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Abstrakt

Univerzita Karlova, Farmaceuticka fakulta v Hradci Kralové

Katedra farmakologie a toxikologie

Kandidatka: Megr. Lucie Jiraskova
Skolitel: doc. PharmDr. Luka$ Cerveny, Ph.D.
Nazev disertacni prace: Interakce  membranovych  transportérd s léivy

v placenté a duktdlnim adenokarcinomu pankreatu

Membrdnové transportéry jsou pfitomny napfic¢ celym organismem a zastdvaji fadu
vitdlné ddlezitych funkci. Vyznamnymi zastupci membranovych transportérll jsou p-
glykoprotein (ABCB1), breast cancer resistance protein (ABCG2) a multidrug resistance-
associated protein 2 (ABCC2) patfici do rodiny ATP-biding cassette (ABC) transportér(. DalSimi
dalezitymi zastupci jsou nukleosidové transportéry, které patfi do rodiny Solute Carriers (SLC)
transportérll. V posledni dobé je sledovdna jejich dlleZitost ve farmakokinetice 1éc¢iv a vzniku
rezistence k protinddorové terapii. Vramci této disertacni prace jsme se uvedenym
transportérim (zejména nukleosidovym) vénovali komplexné. Podafilo se nam popsat expresni
profil nukleosidovych transportér(i v placenté v rlznych fazich gestace. Déle jsme sledovali, zda
se exprese nukleosidovych transportérl méni v zavislosti na mife diferenciace trofoblastu ci
muze byt ovlivnéna epigeneticky a popsali dileZitost cAMP/proteinkinaza A signaliza¢ni drahy
v jejich regulaci. Z pohledu farmakokinetického jsme zjistili, Ze z placentdrnich nukleosidovych
transportérl ekvilibrativni nukleosidovy transportér 1 signifikantné usnadnuje materno-fetaini
prestup nukleosidovych analogl anti-HIV abakaviru a anti-HCV ribavirinu, nicméné neovliviuji
placentarni kinetiku anti-HIV lé¢iv emtricitabinu a zidovudinu. Podobné ABC transportéry
zajistujici v placenté aktivni ochranu plodu nesniZovaly materno-fetalni transfer ribavirinu.
Zabyvali jsme se i roli ekvilibrativniho nukleosidového transportéru 1 ve farmakorezistenci
duktalniho adenokarcinomu pankreatu vici adjuvantnimu podavani gemcitabinu. V ramci nasi
kohorty pacientli se nam nepodafilo potvrdit korelaci mezi expresi ekvilibrativniho
nukleosidového transportéru 1 a prezivanim pacientl. Obdobny vysledek jsme pozorovali i pfi
analyze dalSich potenciadlnich prognostickych markerd homologni protein 3 pro neurogenni

lokus (NOTCH3) a mikroRNA 21 (miR-21). NaSe data a publikované prace prinesly fadu poznatkd



o regulaci nukleosidovych transportéri a jejich zapojeni do farmakokinetiky 1éCiv a rozsitily také

znalost o zapojeni ABC transportér v placentarni kinetice nukleosidovych analogu.



Abstract

Charles University, Faculty of Pharmacy in Hradec Kralové

Department of Pharmacology and Toxicology

Candidate: Megr. Lucie Jirdskova
Supervisor: doc. PharmDr. Luka$ Cerveny, Ph.D.
Title of doctoral thesis: Interactions of membrane transporters with drugs in

the placenta and pancreatic ductal adenocarcinoma

Membrane transporters are found throughout the body, where they are responsible for
many vital functions. Important representatives of membrane transporters are P-glycoprotein
(ABCB1), Breast cancer resistance protein (ABCG2) and multidrug resistance-associated protein
2 (ABCC2) belonging to the ATP-biding Cassette (ABC) family. Nucleoside transporters belonging
to Solute Carriers family (SLC) transporters represent another important group. It has been well
evidenced that these transporters also affect drug disposition and contribute to tumor
resistance to anticancer therapy. Over working on this dissertation thesis, we investigated the
mentioned transporters (with special focus on nucleoside transporters) in complex fashion. We
described the expression profile of nucleoside transporters in the placenta at different stages of
gestation. We also examined whether the expression of nucleoside transporters changes
depending on the degree of differentiation or can be affected epigenetically, and we
demonstrated the importance of the cAMP / protein kinase A signaling pathway in their
regulation. Regarding drug disposition, we found that placental equilibrative nucleoside
transporter 1 significantly facilitates mather-to-fetus transfer of nucleoside-derive drugs, anti-
HIV abacavir and anti-HCV ribavirin, but do not affect placental kinetics of anti-HIV drugs,
emtricitabine and zidovudine. Similarly, ABC transporters providing fetal protection did not
reduce maternal-fetal transfer of ribavirin. We also addressed the role of equilibrative
nucleoside transporter 1 in the chemoresistance of pancreatic ductal adenocarcinoma to
adjuvant gemcitabine therapy. Within our cohort of patients, we were unable to confirm the
correlation between equilibrative nucleoside transporter 1 expression and patients’ survival. We
achieved a similar result in the analysis of other potential prognostic markers neurogenic locus

notch homolog protein 3 (NOTCH3) and microRNA 21 (miR-21). Our data and published studies



have broadened knowledge on the regulation of nucleoside transporters and their involvement
in drug pharmacokinetics, as well as they evidenced lacking involvement of ABC transporters in

the placental kinetics of nucleoside analogs.
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1 SEZNAM ZKRATEK

ABC ATP-vazajici transportéry (z angl. ATP-binding Cassette)
ABCB1 P-glykoprotein (P-gp), MDR1

ABCC2 z angl. Multidrug Resistance-associated Protein 2, MRP2
ABCG2 z angl. Breast Cancer Resistance Protein, BCRP

ATP adenosintrifosfat

ATRA all-trans retinoic acid (tretinoin)

ART kombinovana antiretrovirova terapie

(z angl. combination antiretroviral therapy)
CCR5 inhibitory C-C chemokinového receptoru 5

CNTs koncentracni nukleosidové transportéry

(z angl. Concetrative Nucleoside Transporters)

dcK deoxycitidinkinaza

DNMT DNA metyltransferaza

dNTP deoxyribonukleotid

DSS nadoroveé specifické preziti (z angl. Disease-Specific Survival)
ENTs ekvilibrativni nukleosidové transportéry

(z angl. Equilibrative Nucleoside Transporters)

GEM gemcitabin

HDAC histondeacetylaza

HDACi inhibitory histondeacetylaz

HIV virus lidské imunitni nedostateénosti

(z angl. Human Immunodeficiency Virus)

HUGO projekt mapovani lidského genomu

(z angl. Human Genome Organisation)

INSTIs inhibitory integrazy (z angl. Integrase Strand Transfer Inhibitors)
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MATE

miR-21

MVM

NNRTIs

NOTCH3

NRTIs

NTs

OAT

OATP

OocCT

PDAC

PKA

Pls

RAR

RRM1

RRM2

RXR

SLC

TDF

z angl. Multidrug and Toxin Extrusion Proteins
mikroRNA 21

vezikuly z izolované mikrovilézni membrany

(z angl. Microvillous Plasma Membrane)

nenukleosidové inhibitory reverzni transkriptazy

(z angl. Non-nucleoside Reverse Trancriptase Inhibitor)

homologni protein 3 pro neurogenni lokus

(z angl. Neurogenic Locus Notch Homolog Protein 3)

nukleosidové inhibitory reverzni transkriptazy

(z angl. Nucleoside/Nucleotide Reverse Transcriptase Inhibitor)
nukleosidové transportéry

transportéry pro prenos organickych aniontd

(angl. Organic Anion Transporter)

transportni polypeptidy pro pfenos organickych aniont(

(z angl. Organic Anion-Tranporting Polypetides)

transportéry pro prenos organickych kationtd

(z angl. Organic Cation Transporter)

duktalni adenokarcinom pankreatu

(z angl. Pancreatic Ductal Adenocarcinoma)
proteinkinaza A

inhibitor protedzy (z angl. Protease Inhibitors)
z angl. Retinoic Acid Receptor

podjednotka M1 ribonukleotid-reduktazy
podjednotka M2 ribonukleotid-reduktazy

z angl. Retinoid X Receptor

Solute Carrier rodina transportér(

tenofovir disoproxil fumarat

11



TFV tenofovir

WHO Mezinarodni zdravotnicka organizace

(z angl. World Health Organization)

12



2 UvoD

Bunééné membrany ohraniCuji jednotlivé bunky a organely, zajistuji komunikaci
s okolim a jsou zapojeny do metabolickych a transportnich procesa. Aby toto bylo mozné, jsou
membrany vybaveny transportnimi systémy, zahrnujici membranové transportéry.
Membranovych transportéru je velké mnozstvi typl a jsou rlznym stupném specializovany pro
transport specifickych molekul a zajistovani riznych fyziologickych procesl véetné absorpce a
distribuce Zivin. Nékteré transportéry naopak zajistuji protekci celého organismu/citlivych tkani
tim, Ze zpomaluji absorpci, omezuji distribuci a urychluji exkreci potencialné nebezpecnych latek
véetné xenobiotik.

Historie vyzkumu membranového transportu saha do 30. let 20. stoleti (po objeveni
lipidové dvojvrstvy védci Gorterem a Grendelem v roce 1925), kdy byl autory Osterhount et al.
popsan iontovy transport sprazeny s membranovym proteinem. V druhé pllce 20. stoleti se pak
dale prohlubovaly poznatky o mechanismech membrdnového transportu [1] a membranové
transportéry se staly tématem zdkladniho i aplikovaného vyzkumu; 1.4.2020 bylo nalezeno
v databazi PubMed témér c¢tvrt milionu védeckych publikaci (klicova slova: ,MEMBRANE
TRANSPORTERS and HUMANS”). V roce 1975 byl pak v laboratofi Viktora Linga objeven prvni

transportér dilezity pro transport léCiv, P-glykoprotein [2].
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3  TEORETICKA CAST

3.1 Membranové transportéry

Membranovy transport je soubor mechanism( umoziiujici iontim, vitalné dllezitym
latkam ci léciviim prekonat bunécnou membranu. Transport pres biologické membrany a bariéry
je jednim z nejddleZit&jsich faktord ovliviiujici absorpci, distribuci a exkreci latek. Rada latek
prestupuje pfes membrdnu pasivni diflzi bez spotifeby energie po sméru koncentracniho spadu,
avsak u mnoho latek je jejich prenos zprostfedkovan usnadnénou difuzi ¢i aktivni transportem.
Pro usnadnénou difuzi je charakteristickd uc¢ast obousmérného membranového transportéru a
prenos latky ve sméru koncentracniho gradientu, tedy bez spotieby energie. Aktivni transport
je jednosmeérny, probihd proti koncentracnimu gradientu a je zavisly na doddvce energie ve
formé ATP. Aktivni transport dale délime podle hnaci sily na primdrni a sekundarni. Primarni
aktivni transport vyuziva energii pfimo z hydrolyzy ATP. Sekundarni aktivni transport neboli
kotransport vyuzivd jako hnaci silu elektrochemicky gradient vytvoreny transportem jiné ¢astice,
muzZe tak dochazet k symportu ¢i antiportu castic [3]. Mechanismy membranového transportu
jsou znazornény na obrdzku 1.

Membrdnové transportéry jsou integralni membranové proteiny, které se déli podle
sméru transportu substratl na jednosmérné influxni (transport do buriky), efluxni (transport ven
z buniky) a obousmérné. Burice mohou slouzit k pfijimani dulezitych latek, jako jsou napf.
minerdly, vitaminy, aminokyseliny, cukry a nukleosidy nebo naopak k vylu¢ovani toxickych latek
a produktlli metabolismu. V lidském genomu bylo dle HUGO GeneNomenclature Committee
identifikovano vice nez 400 membranovych transportér(, které jsou v soucasné dobé rozdéleny
do dvou vyznamnych rodin, a to na ATP-binding cassette (ABC) a Solute-carrier (SLC) [4].
V nasledujicich kapitolach budou, s ohledem na zaméreni této prace, detailné popsany efluxni

Iékové ABC transportéry a nukleosidové transportéry patfici do rodiny SLC.
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Obr. 1: Transport latek pres biologické membrany. Modré ovaly zndzoriuji membranové
transportéry. Cervené kruhy a &erné ¢tverce zndazorfiuji substraty, jejich velikost odpovida
koncentraci. Sipky znazorfiuji smér transportu (po ¢i proti koncentraénimu spadu). Prevzato a

upraveno dle [3].

3.1.1 ABCtransportéry

ABC transportéry, predstavuji Sirokou skupinu membranovych transportér( vyuzivajici
hydrolyzy ATP (adenosintrifosfat) jako zdroj energie k efluxu substratli z buriky nebo transportu
latek z/do bunécnych organel proti koncentraénimu gradientu [5]. V lidském téle je exprimovano
49 ABC transportérd a dle fylogeneze je lIze rozdélit do 7 podrodin A-G [2, 3]. Z hlediska
farmakokinetiky, patfi mezi nejvyznamnéjsi, a tedy nejvice studované ABC transportéry, P-
glykoprotein (P-gp, ABCB1, MDR1), breast cancer resistance protein (BCRP, ABCG2) a multidrug
resistance-associated proteiny (MRPs, ABCCs). Tyto transportéry se nachazeji v membranach
enterocytl, hepatalnich a renalnich bunkach, kde moduluji absorpci, distribuci a eliminaci
substratl, dale pak v biologickych bariérach (hematoencefalickd, hematotestikularni a
placentarni), kde hlavné chrani mozek a vyvijejici se plod pfed nezadoucimi Ucinky xenobiotik

[6, 7].
3.1.1.1 P-glykoprotein (P-gp, ABCB1, MDR1)

ABCB1 je prvnim objevenym, a diky své schopnosti zplUsobovat mnohocetnou
farmakorezistenci v nddorovych bunkach, nejvice probadanym ABC transportérem. ABCB1 se
skldda ze 2 homolognich aminokyselinovych fetézcll, z nichZ kazdy obsahuje 6 hydrofobnich

transmembranovych domén a intraceluldrni ATP-vazajici doménu [5, 8, 9]. Substraty ABCB1 jsou
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strukturné i funkéné velmi rlznorodé. Spolecnym znakem mnoha z nich je pritomnost
aromatické skupiny a amfifilni povaha [5]. Mezi substraty ABCB1 patfi fada cytostatik,
antiretrovirotik, antibiotik, antiarytmik ¢i analgetik [5, 8]. ABCB1 se v lidském organismu hojné
nachazi v apikdlni membrané bunék tvoticich zejména biologické bariéry. Hraje klicovou roli ve
farmakokinetice IéCiv a je mistem vzniku lékovych interakci [10-12]. Je Casto ve zvySené mire
exprimovan v nadorovych burikdch, kde miZe sniZovat intracelularni koncentraci cytostatik, a
tak se podilet na zvySené rezistenci nddorové bunky k chemoterapii. Proto je dlouhodobé
zkoumany s cilem nalézt zplsob, jak nddorovou lékovou rezistenci prekonat [13, 14]. Exprese
ABCB1 je prokazanaiv lidské placenté [15]. Je lokalizovan na apikalni strané syncytiotrofoblastu,
odkud pumpuje latky zpét do intervildzniho prostoru obsahujici krev matky a tim snizuje

materno-fetalni transfer nékterych latek [16].

3.1.1.2 Breast cancer resistance protein (BCRP, ABCG2)

Jak jiz ndzev tohoto transportéru napovida, poprvé byl ABCG2 izolovan z karcinomu prsu
[5]. OdliSuje se svou strukturou. Na rozdil od ABCB1 obsahuje ve své struktufe pouze 6
transmembranovych jednotek a jednu intracelularni ATP-vazajici doménu, a proto pro spravnou
funkci musi tvofit homo—dimery spojené disulfidickymi mastky [5, 8, 17]. Stejné jako ABCB1 je
ABCG2 lokalizovan v apikalni membrané bunék tvoficich biologické bariéry [5, 17, 18]. Nejvice je
exprimovany v placentarnim syncytiotrofoblastu, kde se podili na ochrané plodu tim, Ze stejné
jako ABCB1 omezuje materno-fetalni prestup svych substratd. ABCG2 ovliviiuje i samotny vyvoj
placentdrniho syncytiotrofoblastu [19, 20]. Jeho vyskyt byl potvrzen také na povrchu krevnich a
solidnich nadorovych bunék, kde se v soucinnosti nebo nezavisle na ABCB1 podili na vzniku
mnohocetné lékové rezistence [17, 21]. ABCG2 vykazuje podobnou substratovou specifitu jako
ABCB1. Mezi jeho substraty patfi napf. cytostatika, antivirotika, antiretrovirotika, antibiotika,

antidiabetika, flavonoidy, hormony a dalsi [atky [8, 22].

3.1.1.3 Multidrug resistance-associated proteins (MRPs, ABCCs)

Oznaceni celé této skupiny transportérl je odvozeno ze schopnosti zplsobovat
mnohocetnou lékovou rezistenci nadorovych bunék prvnim objevenym transportérem této
skupiny, a to ABCC1 [23, 24]. Strukturou jsou velmi podobné ABCB1, obsahuji 12
transmembranovych domén a 2 intraceluldrni ATP-vazajici domény, to plati pro ABCC4, 5,8 a 9.
ABCC1, 2, 3, 6 a 7 obsahuji navic jesté pét transmembranovych segmenttd s volnym NH2 koncem
[25]. ABCC transportéry mohou byt, v zavislosti na typu bunék, exprimovany v apikalni i v

bazolateralni membrané [23]. Typickym, bazolaterdlné lokalizovanym transportérem z této
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podskupiny je ABCC1, apikalné lokalizovanym (vCetné placentdarni bariéry) je pak ABCC2 [24].
Kromé jejich role v mnohocetné Iékové rezistenci, tyto transportéry zprostfedkovavaji transport
mnohych endogennich i exogennich latek, a to predevSim konjugdtll s navazanym
glutathionovym, glukuronidovym nebo sulfatovym zbytkem, za coZ je zodpovédny predevsim
ABCC2 [5, 23]. Ovliviuji farmakokinetiku nékterych I|éciv, napf. cytostatik, antivirotik,

hypolipidemik ¢i antiarytmik [23, 26, 27].

3.1.2 SLCtransportéry

Jedna se o velice rozmanitou skupinu transportér, ktera citd vice nez 300 zastupcd,
lokalizovanych v celé radé tkani a organd, napf. jatra, ledviny, stfeva, srdce, plice, placenta a
dalsi [28]. Na rozdil od ABC transportérq, které maji ve své strukture hydrolytické misto pro ATP
a mohou tak uvolnénou energii vyuZit pfimo, vétsina SLC transportér( patfi mezi sekundarné
aktivni transportéry. ATP dependentni pfenasec vytvari koncentraéni gradient iont(, ktery je
hnaci silou pro transport jiné latky. Mezi nejvyznamnéjsi podskupiny SLC transportérd patfi
transportéry pro prenos organickych aniont(, OAT (organic anion transporters) a OATP (organic
anion-transporting polypeptides), organickych kationtli, OCT (organic cation transporters),
MATE (multidrug and toxin extrusion proteins) a nukleosid(, nukleosidové transportéry (NTs).
S ohledem na mé experimentalni zaméreni a publikacni vystupy této prace jsou v nasledujicich

podkapitolach blize popsany zastupci NTs a jejich vyznam ve studovanych oblastech.

3.1.2.1 Nukleosidové transportéry

Purinové i pyrimidinové nukleosidy jsou hydrofilni latky, které mohou jen velmi
omezené prestupovat pres bunécnou membrdanu pasivni difuzi, proto jsou nezbytné pro jejich
vychytavani burikou specializované membrdnové NTs. V posledni dobé se NTs vénuje ¢im dal
vétsi pozornost, diky zjisténim, Ze vyznamné ovliviiuji extracelularni a intracelularni koncentrace
nukleosidd. Nukleosidy maji nezastupitelnou roli v mnoha bunécnych funkcich, a jsou proto
povaZovany za reguldtory bunécné homeostdazy. Pfirozené se vyskytujici nukleosidy délime na
purinové, mezi které patfi adenosin, guanosin a inosin, a pyrimidinové jako je uridin, cytidin a
thymidin. Tyto nukleosidy slouZi jako prekurzory pro syntézu nukleotidl a nukleovych kyselin,
které jsou nezbytné pro kontrolu rlistu a metabolismu ve vSech Zivych systémech, dale pak
koenzym( (NADP a FAD) a intracelularnich signdlnich molekul (cCAMP a cGMP). Adenosin je
neuromoduldtor, ktery reguluje fyziologické procesy, jako je neurotransmise a kardiovaskularni
aktivita [29, 30], ale podili se i na fadé patofyziologickych déjich (napf. pre-eklampsie ¢i gestaéni

diabetes) [31-33]. Diky nezastupitelné roli nukleosidll v syntéze nukleovych kyselin jsou jejich
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analogy klinicky vyuzivany v 1écbé solidnich nadorl (napf. 5-fluorouracil, gemcitabin,
merkaptopurin, azacytidin a kladribin), virovych infekci jako je AIDS (napf. lamivudin, abakavir,
zidovudin, emtricitabin a tenofovir), hepatitida B (entekavir, adefovir a telbivudin) a hepatitida
C (ribavirin) [34-39].

Dle drivéjsSich funkcnich a kinetickych studii byly ustanoveny dvé genové rodiny
nukleosidovych transportéri - SLC28A a SLC29A, kddujici aktivni koncentraéni nukleosidové

transportéry (CNT; SLC28) a pasivni ekvilibrativni nukleosidové transportéry (ENT; SLC29) [40].
3.1.2.1.1 CNTs

CNT transportéry zprostiedkovavaji aktivni jednosmérny Na*-dependentni transport
nukleosid a jejich derivatd do buriky. Jsou exprimovany nejcastéji na apikalni strané bunécnych
membran organu. Rodina téchto transportéri ma tfi zastupce, CNT1 (SLC28A1), CNT2 (SLC28A2)
a CNT3 (SLC28A3), lisici se substratovou specifitou [41]. CNT1 prenasi hlavné pyrimidinové
nukleosidy, CNT2 purinové a CNT3 transportuje oba strukturni typy nukleosidd [42]. Genova
exprese SLC28A1 byla detekovana hlavné v epitelidlnich burnikach jater, ledvin a stfeva. V pfipadé
SLC28A2, exprese byla popsdna v placenté, jatrech, ledvinach, stfevé, srdci, mozku, pankreatu Ci
prostaté. SLC28A3 mRNA se nachazi naptiklad vtermindini placenté, plicich, kostni dreni,
prostaté a jatrech [43-45]. Na Urovni proteinu byly CNT1 i CNT2 detekovany v burikach jater,
ledvin, stfeva a pankreatu [46]. CNTs jsou zapojené do bunécnych signalizacnich kaskad. CNT1
je dokonce povaZovany za transceptor (kombinuje vlastnosti transportéru a receptoru). Jeho
role byla popsdna v bunécné proliferaci, ovsem ta je prokazatelné nezavisla na jeho transportni
funkci. V pfipadé CNT2 a CNT3 jako transceptorech se dosud pouze spekuluje. CNT2 je dulezitym
mechanismem regulace extracelularnich koncentraci fyziologicky nejvyznamnéjsiho nukleosidu,
adenosinu; ktery je jeho modelovym substratem s vysokou afinitou [41, 47, 48]. Ve studiich
Dufflot et al. (2004) a Pastor-Anglada et Pérez-Torras (2018), byla popsana aktivace CNT2 po
predchozi aktivaci adenosinovych receptord Al v hepatocytech [41, 49]. Tento mechanismus
spociva v aktivaci a otevreni K* kanali pomoci ATP, coZ zplisobi zvySeni absorpce nukleosidu pres
CNT2. CNT2 se ucastni i dalSich déja spojenych s tvorbou energie, konkrétné s procesem
glykolyzy a glukoneogeneze [50]. Snizené vychytavani adenosinu vede k vy$sim extracelularnim
koncentracim adenosinu, cozZ vede k aktivaci AMP-dependentnich kindazy (AMPK). Tento déj také
prispiva k regulaci energetického metabolismu bunky [41].

Klinicky vyznam CNTs spocivad v transportu protinddorovych ¢i antivirovych Iéciv a
ovlivnéni jejich farmakokinetiky. Pfikladem je gemcitabin (GEM; 2°,2’- difluorodeoxycytidin),
indikovany k lé¢bé karcinomu pankreatu, ktery je transportovany pomoci CNT1 a CNT3, a dale

napf. fludarabin, ktery je Iékem volby u chronické lymfocytarni leukémie a je substratem CNT3
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[51, 52]. Zndmym caste¢nym inhibitorem CNTs je phloridzin a specifickymi inhibitory CNT2 jsou
KGO-2142 a KG0O-2173 [53, 54], nespecificky se jejich aktivita inhibuje depleci sodnych kationt(
[42].

3.1.2.1.2 ENTs

Tato podskupina nukleosidovych transportérii ma Ctyfi zastupce ENT1 (SLC29A1), ENT2
(SLC29A2), ENT3 (SLC29A3) a ENT4 (SLC29A4) [42]. ENTs, kromé ENTA4, jsou na Na* nezavislé a
zprostiedkovavaiji facilitovanou difuzi. ENT1-3 kontroluji transport purinovych i pyrimidinovych
nukleosidl [42]. ENT4 je pH-dependentni a podili se na transportu adenosinu a organickych
kationt(l [55]. ENT transportéry maji Sirokou substratovou specifitu. V radé pfipadd jsou
lokalizované v bazolateralni membrané polarizovanych bunék a tkani. Na rozdil od CNTs maji
mensi afinitu k substratim, ale vétsi kapacitu prenosu [56, 57]. Za specificky inhibitor ENTs je
povazovan nitrobenzylthionosin (NBMPR), ktery je po desetileti pouzivdam k funkéni
charakterizaci téchto transportér( v bunéénych kulturach i tkanich [58]. ENTs maji rozdilnou
sensitivitu k NBMPR. ENT1 je NBMPR sensitivni transportér a je inhibovan v nanomoldrnich
koncentracich NBMPR, zatimco ENT2 je k pusobeni NBMPR méné citlivy a je inhibovan v
mikromolarnich koncentracich NBMPR. Funkce ENT3 neni NBMPR ovlivnéna [42]. Mezi dalsi
inhibitory ENTs patfi vasodilatacni |éciva jako je dipyridamol, dilazep a draflazin [42], nicméné o

nich je zndmo, Ze inhibuji i jiné transportéry [59].

3.2 Molekularni mechanismy regulace nukleosidovych transportért

Z minulosti je znamo, Ze dysregulace nukleosidovych transportérd miize byt zplsobena
patologickymi zménami [60-66]. Ddle bylo zjisténo, Ze exprese CNT2 je sniZzena v zanicené
stfevni tkani u pacientl s Crohnovou chorobou [67]. Jejich inhibice se experimentalné vyuziva
v lé¢bé akutniho poskozeni plic [68] a snizena exprese ENT1 nebo CNT3 mizZe zpUsobovat
nadorovou farmakorezistenci [38]. Mezi jeden znejbéznéjSich mechanism( zpUsobujici
variabilni expresi genli a nasledné funkci proteinu patfi geneticky polymorfismus. Vliv
polymorfism{ na funkéni expresi nukleosidovych transportér(i neni nijak vyznamny [59]. Naproti
tomu, je exprese nukleosidovych transportéri ovliviiovana hypoxii, fosforylacnimi déji,
regulacnim faktorem RS1, glukdzou i transaktivaci nuklearnich receptorli [69-73].

MnoiZstvi nukleosidovych transportérd v bunkach a tkanich ¢astecné zavisi na radé
mechanismU spojenych se stimulaci proliferace a diferenciace (napf. aktivace proteinkinazy

nebo kyseliny retinové [74-76], mlZe byt také ovlivnéno fadou rlznych endogennich a
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exogennich faktor( [28], napf. jejich hladina je regulovana sloZzenim a mnozstvim vyzivy [70, 77-
79]. Proto se jejich hladina lisi mezi jednotlivci a exprese se mliZze vyrazné ménit v pribéhu
téhotenstvi [45, 80-82].

Exprese nukleosidovych transportér(i v placenté v pribéhu gestace, inter-individualni
rozdily a mechanismy molekuldrni regulace nukleosidovych transportérd v placenté nebyly
dosud uspokojivé popsany. Z epigenetickych mechanismU v placenté, metylace cytosinovych
zbytkd na CpG ostrlvcich obvykle vede k potlaceni transkripce genll a acetylace histonl
zpUsobuji naopak genovou indukci [83]. V rakovinnych bunkach je popsano, Ze miru exprese

nukleosidovych transportér( Ize ovlivnit indukci diferenciace [84].

3.3 Nukleosidové transportéry v placenté a PDAC

Jak jiz bylo zminéno vysSe, nukleosidové transportéry jsou exprimovany v fadé dulezitych
organll a tkani. Tato prace se zaméfi na roli nukleosidovych transportér( v lidské placenté a
duktalnim adenokarcinomu pankreatu (PDAC), kde ENT1 urcuje miru cytotoxicity GEM tim, Ze je

zasadni cestou, pro jeho transport do nddorové tkané (viz kapitola 3.4).

3.3.1 Role transportérl v placentarnim prestupu

Placenta je dulezZity doCasny orgédn, zajistujici vyvin plodu. Po celou dobu gestace
oddéluje maternalni a fetalni cirkulaci a zajistuje latkovou vyménu (Ziviny, kyslik a produkty
metabolismu plodu) mezi matkou a plodem. Zaroven produkuje dulezité hormony kontrolujici
spravny vyvoj placenty a plodu [85]. Vedle téchto funkci ma placenta aktivni mechanismy
snizujici prechod lipofilnich (potencidlné toxickych) latek z obéhu krve matky do plodu [27, 28].
Nejdllezitéjsi C¢asti placentarni bariéry je polarizovand mnohobunééna vrstva tzv.
syncytiotrofoblast. Ten se nachazi na povrchu choriovych klk(, které jsou omyvany matefskou
krvi, a tak dochazi k vyméné latek mezi matkou a plodem (obr. 2A, B). Syncytiotrofoblast
exprimuje celou rfadu ABC i SLC transportérd zajistujicich vyménu Zivin, signalnich molekul,
rastovych faktort a xenobiotik (obr. 2C) [27]. V posledni dobé pribyva publikaci o roli téchto
transportér(i v placentarni farmakokinetice Iéciv [36, 80, 86, 87].

Placentarni ENT1 je lokalizovan na apikdlni (materndlni) strané membrany [46, 88],
zatimco ENT2 se vyskytuje na obou stranach, apikalni i bazolateralni (fetalni) membrané
cytotrofoblastu [89]. Oproti ENTs je proteinova exprese CNTs v lidské placenté mnohem méné
prozkoumana a v fadé publikaci se vysledky rozchazi. Dle studie Errasti-Murugarren et al. (2011),
bylo na BeWo bunécné linii zjisténo, Ze se v placenté nachazi geny SLC28A1, SLC28A2, SLC28A3,
SLC29A1 i SLC29A2. Na proteinové Urovni byl CNT1 prokdzan na obou pélech
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syncytiotrofoblastu, zatimco CNT2 ani CNT3 detekovany vibec nebyly [89]. Dale Govindarajan
et al. (2007), prokazali expresi SLC28A2, SLC29A1 a SLC29A2, ale na Urovni proteinu detekovali
pouze ENT1 a ENT2 [46]. Vzhledem ktémto nejasnostem jsme se expresi a lokalizaci
nukleosidovych transportér( v placenté blize vénovali a vysledky jsme zverejnili v publikacich | a
V [36, 45].

Nukleosidové transportéry zajistuji vychytavani nukleosid( placentou a pfispivaji
kjejimu spravnému vyvoji [69]. Nukleosidové transportéry také umoZiuji placentarni
vychytavani a prenos léciv odvozenych od struktury nukleosidd [37, 87]. Mezi |éCiva odvozena
od nukleosidl patfi rada antivirotik a antiretrovirotik, kterd jsou béiné podavana pfi lécbé
téhotnych zen s HIV, hepatitidou B ¢i C, nebo jako prevence prenosu viru z matky na dité béhem
téhotenstvi [27, 90-96].

Z ABC transportérd jsou ABCB1 a ABCG2 povaZovany za nejvyznamnéjsi a nejvice
prostudované ve farmakokinetice léCiv [97]. Jsou lokalizovdany na apikdlni membrané
syncytiotrofoblastu a exprese ABCG2 je v celém organismu nejvyssi pravé v placenté [15, 19, 20,
98]. Zde chrani plod tim, Ze pumpuji své substraty do krevniho obéhu matky [99-103]. Dalsi
rodinou ABC transportérl nachazejici se v placenté jsou ABCCs. Exprese nékterych zastupcu je
potvrzena na apikalni i bazolateralni strané syncytiotrofoblastu. Napfiklad ABCC1 se nachazi na
bazolateralni strané, zatimco ABCC2 na apikalni strané syncytiotrofoblastu [104-106]. O funkci
ABCCs neni doposud pfiliS zndmo, nicméné bylo zjisténo, Ze inhibici ABCC2 doslo ve sméru
materno-fetalnim ke zvyseni prestupu talinololu [107].

Exprese placentarnich ABC transportérd se v prlibéhu gestace méni. Exprese ABCG2
MRNA v lidské placenté je od pocatku gestace stabilni smérem ke konci téhotenstvi, zatimco
proteinovd exprese mirné roste a nevykazuje zndmky vyznamné inter-individualni variability
[108]. U potkana exprese ABCG2 v placenté v priibéhu gestace klesa. ABCB1 je v lidské placenté
exprimovan od ¢asné faze gestace do konce téhotenstvi. U clovéka mira exprese tohoto proteinu

v placenté v pribéhu gestace klesa, zatimco u potkana je tomu naopak [28].
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Obr. 2: Schéma anatomie lidské placenty (A). Lidska placenta je tvorena bazalni ploténkou
(maternalni ¢ast) a choriovou ploténkou (fetalni ¢ast), mezi nimiz se nachazi intervilézni prostor,
kde cirkuluje krev matky, ktera omyva trofoblast na povrchu klk (znazornény zelené). Detail
klku s fetalnimi cévami, kde dochazi k vyméné latek mezi matkou a plodem (B). Schématické
zndazornéni vybranych ABC transportér( (znazornény cervené) a nukleosidovych transportér
(zndzornény modre) v syncytiotrofoblastu a smér transportu latek, ktery zprostredkovavaiji (C).
Evidence o expresi a distribuci CNTs v placenté se v rliznych publikacich rozchazi (znazornéno

Sedé). Obrazky A a B byly prevzaty a upraveny dle [109].
3.3.2 HIV infekce v téhotenstvi

Dle Mezinarodni zdravotnické organizace (WHO) bylo v roce 2014 pfiblizné 17,4 miliont
Zen v reprodukénim véku nakaZenych virem HIV. Z téchto Zen asi 1,5 milionG kazdy rok otéhotni.
Vertikalni pfenos viru HIV z matky na dité, ke kterému muze dojit v pribéhu celého téhotenstvi,
pfi porodu ci kojeni je nejcastéjsi pfiinou nakazy u déti [110-112]. Pokud se matka neléci

vhodnou farmakoterapii v podobé kombinované antiretrovirové terapie (cART), riziko pfenosu
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HIV infekce na dité je 45 %, pficemz progrese tohoto onemocnéni u déti, které se nakazily
transmisi z matky, je rychlejsi a polovina z nich umira do dvou let Zivota. UZivani cART je soucasti
terapeutickych postupl, které snizuje pravdépodobnost prenosu HIV z matky na dité pod 2 %.

Farmakoterapie HIV ve formé cART je vzdy sloZzené z minimalné tfi I1éCiv z alespon dvou
raznych farmakodynamickych skupin tak, aby bylo zasazeno vice fazi Zivotniho cyklu HIV:
nukleosidové inhibitory reverzni transkriptazy - NRTI (p¥. zidovudin, lamivudin, emtricitabin,
tenofovir a abakavir) [113-116], nenukleosidové inhibitory reverzni transkriptazy - NNRTIs (pt.
etravirin a rilpivirin) [117, 118], inhibitory retrovirové aspartylprotedzy - Pls (pf. ritonavir a
atazanavir) [119, 120], inhibitory integrazy - INSTIs (pf. raltenavir, elvitegravir a dolutegravir)
[121], inhibitory C-C chemokinového receptoru 5 - CCR5 (pf. maravirok) [122] a inhibitory fuze
HIV s bunéénou membranou (pf. enfuvirtid) [123]. Soucasti cART u téhotnych Zen by mélo vidy
byt léCivo s vysokym placentarnim prestupem [124, 125]. Lékem prvni volby u téhotnych Zen je
tenofovir disoproxil fumarat (TDF) [126], dalSimi standardné pouZivanymi léCivy ze skupiny
NRTIs jsou emtricitabin, abakavir a zidovudin.

Rada klinicky vyznamnych antiretrovirotik jsou substraty a/nebo inhibitory nékterého
ABC transportéru [127]. Lze tedy predpokladat, Zze u téhotnych Zen transportéry v placenté
ovliviiuji placentarni prestup téchto léciv z maternalni do fetalni krve. Pls v terminalni fazi
téhotenstvi prechazeji pres placentu omezené [128], coz mlZe poukazovat na roli efluxnich
transportér(i [127]. Naproti tomu NRTIs jsou |éCiva s vyraznym placentarnim prestupem [110,
114]. NejvyznamnéjsSimi a nejvice prostudovanymi placentarnimi transportéry jsou ABCB1 a
ABCG2, které zajistuji eflux nékterych klinicky vyznamnych antiretrovirotik (napf. TDF)
z trofoblastu zpét do krve matky [129]. Dale bylo zjisténo, Ze AZT je substratem ABCB1 a ABCG?2,
nicméné prestup AZT pres placentu je limitovan do urcité miry pouze ABCB1 [130] a taktézZ
abakavir interaguje s ABCB1 a ABCG2, avsak jeho transplacentdrni pfestup je ovliviiovan pouze
v ekvilibriu materndlni a fetalni koncentrace [131]. Role placentdrnich nukleosidovych
transportérl v materno-fetalnim prestupu Iéciv doposud nebyla pfilis studovana [37, 87, 132].
Znalost interakci antiretrovirotik s transportéry a lékovych interakci na membrdnovych
transportérech je velice dualezitd pro vybér efektivni a bezpecné lécby. Proto jsme se
v publikacich €. Il a V zaméfili na studium role nukleosidovych transportéri v placentarni

kinetice nékterych NRTI (zidovudin, emtricitabin a abakavir) [36, 133].

3.3.3 HCV infekce v téhotenstvi
Hepatitida C je onemocnéni postihujici zhruba 3 % svétové populace [134, 135]. U
pfiblizné 20 % téhotnych Zen dochazi ke ko-infekci HCV a HIV [136, 137]. Pfenos infekce z matky

v v

na dité béhem téhotenstvi je nejbéznéjsi pricinou nakazy u déti (5 —10 %) [138] a ko-infekce HIV
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tuto pravdépodobnost jesté zvySuje. U déti nakaZenych vertikalnim prenosem od matky castéji
dochadzi k rozvoji chronické infekce a fibréozy se zanétem jater [138]. Bylo zjisténo, Ze riziko
pfenosu HCV infekce souvisi s mnoZstvim viru, proto se predpoklada, Ze snizenim viremie u
téhotnych Zen vhodnou |é¢bou, by mohlo vést ke snizeni pravdépodobnosti vertikdlni nakazy
[139]. Je tedy potfeba nalézt ucinné a bezpecné farmakoterapeutické rezimy pro téhotné Zzeny,
které vsak neposkodi vyvoj plodu.

Jednim z kandidatt pro prevenci vertikalni infekce HCV je ribavirin. Ribavirin je purinovy
analog se Sirokou antivirovou aktivitou [140, 141]. Je nezbytny pro léc¢bu Zivot ohrozujicich
virovych infekci jako je respiracni syncytidlni virus nebo virus chfipky a je kombinovan s pfimo
pUsobicimi antivirotiky k 1é¢bé HCV [142].

Doposud byla jeho teratogenita zaznamendna pouze u zvitat [143], nikoli u lidi [144].
Pfesto je uzivani ribavirinu zatim béhem téhotenstvi pfisné kontraindikovano. Existuji vSak
pripady, kdy byl ribavirin pacientkdm podavan a nezpUsobil vyvojové vady plodu [145]. Aby bylo
mozné zacit ribavirin prakticky vyuzivat, je nutné shromazdit dalsi data o jeho bezpecnosti a také
o mechanismech jeho placentdrniho prestupu. Timto tématem jsme se blize zabyvali v publikaci

& IV [146].

