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Ng§zev dizertaln?2 pr8ce:

I nterakce inddielpienadret oc3ABICI heifrd 812x n & mi tran

invitro: vl i v na mno hoistendivpaw tli @k8adwa w viRe zz er ap i

Cykinndependentn2 kin8zyebubpti dbue®l h®bor .
zvigeng§ aktivivavegakn@@igeovPRehokonenmdoumidm
tyto enzymy st8vaj2 novIim racion§8ln2m c2]|
| Szek skupi ny i-dnehpiebnidieonrtTn 2ceyhk I kiinn § zr TZMDIKAd R |
f8z2ch klinick®ho hodnocen?z.

ABC efluxn2 transport®ry jsou exipwRuno §n
absorpci, distribuci a exkresivi ch substr 8t T vlietnhD | ®iv
farmakokinetick® vlastnosti. Na druhou s
vhg§dorovich buRk&8ch mTge pSisp2vat ke vzn
odlignTm protingzd®stowpen p®O®I o MimbddjEJo nej v I
ABCB1 (P-glykoprotein), ABCG2 (breast cancer resistance protein) a ABCC1

(multidrug resistance s soci ated protein 1). Il nhi bitor:
mohou pSi soulasn®mzpbdBnonéMbemNd2®| pgd 2
farmakokineticklch I ®ovich interakc?2, Kkt e

vorganismu a ovlivnit tak vislednlT % inek



C2lem m® pr8ce bylo objasnABC Tt naepesphlkcrce@®
pomadrcvtromet od a zjistit, j estl i tyto i nter
konven|ln2ch protin$Sk&dcdvin€hlolr®vil e hv buRk §c |

Pomoc2 akumul aMMDhCklhl nbeurmo@ ni ch | ini2ch e
| ®kov®t®ryng pore zhjoidntoGh&ipRrvalanol A, 8lomoucin Il

roskovitin, flavopiridol, SN 3 2 , dinaciclib a palbocicld:i
jednoho testovan®ho ABC TbafsmewvtyRraz,0vahht
i nhi bi IVi@| beBfdeckrto.vT chj epemb ®h Nua kombsacip pod§
aby byl o dosafenapeuwtligekiktBhhma sn2 dgen®ho r
mnohol et n® | komdetadyk Dimdbti exrad en.2 h o -Taadhye x u dl
jsmevl i dskTch ngmdcoviildmiBemRIpsok®Dagh® pod:¢
kterl m8& schopnost I,ralkciyd ov aotsiudB®hr &8 rand md
transup erotv@rde ke zvI gen® urbisttrra8twn NIpro® eankcu mt
a synergick®mu protBamBldor om®ceal pFdpbenda;j
bunhNl nTch 1lini2 jsme poudgili i pro studiun
transportn? met ody p S ees idemtifikovAlil alomoucinmlo no v r s
adinaciclib jako substrg8ty ABCB1 a ABCG2.

P o marcwtro metod jsmetapr ok,8z@é i CDKI ABICt @ mraqsjpor $
jako inhibitoryNDakbeo pldpadda&dly. s& d§ pSed
vkombinacid al g 2 mi | ® i vy mTge doj2t ke vzniku
aktivita CDKIV[ | i ABC tmmhgeoobit®rJyugita pSi pSek

| ®kov® rezistence n8dorovich bunnhk.
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Title of doctoral thesis

Interactions of cyclin-dependent kinase inhibitors with ABC efflux transporters

in vitro: impact on multidrug resistance in cancer herapy

Cyclin-dependent kinasglay an important role in cell cycle regulation and their
enhancedctivity can lead to the development of various malignan€iestefore, these
kinases have become a rational target for inhibition in cancer therapy amg ma
compounds from the group of cycldependent 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 theisssakes 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 oomgs. Three
members of the ABC transporter family play the most prominent role in the development
of MDR: ABCB1 (Rglycoprotein), ABCG2 (breast cancer resistance protein) and
ABCC1 (multidrug resistaneassociated protein 1). Inhibitors and substrateABT

transporters may participate in drdgug interactions when administered simultaneously



in the treatment of various diseases, which can significaffilgtahe drug disposition in
the organism andlterthe therapeutic outcome or adverse effects.

Theaim of my thesis was to elucidate the interactions ofd¢hlextedCDKIswith
ABC transporters using 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 th#te tested CDKd (purvalanol A, olomouciall, roscovitine,
flavopiridol, SNS032, dinaciclib and palbociclib) are all inhibitors of at least one of the
ABC transporters, whereas A519 showed no inhibitory potency. In cancer treatment,
drugs are often adinistered in combinations to increase efficacy and limit the risk of
MDR. Employing the combination index method of Chialalay in human cancer cell
lines, we showed that simultaneous administration of a CDKI with inhibitory potency
towards an ABC trangpter 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 studieel substrate affinity of CDIStoward ABC transporters

and identified olomoucine Il and dinaciclib as substrates of ABCB1 and ABCG2.

Employingin vitro methods wdoundthat CDKk interact with ABC transporters
as inhibitors or substrates. In these caskesgdrug interactions can occur whéme
CDKiIls are administered simultaneously with other drugs. On the other hand, we also
demonstratéthat inhibitory activity of CDK$toward ABC transporters can be exploited
to battle the problem of MDR.
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1 Zkratky

ABC ATP-bindingcassette r odi na efl uxn2ch tr

ABCB1 P-glykoprotein, Pgp, MDR1

ABCC1 multidrug resistancassociated protein 1, MRP1

ABCG2 breast cancer resistance protein, BCRP

CDK cykinrdependentn2 kin8za

CDKI inhibitor cyklinnd e pendent n2ch ki n8§8z

EMA European Medicines S8A@agremyt,urbvr

FDA Food and Drug Administration PSad pr o kontr ol
a | ®|iv

MDCKII Madin-Darby canine kidney bunD|l n&§ | ini e

MDR mul tidrug resistance, mnohol et

Rb retinoblastom

Pozng8mka

Vtextu mohou bTtveplrkoltneii niye boaz nmdlelaminogt $ me
soul asn8 doporulen2, kter8 poug2vaj? vel k¢

u zv2Sec2ch ekvivalentT
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2 Pvod

Ng§dorovg§ onemocnhln?2 pSedxsltiavumdr bhiedlintuy ze
nas v N[N Kagdl takkovn@ mocnMDn2dimgwnwosti kovgno

nel@dmi |l i -nu lid2, pSilemg 8 mili -nT pacient
um2[Rl§ Za Azlatl standardfi proting8§dbndv® t
cytostatika, kter§ vykazuj 2 DdyAt onteobxa cjké | 2e

prekurzoryys mrode nv@dreerjbeurh®k, al e nevIihodnkl
rychle se d3®l.2cradhg2burmziBkwvagnim | imituj2c?r
kl asick® protin8§dorov® terapie j e f enome@
KrezistentcostwEliik Tmy mTge doj 2t farmakodyn
zahrnuj?2 naps§s. aktivaci reparace DNA | S
farmakokinetickT mi me c h entrdcis aeytpstatikak b @ R ®e s n i
pod%l i nnou cytotoxivikewm] morededntxreancinebo bi o
| 8§ t[6k 7.

Jednou 2 astl ch pS2]in mnezisterce, e . n @zistehc® k o v ®
vIprotingdorovim | ® MV Tmkugznivthesg§rakpue
t r ans pwdiny @FRPinding cassette (ABO)me mbr §nN n8§dd&ov Tl ch
10. Obecnh tytp ABWt ransport®ry oegpnembv sinlyzna
o v | i cv2Raligoroci, distribuci axkrecil ® | naap¥.nk® st Sevo, mozel
j 8tra,aljesiovi ntygdy i If s tmiark orkzl s®keoriv dvcdhrciknut e
[11,12]1 Zt ohot o dTvodu vydalo International Tr
studium i nABC€Cakc ai8)eabyse sktapoyilyjejic f ar makoki net
a bezperd npresaofsitli yuca j ako | e (Edrupeampedkiges | ®k o v
Agency, EMA) | i amerBiSakd pro kont r (Fbod ang ®tug avi n
AdministrationFDA)n § s | ednD svIimi vl ast n2itstindtmDr ni ce
metodvt omt o v 1 zkuMni®lMas mRmu ku mnohol etn® | ®k
nej vl zinapmnd®jl 2 pSedevg?2m t ABCBlzRBgykoprgteni ABC
P-gp, MDR1), ABCG2 (breast cancer resistence protein, BGR&BCC1 (multidrug
resistenceassociated protein 1, MRP1)

Snaha vyvinout nov® K| iprzoltea pngBidto rsotv8Rv & ja2r cnta
vposl edn?2 ch inttrmisnetmiul evtl2voolj ik modul §tor T ABC |
kt er® by pootpiod&8hrowvIim | ® ivem ide§lnh 2z
zn§8dorov® buRky a t2m zvIigily jeho nitrobu
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neosvdlviolduz n2 zR®vgbek®i Yioxy city [p6pbug2var
PoneY%s pBcladi $ n2nyi AmBoQd utlr8atnosrpor t ®r T se zamhS¢
na sl ouleniny, kter® prim8rnhD nebyly vyvi
rezistence, al e jako ItegapikMp opr e dnz2] @dmdd) Erea
ge kromhD tNDchto moBdQ | t§rt am S[p onmot h®nwyd & fnbkeinki o v
| 8t kami ze skupiny antineopl[f&kt kk esvd@o pk o @t
strukturoadlii 1® nkembRgnN poug2vanlich inhi
| 8t kyp Seabm&wdjs2t enci zpTsobenou ABC trans
cytotoxickT Y inek a vy i asitroutgk?n vips dokonddd | i v ®
ivkl i ni ckT[@d&20]st udi 2 ch

Zcelanovou skupinod §tvek ot i n§do p &e @ s ihhibitow jeyklin-
dependentn2ch kin§8z (CDKI), rkdgul®uijiidtht buj
cyklus. ZvTi gen8§ alotienzyamTtNeyhita proB8p&oal cphSi
onemocridrh2ot oZ dTvdepesdenyk?i kin8§zy st 8vaj
c2lem protingdorov® terapie a mnohonl &h ek
f§z2ch klinick®ha,phbdoocendvinBylunpRdntsomcwhn
americkou FDA pro | ®| bme tpaosstt arrewnjo?pcazum Sk anrr i
[21].

