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Abstract:  

Cancer cells are characterized by a high proliferation rate and therefore enhanced vulnerability 

due to an excessive need of deoxyribonucleotides. Ribonucleotide reductase (RR) is an 

important enzyme involved in the conversion of ribonucleotides to deoxyribonucleotides. 

Because of this rate-limiting step during DNA de novo synthesis, RR seems to be a suitable 

target for the treatment of cancer. The second subunit R2 of the RR contains a diferric iron 

center stabilizing a tyrosyl radical. With the aim to target this iron center, several different 

classes of iron chelators have been developed in the last decades. The most promising 

candidates of iron chelators belong to the class of thiosemicarbazones. This resulted in the 

clinical evaluation of Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone), which 

showed promising activity in clinical Phase I and II studies against advanced leukemia. In 

contrast, no significant response 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 rapidly acquired drug resistance. 

In this thesis, Triapine-resistant cell models were generated and a cross-resistance profile was 

established. Moreover, the underlying resistance mechanisms were characterized. In addition, 

Triapine derivatives with structural modifications were developed and investigated with respect 

to their structure-activity related anticancer activity as well as their potential to circumvent 

Triapine resistance. 

The data generated during the work of this thesis, clearly depicted that acquired Triapine 

resistance in the human colon cancer cell line SW480 resulted in a massive upregulation of one 

member of the ATP-binding cassette (ABC) transporter family, namely ABCB1. This protein 

is well-known to cause multidrug resistance, affecting also a broad variety of other 

chemotherapeutics. This distinct upregulation in mRNA levels as well as strongly increased 

protein expression of ABCB1 resulted from promoter hypo-methylation rather than gene 

amplification. Although Triapine itself is only a weak ABCB1 substrate, it activates the stress-

responsible protein kinase C which was identified as driver for enhanced mRNA and protein 

expression of ABCB1. Unfortunately, inhibition of ABCB1 did not result in re-sensitizing the 

cells against Triapine leading to the conclusion that increased ABCB1 expression is not the 

main resistance mechanism in Triapine resistance. However, we further uncovered that 

acquired Triapine resistance was paralleled by homozygous deletion of the phosphodiesterase 

4D (PDE4D) gene. PDE4D is the negative regulator in the cyclic adenosine monophosphate 



 

x 

 

(cAMP) pathway. Our data revealed, that not the major downstream target of cAMP, protein 

kinas A (PKA), is the driving resistance against Triapine, but the second effector of cAMP, 

namely exchange protein activated by cAMP (Epac). The activated Epac resulted in activation 

of Ras-related protein 1 (Rap1) and, furthermore, led to altered expression of integrins. 

Inhibition of one of these steps led to robust re-sensitization of the resistant cell line to Triapine. 

In addition, the stepwise methylation of Triapine resulted in eight different derivatives with a 

different mode of action in comparison to the parental drug. Moreover, dimethylation either on 

the terminal amino group or on the pyridine NH2 moiety circumvented Triapine resistance.  

In summary, the data presented in this thesis revealed that - although ABCB1 is not the major 

player in Triapine resistance ï ABCB1 induction has to be considered in clinical practice after 

Triapine failure and for settings of combination therapy. The proposed resistance mechanism 

for Triapine is hyperactivation of the cAMP-Epac-Rap1-integrin signaling axis and, therefore, 

suitable combination strategies have to be considered to overcome Triapine insensitivity of 

solid tumors. Alternatively, the novel synthesized derivatives 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 options. 
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Zusammenfassung: 

Aufgrund der hohen Proliferationsrate von Krebszellen und dem damit verbundenen erhöhten 

Bedarf an Desoxyribonukleotiden wurden gezielte Chemotherapeutika entwickelt, welche die 

Ribonukleotidreduktase inhibieren. Die Ribonukleotidreduktase (RR) ist ein wichtiges Enzym, 

das an der Umwandlung von Ribonukleotiden in Desoxyribonukleotide beteiligt ist. Aufgrund 

dieses limitierenden Schrittes während der DNA de novo-Synthese stellt die RR ein geeignetes 

Ziel für die Behandlung von Krebs dar. Die zweite Untereinheit (R2) der RR enthält ein 

Eisenzentrum, welches einen Tyrosylradikal stabilisiert. Mit dem Ziel, dieser Stabilisierung des 

Tyrosylradikals im Eisenzentrum entgegenzuwirken, wurden in den letzten Jahrzehnten 

mehrere verschiedene Klassen von Eisenchelatoren entwickelt. Die vielversprechendsten 

Kandidaten gehören dabei zur Klasse der Thiosemicarbazone. Dies führte zur klinischen 

Erprobung von Triapin (3-Aminopyridin-2-carboxaldehyd-thiosemicarbazon), das in klinischer 

Phase-I- und II-Studien gegen fortgeschrittene Leukämie vielversprechende Aktivität zeigte. 

Im Gegensatz dazu wurde bei Patienten mit soliden Tumoren keine signifikante Verbesserung 

beobachtet (weder als Einzel- noch Kombinationstherapie). Die Gründe für die Unwirksamkeit 

dieses Chemotherapeutikums sind unbekannt. Eine Möglichkeit könnte eine intrinsische oder 

sehr rasch erworbene Resistenz gegen Triapin sein. 

Während dieser Dissertation wurden triapin-resistente Zellmodelle etabliert und ein 

Resistenzprofil gegenüber verschiedenen klassischen und neuen Chemotherapeutika erstellt. 

Weiters wurde der zugrunde liegende Resistenzmechanismus erforscht. Ebenfalls wurden 

Triapinderivate mit strukturellen Modifikationen synthetisiert, um die Struktur-Wirkbeziehung 

hinsichtlich der Aktivität gegen Krebs zu etablieren. In diesem Zusammenhang wurde weiters 

die Möglichkeit, ein Triapinresistenz zu umgehen, erforscht. 

Die im Rahmen dieser Dissertation erstellten Daten zeigten deutlich, dass die Selektion der 

menschlichen Darmkrebszelllinie SW480 gegen Triapin zu einer massiven Hochregulierung 

der Expression von ABCB1, einem Mitglied der ATP-Bindungskassette (ABC) ï

Transporterfamilie, führt. Dieses Protein ist als sogenanntes Multidrugresistenz bekannt, da 

seine Überexpression eine Resistenz gegenüber vielen verschiedenen Chemotherapeutika und 

anderen kleinmolekularen Arzneimittel bedingt. Die Hochregulierung der mRNA sowie eine 

stark erhöhte Proteinexpression von ABCB1 durch Triapin-Selektion sind auf eine 

Promotorhypomethylierung anstelle einer häufig beobachteten Genamplifikation 

zurückzuführen. Obwohl Triapin selbst nur ein schwaches ABCB1-Substrat ist, wurde die 
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stressabhängige Proteinkinase C aktiviert, welche ebenfalls für die Erhöhung von mRNA und 

Proteinexpression von ABCB1 bekannt ist. Durch die Inhibierung von ABCB1 konnte keine 

nennenswerte Resensibilisierung der Zellen gegen Triapine erreicht werden. Dies legt nahe, 

dass die erhöhte ABCB1-Expression nicht den ausschlaggebenden Mechanismus der 

erworbenen Triapinresistenz darstellt. Interessanterweise, konnten wir eine homozygote 

Deletion des Phosphodiesterase-4D (PDE4D) Gens in unserem Triapinresistenz-Modell 

nachweisen. PDE4D ist ein Negativregulator des zyklischen Adenosinmonophosphat-

Signalwegs (cAMP). Unsere Daten zeigten interessanterweise, dass nicht die cAMP-PKA-Creb 

Signalachse an der Resistenz gegen Triapin beteiligt ist, sondern der zweite Effektor von 

cAMP, nämlich exchange protein activated by cAMP (Epac) aktiviert wird. Epac aktiviert in 

Folge Ras-related protein 1 (Rap1) und dies führt weiter zu einer veränderten Expression von 

Integrinen. Die Inhibierung eines dieser Schritte ist ausreichend, um eine signifikante 

Resensibilisierung der resistenten Zellen gegen Triapin zu induzieren. Zusätzlich wurden acht 

verschiedene Triapinderivate durch schrittweise Methylierung der Aminogruppen synthetisiert 

und auf ihren Wirkmechanismus getestet. Die neu synthetisierten Derivate zeigten eine 

unterschiedliche Wirkungsweise im Vergleich zu Triapin. Ebenfalls konnte mit den 

dimethylierten Substanzen (entweder an der terminalen Aminogruppe oder am Pyridin-NH2) 

die erworbenen Triapinresistenz umgangen werden. 

Zusammenfassend verdeutlicht diese Arbeit, dass die Induktion einer ABCB1 Überexpression 

zwar nicht der wichtigste Mediator einer Triapinresistenz ist, aber in der klinischen Praxis, vor 

allem nach dem Misserfolg von Triapin und bei Kombinationstherapien, berücksichtigt werden 

sollte.  Ein zentraler Resistenzmechanismus von Triapin basiert auf der cAMP-Epac-Rap1-

Integrin-Signalachse und erlaubt die Entwicklung von Kombinationsstrategien, um die 

Unempfindlichkeit von soliden Tumoren gegen Triapin zu überwinden. Die neu synthetisierten 

Derivate von Triapin zeigten zusätzlich vielversprechende Aktivität in verschiedenen 

Tumorzelllinien und konnten die Triapinresistenz umgehen. Daher sollten diese Verbindungen 

für weitere (prä-) klinische Studien als therapeutische Option in Betracht gezogen werden. 
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CHAPTER ONE: INTRODUCTION  

1.1. The history of chemotherapy 

1.1.1. The early steps of chemotherapy 

The term òchemotherapyñ was introduced by Paul Ehrlich in the early 1900s as a combination 

of the words chemical and treatment of disease (DeVita & Chu, 2008). During the First World 

War mustard gas, at this time a commonly used blister agent, was discovered to be a potent 

inhibitor of malignant hematopoiesis (Krumbhaar & Krumbhaar, 1919). Based on these 

findings the effort in research of mustard compounds was intensified. The leading persons in 

the respective research were the two Yale pharmacologists Alfred Gilman and Louis Goodman. 

