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Abstract:

Cancer cells are characterizedddyigh proliferation rate and therefoeahancedvulnerability

due to an excessivaneed of deoxyribonucleotidesRibonucleotide reductasgRR) is an
important enzyme involved in the conversion of riboeatdes to deoxyribonucleotides
Because of this rati@miting step during DNA de ovo synthesis, RR seems to bsuitable
targetfor the treatment of cancer. The second subunibRe RR contains a diferric iron
centerstabilizing a tyrosyl radicalwith the aim to target this iron center, several different
classes of iron chelators have been developethe last decadesThe most promising
candidates of iron chelators belong to thassl of thiosemicarbazon€khis resulted in the
clinical evaluation of Triapine €dminopyridine2-carboxaldehyde thiosemicarbazone), which
showed promising activity in clinical Phase | and Udés against advanced leukemiia
contrast, no significamesponse was observed in patients with solid tumors (neither single nor
combination treatment)The reasons for this inefficacy are widely unknown. One possibility

could be intrinsic or very rapidlycguired drug resistance

In this thesis, Triapineesisant cellmodels wergyenerated and a cresssistance profilevas
establishedMoreover, the underlying resistance mechasigm@re characterized. In addition,
Triapine derivativesvith structural modifications/ere developed and investigateih respect
to their structureactivity relatedanticanceractivity as well as their potential to circumvent

Triapineresistance.

The data generated durinige work ofthis thesis, clearly depicted that acquired Triapine
resistance ithehuman colon cancer cell line SW480 resulted in a massive upregulation of one
member of the AThinding cassette (ABC) transporter family, namely ABCB1. This protein
is wellFknown to cause multidrugesistance, affecting also a broad variety of other
chemaherapeutics. Thislistinct upregulationin mRNA levels as well as strongly increased
protein expression of ABCB1 resulted from promoter hgpethylationratherthan gene
amplification. Although Triapine itself is only a weak ABCB1 substriatectivateshe stress
responsible protein kinase C whiafas identified aslriver for enhanced mRNA and protein
expression of ABCB1Unfortunately, inhibition of ABCBIid not result in resensitizing the
cells against Triapine leading to the conclusion that incdeASCB1 expression is not the
main resistance mechanism in Triapine resistaftmyever we further uncoveredthat
acquired Triapine resistanees paralleled bjpjomozygous deletioaf the phosphodiesterase

4D (PDE4D) gene. PDEA4D is the negative regulatothe cyclic adenosine monophosphate



(cAMP) pathwayOur data revealed, that not the major downstream target of cAMEeIn
kinas A (PKA),is the driving resistance against Triapine, but the second effector of CAMP,
namely exchange protein activatedd®yMP (Epac).Theactivated Epac resulted in activation

of Rasrelated protein 1 (Rapl) anéurthemore, led to altered expressionof integrins.
Inhibition of one of these stefexdto robust resensitization of the resistant cell line to Triapine.

In addtion, the stepwise methylation of Triapine resulted in eight different derivatives with a
different mode of action in comparison to the paremntad dvioreover, dimethylation either on

the terminal amino group or on the pyridine NHoiety circumvergd Triapine resistance.

In summary, the data presedtin this thesis revealed thadlthough ABCBL1 is not the major
player in Triapine resistanédeABCBL1 inductionhas to be considered in clinical practice after
Triapine failure and for settings of comhtion therapy. The proposed resistance mechanism
for Triapineis hyperactivation othe cCAMREpacRapZtintegrin signaling axis andherefore

suitable combination strategies have to be considered to overcome Triapine insensitivity of
solid tumors.Alterndively, the novel synthesizederivatives of Triapine showed promising
activity and were able to circumvent Triapine resistance and these compounds have to be

considered for further (pre)clinical evaluation as novel therapeutic gption



Zusammenfassung:

Aufgrund derhohen Proliferationsrateyon Krebszellerund demdamitverbundenemrrhdhten
Bedarf an Desoxyribonukleotidevmurden gezielte Chemotherapeutika entwicke#iche die
Ribonukleotideduktasenhibieren Die RibonukleotideduktaseRR) ist einwichtiges Enzym,
dasander Umwandlung von Ribonukleotiden in Desoxyribonukleotide beteiligt ist. Aufgrund
diesedimitierendenSchrittes wahrend der DNA de ne$ynthesestelltdie RR ein geeignetes
Ziel fur die Behandlung von Krebdar Die zweite Untezinheit (R2) der RR enthélt ein
Eiserzentrum welchesinen Tyrosyladikalstabilisiert. Mitdem Ziel, dese Stabilisierung des
Tyrosylradikals im Eisenzentrumentgegenzuwirkenwurden in den letzten Jahrzehnten
mehrere verschiedene Klassen von Eisentbtrela entwickelt. Die vielversprechendsten
Kandidaten gehoérenlabei zur Klasse der Thiosemicarbazone. Diékrte zur klinischen
Erprobungvon Triapin (3Aminopyridin-2-carboxaldehyehiosemicarbazon),asin klinische
Phasd- und II-Studien gegen fortgehrittene Leukamie vielversprechende Aktivitat zeigte.
Im Gegensatz dazu wurde bei Patienten mit soliden Tumoren keine signifleabtsserung
beobachtet (wedelsEinzel nochKombinationsherapig. Die Grinde fir die Unwirksamkeit
dieses Chemotheapaitikumssind unbekannt. Eine Mdglichkeit konneneintrinsische oder

sehrrascherworbeneResistenz gegen Triapin sein.

Wahrend dieser Dissertationvurden triapinresistente Zellmodelleetabliert und ein
Resistenzprofil gegeniber verschaaeh klassische und neua Chemdherapeutika erstellt.
Weiters wurde cer zugrundeliegende Resistenzmechanismuesforscht Ebenfalls wurden
Triapinderivate mit strukturellen Modifikationesynthetisiertum die StruktuiWirkbeziehung
hinsichtlich der Aktivitat gegen Kralzu etablierenin diesemZusammenhangurde weiters

die Mdglichkeit einTriapinresistenz zu umgehgerforscht

Die im Rahmen diesdDissertationerstellen Datenzeigen deutlich, dasdie Selektionder
menschlichen Darmkrebszelllinie SW488genTriapin zu einer massiven Hochregulierung
der Expressionvon ABCB1, einan Mitglied der ATRBindungskassette (ABC)i
Transporterfamiliefihrt. Dieses Protein istls sogenannteMultidrugresistenzbekannt, da
seine Uberexpression einesistea gegeniibervielen verschiglenen Chemotherapeutikand
anderen kleinmolekularen Arzneimitteédingt Die Hochreguierung dermRNA sowie eine
stark erhohte Proteinexpression von ABCBMUrch TriapinSelektion sind auf eine
Promotohypomethylierung anstelle einer haufig beolmnteten Genamplifikation

zurtckzufiihren Obwohl Triapin selbst nur ein schwaches ABCRdbstrat istwurde die

Xi



stressabhéngige Proteinkinasaliviert, welcheebenfallsfir die Erhéhung vomRNA und
Proteinexpression von ABCBiekannt istDurch dielnhibierung von ABCB1 konnte kegn
nennenswert®esensibilisierung defellen gegen Triapinemeicht werden Dies legt nahe
dass die erhohte ABCBiExpression nicht de ausschlaggebendeMechanismus der
erworbenenTriapinresistenzdarstellt Interessanterweisekonnten wir eine homozygote
Deletion des Phosphodiesterad2 (PDE4D) Gens in unseren Triapinresiserz-Modell
nachweisen. PDE4D ist eifNegativregulatordes zyklischen Adenosinmonophosphat
Signalvegs (cCAMP)Unsere Datereigten interesanterweisgdass nichtlie cAMP-PKA-Creb
Signalachsean der Resistenz gegen Triapin beteiligt ist, sondern der zweite Effektor von
cAMP, namlichexchange protein activated bAMP (Epac) aktiviert wird. Epaaktiviert in
FolgeRasrelatedprotein 1 (Raplunddiesfuhrt weiter zu eineveranderterExpression/on
Integrine1. Die Inhibierung eines dieser Schritteist ausreichend, uneine signifikante
Resensibilisierung der resistenten ZgillgegenTriapin zu induzierenZusatzlich wurden acht
verschiedene Triapinderivate durch schrittweise Methylierung der Aminogrgypthetisiert
und auf ihren Wirkmechanismus getest®ie neu synthetisierten Derivate zeigten eine
unterschiedliche Wirkungsweise im Vergleich zu TriapiBbenfalls konnte mit den
dimethylierten Substanzen (entweder an der terminalen Aminogruppe oder am-Ri##lin

die erworbeneifriapinresistenz umgangen werden.

Zusammenfassengerdeutlicht diese Arbeitlassdie Induktion eineABCB1 Uberexpression
zwarnicht derwichtigsteMediator einefTriapinresistenzst, aber in der klinischen Praxigor
allem nacldem Misserfolg vofriapinund beiKombinationstherapig bertcksichtigt werden
sollte Ein zentralerResistenzmechanismus von Triafmasiert auf decAMP-EpacRapt
IntegrinSignalachse uncerlaubt die Entwicklung vorKombinationsstrategienum die
Unempfindlichkeitvon soliden Tumoregegen Triapirzu Uberwinden. Die neu syntieérten
Derivate von Triapin zeigterzusatzlich vielversprechende Aktivdtt in verschiedenen
Tumorzelllinienund konnten die Triapinresistenz umgeHaaher sollterdiese Verbindungen

fur weitere pr&) klinischeStudienals therapeutische Option in Betraglezogen werden.
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CHAPTER ONE: INTRODUCTION
1.1. The history of chemotherapy

1.11.The early stepsof chemotherapy

The tcehrermod herapyfi was introduced by Paul Ehr

of thewords chemical and treatment of dise@i3eVita & Chu, 2008)During the First World

War mustard gas, at this time a commonly uskster agentwas discovexd to be a pent

inhibitor of malignant hematopoiesigKrumbhaar & Krumbhaar, 1919Based on these
findings the effort in research of mustard compounds was intensiinedleading persons in
therespectiveesearchvere the two Yale pharmacologists Alfred Gilman and Louis Goodman.

The most importarderivative, itrogen mustargwas found tdead to a remarkable regsssn

of lymphoid tumors in micgGilman & Philips, 1946) Due to this finding, Gilman and
Goodman convinced their colleague Gustafidskog, a thoracic surgeon, to treat patients with
nonHodgki nds | ymphoma @@imarh 1963)(Rigure D.€The therapyt ar d
seemedto be very successfllut complete remission was never reacled relapse of
lymphomaoccurred(Gilman & Philips, 1946, Goodman, Wintrobe et al., 1946)reover it

was demonstrated that an alkylating intermediate was responsible for the activity of nitrogen
mustard, sthe mechanism of action was discove(@tabner & Roberts, 2005)hefi vi ct or y o
of nitrogen mustardet off a burstn the development of new alkylating agents such as
cyclophosphamide and chlorambucil. These substances were used in standard regimens to treat
lymphoma andeukemiasince thenNeverthelessalreadyin these early stepsf treatment of

cancer resistance to therapy was observ€bnsequently, the effort for other classes of

chemotherapeutics bamemore andnore important.
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Figure 1. Development oEhemotherapeutics from the beginnings until the 1b@¥/ita & Chu, 2008)

After the Second Worl&ar, Sydney Farber and colleaguewestigateddisadvantageous
effects of folic acid in leukemia patier{isarber, 1949)olic acid, a vitamin essential for purine
bases ad thymine de novo synthegiBigueiredo, Grau et al., 20Q9yas discovered to be
deficient in patients with megaloblastic aner(\dills, Clutterbick et al., 1937)This newly
acquired knowledge led to the synthesis of novel fotatgonistslike aminopterin and
amethopterin (methotrexatéfyarber & Diamond, 1948)igurel). The first antimetabolites
were born. Treatment with methotrexate leadsstoarkabé remission in childremarboring
acute lymphoblastiteukemia(ALL) (Farber & Diamond, 1948Moreover, methotrexate wa
proven asanticanceragent in different solid tumors including breast, ovarend head and
neck cancefWright, Prigot et al., 1951)n 1958, it was the first time that the geo®ll tumor
choriocarcinoma was cured with methate(Li, Hertz et al., 1958)n the same yeaDsborn
and Huennekes discovergtht the mechanism akctionof methotrexatés based ombhibition

of the dihydrofolate reductag®sborn, Freeman et al., 195&nother story of success of
methotrexate followed a few years later when Emil Frei demonstrated that the combination
treatmet of leucovorin and methotrexate led ®&xtendedrecurrencdree survival of
osteosarcoma patients after surg@gffe, Frei et al., 1974, Jaff@porin et al., 1981)This was
also the first attemgowardsthe principle of adjuvant therapfowadays, rathotrexates still
used for example as firstline treatment in primary cemtl nervous system lymphoma
(Kasenda, Ferreri et al., 2018nhd as seconlihe treatment in metastatic squamous cell
carcinoma of the head and nd€€leyrade, Cpissol et al., 2013)



1.1.2.Start of the modern chemotherapy

The next big steps in the battle against cancer occurred during experimental studies of purine
analogues. Hitchings and Elion developed two drugamely 6thioquanine and -6
mercaptopurineyhich inhibited the adenine metaboligilion & Hitchings,1954, Hitchings

& Elion, 1954) (Figure 1). Moreover, Charles Heidelberger investigated the first uracil
pyrimidine analogue tagged with fluorine at thpdsition of the base. This newly synthesized
drugwas called Sfluorouracil (5FU) (Heidelberger, Chaudhuri et al., 19%fdis still in use

as standard treatmenf colorectal cance(GlynneJones, Nilsson et al., 2014)he next
milestone vas the discovery gflantalkaloidsfrom Vinca roseaas potential inhibitors of tumor
proliferationi n | euk emi a a n dy thedt gl grau duringl an sindichabedics
screening in the late 195Q0%hnson, Armstrong et al., 1968igure?2). About ten yearsater

the mechanism of action was descrilbgdhe binding to tubulin dimers during mitosis which
leads to inhibition of microtubule polymerization and arresbitipe cells irmitotic metaphase
(Bensch & Malawista, 1968)

The introduction of the ACell Kill o hypothesi
drug dosage kills aertain proportion of tumor cells and not a constant numberddlie use

of repeated and more aggressive chemotherap€8igsper, Schabel et al., 196)ltimately,

this was also the start of the combinationamticancedrugs with different modeof action.

