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Interakce inhibitori cyklin-dependentnich kindz s ABC efluxnimi transportéry

in vitro: vliv na mnohocetnou lékovou rezistenci v protinadorové terapii

Cyklin-dependentni kinazy hraji dalezitou roli v regulaci bunééného cyklu, jejich
zvySena aktivita vSak muize vést k vyvoji nddorovych onemocnéni. Z tohoto ditvodu se
tyto enzymy stavaji novym racionalnim cilem protinadorové terapie, pficemz celd fada
latek ze skupiny inhibitort cyklin-dependentnich kindz (CDKI) je momentalné v riznych

fazich klinického hodnoceni.

ABC efluxni transportéry jsou exprimovany ve fyziologickych tkanich, kde ovliviu;i
absorpci, distribuci a exkreci svych substratii véetné 1é¢iv a vyznamné tak urcuji jejich
farmakokinetické vlastnosti. Na druhou stranu, zvySend exprese ABC transportérii
v nadorovych builkkdch muze ptispivat ke vzniku mnohocetné 1ékové rezistence vici
odliSnym protinadorovym lé¢iviim. Tti zastupci této rodiny pfitom hraji nejvétsi roli, a to
ABCB1 (P-glykoprotein), ABCG2 (breast cancer resistance protein) a ABCC1
(multidrug resistance-associated protein 1). Inhibitory a substraty ABC transportéri se
mohou pii soucasném podani béhem lécby rtiznych onemocnéni podilet na vzniku
farmakokinetickych lékovych interakci, které mohou vyznamné pozmeénit dispozici 1é€iv

V organismu a ovlivnit tak vysledny ucinek 1écby ¢i jeji nezadouci Gcinky.



Cilem mé prace bylo objasnit interakce studovanych CDKI s ABC transportéry
pomoci in vitro metod a zjistit, jestli tyto interakce mohou ovlivnit efektivitu podani

konvenc¢nich protinadorovych 1é¢iv v lidskych nadorovych buikach.

Pomoci akumula¢nich metod v MDCKII bunéénych liniich exprimujicich ABC
1ékové transportéry jsme zjistili, Ze nami hodnocené CDKI (purvalanol A, olomoucin 11,
roskovitin, flavopiridol, SNS-032, dinaciclib a palbociclib) jsou inhibitory alespoii
jednoho testovaného ABC transportéru, zatimco latka AT-7519 nevykazovala zadny
inhibi¢ni efekt. V' 1é¢bé nadorovych onemocnéni jsou 1é¢iva Casto podavana v kombinaci,
aby bylo dosazeno zvySené¢ho terapeutického uclinku a snizeného rizika vzniku
mnohocetné 1ékové rezistence. Pomoci metody kombina¢niho indexu dle Chou-Talalay
jsme v lidskych nadorovych bunéénych liniich prokazali, Ze soubézné podani CDKI,
ktery ma schopnost inhibovat ABC transportér, a cytotoxického substratu tohoto
transportéru povede ke zvysené nitrobunécné akumulaci substratu, potenciaci jeho ucinku
a synergickému protinddorovému ptisobeni. Bunéény model odpovidajicich MDCKII
bunéénych linii jsme pouzili i pro studium substratové afinity vybranych CDKI a pomoci
transportni metody pfes bunéfnou monovrstvu jsme identifikovali olomoucin I
a dinaciclib jako substraty ABCB1 a ABCG2.

Pomoci in vitro metod jsme tak prokazali, ze CDKI interaguji s ABC transportéry
jako inhibitory nebo substraty. V téchto ptipadech se da predpokladat, ze pfi podani
v kombinaci s dalsimi 1é¢ivy mize dojit ke vzniku Iékovych interakci. Pfitom inhibiéni
aktivita CDKI vuci ABC transportérum muze byt vyuzita pii piekonavani mnohocetné

1ékové rezistence nadorovych bungk.
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Interactions of cyclin-dependent kinase inhibitors with ABC efflux transporters

in vitro: impact on multidrug resistance in cancer therapy

Cyclin-dependent kinases play an important role in cell cycle regulation and their
enhanced activity can lead to the development of various malignancies. Therefore, these
kinases have become a rational target for inhibition in cancer therapy and many
compounds from the group of cyclin-dependent kinase inhibitors (CDKIs) are being

evaluated in clinical trials.

ABC efflux transporters are expressed in physiological tissues, where they
influence the absorption, distribution and elimination of their substrates including drugs
and determine their pharmacokinetic properties. On the other hand, overexpression of
ABC transporters in cancer cells can contribute to the development of multidrug
resistance (MDR) against structurally and functionally diverse compounds. Three
members of the ABC transporter family play the most prominent role in the development
of MDR: ABCB1 (P-glycoprotein), ABCG2 (breast cancer resistance protein) and
ABCC1 (multidrug resistance-associated protein 1). Inhibitors and substrates of ABC

transporters may participate in drug-drug interactions when administered simultaneously



in the treatment of various diseases, which can significantly affect the drug disposition in
the organism and alter the therapeutic outcome or adverse effects.

The aim of my thesis was to elucidate the interactions of the selected CDKIs with
ABC transporters using in vitro methods and to determine whether these interactions
might affect the efficiency of conventionally administered anticancer drugs in human

cancer cells.

Using the accumulation method in MDCKII cell lines overexpressing ABC efflux
transporters we found that the tested CDKIs (purvalanol A, olomoucine I, roscovitine,
flavopiridol, SNS-032, dinaciclib and palbociclib) are all inhibitors of at least one of the
ABC transporters, whereas AT-7519 showed no inhibitory potency. In cancer treatment,
drugs are often administered in combinations to increase efficacy and limit the risk of
MDR. Employing the combination index method of Chou-Talalay in human cancer cell
lines, we showed that simultaneous administration of a CDKI with inhibitory potency
towards an ABC transporter and a cytotoxic substrate of this transporter can lead to
increased intracellular accumulation of the substrate and pronounced synergistic
anticancer effect. Applying the corresponding MDCKII cell model and monolayer
transport assays, we also studied the substrate affinity of CDKIs toward ABC transporters
and identified olomoucine Il and dinaciclib as substrates of ABCB1 and ABCG2.

Employing in vitro methods we found that CDKIs interact with ABC transporters
as inhibitors or substrates. In these cases, drug-drug interactions can occur when the
CDKIs are administered simultaneously with other drugs. On the other hand, we also
demonstrated that inhibitory activity of CDKIs toward ABC transporters can be exploited
to battle the problem of MDR.



1 ZKEATEKY oo 10
2 VO oo e e ettt ettt 11
G T Y1) <l 5 o) L TR 1Y 13

3.1  Cyklin-dependentni kinazy a jejich role ve vyvoji nadorovych onemocnéni. 13

3.2  Cyklin-dependentnich kinazy jako cile protinddorové terapie ...................... 14
3.3  Mnohocetna l1¢kova rezistence v terapii nddorovych onemocnéni ................. 15
N B ] O 5 2311y 010 ) 4 1<) ) TP TUPR PR 16
3.4.1 ABCBL (P-glykoprotein, P-gp, MDRL) ......ccccoviiiiiiiiee e 17
3.4.2 ABCG2 (breast cancer resistance protein, BCRP)........cccccooiiiiiiiinienn, 18
3.4.3 ABCC1 (multidrug resistance-associated protein 1, MRP1)............ccco..... 18
3.5  Pfistupy k modulaci mnohocetné 1€koveé rezistence ..........cccocverveiieereeninnnne 22
3.6  ABC transportéry a 16kove interakCe..........ccvvvvviiiiiiiiniiiicii s 23

3.7  Ptehled inhibitorti cyklin-dependentnich kinaz studovanych v ramci této

QIZETTACTIT PIACE ... b e 24
371 OloMOUCIN Tl ittt 24
3.7.2 PUNVAIANOL A ..o 25
3.7.3  ROSKOVITIN....ctiitiiiieiieiieie ettt sttt 25
3.7.4  Flavopiridol .......cooiiiiec 26
375 SNS-032 .ttt en 27
378 AT-T519 oot n s 27
377 DINACICHD....cuiiiiiicieee e 28
3.7.8  PalIBOCICHID ... 28

4 Seznam PouZité lteratury ............ccoooiiiiiiiiiii e 31
O CHIE PIACE ... 41

6 Seznam odbornych ¢lankii publikovanych v zahrani¢nich ¢asopisech
s impakt-faktorem, jejich komentai a podil kandidatky na jednotlivych
PUDHKACICR ... 42

6.1  Olomoucine I, but not purvalanol A, is transported by breast cancer
resistance protein (ABCG2) and P-glycoprotein (ABCB1) ......cccccovvivievieiiiciie, 44



9

6.2 Purvalanol A, olomoucine Il and roscovitine inhibit ABCB1 transporter

and synergistically potentiate cytotoxic effects of daunorubicin in vitro................... 54
6.3 Interactions of cyclin-dependent kinase inhibitors AT-7519, flavopiridol

and SNS-032 with ABCB1, ABCG2 and ABCCL1 transporters and their potential to
overcome multidrug resiStanCe iN VITIO .........ccooeiiiiiiiiiineeeee e 66

6.4  Dinaciclib, a cyclin-dependent kinase inhibitor, is a substrate of human

ABCB1 and ABCG2 and an inhibitor of human ABCCL1 in Vitro.......ccccccvvveeeevvennn... 79
ZLAVOE .o e e e e e e e 89
Seznam odbornych publiKaci...............coccooiiiiiiiii 94

8.1  Odborné ¢lanky publikované v zahrani¢nich ¢asopisech s impakt-faktorem. 94
8.2 Posterové prezentace a abstrakty publikované ve sbornicich.............c.......... 95

8.3 USHI PIEZENLACE ....cvuvverecerereceesiesieesseteseesesseses st s tsssessses st esse s ssnsesnsanensans 98

@ To<) 1<) 1 | SRR 99



1 Zkratky

ABC ATP-binding cassette, rodina efluxnich transportéri

ABCB1 P-glykoprotein, P-gp, MDR1

ABCCl1 multidrug resistance-associated protein 1, MRP1

ABCG2 breast cancer resistance protein, BCRP

CDK cyklin-dependentni kinaza

CDKI inhibitor cyklin-dependentnich kinaz

EMA European Medicines Agency, Evropska lékova agentura

FDA Food and Drug Administration, Utad pro kontrolu potravin
a léciv

MDCKII Madin-Darby canine kidney, bunécna linie

MDR multidrug resistance, mnohocetna 1ékova rezistence

Rb retinoblastom

Poznamka

V textu mohou byt proteiny oznaceny velkymi nebo malymi pismeny v ndvaznosti na
soucasna doporuceni, ktera pouzivaji velka pismena u lidskych proteinii a mala pismena

u zvirecich ekvivalenti.
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2 Uvod

Nédorova onemocnéni predstavuji jednu z hlavnich pfi¢in morbidity a mortality
nasvét¢ [1]. Kazdy rok je takové onemocnéni nové diagnostikovano u vice
nez 14 miliénu lidi, pfi¢emz 8 miliént pacientti roén€ nasledkem malignich onemocnéni
umira [2]. Za ,,zlaty standard“ protinadorové terapie jsou stale povazovana konvencéni
cytostatika, kterd vykazuji cytotoxicky efekt nejCastéji interakci s DNA nebo jejimi
prekurzory, coz vede k usmrceni nejen nadorovych bunék, ale nevyhodné i zdravych,
rychle se délicich bunék [3-5]. Dal§im zdvaznym limitujicim faktorem pro uspé$nost
klasické protinddorové terapie je fenomén Iékové rezistence nadorovych bunék.
K rezistenci vuc¢i cytostatikim mtize dojit farmakodynamickymi mechanismy, které
zahrnuji napft. aktivaci reparace DNA ¢i snizeni bunécné apoptotické odpovédi, nebo
farmakokinetickymi mechanismy, které snizuji koncentraci cytostatika Vv buiice
pod u¢innou cytotoxickou koncentraci zvySenym efluxem nebo biotransformaci dané

latky [6, 7].

Jednou z ¢astych pfic¢in  mnohocetné 1ékové rezistence, tj. rezistence
vuci protinadorovym 1é¢iviim riznych struktur a Gc¢inku, je zvySend exprese efluxnich
transportéru z rodiny ATP-binding cassette (ABC) v membrané nadorovych bunék [8-
10]. Obecné jsou tyto ABC transportéry exprimovany v organech vyznamné
ovliviiujicich absorpci, distribuci a exkreci 1é¢iv (napf. tenké stievo, mozek, placenta,
jatra, ledviny) a jsou tedy 1 Castym mistem vzniku farmakokinetickych lékovych interakci
[11, 12]. Z tohoto diivodu vydalo International Transporter Consortium doporuceni pro
studium interakci 1é¢iv s ABC transportéry [13], aby se stanovily jejich farmakokinetické
a bezpecnostni profily, a instituce jako je Evropska Iékova agentura (European Medicines
Agency, EMA) ¢&i americky Utad pro kontrolu potravin a 1é¢iv (Food and Drug
Administration, FDA) nasledné svymi vlastnimi smérnicemi zdtraznily dalezitost in vitro
metod v tomto vyzkumném sméru [14, 15]. Na vzniku mnohocetné 1ékové rezistence se
nejvyznamnéji podili predevsim tii zastupci ABC transportéru: ABCB1 (P-glykoprotein,
P-gp, MDR1), ABCG2 (breast cancer resistence protein, BCRP) a ABCC1 (multidrug

resistence-associated protein 1, MRP1).

Snaha vyvinout nové ¢i zlepsit stavajici ptistupy k protinddorové farmakoterapii vedla
Vv poslednich desetiletich k intenzivnimu vyvoji modulatori ABC Iékovych transportérd,
které by po podani s protinddorovym lécivem idedlné zablokovaly eflux cytostatika

Z nadorové buiiky a tim zvysily jeho nitrobunécnou retenci. Tento piistup se vSak zatim
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neosvedcil z duvodu nizké efektivity a vysoké toxicity pouzivanych modulatort [16].
Po netspéchu s tradiénimi modulatory ABC transportéri se zaméteni vyzkumu posouva
na slouceniny, které primarn¢ nebyly vyvinuty jako moduldtory mnohocetné 1ékové
rezistence, ale jako latky pro cilenou protinadorovou terapii. V posledni dob¢ se ukazalo,
ze krom¢ téchto modulatordt mohou byt ABC transportéry inhibovany i modernimi
latkami ze skupiny antineoplastik, konkrétné inhibitory tyrozinkinaz [17], které jsou Svou
strukturou 1 ¢inkem odlisné od bézn¢ pouzivanych inhibitort ABC transportérii. Tyto
latky tak piekonavaji rezistenci zpusobenou ABC transportéry, maji navic vlastni
cytotoxicky ucinek a vykazuji presvédcivé vysledky jak in vitro, tak in vivo a dokonce
I v klinickych studiich [18-20].

Zcela novou skupinou latek v protinadorové terapii ptredstavuji inhibitory cyklin-
dependentnich kinaz (CDKI), které inhibuji serin/treoninové kindzy regulujici bunéény
cyklus. Zvysena aktivita téchto enzymi byla prokdzana pii vyvoji nadorovych
onemocnéni. Z tohoto ditvodu se cyklin-dependentni kindzy stdvaji novym racionalnim
cilem protinddorové terapie a mnoho latek ze skupiny CDKI je momentéaln¢ v riznych
fazich klinického hodnoceni. Prvni z nich, palbociclib, byl pfitom v tnoru 2015 schvalen

americkou FDA pro 1é€bu postmenopauzalnich zen s metastazujicim karcinomem prsu

[21].

Farmakodynamické a farmakokinetické chovani CDKI bylo popsano béhem
preklinického, pfip. i klinického hodnoceni, informace o jejich interakcich s ABC
transportéry jsou vSak zatim omezené. Pfedchozi prace nasi vyzkumné skupiny prokazaly
inhibi¢ni aktivitu CDKI prvni generace vici ABCG2 transportéru [22] a lze proto
predpokladat, ze pouziti takovych CDKI v kombinaci s cytotoxickymi substraty
inhibovanych ABC transportéri by mohlo vést k vyhodnému synergickému efektu obou
latek a zlepSit tak efektivitu b&zné protinddorové terapie. V piipadé potvrzeni této
hypotézy by bylo mozné CDKI povaZovat za latky s dudlnim Gc€inkem (inhibujici
mnozeni nadorovych bunék aktivitou proti cyklin-dependentnim kinazdm a zaroven
prekonavajici mnohocetnou 1€kovou rezistenci pii podani s konvenénim cytostatikem).
Navic je nezbytné studovat souvislost mezi CDKI a ABC transportéry i z divodu
v€asného vyhodnoceni moznych farmakokinetickych lékovych interakei, které by

V pribehu podavani téchto 1é€iv mohly nastat.

12



3 Teoreticka ¢ast

3.1 Cyklin-dependentni kinazy a jejich role ve vyvoji nadorovych onemocnéni

Cyklin-dependentni kinazy (CDK) jsou velkou podrodinou proteinovych kindz
(konkrétné jsou to serin/treoninové kinazy), které hraji dulezitou roli v regulaci
fyziologickych procest eukaryotickych bunék jako je bunécny cyklus nebo transkripce
RNA [23]. Aktivni CDK fosforyluji rodinu retinoblastom (Rb) proteind, coz vede
K uvolnéni transkripénich faktorti nutnych pro pribéh bunééného cyklu. Katalyticka
aktivita CDK je regulovana interakci s cykliny nebo inhibitory CDK (CDKI) [24].
Cykliny jsou proteiny, které jsou syntetizovany a degradovany v priabéhu bunécného
cyklu, slouzi jako regulacni podjednotky komplext cyklin-CDK a teprve jejich
navazanim na CDK vznika aktivni komplex [25]. CDK2 nejprve interaguje s cyklinem E
pied vstupem do S faze, coz navodi syntézu DNA, a poté s cyklinem A béhem S faze
(obr. 1). Mitbza je nasledné zahajena vazbou CDK1 na cyklin B [26]. CDK4/CDKG6 (po
navazani na cyklin D) jsou hlavnimi regulatory postupu bunééného cyklu z kontrolniho
bodu G: do S faze potlacenim antiprolifera¢niho efektu Rb proteinu [27] a CDKS ma roli
ve vyvoji neurontt [28]. Exprese CDK6 vétSinou neni ve fyziologickych tkanich
detekovédna a jeji zvySena aktivita je spojena s vyvojem nékolika druhi nadorovych
onemocnéni [29]. CDK7 a 9 maji svou funkci v regulaci transkripce pii fosforylaci RNA-
polymerazy Il [30]. Zatimco cykliny podporuji aktivitu CDK, CDKI maji schopnost
potlacit jejich funkci a pfispivat tak k negativni regulaci. Fyziologické CDKI jsou
rozdéleny do dvou skupin na zaklad€ struktury a specificity; Ink4 inhibitory primarné
blokuji funkci CDK4 a CDK6, zatimco Cip/Kip inhibitory jsou méné specifické a Siroce

interferuji s aktivitami ostatnich kinaz [31].

Typickym znakem mnoha nddorovych bun¢k je zména v expresi a/nebo aktivité
CDK, cyklint ¢i endogennich CDKI, coz vede ke ztraté kontroly nad bunéénym cyklem
a nekontrolované proliferaci nezavislé na okolnich podminkach [32]. Napf. zména
Vv regulaci signalni kaskady zahrnujici CDK4 a 6, cyklin D, INK4 inhibitory a Rb protein
byla popsana u vice nez 80% lidskych nadort [33, 34]. Rozdilna exprese, aktivita nebo
regulace  CDK byla také nalezena v souvislosti s virovymi infekcemi [35],
Alzheimerovou ¢i Parkinsonovou nemoci [36, 37]. Vtomto ohledu jsou CDK

racionalnim terapeutickym cilem pro dosaZeni normalni regulace bunééného cyklu.
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Obr. 1. Role komplexi CDK-cyklin v bunéném cyklu savcu. Pievzato z ¢lanku
Malumbres et al. [25].

3.2 Cyklin-dependentnich kinazy jako cile protinadorové terapie

Exprese a aktivita CDK v nadorovych bunkach je Casto zvySena, nicméné jejich
inhibice mize navodit bunécnou smrt a vést tak k terapeuticky vyhodné apoptoze a lyze
nadorové bunky. Z tohoto diivodu se inhibice CDK stdva novym piistupem k terapii
nadorového bujeni a mnohé z novych sloucenin ze skupiny CDKI jsou v preklinickém
a klinickém zkouSeni. CDKI jsou latky strukturné odli$né a zahrnuji puriny, alkaloidy,
flavonoidy a jejich analoga [38]. Nejcastéji jsou CDKI kompetitivni inhibitory, které se

vazi na ATP-vazebné misto, jejichz nevyhodou je vSak znacna nespecifita [39]. Prvni
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generace CDKI, kam patii flavopiridol nebo roskovitin, se vyznacuje schopnosti
inhibovat vicero CDK a potyka se s vysokou toxicitou a nezaddoucimi u¢inky v klinickém
hodnoceni, coz vede ke snaham vyvijet nové a specifické CDKI [40, 41]. V poslednich
palbociclib, ktery byl viunoru 2015 jako prvni CDKI schvalen americkou FDA
pro pouziti v 1é¢b¢ karcinomu prsu u postmenopauzalnich zen [21]. DalSich minimalné
20 CDKI bylo hodnoceno v nékteré zfazi klinického zkouSeni pro 1éEbu

hematologickych malignit i solidnich nadora [43].

3.3 Mnohodetna lékova rezistence v terapii nadorovych onemocnéni

Rozlisujeme dva typy rezistence na lé¢iva: pii primarni rezistenci odolévaji nadorové
burniky u¢inkiim cytostatik jiz pti prvni 1é¢b¢, sekundarni (ziskana) rezistence vznika az
Vv prib¢hu 1écby, kdy se z piivodné citlivé bunky stavaji buniky k danému cytostatiku
rezistentni [44]. K nejcastéjsim mechanismim vzniku 1ékové rezistence v bunkach patii:
(1) posun kontrolnich bodi bunécného cyklu, (2) zmény ve slozeni membranovych
lipidd, (3) inhibice apoptozy, (4) snizeny influx latky do bunky, (5) zvySeny eflux latky
Z bunky, (6) indukce DNA-reparac¢nich mechanismd, (7) aktivace detoxikacnich systému

Vv bunce atd. (obr. 2) [45].

Problematickym typem sekundarni rezistence je tzv. mnohocetna 1ékova rezistence
vuci protinadorovym lé¢iviim rliznych struktur a Gi¢inku. Hlavnim mechanismem vzniku
tohoto typu rezistence v nadorovych buiikach je zvysena exprese ATP-binding cassette
(ABC) efluxnich transportéru, které aktivné transportuji fadu cytostatik ven z bunky a tim
snizuji jejich nitrobunétnou koncentraci a protinadorovy ucinek [46]. Tento typ
rezistence byl klinicky prokdzan u mnoha 1é¢iv ze skupiny antineoplastik, véetné novych
latek ze skupiny inhibitort tyrozinovych kinaz [17], a je tedy pravdépodobné, ze postihne

i skupinu CDKI.
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Obr. 2. Mechanismy vzniku bunééné rezistence. Jednim z hlavnich mechanismt vzniku

mnohocetné 1ékové rezistence je zvySeni aktivity ¢i exprese ABC efluxnich transportéri,
které aktivné transportuji fadu cytostatik ven z buiiky a tim snizuji jejich protinadorovy
ucinek. Modifikovano podle ¢lanku Allen et al. [47].

3.4 ABC transportéry

ABC efluxni transportéry predstavuji dillezity mechanismus transportu endogennich
latek a xenobiotik pfes bunéénou membranu. Tyto proteinové transportéry jsou primarné
lokalizovany v plazmatické membrané, kde funguji jako pumpy odstraniujici z bunky
velké mnozstvi latek s odlisnou strukturou a ucinkem vcetné anorganickych aniontd,
kovovych ionttl, peptidli, aminokyselin, cukrti, hydrofobnich slouc¢enin a jejich konjugata
a metaboliti [48]. Transport téchto latek probihd aktivnim procesem, je tedy zavisly

na zisku energie z hydrolyzy ATP, a mize probihat i proti koncentratnimu gradientu.
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Substratova specifita téchto transportéri, stejné jako jejich exprese a lokalizace v tkanich,
se mezi jednotlivymi zastupci lisi. Obecné jsou ABC transportéry exprimovany v jatrech,
ledvinach a tenkém stieveé, kde ovliviiuji farmakokinetiku 1é¢iv (pfedevSim absorpci,
distribuci a exkreci) v systémové cirkulaci a jsou tedy i ¢astym mistem vzniku 1ékovych
interakci [11, 12]. Dale se nachazeji v placente, hematotestikularni ¢i hematoencefalické
bariéfe, kde hraji dulezitou roli v ochrané citlivych tkani pfed toxickymi efekty
xenobiotik. Pfitomnost ABC transportért byla také zaznamenana v nadorovych bunkach,
kde dochazi aktivnim odstranovanim cytotoxické latky z bunky ke snizeni jeji
intracelularni koncentrace, coz muze vést az k uplné rezistenci. Vysoka exprese ABC
transportéri tak mize predstavovat prekazku v uspé$né protinadorové terapii [45, 49].
Z celkovych 49 lidskych ABC transportérii, které byly dosud popsany, hraji v Iékové
rezistenci nejvyznamnéjsi roli téi zastupci: ABCB1 (P-glykoprotein, P-gp, MDR1),
ABCC1 (multidrug resistence-associated protein 1, MRP1) a ABCG2 (breast cancer
resistence protein, BCRP) [50].

3.4.1 ABCBI (P-glykoprotein, P-gp, MDR1)

ABCBI1, dosud nejlépe prostudovany ABC transportér, je tvofen jednim
polypeptidovym fetézcem 1280 aminokyselin (170 kDa). Skladd se ze dvou
homologickych polovin s dvanécti transmembranovymi a dvéma nukleotid-vazajicimi
doménami (obr. 3a), které jsou zodpoveédné za navazani ATP a jeho naslednou hydrolyzu
[51]. Typickym znakem ABCBI je vysoka strukturni diverzita jeho substratii z riznych
terapeutickych skupin, jejichZ jedinym spole¢nym znakem je amfifilni povaha [52, 53].
Mezi substraty ABCB1 patii i znaéné mnozstvi antineoplastik, na kterd mtze v disledku

ptfitomnosti ABCB1 v membranach nadorovych bun¢k vznikat rezistence.

ABCBI je exprimovan na apikalni stran¢ bunééné membrany (obr. 4). Pfehled bunck
lidského téla, které exprimuji ABCB1 je uveden v tabulce 1. Hlavni fyziologickou funkci
ABCBI je snizena distribuce latek do citlivych tkani (mozek, varlata, plod), sniZeni
biodostupnosti latek po oralnim podani (coz neni vzdy zadouci), transport metabolitl
do Zlu¢i a moéi a jejich exkrece [54]. ABCBI je také vysoce exprimovan v leukemickych
bunkach a buiikdch nador prsu, vajecniki, tlustého stfeva, ledvin a jater, coz vede

k nizké klinické odpovédi a Spatné prognéze nadorovych onemocnéni [55-57].
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3.4.2 ABCG2 (breast cancer resistance protein, BCRP)
ABCG2 tvofi jeden polypeptidovy fetézec s 655 aminokyselinami (72 kDa)

anarozdil od ABCB1 ma pouze Sest transmembranovych a jednu nukleotid-vazajici
doménu (obr. 3b). Pro spravnou funkci pak tento ,,polovi¢ni transportér tvoii dimery
a multimery [58]. Podobné jako ABCBI1, i ABCG2 hraje roli v mnohocetné 1ékové
rezistenci a transportuje obrovské mnozstvi strukturné a chemicky odlisnych
endogennich i1 exogennich sloucenin, vcetné antineoplastik. ABCG2 a ABCBI1 maji
mnoho spolecnych substratl, coz je relevantni zejména v gastrointestinalnim traktu, kde
jejich efluxni aktivita mize signifikantné ovlivnit absorpci latek po peroralnim podani

[59].

