T3151 (Saglio et al, 2010) (Kantarjian et al, 2010). Mezi nov¢jsi latky, které
ptekonavaji i tuto mutaci, patii ponatinib a DCC-2036 (O’Hare et al, 2009; Chan et al,
2011). Nilotinib ma podobnou strukturu jako imatinib a sdili stejné vazebny mod a vysokou
specifitu. Naopak dasatinib je odlisny jak strukturné, tak ve vazebném modu
a ve farmakokinetickych vlastnostech. Dasatinib ma navic pomérné Sirokou specifitu
a inhibuje rodiny Scr, Tec a dalsi. (Hantschel et al, 2007).

Vzhledem k tomu, ze Abl sdili vyznamnou podobnost aktivni konformace se Src,
tak mnoho inhibitori vyvinutych jako inhibitory Src, vykazuje i silnou inhibici Abl kinasy.
Typickymi piiklady jsou napt. AP23846 (ICso = 21 nM; Obr. 14; Summy et al, 2005) nebo
AP23464 (ICso <1 nM pro ob¢ kinasy; Obr. 14; O’Hare et al, 2004). Krystalova struktura
této latky v Src poslouzila jako voditko pro dalsi vyvoj inhibitordt Abl (Dalgarno et al,
2006). Bylo napiiklad zjisténo, ze dvojna vazba v substituentu v poloze N9 purinu
naorientuje 2,6-disubstituovany fenylovy kruh (AP24149; Obr. 18a) do selektivni kapsy
Src/Abl (Lombardo et al, 2004; Noronha et al, 2007). Zaména fenylu za 4-substituovany
indazol podporuje interakci s Abl vytvofenim dalSich vodikovych vazeb (AP24283; Obr.
18a; Zhou, 2009).
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Obr. 18: a) vyvoj latky AP24283, b) vyvoj latky AP24163.

AP24283 (Obr. 18a) se vaze do DFG-in médu a bylo zjisténo, ze dulezitym
elementem pro interakci s Abl nejsou jen dvé vodikové vazby methylindazolu, ale pfimo
i methylova skupina (Zhou et al, 2010). Kombinaci AP24283 a nilotinibu byl ptipraven
inhibitor AP24163 (Obr. 18b), ktery obsahuje v pozici N9 objemny substituent shodny se
substituentem v nilotinibu. Na rozdil od nilotinibu ale tato latka vykazuje aktivitu proti
mutantni form& T3151 (Zhou et al, 2010).
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5.2.3. Inhibitory Bruton kinasy

Brutonova tyrosinova kinasa (BTK) je nereceptorova TK spadajici do TEC rodiny kinas.
TEC kinasy jsou druhou nejvétsi skupinou cytoplasmatickych TK a zahrnuji BTK, Tec, Itk,
Txk a Bmx. BTK jsou primarné exprimovany V hematopoetickych buiikach, zejména
v B-bunikach, nikoliv vSak v T-buitkdch nebo normalnich plazmatickych buiikédch. BTK
maji zéasadni vyznam pro vyvoj B-lymfocytl, coz bylo prokdzdno u pacienti
s agamaglobulinémii (Mohamed et al, 2009).

Vzhledem k tomu, ze BTK jsou kritickym efektorem ve vyvoji B-bun¢k a hraji
hlavni roli v lymfomagenezi, byly zkoumany inhibitory BTK jako potencidlni 1éCiva
pro imunitni poruchy. Typickym rysem aktivniho mista BTK je pfitomnost cysteinového
zbytku 481 v alosterickém inhibi¢nim segmentu kinasové domény. Zajimavou moznosti je
proto navrhnout takové inhibitory, které by se specificky vazaly do tohoto mista a vytvarely
zde kovalentni vazbu s proteinem. Prvnim ireverzibilnim inhibitorem BTK se stal ibrutinib
(ICso = 0,5 nM; Obr. 19a), ktery patii mezi inhibitory prvni generace a vaze se na zbytek
cysteinu 481. Nejedna se ale o selektivni inhibitor, jelikoz vykazuje signifikantni aktivitu
I proti dalsim 19 kinasam (napi. EGFR, JAK3, BLK). Ibrutinib byl schvalen pro 1é¢bu
chronické lymfocytické leukémie, lymfomu z plastovych bunék a Waldenstromovy
makroglobulinémie (Grisafi et al, 2015; Castillo et al, 2016). Nicmén¢é tada nezadoucich
vedlejsich u¢inktt vedla k vyvoji inhibitord druhé generace (Obr. 19a), kam patii
ireverzibilni ACP-196 (acalabrutinib, ICso = 3 nM), ktery se nachazi ve III. fazi
klinického testovani a purinovy derivat ONO/GS-4059 (ICso = 2,2 nM). Oba inhibitory
jsou silngjsi a selektivnéjsi inhibitory BTK s minimem vedlejsich uéinkd v porovnani
s ibrutinibem (Wu et al, 2016).

Dalsi skupinou inhibitorit BTK jsou reverzibilni inhibitory na bazi purinu
a purinovych isostert (Obr. 19b). Jako vychozi slouc¢eniny pro vyvoj téchto inhibitor byly
pouzity derivaty imidazo[1,2-a]-pyrazinu (1, Obr. 19b), kdy systematickymi zmé&nami
pozic dusikli bylo zjisténo, Ze nejvhodnéjsim skeletem je pravé purin. Naslednou
optimalizaci substituentli v jednotlivych pozicich doSlo k pfipravé velmi ucinné latky
BMS-809959 (ICso = 8 nM; Obr. 19b). Na zaklad¢ krystalové struktury BMS-809959
v komplexu s BTK bylo zjisténo, ze N7 purinového jadra a NH C6 anilinové skupiny

vytvaii vodikové vazby s Metd77. Dalsi specifickou interakci je tert-butyl benzamidova
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skupina v pozici C2, ktera vytvaii nejen hydrofobni interakce, ale 1 vodikovou vazbu. Tyto

interakce pravdépodobné prispivaji k vysoké ucinnosti této latky (Shi et al, 2014).

a)
o)
NH,
2 Acalabrutinib
Y ICso = 3 NM )
k\N N DRUHA
FEEE CRREEEEEEEE . GENERACE
A O
S o..; %
Ibrutinib
ICs0=0,5nM NH,
NN
. /Nﬁo ..........
......... Quveennai
ONO/GS-4059
ICso = 2,2 NM
b)

N
— > : : "Ry NN
SN N A
! o SR \©/kN N
nejvhodnejsi skelet o {\RZ J
, i
I1C50 = 0,038 uM / optimalizace

hydrofébni
o - “~._ interakce
(\N)KQ\\ vodikové
... vazbys
O\) UNH - Metd77

SN
y CHs NJ\/‘[\Ky
N N

N
. e {, o\‘ H
hydrofébni interakce N
vodikova vazba s Lys430
BMS-809959
IC50 =8 nM
PDB: 4ANWM

Obr. 19: a) struktury latek Ibrutinibu, Acalabrutinibu a ONO/GS-4059, b) vyvoj latky BMS-
809959.
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5.2.4. Inhibitory Janusovy kinasy

Janusovy kinasy jsou rodina relativné velkych (120-130 kDa) intracelularnich tyrosinovych
kinas, jejichz funkci je zprostfedkovavani pienosu signalu z cytokinového receptoru. Jméno
je prevzato od boha Januse z fimské mytologie, ktery je obvykle zobrazovan se dvéma
opacnymi tvafemi. Je to proto, Ze tyto kinasy maji dvé témeét identické fosfotransferové
domény. JAK maji zdsadni roli ve vrozené a ziskané imunité, stejn¢ jako v hematopoéze.
Mutace v JAK jsou spojovany s mnoha rakovinami, myeloproliferativnimi a zanétlivymi
onemocnénimi, ¢imz se stavaji atraktivnimi cili. Jsou znamy ctyfti ¢leny JAK rodiny: JAKI,
JAK?2, JAK3 a TYK2. Dtlezitym elementem funkce JAK je parovani téchto kinas, které
jsou asociovany s intracelularnimi doménami riznych podjednotek receptoru. Riznymi
kombinacemi parovani JAK mé za nasledek rizné biologické funkce v ramci signalizace.
Proto je v piipadé JAK dulezita selektivni inhibice, aby nedochéazelo k modulaci aktivity
jinych signalnich drah, coz by mohlo mit nezadouci vedlejsi ucinky (Clark et al, 2014).

JAK kinasy se obecné ucCastni JAK/STAT signalizace. Po vazb& cytokinu
na receptor a konforma¢nim zméndm se JAK aktivuji a stavaji se fosforylované zejména
na tyrosinovych zbytcich. Takto aktivované JAK fosforyluji specifické tyrosinové zbytky
V intracelularni doméné receptoru a vytvareji vazebna mista pro STAT. Vazba STAT
na receptor umoznuje fosforylaci STAT JAK kinasami, coz vede k jejich dimerizaci
a nasledné migraci do jadra, kde se vazi na specificki DNA vazebnd mista a reguluji
transkripci, ktera vede ke zménam v bunécnych procesech (Murray, 2007).

Inhibitory JAK mohou byt rozdéleny do tii kategorii v zavislosti na rozdilech mezi
homolognimi subtypy JAK proteinu a interakcemi mezi inhibitory a JAK. Prvni skupinou
jsou pan-JAK inhibitory, které maji podobny stupeni inhibice vi¢i JAK1-3. Druhym typem
jsou selektivni inhibitory, které inhibuji predev§im JAK2 a pouzivaji se pro protinadorovou
1é¢bu. Tieti skupinou jsou selektivni inhibitory JAK3 a ty se pouzivaji pii 1écbé zanéth
a imunosupresivni 1é¢be. I presto, Ze byly popsany inhibitory vSech JAK kinas a jsou
znamy vztahy mezi sktrukturou a aktivitou, je objev inhibitori stile vyzvou z diivodu
v 9 aminokyselinach z celkovych 120 obsazenych v ATP-vazebné doméné (J Jiang, 2014).

Prvni generace inhibitori JAK jsou malé neselektivni molekuly, které byly

nahrazeny inhibitory druhé generace, které mohou inhibovat jednotlivé proteiny JAK
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s vysokou selektivitou. Inhibitory prvni generace mohou byt rozdéleny dle struktur
na  inhibitory = pyrrolopyrimidinové  (ruxolitinib,  tasocitinib,  baricitinib),
pyrrolopyridinové a pyrrolopyrazinové. Ruxolitinib (Obr. 20c) byl schvalen pro 1é¢bu
myelofibrozy a nachazi se v klinickém testovani v souvislosti s riznymi typy rakoviny
a lupénky. Jedna se o pan-inhibitor JAK1 (ICso = 3,3 nM), JAK2 (ICso = 2,8 nM) a JAK3
(ICs0 = 428 nM; Harrison and Vannucchi, 2012). Tasocitinib (Obr. 20a) je silny inhibitor
JAK1 (ICso = 3,2 nM), JAK2 (ICso = 4,1 nM) a JAK3 (ICso = 1,6 nM) a byl schvalen
pro lécbu revmatoidni artritidy a je klinicky testovan pro 1écbu lupénky (IIl.faze),
Crohnovy choroby (Il.faze) a dalSich. Tato latka byla vyvinuta high throughput
screeningem, béhem néhoz byl identifikovan pyrrolopyrimidinovy derivat, ktery byl
nasledn¢ optimalizovan. Diky tomu ma tasocitinib zna¢nou inhibi¢ni aktivitu, ktera je dana
vysokym stupném komplementarity této latky v aktivnim misté¢ JAK (Clark et al, 2014).
Mezi dal$i inhibitory JAK patti filgotinib (Obr. 20b), inhibitor JAK1 (ICs0 = 10 nM)
a potencialni 1é¢ivo pro revmatoidni artritidu a Crohnovu nemoc (Menet et al, 2014;
Vermeire et al, 2017). Dale napiiklad oclacitinib (JAKL: ICso = 10 nM, Obr. 20c; Gonzales
et al, 2014) a gandotinib (JAK2: ICso = 3 nM, Obr. 20c; Ma et al, 2013). Druha generace
zahrnuje latky jako lestaurtinib a AZD1480, které vSak neobsahuji purin ani jeho isoster
ve své strukture  (J Jiang, 2014).

V mnoha lidskych nadorech byla zjiSt€éna aberantni aktivita n&kterych STAT
proteinli (STAT3). I pfesto, Ze se nejednd o kinasy, je tfteba zminit, Ze STAT se staly cilem
i nékterych trisubstituovanych purinovych inhibitord. Pomoci vypocetnich studii byly
nalezeny zajimavé purinové struktury s afinitou k purifikovanému STAT3, které snizovaly
intracelularni fosforylaci pY705-STAT3 v mikromolarnim rozsahu (latky 39 a 26; Shahani
et al, 2011). 3D strukturni modelovani ukazalo, Ze se puriny mohou véazat do SH2 domény
STAT3 a zabranit tak jejich dimerizaci a bun&tné funkci (Shahani et al, 2011). Druha
generace téchto latek byla pfipravena za tcelem zlepSit bunécnou penetraci a biologickou
ucinnost na STAT3. Byla pfipravena latka 22e (Obr. 20d), ktera vykazuje vysokou
cytotoxicitu v buiikkdch mnohocetného myelomu. Nicméné pomoci biofyzikalni
a biochemické charakterizace této latky bylo zjiSténo, Ze se nejednd o inhibitor STATS3, ale

spise o inhibitor JAK, ABL1 a AAK1 (Shahani et al, 2013).
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6. INHIBITORY SERIN/THREONINOVYCH KINAS
6.1. Inhibitory PAK

P21-aktivované protein kinasy (PAK) jsou serin/threoninové protein kinasy, které reguluji
bunéénou motilitu, adhezi a dynamiku cytoskeletu. Sest ¢lentt PAK rodiny se déli do dvou
skupin, skupiny | (PAK1-3) a skupiny Il (PAK4-6), na zakladé sekven¢ni homologie
a odlisnosti Vv autoinhibi¢ni oblasti (Kumar et al, 2006). PAK jsou hlavnimi signalnimi
prenaSeci v n€kolika onkogennich drahach vcetné Rad, Raf, Akt, Bad a p53. Vzhledem
ktomu, ze jsou i efektory podiizenymi Rho GTPase Cdc-42, Racl a RhoA, fidi
reorganizaci aktinového cytoskeletu. Mimoto se PAKI1 podili na regulaci drah ristovych
faktorii, bunééné proliferace a signalizaci souvisejici s piezitim (Rudolph et al, 2016).
Nejvice prostudovanym c¢lenem rodiny II je PAK4, ktery byl nalezen nadmérné
exprimovan, bodové mutovan a amplifikovdn v mnoha nédorovych bunéénych liniich
a tumorech, a proto je studovan jako potencialni protinadorovy cil (Rudolph et al, 2015).

Kinasy jsou zndmé jako extrémné¢ dynamické molekuly, které mohou zaujimat velké
mnozstvi konformaci. Tato plasticita je realizovana mnozstvim pohybti mezi a uvniti dvou
kinasovych domén, které jsou esencialni pro regulaci enzymové aktivity. ATP a ATP-
mimetické inhibitory stabilizuji uzavfené aktivni konformace. Za Ucelem objasnéni
zpusobu inhibice PAK byl pouzit 2,6,9-trisubstituovany purinovy inhibitor CGP74514A
(Obr. 21), ktery byl diive identifikovan jako silny inhibitor CDK a Src. CGP74514A byl
krystalizovan s PAK4 a PAKS5 a bylo zjisténo, stabilizuje jejich uzaviené aktivni
konformace. Navic vytvaii dvé vodikové vazby s rezidui Leu239 pomoci N® a N7 a nékolik
hydrofobnich interakci, které stabilizuji jeho pozici v aktivnim misté. 1 piesto, ze je
CGP74514A slaby inhibitor PAK, poskytl cenné informace o struktuie PAK a stal se tak
vychozim bodem pro dalsi vyvoj silnéjSich a selektivnéjSich inhibitort (Eswaran et al,
2007). Nekolik ptikladd bude uvedeno nize.
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Prvni PAK inhibitor, ktery se dostal do 1. faze klinického testovéani je PF-3758309
(Obr. 21; Murray et al, 2010). Byl racionalné¢ navrzen pravé na zakladé informace
0 orientaci purinového inhibitoru v aktivnim misté. Tento pyrrolopyrazolovy inhibitor je
pan-PAK inhibitor inhibujici vSechny PAK II. skupiny s ICso kolem 20 nM a s riznou
aktivitou proti PAK I. skupiny (PAK2: ICsp = 190 nM, PAKS3: I1Cs0 = 99 nM). Bohuzel
klinické testovani odhalilo nizkou biologickou dostupnost a neutropenii (Rudolph et al,
2015).

Dalsi skupinou PAK inhibitorti jsou latky z pyridopyridiminové série. FRAX597
(Obr. 21) je silny selektivni ATP-kompetitivni inhibitor 1 skupiny PAK (1-3)
s biochemickymi hodnotami ICso: PAK1 ICs0= 8 nM, PAK2 ICsp = 13 nM, PAK3 ICs0 = 19
nM. Hodnota I1Cso pro PAK4 je vyssi nez 10 uM. Na zakladé krystalové struktury této latky
s PAK1 bylo zjisténo, ze pyrido[2,3-d]pyrimidin-7-on je umistén v aktivnim misté stejné
jako adeninova baze ATP a urCuje orientaci celé slouceniny. Pro porozumeéni specifi¢nosti
FRAX597 byly srovnany struktury nékolika inhibitort v komplexu s PAK1 a PAK4. To
odhalilo, ze ackoliv architektura ATP vazebnych mist vykazuje vysokou podobnost u obou
kinas, zadni dutina PAK4 je stlacenéjs$i nez v PAKI1. Toto zuzeni v PAK4 je z velké Casti

zpusobeno zbytky Met395 a Lys350, které jsou ve vyrazné jinych konformacich nez
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u PAKI1. To mlze vysvétlovat pro¢ FRAX597 s velkou 2-chlor-4-(thiazol-5-yl)fenylovou
skupinou nevykazuje pti 100 nM koncentraci detekovatelnou inhibici PAK4, zatimco stejna
koncentrace této latky inhibuje vice nez 80 % aktivity PAK1 (Licciulli et al, 2013).

6.2. Inhibitory CK1

U savci bylo charakterizovano 7 isoforem kaseinkinasy 1 (CKla, B, y1, v2, v3, 9, €), které
jsou V jejich kinasovych doménach vysoce konzervované, ale odlisné v délce a sekvenci
jejich N- a C-terminalnich c¢asti (Knippschild et al, 2005). Stale narUstajici pocet
identifikovanych substratti pro CK1 a jejich strukturni rozmanitost naznacuje, ze CK1 jsou
zahrnuty v regulaci mnoha bunécénych procest jako je Wnt signalizace, cirkadianni rytmy,
membranovy transport, aktinovy cytoskelet a odpovéd’ na poskozeni DNA (Bibian et al,
2013). Aberantni aktivita CK16 a CKle je spojovana S neurogenerativnimi nemocemi
(Alzheimerova a Parkinsonova choroba) (Hanger et al, 2007; Perez et al, 2011), poruchami
spanku (Shanware et al, 2011) a zanétlivymi onemocnénimi (Luz et al, 2011). Krom¢ toho
jsou vysoce exprimované u nékterych rakovin (rakovina prsu a vajec¢nikti, adenokarcinoma
pankreatu) a kontroluji riist, apoptosu, metabolismus a diferenciaci nadorovych bun¢k
(Oumata et al, 2008).

Vzhledem k funkci CK1 v mnoha onemocnénich se inhibitory CK1 staly dal§im
potencialnim cilem pii 1é¢bé téchto chorob. Doposud bylo objeveno nékolik ATP-
kompetitivnich inhibitor jak pfirodniho, tak syntetického plivodu. Tyto latky byly
navrzeny na zakladé krystalografickych studii, virtualniho i klasického screeningu.
Nicméné zadny z téchto inhibitorti se jeSté nedostal do klinického testovani (Perez et al,
2011).

CK1 spolu s cyklin-dependentnimi kinasami jsou zapojeny i v Alzheimerové
chorobé. Mezi dvé hlavni pficiny tohoto onemocnéni patii produkce B-amyloidu
a hyperfosforylace Tau proteinu. Tato deregulace je zpisobena nékolika kinasami,
a to CDK5, CDK1, GSK3, CK1 a DYRK1A (Demange et al, 2013b). Diky znalosti, Ze
roskovitin ¢aste¢né inhibuje 1 CK1 a DYRKI1A, byla pfipravena série derivati roskovitinu,
kam patii i latka (R)-DRFO053 (Obr. 22b). Tento dosud nejucinng€jsi CK1 inhibitor inhibuje
CK1 pii koncentraci 14 nM a vykazuje i jistou aktivitu proti CDK5 (ICso = 80 nM), CDK1
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(ICso = 0,22 uM) a GSK-3 (ICso = 4,1 uM). Molekularni modelovani ukazalo, Ze
ve vazebném mist¢ CK1 dochézi k tvorbé vodikovych vazeb mezi purinovym dusikem 6
jakozto donorem a dusikem 7 jakoZzto akceptorem. ZlepSena afinita 3- a 4- pyridinylovych
derivati viaci CK1 ve srovnani s derivaty roskovitinu je pravdépodobné dana interakci mezi
pyridinovym kruhem a Argl3. Dudlni inhibice CDK/CK1 by mohla byt vyuzita pfi 1écbé
Alzheimerovy choroby a rakoviny, jelikoz se CDK podileji na hyperproliferaci bunék
a CK1 potlacuji apoptotickou signalizaci a moduluji aktivitu a interakce nadorovych
supresord a onkogenti (Demange et al, 2013).

Pomoci high-throughput screeningu bylo identifikovano n€kolik dalSich purinovych
inhibitord CK1, a to latka SR-653234 a SR-1277 (Obr. 22a). Kvuli nizké rozpustnosti latky
SR-1277 a ve snaze zlepsit antiprolifera¢ni ucinky, byly ptipraveny latky jako SR-2890
a SR-3029 (Obr. 22a), které maji vyhovujici vysledky vin vitro a in vivo testech
a potencialni pouziti v 1é€bé nadorti mozku (Bibian et al, 2013). Mezi dalsi inhibitory CK1
patii PF-4800567 (Obr. 22b). Nejedna se vsak o trisubstituovany purin, ale jeho isoster
pyrazolo[3,4-d]pyrimidin. Jednou z velkych vyhod této latky je vysoka selektivita vuéi
CKle (ICso = 32 nM) a 22x niz§i aktivita na CK13 (ICso = 711 nM). Experimenty
vyuzivajici pravé tento inhibitor identifikovaly CKI18 jakozto vyznamny medidtor

v cirkadiannich rytmech (Walton et al, 2009).
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6.3. Inhibitory BRAF

BRAF kinasy jsou serin/threoninové kinasy, které hraji dulezitou ulohu v regulaci
Ras/Raf/MEK/ERK signalni kaskady, ktera tidi bunécné déleni, diferenciaci a rast. Mutace
genu BRAF jsou asociovany s fadou nadort (melanom, kolorektalni karcinom, thyroidni
papilarni karcinom, karcinom vaje¢nikli, vlasatobunétna leukémie) a jsou vétsinou
zpusobeny aminokyselinovou zaménou u aminokyselinového zbytku 600 (V600E mutace).
Tato mutace konstitutivné aktivuje BRAF a signalni drahy spojené s MAPK. Proto se
inhibice aktivity BRAF stala dal§im slibnym cilem pfi 1é¢b¢é rakoviny (Park et al, 2011).

Také pfi vyvoji inhibitori BRAF a jeho mutantni formy V600E napomohly
informace o 3D struktufe a charakteristickych interakcich v ATP-vazebném misté. Vétsina
téchto inhibitord vSak byla objevena diky high throughput screeningu nebo modifikacemi
existujicich inhibitord. Jednim z nejvyznamnéjsich inhibitord BRAF je klinicky studovany
vemurafenib (ICso = 31 nM; Obr. 23a). Existuje vSak také nékolik inhibitord s purinovym
zakladem. Park et al. (2011) provedli screening okolo 240 000 latek a byly vybrany pouze
ty latky (200), které spliovaly Lipinského pravidlo péti (Lipinski, 2004) a latky bez
reaktivnich funkénich skupin (Park et al, 2011). Z téchto 200 latek bylo aktivnich pouze 6
z nich s hodnotami ICso 0d 0,7-2,1 uM, v¢etné jednoho purinového derivatu ICso = 0,7 uM
(Obr. 23b). V navaznosti na tuto studii byla provedena optimalizace, kdy vysledkem bylo
91 derivatd purinu s aktivitou na BRAF, pficemz nejucinngjsi latka vykazovala hodnotu
ICs0 = 0,43 uM (Obr. 23b; Park et al, 2012).

Dale byla popsana série 2,6-dion-purini s mikromolarni aktivitou a vyraznou
selektivitou proti BRAF. Hight-throughthout screeningem byla vybrana latka 1 (Obr. 23c)
obsahujici dvé methylpyridinové skupiny a hexahydropteridinové jadro. Molekularni
modelovani ukazalo, Ze silné hydrofobni interakce s BRAF jsou zplisobeny pouze jednou
ze dvou ptitomnych methylpyridinovych skupin. Proto byla pfipravena latka 1a (Obr. 23c)
obsahujici pouze jednu tuto skupinu. Latka la se stala vychozi latkou pro novou sérii
derivatd, kde nejucinnéjsi latkou byla latka 19 (ICso = 2,1 uM; Obr. 23c) a nejvice
selektivni 24 (ICso = 1,7 uM; Obr. 23c; Luo et al, 2008).
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6.4. Inhibitory CDK

Cyklin dependentni kinasy jsou serin/threoninové kinasy hrajici vyznamnou roli zejména
Vv regulaci bunééného cyklu. Deregulace bunééného cyklu nadorovych bungk je tésné spjata
s aberantni aktivitou CDK. Tato aktivita mize byt zpiisobena mutaci/overexpresi CDK
nebo mutaci genl kodujici proteiny, které ovliviwji aktivitu CDK jak ptimo, tak neptimo
(Coxon et al, 2017). CDK muzeme rozd¢lit do dvou skupin: na ty, které reguluji bunéény
cyklus (CDK1-4, CDK6) a na ty, které reguluji transkripci (CDK7-9, CDK11-13).
Mechanismus regulace CDK je zprostiedkovan asociaci s cykliny, coz mulze vést
ke konformac¢nim modifikacim, napiiklad 90° oto¢eni PSTAIRE a-helixu. Tento o-helix
v aminoterminalni smy¢ce v CDK po vazbé cyklinu zméni svoji pozici, coz ma za nasledek
reorientaci klicovych rezidui v aktivnim mist¢ CDK. Mezi dal§i moZnosti regulace patii
aktivace/inhibice pomoci fosforylace a také pomoci pfirozenych inhibitorii CDK. Tyto
inhibitory mohou inhibovat CDK (p15, p16, p18, p19) nebo komplexy CDK/cyklin (p21,
p27, p57; Mariaule and Belmont, 2014).

Vétsina znamych CDK inhibitord jsou ATP-kompetitory interagujici s CDK v jejich
katalytickém misté. Struktury téchto molekul jsou pomérné riznorodé a jsou odvozeny
od mnoha heterocykli, jako jsou naptiklad puriny, pyrimidiny, indoly, pyrazoly, thiazoly
(Malinkova et al, 2015). Ne¢kolik znich se dostalo i do klinického testovani jako
potencidlni protinddorova terapeutika, vcetné purinového roskovitinu a jemu podobnému
dinaciclibu (SCH-727965; Obr. 24a), ktery se nachazi jiz ve IIl. fazi klinického testovani
(Mariaule and Belmont, 2014). Palbociclib (PD0332991) a ribociclib (LEE-011) byly
dokonce jiz jako 1éc¢iva schvalena (Obr. 24a; Clark et al, 2016; Tripathy et al, 2017).

Historie purinovych CDK inhibitort saha do 90. let 20. stoleti, kdy byl objeven
prvni olomoucin (ICso = 7 uM) odvozeny od isopentenyladeninu (Obr. 24b; Vesely et al,
1994). Optimalizaci jeho struktury se podafilo pftipravit R-roscovitin (CDK2: I1Cs =
0,7 uM; Havlicek et al, 1997) a latku CR8 (ICso= 41 nM; Obr. 24b; Bettayeb et al, 2008).
Na zakladé krystalovych struktur CDK2 v komplexu s roskovitinem (De Azevedo et al,
1997) a CDK5/p25 (Mapelli et al, 2005) bylo prokazano, ze se roskovitin vaze do
vazebného mista pro ATP, kde kompetuje s ATP. Od té doby doslo k optimalizaci struktur

purinu a doposud byla pfipravena cela fada inhibitort CDK na bazi purinu (Zatloukal et al,
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2013; Demange et al, 2013; Trova et al, 2009; Dreyer et al, 2001; Gucky et al, 2013; Park
et al, 2017) nebo jeho isostera (Popowycz et al, 2009; Jorda et al, 2011).
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Obr. 24: a) ATP-kompetitivni inhibitory CDK ve III. fazi klinického testovani, b) Vyvoj purinovych
inhibitori CDK.

Dalsi skupina purinovych inhibitorti je charakteristickd odliSnym typem substituce
V polohach 2 a 6 purinu. Typickym zastupcem je latka NU6102 (CDK2: ICso = 6 nM;
Obr. 25). Jedna se o silny a selektivni ATP-kompetitivni inhibitor CDK2 se sulfoamidovou
skupinou, ktera se vyskytuje v blizkosti lysinového rezidua v aktivnim mist¢ CDK2

(Davies et al, 2002). NU6102 vytvaii tii vodikové vazby mezi purinovym skeletem
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a Leu83 s Glu81, ale na rozdil od jinych inhibitortt CDK, jsou tyto vazby zprostfedkovany
N9 a N2, nikoliv N® a N7. K dalsim interakcim dochdzi na sulfonamidové skuping, jejiz
NH2 skupina vytvaii vodikovou vazbu s Asp86 a jeden sulfonamidovy kyslik je
akceptorem pro vodikovou vazbu Vychézejici z Asp86. Tyto VaZby vedou K rotaci anilinové
Tato latka ma nicméné vysokou hodnotu Glso = 8 uM na lidské linii MCF-7 (Davies et al,
2002), coz muze byt dano i metabolickou nestabilitou sulfoamidové skupiny (Shear et al,
1986). Proto byla piipravena latka NU6155 s nanomolarni inhibici CDK2 (ICsg = 5,4 nM;
Obr. 25), ktera se stala vychozi latkou pro vyvoj ireverzibilniho inhibitoru (Hardcastle et al,
2004). Vzhledem k orientaci tohoto typu inhibitorti v aktivnim mist¢ CDK byla ovéfovana
moznost vytvofeni kovalentni vazby s Lys89. Byl proto piipraven derivat NU6310 (ICso =
0,16 uM; Obr. 25) s ethylsulfonylovou skupinou, ktera je lokalizovana v tésné blizkosti
Lys89, nicméné tato latka je inhibitorem reverzibilnim. Dalsi derivat NU6300
s vinylsulfonylovou skupinou je jiz ireverzibilni a ochotné vytvaii kovalentni vazbu mezi
g-aminoskupinou Lys89 s vinylsulfonovou skupinou inhibitoru (Obr. 25; Anscombe et al,
2015).
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Obr. 25: Vyvoj latek série NU.
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6.5. Inhibitory PDK1

Aberantni aktivace signalni drahy PI3K/AKT je jednou z nejbéznéjsich molekularnich
zmén pri iniciaci a progresi rakoviny. Z toho divodu se tada laboratofi zabyva vyvojem
inhibitort zaméfenych na komponenty signalni drahy PI3K, mezi které patii jak piimo
PI3K, tak i PDK1 (PI3K 3-fosfoinositin kinasa 1), AKT a mTOR (Barile et al, 2012).
PDK1 kinasa reguluje aktivitu ptibuznych kinas, jako je protein kinasa A (PKA), protein
kinasa G (PKG), protein kinasy C (PKC) vc¢etné¢ Akt, a to fosforylaci specifického
threoninového nebo serinového zbytku uvnitt aktivaéni smycky (T-smycka), ktera je
pro kinasu kriticka. Mnoho kinas, které jsou aktivované PDK1, reguluji bunééné procesy
jako je preziti bunék, diferenciace, rist a exprese proteini v reakci na druhého posla
v signalnich drahach (Medina, 2013).

Navzdory centralni roli PDKI1 jako aktivatoru signalni drahy byla pozornost
vénovana spise PI3K, Akt a mTOR. | ptesto vsak inhibitory PDK1 existuji (Barile et al,
2012). Bylo ptipraveno mnoho inhibitortt PDK1 odvozenych od purinu a jeho isostert
(Obr. 26a), napi. 3,5-diaryl-7-azaindoly (123), 7-aminopyrazolo[1,5-a]pyrimidiny (144),
[1,2,4]-triazolo[1,5-a]pyrimidin-5-aminy (162) a dalsi (Peifer and Alessi, 2008). Skupina
Blancharda objevila v ramci fragmentového screeningu makrocyklickou purinovou latku 1
(ICso = 0,39 uM, Obr. 26b), ktera byla pivodné pfipravena jako inhibitor CDK2.
Odstranénim linkeru, ktery je pravdépodobné zodpovédny za interakci s CDK, a naslednou
optimalizaci substituentd byla pfipravena latka 6 (PDK1: ICso = 0,15 pM; Obr. 26b). Dalsi
optimalizace vedly k piipravé ucinnéjsich latek, napt. latky 18 (ICso = 7,9 nM; Blanchard
et al, 2012).
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Obr. 26: a) struktury vybranych isostert, b) vyvoj purinovych inhibitora PDK1.

Firma Pfizer otestovala celou sérii latek s potencialni aktivitou na PDK1, kdy byla

identifikovana latka 14 (ICso = 100 nM; Obr. 27). Na zakladé rentgenostrukturni analyzy
bylo zjisténo, ze tato latka vytvaii nékolik vodikovych vazeb ve vazebném misté¢ enzymu.
Ve snaze zlepsit aktivitu a selektivitu této latky byl zaménén isopropyl za lipofilngjsi

(cyklobutyl, cyklopentyl) nebo polarngjsi skupiny (hydroxyethyl), které vSak aktivitu

snizovaly. Nicmén¢ struktura 14 se stala vychozim bodem pro dalsi optimalizace. Latka 15

(ICso = 35 nM; Obr. 27) obsahuje ethylovy linker, ktery se nachazi v synklinalni

konformaci, kterd se zdd byt nezbytnd pro efektivni vyplnéni kapsy pod G-smyckou

v PDK1. Tento flexibilni

ethylovy linker byl uzamknut do péticlenného kruhu,
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coz dramaticky zleps$ilo ucinnost a selektivitu u latky 17 (ICsp = 2 nM; Obr. 27). Substituci
pozice 4 na terminalnim arylovém kruhu fluorem a =zavedenim heteroatomu
do cyklopentylu doslo ke zvysSeni selektivity a snizeni lipofility této latky (latka 20: 1Cso =
0,6 nM; Obr. 27). Dalsimi optimalizacemi byla pfipravena latka 25 (Obr. 27), coz je silny
selektivni inhibitor PDK1 s Gi¢innosti na nadorovych liniich SKOV3 a A549 (Murphy et al,
2011).

Lys111A vyznamné zvyseni
" Thr222A ... T _aktivity
Ser160A .-~ o _N - |
\N//Z N NH, O ) !
N Alat62A -~ > L VL ;
A\ / . N NH NTX N B !
Q N e — \ > Ho o
~ : ‘
= o O
optlmallzace lfl . (S ;
14 15 17
~ hydrofébni interakce =
PDK1 ICsp = 100 nM POK1 G =35 PDK1 ICs = 2 nM
PDB: 3RWQ
snizeni
Ilpoflllty
=N _N ,"”
(0]
NH, S //Z CN{ [ / 0
N N N,\\ o N
A H z

FZ

P4

\

=z
v

25 zvyseni
PDK1 IC5 = 1,4 nM PDK1 |Cso =0.6nM  gsejektivity

Obr. 27: Vyvoj latky 25.

6.6. Inhibitory NEK2

Nek kinasy jsou rodina serin/threoninovych kinas tvofici 11 ¢lend (Nekl-11). Nejvice
prostudovanou Nek kinasou je Nek2, ktera se podili na mitotickych procesech. Je
lokalizovana u centrozomii béhem celé mitozy a reguluje separaci centrozomu a organizaci
mikrotubulli. Zvysené hladiny Nek2 se vyskytuji u nékolika typt rakoviny vcetné
karcinomi prsu, hepatocelularnich karcinomii a rakoviny tlustého stieva (Wells et al,

2017).
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Doposud nejucinnéjsim Nek2 inhibitorem je latka MBM55 (Nek2: ICsp = 1 nM,
Obr. 28a) obsahujici imidazo[1,2-a]pyridinovy kruh (Xi et al, 2017). Nicméné byly
vyvinuty i inhibitory, které nesou purinovy skelet. 6-alkoxypuriny byly identifikovany jako
ATP-kompetitivni inhibitory Nek2 a CDK2 (latka 6: CDK2 ICso = 5 nM, Nek2 ICso =
12 uM; Obr. 28b). Porovnavanim struktur inhibitort CDK se ukazalo, ze modifikace 6-
alkoxy a 2-arylamino substituenti by mohly zvysit selektivitu pro Nek2. Bylo zjisténo, ze
puriny nesouci meta nebo para substituent na 2-arylamino skupiné zvySuje selektivitu pro
Nek2 (viz. latka 7, Nek2: 1Cso = 0,89 uM, CDK2: ICso = 5,6 uM). Jako vychozi bod pro
pochopeni vazebného modu arylaminopurini do Nek2 byla pouzita latka 8 v komplexu
s Nek2 (Obr. 28b). Bylo zjisténo, ze tato latka vytvaii tii vodikové vazby tvofené dusiky
pochazejici z purinu, a proto jejich modifikace ¢i odstranéni by bylo nezadouci vhledem
k aktivité téchto latek. Proto se mistem pro modifikace stal 6-alkoxy substituent
a 6-cyklomethylhexylova skupina, ktera je rozhodujici pro CDK2 aktivitu. Byla
identifikovana latka 11 (Nek2: ICso = 0,62 pM, CDK2: I1Cso = 7 uM; Obr. 28b), ktera byla
pfipravena po mnoha modifikacich obou pozic. Nicméné bylo dosazeno relativné velké
selektivity, a proto by se tato latka mohla stat vychozim bodem pro dalsi studie
a modifikace (Coxon et al, 2016).

V roce 2010 byla identifikovana kinasa Nek4, kterd je nadmérné exprimovana
Vv rakoving plic a tlustého stfeva. Byl identifikovan purinovy isoster, BAY61-3606 (Obr.
284a), s aktivitou proti Nekl (ICso = 159 nM) a Nek4 (ICso = 25 nM), ktery byl pivodné
vyvinut jako inhibitor SYK (Yamamoto et al, 2003; Lau et al, 2012). Tato latka obsahuje
dvé potencialni mista pro tvorbu vodikovych vazeb, a to amid nebo dusik v poloze 1
imidazopyrimidinu. Dal$im studiem analogi této latky, bylo zjisténo, ze pravé tento amid
v ortho poloze je nutny pro aktivitu na Nek1 a Nek4 (Wells et al, 2017).

Ve srovnani s nekovalentnimi inhibitory maji ireverzibilni inhibitory spoustu vyhod
vcetné prodlouzené farmakodynamiky, vyssi u€innosti a selektivity. Ireverzibilni inhibice
u Nek2 lze dosahnout cilenim inhibitoru na cystein 22, ktery lezi v blizkosti katalytického
mista. Jednim z purinovych ireverzibilnich inhibitortt Nek?2 je i latka NCL-00017509 (ICso
=56 nM; Obr. 28a; Fang and Zhang, 2016; Carbain et al, 2012).
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6.7. Inhibitory Aurora kinasy

Aurora kinasy jsou serin/threoninové kinasy dilleZité zejména béhem mitosy. Udastni se
maturace centrosomu, srovnavani chromozomd, jejich segregace a cytokineze. Rodina
Aurora kinas u lidi obsahuje tii ¢leny: Aurora A, B a C, které sdili konzervovanou
C-koncovou katalytickou doménu, ale 1i§i se v buné¢né lokalizaci, substratové specifité
a funkci béhem mitosy. Aurora A i B byly nalezené nadmérné exprimované v Sirokém
spektru lidskych nddord, coz naznacuje, Ze nddorova onemocnéni mohou terapeuticky
reagovat na inhibitory téchto kinas (Giet et al, 2005). Proto béhem posledniho desetileti
mnoho farmaceutickych firem zacalo vyvijet inhibitory téchto kinas, kdy je tfeba zminit
purinové isostery jako danusertib (Aurora A: ICso = 13 nM, Aurora B: 1Cso = 79 nM; Obr.
29a; Carpinelli et al, 2007; Borthakur et al, 2015) a AT9283 (Aurora A: I1Cs0 = 5 nM,
Aurora B: ICs = 0,8 nM; Obr. 29a; Howard et al, 2009; Moreno et al, 2015), které se
nachazi v klinickém testovani. Obecné lze fici, ze tyto inhibitory byly zprvu pouzivany
k 16€b¢ solidnich nadort (vaje¢niki, prsu, plic a tlustého stfeva), nicméné i pies Sirokou
variabilitu chemickych struktur nebylo dosazeno optimalni ucinnosti na téchto nadorech.
Proto doslo ke zmén¢ strategie a inhibitory Aurora kinas byly zkouseny v klinickych
studiich u hematologickych malignit, kde je vys$§i homogenita a mira proliferace bunck
ve srovnani se solidnimi nadory. Jako nejlepsi se ale jevi pouZiti inhibitoru Aurora kinasy
Vv kombinaci s jinym inhibitorem (napfiklad s inhibitorem FLT3; Bavetsias and
Linardopoulos, 2015).

Reversin (Obr. 29b) je 2,6-disubstituovany purin inhibujici Auroru A (ICso =
876 nM) a Auroru B (ICso = 98,5 nM), ktery byl pivodné identifikovan jako latka
indukujici dediferenciaci mySich myoblastd do multipotentnich progenitor bun¢k (Chen et
al, 2004). Bylo zjisténo, ze se jedna i o antagonistu lidskych adenosinovych receptor A3
(ICs0 = 0,66 uM; Perreira et al, 2005) a inhibitor MP1 (ICsp = 6 nM; Santaguida et al,
2010). Schopnost reversinu reverzibiln¢ diferencovat nékteré nadorové bunky (napiiklad
leukemické) naznacuje jeho mozné pouziti jako protinadorové ¢inidlo. Reversin se vaze
do aktivniho mista podobné jako latka NU6086 v CDK2. Je zajimavé, ze zpusob vazby
2,6-disubstituovanych purinti je odlisny od 2,6,9-trisubstituovanych purini. Orientace

purinového kruhu v aktivnim mist¢ Aurory B je totiz nekompatibilni S pfitomnosti

55



jakéhokoliv substituentu v poloze N9, nebot’ by doslo ke stfetu s hlavnim kinasovym
fetézcem Vv blizkosti Glul71 (D’Alise et al, 2008).
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Obr. 29: a) struktura danusertibu a AT9283, b) struktura reversinu.

6.8. Inhibitory GSK-3

Zajem o studium GSK3o a GSK3p a jejich inhibitory je z divodu nékolika netradi¢nich
charakteristik: tato kinasa je konstitutivné aktivni, jeji substraty musi byt obvykle
fosforylovany jinou kinasou a spiSe, nez aktivovana byva inhibovana, a to jako reakce
na dvé hlavni signalni drahy, o kterych je znamo, Ze zasahuji do GSK3 (insulinova a Wnt
signalni draha). GSK3 je klicovou kinasou, ktera ptispiva k abnormadlni fosforylaci proteinu
Tau, o kterém se predpoklada, Ze zpusobuje neurofibrilarni klubka u Alzheimerovy
choroby (Hanger et al, 1992; Mandelkow et al, 1992). Dalsi zajimavosti je, ze GSK3 je
inhibovana lithiem (Klein and Melton, 1996; Stambolic et al, 1996). Lithium je klasicky
stabilizator ndlady pouzivany pii 1écbé bipolarnich poruch, takze toto zjisténi vedlo
k myslence, ze GSK3 muze mit centralni roli pfi bipolarnich poruchach a také to otevielo
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branu pro objev jinych selektivnich inhibitori GSK3. Béhem poslednich dvaceti let se
proto GSK3 stala cilem velkého zajmu a vypada to, ze se dotykd téméf vSech aspektl
bunécné signalizace a podili se na velkém poctu fyziologickych i patofyziologickych
procesi. V souvislosti s témito objevy a naslednym enormnim rastem v objevech novych
ucinkli GSK3 bylo vyvinuto mnoho dalSich inhibitort GSK3. Potencialni terapeutické
aplikace zahrnuji rakovinu, kardiovaskuldrni onemocnéni, diabetes, zanétlivé stavy,
neurodegenerativni onemocnéni a psychiatrické onemocnéni (Beurel et al, 2015).

GSK3 ma pravdépodobné vice predpokladanych substrati nez jakakoliv jind kinasa
(predpoklada se vice nez 500, bylo jiz objeveno asi 100). Takto vysoky pocet substrati
vyvolava otazku, pro¢ GSK3 fosforyluje tolik proteinti v buiice, kdyz existuje tolik jinych
kinas. Ackoliv tato otazka nebyla jesté uspokojivé zodpovézena, je naznaceno, ze GSK3
musi mit takové vlastnosti, které jsou zvlasté uzitetné a vSestranné. Byly identifikovany
dvé funkéni domény GSK3, doména vazajici substrat a kinasova doména. Rozpoznani
substratu je zasadni mechanismus pro regulaci GSK3. Vazebna doména pro substrat
poskytuje vazebné misto pro vétSinu GSK3 substratii, které musi byt primarné aktivovany
fosforylaci (S/T-X-X-X-S/T(P). To znamend, Zze GSK3 nerozpozna substrat, pokud neni
aktivovana jina signaliza¢ni draha, ktera predfosforyluje prislusny substrat. Diky tomu je
GSK3 zapojena v mnoha signalnich drahach a otazkou je, zda vysoky pocet substratt
neomezuje pouziti GSK3 jako terapeutického cile vzhledem k tomu, Ze by se mohlo narusit
mnoho bunécnych procesi. Proto jsou hledany takové inhibitory, které¢ budou ovliviiovat
jen specifické bunky nebo konkrétni signalni drahy (Beurel et al, 2015)

Mnoho inhibitord GSK-3 jsou ve skutecnosti inhibitory nejen GSK-3, ale i CDK
(Meijer et al, 2004). To muze byt vysvétleno podobnosti ATP vazebného mista v obou
kinasach (Vulpetti et al, 2005). Rozdilem ve struktufe je pfitomnost postranniho fetézce
Leul32 u GSK3 a Phe80 u CDK2/CDKS. Tento rozdil mlzZe byt vyuzit pro navrh
selektivnich inhibitort GSK-3 (Liao, 2007). Byla identifikovana cela fada heterocyklickych
inhibitori  GSK-3 jak kompetitivnich (pyrazolopyyrimidiny (Peat et al, 2004),
benzimidazoly (Shin et al, 2007), imidazopyridiny (Yngve et al, 2012), pyraziny (Berg
et al, 2012) a dalsi), tak nekompetitivnich (5-imino-1,2,4-thiadiazoly (Palomo et al, 2012).

Ibrahim et al. (2010) pfipravili knihovnu 8-substituovanych purint, které vykazuji
mikromolarni aktivitu na GSK-3, ale kupodivu slabou aktivitu na CDKS5. Nizka aktivita
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na CDK je dana substituci v pozici 8, ktera vyznamné snizuje inhibi¢ni CDK aktivitu
(Moravec et al, 2003). Nejucinngjsi latkou je latka 8a (ICso = 16 nM; Obr. 30a), ktera je
stabilizovana hydrofobnimi interakcemi mezi aromatickou skupinou v pozici 8 a vazebnym
mistem v GSK-3. Naproti tomu 14d (Obr. 30a) méla aktivitu snizenou kvuli pfitomnosti
cyklopropylové skupiny, pro kterou neni dostate¢ny prostor ve vazebném misté (lbrahim
et al, 2010). Dalsimi inhibitory GSK3 jsou 4,6-disubstituované pyrrolopyrimidiny (latka
TWS119, ICs0 = 30 nM; Obr. 30a; Ding et al, 2003).

Déle bylo pomoci high throughput screeningu identifikovan pyrazolopyrimidinovy
derivat 1 jako inhibitor GSK-3. Diky SAR studiim bylo zjisténo, ze pro vysokou G¢innost
je dilezita fenylova skupina na R a pfitomnost vodiki na R! a R? (Peat et al, 2004).
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Obr. 30: a) struktura latek 8a, 14d a TWS119, b) vyvoj pyrazolopyrimidinového derivatu 1.
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7. INHIBITORY OSTATNICH KINAS
7.1. Inhibitory PI3K

Fosfatidylinositol-3-kinasy (PI3K) jsou lipidové kinasy, které hraji ustiedni roli pfi regulaci
bunécného cyklu, apoptosy, opravach DNA, starnuti, angiogenezi, buné¢ného metabolismu
a motility (Cantley, 2002). Jedna se 0 signalni molekuly, které jsou nejznaméjsi zejména
pro svou roli v PI3BK/AKT/TOR signalni draze (Burris, 2013). PI3K transmituji signaly
Z povrchu bunék do cytoplazmy tvorbou druhych posli (fosforylované fosfatidylinositoly),
ktefi aktivuji nckolik efektord kinasové drahy vcetné BTK, AKT, PKC, NF-xB
a JNK/SAPK drahu. To podporuje pieziti a rist normalnich bunék. Ackoliv je aktivita
PI3K regulovana internimi signaly v normalnich bunkach (PTEN), deregulace signalizace
PI3K je spojena s vyvojem jedné tietiny lidskych rakovin, kdy aberantni aktivita PI3K
drahy podporuje karcinogenezi a angiogenezi nadort (Akinleye et al, 2013).

U lidi byly identifikovany tfi skupiny PI3K (I-III) na zakladé rozdilu v jejich
strukturach, substratové specifité a ptirozenému lipidovému koncovému produktu. PI3K
tiidy I jsou heterodimery, které se déle déli na dvé podrodiny, IA a IB. Podrodina IA je
nejvice prostudovanou a Casto se podileji na rakoving. Strukturalné se skladaji z katalytické
(p110) a regula¢ni (p85) podjednotky. Existuji tfi katalytické isoformy p110 (a, B a d).
Podrodina 1B obsahuje katalyticky p1106 a regula¢ni plOl1. Regulaéni podjednotka
po aktivaci receptoru rekrutuje katalytickou podjednotku na tyrosinové fosforylované
proteiny na plasmatické membrané, kde katalyticka podjednotka fosforyluje jejich lipidové
substraty (Katso et al, 2001; Akinleye et al, 2013).

