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Zusammenfassung

Krebserkrankungen nehmen weltweit zu und stellen weiterhin eine enorme Belastung fir die
Gesellschaft und das Gesundheitssystem dar. Kaum ein Feld hat sich dabei in den letzten
Jahrzehnten auf Forschungsebene als auch klinisch so entwickelt wie das der Tumortherapie.
Und obwohl so die Letalitat vieler maligner Erkrankungen deutlich gesenkt werden konnte,
spielt Therapieversagen immer noch eine gewichtige Rolle. Zytostatikaresistenzen, ob
intrinsisch oder erworben, kénnen hier ursachlich sein. Vor Jahrzehnten wurde das zytotoxische
Potenzial von Platin entdeckt und somit das Interesse an Metallverbindungen fiir die
Behandlung maligner Erkrankungen geweckt. Platinhaltige Derivate werden noch immer in
einem Grolteil der heutigen Therapieregime eingesetzt. Trotz dessen limitieren eine Vielzahl an
Nebenwirkungen und Resistenzen die Therapieoptionen und es besteht ein stetiges Interesse
an der Erforschung neuartiger Substanzen, darunter neuer Metallverbindungen. Bisher sind
jedoch nur wenige im klinischen Gebrauch. In den letzten Jahrzehnten stieg das Interesse an
Metallorganischen Verbindungen wie etwa NHC-Gold-Komplexen. Als zytotoxischer
Wirkungsmechanismus wurde vielfach die Bindung der Thioredoxinreduktase, hiermit
einhergehend die Entstehung von Reactive Oxygen Species (ROS) und die mitochondriale

Apoptose beschrieben.

Diese kumulative Dissertation untersucht die Zytotoxizitat verschiedener Organogoldkomplexe
(NHC-Au(l)-Verbindungen) auf verschiedenen immortalisierten Krebszelllinien und somit die
Frage, ob sie potenzielle Antitumormittel darstellen. Dabei umfasst die Arbeit zwei
Publikationen in Form erster praklinischer Studien. Als untersuchter Wirkmechanismus steht die
Apoptose im Zentrum. Die Hypothese, dass diese Verbindungen vornehmlich Uber den
mitochondrialen Signalweg wirken, war zu evaluieren. Der Fokus liegt hierbei auf der Interaktion
mit verschiedenen Proteinen der Bcl-2-Familie. Die Analyse hierfiir verantwortlicher Stressoren
wie die Bildung von Reactive Oxygen Species und der Inhibition der Oxidoreduktase
Thioredoxinreduktase stellt einen Unterpunkt dar. Ein Grof3teil der Arbeit umfasst den Vergleich
der Substanzen auf nativen Ausgangszellen sowie kultivierten Ablegerzellen mit induzierter
Zytostatikaresistenz. Dies erlaubt Riickschliisse liber das Potenzial der Resistenziiberwindung

sowie Uber die Wirkweise bei bekanntem Resistenzmechanismus.

Die Ergebnisse beider Publikationen zeigen, dass die besten untersuchten Verbindungen im
nanomolaren Bereich auf Leukdmie- und Lymphomzellen in vitro zytotoxisch und zytostatisch
wirksam sind. Apoptose wurde dabei auf verschiedenen immortalisierten Krebszelllinien

nachgewiesen, nicht jedoch auf kultivierten, gesunden Leukozyten. Somit ist von einem



Wirkmechanismus auszugehen, der von der Zellteilung abhangig ist. Die erste Publikation ,Novel
gold(l) complexes induce apoptosis in leukemia cells via the ROS-induced mitochondrial pathway
with an upregulation of Harakiri and overcome multi drug resistances in leukemia and
lymphoma cells and sensitize drug resistant tumor cells to apoptosis in vitro“ arbeitet zudem die
Involvierung der mitochondrialen Apoptose heraus. Charakteristika sind die Beteiligung
verschiedener Bcl-2-Proteine, der Zusammenbruch des mitochondrialen
Transmembranpotenzials sowie der Efflux mitochondrialer Proteine wie Cytochrome C und
Smac. Die Beteiligung von ROS konnte hier indirekt nachgewiesen werden. Fiir die Substanzen
der Publikation ,,Gold(l) Bis(1,2,3-triazol-5-ylidene) Complexes as Promising Selective Anticancer
Compounds” konnte die Inhibition der Thioredoxinreduktase nur in moderatem Ausmaf}
bestimmt werden. Auf einer Vielzahl an Zytostatika-resistenten Krebszellen wurden in beiden
Publikationen Resistenziiberwindungen beobachtet. Spannende Ergebnisse liefert der Vergleich
einer Substanz der erstgenannten Publikation auf einigen Ausgangszellen und hiervon
abgeleiteten Zytostatika-resistenten Tochterzellen, die im Zuge ihrer Resistenzbildung Uber-
oder Unterexpressionen verschiedener Bcl-2-Proteine entwickelt haben. Der untersuchte
Organogoldkomplex zeigte auf diesen nicht nur Resistenziiberwindungen. Drei resistente
Zelllinien waren signifikant sensibler gegeniber der Substanz. Dies unterstiitzt die Annahme,
dass Proteine der Bcl-2-Familie als Indikatoren des mitochondrialen Apoptosewegs wichtige
Akteure im Wirkungsmechanismus dieses Goldkomplexes sind und Idsst vermuten, dass dieser

den Resistenzmechanismus unterwandert und kollabieren lasst.

Zusammenfassend zeigen die hier untersuchten Organogoldverbindungen in den ersten
praklinischen Studien spannendes Potenzial fir die weitere Erforschung zur Therapie maligner

Erkrankungen.



Summary

Cancer is on the rise worldwide and continues to represent an enormous burden for society as
well as the healthcare system. Hardly any other field has developed as much in recent decades,
both clinically and in terms of research, as tumor therapy. And although the lethality of many
malignant diseases has been significantly reduced, therapy failure still plays an important role.
Cytostatic resistance, whether intrinsic or acquired, may be causative in this regard. Decades
ago, the cytotoxic potential of platinum was discovered, sparking interest in metal compounds
for the treatment of malignant diseases. Platinum-containing derivatives are still used in the
majority of current therapeutic regimens. Despite this, a variety of side effects and resistance
limit therapeutic options and there is a constant interest in exploring novel compounds,
including new metal compounds. To date, however, few are in clinical use. In recent decades,
there has been increasing interest in organometallic compounds such as NHC-gold complexes.
The cytotoxic mechanism of action has been widely described as binding of thioredoxin
reductase, concomitant generation of Reactive Oxygen Species and mitochondrial apoptosis.
This cumulative dissertation investigates the cytotoxicity of various organogold complexes
(NHC-Au(l) compounds) on different immortalized cancer cell lines and thus whether they
represent potential antitumor agents. In this regard, the work includes two publications in the
form of initial preclinical studies. The mechanism of action under investigation is apoptosis. The
hypothesis that the substances act primarily via the mitochondrial signaling pathway was to be
evaluated. The focus here is on the interaction with various proteins of the Bcl-2 family. The
analysis of stressors responsible for this, such as the formation of Reactive Oxygen Species and
the inhibition of the oxidoreductase thioredoxin reductase, represents a sub-point. A large part
of the work involves the comparison of the substances on native starting cells as well as cultured
offshoot cells with induced cytostatic resistance. This allows conclusions to be drawn about the
potential for overcoming resistance as well as the mode of action when the mechanism of

resistance is known.

The results of both publications show that the best investigated compounds in the nanomolar
range have cytotoxic and cytostatic activity on leukemia and lymphoma cells in vitro. Apoptosis
was thereby detected on various immortalized cancer cell lines, but not on cultured healthy
human leukemia cells. Thus, a mechanism of action that is dependent on cell division can be
assumed. The first publication "Novel gold(l) complexes induce apoptosis in leukemia cells via
the ROS-induced mitochondrial pathway with an upregulation of hara-kiri and overcome multi-
drug resistances in leukemia and lymphoma cells and sensitize drug-resistant tumor cells to

apoptosis in vitro" also elaborates on the involvement of mitochondrial apoptosis.



Characteristics are the involvement of different Bcl-2 proteins, the breakdown of the
mitochondrial transmembrane potential and the efflux of mitochondrial proteins such as
cytochromes C and Smac. The involvement of ROS could be indirectly demonstrated here. For
the compounds in the publication "Gold(l) Bis(1,2,3-triazol-5-ylidene) Complexes as Promising
Selective Anticancer Compounds", inhibition of thioredoxin reductase could only be determined
to a moderate extent. Resistance overcomes were observed on a variety of cytostatic-resistant
cancer cells in both publications. Exciting results were obtained by comparing a substance of the
former publication on some initial cells and cytostatic drug-resistant daughter cells derived
therefrom, which developed over- or underexpression of various Bcl-2 proteins in the course of
their resistance formation. The organogold complex studied not only showed resistance
overcomes on these, but three resistant cell lines were significantly more sensitive to the
compound. This supports the notion that Bcl-2 family proteins, as indicators of the mitochondrial
apoptosis pathway, are important players in the mechanism of action of this gold complex and

suggests that it subverts and collapses the resistance mechanism.

In summary, the organogold compounds investigated here show exciting potential for further

exploration in the therapy of malignant diseases in the initial preclinical studies.
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1. Einleitung

1.1. Hintergrund und Forschungsstand

1.1.1. Tumortherapie und Resistenzen

Im Jahr 2020 wurde weltweit eine steigende Tumorinzidenz (19,3 Millionen) dokumentiert und
es wurden 10 Millionen Tode durch maligne Erkrankungen festgestellt. Diese Zahlen
veroffentlichten die Global Cancer Studies und machten deutlich, dass maligne Erkrankungen
durch eine hohe Morbiditat und Mortalitat weiterhin eine enorme Belastung fiir die Gesellschaft
und das Gesundheitssystem darstellen (Sung et al. 2021; Bray et al. 2018). Kaum ein Feld hat
sich dabei in den letzten Jahrzehnten auf Forschungsebene als auch klinisch so entwickelt wie
das der Tumortherapie. Heute verfolgt man, neben den drei klassischen Therapiesdulen aus
Operation, Chemotherapie und Strahlentherapie, individualisierte Ansatze. Lassen sich
molekulare oder zelluldre Marker als treibende Krafte des Tumorwachstums identifizieren,
besteht die Moglichkeit, an diesem Punkt im Sinne einer Targeted Therapy anzusetzen
(Friedman et al. 2015). Eine Vielzahl an Meilensteinen, wie die Identifizierung des BCR-ABL Gens
und Entwicklung des Tyrosinkinaseinhibitors Imatinib oder die Entdeckung des CD20-Antigens
und die Entwicklung des monoklonalen Antikérpers Rituximab, um nur zwei zu nennen, haben
die Heilungschancen einiger Tumore erst revolutioniert und gehéren heute zum
Standardrepertoire (Goetz und Schork 2018; Smith 2003). Und obwohl so die Letalitat vieler
maligner Erkrankungen deutlich gesenkt werden konnte, spielt Therapieversagen immer noch
eine gewichtige Rolle. Zytostatikaresistenzen, ob intrinsisch oder erworben, kénnen hier
ursachlich sein. Beschriebene Resistenzmechanismen sind etwa Efflux oder Inaktivierung von
Arzneimitteln, Reparaturprozesse von DNA-Schiden, aber auch Hemmung der Apoptose

(Holohan et al. 2013).

1.1.2. Mitochondriale Apoptose als Form des Zelltodes

Ein Grofteil der gegenwiértigen Tumortherapieoptionen induzieren Apoptose, auch
programmierter Zelltod genannt (Fulda und Debatin 2006). Unter physiologischen Bedingungen
fungiert die Apoptose als wichtiges Mittel, um Zellzahl und Zellfunktion im Organismus im
Optimum zu halten und ist daher fein reguliert (Hengartner 2000). Uber zwei Wege kénnen
Stressoren wahrgenommen und umgesetzt werden: Zum einen findet iber den extrinsischen
Weg die rezeptorvermittelte Signalkaskade statt. Liganden sind beispielsweise FasL, TRAIL und
TNFa (Taylor et al. 2008; Fulda und Debatin 2006). Zum anderen kénnen Storungen auf

Zellebene wie DNA-Schaden und oxidativer Stress als Ausléser des intrinsischen Weges
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fungieren (Redza-Dutordoir und Averill-Bates 2016). Die anti- und proapoptotischen Proteine
der Bcl-2-Familie sind die Schliisselenzyme dieses Weges, die sich gegenseitig hemmen und
aktivieren und so einen balancierten Zustand aufrechterhalten. Hierzu gehoren die
antiapoptotischen Proteine Bcl-2, Mcl-1 oder Bcl-xL, die proapoptotischen Proteine BAX und
BAK und die proapoptotischen BH-3-only Proteine, die sich weiter in sensitizer- und activator-
Proteine unterteilen lassen und die zuvor genannten beeinflussen. Uberwiegen Stressoren,
werden sensitizer-BH-3-only Proteine aktiviert, binden antiapoptotische Bcl-2-Proteine und
setzen so activator-BH3-only-Proteine oder direkt Bax oder Bak frei (Kale et al. 2018). Dies
initiiert schlieBlich die Oligomerisierung von Bax und Bak, was zur Permeabilisierung der
auBeren Mitochondrienmembran und zum Efflux mitochondrialer Proteine wie Cytochrome C
und Smac fiihrt, die weitere Schritte dieses Apoptosewegs anstoRen (Kroemer et al. 2007). Beide
Wege miinden vereinfacht dargestellt, in der kaskadenformigen Aktivierung von einer Gruppe
von Cysteinproteasen, den Caspasen. Diese spalten funktionelle und strukturelle Zellproteine
proteolytisch und dies resultiert in den morphologischen Charakteristika der Apoptose wie
Kernkondensation und DNA-Fragmentierung (Alnemri et al. 1996; Earnshaw et al. 1999; Taylor
et al. 2008). In Tumorzellen ist die Apoptose jedoch haufig entkoppelt: Zeigen viele Tumore
Unter- bzw. Uberexpressionen Apoptose-induzierender oder -hemmender Enzyme, kann
zusammen mit konstanten Wachstumsimpulsen eine ungehemmte Proliferation
entdifferenzierter Zellen die Folge sein (Hanahan und Weinberg 2000a). Dies kann nicht nur bei
der Tumorgenese eine Rolle spielen, sondern, wie schon angedeutet, auch bei der Bildung
relevanter Zytostatikaresistenzen (Holohan et al. 2013). Jedoch kénnten diese
fehlfunktionierenden Signalstellen auch entsprechend einer Achillesferse fir Tumorzellen
vulnerabel sein. Certo und Kollegen beschreiben einen Zustand, bei dem Tumorzellen durch
activator-BH-3-only Proteine auf den Tod ,geprimed” sind und entsprechend von
antiapoptotischen Bcl-2 Proteinen abhangig sind, die activator-BH-3-only Proteine zu binden
und davon abzuhalten Bax/Bak zu aktivieren. Kommt es nun beispielsweise durch einen Stressor
zu einer Zunahme von sensitizer-BH3-only Proteinen, die die activator-BH-3-only Proteine von
den antiapoptotischen Bcl-2-Proteinen freisetzen, wird Apoptose ausgeldst (Certo et al. 2006).
Die Zunahme von sensitizier-BH-3-only-Proteinen ldsst sich unspezifisch durch gangige
Zytostatika auslosen, aber auch gezielt durch sogenannte BH3-Mimetika ,vortduschen”. Das
BH3-Mimetikum Venetoclax, das Bcl-2 blockiert, ist 2016 erstmalig von der U.S. Food and Drug
Administration (FDA) zugelassen worden und inzwischen fiir die Chronische lymphatische
Leukdmie und die Akute myeloische Leukamie in klinischem Gebrauch (Deeks 2016; European

Medicines Agency 2021).



1.1.3. Platinderivate als metallbasierte Zytostatika

Mit Rosenberg et al.’s Entdeckung im Jahr 1965, dass Cisplatin die Zellteilung in E. coli. hemmt,
wurde das Interesse an Metallkomplexen als neue Klasse von Antitumormitteln geweckt und
hiermit einhergehend das Potenzial von Metallkoordinationsverbindungen erkannt (Rosenberg
et al. 1965; Rosenberg 1980). Innerhalb der folgenden Dekade zeigte Cisplatin sukzessiv in den
praklinischen und klinischen Studien Potenz gegeniber einer Vielzahl von Tumorentitdten und
wurde schliefllich 1979 von der FDA als Zytostatikum fiir Hoden- und Ovarialtumore zugelassen
(Wiltshaw 1979). Cisplatin findet inzwischen vielfaltige Anwendung in der Behandlung von
soliden Tumoren wie etwa Hoden-, Brust-, Blasen-, Eierstock-, Darm-, Lungen- und Kopf-Hals-
Krebs (Ghosh 2019; Rabik und Dolan 2007). Hierbei stellen jedoch starke Nebenwirkungen wie
etwa Nephro-, Neuro-, Hepato- oder Ototoxizitdat immer wieder eine Therapielimitation dar, die
bereits bei den ersten klinischen Studien mit Cisplatin in den siebziger Jahren ausdricklich
Erwdhnung fanden (Rabik und Dolan 2007; Manohar und Leung 2018; Santos et al. 2020).
Dariiber hinaus zeigen viele Tumore eine intrinsische oder erworbene Cisplatinresistenz, die so
zu Therapieversagen oder Rezidiven fiihren kann (Galluzzi et al. 2012; Rottenberg et al. 2021).
In den letzten sechzig Jahren wurden tausende von Platinanaloga synthetisiert und untersucht,
um Cisplatin sowohl hinsichtlich der Toxizitat als auch der Resistenzbildung liberlegen zu sein,
jedoch nur wenige wurden in klinische Studien aufgenommen oder fanden ihren Weg bis zur
Zulassung (Ghosh 2019; Wheate et al. 2010). Trotz der vielen Nebenwirkungen als auch der
Resistenzen und trotz einer enormen Weiterentwicklung der therapeutischen Méglichkeiten in
den letzten Jahrzehnten spielen diese platinhaltigen Metallkoordinationsverbindungen immer
noch eine Hauptrolle in der Behandlung maligner Erkrankungen. Sie werden in etwa 50-70
Prozent aller Therapieregime eingesetzt und sind zum jetzigen Zeitpunkt aus der Onkologie nicht
wegzudenken (Dasari und Tchounwou 2014; Rottenberg et al. 2021; Simpson et al. 2019). Dies
schiirte das Interesse an der Erforschung weiterer Metallverbindungen, die im Rahmen der
Tumortherapie erfolgsversprechend sein kdnnten. Eine Vielzahl von neu synthetisierten
Verbindungen mit zytotoxischem Potenzial wurde publiziert und ihre biologische Aktivitat naher
untersucht. Darunter Ruthenium-, Iridium-, Rhodium-, Eisen- und auch Goldverbindungen
(Simpson et al. 2019). Bis heute sind nur wenige weitere metallbasierte Zytostatika wie
beispielsweise Arsentriooxid bei der Promyelozyten Leukdamie zugelassen und im Gebrauch

(Simpson et al. 2019).



1.1.4. NHC-Gold (I)-Verbindungen als potentielle Antitumormittel

Die therapeutischen Urspriinge von Gold lassen sich zuriickdatieren auf das antike China 2500
v.Chr. (Huaizhi und Yuantao 2001). Das moderne Interesse an Gold entwickelte sich jedoch erst
nach 1890, als Robert Koch entdeckte, dass Cyan-Goldverbindungen das Wachstum von
Tuberkelbazillen hemmen. Zwar konnte dies weder in tuberkuldsen Tieren noch in klinischer
Anwendung bestatigt werden, doch legte diese Entdeckung den Grundstein fir die Erforschung
von Goldsalzen im medizinischen Kontext (Koch 2010; Benedek 2004). 1929 bewies der
franzosische Mediziner Jacques Forestier erstmals in klinischen Studien einen heilsamen Effekt
von Goldsalzen bei Rheumatoider Arthritis (RA) und im Laufe des Jahrhunderts wurden
verschiedene goldbasierte RA-Therapeutika etabliert — mit heute eher untergeordneter Rolle.
Darunter ist der Au(l)-Phosphine-Komplex Auranofin, welcher 1985 als orales Antirheumatikum
zugelassen wurde (Forestier 1932; Berners-Price und Filipovska 2011). Um diese Zeit wurden
auch die antiproliferativen Eigenschaften Auranofins erkannt und dies initiierte die Entwicklung
weiterer Goldverbindungen in verschiedenen Oxidationsstufen und gebunden an verschiedene
Liganden und der Erforschung ihres zytotoxischen Potenzials (Mirabelli et al. 1985; Simon et al.
1979; Berners-Price und Filipovska 2011). Organometallkomplexe zeichnen sich durch
mindestens eine Metallkarbonbindung aus und unterscheiden sich hierdurch von den
Koordinationskomplexen der Cisplatin-Familie, dem Antirheumatikum Auranofin oder dem
Kontrastmittel Gadolinium (Ong und Gasser 2020). Galt friiher allgemein, Organometalle seien
instabil und somit fliir medizinische Zwecke nicht von Nutzen, konnte dies inzwischen nicht nur
durch eine Vielzahl an synthetisierten Verbindungen und Studien widerlegt werden, auch fand
man weitere vielversprechende Wirkungen antibakterieller oder antikanzerdser Art (Gasser et
al. 2011). N-Heterocyclische Carbene (NHC) haben sich in den letzten Jahren als besonders
geeignete  Geriste  fir  Organometallverbindungen und im  Speziellen  fir
Goldkomplexverbindungen  herausgestellt. Sie (berzeugen durch eine einfache
Ligandenmodifikation, eine gute Stabilitdt im physiologischen Milieu, eine hohe Aktivitat in
Tumoren und sie sind relativ untoxisch (Mora et al. 2019; Zou et al. 2015). Als Zielstruktur
wurden vielfach Enzyme beschrieben, die eine Thiolgruppe im aktiven Zentrum aufweisen wie
beispielsweise Thioredoxinreduktase oder Glutathionperoxidase (Zou et al. 2015; Crooke und
Snyder 1986). Hierbei zeigte sich, dass Goldverbindungen aufgrund des Selenocysteins im
katalytischen Zentrum hoch selektiv die Thioredoxinreduktase (TrxR) binden, welche im
Mitochondrium und Zytosol lokalisiert ist und von einigen Tumoren lGberexprimiert wird (Casini
et al. 2018; Bindoli et al. 2009). Dies konnte sowohl fiir Goldverbindungen in verschiedenen

Oxidationsstufen (+| mehr als +1ll) als auch gebunden an verschiedene Liganden beobachtet
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werden (Rigobello et al. 2004; Bindoli et al. 2009). TrxR besitzt als Oxidoreduktase zentrale
Funktionen beim Zellwachstum, der DNA-Synthese und der Transkription, aber auch im Rahmen
der Resistenzbildung gegenliber Medikamenten und zur Abwehr oxidativen Stresses (Zou et al.
2015; Nguyen et al. 2006; Saccoccia et al. 2014). Wird das TrxR-System blockiert, wird im
Mitochondrion weniger ROS abgebaut und eine Zunahme oxidativen Stresses resultiert. Dies
kann zum Zusammenbruch des mitochondrialen Transmembranpotentials und somit zur
intrinsischen Apoptose fihren (McKeage et al. 2002; McKeage 2002; Rigobello et al. 2002;
Bindoli et al. 2009). Auch flir NHC-Au-Verbindungen bestétigten sich diese Annahmen vielfach
(Barnard et al. 2004; Hickey et al. 2008; Schmidt et al. 2017; Rubbiani et al. 2010).