Transportér ABCG2 je stejn¢ jako ABCB1 exprimovan na apikalni membrané
polarizovanych bunék fady fyziologickych tkani (tabulka 1, obr. 4). ABCG2 je
exprimovan v organech ovliviiujicich farmakokinetiku 1é¢iv a v organech, kde ma
dalezitou ochrannou funkci pied toxickym plisobenim riznych latek. ABCG2 se nachazi
1 v membran¢ kmenovych bunck, kde se podili na jejich ochrané pted toxickymi vlivy
xenobiotik [60, 61]. ABCG2 piispiva k transportu endogennich substanci (hem,
porfyriny, riboflavin) a reguluje tim bunéénou homeostazu [62]. Vysoka exprese ABCG2
zpuisobuje rezistenci nddorovych bun€k vici mitoxantronu, topotekanu a methotrexatu
a je spojena se $patnou odpovedi na cytostatickou 1é¢bu predevsim u pacientt s leukémii

a rakovinou prsu [63, 64].

3.4.3 ABCC1 (multidrug resistance-associated protein 1, MRP1)

ABCC1 patfi do rozsdhlé podrodiny ABCC transportéri a tvoii ho jeden
polypeptidovy fetézec sloZzeny z 1531 aminokyselin (190 kDa). Strukturné je velice
podobny ABCB1 s dvanacti transmembranovymi a dvéma nukleotid-vazajicimi
doménami (obr. 3c), ale obsahuje navic i1 dalSich pét transmembranovych segmentt
s volnym NH2 koncem [65]. ABCC1 ma $irokou substratovou specifitu s vyssi afinitou
vici hydrofobnim a aniontovym molekuldm, konjugatim glukuronidu a glutathionu

a fyziologickym substratim (folaty, glutathion, konjugaty steroidi, apod.) [66].

Na rozdil od ABCBI, je transportér ABCCI1 casto lokalizovan na bazolateralni

membrané polarizovanych bunécnych vrstev (obr. 4) kromé endotelialnich bun¢k mozku,
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kde je jeho lokalizace apikalni. Pfehled lidskych bun¢k exprimujicich ABCCI1 je
Vv tabulce 1. ABCCI1 je diilezity pro normalni funkci bun¢k (transport endogennich latek
a fyziologickych substratii) a pro exkreci metaboliti [67]. Vysoka exprese byla nalezena
v nadorech plic, prsu, prostaty, vaje¢nikli, melanomech a leukémiich [68]. Role ABCC1
v nadorové rezistenci je stale diskutabilni; zatimco nékteré studie prokazaly, ze exprese
ABCCI1 ma vliv na prognézu nadorovych onemocnéni [69, 70], jiné tuto roli zpochybnuji,
protoze nenalezli Zadnou korelaci mezi terapeutickou odpovédi a expresi ABCC1 [71,

72].

Struktura

....C ABCG2
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Obr. 3. Struktura jednotlivych ABC transportéru lokalizovanych v bunééné membrang.

Prevzato z ¢lanku Gottesman et al. [46].
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Apikalni strana

Bazolateralni strana

Obr. 4. Lokalizace jednotlivych ABC transportérti v polarizovaném epitelu ledvin, ktery
odpovida modelové liniit MDCKII (Madin-Darby canine kidney). ABCB1 a ABCG2 jsou
exprimovany na apikdlni membréané ledvinnych epitelidlnich bun¢k a ABCCI je naopak
exprimovan na membran¢ bazolateralni. Bariéru mezi apikalni a bazolateralni
membranou tvoii tésné spoje (tight junctions, Sedé kruhy). Prevzato z ¢lanku Schinkel

etal. [73].

20



10UQ]SIZAI
2A0Y2] UIAQ0YOUW A J[O] e

[twederoa ‘vozeakduyns
‘uoJewo1qzudq ‘proauaqoid

181ep

B ¢71 utepoyy ‘prsodoia
‘UOIIUBXO0)IW ‘IEXAN0YIW
‘foxenpyed ‘Aprojeype

eyura ‘ueya0do) ‘ugodjouL

Augquiaw
QUDAIS TUIDIDIOZDG DU

Ayunq oyrjousg
‘K1K00Aw ‘(dovZI[BNO]
juppyide) myjzow Ayunq

20NQLISIP TUQUAI[AO A 9[0T » ‘UBSIOAT ‘T LG-S[IN ‘UI2IqNIOXOP ‘UIDIQNIOUNEP  QAO[RIOPUR ‘AIAD0I2IUS TUARJIS 12049V
roussIzal Aupaquuauw gun.as 1ipyidp pu
9A0YQ] UIAQOYOU A J[OI e
Auodzanyod
AoTury 20yr1Ul QA0 @ AYUng 9A0UWY
KwsirowA od oydriouald IS[EP B ZHEEE ISYOROH ‘Aunels ‘eze|z BUQIW ‘ejuddeld
TujuBAS[aI AYOruIlY e JRXA10IoUW ‘UBII)OULIT ‘nyzow AYUnq QAO[RIOPUD
92X B 0NQLISIP Urd0IqOAOU “TEPLIR[D ‘uex30do) ‘uonuexojw ‘K1ko01eday ‘utapa) A[nqm)
90d10SqE TUQUAIJAO A 3]0 e ‘CH10Y D uSIowanuny ‘prngA(3 ‘uisozerd  Jupewirxold ‘£1400191U9 TUARLS 7904V
IS[eP B THECE ISYIOH  Aubiquuaus pup.4s 1uppyidp pu
TOUQISIZAT ‘€71 Unuepoyy|
PA0YD] 2UIQ0YOUW A I[01 @ ‘prsodorp ‘ueyarodoy BYAOYOI1
Audzinyod ‘uonuexow ‘paxenpyed ‘eyudoed ‘Ayunq oyioLRg
ASoruIpy 20)BINUT QA0 @ urpruryd ‘repods[ea ‘ApLo[ey[[B BYULA ‘UBDI)OULIL ‘Tjzow Aung A0[D10PUd
03X B 90NqLISIp ‘reproye[d ‘repmbnsoz “UIoIqnIoXop ‘urdrgniounep ‘Kiko0reday ‘urapar Anqm
‘92d10SQ® TUQUAIJAO A 9[0T ‘v urrodsoyAo ‘rurederoa ‘uosejowrexap ‘urxodrp  rupewnrxord ‘A1A20121u9 TUASL)S 19049v

Aweuzog

Axoyiqryur pueIqip

fyensqns JueIqs A

ezneyo] Jdaodsuel],

"[££ °0S *€T *TT] 10U9ISIZOI 9AONQ[ JUdQ0UOUW A IpHOASUEY DV YoIsRNZo[Nplou pa[Yaid T eNInqe],

21



3.5 Piistupy k modulaci mnohocetné l1ékové rezistence

V chemoterapii se ¢asto pouzivaji 1éCiva s cilenym plisobenim a jejich kombinaci
muzeme docilit maximalizace G¢inku a aditivniho ¢i synergického efektu [74]. Pusobeni
kombinace 1é¢iv na n¢kolik bunéénych drah najednou potencuje protinadorové pisobeni
jednotlivych latek a navic snizuje riziko vzniku 1ékové rezistence [75]. Tento pfistup
muze pomoci zlepsit efektivitu chemoterapie, neni vSak uplné¢ dostacujici. Mnohocetna
1ékova rezistence zplisobend zvysenou expresi ABC transportérti v nadorovych bunkach
muze byt prekonana nékolika dalSimi metodami jako je napf. specifickd inhibice
transportérti v membran¢ bunck nebo blokada signélnich drah a transkrip¢nich faktort,
které reguluji amplifikaci a zvySenou expresi téchto transportéri [76]. Vyzkum v této
oblasti se zamé&fil na vyvoj tzv. modulatori, inhibitort ABC transportéri, které se

pouzivaji pro zvyseni u¢inkd chemoterapie a biodostupnosti 1é¢iv po peroralnim podani.

Jedna z prvnich studii prokazala, Ze verapamil zvySuje cytotoxicitu vinkristinu
avinblastinu v ABCB1-rezistentni buné¢né linii [77]. Slater et al. poté pozorovali,
ze cyklosporin = A kompletné¢ ptekonal primarni rezistenci vic¢i vinkristinu
a daunorubicinu v rezistentni buné¢né linii odvozené z lidské akutni leukémie [78]. I dalsi
latky schvalené pro jiné indikace inhibuji aktivitu ABCBI1 a piekonavaji tak rezistenci
zprostitedkovanou timto transportérem, nicméné pouze ve vysokych koncentracich
a nedaji se tak klinicky pouzit z divodu své toxicity [79]. Takové latky jsou oznacovany
jako modulatory 1. generace. Zacatek éry modulatort 2. generace byl spojen s objevem
latky PSC833 (valspodar, analog cyklosporinu A), ktery vykazuje az desetindsobné vyssi
inhibi¢ni potenci vii¢i ABCBI a Zzadné imunosupresivni t¢inky [80]. Modulatory prvnich
dvou generaci byly jiz testovany v ramci klinického zkouSeni, jejich pouziti vSak
nepiineslo o¢ekavany benefit, protoze stale dochazelo k vyskytu nezadoucich uéinkt [81-
83]. Modulatory 3. generace, jako napt. GF120918 (elakridar), LY335979 (zosuquidar)
¢1 XR9576 (tariquidar), byly vyvinuty jako selektivni inhibitory ABC transportért.
Tariquidar v nizkych nanomolarnich koncentracich zvysuje citlivost nadorovych bun¢k
vaci nekolika cytostatikim a pii jeho podani v kombinaci s doxorubicinem u mysi
nedochazi ke zvyseni toxicity [84]. Béhem dvou klinickych studii na lidech se vSak
ukdazalo, Ze pfi podavani tariquidaru se zvySuje toxicita chemoterapie a jeho testovani tak
bylo zastaveno [85]. Ve vyvoji mnohocetné 1€kové rezistence hraji roli i transportéry
ABCC1 a ABCG?2. Jejich specifické inhibitory, MK-571 [86], resp. fumitremorgin C
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[87], se bézné pouzivaji v in vitro ¢i in vivo experimentech, nicmén¢ nebyly testovany

Vv klinickém hodnoceni jako modulatory mnohocetné 1¢kové rezistence.

V posledni dobé se ukazuje, ze kromé¢ téchto modulatori mohou byt ABC
transportéry inhibovany i latkami ze skupiny novych protinadorovych latek, konkrétné
inhibitory tyrozinkinaz, které jsou odlisné od bézné pouzivanych inhibitori ABC
transportérti svym ucinkem i strukturou. Tyto latky piekonavaji rezistenci zplisobenou
ABC transportéry, maji navic vlastni cytotoxicky uc¢inek a vykazuji presvédcivé vysledky
jak in vitro, tak in vivo a n¢které i v klinickych studiich [18, 20]. Novou skupinou
kindzovych inhibitor v klinickém zkousSeni jsou pravé CDKI, které byly dusledné
zkoumany z hlediska farmakodynamiky. Jejich farmakokinetické parametry, predev§im
pak interakce s ABC transportéry, nebyly dosud podrobné studovany. Jelikoz bylo
prokazano, ze i nékteré CDKI jsou schopny inhibovat ABC transportéry [22, 88], da se
predpokladat, ze jejich pouziti v kombinaci se substraty inhibovanych transportéri
by mohlo vést k vyhodnému synergickému efektu obou latek a zlepsit tak efektivitu

bézné protinadorové terapie.

3.6 ABC transportéry a l1ékové interakce

ABC transportéry mohou svou funkci ovlivnit farmakokinetiku 1é¢iv, terapeutickou
odpovéd’ a neZzadouci G€inky. Pfi podani vice latek v kombinaci tak miZe dojit k Iékovym
interakcim; jedna latka napt. inhibuje efluxni aktivitu transportéru, ¢imz méni
farmakokinetické vlastnosti druhé¢ latky, kterd je substratem tohoto transportéru. Klinické
studie potvrzuji, ze existuje fada relevantnich farmakokinetickych 1ékovych interakci
spojenych s ABCB1 ¢i ABCG2 transportéry. Z tohoto divodu byly na doporuceni
International Transporter Consortium [13] oba transportéry zafazeny do novych smérnic
pro studium lékovych interakci vydanych kontrolnimi organy jako jsou FDA [14] a EMA
[15]. Tyto smérnice pouzivané v prumyslu, regulacnich agenturach a mnohem castéji také
ve vyzkumu jasn¢ upravuji a doporucuji postupy studia 1ékovych interakci a jsou

nezbytné pro bezpecné a efektivni podani 1éCiv.

U ABCBI je riziko interakci vysoké vzhledem k velkému mnoZstvi substrati
z riznych farmakologickych skupin jako napf. antiarytmika, protedzové inhibitory,
imunosupresiva, beta blokatory ¢i antineoplastika. Napf. spole¢né podani

kardioglykosidu digoxinu s inhibitorem ABCBI, chinidinem, zvySuje biodostupnost
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vrwe

ABCBL1 vtenkém stfeve, jatrech aledvinach [89-91]. Zmény farmakokinetickych
parametrii, véetné clearance digoxinu, byly popsany i po podani spolecné s dalSimi
latkami interagujicimi s ABCB1 [92, 93]. ABCBL je transportér, ktery pravdépodobné
nejvice ovliviiuje piestup xenobiotik pies hematoencefalickou bariéru a zabrafuje
ptestupu latek do mozku. Studie s morfinem prokazala, ze u ABCB1-deficientnich mysi
prochazi morfin do mozku vice, coz vede k vy$§imu analgetickému efektu [94]. Stejny
efekt ma i inhibice ABCB1 pomoci cyklosporinu A ¢i elakridaru [95]. Inhibice ABCG2
je relevantni hlavné v gastrointestindlnim traktu. Biodostupnost topotekanu (substratu
ABCG2) se po spole¢ném podani s inhibitorem elakridarem dvojnasobné zvysila [96].
U Abcg2 knockout mysi byl po perordlnim podani zaznamenan aZz stondsobny vzestup
systémové koncentrace sulfasalazinu ve srovnani s wild-type mySmi [97]. Stejné jako
ABCB1, i ABCG2 je exprimovan v hematoencefalické bariéfe a podili se tak na ochrané
citlivé tkan¢ mozku [98]. Jelikoz oba transportéry pienaseji Siroké spektrum substrati,
je ztejmé, Ze mnoho 1éCiv ¢i doplnkl stravy s témito transportéry interaguje jako
substraty, inhibitory ¢i induktory, coz vede k vysokému riziku vzajemného ovlivnéni

farmakokinetiky, efektivity 1é¢by a bezpe¢nosti pti kombinovaném podani [99].

3.7 Ptehled inhibitori cyklin-dependentnich kinaz studovanych v ramci této

dizerta¢ni prace

V soucasné dob¢ je mnoho latek ze skupiny CDKI v preklinickém a nékteré z nich
I v klinickém hodnoceni. Pro tcel studia interakci s ABC transportéry byly v ramci této
dizertacni prace vybrany purinové CDKI olomoucin I, purvalanol A a roskovitin, u nichz
jsme se zaméfili na doplnéni jejich interakéniho potencidlu o transportér ABCB1
anavazali jsme tak na podobnou studii nasi vyzkumné skupiny, kdy jsme studovali
interakce CDKI s ABCG2 [22]. Ostatni studované CDKI (flavopiridol, SNS-032,
AT-7519, dinaciclib a palbociclib) byly vybrany z toho divodu, ze se jiz nachazeji

V nékteré z fazi klinického hodnoceni.

3.7.1 Olomoucin Il

Olomoucin II je trisubstituovany derivat purinu, ktery inhibuje CDK1, 2, 4, 7 a 9

a jeho cytotoxicka aktivita je zavisla na expresi tumor supresorového genu p53 v lidskych
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nadorovych bunkach [100-102]. Kromé protinadorové aktivity, vykazuje olomoucin 11
I antivirovy ucinek [103]. Je metabolizovan cytochromem CYP3A4 a inhibuje aktivitu
CYP1A2, CYP2C9 a CYP3A4 [104]. Olomoucin II nebyl nikdy testovan v klinickych

studiich.

Olomoucin II inhiboval transport fluorescencnich a radioaktivné znaenych substratt
zprostiedkovany transportérem ABCG2, coz vedlo k synergickému protinadorovému
efektu pfi podani s antineoplastiky, které jsou zaroven substraty t€chto dvou transportéri
[22]. Olomoucin II je navic dualnim substratem ABCB1 i ABCG2, coz muze vést k jeho

omezené akumulaci v nadorovych tkanich ¢i 1ékovym interakcim [105].

3.7.2 Purvalanol A

Purvalanol A, strukturné podobny olomoucinu II, je trisubstituovany derivat purinu
s vysokou selektivitou pro inhibici CDK1 a 2 a zddnym efektem vii¢i dal$im proteinovym
kindzadm. Protinddorova aktivity purvalanolu A byla testovana na Siroké Skéle 60 lidskych
nadorovych bunéénych linii s primérnou ICso = 2 uM [106, 107]. Stejné jako olomoucin

I ani purvalanol A nebyl nikdy testovan v klinickém zkousSeni.

Purvalanol A inhibuje transport fluorescen¢nich a radioaktivné znacenych substratii
zprostiedkovany transportérem ABCG2 v MDCKII-ABCG2 bunkach [22, 108]. Inhibice
ABCQG?2 byla potvrzena na organové urovni s pouZitim modelu dualn€ perfundované
potkani placenty, kdyz doSlo k vyraznému sniZeni transportu zprosttedkovaného
placentarnim Abcg2 [22]. Schopnost purvalanolu A inhibovat ABCG2 vedla
k synergickému efektu v nadorovych bunkach pfi sou¢asném podani s chemoterapeutiky,
které jsou substraty tohoto transportéru. Zna¢nou vyhodou purvalanolu A je to, Ze neni
substratem ABCB1 ani ABCG2, coz bylo potvrzeno in situ, a nevznika na néj tedy

rezistence spojena s ABC transportéry [105].

3.7.3 Roskovitin

Roskovitin (CYC-202, seliciclib) je trisubstituovany analog purinu s inhibi¢ni
aktivitou vaci CDKI, 2, 5, 7 a 9. Je to nové potencidlni 1€¢ivo pro 1écbu nadorovych

¢i virovych onemocnéni, zanétu a neurodegenerativnich onemocnéni. Roskovitin
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navozuje zastavu bunééného cyklu a s tim spojenou apoptdzu v riznych nadorovych
bunécnych liniich (primérna hodnota ICso = 15 pM) [109, 110] i v nadorovych stépech
u mysi [111, 112]. Momentaln¢ je roskovitin ve fazi I a II klinického hodnoceni pro 1é¢bu

Cushingovy nemoci (tabulka 2).

Interakcemi roskovitinu s ABC transportéry se vycerpavajicim zptisobem vénovala
prace Rajnai a kol. [113]. V této studii roskovitin zvySoval vanadat-senzitivni
ATPazovou aktivitu v membranovych veziklech pripravenych z bunék S9 exprimujicich
lidsky transportér ABCB1, coz znadi, ze tato latka je jeho substratem. Substratova afinita
roskovitinu byla potvrzena i v bunkach MDCKII-ABCB1 pomoci metody transportu
pies bunécnou monovrstvu. Dale bylo prokdzéano, Ze roskovitin je inhibitorem lidskych
transportérit ABCB1, ABCG2 a ABCC1 a Ze nemd efekt na ABCC2. Rezistence bun¢k
vici roskovitinu navic pravdépodobné neni zptisobena expresi ABCBI1 a exprese tohoto

transportéru se po podani roskovitinu v bunikach nezvysuje [113, 114].

3.7.4 Flavopiridol

Flavopiridol (alvocidib, L86-8275) je polosynteticky flavon s vysokou inhibi¢ni
aktivitou vuci CDK1, 2, 4, 6, 7 a 9. Patii do prvni generace CDKI, potlacuje riist mnoha
lidskych nadorovych bunéénych linii in vitro [115-118] a v preklinickych studiich
navozuje selektivni apoptézu v brzliku, sleziné a lymfatickych uzlinach normadlni
I nadorové tkané [119]. Flavopiridol je prvnim CDKI, ktery se dostal do klinického
hodnoceni a momentaln¢ se nachazi v jeho druh¢ fazi pro 1é¢bu solidnich nadorti a hlavné
hematologickych malignit (tabulka 2). Nékteré klinické studie poukazuji na fakt,
ze flavopiridol mlZe synergicky zvySovat Gc€innost jinych chemoterapeutik podanych

v kombinaci [120-122].

Zhou a kol. [123] prokazali, ze mysi Abcg2 a Abcbl snizuji prestup flavopiridolu
do mozku. Flavopiridol navic vykazuje zvySeny transport v bazolateralné-apikalnim
sméru v MDCK a LLC-PK1 bunécnych liniich exprimujicich mysi nebo lidsky ABCB1
a ABCG2, coz naznacuje jeho substratovou afinitu vii¢i obéma transportérim [123-125].
Prestup flavopiridolu pies stfevni bariéru muze byt také znacné omezen z divodu
ptitomnosti ABCB1 v tenkém stfeve, coz bylo prokazano na bunécné linii Caco-2 [126].
Co se tyce rezistence vici flavopiridolu v nadorovych burnikach, je za ni zodpovédny

hlavné transportér ABCG2 a z mensi miry ABCC1 [88, 124, 127-129]. Flavopiridol
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(v mikromolarni koncentraci) inhibuje transport substratt zprostfedkovany ABCBI1
a ABCCIl, coz muze vést ksynergickému cytotoxickému efektu pfi podani

s odpovidajicimi substraty [88, 127].

3.7.5 SNS-032
SNS-032 (BMS-387032) je latka syntetizovana primarné jako inhibitor CDK2

s protinadorovou aktivitou vyssi ve srovnani s flavopiridolem [130]. Kromé CDK2
ovSem tato latka siln¢ inhibuje CDK7 a 9 a dale i dalsi CDK. Dosud byla latka SNS-032
hodnocena v klinickych studiich I. faze (tabulka 2), které byly ukonceny z diivodu vysoké

toxicity a nezadoucich t¢inka [131, 132].

V pokusech na bunécné linii Caco-2 vykazovala tato latka vysSi propustnost
V bazolateralné-apikalnim sméru, coz naznacuje, ze SNS-032 je substratem apikalné
orientovaného efluxniho transportéru ve stievé. Tato informace mize pomoci vysvétlit,
pro¢ ma SNS-032 nizkou biodostupnost po perordlnim podani. Dalsi studie na mysich
modelech prokdzaly, Ze mysi s chybéjicim transportérem Abcbl maji vySsi koncentraci

SNS-032 v mozku nez mysi, jejichz bunky tento transportér exprimuji [133].

3.7.6 AT-7519

Latka AT-7519 byla primarné vyvinuta jako silny a specificky inhibitor CDK2
(ICso = 47 nM). Krom¢ CDK2 inhibuje AT-7519 i dalsi CDK (CDKI1, 4, 5, 6 a 9)
s hodnotou ICsp Vv rozmezi 1 — 200 nM, ale je neaktivni viéi jinym bunéénym kinazam
[134]. AT-7519 navozuje zastavu bunééného cyklu a apoptézu viadé lidskych
nadorovych bunécnych linii in vitro (ICso = 40 — 940 nM) a v mysich s lidskymi
nadorovymi $té€py, kde doslo k potlaceni ristu subkutannich nadora brzké 1 pozdni faze
[135]. AT-7519 je momentalné ve fazich I a IT klinickych zkousek pro 1é¢bu raznych typt
nadorovych onemocnéni (tabulka 2). Interakce AT-7519 s ABC transportéry nebyly

dosud studovany.
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3.7.7 Dinaciclib

Dinaciclib (MK-7965, SCH727965) je oralné podavany CDKI se selektivni inhibi¢ni
aktivitou vici CDK1, 2, 5 a 9 [136]. V preklinickych studiich inhiboval dinaciclib rust
Sirokého spektra lidskych nadorovych linii i lidskych nadorovych §tépt in vitro a in vivo
s vyssi protinddorovou aktivitou ve srovnani se starSimi CDKI, flavopiridolem
a roskovitinem [137-140]. Ptestoze je dinaciclib nyni ve tfeti fazi klinického hodnoceni
(tabulka 2), nebyly jeho interakce s ABC transportéry dosud podrobn¢ studovany.

3.7.8 Palbociclib
Palbociclib  (PD0332991, IBRANCE®) specificky inhibuje CDK4 a 6

v nanomolarnich koncentracich a ma zanedbatelny efekt na dalSich 36 testovanych
proteinovych kinaz [141, 142]. Tato latka vykazuje silny antiproliferativni u¢inek proti
nadorovym bunikam s vysokou expresi Rb proteinu in vitro i in vivo [141, 143-146] a byla
jiz testovana v klinickych studiich pro 1écbu riznych typti nadorovych onemocnéni
véetné hematologickych malignit (tabulka 2) [147, 148]. Nejvyssi terapeuticky ucinek
palbociclibu byl zaznamenan u nadort prsu [149], coz vedlo Vv unoru 2015 k jeho
schvéleni (jako prvniho a zatim jediného CDKI) americkou FDA pro klinické pouziti

Vv 1é¢be estrogen-pozitivnich karcinomi prsu u postmenopauzalnich zen [21].

Piestup palbociclibu do mozku je zna¢né¢ omezen transportéry Abcbl a Abcg2,
coz bylo prokazano na modelu knockout mysi in vivo. In vitro transportni studie
s vyuzitim koncentracnich ekvilibrii v LLC-PK1 a MDCKII buné¢nych liniich potvrdily,
ze palbociclib je substratem mySich 1 lidskych transportéri ABCB1 a ABCG2
a inhibitorem mysiho Abcg2 [150-152].
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Tabulka 2. Piehled studovanych CDKI.