The first clinically used combination therapy was depetbby Holland, Frei and Freireifbr

the treatment of ALL.This regimencalled VAMP was composed of vincristine/ifica
alkaloid), amethopterin (methotrexate, antimetaboliteeBcaptopurine (purine analogue)
and prednisone (corticosteroid) and incredbetbng-termremission othildhoodALL (Frei,

1963, Freireich, 1964Furthermore, DeVita and colleaguascoveredhat the combination of
vincristine, prednisoneaiitrogen mustard and procarbazine (called MOPP regimen) was able to
cureHodgki no-slodg i n 6 s, whighmashHatahuatil this discovery was made
(Devita, Serpick et al., 1970, Moxley, De Vita et al., 196)wadays, nearly aldministered

regimensuse multiple chemotherapeutics.

In the mid-1960s,the natural produatlassegaxanes (1964) and camptothecins (1966je
discoveredas potentanticanceragents(Chabner & Roberts, 2005)'he antimitoticdrug
paclitaxel axol) stabilizes the microtubules and thereby inhibits their disassen{Baruti
& Chen, 2015) After teething problems like difficults to chemically synthesize, virtual

insolublity and hypersensitivity reactiof€habner & Roberts, 2005)aclitaxelis nowadays



a very important chemotherapeutic used in locally advanced breast fameceenti, Volm et
al., 2003)andhead and neck squamous cell carcingBanwoo, Herscher et al., 200RJso
the class of camptothecins had a difficult start. Beside their low cytotoxicity at neutral pH the
substance becomes activated in acidic pH like in the uréree causingidney damage
(Chabner & Roberts, 2005Camptothecins acts as topoisomerase | inhibiti@r$inding to
topoisomerase |, stabilizinthe enzymeand prevenhg DNA re-ligation which results in
apoptosiqAfzal, Kumar et al., 2015, Redinbo, Champoux et al., 20001996, Irinotecan, a
camptothecin analoguejasapproved for the treatment of colorectal carcin@g8eltz, Cox et
al., 2000)anda few yeardater also for lungNoda, Nishiwaki et al., 200)nd ovarian cancer
(Bodurka, Levenback et al., 2008Beside the topoisoerase | inhibitors, also topaserase

Il inhibitors have been developedTopoisomerase Il plays an important role in DNA
unwinding e.g.during repair and transcriptig@anel, Moraes et al., 2000he most important
inhibitors belong to thgroupof podophyllotoxirs like etoposi@& and teniposidDamayanthi

& Lown, 1998, Gordaliza, Garcia et al., 20@H)dareused for the treatmewnf several types
of cancey such as small cell lung cancéslevin, Clark et al., 1989and ovarian cancer
(Gounaris, Iddawela et al., 2015)

Cure of ALL &k Hodgkin's discase Piosk jonal antibody =
Vinca alkaloids = —
Imatiniby (Geevec)| . . "I.: 3
Xenografis in nude mice b L f"-.'l:f
i AOCTT mMartally ;_\ i
s ; Tyrosine kinase inhibitors =
Cure of testirulsr cancer | Cell culture systems Target specific screens
il K] ;
ANCE 1 - T
| I | I | | | | | | |
1965 1970 1575 1950 1585 190 1995 F- L1 5 2010 2015

Figure 2. Development of chemotherapeutics from the-1@$0s untiinow (DeVita & Chu, 2008)

Another story of success waS6b the discovery ofliamminedichloroplatinum (lljcisplatin)
by Barnett Rosenberfgomthe Michigan State Universityctually, Rosenbergiorked on the
influence of alternating ctent onthe bacterid&scherichia Coland therefore he used platinum
electrodes. Hebservedhatfree platinum ion$ormedsolublecomplexesparticularlythe cis-

diamminedichloroplatinum (Il), which inhilatl bacterialgrowth (Rosenberg, Vancamp et al.,
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1965) Based orseveralconsecutivestudies it turned out that onlgis isomers of platinum
complexes showed a poteamtticancerctivity but not theransisomergRosenberg, Van @ap

et al., 1967) The most effectiveompounddiamminedichloroplatinum (lI) had reniably
positive effectdy inducingtumor shrinkage imatsarcomgRosenberg, VanCamp et al., 1969)
and was approved lilge Food and Drug Administration (FDA) for testicular and ovarian cancer
in 1978(Bosl, Gluckman et al., 198dfollowing this,aless nephrotoxicisplatinderivative
namelycarboplatin was developed bthe group ofEve Wiltshawat the Institute of Cancer
Research in the United Kingdof&vans, Raju et al., 1983puring this time nitrosoureas
alkylating DNA-crosslinkingagens, were synthesizetbr the first timeby thegroupof John
Montgomeryfrom the Southern Research Institidontgomery, 1976) Because of their
lipophilicity, nitrosoureas were able to pass the biboain barrier andtherefore these
substances were used to treatients with glioblastoma multiforn{®@valker & Hurwitz, 1970,
Wilson, Boldrey et al., 1970Furthermorein 1968the same group developtt novel purine
analogudludarabine phosphat&ludara) which isstill used for the treatment of patients with
chronic lymphocytic leukemiéRai, Peterson et al., 2000)

An additionalgroup of anticancerdrugs are the cytotoxic antibiotics. This cldss a long
history backo the early 1950s and the most prominent memdrectinomycin D, bleomycin,
mitomycin C and the anthracycline&ctinomycin D, an intercalating agent, was the first
antibiotic substance with profourahticanceractivity (Hollstein, 1974) First describedn
1949, it wasapproved 15 years later by the FDA and is used for rhabdomyosafkbiataa,
Nair et al., 2004and Ewing sarcom@laffe, Paed et al., 197@leomycin was discovered as
ananticancengent by the Japanese researcher Hamaaéalmzein 1966andthree years later

it was launched at the Japanese matkehe mid1950s, mitomycin Cwas discovered idapan

by Hata and colleagues and was mainly used for the treatment of bladdeZargar, Aning

et al., 2014) Whereas bleomycimtercalates into the DNA and induces DNA strand breaks
mitomycin C acts as an alkylating agéeading to DNA crosslinkingThe first developed
anthracyclnes were daunorubicin (Daunomycin) and doxorubicin (Adriamycin) isolated from
the bacteriaStreptomyces peucetiu€8oth drugs are used for treating patients with
hematological malignancig¢Raut, 2015, Vallumsetla, Paludo et al., 2Q1@)ile doxorubicin

is furthermoreclinically approved for treatmermf different types of solid tumordRochette,
Guenancia et al., 201550me other members of this group aperubicin (Pharmorubicin)
valrubicin (Valstar)and mitoxantone(Novantrone)Valrubicin is only used fothe treatment

of bladder cancefNewling, 2001) whereas epirubicin iadditionally approvedfor breast



cancer(Geffen & Man, 2002)Mitoxantrong an anthracgline analogugis mostlyemployed
for treating patients with metastatic breast carjKempulainen, Hirvikoski et al., 200&nd
prostate cancgHussain, Rathkopf et al., 2015)

Beside their role aanticancerdrugs nany substancesre also approved for nareoplastic
disease like rheumatoid arthritis (methotrex@fépodworth & den Broeder, 2018¥e gener 0 s
granulomatosis (cyclophosphamidgpuidelli, Tenti et al., 2015)and multiple sclerosis

(mitoxantrone)Chanvillard, Millward et al., 2012)

The wholeconcepbf chemotherapis limited byonecentralproblem: the toxicity of the drugs

also affectsnonrmalignant tissues and, hence, inglsiladverse effectsShort and longterm
toxicity was and ione ofthe major hurdles for successful treatment of cancer patients by
chemotherapeutic regimens. For instance, foagow suppression andethesulting lethality

was significantly diminished by platelet transfusion discovered by Freireich and colleagues
(Freireich, Schmidt et al., 1959, Gaydos, Freireich et al., 196#jitionally, also the long

term adverse effects on lung, heart and reproductive opyeesia major problenin the past
andstill do sotoday(Burstein & Winer, 200Q)Therefor he farchfor alternativestrategiegor

systemic cancer treatment optiomish less severe side effedssstill ongoing

1.1.3.Beginning of the targeted therapy era

Although in the early 198Qsthe development of novednticancerdrugs stagnated, the
possibility for discoveringinnovative targets rose due to improvemest of screening
technologies(cell viability assaysand automated higithroughput screeningas well as
sequencing methodand the development ofransgenic animalgMosmann, 1983, Paull,
Shoemaker et al.,, 1989)hese newmethodsresulted inan improvedunderstandingf cell
biology with an advanced knowledge of signalsagcadedn cancer, many of these signaling
pathways are altereldy mutations of oncogenic drivers that occurserine/threonine and
tyrosinekinases(Yates & Campbell, 2012)Researchersittemptedtor e st or e t he A n.
function of the networlby specificallytargetng these mutation The goal of this sealled
targeted therapy is to only target cancer cétisyeby reducing adverse effedtscontrast to
Atraditi on alwhich nterfered witle all aapidlyodividing cellsNovel classes of
chemotherapeutic agents emerdéds small molecule inhibitors and monoclonal antibodies.
Small moleculanhibitors bindto the ATP site of a kinaséhereby inhibiing the respective



downstream signaling. In contrast, monoclonal antibodies act by interfering with the receptor

ligand interactionprotein disruption andctivation of the immune systefBaudino, 2015)

The story of succetsu | A tcamg etr e stattedr tize 199@swith the development of
imatinib (Gliveg Gleeveg by Novartis(Figure2). Imatinib is a small molecule tyrosine kinase
inhibitor used as firsline therapy in patients with BCRBL -positive chronic myelogenous
leukemia (CML)by inhibiting the ablkinase(Druker, Guilhot et al., 2006, Druker, Talpaz et
al., 2001) Additionally, further studies revealed thatatinib inhibits alsdhe platelet derived
growth factor recepteb ( P D G F R-kit)eceataortgirosine kinase (RTK), which resukd

in theapproval fottreatment of gastro intestinal stromal tumors (GIST)al & Igbal, 2014)
Another promising small moleculahibitor, namelygefitinib (Iressa),nhibits the epidermal
growthfactor receptor (EGFR). Gefitinib is a competitive inhibitor of the AGiRding site of
EGFR and was approved by the FDA for smnall cell lung cancefNSCLC) harboring an
activatingEGFR mutation in 200&ris, Natale et al., 2003An additional class dodinticancer
agents entered the clinics called monoclonal ant@so@Figure 2). For example, cetuximab
(Erbitux) is ableto bind the extracellular domain of EGFR antbnsequentlyblocks the
intracellularsignaling cascadé&rbitux was approved by the FDA for colomcartherapyin
2003 (Cunningham, Humblet et al., 200dyd fortreatment ohead and neckquamous cell
carcinoma in 200@Bonner, Harari et al., 2006Jrastuzumab (Herceptin) is a monoclonal
antibody directed against HER2/neu receptor of the EGFR family. It was approved in 1998 and
nowadayss usedor the treatment of HERpositive breast cancer patieifksudis, 2007)