1.2. Fragestellung

Auf Ebene der praklinischen Forschung beschaftigt sich die Arbeitsgruppe Experimentelle
Onkologie mit der Analyse neuartiger Substanzen, meist Metallkomplexe, die im Rahmen der
Krebstherapie vielversprechend sein konnen. Diese Dissertation fokussiert sich auf das
zytotoxische Potenzial verschiedener Organogold(l)-Komplexe (NHC-Au(l)-Verbindungen) und
die Frage, ob sie potenzielle Antitumormittel darstellen. Es handelt sich um erste praklinische
Studien auf immortalisierten Krebszelllinien. Zudem erfolgt ein Vergleich auf gesunden
menschlichen Leukozyten in vitro (Aktenzeichen des Ethikvotums: EK_MR_150321 Neubauer).
Als untersuchter Wirkmechanismus steht die Apoptose im Zentrum. Die Hypothese, dass diese
vornehmlich lber den mitochondrialen Signalweg und die hier beteiligten Enzymen, vor allem
der Bcl-2-Familie, Reactive oxygen Species und der Thioredoxinreduktase induziert wird, ist zu
evaluieren. Dariiber hinaus soll der Vergleich auf Zellen mit induzierter Zytostatika-Resistenz
und den Ausgangszellen nicht nur Aufschluss Uber das Potenzial der Resistenziiberwindung
geben, auch gibt dies bei bekanntem Resistenzmechanismus weitere Riickschliisse Uber die

Wirkweise.



2. Publikationen

2.1. Novel gold(l) complexes induce apoptosis in leukemia cells via the ROS-
induced mitochondrial pathway with an upregulation of Harakiri and
overcome multi drug resistances in leukemia and lymphoma cells and
sensitize drug resistant tumor cells to apoptosis in vitro.

Marie-C. Ahrweiler-Sawaryn, Animesh Biswas, Corazon Frias, Jerico Frias, Nicola L. Wilke, Nathalie

Wilke, Albrecht Berkessel, Aram Prokop

Veroffentlicht in Biomed Pharmacother. 2023 Mar 21;161:114507. doi:

10.1016/j.biopha.2023.114507 (Ahrweiler-Sawaryn et al. 2023).

In diesem Paper konzentrierten wir uns auf die apoptotischen Wirkmechanismen von finf

neuartigen NHC-Au(l)-Verbindungen.

Um einen ersten Eindruck Uber die apoptotische Wirksamkeit zu erlangen, haben wir die fiinf
Komplexe in einem Konzentrationsbereich von 0,01 uM bis 100 uM auf immortalisierten
Leukdmiezellen gescreent. Die Apoptose wurde mittels stochiometrischer Farbung
apoptotischer DNA-Fragmente und zytometrischer Messung untersucht (Riccardi und Nicoletti
2006). Im Screening-Vergleich hoben sich die zwei Verbindungen ANB4014 und ANB4016
hervor, die bereits im nanomolaren Bereich antiproliferativ und zytotoxisch wirksam waren
(ANB4014: ACsp 0,36 uM und 1Csp 0,1 uM; ANB4016 ACso 0,22 uM und ICso 0,2 UM, s. Table 1,
Figure 1; ACso= Konzentration, bei der 50 % der Zellen apoptotisch sind, ICso=Konzentration, bei
der 50 % der Zellen inhibiert werden). Im Paper konzentrieren wir uns auf die Verbindung
ANB4014, da diese sich in der Gesamtschau verschiedener Experimente als die potentere
Verbindung herausstellte. Auch auf fiinf weiteren Krebszelllinien (Leukdamie-, Lymphom-,
Mammakarzinom-, Neuroblastom- und Melanomzellen) war ANB4014 im nano- bis
mikromolaren Bereich wirksam (s. Table 2). Mittels LDH-Messung im Zytosol wurden
unspezifische, toxische Effekte nach einer Stunde Inkubation auf Nalm-6- und BJAB-Zellen
ausgeschlossen (s. Figure 2). Die Annexin V/Pl Doppelfdrbung erlaubt dariiber hinaus
Riickschliisse Uber die apoptotischen Stadien: Nach 48 Stunden Inkubation Uberwog die
konzentrationsabhangige Zunahme friihapoptotischer Zellen bei gleichzeitiger Abnahme der
vitalen Zellen (s. Supplement 4 und 5). Wir fihrten einen Selektivitdtsversuch durch und
verglichen die Verbindung ANB4014 auf Leukdmiezellen und auf gesunden, menschlichen
Leukozyten in vitro. Wahrend auf den Leukdamiezellen konzentrationsabhangig eine Zunahme

der apoptotischen Zellen zu beobachten war und bereits in einer Konzentration von 0,75 uM die



meisten Zellen apoptotisch waren, war bis zu einer Konzentration von 1,5 uM kein relevanter

Zelltod der gesunden Leukozyten zu beobachten (s. Figure 3).

In weiteren Analysen fokussierten wir uns auf die Erforschung des Wirkmechanismus mit
Schwerpunkt auf der mitochondrialen Apoptose. Diese bestatigte sich fiir ANB4014 durch den
konzentrationsabhangigen Zusammenbruch des mitochondrialen Transmembranpotentials als
auch der Freigabe von Cytochrome C und Smac aus dem Mitochondrium ins Zytosol (s. Figure 4
und Figure 5). Die Beteiligung von Reactive Oxygen species (ROS) wiesen wir indirekt nach: Die
apoptotische Wirkung von ANB4014 lieR sich durch die beiden antioxidativ wirkenden
Substanzen N-Acetylcystein (vollstandig) und Taurin (teilweise) aufheben (s. Figure 6). Ebenso
war eine deutliche Uberexpression des Stress-Proteins GADD45A in der PCR-Analyse zu
beobachten (+25,8-fach Fold regulation, s. Table 3). Mediatoren des intrinsischen Apoptosewegs
sind die Proteine der Bcl-2-Familie. So zeigte sich durch ANB4014 eine Zunahme der
proapoptotischen BH-3-only Proteine Harakiri (HRK) im Western Blot nach 24 Stunden
Inkubation (s. Figure 8) und BIM in der PCR nach 14-stlindiger Inkubation (+4,2-fach Fold
Regulation s. Table 3) sowie eine Abnahme des antiapoptotischen Bcl-2 in der PCR (-4,7-fach
Fold regulation, s. Table 3). In unserem Labor gibt es drei Zytostatika-resistente Zelllinien, die
sich durch eine Zu- oder Abnahme relevanter anti- oder proapoptotischer Proteine der Bcl-2-
Familie auszeichnen: Daunorubicin-resistente K562 (CML-Zellen mit HRK-Unterexpression),
Vincristin-resistente  BJAB (Burkitt-like Lymphoma-Zellen mit Bcl-2-Uberexpression) und
Methotrexat-resistente Nalm-6 (B-ALL-Zellen mit Mcl-1-Uberexpression sowie zusitzlich p53-
Unterexpression). Flr alle drei resistente Zellreihen beobachteten wir einen gleichen Effekt
durch ANB4014: Diese Zellen waren deutlich sensibler als die Ausgangszellen ohne die
genannten molekularen Veranderungen. Wahrend auf den Ausgangszellen BJAB keinerlei oder
kaum Apoptose beobachtet werden konnte, war die gleiche Konzentration von ANB4014 fir
nahezu alle VCR-resistente BJAB-Zellen letal (s. Figure 7, B). Auf den CML-Zellen K562 war
ANB4014 bis zu einer Konzentration von 2 uM sogar nahezu wirkungslos, wahrend die
Verbindung in den Daunorubicin-resistenten K562 in einer Konzentration von 0,5 uM bereits
fast 100 % Apoptose ausloste (s. Figure 7, A). Auch die MTX-resistenten Nalm-6 Zellen waren fiir
ANB4014 deutlich sensibler als die Wildtyp-Zellen (s. Figure 7, C). Da fiir die VCR-resistenten
BJAB bisher eine Bcl-2-Uberexpression detektiert wurde, untersuchten wir auf diesen Zellen die
Wirkung des BH-3-Mimetikums Venetoclax, um zu liberpriifen, ob eine Blockade von Bcl-2 den
Resistenzmechanismus unterwandert und Apoptose auslost. Doch zeigten die VCR-resistenten
BJAB eine Resistenz gegeniliber dem Medikament (s. Figure 9). Die Resistenz der VCR-res. BJAB

gegenlber Vincristin oder aber gegeniiber Venetoclax lieB sich jedoch durch die Kombination



der beiden Wirkstoffe durchbrechen (s. Figure 10). Wichtige Enzyme der Apoptose und
downstream des intrinsischen sowie extrinsischen Apoptosewegs zu finden, sind die Caspasen.
Eine Caspase 3-Aktivierung lieR sich im Western Blot nach 24 Stunden Inkubation zeigen (s.
Figure 8). Eine Caspase 3-Abhangigkeit verdeutlichte auch der Vergleich auf Wildtyp-BJAB und
Doxorubicin-resistenten BJAB-Zellen mit Caspase 3-Unterexpression, die im untersuchten
Konzentrationsbereich gegenliber ANB4014 vollstandig resistent waren (s. Figure 11). In der PCR
wurde nach 14 Stunden Inkubation eine Caspase 7-Uberexpression (+7,8-fach Fold regulation,

s. Table 3) nachgewiesen.

Ein Schwerpunkt der Arbeit war der Vergleich auf verschiedenen Zytostatika-resistenten Zellen
und den Wildtyp-Zellen. Die Resistenzen sind von uns induziert und daher erworben. Darliber
hinaus zeichnen sich nahezu alle resistenten Zelllinien durch eine Vielzahl an Ko-Resistenzen
gegenlber gangigen Zytostatika aus. Insgesamt testeten wir ANB4014 auf sechs
unterschiedlichen resistenten Zelllinien, fiinf von sechs Resistenzen wurden hierbei
tiberwunden. Darunter sind auch zwei Zelllinien, die sich durch eine Uberexpression des
Multidrug resistence-Rezeptors P-Glykoprotein auszeichnen und auf denen ANB4014 die gleiche
Wirksamkeit zeigte wie auf den Ausgangszellen (s. Figure 12). Eine Ubersicht tber die
entsprechenden Zellen, die Resistenzmechanismen, Ko-Resistenzen und den Effekt von
ANB4014 gibt die hier dargestellte Tabelle 1.

Tabelle 1: Ubersicht iiber die Wirkung von ANB4014 auf sechs Zytostatika-resistenten Zelllinien. Fiinf Zelllinien sind
gegeniiber ANB4014 sensibel (S), nur die Doxo-resistenten BJAB-Zellen sind resistent (R). Die Ko-Resistenzen sowie die

Resistenzmechanismen, die wir bisher ermittelt konnten, sind in der Tabelle mit angegeben. Die Tabelle wurde bereits
teilweise im Originalpaper verdffentlicht (Ahrweiler-Sawaryn et al. 2023) und hier um die Ko-Resistenzen ergénzt.

Ausgangszelllinie Resistente Resistenzmechanismus Ko-Resistenzen Effekt
Zelllinie

Nalm-6 (B-ALL) VCR-res. P-gp-Uberexpression Anthrazykline, S
Nalm-6 Vincaalkaloide

Epipodophyllotoxine,
Paclitaxel und

Colchicin
Dauno-res. P-gp-Uberexpression Anthrazykline, S
Nalm-6 Vincaalkaloide

Epipodophyllotoxine,
Paclitaxel und

Colchicin
MTX-res. p53-Unterexpression, Cytarabin S
Nalm-6 Mcl-1-Uberexpression
BJAB (Burkitt- VCR-res. Bcl-2-Uberexpression Cytarabin, S
like Lymphoma) BJAB Vincaalkaloide




Doxo-res.  Caspase 3- u.a. Anthrazykline, R

BJAB Unterexpression einige Antimetabolite,
Vincaalkaloide,
Oxaliplatin

K562 (CML) Dauno-res. Harakiri- Anthrazykline, S

K562 Unterexpression Vincaalkaloide,
Mitoxantron,
Prednisolon

Mein Anteil an dem Paper umfasst alle im Paper dargestellten und den in 2.1 beschriebenen
biologischen Versuche, mit Ausnahme des Screenings der fiinf Goldverbindungen (Table 1 im
Paper) und des Versuchs auf den MTX-resistenten Nalm-6 Zellen (Figure 7, C im Paper).
AuBerdem ist das Paper zum GrofSteil und mit Ausnahme des chemischen Anteils von mir

verfasst.

2.2.Gold(l) Bis(1,2,3-triazol-5-ylidene) Complexes as Promising Selective
Anticancer Compounds

Jonas F. Schlagintweit, Christian H. G. Jakob, Nicola L. Wilke, Marie Ahrweiler, Corazon Frias,
Jerico Frias, Marcel Kdnig, Eva-Maria H. J. Esslinger, Fernanda Marques, Jodo F. Machado, Robert

M. Reich, Tania S. Morais, Jodo D. G. Correia, Aram Prokop, and Fritz E. Kiihn

Vero6ffentlicht in J Med Chem. 2021 Nov 11;64(21):15747-15757. doi:

10.1021/acs.jmedchem.1c01021 (Schlagintweit et al. 2021).

In diesem Paper werden zwei neuartige NHC-Gold(l)-Komplexe vorgestellt und ihre
antitumoralen Eigenschaften herausgearbeitet. Hierfliir wurden diese beziglich ihrer Stabilitat
und Selektivitdt sowie hinsichtlich ihrer antiproliferativen, zytotoxischen und synergistischen

Eigenschaften untersucht und verglichen.

Die Synthese der Verbindungen kann dem vorliegenden Paper entnommen werden, es wird hier
jedoch aufgrund des chemischen Hintergrunds nicht auf diese eingegangen.
Stabilitatsuntersuchungen mittels *H NMR-Kinetik zeigten eine gute Stabilitit der beiden
Komplexe gegeniiber L-Cystein und Glutathion (s. Figure S9-S18). Aufgrund der umfangreichen
Datenlage, dass Goldkomplexe die Thioredoxinreduktase hemmen (Zou et al. 2015; Crooke und
Snyder 1986; Casini et al. 2018; Bindoli et al. 2009; Rigobello et al. 2002), wurde die
inhibitorische Wirkung fiir die zwei Komplexe untersucht. Beide Komplexe hemmten die
Thioredoxinreduktase in moderater Weise, jedoch deutlich schwacher als das Antirheumatikum
Auranofin (ICso- Werte: Komplex 1 1,0 uM; Komplex 2 1,6 uM; Auranofin 17 nM; s. Figure S29

und S31). In MTT Assays wurden erste antiproliferative Eigenschaften auf Tumorzellen



bestimmt. Hier konnten fiir beide Komplexe auf vier verschiedenen Krebszelllinien
(Ovarialkarzinom-, zwei Mammakarzinom- und Prostatakarzinomzellen) ICso-Werte im
mikromolaren und nanomolaren Bereich ermittelt werden, wobei sich Komplex 2 in allen vier
Zelllinien als die potentere Verbindung erwies und deutlich besser wirkte als Cisplatin oder
Auranofin (ICsp—Werte auf den Brustkrebszellen MDAMB231: Komplex 1 3,65 uM + 0,75;
Komplex 2 0,063 uM + 0,02; Cisplatin 13,8 uM + 4,5 uM; Auranofin 1,9 uM + 0,7; s. Table 1).

Diese Ergebnisse konnten wir mit den Analysen unserer Arbeitsgruppe, die die folgenden
Untersuchungen der Apoptose umfassen, bestdrken. Wir screenten die zwei dargestellten
Komplexe hinsichtlich ihrer apoptotischen Wirkung auf Leukdmiezellen (Nalm-6) im
Konzentrationsbereich 0,05 uM bis 50 uM. Aufgrund der groReren Wirksamkeit konzentrierten
wir uns auf den Komplex 2. Dieser zeigt einen konzentrationsabhadngigen Anstieg der Apoptose
im Bereich 0,05 uM bis 10 uM und eine Plateauwirkung ab 10 uM. Die ungefahre ACs liegt bei
0,5 UM (s. Figure 3). Die Apoptose als Zelltod als auch die Differenzierung apoptotischer Stadien
bestatigten sich mittels Annexin V/Propidiumiodid (Pl)-Doppelfarbung. Nach 48 Stunden
Inkubation prasentierte sich eine konzentrationsabhiangige Zunahme vornehmlich
frihapoptotischer und auch spatapoptotischer Stadien (s. Figure 2). Wahrend Komplex 2 auf
Leukdmiezellen als auch Lymphomzellen bereits im nanomolaren Bereich Apoptose induziert,
war diese in einem direkten Vergleich auf gesunden, menschlichen Leukozyten bis zu einer

Konzentration von 5 uM nicht nachweisbar (s. Figure 6).

Eine Saule der Arbeit stellt das Thema Resistenziiberwindungen dar. Wir untersuchten Komplex
2 auf verschiedenen Krebszelllinien, die wir gegeniiber gangigen Zytostatika resistent gemacht
haben. Diese Resistenzen basieren auf verschiedenen Resistenzmechanismen und zeichnen sich
durch Ko-Resistenzen gegeniliber weiteren Zytostatika aus. Komplex 2 Uberwand alle hier
untersuchten Resistenzen in einer Konzentration von 0,5 uM. Dabei wurden folgende
Zytostatikaresistenzen Gberwunden: Cytarabin, Etoposid, Daunorubicin und Cisplatin (s. Figure
4, 5 und S28). Interessanterweise war die Wirkung auf allen resistenten Zellen besser als auf den
Ausgangszellen, insbesondere auch auf den Cisplatin-resistenten Neuroblastomzellen, die sich
durch eine Caspase 8 -Unterexpression auszeichnen (fiir 0,5 uM: 38,19 +SD Apoptose auf SK-N-
AS vs. 75,17 +SD auf Cisp.-res. SK-N-AS). Eine Ubersicht tber die entsprechenden Zellen, die
Resistenzmechanismen, Ko-Resistenzen und den Effekt von Komplex 2 gibt die hier dargestellte

Tabelle 2.
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Tabelle 2: Ubersicht iiber die Wirkung von Komplex 2 auf vier Zytostatika-resistenten Zelllinien. Alle Zelllinien sind
gegenliiber der Verbindung sensibel. Die Ko-Resistenzen sowie die Resistenzmechanismen, die wir bisher ermittelt
konnten, sind in der Tabelle mit angegeben. S= Sensibel, R=Resistent.

Ausgangszelllinie Resistente Resistenzmechanismus Ko-Resistenzen Effekt
Zelllinie
Nalm-6 (B-ALL) Etoposid-res. GADDA45A-Unterexpression Anthrazykline S
Nalm-6 und Mitoxantron
Cytarabin- FOXI1 (Forkhead box 11)- Antimetabolite S
res. Nalm-6 Unterexpression wie Cladribin,
Clofarabin;
Vincristin
SK-N-AS Cisplatin-res. Caspase 8-Unterexpression Platinderivate, S
(Neuroblastom)  SK-N-AS Cytarabin,

Ifosfamid und
Cyclophosphamid

K562 (CML) Dauno-res. Harakiri-Unterexpression Anthrazykline, S
K562 Vincaalkaloide,
Mitoxantron und
Prednisolon

In vielen Therapieregimen werden Zytostatika kombiniert, um die Wirksamkeit und die
therapeutischen Effekte zu erhéhen und die Resistenzbildung zu minimieren (Bayat Mokhtari et
al. 2017). In einem Synergieversuch auf Leukdmiezellen mit dem Anthrazyklin Daunorubicin lieR
sich eine Synergie mit Komplex 2 von 182 % im Vergleich zum summarischen Effekt nachweisen

(s. Figure 7).

