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SUMMARY

Summary

Cancer continues to be at the center of the health problems of our century. In addition to the health
burden for those affected, the burden on the health care system and the social system also represents an
enormous societal problem. In the field of anti-tumour agents, enormous progress has been made in the
last decade, made possible by intensive medical and molecular biology research. In the context of the
rising world population, the demand for cancer drugs is increasing and the number of treatment-resistant
cases is also rising. In addition, the late detected cancer cases, related to the Covid-19 pandemic, bring
the current cancer related medical situation to a sharp climax. These factors highlight the relevance of
research into new therapeutic options, with cost and resource savings also becoming increasingly
central.

In this thesis, new potential chemotherapeutic agents combining structural properties of different
established anticancer drug groups were preclinically evaluated to circumvent existing resistances and
to establish new mechanisms of action. Their pleiotropic mechanism of action was investigated. In
parallel, three-dimensional cell models were used to increase the relevance of preclinical findings. They
improve the resource efficiency of basic research and help to gain deeper insight in tumour associated
effects.

The drug series investigated in this work can be classified broadly into two categories. On the one hand,
hybrid metal-based drugs, on the other hand, chimeric histone deacetylase inhibitors (HDACI).

The series of platinum-based compounds are derived from the successful chemotherapeutic agent
cisplatin, for which alternatives are urgently needed due to numerous severe side effects and increasing
number of detected cancer cases. By combining the platinum complex with an N-heterocyclic carbene
(NHC) motif, the stability of the complexes was increased while introducing numerous structural
variation possibilities.

A neutral and a cationic cis-[bis(1,3-dibenzylimidazol-2-ylidene)CI(L)]platinum(ll) complex showed
potent cytotoxic effect on cancer cells, associated with intracellular accumulation in mitochondria. NHC
ligands altered the DNA-associated mechanism of action typical of cisplatin. Introduction of a cationic
character enhanced cellular uptake and eventually induced mitochondrial induced apoptosis in 518A2
melanoma cells.

The comparison of a cis-series with the corresponding trans-series of bis(benzimidazol-2-
ylidene)dichlorido]platinum(l11) complexes reverses the paradigm of only cis-platinum complexes being
suitable cancer therapeutics. Trans-Pt complexes of this series showed strong cancer-specific
cytotoxicity even in the cisplatin-resistant HT-29 colon carcinoma cell line. In addition, fluorescence
microscopy demonstrated enrichment of the trans-configured complexes outside the nucleus, excluding
a cisplatin-typical mechanism of action.

The other group of metal-based hybrid agents is based on Au as the central atom. A series of 1,3-diethyl-

4-(p-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)imidazol-2-ylidene(L)gold(l) complexes induced
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apoptosis in cancer cells, independent of their p53 functionality. A dependence of intracellular
accumulation in different organelles on charge, size and lipophilicity of the ligands could be
demonstrated by confocal microscopy. This concept allows organelle-specific intracellular
accumulation of certain bioactive agents through specific ligands, thus enabling a reduction in side
effects.

A series of phosphane(9-ribosylpurine-6-thiolato)gold(l) complexes combines metal complexes with
heterocyclic antimetabolites. Here, the hybrid structure improved cytotoxicity and selectivity towards
cancer cells. In addition, the complexes showed high efficacy against multidrug-resistant as well as p53
mutant tumour cells.

The second class of compounds investigated in this work are chimeric HDACI, which combine the
structural motifs of the vascular disruptive compound CA-4 with that of the FDA-approved HDAC
inhibitor SAHA. A promising compound with the trivial name broxbam has been investigated for its
potential suitability in the treatment of liver carcinomas using corresponding cell lines. Its inhibitory
effect on HDAC 6 is significantly stronger than that of the established drug SAHA. This is accompanied
by reduced migration, anti-angiogenic effects, and apoptosis induction. Broxbam also induces
significant growth inhibition of hepatoblastoma microtumours in a 3D tumour model.

Further representatives of this substance class were investigated with regard to their effect on colon
carcinoma cell lines. The chimeric structure significantly improved cancer-selective cytotoxicity. In
connection with this, a reduction in expression of the cancer-specific apoptosis inhibitor survivin was
demonstrated.

Finally, the therapeutic potential of this class of compounds was investigated using 3D cell culture
assays to obtain a better assessment of the effect of the compounds in multicellular tumour assemblies
and thus to make a more precise statement regarding their suitability as anticancer drugs. First, the effect
of the two chimeric HDACi compounds troxbam and troxham on multicellular tumour spheroids
(MCTS) was investigated. In contrast to 2D cell cultures, 3D models consider the influence of tumour
microenvironment, gradients of nutrients, oxygen, and drug concentration. Also, in the 3D model, the
chimeric compounds convinced by significant growth inhibition and caspase 9 mediated apoptosis
induction. Using a bioreactor system, an animal model was mimicked to study the tumour growth
inhibitory effect in larger tumours, and an impressive effect was also documented. A derivative of the
chimeric structure series also showed great potential in 3D tumour systems, far surpassing its structural

relatives in terms of selectivity.




ZUSAMMENFASSUNG

Zusammenfassung

Krebs steht nach wie vor im Zentrum der gesundheitlichen Probleme unseres Jahrhunderts. Neben der
gesundheitlichen Belastung fir Betroffene, stellt die Belastung des Gesundheits- als auch des
Sozialsystems auch ein enormes gesellschaftliches Problem dar. Im Bereich der antitumoralen
Wirkstoffe konnte in der letzten Dekade ein enormer Fortschritt verzeichnet werden, welcher durch
intensive medizinische und molekularbiologische Forschung ermdglicht wurde. Im Zusammenhang mit
der wachsenden Weltbevdlkerung, steigt die Nachfrage nach Krebsmedikamenten und die Anzahl an
Therapie-resistenten Féllen nimmt zu. Zusétzlich steigt die Zahl an spét erkannten Krebserkrankungen
in Zusammenhang mit der Covid-19 Pandemie. Diese Faktoren spitzen die aktuelle Lage zu. Das
verdeutlicht die Relevanz der Forschung an neuen Therapiemdglichkeiten, wobei auch die Kosten- und
Ressourceneinsparung immer zentraler wird.

Im Rahmen dieser Arbeit wurden neue potenzielle Chemotherapeutika, welche strukturelle
Eigenschaften verschiedener etablierter krebshemmender Wirkstoffgruppen vereinen, préklinisch
evaluiert, um bestehende Resistenzen zu umgehen und neue Wirkmechanismen zu etablieren. Deren
hybrider Wirkmechanismus wurde untersucht, wobei parallel unter Einbezug dreidimensionaler
Zellmodelle die Relevanz der gewonnenen préklinischen Erkenntnisse erhéht werden sollte, um die
Grundlagenforschung ressourcenschonender zu gestalten und um tiefere Einblicke in tumorassoziierte
Effekte zu ermdglichen.

Die Wirkstoffserien, welche im Rahmen dieser Arbeit untersucht wurden, lassen sich grob in zwei
Klassen einteilen. Zum einen hybride Metall-basierte Wirkstoffe, zum anderen chimére
Histondeacetylaseinhibitoren (HDACI).

Die Serien Platin-basierter Substanzen, sind abgeleitet vom erfolgreichen Chemotherapeutikum
Cisplatin, fir welches durch zahlreiche schwere Nebenwirkungen und zunehmende Anzahl neu
diagnostizierter Krebserkrankungen dringend Alternativen ben6tigt werden. Durch die Kombination des
Platin-Komplexes mit einem N-heterocyclischen Carben (NHC) Motiv wurde die Stabilitdt der
Komplexe erhoht und gleichzeitig zahlreiche strukturelle Variationsmdglichkeiten eingebracht.

Ein neutraler und ein kationischer cis-[Bis(1,3-dibenzylimidazol-2-yliden)CI(L)]platin(11)-Komplex,
zeigten starke zytotoxische Wirkung auf Krebszellen, assoziiert mit intrazellulérer Anreicherung in den
Mitochondrien. Durch die NHC-Liganden wurde der fir Cisplatin typische DNA assoziiert
Wirkmechanismus verdndert. Durch Einfiihrung eines kationischen Charakters wurde die zelluldre
Aufnahme verbessert und schlieflich mitochondrial induzierte Apoptose in 518A2 Melanomzellen
ausgelost.

Der Vergleich einer cis-Serie mit der entsprechenden trans-Serie von Bis(benzimidazol-2-
yliden)dichlorido]platin(l1)-Komplexen, bricht mit dem Paradigma dass nur cis-Platin-Komplexe
geeignete Krebstherapeutika seien. Trans-Pt-Komplexe dieser Serie zeigten starke krebsspezifische

Zytotoxizitat auch bei der Cisplatin resistenten HT-29 Kolonkarzinom Zelllinie. Zudem konnte mittels
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Fluoreszenzmikroskopie eine Anreicherung der trans-konfigurierten Komplexe auf3erhalb des Zellkerns
nachgewiesen werden, was einen Cisplatin-typischen Wirkmechanismus ausschlief3t.

Die andere Gruppe Metall-basierter hybrider Wirkstoffe basiert auf Au als Zentralatom. Eine Serie von
1,3-Diethyl-4-(p-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)imidazol-2-yliden(L)gold(1)-Komplexen
induzierte zum einen Apoptose in Krebszellen, unabhangig von deren p53 Funktionalitat. Zum anderen
konnte mittels konfokalmikroskopischer Untersuchungen eine Abhangigkeit der intrazellularen
Anreicherung in verschiedene Organelle von Ladung, Gréf3e und Lipophilie der Liganden nachgewiesen
werden. Dieses Konzept ermdglicht durch bestimmte Liganden die organellspezifische intrazellulére
Anreicherung bestimmter bioaktiver Wirkstoffe und somit eine Verringerung der Nebenwirkungen.
Eine Serie von Phosphan(9-ribosylpurin-6-thiolato)gold(l)-Komplexen vereint Metall-Komplexe mit
heterocyclischen Antimetaboliten. Hier konnten durch die hybride Struktur Zytotoxizitat und
Selektivitat gegenuber Krebszellen verbessert werden. Zudem zeigten die Komplexe hohe Wirksamkeit
sowohl gegen multiresistente als auch p53 mutante Tumorzellen.

Die zweite Klasse, der im Rahmen dieser Arbeit untersuchten Substanzen, bilden chimare HDACI,
welche die Strukturmotive der vaskular disruptiven Verbindung CA-4 mit dem des FDA zugelassenen
HDACi SAHA verbinden. Eine vielversprechende Substanz mit dem Trivialnamen Broxbam wurde
hinsichtlich ihrer potenziellen Eignung zur Behandlung von Leberkarzinomen an entsprechenden
Zelllinien untersucht. Ihre inhibierende Wirkung auf HDAC 6 ist dabei signifikant stérker als die des
etablierten Wirkstoffs SAHA. Damit einher gehen verringerte Migration, anti-angiogene Effekte und
Induktion von Apoptose. Auch im 3D Modell induziert Broxbam eine signifikante Wachstumsinhibition
von Hepatoblastom-Mikrotumoren.

Weitere Vertreter dieser Substanzklasse wurden hinsichtlich ihrer Wirkung auf Kolonkarzinom
Zelllinien untersucht. Durch die chimére Struktur konnte die krebsselektive Zytotoxizitat deutlich
verbessert werden. Im Zusammenhang damit konnte eine Verringerung der Expression des Krebs-
spezifischen Apoptose-Inhibitors Survivin nachgewiesen werden.

Das therapeutische Potenzial dieser Verbindungsklasse wurde schlielich mittels 3D Zellkulturassays
untersucht, um die Wirkung der Substanzen im 3D Zellverbund besser abschatzen, und somit eine
prazisere Aussage bezuglich ihrer Eignung als Krebsmedikamente treffen zu kénnen. Zunéchst wurde
die Wirkung der chimdren HDACi Substanzen Troxbam und Troxham auf multicellular tumour
spheroids (MCTS) untersucht. Im Gegensatz zu 2D Zellkulturen, berlcksichtigen 3D Modelle den
Einfluss der Tumormikroumgebung, Gradienten von Nahrstoffen, Sauerstoff und Wirkstoff. Auch im
3D Modell tiberzeugten die hybriden Substanzen durch signifikante Wachstumsinhibition und Caspase
9 vermittelte Apoptoseinduktion. Mittels Bioreaktorsystem wurde ein Tiermodell nach-empfunden, um
die wachstumsinhibierende Wirkung in gréfReren Tumoren untersuchen zu kénnen, wobei ebenfalls ein
eindricklicher Effekt dokumentiert werden konnte. Ein Derivat zeigte auch im 3D Tumor-Systemen

groles Potenzial, welches die Selektivitat seiner Strukturverwandten bei weitem Ubertrifft.




1 EINLEITUNG

1 Einleitung

1.1 Krebs als gesundheitliches und gesellschaftliches Problem

Im Jahr 2022 zdhlen Krebserkrankungen zu den fiihrenden Todesursachen weltweit. Neben jahrlich
etwa 10 Millionen registrierten Todesfallen in Folge einer Krebserkrankung, werden weltweit auch etwa
20 Millionen Neuerkrankungen gemeldet.[ 21 Statistisch erkranken jeder zweite Mann und jede dritte
Frau im Laufe ihres Lebens mindestens einmal an Krebs. Die haufigsten Formen von Neuerkrankungen
sind dabei Krebserkrankungen der weiblichen Brust, der Lunge, des Darms und der mannlichen
Prostata. 2 Aufgrund der global steigenden Bevoélkerungszahlen, aber auch der verbesserten
Friherkennungsmethoden, wird eine Erhéhung der Neuerkrankungen auf 28.4 Millionen neue Falle bis
2040 prognostiziert.tt 2

Krebserkrankungen stellen neben ihrer gesundheitlichen Belastung fir Betroffene auch durch die
Belastung des Gesundheits- und des Sozialsystems, ein enormes gesellschaftliches Problem dar. Die
finanzielle Belastung stellt ein weiteres Problem im Zusammenhang mit Krebserkrankungen dar.!
Neben den reinen materiellen Behandlungskosten, stehen unter anderem Kaosten fiir psychologische
Therapien, Arbeitsunféhigkeit, Kinderbetreuung und Rehamanahmen in direktem Zusammenhang mit
einer Krebsdiagnose.!

Zu den Problemen der steigenden Zahlen und der steigenden finanziellen Last kommen noch
krebsspezifische Resistenzprobleme, welche die Lage weiter zuspitzen. Ein weiterer Faktor, welcher die
medizinische Lage der letzten Jahre maBgeblich beeinflusst hat, ist die Covid-19 Pandemie.[ Zum einen
flhrte die parallele Erkrankung von Krebspatienten mit Covid in einem Drittel der Félle zu einer
drastischen Verschlechterung der Uberlebensprognose. Zum anderen kam ein Faktor zum Tragen,
dessen Auswirkungen bis heute signifikant sind.”*! Infolge der zahlreichen Einschrankungen im Zuge
der Pandemie, versagte das Krebsfriherkennungssystem in zahlreichen Fallen und verzdgerte
Therapien, was zu einem weiteren Anstieg an spat erkannten Krebserkrankungen und geringeren
Uberlebensraten fiinhrte.[®

Diese Faktoren verdeutlichen die Relevanz der Forschung an neuen Therapiemdglichkeiten, wobei auch

die Kosten- und Ressourceneinsparung immer zentraler wird.

1.2 Rolle der Krebsmedikamente im Wandel der Zeit

Nach wie vor stellt der Einsatz von Medikamenten neben operativen Eingriffen und der Strahlentherapie
einen Pfeiler der Krebsbehandlung dar. Wéhrend im friihen 20. Jahrhundert noch das Paradigma galt, je
mehr Masse entfernt wird, desto héher stehen die Heilungschancen, sind inzwischen minimalinvasive
Eingriffe und Kombinationstherapien medizinisch aktuell.’® Im Zuge der Kombinationstherapie lasst
sich zwischen neoadjuvanter und adjuvanter Therapie unterscheiden. Die neoadjuvanten Therapie
bezeichnet eine nicht-operative Behandlung zur Reduktion der Tumormasse im Vorfeld eines operativen

Eingriffs zur Entfernung des Tumors.["]
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Meist findet diese Methode Anwendung, wenn ein Tumor nicht oder schwierig operabel ist."! Bei der
adjuvanten Therapie folgt auf die operative Tumorentfernung eine Therapie, welche die im Kdorper
verbleibenden Krebszellen eliminieren soll.[!

Krebsmedikamente werden hdufig unter dem Begriff Chemotherapeutika zusammengefasst. Aus einer
chemischen bzw. biochemischen Perspektive, kdnnen nahezu alle Medikamente, welche bei der
Behandlung von Krebs eingesetzt werden, als Chemotherapeutika klassifiziert werden, einschlieBlich
Immuntherapien und Hormontherapien.”! Im Folgenden sollen jedoch vornehmlich niedermolekulare
Medikamente, auch umgangssprachlich als Chemotherapeutika bezeichnet, naher behandelt werden.
Die chemotherapeutische Behandlung von Krebserkrankungen wie wir sie heute kennen, hat ihren
Ursprung in der Mitte des 20. Jahrhunderts.l°! Seitdem sind einige Fortschritte (vgl. Abb. 1) gelungen.
Aber auch die Grenzen der klassischen Chemotherapie werden zunehmend verstanden und es wird an

neuen Ansdtzen gearbeitet, um diese zu umgehen.
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Abbildung 1. Meilensteine der letzten 100 Jahre in der Entwicklung von Krebsmedikamenten. Eigene Abbildung,

modifiziert nach 10 111,

1.2.1 Empirische Anséatze und ihre Substanzklassen

Der Begriff Chemotherapie wie er heute im Sprachgebrauch verwendet wird, wurde zu Beginn des 20.
Jahrhunderts gepragt und bezeichnet die Verwendung von Chemikalien zur Behandlung von
Krankheiten.' Mitte des 20. Jahrhunderts begann die klinische Anwendung von Chemotherapien bei
der Behandlung von Krebserkrankungen. Die ersten Chemotherapeutika aus dieser Zeit basierten auf
empirischen Entdeckungen und deren rationaler, Kklinisch orientierter Weiterentwicklung zu
Krebsmedikamenten. Zwei der populérsten Beispiele dieser Ara sind Folsaureantagonisten und Loste."!

Zudem wurde im gleichen Zeitraum die antitumorale Wirkung einiger Antibiotika entdeckt.[*%
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1211 Alkylanzien

Alkylanzien sind eine der &ltesten und die meistangewandte Gruppe der Krebsmedikamente.l*? Die
Gruppe der alkylierenden Krebsmedikamente geht auf Beobachtungen aus den beiden Weltkriegen
zurlick. Es wurde festgestellt, dass sowohl das Knochenmark, als auch die Lymphknoten von Soldaten
welche Senfgasangriffen ausgesetzt waren deutlich verringert bzw. verkleinert waren.['% Senfgas ist der
Trivialname fur Bis(2-chlorethyl)sulfid aus der Gruppe der Loste. Diese hochreaktiven Verbindungen
fuhren zu starken Gewebeschdden durch Hemmung der Zellteilung. Basierend auf diesen
Beobachtungen entwickelte sich in den 1940er Jahren der Ansatz Loste zur Behandlung von
Lymphomen zu verwenden.

In der Onkologie bezeichnen Alkylanzien antineoplastische Substanzen, welche verschiedene
Biomolekile wie Nukleinsauren, Nukleotide, Proteine und Aminoséuren irreversibel alkylieren.!*3l Der
Wirkmechanismus basiert hauptsachlich auf der Alkylierung der DNA und kann entweder an einem
Einzelstrang oder durch Quervernetzung beider DNA Strange ablaufen.*?! Dies flihrt zu starken Schaden
der DNA, wodurch Replikation oder Transkription und schlieBlich die Zellteilung inhibiert werden.[*?
Inzwischen gibt es mehrere Gruppen von Alkylanzien (vgl. Abb. 2), welche Anwendung in der
Chemotherapie von Krebserkrankungen finden. Diese lassen sich grob zwei Arten von
Wirkmechanismen zuordnen.

Die erste Art beruht auf der Alkylierung von DNA durch kovalente Bindung nukleophiler Positionen,
dies fihrt zu Strangbriichen und Vernetzungen und schlieflich wird die DNA-Replikation gestort.
Dieser Art lasst sich die traditionelle Alkylanzien Gruppe der Stickstoff-Lost-Derivate zuordnen.[*3 14
Diese reagieren aufgrund ihres Elektronenmangels mit den Nukleophilen der DNA, meist an der N7
Position der Guanin-Basen.[*> 4 \Weitere Vertreter dieses Wirkmechanismus sind Alkylsulfonate,
Nitrosoharnstoffe, Aziridine und Methyltriazenoimidazol-carboxamid (MTIC) basierte Sub-
stanzen. i3 191

Die zweite Art der ,,Alkylanzien® ist die Gruppe der Platinverbindungen. Deren Wirkmechanismus
unterscheidet sich insofern von den Lost-Derivaten, dass sie aufgrund ihrer Elektrophilie an die N7
Position der Guanin- bzw. Adenin-Basen koordinieren.’®! Sie flihren hauptsachlich zu

Quervernetzungen zwischen den beiden DNA Einzelstrangen und stéren somit die DNA Replikation.
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Abbildung 2. Ubersicht iiber die Hauptgruppen der Alkylanzien und ihrer Hauptangriffspunkte an der DNA.
Eigene Abbildung, modifiziert nach 114 161,

1.2.1.2 Antimetaboliten

Die zuerst entdeckte Klasse an Antimetaboliten bildeten die Antifolate. Diese wurden in den 1950er
Jahren entwickelt.'’7 Basierend auf der klinischen Beobachtung eines scheinbar beschleunigten
Krankheitsverlaufs akuter Leuk&miepatienten nach der Gabe von Folsédurekonjugaten, entwickelte sich
der Ansatz der Verwendung von Antagonisten der Folséure zur Behandlung von Leukémie.[*81 Nachdem
anfangs verwendete Folsiureantagonisten deutlich zu toxisch wirkten, wurden bald wirksame
Chemotherapeutika und basierend auf diesem Ansatz zahlreiche weitere Antimetaboliten ent-
wickelt.['” 38 Heute bilden Antimetaboliten eine eigene Gruppe der Krebsmedikamente, und umfassen
neben Folsdureanaloga auch Pyrimidin- und Purinanaloga.*® Antimetaboliten welche als
Krebsmedikamente eingesetzt werden greifen, wie in Abbildung 3 dargestellt, auf verschiedenen
Ebenen in den DNA und RNA Metabolismus ein.




1 EINLEITUNG

o]

F\L)L o_N__NH, 0. HN_o I L

NH = 2 Y HO o N L N =N

‘ j \\Qw Fludarabin ¢ N Clofarabin ¢ ||

Ko ReNeN ReN-FcE, Ry <N |N/)\F N N/)\C\
HO 0 0

N"T0
Fluoruracil Decitabin T Trifluridin o HO o HO o NH
OYN\YNHZ O\YN\ N\n,O\/\/\R _\\{J_Tw o s 6H </N i =N
Ry 2N RN~ © =l H Cladrbin gy
Azacitidin Capecitabin HO Mercaptopurin <\ | |N o
Extrazellularraum N—yo  HO
H

[CEEEEEECEEEEEEECECESEEEESoEEEOTEEEE e eEseoessucS oH —AAOOOGGOOO0OOOLEE6G00

Intrazellularraum

Purinsynthese Methylierungs
Pyrimidiananaloga Purinanaloga Folsiure Zyklus
Zyklus
Nukleotid
Zellkern Stoffwechsel

Folsdureanaloga

°

[
[ O COOH
@®

NH; /@)‘L H /\L
X N 'COCH
I Methotrexat

Replikation
Transkription

Wl W W

)
’ eSVey.
N
“GOCH
° H- f

Pemetrexed HOOC

Abbildung 3. Ubersicht Gber in Deutschland zugelassene Antimetaboliten und ihre Rolle im DNA/RNA

Metabolismus. Eigene Abbildung, modifiziert nach 161,

Folsaureanaloga, auch Antifolate genannt storen den Folsaurezyklus.*”! Durch ihre strukturelle
Ahnlichkeit zur Folsaure inhibieren sie zentrale Enzyme des Folsiurezyklus, insbesondere die
Dihydrofolatreduktase, wodurch weitere downstream Mechanismen wie die Purinsynthese und der
Nukleotidstoffwechsel gestort werden.'”> 21 Derzeit in Deutschland als Zytostatika zugelassene
Antimetaboliten aus der Gruppe der Folsdureanaloga sind Methotrexat zur Behandlung verschiedener
Krebserkrankungen und Pemetrexed, welches zur Behandlung von Lungenkarzinomen verwendet
wird.[26]

Pyrimidin- und Purinanaloga greifen etwas weiter downstream in den Nukleotidmetabolismus ein.[?!l
Sie werden im Zuge des Nukleotidstoffwechsels als Bausteine fiir die Synthese von DNA oder RNA
verwendet.?" 22 Diese falschen Basen stéren im weiteren Verlauf verschiedene Enzyme im Zuge der
DNA Replikation und Transkription, beziehungsweise bei der RNA Translation, was zu verschiedenen
Zellschaden fiihrt.?? Bereits geringe strukturelle Anderungen der Antimetaboliten haben einen groRen
Effekt auf ihre Wirkung, was das Potenzial dieser Substanzklasse hervorhebt.?? Die in Deutschland
aktuell zugelassenen Pyrimidinanaloga sind Fluoruracil, Decitabin, Trifluridin, Azacitidin und
Capecitabin.™ Zu den zugelassenen Purinanaloga zahlen Fludarabin, Clofarabin, Mercaptopurin und
Cladribin. il
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1.2.1.3 Zytotoxische Antibiotika

Die Entdeckung der zytotoxischen Wirkung von Antibiotika geht ebenfalls auf die Zeit des zweiten
Weltkriegs zuriick. Im Rahmen eines grof3 angelegten Antibiotika Screenings zur Bekampfung von
Waundinfektionen wurden erste antitumorale Wirkungen bestimmter Verbindungen beobachtet.['% Das
Antibiotikum Actinomycin D stammt aus dieser Zeit und wird bis heute vorrangig zur Behandlung von
Tumoren bei Kindern angewandt.!% 231

Der Wirkmechanismus der zytotoxischen Antibiotika setzt ebenfalls auf Ebene der DNA an. Durch
Interkalieren und Alkylieren der DNA, wird der Transkriptionsprozess behindert, was in der Stérung
der RNA Synthese resultiert.[10 %]

1.2.14 Spindelgifte

Der Ansatz der Anwendung von Spindelgiften als Zytostatika ist etwas junger und datiert in den 1960er
und 1970er Jahren mit der Entdeckung von Taxol und der Vinca-Alkaloide Vincristin und Vinblastin.[?4
Taxol wurde im Rahmen eines groR angelegten Pflanzenscreenings des National Cancer Institute (NCI)
aus der Rinde der pazifischen Eibe axus brevifolia extrahiert, und aufgrund seiner cytotoxischen
Wirkung fir die Entwicklung neuer Medikamente verwendet.?2 Der ebenfalls bekannte Name
Paclitaxel bezeichnet ein Taxol Generikum, welches um die Jahrtausendwende auf den Markt kam.[24
Vincristin und Vinblastin sind ebenfalls pflanzlichen Ursprungs. Diese stammen aus dem rosafarbenen
Immergriin catharanthus roseus.®! Sie finden Anwendung in der chemotherapeutischen Behandlung
zahlreicher Krebsarten. Dazu zdhlen unter anderem Lymphome und Brustkrebs.”s! Ein weiteres
bekanntes Spindelgift pflanzlicher Herkunft welches Anwendung in der Krebstherapie findet ist
Combretastatin A-4, ein cis-Stilben welches seinen Ursprung aus der sudafrikanischen Langfadenart
combretum caffrum hat.1?!

Die Spindelgifte lassen sich auf Basis ihres Wirkmechanismus in zwei Klassen einteilen (vgl. Abb. 4).
Zum einen in die Klasse der Mikrotubuli-destabilisierenden Agenzien, zu der Vincristin, Vinblastin und
Combretastatin A-4 zahlen.?” 21 Vinflunin und Vinorelbin sind strukturelle Verwandte der Vinca
Alkaloide Vinblastin und Vincrisitn, welche fir die Behandlung von Urothelzellkarzinomen,
Bronchialkarzinomen und Mammakarzinomen, in Deutschland zugelassen sind.[*®1 Zum Anderen in die
Klasse der Mikrotubuli-stabilisierenden Agenzien zu denen Taxol zahlt.?”! Daraus abgeleitet sind die
zugelassenen Krebsmedikamente Paclitaxel (Taxol) und Docetaxel.l’®! Eine dhnliche Wirkung wie
Taxol induziert das Makrolid Epothilon, welches bakteriellen Ursprungs ist (Sorangium

cellulosum).[28: %01
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Abbildung 4. Ubersicht iiber den Einfluss Mikrotubuli-stabilisierender und -destabilisierender Agenzien auf das
Gleichgewicht zwischen polymerisierten Tubulin und depolymerisierten Tubulin Monomeren. Eigene Abbildung,
modifiziert nach B,

Durch die Stérung der Polymerisation bzw. Depolymerisation der Mikrotubuli, verschiebt sich das
Gleichgewicht, welches normalerweise zwischen polymerisierten Tubulin- und depolymerisierten
Tubulin-Monomeren besteht.®1: %21 Eine direkte Folge dessen ist die Stérung des Zellzyklus, welcher in
Krebszellen besonders aktiviert ist.231 Zudem sind die Migrationsfahigkeit der Zellen und die Bildung
von BlutgefaRen betroffen.[*® Direkt assoziiert mit dem Wachstum von Tumoren ist die Anregung des
Wachstums neuer Blutgefdlle, um die entstehende Tumormasse mit Nahrstoffen und Sauerstoff zu
versorgen.¥ Es ist bekannt, dass Mikrotubuli eine zentrale Rolle bei der Angiogenese spielen.*!
Mikrotubuli destabilisierende Agenzien wirken in der Regel vaskular disruptiv und anti-angiogen

zugleich, wahrend Mikrotubuli stabilisierende Agenzien zumeist anti-angiogen wirken. 4!

1.2.2 Zielgerichetete Therapie und ihre Substanzklassen

Die Chemotherapie, welche auf der Vernichtung von Krebszellen mittels toxischer Substanzen beruht,
war lange Zeit der einzige Weg zur Behandlung von Krebserkrankungen. Der grofite Nachteil dieser
Chemotherapie ist, dass die verwendeten toxischen Substanzen nicht zwischen Krebszellen und
gesunden Zellen unterscheiden, was zu starken Nebenwirkungen fiihrt.BS1 Hier setzt die Idee der

zielgerichteten (targeted) Krebstherapie an. Um eine zielgerichtete, sogenannte targeted Krebstherapie
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zu ermdglichen, ist es zundchst von grundlegender Bedeutung die Charakteristika von Krebszellen zu

kennen, welche diese von gesunden Zellen unterscheiden; die sogenannten Hallmarks of cancer.
1.2.2.1 Hallmarks of cancer

Um Diagnose und Therapiemdglichkeiten zu optimieren ist es essenziell die Charakteristika, welche
eine Krebserkrankung ausmachen, zu kennen und flir deren Bekampfung auszunutzen. In diesem
Zusammenhang bahnbrechend war die Verdffentlichung HANAHANS und WEINBERGS Hallmarks of
Cancer im Jahr 2000.2¢! Diese fassen Krebs als eine Krankheit zusammen, welche auf komplexer,
dynamischer Transformation des Genoms urspriinglich gesunder Zellen basiert. Diese Verédnderungen
lassen sich sechs ubergreifenden Merkmalen zuordnen; Signal-unabhingige Wachstumsstimulation,
Resistenz gegentber wachstumsinhibierenden Signalen, Umgehung von Apoptose, unbegrenzte
Teilungsfahigkeit, Stimulation von Angiogenese, Invasion in umliegendes Gewebe mit der Fahigkeit zu
Metastasieren. 2011 erweiterten HANAHAN und WEINBERG die Hallmarks of Cancer mit ihrer
Verdffentlichung Hallmarks of Cancer: The Next Generation.B” Diese erweitern die bisherigen sechs
Merkmale um vier weitere biologische Charakteristika; Reprogrammierung des Metabolismus,
Umgehung der Immunantwort, genetische Instabilitat und tumorfordernde Entziindung.*"1 2021 wurden
die Hallmarks schlie}lich um einige Dimensionen erweitert, womit sich die Veroffentlichung Hallmarks
of Cancer: New Dimensions befasst.[]

Das Konzept der Hallmarks of cancer ist ein zentraler Leitfaden, an welchem sich die Forschung und
Entwicklung von Diagnose- und Behandlungsmdglichkeiten orientieren. Um einen bdsartigen,
invasiven Status zu entwickeln, missen potenzielle Krebszellen zahlreiche Modifikationen durchlaufen,
um die sogenannten Hallmarks zu erreichen (vgl. Abb. 5).B%%1 Dies verdeutlichen die komplexen
molekularen Mechanismen, die einer Krebserkrankung zugrunde liegen. Zudem kénnen nur Zellen mit
einer erhohten  Entwicklungsrate, wie beispielsweise ~ Stammzellen, die  komplexen
molekularbiologischen Veranderungen aufrechterhalten und zu Fortschritt und Metastasierung der
Krankheit beitragen. Dazu zahlen auch Zell-Zell Interaktionen und Interaktionen mit der
Mikroumgebung der Krebszellen, welche eingebettet sind in Entziindungs-, Immunreaktions- und
Stoffwechselwege.® Die vielseitigen charakteristischen Veranderungen der Krebszellen, welche sie

von gesunden Zellen unterscheiden, bieten zahlreiche selektive Angriffspunkte fur die Krebstherapie.
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Abbildung 5. Ubersichtsdarstellung der Hallmarks of Cancer (blau) sowie deren Next Generation (rot) und New
Dimensions (gelb), eigene Abbildung, modifiziert nach [36-381,

Aus den Charakteristika nach denen sich Zellen als Krebszellen klassifizieren lassen, ist es auch moglich
Angriffspunkte fur die gezielte Bekampfung dieser entarteten Zellen abzuleiten. Die sogenannte
zielgerichtete (targeted) Krebstherapie befasst sich spezifisch mit biologischen Makromolekilen,
welche in Wachstum, Zellteilung und Metastasierung von Krebszellen involviert sind. Grundsétzlich
lasst sich die zielgerichtete Therapie nach zwei Ansatzen einteilen; die Therapie mit monoklonalen

Antikdrpern und die Therapie mit niedermolekularen Inhibitoren.
1.2.2.2 Monoklonale Antikdrper und Antikdrperkonstrukte

Wéhrend das Prinzip der Antikdrper schon seit Ende des 19. Jahrhunderts bekannt ist, hat schlieBlich
erst der wissenschaftliche Fortschritt des neuen Jahrtausends Antikérper als Therapiewerkzeuge
zuganglich gemacht.*> 411 Bei therapeutischen Antikorpern handelt es sich typischerweise um
monoklonale Antikorper (mAbs) des y-Immunoglobulin (IgG) Isotyps.* Erste Methoden zur
Produktion von mAbs fir die therapeutische Anwendung wurden Mitte der 1970er Jahre ent-
wickelt.*2 41 Ein zentrales Problem der frilhen mAbs Entwicklung war die starke Immunabwehr der
Patienten, da die ersten therapeutischen mAbs murinen Ursprungs waren. Als schlie8lich in den spéten
1980er Jahren eine Methode zur Humanisierung der mAbs entwickelt wurde und schlief8lich im Laufe
der 1990er Jahre der Zugang zu humanen mAbs gelang, wurde die Anwendung humaner mAbs ein

zentraler Bestandteil der Medizin.*4
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Ein Prinzip der Anwendung von mAbs bei der Krebstherapie beruht auf Antikorpern, welche sich
spezifisch gegen ein bestimmtes Protein oder Polyglycan richten, welches charakteristisch auf der
Oberflache von Krebszellen exprimiert wird. Dies fuhrt dazu, dass die betreffenden Antikdrper selektiv
an Krebszellen binden. Dieser therapeutische Ansatz ist besonders attraktiv, wenn es gelingt, dass im
Zuge der Bindung eine downstream Signalkaskade der Krebszelle gestort wird oder der mAb an eine
toxisch wirkende Substanz gebunden ist.[]

Ein weiterer, jlingerer Ansatz der Krebstherapie mittels mAbs ist die sogenannte Immunotherapie, bei
welcher nicht die Krebszellen direkt angegriffen werden, sondern das Immunsystem stimuliert wird
diese zu erkennen und zu bekampfen.[“s! Krebszellen sind in der Lage die natirliche Immunabwehr des
Korpers mittels verschiedener Resistenzmechanismen zu umgehen.*”? Durch den Einsatz spezieller
mADs ist es méglich das Immunsystem zu stimulieren, sodass es die Krebszellen erkennt und gezielt
angreift.*’]

MADbs werden erfolgreich in der Therapie zahlreicher Krebsarten eingesetzt, unter anderem fir die
Behandlung des Hodgkin Lymphoms sowie von Kolorektalkarzinomen, Mammakarzinomen,
fortgeschrittenem Melanom, Leukamie und einigen mehr.* Die Zahl der fiir die Krebstherapie
zugelassenen mADbs steigt seit der Jahrtausendwende kontinuierlich an.[*! Die mAbs-basierte Therapie
ist neben Operationen, Bestrahlung und Chemotherapie mit Zytostatika, inzwischen eine der zentralen
Komponenten der Krebstherapie. !

1.2.2.3 Niedermolekulare Inhibitoren

Neben Makromolekiilen wie den mAbs spielt die Verwendung niedermolekularer Inhibitoren eine
zentrale Rolle in der targeted Krebstherapie.® Diese decken eine groRe Bandbreite an targets ab, nach

denen sie sich klassifizieren lassen.[*
1.2.2.3.1  Tyrosin- und Serin/Threonin-Kinaseinhibitoren

Als Kinasen, auch Proteinkinasen, wird eine Klasse von Enzymen bezeichnet, welche die reversible
Phosphorylierung von Proteinen katalysieren. Sie sind somit in zahlreichen zelluldren
Signaltransduktionswegen als Schluisselenzyme involviert.[*e] Sie spielen in zahlreichen Signalkaskaden
eine Schlisselrolle fur die Weiterleitung und Verarbeitung von Signalen. Die Kinase-vermittelte
Phosphorylierung von Zielproteinen ist ein streng regulierter Prozess, bei dem jegliche Stérung zu einer
Erkrankung des gesamten Organismus fiihren kann. Fehlregulationen von Kinasen sind an zahlreichen
Prozessen der Karzinogenese beteiligt.[*!] Diese Erkenntnis hat zum einen zum besseren Verstandnis der
Karzinogenese beigetragen und zum anderen die Entwicklung der targeted cancer therapy auf diesem
Feld ermoglicht.“® Aufgrund der Vielzahl an beteiligten Kinasen, ist die Varianz an mittlerweile
entwickelten Inhibitorklassen grof3. Die gro3te Gruppe der niedermolekularen Kinaseinhibitoren bilden
Tyrosin- (TKIs) und Serin/Threonin-Kinaseinhibitoren (STKis). Diese Bezeichnung der Kinasen geht

auf die Aminosduren der Proteine zurtick, welche von den jeweiligen Kinasen phosphoryliert werden.
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Da die Mehrzahl der Serinkinasen auch Threonin phosphorylieren und umgekehrt, werden beide als
Serin/Threonin-Kinasen und die entsprechenden Inhibitoren als Serin/Threonin-Kinaseinhibitoren
zusammengefasst. 8 41

Viele Krebsmedikamente zielen auf extrazelluldre Rezeptor Tyrosinkinasen (RTKSs) ab, weil durch ihre
aberrante Aktivierung nachgeschaltete Signalwege, welche mit zentralen zytoplasmatischen
Serin/Threonin-Kinasen (STKs) assoziiert sind, gestort werden.“’! Bei zahlreichen Krebsarten liegt eine
Uberexpression und somit Uberaktivierung von RTKs vor, da sie die Progression von Krebs
begunstigen. RTKs tbermitteln extrazellulére Signale ins Zytoplasma und schlieBlich zum Nukleus, was
die Aktivierung weiterer Signalwege induziert. Neben RTKSs gibt es auch zytosolische Tyrosinkinasen,
welche durch intrazelluldre Signale aktiviert werden.[*1 Wenn es gelingt zentrale Tyrosinkinasen die in
Krebszellen aktiv sind zu inhibieren, ist es moglich Apoptose auszuldsen. Zwei bedeutende Beispiele
fur krebsassoziierte RTK Familien sind die Familien der epidermal growth factor receptors (EGFRs)
und vascular endothelial growth factor receptors (VEGFRs).*! Bei 20-25% aller
Brustkrebserkrankungen liegt eine Mutation des human epidermal growth factor receptor 2 (HER2)
vor. Basierend auf dieser Tatsche wurden in den letzten Jahren einige TKIs entwickelt, welche HER2
und andere Rezeptoren der EGFR Familie als target haben.% Dieser Ansatz gilt als vielversprechender
Durchbruch in der Therapie von Brustkrebs. VEGFR Uberexpression und Uberaktivierung ist eine
Schlisselmutation von Tumorzellen, da sie Angiogenese und somit die Sicherstellung der
Nahrstoffversorgung des wachsenden Tumors induziert.*® Angiogeneseinhibitoren zeigen groRes
Potenzial in der Krebstherapie, da sie das Nahrstoffversorgungsnetzwerk der Tumore angreifen.[*%
Wie bereits erwéhnt, sind STKs weiter downstream angesiedelt und vermitteln zytoplasmatische und
nukleare Effektoren, insbesondere Regulatoren des Zellzyklus und der Apoptose. ! Zentrale
Regulatoren des Zellzyklus, welche mit der Progression von Krebs assoziiert werden sind die STKs
Aurora 2 und Cyclin dependend Kinasen (CDKs). Weitere STK assoziierte Signalwege sind der Akt-
Signalweg, der mTOR-Signalweg und der Ras-Raf-MAPK Signalweg, welche essentiell zur

Proliferation von Krebszellen beitragen.*’!
1.2.2.3.2  Proteasominhibitoren

Proteasominhibitoren zielen auf den Proteinase-Komplex ab, welcher hauptverantwortlich fur den
intrazellularen Proteinabbau ist.5Y Dieser Abbauprozess wird als ubiquitin proteasome pathway (UPP)
bezeichnet und ist in ein weites Spektrum an zelluléren Prozessen, wie Zellzyklusregulation, Apoptose,
Transkription, DNA Reparatur, Proteinqualitatskontrolle und Antigenprasentation, involviert.®? Der
UPP st essentieller zentraler Bestandteil krebsassoziierter Mechanismen wie Karzinogenese und
Metastasierung, da Zellzyklus, Apoptoseregulation und Angiogenese in Krebszellen verstarkt
ablaufen.®® Der UPP prozessiert mehr als 80% aller zellularen Proteine. Durch die Stérung dessen und
der damit verbundenen zellularen Prozesse, kommt es vorranging zum Absterben der Krebszellen.

Wichtige UPP assoziierte onkogene Prozesse sind die Herunterregulierung von Zellzyklus- und
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Tumorsuppressorproteinen wie p53 und Cyclin-abhéngiger Kinase-Inhibitor 1B (p27) oder die
Hochregulierung von onkogenen Proteinen, einschlieBlich der Aktivierung des Nuklearfaktors kappa-B
(NF-xB).B4

1.2.2.3.3  Histondeacetylaseinhibitoren

Die reversible Acetylierung von Histonen und anderen Proteinen ist eine der haufigsten
posttranslationalen Modifikationen und wird von den antagonistisch agierenden Histon-
Acetyltransferasen (HAT) und Histondeacetylasen (HDAC) gesteuert (vgl. Abb. 6).15% Sie spielen eine
zentrale Rolle bei der Regulation des Zugriffs von Transkriptionsfaktoren auf die DNA und beeinflussen
somit die Genexpression.® Durch Acetylierung mit HAT wird die positive Ladung der Histon-
Lysinreste neutralisiert, was in einer entspannten Chromatinkonformation und damit besserer
Zuganglichkeit fir die Transkriptionsmaschinerie resultiert."® Im Gegensatz dazu resultiert die
Entfernung der Acetylgruppen durch HDAC zu Chromatinkondensation und zur somit unterdriickter
Gentranskription. Typisch fir Krebszellen ist eine Uberexpression von HDAC und damit verbunden
die Hypoacetylierung der Histone im Vergleich zu gesundem Gewebe.® Die erhéhte HDAC Aktivitét
und daraus resultierende transkriptionelle Unterdriickung von Genen ist essentiell fiir die Progression
bestimmter Krebsarten und daher ein geeigneter Angriffspunkt fir die Krebstherapie mittels
niedermolekularer Inhibitoren. Durch sogenannte HDAC Inhibitoren (HDACI) ist es moglich HDAC
zu inhibieren und somit die krebsassoziierte transkriptionelle Unterdriickung von Genen aufzuheben.
Eine Behandlung mit HDACI fuhrt zu weitreichenden Effekten in Krebszellen, diese reichen von
Zellzyklusarrest Giber Apoptose Induktion bis hin zu anti-angiogenen Effekten. ]

Mittlerweile sind mehrere Klassen an HDACIi bekannt, dazu zahlen Carboxylate mit geringem
Molekulargewicht, Hydroxamsauren, Benzamide, Epoxyketone, cyclische Peptide und
Hybridmolekile.® Der Wirkmechanismus der meisten von ihnen basiert auf der Bindung des Zn?*,
welches essentieller Bestandteil der katalytischen Doméane der HDAC ist.581 Einer der bekanntesten
HDACI mit FDA Zulassung in den USA ist Suberoylanilid Hydroxamséaure (SAHA, auch Vorinostat)
welche dort unter dem Handelsnamen Zolinza vertrieben wird.58 % SAHA ist ein Abkommling des

Antibiotikums Trichostatin A (TSA), welches natiirlichen Ursprungs ist.8 59
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Abbildung 6. Schematische Darstellung der antagonistischen Wirkung von HAT und HDAC in Zellen, mit
Angriffsort von HDACI. Eigene Abbildung, modifiziert nach I,

HDAC HAT

1.2.2.3.4 Weitere Inhibitoren

Matrixmetalloproteasen (MMP) sind Endopeptidasen, welche in den Prozess der Metastasierung
involviert sind, indem sie die extrazelluldare Matrix (EZM) abbauen. Insbesondere die Gelatinasen
MMP-2 und -9 sind involviert in Migration und Invasion von Krebszellen. Durch ihre Inhibition ist es
moglich den Prozess der Metastasierung zu unterbinden. !

Ein weiterer potenzieller Angriffspunkt von niedermolekularen Inhibitoren sind heat shock proteins
(HSP), dabei handelt es sich um Chaperone welche zu korrekter Faltung und Transport von Proteinen
beitragen. Von zentralem Interesse ist dabei das HSP90, da es in zahlreiche onkologische Signalwege
involviert ist.”°! Beispielsweise ist ein enger Zusammenhang mit HER2 bekannt.

Schliellich kann auch direkt das Ausldsen von Apoptose in Krebszellen ein angestrebter Mechanismus
sein, welcher durch niedermolekulare Inhibitoren ausgel6st wird. Zentrale Angriffspunkte sind hierbei
unter anderem die Wiederherstellung des wildtypischen Zustands des Tumorsupressorproteins p53.14
Der Verlust der wildtypischen Funktion des p53 Proteins, welches eine Vielzahl an
Transkriptionsfaktoren koordiniert, welche Tumorentstehung und Progression unterdriicken, ist ein
gemeinsames Merkmal vieler Krebsarten.

Es gibt auch Ansétze, bei denen eine direkte Aktivierung der Effektor-Caspase 3 erfolgt, welche Teil
der katalytischen Caspase-Kaskade ist, wodurch Apoptose induziert wird.® 61

Die zahlreichen potenziellen Angriffspunkte von niedermolekularen Inhibitoren verdeutlichen die groRe

Bandbreite an Ansétzen zur Entwicklung neuer Medikamente, wobei gleichzeitig die enge Vernetzung
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der Signalwege deutlich wird, was die erfolgreiche Einflihrung neuer zielgerichteter Wirkstoffe vor
grofRe Herausforderungen stellt.

Ein weiterer vielversprechender Ansatz ist die Hemmung der Thioredoxin Reduktase (TrxR) durch
TrxR Hemmer wie beispielsweise Auranofin.l®? Bisher als Medikament zur Behandlung rheumatoider
Acrthritis, wird seine Wirkung gegen Krebs aktuell in klinischen Studien naher untersucht. TrxR wird in
den meisten Krebsarten tUberexprimiert und eignet sich daher als Therapie target. Durch sein Gold-
Triethylphosphin-Motiv weist der Gold(l)-Komplex Auranofin eine hohe Selektivitat gegenuber
Schwefel- und Selen-bindenden Proteinen auf. Da es sich bei TrxR um Seleonoenzyme handelt (TrxR1
cytoplasmatisch und TrxR2 mitochondrial) werden diese durch Auranofin inhibiert, was in einer
Storung des zelluldaren Reduktions- und Oxidations-Systems und damit verbundenen zytotoxischen
Erhohung intrazellulérer reaktiver Sauerstoffspezies (ROS) resultiert. Durch Auranofin werden zudem
der Akt-Signalweg, der mTOR-Signalweg und einige weitere zellulare Prozesse, welche fur

Proliferation, Apoptose und Angiogenese wichtig sind, inhibiert.[5

1.2.3 Multimodale Hybridwirkstoffe

Ein Ansatz des Wirkstoffdesigns zur Umgehung entstehender Resistenzen unter Ausnutzung der
therapeutischen Erfolge etablierter Wirkstoffgruppen ist die Entwicklung von Hybridwirkstoffen. Der
Bereich hybrider antitumoraler Wirkstoffe gewinnt zunehmend an Relevanz, da es mittels dieser
Wirkstoffe haufig mdglich ist pharmakologische Hirden und Resistenzen gegeniiber konventionellen
Krebsmedikamenten zu Gberwinden.®® Ein weiterer Vorteil gegentiber der Vielzahl an konventionellen
Krebsmedikamenten ist das Ansprechen mehrerer targets durch ein Molekil.[% Verbesserung der
Selektivitdt und gleichzeitig Umgehung von Resistenzen fiihren im Bereich der Entwicklung neuer
hybrider Wirkstoffe zu stetiger Evolution und machen ihn zu einem essenziellen Bestandteil der
Forschung an neuen Krebsmedikamenten.[%® %4 Hybridsubstanzen bezeichnen Verbindungen, welche
durch Kombination bekannter Strukturmotive bzw. Pharmakophore entstehen.®® Es wird auch haufig
die alternative Bezeichnung chimare Substanzen verwendet.

Ziel ist es, die strukturellen Motive von etablierten Wirkstoffen in einem neuen Molekdil zu kombinieren,
sodass entweder beide Wirkungen erhalten bleiben, verbessert werden, oder ein neuer, hoch potenter
Wirkmechanismus entsteht. Dabei sollen, im Optimalfall, Aktivitat, Selektivitit und
biopharmazeutische Eigenschaften (Absorption, Distribution, Metabolismus und Elimination (ADME))
gegeniiber beiden Ausgangssubstanzen verbessert werden.[® Prinzipiell ist es mit diesem Ansatz
moglich, alle Substanzklassen zu chiméren Wirkstoffen zu hybridisieren. Die vielféltigen
Kombinationsmdéglichkeiten erschweren eine Klassifizierung der resultierenden Hybridstrukturen.
Jedoch erzielt die Verwendung einiger Strukturmotive besonders haufig vielversprechende Ergebnisse
und damit assoziiert, tauchen neue hybride Substanzen mit antitumoralen Eigenschaften vermehrt in der
Literatur auf. So basiert eine Vielzahl hybrider antitumoraler Substanzen auf dem Cisplatin-Motiv

beziehungsweise anderen Metallen.®® Ein weiteres haufig verwendetes Strukturmotiv ist die
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Hydroxamsaureeinheit, welche im Krebsmedikament Vorinostat wiederzufinden ist.[% 671 Weitere gern
verwendete Motive sind unter anderem cis-Stilbene wie das im Tubulinpolymerisationshemmer CA-4,
Antimetaboliten und Curcumin. 6]

Um das grofRe Potenzial multimodaler hybrider Substanzen ausschépfen zu koénnen, darf bei deren
Design eine zentrale Herausforderung nicht auler Acht gelassen werden. Durch die Kopplung zweier
Pharmakophore, besteht die Gefahr, dass das resultierende Molekil gegen die, fir Pharmazeutika
kritischen, Lipinski Regeln verstot und somit prinzipiell als Arzneistoff ungeeignet ist.% Durch ihre
grofRe und komplexe Struktur weisen die chimaren Substanzen zumeist ein hohes Molekulargewicht und
hohe Lipophilie auf, was in den meisten Fallen in schlechter Bioverfiigbarkeit resultiert.[5 . 61 Somit
stellt die Erhaltung der Wasserloslichkeit und Bioverflgbarkeit eine der grofiten Herausforderungen im
Design multimodaler hybrider Substanzen dar. Gelingt es diese Herausforderung zu meistern,
resultieren vielversprechende Substanzen mit optimierten Eigenschaften, fur deren Erfolg es in der
Literatur bereits zahlreiche Beispiele gibt.[66-68 71.72]

(

\

Multimodale Hybridwirkstoffe

Linker
Strukturmotiv 1 Strukturmotiv 2

4

v Verbesserte pharmakologische Eigenschaften
v" Umgehung von Resistenzen

v" Wirkoptimierung

v Adressierung mehrerer targets

v" Neuer Wirkmechanismus

Abbildung 7. Modell der strukturellen Zusammensetzung neuer Hybridsubstanzen, auch als chimére Substanzen
bezeichnet, welche in der Regel strukturell an zwei etablierten Strukturmotiven orientiert sind und Uber einer
sogenannten Linker miteinander verbunden werden. Dadurch sollen multimodale Hybridwirkstoffe mit

optimierten Eigenschaften entstehen. Eigene Abbildung, modifiziert nach (6,
1231 Hybride Metall-basierte Substanzen

Seit seiner Erfolgsgeschichte als Krebsmedikament ist cis-Diammindichloroplatin(ll) (CDDP) ein
leuchtendes Beispiel fir die Eignung Metall-basierter Wirkstoffe zur Behandlung wvon
Krebserkrankungen.'™ Die zunehmende Anzahl neuer Krebsdiagnosen und die starken
Nebenwirkungen verfligbarer Chemotherapeutika befeuern die Suche nach Analoga mit verbesserten

pharmakologischen Eigenschaften. Nach einigen wenigen erfolgreichen Platin-basierten Verbindungen
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wie Carbo- und Oxaliplatin, wurde die Suche auf Komplexe anderer Ubergangsmetalle ausgeweitet.
Seit der Entdeckung der Eignung von N-heterocyclischen Carbenen (NHCs) als Liganden stabiler
Metall-Komplexe Ende der 1970er Jahre, nahm das pharmakologische Interesse an dieser
Verbindungsklasse deutlich zu.[" Es sind einige Beispiele fir Pt-NHC-Komplexe bekannt, die gegen
CDDP resistente Krebszelllinien aktiv sind. Durch die Strukturkombination aus Platin und NHC ist es
somit moglich, Resistenzen zu umgehen und auch andere zelluldre targets neben der DNA zu
adressieren.["™ Auch wurde inzwischen das Paradigma gebrochen, dass sich nur cis-Platin Verbindungen
als Krebsmedikamente eignen. Die Anzahl aktiver trans-Pt-Komplexe steigt stetig, wobei durch die
eingesetzten Liganden verschiedenste targets adressierbar sind."®

Gleiches gilt fiir die Verwendung anderer Zentralmetalle, wie beispielsweise Gold. Mittlerweile sind
Goldverbindungen eine vielversprechende Strukturklasse fir die Behandlung von Krebs und auch
anderen Erkrankungen.[® Dies lasst sich zurtickfiihren auf die Entdeckung der antitumoralen Wirkung
des Antirheumatikums Auranofin, bei welchem es sich um einen Gold-Koordinationskomplex handelt.
Dessen zentrales Strukturmotiv ist ein Phosphin-Au Motiv, von welchem sich das stabilere NHC-Au
Motiv ableiten lasst.'? Mittlerweile sind zahlreiche antitumoral wirkende NHC-Au-Komplexe bekannt.
Es gibt unter anderem einige Beispiele deren intrazelluldre targets sich durch Feinjustierung der

Liganden ansteuern lassen.[® 71

1.23.2 Hybride Hydroxamsaure-basierte Substanzen

Die funktionelle Gruppe ,,Hydroxamséure* ist das zentrale Strukturmotiv vieler HDACi und eignet sich
besonders gut zur Einfiihrung in hybride bzw. chiméare Wirkstoffe.[ 72 Durch die Hybridisierung mit
anderen Strukturmotiven lieen sich bereits einige vielversprechende Substanzen gewinnen, welche
deutlich potentere HDAC Inhibitoren sind, beziehungsweise die Krebs-spezifische Zytotoxizitat der
etablierten HDACI deutlich tberbieten. Durch die Verbindung der Zink-bindenden Einheit von
HDACI mit einem weiteren Strukturmotiv (ber eine Linkergruppe, wird eine Vielzahl an mdglichen
hybriden Substanzen zugénglich. So ist es mdglich, mittels eines hybriden Molekiils, weitere targets
neben HDAC zu adressieren.[®® 71 Das Feld chimarer HDACi ist vergleichsweise neu und bisher relativ
unbekannt. Aufgrund der steigenden Anzahl vielversprechender Substanzen aus dieser Gruppe, welche
neben der Behandlung von Krebs auch fiir die Behandlung anderer Erkrankungen in Betracht gezogen
werden, gewinnt es jedoch zunehmend an Interesse.l®! Es sind bereits einige Serien hybrider HDACi
bekannt bei denen unter anderem Hybridisierungen mit Kinaseinhibitoren, Platin-Komplexen oder

Mikrotubuli-destabilisierenden Agenzien vorgenommen wurden. 7]

1.3 Rolle der praklinischen Forschung

Bei der Entwicklung neuer Wirkstoffe fur die Behandlung von Krebserkrankungen stehen zundchst
praklinische Studien im Vordergrund. Im Zuge des sogenannten screenings werden neue potentielle

Chemotherapeutika mittels in vitro Versuchen und Tiermodellen hinsichtlich ihrer Wirksamkeit und
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Spezifizitat untersucht. Die Verwendung von Tiermodellen im gréReren MaRstab steht aufgrund ihrer
ethischen Problematik seit vielen Jahren in der Kritik und die Gesetzgebungen werden zunehmend
restriktiver. Aufgrund dessen basiert die préklinische Evaluation neuer potentieller Chemotherapeutika

vornehmlich auf der Verwendung von in vitro Methoden.[™®!

1.3.1 2D Monolayer Zellkultur

Mit Beginn der Forschung an Krebsmedikamenten im Zuge der modernen Medizin Mitte des 20.
Jahrhunderts, entstand auch die Nachfrage nach screening Modellen fiir neue potenzielle antitumorale
Substanzen. Préaklinische Studien potenzieller Krebsmedikamente wurden zundchst an Tumor-Modellen
aus der Maus durchgefiihrt."*! Erste erfolgreiche Versuche der Zellkultivierung von Hiihnerembryos
gelangen bereits in den 1910er Jahren.[’™ Es dauerte jedoch noch fast ein halbes Jahrhundert bis zur
erfolgreichen Kultur menschlicher Zellen.[™ Dieser Meilenstein gelang in den 1950er Jahren mit der
erfolgreichen Kultivierung der HeLa Zellen.™ Die Etablierung dauerhaft kultivierbarer menschlicher
Krebszelllinien ermdglichte groRBe Fortschritte in der Erforschung der zentralen zellbiologischen und
pathophysiologischen Prozesse von Krebszellen. Mit steigender Anzahl erfolgreich kultivierbarer
Krebszelllinien etablierten sich schnell kommerzielle Wachstumsfaktoren und Kulturmedien, was dazu
flhrte, dass gegen Ende des 20. Jahrhunderts das screening potentieller Wirkstoffe an groRen
Krebszellpanels moglich war.[’® Die stabile Kultivierung von Krebszellen ermdglichte zahlreiche
Meilensteine der Medizingeschichte wie die Entwicklung der Polio-Impfung sowie mehrerer
Krebsmedikamente.[™

Auch heute noch spielen Zellkulturen eine zentrale Rolle in der Krebsforschung. Sie dienen dabei als
wichtige praklinische Modellsysteme, um sowohl mechanistische und therapeutische Informationen
tber Krebserkrankungen als auch neue potenzielle Medikamente zu gewinnen.” Die am haufigsten
verwendete Art der Zellkultur in der Grundlagen- und préklinischen Forschung an Krebszellen und
-Medikamenten ist die adhédrente zweidimensionale (2D) Zellkultur. Hier wachsen die Zellen als
monolayer in speziellen ZellkulturgefaBen und sind dabei adharent an deren Plastikboden.["®! Diese Art
der Zellkultur hat zahlreiche Vorteile, wie einfache und gleichzeitig kostengiinstige Handhabung, gute
Reproduzierbarkeit und Anwendbarkeit in Hochdurchsatzverfahren.[®! Auf Basis dessen wurden
vielfaltige Assays entwickelt, um die Eignung neuer Substanzen als potenzielle Krebsmedikamente zu
untersuchen und deren zelluldren Wirkmechanismus aufzudecken. Seit 1990 gibt es vom National
Cancer Insitute (NCI) ein screening Verfahren zur Untersuchung potenzieller antitumoraler Substanzen,
bei dem 60 humane Krebszelllinien eingesetzt werden. Die verwendeten Zelllinien sind die am
héaufigsten verwendeten Zelllinien der Krebsforschung und somit global weit verbreitet in Laboren,
welche sich mit Krebs-, beziehungsweise Wirkstoffforschung beschaftigen.'7 Neben Wirkstoff-
screenings, dienen sie mittlerweile durch die Etablierung moderner Sequenzierungsmethoden und

-omics Analysen auch zur Verbesserung des Verstandnisses der Tumorbiologie.l’”)
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Mit zunehmendem Verstandnis der zellbiologischen Hintergrinde von Tumoren werden auch die
Nachteile von 2D Zellkulturen immer deutlicher. Die Zellen, welche die Grundlage der Untersuchungen
bilden, sind alle uniform und es entstehen somit keine relevanten Zell-Zell oder Zell-Umgebungs
Beziehungen, welche die in einem Tumor herrschenden Bedingungen abbilden wirden. Durch die
Monokultur in der 2D Ebene verandern sich Phanotyp und Differenzierungsgrad der Zellen gegentber
zum Ursprungsgewebe."® Damit assoziiert sind Veranderungen in Funktion, Organisationsstruktur,
Sekretion und zellularen Signalwegen.[®! Zudem ist es nicht moglich mittels 2D Monolayerkulturen die
Gradienten an Nahrstoff-, Sauerstoff- und insbesondere Wirkstoffkonzentration abzubilden, wie sie im
3D Tumor vorherrschen (vgl. Abb. 8).[81 Die Rate an Substanzen welche nach ihrer erfolgreichen
praklinischen Untersuchung erfolgreich durch Phase | Studien geht, liegt unter 5%.®1 Ein Grund dafiir
ist die schwierige Ubertragbarkeit von Ergebnissen aus 2D in vitro Systemen in in vivo Systeme.[”!
Zusammengefasst bilden 2D Zellkulturen die in vivo vorherrschenden Bedingungen von Tumoren
unzureichend ab und daher sollten auch in friihen préklinischen Studien und Grundlagenforschung 3D

Zellkulturen erganzend angewendet werden.["8]

1.3.2 3D Zellkultur Systeme
Aufgrund der zahlreichen Vorteile, die 3D Zellkultur Systeme mit sich bringen (vgl. Abb. 8), steigt das

Interesse der Forschenden an ihnen zunehmend. Durch die jlngsten Fortschritte der Zellbiologie und
des tissue engineering, etablieren sich 3D Systeme in den letzten Jahren exponentiell .81 Dabei haben
sich mittlerweile verschiedene Ansétze etabliert in vivo dhnliche Bedingungen zu schaffen, welche
morphologische, funktionale und Aspekte der Mikroumgebung beriicksichtigen.[® Eine zentrale
Grundlage der 3D Zellkultur sind sogenannte Spheroide. Dabei handelt es sich um Zellaggregate welche
Mikrotumore imitieren sollen. Spheroide ahmen in vivo Tumore effizienter nach als 2D Modelle, da sie
verschiedene Zellschichten erzeugen, welche sich in N&hrstoff-, Sauerstoff- und Wirkstoffkonzentration
unterscheiden.™ Zudem werden Morphologie, Polaritat, Zell-Zell Interaktionen und Genexpression in

vivo naher abgebildet.[’®]
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Abbildung 8. Schematische Darstellung der 2D Monolayer Zellkultur und der 3D Zellkultur Systeme und ihrer

zentralen Merkmale, eigene Abbildung , modifiziert nach 78],

Zur Stimulation der Spheroidbildung gibt es verschiedene Méglichkeiten. Dazu gehdren die sogenannte
liquid overlay Technik, hanging drops und Bioreaktoren.l”®! Prinzipiell zielen alle diese Methoden
darauf ab, das adharente Wachstum der Zellen an einer (Plastik-) Oberflache zu verhindern und die
Zellen dadurch zu stimulieren sich miteinander zu Spharoiden zu verbinden.[® Weiterentwicklungen
auf diesem Feld ermdglichen zudem die Einfiihrung eines weiteren, in vivo naheren Faktors; der EZM.
Techniken die dies ermdglichen sind die Verwendung von Hydrogelen, Scaffolds oder 3D
bioprinting.[’® Dabei umgeben verschiedene Biopolymere die Spheroide welche die EZM nachahmen.
Die Zusammensetzung der Biopolymere kann dabei entsprechend an das Ursprungsgewebe des
verwendeten Zelltyps angepasst werden, dazu gehdren Collagen, Hyaluronsdure, Chitosan, Alginat und
Gelatine.["®]

Nach wie vor ist ihre Handhabung jedoch deutlich zeit- und kostenintensiver als die der 2D
Monolayerkulturen.[" Trotz dieses Aspekts stellen sie ein wichtiges Modell der Grundlagenforschung
dar und ermdglichen die Erhohung der Relevanz préklinischer Forschung an neuen potenziellen
antitumoralen Substanzen.[™ Ziel ist es die Ubertragbarkeit praklinischer Wirkstoffuntersuchungen zu

erhohen und schwache praklinische Kandidaten im Vorfeld effizienter aussortieren zu konnen.[”)

1.3.3 Tiermodelle

Tiermodelle sind die letzte Stufe der préaklinischen Wirkstoffforschung und werden eingesetzt, wenn

sich die Substanzen in zellbasierten assays als besonders vielversprechend erwiesen haben. Die ersten
Tiermodelle als Basis fir Wirkstoffscreenings wurden in den 1970er Jahren entwickelt, als es gelang
humanes Tumorgewebe als Tumorxenograft in immundefizienten Mausen zu kultivieren

Mittlerweile hat sich eine Vielzahl an murinen Modellen zur Untersuchung potenzieller antitumoraler
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Wirkstoffe entwickelt.®) Aufgrund der zuvor genannten schlechten Ubertragbarkeit der 2D Zellmodelle
wird der praklinische Wirkstoffentwicklungsprozess in groflen Teilen zu Lasten der Versuchstiere
ausgetragen.[’® Neben Aspekten des Tierschutzes, spricht auch die schlechte Ubertragbarkeit von
Tiermodellen auf den Menschen gegen den Routineeinsatz von Tiermodellen in der préaklinischen
Wirkstoffforschung.[® &1 Denn trotz der zahlreichen Verwendung von Tiermodellen konnte die
Erfolgsrate von Substanzen als potenzielle Wirkstoffe in Phase | Studien nicht signifikant erhoht
werden, was die Etablierung eines humanen, in vivo nahen Modells nahelegt.”! 3D Zellmodelle haben
das Potenzial einen Teil der Tiermodelle zu ersetzen und damit die groRe Liicke zwischen 2D Monolayer
Kultur und Tiermodell zu schlieBen, da sie humane Zellen in einer in vivo nahen Umgebung ab-

bilden.[’s: 79
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2 Zielsetzung

Die moderne Krebstherapie mit niedermolekularen Medikamenten wie wir sie heute kennen, hat ihren
Ursprung Mitte des 20. Jahrhunderts.®! Seitdem sind mit fortschreitendem medizinischen,
biochemischen und auch technischen Verstandnis zahlreiche Meilensteine auf diesem Feld erreicht
worden.!% 111 Trotz aller Fortschritte, liegt die Rate an préklinisch erfolgreichen Substanzen welche
erfolgreich klinische Phase | Studien bestehen bei unter 5%.1"°! Dies liegt unter anderem an der
schlechten Ubertragbarkeit von praklinischen Studien auf die in vivo Anwendung potenzieller
Chemotherapeutika.[® Weder 2D Monolayer Zellkulturen noch Tiermodelle sind geeignet, um die
humanen in vivo Tumorbedingungen adaquat abzubilden.”®) Zudem treten zunehmend Félle von
Resistenzen gegen etablierte Chemotherapeutika auf, und die steigende Weltbevolkerung, sowie die
zugespitzte medizinische Lage im Zuge der Covid-Pandemie belasten das Gesundheitssystem
enorm. [t 351

Im Rahmen dieser Arbeit sollen neue multimodale, antitumorale Hybridwirkstoffe mittels praklinischer
Studien hinsichtlich ihrer Eignung als potenzielle Chemotherapeutika untersucht werden. Im Fokus steht
dabei die Aufklarung der intrazellularen Wirkmechanismen auf molekularer Ebene. Bei den zu
evaluierenden Hybridsubstanzen handelt es sich um Vertreter zweier Substanzklassen. Zum einen um
hybride Metall-basierte Wirkstoffe und zum anderen um chimére Histondeacetylaseinhibitoren
(HDACI). Das Prinzip multimodaler, chimdrer Substanzen basiert auf der strukturellen Kombination
zweier etablierter Strukturmotive, wodurch Hybridverbindungen mit optimierten Eigenschaften erzeugt
werden sollen. Die préklinische Evaluation und Aufklarung der Wirkmechanismen erfolgt mittels
verschiedener 2D Tumorzellkultur-basierter Assays als auch in vivo Studien (Zebrafisch und Hiihnerei)
und schlieBlich unter Verwendung in vivo naherer 3D-Tumorzellkulturassays. Durch die Etablierung
von 3D Zellkultur-basierten Assays, soll zum einen die Relevanz der préklinischen Studien erhoht
werden und zum anderen ein Beitrag zur SchlieRung der groRBen Lucke zwischen préaklinischen und
klinischen Studien geleistet werden.