Signalizace PI3K je aberantné aktivovana nejméné tfemi hlavnimi mechanismy.
Jedna se o mutace nebo amplifikace katalytickych podjednotek PI3K, inaktivace lipidové
fosfatasy PTEN, a receptorové amplifikace nebo mutace (RTK, GPCR; Akinleye et al,
2013). PI3K se proto staly vhodnym cilem pro 1é¢bu rakoviny. Rada inhibitori PI3K
podléha klinickému vyzkumu véetné pan-PI3K inhibitordm, které inhibuji vSechny ctyti
isoformy tiidy I PI3K, stejné jako selektivnich inhibitort (Obr. 31), napt. pictilisib (GDC-
0941; Folkes et al, 2008), copanlisib (GDC-0032; Liu et al, 2013b) a taselisib (BAY 80-
6946; Ndubaku et al, 2013). Je tfeba zminit i idelalisib (GS-1101; Obr. 31), vysoce
selektivni inhibitor PI3KJ, ktery byl jako prvni inhibitor PI3K schvélen FDA pro¢ 1écbu
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rakoviny, a to konkrétné¢ pro 1ébu chronické lymfocytarni leukémie, recidivujiciho
folikularniho  B-bunécného non-Hodgkinova lymfomu a relapsovaného malého

lymfocytového lymfomu (Herman et al, 2010; Miller et al, 2015; Massacesi et al, 2016).
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Obr. 31: Klinicky testované inhibitory PI3K.

Gilbert a kol. (2010) pomoci hight throught screeningu identifikovali nékteré puriny
majici aktivitu proti PI3Ka a PI3K3. Optimalizaci téchto purinii byly pfipraveny silné
purinové, ale i pyrazolo[3,4-d]pyrimidinové inhibitory PI3Ka s dobrou selektivitou
pro PI3K& a mTOR (Gilbert et al, 2010). Tyto struktury vychazeji z diivéjSich publikaci,
kde byl identifikovan silny inhibitor PI3K, derivat thieno[3,2-d]pyrimidinu (ICsp = 2 nM),
ktery je selektivni pro pl110a (Hayakawa et al, 2006). Pyrazolo[3,4-d]pyrimidiny vykazuji
silnou PI3Ka inhibici, ale odliSnou selektivitu ve srovnani s puriny. Zatimco purinové
analogy maji tendenci vykazovat mirnou G¢innost na mTOR, tak pyrazolopyrimidiny jsou
inhibitory silnéjSimi. Pro lepsi pochopeni rozdilu v selektivité byl vytvofen model navazané
latky 26 v PI3K. Obecné ale plati, ze purinové inhibitory vykazuji lepsi selektivitu proti
MTOR vV porovnani s odpovidajicimi pyrazolopyrimidiny, nicméné dusiky purinového
a pyrazolopyrimidinového jadra nejsou zapojeny do pfimych interakci s enzymy, a proto
neni jasné, ¢im je dosazena zvysSena selektivita pro puriny (Gilbert et al, 2010).

Dale byla piipravena latka GDC-0941 (pictilisib, PI3Ka: ICso = 3 nM, PI3Ka:
ICs0 = 3 nM; Obr. 31), ktera je jiz v II. fazi klinického testovani. Tato latka se vaze velice
podobn¢ jak do p1106, tak do p11l0a, kde kyslikovy atom morfolinu vytvaii vodikovou
vazbu s pantovou oblasti (Obr. 32; Folkes et al, 2008). Dale byl popsan selektivni
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benzimidazol 2 (Obr. 32), ktery se stal slibnym kandidatem pro dalsi optimalizace (zlepSeni
selektivity vici isoformam PI3K a farmakokinetickych vlastnosti in vitro a in vivo) (Safina
et al, 2012). Murray el al. (2012) identifikovali fadu dalSich silnych a selektivnich
purinovych inhibitort PI3K3$ (latka 14: 1Csp = 6 nM; latka 20: 1Cso = 2 nM; Obr. 32;
Murray et al, 2012). Jejich spoleénym strukturnim motivem je substituce v polohach 2, 6, 8
a9.
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Obr. 32: Vyvoj PI3K inhibitort.
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Obr. 33: a) v§voj GNE-293, b) schéma vyvoje GDC-0084.

Mezi dalsi selektivni inhibitory PI3Kd patii inhibitor 2 (Obr. 33a), ktery se stal
vychozi latkou pro dalsi modifikace. Tyto modifikace se tykaji zejména dvou oblasti,
a to methylenové oblasti a 2-benzimidazolové oblasti. Rizné linkery obsahujici rtzné
heteroatomy byly testovany pro jejich Uc¢innost a selektivitu. Vysledkem byla latka GNE-
293 (PI3K3: ICs0 = 0,47 nM; Obr. 33a), obsahujici kyslik jako linker, vykazujici excelentni
isoformovou selektivitu (Safina et al, 2013).

Inhibice signalizace PI3K je atraktivni pfistup k 1é¢bé nadorGt mozku zejména
glioblastomidm. Aberantni signalizace PI3K je spojena s 80 % piipadi GM. Aby mohly byt
inhibitory PI3K vyuzity pro tuto lécbu, je potieba, aby inhibitor mohl volné prochazet
hematoencefalickou bariérou. Byly identifikovany molekuly (2, Obr. 33b), které volné
prochazeji touto bariérou, nicméné nemohly byt vybrany pro klinické testovani z davodu
Spatné clearance u lidi. DalSim studiem byly identifikovany slibné molekuly, které
vykazovaly dobrou metabolickou stabilitu. Naptiklad latka 4 (Obr. 33b) vykazovala
vybornou metabolickou stabilitu, nicméné hodnoty efluxu naznacovaly, Ze tato latka
nebude schopna volné penetrovat pies hematoencefalickou bariéru. AvSak odstranénim

dvou donorovych vazeb alkoholu v latce 4 by se mohl redukovat eflux. Proto byl radé&ji nez
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alkylaci alkoholu zkouman ucinek uzavteni kruhu. Byla proto ptipravena latka GDC-0084
(Obr. 33c), ktera ma vybornou buné¢nou ucinnost, ale i metabolickou stabilitu. Jedna se
o silny purinovy inhibitor PI3K a mTOR, ktery je schopny penetrovat pies
hematoencefalickou bariéru. Diky tomu je tato latka snad vhodnym kandidatem do dalSich
klinickych studii (Heffron et al, 2016).
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8. METODY
8.1. Syntetické metody

8.1.1. Pfiprava amint pro sérii FLT3 inhibitoria

4-fluor-nitrobenzen nebo 5-brom-2-nitropyridin (1 mmol), pfislusny sekundarni amin
(1,05 mmol) a uhli¢itan draselny (2 mmol) v ethanolu (10 ml) byly v tlakové ampuli
zahtivany pfi teplot¢ 100 °C po dobu 4 hodin pod argonovou atmosférou. Skonceni reakce
bylo kontrolovano pomoci TLC (chloroform:methanol, 19:1). Po ochlazeni na laboratorni
teplotu byla reakéni smés odpafena rotacni vakuovou odparkou (RVO) a odparek byl
extrahovan suspenzi dichlormethanu (25 ml) ve vodé (25 ml). Vodna faze byla dvakrat
extrahovana dichlormethanem (25 ml) a spojené organické faze byly promyty vodou,
solankou a vysuSeny bezvodym siranem sodnym a zakoncentrovany na RVO. Surovy
produkt byl pouzit pro nasledujici reakce bez dalsiho ¢isténi.

Surovy produkt (0,75 mmol) =z ptedchoziho kroku byl hydrogenovan
za atmosférického tlaku v methanolu (50 ml) za pouziti 5 % (w/v) paladia na aktivnim uhli
(50 mg). Po spotfebovani vodiku byla reakéni smés zfiltrovdna pies kiemelinu, promyta
methanolem a odpafena na RVO. Surovy produkt byl rozpustén ve 2 M kyseliné
chlorovodikové (50 ml) a extrahovan dichlormethanem (25 ml). Vodna faze byla
neutralizovana 5% hydrogenuhli¢itanem sodnym a srazenina byla odfiltrovana a promyta

vodou. Surovy produkt byl vysuSen Vv susarné.

8.1.2. Priprava N9-substituovanych derivati purinu

2,6-dichlor-9H-purin (15,8 mmol), pfislusny alkohol (31,7 mmol) a trifenylfosfin
(19,0 mmol) byly rozpustény v suchém tetrahydrofuranu a smés byla ochlazena na 0 °C.
Za stalého michani byl pod argonovou atmosférou ptidan diisopropylazodikarboxylat
(36 mmol) a teplota byla udrzovana mezi 0-20 °C. Reak¢ni smés byla michana po dobu
2-4 hod. Reakce byla monitorovana pomoci TLC az do jejiho dokonceni
(petrolether:ethylacetat, 2:1). Reakéni smés byla poté odpafena na RVO a odparek byl
rozpu$tén ve vroucim toluenu (100 ml). Po ochlazeni na pokojovou teplotu byl roztok

inokulovan malym mnozstvim trifenylfosfinoxidu a roztok byl poté ochlazen na 4 °C
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po dobu 24 hod. Poté byl trifenylfosfinoxid zfiltrovan a filtrat byl odpafen za snizeného
tlaku na RVO. Surovy produkt byl poté piecistén sloupcovou chromatografii
(petrolether:ethylacetat, 2:1; Zatloukal et al, 2013; Gucky et al, 2013).

8.1.3. Substituce na C6

K suspenzi 9-substituovaného-2,6-dichlor-9H-purinu (6,25 mmol) ve smési 40 ml
n-propanolu a N,N-diisopropyl-N-ethylaminu (6,87 mmol) byl pfidan pfislusny amin
(6,87 mmol). Suspenze byla za michani zahtivana v tlakové ampuli pfi 120 °C. Reakce byla
monitorovana pomoci TLC az do jejiho dokonceni (petrolether:ethylacetat, 2:1).
Po ochlazeni na laboratorni teplotu byla reakéni smés odpafena za snizeného tlaku
a odparek byl extrahovan mezi dichlormethan (50 ml) a vodu (50 ml). Vodna faze byla
dvakrat extrahovana dichlormethanem (25 ml) a spojené organické faze byly promyty
vodou, solankou, vysuseny bezvodym siranem sodnym a zakoncertovany na RVO.
V ptipadé¢ potieby byl surovy produkt ptecistén sloupcovou chromatografii

(petrolether:ethylacetat, 2:1; Zatloukal et al, 2013; Gucky et al, 2013).

8.1.4. Substituce na C2

Latky zptfedchozi reakce o dostateCné Ccistot¢ byly piedlozeny spolu s trans-1,4-
diaminocyklohexanem (¢i jinym aminem viz. p¥iloha III) v n-butanolu do tlakové ampule
Vv ptipad¢é konvencniho zahtivani nebo do kyvety ur€ené pro mikrovlnou syntézu. Reak¢ni
smés byla zahfivana pod argonovou atmosférou pii 160 °C po dobu 4-10 hodin nebo pfi
teplot¢ 140-170 °C po dobu 0,5-1,5 hodiny za pouziti reaktoru CEM Discovery
(supplementary data prilohy I1). Reakce byla monitorovana pomoci TLC az do jejiho
dokonceni (chloroform:methanol, 9:1). Po ochlazeni na laboratorni teplotu byla ptidana
voda (50 ml) a vysledna suspenze byla extrahovana ethylacetatem (3 x 50 ml). Spojené
organické faze byly promyty vodou (50 ml), solankou (50 ml), vysuseny bezvodym
siranem sodnym a zakoncentrovany na RVO. Surovy produkt byl ptecistén sloupcovou

chromatografii (chloroform:methanol, 9:1; Zatloukal et al, 2013; Gucky et al, 2013).
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VSechny experimenty pouzivajici mikrovinné zafeni byly provadény
v mikrovinném zafizeni CEM-Discovery. Reaktor se pouziva ve standardni konfiguraci
s vlastnim softwarem. Reakce byly provadény ve sklenénych vialkdch o objemu 10 ml,
které¢ byly utésnéné silikonovym/PTFE uzavérem, ktery mohl byt vystaven maximalnimu
tlaku 21 bard a teploté 250 °C. Teplota byla méfena infracervenym c¢idlem na vnéjSim
povrchu vialky. Po ukonceni reakce byla reakéni vialka ochlazena na laboratorni teplotu

proudem plynu.

8.2. Analytické metody

Cistota meziproduktii a produktd byla sledovédna pomoci tenkovrstevné chromatografie
(TLC) na hlinikovych deskach pokrytych silikagelem 60 WF 254 (Merck KGaA). Pouzité
mobilni faze jsou uvedeny v ptipravé danych latek. Vizualizace TLC byla provedena pod
UV lampou (Camag) pii vinové délce A 254 nm nebo 366 nm. Teploty tani byly zméteny
na bodotavku Biichi B-540. Elementarni analyza byla provadéna za pouziti analyzatoru
EA1112 CHN (Thermo Finnigan).

Spektra nuklearni magnetické rezonance (NMR) byla ziskana na Jeol 500 ECA
spektrometru pfi frekvenci 500 MHz (*H) a 126 MHz (**C). Latky byly rozpusténé
v DMSO-ds nebo CDCls. Hodnoty chemického posunu jsou udany v jednotkach ppm.
Stépici konstanty (J) jsou uvedeny v Hertz (Hz) a byly pouZivany nasledujici zkratky:
singlet (s), dublet (d), dublet dubletu (dd), triplet (t) a multiplet (m).

Chromatografickd cistota latek byla stanovena HPLC-DAD-MS. Byl pouzit
separacni modul Alliance 2695 (Waters), ktery byl soucasné spojen s tandemovym
hmotnostnim spektrometrem s ¢tyfjadrovym ortogonalnim tandemovym hmotnostnim
spektrometrem PDA 996 (Waters) a Q-Tof mikro (Waters). Vzorek byl rozpustén
v methanolu (1 mg/ml) a nafedén 100x krat do poc¢ate¢ni mobilni faze (objem nastiiknutého
vzorku — 10 pl). Vzorky byly naneseny na RP kolonu (150 mm x 2,1 mm, 3,5 pum,
Symmetry C18, Waters). Kolona byla udrzovana pti 25 °C. Rozpoustédlo A byla 15 mM
kyselina mravenci, kdy pH na hodnotu 4,0 bylo upraveno pomoci hydroxidu amonného.
Methanol byl pouzit jako organicky modifikator (rozpoustédlo B). Pii prutokové rychlosti

0,2 ml/min byl pouzit nasledujici binarni gradient: 0 min, 10% B; 0-24 min, linearni
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gradient 90% B a po 10 min nésledovala isokratické eluce s 90% B. Po skonceni gradientu
byla kolona znovu ekvilibrovana na pocate¢ni podminky po dobu 10 min. Hmotnostni
spektrometr pracoval v pozitivnim (ESI+) ioniza¢nim modu. Detekce snimani kladnych

ionth probihala ve full scan médu v rozmezi 50-1000 m/z.

8.3. Biochemické metody

8.3.1. Bunéc¢né linie

Lidské nadorové linie byly ziskany z American Type Culture Collection nebo z Leibniz-
Institut DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH a byly
kultivovany dle pokynu poskytovatele. Bunééné linie MCF-7, BT474, BJ, K562 byly
kultivovany v DMEM médiu s 10 % fetalniho hovéziho séra, penicilinem (100 U/ml)
a streptomycinem (100 pug/ml). Bunééné linie HCC827 a EOL-1 byly kultivovany v médiu
RPMI-1640 s 20 % fetalniho hovéziho séra, penicilinem (100 U/ml) a streptomycinem
(100 pg/ml). Bunééné linie MV4-11, MOLM-13, THP-1, U937 byly kultivovany v médiu
RPMI-1640 s 10 % fetalniho hovéziho séra, penicilinem (100 U/ml) a streptomycinem
(100 pg/ml). Bunééna linie MRC-5 byla kultivovana v EMEM médiu s 10 % fetalniho
hovéziho séra, 1% NEAA, penicilinem (100 U/ml) a streptomycinem (100 ug/ml).
Vsechnny buné&tné linie byly kultivovany pii 37 °C za pfitomnosti 5 % CO2. PouZité

bunécné linie vykazuji riizné alterace gent tyrosinovych Kinas (Tab. 1).
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Tab.1: Ptehled pouzitych bunéénych nadorovych a nenadorovych linii.

Bunécna linie Bunécny typ

Specifikace

HCC-827 Nemalobunéény karcinom plic
BT474 Karcinom prsu

MCF-7 Karcinom prsu

K562 Chronicka myeloidni leukémie
EOL-1 Akutni myeloidni (eosinofilni) leukémie
MV4-11 Akutni myeloidni leukémie
MOLM-13 Akutni myeloidni leukémie
Kasumi-1 Akutni myeloblasticka leukémie
THP-1 Akutni monocyticka leukémie
U937 Akutni myeloblasticka leukémie
MRC-5 Fibroblasty

HUVEC Vaskularni endotel

BJ neprolif. Fibroblasty

8.3.2. Stanoveni cytotoxicity

Aktivacni  mutace v doméné
EGFR (delece E746-A750)
Amplifikace EGFR

Fuzni gen BCR-ABL

Fuzni gen FIP1L1-PDGFRA
Mutace FLT3-ITD

Mutace FLT3-ITD
Chromozomalni translokace (8;21)

Nenadorova linie
Nenadorova linie
Nenadorova linie

Pro stanoveni cytotoxicity testovanych latek byly pouzity metody Calcein AM a MTT test.

Bunky byly vysazeny do 96-jamkové mikrotitracni desky v mnozstvi 2-10 tisic bun¢k

na jamku (dle rychlosti proliferace) a po 24 hodinach byly ovlivnény pozadovanymi

koncentracemi latek. Po 72 hodinové inkubaci byl pfidan roztok Calceinu AM (vysledna

koncentrace 1 pg/ml) a po 1 hod byla zmétena fluorescence na destickovém fluorimetru

Fluoroskan Ascent (Labsystems) pii 485/538 nm. V pfipadé MTT testu byl po 72 hodinové

inkubaci pfidan roztok MTT (vysledna koncentrace 1 mg/ml) a po 4 hodinach byl vznikly

formazan rozpustétn v DMSO. Poté byla stanovena absorbance pii 570 nm pomoci

destickového spektrofotometru Infinite M200 PRO (Tecan). Z namétenych hodnot byly

zkonstruovany grafy koncentraéni zavislosti piezivajicich bun¢k (GraphPad Prism 5.0)

a z nich interpolaci ur¢eny hodnoty Glso, tedy koncentrace redukujici pocet viabilnich

bunék na 50 %.
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8.3.3. Test inhibice proteinkinas

Aktivni kinasa CDK2/cyklin E byla produkovana v hmyzich bunkach Sf9 pomoci
bakuloviralniho vektoru a byla purifikovana na kolon¢ NiNTA (Qiagen). PDGFRa, FLT3-
WT, FLT3-ITD a FLT3-D835 byly zakoupeny od firmy ProQinase. Kinasovy inhibi¢ni test
byl provadén v 96-jamkové mikrotitracni desce s kulatym dnem. Testované latky byly
rozpu$tény v DMSO a postupnym vyfed’ovanim vodou byla pfipravena koncentra¢ni fada
jednotlivych latek s fedicim faktorem 5 v rozmezi 1 nM — 100 uM. Aktivita kinas byla
meéfena za pouziti vhodnych substratd (1 mg/ml AGLT (poly(Ala,Glu,Lys,Tyr) 6:2:5:1
hydrobromid) pro PDGFRa a 1 mg/ml histonu H1 pro CDK2) v pfitomnosti 1 a 15 uM
ATP pro PDGFRa a CDK2 (0,05 pCi [y->*P]ATP) a testovanou latkou v koneéném objemu
10 ul v reakénim pufru (60 mM HEPES-NaOH, pH 7.5, 3 mM MgClz, 3 mM MnClz, 3 uM
Na-orthovanadat, 1.2 mM DTT, 2.5 pg / 50 ul PEG2o.000). Mikrotitracni desticka byla
umisténa do termostatu, kde byla inkubovana pii teploté 30 °C na 30 minut. Poté¢ byla
reakce zastavena piidanim 5 pl 3% vodného roztoku kyseliny fosforecné. Z kazdé jamky
bylo pieneseno 5 pl na fosfocelulosovy papir P-81(Whatman). Po 5 minutach byl papir
promyt 3x roztokem 0,5% kyseliny fosfore¢né a oplachnut 96% ethanolem. Kvantifikace
aktivity 3P byla provedena pomoci biomolekularniho digitilniho analyzatoru FLA-7000
(Fujifilm). Z kiivek zavislosti fosforylace na koncetraci testovanych latek byly stanoveny

hodnoty 1Cso pomoci programu GraphPad Prism (verze 5.0).

8.3.4. Analyza bunécéného cyklu

Asynchronni buniky byly vysdzeny do 96-jamkové desky a po preinkubaci byly ovlivnény
testovanymi slouc¢eninami po dobu 24 hodin. Adherentni bunky byly nejprve promyty PBS,
trypsinizovany a oSetfeny roztokem inhibitoru trysinu (0,1%). Poté byl pfidan 5x barvici
roztok (17 mM citrat sodny, 0,5% IGEPAL® CA-630, 7,5 mM tetrahydrochlorid sperminu,
2,5 mM Tris, pH 7,6 obsahujici 50 ug/ml propidium jodidu). Leukemické bunky byly
barveny pfimo pomoci 5x barviciho roztoku (tzn. bez trypsinizace). Obsah DNA bun¢k byl
analyzovan pomoci pritokové cytometrie za pouziti 488 nm laseru (BS FACS Verse se
softwarem BD FAcSuite TM, verze 1.0.6). Distribuce buné¢ného cyklu byla analyzovana

za pouziti ModFit LT (Verity Software House, verze 4.1.7.). Pro korelaci zmén bunééného
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cyklu s dalsimi parametry byl vypocéten pomér G1/G2-M pro kazdou bunécnou linii a latku
(pti koncentraci odpovidajici hodnoté Glsp) a vydélen pomérem G1/G2-M neovlivnénych

bunék. Tyto hodnoty byly zaznamenany jako relativni poméry G1/G2-M.

8.3.5. Imunodetekce

Bunééné lyzaty byly pripraveny ze sklizenych bun¢k v Laemliho pufru. Proteiny byly
separovany na SDS-polyakrylamidovych gelech a elektroblotovany na nitrocelulézovou
membranu. Po blokovani byly membrany pies noc inkubovany se specifickymi primarnimi
protilatkami, promyty a poté inkubovany se sekundarni protilatkou konjugovanou
s peroxidasou. Poté byla peroxidasova aktivita detekovana pomoci chemiluminiscen¢niho
kitu ECL (AP biotech) za pouziti CCD kamery LAS-4000 (Fujifilm). Protilatky anti-
PDGFRo (DIEIE) a anti-fosfo-PDGFRa/ Y849/857 (C43E9), anti-fosfo PDGFRa
Y1018, anti-fosfo-PDGFRa Y754 (23B2), anti-STAT3 (79D7), anti-fosfo-STAT3 Y705
(D3A7), anti-ERK1/2, anti-fosfo-ERK1/2 T202/Y204, anti-fosfo-MEK1/2 S217/221
(41G9) a anti-GAPDH byly zakoupeny od spole¢nosti Sigma Aldrich a anti-PCNA (klon
PC-10) byl poskytnut Dr. B. Vojtéskem. Protilatky anti-FLT3 (8F2), anti-fosfo-FLT3
Y589/591 (30D4), anti-fosfo-FLT3 Y591 (33G6), anti-fosfo-FLT3 Y842 (10A8),
anti-STATS5, anti-fosfo-STATS Y694, anti-ERK1/2, anti-fosfo-ERK1/2 T202/Y204,
anti-MEK1/2 (D1A5), anti-fosfo-MEK1/2 S217/221 (41G9) byly zakoupeny od firmy Cell

signaling.
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9. KOMENTOVANE VYSLEDKY A DISKUSE

9.1. Syntéza novych inhibitori PDGFRa a FLT3

pozice 6
pozice 2
R1
\N NN
LD
R NN
C”
pozice 9

Obr. 34: Vyznaceni 2, 6 a 9 pozic na purinu.

Purinovy skelet je nejvice se vyskytujicim heterocyklem obsahujici dusik v piirodé
(Rosemeyer, 2004). Siroké spektrum biologickych aktivit, které puriny vykazuji, je dan
povahou substituentii, které mohou byt kombinované na pozicich N1, C2, N3, C6, N7, C8
a N9. Diky velké strukturni rozmanitosti se stalo purinové jadro Casto pouZzivanou
strukturou 1é¢iv a dilezitym zakladnim kamenem pro tvorbu kombinatorialnich knihoven,
jak bylo popsano vyse (Legraverend, 2008). VVzhledem k tomu, Ze se pracovisté Laboratoie
rustovych regulatori nékolik desitek let zabyva piipravou a biologickou aktivitou
2,6,9-trisubstituovanych purin (Zatloukal et al, 2013; Gucky et al, 2013) a purinovymi
isostery (Jorda et al, 2011), byla syntéza zaméfena pravé na tyto tfi purinové pozice
(Obr. 34).

Syntéza 2,6,9-trisubstituovanych purint (Obr. 35a) vychazi z komeréné dostupného
2,6-dichlorpurinu, ktery byl Vv prvnim kroku alkylovan v pozici N9 prostfednictvim
Mitsunobu alkylace (Mitsunobu et al, 1965; Lu et al, 2007). Dalsi z moznosti pfipravy
téchto N9 substituovanych purinii je pouziti halogen slouceniny jako alkyla¢niho ¢inidla,
avsak nevyhodou této metody je Spatna regioselektivita reakce, kdy vznika velké mnozstvi
N7 isomeru (Imbach et al, 1999). Produkty této reakce si proto vyzaduji vicenasobné
precisténi sloupcovou chromatografii ¢i krystalizacemi. Dalsi nevyhodou této reakce je
pouziti karcinogennich a toxickych halogen sloucenin. Z téchto diivoda byla pro tuto reakci
preferovana Mitsunobu alkylace vyuzivajici pfislusny alkohol jako alkylaéni ¢inidlo.

Kromé purinu a pfislusného alkoholu se této reakce ucastni dva reagenty, a to trifenylfosfin
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a diisopropyl azodikarboxylat (DIAD). Reakce byla udrzovana pii 20-25 °C a v kombinaci
S pouzitim niz§iho ekvivalentu pouzit¢tho DIAD (1,2 ekv.), trifenylfosfinu (1,2 ekv.)
a kratsi reakéni doby byla omezena tvorba nezadouciho N7 izomeru (Zatloukal, 2013).
Nicméné produkt této reakce musel byt piecistén krystalizaci a poté sloupcovou

chromatografii ve vSech ptipadech.
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)\/E _ R-OH N X N RN, (N N
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\ o N
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H “NH
: NN
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HN™ °N” N
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X R' R
| ~Q amin | ~Q H,/Pd-C 5% Xq
R >
% K,CO; EtOH / rt, atmosfericky tlak =
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0”0 oo NHz
2 3 4
2a: X =Br,Q=CH 3a,4a:Q=N,R'= morfolin-4-yl
2b:X=F, Q=N 3b, 4b: Q = CH, R = 2-oxa-6-azaspiro[3.3]hept-6-y!

Obr. 35: a) obecné schéma pripravy 2,6,9-trisubstituovanych purint, b) pfiprava nékterych
4-substituovanych fenylamint.
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Druhym krokem pfipravy 2,6,9-trisubstituovanych purint je nukleofilni substituce
v pozici C6 purinu s pfislusnym anilinem nebo benzylaminem (Obr. 35a; Legraverend et al,
1999; Krystof et al, 2002). Vétsina pouzitych 4-substituovanych fenylamint pouzivanych
pro tuto reakci byly komeréné dostupné, nicméné¢ nékteré z téchto latek musely byt
pfipraveny  dvoustupfiovou  syntézou  vychdzejici  z komeréné¢  dostupného
4-bromnitrobenzenu a 2-brom-5-nitropyridinu (Obr. 35a). Nukleofilni substituce v C6 byla
provadéna v n-propanolu za pouziti N, N-diisopropylethylaminu jako baze. Reak¢ni teplota
byla udrzovana v rozmezi 100-120 °C po dobu 3-6 hodin v zavislosti na reaktivité anilinu
nebo benzylaminu. Surové produkty byly Ccistény krystalizaci nebo sloupcovou
chromatografii (petrolether:ethylacetat, 2:1).

Finalnim krokem syntézy byla nukleofilni substituce v poloze C2 purinu s velkym
ptebytkem trans-1,4-diaminocyklohexanu (v piipad¢ latek 4a-4w) ¢i piislusnych amind
(v ptipad¢é latek 6a-80; Obr. 35b). Tato reakce probihala pti 160 °C po dobu 4-20 h
v olejové lazni Vv tlakové ampuli. Reakce byla provadéna standardné v olejové lazni,
nicméné latky 4a-4w (prFiloha II) byly syntetizovany zejména za pouziti mikrovinného
zateni (supplementary data piilohy II). Jednad se o alternativni zpusob zahfivani
reakénich smési, ktery miize fesit problém s nehomogennim zahiivanim u konvencnich
technik. Mikrovinné zafeni zvySuje reakéni kinetiku, rychly pocatecni ohfev a tim 1 lepsi
reakeni rychlost, ktera usti v Cistsi reakéni produkty a vyssi vytézky reakei (Austin et al,
2002). V ramci této prace bylo potvrzeno, Zze mikrovinné zafeni pomohlo radikalné snizit
reak¢ni Cas, a to v nekterych ptipadech az na ttetinu z celkové doby. Finalni latky, v€etné
vSech intermediatd, byly identifikovany pomoci nami dostupnych analytickych metod
(*H NMR, ¥C NMR, HPLC-MS, elementarni analyza, bod téni; vice uvedeno
v supplementary data prilohy IT a I11).
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9.2. Vztahy mezi strukturou pripravenych latek a inhibici PDGFRa,

Trisubstituované puriny byly popsany i jako inhibitory tyrosinovych kinas, zejména Src
(viz. kapitola 5.2.1.) a Abl (viz. kapitola 5.2.2.). Strukturné¢ se jedna zejména
0 6-anilinopuriny vykazujici nanomolarni inhibici uvedenych kinas (O’Hare et al, 2004;
Shakespeare et al, 2008). Systematické studie popisujici ucinky na receptorové TK vSak
chybi, existuje pouze zminka o inhibici FLT3 v patentech (Cheng et al, 2005). Z tohoto
divodu byla nase pozornost zamétena na skupinu receptorovych TK, a to konkrétné
na FLT3 (jejiz funkce a inhibitory jsou popsany v kapitole 5.1.1.) a ji pfibuznou PDGFRa
(Platelet-derived growth factor receptors a; priloha II).

PDGFR patfi do rodiny RTK tzv. III typu, kterd zahrnuje také c-KIT, c-FMS
a FLT3 (Demoulin and Essaghir, 2014). PDGFRa reguluje proliferaci, diferenciaci, adhezi
a preziti a je znamym protoonkogenem. Konstitutivné aktivni onkogenni forma PDGFRa
vznikd nasledkem mutaci, reciprokych translokaci a deleci. Takovéto chromozomalni
preskupeni vytvaii fuzni geny, které koduji chimérické onkoproteiny obsahujici
N-termindlni ¢ast z intracelularniho proteinu, ktery je fizovany na cytosolickou doménu
PDGFR. Bylo nalezeno vice nez dvacet riznych fuzi, kdy mezi nejcastjsi patii fze mezi
ETV6 a PDGFRB a FIP1L1 a PDGFRA. Fazni gen FIP1L-PDGFRA se vyskytuje u fady
eosinofilnich onemocnéni napf. u chronické eosinofilni leukémie (Havelange and
Demoulin, 2013). Navzdory vyznamnému pokroku v 1é¢b¢ téchto onemocnéni se zavaznym
problémem stava resistence na léciva (imatinib, sorafenib, ponatib; Lierman et al, 2009).

Proto je hledani novych inhibitort PDGFRa stalé aktualnim tématem.

It
1,
NH cl J /<5 l \ NI —
NZ O\/\O/ O\/\/N N =
k\N O/\/o\ k

erlotinib gefltlnlb lapatinib

Obr. 36: Struktura elotinibu, gefitinibu a lapatinibu s vyzna¢enym 6-fenylaminopyrimidinovym
motivem.
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Pripravené latky byly navrZzeny na zakladé ptedchozich zkuSenosti a znalosti
z literatury, kdy byly modifikovany zejména substituenty v poloze N9 purinu za ucelem
snizit aktivitu viaci CDK2 a pfitom neomezit aktivitu proti PDGFRa. Do pozice C6 byla
navrzena fenylaminova skupina, kdy tento 6-fenylaminopyrimidinovy motiv je pfitomny
taktéz v n€kolika inhibitorech EGFR (napf. erlotinib, gefitinib, lapatinib aj.), coz potvrzuje
hypotézu, ze substituované puriny mohou byt inhibitory i téchto kinas (Obr. 36).

Latky 4a-4w, které byly pfipravené jako potencialni inhibitory PDGFRa, byly
podrobeny charakterizaci jejich biologickych u¢inkt (pi#iloha II). Byla studovana inhibice
CDK2 a PDGFRa vsech finalnich produktl, a cytotoxicita na péti bunéénych liniich
s riznou expresi onkogennich TK, vliv na buné¢ény cyklu a na buné¢nou signalizaci fizenou
PDGFRa (Obr. 37). Na zakladé vysledki bylo zjisténo, ze vyskyt fenylaminové skupiny
v poloze C6 je esencialni pro inhibici PDGFRa (IC50<0,1 uM). Pfitomnost této skupiny
méla za nasledek vyznamné zesileni G¢inku na PDGFRa V porovnani s latkami obsahujici
benzylovy kruh (4a a 4b). Na druhou stranu zaména anilinu za benzyl nikterak
neovliviiovala  inhibici CDK2, coz koresponduje sjiz dfive popsanymi
2,6,9-trisubstituovanymi puriny (Gray et al, 1998). Jako piiklad lze porovnat latku 4u s 4b
nebo latku 4q s4a. Substituce téchto kruhd chlorem, hydroxy nebo methoxy skupinou
taktéZ zasadné neovliviiovala Uc¢innost latek. Naproti tomu dimethoxyderivaty obvykle
aktivitu snizovaly, kdy latky 4h, 4f a 4g vykazovaly pouze mikromolarni inhibici
na PDGFRa. Navic srovnani latek 4f a 41 naznacuje, ze 3,5-dimethoxy je vice preferovan

nez 2,4-konfigurace.
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PDGFRa 0.52 *E *E
EOL1
K562 -0.09 *x *x *x
HCC827 0.55 0.28 o
BT474 0.21 0.09 ok
MCF7 046 0.13
EOL-1 G1/G2 058 -0.73 -0.39 -020 -0.43 -0.17 -0.13
HCC827 G1/G2 0.56 018 045 011 029 026 049 -0.13
K562 G1/G2 0.15 039 0.12 003 -001 -0.04 0 -0.16 -0.16

Obr. 37: Pearsonovy korelace pro namétené parametry. Hvézdicky oznacuji statistickou
vyznamnost (*P <0.01, ** P<0.001).

Nicméné nejpodstatnéj$i strukturni zménou u této série byla volba jinych
substituentti v poloze N9 za Géelem snizeni aktivity viici CDK2, a ptitom zachovat nebo
zvysit aktivitu proti PDGFRa. Zndmé purinové inhibitory CDK2 obsahuji v této pozici
obvykle isopropyl ¢i cyklopentyl, ktery pfispivda nemalou mérou k interakci s malou
hydrofobni kapsou v CDK2 (De Azevedo et al, 1997). U série latek 4a-4w doslo
k nahrazeni jmenovanych substituentll za objemnéjsi alkylové rozvétvené ¢i nerozvétvené
fetézce. Nejaktivnéjsi slouceniny obsahovaly butylovy fetézec. Ostatni fetézce, pocinaje
isopentylem, objemnym benzylem (4c a 4d) nebo dlouhym geranylovym fetézcem u 4e,
viditeln¢ zhorsily aktivitu na CDK2. V piipadé aktivity viici PDGFRa bylo zjisténo, Ze
nejucinnéjsi inhibitory obsahuji 4-5 uhlikaté linearni nebo rozvétvené fetézce, jelikoz
benzylové derivaty (4c a 4d) spolu s geranylovym derivatem (4€) patiily mezi nejslabsi
latky s hodnotami 1Cso vyssimi nez 1uM.

U vSech nové€ pfipravenych latek byla studovana jejich antiproliferaéni aktivita
na souboru péti bunéénych liniich S riznou expresi onkogennich tyrosinovych kinas
(HCCS827, BT474, MCF7, K562, EOL1). Ptipravené latky vykazovaly aktivitu na vSech
téchto liniich, avSak mira jejich Uc¢innosti byla zcela odliSna. Slabé reagovaly linie
nemalobunééného karcinomu plic HCC827 a bunééna linie karcinomu prsu BT474
s hodnotami Glso vV rozmezi stfedni mikromolarni koncentrace. Ob¢ tyto linie jsou znamé

pro jejich aktivaéni mutace v EGFR. Dalsi bunééna linie karcinomu prsu MCF-7 reagovala
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silné€ji, pfestoze nema zaddnou znamou alteraci v tyrosinovych kinasach. Podobné citliva
byla i leukemickd bunécna linie K562, ktera exprimuje fuzni kinasu BCR-ABL. Pfipravené
latky vykazovaly mikromolarni hodnoty Glso jak u MCF-7, tak u K562. Avsak nejcitlivéjsi
bunéénou linii byla linie eosinofilni leukemie EOL-1. Tato linie exprimuje FIP1L1-
PDGFRA fuzi (Cools et al, 2004) a je velmi citliva k inhibitorim PDGFRa. Vétsina nami
pfipravenych slouCenin vykazovala vyrazné vys$i aktivitu (submikromoldrni az stfedné
nanomolarni hodnoty Glso), coZ by mohlo naznacovat, ze mechanismus ucinku v téchto
bunkach miize byt odlisSny. Navic jsme zjistili, Ze cytotoxicita sloucenin v EOL-1 silné
koreluje s inhibici PDGFRa. Domnivali jsme se, ze silna inhibice PDGFRAa a zaroven
cytotoxicita na EOL-1 by mohla znamenat souvislost s expresi fizniho genu FIP1L1-
PDGFRA v této linii. Vysledky dalSich experimentt, které¢ ukazuji souvislost mezi inhibici

PDGFRa a t¢inky v linii EOL-1 jsou popsany v kapitole 9.4.

9.3. Vztahy mezi strukturou pripravenych latek a inhibici FLT3

Vzhledem k tomu, ze PDGFRa patii spolu s FLT3 (viz. Kapitola 5.1.1) do stejné rodiny
RTK, mohou nékteré inhibitory inhibovat vice ¢lenii této rodiny. Jako piiklad lze uvést
crenolanib (CP-868,596), ktery byl vyvinut jako selektivni a u¢inny inhibitor PDGFR «a
i B, nicméné vykazuje i vysokou afinitu k FLT3 (Zimmerman et al, 2013). Proto byly latky
4a-4w podrobeny testovani inhibice této receptorové kinasy (neni publikovano).
Antiprolifera¢ni u¢inky ptipravenych latek byly testovany na bunécéné linii MV4-11, ktera
exprimuje FLT3-1TD mutaci, a proto je ¢asto vyuzivanym in vitro modelem pro testovani
potencialnich inhibitord FLT3 (Quentmeier et al, 2003). Z vysledkd vyplyva, ze vSechny
latky 4a-4w vykazuji cytotoxicitu s hodnotami Glso v rozmezi 3,98 uM — 0,144 uM.
V porovnani s antiproliferacni aktivitou na EOL-1 maji latky velmi analogicky trend
I v pfipadé MV4-11, coz mize byt dano strukturni podobnosti téchto dvou kinas.

Dalsi strukturni modifikaci 2,6,9-trisubstituovanych purind, ktera byla studovana
Vv ramci této prace, byla extenze substituentu v poloze N, a to se zachovanou substituci
Vv polohach C2 a N9 kompatibilni s inhibici CDK2. Tato modifikace vyrazn¢ a ptekvapive
zménila profil cytotoxické aktivity ptipravenych latek. Schopnost inhibovat CDK sice

zustala zachovéna, ale pfitom se vyznamné omezila cytotoxicita vic¢i naprosté¢ veétSing
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nadorovych bunécnych linii. Vysoka cytotoxickd Gcinnost zlstala zachovana pouze vici
linii MV4-11, odvozené od akutni myeloidni leukemie, ktera exprimuje onkogenni variantu
FLT3-ITD. Dalsi skupinou latek byly latky 6a-80, které byly pfipraveny jako potencialni
inhibitory FLT3 (priloha III, viz. Kapitola 5.1.1.). Tyto latky lze rozd¢lit do dvou
zakladnich skupin dle struktury, a to na 6-(4-substitutované anilino)puriny (6a-60, 7a-7f,
8a-80) a 6-(5-substituované-3- aminopyridin)puriny (8l, 8m). Jako vychozi struktury pro
studium vztahu mezi strukturou a aktivitou byly pouzity latky 6¢ a 6d. Do pozice N9 byly
hodnoty Glso na nadorové bunééné linii MV4-11 vykazovaly latky nesouci isopropyl (6a)
a cyklopentyl (6¢). Tyto latky také velmi Géinné inhibovaly FLT3-1TD, stejné jako CDK2.
Na rozdil od latek z ptedchozi série (4a-4w) byla u téchto latek modifikovana i pozice C2.
Aminocyklohexylaminova skupina byla nahrazena nékolika rozvétvenymi alkylaminy,
stejné tak i objemnymi morfolino skupinami nebo 4-methylpiperazin-1-ylovymi skupinami.
Nicméné¢ zadny z téchto substituentli neptekrocCil antiproliferativni a inhibi¢ni aktivity
sloucenin obsahujici 4-aminocyklohexylamin v C2 pozici, jelikoz vSechny naméfené
hodnoty ICso a Glsg byly vyrazné vyssi (Tab. 2 v priloze III).

Po zjisténi, ze nejvhodnéjsimi substituenty v poloze N9 je cyklopentyl a v C2
4-aminocyklohexylamin, byla modifikovana pozice C6 s fixnimi substituenty na N9 a C2.
k vyraznému zvySeni CDK aktivity (Bettayeb et al, 2008; Gucky et al, 2013). Proto byl
halogen u latky 6¢ ve fenylaminovém substituentu nahrazen pyrrolidin-1-yl (7a),
morpholin-4-yl (7b), 4-ethyl-piperazin-1-yl (7c), morpholin-4-ylmethyl (7d), 2-oxa-6-aza-
spiro[3.3]hept-6-yl (7e ) nebo N-4-benzyl-piperazin-1-yl (7f ). VSechny tyto latky (7a-7f)
patfily k velmi aktivnim; hodnoty Glso u MV4-11 se pohybovaly v nanomolarnich
koncentracich a enzymatické aktivity FLT3-ITD a CDK2 byly siln¢ inhibovany nizkou
nanomoléarni koncentraci.

Bylo pfipraveno i n¢kolik latek (8l, 8m), u kterych byl modifikovan prvni
aromaticky kruh v poloze 6, kdy byl fenylamin nahrazen pyridinaminem. Tato modifikace
nicmén¢ nezlepsila biologickou aktivitu téchto latek (latka 8l vykazovala podobné aktivity

jako jeji fenylaminovy derivat 7b).
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Vzhledem Kktomu, ze nejaktivnéj$i slouceniny ze série 7a-7f obsahovaly
cyklopentyl v poloze N9 a rozsifenou 6-(4-substituovanou fenylaminovou) skupinu, byly
tyto latky modifikovany v pozici C2 s témito fixnimi substituenty na N9 a C6. Cilem téchto
modifikaci bylo potvrdit, ze 4-aminocyklohexylamino je nejoptimalnéjSim substituentem
pro dosazeni nejlep$i in vitro aktivity. Aminocyklohexylamino byl proto nahrazen
linedrnimi  aminoalkylaminy, hydroxyalkylaminy nebo objemnymi nasycenymi
heterocyklickymi skupinami. Slou¢eniny nesouci aminobutylamin (8a, 8n, 80) v pozici C2
vykazovaly srovnatelnou U¢innosti proti FT3-ITD jako latky s aminocyklohexylaminem
(7b, 7c, 7d). Nicmén¢ latky 8a, 8n a 80 vyrazné snizily inhibici CDK2 (8a vs 7d: 923 nM
vs 7 nM). Je mozné fici, ze ¢im del$i aminoalkylovy postranni fetézec byl, tim slabsi byly
antiproliferacni 1 kinasové inhibi¢ni aktivity. To samé platilo i v ptipadé¢ derivati
s hydroxybutylaminy (8i, 8j, 8K). Zkraceni hydroxyalkylového fetézce taktéz snizilo
aktivitu téchto latek (8i- hydroxyelhylamin, 8j-hydroxypropylamin) nejen na FLT3, ale
I na CDK2, kdy hodnoty ICsg stouply na mikromolarni koncentrace. Podobnych aktivit
bylo dosazeno u latek nesouci objemné substituenty jako morfolin  (8f)
nebo methypiperazin (8g) v poloze C2, avSak nejméné ucinné slouCeniny obsahovaly
piperidin (8h), benzylamin (8d) a 4-methoxybenzylamin (8e).

Nejucinngjsi latky byly testovany na panelu deviti bunéénych liniich s riznym
histologickym pivodem (tab. 5 v prFiloze III). Latky vykazovaly nanomolarni aktivitu
na linit MOLM-13 (FLT3-ITD pozitivni linie), nicméné na jinych rakovinnych buné¢nych
liniich byly hodnoty Glso Vv mikromolarnich koncentracich, coz potvrdilo vysokou
selektivitu latek vuci FLT3-ITD pozitivnim bufikam. Linie jako Kasumi-1 a HCC-827,
které nesou aktivaéni mutaci v c-Kit a aktivacni deleci v EGFR, vykazovaly
submikromolarni citlivost na latky 7a-7e. Dulezité ale je, Ze netransformované lidské
buniky MRC-5, HUVEC a neproliferujici buiky BJ, nebyly témito latkami ovlivnény
ani pfi koncentraci 1 000 krat vys$si nez byly koncentrace pouzité na bunky MV4-11

a MOLM-13.
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9.4. Bunécné ucinky pripravenych inhibitori

Pro latky 4a-4w byly dalsi experimenty navrzeny tak, aby potvrdily nasi hypotézu, ze
nejucinngjsi latky z této série jsou inhibitory FIP1L1-PDGFRa. Nejprve byl studovan efekt
neékolika vybranych latek s rtiznou mirou uc¢inku na bunéény cyklus na liniich EOL-1,
HCC827 a K562. Obecné lze fici, ze CDK inhibitory zptsobuji blok v G1 i G2-M fazich
bunééného cyklu, zatimco inhibitory receptord tyrosinovych kinas vétsinou G1 blok.
Pro kazdou latku byly proto zméfeny zmény bunééného cyklu po 24 hodinovém pusobeni
Vv koncentraci, kterd odpovidd hodnotdm Glsg. Vysledky potvrdily, ze nejcitlivéjsi linie
EOL-1 reagovala na latky G1 blokem (relativni poméry G1/G2-M jsou vyssi nez 1) prave
na slouceniny s nejvyssi mirou inhibice PDGFRa. Statisticka analyza prokazala, ze inhibice
PDGFRa silné korelovala s relativnimi hodnotami G1/G2-M
(Pearsonuv koeficient = - 0,73; Obr. 37). Naproti tomu linie HCC827 a K562 vykazovaly
spiSe G2-M blok. Rizné uc¢inky na téchto tfech liniich tedy naznacuji, ze mechanismus
ucinku souvisi s pfitomnosti vhodného (primarniho) proteinového cile, kterym je v linii
EOL-1 PDGFRa, zatimco pfi jeho absenci slouceniny interaguji i s jinymi proteinkinasami
(pravdépodobné CDK?2).

Vliv ptipravenych slou¢enin na PDGFRa byl na bunééné trovni déle posuzovan
pomoci imunoblotingu proteini zapojenych do piislusné signalni drahy. Bylo vybrano
nckolik latek s riznymi hodnotami aktivit vii¢i rekombinantni PDGFRa, které byly
aplikovany na buniky EOL-1 ve dvou davkach po dobu 1 hodinu. Poté byly burky sklizeny
a v lyzatech byly analyzovany proteiny STAT3, ERK1/2 a MEK1/2 a jejich fosfoformy,
o kterych je znamo, ze jsou indukovany pti aktivaci PDGFRa. Z vysledkd je patrné, ze
doslo ke zménam hladin fosfoforem u vSech tfi proteini (obr. 4 v piiloze I1).
Z kvantitativniho hlediska ty zmény navic dobfe odpovidaly inhibici PDGFRa. Dvé latky
4t a 40 (silné inhibitory PDGFRa) vyznamné inhibovaly fosforylaci STAT3 a ERK1/2
u obou testovanych koncentracich, zatimco méné aktivni latky 4j a 4p (slabsi inhibitory
PDGFRa) snizily mnozstvi fosfoproteinli pouze pii vysSi koncentraci. Nejméné aktivni
latky 4a a 4b (neinhibujici PDGFRa) tyto fosfoproteiny neovlivnily vibec. Fosforylace
MEKZ1/2 na serinech 217/221 byla mirné snizena pouze u bunék, které¢ byly oSetfeny
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nejucinngjsimi latkami (4t a 40). Tyto vysledky dobie koresponduji se schopnosti latek
inhibovat PDGFRa

Pro dalsi potvrzeni, ze mechanismus uUcinku je specificky spojen s inhibici
PDGFRa, byl sledovan vliv koncentrace latky 4u na autofosforylaci PDGFRa (tyrosiny
754, 849 a 1018). Uvedena tyrosinova residua jsou za normalnich okolnosti po aktivaci
PDGFRa autofosforylovany, ale v ptipad¢é FIP1L1-PDGFRa jsou konstitutivné
fosforylovany nezévisle na ptitomnosti cytokinu kvili pierusené juxtamembranové doméné
(Stover et al, 2006). Inaktivace drahy fizené PDGFRa. potvrdily také poklesy fosfoforem
proteini STAT3 a ERK1/2. Dusledkem inaktivace této signalni drahy je také jiz zminéné
zastaveni proliferace v G1 fdzi bunécného cyklu, které rovnéz vykazuje koncentracni
zavislost (obr. 5 v p¥iloze I1). Podobné se chovaji znamé inhibitory FIP1L1-PDGFRa jako
imatinib (Dong et al, 2011), sorafenib (Lierman et al, 2006) a ponatinib (Jin et al, 2014).