Mein Teil an diesem Paper entspricht den ersten Screening-Untersuchungen beziglich der
Apoptoseinduktion, die sowohl die zwei hier aufgefiihrten Komplexe umfasst als auch zwei
weitere Komplexe, die nicht mit in den Artikel mit aufgenommen wurden. Eine Graphik ist als

Figure 3 im Paper enthalten.
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3. Diskussion

In dieser Dissertation wurden zwei Paper vorgestellt, die die antitumorale Wirkung neuartiger
NHC-Au(l)-Komplexe untersuchen. NHC-Komplexe haben in den letzten zwei Jahrzehnten als
mogliche Antitumormittel vermehrte Aufmerksamkeit erhalten, da die Liganden die
Goldkomplexe gut stabilisieren und eine antiproliferative Wirkung vielfach beobachtet werden
konnte (Mora et al. 2019; Casini et al. 2018). Dies bestatigt sich hier. Alle hier untersuchten
Komplexe zeigten auf verschiedenen immortalisierten Krebszellen (Leukdmie-, Lymphom- und
soliden Tumorzellen) ein Wirkungsspektrum im nanomolaren bis niedrigen mikromolaren
Bereich. Die besten Verbindungen beider Publikationen zeigten auf Leukdmie- und
Lymphomzellen eine ICso von 0,1 UM und weniger und auch die ACso lag bei den untersuchten
Verbindungen im nanomolaren Bereich. Eine Annexin V/Propidiumiodid-Doppelfarbung eignet
sich gut, um den Zelltod naher zu beschreiben. Dabei lieR sich fiir die besten Verbindungen der
beiden Publikationen im untersuchten Konzentrationsbereich vor allem ein Anstieg
frihapoptotischer Stadien nach 48 Stunden Inkubation nachweisen und bestétigte die Apoptose
als Ursache des Zelltods. Unspezifische, toxische Effekte wurden zudem fiir die ANB-Verbindung
mittels Messung des zytosolischen LDH-Gehalts ausgeschlossen. Genauso wurden in beiden
Publikationen Versuche zur Selektivitdt durchgefiihrt. Hierfir wurden die Au(l)-Komplexe auf
Leukdamiezellen und auf gesunden, menschlichen Leukozyten, die isoliert und kultiviert worden
sind, verglichen und zeigten auf letztgenannten keine oder kaum zytotoxische Wirkung bis in
einen Konzentrationsbereich, der einem Vielfachen der ACso entspricht. Neben der Malignitat
unterscheiden sich die Leukozyten von den Leukamiezellen dadurch, dass sie sich nicht mehr
teilen. Dies deutet darauf hin, dass, wie auch bei den meisten gangigen Zytostatika, die

Zellteilung relevant fiir die apoptotische Wirkung ist.

Goldkomplexe eignen sich etwa hervorragend, das Flavoenzym Thioredoxinreduktase gezielt
und irreversibel zu binden und zu blockieren (Saccoccia et al. 2014). Die Thioredoxinreduktase
gilt neben der Glutathionperoxidase als wichtigstes Redoxsystem der Zelle und ist an einer Reihe
antioxidativer Prozesse beteiligt: NADPH-abhangig reduziert es Thioredoxin und andere
endogene und exogene Substrate. Eine Blockade flihrt zu einer Anreicherung von ROS bis zu
oxidativen Stress und zur Apoptose (Mustacich und Powis 2000; Tonissen und Di Trapani 2009).
In der Publikation 2.2 wurde die Inhibition der TrxR flr die beiden genannten Komplexe
untersucht. Interessanterweise lag die ICso fir Komplex 1 und 2 im direkten Vergleich deutlich
Uber der des Phosphin-Au(l)-Komplexes Auranofin. In der erst aufgefiihrten Publikation (s. 2.1)
wurde die Wirkung des Komplexes ANB4014 mit und ohne antioxidativ wirkenden Substanzen

(N-Acetylcystein (NAC) und Taurin) als indirekter ROS-Nachweis analysiert. NAC hob die Wirkung
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von ANB4014 vollstandig auf, wohingegen Taurin dieses nur teilweise vermochte. Eine direkte
ROS-Produktion durch Goldkomplexe, die sich mit einer Inhibition der TrxR deckt, wurde bereits
beschrieben (Rubbiani et al. 2010). Auch konnte gezeigt werden, dass N-Acetylcystein die
zytotoxische Wirkung von Gold aufhebt, vermutlich durch die Aufrechterhaltung der
Thioredoxinreduktion (Saggioro et al. 2007). Weinberg und Kollegen postulierten in ihrem
berihmten Artikel The Hallmarks of cancer sechs Kennzeichen der Tumorgenese und die Bildung
von Reactive oxygen species (ROS) spielt bei jeder dieser Hallmarks eine Rolle (Hanahan und
Weinberg 2000b; Hornsveld und Dansen 2016). Viele Tumorzellen bilden im Vergleich zu ihren
gesunden Ausgangszellen einen erhohten Gehalt an ROS und um dies auszugleichen, werden
gleichzeitig antioxidative Systeme hochreguliert, darunter auch das Thioredoxinsystem
(Trachootham et al. 2009; Zhang et al. 2017; Toyokuni et al. 1995). Hier anzusetzen, stellt eine
legitime Strategie dar. Zou et al. zeigten beispielsweise, dass frisch isolierte CLL-Zellen, die ein
erhohtes ROS-Level zeigten, auch anfalliger fir 2-Methoxyestradiol (2-ME) oder Arsentrioxid
(ATO) waren, die beide die Bildung von ROS provozieren, 2-ME, indem es die
Superoxiddismutase (SOD) hemmt (Zhou et al. 2003). Fir ATO konnte gezeigt werden, dass es
auch die TrxR inhibiert (Lu et al. 2007). Genotoxischer Stress kann das Signalmolekil GADD45A
aktivieren, das in vielen Signalwegen des Zellzyklus oder der Apoptose beteiligt ist. GADD45A
wurde durch ANB4014 auf Leukdmiezellen hochreguliert (PCR: 25,8-fach). Eine Aktivierung kann
schlussendlich zur Aktivierung des proapoptotischen BH3-only-Proteins BIM und so zur
Aktivierung des intrinsischen Apoptosewegs fiihren (Salvador et al. 2013). Es ist vielfach
beschrieben, dass Goldkomplexe und auch Organogoldverbindungen lber den intrinsischen,
also mitochondrialen Apoptoseweg, wirken (Barnard et al. 2004; Hickey et al. 2008). Dies
konnten wir in der ersten Publikation fiir den dargestellten Komplex ANB4014 auf verschiedene
Wege nachweisen. Der Zusammenbruch des mitochondrialen Transmembranpotentials als
Indikator fiir die Permeabilisierung der &uBeren Mitochondrienmembran (englisch:
mitochondrial outer membrane permeabilization (MOMP)) und ein hieraus resultierender
Cytochrom C- und Smac-Release ins Zytosol konnte beobachtet werden. MOMP und der Efflux
der mitochondriale Proteine Cytochrom C und Smac ins Zytosol gilt als sogenannter ,Point of no
return” in der Apoptose (Leber et al. 2007). Dabei sind die Proteine der Bcl-2-Familie die
Torhiter dieses Mechanismus, bei dem sich das Verhaltnis aus anti- und proapoptotischen
Mitgliedern Richtung Apoptose verschieben muss (Kale et al. 2018). Diese Verschiebung
konnten wir in verschiedenen Experimenten fiir ANB4014 belegen: Uberexpression des
proapoptotischen BH3-only-Proteins BIM und Unterexpression des antiapoptotischen Bcl-2 in

der PCR sowie Hochregulierung des proapoptotischen BH3-only-Proteins Harakiri (Hrk) im
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Western Blot. BIM gilt als das wichtigste proapoptotische Bcl-2-Protein und spielt eine
entscheidende Rolle in der Wirkung vieler Zytostatika und auch gezielter Therapien, die haufig
Uber das Mitochondrium agieren (Hata et al. 2015; Friedman et al. 2015). Die Zelllinien VCR-res.
BJAB (Bcl-2-Uberexpression), Dauno-res. K562 (Hrk-Unterexpression) und MTX-res. Nalm-6
(Mcl-1-Uberexpression, p53-Unterexpression) haben im Zuge ihrer Resistenzbildung Uber- oder
Unterexpressionen anti- oder proapoptotischer Bcl-2-Proteine entwickelt. ANB4014 zeigte auf
allen nicht nur Resistenziiberwindungen, sondern diese drei Zelllinien waren signifikant
sensibler gegeniliber der Substanz. Dies unterstiitzt die Annahme, dass Proteine der Bcl-2-
Familie als Indikatoren des mitochondrialen Apoptosewegs wichtige Akteure im
Wirkungsmechanismus dieses Goldkomplexes sind. Letai und Kollegen heben jedoch hervor,
dass nicht unbedingt die Konzentration der antiapoptotischen Enzyme der entscheidende Faktor
ist, sondern die Menge der an diese gebundenen Proapoptotika wie etwa das activator-BH-3-
only-Protein BIM (Konopleva und Letai 2018). In 1.1.2 wurde bereits der Begriff , primed for
death” vorgestellt. Dieser erklart die Abhangigkeit einiger Tumore von antiapoptotischen Bcl-2-
Proteinen, da sie ein Uberangebot an proapoptotischen Bcl-2-Proteinen binden und so eine
Aktivierung von Bax/Bak verhindert wird (Certo et al. 2006). Die beiden Zelllinien MTX-res. Nalm-
6 und VCR-res. BJAB zeichnen sich durch eine Uberexpression der Antiapoptotika Mcl-1 und Bcl-
2 aus. Dies ist ein haufig beobachteter Resistenzmechanismus bei hamatologischen Neoplasien
(Singh et al. 2019). Es ware vorstellbar, dass dieser Abhangigkeitsmechanismus von den
antiapoptotischen Proteinen auch hier bestiinde und bereits geringere Konzentrationen von
ANB4014 dies unterwandert, der Resistenzmechanismus kollabiert und zur Apoptose der Zelle
fUhrt. In diesem Zusammenhang liefern die Versuche auf den Dauno.-resistenten K562
interessante Ergebnisse. Diese zeichnen sich im Vergleich zu ihren Ausgangszellen durch die
Unterexpression des sensitizer-BH3-only-Proteins Harakiri (HRK) aus (Schlagintweit et al. 2021).
Harakiri bindet die antiapoptotischen Proteine Bcl-2 und Bcl-xL (Inohara et al. 1997). Fir
ANB4014 konnte im Western Blot nach 24 Stunden eine Hochregulierung dieses Proteins
beobachtet werden. Entsprechend interessant ist die Wirkung des Goldkomplexes auf diesen
Zellen: Auf K562 zeigten sie im untersuchten Konzentrationsbereich keinerlei Wirkung, auf
Dauno-res. K562 fiihrte ANB4014 hingegen bereits in niedriger Konzentration zur Induktion der
Apoptose in nahezu allen Zellen. Diese Ergebnisse kdnnten zu folgender Interpretation flhren:
Die Dauno-res. K562 scheinen von den niedrigen Hrk-Leveln abhangig zu sein. Fiihrt ANB4014
zu einer Aktivierung proapoptotischer BH3-sensitizer wie Hrk, konnten diese liber die Bindung
an Bcl-2 oder Bcl-xL activator-BH3-only-Proteine freisetzen und so zur Apoptose fiihren.

Interessant ist auch, dass sich dieser Effekt nicht fiir den Komplex 2 der zweiten Publikation
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nachweisen lasst. Komplex 2 Giberwindet die Daunorubicin-Resistenz und ist auch wirksamer auf
diesen Zellen, jedoch nicht in dem auspragten Mall wie ANB4014. Die Neutralisierung
antiapoptotischer Bcl-2-Proteine hat sich als wirksamer Mechanismus in der Tumortherapie
herausgestellt. Medikamente, die bereits zugelassen sind, sind etwa BH-3-Mimetika wie
Venetoclax, welches Bcl-2 selektiv bindet (Fulda 2011). Die Idee, Venetoclax auf den VCR-res.
BJAB und den naiven BJAB zu vergleichen, bot sich daher an. Interessanterweise waren die
Wildtyp-Zellen sensibler fiir Venetoclax. Eine Bcl-2-Uberexpression allein muss jedoch noch
nicht fiir Venetoclax sensibilisieren. So zeichnet sich das Follikuldare Lymphom durch hohe Bcl-2-
Level aus, ist jedoch klinisch nicht sensibel fiir Venetoclax (Pham et al. 2018). Auch kann eine
gleichzeitige Uberexpression von Mcl-1 oder Bcl-xL neben Bcl-2 Zellen gegeniiber Venetoclax
resistent machen (Hormi et al. 2020; Choudhary et al. 2015). Interessanterweise zeigten
Venetoclax und Vincristin zusammen einen synergistischen Effekt und Venetoclax scheint tGber
die Bindung von Bcl-2 die VCR-res. BJAB-Zellen vollstandig fur Vincristin zu re-sensibilisieren.
Dies legt die Vermutung nahe, dass die Bcl-2-Uberexpression die resistenten Zellen vor Vincristin
schiitzt, aber die Bcl-2-Bindung allein nicht Apoptose auslost, sondern ein weiterer Stresstrigger

notwendig ist.

Neben den Proteinen der Bcl-2-Familie sind die Caspasen die zweite groRe relevante
Enzymgruppe der Apoptose. Caspasen kénnen durch den intrinsischen oder extrinsischen Weg
aktiviert werden und fiihren schlussendlich zur proteolytischen Spaltung funktioneller und
morphologischer Proteine der Zelle (Taylor et al. 2008). Komplex 2 (iberwand die Cisplatin-
Resistenz auf Neuroblastomzellen, die sich durch eine Caspase 8-Unterexpression auszeichnet.
Caspase 8 ist ein wichtiges Enzym der extrinsischen Signalkaskade (van Cruchten und van den
Broeck 2002). Eine starke Abhangigkeit der Wirkung dieses Goldkomplexes von Caspase 8
besteht in diesem Zusammenhang demnach nicht und unterstitzt die Theorie, dass
Goldkomplexe vornehmlich tGber den intrinsischen Apoptoseweg funktionieren. Caspase 3 und
Caspase 7 sind wichtige Effektorcaspasen. Sie befinden sich downstream des intrinsischen und
extrinsischen Apoptosewegs (Taylor et al. 2008). Fiir ANB4014 konnte eine Aktivierung von
Caspase 3 im Western Blot und von Caspase 7 in der PCR gezeigt werden. Darliber hinaus
spiegelt die Resistenz der Doxo-res. BJAB, die sich durch eine Caspase 3-Unterexpression

auszeichnen, eine direkte Abhangigkeit der Wirkung von ANB4014 von Caspase 3 wider.

Der Vergleich der Gold(l)-Verbindungen auf Zytostatika-resistenten Tumorzellen und ihren
naiven Ausgangszellen erlaubt nicht nur Riickschllisse tUber den Wirkmechanismus, sondern

spiegelt natlrlich auch die Potenz der Substanzen wider, Resistenzen zu (iberwinden. Wie
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bereits erwahnt, stellen Zytostatikaresistenzen einen erheblichen Teil der Therapielimitationen
dar und kénnen unterschiedlicher Genese sein (Longley und Johnston 2005). Die untersuchten
Au(l)-Komplexe Gberwanden die meisten hier untersuchten Resistenzen, darunter auch eine
Cisplatin-Resistenz. Nahezu alle Zytostatika-resistenten Subzelllinien, die wir in den beiden
Papern prasentieren, zeichnen sich durch eine Vielzahl von Ko-Resistenzen gegeniliber weiteren
gangigen Chemotherapeutika aus. So eine genannte Multidrug Resistance (MDR) stellte eine
enorme Herausforderung fiir die Onkologie dar (Szakacs et al. 2006). Ein erhohter, aktiver Efflux
zytotoxischer Substanzen ist ein vielfach beobachteter Mechanismus und wird beispielsweise
durch den MDR-Transporter P-Glykoprotein moglich, zu dessen Substraten hydrophobe,
amphipathische Naturstoffe wie Anthrazykline, Vinca-Alkaloide, Epipodophyllotoxine, Paclitaxel
und Colchicin gehdren (Ambudkar et al. 1999; Holohan et al. 2013). Dies deckt sich mit unseren
Beobachtungen zu den VCR-res.- und Dauno-res.-Leukdmiezellen, die sich durch solch eine
Uberexpression des P-gp-Transporters auszeichnen (Simon et al. 1979). Beide Zelllinien zeigten
keine Resistenz gegenlber dem Goldkomplex ANB4014 und dieser scheint hier somit kein
Substrat zu sein. Dies deckt sich mit friiheren Beobachtungen unserer Arbeitsgruppe zu NHC-
Gold(l)-Verbindungen, bei denen sich auch der Gold-Uptake in die resistenten Zellen mit P-gp-

Uberexpression nicht von dem in den Ausgangszellen unterschied (Schmidt et al. 2017).

Schlussendlich lasst sich zusammenfassen, dass die NHC-Au(l)-Verbindungen, die hier
vorgestellt wurden, potenzielle Antitumormittel darstellen. Sie sind im nanomolaren Bereich
antiproliferativ und apoptotisch. Fir die Komplexe 1 und 2 als auch fiir ANB4014 sind weitere
Experimente wie beispielsweise ein direkter ROS-Nachweis und die Untersuchung der ICso in
Abhéangigkeit von den ROS-Leveln verschiedener Tumorentitdten als auch die inhibitorische
Aktivitat fir ANB4014 in Bezug auf die TrxR notig. Die Diskonkordanz zwischen der Inhibition der
TrxR und der Zellproliferation von Komplex 1 und 2 (Publikation 2.2) deuten darauf hin, dass dies
nicht der Hauptwirkmechanismus ist. Ebenso lasst die unterschiedliche Wirksamkeit der
Goldsubstanzen auf den K562-Zellen und ihren Dauno-res.-Abkémmling einen
unterschiedlichen Wirkmechanismus vermuten. Ein hohes Potenzial wird durch die
Uberwindung vieler Zytostatikaresistenzen deutlich, da dies ein groRBes Problem in der
Tumortherapie darstellt. Die Verbindung ANB4014 muss im Bezug auf Zytostatika-resistenten
Zellen hervorgehoben werden, die durch molekulare Veranderungen der Bcl-2-Proteine
charakterisiert sind und abhdngig von diesen scheinen. Der Komplex unterwandert
beeindruckend diese Resistenzmechanismen und macht die Zellen signifikant sensitiver
gegenlber diesem. Hierbei konnte eine Vielzahl verschiedener Interaktionen mit verschiedenen

Akteuren der Bcl-2-Familie beschrieben werden. Ein BH3-Profiling wiirde interessante
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Aufschlisse tGber noch offene Fragen hinsichtlich der Wirkweise geben und erste theoretische

Ansatze konkretisieren.
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Gold complexes could be promising for tumor therapy because of their cytotoxic and cytostatic properties. We
present novel gold(I) complexes and clarify whether they also show antitumor activity by studying apoptosis
induction in different tumor cell lines in vitro, comparing the compounds on resistant cells and analyzing the
mechanism of action. We particularly highlight one gold complex that shows cytostatic and cytotoxic effects on
leukemia and lymphoma cells already in the nanomolar range, induces apoptosis via the intrinsic signaling
pathway, and plays a role in the production of reactive oxygen species. Furthermore, not only did we demon-
strate a large number of resistance overcomes on resistant cell lines, but some of these cell lines were significantly

more sensitive to the new gold compound. Our results show promising properties for the gold compound as anti-
tumor drug and suggest that it can subvert resistance mechanisms and thus targets resistant cells for killing.

1. Introduction

Since the discovery of the cytostatic nature of the metal-based
cytostatic drug cisplatin in 1965, it has been used as a chemothera-
peutic agent for a variety of tumor entities [1,2]. Despite the drug’s good
efficacy, therapeutic options find their limit in cytostatic resistance and
severe side effects, and recurrences occur [3]. However, with the dis-
covery of cisplatin, interest in metal-based compounds has been aroused
and there is a continuing interest in new compounds that can circumvent
the aforementioned therapeutic limitations that affect many cytostatic
drugs and tumor entities [4].