Faze klinického hodnoceni

Znamé interakce

CDKI Cil inhibice Indikace Chemicky vzorec
(celkovy poéet studii ?) s ABC transportéry °

AT-7519 CDK1, CDK2, leukémie, lymfomy, , 1112 (5) dosud nebyly popsany
CDK4, CDK5, myelomy, solidni nadory 9 74dné interakce
CDKS6, CDK9 A

Dinaciclib CDK1, CDK2, leukémie,  melanomy, L, 1, 111123 (16) O dosud nebyly popsany
CDK5, CDK9  myelomy, solidni nadory, <Pf§ 74dné interakce

nadory prsu a pankreatu K -
gy

Flavopiridol ~ CDK1, CDK2, leukémie, lymfomy, I, 11123 (61) ABCB1: S [128.124.129]
CDK4, CDK®6, solidni nadory ABCG2: S [123:125,127]
CDK?7, CDK9 ABCCI1: | 27

|

Olomoucin Il CDK1, CDK2, dosud nebyl v klinickém (0) ABCB1: S 1%
CDK4, CDK7, hodnoceni ©j|\)j> ABCG2: S, | [22:105]
CDK9 ' ABCC: § [109]

T

2 celkovy pocet studii byl stanoven podle www.clinicaltrials.gov [22]; * dokon&ené, ? probihajici, ® pferugené ¢i stahnuté studie

®S — substrat, I — inhibitor
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. Faze klinického hodnoceni Znamée interakce
CDKI Cil inhibice Indikace Chemicky vzorec
(celkovy pocet studii ) s ABC transportéry °

Palbociclib CDK4, CDK6 nadory prsu a plic, solidni 11, 11123 (66)

o OH
. . g [150, 151, 152]
nadory Jm\ /©/ ABCBL1: S

ABCG2: S. | [150, 151, 152]

Purvalanol A CDK1, CDK2 dosud nebyl v klinickém 0)

hodnoceni o 1 . ’ . [22, 105]
Niﬁ? ABCG2: S, |
T

Roskovitin CDK1, CDK2, Cushingova nemoc, I, 1113 (4)
- ABCB1: S, | 143
CDK5, CDKY7, solidni tumory, nadory
ABCG2; | [22.113]

CDK9 rsu a plic ﬁ
P P J*\ ‘ ; ABCC1; | [113]

SNS-032 CDK2, CDK7, Leukémie, lymfomy, 11(2) ﬁ
CDK9 myelomy, solidni nadory /k[ >_/@ Y ABCBL1: S, | 1%
J

2 celkovy pocet studii byl stanoven podle www.clinicaltrials.gov [22]; ! dokon&ené, 2 probihajici, * pferusené &i stahnuté studie

S _ substrat, I — inhibitor
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5 Cile prace

Z ptedchozi kapitoly vyplyva, ze CDKI jsou slibnymi latkami, které mohou
v budoucnu nalézt uplatnéni v protinadorové terapii. Znalosti o jejich interakcich s ABC
transportéry jsou vSak dosud velmi omezené, nicméné nezbytné pro jejich uvedeni
do racionalni farmakoterapie. Hlavnim cilem této dizertacni prace tedy bylo studium
farmakokinetickych interakci vybranych CDKI (konkrétné olomoucinu 1I,
purvalanolu A, roskovitinu, flavopiridolu, SNS-032 AT-7519, dinaciclibu a palbociclibu)

s ABC I¢kovymi efluxnimi transportéry. Dil¢imi cili prace pfitom bylo:

1) zavedeni in vitro akumulac¢nich metod pro studium interakci latek s ABCBL,
ABCG2 a ABCC1 transportéry S vyuzitim pritokové cytometric a bézné
pouzivanych cytostatik daunorubicinu a mitoxantronu jako fluorescencnich
substratu,

2) studium inhibice ABCB1, ABCG2 a ABCCL1 in vitro pomoci akumula¢nich
metod a ATPazovych eseji,

3) studium substratové afinity dinaciclibu, jakozto CDKI ve fazi III klinického
hodnoceni, vici ABCB1, ABCG2 a ABCCI1 in vitro pomoci metody transportu
pies buné€nou monovrstvu,

4) studium vlivu inhibice ABC transportéri na piekonavani 1ékové rezistence
pomoci XTT testu v MDCKII a nddorovych bunécnych liniich,

5) studium cytotoxického efektu kombinace CDKI s cytostatiky, ktera jsou substraty
inhibovanych ABC transportérti, v modelovych MDCKII a nadorovych

bunécnych liniich.
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6 Seznam odbornych ¢lankid publikovanych Vv zahrani¢nich
casopisech s impakt-faktorem, jejich komentaf a podil kandidatky
na jednotlivych publikacich

Tato dizertacni prace je predkladana jako komentovany soubor 4 odbornych publikaci
(6.1 — 6.4), z nichz vSechny ¢tyfi jsou otiStény v odbornych zahrani¢nich Casopisech
s impakt-faktorem. Pfedkladatelka je prvni autorkou tii (6.2 — 6.4) a spoluautorkou jedné
z téchto praci. (6.1) VSechny manuskripty jsou pivodni experimentalni prace zaméfené
na popis a vyhodnoceni interakci CDKI s ABC transportéry, které se podileji na vzniku

mnohocetné 1ékové rezistence.

Podil kandidatky na jednotlivych publikacich je nasledujici:

6.1  Olomoucine I, but not purvalanol A, is transported by breast cancer resistance
protein (ABCGZ2) and P-glycoprotein (ABCB1).

e kultivace bunéénych linii MDCKII-ABCB1, MDCKII-ABCB1 a MDCKI|I
e pomoc pii transportnich experimentech: studium transportu purvalanolu A

a olomoucinu II pfes bunéénou monovrstvu MDCKII bunék

6.2  Purvalanol A, olomoucine Il and roscovitine inhibit ABCB1 transporter

and synergistically potentiate cytotoxic effects of daunorubicin in vitro.

e kultivace bunéénych linii MDCKII-ABCB1, MDCKII, HCT-8 a HepG2

e stanoveni exprese ABCB1 transportéri v bunéénych liniich metodou
gRT-PCR

e stanoveni inhibi¢ni aktivity testovanych CDKI vi¢i ABCB1 pomoci
akumulac¢nich metod s fluorescen¢nimi substraty; méfeni akumulace pomoci
prutokového cytometru

e stanoveni ATPazové aktivity a cytotoxicity jednotlivych CDKI

e stanoveni synergického ptisobeni CDKI s konven¢nimi chemoterapeutiky

e analyza dat a sepsani manuskriptu
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6.3

6.4

Interactions of cyclin-dependent kinase inhibitors AT-7519, flavopiridol
and SNS-032 with ABCB1, ABCG2 and ABCCL1 transporters and their potential

to overcome multidrug resistance in vitro.

e kultivace buné&nych linii MDCKII-ABCB1, MDCKII-ABCG2, MDCKII-
ABCC1, MDCKII, HepG2 a T47D

e stanoveni exprese jednotlivych ABC transportéri v bunécénych liniich
metodou qRT-PCR

e stanoveni inhibi¢ni aktivity testovanych CDKI via¢i ABCBI1, ABCG2
a ABCC1 pomoci akumulac¢nich metod s fluorescencnimi substraty; méfeni
akumulace pomoci prutokového cytometru

e stanoveni ATPéazové aktivity a cytotoxicity jednotlivych CDKI

e stanoveni synergického ptisobeni CDKI s konvenénimi chemoterapeutiky

e analyza dat a sepsani manuskriptu

Dinaciclib, a cyclin-dependent kinase inhibitor, is a substrate of human ABCB1

and an inhibitor of human ABCC1 in vitro.

e Kultivace bunéénych linii MDCKII-ABCB1, MDCKII-ABCG2, MDCKII-
ABCC1, MDCKII a T47D

e studium transportu dinaciclibu pfes bunéénou monovrstvu MDCKII bunék

e stanoveni inhibi¢ni aktivity dinaciclibu vi¢i ABCB1, ABCG2 a ABCCI1
pomoci akumula¢nich metod s fluorescencnimi substraty; méfeni akumulace
pomoci pritokového cytometru

e stanoveni ATPazové aktivity a cytotoxicity dinaciclibu

e stanoveni  synergického  pisobeni  dinaciclibu s  konven¢nimi
chemoterapeutiky

e analyza dat a sepsani manuskriptu

43



6.1 Olomoucine Il, but not purvalanol A, is transported by breast cancer
resistance protein (ABCG2) and P-glycoprotein (ABCB1)

Hofman J., Kucera R., Cihalova D., Klimes J., Ceckova M., Staud F.
Plos One 2013;8(10):e75520.

IF2013 3,534

V navaznosti na informaci, ze olomoucin II a purvalanol A inhibuji ABCG2
asynergicky potencuji antiproliferativni efekt mitoxantronu (substratu ABCG?2)
v nadorovych buikach, jsme vtéto praci zkoumali, jestli jsou olomoucin I

a purvalanol A i transportovanymi substraty ABCG2 a ABCBI transportéru.

Za pomoci monovrstev Z bunécné linie MDCKII s expresi lidskych transportért
ABCBI nebo ABCG2 jsme ukazali, ze olomoucin Il je na rozdil od purvalanolu A
substratem jak ABCB1, tak i ABCG2. Ztohoto diuvodu se da piedpokladat,
ze farmakokinetika olomoucinu Il bude ovlivnéna ABCB1 a ABCG2 transportnimi
proteiny, coz by mohlo vést ke snizené akumulaci této latky v nadorové tkani a k 1ékovym
interakcim. Farmakokinetika purvalanolu A zastane na druhou stranu neovlivnéna obéma
transportéry a je mozné, ze purvalanol A bude pro 1é¢bu rezistentnich nadort vhodnéjsi

nez olomoucin II.

Pii transportu olomoucinu II z MDCKII bun€k dochéazelo k intenzivni sulfataci
anaslednému aktivnimu efluxu jeho sulfatovaného metabolitu ven z bunék. Tato
informace by méla byt brana v potaz pii provadéni farmakokinetickych studii v MDCKII
bunikach, pfedevs§im pokud jsou pouzivany radioaktivni substraty; vytvareny sulfatovany
metabolit mlze kontaminovat vzorky a vést tak ke zkreslenym vysledkim
pii farmakokinetické analyze. S ohledem na chemickou strukturu olomoucinu Il
a purvalanolu A mizeme fict, ze i latky s pomérné vysokou strukturni podobnosti mohou
vykazovat odlisné farmakokinetické chovéani, napt. interakce s ABC transportéry

¢i biotransforma¢nimi enzymy.
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Abstract

Purine cyclin-dependent kinase inhibitors have been recognized as promising candidates for the treatment of various
cancers; nevertheless, data regarding interaction of these substances with drug efflux transporters is still lacking. Recently,
we have demonstrated inhibition of breast cancer resistance protein (ABCG2) by olomoucine Il and purvalanol A and shown
that these compounds are able to synergistically potentiate the antiproliferative effect of mitoxantrone, an ABCG2
substrate. In this follow up study, we investigated whether olomoucine Il and purvalanol A are transported by ABCG2 and
ABCB1 (P-glycoprotein). Using monolayers of MDCKII cells stably expressing human ABCB1 or ABCG2, we demonstrated that
olomoucine Il, but not purvalanol A, is a dual substrate of both ABCG2 and ABCB1. We, therefore, assume that
pharmacokinetics of olomoucine Il will be affected by both ABCB1 and ABCG2 transport proteins, which might potentially
result in limited accumulation of the compound in tumor tissues or lead to drug-drug interactions. Pharmacokinetic
behavior of purvalanol A, on the other hand, does not seem to be affected by either ABCG2 or ABCB1, theoretically favoring
this drug in the potential treatment of efflux transporter-based multidrug resistant tumors. In addition, we observed
intensive sulfatation of olomoucine Il in MDCKII cell lines with subsequent active efflux of the metabolite out of the cells.
Therefore, care should be taken when performing pharmacokinetic studies in MDCKII cells, especially if radiolabeled
substrates are used; the generated sulfated conjugate may largely contaminate pharmacokinetic analysis and result in
misleading interpretation. With regard to chemical structures of olomoucine Il and purvalanol A, our data emphasize that
even drugs with remarkable structure similarity may show different pharmacokinetic behavior such as interactions with ABC
transporters or biotransformation enzymes.
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molecules, including drugs and toxins, out of cells. The most
widely studied members of this family, P-glycoprotein (ABCBI)
and breast cancer resistance protein (ABCG2), are abundantly
expressed in absorptive and eliminatory organs (e.g. small
intestine, liver, kidney) as well as in several blood-tissue barriers
(e.g. blood-brain barrier, placenta, blood-testis barrier) playing
crucial role in drug disposition [14,15]. In addition, by diminishing
intracellular concentrations of chemotherapeutics in cancer cells,

Introduction

Olomoucine II and purvalanol A are potent cyclin-dependent
kinase inhibitors (CDKi) that belong to the group of 2,6,9-
trisubstituted purine derivatives [1,2]. These compounds effec-
tively stop cellular proliferation, block transcription of essential
genes and induce apoptosis [3-5]. For their favorable pharmaco-
dynamic properties, purine CDKi have become modern alterna-

tives in cancer therapy [6,7]. Roscovitine (seliciclib, CYC202), a
structural analogue of olomoucine II and purvalanol A, has
reached phase II trials for treating various cancers [8,9]. Although
olomoucine II and purvalanol A are commonly considered
selective for cyclin-dependent  kinases, several studies have
reported their subordinate intracellular targets from the super-
family of protein kinases, which are inhibited by these compounds
in the range of micromolar concentrations [3,10-13]. However,
possible interactions with other biological structures, such as drug
transporters, have not been properly investigated to date.
ATP-binding cassette transporters (ABC  transporters) are
membrane proteins that pump many structurally unrelated

PLOS ONE | www.plosone.org

ABCBI and ABCG2 transporters are frequently associated with
the multidrug resistance phenomenon [16,17]. Modulation of
these transporters is, therefore, of great clinical interest; ABC
transporter inhibitors have been investigated for their ability to
restore the sensitivity of tumor cells to chemotherapy or to increase
oral bioavailability and tissue penetration of ABC transporter
substrates [18-20]. Moreover, investigating interactions of novel
drug entities with transport proteins is an important issue in drug
discovery and development [21].

Recently, we have demonstrated inhibition of ABCG2 by
olomoucine II, purvalanol A, bohemine and roscovitine at i vitro
and i situ levels [22]. Olomoucine II and purvalanol A showed
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Figure 1. Transport of olomoucine Il at concentrations of 100 nM (A, B, C), 1 uM (D, E, F) and 10 uM (G, H, I) across monolayers of
MDCKII-ABCG2 (A, D, G), MDCKII-ABCB1 (B, E, H) and MDCKIlI-par (C, F, 1) cells. 5 pM fumitremorgin C (FTC) was used as a specific ABCG2
inhibitor in MDCKII-ABCG2 cells. 1 uM LY335979 (LY) was employed as a specific ABCB1 and endogenous canine Abcb1 inhibitor in MDCKII-ABCB1
and MDCKII-par cells, respectively. Ratios of olomoucine Il transport across cell monolayers (olomoucine Il transport in basolateral to apical direction
divided by transport in apical to basolateral direction) with or without inhibitor were calculated two hours after olomoucine Il addition and
statistically compared (see insets). Due to the generation of sulfated conjugate of olomoucine II, transport ratios were determined at 2 h interval to
reduce the misrepresenting effect of the metabolite. In basolateral to apical transport direction, olomoucine Il was added into the basolateral
compartment and its concentrations were determined in the apical compartment. In the opposite transport direction, olomoucine Il was applied into
the apical compartment and its concentrations were analyzed in the basolateral compartment. A, basolateral to apical transport without inhibitor; ¥,
apical to basolateral transport without inhibitor; A\, basolateral to apical transport with inhibitor; V, apical to basolateral transport with inhibitor. Data
are expressed as means * SD of three independent experiments. *p<<0.05; **p<<0.01; ***p<0.001.

doi:10.1371/journal.pone.0075520.g001

comparable or even higher potency than fumitremorgin C, a
model specific ABCG2 inhibitor. Moreover, using combination
method of Chou-Talalay, we demonstrated that these compounds
can synergistically potentiate the antiproliferative effect of
mitoxantrone, an ABCG2 substrate, in ABCG2-expressing cell
lines [22]. In the present paper, we employed transport assays in
MDCKII cells stably expressing ABCG2 or ABCBI to investigate
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whether transcellular passage of olomoucine II and purvalanol A is
affected by these transporters.

Materials and Methods

Reagents and Chemicals
Olomoucine II and purvalanol A were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Specific ABCG?2 inhibitor,

fumitremorgin C, was supplied by Alexis Corporation (Lausanne,

2 October 2013 | Volume 8 | Issue 10 | 75520
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Switzerland). Specific ABCBI inhibitor, LY335979, was obtained
from Toronto Research Chemicals (North York, ON, Canada).
Cell culture reagents were obtained from Sigma Aldrich (St. Louis,
MO, USA) and from Gibco BRL Life Technologies (Rockville,
MD, USA). Fluorescein isothiocyanate labeled dextran was from
Sigma-Aldrich (St. Louis, MO, USA). All other compounds and
agents were of analytical grade.

Cell Cultures

ABCG2- and ABCBI-transduced MDCKII sublines (MDCKII-
ABCG2 and MDCKII-ABCBI1), which stably express ABCG2
and ABCBI protein, respectively, were purchased from dr. Alfred
Schinkels lab (The Netherlands Cancer Institute, Amsterdam, The
Netherlands). These transduced sublines as well as the parental
MDCKII cell line (MDCKII-par) were routinely cultured in
complete Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum. 100 U/ml penicillin and 100 pg/ml streptomycin
were used while growing the cells on the membrane inserts. All
cells were routinely cultivated in antibiotic-free medium and
periodically tested for mycoplasma contamination. Stable expres-
sion of ABCBI and ABCG2 was verified by qRT-PCR method
and by daunorubicin and mitoxantrone efflux activity, respective-
ly. Cells from passages 15 to 25 were used in all i vitro studies.
Dimethyl sulfoxide was applied as a CDKi solvent in concentra-
tions not exceeding 0.1%.
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Cellular Monolayer Transport Assay

Transport assays were performed on microporous polycarbon-
ate membrane inserts (3 pm pore size, 24 mm diameter;
Transwell 3414, Costar, Cambridge, MA, USA) as described
previously  [22].  MDCKII-ABCG2, MDCKII-ABCB1  or
MDCKII-par cells were seeded at a density of 1x10° per insert
72 h before experiment. The medium was replaced after 24 and
48 h of cultivation. One hour before the start of the experiment,
the cells were washed with prewarmed | Xphospate buffered saline
on both the apical and basal sides and Opti-MEM with or without
fumitremorgin C or LY335979 was added into both compart-
ments. At time 0, the experiment was started by replacing the
medium with fresh Opti-MEM  with or without CDKi and
fumitremorgin C or LY335979 in the appropriate chamber.
Samples were taken every 2 h from the opposite chambers for the
duration of the experiment (6 h). Concentration of CDKi was
determined via HPLC/MS analysis. Immediately after the
experiment, cellular monolayer integrity was examined using
fluorescein isothiocyanate labeled dextran (MW =40 kDa). Dex-
tran leakage was accepted up to 1% per hour.

HPLC/MS Analysis

HPLC/MS analysis using LC 20A Prominence chromato-
graphic system (Shimadzu, Kyoto, Japan) coupled with LCQ Max
advantage mass spectrometer (Thermo Finnigan, San Jose, CA,
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Figure 2. Mass spectra of an unknown peak eluted in the fifth minute of HPLC analysis of olomoucine Il transport. (A) spectrum in
positive mode, (B) MS? in positive mode, (C) negative mode, (D) MS? in negative mode. Based on the nominal mass shift (+80 Da) from parent
compound and the collision spectra in negative as well as positive mode the compound was identified as a sulfated conjugate of olomoucine II.

doi:10.1371/journal.pone.0075520.g002
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Figure 3. Chromatograms of samples from MDCKII-par cells six hours after olomoucine Il addition. (A) olomoucine Il was added into
apical compartment while olomoucine Il and its sulfated conjugate were analyzed in acceptor basolateral compartment, (B) olomoucine Il was added
into apical compartment while olomoucine Il and its sulfated conjugate were analyzed in donor apical compartment, (C) olomoucine Il was added
into basolateral compartment while olomoucine Il and its sulfated conjugate were analyzed in acceptor apical compartment, (D) olomoucine Il was
added into basolateral compartment while olomoucine Il and its sulfated conjugate were analyzed in donor basolateral compartment. This analysis
with end point samples was performed for all olomoucine Il transport experiments.

doi:10.1371/journal.pone.0075520.g003

USA) was used for the quantification of olomoucine II and
purvalanol A. The separation was performed on a Hypersil
GOLD C18 column (100 x 4.6 mm, particle size 3 pm) protected
with an OPTI-GUARD 1 mm guard column C18. The mobile
phase flow rate was 0.35 ml/min and the column temperature was
maintained at 40°C.. The data were processed using Xcalibur 2.0
software (Thermo Finnigan, San Jose, CA, USA).

Optimal separation of olomoucine II was achieved in mobile
phase containing the mixture of methanol and 0.0125% formic
acid (62:38, v/v). Bohemine was added to samples as the internal
standard (IS). Retention times were 5.5 and 6.5 min for IS and
olomoucine II, respectively. The detector was set as follows: spray
voltage of 4.5 kV, capillary temperature of 320°C, sheet and
auxiliary gas flows of 30 and 12 arbitrary units, respectively. The
chromatograms were recorded in SRM mode using precursor ion
at [M+H]" (m/z: 371 olomoucine II and 341 IS) and the product
ions 265 (olomoucine II) and 250 (IS) were used for quantification
after collision dissociation. The collision energies were 38% and
40% for olomoucine II and IS, respectively. The linearity of the
method was evaluated in the range of 5-500 uM (r” = 0.9961); the

PLOS ONE | www.plosone.org

method precision and accuracy were evaluated at 500, 100, 10 and
5 nM. The sample stability was evaluated within 94 h.

A mixture of methanol and 0.01% acetic acid (75:25 v/v) was
used for the separation of purvalanol A. Roscovitine was utilized as
the IS. Retention times were 5.7 and 9.2 min for IS and
purvalanol A, respectively. The detector was set as follows: spray
voltage of 5.5 kV, capillary temperature of 340°C, sheet and
auxiliary gas flows of 28 and 13 arbitrary units, respectively. The
chromatograms were recorded in SRM mode using precursor ion
at [M+H]" (m/z: 389 purvalanol A and 355 IS) and the product
ions 303 (purvalanol A) and 312 (IS) were used for the
quantification after collision dissociation. The collision energies
were 38% and 40% for purvalanol A and IS, respectively. The
linearity of the method was evaluated in the range of 15-384 uM
(r? =0.9925); the method precision and accuracy were evaluated at
384, 100 and 15 nM. The sample stability was evaluated within 94
hours.
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Figure 4. Time-dependent generation of sulfated conjugate of olomoucine Il in MDCKII-ABCG2 (A, D, G), MDCKII-ABCB1 (B, E, H)
and MDCKII-par (C, F, 1) cells and its distribution into the apical and basolateral compartments. Relative quantification of sulfated
olomoucine Il was calculated as a ratio between peak area of sulfated olomoucine Il and the peak area of internal standard (IS). 5 uM fumitremorgin C
(FTQ), a specific ABCG2 inhibitor, was used in MDCKII-ABCG2 cells for the assessment of possible involvement of ABCG2 in the transport of sulfated
metabolite. 1 uM LY335979 (LY) was employed as a specific ABCB1 and endogenous canine Abcb1 inhibitor in MDCKII-ABCB1 and MDCKII-par cells,
respectively. Data come from transport experiments with olomoucine Il at concentrations of 100 nM (A, B, C), 1 uM (D, E, F) and 10 uM (G, H, I). In
basolateral to apical transport direction, olomoucine Il was added into the basolateral compartment and its sulfate conjugate was determined in the
apical compartment. In the opposite transport direction, olomoucine Il was applied into the apical compartment and its sulfated metabolite was
analyzed in the basolateral compartment. A, transport into apical compartment without inhibitor; ¥, transport into basolateral compartment without
inhibitor; A, transport into apical compartment with inhibitor; V, transport into basolateral compartment with inhibitor. Values are expressed as
means *+ SD of three independent experiments.

doi:10.1371/journal.pone.0075520.g004

Statistical Analysis Results
Student’s ¢ test was used to assess statistical significance for ; 1
in vitro monolayer transport assays. Differences of p<<0.05 were Effect of ABCG2 and ABCB1 on the Transepithelial
considered statistically significant. Transport of Olomoucine Il In Vitro
Transport of olomoucine II by ABCG2 and ABCBI was tested
i vitro using transport assays across the polarized monolayers of
MDCKII-ABCG2 and MDCKII-ABCBI1 cells, respectively. In
this method, the transport across the monolayer is greatly
accelerated in the basolateral to apical direction, when the
compound is a substrate of examined transporter. Based on our
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Figure 5. Transport of purvalanol A at concentrations of 1 UM (A, B, C) and 10 uM (D, E, F) across monolayers of MDCKII-ABCG2 (A,
D), MDCKII-ABCB1 (B, E) and MDCKII-par (C, F) cells. 5 uM fumitremorgin C (FTC) was used as a specific ABCG2 inhibitor in MDCKII-ABCG2
cells. 1 uM LY335979 (LY) was employed as a specific ABCB1 inhibitor in MDCKII-ABCB1 cells. Ratios of purvalanol A transport across cell monolayers
(purvalanol A transport in basolateral to apical direction divided by transport in apical to basolateral direction) with or without inhibitor were
calculated and statistically compared (see insets). Transport ratios were determined 6 h after purvalanol A addition. In basolateral to apical transport
direction, purvalanol A was added into the basolateral compartment and its concentrations were determined in the apical compartment. In the
opposite transport direction, purvalanol A was applied into the apical compartment and its concentrations were analyzed in the basolateral
compartment. A, basolateral to apical transport without inhibitor; V¥, apical to basolateral transport without inhibitor; A, basolateral to apical
transport with inhibitor; V, apical to basolateral transport with inhibitor. Data are expressed as means = SD of three independent experiments.
doi:10.1371/journal.pone.0075520.g005

purvalanol A olomoucine Il sulfated olomoucine Il

apical
membrane

basal
membrane

Figure 6. Schematic depiction of olomoucine Il and purvalanol A transport in transduced MDCKII cells. Transport pathways for CDKi are
indicated according to the results from MDCKII cellular monolayer transport assays. Transporter denoted with interrogation mark is unknown canine
transporter.

doi:10.1371/journal.pone.0075520.g006
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previous studies [22], three olomoucine II concentrations
(100 nM, 1 pM and 10 uM) were tested and transport ratios (r;
olomoucine II transport in basolateral to apical direction divided
by transport in apical to basolateral direction) 2 h after
olomoucine II addition were calculated. In contrast to purvalanol
A, the interval for data evaluation was shortened due to the
generation of sulfated metabolite of olomoucine II (see below).

Using olomoucine II in concentrations of 100 nM or 1 puM,
similar r values equal to 2.27 and 2.31 were observed in MDCKII-
ABCG2 cells, respectively. Fumitremorgin C, a specific ABCG2
inhibitor [23], significantly lowered asymmetry in olomoucine II
transport to 7 values of 1.32 and 1.21, respectively, thereby
confirming the involvement of ABCG2 in the transport of
olomoucine II' (Fig. 1A, 1D). When 10 uM olomoucine II was
used, 7 decreased to 1.29, indicating transporter saturation
(Fig. 1G).

In MDCKII-ABCBI1 cells, asymmetry in olomoucine II
transport was approximately 3-fold higher (r=6.45 and 6.83 for
100 nM and 1 uM, respectively) in comparison with ABCG2
transduced cells. LY335979, a specific ABCBI inhibitor [24,25],
significantly reduced 7 to values similar to those observed in the
case of parent MDCKII cells (r=1.48 and 1.83 for 100 nM and
1 uM, respectively) (Fig. 1B, 1E). At 10 uM concentration, »
decreased to 2.51 indicating partial saturation of ABCBI
transporter (Fig. 1H). These results clearly demonstrate that
olomoucine II is a substrate of ABCBI in witro.

In MDCKII-par cells, slight transport asymmetry was found
with rvalues of 1.45, 1.39 and 1.64 for 100 nM, 1 pM and 10 uM
olomoucine II, respectively (Fig. 1C, 1F, 1I). Since MDCKII-par
cells express significant amount of endogenous canine Abcbl
[26,27], we investigated its possible role in this basal transport by
adding LY335979 inhibitor. However, we did not observe
statistically significant changes in r values for 100 nM and 1 pM
olomoucine II, suggesting no or negligible participation of
endogenous canine Abcbl in olomoucine II transport (Fig. 1C,

1F).