3.4 Role transportéri v nadorové farmakorezistenci

Nadorova onemocnéni predstavuji jednu z nejcastéjsich pficin Umrti mezi chorobami a
jejich incidence kazdym rokem vzristda [147]. | pfes zavedeni novych postupl ve farmakoterapii
je lécitelnost nékterych typld nadord komplikovana, mimo jiné rezistenci na Ié¢bu. Jednim
z hojné studovanych mechanismU rezistence nadorovych bunék je aktivita ABC transportérd,
mezi jejichZ substraty patfi cela fada cytostatik [148, 149]. Nadmérnd exprese ABCB1, ABCG2 a
ABCC1 transportérll v nddorové tkani je spojovana s horsi prognézou pacientl se solidni ci
hematologickou malignitou [150]. V pribéhu let bylo ve snaze takto navozenou lékovou
rezistenci prfekonat vyvinutim specifickych inhibitori, nicméné klinického uUspéchu nebylo
dosazeno. Moznymi pricinami mlze byt design studie, ktery nezohlednil interindividualni
variabilitu v expresi transportérli a selektivni cileni na jeden prenase¢, pricemZz na
farmakorezistenci se podili vice ABC transportérd zaroven [149]. V soucasné dobé se vyzkum
vice soustfedi na popis synergického interakéniho potencidlu latek, které jsou samy Uspésné
vyuzivany jako protinddorova léciva [13, 14, 151, 152].

V porovnani s ABC transportéry, role nukleosidovych transportér(i v nadorové terapii byla

dosud studovana méné [44, 153, 154]. Na rozdil od ABC transportérd je u nukleosidovych
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transportérli pozornost zamérena predevsim na snizeni exprese nukleosidovych transportérd
(ENT1, CNT1 a CNT3) v nadorovych bunkach [155], které koreluje se sniZzenym vychytavanim
cytostatik odvozenych od nukleosidd do bunék nadoru, a je tedy zfejmé pficinou jejich snizené
ucinnosti [44, 154]. Tento mechanismus rezistence nadorovych bunék k cytostatikim se
uplatriuje napf. u akutni lymfoblastické leukémie [154], avSak zasadnim pfikladem je duktalni
adenokarcinom pankreatu (PDAC), u kterého jsou znacné omezené moznosti |écby a GEM
zUstava u? vice jak dekadu Iékem volby. GEM je hydrofilni a je tedy striktné zavisly na pfitomnosti
transportér(, které tak mohou vyznamné ovlivnit jeho protinddorovy Ucinek. Podrobné se

tomuto tématu vénujeme v kapitole 3.5.2 a v publikaci II.

3.5 Duktalni adenokarcinom pankreatu

Karcinom pankreatu je maligni tumor vychdzejici z exokrinni ¢asti pankreatu s incidenci
priblizné 170 tisic onemocnéni za rok (Ceska republika je druhd v incidenci v Evropé&) [117, 153,
156, 157]. Vétsina typl pankreatickych nador se fadi mezi PDAC (obr. 3A, B, C). PDAC se klinicky
déli na tfi skupiny: resekovatelny (= 10 — 20 %; preZiti 23 mésicl), lokalné pokrocily
neresekovatelny (= 30 — 40 %; preZiti 6-12 mésicl) a metastazujici (= 50 %; preZiti 6 mésicl) [153,
158].

Obecné se jedna o nador se slabou odpovédi na farmakoterapii a velice Spatnou
progndzou. Pocet umrti na toto onemocnéni za rok je pfitom prakticky identicky s incidenci a Cini
kolem 196 tisic rocné [159]; to je 2,8 % vSech zemrelych na nadorova onemocnéni. Vysoka
mortalita je dana predevsim biologickou agresivitou tumoru, pozdni diagndzou a rezistenci na

vétSinu chemoterapeutik. Pétileté preziti vSech pacientll se pohybuje pod hranici 5 %.
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Obr. 3: Schéma anatomie pankreatu (A). Pankreas je Zlaza s vnitini i vnéjsi sekreci. Anatomicky
se déli na hlavu, télo a ocas, ktery saha azZ ke sleziné. LalGcky vnéjsi sekretorické ¢asti pankreatu
produkuji pankreatickou stavu (B). Duktalni adenokarcinom pankreatu (C). Pfevzato a upraveno

dle [160, 161].

3.5.1 Lécba PDAC

VsoucCasné dobé je jedinym potencidlné kurabilnim terapeutickym postupem
chirurgicka resekce. K té je vS8ak moZné pfistoupit u méné nez 20 % pacientl [162]. Karcinom
pankreatu je onemocnéni, které se vyznaCuje znacnou chemorezistenci. Dosud zdakladni
chemoterapeutické postupy jsou zaloZeny na podavani nukleosidového derivatu GEM, a to jak
v adjuvantnim, tak i paliativnim rezimu [117, 153, 156, 157]. GEM je uZivdn v monoterapii u
starSich pacientl v horsi kondici a v nékterych pfipadech i v kombinaci s jinym cytostatikem
(napt. cisplatina, oxaliplatina, a irinotekan) [163-167] u pacientl v relativné dobré kondici, kteri
Iépe snasejici toxicitu lé¢by [153, 168]. Neoptolemos et al. (2017) publikoval klinickd data
porovnavajici u¢innost GEM v monoterapii a GEM v kombinaci s kapecitabinem. Doba preziti u
pacientl s PDAC po resekci byla 28 mésicll v kohorté s kombinovanym rezimem a 25,5 mésicli u
skupiny pacientll v GEM monoterapii. U GEM s kapecitabinem byl zaznamendn vyssi vyskyt
zavaznych nezadoucich Ucinkd stupné 3 a 4 [169]. Dalsim adjuvantnim chemoterapeutickym
postupem podavanym pacientim s PDAC, které Uspésné proslo klinickym testovanim je
modifikovany FOLFIRINOX (mFOLFIRINOX) obsahujici oxaliplatinu, leukovorin, irinotekan a 5-

fluoroucil. V porovnani s GEM monoterapii je tento chemoterapeuticky postup vyznamné
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ucinnéjsi z pohledu celkového preziti. Jedna se vsak o Iécbu vysoce toxickou s velkym mnoZstvim

nezadoucich ucinkd a ekonomicky velmi nakladnou [170].

3.5.2 Role prognostického markeru ENT1 v adjuvantni Iléché GEM v PDAC

GEM v adjuvantni terapii je zatim z pohledu poméru nakladd a Géinnosti nejlepsi volbou.
Zaroven je relativné dobre pacienty snasen, avsak fada pacient( diky vyznamné chemorezistenci
nadoru z této lécby neprofituje. GEM patfi mezi nukleosidové analogy a stejné jako fyziologické
nukleosidy je vysoce hydrofilni. Aby bylo dosaZeno cytotoxického ucinku (mechanismem
blokady de novo syntézy DNA) [171], a jeho transfer pres bunéénou membranu musi byt
facilitovan. Hlavni ulohu v transportu GEM pres plasmatickou membranu, a tedy i jeho
akumulaci v burice, zprostfedkovavd ENT1. Dosud publikované in vitro studie poukazuji na
korelaci mezi mnozstvim ENT1 transportéru v cytoplasmatické membrané a cytotoxicitou GEM.
Kolektiv Spratlin et al. (2004), vyuzitim imunohistochemické analyzy zjistil, Ze pacienti s nizsi
hladinou ENT1 v rakovinné tkani maji median preziti signifikantné kratsi, nez pacienti s vyssi
hladinou ENT1 [84]. Nizsi exprese je tedy spojovdna s horsi odpovédi na GEM, a tedy i s horsi
prognoézou [172-174]. Ke stejnému zavéru, pomoci metody kvantitativni RT-PCR, dosli i Fujita et
al. (2010) a Giovannetti et al. (2006) [175, 176]. Ale protoZe vysledky téchto studii byly v mensi
¢i vétsi mife kontaminovany nehomogenni testovanou skupinou, (uzitim radioterapie, riznych
postupl hodnoceni vysledkd, uZitim GEM v neodajuvantnich/adjuvantnich/paliativnich
rezimech), zamérili jsme se na testovani vztahu GEM terapie a celkového preziti v kohorté
pacient( striktné definované monoterapii GEM u resekovanych pacientl s PDAC. V ramci feseni
dizertani prace jsme se ovSem nesoustfedili pouze na vztah mezi mnoZstvim ENT1 a celkovym
prezitim pacientl I[é¢enych monoterapii GEM, ale rozsifili jsme nas zdjem i o dalsi molekuly

ovliviujici miry cytotoxicity GEM.

3.5.3 Dalsi potencidlni prognostické markery v PDAC

Role fady dalSich pankreatickych protein( a faktor( byla studovana pro individualizaci
adjuvantni lécby GEM u pacient(l s PDAC. Jedna se vsak zatim o jednotlivé publikace nebo byly
tyto faktory studované na malé kohorté ¢i nebyly sledovany v homogenni skupiné pacienta.
CNT3 je vedle ENT1 dalSim transportérem, ktery zprostfedkovava prenos GEM do burky.
Maréchal et al. (2009) zjistili korelaci mezi vy$si hladinou CNT3 a delSim preZitim u pacientl po
resekci s adjuvantni [é¢bou GEM [174]. DalSim zajimavym kandidatem je deoxycytidin kinasa
(dCK), ktera fosforyluje GEM po vstupu do buriky na monofosfat. Ten je pak dale fosforylovan az

na trifosfatovy aktivni metabolit. V nékterych studiich je spojovana vyssi exprese dCK s delSim
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prezitim [173, 177], avsak v jiné publikaci uvadi opacné vysledky [178]. Jednim ze studovanych
a moznych prediktivnich faktord GEM rezistence v PDAC je i ribonukleotid-reduktaza M1
(RRM1). Tato jednotka tvofi dimer s ribonukleotid-reduktazou M2 (RRM2) a Ucastni se syntézy
deoxyribonukleotidl dNTP, které jsou zakladem pro syntézu DNA. Vazbou GEM na katalytické
misto RRM1 se inhibuje aktivita ribonukleotid-reduktazy. V tomto ptipadé jsou vysledky studif
také rozporuplné. Nékteré studie uvadi, Ze vysoka exprese RRM1 zpUlsobuje rezistenci ke GEM
[179, 180]. Maréchal et al. (2012) ve studii s vétsi kohortou pacientli (n=103) neshledal korelaci
mezi mirou exprese RRM1 a odpovédi nadoru na |é¢bu GEM [173]. AvSak dvé studie zjistily
korelaci mezi nizkou expresi RRM1 a soucasné vyssi expresi ENT1 s delSim preZiti pacientl
s PDAC.

V nasem vyzkumu (publikaci Il.) jsme se zaméfili na molekuly homologni protein 3 pro
neurogenni lokus (NOTCH3) a mikroRNA 21 (miR-21).

NOTCH3 se podili na fadé bunécnych extraceluldrnich interakcich a ovliviuje preziti
pankreatickych bunék [181]. Jeho mnoZstvi je signifikantné zvySeno v burikach rakovinné tkané,
kde se podili na inhibici apoptdzy a podporuje proliferaci bunék [182]. Bylo popsano, Ze snizena
exprese NOTCH3 vede ke zvyseni citlivosti pankreatickych bunécnych linii ke GEM. Pacienti se
snizenou expresi MRNA NOTCH3 maji v pfipadé |écby GEM lepsi progndzu a zvysuje se u nich
doba celkového preziti [178, 183].

MikroRNA jsou kratké nekodujici jednoviaknové rtetézce, které jsou zapojeny
v posttrankripcnich modifikacich mnoha gen(. Jedna z téchto malych molekul, miR-21, hraje
dllezitou roli v hematologickych a solidnich malignitach. Ukazuje se, Ze jeji rozdilnd exprese u
pacientl s PDAC koreluje s dobou prefziti, pficemz s vysokou expresi miR-21 signifikantné klesa
medidn preziti nezavisle na GEM [184-186].

K dnesnimu dni jsou dostupné studie tykajici se téchto nadorovych markerd provedené
radové pouze na stovkach pacientt [84, 173-176, 178, 185-187]. Z tohoto divodu dalsi poznatky
o expresi uvedenych genl v resekované nadorové tkani mohou byt uzitecné pro pfipravu

protokolll vedoucich k personalizované |écbé pacientl s PDAC.
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4  CiLE PRACE

Obsahem predkladané disertacni prace je studium nukleosidovych transportéri a ABC
transportérli v placenté a v pfipadé nukleosidovych transportéri i v PDAC a jejich roli v materno-

fetadlnim prestupu IéCiv odvozenych od nukleosidll a rezistenci PDAC vici terapii GEM.
Jedna se konkrétné o spInéni nasledujicich cild:

I. Popsat expresi a funkci nukleosidovych transportéri v placenté a bunécné linii BeWo,
testovani vlivu diferenciaci nebo epigenetiku ovliviiujicich agens na expresi nukleosidovych

transportérli v BeWo bunécné linii

1. Studovat roli placentarnich nukleosidl v materno-fetalnim prestupu anti-HIV |éCiv ze skupiny
NRTI (abakavir, zidovudin a emtricitabin) a anti-HCV ribavirinu; vliv ABC a nukleosidovych

transportér( na placentarni kinetiku.

lIl. Studovat korelaci mezi mirou exprese ENT1, NOTCH3 a miR-21 a DSS pacientld s

resekovanym PDAC |écenych adjuvantné GEM.
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5 SEZNAM PRACIi A PODIL KANDIDATKY NA JEDNOTLIVYCH
PUBLIKACICH

Tato disertacni prace je predkladana jako komentovany soubor Sesti praci publikovanych v

zahranicnich ¢asopisech s IF.

Kandidatka je prvni autorkou dvou praci (I a Il) a spoluautorkou ¢tyf praci (lll, IV, V a VI). Jeji podil
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7  JEDNOTLIVE PRACE A JEJICH KOMENTARE

PIné znéni ¢lankd se nachazi v pfiloze.

7.1 Expression of concentrative nucleoside transporters (SLC28A) in the
human placenta: effects of gestation age and prototype

differentiation-affecting agents
Jirdskova Lucie, Cerveny Lukds, Karbanova Séra, Ptackova Zuzana, Staud Frantisek
Molecular Pharmaceutics, 2018; 15(7): p. 2732-2741

(IF20181 — 4.396, Q1)

Tato prdce vychdzi ze dvou zakladnich hypotéz naznacenych jiz v hlavnim textu
disertacni prace. Protoze placenta je rychle se vyvijejici organ, ktery vyzaduje dodavku
dostatecného mnoizstvi stavebnich latek (vCetné nukleosid(l) pro spravny rist, predpokladali
jsme zmény exprese nukleosidovych transportér(i (zejména vysokoafinitnich CNTs) v zavislosti
na délce gestace. Ddle byla snaha zodpovédét otazku, zda pfipadnd zména exprese je dana
mirou diferenciace a/nebo epigenetickou regulaci.

Proto cilem tohoto projektu bylo nejprve stanovit a porovnat pomoci kvantitativni
reverzni transkriptdzové PCR (qRT-PCR) analyzy hladinu exprese CNTs v prvotrimestralni a
terminalni lidské placenté. Zjistili jsme, Ze dominantnim typem CNT transportéru je v placenté
CNT2, pficemz jeho exprese se stejné jako u ostatnich zdstupcl CNT béhem gestace zvysuje.
Nicméné, mRNA exprese SLC28A1 byla na hranici detekce v obou gestacnich fazich. Obdobny
expresni profil MRNA pro geny SLC28A jsme pozorovali i v bunécné linii BeWo.

Dale jsme sledovali efekt diferenciacnich (forskolin, all-trans-retinoic acid) a epigenom
ovliviiujicich latek (butyrat sodny, valproat sodny a 5-azacytidin) na expresi SLC29A a SLC28A
v bunééné linii BeWo. Nejvétsi efekt zpusobil forskolin, ktery indukci cAMP/PAK signalizaéni
drahy upreguloval SLC28A2, coz se promitlo do zvySené miry vychytdvani adenosinu v bunécné
linii BeWo. Exprese ENT transportérl nebyla ovlivnéna Zadnou ztestovanych latek, coz
naznacuje jejich moZnou konstitutivni expresi (Obr. 4). Vysledky nasi studie pfinasi nové
poznatky o regulaci NTs, a to predevsim CNT2. Lze tedy spekulovat, Ze substraty CNT2 budou

vychytavany ve vétsi mite do termindlni placeny a/nebo placenty se zvySenou aktivitou
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adenylylcyklazy. Upregulace CNT2 zplisobena forskolinem byla pozorovana i bunééné linii JEG-3,
ktera nevytvari mnohojaderny syncytiotrofoblast. Proto predpokladdme, Ze zvysené hladiny

SLC28A2/CNT2 nesouvisi s diferenciaci cytotrofoblastu v syncytiotrofoblast.

BESHESI [forskolin| [ butyrate | [valproate | [5-azacytidine| ATRA |

/ S DNA e S
PRA) (PKA) (HDAC) “onnT \

syncytiotrophoblast

Z -mRNA=
ot = 1 | l

1 — | Adenosine uptake | _/

Obr. 4: Schématické zndzornéni efektu diferenciaci nebo epigenetiku ovliviujicich latek na
MRNA expresi nukleosidovych transportér(i v BeWo bunécné linii. Ztestovanych latek mél
nejvyssi efekt forskolin, ktery signifikantné indukoval expresi CNT2. Tato indukce byla sou¢asné
inhibovana inhibitorem PKA, KT-5720. ZvySeni CNT2 bylo potvrzeno v BeWo burikdch i na Urovni
funkce.

Graficky abstrakt publikace | [45].

PKA = proteinkinaza A; HDAC = histondeacetyldza; DNMT = DNA metyltransferdza; RAR = retinoic
acid receptor
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7.2 Are ENTI/ENT1, NOTCH3, and miR-21 reliable prognostic
biomarkers in patients with resected pancreatic adenocarcinoma

treated with adjuvant gemcitabine monotherapy?

Jirdskova Lucie, Ry$ka Ale$, Duintjer Tebbens Erik Jurjen, Hornychova Helena, Cec¢ka

Filip, Staud Franti$ek, Cerveny Luk4s
Cancers, 2019; 11(11): pi. E1621

(IF2018/2019) — 6.162, Q1)

Tato prdce vychazi z hypotézy, ze vyssi mnoistvi membrdnové vdzaného ENT1 a nizsi
exprese molekul NOTCH3 a miR-21 mUzZe byt asociovana s delsim DSS u pacient( s PDAC
|[é¢enych adjuvantné GEM.

Cilem tohoto projektu bylo vyuZiti tenkych parafinovych fezd PDAC a zdravé tkané
pankreatu ziskanych z uniformni skupiny pacientl definované striktné resekci PDAC a adjuvantni
Iécbou GEM, pro kvantifikaci potencialnich rakovinnych biomarkerd SLC29A1/ENT1, NOTCH3 a
miR-21 a asociaci téchto marker( s odpovédi pacienta na lé¢bu GEM.

V radmci vyzkumu jsme pomoci gRT-PCR analyzy zjistili, Ze nizsi exprese miR-21 zvysuje
DSS (disease-specific survival) u pacientl s negativhim nalezem metastazi v lymfatickych
uzlinach a stadiem tumoru 1 a 2. Dale jsme zjistili, Ze velmi dllezitym prognostickym faktorem
je parametr RO (,,negative resection margins“). Mnozstvi SLC29A1 a NOTCH3 v nasem souboru
pacientl nekorelovalo s DSS pacientl. Tento negativni vysledek byl v pfipadé SLC29A1 potvrzen
i pomoci imunohistochemické analyzy s anti-ENT1 protilatkou 10D7G2 (Obr 5). Tato publikace
pfinesla i nékolik zajimavych zjisténi tykajicich se expresniho profilu SLC29A1, NOTCH3 a miR-21
v nadorové a nenadorové tkdni. V nasi kohorté vzorku nddorova tkan méla v porovnani
s nenadorovou tkani signifikantné nizsi mRNA expresi SLC29A1 a vysSi v pfipadé NOTCH3 a miR-
21. Dalsi data této studie naznacuji zvySené riziko down-regulace SLC29A1 u pacientl s vyssi
expresi SLC29A1 v nenadorové tkani pankreatu. Exprese NOTCH3 ma tendenci se zvySovat pouze
u pacientld s nizkou expresi v nenadorové tkani, zatimco ke zvySeni miR-21 pravdépodobné
dochazi nezavisle na hladinach v normalnim tkani pankreatu (Obr. 5).

Nase data nevylucuji potencialni budouci pouZiti SLC29A1 a miR-21 jako prognostickych
biomarker(i pro personalizaci |écby GEM u pacientll s PDAC po resekci. Naznacuji vsak, Ze tento

postup jesté neni pripraven k implementaci do klinického prostredi.
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Obr. 5: Schématické znazornéni kvantifikace potencidlnich prognostickych biomarker(
SLC29A1/ENT1, NOTCH3 a miR-21 a asociaci téchto marker( s DSS pacientd s PDAC adjuvantné
[éCenymi GEM.

Graficky abstrakt publikace 11 [188].

NO = negativni nalez metastazi v lymfatickych uzlinach; T(1,2) = stadium tumoru 1 a 2
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7.3 Role of nucleoside transporters in transplacental pharmacokinetics
of nukleoside reverse transcriptase inhibitors zidovudine and

emtricitabine

Karbanova Séra, Cerveny Lukas, Ceckovd Martina, Ptackova Zuzana, Jiraskova Lucie,

Greenwood S, Staud Frantisek
Placenta, 2017; 60: p. 86-92

(IFo17) — 2.434)

Zidovudin a emtricitabin jsou efektivni antiretrovirotika s dobrym bezpecnostnim
profilem, kterd jsou soucasti doporucovanych farmakoterapeutickych postupl pouZivanych
k Iéébé a prevenci perinatalniho prenosu HIV z matky na dité. Jednd se o |éciva s popsanym
vysokym placentarnim prestupem, avSak presny mechanismus prenosu téchto léciv pres
placentu neni zatim zcela znam.

AZT i FTC jsou léciva odvozena od nukleosidd, proto jsme predpokladali, Ze se na jejich
placentarnim pfestupu mohou podilet ekvilibrativni nukleosidové transportéry, ENT1 a ENT2.

Pomoci akumulacnich studii provedenych na bunécné linii BeWo a cerstvych vildznich
fragmentech izolovanych zlidské placenty jsme sledovali, zda ENT1 a ENT2 usnadnuji
vychytavani zidovudinu a amtricitabinu. Experimenty in situ provedené pomoci duaini perfuze
potkani placenty byly posléze vyuZity ke sledovéni, zda ENT1 a/nebo ENT2 ovlivriuji materno-
fetalni a/nebo feto-materndlni prestup zidovudinu a emtricitabinu. Placentarni akumulace
zidovudinu i emtricitabunu nebyla ovlivnéna pfitomnosti NBMPR pfi koncentracich 0,1 uM a 0,1
mM. Na zdkladé téchto vysledkl jsme vyvodili zavér, Ze ani ENT1 ani ENT2 se nepodileji na

transplacentarnim prenosu zidovudinu a emtricitabinu.
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7.4 Transport of ribavirin across the rat and human placental barrier:
roles of nucleoside and ATP-binding cassette drug efflux

transporters

Karbanova Sara, Cerveny Lukas, lirdskova Lucie, Karahoda Rona, Cetkovd Martina,

Ptackova Zuzana, Staud Frantisek
Biochemical Pharmacology, 2019; 163: p. 60-70.

(IFr2018/2019 — 4.825, Q1)

Ribavirin je nukleosidovy derivat se Sirokou antiviralni aktivitou uzivany v kombinované
farmakoterapii HCV. Studie na zvifecich modelech prokazaly teratogenitu ribavirinu, nicméné
dosud ziskand data o jeho uziti téhotnych Zen, zatim teratogenitu u ¢lovéka nepotvrdily. Je tak
jednim z kandidat( pro 1é¢bu chronické hepatitidy C u téhotnych Zen a prevenci pfenosu viru
z matky na plod. Aby bylo mozné ribavirin v téhotenstvi uZivat je kromé vlivu na plod nutné
popsat mechanismy pfispivajici k materno-fetdlnimu prostupu ribavirinu. V této studii jsme se
tedy zaméfili na roli nukleosidovych transportéri a ABC transportér(i v placentarni kinetice
ribavirinu.

Nase vysledky poukazaly na to, Ze ENT1 signifikantné pfispiva k vychytavani ribavirinu
v BeWo bunécné linii, placentarnich viléznich fragmentech a veziklech z izolované mikrovildzni
membrany (MVM), zatimco CNTs, pravdépodobné CNT2, se podili na transportu ribavirinu
pouze v BeWo bunécéné linii. Metodou in situ dudiné perfundované potkani placenty (oteviené
cirkulace) jsme inhibici ENTs prokdzali snizeni materno-fetalni i feto-maternaini clearance.
Zapojeni ABC transportérd (ABCB1, ABCG2 a ABCC2) v transplacentarnim prenosu ribavirinu
nebylo pomoci experimentl s MDCKII bunécnou linii a uzaviené dualni perfundované potkani
placenty prokazano (Obr. 6). Tato data vyznamné pfispivaji k pochopeni mechanisml
podilejicich se na placentarnim prestupu ribavirinu a davaji podnét k dalSimu studiu, napf.
korelace exprese placentarniho ENT1 s koncentraci ribavirinu ve fetdlni cirkulaci, pfipadné

dopad lékovych interakci na ENT1 a na hladiny ribavirinu v krvi plodu.
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Obr. 6: Schématické znazornéni exprese a transportni funkce jednotlivych transportéri
v pfenosu ribavirinu v rliznych experimentalnich modelech.

Graficky abstrakt publikace IV [146].
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7.5 Equilibrative nucleoside transporter 1 (ENT1, SLC29A1) facilitates

transfer of the antiretroviral drug abacavir across the placenta.

Cerveny Luka$, Ptackovd Zuzana, Cetkova Martina, Karahoda Rona, Karbanovd Sara,

Jirdskova Lucie, Greenwood Susan, Glazier Jocelyn, Staud Franti$ek.
Drug Metabolism and Disposition, 2018; 46(11): p. 1817-1826

(IFr20181— 3.354, Q2)

Abakavir je antiretrovirotikum odvozené od nukleosidu, které je soucasti
doporucovanych kombinovanych rezimu pro prevenci vertikalniho pfenosu viru HIV z matky na
dité v pribéhu téhotenstvi. Je povaZovan za lécivo s vysokym transplacentarnim prestupem,
pricemz jeho pfitomnost ve fetalni cirkulaci zajistuje profylaxi plodu ¢i pfipadné eliminuje virus,
ktery prestoupi placentu. V této publikaci jsme se tak zaméfili na nukleosidové transportéry a
jejich roli v materno-fetalnim pfestupu abakaviru.

Pro potvrzeni této hypotézy, jsme provedli akumulacni experimenty na i) bunécné linii
BeWo, odvozené od lidského placentarniho choriokarcinomu, ii) v lidskych viléznich
fragmentech a iii) v mikroviléznich (MVM) veziklech. Nejprve bylo nutné ovéfit aktivitu
nukleosidovych transportéri vtéchto experimentélnich modelech. PouZitim [3H]-adenosinu
(modelovy substrat ENTs, CNT2 a CNT3) a [3H] thymidinu (modelovy substrat pro ENTs, CNT1 a
CNT3) jsme prokazali signifikantni aktivitu ENT1 a CNT2 v BeWo bunécné linii, pficemz
experimenty na vildznich fragmentech a MVM veziklech poukazaly pouze na ENT1 aktivitu.
Placentérni vychytavani [3H]-abakaviru bylo inhibovdno NBMPR (0,1 uM), coZ demonstruje, 7e
ENT1 usnadriuje vychytavani abakaviru placentou. Role CNTs byla pozorovdna pouze v BeWo
bunkdach. Abychom ovéfili, Ze ENT1 ovliviiuje i pfenos ptes placentu, provedli jsme dudlni perfuzi
potkani placenty. Tyto experimenty ukdzaly, Ze Entl vyznamné pfispiva k celkovému transportu
[H]-abakaviru pFes placentu. Na zadvér jsme kvantifikovali expresi ENT1 a ENT2 ve
vzorcich prvotrimestralnich a terminalnich placent. Prokazali jsme, Ze jejich exprese se
v pribéhu gestace neméni, nicméné je znacné variabilni, coZz by mohlo byt predmétem dalsich
studii zabyvajicich se vztahem mezi expresi ENT1 v placenté a koncentracemi abakaviru ve

fetalni krvi.
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7.6 S-(4-Nitrobenzyl)-6-thioinosine (NBMPR) is not a selective inhibitor
of equilibrative nukleoside transporters but also blocks efflux

activity of breast cancer resistence protein

Karbanova Sara, Sorf Ales, Jirdskova Lucie, Lalinska Anezka, Ptackova Zuzana, Staud

Franti$ek, Cerveny Lukas.
Pharmaceutical Research, 2020; 37(3): p. 58.

(IFr2018/20191— 3.896, Q1)

S-(4-Nitrobenzyl)-6-thioinosin (NBMPR) je od roku 1972 rutinné pouZivdm jako
specificky inhibitor ekvilibrativnich transportérl ENT1 a ENT2. ENT1 je NBMPR sensitivni
transportér a je inhibovan v mikromoldrnich koncentracich NBMPR. ENT2 je méné sensitivni a
je inhibovan v milimolarnich koncentracich NBMPR. P¥i studiu role transportér( v placentarni
kinetice zidovudinu a TDF jsme zjistili, Ze NBMPR (0,1 mM) inhibuje aktivni feto-maternalni
prestup téchto latek. Protoze zidovudin a TDF jsou popsanymi substraty ABCB1 a ABCG2,
rozhodli jsme se testovat hypotézu, Ze NBMPR tyto transportéry inhibuje.

PFi studiu jsme pomoci akumulagnich studii provedenych na in vitro modelu placentarni
bariéry (bunécnd linie BeWo) nejdfive ovéfrili, Ze TDF, stejné jako zidovudin [133] neni
substratem nukleosidovych transportérd. Déle jsme provedli na bunécné linii MDCKII (parentni
linii a linii exprimujici pfislusny lidsky transportér) i) akumulacni studie, kde jsme wvyuZili
fluorescenéni modelovy substrat ABCB1/ABCG2, Hoechst 33342, a specifické inhibitory ABCB1 a
ABCG2 a ii) obousmérny transport pfes buné&nou monovrstvu s radioaktivné znadenym [3H]-
glyburidem, ktery je povazovan za preferencni substrat ABCG2 [189]. Na zavér jsme provedli in
situ dudlni perfuzi potkani placenty s [3H]-glyburidem.

Pomoci téchto metod jsme zjistili, Ze NBMPR v koncentraci 0,1 mM zvySuje akumulaci
Hoechst 33342 v MDCKII-ABCG2 burikach. V transportnim experimentu s [*H]-glyburidem pFes
MDCKII-ABCG2 jsme pozorovali vyssi transport ve sméru bazolateralné-apikalnim nez apikalné-
bazolateralnim, pficemz tento transport byl inhibovan NBMPR (0,1 mM). NBMPR (0,1 mM) také
inhiboval aktivni feto-maternilni transport [*H]-glyburidu Tato publikace tedy jako prvni pfinasi
dikazy, Ze NBMPR v koncentraci 0,1 mM, ktera je bézné pouzivan kinhibici ENT1 a ENT2,
inhibuje transport nukleosidl a nukleosidovych derivat( zprostfedkovany, nejen ENT1/ENT2, ale

inhibuje také aktivitu ABCG2.
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8  ZAVER

Membranové transportéry jsou jiz po fadu desetileti intenzivné studovanym tématem
v mnoha laboratofich na celém svété. Tuto pozornost si ziskaly mimo jiné diky jejich
nezastupitelné roli v procesech spojenych s [ékovym transportem pres bunéénou membrdanu.
Dlouhodobé je diskutovano jejich zapojeni v rozvoji lékové rezistence snizujici efektivitu
protinddorové terapie, nicméné zasadni zGstava i jejich podil na absorpci, distribuci a exkreci
[éCiv. Pokud jde o distribuci, bylo popsano, Ze ABCB1, ABCG2 a ABCC2 svou efluxni aktivitou
snizuji materno-fetalni prestup nékterych latek, a predstavuji tak aktivni slozku placentarni
ochrany vyvijejiciho se plodu [129, 130]. Na druhé strané stoji nukleosidové transportéry, jejichz
role je zfejmé predevsim nutri¢ni (pFijem nukleosidl placentou) [41], nicméné se také podileji
na placentarnim prestupu latek odvozenych od nukleosid(l [42]. V porovnani s ABC transportéry
je skupina placentarnich nukleosidovych transportérli mnohem méné studovana. V ramci feseni
této disertacni prace jsme popsali expresi nukleosidovych transportérd na urovni mRNA
v prvotrimestralni a terminalni lidské placenté (publikace 1) a pfinesli jsme dikazy, Ze exprese
nizkoafinitnich, ale vysokokapacitnich ENTs je v prabéhu gestace konstitutivni, zatimco exprese
vysokoafinitnich, ale nizkokapacitnich CNTs v prlbéhu gestace pravdépodobné roste. Nase
domnénka, Ze exprese ENTSs je v placenté konstitutivni byla déle podporena daty z bunécné linie
BeWo, kde jsme nepozorovali zadny efekt Iatek ovliviiujicich diferenciaci nebo epigenom,
zatimco CNTs (zejména CNT2) byly mnohem nachylnéjsi ke zméné exprese, cozZ je plné v souladu
s literaturou [39, 41]. Jako zasadni regulacni faktor se ukazala byt aktivace signalizacni drahy
adenylylcyklaza/cAMP/PKA. Tato draha je dilezitym faktorem pti pfeméné cytotrofoblastu na
syncytiotrofoblast [190]. Nase vysledky ale ukazaly, Ze exprese a aktivita CNT2 se zvySuje pfi
aktivaci adenylylcyklazy bez ohledu na tento diferenciacni proces (publikace 1), pficemz
predpokladame, Ze narlist CNT2 mUze souviset se zvétSujicimi se ndroky placenty na dodavky
nukleosidl v prabéhu gestace [27, 28].

Dale jsme prokazali, Ze ENT1 usnadfiuje materno-fetdlni transfer antiretrovirotika
abakaviru (publikace V). Kromé relativné vysoké lipofility [191] bude interakce s placentarnim
ENT1 dlvodem popsaného vysokého placentarni pfestupu této latky. Na druhou stranu nase
prace demonstrovala, Ze ENT1 je zasadnim prenasecem urcujicim rychlost placentarniho
prestupu ribavirinu (publikace IV). V této praci jsme navic prinesli dlikazy, Ze placentarni kinetika
ribavirinu neni ovliviiovana aktivitou ABCB1, ABCG2 a ABCC2 (publikace IV). Dalsi testované latky
ze skupiny NRTIs, emtricitabin a zidovudin, s placentarnimi nukleosidovymi transportéry
neinteragovaly (publikace Ill). Pfi feSeni interakci placentarnich nukleosidovych transportér( se

zidovudinem a dalsi latkou ze skupiny NRTIs, TDF (oba popsané substraty ABCB1 a ABCG2
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transportéru [129, 130]) jsme zaznamenali inhibi¢ni efekt NBMPR (0,1 mM) na aktivni feto-
maternalni transport obou latek. Testovali jsme tedy hypotézu, Zze NBMPR pfi této koncentraci
inhibuje ABCB1 a/nebo ABCG2. Prace (publikace VI), pak poprvé popsala NBMPR v koncentraci
0,1 mM jako neselektivni inhibitor ENTs a ABCG2. Toto zjisténi bude tedy nutné zohlednovat pfi
navrhovani experimentl vyuZivajicich NBMPR v koncentraci 0,1 mM a interpretaci vysledkl
ziskanych se substraty, u nichZ je predpoklad, Ze jejich membranovy prenos je ovliviiovan ENTs
a zaroven ABCG2. Tyka se to zejména tkani s velkym mnoZstvim téchto transportérli, mezi které
patfi (syncytiotrofoblast, hepatocyty a stfevni tkan) [5, 18, 28].

Role ENT1 byla sledovana také v retrospektivni klinické studii zabyvajici se korelaci
exprese vybranych potencidlnich prognostickych marker(l a délkou DSS pacientl s PDAC
adjuvantné lé¢enych GEM. GEM je stéle lékem volby u pacientld s PDAC [117, 153, 157, 169,
192]. Divodem je nejlepsi pomér mezi finanénimi naklady na terapii, efektivitou a ddle relativné
akceptovatelnou toxicitou [193]. Efektivita lécby mUZe byt vyznamné zlepsena
personalizovanym podanim GEM, a to ve spravné davce a pouze pacientlim, ktefi mohou z lécby
profitovat [173, 175]. Proto je snaha hledat prognostické/prediktivni molekuly, které by
umoznily s ohledem na terapii GEM klinikiim identifikovat ty pacienty, ktefi budou z lécby
profitovat ve smyslu prodlouzeni Zivota Ci prodlouzeni doby bez progrese onemocnéni. ProtoZe
se jedna o hydrofilni léCivo, jeho prestup pres bunéénou membranu zavisi na pritomnosti
transportér(, a to zejména ENT1 [84, 194]. Korelace nizké exprese ENT1 s prognézou pacientu
s PDAC je tedy celkem zevrubné studovana [84, 172-175], nicméné i pres témér dvé dekady
trvajici vyzkum neni dostatek dat, aby bylo mozné vytvofit klinické doporuceni pro stratifikaci
pacientd vyuZivajici ENT1 jako prognostického ¢i prediktivniho markeru. Jednim z divod je
neexistence jednotnych protokold pro kvantifikaci ENT1 v PDAC a studie provedené na
heterogennich skupinach pacient(l. V této praci jsme provedli paralelni analyzu exprese ENT1
pomoci dvou odlisnych metodickych pristupl - kvantifikace poctu transkriptd pomoci real-time
PCR a imunohistochemické analyzy v tenkych parafinovych fezech tkané pankreatu u jednotné
definované skupiny pacient s PDAC po resekci s adjuvantni [écbou pouze GEM.

Nase vysledky nepotvrdily korelaci mezi expresi ENT1 a progndzou pacient(. Zjistili jsme
vsak, Ze existuje pravdépodobné zvysené riziko down-regulace ENT1, u pacient(, ktefi maji vyssi
expresi ENT1 ve zdravé tkani pankreatu.

Dalsimi studovanymi potencialnimi markery v této praci byly NOTCH3 a miR-21, jejichz
prognosticka role v PDAC byla doposud studovana jen velmi malo [178, 182, 184-186]. Jako prvni
jsme se pokusili zjistit prognostickou hodnotu transkriptd markeru NOTCH3 u pacient( s PDAC
adjuvantné lécenymi GEM ve smyslu délky DSS pacient(, avsak nepozorovali jsme Zadnou

souvislost mezi hladinami NOTCH3 v PDAC a delsim DSS. Nizka exprese miR-21 byla vyznamna
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pouze u pacientl s negativnim nalezem metastazi v lymfatickych uzlinach (NO) a stadiem tumoru
1 a 2. Exprese NOTCH3 je zvysena u pacientl s PDAC s nizkou expresi v normalnim pankreatu,
zatimco zvyseni exprese miR-21 u pacientl s PDAC neni zavislé na hladindach v normalnim
pankreatu.

Nepotvrdili jsme dfive publikovanou korelaci mezi mnozstvim ENT1 nebo miR-21 a DSS
pacientl s PDAC lécenych adjuvantné GEM. Tyto vysledky vSak mohly byt ovlivnény radou
faktor(, napf. vysokym zastoupenim pacientl s R1, N1 a T(3,4) v kohorté, ¢i vysokym zastoupeni
pacientl s vyznamnym mnozstvim marker( negativné ovliviiujicich progresi PDAC [195, 196].
Rada pacient( v nai kohorté také ukoncila GEM terapii pred¢asné. Kromé tohoto nelze vyloudit,
Ze nase kohorta méla celkové nizkou expresi ENT1 a/nebo vysokou v pfipadé miR-21. Nase data
nevylucuji potencial vyuZiti ENT1 a miR-21 jako prognostickych biomarkerl( u resekovanych
pacientd s PDAC. Naznacuji vsak, Ze tento postup jesté neni pfipraven k implementaci do
klinickych procesu.