As a mechanism of action, many chemotherapeutic agents directly or
indirectly target the induction of apoptosis [5,6]. Apoptosis as pro-
grammed cell death is regulated in two ways: The cell can receive

external signals via so-called death receptors or perceive intracellular
stressors such as reactive oxygen species (ROS) or DNA strand breaks [7,
8]. One speaks of the extrinsic and intrinsic apoptosis pathways, which
end in the activation of final self-destruction cascades. Key enzymes in
this process are the caspases, which proteolytically cleave functional
and structural enzymes of the cell [7,9,10]. Central players of the
intrinsic pathway are the pro- and anti-apoptotic proteins of the Bcl-2
family, which, if apoptotic influences predominate, lead to per-
meabilization of the mitochondrial membrane and pro-apoptotic mito-
chondrial proteins leak out [11]. Under physiological conditions,
apoptosis is finely regulated to prevent erroneous cell death [5]. Tumor
cells, if not to a higher degree, are also exposed to the above signals and
stressors from extra- and intracellular. Still tumors find ways to evade
apoptosis, despite sometimes massive perturbations at the functional

Abbreviation: VCR-res. Nalm-6, Nalm-6 cells with induced vincristine resistance; Dauno-res. Nalm-6, Nalm-6 cells with induced daunorubicin resistance; MTX-res.
Nalm-6, Nalm-6 cells with induced methotrexate resistance; VCR-res. BJAB, BJAB cells with induced vincristine resistance; Doxo-res. BJAB, BJAB cells with induced
doxorubicin resistance; Dauno-res. K562, K562 cells with induced daunorubicin resistance.
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Scheme 1. NHC-Au(I) complexes (ANB4014, ANB4015, ANB4016, ANB4041, ANB4057) and corresponding Azolium salts (1a-d).

and structural levels [12,13]. The mechanisms that cells use for this are
probably as diverse as the mechanisms of apoptosis that a cell encoun-
ters during tumorigenesis [14]. For example, a frequently described tool
in malignant cells is the upregulation of the anti-apoptotic Bcl-2 and its
close relatives such as Bel-xL or Mcl-1 [13,15]. Impaired apoptosis is not
only causal for the development of tumors, but cytostatic resistance,
whether intrinsic or acquired, can also be the consequence [6].

In this article, we disclose our studies on the five novel Au(I) com-
plexes ANB4014-4016, ANB4041 and ANB4057 summarized in Scheme
1. All of these complexes contain N-heterocyclic carbenes as a ligand(s),
derived in the usual way from azolium salts by deprotonation in the
presence of the Au(I)-source AuCl(SMe2) [16]. Specifically, ANB4014 is
derived from the 3,5-diphenyl substitutedl,3,4-thiadiazolium chloride
la [16,17], ANB4015 from the 3-pentafluorophenyl-5-phenyl
substituted 1,3,4-thiadiazolium chloride 1b [16], and ANB4016 from
the 3-[2,6-di(2-propyl)phenyl]-5-phenyl substituted 1,3,4-thiadiazo-
lium chloride 1c [16]. In the cases of ANB4041 and ANB4057, the 1,
4-di[2,6-di(2-propyl)phenyl]-3-phenyl-1,2,4-triazolium chloride 1d
served as the source of the corresponding 1,2,4-triazolin-5-ylidene [18].

In our research group, we investigate metal compounds for initial
mechanistic effects. We investigated whether the new substances have
cytotoxic and cytostatic properties as antitumor agents by analyzing
them on different cell series in vitro. We investigated apoptosis induc-
tion and the corresponding mechanism of action focusing on leukemia
and lymphoma cell lines. In our laboratory, we work with many in vitro
cells in which cytostatic resistance has been developed. A comparison on
the wild type cells and the corresponding resistant cells will show how
far the gold compounds are able to overcome multi drug resistance.
Overcoming known resistance mechanisms will provide further insight
into the mode of action of the gold complexes.

2. Materials and methods
2.1. Substances

The gold (I) complexes ANB4014-4016, ANB4041 and ANB4057 (see
Scheme 1) were employed as pure, crystalline materials, and were dis-
solved in Dimethyl sulfoxide (DMSO) (40 mM). DMSO and propidium
iodide (PI) (50 pg/ml) were obtained from Serva (Heidelberg, Ger-
many), RNase A from Qiagen (Hilden, Germany). The conventional
cytostatic drugs (such as vincristine, daunorubicin, doxorubicin, meth-
otrexate, etc.) were provided by Helios Kliniken Schwerin, prepared
with DMSO or water as stock solution according to their properties, and
further diluted immediately before use in the experiments. Venetoclax

was obtained from TOCRIS (Bristol, UK).
2.2. Used cell lines and cell cultivation

The following cell lines were used: Nalm-6 (human b cell precursor
leukemia cells); BJAB (human Burkitt like lymphoma cells); Jurkat
(human T-cell leukemia cells), provided by Prof. Dr. S. Fulda, Goethe
University Frankfurt; K562 (human chronic myeloid leukemia in blast
crisis), provided by Prof. Dr. Dr. K.-H. Seeger, Charité Berlin; SKN-AS
(human neuroblastoma cell line), provided by Prof. Dr. T. Simon, Uni-
versity Cologne; MCF-7 (human breast carcinoma cell line); MelHO
(human melanoma cell line), provided by Dr. J. Eberle, Charité Berlin.
Furthermore, in some cell lines, we induced resistance to common
cytostatic drugs. We treated the cells with small amounts of the
chemotherapeutic agents, in which no loss of viability was observed.
The concentration was then raised until the cells were no longer sus-
ceptible to cytotoxic concentrations. The Nalm-6 cells were made
resistant to Vincristine (VCR), Daunorubicin (Dauno), Methotrexate
(MTX); the BJAB cells to VCR and Doxorubicin (Doxo); the K562 cells to
Dauno. The cells were cultured in RPMI 1640 (Gibco, Invitrogen,
Karlsruhe, Germany) supplemented with 10 % (v/v) heat inactivated
FBS and 1 % (v/v) penicillin streptomycin at 37 °C and 5 % COs. Cell
cultures were subcultured every 3-4 days to a concentration of
0.5 x 10%/ml. To establish uniform growth conditions, the cells were
brought to a concentration of 3 x 10%/ml 24 h prior to an experimental
set-up. The cells were used for test preparation the next day and were
brought to appropriate concentrations.

2.3. Necrosis exclusion via LDH detection

The measurement of lactate dehydrogenase (LDH) in the medium,
which leaks out of the cells when cell integrity is lost, is a reasonable way
to rule out necrosis [19,20] and can be done with an ELISA-based
coupled enzymatic test [21]. We used the Cytotoxicity Detection Kit
(Roche, Mannheim, Germany) according to the manual. Substances
incubated for 1 h. A positive control with Triton-X100 was carried out
and defined 100 % cell necrosis. Test samples were correlated to this.

2.4. Determination of cell concentration and cell viability

Cell concentration as well as cell viability were investigated using the
CASY®CellCounter and Analyzer System (OMNI Life Science, Bremen,
Germany). Cells could be analyzed according to their respective char-
acteristics in a defined setup and differentiated in a single measurement
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between cell debris, dead cells and viable cells. For the analysis of cell
proliferation after 24 h the cells were prepared in 1 x 10°/ml and
incubated with the respective test substances at 37 °C and 5 % COj. A
DMSO control was carried out at the highest concentration and was
equivalent to no more than 0.5 %. After 24 h cell suspension was
properly resuspended, and 100 pL were transferred into 10 ml CASYton
(ready-to-use-isotonic saline solution) and measured. The control or
DMSO-control determined a cell proliferation of 100 %. Test approaches
were devised in relation to this. The IC5y was determined with the AAT
Bioquest Tool [22].

2.5. Measurement of apoptosis via modified cell cycle analysis

We analyzed DNA fragmentation as a late apoptotic stage [23]. The
DNA fragmentation was calculated using a modified cell cycle analysis,
which detects DNA fragmentation at the single-cell level as described
[24]. DNA fragmentation was investigated as follows. Cell cultures were
placed in 1 x 10°/ml, treated with the respective test substances in
appropriate concentrations and incubated for 72 h at 37 °C and 5 %
CO2. A DMSO control was carried out at the highest concentration used
and was equivalent to no more than 0.5 %. The cells were collected via
centrifugation (8000 rpm, 4 °C, 5 min) and fixed on ice with formal-
dehyde (2 %, (v/v)) in 1 x PBS for 30 min. After incubation the cells
were centrifuged (1500 rpm, 4°C, 5min) and incubated with
1 x PBS/ethanol (1:2, (v/v)) on ice for 15 min. Cells were centrifuged
(1500 rpm, 4 °C, 5min) and resuspended in RNase A (40 ug/ml) in
1 x PBS. RNase was incubated for 30 min at 37 °C. The cells were
centrifuged (1500 rpm, 4 °C, 5 min) and resuspended in 1 x PBS with
Propidium iodide (PI) (50 pg/ml). DNA fragmentation was analyzed and
quantified as hypodiploid DNA content (subGl) by flow cytometry
(FACScan, Becton Dickinson, Heidelberg, Germany). The data evalua-
tion was performed by the Cell Quest software.

2.6. Annexin V/Propidium iodide (PI) double staining

We used the Annexin-V-FLUOS staining (Roche, Mannheim, Ger-
many). The experimental setup was as follows: Cells were plated out in
1 x 10°/ml and treated with appropriate substances, which incubated
on the cells for 48 h at 37 °C and 5 % CO,, content. After incubation, cells
were collected (5 min, 4 °C, 8000 rpm), the pellet was washed in
1 x PBS and centrifuged again (5 min, RT, 1500 rpm). Four control sets
were included (incubation buffer only, Annexin-V-FITC in incubation
buffer, PI in incubation buffer, Annexin-V-FITC + PI in incubation
buffer). The concentration series was incubated with Annexin-V-
FITC + PI in incubation buffer (15 min, RT). The data evaluation was
performed by flow cytometry (FACScan, Becton Dickinson, Heidelberg,
Germany). The data evaluation was performed by the Cell Quest
software.

2.7. Measurement of the mitochondrial transmembrane potential (Ay,)

The cells were prepared in 1 x 10°/ml and treated with test sub-
stances. After 48 h of incubation at 37 °C and 5 % CO, concentration the
cells were collected by centrifugation (3000 rpm, 5 min, 4 °C). The pellets
were resuspended in phenol red-free RPMI and 5,5,6,6'-Tetrachlor-
1,1/,3,3'-tetraethylbenzimidazolylcarbocyaniniodid (JC-1) (0.2 mg/ml in
DMSO) was added by pipetting. The samples were briefly vortexed and
incubated at 300 rpm and 37 °C for 30 min in a thermal mixer. After the
incubation period the cells were centrifuged (4000 rpm, 4 °C, 5 min) and
resuspended in 1xPBS. The mitochondrial transmembrane potential was
analyzed in flow cytometry using FACScan (Becton Dickinson, Heidelberg,
Germany) and the CELL Quest software.

2.8. Isolation of human leukocytes

Leukocytes were isolated from the human blood of a healthy
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individual. 50 ml of fresh blood was collected and diluted with RPMI
1640 medium supplemented with 20 % FCS (v/v). 4 ml of bicoil sepa-
rating solution was placed in Falcons and carefully overlaid with 5 ml of
diluted blood. Samples were centrifuged (18 min, 18 °C, 2000 rpm) and
leukocytes were then collected using a Pasteur pipette and washed with
10 ml of medium (20 % FCS). Leukocytes were centrifuged again
(5 min, 18 °C, 2000 rpm) and resuspended again in 10 ml medium
(20 % FCS). The cell count was determined using CASY®CellCounter
and Analyzer System from OMNI Life Science (Bremen, Germany) and
the leukocytes were then taken into culture at a count of 3 x 10° cells/
ml. The remainder of the experiment was the same as for DNA frag-
mentation. The blood is donated by a member of our working group. The
experiment was  confirmed by an  ethics committee
(EK_MR_150321_Neubauer).

2.9. Immunoblotting

After 24 h incubation of the substance at appropriate concentrations
on Nalm-6 cells, protein purification was performed. Cells were pelleted
(5 min, 4°C, 1500 rpm), washed with 1x PBS, and pelleted again
(5 min, 4 °C, 8000 rpm). Cells were then incubated for one hour in lysis
buffer (Tris/HCl (10 mM Tris-HCI, pH 7.5), EDTA (2 mM), 0.1 % (w/v)
SDS, 1 x Complete Protease Inhibitor Cocktail) and were then centri-
fuged for 30 min (4 °C, 13,200 rpm). Protein concentration in the su-
pernatant was determined by BSA standard calibration and ELISA
measurement according to a Pierce® BCA Protein Assay (ThermoFisher
Scientific Inc., Waltham, USA). The appropriate amount of protein was
denatured in sample buffer and water for 5 min at 95 °C and 300 rpm.
Protein separation was performed by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE). A standard protein marker was included for mo-
lecular weight. We used gradient gels (Serva Electrophoresis GmbH,
Heidelberg, Germany), and the pockets were filled with 20 pL protein
sample or 7 pL marker each. Electrophoresis was run at 120 V for 10 min
and then at 160 V for 45 min. Subsequently, the separated proteins were
transferred to a nitrocellulose membrane by semidry blot (65 min,
100 mA). The membrane was washed in 1 x PBS and blocked for one
hour in PBST (PBS, 0.05 % Tween-20) containing BSA. Various primary
antibodies were then incubated for one hour. Used were Caspase 3
antibody (Enzo, Farmingdale, USA), Beta-actin-antibody (Sigma-
Aldrich, St. Louis, USA), Harakiri antibody (USBiological, Salem, USA).
The membrane was washed 3 times again in PBST, and the secondary
antibodies in PBST were incubated for one hour. The following anti-
bodies were used: anti-mouse IgG HRP (Promega, Madison, USA), anti-
Rabbit IgG HRP (Sigma-Aldrich, St. Louis, USA). After washing again
(3 x), the bands were detected using ECL solution (GE Healthcare,
Chicago, USA) and Chemigenius-2 bio-imaging system (Syngene, Cam-
bridge, UK).

2.10. Cytochrome c release

The Mitochondria Isolation Kit for Mammalian Cells (Pierce, Rock-
ford, USA) was used to separate the mitochondrial fraction from the
cytosolic fraction and performed according to the manual. After isola-
tion, the procedure coincides with immunoblotting from the BSA stan-
dard calibration line. As the first antibodies we used anti-Smac (Santa
Cruz Biotechnology, Inc., Dallas, USA), anti-cytochrome c¢ (BD Phar-
mingen, San Diego, USA), anti-beta-actin (Sigma-Aldrich, St. Louis,
USA). We used anti-mouse IgG HRP (Promega, Madison, USA) as a
second antibody.

2.11. RT qPCR

We used the RT? profiler array PAHS-212Z (Human Cell Death
PathwayFinder, Qiagen, Hilden, Germany) according to the instruction.
Cells were plated out in 1 x 10°/ml and incubated with ANB4014 for
14 h. A substance-free control was also incubated for 14 h. RNA was
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Table 1

Screening of gold complexes after 72 h of incubation
on Nalm-6 cells. Apoptosis was determined by modified
cell cycle analysis. Shown are the ACsy (concentration
causing apoptosis in 50 % of the cells) concentrations of
the corresponding complexes. The ACso was calculated
using the AAT Bioquest tool [22] from the value greater
than and less than the ACsg (n = 3). Thus, the ACsq here
corresponds only to an approximate value. For corre-
sponding graphs see Supplement 1.

Compound ACs values (uM)
ANB4014 0.36

ANB4015 0.7

ANB4016 0.22

ANB4041 0.7

ANB4057 2.2

s cell count Inhibition
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Fig. 1. Antiproliferative effect of ANB4014 after 24 h incubation on Nalm-
6 cells. Cells were plated out in 1 x 10°/ml. After 24 h a doubling of the cell
number can be expected. If the final cell number is below 1 x 10°/ml cytotoxic
effects of the substance can be assumed. IC5o = 0.1 pM. The ICs was calculated
using the AAT Bioquest tool [1]. For calculation the concentrations were
normalized to DMSO, because DMSO showed antiproliferative effects to a small
extent. n = 3 + SD. (*: p < 0.05 vs. DMSO, two-tailed t-test).

isolated and purified using Pure RNA Isolation KIT (Roche Molecular
Systems Inc., Rotkreuz, Switzerland). RNA was measured photometri-
cally in a quality control to verify purity and determine concentration.
The ¢cDNA synthesis was performed using the RT? First Strand Kit from
Qiagen, and an SYBR Green Mastermix (RT? SYBR Green Mastermix,
Qiagen, Hilden, Germany) was prepared. An appropriate amount was
pipetted into the wells of the RT2PCR Array (Qiagen, Hilden, Germany).
PCR was performed in LightCycler® 96 (Roche Molecular Systems Inc.,
Rotkreuz, Switzerland), and analysis was performed using the AACt
method by the GeneGlobe Data Analysis Center (Qiagen, Hilden,
Germany).

2.12. Statistics

The results shown correspond to a triplicate determination (except
Western blots and PCR). The standard deviation (SD) is shown as error
bars. If SD is very small, error bars may not be seen. Significance was
calculated after normalization to DMSO using a two-tailed t-test with a
significance level of 0.05. Graphs and statistics were performed using
Microsoft Office Excel.

3. Results
3.1. Screening of gold compounds
To get an overview of the cytotoxicity of the different gold com-

plexes, we screened the compounds on leukemia cells Nalm-6. We
analyzed DNA fragmentation as late apoptotic stage by modified cell
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Fig. 2. Exclusion of necrosis-induced cell death by ANB4014 on Nalm-6
and BJAB after 1 h of incubation. LDH leaks from the cell during lost cell
integrity and was measured by coupled enzymatic assay in the medium. An
increase in LDH concentration in the medium corresponds to a decrease in
viability. This is not observed with the substance ANB4014. n = 3.

cycle analysis via propidium iodide (PI) staining and cytometry after
72 h of incubation [23,24]. All compounds showed effects in the nano-
or low micromolar range (see Table 1). The most promising compounds
were ANB4014 and ANB4016, which showed similar apoptotic effects
already in the nanomolar concentration range.

3.2. The ICsp of ANB4014 and ANB4016 are in the nanomolar range

To investigate the antiproliferative effects of the ANB4014 and
ANB4016 complexes, we determined the cell number after 24 h of in-
cubation of the compounds compared with an entrained control. We
assayed both compounds on leukemia and lymphoma cell lines. ICsq
(half maximal inhibitory concentration) values in the nanomolar range
were shown on both cell series and with both compounds (ICsos: ANB14
on Nalm-6 = 0.1 uM, ANB4014 on BJAB= 0.18 pM, ANB4016 on Nalm-
6 = 0.2 uM, ANB4016 on BJAB= 0.29 uM). For both compounds, cyto-
toxic effects can already be observed after 24 h when the cell number
drops below the seeded cell number. This is exemplified here using the
compound ANB4014 on Nalm-6 cells (see Fig. 1). The other graphs can
be seen in Supplement 2. For further experiments, we focused on the
substance ANB4014.

3.3. Specification of cytotoxic and cytostatic effects via LDH
measurement and Annexin V/PI double staining

To rule out the nonspecific cytotoxic effects of the compounds, we
examined lactate dehydrogenase (LDH) extraction from cells after 1 h of
incubation of the compounds on Nalm-6 and BJAB cells. LDH can leave
the cell and be detected in the medium in the course of lost cell integrity
and thus serves here as a necrosis indicator [21]. ANB4014 does not
show unspecific cytotoxic effects in the relevant concentration range on
the mentioned cell lines after 1 h of incubation. Viability is 100 % in
Nalm-6 cells at the highest concentration tested (1 pM) and slightly
lower in BJAB cells (98.04 %) (see Fig. 2). To confirm and characterize
more precise cytotoxicity (vital vs. apoptosis vs. necrosis) we addition-
ally performed Annexin V/Propidium iodide double staining [25,26].
After 48h of incubation of ANB4014 on Nalm-6, a
concentration-dependent decrease in vital cells was observed, with a
concomitant increase in mainly early apoptotic stages (see Supporting
information Supplement 4, Supplement 5).

3.4. ANB4014 acts on various cancer cell lines in vitro

We compared the apoptotic effect of the gold complex ANB4014 on
different tumor cell lines. ANB4014 was incubated for 72 h on the cor-
responding cells. We analyzed DNA fragmentation as late apoptotic
stage. The approximate ACs (concentration causing apoptosis in 50 %
of the cells) ranges are given in Table 2.



M.-C. Ahrweiler-Sawaryn et al.

Table 2

ACso values of ANB4014 on different tumor cell lines. Apoptosis was
determined by modified cell cycle analysis. The gold compound incubated for
72 h in each case. The ACsq was calculated using the AAT Bioquest tool [22]
from the value greater than and less than the ACso. Thus, the ACsq here corre-
sponds only to an approximate value. n = 3. ACsy (concentration causing
apoptosis in 50 % of the cells). For corresponding graphs see Supplement 1,
Supplement 3.

Cell line Tumor ACsg values (uM)
Nalm-6 B-ALL 0.35
BJAB Burkitt-like Lymphoma 0.4
Jurkat T-ALL 2.4
SKN-A-S Neuroblastoma 6.1
MCEF-7 Breast cancer 28
MelHO Melanoma 34
H Nalm-6 Leukocytes
100 -
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Fig. 3. ANB4014 shows only minor apoptotic effects on healthy human
leukocytes compared to leukemia cells. We isolated the leukocytes from
50 ml of healthy human blood and took them into culture. ANB4014 incubated
for 72 h on the leukocytes and leukemia cells. Apoptosis was determined by
modified cell cycle analysis. n =3 4 SD. (*: p < 0.05 vs. analogous concen-
tration on Nalm-6, two-tailed t-test).

3.5. ANB4014 shows little apoptosis on healthy human leukocytes
compared to leukemia cells

To exclude cytotoxic effects on healthy leukocytes, we extracted
leukocytes from healthy human blood, cultured them and incubated
ANB4014 on them for 72 h. In the concentration range corresponding to
more than three times the ACs( for Nalm-6, only minor apoptotic effects
by ANB4014 were seen on the leukocytes. From a concentration of
0.75 pM, a saturation effect can be observed on the Nalm-6 cells (see
Fig. 3).

