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INTRODUCTION

ATP Binding Cassette subfamily C member 2 (ABCC2) is an ABC transporter, expressed in the
membrane of important metabolic organs and suspected to have an implication in multidrug
resistance. Itis an intrinsic membrane protein and is essential in the regulation and control of many
biochemical functions. Endogenous and exogenous compounds can modulate its function. The main
aim of this thesis was to identify novel modulators of ABCC2, to characterize their mechanism of
action, and to evaluate the implication of ABCC2 in cisplatin-resistant ovarian cancer. To reach these
goals, we used high-throughput screening methods, chemoinformatics, and cytometry approaches
(including mass cytometry).
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PERSONAL CONTRIBUTION

1. 1stStudy: High-throughput flow-cytometry optimization for
the screening of ABCC2 inhibitors

1.1. Introduction

Recent research show that ABCC2 is one of the ABC proteins with the highest expression
in organs important for endo- and xenobiotics metabolism, such as in the liver, kidneys, intestine.
Finding a specific ABCC2 inhibitor opens the possibility to assess the actual role of ABCC2 in drug
resistance and its role in drug pharmacokinetics at different barrier levels in the organism. For
example, up-regulation of ABCC2 is present in many cisplatin resistant cell lines and tumour tissues.
An inhibitor with high specificity for ABCC2 could help elucidate what is the link between ABCC2
overexpression and cisplatin resistance. Furthermore, given the high expression of ABCC2 in liver,
intestine and kidney, and its importance in drug trafficking across membranes, these inhibitors
would allow to build reliable in vitro experiments to predict the pharmacokinetics of different drugs
in the organism.

There are several different experimental approaches available for the identification of
ABCC2 substrates and inhibitors: transport analysis of compounds into bile of normal rats, but not
of ABCC2(-) mutant rats; uptake differences of compounds into inside-out bile canaliculi membrane
vesicles isolated from normal and ABCC2(-) mutant rats; transfection or transduction of human
ABCC2 cDNA into cell lines followed by analysis of drug resistance; accumulation of compounds into
cells or isolated inside-out membrane vesicles, and transepithelial transport of compounds.

So far, no single-cell measurement method is available for the evaluation of ABCC2-
mediated transport. In this chapter, we show the optimization of a cell-based method adapted for
the high-throughput screening of ABCC2 inhibitors using flow-cytometry. We used this technique
to rapidly identify the first series of efficient ABCC2 inhibitors.

1.2. Materials and Methods

For this study, we used a cell-based transport evaluation assay using MDCKII Wt and
MDCKII ABCC2-transfected cell lines. Using a Western Blot, we confirmed that ABCC2 is expressed
in the transfected cell lines and we proceeded to the optimization of the assay for flow-cytometry.
After finding the perfect conditions for ABCC2 transport evaluation, we set up a high-throughput
screening protocol using a flow-cytometer equipped with a microplate reader and an autosampler.

1.3. Results and discussion

Our goal was to set-up a model for in vitro evaluation of ABCC2 transport and inhibition using
mammalian cells. So far, flow cytometry was successfully used to research the activity of other ABC
transporters such as ABCB1, ABCC1 and ABCG2. Using these examples, we decided to investigate
the potential of the technique for the study of ABCC2.

We used MDCKII cells transfected with ABCC2 and started by looking for a suitable
fluorescent substrate. We concluded that calcein-AM suits our criteria for the use in flow-cytometry,
so we chose it for further tests. Further, we tested for efficient ABCC2 inhibitors. Our protein
expression assays showed that the cell lines used also express other ABC transporters, so we first
had to find a solution to fully inhibit these transporters. In our experiments, this could be done with
previously known specific inhibitors. We also observed that the only efficient ABCC2 inhibitor that



Elisabeta Elena Comsa

could be used as a standard reference was cyclosporine and we could observe the highest inhibition
efficacy at 25 uM (fig. 1).
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Fig.1. Calcein accumulation in MDCKII WT (white columns) and ABCC2 cells (black columns): first two
columns are control (25 nMcalcein only); second set of columns is calcein accumulation in the presence of 1 uM GF 120918
(1 uM) and MK-571 (25 puM); last set of columns is calcein accumulation in the presence of GF 120918 (1 uM), MK-571 (25
uM) and 25 pM cyclosporine A (25 pM).