Nase vysledky pfispivaji do mozaiky informaci o placentdrnim prestup a mohou pfispét
k upresnéni terapie téhotnych Zen s HIV ¢i HCV pripadné k rozvoji ,,on table” modell ¢i PBPK
computing modell. Dale naSe vysledky ukazaly, Ze v pfipadé personalizované lécby pacient(
s PDAC lécenych adjuvantné je nutné dale upresnit protokol evaluace prognostickych markert
a zameéfit se na vice specifikované pacienty, jelikoz ENT1 neni jedinou biomolekulou ovliviujici

odpovéd pacienta na lécbu.
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Expression of Concentrative Nucleoside Transporters (SLC28A) in the
Human Placenta: Effects of Gestation Age and Prototype
Differentiation-Affecting Agents

Lucie Jiraskova, Lukas Cerveny,** Sara Karbanova, Zuzana Ptackova, and Frantisek Staud

Department of Pharmacology and Toxicology, Charles University, Faculty of Pharmacy in Hradec Kralove, Akademika Heyrovskeho
1203, 50005 Hradec Kralove, Czech Republic

ABSTRACT: Equilibrative (SLC29A) and concentrative

[IESHESI [forskoiin| [butyrate | [vaiproate] [5-azacytidine| ATRA
(SLC28A) nucleoside transporters contribute to proper

l e [T e
(PKA)(PKA) (HDAC) (HDAC)

placental development and mediate uptake of nucleosides/ % (DNM'D (ﬁR)
nucleoside-derived drugs. We analyzed placental expression of 3 1 T >I< T
SLC28A mRNA during gestation. Moreover, we studied in g v y
choriocarcinoma-derived BeWo cells whether SLC29A and 2 = = = = =
SLC28A mRNA levels can be modulated by activity of adenylyl £ Tmo1 = 1

cyclase, retinoic acid receptor activation, CpG islands 1 _

methylation, or histone acetylation, using forskolin, all-trans-
retinoic acid, S-azacytidine, and sodium butyrate/sodium
valproate, respectively. We found that expression of SLC28A1, SLC28A2, and SLC28A3 increases during gestation and reveals
considerable interindividual variability. SLC28A2 was shown to be a dominant subtype in the first-trimester and term human
placenta, while SLC28A1 exhibited negligible expression in the term placenta only. In BeWo cells, we detected mRNA of
SLC28A2 and SLC28A3. Levels of the latter were affected by S-azacytidine and all-trans-retinoic acid, while the former was
modulated by sodium valproate (but not sodium butyrate), all-frans-retinoic acid, 5-azacytidine, and forskolin that caused 25-fold
increase in SLC28A2 mRNA; we documented by analysis of syncytin-1 that the observed changes in SLC28A expression do not
correlate with the morphological differentiation state of BeWo cells. Upregulated SLC28A2 mRNA was reflected in elevated
uptake of [*H]-adenosine, high-affinity substrate of concentrative nucleoside transporter 2. Using KT-5720 and inhibitors of
phosphodiesterases, we subsequently confirmed importance of cAMP/protein kinase A pathway in SLC28A2 regulation. On the
other hand, SLC29A genes exhibited constitutive expression and none of the tested compounds increased SLC28A1 expression
to detectable levels. In conclusion, we provide the first evidence that methylation status and activation of retinoic acid receptor
affect placental SLC28A2 and SLC28A3 transcription and substrates of concentrative nucleoside transporter 2 might be taken up
in higher extent in placentas with overactivated cAMP/protein kinase A pathway and likely in the term placenta.

KEYWORDS: concentrative nucleoside transporters, human placenta, cAMP/protein kinase A signaling pathway, gene regulation,
epigenetics, differentiation

1. INTRODUCTION

The placcnta is an important temporary organ that connects
the developing fetus to the mother’s uterine while maintaining
maternal and fetal circulations separated throughout the whole
(C_'Jestation.l’2 The maternal—fetal interface is formed by
polarized multinucleated syncytiotrophoblast that creates a
barrier protecting the developing fetus from potentially harmful
xenobiotics." Syncytiotrophoblast layer expresses various trans-
porters and ensures reciprocal exchange of nutrients, signal
molecules, cytokines, growth factors, and xenobiotics as well as
those limiting the placental transfer of lipophilic compounds."

Nucleoside transporters (NTs) are ubiquitously occurring
proteins predominantly needed for maintaining nucleoside
homeostasis.> On the basis of genetic/functional similarities,
NTs are categorized into two subfamilies: concentrative
nucleoside transporters (CNTs; SLC28A) consisting of three
members CNT1-3 that mediate unidirectional sodium-
dependent influx and equilibrative nucleoside transporters
(ENTs; SLC29A) that have four representatives ENT1—4

W ACS Publica‘t\-ons © 2018 American Chemical Society
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conferring sodium-independent facilitated diffusion.” Dysregu-
lation of N'T's might be associated with, for example, impaired
cell differentiation or pre-eclampsia,*™' and their inhibition
might be beneficial in treatment of acute lung injury.'" Beyond
the salvage of endogenous nucleosides, NT's are of importance
for pharmacokinetics and drug—drug interactions of most
nucleoside-derived anticancer and antiviral drugs;3 decreased
expression of ENT1 or CNT3 might be the cause of tumor
pharmacoresistance.'” Hypoxia, transporter phosphorylation,
transporter regulator RSI1, exposure to glucose, or trans-
activation of nuclear receptors have been suggested to regulate
NT expression in nonplacental tissue.”'*™>*

In the human placenta, NTs mediate placental uptake of
nucleosides and likely contribute to proper placental develop-
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ment.*' They also enable placental uptake and transfer of

nucleoside-derived drugr_)s.z“’25 This type of pharmacotherapy is
frequently administered to treat pregnant mothers or to prevent
mother-to-child HIV, hepatitis B, or hepatitis C viral trans-
mission, ¢ although these compounds may be harmful to
the placenta/developing fetus.”>** Placental ENT1 is localized
in the apical (mother-facing) membrane,***® while ENT2 is on
both apical and basal (fetus-facing) sites of the trophoblast
layer.'® ENT3 resides intracellularly and seems to be
particularly abundant in the placenta; however, its role in the
placenta has not been specified to date.’” ENT4 is considered
to be only low-affinity H" coupled adenosine transporter that is
expressed ubiquitously (mainly in cardiovascular system) and
transports mostly organic cations.”® All CNTs were detected at
mRNA level in the term human placenta, and CNTI1 was
suggested to be functionally expressed.'#7¢

The expression of drug transporters can be affected by
various endogenous and exogenous factors® and, therefore, is
not uniform in the course of gestation and may significantly
differ among individuals.**~"* Differentiation-associated mech-
anisms (e.g., protein kinases or retinoic acid activation) S o
epigenetics have been suggested to play a role in regulation of
transporter expression. Of epigenetics mechanisms, methylation
of cytosine residues in CpG islands usually leading to
suppression of gene transcription and histone acetylation
causing the opposite effect have been reported in the
placenta® Knowledge on NT expression during gestation is
lacking, and mechanisms involved in regulation of placental
NTs have not been studied.

In the present study, we sought to investigate expression of
SLC28A1, SLC28A2, and SLC28A3 genes in samples of the
first-trimester and term placentas. As positive correlation
between cell differentiation status and expression of NTs has
been proposed,gim we further studied in BeWo cells effects of
the following prototype differentiation agents; forskolin (FSK),
an activator of adenylyl cyclase, all-trans-retinoic acid (ATRA),
agonist of nuclear retinoic acid receptor inducing differentiation
in various tumor cell lines, S-azacytidine, DNA methyltransfer-
ase inhibitor, sodium butyrate, and sodium valproate, histone
deacetylases inhibitors (HDACH).

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents. The compounds for
treatment of BeWo cells, sodium butyrate, sodium valproate,
S-azacytidine, ATRA, FSK, KT-5720 (a model PKA inhibitor),
nonspecific phosphodiesterase (PDE) inhibitors theophylline
and 3-isobutyl-1-methylxanthine (IBMX), and further specific
PDE7 inhibitor 5-Nitro-2,N,N-trimethylbenzenesulfonamide
(BRL 50481), were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA). Specific inhibitor of PDE4 (rolipram) was
provided by Scintila, s.r.0. (Uvoz, Jihlava, Czech Republic). The
radiolabeled [*H]-adenosine was obtained from Moravek
Biochemicals (Brea, California, USA). Solvent dimethyl
sulfoxide (DMSO) was purchased from Sigma-Aldrich (St.
Louis, Missouri, USA). The bicinchoninic acid assay kit (BCA
assay) was obtained from ThermoFisher Scientific (Rockford,
USA).

2.2. Cell Culture. The human choriocarcinoma-derived cell
line BeWo was obtained from the European Cell Culture
Collection (ECACC; Salisbury, Wiltshire, UK). Cells were
cultured in Ham’s F-12 (Sigma-Aldrich, St. Louis, Missouri,
USA) medium supplemented with 10% fetal bovine serum
maintained in a humidified atmosphere of 5% CO, at 37 °C.*
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2.3. Collection of Human Placenta Samples. In this
study, randomly selected 12 term- and 4 first-trimester
placentas were used, previously collected for the study by
Ahmadimoghaddam et al.*® All term placentas were obtained
following elective cesarean section at term (38—41 week of
gestation), and first-trimester placentas were acquired from
interruption of the pregnancy between 9 and 13 week of
gestation from healthy women. The procedure was approved by
the University Hospital Research Ethics Committee
(201006515P), Hradec Kralove. All participants provided
written informed consent. The samples were frozen in liquid
nitrogen immediately after surgery and then stored at —80 °C
until analysis.

2.4. Treatment of BeWo Cells with Differentiation-
Inducing Agents. BeWo cells were seeded (3.5 X 10°) on 24-
well plates (passage 5—25). Cultivation medium was replaced
after 24 h with fresh cultivation medium (control cells) or the
medium containing tested compound: sodium butyrate (1
mM), sodium valproate (2 mM), S-azacytidine (2.5 uM),
ATRA (1 uM), theophylline (5 mM), IBMX (200 yM), BRL
(20 pL), or rolipram (400 uM). Furthermore, we tested effect
of FSK (S0 uM) in either presence or absence of KT-5720 (S
uM). The cells were exposed to a tested compound for 48 or
72 h with everyday change of the respective medium. Volume/
volume concentration of DMSO was in all experiments 0.1%.
The reported concentrations of individual compounds were
used, which will be described in detail in the Discussion.

2.5. Isolation of RNA from BeWo Cells and Placental
Samples and Reverse Transcription. Total RNA was
isolated from (i) control and treated BeWo cells; (ii) weighted
samples of precisely cut villous part of the term placenta; (iii)
weighted samples of dissected first-trimester placental tissue.
Tri Reagent solution purchased from Molecular Research
Centre (Cincinnati, Ohio, USA) was used according to the
manufacturer’s instructions. The purity of the isolated RNA was
checked by the Asg/0g ratio and RNA integrity was confirmed
by electrophoresis on a 1% agarose gel. The concentration of
RNA was calculated by A4 measurement. RNA (1 pg) was
converted into cDNA using the gb Reverse Transcription Kit
from Generi Biotech s.r.o. (Hradec Kralove, Czech Republic)
on Bio-Rad T100 Thermal Cycler (Hercules, California, USA)
according to the manufacturer’s protocol.

2.6. Qualitative End-Point PCR Analysis. End-point PCR
analysis of SLC28A genes expression was carried out with
cDNA (25 ng) in 20 uL volume reaction with OneTaq Red
DNA Polymerase (Bioline, Taunton, Massachusetts, USA)
according to the manufacturer’s instructions using Bio-Rad
T100 Thermal Cycler (Hercules, California, USA). For
amplification of human SLC28AI, SLC28A2, and SLC28A3,
we employed primers previously designed by Yamamoto et al>
The PCR cycling conditions were 95 °C for 3 min followed by
40 cycles at 95 °C for 30 s, 56 °C for 30 s and 72 °C 45 s,
tollowed by 72 °C for 10 min. Amplicons were analyzed on a
1.5% agarose gel labeled by GelRed Nucleic Acid Stain
(Biotium, Hayward, California, USA) using the HyperLadder
100bp length marker (Bioline, Taunton, Massachusetts, USA).

2.7. Quantitative PCR Analysis. Quantitative PCR
(qQPCR) analysis of NTs expression in control and treated
BeWo cells and first-trimester and term human placentas was
performed using QuantStudio 6 (Thermo Fisher Scientific,
Waltham, USA). ¢cDNA (25 ng) was amplified in 10 uL
reaction in a 96-well plate using TagMan Universal Master Mix
I, no UNG (Thermo Fisher Scientific, Waltham, USA), and
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predesigned TagMan Real Time Expression PCR assays for
SLC28A1 (CNTI1, Hs00984403 ml), SLC28A2 (CNT2,
Hs00188407 m1), SLC2843 (CNT3, Hs00910439 ml),
SLC29A1 (ENTI, Hs01085704_gl), SLC29A2 (ENT2,
Hs00155426_m1), and syncytin-1 (Hs02341206 gl) coding,
a marker of cytotrophoblast differentiation.”” The amplification
of each sample was performed in triplicate using the following
PCR cycling profile: 95 °C for 3 min, followed by 40 cycles at
95 °C for 15 s and 60 °C for 60 s. Data are presented as fold of
expression values for BeWo cells or are reported in arbitrary
units (a.u.) for placental tissue samples. Gene expressions were
normalized against the geometric mean of expression of the
predesigned reference genes B2M (Hs00984230_ml) and
GAPDH (Hs02758991_g1) (Thermo Fisher Scientific, Wal-
tham, USA)****** that had been tested for stable expression in
all samples. The data were processed by the comparative AACy
method.

2.8. In Vitro Uptake of [*H]-Adenosine into BeWo
Cells. For uptake experiment, BeWo cells were seeded at a
density 3.5 X 10° on 24-well culture plates (TPP, Trasadingen,
Switzerland). FSK (50 uM) with or without § uM KT-5720
was added after 24 h and subsequently cultivated for following
48 h with everyday medium replacement. Experiments were
performed in uptake buffer containing 140 mM NaCl, 5.4 mM
KCl, 1.8 mM CaCl,, 0.8 mM MgSO,, 5 mM glucose, and 25
mM Tris as previously suggested™ At the beginning of
experiment, cells were washed with 0.5 mL of the uptake buffer.
Then the cells were incubated in 0.25 mL of the uptake buffer
containing model substrate [*H]-adenosine at final activity 0.4
#Ci/mL that corresponded to 17.4 nM. The activity of the
radioisotope used in experiments was the lowest possible given
the specific activity required for the analysis. Accumulation was
stopped after 5 min by quick aspiration of radioactivity
containing uptake buffer and washed twice with the ice-cold
buffer (I mL) and then the cells were lysed in 0.25 mL of SDS
(0.02%).>*** The concentration of accumulated [*H]-adeno-
sine was determined by liquid scintillation counting (Tricarb
2900 TR; PerkinElmer, Waltham, MA, USA) and normalized to
protein content (pmol/mg protein; Pierce BCA Protein Assay
Kit, thermos Fisher Scientific, Waltham, MA, USA). Data are
presented as fold of increase to control.

2.9. Statistical Analyses. Statistical significance in in vitro
studies was performed by unpaired Student’s ¢ test or one-way
ANOVA followed by Dunnett’s post hoc test. For statistical
analysis of NTs mRNA expression in the first-trimester and
term human placenta, paired nonparametric Friedman followed
by Dunn’s multiple comparison and Mann—Whitney tests were
applied. All data were processed using GraphPad Prism 6.0
software (GraphPad Software, Inc, San Diego, California,
USA).

3. RESULTS

3.1. Qualitative RT-PCR Analysis of SLC28A mRNA
Expression in BeWo Cells and Human Term Placenta.
We first confirmed mRNA expression of SLC28A in BeWo cells
(Figure 1A) and one randomly selected human placenta from
our sample collection (Figure 1B). We detected amplicons
specific for the primers used for SLC28A2 and SLC28A3, but
not for SLC28A1.

3.2. Quantitative RT-PCR Analysis of SLC28A mRNA
Expression in First-Trimester and Term Human Placen-
ta. We carried out qRT-PCR to evaluate mRNA expression
profile of SLC28A genes in the first-trimester and term human
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Figure 1. Qualitative RT-PCR analysis of NTs in (A) BeWo cells and
(B) human placenta. Representative agarose gels show that BeWo cell
line and randomly selected term human placenta express SLC28A2
and SLC28A3, but not SLC28A1. The expected sizes of the PCR
products for the primers used were 610bp for SLC28A1, 390bp for
SLC28A2, and 440bp for SLC28A3.

placentas. Further, we compared the expression in both
developmental placental stages and quantified interindividual
differences of SLC28A2 genes. SLC28A2 exhibited the highest
expression in both the first-trimester and term placental
samples. In the first-trimester placental samples, expression of
SLC28A1 and SLC28A3 was under detection limit, while in the
term placenta median expression of SLC28AI was marginal
(only four term placentas revealed low levels of SLC28AI
expression) and SLC28A2 showed ~2.6-fold higher expression
than that observed for SLC28A3. To confirm a functional
system for detection of SLC28A1 expression, liver and kidney
tissues were used as positive controls (data not shown).
SLC28A2 exhibited ~5-fold higher median expression in the
term placenta than in the first-trimester placenta. The
interindividual differences were ~1 (SLC28A1, SLC28A3)
and ~2 (SLC28A2) orders of magnitude in the term placenta
and ~1 (SLC28A2) in the first-trimester placentas (Figure 2).

3.3. Effect of Differentiation-Affecting Drugs on
Expression of NTs in BeWo Cells. While testing the effect
of selected compounds on NTs mRNA expression, we
observed that FSK (50 uM) increased expression of
SLC28A2 by ~25-fold (Figure 3A). Sodium valproate also
elevated expression of SLC28A2 and the effect was time
dependent observing ~2-fold and ~2.5-fold increase in 48 and
72 h-time points, respectively (Figure 3B). Interestingly,
another HDACI, sodium butyrate (I mM), did not exhibit
any effect on NT's expression in tested time points (Figure 3C).
S-Azacytidine (2.5 puM) and ATRA (1 pM) decreased
expression of SLC28A2 and SLC28A3 by ~2-fold; however,
S-azacytidine revealed this effect only after 48 h (Figure 3D, E).
None of the tested compounds increased SLC28A1 expression;
its expression remained below the detection limit of our
method (data not shown).

3.4. Effect of PKA Inhibitor, KT-5720, on FSK-Induced
SLC28A2 mRNA Upregulation in BeWo Cells. As the effect
of FSK in BeWo cells is attributed mostly to activation of cyclic
adenosine monophosphate-protein kinase A (cAMP-PKA)
signaling pathway,43 we tested whether the PKA specific
inhibitor, KT-5720, may reverse observed induction of
SLC28A2. Exposure to KT-5720 (5 uM) alone did not show
any effect and significantly decreased (by ~2-fold) FSK-
induced SLC28A2 upregulation following 48-h incubation
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Figure 2. Quantitative PCR analysis of SLC28A4 mRNA expression in
first- and term human placentas. First-trimester placenta expresses only
SLC28A2 mRNA, while term placenta reveals expression of all
SLC28A genes, although median expression of SLC29A1 is marginal;
only four term placentas revealed low levels of SLC28AI expression.
Gene expressions were appropriately normalized against the geometric
mean of expression of two housekeeping genes, GAPDH and
B2M. """ Data are presented as median of arbitrary units (a.u.)
with interquartile range. Statistical analysis was examined using
nonparametric Friedman paired test followed by Dunn’s multiple
comparisons test to compare median expression within one
developmental placental stage, and Mann—Whitney was applied to
evaluate differences between the first-trimester and term placenta;
signiﬁcance obtained by Friedman test was denoted as follows p<
0.01; %% p < 0.001. Mann—'\f\fhjmey evaluation was used to compare
SLC28A2 expression in the first-trimester and term placenta and the
significance was denoted # p < 0.05; n = 4 (first-trimester placentas), n
= 12 (term placentas); N.D., not detected.

(Figure 4), though it did not reach the level of the control. It
indicates only partial inhibitory PKA effect of KT-5720 (5 uM)
or contribution of mechanisms affecting SLC28A2 expression
different from PKA regulation.

3.5. Effect of Phosphodiesterases Inhibitors on
SLC28A2 Expression. Having shown that SLC28A2 might
be induced by increased activity of cAMP/PKA pathway, we
further tested effects of phosphodiesterases inhibitors that
might prolong effect of cAMP and, therefore, mimic the effect
of FSK on expression of SLC28A2 in BeWo cells. Only IBMX
(200 pM), but not theophylline (S mM), rolipram (400 uM),
or BRL (20 uM), affected SLC28A2 expression (Figure 3).

3.6. Effect of FSK Treatment on Intracellular Accu-
mulation of [*H]-Adenosine in BeWo Cells. We further
investigated whether FSK (50 pM)-mediated induction of
SLC28A2 may be reflected in elevated CNT2 function. Using
uptake study with [*H]-adenosine (17.4 nM), a model
substrate of N'Ts revealing the highest affinity to CNT2, we
did observe significant increase in cells treated with FSK (50
uM) for 48 h. It confirms that elevated SLC28A2 expression in
FSK-treated cells is reflected at functional level. Interestingly,
KT-5720 (5 uM) or ESK (50 pM)/KT-§720 (5 uM)
significantly decreased [*H]-adenosine intracellular accumu-
lation in BeWo cells (Figure 6) suggesting that blockade of
PKA might result in decreased function of membrane-
embedded CNT2.

3.7. Effect of Tested Compounds on BeWo Cells
Differentiation: Monitoring of Syncytin-1 Gene Levels.
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To evaluate whether observed effects of tested compounds on
expression of NTs is related to morphological differentiation of
BeWo cells, we monitored mRNA expression of syncytin-1, a
marker of syncytiotrophoblast formation in BeWo cells.** Only
FSK (50 uM) increased syncytin-1 expression by ~7.5 fold
(Figure 7).

4. DISCUSSION

In the present study, we are bringing the first evidence about
quantitative mRNA expressions of SLC28A genes and their
inter/intraindividual variability in the first-trimester and term
human placenta. Using prototype differentiation-affecting
agents, we also investigated whether levels of NTs expression
might be given by the activity of adenylyl cyclase, retinoic acid
receptor activation or by CpG islands methylation/histone
acetylation status.

We showed that of all SLC28A genes, SLC28A2 and
SLC28A3, are expressed in BeWo cells and in one randomly
selected human placenta (Figure 1). These data do not
correlate with previously published reports dcmonstratin% that
BeWo cell line and human placenta express SLC2843*** and
all SLC28A gc:nr:s,lg’24 respectively. The observed difference in
CNTs expression pattern in BeWo cells might be related to
clonal diversity or different cultivation conditions as NTs are
regulated by the level of nutrition supply.”***"** Lack of
SLC28A] transcript in the term placenta can be explained by
low and variable mRNA expression as subsequently shown in
samples of human placenta from 12 donors (Figure 2). SLC28A
genes increase expression toward term of gestation (Figure 2);
SLC28A1 and SLC28A3 are transcribed only in the term
placenta, while the most abundant SLC28A2 is expressed in
both tested developmental stages (Figure 2). This expression
profile contrasts to that found for protective efflux transporters,
P-glycoprotein and breast cancer resistance protein, exhibiting
decreasing trend, """ and also for SLC29AI and SLC29A2,
showing constitutive expression.”® This phenomenon is likely
related to increased placental needs for nucleoside supply,™
energy metabolism,*® or for purinergic control as reported for
liver cells.®

Subsequently, we tested an eftect of prototype difter-
entiation-affecting agents on mRNA expression of NTs in
BeWo cells. FSK, in the concentration of 50 #M, known to
induce syncytiotrophoblast formation in BeWo cells,””*®
significantly increased SLC28A2 expression (Figure 3A),
whereas it revealed no effect on SLC29A genes, suggesting
that SLC28A2 reflects state of differentiation while SLC29A are
constitutively expressed as previously described in hepatoma
cell line FAO.>® We observed comparable effect of FSK in
another choriocarcinoma-derived JEG-3 cell line either (data
not shown), therefore proposing that this phenomenon is not
BeWo cells specific. We were not the first who analyzed effect
of FSK on N'T's expression in BeWo cells; Ma et al. showed that
FSK restored SLC28A2 expression in SLC28A2-lacking BeWo
cells and in contrast to our findings they also observed effect on
SLC29A2 and SLC28A3.*° This discrepancy can be partially
related to the different cultivation conditions used (difference
in fetal bovine serum concentration and p-glucose) or their
different PCR detection technique based on SYBR Green
nonspecifically intercalating the double-stranded DNA; primer
specificity (melting curve analysis) is not declared in the
rcpm‘t.zs We also tested concentrations 10 gM and 100 uM of
FSK as used in others studies,””*” but we observed similar
effect on SLC28A2 (data not shown).
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Figure 3. Effect of differentiation affecting drugs on SLC28A2, SLC28A3, SLC29A1, and SLC29A2 mRNA expression levels in BeWo cells. Cells
were exposed to (A) FSK (50 uM), (B) sodium valproate (2 mM), (C) sodium butyrate (1 mM), (D) S-azacytidine (2.5 uM), and (E) ATRA (1
uM) for 48 and 72 h. Data were analyzed using the comparative AAC; method and presented as fold-change of expression; geometric mean of
expression of two housekeeping genes B2M and GAPDH was applied for data normalization. Each column represents the mean + SD (n > 3).
Statistical analysis was performed by one-way ANOVA followed by post hoc Dunnett’s multiple comparison test; = p < 0.05, #% p < 0.01, %% p <

0.001, significantly different from nontreated cell.

As BeWo cells have been described to express retinoic acid
receptor,” we tested its agonist ATRA (1 ¢M) that has been
recently shown by Le Vee et al. to downregulate SLC
transporters in HepaRG cells and primary human hepato-
cytes.”” ATRA (1 uM) was also employed by Huebner et al. to
investigate epigenetic and transcriptional regulation of retinoic
acid receptor responder 1 in BeWo cells.®" SLC28A2 and
SLC28A3 levels were decreased following exposure to ATRA
(Figure 3E). Retinoic acid receptor response element has not
been identified in regulatory sequence of SLC28A2 so far, and
Ensemblorg database predicts only binding site of transcrip-
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tional repressor CTCE. Therefore, we speculate about
coordinated activity of retinoic acid receptor and CTCF as
observed for estrogen receptor.”

To test the role of histone deacetylases inhibition in
regulation of NTs, we used sodium butyrate and sodium
valproate in concentrations 1 mM and 2 mM.**"® Sodium
butyrate increases expression and activity of vitamin D
rcceptor,66 while sodium valproate affects proliferation and
hormone secretion, both in BeWo cells.”® Sodium butyrate did
not modify expression of NTs (Figure 3C), whereas sodium
valproate caused time-dependent increase in expression of

DO 10.1021facs.molpharmaceut.8b00238
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Figure 4. Effect of PKA inhibitor KT-5720 on FSK-induced SLC28A2
mRNA upregulation in BeWo cells. KT-5720 (5 M), a PKA inhibitor,
significantly reversed the FSK-induced (50 xM) increase in SLC28A2
mRNA expression level after 48-h incubation. Data were analyzed
using the comparative AACr method and are presented as fold-change
of expression; geometric mean of expression of two housekeeping
genes B2M and GAPDH was applied for data normalization. Each
column represents the mean + SD (n > 3). Statistical analysis was
performed by one way ANOVA followed by post hoc Dunnett’s
multiple comparison test; * p < 0.05, *## p < 0.001, compared to
nontreated cells.
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Figure 5. Effect of phosphodiesterases inhibitors on SLC29A2 mRNA
expression in BeWo cells. Cells were exposed to theophylline (5 mM),
IBMX (200 uM), rolipram (400 yM), or BRL (20 M) for 48 h. Data
were analyzed using the comparative AAC} method are presented as
fold-change of expression; geometric mean of expression of two
housekeeping genes B2M and GAPDH was applied for data
normalization. Each column represents the mean + SD (n > 3).
Statistical analysis was performed by one-way ANOVA followed by
post hoc Dunnett’s multiple comparison test; *#p < 0.01, compared to
control cells.

SLC28A2 (Figure 3B). We hypothesize that SLC28A2 is not
regulated by histone acetylation and the observed effect of
sodium val})roate may be explained by its complex mechanism
of action.””%®

DNA methyltransferase inhibitor S-azacytidine (I mM),

previously tested to induce vitamine D receptor or retinoic acid

2737

67

2.5
5 .
e
e 20
=
o
3
2 15
W
o
g
® 10
_— -
I .
@
2 0.5
&
0.0
> ) N D
& eﬁ‘\ h\}‘}
< & & \
- U >
& «5.;\ &
RAERS
K
&
&
+_
&

Figure 6. Effect of FSK treatment on intracellular accumulation of
[*H]-adenosine in BeWo cells. BeWo cells were treated with FSK (50
uM), combination FSK (50 pM) with KT-5720 (5 uM), or KT-5720
(5 uM) for 48 h and then 5 minute accumulation of [*H]-adenosine
(17.4 nM, 0.4 uCi/ml) was analyzed. Each column represents the
mean of ratio of concentrations determined in treated cells and
respective control + SD (n 5). One-way ANOVA was used to
evaluate statistical significance followed by post hoc Dunnett’s multiple
comparison test.
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Figure 7. Effect of tested compounds on syncytin-1 mRNA expression
levels in BeWo cells. Cells were exposed to FSK (50 uM), S-azacytidne
(2.5 uM), sodium valproate (2 uM), ATRA (1 uM), theophylline (5
mM), IBMX (200 gM), rolipram (400 M), or BRL (20 zzM) for 48 h.
Data were analyzed applying the comparative AAC; method and
presented as fold-change of expression; geometric mean of expression
of two housekeeping genes B2M and GAPDH was applied for
normalization of syncytin-1 expression. Each column represents the
mean + SD (n > 3). Statistical analysis was performed by one-way
ANOVA followed by post hoc Dunnett’s multiple comparison test;
##xp < 0.001, showing statistical difference from control cells.

receptor responder 1,°% decreased SLC28A2 and SLC28A3
expression in time point of 48 h, but not after 72 h (Figure 3C).
S-azacytidine-mediated downregulation of gene expression is
less frequent and can be related to demethylation of gene
expression suppressors.é9 As S-azacytidine is a suggested
substrate of both CNT2 and CNT3,%7' we suggest that

DO 10.1021/acs.molpharmaceut.8b00238
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decreased SLC28A2/SLC28A3 functional expression observed
after 48 h may limit S-azacytidine uptake.

Because of extensive effect of FSK in BeWo (and also in JEG-
3 cells), we tested hypothesis that SLC28A2 expression may be
controlled by cAMP-PKA signaling pathway.”* Application of
KT-5720, an established inhibitor of PKA,** partly reversed the
FSK-induced expression of SLC28A2 (Figure 4). KT-5720 (S
uM) was reported to cause approximately half-reduction of
FSK-mediated increase in expression of cytochrome P450 19A1,
organic anion transporter 4, and organic anion-transporting
pulypepﬁdﬂ,44 which correlate with our observation for the
SLC28A2. Despite testing higher concentration of KT-5720 (15
uM), full abolishment of FSK-mediated induction of SLC28A2
was not observed (data not shown). Therefore, we suggest that
KT-5720 is low affinity inhibitor or additional cAMP-activated
mechanism such as Rapl/MEK/ERK,,, signaling pathway
participates in SLC28A2 gene regulation. To investigate the
cAMP-PKA regulatory pathway of SLC28A2 in more detail, we
inhibited activity of PDE that are responsible for cAMP
biodegradation. Only nonselective PDE inhibitor IBMX (200
M), previously rc}pot‘tcd to decrease activity of placental PDE
to highest extent,” significantly increased SLC28A2 expression
(Figure 5). It provided additional evidence that SLC28A2
expression could be regulated by cAMP/PKA pathway.

There are no specific CN'T2 substrates. For the uptake study,
we selected adenosine that reveals high affinity to CNT2 and
CNT3 and is much weaker substrate of ENT1 and ENT22. The
increased adenosine accumulation in BeWo cells (Figure 6)
should be a consequence of up-regulated SLC28A2 coding
CNT2 as only this gene was affected by exposure to FSK
(Figure 3). It confirms that cAMP/PKA activation results in
higher functional expression in plasma membrane. Interestingly,
KT-5720 alone and combination FSK/KT-5720 decreased
adenosine uptake (Figure 6). We hypothesize that KT-5720
might cause insufficient trafhicking of CNT2 from subcellular
structures into plasma membrane.”*

Subsequently, we analyzed syncytin-1 encoding human
endogenous retrovirus glycoprotein, which mediates cell—cell
fusion of cytotrophoblast into syncytiotrophoblast,*® to
evaluate association between level of SLC28A2 expression
and syncytiotrophoblast formation. Interestingly, we showed
that of the prototype differentiation agents tested only FSK
significantly changed the syncitin-1 expression (Figure 7). This
might indicate that sodium valproate, S-azacytidine, and ATRA
reveal their effect on SLC28A gene expression independently of
state of BeWo cells differentiation. On the other hand, there
was correlation between SLC28A2 and syncytin-1 expression in
FSK-treated cells. However, we also observed increase in
SLC28A2 expression in FSK-treated JEG-3 cells that do not
undergo  syncytiotrophoblast formation.*”*®  Therefore, we
conclude that functional SLC28A2 expression is dependent
on cAMP/PKA signaling pathway activity but does not reflect
state of morphological differentiation.

We here provide the first evidence that expression of
SLC28A genes increases during gestation, reveals considerable
interindividual variation, and SLC28A2 is the dominant
placental SLC28A subtype in both first-trimester and term
placenta. We showed that SLC28A transcription is affected by
sodium valproate, S-azacytidine, ATRA, and to highest extent
by FSK, while SLC29A genes exhibited constitutive expression.
The observed changes in SLC28A are not associated with the
morphological differentiation state of BeWo cells and cAMP/
PKA signaling pathway plays an important role in regulation of
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SLC28A2 functional expression. In conclusion, we suggest that
methylation status and activation of retinoic acid receptor affect
placental SLC28A2 and SLC28A3 transcription and substrates
of concentrative nucleoside transporter 2 might be taken up in
higher extent in placentas with overactivated cAMP-PKA
pathway and likely in the term placenta. Additional studies
should be performed to specify molecules involved in cAMP-
mediated regulation of SLC28A2 expression in BeWo cells and
to show whether this regulation is also of general importance
for regulation of SLC28A2 gene expression in nonplacental
cells.
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Abstract: Evidence on equilibrative nucleoside transporter 1 (ENT1) and microRNA-21 (miR-21) is
not yet sufficiently convincing to consider them as prognostic biomarkers for patients with pancreatic
ductal adenocarcinoma (PDAC). Here, we investigated the prognostic value of ENTT/ENT1, miR-21,
and neurogenic locus homolog protein 3 gene (NOTCH3) in a well-defined cohort of resected patients
treated with adjuvant gemcitabine chemotherapy (1 = 69). Using a combination of gene expression
quantification in microdissected tissue, immunohistochemistry, and univariate/multivariate statistical
analyses we did not confirm association of ENT1/ENT1 and NOTCH3 with improved disease-specific
survival (DSS). Low miR-21 was associated with longer DSS in patients with negative regional lymph
nodes or primary tumor at stage 1 and 2. In addition, downregulation of ENT1 was observed in
PDAC of patients with high ENTT expression in normal pancreas, whereas NOTCH3 was upregulated
in PDAC of patients with low NOTCH3 levels in normal pancreas. Tumor miR-21 was upregulated
irrespective of its expression in normal pancreas. Our data confirmed that patient stratification based
on expression of ENTI/ENT1 or miR-21 is not ready to be implemented into clinical decision-making
processes. We also conclude that occurrence of ENTI and NOTCH3 deregulation in PDAC is
dependent on their expression in normal pancreas.

Keywords: adjuvant gemcitabine monotherapy; equilibrative nucleoside transporter 1; neurogenic
locus homolog protein 3; miR-21; resected pancreatic ductal adenocarcinoma; prognostic biomarker

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive solid malignancies,
representing the fourth leading cause of cancer-related mortality in the modern world [1]. Nearly
as many people die of the disease as are diagnosed each year [2], and by 2030, PDAC is expected to
be the second leading cause of cancer-related death [3]. The main treatment for potentially curative
therapy is still surgical removal of the tumor with tumor-free resection margins (R0). Resection is

Cancers 2019, 11, 1621; doi:10.3390/cancers11111621 www.mdpi.com/journal/cancers
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achievable in less than 20% of patients [4] and is associated with 10% and 7.7% five- and ten-year
survival, respectively [5-7].

Adjuvant gemcitabine monotherapy (GEM) doubles the five-year overall survival to up to 21% in
patients with RO resection [5-8]. Recently, Neoptolemos et al. (2017) published results of a multicenter,
open-label, randomized phase clinical trial (ESPAC-4) which demonstrated superiority of GEM plus
capecitabine combination over monotherapy with GEM: the overall survival was 28 months in the GEM
with capecitabine group vs. 25.5 months in the GEM monotherapy group. However, a higher frequency
of grade 3—4 adverse events has been reported for GEM plus capecitabine combination [9]. Another
multicenter, open-label, randomized phase III clinical trial (PRODIGE 24/CCTG PA.6 (NCT01526135)
showed that modified-dose FOLFIRINOX (mFOLFIRINOX), consisting of oxaliplatin at 85 mg/mz,
leucovorin at 400 mg/mz, irinotecan at 150 mg/mz, and 5-fluoroucil at 2.4 g/m2 increases three-year
survival compared with GEM monotherapy (63.4% vs. 48.6%). Nevertheless, the safety profile
of the mFOLFIRINOX regimen was suggested as less favorable than that based on gemcitabine
monotherapy [10].

Besides showing more acceptable toxicity, it has been documented that GEM monotherapy is
a cost-effective option when compared with GEM plus capecitabine in an adjuvant regimen [11].
However, to improve the cost-effectiveness of adjuvant GEM monotherapy, it is important to identify
patients that could significantly profit from the treatment [12-15].

Over the last decade, there has been a hunt for valuable prognostic/predictive biomarkers
and reliable methods for their analysis that could be helpful in the estimation of PDAC patients’
responsiveness to GEM. Of the biomarkers investigated so far, human equilibrative nucleoside
transporter 1 (ENT1), microRNA-21 (miR-21), and neurogenic locus homolog protein 3 (NOTCH3) are
considered promising,.

ENT1 is the most important transporter for GEM influx into pancreatic cells [16,17], and hence
has been extensively investigated. Currently, some evidence from immunohistochemistry and mRNA
analyses performed in formalin-fixed paraffin-embedded (FFPE) samples supports a hypothesis that low
expression of ENT1 might be an indicator of chemoresistance to GEM in resected patients [12,13,18,19],
but contradictory findings have also been published [20,21].

miR-21 is a short (22 nt), very stable, noncoding RNA targeting Bcl-2 [22] that likely plays an
important role in preventing apoptosis, thus functioning as a proto-oncogene [23]. High miR-21
expression has been associated with significantly shorter overall survival in resected patients [24,25].

To date, most studies investigating the prognostic value of ENT1 and miR-21 have been conducted
in a small cohort [19], on patients treated with a combination of adjuvant GEM and radiation [12,19,26],
a cohort mixing patients with adjuvant and palliative settings [25] and/or for which chemotherapy is not
reported [27]. Only a limited number of studies have been performed in a well-defined homogenous
cohort of resected patients with adjuvant GEM monotherapy [13,28]. The overall evidence on
ENT1/ENT1 and miR-21 is thus encouraging, but not yet sufficiently convincing to implement this
procedure in the clinical environment.

NOTCHS3 is linked to the GEM-resistant PDAC phenotype. NOTCH3 confers cell extracellular
interactions, such as invasion, migration, motility, and modification of survival of pancreatic cells [29].
NOTCHS is related to GEM-induced caspase-mediated apoptosis [30]. Using multivariate analysis,
high NOTCH3 mRNA levels have been associated with shorter survival of GEM-treated patients with
advanced PDAC [31]. However, to date, this biomarker has not been evaluated in resected patients
with GEM monotherapy.

Several studies have indicated that low miR-21, low NOTCHS3, and high ENT1 may be used as
GEM-independent favorable prognostic factors of the effect of GEM therapy [26,32-34]. Considerable
inter-individual expression of NOTCH3 and miR-21 in tumor tissue, ranging from negative to strongly
positive, has been reported [32,35], and increased expression of these molecules in PDAC has been
suggested [25,27,32,33,35-37]. However, upregulation does not appear in all patients and it remains to
be elucidated whether elevated levels of these molecules correspond with either low or high expression
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in normal pancreas or are independent. Moreover, data about expression of ENT1 in PDAC compared
with normal pancreas are completely lacking.