3.6. Gold complex acts via the intrinsic apoptosis pathway

Intrinsic apoptosis leads to the permeabilization of the mitochondrial
membrane, in the course of which the mitochondrial transmembrane
potential (Aym) also collapses [15]. This can be visualized by means of
JC-1 staining [27]. ANB4014 incubated for 48 h on Nalm-6 cells and
showed a concentration-dependent loss of mitochondrial trans-
membrane potential and thus involvement of mitochondrial apoptosis
(see Fig. 4). If mitochondrial membrane permeabilization occurs, the
pro-apoptotic proteins cytochrome ¢ and Smac are released from the
mitochondrion into the cytoplasm and activate downstream the further
signaling chain [5]. After 24 h of incubation of ANB4014 on Nalm-6 a
cytochrome c and Smac release into the cytosol could be observed in the
Western blot, confirming the involvement of the intrinsic pathway (see
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Fig. 4. ANB4014 leads to reduction of mitochondrial transmembrane
potential in Nalm-6. The compounds incubated for 48 h. Loss of membrane
potential was determined by JC-1 and flow cytometry. n = 3 + SD. (*: p < 0.05
vs. DMSO, two-tailed t-test).
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Fig. 5. Cytochrome c and Smac release into the cytosol by ANB4014 on
Nalm-6 after 24 h of incubation. A concentration-dependent increase of Smac
and especially cytochrome c can be seen in the Western Blot.

Fig. 5).
3.7. N-acetylcysteine prevents apoptosis, taurine leads to effect reduction

Tumor cells, in the course of their increased metabolism, also form
increased ROS and counteract these by an increase in redox systems,
including the Thioredoxin (Trx) system [28]. Based on the large body of
work showing that gold complexes inhibit thioredoxin reductase (TrxR)
and induce ROS [29-31], as well as that N-acetylcysteine (NAC) can
completely inhibit the effect of gold [32], we also investigated an
effect-reducing impact by the antioxidants NAC and taurine. NAC acts
on the ROS levels of the cell in several ways: for example, as a direct
radical scavenger, as a reducing agent, or by increasing glutathione
levels [33]. Taurine, on the other hand, is not a classical free radical
scavenger but acts on the ROS status of the cell via various indirect
mechanisms. For example, taurine reduces ROS production in the res-
piratory chain, but also protects the cell’s antioxidant defense system by
protecting the enzymes involved from oxidative stress [34]. We
compared the apoptotic effect of ANB4014 on Nalm-6 alone and in
combination with NAC or taurine, thus indirectly demonstrating an ef-
fect relationship with ROS. NAC completely prevents apoptosis by
ANB4014 (see Fig. 6, A), whereas taurine just leads to a reduction in
effect on Nalm-6 cells (see Fig. 6, B).

3.8. Involvement of different proteins of the Bcl-2 family

The Bcl-2 family proteins are the key enzymes in both the initiation
and inhibition of the mitochondrial apoptosis pathway and encompass
three groups: anti-apoptotic members (as Bcl-2, Bcl-xL, Mcl-1), pro-
apoptotic pore-formers (as Bax, Bak), and pro-apoptotic BH3-only pro-
teins (as BIM, Bid, Puma, HRK) [35]. So, we examined ANB4014 on
cytostatic-resistant leukemia cells, which are characterized by up- or
downregulation of members of the Bcl-2 family as a resistance mecha-
nism. These cytostatic resistances are induced by our laboratory and by
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Fig. 7. Effect increase of ANB4014 on cytostatic-resistant cells. Apoptosis was determined by modified cell cycle analysis after 72 h of incubation. The resistant
cell lines show a clear sensitization to the gold complex. n = 3 £ SD. (*: p < 0.05 vs. analogous concentration on baseline cell line, two-tailed t-test). A: ANB4014 on
K562 and Dauno-res. K562: While the starting cells K562 are almost resistant to ANB4014 up to a concentration of 2 uM the Dauno-res. K562 already show high
apoptotic levels at lower concentrations. B: ANB4014 on BJAB and VCR-res. BJAB. ANB4014 reaches high apoptotic levels already at low concentrations, whereas it
has hardly any effect on the initial cells. C: ANB4014 on Nalm-6 and MTX-res. Nalm-6. The MTX-res. cells are more sensitive to ANB4014 than Nalm-6.

comparison of ANB4014 on the initial cell line and the resistant cell line,
a correlation of mechanism of action and mechanism of resistance can be
drawn. DNA fragmentation was examined for ANB4014 on K562
(chronic myeloid leukemia in blast crisis) and Dauno-res. K562, for
which we found a down-regulation of the BH3-only protein harakiri
[36], on BJAB and VCR-res. BJAB cells for which we found upregulation
of the anti-apoptotic Bcl-2 and on Nalm-6 and MTX-res. Nalm-6, for
which we found overexpression of the anti-apoptotic Mcl-1 as well as
p53 underexpression. We observed not only a resistance overcoming but
also a clear sensitization to the gold complex ANB4014 in all of these
resistant cell lines: At concentrations where on the wild type cells no or
less apoptosis is observed, in the resistant cells almost all cells are
already apoptotic. While ANB4014 hardly induces apoptosis on K562 up
to a concentration of 2 uM, it has an effect on the resistant cell line

Dauno-res. K562 to a high degree. Even at a lower concentration of
0.5 pM, almost all cells in the resistant cells are apoptotic (see Fig. 7, A).
Dauno-res. K562 are also resistant to anthracyclines and vinca alkaloids.
In Western blot studies, we could confirm an upregulation of the
BH3-only protein harakiri (HRK) after 24 h of incubation of ANB4014
on Nalm-6 (see Fig. 8). BH3-only proteins belong to the Bcl-2 family and
depending on the BH3-only protein, they activate apoptosis by either
inhibiting anti-apoptotic members or activating pro-apoptotic members
of the Bcl-2 family [37,38]. On the cell line MTX-res. Nalm-6, ANB4014
is also more effective than on the wild-type cells. At a concentration of
0.4 uM, an apoptosis of 55.11 + 6.10 % was observed on the wild-type
cells, and an apoptosis of 90.26 + 1.06 % on the MTX-res. cells (see
Fig. 7, C). Also on the VCR-res. BJAB cells that show Bcl-2 upregulation,
the ACsg is lower than on BJAB: below 0.075 puM. At 0.1 uM, hardly any
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Fig. 8. Up-regulation of Harakiri and cleaved Caspase 3. Shown is the
Western blot after 24 h of incubation of ANB4014 in Nalm-6.
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Fig. 9. Venetoclax is less effective on VCR-res. BJAB than on BJAB wild-
type cells. Apoptosis was determined by modified cell cycle analysis after
72 h of incubation. n = 3 + SD. (*: p < 0.05 vs. analogous concentration on
baseline cell line, two-tailed t-test).

apoptosis takes place in the wild-type cells, whereas in the resistant cells
almost all cells are apoptotic (BJAB 6.51 + 1,24 % apoptosis, VCR-res.
BJAB 95.54 + 0,23 % apoptosis) (see Fig. 7, B). VCR-res. BJAB show
co-resistance to vinca alkaloids. Since Bcl-2 overexpression is a
frequently observed resistance mechanism [13,39] and ANB4014 has
been shown to increase resistance in VCR-res. BJAB so clearly, we were
interested in comparison with the BH3 mimetic venetoclax, which
selectively binds Bcl-2 [37]. In tumor cells characterized by over-
expression of anti-apoptotic proteins like Bcl-2, intrinsic apoptosis can
thus be directly activated by targeted therapy, since the actual apoptosis
mechanism is usually intact [13,40]. Venetoclax is approved for the
treatment of chronic lymphocytic leukemia and acute myeloid leukemia
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and is also being investigated in clinical trials for non-Hodgkin lym-
phoma [37,41]. On lymphoma cell cultures with high Bcl-2 expression it
acts at low nanomolar levels [41]. We compared venetoclax on BJAB
and VCR-res. BJAB. Interestingly, not only is the effect of venetoclax on
the VCR-resistant BJAB lower than on the wild-type BJAB cells, but the
VCR-resistant BJAB cells are also resistant to venetoclax despite Bcl-2
upregulation (see Fig. 9). Thus, we were interested in whether ven-
etoclax, through Bcl-2 binding, could re-sensitize VCR-res. BJAB to
vincristine. The VCR-res. BJAB cells are resistant to vincristine up to a
concentration of 4.5 nM. We tested the synergistic effect of vincristine
(4.5 nM) and venetoclax (1 uM respectively 10 uM) on VCR-res. BJAB
cells. While the substances alone on the VCR-res. BJAB hardly induce
apoptosis, the combination of the two compounds shows synergistic
effects. The apoptosis rate is comparable to the levels induced by
vincristine or venetoclax in the BJAB cell line (see Fig. 10).

3.9. ANB4014 activates caspase 3

Downstream of the intrinsic as well as extrinsic pathway, effector
caspases are activated. Caspase 3 is one of these, which ultimately leads
to proteolytic cleavage of the cell [7]. After 24 h of incubation, an
activation of caspase 3 in the form of a proteolytic cleavage into the
active form by ANB4014 can already be observed in the Western blot
(see Fig. 8). A Doxo-res. BJAB cell line we generated is characterized by
a caspase-3 down-regulation. We examined ANB4014 on this cell line to
investigate a caspase 3 dependency and found that Doxo-res. BJAB are
almost completely resistant to ANB4014 at a concentration of 0.5 uM
(58.05 £+ 8.1 % apoptosis in BJAB vs. 6.18 4+ 1.07 % apoptosis in

H BJAB Doxo-res. BJAB

100
75

50
25 *
*
0 + o . : . —_

DMSO Doxo [184 ANB4014
nM] [0.5 uM]

apoptotic cells [%]

Control

Fig. 11. ANB4014 is Caspase 3 dependent. Shown is the apoptotic effect of
ANB4014 on the wild-type cells BJAB and the corresponding Doxo-res. BJAB
which are characterized by a Caspase 3 downregulation. Doxorubicin induces
little or no apoptosis on the corresponding resistant cell line. Apoptosis was
determined by modified cell cycle analysis after 72 h of incubation. n = 3 £ SD.
(*: p < 0.05 vs. analogous concentration on baseline cell line, two-tailed t-test).
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Fig. 10. Re-sensitization of VCR-res. BJAB for vincristine by BH3 mimetic venetoclax. The left graph shows the effect of VCR and venetoclax on BJAB. The right
graph shows the respective effect of VCR and venetoclax on VCR-res. BJAB alone and in combination with each other. When the substances are combined, a bipartite
graph is shown. The lower part corresponds to the additive effect, the upper circled part shows the synergistic effect. While the substances alone on the VCR-res. BJAB
hardly induce apoptosis, the combination of the two compounds shows synergistic effects (right). The apoptosis rate is comparable to the levels induced by vincristine
or venetoclax in the BJAB cell line (left). Apoptosis was determined by modified cell cycle analysis after 72 h of incubation. n = 3 £ SD.
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Table 3

Over- or underexpression of apoptosis-associated genes by
ANB4014 after 14 h incubation on Nalm-6 analyzed by RT-qPCR.
Fold regulation compared to control.

Fold regulation

Overexpression of pro-apoptotic Genes

BCL2L11 (BIM) +4.2
Caspase 7 +7.8
GADD45A +25.8
Underexpression of anti-apoptotic Genes

Bcl-2 -4.7

Doxo-res. BJAB, see Fig. 11).

3.10. ANB4014 leads to over- and underexpression of pro- and anti-
apoptotic genes

Furthermore, we examined apoptosis-related genes for over- or
under expression induced by ANB4014 in an RT-qPCR. We used the cell
death pathway finder array from Qiagen (Hilden, Germany). ANB4014
was incubated at a concentration of 0.8 uM on Nalm-6 for 14 h. The
analysis revealed a large number of genes that were over- or underex-
pressed compared to the control. Table 3 lists some selected genes
showing an overexpression of pro-apoptotic and an underexpression of
anti-apoptotic genes.

3.11. ANB4014 overcomes multiple cytostatic resistances in vitro

Cytostatic resistance in tumor cells is a frequently observed
complication and often limits the success of therapy [42]. In our labo-
ratory, we induced resistance to common chemotherapeutic agents in
different cell lines, which are thus acquired. All resistances are charac-
terized by further co-resistances to various cytostatic drugs. We inves-
tigated ANB4014 for its ability to overcome these resistances. The gold
compound was incubated for 72 h on the initial cell lines and the
resistant cell lines and apoptosis were evaluated by PI staining and flow
cytometry. For some resistant cell lines, we know their resistance
mechanisms, or partial mechanisms of resistance, and for some, the
discovery is still pending. Resistance and resistance overcoming allow
further conclusions to be drawn about the mechanisms of action of the
gold complexes. We determined resistance for a concentration at which
at least the apoptotic effect of the parent compound (VCR, Dauno, MTX
and so on) could be observed on the wild-type cells or at least one ACsg.
ANB4014 overcomes a range of cytostatic drug resistance. For an
overview, see Supplement 6 of the Supporting information.
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3.12. ANB4014 is not a substrate of P-gp

A VCR-res. Nalm-6 as well as a Dauno-res. Nalm-6 are characterized
by upregulation of the multidrug transporter P-glycoprotein (P-gp). P-gp
is a multidrug efflux pump that is upregulated in many tumor cells and
through which the tumor cell can actively efflux a variety of substrates,
especially hydrophobic, amphipathic natural drugs. These include
anthracyclines (doxorubicin, daunorubicin, epirubicin), vinca alkaloids
(vincristine, vinblastine), epipodophyllotoxins (etoposides, tenipo-
sides), paclitaxel and colchicine [39,43]. This is consistent with our
observations regarding the co-resistance of VCR-res. and Dauno-res.
Nalm-6 to other established cytostatic drugs [44]. ANB4014 shows
similar effects on both cell lines mentioned above and thus complete
resistance overcoming (see Fig. 12 A + B).

4. Discussion

We demonstrated that the gold compounds are cytostatic and cyto-
toxic on leukemia and lymphoma cells in the nanomolar concentration
range, and they have promising potential as anticancer agents.

We found that complexes induce apoptosis in tumor cells but not in
healthy leukocytes and that the intrinsic apoptosis pathway plays a
crucial role. Via JC-1 staining and cytochrome c and Smac release, we
detected a concentration-dependent breakdown of the mitochondrial
transmembrane potential and leakage of pro-apoptotic proteins from the
mitochondrion. This is in agreement with the observations of other work
on gold(I) complexes [45-47]. The major regulators of the intrinsic
apoptosis pathway are the proteins of the Bcl-2 family [48]. These are
divided into pro- and anti-apoptotic members. The anti-apoptotic ones
include Bcl-2, Mcl-1 or Bcl-xL. They prevent oligomerization of the
pro-apoptotic proteins Bax and Bak, which leads to permeabilization of
the mitochondrial membrane and activates the further signaling
pathway [37]. Other important players are the BH3-only proteins, which
can activate apoptosis by binding anti-apoptotic proteins or by directly
activating pro-apoptotic proteins [5,13,37]. In Western blot, we detec-
ted upregulation of the BH3-only protein HRK, and in PCR, we found
overexpression of the BH3-only protein BIM and downregulation of
Bcl-2. HRK acts as a sensitizer protein by blocking Bcl-2 or Bel-xL and
thus activating apoptosis indirectly [49]. BIM, on the other hand, in-
hibits all anti-apoptotic Bcl-2 proteins equally and binds Bax and Bak
directly as activator proteins [35]. The resistance overcoming on cells
MTX-res. Nalm-6 (Mcl-1 overexpression, p53 underexpression),
VCR-res. BJAB (Bcl-2 upregulation) and Dauno-res. K562 (HRK down-
regulation) with clear sensitization to ANB4014 highlight the consid-
eration that the intrinsic apoptosis pathway via members of the Bcl-2
family is relevant for action. The three cell series are characterized by

B ENalm-6 H® Dauno-res. Nalm-6
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Fig. 12. Resistance overcoming by ANB4014 on cytostatic-resistant leukemia cells in vitro characterized by upregulation of the multidrug transporter P-
glycoprotein (p-gp). Shown is the apoptotic effect of ANB4014 on the wild-type cells and the corresponding cytostatic-resistant cells. The parent cytostatic drug
induces little or no apoptosis on the corresponding resistant cell line. Apoptosis was determined by modified cell cycle analysis after 72 h of incubation. n = 3 & SD.
(*: p < 0.05 vs. analogous concentration on baseline cell line, two-tailed t-test). A: ANB4014 overcomes vincristine-induced resistance. B: ANB4014 overcomes

daunorubicin-induced resistance.



M.-C. Ahrweiler-Sawaryn et al.

P-glycoproteine

Cell membrane

«—
® NO,
BAX/BAK A/@> BH3'0:|V\

protein

Procaspase 9

K

Procaspase Caspase 3/7

3/7 _

Caspase 9
Y )
Q> Apoptosor;|-> G-P O >( %

@ DNA Fragmentation

Biomedicine & Pharmacotherapy 161 (2023) 114507

Fig. 13. The potential mechanism of action
of the compound ANB4014. The figure re-
flects the hypothetical apoptosis induction that
can be derived from the experiments studied
here. The numbers draw the connections to the
experiments. 1) The Structural formulas can be
found in Scheme 1. 2) ANB4014 leads to ROS
production. This is indirectly demonstrated by
the antioxidant experiment in Fig. 6. 3) The
protein GADD45A is formed by ROS, which in
turn leads to apoptosis via BIM, for example.
Overexpression of GADD45A by ANB4014 was
O detected via PCR (Table 3). 4) ANB4014 leads
to activation of BH3-only proteins directly or
via ROS. Evidenced by the upregulation of
harakiri (HRK) in Western blot (Fig. 8), over-
O expression of BIM in PCR (Table 3). In addition,
O ANBA4014 shows a significant increase in effect
on Dauno-res. K562, which are characterized by
g under-expression of HRK (Fig. 7). 5) Directly or
via BH3-only proteins, anti-apoptotic proteins
of the Bcl-2 family are inhibited and pro-
apoptotic proteins such as Bax/Bak are acti-
vated. Evidence of Bcl-2 underexpression in

]

= Apoptosis

PCR (Table 3), ANB4014 also shows a significant gain of effect on the Bcl-2 overexpressed VCR-res. BJAB as well as the Mcl-1 overexpressed MTX-res. Nalm-6
(Fig. 7). 6) This leads to the breakdown of mitochondrial transmembrane potential (MOMP), detected by JC-1 staining (Fig. 4). 7) Smac and cytochrome c (Cyt c¢)
leakage occurs, detected by its release as Western blot (Fig. 5). The apoptosome is formed and 8) the caspase cascade is activated. This was shown for caspase 3 by
Western blot and for caspase 7 by PCR (Fig. 8, Table 3). In addition, Fig. 11 shows a caspase 3 dependency. 9) The effector caspases eventually lead to proteolytic
cleavage of DNA and thus inevitably to apoptosis. Detected by Annexin V/PI double staining and by modified cell cycle arrest Table 2, Supplement 5. 10) ANB4014 is
not a substrate of P-glycoprotein. Detected on the P-glycoprotein-overexpressing Dauno- and VCR-res. Nalm-6 (Fig. 12). Image created in part using Servier Medical
Art provided by Servier and licensed under a Creative Commons Attribution 3.0 unported license (http://smart.servier.com, accessed 28 February 2023).

acquired resistance. A synopsis of the results from the mechanism ana-
lyses and the resistance overcomes show that the gold complexes shift
the balance of the Bcl-2 proteins towards a predominance of the
pro-apoptotic members and, via this mechanism, appear to be signifi-
cantly more effective on the aforementioned resistant cell lines. These
resistant cells thus seem to be dependent on their resistance mechanism.
If the gold complexes disrupt this mechanism, the cell’s survival stra-
tegies seem to be undermined and collapse. In this regard, the mito-
chondrial apoptosis pathway is a promising way to directly activate
apoptosis in tumor cells by targeted therapy [30]. Certo et al. introduced
the term "primed to death" in their work, describing a state in which the
tumor cell is constantly primed with activator BH3-only proteins and
thus depends on anti-apoptotic proteins of the Bcl-2 family to survive.
BH3 mimetics but also common cytostatics leading to the induction of
BH3-only sensitizer proteins can collapse this fragile state by releasing
the activator BH3-only proteins from the anti-apoptotic Bcl-2 proteins
and activating Bax and/or Bak [50]. Therefore, we compared the effect
of the BH-3 mimetic venetoclax on BJAB and the VCR-res. BJAB. So far,
we have been able to detect for the VCR-res. BJAB only demonstrated
Bcl-2 upregulation. From the literature, BJAB is characterized by a low
Bcl-2 concentration and an effect by venetoclax is only observed in
micromolar ranges [41]. This is consistent with our results. The VCR-res.
BJAB, however, were resistant to venetoclax. But interestingly,
vincristine and venetoclax together show a synergistic effect on the
VCR-res. BJAB. This could argue for a re-sensitization of the VCR-res.
BJAB to vincristine by venetoclax, as venetoclax blocks upregulated
Bcl-2. This suggests that overexpression of Bcl-2 in VCR-res. BJAB is not
solely responsible as a resistance mechanism, but should be assumed to
be a partial mechanism. It has already been shown that Bcl-2 over-
expression alone does not sensitize to venetoclax. If, for example,
Mecl-1-or Bel-xL are upregulated at the same time, cells show resistance
to venetoclax [48,51]. This underscores the findings that the gold
complexes act through different players in the Bcl-2 family. Whether the
gold complexes act directly here or upstream remains open. A large body
of work reports that gold complexes inhibit thioredoxin reductase and
lead to ROS. Intervening here represents a possibility for tumor control

[29,30,45,47]. Thioredoxin reductase (TrxR) is a
selenocysteine-containing flavoprotein that reduces Trx and other
endogenous and exogenous substrates in an NADPH-dependent manner
[52]. Trx functions in many signaling pathways in the cell: Not only does
it act as a stabilizer of redox status as a ROS scavenger and by reducing
other enzymes, Trx also serves as a growth factor or regulates DNA
binding of various transcription factors [53]. Inhibition of TrxR can lead
to an imbalance of the redox status with increased ROS levels, which in
turn can lead to apoptosis [52,53]. We were able to detect ROS indi-
rectly by incubating the gold compounds in combination with NAC and
taurine, which completely and partially abrogated apoptosis. Oxidative
stress, for example, may lead to activation of BIM and inhibition of Bcl-2
via the c-Jun N-terminal kinase (JNK) and the p38 MAPK pathways, and
inhibition of thioredoxin reductase may lead to inhibition of the tran-
scription factor NF-kB which also regulates transcription of Bcl-2 family
proteins, including Bcl-2 itself [53]. The significant overexpression of
GADD45a in RT qPCR (+ 25.8 fold regulation) after incubation with
ANB4014 supports these previous findings. GADD45a is a rapidly
regulated protein in response to cellular stress and is involved in many
signaling pathways such as apoptosis, cell cycle arrest or DNA repair.
GADD45a leads to apoptosis via ERK, JNK or p38 signaling pathways
[54]. Direct detection of ROS and presumed inhibition of thioredoxin
reductase by the gold complexes must follow. Furthermore, using
different methods, we were able to show the involvement of caspase 3
and 7, both of which are activated downstream of the intrinsic and
extrinsic pathways [7].