Generation of Sulfated Conjugate of Olomoucine Il and
its Pharmacokinetic Behavior in MDCKII Cells

In olomoucine II transport experiments, we recorded time-
dependent generation of an unknown peak in the fifth minute of
HPLC analysis in all three cell lines tested (MDCKII-ABCG2,
MDCKII-ABCB1 and MDCKII-par). Based on the MS analysis
[28], the compound was identified as a sulfated conjugate of
olomoucine II (Fig. 2). Importantly, equilibrium of sulfate
conjugate distribution into particular compartments did not
significantly differ when the parent compound was added into
the basal or apical compartment (Fig. 3). On the other hand, the

PLOS ONE | www.plosone.org
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amount of sulfated metabolite increased with time and caused
remarkable distortion of the results of parent compound.
Therefore, when analyzing the data of unconjugated olomoucine
II, the time interval was shortened to 2 hours in order to reduce
the misrepresenting effect of sulfated olomoucine II. Considering
ionic nature of sulfated olomoucine II, it is obvious that this
compound cannot escape from the cells via passive diffusion but
must utilize special transport system(s). Relative quantification of
olomoucine II sulfate allowed us to describe its pharmacokinetic
behavior in all MDCKII cell sublines.

In MDCKII-ABCG2 cells at 100 nM olomoucine II concen-
tration, the sulfate appearance in apical compartment was
markedly higher than that in basolateral compartment. After
addition of fumitremorgin C, efflux into apical compartment was
fully blocked whereas transport into opposite compartment
significantly increased (Fig. 4A). Similar outcome was recorded
in the case of 1 pM olomoucine II (Fig. 4D). These data
demonstrate the contribution of ABCG2 to the efflux of sulfated
olomoucine II through the apical membrane of MDCKII-ABCG2
cells. At 10 uM concentration, we observed identical appearance
of sulfated conjugate in both compartments (Fig. 4G), suggesting
saturation of ABCG2.

In MDCKII-ABCBI cells at 100 nM and 1 uM olomoucine II,
distribution of sulfated olomoucine II into basolateral and apical
compartments was almost identical. This equilibrium was notably
changed after LY335979 co-administration which increased
appearance of the conjugate in the basolateral, but not apical,
compartment (Fig. 4B, 4E). This phenomenon can be explained by
LY335979-induced inhibition of ABCB1 which results in higher
intracellular concentrations of olomoucine II and, therefore,
greater availability of the drug for sulfatation. Generated
olomoucine II sulfate is eventually transferred into basolateral
compartment, most likely by endogenous canine transporters
reported in MDCKII cells [26]. Sulfate distribution ratio after
LY 335979 addition in MDCKII-ABCBI cells was almost identical
to that observed in MDCKII-par, supporting this hypothesis.

Transport of olomoucine II sulfate in MDCKII-par cells,
expressing only endogenous canine transporters, was markedly
forced into the basolateral compartment whereas only limited
amount reached the apical one. Addition of LY335979 did not
affect this asymmetry, excluding the role of canine Abcbl in the
process (Fig. 4C, 4F, 41). We, therefore, speculate that a transport
system located in the basolateral membrane is the key player
affecting metabolite distribution in non-transduced cells.

Effect of ABCG2 and ABCB1 on the Transepithelial
Transport of Purvalanol A In Vitro

Possible involvement of ABCG2 and/or ABCBI in the
transcellular transport of purvalanol A was examined employing
cellular monolayer transport assays with MDCKII-ABCG2 and
MDCKII-ABCBI cells, respectively. Based on our previous studies
[22], two purvalanol A concentrations (1 pM and 10 uM) were
tested and transport ratios (r; purvalanol A transport in basolateral
to apical direction divided by transport in apical to basolateral
direction) at the end of the experiment were calculated.

In contrast to olomoucine II, only negligible asymmetry in
purvalanol A transport was observed in MDCKII-ABCG2 cells
with 7 of 1.28 and 1.23 for 1 uM and 10 puM, respectively. No
changes were recorded after concomitant addition of fumitremor-
gin C (r=1.33 and 1.26 for 1 uM and 10 uM, respectively)
(Fig. 5A, 5D). These results demonstrate that purvalanol A is not
an ABCG2 substrate in vitro.

Similar results were obtained in MDCKII-ABCBI cells; only

negligible asymmetry in purvalanol A transport was observed
ghgy y Y p | s
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reaching 7 values of 1.36 and 1.26 for 1 uM and 10 uM,
respectively. Addition of LY335979 did not affect 7 values (1.20
and 1.18 for 1 pM and 10 puM, respectively) (Fig. 5B, 5E). These
patterns of transport clearly demonstrate that purvalanol A is not
an ABCBI substrate.

As expected, only negligible asymmetry in purvalanol A
transport was observed in MDCKII-par cells. 1 uM and 10 uM
purvalanol A concentrations yielded 7 values of 1.14 and 1.05,
respectively (Fig. 5C, 5F).

Interestingly, no fragments corresponding to sulfated purvalanol
A were recorded in MS analysis indicating that, in contrast to
olomoucine II, purvalanol A is not subjected to sulfatation in
MDCKII cells.

Discussion

Purine CDKi have recently been recognized as promising
candidates for the treatment of various cancers [6]. While
pharmacodynamic properties of these compounds are relatively
well understood, their pharmacokinetic behavior and interactions
with other biological structures, such as transport proteins and
biotransformation enzymes have not been properly investigated to
date. Bachmaier and Miller were the first to observe interactions of
purine CDKi with ABC transporters and demonstrated significant
inhibition of ABCBI by roscovitine in bovine brain microvessel
endothelial cell monolayers [29]. More recently, An et al. revealed
ABCG?2 inhibition by purvalanol A, WHI-P180, roscovitine and
bohemine employing i vitro hematoporphyrin transport across
membrane vesicles from insect Sf9 cells transduced with ABCG2
[30]. In our previous work, we observed ABCG2 inhibition by
olomoucine II and purvalanol A on in vitro as well as in situ level.
Moreover, using combination method of Chou-Talalay, we
demonstrated that these compounds can synergistically potentiate
the cytostatic effect of mitoxantrone, an ABCG2 substrate, in
ABCG?2 expressing cell lines [22].

In the present study, we investigated whether olomoucine II and
purvalanol A are transported by ABCG2 and/or ABCBI. To
date, only one paper has reported on substrate affinity of purine
CDKi toward ABC transporters; using ATPase assay, vesicular
transport, Hoechst 33342 and calcein assays, Rajnai et al. [31]
demonstrated roscovitine to be a high affinity ABCBI substrate
and suggested that this interaction may be the reason for limited
penetration of roscovitine across the blood-brain barrier. In
addition, these authors concluded that roscovitine is not
transported by ABCG2, multidrug resistance associated protein
1 (ABCCI) and multidrug resistance associated protein 2
(ABCC2). In our current work, using cellular monolayer transport
assays with ABCG2 and ABCBI transduced MDCKII cells, we
demonstrate that olomoucine I is a dual substrate of ABCG2 and
ABCBI (Fig. 6). Based on our findings, it is feasible to presume
considerable effect of both transporters on the pharmacokinetic
behavior of olomoucine II, including absorption, distribution and
excretion as well as limited uptake by tumors overexpressing
ABCG2 and ABCBI. In addition, drug interactions with other
substrates of these transporters must be considered in clinical use.

In contrast to olomoucine II, we show that purvalanol A is not
transported by ABCG2 and ABCBI in witro (Fig. 6). In accordance
with these results, we suggest that pharmacokinetic behavior and
tumor treating abilities of purvalanol A will not be affected by
ABCG2 and/or ABCBI. These findings may, at least partly,
explain negligible resistance of ABCG2 overexpressing HelLa-6621
cells to purvalanol observed by Seamon et al. [32].

While investigating transport of olomoucine II across MDCKII
monolayers, we detected time-dependent generation of a metab-
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olite that we characterized as a sulfated conjugate of olomoucine II
(Fig. 6). Enormous sulfatation capacity of MDCKII cells,
significantly exceeding that of human liver, Chang liver and
HepG2 cells, has previously been reported by Ng et al. [33]. Since
transduced MDCKII cell lines are a well-established and widely
used model in drug development for investigation of drug
interactions with transport proteins [21], our findings are of great
importance for other researchers performing transport or accu-
mulation studies with MDCKII cells, especially if radiolabeled
substrates are used. It is very likely that hydrophilic metabolites
(sulfates) formed during the experiment will follow transport
pathway(s) different from the parent compound and, eventually,
may contaminate the pharmacokinetic analysis. Several endoge-
nous canine transporters, such as Abcbl, Abccl, Abcc2, and
Abccb, have been localized in the MDCKII cells [26,27], of which
multidrug resistance associated proteins can transport sulfated
metabolites. We, therefore, assume that in our experiments,
endogenous canine Abccl, Abce2 or Abcee transporters might
efflux sulfated olomoucine II out of the MDCKII cells.

ABC transporters are well known for their ability to transport a
wide variety of structurally unrelated molecules. Coonsidering very
similar structures of olomoucine II and purvalanol A (Fig. 7), it is
surprising to see strikingly different interactions of both com-
pounds with ABCBI and ABCG2 proteins; only olomoucine II,
but not purvalanol A, is transported by these transporters as
observed in this study. However, our results correspond nicely with
the studies by Ishikawa et al [34] or Nakagawa et al [35] who
prepared several camptothecine analogues and tested them for
their ability to circumvent the drug resistance mediated by
ABCG2. The authors observed that analogues substituted with
hydroxyl group were good ABCG2 substrates whereas replace-
ment of the hydroxyl group with chlorine led to a remarkable
reduction in affinity toward ABCG2. Correspondingly, olomou-
cine II (possessing hydroxyl group on the phenylamine substituent
of purine heterocycle) was found to be a substrate of both ABC
transporters in our study; on the other hand, purvalanol A (with
OH group replaced by chlorine) (Fig. 7) was not transported by
any of the ABC transporters, suggesting that these two substituents
play a key role in the recognition of the purine CDKi as ABC
transporter substrates. Apart from i witro experiments, we have
confirmed identical behavior of both compounds on an organ level
wn situ; in perfused rat placenta, olomoucine II was actively pumped
from fetus to mother by placental ABCB1/ABCG2 while
purvalanol A showed no interactions with these transporters (data
not shown) proposing our findings can be extrapolated beyond the
in vitro experimental setup. It is thus apparent that structure
similarity of particular CDKi cannot be used as a single reliable
clue for the prognosis of interactions with ABC: transporters.

Conclusions

In conclusion, our data suggest that pharmacokinetic behavior
of olomoucine II in the organism will be considerably affected by
ABCG2 and ABCBI transporters as well as by phase I
biotransformation enzyme, sulfotransferase. Limited accumulation
of olomoucine II in tumors overexpressing ABCG2 and ABCB1
can also be expected. At the same time, overlapping substrate
specificity with other drugs may lead to drug-drug interactions on
these transporters. In contrast, pharmacokinetic behavior of
purvalanol A is not affected by either ABCG2 or ABCBI,
theoretically favoring this drug in the treatment of tumors
expressing efflux transporters. These facts should be taken into
account when introducing these prospective compounds into the
clinical area. In addition, care should be taken when performing
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pharmacokinetic studies in MDCKII cells, especially if radiola-
beled substrates are used; sulfated conjugates formed within the
cells may use other transport systems than the parent compound,
which can eventually result in misleading interpretation of the
pharmacokinetic analysis. With regard to chemical structures of
olomoucine II and purvalanol A, our data emphasize that even
drugs with remarkable structure similarity may show different
pharmacokinetic behavior such as interactions with ABC trans-
porters or biotransformation enzymes.
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6.2 Purvalanol A, olomoucine Il and roscovitine inhibit ABCB1 transporter

and synergistically potentiate cytotoxic effects of daunorubicin in vitro

Cihalova D., Hofman J., Ceckova M., Staud F.
Plos One 2013;8(12):e83467.

IF2013 3,534

V této publikaci jsme se vénovali objasnéni interakci purinovych CDKI (purvalanolu
A, olomoucinu Il a roskovitinu) s transportérem ABCBI1, abychom doplnili jejich
interak¢ni profil. Flavopiridol a SNS-032 doplnily skalu studovanych CDKI o latky, které

se jiz nachazeji v klinickém hodnoceni.

Ctyfi znami studovanych latek inhibovaly eflux dvou réiznych substratt ABCBI
v bunécéné linii MDCKII-ABCB1: nejvyssi inhibi¢ni aktivitu vykazoval olomoucin 11,
nasledovan roskovitinem, purvalanolem A a flavopiridolem. Latka SNS-032 inhibovala
pouze ABCB1-zprostiedkovany transport latky Hoechst 33342. Purvalanol A, SNS-032
a flavopiridol snizovaly stimulovanou ATPé4zovou aktivitu v membranovych veziklech
s expresi lidského ABCBI, zatimco olomoucin II a roskovitin nejen snizovaly
stimulovanou aktivitu, ale signifikantné zvySovaly bazalni ATPazovou aktivitu, coz
naznacuje, ze obé tyto latky jsou nejen inhibitory ale i substraty ABCB1. Dale jsme
ukazali, ze nejsilngjsi inhibitory ABCB1 (purvalanol A, olomoucin Il a roskovitin)
synergicky potencuji antiproliferativni efekt daunorubicinu, coz je bézné pouzivané
chemoterapeutikum a také substrat ABCB1, v MDCKII-ABCBI1 bunkéach i v lidskych
nadorovych bunéénych liniich HCT-8 a HepG2. Tento vyrazny synergismus je alespon
Z Casti zpiisoben (i) inhibici ABCBI1 transportéru pomoci CDKI vedouci ke zvySené

bunééné akumulaci daunorubicinu a (ii) pfirozenou cytotoxickou aktivitou CDKI.

Nase vysledky naznacuji, ze podani testovanych CDKI s protinadorovymi lécivy,
které jsou zaroven substraty ABCB1, mlzZe vést k vyraznému sniZeni davek obou 1é¢iv

v kombinaci pfi 1é€bé nadort s expresi ABCBI.
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Abstract

Cyclin-dependent kinase inhibitors (CDKi) have high potential applicability in anticancer therapy, but various aspects of their
pharmacokinetics, especially their interactions with drug efflux transporters, have not yet been evaluated in detail. Thus, we
investigated interactions of five CDKi (purvalanol A, olomoucine I, roscovitine, flavopiridol and SNS-032) with the ABCB1
transporter. Four of the compounds inhibited efflux of two ABCB1 substrates, Hoechst 33342 and daunorubicin, in MDCKII-
ABCB1 cells: Olomoucine Il most strongly, followed by roscovitine, purvalanol A, and flavopiridol. SNS-032 inhibited ABCB1-
mediated efflux of Hoechst 33342 but not daunorubicin. In addition, purvalanol A, SNS-032 and flavopiridol lowered the
stimulated ATPase activity in ABCB1 membrane preparations, while olomoucine Il and roscovitine not only inhibited the
stimulated ATPase but also significantly activated the basal ABCB1 ATPase, suggesting that these two CDKi are ABCB1
substrates. We further revealed that the strongest ABCB1 inhibitors (purvalanol A, olomoucine Il and roscovitine)
synergistically potentiate the antiproliferative effect of daunorubicin, a commonly used anticancer drug and ABCB1
substrate, in MDCKII-ABCB1 cells as well as in human carcinoma HCT-8 and HepG2 cells. We suggest that this pronounced
synergism is at least partly caused by (i) CDKi-mediated inhibition of ABCB1 transporter leading to increased intracellular
retention of daunorubicin and (ii) native cytotoxic activity of the CDKi. Our results indicate that co-administration of the
tested CDKi with anticancer drugs that are ABCB1 substrates may allow significant dose reduction in the treatment of
ABCB1-expressing tumors.
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Introduction administration [11] or overcome drug resistance and sensitize
cancer cells [12,13].

Cyclin-dependent kinases (CDK) play important roles in the
control of cell cycle progression and transcription. Thus,
abnormalities in their regulation and expression can cause
pathogenic changes resulting in various malignancies, and
suppression of their activities by CDK inhibitors (CDKi) is a
promising approach in cancer therapy [14,15,16,17]. Several of
these compounds are currently undergoing preclinical and clinical
trials. Considerable attention has been devoted to their pharma-
codynamic properties, but various pharmacokinetic aspects,
especially their interactions with drug efflux transporters, have
not yet been evaluated in detail.

In our previous studies we examined interactions of the

Drug efflux transporters from the family of ATP-binding
cassette (ABC) transport proteins, such as ABCBI (P-glycoprotein,
MDRI1), ABCG2 (breast cancer resistance protein, BCRP), and
ABCCs (multidrug resistance associated proteins, MRPs) mediate
membrane transport of many endogenous substrates as well as
xenobiotics. Abundantly expressed in tumor cells as well as
physiological tissues, they play important roles in drug disposition,
tissue protection and cancer resistance [1,2,3], thereby affecting
pharmacokinetic/pharmacodynamic properties of many clinically
used drugs [4]. The importance of identifying interactions of novel
therapeutic agents with membrane drug transporters has recently
been emphasized by regulatory agencies and many recommenda-
tions and decision trees for elucidating these interactions have
been proposed [5,6].

ABCBI is the most extensively studied drug efflux transporter
[7,8]. Utilizing energy from ATP hydrolysis, it actively pumps
structurally diverse compounds, including anticancer drugs, out of

prototypical purine CDKi olomoucine II and its derivative
purvalanol A, with ABCG2, another important ABC transporter
[18,19]. The results revealed that these two compounds can inhibit
ABCG?2 in vitro and in situ and synergistically potentiate the
antiproliferative effect of mitoxantrone in ABCG2-expressing cells.
The aim of the study presented here was to characterize the
inhibitory effect of several CDKi on the efflux activity of ABCBI.
The selected set included olomoucine II, purvalanol A, roscovitine
(another olomoucine II-derived drug), and the two most exten-

cells [9]. Two distinct drug binding and transport sites have been
identified in ABCBI: the R- and H-sites, which bind rhodamine
123 and Hoechst 33342, respectively [10]. ABCBI has become an
attractive molecular target and inhibitors of this efflux transporter
are being sought to increase the bioavailability of drugs after oral
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Table 1. Number of ABCB1 transcripts per ug of total RNA in
each of the cell lines.

MDCKII-

parent MDCKII-ABCB1 HCT-8 HepG2
ABCB1 ND 3100+288 * 35.2+9.65 153+16.9
Transcripts

(10%)

Presented data are means * SD of three experiments performed in triplicate. *
Significantly different from ABCB1 expression in HCT-8 and HepG2 cell line
(P<0.001) as analyzed by ANOVA followed by Bonferronis test. ND, no
transcripts detected.

doi:10.1371/journal.pone.0083467.t001

sively studied CDXKi that are currently undergoing clinical trials for
treating various cancers: flavopiridol and SNS-032 [20,21,22]. To
assess the ability of these compounds to inhibit ABCBI transport
activity, we examined their effects on the in vitro accumulation of
Hoechst 33342 and daunorubicin (well established ABCBI
substrates that bind to the H- and R-sites of ABCBI, respectively)
in MDCKII cells transduced with human ABCB1. We then further
characterized these interactions by examining their ATPase
activation and inhibition effects in ABCBI-overexpressing mem-
brane vesicles. Moreover, as CDKi appear to be more clinically
successful when co-administered with other cytotoxic agents [23],
we hypothesized that interactive effects of the drugs on the ABCBI
transporter in tumor cells might intensify anticancer potency and
strongly affect the outcome of treatments. To test this hypothesis, we
applied each of the CDKi in combination with daunorubicin to
ABCBI-expressing cells, both genetically modified and cancer-
derived, to evaluate whether CDKi can synergistically potentiate
daunorubicin’s cytotoxic effects.

Materials and Methods

Chemicals
Hoechst 33342 (HOE), daunorubicin (DNR), XTT sodium salt
(XTT), phenazine methosulfate (PMS), purvalanol A and roscov-

Interactions of CDK Inhibitors with P-Glycoprotein

itine (R-enantiomer) were purchased from Sigma Aldrich (St
Louis, MO, USA). ABCBI inhibitor LY335979 (LY) was supplied
by Toronto Research Chemicals (North York, ON, Canada).
Olomoucin II was obtained from Merck (Darmstadt, Germany),
flavopiridol and SNS-032 were purchased from SelleckChem
(Houston, TX, USA). Cell culture reagents were supplied by
Sigma Aldrich (St. Louis, MO, USA) and Gibco BRL Life
Technologies (Rockville, MD, USA). An ABCBlI PREDEASY
ATPase kit was purchased from Solvo Biotechnology (Szeged,
Hungary).

Cell lines

MDCKII cells transduced with the human ABCBI gene
(MDCKII-ABCBI) that stably express the ABCBI transporter,
and the parental MDCKII cell line, were obtained from Prof. Piet
Borst and Dr. Alfred Schinkel (The Netherlands Cancer Institute,
Amsterdam, The Netherlands). Both cell lines were grown in
complete Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS. For in vitro drug combination studies we
also used human ileocecal adenocarcinoma HC'T-8 and human
liver carcinoma HepG2 cell lines, both of which express ABCBI
[24]. The HCT-8 cells were purchased from the European
Collection of Cell Cultures (HPA, Salisbury, Wiltshire, UK) and
cultured in RPMI medium supplemented with 10% horse serum
and 1 mM sodium pyruvate. The HepG?2 cells, obtained from the
American Type Culture Collection (LGC Promochem, Tedding-
ton, Middlesex, UK), were grown in minimal essential medium
supplemented with 1 mM sodium pyruvate, 0.1 mM non-essential
amino acids and 10% FBS. Cells from passages 5 to 30 were used
in all in vitro studies. Dimethyl sulfoxide was applied as a CDKi
solvent in concentrations not exceeding 0.5% (1% in ATPase
assays).

Absolute gRT-PCR quantification of ABCB1 transcripts in
the cell lines

To evaluate and compare ABCBI transcript levels in the cell
lines used in this study, we used absolute real time RT-PCR
quantification, as follows. Total RNA was isolated from each of

PLOS ONE | www.plosone.org

Table 2. Dose reduction index (DRI) values for drug combinations scheduled after 72 h of simultaneous treatment.
Cell line Drugs Concentration ratio DRI at Fa
0.5 0.75 0.9
1 n [H]} } n I n 1 n
MDCKII-ABCBT ~ DNR Purvalanol A 1:0.9 3.76+0.07 4.03+0.08 4.56+0.07 373+0.06 5.54+0.06 3.45+0.04
Olomoucine Il 1:07 268+026  283+027 3.32+022  284+0.19 4.12+021 286+0.10
Roscovitine 1:0.8 306+0.03  320+0.03 3.80+003  3.08+002 4.72+005 296+0.03
MDCKIl parent ~ DNR Purvalanol A 1117 225+003  241+0.03 284+005 240+004 3.60+0.09 239+0.06
Olomoucine Il 1:9.2 2.38+0.08 251+0.08 3.07+0.06 263+0.05 3.96+0.03 275*0.02
Roscovitine 1:123 ND ND 274+006  229+005 3.57+0.09 237+0.06
HCT-8 DNR Purvalanol A 1:17.7 ND ND 3.12+0.03 1.77£001 4.36+0.13 1.68%0.05
Olomoucine Il 1:6.3 3.11+0.13 3.04+0.13 4.14 =008 298+0.06 545+0.02 292+0.05
Roscovitine 1:17.0 263+0.02  249+0.02 3.96+005 229+003 596+0.17 2.11+0.06
HepG2 DNR Purvalanol A 1:43.0 ND ND ND ND 4.05+0.08 1.68+0.03
Olomoucine Il 12205 ND ND 255+003  2.08+003 4.68+0.09 238+0.04
Roscovitine 1:47.0 ND ND 272+002  251+002 5.02+0.03 256+0.02
ND, not determined.
doi:10.1371/journal.pone.0083467.t002

December 2013 | Volume 8 | Issue 12 | e83467



Purvalanol A

Interactions of CDK Inhibitors with P-Glycoprotein

Olomoucine Il

1C5q = 6.40 pM

10
Concentration (uM)

Flavopiridol

1C50=16.9 pM

10
Concentration (uM)

LY335979

ICsp=0.131 uM

@ o
S 1004 S 1001
8= T
[ [
% E 9 E
- - c
S8 $3
£ o 501 £ o 50-
o © o ©
] L)
[ . [
o 1C55=12.1 1M o
0 . 50 } 0
1 10 1
Concentration (uM)
Roscovitine
8 100 8 1001
c (-
8= o=
[ o
8 E $ =
- o - c
S8 (3 53
= o 507 = o 901
o © o ©
2= z 2
- =~
o ’ K
] [
(3 1Cs0 =10.3 uM o
0 il 0
1 10 1
Concentration (uM)
SNS-032
8 1001 8 1001
= S
o= Q=
) o
R 2 &
- - e
S8 S8
F o 501 28 s0-
o © o ©
o > e
7] )
[Csp=14.6 uM o
Y S — } 0
1 10 0.01

Concentration (uM)

0.1 1
Concentration (uM)

Figure 1. Effects of CDKi and the model ABCB1 inhibitor LY on ABCB1-mediated efflux of HOE in MDCKII-ABCB1 cells. 0% and 100%
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doi:10.1371/journal.pone.0083467.g001

the cell lines grown in culture flasks using TriReagent (Molecular
Research Centre, Cincinnati, OH, USA) according to the
manufacturer’s instructions. We measured the UV absorbance of
the isolated RNA spectrophotometrically at 260 nm to determine
its concentration and at 280 nm to check its purity from the 260/
208 nm absorbance ratio using a NanoDrop spectrometer
(Thermo Scientific, Wilmington, DE, USA). cDNA was prepared
from 2 pg portions of the extracted total RNA with MMLV
transcriptase using oligo(dT)18VN nucleotides and porcine RNase
inhibitor (Tetro cDNA Synthesis Kit, Bioline, London, UK). We
then amplified cDNA (from 40 ng of transcribed RNA) by real-
time PCR using an iCycler (BioRad, Hercules, CA, USA) and 2 x
Probe Master Mix (Generi Biotech, Hradec Kralove, Czech
Republic) in pre-designed PCR assays for ABCB1 (hABCB1_Q2,
Generi Biotech, Hradec Kralove, Czech Republic). For absolute
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quantification, pCR plasmids (Generi Biotech, Hradec Kralove,
Czech Republic) hosting subcloned PCR products of ABCB1 were
used as PCR standards. Each sample and standard was amplified
in triplicate, by incubation at 95°C for 3 min followed by 40 cycles
of 95°C for 10 s and 60°C for 20s. Standard curves were
generated by preparing and amplifying seven decimal dilutions of
the ABCB1 pCR plasmid, yielding copy numbers ranging from
2.5%10" to 2.5x10 copies per 20 pl reaction mixture. The
resulting real-time amplification curves were analyzed, and
threshold (Ct) values subtracted, using iCycler iQ 3.0 software
(BioRad, Cincinnati, OH, USA). Excel software (Microsoft,
Seattle, WA, USA) was used for all other calculations and the
absolute number of cDNA copies in each sample was calculated
from the generated calibration curves.
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Figure 2. Time-dependent accumulation of HOE in MDCKII cells. MDCKII-ABCB1 (A) and MDCKII parent (B) cells were incubated in the
absence (control []) or presence of purvalanol A (B), roscovitine (A), olomoucine Il (¥) flavopiridol (4) or SNS-032 (O) at their respective ICso
concentrations. A potent ABCB1 inhibitor, LY (@), was used as a positive control for ABCB1 inhibition. Presented data are means *+ SD obtained from
three independent experiments performed in triplicate. The statistical significance (*P<<0.05; **P<<0.01; ***P<<0.001) of differences in HOE levels
detected in treated and control cells was determined using unpaired t tests.

doi:10.1371/journal.pone.0083467.g002

HOE accumulation

To investigate the inhibitory activity of CDKi on ABCBI, the
intracellular accumulation of HOE, a fluorescent ABCBI
substrate [25], was examined in both MDCKII-ABCBI1 and
MDCKII parent cell lines in the presence and absence of the
tested compounds. The reduction in fluorescence intensity in
ABCB -transduced cells indicates the efflux activity of the ABCBI
transporter, its inhibition increases HOE accumulation and thus
the intracellular fluorescence.