In this study, we aimed to use quantitative real-time polymerase chain reaction (qQRT-PCR) analysis
of ENT1, miR-21, and NOTCH3 expression in FFPE samples collected from a homogenous group of
patients with resected PDAC, treated with adjuvant GEM therapy (1 = 69) to evaluate the prognostic
value of the associated transcripts for the estimation of disease-specific survival (DSS). Moreover,
we analyzed expression profiles of ENT1, miR-21, and NOTCH3 in PDAC tissue of different patient
subgroups, defined by the median of expression in normal pancreas.

2. Results

2.1. Clinical-Pathological Characteristics of Patients

Clinical characteristics, including age, gender, surgery type, resection margin status, stage
of primary tumor, regional lymph nodes, distant metastasis, DSS, and American Society of
Anesthesiologists (ASA) score, of the patients (7 = 69) are summarized in Table 1. Thirty five
(50.7%) patients finished all the cycles of chemotherapy, whereas 34 patients (49.3%) prematurely
terminated treatment because of disease progression (14; 20.2%), toxicity (17; 24.6%), heart failure (1;
1.5%), respiratory failure (1; 1.5%), or sudden death (1; 1.5%). In the monitored cohort, one patient had
small metastases in the peritoneum in close proximity to the pancreas; the metastases were surgically
removed. Fourteen patients were alive at the end of follow-up (31st December 2018).

Table 1. Clinical-pathological characteristics of patients.

Number of Patients 69
Gender (females/males) 31/38
Age (years)
Median 65
Range 39-80
Surgery (type of resection)
PD 55
DP 14
Resection margin status
RO 46
R1 23
T: stage of primary tumor
T1 3
T2 12
T3 53
T4 1
N: regional lymph nodes
NO 19
N1 50
M: distant metastasis
MO 68
M1 1
DSS from surgery (months)
Median 21
Range 5-152
ASA (I-11T)
1 1
I 42
1 26

ASA, American Society of Anesthesiologists score; DSS, disease-specific survival; GEM, gemcitabine; DP, distal
pancreatectomy; PD, pancreaticoduodenectomy.
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2.2. Clinical-Pathological Factors and Chemotherapy Response as Survioal Markers

To evaluate the effects of tumor and patients’ characteristics and type of resection on DSS, we
performed a statistical analysis using Kaplan-Meier curves and the log rank test. We dichotomized the
tested cohort based on resection margin status (R0/R1), presence of metastatic involvement of regional
lymph nodes (NO/N1), primary tumor stage T(1,2)-T(3,4), ASA score ASA(1,2)/ASA(3,4), patients’
age (>65 age/<65 age), gender, and type of resection (PD/DP). R0 was found to be associated with
significantly longer DSS over R1 (21 months vs. 14 months, p = 0.0314, hazard ratio = 0.5663, and 95%
confidence interval = 0.3062-1.047) (Figure 1A), whereas other analyzed parameters did not show any
association with DSS (Figure 1).
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Figure 1. Analysis of patients” DSS association with resection margin status, regional lymph node
involvement, primary tumor stage, ASA score, age, gender, and type of resection using Kaplan—Meier
curves. Patients (11 = 69) were dichotomized based on (A) tumor border (RO/R1), (B) negative/positive
regional lymph nodes (NO/N1), (C) primary tumor stage T(1,2)/T(3,4), (D) ASA score ASA(1,2)/ASA(3,4),
(E) patients” age (> 65 age/< 65 age), (F) gender, and (G) type of resection (PD/DP). The data were
analyzed using the log rank test. Statistical significance is denoted by *, p < 0.05.

2.3. Analysis of ENT1, NOTCH3 mRNA, and miR-21 Levels in PDAC Tissue and Their Association with DSS

To investigate possible association of ENT1, NOTCH3, and miR-21 levels with patients” DSS, we
quantified gene expression of the transcripts in tumor tissue microdissected from FFPE samples (i = 69).
For the purpose of Kaplan-Meier survival analysis, patients were dichotomized by the median of
expression of the respective molecules into two groups (low <50 and high >50%). However, we did not
observe any association between ENT1, NOTCH3, or miR-21 expression and patients” DSS (Figure 2).
Only patients with low miR-21 showed a trend for longer DSS (22 vs. 16 months, p value 0.4649,
Figure 2C). Subsequently, patients were divided based on the expression of individual markers into
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quartile subgroups. We selected only subgroups of patients with the lowest (<25%, first quartile) and
highest (>75%, fourth quartile) expression of each marker for subsequent analyses. However, despite
using these more polarized subsets of patients, no significant differences were observed (Figure 2D-F).
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Figure 2. Analysis of patients” DSS association with ENT1, NOTCH3 mRNA, and miR-21 levels in
PDAC tissue using Kaplan—-Meier curves. Patients (17 = 69) were divided into two groups according to
the median (low <50%, high >50%) (A—C) or, alternatively, only subgroups of patients belonging to the
first and fourth quartiles (low <25%, high >75%) (D-F) of expression of ENTT (A,D), NOTCH3 (B,E), or
miR-21 (C,F) were selected. No significant differences between the tested subgroups of patients were
observed. Statistical significance was evaluated by applying log-rank test analysis.

In multivariate DSS analysis adjusted to resection margin status (R0/R1), gender (female/male),
ASA score (I-II), primary tumor stage (T1-T4), regional lymph node (NO/N1), and type of resection
(PD/DP), we did not observe any significant association between patients’ DSS and mRNA expression
of ENTI (Table 2), NOTCH3 (Table 3), and miR-21 (Table 4). As shown in Table 4, only high levels
of miR-21 tended to statistical significance (p = 0.089, hazard ratio = 0.475), and T3 was shown as a
favorable factor (p = 0.036, hazard ratio = 0.085).
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Table 2. Results of multivariate analysis (Cox’s proportional hazards model) of the etfects of clinical

and pathological characteristics and ENTT mRNA expression on patients” DSS.

Patient Stratification p Value Hazard Ratio 95.0% CI
Gender (male) 0.918 0.970 0.543 1.731
ENTI (above median) 0.821 0.934 0.514 1.695
Resection margin status (R1) 0.135 0.624 0.336 1.159
ASA score
ASA 1II (reference value) 0.601
ASA1 0.421 2.395 0.286 20.063
ASATI 0.639 0.869 0.484 1.561
Primary tumor stage
T4 (reference value) 0.272
T1 0.434 0.354 0.026 4.786
T2 0.182 0.212 0.022 2.068
T3 0.106 0.169 0.019 1.463
Regional lymph nodes (N1) 0.149 0.591 0.289 1.207
Resection type (DP) 0.675 1.159 0.582 2.309

ASA, American Society of Anesthesiologists score; CI, confidence interval; DF, distal pancreatectomy. Reference

levels are displayed between brackets.

Table 3. Results of multivariate analysis (Cox’s proportional hazards model) of the effects of clinical

and pathological characteristics and NOTCH3 mRNA expression on patients” DSS.

Patient Stratification p Value Hazard Ratio 95.0% CI
Gender (male) 0.956 0.984 0.553 1.751
NOTCH3 (above median) 0.383 1.286 0.731 2.263
Resection margin status (R1) 0.126 0.614 0.328 1.147
ASA score
ASA 1II (reference value) 0.725
ASA1 0.484 2.120 0.259 17.379
ASATI 0.773 0.915 0.501 1.671
Primary tumor stage
T4 (reference \’a]ué) 0.299
T1 0.507 0.424 0.034 5.358
T2 0.267 0.275 0.028 2.686
T3 0.144 0.200 0.023 1.728
Regional lymph nodes (N1) 0.152 0.598 0.296 1.209
Resection type (DP) 0.661 1.163 0.593 2.283

ASA, American Society of Anesthesiologists score; CI, confidence interval; DT, distal pancreatectomy. Reference

levels are displayed between brackets.
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Table 4. Results of multivariate analysis (Cox’s proportional hazards model) of the effects of clinical
and pathological characteristics and miR-21 expression on patients” DSS.

Patient Stratification p Value Hazard Ratio 95.0% CI
Gender (male) 0.817 0.935 0.530 1.649
miR-21 (above median) 0.089 0475 0.201 1.120
Resection margin status (R1) 0.113 0.604 0.324 1.126
ASA score
ASA TII (reference value) 0.587
ASA T 0.477 2.138 0.263 17.375
ASA 1l 0.530 0.828 0.460 1.491
Primary tumor stage
T4 (reference value) 0.091
T1 0.280 0237 0.017 3.234
T2 0.088 0131 0.013 1.355
T3 0.036 0.085 0.009 0.846
Regional lymph nodes (N1) 0.175 0.619 0.310 1.238
Resection type (DP) 0.658 1.169 0.586 2.335

ASA, American Society of Anesthesiologists score; CI, confidence interval; DP, distal pancreatectomy. Reference
levels are displayed between brackets.

2.4. Immunostaining of ENT1 in FFPE Samples of PDAC

Immunohistochemical evaluation is the most frequently used procedure for evaluating ENT1 as a
prognostic/predictive biomarker for patients with PDAC. Therefore, it is considered as a “standard”
method. ENT1 staining showed predominantly membranous positivity in the cells of Langerhans
islets and lymphocytes. Thus, the presence of this type of staining in normal Langerhans islets served
as an internal positive control of the method (Figure 3). Quantitative scoring using light microscopy
was conducted by a single experienced pathologist (AR). Of the 63 tissue samples, 54 had detectable
ENT1 immunostaining (intensity score from 1 to 3), some of which revealed heterogeneous expression
with regions lacking ENT1. Nine samples of PDAC were without any detectable ENT1 expression
(intensity score 0). The percentage of adenocarcinoma cell staining at each intensity level was recorded
for each specimen. Patients with a high histoscore (values 6-9) for ENT1 (1 = 24) revealed a median
DSS of 23 months, whereas patients with a low (values 1-5) histoscore (1 = 30) and negative (1 = 9)
ENT1 showed a median DSS of 18 months (Figure 4).
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Figure 3. Variability of expression of ENT1 transporter in normal pancreas and pancreatic ductal
adenocarcinoma (PDAC). (A) Membranous expression is seen in cells of normal Langerhans islets,
whereas pancreatic acini are completely negative. (B) In some cases, heterogeneous positivity of
neoplastic cells of PDAC could be observed (long arrows). Note that the non-neoplastic ducts are
negative (short arrows). Membranous positivity in the cells of normal Langerhans islets served as an
internal positive control (asterisk). (C) PDAC cells with strong membranous and cytoplasmic staining
for ENT1 (leng arrows). Lymphoid elements show the same level of positivity (asterisk), whereas
non-neoplastic exocrine pancreas is virtually negative (short arrows). (D) Strong cytoplasmic staining
in both the acini of normal pancreas (asterisk) and neoplastic cells lining the dilated duct (long arrows),
whereas non-neoplastic ductal cells show only weak membranous, predominantly basal, positivity

(short arrows). Original magnification was 200x (A,C) and 100x (B,D).
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Figure 4. Kaplan-Meier curves showing differences in DSS based on immunchistochemical expression of
ENTI. Patients (n = 63) were divided according to histoscore (see Methods section) into three groups with
negative (n = 9), low (1 = 30), and high (11 = 24) protein expression of ENT1. Statistical significance was
evaluated by applying log-rank test analysis between subgroups with (A) high and negative/low ENT1
expression, (B) subgroups with high and low ENT1 expression, and (C) subgroups with high and negative
ENT1 expression. No significant association of ENT1 expression with patients’ DSS was observed.
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In the multivariate model adjusted to resection margin status (R0/R1), gender (female/male), ASA
score (I-1II), primary tumor stage (T1-T4), regional lymph node (N1/NO, i.e., positivity/negativity),
type of resection (PD/DP), and ENT1 protein expression analyzed by immunohistochemistry, we
observed significant positive association between patients” DSS and NO (p = 0.049, hazard ratio = 0.424;
Table 5). The RO resection margin status also revealed a trend for positive association with patients’
DSS (p = 0.051, hazard ratio = 0.505; Table 5).

Table 5. Results of multivariate analysis (Cox’s proportional hazards model) of the effect of clinical
and pathological characteristics and ENT1 protein levels analyzed by immunohistochemistry in FFPE
samples on patients” DSS.

Patient Stratification p Value Hazard Ratio 95.0% CI
Gender (male) 0.836 0.936 0.500 1.752
ENTI
High (reference value) 0.277
Negative 0.471 1.469 0.517 4.174
Low 0.109 1.800 0.877 3.695
Resection margin status (R1) 0.051 0.505 0.254 1.003
ASA score
ASA 1II (reference value) 0.592
ASAT 0.768 1.385 0.159 12.091
ASATI 0.367 0.747 0.396 1.408
Primary tumor stage
T4 (reference value) 0.179
T1 0.637 0.513 0.032 8.162
T2 0.175 0.211 0.022 2.001
T3 0.075 0.138 0.016 1.222
Regional lymph nodes (N1) 0.049 0.424 0.180 0.996
Resection type (DP) 0.865 1.070 0.492 2.325

ASA, American Society of Anesthesiologists score; DD, CI, confidence interval; distal pancreatectomy. Reference
levels are displayed between brackets.

2.5. Analysis of ENT1 Transcripts in Subgroups with Negative, Low, and High ENT1 Protein Expression
Analyzed by Immunohistochemistry

Using absolute qRT-PCR analysis, we compared the number of transcripts in samples of PDAC,
stratified as tumors with no, low, or high protein expression. Despite an increasing trend from negative
to high subpopulations, we did not observe any significant differences in mRNA expression among
these groups of samples (Figure 5).
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Figure 5. Analysis of ENTI transcripts in subgroups with negative, low, and high ENT1 protein
expression. Patients were divided based on histoscore of ENT1 expression (and denoted negative (11 = 9),
low (n = 30) or high (1 = 24)); see Methods section. Data are presented as median with interquartile
range. Differences in the number of transcripts among subpopulations were analyzed using the

nonparametric Kruskal-Wallis test, followed by Dunn’s multiple comparison; n.s., not significant.
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2.6. Analysis of Patients” DSS Association with ENT1, NOTCH3 mRNA, and miR-21 Levels in Patients’
Subgroups, Defined by Clinical-Pathological Characteristics

As we hypothesized that our data might be affected by a high proportion of patients with positive
resection margin status (R1), shown to be associated with a significantly shorter DSS (Figure 1A), N1,
and/or more advanced primary tumor (T3,4), we analyzed the effect of expression of selected molecules
separately in subgroups categorized as RO, NO, or T(1,2) and subsequently, subgroups R1, N1, or
T(3,4). In the NO subgroup, we observed a significantly improved DSS in patients expressing low
levels of miR-21 (<50%) over those expressing high levels (>50%) of miR-21 (48 months vs. 15 months;
p = 0.0308; hazard ratio = 0.3706; 95% confidence interval = 0.1139 to 1.205) (Figure 6A). Comparable
to the T(1,2) subgroup, patients with low miR-21 expression (<50%) demonstrated longer DSS than
those with high miR-21 expression (>50%) (29 months vs. 10 months; p = 0.0438; hazard ratio = 0.3341;
95% confidence interval = 0.09289 to 1.255) (Figure 6B). In other cases, we did not find any correlation
between the expression of any tested molecule and patients” DSS.
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Figure 6. Analysis of patients” DSS association with miR-21 levels in subgroups with N0 and T(1,2)
tumors using Kaplan—Meier curves. Patients in the NO (A) and T(1,2) (B) subgroups were divided
according to the median (low <50%, high >50%) of expression of miR-21. Low expression of miR-21
was significantly associated with improved DSS in both tested cohorts. Statistical significance was
evaluated by applying log-rank test analysis, reaching p = 0.0308 for NO patients and p = 0.0438 for
patients with T(1,2) tumors.

2.7. Quantitative RT-PCR Analysis of ENT1, NOTCH3 mRNA, and miR-21 Expression in FFPE Samples
of PDAC

Gene expression of selected markers ENT1, NOTCH3, and miR-21 was determined in both tumor
and normal tissue. This experiment was performed in samples collected from 65 patients, for whom
we had FFPE blocks containing sufficient amounts of both tumor and normal tissue. Considerable
expression variability was observed for all the analyzed transcripts in both tumor and normal pancreas:
ENTI (2.4 and 2.6 logs for tumor and normal pancreas, respectively), NOTCH3 (2.8 logs for both
types of tissues) and miR-21 (1.7 and 2.1 logs for tumor and normal pancreas, respectively). Using
nonparametric unpaired Mann-Whitney test we found significantly reduced overall ENTT mRNA
expression in tumor tissue compared with normal pancreas (Figure 7A): decreased ENT1 expression
was detected in tumor tissue of 67.7% (44/65) patients. When analyzing medians of NOTCH3 and
miR-21 expression, both were significantly increased in tumor tissue: upregulation was observed in
72.3% (47/65) and 95.4% (62/65) of patients, respectively (Figure 7B,C). Because we hypothesized that
the extent of ENT1, NOTCH3, and miR-21 deregulation in PDAC might be dependent on their levels
in corresponding normal pancreas, we divided patients based on the median of expression of each
marker in healthy pancreas (high >50%; low <50%) and compared the expression of each marker in
tumeor and normal pancreas in these subgroups in paired fashion. Wilcoxon matched-pair signed-rank
test showed significantly decreased ENT1 in PDAC of the high (>50%) subgroup. NOTCH3 showed
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significant upregulation in tumor tissue of the low (<50%) subgroup specimens only, and the amount of
miR-21 was increased in both tested subgroups. Subsequently, Mann-Whitney test demonstrated that
overall ENTT expression in PDAC was still significantly higher than that found in normal pancreas of
the low (<50%) subgroup (Figure 7D). NOTCH3 expression in tumor tissue of the low (<50%) subgroup
was lower compared with normal pancreas in the high (>50%) subgroup (Figure 7E). Levels of miR-21
in PDAC of the low (<50%) subgroup were comparable with those in normal pancreas in the high
(>50%) subgroup (Figure 7F).
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Figure 7. Comparison of mRNA expression of ENT1, NOTCH3 mRNA, and miR-21 in PDAC and
normal pancreas. We compared overall expression between normal pancreas and tumor tissues in
the whole sample cohort (A-C) and subsequently, in subpopulations (high >50% and low <50%)
sorted according to the median of the respective molecule expression in healthy tissue (D-F). The
data are presented as median of copy number/50 ng of total RNA with the interquartile range. The
nonparametric unpaired Mann-Whitney test was used to evaluate ditferences in overall expression
between the PDAC and normal pancreas (A-C), #n = 65, and to compare overall expression in respective
subgroups (D-F); significance was denoted * p < 0.05 and *** p < 0.001. Statistical significance between
expression in PDAC and normal pancreas in subgroups defined by medians (D-F) was evaluated using
the Wilcoxon matched-pair signed-rank test: n = 37 (high >50%) and n = 27 (low <50%) for ENT1 (D);
i = 40 (high >50%) and n = 34 (low <50%) for NOTCH3 (E), and n = 31 (high >50%) and 1 = 33 (low
<50%) for miR-21 (F); ## p < 0.01 and ### p < 0.001.

3. Discussion

When considering the economic aspects of healthcare interventions [35], adjuvant GEM
monotherapy of PDAC represents a cost-effective option [11]. However, the cost-effectiveness
of this regimen can potentially be further improved by identification of biomarkers for personalized
GEM administration [39]. Considerable attention has been devoted to ENT1 [12-15,18], whereas, to

the best of our knowledge, there have only been two studies on miR-21 [24,25] and none on NOTCH3.
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Immunohistochemistry analysis is an essential tool in everyday clinical practice. However,
the performance of this method depends on the availability of a high-quality antibody [40,41] and
experienced pathologist [42-45]. Further, the heterogeneity of outcomes obtained with different types of
anti-ENT1 antibody [15,21,46] and lack of established standardized scoring procedure for evaluation of
ENT1 expression [47] represent critical obstacles preventing full adoption of ENT1 analysis into clinical
practice [20]. When staining with antibody 10D7G2, a correlation between high ENT1 expression and
improved survival of PDAC patients with adjuvant GEM treatment was shown [18,19,46,48], whereas
staining with SP120 antibody failed to reveal any such correlation [20,21]. Recently, Kalloger et al. (2017)
attempted to explain the differences between these antibodies. Using a unique statistical approach, they
concluded that both antibodies are suitable for stratification of patients but, surprisingly, SP120 is the
more useful [28], making the issue of ENT1 evaluation in PDAC even more complicated. In contrast,
gRT-PCR analysis might offer a more straightforward method for decision-making. Moreover, qRT-PCR
allows quantification of multiple molecules in parallel. However, the applicability gRT-PCR analysis
outcomes may be hampered as levels of transcripts may not be proportionally reflected by protein
amounts and/or tumor and normal tissue differ only in the subcellular distribution of protein but not
the total amount. Moreover, consensus about how to stratify patients based on ENTI gene expression
and miR-21 levels has not been established: groupings based on (i) tertile of expression [19], median
of expression [25], or (iii) results of recursive descent partition analysis have been suggested [12,26].
Despite these methodological drawbacks, high levels of ENTT mRNA detected by gRT-PCR in FFPE
samples have been demonstrated to be a favorable prognostic marker in PDAC patients with adjuvant
GEM therapy [12,19].

Contrary to published data [12,19,24,25], we did not demonstrate in our cohort, strictly defined
by administration of the recommended adjuvant GEM regimen, that high ENT1 and low miR-21
were favorable prognostic factors. We also did not observe an association of low NOTCH3 with
improved DSS (Figure 2). However, this latter finding corresponds with results obtained using
univariate analysis performed in patients with advanced disease [31]. Subsequent multivariate
analyses confirmed our observation that ENTI, NOTCH3, and miR-21 are not prognostic biomarkers
of patients’ responsiveness to GEM (Tables 2-4). However, when we divided the patients into two
subgroups based on clinical-pathological characteristics, univariate analysis revealed that low miR-21
is a favorable prognostic factor in NO patients, as previously demonstrated in another cohort with
unspecified post-surgery treatment [32] and also in T(1,2) patients (Figure 6).

As our data on ENTI mRNA are in conflict with previous reports [12,19], we also performed an
immunohistochemical analysis. DSS in patients with a high histoscore was 23 months, compared with
18 months in patients with low/negative staining, which is comparable to reported data [13]. However,
in accordance with the analysis of ENTT mRNA, high levels of ENT1 protein were not shown to be
a favorable prognostic factor (Figure 3, Table 5). This is in contrast with previous studies obtained
using 10D7G2 antibody [13,14,18,28]. Only NO was shown as an independent factor (p = 0.049), and RO
almost reached statistical significance (p = 0.051) in multivariate analysis of ENT1 protein expression,
analyzed by immunohistochemistry and covariates (Table 5).

Clinical-pathological factors (especially NO/N1, R0/R1) have been widely discussed in terms
of patients’ prognosis [49-51]. Similarly to Fujita et al. [12], we observed an association of RO with
improved DSS (Figure 1). However, other factors, including primary tumor stage, ASA score, age,
gender, and type of resection, did not exhibit an association with DSS (Figure 1).

Like in [12], all patients included in our study received more than three cycles of full-dose
chemotherapy. However, the number of patients who refused to continue with or were advised to
terminate chemotherapy by an oncologist was 49.3%, which is a higher proportion when compared
with data reported from clinical trials [9,10,52]. Clinical-pathologic characteristics of our cohort,
patients” chemotherapy intolerability (24.6%), and/or disease progression (20.2%) might explain the
observed overall short DSS median (21 months), whereas overall survival longer than 23 months has
been reported for patients on GEM therapy, irrespective of ENT1 expression [9,12,24]. Moreover, in
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our study, patients with expression of ENT1 above the median or above 75% demonstrated DSS of 18
and 17 months, respectively, whereas in other studies, 23 [12] and 25.7 [19] months were reported.

Regarding expression of analyzed molecules in PDAC, there is no strictly defined cut-off value to
distinguish patients with high and low expression [26]. Only relative values are available, but they
differ in the procedure of calculation [12,19]. In Fujita et al. (2010), mRNA levels of a target gene were
normalized by expression of the B2M housekeeping gene [12], whereas in the study by Giovannetti et al.
(2006), values of gene expression were calculated by the GAPDH housekeeping/target gene ratio [19].
Importantly, in both studies, information about the stability of these housekeeping genes across the
sample cohort was lacking, which complicates interpretation of the data [53]. In our experimental
setting, we used the absolute PCR quantification with linear vector with cloned DNA sequence, which
is adopted in preferred procedures [54-56]. Therefore, it was not possible to compare our values of
expression with previously published ones.

Considering our rigorous approach of analysis, the number of observed subjects in the cohort,
and the fact that surgery was performed in the high-volume center by specialist surgeons [57-59],
we hypothesize that the prognostic value of ENTI/ENT1 and miR-21 was not confirmed because the
cohort contained (i) a relatively high proportion of R1, N1, and T(3,4) patients, (ii) a high number
of patients who prematurely terminated GEM therapy, (iii) a high proportion of patients expressing
markers or bearing a gene expression signature linked to pancreatic cancer disease progression [60-63],
factors ignored in all previous studies, and/or (iv) a high proportion of patients with low ENTT and
high miR-21.

Regarding the last point, we did not demonstrate a significant difference in medians of ENTI
gene expression among patients with negative, low, and high protein expression, as stratified using
the histoscore (Figure 5). A median higher than 100 transcripts of ENT1/50 ng RNA in samples
collected from negative ENT1 PDAC and approximately 300 transcripts of ENT1/50 ng RNA in high
ENT1 PDAC indicated that ENT1 gene expression was not fully proportional to levels of cytoplasmic
membrane-embedded ENT1 protein. Posttranscriptional and/or posttranslational regulation [64]
and/or altered subcellular localization may play a role in this phenomenon [65-67].

Miyamoto et al. (2003) reported upregulated expression of NOTCH3 in resected PDAC samples [68].
This finding was subsequently confirmed by Voetal. (2011) and very recently by Songetal. (2018)[35,69].
Several studies have described upregulation of miR-21 in PDAC [25,27,32,36,37]. However, to date, it
has not been demonstrated whether ENT1/ENT1 is generally downregulated in PDAC. Our results
confirmed an overall increase in expression of NOTCH3 and miR-21 in tumor tissue when compared
with normal pancreas (Figure 7B,C). Deregulation of miRNAs has been associated with cell growth,
promotion of metastatic phenotype, and/or chemoresistance in PDAC. Upregulation of miR-21 is
particularly linked to promotion of cell proliferation, invasion, chemoresistance, and escape from
apoptosis [22,70]. Although evidence acquired using hepatocytes and placental cells has suggested
constitutive expression of ENT1 [71-73], we found decreased ENT1 expression in PDAC (Figure 7A).
When dividing the cohort based on medians of expression in normal pancreas we observed upregulation
of NOTCHS3 only in the subgroup, with low expression of NOTCH3 below median (<50%) in normal
pancreas (Figure 7E), while ENTI was downregulated in PDAC of patients with ENT1 expression
above the median (>50%) in normal pancreas (Figure 7D). Upregulation of miR-21 was independent
of levels in normal pancreas (Figure 7F). Considering both outcomes of previous reports on ENT1
expression in PDAC [12,19] and our data (Figure 7D), we hypothesize that length of survival depends
on an individual patient’s physiological expression of ENT1 that seems to determine its expression in
tumor. Further investigation is, however, needed, because there is the possibility that the expression of
ENTI and/or NOTCHS3 in normal pancreas was influenced by factors produced by the tumor.

Considerable expression variability was observed for all the analyzed transcripts in both tumor and
normal pancreas. Inter-individual differences in expression of analyzed molecules and, in case of ENT1,
use of the expression assay recognizing almost all the transcript variants of ENT1 (Hs01085704_g1)
may explain this phenomenon [70,74].
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4. Materials and Methods

4.1. Patients and Pancreatic Cancer Staging

Analysis of ENT1, NOTCH3, and miR-21 was performed in FFPE samples collected from 69
patients with PDAC who underwent surgical resection between 2006 and 2016 at the Department
of Surgery, University Hospital, Hradec Kralove [57-59] and showed no substantial postoperative
complications. Pancreatic cancer primary tumor/regional lymph nodes/distant metastasis (TNM)
staging was performed using the American Joint Committee on Cancer (AJCC) 7th edition system [75].
The resection margins were classified as RO (tumor-free resection) or R1 (microscopic margin
involvement) [76]. Patients were given three or more cycles of adjuvant GEM monotherapy at
a dose of 1000 mg/m2 on days 1, 8, and 15 in six 28 day cycles and were monitored until 31st December
2018. This research was approved by the Ethics Committee of University Hospital Hradec Kralove
(reference number 201607 SO2P).

4.2. Preparation of Formalin-Fixed Paraffin-Embedded Samples of Pancreas

All resection specimens were routinely histologically processed, that is, fixed in 10% neutral
buffered formalin for 24-72 h, grossly described, cut-up, and sampled in a standardized fashion to
evaluate relationship of the tumor to individual resection margins [76,77]. Multiple tissue samples were
taken from both PDAC and non-neoplastic surrounding tissue for standard histological examination.
The material was first embedded in paraffin, then 3 um tissue sections were cut and stained with
hematoxylin and eosin. For immunohistochemical analysis, in each case, one FFPE block from the
tumor periphery containing both normal pancreatic parenchyma and neoplastic tissue was selected.
In cases where there was available tissue block with normal pancreatic tissue without any tumor
structures (usually tissue samples from resection margin), these blocks were selected and used to
validate the method. For qRT-PCR analyses, two individual FFPE blocks (one with tumor tissue and
the other containing solely normal pancreatic tissue) were selected for each patient. In the case of
tumor tissue blocks, a microdissection method was used to remove parts of the tissue containing only
stroma without neoplastic cells. Microdissection was performed by the principal pathologist prior
to mRNA extraction, as a low percentage of neoplastic cells in the sample could have affected the
outcomes of the analysis [19].

4.3. Extraction of mRNA from FFPE Samples and Reverse Transcription

For mRINA isolation from FFPE samples, a well-established method for extraction of total nucleic
acids from FFPE tissues was used based on the Recover AlI™ total nucleic acid isolation kit (ThermoFisher
Scientific, Waltman, MA, USA) [78]. The purity of the isolated RNA was checked by the Ajgppgp ratio.
RNA (1 ug) was converted into cONA in 20 uL reaction using the gb reverse transcription kit from Generi
Biotech s.ro. (Hradec Kralove, Czech Republic) for ENT1 and NOTCH3 and a special assay for miR-21
(ThermoFisher Scientific, Waltman, MA, USA) in a Bio-Rad T100™ thermal cycler (Hercules, CA, USA),
according to the manufacturer’s protocol.

4.4. Quantitative Analysis of ENT1, NOTCH3, and miR-21 Expression

qRT-PCR analysis of ENT1, NOTCH3, and miR-21 expression in FFPE samples of normal and cancer
tissues was performed using QuantStudioTM 6 Flex (Thermo Fisher Scientific, Waltham, MA, USA).
cDNA (25 ng) was amplified in 5 uL reaction volumes in a 384-well plate using a TagMan® Universal
Master Mix II, no UNG (Thermo Fisher Scientific, Waltham, MA, USA) and predesigned TaqMan®
real-time expression assays for SLC29A1 (ENT1, Hs01085704_g1) [71], NOTCH3 (Hs01128537_m1),
and miR-21 (Hs04231424 sl1) [25]. The PCR product sizes of each primer pair were 52, 67, and
64, respectively, enabling accurate and sensitive PCR analysis of gene expression in FFPE [79-81].
The amplification of each sample was performed in triplicate, applying the following PCR cycling
profile: 95 °C for 3 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 60 s. We used absolute
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quantification for genes NOTCH3 and ENTI. To determine the number of SLC29A1 and NOTCH3
transcripts, calibration was undertaken with a linear vector containing recombinant cDNA [54-56]
prepared with primers Hs01085704_g1 and Hs01128537_m1 by company Generi Biotech (Hradec
Kralove, Czech Republic). For miR-21, we used arbitrary units calculated as A Cr, that is, expression
of miR-21 normalized by expression of the reference RNU43 (assay ID 000397 and 001095, respectively,
Thermo Fisher Scientific, Waltham, USA) [25,82].

4.5. Immunohistochemical Analysis of ENT1 Expression

Levels of ENT1 protein expression were studied using immunohistochemistry in 63 patients with
sufficient remaining material for analysis after microdissection for qRT-PCR quantification. Anti-ENT1
antibody 10D7G2 was obtained from Prof. John Mackey (Cross Cancer Institute, University of
Alberta, Canada), and detection was performed as recommended in the original protocol [13,18,20,46].
FFPE sections (2 pm thick) were deparaffinized, followed by pretreatment in DAKO pH 9 buffer
(Glostrup, Denmark) for 10 min in a microwave (900 W). The antibody was diluted 1:10 and incubated
overnight at 4 °C. A DAKO Envision+ kit (Glostrup, Denmark) was used for detection according to
the manufacturer’s instructions. Slides were counterstained with hematoxylin.

Immunohistochemical staining was evaluated semiquantitatively by a histoscore, which included
evaluation of the proportion of cells/tissue expressing ENT1 and the intensity of staining, similarly
to described previously for endometrial cancer [83]. The percentage of the cancer area stained in
high-power fields was examined. The staining intensity was graded as 0 (negative), 1 (weak), 2
(moderate), or 3 (strong), whereas the percentage of positive cells examined was scored as 0 (negative),
1(<10%), 2 (11-50%), or 3 (>50%). The two values were multiplied, and the histoscore (values from 0
to 9) was determined: 0 (negative), values 1-5 (low), values 6-9 (high) [13]. The person evaluating the
immunohistochemical slides was blinded of the results of other tests as well as of patients’ outcomes.

4.6. Statistical Analyses

Disease-specific survival (DSS) from the date of surgery was assessed by employing the
Kaplan-Meier method, and respective subgroups were compared by the log-rank test [84]. A
Cox's proportional hazards multivariate model was used to corroborate any association of clinical
and pathological factors and expression of ENT1/ENT1, NOTCH3, and/or miR-21 with patients’
DSS [19,25,48,84,85].  Differences in the number of transcripts in subpopulations defined by the
calculated histoscore were analyzed by the nonparametric Kruskal-Wallis test. Differences in medians
of ENT1, NOTCH3, and/or miR-21 of expressions in normal pancreas and PDAC were determined
by the nonparametric unpaired Mann-Whitney test, and the nonparametric Wilcoxon matched-pair
signed-rank test was used to evaluate differences in expression of ENT1, NOTCH3, and miR-21 among
subgroups given by the median of expression in normal pancreas (Figure 7D-F). The data were
analyzed using SPSS 18.0 and GraphPad Prism 8.0.2. Statistical significance was set at p < 0.05.

5. Conclusions

In this retrospective study performed on a well-defined cohort of patients with resected PDAC
treated with adjuvant GEM monotherapy, we did not confirm high ENTI/ENT1 and low miR-21
as prognostic biomarkers of improved DSS. Low miR-21 demonstrated prognostic value in NO and
T(1,2) patients only. For the first time, we attempted to assess the prognostic value of NOTCH3 in
such a cohort of patients. However, low NOTCH3 did not show any association with improved DSS.
Additionally, we confirmed that NO patients had longer DSS. Our data do not preclude the potential
application of ENT1/ENT1 and miR-21 as prognostic biomarkers for resected patients to improve
the cost-effectiveness of chemotherapy in the future. However, they indicate that this procedure is
not yet ready to be implemented into clinical decision-making processes. Standard procedures of
immunohistochemistry staining scoring and qRT-PCR analyses must be established, and patients’
characteristics other than ENTT/ENT1 and miR-21 expression that likely affect patients’ survival should
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be considered. Additionally, the data of this study suggested that there is a limited proportional
dependence between ENT1 gene expression evaluated by qRT-PCR in FFPE samples and protein levels
assessed by immunohistochemistry and that there is likely an increased risk of ENT1 downregulation
in PDAC of patients with higher ENTT expression in normal pancreas, NOTCH3 tends to be increased
in PDAC of patients with low expression in normal pancreas, whereas the increase in miR-21 is
independent of levels in normal pancreas. Even when ENT1 and NOTCH3 are deregulated in tumors
of patients with high and low expression, respectively, they do not reach levels in the normal pancreas
of patients with low expression of ENT1 and high expression of NOTCH3. These findings may serve as
a cornerstone of future experimental efforts focusing on inter-individual differences in regulation of
ENTI1, NOTCH3 and miR-21 in PDAC as well as normal pancreas.
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ARTICLE INFO ABSTRACT
Article history: Introduction: Zidovudine (AZT) and emtricitabine (FTC) are effective and well tolerated antiretroviral
Received 15 May 2017 drugs, routinely used in the prevention of perinatal HIV transmission. However, precise mechanism(s)
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involved in their transfer from mother to fetus are not fully elucidated. Since both drugs are nucleoside
analogues, we hypothesized that the mechanisms of their transplacental passage might include equili-
brative nucleoside transporters, ENT1 and/or ENT2.

Methods: To address this issue, we performed in vitro accumulation assays in the BeWo placental

Iggxfgﬁg trophoblast cell line, ex vive uptake studies in fresh villous fragments isolated from human placenta and
Emtricitabine in situ dually perfused rat term placenta experiments.
Placenta Results: Applying this complex array of methods, we did not prove that ENTs play a significant role in
Pregnancy transfer of AZT or FTC across the placenta.
Nucleoside transporters Discussion: We conclude that the transplacental passage of AZT and FTC is independent of ENTs.
ENTs Disposition of either compound into the fetal circulation should thus not be affected by ENT-mediated
drug-drug interactions or placental expression of the transporters.
© 2017 Elsevier Ltd. All rights reserved.
1. Introduction been continuously pursued. Currently, clinicaltrials.gov registers 39
open clinical trials (key words “ANTIRETROVIRALS AND PREG-
Mother-to-child transmission (MTCT) is the most common route NANCY” accessed 24™ November 2016) including 12 clinical trials
of HIV infection in children [1]. To minimize the risk of perinatal aimed to provide clinicians with further data about efficacy, safety
MTCT all pregnant women should receive combination antiretro- or pharmacokinetics of NRTIs zidovudine (AZT) and/or emtricita-
viral therapy (cART) that contains three or more antiretrovirals, bine (FTC), drugs frequently used in current cART regimens for
regardless of plasma HIV RNA copy number or CD4 T-lymphocyte prevention of MTCT of HIV [1].
count [2]. It has been recently emphasized that cART during preg- AZT is a lipophilic molecule (logP = 0.05; pK, = 9.68) that per-
nancy should contain nucleoside reverse transcriptase inhibitors meates cell membranes by passive diffusion, but its permeability can
(NRTIs) with high placental transfer that provides pre-exposure also be affected by the activity of certain efflux (ABC) or influx (SLC)
prophylaxis that further reduces possibility of fetal infection [1]. transporters such as resistance-associated protein 4 (MRP4), organic

As the number of women of childbearing age or pregnant anion transporters 1—4 (OAT1-4), P-glycoprotein (P-gp), or breast
women with HIV receiving antiretroviral pharmacotherapy is cancer resistance protein (BCRP) [3—7]. FTC is a weak base (logP = -
steadily increasing [1], new personalized therapeutic options have 0.43; pK; = 2.65) that seems to cross cell membranes by passive
diffusion despite its hydrophilicity [8]. Its transmembrane perme-
ation may be affected by the efflux activity of MRP1 and multidrug
and toxin extrusion protein 1 (MATE1) [9]. Both drugs are largely un-
ionized (>99.8%) at physiological pH of the bloodstream [10—12].

* Corresponding author.
E-mail address: frantiselkstaud@faf.cuni.cz (F. Staud).
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0143-4004/© 2017 Elsevier Ltd. All rights reserved.
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Over the last two decades it has been suggested that membrane
transport of AZT and FTC might be facilitated by nucleoside trans-
porters of two subfamilies [10,13—15], equilibrative nucleoside
transporters (ENTs, SLC29A) and concentrative nucleoside trans-
porters (CNTs, SLC28A), which are responsible for cellular uptake of
naturally occurring nucleosides or nucleoside-derived drugs [16].
Syncytiotrophoblast, a thin layer in the placental barrier separating
maternal and fetal circulations, expresses two members of ENTs
(ENT1 and ENT2). ENT1 has been localized on the apical membrane
whereas ENT2 is expressed in both apical and basal poles of syn-
cytiotrophoblast mediating facilitative diffusion of their substrates
[17—21]. ENT1 and ENT2 can be distinguished by their sensitivity to
a specific inhibitor, S-(4-Nitrobenzyl)-6-thioinosine (NBMPR).
While ENTT1 is inhibited by nanomolar concentrations of NBMPR,
ENT2 is blocked by higher than micromolar concentrations of the
inhibitor [22]. In addition, all placental NTs can be at least partially
inhibited by uridine [16].