Insgesamt soll mittels Erweiterung klassischer 2D- durch realitdtsnédhere 3D-Tumorzellkulturassays der
Erkenntnisgewinn aus praklinischen Studien optimiert werden und durch die Evaluierung von

Hybridsubstanzen eine neue Sichtweise auf etablierte Strukturmotive geschaffen werden.
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3 Synopsis

3.1 Ubersicht der Teilprojekte

Die vorliegende Dissertation enthélt 4 Publikationen und 3 Manuskripte (vgl. Abb. 9), welche sich mit
der Aufklarung intrazellulérer targets und molekularer Wirkmechanismen neuer, potenzieller hybrider
Chemotherapeutika, unter Zuhilfenahme von 2D und 3D Tumorzellkulturassays befassen. Die dabei
untersuchten Substanzen lassen sich den beiden Klassen hybride Metall-basierte Wirkstoffe und chimére
HDACI zuordnen.

Zur Klasse der Metall-basierten Substanzen zahlen cis-NHC-Pt(I1)-Komplexe, mit Mitochondrien-
assoziiertem Wirkmechanismus, welcher sich in hohem Male von dem fir cis-Pt(l1)-Komplexe
postulierten, ausschliellich DNA-assoziierten Wirkmechanismus unterscheidet. Zudem konnte mittels
einer weiteren Pt-NHC-basierten Serie, neben der antitumoralen Wirkung von cis-Pt-Komplexen, auch
eine signifikante antitumorale Wirkung von trans konfigurierten Pt-Komplexe demonstriert werden.
Des Weiteren wurde fiir antitumorale NHC-Au(l)-Komplexe neben verstarkter Wirkung auf resistente
Tumorzellen die Abh&ngigkeit der intrazelluldren Anreicherung und damit des Wirkorts von Art und
Charakter des sekundéren Liganden nachgewiesen. Schliel3lich wurde eine Serie von Au(l)-Thiopurin-
Komplexen untersucht, welche die Effektivitat und Selektivitat von Purin-Antimetaboliten verbesserten.
Die untersuchten HDACI basierten Verbindungen umfassten verschiedene CA-4-HDACI-Konjugate.
Ein Vertreter diese Serie ist der chiméare HDACi und Zytoskelett Inhibitor Broxbam, welcher sich durch
seine pleiotrope Wirkung als vielversprechender Kandidat fur die Behandlung von Leberkarzinomen
erwies. Die Untersuchung einer weiteren Serie von Vertretern dieser Substanzklasse ergab neben einem
multimodalen Wirkmechanismus die Herunterregulierung des tumorassoziierten Apoptose-
inhibierenden Proteins Survivin. Schlieflich wurden die beiden potenten Vertreter dieser Klasse
Troxbam und Troxham mittels 3D-Zellkultur Assays und 3D in vitro Mikrotumoren hinsichtlich ihrer
Wirkung im 3D tumor-dhnlichem System untersucht. Dies ermdglichte die friihe praklinische
Untersuchung der Substanzen im Kontext einer Tumormikroumgebung, welche in diesem Ausmal sonst
nur in Tiermodellen mdglich ist.

Die im Rahmen dieser Arbeit untersuchten Testsubstanzen wurden am Lehrstuhl fir Organische Chemie
I der Universitdt Bayreuth synthetisiert und charakterisiert. Die Untersuchung der intrazellularen
Zielstrukturen und molekularer Wirkmechanismen erfolgte hauptséchlich am Lehrstuhl fiir Organische
Chemie I und am Lehrstuhl fiir Genetik der Universitat Bayreuth sowie in Kooperation mit dem Institut
fur Biophysik der Akademie der Wissenschaften der tschechischen Republik in Brinn (Tschechische
Republik), dem Lehrstuhl fir Biophysik der Palacky Universitat in Olmitz (Tschechische Republik),
dem Physiologischen Institut und dem Institut fiir vegetative Physiologie der Charité Berlin, dem Institut
flr translationale Immunologie der Universitdtsmedizin Mainz und der Care Group Sight Solution in
Dabhasa (Vadodara, Indien).
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Multimodale Hybridwirkstoffi
ultimodale Hybridwirkstoffe Publikation IV

Revisiting the anticancer praoperties of phosphane(8-ribosylpurine-6-
. Linker 5 thiolato)gold(l) complexes and their 9H-purine precursors
Strukturmotiv 1 Strukturmotiv 2 2022, J. Biol. Inorg. Chem. X

R'—Au—R? B‘J:IINy
@ R1 N N\
RZ

Verbesserte pharmakologische Eigenschaften Publikation V

" Chimeric HDAC and the cytoskeleton inhibitor broxbam as a novel
U'T‘ge““,'”ﬁ? von Resistenzen therapeutic strategy for liver cancer
Wirkoptimierung 2022,int. J. Oncol. o

Adressierung mehrerer targets oIy
MeO e OJL
OMe
O 1N
Cl H
= OH

SNENENENEN

Neuer Wirkmechanismus

Publikation |
Antitumoral effects of mitochondria-targeting neutral and cationic
cis-[bis(1,3-dibenzylimidazol-2-ylidene)(L)CI]Pt(l1) complexes Publikation VI

2020, Dalton Trans. L s
New chimeric HDAC inhibitors for the treatment of colorectal cancer

2

I\|JH3 N R 2022, Arch. Pharm.
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Trans-[bis (benzimidazol-2-ylidene) dichlarido] platinum (I1) complexes
with peculiar medes of action and activity against cisplatin-resistant
cancer cells 2023, J. Inorg. Biochem.

Publikation VII

Cl R?
| 1 N 3D cell cultures, as a surrogate for animal models, enhance the
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_ _ 2022, Invest. New Drugs
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Antitumoral [1,3-diethyl-4,5-diaryl-imidazol-2-ylidene] gold(l) complexes
with cellular targets adjustable by the nature of the second ligand
2021, Chem. Eur. J.
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Abbildung 9. Multimodale Hybridwirkstoffe, welche auch als chimére Substanzen bezeichnet werden, kdnnen
durch strukturelle Kombinationen verschiedene Eigenschaften aufweisen, welche Vorteile gegeniber etablierten
Chemotherapeutika darstellen.®® Abgebildet sind die einzelnen Studien dieser Arbeit mit ihren jeweils zugrunde
liegenden Strukturmotiven. Publikation I beschreibt NHC-Platin-Komplexe mit gegentiber Cisplatin verbesserten
pharmakologischen Eigenschaften und einem neuen Wirkmechanismus. Publikation Il behandelt hybride Platin-
NHC-Komplexe in trans Geometrie, welche die Umgehung von Cisplatin-Resistenzen und einen neuen
Wirkmechanismus ermdéglichen. Publikation 111 behandelt eine Serie an hybriden NHC-Gold-Komplexen, deren
intrazelluldre Anreicherung sich mittels des zweiten Liganden steuern I&sst. Diese Serie ermdglicht verbesserte
pharmakologische Eigenschaften, die Umgehung von Resistenzen, Wirkoptimierung und neue Wirkmechanismen.
In  Publikation IV wird eine Serie an Purin-Gold-Antimetaboliten untersucht, welche verbesserte
pharmakologische Eigenschaften und somit eine Wirkoptimierung sowie die Adressierung mehrerer targets
ermdglichen. Publikation V, Publikation VI und Publikation VII behandeln verschiedene Vertreter einer Serie
chimérer CA-4-HDACI Derivate, welche verbesserte pharmakologische Eigenschaften, Wirkoptimierung und die
Adressierung mehrerer targets ermdéglichen. Zudem wurden die in Publikation VII beschriebenen Ergebnisse
mittels verschiedener 3D Zellkultur-Assays gewonnen, was einen tieferen Einblick in die Wirkung potenzieller

Chemotherapeutika im 3D tumor-assoziierten Kontext ermdéglicht.
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3.2 Antitumorale Wirkung neutraler und kationischer cis-NHC-Pt(Il)-
Komplexe, welche auf das intrazellulare target Mitochondrien abzielen
[Publikation I]

Der erste Artikel behandelt weiterentwickelte hybride Cisplatin-Analoga der Art cis-
[(NHC)}(NHC)?(L)CI]Pt(11). Das NHC Imidazol Motiv dient vornehmlich der Erhéhung der Stabilitat
der Komplexe unter physiologischen Bedingungen. Bei den im Artikel hinsichtlich ihrer biologischen
Wirkmechanismen untersuchten Substanzen handelt es sich um zwei besonders aktive Vertreter einer
groReren Serie aus cis-NHC-Pt(11)-Komplexen mit Chlorido-, beziehungsweise Triphenylphosphin-
Liganden. &+ 8]

Die beiden strukturellen Vertreter stellen die Auswirkung eines neutralen bzw. kationischen NHC
Charakters auf die Bioaktivitat gegeniiber. Aus dem kationischen Charakter resultiert eine deutlich
erhdhte in vitro Zytotoxizitat und Selektivitat gegenliber Krebszelllinien, was mit nachweislich erhéhter
zellularer Aufnahme korreliert. Die fur Cisplatin charakteristische DNA-Interaktion konnte fiir beide
Komplexe in vitro nachgewiesen werden, wobei deren DNA-Interaktion die der Leitstruktur deutlich
Ubersteigt, was somit fir den Erfolg des pleiotropen Strukturmotivs spricht. Zudem konnten einige
weitere interessante Wirkmechanismen der Komplexe nachgewiesen werden, welche auBerhalb des
Cisplatin-typischen Wirkspektrums liegen. Dazu z&hlt insbesondere die mittels Alkinyl-Analoga in
Melanomzellen nachgewiesene Akkumulation in den Mitochondrien, welche mit Verringerung des
mitochondrialen Membranpotenzials (A¥m) und Erhéhung des intrazelluldaren Levels reaktiver

Sauerstoffspezies (ROS) einhergeht.

clicked mitotracker composite

Abbildung 10. Darstellung der untersuchten Strukturen und ihrer Anreicherung in den Mitochondrien von 518A2
Melanomzellen, wo sie neben DNA assoziierten Effekten, mitochondrial assoziierte Effekte wie Verringerung des

AW¥m und Erhéhung des zelluldren ROS Levels induzieren.
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Des Weiteren induziert der kationische Pt(I1)-Komplex in hohem MaRe die Bildung von Aktin stress
fibers. In diesem Zusammenhang konnte ein G1-Zellzyklus-Arrest und die Induktion von Apoptose
nachgewiesen werden. Fir den korrespondierenden neutralen Komplex waren letztere Beobachtungen
nicht oder nur in sehr geringem Male zutreffend. Die insgesamt bessere Aktivitat des kationischen
Komplexes lasst sich mit groRer Wahrscheinlichkeit auf seinen DLC (delocalized lipophilic cation)
Charakter zuriickfiihren. DLCs sind fiir ihre Eigenschaften bekannt, Lipidschichten zu tiberwinden und
sich, aufgrund des negativen inneren Membranpotenzials, selektiv in Mitochondrien anzureichern. [ 871
Aus dieser Studie kann geschlussfolgert werden, dass hybride NHC-Platin(ll)-Komplexe eine
Mitochondrien assoziierte Wirkung von Pt-Komplexen ermdglichen und somit den fir Cisplatin
typischen reinen DNA assoziierten Wirkmechanismus umgehen, was es ermdglicht, Cisplatin-resistente

Zellen zu adressieren.

Weitere Details in: Antitumoral effects of mitochondria-targeting neutral and cationic cis-
[bis(1,3-dibenzylimidazol-2-ylidene)(L)CI]Pt(11) complexes

Matthias Rothemund*, Sofia |. Bar*, Tobias Rehm, Viktor Brabec und Rainer
Schobert

Dalton Trans., 2020, 49, 8901
[Publikation I]

* diese Autoren haben zu gleichen Anteilen zum Manuskript beigetragen
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3.3 Trans-[Bis(benzimidazol-2-yliden)dichloro]platin(l1)-Komplexe mit be-
sonderer Wirkungsweise und Aktivitat gegen Cisplatin-resistente
Krebszellen
[Publikation 1]

Im Rahmen dieses Manuskripts wird jeweils eine Serie von cis- und eine Serie von trans-
[Bis(benzimidazol-2-yliden)dichloro]platin(l1)-Komplexen hinsichtlich ihrer Zytotoxizitit gegentber
Krebszellen und ihrer zellularen targets untersucht. Dabei handelt es sich um hybride Substanzen,
welche durch Komplexierung von Platin mit NHCs, genauer Benzimidazolderivaten, in cis- und trans-
Konfiguration aufgebaut wurden. Bioaktive NHC-Komplexe mit Platin als Zentralatom zeigen
zunehmend Potential, aufgrund ihrer Verbesserten physiologischen Eigenschaften und ihrer Wirkung
gegen CDDP resistente Krebszelllinien.[©8 &I

Im Rahmen dieser Studie wurden 16 Benzimidazol-Platin(I1)-Komplexe synthetisiert, diese umfassen
cis-DMSO- und cis-Bis(benzimidazol)-Komplexe und auch trans-Bis(benzimidazol)-Komplexe. Die
Stabilitat der Komplexe unter physiologischen Bedingungen wurde mittels *H- and %°Pt-NMR

nachgewiesen.

CO,R!
2 —
R’\|_o RZ—N
10206: >—Pt cl R1ozc©: >—Pt o] R1ozc©: >—Pt—< I}COW
12b R' = Me, R? = Et 8c R'=Me, R2=Bn

Abbildung 11. Ubersicht uiber die verschiedenen Grundstrukturen der im Rahmen dieses Projekts untersuchten

Benzimidazol-Platin-Komplexe, sowie deren aktivste Derivate 12b und 8c.

Mittels MTT-Assay basierter Untersuchung der hybriden Benzimidazol-Platin-Komplexe konnten
gegen Cisplatin-resistente Krebszelllinien 1Cso Werte (halbmaximale inhibitorische Konzentration; Mal}
flr antiproliferative bzw. zytotoxische Wirkung von Substanzen) im einstelligen Mikromolaren bis in
den zweistelligen Nanomolaren Bereich nachgewiesen werden. Dabei wurde deutlich, dass cis-
Bis(benzimidazol)-Komplexe generell aktiver sind als deren DMSO Verwandten. Im weiteren Verlauf
der Studie wurden die aktivsten Vertreter 12b der cis- und 8c der trans-Serie mittels biochemischer
Assays weiter beziiglich ihrer zelluléren targets und Wirkmechanismen in HCT116 Darmkrebszellen
untersucht. Aufnahmestudien mittels ICP-MS zeigten, dass die starke zytotoxische Wirkung der trans-
Komplexe nicht mit ihrer zelluldaren Aufnahme assoziiert ist. Das NHC System fihrt im Fall des cis-
Komplexes 12b zu einer deutlich erhohten Aufnahme im Vergleich zu CDDP, wéhrend der trans-
Komplex 8c deutlich schlechter aufgenommen wird. Die starke zytotoxische Wirkung von 8c trotz

geringer Aufnahme unterstreicht seine Effektivitdt. Unselektive Toxizitat konnte mittels Lactat
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Dehydrogenase (LDH) Assay ausgeschlossen werden, da Freisetzung von LDH in Folge der
Permeabilisierung der Plasmamembran als Zeichen von Nekrose gilt.*% Dahingegen konnte die
Induktion des apoptotischen Zelltods durch beide Komplexe nachgewiesen werden. Eng verknipft mit
Apoptose ist der Verlust des A¥m und der daraus resultierende Anstieg intrazellularer ROS
Level.[®* 9 Diese Effekte wurden auch von den Komplexen 12b und 8c induziert. Im weiteren Verlauf
der Studien zeigte der cis-Komplex 12b, Cisplatin-typische Effekte, welche sich in Form eines
verénderten Zellzyklus und Induktion von DNA Konformationsanderungen nachweisen liel3. Der trans-
Komplex 8c induzierte hingegen keinen dieser Effekte, was einen Cisplatin untypischen
Wirkmechanismus voraussetzt. Um die intrazellulare Lokalisation der Komplexe abzubilden, wurden
strukturelle Analoga synthetisiert, welche mittels intrazellularer Click Reaktion mit einem Fluorophor
gekoppelt werden konnten. Somit konnte die erwartete Anreicherung des cis-Komplexes im Zellkern
bestétigt, und der trans-Komplex im Bereich der Mitochondrien lokalisiert werden. Bereits in
Publikation I wurden Platin-Komplexe vorgestellt, welche sich in Mitochondrien anreichern und die
mitochondriale Funktion beeintrachtigen.®® Die aktuelle Studie unterstreicht die Eignung hybrider
trans-NHC-Komplexe von Platin(ll) als Anti-Krebs Verbindungen, welche auf andere Strukturen als
die DNA abzielen und spricht somit gegen das alte Paradigma, dass trans-Platin Verbindungen
ungeeignet als Krebsmedikamente sind.]

Manuskript: Trans-[bis(benzimidazol-2-ylidine)dichlorido]platinum(l1) complexes with
peculiar modes of action and activity against cisplatin resistant cancer cells
Sofia |. Bar*, Sebastian W. Schleser*, Natalie Oberhuber, Alexander Herrmann,
Luca Schlotte, Stefanie E. Weber and Rainer Schobert

J. Inorg. Biochem. 2023, 238, 112028
[Publikation 11]

* diese Autoren haben zu gleichen Anteilen zum Manuskript beigetragen
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3.4 Zielgerichtete antitumorale Wirkstoffe: (Imidazol-2-yliden)(L)gold(l)-
Komplexe deren intrazellulare targets mittels des sekundéaren Liganden

feinjustierbar sind

[Publikation I11]
Die Eignung hybrider Metall-NHC-Komplexe als potenzielle Chemotherapeutika konnte in den beiden
vorhergehenden Artikeln am Beispiel des Platins verdeutlicht werden. Durch Entdeckung der
antitumoralen Eigenschaften des Antirheumatikums Auranofin, riickte Gold als Zentralatom in den
Fokus des Wirkstoffdesigns. Der Wirkmechanismus von Auranofin basiert auf Inhibition der
mitochondrialen TrxR und der Erh6hung der mitochondrialen Permeabilitat.** %1 Eine direkte Folge
dessen ist die Erhéhung des intrazellularen ROS Levels, Freisetzung von Cytochrom C und somit die
Induktion von Apoptose. !
Diese Eigenschafen in Kombination mit der Stabilitat, welche durch Einfuhrung des NHC Motivs
gewonnen werden kann®1, sollten mit einer Serie aus Au(l)-NHC-Komplexen, welche auf dem CA-4
Strukturmotiv in Verbindung mit NHCs aufbauen, realisiert werden. Strukturelle Anthracen-Analoga
der untersuchten Testverbindungen, wurden im Rahmen dieser Arbeit zur intrazelluléren Lokalisation
der Verbindungen verwendet. Dabei wurde der Zusammenhang zwischen Art des sekundéren Liganden
am Gold-Zentrum und der Ladung des Komplexes mit intrazellul&rer Lokalisation und Wirkung auf die
Krebszelllinien aufgeklart. Die ermittelten 1Cso Werte der Verbindungen weisen auf einen
Zusammenhang des DLC Charakters und der zytotoxischen Wirkung hin. Mit zunehmender
Delokalisation der positiven Ladung der Gold-Komplexe steigt deren zytotoxische Wirkung auf die
untersuchten Zelllinien. Die unterschiedliche intrazelluldre Lokalisation der Komplexe, welche mittels
fluoreszenter Anthracen Analoga in Melanomzellen dokumentiert wurde, weist auf unterschiedliche
Wirkmechanismen in Abhangigkeit von der Art des sekundaren Liganden L hin. Basierend darauf wurde
die Wirkung der Verbindungen auf typische zelluldre targets unter Berlicksichtigung der Bereiche der
Akkumulation untersucht. Unabhdngig von Lokalisation, wurde fir alle Testsubstanzen die Induktion
des apoptotischen Zelltods nachgewiesen.
Aufgrund der Lokalisation des neutralen Komplexes 4b (L = CI) im Bereich des Zellkerns wurde eine
potentielle DNA Interaktion der Verbindung 4b und des strukturellen Analogons 4a (L = CI) mittels
Ethidiumbromid (EtdBr) Sattigungsassay und electrophoretic mobility shift assay (EMSA) untersucht
und nachgewiesen. Der EtdBr Sattigungsassay weist auf eine starke DNA-Interaktion der Substanzen 4
hin, welche die Wirkung von CDDP deutlich tbersteigt. Die Ergebnisse des EMSA bestétigen die
Interaktion der Substanzen 4 mit DNA. Substanz 4a zeigt hier einen deutlich verringerten Effekt im
Vergleich zu CDDP, was im Einklang mit der bekannten nicht-kovalenten Interaktion von NHC-Gold-
Komplexen mit DNA steht.[*8]
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Abbildung 12. Strukturen der (Imidazol-2-yliden)(L)gold(l)-Komplex Serie und ihrer intrazelluléren

Anreicherung, welche mittels der Anthracen Reihe b dokumentiert wurde. Konfokal-Fluoreszenzmikroskopische
Aufnahmen in 518A2 Melanomzellen. Emission der Komplexe (UV), Cofarbung der jeweligen
Zellkompartimente (mittlere Spalte) und deren merge (rechte Spalte). Aufnahmen erfolgten bei 2000 x

Vergrofierung.

Der kationische Komplex 5b (L = PPhs) wurde im Bereich der Mitochondrien lokalisiert. Basierend
darauf wurde die Wirkung des Komplexes 5b sowie seines strukturellen Analogons 5a auf
Mitochondrien-assoziierte zelluldre Mechanismen untersucht. Die antitumorale Wirkung einiger
anderer Gold(1)-Komplexe basiert hauptséchlich auf der Inhibition der TrxR, einem Schlusselenzym des
zelluldren Schutzmechanismus vor oxidativem Stress. Fur die kationischen Komplexe 5 wurde im
dreistelligen nanomolaren Konzentrationsbereich eine inhibierende Wirkung auf TrxR nachgewiesen,
welche die Wirkung des bekannten TrxR-Inhibitors Auranofin Ubersteigt. Infolgedessen konnten sowohl
die Erhéhung der intrazelluldaren ROS Level als auch die Verringerung des A¥m durch die Komplexe 5
nachgewiesen werden.

Eine Anreicherung des Bis-NHC-Komplex 6b in den Lysosomen konnte nachgewiesen werden. Passend
dazu konnte eine durch die Komplexe 6 induzierte zeitabhdngige Abnahme des
Lysosomenmembranpotenzials dokumentiert werden. Dies deutet auf lysosomale Membran
Permeabilisierung (LMP) hin, welche zum Austritt des Lysosomeninhalts in das Cytoplasma fiihrt, was

den p53-unabhingigen lysosomalen Zelltod induzieren kann €,
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Zusammenfassend konnte nachgewiesen werden, dass sich die jeweiligen Strukturverwandten a und b
der Serie in ihrem intrazelluldren Wirkmechanismus ahneln, was die Vergleichbarkeit der gewonnenen
Ergebnisse der a und b Reihe bestétigt. Die Ergebnisse dieser Studie zeigen, dass es maglich ist durch
den sekundaren Liganden L die Ladung, Grof3e und Lipophilie der hybriden Komplexe und somit die
intrazelluldare Anreicherung derer zu steuern. Dieses Konzept der Lenkung eines bioaktiven chimaren
Metall-Komplexes an ein spezifisches intrazellulares target kann dazu beitragen unerwiinschte

Nebeneffekte zu reduzieren und die Effektivitat der Substanzen zu verbessern.

Weitere Details in: Guided Antitumoural Drugs: (Imidazol-2-ylidene)(L)gold(l) Complexes

Seeking Cellular Targets Controlled by the Nature of Ligand L

Sofia |. Bar*, Madeleine Gold*, Sebastian W. Schleser, Tobias Rehm,
Alexander Bar, Leonhard Kohler, Lucas R. Carnell, Bernhard Biersack, and
Rainer Schobert

Chem. Eur. J. 2021, 27, 5003
[Publikation 111]

* diese Autoren haben zu gleichen Anteilen zum Manuskript beigetragen
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3.5 Wiederbetrachtung der antitumoralen Eigenschaften von Phosphan(9-
ribosylpurin-6-thiolat)-gold(l)-Komplexen und ihrer 9H-Purin
Vorlaufer

[Publikation 1V]

Der vierte Artikel dieser Arbeit behandelt die Ubertragung des hybriden Metall-NHC Motivs auf die
Substanzgruppe der Antimetaboliten. Das flr seine TrxR inhibierenden Eigenschaften bekannte Gold-
Motiv des Auranofins wurde mit dem Strukturmotiv der etablierten antitumoralen Antimetaboliten 6-
Mercaptopurin (6-MP) und 6-Thioguanin (6-TG) verknipft. Diese werden zur Entfaltung ihrer Wirkung
in vivo zunédchst in die entsprechenden Nukleotidanaloga umgewandelt, was zur Folge hat, dass ihre
entsprechenden Nukeloside auch als wirksame Substanzen zur Behandlung von Krebs gelten.[2%° 101 Es
ist bereits bekannt dass eine Verknupfung dieser Thiopurine mit verschiedenen Triorganylphosphan-
Gold(l) Fragmenten zu einer Verbesserung ihrer Effektivitat fihrt,[102-1041

Die im Rahmen dieser Studien untersuchte

AU/PRZF» Wirkstoffserie umfasste vier literatur-

X bekannte  Triorganylphosphan(9H-Purin-6-thio-

Nl)jN» lat)-Gold(l)-Komplexe mit bzw. ohne 2-NH,-

R1J\N/ N Substituenden(*®?l sowie vier neue strukturelle
R3

Analoga mit Thioguanosin- und Thioinosin-

5R"=H, R*=Ph, R®=D-Rib, X = § Liganden, einen dimeren Komplex dieser Art und

6 R' = NH,, R?=Ph,R®=D-Rib, X=S . :
2 ' einen analogen Purin-6-Selenat-Gold(1)-Komplex.

Abbildung 13. Grundstruktur der untersuchten | 7zyngchst wurde die Stabilitat der Komplexe unter
hybriden Antimetaboliten-Gold-Komplexe und der physiologischen Bedingungen tber 72 h mittels
NMR  bestatigt. Mittels MTT  basierter

Bestimmung der Zytotoxizitit gegen ein Panel aus

aktivsten Verbindung 5, sowie der Verbindung 6

mit der starksten zellularen Aufnahme.

sieben humanen Krebszelllinien konnten ICso Werte bis in den dreistelligen nanomolaren Bereich
ermittelt werden. Es zeigte sich eine strukturabhéngige Verbesserung der Zytotoxizitat durch die
Einflhrung eines 9-D-Ribosyls, zudem zeigten die Triphenylphosphan Komplexe eine generell bessere
Wirkung als ihre Triethylphosphan Analoga. Interessanterweise zeigten diese Effekte keine
Auswirkungen auf die zellulare Aufnahme, wobei Komplex 6 durch seine besonders starke Aufnahme
hervorstach. Im weiteren Verlauf wurde der potenteste Komplex 5 weiter beziglich seines
intrazelluldren Wirkmechanismus untersucht. Dieser zeigte einen bipolaren Effekt auf den Zellzyklus
von 518A2 Melanomzellen; bei niedrigen Konzentrationen wurde ein G1-Arrest induziert, wie es flr
andere bekannte Thiopurine typisch ist, wahrend in hohen Konzentrationen ein S-Arrest induziert
wurde, wie er fur Auranofin typisch ist. Die letztere Wirkung ist héchstwahrscheinlich auf seine
ausgepragte Hemmung von TrxR zuriickzufuhren. Komplex 5 l6ste zudem auch schwere DNA-

Lé&sionen und Fragmentierung aus, was letztlich zur Apoptose der Krebszellen fuhrte.
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Somit ist diese Serie ein weiteres Beispiel flr das hohe Potenzial chimarer Strukturen hinsichtlich ihrer
Eignung als Krebsmedikamente, da durch Kombination verschiedener Strukturen verschiedene Effekte

miteinander verbunden werden konnen, welche durch ein Molekil induzierbar sind.

Manuskript: Revisiting the anticancer properties of phosphane(9-ribosylpurine-6-
thiolato)gold(l) complexes and their 9H-purine precursors
Luisa Kober*, Sebastian W. Schleser*, Sofia |. Bar and Rainer Schobert

J. Biol. Chem. 2022, 27, 731

[Publikation 1V]

* diese Autoren haben zu gleichen Anteilen zum Manuskript beigetragen
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3.6 Der chiméare HDAC- und Zytoskelett-Inhibitor Broxbam als neue
therapeutische Strategie fiir die Behandlung von Leberkarzinomen
[Publikation V]

Patienten welche an hepatozelluldarem Karzinom (HCC) oder cholangiozellularem Karzinom (CCC)
erkranken haben eine durchschnittliche 5-Jahres Uberlebensrate von nur 20%, damit zéhlen HCC und
CCC zu den todlichsten Krebsarten.?! Aufgrund der sehr begrenzten Behandlungsmaglichkeiten ist hier
die Nachfrage nach neuen Klinisch relevanten Therapeutika besonders prasent. Die dritte Publikation
behandelt den multimodalen HDAC und Zytokelett Inhibitor Broxbam, welcher durch strukturelle
Kombination der etablierten Pharmakophore CA-428 und SAHAP® 1 synthetisiert wurde. CA-4 ist ein
Vertreter der Mikrotubuli-destabilisierenden Agenzien und SAHA ein Vertreter der HDACI.[?8 58 59
Broxbam ist Derivat einer Serie chimérer HDACI, welche bereits publiziert wurden, wobei die

molekularen Wirkmechanismen von Broxbam jedoch nicht weiter charakterisiert wurden.[1%!

OMe Br OMe
OMe
C o
OMe N
| </ | 0]
» OO — O :
OMe oM H NMN\OH
OH © H 0
CA-4 Broxbam SAHA

Abbildung 14. Strukturen des Mikrotubuli-destablisierenden Agens CA-4, sowie des HDACi SAHA, welche als

strukturelle Grundlage fur die chiméare Substanz Broxbam dienen.

Die potenzielle Eignung von Broxbam als Krebstherapeutikum wurde an den vier primaren
Leberkrebszelllinien Huh7, HepG2, TFK1 und EGI1 untersucht. Dabei reduzierte die Hybridsubstanz

die Proliferation der Krebszellen sowohl Zeit- als auch Dosis-abhéngig im sub-mikromolaren

Konzentrationsbereich (ICso ~0.6 uM). Bereits an diese Stelle

zeigt sich, dass die Wirkung von Broxbam die Effektivitat der g 1::

etablierten Substanz SAHA ubertrifft (ICso 1.4-3.2 uM), was %

fir den Erfolg der chimaren Kombination spricht. Die | § 69

Wirkung von Broxbam basiert zum einen molekular auf g‘ 40

HDAC Inhibition, insbesondere der HDAC 6, wodurch § 201

mitochondrial vermittelte Apoptose induziert wird. Zum é .

anderen konnte eine Tubulinpolymerisations-hemmende 06 10 12 50 100

LM Broxbam

Wirkung nachgewiesen werden, welche sich durch verringerte
Abbildung 15. HDAC 6 Aktivitét

nach Behandlung mit der Hybrid-

Migrationsféhigkeit als auch anti-angiogene Effekte &ulerte,
was sich sowohl auf das CA-4 Motiv als auch die HDAC 6

Inhibition zurtickfiihren lasst. Denn es ist bekannt, dass HDAC

substanz Broxbam.

6 auch als Tubulin Deacetylase fungiert und somit zellulare Tubulin-assoziierte Mechanismen, wie das
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Zytoskelett und die Migrationsfahigkeit beeinflusst.'! Auch in vivo zeigt die Verbindung potente
antitumorale als auch antiangiogene Eigenschaften, ohne dabei signifikant toxisch zu wirken. Im
Rahmen dieser Studie wurden zudem 3D Tumormodelle aus Leberkrebszellen verwendet, welche auf
der Chorioallantoismembran von Huhnereiern kultiviert wurden. Die 3D Modelle dienen einer
Erhéhung der Relevanz der praklinisch gewonnen Daten, da sie eine in vivo nahere Abbildung der
Tumorbedingungen erméglichen. !

AbschlieRend ist festzuhalten, dass die kirzlich vorgestellte chimare Substanz Broxbam!®l ein
vielversprechender, pleiotrop wirkender HDACI ist, welcher als potenzieller Wirkstoff fir die

Behandlung von Leberkrebs fiir weitere Studien in Betracht gezogen werden sollte.

Weitere Details in: Chimeric HDAC and the cytoskeleton inhibitor broxbam as a novel

therapeutic strategy for liver cancer

Sofia |. Bar, Alexandra Dittmer, Bianca Nitzsche, Gohar Ter-Avetisyan,
Michael Fahling Adrian Klefenz, Leonhard Kaps, Bernhard Biersack, Rainer
Schobert und Michael Hépfner

Int. J. Oncol., 2022, 60, 73

[Publikation V]
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3.7 Neue chimare HDAC Inhibitoren fur die Behandlung von
Kolonkarzinomen
[Publikation VI]

Darmkrebs liegt auf Platz drei der Todesursachen, welche mit einer Krebserkrankung assoziiert sind
(2071 Dies ist unter anderem begriindet durch die hohe Riickfallrate, welche sich in hohem MaRe auf
aggressive Behandlungsmethoden und zunehmende Resistenzentwicklung zuriickfiihren lasst.[208 101
Um diese Problematik beheben zu kénnen, wird an neuen Behandlungsmdglichkeiten geforscht. Ein
vielversprechender chemotherapeutischer Ansatz sind chimare, niedermolekulare Wirkstoffe, welche
die Wirkmechanismen verschiedener etablierter Chemotherapeutika vereinen und somit eine neue,

verbesserte Substanz resultiert.[63 64

Im Rahmen dieser Studie wurden vier chiméare Substanzen,

welche sie Strukturmotive HDACi und CA-4 vereinen, MeQ ~ OMe
hinsichtlich  ihrer  biologischen  Aktivitdt  gegeniber O OMe
Tumorzelllinien untersucht. Diese umfassen bei beiden N 0
. < |
literaturbekannten Substanzen Troxbam und Troxham!®! 0 O\/\)J\N,OH
sowie die Synthese der beiden neuen Strukturen Animthioxam O oM H
e

und Brimbam. Die selektive Zytotoxizitdt gegeniber

Troxbam

Krebszellen wurde mittels MTT-Assay ermittelt, wobei sich
Abbildung 16. Struktur des aktivsten

Vertreters Troxbam, der vorgestellten
Reihe an chimaren HDACI.

die Substanz Troxbam mit einem Selektivitatsindex (SI) von
>68.1 als auBergewohnlich selektiv gegeniliber Krebszellen
zeigte (CA-4 SI 195, SAHA S| > 32.5). Der duale

Wirkmechanismus duBerte sich in der Adressierung HDACI- als auch CA-4-spezifischer targets. Der
aktivste Vertreter induzierte einen G2-M Arrest des Zellzyklus von HCT116 Darmkrebszellen, welcher
assoziiert ist mit HDAC Inhibition und der Induktion von Apoptose.!**% 111 Zydem konnte eine effektive
Reduktion des Metastasierungspotenzials und der zelluldren Dynamik durch die Testverbindungen
induziert werden, was sich darauf zurickfihren lasst, dass die Aktivitat des CA-4 Motivs in den
chiméren Substanzen weitestgehend erhalten bleibt. Neben der generellen HDAC inhibierenden
Aktivitat wurden mittels Western Blot die Expressionslevels des Apoptose inhibierenden Proteins
Survivin Uberprift, welches assoziiert ist mit HDAC Aktivitat und unter anderem Einfluss hat auf
Voranschreiten des Zellzyklus und die Chemoresistenz von Krebszellen.[!? Es konnte eine signifikante
Verringerung der Survivin Expression durch Troxbam und Troxham nachgewiesen werden, welche
vergleichbar mit der Wirkung des monomodalen HDACi SAHA ist. Die Adressierung dieses targets ist
von besonderer Bedeutung, da Survivin in der Regel ausschlieflich von Krebszellen exprimiert wird
und somit ein Alleinstellungsmerkmal maligner Zellen ist.[1*?

Die Ergebnisse dieser Studie belegen die multimodale Wirkung der Hybridsubstanzen und damit den

Erfolg der Kombination des HDACi Motivs mit dem Mikrotubuli-polymerisations Hemmer CA-4. Es
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konnten zum einen die Leistruktur typischen Wirkungen erhalten bleiben und zum andern die Aktivitat

und Selektivitét verbesserte werden.

Manuskript: New chimeric HDAC inhibitors for the treatment of colorectal cancer

Sofia I. Bar, Rohan Pradhan, Bernhard Biersack, Bianca Nitzsche, Michael
Hopfner und Rainer Schobert

Arch. Pharm. 2022, 356, 2200422

[Publikation V1]
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3.8 3D Zellkultur Systeme als Alternative zu Tierversuchen verbessern den
diagnostischen Wert praklinischer in vitro Untersuchungen durch
zusatzliche Informationen dber das Tumormikroenvironment: eine

Vergleichsstudie neuer bimodaler HDAC-Inhibitoren

[Publikation VII]

Nach wie vor ist die Etablierung neuer Wirkstoffe eine Ressourcen-aufwandiger Prozess bei dem
weniger als 5% der préklinisch erfolgreichen Substanzen (ber Phase | in Klinischen Studien
hinauskommen.[”® Neben dem Ansatz chiméarer Substanzen, welche durch strukturelle Kombination
etablierter Pharmakophore, neue potente Wirkstoffe hervorbringen sollen, spielt auch die Verbesserung
der praklinischen Methoden eine zentrale Rolle."™ 8 Konventionell verwendete 2D Monolayer
Zellkultursysteme haben zahlreiche Fortschritte der Forschung an neuen Krebstherapien ermdglicht,

bilden jedoch zentrale in vivo Bedingungen nicht oder nur unzureichend ab.["®!

In dieser Publikation wird die Untersuchung potenzieller MeO OMe
antitumoraler Substanzen mit Hilfe 3D Zellkulturmethoden O OMe

zur Erhohung der Relevanz préklinischen Studien N

beschrieben. Im Gegensatz zu konventionellen 2D basierten </ | o Q oH
Zellkulturassays, beziehen 3D Zellkulturassays zentrale © O Mﬁkﬁ/
Effekte wie Wirkstoffaufnahme und Verteilung, als auch OMe

den Einfluss der Tumormikroumgebung im tumorahnlichen Troxbam n =3

L L . Troxham n =5
Modell mit ein."® Fir die Untersuchung der chimaren

Abbildung 17. Ubersichtsstruktur der
HDACI und CA-4 abgeleiteten Hybrid-
substanzen Troxbam und Troxham.

Testverbindungen wurden multicellular tumour spheroids

(MCTS) aus Kolonkarzinomzellen und Mikrotumore,

welche mittels Bioreaktorsystem generiert wurden,

verwendet. Charakteristische MessgroBRen, welche sich in 2D Assays etabliert haben, sollten auf 3D
MCTS Ubertragen werden. Bei den untersuchten Testsubstanzen handelt es sich um kirzlich publizierte,
jedoch nicht n&her hinsichtlich biologischer Aktivitat charakterisierte chimére Verbindungen Troxbam
und Troxham.[%! Diese vereinen die Struktur des etablierten HDACi SAHA mit der des Mikrotubuli-
destabilisierenden Agens CA-4 und unterscheiden sich in der Kettenldnge des Linkers. Bereits bei
Untersuchung der wachstumsinhibierenden Eigenschaften der Esterbindungen, wurde ein Unterschied
zum etablierten 2D System erkenntlich, da die angewandten ICs; Konzentration, welche mittels 2D
Assay ermittelt wurde, im Falle der Leisubstanz CA-4 zu keiner Verringerung des MCTS Wachstums
fihrte. Im weiteren Verlauf der Studie wurde die Verteilung toter Zellen im Inneren der MCTS im
Zusammenhang mit der  Substanzbehandlung mittels  Propidiumiodid (PI)  Farbung

fluoreszenzmikroskopisch analysiert. Pl kann lediglich die permeabilisierte Zellmembran toter Zellen
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Abbildung 18. Finale Tumormassen von in
vitro Mikrotumoren, nach einer Wachstums-
periode von 28 Tagen. Substanzbehandlung
erfolgte an Tag 21, DMSO diente als Kontrolle
(Ctrl).

passieren und féarbt somit selektiv die DNA
abgestorbener Zellen an.*¥ Des Weiteren konnten
mittels  (immuno)fluoreszenz ~ Mikroskopie  die
Erhéhung der ROS Level in den MCTS in Folge der
Substanzbehandlung nachgewiesen werden sowie die
Caspase 9 vermittelte Aktivierung des apoptotischen
Zelltods. SchlieBlich wurde die wachstumsinhibierende
Wirkung der hybriden Substanzen auf in vitro, mittels
eines Bioreaktorsystems, generierte Mikrotumore
untersucht, dabei konnte fiir beide Testverbindungen
eine signifikante Reduktion des Tumorwachstums
verzeichnet werden.

Diese Studie bezieht 3D tumor-assoziierte Aspekte in
die Evaluation potenzieller multimodaler, anti-

tumoraler Wirkstoffe ein. 3D basierte

Zellkultursysteme kdnnen zum einen Tiermodelle in gewissen Punkten ersetzen und zum anderen stellen

sie eine wertvolle Ergdnzung zum préklinischen Medikamentenscreening dar.

Weitere Details in: 3D cell cultures, as a surrogate for animal models, enhance the diagnostic

value of preclinical in vitro investigations by adding information on the

tumour microenvironment: a comparative study of new dual-mode HDAC

inhibitors

Sofia I. Bar, Bernhard Biersack und Rainer Schobert

Invest. New Drugs, 2022, 40, 953

[Publikation V1]
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Rehm, Mitarbeiter des Arbeitskreises Organische Chemie | der Universitdt Bayreuth unter der Leitung
von Prof. Dr. R. Schobert sowie durch Kooperation mit den Mitarbeitern H. Kostrhunova und Prof. Dr.
V. Brabec des Instituts fur Biophysik der Akademie der Wissenschaften in Briinn (Tschechien).

5.1.1 Eigenanteil an Publikation |
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., Antitumoral effects of mitochondria-targeting neutral and cationic cis-[bis(1,3-dibenzylimidazol-2-
ylidene)(L)CI]Pt(1l) complexes “

von den Autoren
Matthias Rothemund®, Sofia I. Bar*, Tobias Rehm, Viktor Brabec und Rainer Schobert
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Antitumoral effects of mitochondria-targeting
neutral and cationic cis-[bis(1,3-dibenzylimidazol-
2-ylidene)Cl(L)IPt(1) complexest

Matthias Rothemund, 1 Sofia |. Bar,}* Tobias Rehm,? Hana Kostrhunova,®
Viktor Brabec (2 ° and Rainer Schobert & *2

‘.) Check for updates

Cite this: Dalton Trans., 2020, 49,
8901

Recently, we opened a synthetic access to antitumoral platinum complexes of the type cis-
[(NHC)YNHC)?Pt"CL(L)] which interact with DNA in a way correlated to the complex charge and to the ste-
rical accessibility of the leaving chlorido ligand. We now identified mitochondria rather than nuclei as the
cellular target of the neutral dichlorido complex 1 (L = Cl) and the delocalized lipophilic cationic phos-
phine complex 2 (L = PPhs), both carrying the same cis-bis(1,3-dibenzylimidazol-2-ylidene) ligands. Their
uptake into 518A2 melanoma cells was concentration-dependent and distinctly greater for complex 2
which was also more cytotoxic against sensitive cancer cell lines with submicromolar ICsg values. Both
complexes interfered strongly with various forms of DNA in vitro, but only complex 2 caused a melanoma
cell cycle arrest in G1-phase, setting both apart from the S-phase arresting drug cisplatin. Studies of the
intracellular localisation of 1 and 2 were carried out with their alkyne-tagged analogues 6 and 7, which
showed identical patterns of cancer cell cytotoxicity, cell cycle interference and effects on mitochondria.
Click reactions with 7-hydroxycoumarin azide, colocalisation with Mitotracker™ and confocal
microscopy, proved complexes 6 and 7 to accumulate mainly in the mitochondria rather than the nuclei
of melanoma cells. Complex 1 and even more so complex 2 reduced the mitochondrial membrane
potential and also increased the cellular ROS levels. As a consequence, both complexes caused stress
fibre formation in the F-actin cytoskeleton of melanoma cells, most distinctly so complex 2 which also
activated the apoptotic cascade mediated by capases-3 and -7.

Received 7th May 2020,
Accepted 15th June 2020

DOI: 10.1039/d0dt01664k
rsc.li/dalton

N-heterocycle and its substituents.” Recently, we reported

Introduction
on the synthesis of platinum(u) complexes of type cis-

The serendipitous discovery of the biological effects of cis-di-
amminodichloridoplatinum(u) (cisplatin; CDDP) by Rosenberg
et al. almost five decades ago led to an intensive worldwide
study and screening of congeneric platinum coordination com-
plexes, culminating in the FDA approval of the mainstay tumor
therapeutics carboplatin and oxaliplatin." In recent years, the
interest of medicinal chemists in antitumoral metallodrugs
was rekindled by the growing evidence that organoplatinum
complexes carrying N-heterocyclic carbene (NHC) ligands offer
more means of fine-tuning and optimising their pharmaco-
logical properties due to the variability of both the

“Organic Chemistry Lab ry, University of Bayreuth, Universitaetsstrasse 30,
95440 Bayreuth, Germany. E-mail: Rainer.Schobert@uni-bayreuth.de

®Czech Academy of Sciences, Institute of Biophysics, Kralovopolska 135, CZ-61265,
Czech Republic

tElectronic supplementary information (ESI) available: NMR spectra of 6 and 7,
uptake of complexes 1 and 2 by 518A2 melanoma cells, electrophoretic mobility
shift assays of 1, 2, 6, and 7, etc. See DOI: 10.1039/d0dt01664k

{These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2020

[(NHC)'(NHC)*Pt"CI(L)] bearing two — optionally different -
cis-oriented (benz)imidazol-2-ylidene ligands. Preliminary tests
showed their modes of antitumoral action to be dependent
not only on these NHC ligands but also decisively on their sec-
ondary ligands L and their overall charge. Fig. 1 depicts two
typical complexes.>* The neutral complex 1, like derivatives
with further residues on the phenyl rings not shown here, was

&m0
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Fig. 1 Structures of complexes 1 (L = Cl) and 2 (L = PPhs) of the type
cis-[bis(1,3-dibenzylimidazol-2-ylidene)Pt'CIl(L)].*

Dalton Trans., 2020, 49, 8301-8910 | 8901
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cytotoxic with 1Cs, values generally in the low micromolar
range, and gave rise to a band shift of plasmid DNA in electro-
phoretic mobility shift assays (EMSA) comparable to cisplatin.
Exchange of a chlorido ligand for triphenylphosphine afforded
cationic complexes like 2, which were more cytotoxic against
cancer cells with IC;5, values in the nanomolar range, and
which caused an aggregation rather than coordination of DNA
in vitro.*

Investigations of related neutral mono-NHC complexes of
type cis-{(benzimidazol-2-ylidene)Pt"Cl,(L)] and cationic com-
plexes trans-[(benzimidazol-2-ylidene)Pt"CI(L),]'ClI” gave a
more nuanced picture.” While the cationic complexes were
also more cytotoxic against cancer cells than the neutral ones,
DNA interaction of the latter in vitro depended decisively on
the ligands L.° In order to find out whether cellular DNA is an
actual target of cis-[(1,3-dibenzylimidazol-2-ylidene),Pt"CI(L)]
complexes 1 and 2 and to further elucidate their modes of
action, we synthesized their 4-ethynylbenzyl derivatives 6
and 7 for intracellular localisation via alkyne-azide click
reactions.®

Results and discussion
Synthesis and characterization

4-Ethynylbenzyl bromide 4 was synthesized from the corres-
ponding benzyl alcohol 3, NBS and PPh;. It was reacted with
imidazole under basic conditions to give the imidazolium
bromide 5a. To prevent anionic exchange during the next
steps, bromide 5a was converted to the imidazolium chloride
5b. The latter was deprotonated with KO‘Bu to generate the
free carbene, which was trapped with half an equivalent of cis-
[Pt"'Cl,(DMSO),] to afford the desired cis-(bis-NHC)CI,Pt"
complex 6. cis-Pt"Cl,(DMSO0),] can be prepared by adding a
three-fold excess of DMSO to K,PtCl, in water and allowing the
solution to stand at room temperature until yellow crystals pre-
cipitate.” Cationic complex 7 was obtained from reaction of
complex 6 with an excess of PPh; (Scheme 1).

As for complexes 1 and 2, the NMR spectra of the new
alkyne derivatives confirmed their cis configuration and the
perpendicular orientation of their imidazole rings with respect
to the PtCI(L) plane. The "H NMR spectra reflected the inequi-
valency of the geminal protons of each benzylic CH, group
giving rise to two (for 6) or four (for 7) doublets which were
0.73 ppm apart in the case of 6 and 0.71/0.74 ppm for complex
7. In the *C NMR spectra the carbene carbons of complex 6
peaked at 146.7 ppm and those of complex 7 appeared as
doublets at 145.8 ppm with */cp = 10 Hz (cis to PPh;) and at
163.2 ppm with */¢p = 151 Hz (trans to PPhy).

Biological evaluation

Inhibition of cancer cell proliferation. Complexes 1 and 2
had previously been tested for antiproliferative effects on
various cancer cell lines as members of a larger series of
similar NHC platinum(i) complexes with distinct antitumoral
activity. We now tested them, using the same MTT-assay,
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Scheme 1 Syntheses of bis[1,3-(4-ethynylbenzyl)imidazol-2-ylidene]
Pt" complexes 6 and 7. Reagents and conditions: (i) NBS, PPhz, CH,Cly,
40 °C, 3 h, 96% (ii) imidazole, K;COz, MeCN, 80 °C, 16 h, 100%; (iii)
Ag>COs, HNOs, EtOH, rt, 2 h, then HCl, 68%; (iv) cis-[Pt"Cl,(DMSO),],
KO'Bu, CH,Cly, rt, 24 h, 40%; (v) PPhs, CH,Cl,, rt, 2 h, 82%.
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against further cell lines such as the colon cancer cell line
HCT116", its p53-deficient mutant HCT116~'~, the non-malig-
nant human fibroblasts HDFa, and the multi-drug resistant
cervix carcinoma cell line KB-V1""!, pre-incubated with verapa-
mil, a competitive inhibitor of the P-gp1 efflux transporter
overexpressed in this cell line. In parallel, we also tested the
ethynyl-tagged complexes 6 and 7, to find out whether their
cytotoxic pattern across this cell line panel is comparable to
that of their analogues 1 and 2 and so ensure their suitability
as surrogates for complexes 1 and 2 in intracellular localisation
studies via alkyne-azide click reactions. As previously reported
for other cancer cell lines,"® complex 2 bearing a sterically
demanding triphenylphosphine residue and a positive charge,
was more cytotoxic than neutral dichlorido complex 1, with
IC5p values in the nanomolar or lower micromolar range also
against the cell lines listed in Table 1. This pattern was also
observed for the alkynyl-tagged complexes 6 and 7, which
showed IC;, values similar to those of their congeners 1 and 2,
albeit with a few conspicuous exceptions. All four complexes
showed a reduced cytotoxicity against HCT116™'~ cells lacking
functional tumor suppressor protein p53, which plays an
important role in cell cycle progression and in apoptosis acti-
vation.® Unlike its non-ethynylated parent complex 1, the
neutral complex 6 was virtually inactive against HCT116™'~
cells. These results suggest a similarity in the mode of action
with cisplatin, which is known to activate p53 upon extensive
DNA damage.’ Inhibition of the P-gp1 efflux pump of multi-
drug resistant Kb-v1""' cervix carcinoma cells by pre-incu-
bation with verapamil, which is used clinically as a re-sensi-
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Table 1 Means + SD of ICsq values [uM] of cisplatin and compounds 1, 2, 6, 7 in MTT assays against human cell lines? after 72 h of incubation as cal-
culated from four independent measurements. * Data taken from ref. 4. ** Data taken from ref. 10

ICs (72 h) [uM]

518A2 HT-29 HCT116™ HCT1167~  EaHy926 Kb-v1¥”! Kb-v1VPHPm2  HpFa s1”
Cisplatin 2.6 £0.7* 8.3 £0.5* 5.7 £10:3% 9.2 + 0.5* 21.1+2,5 2.2 + 0.3%* 0.23 + 0.08* >50 >9.0
1 6.2 + 0.4* 14.6 £ 1.4* 2.3 +0.8 14.1 £ 0.9 6.8 +1.6* 11.7 £ 0.8* 6.3 + 0.6 4.5+0.5 0.6
2 0.86 + 0.05* 0.82 + 0.06* 0.51 £ 0.04 1.6 £0.1 0.48 + 0.01* 7:37E1.0% 0.99 + 0.16 3.1+0.4 4.2
6 5.6+0.2 13.12+1.0 1.1+0.1 >50 12.5+2.2 259+ 3.4 >50 >50 >7.5
7 1.2+0.2 0.66 + 0.26 0.14 + 0.03 2.0+0.3 0.63 +0.10 34.1+3.8 34.5+4.2 3.4+1.9 7 |
“518A2 - melanoma, HT-29 - colon adenocarcinoma, HCT116"* - colon carcinoma (wildtype), HCT116 '~ - colon carcinoma (p53 knock-out

mutant), EaHy926 - endothelial hybrid, Kb-v1** - cervix carcinoma, HDFa - human dermal fibroblasts. ” Vbl - vinblastine, vpm - verapamil, SI -

selectivity index.

tizer of refractory tumours, led to an enhanced activity of com-
plexes 1 and 2 but not of the alkynyl-tagged complexes 6 and
7, indicating that the latter are no substrates of P-gp1.

To determine the selectivity of the complexes for tumour
cells, we tested them for their toxicity against the non-malig-
nant fibroblast cells HDFa and calculated a selectivity index
(SI) by dividing their ICs, against the fibroblasts by the average
1Cs, values against the unadulterated cancer cell lines 518A2,
HT-29, and HCT116™. Like cisplatin, complex 6 was inactive
against the HDFa cells and thus can be regarded highly cancer
cell selective. Complexes 2 and 7 also showed a marked selecti-
vity for cancer cells, whereas complex 1 was somewhat selective
only towards HCT116" colon cancer cells.

Cellular uptake. To find out whether the greater cytotoxicity
of the cationic complex 2 stems from an actual increase in tox-
icity due to the positive charge and the bulkier phosphine
ligand or from an enhanced uptake into the cells, we
measured the platinum content of 518A2 cells after 8 h of
incubation with complexes 1 and 2 (1 pM and 5 pM) by
ICP-MS (Fig. 2; ¢f. SI for exact values). The observed divergence
in uptake rates of complexes 1 and 2 by a concentration-depen-
dent factor of 2.5 (for 5 uM) to 7 (for 1 pM) reflects the pre-
viously measured” difference in their ICs, values against this
cell line fairly well, i.e. 6.2 pM for 1 and 0.86 pM for 2. This
suggests that they do not differ much in their intrinsic antipro-
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Fig. 2 Platinum content of 518A2 melanoma cells after 8 h incubation
with 1 uM or 5 uM of complexes 1 and 2, measured via ICP-MS.
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liferative activities. Such ostensible hikes in cytotoxicity upon
increasing the charge and bulkiness, and hence the uptake
rates, were previously reported by us® for related benzimidazol-
2-ylidene complexes of platinum and more systematically by
Osella et al.'" for cisplatin, carboplatin, oxaliplatin and close
congeners.

DNA-interaction. While the canonical mechanism of action
of cisplatin and related coordination complexes of platinum(u)
rests upon coordinative bonds to DNA bases, cross-link for-
mation and eventually cell cycle arrest and apoptosis,*>
dence has accumulated that NHC-complexes of platinum may
interact with DNA in a different way, implying DNA aggrega-
tion rather than coordination and electrostatic rather than
covalent bonding.*” Therefore the DNA interaction of com-
plexes 1, 2, 6 and 7 was investigated in vitro by electrophoretic
mobility shift assays (EMSA) with circular plasmid DNA. All
complexes showed similar band shift patterns in EMSA experi-
ments (Fig. S8f) as previously tested neutral and cationic
imidazol-2-ylidene>* and some benzimidazol-2-ylidene com-
plexes.” The neutral complexes 1 and 6 gave rise to band shifts
of the compact covalently closed circular (ccc) form reminis-
cent of those caused by cisplatin, while the cationic complexes
2 and 7 did not shift the bands of the ccc form at concen-
trations up to 10 pM, yet at higher concentrations led to pre-
cipitation of DNA aggregates in the agarose gel pockets. In
other words, the neutral complexes 1 and 6 appear to interact
with DNA like cisplatin by forming coordination complexes
with DNA bases, while the cationic complexes 2 and 7 are
likely to aggregate DNA via electrostatic attraction. In ethidium
bromide saturation assays complexes 1 and 2 caused a distinct
concentration-dependent reduction of the fluorescence of ethi-
dium bromide intercalated in linear salmon sperm DNA,
exceeding that by cisplatin markedly (Fig. 3). It is reasonable
to assume that the complexes 1 and 2 interact with DNA like
some of the structurally related benzimidazol-2-ylidene plati-
num(i) complexes investigated by us earlier.” These bound to
DNA quickly via electrostatic attraction to its negatively
charged backbone which over time was replaced by tighter
coordinative bonding.

Cell cycle analysis. Previously, we found that certain imid-
azol-2-ylidene and benzimidazol-2-ylidene complexes of plati-
num(n) interfered with the cell cycle of cancer cells differently

evi-
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Fig. 3 Relative fluorescence intensities of ethidium bromide, interca-
lated in linear salmon sperm DNA after 2 h treatment with 1, 2 or cispla-
tin in different concentrations. Experiments were conducted in triplicate
for each substance and concentration.
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Fig. 4 Cell cycle analysis of 518A2 melanoma cells after 24 h incu-
bation at 37 °C with 5 uM of 1 or 6, 500 nM of 2 or 7, and 2 uyM of CDDP
as a positive control. DMF was used as a negative control. Data shown
are based on three independent experiments per substance and
concentration.

from cisplatin which typically induces an S-phase or a twofold
S-phase cum G2/M-phase arrest.”® We now studied the effects
of complexes 1, 2, 6, 7, and cisplatin on the cell cycle of
518A2 melanoma cells (Fig. 4). While CDDP stops the cell cycle
of 518A2 melanoma cells during the S-phase, the neutral com-
plexes 1 and 6 had virtually no effect on the distribution of
cells in the individual phases of the cell cycle, apart from a
marginal rise in the G1-phase population. In contrast, the cat-
ionic complex 2 and its ethynyl-substituted derivative 7
initiated a pronounced G1-phase arrest of the melanoma cell
cycle, fully in line with earlier results for other cationic imid-
azol-2-ylidene platinum(n) complexes.® Two conclusions can
be drawn: first, both types of complexes 1/6 and 2/7 had effects
different from that of cisplatin, and second, the similarity of
the effects of complexes 1 and 2 and their respective ethynyl-
tagged derivatives 6 and 7 justifies the use of the latter as sur-
rogates in localisation studies.

