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1 Summary

As cancer represents one of the leading diseases and causes of death world-wide
drugs focusing on prolonging life, symptom relief, minimizing side effects and
improving quality of life are highly required. For that reason it is crucial to understand
interactions of anti-cancer agents with the human body and in particular with cancer
tissue. Absorption is the first interaction of anti-cancer agents and the human body.
Considering e.g. oral or topical drug application it is necessary to understand that
drugs have to enter the bloodstream before any medical effects can take place. For
that reason it plays a major role in drug development. In the next step the drug is
distributed in several tissues or so called compartments to reach interstitial and
intracellular fluids. This distribution is influenced by several factors e.g. vascular
permeability, regional blood flow, cardiac output and perfusion rate of the tissue lipid
solubility and the ability of the drug to bind tissue and plasma proteins. Furthermore,
expression of active and passive transporters in specific tissue types and the affinity
of drugs for these transporters can make the difference between effective treatment
or severe side effects. Metabolism can be divided into phase | and phase Il and is
mainly carried out in the liver where xenobiotics are (in the first step) made more
polar and (in the second step) are conjugated with e.g. glucuronides or sulphates.
This metabolising process can on the one hand detoxify or on the other hand
generate more potent substrates. Therefore, in drug therapy and development it is
crucial to understand the way a specific drug is metabolised. In this thesis we
therefore investigated metabolic and cellular uptake mechanisms of natural and
synthetic compounds and their effect on anti-cancer activity.

Additionally we also investigated the specific expression of OATPs and their role in
drug distribution in SCLC. Lung cancer is the leading cause of cancer-related death
in Western countries and small-cell lung cancer (SCLC) accounts for 15% to 20% of
all lung cancer types. SCLC is characterized by rapid tumor doubling time, a high
growth fraction and the development of widespread metastases, especially to the
brain, at a rather early stage in the disease. In contrast to the majority of non-small
cell lung cancers (NSCLC), SCLCs express neuroendocrine markers (e.g.,
chromogranin A, synaptophysin) and are thought to originate from lung neuronal
precursor cells, from which other neuroendocrine tumors in the lung (e.g., carcinoids)
are also derived. Importantly, SCLC cells, but not carcinoids, are usually highly

responsive to initial chemotherapy, usually with a platin derivative-containing regimen
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in combination with etoposide. However, a subsequent relapse of SCLC often occurs
within 2 years that is often resistant or has only a mild response to further treatment.
Only 10% of advanced patients survive longer than 2 years, leading to a five-year
survival rate of only 3% to 7%. Therefore, clues to a more effective treatment for
primary SCLC and its metastases are of utmost interest. In lung cancer, transporter
effects on absorption, distribution and elimination of xenobiotics as well as in drug-
drug interactions is increasingly being recognized. For that reason, this study aimed
to investigate SCLC cell lines for their OATP expression. We used cell lines from
primary and metastatic SCLC tumors as well as pulmonary carcinoid cells and
performed immunofluorescence and immunohistochemistry on paraffin-embedded
SCLC samples. Furthermore, the mRNA expression of OATP4A1, OATP5A1 and
OATP6A1 was assessed in cell lines that were exposed to the chemotherapeutic
drugs cisplatin, etoposide and topotecan, which are all applied in SCLC therapy.
Chromogranin A and synaptophysin were used as markers for neuroendocrine
differentiation of the tumor cells, and cadherin-1 was applied as a marker for the
epithelial origin of cells.

The next study focused on Resveratrol (trans-3,5,4 -trinydroxystilbene) which is a
natural occurring compound found at high levels in grapes, berries, peanuts and red
wine. Over the last decade, it has been shown that resveratrol exhibits a wide variety
of biological and pharmacological properties. In several in vitro and animal models,
resveratrol has been found to be active in the prevention and treatment of cancer,
cardiovascular diseases, inflammation, ischemic injuries and neurodegenerative
diseases, and resveratrol may also act as an anti-obesity and anti-aging compound.
These effects are observed despite the extremely low bioavailability of resveratrol
and its rapid clearance from the circulation due to extensive glucuronidation and
sulfation in the intestine and liver. It is unknown whether resveratrol and its
metabolites can accumulate to bioactive levels in organs and tissues through active
transport mechanisms or if resveratrol’s transport is carried out solely passively.
However, passive diffusion does not explain the accumulation of resveratrol to
bioactive levels in targeted organs. Following intravenous application of resveratrol to
mice and rats, resveratrol is distributed into various organs, such as the liver, kidney,
lungs and spleen, whereas moderate concentrations are found in the heart, testes
and brain. Furthermore, in all of the analysed organs, conjugated metabolites are
detected at concentrations that are higher than the concentrations of the parent



resveratrol, which strongly suggests the existence of active uptake transport
mechanisms.

In addition we investigated Flavopiridol (FLAP) which is a semi-synthetic analog of
rohitukin, a main constituent of the herbal drug Dysoxylum binectariferum which is
used in traditional indian folk medicine, presently undergoing clinical phase Il trials It
is a selective inhibitor of cyclin dependent kinases (cdkl, cdk2, cdk4, cdk7). Due to
the crucial role of CDK activity for cells during the phases of the cell cycle the CDK
inhibition with flavopiridol leads to a block in cell cycle progression at the G1 to S and
G2 to M interface which has been proofen in several cell lines. In other cell lines, it
has been demonstrated to induce apoptosis and to exhibit proapoptotic and
antiangiogenic properties. FLAP also exerts pronounced antitumor activity in a variety
of cells. Clinical trials with FLAP as a single agent or in combination with anticancer
drugs, including taxanes and gemcitabine, also showed tumor responses in most
phase | and phase Il studies on different types of progressive tumors refractory to
conventional treatment. However, therapeutic success rates for flavopiridol show
different response rates during therapy. Therefore, the aim of our study was to
investigate the uptake kinetics and interactions of flavopiridol in OATP1B1, OATP1B3
and OATP2B1 transfected Chinese hamster ovary cells (CHO) with wild type cells as
a control. Furthermore we wanted to determine uptake kinetics in human ZR-75-1
breast cancer cells versus OATP1B1 knock-out ZR-75-1 breast cancer cells to
elucidate the role of OATP transporters in the uptake of flavopiridol and therefore, in
cancer therapy. We also demonstrated uptake inhibition of flavopiridol with the known
OATP substrate rifampicin and showed by FACS, analyses a clear incidence for a
higher cell cycle arrest in the G2/M phase for ZR-75-1 wild type cells compared to
OATP1B1 knock-out cells

In addition we investigated the effect of anthocyans, ingredients of common food
supplements, on human hepatocytes. Food supplements and other products
promising health benefits, prolonging of life and in general an improved life quality
have become more and more popular in the last decades,( especially in the western
society). This lifestyle trend has become a huge, still growing market where benefits
for the consumer have not always highest priority as dose toxicity and proof of
biological effectiveness are concerned. Especially due to the fact that food
supplements and products obtained from food are by the FDA classified as food and
not as drugs although concentrations of food ingredients are many times higher in



food supplements than in actual food. Therefore, in this study we investigated the
effect of anthocyanidins and anthocyanins, found in fruit extracts, on OATP1B1 and
OATP1B3 expression in human hepatocytes (LH45, LH46, LH47, LH49,
HEP220670). Anthocyans are widespread natural flavonoids that occur in all tissues
of higher plants and are therefore widely-found in food of plant origin. PH and their
ability of forming chelating complexes with metal ions are responsible for their colour
schema ranging from blue to red. Among anthocyans glycosides from the aglycons
cyanidin, delphinidin, malvidin, pelargonidin, peonidin, and petunidin represent the
most abundant group in fruits. This substance class displays a plethora of biological
effects, including antiproliferative, antiapoptotic, antitumor, antimutagenic,
antioxidant, antiradical, and nitric oxide inhibitory effects. In our investigation we
screened a broad variety of anthocyanidins and anthocyanins, via real time gPCR
and western blotting. We could show effects on OATP1B1 and OATP1B3 mRNA up
and down regulation. For this reason we think that recent effects of these substances
on the uptake of drugs which are substrates for OATP1B and OATP1B3 are
immanent.

In addition plant extracts containing Lobatin B and Neurolenin B were studied to
investigate their anti-tumor potential. Traditionally, plants have been used as
remedies to treat and cure diseases including tumours. In fact, more than 60% of the
currently used anti-cancer agents are derivatives of natural products. We investigated
the Central American plant Neurolaena lobata (L.) R.Br. ex Cass. (Asteraceae),
which is pharmacologically active and used against ulcers, inflammatory skin
disorders, malaria, ringworm, dysentery and fungal infections. For this, it was
important that the dichloromethane phase fractions of the metanolic leaf extract and
the ethanolic leaf extract were active in the carrageenan-induced mouse paw
oedema model, indicating that the extracts still contained the in vivo active principles.
It has recently been shown that the apolar extract of N. lobata inhibited the
expression of the fusion onco-protein NPM/ALK, which is generated by the
t(2;5)(p23;935) translocation and responsible for the development of ALCL occurring
mostly in patients at young age. The standard combination therapy (consisting of
cyclophosphamide, doxorubicine, vincristine and prednisone) does not directly target
the oncogenes that are involved in ALCL (NPM/ALK, JunB, PDGFR) and is known to
damage DNA. This increases the likelihood of developing secondary malignancies

later in life. To provide more specificity and reducing the risk of recurrent disease and



consecutive cancers synthetic inhibitors particularly targeting ALK, Critozinib and
NVP-TAE-684, have been developed and tested in clinical trials. Here we studied
natural products that interfere with NPM/ALK expression to decide about the

feasibility of the development of a new drug from the isolated leads.

2 Zusammenfassung

Da Krebs eine der fuhrenden Krankheiten und Todesursachen weltweit reprasentiert,
werden Medikamente mit dem Schwerpunkt auf Linderung, Lebensverlangerung der
mit Krebs assoziierte Symptomen, auf Therapie bezogene Toxizitats-Minimierung
und Verbesserung der Lebensqualitat dringend gebraucht. Aus diesem Grund ist es
wichtig, das Zusammenspiel von Krebstherapie und dem menschlichen Kdrper, im
speziellen in Bezug auf das Krebsgewebe, zu verstehen. Absorption, welche die
erste Interaktion zwischen einem Medikament und dem menschlichen Korper
reprasentiert, ist besonders wichtig fir die Beispiele der oralen und topische
Anwendung von Medikamenten, da jede Substanz vorerst das Blutsystem erreichen
muss um eine medizinische Wirkung zu entfalten, (woraus sich auch die Wichtigkeit
dieses Punktes auf die Medikamentenentwicklung erschlief3t). Im nachsten Schritt
wird das Medikament in verschiedene Gewebe verteilt, auch sogenannte
Kompartimente um interstitielle und intrazellulare Flissigkeiten zu erreichen. Diese
Verteilung wird von verschiedenen Faktoren beeinflusst, wie zum Beispiel vaskulare
Permeabilitdt, regionaler Blutfluss, Herzleistung und Perfusionsrate des Gewebes
ihrer Fettloslichkeit, die Fahigkeit des Medikaments an Gewebe und Plasmaproteine
zu binden. Weiters kann das Vorhandsein von aktiven und passiven Transportern in
bestimmten Gewebetypen und die Affinitdt von Medikamenten zu diesen den
Unterschied zwischen einer wirksamen Behandlung oder schweren Nebenwirkungen
machen. Metabolismus in der Leber wird hauptsachlich in Phase | und Il unterteilt,
wobei Fremdstoffe in Phase | polarer und in Phase Il beispielsweise mit
Glucuroniden oder Sulfate konjugiert werden. Durch diesen Vorgang kdnnen
Substrate entweder entgiftet oder in ihrer Wirkung verstarkt werden. Fur die
medikamentdse Therapie und die Entwicklung neuer Arzneistoffe ist es wichtig zu
verstehen, auf welche Art und Weise das Medikament metabolisiert wird. Aus diesem
Grund wurde in dieser Arbeit untersucht, inwiefern Metabolismus und zellularer

Aufnahme von natlrlichen und synthetischen Verbindungen die Wirkung gegen



Krebs beeinflussen. Auch die spezifische Verteilung von OATPs in SCLC wurde
untersucht.

Lungenkrebs ist die fuhrende krebsbezogene Todesursache in der westlichen Welt,
wobei kleinzelliges Lungenkarzinom (SCLC) 15% bis 20% aller Lungenkrebsarten
ausmacht. SCLC zeichnet sich durch eine hohe Tumorverdopplungsrate, ein hohe
Wachstumsrate und einer weit verbreitete Metastasierung, vor allem in frihen
Krankheitsstadien ins Gehirn, aus. Im Vergleich zu dem wesentlich héaufiger
auftretenden nicht kleinzelligem Lungenkarzinom (NSCLC), weist SCLC
neuroendokrine Marker auf (z.B.: Chromogranin A, Synaptophysin), welche
vermutlich von neuronalen Vorlauferzellen in der Lunge stammen und von denen
andere neuroendokrine Tumore in der Lunge (z.B. Karzinoide) ebenfalls abgeleitet
werden. Wichtig hierbei ist, dass SCLC-Zellen, nicht aber Karzinoide, normalerweise
sehr gut auf die initiale Chemotherapie ansprechen, welche normalerweise aus
einem platinhaltigen Derivat in Kombination mit Etoposid besteht. Dieser anfangliche
Therapieerfolg wird aber durch ein sehr hohes Wiederauftreten von SCLC nach ca. 2
Jahren Uberschattet, wobei diese Krebszellen zusatzlich meist wenig bis gar nicht auf
die initiale Therapie reagieren. Nur 10% der Patienten Uberleben langer als 2 Jahre
was zu einer Uberlebensrate von nur 3% bis 7% fihrt. Daher sind Ansatze fiir eine
wirksamere Behandlung von primarem SCLC und dessen Metastasen von hochstem
Interesse. Im Bereich Lungenkrebs wird die Rolle von Transportern im Bezug auf
Absorption, Verteilung und Ausscheidung sowie bei Medikamenten-Interaktionen
zunehmend anerkannt. Aus diesem Grund wurde in dieser Studie die Verteilung von
OATPs in SCLC Zelllinien untersucht. Es wurden Zelllinien von priméaren und
metastatischen SCLC Tumoren sowie Lungen Karzinoid-Zellen verwendet um
Immunfluoreszenz und immunhistochemische Untersuchungen durchzufihren.
Ferner wurde die mRNA-Expression von OATP4Al, OATP5A1 und OATP6AL in
Ziellinien, welche mit den normalerweise in der SCLC Therapie angewendeten
Chemotherapeutikan Cisplatin, Etoposid und Topotecan behandelt wurden,
untersucht. Chromogranin A und Synaptophysin wurden als Marker fir
neuroendokrine Differenzierung der Tumorzellen untersucht und Cadherin-1 wurde
als ein Marker fur den epithelialen Ursprung der Zellen angelegt.

Eine weitere Studie bezog sich auf Resveratrol, eine natirlich vorkommende
Verbindung, welche in hohen Konzentrationen in Weintrauben, Beeren, Erdnlssen

und Rotwein vorkommt. In den letzten Jahrzenten wurde bewiesen, dass Resveratrol



eine weite biologische und pharmakologische Wirkungspalette aufweist. In mehreren
in vitro und Tiermodeln wurde die Wirksamkeit von Resveratrol gegen Krebs,
kardiovaskularen Erkrankungen, Entzindungen, ischdmischen Verletzungen und
neuroendokrinen Erkrankungen gezeigt. Weiters kdonnte Resveratrol auch als ein
Mittel gegen Fettleibigkeit und im Anti —Ageing Bereich eingesetzt werden.
Interessanterweise kbnnen diese Effekte trotz der sehr geringen Bioverfugbarkeit von
Resveratrol und der hohen Clearance aufgrund extensiver Glucuronidierung und
Sulfatierung im Darm und in der Leber beobachtet werden. Es ist bislang nicht
bekannt, ob Resveratrol oder dessen Metabolite in Geweben oder Organen durch
aktiven Transport soweit akkumulieren kdnnen, um bioative Level zu erreichen, oder,
ob der Transport ausschliel3lich passiv erfolgt. Jedenfalls erklart passive Diffusion
nicht die Akkumulation von Resveratrol in verschiedenen Gewebetypen. Aufgrund
von Studien mit Mausen und Ratten weild man, dass sich Resvertrol in hohem Male
in Leber, Niere, Lunge und Milz anlagert, wohingegen beispielsweise in Herz , Hoden
und Gehirn vergleichsweise geringe Konzentrationen zu finden sind. Weiters wurde
in allen analysierten Organen eine wesentlich héhere Konzentration an Metaboliten
gefunden, die hoher als die verabreichte Resveratrol-Konzentration war, was auf
aktiven Transport schlie3en |&sst.

Zusatzlich wurde Flavopiridol, ein semi-synthetisches Analog von Rohitukin,
welches ein Hauptbestandteil der pflanzliche Droge Dysoxylum binectariferum ist und
in der indischen Volksmedizin Verwendung findet untersucht. Diese Substanz
befindet sich im Moment in klinischer Testphase Il und ist ein selektiver Inhibitor der
cyklin abhangigen Kinasen (CDK1, CDK2, CDK4, CDK7). Aufgrund der wichtigen
Rolle von CDK Aktivitat fur Zellen wahrend des Zellzykluses bewirkt eine Inhibition
mit Flavopiridol eine Blockade des Zellzykluses im Bereich der Interphase G1 zu S
und G2 zu M, was in verschiedene Zelllinien bewiesen wurde. Weiters konnten
Apoptose induzierende, proapoptotische, antiangiogenische und eine anti-Tumor-
Aktivitdt nachgewiesen werden. Klinische Studien mit FLAP als Einzelmedikation
oder in Kombination mit Krebsmedikamenten wie zum Beispiel Taxanen und
Gemcitabin zeigten gute Ergebnisse in Phase | und Phase Il in verschiedenen
Tumoren, welche Resistenz gegen normale Therapie zeigten. Flavopiridol jedoch
weist unterschiedliche Ansprechraten wahrend der Therapie auf. Aus diesem Grund
war das Ziel unserer Studie, die Aufnahme-kinetik und Interaktionen von Flavopiridol
mit OATP1B1, OATP1B3 und OATP2BL1 in transfizierten Chinese hamster ovary cells



(CHO) mit untransfizierten Zellen als Kontrolle zu erforschen. Des weiteren wollten
wir die Aufnahme-kinetik in humanen ZR-75-1 Brustkrebszellen OATP1B1 knock out
ZR-75-1 Brustkrebszellen gegentiberstellen, um die wichtige Rolle der OATPs fiir die
Aufnahme von Flavopiridol und demzufolge, in der Krebstherapie hervorzuheben. Wir
konnten aufRRerdem demonstrieren, dass die Flavopiridol-Aufnahme durch den
bekannten Inhibitor Rifampicin gehemmt wird. Eine FACS-Analyse zeigte, dass einen
wesentlich groReren Zellzyklusarrest in der G2/M Phase in ZR-75-1 Zellen,
verglichen zu den OATP1B1 knock-out Varianten.

Eine weitere Studie befasste sich mit dem Effekt von Anthocyanen, welche Teil von
Nahrungsergéanzungsmitteln sind, auf humane Hepatozyten.
Nahrungsergéanzungsmittel und andere Produkte, welche positive
Gesundheitsefffekte, Lebensverlangerung und im Allgemeinen eine Verbesserung
der Lebensqualitat versprechen wurden in den letzten Jahrzenten vor allem in den
westlichen Landern immer beliebter. Dieser Trend ist in der Zwischenzeit zu einem
groBen, immer noch wachsenden Markt geworden, in welchem der
Konsumentenschutz, im speziellen bezogen auf Dosistoxizitat und Beweis von
biologischen Effekten nicht immer hdchste Prioritat hat. Dieser Missstand lasst sich
unter anderem auf die Tatsache zuriickfihren, dass Nahrungserganzungsmittel
durch die FDA als Nahrungsmittel klassifiziert sind und nicht als Medikamente,
obwohl die Inhaltsstoffe in diesen um ein Vielfaches konzentrierter vorkommen
kénnen als in den tatsachlichen Nahrungsmitteln. Aus diesem Grund untersuchten
wir den Effekt von Anthocyaninen und Anthoyanidinen, welche in Fruchtextrakten
vorkommen, auf die OATP1B1 und OATP1B3 Expression in humanen Hepatozyten
(LH45, LH46, LH47, LH49, HEP220670). Anthocyane sind weit verbreitete
Flavonoide, welche in allen Geweben hdherer Pflanzen vorkommen und daher sehr
oft in Nahrungsmittel auf Pflanzenbasis zu finden sind. Der pH-Wert und Metall-
Chelat-Komplexe sind verantwortlich fir deren blaue bis rote Farbgebung. Unter den
Anthocyanen reprasentieren Glycoside der Aglyca Cyanidin, Delphinidin, Malvidin,
Pelargonidin, Peonidin und Petunidin die grof3te Gruppe. Diese Substanzklasse zeigt
eine Vielzahl an biologischen Effekten wie zum Beispiel antiproliferative,
antiapoptotische, antitumorale, antimutagene, antioxidative und Stickstoffmonoxid-
hemmende Wirkung. In dieser Studie wurde eine breite Palette von Anthocyanen
mittels gPCR und Western Blotting untersucht und konnten auf-und-ab Regulation
von OATP1B1 und OATP1B3 feststellen. Aus diesem Grund sind wir der Meinung,



dass Auswirkungen dieser Substanzen auf die Aufnahme von Medikamenten, welche
OATP1B1 und OATP1B3 Substrate sind immanent sind.

Zuséatzlich wurden Pflanzenextrakte, welche Lobatin B und Neurolenin B
beinhalten, auf deren Wirkung gegen Krebs untersucht. In der Volksmedizin wurden
hauptséachlich Pflanzen eingesetzt, um Krankheiten zu heilen, darunter auch Krebs.
Tatsachlich sind 60% der heute eingesetzten Medikamente gegen Krebs pflanzlichen
Ursprungs. Unter Berilcksichtigung dieser Umstande untersuchten wir die
zentralamerikanische Pflanze Neurolaena lobata (L.) R.Br. ex Cass. (Asteraceae),
welche pharmakologisch aktiv ist und gegen Geschwire, entzindliche
Hauterkrankungen, Malaria, Flechten, Ruhr und Pilzinfektionen eingesetzt wird. Fir
diese Untersuchungen war es wichtig, dass die Dichlormethanfraktion des
Methanolextraktes der Blatter und der Ethanolextrakt der Blatter in den
Carrageeninduzierten Maus-Pfotenédem-Modellen aktiv waren, was darauf hinweist,
dass die Extrakte noch die in vivo wirksamen Bestandteile enthalten. Es wurde
gezeigt, dass der apolare Extrakt von N. lobata die Expression des Fusions-Onko-
proteins NPM/ALK, welches durch eine t(2;5)(p23;935)-Translokation gebildet wird
und fur die Ausbildung von ALCL verantwortlich ist, was hauptsachlich in jungen
Patienten vorkommt. Die Standardkombinationstherapie (bestehend aus
Cyclophosphamid, Doxorubicin, Vincristin und Prednison) beeinflusst nicht direkt die
Onkogene, welche in ALCL involviert sind (NPM/ALK, JunB, PDGFR) und fir DNS-
Schaden bekannt sind. Dies erhoht die Chance von Sekundéarerkrankungen im
weiteren Lebensverlauf. Um mehr Spezifitat und das Risiko von wiederkehrenden
Krankheiten und Krebserkrankungen zu minimieren wurden synthetische Inhibitoren
im Besonderen auf ALK, Critozinib und NVP - TAE -684 gerichtet entwickelt und in
klinischen Studien getestet. Darum untersuchten wir natirliche Produkte, welche mit
NPM / ALK interferieren und deren Expression stéren, um lber die Durchfiihrbarkeit
der Entwicklung eines neuen Medikaments aufgrund der gefunden Leadstrukturen

des Extraktes zu entscheiden.



3 Introduction

3.1 Cancer
Cancer is still one of the major health issues in western countries and ranges among

the top 4 causes of death. New Cancer incidences in Europe estimated for 40
countries in 2012 for male population was highest for prostate (22.8%), lung (15.9%),
and colorectum (13.2%) with a mortality rate of lung (26.1%), colorectum (11.6%) and
prostate (9.5%). For female population new incidence were highest for breast
(28.8%), colorectum (12.7%) and lung (7.4%) with a mortality rate for breast (16.8%),
colorectum (13.0%) and lung (12.7%) for female [2]. The major problems in cancer
therapy are severe side effects, low patient compliance and active efflux transporters
lowering the availability of anti-cancer drugs resulting in therapy resistance [3]. This
active efflux transport represents the first defense of cells against xenobiotics which
explains the crucial role of upregulated ABC transporters in cancerous tissue during
therapy resulting in low therapy effects [3, 4]. Therefore new drugs evading AET
systems or inhibiting them and using transporter systems in tumor tissue to increase

drug concentrations are needed [3].

3.2 Cellular Drug Transport

Besides paracellular, transcellular and intracellular vesiculation pathways for
xenobiotics as they can be seen in figure 1[5] also active ways of drug transport have
e e to be considered especially concerning
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concentrations throughout the human
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in levels exceeding intracellular binding
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sides [1, 6]. Furthermore based on

Lipinski’s ‘rule of 5 some administered

drugs like antibiotics, antifungals,
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Figure 1 Molecular transmembrane transport [1] vitamins and cardiac glycosides do
exceed at least two of the following
parameters: molecular mass >500 Daltons, octanol-water partition coefficient t

cLogP >5, number of hydrogen-bond donors >5, and number of hydrogen-bond
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acceptors >10 and are therefore considered to

have poor absorption which is in fact not the

case [1, 7]. To explain these facts it is assumed

that drug transport is partly carried out via

. transporters in the membrane which normally

Figure2 Transmembrane transport transport endogenous cellular and extracellular
of drugs via transporters metabolites. [1, 5]. Figure 2 describes the
membrane associated compartment which

consists of a lipid membrane where transport proteins are embedded. The drug (D)
can diffuse into the lipid bilayer of the membrane and re dissolves in the intracellular
compartment where it can also be actively taken up or carried out via a transporter of

the ABC or SLC family [1, 5].

3.2.1 ABC - Transporters

ABC (ATP - binding cassette) transporters are a large transporter protein family
which needs ATP hydrolysis to implement their function as transporters of
endogenous substrates and drugs across various membranes in the human body [8].
They are found to be associated with many important biological processes in
prokaryotes where they act as importers and exporters and in eukaryotes where they
act as exporters solely [9, 10]. Their physiological function in defending the human
body against cytotoxic activity from xenobiotics by actively carrying them out of the
cell is one main reason for their role in drug resistance during therapy against
microorganisms and cancer [11]. Especially the well characterised P — glycoprotein
(P-gp), multidrug resistance protein (MRP) and breast cancer resistance protein

(BCRP) transporters play a crucial role in multidrug resistance in cancer [3].

P — Glycoprotein

As a member of the ABC — transporter family P-gp is an ATP powered efflux pump
with multiple substrate specificity and no apparent structural similarity among them
[3, 9, 12]. Under physiological conditions the role of P-gp is the protection of sensitive
organs and tissues from xenobiotics and toxins [13]. This fact also arises from its
distribution in tissue types/organs with excretory function like bile canalicular
membranes of hepatocytes in the liver, proximal tubules in the kidney and

enterocytes lining the wall of the intestine [14]. Besides their role in protecting tissue
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from the influence of toxins P-gp transporters are thought to play a major role in
production and secretion of cortisol and other steroids due to their expression in
tissue responsible for steroid hormone biosynthesis [15-17]. Furthermore due to their
importance in determining blood levels of its substrate drugs P-gp transporters are
crucial in cancer therapy and play a major role in resistance development of many
cancer types [18-21]. This theory was approved as mice with P-gp deficits show
dramatically increased levels of paclitaxel [22], etoposide (ETP) [23], erlotinib
[24], and sorafenib [25], which are approved anticancer drugs and P-gp
substrates [21, 26].

Multidrug resistance proteins

Apart from multidrug resistance protein P-gp other efflux transporters also have an
impact on resistance development in cancer therapy such as multidrug resistance
associated proteins MRP 1-9 [27-29]. Besides a wide range of endogenous
substrates and toxins studies confirmed their ability to transport many anti-cancer
drugs like etoposide, cisplatin, doxorubicin, epirubicin, 6-mercaptopurine, topotecan,
and methotrexate [30-35]. MRP7 confers resistance to docetaxel, paclitaxel, and
vincristine [36]. This fact makes the MRP transporter family crucial to consider in
cancer therapy and a valuable target for new therapy approaches especially for
inhibitors of MRPs [3, 37]. They are generally expressed an basolateral membranes
in polarized epithelial cells [3]. Most investigated and responsible for resistance
development multidrug resistance associated proteins are MRP1-3 [3] which exhibit a
specific tissue expression as follows: MRP1 shows highest expression in testes, lung,
heart, bladder, spleen, adrenal glands, placenta, kidney, peripheral blood
mononuclear cells, and skeletal muscle [38-40]. MRP2 mRNA is highly expressed in
liver, followed by the duodenum where it decreases along the intestinal tract with
lower detection in the colon compared with the duodenum, ileum and kidney [37, 40,
41] Levels of human MRP3 mRNA are highest in liver and also detectable in

duodenum, colon, pancreas, adrenal glands, kidney, and lung [40-45].

Breast cancer resistance protein

Resistant cancer cell lines lacking MDR/MRP expression suggest an additional efflux
transporter responsible for drug removal namely breast cancer resistance protein
(BCRP) [37, 46-49]. Like the name indicates the BCRP transporter was originally
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discovered in a breast cancer cell line and was long thought to be linked only with
cancer resistance, chemotherapeutic response and transporter development linked
survival of patients with breast cancer [50]. Recent studies proved that this
transporter is not exclusively present in breast cancer but also in variable tumor types
like adenocarcinomas of the intestinal tract, endometrium, and lung [51]. Furthermore
its role as a marker for therapy progression and survival remains elusive [52]. In
addition BCRP is not only expressed in cancerous tissue given that it is also found in
a number of organs associated with drug absorption, metabolism, and excretion [37]
like placenta, brain, liver, kidneys, small intestine, colon, duodenum and decreasing
towards the rectum [53], prostate, spinal cord, adrenal gland, uterus, and testes [46,
54]. Like MDR/MRP transporters BCRPs cover a broad range of endogenous
substances and xenobiotics, for example anticancer drugs (mitoxantrone, topotecan,
methotrexate, docetaxel, paclitaxel, saquinavir, flavopiridol) and is therefore

responsible for less effective cancer therapy and resistance in some cases [3, 37].

3.2.2 SLC - Transporters

In addition to active ABC transporters solute carriers (SLCs) comprise a further family
of membrane transport proteins in the human organism. Like as ABCs SLCs regulate
the transport of a broad variety of substrates including endogenous substrates and
xenobiotics across biological membranes [55]. The SLC gene family are in contrast to
ABC transporters energy-independent passive or secondary active transporters
which generally are responsible for uptake with only few exceptions where efflux
transport is reported [3, 37, 56, 57]. Due to their importance in drug uptake and their
far spread distribution this largest transporter family is a major target for drug design
in improving selectivity, minimizing side effects and increasing patient compliance by

utilizing SLCs for transport which enables cell type-specific drug delivery [57, 58].

Organic anion transporting proteins

Organic anion transporting proteins (OATPs) belong to the superfamily of
transmembrane carrier transporters and are classified as carriers of the solute carrier
transport protein (SLCO) gene family [59]. 11 members of the OATP family have
currently been identified in humans which are further divided into six families, based
on 40% amino acid sequence identity. Classification into subfamilies is done on the
basis of a 60% amino acid sequence identity [59]. OATPs consist of 643-722 amino
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acids with a predicted in Figure3 shown 12 transmembrane helices structure termed
H1-H12, separated by 6 extracellular and 5 intracellular loops with both the C- and
the N-terminal end of the polypeptide chain at the cytoplasmic side of the cell [60]. In
this for OATP1B3 and OATP2B1 established model, 6 N-terminal and 6 C-terminal
helices are located around the central pore with a positive electrostatic potential

which eases binding and transport of negatively charged compounds [56, 61].

(a)
(b)

Figure3 Model of (a) OATP2B1 and in (b) of OATP1B3 [62].

At the border of the extracellular domain E3 and the transmembrane domain VI the
conserved amino acid sequence [D-X-RW-(I,V)-GAWW-X-G-(F,L)-L] used for
identification of the OATP family is found [63]. The structural characteristic large
extracellular loop is located between the transmembrane domains IX and X and is
important for the levels of OATPs in cell membranes and their transport activity [60,
64]. Hanggi et all proved the importance of cysteine as specific structural feature in
this loop by generating nine cysteine-to alanin substitutions in the extracellular loop 5
to investigate their cellular location and transport activity for estrone-3-sulfate in
transfected CHO-K1 cells [65]. In these experiments it was shown that except for the
control all mutants were located intracellular and had a decreased uptake for the
substrate [65]. Within the large extracellular loop 5 a Kazal-2-type serine protease
inhibitor (Kazal_SLC21) domain is found [61]. The function of this hydrophilic region
is still unclear, and it may regulate the presentation of the substrate to the transporter

or interaction with other proteins [61]. Interestingly, members of the Kazal-type serine
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protease inhibitor family affect various physiological processes, for example, blood
coagulation, inflammation, immune response, and development, and they might
contribute to tumor invasion and metastasis [66-68]. In addition a protein interaction
module called PDZ (P: post-synaptic protein, PSD-95, D: the Drosophila septate
junction protein, Discs-large, and Z: the tight junction protein, ZO-1) binding to the
carboxy terminus is considered to be involved in the uptake mechanism by recruiting
and stabilizing OATPs in the plasma membrane and modulating their function via
direct interaction with amino acids located at the C-terminus [69]. Besides the PDZ
domain transmembrane domains 8, 9 and 10 show an important role for uptake and
function for OATP1Bland OATP1B3 which was investigated in HEK293 cells
transfected with chimeric OATP1B1 transporters, generated by substitution of
different OATP1B1 transmembrane domains with those from OATP1B3 [70, 71]. In
general it is theorised that OATP mediated uptake works as a rocker-switch-type
mechanism where substrates are brought through a central, positively-charged pore.
However this model has to be verified experimentally [61]. Contrary to many other
active transporters ion-gradients like Na*, K™ and CI" [60, 72-76], the replacement of
Na + with other cations or ATP hydrolysis has comparatively little effect on the
function of OATPs [77]. Additionally experiments with the common OATP substrate
estrone-3-sulfate showed that depolarisation of the membrane had no effect on the
transport via OATP1B1 and OATP1B3 leading to the conclusion that the OATP
transport is membrane potential independent [78, 79].