Detailed knowledge on maternal-to-fetal transfer of AZT and
FTC and a possible role of ENTs therein might contribute to further
optimization of antiretroviral therapy to avoid (or take advantage
of) drug-drug interactions that may limit transplacental transfer
[23—25]. Investigation of AZT interactions with placental ENTs have
been attempted but without conclusive results [14,26], and to the
best of our knowledge there is no information on the interaction of
FTC with ENTs. Therefore, the aim of the present study was to
employ a portfolio of various experimental approaches, including
invitro (accumulation studies in BeWo cells), ex vivo (accumulation
studies in fresh fragments of villous human placental tissue) and in
situ (dually perfused rat term placenta) methods to elucidate
whether ENT1 or ENT2 play any role in transplacental pharmaco-
kinetics of AZT and/or FTC.

2. Materials and methods
2.1. Reagents and chemicals

Radiolabeled zidovudine ([*H]-AZT) 12.9 Ci/mM, clinically used
(-) enantiomer of emtricitabine ([*H]-FTC) 2 Ci/mM, and model
ENTs substrate thymidine [27,28] ([3H]—thymidine) 74 Ci/mM were
purchased from Moravek Biochemicals (Brea, California, USA). In-
hibitors of ENT1 and ENT2, S-(4-Nitrobenzyl)-6-thioinosine
(NBMPR) and uridine, and solvent DMSO were obtained from
Sigma-Aldrich (St. Louis, Missouri, USA); the final volume/volume
concentration of DMSO used was 0.1% in all experiments. Pento-
barbital natrium was acquired from INDIS Nv (Aartselaar, Belgium).
All other chemicals were of analytical grade. The bicinchoninic acid
assay kit was purchased from ThermoFisher Scientific (Rockford,
USA).

22, Cells

Human choriocarcinoma cell line BeWo was obtained from the
European Cell Culture Collection (ECACC; Salisbury, Wiltshire, UK).
Cells were cultured in HAM's F-12 (Sigma Aldrich, St. Louis, Mis-
souri, USA) medium containing p-glucose at a concentration of
10 mM, and supplemented with 10% fetal bovine serum maintained
in a humidified atmosphere of 5% CO, at 37 °C.

2.3. Animals

Pregnant Wistar rats were obtained from Meditox s.r.o.
(Konarovice, Czech Republic) and maintained under standard
conditions (12-h/12-h day/night, water and pellets ad libitum).
Experiments were performed on 21% day of gestation. Fasted rats
were anesthetized with iv. administration of 40 mg/kg
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pentobarbital into the tail vein. All experiments were approved by
the Ethical Committee of the Faculty of Pharmacy in Hradec Kralove
(Charles University, Czech Republic) and were carried out in
agreement with the Guide for the Care and Use of Laboratory An-
imals (1996) and the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific
Purposes.

2.4. In vitro uptake experiments

For uptake experiments, 3.5 x 10° BeWo cells per well were
seeded on 24-well culture plates. Modifications include the pre-
incubating 10 min period in the buffer (0.25 ml) with or without
inhibitor, NBMPR (0.1 uM or 100 uM) or uridine (5 mM). The cells
were then incubated in 0.25 ml buffer containing the established
ENT1/ENT2 model substrate [>H]-thymidine (0.005 pM), [*H]|-AZT
(0.032 pM) or [*H]-FTC (0.184 pM) with/without an inhibitor. Final
activity of all tested compounds was 0.4 pCi/ml. Accumulation was
stopped after 5 min by quick aspiration of radioactivity containing
buffer and by quick washing with 0.5 ml ice-cold buffer containing
inhibitor and then the cells were lysed in 0.02% SDS. The concen-
tration of accumulated isotopes was normalized to protein content
and presented in pmol/mg protein.

2.5. Uptake study in fresh villous fragments from human placenta

This method was performed as previously described by Green-
wood and Sibley [29]. Placentas were collected at term after un-
complicated pregnancies from the St. Mary's hospital in
Manchester or from the Faculty Hospital, Hradec Kralove following
written informed consent as approved by the local research Ethics
Committee (REC 12/NW/0574 and 201006S15P, respectively).
Villous fragments were pre-incubated for 10 min in Tyrode's buffer
with subsequent incubation in Tyrode's buffer containing 0.5 pCi/
ml of tested radioisotopes in presence/absence of ENTs inhibitors.
The activities of radioisotopes used corresponded to the following
concentrations: [3H]-AZT 0.038 pM, [*H]-FTC 0.242 pM or [*H]-
thymidine 0.006 pM. Accumulation was terminated by aspiration of
radioisotope solutions and by washing twice with 6 ml of Tyrode's
buffer. Subsequently, villous fragments were placed into distilled
water for 18 h and then concentration of the released radioisotope
was determined. Finally, fragments were removed from the water,
dissolved in 0.3 M NaOH solution for 10 h at 37 °C and the total
protein quantified using a BCA assay. Levels of [*H]-AZT, [*H]-FIC or
[3H]—thymidine uptakes were normalized to fragment protein
content and expressed in fmol/mg.

2.6. In situ dual perfusion of the rat placenta in open circuit setup

The method of dually perfused rat term placenta was used as
described previously [30]. [*H]-AZT or [*H]-FTC 0.06 uCi/ml (cor-
responding to concentrations of 0.005 pM and 0.03 pM, respec-
tively) with/without inhibitor (0.1 pM NBMPR, 100 uM NBMPR or
5 mM uridine) were added to either maternal (M —F studies) or
fetal (F— M studies) reservoir immediately after successful surgery.
After 5 min of stabilization the sample collection started (time 0)
and fetal effluent was sampled into pre-weighted vials at 5 min
intervals. Concentrations of [*H]-AZT or [*H]-FTC were measured
and transplacental clearance was calculated from all measured in-
tervals. At the end of the experiment, the placenta was perfused
with radioactivity-free buffer for 10 min, excised from the uterine
tissue, weighed, and dissolved in tissue solubilizer (Solvable; Per-
kinElmer), its radioactivity was measured to detect tissue-bound
[PH]-AZT or [*H}-FTC.

Pharmacokinetic analysis of placental transport was performed
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using standard equations for clearance as described previously [30]
and total transplacental clearance was expressed in ml/min/g
placenta.

2.7. Radioisotope analysis

The activities used in all experiments were dictated by the
lowest specific activity of radioisotopes required for the analysis
and concentrations of radioisotopes were determined by liquid
scintillation counting employing Tri-Carb 2900 (TR Perkin Elmer,
Waltham, MA, USA) as described elsewhere [5,9].

2.8. Statistical analyses

For in vitro and in situ studies, statistical significance was
examined by one-way ANOVA followed by Dunnet's test. For sta-
tistical analysis of ex vivo experiments, we used non-parametric
two-tailed unpaired Mann-Whitney test (for time course of accu-
mulation) and Kruskal-Wallis test with Dunn's multiple compari-
son test (comparison of effect of particular inhibitors on [?H]-
thymidine uptake). All data were processed using GraphPad Prism
6.0 software (GraphPad Software, Inc. San Diego, California, USA).

3. Results

3.1. Invitro effects of ENTs inhibitors on AZT or FTC uptake by BeWo
cells

Using [*H]-thymidine (0.005 pM) as a positive control/model
substrate we first evaluated function of ENT1 and ENT2 in BeWo
cells. We observed that NBMPR (0.1 pM) decreased uptake of [3H]-
thymidine by = 70% while NBMPR (100 uM) caused even more
profound decrease by = 85% (Fig. 1A) indicating contribution of
both ENT1 and ENT2 in [3H|-thymidine uptake into BeWo cells.
Compared with both concentrations of NBMPR, uridine (5 mM)
resulted in the weakest inhibition (by 55%) (Fig. 1A). When
analyzing [H]-AZT (0.032 pM) or [*H]-FTC (0.184 uM) uptake by
BeWo cells, we did not observe any effect of the tested inhibitors
(Fig. 1B and C) suggesting negligible role of ENTs.

3.2. Effect of ENTs inhibitor on AZT or FIC uptake by villous
fragments

Using ex vivo accumulation studies in fresh villous fragments
derived from human term placenta, we observed a time-dependent
increase in accumulation of a model substrate, [°H]-thymidine.
Time-dependent accumulation of [>H]-thymidine was significantly
reduced in all the time points measured in the presence of the
inhibitors. When comparing effects of 100 uM NBMPR, 0.1 uM
NBMPR and 5 mM uridine after 5 min accumulation, we observed
that 100 pM NBMPR revealed the most pronounced inhibition
(Fig. 2A). Regarding [*H]-AZT and [3H]-FTC, a time-dependent in-
crease in intracellular uptake was also observed, but there was no
significant effect of NBMPR (100 pM). Because lack of NBMPR
(100 uM) effect was observed, neither lower concentration of
NBMPR (0.1 pM) nor uridine (5 mM) were further tested in 5 min
accumulation (Fig. 2B and C).

3.3. Effect of ENTs inhibitors on transplacental clearance of AZT or
FTC using in situ open circuit dual perfusion of rat placenta

Using the model of dually perfused rat term placenta, we did not
observe any significant effect of the inhibitors tested (100 uM
NBMPR and 5 mM uridine) on total M—F and F— M clearances of
[PH]-AZT (0.005 pM) (Fig. 3A—C) and [*H]-FTC (0.03 uM)
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(Fig. 3C—D). Less than 1% of administered [*H]-AZT or [3H]-FTC was
detected in the placenta after perfusion experiments, indicating
limited tissue binding and its negligible effect on clearance calcu-
lation. Clearances reached values = 0.2 ml/min/g for [3H]|-AZT and
=~(.07 ml/min/g placenta for [*H]-FTC.

4. Discussion

The number of pregnant women with HIV entering antiviral
therapy is steadily increasing [1,31], so is the evidence of adverse
outcomes associated with exposure to antiretrovirals and their
drug-drug interactions [31,32]. AZT and FTC reach plasma concen-
trations in the range of 8.1-26.3 uM and 4.5—10.1 pM, respectively
[11,12,33] and belong to antiretrovirals with high transplacental
transfer that are currently recommended for prevention of MTCT of
HIV [34]. Although AZT or FTC interact with various drug trans-
porters including P-glycoprotein, BCRP, OAT4, and MATE1 [3—6,9]
that might decrease their fetal concentrations, the umbilical cord-
to-maternal blood concentrations ratios of both antiretrovirals are
0.7—1.1 and 1.0—1.5, respectively. This implies that AZT and FTC
likely cross placenta predominantly passively in a concentration
gradient-dependent manner. Considering the nucleoside origin of
these drugs, we hypothesized possible contribution of nucleoside
transporters in their placental transfer. To address this issue, we
tested interactions of AZT and FTC with ENT1/ENT2 using accu-
mulation studies in BeWao cells, fresh villous fragments from the
human placenta and in situ dual perfusion of rat placenta. To avoid
transporter saturation we tested both drugs at low concentrations
[24] (by at least one order of magnitude lower than those found in
plasma).

BeWo cell line is a well-established in vitro model of the
placental barrier that has previously been used to evaluate drug
interactions with placental BCRP, P-gp, OAT4 and ENTs/CNTs
transporters [28,35—38]. Gene/protein expression of ENT1 and
ENT2 in BeWo cells has been documented in several studies
[27,28,36]. ENT1-mediated transport in BeWo cells was suggested
by Boumah et al. [27], who reported inhibition of thymidine uptake
with NBMPR in a concentration range up to 10 pM. Subsequently, a
binding assay with NBMPR was used by Mani et al. [28] showing
protein function of both, ENT1 and ENT2, and proposing ENT1 as
the more prevalent type in this cell line. Contrary to previous re-
ports, our accumulation study with [?H]-thymidine was performed
for a longer time (5 min) employing two concentrations of NBMPR
(0.1 uM and 100 uM). Using our setup, we confirmed ENT1 function
in BeWo cells; in addition we observed a significant contribution of
ENT2 (Fig. 1A). When analyzing accumulation of AZT or FTC in
BeWo cells, neither NBMPR nor uridine showed any effect (Fig. 1B
and C) suggesting lack of interactions with ENTs. Our observation is
in conflict with that of Yao et al. [ 15] who revealed ENT2-mediated
uptake into Xenopus oocytes. This discrepancy can be explained by
very low expression of ENT2 in BeWo cells [28] and low affinity of
AZT to ENT2. We presume no presence and therefore no effect of
OAT4 that would compensate the blocked ENT2 [39]. On the other
hand our findings are in agreement with more recent studies per-
formed in the rat syncytiotrophoblast cell line TR-TBT 18d-1 [26]
concluding that the uptake of AZT into syncytiotrophoblast is
transporter-mediated but not via ENTs [14,26]. Interestingly, Sai
et al. [14] reported effect of thymidine on AZT accumulation in TR-
TBT 18d-1, however, that might be caused by interactions on
concentrative nucleoside transporters (CNTs). In vitro FTC in-
teractions with nucleoside transporters have been investigated
only sparsely. Paff et al. [13] reported that (+)-FTC enantiomer
enters HepG2 cells via a NBMPR sensitive transport system, while
(-)-FTC was less NBMPR sensitive. The lack of inhibitors effect on
FIC cell uptake observed in our study might, therefore, be a
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Fig. 1. Accumulation of a model ENTs substrate [*H]-thymidine (0.005 uM) (A}, [*H]-AZT (0.032 uM) (B), and [*H]-FTC (0.184 uM) (C) in BeWo cells in the presence/absence of ENTs
inhibitors. [*H]-thymidine accumulation showed significant sensitivity to 100 nM NBMPR and 5 mM uridine. Application of 100 pM NBMPR caused more pronounced effect when
compared with 0.1 uM NBMPR indicating functional state of both ENT1 and ENT2 in BeWo cells. No effect of tested inhibitors on [*H]-AZT and [*H]-FTC uptake was observed,
suggesting AZT and FTC cellular uptake by BeWo cells is not dependent on ENTs. Data are presented as means + SD (n > 4), n represents number of biological replicates. An ordinary
one-way ANOVA test with following Dunnett's test was used to evaluate statistical significance compared to control samples; “p < 0.05, **p < 0.01, ***p < 0.001.

consequence of (-)-FTC testing, which is, indeed, the clinically used
enantiomer as it exhibits higher activity against HIV-1, HIV-2 and
HBV than (+)-FTC [12,13,40]. Higher concentrations of p-glucose
(25 mM) were previously documented to induce changes of ENTs
expression in human artery smooth muscle cells and human um-
bilical vein endothelial cells from full-term normal pregnancies
compared to controls (5 mM of p-glucose) [41,42]. We, therefore,
cannot exclude possible effect of 10 mM p-glucose present in F-12
medium that we used in accumulation studies in BeWo cells.

To further test interactions of AZT and FTC with placental ENTs
we performed accumulation studies in villous fragments derived
from the human placenta. This model maintains placental villous
architecture, cell-to-cell interactions, and intracellular signaling
pathways [29]. It has been utilized to study amino acid transporter
systems [43,44] and to elucidate interactions of some drugs with
placental ABC transporters [43—45]. Using [*H]-thymidine we
confirmed activity of ENT1 and ENT2 herein (Fig. 2A and B). How-
ever, although 100 pM NBMPR resulted in decreased uptake of AZT
and FTC in villous fragments, it did not reach statistical significance
(Fig. 2C and D).

However, we cannot rule out that ENTs' inhibition in BeWo and
villous fragments is effectively substituted by other mechanisms
that remain to be elucidated. Moreover, the effect of the tested
inhibitors may also appear during the initial phase (in seconds),
when the highest uptake velocity of studied molecules is antici-
pated. Intervals shorter than 5 min have not been performed for
[2H]-AZT and [*H]-FIC due to critical technical obstacles associated
with their low cell/tissue accumulation. We tested three activities

(0.1 pCi/ml, 0.4 puCi/ml, 0.5 pCifml) for in vitro and ex vivo methods
detecting sufficient reproducible signal only when using 0.4 nCi/ml
for uptake BeWo cells model and 0.5 pCi/ml for villous fragments
after 5 min accumulation and longer (data not shown). This time
setting also corresponded to previously published data [36]. The
low accumulation of radioisotopes observed should not be signifi-
cantly related to placental AZT and FTC biodegradation. Only up to
2% of AZT is metabolized to glucuronide form in the placenta,
representing major biotransformation pathway. Data on FTC
placental metabolism are not available, but should be negligible as
most FTC (~90%) is excreted unchanged.

To investigate whether ENTs affect overall transplacental clear-
ances of AZT and FTC in M— F or F— M directions, we employed the
method of in situ dually perfused rat term placenta in open circuit
setup. This is a well-justified method to evaluate transplacental
pharmacokinetics and interactions of variety of drugs with
placental ABC as well as SLC transporters [5,35,44,46—51]. On the
other hand, interspecies differences in placental anatomy and/or
levels of transporter expression and substrate affinity must be
considered when extrapolating to human conditions [23,52,53].
Because of thymidine metabolism in placental tissue [18] we did
not perform control experiments with [3H]—thymidine as we did in
other experimental approaches. However, functional expression of
ENTs in the rat term placenta has been previously described by Sato
et al. using 2',3'-dideoxyinosine and uridine as substrates [54]. In
our experimental setup, total [*H]-AZT and [*H|-FTC clearances in
either direction were not significantly affected by NBMPR (100 uM)
suggesting ENTs do not participate in transplacental permeation of
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tested drugs. We believe that neither placental metabolism of AZT/
FTC [55—58] nor tissue binding (less than 1%) plays an important
role in our findings. As we did not observe significant asymmetry in
fetal-to-maternal vs. maternal-to-fetal clearances in the presence
of NBMPR, we do not suppose any role of placental transporters
that transfer AZT in fetal-to-maternal direction (P-gp, Berp or Oat4)
[4,59]. Regarding FTC, our data correlate well with those of
Nakatani-Freshwater et al. [10], who did not observe significant
interactions of FTC with nucleoside transporters in the rat kidney.

Using various experimental models, we did not prove that ENT
transporters play a significant role in transfer of AZT or FTC across
the placenta. Therefore, it can be hypothesized that maternofetal
disposition of either drug should not be extensively affected by
ENT-mediated drug-drug interactions or by possible inter- or intra-
individual variability in ENT expression. However, additional
experimental setups, such as ex vivo perfusion of the human
placenta, should be performed to draw more detailed conclusions
on ENTS' role in placental transfer of AZT an FTC.

Conflict of interest

No conflict of interest.

Acknowledgement

This research was financially supported by the Czech Science
Foundation (GACR 17-16169S) and Grant Agency of Charles Uni-
versity (GAUK 324215/C/2015; 2017/260-414). We would like to
thank Dr. Marian Kacerovsky (Department of Obstetrics and Gy-
necology, University Hospital in Hradec Kralove) for providing us
with human placentas and Martina Hudeckova for her help with
the human placenta collection and sampling. We also thank Dana
Souckova and Renata Exnarova for skillful assistance with the
perfusion experiments.

References

[1] AidsInfo, Panel on Treatment of HIV-infected Pregnant Women and Preven-
tion of Perinatal Transmission. Recommendations for Use of Antiretroviral
Drugs in Pregnant HIV-1-infected Women for Maternal Health and In-
terventions to Reduce Perinatal HIV Transmission in the United States, 2016,
pp. 1-13.

[2] WHO, Consolidated Guidelines on: the Use of Antiretroviral Drugs for Treating

and Preventing HIV Infection, WHO Library Cataloguing-in-Publication Data,

2016.

D.B. Kell, P.D. Dobson, S.G. Oliver, Pharmaceutical drug transport: the issues

and the implications that it is essentially carrier-mediated only, Drug Discov.

Today 16 (15—16) (2011) 704-714.

0. Kis, K. Robillard, G.N. Chan, R. Bendayan, The complexities of antiretroviral

drug-drug interactions: role of ABC and SLC transporters, Trends Pharmacol.

Sci. 31 (1) (2010) 22—-35.

Z.Neumanova, L Cerveny, M. Ceckova, F. Staud, Role of ABCB1, ABCG2, ABCC2

and ABCC5 transporters in placental passage of zidovudine, Biopharm. drug

Dispos. 28 (2016) 135—143.

[6] MW.L Ritzel, AM.L. Ng, SY.M. Yao, K. Graham, S.K. Loewen, KM. Smith,
RJ. Hyde, E. Karpinski, C.E. Cass, S.A. Baldwin, |.D. Young, Recent molecular
advances in studies of the concentrative Na+-dependent nucleoside trans-
porter (CNT) family: identification and characterization of novel human and
mouse proteins (hCNT3 and mCNT3) broadly selective for purine and py-
rimidine nucleosides (s, Mol. Membr. Biol. 18 (2001) 65—-72.

[7] CD. Klaassen, LM. Aleksunes, Xenobiotic, bile acid, and cholesterol trans-
porters: function and regulation, Pharmacol. Rev. 62 (1) (2010) 1-96.

[8] AM. Stek, B.M. Best, W. Luo, E. Capparelli, S. Burchett, C. Hu, H. Li, J.S. Read,
A. Jennings, E. Barr, E. Smith, S.S. Rossi, M. Mirochnick, Effect of pregnancy on
emtricitabine pharmacokinetics, HIV Med. 13 (2012) 226—-235.

[9] J. Reznicek, M. Ceckova, L. Cerveny, F. Miiller, F. Staud, Emtricitabine is a
substrate of MATE1 but not of OCT1, OCT2, P-gp, BCRP or MRP2 transporters,
Xenobiotica 8254 (2016) 1-9.

[10] T.Nakatani-Freshwater, D.R. Taft, Renal excretion of emtricitabine I: effects of
organic anion, organic cation, and nucleoside transport inhibitors on emtri-
citabine excretion, ]. Pharm. Sci. 97 (2008) 5401—5410.

[11] G. Sciences, RETROVIR® Package Insert, 2008, pp. 1-23.

[12] G. Sciences, EMTRIVA® Package Insert, 2012, pp. 1-30.

[3

[4

[5

[13] M.T. Paff, D.R. Averett, K.L. Prus, W.H. Miller, DJ. Nelson, Intracellular meta-
bolism of (-)- and (+)-cis-5-fluoro-1-[2-(hydroxymethyl)-1,3-oxathiolan-5-
yl|cytosine in HepG2 derivative 2.2.15 (subclone P5A) cells, Antimicrob.
Agents Chemother. 38 (6) (1994) 1230-1238.

[14] Y. Sai, T. Nishimura, S. Shimpo, T. Chishu, K. Sato, N. Kose, T. Terasaki,
C. Mukai, S. Kitagaki, N. Miyakoshi, Y.S. Kang, E. Nakashima, Characterization
of the mechanism of zidovudine uptake by rat conditionally immortalized
syncytiotrophoblast cell line TR-TBT, Pharm. Res. 25 (2008) 1647—1653.

[15] S.Y.M. Yao, AM.L. Ng, M. Sundaram, CE. Cass, S.a. Baldwin, J.D. Young,
Transport of antiviral 3'-deoxy-nucleoside drugs by recombinant human and
rat equilibrative, nitrobenzylthioinosine (NBMPR)-insensitive (ENT2) nucleo-
side transporter proteins produced in Xenopus oocytes, Mol. Membr. Biol. 18
(2001) 161-167.

[16] M. Molina-Arcas, F,J. Casado, M. Pastor-Anglada, Nucleoside transporter pro-
teins, Curr. Vasc. Pharmacol. 7 (4) (2009) 426—434.

[17] Sa. Baldwin, SY.M. Yao, R]. Hyde, AM.L. Ng S. Foppolo, K. Barnes,
M.W.L. Ritzel, C.E. Cass, ].D. Young, Functional characterization of novel hu-
man and mouse equilibrative nucleoside transporters (hENT3 and mENT3)
located in intracellular membranes, J. Biol. Chem. 280 (2005) 15880—15887.

[18] J. Dancis, ]. Lee, S. Mendoza, L Liebes, Nucleoside transport by perfused hu-
man placenta, Placenta 14 (1993) 547—554.

[19] E. Errasti-Murugarren, P. Diaz, V. Godoy, G. Riquelme, M. Pastor-Anglada,
Expression and distribution of nucleoside transporter proteins in the human
syncytiotrophoblast, Mol. Pharmacol. 80 (5) (2011) 809-817.

[20] R. Govindarajan, AH. Bakken, K.L. Hudkins, Y. Lai, FJ. Casado, M. Pastor-
Anglada, C.-M. Tse, J. Hayashi, ].D. Unadkat, In situ hybridization and immu-
nolocalization of concentrative and equilibrative nucleoside transporters in
the human intestine, liver, kidneys, and placenta, American journal of
physiology, Regul. Integr. Comp. physiology 293 (2007) R1809—R1822.

[21] LF. Barros, ].C. Bustamante, D.L. Yudilevich, S.M. Jarvis, Adenosine transport
and nitrobenzylthioinosine binding in human placental membrane vesicles
from brush-border and basal sides of the trophoblast, ]. Membr. Biol. 119 (2)
(1991) 151-161.

[22] J.L. Ward, A. Sherali, Z.P. Mo, C.M. Tse, Kinetic and pharmacological properties
of cloned human equilibrative nucleoside transporters, ENT1 and ENT2, stably
expressed in nucleoside transporter-deficient PK15 cells. Ent2 exhibits a low
affinity for guanosine and cytidine but a high affinity for inosine, J. Biol. Chem.
275 (12) (2000) 8375—8381.

[23] F. Staud, M. Ceckova, Regulation of drug transporter expression and function
in the placenta, Expert Opin. drug metabolism Toxicol. 11 (2015) 533-555.

[24] F.Staud, L. Cerveny, M. Ceckova, Pharmacotherapy in pregnancy; effect of ABC
and SLC transporters on drug transport across the placenta and fetal drug
exposure, |. drug Target. 20 (2012) 736—763.

[25] P. Brownbill, I. Chernyavsky, B. Bottalico, G. Desoye, S. Hansson, G. Kenna,
LE. Knudsen, U.R. Markert, N. Powles-Glover, H. Schneider, L Leach, An in-
ternational network (PlaNet) to evaluate a human placental testing platform
for chemicals safety testing in pregnancy, Reprod. Toxicol. 64 (2016)
191-202.

[26] T. Nishimura, Y. Seki, K. Sato, T. Chishu, N. Kose, T. Terasaki, Y.S. Kang, Y. Sai,
E. Nakashima, Enhancement of zidovudine uptake by dehydroepiandroster-
one sulfate in rat syncytiotrophoblast cell line TR-TBT 18d-1, Drug Meta-
bolism Dispos. 36 (2008) 2080—-2085.

[27] CE. Boumah, D.L Hogue, CE. Cass, Expression of high levels of
nitrobenzylthioinosine-sensitive nucleoside transport in cultured human
choriocarcinoma (BeWo) cells, Biochem. J. 288 (Pt 3) (1992) 987—-996.

[28] R.S. Mani, J.R. Hammond, ].M. Marjan, K.A. Graham, ].D. Young, S.A. Baldwin,
C.E. Cass, Demonstration of equilibrative nucleoside transporters (hENT1 and
hENT2) in nuclear envelopes of cultured human choriocarcinoma (BeWo) cells
by functional reconstitution in proteoliposomes, ]. Biol. Chem. 273 (46) (1998)
30818-30825.

[29] S.L. Greenwood, C.P. Sibley, Placenta and Trophoblast - Methods and Pro-
tocols, vol. I, 2005, p. 122.

[30] F.Staud, Z. Vackova, K. Pospechova, P. Pavek, M. Ceckova, A. Libra, L. Cygalova,
P. Nachtigal, Z. Fendrich, Expression and transport activity of breast cancer
resistance protein (Bcrp/Abcg2) in dually perfused rat placenta and HRP-1 cell
line, J. Pharmacol. Exp. Ther. 319 (2006) 53—62.

[31] CH.Z Siederdissen, B. Maasoumy, F. Marra, K. Deterding, K. Port, M.P. Manns,
M. Cornberg, D. Back, H. Wedemeyer, Drug-drug interactions with novel all
oral interferon-free antiviral agents in a large real-world cohort, Clin. Infect.
Dis. 62 (5) (2016) 561—-567.

[32] P.L. Williams, R. Hazra, R.B. Van Dyke, C. Yildirim, MJ. Crain, G.R. Seage 3rd,
L. Givitello, A. Ellis, L. Butler, K. Rich, HILV.A.CS. Pediatric, Antiretroviral
exposure during pregnancy and adverse outcomes in HIV-exposed uninfected
infants and children using a trigger-based design, AIDS 30 (1) (2016)
133-144.

[33] D. Gibb, M. Barry, S. Ormesher, L. Nokes, M. Seefried, C. Giaquinto, D. Back,
Pharmacokinetics of zidovudine and dideoxyinosine alone and in combina-
tion in children with HIV infection, Br. J. Clin. Pharmacol. 39 (5) (1995)
527-530.

[34] S.A. McCormack, B.M. Best, Protecting the fetus against HIV infection: a sys-
tematic review of placental transfer of antiretrovirals, Clin. Pharmacokinet. 53
(11) (2014) 989-1004.

[35] M. Ceckova-Novotna, P. Pavek, F. Staud, P-glycoprotein in the placenta:
expression, localization, regulation and function, Reprod. Toxicol. 22 (2006)
400-410.

100



92

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

(44

[45]

[46]

S. Karbanova et al. / Placenta 60 (2017) 86-92

T. Yamamoto, K. Kuniki, Y. Takekuma, T. Hirano, K. Iseki, M. Sugawara, Riba-
virin uptake by cultured human choriocarcinoma (BeWo) cells and Xenopus
laevis oocytes expressing recombinant plasma membrane human nucleoside
transporters, Eur. ]. Pharmacol. 557 (2007) 1-8.

N. Utoguchi, G.A. Chandorkar, M. Avery, KL. Audus, Functional expression of
P-glycoprotein in primary cultures of human cytotrophoblasts and BeWo
cells, Reprod. Toxicol. 14 (3) (2000) 217—-224.

J.D. Unadkat, A. Dahlin, S. Vijay, Placental drug transporters, Curr Drug Metab
5(1)(2004) 125-131.

T. Nabekura, T. Kawasaki, Y. Kamiya, Y. Uwai, Effects of antiviral drugs on
organic anion transport in human placental BeWo cells, Antimicrob. Agents
Chemother. 59 (12) (2015) 7666—7670.

RF. Schinazi, A. McMillan, D. Cannon, R. Mathis, RM. Lloyd, A. Peck,
J.P. Sommadossi, M. St Clair, ]. Wilson, P.A. Furman, et al., Selective inhibition
of human immunodeficiency viruses by racemates and enantiomers of cis-5-
fluoro-1-[2-(hydroxymethyl}-1,3-oxathiolan-5-yl]cytosine, Antimicrob.
Agents Chemother. 36 (11) (1992) 2423-2431.

C. Aguayo, ]. Casado, M. Gonzalez, |.D. Pearson, R.S. Martin, P. Casanello,
M. Pastor-Anglada, L. Sobrevia, Equilibrative nucleoside transporter 2 is
expressed in human umbilical vein endothelium, but is not involved in the
inhibition of adenosine transport induced by hyperglycaemia, Placenta 26
(8—9) (2005) 641-653.

G.P. Leung, RY. Man, CM. Tse, D-Glucose upregulates adenosine transport in
cultured human aortic smooth muscle cells, Am. J. Physiol. Heart Circ. Physiol.
288 (6) (2005) H2756—H2762.

S.L. Greenwood, CP. Sibley, In vitro methods for studying human placental
amino acid transport placental villous fragments, Methods Mol. Med. 122
(2006) 253—264.

Z.Neumanova, L. Cerveny, S.L. Greenwood, M. Ceckova, F. Staud, Effect of drug
efflux transporters on placental transport of antiretroviral agent abacavir,
Reprod. Toxicol. 57 (2015) 176—182.

D.E. Atkinson, C.P. Sibley, L]. Fairbairn, S.L. Greenwood, MDR1 P-gp expression
and activity in intact human placental tissue; Upregulation by retroviral
transduction, Placenta 27 (6—7) (2006) 707—714.

D. Ahmadimoghaddam, J. Hofman, L. Zemankova, P. Nachtigal, E. Dolezelova,
L. Cerveny, M. Ceckova, S. Micuda, F. Staud, Synchronized activity of organic
cation transporter 3 (Oct3/SIc22a3) and multidrug and toxin extrusion 1
(Mate1/Slc47al) transporter in transplacental passage of MPP+ in rat.,

[47]

[48]

[49]

[50]
[51]

[52]

(53]

[54]

[55]

[56]
[57]
[58]

(591

101

Toxicological sciences, official J. Soc. Toxicol. 128 (2012) 471-481.

D. Ahmadimoghaddam, F. Staud, Transfer of metformin across the rat placenta
is mediated by organic cation transporter 3 (OCT3/SLC22A3) and multidrug
and toxin extrusion 1 (MATE1/SLC47A1) protein (Elmsford, N.Y.), Reprod.
Toxicol. 39 (2013) 17-22.

L.H. Cygalova, ]. Hofman, M. Ceckova, F. Staud, Transplacental pharmacoki-
netics of glyburide, rhodamine 123, and BODIPY FL prazosin: effect of drug
efflux transporters and lipid solubility, J. Pharmacol. Exp. Ther. 331 (2009)
1118-1125.

Z. Neumanova, L. Cerveny, M. Ceckova, F. Staud, Interactions of tenofovir and
tenofovir disoproxil fumarate with drug efflux transporters ABCB1, ABCG2,
and ABCCZ; role in transport across the placenta, AIDS Lond. Engl. 28 (2014)
9-17.

M. Novotna, A. Libra, M. Kopecky, P-glycoprotein expression and distribution
in the rat placenta during pregnancy, Reprod. Toxicol. 18 (2004) 785—-792.
T.M. Leazer, C.D. Klaassen, The presence of xenobiotic transporters in rat
placenta, Drug Metab. Dispos. 31 (2) (2003) 153—-167.

E.P. de Rijk, E. van Esch, G. Flik, Pregnancy dating in the rat: placental
morphology and maternal blood parameters, Toxicol. Pathol. 30 (2) (2002)
271-282.

L. Hahnova-Cygalova, M. Ceckova, F. Staud, Fetoprotective activity of breast
cancer resistance protein (BCRP, ABCG2): expression and function throughout
pregnancy, Drug metab. Rev. 43 (2011) 53—68.

K. Sato, Y. Sai, T. Nishimura, T. Chishu, S. Shimpo, N. Kose, E. Nakashima, Influx
mechanism of 2',3'-dideoxyinosine and uridine at the blood-placenta barrier,
Placenta 30 (3) (2009) 263—269.

A.C. Collier, J.A. Keelan, P.E. Van Zijl, . W. Paxton, M.D. Mitchell, M.D. Tingle,
Human placental glucuronidation and transport of 3'azido-3'-deoxythymidine
and uridine diphosphate glucuronic acid, Drug Metab. Dispos. 32 (8) (2004)
813-820.

Drugbank, Emtricitabine.

Drugbank, Zidovudine.

M.R. Syme, JW. Paxton, J.A. Keelan, Drug transfer and metabolism by the
human placenta, Clin. Pharmacokinet. 43 (8) (2004) 487—-514.

M. Tomi, T. Nishimura, E. Nakashima, Mother-to-fetus transfer of antiviral
drugs and the involvement of transporters at the placental barrier, ]. Pharm.
Sci. 100 (9) (2011) 3708—3718.



Publikace IV: Transport of ribavirin across the rat and human placental barrier: Roles of
nucleoside and ATP-binding cassette drug efflux transporters.

102



Biochemical Pharmacology 163 (2019) 60-70

Contents lists available at ScienceDirect

Biochemical Pharmacology

journal homepage: www.elsevier.com/locate/biochempharm

Transport of ribavirin across the rat and human placental barrier: Roles of )
nucleoside and ATP-binding cassette drug efflux transporters G

S. Karbanova, L. Cerveny, L. Jiraskova, R. Karahoda, M. Ceckova, Z. Ptackova, F. Staud”

Department of Pharmacology and Toxicology, Faculty of Pharmacy in Hradec Kralove, Charles University, Czech Republic

ARTICLE INFO ABSTRACT

Keywords: Ribavirin is a broad-spectrum nucleoside-derived antiviral drug used in combination pharmacotherapy treat-
Ribavirin ment of hepatitis C virus infection. Current evidence indicates that ribavirin-associated teratogenicity is not
Placenta significant in humans, but more information about the developmental toxicity and mechanisms involved in
Pregnancy

ribavirin placental kinetics is required to assure its safe use in pregnancy. Thus, we have investigated potential
roles of equilibrative nucleoside transporters (ENTs, SLC29A), Na*-dependent influx-mediating concentrative
nucleoside transporters (CNTs, SLC28A), and ATP-binding cassette (ABC) efflux pumps, in ribavirin placental
pharmacokinetics. Our data indicate that ENT1 participates in uptake of ribavirin by BeWo cells, fresh human
placental villous fragments and microvillous plasma membrane (MVM) vesicles while activity of CNTs (probably
CNT2) was only observed in BeWo cells. In situ dual perfusion experiments with rat term placenta in an open
circuit setup showed that ENT inhibition significantly decreases total ribavirin maternal-to-foetal and foetal-to-
maternal clearances. In contrast, no contribution of ABC transporters, p-glycoprotein (ABCB1), breast cancer
resistance protein (ABCG2), or multidrug resistance-associated protein (ABCC2) was detected in assays with
MDCKII cells overexpressing them, or in closed circuit dual perfusion experiments with rat term placenta. In
summary, our data show that ribavirin placental pharmacokinetics are largely controlled by ENT1 activity and
independent of ABCB1, ABCG2, and ABCC2 efflux pumps.

ABC transporters
Nucleoside transporters

1. Introduction is used (inter alia) as the backbone of various HCV therapeutic regimens

[10,13]. Due to its mechanism of action (interference with biosynthesis

Hepatitis C virus (HCV) infection is a global problem affecting about
3% of the world’s population [1,2]. Mother-to-child transmission of
HCV is the major route of the infection in children occurring in 5-10%
[3,4] and up to 20% in HIV co-infected pregnant women [5,6]. High
proportions (73-92%) of vertically infected children suffer from
chronic disease [3]; liver biopsies typically show liver inflammation
and fibrosis [3]. Multiple studies have suggested an association be-
tween risk of transmission and HCV viral loads [7]. Therefore, treat-
ments that decrease HCV viremia in pregnant women are expected to
reduce rates of vertical HCV transmission [8].

Ribavirin, a purine analogue with broad-spectrum anti-viral activity
[9,10], is a WHO essential medicine for adults and children [11,12] that

of guanine nucleotides) and teratogenicity observed in animal studies
[14], ribavirin has been assigned to FDA Pregnancy Category X [15].
However, in humans, single and series case reports have documented
normal pregnancies with no birth defects [14,16-21] unless con-
comitant teratogen was administered [22]. Importantly, preliminary
findings obtained from an interim analysis of potential teratogenicity at
the mid-point of (ClinicalTrials.gov
NCT00114712) “do not suggest a clear signal of human teratogenicity
for ribavirin” [15]. However, knowledge of ribavirin’s placental
transfer mechanisms is also important for robust evaluation of the
safety of its use in pregnancy [23,24].

Ribavirin is a highly hydrophilic drug (logP —1.85), reaching
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Abbreviations: AB, apical-to-basolateral; ABC, ATP-binding cassette; ABCB1, p-glycoprotein; ABCC2, multidrug resistance-associated protein 2; ABCG2, breast
cancer resistance protein; BA, basolateral-to-apical; CNT, concentrative nucleoside transporter; DMEM, Dulbecco’s modified Eagle’s medium; ENT, equilibrative
nucleoside transporter; F — M, foetus-to-mother; FDA, US Food and Drug Administration; HCV, hepatitis C virus; HIV, human immunodeficiency virus; M — F,
mother-to-foetus; MDCKIL, Madin-Darby canine kidney; MVM, microvillous plasma membrane; NBMPR, S-(4-nitrobenzyl)-6-thioinosine; NT, nucleoside transporter;
qRT-PCR, quantitative reverse-transcription polymerase chain reaction; r,,, net efflux ratio; Vd, distribution volume; WHO, World Health Organization
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maximal plasmatic concentrations (Cmayx) in healthy volunteers of
2.6 uM after a 400 mg single oral dose. It accumulates strongly in the
plasma, reaching 4-fold Cpax at steady-state [25], and is metabolised
via two pathways with no participation of cytochrome P450 enzymes:
reversible phosphorylation or deribosylation and amide hydrolysis.
Following a single dose, it has a relatively short plasma half-life (2h),
but its active metabolite ribavirin triphosphate is eliminated slowly,
with a plasma half-life of 120-170 h [14,25]. Ribavirin does not bind
plasma proteins and is extensively distributed (Vd = 4500-6000 L),
especially to cells of skeletal muscles, liver, and erythrocytes, indicating
involvement of specific membrane transporters [25]. In vitro and in vivo
experiments have indicated that ribavirin may cross the placenta, and/
or distribute into milk in humans [26,27], but these possibilities have
not been unequivocally demonstrated [28].