The assay was conducted as previously described [18] and
optimized for application in ABCBl-expressing cells. Briefly,
MDCKII-ABCB1 and MDCKII parent cells were seeded at
5%10" cells per well on a 96-well culture plate and used for
accumulation experiments after 24 h cultivation. The medium was
removed and cells were washed twice with prewarmed phosphate
buffered saline (PBS) at pH 7.4. They were then preincubated for
30 min (at 37°C in 5% COy) with or without individual CDKi or
LY (the potent ABCBI inhibitor LY335979, [26]), each at eight
selected concentrations. HOE was then added to 8 uM final
concentration and fluorescence at 465 nm resulting from
excitation at 350 nm was measured in I min intervals for 30
min using an Infinite 200 instrument (Tecan, Minnedorf,
Switzerland). The end-point fluorescence at t = 30 min (after
subtracting autofluorescence values of untreated cells) was used to
calculate (IC5(), the concentration of the tested CDKi providing
50% of its maximum inhibitory activity. For curve fitting and 1C5,
calculations, GraphPad Prism 5.04 (GraphPad Software Inc., La
Jolla, CA, USA) was employed. As the tested CDKi did not reach
the same maximum inhibitory levels (due to their cytotoxicity), the
degree of ABCBl-mediated efflux inhibition by the individual
compounds was assessed from their respective 1C5, values.

DNR accumulation

The accumulation of DNR, another fluorescent substrate of
ABCBI [27] that is known to bind to a site distinct from that of
HOE [10,28], was measured in an ABCB1-overexpressing cell line
and compared to its accumulation in a control cell line lacking the
transporter, using a previously published flow cytometry method
[29], with slight modifications. Briefly, MDCKII-ABCBI and
MDCKII parent cells were seeded at 1.5x10” cells per well on a
12-well plate 24 h before the experiment. The medium was
removed and the cells were washed with prewarmed PBS. The
cells were then preincubated in Opti-MEM, with or without
CDKi or LY at 37°C in 5% CO5 for 30 min. DNR was then
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added to a final concentration of 2 uM and the cells were
incubated under the same conditions for a further 60 min.
Accumulation was stopped by cooling the samples on ice,
removing the medium and washing twice with ice-cold PBS.
The cells were then detached from the plates with 10X trypsin-
EDTA, resuspended in PBS with 2% FBS and transferred to
Eppendorf tubes, which were placed on ice until analysis. The
intracellular DNR fluorescence of individual cells was analyzed
using a C6 flow cytometer (Accuri, Ann Arbor, USA) with a 488
nm/ 585 nm excitation/emission filter and recorded as histograms.
The median fluorescence (MF) intensity of 10,000 measured cells
was used to compare the fluorescence resulting from each of the
treatments. Viable cells (typically 60-80% of those measured) were
gated based on forward and side scatter plots. The validity of the
method was verified in control experiments using 7-aminoactino-
mycin D as a viability marker. The MF intensity of untreated cells
was subtracted from fluorescence values obtained for all the
measured samples. 1 UM LY was selected as a positive control
because it can potently inhibit the ABCBI efflux transporter.

To quantify the inhibitory effect of each tested compound on
the ABCBI transporter in the MDCKII-ABCBI cell line, the ratio
between the MF intensity with or without inhibitor was calculated
and normalized to the effect in the parental MDCKII cell line
according to the following equation [30]:

Inhibition ratio=
MF

over expressing cell line with test compound/M Fover expressing cell line without test compound

M Fparenml cell line with test compmmd/M Fpurcnlul cell line without test compound

ABCB1-ATPase assay

The drug efflux function of ABCBI is linked to hydrolysis of
ATP by ATPase, which is stimulated in the presence of ABCBI
substrates. In the activation assay, transported substrates can
stimulate baseline vanadate-sensitive ATPase activity, whereas in
the inhibition assay, which is carried out in the presence of a
known activator of the transporter, inhibitors may reduce the
maximal vanadate-sensitive ATPase activity. ATPase activity was
measured by assessing the amount of phosphate liberated from
ATP by the ABCBI transporter using the PREDEASY ATPase kit
for ABCBI according to the manufacturer’s instructions. For this
purpose, Sf9 cell membranes (4 pg protein per well) were mixed
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doi:10.1371/journal.pone.0083467.g003
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with each of the test compounds (singly) in solutions with
concentrations ranging from 140 nM to 300 pM, then incubated
at 37°C for 10 min in the presence or absence of 1.2 mM sodium
orthovanadate. The reaction was started by adding 10 mM ATP
solution (magnesium salt) to the reaction mixture, stopped 10 min
later, and the absorbance at 590 nm was measured after a further
30 min incubation (GeniosPlus apparatus; Tecan, Minnedorf,
Switzerland). The ATPase activity in each sample was determined
as the difference in liberated amounts of phosphate measured in
the presence and absence of 1.2 mM sodium orthovanadate.
Phosphate standards were prepared in each plate and verapamil
served as a positive control for ABCB1 stimulation. The results are
expressed as vanadate-sensitive ATPase activities.

Cytotoxicity assay

1x10* MDCKII-ABCBI, 1x10* MDCKII parent, 2x10*
HCT-8, or 2x10" HepG2 cells were grown in 96-well culture
plates and incubated for 24 h. Individual CDKi diluted with
growth medium were added to the exponentially growing cells and
the resulting mixtures were incubated for 72 h at 37°C, 5% CO..
Cytotoxicity was then assessed using the XTT assay as follows:
cells were incubated with 0.167 mg/mL XTT and 4 uM PMS in
Opti-MEM for 2 h. The absorbance of the soluble formazan
released was measured at 470 nm on a microplate reader (Tecan,
Minnedorf, Switzerland). The median effective antiproliferative
concentrations (ECsg) of the compounds were calculated using
GraphPad Prism 5.04.

Drug combinations

The combination index (CI) method of Chou-Talalay, based on
the median-effect equation, was used to calculate combined drug
effects. This approach offers quantitative definitions for additive,
synergistic and antagonistic effects (CI values of 0.9-1.1, <0.9,
and >1.1, respectively) [31]. Combination experiments were
performed in a constant-ratio experimental design as recom-
mended for the most eflicient data analysis [32], and the generated
data were used to quantify dose-reduction indices (DRI) for pairs
of the tested drugs. DRI represents the fold-change of a focal effect
when individual agents are used simultancously relative to their
separate effects, and their activity is synergistic if DRI > 1. The
three ABCBI inhibitors identified as most potent (purvalanol A,
roscovitine and olomoucine II) in our accumulation experiments
were combined with DNR, a commonly used anticancer drug and
ABCBI substrate. The XTT cytotoxicity assay was used to
measure the cell viability in four cell lines (MDCKII-ABCBI,
MDCKII parent, HCT-8 and HepG2) in the presence of the
CDKi and DNR both singly and in combination, at constant
concentration ratios, ranging from 0.1 to 1.5 multiples of their
respective, predetermined EC5q values. The data acquired from
these drug combination experiments were analyzed using
CompuSyn ver. 3.0.1 software (ComboSyn Inc., Paramus, NJ,
USA).

Statistical analysis

Data are presented as means * SD. Between-treatment
differences, calculated using ANOVA or Student’s t test imple-
mented in GraphPad Prism 5.04, are considered significant if
P<0.05.

Results

Expression of ABCB1T mRNA in the cell lines
Expression of the gene encoding human ABCBI transporter
was quantified in all cell lines used in this study. Levels of ABCBI
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doi:10.1371/journal.pone.0083467.g004
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individual compounds; Fa = 0 means no antiproliferative effect, Fa = 1 means 100% antiproliferative effect. C| = 0.9-1.1 indicates additive effect, Cl

<0.9 synergism and Cl > 1.1 antagonism.
doi:10.1371/journal.pone.0083467.g005

transcripts were highest in the MDCKII-ABCBI line: more than
an order of magnitude higher than in HepG2 and HC'T-8 cells. As
expected, no transcripts of the human ABCBI1 gene were detected
in the parental MDCKII cell line (Table 1).

Effect of CDKi on ABCB1-mediated efflux of HOE from
MDCKII-ABCB1 cells

All tested CDKi inhibited ABCBI-mediated efflux of HOE in
MDCKII-ABCBI1 cells (Fig. 1), with potency declining in the
following order: olomoucine II > roscovitine > purvalanol A >
SNS-032 > flavopiridol (IC5, = 6.4, 10.3, 12.1, 14.6 and
16.9 uM, respectively). However, all of the compounds were much
less potent than the model ABCBI1 inhibitor, LY (IC5, 0.131 uM).
When the CDKi were applied at their respective 1C5, concentra-
tions, purvalanol A inhibited HOE efflux from MDCKII-ABCBI
cells most strongly (86% as strongly as LY) followed by roscovitine,
olomoucine II, flavopiridol and SNS-032 (57%, 48%, 31% and
just 23% as strongly as LY, respectively). The accumulation of
HOE in the MDCKII parent cell line was unaffected by addition
of the CDK:i (Fig. 2).

Effect of CDKi on ABCB1-mediated efflux of DNR from
MDCKII-ABCB1 cells

Based on the results of the HOE efflux experiments, the CDKi
were each applied at three concentrations (1, 10 and 20 uM) to
investigate their effects on the ABCBIl-mediated efflux of DNR.
LY (1 uM) was applied as a positive control for ABCBI inhibition.
At CDKi concentrations above 20 uM and LY concentrations
above 1 uM cells drifted out of the gates, thus the resulting data
were not included in the analysis.

All of the tested CDKIi inhibited DNR efflux dose-dependently
across the applied range, 1 - 20 uM, but less strongly than LY (Fig.
3). At 1 uM they showed at most slight inhibitory activity, in
accordance with the results of our HOE accumulation studies.
However, at the highest concentration (20 pM), four CDKi
exhibited significant (P<<0.05) ABCBI inhibition, declining in the
order purvalanol A > roscovitine > olomoucine II > flavopiridol.
In contrast to its observed inhibitory effect in HOE accumulation
assays, SNS-032 did not inhibit DNR accumulation at any tested
concentration.

Effects of CDKi on ATPase activity in ABCB1-containing
membrane preparations

To further characterize interactions of the CDKi with ABCBI,
we tested their modulatory effects on vanadate-sensitive ATPase
activity in isolated insect Sf9 cell membranes overexpressing
human ABCBI. In the inhibition study, purvalanol A, olomoucine
IT and roscovitine considerably and dose-dependently reduced the
verapamil-stimulated  vanadate-sensitive  ATPase activity of
ABCBI1 while flavopiridol and SNS-032 only slightly reduced it
at the highest tested concentration. In the ATPase activation assay,
roscovitine and olomoucine II (but not purvalanol A, flavopiridol
or SNS-032) increased the baseline vanadate-sensitive ATPase
activity of ABCBI (Fig. 4).

Determination of synergistic antiproliferative activity of
CDKi and DNR in combination

To assess whether the tested CDKi can synergistically potentiate
the effect of another concomitantly administered cytotoxic
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compound that is known to be an ABCBI substrate, we employed
the combination index method of Chou-Talalay. The CI values
obtained from applications of purvalanol A, olomoucine II and
roscovitine in combination with DNR to the MDCKII-ABCB1
cell line fell in the synergistic category of drug combination effects
across almost the whole fraction of cells affected (Fa) range (Fig.
5A-D). In contrast, significantly weaker synergistic effects were
observed in the MDCKII parent cell line, where combinations of
purvalanol A, olomoucine II and roscovitine with DNR only
displayed synergistic effects when the Fa exceeded 0.4, 0.4 and
0.45, respectively (Fig. 5E-H). The calculated DRI indicate that
the presence of purvalanol A, olomoucine II or roscovitine allows
4.6-, 3.3- or 3.8-fold reductions in the DNR doses required to
reach an Fa of 0.75 in MDCKII-ABCBI cells (Table 2).

In the HCT-8 cell line, combinations of DNR with olomoucine
II, roscovitine and purvalanol A showed synergistic cytotoxic
effects at Fa >0.1, >0.3 and >0.75, respectively (Fig. 6A-D).
Corresponding Fa values for synergism in the HepG2 cell line
were 0.75, 0.65 and 0.9, respectively (Fig. 6E-H).

Discussion

CDKi are a promising class of anticancer [15,16] and antiviral
[33,34,35] drugs. The cell cycle-related effects of these compounds
have been intensively researched, but their interactions with drug
efflux transporters have not been previously evaluated in detail.
Thus, in the presented study we employed several experimental
approaches to clucidate interactions of five CDKi (purvalanol A,
olomoucine II, roscovitine, flavopiridol, and SNS-032) with the
ABCBI transporter in vitro.

Using accumulation assays in MDCKII-ABCBI cells, we show
that all tested CDKi inhibit the ABCBI transporter. We
demonstrate that olomoucine II, roscovitine, purvalanol A and
flavopiridol can inhibit ABCB1-mediated efflux of both HOE and
DNR, indicating that the drugs can interact with the H- as well as
R-site of the ABCBI transporter. In contrast, SNS-032 selectively
inhibited ABCBIl-mediated transport of HOE, but not DNR,
suggesting that this compound interacts with efflux activity of the
H-site, but not R-site, of ABCB1. Preferential affinity of substrates
and inhibitors for either of the two ABCBI binding sites is thus an
important factor to consider when investigating and predicting
ABCBI1-mediated drug-drug interactions, as recently demonstrat-
ed by Wang et al. [36].

To further characterize the interactions of CDKi with ABCB1
we examined their effects on the activities of ATPase in SfY
membranes overexpressing human ABCBI. All the tested
substances decreased activation of ABCB1 ATPase, confirming
that they interact with the ABCBI transporter. Our results also
provide the first indications that olomoucine II is an ABCBI
substrate and inhibitor, as well confirming previous observations
that roscovitine has these characteristics [37]. In contrast,
purvalanol A, flavopiridol and SNS-032 can be classified as non-
substrates of ABCBI as they did not affect the ATPase activity.
Interestingly, flavopiridol has recently been shown to be
transported by mouse Abcbl [38,39]. Similarly, higher levels of
SNS-032 have been detected in brains of Abcbl knockout mice
than in wild type mice, suggesting that SNS-032 is a substrate of
mouse P-glycoprotein [40]. We believe these discrepancies may be
due to interspecies differences, in accordance with observations
recently reviewed by Chu et al. [41].
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corresponding to particular points in the graph are sums of concentrations of the individual drugs administered in fixed concentration ratios (Table
2), based on the ratio of their respective ECs, values. Presented data are means = SD obtained from at least three independent experiments
performed in triplicate. (D, H) The cytotoxic effect (combination index, Cl, plot) of CDKi and daunorubicin combinations on MDCKII-ABCB1 or MDCKII
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parent cells, obtained using CompuSyn software. Fractional effects (Fa) were calculated from the cell viability values of individual compounds; Fa = 0
means no antiproliferative effect, Fa = 1 means 100% antiproliferative effect. CI = 0.9-1.1 indicates additive effect, CI <0.9 synergism and Cl >1.1

antagonism.
doi:10.1371/journal.pone.0083467.g006

In cancer treatment, drugs are frequently administered in
various combinations to increase their therapeutic effects, reduce
toxicity, and minimize the induction of drug resistance [32,42].
Here we hypothesized that simultancous administration of
ABCBI-inhibiting CDKi with another cytotoxic agent that is an
ABCBI substrate might have synergistic antiproliferative effects.
To test this hypothesis, we applied each of the three ABCBI
inhibitors that were most potent in our accumulation experiments
(purvalanol A, roscovitine or olomoucine II) in combination with
DNR (a commonly used anticancer drug and ABCBI substrate) to
several ABCBI-transduced or human tumor-derived cell lines.
The CDKi-DNR combinations had significantly more pro-
nounced synergistic effects on MDCKII-ABCB1 cells than on
parental MDCKII cells. Thus, the synergistic effect of these
combinations is clearly directly related to the expression of
ABCBI. We postulate that CDKi increases the intracellular
accumulation of DNR by inhibiting ABCBI, thus increasing its
cytotoxic effect. Moreover, purvalanol A, olomoucine II and
roscovitine also contribute to the cytostatic effect by their own
cooperative proapoptotic activity.

In addition to genetically modified cells, two human carcinoma
cell lines (HCT-8 and HepG2, derived from ileocecal adenocar-
cinoma and Caucasian hepatocyte carcinoma, respectively) were
included in these studies since they abundantly express ABCBI
[24] and represent more clinically relevant settings than MDCK
cells lines. We observed synergistic effects of CDKi and DNR
combinations in both carcinoma cell lines, but weaker than those
detected in MDCKII-ABCBI cells, probably because expression
of ABCB1 mRNA is an order of magnitude weaker in HCT-8 and
HepG2 cells than in MDCKII-ABCBI cells (Table 1). However,
other factors such as the biotransformation of intracellularly
accumulated DNR [43] or activities of other efllux transporters
[44] may also affect the strength of the synergistic effects in various
cells.

The synergistic activity of roscovitine, purvalanol A or
olomoucine II in combination with DNR could offer a promising
strategy in cancer treatment. There have been several reports on
the synergistic effects of combinations of roscovitine with various
cytotoxic agents, including paclitaxel [45], vinblastine, 5-fluoro-
uracil and taxol [46] in vitro and others, e.g. doxorubicin, in vivo
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transporter.

In conclusion, this is the first demonstration of the ability of five
CDKi — purvalanol A, olomoucine II, roscovitine, flavopiridol,
and SNS-032 — to inhibit ABCB1-mediated efflux, which can have
a considerable impact on the pharmacokinetic behavior of
simultaneously administered ABCB1 substrates. Identification of
ABCBI1 modulators is of great clinical interest, as these compounds
are capable of reversing drug resistance and improving cancer
chemotherapy [13]. The CDKi tested in our study act as such
modulators and moreover contribute to a positive therapeutic
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administration of purvalanol A, olomoucine II, or roscovitine in
combination with a cytostatic ABCBI substrate has synergistic
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ABCB I -expressing tumors could, therefore, allow significant dose
reductions of both concomitantly administered compounds (Table
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believe that our findings could be beneficial for further consider-
ations of CDKi in pharmacotherapy, especially in cancer
treatment as these compounds could have novel applications in
circumventing multidrug resistance.
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6.3 Interactions of cyclin-dependent Kinase inhibitors AT-7519, flavopiridol
and SNS-032 with ABCB1, ABCG2 and ABCCL1 transporters and their

potential to overcome multidrug resistance in vitro

Cihalova D., Staud F., Ceckova M.
Cancer Chemotherapy and Pharmacology 2015; 76(1):105-16.

IF2014 2,769

V této praci jsme studovali interakce CDKI AT-7519, flavopiridolu a SNS-032
s ABC transportéry a zkompletovali jsme tak interakéni profil téchto latek s transportéry

ABCB1, ABCG2 i ABCCL1.

Inhibi¢ni aktivitu CDKI vici jednotlivym transportérim jsme hodnotili pomoci
akumula¢nich metod s fluorescenénimi substraty v MDCKII bunéénych liniich s expresi
lidskych transportéri ABCBI1, ABCG2 nebo ABCCI. Rezistence bunck s expresi
transportérii vici testovanym CDKI byla hodnocena pomoci XTT antiproliferativniho
testu. Pfipadné interakce byly rovnéz potvrzeny metodou méteni ATPazové aktivity
v membranovych veziklech. Nasledné byla také provedena analyza kombina¢niho indexu

Vv lidskych nadorovych bunécénych liniich, HepG2 a T47D.

Flavopiridol signifikantné inhiboval transportéry ABCG2 a ABCC1. Latka SNS-032
také snizovala eflux ABCG2, zatimco AT-7519 nevykazoval inhibi¢ni aktivitu vaci
zadnému transportéru. Jak flavopiridol, tak SNS-032 docilily v nadorovych buikach
synergického antiproliferativniho efektu v kombinaci s relevantnimi substraty ABC
transportérti, jakymi jsou napt. daunorubicin a topotekan. Zjistili jsme také, ze ABCB1
zpusobuje rezistenci vici AT-7519 a SNS-032. Na druhou stranu, transportéry ABCG2

a ABCC1 mohou byt zodpovédné za vznik rezistence viici flavopiridolu.

Tato data poskytuji detailni informace o interakcich flavopiridolu, SNS-032
aAT-7519 s ABC transportéry, coz muze pomoci k podrobnému popsani
farmakokinetiky a toxicity téchto latek. Navic jsme ukdazali schopnost flavopiridolu
a SNS-032 prekonavat mnohocetnou lékovou rezistenci, ¢ehoz by mohlo byt vyuZzito

V protinddorové terapii.

66



Cancer Chemother Pharmacol (2015) 76:105-116
DOI 10.1007/s00280-015-2772-1

@ CrossMark

ORIGINAL ARTICLE

Interactions of cyclin-dependent kinase inhibitors AT-7519,
flavopiridol and SNS-032 with ABCB1, ABCG2 and ABCC1
transporters and their potential to overcome multidrug

resistance in vitro

Daniela Cihalova' - Frantisek Staud' - Martina Ceckova'

Received: 28 February 2015 / Accepted: 6 May 2015 / Published online: 19 May 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract

Purpose ATP-binding cassette (ABC) transporters play
an important role in multidrug resistance (MDR) toward
anticancer drugs. Here, we evaluated interactions of cyclin-
dependent kinase inhibitors (CDKi) AT-7519, flavopiridol
and SNS-032 with the following ABC transporters in vitro:
P-glycoprotein (ABCB1), breast cancer resistance protein
(ABCG2) and multidrug resistance-associated protein 1
(ABCCI).

Methods Inhibitory potency of studied CDKi to the
transporters was evaluated by accumulation assays using
fluorescent substrates and MDCKII cells overexpressing
human ABCB1, ABCG2 or ABCCI. Resistance of trans-
porter-expressing cells to the CDKi was evaluated by XTT
proliferation assay. Observed interactions of CDKi were
verified by ATPase assay in ABC transporter-expressing
Sf9 membrane vesicles. Combination index analysis was
additionally performed in ABC transporter-expressing can-
cer cell lines, HepG2 and T47D.

Results  Flavopiridol showed a significant inhibitory
potency toward ABCG2 and ABCCI. SNS-032 also
decreased ABCG2-mediated efflux, while AT-7519 failed
to inhibit ABCB1, ABCG2 or ABCCI. Both flavopiridol
and SNS-032 showed synergistic antiproliferative effects in
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combination with relevant ABC transporter substrates such
as daunorubicin and topotecan in cancer cells. ABCBI1
was found to confer significant resistance to AT-7519 and
SNS-032, but not to flavopiridol. In contrast, ABCG2 and
ABCCI1 conferred resistance to flavopiridol, but not to
AT-7519 and SNS-032.

Conclusion Our data provide detailed information on
interactions of flavopiridol, SNS-032 and AT-7519 with
ABC transporters, which may help elucidate the pharma-
cokinetic behavior and toxicity of these compounds. More-
over, we show the ability of flavopiridol and SNS-032,
but not AT-7519, to overcome ABC transporter-mediated
MDR.

Keywords Cyclin-dependent kinase inhibitor - Multidrug
resistance - ABC transporter - AT-7519 - Flavopiridol -
SNS-032

Abbreviations

ABC ATP-binding cassette

ABCBI1  P-glycoprotein

ABCC1  Multidrug resistance-associated protein 1
ABCG2  Breast cancer resistance protein

CDK Cyclin-dependent kinase

CDKi Cyclin-dependent kinase inhibitor

CI Combination index

DNR Daunorubicin

DRI Dose-reduction index

ECs, Median effective antiproliferative concentration
MDCKII Madin-Darby canine kidney

MDR Multidrug resistance

MFI Median fluorescence intensity

MIT Mitoxantrone

NEM-SG N-ethylmaleimide-glutathione

PMS Phenazine methosulfate
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RF Resistance factor
TOP Topotecan

XTT XTT sodium salt
Introduction

Multidrug resistance (MDR) is one of the major causes of
failure in cancer chemotherapy. This phenomenon occurs
when cancer cells become resistant to different anticancer
drugs and are able to survive treatment by a multitude of
structurally and functionally unrelated chemotherapeutics.
Overexpression of ATP-binding cassette (ABC) trans-
porters, such as ABCB1 (P-glycoprotein, P-gp), ABCG2
(breast cancer resistance protein, BCRP) and ABCC1 (mul-
tidrug resistance-associated protein 1, MRPI), in tumor
cells is one of the most important mechanisms of MDR as
these efflux transporters recognize different chemothera-
peutic agents and transport them out of the cell, thereby
decreasing their intracellular accumulation [1, 2]. These
transporters have become attractive molecular targets, and
great effort has been made to find their inhibitors (MDR
modulators) in order to increase bioavailability after oral
administration, to enhance tissue penetration of transported
drugs and to overcome drug resistance in cancer cells
[3-5]. Several generations of ABC transporter modulators
have failed to fulfill their expectations in the clinical area
so far [6, 7]. However, MDR research has recently been
directed to examining modulatory effects of compounds
that were not originally designed for reversing multidrug
resistance, such as tyrosine kinase inhibitors (TKI) [8]. TKI
have been shown to block or antagonize ABC transporters
in vitro and in vivo, and preclinical data indicate that TKI
are effective in overcoming MDR when used with standard
anticancer drugs [9, 10]. Small molecule kinase inhibitors
may therefore represent a new approach in ABC transporter
modulation.

Another novel group of kinase inhibitors is targeted
toward cyclin-dependent kinases (CDKs), which are ser-
ine/threonine protein kinases regulating the progression
of the cell through the cell cycle and RNA transcription.
CDKs are regulated by positive phosphorylation by CDK-
activating kinase [11], as well as by negative phosphoryla-
tion by endogenous Cip/Kip or INK inhibitors [12, 13].
Because of their critical role in cell cycle progression, cel-
lular transcription and apoptosis, CDKs are major targets
for deregulation in different human tumors [14, 15]. This
fact has led to the development of CDK inhibitors (CDKi)
as an effective method for controlling tumor growth and
hence a potential therapeutic tool for cancer treatment
[16, 17]. Small molecule CDKi have been shown to be
highly effective against the activity of several CDKs, caus-
ing significant cell cycle arrest and apoptosis in many

@ Springer

cancers; some of these compounds have entered clinical
trials, and among the most advanced are AT-7519, fla-
vopiridol (alvocidib) and SNS-032 (BMS-387032). These
CDKi have been tested for several indications, including
solid and hematological malignancies, either as single
agents or in combination with other chemotherapeutics.
AT-7519 is currently undergoing phase II clinical trials for
the treatment of leukemia and lymphoma (clinicaltrials.
gov, NCT01627054 and NCT01652144, respectively). Fla-
vopiridol has shown clinical activity in chronic lympho-
cytic leukemia [18] and ovarian carcinoma [19] in phase
II clinical trials, and SNS-032 is reported to be in phase I
development in metastatic refractory solid tumors and B
cell malignancies [20, 21].