Colocalisation. To test if the compounds accumulate in the
nucleus or if the differences in their modes of action from that

8904 | Dalton Trans., 2020, 49, 8901-8910
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of cisplatin originate from a different target location, we
treated 518A2 melanoma cells with the ethynyl-substituted
complexes 6 and 7 (30 min, 30 pM). The intracellular distri-
bution was visualized via Cu()-catalysed click reaction with
3-azido-7-hydroxycoumarin in a mixture of CuSO, and ascorbic
acid in BSA buffer. This gave a turquoise fluorescent triazole.
Confocal microscopy of the treated cells, co-stained with
Mitotracker™ (Thermofisher) found both complexes mainly to
be located at the mitochondria (Fig. 5). Using the framed cells
in Fig. 5, the Pearson correlation coefficient (PC) and Li’s colo-
calisation quotient (LICQ) were calculated as a measure of
colocalisation accuracy, using imageJ and the colocalisation
plugin JaCoP.">'* Both complexes showed high PC values (a
value of 1 corresponds to complete colocalisation) and LICQ
values (a value of 0.5 corresponds to complete colocalisation)
for the localisation of complexes 6 (PC: 0.89, LICQ: 0.46) and 7
(PC: 0.90, LICQ: 0.47) at the mitochondria of the selected cells.
This stands in stark contrast to the tendency of most known
platinum complexes to accumulate in the nucleus, but falls in
line with reports on charged and lipophilic complexes addres-
sing other cellular targets than nuclear DNA."”™"” There are
also many reports on complexes, predominantly of gold, of the
type “delocalized lipophilic cations” (DLC) accumulating in
mitochondria.'®*? DLCs are able to pass lipid layers and selec-
tively accumulate in mitochondria which feature a negative
inner transmembrane potential.**>*

Changes of the mitochondrial membrane potential ¥ and
of ROS levels. The accumulation of complexes 6 and 7 in mito-
chondria suggests that their closely related congeners 1 and 2
might also operate by a mitochondria-associated mechanism
of action. The integrity of the mitochondrial membrane poten-
tial AY (MMP AY) is a prerequisite for cellular functionality.
AY is built up by a H'-gradient across the inner mitochondrial
membrane and drives the ATP synthesis by oxidative phos-
phorylation.”® The impact of complexes 1, 2, 6, and 7 on the
MMP was evaluated using the cationic dye tetramethyl rhoda-
mine methyl ester (TMRM), which accumulates proportionally
to AY in the mitochondria. All complexes led to a significant
decrease of AY¥ with the parent complexes 1 and 2 slightly
more so than their alkyne-tagged derivatives 6 and 7 (Fig. 6). A
reduced AY lowers the amount of TMRM accumulating inside
the mitochondria and consequently leads to a reduced fluo-
rescence signal. Disruptions of the mitochondrial functionality
often lead to an increase of cellular ROS levels, which play a
pivotal role in cellular signaling, up to the point where they
can activate p21, causing a Gl-arrest and an upstream acti-
vation of p53.>”** Typical intracellular sources of ROS are per-
oxisomes, which are relevant to the oxidative metabolism of
long-chained fatty acids. During this metabolic pathway H,O,
is formed as a side product. Furthermore, mitochondria are a
main source of intracellular ROS due to the mitochondrial res-
piratory chain.***’ Cancer cells in general show elevated
levels of ROS due to their increased proliferation rate and
thus are prone to ROS-induced cell death.’® Therefore,
effects of all four complexes on the intracellular ROS level of
518A2 melanoma cells were determined, using the fluorescent

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 A: Schematic copper()-catalysed 1,3-dipolar azide—alkyne cycloaddition (CUAAC; click reaction) of ethynyl-substituted complexes 6 or 7
with 3-azido-7-hydroxycoumarin in a mixture of CuSO,4 and ascorbic acid in BSA buffer to give turquoise fluorescent triazoles. B: Localisation of
complexes 6 and 7 in 518A2 melanoma cells visualized via click reaction (turquoise) and documented by confocal fluorescence microscopy and co-
staining of the mitochondria with Mitotracker™ (red) 30 min after incubation with 30 pM of the complexes. Pearson’s coefficient (PC) and Li's colo-
calisation quotient (LICQ) were calculated for the marked cells (yellow box), using imageJd and JaCoP.*** Scale: white: 50 um, yellow 25 pym.
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Fig. 6 Relative MMP AY of 518A2 melanoma cells, determined by flu-
orescence of the cationic lipophilic dye TMRM, after treatment with
complexes 1, 2, 6, and 7 (each 10 pM, 1 h). Carbonyl cyanide m-chloro-
phenylhydrazone (CCCP, 10 pM) was used as a positive control and DMF
treated negative controls were set to 100%. Means + SDs were calcu-
lated from three independent experiments.

dye DCFH-DA, which is converted inside the cells to a non-
fluorescent dye, while in the presence of ROS it is oxidized to
highly fluorescent dicholorofluorescin. Treatment with each of
the complexes 1, 2, 6 or 7 led to an increase in the ROS level
which was most pronounced for the cationic complexes 2 and
7 (Fig. 7), in keeping with the greater cellular uptake of
complex 2 when compared with that of neutral complex 1.
Within the two pairs of corresponding un-tagged and alkyne-
tagged complexes 1/6 and 2/7, the ROS promoting effect of the
respective alkyne derivative, i.e. 6 or 7, was slightly greater
than that of the corresponding unt-tagged complex, i.e. 1 or 2.
The ROS level elevation by the neutral complexes 1 and 6 was
obviously insufficient to cause a G1 arrest, typical of ROS
induced cellular death,”>** as shown in Fig. 4

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Increase of the intracellular ROS levels of 518A2 melanoma cells,
measured with DCFH-DA assays, after 1 h incubation at 37 °C with
10 pM of 1, 2, 6, 7 or CDDP as a positive control. DMF was used as a
negative control. Means + SD were calculated from three independent
experiments.

Effects on the cytoskeleton. Changes in cell cycle pro-
gression, mitochondrial function, and ROS levels are often
associated with changes in the structure of different com-
ponents of the cytoskeleton. Via immunofluorescence staining
of the microtubules and actin filaments of 518A2 melanoma
cells the effects of the complexes 1, 2, 6, and 7 on these cyto-
skeletal components were investigated. All complexes induced
visible changes in the cytoskeleton of 518A2 melanoma cells
(Fig. 8). In comparison to cells treated with DMF only, cells
treated with 3 pM or 6 pM of complex 1 showed stress fibre for-
mation throughout the cells and beginning decomposition of
the actin filaments. The microtubules appeared slightly more
diffuse than in the negative control and protruding more from
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Fig. 8 Fluorescence staining of the nuclei (DAPI, blue), F-actin (Acti-stain™, green) and microtubules (Alexa Fluor 546, red) of 518A2 melanoma
cells after 24 h of incubation with (a) DMF as control, (b) combretastatin-A4 as a positive control (25 nM), (c) 1 (3 uM), (d) 1 (6 pM), (e) 2 (400 nM), (f)
2 (800 nM), (g) 6 (3 uM), (h) 6 (6 uM), (i) 7 (500 nM), (j) 7 (1 uM). Scalebar: 30 pm. Images shown are representative of at least four independent

experiments.

a point near the nucleus (Fig. 8c and d). Complex 2 led to
similar changes in the cytoskeleton already at nanomolar con-
centrations. The tubulin network appeared to be even more
concentrated around the nucleus and the actin stress fibre fila-
ments formed thick bundles beneath the cell walls, almost
tracing the cell membrane (Fig. 8e and f). The effects of com-
plexes 6 and 7 largely resembled those of their analogues 1
and 2 (Fig. 8g-j), although they showed no interaction with
purified tubulin (Fig. S91). Stress fibre formation is often
linked to a ROS-induced G1-phase arrest of the cell cycle,* as
observed for complexes 2 and 7 (Fig. 4). The less distinct stress
fibre formation induced by complexes 1 and 6 is in line with
their missing cell cycle arrest. Further downstream in the
mechanism of action, a strong cytoskeletal disruption is likely
to accelerate the activation of caspase-3, resulting in cell
apoptosis.*’

Caspase-3/-7 mediated apoptosis induction. Since any dereg-
ulation of the mitochondrial function, as that ascertained for
complexes 1, 2, 6 and 7 may trigger cytochrome c release and
thus eventually apoptosis,** these complexes were also investi-
gated for their ability to activate the effector caspases-3 and -7
(Fig. 9) by means of a fluorescence based caspase-3/-7 assay.
While the neutral complexes 1 and 6 did not induce the acti-
vation of caspases-3/-7, complex 2 almost quadrupled and
complex 7 more than doubled the amount of active caspases,
surpassing the positive control staurosporine, albeit only in a
concentration nearly ten times its ICs0(72 h). The lack of
caspase-3/-7 induction by complexes 1 and 6 fits in well with
the lower uptake of 1 and the lower ROS production rates by
complexes 1 and 6 in 518A2 melanoma cells and with their
missing interference with their cell cycle. Maybe, complexes 1
and 6 induce cell death via a caspase-independent mitochon-
dria-associated pathway.**
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Fig. 9 Activation of caspases-3/-7 in 518A2 melanoma cells after 4 h of
incubation with 10 uM of 1, 2, 6 and 7 or 2 pM staurosporine (st) as a
positive control in comparison DMF as a negative control, measured
using the Apo-ONE® homogenous caspase-3/7 assay kit (Promega).
Values were corrected for the cell viability as obtained from MTT assays
(>80% for all experiments). Means + SD were calculated from three inde-
pendent experiments.

Materials and methods
Chemical synthesis

General. All chemicals and reagents were purchased from
Sigma Aldrich, Fluka, Merck, Acros Alfa Aesar, or ABCR and
were used without further purification. Melting points are
uncorrected; NMR spectra were run on a 500 MHz spectro-
meter; chemical shifts are given in ppm (5) and referenced
relative to the internal solvent signal; '>*Pt NMR shifts are
quoted relative to Z(*°°Pt) = 21.496784 MHz, K,PtCl, was used

This journal is © The Royal Society of Chemistry 2020
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as external standard (§ = —1612.81); for *'P NMR spectra
H;PO, was used as an external standard; mass spectra: direct
inlet, EI, 70 eV; absorbance and fluorescence measurements:
Tecan F200; flow cytometry: Beckman Coulter Cytomics FC
500, fluorescence microscopy: Zeiss Axioplan 2 and Leica
Confocal TCS SP5.

1-(Bromomethyl)-4-ethynylbenzene (4). Under dry con-
ditions and an argon atmosphere, 4-ethynylbenzylic alcohol 3
(400 mg, 3.03 mmol) in dry CH,Cl, (30 mL) was treated with
N-bromosuccinimide (1.078 g, 6.05 mmol, 2 eq.) and PPh;,
(1.588 g, 6.05 mmol, 2 equiv.) After stirring for 3 h at 40 °C the
mixture was poured on water (100 mL) and the aqueous phase
was extracted with CH,Cl,. The combined organic layers were
washed with brine, dried with Na,SO, and evaporated. The
product was purified by column chromatography (SiO,,
hexame/ethyl acetate 2:1). Yield: 564 mg (2.89 mmol, 96%),
yellow oil. 'H NMR (500 MHz, CDCly;: § 3.11 (s, 1 H, C=CH),
4.48 (s, 2 H, CH,), 7.36 (d, J = 8.2 Hz, 2 H, m-Ph), 7.47 (d, ] =
7.9 Hz, 2 H, o-Ph); *C NMR (125 MHz, CDCl;): § 32.7 (CH,),
78.0 (C,), 83.1 (C,), 122.2 (C,), 129.0 (Ar), 132.5 (Ar), 138.4 (C,).

1,3-Di(4-ethynylbenzyl Jimidazolium bromide (5a). A mixture
of 4 (564 mg, 2.89 mmol, 2.3 equiv.), imidazole (85.6 mg,
1.26 mmol), K,CO; (174 mg, 1.26 mmol, 1 equiv.), and aceto-
nitrile (25 mL) was stirred for 17 h at 80 °C. After evaporation
of the solvent the residue was taken up in CH,Cl,, washed
with water and dried over Na,SO,. The product was precipi-
tated by adding hexane. Yield: 477 mg (1.26 mmol, 100%),
amber solid of m.p. 232 °C. 'H NMR (500 MHz, DMSO-d;): &
4.28 (s, 2 H, C=CH), 5.46 (s, 4 H, CH,), 7.43 (d, / = 8.2 Hz, 4 H,
m-Ph), 7.54 (d, J = 8.2 Hz, 4 H, o-Ph), 7.84 (d, = 1.5 Hz, 2 H,
Imi-4,5), 9.39 (s, 1 H, 2-H); "*C NMR (125 MHz, CDCl,): § 51.7
(CH,), 81.8 (C), 82.9 (C), 122.2 (Cg), 123.0 (Imi-4,5), 128.7
(Ar), 132.3 (Ar), 135.4 (Imi-2), 136.6 (C,); m/z (EI): 297,
182, 115.

1,3-Di(4-ethynylbenzyl )imidazolium chloride (5b). To 5a
(115 mg, 305 pmol) in ethanol (6 mL) were added Ag,CO;
(96 mg, 348 pmol, 1.14 equiv.) and three drops HNO; (65%).
After stirring for 3.5 h at room temperature the silver halides
were filtered off and the filtrate was treated with HCI (75 pl, 2.3
equiv.), neutralized with NaHCO; and filtered again. After
removal of the solvent, desolving of the residue in CH,Cl, and
another filtration step, the product was precipitated with
hexane. Yield: 69 mg (207 pmol, 68%); colorless solid. "H NMR
(500 MHz, DMSO-dy): & 4.28 (2 H, s, C=CH), 5.44 (4 H, s,
N-CH,), 7.42 (4 H, d, J = 8 Hz, m-Ph), 7.54 (4 H, d, ] = 8 Hz,
0-Ph), 7.83 (2 H, d, ] = 2 Hz, 4,5-H), 9.36 (1 H, s, 2-H).

cis-[Dichlorido-bis(1,3-di(4-ethynylbenzyl Jimidazol-2-ylidene)]
platinum(u) (6). A solution of cis{Pt"Cl,(DMSO),] (39 mg,
90 pmol) and 1,3-di(4-ethynylbenzyl)imidazolium chloride
(69 mg, 207 pmol, 2.3 equiv.) in dry CH,Cl, (10 mL) under
argon atmosphere was treated with KO‘Bu (30 mg, 270 pmol,
3 equiv.). After stirring for 24 h at room temperature, the solu-
tion was filtered to remove solid by-products, the filtrate was
concentrated in vacuo, and the remaining solid was first crys-
talized from CH,Cl,/Et,O and then purified by column chrom-
atography (silica gel, CH,Cl, + 1% — 2.5% methanol). Yield:
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31 mg (36 pmol, 40%); colorless solid of m.p. >360 °C (dec.).
Elemental analysis (%): cale. for C,,H34N,CL,Pt (860.75): C,
58.61; H, 3.98; N, 6.51. Found: C, 58.47; H, 4.19; N, 5.94. 'H
NMR (500 MHz, DMSO-dq): § 4.20 (4 H, s, C=CH), 5.22 (4 H,
d,J = 15.3 Hz, CH,), 5.85 (4 H, d, J = 15.3 Hz, CH,), 6.95 (4 H,
s, Imi), 7.24 (8 H, d, J = 8.2 Hz, Ar), 7.43 (8 H, d, ] = 8.2 Hz, Ar);
3C NMR (125 MHz, DMSO-di): § 52.5 (CH,), 81.2 (C=CH),
83.2 (Cy), 121.2 (Cg), 121.7 (Imi), 127.9 (Ar), 131.9 (Ar), 136.8
(Cq), 146.7 (NCN); *Pt NMR (DMSO-de): 6 —3583 ppm; m/z
(EI): 662, 648, 453, 312, 277, 115, 36.

cis-[Chlorido-bis(1,3-di(4-ethynylbenzyl Jimidazol-2-ylidene)
(triphenylphosphine)Jplatinum(u) chloride (7). A solution of
complex 6 (15 mg, 17.5 umol) and triphenylphosphine (24 mg,
92 pmol, 5 equiv.) in CH,Cl,/methanol (9 mL/1 mL) was
stirred at room temperature for 72 h. The crude product was
crystalized from CH,Cl,/Et,0. Yield: 16 mg (14.3 pmol, 82%);
colorless solid of m.p. 237 °C (dec.). '"H NMR (500 MHz,
DMSO-d,): 5 4.25 (4 H, d, J = 7.9 Hz, C=CH), 4.79 (2 H, d, ] =
15.7 Hz, CH,), 4.97 (2 H, d, J = 15.1 Hz, CH,), 5.50 (2 H, d, ] =
15.7 Hz, CH,), 5.71 (2 H, d, J = 15.1 Hz, CH,), 6.81 (4 H, d, ] =
7.9 Hz, Imi), 7.08 (4 H, d, J = 5.0 Hz, Ar), 7.14 (4 H, d, J = 7.9
Hz, Ar), 7.30 (4 H, d, J = 7.9 Hz, Ar), 7.41-7.46 (16 H, m, Ar),
7.57 (3 H, t, J = 6.6 Hz, p-PPh;); *C NMR (125 MHz, DMSO-d,):
8 53.3 (CH,), 53.6 (CH,), 81.9 (Cg), 82.1 (Cy), 83.3 (Cy), 83.5
(Cq), 122.0 (Cy), 123.2 (Imi), 123.6 (Imi), 127.9 (Ar), 128.5 (Ar),
129.3 (d, J = 55.4 Hz, P-C), 129.4 (d, J = 12 Hz, PPh;), 131.9
(Ar), 132.5 (d, J = 12 Hz, PPh;), 134.3 (PPhy), 135.3 (Ar-C),
136.6 (Ar-C,), 145.8 (d, J = 10 Hz, NC™"N), 163.2 (d, J = 151
Hz, NC"*PN); *'P NMR (DMSO-d,): 6 12.9 (s, J = 2356 Hz);
195pt NMR (DMSO-d,): 6 —4112 (d, J = 2401 Hz).

Biological evaluation

Cell culture conditions and stock solutions. The
518A2 melanoma cells (Department of Radiotherapy &
Radiobiology, University Hospital Vienna, Austria), the HT-29
(DSMZ ACC-299), HCT116 (DSMZ ACC-581) colon carcinoma
cells, the EaHy926 (ATCC CRL-2922) endothelial cells, the
HDFa (ATCC® PCS-201-012™) human dermal fibroblasts,
the Kb-Vl (DSMZ ACC-149) cervix carcinoma cells were
cultivated in Dulbeccos Modified Eagle Medium (Gibco,
ThermoFisher), supplemented with 10% fetal bovine
serum (Biochrom) and 1% Antibiotic-Antimycotic (Gibco,
ThermoFisher) at 37 °C, 95% humidity and 5% CO,. For a
stable multi-drug resistance the Kb-V1 cells were treated regu-
larly with 340 nM vinblastine. The platinum complexes used
in the biological assays were dissolved in DMF (10 mM) and
freshly diluted appropriately with sterile water. If not indicated
otherwise all incubation steps of the bioassays were conducted
under cell culture conditions.

Inhibition of cell growth (MTT assay).*® Via the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Glentham
life sciences) based proliferation assay, the complexes 1, 2, 6
and 7 were investigated for their anti-proliferative effect on the
aforementioned cell lines. Cells were seeded at 0.05 x 10°
cells per mL (cpm) or at 0.1 x 10° cpm (HDFa) into the
wells of 96-well microtiter plates (100 pL per well) and
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incubated for 24 h. Appropriate dilutions in H,O of the com-
plexes or equal amounts of the solvent were added into the
wells (final concentrations 100 pM-5 nM) and the cells were
further incubated for 72 h. Before staining of the viable cells
the plates were centrifuged (300g, 5 min, 4 °C) and the old
medium was discarded. 50 pL of a 0.05% MTT solution (PBS)
were added to each well. Subsequent to another 2 h of incu-
bation the plates were centrifuged as before and the MTT solu-
tion was discarded again. To dissolve the cells and the formed
violet water-insoluble formazan, 25 pL of an SDS/DMSO solu-
tion (10%, 0.6% AcOH) were added to each well and the plates
were further incubated for at least 1 h. The absorbances at
570 nm (formazan) and at 630 nm (background) were
measured. The absorbance of formazan is directly linked to
the amount of metabolically active (viable) cells in the wells.
The absorbance of the wells treated with the solvent was set to
100% viable cells, and the percentage of viable cells in the
wells treated with the platinum complexes was calculated
accordingly. ICs, values were determined using Graphpad
Prism, means and SD were calculated from four independent
experiments.

Uptake into 518A2 melanoma cells via ICP-MS.
518A2 melanoma cells were seeded at a density of 2 x 10° cells
per dish and grown overnight. The cells were treated with 1 or
2 at final concentrations of 1 pM and 5 pM for 8 hours. The
cells were harvested, washed twice with PBS, counted and pel-
leted. Cell pellets were lyzed using the microwave digestion
system (MARS5, CEM) with HCIL. The platinum content was
determined with ICP-MS.

Ethidium bromide saturation assay (EtdBr assay). The DNA
interaction of 1 and 2 with linear salmon sperm DNA
(ThermoFisher) was investigated utilizing the increase of fluo-
rescence upon intercalation of ethidium bromide between the
bases of DNA.? Alterations of the DNA structure by, e.g. small
molecules change the ethidium bromide fluorescence. 1 pg of
salmon sperm DNA in TE-buffer (Tris/HCl 10 mM, EDTA
1 mM, pH 8.0) was treated with 5 uM, 10 uM, 25 uM, 50 uM or
the solvent (equal to 50 uM) for 2 h at 37 °C inside the wells of
a 96-well black well plate. EtdBr-DNA adduct fluorescence was
measured at Aex = 535 nm and Aem = 595 nm. The background
fluorescence was measured from samples prepared analo-
gously but without the DNA and was subtracted from the
sample values. Changes in the fluorescence intensity of the
wells containing the DNA treated with the compounds were
calculated in relation to the fluorescence of the wells treated
with the solvent (set to 100%). Means and SD were calculated
from triplicates.

Cell cycle analysis. The effects of 1, 2, 6 and 7 on the cell
cycle progression of 518A2 melanoma cells were investigated
via flow cytometry. 518A2 cells were seeded into the wells of
6-well microtiter plates (0.05 x 10° cpm, 3 mL per well). After
an incubation period of 24 h appropriate dilutions of the test
complexes or the solvent were added into the wells to give final
concentrations of 5 pM (1, 6), 500 nM (2, 7) or 2 pM (CDDP).
After 24 h of incubation the medium of each well was trans-
ferred into precooled centrifugation tubes (on ice) and the
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cells were washed with 1 mL PBS. After trypsination (500 pL
per well) the cells were transferred into the respective tube and
the wells were washed multiple times with PBS to transfer the
remaining cells as well. The cells were pelletized by centrifu-
gation (300g, 5 min, 4 °C). The pellet was resuspended with
1 mL ice-cold EtOH (70%) and the cells were fixed for at least
1 h on ice. The cellular DNA was stained with propidium
iodide (PI) buffer (50 pg mL™" PI, 0.1% sodium citrate, 50 pg
mL™" RNase A, freshly added) for 30 min at 37 °C before,
depending on pellet size, 300-500 pL PBS were added. The PI
fluorescence, ie. the amount of DNA inside the cells, was
measured via flow cytometry. Using the CXP analysis software,
provided by Beckman Coulter, the distribution of the cell
population of each well between the phases of the cell cycle
(G1, S, G2/M, sub-G1) was determined. Means and SD were cal-
culated from triplicates.

Colocalisation. 518A2 cells (0.05 x 10° cpm) were seeded
onto cover slips (borosilicate glass, Carl Roth) inside the wells
of 24-well microtiter plates (0.5 mL per well) and incubated for
24 h. The medium was removed and the cells were washed
once with 1 mL PBS before 500 pL (250 nM in FBS-free DMEM)
of Mitotracker™ Red CM-H,Xros (ThermoFisher Scientific)
were added into each well and the cells were incubated for
30 min at 37 °C. The staining solution was discarded and the
cells were washed twice with 1 mL PBS before they were over-
laid with complete DMEM medium (500 pL per well). The cells
were treated with 6 or 7 at a final concentration of 30 uM for
30 min at 37 °C before fixation, blocking and permeabilization
was done analogously to the fluorescence staining of the cytos-
keleton. 200 pL of click working solution (2 mM CuSO,, 5 mM
sodium ascorbate, 0.1 mM 3-azido-7-hydroxycoumarin, 1%
BSA in PBS) were added into each well. The cells were incu-
bated for 30 min at RT in the dark before the click solution
was discarded and the cells were washed three times with 1%
BSA in PBS for 5 min. The coverslips were embedded in
mowiol mounting medium. Confocal fluorescence images
were taken at 1 Airy and colocalisation parameters were calcu-
lated for one cell using the ImageJ Plugin JaCOP."*"*

Mitochondrial membrane potential assay. For the examin-
ation of the effect on the mitochondrial membrane potential
(MMP) of complexes 1 and 2 the cationic dye tetramethyl-
rhodamine methyl ester (TMRM) was used. TMRM accumu-
lates in mitochondria in quantities proportional to the MMP.
For the assay melanoma cells 518A2 (0.25 x 10° cpm) were
seeded in a black 96-well plate (Brand pureGrade™) and a
transparent 96-well plate, for corresponding MTT-assay
(100 pL per well), and incubated for 24 h. The medium was
then replaced by standard assay buffer (80 mM NacCl, 75 mM
KCl, 25 mM p-glucose, 25 mM HEPES, pH 7.4) (90 pL per well).
Test compounds in standard assay buffer were added (10 pL
per well) to obtain the desired final concentration.
Carbonylcyanide m-chlorophenylhydrazone (CCCP), a known
decoupling agent of oxidative phosphorylation, was used as a
positive control, followed by an incubation period of 1 h.
Then, a TMRM solution (2 pM in standard assay buffer) was
added (10 pL per well) and cells were further incubated for
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10 min at rt. Cells were washed three times with PBS (160 pL
per well), PBS was added (100 pL per well) and the fluo-
rescence of the TMRM remaining inside the cells was
measured after 15 min (ex/em 535/590 nm). The fluorescence
signal was standardized relative to the cell viability as deter-
mined by a concomitant MTT-assay.

Reactive oxygen species (ROS) assay. ROS were detected
using the 2,7-dichlorofluorescin diacetate (DCFH-DA) assay
which is based on the oxidation of the dye by ROS inside the
cells to give the highly fluorescent 2,7-dichlorodihydrofluores-
cin. In case of oxidative stress, cellular levels of ROS rise and
cause oxidative damages. Melanoma cells (518A2) were seeded
in a black 96-well plate (0.1 x 10° cpm, 100 pL per well) and
incubated for 24 h under standard cell culture conditions. The
medium was replaced by serum-free medium, containing
DCFH-DA (20 uM), followed by an incubation for 30 min. The
cells were washed twice with PBS and fresh serum-free
medium was added, before the cells were treated with test
compounds 1 or 2 for 1 h. Solvent served as a negative, and
hydrogen peroxide as a positive control. Next, the cells were
washed twice with PBS, fresh PBS was added (100 pL per well)
and the fluorescence was measured (ex/em 485/535 nm). The
fluorescence intensity values were corrected for the amount of
viable cells as determined via MTT assays, and were calculated
in relation to the control which was set as 100%.

Fluorescence staining. 518A2 (0.05 x 10° cpm) or EaHy926
(0.1 x 10° cpm) cells were seeded onto cover slips (borosilicate
glass, Carl Roth) inside the wells of 24-well microtiter plates
(0.5 mL per well) and incubated for 24 h. Dilutions of 1, 2, 6, 7
or combretastatin-A4 in H,O were added into each well and
the cells were incubated for another 24 h. For fixation of the
cells the medium was discarded and the cells were washed
with 1 mL PBS (37 °C) for 30 s, the cells were incubated with
3.7% formaldehyde (PBS) for 20 min at rt. The formaldehyde
solution was removed, and the cells were washed three times
with PBS (1 mL) to completely remove the formaldehyde as it
could interfere with the fluorescence staining. Blocking and
permeabilization of the cells was done with 500 pL of 1% BSA
in PBS (0.5% Triton X-100) for 30 min at rt. For staining of the
microtubules, the cells inside each well were incubated with
200 pL of 1% BSA in PBS containing the primary antibody
mouse anti-a-tubulin (Invitrogen, 1:300) for 1 h at 37 °C. The
solution was discarded, and the wells were washed three times
with 1 mL PBS before the secondary antibody goat anti-mouse
Alexa Fluor 546 (Invitrogen, 1:300) was added (200 pL per
well, 1% BSA in PBS). After another incubation step (1 h) in
the dark at rt the solution was discarded again, and the wells
were washed three times with PBS (1 mL). For staining of the
actin components of the cytoskeleton, cells were incubated
with 200 pL of 100 nM (PBS) of Acti-stain™ (Cytoskeleton) for
1 h in the dark at rt. The staining solution was discarded and
the cells in each well were washed twice with 1 ml PBS and
overlaid with 500 pL sterile water before the coverslips were
embedded in mowiol mounting medium (+1 pg mL™" DAPI).
The condition of the cytoskeleton was documented by fluo-
rescence microscopy.
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Caspases-3/-7 activation. Using the Apo-One® homogeneous
caspase-3/-7 assay kit (Promega), complexes 1, 2, 6 and 7 were
tested for their ability to activate the apoptosis-associated cas-
pases-3 and -7. 518A2 melanoma cells were seeded at 0.1 x 10°
cpm into the wells of a 96-black well plate (67.5 pL per well)
and the plate was incubated for 24 h under standard cell
culture conditions. The cells were treated with 10 pM of 1, 2, 6
and 7, 2 uM of the positive control staurosporine (st) or equi-
valent amounts of the solvent as negative control for 4 h at
37 °C. The substrate (100x) was diluted in assay buffer, pro-
vided in the kit. The substrate dilution was added to the wells
(75 pL per well). After 2 h of incubation at rt in the dark the
fluorescence of the processed substrate was measured at A, =
499 nm and 4., = 527 nm. A second microtiter plate was
treated analogously for MTT assays.

Conclusions

The aim of this in-depth study was to identify the structural
factors that govern the uptake rates and sites of accumu-
lation in cancer cells, the molecular targets, and the modes
of antitumoral action of two closely related cis-[bis(1,3-
dibenzylimidazol-2-ylidene)Pt"CI(L)] complexes sharing the
same lipophilic NHC ligands while differing in their overall
charge (neutral vs. cationic) and the bulkiness of their sec-
ondary ligands (Cl, vs. Cl,PPh;). Both complexes 1 (L = Cl)
and 2 (L = PPh;) interacted strongly with purified DNA
in vitro, modifying its morphology in EMSA and ethidium
bromide assays to a greater extent than cisplatin. The uptake
into melanoma cells was significantly greater for complex 2
than for complex 1, possibly because of its DLC character,
or by being a substrate of the organic cation transporters
(OCT). Surprisingly, their ethynyl-tagged analogues 6 and 7,
regardless of their initial charge, accumulated at the mito-
chondria rather than the nuclei of the melanoma cells,
which might be due to their DLC character overriding the
tendency of Pt(n) to form coordination complexes with DNA
bases. All complexes 1, 2, 6 and 7 impaired the functionality
of the mitochondria by decreasing their membrane potential
and thus elevating the levels of reactive oxygen species. In
the case of complexes 2 and 7, but not 1 and 6, with the
lipophilicity and bulkiness of the PPh; residue being the
discriminating factor, these effects are great enough to
induce a G1-phase arrest of the melanoma cell cycle and a
remodeling of the actin filaments to stress fibres. The elev-
ated ROS levels are presumably also causative for the acti-
vation of caspase-3/-7 mediated apoptosis in the case of
complexes 2 and 7. Their consistently lower IC5, values in
MTT-assays against various cancer cell lines are in keeping
with this mechanistic rationale.

The upshot of this study is that NHC-platinum(u) complexes
may be used to selectively target mitochondria rather than
nuclei and DNA, thus bypassing the notorious DNA-repair
associated resistance against platinum tumour therapy.
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Figure S1. 'H-NMR spectrum (500 MHz, DMSO-dg) of complex 6.
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Figure S2. "C-NMR spectrum (125 MHz, DMSO-d) of complex 6.
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Figure S$4. 'H-NMR spectrum (500 MHz, DMSO-d;) of complex 7.
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Figure S5. *C-NMR spectrum (125 MHz, DMSO-dj) of complex 7.

Figure S6. *'P-NMR spectrum (DMSO-d;) of complex 7.
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Figure S7. '>Pt-NMR spectrum (DMSO-ds) of complex 7.

Uptake of 1 and 2 into 518A2 cells via ICP-MS

Table S1. Uptake of 1 or 2 in 518 A2 melanoma cells, after 8 h of incubation with 1 or 5 uM of
the complexes.

ng Pt/10° cells
1 uM 5uM
1 17.4+3.9 362 + 33
2 124 £ 21 774 + 83
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Experimental procedure of electrophoretic mobility shift assays (EMSA) with complexes 1,
2, 6, 7 and cisplatin

The effects of 1, 2, 6, and 7 on the topology of circular pPBR322 plasmid DNA were investigated
via EMSA. Changes in the running behaviour of the DNA bands during agarose gel
electrophoresis indicate an interaction between the platinum complexes and the plasmid DNA,
forcing it from the compact covalently closed circular (ccc) form into the bulkier open circular
form. 1.5 pg of pBR322 plasmid DNA (> 90% in the ccc form, ThermoFisher) in TE-buffer (cf.
EtdBr Assay) were treated with 0, 5, 10, 25 or 50 uM of the platinum complexes (final sampe
volume 20 pL) for 24 h at 37 °C. After addition of 5xDNA sample buffer (Tris/HCI 10 mM, 25%
glycerine, bromphenol blue, pH 8.0, sterile filtered) agarose gelelectrophoresis (1% in Tris/HCI
4.5 mM, boracic acid 4.5 mM, EDTA 1.25 mM, pH 8.3) was run at 66 V for 4 h. DNA bands

were stained for 30 min with EtdBr and documented with a UV transilluminator.

Agarose gels of EMSA with 1, 2, 6, 7 or cisplatin
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Figure S8. Agarose gel of EMSA with pBR322 plasmid DNA after 24 h of incubation with 1, 2, 6, 7 or cisplatin at
0, 5,10, 25 or 50 uM.
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Experimental procedure for tubulin polymerisation assays of 6, 7 and CA-4

The tubulin binding capacity of complexes 6, 7 as well as of the known tubulin polymerisation
inhibitor CA-4, which served as a control, was investigated using the tubulin polymerisation
assay which was conducted in clear black 96-well plates (Brand). A 2-fold polymerisation buffer
was freshly prepared by adding 20% glycerol and GTP (end concentration 3 mM) to BRB80-
Buffer. To 50 pL/well 2-fold polymerisation buffer were added 11.1 uL of 10-fold substance
solution and gently mixed. The corresponding solvent and combretastatin A4 served as controls.
The microplate reader was pre-heated to 37 °C and 50 pL/well of purified pig brain solution was
added. The progression of the optical density at 340 nm was observed in 20 sec intervals for at
least 120 min, using a Tecan Microplate reader. The assay was conducted twice per compound
and concentration, and mean values of each double determination were calculated. The values of

the optical density were plotted against time in 5 min intervals.

Tubulin polymerisation assays with 6, 7 and CA-4

0.30 -

0.25
—o—control

0.20

z

£ 015 —=-6

8

S 0.10 s
0.05
0.00 Bl
0.05 ¢ 50 100 150

time [min]

Figure S9. Progression of polymerisation of purified tubulin monomers in response to treatment with 10 uM each of

complexes 6 and 7 and combretastatin A4 for 3 h; mean values of double determinations
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,,» Trans-[bis(benzimidazol-2-ylidine)dichlorido]platinum(Il) complexes with peculiar modes of action

and activity against cisplatin-resistant cancer cells “
von den Autoren
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ARTICLE INFO ABSTRACT
Keywords:

Trans-NHC platinum complexes
Anticancer drugs

DNA binding

Cisplatin resistance

Click chemistry

Subcellular localisation

Three series of cis- and trans-[bis(benzimidazol-2-ylidene)dichlorido]platinum(Il) and cis-[(benzimidazol-2-yli-
dene)(DMSO)dichlorido]platinum(II) complexes were synthesised and screened for cytotoxicity against six
human cancer cell lines. Depending on their N-alkyl and 5-alkoxycarbonyl substituents, two-digit nanomolar to
single-digit micromolar ICsq values against cancer cell lines intrinsically resistant to or ill-responding to cisplatin
were reached by both cis- and trans-configured complexes. The stability of the complexes under aqueous biotest
conditions was shown via 'H and '®°Pt NMR monitoring to be dependent on their configuration and their N-
substituents. Localisation studies employing click reactions with 1-alkyne- or cyclopropene-tagged derivatives
revealed that the cis-complexes accumulated in the cell nuclei and the trans-complexes in the mitochondria.
While the most active cis-complexes showed modes of action akin to those of cisplatin, the most active trans-
complexes differed from cisplatin by much lower rates of cellular uptake and ROS production, and by their non-
interaction with the cell cycle and the DNA of cancer cells. Thus, we identified structural key elements for the
synthesis of optimised trans-configured NHC platinum(II) complexes with high activity also against cisplatin-

refractory cancer cells.

1. Introduction

N-heterocyclic carbene (NHC) complexes of platinum are of interest
both as potential catalysts and anticancer agents, depending on their
particular structures and ligands [1-3] Bioactive NHC complexes of
platinum have received increasing attention in recent years, due to their
advantages over the clinical mainstay anticancer drug cisplatin (CDDP)
[4], whose applicability is limited by side effects and by triggering
tumour resistance. They are an ideal playground for drug developers
because of their structural simplicity and variability, and their ease of
synthesis and purification when compared e.g. with monoclonal anti-
bodies. Readily adjustable structural parameters such as the bulkiness
and electronic effects of the N-substituents, as well as the choice, posi-
tioning and substitutability of further ligands allow a finetuning of their
lipophilicity, membrane pervasiveness and interference with DNA and
proteins. Libraries of structural derivatives are easily accessible for
rational structure-activity studies [5]. Accordingly, a large number of
new platinum complexes have been synthesised and screened in recent

* Corresponding author.
E-mail address: rainer.schobert@uni-bayreuth.de (R. Schobert).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.jinorgbio.2022.112028

years, with only a few being active against CDDP-resistant cancers.
Concluding from the inactivity of the trans-isomer of cisplatin (trans-
(diammine-dichlorido)platinum(II); a.k.a. transplatin), it was assumed
that trans-configured complexes of platinum(Il) are generally unsuitable
as chemotherapeutics [6,7]. Over the years, however, numerous ex-
ceptions to this rule have accumulated, necessitating a reevaluation of
trans platinum complexes [8]. Early on, it was observed that substitution
of ammine ligands with bulkier ligands in transplatin may result in a
high anticancer activity [8,9]. By now, there are a large number of trans
platinum complexes with a broad spectrum of properties and modes of
action [10]. A comparatively new development of the last decade are
platinum NHC complexes, which combine the strong cytotoxic effect of
DNA-binding complex fragments with the chemical stability and struc-
tural variability of NHC ligands [5]. Some of them, and trans-configured
complexes in particular, are active even against CDDP resistant cancer
cells and tumours [5].
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2. Experimental
2.1. General

Starting compounds were purchased from Sigma-Aldrich (St. Louis,
United States), TCI (Tokio, Japan), Merck (Darmstadt, Germany), abcr
(Karlsruhe, Germany), Acros Organics (Fair Lawn, United States), VWR
(Radnor, United States) and used without further purification. All re-
actions with moisture-sensitive reagents were carried out under an
argon atmosphere in water-free solvents. Unless stated otherwise, the
solvents were purified and dried using standard methods. Synthetic
protocols for precursors 2-7, 14-15 and 17-21 can be found in the
supporting information.

Elemental analyses were carried out with a Perkin-Elmer (Waltham,
United States) 2400 CHN elemental analyzer. Nuclear magnetic reso-
nance (NMR) spectra were measured using a Bruker (Bellerica, USA)
DRX spectrometer at ambient temperature. Chemical shifts are given in
parts per million (§) downfield from tetramethylsilane as internal stan-
dard. As internal standard for "H NMR spectra the resonance signal of
the residual proton of CDCl3 (6 = 7.26 ppm), DMSO-dg (6 = 2.50 ppm) or
MeOD-d, (5 = 3.31 ppm) was used. For '3C NMR spectra the resonance
signal of the carbon atom of CDCl3 (§ = 77.1 ppm), DMSO-de (6 = 39.5
ppm) or MeOD-dy4 (5 = 49.0 ppm) was used. The 'H NMR spectra were
measured at 500 MHz, 3¢ NMR spectra at 125 MHz and 195pr NMR
spectra at 107 MHz. For signal multiplicities the following abbreviations
were used: s = singlet, d = doublet, t = triplet, m = multiplet, dd =
doublet of doublets, dt = doublet of triplets, dq = doublet of quartets
with the prefix v meaning virtual. Coupling constants are given in Hz.
Melting points were taken with an Electrothermal 9100 apparatus and
are uncorrected. Mass spectra were recorded either on a Varian (Palo
Alto, USA) MAT 311A (EI) or a ThermoFisher Scientific (Waltham,
United States) UPLC/Orbitrap MS system (HRMS-ESI).

2.2. Chemistry

2.2.1. General synthesis of trans-[P Clo(NHC) ] complexes 8 and 9

The silver complexes 6a-c or 7a-¢ (1.00 eq.) and KyPtCly (0.50 eq.)
were dissolved in CH,Clz (1 mL/10 pmol) and stirred at rt. for 4 d. The
solution was filtered over celite and the solvent was evaporated. The
crude products were purified by column chromatography (silica gel 60,
EtOAc/MeOH 98:2) and subsequently precipitated from n-pentane at
4 °C affording the products as white powders after drying in vacuo.

2.2.1.1. trans-[Dichlorido-bis(5-(methoxycarbonyl)-1,3-dimethylbenzimi-

dazol-2-ylidene)Jplatinum(ll) (8a). 51.0 mg (75.6 pmol, 67%) from 6a
(78.0 mg, 224 pmol, 1.00 eq.), KaPtCly (46.6 mg, 112 pmol, 0.50 eq.),
CH,Cl, (20.0 mL); Ry = 0.78 (EtOAc/MeOH 98:2); m.p. 320 °C; 'H NMR
(500 MHz, CDClg) 6 = 8.15 (s, 2H, H¥), 8.08 (d, J = 8.4 Hz, 2H, H¥),
7.45 (vdd, J = 8.5 Hz, 2H, H™), 4.42 (vdd, J = 9.9 Hz, 2.1 Hz, 4H,
NCHy), 3.98 (s, 6H, OCH3); '>C NMR (125 MHz, CDCl3) 5 = 181.0 (s,
NCN), 166.7 (s, COOMe), 137.8 (s, C*), 134.8 (s, C*), 125.5 (s, C*),
125.1 (s, G*), 112.3 (s, C¥), 110.1 (s, C*), 52.6 (s, OCHg), 34.3 (s,
NCHs), 34.2 (s, NCH3); '%°Pt NMR (107 MHz, CDCl3) § — —3247.8; m/z
(EI, pos): 674 [M]7, 638 [M-CIlt, 601 [M-2CI1*; Anal. Calcd. for
Co2Ho4CloN4O4Pt (674.4): C, 39.18; H, 3.59; N, 8.31. Found: C, 38.10; H,
3.69; N, 7.67.

2.2.1.2. trans-[Dichlorido-bis(5-(methoxycarbonyl)-1,3-dieth-

ylbenzimidazol-2-ylidene) Jplatinum(II) (8b). 93.0 mg (127 pmol, 93%)
from 6b (103 mg, 274 pmol, 1.00 eq.), KyPtCl4 (56.9 mg, 137 pmol, 0.50
eq.) in CHyCly (30.0 mL). Rf = 0.78 (EtOAc/MeOH 98:2); m.p. 250 °C;
'H NMR (500 MHz, CDCl3) 8;; = 8.15 (s, 2H, H™"), 8.04 (vdd, J — 8.5 Hz,
1.4 Hz, 2H, H*"), 7.46 (vdd, J = 8.5 Hz, 1.4 Hz, 2H, H""), 5.05-4.92 (m,
8H, NCHy), 3.98 (s, 6H, OCH3), 1.78 (t, J = 7.3 Hz, 12H, CHz); *C NMR
(125 MHz, CDCl3) 8¢ = 181.4 (s, NCN), 166.8 (s, COOMe), 137.0 (s,
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Car), 133.9 (s, C*), 125.3 (5, C™), 124.9 (s, C™), 112.4 (s, C**), 110.1 (s,
C™), 52.5 (s, OCH3), 42.9 (s, NCH>), 15.3 (s, CHz); 1°°Pt NMR (107 MHz,
CDClg) 8py = —3267.0; m/z (EL, pos): 730 [M]", 693 [M-CI], 657 [M-
2CI1'; Anal. Caled. for CasH32CloN4O4Pt (730.6): C, 42.75; H, 4.42; N,
7.67. Found: C, 43.52; H, 4.55; N, 7.42.

2.2.1.3. trans-[Dichlorido-bis(5-(methoxycarbonyl)-1,3-dibenzylbenzimi-
dazol-2-ylidene)] platinum(II) (8c). 106 mg (108 pmol, 90%) from 6c¢
(120 mg, 240 pmol, 1.00 eq.), KoPtCls (49.8 mg, 120 pmol, 0.50 eq.) in
CH,Cly (20.0 mL). Rf = 0.88 (EtOAc/MeOH 98:2); m.p. 290 °C; 'H NMR
(500 MHz, CDCl3) 8y = 7.92 (s, 2H, H*), 7.83 (vdd, J = 8.6 Hz, 1.5 Hz,
2H, H*), 7.55-7.43 (m, 8H, H*"), 7.28-7.12 (m, 14H, H*"), 6.10 (vd, J =
4.3 Hz, 8H, NCHy), 3.86 (s, 6H, OCH3); 13C NMR (125 MHz, CDCl3) 8¢ =
182.0 (s, NCN), 166.5 (s, COOMe), 137.8 (s, C*), 135.4 (s, C*), 134.4 (s,
C™), 128.9 (s, C*), 128.1 (s, C™), 127.7 (s, C*), 127.6 (s, C*"), 125.6 (s,
€™, 125.1 (s, C*) 113.2 (s, C™), 111.2 (s, C*"), 52.5 (s, OCH3), 52.0 (s,
NCHy), 51.7 (s, NCH,); 19°Pt NMR (107 MHz, CDCls) 8p, = —3285.7; m/z
(EI, pos): 978 [M]', 942 [M-Cl], 905 [M-2Cl]"; Anal. Calcd. for
C46H40CloN404Pt (978.8): C, 56.45; H, 4.12; N, 5.72. Found: C, 55.61; H,
4.06; N, 5.61.

2.2.1.4. trans-[Dichlorido-bis(5-(ethoxycarbonyl)-1,3-dimethylbenzimida-
zol-2-ylidene) Jplatinum(Il) (9a). 115 mg (164 pmol, 79%) from 7a (150
mg, 415 pmol, 1.00 eq.), KoPtCl4 (86.1 mg, 207 pmol, 0.50 eq.) in
CH,Cl; (40.0 mL). Rf = 0.76 (EtOAc/MeOH 98:2); m.p. 340 °C; 'H NMR
(500 MHz, CDCl3) 8y = 8.14 (s, 2H, H*"), 8.07 (vdd, J = 8.4 Hz, 1.4 Hz,
2H, HY), 7.44 (vdd, J = 8.5 Hz, 1.3 Hz, 2H, H*), 4.51-4.37 (m, 16H,
OCHa, NCH3), 1.45 (t, J = 7.1 Hz, CH3). '3C NMR (125 MHz, CDCl3) 8¢
=180.9 (s, NCN), 166.3 (s, COOCHy), 137.8 (s, C*"), 134.8 (s, C*"), 125.9
(s, C*), 125.1 (s, C*), 112.2 (s, C*), 110.0 (s, C*), 61.6 (s, OCH,), 34.3
(s, NCH3), 14.5 (s, CH3). '%°Pt NMR (107 MHz, CDCl3) 8p; = —3246.9.
m/z (El, pos): 702 [M]™, 666 [M-CI]T, 630 [M-2Cl]*. Anal. Calcd. for
Ca4H2gCloN4O4Pt (702.5): C, 41.03; H, 4.02; N, 7.98. Found: C, 40.26; H,
4.42; N, 7.75.

2.2.1.5. trans-[Dichlorido-bis(5-(ethoxycarbonyl)-1,3-dieth-
ylbenzimidazol-2-ylidene) Jplatinum(Il) (9b). 24.0 mg (31.6 pmol, 20%)
from 7b (156 mg, 324 pmol, 1.00 eq.), KoPtCl4 (67.3 mg, 162 pmol, 0.50
eq.) in CHCl; (30.0 mL). Rf = 0.84 (EtOAc/MeOH 98:2); m.p. 260 °C;
'H NMR (500 MHz, CDCls) 8y = 8.08 (s, 2H, H™), 7.98 (vdd, J = 8.5 Hz,
1.4 Hz, 2H, H™), 7.39 (vdd, J = 8.5 Hz, 1.3 Hz, 2H, H"), 4.98-4.80 (m,
8H, NCHy), 4.37 (g, J = 7.1 Hz, 4H, OCHy), 1.38 (t, J = 7.1 Hz, 6H, CHs;
13C NMR (125 MHz, CDCl3) 8¢ = 181.1 (s, NCN), 166.2 (s, COOCHy),
136.7 (s, C*), 133.8 (s, C*), 125.5 (s, C*), 124.7 (s, C*), 112.2 (s, C9),
110.0 (s, C*), 61.4 (s, OCH,), 42.8 (d, J = 6.5 Hz, NCH>), 15.2 (s, CH3),
15.0 (s, CHs), 14.4 (s, CHs); '9°Pt NMR (107 MHz, CDCls) 8p; =
—3271.4; m/z (EI, pos): 758 [M]', 685 [M-CI]', 657 [M-2Cl]'; Anal.
Caled. For CagH3ClaN4O4Pt (758.6): C, 44.33; H, 4.78; N, 7.39. Found:
C, 43.96; H, 4.67; N, 7.40.

2.2.1.6. trans-[Dichlorido-bis(5-(ethoxycarbonyl)-1,3-dibenzylbenzimida-
zol-2-ylidene) Jplatinum(Il) (9c). 82.0 mg (81.4 pmol, 42%) from 7c¢
(200 mg, 389 pmol, 1.00 eq.), KoPtCl, (80.8 mg, 195 pmol, 0.50 eq.) in
CH,Cl, (39.0 mL). Rf = 0.87 (EtOAc/MeOH 98:2); m.p. 190 °C; 'H NMR
(500 MHz, CDCl3) 8y = 7.91 (s, 2H, H™), 7.83 (d, J = 8.5 Hz, 2H, H™),
7.54-7.42 (m, 8H, H*), 7.25-7.21 (m, 12H, HY), 7.18 (d, J = 8.7 Hz, 2H,
H™), 6.12-6.06 (m, 8H, NCH>), 4.31 (q, J = 7.1 Hz 4H, OCH3), 1.33 (t, J
— 7.1 Hz, 6H, CH3); '*C NMR (125 MHz, CDCl3) 8¢ — 181.7 (s, NCN),
165.9 (s, COOCHy), 137.1 (s, C*"), 135.4 (s, C*"), 134.3 (s, C*"), 128.8 (s,
€, 128.0 (s, C*), 127.6 (s, C*), 125.8 (s, C*), 124.9 (s, C¥), 113.1 (s,
C*), 111.1 (s, C*), 61.3 (s, OCH>), 51.5 (d, J = 6.5 Hz, NCH>), 14.3 (s,
CH3); %Pt NMR (107 MHz, CDCl3) 8p; = —3284.8; m/z (EL, pos): 1006
[M]", 969 [M-CI]t, 933 [M-2CI]*. Anal. Caled. for CasHsCloN4O4Pt
(1006.9): C, 57.26; H, 4.40; N, 5.56. Found: C, 57.05; H, 4.24; N, 5.50.
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2.2.2. General synthesis of cis-[Pt’Cl,(DMSO)(NHC)] complexes 10 and
11

The silver complexes 6a—c or 7a—c (1.00 eq.) and KxPtCly (1.00 eq.)
were dissolved in DMSO (1 mL/10 pmol). The mixture was stirred at
60 °C for 24 h. The silver halides were precipitated by adding CH»Cly
and the resulting solution was filtered over celite. DMSO was removed
via extraction with water followed by drying of the organic layer over
NazSO4 and removal of the solvent. The crude product was purified by
column chromatography (silica gel 60, EtOAc/MeOH 98:2) and
precipitated from n-pentane at 4 °C affording the product as white
powder after drying in vacuo.

2.2.2.1. cis-[Dichlorido-(5-methoxycarbonyl-1,3-dimethylbenzimidazol-2-
ylidene) (dimethylsulfoxide)] platinum(ll) (10a). 47.0 mg (85.7 pmol,
80%) from 6a (37.0 mg, 107 pmol, 1.00 eq.), KoPtCly (44.2 mg, 106
pmol, 1.00 eq.) in DMSO (10.0 mL). Rf = 0.50 (EtOAc/MeOH 98:2); m.p.
195 °C; 'H NMR (500 MHz, CDCls) 8y = 8.17 (s, 1H, H™), 8.10 (vdd, J =
8.5 Hz, 1.4 Hz, 1H, H™), 7.48 (d, J = 8.6 Hz, 1H, H"), 4.27 (vd, J = 8.7
Hz, 6H, NCH3), 3.98 (s, 3H, OCH3), 3.58 (d, J = 2.0 Hz, 6H, SCHa); 13C
NMR (125 MHz, CDCl3) §¢ = 166.1 (s, COOMe), 158.4 (s, NCN), 136.9
(s, C™), 133.9 (s, C*), 126.4 (s, C*), 125.8 (s, C*), 112.8 (s, C*), 110.6
(s, C'), 52.8 (s, OCHs), 46.2 (s, SCH3), 34.9 (s, NCH3); 1°°Pt NMR (107
MHz, CDCl3) 8pe = —3560.7; m/z (EL pos): 548 [M]~, 469 [M-DMSO] ',
433 [M-DMSO-CI]". Anal. Calcd. for CiaH;gClaN2OsPtS (548.3): C,
28.48; H, 3.31; N, 5.11; S, 5.85. Found: C, 28.19; H, 3.25; N, 4.97; S,
5.69.

2.2.2.2. cis-[Dichlorido-(5-methoxycarbonyl-1,3-diethylbenzimidazol-2-
ylidene) (dimethylsulfoxide)] platinum(Il) (10b). 190 mg (330 pmol,
84%) from 6b (150 mg, 399 pmol, 1.00 eq.), KzPtCls (165 mg, 399 pmol,
1.00 eq.) in DMSO (40.0 mL). m.p. 180 °C; *H NMR (500 MHz, CDCl3)
Sy — 8.18 (s, 1H, H™), 8.08 (vdd, J — 8.6 Hz, 1.4 Hz, 1H, H*"), 7.50 (d, J
= 8.6 Hz, 1H, H™), 4.87 (q, J = 7.4 Hz, 4H, NCHy), 3.98 (s, 3H, OCH3),
3.57 (s, 6H, SCHs), 1.66 (t, J = 7.3 Hz, 6H, CHz); 13C NMR (125 MHz,
CDCl3) 8¢ = 166.3 (s, COOMe), 157.2 (s, NCN), 136.2 (s, C*), 133.2 (s,
€™, 126.3 (5,C*); 1256 (5,0%),113.2.(s, "), 1111 (5; €), 52.7 (s,
OCH3), 44.1 (s, SCHs), 41.2 (s, NCHy), 14.7 (s, CHz); '*°Pt NMR (107
MHz, CDCl3) 8p; = —3556.2; m/z (EI, pos): 576 [M] , 498 [M-DMSO] ',
426 [M-DMSO-CI]*. Anal. Caled. for C15H22CloN2O3PtS (576.4): C,
31.26; H, 3.85; N, 4.86; S, 5.56. Found: C, 30.51; H, 3.81; N, 5.00; S,
5.79.

2.2.2.3. cis-[Dichlorido-(5-methoxycarbonyl-1,3-dibenzylbenzimidazol-2-

ylidene) (dimethylsulfoxide)] platinum(Il) (10c). 145 mg (207 pmol,
86%) from 6¢ (120 mg, 240 pmol, 1.00 eq.), KxPtCly (99.7 mg, 240
pmol, 1.00 eq.) in DMSO (25.0 mL). m.p. 250 “C; 'H NMR (500 MHz,
CDCl3) 8y = 7.99 (s, 1H, HY), 7.94 (d, J = 8.6 Hz, 1H, H*), 7.45-7.39
(m, 11H, H™), 6.18 (vdd, J = 30.8 Hz, 16.0 Hz, 2H, NCH>), 6.00 (vdd, J
= 31.8 Hz, 16.0 Hz, 2H, NCHy), 3.89 (s, 3H, OCH3), 3.11 (s, 3H, SCH3),
3.02 (s, 3H, SCH3); 'C NMR (125 MHz, CDCl3) 5¢ = 165.6 (s, COOMe),
160.1 (s, NCN), 136.4 (s, C**), 134.1 (s, C*), 133.9 (s, C**), 133.7 (s, C),
128.9 (s, C*), 128.3 (s, C™), 127.2 (s, C*), 126.3 (s, C*), 125.5 (s, C*),
113.3 (s, C*), 111.5 (s, C*), 52.4 (s, CHy), 52.2 (s, CH3), 52.1 (s, CHz)
45.2 (s, NCHy), 45.0 (s, NCHp); °Pt NMR (107 MHz, CDCl3) 8p,
—3545.6; m/z (EI, pos): 550 [M-DMSO-2CI]'. Anal. Caled. for
CasH26CloN2O3PtS (700.5): C, 42.86; H, 3.74; N, 4.00; S, 4.58. Found: C,
42.91; H, 3.79; N, 4.32; S, 4.40.

2.2.2.4. cis-[Dichlorido-(5-ethoxycarbonyl-1,3-dimethylbenzimidazol-2-

ylidene) (dimethylsulfoxide)] platinum(Il) (11a). 221 mg (393 pmol,
75%) from 7a (190 mg, 526 pmol, 1.00 eq.), KoPtCl4 (218 mg, 526 pmol,
1.00 eq.) in DMSO (50.0 mL). m.p. 260 °C; 'H NMR (500 MHz, CDCl3)
8y = 8.15 (s, 1H, H™), 8.09 (d, J = 8.5 Hz, 1H, H"), 7.47 (d, J = 8.5 Hz,
1H, H"), 4.43 (q, J = 6.8 Hz, 2H, OCH), 4.28 (s, 3H, NCH3), 4.26 (s, 3H,
NCHs), 3.57 (s, 6H, SCH3), 1.43 (t, 3H, J = 7.1 Hz, CHz); 1*C NMR (125
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MHz, CDCl3) 8¢ = 165.6 (s, COOCH5), 158.2 (s, NCN), 136.8 (s, C*),
133.9 (s, C*), 126.7 (s, C™), 125.7 (s, C*), 112.7 (s, C™), 110.6 (s, C*),
61.6 (s, OCHy), 46.3 (s, SCH3), 41.1 (s, SCH3) 34.9 (d, J = 5.0 Hz, NCH3),
14.4 (s, CHz); %Pt NMR (107 MHz, CDCls) 8p, = —3560.0; m/z (EI,
pos): 562 [M] ™", 484 [M-DMSO] ™", 447 [M-DMSO-Cl]*, 412 [M-DMSO-
2C1]™. Anal. Caled. for G14H20CloN2O3PtS (562.4): C, 29.90; H, 3.58; N,
4.98; S, 5.70. Found: C, 30.22; H, 3.68; N, 4.80; S, 5.72.

2.2.2.5. cis-[Dichlorido-(5-ethoxycarbonyl-1,3-diethylbenzimidazol-2-yli-
dene)(dimethylsulfoxide)] platinum(I) (11b). 120 mg (251 pmol, 88%)
from 7b (111 mg, 285 pmol, 1.00 eq.), KoPtCl4 (118 mg, 285 pmol, 1.00
eq.) in DMSO (29.0 mL); m.p. 190 “C; 'H NMR (500 MHz, CDCl3) 6y =
8.17 (s, 1H, H™), 8.08 (vdd, J = 8.5 Hz, 1.6 Hz, 1H, H*"), 7.49(d, J = 8.5
Hz, 1H, H"), 4.91-4.83 (m, 4H, NCHy), 4.44 (q, J = 7.1 Hz, 2H, OCH>),
3.57 (s, 6H, SCH3), 1.66 (vdt, J = 11.3 Hz, 7.3 Hz, 6H, CH3), 1.44 (t, J =
7.1 Hz, 3H, CHs); 'C NMR (125 MHz, CDCl3) 8¢ = 165.5 (s, COOCHy),
157.0 (s, NCN), 135.9 (s, C*"), 133.0 (s, C*), 126.4 (s, C**), 125.3 (s, C),
112.9 (s, C*), 110.7 (s, C*), 61.5 (s, OCH>), 46.1 (s, SCH3), 43.8 (d, J =
5.0 Hz, NCH>) 14.5 (s, CHs), 14.3 (s, CHz); 1Pt NMR (107 MHz, CDCl3)
Spe = —3557.1; m/z (EL, pos): 590 [M]", 512 [M-DMSO]~, 476 [M-
DMSO-CI]', 439 [M-DMSO-2Cl] '; Anal. Caled. for C1Hz4CloN203PtS
(590.4): C, 32.55; H, 4.10; N, 4.74; S, 5.43. Found: C, 33.34; H, 3.78; N,
4.81; S, 5.27.

2.2.2.6. cis-[Dichlorido-(5-ethoxycarbonyl-1,3-dibenzylbenzimidazol-2-
ylidene) (dimethylsulfoxide)] platinum(II) (11c). 52.0 mg (79.8 pmol,
83%) from 7c¢ (49.0 mg, 95.4 ymol, 1.00 eq.), KoPtCl, (39.6 mg, 95.4
pmol, 1.00 eq.) in DMSO (10.0 mL). m.p. 210 °C; 'H NMR (500 MHz,
CDCly) 8y = 7.98 (s, 1H, H™), 7.93 (d, J = 8.6 Hz, 1H, H""), 7.46-7.31
(m, 11H, H*), 6.16 (vdd, J = 20.2 Hz, 15.9 Hz, 2H, NCHy), 6.01 (vdd, J
= 23.2 Hz, 16.9 Hz, 2H, NCH»), 4.33 (q, J = 7.1 Hz, 2H, OCHy), 3.11 (s,
3H, SCH3), 3.03 (s, 3H, SCH3), 1.43 (t, J = 7.1 Hz, 3H, CHs); '>C NMR
(125 MHz, CDCl3) 8¢ = 165.5 (s, COOCHy), 160.2 (s, NCN), 136.7 (s,
C¥), 134.5 (s, C*), 134.3 (s, C), 134.1 (s, C*), 129.3 (s, C¥), 128.7 (s,
C™), 127.6 (s, C™), 127.0 (s, C*), 125.9 (s, C*), 113.7 (s, C*), 111.8 (s,
C™), 61.4 (s, OCH3), 52.8 (s, SCH3), 52.5 (s, SCH3) 45.5 (s, NCH»), 45.4
(s, NCHy), 14.4 (s, CHs); '°°Pt NMR (107 MHz, CDCls) 8p, = —3545.5;
m/z (EI, pos): 561 [M-DMSO-2Cl] . Anal. Calcd. for CogHagCloN2O3PtS
(714.6): C, 43.70; H, 3.95; N, 3.92; S, 4.49. Found: C, 43.24; H, 3.48; N,
3.87; S, 4.84.

2.2.3. General synthesis of cis-[Pt'Cl3(NHC)2] complexes 12 and 13

The cis-[Pt"Cl,(DMSO)(NHC)] complexes 10a-b or 11a-b (1.00 eq.),
KO'Bu (1.50 eq.) and the respective benzimidazolium chloride 4 or 5
(1.20 eq.) were dissolved in dry CHxCly (1 mL/10 pmol). The mixture
was stirred at rt. for 3 d under inert gas atmosphere. The solution was
filtered over Celite and the solvent was evaporated. The crude product
was purified by column chromatography (silica gel 60, EtOAc/MeOH
98:2) and precipitated from n-pentane at 4 °C affording the product as
white powder after drying in vacuo.

2.2.3.1. cis-[Dichlorido-bis(5-methoxycarbonyl-1,3-dimethylbenzimidazol-
2-ylidene)platinum(II) (12a). 28.0 mg (41.5 pmol, 46%) from 10a (50.0
mg, 91.2 pmol, 1.00 eq.), KO'Bu (15.5 mg, 137 pmol, 1.50 eq.) and
benzimidazolium chloride 4a (26.0 mg, 109 pmol, 1.20 eq.) in dry
CH,Cl, (10.0 mL); R¢ = 0.50 (EtOAc/MeOH 98:2); m.p. 240 °C; 'H NMR
(500 MHz, CDCl3) 8y = 8.06 (s, 2H, H™), 8.02 (d, J = 8.6 Hz, 2H, H™"),
7.40 (vdd, J = 8.5 Hz, 3.5 Hz, 2H, H™), 4.23 (vt, J = 6.4 Hz, 12H, NCH3),
3.94 (s, 6H, OCHs); *>C NMR (125 MHz, CDCl3) 8¢ = 166.2 (s, COOMe),
162.7 (s, NCN), 137.2 (s, C*") 134.2 (s, C™"), 126.2 (s, C*"), 125.7 (s, C*"),
112.4 (s, C™), 110.4 (s, C™), 52.7 (s, OMe), 35.3 (NCH3), 35.2 (NCH3);
195pt NMR (107 MHz, CDCl3) &p; = —3656.8; HRMS (ESI): m/z calcu-
lated for CooHo4CloN4O4Pt [M]: 673.08223. Found: 679.13933 [M-Cl +
MeCN] ™. Anal. Calcd.: C, 39.18; H, 3.59; N, 8.31. Found: C, 38.08; H,
3.68; N, 7.88.
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2.2.3.2. cis-[Dichlorido-bis(5-methoxycarbonyl-1,3-diethylbenzimidazol-
2-ylidene) Jplatinum(I) (12b). 25.0 mg (34.2 pmol, 26%) from 10b
(75.0 mg, 130 pmol, 1.00 eq.), KO'Bu (21.9 mg, 195 pmol, 1.50 eq.) and
benzimidazolium chloride 4b (42.0 mg, 156 pmol, 1.20 eq.) in dry
CH,Cl5 (15.0 mL); Rf = 0.51 (EtOAc/MeOH 98:2); m.p. 250 °C; H NMR
(500 MHz, CDCl3) 6y = 8.09 (s, 2H, H*"), 8.01 (d, J = 8.5 Hz, 2H, H™),
7.43 (vdd, J = 8.5 Hz, 3.5 Hz, 2H, H*"), 5.09 (vdq, J = 9.7 Hz, 7.1 Hz, 4H,
NCHy), 4.68 (vdq, J = 9.7 Hz, 7.1 Hz, 4H, NCHy), 3.95 (s, 6H, OCH3),
1.50-1.46 (m, 12H, CHj3); 13¢ NMR (125 MHz, CDCl3) 8¢ = 166.2 (s,
COOMe), 162.0 (s, NCN), 136.4 (s, C*") 133.3 (s, C™), 125.8 (s, C™),
125.3 (s, C*™), 112.7 (s, C*"), 110.7 (s, C*"), 52.6 (s, OMe), 44.0 (s, NCH»),
43.9 (s, NCHy), 14.1 (s, CHs); °Pt NMR (107 MHz, CDCls) 8p; =
~3627.6; HRMS (ESI): m/z calculated for CpgH3aCloN4O4Pt [M]:
729.14483. Found: 735.20132 [M-Cl + MeCN]™, 695.17263 [M-CI]*,
658.19338 [M-2CI]'; Anal. Calcd.: C, 42.75; H, 4.42; N, 7.67. Found: C,
42.66; H, 4.37; N, 7.50.