Already in 1971, Folkman and colleagues claimedrieatngiogenesis is an important step in
cancer development for proliferation and metastasis iahiition of this processwould
represent an attractive strategy for turapecific anticancertherapy (Folkman, 1971)
Therefore, several small molecule inhibitors (e.sgnitinib sorafeni) and monolonal
antibodies against PDGF and VEGF (vascular endothelial growth factor) have been developed.
Whereas endostatin fad in clinical trials, bevacizumab (Avastin)a monoclonal antibody
against VEGFshowed to be effective in the treatment of colorectal cancer and was therefore
approved as standard chemotherap2004 (Hurwitz, Fehrenbacher et al., 2004)oreover,
bevacizumab waalso approveth 2006as firstline chemotherapy in advanced remall cell

lung cancer in combination with carboplatin/paclita(@dndler, Gray et al., 200&hd in 2009

for renal cell carcinomgRini, 2007) Furthermore, themalltmoleculetyrosine kinase inhibitor
sunitinib (Sutent) is also approved for treating patients with renal cell carcinoma and imatinib



resistant GIST§Gotink & Verheul, 201Q)Thespecial feature funitinib isthat it was the first
drug approved for botimdicationssimultaneouslySorafenib (Nexavaiy currently approved
for the treatment of renal cell carcinoma like sunitinib and in addition also for hepatocellular

carcinoma, due to its Raf segikinase inhibitory functiofLlovet, Ricci et al., 2008)

The latest groundbreaking discovesythe development of the ®alled immune checkpoint
inhibitors including the so far approved compoundslilumab and nivolumab and
pembrolizumab. This class of monoclonal antibodiegected againsk-cells instead of tumor
cells. Ipililumab is a cptoxic T lymphocyteassociated antigen 4 (CTE4) inhibitor (Hodi,
O'Day et al., 201Q)whereas nivolumab and pembrolizumab are specific inhibitors for
programmedleathl (PD-1) recepto(Ribas, 2012)Both receptors are exgssed on cytotoxic

T lymphocytes and usuallyave a key role itheinactivation of cytotoxic Tcells by immune
regulatory cellsto prevent autoimmunityBesides regulatory immune cells like Treg or
myeloid-derived suppressor cells (MDSC)umor cellsalso might express the respective
ligands(e.g.PD-L1 or B7) to protect themgees against cytotoxic-Tells. Theclinically used
antibodies prevent the ligandceptor binding and therefotbe T-cell inactivationwhich
results inpreservectytotoxic activity against the tumor cel(lBostow, Callahan et al., 2015)
Ipililumab was the first ggroved monoclonal antibody targetinecélls in melanoméHodi et

al., 2010) It is currently in seeral clinical trials for the treatment of prostate carfdechems,
Tucker et al., 2014, Kwon, Drake et al., 2014, Slovin, Higano et al., 201B)ung cancer
(Lynch, Bondarenko et al., 2012, Reck, Bondarenko et al., 28h&)lumab, pembrolizumab
and atezoiumab, an aPD-L1 antibody, are approved for treating patients with advanced
melanoma (as single treatments or in combination with ipiilln), norsmall cell lung cancer,
renal cel | carci noma, bl adder cancer, Hodgk
carcinomgAlsaab, Sau et al., 2017, Dine, Gordon et al., 2QI&ble1).



Table 1. Immune checkgint inhibitors approved bthe FDA (Aich, Ritchie et al., 1998)

Drug Immune Date of approval and Combinatorial
checkpoint indication therapy
target
[pilimumab CTLA-4 Approved in 2011 Approved in 2015
Unresectable metastatic In combination
melanoma with nivolumab
Approved in 2015 for unresectable
Adjuvant therapy with Stage or metastatic
I melanoma melanoma
Pembrolizumab PD-1 Approved in 2014 MNone
Advanced or unresectable
melanoma

Approved in 2015
Metastatic NSCLC with
PDL-1 expression and
progression on or after
platinum therapy
Approved in 2016
Recurrent SCCHN

Nivolumab PD-1 Approved in 2014 See ipilimumab
Unresectable or metastatic combinatorial
melanoma with progression  therapy
after ipilimumab or ERAF
inhibitor if BRAF VG000 mutant
Approved in 2015
NSCLC with progression
after or on platinum therapy
Metastatic RCC after prior
anti-angiogenic therapy

Atezolizumab  PDL-1 Approved in 2015 None
NSCLC with progression
after or on platinum therapy
Approved in 2016
Urolthelial carcinoma with
progression on or after
platinum therapy

CTLA-4éCytotoxic T |ymMphoSCGleGéadsdsioccatkd!|l ung cancer,
carcinoma, PEL é Pr ogr ammed cel | dedetr opgrr atmamierd Ic,ell,IPD deat |
SCCHNéSquamous <cell carcinoma of the head and neck



1.2. Targeting iron in chemotherapy
1.2.1. Iron and itsrole in the human body

Iron is an important trace mineral and essential for a variety of different biological functions.

For example, iron is bound to the heme prosthetic groups of hemoglobin, myoglobin and
cytochrome P450 as well as irgontaining enzymes such as catalasdipodygenasélLawen

& Lane, 2013)Moreover,depending otheredox statusron is capabl@f switchng between

its divalent (Fe(lIl)) and trivalent (Fe(lll)) configurations. This ability enables ir@asiygain

orlose electronand participate inedox reatons such as the Hab®&/eiss and Fenton reaction

(Figure3) producing reactive oxygen species (RQ&hrer, 2000)This leads to the formation

of the highly reactive hydroxyl radicaODHE ) | npaictiansggi sa vi a mitochor
Il i pid peroxi dat i(oJno naonvda ,D N nodxr i atkaptwiapednte r alt i ,0 nz
of ROSo0mas8dqgouxeindtaltyifvreersotnr eisss bound to the tran

2 +

3+ .
Fe+ BGAFe+ GH OHEent on reaction

OfF 40 MO+ @H OHE -(Wéliadberreacti on
(Fe catalyst)

Figure 3. Important cellular reactions catalyzed by ir

in its soliutbures bfearretidr arcowi t hi a( Rpchatdson & P
199A9 a consegegukatefl Or amrxktemeaousntdarseilo na n d
numerous di fdem emdt¢c ddlIswedisregs cardi ovascul ar d

neudegener ative d{Merldetr s kKaldi cawslir et al .,

1.2.2. Iron and cancer

Tumor cells are characterized by higitoliferation rates and therefoagevery susceptible for

iron deprivationThe underlying reason is thabn plays a very important role duribiNA de

novo synthesis(Hoffbrand, Ganeshaguru et al., 1978he ratelimiting step within this

reactionis catalyzed by ribonucleotide reductase (RRu, Wong et al.,, 2006)RR is
responsible for the conver si o-deoxgribonucleobidesn ucl e ¢
(Figure 4) (Kolberg, Strand et al., 2004)t is a heterodimeric tetrameromposed ofwo
subunitsnamely R1 and RZ'heR1 subunit comprises the allosteric sites facilitating enzyme

activity and substrate specificity, whereas R2 contains a diferric iron center each stabilizing a
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tyrosyl radicalKolberg et al., 2004 0verexpression of the R2 subunit in different cancer types
has been observedor example gastric, ovarian andlorectal cancefliu, Zhang et al., 2013,
Lu, Feng et al., 2012, Morikawa, Hino et al., 2010, Wang, Lij et al., 20A@)eover,anovel
p53R2 subunibf RRhas been recdly discovered, which is connectexand activated by p53
dependent DNAdamage respong@&anaka, Arakawa et al., 2000)o trigger iron depletiom
cancerleading to (ribonucleotidedepletedl cell cycle arrestand apoptosidifferent iron

chelators have beeateveloped.
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Figure 4. Mechanism of action of ribonucleotide reductasg.icoli (Kolberg et al., 2004)
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1.3. Thedevelopmentof iron chelators
1.3.1. DesferrioxamingDesferal’, DFO)

The hexadentate siderophoBFO (Figure 5 has beenisolated from the actinobacteria
Streptomyces pilosySchupp, Toupet et al., 198&)ue to its chelating abilitie®FO is able
to bind free ironand itinhibits iron uptake antbstess iron releasen many cell typeg¢Darnell

& Richardson, 1999, Yuan, Lovejoy et al., 2004pwever, DFO is not takeup by cells and
therefore chelates extracellular iron pools, ofilyerefore, it is clinically sed for patients with
iron-overloaded diseases as well as standard treatmebitiialassemia majoiBrittenham,
2003)

Figure 5. Structure of DFO

In the 19804t wasdemonstratefbr the first time thaDFO shows promisinganticanceeffects

both againstieukemiacell lines(Kontoghiorghes, Piga et al., 198@)din the clinical setting
(Estrov, Tawa et al., 1987Remarkable results were also observed in neuroblastoma patients
(Donfrancesco, Deb et al., 199@)hereas clinical studigseating children with neuroblastoma
failed to produce any responé®latt, 1994) Moreover, combination therapy of DFO with
several classical chemotherapeutic agents like etoposide, cyclophosphamide, carboplatin and
thiotepa resulted in partial or complete response in advanced neuroblasabiemrtsp
(Donfrancesco, De Bernardi et al., 199Bhe limiting factors for DFO in clinical use atfee
above mentioneghoor membrane permeability and shplasmahalf-life time of about 12
minutes (Kalinowski & Richardson, 2005)Therefore, more potent iron chelators with
increased efficacyreducedtoxicity, lessside effectsand an

improved haHlife time as well asnembrane permeability were -

synthesized. One very recBntleveloped drudpr treatment of 7N\

iron overloading diseases4-[3, 5-bis-(hydroxyphenyB1, 2, 4 = i
triazok1-yl]-benzoic acid (EMADE®, Deferasirox) from )

Novartis Figure6) (Cappellini & Taher, 2009)There are first @/;N)H;Q

hints, that Deferasirox had potentiahticanceractivity in

hepatoma, myeloid leukemia, and lymphont@hantrel Figure 6. Structure of Deferasiro
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Groussard, Gaboriau et al., 2006, Lescoat, Cha@Gtre@lissard et al., 2007, Ohyashiki,
Kobayashi et al., 2009/azanaBarad, Granot et al., 2013yurthermore, remarkable growth
inhibitory effects were observed small cell lung cancer and esophageal tumor xenografts in
mice (Ford, Obeidy et al., 2013, Lui, Obeidy et al., 2018)addition,it has been reported that
Deferasiroxinduces complete remission in chemgsistant acute monocytic leukemia patients
(Fukushima, Kawabata et al., 201Ahotheradvantage of Deferasirox is the better tol@igb

in adults and children as well as lssvereside effects compared to DHGappellni, Cohen

et al., 2006, List, Baer et al., 2012)

1.3.2. Thiosemicarbazones

To improve bioavailability and halife time, several different classes of iron chelators have
been developed. Among all theshe most promising compounds belongtie classof
thiosemicarbazone@~igure 7). Already in 1946 thiosemicarbazones wereund to show
promising activity against tidycobacterium tuberculosend the vaccinia virus (a member of
the poxvirus family) Tenyears laterin 1956, Brockman discovered the antineoplastic fiaten
of thiosemicarbazones, namekfd@mylpyridine thiosemicarbazor(€igure8), which showed
antileukemic activity in micgBrockman, Thomson et al., 1956jurther structre-activity
studies revealed that theN,Smotif, forming a tridentate complex with iromasnecessary to
form an active compoun(French & Blanz, 1966 Moreover, to possess biological activitbye
S
1 5
RS- o
RZ R® R*
Figure 7. General structure of thiosemicarbazanes
heterocydk nitrogen has to be ittposition. Based on these findings several otkiX-
heterocyclic thiosemicarbazones were synthesized. In 1970, French et al. discovered the
promising compound-Bydroxy-2-formylpyridine thiosemicarbazor{é-HP; Figure8) (Blanz,
French etal., 1970, French, Blanz et al., 19%@)ch was tk first thiosemicarbazone evaluated
in clinical studies. However, due to severe side effégastrointestinal and hematological
toxicity) and rapid detoxification by glucuronidatid®HP was withdrawrfrom clinical studies
(DeConti, Toftness et all972, Krakoff, Etcubanas et al., 19789 overcome these limitations

Sartorelli and his group synthesized a series of derivativediéfin the 1990sOne of these
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compounds wasthe amino substituted substanceariinopyridine2-carboxyaldehyde
thiosemicarbazone (Triapine;AP; Figure8) whichturned outo be more activéhan 5HP in
murineleukemial1210 bearing micéLiu, Lin et al., 1992)

N s HO SN s N j,\
N™ "NH; N “NH, H
H H NH,
2-formylpyridine 5>-HP Triapine

thiosenicarbazone

Figure 8. Structural evolution of Triapine.