The most important derivative, nitrogen mustard, was found to lead to a remarkable regression 

of lymphoid tumors in mice (Gilman & Philips, 1946). Due to this finding, Gilman and 

Goodman convinced their colleague Gustaf Lindskog, a thoracic surgeon, to treat patients with 

non-Hodgkinôs lymphoma with nitrogen mustard (Gilman, 1963) (Figure 1). The therapy 

seemed to be very successful but complete remission was never reached and relapse of 

lymphoma occurred (Gilman & Philips, 1946, Goodman, Wintrobe et al., 1946). Moreover, it 

was demonstrated that an alkylating intermediate was responsible for the activity of nitrogen 

mustard, so the mechanism of action was discovered (Chabner & Roberts, 2005). The ñvictoryò 

of nitrogen mustard set off a burst in the development of new alkylating agents such as 

cyclophosphamide and chlorambucil. These substances were used in standard regimens to treat 

lymphoma and leukemia since then. Nevertheless, already in these early steps of treatment of 

cancer, resistance to therapy was observed. Consequently, the effort for other classes of 

chemotherapeutics became more and more important. 
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Figure 1. Development of chemotherapeutics from the beginnings until the 1960s (DeVita & Chu, 2008). 

After the Second World War, Sydney Farber and colleagues investigated disadvantageous 

effects of folic acid in leukemia patients (Farber, 1949). Folic acid, a vitamin essential for purine 

bases and thymine de novo synthesis (Figueiredo, Grau et al., 2009), was discovered to be 

deficient in patients with megaloblastic anemia (Wills, Clutterbuck et al., 1937). This newly 

acquired knowledge led to the synthesis of novel folate antagonists, like aminopterin and 

amethopterin (methotrexate) (Farber & Diamond, 1948) (Figure 1). The first antimetabolites 

were born. Treatment with methotrexate leads to remarkable remission in children harboring 

acute lymphoblastic leukemia (ALL)  (Farber & Diamond, 1948). Moreover, methotrexate was 

proven as anticancer agent in different solid tumors including breast, ovarian, and head and 

neck cancer (Wright, Prigot et al., 1951). In 1958, it was the first time that the germ-cell tumor 

choriocarcinoma was cured with methotrexate (Li, Hertz et al., 1958). In the same year, Osborn 

and Huennekes discovered that the mechanism of action of methotrexate is based on inhibition 

of the dihydrofolate reductase (Osborn, Freeman et al., 1958). Another story of success of 

methotrexate followed a few years later when Emil Frei demonstrated that the combination 

treatment of leucovorin and methotrexate led to extended recurrence-free survival of 

osteosarcoma patients after surgery (Jaffe, Frei et al., 1974, Jaffe, Goorin et al., 1981). This was 

also the first attempt towards the principle of adjuvant therapy. Nowadays, methotrexate is still 

used, for example, as first-line treatment in primary central nervous system lymphoma 

(Kasenda, Ferreri et al., 2015) and as second-line treatment in metastatic squamous cell 

carcinoma of the head and neck (Peyrade, Cupissol et al., 2013). 
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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 drugs, namely 6-thioquanine and 6-

mercaptopurine, which inhibited the adenine metabolism (Elion & Hitchings, 1954, Hitchings 

& Elion, 1954) (Figure 1). Moreover, Charles Heidelberger investigated the first uracil 

pyrimidine analogue tagged with fluorine at the 5-position of the base. This newly synthesized 

drug was called 5-fluorouracil (5-FU) (Heidelberger, Chaudhuri et al., 1957) and is still in use 

as standard treatment of colorectal cancer (Glynne-Jones, Nilsson et al., 2014). The next 

milestone was the discovery of plant alkaloids from Vinca rosea as potential inhibitors of tumor 

proliferation in leukemia and Hodgkinôs disease by the Eli Lilly group during an antidiabetics 

screening in the late 1950s (Johnson, Armstrong et al., 1963) (Figure 2). About ten years later 

the mechanism of action was described by the binding to tubulin dimers during mitosis which 

leads to inhibition of microtubule polymerization and arresting of the cells in mitotic metaphase 

(Bensch & Malawista, 1968). 

The introduction of the ñCell Killò hypothesis by Skipper and the resulting concept that a certain 

drug dosage kills a certain proportion of tumor cells and not a constant number, favors the use 

of repeated and more aggressive chemotherapeutics (Skipper, Schabel et al., 1964). Ultimately, 

this was also the start of the combinations of anticancer drugs with different modes of action. 

The first clinically used combination therapy was developed by Holland, Frei and Freireich for 

the treatment of ALL. This regimen called VAMP was composed of vincristine (Vinca 

alkaloid), amethopterin (methotrexate, antimetabolite), 6-mercaptopurine (purine analogue) 

and prednisone (corticosteroid) and increased the long-term remission of childhood ALL (Frei, 

1963, Freireich, 1964). Furthermore, DeVita and colleagues uncovered that the combination of 

vincristine, prednisone, nitrogen mustard and procarbazine (called MOPP regimen) was able to 

cure Hodgkinôs and non-Hodgkinôs lymphoma, which was fatal until this discovery was made 

(Devita, Serpick et al., 1970, Moxley, De Vita et al., 1967). Nowadays, nearly all administered 

regimens use multiple chemotherapeutics. 

In the mid-1960s, the natural product classes taxanes (1964) and camptothecins (1966) were 

discovered as potent anticancer agents (Chabner & Roberts, 2005). The antimitotic drug 

paclitaxel (taxol) stabilizes the microtubules and thereby inhibits their disassembling (Barbuti 

& Chen, 2015). After teething problems like difficulties to chemically synthesize, virtual 

insolubility and hypersensitivity reactions (Chabner & Roberts, 2005), paclitaxel is nowadays 
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a very important chemotherapeutic used in locally advanced breast cancer (Formenti, Volm et 

al., 2003) and head and neck squamous cell carcinoma (Sunwoo, Herscher et al., 2001). Also 

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 urine hence causing kidney damage 

(Chabner & Roberts, 2005). Camptothecins acts as topoisomerase I inhibitors via binding to 

topoisomerase I, stabilizing the enzyme and preventing DNA re-ligation which results in 

apoptosis (Afzal, Kumar et al., 2015, Redinbo, Champoux et al., 2000). In 1996, Irinotecan, a 

camptothecin analogue, was approved for the treatment of colorectal carcinoma (Saltz, Cox et 

al., 2000) and a few years later also for lung (Noda, Nishiwaki et al., 2002) and ovarian cancer 

(Bodurka, Levenback et al., 2003). Beside the topoisomerase I inhibitors, also topoisomerase 

II inhibitors have been developed. Topoisomerase II plays an important role in DNA 

unwinding, e.g. during repair and transcription (Canel, Moraes et al., 2000). The most important 

inhibitors belong to the group of podophyllotoxins like etoposide and teniposide (Damayanthi 

& Lown, 1998, Gordaliza, Garcia et al., 2004) and are used for the treatment of several types 

of cancer, such as small cell lung cancer (Slevin, Clark et al., 1989) and ovarian cancer 

(Gounaris, Iddawela et al., 2015). 

 

Figure 2. Development of chemotherapeutics from the mid-1960s until now (DeVita & Chu, 2008). 

Another story of success was 1965 the discovery of diamminedichloroplatinum (II) (cisplatin) 

by Barnett Rosenberg from the Michigan State University. Actually, Rosenberg worked on the 

influence of alternating current on the bacteria Escherichia Coli and therefore he used platinum 

electrodes. He observed that free platinum ions formed soluble complexes, particularly the cis-

diamminedichloroplatinum (II), which inhibited bacterial growth (Rosenberg, Vancamp et al., 
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1965). Based on several consecutive studies, it turned out that only cis isomers of platinum 

complexes showed a potent anticancer activity but not the trans isomers (Rosenberg, Van Camp 

et al., 1967). The most effective compound diamminedichloroplatinum (II) had remarkably 

positive effects by inducing tumor shrinkage in rat sarcoma (Rosenberg, VanCamp et al., 1969) 

and was approved by the Food and Drug Administration (FDA) for testicular and ovarian cancer 

in 1978 (Bosl, Gluckman et al., 1986). Following this, a less nephrotoxic cisplatin derivative, 

namely carboplatin, was developed by the group of Eve Wiltshaw at the Institute of Cancer 

Research in the United Kingdom (Evans, Raju et al., 1983). During this time, nitrosoureas, 

alkylating DNA-crosslinking agents, were synthesized for the first time by the group of John 

Montgomery from the Southern Research Institute (Montgomery, 1976). Because of their 

lipophilicity, nitrosoureas were able to pass the blood-brain barrier and, therefore, these 

substances were used to treat patients with glioblastoma multiforme (Walker & Hurwitz, 1970, 

Wilson, Boldrey et al., 1970). Furthermore, in 1968 the same group developed the novel purine 

analogue fludarabine phosphate (Fludara), which is still used for the treatment of patients with 

chronic lymphocytic leukemia (Rai, Peterson et al., 2000).  

An additional group of anticancer drugs are the cytotoxic antibiotics. This class has a long 

history back to the early 1950s and the most prominent members are actinomycin D, bleomycin, 

mitomycin C and the anthracyclines. Actinomycin D, an intercalating agent, was the first 

antibiotic substance with profound anticancer activity (Hollstein, 1974). First described in 

1949, it was approved 15 years later by the FDA and is used for rhabdomyosarcoma (Khatua, 

Nair et al., 2004) and Ewing sarcoma (Jaffe, Paed et al., 1976). Bleomycin was discovered as 

an anticancer agent by the Japanese researcher Hamao Umezawa in 1966, and three years later, 

it was launched at the Japanese market. In the mid-1950s, mitomycin C was discovered in Japan 

by Hata and colleagues and was mainly used for the treatment of bladder cancer (Zargar, Aning 

et al., 2014). Whereas bleomycin intercalates into the DNA and induces DNA strand breaks, 

mitomycin C acts as an alkylating agent leading to DNA crosslinking. The first developed 

anthracyclines were daunorubicin (Daunomycin) and doxorubicin (Adriamycin) isolated from 

the bacteria Streptomyces peucetius. Both drugs are used for treating patients with 

hematological malignancies (Raut, 2015, Vallumsetla, Paludo et al., 2015), while doxorubicin 

is furthermore clinically approved for treatment of different types of solid tumors (Rochette, 

Guenancia et al., 2015). Some other members of this group are epirubicin (Pharmorubicin), 

valrubicin (Valstar) and mitoxantrone (Novantrone). Valrubicin is only used for the treatment 

of bladder cancer (Newling, 2001), whereas epirubicin is additionally approved for breast 
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cancer (Geffen & Man, 2002). Mitoxantrone, an anthracycline analogue, is mostly employed 

for treating patients with metastatic breast cancer (Kumpulainen, Hirvikoski et al., 2008) and 

prostate cancer (Hussain, Rathkopf et al., 2015). 