Molekuldrni mechanismus ptsobeni piipravenych inhibitorit FLT3 byl studovan
vV bunécéné linii MV4-11. MV4-11 bunky byly ovlivnény kandidatni latkou 7d o rtiznych
koncentracich po dobu 1 hodiny. Nasledné analyzy proteinti, souvisejicich se signalizaci
FLT3, ukézaly, Ze i koncentrace 1 nM byly dostatecné pro inhibici autofosforylace
receptoru FLT3 na tfech tyrosinovych zbytcich (589, 591 a 842). Navic tato inhibice
potladila aktivitu né€kolika podiizenych proteinti, a to STATS (Y694) jakozto substratu
onkogenni varianty FLT3-ITD, a dvé klicové slozky MAPK kaskady (ERK1/2 a MEK1/2),
které shodné vykazovaly utlumenou fosforylaci na piislusnych aminokyselinach (obr.1
v priloze III). Vzhledem k tomu, Ze signalni drahy MAPK a STAT jsou regulatory
proliferace bungk, jejich inhibice vede dle ocekavani Kk zastaveni bunééného cyklu v G1
fazi. Latka 7d indukovala masivni zastavu v G1 fazi jiz pfi koncentraci 1 nM. Pfi vyssich
koncentracich ptibyvalo vyrazné také apoptotickych bunék (obr. 2a v prileze III). Jejich
narist odpovidal také zjisténé fragmentaci proteinu PARP-1, ktery je b&hem apoptozy
specificky $tépen kaspasami 3 a 7 (Kaufmann et al, 1993). Toto S$tépeni bylo navic
doprovazeno sniZzenymi hladinami antiapoptotického proteinu Mcl-1 (obr. 2b v p¥iloze 11T,

Kojima et al, 2010; Lin et al, 2014).
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10. ZAVER

Prvni cast predlozené disertatni prace byla vénovdna syntéze novych 2,6,9-
trisubstituovanych purinti s potencidlni aktivitou na PDGFRa a FLT3. Tyto latky byly
pfipraveny na zéklad¢ predchozich zkuSenosti a znalosti z literatury, a tak doslo k cilenym
modifikacim pozic 2, 6 a 9 purinového skeletu za ucelem modulace jejich biologickych
vlastnosti a zvyseni jejich selektivity vici pfislusSnym kinasam. Vysledkem byly dvé série
latek, a to inhibitori PDGFRa (23 latek) a inhibitord FLT3 (49 latek). VSechny pfipravené
latky, vc€etné meziprodukti, byly charakterizovany s pouzitim dostupnych analytickych
metod.

Druhou c¢asti disertaéni prace bylo studium inhibi¢nich a antiproliferacnich
vlastnosti pfipravenych latek. Série PDGFRa inhibitort vykazovaly nanomoléarni inhibi¢ni
aktivity proti PDGFRa a silnou a selektivni cytotoxicitu na lidské eosinofilni leukemické
bunécné linii EOL-1, ktera exprimuje onkogenni kinasu FIP1L1-PDGFRA. Cytotoxicita
latek v EOL-1 silné korelovala s inhibici PDGFRa. Latky kromé& toho vykazovaly inhibici
autofosforylace PDGFRa a potlacovaly tak jeji signalni drahu. Nékteré slouceniny ze série
FLT3 inhibitort vykazovaly taktéZ nanomolarni aktivitu proti bunéénym liniim akutni
myeloidni leukémie s onkogenni variantou FLT3. Nejuc¢innéjsi latka 7d inhibovala
autofosforylaci FLT3 a deaktivovala jeho signalni drahu, coz vedlo k zastaveni bunééného
cyklu a indukci apoptosy u linie MV4-11. Dalsi experimenty potvrdily, Ze testovana latka
indukovala inhibici FLT3 také v podminkach in vivo.

V ramci této prace bylo prokazano, ze ptitomnost 6-fenylaminové skupiny v pozici
C6 purinu ma pozitivni vliv pro inhibici kinas PDGFRa a FLT3 a zaroven byla zjisténa
selektivni cytotoxicita na leukemickych liniich EOL-1 a MV4-11. Na zéklad¢ téchto
vysledkli je mozné tyto latky pouzit jako strukturni motivy pro navrh novych latek

S lepSimi biologickymi vlastnostmi a s potencidlnim terapeutickym vyuZitim.
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12. SEZNAM POUZITYCH ZKRATEK

A549 Adenocarcinomic human alveolar basal epithelial cells
AAK1 Adapter-associated protein kinase 1

ABL Abelson murine leukemia viral oncogene homolog
AML Acute myeloid leukemia

ARG Abl-related gene

ATP Adenosine triphosphate

BAD Bcl-2-associated death promoter

BCR Breakpoint cluster region protein

BLK B lymphocyte kinase

BRD9 Bromodomain-containing protein 9

BTC Betacellulin

BTK Bruton kinase

CAMK Calmodulin/Calcium regulated kinases
CAMP Cyclic adenosine monophosphate

CCD Charge-couple device

CDC42 Cell division control protein 42 homolog
CDCls Deuterated chloroform

CDK Cyklin-dependent kinase

CK1 Casein kinase 1

CML Chronic myelogenous leukemia

CRH-R1 Corticotropin-releasing hormone receptor 1
DFG Asp-Phe-Gly

DIAD Diisopropyl azodicarboxylate

DMEM Dulbecco’s modified eagle medium

DMSO Dimethylsulfoxide
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DTT Dithiothreitol

DYRK1a Dual specificity tyrosine-phosphorylation-regulated kinase 1A
EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

EGN Epigen

EMEM Eagle's Minimum Essential Medium

EOL-1 Human eosinophilic cell line

EPR Epiregulin

ERK Extracellular signal-regulated kinases
ETV6 Translocation-Ets-leukemia virus

FAD Flavin adenine dinucleotide

FDA Food and drug administration

FLT3 Fms like tyrosine kinase 3

FNII Fibronektin type 111 domain

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GPCR Receptor sprazeny s G proteinem

GSK Glycogen Synthase Kinase

HB-EGF Heparin-binding EGF-like growth factor
HCC Hepatocellular carcinoma

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
Hsp90 Heat shock protein 90

ITD Internal tandem duplication

ITK Interleukin-2-inducible T-cell kinase

JAK Janus kinase

L858R Leu858Arg mutace

MAPK Mitogen-Activated Protein Kinase

mTOR The mechanistic target of rapamycin
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MTT
NAD
NEAA
NEK?2
NMR
NRTK
p53
PAK
PAK
PARP
PCNA
PDB
PDGFR
PDK1
PEG
PI3K
PKC
PKG
RAC1
RAF
RGC
RHO
RP
RPMI
RVO
SH2
SH3

3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide
Nicotinamide adenine dinucleotide
Non-Essential Amino Acid
Serine/threonine-protein kinase Nek?2
Nuclear magnetic resonance

Non-receptor tyrosine kinases

Tumor protein p53

Protein Kinase A

p21 activated kinases

Poly (ADP-ribose) polymerase
Proliferating cell nuclear antigen

Protein data bank

Platelet-derived growth factor receptor
PI3K 3-fosfoinositin kinasa 1
Poly(ethylene glycol)
Phosphatidylinositol-4,5-bisphosphate 3-kinase
Protein Kinase C

Protein Kinase G

Ras-related C3 botulinum toxin substrate 1
Serin/threonine kinase

receptor guanylat cyklasy

Rho family of GTPases

reverse phase

Roswell Park Memorial Institute medium
Rotary evaporator

Src Homology 2

Src Homology 3
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SDS
SKOV3
STAT
T315I
T790M
TEC
TGF-a
TK
TKL
TLC
TNNI3K
TXK
TYK
uv
VEGFR
WT
YES

Sodium dodecyl sulfate

Human Caucasian ovary adenocarcinoma
Signal transducer and activator of transcription
Thr315lle mutace

Thr790Met mutace

Tyrosine-protein kinase Tec

Transforming growth factor alpha

Tyrosine kinase

Tyrosine kinase-like

Thin-layer chromatography

TNNI3 interacting kinase

Tyrosine-protein kinase TXK

Non-receptor tyrosine-protein kinase
Ultraviolet

Vascular endothelial growth factor receptor
Wild type

Proto-oncogene tyrosine-protein Kinase Yes
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Introduction: Cell cycle deregulation is a common characteristic of cancer
cells. Progression through the cell cycle is controlled by enzymes known as
cyclin-dependent kinases (CDKs), whose activity can be upregulated by a
wide range of molecular mechanisms. Based on these observations, small
molecule CDK inhibitors are being developed as potential cancer therapeu-
tics. Some of these compounds have entered Phase Il clinical trials and one
of them, palbociclib, recently received accelerated approval from the FDA.
However, the complexity of CDK biology and the undesired side effects of
the existing inhibitors mean that the hunt for new CDK-targeting drug
candidates continues.

Areas covered: This article reviews patent applications related to small mole-
cule CDK inhibitors published between 2009 and 2014.

Expert opinion: Clinical trials with pan-specific inhibitors have generally
yielded unambiguously positive outcomes. However, better results have
been achieved with highly specific inhibitors of CDK4/CDK6. This may be
due to several factors and has generated considerable interest in the discovery
of new mono-specific CDK inhibitors. The development of such compounds is
challenging because all CDKs have very similar active sites. Aside from this
issue of selectivity, another key challenge is the identification of patients
who will benefit from specific therapies.

Keywords: cancer, CDK, cyclin, inhibitor, kinase
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1. Introduction

Cancer is defined as a hyper-proliferative disease mediated by deregulated cell
proliferation, reduced differentiation and evaded cell death. These properties are
considered druggable and are therefore targeted by a range of anti-cancer therapies
that are currently in development. The clinical and economic success of imatinib,
the first protein kinase inhibitor approved for treatment of chronic myeloid leuke-
mia, stimulated broad interest in kinases as potential targets for oncological indica-
tions and other conditions, especially those for which current therapies offer
unsatisfying results [1].

Changes in protein phosphorylation are known to be important in almost all
cellular pathways including those that regulate proliferation and the cell cycle.
Cyclin-dependent kinases (CDKs, EC 2.7.11.22) are enzymes that play key roles
in the control of cell cycle entry (CDK4 and CDKG6), DNA replication (CDK2)
and the initiation of mitosis (CDK1) [2.3]. CDKs are active throughout the cell cycle
until metaphase, when CDK activity is abruptly terminated to allow the completion
of mitosis and cytokinesis. This loss of CDK activity is caused by the specific
degradation of cyclins, which are regulatory partner proteins that activate CDKs.
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Article highlights.

Most of the reviewed compounds are ATP competitors.
Interest in pan-selective cyclin-dependent kinase (CDK)
inhibitors for cancer treatment has declined.

e There is particular interest in monospecific CDK4/
CDK®6 inhibitors, probably due to the encouraging
results of clinical trials with palbociclib.

o Potent monospecific CDK7 and CDK9 inhibitors have

been disclosed.

Selective inhibitors of the less explored CDK3,

CDK8 and CDK19 are emerging as possible anticancer

drugs.

This box summarizes key points contained in the article.

In addition, some cyclins undergo phase-specific degradation
at earlier points in the cell cycle; this is one of the major mech-
anisms by which cell cycle progression is regulated and coor-
dinated. Other key regulatory processes include the binding
of natural CDK inhibitors ([CDKIs] INK4 and Cip/Kip
groups), activation of phosphorylation of other CDKs
T-loops by CDK7, and inhibitory phosphorylation by the
Weel and Mytl kinases that can be reversed by the
cdc25 phosphatases. Some CDKs also have roles beyond the
cell cycle in processes such as basal RNA transcription,
splicing, the maintenance of neuronal function, apoptosis,
motility, stem cell self-renewal and spermatogenesis [4].
Numerous abnormalities related to CDKs have been
identified in cancers. Notably, the G1 checkpoint, which is
based on CDK4/D-type cyclins together with their substrate
RB1 and the CDK4 inhibitor plGINK4A, is non-functional
in many tumors. Any change that affects the expression or
function of these genes or their products can promote prolif-
eration even in the absence of mitogenic signaling and thereby
confer a selective growth advantage. Specifically, uncontrolled
proliferation can be promoted by mutation or silencing of the
gene encoding p16™ *A, mutation of RB1 or its inactivation
at the protein level, deregulation of D-type cyclins or, rarely,
amplification of the CDK4 gene. Amplifications of E-type
cyclins, which serve as CDK2 activators during the G1/S-
transition and S-phase, are also common in certain types of
cancer. Finally, some breast malignancies are promoted by
shortened hyperactive forms of cyclin E (5. These molecular
changes are very well known and their identification has
prompted the development of small molecule CDKIs that
block cellular proliferation and induce cell death (6,7]. The first
such agents were identified by studying libraries of natural or
synthetic compounds; notable examples of the former and
latter classes are flavopiridol and roscovitine, respectively
(see Figure 1). These inhibitors are generally non-specific
and quite weak, having (sub)micromolar potencies. Their
biological effects are consistent with the inhibition of one or
more of the CDKs that regulate the cell cycle (i.e., CDKI,
CDK2, CDK4 and CDK®). Specifically, they reportedly

induce phase-specific cell cycle arrest (with the point of arrest

depending on the inhibitor’s selectivity) and dephosphoryla-
tion of known CDK substrates. However, further studies
revealed that both flavopiridol and roscovitine are less selec-
tive than originally thought, and that they also inhibit
CDKs that regulate transcription, that is, CDK7 and
CDK9 (8-10]. These two compounds were among the first
agents of this class to be evaluated in the clinic and a number
of Phase I - II trials were conducted. However, despite their
strong and interesting in vitro effects in diverse cellular
models, they exhibited only marginal anticancer efficacy in
patients with solid tumors [10,11]. Slightly better results were
obtained in hematological malignancies (chronic lymphocytic
leukemia and mantle cell lymphoma).

The gradual increase in understanding of the functions of
CDKs in normal and transformed cells was accompanied by
the initiation of multiple development programs using both
structure- and ligand-based approaches that have yielded a
range of second generation CDKIs, as many of which have
entered clinical trials (Figure 1). The aim of these programs
was to identify new agents with greater selectivity than the
first generation compounds and nanomolar potency (Table 1).
However, most of the new compounds that progressed into
clinical trials are strong inhibitors of multple CDKs and
some also inhibit other unrelated kinases. For example,
TGO2 inhibits JAK2 and FLT3 in addition to multiple
CDKs, whereas PHA-848125 inhibits both CDKs and tropo-
myosin receptor kinases [12,13]. There are also some agents in
clinical trials that inhibit CDKs but are not classified as
CDAKIs because they primarily target different kinases. Nota-
ble examples are the nanomolar CHKI inhibitor SCH
900776 (MK-8776) [14,15] and terameprocol, which interferes
with several unrelated cellular targets [16].

In contrast, the pyridopyrimidine palbociclib and its
isosteres ribociclib and abemaciclib are highly selective for
CDK4 and CDKG, and induce G,/S arrest exclusively. These
compounds strongly suppress the proliferation of cancer cells
expressing wild type RB1 but are much less effective against
those lacking functional RB1 [17]. In addition to this straight-
forward heuristic for identifying patients who would benefit
from treatment, palbociclib exhibits reasonable pharmacolog-
ical properties and has yielded encouraging clinical results.
Consequently, in early 2015 it received accelerated approval
from the US FDA as a first-in-class compound for the
treatment of certain breast cancers [18]. Specifically, palbociclib
has been found to act synergistically with hormone therapy in
treatment of estrogen receptor (ER)-positive metastatic breast
cancers. The rationale for the combination is based on the fact
that, at the molecular level, de novo or acquired resistance to
estrogen signaling often leads to deregulation of CDK4/
cyclin D, a principal regulator of the G1 checkpoint [19].

On the other hand, pan-selective CDKIs have generally
failed in clinical trials. These failures are generally attributed
to three factors: their unclear and complicated mechanisms
of action, which mainly stem from their interference with
several distinct cellular processes; their excessively narrow
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Figure 1. Structures of some cyclin-dependent kinase inhibitors evaluated in clinical trials.

therapeutic windows, which reflect the vital roles of CDKs in
healthy cells and the lack of robust patient selection crite-
ria [10]. Several studies have shown that the ablation of specific
CDKs in cancers bearing genetic mutations in specific
oncogenes kills or otherwise prevents the proliferation of
transformed cells without harming their untransformed coun-
terparts. Examples of such oncogene/CDK pairings include
K-ras/CDK4, MYCN/CDK2 and MYC/CDKI1. However,
these findings will have to be thoroughly validated in multiple
independent models before they can be used as the basis for
new therapeutic approaches [20-22].

Because CDKs have functions unrelated to the cell cycle
and the deregulation of CDK activity has been implicated in
several non-cancer disorders and diseases, small molecule
CDKIs have also been tested against models of conditions
including inflammatory diseases, Alzheimer’s and Parkinson’s
diseases, stroke, ischemia, viral and unicellular parasite infec-
tions and kidney diseases. Patent applications covering newly
prepared compounds often claim protection for these uses.
However, biological data relating to these diseases are rarely
provided and most applications only discuss results relevant
to cancer treatment.
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Table 1. Selectivity of some CDK inhibitors evaluated in clinical trials.

Compound 1Cs0 (nM) Some other targets
CDK1 CDK2 CDK4 CDK5 CDK6 CDK7 CDK9
Alvocidib (flavopiridol) 30 100 20 170 60 10 10 EGRF, PAK
Riviciclib (P276-00) 79 224 63 396 2870 20 GSK3-8
Seliciclib (roscovitine) 330 220 270 800 2300
Dinaciclib (SCH-727965) 3 1 1 4
R547 0.2 0.4 1 0.1 4 171
Roniciclib (BAY-1000394) 7 9 11 <10 25 9
SNS-032 480 48 >900 340 62 4 GSK3
Palbociclib (PD-0332991) > 10,000 > 10,000 9 > 10,000 15 EGFR, FGFR, PDGFR, IR
Milciclib (PHA-848125) 2 3 5 4 TRK-A
Ribociclib (LEE-011) 10 39
TGO02 9 5 4 113 37 3 Lck, TYK2, Fyn, JAK1, JAK2,
FLT3, FMS, TYRO3, ERK5
Abemaciclib (LY-2835219) 1627 504 10 355 5 3910 57
ZK 304709 50 4 61 85 5 VEGFR1-3, PDGFR-B, Fit-3
AT-7519 190 44 67 170 2400 <10 GSK3-8
CDK: Cyclin-dependent kinase.
2. New patent literature on CDKIs Pyrrolo[2,3-d]pyrimidine  derivatives bearing  diverse

Patents were collected from the online databases of the World
Intellectual Property Organization (www.wipo.int), European
Patent Office (espacenet.com) and American Chemical
Society (scifinder.cas.org). Duplicate documents and patents
not covering small molecule inhibitors or their applications
were removed manually, and the remaining patents were
sorted according to the structural similarity of their subject
compounds. In some cases, the subject compounds have clear
similarities to the existing agents and the patents cover only
slightly modified analogs that bind to CDKs in the same
manner. More often, the similarity is less obvious but at least
some structural motifs are conserved. In total, 12 distinct
structural classes of CDKIs were identified, each of which is
discussed below.

2.1 Palbociclib and related compounds
The positive clinical results achieved with palbociclib have
inspired several research groups to investigate compounds
with similar CDK4/CDKG6 selectivity. These compounds typ-
ically feature variants of palbociclib’s heterocyclic skeleton,
some of which are tricyclic, together with new substituents.
Novartis and Astex Therapeutics have collaborated to
broaden the chemical space around ribociclib and submitted
a patent on related compounds that specifically inhibit
CDK4 [23]. Over hundred pyrrolo[2,3-d]pyrimidine deriva-
tives with various side chains attached to the 2-(pyridine-
2-yl)amino moiety have been prepared and assayed against
CDK1, CDK2 and CDK4. These compounds generally
displayed nanomolar ICs, values towards CDK4 (example 1
has an 1Csq of < 1 nM) although being at least four orders
of magnitude less potent against the other two CDKs that
were tested.

saturated bicyclic substituents at position 2 have also been
patented [24]. This application presents biochemical data for
147 compounds, including ICs values against CDK4 based
on biochemical and cellular assays. In addition, some of the
compounds were tested against CDK1 to demonstrate their
selectivity. Compound 2 is one of the most potent and selec-
tive agents listed, having ICsy values of 3 nM against
CDK4 and > 15 pM for CDKI.

Amgen disclosed compounds structurally related to palbo-
ciclib and ribociclib featuring heterocyclic pyrido[4’,3’:4,5]
pyrrolo[2,3-d]pyrimidine cores [25]. This tricyclic system fea-
tures two important substitution sites that clearly resemble
those of previously known CDXKIs. The patent application
provides CDK4/CDKG6 inhibitory constants for an impressive
list of 483 agents including compound 3, a single digit
nanomolar inhibitor of CDK4 and CDKaG.

Two patents from G1 Therapeutics, Inc. describe palboci-
clib/ribociclib analogs with a pyrimido[5,4-b]indolizine
scaffold bearing a spirocyclic fragment [26,27). The earlier of
these two applications discloses the synthesis and basic bio-
chemical characterization of 43 compounds but only provides
exact ICs values for two of them. However, the second cited
document reports > 70 compounds that were assayed against
CDK4 and CDK?2 to determine their potency and selectivity.
The most active compounds (e.g., example 4) achieve
sub-nanomolar 1Csy values against CDK4 although being
1500 - 3000 times less active towards CDK2. The most potent
compounds’ pharmacokinetic and pharmacodynamic proper-
ties were determined in mice; they exhibited 52 - 80% oral
bioavailability with plasma half-lifes of 3 — 5 h. Given the
role of CDK4 in G1 phase cell cycle arrest, the compounds
have been patented as agents for protecting renal tubule epithe-
lial cells against DNA damaging anticancer drugs.
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In addition to patents covering novel compounds, several
applications have extended the potential clinical applications
of known agents, protecting their use in new therapeutic
regimes or the treatment of new diseases. As a result, protec-
tion has been applied to the use of the CDK4 inhibitor
palbociclib together with the MEK inhibitor binimetinib in
a new combined therapy for the treatment of solid tumors
and hematological malignancies [28]. The patent demonstrates
the efficacy of this drug combination against a melanoma
in vitro and also against melanoma xenografts. In addition,
combination therapies featuring both palbociclib [29] and ribo-
ciclib [30] together with mTOR inhibitors have been protected.

One tricyclic CDKI developed by Nerviano Medical Scien-
ces, PHA-848125 (Figure 1), is currently being evaluated in
clinical trials (311. Although its structure is somewhat similar
to that of palbociclib, it is pan-selective and most potent
against CDK2 [13). Between 2009 and 2014, the company
patented its use in the treatment of mesothelioma (321, glioma
and glioblastoma (33, and in several combinations with
conventional anticancer drugs [34].

In addition, certain crystalline forms of PHA-848125,
ribociclib and palbociclib with improved physicochemical
properties, have been patented [35-37]. Patent applications
covering deuterated forms of ribociclib have also been submit-
ted (38). Deuterium atoms have been used to label the
molecule’s V,N-dimethyl group; the authors suggest that
this may increase the compound’s metabolic stability and
in vivo half-life while reducing its dosage requirements. A
pharmacokinetic profile and metabolism ratios are presented
for one labeled compound to support these claims.

2.2 Flavonoids

Flavopiridol, as one of the first discovered CDKIs, has
inspired several analog synthesis campaigns. This approach
yielded the new compound P276-00 (Figure 1), which is cur-
rently in clinical trials. An optimized large-scale synthetic
route to P276-00 that offers superior yields and higher purity
than the original synthesis has been developed and protected
by two patents [39.40].

In addition, 30 analogs of flavopiridol were prepared and
assayed for cytotoxicity in five cancer cell lines; the most
potent of these compounds exhibited micromolar ICsg
values [41]. The three most potent derivatives were tested
against individual CDKs and inhibited CDK2 and CDK9
with nanomolar ICsy values. The most potent compound
(5) was then tested 7z vivo and shown to exhibit anticancer
activity in the Ehrlich solid tumor mice model, inhibiting
tumor growth by 38% when dosed intraperitoneally at
70 mg/kg.

New compounds isolated from the plant Rhodiola rosea,
which has various uses in traditional medicine, have been
tested as CDKS5 inhibitors [42]. The most potent of these
species, 6, exhibited an ICsg of 3.2 pM against CDK5/p25.

2.3 Macrocycles
TG-02, a pyrimidine-based compound in clinical trials, is a
potent iz wvitro inhibitor of CDK2, FLT3, JAK2 and JAK
V617F with ICsq values in the nanomolar range. To extend
its patent protection, novel solid-state forms with improved
physiochemical properties have been prepared [43].

In addition, a group of > 40 potent macrocyclic inhibitors
of CDKS8 has been patented [44]. The most potent example, 7,
exhibited an ICs, of 24 nM.

2.4 Purines and their isosteres

The purine derivative roscovitine (Figure 1) was one of the
first CDKIs to be reported. Its discovery prompted many
research groups to explore structurally related compounds
with the aim of further optimizing its structure or otherwise
exploring nearby chemical space [451. The first of these
approaches has led to the development of many other potent
purine CDKIs with improved potency in biochemical and
cellular assays. For example, a recent patent described a series
of roscovitine derivatives with modified benzyl moieties
bearing various combinations of hydroxy, methoxy, methyl
and amino functional groups. Activity data for some of these
compounds in a mouse xenograft model were also
presented [46,47].

The elaboration of the benzyl substituent with an addi-
tional aromatic ring yielded a series of roscovitine derivatives
with enhanced CDK inhibitory activity as reflected by nano-
molar ICsq values towards CDK1, CDK2, CDK5, CDK7
and CDKO9 (48]. The disclosed compounds have submicromo-
lar ICs values in multiple cancer cell lines, including some
derived from liver cancers, whereas untransformed hepato-
cytes were significantly less sensitive. Importantly, no
evidence of chemoresistance was observed in cancer cells
treated with these compounds for extended periods of
time [49.50]. Compound 8 also exhibited iz vivo activity in
two animal models (standard xenografts and carcinogen-
induced spontaneous liver tumors). Significant reductions in
tumor number and size were observed even in animals dosed
with as little as 1 mg/kg of the compound. In addition, the
compounds displayed antiangiogenic activity in tube and
scratch migration assays.

In addition to therapeutic agents, fluorescently labeled
purines based on roscovitine have been developed for tracking
and pharmacodynamics studies. Despite being quite heavily
modified (example 9), these compounds retained similar lev-
els of CDK inhibitory activity to those observed for standards
including roscovitine [51].

More synthetically challenging modifications of roscovi-
tine’s purine core have led to the discovery of several purine
bioisosteres (for a review, see [45]). The most advanced agent
from this class is dinaciclib (Figure 1), which was developed
from a pyrazolo[1,5-4]pyrimidine scaffold using a screening
strategy involving an integrated analysis of both biochemical
potency and pharmacological properties [52]. Its inventors

Expert Opin. Ther. Patents (2015) 25(9) 957


http://informahealthcare.com/journal/ETP

Downloaded by [Knihovna Univerzity Palackeho] at 00:09 24 November 2015

V. Malinkova et al.

have prepared many other derivatives that are described in sev-
eral patent applications, one of which describes the preparation
of 2-fluoropyrazolo[1,5-a]pyrimidines similar to 10 [53].
However, the patent only describes the synthesis of these
compounds and features no biological data.

Experiments using roscovitine derivatives with modified
scaffolds bearing nitrogen atoms in different positions led to
the identification of the perharidines, compounds based on
an imidazo[4,5-b]pyridine core [54-56]. Eight such compounds
(including 11) showed activity against several CDKs similar to

HN

N zj HOJ\/J\‘,\)\E:\)

N N

H )\ .

that of roscovitine, although their activity towards CDK9 and
DYRKIA was somewhat weaker.

Roscovitine analogs with pyrazolo[1,5-a]-1,3,5- triazine
cores are also strong CDKIs [57,58]. The most potent such
compound was 12, which had ICsy values of 19 nM
(CDK1), 12 nM (CDK2), 14 nM (CDKS5) and 38 nM
(CDKO9).

Some simpler compounds featuring this core structure were
also prepared and assayed as CDKIs, resulting in the identifi-
cation of new CDK7 inhibitors with ICsy values below
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10 nM and high selectivity for CDK7 over CDK2 and
CDK9 [591. A notable representative of this class is com-
pound 13, which differs further from roscovitine in that its
benzyl moiety bears a methyl group and displays 733-fold
selectivity for CDK7 over CDK2 and 598-fold selectivity
for CDK7 over CDKO.

The same applicant has identified another subset of
CDK7-specific  inhibitors based on a pyrazolo[1,5-a]-
1,3,5-triazine scaffold with biaryl side chains [60]. One of the
most potent compounds of this class, 14, has an imidazolyl-
benzyl side chain; it is 3926 more active towards CDK7
than CDK2 and 9140 more active towards CDK7 than
CDKO.

2.5 Indoles

The indole ring system has also been used as a scaffold for the
development of kinase inhibitors. Interestingly, there are
some natural indole-based CDKIs known as the indiru-
bins [61]. An indirubin analog ZK 304709 (Figure 1), which
inhibits several receptor tyrosine kinases in addition to various
CDKS, has entered Phase I clinical trials [62].

A total of > 15 novel derivatives of indirubin-3’-oxime have
been tested as inhibitors of CDK1 and CDK2 and assayed for
cytotoxicity in seven cancer cell lines [63]. Notably, the fluori-
nated derivative 15 displayed nanomolar potency against
CDK2 (ICsy = 1.7 nM), > 500-fold selectivity for CDKs
over other kinases, and significant iz vivo anti-cancer activity.

A separate patent described a series of structurally distinct
oxindolyl compounds with inhibitory activity against both
CDKs and histone deacetylases (HDAC), another important
group of anticancer targets [64]. Compound 16 exhibits ICsq
values of 64 nM against HDAC and 10 nM against CDK2.

Far simpler 3-alkyl-5,7-dichloro-indoles reportedly inhibit
CDK3 at submicromolar concentrations [65]. For example,
17 inhibited CDK3 with an ICsq value of 0.47 pM but was
around 50 times less active towards CDK2 in a biochemical
assay. These alkylindoles also preferentially inhibit the growth
of various cancer cells in the presence of normal cells, and
showed clear in wvivo anticancer activity in mice bearing
HCT116 xenografts. Moreover, compound 17 exhibited rea-
sonable pharmacokinetics and a complete lack of toxicity
under the tested experimental conditions. Until recently
CDK3 was considered to be of little interest to medicinal
chemists, partly because little was known about its biological
functions. However, it clearly has some role in proliferation;
in complex with cyclin E, it regulates the transition from the
GO to G1 phases and also stimulates the production of tumor
growth factors and angiogenic factors.

The 3-(pyrimidin-4-yl)-indole scaffold has also proven to
be suitable for the development of kinase inhibitors (66]. The
most potent examples display nanomolar ICs, values against
CDKS5 (e.g., compound 18 has an ICsq of 1.5 nM) and lower
activities against GSK3P and CKle (high nanomolar ICs,
values). Their inhibition of CDKS5 in cells was further demon-
strated by monitoring the phosphorylation of the Tau protein

at Ser396: compound 18 exhibited single-digit micromolar
ICs values in an assay based on the depletion of phosphor-
tau in neuroblastoma SY5Y cells dosed for 16 h.

Some multicyclic CDKIs have been reported that feature
an indole scaffold fused to another ring system. Compound 19
is claimed to be structurally and functionally similar to the
CDK4-inhibiting natural product fascaplysin (20) and proved
to be > 50-fold more specific towards CDK4 than CDK2,
CDKI1 or CDKY (671. 19 inhibited the growth of cancer cells
at low micromolar concentrations (average ICso = 0.7 pM).
Interestingly, its inhibition of cell growth was independent
of the presence or absence of the tumor suppressor proteins

p53 and pRB.

2.6 Fused imidazoles

Substituted tricyclic benzimidazoles with several halogen
atoms on the scaffold are reported to be potent and selective
CDKS8 inhibitors with potential applications in the treatment
of colorectal cancer and malignant melanoma [68]. In bio-
chemical assays, the most potent of these compounds (21)
completely inhibited a recombinant CDKS at a concentration
of 1 pM but only achieved 55% inhibition of CDK9, 39%
inhibition of CDK35, 38% inhibition of CDKI1, 21% inhibi-
tion of CDKY7 and no inhibition of CDK2. Several related
compounds displayed very similar profiles, with some show-
ing even higher selectivity towards CDKS. In cancer cell
proliferation assays, 21 exhibited (sub)micromolar ICs, values
and potentiated oxaliplatin. Compound 6 was also tested
in vivo and showed strong anticancer activity in a HCT116
xenograft tumor model when dosed at 30 mg/kg.

Certain imidazo[4,5-b]pyridines emerged as potent CDKIs
during the optimization of imidazole derivatives [69]. A total
of > 80 compounds exhibited ICsq values of < 10 pM against
CDK4, and many were nanomolar inhibitors. Compound 22
was the most potent, with an ICsy of 3 nM.

2.7 Diarylamines

Bayer Pharma published a cluster of patent applications
protecting closely related diarylamine derivatives containing
various aryl rings as nanomolar CDKIs. The compounds are
claimed to be suitable for the treatment of hyperproliferative
disorders, virally induced infectious diseases and cardiovascu-
lar diseases. Two patents protect 5-fluoro-pyrimidines with a
sulfoximine group [70,71]. The compounds are usually highly
selective for CDK9 over CDK2 and show strong anti-
proliferative activity in tumor cell lines. The most active
examples (e.g., compound 23) had ICs, values of around
2 - 6 nM for CDK9 and 70 - 300 nM for CDK2.

Related N-(pyridin-2-yl)pyridimidin-4-amines also have
nanomolar potency towards CDK9 and CDK2. Com-
pound 24 inhibits CDK9 with an ICsy of 4 nM, whereas
CDK2 is nearly 20-fold less sensitive. These compounds
also outperform other members of the family in cytotoxicity
assays: compound 24 exhibits nanomolar potencies ranging
from 18 to 55 nM [72).
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A total of > 100 4-aryl-N-phenyl-1,3,5-triazin-2-amines are
described in another patent that focuses on the synthesis and
biological activity of compounds containing a sulfoximine
group [73]. These compounds were tested on CDK9 and

CDK?2 and are highly selective for CDK9 over CDK2. The rep-
resentative compound 25 had ICs values of 2 and 260 nM for
CDK9 and CDK2, respectively, and its antiproliferative activ-
ity in the HeLa cell line was in the submicromolar range.
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CDK inhibition data have also been reported for a series of
1,5-disubstituted pyridine derivatives [74l. A comparison of
binding constants showed that these compounds always
bind more strongly to CDK9 than to other CDKs. The
most potent was compound 26, which had Ky values
of < 100 nM for both CDK9 and CDK2. In addition, the
compounds were tested against the Hela and MDA-
MB-468 cell lines.

Methylsulfone derivatives of N-(pyridin-2-yl)pyridine are
discussed in a separate patent, which reports results from
assays against CDKs and various cell lines for five com-
pounds. One of them, compound 27, has ICsy values of
2 and 170 nM against CDK9 and CDK2, respectively (75].

Another entry in this family of patents discloses a series of
bioisosteric CDKIs with N-(pyridin-2-yl)pyridin-2-amine
cores [76]. The most potent member of this group, com-
pound 28, displays single digit nanomolar ICs( values towards
the assayed CDKs (2 and 4 nM for CDK9 and CDK2,
respectively). This inhibitor also displayed the highest cyto-
toxicity in cancer cell lines, achieving low nanomolar values
(10 - 30 nM).

A third patent describes less active alkylsulfone deriva-
tives [77). Most of these compounds exhibit submicromolar
ICs¢ values against the tested CDKs and are more potent
against CDK9 than CDK2. However, their most active repre-
sentative (compound 29) only exhibited micromolar activities
in proliferation assays using the HeLa cell line.

Related N-phenyl-pyrimidin-4-amine derivatives are also
strong CDK2 and CDKD9 inhibitors [78]. Some of these agents
were much more potent against CDK9 than CDK2: com-
pound 30 had an ICs value of 6 nM against the former but
1300 nM against the latter. Their antiproliferative activity in
cancer cell lines was submicromolar, ranging from 100 to
400 nM.

The fourth patent in this series covers V-(pyridin-2-yl)pyr-
imidin-4-amine derivatives containing sulfoximine or sulfone
groups as nanomolar inhibitors of CDK9 [79]. Compound 31
displayed ICsq values of 5 and 63 nM against CDK9 and
CDK2, respectively, as well as mid-nanomolar ICs, values
as an inhibitor of proliferation in eight different cancer cell
lines. The patent also presents data on the compounds’ basic
pharmacological ~ properties  (inhibition  of  carbonic
anhydrase I, Caco-2 permeation and solubility).

The final patent in the series protects the selective inhibi-
tion of CDKO9 for the treatment of midline carcinoma (8o].
The most selective compound discussed in this report is 32,
which inhibits only CDK9 (out of 23 different kinases) with
a high potency (IC5o = 1 nM).

A patent separate to the series discussed above described
substituted aniline derivatives bearing diverse imidazole-fused
cyclic systems that exhibit dual HDAC and CDK inhibitory
activity (81). The most active compound (out of 77 tested)
was compound 33, which had ICsy values of 39 nM for
CDXK2 and 20 nM for HDAC.

Although several irreversible inhibitors of other oncogenic
protein kinases have been described or are already in clinical
trials, the first such CDKI was only recently disclosed (s2,83].
This compound, designated THZ1 (34), selectively targets
CDK?7 via covalent modification of a cysteine residue located
outside the canonical kinase domain. As expected, the com-
pound decreases RNA polymerase II processivity by inhibit-
ing CDK7 activity. The resulting blockage of transcription
is responsible for the compound’s cytotoxicity. Complete
CDK?7 inactivation is achieved after 3 — 4-h treatment in cel-
lular models. THZ1 induces apoptosis and downregulates the
MCLLI protein, a critical regulator of apoptosis. Importantly,
THZ1 and related compounds are active against a wide range
of cancer cell lines; lymphoma and leukemia cell lines are the
most sensitive.

A new group of 4-(thiazol-5-yl)-pyrimidine derivatives (84]
can be regarded as relatives of the 2-anilino-4-heteroaryl-
pyrimidine derivatives previously developed by Cyclacel
Pharmaceuticals (85,86]. Of the compounds reported, 35 was
the most potent against CDK2 (ICs, = 45 nM), CDK9
(ICsgp = 19 nM) and three cell lines (HCT116, MCF7 and
MRC5).

An analogous group of 4-(thiazol-5-yl)-pyrimidine deriv-
atives with pan-selectivity towards multiple CDKs achieved
single digit nanomolar K; values against CDK1, CDK2,
CDKS5 and CDKD9 [87]. These compounds display nanomo-
lar ICs values against various cancer cell lines and chronic
lymphocytic leukemia cells ex vivo. One of the most potent
example compounds, designated CDKI-73 (36), showed
> 200-fold selectivity for primary leukemia cells relative to
normal CD34" cells. CDKI-73 is also active in ovarian can-
cer cells [88] measurements of the transcriptional inhibition
of antiapoptotic proteins Mcll and XIAP showed that it
exhibited synergistic effects when applied in conjunction
with the nucleoside analog fludarabine [89]. Its underlying
mechanism of action is also associated with inhibition of
transcriptional kinase CDK9, which reduces levels of the
anti-apoptotic proteins Mcl-1 and Bcl-2 and induces
apoptosis.

Isosteric imidazolyl pyrimidine compounds reportedly have
inhibitory activity against HDAC and/or CDKs [90]. The
most active member of this series was compound 37, which
had ICsq values of 2 and 656 nM for CDK2 and HDACI,

respectively.

2.8 Arylpyridines and arylpyrimidines

In a collection of similar patents, Novartis disclosed a series of
related biaryl compounds with very strong (nanomolar) activ-
ity against CDK9 in a biochemical assay [91-95]. Among the
compounds described in this series was a collection of 68 pyr-
azinylpyridines such as 38. More than half of these com-
pounds have ICsy values below 8 nM. A second patent
protects a much larger set of bipyridines (316 compounds in
total, including example 39). The next two patents in the
series present 15 and 108 compounds with phenylpyridine
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scaffolds (e.g., 40 and 41), many of which are also highly  activities 96. Compound 43 was shown to have in vivo hypo-
potent. The final patent describes 92 active aminoarylpyri-  algesic activity in several inflammation, inflammatory and
dines (example 42). neuropathic pain models.
An independent patent describes loosely related arylpyrimi- Finally, various defined crystalline salt forms of the

dine inhibitors of CDK9 that also show nanomolar  previously patented CDK and CDC7 kinase inhibitor 44
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have been protected [97). In addition, novel methods for the
synthesis of this compound have been published [9s].

2.9 Quinazolines

Several protein kinase inhibitors have pharmacophores based
on 4-aminoquinaozolines including the EGF receptor inhibi-
tor gefitinib. However, Senex Biotechnology has optimized
this scaffold towards CDKs and disclosed compounds for
inhibiting the CDKI pathway [99]. Their mechanism of action
involves inhibition of CDK8 and CDK19; example com-
pounds such as 45 are presented that show selectivity towards
these kinases and limited activity towards 25 other kinases.
The compounds did not interfere with the cell cycle-
inhibitory function of CDKIs and even enhanced the induc-
tion of GI cell cycle arrest by CDKI proteins. They also
blocked the development of senescent morphology in
fibroblasts arrested by DNA damage.

Substituted 4-amino-quinazolines have also been protected
because of their ability to enhance the expression of protein
CDKIs such as p21WAF1 [100]. These compounds are active
at submicromolar concentrations: the example compound
46 has Kj values of 240 nM for CDKS8 and 99 nM for
CDK19. High selectivity has been confirmed on a panel of
20 kinases. In cellular assays, these compounds inhibit the pro-
duction of antiapoptotic proteins by senescent and irradiated
fibroblasts. In addition, they were effective in models of
senescence-related diseases, degenerative diseases of the CNS,
Alzheimer’s disease and cancer. Last but not the least, their
potent activity suggests applications in antviral therapy; one
example shows that they dose-dependently reduce the abun-
dance of HIV-infected cells with an ECsq value of 0.6 pM.

The anticancer activity of similar potent inhibitors of
CDKS8 and CDK19 is the subject of another patent applica-
tion [101]. Compound 47 is reported to have Kj values of
140 nM for CDK8 and 90 nM for CDKI19, whereas
CDK9 was not significantly inhibited. The only other kinases
exhibiting > 50% inhibition by this compound at a concen-
tration of 2 pM were MAP4K2 (69% inhibition) and
YSK4 (59% inhibition). The compound is thus both highly
potent and selective. 47 inhibits tumor growth in mouse mod-
els with xenografted breast cancer cell lines.

Similar compounds (example 48) were further patented as
possible agents for the treatment of ER-positive breast cancer
and especially for anti-estrogen-resistant breast cancers [102].
The example compounds block proliferation of estrogen-
induced breast cancer MCF7 cells and potentiate the
HER2/EGFR inhibitor lapatinib as well as the HER2 anti-
body trastuzumab, two modern anticancer drugs used for
breast cancer therapy.

The described CDK8/CDK19 inhibitors have been further

protected for use in the treatment of prostate cancer [103].

2.10 Other bicyclic compounds
Substituted isoquinoline-1,3-diones have also been identified
as CDK-interacting compounds [104]. One patent describes

the inhibitory activity of 877 novel compounds against
CDKI1, CDK2 and CDK4. The most potent compound 49
has high selectivity for CDK4 and CDKG6, with ICsq values
against these kinases of 4 and 1 nM, respectively, compared
t0 9.7 pM for CDK1 and 3.1 uM for CDK2. Compound 49
also exhibited anticancer activity in a mouse model when
dosed at 2 mg/kg.

A series of 44 benzothiazines have been prepared, but bio-
logical data were only presented for one compound [105].
Example compound 50 was shown to inhibit protein kinases
CDK9, CK2 and PIM1 with ICsy values of 94, 83 and
226 nM, respectively. In addition, cytotoxicity data for this
compound in a range of cancer cell lines were provided. In
general, the compound was toxic to the cancer cell lines
with submicromolar Gls values but did not cause cell death
in the normal human stem cell line or the normal human
fibroblast cell line. As such it appears to be selective for cancer
cells.

Finally, some naphthyridine and isoquinoline derivatives
with high potency against CDKs have been disclosed [106].
Compound 51 exhibited ICsy values of 4 nM against
CDKS, 66 nM against CDK1 and 40 nM against CDK2.

2.11 Thiazoles

Thiazole is a widely used scaffold in medicinal chemistry
whose exploration has yielded a range of kinase inhibitors.
Oxazolylmethylthiothiazoles comprise the cores of one set of
CDKlIs that are described in two patents [107,108]. These com-
pounds, exemplified by 52, have ICs; values below 0.1 pM for
CDK1, CDK2, CDK3, CDK4 and CDK9, as well as 1Cs
values between 1 and 0.1 pM for CDK6 and CDK7. Many
of them are also active against HDAC, with ICs values below
0.1 pM, and exhibit antitumor activity in mouse xenograft
models based on human melanoma, accute myelogeneous
leukemia and multiple myeloma cell lines.

Differently substituted diamidothiazoles have been dis-
closed in related patents [109-111). These compounds (e.g.,
53) have been assayed against CHK1, CDK2, MEKI and
aurora kinases, but only exhibited moderate sensitivity
towards CDK2.

The synthesis of 4-amino-3,5-disubstituted-thiazole deriva-
tives such as 54 and their CDK2 inhibitory activity is
disclosed in an Indian patent [112]. However, no biological
darta are provided.

The CDKI SNS032 (Figure 1), which features a thiazole
moiety, was used as the basis for the modification of the
classical anticancer drug chlorambucil [113]. Chlorambucil is
an alkylating agent with no CDK activity, but its derivative 55
has nanomolar anti-kinase activity and inhibits CDK2 with
an ICsq of 2.7 nM. It also inhibits CDK3 and CDK9. This
bifunctional compound was around 1500 times more potent
than its parent chlorambucil in cancer cell lines.
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2.12 Peptide inhibitors

Although there has been little wider interest in peptide inhibi-
tors of protein kinases, partly because of their unattractive phar-
macological properties, some fragments of natural peptide

CDKIs have been investigated [114]. Specifically, inhibitory

49

peptides derived from the sequence of the RB2 gene, which is
a known CDK substrate, were recently prepared [115]. The pep-
tide spanning the region between the amino acids 641 and
679 of the RB2 protein represented the shortest sequence able
to maintain the parent peptide’s activity. This fragment

964 Expert Opin. Ther. Patents (2015) 25(9)


http://informahealthcare.com/journal/ETP

Downloaded by [Knihovna Univerzity Palackeho] at 00:09 24 November 2015

CDK inhibitors for cancer therapy: a patent review (2009 - 2014)

NO,

C

Sz
o I X
S N0
H

O
Cl
50

H

N._-S
) IRV
HNW\O o Nj\"<\N\

0
52
cl
cl
N
s NH
N e
s

¢
N
() =
N
!

strongly inhibited CDK2 activity in vitro, induced cell cycle
arrest and reduced xenografted tumor growth in vivo.

3. Conclusions

This survey of patent literature published between 2009 and
2014 demonstrates that the field of CDKIs continues to
attract academic and industrial interest despite the ongoing
skepticism about these compounds and the number of dead
end streets that have been explored. The recent FDA approval
of palbociclib as the first medicine in this class of anti-cancer
agents will perhaps change the situation even more dramati-
cally. Particularly, high hopes are held out for other monospe-
cific CDK4/CDKG6 inhibitors, for which rational patient
selection criteria exist and can be used to identify individuals
who will clearly benefit from these therapies.

The success of the narrowly selective inhibitor palbociclib
may be responsible for the particularly good progress that
has been made in enhancing the selectivity of small molecule
CDKIs. With the exception of one patent describing irrevers-
ible inhibitors specific to CDK7 and another discussing short
peptides, all of the compounds discussed in this review are

R F
< N A~ F NH

51

@

Y “\@rﬁﬁ
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Cl

small molecules that act by competing with ATP. In addition,
despite the high conservation of the ATP binding pocket of
the CDKs, numerous nanomolar inhibitors have been dis-
closed that display over 1000-fold selectivity for an individual
CDK over other members of the family (e.g., CDK4-specific
pyrrolo[2,3-d]pyrimidine 2, pyrimido[5,4-b]indolizine 4 or
isoquinoline-1,3-dione 9).

Inhibitors of several other CDKs that previously attracted
less interest have also emerged. These include CDK3,
CDKS8 and CDK19, which have clear links to cancer biology
but whose inhibitors currently lack suitable oncological indi-
cations. However, further studies along these lines are also
required for all of the other CDKs, and it is reasonable to
hope that developments in omics technologies will soon link
individual CDKs to specific oncological indications, poten-
tially allowing some of these inhibitors or related compounds
to become breakthrough therapies.

4. Expert opinion

There was relatively large gap between the time when it was
first suggested that targeting CDKs may be useful in treating
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cancer and the recent approval of the first CDK-targeting
drug. This was due to a number of factors including the low
therapeutic indices of early CDKIs (especially when applied
as monotherapies) and the lack of clear criteria for identifying
patients who would respond well to such treatment. Although
this gap persisted, there was a growing body of evidence show-
ing that CDKIs have potent anticancer activity in vitro and
considerable progress was made in deciphering their mecha-
nisms of action in cancer biology. These results stoked great
expectations concerning the clinical application of CDKIs,
which unfortunately have not yet been met even though
data supporting the merits of selectively inhibiting individual
CDKs continue to accumulate.

As we have learned more about CDKs, the complexity of
their regulatory networks has become more apparent, explain-
ing the variable and often confusing activity of pan-selective
CDKIs. The issue of selectivity is interesting in and of itself.
It has been shown that simultaneous inhibition of CDK1,
CDK2 and CDKD is necessary for induction of apoptosis in
U20S cancer cells [116] whereas in melanoma, CDK2 deple-
tion alone seems to be sufficient to achieve a response [117].
The available experimental evidence is not sufficient to confi-
dently state the requirements and dependencies of specific
cancer cells on CDKs. The mystery has been deepened by
genetic analyses in mice, which have shown that some
CDKs exhibit compensatory activity; if one is ablated or
inhibited, another may fulfill its role [118]. Does such compen-
sation also occur in (human) cancer cells? Given the multiple
functions of CDKs and cyclins and the genetic heterogeneity
of cancers, it is perhaps likely that inhibiting a single CDK in
a certain cancer will not be a universally effective strategy.
How then can we understand the complex network of altered
signaling in cancers and design truly efficient therapies using
CDKIs?

The answer may lie in extensive omics programs that can
reveal genetic markers indicating the sensitivity of individual
cancer types to specific anticancer drugs. Clearly defined
interactions involving CDKs can also be identified via syn-
thetic lethality screens [119]. Synthetic lethality is a property
of a gene pair in which one gene allows a cell to tolerate the
loss of another that would be lethal in the absence of the first.
These screens have already enabled the identification of
several genes that have such lethal interactions with certain
CDKs. One of the most frequent alterations in cancers is
overexpression of K-Ras, which has been identified as a poten-
tial sensitizer of CDK1 knockdown [120], although in a differ-
ent screen K-Ras overexpression was linked to lethality
following CDK4 inhibition [20]. The latter synthetic lethal
interaction was validated in mice with induced K-Ras overex-
pression that were treated with palbociclib; after 30 days,
< 20% of all animals developed lesions compared to 75%
for control mice.