Pharmacokinetics of nucleoside-derived antiviral drugs are fre-
quently modulated by activities of nucleoside transporters (NTs) and
ATP-binding cassette (ABC) efflux pumps [27,29-32]. There are two
subfamilies of NTs: equilibrative (ENTs, mediating facilitated diffusion)
and concentrative (CNTs, mediating Na*-dependent active transport)
[27,33-36]. ENTs are sensitive to S-(4-nitrobenzyl)-6-thioinosine
(NBMPR). NBMPR is considered a specific ENTs inhibitor [37]: at a
concentration of 0.1 uM NBMPR inhibits ENT1/Ent1 selectively, while
at 100 uM NBMPR blocks activities of both ENT1/Entl and ENT2/Ent2
[38,39]. Up to date, no selective inhibitor of CNTs has been identified.
As cellular uptake of nucleosides is believed to be mediated pre-
dominantly by nucleoside transporters [30,40], inhibitory effect of Na*
depletion on nucleosides cellular uptake has been established as suffi-
cient evidence of involvement of CNTs in nucleosides membrane
transport [27,30,32,33,35-37,40-45]. Both ENTs and CNTs reportedly
control maternal-to-foetal transfer of nucleosides and nucleoside-de-
rived drugs [27,31-34]. ABC transporters are a vast superfamily of
proteins that participate in diverse processes. Potentially important
ABC transporters in the context of this study include p-glycoprotein
(ABCB1), breast cancer resistance protein (ABCG2), and multidrug re-
sistance-associated protein 2 (ABCC2), all localized in apical membrane
of human placental syncytiotrophoblast. These efflux pumps protect the
developing foetus against potentially harmful xenobiotics by limiting
transfer of their substrates from maternal to foetal circulation [46,47].
It has been suggested that ribavirin may be a substrate of human ENT1
[27,44,48,49], CNT2 [50] and CNT3 [27,44,51], and mouse Entl [52].
In vitro studies have indicated that ENT1 and CNT3 are important for
placental uptake of ribavirin [27] and subsequent analysis showed that
Entl is required for transfer of ribavirin into foetal circulation in mice
[26]. However, possible roles of NTs in ribavirin pharmacokinetics in
the human placenta have not been directly studied. Moreover, the
possibility that ABCB1, ABCG2, or ABCC2 may interact with ribavirin
and reduce its placental maternal-to-foetal transfer rates has not been
rigorously tested in previous investigations.

Here we report the first attempts to assess roles of NTs and ABC
transporters in transfer of ribavirin across the placental barrier using
human placental villous fragments and microvillous plasma membrane
(MVM) vesicles, in situ dually perfused rat term placenta, and cell-based
models.

2. Materials and methods
2.1. Reagents and chemicals

Radiolabelled ribavirin (1-[(2R,3R,45,5R)-3,4-dihydroxy-5-(hydro-
xymethyl) oxolan-2-y1]-1H-1,2,4-triazole-3-carboxamide; [*H]-riba-
virin; 17.5 Ci/mmol) was purchased from Moravek Biochemicals (Brea,
CA, USA). NBMPR was purchased from Sigma Aldrich (St. Louis, MO,
USA) and was used at concentrations 0.1 uM and 100 uM to inhibit
ENT1/Ent]l and ENT2/Ent2, respectively [35,43,45,53,54]. Non-radi-
olabelled ribavirin, uridine, a competitive inhibitor of NTs [30,36], and
the solvent dimethyl sulfoxide (DMSO) were also obtained from Sigma-
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Aldrich (St. Louis, MO, USA). The concentration of DMSO in media used
in all experiments was 0.1%. Pentobarbital natrium was acquired from
INDIS Nv (Aartselaar, Belgium). All other chemicals were of analytical
grade. A bicinchoninic acid (BCA) assay kit was purchased from Ther-
moFisher Scientific (Rockford, IL, USA).

2.2. Cells

Cells of the human choriocarcinoma line BeWo were obtained from
the European Cell Culture Collection (ECACC; Salisbury, UK), and
cultured in HAM’s F-12 medium (Sigma Aldrich, St. Louis, MO, USA)
supplemented with 10% foetal bovine serum (FBS). MDCKII (Madine-
Darby Canine Kidney) parental cells and MDCKII cells overexpressing
human ABCB1 (MDCKII-ABCB1), ABCG2 (MDCKII-ABCG2), and ABCC2
(MDCKII-ABCC2) were provided by the Netherlands Cancer Institute
(Dr A. Schinkel) and cultured in DMEM complete high glucose medium
with t-glutamine (Sigma Aldrich, St. Louis, MO, USA) supplemented
with 10% FBS. All cell lines were cultured at 37 °C under an atmosphere
containing 5% CO,.

2.3. Animals

Pregnant Wistar rats were obtained from Meditox s.r.o. (Konarovice,
Czech Republic) and Velaz (Prague, Czech Republic). They were
maintained under standard conditions (12h/12hday/night cycles,
water and pellets ad libitum). Experiments were performed on the 21st
day of gestation. Fasted rats were anesthetized with i.v. administration
of 40 mg/kg pentobarbital into the tail vein. All experiments were ap-
proved by the Ethical Committee of the Faculty of Pharmacy in Hradec
Kralove (approval no. MSMT-4312/2015-8; Charles University, Czech
Republic) and applied procedures were consistent with recommenda-
tions in both the Guide for the Care and Use of Laboratory Animals
(1996) [55] and the European Convention for the Protection of Verte-
brate Animals Used for Experimental and Other Scientific Purposes
[56].

2.4. In vitro uptake experiments

For uptake experiments, 24-well culture plates supplied by TPP
(Trasadingen, Switzerland) were seeded with 2.5 x 10° BeWo cells per
well, and cultured for 3 days until confluence with daily medium re-
placement. Ribavirin uptake experiments were then performed as pre-
viously described [27], with modifications, using a Na™-containing
medium (140 mM NacCl, 5.4mM KCI, 1.8 mM CaCl,, 0.8 mM MgSOs,
5mM glucose and 25 mM Tris, pH adjusted to 7.4 by HEPES) and a
Na*-free counterpart (with Na* replaced by N-methyl-p-glucamine).
Briefly, sets of cells were pre-incubated for 10 min in the Na*-con-
taining buffer at 4°C and/or 37 °C, with and without an inhibitor
(0.1 uM or 100 uM NBMPR, or 5mM uridine) [32,35]. Each set was
then incubated in 0.25ml of buffer containing [*H]-ribavirin
(0.0222 uM; final activity of radioisotopes 0.4 uCi/ml), under otherwise
identical conditions. Uptake was stopped after 2, 15, 30, and 60 min (to
study time-dependency of ribavirin accumulation) and at 5-min inter-
vals (for comparison of the inhibitors” effects and analysis of the con-
centration dependency of [®H]-ribavirin accumulation). This was done
by rapidly aspiring the radioactivity-containing buffer, washing twice
with 0.75ml portions of the pre-incubation buffer (with or without
inhibitor), then lysing the cells in 0.02% SDS. In saturation experiments
we tested effects of adding 1, 10, and 50 uM of non-radiolabelled ri-
bavirin, plus [*H]-ribavirin (0.0222 M, 0.4 uCi/ml) as a tracer for
quantification, to the Na* -containing buffer with/without inhibitor in
incubations at 37 °C or at 4 °C.

2.5. In vitro bidirectional transport assays

Transport assays were performed using microporous polycarbonate
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membrane filters (3.0 pm pore size, 24 mm diameter; Transwell 3414;
Costar, Corning, NY, USA) together with MDCKII parental and ABC
transporter-overexpressing MDCKII cells, as previously described [57].
MDCKII-ABCB1, MDCKII-ABCG2, MDCKII-ABCC2 or MDCKII-parental
cells were seeded at a density of 1.5 x 10° per insert and cultured for
3-4days in standard cultivation medium until confluence with daily
replacement of medium. Before starting each transport experiment,
cells were washed with pre-warmed phosphate buffered saline (PBS).
Then the experiment was initiated by adding Opti-MEM (ThermoFisher
Scientific, Rockford, IL, USA) with 0.04 mCi/ml [®H]-ribavirin (corre-
sponding to 0.0022 uM) to the donor compartment (time = 0 min). In
parallel, we performed bi-directional transport experiments using the
same setup, but with addition of 1 mM uridine to block canine NTs that
might potentially mask ABC transporter-mediated transport of [*H]-
ribavirin [30]. Samples (50 ul) were collected after 30, 60 and 120 min
from the acceptor compartment. Medium was immediately removed at
the end of the incubation period and cells were washed twice with ice-
cold PBS. The inserts were excised, and cells were lysed in 0.02% SDS to
determine the percentage of intracellular radioactivity. Leakage of
FITC-dextran (0.5mg/ml) (Sigma Aldrich, St. Louis, MO, USA) was
analysed at the end of the transport experiments and deemed accep-
table if <1% per hour [57-59]. Efflux ratios of basal-to-apical to apical-
to-basal translocation of [PH]-ribavirin after 2h incubation were cal-
culated as previously described [57,60], then net efflux ratios (ryer)
were assessed by normalization of the efflux ratios for the ABCB1/
ABCG2/ABCC2-transfected or parental MDCK cell line with respect to
the efflux ratio obtained for the parental cells [61]. A net efflux
ratio > 2.0 was the criterion for regarding ribavirin as a substrate of a
tested transporter [62].

Before each of these experiments, the transepithelial electrical re-
sistance (TEER) across cell monolayers was measured using a Millicell-
ERS instrument (Millipore Corporation, Bedford, MA) [63]. TEER va-
lues ranged from 800 to 10002 cm? on 24 mm diameter transwells
(area 4.7 cm?), which are consistent with previously published data
[64,65]. Monolayer integrity and transporter activity were further va-
lidated by tests with the model substrates [*H]-digoxin, [®H]-abacavir
and [3H] -saquinavir (for MDCKII-ABCB1, MDCKII-ABCG2 and MDCKII-
ABCC2 cells, respectively), in which comparable to previously pub-
lished efflux ratios were obtained [59,65-67].

2.6. Ex vivo uptake assays with fresh villous fragments of human placenta

These assays performed previously  described
[32,35,59,68,69]. Placentas were collected at term after uncomplicated
pregnancies from the Faculty Hospital, Hradec Kralove, following
written informed consent as approved by the local research Ethics
Committee (approval no. 201006S15P). Samples of placental villous
tissue (1 cm® cubes) were dissected from the fresh term placenta and
rinsed in a 1:1 mixture of Dulbecco modified Eagle’s medium (DMEM)/
Tyrode’s buffer mixture at room temperature within 30 min of delivery.
Fresh control (Na™-containing) Tyrode’s buffer (135mM NacCl, 5mM
KCl, 1.8 mM CaCly, 1 mM MgCl,, 10 mM Hepes, 5.6 mM glucose, pH
7.4) and Na ™ -free buffer (containing choline chloride instead of NaCl)
were prepared on the day of the experiment. Samples were washed in
the DMEM/Tyrode’s buffer once again to remove blood. From each
sample, 6-8 evenly sized (ca. 4 mm®) villous fragments were diss
and fixed with thread on hooks then immersed in vials containing
DMEM/Tyrode’s solution mix and stabilized for 30 min at 37 °C. Then
they were transferred and pre-incubated for 10 min in Tyrode’s buffer
with/without inhibitors followed by incubation in Tyrode’s buffer
containing 0.5 uCi/ml of [*H]-ribavirin (corresponding to 0.0285 uM)
and an inhibitor where desired. Uptake was stopped after 5, 30 or
60 min by removing radioactive solutions then all fragments were wa-
shed twice with 6 ml of Tyrode’s buffer. Finally, villous fragments were
lysed for 18h in distilled water to release the accumulated radio-

were as
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activity, removed from water and lysed in 0.3 M NaOH solution for 10 h
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at 37 °C. The radioactivity released was quantified by liquid scintilla-
tion counting (see below) and normalized to total protein levels, de-
termined using the BCA assay.

2.7. Preparation of microvillous plasma membrane vesicles and uptake
assays

Microvillous plasma membrane (MVM) vesicles were used to di-
rectly analyse the role of NTs in [*H]-ribavirin uptake in the apical
membrane of the human syncytiotrophoblast layer. Human placentas
were obtained from uncomplicated pregnancies at term (38-40 weeks
of gestation) delivered by Caesarean section in the University Hospital
in Hradec Kralove, with the approval of the hospital’s Research Ethics
Committee (approval no. 201006 S15P). MVM vesicles were isolated by
Mg>* precipitation and differential centrifugation as previously de-
seribed [58,70]. Each resulting MVM pellet was resuspended in in-
travesicular buffer (IVB; 290 mM sucrose, 5mM HEPES and 5 mM Tris,
pH 7.4) and vesiculated by 15 passages through a 25-gauge needle. The
protein concentration and purity of the vesicles were determined using
the BCA assay and enrichment of MVM alkaline phosphatase activity
relative to placental homogenate, respectively [70]. The alkaline
phosphatase enrichment factor was 25.4 += 4.3 (mean * SD, n = 12)
the percentage of physiologically
86.3 = 7.94%, showing that potential contamination of the MVM ve-
sicles with basal plasma membrane and/or intracellular membranes
was negligible [71-73]. Right-side-out orientation of vesicles was
evaluated by comparing specific alkaline phosphatase activity upon
vesicular disruption by detergent (exceeded 80%), as described pre-
viously [70]. Uptake of 0.1905 pM [*H]-ribavirin (corresponding to
3.3 uCi/ml activity) into MVM vesicles was measured at room tem-
perature by rapid vacuum filtration followed by liquid scintillation
counting [74]. MVM vesicles (20-30 mg/ml) were equilibrated to room
temperature (21-25 °C) prior to uptake experiments. Samples of MVM
suspensions (10 ul) were pre-incubated for 10 min with or without in-
hibitor (0.1 pM and 100 uM NBMPR or 1 mM uridine, in extravesicular
buffer) [32]. Uptake of [3H]-ribavirin was initiated by adding the
substrate diluted in extravesicular buffer (EVB; 145mM KCl, 5 mM
HEPES and 5 mM Tris, pH 7.4, with KCl instead of NaCl for Na*-free
buffer) to the pre-incubated MVM vesicles. Uptake was halted after pre-
defined time points, by adding 2 ml ice-cold stopping buffer (130 mM
NaCl, 10 mM NazHPO4, 4.2mM KCI, 1.2mM MgS0,, 0.75 mM CaCl,
100 uM NBMPR, pH 7.4) and filtering the resulting mixture through a
0.45 uM mixed cellulose ester filter (HAWP02500 membrane filter, MF-
Millipore, Darmstadt, Germany) under vacuum. Filters were washed
with 10 ml stopping buffer containing 100 uM NBMPR where appro-
priate, and the filter-associated radioactivity was determined. Protein-
free controls (with IVB instead of MVM vesicle extract) were analysed
in parallel to determine the amount of tracer that bound to the filter,

and orientated  vesicles

which was subtracted from total vesicle counts. Non-specific binding of
[*H]-ribavirin to the plasma membrane was excluded by measuring
time zero uptakes, which were comparable to values obtained for
protein-free controls.

2.8. In situ dual perfusion of rat term placenta

Placental transfer of [*H]-ribavirin was evaluated using dually
perfused rat term placenta in open and closed setups, as previously
described [32,35,57-59,75]. In the course of perfusion experiment, we
monitored the physical condition of the rat (maternal and foetal per-
fusion pressures, breath, pulse, and limbs swelling) and selected pla-
centa (swelling, gelling, and colouring). If bulk fluid leakage was de-
tected or deviation from normal physical condition was monitored the
experiment was terminated and obtained data were omitted from
analysis.
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2.8.1. Open circuit setup

Immediately after successful Wistar rat surgery, [*H]-ribavirin
(0.06 pCi/ml, 0.0035puM) was added, with and without inhibitor
(0.1 uM NBMPR, 100 uM NBMPR, or 5 mM uridine), to either maternal
or foetal reservoirs, for maternal-to-foetal (M —F) and foetal-to-ma-
ternal (F— M) transfer analysis, respectively. After five minutes of
stabilization, sample collection was started (time 0) and foetal effluent
samples were collected in pre-weighed vials at 5-min intervals. [*H]-
ribavirin concentrations were measured and transplacental clearance
was calculated from data obtained for all intervals. At the end of the
experiment, the placenta was perfused with radioactivity-free buffer for
10 min, excised from the uterine tissue, weighed, and lysed in Solvable
tissue solubilizer (PerkinElmer Life and Analytical Sciences, Boston,
MA, USA) to detect tissue-bound [*H]-ribavirin. Pharmacokinetic ana-
lysis of placental transport was performed as previously described [76].

2.8.2. Closed circuit (recirculation) setup

A closed circuit perfusion system was used to identify placental
transporter(s) responsible for active transport of ribavirin from the
foetal to maternal circulation. Both maternal and foetal sides of the
Wistar rat placenta were infused with a non-saturating concentration
(0.0035 uM) of [*H]-ribavirin (0.06 uCi/ml) and after short stabiliza-
tion period (5min), the foetal perfusate (10ml) was recirculated for
60 min. Samples (100 pl) were collected at 10-min intervals from the
maternal and foetal reservoirs, and their concentrations of [*H]-riba-
virin were measured. This experimental setup maintains a steady con-
centration on the maternal side of the placenta and enables detection of
changes in the foetal/maternal ratio. Any net transfer of the substrate
implies transport against a concentration gradient and thus provides
evidence of active transport. To block NTs that could potentially mask
effects of efflux transporters on placental passage of ribavirin, uridine
(5mM) a competitive inhibitor of all NTs [30,36], was added to both
maternal and foetal reservoirs and the foetal/maternal concentration
ratio at equilibrium was calculated

2.9. Placental tissue sampling, isolation of RNA and gRT-PCR analysis

Rat term placentas were collected on the 21st gestation day.
Immediately after sectioning, the tissue was moved to a —80 °C freezer.
Total RNA was isolated using Tri Reagent solution (Molecular Research
Centre, Cincinnati, OH, USA) from weighed samples (n = 5; one pla-
centa from each of five animals) according to the manufacturer’s in-
structions. The purity of the isolated RNA was verified by measuring its
Aggo/Magp ratio, and its integrity by electrophoresis in a 1% agarose gel
followed by GelRed (Biotium, Fremont, CA, USA) staining. The con-
centration of RNA was calculated from its Aggy value. RNA (1 ug) was
converted into ¢cDNA using a gb Reverse Transcription Kit (Generi
Biotech s.r.o., Hradec Kralove, Czech Republic) and a T100™ Thermal
Cycler (Bio-Rad, Hercules, CA, USA). Expression of the rat Skc28al,
Slc28a2, Slc28a3, Sle29al and Slc29a2 mRNA was analysed by quan-
titative RT-PCR (gRT-PCR) with a QuantStudio™ 6 Flex Real-Time PCR
System (ThermoFisher Scientific, Rockford, IL, USA). Triplicate por-
tions (25 ng) of cDNA from each sample were amplified using Universal
PCR Master Mix and TagMan PCR Gene Expression Assay sets

(ThermoFisher Scientific, Rockford, IL, USA) for Slc28al
(Rn01477882 ml), Sle28a2 (Rn00581463 m1), Slc28a3
(Rn00590238 m1), Slc29al (Rn01648953 m1), Slc29a2

(Rn01479421_m1). To improve precision, the data obtained were nor-
malized to expression of two housekeeping genes, Ywhaz
(Rn00755072_.m1) and Gapdh (Rn01775763_gl), analysed in each
sample [77]. The PCR temperature program consisted of 95 °C for 3 min
followed by 40 cycles of 95 °C for 15s and 60 °C for 25s. The abundance
of the amplified transcripts in the samples was calculated using the
2742 method.
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2.10. Radioisotope analyses

We quantified radioisotopes from [*H]-ribavirin in experimental
samples by liquid scintillation counting, using a Tri-Carb 2910 TR in-
strument (PerkinElmer, Waltham, MA, USA) as previously reported
[26,27]. The concentrations of [*H]-ribavirin used in the tests de-
pended on the experimental system, because the lowest concentration
providing sufficient measurable activity was used to minimise risks of
transporter saturation and maximize the methods’ sensitivity.

2.11. Statistical analyses

The statistical significance of results of both in vitro and in situ ex-
periments was assessed by one-way ANOVA followed by Dunnett’s test,
or (for experiments with MVM vesicles) Wilcoxon’s matched-pairs
signed rank test. For statistical analysis of time courses of [*H]-ribavirin
accumulation in the ex vivo experiments, we used non-parametric two-
tailed unpaired Mann-Whitney test. Quantitative RT-PCR data were
analysed using unpaired Student’s ¢ test. All data were processed using
GraphPad Prism 7.04 software (GraphPad Software, Inc., San Diego,
CA, USA).

3. Results
3.1. Invitro effects of NT inhibitors on [°H]-ribavirin uptake by BeWo cells

We first analysed whether inhibition of NTs affects accumulation of
[®H]-ribavirin (at 0.0222 pM) by BeWo cells. In 5-min incubations at
37 °C, both Na® depletion and uridine (5mM) caused significant re-
ductions in uptake of [®H]-ribavirin (2- and 2.5-fold, respectively),
while NBMPR at either 0.1 uM and 100 uM increased its uptake up to 2-
fold (Fig. la). Therefore, we suggest that Na™-dependent transport
participates in [*H]-ribavirin uptake, hypothesizing that CNTs con-
centrates [*H]-ribavirin in cells when ENTs are inhibited, as previously
found in Xenopus laevis oocytes expressing human CNT [78]. To assess
the contribution of ENTs to [*H]-ribavirin uptake by BeWo cells, we
monitored accumulation at a temperature (4 °C) that inhibits ATP-de-
pendent cellular processes, including CNT activity. Under these condi-
tions, NBMPR (0.1 uM and 100 uM) caused a ca. 2-fold decrease in
uptake of [®H]-ribavirin into BeWo cells (Fig. 1b). In addition, a sig-
nificant effect of ENT inhibition was detected at all tested time points
(2, 15, 30, and 60 min), suggesting that 100 uM NBMPR affects not only
the initial velocity of the uptake (within 2min) but also the plateau
level (Fig. 1¢). Our data indicate that both ENTs and CNTs (probably
CNT2) participate in ribavirin uptake into BeWo cells.

3.2. Effects of ribavirin concentration, presence/absence of 100 uM
NBMPR at 37 °C and low temperature (4 °C) on uptake by BeWo cells

Uptake of ribavirin by BeWo cells was concentration-dependent in
all experimental systems. As shown in Fig. 2, accumulation of ribavirin
(at 0.0222uM) was significantly higher at 37°C without NBMPR
(100 uM) than at either 37 °C or 4 °C with no inhibitor of ENTs or CNTs
(Fig. 2). The higher accumulation of ribavirin at 37 °C in the presence of
100 uM NBMPR may be due to ribavirin’s previously reported high
affinity for CNTs [78]. This phenomenon was abolished at concentra-
tions of ribavirin > 1 uM, suggesting saturation of CNTs, probably fol-
lowed by saturation of ENTs, resulting in a plateau phase.

3.3. Bidirectional transport of [*H]-ribavirin across MDCKII-parental,
MDCKII-ABCB1, MDCKII-ABCGZ2, and MDCKII-ABCC2 cells

To evaluate [3H]-ribavirin interaction with placental ABCBI,
ABCG2, and ABCC2, we determined the transepithelial transport of
[*H]-ribavirin (0.0022 uM) across monolayers of parental, ABCBI-,
ABCG2-, or ABCC2-overexpressing cells. Uridine (1 mM) was used to
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Fig. 1. Accumulation of [3H]-ribavirin (0.0222 uM) by BeWo cells. At 37 °C, NBMPR (0.1 uM and 100 uM) increased while uridine (5mM) and Na* depletion
decreased 5-min accumulation of [*H]-ribavirin (A). At 4 °C the 5-min uptake was significantly reduced in presence of NBMPR (0.1 yM and 100 uM) (B). NEMPR
(100 uM) affected accumulation of [2H]-ribavirin at all test time points at 4 °C (C). Data presented are means = SD (n = 5). One-way ANOVA followed by Dunnett’s
test was used to evaluate the significance of differences between treated and control samples after 5-min incubation and Student’s t-test to evaluate the significance of

differences in time-courses: p < 0.1, “'p < 0.01, ""'p < 0.001.
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Fig. 2. Concentration-dependent accumulation of ribavirin by BeWo cells in the
presence and absence of NBMPR (100 uM) at 37 “C and 4°C, with [*H]-ribavirin
(0.0222 uM, 0.4 uCi/ml) as a tracer for quantification. At the lowest ribavirin
concentration (0.0222 uM) and 37 °C, accumulation was significantly higher
with 100 uM NBMPR than with no inhibitor at 37 °C or in experiments at 4 ‘C.
Saturation of NTs resulting in a plateau phase was observed at concentrations of
ribavirin > 1 pM. Data presented are means = SD (n = 3). One-way ANOVA
followed by Dunnett’s test was used to evaluate statistical significance;

p < 0.001.
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Table 1
Net efflux ratios (rpe) of [*H]-ribavirin (0.0022 uM) after 120 min incubation,
means = SD,n = 3.

Cells No inhibitor Uridine (1 mM)
MDCKII-parental 1 = 0.007 1 = 0.002
MDCKII-ABCB1 0.870 + 0.008 1.12 = 0.036
MDCKII-ABCG2 0.995 + 0.010 0.972 + 0.004
MDCKII-ABCC2 0.553 + 0.034 0.526 + 0.008

I'net — efflux ratios obtained for the ABCB1/ABCG2/ABCC2-transfected or par-
ental MDCK cell line normalized to the ratio obtained for the parental cells
[61].

block potential canine NT activity that could influence obtained efflux
ratios. We detected no significant contribution of the tested ABC
transporters at any of the sampling times (30, 60, and 120 min).
Calculated values of rmee after 120min incubation ranged from
0.5528 = 0.034 (MDCKII-ABCC2) to 0.9945 = 0.010 (MDCKII-
ABCG2) with no inhibitor; and in the presence of the competitive NT
inhibitor uridine (1 mM) from 0.5263 + 0.008 (MDCKII-ABCC2) to
1.1281 + 0.036 (MDCKII-ABCB1). Thus the results indicate that no
ABCB1-, ABCG2-, or ABCC2-mediated transport was involved (Table 1).
Values obtained for ry, after 30 and 60 min incubation (not shown) are
consistent with this conclusion.
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Fig. 3. Ex vivo uptake of [*H]-ribavirin by fresh human villous placental fragments. Time-dependent uptake of [3H]-ribavirin (0.0285 uM) was not affected by Na*
depletion (A), but significantly decreased by 0.1 yM NBEMPR (B), 100 uM NBMPR (C), and a combination of Na* depletion and 100 uyM NBMPR (D). Data presented
are medians with interquartile ranges, n = 4 placentas. The significance of inhibitory effects of tested conditions at selected time points was assessed using the Mann-

Whitney unpaired non-parametric two-tailed test (‘'p < 0.1; "'p < 0.01).

3.4. Effects of NT inhibitors on [°H]-ribavirin uptake by ex vivo human
placental villous fragments

In ex vivo experiments with fresh villous fragments isolated from
human term placenta, we observed time-dependent increases in accu-
mulation of [*H]-ribavirin (0.0285uM) in Na™*-containing (control)
buffer. In tests of effects of NT inhibitors, NBMPR at both concentra-
tions (0.1 uM and 100 uM) and 100 uM NBMPR in combination with
Na* depletion significantly affected the time course of [*H]-ribavirin
accumulation, but Na™ depletion alone had no significant effect. These
findings indicate that ENTs, but not CNTs, contribute to ribavirin up-
take into placental trophoblast.

3.5. Effects of NT inhibitors on [*H]-ribavirin accumulation by human
placental MVM vesicles

In further assessments of NTs contribution to [*H]-ribavirin pla-
cental pharmacokinetics, we found that 100 uM NBMPR, but not Na™
depletion, significantly reduced time-dependent uptake (with sampling
after 1, 5, and 10 min) of [°H]-ribavirin (0.1905 uM) by MVM vesicles
isolated from human placental tissue (Fig. 4a). In subsequent compar-
isons, at 1- and 10-min time-points, we found that 0.1 uM NBMPR,
100 uM NBMPR and 1 mM uridine had similar effects, and Na™* deletion
had no apparent effect, relative to inhibitor-free, Na™-containing con-
trol systems (Fig. 4b, ¢). The results indicate involvement of ENTs, but
not CNTs, in vesicular uptake of [®H]-ribavirin.
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3.6. Effects of NT inhibitors on transplacental clearance of [°HJ-ribavirin
determined by in situ dual perfusion of rat placenta

Using the dually perfused rat term placenta model, we observed low
M — F and F — M total clearances, reaching values of 0.06 and 0.15ml/
min/g, respectively. Application of NBMPR (0.1 uM or 100 uM) or ur-
idine (5mM) significantly decreased total F— M clearances of [3H]-
ribavirin (0.0035 uM) relative to clearances in control (inhibitor-free)
media. The only difference observed in analyses of clearance in the
opposite (M —F) direction was that 0.1 pM NBMPR had no significant
effect (Fig. 5a). Less than 1% of administered ribavirin was detected in
the placenta after perfusion experiments, indicating that tissue binding
had negligible effect on calculated clearances (data not shown). F — M
clearances reached 2.4-fold higher values than M — [ clearances, sug-
gesting transporter-mediated transfer of [*H]-ribavirin back to maternal
circulation. In perfusion assays with a closed circuit setup, designed to
check involvement of active transporters mediating F — M transfer, no
significant differences in of [®H]-ribavirin concentration between ma-
ternal and foetal reservoirs were detected, even when the potential
masking effect of NTs was abolished by adding 5 mM uridine (Fig. 5b).

3.7. qRT-PCR analysis of Slc28al, Slc28a2 and Slc28a3 in rat term
placenta

As dual perfusion studies could not be performed under Na™ de-
pletion and 5 mM uridine (a high affinity substrate of CNT1, CNT2, and
CNT3) profoundly affected M —F and F —M clearances of [3H]-riba-
virin, we quantified expression of CNTs in our Wistar rat placental
tissue. Results show that Sic28a2 was expressed 12.7-fold more strongly
than Slc28a3, and no Slc28al transcript was detected (Fig. 6).
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Fig. 4. Uptake of [*H]-ribavirin by MVM vesicles isolated from human term placenta. Time courses of [*H]-ribavirin (0.1905 uM) uptake indicate involvement of
ENTs, but not Na " -dependent mechanisms (A). Additions of NBMPR (0.1 and 100 uM) and uridine (1 mM) resulted in similar reductions in uptake after 1 min (B) and
10min (C). Presented data are medians with interquartile ranges (n = 4). The significance of differences, relative to controls, was evaluated by the Wilcoxon

matched-pairs signed rank test; p < 0.05; p < 0.01; "'p < 0.001.

4. Discussion

As anti-HCV treatments may be potentially used to reduce rates of
vertical HCV transmission [7,8], it is important to identify safe and
effective pharmacotherapy regimens for both pregnant woman and
developing foetus. For more than a decade ribavirin has been the
backbone of various HCV drug combinations [4,13,79]. Nowadays, it is
frequently combined with directly acting antivirals against HCV [4] and
is essential for treating life-threatening viral infections such as re-
spiratory syncytial virus or influenza virus [10]. Clear signals of riba-
virin teratogenicity in animals have been detected [25], but not in
humans [15]. Therefore, ribavirin remains a candidate for prevention of
HCV vertical infection [14,21,22].

Knowledge of ribavirin transplacental kinetics mechanisms is re-
quired to assure safe use of ribavirin in prevention of vertical trans-
mission of HCV [23]. Thus, the role of NTs in placental ribavirin
pharmacokinetics has been previously investigated using in vitro (BeWo
cells) and in vivo (murine model) experimental approaches [26,27].
However, this study addresses a gap through use of experimental sys-
tems derived from human placenta and in situ dually perfused rat term
placenta (in addition to in vitro models) to assess roles of NTs and ABC
in transfer of ribavirin across the placental barrier.

In an initial experimental approach, we applied the well-established
and routinely used in vitro model of accumulation into BeWo cells
[27,32,35,80,81]. We observed elevated accumulation of [H]-ribavirin
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in the presence of NBMPR (Fig. 1a) at 37 °C, suggesting that CNTs may
concentrate [*H]-ribavirin in the cells when ENTs are inhibited. This
phenomenon has been previously shown in Xenopus leavis oocytes
suggesting that CNTs mediate high affinity uptake concentrating riba-
virin in cells. It generates concentration gradient for ENTs that mediate
opposite action, i.e. outward transfer decreasing cellular ribavirin
concentration. Therefore, when ENTs are inhibited, elevated ribavirin
uptake can be observed [78]. Moreover, Na* depletion and uridine (a
high affinity substrate of all CNTs) significantly decreased [*H]-riba-
virin uptake relative to controls (Fig. 1a), confirming involvement of
CNTs [27]. In a previous study we observed Na*-sensitive uptake of
adenosine (a CNT2 and CNT3 substrate), but not thymidine (a CNT1
and CNT3 substrate) concluding that the only CNT sub-group func-
tionally expressed in BeWo cells is CNT2 [32]. Moreover, based on
mRNA quantification, our clone of BeWo expresses SLC28A2 more
strongly than SLC28A3 (respectively encoding CNT2 and CNT3), while
no SLC28A1 transcript (encoding CNT1) was detected [81]. Therefore,
we suggest that ribavirin is a substrate of CNT2, which mediates its
uptake into BeWo cells. To avoid masking effects of CNT2 on [°H]-
ribavirin uptake in NBMPR-treated cells we performed experiments at
4°C to inhibit ATP-dependent cellular processes (Fig. 1b). Low tem-
perature (4°C) is a condition commonly used to indirectly assess in-
volvement of active membrane transport in drug kinetics as shown in
Caco-2 cell line [82,83]. Moreover, Archer et al. have described that
temperature below 15°C abolishes the activity of CNTs in rat
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Fig. 6. Results of quantitative RT-PCR analysis of Slc28al, Slc28a2 and Sic28a3
mRNA expression in rat term placenta. Slc28a2 was expressed much more
strongly than Slc28a3, and Slc28al expression was below the analytical de-
tection limit. Gene expression levels were normalized against the geometric
mean expression of two housekeeping genes: Gapdh and Ywhaz. Data are re-
ported in arbitrary units (a.u.) as mean *= SD (n = 5). The significance of
differences was assessed using the unpaired parametric two-tailed Student’s ¢
test: 'p < 0.01.
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microvascular endothelial cells while ENTs preserve the sensitivity to
NBMPR and dipyridamole [84]. Jarvis et al. have shown in guinea pig
erythrocytes that CNTs-controlled transport was 70-fold higher at 37 °C
than at 10 °C while ENTs-mediated transport was less temperature-de-
pendent [85]. Moreover, using vesicles prepared from human ery-
throcytes it has been recently evidenced that uridine K, is comparable
at ice-cold temperature and 23 °C while V,,,, was decreased by only
23% suggesting functional state of ENTs at very low temperatures [86].
In line with this finding, ENT1-mediated ribavirin uptake at ice-cold
temperature was confirmed in this experimental system [86]. Under
these conditions, we found that NBMPR had similar effects at both
concentrations, confirming that ENTs, particularly ENT1 probably as it
is most strongly expressed in the placenta [32], also contribute to [*H]-
ribavirin uptake into BeWo cells. The suggested ENT1- and CNT2-
mediated transport of [*H]-ribavirin is consistent with results of pre-
vious experiments with BeWo cells [27] and non-placental models, e.g.
OR6 HHL-5 hepatocytes,
[26,32,44,48-51,87]. Analysis of the concentration-dependence of ri-

cells, cells, human and mice
bavirin accumulation in BeWo cells (Fig. 2), indicated that CNTs were
largely responsible for its accumulation in the presence of 100 uM
NBMPR at ribavirin concentrations < 1 uM as previously found in ex-
periments with Xenopus oocytes expressing human NTs [78]. However,
higher concentrations resulted in saturation and thus abolishment of
NTs’ effects (Fig. 2).

Next, we investigated the accumulation of [®H]-ribavirin in fresh
villous fragments of human placenta, which provide a physiologically
relevant, well-described and validated model for assessing drug inter-
actions with ENTs [32,35,69,70]. The uptake of [EH]-ribavirin was
time-dependent and significantly sensitive to treatment with 0.1 uM
and 100 uM NBMPR, but not Na* depletion alone (Fig. 3), suggesting
that only ENTs are involved in its placental uptake. We propose that the
dominantly expressed ENT1 [32] is responsible for this uptake. More-
over, the apparent lack of CNTs’ participation in placental uptake of
ribavirin is consistent with our findings that functional CNTs are not
expressed in placenta [32].
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In analyses of [®H]-ribavirin accumulation in MVM vesicles we also
detected contributions of ENT1 but not CNTs (Fig. 4), and inhibitory
effects of uridine, presumably due solely to inhibition of ENTs
(Fig. 4b, ). These results are consistent with findings from our ex-
periments with villous fragments and previously reported studies with
human and rat MVM vesicles [32,33,45].

In the next step, we employed an in situ model based on dually
perfused rat placenta in open- and closed-circuit setups to evaluate the
overall contribution of NTs and potentially ABC proteins to placental
[*H]-ribavirin transfer at the organ level. Dual perfusion of rat term
placenta is an established and well-justified method that has been used
to investigate interactions of placental ABC and SLC transporters with
various drugs, including antivirals [57-59,88-90]. ENTs in the apical
membrane of trophoblast layer of Wistar rats have been functionally
characterized by analysing adenosine uptake from the maternal blood
circulation into the foeto-placental unit and MVM vesicles prepared
from rat placenta [45]. Analysis of placental M— F and F— M clear-
ances of radiolabelled [®H]-adenosine is impossible, with current lim-
itations, due to extensive adenosine placental metabolism [34], so we
could not directly validate this experimental system. With the open-
circuit setup, we obtained the first evidence that transport of [*H]-ri-
bavirin across rat placenta from mother to foetus and vice versa is low
overall (Fig. 5a), especially relative to antipyrine clearance across the
placenta driven by passive diffusion [91]. Both M—F and F—-M
clearances of [°H]-ribavirin were significantly reduced by presence of
NBMPR (at 0.1 uM and 100 uM) or 5 mM uridine, suggesting a profound
contribution of ENTs, most likely ENT1, not only to placental cell up-
take but also to transport of ribavirin across rat syncytiotrophoblast.
Effects of Na ™ depletion could not be investigated using this model as it
deleteriously affects rat term placenta, causing oedema and high pres-
sure, during experiments.

Lower M — F clearance than F — M clearance indicated that riba-
virin is predominantly transferred in the F — M direction, therefore we
performed dual perfusion experiments with a closed-circuit setup
(Fig. 5b). We observed no changes in ribavirin concentrations on ma-
ternal or foetal sides, even after adding uridine to block potential
masking activity of NTs, indicating no active efflux transport from
foetus to mother (Fig. 5). These findings are consistent with our sug-
gestions, based on results of in vitro experiments, that active efflux
placental pumps do not recognize ribavirin as a substrate (Table 1).

To further assess potential involvement of CNTs in ribavirin pla-
cental kinetics we quantified mRNA expression of slc28A1, slc28A2, and
5lc28A3 in our experimental animal model. We found that slc28A2 is by
far the most strongly expressed CNT gene, slc28A1 expression is not
detectable, in term placenta of our Wistar rat (Fig. 6), in accordance
with previous reports [45,81]. Nevertheless, as lack of CNT activity was
observed in MVM vesicles derived from Wistar rat placenta [45], these
transporters do not seem to be functionally expressed in the trophoblast
apical membrane [45]. Therefore, we speculate that only CNT2/CNT3
embedded in the basal membrane may potentially contribute to the
higher F —M clearances observed in rat placenta.