Substrates for members of the OATP family cover a wide range of endogenous and
exogenous substances like bile salts, hormones, and steroid conjugates for example
estrone-3-sulfate as well as drugs like HMG-CoA-reductase inhibitors, cardiac
glycosides, anticancer agents as well as various antibiotics. In general characteristics
for OATP substrates are: anionic amphipathic organic compounds of high molecular
weight beyond 450 Da, steroidal structures, linear structures, cyclic peptides normally
bound to proteins, neutral compounds and some cations [59, 63]. Due to the specific
distribution of OATPs in organs with barrier function like for example liver, kidney and
blood brain barrier, members of the organic anion-transporting polypeptide family are
considerd one of the most important cellular drug uptake mechanisms in humans [56,
62]

OATP1A2 mRNA levels are highest in the brain, kidney, liver, lung, testis, and

placenta according to Northern blot analysis [73, 80]. Highest protein levels were
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found in the blood-brain barrier [81, 82], at the apical membrane of distal nephrons
[81] and the apical membrane of enterocytes [83]. It mediates the transport of a wide
range of endogenous and exogenous, mainly amphipathic compounds, including bile
acids, steroid hormones and their conjugates, cyclic and linear peptides, numerous
drugs and toxins. For that reason its expression at the membrane of enterocytes and
cholangiocytes (liver) is thought to be critical [56, 83, 84]. OATP1A2 expression in
cancer was detected for gliomas, colon polyps and tumors, cancers of the breast and
bone [84]. Via immunofluorescence microscopy, OATP1A2 was localized in the
luminal membrane of the blood-brain barrier endothelium and in the blood-tumor
barrier but not in the glioma cells [85]. By using RT-PCR, OATP1A2 expression was
confirmed in patient samples suffering from breast cancer with significantly higher
levels in malignant breast tissue than they were in adjacent nonmalignant breast
tissue and was furthermore localized to the cell membrane and cytoplasm of breast
carcinoma cells [86]. However contrary results were found by Wicek et al. [87].
OATP1A2 was detected in bone metastases from primary kidney cancer and in the
malignant osteosarcoma cell lines [84, 88].

OATP1B1 is a tissue specific OATP under physiological conditions. Its mMRNA was
detected highest expressed in liver by western blot analysis. This expression was
confirmed at the protein level and localized at the basolateral membrane of
hepatocytes. [89] It is best characterized according to its substrate specificity and
various endogenous compounds (table...) [56, 84, 90]. Under non physiological
conditions for both OATP1B1 and OATP1B3 a trend towards reduction of their
expression was observed in hepatocellular carcinomas [91, 92].

OATP1B3 is also an example for a tissue-specific OATP which is only found at the
basolateral membrane of hepatocytes [56, 89]. However its expression is much
higher in the pericentral region compared to the periportal region [93, 94]. The main
difference between OATP1B1 and OATP1B3 who share 80% amino acid identity is
its high expression in hepatocytes around the central vein [89, 94]. Due to the
homology of these two transporters OATP1B3 mediates nearly the same substances
as OATP1B1 including cardiac glycoside digoxin [56, 84, 95]. OATP1B3 is
upregulated in a wide range of cancer tissue eg. gastric, pancreatic, colon, colon
cancer metastatic of lymph node [94], prostate cancer [84] and cancer cell lines eqg. :

gastrointestinal, colon, pancreatic, gallbladder, lung and glioblastoma cell lines [94].
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Furthermore OATP1B3 expression in colorectal tumor showed that it was highest in
earlier-stage and lower-grade tumors [96].

OATP1C1 is most expressed in the brain and testis and its mRNA is highest in the
blood-brain barrier and in Leydig cells of the testis [97, 98]. In addition OATP1C1 was
localized to ciliary body epithelium [99]. Due to its high affinity to thyroid hormones
OATP1CL1 is thought to be crucial for delivering serum thyroid hormones to the brain
[56, 84]. For this thyroid hormone specific transporter no affinity for cancer drugs
were reported and its only expression in cancer is confirmed in bone tumors [88].
OATP2A1 mRNA was found in brain, colon, heart, liver, kidney, ovary, lung,
pancreas, prostate, skeletal muscle, spleen, and small intestine [100]. At the protein
level expression was found in neurons in the frontal gyrus of the brain [101], in the
pyloric glands of the antrum and parietal cells in the gastrointestinal tract [102], and in
the luminal and glandular epithelium of the endometrium [103]. Furthermore this
OATP has a substrate specificity for prostaglandins (PGs) and is therefore known as
prostaglandin transporter (PGT) [104]. According to literature OATP2A1 might be
very important for the regulation of pericellular PG levels, directing PGs towards
and/or away from specific sets of PG receptors to nuclear receptors and participate in
the regulation of body fluid homeostasis by influencing PG signal termination [56, 84,
105, 106]. This prostaglandin transporter was detected with high mRNA levels in
tumor tissue of breast, liver, ovary, lung and bone [62, 87, 88].

OATP2B1 is like OATP2A1 widely expressed in organs of the human body with
highest levels in basolateral membrane of the liver [97, 107] and at the apical
membrane of enterocytes [108], at the endothelium of the blood-brain barrier [85], at
the endothelial cells of the heart [109], at the myoepithelium of mammary ducts [110],
and in the placenta [111]. At a physiological pH OATP2B1 transports only a narrow
range of substrates (estrone sulfate, and dehydroepiandrosterone sulfate) though at
an acid pH, more compounds become OATP2B1 substrates for example statins and
steroid sulfates. In addition this ubiquitously expressed transporter showed
expression in bone cysts higher than in osteosarcoma tissues [88] and human
gliomas localised in endothelial cells at the blood-brain barrier and blood-tumor
barrier [85] and breast tumor specimens with linked expression increased with higher
tumor grade [112].

OATP3A1 is the most highly conserved OATP among all species. However, two
splice variants (OATP3A1_v1 and OATP3A1l_v2) were detected [113]. Besides a lack
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of 18 amino acids at the COOH-terminal end OATP3A1_v2 is similar in sequence to
OATP3A1 vl [113]. OATP3Al1l_ vl sows a wide distribution among various tissue
types, with expression in the testis, brain, heart, lung, spleaen, peripheral blood
leukocytes, and thyroid gland, [113, 114] in comparison OATP3A1 v2 is mainly
expressed in the testis and brain. Both variants show similar substrate specificity and
transport PGs, thyroid hormones and vasopressin [113]. Interestingly recent findings
reported OATP3Al expression in epithelial cells of the lactiferous ducts in normal
breast tissue [56, 84, 115]. Further analysis showed OATP3A1l expression in
osteosarcoma [88], breast carcinoma, lung carcinoma, colon adenocarcinoma,
ovarian carcinoma, and pancreatic adenocarcinoma cell lines [97]. A very recent
study also detected this OATP in the membrane and cytoplasm of breast cancer
species [115].

OATP4A1 is another ubiquitously expressed OATP, with highest mRNA levels in the
heart and placenta, lung, liver, skeletal muscle, kidney, and pancreas [97, 116]. Thus
far, OATP4AL protein expression has been confirmed only at the apical membrane of
syncytiotrophoblasts in the placenta [56, 84, 117]. In cancerous tissue OATP4Al
shows a similar expression pattern compared to OATP3A1l with highest levels in
breast carcinoma, lung carcinoma, colon adenocarcinoma, ovarian carcinoma, and
pancreatic carcinoma cell lines [97]. Further expression was found with increased
levels in bone cysts compared to osteosarcoma tissues, with significantly higher
expression in the malignant osteosarcoma cell lines [88]. OATP4Al expression was
also significantly higher in the colon of patients suffering from bowel disease than in
normal colon which is an indication for developing colon cancer where OATP4ALl is
found in high levels [62, 118].

OATPA4C1 is considered a kidney-specific OATP due to its only expression in the
kidney, as shown by Northern blot analysis [119]. Substrate specificity of OATP4C1
is rather low, and it only transports digoxin, ouabain, thyroid hormones, methotrexate,
and cAMP [56, 84, 119, 120]. OATP4C1 expression was only detected in cancerous
breast tissue [87], but this transporter might play an important role for patients with
chronic kidney disease referring to its specific expression in the kidney [119, 121]
OATP5A1 shows high mRNA levels in the brain, heart, skeletal muscle, and ovary
[122, 123]. OATP5AL proteins where found at the plasma membrane of the epithelial
cells that line the lactiferous ducts in normal breast tissue [115]. As an OATP not

comparable with other OATPs in its function it might be involved in biological
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processes like reorganization of the cell shape, with a special focus on differentiation
and migration and therefore may play an important role in cancer development [124,
125]. However, the substrate for OATP5A1 mediated transport is still not known but
its transport might be coupled to the uptake via other OATPs [56, 84, 124]. As stated
before little is known about the expression of OATP5A1 and less concerning its
distribution in cancer tissue. mMRNA levels of OATP5A1 were found in cancers of the
liver, bone, and breast [62].

OATP6A1 mRNA expression has been detected in the testes, with low levels in the
spleen, brain, fetal brain, and placenta [126, 127]. However, substrates for OATP6A1
have not been assessed [56, 84]. First identification of OATP6A1 was as a cancer-
testis antigen by serological screening of recombinant expression libraries of human
cancer with human serum (SEREX) [126]. Furthermore OATP6A1 mRNA is
expressed in mesotheliomas, tumors from bladder and esophageal tumors [128].
Because of this broad spectrum of substrates and their tissue distribution in
membranes and physiological barriers under normal conditions and their altered
tissue expression in cancer tissue OATPs are of particular interest for drug
pharmacokinetics and for the prediction of interactions with drugs that are substrates
for the same OATP [129, 130].

Organic Cation Transporters

Organic Cation Transporters (OCTs) are polyspecific cationic transporters of the
SLC22 family distributed in subfamilies (OCT1-3) which are associated with the
interaction of cationic drugs that are positively charged at physiological pH and
represent about half of the substances used in therapy [37, 131] OCT uniporters are
sodium independent with the electrochemical gradient of the transported organic
cation, typically an inside-negative membrane potential, as its driving force [132].
OCT1 is primarily expressed in the sinusoidal membrane of hepatocytes in liver
leading to the conclusion of its affliction in the first step of hepatic exertion of cationic
drugs [37, 133, 134]. Highest expression for OCT2 mRNA is found within renal
proximal tubule cells of the kidney at the basolateral membrane indicating its role for
renally excreted cationic drugs, the kidneys [37, 133, 135-138]. Contrary to OCT1
and OCT2, OCT3 shows a broader expression among organs which is highest in
placenta, ovaries, and uterus [37, 135, 136, 139-142].
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Organic cation/carnitine transporters

Organic cation/carnitine (OCTN) transporters, as indicated by their name are protein
transports of carnitine and cationic chemicals, are members of the SLC22 family and
are distributed in 3 subfamilies (OCTN1-3) [37]. Besides the uptake of cationic
substances they play a crucial role in the breakdown of lipids through oxidation
because carnitine is required for the transport of fatty acids from the cytosol into the
mitochondria [37, 143]. OCTN1 is most prominently expressed in kidney, skeletal
muscle, placenta, prostate, heart, fetal liver, eyes and lung [144, 145]. Besides typical
OCTN1 expression on the plasma membrane, intracellular localization in
mitochondria has been reported where it may be responsible for carnitine
accumulation [37, 146]. Human OCTN2 is expressed in kidneys and placenta and to
a minor extent in other tissues [143, 145, 147, 148]. OCTN3 is found in many cell
types. This transporter is also localized at peroxisomes where it may be important in
supplying carnitine for peroxisomal lipid metabolism [37, 149].

Organic anion transporters

Organic anion transporters (OATS) are located in the solute carrier family SLC22A ,
divided in 7 subfamilies (OAT1-7) where they function as organic anion exchangers
by a sodium and dicarboxylate gradient, generated by the sodium-dicarboxylate
cotransporter and the sodium-potassium ATPase [37]. Due to coupling of a sodium-
potassium-ATPase pump to the gradient of this transporter family this way of
transport is referred as tertiary transport [150]. OAT transport displays a wide
substrate range including endogenous substrates and xenobiotics [37]. OAT1 is
highest expressed in kidneys with specific location on the basolateral membranes of
renal proximal tubules [151]. OAT2 is found mostly in the liver with lower levels in
kidneys [152, 153]. OAT3 is primary located in the kidneys, with specific location on
the basolateral membranes of renal proximal tubules [154]. OAT4 mRNA is highest
expressed in kidneys and placenta [155]. Not much is known About OAT5-7 whether

neither their expression nor their substrate specify [37].

Peptide Transporters

Peptide Transporters PEPT1 and PEPT2 belong to the solute carrier family
(SLC15A) and transport di- and tripeptides into cells [37]. PEPT1 and PEPT2 are

most prominently expressed in kidneys, lung, colon, pancreas and liver [156, 157]
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Concentrative Nucleoside Transporters

Contrary to other SLC family member’s nucleoside uptake transporters are classified
according to their transport properties of concentrative (high-affinity sodium-
dependent transport using a physiologic sodium gradient) (SLC28A) and equilibrative
(low-affinity facilitated carrier transport) (SLC29A) ability [158, 159]. Nucleosides are
glycosylamines consisting of a sugar moiety and a purine or pyrimidine base,
(cytidine, uridine, adenosine, guanosine, thymidine, and inosine) which are needed
by hematopoietic and other cell types for nucleotide synthesis. Furthermore
nucleoside analogs have been designed against viral infections and cancers as they
are actively taken up by these kind of transporters [37]. CNT1 and CNT2 show
specific location in liver and kidneys. Furthermore CNT2 was also detected in heart,
brain, placenta, skeletal muscle, small intestine and pancreas [160-162]. CNT3 is
found in various tissues [162] with a specific expression at the apical surface of

proximal tubules and the thick ascending loops of Henle loop [162].

Equilibrative Nucleoside Transporters

Equilibrative Nucleoside Transporters (ENTS) transport their substrates down
concentration gradients in a bidirectional way [37]. Interestingly, ENTSs, typically
transporting endogenous nucleosides as well as cancer and antiviral nucleoside
analogs, are also expressed in the mitochondria, where they may be involved in the
cellular toxicity of antiviral nucleoside drugs [163-168]. ENT1 exhibits a broad tissue
range including liver, lungs, heart, ovaries, brain, kidneys, erythrocytes, fetal liver and
placenta [162, 165, 169, 170]. The profile of ENT2 is located in skeletal muscle and
heart but there are detectable amounts in other organs [169]. ENT3 is known to be
broadly expressed in tissue with specific expression in placenta, lung, ovaries, spleen
and bone marrow [171]. About ENT4 neither tissue distribution nor transport

properties are known [172].

3.3 Metabolising Enzymes

As SLC carriers interoperate with enzymes responsible for metabolism both with
phase 1 (cytochrome P450 isoenzymes) and phase 2 (glucuronosyltransferases,
sulfotransferases, glutathione transferases, and others) as well as with efflux

transporters (P-glycoprotein and breast cancer resistance protein ABCG2) interplays
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between uptake, reuptake after metabolism, biotransformation, and efflux strongly
affect the distribution of drugs [56, 62]. During phase 1 substrates are metabolised
most prominently by various CYP450 enzymes via oxidation, reduction, hydrolysis,
cyclization, decyclization and addition of oxygen or removal of hydrogen which is
important for the detoxication and conversion of xenobiotics for further metabolomic
reactions [173]. Phase Il uses completely contrary chemical reactions compared to
phase | because in this step substrates are made more polar by adding for example
sulfates or glucuronides by sulfotransferases or glucuronosyltransferases. These
metabolites are characterised usually by an increased molecular weight and lower
activity than their substrates [174]. Besides drug uptake and specific distribution the
metabolic profile of drugs is crucial for good therapy outcomes. Furthermore
substances co-administered during for example cancer therapy can cause severe
drug-drug interactions which can lead to significant side effects by inducing or
blocking phase 1 or phase 2 metabolisms. In addition effects of FDA drugs are
recognised for their impact on lipoxigenases. Lipoxygenases and CYP450 show
strong effects on arachidonic acid metabolic cascade leading for example to higher
levels of 12(S)-HETE which are linked with circular chemorepellent induced defects
on cells (CCID) [175]. CCID and its link to arachidonic acid metabolite 12(S)-HETE is
especially crucial due to its retractionary effect on endothelial cells abetting tumor
metastasis [175-177]. Therefore understanding of drug enzyme interaction is crucial

for therapy, drug-drug interaction and drug disease interaction [56, 62, 178].

3.3.1 Cytochrome P450 enzymes

Cytochrome P450 is one of the most prominent proteins metabolising xenobiotics, for
example anti-cancer drugs, within the human body and furthermore is responsible for
the oxidation of unsaturated fatty acids, biosynthesis of steroid hormones and much
more [173, 179]. Referring to CYP450 metabolising ability interestingly 60% of FDA
drugs is metabolised via this protein which underlines its crucial role in drug therapy
and drug-drug interactions [180]. The CYP450 superfamily is subdivided in 18
subfamilies whose distribution is controlled on the one hand by age, sex and organ
type and on the other hand by hormonal status, diet and exposure to chemicals [178,
181, 182]. Subfamilies CYP1-4 hold the fast majority of genes in the CYP450 family
and are encoding enzymes responsible for eicosanoids, foreign chemicals and drug
metabolism [178]. The way CYP450 works can be summed up as a simple enzymatic

reaction where molecular oxygen is cleaved followed by the insertion of a single
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oxygen atom into the substrate while water remains [183]. The most prominent
cytochroms responsible for metabolism of the top 200 drugs are CYPs 1A2, 2B6,
2C8, 2C9, 2C19, 2D6, and 3A4/5 which will be further discussed.

CYP1A1 is an important member of the CYP450 family that is involved in the initial
hydroxylation of many xenobiotics and endogenous substrates [184, 185]. In general
the expression of CYP1AL1 is linked with heterodimeric transcription factors [186]
CYP1A2 is predominantly expressed in liver, where it covers an amount of ~10% of
the total microsomal P450 pool [187]. The substrate specifity of the CYP1 enzymes
include many polycyclic aromatic hydrocarbons and endogenous substrates like
prostaglandins, estrogens and retinoic acid. Interestingly this CYP family is widely
expressed in cancer, because of its substrates occurring in cigarette smoke and
charred food which are known to be carcinogenic or to be converted into carcinogens
[187, 188].

CYP1B1 shows approximately 40% identity with CYP1A1 and plays a key role in the
metabolism of various carcinogens [189]. Interestingly typical skin expression of
CYP1B1 shows strong interindividual correlation with cutaneous 8-MOP metabolism
correlated with PUVA sensitivity [190].

CYP2B6 represents ~3—-6% of the total microsomal P450 pool in the liver with a great
interindividual variability [191] induced by several clinical important xenobiotics [187,
192, 193].

CYP2C8 member of CYP450 shows a main selectivity for antidiabetic, antiarrhythmic
and anti-cancer drugs and is inhibited by e.g. cerivastatin where the clinical relevance
of CYP2C8 showed for the first time [187].

CYP2C9 shows high expression in the liver with a selectivity for weakly acidic
substances like e.g. several nonsteroidal anti-inflammatory drugs having a narrow
therapeutic range. This makes CYP2C9 and especially its polymorphisms a crucial
enzyme for drug therapy [187].

CYP2C19 which was the first CYP2C isozyme discovered shows substance
specificity for proton-pump inhibitors and other important drugs [187].

CYP2D6, which is highly genetically and less environmentally influenced in its
expression, is very well-known and is usually found in the liver and in brain neurons
[187]. CYP2D6 catalyses phase 1 reactions for many substrates and furthermore

plays an important role in breast cancer therapy where it is responsible for tamoxifen
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metabolism in antiestrogenic metabolites crucial for positive therapy outcomes [187,
194].

The CYP3A subfamily (3A4,3A5, 3A7, and 3A43) covers the widest range of
substances and shows due to their large and flexible active side, metabolic capability
for many preferentially lipophilic and large substances including several endogenous
compounds [195, 196] with no specificity for a certain structure type [187]. Within the
family, CYP3A5, CYP3A7 and CYP3A43 are found at much lower levels than
CYP3A4. Interestingly the expression of CYP3A4 is besides e.g. inflammatory
signaling pathways linked to sex difference whereat women show 1.5- to 2-fold
higher levels [187, 197].

3.3.2 Arachidonic Acid Metabolising Enzymes

The arachidonic acid metabolic cascade consists of cyclooxygenases,
lipoxygenases, and cytochrome P-450. These enzymes create prostaglandins (PG),
prostacyclin (PGI2), thromboxane A2 (TxA2), hydroxyeicosatetraenoic acids
(HETES), epoxyeicosatrienoic acids (EETs), and dihydroxyeicosatrienoic acids
(DIHETES) [179, 181]. In general lipids play important functional roles as components
of cell signaling cascades. Hence molecular and functional characterization of these
mediators is crucial for understanding and therapy of many diseases [181].

The P450 branch of this cascade holds the key for many biological properties and
mechanism of action so that it is important to keep in mind that P450 plays an
established role in the oxygenated metabolism of eicosanoids [181]. The catalysis of
AA epoxidation by P450 was shown by recent studies, indicating a metabolite
formation by incubation of CYP450, arachidonic acid and microsomes [198, 199].
These findings showed P450 as an active arachidonic acid epoxygenase with
biochemical and physiological implications [181]. The role of CYP450 in
lipoxygenase-like reactions is shown in the formation of six regioisomeric allylic
alcohols containing a characteristic cis, trans-conjugated dienol functionality [181,
200]. Interestingly lipoxigenase and lipoxygenase-like reactions differ in the stero-
enantiomer product as 12-lipoxygenases is known to be selective for 12(S)-HETE
and P450 forms 12(R)-HETE with enantioselective Na*/K* ATPase inhibition activity
[181, 201].
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w and/or w -1 hydroxylation is the best examined role of P450s in the arachidonic
acid cascade where it is in general responsible for mid-chain fatty acids prior to
degradation by 3-oxidation and/or urinary excretion [181].
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Figure4 “Reactions catalyzed by the cytochrome P450 monooxygenase pathway of AA metabolism.
Only the primary oxygenation products of the AA monooxygenase are shown (products derived from
the P450-catalyzed oxygenation of AA).” [181]

Furthermore cyclooxygenase, is essential for the conversion of arachidonic acid (AA)
to PG. Two different enzyme isoforms (COX-1 and COX-2) are known which are
responsible for diverse functions in the human body [202]. Cyclooxygenase-1 is
constitutively expressed throughout the body in nearly all tissues where it mediates a
variety of normal physiologic processes including preservation of renal blood flow and
function, platelet aggregation and hemostasis, and cytoprotection of the
gastrointestinal mucosa [202, 203]. In contrast to COX-1 COX-2 is not similarly
expressed but is especially active in inflammatory cells and synoviocytes inducing
response to hypoxia and tissue injury [202]. COX-2 metabolises arachidonic acid to
proinflammatory prostanoids, which are responsible for the mediation of acute and

chronic response to inflammation, pain and other actions where cellular repair and
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proliferation like for example colon carcinomas that show an enhanced COX-2
expression compared with normal intestinal mucosa [202, 204-207].

Lipoxygenases, classified as 5-, 8-, 12, and 15-lipoxygenases hence to their
selectivity to oxygenate fatty acids, are oxidative enzymes which are involved in the
inflammatory process generating pro-inflammatory mediators (leukotrienes) and anti-
inflammatory mediators (lipoxins) [208-210]. These enzymes catalyse the formation
of hydroperoxy eicosatetraenoic acids (HPETES) which are afterwards reduced and
transformed to eicosanoids that play an important regulatory role for immune
responses [209]. Besides prominent acute and chronic inflammatory diseases like
asthma, atherosclerosis, rheumatoid arthritis etc. linked with over-expression of
lipoxygenases Shureigi and Lippman [211] reported that 5-LOX and 12-LOX are
procarcinogenic, through their LTs and HETEs production, [206, 209]. Furthermore
for asthma, cardiovascular diseases, rheumatoid arthritis and cancer activation of the

NF-kB pathway linked with lipoxygenase activity was reported [209, 212-216].
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Figure5. Pathways for the metabolism of arachidonic acid [179]
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8 Aims of the Thesis

Cancer is still one of the major health issues in western countries and ranges among
the top 4 causes of death. The major problems in cancer therapy are severe side
effects, low patient compliance and active efflux transporters lowering the availability
of anti-cancer drugs resulting in therapy resistance. This active efflux transport
represents the first defense of cells against xenobiotics which explains the crucial
role of upregulated ABC-transporters in cancerous tissues during therapy resulting in
low therapy effects. Therefore new drugs evading or inhibiting AET systems and
using transporter systems in tumor tissue to increase drug concentrations are
needed.

Considering drug transport we wanted to focus on active transport via OATPs which
are known to be expressed in various cancer tissues and strongly affecting
intracellular drug concentrations as they form a superfamily of sodium-independent
transport systems and mediate the cellular uptake of many endogenous and
exogenous chemicals including drugs in clinical use. Although multi-specificity and
wide tissue distribution are common characteristics of many OATPs, some members
have a high substrate specificity and exhibit unique cellular expression in distinct
organs. For that reason we wanted to elucidate specific expression of OATPS in
SCLC and, furthermore, their alteration during therapy. In addition, we planned to
highlighte the role of OATPs in the transport of resveratrol and flavopiridol in breast
cancer cell lines.

As SLC carriers interoperate with cellular metabolizing enzymes of phase 1 and
phase Il as well as with efflux transporters, interplays between uptake, reuptake after
metabolism, biotransformation and efflux strongly affect the distribution of drugs.
Besides drug uptake and specific distribution the metabolic profile of drugs is crucial
for good therapy outcomes. In addition, effects of FDA drugs are recognised for their
impact on lipoxigenases. We wanted to elucidate the role of lipoxygenases and
CYP450 on the arachidonic acid metabolic cascade with a special focus on 12(S)-
HETE. Therefore understanding of drug enzyme interaction is crucial for therapy,

drug-drug interaction and drug disease interaction.
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The expression of organic anion transporting polypeptides (OATPs) was elucidated in cell lines from small
cell lung cancer (SCLC) and lung carcinoids and in paraffin-embedded samples from primary and meta-
static SCLCs. We found a strong relationship between OATP expression and the origin of the cells, as cells
from primary or metastatic SCLC and carcinoid tumors differ with respect to OATP levels. OATP4A1 is
most prominent in non-malignant lung tissue and in all SCLC and carcinoid cell lines and tissues, OATP5A1
is most prominent in metastatic cells, and OATP6A1 is most prominent in SCLC cell lines and tumors.
Treatment with topotecan, etoposide and cisplatin caused significant changes in the expression pat-
terns of OATP4A1, OATP5A1, OATP6A1, chromogranin and synaptophysin. This effect was also evident in
GLC-14 cells from an untreated SCLC patient before chemotherapy compared to GLC-16/-19 chemoresistant
tumor cells from this patient after therapy. mRNA expression of OATP4A1, 5A1 and 6A1 correlates with
protein expression as confirmed by quantitative microscopic image analysis and Western blots. OATPs
might be novel biomarkers for tumor progression and the development of metastasis in SCLC patients.

© 2014 Published by Elsevier Ireland Ltd.

Introduction

Lung cancer is the leading cause of cancer-related death in
western countries and small-cell lung cancer (SCLC) accounts for
15%-20% of all lung cancer types [1]. SCLC is characterized by rapid
tumor doubling time, a high growth fraction and the develop-
ment of widespread metastases, especially to the brain, at a rather
early stage [2]. In contrast to the majority of non-small cell lung
cancers (NSCLC), SCLCs express neuroendocrine markers (e.g.,
chromogranin A, synaptophysin) and are thought to originate from
lung neuronal precursor cells, from which other neuroendocrine lung
tumors (e.g., carcinoids) are also derived [3,4]. Importantly, SCLC
cells, but not carcinoids, are usually highly responsive to initial che-
motherapy, usually with a platin derivative-containing regimen in
combination with etoposide. However, a subsequent relapse of SCLC
mostly occurs within 2 years. Recurrent tumors are than often re-
sistant or has only a mild response to further treatment [5,6]. Only

* Corresponding author. Tel.: +43140400-51280; fax: 43140400-51300.
E-mail address: theresia.thalhammer@meduniwien.ac.at (T. Thalhammer).

hit p:/jdx.doi.org/10.1016j.canlet.2014.09.025
0304-3835/© 2014 Published by Elsevier Ireland Ltd.

10% of patients with advanced tumors survive longer than 2 years,
leading to a five-year survival rate of only 3%-7% [7-9]. Therefore,
clues to a more effective treatment for primary SCLC and its me-
tastases are of utmost interest. In lung cancer, the role of transporters
in drug absorption, distribution and elimination processes as well
as in drug-drug interactions is increasingly being recognized [10].
One of the most important cellular uptake mechanisms for anti-
cancer drugs and endogenous compounds is via the organic anion-
transporting polypeptides (OATP proteins/SLCO genes) [11,12]. The
term OATP is used for both genes and proteins throughout the manu-
script [13-18]. Eleven human OATPs, divided into six distinct
subfamilies (OATP1-6) [19], were found in human tissues mainly
at biological barriers with a specific pattern [16,20]. Some OATPs,
such as OATP4A1, are widely expressed in the human body and were
also identified at the mRNA level in bronchial epithelial cell models
and might contribute to the uptake of solutes into lung cells
[10,21-23]. The malignant transformation of cells is known to alter
the OATP expression pattern in organs. Indeed, the gonad-specific
OATP6A1 was identified as a cancer-testis antigen in lung tumors
and lung tumor cell lines. The altered uptake of OATP substrates in-
cluding anticancer drugs may lead to changes in the activity of drugs
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and may therefore play a role in the chemosensitivity of cancer cells.
Forexample, OATP5A1 seems to play a role in the resistance of lung
cancer cell lines to satraplatin [20,24]. Otherwise, treatment with
chemotherapeutic agents alters the expression pattern of OATPs in
the cells, which again influences the response to specific cancer che-
motherapies. Therefore, this study aimed to investigate the OATP
expression of SCLC cell lines. We used cell lines from primary and
metastatic SCLC tumors as well as pulmonary carcinoid cells and
performed immunofluorescence and immunohistochemistry on
paraffin-embedded SCLC samples. Furthermore, the mRNA expres-
sion of OATP4A1, OATP5A1 and OATPEA1 was assessed in cell lines
that were exposed to the chemotherapeutic drugs cisplatin, etoposide
and topotecan, which are all applied in SCLC therapy [10,21,23].
Chromogranin A and synaptophysin were applied as markers for neu-
roendocrine differentiation of the tumor cells, and cadherin-1 was
applied as a marker for the epithelial origin of cells [25,26].

Materials and methods

Reagents

Cisplatin, etoposide, and topotecan were obtained from Eubio (Vienna, Austria).
Other reagents and solvents (if not otherwise stated), obtained from Sigma
(Munich, Germany), were of analytical grade.

Cancer cell lines and treatment

NCI-H417 cells, the NSCLC cell line A549 [25] and the two pulmonary carci-
noid cell lines NCI-H727 and NCI-H835 [26] were obtained from the American Type
Culture Collection (Manassas, VA, USA), DMS-153 cells from ECACC (Porton Down,
Salisbury, UK). Other SCLC cell lines were obtained from Dr. Nina Pedersen, Depart-
ment of Radiation Biology, The Finsen Center, National University Hospital,
Copenhagen, Denmark [27]. The DMS-114 and NCI-H417 cells were originally es-
tablished from untreated SCLC patients undergoing lung biopsy [28-31]. The DMS-
153 cell line was established from an SCLC metastasis in the liver of a patient treated
with cytoxan and methotrexate [ 28|, whereas NCI-H526 was derived from a bone
marrow metastasis of an untreated SCLC patient [32]. NCI-H69 cells were estab-
lished from the pleural effusions of an untreated SCLC patient [33]. The SCLC-26A
line was previously established in our lab from a pleural effusion of an untreated
SCLC patient [34]. NCI-H727 and NCI-H835 were derived from lung carcinoid pa-
tients prior to therapy [35,36]. Cells were grown in RPMI-1640 bicarbonate medium
(Seromed, Berlin, Germany) supplemented with 10% fetal bovine serum {Seromed),
4 mM glutamine and antibiotics (penicillin/streptomycin) under previously de-
scribed tissue culture conditions [37]. All cells were checked regularly for mycoplasma
contamination using a Mycoplasma PCR ELISA Kit (Roche Diagnostics, Vienna, Austria).
For cell treatments, stock solutions were prepared in DMSO (0.1%), which was used
as the control. 1x 10° cells in six-well plates were incubated with the compound
for 3 days and washed with PBS before RNA isolation.

RNA extraction

RNA was extracted from cells using TRI Reagent® (Applied Biosystems, Foster
City, CA, USA). The concentration, purity, and integrity of the RNA samples were de-
termined by UV absorbance and electrophoresis. RNA from normal human lung tissue
(5 donor pool) was purchased from BioCat (Heidelberg, Germany). RNA from human
bronchial epithelial (HBE) cells was obtained from ScienCell Research Lab (Carls-
bad, CA).

Reverse transcription and real-time RT-PCR

One microgram of total RNA was reverse transcribed to cDNA with a high ca-
pacity cDNA reverse transcription kit (Life Technologies, Carlsbad, CA, USA). For
reference genes, expression of 12 housekeeping genes was analyzed using a geNorm
reference gene selection kit with PerfectProbeTM (PrimerDesign Ltd., South Hampton,
UK). GAPDH (glyceraldehyde-3 phosphate dehydrogenase), YWHAZ ( 14-3-3 protein
zeta/delta) and TOP1 (DNA topoisomerase 1) were used for TagMan® real-time RT-
PCR analysis. Real-time RT-PCR was performed [38] using the TagMan® Gene
Expression Assays containing intron-spanning primers: OATP1A2: Hs00245360_m1,
OATP1B1: Hs00272374_m1, OATP1B3: Hs00251986_m1, OATP1C1: Hs00213714_m1,
OATP2A1: Hs00194554_m1, OATP2B1: Hs00200670_m1, OATP3A1: Hs00203184_m]1,
OATP4A1: Hs00249583_m1, OATP4C1: Hs00698884_m1, OATP5A1: Hs00229597_m1,
OATP6A1: Hs00542846_m1 and the endogenous controls GAPDH, YWHAZ and TOP1
(PrimerDesign Ltd., South Hampton, UK).

Western blotting

Western blotting was performed as described previously [39] using 30 pug of
protein as determined with an assay kit from Bio-Rad Laboratories (Hercules, CA,
USA). To control equal sample loading, protein on the membranes was stained with
glycerol-3-phosphate dehydrogenase. 5% non-fat dry milk/PBS/0.05% Tween 20 was
used for blocking. The following primary antibodies in blocking solution were applied:
rabbit anti-human OATP4A1 (LSBio; dilution 1:500), rabbit anti-human OATP5A1
(LSBio; dilution 1:100) and rabbit anti-human OATP6A1 (LSBio; dilution 1:500).
Peroxidase-conjugated species-specific IgG was used as secondary antibody (dilu-
tion 1:5000). Detection was performed with an ECL detection kit from Thermo
Scientific (Portsmouth, NH, USA) using a Versa-Doc Gel Imaging system (Biorad,
Hercules, CA).

Paraffin-embedded tumor sections

Archived paraffin-embedded sections from SCLC tumors, SCLC metastases to the
brain and non-malignant (emphysema) lung tissue, provided by the Institute of Pa-
thology and Bacteriology, Vienna, Austria (head: Dr. Angelika Reiner) at the
Donauspital-Sozialmedizinisches Zentrum Ost, are derived from patients undergo-
ing diagnostic biopsy or surgery. None of them received preoperative chemo- or
radiotherapy prior to surgery. The study was performed in accordance with local
ethical regulations.