Some tumors are characterized by the inactivation of tumor
suppressor genes. Although the reactivation of these genes

might in principle be an attractive way of treating these
cancers, it is usually challenging to achieve. However, the
inactivation of the Von Hippel-Lindau (VHL) tumor
suppressor gene in renal cell carcinoma has been shown to
provide a therapeutic opportunity because it represents a sen-
sitizing condition for CDKG6 inhibition [121]. The lethal inter-
action between VHL and CDKG6 has been validated in studies
using CDK4/CDKG6 inhibitors, suggesting a new indication
for these compounds in clinical settings.

A potent oncogene MYC has been found to have at least
two independent synthetic lethal relationships with
CDKI1 and CDKO9 in triple-negative breast cancer cell lines
and hepatocellular carcinomas, respectively [122,123]. The
closely related MYCN, an oncogene often amplified in neuro-
blastomas, was also shown to strongly sensitize cells to
CDK2 ablation [21. In all these cases, pharmacological
suppression of the relevant CDKs was used to validate the
interactions. It is, however, unclear whether these interactions
can be translated into clinical applications for the drugs
involved because they cither selectively target CDK4/
CDKG6 or display broader anti-CDK activity. Truly mono-
specific CDK1 and CDK2 inhibitors have yet to be disclosed
and their development seems to be unfeasible due to the high
structural similarity of the active sites of CDK1, CDK2,
CDKS5, CDK?7 and CDKO9.

Additional synthetic lethal interactions between PARP1/2
and CDK12 or CDKS5 were identified independently during
a search for genes that might determine sensitivity to olaparib,
a PARP inhibitor recently approved for cancer therapy [124,125].
Although the ablation of both CDKs significantly increased
olaparib’s potency, potent and selective inhibitors of these
kinases are not available to confirm these interactions. On
the other hand, CDK12 is one of few genes known to be
significantly mutated in certain ovarian cancers and therefore
could be used as a biomarker for predicting olaparib
sensitivity.

The interactions discussed above could serve as a basis for
careful selection of patients and to support the rational design
of combination therapies utilizing CDKIs. This will be partic-

ularly important and interesting for newly disclosed inhibitors
of less explored kinases such as CDK3 or CDK19.
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Abstract

Inhibition of protein kinases is a validated concept for pharmacological intervention in cancers. Many
kinase inhibitors have been approved for clinical use, but their practical application is often limited.
Here, we describe a collection of 23 novel 2,6,9-trisubstituted purine derivatives with nanomolar
inhibitory activities against PDGFRa, a receptor tyrosine kinase often found constitutively activated
in various tumours. The compounds demonstrated strong and selective cytotoxicity in the human
eosinophilic leukemia cell line EOL-1, whereas several other cell lines were substantially less
sensitive. The cytotoxicity in EOL-1, which is known to express the FIP1L1-PDGFRA fusion gene
encoding an oncogenic kinase, correlated significantly with PDGFRa inhibition. EOL-1 cells treated
with the compounds also exhibited dose-dependent inhibition of PDGFRo autophosphorylation and
suppression of its downstream signaling pathways with concominant G; phase arrest, confirming the
proposed mechanism of action. Our results show that substituted purines'can be used as platforms

for preparing tyrosine kinase inhibitors with specific activity towards eosinophilic leukemia.

Highlights
® New 2,6,9-trisubstituted purines were prepared
e Compounds display nanomolar antiproliferative activities in eosinophilic leukemia cell line

® Mechanism of action in.cells correlates with inhibition of PDGFRo

Abbreviations
PDGFRa, platelet derived growth factor receptor alpha; CDK2, cyclin-dependent kinase 2; TK,

tyrosine kinase



1. Introduction

The development of protein kinase inhibitors has progressed dramatically in the past years: over 30
kinase inhibitors have been approved as drugs, and several others are undergoing advanced clinical
evaluation [1, 2]. Oncogenic kinases often arise as a result of mutations, overexpression, or
chromosomal translocations. Moreover, while chromosomal translocations in hematological
malignancies are rarer than in solid tumors, they are significant in cancer therapy as well as in tumor
initiation and progression [3].

Platelet-derived growth factor receptor a (PDGFRA, CD140A) is a type Ill receptor tyrosine
kinase (TK) that regulates cell proliferation, differentiation, adhesion and survival. Ligand binding
activates the kinase, stimulating cellular signaling proteins including mitogen-activated protein
kinases (MAPKs), signal transducers and activators of transcription. (STATs), Src and
phosphatidylinositol-3 kinases. Constitutively activated forms of PDGFRA have been found in various
tumours, arising from various mutations in gastrointestinal stromal tumors [4] and melanoma [5],
missense mutations in childhood acute myeloid leukemia [6], reciprocal translocations in chronic
myeloid leukemia, and deletions that give rise to a fusion protein in chronic eosinophilic leukemia [7].
A typical fusion gene encoding a constitutively activated PDGFRA form is FIP1L1-PDGFRA, which
originates from an 800-kb cryptic interstitial deletion in chromosome 4q12. The fusion gene encodes
a ligand-independent and constitutively active TK that confers growth factor-independency to
hematopoietic cells and is highly sensitive to the kinase inhibitor imatinib [8, 9]. This fusion protein is
estimated to occur in 10-20% of eosinophilia cases. The FIP1L1-PDGFRA fusion has been found in
chronic eosinophilic leukemia, hypereosinophilic ~ syndrome, eosinophilia-associated
myeloproliferative disorders, acute myeloid leukemia, and lymphoblastic T-cell non-Hodgkin
lymphoma [3]. Other fusion partners include BCR, striatin and ETV6 [3].

Various TK inhibitors have shown activity in FIP1L1-PDGFRA-positive cells, including imatinib
[9], sorafenib [10] or ponatinib [11]. These compounds blocked proliferation and induced apoptosis,
primarily as a result of direct FIP1L1-PDGFRa inhibition [9]. In clinical settings, however, most
patients require life-long treatment with these agents, and resistance has developed in some cases
[8, 12]. There is even a recent report of a patient with imatinib non-responsive chronic eosinophilic
leukemia, although in that patient’s tumor, PDGFRA was fused with ETV6 rather than FIP1L1 [13].
Identification of novel PDGFRa inhibitors or thorough selectivity determination for previously
described compounds is therefore still a challenge.

We have previously prepared several series of 2,6,9-trisubstituted purines [14, 15] and
related purine isosteres such as pyrazolo[4,3-d]pyrimidines [16] and pyrazolo[1,5-a]pyrimidines [17]
that selectively inhibit cyclin-dependent kinases (CDK). Optimization of these compounds yielded

other potent CDK inhibitors as well as new compounds with different kinase selectivities. Changes in
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selectivity were achieved by using different substitution patterns [18], or more simply, by replacing
the 6-benzylamino moiety with a 6-phenylamino group. Independent studies confirmed that this
shortening conferred potency against various other kinases, including TKs, while retaining some
degree of CDK inhibition. Such compounds (some of them are illustrated in Fig. 1) include the PAK4
inhibitor CGP74514A [19], the MER receptor inhibitor anilinopurine C52 [20], the SRC and VEGFR2
inhibitor BDBM50451553 [21], and the SRC and BCR-ABL inhibitor AP23464 [22]. Importantly, the 6-
phenylaminopyrimidine motif present in all these compounds is also present in several TK inhibitors
such as erlotinib, gefitinib, and lapatinib (Fig. 1), suggesting that substituted purines may also serve

as a source of TK inhibitors.
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Fig. 1. Some inhibitors of cyclin-dependent kinases and tyrosine kinases.

In this paper we describe potent PDGFRa inhibitors with selective activity against the
eosinophilic leukemia cell line EOL-1. Structure-activity analyses and co-crystal structures of CDKs
with purine inhibitors indicated that the optimal substituents at positions 2 and 9 are branched alkyl
groups with polar substituents (e.g. aminocyclohexylamine) and a small alkyl or cycloalkyl group,
respectively [15, 23, 24]. We expected that 2-(4-aminocyclohexyl)amino-6-anilinopurines with
enlarged substituents at position 9 would be weaker CDK inhibitors but more effective inhibitors of

TKs, and thus more active towards cell lines with aberrant TK expression.



2. Results

2.1. Synthesis

The three-step synthesis of 2,6,9-trisubstituted purines started from commercially available 2,6-
dichloropurine, which was initially alkylated at N° with a suitable alcohol under Mitsunobu conditions
to obtain a 2,6-dichloro-9-substituted-9H-purine with good regioselectivity [14-15]. The crude
product was purified by crystallization from methanol or column chromatography (petroleum ether:

ethyl acetate, 2:1).
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Scheme 1. General reaction scheme for synthesis of 2,6,9-trisubstituted purine derivatives. (a) The
appropriate alcohol R-OH (2 equiv), PPh; (1.2 equiv), dry THF, DIAD (1.2 equiv), 0°C; (b) the
appropriate amine or benzylamine (1.2 equiv), DIPEA (3 equiv), n-propanol, 100-120 °C (sealed tube),
3-6 h; (c) trans-1,4-diaminocyclohexane (15 equiv), n-butanol, 160°C (sealed tube), 4-10 h.

The second step was nucleophilic substitution at the C6 purine position with a suitable
substituted aniline or benzylamine. This reaction was performed in n-propanol, using N,N-
diisopropylethylamine as the base. The reaction temperature was kept in the range of 100-120 °C for
3-6 h, depending on aniline reactivity. Crude products were purified by crystallization or column
chromatography (petroleum ether: ethyl acetate, 2:1).

The final step was nucleophilic aromatic substitution at the C2 purine position using a large
excess of trans-1,4-diaminocyclohexane at 160 °C for a few hours via solution-phase synthesis
strategy or via microwave heating. The use of microwave irradiation significantly reduced the time
required for this reaction. Final compounds were purified by crystallization or column

chromatography on silica.

Table 1. Structures of novel 2,6,9-trisubstituted purine analogues used in this study.

Compound® R R’

4a butyl 3-chlorobenzyl
4b isopentyl 3-chlorobenzyl
4c 4-methoxybenzyl 3-chlorophenyl
4d benzyl 3-chlorophenyl
de 3,7-dimethylocta-2,6-dien-1-yl 3-chlorophenyl



4f isopentyl 2,4-dimethoxyphenyl

4g butyl 3,5-dimethoxyphenyl
4h hexyl 3,5-dimethoxyphenyl
4i cyclohexyl 4-hydroxyphenyl

4j cyclohexyl 4-chlorophenyl

4k hexyl 4-hydroxyphenyl

4] isopentyl 3,5-dimethoxyphenyl
4m hexyl 3-chlorophenyl

4n 3-methylbut-2-en-1-yl 3-chlorophenyl

4o butyl phenyl

4p hexyl 4-chlorophenyl

4q butyl 3-chlorophenyl

4r isopentyl 4-hydroxyphenyl

4s isopentyl phenyl

4t isopentyl 3-hydroxyphenyl

4u isopentyl 3-chlorophenyl

4v butyl 4-chlorophenyl

4w isopentyl 4-chlorophenyl

®See Scheme 1 for position of R* and R%.

2.2. Biological and biochemical activity

All the prepared compounds were subjected to biochemical assays to determine their activity against
CDK2 and PDGFRa, and cytotoxicity assays using 5 cell lines with differing expression of oncogenic
TKs. We also performed phenotype screening to evaluate cell cycle changes in treated cells. The
results obtained are summarized in Table 2. The previously reported structure-activity relationships
for 2,6,9-trisubstituted purines suggest that position 6 can host both phenyl and benzyl groups
without significantly altering activity against CDK2 (compare 4u with 4b, 4q with 4a) [24, 25]. Further
substitution of the phenyl or benzyl ring with chlorine, hydroxy or methoxy groups also did not
greatly affect potency. On the other hand, CDK2 inhibition was clearly weakened by increasing the
size of the substituent in position 9. The most potent CDK2 inhibitors bear a butyl chain in this
position; bulkier substituents (ranging from isopentyl in 4b to the bulkier benzyl group in 4d or the
longer geranyl unit in 4e) clearly reduced activity against CDK2.

In contrast to CDK2 inhibitors, the presence of an anilino function is necessary for PDGFRa
inhibition; while several anilino derivatives exhibited I1Cs, values below 0.1 pM, its replacement with a
homologous benzyl group completely eliminated this activity (compounds 4a and 4b). This is
consistent with several studies on kinase inhibitor selectivity, which reported that the 2,9-
disubstituted-6-benzylpurine roscovitine also does not inhibit PDGFRa or other tyrosine kinases (ICs
> 10 uM) [23, 26, 27]. Other reports however showed that 6-anilino purines can inhibit tyrosine
kinases. For example, AP23464 was identified as a potent inhibitor of SRC and BCR-ABL [28, 22], and
compound C52 inhibits MER [20].



Analogues bearing chlorine- or hydroxyl-functionalized anilino groups at the C6 position did
not exhibit appreciably stronger activity towards PDGFRa than the parent compound with a non-
functionalized anilino group. However, dimethoxylated anilino groups were usually detrimental to
activity: compounds 4h, 4f, 4g exhibited only micromolar inhibition. The activities of 4f and 4l suggest
that 3,5-dimethoxy substitution is preferred to the 2,4- configuration.

Our results also demonstrate that the substituent at position 9 of the purine should not be
too bulky because benzyl derivatives 4c and 4d and geranyl derivative 4e were among the weakest
inhibitors, with 1Cso values above 1 uM. PDGFRo. was most sensitive to derivatives with linear or

branched chains of 4-5 carbon atoms at the N’ position.

Table 2. Activity of novel compounds in cellular and biochemical assays.’

compound  ICsq (UM) Glsp (ULM) relative G;/G,-M ratio®
CDK2  PDGFRa., HCC827 BT474 MCF7 K562 EOL-1 EOL-1 HCC827 K562
CGP74514A 0.017 >20 12.2 5.4 3.3 4.8 0.99 1.28 0.29 0.48
lapatinib >20 >20 22.3 0.2 8.1 5.7 0.41 1.17 12.1 0.81
4a 0.207 >20 10.6 4.7 2.2 4.33  0.347 0.99 0.26 1.27
4b 0.306 >20 16.7 6.6 4.7 3.12 1331 1.77 2.50 1.85
4c 5.504 7.655 18.7 8.2 4.8 2.83 0.528 0.96 1.94 1.43
4ad 2.830 5.099 13.7 10.2 3.6 299 0.381 0.99 10.37 1.76
4e 7.170 4.739 18.2 4.3 3.6 2.21 0.585 1.13 1.94 1.78
af 5.967 3.197 32.9 7.9 6.3 5.45 0.633 1.65 23.09 1.00
4g 0.442 1.496 20.1 15.6 4.5 241 0.369 1.30 1.35 0.82
4h 0.680 1.412 9.1 3.7 3.5 1.9 0.384 3.78 9.67 1.40
4i 1.441 1.233 32.5 27.3 9.6 8.91 0.216 2.44 9.61 0.95
4j 0.965 1.090 9.1 4.1 2.3 1.68 0.135 2.64 2.68 0.79
a4k 0.485 0.452 24.7 7.7 3.5 5.39 0.185 2.50 0.44 0.69
4 0.980 0.290 11.2 5.9 4.5 2.52 0.135 3.71 1.47 1.60
4m 0.500 0.195 10.2 5.1 2.7 2.29 0.313 1.86 7.37 0.79
4n 0.227 0.187 13.5 7.0 4.2 3.48 0.076 3.10 2.69 0.75
40 0.134 0.160 9.0 4.9 2.2 3.22 0.021 4.93 0.33 2.29
4p 0.433 0.156 11.7 5.5 4.2 2.11 0.438 4.61 5.20 0.88
4q 0.132 0.154 7.2 5.1 2.0 2.01 0.160 10.75 0.54 0.78
4r 0.490 0.150 14.4 7.7 3.1 4.62 0.031 1.17 2.71 0.73
4s 0.627 0.096 21.7 6.4 5.4 3.46 0.011 1.67 0.39 1.20
4t 0.513 0.066 21.3 14.7 12.6 7.6 0.062 8.94 5.60 1.22
4u 0.275 0.066 10.3 3.8 2.1 1.54 0.064 6.00 1.33 1.10
4v 0.117 0.060 10.8 7.3 2.1 2.69 0.054 6.43 0.28 1.52
4w 0.319 0.059 10.2 5.1 2.7 1.81 0.088 7.80 3.50 0.81

®Data are averaged from at least two determinations.
® Cell cycle effect at a dose corresponding to the Gls, value. Data were normalized against results for

untreated controls, so a relative G;/G,-M ratio close to 1 means the tested compound had no effect.



Cancer cell lines for cytotoxicity assays were selected with respect to their expression of
oncogenic kinases. The prepared compounds were active against every cell line included in the panel,
but their activities were quite distinct (Table 2). The non-small cell lung cancer cell line HCC827 and
the breast cancer cell line BT474 both have activating mutations in EGFR, and responded weakly to
the compounds, with mid-micromolar Glso values. Conversely, the breast cancer cell line MCF7
responded strongly, with a single-digit micromolar Glsy value, despite having no known tyrosine
kinase mutations. The leukemic cell line K562, which expresses the BCR-ABL fusion kinase, was

similarly responsive.
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Fig. 2. Pearson correlation coefficients for measured parameters. Stars indicate statistical significance

(* P<0.01, ** P<0.001).

The compounds had similar cytotoxicity patterns in all tested cell lines other than the
eosinophilic leukemia cell line' EOL-1 (Table 2). Most of them were much more active against this line
(with submicromolar to-mid-nanomolar Glso values) and had completely different relative activity
levels, indicating a different mechanism of action in this line. We hypothesized that this may be due
to the EOL-1 line’s expression of the FIP1L1-PDGFRA fusion gene, which encodes an oncogenic
variant of PDGFRaow. This line has been identified as an in vitro model for studying FIP1L1-PDGFRA-
positive chronic eosinophilic leukemia and for analysing FIP1L1-PDGFRa inhibitors [9]. Indeed, we
found that the compounds’ cytotoxicity in EOL-1 correlated strongly with PDGFRa inhibition as
determined in a biochemical assay (Pearson coeff. = 0.76, p<0.001, Fig. 2).

To our knowledge, CDK inhibitors usually induce cell cycle arrest preferentially in G,-M or in
both G; and G,-M, whereas receptor tyrosine kinase inhibitors often produce clear G; phase arrest.
We therefore performed cell cycle measurements in the EOL-1, HCC827 and K562 cell lines after
treatment with the new compounds. For each compound, we measured the cell cycle changes after
24 h treatment at a concentration corresponding to the compound’s Glsy, and determined the
relative G1/G,-M ratio. lllustrative cell cycle profiles for two potent compounds (4v and 4u) along

with lapatinib and CGP74514A as controls (EGFR and CDK inhibitors, respectively) are presented in



Fig. 3. As shown in this figure and Table 2, the most sensitive cell line EOL-1 entered G; cell cycle
arrest (corresponding to a relative G;/G,-M ratio above 1) upon treatment, in keeping with this line’s
dependence on the PDGFRa kinase. Importantly, we found that the compound’s PDGFRa inhibiting
activity correlated strongly with their relative G;/G,-M ratios (Pearson coefficient = -0.73, Fig. 2).
Unlike EOL-1, the other tested cell lines exhibited G,-M arrest. The different effects observed in these
cell lines suggest that the compounds may target PDGFRa rather than CDK2 at equitoxic doses, but

interact with other kinases if their primary target is absent.

EOL-1 HCC827 K562

untreated

cmpd. 4v

RENA
Eanai
S ol

CGP74514A

lapatinib

Figure 3. Cell cycle measurements for EOL-1, HCC827 and K562 treated with 4u and 4v for 24 h.
CGP74514A and lapatinib (CDK and EGFR inhibitor, respectively) were used as positive controls. The

compounds were used at doses corresponding to their Glsy values.

Because 4e showed some activity against the receptor kinase HER4, which is related to EGFR
(preliminary screening, see Supplementary data), we were surprised that the HCC827 and K562 cell
lines entered G,-M arrest when treated with this compound. We therefore expect that the
compounds may preferentially target kinases other than receptor tyrosine kinases, potentially
including CDKs. The weak correlation between cytotoxicity in HCC827 and CDK2 inhibition may

support this hypothesis (Pearson coeff. = 0.55, Fig. 2). While no clear relationship between



cytotoxicity and CDK inhibition has been found, targeting CDK inhibition may at least partly

contribute to the compounds’ mechanism of antiproliferative activity.

2.3. Mechanism of cellular activity

The most sensitive cell line, EOL-1, bears an oncogenic activation of PDGFRA gene, which is
consistent with our hypothesis that inhibition of this kinase is linked to the compounds’ cellular
activity. We therefore used immunoblotting to determine whether the compounds’ cytotoxicity and
the G; phase arrest relate to PDGFRa inhibition. Several compounds with various activity levels were
applied to EOL-1 cells at two doses for 1 hour, after which the cells were harvested and analysed for
cellular signaling downstream of PDGFRa.. We immunoblotted the lysates for STAT3, ERK1/2, and
MEK1/2 and their phosphoforms, which are known to be induced by PDGFRa signaling (Fig. 4). There
were clear changes in the abundance of the phosphoforms of all three kinases. Two potent
compounds, 4t and 4o, strongly suppressed the phosphorylation of STAT3 and ERK1/2 at both tested
concentrations, whereas the less active 4j and 4p only reduced the abundance of these
phosphoproteins at the higher concentration, and the least active compounds 4a and 4b did not
affect these phosphoproteins at all. Phosphorylation of MEK1/2 at serines 217/221 decreased slightly
only in cells treated with the most potent 4t and 40. These observations correspond well with the

kinase inhibition assay results.
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Fig. 4. Inhibition of PDGFRo. downstream signaling by compounds with strong (4t and 40), medium

(4j and 4p) and weak (4a and 4b) inhibition of PDGFRaL.

In the next experiment, we treated EOL-1 cells for 1 hour with one of the most potent

compounds, 4u, to confirm that its mechanism of action is specifically coupled to PDGFRa inhibition.



Immunoblotting revealed dose-dependent inhibition of PDGFRa autophosphorylation at tyrosines
754, 849 and 1018 (Fig. 5a). These tyrosines are autophosphorylated upon external stimulation by
PDGF, but are constitutively phosphorylated independently of cytokine presence in EOL-1 due to the
formation of the FIP1L1-PDGFRA fusion, which interrupts the juxtamembrane domain of PDGFRa
[29]. Corresponding downregulations were also seen for the STAT3 and ERK1/2 phosphoforms. When
the cells were treated for periods longer than 4 hours, they started to degrade FIP1L1-PDGFRo (data

not shown), ceasing to proliferate and showing markers of apoptosis after 24 hours (Fig. 5b).
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Fig. 5. Cellular effects of compound 4u in EOL-1. (a) Inhibition of PDGFRa and its downstream

signaling pathways after 1 h. (b) Cell cycle in EOL-1 cells treated for 24 hours.

3. Conclusion
A collection of 23 novel 2,6,9-trisubstituted purine derivatives with nanomolar inhibitory activities
against PDGFRa has been prepared. The compounds demonstrated strong and selective cytotoxicity

in the human eosinophilic leukemia cell line EOL-1, which expresses the oncogenic kinase
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FIP1L1-PDGFRA. Their cytotoxicity in EOL-1 correlated significantly with PDGFRa inhibition.
Moreover, they exhibited dose-dependent inhibition of PDGFRa autophosphorylation and
suppressed its downstream signaling pathways in treated cells, confirming the proposed cellular
mechanism of action. Our results suggest that substituted purines are versatile platforms for
preparing tyrosine kinase inhibitors with specific activity towards eosinophilic leukemia and other
cancers expressing constitutively activated PDGFRa mutants such as hepatocellular carcinoma,

gastrointestinal stromal tumors or melanoma [4, 5, 30].

4. Experimental section

4.1. Chemistry and general information

All microwave irradiation experiments were carried out in a dedicated CEM-Discover mono-mode
microwave apparatus. The reactor was used in the standard configuration as delivered, including
proprietary software. The reactions were carried out in 10 mL glass vials sealed with a silicone/PTFE
top, which can be exposed to a maximum of 250 °C and 21 bar internal pressure. The temperature
was measured with an IR sensor on the outer surface of the process vial. After the irradiation period,
the reaction vessel was cooled to ambient temperature by gas jet cooling. Melting points were
determined on Buchi Melting Point B-540 apparatus and were uncorrected. *H and *C-NMR spectra
were recorded on a Jeol 500 ECA instrument operating at 500 MHz for *H and 126 MHz for *C at
ambient temperature in DMSO-ds. Chemical shifts are reported in ppm. Coupling constants (J) are
reported in Hertz (Hz), and the following abbreviations are used: singlet (s), doublet (d), doublet of
doublet (dd), triplet (t), doublet of triplet (dt), quartet (q), quintet (qui), sextet (sex), nonet (n),
multiplet (m). Mass spectra were recorded using an LCQ ion trap mass spectrometer (Finnigan MAT,
San Jose, CA, USA). The chromatographic purity of the compounds was determined using HPLC-DAD-
MS. 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 um; 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. 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
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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. Elemental
analyses were performed using an EA1112 CHN analyser (Thermo Finnigan); the results obtained for
C, H, and N were within acceptable limits of the expected values. Merck silica gel Kieselgel 60 (230—
400 mesh) was used for column chromatography. The purity of biologically evaluated compounds

was >95% as determined by HPLC-DAD-MS and elemental analysis.

4.2. Protocol for preparation of compounds 2a-2h

2,6-Dichloro-9H-purine (15.8 mmol), an appropriate alcohol (31.7 mmol), and triphenylphosphine
(19.0 mmol) were dissolved in dry tetrahydrofuran (100 mL) and cooled to 0 °C. Diisopropyl
azodicarboxylate (19.0 mmol) was added dropwise to the stirred solution under an argon
atmosphere, and the temperature was kept between 0 and 20 °C. The reaction mixture was stirred
under an argon atmosphere at 20 °C for a further 2-4 h. The reaction was monitored by TLC until
completion. The reaction mixture was then evaporated under reduced pressure, and the residue was
dissolved in boiling toluene (100 mL). After cooling to room temperature, the solution was inoculated
with a small amount of triphenylphosphine oxide and the solution was kept at 4 °C for 24 h. The
triphenylphosphine oxide was then filtered off and the filtrate was evaporated under reduced
pressure. The residue was crystallized from ethanol or purified by column chromatography on silica
(petroleum ether: ethyl acetate, 2:1) to afford the pure product.

4.2.1. 9-Butyl-2,6-dichloro-9H-purine (2a)

Yield: 86 %; M.p. = 79-80 °C.""H NMR (500 MHz, DMSO-d;) & (ppm): 8.71 (s, 1H), 4.22 (t, J = 7.0, 2H),
1.85 - 1.70 (m, 2H), 1.32 —1.16 (m, 2H), 0.85 (t, J = 7.4, 3H). *C NMR (126 MHz, DMSO-ds) & (ppm):
153.89, 151.34, 150.00, 148.84, 130.88, 44.25, 31.43, 19.72, 13.81. HPLC-MS (ESI+): 245.13 (99.8%).
Elemental analysis Calcd. for CsH10Cl;N, (245.11): C, 44.10; H, 4.11; N, 22.86. Found: C, 43.97; H, 4.05;
N, 22.53.

4.2.2. 2,6-Dichloro-9-isopentyl-9H-purine (2b)

Yield: 83%; M.p. = 80-81 °C. 'H NMR (500 MHz, DMSO-ds) & (ppm): 8.73 (s, 1H), 4.22 (t, J = 7.5, 2H),
1.70(q, J = 7.1, 2H), 1.44 (n, J = 6.5, 1H), 0.88 (d, J = 6.6, 6H). *C NMR (126 MHz, DMSO-ds) & (ppm):
156.68, 153.93, 151.33, 148.95, 130.93, 42.91, 38.14, 25.57, 22.57. HPLC-MS (ESI+): 259.32 (99.8%).
Elemental analysis Calcd. for CioH1,CloNg (259.14): C, 46.35; H, 4.67; N, 21.62. Found: C, 46.02; H,
4.58; N, 21.39.

4.2.3. 2,6-dichloro-9-(3-methylbut-2-en-1-yl)-9H-purine (2c)

Yield: 96%; M.p. = 95-96 °C. ‘*H NMR (500 MHz, DMSO-ds) & (ppm): 8.66 (s, 1H), 4.80 (d, J = 7.2, 2H),
1.76 (t, J = 7.2, 1H), 1.77 (s, 3H), 1.68 (s, 3H). °C NMR (126 MHz, DMSO-ds) & (ppm): 153.71, 151.41,
149.97, 148.68, 138.97, 131.03, 118.34, 42.36, 25.89, 18.42. HPLC-MS (ESI+): 257.63 (96.50 %).
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Elemental analysis Calcd. for CioH1oClbN4 (257.12): C, 46.71; H, 3.92; N, 21.79. Found: C, 46.59; H,
3.95; N, 21.63.

4.2.4. 2,6-dichloro-9-hexyl-9H-purine (2d)

Yield: 75%; M.p. = 82-84 °C. 'H NMR (500 MHz, DMSO-ds) & (ppm): 8.70 (s, 1H), 4.19 (t, J = 7.2, 2H),
1.78 (qui, J = 7.2, 2H), 1.27 = 0.91 (m, 6H), 0.76 (t, J = 7.1, 3H). *C NMR (126 MHz, DMSO-ds) & (ppm):
156.69, 153.99, 151.35, 149.03, 130.97, 44.49, 31.09, 29.29, 26.05, 22.44, 14.34. HPLC-MS (ESI+):
273.19 (99.8 %). Elemental analysis Calcd. for C;1H14CIN4 (273.16): C, 48.37; H, 5.17; N, 20.51. Found:
C, 48.21; H, 4.96; N, 20.33.

4.2.5. 2,6-dichloro-9-cyclohexyl-9H-purine (2e)

Yield: 79%; M.p. = 111-112 °C. *H NMR (500 MHz, DMSO-d;) & (ppm): 8.82 (s, 1H), 4.41 (qui, J = 6.3,
1H), 2.04 — 1.95 (m, 2H), 1.93 — 1.77 (m, 4H), 1.69-1.65 (m, 1H), 1.49 — 1.35 (m, 2H), 1.30 — 1.16 (m,
1H). HPLC-MS (ESI+): 271.17 (99.7 %). Elemental analysis Calcd. for C;;H4,Cl;N, (271.15): C, 48.73; H,
4.46; N, 20.66. Found: C, 48.67; H, 4.39; N, 20.44.

4.2.6. 2,6-dichloro-9-(4-methoxybenzyl)-9H-purine (2f)

Yield: 91%; M.p. = 121-123 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 8.77 (s, 1H), 7.28 (d, J = 8.5,
2H), 6.86 (d, J = 8.5, 2H), 5.36 (s, 2H), 3.67 (s, 3H). *C NMR (126 MHz, DMSO-d;) & (ppm): 159.63,
153.75, 151.60, 150.25, 148.78, 131.01, 129.90, 128.02, 114.66, 60.16, 47.05. HPLC-MS (ESI+): 309.74
(95.4 %). Elemental analysis Calcd. for Cy3H;,CI;N;O (309.15): C, 50.51; H, 3.26; N, 18.12. Found: C,
50.42; H, 3.35; N, 18.03.

4.2.7. (E)-2,6-dichloro-9-(3,7-dimethylocta-2,6-dien-1-yl)-9H-purine (2g)

Yield: 51 %; M.p.= 101-102 °C. "H NMR (500 MHz, DMSO-ds) & (ppm): 8.21 (s, 1H), 5.22 (t, J = 6.8, 1H),
4.99 - 4.86 (m, 3H), 2.05—1.87 (m, 4H), 1.78 (s, 3H), 1.52 (s, 3H), 1.45 (s, 3H). HPLC-MS (ESI+): 325.22
(96.20 %). Elemental analysis Calcd. for C;sH15CI,N,4 (325.24): C, 55.39; H, 5.58; N, 17.23 Found: C,
55.32; H, 5.60; N, 17.21.

4.2.8. 9-benzyl-2,6-dichloro-9H-purine (2h)

Yield: 93%; M.p. = 148-149 °C. '"H NMR (500 MHz, DMSO-ds) & (ppm): 8.81 (s, 1H), 7.39 — 7.16 (m,
5H), 5.45 (s, 2H). *C NMR (126 MHz, DMSO-ds) & (ppm): 153.90, 151.66, 150.33, 148.95, 136.16,
131.01, 129.34, 128.63, 128.14, 47.64. HPLC-MS (ESI+): 279.72 (99.8%). Elemental analysis Calcd. for
C12HsClaNg (279.12): C, 51.64; H, 2.89; N, 20.07. Found: C, 51.56; H, 2.95; N, 19.90.

4.3. Protocol for preparation of compounds 3a-3w

To a suspension of 9-substituted-2,6-dichloro-9H-purine (6.25 mmol) in a mixture of n-propanol (40
mL) and N,N-diisopropyl-N-ethylamine (18.75 mmol), the appropriate amine or benzylamine (7.5
mmol) was added. The suspension was heated with stirring in a sealed tube under an argon

atmosphere at 120 °C until completion of the reaction was indicated by TLC. After cooling to room
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temperature, the reaction mixture was evaporated under reduced pressure and the residue was
partitioned between water (50 mL) and dichloromethane (50 mL). In addition, the water phase was
extracted with dichloromethane (2 x 30 mL). The combined organic phases were washed with water
(30 mL) and brine (30 mL), dried over anhydrous Na,SO,, filtered, and evaporated under reduced
pressure. If necessary, the crude product was purified by column chromatography on silica
(petroleum ether: ethyl acetate, 2:1).

4.3.1. 9-butyl-2-chloro-N-(3-chlorobenzyl)-9H-purin-6-amine (3a)

Yield: 61 %; M.p. = 120-123 °C. 'H NMR (500 MHz, DMSO-d;) & (ppm): 8.79 (t, J = 5.9, 1H), 8.15 (s,
1H), 7.35 (s, 1H), 7.32 — 7.21 (m, 3H), 4.59 (d, J = 6.0, 2H), 4.05 (t, J = 7.0, 2H), 1.74 = 1.65 (m, 2H),
1.23 — 1.13 (m, 2H), 0.82 (t, J = 7.4, 3H). *C NMR (126 MHz, DMSO-ds) & (ppm): 155.29, 153.41,
150.55, 142.41, 142.15, 133.43, 130.72, 127.69, 127.32, 126.55, 118.65, 43.34, 43.16, 31.82, 19.72,
13.87. HPLC-MS (ESI+): 350.82 (99.98 %). Elemental analysis Calcd. for Cy6H37CI,Ns (350.25): C, 55.19;
H, 4.34; N, 20.11. Found: C, 55.02; H, 4.38; N, 19.98.

4.3.2. 2-chloro-N-(3-chlorobenzyl)-9-isopentyl-9H-purin-6-amine (3b)

Yield: 63 %; M.p. = 120-121 °C. "H NMR (500 MHz, DMSO-ds) & (ppm): 8.80 (s, 1H), 8.17 (s, 1H), 7.48 —
7.13 (m, 4H), 4.69 — 4.51 (s (br), 2H), 4.08 (t, J = 6.5, 2H), 1.63 (q, J/ = 6.5, 2H), 1.42 (n, J = 6.5, 1H),
0.85 (d, J = 6.6, 6H). >C NMR (126 MHz, DMS0-d) & (ppm): 155.30, 153.40, 150.53, 142.50, 142.10,
133.47, 130.69, 127.73, 127.34, 126.54, 118.70, 43.18, 42.05, 38.63, 25.58, 22.63. HPLC-MS (ESI+):
364.80 (99.53 %). Elemental analysis Calcd. for Ci;H19Cl;Ns (364.27): C, 56.05; H, 5.26; N, 19.23.
Found: C, 56.18; H, 5.23; N, 19.24.

4.3.3. 2-chloro-N-(3-chlorophenyl)-9-(4-methoxybenzyl)-9H-purin-6-amine (3c)

Yield: 71 %; M.p. = 115-117 °C. "H NMR (500 MHz, DMSO-d;) & (ppm): 10.47 (s, 1H), 8.40 (s, 1H), 8.01
(t,J=2.5,1H), 7.79(d, J = 8.5, 1H), 7.34 (t, J = 8.0, 1H), 7.27 (d, J = 8.5, 2H), 7.10 (d, J = 7.5, 1H), 6.88
(d, J = 8.5, 2H), 5.29 (s, 2H), 3.68 (s, 3H). *C NMR (126 MHz, DMSO-ds) & (ppm): 159.50, 152.75,
152.62, 151.38, 143.12, 140.97, 133.37, 130.70, 129.72, 128.88, 123.44, 120.85, 119.85, 114.72,
55.62. Elemental analysis Calcd. for CigH15Cl,NsO (400.26): C, 57.01; H, 3.78; N, 17.50. Found: C,
57.06; H, 3.84; N, 17.17. HPLC-MS (ESI+): 400.71 (95.10 %).

4.3.4. 9-benzyl-2-chloro-N-(3-chlorophenyl)-9H-purin-6-amine (3d)

Yield: 65 %; M.p. = 124-125 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 10.49 (s, 1H), 8.43 (s, 1H), 8.00
(s, 1H), 7.79 (d, J = 8.1, 1H), 7.42 = 7.21 (m, 6H), 7.09 (d, J = 7.7, 1H), 5.37 (s, 2H). *C NMR (126 MHz,
DMSO-dg) 6 (ppm): 154.92, 154.57, 153.24, 144.13, 140.79, 137.47, 134.43, 130.17, 128.68, 128.48,
127.74, 122.58, 122.54, 120.89, 120.18, 48.86. HPLC-MS (ESI+): 370.76 (96.26 %). Elemental analysis
Calcd. for Cy5H13CIoN5(370.24): C, 58.39; H, 3.54; N, 18.92. Found: C, 58.23, H, 3.59, N, 18.73.

4.3.5. (E)-2-chloro-N-(3-chlorophenyl)-9-(3,7-dimethylocta-2,6-dien-1-yl)-9H-purin-6-amine (3e)
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Yield: 73 %; *H NMR (500 MHz, DMSO-ds) & (ppm): 10.44 (s, 1H), 8.26 (s, 1H), 8.02 (t, J = 1.5, 1H), 7.80
(d, J = 8.0, 1H), 7.34 (t, J = 8.5, 1H), 7.09 (d, J = 7.5, 1H), 5.37 (t, J = 6.0, 1H), 4.97 (t, J = 6.0, 1H), 4.73
(d, J=7.0, 2H), 2.07 — 1.97 (m, 4H), 1.76 (s, 3H), 1.54 (s, 3H), 1.48 (s, 3H). >C NMR (126 MHz, DMSO-
ds) 6 (ppm): 152.54, 151.30, 142.80, 141.53, 141.04, 133.37, 131.59, 130.72, 124.23, 123.39, 120.77,
119.77, 119.48, 118.95, 41.56, 39.31, 26.16, 25.94, 18.05, 16.68. HPLC-MS (ESI+): 416.14 (93.30 %).
Elemental analysis Calcd. for C,;H,3ClhNs (416.35): C, 60.58; H, 5.57; N, 16.82. Found: C, 60.51; H,
5.63; N, 16.77.

4.3.6. 2-chloro-N-(2,4-dimethoxyphenyl)-9-isopentyl-9H-purin-6-amine (3f)

Yield: 71 %; M.p. = 144-145 °C. 'H NMR (500 MHz, DMSO-ds) & (ppm): 9.01 (s, 1H), 8.22 (s, 1H), 7.51
(d, J=7.1, 1H), 6.64 (d, J = 2.6, 1H), 6.53 (dd, J = 8.7, J'= 2.6, 1H), 4.11 (t, J = 7.4, 2H), 3.75 (d, J = 4.3,
6H), 1.66 (q, J = 7.0, 2H), 1.45 (n, J = 6.5, 1H), 0.88 (d, J = 6.6, 6H). *C NMR {126 MHz, DMSO -ds) &
(ppm): 158.53, 153.14, 153.08, 142.55, 129.29, 120.23, 118.95, 104.94, 99.70, 56.31, 55.89, 42.11,
38.60, 25.62, 22.66. HPLC-MS (ESI+): 376.43 (99.98 %). Elemental analysis Calcd. for CisH,,CINsO,
(375.15): C, 57.52; H, 5.90; N, 18.63. Found: C, 57.38; H, 5.72; N, 18.58.

4.3.7. 9-butyl-2-chloro-N-(3,5-dimethoxyphenyl)-9H-purin-6-amine (3g)

Yield: 80 %; M.p. = 100-102 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 10.18 (s, 1H), 8.32 (s, 1H), 7.20
(d,J=2.1,2H), 6.22 (t, J = 2.2, 1H), 4.12 (qui, J=6.5, 2H), 3.70 (s, 6H), 1.75 (qui, J = 7.0, 2H), 1.22 (sex,
J =7.0, 2H), 0.87 (t, J = 7.4, 3H). 3C NMR (126 MHz, DMSO-ds) & (ppm): 160.84, 155.29, 153.57,
152.71, 143.05, 141.09, 119.42, 99.82, 95.53, 55.57, 43.52, 31.77, 19.75, 13.90. HPLC-MS (ESI+):
362.32 (96.69 %). Elemental analysis Calcd. for C;;H,0CINsO, (361.83): C, 56.43; H, 5.57; N, 19.36.
Found: C: 56.36; H: 5.59; N: 19.17.

4.3.8. 2-chloro-N-(3,5-dimethoxyphenyl)-9-hexyl-9H-purin-6-amine (3h)

Yield: 54 %; M.p. =90-101 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 10.16 (s, 1H), 8.30 (s, 1H), 7.20
(d, J=2.2, 2H),6.22 (t,J = 2.2, 1H), 4.10 (t, J = 7.1, 2H), 3.70 (s, 6H), 1.76 (qui, J = 6.5, 2H), 1.29 — 1.14
(m, 6H), 0.84 = 0.74 (t, J = 7.0, 3H). **C NMR (126 MHz, DMSO-d) & (ppm): 160.81, 152.69, 152.52,
151.32, 143.00, 141.11, 119.41, 99.79, 95.53, 55.56, 43.77, 31.11, 29.67, 26.10, 22.46, 14.35. HPLC-
MS (ESI+): 390.79 (98.27 %). Elemental analysis Calcd. for C15H»4CINsO; (389.88): C, 58.53; H, 6.20; N,
17.96. Found: C, 56.77; H, 6.18; N, 16.79.

4.3.9. 4-((2-chloro-9-cyclohexyl-9H-purin-6-yl)amino)phenol (3i)

Yield: 58 %; M.p. = 156-157 °C. "H NMR (500 MHz, DMSO-ds) & (ppm): 9.97 (s, 1H), 9.27 (s, 1H), 8.33
(s, 1H), 7.47 (d, J = 8.5, 2H), 6.71 (d, J = 8.5, 2H), 4.28 (qui, J = 6.6, 1H), 1.99-1.95 (m, 2H), 1.86-1.79
(m, 4H), 1.67-1.65 (m, 1H), 1.48 — 1.32 (m, 2H), 1.26 — 1.15 (m, 1H). *C NMR (126 MHz, DMSO-d;) &
(ppm): 154.45, 153.23, 152.78, 150.47, 140.53, 130.59, 124.10, 119.09, 115.47, 54.25, 32.84, 25.55,
25.27. HPLC-MS (ESI+): 344.59 (95.16 %). Elemental analysis Calcd. for C17H1sCINsO (343.82): C, 59.39;
H, 5.28; N, 20.37. Found: C, 59.76; H, 5.42; N, 20.16.
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4.3.10. 2-chloro-N-(4-chlorophenyl)-9-cyclohexyl-9H-purin-6-amine (3j)

Yield: 59 %. M.p. = 134-136 °C. "H NMR (500 MHz, DMSO-ds) & (ppm): 6 10.39 (s, 1H), 8.43 (s, 1H),
7.85 (d, J=7.0, 2H), 7.38 (d, J= 7.0, 2H), 4.38 — 4.27 (m, 1H), 1.98 (d, J = 8.3, 2H), 1.91 - 1.77 (m, 4H),
1.67 (d, J = 8.3, 1H), 1.50 — 1.36 (m, 2H), 1.30 — 1.16 (m, 2H)."*C NMR (126 MHz, DMSO-ds) & (ppm):
152.67, 152.39, 150.88, 141.31, 138.42, 128.95, 127.56, 123.10, 119.53, 54.39, 32.81, 25.54, 25.27.
HPLC-MS (ESI+): 362.38 (95.45 %). Elemental analysis Calcd. for C;7H:7,Cl,Ns (362.26): C, 56.37; H,
4.73; N, 19.33. Found: C, 56. 20; H, 4.79; N, 19.28.

4.3.11. 4-((2-chloro-9-hexyl-9H-purin-6-yl)Jamino)phenol (3k)

Yield: 63 %; M.p. = 195-196 °C. 'H NMR (500 MHz, DMSO-ds) & (ppm): 9.96 (s, 1H), 9.25 (s, 1H), 8.23
(s, 1H), 7.47 (d, J = 8.0 Hz, 2H), 6.70 (d, J = 8.0, 2H), 4.08 (t, J = 7.5, 2H), 1.76 (qui, J = 6.5, 2H), 1.15-
1.30 (m, 6H), 0.79 (t, J = 6.9, 3H). ®*C NMR (126 MHz, DMSO-ds) & (ppm): 154.43, 153.16, 152.98,
150.98, 142.43, 130.56, 124.04, 118.93, 115.47, 43.68, 31.12, 29.71, 26.10, 22.47, 14.37. HPLC-MS
(ESI+): 346.42 (95.72 %). Elemental analysis Calcd. for Ci;H,,CINsO (345.83): C, 59.04; H, 5.83; N,
20.25. Found: C, 58.78; H, 5.79; N, 20.03.

4.3.12. 2-chloro-N-(3,5-dimethoxyphenyl)-9-isopentyl-9H-purin-6-amine (3I)

Yield: 68 %; M.p. = 103-104 °C. *H NMR (500 MHz, DMSO-d;) & (ppm): 10.18 (s, 1H), 8.35 (s, 1H), 7.20
(d, J=2.2, 2H), 6.22 (t, J = 2.2, 1H), 4.13 (t, J =7.0, 2H), 3.70 (s, 6H), 1.69 (q, J = 7.0, 2H), 1.46 (n, J =
6.6, 1H), 0.89 (d, J = 6.6, 6H). *C NMR (126 MHz, DMSO-d;) & (ppm): 160.82, 152.70, 152.52, 151.31,
142.98, 141.10, 119.41, 99.72, 95.50, 55.56, 42.19, 38.56, 25.62, 22.65. HPLC-MS (ESI+): 376.32
(97.14 %). Elemental analysis Calcd. for C;gH,,CIN5sO, (375.86): C, 57.52; H, 5.90; N, 18.63. Found: C,
57.21; H, 5.98; N, 18.50.

4.3.13. 2-chloro-N-(3-chlorophenyl)-9-hexyl-9H-purin-6-amine (3m)

Yield: 78 %; M.p. =108-110 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 10.48 (s, 1H), 8.39 (s, 1H), 8.02
(t,J=2.5,1H),7.80 (d,J =8.5, 1H), 7.35 (t, / = 8.0, 1H), 7.08 (d, J = 8.0, 1H), 4.12 (t,J=7.0, 2H), 1.78
(qui, J = 6.5 2H), 1.25-1.18 (m, 6H), 0.80 (t, J = 6.9, 3H). *C NMR (126 MHz, DMSO-ds) & (ppm):
152.78, 152.25, 151.33, 143.12, 140.90, 133.40, 130.75, 123.49, 120.71, 119.71, 118.59, 44.01, 31.11,
29.58, 26.06, 22.46, 14.36. HPLC-MS (ESI+): 364.48 (96.99 %). Elemental analysis Calcd. for
Ci17H19CloN5 (364.27): C, 56.05; H, 5.26; N, 19.23. Found: C, 55.88; H, 5.14; N, 18.97.

4.3.14. 2-chloro-N-(3-chlorophenyl)-9-(3-methylbut-2-en-1-yl)-9H-purin-6-amine (3n)

Yield: 72 %; M.p. = 115-116 °C. "H NMR (500 MHz, DMSO-ds) & (ppm): 10.43 (s, J = 6.2, 1H), 8.27 (s,
1H), 8.01 (t,J = 2.1, 1H), 7.79 (dd, J = 8.5, )’= 2.1, 1H), 7.33 (t, J = 8.5, 1H), 7.08 (dd, J = 8.5, J'= 2.1,
1H), 5.38-5.34 (m, 1H), 4.71 (d, J = 7.2, 2H), 1.76 (s, 3H), 1.68 (s, 3H). *C NMR (126 MHz, DMSO-ds) &
(ppm): 152.53, 151.23, 142.83, 140.98, 138.22, 133.35, 130.68, 123.36, 120.74, 119.74, 119.43,
119.05, 41.60, 25.81, 18.44. HPLC-MS (ESI+): 348.30 (97.37 %). Elemental analysis Calcd. for
Ci16H15CloNs (348.22): C, 55.19; H, 4.34; N, 20.11. Found: C, 55.02; H, 4.38; N, 19.98.
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4.3.15. 9-butyl-2-chloro-N-phenyl-9H-purin-6-amine (30)

Yield: 83 %; M.p. = 133-134 °C. "H NMR (500 MHz, DMSO-ds) & (ppm): 10.25 (s, 1H), 8.31 (s, 1H), 7.80
(d, J=8.5, 2H), 7.32 (t, J = 7.0, 2H), 7.06 (t,J = 7.5, 1H), 4.13 (t, J = 7.0, 2H), 1.76 (qui, J = 7.0, 2H), 1.24
(sep, J = 7.0, 2H), 0.87 (t, J = 7.4, 3H). *C NMR (126 MHz, DMSO-ds) & (ppm): 152.89, 152.74, 151.34,
142.92, 139.36, 129.05, 123.95, 121.74, 119.31, 43.51, 31.79, 19.76, 13.91. HPLC-MS(ESI+): 302.31
(98.58 %). Elemental analysis Calcd. for Ci5H16CINs (301.78): C, 59.70; H, 5.34; N, 23.21. Found: C,
59.51; H, 5.12; N, 23.14.

4.3.16. 2-chloro-N-(4-chlorophenyl)-9-hexyl-9H-purin-6-amine (3p)

Yield: 84 %; M.p. = 149-151 °C. "H NMR (500 MHz, DMSO-dg) & (ppm): 10.38 (s, 1H), 8.33 (s, 1H), 7.85
(d,/=9.0, 2H), 7.37 (d, J =9.0, 2H), 4.12 (t, / = 7.0, 2H), 1.82 = 1.72 (m, 2H), 1.29 — 1.17 (m, 6H), 0.80
(t, J = 6.4, 3H). C NMR (126 MHz, DMSO-ds) & (ppm): 156.55, 152.62, 151.45, 143.18, 138.44,
128.95, 127.56, 123.08, 119.38, 43.79, 31.11, 29.67, 26.09, 22.46,14.36. HPLC-MS (ESI+): 364.61
(99.49 %). Elemental analysis Calcd. for Cy;H19Cl,Ns (364.27): C, 56.05; H, 5.26; N, 19.23. Found: C,
55.85; H, 5.41; N, 19.49.