These new CDK:i clearly offer a possibility of improved
therapy for cancer patients. However, data on their drug—
drug interactions are insufficient, although crucial for a
thorough understanding of their pharmacokinetic behavior
or the behavior of other simultaneously administered com-
pounds. Currently, only a few studies have examined the
effect of these three CDKi in cell lines or animal models
that overexpress ABCB1, ABCG2 or ABCCI transporters.
In our previous study, we demonstrated the inhibitory effect
of several CDKi, including flavopiridol and SNS-032,
toward the ABCBI1 transporter [22]. In the present work,
we aimed to comprehensively investigate the in vitro effect
of three promising CDKi, AT-7519, flavopiridol or SNS-
032, on the efflux activity of not only ABCBI, but also
ABCG?2 and ABCC1 transporters in MDCKII cells and to
determine whether the inhibiting compounds can potentiate
the efficacy of other conventional antineoplastic drugs in
cancer cells through these interactions. Moreover, we also
evaluated the causative role of the ABC transporters in cel-
lular resistance to the CDKi.

Materials and methods
Materials

AT-7519 was obtained from Axon Medchem (Groningen,
the Netherlands). Flavopiridol and SNS-032 were sup-
plied by SelleckChem (Houston, TX, USA). Daunorubicin
(DNR), mitoxantrone (MIT), XTT sodium salt (XTT),
phenazine methosulfate (PMS) and ABCCI inhibitor
MK-571 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). ABCBI1 inhibitor LY335979 was obtained
from Toronto Research Chemicals (North York, ON, Can-
ada) and ABCG2 inhibitor Kol43 was purchased from
Enzo Life Sciences (Farmingdale, NY, USA). Cell cul-
ture reagents were supplied by Sigma-Aldrich (St. Louis,
MO, USA) and Gibco BRL Life Technologies (Rockville,
MD, USA). ABCB1, ABCG2 and ABCC1 PREDEASY™
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ATPase kits (SB MDR1/P-gp, SB BCRP HAM Sf9 and SB
MRP1, respectively) were purchased from Solvo Biotech-
nology (Szeged, Hungary).

Cell culture

Madin-Darby canine kidney (MDCKII) cell lines trans-
duced with the human transporters ABCB1 (MDCKII-
ABCB1), ABCG2 (MDCKII-ABCG2) or ABCCI
(MDCKII-ABCC1) which stably express ABCB1, ABCG2
or ABCCI1 transporter, respectively, and the MDCKII
parent cell line were obtained from Prof. Piet Borst and
Dr. Alfred Schinkel (The Netherlands Cancer Institute,
Amsterdam, the Netherlands). The stable expression of
ABC transporters was verified by RT-PCR (see Sect. 3.4).
The cell lines were grown in complete Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10 %
FBS. For in vitro drug combination studies, we also used
human liver carcinoma HepG2 and human ductal breast
carcinoma T47D cell lines. HepG2 cells were purchased
from American Type Culture Collection (LGC Promochem,
Teddington, Middlesex, UK) and were grown in minimal
essential medium supplemented with 1 mM sodium pyru-
vate, 0.1 mM non-essential amino acids and 10 % FBS.
T47D cells, obtained from the European Collection of Cell
Cultures (PHE, Salisbury, Wiltshire, UK), were cultured in
DMEM without phenol red, supplemented with 10 % FBS
and 2 mM r-glutamine. Dimethyl sulfoxide was applied as
a solvent in concentrations not exceeding 0.5 % (1 % in
ATPase assays).

RNA isolation and RT-PCR for ABCB1, ABCG2
and ABCC1 expression in cell lines

Total RNA was isolated from confluent monolayers of
ABC transporter-expressing MDCKII, MDCKII parent,
HepG2 and T47D cells using the TRI Reagent (Sigma-
Aldrich, St. Louis, MO, USA) according to the manufac-
turer’s instructions. Each cell line has been sampled at least
in triplicate. RNA was dissolved in DEPC-treated water,
and concentration and purity of each sample were deter-
mined spectrophotometrically from A260/A280 measure-
ments (NanoDrop, Thermo Scientific, Wilmington, DE,
USA). Integrity of RNA was also checked by agarose gel
electrophoresis. cDNA was prepared from 1 pg extracted
total RNA by MMLYV reverse transcriptase using oligo(dT)
VN nucleotides (gb Reverse Transcription Kit, Generi Bio-
tech, Hradec Kralove, Czech Republic). PCR analysis was
performed on QuantStudio 6 (Life Technologies). cDNA
(40 ng) was amplified using 2 x Probe Master Mix (Generi
Biotech, Hradec Kralove, Czech Republic) and predesigned
PCR assays for ABC transporters: ABCBI, ABCG2 and
ABCCI (hABCBI1_Q2, hABCG2_Q2 and hABCC1_Q2,

Generi Biotech, Hradec Kralove, Czech Republic) and ref-
erence genes: HPRT and B2-microglobulin (hHPRT_Q2
and hB2M_Q2, Generi Biotech, Hradec Kralove, Czech
Republic). The temperature profile was 95 °C for 3 min and
35 repeats of a cycle consisting of 95 °C for 10 s and 60 °C
for 20 s. C, values for particular samples were noted, and
PCR products were additionally separated by agarose gel
electrophoresis and visualized by UV (Bio-Rad Laborato-
ries). Mean C, values of HPRT and $2-microglobulin were
used as normalizing controls for each sample of carcinoma
cells to calculate AC, values. Normalizing genes have been
chosen based on previous experiments showing no statis-
tically significant difference in C, values for HPRT and
B2-microglobulin between the HepG2 and T47D cells.

XTT cell proliferation assays

A total of 1 x 10* MDCKII-ABCB1, MDCKII-ABCG2,
MDCKII-ABCC1 or MDCKII parent, 2 x 10* HepG2 or
1.5 x 10* T47D cells were grown in 96-well culture plates
and incubated for 24 h. Individual CDKi diluted with
growth medium were added to the exponentially growing
cells, and the resulting mixtures were incubated for 72 h at
37 °C, 5 % CO,. Cell viability was assessed using the XTT
assay as follows: Cells were incubated with 0.167 mg/mL
XTT with 4 uM PMS in Opti-MEM for 2 h. The absorb-
ance of the soluble formazan released was measured at
470 nm on a microplate reader (Tecan, Ménnedorf, Swit-
zerland). The median effective antiproliferative concen-
trations (ECsy) of the compounds were calculated using
GraphPad Prism 6.00. To determine the influence of ABC
transporters on growth inhibition, resistance factor (RF)
was calculated by dividing the ECs, value of ABC trans-
porter-overexpressing cell line by the ECy, value of the
respective parental cell line; RF therefore represents a fold
increase in resistance caused by the presence of a particu-
lar ABC transporter [23]. As an indirect method to assess
whether the tested CDKi are substrates of ABCB1, ABCG2
or ABCCI, cell proliferation assays were repeated with the
addition of model inhibitors of the three transporters (1 uM
LY335979, 1 uM Kol143 and 25 uM MK-571 for ABCBI,
ABCG2 and ABCCl, respectively) to abolish the potential
influence of ABC transporter on the resistance.

DNR and MIT accumulation assays

The effect of CDKi on the intracellular DNR accumula-
tion in MDCKII-ABCB1 and MDCKII-ABCCI, and MIT
accumulation in MDCKII-ABCG2 cells was examined
by flow cytometry (Accuri C6, Accuri, Ann Arbor, USA).
Parental MDCKII cells were analyzed as a control using
both substrates separately. Cells were seeded at a density
of 1.5 x 10° on a 12-well plate 24 h before experiment and
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treated with five concentrations of CDKi, solvent (0.5 %
DMSO, control) or Opti-MEM (untreated control) for
30 min at 37 °C, 5 % CO,. DNR or MIT was then added
to a final concentration of 2 or 1 uM, respectively, and
the cells were incubated under the same conditions for a
further 60 min. Accumulation was stopped by cooling the
samples on ice and washing twice with ice-cold PBS. The
cells were detached with 10x trypsin~-EDTA and resus-
pended in PBS with 2 % FBS. The intracellular accumu-
lation of individual cells was measured with an excitation/
emission filter of 488/585 nm for DNR and 488/670 nm for
MIT and recorded as histograms. As positive controls for
ABCBI1, ABCG2 and ABCCI inhibition, 1 M LY335979,
1 uM Ko143 and 50 uM MK-571 were used, respectively.
Viable cells were gated based on forward and side scatter
plots. The median fluorescence intensity (MFI) of 10,000
measured cells was used to compare the fluorescence
resulting from each of the treatments. Relative values were
identified by dividing the MFI of each measurement by that
of untreated control cells.

ABCB1, ABCG2 and ABCC1 ATPase assays

Membrane preparations overexpressing ABC transport-
ers show vanadate-sensitive ATPase activity that is modu-
lated by interacting compounds. In the activation assay,
transported substrates can stimulate baseline vanadate-
sensitive ATPase activity, whereas in the inhibition assay,
which is carried out in the presence of a known activa-
tor of the transporter, inhibitors may reduce the maxi-
mally stimulated vanadate-sensitive ATPase activity [24].
ATPase activity was measured by assessing the amount of
phosphate liberated from ATP by the ABCB1, ABCG2 or
ABCCI1 transporters using the PREDEASY™ ATPase Kit
for a corresponding transporter according to the manufac-
turer’s instructions. For this purpose, Sf9 cell membranes
(4 pg protein per well) were mixed with each of the test
compounds in solutions, with concentrations ranging from
0.14 to 300 uM, and then incubated at 37 °C for 10 min
in the presence or absence of 1.2 mM sodium orthovana-
date. ATPase reaction was started by adding 10 mM ATP
magnesium salt to the reaction mixture and stopped 10 min
later, and the absorbance at 590 nm was measured after a
further 30-min incubation (Tecan, Minnedorf, Switzer-
land). ATPase activity in each sample was determined as
the difference in liberated amounts of phosphate measured
in the presence and absence of 1.2 mM sodium orthova-
nadate. Phosphate standards were prepared in each plate;
verapamil, sulfasalazine and N-ethylmaleimide-glutathione
(NEM-SG) served as positive controls for ABCB1, ABCG2
and ABCCI stimulation, respectively, as provided by the
manufacturer. Results are expressed as vanadate-sensitive
ATPase activities.
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Drug combination studies

The combination index (CI) method of Chou-Talalay,
based on the median-effect equation, was used to calculate
combined drug effects; this approach offers quantitative
definition for additive, synergistic and antagonistic effects
(CI values of 0.9-1.1, <0.9 and >1.1, respectively) [25].
Data generated from the CI method were used to quantify
dose-reduction indices (DRI) for pairs of the tested drugs.
DRI represents the fold change of a focal effect when
individual agents are used simultaneously relative to their
separate effects, and their activity is synergistic if DRI > 1.
CDK:i exhibiting inhibitory activity on ABC transporters
(flavopiridol and SNS-032) were combined with DNR or
topotecan (TOP), commonly used anticancer drugs and
ABC transporter substrates. The XTT cytotoxicity assay
was used to measure the cell viability in the tested cell
lines, i.e., HepG2 and T47D, in the presence of the CDKi
and DNR/TOP both alone and in combination, at constant
concentration ratios, ranging from 0.1 to 2 multiples of the
respective, predetermined ECy, values. Data acquired from
these drug combination experiments were analyzed using
CompuSyn version 3.0.1 software (ComboSyn Inc., Para-
mus, NJ, USA).

Statistical analysis

Data are presented as mean £ SD of at least three inde-
pendent experiments. Statistical significance was deter-
mined using two-tailed unpaired Student’s ¢ test or one-
way ANOVA implemented in GraphPad Prism 6.00, and
P < 0.05 is considered significant.

Results

Role of ABCB1, ABCG2 and ABCC1
in chemoresistance to CDKi

To determine the possible role of ABC transporters in
causing cellular resistance to AT-7519, flavopiridol and
SNS-032, we examined the antiproliferative effect of the
CDKi in ABCBI-, ABCG2- and ABCCl-overexpressing
MDCKII and control MDCKII parent cell lines using XTT
assay. Chemotherapeutic agents, DNR and TOP, were also
included in the XTT assays to verify the role of particu-
lar ABC transporters in cellular resistance to these drugs
and to justify further employment of these ABC trans-
porter substrates in combination studies (see Sects. 2.7
and 3.5). Mean ECs, values and RF are shown in Table 1.
MDCKII-ABCBI cells were significantly more resistant to
both AT-7519 and SNS-032, with RF values of 17 and 13,
respectively, compared to the parental cell line. In contrast,
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Table 1 Resistance to CDKi, DNR and TOP conferred by human ABC transporters
Drug® MDCKII MDCKII-ABCBI1 MDCKII-ABCG2 MDCKII-ABCC1
ECs (M) ECsy (uM)° RF ECsq (M) RF ECs (M) RF
AT 1.9 £0.038 33k 1.8%%¥ 17 2.1£0.11 1.1 231028 1.2
+LY 0.41 +0.013 0.50 4 0.041 12 - - - -
FLA 0.16 + 0.011 0.15 £ 0.0080 0.94 0.36 & 0.030%:* 0.23 & 0.014%* 1.4
+Ko 0.15 & 0.0088 - - 0.14 £ 0.020 0.93 - -
+MK 0.21 % 0.0068 - - - - 0.15 % 0.041 0.71
SNS 1.5 £0.018 201 1.5%h* 13 1.4 £0.16 0.93 1.0 £ 0.11 0.67
+LY 0.27 4 0.068 0.18 £ 0.036 0.67 - - - -
DNR 0.69 + 0.083 7.6 £ 0.64%%* 11 0.87 £ 0.19 1.3 3.8 + 0.26%** 535
TOP 3.3+£0.20 T8 ds1.2%* 24 18 = L.3%+* 39 17:.1.6%** 52

4 AT AT-7519, FLA flavopiridol, LY LY335979, Ko Ko143, MK MK-571, SNS SNS-032, DNR daunorubicin, TOP topotecan

L) ECjs, values from XTT assays are presented as mean £ SD of three independent experiments performed in triplicate. Statistical significance
was calculated for ABC transporter-overexpressing cells compared to parental cells by unpaired 7 test (* P < 0.05; ** P <0.01; *** P <0.001)

¢ RF were calculated by dividing the EC5, values of ABC transporter-overexpressing cells by the ECs; values of MDCKII parental cells

neither ABCG2 nor ABCC1 was able to confer resistance
to AT-7519 or SNS-032 over the tested concentration range
in the respective overexpressing MDCKII cell lines. On
the other hand, we observed that MDCKII-ABCG2 and
MDCKII-ABCCI cells were significantly more resistant
to flavopiridol, with RF values of 2.3 and 1.4, respectively,
compared to the drug-sensitive parental cell line, while no
effect of ABCB1 on flavopiridol resistance was observed in
MDCKII-ABCBI cells.

To confirm the causative role of ABC transporters in the
resistance to studied CDKi, cell proliferation assays were
repeated for a combination of CDKi with model inhibi-
tors of ABC transporters in transporter-overexpressing
MDCKII cells. Indeed, we have observed a reversal of
the resistance to AT-7519 and SNS-032 in the presence of
1 uM LY335979 in MDCKII-ABCBI, and to flavopiri-
dol in the presence of 1 uM Kol143 or 25 uM MK-571 in
MDCKII-ABCG2 and MDCKII-ABCClI cells, respectively
(Table 1).

Inhibitory effect of CDKi on the transporter-mediated
efflux of DNR and MIT

DNR, a fluorescent substrate of ABCB1 and ABCCI, was
used to determine the effect of CDKi on ABCBI- and
ABCCl-mediated efflux. AT-7519 revealed no significant
effect on intracellular accumulation of DNR in MDCKII-
ABCBI1 or MDCKII-ABCC1 cells (Fig. 1a, b). Employing
MDCKII-ABCC1 cells, flavopiridol treatment enhanced
the intracellular accumulation of DNR in a dose-dependent
manner, showing significant inhibitory potency at 1 uM
concentration. At concentrations of 10 wM and higher, fla-
vopiridol caused the maximal transporter inhibitory effect
(2.3-, 2.6- and 2.6-fold increase in the presence of 10, 30

and 50 uM flavopiridol, respectively), which was compa-
rable to the activity of a model inhibitor, MK-571 (2.4-fold
increase in DNR accumulation). No significant effect was
observed in the MDCKII parental cell line. SNS-032 did
not show significant effect on the DNR accumulation in
MDCKII-ABCCI1 cells over the tested concentration range
(1-50 uM) (Fig. 1b).

The fluorescent ABCG2 substrate MIT was used to
investigate the influence of studied CDKi on ABCG2-
mediated efflux. The intracellular accumulation of MIT in
MDCKII-ABCG?2 cells was significantly increased by fla-
vopiridol and SNS-032, while no effect on MIT accumula-
tion was observed in the control parental cell line. In the
presence of 10, 30 and 50 uM flavopiridol, the intracellular
accumulation of MIT was enhanced to 3.5-, 4.2- and 4.2-
fold, respectively, while 50 uM SNS-032 increased the
intracellular accumulation of MIT in MDCKII-ABCG2
cells 1.9-fold. In contrast, AT-7519 did not significantly
modify the intracellular accumulation of MIT in MDCKII-
ABCG?2, indicating a lack of inhibitory potency to the
ABCG?2 transporter (Fig. 1c).

ATPase assay

To further characterize interactions of CDKi with ABC
transporters, we tested the modulatory effects of the drugs
on vanadate-sensitive ATPase activity in isolated insect Sf9
cell membranes overexpressing human ABCB1, ABCG2 or
ABCCI. In the ATPase inhibition study, flavopiridol and
SNS-032 lowered the sulfasalazine-stimulated vanadate-
sensitive ATPase activity of ABCG2 in a dose-dependent
manner at a concentration of 300 uM, while AT-7519 did
not lower the stimulated activity at all. Similarly, AT-7519
did not show any decrease in verapamil-stimulated ATPase
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Fig. 1 Effects of AT-7519, flavopiridol and SNS-032 on the intracel-
lular accumulation of DNR in MDCKII-ABCBI1 cells (a), DNR in
MDCKII-ABCCI cells (b) and MIT in MDCKII-ABCG2 cells (c).
Results are presented as fold changes in fluorescence intensity com-
pared to untreated control cells. LY335979 (1 uM), MK-571 (50 uM)

in ABCB1 membrane preparations. Flavopiridol (300 pM)
significantly reduced the NEM-SG-stimulated vanadate-
sensitive ATPase activity of ABCCI1, while AT-7519 and
SNS-032 showed no effect. In the ATPase activation assays,
only flavopiridol (but not AT-7519 and SNS-032) signifi-
cantly increased the baseline vanadate-sensitive ATPase
activity of ABCG2 at concentrations from 10 to 100 uM,
while no other effects of CDKi on baseline ABCBI or
ABCCI1 ATPase activity were observed (Fig. 2).

Expression of ABCB1, ABCG2 and ABCC1 in cell lines

RT-PCR was performed to verify the expression of indi-
vidual transporters in the carcinoma cell lines employed in
subsequent combination studies. MDCKII stably express-
ing ABCB1, ABCG2 or ABCCI were used as positive
controls, while MDCKII parent cells served as negative
control. We confirmed that hepatocarcinoma HepG2 cells
express all of the studied transporters, while the expres-
sion of ABCBI in breast carcinoma T47D cell line was too
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MDCKII parent

Relative values
(MIT accumulation)
E

MDCKII-ABCG2 MDCKII parent MDCKII-ABCG2

and Kol43 (1 wM) are used as model inhibitors for ABCB1, ABCCI
and ABCG2 inhibition, respectively. Data represent mean £ SD of
three independent experiments performed in duplicate. *P < 0.05;
#EP < 0.01; ##%P < 0.001 determined by one-way ANOVA followed
by Dunnet’s test

low and not detectable using agarose gel electrophoresis of
PCR products (Fig. 3a).

Based on the observed differences between normal-
ized C, values reached for ABC transporters in HepG2 and
T47D cells (Fig. 3b) and comparison of particular gene
expressions calculated as 24", we could estimate ABCBI
and ABCG2 expression being approximately 800- and
18-fold higher, respectively, in HepG2 than in T47D cells,
while ABCC1 mRNA expression is approximately fivefold
higher in T47D cell line compared to HepG2.

Drug combination studies

Combination studies were performed to assess the abil-
ity of the CDKi, which showed inhibitory effect on
ABC transporters in the accumulation studies, to sen-
sitize cancer cells to selected cytotoxic substrates of the
relevant ABC transporters. The growth inhibitory effect
of flavopiridol and SNS-032 treatment alone was there-
fore assessed and compared to combination treatment
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graphs. Presented data are mean =+ SD representative of three experi-
ments performed in duplicate. Statistical significance of differences
between control and CDKi-treated samples in activation assays
(%P < 0.05) and inhibition assays (*P < 0.05; **P < 0.01) is deter-
mined using unpaired two-tailed 7 test
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of three independent samples (b)
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Fig. 4 Cytotoxic effect of flavopiridol and daunorubicin (a, d), fla-
vopiridol and topotecan (b, e) and SNS-032 and topotecan (c, f)
in HepG2 (a, b, ¢) and T47D (d, e, f) cells. The r values from the
median-effect plots calculated by CompuSyn for single drugs and
their combinations fall in the range of 0.95-0.99. Combination index
analysis of flavopiridol combined with DNR (g) or TOP (h) and
SNS-032 combined with TOP (i) in HepG2 (filled square) and T47D
(empty circle) cell lines. Lines represent computer-simulated CI plots
in HepG2 (full line) and T47D (dashed line) cell lines. The concen-

with DNR (ABCB1 and ABCC1 substrate) and/or TOP
(ABCBI1, ABCG2 and ABCC1 substrate) using the com-
bination index method of Chou-Talalay. In all cases, com-
bination treatments yielded greater growth inhibition than
DNR/TOP alone. CI values are shown in Fig. 4, and the
results are summarized in Table 2. Combinations in which
synergism was observed (CI < 0.9) were used to calculate
DRI

Flavopiridol inhibited all three studied transporters and
was therefore combined with both DNR and TOP. The
combination of DNR with flavopiridol showed synergis-
tic cytotoxicity at drug effect levels >70 % in HepG2 and
>75 % in T47D cell line. When combined with TOP, the
synergistic effect was also reached at drug effect levels
>75 % in HepG2 and >80 % in T47D cells.

SNS-032 was combined with TOP due to its inhibi-
tory effect on ABCG2 only. This combination yielded
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tration ratio was based on the ECs ratio of individual drugs (Table 1).
CI values <0.9, 0.9-1.1 and >1.1 indicate synergism, additivity and
antagonism, respectively. Drug effect levels (%) are calculated from
the cell viability values and correspond to the proportional amount
of cells affected by the drug combination; 0 % means no antiprolif-
erative effect, and 100 % means absolute antiproliferative effect. Data
are presented as mean £ SD of three independent experiments per-
formed in triplicate

synergistic activity at drug effect levels >55 % in HepG2
and >75 % in T47D.

Discussion

Multidrug resistance to various chemotherapeutic agents
and drug interactions with anticancer drugs represent a con-
siderable problem in the effectiveness and safety of cancer
treatment [26-28]. These interactions may also potentially
alter the pharmacokinetic and pharmacodynamic behav-
ior of the compounds, as well as behavior of other simul-
taneously administered drugs. As CDKi represent a novel
group of anticancer agents [17], their interaction with
major ABC transporters associated with MDR needs to be
elucidated. We have previously reported on the potential of
first-generation CDK:i to interact with ABCB1 and ABCG2
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Table 2 Combination index (CI) and dose-reduction index (DRI) values for drug combinations based on XTT assays scheduled after 72 h of

simultaneous treatment in HepG2 and T47D cells

Drug® ECs (uM) ECy,ratio  CI DRI
I II I II I 11 75 % effect 90 % effect 75 % effect 90 % effect

I 11 I I
HepG2
DNR FLA 0.19£0.030 0.12£0.024 1:0.63 0.55+0.022 0.2940.033 10+£040 2240.088 56+62 3.7+0.41
TOP FLA 0.04540.0051 0.124+0.024  1:2.7 0.83+£0.18 0.474£0.094 38+096 1.8+046 9.7+22 29+0.66
TOP SNS 0.045+0.0051 1.7 £0.27 1:38 0.41 £0.087 0.18+£0.084 524098 4.8+091 13£49 12+43
47D
DNR FLA  0.13 £0.0073 0.12 +£0.0067 1:0.92 0.90 £0.081 0.60+0.19 ND° ND 28+0.76 53+1.4
TOP FLA 0.041 £0.0026 0.12 4 0.0067 1:2.9 091 £0.14 0.64+0.15 ND ND 24+£061 55+14

TOP SNS 0.041 £0.0026 0.11 £0.010  1:2.7

0.85 £ 0.068 0.63 £0.098 1.8+0.13 3.6+0.27

214+033 69+£1.0

“ DNR daunorubicin, FLA flavopiridol, SNS SNS-032, TOP topotecan

® ND, DRI not determined for non-synergistic combinations

transporters [29, 30]. Our recent work has demonstrated the
inhibitory potency of several CDKi, including flavopiridol
and SNS-032, on ABCB1-mediated efflux [22]; here, we
aim to complete the interaction profile of flavopiridol and
SNS-032 with the three major ABC transporters associated
with MDR. We include also AT-7519 as a novel CDKi with
perspective use in cancer therapy and evaluate the interac-
tions of these drugs with ABCB1, ABCG2 and ABCC1 in
detail.

Zhou et al. [31] demonstrated that mouse ABCG2 and
ABCBI limit the brain penetration of flavopiridol in mice
with greater transport associated with ABCG2. Based on
experiments in Caco-2 cell monolayers, it has recently been
suggested that ABCB1 could be involved in transmembrane
transport of flavopiridol [32]. Nevertheless, among the ABC
transporters, mainly ABCG2 [33, 34] and to a lower extent
ABCCI1 [35] rather than ABCB1 seem to confer resistance
to flavopiridol in cancer cells. In our assays, we directly
addressed the contribution of ABC transporters to cellular
resistance of particular CDKi and found that ABCB1 did
not confer resistance to flavopiridol in MDCKII-ABCBI1
cells, confirming our previous data based on ATPase assays
[22]. MDCKII-ABCG2 cells were more resistant to fla-
vopiridol compared to parental MDCKII cells, whereas
ABCCI function only slightly (but significantly) modified
the cytotoxic effect of this drug.

SNS-032 has been revealed as a substrate of ABCBI in
pharmacokinetic studies in rats [36], and ABCBI1 expres-
sion has been suggested as an important SNS-032 resist-
ance mechanism in neuroblastoma [37]. In our assays, we
confirmed the major role of ABCBI in SNS-032 resist-
ance showing significantly increased viability in MDCKII-
ABCBI cell line compared to the parental MDCKII cells,
with no such effect in ABCG2- or ABCCl1-expressing cells.