2.2.3.3. cis-[Dichlorido-bis(5-ethoxycarbonyl-1,3-dimethylbenzimidazol-
2-ylidene) Jplatinum(l) (13a). 30.0 mg (42.7 pmol, 26%) from 1la
(93.0 mg, 165 pmol, 1.00 eq.), KO'Bu (27.8 mg, 248 pmol, 1.50 eq.) and
benzimidazolium chloride 5a (50.6 mg, 198 umol, 1.20 eq.) in dry
CHCl5 (15.0 mL). Rf = 0.20 (EtOAc/MeOH 98:2); m.p. 320 °C; H NMR
(500 MHz, CDCl3) 6 = 8.09-8.00 (m, 4H, H*"), 7.39 (vdd, J = 8.5 Hz,
4.3 Hz, 2H, H"), 4,41 (vdq, J = 8.7 Hz, 7.2 Hz, 6H, OCHy), 4.23 (vdd, J
= 10.3 Hz, 5.8 Hz, 12H, NCHa), 1.44 (t, J = 7.1 Hz, 6H, CHs); 1°C NMR
(125 MHz, CDCl3) 8¢ = 166.7 (s, COOEL), 162.6 (s, NCN), 137.0 (s, C*)
134.1 (s, C™), 126.5 (s, C™"), 125.6 (s, C*"), 112.2 (s, C*"), 110.1 (s, C*"),
61.6 (s, OCH2), 35.2 (NCH3), 35.1 (NCH3), 14.4 (s, CHz); %Pt NMR
(107 MHz, CDCl3) 8pt = —3654.3; m/z (EL, pos): 702 [M], 666 [M-Cl],
630 [M-2Cl]; Anal. Caled. for Cps4HagCloN4O4Pt (702.5): C, 41.03; H,
4.02; N, 7.98. Found: C, 41.88; H, 3.03; N, 7.75.

2.2.3.4. cis-[Dichlorido-bis(5-ethoxycarbonyl-1,3-diethylbenzimidazol-2-

ylidene) Jplatinum(Il) (13b). 80.0 mg (105 pmol, 57%) from 11b (110
mg, 186 pmol, 1.00 eq.), KO'Bu (31.4 mg, 280 pmol, 1.50 eq.) and the
respective benzimidazole chloride (5b) (63.2 mg, 224 pmol, 1.20 eq.) in
dry CHCly (20.0 mL); Ry = 0.50 (EtOAc/MeOH 98:2); m.p. 290 °C; H
NMR (500 MHz, CDClg) 8y = 8.08 (s, 2H, H"), 8.01 (d, J = 8.6 Hz, 2H,
H™), 7.42 (vdd, J — 8.6 Hz, 4.3 Hz, 2H, H"), 5.14-5.03 (m, 4H, NCHa),
4.72-4.63 (m, 4H, NCHy), 4.41 (q, J = 7.0 Hz, 4H, OCHy), 1.48 (vdd, J =
7.2 Hz, 3.0 Hz, 12H, CH3), 1.41 (t, J = 7.1 Hz, 6H, CH3); 13¢ NMR (125
MHz, CDCls) 8¢ = 166.7 (s, COOELt), 161.7 (s, NCN), 136.3 (s, C*") 133.3
(s, C*), 126.2 (s, C*), 125.3 (s, C*), 112.7 (s, C*"), 110.7 (s, C*), 61.6 (s,
OCHjy), 44.0 (s, NCHy), 43.9 (s, NCHy), 14.5 (s, CH3), 14.4 (s, CH3), 14.3
(s, CH3); 1%°Pt NMR (107 MHz, CDCl3) 8p, = —3627.9; m/z (EI, pos): 758
[M]", 722 [M-Cl]~, 657 [M-2Cl]"; Anal. Calcd. for CogH3gCloN4O4Pt
(758.6): C, 44.33; H, 4.78; N, 7.39. Found: C, 43.40; H, 4.56; N, 7.05.

2.2.4. Synthesis of clickable complexes 16 and 22
cis-[Dichlorido-(5-methoxycarbonyl-1,3-dipropargylbenzimidazol-
2-ylidene)(dimethylsulfoxid)]platinum(II) (16).
Cis-[Cl2(DMSO0).]Pt(I1) (60.0 mg, 142 pmol, 1.00 eq.) and benzimi-
dazolium chloride 15 (94.4 mg, 327 pmol, 2.30 eq.) were dissolved in
dry CHCl, (15 mL) and treated with KO'Bu (47.8 mg, 426 pmol, 3.00
eq.). The mixture was stirred at rt. for 18 h and filtered over Celite®. The
solvent was evaporated and the crude product was purified by column
chromatography (silica gel 60, EtOAc/MeOH 98:2) affording 16 as a
yellow powder (60.7 mg, 112 pmol, 79%) after drying in vacuo; m.p.
310 °C; Ry = 0.50 (EtOAc/MeOH 98:2); 'H NMR (500 MHz, CDCls) 6y =
8.36 (d, J = 1.4 Hz, 2H, H*"), 8.15 (dd, J = 8.6 Hz, 1.4 Hz, 2H, H*"), 7.70
(d, J = 8.6 Hz, 2H, H™), 6.00 (dt, J = 18.0 Hz, 2.7 Hz, 4H, NCH3), 5.30
(dt, J = 18.0 Hz, 2.1 Hz, 4H, NCH>), 3.60 (s, 6H, SCH3), 3.9 (s, 6H,
OMe), 2.56 (dt, J = 5.3 Hz, 2.6 Hz, 4H, CH); "*C NMR (125 MHz, CDCls)
8¢ = 165.9 (s, COOMe), 159.5 (s, NCN), 135.8 (s, C**), 132.9 (s, C*9),
127.1 (s, C*), 126.4 (s, C*, 113.5 (s, C*), 111.6 (s, C*), 76.2 (s), 76.1
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(s), 75.5 (s), 75.4 (s), 52.7 (s, OCH3), 46.0 (s, SCH3), 38.6 (s, NCHj), 38.5
(s, NCH5); %Pt NMR (107 MHz, CDClg) 8p; = —3550.2; HRMS (ESI): m/
z calculated for C17H;5CloN2O3PtS [M]: 595.00629. Found: 638.04989
[M-Cl ~ DMSO]', 601.06189 [M-Cl ~ MeCN]', 560.03634 [M-Cl]
482.02161 [M-CI-DMSO]™; Anal. Caled.: C, 34.24; H, 3.04; N, 4.70; S,
5.38. Found: C, 31.04; H, 3.94; N, 4.49; S, 5.97.

2.2.4.1. trans-[Dichlorido-bis(5-(dimethylcyclopropenyl)methyl-carbonyl-
1,3-diethylbenzimidazol-2-ylidene) Jplatinum(I) (22). Silver complex 21
(46.0 mg, 86.3 pmol 1.00 eq.) and KyPtCl4 (18.0 mg, 43.0 pmol, 0.50
eq.) were dissolved in CHCl, (5 mL) and stirred at rt. for 4 d. The so-
lution was filtered over celite® and the solvent was evaporated. The
crude products were purified by column chromatography (silica gel 60,
EtOAc/MeOH 98:2) and subsequently precipitated from n-pentane at
4 °C affording the product as white solid (12.0 mg, 13.9 pmol, 32%) after
drying in vacuo; m.p. 230 °C; Ry = 0.90 (EtOAc/MeOH 98:2) 'H NMR
(500 MHz, CDCl3) 8y = 8.17 (s, 2H, H™), 8.06 (dd, J = 8.4, 1.4 Hz, 2H,
H™), 7.46 (dd, J = 8.6, 1.3 Hz, 2H, H"), 5.00 (dq, J = 14.1 Hz, 7.0, Hz,
8H, NCHy), 4.28 (d, J = 5.1 Hz, 2H, OCH>), 2.04 (s, 12H, CH3), 1.78 (dt,
J=8.9,5.4,12H, CH3), 1.70 (t, J = 5.1 Hz, 2H, CH); '3C NMR (125 MHz,
CDClg) 8¢ = 179.9 (s, NCN), 165.3 (s, COOCH3), 135.6 (s, C*), 132.7 (s,
C™),124.9 (s, C*), 123.6 (s, C™), 111.1 (s, C*), 108.9 (s), 108.7 (s), 71.8
(OCHy), 41.7 (d, J = 5.0 Hz, CHy), 18.3 (CH), 14.1 (d, J = 15.4 Hz, CH3),
9.4 (s, CHz); 1°°Pt NMR (107 MHz, CDCly) 8p, = —3265.5; HRMS (ESI):
m/z calculated for C3zcHgqCloN4O4Pt [M]: 861.23874. Found:
861.23819; Anal. Caled.: C, 50.12; H, 5.14; N, 6.49. Found: C, 49.39; H,
3.82; N, 5.77.

2.3. Biochemical evaluation

2.3.1. Stock solutions and dilution series

Stock solutions of test compounds were dissolved in DMSO (10 mM)
if not noted otherwise and stored at —23 “C. When applying them to
biotests, the desired predilution series was freshly diluted with water or
PBS and then added to the cell culture media.

2.3.2. MTT cell viability assay [11]

All complexes stable in solution were investigated for their anti-
proliferative effect on nine human cell lines, using the 3-(4,5-dime-
thylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) based cell
viability assay. Cells were seeded in 96 well microtiter plates (Sarstedt)
with a cell density of 0.05x10° cells per mL and 100 pL per well and
incubated for 24 h. A dilution series of test compounds was added to the
wells, ranging in twelve steps from 100 pM — 5 nM, equal amounts of
DMSO were added as controls. Treated cells were incubated for a further
72h. Then, 12.5 L per well of MTT solution (0.05% in PBS) were added,
followed by another 2 h of incubation. The plates were centrifuged, the
medium was discarded and 25 pL per well of SDS solution in DMSO
(10% SDS, 0.6% AcOH in DMSO) were added to dissolve formazan and
the plates were incubated for a further hour. Absorbances at 570 nm and
630 nm were measured using a plate reader (Tecan). The background
absorbance (630 nm) was subtracted from the formazan signal (570
nm). The resulting absorbance is directly proportional to the amount of
viable cells, the control was normalised to 100% viable cells and,
accordingly, the viability of cells treated with the test compounds was
calculated. ICsq values were calculated based on a sigmoidal fit model
using GraphPad Prism. Means and SD were calculated from at least four
independent experiments. To calculate the selectivity index (SI), the
mean value of all ICsg values across the cancer cell lines was first
calculated for each test substance. The ICsq value for the non-malignant
cells (HDFa) was then divided by the mean value over all cancer cell
lines. The higher the resulting ratio, the more selective the compound is
for cancer over HDFa cells.
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2.3.3. Cellular uptake measurement via ICP-MS

Cells were seeded at a density of 2x10° cells per dish in cell culture
dishes (Sarstedt) and grown overnight, then treated with test com-
pounds at a final concentration of 5 uM for 5 h. The cell monolayer was
washed twice with PBS, the cells were harvested by trypsination,
counted and pelleted (4 °C, 150 g, 5 min). The cell pellets were solu-
bilised with aqua regia (reflux, 20 min), the platinum content was
determined by ICP-MS. Means and SD were calculated from at least two
independent experiments.

2.3.4. LDH cytotoxicity assay[ 2]

Cells were seeded in 96 well flat bottom microtiter plates (Sarstedt)
with 100 pL per well and a cell density of 0.05x10° cells per mL. Wells
containing medium alone were additionally set for background mea-
surement. The cells were allowed to grow overnight, then treated with
11.1 pL of 10-fold concentrated test compound dilutions and further
incubated for 24 h. As positive control 10 pL per well of lysis solution
(9% Triton-X100 in Millipore H0) were added and incubated for 45
min to maintain maximum LDH release. The same amount was added to
maximum release background correction wells, containing medium
only. After centrifugation (4 °C, 150 g, 5 min) 50 puL of the supernatant of
each well were transferred on a fresh microtiter plate followed by
addition of 50 pL LDH assay buffer (223 mg 2-p-iodophenyl-3-p-nitro-
phenyl-5-phenyltetrazolium chloride, 57 mg N-methylphenazonium
methyl sulfate, 575 mg N-adenine dinucleotide, 3.2 g lactic acid in 480
mL 200 mM Tris-Cl, pH 8.0) per well. The plate was incubated in the
dark for 10-30 min at rt. 50 pL stop solution (1 M acetic acid) were
added per well and the absorbance was measured at 490 nm. The mean
value of the background wells was subtracted from the negative control
and the test wells as well as the mean value of the maximum release
wells was subtracted from the value of the maximum LDH release wells.
The percentage of LDH release was calculated, the maximum LDH
release was set to 100% and the negative control at 0% release. Means
and SD were calculated from at least three independent experiments.

2.3.5. Apoptotic events

2.3.5.1. Caspase 3/7 activation. The assay was conducted, following the
manufacturer's instructions, using the Cell Meter Caspase 3/7 activity
apoptosis assay kit (AAT Bioquest). Briefly, the cells were seeded in 96
well flat black microtiter plates at a density of 0.22x10° cells per mL and
90 pL per well. After 24 h of incubation, 10 pL per well of prediluted test
compounds were added to obtain a final concentration of 10 M, and the
cells were incubated for a further 6 h. 100 pL per well of Caspase 3/7
substrate working solution were added and the plates were incubated for
another hour in the dark at rt. The fluorescence was measured using a
microplate reader (Tecan) at ex/em = 490/525 nm.

2.3.5.2. Mitochondrial membrane potential assay. To assess the effect of
the test compounds on the mitochondrial membrane potential (MMP)
the cationic dye tetramethylrhodamine methyl ester (TMRM) was used.
Due to its delocalised lipophilic cation (DLC) character, TMRM accu-
mulates in mitochondria quantitatively, proportional to the MMP. The
cells were seeded in 96 well flat black microtiter plates (Brand) with a
cell density of 0.2x10° cells per mL and 100 pL per well. A corre-
sponding MTT was conducted identically in transparent 96 well mi-
crotiter plates (Sarstedt). The plates were incubated for 24 h under
standard cell culture conditions. The medium was replaced by 90 L per
well standard assay buffer (80 mM NacCl, 75 mM KCl, 25 mM p-Glucose,
25 mM HEPES, pH 7.4 in H;0) and 10 pL per well of tenfold dilutions of
test compounds were added. Carbonylcyanide m-chlorophenylhy-
drazone (CCCP), a known decoupling agent, served as a positive control
[13] and a corresponding dilution of DMSO served as a negative control.
Substance-treated cells were further incubated for 1 h. 10 pL per well of
a TMRM solution (2 pM in standard assay buffer) were added and the
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cells were incubated for a further 10 min at rt. Each well was rinsed
three times with PBS, 100 pL per well of PBS were added and the fluo-
rescence of remaining TMRM was measured (ex/em 535/590 nm). The
results were standardised by correlation with those of the corresponding
MTT assays and normalised with respect to the negative control.

2.3.5.3. Reactive oxygen species (ROS) assay [14]. The cellular levels of
ROS were determined by means of 2,7-dichlorofluorescin diacetate
(DCFH-DA). The assay is based on the oxidation of DCFH-DA by intra-
cellular ROS to give strongly fluorescent 2,7-dichlorodihydrofluorescin.
The cells were seeded in 96 flat black well plates (Brand) with 100 pL per
well and a density of 0.2x10° cells per mL. A corresponding MTT was
conducted identically in transparent 96 well microtiter plate (Sarstedt).
The cells were allowed to grow for 24 h. The medium was replaced by
serum-free medium containing DCFH-DA (20 pM) followed by 30 min of
incubation to enable cells to take up the dye. To eliminate remaining
dye, the cells were rinsed twice with PBS, and fresh medium was added.
11.1 pL of tenfold predilutions of the test compounds were added per
well. Corresponding dilutions of DMSO served as negative and of CDDP
served as positive control. The treated cells were incubated for 1 h,
before being rinsed twice again with PBS. After addition of 100 pL of
fresh PBS per well the fluorescence was measured (ex/em 485/535 nm).
The results were standardised by correlation with those of the corre-
sponding MTT assays and normalised with respect to the negative
control.

2.3.6. Influence on the cell cycle

HCT116" cells were seeded in 6 well plates (Sarstedt) with 3 mL per
well and a cell density of 0.05 x 10° cells per mL, incubated for 24 h,
treated with concentrations of the test compounds corresponding to
their ICs( values, and incubated for a further 24 h. The supernatant of
each sample was transferred into a separate tube on ice, the cell
monolayer was rinsed once with PBS, and the cells were harvested using
trypsin and also transferred into the tube. The cells were pelleted (4 “C,
150 g, 5 min), resuspended in 1 mL of ice-cold EtOH (70%) and stored
for at least 1 h at 4 °C. prior to propidium iodide (PI) staining, the cells
were centrifuged (150 g, 5 min), the supernatant was discarded, and the
cells were layered with 1 mL PBS for 5 min. The cells were centrifuged
again and the resulting pellet was resuspended in 200 pL of PI staining
solution (50 pg/mL PI, 1% sodium citrate in PBS) containing 1 pL RNase
(10 mg/mL stock solution) and incubated in the dark for 30 min at 37 “C.
The cell cycle phase distribution was assessed by flow cytometry
(Beckmann Coulter). Means and SD were calculated from at least three
independent experiments.

2.3.7. DNA interaction

2.3.7.1. Ethidium bromide saturation assay (EtdBr assay). The interac-
tion of the test complexes with linear DNA was assessed using the EtdBr
assay, which is based on the fact that ethidium bromide intercalates into
DNA enhancing its fluorescence while intercalation is hindered by al-
terations of the DNA structure, e.g. by small molecules interfering with
DNA [15]. In wells of a 96 well black flat bottom microtiter plates a
solution of 1 pg of linear salmon sperm DNA (ThermoFisher) in TE buffer
(10 mM Tris-Cl, 1 mM EDTA, pH 8.0) was treated with concentration
series (final concentrations: 25 pM, 50 pM, 75 pM and 100 pM) of
compounds. A corresponding amount of DMSO was used as a control (0
uM). After an incubation period of 2 h at 37 “C, 100 pL per well of
ethidium bromide solution (10 pg/mL in TE buffer) was added and the
plate was incubated for 5 min in the dark. Background samples were
prepared analogously but without DNA addition. The fluorescence of
any EtdBr-DNA adducts was monitored at an excitation wavelength of
535 nm and an emission wavelength of 595 nm. After background
subtraction, changes in fluorescence intensity were calculated in rela-
tion to the control (set to 100%). Means and SD were calculated from at
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Scheme 1. General synthetic route to trans-bis(NHC)-, cis-NHC(DMSO)- and
cis-bis(NHC)platinum(II) complexes. Reagents and conditions: (i) MeOH or
EtOH, H,SO4, reflux, 24 h; (ii) 1. Mel or EtI or BnBr, K,CO3, MeCN, reflux, 24 h;
2. Ag,CO3, HNO;, then HCI, EtOH, r.t., light exclusion, 3.5 h; (iii) Ag,0,
CH,Cly, light exclusion, r.t., 24 h; (iv) 0.5 eq. K,PtCly, CH.Cly, r.t., 4 d; (v) 1.0
eq. K,PtCly, DMSO, 60 °C, 24 h; (vi) benzimidazolium salt 4 or 5, KOtBu,
CH,Cl,, r.t., 3d.
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Fig. 1. NCH, signals in 'H NMR spectra of cis-DMSO(NHC) complex 10b
(bottom), trans-bis(NHC) complex 8b (middle), and cis-bis(NHC) complex 12b
(top), recorded in CDCls.

least three independent experiments.

2.3.7.2. Electrophoretic mobility shift assay (EMSA). To distinguish
whether the DNA interaction is of an electrostatic or covalent nature, a
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Scheme 3. Synthesis of cyclopropene-bearing trans-bisq(NHC) platinum(II)
complex 22. Reagents and conditions: (i) Alloc-Cl, 10% Na;COs(aq), 1,4-
dioxane, r.t., 16 h, 97%; (ii) EDC-HCI, DMAP, CH.Cl>, r.t., 24 h, 58%; (iii) Pd
(dpa),, dppb, EtoNH, r.t., THF, 4 h, 75%; (iv) Etl, K;CO3, MeCN, reflux, 48 h,
72%; (v) Ag,0, CHxCl,, light exclusion, r.t., 24 h, 58%; (vi) 0.5 eq. K,PtCls,
CHCly, r.t., 4 d, 32%.

second DNA interaction assay was conducted. 1.5 pg of circular plasmid
PpBR322 DNA were incubated in TE buffer (10 mM Tris-Cl, 1 mM EDTA,
PH 8.0) with different concentrations of test compounds (final concen-
trations: 5 pM, 10 pM, 25 M and 50 pM). A corresponding volume of
DMSO was added to the control (0 pM) with a final volume of 20 pL of
each sample. The samples ware incubated for 16 h at 37 °C and sub-
jected to 1% agarose gel electrophoresis in 0.5 xTBE buffer (45 mM Tris-
Cl, 45 mM boric acid, 1.25 mM EDTA, pH 8.0) for 4 h at 66 V. The
agarose gel was stained for 20 min with EtdBr (10 pg/mL in 0.5 TBE
buffer) solution and the results documented using UV excitation.
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Means + SD (n = 4) of ICsq values [pM] of complexes 8-13 and CDDP against nine human cell lines and their respective selectivity indices (SI). Determined by MTT
assays over 72 h, calculated of four independent measurements. * data from [19], n.d. = not determined.

ICs0 72 h (uM)
518A2 HCT116™ HCT116°%% us7 EaHy926 HeLa MCF7 HT29 HDFa |
8a 13.8 + 0.7 226+ 0.4 25.3 +£3.9 1.1+ 0.5 =50 =50 254 + 2.7 31.0+3.7 n.d. n.d.
8b =50 =50 3.8=0.5 =50 =50 3.3+08 0.56 = 0.05 =50 n.d. nd.
8¢ =50 0.16 + 0.02 0.49 + 0.04 =50 0.12 + 0.03 0.05 + 0.02 0.26 + 0.06 37+04 =50 = 3.8
9a 1531 33+07 0.7 + 0.08 14 +1.2 6.1 +0.2 126 + 1.4 4.0+ 0.8 7.9+ 0.9 n.d. n.d.
9b =50 =50 319+4 =50 =50 =50 43102 348+ 4.4 n.d. n.d.
9c =50 =50 =50 =50 =50 =50 =50 =50 n.d. nd.
10a =50 =50 =50 =50 =50 =50 =50 =50 n.d. n.d.
10b = 50 45.7 £ 2.9 17.7 £ 0.4 16.3 + 2.9 =50 339+ 4.0 =50 =50 n.d. n.d.
10c 192+ 15 163+ 1.6 1.6 £0.1 1.07 + 0.04 94+03 1.3+0.3 24.0 £3.5 =50 n.d. n.d.
11a =50 =50 =50 =50 =50 =50 =50 =50 n.d. n.d.
11b =50 =50 =50 =50 =50 =50 =50 =50 n.d. n.d.
11c 146 + 1.3 164 + 1.3 9.5+ 1.5 =50 45.6 + 5.9 =50 48.2 + 1.9 =50 n.d. nd.
12a = 50 35.6 + 3.4 =50 =50 48.7 £ 1.4 =50 =50 =50 n.d. n.d.
12b 312122 23102 1.7 £ 0.2 1.3 101 48 1 0.5 2912 =50 =50 =50 > 28
13a =50 =50 =50 =50 =50 =50 =50 =50 n.d. n.d.
13b 142 + 2.3 6.9 + 0.5 16.2 + 2.6 325+ 1.0 35+2 18.4 + 2.2 =50 =50 n.d. n.d.
CDDP 2.6 = 0.7* 0.14 + 0.03* 2.0 £0.3 3.8+03 0.63 + 0.1* 8.6 + 0.6 5.4 = 0.7 =50 =50* =55
=mCDDP m13b m®=m12b m13a m12a w1ic ]
m9c m8c m9b m8b m9a 8a
A 10c mw11b =10b m11a m10a B
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Fig. 2. Cytotoxicity indices (CI) of the complexes 8a-13b across all tested cancer cell lines. To determine the CI, the ICs, values were logarithmised with log base of
10 and then the mean value of the logarithmised ICs, values over all tested compounds were determined for each cell line. The difference between the individual
values and this mean value gave the individual CI for each substance and cell line. The different colours indicate the methyl and ethyl esters that belong together
structurally. A) CIs of all cis-configured complexes. B) CIs of all trans-configured complexes.

2.3.8. Intracellular localisation using click chemistry

To assess the localisation of active complexes of the cis (e.g. 10) and
trans (e.g. 8) series in HCT116 colon carcinoma cells, we used the
‘clickable’ congeners 16 and 22. HCT116 cells (0.1x10° cells per mL,
0.5 mL per well) were seeded onto cover slips (borosilicate glass, Carl
Roth) inside the wells of 24-well microtiter plates and were allowed to
grow overnight. The medium was removed and the cells were washed
with 1 mL PBS and treated with complexes 16 or 22 at a final concen-
tration of 25 pM for 30 min at 37 °C. Fixation, blocking and per-
meabilisation was done analogously to the fluorescence staining of the

cytoskeleton. 200 pL of click working solution [for 16: 2 mM CuSOy4, 5
mM sodium ascorbate, 0.1 mM 3-azido-7-hydroxycoumarin, in PBS. For
22: BDP-FL-tetrazin (Lumiprobe Catalog Number: 114E0) in PBS
1:1000] were added to each well. The cells were incubated for 30 min at
rt. in the dark before the click solution was discarded and the cells were
washed three times with PBS for 5 min. For co-staining, the cells were
either treated with propidium iodide (50 pg/mlL, after fixation and
permeabilisation) or Mitotracker™ Red CM-H2Xros (before substance
addition, ThermoFisher Scientific, 250 nM in FBS-free DMEM). Cover-
slips were mounted (VECTASHIELD® PLUS Antifade Mounting
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Fig. 3. Cellular uptake of trans-bis(NHC)Cl,Pt complexes 8c and 9c as well as
cis-bis(NHC)C1,Pt complexes 12b and 13b, and of CDDP into HCT116%" cells

after 5 h treatment with 5 pM. Measured via ICP-MS.
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Fig. 4. LDH release, measured as formazan absorbance of HCT116™* cells after
24 h treatment with complexes 8¢, 12b or CDDP in different concentrations,
relative to a negative control which was set as 0%. Mean + SD; n — 3.
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Fig. 5. Relative levels of caspase-3/7 activity in HCT116™ cells after 6 h in-
cubation with 10 pM of complexes 8c and 12b. An equal concentration of CDDP
served as a positive control and corresponding amounts of DMSO as a negative
control (ctrl). Fluorescence values were corrected for the cell viability obtained
from corresponding MTT assays and normalised relative to the negative control
set at 100%. Means = SD, n — 3.
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Medium) and fluorescence images were acquired using fluorescence
microscopy. Images were processed using Image J.

3. Results and discussion
3.1. Complex syntheses

The synthetic route (Scheme 1) leading to cis- and trans-[bis(5-
alkoxycarbonyl-1,3-dialkyl-benzimidazol-2-ylidene)dichlorido]plat-
inum(Il), and cis-[(DMSO)(5-alkoxycarbonyl-1,3-dialkyl-benzimidazol-
2-ylidene)dichlorido]platinum(II) complexes, respectively, follows
protocols previously published by Rehm et al. [16] All in vitro evaluated
complexes were characterised by 1q, 13¢ and 195pt NMR spectra, EI or
ESI mass spectrometry and elemental analysis.

Benzimidazole-5-carboxylic acid (1) was converted to either methyl
ester 2 or ethyl ester 3 via Fischer esterification [17]. These esters were
N,N’-dialkylated with Mel, EtI or BnBr in one step following a protocol
by Schmidt et al., leading to the benzimidazolium halides in nearly
quantitative yields with high purity [18]. As the required excess of
benzyl bromide could not be removed by rotary evaporation, the 1,3-
dibenzylbenzimidazolium bromides needed several precipitation cy-
cles for sufficient purity. Anion metathesis was necessary for the iodides
in order to prevent a halide exchange in the final cis-bis(NHC) complexes
[19]. Treatment of the iodides and bromides with AgNO3 and then HCI
afforded the corresponding benzimidazolium chlorides 4 and 5. How-
ever, a similar procedure was not necessary for the synthesis of the trans-
bis(NHC) complexes 8 and 9 since there is no excess of free anions, and
because the silver halides precipitate from CHyCl; as easy to remove by-
products.

The NHC-silver(I) complexes 6a—c and 7a-c were obtained by
treating the benzimidazolium halides with half an equivalent of Ag»0 in
the dark for 24 h. Consumption of the starting material was monitored
by the vanishing of the 2-H signal in the 'H NMR spectra. Filtration over
Celite® and precipitation from pentane led to white or beige powders,
which were used without further purification. Transmetalation with 0.5
equivalents of KyPtCly for four days in CH2Cls, led to the trans-[bis(NHC)
dichlorido]platinum(II) complexes 8a—¢ and 9a-c. The cis-[(DMSO)
(NHG)Cl2]Pt" complexes 10 and 11, which were used as precursors for
the cis-[bis(NHC)dichlorido]platinum(Il) complexes 12 and 13, were
obtained by stirring the respective silver complex with an equimolar
amount of KoPtCly in excess DMSO as described previously [20]. This
route is also applicable to the synthesis of complexes bearing two
different cis-positioned NHC ligands which are not accessible from the
more common (DMSO),PtCly [21] or (COD)PtCl, [22] precursors. The
monocarbene complexes 10 and 11 were treated with an excess of the
respective benzimidazolium chloride 4 or 5 and KOtBu in CHCl; to
liberate the corresponding NHC ligand. While 10a, 10b as well as 11a
and 11b were readily converted into their respective cis-bis(NHC)
complexes, the N,N-dibenzyl substituted complexes 10¢ and 11¢ did not
react under identical or modified conditions, possibly due to the steric
demand of the benzyl residues.

The configuration of the complexes was confirmed by 'H NMR
spectra. While the trans-bis(NHC) complexes 8 and 9 displayed a single
signal group for all identical NCH,, protons, the corresponding protons of
the cis-bis(NHC) complexes 12 and 13 resonated as two separate signal
groups. The perpendicular orientation of the NHC ligands relative to the
plane spanned by PtCl, leads to one proton facing a chlorido ligand
while the other is facing the second carbene ligand. Due to the square
planar nature of such complexes [16,20,23,24] the cis-configuration
leads to higher steric hinderance and thus to an upfield shift. This effect
increases with the size of the N-substituent. Fig. 1 depicts the NCHy
range of the 'H NMR spectra of complexes 12b and 8b. It shows a virtual
doublet of quartets (vdq) for the trans-bis(NHC) complex 8b at 4.99 ppm
and two dq at 5.09 ppm and 4.68 ppm for the cis-bis(cNHC) complex 12b.
A smaller DMSO ligand, cis-positioned to the NHC ligand as in complex
10b, obviously does not lead to a split of the NCH; proton signals
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Fig. 8. Relative EtBr fluorescence intensities of intercalated EtdBr in linear salmon sperm DNA after 2 h incubation with CDDP, 12b or 8c. Mean -+ SD, n = 3.
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Fig. 9. EMSAs with circular plasmid DNA after 16 h treatment with complexes
8¢ (A) and 12b (B). CDDP was used as a positive control (C). Images were
documented under UV excitation and they are representative of at least two
independent experiments.

(Fig. 1).

In line with this reasoning, the N-benzyl substituted cis-(DMSO)
(NHC) complex 10c showed a similar if smaller split of its NCHy signal
with two virtual doublets of doublets (vdd) at 6.18 ppm and 6.00 ppm.
These vdd are 45 Hz apart, consistent with the doublet caused by the
methyl groups of DMSO, thereby confirming the cis and perpendicular
orientation relative to the PtCly square. The first splitting to give a
doublet consequently originates from the spatial arrangement of pro-
tons. The further doublet overlapping on this apparently comes from the
ester group, which is either above or below the plane spanned by the
ligands. This holds for all complexes and, due to the restricted rotat-
ability of the NHC ligands [25], leads to two constitutional isomers and
consequently to two possible arrangements of the cis-(DMSO)(NHC)
complexes and four of the bisqtNHC) complexes.

Differences can also be seen in the ppm range of the chemical shift of
the NCN carbon in '*C NMR spectra and of the shift of platinum in **°Pt
spectra (cf. Supporting Information). The chemical shifts of the C-2 in
15C NMR spectra of trans-bis(NHC) complexes lie around 181 ppm, those
of cis-bis(NHC) complexes around 162 ppm and those of cis-(DMSO)
(NHC) complexes around 158 ppm. The same holds for the shifts of Pt in
195pt spectra. Trans-Bis(NHC) complexes lie around —3270 ppm, cis-bis
(NHC) complexes at —3640 ppm and cis-(DMSO)(NHC) complexes at

10
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—3550 ppm.

Neither the cis-(DMSO)(NHC) complexes 10 and 11 nor the cis-bis
(NHC)-complexes 12 and 13 showed a change of their signals in 'H NMR
spectra over a period of at least three days when dissolved in DMSO +5%
D20, i.e. under test conditions. They can thus be considered stable.
Exemplary °°Pt NMR stability studies in DMSO-dg without the addition
of D20 were conducted with one complex of each series, i. e. 10¢ and
13b. They revealed that neither a change of the shift of the platinum
signal nor any new peak appeared over the course of three days (cf.
Supporting Information).

Some trans-bis(tNHC) complexes, and 9a in particular, however,
showed intriguing stability pattern. Its *H NMR spectrum in DMSO-ds
right after the addition of water showed twice as many signals in the
aromatic region compared to its spectrum recorded in CDCl3 (cf. Sup-
porting Information). In addition, the clear splits visible in the latter blur
into undefined multiplets for the NMe and the OCH;, group, respectively,
and into a virtual doublet of triplets of the aliphatic CHs. These in turn
converge over the time period of three days to form a new species whose
shifts are slightly elevated but match the expected range and multiplicity
of such complexes. Additionally, a 1°°Pt NMR stability study with 9a in
DMSO-dg was carried out. The results are consistent with the findings of
the 'H measurements. In the spectra measured after 0 h a shift of —600
ppm was observed, probably due to an exchange of a chlorido for a
DMSO ligand leading to a cationic complex. This is in keeping with re-
ports that trans-platinum complexes are more reactive than their cis-
analogues [26-28]. However, the spectrum did not keep changing over
time. Addition of AgBF,4 after 72 h then caused the residual platinum
signal of the starting material at —3255 ppm to completely disappear. A
mass spectrum of this solution taken after 96 h showed only the mass of
Pt(NHC)2(DMSO)CI. The same complex dissolved in CDCl3 + 5% D20
with intense and hourlong vortexing before each measurement showed
no change in its '®°Pt or '"H NMR spectra. Consequently, it can be
assumed that no ligand exchange with water took place. A comparison of
the trans-bis(NHC) complexes 8a-c and 9a—c with each other revealed
that the 'H NMR spectra of the benzyl substituted complexes did not
change much over time. The number of signals of the N-ethyl substituted
complexes 8b and 9b increased with time, indicating a slow ligand ex-
change. In contrast, the number of peaks of the N-methyl substituted
complexes 8a and 9a decreased with time, converging to the spectrum
obtained in CDCl3, and so indicating a faster ligand exchange. The rate
of the ligand exchange seems to depend on the size of the N-substituent.

Another point worth mentioning is that the ester functionality does
not undergo saponification neither under mildly basic and aqueous
conditions caused by the intermediate AgOH and the leaving group H,O
during the formation of (NHC)Ag(I) salts [29], nor under strongly basic
conditions which prevail during the synthesis of the cis-bis(NHC) com-
plexes. Furthermore, the respective trans-bis(NHC) complexes are way
less polar than their cis-(DMSO)(NHC) or cis-bis(NHC) analogues as
indicated by TLC and their solubilities.

Our group has recently shown that cis-bisqcNHC) complexes behave
akin to cisplatin and accumulate in the cell nuclei [19]. The aim of this
work was therefore to investigate the subcellular accumulation of cis-
(DMSO)(NHC) complexes 10 and 11 and especially that of the promising
trans-bis(NHC) complexes 8 and 9. Hence, clickable analogues were
synthesised. The propargyl group was chosen as N-substituent with the
smallest possible structural alteration (Scheme 2). The N,N'-dipropargyl
benzimidazolium salt 15 could not be prepared like the salts 4 and 5 via
one-pot N,N’-dialkylation. As a workaround, salt 15 was prepared in
three steps with a purification via column chromatography of the mono-
propargylated intermediate 14. The former could neither be converted
to the cis-(NHC)(DMSO) platinum complex 16 in several steps via an
intermediate silver complex, in analogy to the conversion of the salts 4,
5 to the complexes 10, 11 in scheme 1. We assume that the formation of
silver alkyne n-complexes is favoured over that of the desired carbene
complex. Complex 16 was eventually obtained by deprotonating salt 15
and reacting the resulting carbene right away with cis-(DMSO),PtCls.
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Fig. 10. Fluorescence microscopy images of HCT116 colon cancer cells treated 30 min with 25 pM of complexes 16 or 22 followed by click chemistry with fluo-
rophore bearing reagents (ex/em 350/420-480 nm). Nuclei were counterstained with PI (ex/em 490/640), mitochondria were counterstained using Mitotracker™
(ex/em 580/610). The images shown are representative of at least four independent experiments. Scale bar corresponds to 30 pM.

The circumstance that complexation with silver led to decomposition
also made transmetalation with K2PtCl4 to give the corresponding trans
complexes impossible. Neither are there any platinum dichlorido pre-
cursors with good leaving groups in trans position. Treating the carbene
obtained in situ by deprotonation of salt 15 with K,PtCly also failed to
afford the corresponding trans complex. This is consistent with literature
describing problems of Cu-catalysed click chemistry of azides with al-
kynes, especially in the presence of d'° metals [5]. Accordingly, a
different click chemistry methodology was chosen for the visualisation
of trans complexes differing structurewise only marginally from the
complexes 8 and 9. The methyl or ethyl ester groups of the latter were
replaced by (2,3-dimethylcycloprop-2-en-1-yl)methoxycarbonyl resi-
dues, capable of undergoing metal-free, ring-strain promoted Diels-
Alder-type click reactions with tetrazines (Scheme 3). This is the first
time this methodology was applied to the visualisation of an organo-
metallic compound. The required (2,3-dimethylcycloprop-2-en-1-yl)
methanol was synthesised as described in literature [30]. The amine of
benzimidazole 1 had to be protected with an alloc group prior to a
Steglich-Hassner esterification which afforded ester 18. Its deprotection
gave ester 19 which was N,’N-diethylated furnishing benzimidazolium
iodide 20. The latter was converted with Ag,O to silver NHC complex 21
which was transmetalated with KoPtCl, to give the desired trans-bis
(NHC) platinum complex 22.

3.2. Anticancer activity

3.2.1. Cytotoxicity and cellular uptake

The complexes were investigated for their cytotoxicity over 72 h
against various human cancer cell lines including 518A2 melanoma,
HCT116"" and its HCT116"*® /  knockout mutant colon carcinoma,
U87 glioblastoma, EaHy926 somatic cell hybrid, HeLa cervix carcinoma,
MCF7 breast cancer, and HT-29 colon cancer cells, as well as human
non-malignant dermal fibroblasts HDFa using the MTT cell viability
assay. Their ICsq values are shown in Table 1.

To better identify the most active compounds across all cell lines, the
cytotoxicity indices of the substances were determined with respect to
the cell lines used (Fig. 2)

The complexes 9¢, 10a, 11a, 11b, 12a and 13a showed no

11

significant cytotoxic effect on the cancer cell lines studied. The com-
plexes 8a, 8b, 9b, 10b, 11c and 13b were moderately active with ICsq
values in the one- to two-digit micromolar range. Conspicuous cyto-
toxicities were observed for the complexes 8¢, 9a, 10c and 12b, with
trans-bis(NHC) complex 8¢ and cis-bis(NHC) complex 12b in particular
standing out with two-digit nanomolar ICs values.

Complexes of the methyl ester series tend to be more cytotoxic than
their ethyl analogues, and the cis-bis(NHC) complexes were more cyto-
toxic than the corresponding cis-(DMSO)(NHC) complexes. Further-
more, the trans-bis(NHC) complexes tended to be more cytotoxic than
the cis complexes, and cytoxicity generally increased with the size of the
substituents at the N-atoms of the benzimidazole. The finding that
platinum(II) complexes with trans-positioned leaving groups may also
be cytotoxic against cancer cells, like the more common cis-configured
platinum(II) complexes, is not new. It has even been reported that trans
complexes of platinum(II) may show activity against CDDP resistant
tumour cell lines [9]. This fits with our findings for trans-bis(NHC)
complexes 8c and 9a which showed antiproliferative activity against
CDDP-resistant HT-29 colon carcinoma cells.

3.2.2. Uptake in cancer cells measured with ICP-MS

In order to clarify whether the high cytotoxicity of complexes 8¢ and
12b is intrinsic and structure-dependent, or a consequence of a partic-
ularly high cellular concentration, we assessed their cellular uptake by
HCT116"" colon carcinoma cells via ICP-MS in comparison to CDDP and
ethyl esters 9¢ and 13b, which are structurewise closely related to 8¢
and 12b (Fig. 3).

The uptake of the trans-bis(NHC) complexes 8¢ and 9¢ is apparently
more limited than that of the cis-complexes 12b, 13b and CDDP. The
divergence in cellular uptake is not related to the respective ICsq values.
The impressive cytotoxicity of complex 8c against HCT116™" cells
exceeded that of 12b, 13b and CDDP by far, despite its comparatively
low uptake, whereas 9c is completely inactive. Therefore, the strong
cytotoxicity of 8c is intrinsic, structure-dependent and based on mech-
anistic reasons. As recently shown by Rehm et al., the uptake of platinum
compounds may also be directly linked to structural features [23]. A
generally weak uptake of trans-platinum complexes is assumed.
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3.2.3. Unselective toxicity

In order to assess the degree of toxicity leading to necrosis caused by
complexes 8¢ and 12b, a lactate dehydrogenase (LDH) release assay was
conducted. LDH release is considered as a benchmark for necrotic cells,
as it is a consequence of plasma membrane permeabilisation [12]. LDH
release assays were conducted with HCT116"" cells. LDH release is
measured as absorbance by a coloured formazan which is the product of
an LDH-associated NADH reduction of a colourless tetrazolium salt [12].
No significant increase in LDH levels was detected after an incubation
period of 24 h (Fig. 4). This indicates that the complexes have no un-
selective cytotoxic effects and that the membrane integrity of HCT116""
cells was maintained over 24 h of exposure to concentrations clearly
exceeding the ICsg of the complexes. Thus, a key precondition for suit-
ability as potential drugs was fulfilled, and their mode of action was
further investigated.

3.2.4. Induction of apoptosis, mediated by caspase-3/-7 activation

The absence of an LDH increase upon cell treatment with compounds
8c and 12b hints at a medicinally favourable apoptotic rather than
necrotic type of cancer cell death. Mechanistically, this would imply that
the complexes trigger an apoptosis cascade via activation of caspases
[31]. To confirm this for the complexes 8¢ and 12b, a caspase-3/7
activation assay was performed [32]. Both complexes activated
caspases-3/7 in HCT116™" colon carcinoma cells at least as strongly as
CDDP did (Fig. 5).

3.2.5. Mitochondrial membrane potential and ROS levels

Closely linked to apoptotic events is the loss of the mitochondrial
membrane potential (MMP) and the resulting increase in intracellular
ROS levels [32,33]. The MMP can be assessed by means of the fluores-
cent, cationic dye tetramethylrhodamin methyl ester (TMRM ') which
accumulates in the negatively charged intact mitochondrial membranes
[5]. The integrity of MMP in HCT116"" cells was distinctly diminished
upon treatment with complexes 8c and 12b (Fig. 6A). The disturbance of
the MMP often leads to a rise in intracellular ROS levels, due to the
permeability of the mitochondrial membranes allowing intra-
mitochondrial ROS to enter the cytosol [6]. The ROS levels in HCT116™"
cells treated with complexes 8c and 12b were assessed with dichlor-
odihydrofluorescein diacetate (DCFH-DA), a fluorogenic dye which
measures hydroxyl, peroxyl and other reactive oxygen species in live
cells (Fig. 6B). Treatment of the cells with complexes 8c or 12b led to an
increase of ROS levels, most distinctly so for the cis-complex 12b,
probably because of the lower uptake of trans-complex 8¢ into these
cells. Together with the results of the caspase-3/7 activation assays,
these studies suggest a mitochondria-associated induction of apoptosis
by both complexes 8c and 12b.

3.2.6. Influence on the cell cycle

The clinically established cis-configured platinum(II) complexes
structurally modify cellular DNA and so interfere with its normal func-
tion. As a consequence, alterations of the cell cycle occur due to an in-
hibition of the cellular replication and transcription machinery,
eventually leading to cell apoptosis [34]. Cisplatin typically induces an
S-Phase or a dual S—/G,M-Phase arrest in cancer cells [20,23]. We now
monitored the interference of the platinum(II) complexes 8c and 12b at
their respective ICsq concentrations with the cell cycle of HCT116" cells
using propidium iodide staining and flow cytometry. No significant
changes in the typical cell cycle progression of these colon cancer cells,
compared to the control (Fig. 7A), was observed upon treatment with
trans-complex 8c (Fig. 7B). In contrast, treatment with cis-complex 12b
(Fig. 7C) led to a distinct change in cell cycle phase distribution similar
to CDDP (Fig. 7D). Therefore, a mode of action similar to that of cisplatin
may be assumed for cis-complex 12b, whereas trans-complex 8c seems to
act in a different way.
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3.2.7. DNA interaction

The mechanism of action of CDDP and most other effective cis-
configured Pt(I) complexes is based on the formation of strong coor-
dinative bonds between the metal centre and DNA bases [35]. Due to the
cis configuration of complex 12b and the CDDP-like type of cell cycle
arrest it elicits in treated cancer cells, a DNA-associated mechanism of
action is standing to reason. To verify this and to further elucidate the
mechanism of action of the trans-complexes, DNA-based ethidium bro-
mide (EtdBr) saturation assays and electrophoretic mobility shift assays
(EMSA) were performed. Incubation of linear salmon sperm DNA with
complex 12b led to a strong concentration-dependent reduction of the
fluorescence of intercalated EtdBr as the metalated DNA offers fewer
accessible sites for intercalation. This effect was even more pronounced
for complex 12b when compared to that by CDDP (Fig. 8). The trans-bis
(NHC) complex 8c did not give rise to such an effect, indicating a mode
of action not associated with DNA metalation.

In order to identify the nature of the DNA interaction of complex 12b
an EMSA was conducted. The comparison of EtdBr and EMSA results
allows to distinguish between strong covalent/coordinative and merely
electrostatic interactions of metalating agents and DNA. Treatment of
circular plasmid DNA with cis-complex 12b (Fig. 9B) revealed a
concentration-dependent relaxation of the ccc (covalently closed circu-
lar) form to the oc (open circular) form akin to, yet less pronounced
than, that caused by CDDP (Fig. 9C). In line with its lack of interaction
with linear DNA in the EtdBr assay, the trans-complex 8¢ had no effect
on circular plasmid DNA either (Fig. 9A), also indicating a DNA-
independent mode of action.

These findings support a DNA-associated mode of action for cis-
complex 12b. Together with its CDDP-like cell cycle arrest, the results of
our study suggest a mode of action of 12b quite reminiscent of that of
CDDP. The mechanisms of action leading to the extraordinary cytotoxic
effect of the trans platinum(II) complex 8c remains to be elucidated in
more detail.

3.2.8. Intracellular localisation

Complexes 16 and 22 were synthesised as representatives of the
groups of cis- and trans-complexes that can be converted to fluorescent
products using click chemistry after they have reached their respective
cellular targets. Using this method, the distribution of the complexes
inside the treated cells can be traced. An enrichment of cis-complex 16 in
the area of the nuclei of treated colon cancer cells was observed,
matching the DNA-binding properties of cis-Pt complexes in general and
those of the cis-complexes studied here. In contrast, trans-complex 22
accumulated in regions outside the nuclei, mainly in the area of the
cytoplasm including mitochondria (Fig. 10). This suggests that the trans-
complexes 8 and 9 very likely do not interfer with DNA, as already
suspected. In the past, we had already reported on NHC-platinum
complexes which accumulate in mitochondria and interfere with mito-
chondrial function [19]. The current findings underline the suitability of
trans-complexes of platinum(Il) as anti-cancer compounds targeting
structures other than DNA.

4. Conclusion

The current work studied the influence of the N-alkyl and 5-alkoxy-
carbonyl substituents of cis- and trans-[bis(benzimidazol-2-ylidene)
dichlorido]platinum(II) complexes 12/13 and 8/9 on their stability in
aqueous media, their cytotoxicity against cancer cells, and their un-
derlying properties and modes of action.

The intrinsic cytotoxicity and the cell line specificity of both series of
complexes depended to a large extent on their ester and their N-alkyl
residues whereas their uptake into cancer cells did not. However, the
most active trans-complexes and the most active cis-complexes carried
different such residues. Far less was taken up of trans-complexes 8/9 by
HCT116 colon carcinoma cells when compared to cis-complexes 12/13.

While the cis-complexes appeared to operate by mechanisms of
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action akin to those of cisplatin, the trans-complexes addressed different
targets, e.g. such associated with mitochondria rather than DNA,
although having a lesser effect on the mitochondrial membrane poten-
tial and the release of ROS. The subcellular localisation of trans complex
22 in mitochondrial organelles by the first-time bioorthogonal clicking
of a cyclopropene-bearing complex with a fluorogenic tetrazine supports
this finding. The trans-complexes had also no effect on the cell cycle of
cancer cells. Most intriguing, however, is their high activity against
cisplatin-refractory cancer cells.

Combination therapies of inactive transplatin with drugs affecting
the DNA and its function such as the antimetabolite 5-fluorouracil had
been reported to enhance the anticancer effect of the latter [36]. It
would be interesting to test whether combinations of our active trans-
complexes with 5-FU lead to an even greater overall anticancer effect.

Further work is necessary to fully elucidate the mode of action of
trans-[bis(benzimidazol-2-ylidene)dichlorido]platinum(Il) complexes
and to pinpoint the optimum set of N- and aryl-substituents.
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1 Synthesis and characterization of used precursors

1.1 General procedure for the esterification of 1H-Benzimidazole-5-carboxylic acid

1H-benzimidazol-5-carboxylic acid (1.00 eq.) was suspended in ROH (3 mL/mmol) and
concentrated H2SO4 (2.40 eq.) was added to the solution. Subsequently the mixture was stirred
at 100 °C for 24 h. Afterwards, the solvent was removed under reduced pressure and the residue
was dissolved in EtOAc (50 mL/mmol). The organic phase was then washed with saturated
Na2CO3(aq.) (50 mL/mmol). The aqueous phase was extracted with EtOAc (3 - 50 mL/mmol)
and the combined organic phases were washed with brine (50 mL/mmol), dried over Na>SO4
and filtrated. The solvent was evaporated and the product could be afforded as brown powder

after drying in vacuum.

Methyl 1H-benzimidazol-5-carboxylate (2)

872 mg (4.96 mmol, 80%) from 1 (1.00 g, 6.70 mmol, 1.00 eq.), H2SO4 (783 pL, 14.8 mmol,
2.40 eq.) in MeOH (15.0 mL). '"H NMR (500 MHz, CDCl3) 8u = 11.2 (s, 1H, NH), 8.43 (s, 1H,
H™), 8.25 (s, 1H, H*), 8.03 (vdd,J= 8.5 Hz, 1.5 Hz, 1H, H*), 7.69 (d,J= 8.5 Hz 1H, H*), 3.95
(s, 3H, OCHz3); *C NMR (125 MHz, CDCl3) 3¢ = 167.7 (s, COOCH3), 142.8 (s, C¥), 125.1 (s,

C), 124.5 (s, C*), 52.3 (s, OCH3).
The NMR spectra match previously reported data.[']
Ethyl 1H-benzimidazol-5-carboxylate (3)

2.01 g (10.6 mmol, 86%) from 1 (2.00 g, 12.3 mmol, 1.00 eq.), H2SO4 (1.59 mL, 29.6 mmol,
2.40 eq.) in EtOH (30.0 mL). 'H NMR (500 MHz, DMSO-ds) 8u = 13.0 (s, 1H, NH), 8.45 (s,
1H, H™), 8.34 (s, 1H, H™), 8.02 (vdd, J= 8.5 Hz, 1.6 Hz, 1H, H*), 7.69 (d, /= 8.7 Hz, 1H, H*),

4.39 (q,J=7.1 Hz 2H, OCH>), 1.38 (t,J = 7.1 Hz, 3H, CH3); 3*C NMR (125 MHz, CDCl;3) 8¢
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=167.4 (s, COOCHb), 143.3 (s, C™), 140.9 (s, C*), 137.9 (s, C), 125.2 (s, C™), 124.4 (s, C™),

118.3 (s, C*), 114.9 (s, C*), 61.2 (s, OCHo), 14.4 (s, CHs).

The NMR spectra match previously reported data.[?!

1.2 General procedure for N-alkylation and halide exchange

1H-benzimidazol-5-carboxylate (1.00 eq.) and K2COs (1.70 eq.) were suspended in MeCN
(20 mL/mmol). The mixture was treated with RX (6.00 eq.) and stirred at reflux for 24 h.
Subsequently the solvent was removed under reduced pressure and the residue was dissolved
in CH2Cl>. After filtration, the solvent was concentrated in vacuum and the residue was
precipitated in ether. Drying the precipitate in vacuo afforded the product as pale yellow to
brown powder. The respective halide (1.00 eq.) and Ag>COs (1.14 eq.) were suspended in EtOH
(20 mL/mmol). Concentrated HNO;3 (10 drops/mmol) was added and the suspension was stirred
for 3.5 h while being shielded from light. After the silver halides were filtered off, concentrated
HCI (2.30 eq.) was added dropwise and the solution stirred for 10 min. Afterwards the solution
was neutralized by adding saturated NaHCOsq) and filtered once more. Subsequently the
solvent was evaporated and the residue was dissolved in CH>Cl. After another filtration step,
the solution was concentrated and precipitated in n-pentane. After drying in vacuo, the product

could be isolated as white to yellow powder.
1,3-dimethyl-5-(methoxycarbonyl)- 1 H-benzimidazol-3-ium chloride (4a)

850 mg (2.56 mmol, 90%) from 2 (500 mg, 2.84 mmol, 1.00 eq.), K2CO3 (667 mg, 4.82 mmol,
1.70 eq.) and Mel (1.06 mL, 17.0 mmol, 6.00 eq.) in MeCN (50.0 mL). '"H NMR (500 MHz,
CDCl3) éu = 11.3 (s, 1H, CH), 8.42 (s, 1H, H*), 8.37 (d,J = 1.5 Hz, 1H, H*), 7.78 (d,J = 1.5

Hz, 1H, H*), 431 (s, 6H, CH3), 4.02 (s, 3H, OCH3); *C NMR (125 MHz, CDCl3) ¢ = 165.2
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(s, COOCH3), 134.5 (s, C*), 131.8 (s, C*"), 129.6 (s, C*), 128.5 (s, C™), 114.8 (s, C*), 112.9 (s,

C™), 52.9 (s, OCHs), 34.4 (NCHs), 33.8 (s, NCHs).

170 mg (706 pmol, 59%) from 1,3-dimethyl-5-(methoxycarbonyl)-1H-benzimidazol-3-ium
iodide (400 mg, 1.20 mmol, 1.00 eq.), Ag2CO3; (379 mg, 1.37 mmol, 1.14 eq.), HNO; (12
drops) and HCI (229 pL, 2.77 mmol, 2.30 eq.) in EtOH (25.0 mL). '"H NMR (500 MHz, CDCls)
du=11.0 (s, 1H, CH), 8.41 (s, 1H, H*), 8.34 (vdd,J = 8.7 Hz, 1.5 Hz, 1H, H*), 7.78 (d,J = 8.7
Hz, 1H, H*), 4.26 (d,J = 4.3 Hz, 6H, CH3), 4.01 (s, 3H, OCH3); >*C NMR (125 MHz, CDCls)
dc =165.3 (s, COOCH3), 147.0 (s, NCN), 134.7 (s, C*), 131.8 (s, C*), 129.3 (s, C*), 128.2 (s,

C™), 114.7 (s, C™), 112.9 (s, C*), 53.0 (s, OCHz), 33.9 (NCHs), 33.8 (s, NCHs).

1,3-dimethyl-5-(methoxycarbonyl)-1 H-benzimidazol-3-ium chloride (4b)

1.20 g (3.33 mmol, 98%) from Methyl 1 H-benzimidazol-5-carboxylate (2) (600 mg, 3.41 mmol,
1.00 eq.), K2CO3 (800 mg, 5.79 mmol, 1.70 eq.) and Etl (1.64 mL, 20.4 mmol, 6.00 eq.) in
MeCN (50.0 mL). "H NMR (500 MHz, CDCl3) 8y = 11.5 (s, 1H, CH), 8.44 (s, 1H, H™), 8.36
(d,J=1.5Hz, 1H, H™), 7.79 (d,J = 1.5 Hz, 1H, H*), 4.73 (vdq,J = 7.4 Hz, 4.0 Hz, 4H, CH),
4.03 (s, 3H, OCH3), 1.83 (vdt,J = 10.0 Hz, 7.5 Hz, 6H, CH3); 3*C NMR (125 MHz, CDCl3) 8¢
=165.3 (s, COOCHb), 143.6 (NCN), 131.1 (s, C*), 129.3 (s, C), 128.2 (s, C*), 115.0 (s, C¥),

113.5 (s, C*), 53.0 (s, OCHs), 43.7 (NCHa), 43.5 (NCHa), 14.9 (s, CHs).

330 mg (1.23 mmol, 88%) from 1,3-diethyl-5-(methoxycarbonyl)-1H-benzimidazol-3-ium
iodide (500 mg, 1.39 mmol, 1.00 eq.), Ag2COs (436 mg, 1.58 mmol, 1.14 eq.), HNO; (14
drops) and HCI (264 pL, 3.19 mmol, 2.30 eq.) in EtOH (25.0 mL). '"H NMR (500 MHz, CDCls)
ou=11.0(s, 1H, CH), 8.42 (s, 1H, H*), 8.32 (d,J = 8.7 Hz, 1H, H*), 7.82 (vdd,/ = 8.8 Hz, 2.9
Hz, TH, H™), 4.69 (vdq,J = 7.4 Hz, 2.0 Hz, 4H, CH>), 4.00 (s, 3H, OCH3), 1.77 — 1.65 (m, 6H,

CH3). 3C NMR (125 MHz, CDCls) 8¢ = 165.3 (s, COOCHs), 134.1 (s, C*"), 131.7 (s, C*"), 129.2
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(s, C™), 128.1 (s, C), 115.0 (s, C™), 113.2 (s, C*"), 53.0 (s, OCH3), 43.3 (NCHo), 14.8 (s, CH),

14.7 (s, CH3).
1,3-dimethyl-5-(methoxycarbonyl)- 1 H-benzimidazol-3-ium chloride (4¢)

937 mg (2.14 mmol, 76%) from 2 (500 mg, 2.84 mmol, 1.00 eq.), K2CO;3 (667 mg, 4.82 mmol,
1.70 eq.) and BnBr (2.02 mL, 17.0 mmol, 6.00 eq.) in MeCN (50.0 mL). '"H NMR (500 MHz,
CDCls) ou = 12.0 (s, 1H, CH), 8.28 (s, 1H, H*), 8.18 (vdd,J = 8.8 Hz, 1.5 Hz, 1H, H*), 7.62
(m, 3H, H*), 7.53 (m, 2H, H™), 7.46 (m, 6H, H*), 5.89 (s, 4H, CH>), 3.95 (s, 3H, OCH3). 1*C
NMR (125 MHz, CDCls) &c = 165.1 (s, COOMe), 145.3 (NCN), 134.1 (s, C*), 132.4 (s, C*),
132.2 (s, C™), 131.3 (s, C*), 129.5 (s, C*), 129.4 (s, C¥), 129.3 (s, C*), 128.5 (s, C*), 128.1 (s,

C™) 115.6 (s, C™), 114.2 (s, C*"), 53.0 (s, OCHs), 52.2 (s, NCH,), 52.0 (s, NCHa).

208 mg (513 pmol, 58%) from 1,3-dibenzyl-5-(methoxycarbonyl)-1H-benzimidazol-3-ium
bromide (400 mg, 914 umol, 1.00 eq.), Ag2CO3 (288 mg, 1.04 mmol, 1.14 eq.), HNOs (11
drops) and HCI (174 pL, 2.10 mmol, 2.30 eq.) in EtOH (25.0 mL). '"H NMR (500 MHz, CDCls)
on =114 (s, IH, CH), 8.24 (vd, IH, J= 1.4 Hz, H*), 8.12 (vdd,J = 8.7 Hz, 1.4 Hz, 1H, H*),
7.69 (d,J = 8.8 Hz, 1H, H"), 7.48 — 7.43 (m, 4H, H*), 7.37 - 7.27 (m, 6H, H*), 5.78 (vd,J =
8.8 Hz, 4H, CH>), 3.90 (s, 3H, OCH3); '*C NMR (125 MHz, CDCl;3) 6¢ = 165.2 (s, COOCH3),
146.5 (s, NCN), 134.2 (s, C*), 132.5 (s, C*), 132.4 (s, C*), 131.4 (s, C™), 129.5 (s, C*), 129.4
(s, C™), 129.3 (s, C™), 129.2 (s, C*), 129.1 (s, C*), 128.4 (s, C™), 128.2 (s, C*), 128.0 (s, C™),

115.5 (s, C*), 114.0 (s, C*) 52.9 (s, OCH3), 51.8 (NCH2), 51.7 (s, NCHa).
1,3-dimethyl-5-(ethoxycarbonyl)-1H-benzimidazol-3-ium chloride (5a)

400 mg (1.07 mmol, 68%) from 3 (300 mg, 1.58 mmol, 1.00 eq.), K2CO; (371 mg, 2.68 mmol,
1.70 eq.) and Mel (761 uL, 9.46 mmol, 6.00 eq.) in MeCN (30.0 mL). '"H NMR (500 MHz,
CDCl3) du=11.3 (s, IH, CH), 8.34 (s, 1H, H*), 8.31 (dd,/= 8.7 Hz, 1.3 Hz, 1H, H*), 7.76 (dd,

J=8.7Hz, 1.5 Hz, 1H, H"), 4.46 (q, J = 7.1 Hz, 2H, OCH,), 4.16 (s, 6H, NCHs), 1.45 (t, J =

Vi
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7.1 Hz, 3H, CHs); '*C NMR (125 MHz, CDCls) 8¢ = 164.8 (s, COOCH.,), 144.9 (s, NCN),
134.5 (s, C*), 131.7 (s, C*), 129.7 (s, C*), 128.2 (s, C), 114.7 (s, C*), 113.3 (s, C*), 62.1 (s,

OCHs), 34.8 (NCHs), 34.5 (s, NCHs), 14.3 (s, CHs).

530 mg (2.08 mmol, 80%) from 1,3-dimethyl-5-(ethoxycarbonyl)-1H-benzimidazol-3-ium
iodide (900 mg, 2.60 mmol, 1.00 eq.), Ag2CO; (817 mg, 2.96 mmol, 1.14 eq.), HNOs3 (25
drops) and HCI (495 pL, 5.98 mmol, 2.30 eq.) in EtOH (50.0 mL). '"H NMR (500 MHz, CDCl5)
du =109 (s, 1H, CH), 8.35 (s, 1H, H"), 8.30 (d,J= 8.7 Hz, 1H, H"), 7.71 (d,J = 8.7 Hz, 1H,
H™), 4.41 (q, J=7.1 Hz, 2H, OCH>»), 4.19 (d, J= 6.8 Hz, 6H, NCH3), 1.40 (t, /= 7.1 Hz, 3H,
CH3); 3C NMR (125 MHz, CDCI3) 8¢ = 164.9 (s, COOCHy), 146.1 (s, NCN), 134.5 (s, C¥),
131.8 (s, C*), 129.6 (s, C™), 128.1 (s, C™), 114.6 (s, C*), 113.0 (s, C¥), 62.1 (s, OCHy), 33.8

(NCHs), 33.7 (s, NCH;), 14.3 (s, CHz).