Using a cocktail of inhibitors for each of the present ABC transporters and calceinAM as a
substrate we could show that flow cytometry can be successfully used to screen for ABCC2
inhibitors. Furthermore, we also showed that it can be optimized for high-throughput screening
using a flow-cytometer equipped with plate reader. This way, we could screen up to 40 potential
inhibitors per hour.

2. 2nd Study: Indolaurones as Original Scaffolds of Efficient
ABCC2 Inhibitors

2.1. Introduction

The high ABCC2 expression suggests that it plays a major role in drug pharmacokinetics
and pharmacodynamics and it is essential to understand its function. This could be achieved by
using efficient inhibitors as recommended by FDA and EMA. Unfortunately, the quest for ABCC2
inhibitors did not deliver results as readily as for ABCB1, making that there are only few ABCC2
modulators, poorly efficient and non-specific. Indeed, so far, the most efficient ABCC2 inhibitor is
cyclosporine A with an ICsp of 20 pM, a much more efficient ABCB1 and ABCC1 inhibitor. It is
therefore mandatory to explore new ways to get much better compounds and improve their
efficiency and specificity.

2.2. Materials and Methods

For this study, we used the cell-based transport evaluation assay using MDCKII Wt and
MDCKII ABCC2 in flow cytometry described previously. We organized a large chemolibrary of more
than 500 compounds coming from more than 20 different structural chemical families. We launched
a fast high-throughput screening campaign in order to identify new ABCC2 inhibitors.

2.3. Results and discussion

Our strategy in the conception of our chemolibraries of potential ABCC2 inhibitors had the

goal of having a large chemodiversity, while still targeted towards ABC proteins. With the help of
our collaborators, we grouped a valuable collection of more than 500 compounds and did an initial
screening campaign to identify ABCC2 inhibitors (fig. 2).
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Fig.2. ABCC2 inhibitors screening. Calcein accumulation in MDCKII-ABCC2 cells incubated with 5 uM of
compounds belonging to different chemical families and compared to the reference inhibitor, cyclosporine A added at 25
UM (red dotted circle). The average basal ABCC2 accumulation is indicated by the light grey circle.

Surprisingly, ABCC2 proved to have a narrow specificity for inhibitors and only indolaurones
were found to be efficient ABCC2 inhibitors, that we further characterized in our study. This is the
first series of structurally related molecules that act as ABCC2 inhibitors in the micromolar range.
Further QSAR studies will lead to improved inhibitors in terms of specificity and efficiency.

3. 3rdStudy: New ABCC2 inhibitors question the implication of
the pump in ovarian cancer cisplatin resistance

3.1. Introduction

Cancer is one of the main causes of mortality in developed countries and medicine currently
has three main approaches to fight it: chirurgical resection, radiotherapy and chemotherapy.
Chemotherapy is the only option to eliminate metastasis cells or certain types of cancer such as
leukemia and lymphomas. Certain cells can present either intrinsic resistance, or acquired
resistance to multiple drugs during chemotherapy. Multidrug resistance is characterized by a
decrease of the sensibility of cancer cells not only to the already used chemotherapy drugs, but also
to a range of structurally unrelated cytotoxic drugs to which they were never exposed. Cisplatin
(CDDP) is a platinum-based chemotherapy drug used to treat various types of aggressive cancers,
such as sarcomas, carcinomas like small cell lung cancer and ovarian cancer. Unfortunately, despite
an initial reduction in size, tumours frequently return to a highly resistant form.

The last two decades of research revealed that ABCB1 is the main, but not the only, human
ABC transporter that confers resistance to clinically important cancer treatment agents. ABCC2
induces resistance in cultured cancer cells to methotrexate, paclitaxel, docetaxel,
epipodophyllotoxins, vincristine, vinblastine, doxorubicin, but also to glutathione-derived
alkylating agents and it has a specific role in cisplatin resistance of ovarian, hepatocarcinoma and
oesophageal cancers.
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3.2. Materials and Methods