Interestingly, AT-7519 follows the same resistance pattern
as SNS-032; in our proliferation assays, MDCKII-ABCB1
cells show a significantly higher resistance to AT-7519 than
MDCKII-ABCG2, MDCKII-ABCC1 and MDCKII paren-
tal cells. Our data therefore indicate that ABCBI confers
resistance to AT-7519 and SNS-032, but not to flavopiridol,
while ABCG2 and ABCCI are causative of chemoresist-
ance to flavopiridol, but not to AT-7519 and SNS-032.
Besides being subjected to ABC transporter-mediated
efflux, many drugs can act as “modulators” overcoming
MDR by inhibition of the drug transporters [38]. It was
reported previously that flavopiridol was able to inhibit
ABCBI- and ABCCl-mediated efflux in ABCBI- or
ABCCl-overexpressing cells, respectively, when applied
at micromolar concentrations [22, 33, 35]. Previous stud-
ies, including ours, also showed the ability of SNS-032 to
inhibit the transport in ABCB1-expressing cells [22, 37].
Using accumulation assays in transporter-overexpress-
ing MDCKII cells, we demonstrate here that flavopiridol
can inhibit ABCG2-mediated efflux of MIT as well as
ABCCl-mediated efflux of DNR even when applied at a
low 1 uM concentration. Moreover, flavopiridol was able to
achieve the maximal inhibition of ABCC1-mediated DNR
efflux comparable to MK-571, a model ABCCI inhibitor
applied at 50 uM. These data indicate that flavopiridol is
able to reverse not only ABCBI-mediated resistance, but
also the resistance caused by ABCG2 and ABCC1 trans-
porters. SNS-032 inhibited ABCG2-mediated transport
of MIT but at high concentrations (50 wM) only. In con-
trast, AT-7519 had no effect on either ABCB1-, ABCG2- or
ABCCI-mediated transport of the fluorescent substrates.
Our previous studies showed that flavopiridol and SNS-
032 significantly reduced the activated ATPase of ABCB1
at concentrations higher than 100 uM, but neither of these
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two compounds was able to increase the baseline vanadate-
sensitive ATPase in ABCB1 membrane vesicles [22]. In
this study, we examined the effects of CDKi on the trans-
porter-related ATPase activities in Sf9 membranes over-
expressing human ABCB1 (AT-7519 only), ABCG2 or
ABCCI. Flavopiridol decreased the activated ATPase of
both ABCG2 and ABCC1 ATPase, confirming its interac-
tion with both transporters. We also found that flavopiridol
stimulated ABCG2 baseline ATPase activity, which pro-
vides further indications that flavopiridol is a substrate of
ABCG2. SNS-032 was able to significantly decrease the
activated ABCG2 ATPase, albeit at concentrations higher
than 100 uM only, while it had no effect on the baseline
ABCG2 ATPase activity and neither did it affect ABCCI
ATPase-stimulated or baseline activity. These data confirm
that SNS-032 interacts with ABCG2, but not with ABCC1,
as observed in our accumulation assays as well as cyto-
toxicity studies. In the case of AT-7519, the activation and
inhibition mode of ATPase assays did not show any meas-
urable effect on either ABCG2 or ABCC1 ATPase activities
up to 300 M concentration, providing first indications that
AT-7519 does not interact with ABCG2 or ABCCl trans-
porters. Interestingly, AT-7519 failed to affect ABCBI-
linked ATPase activity in this assay, which contradicts our
cytotoxicity results. This phenomenon can be attributed
to the fact that the value of resistance factor obtained by
measuring cytotoxicity in MDCKII cells does not necessar-
ily correlate with ABC transporter substrates and also to the
fact that ATPase assays can provide false-negative results
[39].

In undergoing clinical trials, CDKi are being evalu-
ated not only as single agents but also in combination with
other chemotherapeutics, with the aim of yielding syner-
gistic activity [40—42], increasing their therapeutic effects
[19, 43] and the survival of cancer patients [44]. We have
previously suggested that ABC transporter inhibition may
represent one of the mechanisms underlying the onset
of synergistic effects of CDKi combined with conven-
tional anticancer drugs [22, 29]. Therefore, here we also
addressed whether ABC transporter-inhibiting compounds,
flavopiridol and SNS-032, can potentiate the cytotoxic
effects of anticancer agents in vitro. We applied CDKi in
combination with topoisomerase inhibitors, DNR or TOP
(commonly used anticancer drugs and ABC transporter
substrates), to human cancer cell lines expressing ABC
transporters [22, 45, 46], i.e., HepG2 and T47D, derived
from hepatocyte carcinoma and ductal breast carcinoma,
respectively. Flavopiridol inhibited all studied ABC trans-
porters and was therefore combined with both DNR and
TOP, while SNS-032 was combined with TOP due to its
inhibitory potency toward ABCG2 only. We found that
all studied CDKi inhibited the growth of both HepG2
and T47D cells in a dose-dependent manner and showed
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synergism when administered in combination with DNR
or TOP. The combination of flavopiridol with daunoru-
bicin exhibited a higher synergistic effect in the HepG2
cell line compared to T47D. As daunorubicin is a stronger
substrate of ABCB1 than ABCCI, we believe that the lack-
ing expression of ABCB1 in T47D cells may be the reason
for higher CI values and thus lower synergistic effects in
that cell line. Based on our inhibitory studies and resistance
profile of TOP, flavopiridol could be expected to contribute
to the synergistic effect mainly by inhibition of ABCG2-
and ABCCl-mediated efflux of TOP. Both transporters
are expressed at comparable levels in HepG2 and T47D
cells, which might be the reason for the similar synergis-
tic effect exhibited in both cell lines. SNS-032 in combina-
tion with topotecan yielded synergistic effects in both cell
lines as well, with a more prominent effect in the cell line
with higher ABCG2 expression (HepG2). It is obvious that
CDKi can function as modulators of apoptosis induced by
other cytotoxic agents [47, 48] but, as we show here, they
are also able to reverse MDR by inhibition of ABC trans-
porters. CDKi may therefore represent a new class of ABC
transporter modulators and, in combination with other anti-
cancer agents, could also become a promising strategy to
overcome resistance in ABC transporter-expressing tumors.

In summary, we were able to determine and complete the
interaction profiles of AT-7519, flavopiridol and SNS-032
with ABCB1, ABCG2 and ABCC1 multidrug transporters,
which is an important part of their preclinical testing phase.
Our results indicate that flavopiridol is able to reverse ABC
transporter-mediated MDR and thus increase the intracel-
lular concentrations of substrate chemotherapeutic drugs
yielding synergistic antiproliferative effect. We also show
here for the first time that ABCB1 can cause resistance
to AT-7519 and SNS-032, but not to flavopiridol, while
ABCG?2 and ABCCI1 confer resistance to flavopiridol, but
not to AT-7519 and SNS-032. Based on these results, we
conclude that all tested CDKi may play an important role in
transporter-mediated interactions, pharmacokinetics, tissue
distribution and drug resistance, and all therapies should be
adjusted accordingly.
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6.4 Dinaciclib, a cyclin-dependent kinase inhibitor, is a substrate of human
ABCB1 and ABCG2 and an inhibitor of human ABCC1 in vitro
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Biochemical Pharmacology 2015 98:465-72.
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Dinaciclib je relativné novy CDKI s vyznamnou aktivitou proti riznym typtim
nadorovych onemocnéni in vitro a in vivo. ABC efluxni transportéry hraji dulezitou roli
Vv dispozici l1é€iv a jsou zodpoveédné za vznik mnohocetné 1€kové rezistence v nadorovych
buinikach. Inhibitory a substraty téchto transportéri se mohou podilet na vzniku
farmakokinetickych 1ékovych interakci, které mohou meénit 1ékovou dispozici béhem
farmakoterapie. Abychom odhadli takova rizika spojena s podavanim dinaciclibu,
vyhodnotili jsme jeho mozny efekt na efluxni aktivitu ABCB1, ABCC1 a ABCG2
transportéri in Vitro pomoci nasledujicich metodik: transporty pfes bunétnou
monovrstvu, XTT bunécna proliferace, méfeni ATPazové aktivity a intracelularni

bunééné akumulace.

NasSe vysledky ukazuji, Ze pomér transportu dinaciclibu byl n€kolikanasobné vyssi
pfi transportu v bunéénych monovrstvach MDCKII-ABCB1 a MDCKII-ABCG2 ve
srovnani s parentnimi MDCKII bunikami, coZ znaci, Ze dinaciclib je transportovanym
substraitem ABCB1 a ABCG2. Navic, zvySena exprese transportérit ABCB1, ABCG2 a
ABCCI1 zvySuje rezistenci vici dinaciclibu v MDCKII bunkach. Dinaciclib snizoval
stimulovanou aktivitu ABCB1, ABCG2 a ABCC1 v ATPazovych esejich, coz dale
potvrzuje jeho interakci se vSemi testovanymi transportéry. Dinaciclib také signifikantné
inhiboval eflux daunorubicinu zprostiedkovany ABCC1 (ICso = 18 uM). Inhibice
ABCC1 dale vedla k synergickému efektu dinaciclibu v kombinaci s dalsimi
protinadorovymi latkami pfi aplikaci v bunkach MDCKII-ABCC1 i lidské nadorové
bunécné linii T47D.

NasSe vysledky tedy naznacuji, Ze ABC transportéry mohou vyrazné ovlivnit

transport dinaciclibu pfes bunééné membrany, coz muze vést k 1ékovym interakcim.
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Zaroven, mohou byt tyto lékové interakce dinaciclibu vyuzity v terapii nadorovych
onemocnéni za predpokladu, ze dojde ke kombinaci této latky s protinadorovymi 1é¢ivy,

ktera jsou ABCC1 substraty.
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ABSTRACT

Dinaciclib is a novel cyclin-dependent kinase inhibitor (CDKI) with significant activity against various
cancers in vitro and in vivo. ABC efflux transporters play an important role in drug disposition and are
responsible for multidrug resistance in cancer cells. Inhibitors and substrates of these transporters may
participate in pharmacokinetic drug-drug interactions (DDIs) that alter drug disposition during
pharmacotherapy. To assess such risks associated with dinaciclib we evaluated its possible effects on
efflux activities of ABCB1, ABCC1 and ABCG2 transporters in vitro. Monolayer transport, XTT cell
proliferation, ATPase and intracellular accumulation assays were employed. Here, we show that the
transport ratio of dinaciclib was far higher across monolayers of MDCKII-ABCB1 and MDCKII-ABCG2 cells
than across MDCKII parental cell layers, demonstrating that dinaciclib is a substrate of ABCB1 and ABCG2.
In addition, overexpression of ABCB1, ABCG2 and ABCC1 conferred resistance to dinaciclib in MDCKII
cells. In ATPase assays, dinaciclib decreased stimulated ATPase activity of ABCB1, ABCG2 and ABCCI,
confirming it has interactive potential toward all three transporters. Moreover, dinaciclib significantly
inhibited ABCC1-mediated efflux of daunorubicin (ECso = 18 uM). The inhibition of ABCC1 further led to a
synergistic effect of dinaciclib in both MDCKII-ABCC1 and human cancer T47D cells, when applied in
combination with anticancer drugs. Taken together, our results suggest that ABC transporters can
substantially affect dinaciclib transport across cellular membranes, leading to DDIs. The DDIs of

dinaciclib with ABCC1 substrate chemotherapeutics might be exploited in novel cancer therapies.
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1. Introduction

Cyclin-dependent kinases (CDKs) are critical regulators of cell
cycle progression, and deregulation of their function has been
detected in multiple human cancers. Thus, they are attractive
targets for cancer treatment and new CDK inhibitors (CDKIs) with
favorable pharmacological profiles and minimum adverse effects
are being intensively sought. Several small-molecule CDKIs have
entered clinical trials [1,2] and a CDK4/6 inhibitor, palbociclib, has
been recently approved by the US Food and Drug Administration
(FDA) for use in initial endocrine-based therapy for postmeno-
pausal women with estrogen-positive, human epidermal growth
factor receptor 2-negative advanced breast cancer [3].

Dinaciclib (MK-7965, SCH727965) is an orally administered
small-molecule CDKI that selectively inhibits important members
of the CDK family (CDK1, CDK2, CDK5 and CDK9) at nanomolar
concentrations [4]. In preclinical studies dinaciclib has shown
excellent anticancer efficacy, surpassing that of older CDKIs (e.g.,
flavopiridol and roscovitine), inhibiting the growth of a broad
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spectrum of human cancer cell lines both in vitro and in in vivo
xenograft models [4-8]. In addition, 16 clinical trials have been
initiated to evaluate its effects, as a single agent or in combination
with other anticancer drugs, in patients with hematologic
malignancies or solid tumors (clinicaltrials.gov, accessed July
2015). So far, its safety, tolerability and pharmacokinetics have
been assessed in phase 1 clinical studies [9,10] and phase 2 studies
have evaluated its efficacy relative to erlotinib and capecitabine in
patients with non-small cell lung cancer [11] and advanced breast
cancer [ 12], respectively. Dinaciclib also reportedly has encourag-
ing single agent activity in patients with relapsed multiple
myeloma [13]. Several other clinical studies, including a phase 3
clinical trial (clinicaltrials.gov, ID: NCT01580228), have evaluated
therapeutic effects of dinaciclib in the treatment of refractory
chronic lymphocytic leukemia.

ATP-binding cassette (ABC) efflux transporters drive substrates
across biological membranes, even against concentration gra-
dients, using energy from ATP hydrolysis. They are expressed in the
liver, kidneys and small intestine, where they modulate absorp-
tion, distribution, metabolism and excretion (ADME) of their
substrates. ABC transporters protectively limit the entry of
xenobiotics into the testes, placenta and blood-brain barrier, and
thus may control drug penetration to particularly sensitive organs
[14]. In addition to normal tissues, ABC drug transporters are
abundantly expressed in cancer cells where they participate in the
development of multidrug resistance (MDR). This poses a major
obstacle in cancer chemotherapy, as ABC transporters can actively
efflux structurally and functionally diverse anticancer drugs,
diminishing their intracellular concentrations. Three members
of the ABC transporter family contribute most significantly to
MDR: ABCB1 (P-glycoprotein, P-gp), ABCG2 (breast cancer resis-
tance protein, BCRP) and ABCC1 (multidrug resistance-associated
protein, MRP1) [15,16]. Inhibitors and substrates of ABC trans-
porters may participate in pharmacokinetic drug-drug interactions
(DDIs) that substantially change drug disposition during pharma-
cotherapy and affect both the therapeutic efficacy and the severity
of adverse effects. Therefore, the International Transporter
Consortium (ITC) emphasizes that such interactions must be
considered in order to help determine their pharmacokinetic,
safety and efficacy profiles [17]. Following these recommenda-
tions, both the FDA and the European Medicines Agency (EMA)
have issued new guidelines for drug interaction studies, empha-
sizing the requirements for in vitro methods in drug transporter
interaction assessment [18,19].

Invitro methods, such as ATPase, cellular uptake and monolayer
transport assays, are currently cornerstones for evaluating
molecular-level transporter interactions [17,20]. Employing these
methods, it has been shown that several CDKIs can interact with
ABC transporters by either inhibiting their efflux activity [21,22] or
being transported as substrates [23,24]. In these cases, transporter-
mediated pharmacokinetic DDIs can occur when the CDKIs are
applied in combination with other therapeutic agents [25].

Understanding dinaciclib interactions with ABC transporters is
important for determining potential pharmacokinetic DDIs involv-
ing the drug, however, to date, no data on ABC transporter
substrate specificity has been reported. Thus, in the study reported
here we explored interactions of dinaciclib with ABCB1, ABCG2 and
ABCCI1 transporters in vitro. We also explored the potential ability
of these ABC transporters to confer dinaciclib resistance upon cells.

2. Materials and methods
2.1. Chemicals

Dinaciclib was obtained from Axon Medchem (Groningen,
the Netherlands). Daunorubicin (DNR), mitoxantrone (MIT),

topotecan (TOP), sodium 2,3-bis(2-methoxy-4-nitro-5-sulfo-
phenyl)-5-[(phenylamino)-carbonyl]-2H-tetrazolium inner salt
(XTT), phenazine methosulfate (PMS), ABCC1 inhibitor MK-571,
dual ABCB1/ABCG2 inhibitor GF120918, fluorescein-isothiocya-
nate-labeled dextran, roscovitine and HPLC grade solvents
(methanol, acetic acid) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The ABCB1 inhibitor LY335979 was obtained
from Toronto Research Chemicals (North York, ON, Canada) and
the ABCG2 inhibitor Ko143 from Enzo Life Sciences (Farmingdale,
NY, USA). Cell culture reagents (media, sera, L-glutamine, DMSO,
buffers, trypsin-EDTA) were supplied by Sigma-Aldrich (St. Louis,
MO, USA) and Opti-MEM™ from Gibco BRL Life Technologies
(Rockville, MD, USA). ABCB1, ABCG2 and ABCC1 PREDEASY™
ATPase kits (SB MDR1/P-gp, SB BCRP HAM Sf9 and SB MRP1,
respectively) were purchased from Solvo Biotechnology (Szeged,
Hungary). Transwell inserts were obtained from Corning Inc.
(Corning, NY, USA).

2.2. Cell culture

MDCKII (Madin-Darby canine kidney) cell lines transduced for
stable expression of human transporters ABCB1 (MDCKII-ABCB1),
ABCC1 (MDCKII-ABCC1) or ABCG2 (MDCKII-ABCG2) as well as the
MDCKII-parent cell line, were obtained from Prof. Piet Borst and
Dr. Alfred Schinkel (The Netherlands Cancer Institute, Amster-
dam, the Netherlands). The cell lines were grown in complete
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS). These cell lines were used for
monolayer transport, XTT antiproliferative and intracellular
accumulation assays. For in vitro drug combination studies, we
also used human ductal breast carcinoma T47D cells, obtained
from the European Collection of Cell Culture (PHE, Salisbury,
Wiltshire, UK). This cell line was cultured in DMEM without
phenol red, supplemented with 10% FBS and 2 mM t-glutamine.
DMSO was applied as a solvent in concentrations not exceeding
0.5% (1% in ATPase assays).

2.3. MDCKII monolayer transport assay

MDCKII-ABCB1, MDCKII-ABCC1, MDCKII-ABCG2 or MDCKII-
parent cells were seeded on microporous polycarbonate mem-
brane inserts (3 wm pore size, 24 mm diameter; Costar, Cambridge,
MA, USA) at a density of 1 x 10° per insert 72 h before experiments.
The medium was replaced after 24 and 48 h of cultivation. The cells
were then washed with 1x phosphate-buffered saline (PBS) on
both the apical and basal sides and preincubated for 1h in Opti-
MEM™ with or without inhibitors. The appropriate ABC transport-
er inhibitor (1 wM LY335979, 25 uM MK-571 or 1 wM Ko143 for
ABCB1, ABCC1 or ABCG2 inhibition, respectively) was present in
both compartments during the preincubation and the transport
experiment, at a concentration known to efficiently inhibit the
corresponding transporter. To inhibit any endogenous transporter
activity, appropriate inhibitors were also added (1M of the
ABCBI1 inhibitor LY335979 to MDCKII-ABCG2 cultures, 1 wM of the
ABCG?2 inhibitor Ko143 to MDCKII-ABCB1 cultures, and 2 .M of the
dual ABCB1/ABCG2 inhibitor GF120918 to MDCKII-ABCC1 and
parent cell cultures). The experiments were started (time=0) by
replacing the medium with fresh Opti-MEM™ containing dinaci-
clib, with or without inhibitor, in the appropriate chambers.
Samples were taken from opposite compartments after 2, 4 and
6h, then the concentration of transported dinaciclib was deter-
mined by HPLC-MS/MS analysis. Immediately after each experi-
ment, cellular monolayer integrity was examined using fluorescein
isothiocyanate-labeled dextran (MW =40kDa). Dextran leakage
up to 1% per hour was accepted. Dinaciclib transport in parental
and ABC transporter-expressing MDCKII cells was assayed and
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transport ratios (r), defined as the dinaciclib transport rate in the
basolateral-to-apical (BA) direction divided by the rate in the
apical-to-basolateral (AB) direction, were calculated from the
observed concentrations at 6h. In these assays dinaciclib was
applied at 100nM (the lowest concentration allowing sensitive
analysis of samples above the detection limits of the HPLC-MS/MS
method and instruments, as described in Section 2.4).

2.4. HPLC-MS/MS analysis

Dinaciclib was quantified by HPLC-MS/MS using an LC 20A
Prominence chromatograph (Shimadzu, Kyoto, Japan), equipped
with an OPTI-GUARD 1 mm C18 guard column (Sigma-Aldrich, St.
Louis, MO, USA) and a Hypersil GOLD C18 column (100 x 4.6 mm,
particle size 3 wm; Pragolab, Prague, Czech Republic), coupled to a
LCQ Max advantage mass spectrometer (Thermo Finnigan, San
Jose, CA, USA). The mobile phase flow rate was 0.4 mL/min and the
column temperature was maintained at 40°C. The acquired MS
datawere processed using Xcalibur 2.0 software (Thermo Finnigan,
San Jose, CA, USA).

Following optimization of conditions to separate dinaciclib
from Opti-MEM™ components and inhibitors (GF120918, MK-571,
LY335979, Ko143) a mobile phase consisting of methanol and 0.1%
acetic acid (75:25, v/v) was used in all analyses reported here.
Roscovitine was added to samples as an internal standard (IS).
Retention times were 4.1 and 4.7 min for dinaciclib and the IS,
respectively. ESI probe settings were: source voltage 4.5KkV,
capillary temperature 340°C, sheet and auxiliary gas flows
60 and 15 arbitrary units, respectively. The tandem MS was
operated in SRM mode, using the molecular ion [M+H]" (m/z
397 for dinaciclib and 355 for the IS) as precursor ion and product
ions with m/z ratios of 240, 268, 285, 379 (dinaciclib) and 313 (IS)
for quantifying dinaciclib after collision dissociation. The collision
energies were 38% and 40% for dinaciclib and IS, respectively. The
linearity of the signals was evaluated in the range of 2.5-500nM
(r*=0.9994); the method precision and accuracy were evaluated at
analyte concentrations of 500, 50, 10 and 2.5 nM. Samples were
found to be stable for at least 40 h.

2.5. XTT cell proliferation assays

The XTT assay was used to assess effects of dinaciclib and ABC
transporter substrates on cell viability and growth. MDCKII-ABCB1,
MDCKII-ABCC1, MDCKII-ABCG2 or MDCKII-parent cells were
seeded in 96-well culture plates at a density of 1 x10% cells and
incubated for 24 h. Test compounds diluted with growth medium
were added to the exponentially growing cells and the resulting
mixtures were incubated for 72 h at 37°C, 5% CO,. XTT (0.167 mg/
mL) mixed with 4 uM PMS in Opti-MEM™ was then added to the
cultures. After a further 2h incubation the absorbance of the
soluble formazan released was measured at 470nm using a
microplate reader (Tecan, Mannedorf, Switzerland), and the half
maximal inhibitory concentrations (ICso) of the drugs were
calculated using GraphPad Prism 6.00. To determine the influence
of ABC transporters on antiproliferative activity of dinaciclib,
resistance factors (RFs) were calculated by dividing the ICs, value
for each ABC transporter-overexpressing cell line by the value for
the correspondingly-treated parental cell line. Thus, the RFs
represent fold-increases in resistance caused by the presence of
specific ABC transporters [26]. To indirectly assess whether cellular
resistance to dinaciclib can be caused by ABCB1, ABCC1 or ABCG2,
the cell proliferation assays were repeated with the addition of
model inhibitors of the three transporters (1 wM LY335979, 25 pM
MK-571 and 1pM Kol43 for ABCB1, ABCC1 and ABCG2,
respectively) to abolish the potential influence of ABC transporters
on the resistance.

2.6. ABCB1, ABCC1 and ABCG2 ATPase assays

Preparations of membranes with overexpressed ABC trans-
porters show vanadate-sensitive ATPase activity that is modulated
by interacting compounds. In the activation assay, increases in this
ATPase activity associated with increases in substrate transport are
measured, while in the inhibition assay reductions in the activity
associated with the presence of a known activator of the
transporter are measured [27]. ATPase activity was measured by
assessing the amount of phosphate liberated from ATP by the
ABCB1, ABCC1 or ABCG2 transporters using the corresponding
PREDEASY ATPase kits according to the manufacturer’s instruc-
tions. For this purpose, Sf9 cell membranes (4 g protein per well)
were mixed with dinaciclib at concentrations ranging from 14 nM
to 300 uM, then incubated at 37°C for 10 min in the presence or
absence of 1.2 mM sodium orthovanadate. The ATPase reaction was
started by adding 10 mM ATP magnesium salt to the reaction
mixture, stopped 10 min later, and the absorbance at 590 nm was
measured after 30 min incubation using the Tecan microplate
reader. The ATPase activity in each sample was determined as the
difference in liberated amounts of phosphate measured in
the presence and absence of 1.2mM sodium orthovanadate.
Phosphate standards were prepared in each plate, using verapamil,
N-ethylmaleimide-glutathione (NEM-SG) and sulfasalazine as
positive controls for ABCB1, ABCC1 and ABCG2 stimulation,
respectively. The results are expressed as vanadate-sensitive
ATPase activities.

2.7. DNR and MIT accumulation assays

Effects of dinaciclib on intracellular DNR accumulation in
MDCKII-ABCB1 and MDCKII-ABCC1 cells, and MIT accumulation in
MDCKII-ABCG2 cells, were examined using a C6 flow cytometer
(Accuri, Ann Arbor, USA). MDCKII-parent cells were analyzed as
controls for accumulation of each substrate. Cells were seeded at a
density of 1.5 x 10° on a 12-well plate 24 h before each experiment
and treated with dinaciclib at five concentrations, solvent (0.5%
DMSO) or Opti-MEM™ (untreated control) for 30 min at 37°C, 5%
CO>. DNR or MIT was then added to a final concentration of 2 uM or
1 M, respectively, and the cells were incubated under the same
conditions for a further 60 min. Accumulation was stopped by
cooling the samples on ice and washing twice with ice-cold PBS.
The cells were detached with 10x trypsin-EDTA and resuspended
in PBS with 2% FBS. Levels of DNR and MIT in individual cells were
measured using 488/585 and 488/670 nm excitation/emission
filters, respectively, and recorded as histograms. 1 uM LY335979,
50 wM MK-571 and 1 M Ko143 were used as positive controls for
ABCB1, ABCC1 and ABCG2 inhibition, respectively. All inhibitors
were used at concentrations that are known to efficiently inhibit
the corresponding transporter. Viable cells were gated based on
forward and side scatter plots. The median fluorescence intensity
(MFI) of 10 000 measured cells was used to compare the
fluorescence resulting from each of the treatments. The relative
values were identified by dividing the MFI of each measurement by
that of untreated control cells. Where applicable, the half maximal
effective concentration (ECsy) for ABC transporter inhibition was
calculated using GraphPad Prism 6.00.

2.8. Drug combination assays

Combination indices (Cls, derived from the median-effect
equation) were calculated to assess combined effects of dinaciclib
and DNR or TOP, commonly used anticancer drugs and
ABCC1 transporter substrates. Cls provide quantitatively defined
indications of additive, synergistic and antagonistic effects, when
CI=0.9-1.1, <0.9, and >1.1, respectively [28]. The XTT cytotoxicity
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assay was used to measure the viability of the tested cells (MDCKII-
parent, MDCKII-ABCC1 and T47D) in the presence of dinaciclib and
DNR/TOP both alone and in combination, at constant concentra-
tion ratios ranging from 0.1 to 2 multiples of the respective,
predetermined ICso values. The data acquired from these drug
combination experiments were analyzed using CompuSyn ver.
3.0.1 software (ComboSyn Inc., Paramus, NJ, USA).

2.9. Statistical analysis

Data are presented as means-+standard deviations (SDs)
obtained from at least three independent experiments. Statistical
significance was determined using two-tailed unpaired Student’s t
tests and one-way ANOVA implemented in GraphPad Prism 6.00,
and differences were considered significant if P < 0.05.