Far makodynaavrim&kkRoka ndt i ck® chov§8n? CDKI
prekl i,ni g&k&mioniick®ho hodnocen?z, I MBOr mace
transpovd ®r 2 jns oPobeezdecnh®.z 2 pr §ce nag?2 vizku
i nhi bBktivitnCGDK I prvn? gener ace \2Z]lailze pr®ddC G2 t r
pSedpok | Bawdiatk?dg\el c hvko@Hnkcl scyt ot o xsiucbksitmi§t y
i nhi boABEhTfahsport ®r Tvhblyodm®mw sWser i ¢ k ®mu
|l 8tek a zlepgit tak efekWVpSetpaddBNHn®vmPze®
hypot ®zy by bylbovagnogatht did@BKIn8 mk ya| $ nkem (i
mnogen?2 ngdorovich but®ie rakentvi2tm uk ipmr&z§ m
pSekon§vhag|2ect2n omn ol ®k o pod §knrzvsesrt lem2cm  @ySti 0 s t
Nav2c | e netdoyislosPmeg€Lbkuld oa ABC tr adyvpadut ®r
vl asn®ho vyhodnocen? mognTi ch farmakoki net
vpr TbRDhu pod8vs8&§n2 tNDchto | ® iv mohly nast a
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3 Teoretick8 | §st

31 Cykin-dependentn2 kin8§zyn8dpepvtbhrohemuoen

Cyklin-d ependent n?2 kin8zy ( CDK) j sou vel kol
(konkr®tnh jsou t o serin/treoni regua® ki n§
fyziologickllcdr ypaotoicegkklfoh jru rblikeddtranskripcey k | u's
RNA [23]. Aktivn? CDK fosforyluj? rodinu ret
kuvol nRn2 transkripltn2eh Tb8kt buhNRho®hbclky
aktivita CDK je ryligynelovirhihitary CDKt(@DK)a[R4L 2 s
Cykliny jsou proteiny, kter@r Tshuu slywmn @It n
cykl u, sl oug? j ako regul a-CDK?a tgpovel jefeld not ky
navsg8§z8n2m na CDK v[25). CBK®neprkeinteragajé cykliimemi!| e x
pSed vstafBem,daxcod navod?2 csyyknlti@zeum DANSADd hae np
(obr.1) Mi tn&sal Za@dnd)j ena vazboul26C0DKA/CDKa(pac y kI i n
navg§z8n2 na cyklin D) jlwnudlhd &@wkne? iy k drleng2uhl o
boduGdoSf §zel pben2zm antiproli f@llal QB mF erkadl
ve Vvivoji28lneExpndse CDK®6 weltfymnbal omgeinc kT
detekov&na a jej2 zwllgveonae makntiikvoiltiak aj ed r supn
onemo 9)NPNn@DK7 a 9 maje2guslvaocui ftunakncsik rvi pce p S
pol ymel38)]z4atl2 mcopodpbroy? aktlimaijttu sChkK,pnG
potl al it jejich fruengkactii van Fy S ieu@®iicjgod ®a k  k
rozdhDleny do dvou skupin na z8kladhD struk
bl okuj?2 funkc¢i za@Digldhepa iGDhK6Gbi t ory jsou m®nh
i nt er &kdvitamijos t | k in AR h

TypickIim znakedor nmi®ixk | ee xzpmmiensa va/ nebo
CDK, cyklinT |i endogenn2ch CDKI ,cykkmg Vv ed e
a nekontrolovan® proliferaci3lnedgp$.sl ®mMn
vregulaci sign8ln2 kask8dy zahrnuj2c2 CDK4
byl a pops8&8na u V2 c el[333R 08z0@éxptek, dkivikainebb n §d o
regulae C DK byl a t a k ®ouvisioatl e/z e mav T mi [35],f ekcem
Al zhei merovou | i P [86, K8T] n\stamtoo ohledu jsoueCGhK ¢ 2
raci oh@rapmuti cdbmamg@mmsn m¥ oregul ace bunn]

13



TiBS

Obr. 1. Rol e k o mpdcy&la Wb LCDIKI n®m cykl u Islag¥mku P

Malumbres et al[25].

32 Cykin-dependentwn?jcahkprioctB@izneSdoeov® terapi

Expresea aktivitaCDK vn §dor ov 1 ¢ h b uzRKkl §cehm§j em@nals t joe j
i nhibice mTge navoditeb@apRlunoec kymwvtl ha dwn@s |
ng§dorov@&t bbRkyg.s&@Tvimchd bice CDK st 8&vE§ novl |
ng§dorov®ho buwjoevi2cha sihnmaulz® = jsou pprekiyn i CcDKK® m
akl i ni c k ®nCDKl jsoull geésitdr.ukt urnD odl i gn® a zahr
flavonoidy a jejich analogi88]. Nej | ast Dji jsou CDKI kompet
vE8g:?z vaa zARATODHM ® m2 st o, j ej i c hngspecii@af39lh oBownj e

14



generace CDKI , kam patS2 flavopiridol ne
i nhi bovabtK vaz2 peorvd k@@ kese soxicitoukaimegs®ou
hodnocen2, cog vede ke snaldgml]lVpoesd|jednnhol
| et ech s e nej Y%spnNgnNji upl at[Rij 2p Semeovigfzin
pal bocicl i b%noktuefZA&Xboy@DKIn2 schv§gl en amer i ¢
propougli ®P bR karcinomu pr sul2l. pDasltgtecnho pmaiurei§
20 CDKI bylo hodnoceno m Dkt efr§8z 2 z kl i nick®ho zkoug:
hemat ol ogicklTchn@alpBlgnit i solidn2ch

33 Mnoholetng8 | ktereapingeéai svkeaobeonmemocnhn?

RozI|ligujeme dva t:yppSirepmriism&mrc?n §roswrilctt@ v
buRKyYy %l i nkjTn perinotkstbalibid § 56 kraenz8i st ence v zn
vpr TbNhu | ®pdwodk®y csel zv® HaR®wmust§vapta
rezi sddeknenj2l astNj g2m mechani smPmRkB&rwihk pal &
(1) posun kontroln2ch bodT bunh| n®hoh cykl
i pi dT, (3) inhibice apopt - -zy, (4) sn2gen]
zbuRKky, (6)-riephaulkd e 2@2MA mechani smT, (7) akt
vbuRce at[45]. (obr. 2)

Problematickim typem sekund8r nezisteree i st en
vTl i prwitm nl§®&oirwTm r Tznl cHl avmurktmec ma i $ m
tohoto typu rezistencev§ d or buR&kBch | e =z v I-jnding&assettepr e s e
(ABC) efluxn2ch tr ans p¢SaidRastlitikvekd e ROy a& t i & m
sniguj hitgreghwmD| noup rkod n cne§ndtorr §6Yi TTens:kyp n e k
rezistence byl klinicky pro&gpl8astui kmhowlaet
| 8tek ze skupiny i n[a7],biat greT tteyl®9 2ij mor e to idk
i skupinu CDKI.

15



Snizeny influx do bunky m Efluxni transportéry

@

Zmény ve slozeni *
membranovych lipid

Reparacni mechanismy
DNA, mutace

Obr.22Mechani smy vzni ku burhDlarv® 2rcehz insetcehrammd .s n
mnoholetn® | ®kov® rezistence je zvIigen2 ak
k t ekti@Dtranspori jS2aidytostatk ven b uRky a t2m sniguj2 e
Yal i nek. Modi fi kAMen&taldgd7]podl e | | 8nku

34 ABC transport®ry

ABC efluxn?2 transport®ry pSedstavuj2 dTI
| 8tek a xenobiotik pSes bunhlnou membr&nu.
| okal i pdwa&Zmatv ck® meuwmh2a&oD,puknpy DWBREY a Ru |
vel k® m@itogdsdtiviczgnlou struktaetobd andudgarkieamk T c
kovovich iontT, peptidT, aminplysehi Rongwk
amg abo48j t Transport tRNchim pBoe&ks emobpdéd 8t e
nazi sku energie z hydrollzy ATP, a mTge pr

16



Substr8tovs§ specifita tDchto transkpgmr2tc@r, T,
se mezi |jze¥sntou.p d®bidrdiggP j sou ABC t rj&ngmearht, ®!
|l edvingch a tenk®m st SevD, kde& 2 ov laibwsRU jpZk i
distribuci a @krechvs y st ®mov ® cir kul aci a jsou tedy i
i nt e[lla®]c2 D8l e se nach8zej2 v placentD, her
bari ®Se, THkdi hooaghkramin witlivich tk§&§n2 p
xenobiotik. PS2tomnost ABC hfdospoRk®cH, by
kdie doch&8z2 wmkstifvenRomy cytlo8ytadb u &k ® kejeggn2gen

intracel ul r n@d gkeomvc@&4tl maRy rkezi stenci . Vyso
transport®r T tak mTgsspmged®s tpa wd\i[45isdp $ ® k B
Zcel kovich 49 IlidsklTch ABC tr answl c®&kto®r@T,

rezistencinej v znamnRj ¢ 2 ABCB1 (RglykoSrotein,zFgs MDRLY |
ABCC1 (multidrug esistenceassociated protein 1, MRP1) a ABCG2 (breast cancer
resistence protein, BCRPO].

3.4.1 ABCB1 (Rglykoprotein, Pgp, MDR1)

ABCB1, dosud nej | ®p e prostudoyandinz MmBC
pol ypeptidovim SethDzcem 1280 aminokysel.
homo!l ogi ckTdawampSdtoivitnr ans membr § wdwziamiz c& md-
dom®namig ,( okbtrer @ j sou zodpovhDdn® za nav§g§z§
[51. TypickIim znakem ABCB1 je vys okl ndtcrhuk't
terapeuticklch skupin, jejichg j@B21%3phTm sp:
Mezi substr&8ty ABCB1 patS2 i znadT® edbgst
pS2tomnosmemAB@BS&colr buhBk vznikat rezisten

ABCB1 je expri movigun Menn@p(8nigd n24kt rREONT
|l idsk®ho tDla, kter®tabpidicmuijl2 ABG@GBIhz2j é yav
ABCB1 je sn2gen8 distribuce | 8tek do cit]l
bi odostupnost.i | 8t knem2 ov §&dyn 2 N8 plwadiEin2 T (tc
dogl ul i a nmxirece[54h JABJCIBAh je t ak ® Iveywskoecnei cekxiparh
buRk8ch a buRk8&8ch n8dorT prsu, vajeln2kT,
kn2zk® klinick® odma&wdiovd chpEGite@omxmdnr?- z e
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3.4.2 ABCG2 (breastancer resistance protein, BCRP)

ABCG2 tvoS2 jeden p6Gbbs amimkyseiindim(¥2l kDafet Nz e
anar ozd21 om§ ABICWBzZe gest transmembg8gapvLCeén
dom®nu b(.o0bPro 3spr §vnou flummk ctir apnaskpStr e dRir die A
amultimery [58]. PodobnhD jako ABCBlmnohoARCGZR®R H r®k
rezistenci a transposrttruujket urodM o vas kK ® h enmmi ocgk
endogenn2ch i exogenn2ch sl oulenin, v]ietn
mnoho spolelnich substr@ubtroogtiesti alSéwnar
jejich efluxn?2 aktivitapcmTgle§8tseikgnpd i Kkernd
[59].