Beside their role as anticancer drugs many substances are also approved for non-neoplastic 

disease like rheumatoid arthritis (methotrexate) (Woodworth & den Broeder, 2015), Wegenerôs 

granulomatosis (cyclophosphamide) (Guidelli, Tenti et al., 2015) and multiple sclerosis 

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

The whole concept of chemotherapy is limited by one central problem: the toxicity of the drugs 

also affects non-malignant tissues and, hence, induces adverse effects. Short- and long-term 

toxicity was and is one of the major hurdles for successful treatment of cancer patients by 

chemotherapeutic regimens. For instance, bone-marrow suppression and the resulting lethality 

was significantly diminished by platelet transfusion discovered by Freireich and colleagues 

(Freireich, Schmidt et al., 1959, Gaydos, Freireich et al., 1962). Additionally, also the long-

term adverse effects on lung, heart and reproductive organs posed a major problem in the past 

and still  do so today (Burstein & Winer, 2000). Therefor the search for alternative strategies for 

systemic cancer treatment options with less severe side effects is still ongoing. 

 

1.1.3. Beginning of the targeted therapy era 

Although, in the early 1980s, the development of novel anticancer drugs stagnated, the 

possibility for discovering innovative targets rose due to improvements of screening 

technologies (cell viability assays and automated high-throughput screening) as well as 

sequencing methods and the development of transgenic animals (Mosmann, 1983, Paull, 

Shoemaker et al., 1989). These new methods resulted in an improved understanding of cell 

biology with an advanced knowledge of signaling cascades. In cancer, many of these signaling 

pathways are altered by mutations of oncogenic drivers that occur in serine/threonine and 

tyrosine kinases (Yates & Campbell, 2012). Researchers attempted to restore the ñnormalò 

function of the network by specifically targeting these mutations. The goal of this so-called 

targeted therapy is to only target cancer cells, thereby reducing adverse effects, in contrast to 

ñtraditional chemotherapyò which interferes with all rapidly dividing cells. Novel classes of 

chemotherapeutic agents emerged, like small molecule inhibitors and monoclonal antibodies. 

Small molecule inhibitors bind to the ATP site of a kinase, thereby inhibiting the respective 
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downstream signaling. In contrast, monoclonal antibodies act by interfering with the receptor-

ligand interaction, protein disruption and activation of the immune system (Baudino, 2015). 

The story of successful ñtargeted cancer therapyò started in the 1990s with the development of 

imatinib (Glivec, Gleevec) by Novartis (Figure 2). Imatinib is a small molecule tyrosine kinase 

inhibitor used as first-line therapy in patients with BCR-ABL-positive chronic myelogenous 

leukemia (CML) by inhibiting the abl-kinase (Druker, Guilhot et al., 2006, Druker, Talpaz et 

al., 2001). Additionally, further studies revealed that imatinib inhibits also the platelet derived 

growth factor receptor-ɓ (PDGFRɓ) and c-kit receptor tyrosine kinases (RTK), which resulted 

in the approval for treatment of gastro intestinal stromal tumors (GISTs) (Iqbal & Iqbal, 2014). 

Another promising small molecule inhibitor, namely gefitinib (Iressa), inhibits the epidermal 

growth factor receptor (EGFR). Gefitinib is a competitive inhibitor of the ATP-binding site of 

EGFR and was approved by the FDA for non-small cell lung cancer (NSCLC) harboring an 

activating EGFR mutation in 2003 (Kris, Natale et al., 2003). An additional class of anticancer 

agents entered the clinics called monoclonal antibodies (Figure 2). For example, cetuximab 

(Erbitux) is able to bind the extracellular domain of EGFR and, consequently, blocks the 

intracellular signaling cascade. Erbitux was approved by the FDA for colon cancer therapy in 

2003 (Cunningham, Humblet et al., 2004) and for treatment of head and neck squamous cell 

carcinoma in 2006 (Bonner, Harari et al., 2006). Trastuzumab (Herceptin) is a monoclonal 

antibody directed against HER2/neu receptor of the EGFR family. It was approved in 1998 and 

nowadays is used for the treatment of HER2-positive breast cancer patients (Hudis, 2007). 

Already in 1971, Folkman and colleagues claimed that neoangiogenesis is an important step in 

cancer development for proliferation and metastasis and inhibition of this process would 

represent an attractive strategy for tumor-specific anticancer therapy (Folkman, 1971). 

Therefore, several small molecule inhibitors (e. g. sunitinib, sorafenib) and monoclonal 

antibodies against PDGF and VEGF (vascular endothelial growth factor) have been developed. 

Whereas endostatin failed in clinical trials, bevacizumab (Avastin), a monoclonal antibody 

against VEGF, showed to be effective in the treatment of colorectal cancer and was therefore 

approved as standard chemotherapy in 2004 (Hurwitz, Fehrenbacher et al., 2004). Moreover, 

bevacizumab was also approved in 2006 as first-line chemotherapy in advanced non-small cell 

lung cancer in combination with carboplatin/paclitaxel (Sandler, Gray et al., 2006) and in 2009 

for renal cell carcinoma (Rini, 2007). Furthermore, the small-molecule tyrosine kinase inhibitor 

sunitinib (Sutent) is also approved for treating patients with renal cell carcinoma and imatinib-
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resistant GISTs (Gotink & Verheul, 2010). The special feature of sunitinib is that it was the first 

drug approved for both indications simultaneously. Sorafenib (Nexavar) is currently approved 

for the treatment of renal cell carcinoma like sunitinib and in addition also for hepatocellular 

carcinoma, due to its Raf serine kinase inhibitory function (Llovet, Ricci et al., 2008). 

The latest groundbreaking discovery is the development of the so-called immune checkpoint 

inhibitors including the so far approved compounds ipililumab and nivolumab and 

pembrolizumab. This class of monoclonal antibodies is directed against T-cells instead of tumor 

cells. Ipililumab is a cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) inhibitor (Hodi, 

O'Day et al., 2010), whereas nivolumab and pembrolizumab are specific inhibitors for 

programmed death-1 (PD-1) receptor (Ribas, 2012). Both receptors are expressed on cytotoxic 

T lymphocytes and usually have a key role in the inactivation of cytotoxic T-cells by immune 

regulatory cells to prevent autoimmunity. Besides regulatory immune cells like Treg or 

myeloid-derived suppressor cells (MDSC), tumor cells also might express the respective 

ligands (e.g. PD-L1 or B7) to protect themselves against cytotoxic T-cells. The clinically used 

antibodies prevent the ligand-receptor binding and therefore the T-cell inactivation which 

results in preserved cytotoxic activity against the tumor cells (Postow, Callahan et al., 2015). 

Ipililumab was the first approved monoclonal antibody targeting T-cells in melanoma (Hodi et 

al., 2010). It is currently in several clinical trials for the treatment of prostate cancer (Jochems, 

Tucker et al., 2014, Kwon, Drake et al., 2014, Slovin, Higano et al., 2013) and lung cancer 

(Lynch, Bondarenko et al., 2012, Reck, Bondarenko et al., 2013). Nivolumab, pembrolizumab 

and atezolizumab, an anti-PD-L1 antibody, are approved for treating patients with advanced 

melanoma (as single treatments or in combination with ipililumab), non-small cell lung cancer, 

renal cell carcinoma, bladder cancer, Hodgkinôs lymphoma and head and neck squamous 

carcinoma (Alsaab, Sau et al., 2017, Dine, Gordon et al., 2017) (Table 1).  
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Table 1. Immune checkpoint inhibitors approved by the FDA (Aich, Ritchie et al., 1998). 

 

CTLA-4éCytotoxic T lymphocyte associated-4, NSCLCéNon-small cell lung cancer, RCCéRenal cell 

carcinoma, PD-1éProgrammed cell death protein 1, PD-L1éProgrammed cell death ligand-1, 

SCCHNéSquamous cell carcinoma of the head and neck 
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1.2. Targeting iron in chemotherapy 

1.2.1. Iron and its role 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 iron-containing enzymes such as catalase and lipoxygenase (Lawen 

& Lane, 2013). Moreover, depending on the redox status, iron is capable of switching between 

its divalent (Fe(II)) and trivalent (Fe(III)) configurations. This ability enables iron to easily gain 

or lose electrons and participate in redox reactions such as the Haber-Weiss and Fenton reaction 

(Figure 3) producing reactive oxygen species (ROS) (Kehrer, 2000). This leads to the formation 

of the highly reactive hydroxyl radical (OHĘ) inducing apoptosis via mitochondrial damage, 

lipid peroxidation and DNA oxidation (Jomova, Vondrakova et al., 2010). To avoid generation 

of ROS and consequently oxidative stress, free iron is bound to the transport protein transferrin 

in its soluble form and is further stored intracellularly within ferritin (Richardson & Ponka, 

1997). As a consequence of deregulated iron homeostasis and an excessive amount of free iron, 

numerous different diseases can occur, including cardiovascular diseases, diabetes mellitus, 

neuro-degenerative disorders and cancer (Merlot, Kalinowski et al., 2013). 

 

1.2.2. Iron and cancer 

Tumor cells are characterized by high proliferation rates and therefore are very susceptible for 

iron deprivation. The underlying reason is that iron plays a very important role during DNA de 

novo synthesis (Hoffbrand, Ganeshaguru et al., 1976). The rate-limiting step within this 

reaction is catalyzed by ribonucleotide reductase (RR) (Yu, Wong et al., 2006). RR is 

responsible for the conversion of ribonucleotides to their respective 2ô-deoxyribonucleotides 

(Figure 4) (Kolberg, Strand et al., 2004). It is a heterodimeric tetramer composed of two 

subunits, namely R1 and R2. The R1 subunit comprises the allosteric sites facilitating enzyme 

activity and substrate specificity, whereas R2 contains a diferric iron center each stabilizing a 

Fe
2+

 + H
2
O
2
 Ą Fe

3+

 + OHĘ + OHĖ (Fenton reaction) 

O
2
ĘĖ + H

2
O
2
 Ą O

2
 + OHĘ + OHĖ (Haber-Weiss reaction) 

                                            (Fe catalyst) 

Figure 3. Important cellular reactions catalyzed by iron. 
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tyrosyl radical (Kolberg et al., 2004). Overexpression of the R2 subunit in different cancer types 

has been observed, for example gastric, ovarian and colorectal cancer (Liu, Zhang et al., 2013, 

Lu, Feng et al., 2012, Morikawa, Hino et al., 2010, Wang, Lij et al., 2012). Moreover, a novel 

p53R2 subunit of RR has been recently discovered, which is connected to and activated by p53-

dependent DNA-damage response (Tanaka, Arakawa et al., 2000). To trigger iron depletion in 

cancer leading to (ribonucleotide-depleted) cell cycle arrest and apoptosis different iron 

chelators have been developed.  