Our cells of choice for this study were cisplatin resistant ovarian cancer cells, A2780 and
A2780cis. We verified ABCC2 expression to confirm overexpression of ABCC2 in the resistant cell
line. Using mass cytometry, we set up a method to determine intracellular platinum uptake and
transport in cells (fig. 3) and tested the effect of previously identified ABCC2 inhibitors and their
impact on cisplatin accumulation.
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Fig.3. Analysis of cell populations for platinum uptake in ovarian cancer cells A2780 and A2780cis,
sensitive and resistant to cisplatin in mass cytometry, in FlowJo

3.3. Results and discussion

In this study, we build up an original experimental approach to exploring the relationship
between ABCC2 and cisplatin resistance in ovarian cancer cells. We showed, for the first time, the
potential of mass cytometry as a tool for clinical investigation of platinum accumulation in cancer
cells and showed a direct correlation between accumulation and resistance in human ovarian
cancer.

By testing previously identified ABCC2 inhibitors as potential modulators of cisplatin
resistance, we learned that cisplatin resistance is, indeed, at the crossroads of complex pathways
and only inhibiting one resistance protein is not enough to reverse resistance.

GENERAL CONCLUSIONS

The emergence of MDR phenotype in cancer cells is often correlated with an
overexpression of membrane proteins from the ABC superfamily. ABCC2 is an ABC transporter
involved in the export of glutathione, glucuronate or sulfate conjugated-end biotics and xenobiotics
and it recognizes and transports many antineoplastic agents. Little is known about this
physiologically relevant transporter due to a lack of study systems and it is suspected that it has a
greater impact on the pharmacokinetics of drugs than previously assessed.

We set up new experimental strategies that include a flow cytometry high-throughput
screening method for ABCC2 inhibitors and a mass cytometry technique for the evaluation of
cisplatin accumulation in cancer tumours at single-cell level. We organized a large chemolibrary of
compounds resembling more than 500 compounds, from more than 20 different structural families
and identified the first series of efficient ABCC2 inhibitors.

We investigated the role of ABCC2 in cisplatin-resistant ovarian cancer and set up an
original method for cisplatin accumulation monitoring in cancer cells using a state-of-art
technology, mass cytometry. We evaluated the effect of ABCC2 inhibitors on cisplatin accumulation
in ovarian cancer cells and attempted to distinguish a pattern of modulation.
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CUVINTE CHEIE

Transportori ABC, rezistenta la medicamente (MDR), MRP (proteine de rezistentd la medicamente),
MRP2, ABCC2, MRP1, ABCC1, P-gp (P-glicoproteina), ABCB1, modulatori, inhibitori, compusi
naturali, indolaurone, citometrie in flux, citometrie de masa, cultura celulara, enzimologie,
mecanism de transport, cisplatina, rezistenta la cisplatina, , cancer ovarian rezistent la cisplatina

INTRODUCERE

ABCC2 este al 2 lea membru al subfamiliei C a transportorilor ABC, exprimat in membranele
celulare ale organelor importante din punct de vedere metabolic, cu un rol suspectat in multi-
rezintenta la medicamente. Este o proteina membranara intrinseca, esentiald pentru reglarea si
controlul a numeroase functii biochimice. Compusi endogeni si exogeni {i pot modula functia.
Principalul scop al acestei teze de doctorat a fost identificarea de noi inhibitori ai ABCC2,
caracterizarea lor, si evaluarea implicarii ABCC2 in rezistenta la cisplatind In cazul cancerului
ovarian. Pentru a atinge aceste obiective, am folosit metode de studiu de biochimie, biologie
celular3, teste de screening rapid, metode de bioinformatica, tehnici de citometrie (inclusiv de
masa).

13
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ABCC2 a fost considerat multa vreme un factor cheie in rezistenta la cisplating, fie ca un
marker predictiv al instalarii rezistentei, fie ca posibila tintd pentru reversia rezistentei si
resensibilizare la chimioterapie. Am studiat implicarea ABCC2 1n rezistenta la cisplatina in cazul
cancerului ovarian prin utilizarea primei serii de inhibitori ABCC2 pe care i-am descoperit si
evaluarea impactului acestora asupra acumuldrii cisplatinei in celule umane de cancer ovarian.
Pentru aceste cercetari, am pus la punct o metoda originala de cuantificare a platinei la nivel celular,
utilizand o tehnica moderna de citometrie de masa.