3. Results

3.1. Effects of ABCB1, ABCC1 and ABCG2 on transepithelial transport of
dinaciclib in vitro

To evaluate whether dinaciclib is a substrate of the tested
transporters, we assayed its transport in vitro across polarized
monolayers of MDCKII-ABCB1, MDCKII-ABCC1, MDCKII-ABCG2 and
MDCKII-parent cells. In MDCKII cells, ABCB1 and ABCG2 are
localized apically, therefore, in this method, the transport of a
substrate across the monolayer is greatly accelerated in the
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basolateral-to-apical direction. ABCC1, on the other hand, is
localized basolaterally, accelerating transport of its substrates in
apical-to-basolateral direction.

Under our test conditions, the BA to AB transport ratio (r) of
dinaciclib (applied at 100nM in all assays of this variable) in
MDCKII-ABCB1 cells was 30.8. Presence of the model ABCB1
inhibitor LY335979 strongly reduced the ratio to 1.12 (Fig. 1A),
confirming the involvement of ABCB1 in dinaciclib transport.
Similarly, in MDCKII-ABCG2 cells, the transportratios in the absence
and presence of the model ABCG2 inhibitor Ko143 were 7.84 and
1.33, respectively (Fig. 1B), indicating that dinaciclib is also
transported by ABCG2. The transport ratio in MDCKII-ABCC1 cells
was 0.91 (Fig. 1C), significantly lower than the ratio, under the same
conditions, in MDCKII-parent cells (1.29) (Fig. 1D). Presence of the
ABCC1 inhibitor MK-571 significantly altered the transport asym-
metry in MDCKII-ABCC1 cells, resulting in a transport ratio similar
to that recorded for parental cells (1.20). This suggests that
ABCC1 might also contribute to the transport of dinaciclib.

3.2. Effects of dinaciclib on the viability of MDCKII cell lines

To determine effects of ABC transporters on the antiprolifer-
ative effects of dinaciclib, the substance was used in XTT assays
with ABCB1-, ABCC1- and ABCG2-overexpressing MDCKII and
MDCKII-parent cell lines. The respective ICsq values of dinaciclib
and calculated RFs are shown in Table 1. MDCKII-ABCB1 cells were
significantly more resistant to dinaciclib than the parental MDCKII
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Fig. 1. Transport of dinaciclib (100 nM) across monolayers of MDCKII-ABCB1 (A), MDCKII-ABCG2 (B), MDCKII-ABCC1 (C) and MDCKII-parent cells (D). A, basolateral-to-apical
transport without inhibitor; W apical-to-basolateral transport without inhibitor; /\, basolateral-to-apical transport with inhibitor; V, apical-to-basolateral transport with
inhibitor; 1 M LY335979 (LY), 1 .M Ko143 (Ko) and 25 M MK-571 (MK) were used as model inhibitors of ABCB1, ABCG2 and ABCC1, respectively, in the corresponding
overexpressing cell line. Ratios of dinaciclib transport across cell monolayers (dinaciclib transport in basolateral-to-apical direction divided by transport in apical-to-
basolateral direction) with or without inhibitor were calculated using data acquired 6 h after dinaciclib addition. Data are presented as means -+ SDs obtained from at least
three independent experiments. Asterisks indicate the statistical significance of differences between r values in the absence and presence of the inhibitors (*P < 0.05,

**P<0.01, ***P<0.001).
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Table 1

Antiproliferative 1Csq values of dinaciclib in MDCKII cells in the absence and presence of ABC transporter inhibitors.
Drug® MDCKII MDCKII-ABCB1 MDCKII-ABCC1 MDCKII-ABCG2

1Cs0 (M) 1Cs0 (M) RF” 1Cs0 (M) RF 1Cs0 (M) RF

DIN 0.024 +0.0049 0.16 + 0.054* 6.7 0.088 +0.014** 3.7 0.070 +0.086** 29
+LY 0.016 +0.00039 0.017 +£0.0018 11 - - - -
+MK 0.023 +0.0023 - - 0.031 +0.0042 13 - -
+Ko 0.029 +0.0022 - - - - 0.036 +0.0072 12

-: not applicable.

3 DIN, dinaciclib; LY, LY335979 (1 wM); MK, MK-571 (25 uM); Ko, K143 (1 uM).

b RF values were calculated by dividing the ICso values for ABC transporter-overexpressing cells by those for parental cells. Asterisks indicate the significance of differences
between ABC transporter-overexpressing cells and parental cells, as determined by unpaired t tests (*P< 0.05, **P < 0.01, ***P < 0.001).

cell line (RF=6.7), indicating that ABCB1 mediates dinaciclib efflux.
Similarly, both ABCC1 and ABCG2 conferred resistance to dinaciclib
in MDCKII-ABCC1 and MDCKII-ABCG2 cell lines, with RF values of
3.7 and 2.9, respectively. To confirm the effect of ABC transporters
on sensitivity to dinaciclib, the cell proliferation assays were
repeated with combinations of dinaciclib with model inhibitors of
the overexpressed transporters. In each case the inhibitors
significantly reduced the cells’ resistance to dinaciclib: 1M
LY335979, 25 uM MK-571 and 1 M Ko143 reducing the RFs of
MDCKII-ABCB1, MDCKII-ABCC1 and MDCKII-ABCG2 cells to 1.1,
1.3 and 1.2, respectively, which further indicates the role of ABCB1,
ABCG2 and ABCCI1 in the resistance to dinaciclib.

3.3. ATPase assays

To further characterize whether dinaciclib interacts with
ABC transporter-associated ATPase activity, we tested its modu-
latory effects on vanadate-sensitive ATPase in isolated Sf9
cell membranes overexpressing human ABCB1, ABCC1 and
ABCG2. In the ATPase activation assay, dinaciclib did not
stimulate increases in vanadate-sensitive ATPase activity of the
tested transporters. However, in the inhibition study, dinaciclib
significantly lowered the stimulated vanadate-sensitive ATPase
activity of all three transporters at concentrations >100 M,
strongly confirming that dinaciclib interacts with ABCB1, ABCC1
and ABCG2 (Fig. 2).

3.4. Effects of dinaciclib on ABC transporter-mediated efflux of
fluorescent substrates

To determine whether dinaciclib can inhibit ABC transporter-
mediated efflux we tested its effect on the accumulation of known
substrates in MDCKII cells. DNR, a fluorescent substrate of
ABCB1 and ABCC1, was used to determine the effect of dinaciclib
on ABCB1- and ABCC1-mediated effluxes. In MDCKII-ABCB1 cells,

we observed no significant effect of dinaciclib on intracellular
accumulation of DNR (Fig. 3A). However, it significantly and dose-
dependently enhanced DNR accumulation in MDCKII-ABCC1 cells
(1.5-, 1.9- and 2.4-fold at 10, 30 and 50 uM, respectively) with an
ECso value of 18 +5.9 wM (Fig. 3B). Indeed, at the highest tested
concentration (50 M) its inhibitory effect was similar to that of a
model ABCC1 inhibitor, MK-571, applied at the same concentration
(a 2.5-fold increase in DNR accumulation). In addition, dinaciclib
significantly increased the intracellular accumulation of MIT, a
fluorescent substrate, in MDCKII-ABCG2 cells, but only at the
highest tested concentration (50 wM). At this concentration it
induced a 2.5-fold increase in MIT accumulation (Fig. 3C),
substantially weaker than the response to the ABCG2 model
inhibitor, Ko143, at just 1 uM (a 6.5-fold increase). No effect of
dinaciclib on DNR or MIT accumulation was observed in the
control MDCKII-parent cells. Our results suggest that dinaciclib
can inhibit ABCC1-mediated efflux and may be able to reverse
ABCC1-mediated MDR.

3.5. Drug combination assays

Since dinaciclib potently inhibited ABCC1-mediated efflux of
DNR, combination studies were performed to assess its ability
to sensitize ABCCl-expressing cells to selected cytotoxic
ABCC1 transporter substrates through ABCC1 inhibition. Employ-
ing the XTT assay, the antiproliferative effect of dinaciclib alone
was assessed and compared to the effect of concomitant treat-
ments of dinaciclib with DNR and TOP. The combination indices
(ClIs) obtained for combinations of dinaciclib with DNR or TOP in
MDCKII-ABCC1 cells were lower than 0.9 across the entire range of
drug effect levels, indicating that these drugs have synergistic
antiproliferative effects (Table 2). In contrast, the combinations of
dinaciclib with TOP and DNR had significantly weaker and no
synergistic effects, respectively, on the control (MDCKII-parent)
cells (Fig. 4A and B).
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Fig. 2. Effects of dinaciclib on the ATPase activity of ABCB1-Sf9 (A), ABCC1-Sf9 (B) and ABCG2-Sf9 (C) membrane preparations. Vanadate-sensitive activity in the presence of
dinaciclib in activation (@) and inhibition ([]) experiments. Lower dotted line represents baseline vanadate-sensitive ATPase and upper dotted line represents activated
ATPase triggered by a reference substrate in all graphs. In the inhibition and activation assays, reductions in the stimulated ATPase activity (indicating interaction of the drug
with transporter's ATPase) and increases in baseline ATPase activity (indicating the drug as a transporter substrate) were measured, respectively. Data are presented as
means -+ SDs obtained from three independent experiments. Statistically significant differences between stimulated control and dinaciclib-treated samples in inhibition
assays (*P<0.05) were determined using unpaired t tests.
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Fig. 3. Effects of dinaciclib on the intracellular accumulation of DNR in MDCKII-ABCB1 cells (A) or MDCKII-ABCC1 cells (B) and MIT in MDCKII-ABCG2 cells (C). The results
represent fold changes in median fluorescence intensity compared to signals obtained with untreated controls. LY335979 (1 M), MK-571 (50 uM) and Ko143 (1 M) were
used as model inhibitors for ABCB1, ABCC1 and ABCG2 inhibition, respectively. Data represent means + SDs obtained from three independent experiments. Asterisks indicate
the significance of differences, relative to controls, determined by unpaired t tests (*P < 0.05, **P < 0.01, ***P < 0.001).

Table 2

Combination indices (Cl) for drug combinations assessed after 72 h of simultaneous treatment in MDCKII-parent, MDCKII-ABCC1 and T47D cells.
Drug® 1Cs0 (M) Ratio Cl
I I I 1l LI 75% effect 90% effect
MDCKII-parent
DNR DIN 0.69+0.083 0.024 +0.0049 1:0.034 1.3+017 12+0.22
TOP 3.3+0.20 1:0.00073 0.97+0.033 0.81+0.10
MDCKII-ABCC1
DNR DIN 3.8+0.26 0.088-+0.014 1:0.023 0.50+0.010 0.44+0.017
TOP 17+16 1:0.00052 0.53 +0.0071 0.44+0.019
T47D
DNR DIN 0.13+0.0073 0.011 +0.0024 1:0.085 0.93+0.21 0.59+0.20
TOP 0.041 +0.0026 1:0.27 0.96 +0.21 0.88+0.30

2 DIN, dinaciclib; DNR, daunorubicin; TOP, topotecan.

In the ABCC1-expressing T47D human ductal breast carcinoma
cells, the dinaciclib with DNR and TOP combinations showed
synergistic cytotoxicity at drug effect levels of >80% and >90%,
respectively (Fig. 4C and D).

4. Discussion

Evaluation of new molecules that interact with membrane-
bound drug transporters is an integral part of drug development
and regulatory review [29]. In vitro studies using ABC transporter-
overexpressing polarized epithelial cell lines are considered a
critical first step in the assessment of drug interactions with these
transporters [ 18-20]. Dinaciclib, currently in phase 3 clinical trials,
is an attractive potential cancer therapeutic because it inhibits
several key CDKs. In the study reported here, we used MDCKII cells
transduced with human ABC transporters to explore interactions
of dinaciclib with ABCB1, ABCC1 and ABCG2 transporters in vitro.

According to the ITC white paper [17], a compound is
considered a potential substrate of apically localized transporters
if its transport ratio is >2 (i.e., transport of the drug is at least twice
as high in the transporter-driven direction than in the opposite
direction), provided that the epithelial cell system used expresses
the studied transporter and a model inhibitor reduces its transport
by >50%. Dinaciclib exhibited high transport ratios when applied
to ABCB1- and ABCG2-expressing MDCKII cell monolayers
(30.8 and 7.84, respectively), and addition of model inhibitors
significantly decreased these ratios, by 96% and 83%, respectively.
Based on these findings, we conclude that dinaciclib can be a
substrate of both ABCB1 and ABCG2 transporters. As ABCC1 is
localized basolaterally in MDCKII-ABCC1 cells, the transfer of
ABCC1 substrates should be greatly accelerated in apical-to-
basolateral direction rather than in the opposite (basolateral-to-
apical) direction. We observed a significantly lower transport ratio

of dinaciclib in MDCKII-ABCC1 cells (0.91) than in MDCKII-parent
cells (1.29), with significantly accentuated transport in apical-to-
basolateral direction, and significant (26%) inhibition of dinaciclib
transport in this direction by an ABCC1 inhibitor (MK-571). These
findings indicate that ABCC1 contributes to the transport of
dinaciclib. However, as the ITC does not provide substrate criteria
for basolaterally localized transporters, we cannot conclusively
consider dinaciclib an ABCC1 substrate.

We have also shown that overexpression of all three studied
transporters (ABCB1, ABCC1 and ABCG2) confers resistance to
dinaciclib. In all cases the transduced cells were significantly (2.9-
to 6.7-fold) more resistant to dinaciclib than the control parental
cell line. Furthermore, co-administration with selective inhibitors
resulted in complete reversal of the resistance in the correspond-
ing cell lines. These results suggest that efflux of dinaciclib
mediated by ABC transporters should reduce its antiproliferative
effects. Moreover, application of dinaciclib in a broad range of
concentrations significantly decreased activated ATPase activities
in the ATPase inhibition assays, which is a typical feature of
transporter inhibitors and slowly transported substrates [30].

Since ABC transporters, particularly ABCB1 and ABCG2, consti-
tute an effective pharmacological barrier by restricting the passage
of drugs through membranes [14], dinaciclib will probably have
low permeability to sensitive tissues and organs, e.g., brain and
fetal tissues. Its interactions with ABC transporters will also
presumably affect its disposition in the body, and the transporters
may present important sites for pharmacokinetic DDI if it is used in
combination with other therapeutics.

Moreover, as mechanisms of resistance to dinaciclib have not
been previously addressed in detail, it should be noted that ABC
transporters could diminish the accumulation of dinaciclib in
cancer cells, leading to the development of drug resistance and
subsequent failure of anticancer therapy. Recent data have
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Fig.4. Combination indices for applications of dinaciclib with DNR (A and C) and TOP (B and D) in MDCKII-parent (), MDCKII-ABCC1 () and T47D (@) cells. Lines represent
computer-simulated CI plots in MDCKII-parent (dashed line), MDCKII-ABCC1 (dotted line) and T47D (full line) cells, while symbols represent experimental data points. The
concentration ratio was based on the ICsq ratio of individual drugs. Cl values < 0.9 indicate synergism, values =0.9-1.1 indicate additivity, and values > 1.1 indicate antagonism.
Drug effect levels were calculated from the cell viability values and correspond to the proportions of cells affected by the drug combination: 0 and 100% indicate no and
absolute antiproliferative effects, respectively. Data are presented as means -+ SDs obtained from three independent experiments.

indicated that cancer cells can develop resistance toward
dinaciclib, but the evaluated mechanisms did not include ABC
transporter expression [31]. Furthermore, other known resistance
mechanisms, like upregulation of antiapoptotic Mcl-1, are unlikely
as dinaciclib has been shown to inhibit Mcl-1 transcription, leading
to significant apoptotic cell death [32-35]. Thus, the findings
presented here appear to be the first indications that ABCB1-,
ABCG2- and ABCC1-mediated transport is the causative mecha-
nism of cellular resistance to dinaciclib.

Several studies have convincingly shown that tyrosine kinase
inhibitors (TKIs) can inhibit ABC transporters and modulate MDR,
both in vitro and in vivo [36-39]. Similarly, we have recently
demonstrated that several novel small molecule protein kinase
inhibitors can modulate MDR [21,40,41]. In the present study, we
demonstrated that dinaciclib can effectively inhibit ABCCI-
mediated efflux of DNR (ECsp= 18 M), indicating that this drug
may be able to reverse ABCC1-mediated MDR. Interestingly, we
observed weak and no inhibitory effects of dinaciclib on ABCG2-
and ABCB1-mediated effluxes, respectively.

The new novel kinase inhibitors are believed to have high anti-
cancer potential, especially in combination with conventional
chemotherapeutics, because they can circumvent compensatory
mechanisms that are generally activated when CDKIs interrupt cell
functions [42,43]. Dinaciclib has already been found to potently
synergize with cisplatin in preclinical models of ovarian cancer,
corroborating potential benefits of combinational therapy [44].
Several other combinations of dinaciclib and other drugs, e.g.,
rituximab or epirubicine, are being evaluated in ongoing trials
(clinicaltrials.gov, ID: NCT01650727 and NCT01624441, respective-
ly). Therefore, we investigated whether dinaciclib could potentiate
the cytotoxic effects of other anticancer drugs through

ABCC1 transporter inhibition in vitro. We hypothesized that by
inhibiting ABCC1-mediated effluxes of DNR and TOP, dinaciclib
could increase intracellular accumulation of these drugs and
enhance their cytotoxic effects. Accordingly, synergistic effects
were observed when combinations of dinaciclib with DNR and TOP
were applied to ABCC1-transduced and parental MDCKII cells as
well as human tumor-derived cells expressing ABCC1. Further-
more, combinations of dinaciclib with DNR or TOP had significantly
more pronounced synergistic effects in MDCKII-ABCC1 than in
MDCKII-parent cells, suggesting the effects are directly related to
ABCC1 expression. We believe that inhibition of ABCC1 was also
responsible for the synergistic effects of these combinations in
human ductal breast carcinoma T47D cells, as they abundantly
express ABCC1 [41,45]. Exploiting the synergistic activity of
dinaciclib and ABCC1 transporter substrates could therefore offer
a promising clinical strategy, particularly for treating resistant
tumors.

In conclusion, we have provided the first demonstration that
dinaciclib is a substrate of ABCB1 and ABCG2 transporters, and an
inhibitor of ABCC1 transporter. These pharmacokinetic features
should be considered before bringing dinaciclib into clinical
practice as they may result in DDI in normal tissues and/or
multidrug resistance in cancer cells. On the other hand, we also
show that DDI associated with dinaciclib could be beneficially
exploited in cancer treatment if combined with other cytostatic
substrates of ABCC1.
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7 Zavér
V ramci této dizertacni prace jsme prokazali interakce novych protinadorovych 1é¢iv

ze skupiny CDKI s ABC Iékovymi transportéry, a to jak ve smyslu inhibice jejich efluxni

funkce, tak i substratové afinity.

Prvni prace, na které jsem spolupracovala, méla za ukol zjistit, zda jsou purinové
CDKI olomoucin II a purvalanol A substraty lékovych transportéra ABCB1 a ABCG2.
Pomoci metody transportu pies polarizovanou bunécnou monovrstvu MDCKII
bunéénych linii jsme jako prvni zjistili, Ze olomoucin Il je substratem obou testovanych
transportéru, zatimco purvalanol A neni transportovan ABCB1 ani ABCG2. Z téchto
vysledkl vyplyva, ze farmakokinetika olomoucinu II mtze byt po podani do organismu
vyznamné ovlivnéna z diivodu pfitomnosti efluxnich transportéri ABCB1 a ABCG2
ve fyziologickych bariérach. V nddorovych buiikich s vysokou expresi obou transportérii
muze navic dojit ke snizené akumulaci olomoucinu II a k néslednému selhani
protinadorové terapie. Pfi podani této latky v kombinaci s dal$imi substraty ¢i inhibitory
ABCBI1 ¢i ABCG2 muze dojit ke vzniku lékovych interakcich a tento fakt by mél byt
bran v potaz pfi piipadném zavadéni olomoucinu II do klinické praxe. Na druhou stranu,
farmakokinetiku  purvalanolu A  transportéry ABCBI a ABCG2 neovlivni,
coz zvyhodnuje tuto latku pro pouziti v terapii rezistentnich naddord. Z téchto vysledka je
ziejmé, Ze i chemicky velmi podobné latky jako jsou olomoucin II a purvalanol A, mohou
mit odliSny interakéni potencidl vici ABC transportérim ¢i biotransformacnim
enzymum. Pfi stanoveni koncentrace olomoucinu Il pomoci metody HPLC-MS jsme
navic pozorovali, ze v bunikach dochazi k jeho metabolizaci, konkrétné k sulfataci, coz
muze vést ke kontaminaci vzorkd  farmakokinetické analyzy pfi  jiném
neZ chromatografickém stanoveni (pfedev§im pifi méfeni akumulace radioaktivné

znacenych latek, kdy neni bran v potaz vznik metabolitu) a $patné interpretaci vysledkd.

Ve své prvni vlastni experimentalni praci jsem navazovala na ptivodni préaci naseho
kolektivu, kterd ukéazala, Ze CDKI olomoucin II, purvalanol A a roskovitin inhibuji
1ékovy efluxni transportér ABCG2 a Ze olomoucin II je na rozdil od purvalanolu A
substraitem ABCBI1 1 ABCG2. Podobnymi metodami jsme na modelové bunécné linii
MDCKII-ABCBI ukazali, ze tyto latky a navic i dalsi CDKI flavopiridol a SNS-032
snizuji eflux fluorescencnich substratii zprostiedkovany ABCB1, coz muze ovlivnit

farmakokinetické chovani spolecné podanych substrati tohoto transportér.
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Olomoucin II vykazoval nejsilngj$i inhibicni aktivitu vici ABCBI, nasledovan
roskovitinem, purvalanolem A, flavopiridolem a SNS-032. Inhibice byla potvrzena
i snizenim ATPazové aktivity ABCBI1 po aplikaci jednotlivych latek. Jediny
olomoucin II ATPazovou aktivitu ABCBI1 i zvySoval, coz dokazuje, Ze je i substratem
ABCBI. Déle jsme ukézali, ze nejsilngjsi inhibitory ABCB1 (olomoucin II, purvalanol A
a roskovitin) synergicky potencuji cytotoxicky efekt konvenénich protinadorovych Iéciv,
substratt  ABCB1, v modelové MDCKII-ABCB1 anadorovych HCT-8 a HepG2
bunécnych liniich. Tento synergicky efekt je v tomto ptipadé dan vlastni cytotoxickou
a protinadorovou aktivitou CDKI a navic zvySenou akumulaci daunorubicinu v buiice,
zpusobenou specifickou inhibici ABCBI1. Podani obou 1é¢iv v kombinaci pak miize vést

ke snizeni kumulativnich dévek jednotlivych latek a ke snizeni rizika vzniku mnohocetné

1€kové rezistence a nezadoucich ucink pti terapii nddort s vysokou expresi ABCBI.

Cilem nasi dal$i prace bylo stanovit interakéni profil dalSich CDKI, konkrétné
AT-7519, flavopiridolu a SNS-032, které se jiz nachazeji v nékteré z fazi klinického
hodnoceni, s ABC transportéry podilejicimi se na vzniku mnohocetné 1ékové rezistence.
Na modelové linii MDCKII, exprimujici jednotlivé transportéry jsme zjistili,
ze transportér ABCBI1 nepfispiva ke vzniku rezistence vici flavopiridolu, nicméné
se ucastni transportu AT-7519 a SNS-032. ABCG2 a ABCCL1 na druhou stranu mohou
zpusobit rezistenci viuéi flavopiridolu, ale uz ne vaci AT-7519 a SNS-032. Flavopiridol
a SNS 032 inhibuji transport substrati ABCG2 a flavopiridol navic vykazuje inhibi¢ni
schopnost vii¢i ABCCI1 s aktivitou srovnatelnou s modelovym inhibitorem ABCCI,
MK-571. Jelikoz se CDKI v klinickém zkouSeni pouzivaji i v kombinaci s dal$imi
protinddorovymi 1é€ivy, bylo naSim dal$im cilem stanoveni synergického efektu latek
podanych v kombinaci. Latky s inhibi¢ni aktivitou viici ABCB1 ¢i ABCG2, flavopiridol
a SNS-032, byly aplikovany spolu v daunorubicinem ¢i topotekanem, coz jsou substraty
ABCBI1 a/nebo ABCG2, nadorovym bunéénym liniim HepG2 a T47D. Ve vsSech
ptipadech doslo k synergickému protinadorovému ptsobeni a zlepseni efektivity podani
jednotlivych latek. CDKI zde funguji jako modulatory apoptézy navozené
daunorubicinem a topotekanem, a navic piekonavaji mnohocetnou lékovou rezistenci

inhibici ABC transportéri.

M4 posledni prvoautorskd prace se zabyvala studiem lékovych interakci ABC
transportérti s CDKI dinaciclibem, ktery je jiz ve fazi III klinického hodnoceni pro terapii

hematologickych malignit. Znalosti téchto interakci je totiz nezbytnou soucasti vyvoje
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nové terapeutické latky a optimalniho zaclenéni do klinické praxe. Dle doporuceni ITC
je latka substraitem ABCBI1 ¢i ABCG2, pokud je transportni pomér (podil transportu
V bazolateralné-apikalnim sméru k transportu ve sméru opacném) vyssi nez 2 v systému
epitelidlnich bun¢k s expresi dané¢ho transportéru. Pomoci experimentd v MDCKII
bunécnych liniich jsme zjistili, ze transportni pomér dinaciclibu je 30,8 v MDCKII-
ABCBL1 a 7,84 v MDCKII-ABCG?2 buiikéach, coz znaci, ze tato latka je transportovanym
substratem obou transportéri. Z nasich dalSich experimentl je ziejmé, Ze transportéry
ABCBL1, ABCG2 i ABCC1 mohou navodit rezistenci vuci dinaciclibu jeho aktivnim
transportem ven zbunky, cozmuze piedstavovat znacnou prekazku v Gspésné
protinddorové terapii. Prostup dinaciclibu pies fyziologické bariéry mize byt zpomalen
a farmakokinetika této latky po podani do organismu mize byt ABC transportéry znacné
ovlivnéna. Hrozi zde i riziko ¢etnych Iékovych interakci pti podani s dal§imi latkami.
Interak¢niho potencialu dinaciclibu se vSak da i vyuzit pfedevsim z toho diivodu, Ze tato
latka je inhibitorem ABCCI1. V navaznosti na podavani dinaciclibu v kombinaci s dalsimi
1é¢ivy v klinickém zkouSeni jsme podavali dinaciclib v kombinaci s ABCC1 substraty,
daunorubicinem a topotekanem. Na lidskych nadorovych bunéénych liniich jsme zjistili,
ze dinaciclib je schopen piekonavat mnohocetnou lékovou rezistenci viaéi danym
substratim, zvysit jejich akumulaci v buiice a synergicky potencovat cytotoxicky efekt

téchto protinadorovych 1é¢iv (obr. 5).

Dinaciclib
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Obr. 5. Schématické znazornéni interakce dinaciclibu s ABC transportéry.

Vyse uvedené vlastnosti CDKI mohou zvysit riziko 1ékovych interakci pfi uvedeni
do klinické praxe, ale ve vétsiné piipadi mohou také zvyhodnit pouziti téchto latek jako

novych protinadorovych 1é¢iv. CDKI pusobi jako 1é¢iva s dudlnim u¢inkem: (i) zastava
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bunécného dé€leni inhibici CDK a (ii) schopnost piekonavat mnohocetnou lékovou

rezistenci nddorovych bunék pfi podéani s konvencnimi cytostatiky (obr. 6).

Tato prace tak vyznamné rozsifuje soucasnou znalost farmakokinetickych vlastnosti

CDKI a potvrzuje jejich vyznamny potencial v terapii nadorovych onemocnéni.
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