 

Figure 4. Mechanism of action of ribonucleotide reductase in E. coli (Kolberg et al., 2004). 
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1.3. The development of iron chelators 

1.3.1. Desferrioxamine (Desferal®, DFO) 

The hexadentate siderophore DFO (Figure 5) has been isolated from the actinobacteria 

Streptomyces pilosus (Schupp, Toupet et al., 1988). Due to its chelating abilities, DFO is able 

to bind free iron, and it inhibits iron uptake and fosters iron release in many cell types (Darnell 

& Richardson, 1999, Yuan, Lovejoy et al., 2004). However, DFO is not taken up by cells and 

therefore chelates extracellular iron pools, only. Therefore, it is clinically used for patients with 

iron-overloaded diseases as well as standard treatment for ɓ-thalassemia major (Brittenham, 

2003). 

Figure 5. Structure of DFO. 

In the 1980s it was demonstrated for the first time that DFO shows promising anticancer effects 

both against leukemia cell lines (Kontoghiorghes, Piga et al., 1986) and in the clinical setting 

(Estrov, Tawa et al., 1987). Remarkable results were also observed in neuroblastoma patients 

(Donfrancesco, Deb et al., 1990), whereas clinical studies treating children with neuroblastoma 

failed to produce any response (Blatt, 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 neuroblastoma patients 

(Donfrancesco, De Bernardi et al., 1995). The limiting factors for DFO in clinical use are the 

above mentioned poor membrane permeability and short plasma half-life time of about 12 

minutes (Kalinowski & Richardson, 2005). Therefore, more potent iron chelators with 

increased efficacy, reduced toxicity, less side effects, and an 

improved half-life time as well as membrane permeability were 

synthesized. One very recently developed drug for treatment of 

iron overloading diseases is 4-[3, 5-bis-(hydroxyphenyl)-1, 2, 4-

triazol-1-yl] -benzoic acid (EXJADE®, Deferasirox) from 

Novartis (Figure 6) (Cappellini & Taher, 2009). There are first 

hints, that Deferasirox had potential anticancer activity in 

hepatoma, myeloid leukemia, and lymphoma (Chantrel- Figure 6. Structure of Deferasirox. 
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Groussard, Gaboriau et al., 2006, Lescoat, Chantrel-Groussard et al., 2007, Ohyashiki, 

Kobayashi et al., 2009, Vazana-Barad, Granot et al., 2013). Furthermore, remarkable growth-

inhibitory effects were observed in small cell lung cancer and esophageal tumor xenografts in 

mice (Ford, Obeidy et al., 2013, Lui, Obeidy et al., 2013). In addition, it has been reported that 

Deferasirox induces complete remission in chemo-resistant acute monocytic leukemia patients 

(Fukushima, Kawabata et al., 2011). Another advantage of Deferasirox is the better tolerability 

in adults and children as well as less severe side effects compared to DFO (Cappellini, Cohen 

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

 

1.3.2. Thiosemicarbazones 

To improve bioavailability and half-life time, several different classes of iron chelators have 

been developed. Among all these, the most promising compounds belong to the class of 

thiosemicarbazones (Figure 7). Already in 1946, thiosemicarbazones were found to show 

promising activity against the Mycobacterium tuberculosis and the vaccinia virus (a member of 

the poxvirus family). Ten years later, in 1956, Brockman discovered the antineoplastic potential 

of thiosemicarbazones, namely 2-formylpyridine thiosemicarbazone (Figure 8), which showed 

antileukemic activity in mice (Brockman, Thomson et al., 1956). Further structure-activity 

studies revealed that the N,N,S-motif, forming a tridentate complex with iron, was necessary to 

form an active compound (French & Blanz, 1966). Moreover, to possess biological activity the 

heterocyclic nitrogen has to be in Ŭ-position. Based on these findings several other Ŭ-N-

heterocyclic thiosemicarbazones were synthesized. In 1970, French et al. discovered the 

promising compound 5-hydroxy-2-formylpyridine thiosemicarbazone (5-HP; Figure 8) (Blanz, 

French et al., 1970, French, Blanz et al., 1970), which was the first thiosemicarbazone evaluated 

in clinical studies. However, due to severe side effects (gastrointestinal and hematological 

toxicity) and rapid detoxification by glucuronidation, 5-HP was withdrawn from clinical studies 

(DeConti, Toftness et al., 1972, Krakoff, Etcubanas et al., 1974). To overcome these limitations, 

Sartorelli and his group synthesized a series of derivatives of 5-HP in the 1990s. One of these 

Figure 7. General structure of thiosemicarbazones. 



 

14 

 

compounds was the amino substituted substance 3-aminopyridine-2-carboxyaldehyde 

thiosemicarbazone (Triapine, 3-AP; Figure 8) which turned out to be more active than 5-HP in 

murine leukemia L1210 bearing mice (Liu, Lin et al., 1992).  

Triapine is the most prominent and best studied member of the class of thiosemicarbazones so 

far. The mode of action of Triapine seems to be cell cycle inhibition due to its RR inhibitory 

effect and the following rapid cessation of DNA synthesis (Lin, Lee et al., 2011), but the 

specific mechanism behind it is still unknown so far. Recently, it has been proposed that 

Triapine induces DNA double-strand breaks, as already shown in the clinically approved 

ribonucleotide reductase inhibitor hydroxyurea, therefore leading to replication stress (Fugger, 

Chu et al., 2013, Ishiguro, Lin et al., 2014). Triapine exhibited a more potent antitumor activity 

in L1210 cells both in vitro and in vivo compared to hydroxyurea (Finch, Liu et al., 2000, Finch, 

Liu et al., 1999). Moreover, hydroxyurea-resistant cells were shown to be sensitive against 

Triapine suggesting an alternative mechanism of action (Finch et al., 1999).  

Although, several clinical phase I/II studies of Triapine whether as single agent or in 

combination were conducted, promising results were only obtained for hematological diseases 

but not for solid tumors (Table 2). The reason for this lack of efficacy is currently unknown, 

but one explanation could be an already existing intrinsic or very rapidly acquired resistance 

phenotype against Triapine. To improve activity and reduce adverse effects of Triapine, several 

structural modifications have been performed. The most 

impressive alteration regarding cytotoxicity is the 

replacement of the NH2 group by dimethylation on the 

terminal site. This so-called ñterminal dimethylationò leads to 

an increase in cytotoxicity by a factor of about 1000 in 

comparison to Triapine (Kowol, Trondl et al., 2009). Further 

investigations on structure-activity relationship led to the 

development of the di-2-pyridylketone thiosemicarbazones 

Figure 9. Structure of di-2-

pyridylketone-4, 4-dimehtyl-3-

thiosemicarbazone (Dp44mT). 

2-formylpyridine 

thiosemicarbazone 

5-HP Triapine 

Figure 8. Structural evolution of Triapine. 
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(DpT). One of these is di-2-pyridylketone-4, 4-dimethyl-3-thiosemicarbazone (also called 

Dp44mT; Figure 9). The potentiation of the antineoplastic effect of Dp44mT is not solely 

explained by the introduction of the two methyl-groups but also the removal of the 3-amino 

group from the pyridine ring (Kowol et al., 2009). Interestingly, the monomethylated 

counterpart, namely Dp4mT, shows cytotoxic activity comparable to Triapine (Ishiguro et al., 

2014). While cell-killing by Triapine needs about 16 hours of drug exposure time, Dp44mT 

showed robust cell-kill after only 1 hour of incubation (Ishiguro et al., 2014). Nevertheless, 

Dp44mT was characterized by a marked increase in antitumor activity in comparison to DFO 

in SK-Mel-28 melanoma and MCF-7 breast cancer cells as well as in in vivo studies of mouse 

lung carcinoma cells (Yuan et al., 2004). 
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Table 2. Triapine in clinical trials (adapted from (Mannargudi & Deb, 2017)). 

 
CRécomplete response, HIéhematologic improvement, ORéobjective response, OSéoverall survival (in 

month), PFSéprogression-free survival (in month), PRépartial response, RRéresponse rate, SDéstable 

disease, TTPétime to progression 
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1.4. Resistance mechanisms 

The major drawback of cancer treatment is the development of therapy resistance. The two 

main categories of treatment resistance are intrinsic and acquired resistance. Whereas intrinsic 

resistance pre-exists before the treatment starts, acquired resistance arises during or after 

therapy based on adaptation or selection of pre-existing therapy-refractory cancer cell subclones 

(Longley & Johnston, 2005). A variety of pharmacokinetic and pharmacodynamic properties 

can be involved in anticancer drug resistance. Drug 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 development and leads to reduced 

half-live in plasma resulting in faster clearance of the drug accompanied with lower toxicity 

(Holohan, Van Schaeybroeck et al., 2013). In addition, pharmacodynamic properties like 

genetic alterations in pro-survival and anti-apoptotic pathways, increased DNA damage repair 

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

chemotherapeutic agent (Holohan et al., 2013) (Figure 10). 

 

Figure 10. General drug resistance mechanisms (Holohan et al., 2013). 

 

In order to survive, cancer cells may harbor diverse deregulated apoptotic pathways. On the one 

hand, tumors frequently overexpress anti-apoptotic proteins like Bcl-2 and cFLIP (Igney & 

Krammer, 2002, Wilson, McLaughlin et al., 2007). It has been reported that chromosomal 

translocations and amplifications of the BCL-2 gene as well as increased protein expression was 

found in several types of tumors such as non-Hodgkinôs lymphomas and small cell lung cancer 

(Ikegaki, Katsumata et al., 1994, Monni, Joensuu et al., 1997, Tsujimoto, Cossman et al., 1985). 

On the other hand, expression of pro-apoptotic family members like Bax might be decreased, 
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resulting in loss of the respective tumor suppressor function. Homozygous deletions and 

mutations are the predominant reasons for Bax inactivation in colon cancer and hematopoietic 

malignancies (Meijerink, Mensink et al., 1998, Rampino, Yamamoto et al., 1997).  

Additionally, several signaling pathways promoting cell survival and drug resistance are altered 

in cancer cells. For instance, phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) 

activation is one of the most frequently observed alterations found in tumors (Toker & Yoeli-

Lerner, 2006). Furthermore, also the mitogen-activated protein kinase (MAPK) pathway is 

found to be constitutively activated via overexpression or activating mutations of the receptor, 

sustained production of ligands and/or oncogenic mutations in RAS or RAF (Dhillon, Hagan et 

al., 2007) in many different cancer types including melanoma, colorectal cancer, thyroid cancer 

and ovarian cancer (Davies, Bignell et al., 2002, Fransen, Klintenas et al., 2004, Libra, 

Malaponte et al., 2005). More recently it has been investigated that also integrins play an 

important role in cell survival and chemotherapy resistance (Damiano, 2002) by regulating 

directly the PI3K/Akt and MAPK pathways (Danen, 2005). 