4.3.17. 9-butyl-2-chloro-N-(3-chlorophenyl)-9H-purin-6-amine (3q)

Yield: 84 %; M.p. = 106-107 °C. *H NMR (500 MHz, DMSO-d) & (ppm): 10.44 (s, 1H), 8.34 (s, 1H), 8.02
(d,/=1.7, 1H), 7.81 (d, J = 8.5, 1H), 7.35 (t, J = 8.0, 1H), 7.09 (t, = 8.0, 1H), 4.13 (t, /= 7.1, 2H), 1.81 —
1.72 (m, 2H), 1.29 — 1.18 (m, 2H), 0.86 (t, J = 7.4, 3H). *C NMR (126 MHz, DMSO-ds) & (ppm): 152.56,
152.50, 151.55, 143.31, 141.03, 133.36, 130.65, 123.37, 120.79, 119.79, 119.48, 43.57, 31.77, 19.76,
13.90. HPLC-MS (ESI+): 336.20 (98.57 %). Elemental analysis Calcd. for C;sH15Cl;Ns (336.22): C, 53.59;
H, 4.50; N, 20.83. Found: C, 53.84; H, 4.75; N, 21.09.

4.3.18. 4-((2-chloro-9-isopentyl-9H-purin-6-yl)Jamino)phenol (3r)

Yield: 61 %; M.p. =234-235 °C. "H NMR (500 MHz, DMSO-ds) & (ppm): 9.97 (s, 1H), 9.26 (s, 1H), 8.26
(s, 1H), 7.48 (d;J=8.5, 2H), 6.71 (d, J = 8.5 Hz, 2H), 4.11 (t, J = 7.3, 2H), 1.68 (q, / = 7.0, 2H), 1.44 (non,
J =6.6, 1H), 0.88 (d, J = 6.6 Hz, 6H). >C NMR (126 MHz, DMSO-d) & (ppm): 154.43, 153.16, 152.98,
142.34,130.61, 124.07, 118.96, 115.48, 42.10, 38.61, 25.62, 22.66. HPLC-MS (ESI+): 332.59 (95.45 %).
Elemental analysis Calcd. for Ci¢H1sCINsO (331.80): C, 57.92; H, 5.47; N, 21.11. Found: C, 57.70; H,
5.48; N, 20.80.

4.3.19. 2-chloro-9-isopentyl-N-phenyl-9H-purin-6-amine (3s)

Yield: 60 %; M.p. = 124-126 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 10.26 (s, 1H), 8.33 (s, 1H), 7.80
(d, J=7.7,2H), 7.32 (t, J = 7.5, 2H), 7.06 (t, J = 7.5, 1H), 4.14 (t, J = 7.4, 2H), 1.68 (q, J = 7.0, 2H), 1.47
(n, J = 6.5, 1H), 0.89 (d, J = 6.5, 6H). *C NMR (126 MHz, DMSO-ds) & (ppm): 152.90, 152.73, 151.32,
142.88, 139.35, 129.06, 123.96, 121.75, 119.29, 42.18, 38.58, 25.63, 22.67. HPLC-MS (ESI+): 316.26
(98.37 %). Elemental analysis Calcd. for Ci;H1sCINs (315.80): C, 60.85; H, 5.75; N, 22.18. Found: C,
60.25; H, 5.79; N, 21.86.
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4.3.20. 3-((2-chloro-9-isopentyl-9H-purin-6-yl)Jamino)phenol (3t)

Yield: 84 %; M.p. = 156-157 °C. *H NMR (500 MHz, DMSO-d;) & (ppm): 10.11 (s, 1H), 8.34 (s, 1H), 7.30
(t,J=1.5,1H), 7.22 (d, J = 8.1, 1H), 7.07 (t, J = 8.1 Hz, 1H), 6.47 (dd, J = 8.1, )'=2.3, 1H), 4.13 (t, /= 7.0,
2H), 1.68 (q, J = 7.0, 2H), 1.47 (n, J = 6.0, 1H), 0.88 (d, J = 6.6, 6H). *C NMR (126 MHz, DMSO-d;) &
(ppm): 157.97, 152.80, 151.19, 142.74, 140.32, 129.64, 119.11, 113.70, 112.60, 111.18, 108.89,
42.22, 38.56, 25.63, 22.67. Elemental analysis Calcd. for C;sH1sCINsO (331.12): C, 57.92; H, 5.47; N,
21.11. Found: C, 57.87; H, 5.50; N, 21.09. HPLC-MS (ESI+): 332.30 (99.16 %).

4.3.21. 2-chloro-N-(3-chlorophenyl)-9-isopentyl-9H-purin-6-amine (3u)

Yield: 81 %; M.p. = 86-88 °C. "H NMR (500 MHz, DMSO-ds ) 6 (ppm): 10.43 (s, 1H), 8.36 (s, 1H), 8.01
(t,J =2.0, 1H), 7.79 (dd, J = 8.5, J'= 2.0, 1H), 7.34 (t, J = 8.1, 1H), 7.12 — 7.05 (m, 1H), 4.14 (t, J = 6.5,
2H), 1.68 (q, J = 6.5, 2H), 1.46 (n, J = 7.0, 1H), 0.88 (d, J = 6.6, 6H). >C NMR (126 MHz, DMSO-ds) &
(ppm): 152.55, 152.49, 151.52, 143.25, 141.02, 133.36, 130.68, 123.37, 120.79, 119.79, 119.46,
42.24, 38.55, 25.63, 22.66. HPLC-MS (ESI+): 350.39 (97.85 %). Elemental analysis Calcd. for
Ci16H17Cl5N5 (350.25): C, 54.87; H, 4.89; N, 20.00. Found: C, 54.94; H, 4.99; N, 20.13.

4.3.22. 9-butyl-2-chloro-N-(4-chlorophenyl)-9H-purin-6-amine (3v)

Yield: 94 %; M.p. = 156-157 °C. "H NMR (500 MHz, DMSO-d) & (ppm): 10.38 (s, 1H), 8.32 (s, 1H), 7.83
(d, J=8.5, 2H), 7.37 (d, J = 8.5, 2H), 4.12 (t, J = 7.1, 2H), 1.75 (qui, J = 7.0, 2H), 1.22 (sex, J = 7.0, 2H),
0.85 (t, J = 7.4, 3H). *C NMR (126 MHz, DMSO-d;) & (ppm): 152.63, 152.54, 151.43, 143.23, 138.40,
128.91, 127.55, 122.98, 119.36, 43.54, 31.58, 19.69, 13.96. HPLC-MS (ESI+): 336.50 (95.66 %).
Elemental analysis Calcd. for CysH,5ClNs (336.22): C, 53.59; H, 4.50; N, 20.83. Found: C, 53.45; H,
4.41; N, 20.78.

4.3.23. 2-chloro-N-(4-chlorophenyl)-9-isopentyl-9H-purin-6-amine (3w)

Yield: 81 %; M.p. =156-158 °C. "H NMR (500 MHz, DMSO-dg) & (ppm): 10.39 (s, 1H), 8.35 (s, 1H), 7.84
(d, J=8.5, 2H),7.36 (d, J =8.5, 2H), 4.15 (t, J = 7.25, 2H), 1.68 (q, / = 6.5, 2H), 1.46 (n, J = 6.6, 1H), 0.89
(d, J = 6.6, 6H). *C NMR (126 MHz, DMSO-ds) & (ppm): 152.62, 151.43, 143.10, 138.41, 128.94,
127.55, 123.07, 119.36, 42.20, 38.55, 25.61, 22.65. HPLC-MS (ESI+): 350.46 (95.99 %). Elemental
analysis Calcd. for Ci¢H17CloNs (350.25): C, 54.87; H, 4.89; N, 20.00. Found: C, 54.68; H, 4.74; N, 19.94.

4.4. Protocol for preparation of compounds 4a-4w

A 2-chloro-6,9-disubstituted-9H-purine (5.0 mmol) and trans-1,4-diaminocyclohexane (75.0 mmol)
were mixed in n-butanol. The reaction mixture was heated in a sealed vial with a Teflon septum using
a CEM Discover reactor at 140-170 °C for 0.5-1.5 h (controlled by TLC - chloroform: methanol, 9:1;
see Supplementary data) or in a sealed tube under an argon atmosphere at 160 °C for 4-10 h. After
cooling to room temperature, water (50 mL) was added to the reaction mixture and the resulting

suspension was extracted three times with ethyl acetate (3 x 50 mL). The combined organic phases
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were washed with water (50 mL) and brine (50 mL), dried over anhydrous Na,SO,4, and evaporated
under reduced pressure. The crude product was purified by column chromatography on silica

(chloroform: methanol, 19:1 > 4:1) to yield the final compound.

4.4.1. N*-(4-aminocyclohexyl)-9-butyl-N°-(3-chlorobenzyl)-9H-purine-2,6-diamine (4a)

Yield: 78 %; M.p. = 149-150 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 7.87 (s(br), 1H), 7.66 (s, 1H),
7.33 (s, 1H), 7.30 = 7.25 (m, 2H), 7.24 — 7.20 (m, 1H), 6.10 (s(br), 1H), 4.60 — 4.46 (m, 2H), 3.89 (t, J =
5.9, 2H), 3.57 — 3.46 (m, 1H), 2.63-2.60 (m, 1H), 1.88 — 1.61 (m, 4H), 1.60-1.57 (m, 2H), 1.45 — 1.40
(m, 1H), 1.20 — 1.14 (m, 5H), 0.89 — 0.80 (m, 6H). *C NMR (126 MHz, DMSO-ds) & (ppm): 159.10,
154.78, 144.09, 137.88, 133.29, 130.49, 127.50, 126.91, 126.49, 50.07, 49.87, 33.58, 31.82, 31.43,
29.55, 25.52, 22.73. HPLC-MS (ESI+): 428.23 (99.45 %). Elemental analysis Calcd. for C,,H3oCIN,
(427.98): C, 61.74; H, 7.07; N, 22.91. Found: C, 61.55; H, 7.31; N, 22.73.

4.4.2. N*-(4-aminocyclohexyl)-N°-(3-chlorobenzyl)-9-isopentyl-9H-purine-2,6-diamine (4b)

Yield: 67 %; M.p. = 94-96 °C. "H NMR (500 MHz, DMSO-dg) & (ppm): 7.68 (s, 1H), 7.33 (s, 1H), 7.31-
7.18 (m, 3H), 6.10 (s(br), 1H), 4.54 (s(br), 2H), 3.99-3.87(m, 2H), 1.90-1.69 (m, 3H), 1.67-1.55 (m, 2H),
1.43 (non, J = 6.5, 1H), 1.28-1.07 (m, 6H), 0.85 (d, J-= 6.5, 6H). *C NMR (126 MHz, DMSO-ds) & (ppm):
159.04, 154.76, 144.07, 138.02, 137.82, 133.30, 130.49, 127.50, 126.90, 126.48, 50.06, 49.86, 41.13,
38.85, 33.57, 31.82, 31.42, 29.54, 25.51, 22.72. HPLC-MS (ESI+): 442.17 (97.30 %). Elemental analysis
Calcd. for C,3H3,CIN; (442.01): C, 62.50; H, 7.30; N, 22.18. Found: C, 62.35; H, 7.41; N, 22.11.

4.4.3. N’-(4-aminocyclohexyl)-N°(3-chlorophenyl)-9-(4-methoxybenzyl)-9H-purine-2,6-diamine (4c)

Yield: 71 %; M.p. = 125-126 °C. *H NMR (500 MHz, DMSO-d;) & (ppm): 7.88 (s(br), 1H), 7.65 (s, 1H),
7.38-7.32 (m, 2H), 7.28-7.24 (m, 4H), 7.22-7.19 (m, 2H), 6.08 (s, 1H), 4.53 (s, 2H), 3.89 (s, 3H), 3.58-
3.48 (m, 1H), 1.82-1.74 (m, 1H), 1.72-1.62 (m, 4H), 1.16-1.00 (m, 4H). **C NMR (126 MHz, DMSO-d) &
(ppm): 159.27, 158.92, 152.27, 142.51, 133.30, 130.34, 129.79, 121.68, 119.60, 118.70, 114.47,
114.13, 65.50, 56.60, 55.63, 50.07, 33.59, 31.47, 24.08, 19.10, 15.63. HPLC-MS (ESI+): 478.54 (99.99
%). Elemental analysis Calcd. for C,sH,5CIN;O (478.00): C, 62.82; H, 5.90; N, 20.51. Found: C, 62.66; H,
6:01; N, 20.64.

4.4.4. N’-(4-aminocyclohexyl)-9-benzyl-N°-(3-chlorophenyl)-9H-purine-2,6-diamine (4d)

Yield: 65 %; M.p. = 110-111 °C. *H NMR (500 MHz, DMSO-ds) 6 (ppm): 9.67 (s(br), 1H), 8.30 (s, 1H),
7.93 (s, 1H), 7.84 (s, 1H), 7.42 — 7.17 (m, 6H), 6.97 (d, J = 7.5, 1H), 6.56 (t, J = 6.75, 1H), 5.19 (s, 2H),
3.70 —=3.57 (m, 1H), 1.93 — 1.86 (m, 2H), 1.80-1.71 (m, 2H), 1.26 — 1.13 (m, 5H). **C NMR (126 MHz,
DMSO-dg) 6 (ppm): 159.02, 152.28, 142.49, 138.95, 137.85, 133.27, 130.35, 129.12, 128.13, 127.61,
121.71, 119.59, 118.69, 114.01, 50.52, 35.69, 32.36, 31.83. HPLC-MS (ESI+): 448.68 (99.99 %).
Elemental analysis Calcd. for Cy4H,6CIN; (447.97): C, 64.35; H, 5.85; N, 21.89. Found: C, 64.15; H, 5.99;
N, 21.81.
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4.4.5. (E)-N*-(4-aminocyclohexyl)-N°-(3-chlorophenyl)-9-(3,7-dimethylocta-2,6-dien-1-yl)-9H-purine-
2,6-diamine (4e)

Yield: 49 %; M.p. = 142-144 °C. 'H NMR (500 MHz, DMSO-ds) & (ppm): 9.61 (s(br), 1H), 8.29 (s(br),
1H), 7.77 (s, 1H), 7.24 (t, J = 8.0, 1H), 6.96 (d, J = 7.6, 1H), 6.61 — 6.48 (m, 1H), 5.33 (t, J = 6.6, 1H),
4.99 (t, J=6.2, 1H), 4.57 (s, 2H), 3.71-3.60 (m, 1H), 2.68-2.56 (m, 1H), 2.06 — 1.90 (m, 6H), 1.86 — 1.71
(m, 5H), 1.55 (s, 3H), 1.48 (s, 3H), 1.35 — 1.16 (m, 4H). *C NMR (126 MHz, DMSO-ds) & (ppm): 158.82,
152.22, 142.57, 140.34, 138.43, 133.28, 131.56, 130.34, 124.26, 121.62, 119.79, 119.53, 118.65,
114.14, 50.26, 34.41, 31.62, 26.25, 25.98, 18.06, 16.63. HPLC-MS (ESI+): 493.89 (98.60 %). Elemental
analysis Calcd. for Cy;H36CIN; (494.08): C, 65.64; H, 7.34; N, 19.84. Found: C, 65.60; H, 7.36; N, 19.79.
4.4.6. N*-(4-aminocyclohexyl)-N°-(2,4-dimethoxyphenyl)-9-isopentyl-9H-purine-2,6-diamine (4f)
Yield: 52 %; M.p. = 108-109 °C. 'H NMR (500 MHz, DMSO-d;) & (ppm): 8.40(d, J = 8.8, 1H), 7.77 (s,
1H), 7.74 (s, 1H), 6.63 (d, J = 2.3, 1H), 6.45 (d, J = 8.8, 2H), 3.97 (t, / = 6.5, 2H), 3.89-3.82 (m, 3H), 3.75-
3.70 (m, 3H), 3.57 (d, J = 8.3, 1H), 1.94-1.90 (m, 2H), 1.79-1.75 (m, 2H), 1.63 (d, J = 6.7, 2H), 1.44 (t, ) =
6.6, 1H), 1.32 — 1.04 (m, 4H), 0.87 (d, J = 6.6, 6H). *C NMR (126 MHz, DMSO-ds) & (ppm): 158.99,
158.21, 155.75, 152.19, 150.22, 138.71, 122.44, 113.87,.112.79, 104.62, 99.07, 56.48, 55.86, 50.36,
41.31, 38.80, 35.00, 31.58, 25.50, 22.70. HPLC-MS (ESI+): 454.00 (98.30 %). Elemental analysis Calcd.
for C,4H3sN;0, (453.59): C, 63.55; H, 7.78; N, 21.62. Found: C, 63.45; H, 7.85; N, 21.56.

4.4.7. N’-(4-aminocyclohexyl)-9-butyl-N°-(3, 5-dimethoxyphenyl)-9H-purine-2, 6-diamine(4g)

Yield: 72 %; M.p. = 87-88 °C. "H NMR (500 MHz, DMSO-ds) & (ppm): 9.20 (s (br), 1H), 7.79 (s, 1H), 7.26
(d, J=2.0, 2H), 6.39 (s, 1H), 6.10(s, 1H), 3.95 (t, J = 6.6, 2H), 3.69 (s, 6H), 2.55 — 2.47 (m, 1H), 1.89 (d,
J=10.9, 2H), 1.77-1.68 (m, 4H), 1.30 — 1.16 (m,4H), 1.14-1.07 (m, 2H), 0.85 (t, J = 7.4, 3H). *C NMR
(126 MHz, DMSO-dg) & (ppm): 160.81, 158.92, 152.51, 142.44, 138.74, 116.85, 114.17, 99.05, 94.11,
55.58, 50.41, 50.28, 42.56, 35.44, 31.82, 19.77, 13.93. HPLC-MS (ESI+): 440.00 (99.37 %). Elemental
analysis Calcd. for Cy3sHasN;0, (439.56): C, 62.85; H, 7.57; N, 22.31. Found: C, 62.59; H, 7.69; N, 22.26.
4.4.8. N°-(4-aminocyclohexyl)-N°-(3,5-dimethoxyphenyl)-9-hexyl-9H-purine-2, 6-diamine (4h)

Yield: 69 %; M.p. = 108-110 °C. *H NMR (500 MHz, DMSO-d;) 6 (ppm): 9.19 (s(br), 1H), 7.78 (s, 1H),
7:25 (d,J = 1.8, 2H), 6.38 (s, 1H), 6.12-6.09 (m, 1H), 3.95 (t, J = 7.0, 2H), 3.68 (s, 6H), , 1.90-1.88 (m,
2H),1.71-1.68 (m, 4H), 1.32 = 1.17 (m, 9H), 1.15-1.04 (m, 1H), 0.79 (t, J = 6.7, 3H). >C NMR (126 MHz,
DMSO-d¢) & (ppm): 160.81, 158.96, 152.50, 142.45, 138.75, 114.20, 99.06, 94.08, 55.59, 50.46, 50.29,
42.91, 35.58, 31.86, 31.18, 29.67, 26.19, 22.47, 14.40. HPLC-MS (ESI+): 468.10 (97.78 %). Elemental
analysis Calcd. for CsH3;N70; (467.62): C, 64.21; H, 7.98; N, 20.97. Found: C, 64.19; H, 8.05; N, 20.83.
4.4.9. 4-((2-((4-aminocyclohexyl)amino)-9-cyclohexyl-9H-purin-6-ylJamino)phenol (4i)

Yield: 57 %; M.p. = 137-138 °C. 'H NMR (500 MHz, DMSO-ds) & (ppm): 9.06 (s, 1H), 7.81 (s, 1H), 7.69
(d, J = 8.8, 2H), 6.63 (dd, J = 8.8, J'= 3.5, 2H), 6.31 (s, 1H), 4.15 — 4.03 (m, 1H), 3.58 — 3.50 (m, 1H),
2.53 (t,J =6.5, 1H), 1.98 — 1.87 (m, 4H), 1.82 — 1.75 (m, 4H), 1.64 (d, J = 12.4, 1H), 1.55 (d, J = 10.3,
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1H), 1.40 — 1.27 (m, 3H), 1.26 — 1.05 (m, 5H). *C NMR (126 MHz, DMSO-ds) & (ppm): 164.00, 158.72,
152.88, 152.52, 151.72, 136.13, 132.57, 122.22, 115.15, 58.85, 50.46, 35.31, 33.07, 32.77, 31.75,
25.80, 25.41, 18.16. HPLC-MS (ESI+): 422.82 (99.40 %). Elemental analysis Calcd. for Cy3Hs;iN;O
(421.55): C, 65.53; H, 7.41; N, 23.26. Found: C, 65.49; H, 7.45; N, 23.25.

4.4.10. N’-(4-aminocyclohexyl)-N°-(4-chlorophenyl)-9-cyclohexyl-9H-purine-2,6-diamine (4j)

Yield: 73 %; M.p. = 118-120 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 9.57 (s(br), 1H), 8.05 (d, /= 8.6,
2H), 7.90 (s, 1H), 7.26 (d, J = 8.3, 2H), 6.52 (s, 1H), 4.13 (t, J = 6.5, 1H), 3.62 —3.51 (m, 1H), 1.98 - 1.88
(m, 4H), 1.86 - 1.75 (m, 4H), 1.69 - 1.62 (m, 1H)1.60 - 1.58 (m, 3H), 1.41 — 1.06 (m, 6H)."*C NMR (126
MHz, DMSO-dg) 6 (ppm): 158.62, 152.24, 140.13, 136.89, 128.51, 125.57, 121.89, 121.78, 58.87,
50.48, 35.35, 32.71, 31.73, 31.23, 25.80, 25.42. HPLC-MS (ESI+): 439.90 (99.05 %). Elemental analysis
Calcd. for Cy3H30CIN; (439.99): C, 62.79; H, 6.87; N, 22.28. Found: C, 62.64; H, 7.01; N, 22.23.

4.4.11. 4-((2-((4-aminocyclohexyl)amino)-9-hexyl-9H-purin-6-yl)amino)phenol (4k)

Yield: 40 %; M.p. = 151-153 °C. "H NMR (500 MHz, DMSO-ds) & (ppm): 9.54 (s(br), 1H), 8.05 (d, J = 8.9,
2H), 7.82 (s, 1H), 7.26 (d, J = 8.9, 2H), 6.51 (s(br), 1H), 3.95 (t,4 = 6.1, 1H), 3.64 —3.52 (m, 2H), 2.54 —
2.48 (m, 1H), 1.92 (d, J = 10.5, 2H), 1.80 — 1.68 (m, 4H),-1.29 —1.12 (m, 10H), 0.80 (t, J = 6.8, 3H). *C
NMR (126 MHz, DMSO-dg) 6 (ppm): 158.82, 152.21, 140.13, 128.92, 128.67, 128.37, 128.10, 125.55,
121.79, 114.06, 50.61, 42.93, 35.81, 31.84, 31.17, 29.66, 26.18, 22.47, 14.41. HPLC-MS (ESI+): 424.87
(98.95 %). Elemental analysis Calcd. for Cy3HssN;O (423.57): C, 65.22; H, 7.85; N, 23.15. Found: C,
64.98; H, 7.95; N, 22.89.

4.4.12. N°-(4-aminocyclohexyl)-N°-(3,5-dimethoxyphenyl)-9-isopentyl-9H-purine-2,6-diamine (4l)
Yield: 81 %; M.p. = 118-121-°C. *H NMR (500 MHz, DMSO-d;) 6 (ppm): 9.19 (s(br), 1H), 7.81 (s, 1H),
7.26 (s, 2H), 6.38 (s, 1H), 6.11-6.09 (m, 1H), 3.98 (t, J = 4.6, 2H), 3.79 — 3.60 (m, 6H), 1.91 — 1.88 (m,
2H), 1.74-1.72 (m, 2H), 1.63 (q, J = 6.6 Hz, 2H), 1.45 (n, J = 8.0, 1H), 1.33 — 1.04 (m, 4H), 0.87 (d, J =
6.6, 6H). *C NMR (126 MHz, DMSO-ds) & (ppm): 160.80, 158.90, 152.50, 142.44, 138.62, 114.94,
99.06, 94.09, 55.58, 50.47, 50.32, 41.24, 38.78, 35.59, 31.79, 25.57, 22.73. HPLC-MS (ESI+): 453.90
(98.73 %). Elemental analysis Calcd. for Cy4H3sN,O, (453.59): C, 63.28; H, 7.96; N, 19.24. Found: C,
63.45; H, 7.78; N, 19.31.

4.4.13. N’-(4-aminocyclohexyl)-N°-(3-chlorophenyl)-9-hexyl-9H-purine-2,6-diamine (4m)

Yield: 59 %; M.p. = 99-102 °C. ‘*H NMR (500 MHz, DMSO-ds) & (ppm): 9.61 (s(br), 1H), 8.28 (s(br), 1H),
7.84 (s, 1H), 7.24 (t, J = 8.1, 1H), 6.96 (d, J = 8.1, 1H), 6.55 (d, J = 5.6, 1H), 3.95 (t, J = 6.4, 2H), 3.67-
3.60 (m, 1H), 2.59 — 2.50 (m, 1H), 1.94-1.88 (m, 2H), 1.82 — 1.69 (m, 5H), 1.29 — 1.10 (m, 12H), 0.80 (t,
J=6.8, 3H). *C NMR (126 MHz, DMSO-ds) & (ppm): 153.59, 142.57, 139.56, 139.12, 133.29, 131.87,
130.34, 121.62, 119.55, 118.65, 114.12, 50.39, 42.95, 35.18, 31.78, 31.20, 29.67, 26.20, 22.48, 14.40.
HPLC-MS (ESI+): 442.16 (99.99 %). Elemental analysis Calcd. for C,3H3,CIN; (442.01): C, 62.50; H, 7.30;
N, 22.18. Found: C, 62.42; H, 7.33; N, 22.12.
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4.4.14. N°-(4-aminocyclohexyl)-N°-(3-chlorophenyl)-9-(3-methylbut-2-en-1-yl)-9H-purine-2, 6-
diamine (4n)

Yield: 73 %; M.p. = 100-101 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 9.61 (s(br), 1H), 8.28 (s(br),
1H), 7.80 (s, 1H), 7.24 (t, J = 8.1, 1H), 6.96 (d, J = 7.9, 1H), 6.52 (d, J = 8.2 1H), 5.34 (t, / = 7.0, 1H), 4.56
(d, J = 6.5, 2H), 3.69 — 3.59 (m, 1H), 1.94-1.90 (m, 2H), 1.82 — 1.72 (m, 5H), 1.68 (s, 3H), 1.32 - 1.10
(m, 4H). C NMR (126 MHz, DMSO-ds) & (ppm): 158.81, 152.11, 142.48, 138.71, 137.07, 133.37,
130.47, 121.73, 119.98, 119.48, 118.59, 114.03, 50.24, 49.11, 40.73, 34.44, 31.61, 25.85, 18.34.
HPLC-MS (ESI+): 426.81 (95.58 %). Elemental analysis Calcd. for C,,H,5CIN; (425.96): C, 62.03; H, 6.63;
N, 23.02. Found: C, 61.90; H, 6.85; N, 22.83.

4.4.15. N’-(4-aminocyclohexyl)-9-butyl-N°-phenyl-9H-purine-2,6-diamine (40)

Yield: 68 %; M.p. = 183-184 °C. ‘"H NMR (500 MHz, DMSO-d;) & (ppm): 9.34 (s(br), 1H), 7.98 (d, J = 8.5,
2H), 7.79 (s, 1H), 7.22 (t, J = 8.5, 2H), 6.92 (t, / = 7.5, 1H), 6.44 (s(br),"1H), 3:96 (t, / = 5.5, 2H), 3.66 —
3.55 (m, 1H), 3.38 —3.30 (m, 1H), 1.92 (d, J = 10.4, 2H), 1.80 — 1.64 (m, 4H), 1.29 — 1.00 (m, 6H), 0.86
(t, J = 7.4, 3H). ®°C NMR (126 MHz, DMSO-ds) & (ppm): 221.80, 158.94, 152.56, 141.06, 138.60,
128.74, 122.11, 120.41, 114.06, 65.46, 50.60, 42.59,-36.07, 31.85, 19.78, 15.70, 13.94. HPLC-MS
(ESI+): 380.10 (99.67 %). Elemental analysis Calcd..for C;1H,9N7 (379.51): C, 66.46; H, 7.70; N, 25.84.
Found: C, 66.26; H, 7.83; N, 25.69.

4.4.16. N’-(4-aminocyclohexyl)-N°-(4-chlorophenyl)-9-hexyl-9H-purine-2,6-diamine (4p)

Yield: 76 %; M.p. = 131-133 °C. "H NMR (500 MHz, DMSO-ds) & (ppm): 9.54 (s(br), 1H), 8.05 (d, J = 8.9,
2H), 7.82 (s, 1H), 7.26 (d, J = 8.9,2H), 6.51 (s(br), 1H), 3.95 (t, / = 6.1, 1H), 3.64 — 3.52 (m, 2H), 2.54 —
2.48 (m, 1H), 1.92 (d, J = 10.5, 2H), 1.80 — 1.68 (m, 4H), 1.29 — 1.12 (m, 10H), 0.80 (t, J = 6.8, 3H). °C
NMR (126 MHz, DMSO-d;) 6 (ppm): 158.82, 152.21, 140.13, 128.92, 128.67, 128.37, 128.10, 125.55,
121.79, 114.06, 50.61, 42.93, 35.81, 31.84, 31.17, 29.66, 26.18, 22.47, 14.40. HPLC-MS (ESI+): 442.85
(98.39 %). Elemental analysis Calcd. for Cy3Hs,CIN;, (442.01): C, 62.50; H, 7.30; N, 22.18. Found: C,
62.48; H, 7.33; N, 22.14.

4.4.17. N’-(4-aminocyclohexyl)-9-butyl-N°-(3-chlorophenyl)-9H-purine-2,6-diamine (4q)

Yield: 41 %; M.p. = 128-130 °C. 'H NMR (500 MHz, DMSO-ds) & (ppm): 9.61 (s(br), 1H), 8.29 (s(br),
1H) 7.83 (s, 1H), 7.25 (t, J = 8.5, 1H), 6.95 (d, J = 7.5, 1H), 6.54 (s, J = 7.0, 1H), 3.95 (t, J = 6.4, 2H), 3.67
—3.56 (m, 1H), 2.57 — 2.47 (m, 1H), 1.92-1.87 (m, 2H), 1.81 — 1.66 (m, 4H), 1.22 (m, 6H), 0.89 — 0.82
(m, 3H). ®C NMR (126 MHz, DMSO-ds) & (ppm): 158.82, 152.78, 152.23, 142.57, 139.13, 133.30,
130.34, 127.05, 121.63, 119.57, 118.66, 114.15, 50.31, 50.10, 42.66, 33.57, 31.82, 19.80, 13.95.
HPLC-MS (ESI+): 413.90 (96.68 %). Elemental analysis Calcd. for C,1H»sCIN; (413.95): C, 60.93; H, 6.82;
N, 23.69. Found: C, 60.85; H, 6.88; N, 23.57.

4.4.18. 4-((2-((4-aminocyclohexyl)amino)-9-isopentyl-9H-purin-6-yl)Jamino)phenol (4r)
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Yield: 81 %; M.p. = 123-125 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 9.05 (s(br), 1H), 7.76 (s, 1H),
7.70 (d, J = 8.8, 2H), 6.64 (d, J = 8.8, 2H), 6.28 (s, 1H), 3.97 (t, J = 6.5, 2H), 3.62 — 3.50 (m, 1H), 1.92-
1.88 (m, 2H), 1.78-1.73 (m, 2H), 1.67 — 1.59 (m, 2H), 1.45 (n, J = 6.5, 1H), 1.27 — 0.97 (m, 4H), 0.88 (d,
J=6.6, 6H). *C NMR (126 MHz, DMSO-ds) & (ppm): 158.95, 152.90, 150.97, 138.04, 132.56, 122.27,
115.18, 113.78, 50.55, 41.20, 38.83, 35.79, 31.83, 25.57, 22.75. HPLC-MS (ESI+): 410.00 (95.83 %).
Elemental analysis Calcd. for Cy;H31N0O (409.54): C, 64.52; H, 7.63; N, 23.94. Found: C, 64.33; H,7.75;
N, 23.86.

4.4.19. N’-(4-aminocyclohexyl)-9-isopentyl-N°-phenyl-9H-purine-2,6-diamine (4s)

Yield: 81 %; M.p. = 150-152 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 9.33 (s(br), 1H), 7.98 (d, J = 7.8,
2H), 7.81 (s, 1H), 7.22 (t, J = 7.8, 2H), 6.91 (t, J = 7.3, 1H), 6.44 (s, 1H), 4.01 —3.93 (m, 2H), 3.65 — 3.53
(m, 1H), 2.55-2.51 (m, 1H), 1.93 (d, J = 11.0, 2H), 1.77 (d, J = 11.7, 2H), 1.63(sex, J = 6.5, 2H), 1.44
(non, J = 6.5, 1H), 1.32 — 1.05 (m, 4H), 0.87 (d, J = 6.6, 6H).*C NMR (126 MHz, DMSO-ds) & (ppm):
158.86, 152.48, 141.01, 138.50, 128.74, 122.10, 120.40, 114.03, 50.45, 41.24, 38.79, 35.38, 32.54,
31.73, 25.54, 22.73. HPLC-MS (ESI+): 394.00 (98.82 %). Elemental analysis Calcd. for CyHs N,
(393.54): C, 67.15; H, 7.94; N, 24.91. Found: C, 66.98; H,8.01; N, 24.83.

4.4.20. 3-((2-((4-aminocyclohexyl)amino)-9-isopentyl-9H-purin-6-yl)Jamino)phenol (4t)

Yield: 86 %; M.p. = 144-145 °C. *H NMR (500.MHz, DMSO-ds) & (ppm): 9.17 (s(br), 1H), 7.81 (s, 1H),
7.40 (d, J = 7.8, 1H), 6.97 (t, J = 8.1, 1H), 6.34 (d, J = 7.8, 1H), 4.02 —3.91 (m, 2H), 3.65 — 3.55 (m, 2H),
2.59 (s, 1H), 1.94-1.90 (m, 2H), 1.76 (d, J = 9.5, 2H), 1.62 (d, J = 6.7, 2H), 1.44 (non, J = 6.6, 1H), 1.30 —
1.07 (m, 6H), 0.87 (d, J = 6.6, 6H). **C NMR (126 MHz, DMSO-ds) & (ppm): & 158.83, 157.88, 152.44,
152.44, 141.90, 138.50, 129.33, 114.01, 111.51, 109.52, 107.71, 57.12, 50.13, 33.65, 31.41, 29.53,
25.56, 22.73. HPLC-MS (ESI+): 410.00 (98.80 %). Elemental analysis Calcd. for C,;Hs:N;O (409.54): C,
64.52; H, 7.63; N, 23.94. Found: C, 64.47; H, 7.68; N, 23.92.

4.4.21. N’-(4-aminocyclohexyl)-N°-(3-chlorophenyl)-9-isopentyl-9H-purine-2,6-diamine (4u)

Yield: 79 %; M.p.= 115-117 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 9.59 (s(br), 1H), 8.27 (s(br),
1H), 7.84 (s, 2H), 7.23 (t, J = 8.1, 1H), 6.94 (d, J = 7.8, 1H), 6.52 (d, J = 7.4, 1H), 4.01 — 3.93 (m, 2H),
366 —3.57 (m, 1H), 2.54 (t, J = 10.0, 1H), 1.91 (d, J = 10.8, 2H), 1.76 (d, J = 10.3, 2H), 1.64-1.60 (m,
2H), 1.44 (non, J = 6.5, 1H), 1.31 — 1.13 (m, 4H), 0.86 (d, J = 6.6, 6H). *C NMR (126 MHz, DMSO-dj) &
(ppm): 158.80, 157.84, 152.68, 152.20, 142.55, 138.93, 133.26, 130.31, 121.60, 119.53, 118.64,
114.09, 50.37, 41.28, 38.73, 35.05, 31.72, 25.61, 22.72. HPLC-MS (ESI+): 428.00 (97.00 %). Elemental
analysis Calcd. for Cy,H30CIN; (427.98): C, 61.74; H, 7.07; N, 22.91. Found: C, 61.55; H, 7.12; N, 22.83.
4.4.22. N’-(4-aminocyclohexyl)-9-butyl-N°-(4-chlorophenyl)-9H-purine-2,6-diamine (4v)

Yield: 61 %; M.p. = 95-96 °C. *H NMR (500 MHz, DMSO-ds) & (ppm): 9.57 (s(br), 1H), 8.05 (d, J = 8.8,
2H), 7.82 (s, 1H), 7.27 (d, J = 7.4, 2H), 6.54 (s(br), 1H), 3.96 (t, J = 6.5, 2H), 3.58 (s(br), 2H), 2.58 — 2.53
(m, 1H), 1.94-1.92 (m, 2H), 1.85 — 1.64 (m, 4H), 1.30 — 1.10 (m, 6H), 0.86 (t, J = 7.2, 3H). *C NMR (126
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MHz, DMSO-ds) 6 (ppm): 158.81, 152.72, 152.22, 140.12, 138.92, 128.52, 125.58, 121.78, 114.05,
50.28, 42.60, 34.70, 31.82, 31.62, 19.78, 13.94. HPLC-MS (ESI+): 414.00 (98.17 %). Elemental analysis
Calcd. for Cy1Ha9N7 (413.95): C, 60.93; H, 6.82; N, 23.69. Found: C, 60.85; H, 7.01; N, 23.57.

4.4.23. N’-(4-aminocyclohexyl)-N°-(4-chlorophenyl)-9-isopentyl-9H-purine-2,6-diamine (4w)

Yield: 83 %; M.p. = 94-97 °C."H NMR (500 MHz, DMSO-d) & (ppm): 9.56 (s(br), 1H), 8.05 (d, J = 8.0,
2H), 7.82 (s, 1H), 7.25 (d, J = 8.0, 2H), 6.51 (s(br), 1H), 4.11 — 3.87 (m, 2H), 2.58-2.54 (m, 1H), 1.94 (m,
2H), 1.79 (m, 2H), 1.62 (m, 2H), 1.43 (n, J = 6.5, 1H), 1.31 —1.08 (m, 5H), 0.86 (d, J = 6.5, 6H). *C NMR
(126 MHz, DMSO-dg) 6 (ppm): 158.79, 152.60, 152.22, 140.12, 138.74, 128.52, 125.56, 121.79,
114.05, 50.47, 41.27, 38.79, 35.39, 31.73, 25.56, 22.73. HPLC-MS (ESI+): 427.90 (98.20 %). Elemental
analysis Calcd. for Cy,H30CIN; (427.23): C, 61.74; H, 7.07; N, 22.91. Found: C, 61.55; H, 7.19; N, 22.73.
4.5. Cancer cell lines and cytotoxicity assay

Human cancer cell lines were obtained from the American Type Culture Collection or the German
Collection of Microorganisms and Cell Cultures, and were cultivated according to the provider’s
instructions. Briefly, MCF-7, BT474 and K562 cell lines were maintained in DMEM medium
supplemented with 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 pg/ml).
HCC827 and EOL-1 cell lines were maintained in RPMI-1640 medium supplemented with 20% fetal
bovine serum, penicillin (100 U/ml), and streptomycin (100 pg/ml). All cell lines were cultivated at
37 °C in 5% CO,. The cell lines display various alterations in tyrosine kinase genes: HCC827 has an
acquired mutation in the EGFR tyrosine kinase domain (E746-A750 deletion), BT474 has an
amplification of EGFR, and EOL-1 and K562 express the fusion kinases FIP1L1-PDGFRo and BCR-ABL,
respectively. For the cytotoxicity assays, cells were treated in triplicate with six different doses of
each compound for 72°h. After treatment, Calcein AM solution was added for 1 hour, and the
fluorescence from live cells was measured at 485 nm/538 nm (excitation/emission) using a
Fluoroskan Ascent microplate reader (Labsystems). The Glso value, the drug concentration lethal to

50% of the cells, was calculated from the dose-response curves that resulted from the assays.

4.6. Protein kinase inhibition

CDK2/Cyclin E was produced in Sf9 insect cells via baculoviral infection and purified on a NiNTA
column (Qiagen). PDGFRa was purchased from ProQinase. The kinase reactions were assayed with
suitable substrates (1 mg/mL AGLT (poly(Ala,Glu,Lys,Tyr) 6:2:5:1 hydrobromide) for PDGFRa and 1
mg/mL histone H1 for CDK2) in the presence of 1 and 15 uM ATP for PDGFRa and CDK2, respectively,
0.05 pCi [y-*P]ATP, and the test compound in a final volume of 10 uL, all in a reaction buffer (60 mM
HEPES-NaOH, pH 7.5, 3 mM MgCl,, 3 mM MnCl,, 3 uM Na-orthovanadate, 1.2 mM DTT, 2.5 ug / 50 ul
PEGy0.000)- The reactions were stopped by adding 5 pL of 3% aq. H3PO,. Aliquots were spotted onto P-

81 phosphocellulose (Whatman), washed 3x with 0.5% aq. H3PO, and finally air-dried. Kinase
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inhibition was quantified using a FLA-7000 digital image analyzer. The concentration of the test
compounds required to reduce the kinase activity by 50 % was determined from dose-response
curves and recorded as their 1Csp. The protein kinase selectivity of compound 4e was preliminarily
evaluated at a single concentration (1 uM) by screening against 50 enzymes as described previously

[31].

4.7. Flow cytometry

Asynchronous cells were seeded into a 96 well plate and then, after a preincubation period, treated
with the tested compounds for 24 hours. Adherent cells were first washed with PBS, trypsinized, and
finally treated with a solution of trypsin inhibitor (0.1 %). After incubation, 5x staining solution (17
mM trisodium citrate dihydrate, 0.5% IGEPAL® CA-630, 7.5 mM spermine tetrahydrochloride, 2.5
mM Tris; pH 7.6 containing 50 pg/ml propidium iodide) was added. Leukemic cells were stained
directly with the 5x staining solution (i.e. without trypsinization). The cells’ DNA content was
analyzed by flow cytometry using a 488 nm laser (BD FACS Verse with software BD FACSuite™,
version 1.0.6.). Cell cycle distribution was analyzed using ModFit LT (Verity Software House, version
4.1.7). To correlate cell cycle changes with other parameters, the G;/G,-M ratio for each combination
of cell line and compound was calculated (at a-dose corresponding to the compound’s Gls, value) and
divided by the G;/G,-M ratio for untreated cells. These values were recorded as relative G,/G,-M

ratios.

4.8. Immunoblotting

Cell lysates were prepared by harvesting cells in Laemmli sample buffer. Proteins were separated on
SDS-polyacrylamide gels and electroblotted onto nitrocellulose membranes. After blocking, the
membranes were incubated with specific primary antibodies overnight, washed, and then incubated
with peroxidase-conjugated secondary antibodies. Finally, peroxidase activity was detected with
ECL+ reagents (AP Biotech) using a CCD camera LAS-4000 (Fujifilm). Specific anti-PDGFRa (D1E1E)
and anti-phospho-PDGFRa/B Y849/857 (C43E9), anti-phospho PDGFRa Y1018, anti-phospho-PDGFRa
Y754 (23B2), anti-STAT3 (79D7), anti-phospho-STAT3 Y705 (D3A7), anti-ERK1/2, and anti-phospho-
ERK1/2 T202/Y204, anti-phospho-MEK1/2 S217/221 (41G9) antibodies were purchased from Cell
signaling, anti-a-tubulin (DM1A) was purchased from Sigma Aldrich, and anti-PCNA (clone PC-10) was

generously gifted by Dr. B. Vojtések.

4.9, Statistics
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All measurements were performed at least in triplicate. For statistical analysis, Pearson correlation
coeficients were calculated from log-transformed values. P<0.01 and P<0.001 were considered

statistically significant.
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Supplementary table 1. Preliminary kinase selectivity of compound 4e assayed at a single
concentration of 1 uM.

kinase Residual activity (%)
AMPK 80
Aurora B 47
BTK 58
CAMK1 93
CAMKKb 81
CK15 106
CK2 82
DYRK1A 20
EF2K 107
EPHA2 80
GSK3b 75
HER4 21
HIPK2 101
CHK2 99
IGF1R 83
IRAK4 100
JAK2 94
JNK1 99
Lck 60
LKB1 117
MARK3 91
MKK1 90
MLK3 50
MSKA1 73
MST2 99
NEK6 91
p38a MAPK 108
PAK4 71
PDKA1 97
PIM1 85
PKA 96
PKBa 83
PKCa 92
PKD1 108
PLK1 100
PRK2 76
RIPK2 94
ROCK2 91
RSK1 65
S6K1 66
SGK1 56
SmMLCK 99
Src 75
SRPK1 92
SYK 86
TAKA1 86
TBKA1 106
TrkA 44
TTK 83

VEGFR 63
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Method Parameters
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Temperature setpoint reached:
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Time cooling:
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18.7.2014 12:40:59
18.7.2014 13:41:00
18.7.2014 13:43:35

171 C

73 PSI

05:00 mm:ss
01:00:01 mm:ss
02:35 mm:ss




abundance

0.4

0.3

0.2

0.1

T

0.99

1.00

— - 1.02

T
4.04

i

\ |

J \\/~ /

\
‘ T T \‘\\ ‘\ T ‘ ‘ ‘ ‘\ T T T T T ‘

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
wy vy 0 WV O — > o — o~ [ <t N> O <t — 0> A O Al QN
NS AXNTB Ao S = - = AT ASRN®F ©F
*x N NN ANA - \n N © LRSI S A A A A e il
P S S S SN NS < A o . . . SIS

Figure 1: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3-chlorobenzyl)-9H-purine-2,6-diamine (4a)
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Figure 1: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3-chlorobenzyl)-9H-purine-2,6-diamine (4a)
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Figure 2: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3-chlorobenzyl)-9H-purine-2,6-diamine (4a)
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Figure 2: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3-chlorobenzyl)-9H-purine-2,6-diamine (4a)
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Figure 3: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorobenzyl)-9-isopentyl-9H-purine-2,6-diamine (4b)
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Figure 3: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorobenzyl)-9-isopentyl-9H-purine-2,6-diamine (4b) 
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Figure 4: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorobenzyl)-9-isopentyl-9H-purine-2,6-diamine (4b)
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Figure 4: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorobenzyl)-9-isopentyl-9H-purine-2,6-diamine (4b)
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Figure 5: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(4-methoxybenzyl)-9H-purine-2,6-diamine (4c)
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Figure 5: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(4-methoxybenzyl)-9H-purine-2,6-diamine (4c)
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Figure 6: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(4-methoxybenzyl)-9H-purine-2,6-diamine (4c)
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Figure 6: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(4-methoxybenzyl)-9H-purine-2,6-diamine (4c)
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Figure 7: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-benzyl-N6-(3-chlorophenyl)-9H-purine-2,6-diamine (4d)
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Figure 7: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-benzyl-N6-(3-chlorophenyl)-9H-purine-2,6-diamine (4d)
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Figure 8: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-benzyl-N6-(3-chlorophenyl)-9H-purine-2,6-diamine (4d)
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Figure 8: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-benzyl-N6-(3-chlorophenyl)-9H-purine-2,6-diamine (4d)
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Figure 9: 1H NMR spectrum of (E)-N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(3,7-dimethylocta-2,6-dien-1-yl)-9H-purine-2,6-diamine (4e)
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Figure 9: 1H NMR spectrum of (E)-N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(3,7-dimethylocta-2,6-dien-1-yl)-9H-purine-2,6-diamine (4e)
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Figure 10: 13C NMR spectrum of (E)-N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(3,7-dimethylocta-2,6-dien-1-yl)-9H-purine-2,6-diamine (4e)
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Figure 10: 13C NMR spectrum of (E)-N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(3,7-dimethylocta-2,6-dien-1-yl)-9H-purine-2,6-diamine (4e)
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Figure 11: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(2,4-dimethoxyphenyl)-9-isopentyl-9H-purine-2,6-diamine (4f)
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Figure 11: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(2,4-dimethoxyphenyl)-9-isopentyl-9H-purine-2,6-diamine (4f)
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Figure 12: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(2,4-dimethoxyphenyl)-9-isopentyl-9H-purine-2,6-diamine (4f)
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Figure 12: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(2,4-dimethoxyphenyl)-9-isopentyl-9H-purine-2,6-diamine (4f)
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Figure 13: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3,5-dimethoxyphenyl)-9H-purine-2,6-diamine(4g)
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Figure 13: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3,5-dimethoxyphenyl)-9H-purine-2,6-diamine(4g)
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Figure 13: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3,5-dimethoxyphenyl)-9H-purine-2,6-diamine(4g)



guckyt
Text napsaný psacím strojem
Figure 13: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3,5-dimethoxyphenyl)-9H-purine-2,6-diamine(4g)
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Figure 15: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3,5-dimethoxyphenyl)-9-hexyl-9H-purine-2,6-diamine (4h)


guckyt
Text napsaný psacím strojem
Figure 15: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3,5-dimethoxyphenyl)-9-hexyl-9H-purine-2,6-diamine (4h)
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Figure 16: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3,5-dimethoxyphenyl)-9-hexyl-9H-purine-2,6-diamine (4h)
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Figure 16: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3,5-dimethoxyphenyl)-9-hexyl-9H-purine-2,6-diamine (4h)
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Figure 17: 1H NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-cyclohexyl-9H-purin-6-yl)amino)phenol (4i)
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Figure 17: 1H NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-cyclohexyl-9H-purin-6-yl)amino)phenol (4i)
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Figure 17: 13C NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-cyclohexyl-9H-purin-6-yl)amino)phenol (4i)
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Figure 17: 13C NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-cyclohexyl-9H-purin-6-yl)amino)phenol (4i)
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Figure 19: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-cyclohexyl-9H-purine-2,6-diamine (4j)
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Figure 19: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-cyclohexyl-9H-purine-2,6-diamine (4j)
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Figure 20: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-cyclohexyl-9H-purine-2,6-diamine (4j)
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Figure 20: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-cyclohexyl-9H-purine-2,6-diamine (4j)
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Figure 21: 1H NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-hexyl-9H-purin-6-yl)amino)phenol (4k)
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Figure 21: 1H NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-hexyl-9H-purin-6-yl)amino)phenol (4k)
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Figure 22: 13C NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-hexyl-9H-purin-6-yl)amino)phenol (4k)
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Figure 22: 13C NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-hexyl-9H-purin-6-yl)amino)phenol (4k)
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Figure 23: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3,5-dimethoxyphenyl)-9-isopentyl-9H-purine-2,6-diamine (41)
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Figure 23: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3,5-dimethoxyphenyl)-9-isopentyl-9H-purine-2,6-diamine (4l)
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Figure 24: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3,5-dimethoxyphenyl)-9-isopentyl-9H-purine-2,6-diamine (41)
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Figure 24: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3,5-dimethoxyphenyl)-9-isopentyl-9H-purine-2,6-diamine (4l)
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Figure 25: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-hexyl-9H-purine-2,6-diamine (4m)
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Figure 25: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-hexyl-9H-purine-2,6-diamine (4m)
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Figure 26: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-hexyl-9H-purine-2,6-diamine (4m)
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Figure 26: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-hexyl-9H-purine-2,6-diamine (4m)
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Figure 27: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(3-methylbut-2-en-1-yl)-9H-purine-2,6-diamine (4n)
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Figure 27: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(3-methylbut-2-en-1-yl)-9H-purine-2,6-diamine (4n)
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Figure 28: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(3-methylbut-2-en-1-yl)-9H-purine-2,6-diamine (4n)
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Figure 28: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-(3-methylbut-2-en-1-yl)-9H-purine-2,6-diamine (4n)
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Figure 29: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-phenyl-9H-purine-2,6-diamine (40)
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Figure 29: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-phenyl-9H-purine-2,6-diamine (4o)
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Figure 30: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-phenyl-9H-purine-2,6-diamine (40)
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Figure 30: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-phenyl-9H-purine-2,6-diamine (4o)
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Figure 31: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-hexyl-9H-purine-2,6-diamine (4p)
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Figure 31: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-hexyl-9H-purine-2,6-diamine (4p)
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Figure 32: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-hexyl-9H-purine-2,6-diamine (4p)
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Figure 32: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-hexyl-9H-purine-2,6-diamine (4p)
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Figure 33: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3-chlorophenyl)-9H-purine-2,6-diamine (4q)
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Figure 33: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3-chlorophenyl)-9H-purine-2,6-diamine (4q)
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Figure 34: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3-chlorophenyl)-9H-purine-2,6-diamine (4q)
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Figure 34: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(3-chlorophenyl)-9H-purine-2,6-diamine (4q)
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Figure 35: 1H NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-isopentyl-9H-purin-6-yl)amino)phenol (4r)
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Figure 35: 1H NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-isopentyl-9H-purin-6-yl)amino)phenol (4r)
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Figure 36: 13C NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-isopentyl-9H-purin-6-yl)amino)phenol (4r)
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Figure 36: 13C NMR spectrum of 4-((2-((4-aminocyclohexyl)amino)-9-isopentyl-9H-purin-6-yl)amino)phenol (4r)
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Figure 37: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-isopentyl-N6-phenyl-9H-purine-2,6-diamine (4s)
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Figure 37: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-isopentyl-N6-phenyl-9H-purine-2,6-diamine (4s)
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Figure 38: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-isopentyl-N6-phenyl-9H-purine-2,6-diamine (4s)
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Figure 38: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-isopentyl-N6-phenyl-9H-purine-2,6-diamine (4s)
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Figure 39: 1H NMR spectrum of (4t)
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Figure 39: 1H NMR spectrum of (4t)
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Figure 40: 13C NMR of (4t)
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Figure 40: 13C NMR of (4t)
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Figure 41: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-isopentyl-9H-purine-2,6-diamine (4u)


guckyt
Text napsaný psacím strojem
Figure 41: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-isopentyl-9H-purine-2,6-diamine (4u)
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Figure 42: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-isopentyl-9H-purine-2,6-diamine (4u)
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Figure 42: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(3-chlorophenyl)-9-isopentyl-9H-purine-2,6-diamine (4u)
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Figure 43: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(4-chlorophenyl)-9H-purine-2,6-diamine (4v)
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Figure 43: 1H NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(4-chlorophenyl)-9H-purine-2,6-diamine (4v)
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Figure 44: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(4-chlorophenyl)-9H-purine-2,6-diamine (4v)
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Figure 44: 13C NMR spectrum of N2-(4-aminocyclohexyl)-9-butyl-N6-(4-chlorophenyl)-9H-purine-2,6-diamine (4v)
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Figure 45: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-isopentyl-9H-purine-2,6-diamine (4w)
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Figure 45: 1H NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-isopentyl-9H-purine-2,6-diamine (4w)
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Figure 46: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-isopentyl-9H-purine-2,6-diamine (4w)
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Figure 46: 13C NMR spectrum of N2-(4-aminocyclohexyl)-N6-(4-chlorophenyl)-9-isopentyl-9H-purine-2,6-diamine (4w)
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Abstract

FLT3 is a potential drug target in acute myeloid leukemia (AML) because patients with FLT3-ITD
mutations respond poorly to standard cytotoxic agents and there is a clear link between the disease and
the oncogenic properties of FLT3. We present a novel series of 2,6,9-trisubstituted purine derivatives
with potent FLT3 inhibitory activity. The lead inhibitor 7d displays nanomolar activity in biochemical
assays and selectively blocks proliferation of AML cell lines harboring FLT3-ITD mutations, whereas
other transformed and normal human cells are several orders of magnitude less sensitive. The
proposed mechanism of action is confirmed by the dose-dependent suppression of phosphorylation of
FLT3 and its downstream signaling pathways, with subsequent G1 cell cycle arrest and apoptosis in
MV4-11 cells. Docking of 7d to FLT3 suggests type I binding mode and explains the structural
determinants of the high affinity. Additionally, a single dose of 7d in mice with subcutaneously
implanted MV4-11 xenografts caused sustained inhibition of FLT3 and STATS phosphorylation over
48 hours, in contrast to the shorter effect observed after quizartinib administration. Taken together, we

propose 7d to be further explored in search for novel FLT3-targeted anticancer agents.