In addition to the mechanism of action analysis, a key aspect of our
work was resistance overcoming analysis, which of course in turn
allowed us to draw conclusions about the mechanism of action of
ANB4014. Cytostatic resistance plays an important role in clinical
practice and often limits the therapeutic options available [6]. The gold
complexes overcame most of the resistances we investigated. The
overcoming of VCR-res. and Dauno-res. Nalm-6, which are characterized
by upregulation of the multidrug efflux pump P-glycoprotein (p-gp),
suggests that the gold complex is not a substrate of p-gp. P-gp plays a
major role in multi-drug resistance [42]. This finding is consistent with
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our previous work about gold complexes [30,36]. In one such work we
could also demonstrate that the gold(I) complexes investigated at that
time were able to overcome the resistances in VCR-res. and Dauno-res.
Nalm-6. In an experiment on cellular gold uptake, it was shown that
the gold levels in VCR-res. Nalm-6 and Dauno-res. did not differ from
those in Nalm-6 [30].

5. Conclusion

In a nutshell, we present the following mechanism of action for
ANB4014 for discussion. Presumably, the gold substance generates ROS
and thus or directly pro-apoptotic proteins of the Bcl-2 family are acti-
vated and anti-apoptotic proteins are inhibited. This eventually leads to
the depletion of the mitochondrial transmembrane potential via oligo-
merization of Bax/Bak, resulting in the efflux of Smac and cytochrome c.
This leads to the formation of the apoptosome, the caspase cascade is
activated, which finally triggers DNA fragmentation. In Fig. 13 we have
sketched this mechanism and linked it by numbering to the corre-
sponding experiments in the paper.

In summary, the gold compounds presented here show promising
results and potential as antitumor agents in initial preclinical studies.
The complexes appear to be particularly promising in resistant cells
when the resistance mechanism can be subverted. It is of interest to
investigate this mechanism of action in further studies. In addition,
further studies with more derivatives are needed to better understand
and optimize the structure-activity relationships and possibly test them
in mouse models in a next step.
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Supplement 1: Apoptosis induction on Nalm-6 by different gold complexes. Shown are graphs that served as the basis for calculating
the ACso (see Fehler! Verweisquelle konnte nicht gefunden werden.). The different gold complexes incubated for 72 hours on Nalm-6
cells. Apoptosis was determined by modified cell cycle analysis. For the calculation of ACso, the values were normalized to DMSO. The

DMSO control was equal to the highest DMSO concentration used, but never more than 0.5%. A: ANB4014 on Nalm-6. B: ANB4016 on
Nalm-6. C: ANB4015 on Nalm-6. D: ANB4041 on Nalm-6. E: ANB4057 on Nalm-6. n=3 £ SD.
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Supplement 2: Antiproliferative effect of ANB4014 and ANB4016 on Nalm-6 and BJAB. The graphs show the calculation basis for the
ICs values. Cells were plated out in 1x105/ml. The substances incubated on the cells for 24 hours. Cell proliferation was determined by
CASY®CellCounter and Analyzer System (OMNI Life Science, Bremen, Germany). The DMSO control was equal to the highest DMSO
concentration used, but never more than 0.5%. The values were normalized to DMSO. n=3 + SD. A: ANB4014 on BJAB. B: ANB4016 on
Nalm-6. C: ANB4016 on BJAB.
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Supplement 3: Apoptosis induction by ANB4014 on different tumor cell lines. Shown are graphs that served as the basis for
calculating the ACso (see Fehler! Verweisquelle konnte nicht gefunden werden.). The different gold complexes incubated for 72
hours on Nalm-6 cells. Apoptosis was determined by modified cell cycle analysis. For the calculation of ACsq, the values were
normalized to DMSO. The DMSO control was equal to the highest DMSO concentration used, but never more than 0.5%. n=3 £ SD. A:
ANB4014 on BJAB. B: ANB4014 on Jurkat. C: ANB4014 on SKN AS. D: ANB4014 on MCF7. E: ANB4014 on MelHO.
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Supplement 4: Dot plot Annexin V/PI double staining of Control and ANB4014 [1uM] on Nalm-6 after 48 hours of incubation.
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Supplement 5: Concentration-dependent decrease in vital cells and increase in lethal cells after 48 hours of incubation of
ANB4014 on Nalm-6. The following stages can be detected by annexin V/PI- double staining: Vital cells (Annexin/PI neg/neg), early
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Initial cell line

Resistant cell line

Resistance mechanism

Effect

Nalm-6 VCR-res. Nalm-6 P-gp overexpression S
Dauno-res. Nalm-6 P-gp overexpression S
MTX-res. Nalm-6 p53- underexpression, S
Mcl-1 overexpression
BJAB VCR-res. BJAB Bcl-2-overexpression S
Doxo-res. BJAB Caspase 3 R
underexpression
K562 Dauno-res. K562 Harakiri underexpression | S

Supplement 6: Overview of resistance overcomes of ANB4014 to multi-cytostatic drug-resistant cell lines. We defined the terms
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the parent cytostatic is achieved on the wild-type cell line, the apoptotic effect of ANB4014 on the resistant cell line corresponds to at
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ABSTRACT: The synthesis and antiproliferative activity of Mes- and iPr-substituted
gold(I) bis(1,2,3-triazol-5-ylidene) complexes in various cancer cell lines are reported,
showing nanomolar IC; values of S0 nM (lymphoma cells) and 500 nM (leukemia cells), Me -
respectively (Mes < iPr). The compounds exclusively induce apoptosis (50 nM to S yM) \NC_)N‘
R/S/N‘R

[l Metrics & More | @ Supporting Information

high antiproliferative activity
(nanomolar ICs, values) simple
modification

overcoming of v
resistances

instead of necrosis in common malignant blood cells (leukemia cells) and do not affect

non-malignant leucocytes. Remarkably, the complexes not only overcome resistances B PFy synergistic
against the well-established cytostatic etoposide, cytarabine, daunorubicin, and cisplatin ¢
but also promote a synergistic effect of up to 182% when used with daunorubicin. The 5 ON’R \f"‘v’\""\‘b >
- 2
« -

present results demonstrate that gold(I) bis(1,2,3-triazol-S-ylidene) complexes are highly N-N ,—,,\/,‘\< Y
. . . . Me (/,,,\\“—\ A
promising and easily modifiable anticancer metallodrugs. 5

[ \1 \
.}):'Bl v ; ~3.4
high selectivity for N4 & {\r‘\,rfé
malignant cells >
A

H INTRODUCTION direct and unequivocal information about the effectiveness of

17,18 @ . .
Cancer is still a major global public health problem.' Its NHC,, Au(I) comp ounds. Since their ﬁr.st description in
treatment often involves therapy with well-known cisplatin.”* 2008, NHCUZ hgand§ have be_come p(?pular n h(?mogéneou..s
However, due to its mechanism of action and low selectivity catalysis due to their exceptionally simple ) gn_lgflﬁablhty via
for cancer cells, severe side-effects are associated with a “click” chemistry and subsequent alkylation. Contrary to
cisplatin treatment leading to the demand for less harmful most NHC,,, complexes having only two substituents, they
alternatives.” Organometallic gold com7pounds have been bear three substituents which can be varied by the choice of
shown to be promising candidates.>™” 1In particular, N- alkyne, azide, and alkyl-halide applied throughout synthesis. In
heterocyclic carbene (NHC) complexes got into the focus of this way, additional modification sites are available, which
research due to their good anticancer activity, facile synthesis, might also be advantageous for biological applications

trz

and high stability.”~® Their steric and electronic properties as
well as their lipophilicity are tunable via wingtip variation
which has been proven to impact the cytotoxicity of the
respective gold(I) complexes.s’7_9 For instance, Berners-Price
et al. reported a correlation between the anticancer activity and
the ability of Au(I) imidazol-2-ylidene (NHC,,) complexes to
inhibit thioredoxin reductase (TrxR).>*™'°

Recently, Au(I) complexes bearing a newer NHC ligand
class of 1,2,3-triazol-5-ylidenes (NHC,,,) have been shown to
be moderately active against bacteria.'' Despite this first
biological application and although various studies have been
conducted using NHC;;, ligands, surprisingly little is known
about the antiproliferative effects of gold(l) complexes with
NHC,,, ligands against cancer cells."”™"" In fact, the only study
of their anticancer properties was published in 2018, describing
ferrocene-modified heterobimetallic NHC,,, Au(I) com-
plexes.'” Owing to the fact that ferrocenes are known to
induce oxidative stress leading to cell death even without the
involvement of gold, the reported study does not provide

© XXXX American Chemical Society
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potentially enabling a simple conjugation of efficacy and
selectivity enhancing targeting vectors like antibodies and
peptides in the future.”*~>"'"*"??

As only very few gold(I) NHC,, compounds have been
described and little is known concerning their therapeutic
properties, herein, the first detailed study on the assessment of
bis(NHC,,,) Au(I) complexes as potential anticancer com-
pounds is presented. Their cytotoxicity and selectivity for
various cancer cell lines focusing on blood tumors as well as an
unequivocal identification of the form of cell death are
reported. In addition, the overcoming of resistances against the
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commonly applied drugs etoposide, cytarabine, daunorubicin,
and cisplatin as well as potential synergistic effects is
investigated.

Well-studied benzimidazole-based gold(I) NHC complexes
commonly bear aliphatic or aromatic wingtips, sterically
shielding the metal center.””’ Therefore, in this work,
isopropyl (R = iPr, 1) and mesityl (R = Mes, 2) are applied
as wingtips of novel gold(I) bis(NHC,,) compounds as
representatives of aliphatic and aromatic substituents (Scheme
1). Due to its simple accessibility, methyl (Me) is chosen as
the third 1,2,3-triazole substituent.

B RESULTS AND DISCUSSION

Synthesis and Characterization of 1 and 2. 1 and 2 are
readily accessible via the silver oxide route, subsequent
transmetalation with Au(tht)Cl, and anion exchange with
NH,PF4 (Scheme 1, tht = tetrahydrothiophene).

Scheme 1. Synthesis of 1,2,3-Triazolium Iodides via “Click”
Chemistry and Methylation®

R—= + R-N; Cu(l), "click N” °N-R
R
Mel
Me, [
N‘NN 1. Ag,0
R R 2. Au(tht)Cl +
/S/ PF 3. NH4PFg ’\/'e\r\I’G'\SN’;|
Au 6 78% to 92% Wy r
R\é\N,R R
N=N
Me
R=iPr: 1
R = Mes: 2

“Synthesis of gold(I) complexes 1 and 2 via the Ag,O route,
transmetalation with Au(tht)Cl, and anion exchange (see the
Supporting Information for details).

In addition to matching elemental analyses, analytical high-
performance liquid chromatography (HPLC) and electrospray
ionization mass spectrometry (ESI-MS), the absence of the
acidic triazolium protons in 'H NMR spectra as well as the
observation of characteristic carbene signals in *C NMR
spectra at 168.3 ppm (1) and 176.0 ppm (2) confirms the
successful synthesis (Supporting Information, Figures S5—S8).
The crystal structure of 2 is illustrated in Figure 1. As expected
for a gold(I) bis(NHC), the complex exhibits a nearly linear
structure with a C—Au—C angle of 176.9(3)°. The Au—C
distance of 2.011(7) A is in the range of other Au(I)
bis(NHC,,,) compounds.”***

Anticancer Activity. The anticancer activity of 1 and 2 is
evaluated by monitoring the viability of the respective cell lines
via the MTT assay in breast-(MCF7 and MDAMB231),
prostate-(PC3), and ovarian-(A2780) human cancer cell lines
(Table 1). It is strongly affected by the substituents with the
Mes-substituted compound 2 being significantly more active
than its iPr counterpart 1. As shown by Berners-Price et al,, the
lipophilicity of Au(I) bis(NHC,,) complexes correlates with
the activity.”®’ Therefore, mesityl-substituted imidazole and
benzimidazole-based NHC complexes are reported to be more
active than their isopropyl counterparts.”*”” Accordingly, the

more lipophilic complex 2 (log Pocanol/water: 0-264 = 0.002 vs
1.592 + 0.030, see the Supporting Information) shows better
antiproliferative activity than 1, significantly exceeding that of
reference metallodrugs cisplatin and auranofin and reaching
nanomolar IC, values in all studied cell lines. Overall, both
compounds and 2 in particular are among the most active Au
compounds against cancer cells including NHC;, com-
plexes.”***!

Stability Studies and TrxR Inhibition. In contrast to the
cancer types of Table 1, leukemia is not commonly treated
with cisplatin, one of the most effective anticancer drugs
against many solid tumors, and thus requires alternatives.*
Among these, auranofin, the most advanced gold(I) metal-
lodrug, is currently in clinical trials against different blood
cancers but lacks stability against thiol-containing proteins in
the blood.” In contrast, benzimidazole-based gold(I) NHC
complexes are reported to be significantly more stable."’ As
shown by '"H NMR kinetics, the highly antiproliferative
compounds 1 and 2 are also stable against cysteine and
glutathione (Supporting Information, Figures $9—S18).

Aiming to get a first insight into the mechanism of action,
the ability of these complexes to inhibit the selenoprotein TrxR
is studied. This enzyme is considered a major target for several
cytotoxic gold compounds and an important mechanism
responsible for their antiproliferative activity.”””* Complexes
1 and 2 are moderate inhibitors of the enzyme, with IC,
values for the TrxR inhibition of 1.0 and 1.6 uM, respectively
(Supporting Information, Figures S25 and S26). However, the
complexes are considerably less active than auranofin (17 nM)
and show an inverse correlation between the TrxR inhibition
and cytotoxicity. This is likely related to the fact that another,
more dominant, mechanism of action is involved for these
NHC,,-Au(I) complexes and in stark contrast to studies of
Berners-Price on normal NHC,,-Au(I) complexes.”

Induction of Apoptosis as Cell Death Type. The high
activity and stability of the more active complex 2 prompted its
evaluation as a potential antiproliferative agent against blood
cancer cells. Therefore, human acute lymphoblastic leukemia
(ALL) cells (Nalm-6) 2 are incubated (24 h) with increasing
concentrations of complex 2 and the cell count and viability
are determined. The complex already causes a significant
proliferation inhibition at low concentration (0.05 uM).
Moreover, it inhibits cell proliferation in a dose-dependent
manner, and at 0.5 uM, the proliferation inhibition reaches
100%, with the cell number being reduced below the initial cell
count (Supporting Information, Figure $S27). The cell count
decrease is caused by cell death induced by the compound.
There are two main types of cell death: apoptosis and necrosis,
which can be differentiated with annexin-V/propidium iodide
(PI) double-staining experiments (see the Supporting
Information for explanation).”>™” After 48 h of incubation
with 2, the flow cytometric analysis shows that the largest
number of cells is in early apoptosis, a large number is already
in late apoptosis, and no necrosis is detectable (Figure 2).

Another characteristic step of the programmed cell death
induced by 2, namely, the detection of DNA fragmentation, is
also observed.”® The process, which can be triggered by
various mechanisms, ultimately lead to the decay of the DNA
into fragments of 180 bp length and formation of apoptotic
bodies via proteolytic enzymes called effector caspases.””*"
Flow cytometric measurement of these hypodiploid DNA
fragments follows specific labeling by staining with PL*" After
incubation of Nalm-6 cells for 72 h with 2, flow cytometric
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Figure 1. ORTEP-style representation of the cationic fragment of compound 2. Hydrogen atoms and hexafluorophosphate anions are omitted for

clarity. CCDC: 2082048.

Table 1. ICy, Values + SD (#M) of 1 and 2 and Metallodrugs Cisplatin and Auranofin in Human Cancer Cell Lines after 48 h
of Incubation Determined by the MTT Assay (Supporting Information, Figure $24)

A2780 MCE7 MDAMB231 PC3
1 1.30 + 0.28 0.42 + 0.11 3.65 + 0.75 5.10 + 1.8
2 0.36 + 0.09 0.084 + 0.016 0.063 + 0.02 0.4 + 0.09
cisplatin 3.6+ 13 21 + 6.3 13.8 + 4.5 34 £35S
auranofin 0.43 + 0.23 0.28 + 0.14 1.9 + 0.7 24+ 19
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Figure 2. Nalm-6 cells were treated and incubated with increasing concentrations of 2 for 48 h. Solvent-treated cells [0.5% dimethyl sulfoxide
(DMSO)] served as the control. The distribution of counted cells according to the cell status was measured by flow cytometric analysis. Vital cells,
representing the remaining fraction, are not shown. Depicted values are mean values + SD (n = 3).

analysis shows that the percentage of apoptotic cells increased
continuously in a dose-dependent manner starting at 0.05 uM.
The number of apoptotic cells increases to above 80% and
reaches a plateau at 10 uM (Figure 3).

Overcoming of Important Resistances. The develop-
ment of chemoresistance to conventional and commonly used
cytostatic drugs via different mechanisms is one of the main
problems in modern cancer therapy.*”*’ Therefore, current
research is largely focused on the development of novel
compounds that can overcome such resistances in cancer cells
via different targets in the cells.”* To test the ability of 2 to

overcome such resistances, cells without known resistance as
the control cell line and one cell line each with a known
resistance are incubated with increasing concentrations of the
compound. After 72 h of incubation, the induced DNA
fragmentation is determined as an indicator for apoptosis.

In comparison to the control cells Nalm-6, 2 achieves similar
or even higher amounts of apoptotic cells on the drug-resistant
cell line JeFri (Figure 4a). In addition to resistance against the
cytostatic drug etoposide, JeFri also exhibits coresistances
against other cytostatics of the anthracycline group such as
daunorubicin, doxorubicin, idarubicin, epirubicin, and mitox-
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Figure 3. Nalm-6 cells were treated with different concentrations of 2 and incubated for 72 h. Solvent-treated cells (0.5% DMSO) served as the
control. Apoptosis induction was measured by flow cytometric analysis of nuclear DNA fragmentation. Values are given in percentage of
hypoploidy (subG1), which reflects the number of apoptotic cells as mean values + SD (n = 3).

antrone. Previous experiments reveal that the resistance of
JeFri cells results from the underexpression of the GADD45SA
(Growth Arrest and DNA Damage-inducible 45 proteins) gene
(Supporting Information, Table S3). The proteins play an
important role in the regulation of cell cycle control and DNA
repair and may act as tumor suppressors through proapoptotic
properties.”** The underexpression or lack of GADD4SA
proteins could potentially abolish their mediating effect on
chemotherapeutic drugs."”

On the cytarabine-resistant cell line MaKo, 2 shows, at a
concentration of 0.5 M, even higher apoptotic effects than on
the control cells (Figure 4b). At the higher concentrations on
the MaKo cells, the measurement showed similarly high or
slightly lower rates of apoptosis, so that the reaching of a
plateau can be recognized. This can be explained by the fact
that the high concentrations of the substance trigger very high
rates of apoptosis and the cells may already be in a late stage of
apoptosis. The resulting cell remnants and debris have minimal
DNA fluorescence and smaller diameters and thus are not
visualized in the hypodiploid (sub-Gl) portion of the
measurement.”” MaKo cells show additional coresistance to
the antimetabolites cladribine and clofarabine as well as to the
vinca alkaloid vincristine. The mechanism of resistance shown
by these cells may be due to downregulation or under-
expression of the FOXI1 (Forkhead box I1) gene, which was
demonstrated in a previous PCR analysis (Supporting
Information, Table S3). Studies in gastric cancer tissue have
shown that FOXI1 is involved as a transcription factor in the
positive regulation of microRNAs (miRNAs) that may act as
antioncogenes.47 In addition, there is evidence that FOXI1 is
involved in the regulation of cell growth and proliferation and
can induce cell cycle arrest or apoptosis.”’ Thus, the
underexpression of the FOXI1 gene, resulting in a decreased
level of the FOXI1 protein, may abrogate its potential effect as
a tumor suppressor.