Immunofluorescence and immunohistochemistry in cancer specimens

Double immunofluorescence staining was performed as previously described [40].
For antigen retrieval, 10 mM citric acid (pH 6.0) was used. Antibodies: Rabbit anti-
SLCO4A1, anti-SLCO5A1 (Atlas Antibodies, Stockholm, Sweden) 1:50, anti-SLCO6A1
(Novus Biologicals, Littleton, CO, USA) 1:1000 and for double immunofluores-
cence, mouse polyclonal antibody Anti-CD34 (Lab Vision — Neo Markers, Fremont,
CA, USA) as endothelial cell marker were used (1:50). In negative controls, OATP an-
tibodies were replaced by non-immunogenic IgG. Thereafter, samples were incubated
with a secondary Alexa Fluor 488 antibody (Invitrogen, Carlsbad, CA, USA) and the
cell nuclei were stained with 0.5 pg/ml Hoechst 33342 (Sigma-Aldrich, St. Louis, MO).
The slides were monitored on a TissueFAXS System with a Zeiss Fluorescence Mi-
croscope [41]. For immunohistochemical stainings, sections were processed with
the Envision+ System-HRP (DAB) kit {(Dako, Glostrup, Denmark). Immunostaining
intensity was first evaluated by two experienced researchers. Thereafter, quantita-
tive evaluation of the percentage of stained cells and the intensity of cell staining
per area given as immunoreactive score (IRS) was performed by using the HistoQUEST
program (TissueGnostics, Vienna, Austria) as described in detail by Kounnis et al [42].

Statistical analyses

A paired t-test (treated vs. non-treated sample) was applied to calculate the sig-
nificance of mRNA expression data. Significance: p < 0.05.

Results
OATP mRNA expression studies in fung tumor cell lines

The relative mRNA expression of OATPs was assessed in cells from
primary SCLC tumors (DMS-114, NCI-H417), SCLC metastatic tumors
(DMS-153, NCI-526), carcinoid cell lines (NCI-H727, NCI-H835) and
cells isolated from pleural SCLC effusions (NCI-H69, SCLC26A) (Fig.
1A and 1B). Normal lung tissue, human bronchial epithelia (HBE)
and the NSCLC cell line A549 [43] were used for comparison. We
showed that the OATP4A1 gene was the most abundant OATP in
normal lung tissue and in cancer cells (Fig. 1B, Supplementary Table
S1). In normal lung, the relative OATP4A1 mRNA expression levels
were 2.9-fold higher than that of the housekeeping gene YWHAZ.
High levels were also found for the OATP2A1 gene (2.2-fold). The
OATP1A2, OATP2B1, OATP3A1, OATP4C1, and OATP5AT genes were
also clearly expressed, but the levels were lower than that of YWHAZ
(ranging between 0.33-fold for OATP2B1 and 0.005-fold for OATP5A1).
Compared to normal lung, OATP gene expression was greatly reduced
in non-malignant HBE. While OATP4A1 mRNA expression was
reduced by 66%, a 99% reduction was observed for OATP2AT. There-
fore, OATP4A1 was still the highest expressed OATP gene in these
cells (Fig. 1B). A rather uniform expression pattern for OATP4A1 was
observed in all tumor cell lines although the OATP4A1 gene levels
were lower than in lung (up to 13%). Similarly, OATP2A1, OATP2B1,
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Fig. 1. (A and B) Relative mRNA expression of all known 11 OATPs in SCLC cell lines. 1 ug RNA isolated from non-malignant lung tissue, human bronchial epithelia (HBE),
and cell lines from primary SCLC tumors and SCLC metastasis, lung carcinoid cell lines, and a non-small cell lung cancer cell line was reverse transcribed. qPCR studies
were performed using TagMan Assays as described in the Materials and Methods section. SCLC cell lines were either derived from biopsy specimens or from pleural effu-
sions.

mRNA expression levels of OATPTA2, OATP 1B1, OATP1B3, OATP1CI, OATP 2A1 OATP 2B1 (A) and OATP3A1, OATP4A1, OATPACI, OATP5A1 and OATP6A1 (B) are expressed as
n-fold changes related to the most stable expressed reference gene YWHAZ,

Please cite this article in press as: Stefan Brenner, et al., Specific expression of OATPs in primary small cell lung cancer (SCLC) cells as novel biomarkers for diagnosis and therapy,
Cancer Letters (2014), doi: 10.1016/.canlet. 2014.00.025

56



10

4 S. Brenner et al./Cancer Letters MM (2014) mE-HE

and OATP3A1 were expressed at lower levels in SCLC and carcinoid
tumor cell lines compared to normal lung tissue, but higher ex-
pression levels in SCLC cell lines than in normal human lung were
observed for OATP1A2, OATP1B3, OATPAC1, OATP5AT and OATPEAL.
Cells also differed according to whether they originated from primary
and metastatic SCLC tumors or from lung carcinoids. Particularly,
OATP5A1 levels were highest in DMS-153 cells from metastatic tumors
(approximately 2.5-fold higher than in normal lung tissue). Al-
though OATP5A1 was also expressed in SCLC-26A cells and in the
carcinoid cell line NCI-H835, it was expressed at lower levels than
in the metastatic cell lines (0.13- and 0.23-fold of YWHAZ, respec-
tively). Similar to OATP5A1, OATP1A2 transcripts were found at 2-fold
elevated levels in NCI-H526 and 3.7-fold higher levels in NCI-H835
cells compared to normal lung (0.028- and 0.038-fold over YWHAZ).
Additionally, OATP3A1 gene expression was highest in these two
cell lines and in SCLC-26A cells, in which its expression nearly ap-
proached that of normal lung tissue (0.084- vs. 0.097-fold of YWHAZ).
In the primary SCLC cell lines, NCI-H417 and DMS-114, the mRNA
expression of two OATPs, namely OATP4C1 and OATP6A1, was evident.
This finding is remarkable as OATP6A1, which was identified as a
cancer-testis antigen, was also proposed as a lung cancer marker
[45]. Compared to SCLC cells, the NSCLC cell line A549 showed a
contrasting OATP expression pattern. In SCLC cells highly ex-
pressed OATP genes (e.g., the OATP4A1 gene) were expressed at low
levels in A549 cells. The highest mRNA levels (0.219 x YWHAZ) were
observed for OATP1B3 in NCI-H727 cells. Whereas OATP2B1 mRNA
is considerably expressed in normal lung and A549 cells, it is reduced
in SCLC and carcinoid cell lines (apart from metastatic NCI-H526
SCLC cells).

OATP and neuroendocrine marker mRNA expression in cell lines in
response to chemotherapy

To study the changes in the OATP mRNA expression pattern during
development of resistance to chemotherapy and subsequent tumor
progression, GLC-14, GLC-16 and GLC-19 cells were assessed [44].
GLC cells expressed OATP1A2, 2A1, 2B1, 3A1, 4A1, 4C1, 5A1 and
OATP6AT genes. Relative values of OATP gene expression (related
to lung) are shown in Table 1. OATP4A1 gene expression was up-
regulated by 120% and 80% in later stage GLC-16 und GLC-19 cell
lines, respectively, compared to chemosensitive GLC-14 cells, while

Table 1
mRNA expression of OATPs, neurogenic markers and cadherin-1 in GLC-14, GLC-
16 and GLC-19 cell lines.

GLC-14 GLC-16 GL-C19

[n-fold] [n-fold] [n-fold |
OATP1A2 0.002 nd. 0.002
OATP1B1 n.d. n.d. n.d.
OATP1B3 n.d. nd. n.d.
OATP1C1 n.d. nd. nd.
OATP2A1 0.066 0.037 0.023
OATP2B1 0.045 nd. nd
OATP3A1 0.254 0.198 0.148
OATP4A1 0.013 0.029 0.025
OATP4C1 0.136 0.049 0.005
OATP5A1 23.0 13.3 85
OATP6A1 8.75 0.011 nd.
CHGA 257 33.3 60.2
SYP 733 3.94 116
CDH1 0.082 0.115 0.261

The cell lines were derived from an SCLC patient before treatment {GLC-14), during
(GLC-16) and after (GLC-19) surgical removal of the tumor, chemo- and radiation
therapy [44]. From sub-confluent (80%) cell lines, RNA was extracted using Trizol.
One microgram of total RNA was subjected to reverse transcription and TagMan Assays
were applied to monitor mRNA expression of the OATPs. mRNA levels were calcu-
lated as n-fold changes relative to normal lung. n.d.: values are below the detection
limit. CHGA: chromogranin; SYP: synaptophysin; CDH1: cadherin-1.

all other OATP genes were down-regulated. GLC cell lines ex-
pressed the epithelial cell marker cadherin-1 and both neurogenic
markers chromogranin and synaptophysin. The cadherin-1 gene ex-
pression was increased by approximately 3-fold in GLC-19 cells
compared to GLC-14 cells. Chromogranin expression was also in-
creased by 29% in GLC-16 and by 134% in GLC19. Synaptophysin levels
were increased by 58% in GLC-19 cells. We also studied whether
changes in the mRNA levels of neurogenic peptides might be related
to altered OATP gene expression. We selected OATP4A1 (high levels
innormal lung, low in tumor cells), OATP5A1 (low levels in primary
SCLC cell lines, high in metastatic SCLC), and OATP6A1 (expressed
in SCLC cells, but not found in normal lung tissue) to study the effect
of invitro treatment with chemotherapeutic agents on primary SCLC
cells (NCI-H417) and the metastatic DMS-153 cells (Fig. 2), both ex-
pressing chromogranin and synaptophysin. Cisplatin dosages of 0.6
and 1.25 pM enhanced OATP5A1 mRNA expression by 75%, whereas
OATP4A1 and OATP6A1 gene expression levels were increased only
ata higher cisplatin dose (1.25 uM) by 45% and 54%, respectively, in
NCI-H417. Cisplatin showed no effect on DMS-153 cells. Similar to
the effects of cisplatin on OATPs, both marker transcripts were up-
regulated by 2- to 2.5-fold in the NCI-H417 cells only. Etoposide had
little effect on OATP4A1 and OATP5A1 mRNA levels, but influenced
OATPBA1 expression in both cell lines by 60% stimulation in NCI-
H417 cells and by 50% reduction in DMS-153 cells at low-dosage.
Chromogranin and synaptophysin gene expression, which was more
pronounced in DMS-153 cells, was reduced. Topotecan increased
OATP4A1 mRNA expression at 1.25 and 2.5 M by up to 180 and
250%, respectively. It also stimulated OATP5AT mRNA expression,
but only in NCI-H417 cells. OATP6A1 gene expression was down-
regulated by topotecan in both cell lines at 1.25 and 2.5 pM (to
approximately 25%). Topotecan also increased chromogranin mRNA
expression by 2- to 3-fold in both cell lines, whereas the expres-
sion of synaptophysin was less influenced.

OATP protein expression

Western blotting was also performed to confirm OATP4A1-,
OATP5A1-, and OATP6A1-expression in GLC-14, GLC-16 and GLC-
19 cells from the SCLC patient. We found a clear correlation between
protein and mRNA expression during tumor progression. While
OAT4A1 was strongly induced, OATP5A1 and OATP6AT decreased
in the later stage GLC-16 and GLC-19 cell lines (see Fig. 3). As
topotecan was most efficient to modulate OATP mRNA expression,
we further studied cellular protein levels of OATP4A1, OATP5A1 and
OATP6A1 in topotecan treated NCI-H417 and DMS-153 cells. Up-
regulation was again observed for OATP4A1 and in NCI-H417 cells
after treatment with 1.25pM and 2.5 pM topotecan. In DMS-153
cells, OATP4A1 was also up-regulated whereas OATP6AT1 protein ex-
pression was down-regulated in both cell lines. This corresponds
to PCR-data shown in Fig. 2 and Table 1.

Studies in fung tumor specimens

The cellular localization of OATP4A1, OATP5A1 and OATPEAT was
studied in paraffin-embedded SCLC specimens first by immuno-
histochemistry and then by immunofluorescence with positive
staining for the transporters in non-malignant lung tissue and in
primary and metastatic SCLC tumor specimens. Fig. 4 shows a rep-
resentative picture of SCLC metastatic tissue, in which brown
cytoplasmic and membrane staining of OATP4A1, OATP5A1 and
OATP6BA1 is visible in tumor cells. For quantitative analysis of the
OATP levels in different samples, we used the immunohistochemi-
cal stained sections for which the TissueQuest program was found
to be suitable [42].

Data from five non-malignant lung tissues, SCLC primary and
metastatic tumors, respectively, revealed that the pattern of OATP4A7,
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Fig. 2. mRNA expression of OATP4A1, OATP5A1, OATP6A1, synaptophysin and chromogranin in NCI-H417 and DMS-153 SCLC cell lines treated with anticancer agents. NCI-
H417 and DMS-153 cell lines were treated with cisplatin (0.6 and 1.25 uM), etoposide (0.6 and 1.25 uM), and topotecan (1.25 and 2.5 pM), respectively, for 48 h, before RNA
was isolated. Then, 1 ug RNA was reverse-transcribed and TagMan Assays were applied in the quantitative PCR. Expression levels in untreated cells line were set to 100%

and changes in the expression levels were calculated as % of control (*p <0.05; n=3).

OATP5A1 and OATP6A1 corresponds to the data in normal lung and
SCLC cell lines, respectively. OATP4A1 is the most abundant OATP
in SCLC tumors and in the surrounding non-cancerous tissue (Table
2). As expected OATP4A1 levels (given as immunoreactive scores)

Table 2
Immunoreactive OATP4A1, OATP5A1 and OATP6AT1 levels in paraffin-embedded speci-
mens from non-malignant and SCLC tumor samples.

OATP levels in paraffin-embedded tissue sections
IRS (arbitrary units)

Non-malignant Primary tumor Metastasis
OATP4A1 105.5 + 60.4 46.2+47.8 49.3+30.1*
OATP5A1 34+31 8.9+4.7 153+54 *
OATP6A1 1.3+4.2 104+51 * 6.9+4.5

OATPs were stained by immunohistochemistry and quantitative microscopic image
analysis was performed on specimens with >3% positive cells (compared to the neg-
ative control staining with non-specific IgG) to evaluate the immunoreactive score
(IRS) for individual samples (n=5). IRS values were calculated from the number of
cells with positive staining multiplied with the mean OATP staining intensity in an
area. Immunohistochemistry was performed as described in the Materials and
Methods section. Values (means + SD) are from 5 samples (n=5). A paired t-test
(primary tumor/metastasis vs. non-malignant sample) was applied to calculate the
significance *p < 0.05.

GLC NCI-H417 DMS-153

ompant [ v e S| | = &
omeoar M ] |
onreor: [

GAPDH

topoc 1.25 uM
topo 2.50 pM
topo 1.25 uM
topo 2.50 pM

Fig. 3. Effect of anticancer chemotherapy on cellular OATP4A1, OATP5A1 and OATP6A1
levels in SCLC cancer cell lines. Protein extracts (30 pg) isolated from GLC-14 (before),
GLC-16 (during) and GLC-19 (after therapy) cell lines derived from one SCLC patient,
and in the NCI-H417 and the DMS-153 SCLC cancer cell line treated with topotecan
(1.25 uM and 2.5 uM), respectively, were separated on a 12% PAGE and proteins were
blotted onto nitrocellulose membranes. Blots were probed with antibodies against
OATP4A1, OATP5A1 and OATP6A1, respectively. GAPDH was used as loading control.
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OATP5A1

Fig. 4. Immunohistochemical staining of OATP4A1, OATP5A1 and OATP6AT in paraffin-embedded SCLC metastatic SCLC tissue section. 4 um sections were probed with polyclonal
rabbit anti OATP antibodies and immunoreactive proteins were visualized with the Envision + System HRP system. Nuclei were counterstained (blue) with hematoxylin (mag
nification x200). Brown staining for the OATPs is visible in the tumor cells within the metastases. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

are reduced (by approximately 50%) in the tumor sections com-
pared to the non-cancerous tissue. OATP5A1 levels are highest
in the metastatic tumors, while OATP6A1 levels are near the de-
tection limit in the non-cancerous tissue, but its levels are up to 10
times higher in the primary tumors,

Immunofluorescence microscopy of these OATPs on paraffin-
embedded sections from SCLC tumors and non-malignant lung tissue
confirms these findings (representative images are shown in Fig. 5A
and B). In Fig. 5A, the green OATP staining is visible while in the
merged image (Fig. 5B) green OATP, red CD34 (for endothelial cells)
and blue nuclei are present. Bright green immunofluorescence stain-
ing of OATP4A1 was observed in the samples from healthy lung
tissue. The OATP5A1 fluorescence staining was clearly visible in the
metastases, while for OATP6A]1, a rather diffuse staining in all tissue
samples was visible as expected from the mRNA distribution pattern
in the cell lines. Additional experiments investigating whether
OATP4AT1, OATP5A1, and OATP6A1 might also be expressed in blood
vessels were performed. By applying an antibody against CD34 to-
gether with antibodies against OATP4A1, OATP5A1, and OATPGAT,
no co-staining of CD34-positive vascular endothelial cells in the lung
tissue was observed indicating absence of these OATP isoforms in
these cells (Fig. 5B).

Discussion

In the present study we elucidated the mRNA expression pattern
of all 11 OATPs in primary and metastatic SCLC and lung carcinoid
tumor cell lines in comparison to normal non-malignant lung tissue
and non-malignant human broncho-epithelial cells. Then we evalu-
ated the effect of chemotherapeutic agents on the expression of
selected OATPs. OATP4A1 was most abundant in normal lung tissue
and expressed in lung cancer cell lines derived from SCLC, carci-
noid and NSCLC tumors. Similar to other OATPs, it was significantly
reduced in non-malignant HBE. Expression of this OATP was also
previously found in lung adenocarcinomas [21], epithelial BEAS-
2B cells [23], and the adenocarcinoma cell line Calu-3 [23].
Interestingly, while OATP1A2, OATP1B3, OATP4C1, OATP5A1 and
OATP6AT1 demonstrated higher mRNA expression levels in SCLC cell
lines compared to normal lung tissue, other OATP genes, namely
OATP2A1, OATP2B1, and OATP3A1 were reduced in SCLC and car-
cinoid tumor cell lines. Furthermore, our data also showed distinct
differences in the mRNA expression pattern of OATPs between meta-
static and primary tumor cell lines. This applies to OATP5A1 in which
expression levels were high in cell lines derived from metastatic
tumors (DMS-153 and NCI-H526) and in carcinoid cell line NCI-
H835. On the other hand, OATP6A1 mRNA was found in the primary
SCLC cell lines NCI-H417 and DMS-114 and in the pleural effusion
cell line NCI-H69. Contrary to SCLC cells, the NSCLC cell line A549
showed a unique OATP expression pattern with preferentially
OATP1B3 gene expression. This suggests possible differences in the

Control SCLC Metastasis

OATP4A1

A

B . . .
OATPSA1

A

B . . .
OATP6A1

A

B . . .

Fig. 5. Immunofluorescence staining of OATPAAT, OATP5AT and OATP6AT in paraffin

embedded non-malignant lung tissue (control}, lung cancer sections (SCLC) and SCIC
brain metastasis. 4 pm sections were probed with polyclonal rabbit anti OATP an

tibodies and with a mouse antibody against CD34 as endothelial cell marker. OATPs
were detected by an Alexa Fluor 488 labeled anti-rabbit IgG whereas an Alexa Fluor:
565 1gG was used for CD34-positive vascular endothelial cells. Sections were monitored
inan automated Zeiss fluorescence microscope (Tissue FAXS) {magnification x200).
(A) Green staining for the OATPs {(GFP channel) (B) overlay picture of green OATPs,
red staining of vascular endothelial cells (Texas Red channel) and blue nuclei (Hoechst
33342 dye). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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uptake of OATP substrates e.g., anticancer drugs between the two
tumor entities [11].

In accordance with data from the cell lines on mRNA expres-
sion and on OATP4A1, OATP5A1 and OATP6AT1 levels in Western blot,
OATP4A1 was more prominent in paraffin embedded sections from
non-malignant lung tissue than in primary and metastatic tumors.
However, its levels in the investigated tumor tissues and cells lines
were still higher than those of other OATPs (OATP5A1, OATPGA1).
The prominent expression of OATP4A1 in all lung samples (SCLC,
carcinoid cell lines, tissue sections from primary and metastatic SCLC
samples) suggests an important role for OATP4A1 in the uptake of
specific substrates, such as thyroid hormones, estrone-3-sulfate, and
prostaglandins into lung cancer cells. Prostaglandins are impor-
tant regulators in lung cells under physiological and pathological
conditions, as they control smooth muscle airway contraction [46]
and modulate the inflammatory process [47]. Whether OATP4A1
might work together with lung-cell expressed OATP2A1, which is
a specific uptake transporter for prostaglandins (including prosta-
glandin E2) [48] for their intracellular inactivation [48,49], is still
unknown. Other OATP4A1 substrates are thyroid hormones and they
are known to modulate tumor progression via binding the nuclear
thyroid hormone receptor [50]. Thyroid hormones are the only
known substrates for another OATP, namely OATP1C1, whose ex-
pression is particularly high at the blood-brain barrier [51,52]. mRNA
of this OATP is also expressed at a low level in lung tissue and in
lung adenocarcinoma A549 cell line, but not in SCLC tumors and
cell lines. Additionally, estrogen-sulfate uptake via OATP4A1 was
shown [53]. This might be important because estrone sulfate can
be converted via steroid sulfatase to active 17R-estrogen, which was
found to influence pulmonary inflammation and lung cancer pro-
gression [ 54]. In addition to OATP4A1, other OATPs are also active
in the uptake of steroid precursors, including OATP family 1 members
and OATP2B1 [55,56]. The latter is also present in normal lung tissue,
and in contrast to A549 cells, it is only rarely expressed in SCLC cells.
Similar to OATP2B1, OATP1B3 known as tumor marker in cancer of
various organs including gastrointestinal tract, breast, and pros-
tate, was rather low expressed in SCLC. Interestingly, higher OATP5A1
mRNA levels were observed in metastatic SCLC cell lines, carcinoid-
and pleural effusion-derived cells, compared to normal lung tissue.
OATP5A1 immunoreactivity was also more pronounced in lung
cancer metastases from SCLC patients, suggesting a role for this OATP
in tumor metastasis. This assumption is supported by a recent study
showing that transfection of HelLa cells with OATP5A1 induces ex-
pression of several genes involved in the regulation of differentiation
and migration [24,57]. We also showed that the cancer-testis antigen
OATP6A1 is present in SCLC tumor cell lines and demonstrated its
presence in samples from primary SCLC and metastases, indicat-
ing that it may also be considered as a tumor marker for this lung
cancer subtype [45]. To date, no substrate for human OATPEA1 has
been identified, although the rat homologue was found to trans-
port DHEA sulfate [58]. Therefore, its function is still unclear.

We also found that resistance to chemotherapy is accompa-
nied by altered OATP mRNA expression at least in the SCLC patient
treated with surgical removal of the tumor, radiation and antican-
cer drug therapy. In the GLC-14 cell line, isolated before therapy,
only OATP4A1, but not OATP5A1 and OATP6AT, was lower than in
the late stage GLC-16 and GLC-19 cell lines from the same patient.
These changes were related to an increase in neurogenic differen-
tiation as shown by the increased levels in neurogenic peptides
synaptophysin and chromogranin and the epithelial marker cadherin-
1. Based on this interesting finding, we also studied the expression
of these OATPs in NCI-H417 and DMS-153 cells after treatment with
cisplatin, etoposide and topotecan. Generally, the effects were more
pronounced in the primary NCI-H-417 cells than in the metastatic
cell line. Cisplatin was active to induce OATP4A1, OATP5A1 and
OATP6A1 together with the neuroendocrine markers chromogranin

and synapthophysin in NCI-H417 cells. In contrast to cisplatin and
etoposide, topotecan induced OATP4AT1 in both cell lines, while
OATP6A1 was reduced. Therefore, we further analyzed topotecan
treated cell lines in Western blots. In the GLC cell lines and in the
two cancer cell lines NCI-H417 and DMS-153 treated with topotecan,
mRNA expression of OATP4A1, OATP5A1 and OATP6A1 correlates
with protein expression. This was confirmed by quantitative mi-
croscopic image analysis of the immunohistochemical staining
pattern for these OATPs in SCLC tumor samples from SCLC pa-
tients (see Fig. 4 and Table 2). So far we know that this is the first
report on the protein expression of these particular OATPs in SCLC
tumors.

Taken together, our data revealed a specific OATP expression
pattern, with OATP4A1 being the most prominent OATP in SCLC and
carcinoid cell lines and SCLC tumors. We also confirmed that
OATP5A1 is highly expressed in metastatic tumor cells while
OATP6A1 is present in SCLC cell lines and the tumors. Whether
OATP modulation might also be observed in SCLC patients during
chemotherapy is not known yet, but OATPs might function as
novel biomarkers for tumor progression and the development of
metastasis.
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Scope: Resveratrol is a naturally occurring polyphenolic compound with various pharmaco-
logical activities. These effects are observed despite its low bioavailability, which is particularly
caused by extensive phase IT metabolism. It is unknown whether resveratrol and its metabolites
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can accumulate to bioactive levels in organs and tissues through protein-mediated transport
mechanisms. Because organic anion transporting polypeptides (OATPs) mediate the uptake of
many clinically important drugs, we investigated their role in the cellular transport of resveratrol

and its major glucuronides and sulfates.

Methods and results: Uptake experiments were performed with resveratrol and its glucuronides
and sulfates in OATP-expressing Chinese hamster ovary (CHO) and breast cancer (ZR-75-1)
cells. The uptake rates for resveratrol in OATP1B1-, OATP1B3-, and OATP2B1-transfected Chi-
nese hamster ovary cells were four- to sixfold higher compared to wild-type cells. Resveratrol-
3-0-4'-O-disulfate was transported by OATP1B1 and OATP1B3, while resveratrol-3-O-sulfate
was exclusively transported by OATP1B3. However, resveratrol-4'-O-sulfate, resveratrol-3-O-
glucuronide, and resveratrol-4’-O-glucuronide did not show any affinity for these OATPs.
OATP-dependent uptake of resveratrol was also confirmed in ZR-75-1 cells.

Condusion: Our data revealed that OATPs act as cellular uptake transporters for resveratrol
and its major sulfates, which must be considered in humans following oral uptake of dietary

resveratrol.
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1 Introduction

Resveratrol (trans-3,5,4 -trihydroxystilbene) is a naturally oc-
curring compound found at low concentrations in grapes,
berries, peanuts, and red wine [1]. Over the last decade, it has
been shown that resveratrol exhibits a wide variety of biolog-
ical and pharmacological properties. In several in vitro, ani-
mal models and human studies, resveratrol has been found
to be active in the prevention and treatment of cancer, car-
diovascular diseases, inflammation, ischemic injuries, and
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neurodegenerative diseases, and resveratrol may alsoact asan
antiobesity and antiaging compound [2]. The observed phar-
macological activities of resveratrol cannot be explained by
the low blood and tissue concentrations of unchanged resver-
atrol based on extensive metabolism in the gut and liver,
leading to five to tenfold higher circulating plasma concen-
trations of resveratrol glucuronides and resveratrol sulfates
compared with unconjugated resveratrol [3,4]. Currently, lim-
ited information is available regarding the possible benefits
of resveratrol metabolites. Based on in vitro studies, resvera-
trol sulfates have been found to have comparable or greater
potency than resveratrol against specific molecular targets,
namely, COX 1and 2, quinone reductase 1, nuclear factor kB
as well as similar ability to scavenge free radicals [5-7]. Fur-
thermore, sulfates were also very recently shown to attenuate
the Escherichia coli-LPS-induced IL-6 and TNF-a release [8].
In contrast to resveratrol sulfates, the few published studies
have shown that resveratrol glucuronides are ineffective in
various human cell lines, macrophages, and HIV-1 infection
[8-12]. However, the in vitro activity of resveratrol metabolites
may not necessarily reflect their in vivo function given that in-
tracellular sulfatases or R-glucuronidases could easily convert
the conjugates back to resveratrol [13]. Recent data from our
laboratory have indeed shown that intracellular resveratrol-
3-O-sulfate is readily hydrolyzed in breast tissue samples by
members of the sulfatase family to regenerate parent resver-
atrol [13]. Monosulfate metabolites were also converted back
to the parent compound in human colorectal cells [9]. The
observed induction of autophagy and senescence, however,
was abrogated by inclusion of a sulfatase inhibitor, which re-
duced intracellular resveratrol. Interestingly, cellular uptake
of resveratrol-3-O-gulfate and resveratrol-4'-O-sulfate into cy-
toplasm of human colon cancer cells was dependent on cell
line (HCEG < HCA-7 = HT-29), strongly indicating uptake
transport mechanisms rather than passive diffusion [9]. An
active transport for resveratrol and its conjugates is also sup-
ported by several in vitro and in vivo studies showing that
the multidrug resistance-associated proteins (MRPs) namely
MRP2 and MRP3 are responsible for the efflux of resveratrol
glucuronides whereas breast cancer-resistance protein has
been found to be the major eflux pump for native resvera-
trol and resveratrol sulfates [14,15]. We therefore hypothesize
that resveratrol and its conjugates may accumulate to bioac-
tivelevels in cells, organs, and tissues through active transport
mechanisms.

One major cellular uptake mechanism is via members
of the organic anion transporting polypeptide (OATP) fam-
ily [16-18]. Among the 11 human OATPs, OATP1B1 and
OATP1B3 are highly expressed in the liver and mediate the
uptake of numerous drugs into hepatocytes. OATP2B1 shows
substantial expression in the apical membrane of enterocytes,
where it contributes to the intestinal absorption of many en-
dogenous compounds and clinically important drugs, thereby
affecting drug disposition [19, 20]. Based on the structural
similarity of resveratrol-3-O-sulfate with estrone-3-sulfate, for
which OATP1B1-, OATP1B3-, and OATP2BI1-mediated up-
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take exists, we hypothesized that resveratrol and its conju-
gates might also be substrates of these OATPs. Any differ-
ences in the affinity of resveratrol glucuronides and resver-
atrol sulfates to these transporters might also explain the
observed differences in their pharmacological activity.

Recent data from our laboratory have also shown high
expression of various OATPs in human hormone receptor-
positive (MCF-7 and ZR-75-1) and negative (MDA-MB-231)
breast cancer cell lines [21,22]. As pronounced resveratrol
uptake into the cytoplasm was also observed in these cell
lines we hypothesized that members of the OATP family
may mediate intracellular resveratrol concentrations, thereby
affecting cell growth.

Therefore, in the present study, we investigated
the transport of resveratrol and its major metabo-
lites, namely resveratrol-3-O-glucuronide, resveratrol-4'-O-
glucuronide, resveratrol-3-O-sulfate, resveratrol-4'-O-sulfate,
and resveratrol-3-O-4'-disulfate, in OATP1B1-, OATP1B3-,
and OATP2B1-transfected Chinese hamster ovary (CHO)
cells. In addition, the OATP-mediated transport of resveratrol
and its correlation with cytotoxicity were also investigated in
the human breast cancer cell line ZR-75-1.

2 Materials and methods
2.1 Chemicals

trans-Resveratrol was purchased from Sigma-Aldrich (Mu-
nich, Germany), and trans-resveratrol-3-O-glucuronide was
obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). trans-Resveratrol-3-O-sulfate, trans-resveratrol-
4'-O-gulfate, trans-resveratrol-3-O-4'-O-disulfate, and trans-
regveratrol-4'-O-glucuronide were synthesized as described
previously [23,24]. MeOH and water were of HPLC grade
(Merck, Darmstadt, Germany). All other chemicals and sol-
vents were commercially available and of analytical grade and
were used without further purification.

2.2 Cell culture

CHO cells that were stably transfected with OATP1BI1,
OATP1B3, and OATP2B1 and wild-type (WT) CHO cells were
provided by the University of Zurich, Switzerland and have
been extensively characterized previously [25,26]. The CHO
cells were grown in DMEM supplemented with 10% FCS,
50 pg/mL r-proline, 100 U/mL penicillin, and 100 p.g/mL
streptomycin. The selective medium for stably transfected
CHO cells additionally contained 500 pg/mL geneticin
sulfate (G418} [27]. All of the media and supplements were
obtained from Invitrogen (Karlsruhe, Germany). The mam-
malian ZR-75-1 breast cancer cell line was purchased from
the American Type Culture Collection (ATCC, Rockville,
MD, USA) and was maintained in RPMI medium supple-
mented with 10% FCS, 100 U/mL penicillin, 100 pg/mL
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streptomycin, and 1% GlutaMAX. The cells were grown in
T-flasks with a 25 cm? growth area (BD Biosciences, Franklin
Lakes, NJ, USA), maintained at 37°C under 5% CO, and
95% relative humidity. The cells were passaged once a week
and were used up to passage 55 [22].

2.3 OATP1B1 knockdown in ZR-75-1 cells via
lentiviral transduction with a short hairpin RNA

For transduction, ZR-75-1 cells were plated in 24-well
tissue culture plates at a density of 40 000 cells/well
in 0.5 mL of growth medium. After 24 h, 250 pL of
medium supplemented with 8 pg/mL polybrene (Sigma,
H9268) were added. Transductions were performed by
the addition of 10 pL of shRNA (Mission® Transduc-
tion Particles NM_006446, Sigma, TRCN0000043203, coding
sequence CCGGGCCTTCATCTAAGGCTAACATCTCGA-
GATGTTAGCCITAGATGAAGGCTTTTTG). Twenty-four
hours after transduction, the cell culture medium was
changed, and 1 mL of growth medium supplemented with 1
or 5 pg/mL of puromycin (Sigma, P9620) was added to select
infected cells after an additional 24 h. The obtained silencing
efficiency was evaluated after 3 weeks via real-time PCR and
immunofluorescence.

2.4 Real-time RT-PCR

Total RNA was extracted from cell lines using the TRIzol
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. The concentration, purity, and integrity of the RNA
samples were determined through UV absorbance and elec-
trophoresis. Two micrograms of total RNA were reverse tran-
scribed to ¢cDNA using random hexamer primers and the
RevertAid™ H Minus M-MuLV Reverse Transcriptase sys-
tem (Fermentas, St. Leon-Rot, Germany), as recommended
by the manufacturer. TagMan® Gene Expression Assays (Ap-
plied Biosystems, Warrington, UK) were purchased for hu-
man OATP1B1. The 18S gene was used as a reference gene
as previously described [21]. Multiplex quantitative real-time
RT-PCR was performed in an amplification mixture with a
volume of 20 L. The target gene amplification mixture con-
tained 10 pL of 2X TaqMan® Universal PCR Master Mix,
1 pL of the appropriate Gene Expression Assay, 1 pL of
the TagMan® endogenous control (human p-actin or 18S),
10 ng of template cDNA diluted in 5 pL of nuclease-free water
and 3 p.L of nuclease-free water. The thermal cycling condi-
tions were as follows: 2 min at 50°C and 10 min at 95°C,
followed by 40 cycles of 15 s at 95°C and 1 min at 60°C.
Fluorescence generation due to TagMan® probe cleavage via
the 5'—3' exonuclease activity of DNA polymerase was mea-
sured with the ABI PRISM 7700 Sequence Detection System
(Applied Biosystems). All samples were amplified in tripli-
cate. To cover the range of expected Ct values for the target
mRNA, a standard curve of six serial dilutions from 50 ng to
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500 pg of pooled cDNA was analyzed using Sequence Detec-
tion Software (SDS 1.9.1., Applied Biosystems). The results
were imported into Microsoft Excel for further analysis. Com-
parable cDNA contents in the experimental samples were cal-
culated according to the standard curve method. Relative gene
expression data are given as the n-fold change in transcrip-
tion of target genes normalized to the endogenous control.
Real-time RT-PCR was performed with the following prefab-
ricated TagMan® Gene Expression Assays (Applied Biosys-
tems) containing intron-spanning primer Hs00272374_m1
for OATP1B1.