1,3-diethyl-5-(ethoxycarbonyl)-1 H-benzimidazol-3-ium chloride (5b)

883 mg (2.55 mmol, 97%) from 3 (500 mg, 2.63 mmol, 1.00 eq.), K2CO3 (618 mg, 4.47 mmol,
1.70 eq.) and EtI (982 pL, 15.8 mmol, 6.00 eq.) in MeCN (50.0 mL). '"H NMR (500 MHz,
CDCl3) éu = 11.1 (s, 1H, CH), 8.44 (s, 1H, H*), 8.36 (vdd,J = 8.8 Hz, 1.4 Hz, 1H, H*), 7.83
(vdd,J=8.7 Hz, 1.54 Hz, 1H, H¥), 4.68 (vdq,J= 7.4 Hz, 3.6 Hz, 4H, CH>), 4.50 (q,/J=7.1 Hz
2H, OCH>), 1.74 (vdt,J = 9.7 Hz, 7.3 Hz, 6H, CH3), 1.48 (t, J = 7.1 Hz, 3H, CH3); *C NMR
(125 MHz, CDCl3) 8¢ = 164.8 (s, COOCH2>), 146.7 (s, NCN), 134.0 (s, C*), 131.2 (s, C*), 129.7
(s, C™), 128.1 (s, C*), 114.9 (s, C*), 112.9 (s, C*), 62.2 (s, OCHy), 43.3 (vd, ] = 3.2 Hz, NCH>),

14.9 (s, CHz), 14.7 (s, CHz), 14.3 (s, CH3).

422 mg (1.66 mmol, 80%) from 1,3-diethyl-5-(ethoxycarbonyl)-1H-benzimidazol-3-ium
iodide (717 mg, 1.92 mmol, 1.00 eq.), Ag2CO; (602 mg, 2.18 mmol, 1.14 eq.), HNO3 (20

drops) and HC1 (365 pL, 4.41 mmol, 2.30 eq.) in EtOH (50.0 mL). '"H NMR (500 MHz, CDCl5)

Vil
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8u = 11.4 (s, 1H, CH), 8.42 (s, 1H, H"), 8.36 (dd, J = 8.7 Hz, 1.4 Hz, 1H, H"), 7.79 (dd, J =
8.7 Hz, 1.54 Hz, 1H, H*), 4.73 (dq,J = 7.4 Hz, 1.3 Hz, 4H, CHy), 4.48 (q, J = 7.2 Hz 2H,
OCHb), 1.81 (dt,J = 10.0 Hz, 7.4 Hz, 6H, CHs), 1.46 (t, J = 7.2 Hz, 3H, CHs); °C NMR
(125 MHz, CDCls) 8¢ = 164.8 (s, COOCH.), 143.3 (NCN), 133.9 (s, C*), 131.1 (s, C*), 129.6
(s, C™), 128.2 (s, C*), 114.9 (s, C*), 113.6 (s, C*), 62.1 (s, OCH3), 43.7 (NCHa), 43.5 (NCH>),

14.9 (s, CH3), 14.8 (s, CH3), 14.3 (s, CH3) .
1,3-dibenzyl-5-(ethoxycarbonyl)-1 H-benzimidazol-3-ium chloride (5¢)

933 mg (2.07 mmol, 98%) from 3 (400 mg, 2.10 mmol, 1.00 eq.), K2CO3 (494 mg, 3.58 mmol,
1.70 eq.) and BnBr (1.50 mL, 12.6 mmol, 6.00 eq.) in MeCN (40.0 mL). 'H NMR (500 MHz,
CDCl) 6w = 12.1 (s, 1H, CH), 8.30 (s, 1H, H*), 8.21 (d, /= 8.5 Hz, 1H, H"), 7.72-7.36 (m,
11H, H™), 5.93 (s, 4H, CH>), 4.43 (q, J= 7.1 Hz, 2H, OCH2>), 1.42 (t,J = 7.1 Hz, 3H, CH3); '3C
NMR (125 MHz, CDCl;) 6¢ = 164.6 (s, COOCHb), 134.0 (s, C*), 132.5 (s, C*), 132.3 (s, C*),
131.2 (s, C*), 129.5 (s, C™), 129.4 (s, C*), 129.3 (s, C*), 129.2 (s, C*), 128.5 (s, C*), 128.4 (s,
C*), 128.0 (s, C™), 115.5 (s, C*), 114.3 (s, C*), 61.9 (s, OCH>), 52.0 (NCH>), 51.9 (s, NCH>),
14.2 (s, CHa).

72.0mg (177 pmol, 67%) from 1,3-diethyl-5-(ethoxycarbonyl)-1H-benzimidazol-3-ium
bromide (120 mg, 266 pmol, 1.00 eq.), Ag2CO; (83.6 mg, 303 pmol, 1.14 eq.), HNOs3 (3 drops)
and HCI (50.6 pL, 612 pmol, 2.30 eq.) in EtOH (5.00 mL). '"H NMR (500 MHz, CDCls) &u =
11.3 (s, 1H, CH), 8.21 (s, 1H, H*), 8.12 (dd, /= 8.7 Hz, 1.4 Hz, 1H, H*), 7.64 (d, /= 8.7 Hz,
IH, H*), 7.46-7.42 (m, 4H, H*), 7.35-7.25 (m, 6H, H*), 5.77 (s, 2H, NCHa»), 5.76 (s, 2H,
NCH>), 4.34 (q, J = 7.1 Hz, 2H, OCH>), 1.35 (t, J = 7.1 Hz, 3H, CH3); *C NMR (125 MHz,
CDCl;) 6¢ = 164.7 (s, COOCH>), 146.5 (NCN), 134.1 (s, C*), 132.5 (s, C*), 132.4 (s, C™),
131.4 (s, C*), 129.5 (s, C™), 129.4 (s, C*), 129.3 (s, C*), 128.4 (s, C*), 128.0 (s, C*), 115.5 (s,

€, 114.0 (s, C), 62.0 (s, OCH,), 51.9 (NCHa), 51.8 (s, NCHa), 14.2 (s, CH3).

Vil
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1.3 General procedure for silver complexation

Benzimidazoleium-5-carboxylate chloride (1.00 eq.) and Ag20O (0.50 eq.) were dissolved in
CHCl: (25 mL/mmol) and stirred for 24 h while being shielded from light. Subsequently the
solution was filtered over Celite, concentrated and the residue precipitated in n-pentane. After

drying in vacuo, the product could be isolated as white powder.
[5-methoxycarbonyl-1,3-dimethylbenzimidazol-2-ylidene] silver(I) chlorido (6a)

385 mg (1.11 mmol, 89%) from 04a (300 mg, 1.25 mmol, 1.00 eq.), Ag>O (144 mg, 623 pmol,
0.50 eq.) in CH2Cl; (30.0 mL). '"H NMR (500 MHz, DMSO-d¢) &u = 8.19 (s, 1H, H¥), 8.14
(vdd,J = 8.5 Hz, 1.5 Hz, 1H, H*), 7.50 (vdd,J = 8.6 Hz, 0.6 Hz, 1H, H*), 4.11 (d,J = 6.7 Hz,
6H, NCH3), 3.99 (s, 3H, OCH3); "*C NMR (125 MHz, CDCl3) &¢ = 166.3 (s, COOCH3), 137.1
(s, C™), 134.2 (s, C*), 126.5 (5, C™), 125.8 (s, C*), 113.2 (5, C*), 111.0 (s, C*), 52.7 (s, OCH3),

36.0 (s, NCHas).
[5-methoxycarbonyl-1,3-diethylbenzimidazol-2-ylidene] silver(l) chlorido (6b)

34.0 mg (90.5 pmol, 35%) from 04b (70.0 mg, 261 umol, 1.00 eq.), Ag20 (36.2 mg, 133 pumol,
0.50 eq.) in CH2Cl2 (50.0 mL). 'H NMR (500 MHz, DMSO-ds) 8u = 8.43 (s, 1H, H™), 8.07 (d,
J=18.5Hz, IH, H"), 7.99 (d,J = 8.6 Hz, 1H, H™), 4.63 (q,J = 7.3 Hz, 4H, CHy), 3.93 (s, 3H,
OCHa), 1.49 (t,J=7.5 Hz, 6H, CH3); *C NMR (125 MHz, CDCl3) 8¢ = 198.1 (s, NCN), 166.7
(s, COOCH3), 136.6 (s, C*), 133.6 (s, C*), 125.4 (s, C*), 124.9 (s, C*), 112.9 (s, C*¥), 110.6 (s,

C™), 52.5 (s, OCH3), 44.3 (d,J = 4.1 Hz, NCH), 16.1 (s, CH3), 16.0 (s, CH3).
[5-methoxycarbonyl-1,3-dibenzylbenzimidazol-2-ylidene] silver(I) chlorido (6¢)

Yield: 452 mg (904 umol, 89%) from 04c¢ (400 mg, 1.02 mmol, 1.00 eq.), Ag2O (142 mg,
611 pmol, 0.50 eq.) in CH2Cl, (25.0 mL). "H NMR (500 MHz, CDCl3) &1 = 8.29 (s, 1H, H¥),

7.99 (vdd,J = 8.7 Hz, 1.5 Hz, 1H, H™), 7.87 (d,J = 8.7 Hz, 1H, H™), 7.38-7.27 (m, 10H, H™),
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5.86 (s, 2H, CHa), 5.80 (s, 2H, CH,) 3.86 (s, 3H, OCHz); '*C NMR (125 MHz, CDCL3) 8¢ =
196.2 (s, NCN), 166.2 (s, COOCH3), 136.9 (s, C*), 135.2 (s, C*), 135.1 (s, C*), 134.0 (s, C*),
129.1 (s, C*), 129.0 (s, C), 128.4 (s, C), 127.3 (s, C™), 126.2 (s, C), 125.6 (s, C*), 113.6 (s,

C), 111.8 (s, C™), 53.5 (s, OCH3), 53.2 (NCHy), 52.5 (s, NCH>).
[5-ethoxycarbonyl-1,3-dimethylbenzimidazol-2-ylidene] silver(I) chlorido (7a)

434 mg (1.20 mmol, 92%) from 05a (380 mg, 1.49 mmol, 1.00 eq.), Ag20 (173 mg, 746 pmol,
0.50 eq.) in CH2Cl> (40.0 mL). 'H NMR (500 MHz, CDCls) 8n = 8.21 (s, 1H, H¥), 8.17 (vdd,
J=8.5Hz, 1.5 Hz, 1H, H*), 7.53 (d,J = 8.5 Hz 1H, H"), 4.45 (q, /= 7.0 Hz, 2H, OCH>), 4.12
(s, 6H,NCHs), 1.45 (t,J = 7.0 Hz, 3H, CH3); '*C NMR (125 MHz, CDCls) 8¢ = 191.8 (s, NCN),
165.8 (s, COOCHy), 137.1 (s, C*), 134.2 (s, C*), 126.9 (s, C*), 125.9 (s, C*), 113.2 (s, C*),

111.0 (s, C™), 61.7 (s, OCHa»), 36.1 (d,J = 3.6 Hz, NCH3), 14.4 (s, CH3).
[5-ethoxycarbonyl-1,3-diethylbenzimidazol-2-ylidene] silver(l) chlorido (7b)

507 mg (1.30 mmol, 74%) from (5b) (450 mg, 1.59 mmol, 1.00 eq.), Ag20 (205 mg, 883 umol,
0.50 eq.) in CH2Cl (45.0 mL). '"H NMR (500 MHz, CDCl3) 8y = 8.22 (s, 1H, H*), 8.14 (vdd,
J=8.6Hz, 1.4 Hz, 1H, H*), 7.55 (d,J= 8.6 Hz 1H, H*), 4.52 (vdq, J= 9.0 Hz, 7.3 Hz, 4H,
NCHy), 4.45 (q,J = 7.1 Hz, 2H, OCHy), 1.57 (vdt,J =9.0 Hz, 7.3 Hz, 6H, CH3), 1.44 (t, J=7.1
Hz, 3H, CHs); *C NMR (125 MHz, CDCls) 8¢ = 189.3 (s, NCN), 165.8 (s, COOCHb>), 136.2
(s, C¥), 133.3 (s, C™), 126.8 (s, C™), 125.7 (s, C¥), 113.3 (s, C*), 111.2 (s, C™), 61.7 (s, OCHb),

45.0 (d,J=2.7 Hz, NCHy), 16.1 (s, CH3), 16.0 (s, CHs), 14.4 (s, CH3).
Chlorido [5-ethoxycarbonyl-1,3-dibenzylbenzimidazol-2-ylidene] silver(I) chlorido (7¢)

313 mg (609 pmol, 83%) from 5S¢ (300 mg, 737 umol, 1.00 eq.), Ag2O (85.4 mg, 369 umol,
0.50 eq.) in CH>Cl> (15.0 mL). '"H NMR (500 MHz, CDCls) 8x = 8.10 (s, 1H, H*), 8.01 (d,J =
8.6 Hz, 1H, H"), 7.40 — 7.30 (m, 1 1H, H*), 5.68 (s, 4H, NCH>), 4.37 (q,/ = 7.1 Hz, 2H, OCH2),

1.37 (t,J= 7.1 Hz, 3H, CH3); '*C NMR (125 MHz, CDCl3) 8¢ = 196.0 (s, NCN), 165.7 (s,
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COOCHS,), 136.8 (s, C*), 135.0 (s, C*), 134.0 (s, C*), 129.1 (s, C*), 128.5 (s, C™), 127.4 (s,
Ca), 127.3 (s, C), 126.7 (s, C¥), 113.7 (s, C*), 111.7 (s, C*), 61.5 (s, OCH,), 53.5 (NCHa),

53.3 (s, NCH>), 14.3 (s, CHs).

1.4 Procedures for the synthesis of the precursors of clickable complexes 16 and 22

Methyl 1-(prop-2-yn-1-yl)-1H-benzimidazol-5-carboxylate (14)

2 (600 mg, 3.41 mmol, 1.00 eq.) and K>COs3 (471 mg, 3.41 mmol, 1.00 eq.) were suspended in
DMF (50 mL). The mixture was treated with bromopropyne (760 pL, 6.82 mmol, 80% in
toluene, 2.00 eq.) and stirred at 60 °C for 24 h. Subsequently the solvent was removed under
reduced pressure and the residue was dissolved in chloroform (150 mL). Water (2 - 150 mL)
was added to remove K2CO3 and the combined aqueous phases were extracted with chloroform
(150 mL). The combined organic phases were dried over Na2SOq, filtered and the solvent was
concentrated in vacuum. The crude product was purified by column chromatography (Silica gel
60, EtOAc/MeOH 95:5) affording it as brown powder (594 mg, 2.76 mmol, 81%) after drying
in vacuo. Rf = 0.52 (EtOAc/MeOH 95:5); '"H NMR (500 MHz, CDCls) 8y = 8.54 (dd, J=1.5
Hz, 0.7 Hz, 1H, H*), 8.24 (dd, J= 1.5 Hz, 0.7 Hz, 1H, H*), 8.16 (s, 1H, H*), 8.11 (s, 1H, H),
8.08 (dd, /= 8.5 Hz, 1.5 Hz, 1H, H*), 8.03 (dd, /= 8.5 Hz, 1.6 Hz, 1H, H"), 7.83 (dd, /= 8.5
Hz, 0.7 Hz, 1H, H*), 7.51 (dd, J = 8.6 Hz, 0.6 Hz, 1H, H*), 4.99 (d, J = 2.6 Hz, 4H, NCH>),
3.97 (s, 6H, OMe), 2.54 (dt, J = 6.1 Hz, 2.6 Hz, 2H, CH). '*C NMR (125 MHz, CDCl3) é¢c =
167.4 (s, COOMe), 167.3 (s, COOMe), 147.4 (s, C*), 144.8 (s, C*), 143.9 (s, C*), 143.6 (s,
C), 136.5 (s, C*), 133.1 (s, C*), 125.3 (s, C*), 125.0 (s, C*), 124.9 (s, C*"), 124.0 (s, C™),
123.0 (s, C*), 120.3 (s, C*™), 112.0 (s, C*), 109.5 (s, C*), 75.6 (s, CH), 75.4 (s, CH), 52.3 (OMe),

52.2 (OMe), 34.9 (NCH,).
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5-(methoxycarbonyl)-1,3-di(prop-2-yn-1-yl)-1H-benzimidazol-3-ium chloride (15)

14 (561 mg, 2.62 mmol, 1.00 eq.) and bromopropyne (1.16 mL, 10.5 mmol, 80% in toluene,
4.00 eq.) were dissolved in 1,4-dioxane (20 mL). The mixture was stirred at 130 °C for 24 h.
Subsequently the solution was cooled to rt and filtered. The filter cake was rinsed with cold 1,4-
dioxane and dried in vacuum affording the product as brown powder (784 mg, 2.35 mmol, 90%)
after drying in vacuo. "H NMR (500 MHz, CDCl3) 8y = 11.8 (s, 1H, NCHN), 8.61 (s, 1H, H™),
8.39 (dd, J = 8.8 Hz, 1.4 Hz, 1H, H™), 8.00 (d, J = 8.8 Hz, 1H, H"), 5.68 (d, J = 2.6 Hz, 4H,
NCHz), 4.03 (s, 3H, OMe), 2.71 (dt, J= 10.9 Hz, 2.6 Hz, 2H, CH). 3C NMR (125 MHz, CDClz)
dc=166.1 (s, COOMe), 144.9 (s, C*¥), 133.6 (s, C*), 130.9 (s, C*), 129.9 (s, C*), 128.7 (s, C¥),

115.7 (s, C™), 114.0 (s, C™), 78.4 (s, CH), 78.2 (s, CH), 53.1 (OMe), 38.4 (NCHL).

5-(methoxycarbonyl)-1,3-di(prop-2-yn-1-yl)-1H-benzimidazol-3-ium bromide (400 mg, 1.20
mmol, 1.00 eq.) and Ag>CO3 (377 mg, 1.37 mmol, 1.14 eq.) were suspended in EtOH (25 mL).
Concentrated HNOs (12 drops) was added and the suspension was stirred for 3.5 h while being
shielded from light. After the silver halides were filtered off, concentrated HCI (300 uL, 2.76
mmol, 2.30 eq.) was added dropwise and the solution stirred for 10 min. Afterwards the solution
was neutralized by adding saturated NaHCO3(q) and filtered once more. Subsequently the
solvent was evaporated and the residue was dissolved in CH2Clo. After another filtration step,
the solution was concentrated and precipitated in z-pentane. After drying in vacuo, the product
could be isolated as yellow powder (202 mg, 700 pmol, 58%). 'H NMR (500 MHz, CDCl3) 8y
=11.2 (s, IH, NCHN), 8.55 (s, 1H, H*), 8.33 (dd, /= 8.7 Hz, 1.5 Hz, 1H, H"), 8.00 (d, /= 8.8
Hz, 1H, H™), 5.52 (t, J= 3.2 Hz, 4H, NCH>), 4.03 (s, 3H, OMe), 2.69 (dt, /= 10.2 Hz, 2.6 Hz,

2H, CH).

I-((allyloxy)carbonyl)-1 H-benzimidazol-5-carboxylic acid (17)
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1 (1.30 g, 8.02 mmol, 1.00 eq.) was dissolved in 10% Na2CO3(aq, (22.5 mL) and 1,4-dioxane
(13.5 mL) and cooled to 0 °C. Allyl chloroformate (1.71 mL, 16.0 mmol, 2.00 eq.) was added
dropwise and the mixture was left stirring at et for 16 h. Afterwards the solution was washed
with Et20 (3 - 50 mL) and the aqueous phase was acidified with 2 n HCIL. After extraction with
EtOAc (5 - 60 mL), the combined organic phases were dried over MgSQs, filtrated and the
solvent was evaporated. The residue was dried in vacuo affording 17 (1.91 g, 7.78 mmol, 97%)
as beige powder. 'H NMR (500 MHz, MeOD) &n = 8.56 (s, 1H, H¥), 8.46 (s, 1H, H¥),
7.90 —7.85 (m, 1H, H™), 7.56 (d,J = 8.4 Hz, 1H, H*), 6.04 — 5.96 (m, 1H, H¥*%), 5.41 - 5.36
(m, 1H, H¥°%), 525 (d,J=10.5 Hz, 1H, H¥"°), 4.86 (d,J = 6.9 Hz, 2H, Hc); 13C NMR
(125 MHz, MeOD) &¢ = 168.3 (s, COOH), 148.7 (s), 146.2 (s), 130.9 (s), 126.7 (s), 125.8 (s),

124.0 (s), 121.5 (s), 119.3 (s), 119.2 (s), 116.1 (s), 113.8 (s), 68.6 (5).

Only one regioisomer shown.

1-allyl 5-((2,3-dimethylcycloprop-2-en-1-yl)methyl) 1H-benzimidazol-1,5-dicarboxylate (18)

17 (1.86 g, 7.55 mmol, 1.30 eq.) was suspended in dry CH2Cl; (100 mL) and cooled to 0 °C.
DMAP (922 mg, 7.55 mmol, 1.30 eq.) and EDC-HCI (1.45 g, 7.55 mmol, 1.30 eq.) were added
portionwise and the solution was left stirring at 0 °C for lh after which 2,3-Dimethyl-2-
cyclopropene-1-methanol (570 mg, 5.81 mmol, 1.00 eq.) in dry CH2Cl> (30 mL) was added
dropwise over a period of 30 min. After complete addition, stirring was continued for 24 h at
rt. Consequently the solution was diluted with EtOAc and washed with 0.5 m H2SO4. The
aqueous phase was extracted with EtOAc (3 - 100 mL) and the combined organic phases were
dried over Na>SOs. The solvent was evaporated after filtration and the residue was purified via
column chromatography (Cyclohexane/EtOAc 3:1) affording the ester as yellowish oil (1.10 g,
3.37 mmol, 58%). Rf (Cyclohexane/EtOAc 3:1): 0.20; 0.16; 'H NMR (500 MHz, CDCl3) &y, =
8.48 (s, 1H, H™), 8.45 (d, J = 1.5 Hz, 1H, H™), 8.09 (dd, J = 8.5 Hz, 1.5 Hz, H*), 8.00 (d, J =
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8.6 Hz, 1H, H™), 6.08 — 6.00 (m, 1H, HA'*), 547 (dd, J = 17.2 Hz, 1.4 Hz, 1H, HA*), 538
(dd, J = 10.4 Hz, 1.2 Hz, 1H, HAl%), 494 (d, J = 8.6 Hz, 2H, CH""*), 4.20 (d, J = 5.2 Hz,
OCH>), 2.00 (s, 6H, CH3), 1.63 (t,J=5.2 Hz, 1H, CH); *C NMR (125 MHz, CDCls) 3¢ = 166.5
(s, COOCH>), 148.9 (s, NCOOCHb>), 143.8 (s, NCN), 134.2 (s, C*), 130.4 (s, C*), 127.7 (s,
C), 126.9 (s, C*), 122.5 (s, C™), 120.8 (s, C*), 114.0 (s, C*), 109.7 (s, C=C), 72.7 (s, OCH>),

68.7 (s, OCHa), 26.9 (s), 19.2 (s), 10.4 (s, CHs).

Only one regioisomer shown.

(2,3-dimethylcycloprop-2-en-1-yl)methyl 1 H-benzimidazol-5-carboxylate (19)

18 (450 mg, 1.38 mmol, 1.00 eq.) was dissolved in dry THF (10 mL) and Et;NH (428 pL,
4.14 mmol, 3.00 eq.), dppb (29.4 mg, 68.9 pmol, 0.05 eq.) and Pd(dba); (39.6 mg, 68.9 umol,
0.05 eq.) were added. The solution was left stirring at rt for 1h after which it was filtrated over
a bed of Celite® and silica. The solvent was evaporated and the residue was purified via column
chromatography (EtOAc/MeOH 98:2) affording the ester as yellow oil (250 mg, 1.03 mmol,
75%). Rf (Cyclohexane/EtOAc 3:1): 0.24; '"H NMR (500 MHz, MeOD) 8u = 8.33 (s, 2H, H™),
7.98 (dd, J = 8.5 Hz, 1.5 Hz, 1H, H*), 7.67 (d, J = 8.6 Hz, H*), 4.24 (d, /= 5.0 Hz, 1H, H"),
2.04 (s, 6H, CH3), 1.67 (t, J = 5.0 Hz, 1H, CH); *C NMR (125 MHz, MeOD) 8¢ = 167.3 (s,
COOCH>), 143.7 (s, NCN), 123.6 (s, C*), 109.7 (s, C=C), 71.9 (s, OCHz), 38.6 (s, OCH>), 19.2

(s, CH), 8.8 (s, CHz).

5-(((2,3-dimethylcycloprop-2-en-1-yl)methoxy)carbonyl)- 1, 3-diethyl-1 H-benzimidazol-3-ium
iodide (20)

19 (275 mg, 1.14 mmol, 1.00 eq.) and K2CO3 (314 mg, 2.27 mmol, 2.00 eq.) were suspended
in MeCN (20 mL). The mixture was treated with EtI (1.64 mL, 20.5 mmol, 18.0 eq.) and stirred
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at 70 °C for 24 h. Subsequently the solvent was removed under reduced pressure and the residue
was dissolved in CH2Cl,. After filtration, the solvent was evaporated affording the ylidine
iodide as yellow powder (246 mg, 825 pmol, 72%). 'H NMR (500 MHz, CDCls) 8x = 11.25
(s, NCHN), 8.41 (d,J=1.4 Hz, 1H, H"), 8.34 (dd, J=8.7 Hz, 1.5 Hz, 1H, H*), 7.81 (d, /= 8.8
Hz, H*), 4.74 (vp, J = 7.3 Hz, 4H, NCH>), 4.29 (d, J = 5.2 Hz, 2H, CH>), 2.02 (s, 6H, CH3),
1.80 (dt, J = 9.2 Hz, 7.3 Hz, 6H, CH3), 1.67 (t, J = 5.2 Hz, 1H, CH); '3C NMR (125 MHz,
CDCl;) 8¢ = 164.9 (s, COOCHa»), 143.5 (s, NCN), 133.8 (s, C*), 131.1 (s, C*), 130.3 (s, C*),
128.2 (s, C*), 114.9 (s, C*), 113.1 (s, C*), 109.6 (s, C=C), 73.9 (s, OCH>), 43.5 (d, /= 18.2 Hz,

CHs), 19.3 (s, CH), 14.9 (d, J = 3.5 Hz, CH3), 10.5 (s, CH3).

(5-(((2,3-dimethylcycloprop-2-en-1-yl)methoxy)carbonyl)- 1, 3-diethylbenzimidazol-2-ylidene

silver(l) iodide (21)

20 (88.0 mg, 206 pmol, 1.00 eq.) was dissolved in dry DCM (10 mL). The solution was shielded
from light before Ag>O (28.7 mg, 124 umol, 0.60 eq.) was added. The mixture was stirred at rt
for 18 hours after which the mixture was filtered over Celite® and the solvent was evaporated.
Redissolving the residue in DCM and precipitating the complex in n-pentane afforded 21 as
white powder (64.0 mg, 63.8 pmol, 58%). 'H NMR (500 MHz, CDCl3) 35 =8.16 (d,.J= 1.4 Hz,
1H, H*), 8.07 (dd, /= 8.5 Hz, 1.4 Hz, 1H, H*), 7.45 (d, J = 8.5 Hz, H*), 4.61 (vp,J=7.1 Hz
4H, NCHy), 4.26 (d, J = 5.1 Hz, 2H, CH»), 2.03 (s, 6H, CH3), 1.68 (t, J = 5.1 Hz, 1H, CH),
1.54 (dt,J=7.2 Hz, 5.7 Hz, 6H, CH3); >*C NMR (125 MHz, CDCl3) 8¢ = 197.0 (s, NCN), 166.3
(s, COOCH2), 136.4 (s, C*), 133.5 (s, C*), 126.3 (s, C*), 124.8 (s, C*), 112.8 (s, C*), 110.5 (s,
C¥), 109.7 (s, C=C), 72.9 (s, OCH>), 44.2 (s, CH3), 19.3 (s, CH), 16.0 (d, J = 9.0 Hz, CH3),

10.4 (s, CHs).
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2. Biological evaluation

2.1 Stock solutions
The test compounds were dissolved in DMSO with a concentration of 10 mM and stored at -23
°C. Prior to biological experiments they were diluted to desired concentration with sterile

Millipore water.

2.2 Cell culture conditions

518A2 human melanoma cells (Department of Radiotherapy & Radiobiology, University
Hospital Vienna, Austria), HCT116" (DSMZ ACC-581) and its HCT116P3* knockout mutant
colon carcinoma cells, U87 glioblastoma cells (ATCC HTB-14), EA.hy926 somatic cell hybrid
cells (ATCC CRL-2922), HeLa cervix carcinoma cells (DSMZ ACC-57), MCF-7 breast cancer
cells (DSMZ ACC-115), HT-29 cisplatin resistant colon cancer cells (DSMZ ACC-299) and
non-malignant human dermal fibroblasts HDFa (ATCC PCS-201-012) were cultured in
Dulbeccos Modified Eagle medium (PAN biotech), supplemented with 10% (v/v) fetale bovine
serum (Sigma Aldrich) and 1% (v/v) ZellShield (Minerva Biolabs) at 37 °C under 95%
humidity and 5% COx. If not noted otherwise, all bioassay steps including cells were conducted

under these standard cell culture conditions.

Appendix

NMR spectra of Pt(1l) complexes
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Fig. 24. 'Pt-NMR spectrum of 10b in CDCl;.
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Fig. 27. '>Pt-NMR spectrum of 10¢ in CDCls.
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Fig. 30. "*Pt-NMR spectrum of 11a in CDCls.
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Fig. 36. 'Pt-NMR spectrum of 11¢ in CDCl,.
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Fig. 42. 'Pt-NMR spectrum of 12b in CDCl;.
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Fig. 48. 'Pt-NMR spectrum of 13b in CDCl;.
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Stability studies of Pt(1l) complexes
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Fig. 55. 'H-NMR spectrum of 8a in DMSO-ds + 5% D»0 after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 56. 'H-NMR spectrum of 8b in DMSO-d; + 5% DO after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 57. "H-NMR spectrum of 8¢ in DMSO-d¢ + 5% D-O after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 61. 'H-NMR spectrum of 10a in DMSO-ds + 5% D-O after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 63. 'H-NMR spectrum of 10¢ in DMSO-ds + 5% D-0 after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 65. 'H-NMR spectrum of 11b in DMSO-ds + 5% D0 after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 67. 'H-NMR spectrum of 12a in DMSO-ds + 5% D,O after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 69. 'H-NMR spectrum of 13a in DMSO-d¢ + 5% D,0 after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 71. '%Pt-NMR spectrum of 9a in DMSO-d; after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 72. '%Pt-NMR spectrum of 10¢ in DMSO-ds after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Fig. 73. "*Pt-NMR spectrum of 13b in DMSO-d, after Oh (red), 24h (green), 48h (cyan) and 72h (purple).
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Dr. T. Rehm, Dr. A. Bar, L. Kohler. L. Carnell und Dr. B. Biersack Mitarbeiter des Arbeitskreises

Organische Chemie | der Universitat Bayreuth unter der Leitung von Prof. Dr. R. Schobert

5.3.1 Eigenanteil an Publikation 111

Die Publikation wurde in Chemistry — A European Journal veroffentlicht, unter dem Titel

Antitumoral [1,3-diethyl-4,5-diaryl-imidazol-2-ylidene]gold(l) complexes with cellular targets
adjustable by the nature of the second ligand *

von den Autoren

Sofia I. Bar*, Madeleine Gold*, Sebastian W. Schleser, Alexander Bar, Bernhard Biersack, Tobias

Rehm, Leonhard Koéhler, Luisa Kober und Rainer Schobert

* diese Autoren haben zu gleichen Anteilen zum Manuskript beigetragen

Eigenanteil: Konzeption, Durchfiihrung, Auswertung und graphischer Darstellung
folgender biochemischer Assays: Zytotoxizitatstests via MTT-Assay,
Lokalisation der Substanzen mittels Cofarbung, Zellzyklusanalyse,
Messung des mitochondrialen Membranpotenzials, Messung reaktiver
Sauerstoffspezies, Messung  der  lysosomalen Integritdt  und

Zytoskelettfarbung mittels Immunofluoreszenz.

Zudem; Verfassen des Manuskripts gemeinsam mit Madeleine Gold,
einschliellich der Diskussion und Interpretation der Ergebnisse und

Revision des Manuskripts.

Madeleine Gold: Konzeption, Durchfiihrung, Auswertung und graphischer Darstellung
folgender biochemischer Assays: Zytotoxizitatstests via MTT-Assay,
Apoptosenachweis mittels Caspase-3/7 Assay, DNA-Interaktionsstudien
mittels  EtBr-Assay,  Thioredoxin-Reduktase  Assay, Verfassung
entsprechender Manuskriptpassagen mit Beteiligung an Diskussion und

Korrektur.

Sebastian W. Schleser: ~ Synthese, Reinigung und Analytik der Testverbindungen, Verfassung

entsprechender Manuskriptpassagen.

Tobias Rehm: Synthese, Reinigung und Analytik der Testverbindungen.
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l Ligand Effects

Guided Antitumoural Drugs: (Imidazol-2-ylidene)(L)gold(l)
Complexes Seeking Cellular Targets Controlled by the Nature of

Ligand L

Sofia I. Bar*, Madeleine Gold®, Sebastian W. Schleser, Tobias Rehm, Alexander Bir,
Leonhard Kohler, Lucas R. Carnell, Bernhard Biersack, and Rainer Schobert*®

/Abstract: Three [1,3-diethyl-4-(p-methoxyphenyl)-5-(3,4,5-
trimethoxyphenyl)imidazol-2-ylidene](L)gold(l) complexes,
4a (L=Cl), 5a (L=PPhy), and 6a (L=same N-heterocyclic
carbene (NHQ)), and their fluorescent [4-(anthracen-9-yl)-1,3-
diethyl-5-phenylimidazol-2-ylidene](L)gold(l) analogues, 4b,
5b, and 6b, respectively, were studied for their localisation
and effects in cancer cells. Despite their identical NHC li-
gands, the last three accumulated in different compartments
of melanoma cells, namely, the nucleus (4b), mitochondria
(5b), or lysosomes (6b). Ligand L was also more decisive for

o

S

the site of accumulation than the NHC ligand because the
couples 4a/4b, 5a/5b, and 6a/6b, carrying different NHC [i-
gands, afforded similar results in cytotoxicity tests, and tests
on targets typically found at their sites of accumulation,
such as DNA in nuclei, reactive oxygen species and thiore-
doxin reductase in mitochondria, and lysosomal membranes.
Regardless of the site of accumulation, cancer cell apoptosis
was eventually induced. The concept of guiding a bioactive
complex fragment to a particular subcellular target by sec-
ondary ligand L could reduce unwanted side effects. )

Introduction

Although N-heterocyclic carbene (NHC) complexes have been
much used as catalysts, their medicinal relevance was recog-
nised surprisingly late, given their chemical stability under
physiological conditions and their structural flexibility."?
Unlike cisplatin (CDDP) and related platinum coordination
complexes, which all lead to DNA adducts, resulting in an in-
hibition of the cancer cell cycle and eventually in apoptotic
cancer cell death,”” NHC complexes of various metals may ad-
dress a broader array of molecular targets. Complexes with the
character of delocalised lipophilic cations (DLCs) were found to
selectively accumulate in mitochondria, which can be ex-
plained by their negative inner transmembrane potential.**
Because cancer cells have a more hyperpolarised mitochondrial
membrane potential (MMP) than normal cells, the selective ac-
cumulation of metal-carbene complexes with DLC character in
cancer cells can be expected.”® With the detection of antitu-

[a] S.I Bdr," M. Gold,” S. W. Schleser, Dr. T. Rehm, A. Bdr, L. K6hler, L. R. Carnell,
Dr. B. Biersack, Prof. Dr. R. Schobert
Organic Chemistry Laboratory, University Bayreuth
Universitaetsstr. 30, 95447 Bayreuth (Germany)
E-mail: Rainer.Schobert@uni-bayreuth.de
[*] These authors contributed equally to this work.

Bl Supporting information and the ORCID identification numbers for the

@ authors of this article can be found under:
https://doi.org/10.1002/chem.202005451.

[.f © 2020 The Authors. Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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mour activity of the antirheumatic gold(l) compound aurano-
fin, (2,3,4,6-tetra-O-acetyl-1-thio-B-p-glucopyranosato)(triethyl-
phosphane)gold, gold complexes came to the fore as potential
anticancer drug candidates.” Auranofin mainly acts through
the inhibition of mitochondrial thioredoxin reductase (TrxR)
and by enhancing the mitochondrial permeability.*® Through
the inhibition of TrxR activity, the intracellular levels of reactive
oxygen species (ROS) rise, which damages predominantly
cancer cells because of their elevated ROS levels compared
with healthy cells."” As a result, cytochrome c is released into
the cytosol, triggering apoptotic cell death."” Due to their sta-
bility, NHC ligands can also be annulated and substituted in
multifarious ways, allowing the mimicking or combinatorial at-
tachment of pharmacophores to afford pleiotropic drugs.'?
Herein, we report on NHC gold(l) complexes 4a-6a, carrying a
1,3-diethyl-4-(4-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)imi-
dazol-2-ylidene ligand, akin to the natural antimitotic combre-
tastatin A4 (CA-4), and differing only in the second ligand on
the gold atom (Scheme 1). Preliminary studies had shown
strong cytotoxicity against cancer cells with 1C, values in the
low triple- to double-digit nanomolar range for complex 6a,
but its actual mechanism of action remained unclear."” A
second series of complexes 4b-6b, bearing the same “second
ligands L”, yet a better detectable fluorescent 1,3-diethyl-4-(an-
thracen-9-yl)-5-phenylimidazol-2-ylidene ligand, were synthe-
sised and studied for their intracellular accumulation and their
modes of anticancer action. The aim of this study was to find
out whether ligand L could be used to set the site of accumu-
lation, and thus, the targets and nature of antitumour effects
of gold complexes with identical or closely related NHC Ii-

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Syntheses of complexes 4-6: a) 9-formylanthracene, EtNH,/THF,
AcOH, EtOH, reflux, 2 h, then 1, K,CO,, reflux 6 h, 61%; b) 1) Etl, MeCN,
reflux, 48 h; 2) NaBF,, acetone, RT, 1 h, 95%; c) Ag,0O (0.5 equiv), CH,Cl,, RT,
5 h, then [AuCI(SMe,)] (1 equiv), LiCl, RT, 24 h, 92%; d) Ag,0 (0.5 equiv),
CH,Cl,, RT, 5 h, then [AuCI(SMe,)] (0.5 equiv), RT, 24 h, 88%; e) PPh,, NaBF,,
CH,Cl,, RT, 24 h, 79%; f) [AuCI(PPh,)], KOtBu, CH,Cl,, RT, 24 h, 70%.

gands. This was particularly tempting because similar cis-
[{bis(1,3-dibenzylimidazol-2-ylidene)CI(L)}Pt"] complexes were
previously shown by us to always accumulate in mitochondria,
regardless of the charge of the complex and nature of
ligands L' Likewise, Ott etal. reported a triad of (1,3-
diethylbenzimidazol-2-ylidene)(L)gold(l) complexes with the
same ligands (L=Cl, PPh;, NHC), which all localised in the mi-

tochondria, albeit to different degrees."

Results and Discussion

Synthesis

The new gold(l) NHC complexes were prepared from imidazoli-
um salts 3a and 3b (Scheme 1). Compound 3b was synthe-
sised analogously to known compound 3a by the van Leusen
reaction of toluenesulfonylmethyl isocyanide (TosMIC) reagent
1 with 9-formylanthracene, followed by N-alkylation and anion
exchange of the resulting imidazole 2. Reactions of 3a and 3b
with Ag,0 and transmetalation of the corresponding silver car-
bene complexes with different amounts of [AuCl(SMe,)] afford-
ed mono- and bis-carbene gold(l) complexes 4a/b and 6a/b
analogously to literature procedures.'*'*) New cationic com-
plex 5a was prepared by the reaction of complex 4a with tri-
phenylphosphane. Complex 5b was obtained by diprotonation
of 3b and reaction of the free carbene with [AuCI(PPh;)]. The
stability of all complexes 4-6 in aqueous solution was ascer-
tained by 'H NMR spectroscopic monitoring over a period of
72 h (see the Supporting Information).

Cytotoxicity against cancer cells

All complexes 4-6 had an antiproliferative effect, with ICq,
values in the three-digit nanomolar to low double-digit micro-
molar range, on cells of the human cancer cell lines HCT-116",
its p53 knockout mutant HCT-116">~'~ (both colon cancer),
518A2 (melanoma), Hela, and multi-drug-resistant KB-V1'®'
(both cervical carcinoma; Table 1). For complexes 4a, 5a and
6a bearing a CA-4 analogous NHC ligand, we found that the
cytotoxicity increased with their DLC character, that is, in the
order 4a<5a<6a, except for the KB-V1"™ cells. A similar
trend was observed for the anthracenyl complexes (4b<5b <
6b), with the exception of bis-NHC complex 6b, which is less
active than phosphane complex 5b in 518A2 melanoma and
Hela cervical carcinoma cells. This conformity of cytotoxicities
of the a and b series of complexes suggests similar mecha-
nisms of action. Interestingly, all tested gold complexes, includ-
ing auranofin, were more active against the p53-knockout
mutant HCT-116"**"'", if compared with its wild-type analogue
HCT-116"" expressing functional p53 protein. We assume that
complexes 4-6 induce cancer cell death in a way that is inde-

Table 1. Inhibitory concentrations, IC;,' [um], of complexes 4-6 upon application to cells of HCT-116"" and HCT-116° /" knockout mutant colon carcino-
mas, 518A2 melanoma, Hela and mdr KB-V1"*' cervical carcinomas, and human adult dermal fibroblast cells HDFa.

leo [“M]!al
HCT-116" HCT-116p% 7 518A2 Hela KB-v1'®! HDFa

4a 66+08 22404 19.84+20 124405 >50 246+3.4
4b 164402 84403 79408 237411 59+13 9.0+1.3
5a 11+03 0.6+0.1 50+03 36+07 0.6+0.2 5.8+0.9
5b 13+06 04+0.1 29+05 1.8+04 22402 5.9+0.2
6a 0.24£0.02 0.05+0.001 04+0.1 03£0.02 46+02 14402
6b 0.3+0.03 0.2+0.05 55+04 36+04 0.7+0.2 32404
auranofin 11.9+04 50402 1.8+0.03 26+04 n.d.” 13.7+1.0

[a] Values are the means =+ standard deviation (SD) determined in four independent experiments and derived from dose-response curves after 72 h incuba-
tion by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. [b] Not determined.
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11617 and for re-

18

pendent of p53, as already shown for auranofin
lated (1,3-diethylbenzimidazol-2-ylidene)gold(l) complexes.
Complexes 4b, 5 and 6 were also quite active against the
multi-drug-resistant cell line KB-V1"”, which expresses high
levels of Pg-p, an ATP-dependent efflux pump, capable of ex-
pelling a variety of xenobiotics. Complexes 5a and 6b appear
to have a particularly low affinity for Pg-p. Cationic complexes
5b and 6a showed some selectivity for cancer over non-malig-
nant cells and are particularly interesting candidates for further
studies.

Intracellular localisation

The fluorescent complexes 4b, 5b and 6b were synthesised as
easy-to-track analogues of complexes 4a, 5a and 6a, respec-
tively. Well-observable, flat 518 A2 melanoma cells were treated
with the b complexes, then counterstained with dyes specifi-
cally accumulating in particular cancer-relevant cellular organ-
elles, and eventually fixed and examined through confocal mi-
croscopy (Figure 1). By counterstaining with Nuclear Green,
neutral chloride complex 4b could be localised in the area of

uv Nuclear Green LCS1

%

MitoTracker red

Acridine orange

the nucleus and to a minor degree in the cytoplasm. This is in
line with reports on the nuclear accumulation of neutral gold(l)
complexes bearing an aryl-substituted NHC ligand."®** Many
established first-line anticancer drugs target cancer cell
nuclei,”" yet suffer from therapeutic shortcomings, including
off-target side effects and an early onset of resistance, owing
to insufficient nuclear accumulation.?? Against this back-
ground, the enrichment of new (NHC)AU'Cl complex 4b pre-
dominantly in cancer cell nuclei is remarkable. Cationic phos-
phane complex 5b accumulated in the mitochondria, as dem-
onstrated by counterstaining of treated 518A2 cells with red
mitochondria-selective MitoTracker (Figure 1). Apparently, the
DLC character of this complex favours accumulation in the
negatively charged mitochondrial compartments over any po-
tential DNA intercalation of the planar anthracene residue. Mi-
tochondria are considered to be promising targets for cancer
therapy. A distinct disruption of the MMP typically results in
the induction of apoptosis. One of the pro-apoptotic stimuli is
an increased mitochondrial ROS production, which, in turn,
causes disruption of the MMP.?*! Cationic bis-NHC complex 6b
accumulated mainly in lysosomes within the cytoplasm. It

merge

e

Figure 1. Confocal fluorescence microscopy images of 518A2 melanoma cells incubated for 30 min with 30 um of complexes 4b-6b (4., =350 nm and

Aem =420-480 nm). The nuclei were counterstained with Nuclear Green LCS1 (abcam; A.,=514 nm and 4, =520-535 nm), the mitochondria with MitoTrack-
er™ (Thermo Fisher; 1., =580 nm and 4., =595-610 nm) and the lysosomes with acridine orange solution (5 pgmL ', ABCR GmbH; 7, =350 nm and

A =600-660 nm). Images are representative of at least four independent experiments; 2000-fold magnification.
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should be noted that Gust et al. found an accumulation of all
three [1,3-diethyl-4,5-di(p-fluorophenyl)imidazol-2-ylidene](L)-
gold(l) analogues of complexes 4a, 5a and 6a in the nuclei of
MCF-7 and HT-29 cells upon a 24 h long exposure.?” So, the
organelle-selective accumulation of our a complexes after only
30 min might be a kinetic effect. The bottom row of Figure 1
shows confocal fluorescence microscopy images of 518A2 mel-
anoma cells treated with complex 6b and lysotropic acridine
orange, as well as the good match of the blue fluorescence of
6b (UV) with the orange fluorescence of the counterstained ly-
sosomes. Lysosomes are the recycling centres of the cell and
are involved in cellular digestion processes, such as autophagy,
endocytosis and phagocytosis. Moreover, the release of lysoso-
mal hydrolases, so called cathepsins, is involved in the induc-
tion of cell death.”2® Cathepsins mediate caspase- and mito-
chondrion-independent cell death, especially in cancer cells
with mutations in genes involved in the classic apoptotic path-
way, for example, the TP53 tumour suppressor gene.?”!

Induction of cancer cell apoptosis

The majority of p53 mutations are missense mutations, as in
the case of 518A2 melanoma cells,” leading to the expression
of dysfunctional p53 proteins with oncogenic activities intensi-
fying malignant properties of cancer cells, such as clinical drug
resistance.”” Because the p53-independent induction of cancer
cell apoptosis had been reported for auranofin’’*” and for
(1,3-diethylbenzimidazol-2-ylidene)gold(l) complexes,“‘” we in-
vestigated if complexes 4-6 also lead to an activation of apop-
tosis (Figure 2). Upon treatment of 518A2 melanoma cells with
these complexes, the activation of effector caspases-3 and -7
was observed, which we assumed to be p53 independent,
given the results from our cytotoxicity studies. The treated
cells showed the typical morphological signs of apoptosis, as
well as translocalisation of phosphatidylserines to the outer
leaflet of the plasma membrane, which indicated early rather
than late apoptosis or necrosis (see the Supporting Informa-
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Figure 2. Induction of effector caspase-3/-7 activity in 518A2 melanoma cells
after treatment with 5 pm 4-6 for 6 h, measured by means of the Apo-ONE"
Homogenous Caspase-3/7 Assay Kit (Promega). CDDP was used as a positive
control. The vitality of cells was simultaneously tested by MTT assays and
was >80 % for all experiments, except for complex 6a (70%). All experi-
ments were performed in triplicate and results quoted as means + SD. The
solvent-treated negative control was set to 100 %.
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tion). Because about 50% of all human tumours bear p53 mu-
tations, drugs that induce p53-independent programmed cell
death are of particular interest.”"*?

Mechanism of action of complexes 4a and 4b in the
nucleus

The antiproliferative effect of CDDP and other platinum com-
plexes is based mainly on their interaction with cellular
DNA.B>* Because of the localisation of neutral complex 4b in
the nuclear area, a potential DNA interaction of 4b and its
close structural analogue 4a was examined by ethidium bro-
mide (EtdBr) saturation assays (Figure 3) and electrophoretic
mobility shift assays (EMSAs; Figure 4).
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Figure 3. EtdBr saturation assays with 25, 50, 75 and 100 um 4a, 4b and aur-
anofin. CDDP was used as a positive control. Negative controls were treated
with an equivalent amount of solvent (DMF or H,0). All experiments were
carried out in triplicate with negative controls set to 100 %.

Addition of complexes 4a or 4b to linear, double-stranded
salmon sperm DNA led to a distinct concentration-dependent
displacement, and thus, to a reduction of the fluorescence of
intercalated EtdBr, exceeding that caused by CDDP by far. This
suggests a strong interaction of both complexes 4 with this
DNA form, possibly associated with an alteration of the DNA
morphology. Auranofin showed no such effect (Figure 3). In
the EMSA with circular plasmid DNA, a slight relaxation, that is,
despiralisation, of the covalently closed circular (ccc) DNA form
for the benefit of the open circular (oc) form was observed
after incubation with complex 4a, and a stronger relaxation
after treatment with complex 4b (Figure 4). In contrast to
CDDP, gold NHC complexes are known to bind non-covalently
to DNA, which may be the reason for their weaker effects in
the EMSA.®Y

Although auranofin had previously been reported to interact
neither with linear DNA nor with circular plasmid DNA, vari-
ous other gold(l) complexes with readily displaceable ligands
(e.g., CI7) had shown affinity to different types of DNA.*3 |r-
reparable DNA damage induces apoptosis, normally triggered
by the tumour suppressor protein p53. However, apoptosis as
a consequence of DNA damage caused by metal complexes
had also been reported to proceed independently of p53,3”%
through the mitogen-activated protein kinase (MAPK) signal-
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Figure 4. EMSAs with circular pBR322 plasmid DNA after 24 h treatment
with complexes 4a or 4b, as visualised by UV radiation. CDDP was used as a
positive control. Images are representative of at least two independent ex-
periments.

ling pathway involving JNK, p38 and ERK1/2.%"'® Whether
complexes 4, which we have found to induce cancer cell apop-
tosis and to be cytotoxic independently of functional p53, op-
erate by a similar mechanism remains to be shown. At present,
we cannot exclude that their reactions with further biologically
relevant macromolecules might also play a role.*”

Mechanism of action of complexes 5a and 5b in mito-
chondria

Because cationic triphenylphosphane complex 5b was local-
ised in the mitochondria of 518A2 melanoma cells, we antici-
pated a mitochondria-associated mode of action for 5b and
closely related complex 5a. The anticancer effect of auranofin,
and several other gold(l) complexes, mainly relies on the inhib-
ition of TrxR.“**" TrxRs, which catalyse the reduced nicotina-
mide adenine dinucleotide phosphate (NADPH)-dependent re-
duction of the redox protein thioredoxin (Trx) and other com-
pounds, are key enzymes for cellular protection against oxida-
tive stress.”? To date, three different isoforms of TrxR are
known: cytosolic TrxR1, mitochondrial TrxR2 and testis-specific
TrxR3.“*) Gold complexes, such as auranofin, are thought to in-
hibit TrxRs by releasing monovalent Au' species, which bind to
selenocysteine residues in the active site of the enzyme.* This
is in line with reports that mono-NHC gold(l) complexes with
good leaving groups, such as halides or phosphanes, are
better TrxR inhibitors than bis-NHC complexes.*?’ For instance,
sub-micromolar 1C;, values were reported by Gust etal.
for donor-substituted  (1,3-diethyl-4,5-diarylimidazol-2-ylide-
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ne)(PPhs)gold(l) complexes,”*” and by Ott etal. for benzimid-
azol-2-ylidene analogues,"**® whereas few inhibitory bis(1,3-di-
arylimidazol-2-ylidene) complexes have been reported, to
date‘[45,47]

If applied in low sub-micromolar concentrations, complexes
5a and 5b strongly inhibited the panTrxR activity in colorimet-
ric TrxR microplate assays with 5,5'-dithiobis(2-dinitrobenzoic
acid (DTNB; Ellman’s reagent) as a substrate (Figure 5). Because
many tumours have elevated TrxR levels,” and tumour cells
are more sensitive to oxidative stress, due to their a priori high
intracellular ROS levels relative to non-malignant cells, TrxR are
interesting targets for selective antitumour therapy.

rel. TixR activity [%]
(%)) ~
o o

N
(3]

Auranofin 5a 5b

mcontrol #%0.1uM ~#0.5uM

Figure 5. Concentration-dependent inhibition of TrxR activity in cell lysates
of 518A2 melanoma cells by gold(l) complexes 5a and 5b, and auranofin as
a positive control. TrxR-independent substrate reduction was accounted for
by experiments in the presence and absence of the specific TrxR inhibitor
aurothiomalate. All values are means =+ SD of at least three independent ex-
periments with negative controls set to 100 %.

TrxR inhibition generally leads to an accumulation of oxi-
dised Trx and ROS in mitochondria, resulting in an increase of
mitochondrial permeability.”” Upon treatment of 518A2 mela-
noma cells with complexes 5a and 5b, we observed a distinct
reduction of the MMP through a fluorescence-based micro-
plate assay (Figure 6), exceeding that induced by auranofin,
which is in keeping with their stronger TrxR inhibition.

We confirmed these results by an assessment of the intracel-
lular ROS concentrations after treatment of 518A2 melanoma
cells with auranofin, CCCP and complexes 5a and 5b using
the cell permeant, fluorogenic dye 2',7-dichlorofluorescein di-
acetate (DCFH-DA). After diffusion into the cells, DCFH-DA is
deacetylated by cellular esterases to a non-fluorescent com-
pound, which is later oxidised by hydroxyl, peroxyl or other
ROS to the intensely fluorescent 2',7'-dichlorofluorescein (DCF),
detectable by fluorescence spectroscopy (Figure 7).

We conclude that the cytotoxicity of complexes 5 originates
mainly from their inhibition of TrxR in the mitochondria of
cancer cells and the subsequent alteration of the intracellular
ROS equilibrium.” Elevated concentrations of hydrogen per-
oxide and oxidised Trx2 affect further intra-mitochondrial tar-
gets, leading to the opening of the mitochondrial permeability
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Figure 6. Relative MMP in 518A2 melanoma cells after treatment (45 min)
with complexes 5a and 5b (10 pm each). Carbonylcyanide-m-chlorophenyl-
hydrazone (CCCP) and auranofin (10 pm, each) were used as positive con-
trols and solvent-treated negative controls were set to 100 %. Assays were
carried out in triplicate.
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Figure 7. Influence of gold(l) complexes 5a and 5b, and auranofin (10 um
each), as well as CCCP (10 um) as a positive control, on the levels of ROS in
518A2 melanoma cells, as determined by fluorescence-based DCFH-DA
assays after an incubation time of 1 h. Negative controls were treated identi-
cally with solvent. All values are mean values + SD from at least four inde-
pendent experiments with negative controls set to 100 %.

transition pore and/or to an increase of the permeability of the
outer membrane.”* As a result, hydrogen peroxide is released
into the cytosol where it oxidises cytosolic Trx1 irreversibly,
due to the inhibition of TrxRs. The elevated levels of hydrogen
peroxide and oxidised Trx in the cytosol then activate various
signalling pathways, eventually leading to apoptosis, which is
likely to be dependent on p38/ERK1/2, rather than p53, as
shown for auranofin.“**’ Because cancer cells, unlike non-ma-
lignant cells, are not normally susceptible to mitochondrial
membrane permeability transition, the induction of this condi-
tion by mitochondria-targeting complexes, such as 5, could be
exploited in a therapeutic context.””
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Mechanism of action of complexes 6a and 6b in lysosomes

The cationic bis-NHC complex 6b was localised in the lyso-
somes of 518A2 melanoma cells. Lysosomes mediate the deg-
radation of macromolecules of intracellular origin or those that
are internalised by endocytosis or phagocytosis.”” These
single-membrane acidic organelles (pH 4.5-4.8) are involved in
various cellular pathways and different types of cell death, and
their functionality is thus inevitable for cellular homeostasis.”"
Various forms of cellular stress lead to lysosomal swelling and
lysosomal membrane permeabilisation (LMP), resulting in the
release of intralysosomal cargo into the cytoplasm.®”’ Amongst
others, cathepsins B and D are released into the cytoplasm
under stress, where they induce different forms of cell death,
including the p53-independent, lysosome-dependent apoptot-
ic cell death.”**"5"52 To detect a potential induction of LMP by
complexes 6, we performed a time-dependent staining of lyso-
somes in solvent- and complex-treated 518A2 melanoma cells
(Figure 8). Because the cytotoxicity of both complexes against
518A2 cells in MTT assays was quite different (ICs(6a) =0.4 um,
IC50(6 b)=5.5 um), we adjusted their concentrations according-
ly to ensure a sufficient cell viability. The incubation with either
complex 6a or 6b led to an induction of LMP. The lysotropic
orange dye used in this assay selectively accumulates in intact
acidic lysosomes. If LMP occurs, the dye is released into the cy-
tosol and the fluorescence of defined lysosomal compartments
disappears. As expected, complex 6a, which had proved to be
more active in MTT assays, also led to faster lysosomal disrup-
tion after only 2 h of incubation. Cells treated with 6 b showed
first signs of LMP only after 4 h of treatment.

Conclusion

The [4-(anthracen-9-yl)-1,3-diethyl-5-phenylimidazol-2-ylidene]
(L)gold(l) complexes 4b, 5b, and 6b accumulated quickly in
different compartments of 518A2 melanoma cells, that is, neu-
tral chlorido complex 4b in the nuclei, cationic phosphane
complex 5b in mitochondria and large delocalised cationic bis-
NHC complex 6b in the lysosomes. The analogous a series of
complexes carried a slightly different 4,5-diarylimidazol-2-yl-
idene ligand. The fact that all couples 4a/4b, 5a/5b and 6a/
6b afforded similar results in cytotoxicity tests with cancer
cells, and in tests on targets typically found at the identified
sites of accumulation, supports the assumption that a com-
plexes localise similarly to the b complexes, and that the
nature of ligand L, which is responsible for the charge, size
and lipophilicity of the complex, is decisive for the site of accu-
mulation. However, this phenomenon might be limited to diva-
lent gold(l)-NHC or even to (imidazol-2-ylidene)gold(l) com-
plexes because a comparable series of cis-[bis(1,3-dibenzylimid-
azol-2-ylidene)ICI(L)Pt"" and (1,3-diethylbenzimidazol-2-ylid-
ene)(L)gold(l) complexes,™ carrying the same ligands L (Cl,
PPh; or the same NHC ligand), were previously shown to accu-
mulate in mitochondria, regardless of the charge of the com-
plex and the nature of ligand L. The different distributions of
DLC complexes 5 (in mitochondria) and 6 (in lysosomes) is ex-
plicable by the higher molecular weight and steric demand of
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Figure 8. Fluorescence microscopy images of 518A2 melanoma cells treated with solvent (DMF), or complexes 6a (0.4 um) or 6b (5.5 um), for 1, 2,4 or 6 h
under standard cell-culture conditions; 30 min before each time interval ended, cells were stained with Lysosomal Staining Reagent Orange (Abcam). Nuclear
counterstaining was performed by using blue 4',6-diamidino-2-phenylindole (DAPI). Images are representative of at least ten independent measurements at
400-fold magnification.
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Experimental Procedures

Chemical Synthesis and Analytics

General.

Melting points (uncorrected): GALLENKAMP; IR spectra: PERKIN-ELMER Spectrum One FT-IR spectrophotometer with ATR
sampling unit; Nuclear magnetic resonance (NMR) spectra: BRUKER DRX 500 Hz spectrometer, chemical shifts are given in parts
per million () downfield from tetramethylsilane as intemnal standard for 'H and *C; Mass spectra: VARIAN MAT 311A (El), WATERS
UPLC-Q-TOF (ESI), ThermoFisher UPLC/Orbitrap MS system (HRMS-ESI); All starting compounds were purchased from ALDRICH
and used without further purification. The known compounds 3al'!, 4al'! and 6al"! were prepared according to literature procedures.

5-(Anthracen-9-yl)-1-ethyl-4-phenylimidazole (2). A solution of 9-formylanthracene (700 mg, 3.39 mmol) in ethanol (50 mL) was
treated with 2M EtNH2/THF (8.49 mL, 17.0 mmol). Acetic acid (970 L) was added and the reaction mixture was refluxed for 2 h.
After cooling to room temperature, phenyl-TosMIC 1 (1.39 g, 5.09 mmol) and K,COj3 (1.88 g, 13.6 mmol) were added and refluxed
again for 6 h. The solvent was evaporated, the residue was dissolved in ethyl acetate (100 mL) and washed with water (100 mL) and
brine (100 mL), dried over Na;SOQj, filtered and the filtrate was concentrated in vacuum. The residue was purified by column
chromatography (silica gel 60; EtOAc/MeOH: 97/3). Yield: 726 mg (2.08 mmol, 61%); yellow solid; R = 0.64; »mad/cm™: 3053, 2977,
2931, 1623, 1599, 1517, 1501, 1458, 1442, 1398, 1373, 1352, 1343, 1314, 1244, 1224, 1175, 1163, 1135, 1117, 1056, 1067, 1011,
983, 951, 917, 899, 852, 813, 799, 771, 744,715, 728, 692; '"H NMR (500 MHz, CDCl3): ¢ 1.01 (3H,t,J=7.3Hz),345(2H,q,J=
7.3 Hz), 6.96-6.98 (3 H, m), 7.29-7.31 (2 H, m), 7.38-7.41 (2 H, m), 7.48-7.51 (2H, m) 7.64 (2 H,d, J=8.7 Hz), 791 (1 H, s), 8.10 (2
H, d, J = 8.7 Hz), 8.64 (1 H, s); '*C NMR (126 MHz, CDCl3): ¢ 16.4, 40.1, 123.9, 1245, 125.4, 1256, 125.7, 126.1, 126.9, 128.1,
128.8, 128.9, 131.5, 134.0, 134.5, 136.8, 140.0.

4-(Anthracen-9-yl)-1,3-diethyl-5-phenylimidazolium tetrafluoroborate (3b).

Compound 2 (500 mg, 1.43 mmol) was dissolved in acetonitrile (100 mL) and iodoethane (6.34 mL) was added. The reaction mixture
was stirred at 85 °C for 48 h. The solvent was evaporated and the remainder was crystallised from CH,Cl./n-hexane at 4 °C. Yield:
689 mg (1.37 mmol, 95%); yellow solid; vma/cm™': 3420, 3118, 3027, 2979, 1622, 1592, 1556, 1520, 1499, 1443, 1386, 1348, 1263,
1193, 1159, 1091, 1074, 1023, 1012, 962, 932, 897, 854, 794, 774, 740, 700; 'H NMR (500 MHz, CDClz): '"H NMR (500 MHz,
CDCls): ¢ 1.28 (3H,t,J=73Hz),1.68 (3H,t,J=73Hz),391(2H,q,J=73Hz),452(2H,q,J=73Hz),7.13-7.23 (5 H, m),
7.50-7.55 (2 H, m), 7.59 (2 H,t,J =8.1Hz), 765 (2 H, d, J = 8.7 Hz) 8.06 (2 H, d, J = 8.4 Hz), 8.62 (1 H, s), 10.83 (1 H, s);'"*C NMR
(126 MHz, CDCl;): ¢ 15.8,15.9, 43.6,44.1, 117.0, 124.4, 124.9, 126.0, 128.3, 128.4, 129.1, 129.2, 129.4, 130.4, 131.0, 131.2, 132.0,
133.9. The resulting 4-(anthracen-9-yl)-1,3-diethyl-5-phenylimidazolium iodide (41 mg, 0.081 mmol) was dissolved in acetone (10
mL) and NaBF4 (13 mg, 0.122 mmol) was added. The reaction mixture was stired at room temperature for 24 h. Atfter filtration
through Mg>SO; the filtrate was concentrated in vacuum and dried. Yield: 38 mg (0.081 mmol, 100%); yellow solid; Vma/cm™: 3464,
3039, 2982, 1622, 1557, 1520, 1499, 1444, 1387, 1349, 1333, 1305, 1263, 1193, 1065, 1023, 963, 932, 897, 854, 774, 740, 727,
700; '"H NMR (300 MHz, CDCl3): 61.24 (3H,t,J=7.3 Hz),1.65(3H,t,J=7.3Hz),3.88(2H,q,J=73Hz),449(2H,q,J=73
Hz), 7.0-7.2 (5H, m),7.4-76 (4H, m), 767 2 H,d, J =8.6 Hz), 8.01 (2 H, d, J =84 Hz), 8.58 (1 H, s), 10.66 (1 H, s); *C NMR (75.5
MHz, CDCls): & 15.7, 15.8, 43.5, 44.0, 117.0, 124.3, 124.9, 125.8, 128.2, 128.3, 129.0, 129.1, 129.4, 130.2, 130.9, 131.0, 131.9,
133.9, 137.2; "B NMR (96.3 MHz, CDCl3): 6 -0.76.

Chlorido-[4-(anthracen-9-yl)-1,3-diethyl-5-phenylimidazol-2-ylidene]gold(l) (4b).