Triapineis the most prominent and best studied member of the class of thiosemicarlsazones
far. The mode of action of Triapine seems to be cell cytiéition due to its RR inhibitory
effect and the following rapid cessation of DNA synthd€kis, Lee et al., 2011)but the
specific mechanism behind it &ill unknown so far Recently, it has been proposed that
Triapine inducesDNA doublestrand breaksas already shown in thdinically approved
ribonucleotide reductase inhibitbydroxyureatherefore leading to replication strégsigger,

Chu et al., 2013shiguro, Lin et al., 2014)Yriapine exhibited a more potent antitumor activity
in L1210 cells botlin vitro andin vivocompared tdnydroxyuregFinch, Liu et al., 2000, Finch,

Liu et al., 1999) Moreover, hydroxyuregesistant cells werehown to besensitive against

Triapine suggesting aalternativemechanism of actio(Finch et al., 1999)

Although, several clinical phase I/ll studies of Triapiwhether as single agent or in
combinationwere conductedgromising results were only obtained for hematological diseases
but not for solid tumorg¢Table2). The reason for this lack of efficacy is currentigknown,

but one explanation could be afready existingntrinsic or veryrapidly acquired resistance
phenotypeagainstTriapine.To improve activity and reduce adverse effects of Trigzeeeral
structural modifications have been performdthe most
impressive alteration regardingcytotoxicity is the
replacement of the NHgroup by dimethylation on the
terminal site. This sgallediiterminald i me t h yehda to i

an increase in cytotoxicitypy a factor of about 100(h

comparison to Triap(Kowol, Trondl et al., 2009)urther

Figure 9. Structure of di-2-
pyridylketone4, 4dimehtyt3-

development of the e-pyridylketone thiosemicarbazonesthiosemicarbazone (Dp44mT).

investigations onstructureactivity relationship led to the

14



(DpT). One of these is d-pyridylketone4, 4-dimethyl-3-thiosemicarbazone (also called
Dp44mT, Figure 9). The potentiation othe antineoplastic effect of Dp44mT is not solely
explained by the introduction of the two metlgybups but also the removal of thea®ino
group from the pyridine ringKowol et al., 2009) Interestingly, the monomethylated
counterpartnamely Dp4mTshows cytotoxic activitgomparabldo Triapine(Ishiguro et al.,
2014) While celtkilling by Triapine needs about 16 hours of drug exposure time, Dp44mT
showed robust cekill afteronly 1 hourof incubation(Ishiguro et al., 2014)Nevertheless,
Dp44mTwas characterized byraarked increase in antitumor activity in comparison to DFO
in SK-Mel-28 melanoma and MCGF breast cancer cellss well asn in vivo studies of mouse

lung carcinoma cellgvuan et al., 2004)
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Table 2. Triapine in clinical trial{adapted from(Mannargudi & Deb, 2017)

Drug name Trial design

Indication

Phaze Outcomes

Dose limiting toxicity
{grade 3 or 4 or 5)

Triapine Single agent Advanced leukemia | No OR Hepatotoxicity
Single agent Advanced solid tumors | No OR Leucopenia
Single agent Advanced hematologic I No OR Not met
malignancies
Single agent Head and neck squamous 11 PR: 1/32 Neutropenia
cell carcinoma SD: 8732
RE: 5.9%
PF5:5.6
TTP: 3.9
Single agent Renal cell carcinoma I PR: /15 Neutropenia
SD: W15
RR: 7%
08: 14.6
TTP: 3.6
Combination with fludara- Refractory acute leukemia | CR: 224 Fever and metabolic
bine and aggressive myelo- PR: 3/24 acidosis
proliferative disorder RR: 21%
Combination with doxo-  Advanced solid tumors | SD: 320 Febrile neutropeniza,
rubicin thrombocytopenia and
myelosuppression
Combination with gem- Advanced solid tumors I PR: 1730 Thrombocytopenia, leuko-
citabine SD: 15/30 peia and neutropenia
08: 7.9
RR: 53%
Combination with high Advanced myeloid leu- | PR: /15 Methemoglobinemia
dose cytarabine kemia CR: I/15
RR: 13.33%
Combination with fludara- Refractory acute myeloid I CR: 9/37 Acidosis, kidney injury,
bine leukemia and aggres- PR: 4/37 respiratory distress
sive myeloproliferative HI: 5/37 syndrome and sepsis.
disorder 05: 69
RR: 49%
Combination with gem- Non-small cell lung cancer 11 SD: /15 Methemoglobinemia.,
citabine 08: 54 leucopenia
TTP: 1.8

CRécompl et e
mont h),
di sease,

response, HI éhematol ogic i
PF Sfqersorgraé s s(iionn mont h) ,
TTPéti me to progression

mprovement , OR
PRépartial response,
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1.4. Resistance mechanisms

The major drawback of cancer treatment is the developmethiecdpyresistance. The two
main categoriesf treatmentesistancareintrinsic and acquired resistance. Whereas intrinsic
resistance prexists before the treatment staracquired resistance arises duringafter
therapy based on adaptation or selection ofpisting therapyefractory cancer cell subclones
(Longley & Johnston, 2005A variety ofpharmacokinetic and pharmacodynamic properties
can be involvedn anticancerdrug resistanceDrug absorption, distribution, metabolism and
elimination are pharmacokinetic factors responsible for drug delivery to the tumor. Impairment
of one of these factors is hardly predictable during preclinical developmeleaaisdo reduced
half-live in plasna resulting in faster clearance of the drug accompanied with lower toxicity
(Holohan, Van Schaeybroeck et al., 2018) addition, phamacodynamicproperties like
genetic alterations in prsurvival and antapoptotic pathwaysncreasedNA damage repair

and mutations of the drug target are molecular factors influencing the activity of the

chemotherapeutic ageftiolohan et al., 2013Figure10).
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Figure 10. General drug resistance mechanighislohan et al., 2013)

In order to survivecancer cellsnay harbor diversderegulatd apoptotic pathway©n the one

hand, tumordrequently overexpresantiapoptotic proteins like Be and cFLIP(Igney &

Krammer, 2002, Wilson, McLaughlin et al., 2001) has been reported thahromosomal
translocations and amplifications of tBBEL-2 gene as well as increased protein expression was

found in several types of tumors suchasshomd g ki nés | ymphomas and s
(Ikegaki, Katsumata et al., 1994, Monni, Joensuu et al., 1997, Tsujimoto, Cossman et al., 1985)

On the other hanaxpression opro-apoptoticfamily memberdike Bax might bedecreased,
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resulting in loss of theespectivetumor suppressor functiordomozygous deletions and
mutations ee thepredominanteasons for Bax inactivation in colon cancer and hematopoietic

malignanciegMeijerink, Mensink et al., 1998, Rampino, Yamamoto et al., 1997)

Additionally, several signaling pathways promoting cell survival and drug resistance are altered
in cancer cé$. For instance, phosphoinositidekBase (PI3K)/protein kinase B (Akt)
activation is one of the most frequently observed alterations found in tiuksr & Yoelr
Lerner, 2006) Furthermore, also the mitogaativaed protein kinase (MAPK) pathway is
found to beconstitutivdy activatedvia overexpression or activating mutations of the receptor,
sustained production of ligands and/or oncogenic mutations indRRAF (Dhillon, Hagan et

al., 2007)n many different cancer types includinglanoma, colorectal cancer, thyroid cancer
and ovarian cancefDavies, Bignell et al., 2002, Fraers Klintenas et al., 2004, Libra,
Malaponte et al., 2005More recently it has been investigated that also integrins play an
important role in cell survival and chemotherapy resistaiiamano, 2002)by regulaing
directly thePI3K/Akt and MAPK pathway¢Danen, 2005)

Another critical step for the sumal of tumor cells is circumvention of DNA damage induced

by several different classes ahticancerdrugs. For example, platinum drugs induce direct
DNA damagewhereas anthracyclines act indirectly by producing reactive oxygen species and
inhibiting topoisomeraséBouwman & Jonkes, 2012) The most importantumor suppressor
gene in this context ig53 also cakd the guardian of the genom&3phas a pivotal role in
regulating cell cycle checkpoints as well as apoptosis during DNA damage refpoose &
Norbury, 1995, Fan, dDeiry et al., 1994)Therefore, in many different cancer typp83 is
mutated and associated with chemotherapy esgis{Fan et al., 1994 Hence, one possible
strategy in cancer treatment is the combination of DNA damaging agents with DNA damage
repair inhibitors. One example is the inhibition of poly(ADBose) polymerase 1 (PARP1), a
single strand break repair enzyme, in ovarian and bcaaser tumors harbouring a BRCA1 or
BRCA2 mutation(Farmer, McCabe et al., 28D Furthermore, ngsmatch repair (MMR) is a

DNA repair mechanism and therefore crucial for maintenance of genoregrity.
Hypermethylation of MLH1, a key enzyme MMR, was investigated to cause cisplatin and
carboplatin resistandgliolohan et al., 2013Moreover, also nucleotide excision reqdNER)

is linked to platinum resistanc@verexpression of excision repair crassnplementing 1
(ERCC1), a protein participating in DNA repair and DNA recombination duNBgR, is
stronglyassociated with poor prognosis of several different tumor types, including colorectal
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cancer, norsmall cell lung cancer and ovarian can@mhanes, Labonte et al., 20Tlglombo,
Fabbro et al., 2014, Lord, Brabender et al., 2002)contrast, high sensitivity of testicular
cancer to cisplatin treatment is associated wdhficiency in ERCCIUsanova, Pie&taffa et
al., 2010)

In addition toovercone apoptosis and circumvent DNA daneatihe transport of thanticancer
agent into the target cell is a very broad field of chemotherapmstgarchResistance as a
result of altered ig transport itself can be divided in two major mechanisms: first in decreased
or impaired drug uptake; sambin enhanced drug effl(Gottesman et al., 2002Piminished

drug uptakes mostlyassociated wi altered watesolubility of these drugs, whereas increased
drug efflux is almost always associated with amplified expression oflAdding cassette
transportergSzakacs, Paterson et al., 2Q0B)e mechanisnrmost commonlyinvestigated is

the increased efflux of several different chemotherapeutitese transporters (in more detail

see section 1.5.).
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1.5.ATP-binding cassette transporers

Tumor cells often become resistanat only against the selection compound &Wroad array

of chemotherapeutic agentisis phenomenoris called multdrug resistance (MDRJ5ottesman

et al., 2002)Key players and therefore also responsible for this unwanted effect are in the most
cases members of the ATihding cassette (ABC) transporter fam{i$zakacs et al., 2006)

ABC transportercan be divided in seven subfamilies wathotal 48 membergCole, 2014)
(Table3).

Table 3. Human ABC gene family

perlr O

PDIa

qene
ABCA 12
ABCB 11
ABCC 12
ABCD 4
ABCE 1
ABCF 3
ABCG 5

ABC transporters can not only be found in humans but also in other eukaydtpsokaryotes
as wdl as plants(Vasiliou, Vasiliou et al., 2009 or ther ability to export drugsagainsta
concentratiorgradient ABC transporters need ATPence representing a-salled active

transport (energgependent)All ABC transportes consists ofthe transmembrane domam

Figure 11 Structure of ABC transporters. A) ABCE
ABCB11.B) ABCC1, ABCC2 ABCC3, ABCC6, C) ABCG
(Gottesman, Fojo et al., 2002)
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(TMD) and nucleotidébinding domais (NBD) (Rice, Park et al., 2014 he core unit of ABC
transporters consists of twdviDs and two NBDs(Figure 11). TMDs are responsible for
substrate recognition and translocation, whereas NBDs bind and hydrolys@€CAGIR& Yu,
2014, Kunjachan, Rychlik et al., 2013ome ABCtransporters, like ABCG2, are -salled

half transportergFigure 11), indicating that the respectivdBC gene encodes only for one
TMD and one NBD. For functionality they dimerize ftrm the abovementioned core unit
(McDevitt, Collins et al., 2006) The precise molecular mechanism underlying the
ABC-transpoter transport functionis not fully understoodyet. Currently, it is known that
binding of a substrate to the TMDs results in subsequently binding of ATP to the NBDs. There,
ATP is hydrolyzedto ADP and Pi which further leads to a conformational change and the
substrate is releasehto the extracellular spactllowed by restration of the initial
conformationstate(Figure12) (Jones & George, 2014)

Substrate

ﬁ Hyilrolysis

Figure 12. Mode of actiorof ABC transporteréChen, Shet al., 2016)

Beside their role in multidrug resistantlear pivotal physiological role igprotectionagainst
toxic substanceand therefore they are ubiquitbypgxpressed in the human boelgpecially in
potentially toxinrexposed githelia. They transport a variety of substrates, including peptides,
metal ions and hydropbac compounds as well as metabolites, across cell memb2nes$o

this fact, mutations in ABQGransporters are linked to severe inherited dise@Bable 4),
including Tangier disease T1 and retinitis pigment@aébrecht & Viturro, 2007) coeliac
disease and type 2 diabef®asiliou et al., 2009)DubinJohnson syndrom@ies & Keppler,
2007)and progressive familial intrahepatic cholestasis ty(fstrautnieks, Bull et al., 1998)
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Table 4. ABC-transporters and human diseaespted from(Ueda, 2011)