2.5 Immunofluorescence

ZR-75-1 OATP1B1-knockdown cells and cells transfected
with the empty vector were allowed to attach on culture slides
overnight (8-Chamber Polystyrene Vessel Tissue Culture-
Treated Glass Slides, BD Falcon). Formalin fixation was fol-
lowed by a washing step and a blocking step (by 5% BSA). The
primary antibody against OATP1B1 (OATP1B1/1B3 mMDQ
mouse mAb; Acris Antibodies, Herford, Germany) was di-
luted 1:100, and incubation was performed for 2 h. Opti-
mal antibody concentrations were determined by titrating
serial antibody dilutions. The applied dilutions corresponded
to the minimum concentration necessary to produce a pos-
itive signal. WT and OATP1BI1-transfected CHO cells were
used as controls. Following incubation with the secondary an-
tibody (1:1000 dilution; Alexa Fluor® 488 Goat Anti-Mouse
1gG; Invitrogen, Carlsbad, CA, USA) for 30 min, cell nuclei
were stained with 0.5 pg/mL Hoechst 33342 (Sigma-Aldrich,
St. Louis, MO, USA). Thereafter, the slides were rinsed with
distilled water before being mounted in Mowiol 4-88 {Carl
Roth, Karlsruhe, Germany). Fluorescent staining was visual-
ized with an Axioplan 2 microscope (Carl Zeiss, Jena, Ger-
many). Images were captured using an AxioCam HRc2 Color
CCD digital camera and Axiovision 4.8 software (Carl Zeiss
Vision GmbH, Aalen, Germany). To minimize background
signals and to make the signal intensity and extension in
different samples comparable, the exposure times for the in-
dividual antibodies were evaluated and kept constant between
the samples.

2.6 Western blotting

Western blotting to confirm OATP1B1-, OATP1B3-, and
OATP2B1-overexpression in transfected CHO cells was per-
formed with membrane extracts (Pierce, Rockford, IL, USA)
from these cells. WT CHO cell membrane extracts were used
as controls. Protein content was determined with an assay kit
from Bio-Rad Laboratories (Hercules, CA, USA) with BSA
as the standard. For immunoblotting, 25 g of protein were
separated by SDS polyacrylamide gel 12% electrophoresis and
transferred onto Hybond PVDF membranes. To control equal
sample loading, protein on the membranes were stained
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with Ponceau S. In the immunoblot, 5% nonfat dry milk in
TBS/0.1% Tween 20 was used for blocking. As primary an-
tibodies an anti-OATP1B1/1B3 mouse mADb from Acris An-
tibodies (BM5542) and an anti-OATP2B1 rabbit mAb from
Abcam Antibodies (ab83532, Cambridge, UK) diluted 1:500
in blocking solution were applied. Peroxidase-conjugated
species-specific IgGs were used as secondary antibodies (di-
lution 1:2000). Detection was done with an ECL detection kit
from Thermo Scientific {Portsmouth, NH, USA) and Amer-
sham Hyperfilms (G E-Healthcare, Amersham, UK).

2.7 Uptake assays in CHO cells

Transport assays were performed on 12-well plates as de-
scribed in detail elsewhere [25]. Briefly, CHO cells were
seeded at a density of 350 000 cells per well on 12-well plates
(BD Biosciences). Uptake assays were generally performed on
day 3 after seeding, when the cells had grown to confluence.
Twenty-four hours before starting the transport experiments,
the cells were additionally treated with 5 mM sodium butyrate
(Sigma-Aldrich) to induce nonspecific gene expression [28].
Resveratrol and its sulfates were dissolved in DMSO and di-
luted with uptake buffer pH 7.4 (final DMSO concentration
of 0.5%, which was constant in all transport experiments) to
12.5-600 nM. Control experiments contained DMSO in the
medium in place of resveratrol. Prior to the transport exper-
iment, the cells were rinsed twice with 2 mL of prewarmed
(37°C) uptake buffer (116.4 mM NacCl, 5.3 mM KCl, 1 mM
NaH; POy, 0.8 mM MgSOx, 5.5 mM D-glucose, and 20 mM
Hepes; pH adjusted to 7.4). Uptake was initiated by adding
0.25 mL of uptake buffer containing the substrate. After the
indicated time period at 37°C, uptake was stopped by remov-
ing the uptake solution and washing the cells five times with
2 mL of buffer (pH 7.4). The cells were then trypsinized by
the addition of 100 pL of trypsin and transferred into test
tubes. Next, the cell membranes were disrupted via repeated
(five times) shock freezing in liquid nitrogen and thawing.
Following centrifugation at 13 500 x g for 5 min, 100 pL of
the supernatant was diluted with methanol jwater (2:1; v/v),
and aliquots (80 L) were analyzed via HPLC [22].

As most OATPs are stimulated by an acidic pH, uptake
experiments were also performed at pH 6.5 under identical
conditions as mentioned above except now using acidic up-
take and washing buffers.

2.8 Uptake assays in ZR-75-1 cells

Transport assays were performed on 12-well plates as de-
scribed above for CHO cells. Resveratrol and its disulfate
were dissolved in DMSO and were diluted with uptake buffer
(pH 6.5; final DMSO concentration of 0.5%) to 12.5-400 uM.
The experiments were performed in triplicate. Control exper-
iments contained DMSO in the medium in place of resvera-
trol. Prior to the transport experiment, the cells were rinsed
twice with 2 mL of prewarmed (37°C) uptake buffer. Uptake
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was initiated by adding 0.25 mL of uptake buffer containing
the substrate. After 1 min at 37°C, uptake was stopped by re-
moving the uptake solution and washing the cells five times
with 2 mL of buffer. After trypsinization, cell membranes
were disrupted via repeated shock freezing in liquid nitro-
gen. Following centrifugation, the supernatant was diluted
with methanol /water, and aliquots (80 pL) were analyzed via
HPLC as described above.

2.9 Inhibition analysis

For the inhibition experiments with rifampicin and bromo-
sulfophthalein (BSP; Sigma-Aldrich), stock solutions of these
compounds were prepared in DM SO containing the indicated
concentrations. CHO cells grown on 12-well plates were first
washed twice with prewarmed uptake buffer (pH 7.4) and in-
cubated for 10 min at 37°C under 5% CO, with 1 M resver-
atrol or 10 uM resveratrol sulfates (resveratrol-3-O-disulfate
and resveratrol-3-O4'-O-disulfate) in the presence of the in-
hibitors ranging from 0.0001 to 100 M. Control experiments
were performed without BSP and rifampicin under identical
conditions as mentioned above.

2.10 Metabolism studies in ZR-75-1 cells

Cells were plated on six-well plates and allowed to attach
overnight. Resveratrol was dissolved in DMSO and diluted
withmedium (final DMSO concentration <0.1%) toaconcen-
tration of 5-100 pM. The experiments were performed under
each set of conditions in triplicate. Control experiments con-
tained DMSO in the medium in place of resveratrol. After
72 h, the medium was aspirated via suction, and aliquots
{100 ulL) were subsequently analyzed through HPLC. The
cells were then trypsinized by the addition of 100 pL of
trypsin, washed three times with phosphate buffered saline,
and lysed by repeated (five times) shock freezing in liquid
nitrogen and thawing. Following centrifugation at 13 500 x
g for 5 min, 80 pL of the supernatant (cytoplasm) was sub-
sequently analyzed by HPLC [22]. Additionally, the cell pel-
lets containing the membranes were extracted with 200 L of
methanol and analyzed by HPLC for their resveratrol content.
The protein concentration in the cell pellets was determined
using a bicinchoninic acid protein assay kit (Pierce Science,
Rockford, IL, USA), with BSA as a standard.

2.11 Cytotoxicity assay

CellTiter-Blue (Promega, Southampton, UK) is a colori-
metric and fluorescent assay used to measure cell vi-
ability via nonspecific redox enzyme activity (reduction
from resazurin to resorufin by viable cells). ZR-75-1 cells
{50 000 cells/mlL) were seeded into 96-well flat-bottomed
plates and incubated for 24 h at 37°C under 5% CO,. For
cytotoxicity assays, the cells were incubated with various
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concentrations of resveratrol (5-400 pM)j for 72 h. The
CellTiter-Blue (20 pL) reagent was added to the wells, and
the plate was incubated for 2 h, protected from light. The ab-
sorbance was recorded for resazurin (605 nm) and resorufin
(573 nm). The assay results were measured on a Tecan M200
multimode plate reader (Tecan Austria GmbH, Groedig, Aus-
tria). The absorbance was also measured in CellTiter-Blue as-
says in blank wells (without resveratrol) and deducted from
the values from experimental wells. The viability of the treated
cells was expressed as a percentage of the viability of the cor-
responding control cells. All experiments were repeated at
least three times.

2.12 Determination of protein concentrations

Total protein was determined using the colorimetric bicin-
choninic acid protein assay kit (Pierce Science) with BSA as
a standard and quantification at a wavelength of 562 nm on
a spectrophotometer {UV-1800, Shimadzu)j. Raw data were
analyzed using UVProbe software (version 2.31, Shimadzuy.
The protein concentrations were consistent among the plates
(0.150 + 0.005 mg/well).

2.13 HPLC analysis

Resveratrol and its glucuronidated and sulfated biotransfor-
mation products were quantified by HPLC as described pre-
viously [22,29] using a Dionex UltiMate 3000 system (Sun-
nyvale, CA, USA) equipped with an L-7250 injector, an L-
7100 pump, an L-7300 column oven (set at 15°C), a D-7000
interface and an L-7400 UV detector (Thermo Fisher Scien-
tific, Waltham, MA, USA) set at a wavelength of 307 nm.
Calibration of the chromatogram was accomplished using
the external standard method. Linear calibration curves were
performed by spiking drug-free cell culture medium with
standard solutions of trans-resveratrol, trans-resveratrol-3-
O-sulfate, trans-resveratrol-4'-O-sulfate, trans-resveratrol-3-O-
4'-O-disulfate, trans-resveratrol-3-O-glucuronide, and trans-
resveratrol-4'-O-glucuronide to give a concentration range
from 0.00257 to 25.7 pM (average correlation coefficients:
=0.999). For this method, the lower limit of quantification for
resveratrol, resveratrol sulfates and resveratrol glucuronides
was 11, 13, and 25 nM, respectively. Coefficients of accuracy
and precision for these compounds were <11%.

2.14 Data analysis

Kinetic analysis of the uptake of resveratrol and metabolites
was performed over a substrate concentration range of 1-600
M. Prior to these experiments, the linearity of cellular up-
take over time (1, 3, and 10 min) was individually determined
for WT and OATP-transfected CHO cells by using resveratrol
(50 uMj as a substrate. Cellular uptake rates are presented
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after normalization for the incubation time and total protein
content. Net uptake rates were calculated as the difference in
the uptake rate of the transfected and WT cells for each indi-
vidual concentration. The data were fitted to the Michaelis—
Menten model. Kinetic parameters were calculated using the
Graph-Pad Prism Version 5.0 software program (GraphPad
Software, San Diego, CA, USA) for Michaelis-Menten: V =
Vinax » S{(Kw + S), where Vis the rate of the reaction; V., is
the maximum velocity; K., is the Michaelis constant, and S is
the substrate concentration. The intrinsic clearance, which is
defined as the ratio Vi,u /K, quantifies the transport capac-
ity. ICso values were determined by plotting the log inhibitor
concentration against the net uptake rate and nonlinear re-
gression of the dataset using the equation:

a
Y= T /G + 5]

in which y is the net uptake rate (pmol/ g protein/min), I is
the inhibitor concentration (pM), s is the slope at the point
of inversion, and a and b are the maximum and minimum
values for cellular uptake. Net uptake was calculated for each
inhibitor concentration as the difference in the uptake rates
of the transporter-expressing and WT cell lines. Unless oth-
erwise indicated, values are expressed as mean + SD of three
individual experiments. Significant differences from control
values were determined using a using Student’s paired #-test
at a significance level of p < 0.05.

3 Results

3.1 Accumulation of resveratrol and metabolites in
transfected CHO cells

To investigate whether resveratrol and its major
conjugates are substrates of OATPs, uptake anal-
ysis were performed in OATP1B1-, OATPI1B3-,

and OATP2BI1-transfected CHO cells which highly ex-
pressed these transporters in the membranes (Supporting
Information Fig. 1). Uptake of resveratrol {12.5-400 pMj at
pH 7.4 for all three OATPs was only linear for up to 1 min
(Fig. 1). We therefore finalized all experiments at 1 min
(initial linear phase). As shown in Table 1 and Fig. 2A, the
initial net OATP1B1-, OATP1B3-, and OATP2B1-mediated
accumulation rates (transfected-WT) for resveratrol followed
Michaelis-Menten kinetics, with approximately twofold
higher Vi, values for OATP1B1 compared to OATP1B3
and OATP2B1 (V.. 1100 versus 818 versus 640 pmol/mg
protein/min at pH 7.4). K;-values were the lowest for
OATP1B3 (62.0 nM) and followed by OATP2B1- (88.1 pM)
and OATP1B1-transfected cell lines (88.4 uM). The uptake
of resveratrol-3-O-4'-O-disulfate (25-600 p.M) in OATP1B1-
and OATP1B3-transfected CHO cells, however, was less
pronounced, showing Vi,.. values of 100 and 107 pmol/mg
protein/min, respectively (Fig. 2C). Interestingly, the affinity
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Figure 1. Time-dependent uptake of resveratrol in OATP-
transfected CHO cells. The uptake of resveratrol (50 pM) after
1,2, 3,5, and 10 min was determined in in wild-type, OATP1B1-,
OATP1B3-, and OATP2B1-transfected CHO cells at pH 7.4, 37°C.
The data represent the mean = SD of three individual determina-
tions.

of resveratrol-3-O-4'-O-disulfate for OATP1B1 and OATP1B3
was about twofold higher with K -values of 37.6 and.
37.5 pM compared to resveratrol. Resveratrol-3-O-sulfate
(25-600 M) was only taken up by OATP1B3, again with low
Ky (101 M) and Vi (122 pmol/mg protein/min) values.
The uptake of resveratrol-4’-O-sulfate, resveratrol-3-O-
glucuronide, and resveratrol-4"-O-glucuronide by OATP1B1-,
OATP1B3-, and OATP2B1-transfected and WT CHO cells
was below the detection limit (13-25 nM). As it is well known
that most OATPs are stimulated by an acidic extracellular
pH [27], we also performed uptake experiments at pH 6.5
with WT and OATP-transfected CHO cells. Table 1 revealed
that the K, values for the uptake of resveratrol and it sulfated
conjugates were in general lower at pH 6.5 compared to
pH 7.4 but only reached a level of significance for resveratrol-
3-0-4'-O-disulfate by OATP1B1 and OATP1B3. Vi, values
also showed a pH dependency which was, however, less
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pronounced and only significant for resveratrol uptake by
OATP1B3 and OATP2B1.

3.2 Effect of OATP inhibitors on the accumulation of
resveratrol and major sulfates in transfected
CHO cells

To investigate whether known OATP inhibitors impact
OATP1B1-, OATP1B3-, and OATP2B1-mediated resveratrol
accumulation, resveratrol was quantified after incubation of
1 pM in OATP1B1-, OATP1B3-, and OATP2B1-expressing
CHO cells at pH 7.4 in the absence and presence of in-
creasing concentrations of BSP and rifampicin. The inhi-
bition of resveratrol uptake by BSP in OATP1B3-expressing
CHO cells was more potent (ICsp: 1.09 pM) compared to
OATP1B1-and OATP2B1-expressing CHO cells (ICsp values:
1.39and 1.47 uM, respectively). Rifampicin was an even more
potent inhibitor of resveratrol uptake in OATP2B1 (ICj:
(.48 M) but not in OATP1B1- and OATP1B3-transfected
CHO cells (ICsp: 1.24 and 1.34 uM, respectively). Uptake
inhibition of 10 wM resveratrol-3-O-sulfate in OATP1B3-
transfected CHO cells by BSP and rifampicin was also pro-
nounced with ICs values of 3.52 and 0.33 pM, respec-
tively. Inhibition of resveratrol-3-0-4"-O-disulfate uptake by
BSP and rifampicin resulted in even lower 1C; values for
OATP1B1 and OATP1B3 (0.27 and 0.29 M versus 0.25 and
0.23 pM).

3.3 OATP1B1 knockdown in ZR-75-1 cells

The PCR data from various lentiviral-transfected clones re-
vealed an up to tenfold reduction of OATP1B1 expression
in ZR-75-1 cells. The cells exhibiting the lowest expression

Table 1. pH dependency of Michaelis-Menten parameters in stably transfected CHO cells

Substrate pH7.4 pH 6.5
Ko Vinax K Vinax
[M] [pmol/mg/min] [eM] [pmol/mg/min]
OATP1B1
Res 884 + 17.3 1100 + 67.9 79.8 + 16.9 1149 + 749
308 n.d. n.d. n.d. n.d.
DiS 37.6 + 5.23* 100.3 + 3.12* 20.7 + 7.38% 839 + 4.13*
OATP1B3
Res 62.0 + 10.6* 818 + 39.3* 429 + 125* 653 + 50.4*
30S 101 + 28.1* 122 + 9.61 80.6 + 29.1* 1205 + 13.0
DiS 375 + 5.87* 107.6 + 3.76* 135 + 8.17* 996 + 6.19*
OATP2B1
Res 88.1 £ 17.8 640 + 405* 77.0 £18.92 990.6 + 73.7*
308 n.d. n.d. n.d. n.d.
DiS n.d. n.d. n.d. n.d.

Values are means + SD of three individual determinations. The net OATP-mediated uptake values were calculated by substracting the
values obtained with the wild-type CHO cells from those obtained with the stably transfected cells. Kinetic parameters were calculated
by fitting the data to the Michaelis-Menten (K, ) equation with nonlinear regression. Res, resveratrol; 30S, resveratrol-3-O-sulfate; DiS,
resveratrol-3-0-4'-O-disulfate; n.d., not determined. K, and V,,.x values in bold and marked with an asterisk are significantly different (p <

0.05) between pH 6.5 and pH 7.4.
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Figure 2. Uptake of resveratrol and its major sulfates in OATP-
transfected and wild-type CHO cells. The uptake of resvera-
trol (12.5-400 p.M) (A), resveratrol-3-O-sulfate (25-600 pM) (B),
and resveratrol-3-0-4'-O-disulfate (25-600 p.M) (C) by OATP1B1-,
OATP1B3- and OATP2B1-transfected CHO cells and wild-type CHO
cells was determined after 1 min at pH 7.4, 37°C. The data repre-
sent the mean + SD of three individual determinations.

of OATP1B1 (relative mRNA expression was reduced from
14.78 + 0.26 to 1.19 £ 0.02 based on the change to the cal-
ibrator) were chosen for further experiments. Because ZR-
75-1 cells do not express OATP1B3 and OATP2B1, but do
express OATP1B1 [21], the expression of the OATP1B1 pro-
tein was confirmed via immunofluorescence using a specific
OATP1B1/1B3 mouse mAb. Figure 3 clearly shows normal
expression (bright green fluorescence) of OATP1B1 in ZR-
75-1 empty vector cells (A) and extremely low expression of
this transporter in ZR-75-1 OATP1B1-knockdown cells (B).
OATP1B1-transfected CHO cells (C) were used as positive
control, compared to WT CHO cells (D) without fluorescence.

3.4 Resveratrol accumulation in WT and ZR-75-1
OATP1B1-knockdown cells

Based on the much higher OATP1B1 mRNA level found
in the WT ZR-75-1 breast cancer cell line compared to the
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Figure 3. Immunofluorescent characterization of OATP1B1 in ZR-
75-1 and OATP1B1 knockdown ZR-75-1 cells. Cells were grown
on culture slides and stained with an antibody against OATP1B1
{green) while nuclei were visualized by Hoechst 33342 staining to
give a bright blue color (see Section 2). Immunofluorescence was
performed in ZR-75-1 empty vector-transfected cells (A), ZR-75-
1 OATP1B1 knockdown cells (B), OATP1B1-transfected CHO cells
(C), and CHO wild-type cells (D). Bright green fluorescence was
seen in ZR-75-1 empty vector-transfected cells (A) and OATP1B1-
transfected CHO cells (C).

OATP1B1-knockdown clone, we expected that OATP1B1 ex-
pression might be directly correlated with intracellular resver-
atrol concentrations, For kinetic analysis, an incubation time
of 1 min was selected in order to prevent cellular uptake from
interference with cellular efflux mechanisms such as MRPs
and breast cancer-resistance protein, Figure 4A depicts rep-
resentative Michaelis-Menten plots for resveratrol uptake by
WT and ZR-75-1 OATP1B1-knockdown cells, where signifi-
cantly higher uptake rates and approximately twofold lower
K, values were found in the OATP1B1-expressing control
cells (Vinae: 3360 versus 2412 pmol/mg protein/min; Ky,: 144
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Figure 4. Uptake of resveratrol and resveratrol disulfate in ZR-75-
1 and OATP1B1 knockdown ZR-75-1 cells. The uptake of resver-
atrol (12.5-400 pM) (A) and resveratrol-3-O-4'-O-disulfate (12.5-
400 M) (B) in ZR-75-1 empty vector-transfected and OATP1B1
knockdown ZR-75-1 cells was determined after 1 min at pH 7.4,
37°C. The data represent the mean + SD of three individual de-
terminations.

versus 193 M), Resveratrol-3-O-4-O-disulfate, a substrate of
OATP1B1, also showed higher uptake rates and a lower affin-
ity for this transporter in ZR-75-1 cells transfected with the
empty vector compared with the OATP1B1-knockdown clone
(Vinax: 870 versus 734 pmol/mg protein/min; K;,: 194 versus
234 pM). However, incubation with resveratrol-3-O-sulfate,
which is a substrate of OATP1B3 but not of OATP1B1, did
not show any differences in uptake in the two cell lines, thus
strongly indicating the impact of OATP1B1 on resveratrol
transport.

3.5 Cytotoxicity of resveratrol and resveratrol
disulfate in ZR-75-1 OATP1B1-knockdown cells

The cytotoxicity of resveratrol in WT and OATP1B1-
knockdown ZR-75-1 breast cancer cells was quantified using
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Figure 5. Cytotoxicity of resveratrol and resveratrol disulfate to
ZR-75-1 and OATP1B1 knockdown ZR-75-1 cells. After incubation
for 72 h with 10400 pM resveratrol (A) and resveratrol-3-0O-4'-
O-disulfate (B) at 37°C percent viable cells were determined (see
Section 2). Dose response curves were obtained by nonlinear
curve fitting using GraphPad Prism 5.0 program. The data repre-
sent the mean + SD of three individual determinations.

the CellTiter-Blue test kit from Promega, as described above.
As shown in Fig. 5, resveratrol exhibited an approximately
twofold lower 1Csq value in control ZR-75-1 cells (37.7 pM)
compared to the OATP1B1 knockdown clone (58.0 wM),
supporting the importance of OATP1B1-dependent resver-
atrol uptake. This trend was also true for resveratrol-3-O-
4-O-disulfate, for which the 1C;5 value was lower in WT
cells (6.97 pM) compared to OATP1B1-knockdown cells
(9.15 M). Due to the overall low cytotoxicity of resveratrol-3-
0-4"-O-disulfate, we could not determine 1Cs values in either
cell line.

3.6 Differences in the metabolism of resveratrol and
resveratrol disulfate in ZR-75-1 cells

To further evaluate the differences in resveratrol biotrans-
formation, WT and OATP1B1-knockdown ZR 75-1 breast

cancer cells were incubated for 72 h with resveratrol and
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Figure 6. Metabolism of resveratrol and resveratrol disulfate in
ZR-75-1 and OATP1B1 knockdown ZR-75-1 cells. The concen-
trations of resveratrol, resveratrol-3-0-4'-O-disulfate as well as
the formation of metabolites (DiS, resveratrol disulfate; 30S,
resveratrol-3-O-sulfate; and 40S, resveratrol-4'-O-sulfate) were
determined after incubation for 72 h with 50 .M resveratrol (A)
and 50 pM resveratrol-3-0-4'-O-disulfate (B) in ZR-75-1 and ZR-
75-1 OATP1B1-knockdown cells at 37°C. Concentrations were de-
termined in the medium (ex., extracellular) and in the cytoplasm
(in., intracellular). The data represent the mean + SD of three
individual determinations. Columns marked with an asterisk are
significantly different (p < 0.05).

resveratrol-3-O-4-O-sulfate (50 M), and the cytoplasm
and cellular supernatant were assayed to quantify resver-
atrol, resveratrol-3-O-sulfate, resveratrol 4'-O-sulfate, and
resveratrol-3-0-4"-O-disulfate via HPLC.

As shown in Fig. 6A, the intracellular concentrations
of resveratrol after incubation with 50 M resveratrol for
72 h were significantly lower in the OATP1B1-knockdown
cells compared to WT cells (6398 + 457 versus 8620 +
270 pmol/h/mg protein), leading to decreased formation
of resveratrol-4'-O-sulfate (943 + 102 versus 1215 =+ 113
pmol/h/mg protein) and resveratrol-3-0-4"-O-disulfate (104
+ 12 versus 188 + 36 pmol/h/mg protein).

In order to verify that most of resveratrol reached the cy-
toplasm did not remain in the membranes, cell pellets (con-
taining the membranes) were extracted with methanol and
analyzed by HPLC. Resveratrol concentrations in the cellular
membranes were low (<5%) excluding any accumulation in
the lipid bilayers.
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As observed in the cytoplasm, resveratrol-3-O-sulfate was
the major biotransformation product in the cellular super-
natant (14 060 £ 561 pmol/h/mg protein in WT cells ver-
sus 8992 + 1022 pmol /h/mg protein in ZR-75-1 OATP1B1-
knockdown cells). Similarly, the concentrations of resveratrol-
4'-O-sulfate and resveratrol-3-O-4'-O-disulfate were lower in
ZR-75-1 OATP1B1-knockdown cells compared to WT cells
(5532 + 751 versus 5488 + 627 pmol/h/mg protein; and 849
+ 79 versus 496 + 83 pmol/h/mg protein).

Notably, the concentrations of resveratrol metabolites
were approximately threefold higher in the medium com-
pared to the cytosolic samples, thereby strongly indicating
the occurrence of rapid cellular efflux after formation. As
shown in Fig. 6B, the major metabolite following the uptake
of 50 pM resveratrol-3-O-4'-O-disulfate was the deconjuga-
tion product, resveratrol-3-O-sulfate, followed by resveratrol-
4'-O-sulfate. Parent resveratrol was below the detection limit
of 11 nM.

4 Discussion

To identify the relevance of uptake transporters to the in
vivo activity and to identify the human OATP isoforms re-
sponsible for the hepatic uptake of resveratrol and its glu-
curonidated and sulfated conjugates, we employed cells that
stably expressed these OATPs. As shown in Fig. 2and Table 1,
resveratrol exhibited saturable uptake kinetics at pH 7.4 for
OATP1B1, OATP1B3, and OATP2B1. The highest affinity
was observed for OATP1B3, with a K, of 62 p.M, whereas the
affinities for OATP1B1 and OATP2B1 were lower.
Interestingly, resveratrol-3-O-sulfate was only transported
by OATP1B3 with a low affinity (Ky: 101 pM), while
resveratrol-3-O-4-O-disulfate was transported with equally
high affinities by OATP1B1 (K,,: 37.6 pM) and OATP1B3
(Kin: 37.5 pM). The K,/ Vina value for the OATP1B1-mediated
uptake of resveratrol-3-O-4'-O-disulfate was similar to that
for OATP1B3 (2.67 versus 2.87 p.L/min-pg) (see Table 2).
Resveratrol-4'-O-sulfate did not show any affinity for any
of the three OATPs. Notably, there was also no uptake of
resveratrol-3-O-glucuronide or resveratrol-4'-O-glucuronide,
indicating that resveratrol sulfates, and not glucuronides, pro-
vide the intracellular pools for resveratrol generation [9].
Based on Michaelis-Menten parameters, however, the ex-
act contribution of OATP2B1 in the gut and of OATP1B1,
OATP1B3, and OATP2B1 in the liver to the overall uptake
of resveratrol and its major sulfates in humans cannot be
determined because of high interindividual variability (up to
tenfold) in OATP levels as determined by quantitative pro-
teomics or by Western blotting [30-32]. Our data also sug-
gestthat OATP1B1, OATP1B3, and OATP2B1 are low-affinity
transporters. Because of the low bioavailability, the portal con-
centration of resveratrol is probably lower than the K, values.
Indeed, administration of resveratrol (5.0 g/day) for up to 28
days to healthy volunteers showed peak plasma concentra-
tions of 4 uM and 13 pm [33] for unconjugated resveratrol
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Table 2. pH dependency of Michaelis-Menten parameters in sta-
bly transfected CHO cells

Substrate pH74 pH 6.5
Vinax/Km VinastKen
[pL/min.pg] [pL/min-pg]
OATP1B1
Res 124 + 3.07 144 + 3.88
308 n.d. nd.
DiS 267 + 045 4.05 + 1.93
OATP1B3
Res 13.2 £ 279 15.2 + 5.82
308 1.21 + 044 1.5 + 0.75
DiS 287 + 0.55 741 + 8.27
OATP2B1
Res 7.26 + 1.85* 129 + 4.07*
308 n.d. n.d.
DiS n.d. nd.

Values are means + SD of three individual determinations. The
net OATP-mediated uptake values were calculated by substract-
ing the values obtained with the wild-type CHO cells from those
obtained with the stably transfected cells. Kinetic parameters
were calculated {see Table 1). Res, resveratrol; 30S, resveratrol-
3-O-sulfate; DiS, resveratrol-3-0-4'-O-disulfate; n.d., not deter-
mined. V./Ky, values in bold and marked with an asterisk are
significantly different (p < 0.05) between pH 6.5 and pH 7.4.

and resveratrol-3-O-sulfate, respectively. However, concen-
trations in the colon tissue after administration of resveratrol
(1.0 g/day) for up to 8 days to patients with colorectal can-
cer were significantly higher with mean values of 674 uM
for resveratrol and 67 pM for resveratrol-3-O-sufate [34] and
presumingly also resveratrol-3-O-4'-disulfate, a metabolite re-
cently shown to be present in human plasma at the same level
as resveratrol-3-O-sulfate [35].

Interestingly, affinity of resveratrol and its sulfates to
OATPs was overall higher at pH 6.5 compared to 7.4. This
is in accordance with literature data [27] also showing pH
differences in the uptake of OATP substrates. As OATP2B1
is expressed in the upper part of the gut, which also shows
a slightly acidic microenvironment [36] and as several litera-
ture data have shown an acid pH in the tumor environment
[37,38], pH dependency of Michaelis-Menten parameters for
OATPs have to be considered in vivo.

To further demonstrate the importance of OATP1B1 for
the uptake of resveratrol and its sulfates, hormone-dependent

Table 3. Michaelis-Menten parameters determined in ZR-75-1 cells
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ZR-75-1 cells that were previously shown to express high lev-
els of OATP1B1, but not OATP1B3 and OATP2B1 [21], were
incubated for 1 min with increasing concentrations of resver-
atrol and resveratrol-3-O-4-O-disulfate. Indeed, the uptake of
resveratrol by the ZR-75-1 OATP1B1-knockdown cells was
significantly reduced compared to control cells, as indicated
by higher K, and lower V.., values (Fig. 4 and Table 3).
Concomitant with the decreased uptake detected in ZR-75-1
knockdown cells, we also observed decreased formation of
the metabolites resveratrol-4'-O-sulfate and resveratrol-3-O-
sulfate after 72 h, which led to a higher ICsq value in the cyto-
toxicity assay in OATP1B1-expressing WT cells (37.7 versus
58 uM; Fig. 5). As expected, we also observed lower uptake of
the OATP1B1 substrate resveratrol-3-O-4'-O-disulfate in the
ZR-75-1 OATP1B1-knockdown cells, which was confirmed
by decreased formation of resveratrol-3-O-sulfate. Due to its
several-fold lower cytotoxicity in breast cancer cell lines [24],
the ICsq values for resveratrol-3-O-4'-O-disulfate could not be
determined in the ZR-75-1 control and OATP1B1-knockdown
cells. However, the ICy; values were again lower in WT cells
{6.97 M) compared to the OATP1B1-knockdown cells {(9.15
1.M). As demonstrated in a previous study, metabolite con-
centrations in the cellular medium were up to 15-fold higher
compared to the cytoplasm, supporting the important role of
ABCG2 in resveratrol sulfate efflux [22].

The observed OATP-dependent uptake of resveratrol
disulfate was in agreement with recent data from Patel and
co-workers [9], who found that the uptake of sulfates in hu-
man colon cancer cell lines was correlated with the expression
of OATP1B3, which is high in HT-29 and HCA-7 cells, but
low in HCEC cells. Indirect involvement of OATP1B1 and
OATP1B3 has been reported by Gui et al. [18], who observed
inhibition of OATP1B1-and OATP1B3-mediated fluorescein-
methotrexate uptake by resveratrol, with an approximately
twofold lower ICso value being found for OATP1B1 than for
OATP1B3 (11 versus 23 pM).

Any variations in OATP expression may significantly al-
ter the uptake of resveratrol and its sulfates into targeted
cells and tissues, thereby strongly affecting the efficacy of
treatment. Patients with low or no detectable expression of
OATP1B1, OATP1B3, and OATP2B1 may therefore show
decreased response rates or even no response to resvera-
trol. Concomitant administration of OATP inhibitors may
also interfere with the uptake of resveratrol, leading to

Substrate ZR-75-1 OATP1B1 knockdown ZR-75-1

Km Vmax Km Vmax

[M] [pmol/mg/min] [M] [pmol/mg/min]
Resveratrol 144 + 34.4* 3360 + 281* 192.7 + 38.7* 2412 £+ 193*
Resveratrol-3-0-4'-O-disulfate 194 + 40.7* 870 + 68.7* 234 + 40.3* 734 +£50.2*

Values are means + SD of three individual determinations. Vi,a/K-, values in bold and marked with an asterisk are significantly different
{p < 0.05) between ZR-75-1 and OATP1B1 knockdown ZR-75-1 cells.
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transporter-mediated dmg/drug interactions. Our data
demonstrated that BSP and rifampicin effectively inhibited
resveratrol uptake in CHO cells, mediated by OATP1B1,
OATP1B3, and OATP2B1 (ICs, values: 0.48-1.47 pM). Ad-
ditional potential inhibitors include clarithromycin, ery-
thromycin, and roxithromycin, which inhibit the uptake of
pravastatin in OATP1B1- and OATP1B3-transfected HEK293
cells (showing ICsp values of 32-37 pM) [39]. Moreover,
cyclosporin A significantly decreases the OATP1B1- and
OATP1B3-mediated uptake of bosentan [26] and fexofenadine
[40] in HEK293 and CHO cells. In addition to clinically ap-
plied drugs, naturally occurring flavonoids also interfere with
the OATP uptake of dehydroepianstrosterone, thus indicat-
ing that they constitute a novel class of OATP1B1 modulators
[12]. Ongoing studies are verifying the interactions of drugs
and dietary supplements with the OATP1B1-, OATP1B3-, and
OATP2B1-mediated uptake of resveratrol and its sulfates.