Transport ®r ABCG2 |je stejnhD jako ABCB1
polarz ovanT ch Dbfuynziko | $tmkigrksl cht abul ka [e, obr .
exprimovgg8nech ovlivRuj2c2ohmrigé&nmakokikndeet
dTl egitou ochrannklimfpikobepSedrTanich | §t
[ v meknbe 8omidlioNkkde se pod2l12 na jejich oc
xenobiotik [60, 61] ABCG2 ptSri smpe p@r t ku endogennz?2ch
porfyriny, riboflavin) al62tedylswjké& teXxmrlewsrel
zpTsobuje rezistenci ng§dorovich bunhRk vTI
aj e spojena se ¢gpatnou odpoviDd?2 rdeakPmmyt ost a

a rakovinou prsii63, 64}

3.4.3 ABCCI1(multidrug resistanc@&associated protein 1, MRP1)

ABCC1 pat S2 do rozsghla®s ppordtr@aw¥$Py h AB G
pol ypeptidovl SethRzec slogenlT z 1531 amir
podobnlT ABCB1 s dvang§gctdivDrmakeotidssrBeral 2 & omi |
dom®namic) (oblre B8bsahuje nav2c i dal g2 ch |
svol nT nkonbeh[65. ABCC1 m8§ gir okou vsyugbgs2t ra8ftionviot
vTIli hydrofobn2m a aniofimogl mkmodekdd § m,
af yziologickim substr&tTm (fol §6ly, gl utath

Na rozd?2| jeotdr asB®BI,tlRGrsIt®@B&LIClzovE&n na ba:
me mbrpSonari zovanT ch(bbdkmomidDcéindotseleivE!l n2 ch

18



kdej e jeho | okalizace api k8l n2z. PSehled |
vt abulce 1. ABCC1 je dTlegitl pro norm§ln?2
a fyziologicpiaeaheskbedor]SmgyambhEi eXprese by
vhn8§dorech plic, pretuanpmesha t§. ReleABEMI AT kT,
vh8dorov® rezistencicopbkséB8B®es tudekpeesep b 0 k B 2
ABCC1 m§ vliiv na progn[e2] nfdao®ovith bokimo
protoge nenal ezl i g8dnou korelaci [fezi t e
72].

Struktura

" c ABCG2

AAAAA

NIEHEAHETEN AU EEAYTE L 202 AL Heittitic ABCC1
L0000

Obr.3.Struktura jednot | lokalitoveh!T &BCNn DIrm® s.me mb ®§
PSevzadt8onkzu Got[#égsman et al
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Apikalni strana

Bazolateralni strana

Obr.4Lokalizace jednotl|l pelahi ABCah ®anketpertie ®;
odpov2d8 model ov ®-Darbynpanine kithey(ARCBIL a ABM@G2dsbun
expri moav 8anpyi k81 n2 mMembrepndel e&Vindch bunhKk
expri movgn na membr 8nND bazol ater 8l n2, B :
membr §nou tvoS$S2 tNsn® sp.ojRSe(tki8nhatu zj Sucnhcitnil
etal.[73].
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35 PS2 stmedulkaci mn o hrezistentcen ® | ®k ov ®

Vchemoterapi.i se |l asto poug2vaj?2 |®|iva
mTgeme doc?2l| it umaxidmdli ivng e %li[T4sRIncelregn 2c k ®
kombinace | ® iv na nhRkolik bunhRDlnTch drah

jednotlivich | 8t ek kau nla®&k?ocv ®§7Bli egzli ¢sett exnicges X ®
mTge pomoci zl epgit efektivitu chemoterap!:
| ®kovs§ rezistence zpTsobeng8§ngdbgembdbuhehpRE
mTge bit pSekon&na nhRkoki knap&al 2preici mMetk
transpmem®r §nN bunhDk nebo blok8§da signs8l n:
kter® reguluj?2 amplifikaci [@6].z Wil ge&nkaruo ve X p
obl asti se ztavmMdd U | §ntmchriviplivtogr Tr tABrCT ,t rlkatnesrp@
pougpvaj zvigen2 %l inkT chemoterapie a bioc

Jedna prvn2ch stuyudig?e prea@@®mani & ytzostyoxi ci tu

avinblastinu VABCB1-r e zi st ent n2[77b8Ih#®i e® ¢épbdzoravdli. pot G
geyklosporin ASekommil @ nezi st enci VTl
adaunorubicinury e z i tuendtl m2® | i ni i odvozdgm® k£ Hdadgk

| §tky schvg&8len® pro jin® pgSheak kialfrezisiértiei hi b u j
zprost Sedkovanou t2mtouzter avnes poy $ ®k e enh KO K
anedaj ? se t aldTkIsidnkiotydap]. Tpaokuogv? ®sod z8d Arnyal ov 8§ ny
jako modgéRéowaygyel. Zal| 8t ek ®byyspojaogbjeve®mt or T
| §tPISC833 (val spodar, analog cyklosporinu
inhibiln2APG6BENnai g§dh® i muBps Mpdeard i8¢ m% y¥lpir
dvou gener ac? by &§mcij i gl itreisc ko@h8anyz kougen?2,
nepSinesl o o|lek8vanTl beviesfkiytt,u preojt§@ipeu cstcshl
83. Modul §tory 3. gener hkrida), LY3350Kdzosuquiga®. GF 1
| KR9576 (tariquidar), byly wvyvinuty jako
Tariquidarvn 2 zkT ch nanomol 8awmyElhjtkomoenht ngddcbyv
vTIniDkol i kaTmaytpSit ajt ¢ kenbimao dd®mx20rwbi ci nem u
nedoch&vPlPge&re2 [84.oxBlthemndealchkl| studi 2 na |
uk§8zalo, ¢ge pSi pod&§vegn2 tariquidaru se zv
bylo zastavend85]. Ve vivoji mnohol|letn® | ®kov® r ez
ABCC1l a ABCG2. Jej i ch -531d86]¢ nedp.fumikke®orginnCh i bi t o
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[87], s e bnNgn mvipod ungvivoreaxjp2e rvi ment ec h, ni cm®nn
VKl i ni ck®&m hodnocnennc?h o lagktowm @® drud z8it sotreyn c e

Vposl edn? dophNDgee kuamBujtddcht o modul 8t o
transport®ry inhi borvodwmlyc hi plr8ottki apngi & azmed v S@kt umpr’
i nhibitory tyrozinkin8z, kter® jJsou odl:i
transposrvti®@n T%| i nkem TyspSbBRBbhRBwagtenci zpTs
ABC transport®ry, maj?2 nav?2c vliastn2z cytot
jak in vitro, takin vivoan Dk tiek ®i ni c kT d18, 2@ tNovdui skupitou
king§zovichkinhibk®mr zkougen2 jsou pr8gvh
zkoum&hedzska farmakodynamiKky. Jejich far
pak interakce ABC transport ®ry, nebyl §eldiolsadg tpylc
prok8z8no, ¢ge i nhRNkter® CDKI j[XRm8B8 sk&hogpay
pSedpokl §dat , § e mbien a ciht yeiurghuib®Bdwen T ch tr
bymoh!| o wi®sadnkdmu synergi ck®mu &fefekivittu o b o u
bNngn® protin8§dorov® terapie.

36 ABC transport®ry a | ®kov® interakce

ABCt ransmohto®&r v ou ffuanrkncazk okvi lnietniktu | ®| i v
odpovhDN a neBSdopoédsStukiombyge@alc§t elakvmTge do
interak@ m; j edna | 8t ka naps§. i nhi buj e ef |l ux
farmakokinetick® vlIiastnosti druh®Ii 81t kk® Kk
studie pexvrszwj?%2, SGea relevantn2ch far mak
spojghsABCB1 | i AB@@23 potroth®rtyo. dZTvodu byl y n
International Transporter ConsortijiBjloba transport®ry zaSazen
pro studium | ®kovHamt i olt @ mik cEDA L& alAj o |
[15]. Tyt o psonulfrznpiacie®dye |l u, regul aln2ch agentur
ve VvIzikaustmud ug@gopowmujPuja? poosvtiucphy isnttuedriaak c P G

nezbytn® pro bezpeln® a efektivn?2 pod8§8n2 |

U ABCB1 je riziko intweglak®@mu vimsoks®t vv2z h:
zr TznTch farmakol ogapafnitciharykmpka, j pkot e§z
i munosupresivay biet aan til mid@ @lpaosltei|kna® podEé
kardioglykosidi digoxinu si nhi bi t orem ABCB1, chinidinem
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di goxinu sani f8jevegRho nmolli2zmjercaopdsS 2 inhikmcPD A o a

ABCB1 vt enk ®m st Selveld,vi[po®Hhe ZmNDmy far makoki n
parametr T, vietnhD clearance digodalhng?2 mibyl
| 8t k enmhie r a gABLCB1¢92,193] ABCBl1 jetrans por t ®r , kterl pr.
nej v2icievRoye pSestupemaenebicefiaki pkSewrs bar i
pSestupu | §tekmdof i moewupr Sk sdakasi gat n2 ABC(
proch8z2 morfin dovy®gikmu vaeadkig@ioigSk@ fdal k
efekt m8§ i i nhi bi ce ABC Rridaryg9]mmhibiee ABGGR | 0 s p o1
je relevamtasda rbi aveBt vn8l n2 notterkakntuu .( sBiibosd
ABCG2) sepos po |l e | n ® nhilptoreimSetk? | dar em dvoip[@§.sobnh
UAbcg2 knockout myg?2 byl po peror8ln2m po
syst ®mov® koncentracewhlkltlypas dbylgyznEnhej aB pa
ABCB1,iABCG2 j e exxmpmamme§irev al i ck® bari ®Se a
citliv® t9sgnbDembkky oba j2rainsph®t ®pgkpiSem
jezSej m®, ge mnoho | ® MDmi tloi tdoamlsPkoT t &t §y av
S u b s,tinhilgtory| i indukbogrvywesdd& ®ku r i ®hiok uo vvl zi 8vj neldm
farmakokinetiky, efektivianwy®rm®d®d8&m?2 bezpel