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

by several different classes of anticancer drugs. For example, platinum drugs induce direct 

DNA damage, whereas anthracyclines act indirectly by producing reactive oxygen species and 

inhibiting topoisomerase (Bouwman & Jonkers, 2012). The most important tumor suppressor 

gene in this context is p53, also called the guardian of the genome. p53 has a pivotal role in 

regulating cell cycle checkpoints as well as apoptosis during DNA damage response (Enoch & 

Norbury, 1995, Fan, el-Deiry et al., 1994). Therefore, in many different cancer types, p53 is 

mutated and associated with chemotherapy resistance (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(ADP-ribose) polymerase 1 (PARP1), a 

single strand break repair enzyme, in ovarian and breast cancer tumors harbouring a BRCA1 or 

BRCA2 mutation (Farmer, McCabe et al., 2005). Furthermore, mismatch repair (MMR) is a 

DNA repair mechanism and therefore crucial for maintenance of genomic integrity. 

Hypermethylation of MLH1, a key enzyme in MMR, was investigated to cause cisplatin and 

carboplatin resistance (Holohan et al., 2013). Moreover, also nucleotide excision repair (NER) 

is linked to platinum resistance. Overexpression of excision repair cross-complementing 1 

(ERCC1), a protein participating in DNA repair and DNA recombination during NER, is 

strongly associated with poor prognosis of several different tumor types, including colorectal 
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cancer, non-small cell lung cancer and ovarian cancer (Bohanes, Labonte et al., 2011, Colombo, 

Fabbro et al., 2014, Lord, Brabender et al., 2002). In contrast, high sensitivity of testicular 

cancer to cisplatin treatment is associated with a deficiency in ERCC1 (Usanova, Piee-Staffa et 

al., 2010). 

In addition to overcome apoptosis and circumvent DNA damage, the transport of the anticancer 

agent into the target cell is a very broad field of chemotherapeutic research. Resistance as a 

result of altered drug transport itself can be divided in two major mechanisms: first in decreased 

or impaired drug uptake; second in enhanced drug efflux (Gottesman et al., 2002). Diminished 

drug uptake is mostly associated with altered water-solubility of these drugs, whereas increased 

drug efflux is almost always associated with amplified expression of ATP-binding cassette 

transporters (Szakacs, Paterson et al., 2006). The mechanism most commonly investigated is 

the increased efflux of several different chemotherapeutics in these transporters (in more detail 

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

Tumor cells often become resistant not only against the selection compound but a broad array 

of chemotherapeutic agents, this phenomenon is called multidrug resistance (MDR) (Gottesman 

et al., 2002). Key players and therefore also responsible for this unwanted effect are in the most 

cases members of the ATP-binding cassette (ABC) transporter family (Szakacs et al., 2006). 

ABC transporters can be divided in seven subfamilies with a total 48 members (Cole, 2014) 

(Table 3).  

Table 3. Human ABC gene family. 

Subfamily 
Number of 

genes 

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 eukaryotes and prokaryotes 

as well as plants (Vasiliou, Vasiliou et al., 2009). For their ability to export drugs against a 

concentration-gradient, ABC transporters need ATP, hence representing a so-called active 

transport (energy-dependent). All ABC  transporters consists of the trans-membrane domains 

! 

. 

/ 

Figure 11. Structure of ABC transporters. A) ABCB1, 

ABCB11. B) ABCC1, ABCC2, ABCC3, ABCC6, C) ABCG2 

(Gottesman, Fojo et al., 2002). 
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(TMD) and nucleotide-binding domains (NBD) (Rice, Park et al., 2014). The core unit of ABC 

transporters consists of two TMDs and two NBDs (Figure 11). TMDs are responsible for 

substrate recognition and translocation, whereas NBDs bind and hydrolyse ATP (Choi & Yu, 

2014, Kunjachan, Rychlik et al., 2013). Some ABC transporters, like ABCG2, are so-called 

half transporters (Figure 11), indicating that the respective ABC gene encodes only for one 

TMD and one NBD. For functionality they dimerize to form the above-mentioned core unit 

(McDevitt, Collins et al., 2006). The precise molecular mechanism underlying the 

ABC-transporter transport function is not fully understood yet. Currently, it is known that 

binding of a substrate to the TMDs results in subsequently binding of ATP to the NBDs. There, 

ATP is hydrolyzed to ADP and Pi which further leads to a conformational change and the 

substrate is released into the extracellular space followed by restoration of the initial 

conformation state (Figure 12) (Jones & George, 2014).  

 

 

Figure 12. Mode of action of ABC transporters (Chen, Shi et al., 2016). 

Beside their role in multidrug resistance, their pivotal physiological role is protection against 

toxic substances and therefore they are ubiquitously expressed in the human body especially in 

potentially toxin-exposed epithelia. They transport a variety of substrates, including peptides, 

metal ions and hydrophobic compounds as well as metabolites, across cell membranes. Due to 

this fact, mutations in ABC transporters are linked to severe inherited diseases (Table 4), 

including Tangier disease T1 and retinitis pigmentosa (Albrecht & Viturro, 2007), coeliac 

disease and type 2 diabetes (Vasiliou et al., 2009), Dubin-Johnson syndrome (Nies & Keppler, 

2007) and progressive familial intrahepatic cholestasis type 2 (Strautnieks, Bull et al., 1998).  



 

22 

 

Table 4. ABC-transporters and human diseases (adapted from (Ueda, 2011)). 

ABC-transporters and hereditary diseases 

Gene Phenotype, disease/ function 

ABCA subfamily 

ABCA1 

ABCA3 

ABCA4 

ABCA12 

ABCA13 

HDL deficiency/ cholesterol and phospholipid efflux 

Pulmonary surfactant deficiency in newborns 

Stargardt disease 1 

Harlequin ichthyosis 

Schizophrenia, bipolar disorder, depression 

ABCB subfamily 

ABCB1 

ABCB2 

ABCB3 

ABCB4 

ABCB7 

ABCB11 

Multidrug resistance in cancer/export of xenobiotics 

Behçet's disease/antigen peptide transport into ER lumen 

Behçet's disease/antigen peptide transport into ER lumen 

Intrahepatic cholestasis/secretion of phosphatidylcholine into bile 

Sideroblastic anemia/transport of iron-sulfate complexes into mitochondria 

Intrahepatic cholestasis/export of bile acid 

ABCC subfamily 

ABCC1 

ABCC2 

ABCC6 

ABCC7 

ABCC8 

Multidrug resistance in cancer/export of xenobiotics 

Dubin-Johnson syndrome/export of bilirubin 

Pseudoxanthoma elasticum 

Cystic fibrosis/Cl- channel 

PHHI/ATP sensitive K+ channel regulator in pancreatic ɓ-cells 

ABCD subfamily 

ABCD1 

ABCD2 

Adrenoleukodystrophy/peroxysomal transport of very long fatty acid 

Adrenoleukodystrophy/peroxysomal transport of very long fatty acid 

ABCG subfamily 

ABCG2 

ABCG5 

ABCG8 

Gout/export of uric acid 

Sitosterolemia/export of phytosterols 

Sitosterolemia/export of phytosterols 

 

In their protective function, ABCB1 and ABCG2 are highly expressed in the blood-brain barrier 

to prevent the central nervous system from toxins penetrating across the endothelium (Schinkel, 

Wagenaar et al., 1996, Tournier, Goutal et al., 2017, Xie, Hammarlund-Udenaes et al., 1999). 
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Furthermore, the ABCC subfamily is involved in the efflux of metabolic waste products across 

the blood-cerebrospinal-fluid barrier into the bloodstream (Rao, Dahlheimer et al., 1999). In 

the blood-placental barrier both ABCC and ABCG2 transporters are localized (Jonker, Smit et 

al., 2000, Maliepaard, Scheffer et al., 2001). Moreover, ABC transporters are also localized 

also in the gastrointestinal tract, liver, testis and kidneys (Gottesman et al., 2002).  

 

1.5.1. ABC subfamily A (ABCA) 

ABC subfamily A contains 12 genes and most of them are involved in lipid trafficking across 

cell membranes (Dean, Rzhetsky et al., 2001). Nevertheless, mutations in one of these genes 

results in severe genetic/inherited disorders, for example familial high-density lipoprotein 

deficiency, age-related 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 lines (Gao, Li et al., 2015, Liu, Peng et al., 2005) is 

associated with overexpression of ABCA proteins. Furthermore, enhanced expression of 

ABCA2 is observed in mitoxantrone-resistant small cell lung cancer (Boonstra, Timmer-

Bosscha et al., 2004) as well as estramustine-resistant ovarian cancer cell lines (Laing, Belinsky 

et al., 1998). 

 

1.5.2. ABC subfamily B (ABCB) 

Several members of the ABCB family are known to play very important roles in multidrug 

resistance in cancer. Therefore, this family is also called MDR (multidrug resistance) family 

(Dean et al., 2001). Mutations in one of these members lead to severe genetic disorders like 

coeliac disease, lethal neonatal syndrome, type 2 diabetes and ankylosing spondylitis (Vasiliou 

et al., 2009). 
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Figure 13. Structure of ABCB1 (Gameiro, Silva et al., 2017). 

 

The most prominent and important member in multidrug resistance belongs to this family, 

namely ABCB1 (P-glycoprotein, P-gp or MDR1) (Figure 13). Physiological expression of this 

transporter belongs to potentially toxin-exposed tissues including liver, blood-brain barrier and 

intestine (Chen et al., 2016) (Figure 14). ABCB1 was first discovered in a colchicine-resistant 

Chinese hamster ovarian carcinoma cell line in 1976 (Juliano & Ling, 1976). The reason for its 

Figure 14. ABCB1 tissue distribution. Potentially toxin-exposed tissues are 

characterized by high expression of ABCB1 (Marzolini, Paus et al., 2004). 
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importance in chemotherapy resistance is the broad drug specificity for several different classes 

of chemotherapeutics including Vinca alkaloids (e.g. vincristine), anthracyclines (e.g. 

daunorubicin, doxorubicin) and taxanes (e.g. paclitaxel) (Ambudkar, Dey et al., 1999, Szakacs 

et al., 2006) as well as for the novel small molecule receptor tyrosine kinase inhibitors imatinib, 

erlotinib (Tarceva), sunitinib and nilotinib (Tasigna) (Shukla, Chen et al., 2012) (Table 5). 

Among these ABCB1 is also able to transport protease inhibitors, immunosuppressive agents, 

analgesics and antiarrhytmics (Morrissey, Wen et al., 2012, Sharom, 2008, Zhou, 2008). 