Cercetarile prezentate In aceastd tezd au permis gasirea raspunsului pentru anume intrebari
critice legate de functionarea ABCC2. Am descoperit o prima serie de inhibitori ABCC2 eficienti in
concentratii micromolare si am explorat rolul pompei in cancerul ovarian pe linii celulare de cancer
uman. Ca si rezultat colateral, am aratat potentialul tehnicilor de citometrie si aplicabilitatea
acestora in studiul proteinei ABCC2.

CONTRIBUTII PERSONALE

1. Studiul I: Optimizarea unei metode rapide de citometrie in
flux pentru screening-ul inhibitorilor ABCC2

1.1. Introducere

Cercetari recente aratda ca ABCC2 este una dintre proteinele ABC cele mai abundente in
organe importante pentru metabolismul substantelor endo- si xenobiotice, precum ficatul, rinichii,
intestinul. Gasirea unui inhibitor ABCC2 specific ar deschide posibilitatea evaluarii impactului
ABCC2 in rezistenta la medicamente si a rolului sau in farmacocinetica medicamentelor la nivelul
diferitelor bariere ale organismului. De exemplu, ABCC2 este supraexprimat in anumite linii
celulare rezistente la cisplatina si in tesuturi tumorale. Un inhibitor cu o specificitate crescuta ar
putea ajuta la elucidarea legaturii intre supraexpresia ABCC2 si rezistenta la cisplatina. De
asemenea, tinand cont de abundenta proteinei la nivelul ficatului, intestinului si rinichilor, precum
si de importanta sa in transportul transmembranar, acesti inhibitori ar putea permite construirea
unor modele experimentale in vitro care sa poata prevedea farmacocinetica medicamentelor in
organism.

Pana acum nu a fost disponibild nici o metoda de evaluare a transportului mediat de ABCC2
la nivelul unei celule unice. In acest studiu, prezentam optimizarea unei metode experimentale
bazate pe citometrie in flux pentru screening-ul rapid al inhibitorilor ABCC2 si monitorizarea
transportului mediat de proteina.

1.2. Materiale si metode

Pentru acest studiu am folosit un test de transport la nivel celular folosind liniile celulare
MDCKII Wt si MDCKII transfectate cu ABCC2. Cu ajutorul tehnicii Western Blot, am confirmat
expresia proteicd a ABCC2 in celulele transfectate si am continuat optimizarea metodei pentru
citometrie in flux. Dupa gasirea substratului potrivit, am adaptat tehnica pentru screeningul rapid
al candidatilor inhibitori ABCC2 folosind un citometru in flux echipat cu un cititor de placi si
autosampler.

1.3. Rezultate si discutii
Scopul nostru a fost sa stabilim conditiile pentru evaluarea transportului mediat de ABCC2
in vitro, folosind celule de mamifere. PAna acum, citometria in flux a fost folosita cu succes pentru
14
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cercetarea activitatii altor transportori ABC, precum ABCB1, ABCC1 si ABCG2. Folosind aceste
modele, am decis sa investigam potentialul acestei tehnici pentru studiul ABCC2.

Am folosit celulele MDCKII transfectate cu ABCC2 si am inceput prin a cauta un substrat
fluorescent potrivit. Am concluzionat cd, calceina-AM corespunde criteriilor noastre pentru
folosirea in citometrie in flux. Mai departe, am cautat inhibitori ABCC2 eficienti ca reper de inhibitie.
Testele noastre de expresie proteicd ne-au aratat ca liniile celulare folosite exprima si alti
transportori ABC, asa incat una dintre prioritati a fost gasirea unei solutii pentru a inhibita complet
activitatea celorlalti transportori. In cazul nostru exprimental, am reusit sa realizam acest lucru
folosind inhibitori deja descrisi 1n literatura. Am observat, in schimb, ca singurul inhibitor ABCC2
eficient pe care il putem utiliza ca referinta este ciclosporina A, cu o eficacitate maxima cand este
folosita la o concentratie de 25 pM (fig. 1).
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Fig.1. Acumularea calceinei in celulele MDCKII WT (coloanele albe) si ABCC2 (coloanele negre): primele
doua colone sunt control ( doar 25 nMcalceina); al 2-lea set de coloane reprezinta acumularea calceinei in prezenta a 1 uM
GF 120918 si 25 uMMK-571; ultimul set de coloane reprezinta acumularea calceinei in prezenta GF 120918 (1 uM), MK-
571 (25 uM) si 25 puM de ciclosporina A.