37 PSehl ed i nhidbeipteonrdTe nt¢ n® tciheh okviam8 zc h ®tvo r § m

dizertal n2 pr 8ce

Vsoul asn® dobhD je mnohp&ligniedaRmpide® upi ny
ivkl i ni ck®&m hodnocen?2.ABC ot r/d red p csr§tm®@n ya t ®YNloO?
di zertaln?2 pr8ce vybr8ny purirmek® vCDKIn,oluo
jsme se zamRSil i na dopl nhDn?2 jejiclh inte
anavsgzal. j sme tak na podoh kdy jsmesstudodali i nag
interakce CDKI sABCG2 [22]. Ost at n2CDHl t(flavmrida, rSRIS032,

AT-751 9, dinaciclib a palhbpocd Tevlioidou, bgyel ysevy
vhnDkteg8®2 zkl i ni ck®ho hodnocen?2,

3.7.1 Olomoucin Il

Ol omoucin || je trisubstitubK¢,2m7ader i v§gt
aj eho cytotoxick8 aktivita je z§&vliisds8k Incah e
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ng§dor ovi cHOODORIRKkIB A mN pr divity, nyBadujerolonao@cin al k
iantiviroM3. ¥%éd nm«t aboli zovg&n cytochromem
CYP1A2, CYP2C9 a CYP3A{104]. Ol omoucin 11 nlkelbiymi ok Tkahy

stuHi 2 c

Ol omoucin Il inhiboval transport fluores
zprost SedkovemABCGR2 ansp@grytn@mdgioc k®mu protin
efektu pdrntipmpaddmllasti ky, kter® jsou z8rove
[22.O]l omoucin |11 je nav2c du8ln2m sudgstr 8§t el
omezen® akhBdchatavich t k&n2chlo3.i | ®kovIim int

3.7.2 Purvalanol A

Purval anol A, strukturnhD podobnlT ol omouc
svysokou selektivitou prektiemhivilildi d@GDKZ?2 m p
king8z8m. Protin8dorov8 aktivity purval anol

ng§dorovich bpnDmMDTse=o ud MOBWIB7] s St ejnhN jako ol
'l ani purval anol kAimelKI®mnizkdw gteaarst. ovgn \

Purval anol A inhibuje transport frl&utoTr esc
zprost Sedkovanl trans-ABE€EG®r kb 2R ROBJdBilicev MD C k
ABCG2 byla potvrzena na orgs8nov® %Yrovni S

pot kan?2 pl acentvlyr azknd®mu dsonlgoenk transpor
pl acent 8r n[22in ScAoprmog Zpurvalanolu A inhibovat ABCG2 vedla
ksynergi ck ®@Bu ogfoerk tcth W u Rk § ¢ h cherSoterageutily] a s n ®n
kter® jsehotosubastup8Iy@® rnou vihodou purval ar
substr8tem ABCB1 apotvrizedoiBGil3,2, a crogv zbryil ko8 n a
rezi sten@dd8Cspojael®§.ost ®r vy

3.7.3 Roskovitin

Roskovitin (CYG2 0 2, seliciclib) j e t riinshui bbsitlint2u
aktivitou VvTli CDK1, 2, 5, 7 an8dodevitoh:
| virovich onemocnin?2, z8§nRBmMocrmNnAdeurRadekga
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navozuje z§8stavutbmnBlpo®ka odlyzkndw ha -nzSud ow o
bunDl nlch 1 ini?2cho=1HPOIMIIOD AI]BV ntEadm owtvd clhC gt N
umy ¢1311,112] Moment 81 nD e FoakbWViklinnvek ®Bo h

Cushingovy nemaoci (tabulka 2).

Interakcemi roskovitnu ABC transport®ry se vylerpS8va
pr8ce Raj nl1a3. va®tkool st udi i roskowverniint i zwny
ATP8zovoumaekbi €nbdul ephSivperzai kel mlitéhh ST 9 expr i m
| i dskT transport®r AB@Bosubsog §zmanl. 2 Sudpet trd
roskovitinu byla potvrzena ib u Rk § c h -ABTBEIU | p o mo ¢ 2 met ody
p&bunhNl nou monovrstvue DE8skobiylonpjfekigmBinl
transport®r T ABCB1, ABCG2 a ABCC1 a ¢ge ne
vTIi roskovitinu nav2c pravdBDpodobnhD nen?
transport®ru se poRpO&IBENEBZIMEEOVEeti nu v

3.7.4 Flavopiridol

Flavopiridol (alvocidib, L868275) je pol oswysgekdw ki nHilla
aktivitou vTli CDK1, 2, 4, 6, 7 a 9. Pat§:
| i dskTch n8dor ovihwito [1H5168Pd nVcprkekhi vi ckT ch
navozuje sel ekbtrizur2k ua pyospfta-zziwwm RV @ah luzl i n§c
ingdor ov[®09lt kBh&®vopiridol je prvn?2m CDKI ,
hodnocen?2 a mhBanrt ¥l pPhoedmah®s8dazil pvaldl G
hematol ogi ckTch mal i gni t (tabul kna fake ) . ND
gél avopiridol mTge synergicky zvygovat Yl
v kombinaci[120-122].

Zhou a kol.[123]pr ok &8z al i , ge mygz2p Slebsctqup a | mvolpid
domo z k u . FIl avopiridol nav?2bawnolkazairksd Ind¥ Mg
s mNrMDCKalLLC-PK1 bunRlnTch lini2ch exprimuj?2c

a ABCG2, cog naznaluje jeho subdil2¥185 ovou ¢
PSestup flavopiridolu pSemsalsntiSeovth®y emaird ®1
pS2tomnostienhP@Bst $evhD, cog byl o-2H26bk §z § n «
Co se tile repidsituverBdeorwVliichf baRkS§ch, | e
hl avnDrt®andpB@E&RJ2a m?2 r[§8, 188 C2€129] Flavopiridol
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(vmi kr omol 8r n?2 koncentraci) i nhi buje trans:t
aABCC1, mdge veRysiter gi ¢c k ®mu cytotoxick®mu
sodpov2daj 2 ¢88,1d7] substr 8ty

3.7.5 SNS032

SNS032 (BMS3 87 03 2) je | 8tka syntetizov8na p
sprotin8dorovou akt i VlavdpiodolemdB@.g 2 K rvoemBDs r @Drkn28
ovgem tato | 8tka a@aid&lNeiinhddblug?e CDEZ RoHud
hodnocenak | i ni ckTch studi2ch | . f 87ZTer o(dtua bvwylskoek
toxicity a ndglgil8mBuc2ch Yl inkT

Vpokusech na bu2aDlviyRazownal a Claatoo | 8§t k a
vbazol agaeirk€8Ind2 m s mDr u, OB 1 &z nsaulbusjter,8t gan
orientovan®ho efluxn2ho transport®ru ve si
pr ol mMB2SM3 zkou biodostupnost po peror 8ln
model ech pr okdlywyb I¥j,2 aj2em myrganssport ®r em Abck

SNS032 v mozku neg mygi, jejid¢lB3 buRky tent
3.7.6 AT-7519

L&t k a751%Byla pr m§r nND vyvinuta jako silnl a
(ICs0=47 nM).Kr omR CDK2 i-n5hli% uij edalTg2 CDK ( CDK1
shodnotou IGovr 0 z méd 230 01 n M, ale je neaktivnz vTIi

[134]. AT-7519 navozuj e Zz8st aapo pbtuSal mw®h b d sckylk
ng§dorovich binnwitdd (ICh M0 11980nriMP a vmy g2 t hd sk T mi

ng§dorovimi ¢gt@optyl, alkadre2 droJgdtou ksubkut §nn2ch
[135]. AT-7519jemomet § | nN ve f&z2ch | a 11 klinickT
ng§dor ovTi ch (tabolkan2ploterdBae?AT7519 SABC transport ®ry

dosud studov§8ny
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3.7.7 Dinaciclib

Dinaciclib (MK-7 965, SCH727965) je or8lnhD pod8vart
aktivitou vTI| [136CWKrle k I2i,ni5ckal coh studi2ch in
gi rok®ho spektra lidsklch n8diovitmaihvvo | i ni 2
svygag? pvoui naSkdtoirvoi t ou svar gs?2rmoivn&DKI ,sefl a\
aroskovitinem[137-1401. P S e sjé dingaiclibn y m2 t Set 2 f §z i K1 inic
(tabulka 2) nebyly jeho interakce ABC t r amdespdpod ®opniD studov8n

3.7.8 Palbociclib

Palbociclib ( PD0332991, | BRANCEE) specificky
vhanomoh§8rkm2ncentm8czamedbat el ni ef ekt na
proteinoWilc2] kiTra8 2o 2 @jtk asivlyikkla antiprolife
ng§dorovi mvys ®k & uRb@retgnuie\strd i in vivo[141, 143146]a byla
ji gt oeskna ni cklTch studi?2chn§mroog ov®Etbu on§mo
vietnhD hematol ogi c k[14Z,H48ma Né i vey ¢adpe/l & bnaelki a
palbociclibub y | zazoafdoB M4 r swo g viuredrl w kjghd1 5
schv§8l en2 h(oj aak oz aptr2vm j edi n®h o kCD Kp ¢cikt®me r i ¢
vi ® bnND epekzrogen2ch karcinomT RiJsu u post me

PSestup palbociclibu doamspé&ut @rey zAld mDh
cobjyl o prok8z8no na moideoelh witrok mamnlks@uwtr t my g 2s
svyugit2m koncenltlL€C-RKlmMDRAKIbetkrvd |l niTherh 21 ivni 2 ¢ h
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CDK6, CDK9 Ay
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CDK7, CDK9 ABCC1: 11127
]
Olomoucin Il CDK1, CDK2, dosud nebyl & | i ni (0) ABCB1: S0l
CDK4, CDK7, hodnocen? @jl\)j\> ABCG2: S, |[22.105]
CDK9 DS ABCC: St
acel kovIl pol et podlewdv.ctinicdtyals.gos{22la'rd @k @m perno@®,?2 tpaSje2rcu2g,en® | i st &§hnut ® st u
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_ _ F8ze klinick _ . Zn8m® i nt
CDKI cz2 | i n Indikace - Chemi ckl
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Palbociclib CDK4,CDK6 n8dory prsu L 2 23(66)

o OIH
S " - Q[150, 151, 152]
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ABCG?2: S. |[150, 151, 152]
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hodnocen?2 o A .o (22, 105]
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T
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P P “°Ju*\~‘ J ABCC1: |13
P
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CDK9 myel omy, so /%[ @ [ ABCBL: S, |I*¥]
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acel kovl pol et podeuwdw.ctinicdtyals.gos[22a’d®\k @ m iper no®,2 tpaSje2rcu2g,en® | i St §hnut® st u

bSi s u b s fi intbitor |

30


http://www.clinicaltrials.gov/

=

10.