Keywords

acute myeloid leukemia, FLT3, kinase inhibitor, docking, drug design
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Introduction

Acute myeloid leukemia (AML) is a cancer for which current therapies are inadequate. Recent
advances in molecular cancer biology have enhanced our understanding of AML biology and led to
the discovery of many cancer-related genes, including potential targets for treatment.' The most
common mutations in AML occur in the FLT3 gene; the mutations are observed in approximately 30
% of AML patients and are tightly linked to poor prognosis.” The FLT3 gene encodes the membrane-
bound receptor tyrosine kinase FLT3, which is closely related to KIT, FMS and PDGFR.> Upon
binding to an extracellular ligand, FLT3 dimerizes, gets autophosphorylated, and activates
downstream signaling pathways including RAS/MAPK, JAK/STATS and PI3K/AKT. These pathways
collectively promote growth, proliferation, survival and differentiation of myeloid cells.

The most common group of FLT3 mutations (found in 23% of all AML patients) are internal
tandem duplications (ITD) of wvariable length and position that promote ligand-independent
dimerization.* The length of ITD mutations influences prognosis: patients with longer ITDs have
worse outcomes and lower overall survival.” Point mutations within the activation loop of FLT3 are
also somewhat common, occurring in approximately 7 % of all AML cases. These mutations stabilize
the kinase in its active conformation and promote constitutive activation.

FLT3 is regarded as a potential drug target because patients with FLT3-ITD mutations respond
poorly to standard cytotoxic agents and there is a clear link between AML and the oncogenic
properties of FLT3.® Consequently, many groups have attempted to develop specific FLT3 inhibitors
for AML therapy and a variety of drugs have entered clinical trials.”® Early trials used general receptor
tyrosine kinase inhibitors such as sunitinib, sorafenib or lestaurtinib that exhibit activity against FLT3
but were originally developed for other indications.” These compounds were quite potent in preclinical
experiments, but generally failed in phase I/II clinical trials with AML patients.

The toxicity problems and limited efficacy of these drugs are probably due to their broad
specificity towards receptor tyrosine kinases.”® Therefore, new and more specific FLT3 inhibitors
have been developed. These so-called second-generation compounds include quizartinib, crenolanib,

pexidartinib (PLX3397), tandutinib (MLNS518) and gilteritinib (ASP2215). These compounds

3
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demonstrated significant numbers of complete and partial responses in AML patients’ and are often
also active in quizartinib-resistant AML cells with secondary FLT3 point mutations.”"’

Some of the developed compounds are multi-targeted anti-FLT3 drugs effective against both
AML and other indications. For example, the doubly-selective JAK2/FLT3 inhibitor pacritinib was
successful in phase 2 clinical trials against myelofibrosis and lymphoma.'' Similarly, the clinically
tested compound gilteritinib targets FLT3 and AXL,'" while TG02 (SB1317) inhibits FLT3, JAK2,
and all cyclin-dependent kinases (CDKs).'* The effectiveness of simultaneously targeting FLT3 and
CDKs is further demonstrated by the example of AMG 925 (FLX925), which selectively targets FLT3
and CDK4.'*'"* Despite these promising results, acquired resistance to specific FLT3 inhibitors
continues to present a major challenge in drug development.

We have previously prepared nanomolar CDK inhibitors with a 6-benzylaminopurine scaffold,'
but we found that modified analogs (in which the 6-benzylaminopurine core was replaced with a 6-
anilinopurine) exhibited substantially reduced cytotoxic activity in most cancer cell lines other than
MV4-11. Cells from this line rapidly stopped proliferating and entered G1 phase arrest upon treatment
with nanomolar concentrations, whereas the other tested cell lines did not respond to sub-micromolar
concentrations. Here we report the preparation of a new set of compounds in this series and

demonstrate that their target in the MV4-11 cell line is FLT3.

Results and discussion
Chemistry
The synthesis started from commercially available 2,6-dichloropurine, which was initially alkylated
with isopropanol, cyclopentanol or benzyl alcohol via the Mitsunobu reaction to obtain 9-substituted-
2,6-dichloro-9H-purines 1a,'® 1b" and 1c¢'" with good regioselectivity. 2,6-dichloro-9-(2-
tetrahydropyranyl)-9H-purine (1d) was prepared using the previously described reaction of 2,6-
dichloro-9H-purine with 3,4-dihydro-2H-pyran.'®

Most of the used 4-substituted-phenylamines were commercially available, but 6-morpholin-4-
ylpyridin-3-amine (4a) and 4-(2-oxa-6-azaspiro[3.3]hept-6-yl)aniline (4b) were prepared by the
reaction of 4-bromonitrobenzene (2a) or 2-bromo-5-nitropyridine (2b) with the corresponding cyclic
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secondary amine to yield nitro derivatives (3a, 3b) that were reduced with hydrogen on palladium at
atmospheric pressure (see Supporting information Scheme S1).

The nucleophilic substitution at position 6 of the purine moiety with appropriate 4-substituted-
aniline or 2-substituted-5-aminopyridine derivatives was performed in the presence of Hiinig’s base to
obtain compounds (5a-5m). The substitution of the chlorine at position 2 with a primary or secondary
amine was performed with a large excess of the appropriate amine in 1,2-ethandiol at 160 °C. These
reactions proceeded smoothly, providing the desired compounds with good yields and high purities
(see Scheme 1). We used trans-1,4-diaminocyclohexane for the synthesis of compounds 6a, 6¢, 6d,
6h, 61, 7a - 7f and 81. The 2-aminopropan-1-ol used for the synthesis of compounds 6b, 6e, 6f, 6i and
6m was racemic and for the syntheis of compound 81 2-aminobutan-1-ol of R- configuration was used.

The full collection of newly synthesized compounds (5a-5m, 6a-60, 7a-f, and 8a-80) is presented in

Table 1.
_ R3 _ R3
I I
NN a NN b
| S — = | > >
—
Cl)\N N Cl)\N/ N J\ -
R’ R R1
1a - 1d 5a - 5m 6a - 60; 7a - 7f; 8a - 80
Scheme 1.

Reaction conditions: a) appropriate 4-substituted aniline or 6-substituted-pyridine-3-amine, DIPEA,
n-propanol, 120 °C, 4-20 hours, sealed tube; b) appropriate primary or secondary amine, 1,2-ethandiol,

160 °C, 4-20 hours, sealed tube.

Table 1. Synthesized compounds 5a-5m, 6a-60, 7a-7f and 8a-8o.

Cmpd RI1 R2 R3 Q

5a Isopropyl Cl Br CH

5b Cyclopentyl Cl Br CH
5
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8m Cyclopentyl -§-N®O —§-N\_/O N
TGN FINE

8n Cyclopentyl ¥ N $ N\_/O CH
N /7 \

8o Cyclopentyl ¥ H/\/\/NHZ -§-N\_/N—/ CH

In Vitro Structure—Activity Relationships

The newly prepared 6-(4-substituted-anilino)purine (6a-60, 7a-7f, 8a-80) and 6-(5-substituted-3-
aminopyridine)purine (81, 8m) compounds were tested to determine their ability to inhibit the FLT3-
ITD kinase and to evaluate their antiproliferative activity in the MV4-11 (FLT3-ITD) and K562 cell
lines. Tables 2-4 summarize the results obtained.

We began our investigation into the compounds’ structure-activity relationships using
molecules 6¢ and 6d, which exhibited high selectivity towards FLT3-ITD-positive cells and only weak
activity in other cancer cell lines. Both these compounds have aminocyclohexylamino and 4-
halogenophenylamine groups at positions 2 and 6, respectively, with a cyclopentyl group at position 9.
To study the impact of substituting position 9 of the purine ring, we compared these initial compounds
to a series of analogs with the same substituents at positions 2 and 6 but isopropyl, tetrahydropyran-2-
yl, or benzyl groups at position 9. The lowest Glso values in MV4-11 cells were obtained with
compounds bearing isopropyl (6a) and cyclopentyl (6¢ and 6d) substituents (7, 10 and 1 nM,
respectively); these compounds were also very potent inhibitors of FLT3-ITD. Introducing the
tetrahydropyran-2-yl group (61) reduced both the cellular and kinase-inhibitory activities of the
compounds, but the lowest activities were observed for compound 6h, which has a benzyl group in
position 9. To verify the positive impact of substituent 9, we also modified position 2 by replacing the
aminocyclohexylamino group with various branched alkylamines or bulky morpholino or 4-methyl-
piperazin-1-yl moieties. All the analogs substituted in this way had weaker antiproliferative and FLT3-
inhibitory activities than the 4-aminocyclohexylamine-substituted compounds, and substantially

higher ICsy and Gls, values (Table 2).
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We next explored the effect of extended substituents at position 6. All the compounds tested in
these experiments had a cyclopentyl group at position 9 and an aminocyclohexylamino group at
position 2. The halogen in the phenylamine substituent of the lead molecule was replaced with
pyrrolidin-1-yl (7a), morpholin-4-yl (7b), 4-ethyl-piperazin-1-yl (7¢), morpholin-4-ylmethyl (7d), 2-
oxa-6-aza-spiro[ 3.3 hept-6-yl (7e) or N-4-benzyl-piperazin-1-yl (7f) moieties. These compounds were
among the most active in the entire series: their Gls, values in FLT3-ITD positive MV4-11 cells were
in the single-digit nanomolar range, and approximately 100 times lower than the corresponding values
for K562 cells. They also strongly inhibited the enzymatic activity of FLT3-ITD at low nanomolar
concentrations. These results indicate that position 6 can host various substitutions without significant
loss of in vitro activity (Table 3).

Since the most active compounds of the series (7d, 7b, 7¢) have a cyclopentyl group in
position 9 and extended 6-(4-substituted-phenylamino) groups, we investigated analogs of these
compounds with modifications at position 2 to determine whether the aminocyclohexylamine moiety
is the optimal substituent with respect to in vitro activity. We investigated linear aminoalkylamines
(8a, 8b, 8c, 8n, 80), hydroxyalkylamines (8i, 8j, 8k), and bulky saturated heterocyclic moieties (8d,
8e, 8f, 8g, 8h, 8m). Compounds with an aminobutylamine group in position 2 (8a, 8n, 80) showed
comparable potency against FLT3-ITD to starting molecules 7d, 7b, 7¢ and inhibited MV4-11
proliferation at low nanomolar concentrations, with Glso values of about 11 nM. Longer aminoalkyl
side chains yielded weaker antiproliferative and kinase-inhibitory activities: the FLT3-ITD ICs, values
for the butyl- (8a), pentyl- (8b), and hexyl- (8c) substituted compounds were 1, 5, and 10 nM,
respectively, and the corresponding MV4-11 Glsy values were 11, 35, and 86 nM, respectively.
Compounds with hydroxyalkylamines in position 2 (8i, 8j, 8k) exhibited weaker biological activity:
the most potent of these derivatives (8k) was 6 times less potent than 7d with respect to FLT3-ITD
inhibition, and had a 40-fold higher GlIs, value in MV4-11 cells. Shortening of the hydroxyalkyl chain
(hydroxyethylamine 8i and hydroxypropylamine 8j) further reduced their in vitro activity. Similarly
low activities were achieved with compounds bearing bulky morpholine (8f) or methylpiperazine (8g)
substituents in position 2: the least active compounds in the group were those bearing piperidine (8h),
benzylamine (8d), or 4-methoxybenzylamine (8¢) moieties (Table 4).

9
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Our synthetic approach allowed us to further modify the first aromatic ring in position 6; we
replaced the phenylamine with pyridinamine and extended it with morpholine (81, 8m). This
modification did not improve the molecules’ biological activity - for example, compound 81 displayed
similar activity to its phenylamine counterpart 7b (Tables 3 and 4).

To investigate the cellular selectivity of the new compounds, the antiproliferative activities of
the most potent derivatives were tested in cancer cell lines with different histological origins and in
noncancerous cells (Table 5). The compounds exhibited nanomolar activity in the MOLM-13 line
(which is FLT3-ITD-positive, like MV4-11), but their Glso values in other cancer cell lines were in the
micromolar range, confirming their high selectivity towards FLT3-ITD-positive cells. Notably,
Kasumi-1 and HCC-827 cells bearing an activating mutation in cKit (Asn822Lys) and an activating
deletion in EGFR, respectively, displayed submicromolar sensitivity to compounds 7a—7e, and
compounds from series 8 (8a — 8d, 80, 8n) seemed to be even more selective for FLT3-ITD-positive
cell lines. Importantly, nontransformed human MRC-5 and HUVEC cells, as well as nonproliferating
BJ cells, were not affected by these compounds even when treated with concentrations 1000-fold

higher than those toxic against the FLT3-ITD positive MV4-11 and MOLM-13 cell lines.

Table 2. 2-substituted-amino-6-(4-halogenophenyl)amino-9-substituted-9H-purines 6a-60 and their

biochemical and cellular activities.

ICso (uM) Glsy (uM)
Cmpd

FLT3-ITD MV4-11 K562
6a 0.010 0.007 1.173
6b 0.591 0.914 17.800
6¢ 0.004 0.010 0.670
6d 0.005 0.001 0.840
6e 1.723 0.276 10.910
6f 0.628 0.513 >25
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1

2

3 6g 0.281 0.737 7.630
4

5 6h 0.798 0.818 3.067
6

7 6i 9.848 >4 9.447
8

9 6j >20 >4 >12.5
10

11 6k >20 >4 3.800
12

13 6l 0.070 0.164 5.170
14

15 6m 1.141 1.313 27.900
16

17 6n 1.195 3.712 3.745
18

19 60 4.207 1.405 7.130
20

g; Tested at least in duplicates.

23

24

gg Table 3. 2-(4-aminocyclohexylamino)-6-(4-substituted-phenyl)amino-9-cyclopentyl-9H-purines 7a-7f
gg their biochemical and cellular activities.

29

30 ICso (uM) Glsy (uM)

31 Cmpd

32 FLT3-ITD MV4-11 K562
33

34 7a 0.003 0.010 0.940
35

36 7b 0.002 0.002 0.965
37

33 Te 0.003 0.001 2.070
39

40 7d 0.003 0.002 0.380
41

42 Te 0.004 0.003 1.220
43

44 7f 0.006 0.017 0.700
45

46 Tested at least in duplicates.

47

48

49

50 Table 4. 9-cyclopentyl-2-substituted-amino-6-arylamino-9H-purines 7d, 8a-8o and their biochemical
51

52 and cellular activities.

53

54 ICs0 (M) Glsy (uM)

55 Cmpd

56 FLT3 ITD MV4-11 K562
57

58

59
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7d
8a
8b
8c
8d
8e
8f
8g
8h
8i
8j
8k
8l
8m
8n

8o

0.003

0.001

0.005

0.010

0.026

0.209

0.019

0.053

0.050

0.029

0.047

0.018

0.004

0.071

0.002

0.001

0.002

0.011

0.035

0.086

0.196

0.892

0.061

0.066

0.701

0.110

0.157

0.083

0.004

0.070

0.011

0.012

0.380

2.095

1.530

3.787

3.597

6.693

4.470

2.745

11.023

2.0.05

2.348

1.452

1.297

37.500

3.490

1.335

Tested at least in duplicates.

Table 5. Biochemical and cellular activities of the most potent compounds.
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ICso (uM) Gls (M)
FLT3 FLT3 MOLM- Kasumi- HCC-
THP-1 U937 MCF-7 MRC-5 HUVEC BJ
WT D835 13 1 827
6¢ 0.016 0.004 0.015 0.481 2.280 1.797 0.520 1344  12.791 10.062 14.688
7a  0.021 0.011 0.024 0.569 3.114  3.171 0.487  1.253 13.901 12.077 15.894
7b  0.021 0.007 0.004 0.816 1.159 1.572 0320 0.491  23.102 4.531 12.249
Tc 0.010  0.002 0.004 0.839 0.514  0.605 1.050 0.544  20.109 4.439 12.932
7d  0.013  0.008 0.001 0.513 0.713 0.664 0.197 0.327  19.939 5.866 12.663
12
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8a

8b

8c

8d

8n

8o

Journal of Medicinal Chemistry

0.013  0.028 0.004 0.773 0.693  0.638 1.063 0.456 8.206 5.947 14.580
0.006  0.005 0.019 2.241 3739 1341 2105 1.664 3.972 6.265 10.351
0.025  0.065 0.020 1.248 2418  3.629  2.120 1.423 5.412 14.165 11.174
0.021  0.069 0.054 1.233 3590 2920 5.004 1.756 3.377 10.321 7.265
0.083  0.624 0.122 5.190 >10 9.793  8.600 >5 247787  10.105 >25

0.023  0.007 0.017 2.016 6.906 4.070 3.255 1.388 8.171 8.058 12.976
0.013  0.003 0.010 2.071 4355 3419 2150 0978  10.050 11.421 15.389

Tested at least in duplicates.

Binding mode in FLT3 active site

Similar inhibition of WT and D385 FLT3 enzymes (Table 5) suggests that the presented inhibitors
have type I binding. To analyze it, we prepared a homology model of the active conformation of the
kinase (activation loop-out; DFG-in) and docked the lead compound 7d. The binding mode is
consistent with type I binding, i.e. hinge-region hydrogen bonds and 2,6,9-substituents pointing to
their respective pockets (Figure 1). In the hinge region, Cys694 backbone forms two classical H-bonds
with 7d (Cys694:N-H...7d:N22 and Cys694:0...7d:N27-H) and Glu692 forms one weak H-bond with
7d (Glu692:0...7d:C21-H). The cyclopentyl ring of 7d makes hydrophobic contacts with several
hydrophobic residues including the F691 gatekeeper. The 1,4-diaminocyclohexyl moiety uses its
protonated distal 4-amino group to make a salt bridge with Asp829. Further modeling showed that
many of the non-hinge-region interactions would be lost in compounds such as 6j, resulting in a loss
of activity. The N atom of the N-methyl morpholino group (pKa of 7.38) loses the proton upon

making H-bond with Lys614.

13
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\ “
P-loop \ N-lobe
AG42

. ;\7 . =

Helix-C

K614 ¢

C694 -~ _

Figure 1. Docked binding pose of 7d (orange sticks) in FLT3. The kinase (cyan cartoon) is modeled
in active conformation; the P-loop (green cartoon), helix-C (magenta) and activation loop (AL;
yellow) are highlighted. FLT3 interacting residues are shown as sticks colored grey for carbon, blue
for nitrogen, red for oxygen, yellow for sulfur and white for hydrogen. Figure prepared with Maestro,

Schrodinger, LLC.

Protein Kinase Selectivity

In addition to FLT3-ITD, most of the active compounds were also potent inhibitors of wild-type FLT3
and, even more importantly, of an FLT3 variant bearing the D835 point mutation, which contributes to
the development of resistance (Table 5). Compound 7d, the most active candidate, was then screened
for its activity against 309 protein kinases (Carna Biosciences). This screening confirmed 7d as a
potent inhibitor of FLT3. It also achieved significant inhibition (>90%) against several other kinases at
a concentration of 10 nM, notably PDGFRa/B, CLK1, TRK, QIK, CaMK23, SIK, YES, FMS,
CAMK2y, KIT (D816V), MNK2, ACK and SRC (For more details, see the Supporting information

Table S1).

14
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Cellular activity of 7d is related to FLT3-inhibition

Because compound 7d inhibited the proliferation of FLT3-ITD positive MV4-11 and MOLM-13 cell
lines very effectively at low nanomolar concentrations (Gls, values 2 and 1 nM, respectively), we
investigated its molecular mechanism of action in cells. MV4-11 cells were treated for 1 hour with
increasing concentrations of the compound and analyzed by immunoblotting, revealing that
concentrations as low as 1 nM were sufficient to block the autophosphorylation of the FLT3 receptor
tyrosine kinase at three different tyrosine residues (589, 591 and 842). Moreover, this inhibition
suppressed phosphorylation of several downstream targets of FLT3. Notably, 7d abolished
phosphorylation of STATS at Y694, which is a direct substrate of the oncogenic FLT3-ITD variant.
The second pathway affected was the mitogen-activated protein kinase (MAPK) cascade: two key
components of this signaling pathway, ERK1/2 (T202/Y204) and MEK1/2 (S217/221), exhibited
reduced phosphorylation upon treatment with our compound (Figure 2). Similar results were obtained
in MV4-11 cells after treatment with clinically-tested FLT3 inhibitor quizartinib (Figure S1). Because
the MAPK and STAT pathways are crucial regulators of cell proliferation, their inhibition induces cell
cycle arrest in the G1 phase. To confirm this, MV4-11 cells were treated for 24 hours with increasing
doses of compound 7d and quizartinib, stained with propidium iodide, and analyzed by flow
cytometry. Even a 1 nM concentration induced massive G1 arrest. In addition, higher doses increased
the number of cells in the sub-G1 phase of the cell cycle, corresponding to an increased number of
apoptotic cells (Figure 3A, Figure S2). This result was verified by immunoblotting, which revealed
increased cleavage of the apoptotic marker protein PARP-1 upon treatment with 7d at 10 or 100 nM
for 24 hours. This cleavage was accompanied by reduced levels of the antiapoptotic protein Mcl-1
(Figure 3B). To confirm that the proapoptotic effect of our compound is closely related to the presence
of oncogenic FLT3 variants, we studied the activation of caspases, which play key roles in apoptotic
cascades, in MV4-11 (FLT3-ITD) and K562 (no expression of FLT3) cells after treatment with 7d for
24 hours. Whereas even subnanomolar concentrations of 7d induced caspase activation in MV4-11,
K562 cells were much less sensitive and required vastly greater concentrations for caspase induction
(Figure 3C).

15
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Figure 2. Effect of 7d on FLT3 and some of its downstream signaling pathways.
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Figure 3. Effect of 7d on cell cycle (A) and apoptosis (B, C) in the MV4-11 and K562 cell lines.

Activity in MV4-11 xenograft
To determine the efficacy of compound 7d in vivo, we compared its effects to that of quizartinib using
human tumor xenografts grown in immunocompromised mice. First, we determined that treatment

16
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with 7d caused no gross toxicity in rats (at doses up to 100 mg/kg i.v. or p.o.). Next, a single dose of
10 mg/kg of 7d or quizartinib was administered i.p. to mice with subcutaneously implanted MV4-11
xenografts. Control mice were injected with an equal volume of diluent alone. Tumors were harvested
at 4 post-treatment time points: 2, 24, 36, and 48 hours after 7d, quizartinib, or vehicle injection. The
protein lysates were analyzed to detect phosphorylation of the target oncogenic tyrosine kinase FLT3-
ITD and its downstream signaling molecules (Figure 4, Figure S1). Compound 7d effectively inhibited
FLT3-ITD autophosphorylation in MV4-11 xenografts (Figure 4A), and unlike quizartinib (Figure
4B),"?! it sustained this inhibition of phosphorylation at all analyzed time-points. Next, we
investigated the inhibition of the key downstream effectors of FLT3-ITD, namely p-STATS and p-
ERK1/2 (Figure 4A, B). Treatment with 7d reduced STATS phosphorylation by over 95% after 24
hours, which was a slightly stronger effect than that of quizartinib (Figure S1). Mirroring the results
observed for p-FLT3, the suppression of p-STATS phosphorylation induced by 7d was sustained over
48 hours (Figure 4A), whereas a rebound in STATS phosphorylation was detected in lysates from
quizartinib-treated tumors (Figure 4B).

In contrast to the results observed for p-STATS, p-ERK1/2 was only transiently inhibited in
the tumor tissue, exhibiting similar rebound kinetics for both tested inhibitors in all animals (Figure
4A, B). Two hours after treatment with 7d or quizartinib, the suppression of ERK1/2 was reduced by
95% relative to controls (Figure S1). However, its phosphorylation was restored within 24 hours of
treatment with either compound, suggesting that there is an adaptive feedback mechanism capable of
ERK reactivation in response to FLT3-ITD inhibition. Similar behavior was observed in earlier studies

. . . 120 22
using quizartinib™ and sorafenib.
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Figure 4. Compound 7d induces sustained suppression of FLT3-ITD signaling in MV4-11 xenograft
tumors. Subcutaneous mouse xenografts were treated with 10 mg/kg 7d (A) or quizartinib (B), and
the phosphorylation status of FLT3 and its downstream signaling molecules was analyzed by
immunoblotting at the indicated times. GAPDH was used as a control for protein loading. Each line

represents a separate animal.
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Conclusion
We have presented the synthesis of a new generation of highly potent FLT3 inhibitors with a 2,6,9-

trisubstutituted purine scaffold. A focused library of 49 compounds was prepared, some members of

©CoO~NOUTA,WNPE

which exhibited selective nanomolar activity against acute myeloid leukemia cell lines expressing an
11 oncogenic variant of FLT3. The lead compound 7d inhibited FLT3 autophosphorylation and
13 deactivated its downstream signaling pathways, leading to cell cycle arrest and apoptosis in MV4-11
15 cells. Docking of 7d to FLT3 suggests a type I binding mode and explains the structural determinants
17 of its potency. Experiments with subcutaneously implanted MV4-11 xenografts confirmed that a
19 single dose of the tested compound induced sustained inhibition of FLT3 in vivo. In conclusion, we
21 suggest this series to be followed for development of potent and specific FLT3 inhibitors for use as

23 drug candidates for treating AML.
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Experimental Section

Reagents and General Methods

Chemistry

Melting points were determined on Biichi Melting Point B-540 apparatus and are uncorrected. 'H and
PC-NMR spectra were recorded on a Jeol 500 ECA instrument operating at 500 MHz for 'H and 126
MHz for °C or on a Bruker Avance 300 spectrometer (300 MHz) at ambient temperature in DMSO-d6
or CDCl;. Chemical shifts are reported in ppm. Coupling constants () are reported in Hertz (Hz), and
the following abbreviations are used: singlet (s), doublet (d), triplet (t), quartet (q), quintet (qui), sextet
(sex), septet (sep), multiplet (m). Mass spectra were recorded using an LCQ ion trap mass
spectrometer (Finnigan MAT, San Jose, CA, USA). The chromatographic purity of the compounds
was determined using HPLC-DAD-MS. 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 um; 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. The effluent was introduced into the DAD (scanning
range 210400 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. Elemental analyses were performed using an EA1112 CHN analyser (Thermo Finnigan);

the results obtained for C, H, and N were within acceptable limits of the expected values. Merck silica

20
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gel Kieselgel 60 (230—400 mesh) was used for column chromatography. The purity of biologically

evaluated compounds was >95% as determined by HPLC-DAD-MS and elemental analysis.

General procedure for the preparation of derivatives 4

4-Fluoronitrobenzene (2a) or 5-bromo-2-nitropyridine (2b) (1.00 mmol), the appropriate secondary
amine (1.05 mmol), and potassium carbonate (2.00 mmol) in ethanol (10 mL) were heated under an
argon atmosphere in a sealed tube at 100 °C for 4 hours. The completion of the reaction was checked
with TLC on silica (chloroform-methanol, 19:1). After cooling to room temperature, the reaction
mixture was evaporated under reduced pressure. The residue was partitioned between dichloromethane
(25 mL) and water (25 mL). The water phase was extracted twice with dichloromethane (25 mL). The
combined organic phases were washed with water, brine, dried over sodium sulphate, and
concentrated under reduced pressure. The crude product (3) was then used directly without further
purification.

The crude product (3) from the previous step (0.75 mmol) was hydrogenated under atmospheric
pressure in methanol (50 mL) with 5% wt. palladium on a charcoal (50 mg). After consumption of
hydrogen, the reaction mixture was filtered through celite, washed with methanol and evaporated
under reduced pressure. The crude product was dissolved in 2 M hydrochloric acid (50 mL) and
extracted with dichloromethane (25 mL). The water phase was neutralised with 5 % sodium hydrogen
carbonate, then the precipitate was filtered off and washed with water. The crude product was dried in

a vacuum dessicator.

4-(5-Nitro-pyridin-2-yl)-morpholine (3a)

Yield: 85%. Elemental analysis: Calcd.for CoH;N;05 (209.21): C, 51.67; H, 5.30; N, 20.09. Found: C,
51.57; H, 5.48; N, 19.74. HPLC-MS (ESI+): 210.31 (99.8%). GC-MS (EI, M+ (rel.int. m/z)): 209
(18), 124 (100), 87 (28). '"H NMR (500 MHz, CDCl;) & ppm 2.92-2.98 (m, 4H), 3.71-3.75 (m, 4H),

6.52 (d,J=9.5, 1H), 8.15 (s, 1H), 9.02 (d, J=9.5, 1H).

6-(4-Nitro-phenyl)-2-oxa-6-aza-spiro[3.3]heptane (3b)

21
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Yield: 72%. Elemental analysis: Calcd.for C;;H;,N,O; (220.22): C, 59.99; H, 5.49; N, 12.72. Found:
C, 59.66; H, 5.12; N, 12.19. HPLC-MS (ESI+): 221.36 (99.7%). GC-MS (EI, M+ (rel.int. m/z)): 220
(21), 150 (100), 120 (57). "H NMR (500 MHz, DMSO-d,) & ppm 4.19-4.21(m, 4H), 4.70-4.72 (m,

4H), 6.44 (d, J=9.15, 2H), 8.04 (d, J 9.15, 2H).

6-Morpholin-4-yl-pyridin-3-ylamine (4a)

Yield: 98%. Elemental analysis: Calcd.for CoH3N30 (179.22): C, 60.32; H, 7.31; N, 23.45. Found: C,
59.96; H, 6.83; N, 23.19. HPLC-MS (ESI+): 180.28 (99.8%). GC-MS (EI, M+ (relint. m/z)): 179
(22), 124 (100). '"H NMR (500 MHz, CDCl;) & ppm 3.05 (s(br, 2H), 3.30-3.34 (m, 4H), 3.79-3.82 (m,

4H), 6.55 (d, J=8.5, 1H), 6.98 (s, 1H), 7.78 (d, J= 8.5, 1H).

4-(2-Oxa-6-aza-spiro[3.3]hept-6-yl)-phenylamine (4b)

Yield: 58%. Elemental analysis: Calcd.for C;;H4N,O (190.24): C, 69.45; H, 7.42; N, 14.73. Found: C,
69.13; H, 7.12; N, 14.96. HPLC-MS (ESI+): 191.5 (99.7%). GC-MS (EI, M+ (rel.int. m/z): 190 (11),
132 (100). '"H NMR (500 MHz, DMSO-d,) & ppm 3.72-3.75(m, 4H), 4.40 (s (br), 2H), 4.65-4.68 (m,

4H), 6.21 (d, J= 8.16, 2H), 6.46 (d, J= 8.15, 2H)

General procedure for the preparation of compounds 5a — Sm:

To a suspension of 9-cyclopentyl-2,6-dichloro-9H-purine (13) (1.98 mmol) in a mixture of n-propanol
(10 mL) and N,N-diisopropyl-N-ethylamine (8.72 mmol), appropriate amine (2.18 mmol) was added.
The suspension was heated with stirring in a sealed tube under an argon atmosphere at 100 °C for 2-6
hours. The reaction was checked by TLC. After completion of the reaction, the reaction mixture was
cooled to room temperature and evaporated under reduced pressure. The residue was partitioned
between water (50 mL) and dichloromethane (50 mL), and the water phase was extracted two times
more with the same volume of dichloromethane. The combined organic phases were washed with
water and brine and evaporated under reduced pressure. The crude product was crystallized from

petroleum ether:ethyl acetate 3:1.
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4-(Bromo-phenyl)-(2-chloro-9-isopropyl-9H-purin-6-yl)-amine (5a)

Yield: 89 % m.p.: 154-156 °C. Elemental analysis: Calcd.for C4H;3BrCINs (366.64): C, 45.86; H,
3.57; N, 19.10. Found: C, 45.94; H, 3.81; N, 18.82. HPLC-MS (ESI+): 367.6 (97.8%). '"H-NMR (500
MHz, DMSO-dy) 6 ppm 1.49 (d, J=7.0, 6H), 4.70 (sep, J=7.0, 1H), 7.49 (d, J=9.00, 2H), 7.80 (d,
J=9.00, 2H), 8.44 (s, 1H), 10.39 (s, 1H). "C-NMR (DMSO-d, 126 MHz) 5 ppm 22.63, 47.49, 115.61,

119.74, 123.45, 131.84, 137.88, 141.17, 150.92, 152.38, 152.69.

4-(Bromo-phenyl)-(2-chloro-9-cyclopentyl-9H-purin-6-yl)-amine (5b)

Yield: 85 % m.p.: 193-194 °C. Elemental analysis: Calcd.for C;¢H;sBrCIN; (392.69): C, 48.94; H,
3.85; N, 17.83. Found: C, 49.06; H, 3.94; N, 17.49. HPLC-MS (ESI+): 393.7 (98.4%). '"H-NMR (300
MHz, DMSO-dg) 6 ppm 1.87-1.92 (m, 2H), 1.92-1.99 (m, 4H), 2.01-2.23 (m, 2H), 4.85 (qui, J=7.17,

1H), 7.54 (d, J=8.73, 2H), 7.84 (d, J=8.73, 2H), 8.45 (s, 1H), 10.42 (s, 1H).

(2-Chloro-9-cyclopentyl-9H-purin-6-yl)-(4-chloro-phenyl)-amine (Sc)

Yield: 78 % m.p.: 212-214 °C. Elemental analysis: Calcd.for C;sH;sCI,N5 (348.24): C, 55.19; H, 4.34;
N, 20.11. Found: C, 55.56; H, 4.05; N, 19.89. HPLC-MS (ESI+): 349.4 (96.4%). '"H-NMR (300 MHz,
DMSO-ds) 6 ppm 1.67-1.71(m, 2H), 1.72-1.76(m, 4H), 1.89-2.20 (m, 2H), 4.84 (sep, J=7.17, 1H),

7.40 (d, J= 8.85, 2H), 7.89(d, J= 8.85, 2H), 8,44 (s, 1H), 10.43 (s, 1H).

(9-Benzyl-2-chloro-9H-purin-6-yl)-(4-bromo-phenyl)-amine (5d)

Yield: 54 % m.p.: 231-233 °C. Elemental analysis: Calcd.for CigH;3BrCINs (414.69): C, 52.13; H,
3.16; N, 16.89. Found: C, 52.02; H, 3.45; N, 16.93. HPLC-MS (ESI+): 415.8 (97.8%). '"H-NMR (500
MHz, DMSO-dg) 6 ppm 5.53 (s, 2H), 7.31-7.42 (m, 5H), 7.56 (d, /=8.43, 2H), 8.03 (d, /=8.43, 2H),

8.87 (s, 1H), 9.25 (s(br), 1H).

(9-Benzyl-2-chloro-9H-purin-6-yl)-(4-morpholin-4-ylmethyl-phenyl)-amine (5e)
Yield: 76 %. m.p.: 194-196 °C. Elemental analysis: Calcd.for Cy3Hy;CINGO (434.93): C, 63.52; H,
5.33; N, 19.32. Found: C, 63.82; H, 5.12; N, 19.01. HPLC-MS (ESI+): 435.9 (96.2%). '"H-NMR (300
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MHz, DMSO-dy) § ppm 2.35-2.41 (m, 4H), 3.43 (s, 2H), 3.60 (t, J=7.85, 4H), 5.41 (s, 2H), 7.26-7.37
(m, 7H), 7.76 (d, J=8.40, 2H), 8.43 (s, 1H), 10.34 (s, 1H). "C-NMR (76 MHz, DMSO-d;) § ppm
46.95, 53.64, 62.51, 66.69, 119.26, 121.68, 127.98, 128.43, 129.34, 129.69, 133.32, 137.09, 138.11,

142.85, 151.23, 152.94, 153.08.

(4-Bromo-phenyl)-[2-chloro-9-(tetrahydro-pyran-2-yl)-9H-purin-6-yl]-amine (5f)

Yield: 76 %. m.p.: 143-144 °C. Elemental analysis: Calcd.for C;sH;sBrCINsO (408.69): C, 47.02; H,
3.70; N, 17.14. Found: C, 47.13; H, 3.44; N, 17.11. HPLC-MS ESI+): 410.2 (97.5%). '"H-NMR (300
MHz, DMSO-dj) 6 ppm 1.55-1.58(m, 2H), 1.73-1.76 (m, 1H), 1.95-1.99 (m, 2H), 2.20 (t, J/=5.3, 1H),
3.67-3.75 (m, 1H), 4.00 (d, J=5.3, 1H), 5.63 (d, J/=10.71, 1H), 7.54 (d, J=8.79, 2H), 7.82 (d, J=8.79,
2H), 8.58 (s, 1H), 10.49 (s(br), 1H). "C-NMR (76 MHz, DMSO-d) & ppm 22.19, 24.39, 29.81, 67.61,

80.90, 115.19, 118.78, 122.95, 131.25, 138.09, 140.53, 150.22, 152.09, 152.34

(2-Chloro-9-cyclopentyl-9H-purin-6-yl)-(4-pyrrolidin-1-yl-phenyl)-amine (5g)

Yield: 92%. m.p.: 168-169 °C. Elemental analysis: Calcd.for CyH»;CINg (382.89): C, 62.74; H, 6.05;
N, 21.95. Found: C, 62.54; H, 5.82; N, 21.83. HPLC-MS (ESI+): 384 (99.9%). '"H NMR (500 MHz,
DMSO-ds) & ppm 1.63-1.81(m, 2H), 1.86-1.99 (m, 8H), 2.14-2.21 (m, 2H), 3.19-3.23 (m, 4H), 4.81
(qui, J=7.17, 1H), 6.49 (d, J=8.73, 2H), 7.49 (d, J=8.73, 2H), 8.28 (s, 1H), 9.89(s, 1H). °C NMR
(126 MHz, DMSO-d;) 6 ppm 24.03, 25.47, 32.57, 48.02, 55.97, 111.85, 119.27, 123.95, 127.55,

140.56, 145.38, 150.70, 152.90, 153.19.

(2-Chloro-9-cyclopentyl-9H-purin-6-yl)-(4-morpholin-4-yl-phenyl)-amine (Sh)

Yield: 72%. m.p.: 145-148 °C. Elemental analysis: Calcd.for C,yH,;CINgO (398.89): C, 60.22; H,
5.81; N, 21.07. Found: C, 60.25; H, 5.88; N, 21.19. HPLC-MS (ESI+): 400.7 (98.5%). "H NMR (300
MHz, CDCl;) & ppm 1.79-1.83 (m, 2H), 1.85-1.96 (m, 4H), 2.27-2.36 (m, 2H), 3.14-3.18 (m, 4H),
3.88-3.90 (m, 4H), 4.94 (qui, J=7.32, 1H), 6.97 (d, J=8.94, 2H), 7.65 (d, J=8.94, 2H), 7.80 (s (br),
1H), 7.83 (s, 1H). °C NMR (126 MHz, DMSO-d,) 8 ppm 23.91, 33.04, 49.89, 55.97, 66.96, 116.54,
119.28, 121.89, 130.84, 138.78, 148.11, 150.70, 152.48, 154.03.
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2-Chloro-9-cyclopentyl-9H-purin-6-yl)-[4-(4-ethyl-piperazin-1-yl)-phenyl]-amine (5i)

Yield: 82%. m.p.: 128-131 °C. Elemental analysis: Calcd.for C»,H,3CIN; (425.96): C, 62.03; H, 6.63;
N, 23.02. Found: C, 61.93; H, 6.79; N, 23.22. HPLC-MS (ESI+): 427.3 (99.5%). '"H NMR (300 MHz,
CDCl;) 6 ppm 1.16 (t, J/=7.2, 3H), 1.65-1.68 (m, 2H), 1.83-1.95 (m, 4H), 2.26-2.32 (m, 2H), 3.05-3.11
(m, 4H), 3.27-3.35 (m, 4H), 4.78 (qui, J/=6.9, 1H), 6.89 (d, J=9.00, 2H), 7.57 (d, J=9.00, 2H), 8.32 (s,
1H), 10.02 (s, 1H). °C NMR (300 MHz, CDCL;) & ppm 11.27, 24.24, 24.45, 32.19, 32.32, 54.84,

55.48, 63.33,113.59, 114.68, 122.36, 131.50, 137.37, 140.41, 152.24, 159.16.

(2-Chloro-9-cyclopentyl-9H-purin-6-yl)-(4-morpholin-4-ylmethyl-phenyl)-amine (5j)

Yield: 69%. m.p.: 123-124 °C. Elemental analysis: Calcd.for C, HysCINgO (412.92): C, 61.08; H,
6.10; N, 20.35. Found: C, 61.33; H, 5.99; N, 20.02. HPLC-MS (ESI+): 414.2 (99.5%). "H NMR (300
MHz, CDCl;) & ppm 1.78-1.82 (m, 2H), 1.84-1.99 (m, 4H), 2.28-2.36 (m, 2H), 2.47-2.52 (m, 4H),
3.53 (s, 2H), 3.70-3.74 (m, 4H), 4.95 (qui, J=5.4, 1H), 7.37(d, J=8.22, 2H), 7.74 (d, J=8.22, 2H), 7.86
(s, 1H). ®C NMR (300 MHz, CDCl3) § ppm 23.93, 33.04, 53.51, 56.04, 62.92, 67.06, 119.52, 120.01,

129.42,132.12, 137.29, 139.07, 150.87, 152.30, 153.87.

2-Chloro-9-cyclopentyl-9H-purin-6-yl)-[4-(2-oxa-6-aza-spiro[3.3]hept-6-yl)-phenyl]-amine (5k)

Yield: 74%. m.p.: 119-120 °C. Elemental analysis: Calcd.for C,H,3CINgO (410.90): C, 61.38; H,
5.64; N, 20.45. Found: C, 61.14; H, 5.39; N, 20.19. HPLC-MS (ESI+): 411.9 (97.7%). "H NMR (300
MHz, DMSO-dy) 8 ppm 1.67-1.72 (m, 2H), 1.84-1.99 (m, 4H), 2.11-2.18 (m, 2H), 3.92-3.94 (m, 4H),
4.70-4.72(m, 4H), , 4.81 (qui, J= 5.4, 1H), 6.43 (d, J=8.70, 2H), 7.53 (d, J=8.70, 2H), 8.33 (s, 1H),

9.99 (s, 1H).

[4-(4-Benzyl-piperazin-1-yl)-phenyl]-(2-chloro-9-cyclopentyl-9 H-purin-6-yl)-amine (5I)

Yield: 79 %. m.p. 181-182 °C. Elemental analysis: Calcd.for C,;H;3,CIN; (488.03): C, 66.45; H, 6.20;
N, 20.09. Found: C, 66.71; H, 6.41; N, 19.84. HPLC-MS (ESI+): 490.6 (99.9%). "H NMR (DMSO-d;,
500 MHz) 6 ppm 1.62-1.70 (m, 2H), 1.79-1.86 (m, 2H), 1.89-1.97 (m, 2H), 2.10-2.16 (m, 2H), 3.06-
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3.09 (m, 4H), 3.29-3.31 (m, 4H), 3.49 (s, 2H), 4.78 (qui, J=7.5, 1H), 6.88 (d, J=9.0, 2H), 7.21-7.25
(m, 1H), 7.27-7.31 (m, 4H), 7.57 (d, J=9.0, 2H), 8.32 (s, 1H), 10.03 (s, 1H). *C NMR (126 MHz,
DMSO-d;) § ppm 24.03, 32.56, 49.14, 53.09, 56.01, 62.60, 115.99, 119.38, 123.13, 127.51, 128.74,

129.46, 130.91, 138.61, 140.84, 148.10, 150.85, 152.76, 152.99.

2-Chloro-9-cyclopentyl-9H-purin-6-yl)-(6-morpholin-4-yl-pyridin-3-yl)-amine (5m)

Yield: 88%. m.p. 113-115 °C. Elemental analysis: Calcd.for C;oH»,CIN;O (399.88): C, 57.07; H, 5.55;
N, 24.52. Found: C, 57.23; H, 5.21; N, 24.14. HPLC-MS (ESI+): 400.9 (99.5%). '"H NMR (500 MHz,
DMSO-dy) 6 ppm 1.79-1.83 (m, 2H), 1.85-1.96 (m, 4H), 2.27-2.36 (m, 2H), 3.14-3.18 (m, 2H), 3.88-

3.90 (m, 2H), 4.91 (qui, J=6.55, 1H), 6.93 (s, 1H), 7.41-7.47 (m, 2H), 7.98 (s, 1H), 8.25 (s(br), 1 H).

General procedure for the preparation of compounds 6a-60, 7a-7f and 8a-8o:

The mixture of 2-chloro-9-cyclopentyl-9H-purin-6-subst.amino derivative 15 (1.00 mmol) and trans-
1,4-diaminocyclohexane (10.0 mmol) in 1,2-ethandiole (5,0 mL) was heated with stirring at 160 °C for
4 hours in an argon atmosphere. After cooling to room temperature, the mixture was diluted with ethyl
acetate (40 mL) and washed with water (40 mL). The organic phase was washed with brine, dried over
sodium sulphate and concentrated under reduced pressure. The crude product was purified by column

chromatography on silica using mobile phase chloroform — methanol (4:1, v/v).

N’-(4-Amino-cyclohexyl)-N’-(4-bromo-phenyl)-9-isopropyl-9H-purine-2,6-diamine (6a)

Yield: 85 %. m.p.: 224-226 °C. Elemental analysis: Calcd. for C,0H,sBrN; (444.37): C, 54.06; H, 5.90;
N, 22.06. Found: C, 53.99; H, 5.73; N, 22.23. HPLC-MS (ESI+): 446.0 (97.9%). '"H NMR (500 MHz,
DMSO-ds) 6 ppm 1.07 — 1.29 (m, 4H), 1.45 (d, J= 6.4, 6H), 1.77 (d, J=11.8, 2H), 1.93 (d, J=11.5,
2H), 3.64 — 3.52 (m, 2H), 4.59 — 4.49 (sep, J=6.50, 1H), 6.47 (s(br), 1H), 7.39 (d, /= 8.7, 2H), 7.91 (s,
1H), 7.99(d, J=8.7, 2H), 9.55 (s(br), 1H). °C NMR (126 MHz, DMSO-d;) & ppm 22.57, 31.84, 35.76,

46.29, 50.56, 113.53, 114.40, 122.17, 131.42, 136.69, 140.54, 152.20, 158.59.