To test the effect of the compound on other cell types, 2 is
applied in three concentrations to the chronic myeloid
leukemia (CML) cell line K562 and the subline NiWi-Dau
generated by us. In addition to resistance to daunorubicin, the
cell line also shows numerous coresistances not only to other
anthracyclines (idarubicin, doxorubicin, and epirubicin) and

mitoxanthrone but also to the vinca alkaloids (vincristine,
vinblastine, vindesine, and vinorelbine) and the steroid
prednisone. The resistances are likely caused by the under-
expression of the protein harakiri (Hrk), which was detected in
previous investigations (Supporting Information, Figures S20
and $22). Hrk is a proapoptotic protein that can induce cell
death and interacts, for example, with the antiapoptotic protein
bcl-2.484 Interestingly, 2 also causes apoptosis at higher
concentrations and overcomes the resistance of NiWi-Dau cells
to daunorubicin at a concentration of 5 M (Figure S19).

Effects on Neuroblastoma Cells. To evaluate the effect
of 2 for other potential therapeutic applications besides blood
cancer, the neuroblastoma cells (SK-N-AS) and the cisplatin-
resistant subline (LiOn) are incubated with the compound.
The LiOn cells showed underexpression of caspase-8 in
previous experiments (Supporting Information, Figures S21
and S$23). It plays a central role as an initiator caspase in the
extrinsic pathway of apoptosis and, when inactivated, can lead
to tumor progression or resistance to cancer therapy.so_52
These cells also show apoptosis after incubation with 2, which
therefore overcomes the resistances despite the caspase-8
deficiency; treatment with the compound results in a
significantly higher number of apoptotic cells in the resistant
cell line compared to that in the control cell line (Figure 5).

Selectivity for Malignant Cells. In order to investigate
the selectivity of 2 toward malignant cells, Nalm-6 cells, BJAB
mock lymphoma cells, and healthy human leukocytes are
incubated with different concentrations of the compound. The
following measurement of DNA fragmentation shows a very
clear selectivity toward the cancer cells. The proportion of
apoptotic cells among the healthy leukocytes remains below
2% even at a concentration of 5 uM. Interestingly, the
substance has an even higher effect in the Burkitt-like
lymphoma cells compared to that in the leukemia cells (Figure
6).

Synergistic Effects with Daunorubicin. To determine
whether 2 exhibits a synergistic effect with commonly used
cytostatic drugs, Nalm-6 cells are treated with minimal doses of
the complex, the established cytostatic drug daunorubicin, and
the combination of both. The individual concentrations do not
result in more than 12% apoptosis. However, the combination

https://doi.org/10.1021/acs.jmedchem.1c01021
J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c01021/suppl_file/jm1c01021_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c01021/suppl_file/jm1c01021_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c01021/suppl_file/jm1c01021_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c01021/suppl_file/jm1c01021_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c01021/suppl_file/jm1c01021_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c01021/suppl_file/jm1c01021_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01021?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01021?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01021?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01021?fig=fig3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c01021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

a1 100 1 QoNaim$ mJeFri
74.85
] 72.57
78 68.2
£
o
8
o 501
°
g 38.21
2
L)
25 -
0.00 0.00 0.00
0 . . . .
DMSO Etop 0.5 1 5
gold(l) complex 2 [uM]
[b] 100 -
ONalm6 mMaKo
75
- 65.44 63.57
)
o
8
o 501
s
Q
2
L)
25
0.00 0.00 [o.00
0 . . . .
DMSO AraC 05 1 5

gold(l) complex 2 [uM]

Figure 4. To prove the overcoming of etoposide and cytarabine resistance in leukemia cells, Nalm-6 and JeFri [a] or MaKo [b] cells were treated
with 0.5, 1, and S uM 2. Solvent-treated cells (0.5% DMSO) served as the control. 0.36 #M etoposide (Etop) [a] and 1.4 uM cytarabine (AraC)
[b], respectively, were used as the positive control to prove the resistance. After 72 h of incubation, DNA fragmentation was measured by flow
cytometric analysis. Values are given in percentage of apoptotic cells as mean values + SD (n = 3).

of both results in a clear synergistic effect. Compared to the
sum of the individual doses, an increase in the apoptotic effect
of 182 and 128%, respectively, is achieved (Figure 7).
Daunorubicin, which belongs to the anthracyclines, reaches
its cytostatic effect by intercalating with DNA and as a direct
inhibitor of topoisomerase I1.>>

More detailed studies on the mechanism of action of 2 are
pending, but a mechanism via the intrinsic pathway, that is, an
effect on mitochondria, is assumed. The effect of two different
mechanisms of action could explain the synergistic effect of
daunorubicin and 2 since the cells are attacked in two ways,
resulting in more effective apoptosis induction.

B CONCLUSIONS

For the first time, a series of gold(I) bis(1,2,3-triazol-5-ylidene)
complexes is investigated as potential anticancer compounds
showing high anticancer activity in the range of the most active
gold compounds against a variety of solid tumor cell lines and
blood cancer cells with ICs, values in the nanomolar range.

The more lipophilic mesityl-substituted compound 2 is more
effective than its isopropyl counterpart 1 in all tested cell lines.
Interestingly, in contrast to the more common imidazole-based
Au(I) NHCs, TrxR inhibition does not seem to play the main
role in the observed antiproliferative activity hinting to
another, more dominant, mechanism of action. Complex 2
exclusively induces the highly selective cell death pathway
apoptosis in ALL cells (Nalmé6). A significant inhibition is
already observed at concentrations as low as 0.05 uM.
Remarkably, 2 overcomes resistances against the common
cytostatic etoposide, cytarabine, daunorubicin, and cisplatin.
With daunorubicin, a significant synergistic effect of up to
182% is determined. Moreover, the compound is not only
highly effective against leukemia and lymphoma cells but also
does not affect non-malignant leukocytes even at high
concentrations (S pM). These results prove gold(I) bis-
(1,2,3-triazol-S-ylidene) complexes as highly promising anti-
cancer compounds, suitable for upcoming in vivo studies. In
addition to their high activity, selectivity, stability, and ability
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Figure 5. SK-N-AS and LiOn cells were treated with 0.5, 1, and S #M 2. Solvent-treated cells (0.5% DMSO) served as the control. 7.5 uM cisplatin
(Cispl) was pipetted in both cell lines to prove the resistance. After 72 h of incubation, DNA fragmentation was measured by flow cytometric
analysis. Values are given in percentage of apoptotic cells as mean values + SD (n = 3).
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Figure 6. Nalm-6 cells, BIAB mock cells, and human leukocytes were treated with different concentrations of 2. Solvent-treated cells (0.5% DMSO)
served as the control. All cells were incubated for 72 h. Then, induction of apoptosis was measured by flow cytometric analysis of cellular content.
Values are given as percentage of cells with hypodiploid DNA as mean values + SD (n = 3).

to overcome common resistances, the newly investigated
compound class offers more potential sites for modifications
than benzimidazole-based compounds. Replacing the methyl
substituent with functional groups containing linkers could
allow the attachment of target-specific vectors such as peptides
or antibodies to further improve the already high selectivity
and efficacy. In contrast to a classical wingtip modification,
usually applied for NHC;,, ligands, this does not significantly
impact the steric shielding around the gold center. The
resulting potential benefit on the stability and activity is in the
focus of upcoming research.

B EXPERIMENTAL SECTION

General Remarks. All reagents were purchased from commercial
suppliers and used without further purification. NMR spectra were
recorded on a Bruker AVANCE DPX 400 (*H NMR, 400.13 MHz;
3C NMR, 100.53 MHz). Chemical shifts are reported in parts per
million and referenced to the residual signal of the deuterated solvent
(acetonitrile-d;; 1.94 ppm). Elemental analyses (C/H/N) were

performed by the microanalytical laboratory at Technische Universitit
Miinchen. ESI-MS data were acquired on a Thermo Fisher UltiMate
3000. Analytical reversed-phase HPLC-HESI-MS (heated ESI-MS)
was performed on an UltiMate 3000 UHPLC focused chromato-
graphic system (Dionex) connected to an LCQ Fleet mass
spectrometer (Thermo Scientific) equipped with a C18 column
(Hypersil GOLD aQ, 150 X 2.1 mm, 3 um). Linear gradients (0.7
mL/min, 20 min) of acetonitrile (0.1% formic acid) and water (0.1%
formic acid) were used for analytical purposes. 1,4-Diisopropyl-3-
methyl-1,2,3-triazolium iodide and Au(tht)Cl were synthesized
according to literature procedures.’*™>° The identity and purity
(>95%) of all biologically studied compounds were confirmed by
analytical HPLC in conjunction with elemental analysis and NMR
spectroscopy.

1,4-Diisopropyl-1,2,3-triazole. In a round-bottom flask, NaN,
(4.77 g 73.4 mmol, 2.50 equiv) was dissolved in 15 mL of water
and mixed with a solution of isopropyl bromide (6.14 g, 49.9 mmol,
1.70 equiv) in S mL of THF. The mixture was stirred at 90 °C for 3 h.
After being cooled to room temperature, 10 mL of DCM was added.
The organic phase was separated and washed with S mL of water.
Subsequently, copper turnings (18.7 g, 293 mmol, 10.0 equiv), 3-
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Figure 7. Nalm-6 cells were treated with 0.05 #M 2 and 8 nM and 10 nM daunorubicin (Dauno), respectively. The synergistic effect is shown as
the percentages of the additional number of apoptotic cells relative to the sum of the individual number of apoptotic cells. Solvent-treated cells

(0.5% DMSO) served as the control.

methylbut-1-yne (2.00 g, 29.4 mmol, 1.00 equiv), and 20 mL of water
were added. The mixture was stirred in a sealed round-bottom flask
for 48 h. After filtration through Celite, a 30 mL aqueous solution of
NH, (10%) and ethylenediaminetetraacetate (EDTA) (10%) were
added. After being stirred for 1 h, the mixture and 30 mL of DCM
were added to a separatory flask. The organic phase was separated,
and the aqueous phase was extracted with DCM (3 X 30 mL). The
combined organic phases were washed with a 20 mL aqueous solution
of NH; (10%) and EDTA (10%) and 20 mL of water. After drying
with Na,SO,, all volatiles were removed in vacuo. 1,4-Diisopropyl-
1,2,3-triazole was obtained as a white solid in 65% yield (2.92 g, 19.1
mmol). '"H NMR (400 MHz, CDCL,): §(ppm): 7.20 (s, 1H, H,,),
4.73 (hept, °] = 6.8 Hz, 1H, CH(CHj),), 3.03 (hept, °] = 6.9 Hz, 1H,
CH(CH,),), 1.49 (d, %] = 6.8 Hz, 6H, CH(CHj,),), 1.24 (d, ’] = 6.9
Hz, 6H, CH(CH;),). *C NMR (400 MHz, CDCL,): §(ppm): 154.4
(C,.CH,,), 1165 (C,,CH,,), 529 (CH(CH3)2), 26.04 (CH-
(CH,),), 22.9 (CH;), 22.8 (CH;). Anal. Caled for CgHysN;: C
62.71; H 9.87; N 27.42. Found: C 62.80; H 9.98; N 27.53. MS-ESI
(m/z): [CgH sN; + H*]* caled, 154.13; found, 153.98.

1,4-Diisopropyl-3-methyl-1,2,3-triazolium lodide. In a pressure
tube, 400 mg of 1,4-diisopropyl-1,2,3-triazole (2.61 mmol, 1.00 equiv)
and 4.63 g of methyl iodide (32.6 mmol, 12.5 equiv) were dissolved in
20 mL of MeCN. The solution was heated to 60 °C for S d. After the
removal of volatiles in vacuo, 1,4-diisopropyl-3-methyl-1,2,3-triazo-
lium iodide was obtained as a pale-yellow solid in 98% yield (770 mg,
2.61 mmol). 'H NMR (400 MHz, DMSO): §(ppm): 8.92 (s, 1H,
H,,), 5.00 (hept, *] = 6.8 Hz, 1H, NCH(CH,),), 4.24 (s, 3H, NCH;,),
3.26 (hept, *] = 6.8 Hz, 1H, CCH(CH,),), 1.57 (d, *] = 6.8 Hz, 6H,
CH(CHj),), 1.29 (d, % = 6.8 Hz, 6H, CH(CH};),). *C NMR (101
MHz, DMSO): §(ppm): 149.7 (NCHCjp,), 126.0 (NCHCp,), 57.6
(NCH(CH,),), 42.7 (NCHj,), 26.4 (CH(CH,),), 24.9 (CH(CH,),),
22.5 (CH(CH,;),), 20.9 (CH(CHj;),). Anal. Caled for CoH gN,I: C
36.62; H 6.19; N 14.24. Found: C 36.67; H 6.01; N 14.14. MS-ESI
(m/z): [CoHgN3*]* caled., 168.15; found, 168.25.

1. In a round-bottom flask, 326 mg of 1,4-diisopropyl-3-methyl-
1,2,3-triazolium iodide (1.10 mmol, 2.00 equiv) and 141 mg of Ag,O
(607 pmol, 1.10 equiv) were suspended in 20 mL of DCM and stirred
under exclusion of light for 30 min. Au(tht)Cl (177 mg, 552 umol,
1.00 equiv) was added to the flask. After stirring for an additional 16 h
under exclusion of light, the suspension was filtered through Celite.
All volatiles were removed in vacuo. The light brown solid was
dissolved in 10 mL of MeCN and treated with a solution of 180 mg of
NH,PF4 (1.10 mmol, 2.00 equiv) in water. MeCN was removed in
vacuo, resulting in the formation of an off-white solid. After filtration
and dissolving in 5 mL of MeCN, the solution was added to 50 mL of

water. The white precipitate was filtered off, washed with water (2 X
30 mL), and dried in vacuo. 1 was obtained as a white solid in 78%
yield (306 mg, 453 pmol). '"H NMR (400 MHz, CDCL,): 5(ppm):
5.08 (hept, °] = 6.9 Hz, 4H, N(CH(CH3)2), 4.12 (s, 6H, NCH,),
3.24 (hept, *] = 6.8 Hz, 4H, CCH(CH3)2), 1.67 (d, *] = 6.8 Hz, 12H,
CH(CHj),), 1.49 (d, %] = 6.9 Hz, 12H, CH(CHj),). 3C NMR (126
MHz, CD;CN): 8(ppm): 168.3 (Ccupene)y 1553 (NCp,), 59.7
(NCH(CHS,),), 37.2 (NCH,), 25.8 (CCH(CHS),, 23.6 (CH(CH,),),
23.1 (CH(CHj,),). Anal. Calcd for C,gH;,N,AuPF: C 31.96; H 5.07;
N 12.42. Found: C 31.75; H 4.96; N 12.20. MS-ESI (m/z): [1 —
PF¢]* caled 531.25; found, 531.49. RP-HPLC (50—100% MeCN/
H20 with 0.1% TFA, 20 min) #; = 3.32 min.

2. In a round-bottom flask, 326 mg of 1,4-dimesityl-3-methyl-1,2,3-
triazolium iodide (671 pmol, 2.00 equiv) and 85.5 mg of Ag,0 (369
umol, 1.10 equiv) were suspended in 20 mL of DCM and stirred
under exclusion of light for 30 min. Au(tht)Cl (107 mg, 335 umol,
1.00 equiv) was added to the flask. After stirring for an additional 16 h
under exclusion of light, the suspension was filtered through Celite.
All volatiles were removed in vacuo. The light brown solid was
dissolved in 10 mL of MeCN and treated with a solution of 109 mg of
NH,PF, (671 pmol, 2.00 equiv) in water. MeCN was removed in
vacuo, resulting in the formation of an off-white solid. After filtration
and dissolving in 5 mL of MeCN, the solution was added to 50 mL of
water. The white precipitate was filtered off, washed with water (2 X
30 mL), and dried in vacuo. 2 was obtained as a white solid in 92%
yield (303 mg, 308 yummol). Single crystals suitable for single-crystal
X-ray diffraction were obtained by slow vapor diffusion of pentane in a
solution of 2 in chloroform. '"H NMR (400 MHz, CD;CN): §(ppm)
6.99 (s, 2H, CH,,), 6.96 (s, 2H (CH,,), 3.81 (s, 6H, NCH,), 2.42 (s,
6H, p-CHj;), 2.41 (s, 6H, p-CH,), 1.82 (s, 12H, 0-CHjy), 1.76 (s, 12H,
0-CHj). *C NMR (126 MHz, CD;CN): §(ppm): 176.0 (Ccarpene)s
147.3 (CCy), 1416 (Cy,), 1415 (Cu), 139.1 (Cy), 1363 (Cy),
135.0 (Cy,), 129.9 (Ca,), 129.5 (Cyy), 123.1 (Cy,), 37.7 (NCH;), 21.4
(CCHS,), 21.4 (CCHS,), 20.1 (CCH,), 17.2 (CCHS,). Anal. Calcd. for
CyoHyoN(AuPF,: C 51.43; H 5.14; N 8.57. Found: C §1.76; H 5.14;
N 8.69. MS-ESI (m/z): [2 — PF¢ ] calcd, 835.38; found, 835.75. RP-
HPLC (50—100% MeCN/H20 with 0.1% formic acid, 20 min) t =
14.84 min.

Single-Crystal X-ray Diffraction. X-ray diffraction measure-
ments were performed on a single-crystal X-ray diffractometer with
the following installation: a CMOS detector (Bruker APEX III, -
CMOS), a TXS rotating anode, and a Helios optic using the APEX3
software pav.:kage.57 The measurement used MoK, radiation (1 =
0.71073 A) and was performed on single crystals coated with
perfluorinated ether. The crystal was fixed on the top of a glass fiber
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and frozen under a stream of cold nitrogen. A matrix scan was used to
determine the initial lattice parameters. Reflections were corrected for
Lorentz and polarization effects, scan speed, and background using
SAINT.>® Absorption corrections, including odd and even ordered
spherical harmonics, were performed using SADABS.>® Space group
assignments were based upon systematic absences, E statistics, and
successful refinement of the structures. The structures were solved by
direct methods (SHELXS) or charge flipping (SHELXT) with the aid
of successive difference Fourier maps and were refined a%ainst all data
using SHELXL-2013 in conjunction with ShelXle.*”*° Hydrogen
atoms were analyzed in ideal positions as follows: Methyl hydrogen
atoms were refined as part of rigid rotating groups, with a C—H
distance of 0.98 A and Uiso(H) = 1.5-Ueq(C). Other H atoms were
placed in calculated positions and refined using a riding model, with
methylene and aromatic C—H distances of 0.99 and 0.95 A,
respectively, and other C—H distances of 1.00 A and Uiso(H) =
1.2-Ueq(C). Nonhydrogen atoms were refined with anisotropic
displacement parameters. Full-matrix least-squares refinements were
carried out by minimizing Sw(F,> — F?)* with the SHELXL
weighting scheme.®” Neutral-atom scattering factors for all atoms and
anomalous dispersion corrections for the nonhydrogen atoms were
taken from International Tables for Crystallography.®’ The unit cell
contains six disordered molecules of chloroform, which were treated
as a diffuse contribution to the overall scattering without specific atom
positions using the PLATON/SQUEEZE procedure.(’2 Images of the
crystal structures were generated with PLATON.®> CCDC 2082048
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/data_
request/cif or by emailing data request@ccdc.cam.ac.uk or by
contacting The Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

Stability Studies. 100 L of a 10 mM stock solution of 1 and 2 in
DMSO-ds was prepared and diluted with deuterated PBS buffer to a
final concentration of 0.1 mM. 1 and 2 were dissolved (2.5 mg in 0.5
mL of D,0) and 5.0 eq L-cysteine or glutathione (GSH) were added,
respectively. The samples were incubated at 37 °C for 72 h and
analyzed by '"H NMR spectroscopy and ESI-MS. Both complexes
showed remarkable stability against L-cysteine and GSH, respectively.

Biological Studies. Materials. All chemicals and solutions used
for synthesis were purchased from common suppliers. Dimethyl
sulfoxide (DMSO) and propidium iodide (SO pg/ml) were obtained
from Serva (Heidelberg, Germany), RNase A from Qiagen (Hilden,
Germany). The conventional cytostatic drugs (daunorubicin,
cytarabine, and etoposide) were provided by Helios Clinics Schwerin
and were dissolved in DMSO as stock solutions directly before use in
the experiments. The investigated substances and auranofin were
dissolved in DMSO to prepare a stock solution of 10 or 40 mM.
Cisplatin was dissolved in water (1 mg/mL, 3.33 mM).