Whether other transporters such as OATP2A1 and
OATP4C1 which are expressed in ZR-75-1 WT cells [21]
are also involved in the uptake of resveratrol and its con-
jugates is not known yet. Possible candidates may be or-
ganic anion transporters (OATs). Besides numerous clini-
cally used drugs, OATs are also involved in the transport
of polyphenol conjugates clearly showing substrate speci-
ficity. While OAT 1-overexpressing human embryonic kidney
293H cells demonstrated enhanced uptake for sulfate and glu-
curonide conjugates, such as quercetin-3'-O-sulfate, daidzein-
7-O-glucuronide, genistein-7-O-glucuonide, and quercetin-3'-
O-glucuronide, OAT3 seems to have a higher affinity for sul-
fates such as quercetin-3'-O-sulfate but not for the isoflavone
glucuronides. (41, 42] Another candidate protein might be
the sodium-dependent glucose transporter SGLT1 which was
shown to be responsible for the cellular uptake of resveratrol
glycoside (trans-piceid), but not of trans-resveratrol in Caco-
2 cells [15]. In vascular endothelial HUVEC cells, however,
Chen et al. could very recently demonstrate that resveratrol
uptake involves both passive diffusion and, at least partly,
an SGLT1-mediated process [43]. Active mediated uptake of
resveratrol was also supported by data from Maier-Salamon
et al. [44] and from Delmas and Lin [45], clearly showing that
in Caco-2 and hepatoblastoma cells, resveratrol uptake was
significantly higher {around 509%) at 37°C than at 4°C when
protein-mediated transport should be minimal.

Contrary to previous data in Caco-2 and HUVEC cells, we
could not confirm any passive diffusion mechanism for the
uptake of resveratrol as uptake kinetics in WT and OATP1B1-
knockout ZR-75-1 cells were saturable, strongly indicating
active transport. As passive diffusion and active transport
work in concert it was not possible to discriminate each part
from another in our breast cancer cell model.

In conclusion, our data revealed that OATPs act as
transporters for resveratrol, resveratrol-3-O-sulfate, and
resveratrol-3-O-4'-O-disulfate but not for resveratrol-4’-O-
sulfate and resveratrol glucuronides. The OATP-dependent
uptake of resveratrol sulfates in concert with intracellular
sulfatases, which rapidly deconjugate sulfates to the pharma-
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cologically active parent compound, represents a key factor
explaining the observed pharmacological activity of resvera-
trol. Future in vivo studies should focus not only on the con-
centration of resveratrol and its conjugates in target tissues
but also on the expression levels of OATPs.

This research was supported by a “BioProMotion” Bioactivity
and Metabolism grant from the University of Vienna, Austria.

The authors have declared no conflict of interest.
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Abstract. The contribution of organic anion transporting
polypeptides (OATPs) to the cellular uptake of flavopiridol
was investigated in OATP1B1-, OATP1B3- and OATP2B1-
expressing Chinese hamster ovary (CHO) cells. Uptake of
flavopiridol into these cells showed typical Michaelis-Menten
kinetics with much higher transport capacity for OATP1B3
compared to OATP1B1 and OATP2Bl1 (Vmax/Km, 33.9 vs.
8.84 and 2.41 yl/mg/min, respectively). The predominant role
of OATPs was further supported by a dramatic inhibition of
flavopiridol uptake in the presence of the OATP substrate
rifampicin. Uptake of flavopiridol by OATPs also seems to
be an important determinant in breast cancer cells. The much
higher mRNA level for OAT P1Bl found in wild-type compared
to ZR75-1 OATP1BI1 knockdown cells correlated with higher
flavopiridol initial uptake leading to 4.6-fold decreased ICy,
values in the cytotoxicity assay (1Cs, 1.45 vs. 6.64 uM). Cell
cycle profile also showed a clear incidence for a stronger cell
cycle arrest in the G2/M phase for ZR-75-1 wild-type cells
compared to OAT P1BI1 knockdown cells, further indicating an
active uptake via OAT P1BI. In conclusion, our results revealed
OATP1BI, OATP1B3 and OATP2BI as uptake transporters for
flavopiridol in cancer cells, which may also apply in patients
during cancer therapy.

Introduction

Flavopiridol (Alvocidib, NSC 649890, (-)-cis-5,7-dihydroxy-2-
(2-chlorphenyl)-8[4-(3-hydroxy-1-methyl) piperidinyl]-

Correspondence to: Professor Walter Jiger, Department of
Clinical Pharmacy and Diagnostics, University of Vienna, A-1090
Vienna, Austria

E-mail: walterjacger@univie.ac.at

Key words: flavopiridol, breast cancer, OATP, cellular uptake,
transport, cell cycle inhibition

4H-benzopyran-4-on) is a selective inhibitor of cyclin depen-
dent kinases (cdkl1, cdk2, cdk4 and cdk7) thereby blocking cell
cycle progression at the G1 to S and G2 to M interface (1).
Flavopiridol, therefore, exerts pronounced antitumor activity
in a variety of cell types including human breast, prostate,
hematopoietic, lung, head and neck cancer cells, and also in
human tumor xenograft models including colon and prostate
carcinomas (1-4). Clinical trials with flavopiridol as a single
agent or in combination with anticancer drugs, including
taxanes and gemcitabine (5,6), also showed tumor responses in
most phase [ (7,8) and phase II (9,10) studies on different types
of progressive tumors refractory to conventional treatment.
Furthermore, the overall response rate could be also increased
when flavopiridol was administered as a single agent using a
pharmacokinetically-directed schedule (8,10). However, still
there was a high amount of variability in pharmacokinetics,
response and toxicity which could not be explained by demo-
graphic, patients' and disease characteristics but might be
caused by an altered flavopiridol accumulation in cancer cells.
One factor strongly affecting anticancer drug concentrations
thereby leading to altered response rates is metabolism.
Indeed, recent data from our lab showed extensive glucuroni-
dation of flavopiridol to the 5- and 7-hydroxy position in
human liver microsomes by uridine diphosphate glucuronosyl-
transferase isoforms 1A1 and 1A9 (UGT1A1 and UGT1A9,
respectively) (11). Polymorphic UGTSs may therefore affect the
extent of glucuronidation as well as flavopiridol disposition,
activity and toxicity in a manner similar to irinotecan, a drug
which shows pronounced glucuronidation (12-14). In fact,
patients with diarrhea after flavopiridol treatment had a lower
metabolic ratio (flavopiridol glucuronide/flavopiridol) than
patients without diarrhea, indicating that systemic glucuroni-
dation of flavopiridol is inversively associated with the risk of
developing diarrhea. It is well established that overexpression
of ATP-powered effiux pumps such as P-glycoprotein (P-gp),
MDR1 and A BCBI, the breast cancer resistance protein BCRP
(ABCG2) and the multidrug resistance protein MRP2
(ABCC?2) have a great impact on intracellular concentrations
of various anticancer agents. Indeed, flavopiridol was less
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toxic in CHO cells expressing higher levels of P-gp (15) and in
acute leukemia patients with high BCRP mRNA expression in
the blast cells (16). MRP2 might indirectly also contribute to
cellular drug concentrations as it is the main efflux transporter
for flavopiridol glucuronides into bile where they can be
cleaved by p-glucuronidase and reabsorbed (17). However,
uptake mechanisms into tumor cells might be even more
important than efflux transporters for the efficacy of anticancer
drugs because they are determinants for intracellular drug
concentration (18). One of the most important cellular drug
uptake mechanisms in humans is via members of the organic
anion-transporting polypeptide family (OATP) (19,20). To
facilitate readability and understanding of this report, ‘OATP’
is used for both genes and proteins. OATPs are expressed in a
variety of tissues (21) and tumors (22-24), where they mediate
the transport of endogenous and exogenous compounds,
including drugs (19,20,25). Studies have shown that uptake
transporters can confer sensitivity to anticancer agents (26-30)
such as the OATP1B3 substrates methotrexate and pacli-
taxel (26,31). This may be therapeutically important because
expression of OAT P varies greatly among tumor cell lines (32).
Cellular uptake of flavopiridol is facilitated by OATP1BI in
transiently transfected HEK-293 and MDCK-II cells (33).
Furthermore, Ni and coworkers (33) also identified OATP1BI_
rs11045819 as a polymorphic OATPIB1 variant associated
with improved flavopiridol response in relapsed chronic
lymphocytic leukaemia patients. However, the authors did not
investigate the kinetic parameters for the cellular uptake of
flavopiridol in OAT P1BI1-transfected cells nor did they eluci-
date the impact of OATP expression on flavopiridol cytotox-
icity in cancer cells. As OATPs exhibit overlapping substrate
specificity, we hypothesized that additional OATPs may also
contribute to the uptake of flavopiridol. In the present study,
we therefore investigated the time and concentration-depen-
dent transport of flavopiridol in stable OATP1B1-, OATP1B3-
and OATP2Bl1-transfected CHO cells. Furthermore, the
impact of OATP expression on cytotoxicity and cell cycle
progression of flavopiridol-treated human breast cancer cells
ZR-75-1 was also investigated.

Materials and methods

Materials. Flavopiridol (2-(2-chlorophenyl)-5,7-dihydroxy-8-
[(3S,4R)-3-hydroxy-1-methyl-4-piperidinyl]-4-chromenone),
was obtained from Sigma-Aldrich (Munich, Germany).
Acetonitril and water were of HPLC grade (Merck, Darmstadt,
Germany). All other chemicals and solvents were commer-
cially available, of analytical grade and used without further
purification.

Cell culture. Chinese hamster ovary (CHO) cells that were
stably transfected with OATP1B1, OATP1B3 or OAT P2B1
and wild-type CHO cells were provided by the University
of Zurich, Switzerland and have been extensively previ-
ously characterized (34,35). The CHO cells were grown in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% FCS, 50 pg/ml L-proline, 100 U/ml penicillin and
100 pg/ml streptomycin. The selective medium for stably
transfected CHO cells additionally contained 500 yg/ml gene-
ticin sulfate (G418) (36). All the media and supplements were

obtained from Invitrogen (Karlsruhe, Germany). The mamma-
lian ZR-75-1 breast cancer cell line was purchased from the
American Type Culture Collection (ATCC, Rockville, MD,
USA) and was maintained in RPMI medium supplemented
with 10% FCS, 100 U/ml penicillin, 100 gg/ml streptomycin
and 1% GlutaMAX. The cells were grown in T-flasks with
a 25-cm? growth area (BD Biosciences, Franklin Lakes, NJ,
USA), maintained at 37°C under 5% CO, and 95% relative
humidity. The cells were passaged once a week and were used
up to passage 55 (37).

OATPIBI knockdown in ZR-75-1 cells. For lentiviral trans-
duction, ZR-75-1 cells were plated in 24-well tissue culture
plates at a density of 40,000 cells/well in 0.5 ml of growth
medium. After 24 h, 250 ul of medium supplemented with
8 pg/ml polybrene (H9268; Sigma) was added. Transductions
were performed by the addition of 10 gl of sShRNA (Mission®
transductionparticlesNM_006446, Sigma, TRCN0000043203,
coding sequence CCGGGCCTTCATCTAAGGCTAACA
TCTCGAGATGTTAG-CCTTAG-ATGAAGGCTTTTTG).
Twenty-four hours after the transduction, the cell culture
medium was changed, and 1 ml of growth medium supple-
mented with 1 or 5 pg/ml of puromycin (P9620; Sigma) was
added to select infected cells after an additional 24 h. The
obtained silencing efficiency was evaluated after 3 weeks via
real-time PCR and immunofiuorescence (38).

Real-time RT-PCR. Total RNA was extracted from cell lines
using the TRIzol reagent (Invitrogen) according to the manu-
facturer's instructions. The concentration, purity and integrity
of the RNA samples were determined through UV absorbance
and electrophoresis. Total RNA (2 pyg) were reverse transcribed
to ¢cDNA using random hexamer primers and the RevertAid™
H Minus M-MuLV Reverse Transcriptase system (Fermentas,
St. Leon-Rot, Germany), as recommended by the manufac-
turer. TagMan® Gene Expression assays (Applied Biosystems,
Warrington, UK) were purchased for human OATPIBI.
The 188 gene was used as a reference gene, as previously
described (23). Multiplex quantitative real-time RT-PCR was
performed in an amplification mixture with a volume of 20 pl.
The target gene amplification mixture contained 10 yl of 2X
TagMan® Universal PCR Master Mix, 1 yl of the appropriate
Gene Expression Assay, 1 ul of the TagMan® endogenous
control (human B-actin or 18S), 10 ng of template cDNA
diluted in 5 gl of nuclease-free water and 3 gl of nuclease free
water. The thermal cycling conditions were as follows: 2 min
at 50°C and 10 min at 95°C, followed by 40 cycles of 15 sec
at 95°C and 1 min at 60°C. Fluorescence generation due to
TagMan® probe cleavage via the 5-3' exonuclease activity of
DNA polymerase was measured with the ABI PRISM 7700
Sequence Detection System (Applied Biosystems). All samples
were amplified in triplicate. To cover the range of expected
Ct values for the target mRNA, a standard curve of six serial
dilutions from 50 ng to 500 pg of pooled cDNA was analyzed
using the Sequence Detection Software (SDS 1.9.1.; Applied
Biosystems). The results were imported into Microsoft Excel
for further analysis. Comparable cDNA contents in the experi-
mental samples were calculated according to the standard
curve method. Relative gene expression data are given as the
n-fold change in transcription of target genes normalized to
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the endogenous control. Real-time RT-PCR was performed
with the following prefabricated TagMan® Gene Expression
Assays (Applied Biosystems) containing intron-spanning
primer Hs00272374_m1 for OAT P1Bl.

Immunofluorescence.ZR-75-1 OAT P1B1-knockdown cells and
cells transduced with the empty vector were allowed to attach
on culture slides overnight (8-Chamber Polystyrene Vessel
Tissue Culture-Treated Glass Slides; BD Falcon). Formalin
fixation was followed by a washing step and a blocking
step (by 5% BSA). The primary antibody against OATP1B1
(OATP1B1/1B3 mMDQ mouse monoclonal antibody; Acris
Antibodies, Herford, Germany) was diluted 1:100, and incuba-
tion was performed for 2 h. Optimal antibody concentrations
were determined by titrating serial antibody dilutions. The
applied dilutions corresponded to the minimum concentra-
tion necessary to produce a positive signal. Wild-type and
OATP1Bl-transfected CHO cells were used as controls.
Following incubation with the secondary antibody (1:1,000
dilution; Alexa Fluor® 488 goat anti-mouse IgG; Invitrogen,
Carlsbad, CA, USA) for 30 min, cell nuclei were stained with
0.5 pg/ml Hoechst 33342 (Sigma-Aldrich). Thereafter, the
slides were rinsed with distilled water before being mounted
in Mowiol 4-88 (Carl Roth, Karlsruhe, Germany). Fluorescent
staining was visualized with an Axioplan 2 microscope
(Carl Zeiss, Jena, Germany). Images were captured using a
AxioCam HRc2 Color CCD digital camera and AxioVision
4.8 software (Carl Zeiss Vision GmbH, Aalen, Germany). To
minimize background signals and to make the signal intensity
and extension in different samples comparable, the exposure
times for the individual antibodies were evaluated and kept
constant between the samples (38).

Cellular uptake. Transport assays were performed on 12-well
plates as described in detail elsewhere (34). Briefly, CHO
cells were seeded at a density of 350,000 cells/well on 12-well
plates (BD Biosciences, Franklin Lakes, NJ, USA). Uptake
assays were generally performed on day 3 after seeding, when
the cells had grown to confluence. Twenty-four hours before
starting the transport experiments, the cells were additionally
treated with 5-mM sodium butyrate (Sigma-Aldrich) toinduce
non-specific gene expression (39). Flavopiridol was dissolved
in DMSO and was diluted with uptake buffer (pH 7.4; final
DMSO concentration of 0.5%) to 25-800 uM. Control
experiments contained DMSO in the medium in place of
flavopiridol. Prior to the transport experiment, the cells were
rinsed twice with 2 ml of prewarmed (37°C) uptake buffer
(116.4 mM NacCl, 53 mM KCl, 1 mM NaH,PO,, 0.8 mM
MgSO,, 5.5 mM D-glucose and 20 mM Hepes; pH adjusted
to 7.4). Uptake was initiated by adding 0.25 ml of uptake
buffer containing the substrate. After the indicated time
period at 37°C, uptake was stopped by removing the uptake
solution and washing the cells five times with 2 ml of buffer
(pH 7.4). The cells were then trypsinized by the addition of
100 pl of trypsin and transferred into test tubes. Next, the
cell membranes were disrupted via repeated (5 times) shock
freezing in liquid nitrogen and thawing. Following centrifu-
gation at 13,500 x g for S min, 100 l of the supernatant was
diluted with methanol/water (2:1; v/v), and aliquots (80 ul)
were analyzed via HPLC (37).

Inhibition analysis. For the inhibition experiments with
rifampicin and bromosulfophthalein (BSP; Sigma-Aldrich),
stock solutions of these compounds were prepared in DMSO
containing the indicated concentrations. CHO cells grown
on 12-well plates were first washed twice with pre-warmed
uptake buffer (pH 7.4) and incubated for 10 min at 37°C under
5% CO, with 1 M flavopiridol in the presence of the inhibi-
tors ranging from 0.0001 to 100 ¢M. Control experiments
were performed without BSP and rifampicin under identical
conditions as mentioned above.

Cytotoxicity assay. CellTiter-Blue (Promega, Southampton,
UK) is a type of a colorimetric assay used to measure cell
viability via non-specific redox enzyme activity (reduction
from resazurin to resorufin by viable cells). ZR-75-1 cells
(50,000 cells/ml) were seeded into 96-well flat-bottomed
plates and incubated for 24 h at 37°C under 5% CO,. For
cytotoxicity assays, the cells were incubated with various
concentrations of flavopiridol (5-400 M) for 72 h. The
CellTiter-Blue (20 ul) reagent was added to the wells,
and the plate was incubated for 2 h, protected from light.
The absorbance was recorded for resazurin (605 nm) and
resorufin (573 nm). The assay results were measured on a
Tecan M200 multimode plate reader (Tecan Austria GmbH,
Groedig, Austria). The absorbance was also measured in
CellTiter-Blue assays in blank wells (without resveratrol)
and subtracted from the values from experimental wells. The
viability of the treated cells was expressed as a percentage of
the viability of the corresponding control cells. All experi-
ments were repeated at least three times.

Cell cycle distribution analyses by fluorescence activated cell
sorting (FACS). ZR-75-1 wild-type and OATP1BI1 knock-
down cells were plated on 6-well plates at a concentration
of 1x10° cells/ml and allowed to attach overnight. After
24- and 48-h incubation at 37°C cells were trypsinized by
the addition of 100 ul of trypsin, transferred into 15-ml
tubes and centrifuged (4°C, 800 rpm, S min) (40). The super-
natant was discarded and the cell pellet washed with cold
PBS (phosphate-buffered saline, pH 7.4), centrifuged (4°C,
800 rpm, S min), resuspended in 1-ml cold ethanol (70%)
and fixed for 30 min at 4°C. After two washing steps with
cold PBS, the cell pellet was resuspended in 500 pl cold
PBS and transferred into a 5-ml polystyrene round bottom
tube. RNAse A and propidium iodide were added to a final
concentration of S0 yg/ml and incubated for 1 h at 4°C. The
final cell number was adjusted between 0.5 and 1x10° cells in
500 gal. Cells were analyzed by the FACSCalibur flow cytom-
eter (BD Biosciences). Cell cycle distribution was calculated
with ModFid LT software (Verity Software House, Topsham,
ME, USA).

Determination of protein concentrations. Total protein was
determined using the colorimetric bicinchoninic acid protein
(BCA) assay kit (Pierce Science, Rockford, IL, USA) with
bovine serum albumin as a standard and quantification at a
wavelength of 562 nm on a spectrophotometer (UV-1800;
Shimadzu). Raw data were analyzed using UV Probe software
(version 2.31; Shimadzu). The protein concentrations were
consistent among the plates (0.150+0.005 mg/well).
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4 BRENNER eral OATP-MEDIATED UPTAKE OF FLAVOPIRIDOL INTO CANCER CELLS

Table I. Uptake kinetic parameters for flavopiridol in OATP-transfected CHO and ZR-75-1 cells.

Cell lines Km (M) Vmax (pmol/mg/min) Vmax/Km (¢l/min.ug)
OATP1B1 t.f. CHO 66.0+10.3 583+19.8 8.84+0.30
OATP1B3 t.f. CHO 66.8+21.3 2263+156 33.9+0.94
OATP2B1 t.f. CHO 175+25.8 422+199 2.41+0.03
ZR-75-1 wit. 80.8+14.1 1876+74.0 23.2+0.90
OATP1B1 k.d. ZR-75-1 99.0+24.0 758+44.9 7.66+0.13

Values are means + SD of 3 individual determinations. The net OATP-mediated uptake values were calculated by substracting the values
obtained with the wild-type (w.t.) CHO cells from those obtained with the stably transfected cells. Kinetic parameters were calculated by fitting
the data to the Michaelis-Menten (Km) equation with non-linear regression. t.f., transfected; w.t., wild-type; k.d., knockdown.

HPLC chromatography. The determination of flavopiridol
was performed using a Merck ‘La Chrom’ System (Merck,
Darmstadt, Germany) equipped with an L-7250 injector, an
L-7100 pump, an L-7300 column oven (set at 37°C), a D-7000
interface, and a L-7400 UV detector (set at a wavelength at
264 nm). Chromatographic separation of flavopiridol was
performed on a Hypersil BDS C18 Column (5 @M, 250
x 4.6 mm I.D.; Thermo Electron Corp.), preceded by a
Hypersil BDS C18 precolumn (5 #M, 10 x 4.6 mm 1LD.) at
a flow rate of 1 ml/min. The mobile phase consisted of a
continuous linear gradient, mixed from 10 mM ammonium
acetatefacetic acid buffer, pH 7.4 (mobile phase A), and
acetonitril (mobile phase B), to elute flavopiridol according
to their lipophilicity. The mobile phase was filtered through
a 0.45 uM filter (HVLP04700; Millipore, Vienna, Austria).
The gradient ranged from 10% acetonitril (0 min) to 40% B
at 15 min and linearly increased to 80% B at 17 min where it
remained constant for 23 min. Subsequently, the percentage
of acetonitril was decreased within 3 min to 10% in order to
equilibrate the column for 9 min before application of the next
sample. The sample injection volume was 80 yl. Calibration of
the chromatogram was accomplished using the external stan-
dard method by spiking drug-free cell culture medium with
standard solutions of flavopiridol to give a concentration range
of 0.005-1 pg/ml (average correlation coefficient: >0.999). For
this method the lower limit of quantification for flavopiridol
was 10 ng/ml. Coefficients of accuracy and precision for this
compound were <9.8%.

Data analysis. Kinetic analysis of the uptake of flavo-
piridol was performed over a substrate concentration range
of 25-800 M. Prior to these experiments, the linearity of
cellular uptake over time (1, 3 and 10 min) was individually
determined for wild-type and OATP-transfected CHO cells by
using flavopiridol (50 M) as a substrate. Cellular uptake rates
are presented after normalization for the incubation time and
total protein content. Net uptake rates were calculated as the
difference in the uptake rate of the transfected and wild-type
cells for each individual concentration. The data were fitted to
the Michaelis-Menten model. Kinetic parameters were calcu-
lated using the GraphPad Prism Version 5.0 software program
(GraphPad Software, San Diego, CA, USA) for Michaelis-
Menten: V = Vmax * S/{Km + S), where V is the rate of the
reaction, Vmax is the maximum velocity, Km is the Michaelis
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Figure 1. Time-dependent uptake of flavopinidol in OAT P-transfected CHO
cells. The uptake of flavopiridol (10 M) after 1, 2, 3, 5 and 10 min was deter-
mined in wild-type and OATP1Bl- OATP1E3- and OATP2Bl-transfected
CHO cells at pH 74, 37°C. The data represent the mean + SD of 3 individual
determinations

constant and S is the substrate concentration. The intrinsic
clearance, which is defined as the ratio Vmax/Km, quantifies
the transport capacity. IC., values were determined by plotting
the log inhibitor concentration against the net uptake rate and
non-linear regression of the dataset using the equation:

a
1+ [IICy) s+ b]

in which y is the net uptake rate (pmol/yg protein/min), I is
the inhibitor concentration (3#M), s is the slope at the point
of inversion, and a and b are the maximum and minimum
values for cellular uptake. Net uptake was calculated for each
inhibitor concentration as the difference in the uptake rates
of the transporter-expressing and wild-type cell lines. Unless
otherwise indicated, values are expressed as mean + SD of
three individual experiments. Significant differences from
control values were determined using a Student's paired t-test
at a significance level of P<0.05.

Results
Uptake kinetics of flavopiridol in OATP transfected CHO

cells. To investigate whether OATPs other than OATP1B1
contribute to flavopiridol uptake respective studies were
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Figure 2. Uptake of flavopiridol in OATP-transfected and wild-type
CHO cells. The uptake of flavopiridol (25-800 uM) by (A) OATP1EI-,
(B) OATPLB3- and (C) OATP2Bl-transfected CHO cells and wild-type
CHO cells was determined after 1 min at pH 7.4, 37°C. After the uptake into
wild-type cells was substracted, net-OATP1Bl, OATPLE3 and OATP2EL-
mediated uptake was fited to the Michaelis-Menten equation to calculate
Km and Vmax values, The data represent the mean + SD of 3 individual
determinations.

performed in CHO cells transfected with OATP1B1, OATP1B3
and OATP2B1 using wild-type CHO cells transfected with
the empty vector as controls. Western blot analysis confirmed
that these cells highly expressed the respective transporters
in the membranes (data not shown). Uptake of flavopiridol
(25-800 M) for all three OATPs was only linear for up to
1 min (Fig. 1). We therefore finalized all experiments at the
initial linear phase. As shown in Table I and Fig. 2, the initial
net OATP1B1-, OATP1B3- and OATP2Bl-mediated accumu-
lation rates (tranfected wild-type) for flavopiridol followed
Michaelis-Menten kinetics, with ~4-5-fold higher Vmax values
for OATP1B3 compared to OATP1B1 and OATP2BI (Vmax,
2263 vs. 583 and 422 pmol/mg protein/min). The affinity of
flavopiridol for both OATP1B1 and OATPIB3 showed very
similar Km values (66.0 and 66.8 M) but was significantly
higher for OATP2B1 (175 pM).
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Figure 3. Inhibition of flavopiridol uptake into OAT P-transfected and
wild-type CHO cells by rifampicin. (A) OATPLBI-, (B) OATP1E3- and (C)
OATP2El-transfected CHO cell were co-incubated with 1 M flavopiridol
and increasing concentrations of rifampicin (0.0001-10 xM) at 37°C for
1 min (Materials and methods). Values are expressed as a percentage of
vehicle control; each value represents the mean + SD of three independent
experiments

Effect of OATP inhibitors on the accumulation of flavo-
piridol in transfected CHO cells. To investigate whether
known OATP inhibitors impact OATP1B1-, OATP1B3- and
OATP2B1-mediated flavopiridol accumulation, flavopiridol
was quantified after treatment of OATP1B1-, OATP1B3- and
OATP2BI1-overexpressing CHO cells with 1 #M flavopiridol
in the absence and presence of increasing concentrations of
the known OATP inhibitors bromsulphophthalein (BSP) and
rifampicin (41,42). As shown in Fig. 3 rifampicin was a potent
inhibitor for flavopiridol uptake in OATP1B3- followed by
OATP2BI1- and OATP1BIl-transfected CHO cells (IC,, values,
1.00, 1.36 and 2.06 uM, respectively). BSP, however, did not
inhibit but rather stimulated OATP-dependent flavopiridol
uptake at concentrations up to 100 zM.

OATPIBI knockdown in ZR-75-1 cells. The cells exhibiting
the lowest expression of OATP1BI (relative mRNA expression
was reduced from 14.8+0.26 to 1.19+0.02) were chosen for
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A

B

Figure 4. Immunofiuorescent characterization of OATFLBL in ZR-75-1 and OATP1B1 knockdown ZR-75-1 cells. Cells were grown on culture slides and
stained with an antibody against OATP1EL (Materials and methods). Immunofluorescence was performed in ZR-75-1 empty vector-transfected cells (A) and
ZR-75-1 OATP1BI knockdown cells (B). Bright green fluorescence was seen in ZR-75-1 empty vector-transfected cells
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Figure 5. Uptake of flavopiridol in ZR-75-1 and OATP1 Bl knockdown
ZR-75-1 cells. The uptake of flavopiridol (25-600 xM) in ZR-75-1 empty
vector-transfected and OATP1BL knockdown ZR-75-1 cells was determined
after 1 min at pH 74, 37°C and the OATP-mediated uptake was fitted to the
Michaelis-Menten equation to calculate Km and Vmax values. Data repre-
sent the mean = SD of triplicate determination.

further experiments. Because ZR-75-1 cells express OATP1B1
(23) but not OATP1B3 and OATP2B1, the expression of the
OATPI1B1 protein was furthermore confirmed by immuno-
fluorescence. Fig. 4 clearly shows constitutive expression
(bright green fluorescence) of OATP1B1 in ZR-75-1 control
cells (transfected with empty vector) (Fig. A) and suppressed
protein levels of this transporter in ZR-75-1 OATPIBI1-
knockdown cells (Fig. B).

Uptake kinetics of flavopiridol in wild-type and OATPIBI
knockdown ZR-75-1 cells. Based on much higher OATPIBI
expression levels in wild-type ZR-75-1 breast cancer cell lines
compared to OATP1B1 knockdown ZR-75-1 cells, we expected
increased intracellular flavopiridol levelsin the wild-type cells.
For kinetic analysis, an incubation time of 1 min was chosen in
order to prevent cellular uptake from interference with cellular
efflux mechanisms such as MRP1 and BCRP. Fig. 5 depicts
representative Michaelis-Menten kinetics for a significantly
higher flavopiridol uptake (2.5 fold) by wild-type compared
to OATP1BI knockdown ZR-75-1 cells {Vmax, 1876 pmol/mg
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Figure 6. Cytotoxicity of flavopiridol to ZR-75-1 and OATP1Bl knockdown
ZR-75-1 cells. After incubation for 72 h with 5-600 xM flavopiridol at 37°C
percentviable cells were determined (Materials and methods). Dose response
curves were obtained by non-linear curve fitting using the GraphPad Prism
5.0 program. The data represent the mean + SD of 3 individual determina-
tions.

vs. 758 protein/min). Affinity of flavopiridol to OATP1B1,
however, was comparable in wild-type and OATP1B1 knock-
down ZR-75-1 cells (Km, 80.8 p#M=+14.1 and 99.0 pM=+24.0)
indicating that OATP1B1 knockdown did not unmask other
transporters for flavopiridol.

Cytotoxicity of flavopiridol in wild-type and OATPIBI knock-
down ZR-75-1 cells. The cytotoxicity of flavopiridol against
ZR-75-1 and OATPI1BI1 knockdown ZR-75-1 breast cancer
cells was quantified using the CellTiter-Blue test kit. As shown
in Fig. 6, flavopiridol was significantly less toxic in OATPIB1
knockdown (IC.,, 6.64 M) than in wild-type ZR-75-1 cells
(IC,, 145 M) underscoring that OATP1BI is important for
flavopiridol uptake.

Effect of flavopiridol on the cell cycle of ZR-75-1 wild-type and
OATPIBI knockdown cells. ZR-75-1 cells were incubated with
5 jsM flavopiridol for 8, 24 and 48 h and then subjected to FACS
analyses. In the absence of flavopiridol both cell lines showed
a nearly identical distribution of cells in the different phases
of the cell cycle (Fig. 7). Addition of flavopiridol, however,
exhibited distinct effects dependent on OATP1B1 expression.
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Figure 7. Analysis of cell cycle distribution in wild-type and OATP1BlL
knockdown ZR-75-1 cells, ZR-75-1 cells (1x10° cells/m1) with flavopiridol
(10 M), harvested after 24 and 48 h, and subjected to FACS analysis. Error
bars indicate = SD, and asterisk significant alterations of cell distributions in
the respective cell cycle phase compared to control (P<0.05). Experiments
were performed in triplicate.

While the cell cycle of wild-type cells was inhibited in Gl
and G2/M phase, OATP1B1-knockdown cells were inhibited
only in G1 phase at the expense of G2/M- and S-phase cells
after 24 and 48 h of flavopiridol treatment. Notably, reduced
uptake of flavopiridol in OATP1B1 knockdown cells was also
associated with a decreased proportion of cells in sub-Gl
indicating decreased induction of apoptosis observed after
48 h of flavopiridol incubation (14.5 compared to 18.2% for
wild-type cells).

Discussion

In the present study, we identified the human OATP isoforms
responsible for the cellular uptake of flavopiridol and demon-
strated the relevance of flavopiridol uptake for its anticancer
activity. To date, the only OATP that has been characterized,
by Ni et al (33), as an uptake transporter for flavopiridol is
the OATP1B1. Furthermore, expression of the polymorphic
variant OATP1B1 _rs11045819 was associated with improved
flavopiridol response in patients with chronic lymphatic
leukemia (33). By systematically investigating the transport
properties of flavopiridol for other OATPs using the trans-
fected CHO cells as an in vitro model, we were able to identify
OATPIB3 and OATP2BI as additional uptake transporters
for flavopiridol. As shown in Fig. 2 and Table I, flavopiridol
exhibited saturable uptake kinetics for OATP1B1, OATP1B3
and OATP2BI. The affinity of flavopiridol for OATP1B1 and
OATPIB3 was similar (Kms, 66.0 and 66.8 #M) but 2.6-fold
lower for OATP2B1 (Km, 175 ;#M). Furthermore, uptake of
flavopiridol into OATP1B3-transfected CHO cells was up
to 5.3-fold higher (Vmax, 2263 pmol/mg/min) leading to an
3.8- and 14-fold increased transport capacity for OATP1B3
compared to OATP1B1 and OATP2BI (Vmax/Kms, 33.9 vs.
8.84 and 2.41 yd/min/mg protein, respectively; Table 1) indi-
cating that OATP1B3 might be the far most important uptake
transporter for flavopiridol followed equally by OATP1BI1 and
OATP2BL.