11.

12.

13.

14.

15.

16.

Seznam pougit® |literatury

WHO, World Cancer Report 2014. 2014, Lyomafkce: International Agency

for Research on Cancer.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA Cancer J Clin 2015;
65:529.

Carvalho C, Santos RX, Cardoso S, CorreidDbveira PJ, Santos MS, et al.
Doxorubicin: the good, the bad and the ugly effect. Curr Med Chem 2009;
16:326785.

Guchelaar HJ, ten Napel CH, de Vries EG, Mulder NH. Clinical, toxicological
and pharmaceutical aspects of the antineoplastic drug taveslieav. Clin Oncol

(R Coll Radiol) 1994; 6:4@®.

Hortobagyi GN. Anthracyclines in the treatment of cancer. An overview. Drugs
1997; 54 Suppl 4:¥.

Vadlapatla RK, Vadlapudi AD, Pal D, Mitra AK. Mechanisms of drug resistance
in cancer chemotherapyoardinated role and reguian of efflux transporters
andmetabolizing enzymes. Curr Pharm Des 2013; 19: /126

Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG. Cancer drug
resistance: an evolving paradigm. Nat Rev Cancer 2013; 12614

Rodhat B. Importance of influx and efflux systems and xenobiotic metabolizing
enzymes in intratumoral disposition of anticancer agents. Curr Cancer Drug
Targets 2009; 9:6524.

Szakacs G, Paterson JK, Ludwig JA, BeGnthe C, Gottesman MM. Targeting
multidrug resistance in cancer. Nat Rev Drug Discov 2006; 53219

Noguchi K, Katayama K, Sugimoto Y. Human ABC transporter ABCG2/BCRP
expression in chemoresistance: basic and clinical perspectives for molecular
cancer therapeutics. Pharmgenomics Pers 20dd; 7:5364.

Konig J, Muller F, Fromm MF. Transporters and ddrgg interactions:
important determinants of drug disposition and effects. Pharmacol Rev 2013;
65:94466.

Szakacs G, Varadi A, Ozvedyaczka C, Sarkadi B. The role of ABC transpmste

in drug absorption, distribution, metabolism, excretion and toxicity (ABPNE).

Drug Discov Today 2008; 13:3798.

Giacomini KM, Huang SM, Tweedie DJ, Benet LZ, Brouwer KL, Chu X, et al.
Membrane transporters in drug development. Nat Rev Drug D&@0; 9:215

36.

US Department of Health and Human Services FDA, Center for Drug Evaluation
and Research, Center for Biologics Evaluation and Resed&cidance

for Industry. Drug Interaction Studies Study Design, Data Analysis,
andImplications forDosing and Labeling. 2006 [oitv 8§ 15.422015];d o st up n ®
z:
http://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation
/guidances/ucm292362.pdf

European Medicines Agenc§uideline on the investigation of drug interactions.
2012 [cibv 8§ n o 15.1220185; dostupn® :
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2
012/07/WC500129606.pdf

Callaghan R, Luk F, Bebawy M. Inhibition of the multidrug resiste
P-glycoprotein: time for a change of strategy? Drug Metab Dispos 2014; 42:623
31.

31


http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2012/07/WC500129606.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2012/07/WC500129606.pdf

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Deng J, Shao J, Markowitz JS, An G. ABC transporters in +duliy resistance
and ADMETox of small moleculayrosine kinase inhibitors. Pharm Res 2014,
31:223755.

Kelly RJ, Robey RW, Chen CC, Draper D, Luchenko V, Barnett D, et al. A
pharmacodynamic study of the -g®coprotein antagonist CBI(R)

in combination with paclitaxel in solid tumors. Oncologisit2017:512.

O'Brien MM, Lacayo NJ, Lum BL, Kshirsagar S, Buck S, Ravindranath Y, et al.
Phase | study of valspodar (P833) with mitoxantrone and etoposide

in refractory and relapsed pediatric acute leukemia: a report from the Children's
OncologyGroup. Pediatr Blood Cancer 2010; 54:692.

Zhang H, Patel A, Ma SL, Li XJ, Zhang YK, Yan®@Pet al. In vitro, in vivo
andex vivo characterization of ibrutinib: a potent inhibitor of the efflux function
of the transporter MRP1. Br J Pharmacol 2Q1At:584557.

Dhillon S. Palbociclib: first global approval. Drugs 2015; 75:543

Hofman J, Ahmadimoghaddam D, Hahnova L, Pavek P, Ceckova M, Staud F.
Olomoucine Il and purvalanol A inhibit ABCG2 transporter in vitro and in situ
and synergisticl} potentiate cytostatic effect of mitoxantrone. Pharmacol Res
2012; 65:3129.

Morgan DO. Cyclindependent kinases: engines, clocks, and microprocessors.
Annu Rev Cell Dev Biol 1997; 13:2€41.

Pavletich NP. Mechanisms of cycldependent ikase rgulation: structures

of Cdks, their cyclin activators, and Cip and INK4 inhibitors. J Mol Biol 1999;
287:8218.

Malumbres M, Barbacid M. Mammalian cycldependent kinases. Trends
Biochem Sci 2005; 30:6301.

Golsteyn RM. Cdk1 and Cdk2 complexegda dependent kinases) in apoptosis:

a role beyond the cell cycle. Cancer Lett 2005; 217329

Peters G. The fype cyclins and their role in tumorigenesis. J Cell Sci Suppl
1994; 18:896.

Shah K, Lahiri DK. Cdk5 activity in the braimultiple paths of regulation. J Cell
Sci 2014; 127:239200.

Tadesse S, Yu M, Kumarasiri M, Le BT, Wang S. Targeting CDK6 in Cancer:
State of the Art and New Insights. Cell Cycle 2015; 0.

Liu Y, Kung C, Fishburn J, Ansari AZ, Shokat KM, Hahn S. Two aycli
dependent kinases promote RNA polymerase |l transcriptimh farmation

of the scaffold complex. Mol Cell Biol 2004; 24:173b.

Nakayama K, Nakayama K. Cip/Kip cyclodependent kinase inhibitors: brakes
of the cell cycle engine during developmenbdssays 1998; 20:10280

MacLachlan TK, Sang N, Giordano A. Cyclins, cyetiapendent kinases and cdk
inhibitors: implications in cell cycle control and cancer. Crit Rev Eukaryot Gene
Expr 1995; 5:12-56.

Ortega S, Malumbres M, Barbacid M. Cyclib-dependent kinases, INK4
inhibitors and cancer. Biochim Biophys Acta 2002; 160873

Malumbres M, Barbacid M. To cycle or not to cycle: a critical decision in cancer.
Nat Rev Cancer 2001; 1:222.

Kashanchi F, Kehall K. Cyclin dependent ikases as attractive targets
to prevent transcription from viral genomes. Curr Pharm Des 2009; 153520
Chang KH, de Pablo Y, Lee HP, Lee HG, Smith MA, Shah K. Cdk5 is a major
regulator of p38 cascade: relevance to neuroityxin Alzheimer's disease.
JNeurochem 2010; 113:1281

32



37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

4.

55.

56.

Smith PD, Crocker SJ, Jacksbawis V, JordarSciutto KL, Hayley S, Mount
MP, et al. Cyclindependent kinase 5 is a mediator of dopaminergic neuron loss
in a mouse model of Parkinson's disease. Proc Natl Acad Sci U 3 20
100:136565.

SancheaMartinez C, Gelbert LM, Lallena MJ, de Dios A. Cyclin dependent
kinase (CDK) inhibitors as anticancer drugs. Bioorg Med Chem Lett 2015;
25:342035.

Knockaert M, Greengard P, Meijer L. Pharmacological inhibitors of cyclin
dependent kinases. Trends Pharmacol Sci 2002; 232817

Malumbres M, Pevarello P, Barbacid M, Bischoff JR. CDK inhibitors in cancer
therapy: what is next? Trends Pharmacol Sci 2008; 28116

Asghar U, Witkiewicz AK, Turner NC, KnudeeES. The histty and future

of targeting cyclindependent kinases in cancer therapy. Nat Rev Drug Discov
2015; 14:1346.

Nichols M. New directions for drugesistant breast cancer: the CDK4/6
inhibitors. Future Med Chem 2015; 7:1483.

www.clinicaltrials.gov[cito v 8 n o 20B]. 1 2.

Tsuruo T. Mechanisms of multidrug resistance and implications for therapy. Jpn
J Cancer Res 1988; 79:2856.

Gottesman MM. Mechanisms of cancer drug resistance. Annu Rev M&J 200
53:61527.

Gottesman MM, Fojo T, Bates SE. Multidrug resistance in cancer: role of ATP
dependent transporters. Nat Rev Cancer 2002:2848

Allen HK, Donato J, Wang HH, Cloudansen KA, Davies J, Handelsman J. Call
of the wild: antibiotic resistance genes in natural environments. Nat Rev
Microbiol 2010; 8:2519.

Linton KJ. Structure and function of ABC transporters. Physiology (Bethesda)
2007; 22:12230.

Wu CP, Hsieh CH, Wu YS. The emergence of drug transporeeliated
multidrug resistance to cancer chemotherapy. Mol Pharm 2011; 8:2096.

Dean M, Hamon Y, Chimini G. The human AWbihding cassette (ABC)
transporter superfamily. J Lipid Res 2001; 42:1007

Li Y, Yuan H, Yang K, Xu W, Tang W, Li X. fie structure and funcins

of P-glycoprotein. Curr Med Chem 2010; 17:7860.