ABCB1 overexpression was found in many different cancer types including cisplatin-resistant 

non-small cell lung cancer cells (Jiang, Xu et al., 2016) as well as paclitaxel- and eribulin-

resistant breast cancer cells (Nemcova-Furstova, Kopperova et al., 2016, Oba, Izumi et al., 

2016). Moreover, enhanced levels of ABCB1 were detected in sunitinib-resistant renal cell 

carcinoma (Giuliano, Cormerais et al., 2015), and doxorubicin-resistant hepatocellular 

carcinoma (Yang, Ding et al., 2016). In addition, an intrinsically enhanced expression of 

ABCB1 was found in colon carcinoma (Abd Ellah, Taylor et al., 2016). 
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Table 5. Different classes of ABCB1 substrates (adapted from (Gameiro et al., 2017)). 

ABCB1 substrates 

Anticancer drugs: Vinca alkaloids, anthracyclines, taxanes, camptothecins 

epipodophyllotoxins, anthracenes 

HIV protease inhibitors:  Ritonavir, saquinavir, nelfinavir 

Analgesics: Morphine 

Antidepressants: Amitryptiline, doxepin, venlafaxine 

Antihistamines: Terfenadine, fexofenadine 

Histamine H2-receptor 

antagonist: 

Cimetidine 

Immunosuppressive 

agents: 

Sirolimus, valspodar, cyclosporine A, tacrolimus 

Antiarrhythmics : Quinidine, amiodarone, propafenone 

Antiepileptics: Phenytoin, topiramate, carbamazepine 

Fluorescent compounds: Hoechst 33342, rhodamine 123, calcein-AM 

Antiemetics: Ondansetron, domperidone 

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, tetracyclines, fluoroquinolines 
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Beside ABCB1 only ABCB5 contributes to multidrug resistance. ABCB5 is associated with 

5-FU resistance in colorectal carcinoma cells (Wilson, Schatton et al., 2011). Moreover, 

ABCB5 mediates resistance of melanoma cells against several different chemotherapeutic 

agents (e.g. paclitaxel, vincristine, etoposide, doxorubicin and dacarbazine) (Wilson, 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 transduction (Slot, Molinski et al., 2011). ABCC2 is mainly 

responsible for the excretion of bile acids (Nies & Keppler, 2007) and therefore mutations in 

this gene result in the Dubin-Johnson syndrome (Strassburg, 2010). Furthermore, mutations in 

the gene encoding for ABCC7 (cystic fibrosis transporter, CFTR), a chloride channel, leads to 

cystic fibrosis (Slot et al., 2011). 

Five members of the ABC subfamily C, namely ABCC1, ABCC2, ABCC3, ABCC6 and 

ABCC10, harbor one additional trans-membrane domain, whereas the other members lack this 

domain (Slot et al., 2011) (Figure 15). 

 

Figure 15. Structure of ABCC1. ABCC1, ABCC2, ABCC3, ABCC6 and ABCC10 contain one additional trans-

membrane domain (TMD0) (Gameiro et al., 2017). 
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Beside the ABCB subfamily, also the ABCC members play an important role in multidrug 

resistance, therefore this family is also called multidrug-resistance-associated proteins (MRPs). 

In contrast to the unmodified transport of molecules of ABCB1, ABCC members were able to 

transport organic anions and conjugated substances across the cell membrane (Table 6). That 

includes glutathione, glucuronate and sulphate conjugates of organic anions (Jedlitschky, Leier 

et al., 1996). The most prominent member in multidrug resistance of this family is ABCC1, 

which was initially cloned 1992 (Cole, 2014, Cole, Bhardwaj et al., 1992). Remarkably, 

ABCC1 (also known as MRP1) is able to co-transport drugs (e.g. vincristine) with unconjugated 

glutathione (Loe, Deeley et al., 1998, Muller, Meijer et al., 1994) and was found to be highly 

expressed in many different tumor types such as chronic lymphocytic leukemia (Burger, Nooter 

et al., 1994), esophageal and non-small cell lung cancer (Nooter, Westerman et al., 1995) and 

neuroblastoma (Haber, Smith et al., 2006). Cisplatin resistance in non-small cell lung cancer 

(Jiang et al., 2016) as well as doxorubicin resistance in osteosarcoma (Fanelli, Hattinger et al., 

2016) were associated with increased ABCC1 expression. Moreover, gemcitabine resistance in 

pancreatic cancer seems to be linked to enhanced ABCC1 levels (Cao, Yang et al., 2015). In 

addition, ABCC1 overexpression was also detected and characterized as major player in 

acquired resistance against the gallium complex of terminal dimethylated Triapine (KP1089) 

(Heffeter et al., 2012) (Figure 16).  

 

 

 

 

 

 

 

 

 

 

  

Figure 16. Amplification of ABCC1 in KP1089-resistant human cervix carcinoma cell line. Fluorescent 

in-situ hybridization (FISH) analysis was performed with the parental cell line KB-3-1 (left) and KP1089- 

resistant cell line (KB-1089; right). Whole chromosome 16 was stained in red and ABCC1 in green. DNA 

was counterstained with DAPI (blue) (Heffeter, Pirker et al., 2012). 
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Table 6. Different classes of ABCC1 substrates (adapted from (Gameiro et al., 2017)). 

ABCC1 substrates 

Anticancer drugs: Anthracyclines, vinca alkaloids, taxanes camptothecins 

epipodophyllotoxins 

Folates: Folic acid, L-leucovorin 

Metalloids: Sodium arsenate, sodium arsenite, potassium antimonite 

Glucuronide, sulfate and 

glutathione conjugates, 

and unconjugated 

compounds: 

Glucuronosylbilirubin, estradiol-17--D-glucuronide, 

etoposide-glucuronide, leukotrienes C4, D4 and E4, 

glutathione disulfide, estrone-3-sulfate, sulfatolithocholyl 

taurine 

Pesticides: Fenitrothion, methoxychlor 

HIV protease inhibitors: Indinavir, adefovir 

Fluorescent compounds: Calcein, fluorescin 

Toxins: Aflatoxin B1 

Natural products: Curcuminoids 

Antibiotics : Difloxacin, grepafloxacin 

 

In addition to ABCC1, the second-most prominent member of this family involved in multidrug 

resistance is ABCC2. Paclitaxel-resistant breast cancer (Nemcova-Furstova et al., 2016) as well 

as oxaliplatin-resistant colon cancer cells (To, Poon et al., 2016) are characterized by increased 

levels of ABCC2. Recent findings suggested that ABCC2 plays an important role in therapy 

failure of cisplatin-treated hepatocellular carcinoma patients (Korita, Wakai et al., 2010). 

Beside ABCC1 and ABCC2, also overexpression of ABCC3, ABCC6 and ABCC10 was 

detected in tumor tissues. Clinically, a poor correlation between ABCC3 expression and 

doxorubicin resistance in lung cancer patients was described (Young, Campling et al., 2001), 

whereas ABCC6 was inversely linked to doxorubicin and etoposide sensitivity (Belinsky, Chen 

et al., 2002) and ABCC10 to paclitaxel resistance (Hopper-Borge, Chen et al., 2004). However, 

due to the fact that ABCC3, ABCC6 and ABCC10 were not upregulated in resistant cell lines, 

it is unlikely that these transporters are indeed a driving force in multidrug resistance (Szakacs 

et al., 2006). 
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1.5.4. ABC subfamily D (ABCD) 

This subfamily includes four genes each encoding only one TMD and one NBD (so-called half-

transporter proteins). To build-up a functional transporter, the half-transporter dimerizes and 

forms homodimers. All members of this family are exclusively expressed in peroxisomes, 

therefore they are also called peroxisomal transporters (Kawaguchi & Morita, 2016). Genetic 

changes in the ABCD1 gene are linked to the neurodegenerative disease ALD (X-linked form 

of Adrenoleukodystrophy) (Wiesinger, Eichler et al., 2015). Furthermore, there is some 

evidence that the ABCD subfamily is also involved in tumor progression and multidrug 

resistance in melanoma cells (Chen, Valencia et al., 2009) and breast cancer patients (Hlavac, 

Brynychova et al., 2013).  

 

1.5.5. ABC subfamily E (ABCE) 

The ABC subfamily E consists of only one member, namely ABCE1. Surprisingly, ABCE1 

harbors only the nucleotide binding domain, but lacks the transmembrane domain (Dean et al., 

2001). Moreover, it is the only member of ABC transporters which acts as an organic anion-

binding protein (Vasiliou et al., 2009). It has been found that ABCE1 has an important function 

in response to viral infections. ABCE1 is able to form a heterodimer with ribonuclease L, 

thereby blocking the activity of ribonuclease L, which further inhibits protein synthesis in the 

viral interferon pathway. More recent studies demonstrated that ABCE1 is involved in the HIV 

virus capsid assembly (Tian, Han et al., 2012). Furthermore, ABCE1 expression is directly 

correlated with proliferation and metastasis in lung carcinoma tissues. In addition, inhibition of 

ABCE1 leads to retarded proliferation and invasion (Huang, Gao et al., 2010, Ren, Li et al., 

2012). It was also observed, that ABCE1 expression was enhanced in melanoma (Heimerl, 

Bosserhoff et al., 2007) and retinoblastoma cell lines (Hendig, Langmann et al., 2009). In 

addition, ABCE1 plays a role in multidrug resistance. It has been found that in acquired drug 

resistance (Yasui, Mihara et al., 2004) as well as in hepatocellular carcinoma patients (Borel, 

Han et al., 2012), ABCE1 expression might be increased and the gene amplified. 
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1.5.6. ABC subfamily F (ABCF) 

Like ABCE1, all three ABCF members only possess the nucleotide binding domain and lack 

the transmembrane domain corresponding with biological functions others than transmembrane 

transporting (Vasiliou et al., 2009). The detailed physiological function of ABCF in humans is 

currently unknown, but there is some evidence that ABCF genes play a role in inflammatory 

processes via regulation of nuclear factor kappa B (NF-əB) (Powell, Tansey et al., 2013). 

Nevertheless, downregulation ABCF1 via microRNAs was found to increase sensitivity to 5-

FU in colorectal cancer cells (Li, Li et al., 2015). Furthermore, acquired drug resistance of small 

cell lung cancer cells against mitoxantrone resulted in overexpression of ABCF1 (Boonstra et 

al., 2004). ABCF2 was found to be highly expressed in patients with clear cell adenocarcinoma 

of the ovaries, but no significant correlation with chemotherapy response or prognosis was 

identified (Tsuda, Ito et al., 2010). Enhanced expression of all three ABCF members could be 

detected in retinoblastoma cells (Tsuda et al., 2010). 

 

1.5.7. ABC subfamily G (ABCG) 

Resembling ABCE and ABCF, also ABCG comprises a class of half-transporters (Figure 17). 