Our data also suggest that OATP1B1, OATP1B3 and
OATP2BI are low affinity transporters and that the blood
concentration of flavopiridol is considerably lower than the Km
values. Indeed, administration of the standard dose of flavopir-
idol (50 g/m?) as a 4-h infusion dose to patients with relapsed,
symptomatic CLL or small lymphocytic lymphoma (SLL) in
phase I and II studies showed peak plasma concentrations of
~3 M (43). Despite this low substrate concentration relative to
the Km value, uptake of flavopiridol into cancer cells is most
likely pharmacodynamically effective but slow. It should be
kept in mind that the local concentrations at the cancer cells
are unknown, and other parameters like local pH (36) may
also affect the transport rate of the OATPs expressed in cancer
cells. In addition, extrapolating in vitro results to the in vivo
situation should be done with care as the absolute amount of
OATP transporters in cancer cells may vary and as it is not
known yet whether other transporters like OATP2A1 and
OATPAC1 which are expressed in ZR-75-1 wild-type cells (23)
are also involved in the uptake of flavopiridol. Other possible
candidates may be organic anion transporters (OATs). Besides
numerous clinically used drugs, OATs are also involved in the
transport of polyphenol conjugates (44).

To further prove the importance of OATBI for the uptake
of flavopiridol, hormone-dependent ZR-75-1 cells that were
previously shown to express high levels of OATP1BI, but not
OATPI1B3 and OATP2B1 (45), were incubated for 1 min with
increasing concentrations of flavopiridol. Indeed, the uptake
of flavopiridol by the ZR-75-1 OATP1B1-knockdown cells was
significantly reduced compared to control cells, as indicated
by lower Vmax values (Fig. 5 and Table I). Concomitant with
the decreased uptake of flavopiridol detected in OATP1B1
knockdown cells, its cytotoxicity decreased 4.6-fold (Fig. 6).
The pan-CDK inhibitor flavopiridol blocks the ATP pocket of
CDKs and inhibits MCF-7 and MDA-MB-468 breast cancer
cells simultaneously in the Gl and G2/M phases (46). Also
wild-type ZR-75-1 breast cancer cells were inhibited in G1
and G2/M, whereas knockdown cells were arrested only in
the G1 phase upon flavopiridol treatment. This indicated that
Gl-specific CDKs, such as CDK4/6, were inhibited at lower
flavopiridol concentrations (which was the case in OATP1B1
knockdown cells) compared to CDKs that are specific for the
G2/M phase or required for both G1 and G2 transit (i.e. CDK1
or CDK2, respectively). Furthermore, we also observed a
significantly decreased proportion of cells in the sub-Gl phase
(a marker for cell debris occurring throughout cell death)
after 48 h of flavopiridol treatment in OATP1B1 knockdown
cells. As apoptosis is known to be induced by flavopiridol (47)
decreased apoptosis rates again support the role of OATP1B1-
dependent flavopiridol uptake for cytotoxicity.

OATP1B1-, OATPIB3- and OATP2B1-mediated flavo-
piridol transport may be of clinical importance, as all
three transporters are expressed in various tumor entities
including colorectal, liver, ovarian, pancreatic and prostate
cancer tissues (48). Any variations in OATP expression may
significantly alter the uptake of flavopiridol into targeted cells
and tissues, thereby strongly affecting the efficacy of treat-
ment. Patients with low expression of wild-type OATP1BI,
OATPIB3 and OATP2BI1 or patients carrying polymorphic
OATP alleles may therefore show decreased response.
Concomitant administration of OATP inhibitors may also
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interfere with the uptake of flavopiridol, leading to transporter-
mediated drug/drug interactions. Our data demonstrated that
rifampicin effectively inhibited flavopiridol uptake in CHO
cells, mediated by OATP1B1, OATP1B3 and OATP2B1 (1Cy,
values, 0.48-1.47 pM). Additional potential inhibitors include
clarithromycin, erythromycin and roxithromycin, which
inhibit the uptake of pravastatin in OAT P1BI- and OATP1B3-
transfected HEK293 cells (showing ICs, values of 3237 uM)
(49). Moreover, cyclosporine A significantly decreases the
OATPIBI- and OATP1B3-mediated uptake of bosentan (35)
and fexofenadine (50) in HEK293 and CHO cells. In addition
to clinically applied drugs, naturally occurring flavonoids also
interfere with the OATP uptake of dehydroepiandrosterone
(DHEAS), thus indicating that they constitute a novel class of
OATP1BI modulators (51). Whether all these potential OATP-
dependent inhibitors interfere with the flavopiridol uptake in
tumor cells is not yet known, however, care should be taken
if patients use these drugs in combination with flavopiridol.
Ongoing studies are verifying the interactions of drugs and
dietary supplements with the OATP1B1-, OATP1B3- and
OATP2BI1-mediated uptake of flavopiridol.

In conclusion, our data revealed that OATP1B1, OATP1B3
and OATP2B1 act as transporters for flavopiridol; this role
may also apply for the uptake of this compound into human
cancer cells. Future in vive studies should focus not only on
the concentration of flavopiridol in target tissues but also on
the expression levels of OAT Ps.
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Abstract

Anthocyans (anthocyanins and their aglycones anthocyaniding) are colorful pigments, naturally
occurring in berry fruits. They exhibit many biological effects and have potent health benefits.
Anthocyans are widely used as dietary supplements and the safety of products containing them is of
great importance. To investigate whether anthocyans influence the expression of hepatic uptake
transporters belonging to the organic anion transporting polypeptide (OATP) family, we carried out
studies on primary cultures of human hepatocytes. The hepato-cellular accumulation of widely used
drugs such as statins and antibiotics is mediated by the liver-specific OATP1B1 and OATP1B3
transporters, thus any interference with expression of these particular transporters might influence
therapeutic outcomes. We evaluated the effects of 21 anthocyanins and their corresponding 6
anthocyanidins on the levels of OATP1B1I/OATP1B3 mRNA by RT-qPCR. Changes in OATP
protein levels were confirmed by western blotting. Our data show that OATP1B1 responds
differently to anthocyans compared with OATP1B3. We observed the induction of OATPIBI
mRNA and protein in four hepatocyte samples by the anthocyanins malvin chloride, malvidin-3-O-
galactoside chloride and cyanidin-3-O-sophoroside chloride. For OATP1B3, a reduction in the
expression levels was seen with the anthocyanidin pelargonidin, and the anthocyanin delphin
chloride. Although the values varied considerably between primary hepatocyte isolates from
different individuals, a mean induction of OATP1B1 up to 60% and reduction of OATP1B3 gene
expression by less than 25% were detected. We propose that the effects of anthocyans derived from
high dose dietary supplements may have to be taken into account in patients undergoing a therapy

with drugs transported by OATP1B1 and OATP1B3.

Key Words:
Anthocyans, anthocyanins, anthocyanidins, phytochemicals, OATP1B1, OATP1B3, OATP

expression, human hepatocytes
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Introduction

Anthocyans are a sub-group of flavonoids that exist in all tissues of higher plants as water-soluble
pigments, responsible for the red, blue or purple colors of berries, grapes, apples, corn and many
vegetables.! The broad term “anthocyan™ encompasses both glycosides (termed anthocyanins) and
aglycones (termed anthocyanidins). In higher plants, only anthocyanins are found, and in these, the
pigment is linked to one or more sugars, often glucose, galactose, arabinose and xylose, but also to
rather rare sugars including rhamnose, sophoroside or sambubioside.” The most common
anthocyanidins are cyanidin, delphinidin, malvidin, pelargonidin, peonidin, and petunidin.1 Many
studies have demonstrated that anthocyans exhibit anti-proliferative, anti-apoptotic, anti-tumor, anti-
mutagenic, anti-oxidant, anti-inflammatory and nitric oxide inhibitory effects in vitro that may be
linked to their ability to confer important health benefits. Furthermore they are reported to reduce the

incidence of diabetes, cardiovascular disease, arthritis and cancer.*¢

For the last years, public interest in the cancer chemopreventive properties of dietary constituents has
increased as people have sought effective and safe diet-derived alternatives to pharmaceuticals.7 Ina
study, the daily intake of anthocyanins in individuals in the U.S. has been estimated to be
approximately 180-215 mg/day.8

Anthocyan-containing dietary supplements are available as juices, dried juice, dried fruits or water
extracts, and are claimed to offer such an alternative.” Importantly, the dose of anthocyans in certain
dietary supplements is extraordinarily high, e.g. in over-the counter drugs taken for the treatment
against diarrhea (blueberry extracts, daily doses of 100-200 mg anthocyans) or against urinary tract
infections (cranberry extracts, 60-225 mg per dose). However, there are no clinical studies
investigating their effectiveness or potential side effects due to interactions with drug transport. For a

critical review of the literature on anthocyans in dietary supplements see Espin et al., 2007.'°

Anthocyans are metabolised in the liver,*! and therefore food—drug interactions might be expected.
It is of special interest to us to discover how these compounds may interact with the transport
proteins that mediate the uptake of endogenous and exogenous compounds into liver cells. Two
proteins, OATP1B1 and OATP1B3, members of the SL.C superfamily of uptake transporters (SLC
family 21) play an important role in the hepatic uptake of bilirubin, bile acids, conjugated steroids,
eicosanoids and thyroid hormones, as well as xenobiotics, phytochemicals and drugs. There is
considerable substrate overlap between these two OATPs, and if their substrates are co-administered,

they may interfere with their transport capacity. This is especially important for drugs with a narrow
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therapeutic index, such as statins, for which high concentrations in blood plasma can result in severe

2,13

myopathy.'>" In addition to the consequences of altered substrate competition, altered levels of

expression of these OATPs might also change the uptake of these therapeutics.

It has been suggested that the expression of OATP1B1 and OATP1B3 can be modified by drugs,
xenobiotics and natural compounds.'® Studies in rodents showed that activation of nuclear receptors,
such as the pregnane X receptors (PXR) by natural compounds, for example the polyphenol
hyperforin, and synthetic drugs such as the antibiotic rifampicin modulate the expression of
OATPs."” However, a recent study using human hepatocytes revealed that rifampicin, although an
effective stimulator of PXR, has little effect on OATP1B1 and OATP1B3 expression.16

To the best of our knowledge, there are no reports describing the effect of anthocyans on the
expression of any OATPs in human liver cells, and so we investigated whether the levels of
expression of OATP1B1 and OATP1B3 mRNA and protein are modified by common anthocyanes
(21 anthocyaning and their corresponding six anthocyaniding) in human hepatocytes isolated from

four healthy donors.

Materials and methods

Chemicals

Dimethyl sulfoxide (DMSO) and rifampicin (RIF) were purchased from Sigma-Aldrich (Prague,
Czech Republic). The following anthocyanins and anthocyanidins were purchased from
Extrasynthese (Lyon, France): peonidin-3-O-glucoside chloride, peonidin-3-O-rutinoside chloride,
pelargonidin-3,5-di-O-glucoside chloride, pelargonidin-3-O-rutinoside chloride, delphinidin-3-O-
glucoside chloride, delphinidin-3-O-rutinoside chloride, delphinidin-3,5-di-O-glucoside chloride,
delphinidin-3-O-sambubioside chloride, delphinidin-3-O-rthamnoside chloride, malvidin-3-O-
glucoside chloride, malvidin-3,5-di-O-glucoside chloride, malvidin-3-O-galactoside chloride,
cyanidin-3-O-glucoside chloride, cyanidin-3-O-rutinoside chloride, cyanidin-3,5-di-O-glucoside
chloride, cyanidin-3-O-sophoroside chloride, cyanidin-3-O-arabinoside chloride, cyanidin-3-O-
rhamnoside chloride, cyanidin-3-O-galactoside chloride, cyanidin-3-O-sambubioside chloride,
cyanidin-3-O-lathyroside chloride, cyanidin chloride, delphinidin chloride, malvidin chloride,
peonidin chloride, petunidin chloride, and pelargonidin chloride. All other chemicals and solvents

were commercially available, of analytical grade, and used without further purification.
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Human hepatocytes

Human hepatocytes were isolated from human liver obtained from multiorgan donors LH45 (M, 46
years), LH46 (M, 37 years), LH47 (M, 47 years) and LH49 (M, 38 years). The tissue acquisition
protocol was in accordance with the requirements stated by the local ethical commission in the
Czech Republic. Long-term preserved human hepatocytes were obtained from Biopredic

International (Rennes, France) as monolayer batch HEP220670 (F, 64 years).

All hepatocytes were treated in a serum-free medium for 24 h with the tested compounds and/or
vehicle (DMSO; 0.1% v/v). Cultures were maintained at 37°C and 5% CO; in a humidified

g 3,17
incubator.™

Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR)

Total RNA was isolated using TRI Reagent® and cDNA was synthesized according to the common
protocol, using M-MLV Reverse Transcriptase F-572 (Finnzymes, Thermo Scientific, Portsmouth,
NH, USA) and random hexamers 3801 (Takara, Saint-Germain-en-Laye, France).18 TagMan® Gene
Expression Assays (Applied Biosystems, Foster City, CA, USA) were purchased for OATP1B1 and
OATP1B3 (containing intron-spanning primers: OATPIB1: Hs00272374 m1, OATPI1B3:
Hs00251986 m1). To select appropriate reference genes, the expression levels of 12 different human
housekeeping mRNAs were analyzed using a geNorm reference gene selection kit with
PerfectProbeTM (PrimerDesign Ltd., Southampton, UK). GAPDH (glyceraldehyde-3 phosphate
dehydrogenase), YWHAZ (14-3-3 protein zeta/delta) and TOP1 (DNA topoisomerase 1) were
selected as acceptable reference genes for TagMan® ¢-PCR analysis of the samples as previously
described.'® Data were analyzed by the delta-delta Ct method. Results are expressed as fold-

induction over DMSO-treated cells. Data were visualized as a heat map using Java TreeView."

Western blotting

Total protein extracts were prepared as described elsewhere.”’ After SDS-PAGE separation and
Western blot transfer, filters were probed with rabbit polyclonal antisera against OATP1B1 (rabbit
polyclonal, LS-C161285; LifeSpan BioSciences, Seattle, WA, USA) or OATP1B3 (rabbit
polyclonal; 1L.S-C159033; LifeSpan BioSciences). Chemiluminescent detection was performed using
a horseradish peroxidase-conjugated secondary antibody and an ECL detection kit both from Thermo

Scientific (Portsmouth, NH, USA). A VersaDoc 4000MP Imaging System (Bio-Rad Laboratories
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Inc., California, US) was used to capture images. As a loading control, the blots were probed to

detect B-actin (data not shown).

Results

Effects of anthocyanidins on OATP expression

Initially, we elucidated the effect of the aglycones, namely the anthocyanidins cyanidin, peonidin,
petunidin, pelargonidin, delphinidin, and malvidin on OATP1B1 and OATP1B3 mRNA levels in
LH45, 1L.H46, and LH47 cells. For comparison, we also used long-term preserved HEP220670 (HEP)
cells derived from one donor. Cells were incubated for 24h with anthocyanidins (50 uM), and the
vehicle (DMSO, 0.1% v/v), before mRNA and protein were isolated and OATP1B1 and OATP1B3
expression levels were determined.

As shown in Table 2, treatment with pelargonidin reduced OATP1B3 mRNA levels by
approximately 25%. In HEP cells, no significant alterations in the mRNA expression levels were

seen with any anthocyanidin.

Effects of anthocyanins on OATP expression

In the next series of experiments, the effects of 21 anthocyanins (50 uM) were tested on four
different human hepatocyte cultures (LH45, LH46, LH47, LH49). The induction pattern of
OATP1BI1 and OATP1B3 (see heat map in Fig. 2) was highly variable between hepatocytes obtained
from different donors and the effect of anthocyanins on OATP1B3 mRNA expression was more
variable between the LH-cultures than it was on OATP1B1. The majority of anthocyanins increased
the level of OATP1B1 mRNA in LH49 cells, whereas hardly any induction of OATP1B3 mRNA
was observed in these cells.

By contrast, on using LH45 cells, OATP1B3 mRNA levels increased in response to many
anthocyanins, and strong induction of OATP1B1 mRNA expression was observed after cyanidin-3-
O-sophoroside chloride exposure, with more-moderate increases for other anthocyanins. In LH46-
hepatocytes, malvin chloride caused a pronounced increase of OATP1B1 and OATP1B3 mRNA
levels. In LH47 cells, increased levels of OATP1BI1, but not of OATP1B3 mRNA occurred in
response to cyanidin-3-O-sambubioside chloride, malvidin-3-O-galactoside chloride and
pelargonidin-3-O-rutinoside chloride.

The mean values and minimum and maximum values for OATP1B1 and OATP1B3 mRNA levels in

the LH cells are summarized in Table 3. The data indicate that the effects of anthocyanins on OATP
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mRNA expression are rather moderate, revealing a maximal induction of 1.6-fold (mean values) of
OATP1B1 mRNA with malvidin-3-O-galactoside chloride. A small, but significant increase in the
mean levels of OATP1B1 mRNA was also produced by two other anthocyanins: malvin chloride
(1.51-fold) and cyanidin-3-O-sophoroside chloride (1.38-fold). Protein levels corresponded with the
mRNA response pattern in hepatocyte samples. Higher levels of immunoreactive OATP1B1 after
malvidin chloride and malvidin-3-O-galactoside chloride treatment reflected the higher mRNA
levels. Incubation with pelargonin chloride and pelargonidin-3-O-rutinoside chloride, which had no
effect on OATP1B1 mRNA, also did not alter OATP1B1 protein levels (Fig. 3).

In contrast to OATP1BI1, mean OATP1B3 mRNA expression in LH45, LH46, . H47 and LH49 cells
was not significantly increased by anthocyanins (Table 3). Notably, OATP1B3 mRNA expression
was reduced by nearly 20% (mean value 0.817-fold) after delphin chloride incubation. Again,
OATP1B3 protein levels corresponded with the mRNA levels.

In control experiments in the hepatocytes, we also noticed that rifampicin does not induce the
expression of either OATP1B1 or OATP1B3 (n-fold induction 0.74-0.99). This is not surprising, as
in a previous study, rifampicin derivatives, known to be common inducers of some drug
metabolising P450 enzymes (CYPs) and transporters '>'6%
upregulation of OATP mRNA.'

, did also not show any specific

Discussion

Our investigation into the effects of 27 anthocyans on OATP1B1 and OATPIB3 expression in
primary human hepatocytes revealed that these phytochemicals can indeed influence the expression
of these liver-specific transporters. Interestingly, we observed induction of OATP1B1 expression,
but reduction of OATP1B3 expression with some anthocyans.

In all hepatocyte cell samples tested, increases of OATP1B1 mRNA and protein levels of at least
10% occurred in response to the anthocyanins malvin chloride, malvidin-3-O-galactoside chloride,
and cyanidin-3-O-sophoroside chloride. For OATP1B3 a reduction in the expression levels was seen
with one anthocyanidin, pelargonidin, and one anthocyanin, delphin chloride (Table 2 and 3). Only
the glycosides but not the corresponding aglycones were able to affect increases in expression,
indicating that the molecule together with the sugar moiety is necessary for the stimulation. The
transporters OATP1B1 and OATP1B3 mediate the intracellular accumulation of widely used drugs
such as statins and chemotherapeutic agents, so our findings are important because altered expression

of OATP1BI1 and OATPIB3 by these dietary constituents might change the efficacy of a drug
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therapy. However, it must be considered that the OATP expression pattern varies considerably
between hepatocytes from individual donors™ and those variations may have a more severe impact
on the OATP-mediated cellular accumulation of drugs in patients. It is also important that in the
liver, OATP1BI1 is expressed in all hepatocytes throughout the lobules, whereas OATP1B3
expression is highest in hepatocytes located around the central vein.”® This implicates that their
expression in liver is regulated differently, which could also account for the different reaction of

OATP1BI1 and OATP1B3 to anthocyans.

In general, our data concur with previous studies on the effect of anthocyans on biotransformation
pathways that showed only small effects of anthocyans on selected enzymes. Kamenickova et al.
recently reported the effects of cyanidin, delphinidin, malvidin, peonidin, petunidin, pelargonidin and
their most common anthocyanins on the aryl hydrocarbon receptor (AhR)-cytochrome P450
CYP1AI1 pathway.>!” They showed, using human hepatocytes and HepG2 cells, that pelargonidin is
a weak ligand/agonist of the AhR and of AhR-dependent gene expression. Pelargonidin moderately
induced CYP1A1 mRNA expression in all of their primary hepatocyte cultures. Among the
anthocyanins, pelargonidin-3-O-rutinoside chloride and cyanin chloride were weak inducers of
CYP1A1 mRNA expression.™” Studies of the effect of anthocyans on expression of CYP2C9,
CYP2A6, CYP2B6, and CYP3A4 in human hepatocytes and liver microsomes did not reveal

significant alterations of mRNA or protein levels."

In summary, our data demonstrate that some anthocyans are capable of altering the expression of
OATP1BI1 and OATPIB3 in cultured primary human hepatocytes. However, the effects varied
considerably among individual cell isolates. Therefore, we conclude that, within the range of
commonly ingested nutritional supplements, possible effects on OATPIB1 and OATP1B3
expression may not present major problems. However, in patients under therapy with OATP
substrates (e.g. statins) consequences of interaction between these OATP transporters and

anthocyans taken at high doses in dietary supplements cannot be excluded.
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Table 1 Chernical structures of anthocyans

Anthocyanins R1 R2 R3 R4 R5
Cyanidin-3-O-arabinoside chlonide OH H H Arabinoside H
Cyanidin-3-O-lathyroside chloride OH H H Lathyroside H
Cyanidin-3-CO-rhamrmnoside chloride OH H H Rhammnoside H
Cyanidin-3-0-sambubioside chloride OH H H Sambubioside H
Cyanidin-3-O-sophoroside chloride OH H H Sophoroside H
Delphinidin-3-CQ-rhamnoside chloride OH H OH  Rhammnoside H
Delphinidin-3-O-rutinoside chlotide OH H OH Rutinoside H
Delphinidin-3-O-sambubioside chloride OH H OH Sambubioside H
Malvidin-3-O-galactoside chloride OCH; H OCH;  Galactoside H
Pelargonidin-3-O-tutinoside chloride H H OH Rutinoside H
Peonidin-3-0-glucoside chloride OCH; H H Glucoside H
Peonidin-3-O-nitinoside chloride OCHz H H Rutinoside H
Cyanin chlofide (Cyanidin-3,5-di-O-glucoside chloride) OH H H Glucoside Glucose
Delphin chloride (Delphinidin-3,5-di-O-glucoside chlotide) OH H OH Glucoside Glucose
Ideain chloride (Cyanidin-3-O-galactoside chloride) OH H H Galactoside H
Keracyanin chloride (Cyanidin-3-O-rutinoside chloride) OH H H Rutinoside H
Kuromanin chloride (Cyanidin 3-O-glucoside chloride) OH H H Glucoside H
Malvin chlonde (Malvidin-3,5-di-O-glucoside chloride) OCH; H OCH; Glucoside Glucose
Myrtillin chloride (D elphinidin-3-O-glucoside chloride) OH H OH Glucoside H
Oenin chloride (Malvidin-3-O-glucoside chlonide) OCH; H OCH;z Glucoside H
Pelargonin chloride (Pelargonidin-3,5-di-O-glucoside chloride) H H H Glucoside Glucose
Anthocyanidins

Cyanidin chlonide OH H H H H
Delphinidin chlotide OH H OH H H
Malvidin chlonide OCH: H OCH: H H
Pelargonidin hloride H H H H H
Peonidin chloride OCH; H H H H
Petunidin chloride OCH: H OH H H

98



Food & Function Page 12 of 18

Table 2 Effects of anthocyanidins on OATP1B1 and OATP1B3 mRNA levels in primary human hepatocytes treated for 24 h with tested
compounds. Results are expressed as n-fold change compared to DMSO-treated cells (control). Data, normalized to the reference genes. are
expressed as mean + SD (n=3) for HEP220670 and for LLH45. L.H46, 1.LH47 as means (min-max values). calculated from two separate

determinations. Values in bold are significantly different (p=<0.05) as assessed with the Mann-Whitney U test.

Changes in mRNA expression

Anthocyanidins LHA45, LH46 and LH47 HEP220670

OATPIBI OATPIB3 OATPIBI OATPIB3
Control 1151 (0.77-1.62) 1.006  (1.00-1.01) 1.016:0.43 1.015+0.01
Cyanidin 1.027  (0.90-1.29) 0912 (0.71-1.28) 0.782+0.15 0.929+0.38
Delphinidin 0916  (0.54-1.39) 1145 (0.76-1.55) 0.813:0.24 0.794+0.68
Malvidin 0.991  (0.66-1.36) 1.029  (0.72-1.63) 0.942+0.22 0.956+0.32
Pelargonidin 0.962  (0.66-1.26) 0.756  (0.62-0.89) 1.025:0.35 0.797+0.52
Peonidin 0.865  (0.70-0.98) 1.037  (0.70-1.45) 1.130:0.43 1.290+0.40
Petunidin 0.947  (0.67-1.10) 1189 (0.70-1.97) 1.114:0.43 1.14840.19
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Table 3

Effects of anthocyanins on the levels of OATP1B1 and OATP1B3 mRNA in primary human
hepatocytes 1LH45, 1L H46, LH47 and LH49 treated for 24 h with the indicated compounds.
Results are expressed as n-fold changes compared to vehicle-controls. Data are mean = SD
from triplicate measurements.

Values in bold are significantly different (p<0.05), determined by Mann-Whitney U test.

Changes in mRNA expression

Anthocyanins OATPI1B1 OATP1B3
Control 1.006  (1.00-1.02) 1.005  (1.00-1.01)
Cyanidin-3-O-arabinoside chloride 1219 (0.66-1.92) 0.882  (0.66-1.02)
Cyanidin-3-O-lathyroside chloride 1.041 (0.97-1.12) 0.890  (0.55-1.40)
Cyanidin-3-O-rthammnoside chloride 1.078 (0.77-1.28) 0.860  (0.73-1.09)
Cyanidin-3-O-sambubioside chloride 1.193 (0.91-1.56) 1.026  (0.97-1.08)
Cyanidin-3-O-sophoroside chloride 1.505  (1.14-1.72) 1.027  (0.66-1.45)
Delphinidin-3-O-rhamnoside chloride 1.007 (0.83-1.18) 1.239  (0.70-1.78)
Delphinidin-3-O-rutinoside chloride 1.039  (0.91-1.15) 0933  (0.69-1.24)
Delphinidin-3-O-sambubioside chloride 1.005 (0.81-1.38) 1.038 (0.59-1.49)
Malvidin-3-O-galactoside chloride 1.606  (1.19-2.01) 0.781  (0.47-1.17)
Pelargonidin-3-O-rutinoside chloride 1.104  (0.83-1.62) 1.107  (0.70-1.87)
Peonidin-3-O-glucoside chloride 1.097 (0.91-1.20) 1.051 (0.69-1.32)
Peonidin-3-O-rutinoside chloride 1.343 (1.04-1.82) 1.006  (0.64-1.43)
Cyanin chloride 0.993  (0.84-1.15) 0.897  (0.65-1.03)
Delphin chloride 1.066  (0.92-1.20) 0.817  (0.69-0.90)
Ideain chloride 1.065  (0.75-1.44) 0.834  (0.63-1.55)
Keracyanin chloride 1.175 (0.83-1.78) 0.864  (0.68-1.14)
Kuromanin chloride 0.981 (0.85-1.21) 0932  (0.75-1.22)
Malvin chloride 1.380  (1.13-1.86) 1.564  (0.87-2.32)
Myrtillin chloride 1.163  (1.03-1.30) 0.926  (0.73-1.20)
Oein chloride 1242 (0.98-1.88) 1165  (0.73-1.97)
Pelargonin chloride 1.149 (0.91-1.30) 0.988 (0.55-1.48)
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Malvin chloride Malvidin-3-O-galactoside chloride

Chemical structures of the anthocyanins malvin chloride, malvidin-3-O-galactoside chloride and cyanidin-3-
O-sophoroside chloride.
339x331mm (150 x 150 DPI)
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Heat map showing mRNA expression levels for OATP1B1 and OATP1B3 in LH45, LH46, LH47 and LH49
human hepatocyte cultures. The image map (Java TreeView 19) shows the pattern of OATP gene expression
as determined by TagMan RT-PCR. Data shows upregulation (red) or downregulation (blue) of OATP mMRNA
after incubation with anthocyanins, compared to the median expression level (black) of DMSO-treated
hepatocyte cultures.
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Effects of selected anthocyanins on the expression of OATP1B1 and OATP1B3 proteins in human
hepatocytes. Primary human hepatocyte cultures (LH45, LH46, LH47, LH49) were incubated for 24 h with
pelargonin chloride (50 pM), pelargonidin-3-O-rutinoside chloride (50 pM), malvidin chloride (50 pM),
malvidin-3-0O-galactoside chloride (50 uM) and DMSO (0.1% v/v) as a vehicle control. Western blots show
analyses of OATP1B1 and OATP1B3 proteins in pooled samples LH45-49.
179x99mm (150 x 150 DPI)
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Abstract

An apolar extract of the traditional medicinal plant Neurolaena lobata inhibited the
expression of the NPM/ALK chimera, which is causal for the majority of anaplastic large cell
lymphomas (ALCLs). Therefore, an active principle of the extract, the furanoheliangolide
sesquiterpene lactone lobatin B, was isolated and tested regarding the inhibition of ALCL
expansion and tumour cell intravasation through the lymphendothelium.
ALCL cell lines, HL-60 cells and PBMCs were treated with plant compounds and the ALK
inhibitor TAE-684 to measure mitochondrial activity, proliferation and cell cycle progression
and to correlate the results with protein- and mRNA- expression of selected gene products.
Several endpoints indicative for cell death were analysed after lobatin B treatment. Tumour
cell intravasation through lymphendothelial monolayers was measured and potential causal
mechanisms were investigated analysing NF-kB- and cytochrome P450 activity, and 12(S)-
HETE production.
Lobatin B inhibited the expression of NPM/ALK, JunB and PDGF-Rp, and attenuated
proliferation of ALCL cells by arresting them in G2/M. Mitochondrial activity remained
largely unaffected upon lobatin B treatment. Nevertheless, caspase 3 became activated in
ALCL cells. Also HL-60 cell proliferation was attenuated whereas PBMCs of healthy donor
were not affected by lobatin B. Additionally, tumour cell intravasation, which partly depends
on NF-«kB, was significantly suppressed by lobatin B most likely due to its NF-«kB-inhibitory
property.
Lobatin B, which was isolated from a plant used in ethnomedicine, targets malignant cells by
at least two properties:
D inhibition of NPM/ALK, thereby providing high specificity in combating this most
prevalent fusion protein occurring in ALCL;
1D inhibition of NF-kB, thereby not affecting normal cells with low constitutive NF-
kB activity. This property also inhibits tumour cell intravasation into the lymphatic
system and may provide an option to manage this early step of metastatic

progression.

Key words: Lobatin, NPM/ALK, ALCL, lymphendothelial intravasation, 3D-compound
testing
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List of abbreviations used

ALCL anaplastic large cell lymphoma

ALOX lipoxygenase A

CCID circular chemorepellent induced defect
CYP cytochrome P450

DCM dichloromethane extract

EROD ethoxyresorufin-O-deethylase

HO/PI Hoechst 33258/propidium iodide

LEC lymph endothelial cell

MYPT1 myosin phosphatase 1 target subunit 1
NF-kB nuclear factor kappa B

NPM/ALK nucleophosmin/anaplastic lymphoma kinase; the t(2;5)(p23;q35) chromosomal
translocation

PARP poly ADP-ribose polymerase

PBMC peripheral blood mononuclear cell
PDGF-Rp platelet derived growth factor receptor
p21 tumour suppressor protein 21

3D 3-dimensional

12(S)-HETE 12(S) hydroxyeicosatetraenoic acid
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Introduction

About 60% of currently used pharmaceutical drugs are mostly derived from natural products.
Plant metabolites comprise a continuing source of new structural leads for drug discovery and
development, because of the vast chemical diversity and ability to interact with multiple
cellular target proteins, but only a small proportion of them have been investigated regarding
their therapeutic value [1]. Also plants used in ethnomedicine are not extensively studied.
Therefore, traditional medicinal plants may lead to new therapeutic compounds against a
variety of hard-to-cure diseases, due to their evident benefit and sate use throughout centuries
of empirical testing. Due to these reasons we recently investigated the dichloromethane
(DCM) extract of Neurolaena lobata (L.) R.Br. ex Cass. (Asteraceae) and reported on its
particular property to down-regulate the lymphoma-causing t(2;5)(p23:q35) translocation
NPM/ALK (2] that gives rise to ALK-positive anaplastic large cell lymphoma (ALK+ALCL)
[3]. Of particular relevance to the continuation of this study was the demonstration that the
EtOH leaf extract and the dichloromethane (DCM) fraction of the methanolic leaf extract
showed activity in the carrageenan-induced mouse- and rat paw oedema models (respectively)
|4, 5] manifesting that the extracts still possessed active principles that were effective in intact
organisms [6]. Among three furanoheliangolide sesquiterpene lactones [7] lobatin B was
isolated from the DCM fraction and its activity was characterised in NPM/ALK positive
ALCL lines. Lobatin B has been isolated and tested before in human cancer cell lines
exhibiting strong anti-neoplastic activity [8, 9] and here we report that lobatin B inhibits
NPM/ALK expression in ALCL cells. The inhibition of NPM/ALK signalling via the recently
demonstrated pathway is a successful clinical approach in the treatment of NPM/ALK
positive ALCL [10]. Given the youth of the vast majority of ALCL patients a careful selection
of drugs is warranted to avoid the development of secondary malignancies decades after the
initial treatment with genotoxic drugs, but currently the choice of ALK-specific therapies is
extremely limited [11]. Therefore, we tried to elucidate the NPM/ALK-targeting properties of
lobatin B. In addition, lobatin B was studied in a validated model resembling the intravasation
of tumour emboli through the lymphatic vasculature, which is an early step of the metastatic
process [12]. As there are currently no therapies available that prevent lymph node metastasis
the inhibition of this process by lobatin B may serve as lead to develop anti-intravasative

treatment concepts.
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Methods

Plant material fine chemicals and antibodies

Extraction, isolation and quantification of N. lobata furanoheliangolide sesquiterpene lactones
were described by McKinnon et al. [S]. N. lobata compounds were dissolved and prepared in
DMSO (Sigma-Aldrich, St. Louis, MO, USA) as concentrated stock solutions. ALK-inhibitor
NVP-TAE-684 (TAE-684) was from Selleckchem (Houston, TX, USA).

CD246 anti-ALK protein mouse monoclonal antibody (mAB) and anti-nucleophosmin mouse
mAB, were purchased from Dako Cytomation (Glostrup, Denmark), PDGF-Rp rabbit mAB
and caspase 3 polyclonal antibody (pAB) were purchased from Cell Signaling (Cambridge,
UK). PARP-1 mouse mAB, JunB rabbit pAB, JunD rabbit pAB, c-Jun rabbit pAB, and p21
rabbit pAB were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).
Anti-B-actin (ascites fluid) mouse mAB was ordered from Sigma (St. Louis, MO, USA).