ABC-transporters and hereditary diseases

Gene Phenotype, disease/ function

ABCA subfamily

ABCA1l HDL deficiency/ tolesterol and phospholipefflux

ABCA3 Pulmonary surfactant deficiency in newbsrn

ABCA4 Stargardt disease 1

ABCA12 Harlequin ichthyosis

ABCA13 Schizophreniabipolar disorder,depression

ABCB subfamily

ABCB1 Multidrug resistance in cancexport of xenobiotics

ABCB2 Behcet'diseasfantigen peptide transport into ER lumen

ABCB3 Behcet's diseagmtigen peptide transport into ER lumen

ABCB4 Intrahepatic cholestasgglcretion of phosphatidylcholine into bile
ABCB7 Sideroblastic anemimAnsport of irorsulfate complexes into mitochond
ABCB11 Intrahemtic cholestasisiport of bile acid

ABCC subfamily

ABCC1 Multidrug resistance in cancexport of xenobiotics

ABCC2 Dubin-Johnson syndrome{port of bilirubin

ABCC6 Pseudoxanthoma elasticum

ABCC7 Cystic fibrosis/Clchannel

ABCCS8 PHHI/ATP sasitive Kc hann e | regul acellsr i n
ABCD subfamily

ABCD1 Adrenoleukodystrophperoxysomal transport of very long fatty acid
ABCD2 Adrenoleukodystrophperoxysomal transport of very long fatty acid
ABCG subfamily

ABCG2 Goutkxport ofuric acid

ABCG5 Sitosterolemiagxport of phytosterols

ABCGS8 Sitosterolemiafeport of phytosterols

In their protective functioPABCB1and ABCG2arehighly expressed in the blodatain barrier
to prevent the central nervous systeamftoxinspenetratingcross thendotheliunm{Schinkel,

Wagenaar et al., 1996, Toign Goutal et al., 2017, Xie, Hammarluhidienaes et al., 1999)
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Furthermore, the ABCGubfamily is involved in the efflux of metabolic waste products across
the bloodcerebrospinafluid barrier into the bloodstreaifiRao, Dahlheimer et al., 1999

the bloodplacental barrieboth ABCC andABCG2 transportersire localizeqJonker, Smit et

al., 2000, Maliepaard, Scheffer et al., 200Wpreover, ABCtransporters aralsolocalized

also in the gastrointestinal tract, liyegstis and kidney/(Gottesman et al., 2002)

1.51. ABC subfamily A (ABCA)

ABC subfamily A contains 12 genes and most of them are involved in lipid trafficking across
cell membrane¢Dean, Rzhetsky et al., 200N evertheles, mutations in one of these genes
resultsin severe gerte/inherited disorders, for example familial higensity lipoprotein
deficiency, ageelated macular degeneration, Tangier disease T1 and retinitis pigmentosa
(Albrecht & Viturro, 2007) Increased protein expression of ABCA is correlated with poor
prognosis for patients with ovarian cancer. Moreover, there is also evidence that acquired drug
resistance in breast and lung cancer cell (@G0, Li et al., 2015, Liu, Peng et al., 2005)
associated with overexpression of ABCA proteifsirthermore,enhanced expression of
ABCAZ2 is observed inmitoxantroneresistant small cell lung cancéBoonstra, Timmer
Bosscha et al., 2004} well as @samustineresistant ovarian cancer cell lingsing, Belinsky

et al., 1998)

1.52. ABC subfamily B (ABCB)

Several nembers of the ABCBamily are known toplay very important roles in multidrug
resistance in cancer. Therefore, this family is also called NiD&tidrug resistance) family
(Dean et al., 2001Mutationsin one of these members letmlsevere genetic disoeds like
coeliac disease, lethal neonatal syndrome, type 2 diabetes and ankylosing spvidsiiits.
et al., 2009)
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Figure 13. Structure of ABCBYGameiro, Silva et al., 2017)

The most prominent and important member in multidregjstance belongs to this family,
namely ABCBL1 (Pglycoprotein, Pgp or MDR1)(Figure13). Physiological gpression of this

Blood-
brain
barrier

Liver
bile Kidney
ducts tubules

Ovaries
Small
intestine

Testes

Figure 14. ABCBL1 tissie distribution Potenially toxin-exposedtissues at
characterized by high expression of ABC@4arzolini, Paus et al., 2004)

transporter belongs to pttially toxinexposed tissuaacluding liver, bloodbrain barrier and
intestine(Chen et al., 2016)Figurel14). ABCB1 was first disovered in aolchicineresistant

Chinese hamster oman carcinoma cell linex 1976(Juliano & Ling, 1976)The reason for its
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importance in chemothgrg resistance is the broad drug specificity for several different classes
of chemotherapeuticsncluding Vinca alkaloids (e.g. vincristine), anthracyclines (e.g.
daunorubicin, doxorubicin) and taxanes (e.g. paclita®et)budkar, Dey et al., 1999, Szakacs
et al., 2006as well as for the novel small molecule receptor tyrosine kinase inhiiitatigib,
erlotinib (Tarceva), sunitinib and nilotinib (TasignéGhukla, Chen et al., 2012Jable 5).
Among these ABCBL is also able to transpgwdtease inhibitotsmmunosuppressive agents,
analgesics and antiarrhytmi¢Morrissey, Wen et al., 2012, Sharom, 2008, Zhou, 2008)
ABCBL1 overexpression was foundnmany different cancer types includinggplatinresistant
nortsmall cell lung cancer cell@iang, Xu et al., 20168s well agpaclitaxel and eribulin
resistant breast cancer ce{fdemcovaFurstova, Kopperova et al., 2016, Oba, Izumi et al.,
2016) Moreover, enhanced levels of ABCBleme detected insunitinib-resistantrenal cell
carcinoma (Giuliano, Cormerais et al.2015) and doxorubicinresistant hepatocellular
carcinoma(Yang, Ding et al., 2016)in addition, an intrinsically enhanced expressi of
ABCB1 was found ircolon carcinom#@Abd Ellah, Taylor et al.2016)
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Table 5. Different classes of ABCB1 substrai@dapted from(Gameiro et al., 201Y)

ABCBL1 substrates

Anticancer drugs: Vinca alkaloids, anthracyclines, taxasy camptothecin

epipodophyllotoxinsanthracenes

HIV protease inhibitors:

Ritonavir, saquinavir, nelfinavir

Analgesics:

Morphine

Antidepressants:

Amitryptiline, doxepin, venlafaxine

Antihistamines:

Terfenadine, fexofenadine

Histamine H2-receptor | Cimetidine

antagonist:

Immunosuppressive Sirolimus, valspodargyclosporineA, tacrolimus
agents

Antiarrhythmics : Quinidine,amiodarone, propafenone

Antiepileptics:

Phenytoin topiramatecarbamazepine

Fluorescent compounds

Hoechst 33342hodaminel23 calceinrAM

Antiemetics:

Ondansetrondomperidone

Antimicrobial agents:

Doxycycline,erythromycin, rifampin, tetracycline

Tyrosine kinase

inhibitors :

Imatinib, erlotinib, gefitinib, nilotinib, tandutinib

Natural products:

Flavonoids,curcuminoids

Cardiac glycosides

Digitoxin, digoxin, quinidine

Calcium-channel

blockers:

Verapamil, nifedipine, azidopine,

Antibiotics:

Clarithromycin, amoxicillin, tetracyclinegluoroquinolines
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Beside ABCB1 onlyABCB5 contributes to multidrug resistance. ABCB5associated with
5-FU resistance in colorectal carcinoma céWilson, Schatton et al., 2011Moreover,
ABCB5 mediatesresistance of melanoma cells against several different chemotherapeutic
agents (e.g. paclitaxel, vincristine, etoposidesatobicin anddacarbazinejWilson, Saab et

al., 2014).

1.5.3. ABC subfamily C (ABCC)

ABCC transporters are involved in many pivotal physiological functions like ion transport,
toxin excretion and signal transducti¢Blot, Molinski et al., 2011) ABCC2 is mainly
responsible fothe excretion of bile aciddNies & Keppler, 2007and therefore mutations in
this gene result in the Dubilohnson syndrom(trassburg, 2010Furthermore mutatons in

the gene encoding f&xBCC7(cystic fibrosis transporter, CFTRa chloride channgleads to
cystic fibrosis(Slot et &, 2011)

Five membersof the ABC subfamily C namely ABCC1, ABCC2, ABCC3, ABCC6 and
ABCC10,harborone additional transmembrane domaiiwhereas the other members lack this
domain(Slot et al., 2011jFigurel15).
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Figure 15. Structure of ABC1. ABCC1, ABCC2, ABCC3, ABCC6 and ABCC16ontainoneadditionaltrans
membrane domain (TM) (Gameiro et al., 2017)
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Beside the ABCB subfamijyalso the ABCCmembersplay an important role in multidrug
resistance, therefore this family is also called multiehegistanceassociated proteins (MRPS).
In contrasto the unmodified transport of molecules of ABCB1, ABCC members were able to
transport organic anions and conjugated substances across the cell mdirdipba®). That
includes glutathione, glucanate and sulphate conjugates of organic ar(ibeditschky, Leier

et al., 1996) The most prominent member in multug resistancef this familyis ABCC1,
which was initially cloned 199%ZCole, 2014, Cole, Bhardwaj et al., 199Remarkably,
ABCC1 (also known as MRP1ig able to cetransport drugs (e.g. vincristine) with unconjugated
glutathione(Loe, Deeley et al., 1998, Muller, Meijer et al., 1984y was found to be highly
expressed in many different tumor types such as chronic lymphocytic leulgamger, Nooter

et al., 1994)esophageal and namall cell lung canceiNooter, Westerman et al., 19%)d
neuroblastom#@Haber, Smith et al., 2006isplatin resistance in nesmall cell lung cancer
(Jiang et al., 2016&s well as doxorubicin resistance in osteosarc@taaelli, Hattinger et al.,
2016)were associated with increaseBCC1 expression. Moreover, gemcitabine resistance in
pancreatic cancer seems to be linke@nhanced ABCCL1 leve(€ao, Yang et al., 2015

addition, ABCC1 overexpression was aldetected and characterized as major plager

acquired resistance against the gallium complex of terminal dimethylated Triapine (KP1089)
(Heffeter et al., 2012)Figure16).

Figure 16. Amplification of ABCC1 inKP1089resistant human cemicarcinoma cell lineFFluorescer
in-situ hybridization(FISH) analysis was performed with the parental cell line3B (left) and KP108¢
resistant cell lin€KB-1089; right). Whole chromosome 16 was stained in red and ABCC1 in gridé
was counterstained with DAPI (blu@jeffeter, Pirker et al., 2012)
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Table 6. Different classes of ABC1 substrategadapted from(Gameiro et al., 201Y)

ABCC1 substrates

Anticancer drugs: Anthracyclines, vinca alkaloids, taxanescamptothecins

epipodophyllotoxins

Folates Folic acid, L-leucovorin
Metalloids: Sodium arseate, sdium arsenite, potassium antimonite
Glucuronide, sulfate and | Glucuronosylbilirubin, estradiol17--D-glucuronide,

glutathione conjugates, | etoposideglucuronide, leukotrienes C4, D4 and E4

and unconjugated glutathione disulfide, estrone3-sulfate, sulfatolithocholyl
compounds taurine
Pesticides Fenitrothion, methoychlor

HIV protease inhibitors: | Indinavir,adefovir

Fluorescent compounds @ Calcein, fluorescin

Toxins: Aflatoxin B1
Natural products: Curcuminoids
Antibiotics: Difloxacin, grepafoxacin

In addition to ABCC1, the secosdostprominent memberfahis family involved in multirug
resistance i6BCC2. Paclitaxelresistant breast cand@temcovaFurstova et al., 2016is well
as oxaliplatirresistant colomancer cell§To, Poon et al., 201&re characterizeloly increased
levels of ABCC2.Recent findings suggested that ABCC2 plays an important rdleemapy
failure of cisplatintreated hepatocellular carcinoma patie(€®rita, Wakai et al., 2010)
Beside ABCC1 and ABCGC2also overexpression of ABCC3, ABCC6 and ABIIOwas
detected in tumor tissue€linically, a poor correlation between ABCC3 expression and
doxorubicin resistace inlung cancepatients was describgdoung, Campling et al., 2001)
whereas ABCCévasinverselylinked to doxorubicirandetoposidesensitivity(Belinsky, Chen
et al., 2002andABCC10to paclitaxel resistandgiopperBorge, Chen et al., 2004)jowever,
due to the fact that ABCC3, ABCGtHd ABCCLOwere not upregulateith resistant cell linegs
it is unlikely that these transporters are indaettiving force in multidrug resistan¢®zakas
et al., 2006)
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1.54. ABC subfamily D (ABCD)