Higgins CF, Gottesman MM. Is the multidrug transporter a flippase? Trends
Biochem Sci 1992; 17:1831.

van Helvoort A, Smith AJ, Sprong H, Fritzsche 1, Schinkel AH, Borst P, et al.
MDR1 P-glycoprotein is a lipid translocase troad specificity, while MDR3
P-glycoprotein specifically translocates phosphatidylcholine. Cell 1996; 87:507
17.

Higgins CF. ABC transporters: physigly structure and mechanism
anoverview. Res Microbiol 2001; 1520%-10.

Callaghan R, Crowley E, Potter S, Kerr IDgRcoprotein: so many ways to turn

it on. J Clin Pharmacol 2008; 48:368.

Penson RT, Oliva E, Skates SJ, Glyptis T, Fuller AF, Jr., Goodman A, et al.
Expression of multidrug resistandeproteininversely correlates with paclitaxel
response and survival in ovarian cancer patients: a study in serial samples.
Gynecol Oncol 2004; 93:9806.

33


http://www.clinicaltrials.gov/

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Chan HS, Haddad G, Thorner PS, DeB&erLin YP, Ondrusek N, et al.
P-glycoprotein expression as a predictof the outcome of therapy

for neuroblastoma. N Engl J Med 1991; 325:1-4@8

Litman T, Brangi M, Hudson E, Fetsch P, Abati A, Ross DD, et al. The mukidrug
resistant phenotype associated with overexpression of the new ABEC half
transporter, MXR (ABCQ@). J Cell Sci 2000; 113 ( Pt 11):2021.

Oostendorp RL, Beijnen JH, Schellens JH. The biological and clinical role of drug
transporters at the intestinal barrier. Cancer Treat Rev 2009; 357137

Sarkadi B, Orban Tl, Szakacs G, Varady G, SchagdreA, Erdei Z, et al.
Evaluation of ABCG2 expression in human endmig stem cells: crossing
thesame river twice? Stem Cells 2010; 28574

An 'Y, Ongkeko WM. ABCG2: the key to chemoresistance in cancer stem cells?
Expert Opin Drug Metab Toxicol 2005:152942.

Krishnamurthy P, Xie T, Schuetz JD. The role ohgporters in cellular heme
andporphyrin homeostasis. Pharmacol Ther 2007; 114585

Noguchi K, Katayama K, Mitsuhashi J, Sugimoto Y. Functions of the breast
cancer resistance prot§BCRP/ABCG2) in chemotherapy. Adv Drug Deliv Rev
2009; 61:2633.

Robey RW, Polgar O, Deeken J, To KWatBs SE. ABCG2: determining

its relevance in clinical drug resistance. Cancer Metastasis Rev 2007:5%6:39
Rosenberg MF, Mao Q, Holzenburg, Aord RC, Deeley RG, Cole SP.
Thestructure of the multidrug resistance protein 1 (MRP1/ABCC1).
crystallization and singlearticle analysis. J Biol Chem 2001; 276:16@26

Cole SP, Deeley RG. Transport of glutat@oand glutathione conjugates
by MRPL1. Trends Pharmacol Sci 2006; 27438

Teodori E, Dei S, Martelli C, Scapecchi S, Gualtieri F. The functions and structure
of ABC transporters: implications for the dgsiof new inhibitors of Pgp
andMRP1 to control multidrug resistance (MDR). CWrug Targets 2006;
7:893909.

Hipfner DR, Deeley RG, Cole SP. Structural, maghktic and clinical aspects

of MRP1. Biochim Biophys Acta 1999; 1461:3%8.

Stewart AJ, Canitrot Y, Baracchini E, Dean NM, Deeley RG, Cole SP. Reduction
of expressiorof the multidrug resistance prate{MRP) in human tumor cells

by antisense phosphorothioate oligonucleotides. Biochem Pharmacol 1996;
51:4619.

Bordow SB, Haber M, Madafiglio J, Cheung B, Marshall GM, Norris MD.
Expression of the multidrug resistar&gsociated protein (MRP) gene correlates
with amplification and overexpression of thenc oncogene in childhood
neuroblastoma. Cancer Res 1994; 54:5036

Nooter K, Brutel de la Riviere G, Look MP, van Wingerden KE, Henzen
Logmans SC, Scheper RJ, @&t The prognostic ghificance of expression
ofthemultidrug resistancassociated protein (MR in primary breast cancer.
BrJ Cancer 1997; 76:4883.

Arts HJ, Katsaros D, de Vries EG, Massobrio M, Genta F, Danese S, et al. Drug
resistanceassociaté markers Rylycoprotein, multidrug resistan@ssociated
protein 1, multidrug resistan@ssociated protein 2, and lung resistance protein
as prognostic factors in ovarian carcinoma. Clin Cancer Res 1999; 8802%98
Schinkel AH, Jonker JW. Mammaliainug efflux transporters of the ATP binding
cassette (ABC) family: an overview. Adv Drug Deliv Rev 2003; 523

34



74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Goldberg RM, Sargent DJ, Morton RF, Fuchs CS, Ramanathan RK, Williamson
SK, et al. A randomized controlled trial of fluorouracil plus l&warin, irinotecan,

and oxaliplatin combinations in patients with previously untreated metastatic
colorectal cancer. J Clin Oncol 2004; 223R

O'Connor R. A review of mechanisms afrcumvention and modulation

of chemotherapeutic drug resistanCerr Cancer Drug Targets 2009; 9:293.
Shukla S, Wu CP, Ambudkar SV. Development of inhibitors of Airling
cassette drug transporters: present status and challenges. Expert Opin Drug Metab
Toxicol 2008; 4:20823.

Tsuruo T, lida H, Tsukagoshi Sakurai Y. Overcoming of vincristine resistance

in P388 leukemia in vivo and in vitro through enhanced cytotoxicity of vincristine
and vinblastine by verapamil. Cancer Res 1981; 4111267

Slater LM, Sweet P, Stupecky M, Gupta S. Cycto8p A reveses vincristine
anddaunorubicin resistance in acute lymphatic leukemia in vitro. J Clin Invest
1986; 77:14088.

Raderer M, Scheithauer W. Clinical trials of agents that reverse multidrug
resistance. A literature review. Cancer 1993; 72:3583

Twentyman PR, Bleehen NM. Resistance modification by-BS& a novel non
immunosuppressive cyclosporin [corrected]. Eur J Cancer 1991; 274P639
Benson AB, 3rd, Trump DL, Koeller JM, Egorin MI, Olman EA, Witte RS, et al.
Phase | study of vinblastine@verapamil given by concurrent iv infusion. Cancer
Treat Rep 1985; 69:795.

Verweij J, Herweijer H, Oosterom R, van der Burg ME, Planting AS, Seynaeve
C, et al. A phase Il study of epidoxorubicin inlarectal cancer and the use

of cyclosporinA in an attempt to reverse multidrug resistance. Br J Cancer 1991,
64:3614.

Friedenberg WR, Rue M, Blood EA, Dalton WS, Shustik C, Larson RA, et al.
Phase Il study of PS833 (valspodar) in combination with vincristine,
doxorubicin, and dexamethasone §galdar/VAD) versus VAD alone in patients
with recurring or refractory multiple myeloma (E1A95): a trial of the Eastern
Cooperative Oncology Group. Cancer 2006; 106:830

Mistry P, Stewart AJ, Dangerfield W, Okiji S, Liddle C, Bootle D, et al. In vitro
and in vivo reversal of Hlycoproteinmediated multidrug resistance by a novel
potent modulator, XR9576. Cancer Res 2001; 615819

Fox E, Bates SE. Tariquidar (XR9576): aglycoprotein drug efflux pump
inhibitor. Expert Rev Anticancer Ther 2007447-59.

Gekeler V, Ise W, Sanders KH, Ulrich WR, Beck J. The leukotriene LTD4
receptor antagonist MK571 specifically modulates MRP associated multidrug
resistance. Biochem Biophys Res Commun 1995; 208245

Rabindran SK, Ross DD, Doyle LA, YaWj, Greenberger LM. Fumitremorgin

C reverses multidrug resistance in cells transfected with the breast cancer
resistance protein. Cancer Res 2000; 6G:d.7

Hooijberg JH, Broxterman HJ, Scheffer GL, Vrasdonk C, Heijn M, de Jong MC,
et al. Potent interéion of flavopiridol with MRP1. Br J Cancer 1999; 81:286.
Hager WD, Fenster P, Mayersohn M, Perrier D, Graves P, Marcus FI, et al.
Digoxin-quinidine interaction Pharmacokinetic evaluation. N Engl J Med 1979;
300:123841.

Pedersen KE, ChristianseBD, Klitgaard NA, NielsenKudsk F. Effect

of quinidine on digoxin bioavailability. Eur J Clin Pharmacol 1983; 24:41

35



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Fromm MF, Kim RB, Stein CM, Wilkingo GR, Roden DM. Inhibition

of P-glycoproteinmediated drug transport: A tfiying mechanism to xplain
theinteraction between digoxin and quinidine [seecomments]. Circulation 1999;
99:5527.

Fenner KS, Troutman MD, Kempshall S, Cook JA, Ware JA, Smith DA, et al.
Drug-drug interactions mediated throughgRcoprotein: clinical relevance
andin vitro-in vivo correlation using digoxin as a probe drug. Clin Pharmacol
Ther 2009; 85:17-B1.

Marchetti S, Mazzanti R, Beijnen JH, Schellens JH. Concise review: Clinical
relevance of drug drug and herb drug interactions mediated by the ABC
transporter AKB1 (MDR1, Rglycoprotein). Oncologist 2007; 12:924..

Zong J, Pollack GM. Morphine antinociception is enhanced in mdrla gene
deficient mice. Pharm Res 2000; 17:7=®

Letrent SP, Pollack GM, Brouwer KR, Bnar KL. Effects of a potent
andspecifc P-glycoprotein inhibitor on the bloedrain barrier distribution
ard antinociceptive effect of morphine in the rat. Drug Metab Dispos 1999;
27:82%34.

Kruijtzer CM, Beijnen JH, Rosing H, ten Bokkel Huinink WW, Schot M, Jewell
RC, et al. Increased ar bioavailability of twotecan in combination
with thebreast cancer resistance protein arglyeoprotein inhibitor GF120918.

J Clin Oncol 2002; 20:29430.

Zaher H, Khan AA, Palandra J, Brayman TG, Yu L, Ware JA. Breast cancer
resistance protein (Bg/abcg?2) is a major determinant of sulfasalazine absorption
and elimination in the mouse. Mol Pharm 2006; 3635

Enokizono J, Kusuhara H, Ose A, Schinkel AH, Sugiyama Y. Quantitative
investigation of the role of breast cancerisesice protein(Bcrp/Abcg2)

in limiting brain and testis penetration of xenobiotic compounds. Drug Metab
Dispos 2008; 36:993002.