In conclusion, using animal and (for the first time) human tissue-
derived models we have shown that passage of ribavirin across the
placenta from mother to foetus could be gated mainly by ENT1. On the
other hand, CNT2 seems to take up ribavirin into BeWo cells, but play
no role in its uptake in the human placenta. We also provide the first
evidence that ABCB1, ABCG2, and ABCC2 do not recognize ribavirin as
a substrate. We hypothesize that levels of ribavirin placental transport
may be affected by inter-individual variabilities and interactive drug-
drug effects on placental ENT1. Thus, our data broaden knowledge of
placental pharmacokinetics of ribavirin, but further studies with clin-
ical setups are needed to fully assess the pharmacokinetics and risks
associated with ribavirin’s use in pregnancy.
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ABSTRACT

Abacavir is a preferred antiretroviral drug for preventing mother-to-
child human immunodeficiency virus transmission; however, mech-
anisms of its placental transfer have not been satisfactorily
described to date. Because abacavir is a nucleoside-derived drug,
we hypothesized that the nucleoside transporters, equilibrative
nucleoside transporters (ENTs, SLC29A) and/or Na*-dependent
concentrative nucleoside transporters (CNTs, SLC28A), may play a
role in its passage across the placenta. To test this hypothesis, we
performed uptake experiments using the choriocarcinoma-derived
BeWo cell line, human fresh villous fragments, and microvillous
plasma membrane (MVM) vesicles. Using endogenous substrates of
nucleoside transporters, [°H]-adenosine (ENTs, CNT2, and CNT3)
and [H]-thymidine (ENTs, CNT1, and CNT3), we showed significant
activity of ENT1and CNT2 in BeWo cells, whereas experiments in the
villous fragments and MVM vesicles, representing a model of the
apical membrane of a syncytiotrophoblast, revealed only ENT1

activity. When testing [°H]-abacavir uptakes, we showed that of
the nucleoside transporters, ENT1 plays the dominant role in
abacavir uptake into placental tissues, whereas contribution of
Na*-dependent transport, most likely mediated by CNTs, was
observed only in BeWo cells. Subsequent experiments with dually
perfused rat term placentas showed that Ent1 contributes signifi-
cantly to overall [QH]-abacavir placental transport. Finally, we
quantified the expression of SLC29A in first- and third-trimester
placentas, revealing that SLC29A1 is the dominant isoform. Neither
SLC29A1 nor SLC29A2 expression changed over the course of
placental development, but there was considerable interindividual
variability in their expression. Therefore, drug-drug interactions and
the effect of interindividual variability in placental ENT1 expression
on abacavir disposition into fetal circulation should be further
investigated to guarantee safe and effective abacavir-based com-
bination therapies in pregnancy.

Introduction

Mother-to-child transmission is the most common route of HIV
infection in children. The risk of vertical HIV transmission can be
minimized by perinatal administration of a combination antiretroviral
therapy that suppresses viral replication in maternal blood and genital
secretions. It has recently been emphasized that combination antire-
troviral therapy should include an antiretroviral drug with high placental
transfer for pre-exposure prophylaxis of the fetus (http://aidsinfo.nih.
gov/contentfiles/lvguidelines/Perinatal GL.pdf).

The functional part of the placental barrier is the polarized multinu-
cleated syncytiotrophoblast, which expresses various carriers, including
equilibrative nucleoside transporters (ENTs) (Staud et al., 2012). ENTs
are ubiquitously occurring proteins belonging to the solute carrier (SLC)
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transporter superfamily that mediate bidirectional facilitated diffusion of
nucleosides in tissues to maintain nucleoside homeostasis (Molina-
Arcas et al.. 2009). Beyond their physiologic role, ENTs, especially the
two important isoforms ENT1 and ENT2 (Griffiths et al., 1997), affect
the pharmacokinetics of a broad array of nucleoside-derived drugs,
including nucleoside reverse transcriptase inhibitors (didanosine and
zalcitabine), antihepatitis therapeutics (ribavirin and entecavir), or anti-
neoplastic drugs (gemcitabine and cladribine) (Yamamoto et al., 2007;
Molina-Arcas et al., 2009; Ma et al., 2017). Both ENT1 (encoded by
SLC29AT)and ENT2 (encoded by SLC29A2) are transcribed in the human
syncytiotrophoblast (Govindarajan et al., 2007; Yamamoto et al., 2007;
Errasti-Murugarren et al., 2011). ENTI has been detected in the maternal-
facing (apical) microvillous plasma membrane of the syncytiotrophoblast,
whereas ENT2 is localized on both the apical and fetal-facing (basal)
plasma membrane (Barros et al., 1995; Govindarajan et al., 2007; Errasti-
Murugarren etal., 2011). ENT1-like activity has also been observed on the
syncytiotrophoblast basal plasma membrane despite undetectable ENT1
expression at this locus (Errasti-Murugarren et al., 2011).

Other than ENTs, placental expression of concentrative nucleoside
transporters (CNTs, SLC28A) that mediate unidirectional Na*-dependent

ABBREVIATIONS: ABCB1, P-glycoprotein; ABCG2, breast cancer resistance protein; BCA, bicinchoninic acid; BeWo, choriocarcinoma-derived
cell line; CNT, concentrative nucleoside transporter; ENT, equilibrative nucleoside transporter; F—M, fetal-to-maternal clearance; h, human; M—F,
maternal-to-fetal clearance; MVM, microvillous plasma membrane; NBMPR, S®-(4-nitrobenzyl)mercaptopurine riboside; PCR, polymerase chain

reaction; r, rat; SLC, solute carrier.
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influx of nucleosides and nucleoside analogs (Molina-Arcas et al., 2009)
has also been suggested, although with conflicting results. Whereas
Errasti-Murugarren et al. (2011) observed protein expression of CNT1
despite very low mRNA expression, Govindarajan et al. (2007) did not
detect protein expression of CNTs in the term placenta. In addition,
Barros ct al. (1991) demonstrated that there is no effect of Na* depletion
on nucleoside uptake into microvillous plasma membrane (MVM)
vesicles.

The expression of drug transporters in the placenta frequently varies
during gestation and differs among individuals (Gil et al.. 2005: Mao,
2008; Ahmadimoghaddam et al.. 2013). This holds true also for
SLC28A, exhibiting significant interindividual variability and higher
expression in the term placenta compared with the first trimester
(Jiraskova et al., 2018); however, such data are lacking for SLC29A.

Abacavir is a nucleoside analog belonging to the family of nucleoside
reverse-transcriptase inhibitors. It is currently a preferred anti-HIV
compound for mother-to-child transmission prevention (http:/aidsinfo.
nih.gov/contentfiles/Ivguidelines/Perinatal GL.pdf). Transplacental trans-
fer of abacavir in humans has been investigated only sparsely, and its
cord-to-maternal-blood concentration ratio is variable, ranging from 62%
to 163% at term (Chappuy et al., 2004; Best et al., 2006; Fauchet ct al.,
2014). The pharmacokinetics of antiviral drugs are frequently affected by
the activity of drug transporters (Kis et al., 2010; Neumanova etal., 2014,
2015, 2016 Ceckova et al., 2016). Abacavir is a known substrate of
P-glycoprotein  (ABCB1) and breast cancer resistance protein
(ABCG2) (Shaik et al., 2007; Giri et al., 2008; Neumanova et al.,
2015), and we recently demonstrated that these transporters may limit
abacavir maternal-to-fetal transfer (Neumanova et al.. 2015). Impor-
tantly, abacavir was reported to reduce nucleoside uptake in vitro,
raising the possibility that abacavir is also a substrate for ENTs (Hong
et al., 2000; Li et al., 2015).

Because a detailed understanding of drug interactions with placental
transporters is required to guarantee safe and effective therapy during
pregnancy (Staud et al., 2012; Thomas and Yates, 2012; Staud and
Ceckova, 2015), we sought to determine whether ENTs play arole in the
transplacental transfer of abacavir. We analyzed abacavir uptake into the
placental choriocarcinoma-derived cell line BeWo and fresh villous
placental fragments and MVM vesicles, both derived from the human
term placenta. We then performed in situ dual-perfusion studies in the rat
term placenta to quantify the role of ENTs in total transplacental
abacavir clearance. In all experimental models, we also considered the
potential contribution of CNTSs to abacavir placental kinetics. Finally,
using a quantitative polymerase chain reaction (PCR) method, we
investigated the expression of SLC29A 1 and SLC29A2 and their inter-
and intraindividual variability in the first- and third-trimester human
placenta.

Material and Methods

Chemicals and Reagents. The radiolabeled compounds |3H J-abacavir (0.05
or 0.1 Ci/mM), [*H]-adenosine (23 Ci/mM), and I]H]-rhymu]im: (74 Ci/mM)
were purchased from Moravek Biochemicals (Brea, CA): adenosine represents a
model substrate of ENTI, ENT2, CNT2, and CNT3, whereas thymidine is
ransported by ENTI, ENT2, CNT1. and CNT3 (Molina-Arcas et al., 2009). The
specific ENT inhibitor Sé—(4-ni1r0benzyl)mﬂrcapmpurine riboside (NBMPR) and
the competitive inhibitors of ENTs and CNTs, uridine and adenosine (Molina-
Arcas et al., 2009; Errasti-Murugarren et al., 2011), were purchased from Sigma-
Aldrich (St. Louis, MO): NBMPR (0.1 uM) selectively inhibits human and rat
ENT1/Entl. whereas a concentration of 100 uM abolishes the activity of both
human and rat ENT1/Ent] and ENT2/Ent2 (Chishu et al., 2008; Sai et al., 2008;
Molina-Arcas etal., 2009: Nishimura et al., 201 1, 2012; Karbanova et al., 2017).
Pentobarbital (Nembutal) was purchased from Abbott Laboratories (Abbott Park,
IL). Solvent dimethylsulfoxide was obtained from Sigma-Aldrich. and its
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volume/volume concentration was (.1% in all experiments. All other chemicals
were of analytical grade. Bicinchoninic acid (BCA) assay reagents were
purchased from Thermo Scientific (Rockford, IL), and Bradford Reagents were
purchased from Sigma-Aldrich.

Cell Lines. The human chorocarcinoma-derived BeWo cell line was
purchased from the European Cell Culture Collection (Salisbury, Wiltshire,
UK). Cells were cultured in Ham’s F12 medium supplemented with 10% fetal
bovine serum (Karbanova et al., 2017). The cells were cultured at 37°C under an
atmosphere containing 5% CO».

Animals, Pregnant Wistar rats were purchased from MediTox s.r.o. (Konarovice,
Czech Republic) and maintained under 12/12-hour day/night standard conditions
with water and chow pellets ad libitum. Experiments were performed on day 21 of
gestation (counted from the day when copulation plug was found). Overnight-fasted
rats were anesthetized by administering a dose of 40 mg of pentobarbital/kg
bodyweight (Nembutal: Abbott Laboratories) into the tail vein. All experiments were
approved by the Ethical Committee of the Faculty of Pharmacy in Hradec Kralove
(Charles University in Prague. Prague, Czech Republic) and were carried out in
accordance with the Guide for the Care and Use of Laboratory Animals (2011) and
the European Convention for the Protection of Vertebraie Animals Used for
Experimental and Other Scientific Purposes.

Sample Collection of Human and Rat Placentas. Third-trimester placentas
were obtained from uncomplicated pregnancies (n = 14) following elective
cesarean section at term (between weeks 38 and 41 of gestation). First-trimester
placentas (n = 7) were acquired from voluntary interruption of physiologically
ongoing pregnancies between weeks 9 and 13 of gestation as described previously
(Ahmadimoghaddam et al., 2013). All participants provided written informed
consent. Rat term placentas were collected from five rats on day 21 of pregnancy
(n=35). The samples were frozen in liquid nitrogen immediately after surgery and
then stored at —80°C until analysis.

RNA Isolation and Reverse Transcription. Total RNA was isolated from
weighed tissue samples or directly from BeWo cells using Tri-Reagent solution
purchased from Molecular Research Centre (Cincinnati, OH) according to the
manufacturer’s instructions. The purity of the isolated RNA was checked by the
A260/A280 ratio, and RNA integrity was confirmed by electrophoresis on 1%
agarose gel. The concentration of RNA was calculated by A260 measurement.
RNA was converied into ¢cDNA using the gb Reverse Transcription Kit from
Generi Biotech s.r.o. (Hradec Kralove, Czech Republic) on a T100 Thermal
Cycler (Bio-Rad, Hercules, CA).

Qualitative End-Point PCR Analysis. End-point PCR was carried out in
BeWo cells and samples of ravhuman term placentas to verify expression of target
genes in our experimental models. cDNA (25 ng) was amplified in a 20-ul
reaction volume using MyTaq Red DNA Polymerase (cat. no. BIO-21108;
Bioline, Taunton, MA) according to the manufacturer’s instructions using a Bio-
Rad T100 Thermal Cycler. Foramplification of human SLC29A 1 and SLC29A2 in
human placentas and BeWo cells, we used primers designed by Yamamoto et al.
(2007) that provide amplicons of 512 and 470 bp, respectively (Yamamoto et al.,
2007). PCR analysis of rat placental samples was performed using 5'-
CCAAGAGGAGGAAGAGAGGAATC-3"  and  5'-TAAAGAGGGAGGG-
CAGGTAGTG-3" as the forward and reverse primers, respectively, for SLC29A1,
and 5'-CCCACAGACACCTTCAACTTCA-3" and 5'-GTGCTGTAGGTA-
GAAGGCATGGT-3" as the forward and reverse primers for SLC29A2, providing
amplicons of 400 and 302 bp, respectively. The PCR cycling conditions used were
95°C for 3 minutes followed by 50 cycles of 95°C for 30 seconds, 56°C for
30 seconds, and 72°C for 45 seconds, followed by 10 minutes at 72°C. Amplicons
were analyzed on 1.5% agarose gel labeled with GelRed Nucleic Acid Stain
(Biotum, Hayward. CA) using the HyperLadderTM 100 bp DNA length marker
(Bioline).

Quantitative PCR Analysis. Quantitative PCR analysis of SLC29A7 and
SLC29A2 expression in rat term placentas, BeWo cells, and first- and third-
trimester human placentas was performed using QuantStudio 6 (Thermo Fisher
Scientific, Waltham, MA). cDNA (25 ng) prepared from rat tissue and BeWo cells
was analyzed in 20-ul reaction volumes in a 96-well plate. Human placental
cDNA (10 ng) was amplified in a 384-well plate, with total reaction volumes of
10wl per well. PCR was performed using the TagMan Universal Master Mix 11
without uracil-DNA glycosylase (Thermo Fisher Scientific) and predesigned
TaqMan Real Time Expression PCR assays for human (h) or rat (r) SLC29A1
(HsO1085704_glc, Rn01648953 ml) and SLC29A2 (Hs00155426_ml,
Rn01479421_ml). For greater precision during the mRNA quantification of
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target genes, data were normalized against the geometric mean of expres-
sion of two previously identified TagMan housekeeping genes: B2ZM
(Hs00187842_ml) and GAPDH (Hs02758991 _gl) for human samples, and
Ywhaz (Rn00755072_m1) and Gapdh (Rn01775763_gl) for rat samples
(Ahmadimoghaddam et al., 2013: Cerveny et al., 2016). Stable expression of
both reference genes was verified before beginning the quantitative analysis.
Each sample was amplified in triplicate using the following PCR cycling
profile: 95°C for 3 minutes, followed by 40 cycles at 95°C for 15 seconds and
60°C for 60 seconds. Analyses of amplification efficiency (Pfaffl, 2001) for
SLC29A1 and SLC29A2 yielded values of ~2-fold increase per PCR cycle
(data not shown), makKing it possible to compare the expression data for the
two genes. Expression levels are reported in arbitrary units and were derived
by normalizing the expression of the target gene against that of the reference
genes (Radilova et al., 2009).

In Vitro Accumulation Studies in BeWo Cells. For uptake experiments,
BeWo cells were seeded at a density of 3.5 x 10° on 24-well culture plates (TPP
Techno Plastic Products, Trasadingen, Switzerland) and cultured for 3 days until
confluence with daily medium replacement. Uptake experiments were performed
as previously described, with modifications (Yamamoto et al., 2007; Karbanova
et al., 2017). In brief. experiments were performed in 0.25 ml of control
(Na*-containing) buffer (140 mM NaCl, 5.4 mM KCI, 1.8 mM CaCl,, 0.8 mM
MgS04, 5 mM glucose, and 25 mM Tris) or Na™-free buffer (Na™ was replaced by
N-methyl-p-glucamine). Two model substrates of nucleoside transporters, [*H]-
adenosine (17.4 nM) and IXH]—thymidmc (5 nM). were used as positive controls
(Molina-Arcas et al., 2009) at a final activity of 0.4 pCi/ml. Time-dependent
uptakes of |3H]-ﬂdenosine(17.4 nM), |3H]-1hym1(]ine (5 nM), and |3H]—abﬂ0ﬂv1r
(10 uM) in both Na*-containing and Na*-free buffers were assessed. Based on
time-course data, the effect of NBMPR (0.1 or 100 uM) or uridine (5 mM) as
control inhibitors on |1H]-1dEIlOSiIlE (17.4 nM) and IQH]-’lbacavir (10 uM)
accumulation was subsequently evaluated over 5- and I-minute intervals,
respectively. Before the start of the experiment, cells were preincubated for
10 minutes in the respective buffer with or without the aforementioned inhibitors.
Accumulation was stopped by quick aspiration of the radioactivity-containing
bufter. Then, cells were washed twice with 0.75 ml of buffer containing the
appropriate inhibitor, after which the cells were lysed in 0.02% SDS. The
intracellular concentrations of radioisotopes were determined and normalized
against the protein content (Pierce BCA Protein Assay Kit: Thermo Fisher
Scientific).

Ex Vivo Accumulation Studies in Fresh Villous Fragments from Human
Placenta. Ex vivo analysis of [*H]-abacavir uptake by the human placenta was
performed using the method of accumulation in fresh villous fragments of
human placentas at term (Atkinson et al., 2006: Greenwood and Sibley, 2006:
Neumanova et al., 2015; Karbanova et al., 2017). In brief, placentas were
collected at term after uncomplicated pregnancies (after 38-40 weeks of
gestation) from women at St. Mary’s Hospital (Manchester. UK) or from the
University Hospital (Hradec Kralove, Czech Republic) after receiving the
women’s written informed consent as approved by the Local Research Ethics
Committees (REC 12/NW/0574 and 2010065 15P, respectively). Small fragments
of villous tissue were dissected within 30 minutes of delivery, appropriately
washed in either Na*-containing Tyrode’s buffer (135 mM NaCl, 5 mM KCL
1.8 mM CaCl,. | mM MgCl,, 10 mM HEPES, 5.6 mM glucose, pH 7.4) or Na*-
free Tyrode’s buffer (Na* was replaced by choline chloride). and then tied to
hooks. Before the experiments, the fragments were stabilized for 30 minutes in a
1:1 mixture of Na™-containing or Na*-free Tyrode’s buffer and Dulbecco’s
modified Eagle’s medium (4 ml). Initially, we determined the time courses of
|3H]—1dcnos1nc (0.5 uCifml; 21.8 nM), |3H]—1hymidme (0.5 pCi/ml; 6 nM), and
[*H]-abacavir (0.5 pCi/ml, 5 uM)uptakes in control butfer with/without NBMPR
(100 wM) or in the absence of Na* to confirm ENT and CNT activity in placental
fresh villous fragments. Based on the time-course data, we next investigated the
effect of selected inhibitors (NBMPR at 100 and 0.1 pM, or uridine at 5 mM) on
|3H]—1denosme and |3H]-'1baczw1r uptake after 5 minutes of incubation. To
terminate accumulation and remove extracellularly bound isotope, fragments
were vigorously washed twice in an excess of ice-cold Tyrode’s buffer containing
the appropriate inhibitor for 15 seconds. Villous fragments were subsequently
stored in distilled water for 18 hours, and the quantity of radioisotope released was
determined. The fragments were then removed from the water and dissolved in
0.3 M NaOH for 10 hours at 37°C, after which fragment protein content was
quantified using the Bradford protein assay (Bio-Rad). Finally, the NaOH lysate
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was analyzed for tissue-bound radioisotopes: samples were excluded from further
analysis if the lysate’s radioisotope content was above 1% of the amount of tracer
added.

Preparation of MVM Vesicles and Uptake Assays. MVM vesicles were
used to directly analyze the role of ENTs in [*H]-abacavir transport across the
apical plasma membrane of the human syncytiotrophoblast layer. Human
placentas were obtained as described in the previous paragraph. MVM vesicles
were isolated by Mg?* precipitation and differential centrifugation (Glazier et al.,
1988: Ceckova et al., 2016). The final MVM pellet was resuspended in
intravesicular buffer (290 mM sucrose, 5 mM HEPES, and 5 mM Tris, pH
74), vesiculated by passing 15 times through a 25-gauge needle, stored at 4°C,
and used within 3 days of isolation or frozen at —80°C and equilibrated to room
temperature on the day of the experiment. Comparable uptake rate in fresh and
thawed vesicles was verified before initiation of uptake experiments. The MVM
protein concentration was determined using the BCA assay. Optimal purity was
confirmed by measuring the enrichment of MVM alkaline phosphatase activity
related to the placental homogenate, whereas vesicle orientation was evaluated by
comparing specific alkaline phosphatase activity upon addition of detergent, as
described previously (Glazier et al., 1988). The alkaline phosphatase enrichment
factor was 25.2 * 6.39 (mean * S.D.. n = 8). and percentage of physiologically
orientated vesicles was 87.2% = 8.79%. documenting that potential contamina-
tion of the MVM vesicles with basal plasma membrane and/or intracellular
membranes was negligible (Glazier et al., 1988: Mahendran et al., 1994: Godfrey
et al., 1998: Harrington et al., 1999), and thus, the quality of MVM vesicles was
sufficient for functional study of apically localized placental ENTs and CNTs.
Uptake of [*H J-adenosine (3.3 pCi/ml: 0.145 uM). [*H J-thymidine (3.3 pCi/ml;
1 uM), and |3H]—abacavir (0.5 wCi/ml; 5 uM) into MVM vesicles was measured
at room temperature using a rapid vacuum filtration approach (Glazier and Sibley,
2006). MVM vesicles (10-20 mg protein/ml) were equilibrated to room
temperature (21°C-25°C) prior to uptake. Ten microliters of MVM was
preincubated for 10 minutes with or without inhibitor (0.1, 100 uM NBMPR:
I mM uridine; or | mM adenosine)in extravesicular buffer (145 mM NaCl, 5 mM
HEPES, and 5 mM Tris, pH 7.4 for Na™free buffer, KCI was used instead of
NaCl). Uptake of |’XH]-’ld€llOSi1lC. |1H]-[hymidine. or |3H]-ﬂbacavir was initiated
by adding the substrate diluted in extravesicular buffer to the preincubated MVM
vesicles. Uptake was halted after defined time points by adding 2 ml of ice-cold
stopping buffer (130 mM NaCl 10 mM Na;HPOy, 4.2 mM KCI, 1.2 mM MgSOy,
0.75 mM CaCl,, pH 7.4) with 100 pM NBMPR where appropriate and
subsequent filtering through a 0.45-um mixed cellulose ester filter (MF-
Millipore membrane filter HAWP02500: MilliporeSigma, Burlington, MA)
under vacuum. Filters were washed with 10 ml of stopping buffer, and the
filter-associated radioactivity was determined. No protein controls (in which the
MVM vesicle protein was replaced with intravesicular buffer) were analyzed in
parallel to determine tracer binding to the filter, which was subtracted from the
total vesicle count. Unspecific binding of all three compounds to the plasma
membrane was excluded by measuring time zero uptakes, showing comparable
values to the no-protein controls.

In Situ Dual Perfusion of the Rat Term Placenta. Transplacental transport
of [*H]-abacavir was measured using dually perfused rat term placentas in open-
and closed-circuit setups as described previously (Neumanova etal., 2014, 20135,
2016: Ceckovaetal., 2016: Karbanova et al.. 2017: Cerveny et al., 2018). At the
end of each experiment, the placenta was perfused with radioactivity-free buffer
for 10 minutes, then excised from the uterine tissue and dissolved in Solvable
tissue solubilizer (PerkinElmer, Waltham, MA), after which tissue-bound IXH]—
abacavir was determined.

An open-circuit perfusion system was used to assess the effect of NBMPR (0.1
and 100 wM) oruridine (5 mM) on matemal-to-fetal (M—F) and fetal-to-maternal
(F=M) clearances of [’H -abacavir at an activity of 0.06 pCi/ml, corresponding
to a concentration of 300 nM. The appropriate inhibitor was added to both
reservoirs immediately after successful surgery, and [*H-abacavir was added to
either the matermal (M—F studies) or the fetal (F=M studies) reservoir. After a
S-minute stabilization period, sample collection was started (this experimental
time point was designated 0 minutes). Fetal effluent samples were collected at
S-minute intervals and placed in preweighed vials, after which [*H]-abacavir
concentration was determined and the transplacental clearance was calculated as
described previously (Neumanova et al., 2014, 2015).

A closed-circuit (recirculation) perfusion system was used to further study the
involvement of ENTs in transplacental abacavir transport. The maternal and fetal
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sides of the placenta were infused with equal concentrations of [*H]-abacavir
(0.06 pCi/ml, 300 nM). NBMPR (0.1 uM) was then added into both
compartments, and after a 5-minute stabilization period, the fetal perfusate
(10 ml) was recirculated for 60 minutes. Samples (250 wl) were then collected
every 10 minutes from the maternal and fetal reservoirs.

Radioisotope Analysis. The concentrations of |'1H]—adcnnsinc. |“H]—
thymidine. and [*HJ-abacavir in experimental samples were measured by liquid
scintillation counting (Tr-Carb 2910 TR: PerkinElmer). Tested concentrations of
|]H]—adennsme, I]H]—[hymldme, and |]H]—abﬂcav1r differed among experimental
procedures, as the lowest possible concentrations providing sufficient activity
measurable in respective experimental systems were used; the low concentrations
prevented transporter saturation, guaranteeing method sensitivity. The radioiso-
topes have been previously used to investigate their interactions with membrane
transporters (Pan et al., 2007; Shaik et al., 2007; Chishu et al., 2008; Giri et al.,
2008: Neumanova et al, 2015; Karbanova et al., 2017). The radioisotope
quantitation of [*H]-adenosine and [*H]-thymidine is complicated by its extensive
placental metabolism (Dancis et al.. 1993: Acevedo et al., 1995). Since the major
metabolites are not transported by ENTs (Osses et al., 1996). it can be assumed
that these had a negligible impact on the uptake studies.

Statistical Analyses. Quantitative PCR data were processed using the
nonparametric unpaired Mann-Whitney fest or the parametric unpaired two-
tailed Student’s ¢ test where appropriate. Results collected from accumulation
studies in BeWo cells and dual-perfusion studies on rat placentas were processed
by parametric unpaired two-tailed Student’s  test and one-way analysis of

Cerveny et al.

Rat

1. End-point PCR analysis of hSLC29A1/rSlc29al and
hSLC29A2/rSlc29a2 mRNA expression in BeWo cells and term
human and rat placentas. The expected sizes of the PCR products
were 512 bp for hSLC29A1, 470 bp for hSLC29A2, 400 bp for
rSlc29al, and 302 bp for rSic29a2.

rSlc29a1 rSic29a2

variance after a post hoc Dunnett’s multiple comparison test. Uptake studies on
fresh villous fragments and vesicles prepared from human placentas were
analyzed using the nonparameric unpaired Kruskal-Wallis test following Dunn’s
multiple comparison test and multiple and nonparametric Wilcoxon matched-
pairs signed rank tests, respectively. All statistical calculations were performed
with GraphPad Prism 7.04 (GraphPad Software, La Jolla, CA).

Results

End-Point PCR Analysis of SLC29A41 and SLC29A2 mRNA
Expression in BeWo Cells Human and Rat Term Placentas. We
first confirmed the expression of SLC29A7 and SLC29A2 mRNA
(encoding ENT1 and ENT2, respectively) in BeWo cells and human
and rat term placentas. Amplicons specific for the primer pairs used
(512 bp for ASLC29A1 and 470 bp for hSLC29A2; 400 bp for rSlc29al
and 302 bp for rS8lc29a2) were detected in all tested samples (Fig. 1).

In Vitro Investigation of Nucleoside Transporters’ Role in [*HJ-
Abacavir Uptake Using BeWo Cells. BeWo cells were used as a
simple in vitro model of the placental barrier to investigate potential roles
of ENTs and CNTs in the transplacental kinetics of abacavir. We first
analyzed time-dependent uptake of [*H]-adenosine (17.4 aM), [*H]-
thymidine (5 nM), and [3H]fahacavi1' (10 uM) (Fig. 2, A—C), showing a
significant effect of Na* depletion on [3H]fadcnosinc and [3H]—abacavi1'.
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Fig. 2. In vitro accumulation study in choriocarcinoma-derived BeWo cells. Time-dependent uptakes of [*H]-adenosine (17.4 nM) (A), [ng—rhymidine (5nM) (B), and [*H]-
abacavir (10 uM) (C) in control (Na"-containing) buffer and under Na* depletion showed that [*H]-adenosine and [*H]-abacavir, but not [%Hl-dﬁym.idine. intracellular
concentrations were reduced by Na® depletion. NBMPR (0.1 and 100 uM), uridine (5 mM), and Na* depletion significantly reduced intracellular concentrations of [*H]-
adenosine (D) and [*H]-abacavir (E) over 5- and 1-minute accumulations, respectively. Each value is reported in picomolar per microgram protein as the mean + S.D.; n =
4 for time-dependent uptakes and n = 5 for accumulation at selected time points. The parametric unpaired two-tailed Student’s 7 test (A—C) and one-way analysis of variance
with Dunnett’s post hoc test (D and E) were used to evaluate the difference from control samples. Statistical significance is denoted (*P = 0.05; **P = (0.01; ***P = (.001).
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Subsequently, NBMPR (0.1 and 100 pM), uridine (5 mM), and Na*  period, none of the tested inhibitors revealed a significant effect on [3H]—
depletion were shown to reduce [3H]—a(Icnosincuptakcovch minutes of  abacavir uptake into fresh villous fragments after 5 minutes of
incubation by more than 70% relative to an uninhibited control (Fig.  incubation (Fig. 3E).
2D). These results confirmed the activity of ENT1 and CNTs in BeWo Investigation of Nucleoside Transporters” Effects on [*H]-
cells. All tested inhibitors affected 1-minute accumulation of [3H]f Abacavir Uptake into Human Placental MVM Vesicles. Because
abacavir in a similar but less-pronounced fashion, reducing its uptake by~ of the discrepancies between our in vitro and ex vivo results, we
around 30% (Fig. 2E), suggesting a contribution of ENT1 and other Na*-  evaluated the role of ENTs and CNTs in [*H]-abacavir uptake directly in
dependent transporters, most likely CNTs, to [3H]—abacavir membrane  MVM vesicles. [BH]—A(Icnosinc (0.145 uM), [BH]—thymi(Iinc (1 uM),
transfer. and [BH]fabacavir (5 uM) showed time-dependent accumulation into
Ex Vivo Analysis of Nucleoside Transporters’ Role in PH]- MVM vesicles (Fig. 4, A—C). As observed in villous fragments, the
Abacavir Uptake by Human Fresh Villous Placental Fragments. uptakes were insensitive to Na* depletion, confirming no or negligible
We performed ex vivo accumulation studies with fresh villous fragments  functional expression of CNTs in the apical membrane of the term
isolated from the human placenta to evaluate the role of ENTsand CNTs  placenta. Addition of NBMPR (0.1 or 100 M) or uridine (1 mM)
in abacavir uptake. We observed that the placental fragments exhibited a  caused significant reduction in the I-minute accumulation of [PH]-
time-dependent increase in [3H]7a(lcnosinc (21.8 nM) and [BH]f adenosine (Fig. 4D), indicating the functional activity of ENTs in MVM
thymidine (6 nM) accumulation without any significant effect of Na*  vesicles. A similar inhibition pattern was observed in the case of [BH]—
depletion (Fig. 3, A and B). This suggests no or negligible activity of  abacavir (Fig. 4E) over l-minute uptake. Furthermore, we tested the
CNTs in the apical membrane of the term placenta. NBMPR (100 M)  inhibitory potential of adenosine (I mM)in [3H]fabacavir accumulation,
reduced time-dependent accumulation of both model substrates, con-  revealing an effect comparable to uridine (1 mM). A significant effect of
firming ENT activity (Fig. 3, A and B). Overa 5-minute [BH]—a(lcnosinc 100 uM NBMPR on [3H]—ahacavir uptake into MV M vesicles was also
accumulation period, the effect of treatment with NBMPR at 0.1 uM  observed over 5- and 10-minute incubations (Fig. 4C).

was similar to that for treatment at 100 uM (Fig. 3D), indicating that, of In Situ Open-Circuit Perfusion of the Rat Term Placenta; Effect
the ENTs, ENT1 is a dominant adenosine placental transporter; in - of ENTs on Transplacental [JHI-Abacavir Clearance. Because
contrast, uridine (5 mM) had no significant effect (Fig. 3D). uptake studies performed in vitro and using MV M vesicles had indicated

The accumulation of [3H]—abacavir was also time-dependent, al-  that ENTs may drive placental [BH]—ahacaviruplakc,wcinvcs[iga[cd the
though it was insensitive to both the presence of NBMPR (100 M) and  ability of rat Ent(s) to facilitate abacavir transfer across the placental
depletion of Na* (Fig. 3C). Moreover, upon a 3-minute incubation  barrier. Treatment with NBMPR (0.1, 100 uM) or uridine (5 mM)
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. Ex vivo accumulation studies in human placental fresh villous fragments. Time-dependent uptakes of [*H]-adenosine (21.8 nM) (A), |3H|fﬂ1ynljdine (6 nM) (B), and
[*H]-abacavir (5 M) (C) in control (Nu*{nnmininég) buffer, under Na* depletion, or in the presence of NBMPR (100 uM) showed that exposure to NBMPR (100 pM)
resulted in decreased intracellular accumulation of [*H]-adenosine and [*H J-thymidine, but not [*H]-abacavir, whereas Na* depletion did not exhibit any effect. (D) Over a
5-minute accumulation, uptake of [*H]-adenosine was significantly slowed by the inhibitor NBMPR (0.1 and 100 uM). (E) None of the tested inhibitors significantly affected
accumulation of [*H]-abacavir. Data are presented as the median of picomolar per microgram protein with interquartile range: n = 3 for time-dependent accumulation and n =
6 for evaluation of effects of selected nucleoside transporters” inhibitors at 5-minute time point (# = number of placenta donors). Statistical significance was evaluated using
the nonparametric Kruskal-Wallis test followed by post hoc Dunn’s multiple comparison test. Significant differences relative to the control are labeled (*P = 0.05; **P =

0.01).
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Fig. 4. Ex vivo accumulation studies in human MVM vesicles isolated from human
|3H|-d1ymidine (1 uM) (B), and [*H]-abacavir (5 ©M) (C) in control (Na*-containing)

term placentas. Time-dependent uptake studies with [*H]-adenosine (0.145 uM) (A),
buffer, under Na™ depletion, or in the presence of NBMPR (100 M) showed that Na*

depletion did not cause any significant effect on [’H]-adenosine, |3H|-thymidine. or [*H-abacavir, and NBMPR (100 uM) significantly slowed [*H]-abacavir accumulation.
One-minute accumulation of [*H]-adenosine (D) and 5 M [*H]-abacavir (E) was significantly decreased in the presence of NBMPR (0.1 or 100 xM) or uridine (1 mM).
Additionally, adenosine (1 mM) showed a significant effect on [°H]-abacavir uptake. The data are presented as the median with interquartile range (n = 3 for time-dependent
uptakes and n = 9 for l-minute accumulation studies). Significance was evaluated by multiple nonparametric Wilcoxon matched-pairs signed rank tests; significant

differences relative to the control are denoted (*P = 0.05; **P = 0.01).

caused similar and significant changes in total [*H]-abacavir trans-
placental clearance, reducing it by ~50% in both the M—F (Fig. 5A) and
F—M (Fig. 5B) directions. This strongly suggests that Entl does
participate in abacavir transport across the rat term placenta into fetal
circulation. In all cases, the proportion of placental tissue-bound [PH]-
abacavir was below 1% (data not shown).

In Situ Closed-Circuit Perfusion of the Rat Term Placenta;
Effect of NBMPR (0.1 M) on Fetal-To-Maternal Transport of
[*H]-Abacavir at Equilibrium. To further study transplacental abacavir
transport, both sides of the placenta were perfused with the concentration
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of [*HJ-abacavir (300 nM) used in the closed-circuit experimental setup,
and we analyzed the time course of [*H]-abacavir fetal concentration
(Fig. 6A). The fetal-to-maternal concentration ratio after 60 minutes of
recirculation was subsequently quantified (Fig. 6B). NBMPR at a
concentration of 0.1 uM significantly slowed F—=M transport of [H]-
abacavir (Fig. 6A), increasing the fetal-to-maternal concentration ratio
(Fig. 6B). This suggests that NBMPR (0.1 M) might inhibit Entl- or
Entl-like uptake of [PH]-abacavir on the basal membrane of the

syncytiotrophoblast in the rat term placenta, thus abolishing F—=M

transfer of [*H]-abacavir against the concentration gradient in rats.

Fig. 5. Open-circuit perfusion experiments;
effect of ENTs on transplacental clearance of
[*H]-abacavir (0.06 wCi/ml, 300 nM) in the
M—=F (A) and F—=M (B) directions. Both
NBMPR (at concentrations of 0.1 or 100 xM)
and uridine (5 mM) significantly reduced
transplacental [*H]-abacavir clearance in both
directions, implying Entl facilitates abacavir
passage across the placenta. The proportion of
[*H]-abacavir bound to placental tissues was
below 1% in all cases (data not shown). Data
are presented as the mean * SD., n = 4.

total maternal-to-fetal transplacental
total fetal-to-maternal transplacental

Significance was evaluated by one-way analy-
sis of variance followed by post hoc Dunnett’s
multiple comparison test; statistically signifi-
cant differences from the control are denoted
(*P = 0.05; **P = 0.01; ***P = (.001).
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Fig. 6. Closed-circuit perfusion experiments;
effect of NBMPR (0.1 uM) on fetal-to-
maternal transport of |3H|—abucuvir (300 nM)
at equilibrium. We analyzed the time course of
the fetal [*H]-abacavir concentration (A) and
used the fetal-to-maternal concentration ratio to
quantify the drug’s transport after 60 minutes of
recirculation (B). Adding NBMPR (0.1 uM) to
both compartments significantly slowed the
overall [*H]-abacavir transfer against the con-
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centration gradient in the maternal-to-fetal
direction, leading to a significant increase in
the fetal-to-maternal concentration ratio after
60 minutes. Results are presented as the mean

+ S.D. Significance was evaluated by one-way

time (min)

Quantitative  Reverse-Transcription PCR  Analysis  of
hSLC29A1/rSIc29al and hSLC29A2/rSlc29a2 Expression in First-
and Third-Trimester Human Placentas, Rat Term Placentas, and
BeWo Cells. To date, mRNA expression of placental SLC29A/Sle29a
transporters has been quantitatively assessed only in term placentas of rats
(Leazer and Klaassen. 2003 Nishimura et al., 2012), not in BeWo cells or
human first-/third-trimester placentas. The normalized expression of
hSLC29AT in first- and third-trimester human placentas was significantly
greater than that of hSLC29A2 (by a factor of around 30); the level of
hSLC29A2 mRNA was below the limit of detection in two samples of both
first- and third-trimester placentas (Fig. 7A). For both ASLC29A1 and
hSLC29A2, the level of mRNA in the first-trimester placenta was similar to
that in the third. However, both genes exhibited considerable interindivid-
ual variability; in the case of hSLC29A2, the observed levels varied over
two orders of magnitude (Fig. 7A). The expression of rSle29al in the rat
term placentas was 15-fold stronger than that of rSlc29a2 (Fig. 7B), further
confirming the published data, and the expression of hSLC29A1 in BeWo
cells was 40-fold higher than that of hSLC29A2 (Fig. 7C).

analysis of variance followed by post hoc
Dunnett’s multiple comparison test; significant
differences relative to the fetal concentration
(A) or results for control animals (B) are
denoted (***P = (.001) and are based on n =
3 measurements in all cases.

transplacental pharmacokinetics (Brownbill et al., 2016). As abacavir
is a nucleoside analog, our study is the first attempt to investigate the role
of nucleoside transporters in its transplacental transfer.