This subfamily includes four geneachencoding only one TMD and one NBBd{calledhalf-
transportemproteing. To buildup a functional transportethe halttransporter dimerizeand
forms homodimersAll members of this family are exclusively expressed in peroxisomes,
therefore they are also called peroxisomal transpaoffewaguchi & Morita, 2016)Genetic
changes in th&@BCD1genearelinked to the neurodegenerative disease ALBli(Ked form

of Adrenoleukodystrophy (Wiesinger, Eichler et al., 2015Furthermore, there is some
evidence that the ABCD subfamily is also involvedtimor progression and multidrug
resistance in melanoma ce(fShen, Valencia et al., 2008hd breast cancer patieiikdavac,

Brynychova et al., 2013)

1.5.5. ABC subfamily E (ABCE)

The ABC subfamily Econsists of only one member, namely ABCBLrprisingly, ABCE1
harbors only the nucleotide binding domain, but lacks the transmembrane {Desiret al.,
2001) Moreover, it is the only member of ABEansporters whit acts as an organic anion
binding protein(VVasiliou et al., 2009)it has been found that ABCE1 has an important function
in response to viral infection®BCEL is able to form a heterodimer with ribatease L
therebyblocking the activity of ribonuclease which further inhibits protein synthesis the
viral interferon pathwayMore recent studies demonstrated that ABCEL is involved iHIVie
virus capsid assembl{Tian, Han et al., 2012Furthermore, ABCE1 expression is directly
correlated with proliferation and metastasis in lung carcinoma tissues. In addition, inhibition of
ABCEL1 leads to retarded proliferati@and invasior{Huang, Gao et al., 2010, Ren, Li et al.,
2012). It was also observed, thABCE1 expression was enhanced in melangkh@merl,
Bosserhoff et al., 2007and retinoblastoma cell lind$iendig, Langmann et al., 2009n
addition, ABCEL1 plays a role in multidrugsstancelt has been founthat in acquired drug
resistancdYasui, Mihara et al., 2004swell as in hepatocellular carcinoma patiefBsrel,

Han et al., 2012)ABCE1 expressiomight beincreasednd the gene amplifie
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1.5.6. ABC subfamily F (ABCF)

Like ABCELY, dl three ABCF membersnly possess the nucleotide binding domain and lack
the transmembrane domaiarresponding witliological functions others tharansmembrane
transportingVasiliou et al., 2009)The detailed physiological function of ABCF in humans is
currentlyunknown, but therés some evidence th&BCF genes play a role in inflammatory
processes via regulation of nuclear factor kappa B-gB)(Powell, Tansey et al., 2013)
Nevertheless, downregulation ABCFia microRNAswas found tancrease gasitivity to 5

FU in cdorectalcancer cellgLi, Li et al., 2015) Furthermore, acquired drug resistance of small
cell lung cancer cells against mitoxantrone reslilt overexpression of ABCFBoonstra et

al., 2004) ABCF2 was found to be highly expressed in patients with clear cell adenocarcinoma
of the ovaries, but no significant correlatiamth chemotherapy response or prognosis was
identified (Tsuda, Ito et al., 2010Enhanced expression of #iree ABCF members could be
detected in retinoblastoma ce(lEsuda et al., 2010)

15.7. ABC subfamily G (ABCG)

ResemblingABCE and ABCEF also ABCG comprises a class of haHinsportergFigurel17).
ABC subfamilyG containsfive members (ABCG1, ABCG2, ABCG4, ABCG5 and ABCGS)
which are involved in lipid and cholesterol transpacross membranes.uvations inABCG5
and ABCG8ead toacawumulation of fish and plant sterplesulting inatherosclerosiand other

cardiovascular diseas@#/oodward, Kottgen et al., 2011)

Figure 17. Structure of ABCG2. ABCGZ2as a haltransporterpnly containsone tranamembrane doain
(TMD) and nucleotiddinding domain(NBD) (Gameiro et al., 2017)
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ABCG2, also called breast cancesisgance protei(BCRP) hasbroadsubstratespecificity for
several different natural products and pharmaceuticals, including chemotherageltie3)(
As for ABCB1, there is also evidence for ABCG2 to transport the small molddokese
inhibitorsimatinib, erlotinib (Tarceva), sunitinib and nilotinib (Tasigi@hukla et al., 2012)
Due to this broadrugspecificity, ABCG2 is the third most important treporter for multidrug
resistancéeside ABCB1 and ABCQMo & Zhang, 2012)Overexpression of ABCG2 was
detected inmitoxantrone and methotrexateesistant cancer cel®oyle, Yang et al., 1998,
Miyake, Mickley et al., 1999, Zhao & Goldman, 200B)oreover, inhibition of ABCG2 re
sensitizes ovarian cancer xenografts to topot¢Raati, Lovato et al., 2016 recent study
describes ABCG2 as a possible predictive marker for progreBsiersurvival in irinotecan
treated colorectal adenocarcinoma getis(Tuy, Shiomi et al., 2016)

Table 7. Different classes of ABG2 substrategadapted from{(Gameiro et al., 201Y))

ABCG2 substrates

Anticancer drugs: Anthracyclines,  camptothecins epipodophyllotoxins
anthracenes

Antihypertensives Prazosin

Porphyrins: Pheophorbide A, protoporphyrin IX, hematoporphyrin

Carcinogens: Aflatoxin B, 2-Amino-1-methyt6-phenylimidazo[4,5
b]pyridine (PhIP)

Toxins: Fumitremorgin C

Antiviral drugs : Zidovudine, lamivudine

Fluorescent compounds | Hoechst 33342hodamine 123BODIPY-prazosin

Tyrosine kinase Imatinib mesylate gefitinib, tandutini lapatinib
inhibitors::

Natural products: Flavonoids,curcuminoids phytoestrogens
Antibiotics: Ciprofloxacin, norfloxacin
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1.6.Cyclic AMP pathway

Another strategy to circumvent chemotherapyuced cell death is the hyperactivation of
several differenainti-apoptoticsurvival pathways, includinghost prominentlthe PI3K/Akt
and MAPK pathwaygWicki, Mandala et al., 2016 yclic adenosine monophosphate (cyclic
AMP, cAMP) isone of the most abundasécond messenggeinvolved in many important
biological processes, like glycogen metabol{grebs & Beavo, 1979xyclic nucleotidegated
ion channel regulatio(Kaupp & Seifert, 2002)cell proliferation and differentiatiofCook &
McCormick, 1993, Rohlff, Clair et al., 19938f well as gene inductiqdungmann, Kelley et
al., 1983, Maurer, 1981Recently, it has beamcoveredhat cAMPmight be also involvedh
drug resistancéke in vemurafinibinsensitivityof BRAF-mutant melanoma cellfRodriguez

& Setaluri, 2014)

Adenylate cyclaséadenylyl cyclase, ACs the key enzymor synthesis of CAMP from ATP,
whereas rotein coupled receptors (GRE) are responsible fahe activation ofidenylate
cyclass (Goldberg, Haddox et al., 1975)Jhe major downstream target of CAMP is protein
kinase A (PKAwhich further activates the cAMResponsive elemetttinding piotein CREB)
(Taylor, Buechler et al., 1990 ctivatedCREBacts as transcription factor for several different
survival and growth genes like microphthalrassociated traseription factor (MITF)(Levy,
Khaled et al., 2006)ct2 (Freeland, Boxer et al., 20QB8nd cyclin DI(D'Amico, Hulit et al.,
2000) More recently, a second downstream target of cCAMP was identified, namely the
exchangerotein activated by cAMP (EPACKawasaki, Springéet al., 1998)EPAC belongs

to the Rapguaninenucleotideexchange factor (GEF) family for small GTPases like-Ras
related protein 1 (Rap{dle Rooij, Zwartkruis et al1,998) Rap1lsignalingis involved in many
cellular processes such iasegrinrmediates cell adhesidRangarajan, Enserink et al., 2003)
as well as proliferation amdifferentiation via activation of the MAPK pathwéyang, Dillon

et al., 2006)

1.6.1.Synthesis and hydrolysis of CAMP

G-protein coupled receptor&6PCRS, also called seven transmembrane receptors because they
pass the cell membrane seven times, regutatny physiological processesd conditions
including sensory signals (smell, taste and visiobghavior and mood (binding of

neurotransmittexlike serotonin and dopamine) as well as inflammatory response (binding of
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chemokines)(Latek, Modzelewska et al., 201Zyhe G protein #gelf is a heterotrimeric
complex consisting of three subunitd ( b ) and Houndin their inactive statéo the
intracellular domain of theeceptor. Once the ligand bound the receptor undergoes a
conformational change and the subunits dissociateprotein directly activates effector
enzymes such as adenylate cyclase and phospholiphse C wh e r g aubunitadt as G
primary effectors for ion channels {kind Nd channels)YSvoboda, Teisinger et al., 2004)
GPCRs arstronglyassociateavith several types of tumsimcluding breast cancéChang, Ai

et d., 2005) colon cance(Kim, Xiong et al., 2005)nonsmall cell lung cancgHida, Yatabe
et al.,, 1998) prostate cancefDaaka, 2004) Moreover, theresi a strongassociationwith
metastasisand angiogenesidue to their high affinity to different chemokinéBorsam &
Gutkind, 2007)

Dissociation of Gproteins &er ligand binding to GPCRkads to activation oédenylate
cyclases 4lso called adenylyl cyclaseACs), which further results in synthesis of cCAMP
(Goldberg et al., 975). In addition, ACs can also be regulatedthg Ca*/ calmodulinsystem

and by pharmacological substances like forskolin (activ&é®€) a rbdilid@oRyadenosine
(inhibitor; DDA) (Pavan, Biondi et al., 2009t the momentten known isoform®f ACs
(ADCY1-ADCY10) existin mammalsThey consists dfnvo cytoplasnic domains (C1 and C2)
andtwo transmembrane domains with exception of ADCY10 which is the only soluble isoform
(Buck, Sinclair et al., 1999)Figure 18). Recently, ADCY9 was identified to contribute to
resistance of MAPK inhibitors in melanoma cells. This resistance was also achieved by
activating ACs with forskolin in BRAFE mutant melaomas(Johannessen, Johnson et al.,
2013) Moreover, it has been described that cCAMP activation via FSK results in inhibition of

breast cancer cell migratigpong, Claffey et al., 2015)
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GPCR

AMP

Figure 18 Conver s+4Ad® o m-tywlié AP Yid adenylate cyclase. Subsequently digand binding

to G-protein coupled receptors (GPCR&)JU p r dissoeiates andirectly activates its downstream effector
adenylate cyclasAC). AC promotes the production of cAMP from ATP. cAMP binds to the regulatory subunits
of protein kinase A (PKA), which leads to release of the catalytic subunifshfisphorylation of downstream
targetyMantovani, Spada et al., 2016)

Phosphodiesteras@®DESs)are the negative regulators of cyclic nucleotides (CAMP and cGMP)
by hydrolysis of cCAMP to AMP (Beavo, 1995)Eleven family members of PDEs (PDE1
PDE11) havéeen identified so far and all of them share a highly conserved catalytic domain
(Lugnier, 2006) PDE expression is ubiquitous in our bahd therefore many diseases, such
as inflammation, cardiovascular and neurodegenerative diseases andreanttdrom altere

PDE expressiofKeravis & Lugiier, 2012) Hence, many different PDE inhibitors have been

synthesized during the last yearsd are in clinical use to treat diverse diseéable8).
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Table 8. PDE family members includinkey inhibitors andtheir major activities and fields of application
(adapted from(Ahmad, Murata et al., 201p)

PDE family  Inhibitors Functions
PDE1 Vinpocetine Anti-inflammatory agent
anticanceragent, therapeutic fc
schizoprenia
PDE2 BAY -60-7550 PDP, Oxindole Inhibition of cell cycle
progression, proliferation and
angiogenesis
PDE3 Cilostazol,  Cilostamide, K34, Treatment of heart failure
milrinone antithrombotic therapyanticancer
agent
PDE4 Rolipram, Roflumilast, Cilomilast Treatment of chronic obstructiv
Ibudilast pul monary di se
disease and multiple scleros
anticancemagent
PDES5 Sildenafil (Viagra), Tadalafil (Cialis) Used for erectle dysfuction and
Vardenafil (Levitra), Zaprinast pulmonary hypertensior
anticancemagent
PDEG6 Sildenafil (Viagra), Tadalafil (Cialis) Mainly the same functions as fi
Vardenafil (Levitra), Zaprinast PDES, hereditary eye diseases
PDE7 Thiadiazoles, BRL 50481, 1C24: Anti-inflammatory and
BMS, ASB6165 neuroprotectiveanticanceagent
PDES8 PF04957325 Inhibit steroidogenesis, possik
anticancemagent
PDE9 BAY -73-6691, PF04447943, Possibleanticanceagent
SCH51866
PDE10 Papaverine, TR0, MR-10 Treatment of psychosis
PDE11 No inhibitor available so far
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Due to their broaexpressiorand complexfunctionality in the malignant phenotyp®DEs
become more and more important in the treatment of tyrtasFor examplejnhibition of