Folosind un cocktail de inhibitori pentru fiecare dintre transportorii ABC identificati si
calceina AM ca si substrat, am putut utiliza citometria in flux pentru screeningul inhibitorilor
ABCC2. Mai mult, am aratat ca poate fi adaptata pentru screening rapid folosind un citometru
echipat cu lector de microplaci. In acest fel, am putut analiza pana la 40 de posibil candidati per ora.

2. Studiul II: Indolauronele - structuri originale pentru
inhibitori ABCC2 eficienti

2.1. Introducere

Abundenta crescuta a proteinei ABCC2 sugereaza ca aceasta joacd un rol major in
farmacocinetica si farmacodinamica medicamentelor si cd este esential sa Intelegem mai bine
contributia sa. FDA si EMA sugereaza ca acest obiectiv este realizabil cu ajutorul unor inhibitori
eficienti. Din pacate, cercetdrile pentru identificarea unor inhibitori ABCC2 nu au fost la fel de
fructoase ca cele pentru ABCB1, ceea ce face cd, in prezent, exista putini modulatori ABCC2
cunoscuti, cu eficacitate de inhibitie modesta si non-specifici. Cel mai eficient inhhibitor ABCC2
cunoscut este ciclosporina A, cu un ICsode 20 pM, mult mai eficienta ca inhibitor ABCB1 si ABCC1.
In acest context, gasirea de noi inhibitori ABCC2 ramane prioritara.
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2.2. Materiale si metode

Pentru acest studiu am folosit conditiile experimentale descrise in detaliu in capitolul
anterior. Am organizat o bogata biblioteca de compusi potentiali inhibitori ABCC2 care cuprinde
peste 500 de molecule diferite, din peste 20 de clase structurale. Am lansat o campanie rapida de
screening pentru identificarea de noi inhibitori ABCC2.

2.3. Rezultate si discutii

Strategia noastra pentru conceperea bibliotecii de compusi a tinut cont de faptul ca avem

nevoie de o mare chemodiversitate, dar in acelasi timp orientata spre potentiali inhibitori ai
proteinelor ABC. Cu ajutorul colaboratorilor nostri, am organizat o biblioteca valoroasa de peste
500 de compusi si am realizat un screening initial pentru a identifica compusii cu potential inhibitor
ABCC2 (fig. 2).
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Fig.2. Screeningul initial al inhibitorilor ABCC2. Acumularea calceinei in celule MDCKII-ABCC2 incubate cu 5
UM de compusi proveniti din diferite clase structurale si comparatia cu inhibitorul de referinta, ciclosporina A la 25 pM
(cercul punctat rosu). Acumularea bazala este indicata de cercul gri deschis.

In mod surprinzator, ABCC2 a dovedit a avea o fereastra ingusta pentru inhibitori specifici,
si am gasit cd doar indolauronele sunt eficiente. In continuare, am caracterizat In detaliu aceasta
clasa de noi inhibitori ABCC2, prima serie de molecule inrudite structural care inhiba ABCC2 in
concentratii micromolare. Studiile QSAR vor ajuta la ameliorarea acestor inhibitori pentru gasirea
unor compusi cu specificitate si eficacitate superioare.

3. Studiul III: Noii inhibitori ABCC2 pun sub semnul intrebarii
implicarea proteinei in rezistenta la cisplatina in cancerul
ovarian

3.1. Introducere

Cancerul este una dintre principalele cauze de mortalitate in tarile dezvoltate si, in prezent,
medicina propune trei abordari pentru a lupta impotriva lui: rezectie chirurgicala, radioterapie si
chimioterapie. Chimioterapia este singura optiune de eliminare a celulelor metastazate si a unor
tipuri de cancer precum leucemiile si limfoamele. Anumite celule canceroase prezinta rezistenta
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incrucisatd la chimioterapice, fie intrinseca, fie dobandita. Multirezistanta incrucisata la
medicamente este caracterizata de o sensibilitate scazuta a celulelor canceroase tratate, nu doar la
medicamentele antitumorale deja folosite, ci si la alte medicamente citotoxice neinrudite structural
cu cele la care au fost deja expuse. Cisplatina (CDDP) este un medicament antitumoral derivat de
plating, folosita pentru tratarea unor forme de cancer agresive, precum sarcoamele, carcinoamele
precum cancerul pulmonar, si cancerul ovarian. Din pacate, In ciuda succesul initial de reducere a
marimii tumorilor, acestea revin adesea sub o forma foarte rezistenta.