1-[6-(4-Bromo-phenylamino)-9-isopropyl-9H-purin-2-ylamino]-propan-2-ol (6b)
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Yield: 79 %. m.p.: 178-180 °C. Elemental analysis: Calcd. For C;7Hy;BrN¢O (405.30): C, 50.38; H,
5.22; N, 20.74. Found: C, 50.59; H, 5.49; N, 20.58. HPLC-MS (ESI+): 407.0 (98.1%). '"H NMR (500
MHz, DMSO-dy) 6 ppm 1.06 (d, J= 6.2, 3H), 1.46 (d, J = 6.8, 6H), 3.20 — 3.12 (m, 1H), 3.30 — 3.23
(m, 2H), 3.81(sep, J = 5.5, 1H), 4.55 (sep, J = 7.0, 1H), 4.70 (s, 1H), 6.50 (t, /= 5.8, 1H), 7.39 (d, J =
8.9, 2H), 7.93 (s, 1H), 7.97 (d, J = 8.7, 2H), 9.55 (s(br), 1H). >C NMR (126 MHz, DMSO-d,) & ppm
21.93, 22.56, 46.40, 49.82, 65.92, 113.66, 114.68, 122.40, 131.49, 136.78, 140.38, 151.87, 152.24,

159.30.

N’-(4-Amino-cyclohexyl)-N’-(4-bromo-phenyl)-9-cyclopentyl-9H-purine-2,6-diamine (6¢)

Yield: 79 %. m.p.: 162-164 °C. Elemental analysis: Calcd. For Cy,H,sBrN; (470.42): C, 56.17; H,
6.00; N, 20.84. Found: C, 56.39; H, 5.63; N, 20.51. HPLC-MS (ESI+): 473.0 (99.8%). '"H-NMR (300
MHz, DMSO-dg) & ppm 1.09-1.32 (m, 4H), 1.64-1.68 (m, 2H), 1.78-2.08 (m, 12H), 2.57 (m, 1H),
3.58-3.61 (m, 1H), 4.69 (qui, J=7.11, 1H), 6.50 (d, J=7.41, 1H), 7.42 (d, J=8.85, 2H), 7.90 (s, 1H),
8.04 (d, J=8.85, 2H), 9.58 (s (br), 1H). "C-NMR (76 MHz, DMSO-d,) & ppm 24.18, 24.48, 31.77,

32.28,35.67,49.12, 50.63, 133.53, 122.22, 123.80, 131.42, 137.46, 140.55, 150.85, 152.26, 158.52.

N’-(4-Amino-cyclohexyl)-N’-(4-chloro-phenyl)-9-cyclopentyl-9H-purine-2,6-diamine (6d)

Yield: 84 % m.p.: 113-115 °C. Elemental analysis: Calcd. for C,,HysCIN; (425.96): C, 62.03; H, 6.63;
N, 23.02. Found: C, 61.87; H, 6.89 N, 21.31. HPLC-MS (ESI+): 426.2 (98.7%). 'H NMR (500 MHz,
DMSO-dy) 6 ppm 1.29-1.04 (m, 4H), 1.68-1.56 (m, 2H), 2.11 — 1.72(m, 10H), 2.56-2.48 (m, 1H),
3.62 — 3.52 (m, 1H), 4.65 (qui, J = 6.3, 1H), 6.48 (d, J=4.9, 1H), 7.26 (d, J = 8.5, 2H), 7.87 (s, 1H),
8.06 (d, J = 8.8, 2H), 9.54 (s(br), 1H). C NMR (126 MHz, DMSO-d,) & ppm 24.29, 31.77, 32.28,

35.67, 50.56, 50.78, 55.50, 114.48, 121.80, 125.55, 128.51, 137.40, 140.13, 152.27, 158.52.

1-[6-(4-Chloro-phenylamino)-9-cyclopentyl-9H-purin-2-ylamino]-propan-2-ol (6e)

Yield: 79 % m.p.: 128-129 °C. Elemental analysis: Calcd. for C;o3;CINgO (386.88): C, 58.99; H,
5.99; N, 21.72. Found: C, 58.63; H, 6.22 N, 21.94. HPLC-MS (ESI+): 387.3 (98.7%). '"H NMR (300
MHz, DMSO-d;) ¢ ppm 1.09 (d, J= 6.18, 3H), 1.63-1.67 (m, 2H), 1.87-2.00 (m, 4H), 2.09-2.21 (m,
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2H), 3.14-3.22 (m, 2H), 3.75-3.89 (m, 1H), 4.67 (sep, J= 7.41, 1H), 4.72 (s(br), 1H), 6.54 (t, J= 5.19,
1H), 7.30 (d, J= 8.67, 2H), 7.89 (s, 1H), 8.06 (d, J=8.67, 2H), 9.58 (s, 1H). °C NMR (DMSO-ds, 76
MH?z) & ppm 21.29, 23.63, 31.66, 49.20, 54.81, 65.28, 114.12, 121.36, 125.07, 127.96, 136.74, 139.33,

151.67, 158.67.

1-[6-(4-Bromo-phenylamino)-9-cyclopentyl-9H-purin-2-ylamino]-propan-2-ol (6f)

Yield: 94 %. m.p.: 133-134 °C. Elemental analysis: Calcd. for C;oHy;;BrNgO (431.33): C, 52.91; H,
5.37; N, 19.48. Found: C, 52.84; H, 5.19 N, 19.56. HPLC-MS (ESI+): 433.0 (98.0%). '"H NMR (500
MHz, DMSO-d;) 6 ppm 1.05 (d, J= 6.23, 3H), 1.62-1.67 (m, 2H), 1.80-1.86 (m, 2H), 1.92-1.97 (m,
2H), 2.04-2.09 (m, 2H), 3.11-3.17 (m, 1H), 3.25-3.29 (m, 1H), 3.81 (sep, J=5.8, 1H), 4.63-4.68 (m,
2H), 6.51 (t,J=5.28, 1H), 7.39 (d, J= 8.85, 2H), 7.89 (s, 1H), 7.99 (d, J=8.85, 2H), 9.56 (s, 1H). °C
NMR (DMSO-ds, 126 MHz) 6 ppm 21.95, 24.27, 32.31, 49.83, 55.42, 60.25, 65.88, 113.64, 114.78,

122.43, 131.48, 137.40, 140.41, 152.28, 159.27.

(R)-3-]6-(4-Bromo-phenylamino)-9-cyclopentyl-9H-purin-2-ylamino]-2-methyl-propan-1-ol (6g)

Yield: 85 %. m.p.: 156-158 °C. Elemental analysis: Calcd. for CyHpsBrNgO (445.36): C, 53.94; H,
5.66; N, 18.87. Found: C, 53.67; H, 5.49 N, 18.41. HPLC-MS (ESI+): 447.07 (97.2%). '"H NMR (500
MHz, DMSO-dy) 6 ppm 0.86 (t, J= 7.4, 3H), 1.46 (qui, /= 7.0, 1H), 1.68 — 1.57 (m, 3H), 1.88 — 1.79
(m, 2H), 2.00 — 1.90 (m, 2H), 2.11 — 2.02 (m, 2H), 3.52 — 3.45 (m, 1H), 3.83 — 3.74 (m, 1H), 4.60 (t,J
=5.2, 1H), 4.66 (qui, J= 7.7, 1H), 6.23 (d, J= 8.1, 1H), 7.39 (d, J = 8.9, 2H), 7.88 (s,1H), 7.98 (d, J =
7.7, 2H), 9.52 (s, 1H). °C NMR (126 MHz, DMSO-d,) & ppm 11.26, 24.24, 24.44, 32.19, 32.31,

54.84,55.47,63.32,113.59, 114.67, 122.35, 131.49, 137.37, 140.41, 152.24, 159.15.

N’~(4-Amino-cyclohexyl)-9-benzyl-N’~(4-bromo-phenyl)-9H-purine-2,6-diamine (6h)
Yield: 82 %. m.p.: 129-131 °C. Elemental analysis: Calcd. for C,4H,6BrN; (492.41): C, 58.54; H, 5.32;
N, 19.91. Found: C, 58.66; H, 5.39 N, 19.82. HPLC-MS (ESI+): 493.5 (98.1%). "H NMR (500 MHz,

DMSO-ds) 6 ppm 1.15-1.26 (m, 4H), 1.80 (d, J=9.0, 2H), 1.92 (d, J=9.0, 2H), 2.57-2.63 (m, 1H),

28

ACS Paragon Plus Environment

Page 28 of 47



Page 29 of 47

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

3.55-3.62 (m, 1H), 5.19 (s, 2H), 6.60 (s(br), 1H), 7.23-7.32 (m, 5H), 7.39 (d, J=8.0, 2H), 7.94 (s, 1H),

8.00 (d, J=8.0, 2H), 9.67 (s(br), 1H).

1-[9-Benzyl-6-(4-bromo-phenylamino)-9H-purin-2-ylamino|-propan-2-ol (6i)

Yield: 96 % m.p.: 148-149 °C. Elemental analysis: Calcd. for C,;H, BrNgO (453.34): C, 55.64; H,
4.67; N, 18.54. Found: C, 55.41; H, 5.02 N, 18.20. HPLC-MS (ESI+): 454.5 (97.8%). '"H NMR (300
MHz, DMSO-dy) 6 ppm 1.08 (d, J=6.21, 3H), 3.13-3.22 (m, 2H), 3.81 (sep, J=5.37, 1H), 4.67 (d,
J=5.26, 1H), 5.24 (s, 2H), 6.61 (t, J/=5.46, 1H), 7.24-7.44 (m, 5H), 7.42 (d, J=8.91, 2H), 7.98 (s, 1H),
8.01 (d, J=8.91, 2H), 9.64 (s(br), 1H). *C NMR (126 MHz, DMSO-ds) & ppm 21.92, 46.27, 49.84,

65.80, 113.74, 114.21, 122.48, 128.16, 129.15, 131.49, 137.89, 138.74, 140.33, 152.30, 159.69.

(9-Benzyl-2-morpholin-4-yl-9H-purin-6-yl)-(4-bromo-phenyl)-amine (6j)

Yield: 87 % m.p.: 171-172 °C. Elemental analysis: Calcd. for C»H, BrN4O (465.36): C, 56.78; H,
4.55; N, 18.06. Found: C, 56.53; H, 4.71 N, 17.83. HPLC-MS (ESI+): 466.5 (97.6%). '"H NMR (300
MHz, DMSO-d;) 6 ppm 3.63-3.68 (m, 8H), 5.28 (s, 2H), 7.28-7.36 (m, 5H), 7.47 (d, J=8.82, 2H), 7.84
(d, J=8.82, 2H), 8.07 (s, 1H), 9.79 (s, 1H). “C-NMR (76 MHz, DMSO-d;) & ppm 44.77, 45.77, 65.94,

113.52, 113.76, 122.22, 127.61, 127.71, 128.56, 131.01, 137.16, 139.02, 139.22, 151.33, 158.44.

[9-Benzyl-2-(4-methyl-piperazin-1-yl)-9H-purin-6-yl]-(4-bromo-phenyl)-amine (6k)

Yield: 88 % m.p.: 162-164 °C. Elemental analysis: Calcd. for C;3H,4BrN; (480.40): C, 57.50; H, 5.46;
N, 20.41. Found: C, 57.38; H, 5.14 N, 20.11. HPLC-MS (ESI+): 481.8 (96.2%). 'H NMR (300 MHz,
DMSO-dy) 6 ppm 2.17 (s, 3H), 2.32-2.36 (m, 4H), 3.69-3.72 (m, 4H), 5.26 (s, 2H), 7.26-7.34 (m, 5H),
7.47 (d, J=8.79, 2H), 7.85 (d, J=8.79, 2H), 8.03 (s, 1H), 9.76 (s (br), 1H). "C-NMR (76 MHz,
DMSO-ds) & ppm 44.16, 45.78, 54.37, 113.45, 113.54, 122.11, 127.57, 127.69, 128.52, 130.98,

137.16, 138.80, 139.30, 151.31, 151.74, 158.35.

N’-(4-Amino-cyclohexyl)-N’-(4-bromo-phenyl)-9-(tetrahydro-pyran-2-yl)-9H-purine-2,6-diamine
(61)
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Yield: 94 % m.p.: 114-115 °C. Elemental analysis: Calcd. for C»H,sBrN,O (486.41): C, 54.32; H,
5.80; N, 20.16. Found: C, 54.38; H, 5.91 N, 19.84. HPLC-MS (ESI+): 488.3 (98.1%). 'H NMR (500
MHz, DMSO-dy) 6 ppm 1.30 — 1.13 (m, 4H), 1.56 — 1.48 (m, 2H), 1.68 — 1.59 (m, 1H), 1.78 (d, J =
11.3, 2H), 1.97 — 1.82 (m, 3H), 2.58 — 2.49 (m, 1H), 3.63 — 3.52 (m, 1H), 3.96 (d, J=12.4, 1H), 5.40
(d, J=10.7, 1H), 6.60 (s, 1H), 7.40 (d, J = 8.6, 2H), 8.05 — 7.94 (m, 3H), 9.64 (s (br), 1H). "C NMR
(126 MHz, DMSO-d;) & ppm 23.21, 25.10, 30.46, 31.75, 35.33, 50.46, 50.97, 68.18, 80.97, 80.97,

113.70, 113.82, 122.22, 131.44, 136.67, 140.40, 152.21, 158.91.

1-[6-(4-Bromo-phenylamino)-9-(tetrahydro-pyran-2-yl)-9H-purin-2-ylamino]-propan-2-ol (6m)

Yield: 79 %. m.p.: 127-128 °C. Elemental analysis: Calcd. for C,¢H»;BrN¢O, (447.33): C, 51.01; H,
5.18; N, 18.79. Found: C, 51.12; H, 5.26 N, 18.57. HPLC-MS (ESI+): 449.2 (98.7%). 'H NMR (300
MHz, DMSO-dy) 6 ppm 1.09 (d, J=6.15, 3H), 1.54-1.58 (m, 2H), 1.63-1.70 (m, 1H), 1.88-1.95 (m,
2H), 2.21-2.28 (m, 1H), 3.15-3.26 (m, 2H), 3.62-3.66 (m, 1H), 3.84 (sep, J=5.7, 1H), 3.98-4.02 (m,
1H), 4.71 (t, J/=10.26, 1H), 5.47 (d, J=10.02, 1H), 6.62 (t, J=5.34, 1H), 7.43 (d, J=8.79, 2H), 8.01 (d,
J=8.79, 2H), 8.06 (s, 1H), 9.64 (s(br), 1H). "C-NMR (76 MHz, DMSO-d;) & ppm 21.30, 22.53, 24.48,
2991, 49.24, 54.82, 65.27, 67.53, 80.33, 113.18, 113.50, 121.87, 130.87, 136.10, 139.64, 151.65,

159.02.

(4-Bromo-phenyl)-[2-morpholin-4-yl-9-(tetrahydro-pyran-2-yl)-9H-purin-6-yl]-amine (6n)

Yield: 72 %. m.p.: 133-134 °C. Elemental analysis: Calcd. for C,,H,3BrN¢O, (459.34): C, 52.30; H,
5.05; N, 18.30. Found: C, 51.87; H, 4.91 N, 17.94. HPLC-MS (ESI+): 461.0 (97.2%). '"H NMR (300
MHz, DMSO-dy) 6 ppm 1.52-1.56 (m, 2H), 1.67-1.71 (m, 1H), 1.89-1.97 (m, 2H), 2.18-2.29 (m, 1H ),
3.64-3.69 (m, 9H), 3.99 (d, J=11.43, 1H), 5.53 (d, J=10.05, 1H), 7.48 (d, J=8.76, 2H), 7.85 (d,
J=8.76, 2H), 8,15 (s, 1H), 9.80 (s (br), 1H). "C-NMR (76 MHz, DMSO-d,) & ppm 22.47, 24.51,

30.00, 44.73, 66.00, 67.53, 80.33, 113.56, 122.22, 131.01, 137.09, 139.17, 151.14, 151.32, 158.32.

(4-Bromo-phenyl)-[2-(4-methyl-piperazin-1-yl)-9-(tetrahydro-pyran-2-yl)-9H-purin-6-yl]-amine
(60)
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1

2

3 Yield: 95 %. m.p.: 169-171 °C. Elemental analysis: Calcd. for CyH,sBrN,O (472.38): C, 53.39; H,
4

5 5.55; N, 20.76. Found: C, 53.61; H, 5.28 N, 20.49. HPLC-MS (ESI+): 473.5 (99.1%). 'H NMR
6

7 (DMSO-dy) 6 ppm 1.53-1.56 (m, 2H), 1.63-1.72 (m, 1H), 1.88-1.92 (m, 2H), 2.18-2.22 (m, 4H), 2.33-
8

9 2.38 (m, 4H), 3.65-3.72 (m, 5H), 3.98 (d, J/=11.22, 1H), 5.56 (d, J=6.54, 1H), 7.48 (d, J=8.58, 2H),
10

11 7.84 (d, J=8.58, 2H), 8.13 (s, 1H), 9.76 (s(br), 1H). *C-NMR (76 MHz, DMSO-d,) & ppm 22.46,
12

13 24.51, 30.06, 44.10, 45.79, 54.46, 67.51, 80.23, 113.44, 122.12, 131.00, 136.90, 139.24, 151.22,
14

15 158.26.

16

17

18

19 N -(4-Amin0-cyclohexyl)-9-cyclopentyl-N6 -(4-pyrrolidin-1-yl-phenyl)-9H-purine-2,6-diamine

20

21 (7a)

22

gi Yield: 92%. m.p.: 216-217 °C. Elemental analysis: Calcd.for CocH36Ng (460.62): C, 67.80; H, 7.88; N,
gg 24.33. Found: C, 67.71; H, 7.49; N, 24.01. HPLC-MS (ESI+): 461.7 (99.6%). '"H NMR (300 MHz,
gg DMSO-dy) 6 ppm 1.17-1.38 (m, 2H), 1.74-2.06 (m, 14H), 2.20-2.24 (m, 4H), 2.75 (sep, J=4.26, 1H),
gg 3.27-3.31 (m, 4H), 3.81 (sex, J=5.97, 1H), 4.69-4.79 (m, 2H), 6.56 (d, J=8.73, 2H), 7.36 (s(br), 1H),
g; 7.52 (s, 1H), 7.58 (d, J=8.73, 2H). >C NMR (126 MHz, DMSO-d,) & ppm 24.38, 24.51, 25.42, 31.84,
gi 32.31, 35.78, 48.12, 50.57, 53.14, 55.10, 111.81, 121.34, 122.41, 123.09, 129.84, 136.51, 144.22,
35

36 152.67, 158.74.

37

38

zg N’-(4-Amino-cyclohexyl)-9-cyclopentyl-N’~(4-morpholin-4-yl-phenyl)-9H-purine-2,6-diamine

41

42 (7b)

43

44 Yield: 88 %. m.p.: 189-191 °C. Elemental analysis: Calcd.for C,sH36NsO (476.62): C, 65.52; H, 7.61;
45

46 N, 23.51. Found: C, 65.23; H, 7.58; N, 23.11. HPLC-MS (ESI+): 476.9 (99.0%). '"H NMR (500 MHz,
47

48 DMSO-dy) 6 ppm 1.05 - 0.97 (m, 4H), 1.73 — 1.60 (m, 2H), 1.88 — 1.78 (m, 2H), 1.99 — 1.89 (m, 2H),
49

50 2.19-2.08 (m, 2H), 2.33 (dd, J=13.8, J'=6.8, 2H), 3.07 (d, J= 3.2, 4H), 3.31 (s, 3H), 3.45 - 3.36 (m,
51

52 1H), 4.37 — 4.30 (m, 1H), 4.78 (p, J = 7.4, 1H), 6.89 (d, J = 8.4, 2H), 7.57 (d, J = 8.1, 2H), 8.32 (s,
53

54 1H), 10.02 (s, 1H). C NMR (126 MHz, DMSO-d,) & ppm 12.52, 19.10, 24.03, 32.56, 49.08, 52.17,
55

56 52.88, 56.02, 56.55, 115.90, 119.39, 123.15, 130.87, 140.83, 148.13, 150.86, 152.78, 153.01.

57

58

59
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N’-(4-Amino-cyclohexyl)-9-cyclopentyl-N’-[4-(4-ethyl-piperazin-1-yl)-phenyl]-9H-purine-2,6-
diamine (7¢)

Yield: 76 %. m.p.: 105-108°C. Elemental analysis: Calcd.for CogHy Ny (503.70): C, 66.77; H, 8.20; N,
25.03. Found: C, 66.84; H, 8.02; N, 25.32. HPLC-MS (ESI+): 504.8 (98.4%). 'H NMR (300 MHz,
DMSO-ds) 6 ppm 1.16 (t, J/=7.20, 3H, ), 1.23-1.44 (m, 4H), 1.76-2.32 (m, 14H), 2.48 (q, J/=7.20, 2H),
2.60-2.66 (m, 4H), 2.85 (m, 1H), 3.20-3.22 (m, 4H), 3.80 (m, 1H), 4.70 (d, J=5.25, 1H), 4.76 (qui,

J=6.83, 1H), 6.95 (d, J=8.76, 1H), 7.40 (s (br), 1H), 7.45 (s, 1H), 7.66 (d, J=8.76, 1H).

N’-(4-Amino-cyclohexyl)-9-cyclopentyl-N’~(4-morpholin-4-ylmethyl-phenyl)-9H-purine-2,6-
diamine (7d)

Yield: 94%. m.p.: 133-135 °C. Elemental analysis: Calcd.for C,;H33sNgO (490.64): C, 66.09; H, 7.81;
N, 22.84. Found: C, 66.04; H, 7.59; N, 22.61. HPLC-MS (ESI+): 491.65 (98.2%). '"H NMR (500
MHz, DMSO-d;) & ppm 1.30 — 1.05 (m, 4H), 1.69 — 1.56 (m, 2H), 2.12 — 1.72 (m, 10H), 2.27-2.32 (m,
4H), 2.53 (t, J = 10.4, 1H), 3.36 (s, 2H), 3.50-3.56 (m, 4H), 3.68 — 3.56 (m, 1H), 4.72 — 4.59 (sep,
J=17.5, 1H), 6.39 (s(br), 1H), 7.15 (d, J = 8.0, 2H), 7.84 (s, 1H), 7.92 (d, J = 8.0, 2H), 9.32 (s(br), 1H).
"C NMR (126 MHz, DMSO-d;) & ppm 24.31, 31.76, 32.29, 35.57, 50.53, 53.65, 55.34, 62.67, 66.74,

114.51, 120.25, 129.42, 131.24, 137.12, 139.90, 152.50, 158.63.

N’-(4-Amino-cyclohexyl)-9-cyclopentyl-N’-[4-(2-0xa-6-aza-spiro[3.3] hept-6-yl)-phenyl]-9H-
purine-2,6-diamine (7e)

Yield: 82%. m.p.: 146-147 °C. Elemental analysis: Calcd.for C,;H3sNgO (488.63): C, 66.37; H, 7.43;
N, 22.93. Found: C, 66.11; H, 7.08; N, 22.69. HPLC-MS (ESI+): 489.7 (98.3%). '"H NMR (500 MHz,
DMSO-dy) 6 ppm 1.67-2.07 (m, 14H), 2.11-2.18 (m, 2H), 2.45-2.50 (m, 4H), 4.71-4.74 (m, 4H), 3.92-
3.94 (m, 4H), 4.83 (qui, J= 5.4, 1H), 5.48 (d, J=5.44, 1H), 6.48 (d, J=8.50, 2H), 7.55 (d, J=8.50, 2H),

8.32 (s, 1H), 9.95 (s, 1H).

N’-(4-Amino-cyclohexyl)-N’-[4-(4-benzyl-piperazin-1-yl)-phenyl]-9-cyclopentyl-9H-purine-2,6-
diamine (7f)
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Yield: 92%. m.p.: 149-150 °C. Elemental analysis: Calcd.for C33Hy3Ng (565.77): C, 70.06; H, 7.66; N,
22.28. Found: C, 69.82; H, 7.48; N, 22.01. HPLC-MS (ESI+): 568.8 (99.9%). '"H NMR (500 MHz,
DMSO-ds) & ppm 1.28 — 1.12 (m, 8H), 1.70 — 1.58 (m, 4H), 2.11 — 1.74 (m, 19H), 2.65 — 2.57 (m,
2H), 3.02 (t, J=9.8, 7H), 3.49 (d, J = 3.3, 9H), 3.62 — 3.54 (m, 4H), 4.69 —4.59 (m, 2H), 6.29 (s(br),
1H), 6.82 (d, J = 8.8, 4H), 7.26 — 7.19 (m, 2H), 7.32 — 7.28 (m, 8H), 7.84 — 7.74 (m, 6H), 9.10 (s(br),
1H). °C NMR (126 MHz, DMSO-dy) & ppm 31.49, 32.29, 34.18, 49.62, 50.29, 53.16, 62.61, 116.25,

121.62, 127.51, 128.73, 128.73, 129.47, 133.19, 138.60, 146.85, 158.66.

N’-(4-Amino-butyl)-9-cyclopentyl-N’-(4-morpholin-4-ylmethyl-phenyl)-9H-purine-2,6-diamine
(8a)

Yield: 85%. m.p.: 140-141 °C. Elemental analysis: Calcd.for C,sH3sNgO (464.61): C, 64.63; H, 7.81;
N, 24.12. Found: C, 64.47; H, 7.43; N, 23.88. HPLC-MS (ESI+): 465.8 (96.7%). '"H NMR (300 MHz,
DMSO-dy) 6 ppm 1.38-1.66 (m, 6H), 1.87-1.92 (m, 6H), 2.07-2.09 (m, 4H), 2.53 (t, J=6.78,2H), 3.17
(q, J=6.39, 2H), 3.30 (s, 2H), 3.39-3.55 (m, 4H), 4.69 (qui, J=7.11, 1H), 6.64 (t, J=5.34, 1H), 7.18 (d,

J=8.28, 2H), 7.88 (s, 1H), 7.95 (d, J=8.28, 2H), 9.34 (s (br), 1H).

N’-(5-Amino-pentyl)-9-cyclopentyl-N’-(4-morpholin-4-ylmethyl-phenyl)-9H-purine-2,6-diamine
(8b)

Yield: 74%. m.p.: 118-120 °C. Elemental analysis: Calcd.for C,cH3sNgO (478.63): C, 65.24; H, 8.00;
N, 23.14. Found: C, 65.56; H, 8.05; N, 22.92. HPLC-MS (ESI+): 479.90 (99.7%). 'H NMR (300
MHz, DMSO-ds) 8 ppm 1.33-1.44 (m, 4H), 1.52-1.56 (m, 2H), 1.63-1.70 (m, 2H), 1.87-2.35 (m, 8H),
2.31-2.34 (m, 4H), 2.53 (t, J=6.42, 2H), 3.26 (q, J= 6.42, 2H), 3.40(s, 2H), 3.55-3.58 (m, 4H), 4.69
(qui, J=7.80, 1H), 6.60 (t, /=4.89, 1H), 7.18 (d, /=8.40, 2H), 7.88 (s, 1H), 7.95 (d, J=8.40, 2H), 9.33
(s (br), 1H). "C NMR (126 MHz, DMSO-d;) & ppm 24.25, 24.62, 29.79, 32.30, 33.36, 42.04, 53.64,

55.37, 62.66, 66.75, 114.56, 120.27, 129.43, 131.26, 136.98, 139.88, 152.22, 152.52, 158.20, 159.35.

N’-(6-Amino-hexyl)-9-cyclopentyl-N’-(4-morpholin-4-ylmethyl-phenyl)-9H-purine-2,6-diamine
(8¢)
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Yield: 74%. m.p.: 135-136 °C. Elemental analysis: Calcd.for C,;H4oNgO (492.66): C, 65.82; H, 8.18;
N, 22.74. Found: C, 65.96; H, 8.02; N, 22.64. HPLC-MS (ESI+): 493.93 (99.4%). 'H NMR (500
MHz, DMSO-dy) 6 ppm 1.25-1.34 (m, 6H), 1.51-1.57 (m, 2H), 1.63-1.70 (m, 2H), 1.87-2.09 (m, 6H),
2.31-2.35 (m, 4H), 3.00 (s(br), 2H), 3.26 (q, J= 6.75, 2H), 3.39 (s, 2H), 3.53-3.59 (m, 4H), 4.69 (qui,
J=6.96, 1H), 6.62 (t, J=6.18, 1H), 7.17 (d, J=8.25, 2H), 7.88 (s, 1H), 7.95 (d, J=8.25, 2H), 9.32 (s(br),
1H). °C NMR (126 MHz, DMSO-d,) & ppm 24.26, 26.87, 27.18, 29.94, 32.29, 33.48, 41.97, 53.64,

55.40, 62.67, 66.76, 114.57, 120.26, 129.41, 131.25, 136.98, 139.89, 152.22, 152.52, 159.36.

N’-Benzyl-9-cyclopentyl-N°-(4-morpholin-4-ylmethyl-phenyl)-9H-purine-2,6-diamine (8d)

Yield: 48 %. m.p.: 173-175 °C. Elemental analysis: Calcd.for C,sH33N,0 (483.61): C, 69.54; H, 6.88;
N, 20.27. Found: C, 69.28; H, 7.07; N, 20.02. HPLC-MS (ESI+): 484.7 (96.5%). '"H NMR (500 MHz,
DMSO-dy) 6 ppm 1.71-1.58 (m, 2H), 1.87 — 1.77 (m, 4H), 2.02 — 1.91 (m, 2H), 2.19 — 2.06 (m, 2H),
3.09 — 2.96 (m, 2H), 3.14-3.18 (m, 2H), 3.81 — 3.71 (m, 2H), 3.90 (d, J =12.1, 2H), 4.10 (t, J = 5.6,
2H), 4.20 (s, 2H), 4.50 (s, 2H), 4.80(qui, J=7.0, 1H), 7.18-7.21 (m, 2H), 7.27-7.38 (m, 7H), 7.59-7.47
(m, 2H), 8.34 (s, 1H), 9.03 (s, 1H), 9.62 (s, 1H). °C NMR (126 MHz, DMSO-d) & ppm 24.00, 31.82,
45.20, 50.31, 50.95, 59.06, 63.56120.14, 127.17, 127.24, 127.78, 128.75, 128.79, 129.14, 129.45,

130.67, 132.39, 132.61, 140.14, 140.60.

9-Cyclopentyl-NZ-(4-methoxy-benzyl)-N6 -(4-morpholin-4-ylmethyl-phenyl)-9H-purine-2,6-
diamine (8e)

Yield: 64 %. m.p.: 228-230 °C. Elemental analysis: Calcd.for C,sH34,NO, (513.63): C, 69.85; H, 6.87,
N, 16.85. Found: C, 69.54; H, 6.59; N, 16.91. HPLC-MS (ESI+): 514.61 (95.5%). '"H NMR (500
MHz, DMSO-ds) § ppm 1.68 — 1.58 (m, 2H), 1.86 — 1.78 (m, 2H), 1.99 — 1.89 (m, 2H), 2.10 — 2.01
(m, 2H), 2.28-2.32 (s, 4H), 3.51-3.56 (m, 4H), 3.65 (s, 3H), 3.71 — 3.68 (m, 2H), 4.38 (d, /= 6.0 2H),
4.66 (qui, J = 7.5, 1H), 6.80 (d, J = 8.5, 2H), 6.85 - 7.12 (m, 4H), 7.24 (d, J = 6.5, 3H), 7.82 (s, 2H),
7.86 (s, 1H), 9.30 (s, 1H). °C NMR (126 MHz, DMSO-d,) & ppm 24.19, 32.23, 44.64, 53.61, 55.51,
62.62, 66.74, 113.91, 114.09, 120.37, 128.91, 129.14, 129.45, 129.91, 131.31, 133.65, 137.18, 139.67,
152.50, 158.39, 159.11.
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(9-Cyclopentyl-2-morpholin-4-yl-9H-purin-6-yl)-(4-morpholin-4-ylmethyl-phenyl)-amine (8f)

Yield: 96%. m.p.: 274-276 °C. Elemental analysis: Calcd.for C,5H33N;0, (463.58): C, 64.77; H, 7.18;
N, 21.15. Found: C, 64.69; H, 7.01; N, 21.42. HPLC-MS (ESI+): 465.69 (99.8%). 'H NMR (500
MHz, DMSO-d;) 6 ppm 1.62-1.66 (m, 2H), 1.80-1.87 (m, 2H), 1.90-1.98 (m, 2H), 2.08-2.12 (m, 2H),
2.29-2.33 (m, 4H), , 3.36 (s, 2H), 3.52-3.55 (m, 4H), 3.62-3.65 (m, 1H), 4.71 (qui, J=7.5, 1H), 7.18 (d,
J=8.00, 2H), 7.80 (d, J=8.00, 2H), 7.96 (s, 1H), 9.50 (s, 1H). "C NMR (126 MHz, DMSO-d,) & ppm
24.31, 32.36, 45.44, 53.69, 55.45, 62.66, 66.60, 66.74, 114.90, 120.42, 129.54, 131.72, 138.11,

139.41, 151.92, 152.16, 158.77

[9-Cyclopentyl-2-(4-methyl-piperazin-1-yl)- 9H-purin-6-yl]-(4-morpholin-4-ylmethyl-phenyl)-
amine (8g)

Yield: 96%. m.p.: 248-250 °C. Elemental analysis: Calcd.for C,sH33N;0, (476.62): C, 65.52; H, 7.61;
N, 23.51. Found: C, 65.74; H, 7.92; N, 23.37. HPLC-MS (ESI+): 478.83 (99.7%). 'H NMR (500
MHz, DMSO-dg) 6 ppm 1.10 (s, 3H), 1.62-1.69 (m, 2H), 1.83-1.90 (m, 2H), 1.90-1.96 (m, 2H), 2.08-
2.114 (m, 2H), 2.19 (s, 3H), 2.28-2.32 (m, 4H), 2.34-2.38 (m, 4H), 3.36 (s, 2H), 3.50-3.55 (m, 4H),
3.65-3.69 (m, 4H), 4.70 (qui, J=7.50, 1H), 7.18 (d, J=8.50, 2H), 7.79 (d, J=8.50 2H), 7.95 (s, 1H),
9.47 (s, 1H). °C NMR (126 MHz, DMSO-d,) & ppm 24.29, 32.39, 44.73, 46.34, 53.68, 54.97, 55.35,

62.65, 66.73, 114.66, 120.44, 129.54, 131.64, 137.92, 139.47, 152.01, 152.13, 158.67.

(9-Cyclopentyl-2-piperidin-1-yl-9H-purin-6-yl)-(4-morpholin-4-ylmethyl-phenyl)-amine (8h)
Yield: 96%. m.p.: 163-164 °C. Elemental analysis: Calcd.for C,H3sN,O (461.60): C, 67.65; H, 7.64;
N, 21.24. Found: C, 67.29; H, 7.38; N, 21.03. HPLC-MS (ESI+): 463.78 (99.7%). 'H NMR (500
MHz, DMSO-dy) 6 ppm 1.20 (s, 1H), 1.71 — 1.59 (m, 2H), 1.89 — 1.79 (m, 2H), 1.95 (td, J = 14.4, 7.0,
2H), 2.10 (td, J=11.7, 6.7, 2H), 2.31 (s, 4H), 3.28 (s, 1H), 3.36 (s, 2H), 3.53 (t, J = 4.4, 4H), 3.68 —
3.61 (m, 9H), 4.71 (p, J= 7.7, 1H), 7.18 (d, J = 8.5, 2H), 7.80 (d, J = 8.5, 2H), 7.96 (s, 1H), 9.50 (s,
1H).”C NMR (126 MHz, DMSO-d;) & ppm 24.31, 32.36, 45.43, 53.69, 55.44, 62.65, 66.59, 66.73,
114.89, 120.49, 129.54, 131.72, 138.10, 139.40, 151.91, 152.15, 158.76.
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2-[9-Cyclopentyl-6-(4-morpholin-4-ylmethyl-phenylamino)-9H-purin-2-ylamino]-ethanol (8i)

Yield: 94 %. m.p.: 127-128 °C. Elemental analysis: Calcd.for C,3H3N,0, (437.54): C, 63.14; H, 7.14;
N, 22.41. Found: C, 63.28; H, 7.01; N, 22.30. HPLC-MS (ESI+): 439.60 (98.6%).'H NMR (500 MHz,
DMSO-ds) 6 ppm 1.74 — 1.57 (m, 4H), 1.89 — 1.76 (m, 2H), 1.99 — 1.89 (m, 2H), 2.14 — 2.01 (m, 2H),
2.30 (s, 4H), 3.32 — 3.25 (s, 2H), 3.49 — 3.43 (m, 2H), 3.53 (s, 4H), 4.47 (t, J = 4.4, 1H), 4.66 (qui,
J=17.5,1H), 6.54 (t,J=5.1, 1H), 7.15 (d, J = 8.2, 2H), 7.86 (s, 1H), 7.91 (d, J = 8.2, 2H), 9.30 (s, 1H).
C NMR (126 MHz, DMSO-d;) & ppm 24.21, 32.34, 33.07, 39.14, 53.64, 55.34, 59.43, 62.65, 66.73,

114.52, 120.26, 129.51, 131.27, 136.96, 139.83, 152.13, 152.50, 159.40.

3-]9-Cyclopentyl-6-(4-morpholin-4-ylmethyl-phenylamino)-9H-purin-2-ylamino]-propan-1-ol
G

Yield: 96 %. m.p.: 136-139 °C. Elemental analysis: Calcd.for C,4H33N,0, (451.56): C, 63.84; H, 7.37;
N, 21.71. Found: C, 63.49; H, 7.54; N, 21.42. HPLC-MS (ESI+): 452.63 (97.8%).'H NMR (500 MHz,
DMSO-dy) & ppm 1.70 — 1.59 (m, 3H), 1.88 — 1.80 (m, 3H), 1.99 — 1.89 (m, 3H), 2.14 — 2.03 (m, 3H),
2.30 (s, 6H), 4.70 —4.61 (m, 3H), 6.42 (t,J=5.2, 1H), 7.15 (d, J=8.1, 3H), 7.87 (s, 1H), 7.89 (d, /=
8.5, 3H), 9.31 (s, 1H). "C NMR (126 MHz, DMSO-d;) § ppm 24.22, 32.33, 44.63, 53.65, 55.36,

60.63, 62.66, 66.73, 120.29, 129.52, 131.29, 137.07, 139.78, 152.52, 159.33.

4-[9-Cyclopentyl-6-(4-morpholin-4-ylmethyl-phenylamino)-9H-purin-2-ylamino]-butan-1-ol (8k)
Yield: 88 %. m.p.: 119-121 °C. Elemental analysis: Calcd.for C,sH3sN,0, (451.56): C, 64.49; H, 7.58;
N, 21.06. Found: C, 64.49; H, 7.62; N, 20.85. HPLC-MS (ESI+): 466.49 (98.4%). '"H NMR (500
MHz, DMSO-ds) 6 ppm 1.45 (qui, J = 6.5, 2H), 1.53 (qui, J = 6.5, 2H), 1.69 — 1.60 (m, 2H), 1.89 —
1.77 (m, 2H), 2.00 — 1.89 (m, 2H), 2.12 — 2.02 (m, 2H), 2.28-2.32 (m, 4H), 3.24 (q, J = 6.5, 2H), 3.48
(s, 2H), 3.51-3.57(m, 4H), 4.38 (t, J = 5.0, 1H), 4.66 (qui, J=7.0, 1H), 6.58 (t, J= 5.4, 1H), 7.15 (d, J
= 8.3, 2H), 7.85 (s, 1H), 7.91 (d, J = 8.3, 2H), 9.29 (s, 1H). °C NMR (126 MHz, DMSO-d,) § ppm
24.25, 26.52, 30.76, 32.30, 41.77, 53.63, 55.36, 61.25, 62.72, 66.73, 112.78, 114.55, 120.24, 129.49,
131.26, 137.00, 139.92, 152.48, 159.37.
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N*-(4-Amino-cyclohexyl)-9-cyclopentyl-N°~(6-morpholin-4-yl-pyridin-3-yl)-9H-purine-2,6-
diamine (8I)

Yield: 94%. m.p.: 283-284 °C. Elemental analysis: Calcd.for C,sH3sNoO (477.61): C, 62.87; H, 7.39;
N, 26.39. Found: C, 62.61; H, 7.11; N, 26.02. HPLC-MS (ESI+): 478.57 (98.2%). 'H NMR (500
MHz, DMSO-dy) 8 ppm 1.29-1.49 (m, 4H), 1.77-1.79 (m, 2H), 1.97-2.04 (m, 4H), 2.21-2.26 (m, 6H),
2.86 (sep, J=5.26, 1H), 3.14-3.18 (m, 4H), 3.83 (sex, J=4.02, 1H), 3.88-3.91 (m, 4H), 4.73 (qui, J=
5.74, 1H), 4.86 (d, J= 4.02, 1H), 6.91 (s, 1h), 7.46-7.49 (m, 2H), 8.02 (s, 1H), 8.26 (s(br), 1H). *C
NMR (126 MHz, DMSO-dg) & ppm 30.98, 31.92, 32.27, 46.39, 49.84, 66.53, 107.07, 129.22, 131.27,

137.14, 140.49, 152.67, 155.60, 158.56.

9-Cyclopentyl-2-morpholin-4-yl-9H-purin-6-yl)-(6-morpholin-4-yl-pyridin-3-yl)-amine (8m)

Yield: 87%. m.p.: 220-222 °C. Elemental analysis: Calcd.for C,3H30NgO (450.54): C, 61.31; H, 6.71;
N, 24.87. Found: C, 61.54; H, 6.48; N, 24.26. HPLC-MS (ESI+): 451.57 (97.6%). 'H NMR (500
MHz, DMSO-dg) 6 ppm 1.61-1.67 (m, 2H), 1.83-1.83 (m, 2H), 1.91-1.96 (m, 2H), 2.07-2.09 (m, 2H),
3.38-3.40 (m, 4H), 3.61-3.68 (m, 12H), 4.70 (qui, J= 5.26, 1H), 6.80 (d, J=9.0, 1H), 7.91-7.97 (m,
2H), 8.52 (s, 1H), 9.41 (s, 1H). "C NMR (126 MHz, DMSO-d,) & ppm 24.23, 32.35, 45.34, 46.28,

55.56, 66.52,107.19, 114.70, 128.54, 130.08, 131.77, 138.03, 140.68, 151.74, 152.29, 155.81, 158.84.

N?-(4-Amino-butyl)-9-cyclopentyl-N°-(4-morpholin-4-yl-phenyl)-9 H-purine-2,6-diamine (8n)

Yield: 88%. m.p.: 237-239 °C. Elemental analysis: Calcd.for C,4H3,NgO (450.58): C, 63.97; H, 7.61;
N, 24.87. Found: C, 64.11; H, 7.38; N, 24.59. HPLC-MS (ESI+): 451.8 (100.0%). '"H NMR (300
MHz, DMSO-d6) & ppm 1.39-1.45 (m, 2H), 1.54-1.59 (m, 2H), 1.65-1.69 (m, 2H), 1.87-2.10 (m, 6H),
2.58 (t, J=6.60, 2H), 2.97 (s(br), 2H ), 3.02-3.05 (m, 4H), 3.27 (q, J=6.36, 2H), 3.72-3.75 (m, 4H),
4.68 (qui, J=7.26, 1H), 6.86 (d, J=8.94, 2H), 7.81 (d, J= 8.94, 2H), 7.85 (s, 1H), 9.14 (s(br), 1H). °C
NMR (126 MHz, DMSO-d;) & ppm 24.24, 27.35, 30.89, 32.32, 41.86, 49.77, 55.34, 66.71, 114.40,

115.87,121.70, 133.41, 136.65, 146.80, 151.99, 152.59, 157.99, 159.40.
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N*-(4-amino-butyl)-9-cyclopentyl-N°-[4-(4-ethyl-piperazin-1-yl)-phenyl]-9 H-purine-2,6-diamine
(80)

Yield: 92%. m.p.: 163-165 °C. Elemental analysis: Calcd.for CosH39Ng (477.65): C, 65.38; H, 8.23; N,
26.39. Found: C, 65.29; H, 7.89; N, 26.39. HPLC-MS (ESI+): 478.91 (96.7%). 'H NMR (300 MHz,
DMSO-ds) 6 ppm 1.02 (t, J=7.11, 3H), 1.38-1.42 (m, 2H), 1.51-1.57 (m, 2H), 1.63-1.68 (m, 2H),
1.85-2.09 (m, 6H), 2.35 (q, J=7.11, 2H), 2.55 (t, J=7.26, 2H), 2.98 (s(br), 2H), 3.03-3.06 (m, 4H),
3.22-3.29 (m, 6H), 4.67 (qui, J=7.62, 1H), 6.52 (t, J/=5.94, 1H), 6.85 (d, J=8.70, 2H), 7.80 (d, J/=8.70,
2H), 7.85 (s, 1H), 9.11 (s(br), 1H). °C NMR (76 MHz, DMSO-d,) 5 ppm 11.94, 23.62, 26.74, 31.69,
40.05, 46.28, 48.88, 51.56, 52.36, 54.28, 112.18, 115.43, 121.10, 132.43, 136.20, 146.23, 151.97,

158.81.

Kinase assays

FLT3 WT, FLT3 ITD and FLT3 D835 were purchased from ProQinase. The kinase reactions were
assayed with peptide substrate (1 mg/mL AGLT (poly(Ala,Glu,Lys,Tyr) 6:2:5:1 hydrobromide) in the
presence of 1 pM ATP, 0.05 uCi [y-PJATP, and the test compound in a final volume of 10 pL, all in
a reaction buffer (60 mM HEPES-NaOH, pH 7.5, 3 mM MgCl,, 3 mM MnCl,, 3 uM Na-
orthovanadate, 1.2 mM DTT, 2.5 ug / 50 pul PEGyg00). The reactions were stopped by adding 5 pL of
3% aq. H;PO,. Aliquots were spotted onto P-81 phosphocellulose (Whatman), washed 3x with 0.5%
aq. H;PO, and finally air-dried. Kinase inhibition was quantified using a FLA-7000 digital image
analyzer. The concentration of the test compounds required to reduce the kinase’s activity by 50 %

was determined from dose-response curves and reported as the 1Cs, value.

Kinase Selectivity Profiling
Preliminary protein kinase selectivity of compound 7d was evaluated at a single concentration (10

nM) by screening against 309 enzymes at Carna Biosciences.
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Cell Culture

Human cell lines were obtained from the American Type Culture Collection or the German Collection
of Microorganisms and Cell Cultures and were cultivated according to the provider’s instructions.
Briefly, MV4-11, MOLM-13, THP-1, U937 were maintained in RPMI-1640 medium supplemented
with 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 pg/ml). Kasumi-1 and
HCC-827 were maintained in RPMI-1640 medium supplemented with 20% fetal bovine serum,
penicillin (100 U/ml), and streptomycin (100 pg/ml). K562, MCF-7 and BJ cell lines were cultivated
in DMEM medium supplemented with 10% fetal bovine serum, penicillin (100 U/ml), and
streptomycin (100 pg/ml). MRC-5 cells were cultivated in EMEM medium supplemented with 10%
fetal bovine serum, 1% NEAA, penicillin (100 U/ml), and streptomycin (100 pg/ml). HUVEC
(Human umbilical vein endothelial cells) were isolated and cultivated as described previously.® All

cell lines were cultivated at 37 °C in 5% CO,.

Cell Viability Assays

For the cytotoxicity assays, cells were treated in triplicate with six different doses of each compound
for 72 h. After treatments, Calcein AM solution was added for 1 hour, and fluorescence from live cells
was measured at 485 nm/538 nm (excitation/emission) using a Fluoroskan Ascent microplate reader
(Labsystems). The Gls, value, the drug concentration lethal to 50% of the cells, was calculated from

the dose response curves that resulted from the assays.

Flow Cytometry

Asynchronous cells were seeded and, after a preincubation period, treated with tested compounds for
24 hours. After the staining with propidium iodide, DNA content was analyzed by flow cytometry
using a 488 nm laser (BD FACS Verse with software BD FACSuiteTM, version 1.0.6.). Cell cycle

distribution was analyzed using ModFit LT (Verity Software House).

39

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

Immunoblotting

Cell lysates were prepared, then proteins were separated on SDS-polyacrylamide gels and
electroblotted onto nitrocellulose membranes. After blocking, overnight incubation with specific
primary antibodies, and incubation with peroxidase-conjugated secondary antibodies, peroxidase
activity was detected with SuperSignal West Pico reagents (Thermo Scientific) using a CCD camera
LAS-4000 (Fujifilm). The following specific antibodies were purchased from Cell signaling: anti-
FLT3 (8F2) and anti-phospho-FLT3 Y589/591 (30D4), anti-phospho-FLT3 Y591 (33G6), anti-
phospho-FLT3 Y842 (10A8), anti-STATS, anti-phospho-STAT5 Y694, anti-ERK1/2, anti-phospho-
ERK1/2 T202/Y204, anti-MEK1/2 (D1AS), anti-phospho-MEK1/2 S217/221 (41G9). Anti-GAPDH
was purchased from Sigma Aldrich, and anti-PCNA (clone PC-10) was generously gifted by Dr. B.

Vojtések.

Caspase-3/7 assay

Cellular caspase-3/7 activity was measured according to a previously published procedure.”* MV4-11
and K562 cells were cultivated in a 96-well plate overnight. On the next day, the cells were treated
with increasing concentrations of compound 7d for 24 h. After incubation, 3x caspase-3/7 assay buffer
(150 mM HEPES pH 7.4, 450 mM NaCl, 150 mM KCIl, 30 mM MgCl,, 1.2 mM EGTA, 1.5% Nonidet
P40, 0.3% CHAPS, 30% sucrose, 30 mM DTT, 3 mM PMSF) containing 150 pM peptide substrate
Ac-DEVD-AMC (Enzo Life Sciences) was added and after 2h incubation, the caspase-3/7 activity was
measured using a Fluoroskan Ascent microplate reader (Labsystems) at 346 nm/442 nm

(excitation/emission).

In Vivo Efficacy

Female athymic nu/nu mice (ENVIGO) were subcutaneously implanted with MV 4-11 (5 x 10° cells
in log-phase) in a mixture with Matrigel (Corning) on day 0. Body weights and tumor growth were
assessed 3 times per week. The latter was measured by caliperation (using vernier caliper), and tumor
volumes were calculated using the formula: tumor volume [mm’] = width® x (length/2) [mm; mm)].
The treatment began when the tumors reached a mean volume of about 640 mm® (approx. 14 days
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after inoculation). Quizartinib and 7d were formulated in saline or acidified saline (pH 6.8 for
application) and were administered as single doses of 10 mg/kg by intraperitoneal (i.p.) injection.
Control animals received saline only. The tumors were harvested at various post-treatment intervals;
after harvesting, they were mechanically disintegrated and lysed in ice cold lysis buffer. Proteins from
the lysates (50 pg of total protein) were separated by SDS/PAGE, transferred to a nitrocellulose
membrane, and immunoblotted with specific primary antibodies at 4 °C overnight. The HRP-
conjugated secondary antibodies used for detection were incubated with membrane for 1 hour at RT

and immunoblots were scanned using a Li-COR system (Li-COR Biosciences).