Compound 3b (100 mg, 0.198 mmol) was dissolved in CH,Cl, (5 mL) and treated with Ag-O (27.6 mg, 0.119 mmol). The mixture was
stirred in darkness at room temperature for 5 h. Chloro(dimethylsulfide)gold(l) (64.2 mg, 0.218 mmol) and LiCl (84 mg, 1.98 mmol)
were added and the reaction mixture was stirred for additional 24 h. The crude product was crystallised from CH,Cl./n-hexane at 4 °C.
Yield: 111 mg (0.182 mmol, 92%); yellowish solid of of mp > 250 °C (dec.); Vmax (ATR)/cm': 3051, 2976, 2933, 1622, 1500, 1461,
1427, 1443, 1414, 1344, 1294, 1213, 1115, 1088, 1025, 1013, 997, 962, 933, 896, 851, 819, 775, 757, 727, 699, 652, 607, 582; 'H
NMR(500 MHz, CDCl3): 6 0.98 (3H,t,J=7.2Hz),145(3H,t,J=7.1Hz),381(2H,q,J=7.2Hz),437 (2H, q, J=7.2 Hz), 7.07-
7.16 (5 H, m), 7.45-7.55 (4 H, m), 7.60 (2 H, d, J = 8.4 Hz), 8.00-8.05 (2 H, m), 8.55 (1 H, s); "*C NMR (125 MHz, CDCl5): § 17.0,
17.2,44.7, 448, 1204, 124.7, 125.7, 127.0, 127.5, 127.6, 128.7, 129.1, 129.2, 129.3, 129.4, 130.2, 131.1, 132.0, 133.0, 170.3; m/z
(ESI, %) 614.2 [M*+CH3CN] (100). HRMS (ESI) m/z ((M-Cl+MeCN)*) found 614.18508; calcd. 614.18650.

[1,3-Diethyl-5-(4-methoxyphenyl)-4-(3,4,5-trimethoxyphenyl)imidazol-2-ylidene](triphenylphosphane)gold(l) tetrafluoroborate
(5a).

Complex 4a (112 mg, 0.178 mmol) was dissolved in acetone (10 mL) and NaBF4 (36 mg, 0.33 mmol) and triphenylphosphane (61 mg,
0.23 mmol) were added. The reaction mixture was stirred at room temperature for 24 h. The suspension was filtered, the filtrate
concentrated in vacuum, and the residue recrystallized from acetone/n-hexane. Yield: 132 mg (0.14 mmol, 79%); colorless solid of
mp = 107-110 °C; Elemental analysis (C41H43AuBF4sNO4P, %) found C 52.14 H 4.47 N 2.93; calcd. C 52.25, H 4.60, N 2.97. Vmax
(ATR)/cm™': 3056, 2936, 2836, 1607, 1581, 1516, 1504, 1463, 1437, 1415, 1331, 1292, 1248, 1179, 1124, 1099, 1050, 1024, 997,
887, 839, 811, 748, 711, 693 '"H NMR (500 MHz, CDCl3): 5 1.42 (3H, t, J=7.3 Hz), 1.49 (3H, J=7.2 Hz), 3.76 (3 H, s), 3.82 (3 H, s),
385(3H,s),427 (2H,q,J=71Hz),435(2H, q,J=7.1Hz), 6.44 (3 H,s), 6.92 (6H, vd); 7.21 (3H, vd) 7.46 (15H, m) *C NMR
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(125 MHz, CDCls): & 17.5, 17.8, 44.3, 44.6, 55.3, 56.3, 60.9, 107.7, 114.3, 128.8, 128.9, 130.8, 131.9, 133.9, 134.0; 3'P NMR
(202 MHz, CDCl3): & 33.8; m/z (ESI, %) 855.0 (100) [M*], 721.4 (22). HRMS (ESI) m/z (M*) found 855.2577; calcd. 855.2620.

[4-(Anthracen-9-yl)-1,3-diethyl-5-phenylimidazol-2-ylidene](triphenylphosphane)gold(l) tetrafluoroborate (5b).

Compound 3b (100 mg, 0.198 mmol) in dry CH2Cl, (5 mL) was treated with KOfBu (27 mg, 0.238 mmol) and (PPh3)AuCl (98 mg,
0.198 mmol). The mixture was stirred at room temperature for 24. The crude product was filtered and crystallised from CH,Cl./n-
hexane at 4 °C. Yield: 166 mg (0.191 mmol, 96%); white solid of of mp = 165 °C; Vmax (ATR)/cm™: 3051, 2981, 1977, 1622, 1464,
1432, 1345, 1262, 1095, 1025, 895, 849, 775, 737, 690, 607, 565;'"H NMR (500 MHz, CDCl3): 6 1.14 (3H,t,J=7.2Hz), 1.59 (3 H, t,
J=72Hz),392(2H,q,J=7.2Hz),455 (2H, q, J=7.2 Hz), 7.10-7.16 (3 H, m), 7.19-7.21 (2 H, m), 7.35-7.39 (6 H, m), 7.42-7.45
(3 H, m), 7.48-7.52 (8 H, m), 7.56-7.59 (2 H, m), 7.73 (2 H, d, J = 8.4 Hz), 8.03 (2 H, d, J = 8.4 Hz), 8.57 (1H, s); *C NMR (125 MHz,
CDCl3): 6 17.6, 17.8, 44.8, 45.1, 120.2, 125.0, 125.7, 127 .4, 127.7, 128.8, 128.9, 129.0, 129.4, 129.6, 130.2, 130.6, 131.1, 132.1,
132.2, 133.4 133.9, 134.0, 134.1, 183.9; *'P NMR (202 MHz, CDCl3): § 30.3; m/z (ESI, %) 949.4 (100), 835.2 (7) [M*], 721.2 (40).

HRMS (ESI) m/z (M*) found 835.2476; calcd. 835.2511.

Bis[4-(anthracen-9-yl)-1,3-diethyl-5-phenylimidazol-2-ylidene]gold(l) tetrafluoroborate (6b).

Compound 3b (100 mg, 0.198 mmol) was dissolved in CH,Cly/methanol (1:1, 80 mL) and Ag,O (50.1 mg, 0.216 mmol) was added.
The reaction mixture was stirred in the dark at room temperature for 5 h. Chloro(dimethylsulfide)gold(l) (33.9 mg, 0.115 mmol) was
added and the reaction mixture was stirred for additional 24 h. The suspension was filtered, the filtrate was concentrated in vacuum
and the residue was redissolved in CHxCl,, filtered over MgSQOu/Celite, and the filtrate was concentrated in vacuum and the residue
dried in vacuum. Yield: 79 mg (0.080 mmol, 88%); reddish solid of mp > 250 °C (dec.); vmax/cm™: 3052, 2965, 2924, 1623, 1595,
1520, 1498, 1460, 1443, 1407, 1378, 1345, 1294, 1260, 1218, 1161, 1088, 1050, 1012, 988, 961, 917, 896, 852, 774, 757, 737, 698,;
"H NMR (500 MHz, CDCl3): ¢ 1.13 (6 H,t,J=7.2Hz),1.59 (6 H,t,J=7.2Hz), 3.88 (4 H,q,J =72 Hz),449 (4 H, q,J = 7.2 Hz),
7.08-7.22 (10H, m), 7.51 (4 H, t, J =87 Hz), 7.58 (4 H, t,J=8.7 Hz),7.68 (4 H,d, J=84 Hz), 8.04 (4 H,d, J =8.4 Hz), 858 (2 H,
s); ®*C NMR (126 MHz, CDCl3): & 17.6,17.8,44.7,44.8, 119.8, 1246, 124.7, 125.8, 127.1,127.8, 127.9, 128.9, 129.1, 129.4, 129.5,
129.6, 130.4, 131.1, 131.2, 132.2, 134.0, 183.6; m/z (ESI, %) 949.4 [M*] (100). HRMS (ESI) m/z (M*) found 949.35035; calcd.

949.35390.
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Biochemical Evaluation
Stock solutions of all test compounds were prepared (10 mM in DMF) and stored for at most one week at -20 °C. They were diluted,
assay-depending, in ddH,O, cell culture medium, or buffer.

Cell lines and culture conditions.

518A2 (Department of Radiotherapy and Radiobiology, University Hospital Vienna) human melanoma cells, HCT-116 (ACC-581)
human colon carcinoma cells, as well as its p53 knockout mutant cell line HCT-116P%3"-, Hela cervix carcinoma, KB-V1"®' multi-drug
resistant cervix carcinoma cells, and HDFa (ATCC® PCS-201-012™) human dermal fibroblasts were grown in Dulbecco’s Modified
Eagle Medium (DMEM; Biochrom) supplemented with 10% (v/v) fetal bovine serum (FBS; Biochrom) and 1% (v/v) Antibiotic-
Antimycotic solution (Gibco). The cells were incubated at 37 °C, 5% CO,, 95% humidified atmosphere and were serially passaged
following trypsinisation by using 0.05% trypsin/0.02% EDTA (w/v; Biochrom GmbH, Berlin, Germany). The maximum-tolerated dose
of vinblastine was added to the cell culture medium 24 h after every cell passage to keep the KB-V1V? cells resistant. The 518A2
melanoma cells are not available from cell banks, yet easily identified by their large size and flattened, spread-out morphology.
Mycoplasma contamination was frequently monitored, and only mycoplasma-free cultures were used.

Inhibition of cell growth (MTT assay).”?!

The cytotoxic effect upon treatment with gold complexes 4—6 and auranofin for 72 h was determined by standard MTT assays. The
tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; ABCR) is reduced by viable cells to a violet, water-
soluble formazan. 518A2 melanoma cells, colon carcinoma cells HCT-116 and HCT-116P%" mdr KB-V1"*' and Hela cervix
carcinoma cells (5x10* cells mL™", 100 pL/well), as well as HDFa cells (10x10* cells mL~', 100 uL/well) were seeded in 96-well tissue
culture plates and cultured for 24 h at 37 °C, 5% CO,and 95% humidity. After treatment with the test compounds incubation of cells
was continued for 72 h. Blank and solvent controls were treated identically. After addition of a 5 mg mL-' MTT stock solution in
phosphate buffered saline (PBS), microplates were incubated for 2 h at 37 °C, centrifuged at 300 g, 4 °C for 5 min and the
supernatant was discarded. The precipitate of formazan crystals was then redissolved in a 10% (w/v) solution of sodium
dodecylsulfate (SDS; Carl Roth) in DMSO containing 0.6% (v/v) acetic acid. To ensure complete dissolution of the formazan, the
microplates were incubated for at least 1 h in the dark. Finally the absorbance at A = 570 and 630 nm (background) was measured
using a microplate reader (Tecan F200). All experiments were carried out in quadruplicate and the percentage of viable cells was
calculated as the mean + SD with controls set to 100%.
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Intracellular localisation of gold complexes.

518A2 melanoma cells (500 pL/well, 0.5x10° cells/mL) were seeded on glass coverslips in 24-well plates and incubated under cell
culture conditions for 24 h. The medium was aspirated and the cells were washed once with PBS. Nuclear counterstaining was
performed with Nuclear Green LCS1 (5 uM; abcam) with an incubation time of 15 min under standard cell culture conditions.
MitoTracker™ (Thermo Fisher) was used for mitochondrial staining, and the cells were incubated with this dye for 30 min. For
lysosomal staining, the cells were incubated 20 min in an acridine orange solution (5 pg/mL, 400 pL/well). The cells were then
washed twice with PBS and fresh DMEM was added. Then the cells were treated with the test compounds at a concentration of 30
UM and incubated for 30 min at standard cell culture conditions. The cells were fixed for 20 min at rt after a washing step with PBS in
3.7% formaldehyde solution in PBS, then washed three times and the coverslips were mounted in ProLong™ Gold Antifade Mountant
(Invitrogen). The localisation of the test compounds was documented using confocal microscopy (Leica Confocal TCS SP5, 1000x
magnification).

Caspase-3/7 activation assay.

For caspase activity measurements the Apo-ONE® Homogenous Caspase-3/7 Assay Kit (Promega Corp., Wisconsin, USA) was used.
518A2 melanoma cells (67.5 pL/well; 2x10% cells mL™') were grown in black 96-well plates for 24 h (37 °C, 5% CO; and 95%
humidity). After incubation with different concentrations of the test compounds or solvent for 24 h under cell culture conditions,
fluorogenic 1x caspase-3/7 substrate solution was added to each well and the substrate transformation by activated caspase-3/7 was
performed for 45 min at rt. The fluorescence intensity (Aex: 485 + 20 nm, Aem: 530 + 25 nm) was measured using a microplate reader
(Tecan F200). Blank values (caspase-3/7 substrate solution plus test compound/solvent) were subtracted to reduce background
signals, and a potential loss of cell viability after the incubation with the test compounds was taken into account by performing an
MTT-assay as described above. The caspase-3/7 activity of the remaining vital cells was calculated as means + SD with solvent
controls set to 100%. All experiments were carried out at least in quadruplicate.

Detection of morphological signs of apoptosis.

518A2 melanoma cells (3 mL/well, 5x10* cells mL™") were grown in 6-well plates for 24 h (37 °C, 5% CO, and 95% humidity). After
incubation with ICso concentrations of the test compounds (staurosporine: 500 nM, 4a: 19.8 uM, 4b: 7.9 uM, 5a: 5.0 uM, 5b: 2.9 uM,
6a: 0.4 uM, 6b: 5.5 uM) or solvent for 2.5 h under cell culture conditions, morphological changes of the cells were documented via
brightfield microscopy (ZEISS Axiovert 135 and AxioVert MRc5, 100x magnification).

Annexin-V-FITC/PI staining.

For Annexin-V-FITC staining the TACS® Annexin-V-FITC Apoptosis Detection Kit (Trevigen, Maryland, USA) was used. 518A2
melanoma cells were seeded on glass coverslips (500 pL/well, 5x10* cells mL™") in 24-well plates, incubated under cell culture
conditions (37 °C, 5% CO, and 95% humidity) for 24 h and treated with ICso concentrations of the test compounds (staurosporine:
500 nM, CDDP: 7.8 uM,P! 4a: 19.8 uM, 4b: 7.9 uM, 5a: 5.0 uM, 5b: 2.9 uM, 6a: 0.4 uM, 6b: 5.5 uM) or solvent for a further 45 min
under cell culture conditions. Afterwards the medium was aspirated and the cells were stained with 150 pL of Annexin-V-FITC/PI
staining solution for 15 min according to the manufacturer’s instruction. Apoptosis-induced exposure of phosphatidylserine on the
outer leaflet of the cytoplasmic membrane was documented by fluorescence microscopy (ZEISS Imager A1 AX10, 200x
magnification). For differentiation between early apoptotic and late apoptotic/necrotic cells (which have lost membrane integrity), cells
were counterstained with Pl (propidium iodide).

Ethidium bromide saturation assay.

A potential DNA interaction of complexes 4-6 was assessed by a fluorescence-based ethidium bromide (EtdBr) staining assay.
Salmon sperm DNA (SS-DNA, Sigma-Aldrich) in TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.5) was pipetted into a black 96-well
plate to reach a final amount of 1 pg/100 pL assay volume and incubated with varying concentrations of test compounds for 2 h at
37 °C. Afterwards, 100 pL of EtdBr solution (10 pg mL™" in TE buffer) was added to each well. The fluorescence (Aex = 535 nm, Aem =
595 nm) was measured using a microplate reader (Tecan F200) after 5 min of incubation. Each fluorescence value was corrected for
intrinsic compound and EtdBr background fluorescence. A decreased fluorescence indicates an interaction between DNA and test
compound which prevents the intercalation of EtdBr molecules into the double-stranded SS-DNA. All experiments were carried out in
triplicate and the relative EtdBr fluorescence was quoted as means + standard deviation with solvent controls set to 100%.

Electrophoretic mobility shift assay (EMSA).

Circular pBR322 plasmid DNA (1.5 pg; Thermoscientific) was incubated with dilution series (0, 25, 50, 75, 100 uM) of the test
compounds or CDDP in TE-buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.5) for 24 h at 37 °C (20 pL total sample volume). Afterwards
the DNA samples were subjected to DNA gel electrophoresis using 1% agarose gel in 0.5x TBE-buffer (89 mM Tris, 89 mM boric
acid, 25 mM EDTA, pH 8.3). After staining the gels with an EtdBr solution (10 ug mL"" in 0.5x TBE-buffer) for 30 min, DNA bands
were visualized using UV excitation. All experiments were performed at least in duplicate.
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Inhibition of thioredoxin reductase (TrxR) activity.

For the measurement of thioredoxin reductase (TrxR) activity the TrxR Colorimetric Assay Kit (Cayman Chemical) was used
according to manufacturer’s instructions. 1x108 518A2 melanoma cells were harvested using a cell scraper, homogenised in 5 mL
cold lysis buffer (50 mM K3PO4, 1 mM EDTA, pH 7.4) on ice and centrifuged for 15 min (4 °C, 10000xg). The protein concentration of
the supernatant was determined via Bradford assays. Then, 10 pL Protease Inhibitor Cocktail Plus (Carl Roth) were added to 1 mL of
the cell lysate which was either used for the assay right away or stored at -80 °C. Prior to use, the Assay Buffer was warmed to rt and
the cell lysates, NADPH, aurothiomalate (ATM; specific TrxR inhibitor) and rat liver TrxR enzyme were thawed and kept on ice. After
determination of the amount of cell lysate to use for optimum TrxR activity, all components were pipetted into the wells of a clear 96
well plate and the enzymatic reactions were initiated by addition of NADPH and 5,5 -dithio-bis(2-dinitrobenzoic acid) (DTNB). Then
the absorbance at 405 nm was measured once every minute using a plate reader (Tecan F200) at at least ten time points. The TrxR
activity was measured in the presence and absence of ATM. It is established that gold compounds such as ATM are highly specific
inhibitors of mitochondrial TrxR."! Therefore, in presence of ATM an inhibition of TrxR can be assumed which allows a correction for
TrxR-independent DTNB reduction (e.g. via glutathione). The difference between the two results renders the DTNB reduction due to
TrxR activity. By plotting the average absorbance values as a function of time the slope of the linear portion of the curve was
obtained, and the change of absorbance (AA40s) per minute could be determined. The values were corrected for unspecific DTNB
reduction and the TrxR activity was calculated using the following formula: TrxR activity [umol/min/mL] = [corrected AA/min (sample) /
7.92 mM'] x [0.2 mL / 0.02 mL] x sample dilution. The assay was conducted at 22 °C. All experiments were performed in triplicate
and the solvent-treated negative controls were set to 100%.

Mitochondrial membrane potential.

518A2 melanoma cells (100 pL/well, 0.25x10° cells/mL) were seeded in transparent (for viability control via MTT) and black 96-well
plates, followed by an incubation period of 24 h under cell culture conditions. The medium was replaced by 90 uL/well standard assay
buffer (80 mM NaCl, 75 mM KCI, 25 mM D-Glucose, 25 mM HEPES, pH 7.4 in ddH,0) and the cells were treated with a volume of 10
uL of various concentrations of test compounds or solvent (DMF). CCCP (10 uM) served as a positive control. The cells were
incubated for a further 45 min under standard cell culture conditions. Then 10 pL/well of a TMRM (tetramethylrhodamine methyl
ester; Cayman Chemicals) solution were added (2 uM in standard assay buffer), followed by an incubation period of 10 min under
exclusion of light. The cells were washed three times (160 pL PBS per well) and the fluorescence signal was measured after adding
100 pyL PBS per well (Tecan F200, Aex/Aem: 535/590 nm). The fluorescence signal was correlated to viability, determined by
corresponding MTT assays.

Determination of intracellular concentration of reactive oxygen species (DCFH-DA assay).

518A2 melanoma cells were seeded in black 96 well plates (100 pL/well, 0.1x106 cells/mL) and incubated for 24 h under standard
cell culture conditions. The medium was replaced by serum-free medium containing 20 pM DCFH-DA, followed by a further
incubation periode of 30 min. Cells were washed twice with PBS (100 pL/well) and fresh medium without FBS was added (100
uLAwell). After treatment with 10 uM of the test compounds or solvent, the cells were incubated for 1 h under standard cell culture
conditions and subsequently washed twice with PBS. The cells were kept in PBS and the fluorescence was measured (Tecan F200,
Aex/Aem: 485/535 nm). Solvent-treated cells were taken as negative controls and their fluorescence was set to 100%.

Lysosomal integrity.

518A2 melanoma cells (500 pL/well, 0.05x10° cells/mL) were seeded on glass coverslips in 24 well plates and incubated for 24 h
under standard cell culture conditions. Then the cells were treated with the test compounds at ICs, concentrations and incubated for 1,
2, 4 or 6 h under standard cell culture conditions. 30 min before each time interval ended, cells were stained with Lysosomal Staining
Kit Orange - Cytopainter (Abcam). To this end, medium was aspirated and the cells were washed once with 1 mL HHBS (Hanks
Buffer with HEPES; 140 mM NaCl, 5 mM KCI, 1 mM CaCl,, 0.4 mM MgSO4 x 7H,0, 0.5 mM MgCl, x 6H,0, 0.3 mM Na,HPO, x
2H,0, 0.4 mM KH,POs, 6 mM D-glucose, 20 mM HEPES, pH 7.0). The cells were treated with 300 uL staining solution, incubated for
30 min under standard cell culture conditions, washed twice with 1 mL HHBS and fixed for 10 min at rt in 1 mL/well 3.7%
formaldehyde in PBS. After three further washing steps, the coverslips were washed with 500 pL ddH>0 and embedded on glass
slides with ProLong Gold™ (Invitrogen) containing 1 pg/mL DAPI. Lysosomal and nuclear staining was documented using a
fluorescence microscope (Zeiss Imager A1 AX10, 400-fold magnification).

Stability testing via NMR spectroscopy.

Solutions of the test compounds were freshly prepared corresponding to stock solutions in dimethylformamide-d;, 5 vol-% water-d2
were added. "H NMR (500 MHz) spectra (16 scans) were measured at 0 h, 24 h, 48 h and 72 h to demonstrate the stability of the
complexes in solution in the presence of water.

Tubulin polymerisation assay.

Purified porcine brain tubulin protein [5 mg/mL in Brinkley’s buffer 80 (BRB80)] containing 10% glycerol and 1.5 mM guanosine 5°-
triphosphate (GTP)] was pipetted in a black 96-well half-area plate and mixed with the test compounds or solvent (DMSO) to a final
concentration of 10 uM. The microplate was immediately placed in the pre-heated microplate reader (Tecan F200) and
polymerisation was measured turbidimetrically at 37 °C by recording the absorption at 340 nm for 2 h in intervals of 20 s. All
experiments were at least carried out in duplicate.

Cell cycle analysis.
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518A2 melanoma cells (3 mL/well; 5x10* cells mL") were grown on 6-well tissue culture plates for 24 h (37 °C, 5% CO,, 95%
humidity) and treated with different concentrations of the test compounds or solvent for another 24 h (37 °C, 5% CO3, 95% humidity).
The cells were harvested by trypsinisation and fixed in ice-cold 70% EtOH (1 h, 4 °C). After RNA digestion and propidium iodide (PI;
Carl Roth) staining with Pl staining solution (50 pg mL"" PI, 0.1% sodium citrate, 50 ug mL-' RNAse A in PBS) for 30 min at 37 °C to
quantitatively stain DNA, the fluorescence intensity of 10 000 single cells was measured at Aem = 570 nm (Aex = 488 nm laser source)
with a Beckmann Coulter Cytomics FC500 flow cytometer. The percentage of cells in the different phases of the cell cycle (G1, S and
G2/M phase) was determined by CXP software (Beckmann Coulter). The percentage of apoptotic and necrotic cells was derived from
sub-G1 peaks.
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Results

Influence on cellular morphology
To confirm induction of apoptosis after treatment of 518A2 melanoma cells with complexes 4-6 we additionally documented

morphological alterations via brightfield microscopy (Fig. 11).

Figure 11: Morphological signs of apoptosis of 518A2 melanoma cells after incubation with staurosporine (STA; 500 nM) as well as ICso concentrations of gold
complexes 4-6 for 2.5 h. (4a: 19.8 uM, 4b: 7.9 pM, 5a: 5.0 uM, 5b: 2.9 uM, 6a: 0.4 uM, 6b: 5.5 pM). Documented using brightfield microscopy, 100x
magnification. Images are representative of at least three independent experiments.
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Apoptosis detection using Annexin V-FITC and PI

Early apoptotic events upon treatment of 518A2 melanoma cells with gold complexes 4-6 were detected by staining of
phosphatitylserines on the outer surface of the cytoplasmic membrane with Annexin-V-FITC. Early apoptotic and late
apoptotic/necrotic cells could be differentiated by counterstaining with propidium iodide (Pl), which can only enter cells lacking
membrane integrity. Results were documented via fluorescence microscopy (Fig. 12).

Annexin V-FITC

control

STA

CDDP

4a

4b

S5a

Sb

% '

Figure 12: Annexin-V-FITC/PI staining of 518A2 melanoma cells treated with staurosporine (STA; 500 nM), CDDP (7.8 uM) as well as ICso concentrations of gold
complexes 4-6 for 45 min. (4a: 19.8 puM, 4b: 7.9 uM, 5a: 5.0 pM, 5b: 2.9 puM, 6a: 0.4 uM, 6b: 5.5 uM). Documented using fluorescence microscopy, 200x
magnification. Images are representative for at least three independent experiments.
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Stability testing via NMR spectroscopy
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Figure 13: 'H NMR (500 MHz, dimethylformamide-dz, 5 vol-% water-dz) spectra of 4a; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Figure 14: '"H NMR (500 MHz, dimethylformamide-dz, 5 vol-% water-dz) spectra of 4b; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Figure 15: "H NMR (500 MHz, dimethylformamide-dz, 5 vol-% water-dz) spectra of 5a; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Figure 16: '"H NMR (500 MHz, dimethylformamide-d7, 5 vol-% water-dz) spectra of 5b; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Figure 17: 'H NMR (500 MHz, dimethylformamide-dz, 5 vol-% water-dz) spectra of 6a; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Figure 18: 'H NMR (500 MHz, dimethylformamide-dz, 5 vol-% water-dz) spectra of 6b; 0 h, 24 h, 48 h and 72 h after preparing of stock solution.
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Interaction with tubulin
Figure 19 shows the results from tubulin polymerization assays with complexes 4-6. The known microtubule-destabilizing compound
combretastatin A-4 (CA-4) was used as a positive control. With the exception of complexes 5, which induce a slight inhibition of

tubulin polymerization, no effects could be observed for the other test compounds 4 and 6.
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Figure 19: Turbidimetric measurement (OD at 340 + 20 nm) of the polymerization of monomeric tubulin under the influence of the test compounds 4-6 at a final
concentration of 10 pM. DMF was used as negative control, CA-4 at 10 pM was used as positive control. Values are representative of at least two independent

measurements.

Influence on the cell cycle of 518A2 melanoma cells
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Figure 20. Influence of different concentrations of the test compounds 4a (A), 4b (B), 5a (C), 5b (D), 6a (E) and 6b (F) on the cell cycle of 518A2 melanoma cells
measured via flow cytometry and Pl staining; as a control the respective volume of solvent was used. Concentrations were adjusted to the ICso values of the

compounds for 518A2 melanoma cells in MTT assays. Values are means + standard deviation derived from three independent assays.
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Zytotoxizitatstests via MTT-Assay, Durchfiihrung der EMSA Studien und
Stabilitatsstudien mittels NMR.
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Assay, zellulare Aufnahmemessungen, Zellzyklusmessungen, Messung der
ROS Level, TrxR Aktivitats-Assay, Caspase 3/7 Assay. LDH Assay,
Tubulinpolymerisationsassay, Scratch Migration Assay, Comet Assay und

Tube formation Assay.

Zudem; Verfassen des Manuskripts gemeinsam mit Sebastian W. Schleser,

einschliellich der Diskussion und Interpretation der Ergebnisse.
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NMR Stabilitatsstudien.
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Abstract

New mono- and di-nuclear thio-purine and thio-purine nucleoside gold(I) complexes were synthesized, characterized, and
evaluated in vitro for biological activities in comparison to related known purine complexes. By combining known anti-
tumoral thio-purines with R;PAu moicties as present in auranofin, complexes with enhanced effects and selectivities were
obtained, which not only act as cytostatics, but also disrupt tumor-specific processes. Their /Cs, values in cytotoxicity test
with tumor cell lines ranged from three-digit nanomolar to single-digit micromolar, revealing a tentative structure—activity
relationship (SAR). Both the residues R? of the phosphane ligand and R! at C2 of the pyrimidine ring had a significant impact
on the cytotoxicity. In most cases, the introduction of a ribo-furanosyl group at N9 of the purine led to a distinctly more
cytotoxic complex. Most complexes were more active against multi-drug-resistant tumor cells or such lacking functional p53
when compared to the respective untreated wild type cell lines. Some nucleoside complexes displayed an interesting dose-
dependent dual mode of action regarding cell cycle arrest and DNA repair mechanism. Some phosphane(purine-6-thiolato)
gold (I) complexes had a stronger inhibitory effect on the thioredoxin reductase (TrxR) and on the reactive oxygen species
(ROS) generation in cancer cells than is typical of other gold complexes. They also led to DNA fragmentation and showed
anti-angiogenic effects. Their stability under test conditions was demonstrated by ”’Se NMR monitoring of an exemplary
selenopurine complex.
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Introduction

Cisplatin has been and still is a mainstay in the chemo-
therapy of certain cancer entities, despite of its poor can-
cer selectivity, fast emergence of resistance, and frequent
unwanted side effects. Later generation platinum drugs,
such as oxaliplatin and carboplatin, while eliciting tumor
resistance to a lesser degree than cisplatin, are still associ-
ated with severe side effects. For this reason, and in antici-
pation of a similar, platinum-like efficiency, the search for
further metallo-drugs was extended to coordination and
organometallic complexes of noble and other late transi-
tion metals. Although no such drug has been approved by
the FDA for cancer treatment to date [1], auranofin is a
successful example of a highly efficacious, multi-modal
gold drug with few side effects. Initially designed and
approved against rheumatoid arthritis [2], it has shown
promising effects against a variety of cancer entities [3-5],
in addition to antibacterial and antiviral properties [6].
Extensive SAR studies of structurally related compounds
were carried out as early as 1986, in which the phosphane
motif was found to be particularly relevant [7]. Recent
studies supported these findings, in which the PEt;Au”
cation with various halides or thiols also exhibited sub-
micro-molecular cytotoxicities against various human can-
cer cell lines [8, 9]. Since then, many gold(I) and gold(III)
complexes with anti-tumor properties have been evaluated
[10]. The choice of ligands and their lipophilicity, size and
intrinsic toxicity turned out essential for their bioactivity
and bio-distribution as too lipophilic phosphane gold(I)
compounds e.g., [Au(dppe),]* tend to display significant
hepatotoxicity [11]. One way to compensate for the lipo-
philicity of phosphanes is to use hydrophilic thiols as sec-
ond ligands. Needless to say, that these complexes must be
stable enough to reach their target, but not too unreactive
to interfere with it [9]. The thio analogs of adenine and
guanine proved to be particularly potent in this regard.
6-Mercaptopurine (6-MP) and 6-thioguanine (6-TG) are
already well studied, clinically established antimetabolites
with known modes of action [12]. By coordinating these
thiopurines to various triorganylphosphane gold(I) frag-
ments, Tiekink et al. could improve their beneficial effects.
In fact, their complexes were cytotoxic even against human
cancer cell lines not responsive to the underlying free
purines [13-15]. Mechanistically, to exert their effect, they
are first converted into their nucleotide analogs in vivo
[16]. It is therefore unsurprising that their correspond-
ing nucleosides, such as 6-methylmercaptopurine riboside
(6-MMR), are also potent anticancer agents [13-15, 17].

Herein, we further investigate the thio-purine com-
plexes of Tiekink et al. for their cytotoxicity and mech-
anism of action and we also take a look at the more
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effective complexes of the thio nucleosides 6-thioguano-
sine (6-TGS) and 6-thioinosin (6-TNS).

Materials and methods
Chemical synthesis
General

Reactions: all reactions with moisture-sensitive reagents
were carried out under argon atmosphere in water-free
solvents.

Solvents: unless stated otherwise, the solvents were puri-
fied and dried using standard methods.

Purchasable reagents: starting compounds were pur-
chased from Sigma-Aldrich (St. Louis, United States),
TCI (Tokyo, Japan), Merck (Darmstadt, Germany), abcr
(Karlsruhe, Germany), Acros Organics (Fair Lawn, United
States), VWR (Radnor, United States) and used without
further purification. Nuclear Magnetic Resonance (NMR)
spectra were measured using a Bruker (Bellerica, United
States) DRX spectrometer at SO0 MHz at ambient tempera-
ture. Chemical shifts are given in parts per million (8). For
'H-NMR spectra the resonance signal of the residual proton
of CDCl, (6="7.26 ppm) or DMSO-d, (6=2.50 ppm) was
used as internal standard. For 3*C-NMR spectra, the reso-
nance signal of the carbon atom of CDCl; (6="77.1 ppm) or
DMSO-dg (6=39.5 ppm) was used. "H-NMR spectra were
measured at 500 MHz, ’C-NMR spectra at 125 MHz, 3'P-
NMR spectra at 202 MHz and 7’Se-NMR spectra at 95 MHz.
For signal multiplicities, the following abbreviations were
used: s=singlet, d=doublet, t=triplet, m = multiplet,
dd =doublet of doublets, dt=doublet of triplets, dq=dou-
blet of quartets. Coupling constants are given in Hz. Melting
points were taken with an Electrothermal 9100 apparatus
and are uncorrected. Mass spectra were recorded with a
ThermoFisher Scientific (Waltham, United States) UPLC/
Orbitrap MS system (HRMS-ESI). High-Performance Lig-
uid Chromatography (HPLC): Analytical HPLC measure-
ments were carried out on a Shimadzu Nexera XR with auto-
sampler SIL-20A and a diode array detector SPD-M20A
using the column Eurosphere IT 100-3 C18 (150 x4 mm)
from Knauer GmbH (Berlin, Germany). Solvents used for
the HPLC system featured the purity level ‘HPLC grade’.
UV/Vis spectra were obtained using a Varioskan LUX Plate
Reader—Multimode Microplate Reader from Thermo Fisher
(Waltham, United States).
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General protocol for the synthesis of complexes
1-10

The respective thiol (1.00 eq.) and R;PAuCI (1.00 eq.) were
suspended in EtOH (75 mL/mmol) and 200 ym KOH,,
(1.00 eq.) was added dropwise. The suspension slowly
started to dissolve and was left stirring for 24 h at rt. The
solvent was cvaporated and the residuc was suspended in
boiling acetone. After filtration, the solvent was evaporated
to leave the complex as a colorless powder.

(1,7-Dihydro-6H-purine-6-thiolato) (triphenylphosphane)
gold(l) (1)

84.0 mg (138 umol, 68%) from 6-MP (34.4 mg, 202 pmol,
1.00 eq.), PhyPAuCI (100 mg, 202 umol, 1.00 eq.) and
200 pm KOH,, (1.01 mL, 202 umol, 1.00 eq.) in EtOH
(15 mL). m.p. 260 °C (decomp.); 'H NMR (500 MHz,
DMSO-dg) 6y =13.3 (s, 1H, NH), 8.45 (s, 1H, H™), 8.26
(s, 1H, H™), 7.76-7.53 (m, 15H, H*); 1*C NMR (126 MHz,
DMSO-dg) 6-=167.7 (s), 149.3 (s), 147.7 (s), 140.2 (s),
132.0 (d, Jp=14.1 Hz), 130.0 (d, Jp=2.7 Hz), 127.8 (s),
127.7 (d, Jop=11.4 Hz), 127.4 (s); 3P NMR (202 MHz,
DMSO-dg) 6p=36.38; HRMS (ESI): m/z calculated
for C,3H gAuN,PS + H* [M+H*|: 611.07336. Found:
611.07230.

(2-Amino-1,7-dihydro-6H-purine-6-thiolato)
(triphenylphosphane) gold(l) (2)

68.0 mg (109 umol, 54%) from 6-TG (33.8 mg, 202 umol,
1.00 eq.), PhzPAuCI (100 mg, 202 pmol, 1.00 eq.) and
200 pm KOH,, (1.01 mL, 202 ymol, 1.00 eq.) in EtOH
(15 mL). m.p. 260 °C (decomp.); '"H NMR (500 MHz,
DMSO-d;) éy=12.4 (s, 1H, NH), 7.77 (s, 1H, H"),
7.71-7.58 (m, 15H, H™), 6.04 (s, NH,); '*C NMR
(126 MHz, DMSO-d;) 6-=170.6 (s), 160.4 (s), 151.7 (s),
138.1 (s), 134.4 (d, Jp=14.1 Hz), 132.3 (d, Jp=2.7 Hz),
130.4 (s), 130.0 (d, Jop=11.4 Hz), 126.3 (s); *'P NMR
(202 MHz, DMSO-dy) 6,,=36.8; HRMS (ESI): m/z calcu-
lated for C,3H;oAuNsPS + H* [M + H*]: 626.08425. Found:
626.08195.

(1,7-Dihydro-6H-purine-6-thiolato) (triethylphosphane)
gold(l) (3)

40.0 mg (85.8 umol, 30%) from 6-MP (48.6 mg, 285 umol,
1.00 eq.), Et;PAuCI (100 mg, 285 pmol, 1.00 eq.) and 200 pm
KOH(aq,) (1.43 mL, 285 umol, 1.00 eq.) in EtOH (15 mL).
m.p. 240 °C (decomp.); '"H NMR (500 MHz, DMSO-dy)
8,=13.2 (s, 1H, NH), 8.38 (s, 1H, H"), 8.26 (s, H*), 1.91
(dt, J=15.3 Hz, 7.3 Hz, 6H, CH,), 1.23-1.01 (m, 9H, CH;);

13C NMR (126 MHz, DMSO-d) 8:-=171.5 (s), 151.5 (s),
149.5 (s), 141.7 (s), 133.1 (s), 17.7 (d, Jcp=34.1 Hz), 9.34
(s); 3'P NMR (202 MHz, DMSO-d;) 8,=36.7; HRMS
(ESI): m/z calculated for C;H;gAuN,PS+H* [M+H*|:
467.07336. Found: 467.07161.

(2-Amino-1,7-dihydro-6H-purine-6-thiolato)
(triethylphosphane) gold(l) (4)

47.0 mg (97.7 pmol, 34%) from 6-TG (47.7 mg, 285 umol,
1.00 eq.), Et;PAuCI (100 mg, 285 pumol, 1.00 eq.) and
200 yum KOH,, (1.43 mL, 285 pymol, 1.00 eq.) in EtOH
(15 mL). m.p. 250 °C (decomp.); 'H NMR (500 MHz,
DMSO-dy) 6,;=12.3 (s, 1H, NH), 7.74 (s, |H, H*"), 5.91 (s,
NH,), 2.17-1.67 (m, 6H, CH,), 1.48-0.88 (m, 9H, CH,); 1*C
NMR (126 MHz, DMSO-d¢) 6-=171.4 (s), 160.1 (s), 151.6
(5), 137.6 (s), 126.6 (s), 17.9 (d, Jcp=233.6 Hz), 9.26 (s); *'P
NMR (202 MHz, DMSO-dy) 6,=236.6; HRMS (ESI): m/z
calculated for C;;H;,AuNsPS+H* [M +H"]: 482.08425.
Found: 482.08282.

(1,7-Dihydro-6H-purine-9-B-D-ribofuranosyl-6-thiolato)
(triphenylphosphane) gold(l) (5)

53.0 mg (71.4 umol, 50%) from 6-TNS (40.2 mg, 141 pmol,
1.00 eq.), Ph;PAuCI (70.0 mg, 141 pmol, 1.00 eq.) and
200 um KOH,,, (708 uL, 141 pmol, 1.00 eq.) in EtOH
(15 mL). The crude product was purified by column chro-
matography (silica gel 60, CH,Cl,/MeOH 95:5). R;=0.63
(CH,Cl1,/MeOH 9:1); m.p. 130 °C (decomp.); 'H NMR
(500 MHz, DMSO-d,) 6,;=8.56 (s, 1H, H"), 8.49 (s, 1H,
H"), 7.76-7.58 (m, 15H, H"), 5.97 (d, J=5.5 Hz, 1H), 5.51
(d, J=5.5 Hz, 1H), 5.28-5.17 (m, 2H), 4.59 (d, /=5.5 Hz,
1H), 4.18 (q, J=4.5 Hz, 1H), 3.97 (q, J=3.7 Hz, 1H), 3.71
(dt, J=12.1,4.3 Hz, 1H), 3.58 (dd, J=12.1, 6.4 Hz, 1H); *C
NMR (126 MHz, DMSO-dg) 6-=171.7 (s), 148.5 (s), 134.4
(d, Jop=14.1 Hz), 133.7 (s), 132.5 (d, Jp=2.8 Hz), 130.0
(d, Jep=11.4 Hz), 129.7 (s), 88.4 (s), 86.1 (s), 74.2 (s),
71.4(s), 61.7 (s); *'P NMR (202 MHz, DMSO-dy) 8,=37.0;
HRMS (ESI): m/z calculated for CpgH,4AuN,O,PS +H*
[M+H*]: 743.11561. Found: 743.11528.

(2-Amino-1,7-dihydro-6H-purine-9-B-D-ribofuranosyl-6-thi
olato) (triphenylphosphane) gold(l) (6)

56.0 mg (73.9 umol, 46%) from 6-TGS (48.4 mg, 161 pmol,
1.00 eq.), PhsPAuCI (80.0 mg, 162 umol, 1.00 eq.) and
200 pm KOH,, (809 uL, 162 pmol, 1.00 eq.) in EtOH
(15 mL). The crude product was purified by column chro-
matography (silica gel 60, CH,CIl,/MeOH 95:5). R; = 0.43
(CH,Cl1,/MeOH 95:5); m.p. 230 °C (decomp.); 'H NMR
(500 MHz, DMSO-d¢) §,=8.09 (s, |H, H*), 7.82-7.45
(m, 15H, H"Y), 6.21 (d, /=5.5 Hz, 2H, NH,), 5.80 (d,
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J=5.6Hz, 1H), 542 (d,/=59Hz, |H),5.22 (t, /=5.6 Hz,
1H), 5.13 (d, /J=4.8 Hz, 1H) 4.48 (q, J=5.6 Hz, 1H),
4.14 (q, /=4.5 Hz, 1H), 3.91 (q, /=3.6 Hz, 1H), 3.67
(dt, J=12.0, 4.7 Hz, 1H), 3.56 (dd, J=12.0, 6.2 Hz, 1H);
13C NMR (126 MHz, DMSO-d) ¢=171.6 (s), 160.1 (s).,
150.9 (s), 134.4 (d, Jop=13.7 Hz), 132.4 (s), 130.0 (d,
Jep=11.4Hz), 126.6 (s), 87.4 (s), 85.7 (5), 74.0 (), 70.8 (5),
61.7 (s); 3'P NMR (202 MHz, DMSO-d,) 6, =37.1; HRMS
(ESD): m/z calculated for C,sH,;AuN;O,PS +H* [M+H']:
758.12651. Found: 758.12542.

(1,7-Dihydro-6H-purine-9-B-D-ribofuranosyl-6-thiolato)
(triethylphosphane) gold(l) (7)

108 mg (176 pmol, 88%) from 6-TNS (60.0 mg, 200 pumol,
1.00 eq.), Et;PAuCI (70.0 mg, 200 umol, 1.00 eq.) and
200 um KOH,q, (1.00 mL, 200 umol, 1.00 eq.) in EtOH
(10 mL). m.p. 200 °C (decomp.); '"H NMR (500 MHz,
DMSO-dg) 6;;=8.55 (s, 1H, H™), 8.40 (s, 1H, H"), 5.93 (d,
J=5.7Hz, 1H), 5.51 (s, 1H), 5.22 (d, /=5.9 Hz, 1H), 5.22
(s, 2H), 4.58 (t, J=5.4 Hz, 1H), 4.16 (dd, J=4.9 Hz, 3.6 Hz,
1H), 3.95 (q, /=3.8 Hz, 1H), 3.68 (dd, /=12.0 Hz, 3.9 Hz,
1H), 3.58-3.49 (m, 1H), 1.96 (dq, J=10.4, 7.6 Hz, 9H), 1.20
(dt, J=18.6, 7.6 Hz, 6H). 13C NMR (126 MHz, DMSO-d)
Sc=151.1(s), 148.0 (s), 141.7 (s), 133.4 (), 87.8 (s), 85.6
(s), 73.5 (5), 70.3 (s), 17.3 (d, J-,=33.6 Hz), 8.86 (s). *'P
NMR (202 MHz, DMSO-dy) 8,=37.1; HRMS (ESI): m/z
calculated for C,¢H,;AuN,O,PS+H* [M+H']: 599.11561.
Found: 599.11330.

(2-Amino-1,7-dihydro-6H-purine-9-B-D-ribofuranosyl-6-thi
olato) (triethylphosphane) gold(l) (8)

90.0 mg (150 umol, 75%) tfrom 6-TGS (56.7 mg, 200 pumol,
1.00 eq.), Et;PAuCI (70.0 mg, 200 umol, 1.00 eq.) and
200 pm KOH,q (1.00 mL, 200 pumol, 10.0 eq.) in EtOH
(10 mL). m.p. 170 °C (decomp.); 'H NMR (500 MHz,
DMSO-dg) 6y =8.07 (s, 1H, H"), 6.08 (s, 2H, NH,), 5.76
(d, /=6.0 Hz, 1H), 5.20 (s, 3H), 5.22 (s, 2H), 4.48 (t,
J=5.5Hz, 1H),4.11 (dd, J=5.0 Hz, 3.4 Hz, 1H), 3.65 (dd,
J=12.0Hz, 3.9 Hz, 1H), 3.53 (dd, /J=12.0 Hz, 3.9 Hz, 1H),
1.94 (dq, J=10.2, 7.6 Hz, 6H), 1.19 (dt, J=18.5, 7.6 Hz,
9H); '*C NMR (126 MHz, DMSO-d) 5-=171.9 (s), 159.4
(s), 150.4 (s), 137.5 (s), 126.6 (s), 86.7 (s), 85.2 (s), 73.3
(s), 70.4 (s), 61.4 (s), 17.3 (d, J-p=33.4 Hz), 8.82 (s); *'P
NMR (202 MHz, DMSO-d) 6, =36.8; HRMS (ESI): m/z
calculated for C,¢H,;AuN;O,PS+H* [M+H*]: 614.12651.
Found: 614.12425.
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(1,7-Dihydro-6H-purine-2,6-bisthiolato)
(triethylphosphane) gold(l) (9)

66.0 mg (81.3 umol, 60%) from 2,6-dimercaptopurine
(25.0 mg, 136 pumol, 1.00 eq.), Et;PAuCl (95.1 mg,
271 pmol, 2.00 eq.) and 200 pM KOH,, , (1.36 mL,
271 pmol, 1.00 eq.) in EtOH (7 mL). m.p. 200 °C
(decomp.); 'H NMR (500 MHz, DMSO-d,) &;; = 12.46
(s, 1H, NH), 7.92 (s, 1H, H*), 1.94 (dq, /=152,
7.7 Hz, 12H), 1.18 (dt, J=18.6, 7.7 Hz, 18H); '°C
NMR (126 MHz, DMSO-d¢) 6.=171.7 (s), 169.9 (s),
150.4 (s), 139.3 (s), 129.9 (s), 17.8 (d, J-p=33.4 Hz),
9.44 (d, Jo»=137.7 Hz); *'P NMR (202 MHz, DMSO-
dg): 0p=38.2, 36.6; HRMS (ESI): m/z calculated for
C,-H;,Au,N,P,S, + HT [M+H*]: 813.09259. Found:
813.09361.

6-Selenopurine

6-Chloropurine (250 mg, 1.62 mmol, 1.00 eq.) was dis-
solved in EtOH (5 mL), treated with selenourea (203 mg,
1.65 mmol, 1.02 eq.) and stirred at 108 °C for 1 h. The sus-
pension was filtered and washed with H,O. The filter cake
was dissolved in 2% NaHCOs(aq.) (25 mL) and the resulting
mixture was stirred at 60 °C for 1.5 h. After cooling, the
suspension was filtered and the filtrate was treated with ace-
tic acid. Filtration, washing with water and drying in vacuo
afforded 6-Selenopurine as orange solid (120 mg, 603 pmol,
37%). 'H NMR (500 MHz, DMSO-dy) 8,,=14.26 (s, 1H,
SeH), 13.68 (s, 1H, NH), 8.56 (s, 1H, H™), 8.26 (s, 1H, H");
13C NMR (126 MHz, DMSO-dg) 8.=166.1 (s), 151.2 (s),
147.3 (s), 145.6 (s), 131.4 (s); 7'Se NMR (95 MHz, DMSO-
dg) 6. =370.8. The NMR spectra match previously reported
data [18].

(1,7-Dihydro-6H-purine-6-selenolato) (triethylphosphane)
gold(l) (10)

72.0 mg (142 umol, 94%) from 6-selenopurine (30.0 mg,
151 pmol, 1.00 eq.), Et;PAuCl (52.8 mg, 151 umol, 1.00 eq.)
and 200 um KOH,, (753 pl, 285 umol, 1.00 eq.) in EtOH
(10 mL). m.p.: 140 °C (decomp.); 'H NMR (500 MHz,
DMSO-dg) 8,;=13.1 (s, 1H, NH), 8.39 (s, 1H, H"), 8.33
(s, HY), 1.94 (dq, /=10.2 Hz, 7.6 Hz, 6H, CH,), 1.19 (dt,
J=18.6 Hz, 7.6 Hz, 9H, CH,); 13C NMR (126 MHz, DMSO-
dg) 6c=163.4 (s), 152.1 (s), 151.1 (s), 145.6 (s), 135.5 (s),
17.9 (s), 17.7 (s), 9.28 (s); "’Se NMR (95 MHz, DMSO-
dg) 85, =166.6; *'P NMR (202 MHz, DMSO-d;) 5p=38.3;
HRMS (ESI): m/z calculated for C,,H,;AuN,PSe + H*
[M+H*]: 515.01781. Found: 515.01613.
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Biological evaluation
Stock solutions

The test compounds were dissolved in DMSO to a concen-
tration of 10 mM and stored at — 23 °C. Prior to biological
experiments, they were diluted to the desired concentration
with sterile Millipore water.

Cell culture conditions

518A2 human melanoma cells (Department of Radio-
therapy & Radiobiology, University Hospital Vienna,
Austria), HCT116" (DSMZ ACC-581) and its
HCT116"3~/~ knockout mutant colon carcinoma cells,
U87 glioblastoma cells (ATCC HTB-14), EA.hy926
somatic cell hybrid cells (ATCC CRL-2922), HeLa cervix
carcinoma cells (DSMZ ACC-57), MCF-7 breast cancer
cells (DSMZ ACC-115), HT-29 cisplatin resistant colon
cancer cells (DSMZ ACC-299) and non-malignant human
dermal fibroblasts HDFa (ATCC PCS-201-012) were cul-
tured in Dulbecco’s moditied Eagle medium (PAN bio-
tech), supplemented with 10% (v/v) fetal bovine serum
(Sigma-Aldrich) and 1% (v/v) ZellShield (Minerva Bio-
labs) at 37 °C under 95% humidity and 5% CO,. Unless
noted otherwise, all bioassay steps including cells were
conducted under these standard cell culture conditions.
To maintain stable multidrug resistance in Kb-V1 cells,
they were routinely treated with 340 nM vinblastine.

Cytotoxicity and cellular uptake

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell viability assay

All complexes stable in solution were investigated for
their anti-proliferative effect on nine human cancer cell
lines, using the MTT-based cell viability assay [19]. Cells
were seeded in 96-well microtiter plates (Sarstedt) with
a cell density of 0.05 x 10° cells per ml and 100 pL per
well and incubated for 24 h. A dilution series of test com-
pounds was added to the wells, ranging in twelve steps
from 100 uM to 5 nM. As a control, equal amounts of
DMSO were added. Treated cells were further incubated
for 72 h. Then, 12.5 pL per well of MTT solution (0.05%
in phosphate-buffered saline (PBS)) was added, followed
by another 2 h of incubation. The plates were centrifuged,
the medium was discarded and 25 pL per well of SDS
solution in DMSO (10% SDS, 0.6% AcOH in DMSO) was
added to dissolve the formazan. The plates were incubated
for a further hour. Absorbances at 570 nm and 630 nm

were measured using a plate reader (Tecan). Background
absorbance (630 nm) was subtracted from the formazan
signal (570 nm). The resulting absorbance was directly
proportional to the amount of viable cells. The control
was normalized to 100% viable cells and viability of
cells treated with test compounds was calculated accord-
ingly. IC5, values were calculated based on a sigmoidal
fit model using GraphPad Prism. Means and SD were
calculated from at least four independent experiments.

Cellular uptake measurement via ICP-MS

Cells were seeded at a density of 2 x 10° cells per dish in
cell culture dishes (Sarstedt) and grown overnight. The cells
were then treated with the test compounds at a final con-
centration of 5 uM for 5 h. The cell monolayer was washed
twice with PBS, the cells were harvested by trypsination,
counted and pelleted (4 °C, 150X g, 5 min). Cell pellets were
solubilized with aqua regia (reflux, 20 min), and the gold
content was determined by ICP-MS. Means and SD were
calculated from at least two independent experiments.

Lactate dehydrogenase (LDH) cytotoxicity assay

518A2 melanoma cells were seeded in 96-well flat bot-
tom microtiter plates (Sarstedt) with 100 pL per well and
a cell density of 0.05 x 106 cells per mL. Wells containing
medium alone were additionally set for background meas-
urement. Cells were allowed to grow overnight followed by
substance treatment with 11.1 uL of tenfold concentrated
test compound dilutions and further incubated for 24 h.
As a positive control, 10 pL per well of lysis solution (9%
Triton-X 100 in Millipore H,0) was added and incubated
for 45 min to maintain maximum LDH release, the same
amount was added to maximum release background cor-
rection wells containing only medium. After centrifugation
(4 °C, 150xg, 5 min), 50 pL of the supernatant of each well
was transferred on a fresh microtiter plate followed by addi-
tion of 50 uL LDH assay buffer (223 mg of 2-p-iodophe-
nyl-3-p-nitrophenyl-5-phenyltetrazolium chloride, 57 mg of
N-methyl-phenazonium methyl sulfate, 575 mg of N-adenine
dinucleotide, 3.2 g of lactic acid in 480 ml 200 mM Tris—ClI,
pH 8.0) per well. The plate was incubated in the dark for
10-30 min at room temperature. Then 50 pL stop solution
(1 M acetic acid) was added per well and the absorbance was
measured at 490 nm. The mean value of background wells
with medium alone was subtracted from the negative control
and test wells. Additionally, the mean value of volume cor-
rection wells was subtracted from maximum LDH release
wells. The percentage of LDH release was calculated, with
the maximum LDH release set as 100% and the negative
control as 0% release. Means and SD were calculated from
at least three independent experiments [20].

@ Springer

178



5 PUBLIKATIONEN MIT DARSTELLUNG DES EIGENANTEILS

736

JBIC Journal of Biological Inorganic Chemistry (2022) 27:731-745

Apoptotic events
Caspase 3/7 activation

The assay was conducted, following manufacturer’s instruc-
tions using the Cell Meter Caspase 3/7 activity apoptosis
assay kit (AAT Bioquest) [21]. Briefly, 518A2 melanoma
cells were seeded in 96-well flat black microtiter plates with
a density of 0.22 x 10° cells per mL and 90 uL per well.
After 24 h of incubation, 10 pL per well of tenfold diluted
test compounds was added, and the cells were incubated
for a further 6 h. Subsequently, 100 uL per well of Caspase
3/7 substrate working solution was added and incubated
for 1 h in the dark at room temperature. The fluorescence
was measured using a micro-plate reader (Tecan) at ex/
em=490/525 nm.

ROS assay

To determine cellular ROS levels, 2,2'-bis(4-nitrophenyl)-
5,5'-diphenyl-3,3"-(3,3'-dimethoxy-4,4'-diphenylene) di-
tetrazolium chloride (NBT) was used. The assay is based
on the reduction of a yellow NBT tetrazolium salt to a
blue formazan dye. 518A2 melanoma cells were seeded
in 96-well flat bottom microtiter plates (Sarstedt) with 100
uL per well and a cell density of 0.1x 10° cells per mL.
The cells were allowed to grow overnight, followed by sub-
stance treatment with 11.1 pL of tenfold concentrated test
compound dilutions and further incubated for 24 h. Then
plates were centrifuged, the medium was discarded and 50
uL per well of NBT solution (0.1% in PBS) was added. The
plates were further incubated for 4 h, centrifuged again and
the medium was discarded. After that, 50 uL of 2M KOH
solution and 65 uL. DMSO had been added per well, incuba-
tion was continued for 30 min. The absorbances at 630 nm
und 405 nm were measured, using a plate reader (Tecan).
The background absorbance (405 nm) was subtracted from
the formazan signal (630 nm). The resulting absorbance is
directly proportional to the reactive oxygen species level.
The control value was normalized to 100% ROS level, and
accordingly, the viability of cells treated with test com-
pounds was calculated. Means and SD were calculated from
at least four independent experiments [22].

Inhibition of TrxR activity

For the measurement of TrxR activity, the TrxR Colorimet-
ric Assay Kit (Cayman Chemicals) [23] was used according
to manufacturer’s instructions. 1 x 10® 518A2 melanoma
cells were harvested using a cell scraper, homogenized in
5 mL of cold lysis buffer (50 mM K;PO,, 1 mM EDTA, pH
7.4) on ice and centrifuged for 15 min (4 °C, 10,000xg).
The protein concentration of the supernatant was determined
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via Nanodrop. Then, 10 uL Protease Inhibitor Cocktail Plus
(Carl Roth) was added to 1 mL of the cell lysate, which was
either used for the assay right away or stored at — 80 °C.
Prior to use, the assay buffer was warmed to room temper-
ature and the cell lysate, NADPH (Nicotinamide adenine
dinucleotide phosphate), ATM (aurothiomalate) and rat liver
TrxR enzyme were thawed and kept on ice After determina-
tion of the amount of cell lysate for optimum TrxR activ-
ity, alle components were pipetted into the wells of a clear
96-well plate and the enzymatic reactions were initiated by
addition of NADPH and 5,5'-dithiobis-(2-nitrobenzoic acid
(DTNB). Then, the absorbance at 405 nm was measured
once every minute using a plate reader (Tecan) at least ten
time points. The TrxR activity was measured in the pres-
ence and absence of ATM. The difference between the two
results renders the DTNB reduction due to TrxR activity. By
plotting the average absorbance values as a tunction of time,
the slope of the linear portion of the curve was obtained,
and the change of absorbance (AA405) per minute could be
determined. The values were corrected for unspecific DTNB
reduction and the TrxR activity was calculated using the fol-
lowing formula: TrxR activity [umol/min/mL] = [corrected
AA/min (sample)/7.92 mM~']x[0.2 mL/0.02 mL] x sample
dilution. The assay was conducted at 22 °C. All experiments
were performed in triplicate and the solvent-treated negative
controls were set to 100%.

Influence on the cell cycle

The complexes were investigated for their eftfect on the cell
cycle [24]. Cells were seeded in 6-well plates (Sarstedt) with
3 mL per well and a cell density of 0.05 x 10° cells per mL
and incubated for 24 h. Cells were treated with concentra-
tions of compounds, corresponding their ICs, and further
incubated for 24 h. The supernatant of each sample was
transferred into a separate tube on ice, the cell monolayer
was rinsed once with PBS and the cells were harvested using
trypsin, and also transferred into the tube. The cells were
pelleted (4 °C, 150X g, 5 min), re-suspended in 1 mL ice
cold EtOH (70%) and stored for at least 1 h at 4 °C. Prior to
propidium iodide (PI) staining, the cells were centrifuged
(150xg, 5 min), the supernatant was discarded and the cells
were layered with 1 mL PBS for 5 min. The cells were cen-
trifuged again and the pellet was re-suspended in 200 uL
of PI staining solution (50 pg/mL PI, 1% sodium citrate in
PBS) containing 1 uL RNase (10 mg/mL stock solution)
and incubated in dark for 30 min at 37 °C. The cell cycle
distribution was assessed by flow cytometry (Beckmann
Coulter). Means and SD were calculated from at least three
independent experiments.
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Tubulin polymerisation assay

First, 2 X polymerization buffer was prepared, which con-
sisted of 385 uL Brinkley renaturing buffer 80 (BRB 80),
100 uL glycerol, and 15 pL GTP (100 mM). 50 uL of freshly
prepared 2 X polymerization buffer was added to pClear
black well plates. Subsequently, 11.1 uL each of a tenfold
substance pre-dilution in BRB80 was added. In addition,
a combretastatin A-4 positive control was prepared analo-
gously. After rapid addition of 50 pL of tubulin per well, the
measurement was started on the plate reader at 340 nm. The
plate reader measured at 20 s intervals for at least 120 min
until the measurement plateau was reached. For evaluation,
OD 340 nm was plotted versus time [25].

Inhibition of wound healing (scratch migration
assay)

Cells of melanoma cell line 5S18A2 were seeded in a volume
of 500 uL and at a concentration of 0.1 x 10° cells/mL in
24-well plates in triplicate. The plate was incubated (37 °C,
95% humidity, 5% CO,) for two days until a confluent mon-
olayer was formed. A 10 uL pipette tip was used to create a
wound in the cell lawn, the wound was rinsed with PBS and
the medium was changed to a FBS-reduced one. Pictures
were taken at first time point (0 h) right before the addition
of substance at 100-fold pre-dilution. The plate was then
incubated again in the incubator and photos were taken at
several more time points (6, 12, and 24 h) [262626].

DNA interaction
Ethidium bromide saturation assay (EtdBr assay)

The interaction of the complexes with linear DNA was
assessed using the EtdBr assay. Ethidium bromide interca-
lates into DNA enhancing its fluorescence, while intercala-
tion is hindered by alterations of the DNA structure e.g.,
by small molecules interfering with DNA [17]. In wells of
a 96-well black flat bottom microtiter plates a solution of
1 pg linear salmon sperm DNA (ThermoFisher) in TE buffer
(10 mM Tris—Cl, 1 mM EDTA, pH 8.0) was treated with
concentration series (final concentrations; 25 pM, 50 uM,
75 uM and 100 pM) of the compounds, a corresponding
amount of DMSO was used as a control (0 uM). After an
incubation period of 2 h at 37 °C, 100 uL per well of eth-
idium bromide solution (10 pg/mL in TE buffer) was added
and the plate was incubated for 5 min in the dark. Back-
ground samples were prepared analogously but without
DNA addition. EtdBr—-DNA adduct fluorescence was moni-
tored at an excitation wavelength of 535 nm and an emis-
sion wavelength of 595 nm. After background subtraction,
changes in fluorescence intensity were calculated in relation

to control (set to 100%). Means and SD were calculated from
at least three independent experiments.

Electrophoretic mobility shift assay (EMSA)

To distinguish whether the DNA interaction is of an elec-
trostatic or covalent nature, a second DNA interaction
assay was conducted. 1.5 pg of circular plasmid pBR322
DNA were incubated in TE buffer (10 mM Tris—-Cl, ] mM
EDTA, pH 8.0) with different concentrations of test com-
pounds (final concentrations; 5 uM, 10 pM, 25 uM and
50 uM), whereas a corresponding volume of DMSO was
added to the control (0 uM) to a final volume of 20 yL of
each sample. Samples ware incubated for 16 h at 37 °C and
subjected to 1% agarose gel electrophoresis in 0.5 X TBE
buffer (45 mM Tris—Cl, 45 mM boric acid, 1.25 mM
EDTA, pH 8.0) for 4 h at 66 V. Afterward, the agarose
gel was stained for 20 min with EtdBr (10 pg/mL in 0.5
TBE buffer) solution and the result documented using UV
excitation.

Comet assay

518A2 melanoma cells were seeded at a concentration of
0.03 x 10° cells/mL and a volume of 2 mL seeded in 6-well
plates and incubated overnight (37 °C, 95% humidity, 5%
CO,). In addition, slides were coated with 1.5% agarose and
allowed to harden before being stored in a moist place until
the next day. On the second day, a 100-fold substance pre-
dilution was added to the cells followed by a further incuba-
tion of 3-5 h. The selected concentration range was based on
Mendonga et al. [27]. Subsequently, the cells were harvested
with trypsin and the cell number was adjusted to 0.02 x 10°
cells/mL. 0.5% agarose solution was prepared and tempered
to a maximum of 50 °C. After mixing 0.4 mL of cell suspen-
sion with 1.2 mL of tempered agarose, 200 uL was pipet-
ted onto each of the previously coated slides. After these
had hardened, a one-hour incubation followed at 4 °C in
lysis buffer. The samples were then electrophoresed at 11 V
for 20 min and then incubated for 15 min in neutralization
buffer. Finally, the DNA was stained with 30 uL each of 1%
ethidium bromide for 30 min, before the slides were washed
with PBS for subsequent documentation under a fluorescent
microscope with UV excitation (Zeiss Axiovert 135, Ex/Em
300 nm/605 nm).

Tube formation assay
EA.hy926 cells were cultured overnight in endothelial

medium (37 °C, 95% humidity, 5% CO,) instead of DMEM.
In addition, Matrigel was thawed on ice in the refrigerator.
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Pipette tips and 96-well plates were stored at — 20 °C
overnight. The next day, 30 uL of Matrigel was added to
each well bubble-free and the well plate was incubated for
approximately 45 min (37 °C, 95% humidity, 5% CO,).
Subsequently, 100 uL of cell suspension was added to each
well at a concentration of 0.4-0.5 x 10 cells/mL onto the
Matrigel-treated wells and the substances were added in
tenfold pre-dilution. This was followed by incubation for
approximately 6 h, until tubes formed in the negative control
with DMSO. At this point, documentation under the micro-
scope took place [28].