Zhou SF. Structure, function and regulation efjlixoprotein and its clinical
relevance in drug disposition. Xenobiotica 2008; 38:8P2

Krystof V, Lenobel R, Havlicek L, Kuzma M, Strnad M. Synthesis and biological
activity of olomoucine Il. Bioorg Med Chem Lett 2002; 12:3283

Krystof V, McNae IW, Walkinshaw MD, Fischer PM, Muller P, Vojtesek B, et
al. Antiproliferative actiity of olomoucine Il, a novel 2,6;8isubstituted purine
cyclin-dependent kinase inhibitor. Cell Mol Life Sci 2005; 62:1-783

Paprskarova M, Krystof V, Jorda R, Dzubak P, Hajduch M, Wesigssicek J,

et al. Functional p53 in cells contributes ke tanticancer effect of the cyclin
dependent kinase inhibitor roscovitine. J Cell Biochem 2009; 103428
Holcakova J, Tomasec P, Bugert JJ, Wang EC, Wilkinson GW, Hrstka R, et al.
The inhibitor of cyclindependent kinases, olomoucine Il, exhipidéent antiviral
properties. Antivir Chem Chemother 2010; 20423

Siller M, Anzenbacher P, Anzenbacherova E, Dolezal K, Popa |, Strnad M.
Interactions of olomoucine Il with human liver microsomal cytochromes P450.
Drug Metab Dispos 2009; 37:11-282.

Hofman J, Kucera R, Neumanova Z, Klimes J, Ceckova M, Staud F. Placental
passage of olomoucine II, but not purvalanol A, is affected -blygoprotein
(ABCBL1), breast cancer resistance protein (ABCG2) and multidrug resistance
associated proteins BCCs). Xenobiotica 2015:-8.

36



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Gray NS, Wodicka L, Thunnissen AM, Norman TC, Kwon S, Espinoza FH, et al.
Exploiting chemical libraries, structure, and genomics in the search for kinase
inhibitors. Science 1998; 281:5&3

Villerbu N, Gaben AM, Reeuilh G, Mester J. Cellar effects of purvalanol A:
aspecific inhibitor of cyclindependent kinase activities. Int J Cancer 2002;
97:7619.

An R, Hagiya Y, Tamura A, Li S, Saito H, Tokushima D, et al. Cellular
phototoxicity evoked through the inhil@n of human ABC transporter ABCG2

by cyclindependent kinase inhibitors in vitro. Pharm Res 2009; 265849

Meijer L, Borgne A, Mulner O, Chong JP, Blow JJ, Inagaki N, et al. Biochemical
and cellular effects of roscovitine, a potent and selectikibitor of the cyclin
dependent kinases cdc2, cdk2 and cdk5. Eur J Biochem 1997; 288527
McClue SJ, Blake D, Clarke R, Cowan A, Cummings L, Fischer PM, et al. In vitro
and in vivo antitumor properties of the cyclin dependent kinase inhibitor G¥C2
(R-roscovitine). Int J Cancer 2002; 102:483

Appleyard MV, O'Neill MA, Murray KE, Paulin FE, Bray SE, Kernohan NM, et
al. Seliciclib (CYC202, Roscovitine) @ahances the antitumor effect

of doxorubicin in vivo in a breast cancer xenograft mottel.J Cancer 2009;
124:46572.

Tirado OM, MateeLozano S, Notario V. Roscdine is an effective inducer

of apoptosis of Ewing's sarcoma family tumor cells in vitro and in vivo. Cancer
Res 2005; 65:9320.

Rajnai Z, Mehn D, Beery E, Okyar A, Jai, Toth GK, et al. ATPbinding
cassette Bl transports seliciclib -(&scovitine), a cyclirdependent kinase
inhibitor. Drug Metab Dispos 2010; 38:2060

Wartenberg M, Fischer K, Hescheler J, &auH. Modulation of intrinsic
P-glycoprotein expressioim multicellular prostate tumor spheroids by cell cycle
inhibitors. Biochim Biophys Acta 2002; 1589:42.

Sedlacek H, Czech J, Naik R, Kaur G, Worland P, Losiewicz M, et al. Flavopiridol
(L86 8275; NSC 649890), a new kinase inhibitor for tumor ferint J Oncol
1996; 9:1143%68.

Drees M, Dengler WA, Roth T, Labonte H, Mayo J, Malspeis L, et al. Flavopiridol
(L86-8275): selective antitumor activity in vitro and activity in vivo for prostate
carcinoma cells. Clin Cancer Res 1997; 3:973

Shapiro GI, Koestner DA, Matranga CB, Rollins BJ. Flavopiridol induces cell
cycle arrest and p5Bidependent apoptosis in nemall cell lung cancer cell
lines. Clin Cancer Res 1999; 5:2938.

Wirger A, Perabo FG, Burgemeister S, Haase L, Schmidti¢hn C, et al.
Flavopiridol, an inhibitor of cyclirdependent kinases, induces growth inhibition
and apoptosis in bladder cancer cells in vitro and in vivo. Anticancer Res 2005;
25:43417.

Arguello F, Alexander M, Sterry JA, Tudor G, Smith EM, Kalalr, et al.
Flavopiridol induces apoptosis of normal Ilymphoid cells, causes
immunosuppression, and has potent antitumor activity In vivo against human
leukemia and lymphoma xenografts. Blood 1998; 91:21&2

Karp JE, Passaniti A, Gojo |, KaufmannBble K, Garimella TS, et al. Phase |
and pharmacokinetic study of flavopiridol followed by -bétaD-
arabinofuranosylcytosine and mitoxantrone in relapsed and refractory adult acute
leukemias. Clin Cancer Res 2005; 11:8423

37



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Karp JE, Smith BD, Lew MJ, Gore SD, Greer J, Hattenburg C, et al. Sequential
flavopiridol, cytosine arabinoside, and mitoxantroaephase Il trial in adults
with poorrisk acute myelogenous leukemia. Clin Cancer Res 2007; 137367
Dispenzieri A, Gertz MA, Lacy MQ, Gey SM, Fitch TR, Fenton RG, et al.
Flavopiridol in patients with relapsed or refractory multiple myeloma: a phase 2
trial with clinical and pharmacodynamic epdints. Haematologica 2006;
91:3903.

Zhou L, Schmidt K, Nelson FR, Zelesky V, Titsnan MD,Feng B. The effect

of breast cancer resistance protein angly@oproteinon the brain penetration

of flavopiridol, imatinib mesylate (Gleevec), prazosin, and&hoxy3-(4-(2-(5-
methyl2-phenyloxazoM-yl)ethoxy)phenyl)propanoic acid (PF07288) in mice
Drug Metab Dispos 2009; 37:945.

Boerner SA, Tourne ME, Kaufmann SH, BilkC. Effect of Rglycoprotein
onflavopiridol sensitivity. Br J Cancer 2001; 84:1361

Kodaira H, Kusuhara H, Ushiki J, Fuse E, Sagna Y. Kinetic analysis

of thecoqperation of Pglycoprotein (Pgp/Abcbl) and breast cancer resistance
protein (Bcrp/Abcg2) in limiting the brain and testis penetration of erlotinib,
flavopiridol, and mitoxantrone. J Pharmacol Exp Ther 2010; 33396388

Xia B, Liu X, Zhou Q, Feng Q, iLY, Liu W, et al. Disposition of orally
administered a promising chemotherapeutic agent flavopiridol in the intestine.
Drug Dev Ind Pharm 2013; 39:843.

Robey RW, MedindPerez WY, Nishiyama K, Lahusen T, Miyake K, Litman T,
et al. Overexpression ahe ATRbinding cassette hatfansporter, ABCG2
(Mxr/BCrp/ABCP1), in flavopiridolresistant human breast cancer cells. Clin
Cancer Res 2001, 7:1462.

Bible KC, Boerner SA, Kirkland K, Anderl KL, Bartelt D, Jr., Svingen PA, et al.
Characterization fo an ovarian carcinoma celline resistant to cisplatin
andflavopiridol. Clin Cancer Res 2000; 6:6GD.

Nakanishi T, Karp JE, Tan M, Doyle LA, Peters T, Yang W, et al. Quantitative
analysis of breast cancer resistance protein and cellular resigtdtaepiridol

in acute leukemia patients. Clin Cancer Res 2003; 9:8320

Misra RN, Xiao HY, Kim KS, LuS, Han WC, Barbosa SA, et al.
N-(cycloalkylamino)acyi2-aminothiazole inhibitors of cyclidependent kinase

2. N-[5-[[[5-(1,2-dimethylethyl}2-oxazolyllmethyl]thio} 2-thiazolyl]-4-
piperidinecarboxamide (BMS887032), a highly efficacious and selective
antitumor agent. J Med Chem 2004; 47:1-289

Heath El, Bible K, Martell RE, Adelman DQ,orusso PM. A phase 1 study
of SNS032 (formerly BMS-387032), a potent inhibitor of cyclidependent
kinases 2, 7 and 9 administered as a singé& dose and weekly infusion

in patients with metastatic refractory solid tumors. Invest New Drugs 2008:-26:59
65.

Tong WG, Chen R, Plunkett W, Siegel 8inha R, Harvey RD, et al. Phase | and
pharmacologic study of SN&32, a potent and selective Cdk2, 7, and 9 inhibitor,
in patients with advanced chronic lymphocytic leukemia and multiple myeloma.
J Clin Oncol 2010; 28:30132.

Kamath AV, Chong S, Clmg M, Marathe PH. Hlycoprotein plays a role

in theoral absorption of BMS87032, a potent cyckdependent kinase 2
inhibitor, in rats. Cancer Chemother Pharmacol 2005; 556110

Wyatt PG, Woodhead AJ, Berdini V, Boulstridge JA, Carr MG, Cross &M].
Identification of N(4-piperidinyl}4-(2,6-dichlorobenzoylamine}lH-pyrazole

38



135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

3-carboxamide (AT7519), a novel cyclin dependent kinase inhibitor using
fragmentbased Xray crystallography and structure based drug design. J Med
Chem 2008; 51:49889.