Homology Modeling and Molecular Docking

The X-ray crystal structure of FLT3 available from PDB (1RJB) is in an inactive conformation. We
have therefore built the active DFG-in conformation of FLT3 by homology modeling based on the c-
KIT kinase template (PDB ID: 1PKG). The dimer of active c-KIT contains two identical chains, chain
A was selected. With default setting of Prime in Schrodinger 2017 we built the homology model and
subjected it to energy minimization using the OPLS3 all-atom force field.”® The docking was carried
out with Glide using the homology model structure (Schrodinger Suite; Small-Molecule Drug
Discovery Suite 2016-1, Schrodinger, LLC, New York, NY, 2016). FLT3 model was checked for
steric clashes as well as for correct protonation states and hydrogen bonding patterns.”® No explicit
water molecules were present. The protein grid was created using default settings. All ligands were
converted from 2D to 3D using Ligprep module (Schrodinger Suite). Docking was performed with
Glide (version,75103) in standard precision (SP) mode with flexible ligand docking and verified by
induced fit docking (IFD) (Schrodinger Suite 2017; Schrodinger LLC, New York, NY). The first stage
of IFD protocol performed an initial softened-potential docking of the ligand to rigid receptor, with
van der Waals radii scaling of 0.50 for both FLT3 kinase homology model and ligands. Sampling of
the protein for each of top 20 ligand poses was performed using Prime. Residues within 5A of any
ligand were refined; this consisted of the side chain conformational search and optimization, followed

by full minimization of the residues and ligand. Complexes within 30.0 kcal/mol of minimum energy
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structure were taken forward for redocking. The related ligand was redocked into each low energy,

induced-fit structure with default Glide settings.
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Scheme S1. Reaction conditions: a) K.COs, ethanol, secondary amine, reflux; b) H./Pd-C 5%, rt, atmospheric pressure.
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Table S1. Preliminary kinase selectivity profile of 7d.

Kinases

Inhibition of kinase
activity
7d (10 nM)

FLT3, PDGFRB, PDGFRa, CLK1, TRKA, TRKC, QIK, TRKB, CaMK2s,
SIK, YES, FMS, CAMK2y, KIT (D816V), MNK2, ACK, SRC,
PDGFRo(V561D)

100 - 90 %

DDR1, DDR2, LCK, PDGFRa(D842V), PHKG1, MER, MNK1, ITK,
CaMK20, MUSK, SLK, FLT4, LYND, FYN (isoform b), CLK2, LOK, LYNa,
ALK (L1196M), FGR, FYN (isoform a), FLT1, CDK2/CycA2, DYRKIB,
MAP4K2, HCK, MARK4, KDR, CDK5/p25, FRK, ALK (F1174L), KIT,
MST1

89 - 60 %

CDKO9/CycT1, CDK2/CycEl, EPHB1, MARK3, AXL, SRPK2, ALK, IRR,
MARK1, ABL, ARG, CDK7/CycH/MAT1, CAMK2p8, NPM1-ALK, NuaK1,
FGFR2, CDK4/CycD3, BLK, KIT (D816E), DYRK1A, PAK5, FGFR1, JAKS,
HER4, MARK2, TSSK1, AMPKa2/p1/yl, PHKG2, EML4-ALK, TEC, ALK
(R1275Q), RET (S891A), IRAK4, FGFR1 (V561M)

59 -40 %

IRAK1, EPHAL, TXK, PKN1, HGK, FGFR3, ABL (E255K), FES, LTK,
TNK1, EGFR (d746-750), KIT (V560G), MLK3, EPHB4, CRIK, FER, CK13,
NuaK2, PDGFRa(T6741), PIK3CA/PIK3R1, SYK, MLK1, TYRO3, MAP3K3,
HIPK4, FGFR3 (K650E), EGFR (L858R), TNIK, PAK4, CHK1, CKla, YES
(T3481), FGFR3 (K650M), PKD2, INSR, CDC2/CycBl, PKD3, PKC(,
KIT(V654A), AMPKal/Bl/yl, PKCi, RET, CDK3/CycEl, PYK2, EPHAS,
ABL (T315l), EPHB2, AurB, BTK, BMX, RET (M918T), NDR2, PKD1, RET
(G691S), SRPK1, ROS, NDR1, FAK, JAK2, MELK, EGFR (L861Q),
DCAMKL2, MST3, CLK3, RSK4, RSK3, EGFR, RSK2, MST4, IGFIR,
MST2, EPHA4, CKle, Haspin, P70S6K, PAK6, LATS2, EPHA2, RET
(Y791F), MOS, JINK1, PKCs, IKKo, BRAF, PKCe, RSK1, CSK,
CDK®6/CycD3, PRKX, MINK, PKR, COT, ROCK1, FGFR4 (V550L), EPHAS,
HIPK2, PKACB, PKCO, TBK1, NEK2, PKACq, SkMLCK, CaMK1s,
FGFR4(V550E), MET(Y1235D), HIPK3, ROCK2, RON, EPHB3, BRK,
MAP3K5, AurA/TPX2, MAP3K2, PLK2, BRSK1, JAK1, AurC, MAP2KG®,
FGFR4, MLK2, KIT (T6701), TYK2, PIM1, MRCKp, AKT2, CK1y1, KIPKL,
PEK, DYRK2, CGK2, MET, SPHK2, MAP2K7, CaMK1a, NEK9, CHK2,

<40 %




MAP3K4, IKKe, EPHA3, DLK, TAOK2, MET (M1250T), SGK, PLKS3,
MAPKAPKS, DYRKS3, MAP2K4, MGC42105, PKCa, NEK1, PAK1, PGK,
AurA, EPHA7, Erk2, PKCB2, SRM, MSSK1, JNK2, PKCy, CK1y3, SGK3,
CaMK4, CK1y2, PBK, TIE2, Erk5, DAPK1, MRCKa, PKACy, MAP3K1,
BRSK2,  p70S6KB, PKCny,  MET(D1228H), GSK3p,  JNK3,
EGFR(T790M/L858R), TSSK2, p38p, p38y, WNK1, PKCBL, TSSK3, PLKL,
WNK2, RAF1, NEK6, NEK4, p38a, MSK1, CDC7/ASK, MSK2, PIM2,
WNK3, EGFR(T790M), BRAF(V600E), MAP2K5, MAP2K1,PDHK2,
EEF2K, TAK1-TAB1, MAPKAPK2, SPHK1, EPHA6, PIM3, p383, CK202/p,
EGFR(d746-750/T790M), GSK30, NEK7, PDK1, HER2, AKT3, IKKp,
MAPKAPK3, CK2a1/p, PDHK4, MAP2K2, PASK, MAP2K3, SGK2, AKT1,
PAK2, Erkl

Figure S1. Effect of quizartinib on FLT3 and some of its downstream signaling pathways.
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Figure S2. Effect of quizartinib on cell cycle in the MV4-11 cell line.

MV4-11 / quizartinib (nM)

0 0.01 0.1 1 10 100
w04 Al Data Ports. 08 ] A1 Data Ports Al Data Poirts. 204 A Dats Ports. 204 Al Dats Ports. A8 Data Poirts
: subG1:5.2 % subG1: 5.7 % subG1:4.9 % subG1:7.3 % subG1: 17.6 % subG1: 15.8 %
G1:60.3 % G1:56.7 % G1:55.4 % G1:82.7 % G1:97.4 % G1:96.9 %
1 S:294 % S:31.0% S:343% i P S:123 % S:1.8% S:1.6 %
G2/M: 10.3 % G2/M: 12.3 % G2/M: 10.3 % G2IM:4.9%| G2/M: 0.7 % G2/M: 1.5 %

A P i s e o L LI B o i s o oL e s e e L e s s B B o T
0 w0 1000 A0 W0 60 | 600 fo00 0 a0 e w0 0 00 00 ' 40 B0 800 1000 20 0 60 60 1000 L Y )
LY LY "3 L8] LY L8

Figure S3. Quantification of inhibition in ERK1/2, STATS5 and FLT3-ITD phosphorylation levels in tumor tissue harvested from MV4-11 xenografts treated
with 7d (A) or quizartinib (B), related to Figure 4. In each lysate from Figure 4, both the total and phospho-levels of indicated signaling molecules were
guantified by ImageJ Software. As the first step, both signal intensities of total and phosphoprotein bands were normalized to GAPDH signal. Then, the ratio
of phosphoprotein to total protein was plotted as percentage value referenced to untreated control animals (mean + SD).
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'H NMR spectrum of compound 5a
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13C NMR spectrum of compound 5a
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'H NMR spectrum of compound 5b
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'H NMR spectrum of compound 5¢
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'H NMR spectrum of compound 5d
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'H NMR spectrum of compound 5e
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13C NMR spectrum of compound 5e
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'H NMR spectrum of compound 5f
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13C NMR spectrum of compound 5f
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'H NMR spectrum of compound 5g

3 § |
|

1

<] (s E EEE
|

i

‘ |

\\AM,J MW | \L

abundance

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0

oooooooooo
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

aaaaaaaaaa

o~ N0 oy
@ M~~~

vvvvv

6.505 ~_ |

885
8.285
7.487
6487 |

0
8
7
5
4

3182
4

3

1

0

1

6

3

7

6

5

X pa‘r?s per Million : Proton

16



— 186'SS

T
100.0

T
110.0

— 9S8TIT

o —— LLTETT
Lo

1

=

—156°€2T

— 956721

S
te .
S ——9950rT

— €BE'SYT,

: Carbon13

ts per Million

]
s )
B 90.0ST
—
6062t

B mma.mmﬁm

13C NMR spectrum of compound 5¢g

T T T T T T T T T T T T T T T T T T
€10 ¢TI0 TT0 TO 600 800 L00 900 SO0 ¥00 €00 <00 T00 0 T00- 200~ €00- ¥0'0- SO0
aouepunge

17




'H NMR spectrum of compound 5h
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13C NMR spectrum of compound 5h
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'H NMR spectrum of compound 5i
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'H NMR spectrum of compound 5j
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13C NMR spectrum of compound 5j
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'H NMR spectrum of compound 5k
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'H NMR spectrum of compound 5I
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13C NMR spectrum of compound 5I
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'H NMR spectrum of compound 6a
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'H NMR spectrum of compound 6b
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13C NMR spectrum of compound 6b
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'H NMR spectrum of compound 6¢
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13C NMR spectrum of compound 6¢
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'H NMR spectrum of compound 6d

8
3

=

S

@

S

g g
b <
o
S
= 8
8 3 8 S
o 3 3
3
-
| (
“ |
2
8 o
2
S
3
8
77 75 .

X : parts per Million : Proton

~
&
2
=

|

34



13C NMR spectrum of compound 6d
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13C NMR spectrum of compound 6e
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'H NMR spectrum of compound 6f
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13C NMR spectrum of compound 6f
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13C NMR spectrum of compound 6g
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'H NMR spectrum of compound 6h
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13C NMR spectrum of compound 6i
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'H NMR spectrum of compound 6j
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13C NMR spectrum of compound 6j
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'H NMR spectrum of compound 6k
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13C NMR spectrum of compound 6k
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'H NMR spectrum of compound 6l
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13C NMR spectrum of compound 6l
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'H NMR spectrum of compound 6m
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13C NMR spectrum of compound 6m
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'H NMR spectrum of compound 6n
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13C NMR spectrum of compound 6n
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'H NMR spectrum of compound 60
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13C NMR spectrum of compound 60
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'H NMR spectrum of compound 7a
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13C NMR spectrum of compound 7a
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'H NMR spectrum of compound 7b
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13C NMR spectrum of compound 7b
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'H NMR spectrum of compound 7¢
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'H NMR spectrum of compound 7d
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13C NMR spectrum of compound 7d
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'H NMR spectrum of compound 7e
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13C NMR spectrum of compound 7f
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'H NMR spectrum of compound 8a
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13C NMR spectrum of compound 8a
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'H NMR spectrum of compound 8b
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13C NMR spectrum of compound 8b
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'H NMR spectrum of compound 8¢
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13C NMR spectrum of compound 8c
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'H NMR spectrum of compound 8d
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13C NMR spectrum of compound 8d
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'H NMR spectrum of compound 8e
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'H NMR spectrum of compound 8f
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MR spectrum of compound 8g
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13C NMR spectrum of compound 8g
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'H NMR spectrum of compound 8g
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'H NMR spectrum of compound 8i
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13C NMR spectrum of compound 8i
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'H NMR spectrum of compound 8;j
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13C NMR spectrum of compound 8j
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'H NMR spectrum of compound 8k
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13C NMR spectrum of compound 8k
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'H NMR spectrum of compound 8l
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'H NMR spectrum of compound 8n
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'H NMR spectrum of compound 80
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13C NMR spectrum of compound 8o
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Abstrakt:

Po objevu imatinibu se kinasy staly jednou nejintenzivnéji studovanou skupinou cilii pro
1é¢iva. Od té doby byly pfipraveny latky, které inhibuji vice nez 30 druhti riznych kinas, kdy
pievaznad cast znich souvisi srakovinou, ale 1 imunologickymi, neurologickymi,
metabolickymi a infekénimi onemocnénimi. Mezi vyznamné farmakofory patii purinové
jadro a mnoho purinovych derivata se dokonce dostalo do preklinického nebo klinického
testovani. Tato disertaéni prace byla zaméfena nejprve na piipravu novych 2,6,9-
trisubstituovanych purinti a jejich charakterizaci. Latky byly navrzeny tak, aby vykazovaly
potencialni aktivitu vii¢i PDGFRa a FLT3. Tyto kinasy patii mezi tyrosinové kinasy casto
onkogenné aktivované u riznych nadorovych onemocnéni. Bylo zji§téno, ze dulezitym
strukturnim motivem pro jejich inhibici je pfitomnost 6-fenylaminopyrimidinového motivu.
Soucasti prace byla 1 charakterizace biologickych tc€inkl pfipravenych latek na vybranych
nadorovych liniich, kde byla zjiSténa antiproliferacni aktivita a jeji souvislost s inhibici kinas

PDGFRa a FLT3.

Abstract:

Following the discovery of imatinib, kinases have become one of the most intensively studied
target groups for pharmaceuticals. Since then, substances have been prepared that inhibit
more than 30 kinds of various kinases, most of which are related to cancer but also
immunological, neurological, metabolic and infectious diseases. Significant pharmacophores
include the purine nucleus and many purine derivatives have even undergone preclinical or
clinical testing. This Ph.D. thesis was initially focused on the preparation of new 2,6,9-
trisubstituted purines and their characterization. The compounds were designed to show
potential activity against PDGFRa and FLT3. These kinases are among tyrosine Kinases often
oncogenically activated in various cancer diseases. It has been found that an important
structural motif for their inhibition is the presence of the 6-phenylaminopyrimidine moiety.
Part of the work was also the characterization of biological effects of prepared substances on
selected tumor lines, where antiproliferative activity and its association with inhibition of
PDGFRa and FLT3 kinases were detected.
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1. CILE PRACE

Cile ptedlozené disertacni prace byly stanoveny takto:
. syntéza novych inhibitort proteinkinas na bazi 2,6,9-trisubstituovanych purint,
. chemické charakterizace (struktura, identita, ¢istota) nové piipravenych latek,
. studium vztahu mezi strukturou a aktivitou té€chto latek,
o studium mechanismu protinadorové aktivity ptfipravenych inhibitort v modelovych

systémech in vitro.



2. UVOD

Diky deregulaci a mutacim proteinovych kinas v mnoha lidskych onemocnénich se tato
byly vyvinuty inhibitory vice nez 30 riznych kinas, z nichZ pifevazna ¢ast souvisi s rakovinou,
imunologickymi, neurologickymi, metabolickymi a infekénimi onemocnénimi (Zhang et al,
2009).

Proteinové kinasy zprostfedkovavaji fosforylaci aminokyselinovych zbytkii v
proteinech (serin, threonin, tyrosin) a moduluji tim nejen pfenos signald, ale i mnoho dalSich
procest véetn€ metabolismu, transkripce, progrese bunééného cyklu, pieskupeni cytoskeletu a
pohybu bunék, apoptosy a diferenciace (Manning, 2002). Popularita kinas je dana nékolika
faktory. Za prvé lidsky set proteinovych kinas (kinom) se sklada z 518 proteini délicich se do
osmi rodin (AGC, CAMK, CKI, CMGC, STE, TK, TKL, RGC) a tvoti nejvétsi rodinu genti u
eukaryot (Manning, 2002). Prakticky kazda draha pfenaSejici signal v buiice je soucasti
slozitéjsi kaskady a jejich inhibice muze vyvolat redlnou fyziologickou nebo 1é¢ebnou
odpoveéd’. Za druhé, i pies vysoky stupen konzervativnosti ATP-vazebného mista prakticky
vSech proteinkinas, mohou byt pfipraveny vysoce selektivni malé molekuly s vyhodnymi
farmaceutickymi vlastnostmi. Za tfeti, inhibice aktivity Kinas v normalnich buiikach mtze byt
ptekvapivé tolerovana, coz predstavuje terapeutické okno pro selektivni ovlivnéni nadorovych
bunék. Nicméné¢ navzdory témto skutecnostem se vyvoj 1é€iv na této bazi setkava s problémy
jako je nizka selektivita, nizka ucinnost, absence zjevného konkrétniho bunééného cile u

ur€ité nemoci, ptipadné také vznik specifické rezistence (Zhang et al, 2009).



3. INHIBITORY PROTEINOVYCH KINAS

Naprosta vétSina dostupnych inhibitort proteinovych kinas kompetuji v aktivnim misté
s ATP. Kromé toho byly pfipraveny také inhibitory ireverzibilni, které byvaji obvykle
kovalentné vazany na nukleofilni cysteinové reziduum v blizkosti ATP-vazebného mista, coz
vede k zablokovani ATP mista a ireverzibilni inhibici. Nové ATP kompetitory jsou nejcastéji
vyvijeny kombinaci tii racionalnich metod (Zhang et al, 2009): chemickymi obménami
znamych inhibitord (analog synthesis), designem zalozenym na znalosti struktury vazebného
mista proteinu (structure-informed design) a spojovanim fragment interagujicich ve
vazebném misté (fragment-based assembly).

Reverzibilni inhibitory mohou byt klasifikovany do ¢tyf hlavnich tiid na zakladé
konformace vazebného mista a DFG motivu. Inhibitory typu I jsou ATP-kompetitivni
inhibitory, které se vazou na aktivni konformaci kinasy a vytvari vazbu s aspartitovym
zbytkem DFG motivu smétujiciho do aktivniho mista kinasy. Inhibitory typu II se vazi a
stabilizuji inaktivni konformaci kinasy vazbou na aspartitova residua DFG motivu, ktery
vyCniva smérem ven z ATP vazebného mista. Inhibitory typu III se vyhradné vazi do
alosterické kapsy sousedici s ATP vazebnym mistem bez jakékoliv interakce s vazebnym
mistem pro ATP, zatimco inhibitory typu IV se vazi do alosterického mista, které je vzdalené
od ATP-vazebného mista (Wu et al, 2015).

Jednim vyznamnym farmakoforem se stalo purinové jadro, které je nejhojnéji
pouzivanym heterocyklem ve vyvoji inhibitord rtznych proteind, vcetné proteinkinas.
Zavedenim substituentti do polohy 2, 6, 8 a 9 se Casto vyrazné¢ méni zpisob vazby, afinita a
selektivita vici riznym proteinovym cilam (Sharma et al, 2016). Mnoho purinovych derivati
se dostalo do preklinického nebo klinického testovani a nekteré latky obsahujici purinovy
skelet se jiz vyuzivaji jako 1éCiva, napt. pro 1écbu akutni leukémie (thiopuriny, pentostatin),
jako antivirotika (acyklovir, penciklovir, ganciklovir), imunosupresiva (azathioprin),
protinadorové latky (vidarabin) a broncholidatory (eofylin; Sharma et al, 2016).

Pokroky v navrhu a vyvoji 1€kt na bazi purinového skeletu inspirovaly rovnéz
paralelni vyvoj strukturné ptibuznych heterocyklickych systémit, tzv. purinovych isosterd,
tedy strukturné podobnych latek s riznym poctem a uspoiadanim dusikli (ptfipadné€ jinych
heteroatom1l) v jejich zékladnim skeletu. ZvySujici se molekularni rozmanitost pouzivajici
ruzné purinové isostery je idealni pro objev novych terapeutickych ¢inidel, které selektivné
inhibuji purin dependentni enzymy a receptory (Lim and Dolzhenko, 2014). Isostery se totiz

mohou liSit ve fyzikdlné-chemickych vlastnostech, jako je metabolicka stabilita,

8



biodostupnost a farmakokinetické vlastnosti (Popowycz et al, 2009). Dalsim faktorem, ktery
vyrazn¢ prispivd k obméndm heteroatomi v centralnich heterocyklech, isosternimu
nahrazovani farmakofort a syntéze analogt, je moznost ochrany duSevniho vlastnictvi novych
derivatii za ucelem zhodnoceni jejich komer¢ni hodnoty.

V predlozené diserta¢ni praci jsou v ramci jednotlivych kapitol popsany purinové
inhibitory, pfipadné latky s isosternim heterocyklem, které inhibuji rtizné kinasy a jsou
vyvinuty pro terapeutické ucely. Jedna se o inhibitory tyrosinovych kinas (FLT3, Mer, EGFR,
Scr, Axl, Brc-Abl, Src-Abl, Bruton a Janusovy kinasy) a inhibitory serin/threoninovych kinas
(PAK, CK1, BRAF, CDK, PDK1, NEK2, GSK-3, aurora kinasa). Nicméné pouziti
purinovych inhibitorii se nevztahuje pouze na kinasy, ale i jiné proteinové cile. Purinové
derivaty nasly uplatnéni také jako inhibitory Hsp90 (Llauger et al, 2005; Chiosis et al, 2001),
sulfotransferas (Chapman et al, 2002), fosfodiesteras (Pissarnitski et al, 2004; Pitts et al,
2004), AAK1 (Shahani et al, 2013), purinové nukleosidfosforylasy (Halazy et al, 1991),
BRD9 (Picaud et al, 2015), 5’-nukleotidasy Il (Cividini et al, 2015), leukotrien A4 hydrolasy
(Penning et al, 2003), cysteinové proteasy kathepsinu K (Robichaud et al, 2003; Altmann et
al, 2004), polymerizace mikrotubultt (myoseverin — (Chang et al, 2001), cholinesterasy
(Schwarz et al, 2014) a troponin I-interagujici kinasy (TNNI3K; Lawhorn et al, 2015). Dale
se derivaty purinu daji pouzit jako induktory interferonu (Hirota et al, 2002; Kurimoto et al,
2004), ligandy adenosinovych receptori (Poulsen and Quinn, 1998; Perreira et al, 2005),
modulatory CRH-R1 (Beck et al, 1999) a mimetika proteinu A (Zacharie et al, 2009).



4. METODY
4.1. Syntetické metody

4.1.1. Priprava amint pro sérii FLT3 inhibitorta

4-fluor-nitrobenzen nebo 5-brom-2-nitropyridin (I mmol), pfislusny sekundarni amin
(1,05 mmol) a uhli¢itan draselny (2 mmol) v ethanolu (10 ml) byly v tlakové ampuli
zahiivany pfi teploté¢ 100 °C po dobu 4 hodin pod argonovou atmosférou. Skonceni reakce
bylo kontrolovano pomoci TLC (chloroform:methanol, 19:1). Po ochlazeni na laboratorni
teplotu byla reakéni smés odpafena rota¢ni vakuovou odparkou (RVO) a odparek byl
extrahovan suspenzi dichlormethanu (25 ml) ve vodé (25 ml). Vodna faze byla dvakrat
extrahovana dichlormethanem (25 ml) a spojené organické faze byly promyty vodou,
solankou a vysuSeny bezvodym siranem sodnym a zakoncentrovany na RVO. Surovy produkt
byl pouzit pro nasledujici reakce bez dalSiho ¢isténi.

Surovy  produkt (0,75 mmol) zpfedchoziho kroku byl hydrogenovan
za atmosférického tlaku v methanolu (50 ml) za pouziti 5 % (w/v) paladia na aktivnim uhli
(50 mg). Po spotiebovani vodiku byla reakéni smés zfiltrovana ptes kiemelinu, promyta
methanolem a odpafena na RVO. Surovy produkt byl rozpuSten ve 2 M Kkyseling
chlorovodikové (50 ml) a extrahovan dichlormethanem (25 ml). Vodna faze byla
neutralizovana 5% hydrogenuhli¢itanem sodnym a sraZenina byla odfiltrovana a promyta

vodou. Surovy produkt byl vysuSen v susarng.

4.1.2. Priprava N9-substituovanych derivati purinu

2,6-dichlor-9H-purin (15,8 mmol), pfislusny alkohol (31,7 mmol) a trifenylfosfin (19,0 mmol)
byly rozpustény v suchém tetrahydrofuranu a smés byla ochlazena na 0 °C. Za michani byl
pod argonovou atmosférou piiddn diisopropylazodikarboxylat (36 mmol) a teplota byla
udrzovana mezi 0-20 °C. Reakéni smés byla michana po dobu 2-4 hod. Reakce byla
monitorovana pomoci TLC aZ do jejiho dokonceni (petrolether:ethylacetat, 2:1). Reakéni
smes byla poté odpafena na RVO a odparek byl rozpustén ve vroucim toluenu (100 ml).
Po ochlazeni na pokojovou teplotu byl roztok inokulovdan malym mnozstvim
trifenylfosfinoxidu a roztok byl poté ochlazen na 4 °C na dobu 24 hod. Poté byl

trifenylfosfinoxid zfiltrovén a filtrat byl odpaten za snizeného tlaku na RVO. Surovy produkt
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byl poté piecistén sloupcovou chromatografii (petrolether:ethylacetat, 2:1) (Zatloukal et al,
2013) (Gucky et al, 2013).

4.1.3. Substituce na C6

K'suspenzi 9-substituovaného-2,6-dichlor-9H-purinu (6,25 mmol) ve smési 40 ml
n-propanolu a N,N-diisopropyl-N-ethylaminu (6,87 mmol) byl pfidan ptislu$ny amin (6,87
mmol). Suspenze byla za michani zahfivana v tlakové ampuli pii 120 °C. Reakce byla
monitorovana pomoci TLC az do jejiho dokonceni (petrolether:ethylacetat, 2:1). Po ochlazeni
na laboratorni teplotu byla reakéni smés odpafena za snizeného tlaku a odparek byl
extrahovan mezi dichlormethanem (50 ml) a vodu (50 ml). Vodna faze byla dvakrat
extrahovana dichlormethanem (25 ml) a spojené organické faze byly promyty vodou,
solankou a vysuSeny bezvodym siranem sodnym a zakoncertovany na RVO. V piipadé
potieby byl surovy produkt piecistén sloupcovou chromatografii (petrolether:ethylacetat, 2:1;

Zatloukal et al, 2013; Gucky et al, 2013).

4.1.4. Substituce na C2

Latky zpredchozi reakce o dostate¢né Cistot¢ byly piredlozeny spolu s trans-1,4-
diaminocyklohexanem v n-butanolu do tlakové ampule v piipadé konvenéniho zahiivani nebo
do kyvety urené pro mikrovlnou syntézu. Reakéni smés byla zahfivana pod argonovou
atmosférou pi1 160 °C po dobu 4-10 hodin nebo pii teplote 140-170 °C po dobu 0,5-
1,5 hodiny za pouziti reaktoru CEM Discovery (supplementary data piilohy I1). Reakce
byla monitorovdna pomoci TLC aZz do jejitho dokonceni (chloroform:methanol, 9:1). Po
ochlazeni na laboratorni teplotu byla pfidana voda (50 ml) a vyslednd suspenze byla
extrahovana ethylacetatem (3 x 50 ml). Spojené organické faze byly promyty vodou (50 ml),
solankou (50 ml), vysuSeny bezvodym siranem sodnym a zakoncentrovany na RVO. Surovy
produkt byl piecistén sloupcovou chromatografii (chloroform:methanol, 9:1; Zatloukal et al,
2013; Gucky et al, 2013).

VSechny experimenty pouzivajici mikrovinné zéateni byly provadény v mikrovinném
zatizeni CEM-Discover. Reaktor se pouziva ve standardni konfiguraci s vlastnim softwarem.
Reakce byly provadény ve sklenénych vialkdch o objemu 10 ml, které byly utésnéné

silikonovym/PTFE uzavérem, ktery mohl byt vystaven maximalnimu tlaku 21 bard a teploté
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250°C. Teplota byla métfena infracervenym c¢idlem na vnéjSim povrchu vialky. Po ukonceni

reakce byla reak¢ni vialka ochlazena na laboratorni teplotu proudem plynu.

4.2. Biochemické metody

4.2.1. Bunééné linie

Lidské nadorové linie byly ziskany z American Type Culture Collection nebo z Leibniz-
Institut DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH a byly
kultivovany dle pokynti poskytovatele. Bunécéné linie MCF-7, BT474, BJ, K562 byly
kultivovany v DMEM médiu s 10 % fetalniho hovéziho séra, penicilinem (100 U/ml)
a streptomycinem (100 pg/ml). Buné¢né linie HCC827 a EOL-1 byly kultivovany v médiu
RPMI-1640 s 20 % fetalniho hovéziho séra, penicilinem (100 U/ml) a streptomycinem (100
pg/ml). Bunééné linie MV4-11, MOLM-13, THP-1, U937 byly kultivovany v médiu RPMI-
1640 s 10 % fetalniho hovéziho séra, penicilinem (100 U/ml) a streptomycinem (100 pg/ml).
Bunééna linie MRC-5 byla kultivovana v EMEM médiu s 10 % fetalniho hovéziho séra, 1%
NEAA, penicilinem (100 U/ml) a streptomycinem (100 pg/ml). VSechnny bunééné linie byly
kultivovany pti 37 °C za piitomnosti 5 % CO,. Pouzité bunétné linie vykazuji rizné alterace

gentl tyrosinovych kinas.

4.2.2. Stanoveni cytotoxicity

Pro stanoveni cytotoxicity testovanych latek byly pouzity metody Calcein AM a MTT test.
Bunky byly vysazeny do 96-jamkové mikrotitracni desky v mmnozstvi 2-10 tisic bunék
na jamku (dle rychlosti proliferace) a po 24 hodinach byly ovlivnény pozadovanymi
koncentracemi latek. Po 72 hodinové inkubaci byl pfidan roztok Calceinu AM (vysledna
koncentrace 1 pg/ml) a po 1 hod byla zméfena fluorescence na destiCkovém fluorimetru
Fluoroskan Ascent (Labsystems) pti 485/538 nm. V piipadé MTT testu byl po 72 hodinové
inkubaci pfidan roztok MTT (vyslednd koncentrace 1 mg/ml) a po 4 hodinach byl vznikly
formazan rozpustétn v DMSO. Poté byla stanovena absorbance pifi 570 nm pomoci
destickového spektrofotometru Infinite M200 PRO (Tecan). Z naméfenych hodnot byly
zkonstruovany grafy koncentraéni zavislosti ptezivajicich buné¢k (GraphPad Prism 5.0)
a z nich interpolaci uréeny hodnoty Glso, tedy koncentrace redukujici pocéet viabilnich bun¢k

na 50 %.
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4.2.3. Test inhibice proteinkinas

Aktivni kinasa CDK2/cyklin E byla produkovana v hmyzich bunkach Sf9 pomoci
bakuloviralniho vektoru a byla purifikovana na koloné NiNTA (Qiagen). PDGFRa, FLT3
WT, FLT3 ITD a FLT3 D835 byly zakoupeny od firmy ProQinase. Kinasovy inhibi¢ni test
byl provaddén v 96-jamkové mikrotitracni desce s kulatym dnem. Testované latky byly
rozpustény v DMSO a postupnym vyfedovanim vodou byla pfipravena koncentracni fada
jednotlivych latek s fedicim faktorem 5 vrozmezi 1 nM — 100 uM. Aktivita kinas byla
méfena za pouziti vhodnych substrati (1 mg/ml AGLT (poly(Ala,Glu,Lys,Tyr) 6:2:5:1
hydrobromid) pro PDGFRa a 1 mg/ml histonu H1 pro CDK?2) v pfitomnosti 1 a 15 uM ATP
pro PDGFRa a CDK2 (0,05 uCi [y-**P]ATP) a testovanou latkou v koneném objemu 10 pl
v reakénim pufru (60 mM HEPES-NaOH, pH 7.5, 3 mM MgCl;, 3 mM MnCl,, 3 uM
Na-orthovanadat, 1.2 mM DTT, 2.5 pg / 50 ul PEGgoo0). Mikrotitracni desticka byla
umisténa do termostatu, kde byla inkubovana pfi teploté 30 °C na 30 minut. Poté byla reakce
zastavena piidanim 5 pl 3% vodného roztoku kyseliny fosforecné. Z kazdé jamky bylo
pteneseno 5 pl na fosfocelulosovy papir P-81(Whatman). Po 5 minutach byl papir promyt 3x
roztokem 0,5% kyseliny fosfore¢né a oplachnut 96% ethanolem. Kvantifikace aktivity *p
byla provedena pomoci biomolekularniho digitalniho analyzatoru FLA-7000 (Fujifilm).
Z kiivek zavislosti fosforylace na koncetraci testovanych latek byly stanoveny hodnoty ICsg

pomoci programu GraphPad Prism (verze 5.0).

4.2.4. Analyza bunécného cyklu

Asynchronni buiiky byly vysazeny do 96-jamkové desky a po preinkubaci byly ovlivnény
testovanymi slouceninami po dobu 24 hodin. Adherentni bunky byly nejprve promyty PBS,
trypsinizovany a oSetfeny roztokem inhibitoru trysinu (0,1%). Poté byl pfidan 5x barvici
roztok (17 mM citrat sodny, 0,5% IGEPAL® CA-630, 7,5 mM tetrahydrochlorid sperminu,
2,5 mM Tris, pH 7,6 obsahujici 50 pg/ml propidium jodidu). Leukemické burniky byly barveny
piimo pomoci 5x barvicitho roztoku (tzn. bez trypsinizace). Obsah DNA bunék byl
analyzovan pomoci pritokové cytometrie za pouZziti 488 nm laseru (BS FACS Verse se
softwarem BD FAcSuite TM, verze 1.0.6). Distribuce bunééného cyklu byla analyzovana
za pouziti ModFit LT (Verity Software House, verze 4.1.7.). Pro korelaci zmén bunécného

cyklu s dal§imi parametry byl vypocten pomér G1/G2-M pro kazdou bunécnou linii a latku
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(pt1 koncentraci odpovidajici hodnoté Glsp) a vydélen pomérem G1/G2-M neovlivnénych

bunék. Tyto hodnoty byly zaznamenany jako relativni poméry G1/G2-M.

4.2.5. Imunodetekce

Bunééné lyzaty byly pfipraveny ze sklizenych bunék v Laemliho pufru. Proteiny byly
separovany na SDS-polyakrylamidovych gelech a elektroblotovany na nitrocelul6zovou
membranu. Po blokovani byly membrany pies noc inkubovany se specifickymi primarnimi
protilaitkami, promyty a poté inkubovany se sekundarni protilaitkou konjugovanou
s peroxidasou. Poté byla peroxidasova aktivita detekovana pomoci chemiluminiscen¢niho kitu

ECL (AP biotech) za pouziti CCD kamery LAS-4000 (Fujifilm).
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5.  PREHLED VYSLEDKU

5.1. Syntéza novych inhibitori PDGFRa a FLT3

Syntéza 2,6,9-trisubstituovanych purinii vychazi z komeréné dostupného 2,6-dichlorpurinu,
ktery byl v prvnim kroku alkylovan v pozici N9 prostfednictvim Mitsunobu alkylace
(Mitsunobu et al, 1965; Lu et al, 2007). Krom¢& purinu a pfislusného alkoholu se této reakce
ucastni dva reagenty, a to trifenylfosfin a diisopropyl azodikarboxylat (DIAD). Reakce byla
udrzovana pii 20-25 °C a v kombinaci s pouzitim niz§iho ekvivalentu pouzitého DIAD
(1,2 ekv.), trifenylfosfinu (1,2 ekv.) a kratsi reak¢éni doby byla omezena tvorba nezadouciho
N7 izomeru (Zatloukal, 2013). Nicméné produkt této reakce musel byt precistén krystalizaci
a poté sloupcovou chromatografii ve vSech piipadech.

Druhym krokem pftipravy 2,6,9-trisubstituovanych purinii je nukleofilni substituce
v pozici C6 purinu s pfislusnym anilinem nebo benzylaminem (Legraverend et al, 1999)
(Krystof et al, 2002). Vétsina pouzitych 4-substituovanych fenylaminti pouzivanych pro tuto
reakci byly komeréné dostupné, nicméné nékteré ztéchto latek musely byt pfipraveny
dvoustupniovou syntézou vychazejici z komeréné dostupného 4-bromnitrobenzenu a 2-brom-
5-nitropyridinu. Nukleofilni substituce v C6 byla provadéna v n-propanolu za pouziti N, N-
diisopropylethylaminu jako baze. Reak¢ni teplota byla udrZzovéana v rozmezi 100-120 °C po
dobu 3-6 hodin v zavislosti na reaktivit¢ anilinu nebo benzylaminu. Surové produkty byly
¢istény krystalizaci nebo sloupcovou chromatografii (petrolether:ethylacetat, 2:1).

Finalnim krokem syntézy byla nukleofilni substituce v poloze C2 purinu s velkym
prebytkem trans-1,4-diaminocyklohexanu (v pfipad¢ latek 4a-4w) ¢i piislusnych amint
(v ptipadé latek 6a-80). Tato reakce probihala pii 160 °C po dobu 4-20 h v olejové lazni
v tlakové ampuli. Reakce byla provadéna standardné v olejové lazni, nicméné latky 4a-4w
(priloha II) byly syntetizovany zejména za pouziti mikrovinného zafeni (supplementary
data prilohy II). Jedna se o alternativni zplisob zahtivani reakénich smési, ktery miize fesSit
problém s nehomogennim zahfivanim u konvenc¢nich technik. Mikrovinné zéateni zvySuje
reakéni kinetiku, rychly pocatecni ohiev a tim 1 lepSi reakéni rychlost, kterd usti v Cistsi
reakéni produkty a vyssi vytézky reakci (Austin et al, 2002). V ramci této prace bylo
potvrzeno, Ze mikrovinné zareni pomohlo radikaln€ snizit reakéni Cas, a to v nékterych
piipadech az na tretinu z celkové doby. Finalni latky, vcetné vSech intermediatt, byly
identifikovany pomoci nami dostupnych analytickych metod (*H NMR, *C NMR, HPLC-

MS, elementarni analyza, bod tani).
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5.2. Biologicka aktivita novych inhibitori PDGFRa

Trisubstituované puriny byly popsany i jako inhibitory tyrosinovych kinas, zejména Src
a Abl. Strukturné se jednd zejména 0 6-anilinopuriny vykazujici nanomoldrni inhibici
uvedenych kinas (O’Hare et al, 2004; Shakespeare et al, 2008). Systematické studie popisujici
ucinky na receptorové TK vsak chybi, existuje pouze zminka o inhibici FLT3 v patentech
(Cheng et al, 2005). Z tohoto divodu byla nase pozornost zaméfena na skupinu receptorovych
TK, a to konkrétné na FLT3 a ji pfibuznou PDGFRa (Platelet-derived growth factor receptors
a; priloha II).

Jednou casti prace byla charakterizace biologickych ucinka série latek (4a-4w)
S potencialni aktivitou na PDGFR a (pFiloha II). Byla studovana inhibice CDK2 a PDGFRa
vsech finalnich produktt (tab.2 v priloze I1). Na zaklad¢ vysledkd bylo potvrzeno, ze vyskyt
fenylaminové skupiny v poloze C6 je esencialni pro inhibici PDGFRa (ICs50<0,1 uM);
ptitomnost této skupiny méla za nasledek vyznamné zesileni i¢inku na PDGFRa v porovnani
s latkami obsahujici benzylovy kruh. Na druhou stranu zdména anilinu za benzyl nikterak
neovlivitovala inhibici CDK2. Nicméné nejpodstatnéjsi strukturni zménou u této série byla
volba jinych substituenti v poloze N9 za ucelem snizit aktivitu vi¢i CDK2 a pfitom zachovat
nebo zvysit aktivitu proti PDGFRa. Znamé purinové inhibitory CDK2 obsahuji v této pozici
obvykle isopropyl ¢i cyklopentyl, ktery pfispivda nemalou mérou k interakci s malou
hydrofobni kapsou v CDK2 (Gray et al, 1998; Gucky et al, 2013). U série latek pfipravenych
vramci této prace doSlo k nahrazeni jmenovanych substituent za objemnéjsi alkylové
rozvétvené C¢i nerozvétvené fetézce. Bylo zjiSténo, Ze nejucinnéjsi inhibitory PDGFRa
obsahuji 4-5 uhlikaté linearni nebo rozvétvené fetézce, delsi fetézce jiz aktivitu sniZovaly.

U vSech nov€ pfipravenych latek byla studovéana jejich antiproliferacni aktivita
na souboru 5 bunéénych linii s riznou expresi onkogennich tyrosinovych kinas (HCC827,
BT474, MCF7, K562, EOL-1; tab.2 v priloze Il). Latky byly aktivni na vSech vybranych
nadorovych liniich, nicméné na linii EOI-1 byly nejucinngjsi (Glso ~ 0,02-1,33 uM). Tato
linie je vyuzivana jako in vitro model pro studium novych FIP1L1-PDGFRa inhibitord,
jelikoz exprimuje FIP1L1-PDGFRA fuzi (Cools et al, 2004). Vysledky prokazané na bunécné
urovni na linii EOL-1 statisticky signifikantné korelovaly s inhibici PDGFRa (obr. 2
v priloze I1). Domnivali jsme se, Ze silna inhibice PDGFRA« a zaroven cytotoxicita na EOL-
1 by mohla souviset s FIPIL1-PDGFRA fuznim genem. Dal8i experimenty byly proto
navrzeny tak, aby potvrdily tuto hypotézu. Nejprve byl studovan efekt nékolika vybranych
latek s riznymi aktivitami na bunécny cyklus na liniich EOL-1, HCC827 a K562 (obr.3
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v piiloze I1). Obecné lze fici, ze CDK inhibitory zpisobuji G2-M blok nebo G1 i G2-M blok
bunééného cyklu, zatimco inhibitory receptorovych tyrosinkinas obvykle blokuji bunéény
cyklus v G1 fazi. Vysledky potvrdily, ze nejcitlivéjsi linie EOL-1, reagovala na latky Gl
blokem, zatimco linie HCC827 a K562 vykazovaly G2-M blok. Na zakladé odlisnych efektt
na téchto liniich lze fici, ze nejucinnéjsi latky v buitkkach preferencné inhibuji PDGFRa,
nicméné mohou interagovat i s jinymi kinasami v pfipad¢, Ze tento cil neni pfitomen.

Dalsi cast prace byla zaméfena na ovéfeni mechanismu bunécného plisobeni
piipravenych inhibitori PDGFRa (obr.4 v p¥iloze 11). Bylo vybrano n¢kolik latek s riznou
mirou inhibice PDGFRa a tyto latky byly aplikovany ve dvou davkach na bunécnou linii
EOL-1. Nasledné byla sledovdna exprese proteint signdlnich drah regulovanych PDGFRa,
blokovaly fosforylaci STAT3 a ERK1/2 v obou pouzitych koncentracich, zatimco méné
aktivni latky pouze pii koncentraci vyssi. Pokles fosforylace MEK1/2 na serinech 217/221 byl
ziejmy pouze u nejucinngjSich latek. Kromé€ toho byla potvrzena zavislost inhibice
autofosforylace PDGFRa (Tyr754, 849 a 1018) na koncentraci latky a potlaceni signalni

v

dréhy u bun¢k ovlivnénych nejucinngjsi latkou.

5.3. Biologicka aktivita novych inhibitora FLT3

Vzhledem k tomu, ze PDGFRa patii spolu s FLT3 do stejné rodiny RTK, mohou né&které
inhibitory inhibovat vice ¢lent této rodiny. Jako ptiklad Ize uvést crenolanib (CP-868,596),
ktery byl vyvinut jako selektivni a U€inny inhibitor PDGFR a 1 B, nicméné vykazuje
i vysokou afinitu k FLT3 (Zimmerman et al, 2013). Proto byly latky 4a-4w podrobeny
testovani inhibice této receptorové kinasy. Antiproliferacni Uc€inky pfipravenych latek byly
testovany na bunécné linii MV4-11, ktera exprimuje FLT3-ITD mutaci, a proto je Casto
vyuzivanym in vitro modelem pro testovani potencialnich inhibitord FLT3 (Quentmeier et al,
2003). Z vysledkid vyplyva, ze vSechny latky 4a-4w vykazuji cytotoxicitu s hodnotami Glsg
v rozmezi 3,98 uM — 0,144 uM. V porovnani s antiproliferacni aktivitou na EOL-1 maji latky
velmi analogicky trend 1 v ptipadé MV4-11, coZ mlZe byt dano strukturni podobnosti téchto
dvou kinas.

Dalsi strukturni modifikaci 2,6,9-trisubstituovanych purint, kterd byla studovana
v ramei této prace, byla extenze substituentu v poloze N®, a to se zachovanou substituci

v polohach C2 a N9 kompatibilni s inhibici CDK2. Tato modifikace vyrazn¢ a piekvapivé

17



zmeénila profil cytotoxické aktivity piipravenych latek. Schopnost inhibovat CDK sice zustala
zachovana, ale pfitom se vyznamné omezila cytotoxicita viici naprosté vetSiné nadorovych
bunécnych linii. Vysokd cytotoxicka tc¢innost zlstala zachovana pouze vici linii MV4-11,
odvozené od akutni myeloidni leukemie, kterd exprimuje onkogenni variantu FLT3-ITD.
Dalsi skupinou latek byly latky 6a-80, které byly piipraveny jako potencilni inhibitory FLT3
(p¥iloha III).

Nejucinngjsi latky byly testovany na panelu deviti bunéénych liniich s riznym
histologickym ptvodem (tab. 5 v piiloze 111). Latky vykazovaly nanomolarni aktivitu na linii
MOLM-13 (FLT3-ITD pozitivni linie), nicmén¢ na jinych rakovinnych buné¢nych liniich
byly hodnoty Glsg v mikromolarnich koncentracich, coz potvrdilo vysokou selektivitu latek
vici FLT3-ITD pozitivnim buiikam. Linie jako Kasumi-1 a HCC-827, které nesou aktiva¢ni
mutaci v c-Kit a aktiva¢ni deleci v EGFR, vykazovaly submikromolarni citlivost na latky 7a-
7e. Dulezité ale je, Ze netransformované lidské buitkky MRC-5, HUVEC a neproliferujici
buniky BJ, nebyly témito latkami ovlivnény ani pii koncentraci 1 000 krat vyssi nez byly
koncentrace pouzité na buitkky MV4-11 a MOLM-13.

Molekularni mechanismus puasobeni pfipravenych inhibitord FLT3 byl studovan
v bunééné linii MV4-11 (priloha III). MV4-11 buinky byly ovlivnény kandidatni latkou 7d
o ruznych koncentracich po dobu 1 hodiny. Nésledné analyzy proteinti souvisejicich se
signalizaci FIt3 ukazaly, Ze i koncentrace 1 nM byly dostatecné pro inhibici autofosforylace
receptoru FLT3 na tfech tyrosinovych zbytcich (589, 591 a 842). Navic tato inhibice potlacila
aktivitu n€kolika podfizenych proteini (STATS, ERK1/2 a MEK1/2; obr. 1 v p¥iloze III).
Vzhledem k tomu, Ze signalni drahy MAPK a STAT jsou regulatory proliferace bungk, jejich
inhibice vedla dle oc¢ekavani k zastaveni bunééného cyklu v G1 fazi. Latka 7d indukovala
masivni zastavu v G1 fazi jiz pfi koncentraci 1 nM. Pfi vysSich koncentracich pfibyvalo
vyrazné také apoptotickych bunék (obr. 2a v priloze III). Jejich nartst odpovidal také
zjisténé fragmentaci proteinu PARP-1, ktery je béhem apoptozy specificky Stépen kaspasami
3 a 7 (Kaufmann et al, 1993). Toto Stépeni bylo navic doprovazeno snizenymi hladinami
antiapoptotického proteinu Mcl-1 (obr. 2b v p¥iloze III; Kojima et al, 2010; Lin et al, 2014).
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6. ZAVER

Prvni Cast piedlozené disertacni prace byla vénovana syntéze novych 2,6,9-trisubstituovanych
purinti s potenciadlni aktivitou na PDGFRa a FLT3. Tyto latky byly pfipraveny na zakladé
predchozich zkuSenosti a znalosti z literatury, a tak doslo k cilenym modifikacim pozic 2, 6
a 9 purinového skeletu za ucelem modulace jejich biologickych vlastnosti a zvySeni jejich
selektivity vii¢i prislusSnym kinasam. Vysledkem byly dvé série latek, a to inhibitorit PDGFRa
(23 latek) a inhibitora FLT3 (49 latek). VSechny piipravené latky, véetné¢ meziproduktl, byly
charakterizovany s pouzitim dostupnych analytickych metod.

Druhou casti disertac¢ni prace bylo studium inhibi¢nich a antiproliferacnich vlastnosti
ptipravenych latek. Série PDGFRa inhibitort vykazovaly nanomolarni inhibiéni aktivity proti
PDGFRa a silnou a selektivni cytotoxicitu na lidské eosinofilni leukemické bunééné linii
EOL-1, ktera exprimuje onkogenni kinasu FIP1L1-PDGFRA. Cytotoxicita latek v EOL-1
siln¢ korelovala s inhibici PDGFRa. Latky kromé toho vykazovaly inhibici autofosforylace
PDGFRa a potlacovaly tak jeji signalni dradhu. Nekteré slouceniny ze série FLT3 inhibitord
vykazovaly taktéZ nanomolarni aktivitu proti buné¢nym liniim akutni myeloidni leukémie
s onkogenni variantou FLT3. Nejucinngj$i latka 7d inhibovala autofosforylaci FLT3
a deaktivovala jeho signalni drahu, coz vedlo k zastaveni bun¢éného cyklu a indukci apoptosy
u linie MV4-11. Dalsi experimenty potvrdily, ze testovana latka indukovala inhibici FLT3
také v podminkach in vivo.

V ramci této prace bylo prokazano, Ze piitomnost 6-fenylaminové skupiny v pozici C6
purinu ma pozitivni vliv pro inhibici kinas PDGFRa a FLT3 a zaroven byla zjiSténa selektivni
cytotoxicita na leukemickych liniich EOL-1 a MV4-11. Na zékladé¢ téchto vysledki je mozné
tyto latky pouZit jako strukturni motivy pro ndvrh novych latek s lepSimi biologickymi

vlastnostmi a s potencialnim terapeutickym vyuZitim.
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