PDE3 resulted in proliferation blockade of melanoma and squamous cell carcinoma cells
(Murata, Shimizu et al., 2002Moreover,PDE4 blockade was found to sumpss growth of
colon, pancreatic and lung cancer célls, Xu et al., 2013, Pullamsetti, Banat et al., 2013)
whereas PDES5 inhibition leads to growtduction of breast cancer cqllansley, Gary et al.,

2011) In addition, overexpression of PDE7 and PDE8 was detected-aall Bchronic
lymphocytic leukemigand prostate and testicular tumors respectigigbyrvath, Mericq et al.,

2008, Zhang, Murray et al., 2008)

1.62. Protein kinase A (PKA)T the primary downstream target of CAMP

Protein kinase A is the longdstown and besstudied downstream effector of CAMP. PKA is
ubiquitouslyexpressed and consists of two regulatory and two catalytic subunits forming a
tetramerDependingon the cell type, there are four regulatory (Rlalpha, Rllalpha, Rlbeta and
Rllbeta) and three catalytic (Calpha, Cbeta and Cgamma) subxpitssed differaty (Cadd

& McKnight, 1989) Moreover, different catalytic and regulatory subunits can appear in the
same cell type during developmental changes. For example, Rlalpha was found to be present in
neuronal nuclei, while Rllalpha was expresge@pendymal cellsFurthermoreRIbeta was
localized in cells of the olfactory bulb, mitral cells and cerebellar Purkinje eellsRlIbeta

was expressed in neural and glial ¢¢ucignatCaretta & Caretta, 2001, Mucigr@areta &

Caretta, 2002, Mucigndaretta & Caretta, 2004By binding of four cAMP molecules to the
regulatory subunits (two cAMP molecules for each subtngure 13, the catalytic subunits
dissociate and phosphorylate serine and threonine residues of several different proteins
involved in many biological paessegCaretta & MucignaCaretta, 2011§Figure 19). PKA

was found to regulate cell migration of breast cancer @llSonnor & Mercurio, 2001&nd

also to be responsible for migration and invasion in ovarian carci{ldcigenzie, Campbell

et al., 2011) Furthermore, it has been described that overexpression of PKA due to hypoxia
plays a pivotal role irhypoxiainduced epithelialmesenchymal transitiprmigration and
invasionin lung cancer cell§Shaikh, Zhou et al., 20120 addition to tumor promotion, PKA

is also linked t@anticancedrug resistance. For exampiehas been shown that elevated PKA
expression leads to an#wycline resistancéoth in acute promyelocytic leukemi@APL)

patientsampless well as in leukemia cell linéGausdal, Wergeland et al., 201Byrthermore,
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overexpression of PKA was found in tamoxHessistant breast cancer patients and cell lines
(de Leeuw, Flach et al., 2013)

EDM1
DUsP1

CYRE1

dHesh «——— Creb ——» cabpass

NR4AS y o a0 NR4AT

Figure 19. CREBtarget genes identified in tumors expressing low levels of the tumor suppressor Tristetraprolin
Transcription of these genes is directly regulated by the ClaEBy (CREB1, CREM and ATF1jadapted
from (Fallahi, Amelio et al., 201%)

The major downstream target of PKA is the transcriptiantor CREB (CAMP response
elementbinding protein). Besides PKATREB is also activated by other kinases like protein
kinase B (4t) and MAPK as well as GHcalmodulindependent protein kinagSteven &
Seliger, 2016)Following activationCREBand several different eactivators like th&€REB-
binding protein bind to the cAMP response elemavithin the promoters of diverse target
genesin the nucleugShaywitz & Greenberg, 1999CREB target genesare involved inthe
regulation ofseveral aspect®f a variety ofbiological functions including cell proliferation,
cell cycle progression, DNA repair, differentiation, inflammation, and sur(Stdven &
Seliger, 2016) Therefore dysregulation oCREB and its cefactors results irseveralsevere
diseases such @unt i n gt o n(Clwi, Lete et al.a Z)@RubinsteirTaybi syndrome
(Petrij, Giles et a] 1995)and Major Depressive Disord@elmaker & Agam, 2008 Also due

to itsmultiple transcriptdn the context of malignant growtG@REBseems likely to play eery
importantrole during cancer initiation and promotiddence,overexpression o€REB was
described in a variety of different solid tumors like glioblastoma, melanoma, malignant
mesothelioma, nesmall cell lung cancer and bréasancer(Steven & Seliger, 2016)

Moreover,CREB-binding protein has been associated with pediatric malignancies like Ewing
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sarcoma(Caretta & MucignatCaretta, 2011) Furthermore,CREB overexpression was
described to confer drug resistance against MAPK inhib{ttseannessen et al., 2018)d

tamoxifen in breast canc@Phuong, Lim et al., 2014)

1.63. Exchange protein activated by cAMP (PAC) i a novel player in cAMP signaling

More recently a novel downstream effector of CAMP was discovered, ndangdxchange
protein directly activated by cAMP (EPACEPAC appertains to the class of guanine
nucleotideexchange factors for small GTPases like-Rdated protein, Rapl and Ragde
Roojj et al., 1998)Rap1l is the main downstream target of EPAC, which plays an important
role in integrinmediated celadhesionRangarajan et al., 2003% well asn theactivation of
theMAPK signaling cascad@Vang et al., 2006)n mammals there arerb isoforms of EPAC,
EPACland EPAC2, which diffein their number of cAMP binding domains, either one or two
respectivelyAlmahariq, Mei et al., 2016, Rehmann, Das et al., 2BBAC1 was found to be
ubiquitously expressed, while EPAC2 seems to be restricted to neuaocsedtic beta cells
andthe adrenal glandKawasaki et al., 1998Pue to the restricted expression of EPAG&E
implication in cancer has beeliscoveredso far(Almahariq et al., 2016)n contrast, EPAC1
was found to play an important role in a variety of diseases, like heart fetach, Lucas

et al., 2008) chronic pain(Wang, Heijnen et al., 2013nd infectiongGong, Shelite et al.,
2013) Furthermore, EPACDlays an impatant role during cancer cell proliferation. For
example, in prostate cancer cells enhanced proliferation and suwvalfound due to
bolstered activation of the MAPK and PI3KmMTOR signaling pathway regulated by
EPACL1 (Flacke, Flacke et al., 2013, Misra & Pizzo, 2018)so, Tiwari et al.describd a
possible role of activated EPACL1 in transmitting @amoptotic signals in 8ell chronic
lymphocytic leukemigTiwari, Felekkis et al., 2004 Moreover, EPAC1 was found to be the
key regulatorof cAMP-dependent migration in white blood ce{tSarmona, Chavakis et al.,
2008) vascular smooth muscle cedéokoyama, Minamisawa et al., 28)as well as in several
different cancersFor example, it has been demonstrated that activated EPAC1 resulted in
enhanced migration and invasimnmelanomgBaljinnyam, Umemura et al., 2014, Gao, Feng
et al., 2006) Moreover, similar results were found in cervi¢gke, Lee et al., 2014and
pancreatic cancefAlmahariq, Tsalkova et al., 2013s well as in fibrosarcoméHarper,
Arsenault et al., 2010)n contrast, the results are more contradycto ovarian and prostate

cancer, wher@ promoting and suppressing role of EPAC1 on cancer cell migrag®been
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suggestedBailey, Kelly et al., 2009, Bastian, Balcarek et al., 2009, Grandoch, Rose et al.,
2009, Rangarajan et al., 200Recently, EPAC1 was discovered to regulate the activity of
regulatory T cells (Treg cells). Therefore, Almahariq et al. demonstmateitto andin vivo

that EPAC1 knocldown resulted in reducetnmunosuppressive activity of Treg cells
(Almahariq, Mei et al., 2015)
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1.7 Aim of the study

Triapine is a very wll-known but still experimentalichemotherapeuticlrug with proven
efficacy in lematological diseases. Due to unknown reasons, solid tumors are resistant against
Triapine treatmentThe main goal of this PhD thesis wasuncover thidack of efficacyin

context to acquired Triapine resistance emtind outhow to circumvent this phenomenon.

In particular, our goals were:

U Generatiorof the firstcell model foracquiredTriapineresistancendestablishmendf

acrossresistance profile against seveddferent classes adnticancedrugs

U Characterization of themolecular mechanisnunderlying Triapine resistancend
estimaion oftheirpossible involementn treatment failure of fiapine in solid cancers
with regard to ABCiransporters as well alifferent cellular survival and progression

pathways.

U Synthesisof novel Triapine derivatives and investigation of ths&tiuctureactivity

relationship, mode of action studies, and impact of acquired Triapine resistance
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CHAPTER TWO: RESULTS

2.1. Prologuei first peer-reviewed manuscript

A Tr i anpediated ABCB1 Induction via PKC Induces Widespread Therapy

Unresponsiveness but is ndUnderlying Acquired Triapine Re si st anceo
Cancer Letters, 2015 May 28;361(1):12@. do: 10.1016/j.canlet.2015.02.049
Impact Factor: 5.621

Reprinted with permissiofiom Cancer LettersCopyright © 205 Cancer Letters

Cancer cells are characterized by high proliferation ratesh@mnde, aexcessive need for iron.
Therefore, several iron clagors have been developed and the most promising ones belong to
the class of thiosemicarbazones. The most prominent andthdstd representative is Triapine
(3-aminopyridine2-carboxyaldehyde thiosemicarbazin€riapine was successfully tested in
hemadological diseases but failed in solid tumors. The reason for this lack of efficacy is
currentlyunknown, but one possibility could be a rapid development of acquired resistance.
Chemotherapy resistance is often based on increased drug efflux and thehefore
overexpression of ATBInding cassette (ABC) transporter family membgrarticularly
ABCB1, ABCC1 and/or ABCG2s primarily responsibleHence, we generatesd Triapine
resistant suttine (SW480/tria) from the human colon cancer cell line SWa#B6tepwise drug
selection in vitroand investigated the underlying resistance mechanism. SW480/tria cells
displayed overexpression of ABCB1 due to promotor hypomethylation resulting in a broad
crossresistance against several wiellown ABCB1 substratesSurprisingly, inhibition of
ABCBL1 did not result in resensitization to Triapine of the Triaphnesistant subline and the
drug itselfwasonly a weak ABCB1 substrate. Remarkably, also Triapine 4imogttreatment

(24 h) of the parental cell line resudta amassive increase of ABCB1 expression. Responsible
for this elevated ABCBL1 protein levelsasthe activation of protein kinase C (PKC). Moreover,
PKC hyperactivation was also found in SW480/tria cells. Summarizing, Triaploneed
enhanced ABCBL1 expssion resulted from hyperactivation of PKGthin shorttime as well

as longtime treatment. Although, ABCB1 overexpression is no¢ thajor resistance
mechanism ths data should be considered after Triapine failure and in combination therapies

in clinical practice.
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The majorityof both practical work and writing of this study was performed by my&ta

from array genomic comparative hybridizatiand whole genome gene expression analysis
were generateth cooperation withChristine Pirker(Institute of Cancer Research, Medical
University Vienna) Promotor methylation measurements were performed by Melanie
Spitzwieser(Department of Analytical Chemistry, University of Vienn&ellular Triapine

uptake was determideby Karla Pelivan(Department of Iniganic Chemistry, University of
Vienna)
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Althoagh triapine is promising for meatment of advanced leukemia, it failed against solid tumars due
o wiklely anknown reasons. To addeess this ssue, a new triapine- resistant cell line [5W430/tria) was
gereratend by drug sebection amd mvestigated in iliks stdy, Moty SWARTT S cells displayed Brosd cross-
resistance against several knawn ABCE1 subsrrates due o high ARCE1 lewels (indured by promater
hypamettylation]. However, ABCE inhibition did not re-sensitize SW 480 ria cells ta triapine and sub-
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rnajor mechanism of triapine reskatanoe in SW4R0 e cells, In comtrast, iIncreased AHCET exgression was
found o be & consequence of triapine sress-induced PEC activation. These data are especially of im-

partance when considering the cheace of chemotherapentics for combinatian with triapine.
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It i weli-Enown that tumor cells: require enbanced iron levels
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dependent enzymie ribonuckeatide reductase (RR). Consequently,
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mient {2]. BR ihilsition leats to dNTP poal depletion and subsequent
oell eycle arrest, To take advantage of this RR-mediated imon de-
pendency, several iron chelatars have been develaped for anticancer
therapy during the last decades |1]. OF these, the most jromising
represertatnes belong to the class of thiosemicarbazomes (T5C) and
J-aminogyridine-2-carboxaldelyde thiosemicarbazone, also called
triapine ar 3-AP, is the best developed T5C. Noteworthy, while this
dhrug showed promming sctivity against advancest lewkemia [2,3] in
clinical phase | and 10 trials, nesther an incnease (n patlents’ surviv-
al nor response rate [single rreatment or combination theragy ) could
b ohservied in salid BiEnors |-1--ﬂ|. The reasan for this back of cffi-
cacy af trapine in solid tumors is currently relatively unknown.
In general, the occurrence af acquined or intrinsic drug resis-
tance i one of the most Eapartant reasans for the failuee of systenmic
cancer therapy [9,10). Mareaver, relagsing tumors are frequently not
only resistant against first line treatment, but also against several
orher chemotherapeutic agents, a phenamenon called rualtidrug re-
siscance (MDR} | 10). Key players in MDR are members of the
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ATP-hinding casselte (AR trangporter family, like ABCE]
(Pghpeoprotein, Poppd 9] amd ARCCT (multidrg resistanes prolein
1. MEF1) [10]. ABC transporter- med ied drug reststance |s often
baged on prodonmnl upregulstion of protein expression, which & e
quently associsted with amplification of the ABC transporter g,
especially in the case of acquined reskstance by drug selection [ 11.02],