ABC subfamily G contains five members (ABCG1, ABCG2, ABCG4, ABCG5 and ABCG8) 

which are involved in lipid and cholesterol transport across membranes. Mutations in ABCG5 

and ABCG8 lead to accumulation of fish and plant sterols, resulting in atherosclerosis and other 

cardiovascular diseases (Woodward, Kottgen et al., 2011).  

 

Figure 17. Structure of ABCG2. ABCG2, as a half-transporter, only contains one trans-membrane domain 

(TMD) and nucleotide-binding domain (NBD) (Gameiro et al., 2017). 
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ABCG2, also called breast cancer resistance protein (BCRP), has broad substrate specificity for 

several different natural products and pharmaceuticals, including chemotherapeutics (Table 7). 

As for ABCB1, there is also evidence for ABCG2 to transport the small molecule kinase 

inhibitors imatinib, erlotinib (Tarceva), sunitinib and nilotinib (Tasigna) (Shukla et al., 2012). 

Due to this broad drug specificity, ABCG2 is the third most important transporter for multidrug 

resistance beside ABCB1 and ABCC1(Mo & Zhang, 2012). Overexpression of ABCG2 was 

detected in mitoxantrone- and methotrexate-resistant cancer cells (Doyle, Yang et al., 1998, 

Miyake, Mickley et al., 1999, Zhao & Goldman, 2003). Moreover, inhibition of ABCG2 re-

sensitizes ovarian cancer xenografts to topotecan (Ricci, Lovato et al., 2016). A recent study 

describes ABCG2 as a possible predictive marker for progression-free survival in irinotecan-

treated colorectal adenocarcinoma patients (Tuy, Shiomi et al., 2016).  

Table 7. Different classes of ABCG2 substrates (adapted from (Gameiro et al., 2017)). 

ABCG2 substrates 

Anticancer drugs: Anthracyclines, camptothecins epipodophyllotoxins, 

anthracenes 

Antihypertensives: Prazosin 

Porphyrins: Pheophorbide A, protoporphyrin IX, hematoporphyrin 

Carcinogens: Aflatoxin B, 2-Amino-1-methyl-6-phenylimidazo[4,5-

b]pyridine (PhIP) 

Toxins: Fumitremorgin C 

Antiviral drugs : Zidovudine, lamivudine 

Fluorescent compounds: Hoechst 33342, rhodamine 123, BODIPY-prazosin 

Tyrosine kinase 

inhibitors : 

Imatinib mesylate, gefitinib, tandutinib, lapatinib 

Natural products: Flavonoids, curcuminoids, phytoestrogens 

Antibiotics : Ciprofloxacin, norfloxacin 
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1.6. Cyclic AMP pathway 

Another strategy to circumvent chemotherapy-induced cell death is the hyperactivation of 

several different anti-apoptotic survival pathways, including most prominently the PI3K/Akt 

and MAPK pathways (Wicki, Mandala et al., 2016). Cyclic adenosine monophosphate (cyclic 

AMP, cAMP) is one of the most abundant second messengers involved in many important 

biological processes, like glycogen metabolism (Krebs & Beavo, 1979), cyclic nucleotide-gated 

ion channel regulation (Kaupp & Seifert, 2002), cell proliferation and differentiation (Cook & 

McCormick, 1993, Rohlff, Clair et al., 1993) as well as gene induction (Jungmann, Kelley et 

al., 1983, Maurer, 1981). Recently, it has been uncovered that cAMP might be also involved in 

drug resistance like in vemurafinib insensitivity of BRAF-mutant melanoma cells (Rodriguez 

& Setaluri, 2014).  

Adenylate cyclase (adenylyl cyclase, AC) is the key enzyme for synthesis of cAMP from ATP, 

whereas G-protein coupled receptors (GPCRs) are responsible for the activation of adenylate 

cyclases (Goldberg, Haddox et al., 1975). The major downstream target of cAMP is protein 

kinase A (PKA) which further activates the cAMP-responsive element-binding protein (CREB) 

(Taylor, Buechler et al., 1990). Activated CREB acts as transcription factor for several different 

survival and growth genes like microphthalmia-associated transcription factor (MITF) (Levy, 

Khaled et al., 2006), bcl-2 (Freeland, Boxer et al., 2001), and cyclin D1 (D'Amico, Hulit et al., 

2000). More recently, a second downstream target of cAMP was identified, namely the 

exchange protein activated by cAMP (EPAC) (Kawasaki, Springett et al., 1998). EPAC belongs 

to the Rap guanine-nucleotide-exchange factor (GEF) family for small GTPases like Ras-

related protein 1 (Rap1) (de Rooij, Zwartkruis et al., 1998). Rap1 signaling is involved in many 

cellular processes such as integrin-mediates cell adhesion (Rangarajan, Enserink et al., 2003), 

as well as proliferation and differentiation via activation of the MAPK pathway (Wang, Dillon 

et al., 2006). 

 

1.6.1. Synthesis and hydrolysis of cAMP 

G-protein coupled receptors (GPCRs), also called seven transmembrane receptors because they 

pass the cell membrane seven times, regulate many physiological processes and conditions 

including sensory signals (smell, taste and vision), behavior and mood (binding of 

neurotransmitters like serotonin and dopamine) as well as inflammatory response (binding of 
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chemokines) (Latek, Modzelewska et al., 2012). The G protein itself is a heterotrimeric 

complex consisting of three subunits (Ŭ, ɓ and ɔ) and bound in their inactive state to the 

intracellular domain of the receptor. Once the ligand is bound, the receptor undergoes a 

conformational change and the subunits dissociate. GŬ protein directly activates effector 

enzymes such as adenylate cyclase and phospholipase C-ɓ, whereas the Gɓɔ subunit act as 

primary effectors for ion channels (K+ and Na+ channels) (Svoboda, Teisinger et al., 2004). 

GPCRs are strongly associated with several types of tumors including breast cancer (Chang, Ai 

et al., 2005), colon cancer (Kim, Xiong et al., 2005), non-small cell lung cancer (Hida, Yatabe 

et al., 1998), prostate cancer (Daaka, 2004). Moreover, there is a strong association with 

metastasis and angiogenesis due to their high affinity to different chemokines (Dorsam & 

Gutkind, 2007). 

Dissociation of G proteins after ligand binding to GPCRs leads to activation of adenylate 

cyclases (also called adenylyl cyclases; ACs), which further results in synthesis of cAMP 

(Goldberg et al., 1975). In addition, ACs can also be regulated by the Ca2+/ calmodulin system 

and by pharmacological substances like forskolin (activator; FSK) and 2ô,5ô-dideoxyadenosine 

(inhibitor; DDA) (Pavan, Biondi et al., 2009). At the moment, ten known isoforms of ACs 

(ADCY1-ADCY10) exist in mammals. They consists of two cytoplasmic domains (C1 and C2) 

and two 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 BRAFV600E mutant melanomas (Johannessen, Johnson et al., 

2013). Moreover, it has been described that cAMP activation via FSK results in inhibition of 

breast cancer cell migration (Dong, Claffey et al., 2015). 
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Figure 18. Conversion of 5ô-ATP into 3ô5ô-cyclic AMP via adenylate cyclase. Subsequently after ligand binding 

to G-protein coupled receptors (GPCRs), GŬ protein dissociates and directly activates its downstream effector 

adenylate cyclase (AC). 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 subunits for phosphorylation of downstream 

targets (Mantovani, Spada et al., 2016). 

 

Phosphodiesterases (PDEs) are the negative regulators of cyclic nucleotides (cAMP and cGMP) 

by hydrolysis of cAMP to AMP (Beavo, 1995). Eleven family members of PDEs (PDE1- 

PDE11) have been identified so far and all of them share a highly conserved catalytic domain 

(Lugnier, 2006). PDE expression is ubiquitous in our body and therefore many diseases, such 

as inflammation, cardiovascular and neurodegenerative diseases and cancer, result from altered 

PDE expression (Keravis & Lugnier, 2012). Hence, many different PDE inhibitors have been 

synthesized during the last years and are in clinical use to treat diverse diseases (Table 8). 
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Table 8. PDE family members including key inhibitors and their major activities and fields of application 

(adapted from (Ahmad, Murata et al., 2015)). 

PDE family Inhibitors  Functions 

PDE1 Vinpocetine Anti-inflammatory agent, 

anticancer agent, therapeutic for 

schizoprenia 

PDE2 BAY-60-7550 PDP, Oxindole Inhibition of cell cycle 

progression, proliferation and 

angiogenesis 

PDE3 Cilostazol, Cilostamide, K-134, 

milrinone 

Treatment of heart failure, 

antithrombotic therapy, anticancer 

agent 

PDE4 Rolipram, Roflumilast, Cilomilast, 

Ibudilast 

Treatment of chronic obstructive 

pulmonary disease, Alzheimerôs 

disease and multiple sclerosis, 

anticancer agent 

PDE5 Sildenafil (Viagra), Tadalafil (Cialis), 

Vardenafil (Levitra), Zaprinast 

Used for erectile dysfuction and 

pulmonary hypertension, 

anticancer agent 

PDE6 Sildenafil (Viagra), Tadalafil (Cialis), 

Vardenafil (Levitra), Zaprinast 

Mainly the same functions as for 

PDE5, hereditary eye diseases 

PDE7 Thiadiazoles, BRL 50481, IC242, 

BMS, ASB6165 

Anti-inflammatory and 

neuroprotective, anticancer agent 

PDE8 PF-04957325 Inhibit steroidogenesis, possible 

anticancer agent 

PDE9 BAY-73-6691, PF-04447943, 

SCH51866 

Possible anticancer agent 

PDE10 Papaverine, TP-10, MP-10 Treatment of psychosis 

PDE11 No inhibitor available so far  
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Due to their broad expression and complex functionality in the malignant phenotype, PDEs 

become more and more important in the treatment of tumors, too. For example, inhibition of 

PDE3 resulted in proliferation blockade of melanoma and squamous cell carcinoma cells 

(Murata, Shimizu et al., 2002). Moreover, PDE4 blockade was found to suppress growth of 

colon, pancreatic and lung cancer cells (Lin, Xu et al., 2013, Pullamsetti, Banat et al., 2013), 

whereas PDE5 inhibition leads to growth-reduction of breast cancer cells (Tinsley, Gary et al., 

2011). In addition, overexpression of PDE7 and PDE8 was detected in B-cell chronic 

lymphocytic leukemia, and prostate and testicular tumors respectively (Horvath, Mericq et al., 

2008, Zhang, Murray et al., 2008). 