Results
Synthesis and characterization

Chlorotriorganophosphane gold(I) precursors were syn-
thesized according to well established literature protocols
[29]. The purine-6-thiolato gold(I) complexes 1-9 were
synthesized analogously to a procedure by Tiekink et al.
(Scheme 1) [30]. No protection of the hydroxy groups of the
riboside was necessary due to the higher pKa values of the
thiols and their higher aurophilicity, compared to alcohols.
The 9H-purine-6-thiolato gold(I) complexes 1-4 and 9 were
obtained with an average yield of 60%, their nucleoside ana-
logs 5-8 in yields around 45%. Complexation of 2,6-dimer-
captopurine with two equivalents of (PEt;)AuCl and base
afforded the dinuclear complex 9 displaying two peaks in
the P NMR spectrum. Purine-6-selenolato complex 10
was prepared by reacting 6-chloropurine with selenourea to
afford 6-selenopurine which in turn was complexed exactly
like the mercaptopurines and nucleosides. All complexes,
designated for in vitro bio tests, were characterized by Iy,
3¢, 3P and, if applicable, ”’Se NMR spectroscopy, as well
as ESI mass spectrometry.

None of the complexes showed a change of their signals
in '"H NMR spectra (cf. Supporting Information) over the
period of at least three days when dissolved in DMSO-
dg+ 5% D,0, i.e., under testing conditions and can thus
be considered stable. The disappearance of the amine and
hydroxy protons immediately after the addition of water can
be explained by the isotope exchange with the D,O present
in large excess. *'P NMR spectra of 9H-purine complex 4
and nucleoside complex 7, measured with additional D,0,
also did not change noticeably in the course of three days,
confirming the stability of the coordination of phosphorus
to the gold atom. In a further corroboration of the com-
plex stability, the similarity of the chalcogens sulfur and
selenium was exploited. The selenolato complex 10 was
synthesized and examined for its stability under identical
conditions. Since "Se is a 1/2 spin nucleus with roughly
8% natural abundance, its compounds can be investigated
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directly. Depending on whether a break in the Se—Au or
the Au—PR; bond would occur, the shift would change by
several hundred ppm and serve as unequivocal evidence.
Here, too, no change in the shift of the 7’Se NMR signal was
observed. In addition, we investigated the stability of com-
plexes 1 and 5 as representatives of the series of purines and
purine nucleosides, respectively, in cell culture medium by
UV/Vis spectroscopy. Their signals did not change at all in
the short period of 0—30 min and also in the longer period of
3 days only slightly by a decrease in their signals intensity.
The complexes can thus be considered stable under the test
conditions (cf. Supporting Information).

Biological evaluation
Cytotoxicity against cancer cells

All complexes 1-9 were evaluated in MTT-assays for their
cytotoxicity against cancer cell lines of different tumor enti-
ties, as well as a non-malignant fibroblast control cell line
(Table 1). In contrast to studies by Tiekink et al., no gen-
eral improvement in the cytotoxicities of the thio-purines
was observed upon complexation with a tri-alkyl-phos-
phane gold(l) cation. For most cell lines, the ICs, values
of complexes 1-3 and the corresponding thiopurines were
approximately the same. The complexes were sometimes
more and sometimes less cytotoxic than the free bases within
the range of the standard deviation. Complex 4, however,
was distinctly less active compared to its analogs. The new
purine nucleoside complexes, however, showed higher
cytotoxicities overall. Complex 5 performed best with ICs,
values ranging between three-digit nano-molar and single-
digit micromolar. Healthy human dermal fibroblasts (HDFa)
were far less affected. Complex 5 surpassed the cytotoxic
effects of the positive control 6-MP on all listed cancer cell
lines. It was also as active on average as the positive con-
trols 6-TG and auranofin. Only 6-MMR displayed a stronger
activity than complex 5, yet was also more cytotoxic against
HDFa. Considering all complexes 1-8, some SAR became
apparent. Derivatization of the purine with p-ribose at N9
resulted in stronger cytotoxic effects, at least for the couples
1/5, 3/7 and 4/8. The introduction of a R'=NH, group at
C2 also had an effect on the cytotoxicity. While complex
1 was less cytotoxic against all tested cell lines than its
2-amino derivative 2, the 2-H complexes were more active
against the tumor cell line panel than their 2-amino conge-
ners in the couples 3/4, 5/6, and 7/8. As to the influence of
the phosphane residues R?, the tri-phenyl-phosphane(9H-
purine-6-thiolato) complexes 1 and 2 were distinctly more
cytotoxic against the tumor cells when compared with their
triethylphosphane(9H-purine-6-thiolato) analogs 3 and 4,
respectively. No such difference in activities was observed
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Scheme 1 Synthesis of complexes 1-10

Table 1 Inhibitory concentrations ICs, [uM] of 6-MP, 6-TG, 6-MMR,
auranofin and complexes 1-9 when applied to EA.hy926 endothe-
lial hybrid cells and cells of human HCT-116, HCT-1160%~/~ (p53
knockout mutant) and HT-29 colon carcinomas, HeLa and mdr KB-

for the corresponding nucleoside complex couples 5/7 and
6/8.

Tests on tumor cell line mutants in comparison with their
wild type also led to telling results. HCT-116 colon carci-
noma cells lacking functional p53 protein, which is also fre-
quently mutated in tumors, were more sensitive to all tested
complexes than HCT116™ cells. Moreover, complexes 1
and 4-8 showed an increased cytotoxicity against MCF7
breast cancer cells, previously rendered multi-drug resist-
ant by repeated treatment with topotecan, when compared
to untreated, sensitive MCF7 cells. In addition, most tested
complexes were of similar cytotoxicity against KB-V1 cer-
vix carcinoma cells in the absence and presence of the Pgp-
substrate verapamil, clinically used to re-sensitize resistant
tumors [31]. This suggests that these complexes are not
substrates of ABC-transporter-type efflux pumps [32, 33].

VIV cervix carcinoma (treated with and without 1 pM verapamil),
MCE-7 and mdr MCF-7™" mamma carcinoma, U-87 glioblastoma,
518A2 melanoma, and human adult dermal fibroblasts HDFa

EA.hy926 HCT-116" HCT-116053/- HeLa HT-29 KB-VIY!
6-MP 0.92+0.04 53+028 0.58+0.05 1.4+0.10 1.4+0.06 1.6+0.10
6-TG 0.25+0.02 0.97+0.10 1.0+0.02 0.19+0.01 1.2+0.08 0.50+0.05
Auranofin 0.82+0.04 11.9+0.4* 5.0+0.2% 2.6+0.4%* 2.0+0.18 1.9+0.07
6-MMR 0.11+£0.001 0.10+£0.008 0.050+0.001 0.0056+0.0003 - =
1 2.9+0.70 49+1.0 1.7+0.30 2.6+0.04 8.0+0.73 1.9+0.1
2 0.50+0.10 0.80+0.01 0.58+0.01 0.60+0.05 444032 0.30+0.07
3 1.5+0.11 6.3+0.30 3.6+0.80 6.8+0.62 64+14 2.5+0.32
4 1.1+0.08 25+3.1 11+0.50 15+4.1 58+1.7 12+1.0
5 0.34+0.03 1.7+0.20 0.30+0.07 0.19+0.01 1.2+0.09 0.50+0.05
6 3.8+0.13 5.5+0.20 1.4+0.30 24+0.14 3.1+0.19 0.91£0.09
7 0.43+0.02 1.6+0.20 0.50+0.03 0.51+0.05 22+0.17 0.40+0.04
8 1.7+0.14 5.5+0.30 1.8+0.06 24+0.21 45+0.34 0.70+0.07
9 - 11.2+0.78 374035 17.6+0.80 11.1£0.32 s
KB-V1YP MCF7 MCF7*re U-87 518A2 HDFa
1.4+0.14 3.7+0.26 6.4+0.46 1.4+0.13 1M+1.1 >50
0.42+0.04 0.98+0.08 0.90+0.09 1.7+0.08 52+045 >50
2.1+0.19 2.2+022 474043 24+0.24 1.8+0.03* 14+1.0%
= 0.090+0.003 - u 1.4+0.12 5.8+0.46
1.7+0.77 13.0+1.12 6.6+0.65 0.91+0.09 8.0+0.71 =
0.54+0.02 22+0.13 3.7+0.37 1.0+0.1 44+0.33 =
1.1+0.11 9.4+0.53 10+0.26 6.9+047 8.4+0.62 =
10.4+0.95 21+3.40 494043 7.0+0.66 16£0.91 =
0.50+0.03 24+022 1.7+0.14 1.7+0.15 2.6+0.25 36+1.70
1.5£0.11 5.8+0.57 3.2+0.29 12+0.12 3.5+0.26 36+3.00
0.62+0.04 2.1+0.20 1.2+0.11 1.1+0.11 3.0+0.21 7.0+0.62
1.8+0.17 10+0.83 3.6+0.34 1.0£0.03 344033 7.0£0.70
- = - 13.4+1.20 =

Values are derived from dose-response curves obtained by measuring the percentage of vital cells of treated wells relative to untreated controls
after 72 h of incubation using MTT-assays. Values are means +SD of at least four independent experiments. Values marked with * were taken

from Bir et al. [33]
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Cellular uptake

For an assessment of the uptake of the test compounds 1-8
into 518A2 melanoma cells, the gold content of lysed treated
cells was measured by ICP-MS (c¢f. Supporting Informa-
tion). Complex 6, the only one that features a 2-NH, group,
a 9-p-ribosy! residue and a tri-phenyl-phosphane ligand, was
taken up conspicuously well to a concentration of 164 ug/10°
cells. Given its moderate ICs;, value of ca 3.5 uM for this
cell line in the MTT-assays, when compared to the other test
complexes and auranofin the intrinsic cytotoxicity of com-
plex 6 is rather low. Complex 5 and auranofin were taken
up to roughly the same extent which nicely matches their
similar cytotoxicities against 518A2 melanoma cells.

Influence on the cell cycle

While 518A2 melanoma cells treated with the solvent
DMSO showed the normal distribution over all cell cycle
phases, cells treated with the test complexes, 6-MP, or 6-TG
accumulated in G1-phase. In contrast, cells treated with ICs,
concentrations of auranofin were arrested mainly in S-phase
(Fig. 1, 2). The incorporation of thiopurines into DNA leads
to DNA damage, which the cell tries to repair in G1-phase
|34]. Auranofin inhibits TrxR which is important for some
cellular processes during S-phase of the cell cycle [35].
Complex 5 displayed both a G-phase arrest and an S-phase
arrest when applied at approximately twice its IC5,. Com-
plex 6 exhibited a similar concentration-dependent bimodal
effect. A possible explanation of this effect could be that at
lower concentrations the entire compound can be accom-
modated in the DNA, eliciting a thiopurine-like G;-phase
arrest. With concentration increasing, the cytotoxic effect
typical of auranofin comes to the fore, ultimately leading to
an S-phase arrest.

Influence on the intracellular ROS concentration

The influence of the complexes 5-7, 6-MP, 6-TG and
auranofin on the concentration of ROS in 518A2 melanoma
cells was assessed by NBT-assay. All compounds led to a
similar increase of ROS levels. TrxR inhibitor auranofin,
when applied at a concentration of 5 uM gave rise to the
highest ROS levels, presumably due to an accumulation of
oxidized thioredoxin [4].(Fig. 2).

Influence on TrxR

Like auranofin, the thiopurines 6-MP and 6-TG also inhib-
ited TrxR. The enzyme is indirectly involved in DNA syn-
thesis, by reducing thioredoxin, which gets oxidized by ribo-
nucleotide reductase [36]. Combining the structural motifs
of auranofin and thiopurines led to compounds exhibiting a
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much stronger inhibition of TrxR. There was no correlation
between TrxR activity and ROS levels, which indicates that
auranofin is involved in other redox pathways such as the
glutathione system [37]. The complexes 5 and 6 inhibited
TrxR even more strongly than 6-MP, 6-TG and auranofin
(Fig. 3).

Induction of apoptosis and necrosis

Auranofin inhibits the ubiquitin proteasome system, associ-
ated with induction of apoptosis [35, 38]. Both thiopurines
6-MP and 6-TG induce programmed cell death via mismatch
repair mechanisms [39]. To detect any potential induction
of apoptosis by the test complexes, a caspase-based fluores-
cence assay was used [35, 38]. Both thiopurines 6-MP and
6-TG induce programmed cell death via mismatch repair
mechanisms [39]. To detect any potential induction of apop-
tosis by the test complexes, a caspase-based fluorescence
assay was used. Executioner caspases 3 and 7 are activated
in the course of the caspase cascade. Their activation can
thus be taken as a measure of apoptosis induction. Both
thiopurines and auranofin, but also complexes 5-7 led to
increased caspase activity levels, most prominently so the
complexes 6 and 7 which even exceeded the effects of the
three controls.

To prove that apoptotic rather than necrotic cell death
was induced, a lactate dehydrogenase (LDH)-based assay
was employed. Potential drugs are supposed not to cause
necrosis which leads to inflammation of healthy neighbor-
ing tissue. The release of the intracellular enzyme LDH
upon drug treatment allows to gage the risk of it inducing
necrosis. In comparison to a positive control, which shows
the maximum LDH release, no enzyme could be detected
upon treatment of 518A2 melanoma cells with 6-MP, 6-TG,
auranofin or the complexes 5 and 6. This confirms that the
latter induce exclusively apoptosis and no necrosis (cf. Sup-
porting Information).

Influence on tubulin polymerization

Since polymerization of tubulin plays an essential role in
mitosis, its inhibition is an ideal strategy for cancer therapy.
Among the inhibitors of tubulin polymerization there are
already many pyrimidine-derived agents [40]. We found that
6-MP and even more so 6-TG inhibited tubulin polymeriza-
tion in vitro by turbidity measurements at 340 nm using a
plate reader. Auranofin also turned out to be a microtubule-
destabilizing agent, probably acting by binding to the sulf-
hydryl groups of tubulin, which were reported to serve as
targets of other polymerization inhibitors [41, 42]. Com-
plexes 5 and 6 led to a merely slight inhibition of tubulin
polymerization in vitro (¢f. Supporting Information).
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Fig.1 Effect on the cell cycle of S18A2 melanoma cells after
24 h incubation with different concentrations of 6-MP, 6-TG, and
auranofin, as well as complexes 5 and 6. Percentage of 518A2 mela-

Inhibition of cancer cell migration

The ability of cancer cells to migrate has been shown to be a
prerequisite for the tissue invasion and metastasis. A variety
of cell adhesion molecules contribute to tumor suppression
and thus reduce cell migration [43]. The scratch migration

noma cells in G|, S and Go/M cell cycle phases and the proportion of
potentially apoptotic cells (sub-G1) as determined by flow cytometry.
Values are means + SD of at least three independent experiments

assay is a simple method for identifying potential inhibi-
tors of cell motility. “Wounds” were created in the lawn of
518A2 melanoma cells and treated with the test compounds.
The closure of the scratches was followed photographically
and subsequently measured at three different points [44—47].
While complex 5 retarded the closure of the scratch "wound”
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Fig.2 Relative increase of the intracellular concentration of reactive
oxygen species in 518A2 melanoma cells after treatment with solvent
(0 uM) or 6-MP, 6-TG, auranofin or complexes 5-7 (1 uM and 5 uM)
for 24 h. All experiments were performed in sextuplicate. ROS levels
were calculated as mean +SD with respect to untreated control set to
100%
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Fig.3 Concentration-dependent inhibition of TrxR activity in lysates
of 518A2 melanoma cells by 6-MP, 6-TG, auranofin and complexes
5 and 6. TrxR-independent substrate reduction was accounted for by
experiments in the presence and absence of the specific TrxR inhibi-
tor aurothiomalate. All values are means+SD of at least four inde-
pendent experiments with negative controls (0 uM) set to 100%

relative to an untreated control, complex 6 even accelerated
it. The only difference structure-wise between these two is
the 2-NH, group of 6 (Fig. 4).

Influence on DNA

As the mechanism of action of thiopurines involves inter-
action with and potential damage of DNA, we carried out
electrophoretic mobility shift assays (EMSA) with circular
pBR322 plasmid DNA, and ethidium bromide saturation
assays with linear salmon sperm DNA, both of which failed
to reveal any positive effects for the so far best perform-
ing complex 5. Presumably, it does not interact with DNA
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complexes 5-6 and CA-4 as positive control. 518A2 melanoma cells
were treated with the respective 1Cs, concentrations and their meas-
ured after 0, 6, 12 and 24 h. All experiments were performed as trip-
licates. Values are displayed as means +SD. Migration progress was
set 1o 0% at O h

Fig.5 DNA damage upon treatment with complex 5 (3.3 uM and
33 pM) and CDDP (33 uM) as positive control, documented with
comet assays. Treatment with DMSO as a negative control. Photos
are representative of the respective compound and concentration. The
images were taken at 100-fold magnification and were processed for
better recognizability in terms of brightness and contrast. DNA dam-
age is visualized by migration of DNA fragments out of the nucleus,
which is reminiscent of a comet tail

directly, but is metabolized in cells similarly to 6-MP and
6-TG, which are erronecously incorporated into DNA even-
tually leading to apoptosis induction [48]. This assumption
was confirmed by comet assays, where treatment of single
518A2 melanoma cells with complex 5 led to DNA damage,
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Fig.6 Tube formation assays:
Inhibition of tube formation of
Ea.hy926 cells through 6-MP,
6-TG, auranofin, 6-MMR and
complex 5, as well as DMSO
(neg. control) and CA-4 (pos.
control). The formation of
tubes, some of which are
indicated by yellow arrows,
mimics vessel formation during
angiogenesis. The lack of it is
an indication (or anti-angio-
genic effects of test compounds.
Final concentrations were 5 uM,
except for CA-4 (0.01 pM).
Photos are representative of

the respective compound. The
images were taken at tenfold
magnification and were pro-
cessed for better recognizability
in terms of brightness and
contrast

Control

Auran

which is reflected in the migration of stained DNA frag-
ments during gel electrophoresis (Fig. 5).

Anti-angiogenic effects

Like auranofin, 6-MMR also has an anti-angiogenic effect
[17, 35]. Inhibition of angiogenesis is considered a promis-
ing strategy in cancer therapy since the growth of tumors
requires the development of a vascular network [49].
Auranofin inhibits angiogenesis, at least in zebrafish mod-
els, via interference with the VEGF signaling pathway [50].
6-MMR inhibits the early and late phases of the angiogen-
esis process. The early phase of angiogenesis is associated
with cellular capabilities, such as cell proliferation, cell
mobility and sprouting. The late phase comprises the for-
mation of capillary structures, which can be ascertained by
the tube formation assay [17]. We could confirm the known
inhibitory effects of auranofin and 6-MMR on the forma-
tion of blood vessel-like tubes by Ea.hy926 cells. Complete

inhibition of tube formation, such as by the positive control
CA-4, is evident by the presence exclusively of individual
cells, whereas the negative control DMSO allowed the for-
mation of the tube-like structures, mimicking the angio-
genesis process. This simple test indicates anti-angiogenic
properties of the compounds. 6-TG had a stronger such effect
when compared to 6-MP. Interestingly, complex 5 also had
such an inhibitory effect, comparable in strength to that of
6-TG (Fig. 6).

Conclusion

Four tri-organyl-phosphane(9H-purine-6-thiolato) gold(I)
complexes with or without 2-NH, residues, as well as four
new analogous complexes with 6-TGS and 6-TNS ligands,
and a dinuclear 2,6-dimercaptopurine gold(I) complex were
synthesized and characterized. The complexation worked for

@ Springer
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purines as well as for nucleosides without any change of the
reaction conditions. All complexes were stable under test
conditions (5% D,0 in DMSO-dg) over a period of at least
three days. This assumption was confirmed by monitoring
the stability under these conditions of an analogous purine-
6-selenato gold(l) complex via 7’Se-NMR spectroscopy.

The gold complexes 1-8 showed cytotoxic effects with
ICs, values in the low micromolar to three-digit nano-
molar range against a panel of seven cancer cell lines, with
complex 5 performing best on average (0.19-2.5 uM). A
few tentative SAR emerged from the MTT assays. In most
cases, attachment of a 9-p-ribosyl residue led to an increase
in cytotoxicity, whereas NH, groups at C2 of the purine had
the opposite effect. Complexes with a triphenylphosphane
ligand were on average more active than those with triethyl-
phosphane ligands. The cellular uptake of the complexes did
not vary much with the residues R~ with complex 6 sticking
out for its conspicuously great uptake. The most cytotoxic
complex 5 was investigated in more detail.

Complex 5 exhibited a bipolar effect on the cancer cell
cycle, leading to G1-phase arrest, like other known thio-
purines, at low concentrations and to S-phase arrest, like
auranofin, at higher concentrations. The latter effect is very
likely due to its pronounced inhibition of TrxR. Complex 5
also initiated severe DNA lesions and fragmentation, ulti-
mately leading to cancer cell apoptosis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00775-022-01968-x.
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Figure S1. A Induction of effector capase-3/-7 activity in 518A2 melanoma cells afler treatment with 10 pM mercaptopurine,
thioguanine, auranofin and complexes 5-7 for 6 h. Vitality of cells was simultaneously tested by MTT assays and was found
to be > 85 % for all experiments which were performed in triplicate. Results are quoted as means + SD. The solvent-treated
negative control was sct to 100%. B Relcase of intracellular LDH in 518A2 mclanoma cells after treatment with 10 uM
mercaptopurine, thioguanine, auranofin and complexes 5 and 6 for 24 h. All experiments were performed in at least four
independent experiments. Values are means + SD with positive control, which displayed maximum LDH relcase, was set to
100%.
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Figure S2. Inhibition of tubulin polymerization by mercaptopurine, thioguanine, auranofin, complexes 5-6 and CA-4 as a
positive control (10 pM). All experiments were performed as duplicates.
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Figure S3. Cellular uptake [pg/10° cells] of complexes 1-8 and auranofin in 518A2 melanoma cells. Values were derived from
substance treated lysed cells after 5 h of incubation measured via ICP-MS. Values are means + SD from two independent
experiments.
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Figure S27. '*C NMR spectrum of 8 in DMSO-ds.
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Figure $33. >C NMR spectrum of 10 in DMSO-ds.
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Stability testing via 'H, 3'P and "’Se-NMR spectroscopy
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Figure $36. 'H-NMR spectrum of 1 in DMSO-de. Addition of 5% D-O after 0 h (yellow), 24 h (green), 48h (blue) and 72 h
(purple).
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Figure S37. 'H-NMR spectrum of 2 in DMSO-ds. Addition of 5% D-O after 0 h (yellow), 24 h (green), 48 h (blue) and 72 h

(purple).
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Figure S38. 'H-NMR spectrum of 3 in DMSO-ds. Addition of 5% D-O after 0 h (yellow), 24 h (green), 48 h (blue) and 72 h

(purple).
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Figure $39. 'H-NMR spectrum of 4 in DMSO-ds. Addition of 5% D,O after 0 h (yellow), 24 h (green), 48 h (blue) and 72 h

(purple).
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Figure S40. 'H-NMR spectrum of 5 in DMSO-ds. Addition of 5% D50 after 0 h (yellow), 24 h (green), 48 h (blue) and 72 h
(purple).
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Figure S41. 'H-NMR spectrum of 6 in DMSO-ds. Addition of 5% D,0 after 0 h (yellow), 24 h (green), 48 h (blue) and 72 h

(purple).
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Figure S42. '"H-NMR spectrum of 7 in DMSO-ds. Addition of 5% D-O after 0 h (yellow), 24 h (green), 48 h (blue) and 72 h
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Figure S43. "H-NMR spectrum of 8 in DMSO-d,. Addition of 5% DO after 0 h (yellow), 24 h (green), 48 h (blue) and 72 h
(purple).
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Figure S44. *'P-NMR spectrum of 4 in DMSO-ds. Addition of 5% D,0 after 0 h (yellow), 24 h (green), 48 h (blue) and 72 h
(purple).
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Figure S45. 3'P-NMR spectrum of 7 in DMSO-d,. Addition of 5% DO after 0 h (yellow), 24 h (green), 48 h (blue) and 72 h
(purple).
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Figure $46. 7"Sc-NMR spectrum of 10 in DMSO-ds + 5% D>O afier 0 h (red), 24 h (green), 48 h (bluc) and 72 h (purple).
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Stability testing via UV/Vis spectroscopy
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Figure S 47. UV/Vis spectra of complex 1 in EMEM with subtracted background over time.
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Figure S 48. UV/Vis spectra of complex 5 in EMEM with subtracted background over time.
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HPLC Chromatograms
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Figure S49. Chromatogram of 1. Method: 10% — 97% MeCN in HO + 0.1% HCOOH, flow: 1.0 ml/min.
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Figure S50. Chromatogram of 2. Method: 10% — 97% MeCN in H20 + 0.1% HCOOH, flow: 1.0 ml/min.
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Figure S51. Chromatogram of 3. Method: 10% — 97% MeCN in H;O + 0.1% HCOOH, flow: 1.0 ml/min.
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Figure S52. Chromatogram of 4. Method: 10% — 97% MeCN in H>O + 0.1% HCOOH, flow: 1.0 ml/min.
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Figure S53. Chromatogram of 5. Method: 10% — 97% MeCN in H,O + 0.1% HCOOH, flow: 1.0 ml/min.
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Figure S54. Chromatogram of ¢ 6. Method: 10% — 97% MeCN in H0 + 0.1% HCOOH, flow: 1.0 ml/min.
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Figure 855. Chromatogram of 7. Method: 10% — 97% MeCN in HO + 0.1% HCOOH, flow: 1.0 ml/min.
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Figure 856. Chromatogram of 8. Method: 10% — 97% MeCN in H;O + 0.1% HCOOH, flow: 1.0 ml/min.
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Figure S57. Chromatogram of complex 9. Method: 10% — 97% MeCN in HO + 0.1% HCOOH, flow: 1.0 ml/min.
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Figure S58. Chromatogram of complex 10. Method: 10% — 97% MeCN in H>O + 0.1% HCOOH, flow: 1.0 ml/min.
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55 Publikation V mit Darstellung des Eigenanteils

Publikation V entstand unter Mitarbeit von Dr. B. Biersack Mitarbeiter des Arbeitskreises Organische
Chemie | der Universitat Bayreuth unter der Leitung von Prof. Dr. R. Schobert sowie durch Kooperation
mit den Mitarbeitern A. Dittmer und B. Nitzsche des Instituts fiir Physiologie der Charité-
Universitatsmedizin Berlin unter der Leitung von Prof. Dr. M. Hopfner. Weiter trugen G. Ter-Avetisyan
und M. Fahling vom Institut flr vegetative Physiology der Charité-Universitdtsmedizin Berlin sowie A.
Klefenz und L. Kaps vom Institut fiir translationale Immunologie der Universitdtsmedizin der Johannes-

Gutenberg-Universitdt Mainz zur Entstehung der Publikation bei.

55.1 Eigenanteil an Publikation V

Die Publikation wurde im International Journal of Oncology verdffentlicht, unter dem Titel

,,Chimeric HDAC and the cytoskeleton inhibitor broxbam as a novel therapeutic strategy for liver

cancer*
von den Autoren

Sofia I. Bér, Alexandra Dittmer, Bianca Nitzsche, Gohar Ter-Avetisyan, Michael Féhling Adrian
Klefenz, Leonhard Kaps, Bernhard Biersack, Rainer Schobert und Michael Hopfner

Eigenanteil: Konzeption, Durchfihrung, Auswertung und graphischer Darstellung des
Zebrafisch Angiogenese Assays. Auswertung, grafische Darstellung und
Statistik der iCELLigence Messungen, des LDH Assays, der MMP und
Caspase 3 Aktivitats Messungen sowie der HDAC und HDAC 6 Aktivitaten.

Zudem; Verfassen des Manuskripts einschlielich der Diskussion und

Interpretation der Ergebnisse und Revision des Manuskripts.

Alexandra Dittmer: Durchflihrung des Kristallviolett-Assays, der iCELLigence Messungen, des
LDH Assays, Western Blotting, der RT-qPCR, der Apoptose Nachweise, der

Immuofluoreszenz Farbung und des Scratch Wound Healing Assays.
Gohar Ter-Avetisyan: Durchfiihrung der siRNA Versuche, Western Blotting und RT-qPCR.

Michael Fahling: Durchflihrung, statistische Auswertung und grafische Darstellung der
Western Blotting und RT-gPCR Ergebnisse.

Adrian Klefenz
und Leonhard Kaps: Durchflihrung des Kristallviolett- und des LDH-Assays.

Bernhard Biersack: Broxbam Synthese und Korrektur des Manuskripts.

220



5 PUBLIKATIONEN MIT DARSTELLUNG DES EIGENANTEILS

Bianca Nitzsche,

Michael Hopfner

und Rainer Schobert: Uberarbeitung und Korrektur des Manuskripts, Manuskripts einschlieRlich
der Diskussion und Interpretation der Ergebnisse und Revision des

Manuskripts

221



5 PUBLIKATIONEN MIT DARSTELLUNG DES EIGENANTEILS

5.5.2 Publikation V

Chimeric HDAC and the cytoskeleton inhibitor broxbam as a

novel therapeutic strategy for liver cancer

Sofia I. Bar?, Alexandra Dittmer®, Bianca Nitzsche™", Gohar Ter-Avetisyan®, Michael Fahling®, Adrian
Klefenz?, Leonhard Kaps?, Bernhard Biersack?®, Rainer Schobert? und Michael Hopfner®

2Q0rganic Chemistry Laboratory, University of Bayreuth, Universitaetsstrasse 30,
95440 Bayreuth, Germany

b Physiology, Charité-Universitatsmedizin Berlin, Corporate member of Freie Universitat Berlin,

Humboldt-Universit4t zu Berlin and Berlin, Institute of Health, 10117 Berlin, Germany

¢Vegetative Physiology, Charité-Universitatsmedizin Berlin, Corporate member of Freie Universitat

Berlin, Humboldt-Universitat zu Berlin and Berlin, Institute of Health, 10117 Berlin, Germany

d Institute of Translational Immunology, University Medical Center of the Johannes Gutenberg

University, D-55131 Mainz, Germany

*E-mail: bianca.nitzsche@charite.de

Int. J. Oncol., 2022, 60, 73

https://doi.org/10.3892/ij0.2022.5363

222



5 PUBLIKATIONEN MIT DARSTELLUNG DES EIGENANTEILS

INTERNATIONAL JOURNAL OF ONCOLOGY 60: 73, 2022

Chimeric HDAC and the cytoskeleton inhibitor broxbam
as a novel therapeutic strategy for liver cancer

SOFIA ISOLDE BAR', ALEXANDRA DITTMER?, BIANCA NITZSCHE?, GOHAR TER-AVETISYAN?,
MICHAEL FAHLING?®, ADRIAN KLEFENZ*, LEONARD KAPS*, BERNHARD BIERSACK!,
RAINER SCHOBERT! and MICHAEL HOPFNER?

]Organic Chemistry Laboratory, University of Bayreuth, D-95447 Bayreuth;

Institutes of 2Physiology and 3Vegetativc Physiology, Charité-Universititsmedizin Berlin,

Corporate member of Freie Universitit Berlin, Humboldt-Universitit zu Berlin and Berlin

Institute of Health, D-10117 Berlin; “Institute of Translational Immunology,

University Medical Center of the Johannes Gutenberg University, D-55131 Mainz, Germany

Received September 7, 2021; Accepted February 11, 2022

DOI: 10.3892/1j0.2022.5363

Abstract. Broxbam, also known as N-hydroxy-4-{1-methoxy-4-
[4'-(3'-bromo-4',5'-dimethoxyphenyl)-oxazol-5"-yl]-2-phenoxy}
butanamide, is a novel chimeric inhibitor that contains two
distinct pharmacophores in its molecular structure. It has
been previously demonstrated to inhibit the activity of histone
deacetylases (HDAC) and tubulin polymerisation, two critical
components required for cancer growth and survival. In the
present study, the potential suitability of broxbam for the treat-
ment of liver cancer was investigated. The effects of broxbam
on cell proliferation and apoptosis, in addition to the under-
lying molecular mechanism of action, were first investigated in
primary liver cancer cell lines Huh7, IHlepG2, TFK1 and EGI1.
Real-time proliferation measurements made using the iCEL-
Ligence system and viable cell number counting following
crystal violet staining) revealed that broxbam time- and
dose-dependently reduced the proliferation of liver cancer cell
lines with ICs, values <1 M. In addition, a significant inhibi-
tion of the growth of hepatoblastoma microtumours on the

Correspondence to: Dr Bianca Nitzsche, Institute of Physiology,
Charité-Universititsmedizin Berlin, Corporate member of Freie
Universitit Berlin, Humboldt-Universitit zu Berlin and Berlin
Institute of Health, 1 Charitéplatz, D-10117 Berlin, Germany
E-mail: bianca.nitzsche@charite.de

Abbreviations: CA-4, combretastatin A-4; CAM, chorioallantoic
membrane; CCC, cholangiocellular carcinoma; GLUT2, glucose
transporter 2; HCC, hepatocellular carcinoma; HDAC, histone
deacetylase; HDACI, histone deacetylase inhibitor; ICs,, mean
inhibitory concentration; LLDH, lactate dehydrogenase; MMP,
mitochondrial membrane potential; SIV, subintestinal veins

Key words: hepatocellular carcinoma, cholangiocellular carcinoma,
chimeric histone deacetylase inhibitor, tubulin polymerisation
inhibitor

chorioallantoic membranes (CAM) of fertilised chicken eggs
by broxbam was observed according to results from the CAM
assay, suggesting antineoplastic potency in vivo. Broxbam
also exerted apoptotic effects through p53- and mitochondria-
driven caspase-3 activation in Huh7 and HepG?2 cells according
to data from western blotting (p53 and phosphorylated p53),
mitochondrial membrane potential measurements (JC-1
assay) and fluorometric capsase-3 measurements. Notably,
no contribution of unspecific cytotoxic effects mediated by
broxbam were observed from LDH-release measurements.
HDACI, -2, -4 and -6 expression was measured by western
blotting and the IIDAC inhibitory potency of broxbam was
next evaluated using subtype-specific HDAC enzymatic
assays, which revealed a largely pan-HDAC inhibitory activity
with the most potent inhibition observed on HDAC6. Silencing
HDACG6 expression in Huh7 cells led to a drop in the expres-
sion of the proliferation markers Ki-67 and E2F3, suggesting
that HDACG inhibition by broxbam may serve a predomi-
nant role in their antiproliferative effects on liver cancer
cells. Immunofluorescence staining of cytoskeletal proteins
(a-tubulin & actin) of broxbam-treated IepG2 cells revealed
a pronounced inhibition of tubulin polymerisation, which
was accompanied by reduced cell migration as determined
by wound healing scratch assays. Finally, data from zebrafish
angiogenesis assays revealed marked antiangiogenic effects of
broxbam in vivo, as shown by the suppression of subintestinal
vein growth in zebrafish embryos. To conclude, the pleiotropic
anticancer activities of this novel chimeric HDAC- and tubulin
inhibitor broxbam suggest that this compound is a promising
candidate for liver cancer treatment, which warrants further
pre-clinical and clinical evaluation.

Introduction

The 5-year survival rate of patients with liver cancer (20%)
is among the lowest compared with other types of cancer (1).
Hepatocellular carcinoma (HCC) and cholangiocellular
carcinoma (CCC) are two of the most important types of
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primary liver cancers, with HCC being the most common,
which accounts for 70-90% of all types of liver cancer (2,3).
By contrast, CCC accounts for ~10% of all liver malignan-
cies (2,3). Although CCC is comparatively rare, they are
highly aggressive and are typically characterised by poor
S-year survival rates, specifically 5-15% (2,3). The standard
systemic therapeutic strategy for HCC is by using the multi-
kinase inhibitor sorafenib, which remains unchanged over the
last decade (4-7). Ilowever, adverse side effects, coupled with
the increasing incidence of resistance, are posing significant
therapeutic obstacles that needs to be overcome for the effec-
tive treatment of HCC (4-7). In addition, currently available
treatment options for CCC are even more limited. At early
stages surgical tumour resection is a curative option, but only
palliative measures are available for advanced and metastatic
CCC (8.9). Therefore, treatment possibilitics remain limited,
which induce severe side effects and only marginally increase
the survival time (8,9). There is an urgent demand for novel
treatment options for patients with advanced HCC or CCC.

One potential approach of tackling the therapeutic
resistance and metabolic evasiveness of cancer cells is
the development of ‘chimeric inhibitors’, which has been
garnering interest over recent years (10,11). Using the advent
ol molecular hybridisation, two distinct drug pharmacophores
can be merged into a single molecule, which can simultane-
ously attack different cellular and molecular targets (10,11).
Due to their extensively researched structure-activity relation-
ships, histone deacetylase inhibitors (HDACH) are at the centre
of this chimeric drug approach. In recent years, chimeric
agents featuring HDACi pharmacophores linked to either
protein kinase inhibitors, modulators of the DNA structure or
to moieties that can interfere with the cancer cell cytoskeleton,
have been developed (11).

IIDACs are amidohydrolases that serve a pivotal role
in cellular chromatin remodelling (12). They have been
previously implicated in the epigenetic regulation of cell
metabolism, proliferation and differentiation of various solid
cancers, such as urothelial, cervical, myeloma, ovarian and
lung cancer, where they have already been tested in early-
stage clinical trials (12,13). In several malignancies, including
liver cancer, HDACs were found to be overexpressed, where
their activity was also correspondingly enhanced (14). In turn,
they stifle the expression of tumour suppressor genes, leading
to uncontrolled cell division and insensitivity to cell repair
mechanisms and suppression of apoptosis (14). Therefore,
IIDACi are regarded to be promising novel compounds for the
therapy of a number of cancers, including liver cancer (14-16).
In particular, vorinostat was the first HDACI to be clinically
approved for the treatment of I-cell lymphoma (16-18).

Recently, combined treatment with the new HDAC1
resminostat and the established liver cancer drug sorafenib
was reported to effectively counteract HCC growth and
progression (19). Similarly, a synergistic inhibitory cffect
on the proliferation of HT-29 and HCT116 colon cancer
cells has been reported for the combination of HDACI and
microtubule disrupting agents (MDAs) (20). MDAs trigger
the upregulation of p53 and enhance post-translational modi-
fications on p53, such as phosphorylation and acetylation, in
non-small lung cancer cells (21). In this regard, potentiation
of apoptosis mediated by the combined treatment of the

o-phenylenediamine-based HDACi MS-275 (entinostat)
with the MDA taxol combretastatin (CA-4) was previously
reported in MCI'7 (breast cancer) and HCT (colon cancer)
cell lines (22). Treatment with this drug combination led to
a pronounced inhibition of tubulin polymerisation to impede
neovascularisation and disrupt the tumour vasculature (23).
These previous findings aforementioned therefore argue for
the acceleration in the development of therapeutic agents
that can simultaneously address > one target. Drugs that can
accomplish this by the means of several covalently-linked
pharmacophores are called chimeric drugs (24). Recently, the
chimeric inhibitor animacroxam, which induces both HDAC
inhibition and cytoskeleton-interfering effects, has been
shown to be particularly efficacious against testicular germ
cell cancer (15).

Broxbam is a promising chimeric HDAC inhibitor. The
pleiotropic ctfects of broxbam have been previously reported
in the 518A2 melanoma cell line, where it was demonstrated
to inhibit tubulin polymerisation and HDAC activity, disrupt
the cytoskeleton and induce cell cycle arrest (20). Broxbam
contains the structural hydroxamate motif of Ist generation
IIDACI that can also be found on vorinostat in addition to
the trimethoxyphenyl motif commonly found on cytostatic
MDAs, such as combretastatin A-4 (CA-4) (23,25). In
particular, the oxazole bridge of the trimethoxyphenyl motif
stabilizes the cis-configuration of the alkene (Fig. 1), which is
essential for the attachment to the colchicine-binding site of
tubulin heterodimers (26). It was recently shown that broxbam
can cxert antiproliferative effects in melanoma and colorectal
cancer cell models (20). However, its potential suitability
and efficacy against liver cancer remain poorly understood.
Therefore, the present study aims to investigate the effects of
broxbam on the physiology of liver cancer cells and the under-
lying molecular mechanism of action using both in vivo and
in vitro models.

Materials and methods

Compounds. Broxbam was synthesized according to
literature (20). In brief, Van Leusen reaction of the 3-bromo-
4,5-dimethoxyphenyl toluenesulfonylmethyl isocyanide
reagent with cthyl 4-(1-methoxy-4-formyl-2-phenoxy) butyrate
led to the ester-functionalised oxazole intermediate, which
was reacted with hydroxylamine to form the target compound
broxbam. Stock solutions (20 #M) of broxbam and vorinostat
(cat. no. V-8477; LC Laboratories), were prepared in DMSO
(Thermo Fisher Scientific, Inc.) stored at -20°C and diluted to
the final concentration in fresh media before each experiment.
In all experiments, the final DMSO concentration was <0.2%.

Cell culture. HepG2 (hepatoma; DSMZ no. ACC 180), Huh7
(hepatocellular carcinoma; RRID, CVCL_0336), TT'K1
[cholangiocellular carcinoma; Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DMSZ) no. ACC 344]
and EGI1 (cholangiocellular carcinoma; DSMZ no. ACC 385)
cells, in addition to the non-transformed hepatocyte cell
line non-transformed hepatocyte cell line AMLI12 (cat.
no. CRL-2254) (27) were purchased from ATCC Company and
stored for long time in liquid nitrogen in an in-house reposi-
tory. Only cells in the early passages (<30 passages) were used
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Figure 1. Molecular structures of Broxbam and vorinostat. Structures of the vascular disrupting agents combretastatin A-4 (CA-4), the histone deacetylase-

inhibitor vorinostat (red) and the oxazole-bridged hybrid compound broxbam.

for the study. The liver cancer cell lines are representative for
the established hepatocellular carcinoma, hepatoblastoma and
cholangiocarcinoma cell models for the in vitro research of liver
cancer (28-32). The murine non-transformed hepatocyte cell
line AML-12 (33,34) was used instead of a non-transformed
human hepatocyte cell model, which was not available for
the present study. However, AML-12 cells represent a widely
applied non-transformed hepatocyte cell model (33,34).

The cells were maintained in RPMI 1640 medium
containing 10% FBS and 100 U/ml penicillin and strepto-
mycin (all from Gibco, Thermo Fisher Scientific, Inc.) and
cultured at 37°C and 5% CO, in a humidified atmosphere
unless stated otherwise. Cell lines were serially passaged after
trypsinisation, using 0.05% trypsin/0.02% EDTA solution
(Bio & SELL GmbH). Only mycoplasma-free cultures were
used and potential contamination was routinely monitored.
Glucose and lactate levels from the cell culture supernatants
were measured using a blood gas analyser (ABL800 Flex;
Radiometer GmblI).

Small-interfering (si)RNA transfection. For the siRNA-
mediated knockdown of HDACG6, Huh7 cells were seeded
into six-well plates and cultured until they reached
40-50% confluency. Cells were then transfected with
siRNAs (75 nM; ON-TARGET plus SMART pool human
HDACSO, cat. no. L-003499-00-0010 or ON-TARGET
plus non-targeting control pool, cat. no. D-001810-
10-05; PerkinElmer, Inc.; https://horizondiscovery.
com/en/gene-modulation/knockdown/sirna/products/on-target-
plus-sirna-reagents?nodeid=entrezgene-10013&cata
lognumber=1.-003499-00-0010) using the transfection
reagent DharmaFECT]I (cat. no. T-2005-01) according to the
protocol provided by Dharmacon; PerkinElmer, Inc. In the
present study, SMART pool siRNAs targeting human HDAC6
and the non-targeting control containing a mixture of four
oligonucleotides were used. The target sequences for human
HDACGO are as follows: Sequence (Seq) 1, 5-GGGAGGUUC
UUGUGAGAUC-3'; Seq2, 5-GGAGGGUCCUUAUCGUAG
A-3'; Seq3, 5-GCAGUUAAAUGAAUUCCAU-3' and Seq4,
5'-GUUCACAGCCUAGAAUAUA-3'. Non-targeting control
sequences are as follows: Seql, 5'"-UGGUUUACAUGUCGA
CUAA-3"; Seq2, 5“-UGGUUUACAUGUUGUGUGA-3"; Seq3,
5'-UGGUUUACAUGUUUUCUGA-3' and Seq4, 5-UGG
UUUACAUGUUUUCCUA-3'". After 48 h of transfection, cells

were harvested and analysed by western blotting and reverse-
transcription-quantitative PCR (RT-qPCR).

Crystal violet assay. Changes in cell numbers associated with
drug treatment were monitored using crystal violet staining as
previously described (35). In total, 1,500-3,000 cells/well were
first seeded into 96-well plates and allow to detach for 72 h at
37°C, 5% CO, and 95% humidity. The cells were then treated
with either broxbam or vorinostat in the following concentra-
tions: 0.1,0.2, 0.4, 0.8, 1.6, 3.2, 6.4 and 10.0 uM for 24, 48
and 72 h at 37°C, 5% CO, and 95% humidity, fixed with 1%
glutaraldehyde for 30 min at room temperature and stained
with 0.1% crystal violet (Sigma-Aldrich; Merck KGaA) for
30 min at room temperature. Water rinsing was then performed
to remove any unbound dye, before 0.2% Trition-X100 was
added to solubilise the bound crystal violet and the absorbance
at 570 nm was measured using a microplate reader (Dynex
Technologies). The light absorbance was assumed in linear
proportion to the number of cells.

Real-time inhibition of cell proliferation. The measurement
of cell proliferation in real-time was performed as previously
described (15). Briefly, HepG2, Huh7 (1.0x10* cells/well),
TFK1 (5x10° cells/well) and EGI1 (3x10° cells/well) cells were
seeded into in eight-well E-plates (ACEA Biosciences, Inc.)
and maintained under normal cell culture conditions for 24 h.
After attachment of the cells, they were treated with concen-
trations of broxbam (0.1, 0.25, 0.5 and 1.0 xM) for <70 h at
37°C, 5% CO, and 95% humidity. An impedance-based iCEL-
Ligence system (RTCA Software Vs 2.1.0, ACEA Biosciences)
was used to monitor the real-time proliferation of viable cells
in the eight-well plates at 37°C, 5% CO, and 95% humidity,
every 15 min for 70 h. Cell proliferation was recorded as a
unitless parameter called the ‘cell index’, which was defined
as (R,-R,y)/4.6 Ohm, with R, representing the measured
resistance at time point n and R, representing the background
resistance measured at time point T

Lactate dehydrogenase (LDH) cytotoxicity assay. Cells
were seeded into 96-well microtiter plates at a density of
8x10° cells/well and treated with increasing concentrations
(0.1,0.3,0.6, 1.5, 3.0 and 10.0 #uM) of broxbam for 24 h at 37°C,
5% CO, and 95% humidity. Cytoplasmic LDH release into
the cell culture medium was measured using a colorimetric
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assay kit (cat. no. 11644793001; Sigma-Aldrich; Merck KGaA)
according to the manufacturers' protocols (36).

Induction of chorioallantoic membrane (CAM) tumours. In
total 2x10° HepG2 cells were resuspended in 10 pl RPMI
medium containing 10% FBS and 100 U/ml penicillin and
streptomycin (all from Gibco; Thermo Fisher Scientific, Inc.)
and 10 p1 Matrigel (BD Biosciences), before the cell suspension
was applied into a silicone ring 5 mm in diameter onto the CAM
of fertilised white Leghorn chicken eggs (Gallus domesticus)
at day 8 of their embryonic development. Fertilized eggs were
obtained from Valo Biomedia GmbH (Cuxhaven, Germany
and the embryonic development was induced by incubating
the eggs at 37.5°C and 80% humidity as described earlier (37).
The tumour-bearing chicken eggs were incubated for 24 h at
37.5°C to stimulate tumour formation, followed by the topical
application of 20 ul PBS containing three concentrations of
broxbam (1.2, 3.0 and 5.0 xM). After an incubation period of
72 h at 37.5°C and 80% humidity, the tumours were excised
and carefully weighed to determine their mass.

Apoptosis detection

Measurement of caspase-3 activity. HHepG2 and Huh7 cells
were incubated (37°C, 5% CO, and 95% humidity) [or 48 h in
RPMI growth medium (Gibco; Thermo Fisher Scientilic, Inc.)
containing the respective concentrations of test compounds
(0.1,0.3,0.6 and 1.2 uM). The cells were rinsed twice with PBS.
All cells were lysed with 500 pl lysis buffer (10 mM Tris-HCI,
10 mM NaH,PO,/Na,HPO,, 130 mM NaCl, 1% Triton X-100
and 10 mM NaPP1i, pH 7.5) per 100 cells. Protein concentra-
tion was determined using a BCA protein assay kit (Pierce;
Thermo Fisher Scientific, Inc.). The activity of caspase-3 was
measured using the fluorogenic substrate AC-DEVD-AMC
(cat. no. 14987; Caymen Chemical Company). In brief, the cell
lysate was adjusted to a protein concentration of 500 mg/ml
before 100 gl of this cell lysate were mixed with 100 1 substrate
solution (20 gg/ml caspase-3 substrate AC-DEVD-AMC,
20 mM HEPES, 10% glycerol and 2 mM DTT, pH 7.5; Sigma-
Merck; Merck KGaA). The samples were then incubated
for 1 h at 37°C. The fluorescence of the substrate, cleaved
by caspase-3, (cxcitation wavelength=380 nm, cmission
wavelength=460 nm) was measured using a Varioskan Flash
fluorometer (Thermo Fisher Scientific, Inc.).

Detection of changes in the mitochondrial membrane
potential (MMP IlepG2 and IHuh7 cells were seeded at a
density of 8x10° cells/well in 96-well plates and maintained
for 72 h at 37°C, 5% CO, and 95% humidity until they were
treated with 0.6 M broxbam or 2.0 #M vorinostat for 3, 6 and
18 h at 37°C, 5% CO, and 95% humidity. To measure MMP,
cells were stained for 15 min in the dark at 37°C using the
JC-1 dye (1 mg/ml; 5,5',6,6'-tetrachloro-1,1'3,3'-tetraethyl-
benzimidazolylcarbocyanine iodide; Molecular Probes;
Thermo Fisher Scientific, Inc.). The cells were analysed using
a Varioscan Flash fluorometer (Thermo Fisher Scientific, Inc.)
at excitation wavelengths of 485 nm and emission wavelengths
of 535 nm. Signals in the orange region of the fluorescence can
be detected when JC-1 aggregates occur because of a negative
MMP, which indicates healthy mitochondria. In the event of a
positive MMP, which results from mitochondrial damage, JC-1
oceurs in its monomeric form giving rise to fluorescence in

the green wavelength region (38). Accordingly, measurement
of the ratio of orange to green fluorescence signal intensities
allows the determination of changes in the MMP.

Western blotting. Whole cell extracts were prepared after
harvesting substance-treated cells. HepG2 and Huh7 cells
were incubated (37°C, 5% CO, and 95% humidity) for 24 h in
RPMI growth medium (Gibco; Thermo Fisher Scientific, Inc.)
containing the respective concentrations of test compounds
(BB: 0.6 and 1.2 uM; Vs, 4.0 uM). Lysis was performed by
using lysis buffer (0.1% SDS, 0.5% sodium deoxycholic
acid, 1% Nonidet P-40, 0.1 mM PMSE, 1 mg/ml aprotinin
and 1 mg/ml pepstatin Al; all from Sigma Aldrich; Merck
KGaA). Protein contents of samples were determined using a
BCA protein assay kit and samples containing 30 ug protein
subjected to 7.5% or 12% SDS-PAGE. Proteins were then
transferred onto PVDF membranes by clectroblotting for
1.5 h. Membranes were blocked for 1 h using 5% skimmed
milk powder solution followed by incubation at 4°C overnight
with primary antibodies. The following antibodies were
used: Glucose transporter (GLUT) 2 (1:1,000; cat. no. 071402
MilliporeSigma), p53 and phosphorylated (p-) pS3 (1:1,000; cat.
nos. 9282 and 9286, respectively; Cell Signalling Technology,
Inc.), HDAC1, HDAC2, HDAC4 and HDACG6 (1:1,000; cat.
nos. 5356, 5113, 7628 and 7558, respectively; Cell Signalling
Technology, Inc.). Detection of tubulin (anti-Tubb2B, cat.
no. TA337744; Origene Technologies, Inc.) served as a loading
control. Membranes were washed with 0.1% Tween in PBS and
incubated with HRP-coupled anti-IgG antibody (1:10,000; cat.
nos. NA934 and NA931, Amersham; Cytiva) for 1 h at room
temperature. Protein signals were visualised using enhanced
chemiluminescent detection kit (Amersham; Cytiva) and a
Fusion SL camera (Vilber Lourmat Deutschland GmbII). For
quantification, ImageJ (Vs 1.53j, National Institutes of Ilealth)
was used and the density of the protein bands was normalised
to tubulin as a loading control.

RT-gPCR. Cellular RNA of untreated HepG2 and Huh7
cells were extracted using GeneMATRIX Universal RNA
Purification Kit (Roboklon GmbH) according to the manu-
facturers' protocols, followed by treatment with 1 U DNAse I
(Gibco; Thermo Fisher Scientific, Inc.) per g RNA for the elim-
ination of possible DNA contaminations. Reverse transcription
into ¢cDNA and gPCR were performed using GoTaq® 1-Step
RT-gPCR System (Promega Corporation) on a QuantStudio 5
Real-Time PCR System (Thermo Fisher Scientific, Inc.). The
mixture for each sample/primer mix had a final volume of 10 z1
containing 20 ng RNA and 250 nM of each primer. Melt curve
controls were run (o ensure primer specificity. ‘The parameters
for reverse transcription were as follows: 37°C for 15 min, 95°C
for 10 min. Primer sequences are listed in Table SI. The obtained
¢DNA was analysed by using GoTaq® 1-Step RT-qPCR System
(Promega Corporation) and qPCR was run on a StepOne-Cycler
(Thermo Fisher Scientific, Inc.) for 40 cycles of amplification
(initial denaturation for 5 min at 95°C; followed by denaturation
at 95°C for 15 sec, annealing at 60°C for 20 sec, elongation at
72°C for 45 sec for 40 cycles). All samples were run in tripli-
cate. The relative target gene expression was calculated using
the 2 441 method using GAPDII, (3-actin or 18S rRNA as an
internal control (39).
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Inhibition of HDAC activity. The ability of broxbam to inhibit
HDAC1, -2, -4 and was measured using a cell free fluorogenic
HDAC Assay (cat. nos. 50061, 50062, 50064, 50076 BPS
Bioscience, Inc.). The HDAC activity was measured according
to the protocols of the manufacturer. Briefly, purified human
recombinant HHDAC enzymes contained with the assay kit and
fluorogenic HDAC substrates were used to measure IHIDAC
activity. In total, 50 pl assay buffer containing 1 pg/ul BSA,
the human recombinant HDAC enzyme, the test compound
and the corresponding HDAC substrate was added into a
black 96-well assay plate. The reaction in each well was incu-
bated at 37°C for 30 min, followed by the addition of 50 pl
HDAC developer reagent and incubation at room temperature
for 15 min. Fluorescence intensity was measured using a
Varioskan Flash Fluorometer (Thermo Fisher Scientific, Inc.)
using an excitation wavelength of 380 nm and an emission
wavelength of 460 nm.

Immunofluorescence staining of the cytoskeleton. HepG2
cells were seeded onto glass coverslips at a density of 1x10°
and were allowed to attach and proliferate for 24 h (37°C, 5%
CO, and 95% humidity). Cells were treated with broxbam
(0.6 uM) and vorinostat (4 uM) whereas a corresponding
volume of DMSO was used as a negative control. Treated
cells were incubated for additional 24 h (37°C, 5% CO, and
95% humidity) and fixed with 4% formaldehyde in PBS for
20 min at room temperature. The samples were then blocked
and permeabilised (1% BSA and 0.1% Triton X-100 in PBS)
for 30 min at room temperature. For the immunostaining of
the microtubule structures, the cells were incubated for 1 h at
37°C in the dark with mouse primary anti-human o-tubulin
monoclonal antibody (1:500; cat. no. T6199; Sigma Aldrich;
Merck KGaA), followed by treatment with a AlexaFluor®-
conjugated 546 goat anti-mouse secondary antibody (1:500;
cat. no A-21133; Thermo Fisher Scientific, Inc.) for 1 h at room
temperature in the dark. Cellular actin filaments were stained
for 1 h at 37°C in the dark using phalloidin (1:1,000, cat. No
A12379 AlexaFluor®-conjugated 488; Invitrogen; Thermo
Fisher Scientific, Inc.). Coverslips were mounted in DAPI
containing Mowiol (Mowiol 4-88; 1 yg/ml DAPI; Carl Roth
GmbH) for additional nuclei counterstaining. Fluorescence
microscopic imaging (magnification, X60; Spinning Disk
Confocal microscope; Nikon Corporation) was performed
at the Charité Advanced Medical Biolmaging Core Facility
(Berlin, Germany).

Scratch wound healing assay. HepG2 cells were allowed
to proliferate to confluence in six-well plates. Using a 10 pl
pipette tip, the cell monolayer was scratched once horizontally
and vertically. Wells were rinsed with PBS and fresh medium
was added, containing two concentrations of broxbam (0.6
and 1.2 uM), whereas a corresponding volume of DMSO
was used for a control. The cell monolayers were incubated
for 24 h (37°C, 5% CO, and 95% humidity), followed by
photographic documentation using a digital camera (Kappa
Optronics GmbH). Migration of cells was quantified using
the TScratch software (version 1.0; CSElab). Migration values
were normalised to control, which was set as 100%. The
experiments were performed under normal FBS conditions
(10%), since HepG2 cells could not tolerate serum deprivation

and reacted with immediate and pronounced cell detachment.
In addition, serum deprivation is a procedure that is preferable
necessary for long-term observations (>24-48 h), where cell
proliferation instead of migration becomes the predominant
factor for wound healing (40 41).

Zebrafish angiogenesis assay. To examine the angiogenesis
in vivo, experiments with zebrafish embryos were performed,
which represents a viable model for the evaluation of angio-
genic effects of small molecules (42). In the developing
zebrafish embryo, the sub-intestinal veins (SIVs) represent
a characteristic blood vessel system that can be casily
visualised (42). Eggs from the transgenic Tg(flil:EGFP)Y!
mutant Casper zebrafish stem were obtained 2-5 h after egg
deposition connected to spawning process from the animal
breeding facility of the University of Bayreuth, which has the
permission to keep and breed vertebrates and cephalopods
for experimental purposes according to § 11 German animal
Welfare Law (permission no. OBK/A 2; Bayreuth, Germany).
Zebrafish are kept at 20-26°C in water pH 6.0-8.0 under stan-
dard atmosphere.

After the egg deposition, the spawn fish eggs (1 day post
fertilisation) were collected, rinsed, and transferred into a
petri dish filled with E3-medium (5 mM NaCl, 0.17 mM KCl,
0.33 mM CaCl,, 0.33 mM MgSO, and 0.01% methylene blue
in ddH,0; pH 7.2) and incubated for 24 h at 28°C. Healthy
embryos were then dechorionated, which means the removal
of the egg shell, and five embryos per well were transferred
into six-well plates in 5 ml E3-medium. In total, 100-fold
pre-dilutions of test compounds (final concentrations were
1 uM, 750 and 500 nM) in ddH,O were prepared and added
to the E3-medium at 50.5 pl per well, followed by incuba-
tion for 48 h at 28°C. After the addition of 50 ul 0.04%
tricaine solution (ethyl-3-aminobenzoate-methanesulfonate;
Sigma Aldrich; Merck KGaA) to the E3-medium in the
six-well plates, the embryos (3 days post fertilisation) were
anaesthetised (5 min at room temperature) to a final tricaine
concentration of 0.0004% before the blood vessel system
was visualised and documented by fluorescence microscopy
with up to two-fold magnification (excitation wavelength,
488 nm; emission wavelength, 510 nm; Leica MZ10F fluo-
rescence microscope; Leica Microsystems GmblH; AxioCam
1 cm; Carl Zeiss AG). The area of SIVs was measured using
Image J version 1.52a. At the end of the experiments, 1 ml
anaesthetic tricaine (tricaine mesylate; 5 g/l1) was added
to 5 ml E3-media to kill the zebrafish larvae (3 days post
fertilisation) with an overdose of the anaesthetic, at a final
concentration of 833 mg/1.

Statistical analysis. Statistical analysis of the data was
performed using GraphPad Prism 8 software for Windows
(GraphPad Software, Inc.). If not indicated otherwise, data
were presented as the mean + standard error of the mean.
Unpaired Student's t-tests were used for two-group compari-
sons. To test for statistical significance between > two groups,
one-way ANOVA coupled with Tukey's post hoc tests was
used. P<0.05 were considered to indicate a statistically signifi-
cant difference. All experiments were performed in triplicate
unless otherwise stated. The exact number of independent
repetitions for each assay is provided in the figure legends.
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Table I. Growth inhibitory concentrations (ICs,) of compounds applied to liver cancer cell lines HepG2 and Huh7, CCC cell lines

TFK-1 and EGI-1 and mouse hepatocytes (AML12)".

Origin Cell line Broxbam (#M) Vorinostat (M)
Liver cancer HepG2 0.6+£0.2 2.1+04
Huh7 0.6+0.1 1.8+0.5
ccc TFK-1 0.6+0.1 14+0.1
EGI-1 0.6+0.2 32+0.1
Non-transformed AMLI12 1.9+02 1.7+02

mousc hepatocytes

“Values are derived from dose-response curves obtained by measuring the percentage of vital cells relative to untreated controls 48 h after
incubation using crystal violet staining. Results are shown as mean + SD from n >3 independent experiments. CCC, human cholangiocellular

carcinoma.

Results

Inhibition of cell proliferation and cytotoxicity. It was previ-
ously reported that broxbam exerts selective anti-tumour
effects at half maximal inhibitory concentrations (ICs,) in the
low M to two-digit nM range (20). In the present study, the
potential effects of broxbam in liver cancer cell models were
evaluated. Table I summarises the ICy, values calculated for
broxbam and vorinostat in liver cancer cell lines HCC and
CCC and non-transformed hepatocytes. Notably, broxbam
cxhibited higher antiproliferative potency in all liver cancer
cell lines compared with non-transformed hepatocytes, which
required three-times higher ICs, concentrations (Table I). This
suggests the selectivity of broxbam towards liver cancer cells.
In addition, broxbam exerted higher antiproliferative capabili-
ties compared with the clinically relevant IIDACi vorinostat
in all liver cancer cell models test. Unlike broxbam, vorinostat
did not appear to display cancer specilicity, since its ICs,
values did not differ between the liver cancer cell lines and the
non-transformed AMI.-12 cells (Table I).

Using the iCELLigence real-time cell viability and prolif-
cration analysis system, the kinetic profile and onset of the
inhibition of proliferation mediated by broxbam were deter-
mined. In case of the HepG2 and Huh7 cell lines, a distinct
reduction in cell proliferation was observed at as early as 12 h
after the application of broxbam in a dose-dependent manner
(Fig. 2A and B). In CCC cell lines, this dose-dependent
inhibitory effect was also detected, but instead becoming
more pronounced 24 h after treatment (Fig. 2C and D). To
exclude the contribution of unspecific cytotoxicity to these
antiproliferative effects exerted by broxbam, the release of
lactate dehydrogenase (I.LDH) from the cytosol into the cell
culture supernatant of HepG2, Huh7 and AML12 cells was
measured (I'ig. 3). Increased LDH release would indicate
the presence of nonspecific and necrotic cell death duce to
treatment-induced damage of cell membranes (36). However,
treatment of HepG2 or Huh7 cells with rising concentrations
of broxbam (0.1-10 M) did not lead to significant increases
in LDH release after 24 h (Fig. 3). The same effects were
also observed in non-transformed hepatocytes (AML12) after
broxbam treatment (Fig. 3). This suggests that broxbam does
not compromise cell membrane integrity and that it exerted no

immediate cytotoxic effects even at concentrations as high as
10 M.

In vivo tumour growth reduction. The potential antineo-
plastic effects of broxbam in liver cancer tumours was next
tested using in vivo chick embryo experiments, specifically
by applying the modified chorioallantoic membrane (CAM)
assay. HepG2-derived microtumours from an initial volume of
20 ul were grown on the CAM of fertilised chicken eggs for
24 h. Subsequently, the microtumours were treated for 72 h
with cither PBS (control) or rising concentrations of broxbam
(1.2-5.0 uM). At the end of the experiment, tumour masses
were excised and weighed. Compared to PBS-treated controls,
broxbam (3 and 5 M) induced a significant reduction in liver
cancer microtumour growth (Fig. 4).

To further characterise the underlying signalling and
metabolic events underlying these antitumor effects of
broxbam observed in the present study, its potential effects
on glucose metabolism were next assessed. Cancer cells
preferentially use glycolysis to consume glucose as the
substrate for energy metabolism, in a process known as the
Warburg effect (43). Therefore, the impact of broxbam on the
expression of GLUT2, which is crucial for hepatic glucose
uptake (44), was investigated. In addition, the glycolytic
activity of HepG2 and Huh7 cells was also assessed by
measuring the consumption of glucose, production of lactate
and its release into the supernatant of the cell culture medium.
Protein expression levels of GLUT2 were not affected by
broxbam, though the IIDACi vorinostat markedly reduced the
expression of GLUT?2 compared to broxbam treated group in
both HepG2 and Huh7 cells (Fig. S1). This (inding suggests
that vorinostat, but not broxbam, can inhibit cellular glucose
uptake by downregulating GLUT2 expression. By contrast,
the glycolytic activity of broxbam-treated liver cancer cells
was found to be decreased significantly. Compared with that
in the untreated controls, the remaining glucose in the cell
culture supernatant of broxbam-treated HepG2 cells was
markedly higher whereas the production and release of lactate
was decreased (Fig. S1). This lower glucose consumption
and reduced lactate production indicate reduced glycolytic
activity in broxbam-treated cells. In addition, no such reduc-
tion in glycolytic activity could be observed in IepG2 cells
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Figure 2. Real-time measurements of liver cancer and cholangiocellular carcinoma cell proliferation. Dose- and time-dependent effects of bb on (A) HepG2,
(B) Huh7, (C) TFK1 and (D) EGI1 cell proliferation as assessed by the iCELLigence real-time monitoring system. Data show the cell viability index measured
over 48 h after the application of broxbam. Representative graphs out of three independent experiments were shown for each cell line. Bb, broxbam.
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Figure 3. LDH release by liver cancer cell lines HepG2 and Huh7 and the
non-transformed hepatocyte cell line AMLI12 into the media after 24 h treat-
ment with broxbam in different concentrations. Data are presented as the
LDH release relative to those in untreated controls, where basal LDH release
was set to 0%. Values are presented as the mean + SEM. n=4. LDH, lactate
dehydrogenase; ctrl, control.

following vorinostat treatment, suggesting no effects were
mediated by vorinostat on glucose uptake or lactate produc-
tion and release.