Cell Lines and Cell Culture. Different human cell lines and their
chemoresistant sublines were used. The leukemia B-cell precursor
(Nalm-6) cells were kindly provided by Dr. Seeger/AG Henze,
Charité Berlin, Germany. Cytarabine- (MaKo) and etoposide- (JeFri)
resistant sublines were generated in our working group and
conditioned by treatment with increasing doses of the cytostatic
drug while maintaining a high level of vitality. BJAB mock (Burkitt-
like lymphoma) cells were kindly donated by AG Daniel, Charité
Berlin, Germany. Furthermore, SK-N-AS neuroblastoma cells were
kindly provided by Professor Simon, University Cologne, Germany,
and the cisplatin-resistant subline LiOn was generated by our working
group. Moreover, immortalized KS62 (CML) cells were kindly
provided by Dr. Seeger/AG Henze, Charité Berlin, Germany, and the
daunorubicin-resistant subline NiWi-Dau was also generated in our
working group. Leukocytes were attained from a blood sample of a
healthy test person. The ovarian cancer cells A2780 (sensitive to
cisplatin) were obtained from Sigma-Aldrich. The breast cancer cells
MCF7 (hormone-dependent) and MDAMB231 (hormone-independ-
ent) and prostate cancer cells PC3 (hormone-independent) were
obtained from ATCC. All suspension cell lines were cultured in RPMI
1640 medium supplemented with fetal calf serum (FCS, 10%); for the
leukocytes, RPMI 1640 medium was supplemented with 20% FCS

(v/v). The adherent cancer cell lines A2780, MCF7, MDAMB231,
and PC3 were cultured in DMEM + GlutaMAX-I (breast cells) or
RPMI 1640 (ovarian and prostate cells) medium supplemented with
fetal bovine serum (10%). All cells were kept in a humidified
atmosphere at 37 °C and 5% CO,.

Isolation of Healthy Human Leukocytes. 10 mL of RPMI 1640
medium (20%) was added to SO mL of fresh blood taken from a
healthy test person. Leukocytes were separated from the other blood
components using Ficoll (Biocoll separating solution, Biochrom,
Merck, Darmstadt, Germany) and density gradient centrifugation (18
min, 2000 rpm, 18 °C). The leukocytes were collected from the buffy
coat, and 20 mL of RPMI 1640 medium (20%) was added before
centrifugation at 1500 rpm and 18 °C for 5 min. The cell count and
viability were determined by the CASY cell counter and analyzer
system (Roche, Mannheim, Germany). Cells were seeded at a density
of 3 X 10° cells per mL prior to the experiment.

Determination of Cell Concentration and Cell Viability. For the
suspension cell lines, cell count and viability were determined using
the CASY cell counter and analyzer system from Roche (Mannheim,
Germany). Settings were specifically defined for the requirements of
the cells used. With this system, the cell concentration can be
analyzed in three different size ranges: cell debris, dead cells, and
viable cells can be determined in one measurement. Cells were seeded
at a density of 1x 10° cells per mL and were treated with different
concentrations of the compounds; untreated cells and cells treated
with the solvent DMSO served as controls. A maximum DMSO
concentration of 0.5% was reached in each sample. After 24 h of
incubation, the cells were resuspended, and 100 mL of each well was
diluted in CASYton (10 mL, ready-to-use isotonic saline solution) for
immediate automated count.

MTT Assay. For the adherent cell lines (A2780, MCEF7,
MDAMB231, and PC3 — 20.000 cells/well), cell viability was
determined using the tetrazolium dye MTT that is reduced to its
insoluble formazan by metabolic active cells. Cells were seeded at a
density of 2 X 10* cells in 200 uL of appropriate medium and were
treated with different concentrations of the compounds; untreated
cells and cells treated with the solvent DMSO (0.5%) served as
controls. After 48 h of incubation, the medium was discarded, and the
cells were incubated with 200 L of a MTT solution in PBS (0.5 mg/
mL). After 3 h at 37 °C, the solution was removed, and 200 uL of
DMSO was applied to each well to solubilize the purple formazan
crystals formed. The absorbance at 570 nm was measured using a
plate spectrophotometer (PowerWave XS, BioTek). The ICj, values
were calculated using the GraphPad Prism software (v. 5.0).

Annexin-V/Propidium lodide Double Staining. Phosphatidylser-
ine, which is normally located in the inner membrane of the cell, is
translocated to the outside in the early phase of apoptosis and can be
bound by annexin V in a calcium-dependent manner.*® Propidium
iodide (PI) intercalates into the DNA and can only bind to it when
the membrane is permeable, that is, in the late apoptotic or necrotic
state. Thus, living cells are annexin-V and PI negative, early apoptotic
cells are annexin-V positive and PI negative, and late apoptotic cells
are annexin-V and PI positive. In contrast, necrotic cells are annexin-V
negative and PI positive.”” This allows one to distinguish between the
proportion of early apoptosis, late apoptosis, and nonspecific necrosis
in the samples. To determine the number of apoptotic cells in the
sample, the cells were stained with annexin-V conjugated to the
fluorescent dye fluorescein isothiocyanate (FITC) and PI and
analyzed by flow cytometry. Cells were seeded at a density of 1 X
10° cells per mL and treated with different concentrations of the
compound. After incubation for 48 h at 37 °C and 5% CO,, cells were
collected by centrifugation (S min, 4 °C, 8000 rpm) and washed in
PBS. After repelleting, Annexin-V-FITC/PI solution (Annexin-V-
FLUOS Staining Kit, Roche, Mannheim, Germany) prepared in
incubation buffer was added to each sample. As controls, four samples
were incubated with either incubation buffer, Annexin-V-FITC in
incubation buffer, PI in incubation buffer, or annexin-V-FITC and PI
in incubation buffer for 10 min. For the detection of the cells, a flow
cytometric analysis was performed using a FACScan (FACSCalibur,
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Becton Dickinson, Heidelberg, Germany) equipped with the
CellQuest software (Figure S25).

Measurement of DNA Fragmentation. Apoptotic cell death was
determined by using a modified cell cycle analysis that detects DNA
fragmentation at the single-cell level. For the measurement of DNA
fragmentation, cells were seeded at a density of 1 X 10° cells per mL
and treated with different concentrations of the compound. After 72 h
of incubation, cells were collected by centrifugation at 8000 rpm and
4 °C for S min and fixed in PBS/formaldehyde (2%, v/ v) on ice for 30
min. After being fixed, the cells were incubated with ethanol/PBS
(2:1, v/v) for 15 min, centrifuged, and resuspended in PBS containing
RNase A (40 pg per mL). After incubation for 30 min at 37 °C, cells
were centrifuged again and finally resuspended in PBS containing PI
(50 pug per mL). Nuclear DNA fragmentation was then quantified by
flow cytometric determination of hypodiploid DNA (Figure S26).
Data were collected and analyzed using a FACScan (FACSCalibur,
Becton Dickinson, Heidelberg, Germany) equipped with the
CellQuest software. Data are given in percentage of hypoploidy
(subG1), which reflects the number of apoptotic cells. Apoptosis
specifically induced by the compounds was calculated by subtracting
background apoptosis observed in solvent control (0.5% DMSO) cells
from total apoptosis detected in the treated cells.

TrxR Activity Assay. To determine the inhibition of TrxR by the
gold complexes, a TrxR Assay Kit (Sigma-Aldrich) was used with
minor modifications for a 96-well plate format assay. 200 uL of
reaction mixture contained 2 uL of TrxR solution, 11 uL of assay
buffer (phosphate buffer pH 7.0 containing SO mM EDTA), 180 uL
of working buffer (phosphate buffer containing 0.25 mM reduced
nicotinamide adenine dinucleotide phosphate), and 1uL of the
complexes’ solutions. The enzymatic reaction was started with the
addition of 6 L DTNB (0.1 M in DMSO). A blank sample (without
enzyme) and a positive control (without compounds) were included
in the assays. After proper shaking for 30 min, the formation of TNB
was monitored at 412 nm with a plate spectrophotometer.
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Figure S1. 'H-NMR spectrum of 1,4-diisopropyl-1,2,3-triazole in CD;ClL.
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Figure Sz. *C-NMR spectrum of 1,4-diisopropyl-1,2,3-triazole in CD;Cl.
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Figure S3. 'H-NMR spectrum of 1,4-diisopropyl-3-methyl-1,2,3-triazolium iodide in DMSO-ds.
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Figure S4. °C-NMR spectrum of 1,4-diisopropyl-3-methyl-1,2,3-triazolium iodide in DMSO-ds.
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Single Crystal X-Ray Diffraction

Table S1. Crystallographic Data of compound 2.

Sample and Crystal

Data

Chemical formula C-HsoAuFsNeP

Formula weight 980.81 g mol™

Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.186 mm x 0.289 mm x 0.300 mm
Crystal habit Colorless fragment

Crystal System Monoclinic

Space group Ci2/c1

Unit cell dimensions a=17.884(4)A, b = 21.912(4) A, ¢ =14.332(3) A, @ = 90.00(3)°, B =123.09(3)°,

Y = 90.00(3)°
Volume 4705.(2) A3
Z 1
Density (calculated) 0.346 g cm”
Absorption coefficient 0.804 mm”™
F(ooo0) 492
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Table S2. Data Collection and Structure Refinement of Compound 2.

Data Collection and Structure Refinement

Diffractometer Bruker D8 Venture
Radiation Source TXS rotating anode, Mo
Theta range for data collection 2.52 to 25.35°

Index ranges —21=h=21, —26<k=26, -17<l<17
Reflections collected 53185

Independent reflections 4304 [R(int) = 0.0499]
Coverage of independent reflections 99.9 %

Max. and min. transmission 0.8650 and 0.7940

Data / restraints / parameters 4304 /0 /257
Goodness-of-fit on F* 1.079

A/Omax 0.001

Final R indices (3564 data; I>20(1)) R, = 0.0517, WR, = 0.1190
Final R indices (all data) R, =0.0679, WR, = 0.1317
Largest diff. max. min. 2184 and -1.834 eA
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Stability Studies

100 pL of a 10 mM stock solution of 1 and 2 in DMSO-d; is prepared and diluted with deuterated PBS buffer to a final
concentration of 0.1 mM. 1 and 2 are dissolved (2.5 mg in 0.5 mL D,0) and 5.0 eq L-cysteine or gluthatione (GSH) are added
in solid (reference spectra: Figures Sg and S10), respectively. The samples are incubated at 37 °C for 72 h and analyzed by

'H-NMR spectroscopy and ESI-MS.
Both complexes show remarkable stability against L-cysteine and GSH, respectively.
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Figure Sg. 'H-NMR spectrum of L-cysteine in DMSO-ds and deuterated PBS buffer.
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Figure S10. 'H-NMR spectrum of glutathione (GSH) in DMSO-ds and deuterated PBS buffer.
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Figure Su1. 'H-NMR spectrum of 1 in presence of L-cysteine in DMSO-ds and deuterated PBS buffer after incubation at

37 °C: top: 72 h; bottom: o h. Aside from peak broadening no significant decomposition is observed.
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Figure S12. ESI-MS spectrum of 1 after 72 h incubation at 37 °C in presence of L-cysteine in DMSO-ds and deuterated PBS

buffer. In line with the 'H-NMR spectra (Figure Su) no decomposition product is observed.
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Figure S13. 'H-NMR spectrum of'1 in presence of GSH in DMSO-ds and deuterated PBS buffer after incubation at 37 °C: top:

72 h; bottom: o h. No significant decomposition is observed.
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Figure S14. ESI-MS spectrum of 1 after 72 h incubation at 37 °C in presence of GSH in DMSO-d;s and deuterated PBS buffer.

In line with the "H-NMR spectra (Figure S13) no decomposition product is observed.
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Figure S15. 'H-NMR spectrum of 2 in presence of L-cysteine in DMSO-ds and deuterated PBS buffer after incubation at
37 °C: top: 72 h; bottom: o h. Due to peak broadening the signals in the range from 3.5 to 4.0 ppm are not visible anymore.

However, no significant amount of decomposition product is observable.
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Figure $16. ESI-MS spectrum of 1 after 72 h incubation at 37 °C in presence of L-cysteine in DMSO-ds and deuterated PBS

buffer. In line with the 'H-NMR spectra (Figure S15) no decomposition product is observed.
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Figure S17. 'H-NMR spectrum of 2 in presence of GSH in DMSO-ds and deuterated PBS buffer after incubation at 37 °C:

top: 72 h; bottom: o h. Although the signals are slightly shifted, no significant decomposition is observed.
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Figure $18. ESI-MS spectrum of 2 after 72 h incubation at 37 °C in presence of GSH in DMSO-ds and deuterated PBS buffer.

In line with the '"H-NMR spectra (Figure S17) no decomposition product is observed.
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Biological Studies

Generation of Chemoresistant Subcell Lines

To generate a resistant cell line, the respective cytostatic drug was initially tested on the starting cell line and the
concentration at which a clear apoptotic effect was stably achieved on the starting cell line, was determined.

To start, some cells were incubated with a concentration of the cytostatic agent at which no or only a very small apoptotic
effect was seen on the initial cell line. In addition to the control cell line, the treated cells were continued to grow as a
normal cell culture. If they showed good viability despite the pipetted amount of drug, the concentration was increased in
small steps. This was continued until the previously determined concentration was reached. To reconfirm the resistance
that had developed, the previously determined concentration as well as smaller and a larger concentration of the cytostatic
agent both on the initial cell line and on the newly developed cell line was tested, as shown for example, in Figure Si9.

In order to detect any additional co-resistance/s that may have developed during the generation of resistance, the respective
starting cell line and the new cell line were tested with different concentrations of commonly used cytostatic drugs, using
the previously determined concentration of the cytostatic drug of resistance as a positive control.

100 -
OK562 B NiWi-Dau
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=
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Figure S19. K562 and NiWi-Dau cells were treated with different concentrations of daunrubicin (Dauno). Solvent treated cells (0.5%
DMSO) served as control. After 72 h of incubation, DNA fragmentation was measured by flow cytometric analysis. Values are given

Table S3. Gene expression analysis of resistant Nalmé cells (JeFri and MaKo) compared to control cells Nalm6 using the
RTz profiler PCR array cell death pathway finder (96 %enes profiled on 2 samples with the PAHS-2127); « represents fold-
change results in a biologically meaningful way. Fold-change values greater than one indicate a positive- or an up-

¥e (111lattlion, negative fold-change values indicate a negative- or a down-regulation and the fold-regulation is equal to the
old-change.

Cellline Gene Fold regulation®
JeFri GADD45A (Growth arrest and DNA-damage-inducible, alpha) - 4.04
MaKo FOXI1 (Forkhead box I1) -3.06

K562 NiWi-Dau

R-actin 42 kDa

harakiri 13 kDa

Figure S20. Cells were collected and lysed. 30 pg of cytosolic protein were separated by sodium SDS-PAGE and subjected
to western blot analysis. Immunoblot developed with anti-harakiri is shown. The position of the 13 kDa harakiri band is
indicated. Equal loading and blotting were verified by detection of 3-actin (42 kDa).
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SK-N-AS LiOn

procaspase-8 55 kDa

R-actin 42 kDa

Figure S21. Cells were collected and lysed. 40 pg of cytosolic protein were sel%arated by sodium SDS-PAGE and subjected
to western blot analflsis. Immunoblot developed with anticaspase-8 is shown. The position of the 55 kDa active procaspase-
8 is indicated. Equal loading and blotting were verified by detection of 8-actin (42 kDa).
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Figure S22. K562 and NiWi-. (K562 Daures) cells were collected and lysed. 30 pg of cytosolic protein were separated by
sodium SDS-PAGE and subjected to western blot analysis. Immunoblot developed with anti-harakiri is shown. The position
of the 13 kDa harakiri band is indicated. Equal loading and blotting were verified by detection of 3-actin (42 kDa). The
prestained protein ladder respectively MW marker (M) is used to monitor the progress of SDS-polyacrylamide gel
electrophoresis to assess the efficacy of the transfer to the membrane.

SK-N-AS Lion M

250 kDa 250 kDa

130 kDa

100 kDa
70 kDa

procaspase-8 55 kDa — 55 kDa

R-actin 42 kDa —
35 kDa

25 kDa
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Figure S23. SK-N-AS and LiOn cells were collected and lysed. 40 pg of cytosolic protein were separated by sodium SDS-
PAGE and subjected to western blot analysis. Immunoblot developed with anticaspase-8 is shown. The position of the 55
kDa active procaspase-8 is indicated. Equal loading and blotting were verified by detection of -actin (42 kDa). The
prestained protein ladder respectively MW marker (M) is used to monitor the progress of SDS-polyacrylamide gel
electrophoresis to assess the efficacy of the transfer to the membrane.
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Determination of the Antiproliferative Activity - MTT Assay
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Figure S24. Dose-response curves for calculation of the ICs, values of 1 and 2, using the GraphPad Prism software (vs. 5.0)

Annexin-V/Propidium Iodide Double Staining
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Figure S25. Plots for evaluation of flow cytometric measurement of annexin-V/Propidium Iodide double staining of control
([a]) and sample ([b]); X-axis (FL1-H): annexin-V fluorescence, Y-axis (FL3-H): Propidium Iodide fluorescence; quadrants:
UL: upper left, UR: upper right, LL: lower left, LR: lower right
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Measurement of DNA Fragmentation
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Figure S26. Histogram plots and statistics for evaluation of flow cytometric measurement of DNA fragmentation of
control ([a]) and sample ([b]); X-axis (FL2-H): PI fluorescence, Y-axis (Counts): cell count, M1: marker for quantification
of hypoploid cells.

Inhibition of NaIm-6 Cell Proliferation
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Figure S27. After 24 h of incubation of Nalm-6 cells with different concentrations of 2 the number of cells was determined
using CASY cell counter system. The number of solvent treated cells (DMSO) served as control and was set as 0% growth
inhibition. Values are given as percentage of inhibition of cell proliferation and as mean values + SD (n=3).
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Overcoming of Daunorubicin Resistance
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Figure S28. K562 and NiWi-Dau cells were treated with 0.5 pM, 1 TM and 5 pM of 2. Solvent treated cells (DMSO) served
as control. 2.3 pM daunorubicin (Dau) was used as positive control to prove the resistance. After 72 h of incubation, DNA

fragm(enta)tion was measured by flow cytometric analysis. Values are given in percentage of apoptotic cells as mean values
+SD (n=3).

Thioredoxin (TrxR) Activity Assay

To determine the inhibition of TrxR by the gold complexes, a Thioredoxin Reductase Assay Kit (Sigma-Aldrich) was used
with minor modifications for a 96-well plate format assay. 200 pL of reaction mixture contained 2 pL of TrxR solution, 11 pL
of assay buffer (phosphate buffer pH 7.0 containing 50 mM EDTA), 180 pL of working buffer (phosphate buffer containing
0.25 mM NADPH) and 1 pL of the complexes' solutions. The enzymatic reaction was started with the addition of 6 uL. DTNB
(01 M in DMSO). A blank sample (without enzyme) and a positive control (without compounds) were included in the
assays. After proper shaking for 30 min, the formation of TNB was monitored at 412 nm with a plate spectrophotometer.
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Figure S29. Inhibition of TrxR by 1, 2 and auranofin (AUR). Data are mean=SD of two independent experiments done with
four replicates for each condition.
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Selectivity of 1 for Malignant Cells
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Figure S30. Nalm-6 cells, BJAB mock cells and human leukocytes were treated with different concentrations of 1. Solvent
treated cells (DMSO) served as control. All cells were incubated for 72 h. Then, induction of apoptosis was measured by

flow cytometric analysis of cellular content. Values are given as percentage of cells with hypodiploid DNA as mean values
+ SD (n=3).
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Figure S31. The inhibitory effect of 1, 2 and auranofin (AUR) on thioredoxin reductase. TrxR activity was assayed by
measuring NADPH- dependent reduction of DTNB at 412 nm.

Octanol-Water Partition Coefficients

The lipophilicity of the complexes 1 and 2 was determined by the shake-flask method.' Before the experiments, n-octanol
and distilled water were mixed vigorously for 24 h at 25 °C, to promote solvent saturation of both phases. The phases were
separated, and the two compounds were dissolved in the n-octanol phase (5.7 x 10-4 M and 1.6 x 10-4 M, for 1 and 2
respectively). The solutions were equilibrated with water for 4h in a mechanical shaker, with a phase ratio of 2 mL/2 mL
(water/n-octanol). The aqueous and octanol layers were then carefully separated (by centrifugation at 5000 rpm for 10 min),
and UV-vis absorption spectra of the compounds were registered in the n-octanol phase. The concentration for each sample
was determined using the n-octanol calibration curve. The experiments have been performed in triplicate for each complex
and the averages were calculated. The partition coefficients were calculated using the equation:

[Complex]oct )

logpoct/watEI‘ = 10g <W
water
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In the development of new drugs, it is very important to consider lipophilicity/ hydrophobicity of the compounds, since it
affects their cytotoxicity, tissue permeability, absorption, drug-receptor interaction, etc.* The n-octanol/water partition
coefficient was determined by the shake-flask method, at room temperature. Compounds 1 and 2 are lipophilic, with log P
values of 0.264 + 0.002 and 1.592 + 0.030 for complexes, respectively. As expected, complex 2, with mesityl groups, is more
lipophilic than complex 1.
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Figure S32. Analytical RP-HPLC (50-100% MeCN/H,O with 0.1% formic acid, 20 min) and HESI-MS spectra of 1. m/z
calculated for: C,sH;,AuNg"(1-PFs), 531.25 found: 531.32 [M]".
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Figure S33. Analytical RP-HPLC (50-100% MeCN/H,O with 0.1% formic acid, 20 min) and HESI-MS spectra of 2. m/z
calculated for: C,,H;cAuNg" (2-PFs), 835.38 found: 835.52[M]".
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