Cell culture

SR-786 NPM/ALK positive human ALCL (anaplastic large cell lymphoma) cells were from
DSMZ (Braunschweig, Germany), CD-417 NPM/ALK positive mouse ALCL cells were
isolated from CD4-NPM/ALK mice, HL60 (human promyelocytic leukemia cells) were
obtained from ATCC (Manassas, VA, USA). All cells were grown in RPMI 1640 medium
(Life Technologies, Carlsbad, California, USA) supplemented with 10% heat inactivated fetal
calf serum (FCS, Life Technologies, Carlsbad, California, USA), 1% L-glutamine (Lonza,
Verviers, Belgium) and 1% antibiotics (penicillin/streptomycin (PS), Sigma-Aldrich, St.
Louis, MO, USA) and maintained in a humidified atmosphere containing 5% CO, at 37°C.

Isolation of peripheral blood mononuclear cells (PBMCs)
With the informed consent of the donors, PBMCs were isolated from human peripheral blood

as described earlier [13].
Proliferation assay

The proliferation of SR-786, CD-417, PBMC and HL60 was determined by counting cells
with a Casy cell counter (Roche Innovatis AG, Bielefeld, Germany) as described before [2].
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Western blotting

SR-786 cells were seeded at a concentration of 2 x 10° cells/ml and CD-417 at a concentration
of 10° cells/ml in 6 cm dishes. After treating cells with 3 uM of N. lobata compounds for the
indicated times, they were harvested and lysed in RIPA buffer (150 mM NaCl, 50 mM Tris
pH 7.6, 1% Triton, 0.1% SDS, 0.5% Sodium deoxycholate) containing 1 mM
phenylmethylsulfonyl (PSMF, Sigma-Aldrich, St. Louis, MO, USA) and 1 mM protease
inhibitor mixture (PIM consists of 2 pug/ml leupeptin, 2 pg/ml aprotinin, 0.3 pg/ml
benzamidine chloride and 10 pug/ml trypsin inhibitor, Sigma-Aldrich, St. Louis, MO, USA)
followed by a short incubation of 5 min on ice. Lysates were treated, stored,
electrophoretically separated and analysed by Western blotting as described by Unger et al.
[2]. Chemiluminescence was developed by ECL detection kit (Thermo Scientific, Waltham,
MA, USA) and membranes were exposed to Amersham Hyperfilms (GE Healthcare,
Buckinghamshire, UK) or CL-XPosure films (Thermo Scientific, Rockford, IL, USA).
Membranes were stripped in 75 ml buffer containing 4.5 ml 1M Tris-HCL pH 6.4, 7.5 ml
20% SDS, 0.5 ml B-mercaptoethanol, for 6-15 min shaking in a 55°C water bath and

afterwards the membranes were washed.

Quantitative RT-PCR

SR-786 cells were seeded in a 24-well plate at a concentration of 2 x 10° cells/ml and
incubated overnight before treatment with 3 uM of N. lobata compounds. For RNA
preparation ReliaPrep RNA Cell Miniprep System Kit (Promega, Madison, WI) was used and
RNA content was measured using a NanoDrop Fluorospectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). First-strand cDNA (150 ng RNA as template) was synthesised using
GoScriptTM Reverse Transcription System Kit (Promega, Madison, WI).

Transcript expression was examined by real-time PCR (polymerase chain reaction) using a
SYBR Green detection system (Promega, Madison, WI). For each sample, 10 ul GoTaq
qPCR Master Mix (premixed solution containing GoTaq DNA polymerase, GoTaq Reaction
Buffer, dNTPs and Mg”"; Promega, Madison, WI) 2 ul forward primer and 2 pl reverse
primer (see sequences below), 5 ul nuclease free water and 1 ul cDNA, were added to the
wells of a 96-well optical reaction plate. The cycle program was: 50°C for 2 min, 95°C for 10
min to activate polymerase, 40 cycles of 95°C for 15 sec and 60°C for 1 min. (Thermocycler
Primus235 advanced, Peqlab, Erlangen, Germany). The following primers were used for RT-

PCR:
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NPM/ALK (fwd: 5'-GTG GTC TTA AGG TTG AAG TGT GGT T-3"; rev: 5"-GCT TCC
GGC GGT ACA CTA CTA A-37),

nucleophosmin (fwd: 5°-TCC CTT GGG GGC TTT GAA ATA ACA CC-3";rev: 5°-TGG
AAC CTT GCT ACC ACC TC-3"),

JunB (fwd: 5°-GCT CGG TTT CAG GAG TTT GT-3"; rev: 5'-ATA CAC AGC TAC GGG
ATA CGG-3");

GAPDH (fwd: 5°- AAC AGC GAC ACC CAC TCC TC -3"; rev: 5'- CAT ACC AGG AAA
TGA GCT TGA CAA -3").

To analyse qPCR data, the Ct (AACt) method [14] for relative quantification of gene
expression was used. To quantify relative expression of the target genes NPM/ALK,
nucleophosmin and JunB the following formula was used: ACt = Ct target gene (NPM/ALK,
nucleophosmin, JunB) — ¥ Ct control gene (GAPDH); AACt = ACt drug treatment — X ACt
control sample; Ratio=2 - A ACt.

Cell cycle progression (FACS-analysis)

SR-786 cells were seeded in a 6-well plate at a concentration of 2 x 10° cells/ml. After 8 h of
treatment, cells were harvested and centrifuged at 300 x G for 5 min at 4°C and processed as
described earlier [2] and analysed on a FACS Calibur flow cytometer (BD Bioscience,

Franklin Lakes, New Jersey, USA)..

Cytotoxicity, mitochondrial activity assay

To measure mitochondrial activity, CellTiter-Blue assay (Promega, Madison, WI) was used
according to the manufacturer’s instructions. For this, SR-786, PBMC and HLG60 cells were
seeded into 96-well plates at concentrations of 2 x 10°, 5 x 10° and 1 x 10° cells/ml,
respectively. The compounds were added at the indicated concentrations and compared to
solvent-treated controls. Fluorescence was measured at 570 nm using a multi-detection reader

(Synergy HT, Bio-Tek Instrument, Winooski, VT, USA).

Cell death analysis — (HO/PI staining)

Hoechst 33258 (HO) and propidium iodide (PI) double staining (Sigma-Aldrich, St. Louis,
MO, USA) allows to measure cell death [15] and was performed as described earlier [2] using
a fluorescence microscope equipped with a TRITC and DAPI filter (Olympus IX51, Shinjuku,
Tokyo, Japan).
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Caspase 3/7 activity assay

SR-786 cells were seeded in 3.5 cm dishes at a concentration of 2 x 10° cell/ml and after
incubation of 1 h at 37°C cells were treated with 3 pg/ml of N. lobata compounds for 8, 16
and 24 h when they were analysed by the Apo-ONE Homogeneous Caspase-3/7 assay
(Promega, Madison, WI) according to the manufacturer’s instructions. Fluorescence was

measured by using a multi-detection reader (excitation at 499 nm and emission at 521 nm).

NF-kB transactivation assay

The transactivation of a NF-kB-driven luciferase reporter was quantified in HEK293/NF-«B-
lue cells (Panomics, RC0O014) as previously described [16, 17] using a GeniosPro plate reader
(Tecan, Grodig, Austria). Parthenolide (Sigma—Aldrich, Vienna, Austria) was used as a

positive control.

Circular chemorepellent induced defect (CCID) assay

The analysis of tumour intravasation through the lymphendothelial barrier was done as
described before [12, 18-25] and CCID areas were measured using ZEN 2012 software
(Zeiss, Jena, Germany). During the experiments, which were short term, we did not observe

toxic effects of the tested compounds (monitored by HOPI staining) [15].

12(S)-HETE assay

MCF-7 cells were seeded in 3.5 cm dishes and grown in 2.5 ml complete MEM medium
(Gibco # 10370-047). The next day, the medium was changed to FCS-free medium and cells
were kept at 37°C for 24 h. Then, cells were treated with 10 uM arachidonic acid (#A3553,
Sigma-Aldrich, Munich, Germany) and the indicated compounds for 24 h. The concentration
of 12(S)-HETE in the cellular supernatant was measured with minor modifications as
described previously [23, 24] using the 12(S)-HETE enzyme immunoassay kit (EIA, # ADI-
900-050; Enzo Life Sciences, Lausen, Switzerland). Absorbance was measured with a Wallac

1420 Victor 2 multilabel plate reader (Perkin Elmer Life and Analytical Sciences).

Ethoxyresorufin-O-deethylase (EROD) assay selective for CYP1ALI activity

MCF-7 breast cancer cells were grown in phenol red-free DMEM/F12 medium (Gibco,
Karlsruhe, Germany) containing 10% FCS and 1% PS (Invitrogen, Karlsruhe, Germany).
Before treatment, the cells were transferred to DMEM/F12 medium supplemented with 10%

charcoal-stripped FCS (PAN Biotech, Aldenbach, Germany) and 1% PS. After 24 h of
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treatment CYP1A1 activity was measured with minor modifications as previously described
[22]. Briefly, ethoxyresorufin (final concentration 5.0 uM, Sigma-Aldrich, Munich, Germany)
was added and 0.4 ml aliquots of the medium were sampled after 180 min and the formation
of resorufin was analysed by spectrofluorometry (PerkinElmer LS50B, Waltham, MA, USA)

with an excitation wavelength of 530 nm and an emission wavelength of 585 nm.

Statistical analysis
For statistical analyses Excel 2003 software and Prism 5 software package (GraphPad, San
Diego, CA, USA) were used. The values were expressed as mean + SD and the Student t-test

or ANOVA and Dunnett-post-test were used to evaluate statistical significance (p < 0.05).
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Results

Anti-proliferative effects of N. lobata furanoheliangolide sesquiterpene lactones in ALLCL

cells

In order to explore the effects of isolated N. lobata compounds (Fig. 1a) on cell growth of
ALK- positive ALCL, murine CD-417 (Fig. 1b) and human SR-786 cells (Fig. 1¢), cells were
treated with 1 and 3 uM lobatin B, 8B-isovaleryloxy-9a-hydroxy-calyculatolide (OH-CAL)
and 8B-isovaleryloxy-9a-acetoxy-calyculatolide (OAc-CAL). A concentration of 3 uM
lobatin B inhibited proliferation of murine CD-417 cells and led to their eradication after 24 h.
Human SR-786 cell growth was inhibited by 1 uM lobatin B. 3 uM OAc-CAL slightly
inhibited SR-786 cell growth after 24 h whereas OH-CAL did not inhibit growth of both cell
lines. Hence, further experiments were performed with lobatin B to characterise the cytotoxic
mechanisms and were compared to OH-CAL, which did not show anti-neoplastic effects.
Interestingly, OH-CAL and OAc-CAL slightly but consistently induced the growth of CD-
417 cells after 16 h of treatment.

Mitochondrial activity and cell cycle distribution upon lobatin B and OH-CAL treatment

The mitochondrial metabolism of SR-786 cells, which was measured by CellTiter-Blue assay,
was only weakly affected by lobatin B and OH-CAL (Fig. 2a). Next, the effect of lobatin B
on cell cycle distribution of SR-786 was evaluated by flow cytometric analysis (FACS).
Treatment with 3 uM lobatin B for 8 h caused the accumulation of SR-786 cells in G2/M
phase at the expense of cells in G1 (Fig. 2b). Therefore, SR-786 cells were still able to pass
through S-phase upon lobatin B treatment, because no accumulation of S-phase cells was
observed. We thus conclude that lobatin B inhibited proliferation by arresting SR-786 cells in
G2/M. OH-CAL treatment had no effect on cell cycle distribution.

Lobatin B inhibits NPM/ALK expression in SR-786 cells

In ALCL cells the NPM/ALK chimera is driving proliferation. Therefore, it was tested
whether lobatin B affected the expression of NPM/ALK. Lobatin B treatment strongly
suppressed the level of NPM/ALK after 8 h and 24 h, whereas OH-CAL affected NPM/ALK

expression only marginally after 24 h (Fig. 3). Thus, lobatin B specifically abrogated the
expression of NPM/ALK and this was most likely causal for growth inhibition of SR-786
cells. Interestingly, lobatin B caused an oscillation in nucleophosmin expression and also OH-

CAL suppressed nucleophosmin expression after 24 h.
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To investigate at which stage the expression of NPM/ALK became down-regulated by lobatin
B, the transcript levels were analysed. NPM/ALK- and also nucleophosmin mRNAs were
reduced upon lobatin B treatment (Fig. 4a,b), hence giving a clue as to how lobatin B
mediated the regulation of NPM/ALK, i.e. by interfering with a factor or a site regulating
nucleophosmin transcription. The fact that nucleophosmin protein level remained high upon
lobatin B treatment might have been due to high stability of the polypeptide. Yet, there was
still a discrepancy because “inactive” OH-CAL treatment decreased the protein expression of
nucleophosmin and slightly that of NPM/ALK after 24 h. Therefore, the way of
transcriptional regulation of NPM/ALK by lobatin B has to be substantiated by future
investigations.

The transcription of the JunB proto-oncogene was shown to be regulated by NPM/ALK [10,
26] and accordingly lobatin B treatment suppressed JunB mRNA levels (Fig. 4¢). The Jun
family of transcription factors are components of the AP-1 transcription factor complex and
AP-1 (activator protein 1) is involved in cell proliferation and apoptosis [27], which provides
a mechanistic link between lobatin B treatment, the down-regulation of NPM/ALK and

subsequently of JunB, and the inhibition of cell proliferation/induction of apoptosis.

Lobatin B affects expression of Jun family members and induces the tumour suppressor p21

The expression of the Jun family members was further analysed at the protein level. JunB is
the main transcription factor in the AP-1 complex induced by NPM/ALK [26, 28] and lobatin
B treatment inhibited the expression of JunB protein (Fig. Sa) which is consistent with
suppression of its mRNA. Lobatin B induced c-Jun which was strictly accompanied by an
induction of p21. It was shown that c-Jun together with the ubiquitous transcription factor
SP1 transactivates p21 expression [29]. On the other hand, also silencing of c-Jun by siRNA
caused the upregulation of p21 and accumulation of NPM/ALK positive ALCL cells in G2/M
at expense of S-phase cells [30]. Therefore, both scenarios - ¢c-Jun induction and ¢-Jun
inhibition - may cause p21-mediated G2/M arrest. In contrast to the observations of Leventaki
et al. [30] which showed that c-Jun down-regulation is accompanied by a loss of S-phase
cells, we here report that upregulation of c-Jun is accompanied by a loss of G1-phase cells.
Lobatin B enhanced c-Jun protein expression in a similar way as did treatment with the DCM
fraction of N. lobata [2]. However, the regulation of c-Jun by lobatin B remained unclear. As
c-Jun can substitute for JunB the upregulation of ¢-Jun might be part of a compensatory
feedback loop in response to JunB inhibition. Interestingly, JunD levels oscillated upon

lobatin B treatment in a similar way as observed for nucleophosmin levels.
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OH-CAL neither induced c-Jun nor p21 (Fig. 5a) and transiently suppressed JunB
independently of NPM/ALK, because NPM/ALK remained expressed at the time point when
JunB decreased. However, it is possible that just the activity of NPM/ALK, but not its
expression level was compromised. This short downregulation was not substantial and had no
effect on the cell cycle. Jun family members, especially JunB, promote ALCL development
through transcriptional activation of PDGFR- as shown in an ALCL mouse model [10]. In
the human SR-786 ALCL cell line PDGFR-8 is not expressed. Therefore, the murine CD-417
ALCL cell line was used to test the effect of lobatin B on PDGFR-8 expression. Lobatin B
treatment first inhibited NPM/ALK (2 h) and subsequently JunB, and PDGFR-3 was
downregulated (Fig. Sb). Hence, lobatin B inhibited the recently discovered NPM/ALK signal
transduction cascade down to the level of JunB and PDGFR-8 [10]. As in SR-786 cells,
lobatin B induced c-Jun also in CD-417 cells.

Lobatin B triggers SR-786 cell death
Lobatin B induced cell death and more apoptotic than necrotic cells were counted by HO/PI

staining (Fig. 6a). This was confirmed by detecting an induction of Caspase 3/7 activity
within 16 h of lobatin B treatment which decreased thereafter (Fig. 6b). Furthermore, caspase
3 activation was confirmed by its proteolytic cleavage after 24 h and concomitant signature-
type degradation of its target PARP (Fig. 6¢). OH-CAL treatment had a minor effect on
caspase 3 pre-activation. Apparently this was due to the rather similar structures of lobatin B
and OH-CAL. However, OH-CAL treatment did not seriously affect the survival of SR-786

cells.

Impact of lobatin B on NPM/ALK negative cell tvpes
To assess the specificity of lobatin B towards lymphoma cells, PBMCs from a healthy

volunteer were treated with 3 uM lobatin and OH-CAL. Interestingly, the number of PBMCs
increased after 8 h of lobatin B- and OH-CAL treatment (Fig 7a) and this was accompanied
by an increased mitochondrial activity (Fig. 7b). Then, PBMC numbers returned to control
levels after 24 h and 48 h indicating that the initially propagating cell mass was finally
subjected to a reduction process, which was paralleled by a significantly reduced
mitochondrial metabolism upon lobatin B treatment for 24 h. Since OH-CAL did not increase
the metabolic activity after 8 h, the observed correlation between PBMC number and their

mitochondrial activity (also by lobatin B treatment) was coincidental.
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Furthermore, HL60 leukaemia cells, which do not harbour the NPM/ALK translocation, were
tested to study the specificity of lobatin B towards NPM/ALK. HL60 cell number was
reduced by ~60% upon lobatin B treatment (Fig. 7a), which severely inhibited HL.60
mitochondrial metabolism (Fig. 7b). This showed that lobatin B exhibited additional effects
beyond NPM/ALK inhibition targeting leukaemia cells but not PBMCs. Hence, the anti-
proliferative effects of lobatin B were specific for neoplastic cells (i.e. lymphoma and
leukaemia cells), but with a higher specificity to those cells harbouring the NPM/ALK
translocation, because SR-786 cells and CD417 cells were more sensitive towards lobatin B
than HL60 cells.

Specificity of the ALK inhibitor TAE-684
To estimate the impact of NPM/ALK on cell proliferation and the specificity of lobatin B

regarding this mechanism SR-786 ALCL cells, ALK-negative HL60 cells, and normal
PBMCs were treated with the specific NPM/ALK inhibitor TAE-684 [11] and the effect on
cell proliferation was compared. TAE-786 dose dependently inhibited the proliferation of SR-
786 cells but not that of HL60 and PBMCs (Fig. 8a). Hence, NPM/ALK is driving
proliferation and TAE-684 is more specific than lobatin B regarding its property to target
solely ALK. TAE-684 did not reduce the mitochondrial activity of HL60 cells but inhibited
PBMC- and SR-786 mitochondrial metabolism (Fig. 8b). Obviously, mitochondrial activities

did not correlate with cell proliferation rates and were thus independent of each other.

Lobatin B inhibits NF-kB and the intravasation of tumour spheroids through the

lymphendothelial barrier
Lobatin B reduced the number of ALK-positive SR-786 lymphoma cells by downregulating

NPM/ALK, and of ALK-negative HL60 leukaemia cells by an unknown mechanism. In HL60
cells NF-«B signalling is constitutively activated at high levels and counteracts monocytic
differentiation [31]. NF-xB ensures cell survival by keeping up the transcription of IAPs,
which are proteins intercepting caspase activity. Therefore, we tested whether NF-xB
activation was inhibited by lobatin B. For this, modified HEK293 cells, which stably express
NF-kB recognition sequences linked to luciferase, were treated with lobatin B to report
whether NF-kB activity was modulated. Lobatin B treatment attenuated TNFa-induced
luciferase expression after 4 h in a dose dependent manner and hence, NF-kB activation was

suppressed (Fig. 9a). This may explain the susceptibility of HL60 cells to lobatin B treatment.

13
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PBMCs remained unaffected by lobatin B treatment, because in normal cells NF-xB
expression is low.

In addition to anti-apoptotic signalling NF-kB plays a significant role when tumour cells
intravasate lymphendothelial barriers [18, 19]. In a validated three-dimensional co-culture
model in which MCF-7 breast cancer spheroids are placed on top of lymphendothelial cell
(LEC) monolayers, the tumour spheroids stimulate the retraction of adjacent LECs [20, 32,
33]. This leads to cell-free areas, so called “circular chemorepellent induced defects™
(CCIDs), through which tumours intravasate lymphatics [12]. Lobatin B dose-dependently
inhibited this complex pro-metastatic process resulting in significantly reduced CCID

formation (Fig. 9b). Besides NF-kB, also ALOX12 and ALOX135, which are the major

enzymes generating 12(S)-HETE (“endothelial retraction factor™) [33], and cytochromes P450

(CYPs) contribute to CCID formation. Therefore, 12(S)-HETE production and CYP activity
were studied by respective assays (Fig. 9¢, d). Neither 12(S)-HETE synthesis nor CYP1A1
activity were significantly inhibited by 3 and 5 uM lobatin B.
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Discussion

The DCM extract of N. lobata [ 7] was formerly shown to downregulate NPM/ALK, induce
apoptosis in ALCL cell lines [2] and inhibit inflammation in carrageenan-induced rat paw
oedema model [5]. The work presented here demonstrates that lobatin B is an active principle
isolated from the DCM fraction of the methanolic extract of N. lobata and suppresses the
NPM/ALK transcript and protein and also nucleophosmin, which, in its truncated form, is the
5-prime fusion partner of the NPM/ALK t(2;5)(p23:q35) translocation [3]. This suggested that
a transcriptional mechanism responsible for nucleophosmin expression was hampered by
lobatin B.

NPM/ALK was shown to induce JunB, which is a transcription factor of the tyrosine receptor
kinase PDGF-Rp [10, 26] and lobatin B inhibited the expression of JunB and PDGF-Rf
subsequently to NPM/ALK down-regulation. Interestingly, the inactive sesquiterpene lactone
OH-CAL downregulated JunB independently of NPM/ALK and hence, also the effect of
lobatin B on JunB might be more complex than just caused by NPM/ALK down-stream
inhibition. JunB transcript suppression by OH-CAL was fairly transient and also the marginal
pre-activation of caspase 3 was not sufficient to affect SR-786 cell viability. The specific
effect of lobatin B on ALCL cells caused only negligible perturbations of mitochondrial
activity, which is otherwise a measure for the general toxicity of a vast variety of stressors
and considered as a major trigger of apoptotic cell death. The weak inhibition of
mitochondrial activity was in obvious contrast to the strong inhibition of cell proliferation.
This showed that growth inhibition was not due to a general toxicity that was imposed on
mitochondrial function but supposedly to a more specific anti-proliferative activity.
Alternatively, since lobatin B treatment caused a substantial increase in G2/M cells these cells
may contain more mitochondria compensating the affected mitochondrial activity of the
decreased cell number.

When activated by LPS, NF-kB-dependent expression of E-selectin [S] and TNFa [34] was
inhibited by all N. lobata sesquiterpene lactones tested in these studies, among which were
also lobatin B, OH-CAL and OAc-CAL. The a-methylene-y-lactone ring common to all
sesquiterpene lactones of N. lobata and also of the bona fide NF-kB inhibitor parthenolide
was reported to cause alkylation of a cysteine residue in the activation loop of IkB kinasef
[34, 35] thereby preventing the degradation of IxkB and hence, the translocation of NF-kB into
the nucleus and expression of inflammatory cytokines. Thus, the inhibition of NF-xB was

responsible for the anti-inflammatory property of lobatin B in a THP-1 monocyte model and
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in HUVEC [5, 24] and traditional medicine makes use of it when utilising N. lobata |36, 37).
Here we also demonstrated that lobatin B inhibited TNFa-induced NF-«B activation, which
was most likely responsible for the toxicity towards HL60 leukaemia cells. This is in
agreement with the fact that PBMCs remained unaffected by lobatin B, because in contrast to
HL60 [31]. under normal cell culture conditions NF-kB is not activated in PBMCs.
Structurally, the anti-inflammatory activity of the sesquiterpene lactones was tied to the acetyl
group at C-9 and the double bonds at C-4/5 and C-2/3 [5], but this did not correlate with the
here described anti-neoplastic property, which also involved NF-kB, because OAc-CAL
(acetyl group at C-9) did not inhibit proliferation.

The inhibition of NF-kB activity was shown to prevent adhesion of tumour emboli to
lymphendothelial cells (LECs) [19] and this step is necessary for the subsequent retraction of
the LEC barrier allowing the tumour to transmigrate. Although the structure-activity-
relationship was not addressed in this investigation, blocking NF-kB activity by lobatin B or
related sesquiterpenes opens a new strategy for the management of early steps of metastasis
that does not exist so far.

Lobatin B specifically targets cancer cells by two independent mechanisms, inhibition of NF-
kB and of NPM/ALK, and does not affect normal cells.
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Figure captions

Figure 1

Anti-proliferative effects of (a) N. lobata compounds in (b) murine CD-417 and (¢) human
SR-786 cells. After 8, 16 and 24 h of treatment with 1 uM and 3 uM of lobatin B, 8-
isovaleryloxy-9a-hydroxy-calyculatolide (OH-CAL), and 8B-isovaleryloxy-9a-acetoxy-
calyculatolide (OAc-CAL) cells were counted using a Casy cell counter. The relative cell
number is presented as percent of control. Experiments were performed in triplicate, error
bars indicate means +/- SD, and asterisks significance (p<0.05; ANOVA followed by
Dunnett-post-test).

Figure 2

Potential mechanisms of proliferation inhibition by lobatin B in SR-786 cells. (a) Cells were
treated with 3 uM lobatin B and OH-CAL for 8 h and 24 h, respectively, when CellTiter-Blue
reagent was added and absorbance measured at 570 nm using a multi-well plate reader. The
relative cell number is presented as percent of control. (b) Cell cycle distribution upon
treatment with lobatin B and OH-CAL. SR-786 cells were incubated with 3 uM of either
compound for 8 h and then subjected to FACS analysis. Experiments were performed in

triplicate, error bars indicate means +/- SD, and asterisks significance (p<0.05; t-test).

Figure 3

Lobatin B downregulates NPM-ALK expression in SR-786. Cells were treated with 3 uM
lobatin B (a) or 8B-isovaleryloxy-9a-hydroxy-calyculatolide (OH-CAL; b) for 1, 2, 8, and 24
h, harvested and subjected to Western blot analysis using the indicated antibodies. B-actin

expression served as control for equal sample loading.
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Figure 4

Quantitative PCR analysis. SR-786 cells were treated with 3 pM lobatin B for the indicated
times and the mRNA expression of (a) NPM/ALK, (b) nucleophosmin, and (c¢) JunB was
measured and normalized to GAPDH mRNA. Experiments were performed in triplicate, error

bars indicate means +/- SD, and asterisks significance (p<0.05; t-test).

Figure 5

Effect of lobatin B or OH-CAL on Jun-family members, PDGFR-8 and p21 in ALK-positive
ALCL cells. SR-786 cells were treated with 3 uM lobatin B (a) or 8B-isovaleryloxy-9a-
hydroxy-calyculatolide (OH-CAL) (b) for 2, 4, 6, and 8 h, and CD-417 cells (¢) were treated
with lobatin B. Then, cells were harvested and subjected to Western blot analysis using the

indicated antibodies. B-actin expression served as control for equal sample loading.

Figure 6

Apoptotic/necrotic cell death of SR-786 cells treated with N. lobata compounds. Cells were
treated with 3 uM lobatin B and after 24 h cell death was measured by (a) HO/PI staining,
which enables the identification of apoptotic and necrotic cells. (b) Cells were treated with 3
uM of lobatin B and after 8, 16 and 24 h ApoOne reagent was added and caspase 3/7 activity
was measured. Experiments were performed in triplicate, error bars indicate means +/- SD,
and asterisks significance (p<0.05; t-test). (¢) Cells were treated with 3 uM lobatin B (left
panel) and 8B-isovaleryloxy-9a-hydroxy-calyculatolide OH-CAL (right panel) for 1, 2, 8, and
24 h, harvested and subjected to Western blot analysis using the indicated antibodies. B-actin

expression served as control for equal sample loading.

Figure 7

Treatment of PBMC and HL60 cells with N. lobata compounds. (a) Effects on cell number
after treatment of PBMCs and HL60 cells with 3 uM lobatin B and 8B-isovaleryloxy-9a.-
hydroxy-calyculatolide (OH-CAL) for 8 h, 24 h and 48 h. Cell number was measured by Casy
cell counter. (b) Cells were treated with 3 uM N. lobata compounds and after 8 h and 24 h of
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incubation with lobatin B and OH-CAL CellTiter-Blue reagent was added and absorbance
was measured at 570 nm. Experiments were performed in triplicate, error bars indicate means

+/- SD, and asterisks significance (p<0.05; t-test).

Figure 8

(a) Anti-proliferative effects of TAE-684 on SR-786-, HL60 cells and on PBMCs. Cells were
treated with the indicated TAE-684 concentrations for 8 h, 24 h and 48 h and then counted by
Casy. (b) Effect of TAE-684 treatment on SR-786-, HL60 cells, and PBMCs mitochondrial
activity. Cells were treated with 10 nM TAE-684 for 24 h and 48 h and then, CellTiter-Blue
reagent was added and measured at 570 nm. Experiments were performed in triplicate, error
bars indicate means +/- SD, and asterisks significance (p<0.05; ANOVA followed by
Dunnett-post-test; t-test).

Figure 9

(a) Effect on NF-xB activity. HEK293-NF«B-Luc cells were stained by incubation for 1 h in
serum-free medium supplemented with 2 uM Cell Tracker Green CMFDA. The cells were
then reseeded in 96-well plates at a density of 4 x 10* cells/well in phenol red-free and serum-
free DMEM. On the next day cells were treated with 5 uM parthenolide (Parth.) as a specific
inhibitor of NF-kB, 3 uM and 5 uM lobatin B, or solvent (0.2% DMSO; Co). 1 h after
treatment cells were stimulated with 2 ng/ml human recombinant TNFa for additional 4 h.
The luciferase-derived signal from the NF-«B reporter was normalized by the Cell Tracker
Green CMFDA-derived fluorescence to account for differences in the cell number. (b) Effect
of lobatin B on the size of circular chemorepellet-induced defects (CCIDs) in LEC
monolayers triggered by MCF-7 cell spheroids. Cell cultures were pre-treated for 20 min with
the indicated compound concentrations and then, MCF-7 spheroids were placed on top of
LEC monolayers and co-cultivated for 4 h. As control (Co) CCIDs of solvent treated (0.2%
DMSO) co-cultures were measured. The CCIDs underneath 15-25 spheroids were analysed
for each condition using an Axiovert microscope and Axiovision Rel. 4.5 software from
Zeiss. (¢) Effect on 12(S)-HETE synthesis. MCF-7 cells were seeded in 3.5 cm dishes and
grown to 70% confluence and treated with 10 pM arachidonic acid together with the indicated
concentrations of lobatin B for 24 h. 0.2% DMSO was used as control (Co). The 12(S)-HETE
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concentration in the cell culture supernatant was determined by EIA. (d) Effect on CYP1A1
activity in MCF-7 cells. MCF-7 cells were kept under steroid-free conditions and treated with
the indicated concentrations of lobatin B or solvent (0.2% DMSO; Co). 5 uM ethoxyresorufin
were added and after 180 min the formation of resorufin was analysed, which is specific for
CYP1AL1 activity. Experiments were performed in triplicate, error bars indicate means +/- SD

and asterisks significance (p<0.05; t-test; ANOVA followed by Dunnett-post-test).
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Figure 7
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Figure 8
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Abstract

The t(2;5)(p23;935) chromosomal translocation results in the expression of the fusion protein
NPM/ALK that when expressed in T-lymphocytes gives rise to anaplastic large cell
lymphomas (ALCL). In search of new therapy options the dichloromethane extract of the
ethnomedicinal plant Neurolaena lobata was shown to inhibit NPM/ALK expression.
Therefore, we isolated the active principles inhibiting tumour cell growth and tested them in
ALCL cells and in a model focussing on lymph node metastasis.

NPM/ALK+ ALCL, leukaemia and breast cancer cells, and normal peripheral blood
mononuclear cells (PBMCs) were treated with isolated sesquiterpene lactones and analysed
for cell cycle progression, proliferation, mitochondrial activity, apoptosis, protein and mRNA
expression, NF-kB and cytochrome P450 activity, 12(S)-HETE production and
lymphendothelial intravasation.

In vitro treatment of ALCL by neurolenin B suppressed NPM/ALK, JunB and PDGF-Rf3
expression, inhibited the growth of ALCL cells in G2/M phase, and induced apoptosis via
caspase 3 without compromising mitochondrial activity (as a measure of general exogenic
toxicity). Moreover, neurolenin B attenuated tumour spheroid intravasation probably through
inhibition of NF-kB and CYP1A1. Hence, neurolenin B specifically targeted pro-carcinogenic
mechanisms since normal PBMCs were not harmed by neurolenin B. The specific anti-cancer
mechanisms of neurolenin B involved:

I) inhibition of NPM/ALK and, consequently ALCL cells were more sensitive to neurolenin B
treatment than ALK-negative HL60 cells.

II) inhibition of NF-kB and hence, a mechanism by which tumours intravasate/extravasate
lymphatics.

Neurolenin B may open new options to treat ALCL and to manage early metastatic processes

to which no other therapies exist.

Key words: Neurolenins, NPM/ALK, ALCL, lymphendothelial intravasation, 3D-compound
testing
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Abbreviations

ALCL anaplastic large cell lymphoma

ALOX lipoxygenase A

CCID circular chemorepellent induced defect
CYP cytochrome P450

DMA dichloro methane extract

EROD ethoxyresorufin-O-deethylase

HO/PI Hoechst 33258/propidium iodide

LEC lymph endothelial cell

MYPT1 myosin phosphatase 1 target subunit 1
NF-kB nuclear factor kappa B

NPM/ALK nucleophosmin/anaplastic lymphoma kinase; the t(2;5)(p23;q35) chromosomal
translocation

PARP poly ADP-ribose polymerase

PBMC peripheral blood mononuclear cell
PDGF-Rp platelet derived growth factor receptor
p21 tumour suppressor protein 21

3D 3-dimensional

12(S)-HETE 12(S) hydroxyeicosatetraenoic acid
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Introduction

Traditionally, plants have been used as remedies to treat and cure diseases including tumours.
In fact, more than 60% of the currently used anti-cancer agents are derivatives of natural
products (Cragg and Newman 2013). The example of vincristine (compound of
Catharanthus roseus, the Madagaskar periwinkle) shows that a home remedy for the
treatment of haemorrhage, scurvy, toothache, wounds, diabetic ulcers and hyperglycaemia
(Gidding et al. 1999) was finally developed as a drug for the treatment of various cancer
types. Hence, C. roseus, which was not initially used against malignancies, nevertheless
contains anti-neoplastic properties. To this end we investigated the Central American plant
Neurolaena lobata (L.) R.Br. ex Cass. (Asteraceae), which is pharmacologically active and
used against ulcers, inflammatory skin disorders, malaria, ringworm, dysentery and fungal
infections (Giron et al. 1991, Amiguet et al. 2005). Since inflammation and cancer often
share similar cellular signalling pathways it was important that the dichloromethane fraction
of the MeOH leaf extract and the EtOH leaf extract were inhibitory in rodent inflammation
models (McKinnon et al. in press, de Las Heras et al. 1998), indicating that the extracts still
contained in vivo active principles (Butterweck and Nahrstedt 2012).