We first confirmed the presence of SLC29A[1 and SLC29A2 mRNA in
the BeWo cell line and human/rat term placentas (Fig. 1). Subsequently,
we used the accumulation method in BeWo cells, a well established
in vitro model for studying drug interactions with placental ABCB1 and
ABCG?2 transporters (Utoguchi et al., 2000; Ceckova et al., 2006) as
well as with SLC transporters (Boumah et al., 1992; Mani et al., 1998;
Yamamoto et al., 2007; Nabekura et al., 2015; Karbanova et al., 2017;
Ma et al., 2017). The presence of functional ENTs in BeWo cells has
previously been confirmed by binding assays with NBMPR and by
observing the effect of NBMPR on the accumulation of thymidine
(Boumah et al., 1992; Mani et al., 1998; Karbanova et al., 2017).
Recently, we have shown that our clone of BeWo expresses SLC28A2
and lower levels of SLC28A3 mRNA (Jiraskova et al., 2018). Here, we
observed the effect of Na* depletion on [BH]faclcnosinc (CNT2 and
CNT3 substrate) but not [BH]fthymi(linc (CNT1 and CNT3 substrate)
(Molina-Arcas et al., 2009) (Fig. 2, A and B). Therefore, we suggest the
functional expression of only CNT2 in BeWo cells. As [3H]fabacavir

Discussion uptake into BeWo cells was sensitive to Na* depletion (Fig. 2, C and E),
To fully assess the safety profile of pharmacotherapy in pregnant  we concluded that CNT2 may contribute to this phenomenon. Subse-
women, it is important to understand factors potentially affecting quently, we used [BH]—a(lcnosinc to study the effects of particular
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Fig. 7. Quantitative reverse-transcription PCR analysis of ASLC29A1/rSlc29al and hSLC29A2/rSlc29a2 mRNA expression in first- and third-trimester human placentas (A),
rat term placentas (B), and BeWo cells (C). Gene expression levels were normalized against the geometric mean expression of two housekeeping genes: GAPDH and B2M
for human samples, and Gapdh and Ywhaz for rat samples. Data are reported in arbitrary units (a.u.) as the median with interquartile range (A and B) ormean = S.D. (C);n =
14 for third-trimester human placentas and BeWo samples, n = 7 for first-trimester human placentas, and n = 5 for rat placentas. Statistical significance for human and rat
placenta samples was evaluated using the nonparametric unpaired Mann-Whitney test (**P = 0.01; ***P = 0.001). The parametric unpaired two-tailed Student’s ¢ test

(*#*pP = 0.001) was used to evaluate significance for BeWo cells.
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inhibitors because its structure resembles abacavir more closely than
does that of thymidine. NBMPR at both tested concentrations (0.1 and
100 M) and uridine (5 mM) induced comparable reductions in PH]-
adenosine uptake into BeWo cells (Fig. 2D), indicating that the observed
effect was solely due to ENT1. Time-dependent uptake and a similar
pattern of NBMPR effects were observed with [PH]-abacavir, suggesting
that abacavir uptake into BeWo cells is driven by ENT1 without any
detectable contribution of ENT2 (Fig. 2, C and E).

To further study the nucleoside transporter-mediated placental uptake
of abacavir, we investigated its accumulation into fresh villous fragments
that have been previously used to study human placental amino acid
transport (Greenwood and Sibley, 2006) and the interactions of abacavir
with ABCBI and ABCG2 (Neumanova ct al., 2015) and zidovudine/
emtricitabine with ENTs (Karbanova et al., 2017). We validated this
experimental model using [PH]-adenosine and [3H]flhymi(linc. observing
time-dependent uptakes. Significant sensitivity to treatment with 100 M
NBMPR confirmed functional ENT expression; however, we did not see
any effect of Na* depletion (Fig. 3, A and B). Five-minute experiments
with [3H]7aclcnusinc in the presence of NBMPR (0.1 uM) reinforced the
conclusion that placental [*H]-adenosine uptake is substantially driven by
ENT1 (Fig. 3D). The overall influence of the tested inhibitors on [3H]—
abacavir accumulation was negligible (Fig. 3E). Lack of a significant role
of ENTs on [*H]-abacavir uptake in villous fragments might be caused by
a lower affinity of abacavir to ENT1 compared with adenosine and/or
higher lipophilicity (abacavir log P = 1.2 vs. adenosine log P = —1.05),
potentially leading to increased uptake into other cell types (e.g.,
macrophages, endothelium, and/or smooth muscle cells) (Greenwood
and Sibley, 2006).
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Given the discrepancy between results in villous fragments and BeWo
cells, we performed accumulation studies directly in human placenta-
derived MVM vesicles (Glazier and Sibley, 2006). This method has
previously been used to investigate the role of nucleoside transporters in
placental nucleoside uptake (Barros et al., 1991; Errasti-Murugarren
et al, 2011). We observed time-dependent [3H]fa(lcnnsinc, [3H]—
thymidine, and [*H]-abacavir uptakes, and by comparing the inhibitory
potencies of two NBMPR concentrations (0.1 and 100 pM), we
confirmed ENTI-mediated uptake of [BH]—ﬂ(lcnosinc and [3H]—
abacavir by the MVM vesicles (Fig. 4). On the other hand. the uptakes
were insensitive to Na* depletion (Fig. 4), which is in line with previous
findings drawn from studies in human (Barros etal., 1991) and rat MVM
vesicles (Nishimura et al., 2012) and our observations in villous
fragments (Fig. 3).

The different effects of Na* depletion in BeWo cells and ex vivo
human placental models can be explained by a three-orders-of-
magnitude higher expression of SLC28A2 (coding for CNT2) in BeWo
cells when compared with the human placenta (Jiraskova et al., 2018).
Moreover, the lack of CNT effect seems to be in accordance with the
observation by Govindarajan et al. (2007), who did not detect any
protein expression of CNTs in the trophoblast layer of the term placenta.
Because the levels of CNTs increase over the course of gestation
(Jiraskova et al., 2018), we do not hypothesize that CNTs are involved in
maternal-placental transfer in earlier phases of gestation either.

In the next step, we used an in situ model based on dually perfused rat
placentas in open- and closed-circuit setups to evaluate the overall
contribution of Ent(s) to transplacental abacavir Kinetics at the organ
level. Dual perfusion of the rat term placenta is an established and well

Syncytiotrophoblast
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side

ENT1-like

Fig. 8. Hypothesized role of ENT1, ENT1-like, ABCB1, ABCG2,
and passive diffusion in the transfer of abacavir across the
syncytiotrophoblast when the maternal abacavir concentration is
higher than the fetal concentration (A) and at equilibrium (B). In the
former case, ENT1 and passive diffusion transfer abacavir
unidirectionally from the maternal to the fetal circulation, out-
weighing the efflux activity of ABCB! and ABCG2. At
equilibrium, ABCBI/ABCG2 activity probably creates transient
concentration gradients on both poles of the syncytiotrophoblast
that may drive passive abacavir uptake (via passive diffusion and
diffusion facilitated by ENT1 on the apical membrane and ENT1-
like on the basal membrane) back into the syncytiotrophoblast.
However, when the intracellular concentration exceeds the fetal
concentration, we assume that ENTI-like- and passive diffusion—
mediated transport act in opposite directions. We thus speculate that
passive transport of abacavir is unidirectional on the apical
membrane but may be bidirectional on the basal membrane.

Diffusion
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justified method that has been used to investigate the interactions of
placental ABC and SLC transporters with various drugs, including
abacavir (Ahmadimoghaddam et al., 2012; Ahmadimoghaddam and
Staud, 2013; Neumanova etal., 2014, 2015, 2016; Ceckovaetal., 2016).
ENTs in the placenta of Wistar rats have been functionally characterized
by analyzing adenosine uptake from the maternal blood circulation into
the feto-placental unit and into MVM vesicles prepared from the rat
placenta (Nishimura et al., 2012). In the open-circuit setup, all tested
inhibitors substantially reduced the total clearance of [3H]fabacavir in
the M—F and F—M directions in a comparable manner (Fig. 5). These
results suggest that ENT1 is an important transporter for more than just
placental uptake, and that it also mediates the transport of abacavir into
fetal circulation. The effect of Na* depletion could not be investigated in
this model, as this condition deleteriously affected the rat term placenta,
causing edema and high pressure during the experiment. In closed-
circuit dual-perfusion experiments, NBMPR (0.1 uM) significantly
reduced fetal-to-maternal transport of [*H]-abacavir (Fig. 6). This was
surprising because inhibiting apically localized Entl should have the
opposite effect, further reducing the abacavir concentration in fetal
circulation. However, our observation seems to be consistent with
previous reports describing Entl-like activity on the basal membrane of
the syncytiotrophoblast (Barros et al., 1995; Govindarajan et al., 2007;
Errasti-Murugarren et al., 2011). When considering our previously
published data (Neumanova et al., 2015) and the data presented here, we
hypothesize cross-talk among placental ABCB1, ABCG2, and ENT1
that might differ at concentration equilibrium and when the maternal
abacavir concentration is higher than the fetal concentration (Fig. 8).

In the next step, we quantified the mRNA expression in the placental
models/tissues showing that h1SLC29A1 is the dominantly transcribed
ENT in BeWo cells and in the first- and third-trimester human placenta
(Fig. 7), and we confirmed a previously reported expression profile of
rSlc29a expression in rat term placenta (Leazer and Klaassen, 2003;
Nishimura et al., 2012). Low hSLC29A2 placental expression may thus
hamper the capability of our experimental models to detect abacavir
interactions with ENT2. In contrast to findings for other placental
transporters (e.g.. ABCB1, ABCG2, and CNTs) (Gil et al., 2005; Meyer
zu Schwabedissen et al., 2006; Jiraskova et al., 2018), the expression
of hSLC29A1 and hSLC29A2 did not change in the course of gestation
(Fig. 7A). On the other hand, considerable interindividual variability
was observed for both genes (Fig. 7A). Because the mRNA seems to
correlate with ENT1 function, as evidenced in pharmacoresistance
studies (Giovannetti et al., 2006; Marcé et al., 2006; Tsujie et al., 2007;
Eto et al., 2013), we hypothesize that the observed placental mRNA
variability might be reflected in protein/function level. Therefore, it may
represent a potential reason for differences in reported cord-to-maternal
blood concentration ratios (Chappuy et al., 2004; Best et al., 2006;
Fauchet et al., 2014).

This study provides the first evidence that ENTI is the dominant
placental ENT isoform showing significant uptake of nucleosides, whereas
ENT2 and CNTs do not exhibit any activity on the apical side of the
syncytiotrophoblast in the term placenta. We also showed for the first time
that the expression of SLC29A7 and SLC29A2 mRNA is comparable in the
first- and third-trimester placenta, although there is substantial interindi-
vidual variability in the expression of both genes. Drug-drug interactions
(c.g.. with suggested substrates of ENT ribavirin) and role of interindividual
variability in placental ENT1 expression in drug disposition into fetal
circulation of ENT substrates should be further investigated to guarantee
safe and effective abacavir-based combination therapies in pregnancy.
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ABSTRACT

Purpose S-(4-Nitrobenzyl)-6-thioinosine (NBMPR) is rou-
tinely used at concentrations of 0.10 uM and 0.10 mM to
specifically inhibit transport of nucleosides mediated by equi-
librative nucleoside transporters 1 (ENT'1) and 2 (EN'T2), re-
spectively. We recently showed that NBMPR (0.10 mM)
might also inhibit placental active efflux of [*H]zidovudine
and [*H]tenofovir disoproxil fumarate. Here we test the hy-
pothesis that NBMPR abolishes the activity of P-glycoprotein
(ABCBI) and/or breast cancer resistance protein (ABCG2).
Methods We performed accumulation assays with Hoechst
33342 (a model dual substrate of ABCBI and ABCG2) and
bi-directional transport studies with the ABCG2 substrate
[*H]glyburide in transduced MDCKII cells, accumulation
studies in choriocarcinoma-derived BeWo cells, and in situ
dual pertusions of rat term placenta with glyburide.

Results NBMPR inhibited Hoechst 33342 accumulation in
MDCKI-ABCG?2 cells (IC50= 53 uM) but not in MDCKII-
ABCBI and MDCKII-parental cells. NBMPR (0.10 mMj also
inhibited bi-directional [PH]glyburide transport across mono-
layers of MDCKII-ABCG?2 cells and blocked ABCG2-
mediated [*H]elyburide efllux by rat term placenta in situ,
Conclusion NBMPR at a concentration of 0.10 mM abol-
1shes ABCG2 activity. Researchers using NBMPR to evaluate
the effect of ENTs on pharmacokinetics must therefore inter-
pret their results carefully if studying compounds that are sub-

strates of hoth ENT's and ABCG2.
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ABBREVIATIONS

AB Apical-to-basolateral direction

ABC ATP-binding cassette

ABCBI P-glycoprotemn

ABCG2 Breast cancer resistance protein

BA Basolateral-to-apical direction
DMSO Dimethyl sulfoxade

ENT Equilibrative nucleoside transporter
MDCKIl cells  Madin-Darby canine kidney cells TI;
NBMPR S-(4-Nitrobenzyl)-6-thioinosine
NBTI S-(4-Nitrobhenzyl)-6-thioinosine

SLC Solute carrier

Tenofovir DF - Tenofovir disoproxil fumarate
INTRODUCTION

The purine nucleoside analogue S-(4-Nitrobenzyl)-6-thioino-
sine (NBMPR; NBTT) was reported in 1972 as a specific in-
hibitor of equilibrative nucleoside transporters (ENTs;
SLC29A). Since then, it has been used in hundreds of studies
on the functional activity of ENT's in experimental physiology
and pharmacology (e.g. (1-9).

ENTs are members of nucleoside transporter family; four
transporters in this class (ENT1—4) have been described to
date (10). ENT'1-3 are ubiquitous proteins belonging to the
solute carrier (SLC) transporter superfamily that mediate bi-
directional facilitated diffusion of nucleosides in tissues to
maintain nucleoside homeostasis (1 1-13). In addition to their
physiological role, they (especially ENTT and ENT2) affect
the pharmacokinetics of nucleoside-derived anti(retrojviral
and antitumor agents (4,8,10,14). ENT# is a pH-dependent,
evolutionarily divergent SLC transporter that transports
adenosine and organic cations, and is known as the plasma
membrane monoamine transporter (15).
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ENT1-3 can be functionally distinguished based on their
sensitivity to NBMPR: ENTT 1s the “NBMPR-sensitive”
transporter and is inhibited by NBMPR at nanomolar con-
centrations. EN'T2, the “NBMPR-insensitive™ transporter, 1s
inhibited by micromolar concentrations of NBMPR, while
ENTS3 is unaffected by NBMPR (10). NBMPR inhibits hu-
man, murine, and rat orthologues of EN'Ts and is experimen-
tally used at concentrations of 0.10 pM and 0.10 mM
(3,4,9,16=21). If treatment with 0.10 pM NBMPR reduces
the cellular uptake of nucleosides, this outcome is attributed
to spectfic inhibition of ENT'1. Any further reduction in nu-
cleoside uptake induced by 0.10 mM NBMPR is attributed to
ENT?2 inhibition (3-5,14,18).

We recently investigated the roles of EN'Ts (3,4,14) and
ATP-binding cassette (ABC) transporters, P-
glveoprotein (ABCB1) and breast cancer resistance protein
(ABCG2) (4,22-25), in the placental pharmacokinetics of
nucleoside-derived antivirals. Unexpectedly, we observed that
0.10 mM NBMPR blocks active fetal-to-maternal transport of
zidovudine and tenofovir disoproxil fumarate (tenofovir DF).
Because hoth zidovudine and tenofovir DI are substrates of
placental ABCB1 and ABCG2 (23,24), we hypothesized that
NBMPR inhibits the protective/efllux activity of ABCBI
and/or ABCG2 in the placenta.

Here, we present a vitro accumulation and transport studies
and m sttu experiments using dually perfused rat placenta con-
ducted to assess the mhibitory effect of NBMPR on the efflux
activity of ABCB1 and ABCG2 transporters.

MATERIALS AND METHODS
Chemicals

The inhibitor NBMPR, the ABCB1 and ABCG?2 substrate
Hoechst 33342, dimethyl sulfoxide (DMSO), and cell culture
reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The model ABCBI inhibitor 1.Y335979 was obtained
from Toronto Research Chemicals (North York, ON,
Canada), the ABCG2 inhibitor Kol43 (
Enzo Life Sciences (IFarmingdale, NY, US

) was obtained from

A), and the compet-
itive nucleoside transporter inhibitor uridine (10) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Opt-
MEM was obtained from Thermo Fisher Scientific
(Waltham, MA, USA). Radiolabeled [*H]glyburide (activity
8.5 Ci/mmol), a model substrate of ABCG2 (27
chased from PerkinElmer Life and Analytical Sciences
(Boston, MA, USA). The radiolabeled model nucleoside

was pur-

)

transporter substrate [*H]adenosine (activity 23 Ci/mmol)
(10,14) and the radiolabeled antiretrovirals [*H]zidovudine
(activity 6.7 Ci/mmol) and [*H]tenofovir DF (activities 3.8
and 1.2 Ci/mmol) were obtained from Moravek
Biochemicals (Brea, CA, USA). The scindllation solution for
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radioisotope detection was supplied by Sigma-Aldrich (St.
Louis, MO, USA).

Cell Lines

Madin-Darby canine kidney (MDCKII) cells IT transfected for
expression of human ABCBI and human ABCG2, as well as
MDCKII-parental cells, were obtained from Dr. Alfred
Schinkel (The Netherlands Cancer Institute, Amsterdam,
The Netherlands). MDCKII cells were grown in complete
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10% fetal bovine serum
(Sigma-Aldrich, St. Louis, MO, USA).
choriocarcinoma line BeWo were obtained from the
European Cell Culture Collection (ECACC; Salisbury, UK),

and were grown in Ham’s F-12 medium (Sigma Aldrich, St.

Cells of the human

Louts, MO, USA) supplemented with 10% fetal bovine se-
rum. Cells were routinely cultured in antibiotic-free media
and incubated in a humidified incubator at 37°C in an atmo-
sphere containing 5.0% COs. All experiments were per-
formed using cells from passages 5 to 25. DMSO was used
as the solvent for the compounds tested in the cellular experi-
DMSO
exhibited no undesirable effects when applied at this concen-
tration in control experiments.

ments, at concentrations not exceeding 0.20%.

Animals

Pregnant Wistar rats were obtained from Meditox s.r.o.
(Konarovice, Czech Republic) and Velaz (Prague,
Czech Republic). They were maintained under standard con-
ditions (12-h/12-h day/night, water and pellets ad libitum).
Experiments were performed on the 21st day of gestation.
Fasted rats were anesthetized by 1.v. administration of
40 mg/kg pentobarbital into the tail vein. All experiments
were approved by the Ethical Committee of the Faculty of
Pharmacy in Hradec Kralove (MSMT-4312/2015-8;
Charles University, Cizech Republic) and were conducted in
accordance with the Guide for the Care and Use of
Laboratory Animals (1996) (28) and the European
Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes (29).

Hoechst 33342 Accumulation Assays
To study the inhibitory potential of NBMPR towards ABCG2

and ABCBI, a Hoechst 33342 (8.0 pM) accumulation assay
was performed in MDCKII cells as described previously (&

).
The cells were preincubated over 15 min in Opti-MEM me-
dium containing NBMPR at concentrations ranging from
0.10 uM (the standard concentration used to inhibit EN'T'T)
to 0.20 mM (twice the concentration typically used to inhibit
hoth ENT'1 and ENT2) and then incubated over 30 min in
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the presence of both Hoechst 33342 and NBMPR at respec-
tive concentration. The effect of NBMPR was also compared
to that of the specific ABCG2 inhibitor Kol43 (2.0 pM).
Additional assavs were performed using MDCKII-parental
cells to evaluate the effect of endogenous canine transporters
in the MDCKII line.

Bi-Directional Transport across MDCKII-ABCG2
Monolayers

Based on the results of the accumulation assays, the movement
of the ABCG2 substrate ['H]glyburide across monolayers of
MDCKII-ABCG?2 cells grown on semipermeable membranes
was measured using a modified variant of a previously
reported protocol (26). Cells (6.0 % 10%) were seeded and cul-
tured for 72 h on microporous membrane inserts (3402,
3.0 pm pores, 12 mm diameter, Costar, Cambridge, MA,
USA) until a confluent monolaver was established. The mono-
layer was then pre-incubated for 30 min with 0.10 mM
NBMPR or 2.0 uM Kol43 in Opti-MEM medium, after
which the experiment was initiated by adding 22 nM
[*H]glyburide (corresponding to a final activity of 0.12 nCi)
to the donor compartments. Samples (50 pl) were then col-
,2,and 4 h.
Because ["H]glyburide has also been suggested to be a weak
ABCBI substrate (30,31), LY335979 (1.0 pM) was added to
the experimental media to abolish the activity of canine

lected from the opposite compartments after |

ABCBI. The medium was immediately removed at the
end of the incubation period, and the cells were washed
twice with ice-cold PBS. The inserts were then excised
and the cells were lysed in 0.020% SDS to determine
the level of intracellular radioactivity. Leakage of FITC-
dextran (0.50 mg/ml) (Sigma Aldrich, St. Louis, MO,
USA) was analyzed over the course of the transport
experiments; leakage rates of up to 1.0% per hour were
considered acceptable. The concentration of
[*H]glyburide was determined and the ratio (7 between
basolateral-to-apical (BA) and apical-to-basolateral (AB)
transport after 4 h was calculated in the presence and
absence of the inhibitors, as described previously
(16,23-26).

In Vitro Effects of NT Inhibitors on [3H]Tenofbvir DF Uptake
by BeWo Cells

Uptake experiments using ["H]tenofovir DF were performed
18
pre-incubated for 10 min in Na™-containing buffer at 37°C,
with or without an inhibitor (0.10 mM NBMPR or 5.0 mM

uridine), or in Na™ -free buffer (3,4,14,32). Each set was then

as described previously (3 14). Briefly, sets of cells were

) 3

incubated in 0.25 ml of buffer containing [*H]tenofovir DF
(0.26 puM; final actvity of radioisotopes 1.0 pCi/ml) under

otherwise identical conditions. [*H]tenofovir DF uptake was

5 min by rapidly aspiring the radioactivity-
containing buffer, washing twice with 0.75 ml portions of the

pre-incubation buffer (with or without inhibitor), then lysing

halted after

the cells in 0.020% SDS. [Slﬂadf'nnsim' at a concentration
corresponding to a final activity of 0.40 pCi (18 nM) was used
to evaluate the activity of nucleoside transporters in BeWo
(3,14).

cells, as described previously

1In Situ Dual Perfusion of the Rat Placenta in a Closed Circuit Setup

Both maternal and fetal sides of the placenta were infused
with non-saturating concentrations of [*H]glyburide
(7.0 nM), [*H]zidovudine (9.0 nM), or [*H]tenofovir DF
(50 nM) (in all cases, the radioisotope activity was
0.060 pCi/ml) and afier a brief stabilization period, the
fetal perfusate (10 ml) was recirculated for 60 min.
Samples (0.10 ml) were collected every 10 min from the
maternal and fetal reservoirs, and the concentrations of
the tested compounds were measured. This experimental
setup ensures a steady concentration on the maternal side
of the placenta and enables measurement of changes in
analyte concentrations in the fetal circulation. The extent
of substrate transfer across the placenta can then be quan-
tified in terms of the fetal/maternal ratio (calculated after
60 min recirculation); any net transfer of the substrate
from one side to the other implies transport against a
concentration gradient and thus provides evidence of
active transport.

Radioisotope Analyses

We quantified radioisotopes in experimental samples by liquid
scintillation counting using a Tri-Carb 2910 TR instrument
(PerkinElmer, Waltham, MA, USA), as described previously
(3,4,14,16,25-25). The concentrations of radioisotopes used
in the tests depended on the experimental system; in all cases,
the lowest concentration providing suflicient measurable ac-
tivity was used to minimize the risk of transporter saturation

and maximize the method’s sensitivity.

Statistical Analyses

All data are presented as means = SD from at least three
independent experiments. Statistical analyses were performed
using GraphPad Prism software version 8.2.1 (GraphPad
Software Inc., La Jolla, CA, USA). The probability of the null
hypothesis (P) was calculated using Student’s ¢ test or one-way
ANOVA followed by Dunnett’s multiple comparisons test or
Turkey’s multiple comparisons test, and results were consid-

ered significant if P<0.05.
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RESULTS

NBMPR (0.10 mM) Inhibits Active Fetal-to-Maternal
Transport of the Nucleoside-Derived Antivirals [3H]
Zidovudine and [*H]Tenofovir DF

Dual perfusion of rat term placenta in a closed circuit setup
(with identical maternal and fetal concentrations at the start of
the experiment) is a method for measuring the contributions
of active membrane transporters to placental pharmacokinet-
1cs. Changes n drug concentrations in the fetal perfusate can
be attributed to the involvement of active transporters in the
placental net transfer; if all such transporters are inhibited, the
ratio of fetal and to maternal concentrations (F/M) will he
approximately one. NBMPR (0.10 mM) increased the /M
ratio of [PH]tenofovir DT (50 nM) from 0.50 to 0.90, while F/
M ratio of [*H]zidovudine (9.0 nM) was raised from 0.70 to
1.0 (Fig. 1).

Inhibitors of Nucleoside Transporters Did Not Affect
[H]Tenofovir DF Uptake by BeWo Cells

NBMPR may block vectorial fetal-to-maternal transfer of
nucleoside-derived drugs controlled by EN'T's in the fetus-
facing (basal) membrane and/or ABC efflux transporters
mn the mother-facing (apical) membrane (14). Zidovudine
is not transported by ENTs (3,19,20), but it is a proposed
substrate of other transporters (33) including ABCBI and
ABCG2 (24). So, it can be hypothesized that decreased
fetal-to-maternal transport in the presence of NBMPR
(0.10 mM) can be caused by inhibition of placental
ABCBI and/or ABCG2. However, the interactions of
nucleoside transporters with tenofovir DI have not previ-
ously been investigated. We therefore performed accumu-
lation studies using radiolabeled tenofovir DF in the
BeWo cell line (3,4,8,14). After 5 min incubations at
37°C, neither NBMPR (0.10 mM) nor uridine (5.0 mM)
significantly reduced the uptake of [*H]tenofovir DF

(Ig. 2), indicating that EN'I's do not significantly facilitate

uptake of this compound by BeWo cells. To evaluate the
potential role of influx concentrative nucleoside transport-
crs in the net transfer of [BH]t('nofovir DF, we also mea-
sured its uptake under Na®-free conditions (14). The ab-
sence of Na™ had no effect on [*H|tenofovir DF uptake by
BeWo cells, indicating that uptake of this compound is
not mediated by concentrative nucleoside transporters.
Experiments were also performed using the general nucle-
oside transporter substrate [*H]adenosine (17 nM) as a
positive control. ["H]adenosine uptake was significantly
sensitive to all of the tested treatments, demonstrating that
ENT1, ENT2, and concentrative nucleoside transporter 2
were all expressed and functional in the BeWo cells
(Fig. 2) (14).

@ Springer

NBMPR Enhances Hoechst 33342 Accumulation
in MDCKII-ABCG2 Cells

We performed a Hoechst 33342 accumulation assay to test the
mhibition of ABCB1 and ABCG2 by NBMPR. No significant
differences in Hoechst 33342 accumulation were observed in
the control MDCKII-parental cell line, suggesting that its
transport is not influenced by any endogenous transporters
that might be affected by NBMPR or the model inhibitors
Kol43 (2.0 pM) and LY335979 (1.0 pM) (Fig. 3a). Changes
i Hoechst 33342 accumulation were also not observed in
MDCKII-ABCBI cells exposed to increasing concentrations
of NBMPR (Iig. 3b), but the ABCBI inhibitor LY335979
(1.0 uM) had significant effects. It can therefore be concluded
that NBMPR does not inhibit ABCBL. In MDCKII-ABCG2
cells, NBMPR concentrations above 50 pM caused significant
increases in Hoechst 33342 accumulation. NBMPR at a con-
centration of 0.10 mM inhibited ABCG2 by 69% (Fig. 5¢; the
level of inhibition in this case is expressed as a percentage of
that induced by treatment with 2.0 pM Ko143). The calculat-
ed 1C50 for NBMPR was 53 pM (Fig. 3d). These data indicate
that NBMPR is a potent ABCG2 inhibitor at concentrations
routinely used for specific inhibition of ENT2.

NBMPR Abolishes Transport of [JH]Gbeuride
across MDCKII-ABCG2 Monolayers

To further validate the results of the accumulation assays, we
tested the transport of the reported preferential ABCG2 sub-
strate ["H]glyburide (22 nM) (27) across MDCKIL-ABCG2
monolayers. The transport ratio (7) of [*H]glyburide after
4 h was 2.6 (Ig. 4). Adding the model ABCG2 inhibitor
Kol43 (2.0 pM) reduced 7 to 1.1, indicating that active
[*H]elyburide transport was fully inhibited (Fig. 4a, c). The
application of NBMPR (0.10 mM) also significantly reduced 7,
causing it to fall to 1.3 (Fig. 4b, ¢). However, the mbhibitory
effect of NBMPR was clearly weaker than that of Kol43
(2.0 uM) (Fig. 4c).

NBMPR Limits the Active Fetal-to-Maternal Efflux
of [*H]Glyburide in Closed Circuit Perfused Rat
Placenta

To determine whether the results obtained using @ vitro meth-
ods are consistent with organ-level outcomes, we performed in
situ experiments using dually pertused rat term placentas in a
closed circuit setup. In this system, [*H]glyburide was trans-
ported against the concentration gradient in the fetal-to-
maternal direction, causing its concentration in the fetal per-
fusate to fall from 7.0 nM at the start of the experiment to
4.9 nM after 60 min (Fig. 5a). 0.10 mM NBMPR significantly
inhibited this active fetal-to-maternal transfer of
[SH]glyhuri(lf' across the rat term placenta (Fig. 5b).

129



(2020) 37:58

Pharm Res

Page 50f9 58

1.5+ [3H]tenofovir DF (50 nM) [°H]zidovudine (9.0 nM)
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Fig. | Effect of NBMPR on fetal-to-maternal active transport of the known
ABCBI/ABCG2 substrates [3H]zidovudine and [BH:[tenofovir DFE NBMPR
(0.10 mM) increased the fetal-to-maternal (F/M) concentration ratio after
60 min recirculation of the fetal perfusate whereas uridine (5.0 mM) had no
detectable effect. Columns represent means + SD from three independent
experiments. Statistical significance was evaluated using one-way ANOVA fol-
lowed by Dunnett's multiple comparisons test; values differing significantly
from controls are labeled * (P < 0.05) or ** (P < 0.01).

DISCUSSION

We recently showed that maternal-to-fetal and fetal-to-
maternal transfer of zidovudine across the rat term placenta is
not mediated by ABCB1/ABCG2 and ENTs when a
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Fig. 2 Effect of NBMPR, uridine, and Na™-free conditions on [*Hltenofovir
DF uptake by BeWo celks. Neither NBMPR (0.0 mM), uridine (5.0 mM), nor
Na™ depletion affected the uptake of [3H]tenofovir DF (0.26 uM) by BeWo
cells over 5 min. [3H]adenosine (17 nM) was used as a positive control.
Columns represent means = SD from three independent experiments.
Statistical significance was evaluated using one-way ANOVA followed by
Dunnett's muttiple comparisons test; values differing significantly from controls
are labeled * (P < 0.05); ** (P < 0.01), or *** (P < 0.001).

concentration gradient exists (3,24). Conversely, ABCB1/
ABCG2 mediated active zidovudine transport from the fetal
compartment under conditions of concentration equilibrium
(24). In addition, we demonstrated that the placental kinetics
of tenofovir DI are significantly controlled by ABCB1/ABCG2
under both concentration gradient and equilibrium conditions
(23). In a parallel study, 0.10 mM NBMPR was surprisingly
found to inhibit active fetal-to-maternal transter of both
[*H)zidovudine and [*H]tenofovir DF (Fig. 1). The inhibitory
effect of NBMPR (0.10 mM) was comparable to that caused by
a model dual ABCB1/ABCG?2 inhibitor elacridar. Therefore,
we hypothesized that NBMPR inhibits ABCB1 and/or
ABCG2.

The in situ experimental model system based on dually
perfused Wistar rat placentas in a closed-circuit setup is
an established and thoroughly validated method for eval-
uating drug interactions with placental ABC and SLC
transporters (3,4,14,16,22-25). The observed effect of
NBMPR (0.10 mM) on [3H]zid0vudinﬁ and
[3H_|tenofmfir DI placental transfer could be due to inhi-
bition of ABCB1/ABCG2-mediated efflux on the mater-
nal side or a reduction in EN'T-mediated influx on the
fetal side (16). However, because placental ENTs do not
transport zidovudine (3,19,20), we believe the effect of
NBMPR (0.10 mM) is due to ABCB1/ABCG2 inhibition.
To our knowledge, the interactions of tenofovir DI" with
nucleoside transporters have not been studied previously.
Here, we show that both NBMPR and uridine (an inhib-
itor of all nucleoside transporter types) does not reduce
the accumulation of [*H]tenofovir DF in an in zitro model
based on BeWo cells with high ENT expression
(3,4,6,14,32,34). BeWo cells also functionally express
ABCG2 transporter (35). The inhibitory effect of
NBMPR on [BH]te,nofovir DF in BeWo cells was not
detected likely due to short incubation period (5 min) that
was selected based on previously published protocols used
to evaluate transport activity of nucleoside transporters
(3,4.8,14). Longer incubation periods (> 30 min) are re-
quired to investigate potency of drugs to abolish activity
of ABC transporters in uptake studies (26,36-39)
Additionally, the uptake of [BH]tﬂnofovir DI was not af-
fected by treatment with Na™ depletion in the experimen-
tal media, suggesting that concentrative nucleoside trans-
porters do not contribute to placental tenofovir DF uptake
(14,32). This indicates that tenofovir DI is not transported
via ENTs. We also performed accumulation assays with
[3H_|ten0f0vir DI at 4.0°C to inhibit active influx trans-
porters, including concentrative nucleoside transporters,
whose enhanced activity may counteract inhibited EN'Ts
(4). This did not affect the intracellular concentration of
[*M]tenofovir DT (data not shown) concluding that there
are likely no active influx mechanisms mediating tenofovir

DF uptake by BeWo cells. These results suggest that
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Fig.3 The effect of NBMPR on accumulation of the dual ABCB I /ABCG2 substrate Hoechst 33342 in MDCKl-parental (a), MDCKII-ABCBI (b), and MDCKII-
ABCG2 (c) cells. Kol143 (2.0 uM) and LY335979 (1.0 uM) were used as positive control inhibitors of ABCG2 and ABCB I, respedtively. Columns represent
means + SD from at least three independent experiments. The data were statistically analyzed by one-way ANOVA followed by Dunnett's multiple comparisons
test. Differences were considered significant when P < 0.05; *, ** and *** indicate values that differ significantly from the corresponding controls at the P < 0.05,
P <0.01,and P < 0.001 levels, respectively. The ICsy for ABCG2 inhibition by NBMPR was calculated using non-linear regression analysis with sigmoidal Hill
kinetics; treatment with 2.0 UM Ko 143 was assumed to cause |00% inhibition (d).

NBMPR inhibits cither ABCB1/ABCG2 in the apical
membrane of the syneytiotrophoblast, or as-yet unknown
influx mechanisms in the basal membrane, or both. We
therefore investigated its potential to inhibit ABCB1 and
ABCG2.

In line with studies on the ability of antitumor drugs to
reverse multidrug resistance mediated by efflux ABC
transporter activity in tumor tissue (26,37,40) we per-
formed an accumulation study using Hoechst 33342 — a
fluorescent model dual substrate of ABCBI/ABCG2 — in
MDCKII-ABCBI, MDCKII-ABCG2, and MDCKII-
parental cells. We showed that NBMPR significantly in-
creased Hoechst 33342 accumulation only in MDCKII-
ABCG2 cells, with a relative 1C50 value of 53 uM (Tig. 3).
To confirm this finding, we evaluated the ability of

a Springer

NBMPR (0.10 mM) to inhibit bi-directional transport of
[RH_]glyburidft7 an antidiabetic drug that was previously
identified as a preferential ABCG2 substrate (39) and
was tested at non-saturating concentration of 22 nM. In
keeping with the report of Zhou et al. (2008) (39), we
observed a transport ratio (r) of 2.6. The asymmetry in
AB and BA transport was fully abolished by the specific
ABCG2 inhibitor Kol43 (2.0 uM) and by NBMPR at
0.10 mM. However, Kol43 (2.0 uM) was the stronger
inhibitor (Fig. 4). These findings demonstrate that
NBMPR (0.10 mM) inhibits ABCG2 in vitro.

A dual perfusion study with [*H]glyburide (7.0 nM) was
performed to test the potential of NBMPR (0.10 mM) to in-
hibit ABCG2-controlled active transfer at the organ level.
Cygalova et al. (2009) demonstrated that fumitremorgin C
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Fig. 4 NBMPR inhibits active membrane transport of ["Hglyburide across MDCKI-ABCG2 monolayers. Basolateral-to-apical (BA) and apical-to-basolateral
(AB) transport rates were determined for [*Hglyburide (22 nM) with or without the model ABCG2 inhibitor Ko 143 at a concentration of 2.0 4M (a) and
0.10 mM NBMPR (b). Each data point represents the mean + SD of three independent experiments. Transport ratios (r) were calculated as the ratio of BA
transport to AB transport after 4 h (c). The effects of each inhibitor were compared using one-way ANOVA followed by Turkey's multiple comparisons test. Results

differing significantly from those for controls are labeled * (P < 0.05) or *** (P < 0.001).

and GF120918 both have significant inhibitory effects, con-
firming the role of ABCG2 in fetal-to-maternal glyburide
transfer in rats (27). In accordance with previous reports
(27), we observed a significant decline in [BH_Iglyburide con-
centration in the fetal perfusate after 60 min. Fetal-to-
maternal transfer was fully abolished by adding NBMPR
(0.10 mM), providing further evidence that this compound
inhibits ABCG2 when applied at 0.10 mM. Glyburide is also
transported by human OATP2B1 (41) and zidovudine is a
suggested substrate of OAT4 (12). Both transporters are local-
ized in basal membrane of syncytiotrophoblast where they are
believed to mediate cellular uptake. Therefore, it cannot be
ruled out that inhibition of these transporters also contributes,
to some extent, to the observed increase in F/M ratio of
[PH]glyburide and/or [*H]zidovudine, respectively.

CONCLUSION

Owver last two decades, several nucleoside-derived drugs trans-
ported by both EN'T's and ABCG2 have been described
(10,16,25,43,44). NBMPR has been used as a “selective” inhib-
itor of ENT's in many studies on the contributions of ENT-
mediated uptake to the eytotoxicity of nucleoside-derived an-
ticancer drugs (e.g. (45,46). Here we present the first evidence
that NBMPR at a concentration of 0.10 mM inhibits not only
ENT1/ENT2-mediated transport of nucleosides/nucleosides
analogues but also ABCG2 transport activity. This effect
should be borne in mind when designing experiments and
quantifying the contributions of ENTs and ABCG?2 to the
membrane transport of compounds that are “dual substrates™
of these transporter types in tissues expressing high levels of

a b
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Fig. 5 Results obtained by dual perfusion of rat term placenta with [*H]glyburide (7.0 nM) in a closed-cirauit setup. The plots show the decline in the
concentration of [3H]giyburide over the course of 60 min of fetal perfusate recirculation and the effect of NBMPR (a). NBMPR (0.10 mM) significantly increased
the concerttration ratio between fetal and maternal (F/M) circulation after 60 min of fetal perfusate redrculation (b). Data are presented as means = SD from three
independent experiments. The concentration of [*H]glyburide in the matemal compartrment and in the fetal compartment in the presence of NBMPR was
compared to that in the fetal compartment without inhibition (control) by one-way ANOVA followed by Dunnett's multiple comparisons test. The significance of
the increase in the F/M ratio in the presence of NBMPR (0.1 0 mM) was evaluated using Student's unpaired t-test. In both subfigures, the label *** indicates a result
that differs significantly from the control value at the P < 0.001 level.
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both EN'Ts and ABCG2, such as the placental syneytiotro-
phoblast, hepatocytes, and intestinal tissues.
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