 

1.6.2. Protein kinase A (PKA) ï the primary downstream target of cAMP 

Protein kinase A is the longest-known and best-studied downstream effector of cAMP. PKA is 

ubiquitously expressed and consists of two regulatory and two catalytic subunits forming a 

tetramer. Depending on the cell type, there are four regulatory (RIalpha, RIIalpha, RIbeta and 

RIIbeta) and three catalytic (Calpha, Cbeta and Cgamma) subunits expressed differently (Cadd 

& McKnight, 1989). Moreover, different catalytic and regulatory subunits can appear in the 

same cell type during developmental changes. For example, RIalpha was found to be present in 

neuronal nuclei, while RIIalpha was expressed in ependymal cells. Furthermore, RIbeta was 

localized in cells of the olfactory bulb, mitral cells and cerebellar Purkinje cells, and RIIbeta 

was expressed in neural and glial cell (Mucignat-Caretta & Caretta, 2001, Mucignat-Caretta & 

Caretta, 2002, Mucignat-Caretta & Caretta, 2004). By binding of four cAMP molecules to the 

regulatory subunits (two cAMP molecules for each subunit; Figure 13), the catalytic subunits 

dissociate and phosphorylate serine and threonine residues of several different proteins 

involved in many biological processes (Caretta & Mucignat-Caretta, 2011) (Figure 19). PKA 

was found to regulate cell migration of breast cancer cells (O'Connor & Mercurio, 2001) and 

also to be responsible for migration and invasion in ovarian carcinoma (McKenzie, Campbell 

et al., 2011). Furthermore, it has been described that overexpression of PKA due to hypoxia 

plays a pivotal role in hypoxia-induced epithelial-mesenchymal transition, migration and 

invasion in lung cancer cells (Shaikh, Zhou et al., 2012). In addition to tumor promotion, PKA 

is also linked to anticancer drug resistance. For example, it has been shown that elevated PKA 

expression leads to anthracycline resistance both in acute promyelocytic leukemia (APL) 

patient samples as well as in leukemia cell lines (Gausdal, Wergeland et al., 2013). Furthermore, 
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overexpression of PKA was found in tamoxifen-resistant breast cancer patients and cell lines 

(de Leeuw, Flach et al., 2013). 

 

Figure 19. CREB target genes identified in tumors expressing low levels of the tumor suppressor Tristetraprolin. 

Transcription of these genes is directly regulated by the CREB family (CREB1, CREM and ATF1) (adapted 

from (Fallahi, Amelio et al., 2014)). 

 

The major downstream target of PKA is the transcription factor CREB (cAMP response 

element-binding protein). Besides PKA, CREB is also activated by other kinases like protein 

kinase B (Akt) and MAPK as well as Ca2+/calmodulin-dependent protein kinase (Steven & 

Seliger, 2016). Following activation, CREB and several different co-activators like the CREB-

binding protein bind to the cAMP response elements within the promoters of diverse target 

genes in the nucleus (Shaywitz & Greenberg, 1999). CREB target genes are involved in the 

regulation of several aspects  of a variety of biological functions including cell proliferation, 

cell cycle progression, DNA repair, differentiation, inflammation, and survival (Steven & 

Seliger, 2016). Therefore, dysregulation of CREB and its co-factors results in several severe 

diseases such as Huntingtonôs disease (Choi, Lee et al., 2009), Rubinstein-Taybi syndrome 

(Petrij, Giles et al., 1995) and Major Depressive Disorder (Belmaker & Agam, 2008). Also due 

to its multiple transcripts in the context of malignant growth, CREB seems likely to play a very 

important role during cancer initiation and promotion. Hence, overexpression of CREB was 

described in a variety of different solid tumors like glioblastoma, melanoma, malignant 

mesothelioma, non-small cell lung cancer and breast cancer (Steven & Seliger, 2016). 

Moreover, CREB-binding protein has been associated with pediatric malignancies like Ewing 



 

39 

 

sarcoma (Caretta & Mucignat-Caretta, 2011). Furthermore, CREB overexpression was 

described to confer drug resistance against MAPK inhibitors (Johannessen et al., 2013) and 

tamoxifen in breast cancer (Phuong, Lim et al., 2014). 

 

1.6.3. Exchange protein activated by cAMP (EPAC) ï a novel player in cAMP signaling 

More recently a novel downstream effector of cAMP was discovered, namely the exchange 

protein directly activated by cAMP (EPAC). EPAC appertains to the class of guanine 

nucleotide-exchange factors for small GTPases like Ras-related protein, Rap1 and Rap 2 (de 

Rooij et al., 1998). Rap1 is the main downstream target of EPAC, which plays an important 

role in integrin-mediated cell adhesion (Rangarajan et al., 2003) as well as in the activation of 

the MAPK signaling cascade (Wang et al., 2006). In mammals there are two isoforms of EPAC, 

EPAC1 and EPAC2, which differ in their number of cAMP binding domains, either one or two 

respectively (Almahariq, Mei et al., 2016, Rehmann, Das et al., 2006). EPAC1 was found to be 

ubiquitously expressed, while EPAC2 seems to be restricted to neurons, pancreatic beta cells 

and the adrenal gland (Kawasaki et al., 1998). Due to the restricted expression of EPAC2, no 

implication in cancer has been discovered so far (Almahariq et al., 2016). In contrast, EPAC1 

was found to play an important role in a variety of diseases, like heart failure (Metrich, Lucas 

et al., 2008), chronic pain (Wang, Heijnen et al., 2013) and infections (Gong, Shelite et al., 

2013). Furthermore, EPAC1 plays an important role during cancer cell proliferation. For 

example, in prostate cancer cells enhanced proliferation and survival were found due to 

bolstered activation of the MAPK and PI3K/Akt/mTOR signaling pathway regulated by 

EPAC1 (Flacke, Flacke et al., 2013, Misra & Pizzo, 2013). Also, Tiwari et al. described a 

possible role of activated EPAC1 in transmitting anti-apoptotic signals in B-cell chronic 

lymphocytic leukemia (Tiwari, Felekkis et al., 2004). Moreover, EPAC1 was found to be the 

key regulator of cAMP-dependent migration in white blood cells (Carmona, Chavakis et al., 

2008), vascular smooth muscle cells (Yokoyama, Minamisawa et al., 2008) as well as in several 

different cancers. For example, it has been demonstrated that activated EPAC1 resulted in 

enhanced migration and invasion in melanoma (Baljinnyam, Umemura et al., 2014, Gao, Feng 

et al., 2006). Moreover, similar results were found in cervical (Lee, Lee et al., 2014) and 

pancreatic cancer (Almahariq, Tsalkova et al., 2013) as well as in fibrosarcoma (Harper, 

Arsenault et al., 2010). In contrast, the results are more contradictory in ovarian and prostate 

cancer, where a promoting and suppressing role of EPAC1 on cancer cell migration has been 
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suggested (Bailey, Kelly et al., 2009, Bastian, Balcarek et al., 2009, Grandoch, Rose et al., 

2009, Rangarajan et al., 2003). Recently, EPAC1 was discovered to regulate the activity of 

regulatory T cells (Treg cells). Therefore, Almahariq et al. demonstrated in vitro and in vivo 

that EPAC1 knock-down resulted in reduced immunosuppressive activity of Treg cells 

(Almahariq, Mei et al., 2015). 

 

  



 

41 

 

1.7 Aim of the study 

Triapine is a very well-known but still experimental chemotherapeutic drug with proven 

efficacy in hematological diseases. Due to unknown reasons, solid tumors are resistant against 

Triapine treatment. The main goal of this PhD thesis was to uncover this lack of efficacy in 

context to acquired Triapine resistance and to find out how to circumvent this phenomenon. 

In particular, our goals were: 

 

ü Generation of the first cell model for acquired Triapine resistance and establishment of 

a cross-resistance profile against several different classes of anticancer drugs. 

 

ü Characterization of the molecular mechanism underlying Triapine resistance and 

estimation of their possible involvement in treatment failure of Triapine in solid cancers 

with regard to ABC transporters as well as different cellular survival and progression 

pathways. 

 

ü Synthesis of novel Triapine derivatives and investigation of their structure-activity 

relationship, mode of action studies, and impact of acquired Triapine resistance. 
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CHAPTER T WO: RESULTS 

2.1. Prologue ï first peer-reviewed manuscript 

ñTriapine-mediated ABCB1 Induction via PKC Induces Widespread Therapy 

Unresponsiveness but is not Underlying Acquired Triapine Resistanceò 

Cancer Letters, 2015 May 28;361(1):112-20. doi: 10.1016/j.canlet.2015.02.049 

Impact Factor: 5.621 

Reprinted with permission from Cancer Letters; Copyright © 2015 Cancer Letters 

 

Cancer cells are characterized by high proliferation rates and, hence, an excessive need for iron. 

Therefore, several iron chelators have been developed and the most promising ones belong to 

the class of thiosemicarbazones. The most prominent and best-studied representative is Triapine 

(3-aminopyridine-2-carboxyaldehyde thiosemicarbazone). Triapine was successfully tested in 

hematological diseases but failed in solid tumors. The reason for this lack of efficacy is 

currently unknown, but one possibility could be a rapid development of acquired resistance. 

Chemotherapy resistance is often based on increased drug efflux and therefore the 

overexpression of ATP-binding cassette (ABC) transporter family members, particularly 

ABCB1, ABCC1 and/or ABCG2 is primarily responsible. Hence, we generated a Triapine-

resistant sub-line (SW480/tria) from the human colon cancer cell line SW480 by stepwise drug 

selection in vitro and investigated the underlying resistance mechanism. SW480/tria cells 

displayed overexpression of ABCB1 due to promotor hypomethylation resulting in a broad 

cross-resistance against several well-known ABCB1 substrates. Surprisingly, inhibition of 

ABCB1 did not result in re-sensitization to Triapine of the Triapine-resistant subline and the 

drug itself was only a weak ABCB1 substrate. Remarkably, also Triapine short-time treatment 

(24 h) of the parental cell line resulted in a massive increase of ABCB1 expression. Responsible 

for this elevated ABCB1 protein levels was the activation of protein kinase C (PKC). Moreover, 

PKC hyperactivation was also found in SW480/tria cells. Summarizing, Triapine-induced 

enhanced ABCB1 expression resulted from hyperactivation of PKC both in short-time as well 

as long-time treatment. Although, ABCB1 overexpression is not the major resistance 

mechanism this data should be considered after Triapine failure and in combination therapies 

in clinical practice. 
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The majority of both practical work and writing of this study was performed by myself. Data 

from array genomic comparative hybridization and whole genome gene expression analysis 

were generated in cooperation with Christine Pirker (Institute of Cancer Research, Medical 

University Vienna). Promotor methylation measurements were performed by Melanie 

Spitzwieser (Department of Analytical Chemistry, University of Vienna). Cellular Triapine 

uptake was determined by Karla Pelivan (Department of Inorganic Chemistry, University of 

Vienna). 
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