It has recently been shown that the apolar extract of N. lobata inhibited the expression of the
fusion onco-protein NPM/ALK (Unger at al. 2013), which is generated by the
1(2;5)(p23;935) translocation and responsible for the development of ALCL (Morris et al.
1994) occurring mostly in patients at young age. The standard combination therapy
(consisting of cyclophosphamide, doxorubicine, vincristine and prednisone) does not directly
target the oncogenes that are involved in ALCL (NPM/ALK, JunB, PDGFR) and is known to
damage DNA. This increases the likelihood of developing secondary malignancies later in
life. To provide more specificity and reducing the risk of recurrent disease and consecutive
cancer synthetic inhibitors particularly targeting ALK, Critozinib and NVP-TAE-684 (Galkin
et al. 2007), have been developed and tested in clinical trials. Here we studied natural
products that interfere with NPM/ALK expression to decide about the feasibility of the

development of a new drug from the isolated leads.
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Methods

Plant material fine chemicals and antibodies

Extraction, isolation and quantification of N. lobata germacranolide sesquiterpene lactones
are described by McKinnon et al. (in press). N. lobata compounds were dissolved in DMSO
(Sigma-Aldrich, St. Louis, MO, USA) as 1000-fold concentrated stock solutions. ALK-
inhibitor NVP-TAE-684 (TAE-684) was from Selleckchem (Houston, TX, USA).

CD246 anti-ALK protein mouse monoclonal antibody (mAB) and anti-nucleophosmin mouse
mAB, were from Dako Cytomation (Glostrup, Denmark), PDGF-Rp rabbit mAB and caspase
3 polyclonal antibody (pAB) from Cell Signaling (Cambridge, UK). PARP-1 mouse mAB,
JunB rabbit pAB, JunD rabbit pAB, c-Jun rabbit pAB, and p21 rabbit pAB were from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Anti B-actin (ascites fluid) mouse mAB was
ordered from Sigma (St. Louis, MO, USA).

Cell culture

SR-786 NPM/ALK positive human ALCL (anaplastic large cell lymphoma) cells were from
DSMZ (Braunschweig, Germany), CD-417 NPM/ALK positive mouse ALCL cells were
isolated from CD4-NPM/ALK mice, HL60 (human promyelocytic leukemia cells) were
obtained from ATCC (Manassas, VA, USA). All cells were grown in RPMI 1640 medium
(Life Technologies, Carlsbad, California, USA) supplemented with 10% heat inactivated fetal
calf serum (FCS, Life Technologies, Carlsbad, California, USA), 1% L-glutamine (LLonza,
Verviers, Belgium) and 1% antibiotics (penicillin/streptomycin (PS), Sigma-Aldrich, St.
Louis, MO, USA) and maintained in a humidified atmosphere containing 5% CO, at 37°C.

Isolation of peripheral blood mononuclear cells (PBMCs)

With the informed consent of the donors, PBMCs were isolated from human peripheral blood
by density-gradient centrifugation. 50 ml blood were collected by using a heparin
(anticoagulants, Sigma-Aldrich, St. Louis, MO, USA) coated syringe. Then, blood was
diluted with an equal volume of PBS (1x DPBS, Lonza, Verviers, Belgium) and afterwards
two parts of diluted cell suspension were carefully laid over one part Ficoll-Paque Plus (GE
Healthcare, Little Chalfont, United Kingdom) in a conical tube and centrifuged at 400 x g for
35 min without brake. The upper layer (plasma) was aspirated by leaving the white cell layer
(mononuclear cell layer-PBMC) undisturbed at the interface. PBMCs were transferred to a

new tube by trying to retrieve all cells from the interface without disturbing the red pellet
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(erythrocytes) at the bottom of the Ficoll layer. Then, an equal volume of PBS was added to
wash PBMCs. Cells were gently mixed and centrifuged at 300 x g for 7 min. The supernatant
was discarded and the pellet was resuspended in PBS and centrifuged at the same conditions
as before. To increase purity two further washing steps were performed at 200 x g. Finally,

cells were re-suspended in culture media. All steps were performed at room temperature.

Proliferation assay

To determine which compounds of N. lobata inhibit proliferation, SR-786, CD-417, PBMC

and HL60 were first counted by using a Casy cell counter (Roche Innovatis AG, Bielefeld,
Germany). All cell lines were seeded in a 24-well plate, SR-786 at a concentration of 2 x 10
cells/ml, CD-417 cells at a concentration of 1 x 10° cells/ml, PBMC at a concentration of 5 x
10° and HL60 cells at a concentration of 1 x 10° cells/ml. Then, cells were incubated with 1
uM or 3 uM of the compounds for the indicated times. All experiments were carried out in

quadruplicate.

Western blotting

SR-786 cells were seeded at a concentration of 2 x 10° cells/ml and CD-417 at a concentration
of 10° cells/ml in 6 cm dishes. After treating cells with 3 uM of N. lobata compounds for the
indicated times they were harvested and lysed in RIPA buffer (150 mM NaCl, 50 mM Tris pH
7.6, 1 % Triton, 0.1 % SDS, 0.5% Sodium deoxycholate) containing 1 mM
phenylmethylsulfonyl (PMSF, Sigma-Aldrich, St. Louis, MO, USA) and 1 mM protease
inhibitor mixture (PIM consists of 2 pg/ml leupeptin, 2 pg/ml aprotinin, 0.3 pg/ml
benzamidine chloride and 10 pg/ml trypsin inhibitor, Sigma-Aldrich, St. Louis, MO, USA)
followed by a short incubation of 5 min on ice. Lysates were centrifuged at 15000 x G for 20
min at 4°C to pellet un-dissolved matter. Supernatant was transferred into an Eppendorf tube
and stored at -20°C until further analysis. Protein concentration was determined by Bradford
assay (Protein Assay Dye reagent Concentrate, BioRad, Hercules, CA, USA). 1 ul of sample
was added to 500 pl Bradford solution in a cuvette and resuspended followed by 5 min of
incubation. The solution was measured at 595 nm by using a Bio-Photometer (Eppendorf,
Hamburg, Germany). SDS electrophoresis, electro-transfer to PVDF and nitrocellulose
membranes (Whatman, Dassel, Germany), and antibody reactions were as described by
Unger et al. (2013). Chemiluminescence was developed by ECL detection kit (Thermo
Scientific, Waltham, MA, USA) and membranes were exposed to Amersham Hyperfilms (GE
Healthcare, Buckinghamshire, UK) or CL-XPosure films (Thermo Scientific, Rockford, IL,
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USA). In order to apply consecutive antibodies the former antibodies were stripped off the
membranes. For this, membranes were placed in 75 ml stripping buffer (4.5 ml 1M Tris-HCL
pH 6.4; 7.5 ml 20% SDS; 0.5 ml B-mercaptoethanol, dH,O up to 75 ml) for 6-15 min shaking
in a 55°C water bath and afterwards the membranes were washed. Then, free non-specific
binding sites were blocked by agitating membranes in TBS/T-milk at room temperature for 1

h.

Quantitative RT-PCR

SR-786 cells were seeded in a 24-well plate at a concentration of 2 x 10° cells/ml and
incubated overnight before treatment with 3 uM of N. lobata compounds. After 1, 2,4 and 8 h
cells were harvested, washed twice with cold PBS and centrifuged at 800 rpm for 5 min at
4°C. As control a sample was taken at the beginning of the experiments before the
compounds were added. For RNA preparation ReliaPrep™ RNA Cell Miniprep System Kit
(Promega, Madison, WI) was used according to the guidelines of the manufacturer. The
concentration of the purified RNA was measured using a NanoDrop fluorospectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) and RNA samples were stored at -80°C until
further use. The entire procedure was performed on ice. First-strand cDNA synthesis was
carried out with 150 ng RNA by using GoScriptTM Reverse Transcription System Kit
(Promega, Madison, WI). The cDNA was stored at -20°C for further use. Before proceeding
with qPCR the reverse transcriptase was inactivated by heating samples to 70°C for 15 min.
The expression of NPM/ALK, JunB and nucleophosmin transcript levels in SR-786 cells after
treatment with active N. lobata compounds was examined by real-time PCR (polymerase
chain reaction) using a SYBR Green detection system (Promega, Madison, WI). The
housekeeping gene GAPDH (glyceralaldehyde 3-phosphat dehydrogenase), which is stably
and constitutively expressed at high levels in most tissues and cells served as reference gene
for gPCR normalisation. For each sample, 10 pul GoTaq qPCR Master Mix (premixed solution
containing GoTaq DNA polymerase, GoTaq Reaction Buffer, dNTPs and Mg*"; Promega,
Madison, WI) 2 ul forward primer and 2 pl reverse primer (see sequences below), 5 ul
nuclease free water and 1 pl cDNA, were added to the wells of a 96-well optical reaction
plate. Real time PCR was carried out in quadruplicate for each cDNA template. Water instead
of cDNA served as negative control. The cycle program was: 50°C for 2 min, 95°C for 10
min to activate polymerase, 40 cycles of 95°C for 15 sec and 60°C for 1 min. (Thermocycler
Primus25 advanced, Peqlab, Erlangen, Germany). The following primers were used for RT-

PCR:
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NPM/ALK (fwd: 5'-GTG GTC TTA AGG TTG AAG TGT GGT T-3"; rev: 5"-GCT TCC
GGC GGT ACA CTA CTA A-37),

nucleophosmin (fwd: 5°-TCC CTT GGG GGC TTT GAA ATA ACA CC-3";rev: 5°-TGG
AAC CTT GCT ACC ACC TC-3"),

JunB (fwd: 5°-GCT CGG TTT CAG GAG TTT GT-3"; rev: 5'-ATA CAC AGC TAC GGG
ATA CGG-3");

GAPDH (fwd: 5°- AAC AGC GAC ACC CAC TCC TC -3"; rev: 5'- CAT ACC AGG AAA
TGA GCT TGA CAA -3").

To analyse qPCR data, the Ct (AACt) method (Livak and Schmittgen 2001) for relative
quantification of gene expression was used. To quantify relative expression of the target genes
NPM/ALK, nucleophosmin and JunB the following formula was used: ACt = Ct target gene
(NPM/ALK, nucleophosmin, JunB) — ¥ Ct control gene (GAPDH); AACt = ACt drug
treatment — X ACt control sample; Ratio = 2-AACt.

Cell cvcle progression (FACS-analvsis)

SR-786 cells were seeded in a 6-well plate at a concentration of 2 x 10° cells/ml followed by a
short incubation of 1 h at 37°C. Concentrated stock solutions of N. lobata compounds were
diluted in PBS before they were added to the cells at a final concentration of 3 uM. After 8
and 24 h of incubation at 37°C, cells were harvested and centrifuged at 800 rpm for 5 min at
4°C. Supernatants were discarded, cell pellets washed with cold PBS and centrifuged at 800
rpm for 5 min at 4°C. Pellets were re suspended in 1 ml cold 80% ethanol, and either fixed for
30 min at 4°C or stored at -20°C until further handling. After two washing steps with cold
PBS (centrifugations at 600 rpm) supernatants were removed, cell pellets re suspended in 500
ul cold PBS, and transferred into a 5 ml polystyrene round bottom tube. Next, to each sample
RNAse A and propidium iodide were added to a final concentration of 50 pg/ml and
incubated for 2 h at 4°C and the final cell number was adjusted to 1 x 10° cells in 500 pl.
Cells were analysed on a FACS Calibur flow cytometer (BD Bioscience, Franklin Lakes,

New Jersey, USA). Experiments were performed in triplicate.

Cytotoxicity. mitochondrial activity assay

To evaluate mitochondrial activity and cytotoxicity, Cell Titer-Blue assay (Promega, Madison,
WI) was applied. HL60, SR-786 cells and PBMC were seeded into 96-well plates at
concentrations of 1 x 105, 2x10° and 5 x 10° cells/ml, respectively. and each well was filled

up to 250 ul with the cell suspensions. Compounds were added at the indicated concentrations
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and compared to solvent-treated controls. After 8 h and 24 h 25 pl CellTiter-Blue reagent
were added to each well and incubated for 120 min at 37°C until the colour changed from
blue to pink. Afterwards, the 96-well plates were placed into a multi-detection reader to
measure fluorescence at 570 nm (Synergy HT, Bio-Tek Instrument, Winooski, VT, USA).
Experiments were done in quadruplicate. To eliminate possible background fluorescence of
the medium, the mean blank value consisting of medium and CellTiter-Blue reagent was
subtracted from all other measured values. The mitochondrial metabolic activity of the
untreated control cells was set as 100%. All experiments were performed with an active and

an inactive compound of N. lobata and with the ALK-inhibitor TAE-684.

Cell death analysis — (HO/PI staining)
Hoechst 33258 (HO) and propidium iodide (PI) double staining (Sigma-Aldrich, St. Louis,

MO, USA) allows the determination of the cell death type, apoptosis or necrosis (Grusch et
al. 2002). SR-786 cells were seeded in a 96-well flat bottom plate at concentrations of 2 x 10°
cells/ml. Each well contained 100 pul. cell suspensions and was treated with a concentration of
3 uM N. lobata compounds. After 24 h of incubation HO/PI were added at final
concentrations of 50 pug/ml and 20 ug/ml. After 1 h of incubation at 37°C, stained cells were
photographed using a fluorescence microscope (Olympus IX51, Shinjuku, Tokyo, Japan). The
fluorescence microscope was equipped with a TRITC and DAPI filter. Photographs were
visually examined to count the cell number and type of cell death (necrosis or apoptosis).

Experiments were performed in quadruplicate.

Caspase 3/7 activity assay

The Apo-ONE Homogeneous Caspase-3/7 assay (Promega, Madison, WI) was used to
monitor caspase 3/7 activation. SR-786 cells were seeded in 3.5 cm dishes at a concentration
of 2 x 10° cell/ml and after incubation of 1 h at 37°C cells were treated with 3 pg/ml of .
lobata compounds. After 8, 16 and 24 h 25 pl of the treated cell suspension and 25 ul of
untreated control were transferred into a 96-well plate. 25 ul of the substrate buffer solution
(10 pl caspase substrate Z-DEVD-R110 (100X) added to 1 ml Apo-ONE Homogeneous
caspase-3/7 buffer) were added to each well. The plate was agitated (300 rpm) on a shaker for
30 min and then, fluorescence was measured by using a multi-detection reader (excitation at

499 nm and emission at 521 nm). Experiments were performed in triplicate.

NF-«B transactivation assay
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The transactivation of a NF-kB-driven luciferase reporter was quantified in HEK293/NF-«xB-
luc cells (Panomics, RC0014) as previously described (Rozema et al. 2012, Xie LW et al.
2014). The cells were maintained at 37°C and 5% CO; in Dulbecco’s modified Eagle’s
medium (DMEM; Lonza, Basel, Switzerland) supplemented with 2 mM glutamine, 100 pg/ml
hygromycin B, 100 U/ml benzylpenicillin, 100 pg/ml streptomycin, and 10% FCS. One day
before the experiment, cells were stained by incubation for 1 h in serum-free medium
supplemented with 2 uM Cell Tracker Green CMFDA (C2925; Invitrogen). Cells were then
reseeded in 96-well plates at a density of 4 x 10" cells/well in phenol red-free and FCS-free
DMEM overnight. Cells were pretreated with the indicated compounds for 30 min prior to
stimulation with 2 ng/ml TNF-a (Sigma—Aldrich, Vienna, Austria) for 4 h. The final
concentration of DM SO in the experiments was 0.1% or lower. An equal amount of DMSO
was always tested in each experiment to assure that the solvent vehicle does not influence the
results. After cell lysis the luminescence of the firefly luciferase and the fluorescence of the
Cell Tracker Green CMFDA were quantified on a GeniosPro plate reader (Tecan, Grodig,
Austria). The luciferase-derived signal from the NF-«kB reporter was normalized by the Cell
Tracker Green CMFDA-derived fluorescence to account for differences in the cell number.
The known NF-kB inhibitor parthenolide (Sigma—Aldrich, Vienna, Austria) was used as a

positive control.

Circular chemorepellent induced defect (CCID) assay

In the CCID assay the size of the cell-free area within the lymphendothelial cell (LEC)
monolayer, which forms underneath 12(S)-HETE-secreting MCF-7 spheroids, is measured
(Madlener et al. 2010, Vonach et al. 2011, Kerjaschki et al. 2011, Giessrigl et al. 2012,
Viola et al. 2013a, Viola 2013b, Kretschy et al. 2013, Kopf et al. 2013, Teichmann et al.
2014). MCF-7 spheroids were washed in PBS, pretreated with indicated compounds for 30
min and transferred to cytotracker-stained LEC monolayers that were grown to confluence in
24-well plates (Costar 3524, Sigma-Aldrich, Munich, Germany) in 2 ml EGM2 MV medium.
After 4 h of co-incubation, the CCID areas in the LEC monolayers underneath the MCF-7
spheroids were photographed using an Axiovert (Zeiss, Jena, Germany) fluorescence
microscope to visualise cytotracker(green)-stained LECs underneath the spheroids. CCID
areas were calculated with ZEN 2012 software (Zeiss, Jena, Germany). DMSO-treated co-
cultures served as negative control. For each condition the CCID sizes of 10 or more

spheroids (unless otherwise specified) were measured. During the experiments, which were

10
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short term, we did not observe toxic effects of the tested compounds (monitored by HOPI

staining; Grusch et al. 2002).

12(S)-HETE assay

The concentration of 12(S)-HETE in the cellular supernatant was measured with minor
modifications as described previously (Kretschy et al 2013, Kopf et al. 2013). Briefly, MCF-
7 cells, which were cultivated in MEM medium (Gibco # 10370-047) supplemented with 10%
FCS, were seeded in 3.5 cm dishes and grown in 2.5 ml complete MEM medium. The next
day, the medium was changed to FCS-free medium and cells were kept at 37°C for 24 h.
Then, cells were treated with 10 uM arachidonic acid (#A3555, Sigma-Aldrich, Munich,
Germany) and simultaneously with different concentrations of the indicated compounds for
24 h when the supernatants were aspirated, centrifuged at 2000 rpm at 4°C for 5 min. Then,
2.5 ml of medium samples were passed through extraction cartridges (OasisTM HLB lcc,
Waters, Milford, MA; equilibrated with 2 x 1 ml methanol, 2 x 1 ml distilled H,O
immediately before use) followed by washing of cartridges with 3 x 1 ml distilled H,O.
Bound 12(S)-HETE was eluted with 1000 pl methanol. After the evaporation of methanol
with a speedvac concentrator the samples were reconstituted with 250 pl assay buffer of the
12(S)-HETE enzyme immunoassay kit (EIA, # ADI-900-050; Enzo Life Sciences, Lausen,
Switzerland) and sample volumes of 100 pul each were subjected to 12(S)-HETE analysis
according to the manufacturer’s instructions (Kretschy et al 2013, Kopf et al. 2013).
Absorbance was measured with a Wallac 1420 Victor 2 multilabel plate reader (Perkin Elmer

Life and Analytical Sciences).

Ethoxyresorufin-O-deethylase (EROD) assay selective for CYP1A1 activity

CYP 1A1 activity was measured with minor modifications as previously described (Viola et
al. 2013b). Briefly, MCF-7 breast cancer cells were grown in phenol red-free DMEM/F-12
tissue culture medium (Gibco, Karlsruhe, Germany), supplemented with 10% FCS and 1%
PS (Invitrogen, Karlsruhe, Germany) under standard conditions at 37°C in a humidified
atmosphere containing 5% CO; and 95% air. Before treatment, the cells were transferred to
DMEM/F-12 medium supplemented with 10% charcoal-stripped FCS (PAN Biotech,
Aldenbach, Germany) and 1% PS. After 24 h of incubation with or without drugs of the
indicated concentrations (which were dissolved in DMSO and diluted with medium to a final
DMSO concentration < 0.1%), ethoxyresorufin (final concentration 5.0 uM, Sigma-Aldrich,

Munich, Germany) was added and 0.4 ml aliquots of the medium were sampled after 180 min.
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Negative controls contained DMSO. Experiments under each set of condition were carried out
in quadruplicate. Subsequently, the formation of resorufin was analysed by
spectrofluorometry (PerkinElmer LS50B, Waltham, MA, USA) with an excitation wavelength

of 530 nm and an emission wavelength of 585 nm.

Statistical analysis

For statistical analyses Excel 2003 software and Prism 5 software package (GraphPad, San
Diego, CA, USA) were used. The values were expressed as mean + SD and the Student t-test

or ANOVA and Dunnett-post-test were used to evaluate statistical significance (p <0.05).
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Results

Anti-proliferative effects of N. lobata germacranolide sesquiterpene lactones
ALK- positive ALCL cells (SR-786 and CD-417) were treated with 1 uM and 3 uM of lobatin
A, neurolenin A, B, C and D (Fig. 1a), and the proliferation of human SR-786- (Fig. 1b) and

murine CD-417 cells (Fig. 1¢) was examined. Neurolenin B inhibited the growth of both cell
lines effectively in a dose- and time-dependent manner, whereby murine CD-417 cells
responded more sensitively to 3 uM neurolenin B treatment than human SR-786 cells. 3 uM
neurolenin C and D inhibited cell proliferation only weakly, but lobatin A and neurolenin A
showed no significant effect. Hence, further investigations were conducted with neurolenin B

and compared to the closely related but least active compound, neurolenin A.

Mitochondrial activity and cell cvcle distribution upon neurolenin A and B treatment

CellTiter-Blue assay was performed to evaluate the effect of neurolenin B treatment on
mitochondrial metabolism. The mitochondrial activity of SR-786 cells was weakly but
significantly inhibited by 3 uM neurolenin B, and interestingly, also by neurolenin A (Fig.
2a). Treatment of SR-786 cells with 3 uM neurolenin B for 8 h caused their accumulation in
G2/M phase to the detriment of G1 cells as evidenced by FACS analysis (Fig. 2b). The
decreased G1 fraction together with an increased cell number in G2/M implicated that cells
maintained their capability to pass through S-phase despite neurolenin B treatment, whereas
G2/M passage was arrested. Consequently, neurolenin B treatment blocked the cell cycle of
ALK-positive ALCL in G2/M. Neurolenin A treatment showed no effect on cell cycle
distribution. The effects on mitochondrial metabolism by neurolenin A and B correlated

neither with cell cycle alterations nor with the inhibition of cell proliferation.

Neurolenin B modulates the expression of regulators of ALK+AI.CL proliferation
It is widely accepted that the ALK translocation in ALCL cells causes enhanced proliferation

and renders cells insensitive to death signals and therefore causes the expansion of the ALCL
population. Hence, blocking the signalling cascade triggered by NPM/ALK is considered as a
target for therapeutic intervention. To study whether neurolenin B treatment affected the
expression of the NPM/ALK chimera, Western blot analysis was performed. Neurolenin B
treatment caused a striking down-regulation of NPM/ALK in human SR-786 cells after 8 h
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(Fig. 3a), whereas in murine CD-417 cells NPM/ALK expression was inhibited already after
4 h (Fig. 3b). Previous studies have shown that JunB expression is regulated by NPM/ALK
(Laimer et al. 2012, Staber et al. 2007) and therefore, the expression of the Jun family upon
neurolenin A and B treatment was analysed. JunB levels were downregulated in SR-786 and
CD-417 cells by neurolenin B (after 24 h and 8 h, respectively), JunD was suppressed by
neurolenin A and B after 24 h, and ¢-Jun by neurolenin A after 24 h, although neurolenin A
had no significant effect on ALCL proliferation. This indicated that only JunB is forcing
ALCL cells to replicate (Staber et al. 2007), which is in agreement with the fact that JunB is
the major component of the AP-1 complex in ALCL cells (Mathas et al. 2002). Unlike
neurolenin A, neurolenin B enhanced c-Jun expression without rescuing the cells from the
oncolytic effects of this compound. To the contrary, c-Jun expression correlated with p21 up-
regulation. It was shown that c-Jun together with SP1 transactivates p21 expression
(Kardassis et al. 1999) and we demonstrated that increased p21 expression directly correlates
with c-jun expression upon treatment with neurolenin B and the dichloro-methane extract
(DME) of N. lobata (Unger et al. 2013). JunB promotes ALCL development through
transcriptional regulation of PDGF-Rf (Laimer et al. 2012). Since PDGF-RB is not expressed
in the human SR-786 cell line, murine ALCL CD-417 cells were used to test the impact of
neurolenin B on PDGF-RB expression. The inhibition of NPM/ALK expression (after 4 h)
was followed by the inhibition of JunB and PDGF-R (Fig. 3b) according to the recently
discovered NPM/ALK signal transduction cascade (Laimer et al. 2012). Although neurolenin
A inhibited the expression of NPM/ALK, but also that of ¢-Jun and p21 in SR-786 cells after
24 h, this may have been the reason why neurolenin A did not attenuate the proliferation of
ALCL cells. Furthermore, this indicated that neurolenin A treatment (for 24 h) disconnects
JunB from the direct control by NPM/ALK.

Neurolenin B decreases the NPM/ALK transcript level

To elucidate at which stage NPM/ALK was regulated by neurolenin B, the mRNA level was
measured in SR-786 cells. Neurolenin B decreased NPM/ALK transcripts and also JunB
mRNA (Fig. 4a, b) consistent with the findings reported earlier (Laimer et al. 2012, Staber
et al. 2007). Interestingly, neurolenin B induced rather than inhibited the mRNA expression
of nucleophosmin (Fig. 4¢) indicating that the 5 part of the nucleophosmin genomic sequence

was not a target of neurolenin B.

Apoptotic and necrotic effects of neurolenin B
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In order to examine whether neurolenin B induces cell death, Western blot analysis detecting
caspase 3 activation was performed (Fig. Sa). After 24 h of neurolenin B treatment caspase 3
was cleaved and PARP signature-type degraded, whereas PARP and caspase 3 remained
unaffected upon neurolenin A treatment. An independent assay monitoring caspase 3/7
activity confirmed the Western blot data (Fig. Sb). Neurolenin B treatment led to increased
caspase 3/7 activity within 16 h. Cell death results were supported by HO/PI double staining.
Neurolenin B treatment induced cell death, whereby significantly more apoptotic than

necrotic cells were counted (Fig. Sc).

Impact of neurolenin B on NPM/ALK negative cell types

Neither neurolenin A nor neurolenin B treatment decreased PBMC numbers (Fig. 6a).
Interestingly, the mitochondrial activity increased upon treatment with neurolenin B for 8 h
(Fig. 6b) but returned to control levels thereafter. In contrast, the HL60 cell number decreased
upon neurolenin B treatment (Fig. 6a) and also the mitochondrial activity of HL60 cells was
significantly reduced after 24 h (Fig. 6b). Thus, also the proliferation of leukaemia cells that
are not harbouring the NPM/ALK translocation was affected by neurolenin B. Sesquiterpene
lactones are potent inhibitors of NF-xkB (Kwok et al. 2001) and the permanently over-
activated NF-«B pathway in HL60 cells (Kang et al. 2009) may have been a target of
neurolenin B thereby reducing their expansion. This was a likely mechanism of neurolenin B
exhibiting anti-leukaemia/lymphoma specificity but leaving normal blood cells unaffected

that do not rely on NF-«B.

Effects of the specific ALK inhibitor TAE-684 in CD-417 cells

To test whether a specific ALK inhibitor performs similarly to neurolenin B, CD-417 cells
were treated with TAE-684 and protein expression was investigated. We used this mouse
ALCL cell line to monitor also PDGF-RB, which is not expressed in human SR-786 cells. 10
nM TAE-684 inhibited significantly the proliferation of CD-417 cells after 24 h but induced
cell growth within 8 h (Fig. 7a), which was also observed for neurolenin C and D (Fig. 1).
NPM/ALK activity was down-regulated by TAE-684 treatment and consequently JunB
expression was inhibited after 4 h and PDGF-RB suppressed after 24 h (Fig. 7b). The
NPM/ALK protein level remained unaffected, because TAE-684 interferes with the
phosphorylation of ALK and thus, inhibits its activity but not its expression.
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Neurolenin B inhibits NF-kB and the intravasation of tumour spheroids through the

lymphendothelial barrier

As mentioned above, sesquiterpene lactones inhibit NF-kB (Kwok et al. 2001) and this was
likely the cause for the anti-proliferative effect of neurolenin B in HL60 cells (Kang et al.
2009). N. lobata is traditionally used against inflammation, which is a process involving
major protagonists i.e. lipoxygenases and the transcription factor NF-xB. Moreover,
lipoxygenases ALOX12/15 and NF-kB play major roles in tumour intravasation into the
lymphatic vasculature and lymph node metastasis (Kerjaschki et al. 2011, Vonach et al.
2011, Viola et al. 2013a). Therefore, neurolenin B was tested by a luciferase assay reporting
NF-«B activity and by a 12(S)-HETE immuno adsorbent assay reflecting ALOX12/15
activity, which showed that neurolenin B significantly and dose-dependently inhibited NF-
kB-driven luciferase expression (Fig. 8a), but not 12(S)-HETE production (Fig. 8b). To
investigate whether the NF-kB-inhibitory property of neurolenin B inhibits also the
intravasation of tumour emboli through the lymphendothelial barrier we used a validated
three-dimensional model consisting of MCF7 tumour cell spheroids that are co-cultivated
with lymphendothelial cell (LEC) monolayers (Viola et al. 2013b, Kopf et al. 2013,
Kretschy et al. 2013, Teichmann et al. 2014). Neurolenin B significantly inhibited the
formation of “circular chemorepellent induced defects” (CCIDs) within the LEC monolayer,
which are areas through which tumours transmigrate and colonise lymph nodes (Fig. 8c).
Also CYP1AL1 is a protagonist speculated to contribute to tumour intravasation (Viola et al.
2013b, Kopf et al. 2013) and neurolenin B inhibited CYP1A1 dose dependently (Fig. 8d).
Hence, it is likely that neurolenin B inhibited CCID formation due to the inactivation of NF-
kB and CYPs.
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Discussion

The focus of this research was on studying five isolated germacranolide sesquiterpene
lactones of the traditional medicinal plant N. lobata (Passreiter et al. 1995), in particular
neurolenin B, regarding anti-neoplastic and anti-metastatic activities and seeking a new
promising therapy for NPM/ALK positive ALCL. In an earlier study it has been reported that
the DME of N. lobata is able to suppress NPM/ALK (Unger et al. 2013) and here we
demonstrate that also neurolenin B downregulated NPM/ALK mRNA and protein levels. The
5’part of nucleophosmin is fused in frame to truncated ALK in the t(2;5)(p23;q35)
(NPM/ALK) chromosomal translocation whereby the regulatory sequences upstream of the
nucleophosmin start codon are maintained in the NPM/ALK chimera. Since neurolenin B
caused an increase of nucleophosmin mRNA this implicated that this compound did not
regulate nucleophosmin expression directly at the gene- or transcription factor level, but
rather indirectly at various potential levels. Future studies have to focus on the details of these
mechanisms. As a consequence of NPM/ALK downregulation by neurolenin B, JunB and
PDGF-RP were subsequently inhibited, which is in agreement with the observation of Laimer
et al. (2012). Furthermore, neurolenin B caused the upregulation of ¢-Jun and p21 and this
certainly contributed to the observed accumulation of cells in G2/M-phase and decrease of
Gl-phase cells. Induced c-Jun levels transactivate SP-1-mediated induction of p21 causing
G2/M arrest of ALK+ ALCL (Kardassis et al. 1999, Leventaki et al. 2007). The mechanism
of ¢-Jun upregulation by neurolenin B and by the DME of N. lobata (Unger et al. 2013)
remains to be established. Interestingly, neurolenin A, which did not inhibit ALCL growth,
down-regulated c-Jun and p21.

In addition to the specific NPM/ALK-targeting property of neurolenin B, which was clearly
demonstrated by the downregulation of NPM/ALK transcript and protein expression,
inhibition of JunB transcription and protein expression and suppression of PDGF-Rp, it
possesses also another anti-neoplastic property, which is based on the inhibition of NF-xB.
The a-methylene-y-lactone ring common to all sesquiterpene lactones of N. lobata and also of
the bona fide NF-kB inhibitor parthenolide was reported to cause alkylation of a cysteine
residue in the activation loop of IkB kinase B (Kwok et al. 2001) thereby preventing the
degradation of IkB and hence, the translocation of NF-kB into the nucleus. This interferes
with the transcription of NF-kB-dependent inflammatory cytokines in monocytes and
endothelial cells (Walshe-Roussel et al. 2013, McKinnon et al. in print) and abrogates

survival signals in neoplasias (Gyrd-Hansen and Meier 2010). The signalling cascade
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downstream of NF-«B seems to be cell type specific, because in immune-relevant cells such
as monocytes NF-kB activity was inhibited not only by neurolenin B but also by lobatin A
(Walshe-Roussel et al. 2013, McKinnon et al. in print). Lobatin A was ineffective in
inhibiting proliferation of ALCL and HL60 and therefore, for the anti-inflammatory activity
of neurolenin B and lobatin A (but not for their anti-neoplastic activity) the acetyl group at C-
9 is made responsible (McKinnon et al. in press). Whether these structures attenuate NF-xB-
dependent tumour intravasation will be subject of continuing studies.

Although it remains a matter of debate whether NF-xB inhibition may also abrogate
NPM/ALK expression (as one of the indirect options of neurolenin B interference), it is
evident that tumour intravasation through the LEC barrier depends in part on NF-«xB activity
(Vonach et al. 2011, Viola et al. 2013a) and that neurolenin B inhibited CCID formation due
to NF-«B inhibition (Kwok et al. 2001). Furthermore, the attenuation of HL.60 leukaemia cell
growth was most likely due to NF-«B inhibition (Kang et al. 2009) and also the use of N.
lobata decoctions as an anti-inflammatory remedy (Arvigo and Balick 1998) is certainly
based on this property. The specificity of neurolenin B towards lymphoma and leukaemia
cells was substantiated by the unaffected mitochondrial activity of treated PBMCs, which did
not compromise their viability either. Transiently, the mitochondrial activity became even
elevated in PBMCs suggesting that an additional property of neurolenin B stimulated the
immune system, which is consistent with the use of N. lobata as a remedy supporting wound
healing.

Previous studies have presented sesquiterpene lactones as effective compounds against human
adherent cancer cell lines such as A2780, A431, HelLa, MCF7, GLC4 and COLO 320 (Lajter
et al. 2014, Francois et al. 1996) and neurolenin B was identified as one among the most
active of the isolated and tested sesquiterpene lactones.

Altogether, our work and that of others indicate that cancer cells are specifically targeted by
neurolenin B, i.e. by inhibition of NF-kB-mediated proliferation and intravasation signals and
NPM/ALK/JunB-dependent survival signals, whereas normal cells that do not proliferate NF-
kB-dependently are left unharmed. Hence these sesquiterpene lactones should be considered

as a new therapeutic option for the treatment of malignant diseases.
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