Squires MS, Feltell RE, Wallis NG, Lewis EJ, Smith DM, Cross DM, et al.
Biological characterization of AT7519, a smalblecule inhibitor of cyclin
dependent kinases, in human tumor cell lines. Mol Cancer Ther 2009: 3324
Parry D, Guzi T, Shahan F, Davis N, Prabhavalkar D, Wiswell D, et al.
Dinaciclib (SCH 727965), a novel and potent cyadependent kinase inhibitor.
Mol Cancer Ther 2010; 9:2348.

Fu W, Ma L, Chu B, Wang X, Bui MM, Gemmer J, et al. The cydependent
kinase inhibito SCH 727965 (dinacliclib) induces the apoptosis of osteosarcoma
cells. Mol Cancer Ther 2011; 10:1028.

Gorlick R, Kolb EA, Houghton PJ, Morton CL, Neale G, Keir ST, et al. Initial
testing (stage 1) of the cyclin dependent kinase inhibitor SCH B d@aciclib)

by the pediatric preclinical testing program. Pediatr Blood Cancer 2012; 59:1266
74.

Gregory GP, Hogg SJ, Kats LM, Vidacs E, Baker AJ, Gilan O, et al. CDK9
inhibition by dinaciclib potently suppresses Mclto induce durable apoptotic
responses in aggressive M¥itiven B-cell lymphoma in vivo. Leukemia 2015;
29:143741.

Feldmann G, Mishra A, Bisht S, Karikari C, Garridlaguna |, Rasheed Z, et al.
Cyclin-dependent kinase inhibitor Dinaciclib (SCH727965) inhibits pancreatic
cancer gowth and progression in murine xenograft models. Cancer Biol Ther
2011; 12:59809.

Fry DW, Harvey PJ, Keller PR, Elliott WL, Meade M, Trachet E, et al. Specific
inhibition of cyclindependent kinase 4/6 by PD 0332991 and associated
antitumor activityin human tumor xenografts. Mol Cancer Ther 2004; 3:1327
Toogood PL, Harvey PJ, Repine JT, Sheehan DJ, VanderWel SN, Zhou H, et al.
Discovery of a potent and selective inhibitor of cyalependent kinase 4/6. J
Med Chem 2005; 48:238806.

Marzec M, Kasprzycka M, Lai R, Gladden AB, Wlodarski P, Tomczak E, et al.
Mantle cell lymphoma cells express predominantly cyclin D1a isoform and are
highly sensitive to selective inhibition of CDK4 kinase activity. Blood 2006;
108:174450.

Saab R, Bik JL, Miceli AP, Anderson CM, Khoury JD, Fry DW, et al.
Pharmacologic inhibition of cyclidependent kinase 4/6 activity arrests
proliferation in myoblasts and rhabdomyosarcesdeaved cells. Mol Cancer
Ther 2006; 5:129308.

Baughn LB, Di Liberto MWu K, Toogood PL, Louie T, Gottschalk R, et al. A
novel orally active small molecule potently induces G1 arrest in primary myeloma
cells and prevents tumor growth by specific inhibition of cyd@pendent kinase
4/6. Cancer Res 2006; 66:7681

FinnRS, Dering J, Conklin D, Kalous O, Cohen DJ, Desai AJ, et al. PD 0332991,
a selective cyclin D kinase 4/6 inhibitor, preferalhy inhibits proliferation

of luminal estrogen recept@ositive human breast cancer cell lines in vitro.
Breast Cancer Res 200BL:R77.

Dickson MA. Molecular pathways: CDK4 inhibitors for cancer therapy. Clin
Cancer Res 2014; 20:3383.

Aleem E, Arceci RJ. Targeting cell cycle regulators in hematologic malignancies.
Front Cell Dev Biol 2015; 3:16.

39



149.

150.

151.

152.

Cadoo KA, GucalpA, Traina TA. Palbociclib:an evidencédased review

of its potential in the treatment of breast cancer. Breast Cancer (Dove Med Press)
2014; 6:12333.

de Gooijer MC, Zhang P, Thota N, Mayakeralta I, Buil LC, Beijnen JH, et al.
P-glycoprotein and keast cancer resistance protein restrict the brain penetration
of the CDK4/6 inhibitor palbociclib. Invest New Drugs 2015;

Raub TJ, Wishart GN, Kulanthaivel P, Staton BA, Ajamie RT, Sawada GA, et al.
Brain Exposure of Two Selective Dual DB4 and CDKG6 Inhibitors
andthe Antitumor Activity of CDK4 and CDKG6 Inhibition in Combinatio
with Temozolomide in an Intracranial Glioblastoma Xenograft. Drug Metab
Dispos 2015; 43:13601.

Parrish KE, Pokorny J, Mittapalli RK, Bakken K, Sarkaria JN, ElImquist WF
Efflux Transporters at the Bloefrain Barrier Limit Delivery and Efficacy

of Cyclin-Dependent Kinase 4/6 Inhibitor Palbociclib (PDB0332991)

in anOrthotopic Brain Tumor Model. J Pharmacol Exp Ther 2015; 3557264

40



5 C2l e pré8ce

ZpSedchoz? kapitoly vyplivg, §ge CDKI |
vbudoucnin al ®z t wpploda ti miBnd2o0 EZnoavl ® stteir aop ijieABC ch i nt
transpor t ®dosudvjesl omi  vogneekz e n ®, ni cme@enbderZzby
dor a c i ofarngakotefapie HIl avn2m c2l em t®to dizertal
farmakokinetickybhanCDklh ékakk? ®t nD ol omouc
purvalanoluA, roskovitinu,flavopiridolu, SNS032AT-7519,dinaciclibua palbocicliby
SABC | ®kov 1 minsepforutx@&r2ymi D2rlal 2mi c21i pr&ce

l) zZavedrewntdakumul al n2ch metod pr aBCBl udi um
ABCG2 a ABCClt ranspseyu@iy2m prTtokov® cytoc
poug2vanlch cytostati k gdakoorfuhluioaiersw e |
Ssubstr 8t T,

2) studium inhibice ABCB1, ABCG2 a ABCCIn vitro pomo c 2 ad khéd munl
metodaATP§zovIich esej 2,

3y s udium substr8tov® afinity dinaciclibt

hodnocen2, VvTIi A B GnBritrg p cAnBoCcZ2 naspodBdC/C 1t r a
pSesnhNlnou monovrstvu,

A ssudium viivu inhibigp®ekhBIGKkEnA® spez i ®t
pomoc2est{UMDCKlIla n&§dorovich buniDlnTch Iin
5) studiumc yt ot o x i ckiontbmace @Kleckyttuo st at i ky, Kkt er 8§
i nhi bovanTahs pABG®d§) oMDCKI | a ngdor o\
bunRl nlich | iniz2ch.

41



6 Seznam abornT chl | §nk publ i kovwamlrami | n2 c
| a s o p iimpakt-faktosem, j ej i ¢ hapkoodmieln tk8aSnh di d ¢
na jednotlivich publikac?2ch
Tato dizertal n2 pkrognteen tjismbephSie d b Ipguddd i 4k aj ca?k |

(6.17 6.4), z wngedhthwySi j sooud botringtcthapi vn2ch | as

simpaktf akt or em. PSedk!| kout a2 G4 aspjluautdpujvenPn @& ut o

zt Dcpht @@PVgechny manuskripty jsou pTvodn?

na popis a vyhodnABEntranspoak®?fy CDKIles® :

mnohol|l etn® | ®kov® rezistence.

Pod2|l kandi d8tky na jednotlivich publi kac?

6.1  Olomoucire Il, but not purvalanol A, is transported by breast cancer resistance
protein (ABCG2) and flycoprotein (ABCB1).

T kul tivace bunR|-ABCBIhMOCKIRABEBL bl RIDIKI |
T pomoc pSi transpor tiumttransporapyvalandlume nt e c h:

aolomoucinu Il pSes bunhNlnou monovrstvu

6.2 Purvalanol A, olomoucine 1l and roscovigéninhibit ABCB1 transporter

andsynergistically potentiate cytotoxic effects of daunorubieiwitro.

T kul ti vace bunRI|-ABCBIhMOCKIhHHCT-8 &HRESR | |

T st anoven2 ABERdptrreasnes port ®r T ¢h mbtodoud | nT c h
gRT-PCR

f s anoven? i nhi &s 1 o CDKH kthil Vi tABEBa c 2
akumul aln2ch metod s mhiSea&kriensid @rclen 2proimo
pr Tt o kyiomeiu o

T st anoven? akhivityPa§ zcoyt® t oxi ci ty jednotlivl

1T sanoven? synergick®ho pTsobenz? CDKI s

T analTza dat a seps8&n2 manuskriptu

42



6.3

6.4

Interactions of cyclirdependent kinase inhibi®r AT-7519, flavopiridol
andSNS032 with ABCB1, ABCG2 and ABCC1 transporters and their potential

to overcome multidrug resistanaevitro.

T kul ti vace bunD|IMBEBL MDGKH-ABCG2Y BIDIKII-

ABCC1, MDCKII, HepG2a T47D
T st anoven? exprese jednot!livld
metodou gRTPCR

f s anoven? i nhti éd tl nVCDKIAYeThli vi tABCB1 ,

aABCClpomoc? akumul aln2ch metod
akumul ace pomoc?2 prTtokov®ho

T sanoven2 ATP8zov® aktiviKly a

]

ss anoven? synergick®ho pTsoben

f anal lza dat a seps8&n2 manuskri

h niA2BCh t

s fluo
cytometr
cytotox
2 CDKI
ptu

Dinaciclib, a cyclindependent kinase inhibitor, asubstrate of human ABCB1

andan inhibitor of human ABCCin vitro.

T kul tivace |buwnB| aNBEBIK MDCKII-ABCG2, MDCKII-

ABCC1, MDCKIla T47D
studium transportdinaciclibup Ses bunhRD| nou mon
T st anoven? i n hWingaeicliburv 2T | & k tAIB\CiBtly

ovrstvu
ABCG2 a

ABC

I

S

pomoc?2 akumulaln2ch metodesa2fhkbaomatae

pomoc?2 prTtokov®ho cytometru
T ssanoven? ATPS§8zov ®dinakitlibuvi ty a

s anoven? syner gi difda@hba s pTkEobead]| n2m

chemoterapeutiky

f anal lza dat a seps8&n2 manuskri

cytot ox

ptu

43



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

PLOS ONE | www.plosone.org

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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Figure 7. Chemical structures of olomoucine Il and purvalanol
A.
doi:10.1371/journal.pone.0075520.g007

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
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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
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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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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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