Motably, the plysiokaical fopction of thess [ransporlers is o
protect the healthy cissue (g colon, lver or kidney | agaknst exo-
anid erclobescing [ 190]. Also capoer cells from thess orlging often exhibit
Intrinsic how- lvel ABC rranspomer expression and short -rerm dmng)
tein exposure is known o occaslonally induee transient expression
of AHCET [13). The reguiatony mechandsms underhying this Epld pro-
el ive responges are falti-Teeeted and comples. However, actiation
of protein kinase C (PKC) is one of the most prominent mecha-
nisms | 14} Thus, enhanced PEC exprression has been direct iy linked
1o increased ABCHE] phosphorylation, expression, and activity [15).
PR Eamily members Belong to the groupof serinefthmonine kinases
arnl Lk part in domeros cellulas procedses Tike prliiration, agop
toais and migrarkon | 16). At beast tan PR sodormes are known which
are divided into three groagps: classical PECs (o § 11, 1) el PECs
(8w, 0, e} and atypical PRCs (5, &) {17, Espesially PEC alpha is
Invotved in regulation of ABCET expression as described eg. in
ovariam cancer cells | 18] amd colon carcinoma cells [ 14], bax also
e PRC Beta medonms ssem o play an impormant ke in Chis e
| 18],

In Ehe present stixdy, the At rapine-resstang cancer cell model
was developad o gain more [nsizhis into the machanlsms undes-
tying treatment Bilum of triapine in solid cancers, As triapine was
repoied as an ADCT substrate and upregelacion of This ranspot
ar i ddgac i led Wil Driapi ne ressrance in a i ne leukemia moedel
| 18], our siady focused on the ole of ABCE In chemoresistance
off r e Iriapine-resistant cell model
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gl PR siRMA (o iy e, m i amd £; Santa Cnue Bintechnology or scrambled
wiRHA  THsanmacon] Gllveing the ismiifasharer™s peoommmelatioss. Specificiny of
dowmrendaion was perven s the frotes Sevel by Westorn tilor Mollmsdng 48 h of
tramsiection | Supplementary Feg 513

Sefection of triapine-resistont SWHB0 calls and characheriamtion of
i - fesisl me

SWABRNEria cells were generated by continuous exposune of
SWMAD cells i increasing concentratons of telapies {stanting polon
(S b end poine 20 uM jover a period of one yeas At the end of
selection, SWiidltria cells showed a =56-Told resistance com-
Jared 1o parental SWARD cells. (n sddition, the triapine. maistant
call line exhibited a broad cross-reststance against several other che-
matherapeutics as shown in Table 1. Notably, reduced sensiivity
apainar several ABCET substrates like vincristine, tsol, ol damycin,
and etoposide was observed. In addition, 2-formylpyridine
thivssmicarbazons KPTEST wias rested and the trizpine mesisrant
subline exhiveed more than4-fokd cross-nesistance o thils derivative,
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Tabile 1
Civas-pisls Limce profike of S8R0 nd SWARNI L colls sgaina seweral dinkcad and
i
(K TR W I <ol resisCae
K 4T (= =500

Teiaping [HR]) g w03 2580 - =361
Vimcristine [nklj 5T 2132 C =5 | B >4
Aileigrinycin ok BRS 21l =aSB0 - e ]
Eloposbde | uhd) 13 312 e =145
Tl i niel | 824 94 5000 - Al
Temominmide [ukl1  [EEGA 1913 60 =T0E L]
Cisplatin (phd ) 51 e ] hh w14 L
KP155T (k) [110] 3] 400 - =40

o Dot fhon units Lesdile fhe dhis berdpention jm Teackes,

High ARCE? exprssion in SWARN T coils

T teet whether the observed mult idmneg resistance of S\Wd4A3 rla
cells is based on ARC transporter expression, the protein levels of
ABCH and ABCTT were investigated by Western blotting, In accor-
dance wirh previous findings [25], weak ingringic ABCE1 and ARCCT
expression was obsered in parental SWAED cells. In SWAANTa nalls,
ARCHT was significant by overexpressed, while AHCCT vt reduced
In camparison to parental SWAS0 cells [Fig 1A amd B). This ABCB1
overexpression of SWABD i cells was stable For more than ane
manth after removal of the selection pressure [Supplementary
Fig. 531 Remarkably. almeady shom-term treatment with trizpine
(24 hylurther stimilated e expression of ALCHT in parental 5480
cells | Fig 1A). The increased ABCBT expression In SWa80 firia cells
was also canfirmed on mRNA kevel by real-time FCR (i 10), Sub-
sequent genomic analyses (arrayfGH) revealed that ARCHE]
ovengxpression in SWASD trla was not due to amplification of the
ARCET gene (Fig. 100, In contrast, SWaBDtria cells displayed sig-
miflcantly reduced oedliylation of the ARCE promater with an
average methylation level acmoss the 7 Cpl dinucleotides In the
ABCRI promoter of 18,35 in SW4B ftria vi, 3015 in the parental
SWARD cells [Fle. 1E) This indicates thar the ABCET protein
ovemexpression is based on modifications in the epigenetic gene ex-
pression negailation, In accordance o the protein expression data,
no alteration in the ABCCT promoter metiyiation level was de.
tected [data not showmn )

Subsequenthy, we invedigabed the functionality of ABCBET in
SWas0itria cells. Therelore, SWEAD and SW45D{irla cells were
treated with the Auorescent dye Bh123, @ known ABCED sub-
stnite, in codnbination with difefen cobcenl ko of woipamil,
a known ABCET and ABCCY Inhibior, As shown in Fig 28, verapamil
treatment effectively restoned BEh12T acoomulation in SWasifa
cells tothe level of parental celle In accondance, abo in cell via-
bility experimancs the ABCE] inhibitors verapamil and CSA potently
re-sensitized agsing the ABCE] substrate vincristine indicating that
ARCHY s Tully funcrional in SWASONHS cells (Fg 20 Unexpect
edly, co-treatment with the ABCBT Inhibltors did nor Increase the
cytotexicity of triagine neitles in parental SWA80 por in SWA80]
tria cells [Flg 203 In addition, there was no slgnificant difference
in the intracellular triapine accumulation between SW4E0 and
SMHEria cells | Fige 20% Together thege i suggese £hal Trilgine
selaction results in profound vpregulacion of ABCET, However ex-
presslon of this ABC transporter seems not to be the major
mechanism responsibile for registance of SWARNTL c=lls Xains
triapne,

Triapine & o weak substnte for ABCET bt not ABCTT

Thu, lo further clarilfy the doigact of ABCET op Griapine sl si-
ty, (15 cytotodc potential was tested In several MDR cell modets with

kit AR Eransparier averexpreddion. Ae slaw in Fig. T4 and
Tablke 2, AR overex pression in GLE- 4 adr cells had noimpact on
the antlcancer activity of triapine, In contrast, the ICeo walses for
Friapine wepe up o 3-Tokl nceeased in ARCH -ovenispressing cells,
Control experiments using the ABCE1 substranes dowarublin and
vincristine are shown in Supplementary B 54, This Indicates that
high ABCET expression neaulls in wieak ot significant resistance o
triapine. Subseguent competitlon experiments using the ABCE in-
hibitors werapanil and CSA forther confirmed that the weak triagpine-
reszstance of BBC-1 and HEGOvine cells is indeed basad on ABCE1
{Fim 3B} Howewer, overall the impact of ABCET has to be consid
ered as rather weak compared to other ABCBT substrates like
vincrisfine (Supplementary Fis 55, resiglince factor =17 fald and
=22-fold In KBC-1 and HLeD{wine, respect velyh

A b next step, we tested whether riapine influences the #flux
o other ABCB] substrates. Therefore, HL-60 and HL-G0jvine cells
were treated with Bhi 23w combination with warious concentra-
tiong al riapine or vergamil e 4A) In contrst 1o the ABCET
Inhibitor, which potently restared the Rhi23 uptake In HIGDvin:
cells, triapine displaved no effects on the ABCE-meciated efMux
of BEhE 23, In addelition o thess experiments, the impact ol triapine
on the basal ATFase activity was investigated (P 48) While the
ABCBE substrate and ATPase activator verapamil [7 M) led to a pr-
Tenwiid seiim Keti of bagal AT Pasge activity (Tron 12 to 4% nmol Pilamg
procelnfmin, rriapine rreatment |00 150 W) acthaied basal ATPase
Activity only up to 30 nmol Pilmg prooteinfinin, This is i accor-
dance with the results obtained from che cell viabllity assays
indicating that triapine is only a weak ABCE1 substrate,

Short -Feme friepine realiinent Ieads fo mpd aotdvation q'm:
enprassing vin PRI

As almacly shown in Fig 18 short-time treapine treat ment (24 h)
distinctly enhanced ABCE] expression levels in SWAIAD cells. Tliig
wffect was associated with increased ABCE mBNA bevels | Fig 40%
PRL is one of Els main regulators of stress-induced ABCET expres
slon | 26) Therefore, PEC stimulation was investigated on protein
lewved by Westeri blotting, Pz 40 shows that in the parental cell line
increasing concentrations of triapine mesulved in distinetly en-
hanced phosphonylation of PEC e/ Il pan-PEC (B 1l SerG60) and
p-PED, while the twotal PEC bevels remained une hanged, This indi-
cates that short-perm triapine freatment kads oo actvarion of the
PKC sigpaling. Ta further evaluate the Impact of PEC signaling
on ARCIHT expression, the impact of Uhe pan-PEC inhibilor
bisindolydmalelmide | {BIM 1} and PEC P inhibiter enzastaarin was
tested, Combination of triapine with each of the PEC inhibitors sig-
nmifleantly redoced the triapime induced stimulation of ABCET mEMNA
{Fiiz 4E) Comparable results were obtained using a sIRNA mixture
dimected agains multipls PEC jsoforms imcluding o, B, 7, & ¢ 5o,
amnel pi {Fisg, #F) Matably, also i SWEBD{ ra celle {Fig. 401, stamula-
thom off thee PEE pattnamy was observed, wihich was based on elevatad
levels fm bodal FRC, This indicates that rriagioe-resistance develop-
ment mauibed 0 constitubive dctivation of this sknaling patlmway.
Accordingly, BIM | distincely re-sensitlzed SW4800tria cells towand
the ABCE] substrofe vincrstines [Sugplementany Fie 570,

Ttk X

Impact of ABC traneporters on the sctivity of triapine

L2h line Keaiphdy 5D foid respdance Eesstance mechanesm
GLC-d 0 ik - Parencal

GLCAhdr 06 ki, 12 ABROCD

Hl-fdl 18] e - Parental

HL-Alljwine E3 £ 15 ANCEY

KB-3-1 EN 411 - Tarental

KDC-1 an w4 29 ARCEY
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Figg, 1. ABC Imans st e SAAMIA amad Uk e, ot prwessinny off ABCH (A il ABCTT () | o et rat ol e iomBcated ool e parental SWARN,
SNADTI and A0 teaned wWith 0 trlapine B 24 0 was setermined by Westem Bating MU0 and @5 ARCE iwarespressing siline [HLEOo ) v ikl as
praiive conbrols. Motably, the applied riapine dose: sl only minor eflecs on ool prodiferation an thes time poim [Suppiementary Fig. 55, (C) mARA evel of ABCHT wene
determined Iy res-thme POI in pasent ol SWHA1 g the pesstant cell line S04 Relire e pression ws mermsallged b -sciim, wed a5 3 hooseleeping: peie, 5L
Hatieal ity wes rformied by Sdei's | bt [P G001 ), 11 ArTay onin s i geness liybehBaitcn (0] pedile of diraindeods 7wl o GH resles for
wivde ¢hmensome T of SWARTICL Inoompanson o SWER cells av st Facliadon indicaies the position of one oligrm et ide walin this regon. The locaiom o ike
Al gene i indicaied by an anvw, (F) Represemative: pyeoprams obtaned for the target eegion of the AREE promater comaining 7 Cpd dinocdestides in paremal 54480
] SR T e, el P hlighted badicate £l st et oo boveld o Wi © pls diriebadbickes. TosiDiosn 35 se e s conbrl For (e camplegion of Bsallite maodilivarss,
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