Ultimele doua decenii de cercetare au aratat ca ABCB1 este principala proteina de rezistenta,
dar nu este singura proteinda ABC care poate conferi rezistenta incrucisata la medicamentele
antitumorale importante in practica clinicd. ABCC2 induce rezistentd in culturi celulare la
metotrexat, paclitaxel, docetaxel, epipodofilotoxine, vincristina, vinblastina, doxorubicina, si are un
rol specific In rezistenta la cisplatina in cancerul ovarian, In hepatocarcinom si cancerul esofagian.

3.2. Materiale si metode

Celulele alese pentru acest studiu sunt celule umane de cancer ovarian sensibile si rezistente
la tratamentul cu cisplatind, A2780 si A2780cis. Am verificat expresia ABCC2 pentru a confirma
prezenta sa in liniile celulare rezistente la cisplatina folosind citometria de masa, am pus la punct o
noud metoda de evaluare a acumularii intracelulare a platinei (fig. 3), apoi am testat efectul
inhibitorilor ABCC2 identificati anterior asupra acumularii cisplatinei in celulele canceroase.

FUBADI, Evant_longth subset
100,0

A2780
Pt194Di, event_lenght subset:
Geometric Mean Pt194Di: 1.84

A2780 A2780 A2780
Ungated 57581 Singlets 55275 Pt194Di, event_lenght
subset 55272

Fig.3. Analiza populatiilor celulare pentru evaluarea acumularii platinei in celule de cancer ovarian,
A2780 si A2780cis, sensibile si rezistente la tratament

3.3. Rezultate si discutii

In acest studiu, am conceput o abordare experimentala originala pentru a cerceta legatura
dintre ABCC2 si rezistenta la cisplatina in cancerul ovarian. Am aratat pentru prima data
posibilitatea utilizarii citometriei de masa ca tehnica adaptatd pentru investigarea clinica a
acumularii platinei in celule canceroase si am aratat o corelatie directa intre nivelul de acumulare
si rezistenta in cancerul ovarian.

Am testat daca inhibitorii ABCC2 identificati anterior pot modula rezistenta la cisplatina si
am aratat c3, Intr-adevar, rezistenta la cisplatina este complexa si tintirea unei singure proteine de
rezistentd nu este suficient pentru a resensibiliza complet celulele la tratament.

CONCLUZII GENERALE

Emergenta fenotipului MDR multirezistent la medicamente in cazul celulelor canceroase
este adesea corelata cu o supraexpresie a proteinelor membranare din superfamilia ABC. ABCC2
este un transportor ABC implicat In efluxul metabolitilor glutation-, glucurono- sau sulfo-conjugati
ai substantelor endo- si xeno-biotice si recunoaste si transportd numeroase medicamente
antitumorale. Se cunosc foarte putine despre acest transportor relevant din punct de vedere
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fiziologic si se crede ca are un impact mai mare decat s-a estimat initial asupra farmacocineticii si
farmacodinamicii medicamentelor.

Pe parcursul cercetdrilor doctorale prezentate in aceastd teza, am conceput noi strategii
experimentale pentru screening-ul potentialilor inhibitori ABCC2 si am folosit citometria de masa
pentru evaluarea acumularii cisplatinei la nivel celular in tumori canceroase. Am organizat o vasta
biblioteca de compusi chimici cu peste 500 de molecule, din mai mult de 20 de clase structurale
diferite, si am identificat prima serie de inhibitori ABCC2 eficienti.

Am investigat rolul ABCC2 in rezistenta la cisplatind in cazul cancerului ovarian si am
conceput o metoda originala de monitorizare a acumularii platinei in celule canceroase folosind o
tehnica recenta de citometrie in masa. Am evaluat efectul inhibitorilor ABCC2 asupra acumularii
cisplatinei in celulele tumorale de cancer ovarian si am incercat sa deslusim strategii de modulare
arezistentei.
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