Proapoptotic mode of action. To further elucidate the mecha-
nisms by which broxbam exerted antitumour effects on the
liver cancer cells the extent of apoptosis induction was next
measured. Apoptosis induction considered to be one of the
primary objectives of targeted cancer therapy since it results in
the specific and inflammation-free elimination of cancer cells.
Apoptosis induction occurs through two distinct mechanisms,
cither by the activation of cellular death receptors or through
the mitochondria-driven activation of caspase-3 (45). Broxbam
was found to induce mitochondria-driven apoptosis in liver
cancer cells, as evidenced by fluorometric changes in the

A

140.0
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£ 100.0 | *
5) 80.0 2 9
z .
g 40.0 : \ |
= 20.0
0.0

[ Control B Broxbam 1.2 uM [1Broxbam 3 uM B Broxbam 5 uM

Figure 4. Measurement of tumour size grown on the chorioallantoic
membranes of fertilised chicken eggs. (A) Tumour mass of HepG2 tumours
after treatment with different concentrations of bb and PBS as control for
72 h. Data are presented as the mean + SEM from seven independent experi-
ments. ‘P<0.05. (B) Representative images of control and bb-treated HepG2
tumours after excision. Scale bar 800 zm. bb, broxbam; Ctrl, control.

MMP of broxbam treated cells (Fig. 5A). An increase in the
green/red ratio indicates a reduction in the MMP and therefore
mitochondrial damage, which may have served as a trigger for
the activation of the apoptosis-associated tumour suppressor
protein pS3. A significant increase in the green/red ratio
following treatment with the IC,, concentration of broxbam at
0.6 uM was observed after 3 and 6 h (Fig. 5A).
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Figure 5. Detection of proapoptotic events in liver cancer cells. (A) Influence of bb and vs on the loss of mitochondrial membrane potential of liver cancer cell
lines HepG2 and Huh?7. Indicated values were measured by fluorometric measurement of JC-1-stained cells. The effect of ICs, concentrations of bb and vs was
monitored after 3, 6 and 18 h. Mitochondrial accumulation of JC-1 results in red fluorescence whereas loss of MMP results in monomeric JC-1, which emits
green fluorescence. Data are presented as the ratio of green/red fluorescence of cells. Data are presented as the mean = SEM from three experiments. One-way
ANOVA with Tukey's post hoc test was used to test for significance. “P<0.05, “"P<0.001 and “""P<0.0001 vs. Ctrl. (B) Caspase-3 activity in HepG2and Huh7
cells upon treatment with bb for 24 h. Data are presented as the mean = SEM percentage of untreated controls from four experiments. One-way ANOVA with
Tukey's post hoc test was used to test for significance. 'P<0.05, “P<0.01 and “"P<0.001 vs. ctrl. (C-H) HepG2 and Huh7 cells were treated either with solvent
(Ctrl), bb at IC,, (0.6 #M), bb at two-fold IC,, (1.2 M) or vs. at two-fold IC50 (4.0 zM). Western blotting results of (C) p53 expression and (D) phosphorylation
levels in HepG2 cells. (E) p-p53/p53 ratio was also quantified in HepG2 cells. Western blotting results of (F) p53 expression and (G) phosphorylation levels in
Huh?7 cells. (H) p-p53/p53 ratio was also quantified in Huh7 cells. Corresponding representative western blotting images are shown in Fig. S2. n=3 per group.

One-way ANOVA with Tukey's post hoc test was used to test for significance. Bb, broxbam; vs, vorinostat; Ctrl, control; Cas 3, caspase 3; p-, phosphorylated.

230



5 PUBLIKATIONEN MIT DARSTELLUNG DES EIGENANTEILS

INTERNATIONAL JOURNAL OF ONCOLOGY 60: 73, 2022 9

By contrast, treatment with vorinostat at its ICs, concentra-
tion of 2 M, did not lead to an apoptosis-indicating increase
in the green/red ratio. Instead, a significant reduction was
observed, suggesting that vorinostat was not likely to induce
mitochondria-driven apoptosis (Fig. SA).

In following experiments broxbam treatment was shown
to induce a dose-dependent increase in the phosphorylation
of p53 of HepG2 and Huh7 cells (Fig. SC-1I), consistent with
the aforementioned data on the broxbam-induced changes
in MMP for the initiation of mitochondria-driven apoptosis
(Fig. 5A). In addition, no increase in p53 phosphorylation in
HepG2 (Fig. 5D) or Huh7 (Fig. 5G) cells could be observed
after vorinostat treatment, which is in accordance with the
failure of vorinostat to decrease the MMP (Fig. 5A).

Mitochondria serve a pivotal role in the regulation of
apoptotic caspase activation. The caspase cascade lies down-
stream of the loss of MMP and activation of p53 (46-48). This
cascade eventually leads to the activation of the executioner
caspase-3 (49). Therefore, Caspase-3 activity was next assessed
using a fluorogenic caspase-3 assay, which functions by the
specific recognition of the enzymatic activity of phosphory-
lated caspase-3 (15). After broxbam treatment, HepG2 and
Huh7 cells exhibited a dose-dependent increase in apoptotic
caspase-3 activity compared with that in the control group
(Fig. 5B). Of note, maximal capsase-3 activity could already
be observed at the concentration of 0.6 #uM broxbam (Fig. 5B),
which corresponded to the ICy, values of broxbam in these
cells (Table I).

HDAC expression and activity. To clarify if HDAC inhibi-
tion forms part of the antitumour mechanism of broxbam, its
effects on HDAC expression and activity were investigated.
RT-gPCR was used to measure the expression levels of the 11
subtypes of HDACs (IHDACs 1-11) in the HepG2 and Huh7
cells. Although the mRNA expression levels of HDAC1 and
HDAC?2 were considerably lower compared with those of the
other HDAC subtypes, all 11 HDACs tested were found to be
expressed in both cell lines (Fig. 6).

Subsequently, the potential treatment-induced changes in
the protein expression levels of HDACI, -2, -4 and -6 were
assessed by western blotting and densitometric analysis.
HDAC1 and HDAC?2 belongs to class I HDACs and are local-
ized in the nucleus of the cell (50). HDAC4 and IIDACG are
class I HDACSs and both can be found in the cytoplasm as well
as in the nucleus of a cell (50). These HDACs were previously
found to be overexpressed in human pancreatic adenocar-
cinoma and hepatocellular carcinoma (50,51). Exposure
of HepG2 and Huh?7 cells to 0.6 yM and 1.2 uM broxbam,
concentrations corresponding to their respective ICy, and two-
fold ICy, values, did not lead to significant changes in any of
the HDAC subtypes (Fig. 7). An exception was the significant
increase in IIDAC4 expression in Huh7 cells treated with
1.2 M broxbam compared with that in the control group
(Fig. 7C). This finding suggests that broxbam functions as
an inhibitor of HDAC activity instead of being a regulator of
HDAC expression (Fig. 7).

The activities of HDACs -1, -2, -4 and -6 following treat-
ment with IC; and two-fold ICy, concentrations of broxbam
and vorinostat were assessed using a cell-free enzymatic assay
system. HDAC subtype-specific inhibition of the cleavage of
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Figure 6. mRNA expression levels of HDACs 1-11 in untreated liver cancer
cell lines HepG2 and Huh7. mRNA expression levels of HDACs 1-11 in liver
cancer cell lines were measured using reverse transcription-quantitative
PCR, which were then normalised to those of GAPDH, the housekeeping
gene. Data are presented as the means + SEM from three independent experi-
ments. HDAC, histone deacetylase; Ctrl, control.

fluorogenic peptide substrates (Iig. 8A) was next detected and
compared with the untreated control group, which was set to
100%. Broxbam exerted an attenuating effect on the activity
of HDAC1 and -6, but did not affect the activities of HDACs
-2 and -4. Vorinostat mediated potent inhibitory effects on the
HDAC:S -1 and -2, which exceeded that of broxbam. Therefore,
broxbam and vorinostat inhibited the individual IIDAC
isoforms with distinct profiles. However, both compounds
were concluded inhibit HDACI1, with broxbam showing
specificity towards HDAC6 whereas vorinostat showed speci-
ficity towards HDAC2. Due to this potent inhibitory effect of
broxbam against HDACS6, the present study next examined
its potential dose dependency over the concentration range
from 0.6 to 10 M, which revealed 90% inhibition of HDAC6
activity at 10 M, the highest broxbam concentration tested
(Fig. 8B).

To investigate the contribution of HDACG6 inhibition
towards the antiproliferative effects of broxbam in liver cancer
cells (Fig. 2), HDAC6 knockdown was performed using siRNA.
After 48 h of transfection with HDACG6-specific siRNA, the
expression of HDAC6 protein in Huh7 cells was significantly
decreased compared with that in cells transfected with the
si-mock (Fig. 8C and D). Furthermore, the expression of typical
markers of cell proliferation Ki-67 and E2F3 (52,53), were
also found to be decreased significantly compared with that in
cells transfected with the si-mock (Fig. 8E and F) suggesting
a distinct contribution of HDACG inhibition towards the antip-
roliferative (Figs. 1 and 2) and antineoplastic (Fig. 4) effects of
broxbam in liver cancer.

Dynamics of the cytoskeleton and cellular migration. Since
broxbam contains the trimethoxystilbene motif of the vascular
disrupting natural product CA-4 within its structure (23,25,26),
it was next examined for its possible effects on the tubulin
cytoskeleton and associated processes. Its inhibitory effects
on the polymerisation of purified tubulin in vitro have already
been previously reported (20). As HDAC6 has been found to
function as a tubulin deacetylase to interfere with microtu-
bule-dependent cell motility (54), the effects of broxbam on
the microtubule and F-actin cytoskeleton of HepG2 cells were
investigated using immunofluorescence staining. The forma-
tion of F-actin stress fibres and focal adhesions was observed
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Figure 7. Continued.
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Figure 7. Quantification of the expression of selected HDAC proteins. HepG2 and Huh7 cells were treated for 24 h with either solvent (Ctrl), bb at ICs,
(0.6 uM), bb at two-fold IC;, (1.2 M) or vs. at two-fold ICs, (4.0 zM). Western blotting was used to measure protein expression, using tubulin as loading
control. (A) HDACI expression in Hep2G and IHuh7 cells. (B) HDAC?2 expression in Hep2G and Huh?7 cells. (C) HIDAC4 expression in Hep2G and Huh7 cells.
“P<0.01 vs. ctrl. (D) HDACS6 expression in Hep2G and Huh7 cells. Corresponding representative western blotting images are provided in Fig. S2. n=3 per
group. One-way ANOVA with Tukey's post hoc test was used to test for significance. HDAC, histone deacetylase; Ctrl,. control; bb, broxbam; vs, vorinostat.
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Figure 8. Effects of inhibiting the selective HDACs of broxbam in Huh-7 cells. (A) Activities of HDACT, -2, -4 and -6 after treatment with bb or vs at concen-
trations corresponding to their respective ICs, and two-fold ICs,. Data are presented as the means + SEM percentage of untreated control, which was set to
100%, from three experiments. P<0.05, “P<0.01 vs. Ctrl. One-way ANOVA with Tukey's post hoc test was used to test for significance (B) Dose-dependent
inhibitory effect of bb on the activity of HDAC6 relative to control, represented as the means = SEM from three independent experiments. ~*"P<0.0001 vs. Ctrl.
One-way ANOVA with Tukey's post hoc test was used to test for significance. (C) Western blot analysis and (D) quantification of siRNA-mediated knockdown
of HDAC6 protein expression in Huh7 cells transfected with control (si-mock) or HDAC6-specific (si-HDAC6) siRNAs for 48 h. Each set of si-mock and
si-HDACS6 lanes represents one transfection experiment. Tubulin was used as the loading control. Analysis of (E) Ki-67 and (F) E2F3 mRNA expression by
reverse transcription-quantitative PCR. The mRNA expression levels were normalised to that of 18S rRNA. Data was presented as the mean + SEM from
six independent experiments. One-way ANOVA with Tukey's post hoc test was used to test for significance. HDAC, histone deacetylase; bb, broxbam; vs,

vorinostat; si, small interfering.

following treatment with broxbam at its ICy, concentration
(Fig. 9). Furthermore, the microtubule cytoskeleton appeared
to be markedly altered compared with that in the control
group. In general, broxbam-treated cells were considerably
enlarged, especially their nuclei (Fig. 9). These effects were
more prominent compared with those mediated by vorinostat,
even after treatment with vorinostat at a concentration of two-
fold ICs, (Fig. 9).

Cytoskeletal components, such as microtubules and actin
fibres, are critical for cell migration (55,56). To investigate the
effect of broxbam on cell migration, a scratch wound healing
assay was performed. An observation period of 24 h was
chosen to minimise the possibility of the migratory process
being distorted by cell proliferation. The average doubling
time of HepG2 cells is ~48 h, suggesting that HepG2 cell
proliferation is unlikely to contribute significantly to wound
closing (57). Broxbam treatment led to a significant reduction
in gap closing by the HepG2 cell monolayer compared with that
in the untreated control group (Fig. 10). In addition, broxbam
exerted a potent antimigratory effect even when applied at its
IC;, concentration of 0.6 uM (Fig. 10B).

Antiangiogenic effects in vivo. A previous study validated
the properties of the two structural motifs on broxbam, which
arc HDAC-inhibition mediated by the hydroxamic acid
pharmacophore and interference with cytoskeletal dynamics
by its trimethoxystilbene motif (20). There is a possibility
that inhibition of tubulin polymerisation and HDAC activity
by broxbam may also translate into an antiangiogenic
effect. Due to the previously known antiangiogenic cffects
of CA-4 (23) and the well-established association between
HDACs as modulators of hypoxia-induced factor-lo. and
vascular endothelial growth factor (VEGF) expression (58),
it was hypothesised that broxbam may also exert antiangio-
genic properties. Therefore, in vivo zebraflish angiogenesis
assays were performed (42). Broxbam mediated a dose-
dependent antiangiogenic effect in reducing the area of the
sub-intestinal veins (SIV) in developing zebrafish embryos,
which became visible at concentrations equating to its ICy,
value (Figs. 11 and 12). Signs of cardiotoxicity, such as dila-
tion of the pericardial sac, which is a known unwanted side
effect of antiangiogenic substances, such as CA-4 (59), could
not be observed (Figs. 11 and 12).
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Figure 9. Responses of the cytoskeleton in HepG2 cells to bb treatment. Confocal immunofluorescence images 24 h after incubation with bb (0.6 M) or vs.
(4 uM). a-Tubulin (red), f-actin (green) and DAPI-stained nuclei (blue) staining are shown. Scale bar, 30 gm. Ctrl, control; bb, broxbam; vs, vorinostat. Images
are representative of n=3 independent experiments.
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Figure 10. Effects of different concentrations of bb on the migration of HepG2 cells. HepG2 cell migration was measured using wound healing assays 24 h
after treatment. (A) Representative images from five independent experiments, where the cells were treated with at ICs, two-fold IC;, of bb. (B) Cell migration
was presented as the mean + SEM percentage of control from three experiments. One-way ANOVA with Tukey's post hoc test was used to test for significance.
*P<0.05 and “P<0.01 vs. ctrl. ctrl, control; bb, broxbam.

Discussion present study, it was shown to exert antiproliferative properties

in IICC and CCC liver cancer cell models. This novel chimeric
Broxbam was recently reported to be a potent anticancer  compound, which consists of a IIDAC-inhibitory hydroxamic
agent against various non-liver cancer cell models (20). In the  acid pharmacophore and a cytoskeleton-interfering
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Figure 11. Morphology of the blood vessel system of transgenic Tg(flil: EGFP)yl mutant Casper zebrafish embryos 72 h post-fertilisation. Embryos were

treated for 48 h with either a corresponding amount of DMSO, with bb concentrations of 1 #M, 750 or 500 nM. Brightfield and green fluorescent images,
denoted as fli:GFP, are shown. The pericardial region was marked with asterisks whereas SIVs are marked with arrows. Fluorescent SIV areas are marked
with yellow boxes, which were then magnified two-fold magnification. Individuals shown are representative for 220 embryos per concentration. bb, broxbam;
GI'P, green fluorescent protein; SIV, sub-intestinal veins.

trimethoxystilbene motif, inhibited the proliferation of liver ~ vorinostat, broxbam exerted preferential specificity for cancer
cancer cells at near-nanomolar concentrations (ICsy, ~0.6 uM).  cells over non-transformed murine hepatocytes. Real-time
This exceeded the antiproliferative potency of the clinically  kinetic investigation of the antiproliferative effects of broxbam
established HDACi vorinostat (ICs,, 1.4-3.2 uM). Unlike revealed an early onset of this effect, at 12-24 h, after drug
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Figure 12. Effects of bb on developing zebrafish embryos at 3 days post fertilisation. (A) Area of SIVs after bb treatment with concentrations of 1 ¥M, 750 and
500 nM for 48 h. Values were normalised to the negative control, DMSO. (B) Percentage pericardial diameter relative to the negative control, DMSO. Data are
presented as the percentage means + SEM of control from =20 experiments. Significance levels were determined using one-way ANOVA and Tukey's post hoc

test. “P<0.05 and “"“P<0.0001 vs. ctrl. bb, broxbam; SIV, sub-intestinal veins.

application. The prohibitive effects of broxbam on liver cancer
cells was found not likely to be due to unspecific cytotoxicity,
but instead likely to be due to the targeted and orchestrated
modulation of cancer cell-specific signalling pathways. This in
turn lead to antiproliferative, anti-angiogenic, anti-migratory
and apoptotic effects, in addition to the breakdown of cellular
energy metabolism. The decrease in the glycolytic activity of
liver cancer cells after broxbam treatment may be of thera-
peutic importance in terms of the glucose addiction of cancer
cells, which is required for the maintenance of metabolism
(the Warburg effect) (43).

Broxbam was found to induce the apoptosis of liver cancer
cells through the mitochondrial-driven apoptosis pathway. A
protein of importance for mitochondrial apoptosis is the p53
tumour suppressor protein, the phosphorylation of which is
associated with the disruption of mitochondrial function and
subsequent cell death (48). Phosphorylation of pS3 induces the
expression of p53 regulated apoptosis inducing protein 1, which
is localised in the mitochondria and leads to the disruption of
MMP en route to triggering apoptosis (60,61). Consistent with
this mechanism, the present study found that broxbam induced
p53 phosphorylation, reduced MMP and subsequently acti-
vated the apoptosis-specific effector caspase-3. The activation
of caspase-3 directly contributes to core apoptotic processes,
such as the dismantling of cell components and formation of
apoptotic bodies therefore, it represents a direct marker for
the activation of apoptosis (62). The extent of apoptosis medi-
ated by broxbam was studied in the present study in two liver
cancer cell lines with distinct pS3 statuses. HepG2 cells repre-
sents a p53-wild-type cell line whereas Huh7 cells harbour a
mutated codon in the pS3 gene leading to the overexpression
of the functionally-repressed p53 (63). Caspase-3 activation by
broxbam was more pronounced in the pS3-native HepG2 cells
compared with that in the p53-mutated Huh7 cells. However,

broxbam promoted pS3 phosphorylation in both cell models
without altering the expression of the total pS3 protein. By
contrast, vorinostat did not alter pS3 phosphorylation in
either of the cell models, whilst significantly downregulating
p53 expression in Huh7 cells. It is tempting to speculate that
this may be the result of differences in the HDAC subtype
specificity between broxbam and vorinostat, especially in
their inhibitory activities towards HDAC6 activity. However,
further research is required to clarify this putative association.
It is noteworthy that broxbam can induce p53 phosphorylation
both in cells with wild-type and mutant p53, whilst vorinostat
could not induce p53 phosphorylation.

Evaluation of the effects of broxbam and vorinostat on
HDAC revealed that neither of the compounds significantly
influenced the protein expression of the HDAC subtypes -1,
-2, -4 and -6, instead inhibiting their HDAC enzyme activity.
Subtype-specific profiling revealed pronounced differences
in the ability of broxbam and vorinostat to inhibit HDAC6.
Whilst broxbam potently inhibited HDAC6 activity (>90%)
at a concentration of 10 M, vorinostat could only mediate a
comparatively weak inhibition of 20%.

HDACS is a unique member of the HDAC family not only
for its role in histone acetylation and deacetylation, but also in
targeting several non-histone substrates, such as cortactin and
heat shock protein 90, thereby regulating cell proliferation,
metastasis, invasion, and mitosis in tumours of SKOV3 human
ovarian cancer cells (64). Accordingly, it has been previously
demonstrated that HIDAC6 inhibition can lead to the inhibi-
tion of cell proliferation, apoptosis, reduction in migration
and motility of fibroblasts, SKOV3 ovarian cancer, SKBR3
breast carcinoma, and MCF7 breast cancer cell lines (65).
This is consistent with observations in the present study with
regards to the broxbam-mediated HDAC6 inhibition of liver
cancer cells. HDAC6-specific siRNA silencing in Huh7 cells,
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Figure 13. Pleiotropic effects of broxbam. According to the present study, broxbam exerted anti-angiogenic functions, inhibited HDAC activity, disrupted
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which mimicked the effects of HDACG6 inhibition exerted by
broxbam, led to a significant downregulation of proliferation
markers Ki67 and E2F3. a-Tubulin is another non-histone
substrate that can be deacetylated by HDAC6 (54,56,66).
HDACG6-dependent deacetylation of tubulin has been reported
to result in potent effects on cytoskeletal dynamics and cell
migration (54,66,67). HDACG has also been previously associ-
ated with the function of microtubule dynamics and regulation
of microtubule-dependent cell migration (54). In the present
study, broxbam-treated liver cancer cells displayed profound
alterations in their cytoskeleton components F-actin and
microtubules. After microtubules become disrupted, f-actin
stress fibres and focal adhesions are formed in response (68,69).
The cytoskeletal effects of broxbam exceeded those mediated
by vorinostat, which corresponded with the weaker inhibitory
cffects of vorinostat on HDAC6 activity.

Broxbam was also found to exert antiangiogenic effects
in vivo, as shown by the suppression of SIV growth in the
zebrafish embryos. This effect was visible already at nM
concentrations, resembling the antiproliferative 1Cs, values
of broxbam in liver cancer cells. Notably, the antiangio-
genic effects of broxbam were not accompanied by signs of
cardiotoxicity or impairments in the development of zebrafish
embryos, which are known to be highly sensitive to toxic
stress (70). The antiangiogenic effects of broxbam were likely
to be due to a combination of mechanisms, with contributions
from both pharmacophores contained within the structure of
this chimeric compound. In this respect, HDACis are known
to inhibit VEGF-induced angiogenesis in vitro as well as
in vivo (71), such that CA-4-driven anti-angiogenesis has also
been linked to the inhibition of VEGF (72). However, tumour
vasculature disrupting agents, especially those derived from

CA4, have been shown to confer a high toxicity risk (59).
Therefore, although broxbam contains a CA4-derived phar-
macophore, it did not mediate toxic effects. This suggests
that the effects of this novel chimeric compound may instead
arise from its inhibitory effects on HDACs. The present study
revealed that HDACG6-specific knockdown resulted in the
downregulation of E2F3 expression in Huh7 cells. E2F3 is
regarded to be a key factor for endothelial cell proliferation
and angiogenesis (73). Therefore, it is conceivable that the
pronounced HDACG inhibition of broxbam substantially
contributed to its antiangiogenic effects due to the suppression
of endothelial E2F3 expression. Further study is warranted to
verily this hypothesis. The effects of broxbam on liver cancer
cells revealed in the present study are summarized in Fig. 13.

Currently available treatment options for advanced and
inoperable liver cancer are restricted to multi-kinase inhibitors,
such as sorafenib or regorafenib (74). Although the therapeutic
concentration of sorafenib is ~8 uM (75), lower concentrations
of broxbam was able to induce pronounced antitumor effects
in the in vivo experiments with liver cancer xenografts on the
CAM of fertilised chicken eggs. In addition to the therapeutic
effects mediated by this low dosage of broxbam, which prob-
ably does not induce pronounced side effects, it also exhibited
pronounced antineoplastic effects. This renders broxbam to
be the experimental compound for alternative approaches for
clinical liver cancer treatment.

The combination of HHDACis and sorafenib has previously
been demonstrated to exert enhanced anticancer activity and
may therefore be an advantageous approach compared with
sorafenib monotherapy (51,76,77). Freese et al previously
reported that HDAC!H sensitised HCC cells to sorafenib treat-
ment (78), which may be due to the overexpression of HDACs
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in HCCs. In a recent review, Garmpis et al (51) highlighted
the potential suitability of HDACis as anticancer agents and
their application in combinatorial therapies for the enhanced
trecatment of HCC. Although the preclinical data of HDAC-
based combination therapics arc promising, these authors
also reported results from a critical phase 1 clinical trial in
which sorafenib was tested in combination with vorinostat
in patients with liver cancer. Although some patients showed
good tolerability and stable disease, this treatment also led
to adverse toxicities in the majority of patients, which neces-
sitated dose modifications and prevented progression towards
phase 2 clinical trial (79). In the present study, results from the
preclinical in vitro and in vivo studies suggest the suitability
and tolerability of this chimeric hydroxamate-trimethoxystil-
bene conjugate for liver cancer treatment. The fact that signs of
toxicity were observed in neither zebrafish embryos nor in the
CAM, couple with the findings that the chicken embryos devel-
oped and survived, suggest that broxbam may exert fewer toxic
effects compared with other HDACis, including vorinostat.
Future studies involving the effects of combination therapies
with broxbam and sorafenib should clarify this important
issue. In addition, to address the suitability of broxbam for
personalised therapeutic approaches, investigation of patient-
derived primary liver cancer cells should be executed.

To conclude, the present study evaluated the recently-
introduced chimeric inhibitor broxbam (20) for its potential
anticancer activity in liver cancer cells and the underlying
molecular mechanism. Additionally, its possible antitumoral
and antiangiogenic cffects were examined in in vivo settings
by performing in chick embryo and zebrafish experiments. On
the basis of the presented data, broxbam is implicated to be a
promising chimeric HDAC] that should be evaluated further
as a potential compound for liver cancer treatment, either as a
monotherapy or in combination with other clinically-relevant
HCC therapeutics, such as sorafenib.
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Figure S1. Cellular glycolytic activity of Hep2G and Huh7 cells. Hep2G and Huh7 cells were either treated with solvent (Ctil), bb
at ICs, (0.6 uM), bb at two-fold ICy, (1.2 #uM) or vs at two-fold ICy, (4.0 #uM). Quantification of western blot results for GLUT2
expression in (A) Hep2G and (B) Huh7 cells. Corresponding representative western blotting images are shown in Fig. S2C-F.
(C-F) Estimation of glycolytic activity. Estimation of glucose in the cell culture supernatant of (C) HepG2 and (D) Huh7 cells
following 24 h of treatment. Estimation of lactate in the cell culture supernatant of (E) HepG2 and (F) Huh7 cells following
24 h of treatment. Values were normalized to cell number. n=3 per group. One-way ANOVA with Tukey's post hoc test was used
to test for significance. bb, broxbam; vs, vorinostat; ctrl, control; GLUT, glucose transporter. P<0.05 and “P<0.01 vs. ctrl.
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Figure S2. Representative images of the western blots in the
present study. (A) Representative p53 and tubulin western
blotting images of Hep2G and Huh7 cells for Fig. 5C
and D. (B) Representative p-p53 and tubulin western blotting
of Hep2G and Huh7 cells Fig. S5E and F. (C) Representative
HDAC1 and tubulin western blotting images of Hep2G and
Huh?7 cells for Fig. 7A and B. (D) Representative HDAC2 and
tubulin western blotting images of Hep2G and Huh7 cells for
Fig. 7C and D. (E) Representative HDAC4 and tubulin western
blotting images of Hep2G and Huh?7 cells for Fig. 7E and F. For
the detection of HDAC2 (55-60 kDa) and HDAC4 (140 kDa),
the membranes were cut horizontally since their molecular
weights are highly distinct. Therefore, HDAC2 and HDAC4
shared the same tubulin loading control in (D) and (E). (F)
Representative HDAC6 and tubulin western blotting images
of Hep2G and Huh?7 cells for Fig. 7G and H. For the detec-
tion of p53 (53 kDa) and HDACG6 (160 kDa), the membranes
were cut horizontally as molecular weights are highly distinct.
Therefore, p53 and HDAC6 shared the same tubulin loading
control in (A) and (F). (G) Representative HDAC6 and tubulin
western blotting images of Huh7 cells after HDAC6 knock-
down for Fig. 8D. (H) Representative GLUT2 and tubulin
western blotting images of Hep2G and Huh7 cells for Fig. S1.
Ctrl, control; bb, broxbam; ac, animacroxam; vs, vorinostat;
p-» phosphorylated; HDAC, histone deacetylase; siRNA, small
interfering RNA; GLUT, glucose transporter.
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Table SI.Primer sequences used for reverse transcription-quantitative PCR.

IGene IForward (5¢-3°) IReverse (5°-3°)

HDAC 1 IACCGGGCAACGTTACGAAT CTATCAAAGGACACGCCAAGTG
IHDAC 2 TCATTGGAAAATTGACAGCATAGT CATGGTGATGGTGTTGAAGAAG
HDAC 3 TTGAGTTCTGCTCGCGTTACA CCCAGTTAATGGCAATATCACAGAT
HDAC 4 IAATCTGAACCACTGCATTTCCA GGTGGTTATAGGAGGTCGACACT
HDAC 5 TTGGAGACGTGGAGTACCTTACAG IGACTAGGACCACATCAGGTGAGAAC
HDAC 6 TGGCTATTGCATGTTCAACCA GTCGAAGGTGAACTGTGTTCCT
HDAC 7 ICTGCATTGGAGGAATGAAGCT CTGGCACAGCGGATGTTTG

HDAC 8 TCCCGAGTATGTCAGTATATATGA GCTTCAATCAAAGAATGCACCA
HDAC 9 ICAGGCGGAAGGATGGAAATG ATGCGTTGCTGTGAAACCAT

HDAC 10 IGGCCTTTGAGTTTGACCCTG CAGCGTCTGTACTGTCATGC

HDAC 11 TGTCTACAACCGCCACATCT CGGTGCCTGCATTGTATACC
.GAPDH IGCTCATTTCCTGGTATGAC ACAGGGTACTTTATTGATGGT

Ki-67 ICGGATCGTCCCAGTGGAAG TTGCCTCCTGCTCATGGATT
[E2FtranscriptionfactoflGCTGGAGCTAGGAGAAAGCG ICAAGAGACGTATCATACCGCGT
18SrRNA IGATCAAAACCAACCCGGTCA CCGTTTCTCAGGCTCCCTCT

HDAC, histonedeacetylase; E2F3,
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5.6 Publikation VI mit Darstellung des Eigenanteils

Publikation VI entstand unter Mitarbeit von Dr. B. Biersack Mitarbeiter des Arbeitskreises Organische
Chemie | der Universitat Bayreuth unter der Leitung von Prof. Dr. R. Schobert sowie unter Mitarbeit

von Rohan Pradhan von der Care Group Sight Solution in VVadodara, Indien.

5.6.1 Eigenanteil an Publikation VI

Die Publikation wurde in Angewandte Pharmazie vertffentlicht, unter dem Titel

,,New chimeric HDAC inhibitors for the treatment of colorectal cancer
von den Autoren
Sofia I. Bar, Bernhard Biersack, Rohan Pradhan und Rainer Schobert

Eigenanteil: Konzeption, Durchfihrung, Auswertung, graphische Darstellung und
Statistik des MTT Assays, der Zellzyklusmessung, des Colony Formation
Assays, des Scratch Migration Assays, der Immunofluoreszenz-Analyse des
Mikrotubuli Zytoskeletts, der HDAC Aktivitdtsmessung und der Western
Blots.

Zudem; Verfassen des Manuskripts einschlieflich der Diskussion und

Interpretation der Ergebnisse und Revision des Manuskripts.

Rohan Pradhan: Durchfiihrung der docking Studien sowie Verfassen der entsprechenden

Manuskriptpassagen.

Bernhard Biersack: Synthese und Charakterisierung der Testsubstanzen sowie Verfassen der

entsprechenden Manuskriptpassagen.

Rainer Schobert: Uberarbeitung und Korrektur des Manuskripts, einschlieRlich der

Diskussion und Interpretation der Ergebnisse und Revision des Manuskripts
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Abstract

Colorectal cancer is the third most common cause of cancer-associated deaths due
to a high recurrence rate and an increasing occurrence of resistance to established
therapies. This highlights the importance of developing new chemotherapeutic
agents. The current study focuses on cancer-specific targets such as apoptosis-
inhibiting survivin, which distinguishes cancer cells from healthy tissue. A
combination of pharmacophores of established anticancer agents to afford chimeric
pleiotropic chemotherapeutic agents was tested on this cancer entity. We analysed
the effects of the dual mode anticancer agents, animthioxam, brimbam, troxbam,
and troxham, as well as their structural congeners suberoylanilide hydroxamic acid
and combretastatin A-4 on human cancer cell lines. Their cytotoxicity was
determined using the MTT assay, further techniques for detecting apoptotic events,
cell cycle analyses, clonogenic and wound healing assays, immunostaining, histone
deacetylase (HDAC) activity measurements, and Western blot analysis for the
detection of survivin expression in HCT116 colon cancer cells. Molecular docking
studies were conducted to assess potential molecular targets of the test compounds.
The test compounds were found selectively cytotoxic toward cancer cells by
inducing apoptosis. The metastatic potential was effectively reduced by disruption
of the microtubular cytoskeleton. The test compounds were also proven to be
general HDAC inhibitors and to lead to reduced survivin expression.

KEYWORDS
chimeric compounds, colorectal cancer, histone deacetylase, hydroxamic acid, survivin

Abbreviations: CA-4, combretastatin A-4; HDAC, histone deacetylase; HDACi, HDAC inhibitor; IAP, inhibitor of apoptosis protein; LDH, lactate dehydrogenase; MTT, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; SAHA, suberoylanilide hydroxamic acid.
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1 | INTRODUCTION

Colorectal cancer is the third most common cause of new cases
and deaths associated with cancer disease.[!! It features a high
recurrence rate, not least because of aggressive medical proce-
dures.”?! In addition, the frequency of occurrence of resistance
against established drug regimens, for example, such employing
5-fluorouracil, is soaring for this cancer entity,m Hence, the
quest for new treatment options needs to be intensified. One
such new approach might be to identify cancer-only molecular
modulators and targets for specially tailored new chemo-
therapeutic agents. The modulators of malignant tumors are as
diverse as the disease itself. However, cancer cells share some
common features, dubbed the hallmarks of cancer, that distin-
guish them from nonmalignant cells.[*-¢) 5o far, these hallmarks
comprise 14 central distinctive features, innate and acquired./**!
Histone deacetylase (HDAC) inhibitors (HDACis), show significant
anticancer activity against leukemia as well as solid tumors,
targeting the hallmark of replicative immortality through disrup-
tion of the DNA replication machinery.[*>”! The anticancer
HDACi SAHA (vorinostat) is FDA approved for the treatment of
patients with cutaneous T-cell lymphoma. Today, there are also
numerous preclinical studies investigating the suitability of SAHA
and other HDACI for the treatment of solid tumors, with
promising results.’®?! There are four classes of human HDAC
enzymes containing a family of 18 members; class | comprises of
HDACs 1-3 and 8, class Il contains HDACs 4-7 as well as 9 and
10, class Il members are called sirtuins and class IV comprises
HDAC 11.17911] Each HDAC member displays different functions
including deacetylation of histones as well as acting on non-
histone substrates such as transcription factor p53 or cyto-
skeletal protein tubulin.!¥ HDAC classes fall into two main
groups as to their catalytic mechanisms. Classes I, Il and IV are so
called classical HDACs whose mechanisms of action are Zn?*
dependent, whereas class Ill sirtuins act NAD* dependently.“”
SAHA inhibits class | and Il HDACs at nanomolar concentra-
tions.!*>*21 A distinct downstream association of inhibition of
HDAC 3 and 6 (members of class | and Il HDACs) with a reduced
survivin expression was reported.”™® This may be due to the
inhibition of acetylation, where HDACs 3 and 6 specifically
interact with survivin.'*®! In particular, HDAC 6 which is present
as a cytosolic protein, is known to control nuclear transport and

14151 survivin plays several roles

thus the activity of survivin.
regarding cell proliferation and survival as it improves the
stability of microtubules, it is involved in cell cycle regulation,
and as a member of the inhibitor of apoptosis proteins (IAP) it
interferes with caspases 3 and 7. Further, it is nearly exclusively
expressed in cancer cells and usually not expressed in most adult
tissues, therefore it represents an interesting target for cancer
therapy.116-1?) Since survivin is overexpressed in most cancer
types, including colon, therapies inhibiting survivin expression
might be highly cancer-specific, yet entity overarching.!*2%
Substances that target survivin have been of great interest in the

last 20 years and there are several studies on survivin-related
cancer treatments using small molecule inhibitors. Unfortunately,
these studies failed due to various problems, such as too low
selectivity, too high toxicity. An approach to circumvent these
problems and to increase the effectiveness of the inhibitors is the
use of hybrid substituents comprising a dual or synergistic
mechanism of action.??) Structural hybridization has already
yielded several promising new anticancer compounds showing
enhanced potency when compared to their individual structural
constituents.’??) The structural motif “hydroxamic acid” is the
central pharmacophore of HDACi SAHA and it is particularly
easy to introduce into hybrid drugsAm' In this work, a series of
chimeric structures was synthesized by combining the crucial
structural hydroxamic acid of SAHA with the cis-stilbene motif of
the microtubule-destabilizing combretastatin = A-4 (CA-4)
(Figure 1). The resulting chimeric compounds were expected to
have a pleiotropic mechanism of action and thus to achieve an
optimization of action when compared to the lead compound
SAHA. As a result of the dual attack with HDACi-mediated action
and CA-4 mediated action, an enhanced or even synergistic effect
can be expected, as has already been demonstrated for similar

compounds.[24:25]

2 | RESULTS AND DISCUSSION
2.1 | Chemistry

The synthesis of the test compounds troxbam and troxham was
described before (Scheme 1)‘l24J The new compound animthioxam
was prepared from t-butyl 3-(5-formylthien-2-yl)acrylate 1 (obtained
by Heck reaction of 5-bromo-2-formylthiophene with t-butyl
acrylate), which underwent a van Leusen reaction with anisyl-
TosMIC and methylamine leading to t-butyl cinnamate 2 in
t-butanol (Scheme 1). Deprotection with TFA followed by reaction
with THP-protected hydroxylamine led to compound 3, which was
converted to animthioxam upon treatment with 4 M HCl/dioxane in a
methanolic solution. Brimbam was obtained in a similar way from
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FIGURE 1 Lead structures of the chimeric compound series
presented in this work. CA-4 is a microtubule polymerization inhibitor
and SAHA an established HDACi. CA-4, combretastatin A-4; SAHA,
suberoylanilide hydroxamic acid.
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SCHEME 1 Syntheses and structures of
hydroxamic acids used in this study.
Reagents and conditions: (i) anisyl-TosMIC
reagent, 33% MeNH,/EtOH, K,COg,
t-BuOH, reflux, 2 h, 31%-79%; (i) TFA,
CH,Cl,, r.t,, 1 h, then EDCI, DMAP, Et3N,
THPO-NHy, CHyCly, rt., 24 h, 57%-94%;
(i) 4 M HCl/dioxane, CH,Cl,/MeOH, r.t.,
1h, 81%-91%; (iv) 1M NaOH, MeOH, r.t.,
24 h, 100%; (v) t-BuOH, EDCI, DMAP,
CH,Cl,, r.t., 24 h, 48%.
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Synthesis of Animthioxam:
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Troxbam Troxham

t-butyl ester 6, which was obtained from ethyl-ester 4 followed
by hydrolysis and esterification with t-butanol (Scheme 1).12"]
Compound 6 was converted to imidazole 7 by reaction with
3-bromo-4,5-dimethoxyphenyl-TosMIC and methylamine. Removal

of the t-butyl group by TFA afforded a carboxylic acid which was
reacted with THP-protected hydroxylamine to give amide 8 which
was deprotected with 4M HCl/dioxane to furnish the target
compound brimbam.
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2.2 | Biological and biochemical evaluation
2.2.1 | Cytotoxicity toward cancer cells via the
apoptotic pathway

Previously, some chimeric HDACi were reported to show distinct
antiproliferative activity against cancer cells with 1Cso values
ranging from low pM to nM.12425] Troxbam and troxham already
showed potent anticancer activity in earlier preliminary studies,
which were not followed up on.'2*] To ascertain the antiproliferative
activity of the new chimeric HDACi candidates animthioxam and
brimbam their IC5o values against several human cancer cell lines
were assessed using MTT viability assays. Also, the ICsq values of
the known analogues were completed to enable a meaningful
comparison of their activities. Healthy cells (HDFa) were included in
the cell line panel, and a selectivity index (SI) was calculated for each
test compound. Table 1 summarizes the ICsq and Sl values of the
test compounds as well as of their structural congeners CA-4 and
SAHA. All tested compounds exhibited ICsq values in the low uM to
nM range whereas their cytotoxicity against the nonmalignant
HDFa cells was low (250 uM). Troxbam stands out as the most
active substance with the highest selectivity for cancer cells with an
Sl of >68.1. Regarding structure-activity relations, a longer linker
(as in troxham vs. troxbam), or insertion of heteroatoms and
changes of the trimethoxy motif (animthioxam and brimbam),
appear to have a slightly negative effect on the antiproliferative
activity.

In this study, the potential suitability of hybrid HDACi for the
treatment of solid tumor entities was to be investigated. Since, on
average, all test compounds were most active in colorectal cancer
and comprise IC5o values in a similar concentration range, these
cells were used for further experiments. Because many cancers
lack a regulated induction of apoptosis, new potential anticancer
drugs should be capable of inducing apoptotic cancer cell death.?4!
The activities of effector caspases 3 and 7 are directly linked to
activation of apoptosis pathways since they are key mediators of

TABLE 1

the mitochondrial apoptotic pathway.?”! To exclude necrosis
playing a role in cancer cell death initiated by the new compounds,
the lactate dehydrogenase (LDH) release by cancer cells upon
compound treatment was measured.?® As shown by fluorescent
caspase 3/7 activity assays, all test compounds led to a significant
induction of apoptosis when applied to colon cancer cells
(Figure 2a), whereas no appreciable rise in LDH was detectable
(Figure 2b). The induction of apoptosis in cancer cells is crucial for
potential anticancer drugs since the suppression of apoptosis is
one of those hallmarks of cancer, modulated by IAPs through
direct inhibition of caspase 3/7.2%%% The main cancer-specific IAP
is called survivin, involved in several cancer-specific survival
mechanisms and therefore comprising an interesting target for
anticancer drugs.[”)

2.2.2 | Effects on the cell cycle progression of
HCT116 colon carcinoma cells

To further elucidate the mechanism of action of our compounds,
we analysed their effects on the progression of the cell cycle of
HCT116" colon carcinoma cells. Whereas all tested compounds
led to a slight enhancement of the apoptotic cell fraction, only
troxbam induced a distinct cell cycle arrest in the G2-M phase.
This G2-M arrest is considerably more pronounced than that
initiated by treatment with SAHA which is known to induce a
G2-M arrest (Figure 3). A G2-M arrest is often associated with
HDAC inhibition and induction of apoptosis by downregulation of

the IAP survivin.[31:32]

2.2.3 | Metastatic potential and cellular dynamics

Virtually limitless cellular reproductive potential is one of
the hallmarks of cancer. Therefore, we assessed the influence
of our test compounds on this characteristic using the

1Csp values (uM) of test compounds animthioxam, brimbam, troxbam, troxham as well as positive controls CA-4 and SAHA against

the human cancer cell lines HCT116"! and its knockout mutant HCT116°°® colon cancer, 518A2 melanoma, Huh7 and HepG2 liver cancer, as

well as healthy human dermal fibroblasts (HDFa)

Compound HCT116** HCT116°°3/~  518A2
Animthioxam 2.09 + 045 1.42 +0.22 2.49 +0.28
Brimbam 3.19 +0.21 19+02 8.08 + 0.92
Troxbam 0.92 + 0.12° 0.98 + 0.03 0.64 + 0.07*
Troxham 0.61 + 0.07° 0.8 +0.08 33+03
CA-4 0.0026 + 0.0002*  0.095 + 0.03 0.018 + 0.007"
SAHA 09 +0.1° 110+ 0.16 1.8 +0.1°

Huh?7 HepG2 HDFa Sl
3.53 +0.39 23+02 >50 221.1
9.27 £ 047 3.44 + 0.80 >50 29.7
0.95 + 0.06° 0.18 + 0.02” >50 268.1
1.05 + 0.04 341 >50 227.3

0.045 + 0.0041 0.0044 = 0.00067 0.098 £ 0.0058 19.5

18+05° 21+04° >50 232.5

Note: The selectivity index (SI) indicates the selectivity of the substances for cancer cells. Shown are the means + standard deviation (SD) determined of
four independent experiments. ICsq values were obtained by MTT assays from dose-response curves after 72 h incubation.

Values obtained from Schmitt et al.’**!
bValues obtained from Bir et al.?%!
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FIGURE 2 Results of the investigation of the type of cell death induced by treatment of the cells with the compounds. (a) Activation levels of
effector caspases 3 and 7 in HCT116"* cells after treatment with fourfold ICs, concentrations of compounds for 24 h. Corresponding
concentration of DMSO was used as control (ctrl), set to 100%. Data shown represents means + SD of four independent experiments,

***p £0.001; **p £0.01; *p £ 0.05, no sign means not significant. (b) LDH release of HCT116"* cells after treatment with fourfold ICso
concentrations of compounds for 24 h. Corresponding concentration of DMSO was used as control (ctrl) which was set as 0% and maximum
LDH release obtained by cell lysis was set as 100%. Data shown represents means + SD of four independent experiments. CA-4, combretastatin
A-4; DMSO, dimethyl sulfoxide; LDH, lactate dehydrogenase; SAHA, suberoylanilide hydroxamic acid.
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FIGURE 3 Distribution of HCT116"" cells in different phases of
the cell cycle measured by flow cytometry of Pl stained cells. Cells
were treated with |Csq of compounds for 24 h. Corresponding
amounts of DMSO served as control (ctrl). Data represents the
percentage of cells in each phase of the cell cycle as well as dead cells
(sub-G1). Values represent means + SD of three independent
experiments. **p < 0.01; *p < 0.05, no sign means not significant.
CA-4, combretastatin A-4; DMSO, dimethyl sulfoxide; SAHA,
suberoylanilide hydroxamic acid.

clonogenic assay.®>% The clonogenic assay is used to assess the
clonogenic potential of cells under the influence of test
compounds or to assess the influence of other factors on the
ability of single cells to form colonies. The clonogenic assay
allows to measure and compare the percentage of cells that have
the characteristic of being colony-forming.!**! As shown in
Figure 4, the treatment of HCT116"* colon carcinoma cells with
ICso concentrations of brimbam and troxbam resulted in a
significant reduction of the clonogenic potential, whereas
animthioxam and troxham did not significantly reduce the
clonogenic potential. Both control substances CA-4 and SAHA
induced a significant reduction of the clonogenic potential
whereas the effect of CA-4 was clearly stronger and SAHA had
only a weak effect. The effect induced by the test compounds
brimbam and troxbam exceeded that of SAHA.

Colony count (% rel. to Ctrl)

100.0 - B

80.0

60.0 - .

40.0

200 I -
[]

FIGURE 4 Colony count of HCT116" colon carcinoma cells
obtained by colony formation assays after treatment of cells with
ICsq of compounds for 24 h, respective concentration of DMSO
served as control (Ctrl). The number of colonies is calculated as a
percentage relative to the control which was set as 100%. Data
shown represents means + SD of three independent experiments,
***p < 0.005; *p = 0.05, no sign is equivalent to not significant. CA-4,
combretastatin A-4; DMSO, dimethyl sulfoxide; SAHA,
suberoylanilide hydroxamic acid.

Taking into account the reduced clonogenic potential as well as
the induction of potential HDACi-associated cell cycle arrests of
colon carcinoma cells, we determined the influence of the test
compounds on cellular migration using in vitro wound healing assays,
monitoring the migration of the cells on a 2D surface. Brimbam and
troxbam led to significant reductions in cellular migration when
applied at ICso concentration. Animthioxam and troxham did not
attenuate the cellular motility much (Figure 5). While the effects of
brimbam and troxbam were comparable to that of SAHA, CA-4 led to
distinctly stronger retardation of cell migration.

To understand more precisely what the antimigratory effect is
based on, we further observed the effect of test compounds on the
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FIGURE 5 Cell migration of HCT116"" colon carcinoma cells
obtained by scratch migration assays under treatment of cells with
ICs0 of compounds for 24 h, respective concentration of DMSO
served as control (Ctrl). Migration is calculated as a percentage
relative to control which was set as 100%. Data shown represents
means * SD of three independent experiments, ****p < 0.001;

***p <0.005; **p < 0.01; *p < 0.05, no sign is equivalent to not
significant. CA-4, combretastatin A-4; DMSO, dimethyl sulfoxide;
SAHA, suberoylanilide hydroxamic acid.

polymerization of purified tubulin monomers (Supporting Informa-
tion: Figure 1). No inhibitory effect on tubulin polymerization could
be observed for any of our test compounds, indicating a mode of
action different to that of CA-4. HDACs mainly regulate the
acetylation level of histones but also regulate the acetylation levels
of nonhistone substrates such as tubulin.®*! HDACi like SAHA are
known to act antimigratorily by inhibiting HDAC 6, which is a known
key regulator of cytoskeleton dynamics, cell migration and cell-cell
interactions.®>%¢ As an effect of inhibiting these HDACs, the
deacetylation of ac-a-tubulin is inhibited, which is resulting in altered
cell dynamics as it disrupts the microtubule polymerization-
depolymerization balance.!®”) We immunostained the microtubule
cytoskeleton of substance-treated cells to assess whether there are
structural abnormalities associated with over-acetylation as a result
of inhibited HDACs. The immunofluorescence images in Figure 6
reveal distinct structural changes of the microtubule skeleton upon
treatment with active compounds. Brimbam and troxbam, in
particular, led to clumpy-looking microtubules in colon cancer cells.
The effect of CA-4 on the microtubules differs conspicuously, leading

to a complete dissolution of the tubulin cytoskeleton.

224 | HDAC-associated mode of action

Results obtained so far clearly indicate an HDAC-associated mode of
action for our test compounds. Based on this, their general HDAC
inhibitory potential in HCT116 colon cancer cells was assessed using
a commercial HDAC activity assay. The test compounds led to a
reduction of general HDAC activity, with troxbam displaying the
strongest effect, not much weaker than that of the clinically
established HDACi SAHA (Figure 7a). Based on the demonstrated
changes in tubulin dynamics, an association with inhibition of HDAC 6

is possible. Therefore, the most potent compound troxbam was
investigated for its inhibitory effect on human HDAC 6. As shown in
Figure 7b, concentration-dependent inhibition of HDAC 6 was
obtained after troxbam treatment. The activity of HDAC 6 is almost
halved by the addition of 1 uM troxbam, which corresponds to the
ICs0. Therefore, it can be concluded that HDAC 6 inhibition is the key
mechanism of action of this compound.

2.2.5 | Ac-a-tubulin levels and survivin
expression levels

Taking into account the HDACi activity of our compounds, associated
with apoptosis, and the cell cycle arresting effect of troxbam and
alterations in microtubule cytoskeleton, we assumed HDAC 6 and
downstream survivin to be very likely primary targets of them. As
already mentioned by inhibition of HDAC 6, deacetylation of ac-a-
tubulin is inhibited which results in reduced cellular dynamics.[®%!
Therefore, the expression levels of ac-a-tubulin and survivin in
compound-treated colon cancer cells were assessed by means of
western blot analysis. Troxbam and troxham led to significantly
enhanced levels of ac-a-tubulin, while animthioxam and brimbam had
no comparable effect. This is a further indication of HDAC 6
inhibition by the compounds troxbam and troxham, both comprising a
stronger effect than SAHA. Troxbam and troxham also led to
significantly reduced survivin expression levels, comparable to SAHA
(Figure 8b). Survivin is a member of the IAP family and is involved in
the regulation of the mitotoic spindle dynamics, the cell cycle,
angiogenesis, and chemoresistance.!”) It is a desirable target of
anticancer compounds since it is strongly expressed only in cancer
cells where it acts as part of the survival machinery preventing
induction of apoptosis.[m Thus, the distinct downregulation of
survivin by troxbam and troxham is a milestone of their preclinical

evaluation as anticancer drug candidates.

2.3 | Molecular docking

HDACS6 is associated with the cell cycle and the cellular dynamics, as
well as survivin, and therefore might be a central target of test
compounds. Docking studies of test compounds bound to the
catalytic center of human HDAC é (PDB ID 5EDU) were performed
to determine their binding modes. The molecular docking was carried
out with the Dockthor software in the presence of the catalytic Zn?'
ion at the binding site (Figure 9).

Except CA-4 all the compounds are forming bonds with the Zn.
The Binding energies of all the molecules are more or less in the same
region (-7 to -6 kcal) with animthioxam displaying the highest
binding energy at -7.1kcal (Table 2). Troxbam and troxham are
forming hydrogen bonds with high number of amino acid residues
and this maybe the reason for their relatively better biological
activity. CA-4 is predominantly a tubulin inhibitor and does not seem
to form a bond with Zn. But it is forming bonds with three amino acid
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FIGURE 6 Immunofluorescence images of HCT116"* cells, stained with anti-a-tubulin (AF546) and DAPI after treatment with ICsq
concentrations of test compounds. Corresponding concentration of DMSO was used for treatment of control (Ctrl). Shown images are
representative of at least three independent experiments. CA-4, combretastatin A-4; SAHA, suberoylanilide hydroxamic acid.
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FIGURE 7 HDAC inhibitory activity of test compounds. (a) General HDAC activity of HCT116" cell lysate after treatment with ICso

concentrations of test compounds (animthioxam 2 uM, brimbam 3.2 uM, troxbam 0.9 puM, troxham 0.6 pM, and SAHA 0.9 uM). (b) Activity of
human HDAC 6 after treatment with different concentrations of troxbam. Activities were normalized to Ctrl, respectively O uM, which was set
to 100%. Data shown represent means + SD of three independent experiments, *p < 0.05; ***p < 0.005, no sign is equivalent to not significant.

CA-4, combretastatin A-4; SAHA, suberoylanilide hydroxamic acid.

,\
oH) &

oON & O @™

o O ©O O O

Ac-a-tubulin %
(normalized to GAP
N & O ®
o © © © O

N ¥ (‘é\

Survivin expression %
(normalized to GAPDH)
n - (o2} @®

o 8 & 8 8

o o o o o

- :

FIGURE 8 Levels of ac-a-tubulin and survivin in compound treated colon carcinoma cells. (a) Levels of ac-a-tubulin in HCT116 colon
carcinoma cells, treated with corresponding ICso concentrations of test compounds. (b) Survivin expression levels in HCT116 cells treated with
ICs0 concentrations of test compounds. Expression levels were normalized to GAPDH and relative to Ctrl which was set as 100%. Data shown
represents means = SD of three independent experiments, “p < 0.05; **p < 0.01; ***p < 0.005, no sign is equivalent to not significant.

residues (PHE565, THR563, and SER453) in the pocket. However,
the amino acids with which it is forming bonds are quite different
from the ones formed by our ligands. This difference maybe one of
the reasons for the vastly different biological activities displayed by

CA-4 and the compounds designed by us.

3 | CONCLUSION

Two new chimeric Z-stilbene-hydroxamate conjugates, an-
imthioxam and brimbam, were modeled on the monomodal drugs
CA-4 and SAHA. Unlike the latter, they showed multimodal,
pleiotropic effects in a series of assays for anticancer activities.
They were tested alongside their known structural congeners

troxbam and troxham, as well as CA-4 and SAHA. Except for
brimbam, all chimeric conjugates tested showed a higher
selectivity for cancer cells than CA-4. Troxbam was particularly
impressive with a cancer selectivity exceeding that of the
established HDACi SAHA. Moreover, the cell cycle inhibitory
effect of troxbam on colon carcinoma cells in G2-M phase was
exceptional and significantly stronger than the effect elicited by
SAHA. Troxbam also outperformed SAHA when it comes to the
antimigratory effect and HDAC inhibition. Generally, HDAC 6
inhibition appears to be the main mechanism of action of the
chimeric test compounds, an assumption also supported by
molecular docking studies. In particular, HDAC 6 is associated
with cell dynamics, and expression levels of the apoptosis
inhibiting and cell cycle regulating protein survivin. In addition
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FIGURE 9 Molecular docking poses on class Il HDACé using Docthor software. Docking images of (a) animthioxam, (b) brimbam, (c) troxbam,
(d) troxham, (e) combretastatin A-4, and (f) suberoylanilide hydroxamic acid.

TABLE 2 Calculated binding energies (BE) with 5EDU of test compounds animthioxam, brimbam, troxbam, troxham, SAHA, and CA-4 using

AutoDock-Vina 1.1.2 software

Compound BE (kcal/mol) Residues Bond with Zn
Animthioxam -7.1 GLY504, ASP627, HIS536, ASP534, Yes
Brimbam =65 SER453, HIS536, TYR667 Yes
Troxbam -64 ASP534, HIS536, ASP627, HIS495, TYR667, Yes
GLY504
Troxham -6.6 ASP534, GLY504, HIS495, ASP627, HIS536, Yes
TYR667
CA-4 =59 PHES565, THR563, SER453 No
SAHA® -6.2 TYR667 Yes

to the HDAC 6 inhibitory effect, associated hyperacetylation of
alpha-tubulin and decreased expression of survivin were detected
upon compounds treatment of colon carcinoma cells. The
observed downregulation of the cancer-specific protein survivin
by troxbam and troxham adds to the multimodal and cancer-
specific character of this new structural motif, recommending

them for a further assessment of their suitability as chemo-
therapeutic agents. The results obtained in this study contribute
to consider the suitability of hybrid HDACi for the treatment of
solid tumors. As HDACi have so far only been approved for the
treatment of leukemic disease, this raises the prospect of a new
field of application for structurally related hybrid compounds.
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4 | EXPERIMENTAL
4.1 | Chemistry
411 | General remarks

All starting compounds and reagents were purchased from the usual
retailers and used without further purification. Column chromatogra-
phy: silica gel 60 (230-400 mesh). Melting points (uncorrected),
Electrothermal 9100; NMR spectra (see the Supporting Information),
Bruker Avance 300 spectrometer; chemical shifts are given in parts
per million (§) downfield from tetramethylsilane as internal standard;
Mass spectra, Thermo Finnigan MAT 8500 (El), UPLC/Orbitrap
(ESI-HRMS). Elemental analysis were carried out with an Elementar
UNICUBE (Elementar Analysensysteme GmbH).

4.1.2 | Synthesis of animthioxam

1-Methyl-4-(4-methoxyphenyl)-5-(4-tert.-butoxycarbonylethenyl-
thienyl)imidazole (2)

A mixture of 4-formyl-tert.-butyl-2-thienylacrylate 1 (100 mg,
042mmol) and 33% MeNH,/ethanol (260 ul, 2.10mmol) in
t-butanol (15ml) was refluxed for 2h. After cooling to room
temperature, anisyl-tosylmethylisocyanide (126 mg, 0.42 mmol) and
K,CO3 (500 mg, 3.62 mmol) were added and the reaction mixture
was refluxed for 4 h. The solvent was evaporated, the residue diluted
with ethyl-acetate, washed with water and brine, dried over Na,SO,,
filtered, and concentrated in vacuum. The residue was purified by
column chromatography (silica gel 60, ethyl-acetate/methanol 9:1).
Yield: 50mg (0.13 mmol, 31%); R;=0.72 (ethyl-acetate/methanol,
9:1); yellow oil; vay (ATR)/cm™ 2968, 2936, 2901, 2837, 1699,
1623, 1526, 1504, 1454, 1389, 1368, 1292, 1207, 1144, 1104,
1029, 968, 921, 833, 798, 743, 706, and 640; *H-NMR (300 MHz,
CDCl3) &6 1.49 (9H, s), 3.54 (3H, s), 3.76 (3H, s), 6.13 (1H, d,
J=15.6Hz), 6.79 (2H, d, J = 9.0 Hz), 6.95 (1H, d, J = 3.7 Hz), 7.19 (1H,
d, J=37Hz), 746 (2H, d, J=9.0Hz), 7.60 (1H, s), 7.63 (1H, d,
J=15.6 Hz); *C-NMR (75.5MHz, CDCl3) § 28.2, 32.3, 55.1, 80.7,
113.7, 119.8, 126.6, 127.8, 128.0, 128.1, 129.9, 130.5, 130.8, 133.3,
135.5, 138.4, 141.2, 142.0, 158.7, and 165.8; m/z (%) 396 (37) [M"],
340 (100), 57 (20).

1-Methyl-4-(4-methoxyphenyl)-5-(4'-
tetrahydropyranyloxyaminocarbonylethenyl-thienyl)imidazole (3)
Compound 2 (79 mg, 0.20mmol) was dissolved in CH,Cl, (3ml),
treated with TFA (2 ml) and stirred at room temperature for 1 h. The
solvent was evaporated, the residue was dried in vacuum and used
for the next step without further purification. It was dissolved in
dry CH,Cl, and EDCI (101 mg, 0.52 mmol), DMAP (19 mg, 0.15 mmol),
triethyl-amine (120 pl, 0.57 mmol), and tetrahydropyranyl-hydroxylamine
(73 mg, 0.63 mmol) were added. After stirring at room temperature
for 24 h, the solvent was evaporated and the residue was purified by
column chromatography (silica gel 60, ethyl-acetate/methanol, 9:1).

Yield: 50mg (0.11mmol, 57%), R¢=0.56 (ethyl-acetate/methanol,
9:1); Vinax (ATR)/cm ™ 3167, 2949, 2872, 1659, 1615, 1526, 1504,
1454, 1389, 1347, 1292, 1246, 1204, 1175, 1133, 1113, 1031, 966,
947,924, 895, 873, 834, 812, and 728; *H-NMR (300 MHz, CDCl3)
5 1.58-1.96 (6H, m), 3.46 (3H, s), 3.62-3.74 (1H, m), 3.73 (3H, s),
4.05-4.10 (1H, m), 5.00-5.07 (1H, m), 5.98-6.12 (1H, m), 6.75 (2H,
d, J=9.0Hz), 6.89 (1H,d, J = 3.7 Hz), 7.12-7.14 (1H, m), 7.47 (2H, d,
J=9.0Hz), 7.58 (1H, s), 7.70-7.77 (1H, m); °C-NMR (75.5 MHz,
CDClg) 6§ 14.1, 18.5, 21.0, 24.8, 25.0, 25.6, 28.0, 32.2, 55.1, 60.3,
62.3, 67.9, 102.5, 113.7, 117.4, 119.8, 126.2, 128.0, 130.6, 130.8,
131.0, 132.3, 138.3, 140.8, 142.8, 158.8, and 171.1; m/z (%) 439
(26) [M"], 355 (100), 339 (88), 296 (37), 243 (34), 165 (21), 85 (56),
and 41 (34).

1-Methyl-4-(4-methoxyphenyl)-5-(4’-
hydroxyaminocarbonylethenylthienyl)-imidazole x HCI
{animthioxam)

Compound 3 (50 mg, 0.11 mmol) was dissolved in CH,Cl,/MeOH
(5ml, 4:1) and 4M HCl/dioxane (3ml) was added. The reaction
mixture was stirred at room temperature for 1 h. The solvent was
evaporated and the residue was crystallized from ethanol/n-hexane.
Yield: 35 mg (0.089 mmol, 81%); yellow solid of mp 178-180°C; Vay
(ATR)/cm™* 3122, 3007, 2969, 2840, 2539, 1647, 1599, 1575, 1558,
1536, 1511, 1462, 1422, 1399, 1357, 1335, 1296, 1250, 1224,
1210, 1182, 1107, 1050, 1023, 1003, 962, 920, 852, 815, 798, 720,
709, and 689; *H-NMR (300 MHz, DMSO-dg) 6 3.72 (3H, s), 3.77
(3H, s), 6.26 (1H, d, J=15.6Hz), 7.02 (2H, d, J=8.8 Hz), 7.41-7.45
(3H, m), 7.52 (1H, d, J=3.8 Hz), 7.63 (2H, d, J = 8.8 Hz), 9.23 (1H, s),
10.70-10.92 (1H, br s); *3C-NMR (75.5 MHz, DMSO-d,) & 33.9, 55.3,
114.5,119.3, 119.8, 121.3, 126.2, 129.0, 130.5, 131.0, 132.1, 133.3,
136.6, 143.7, 160.0, and 161.9; m/z (%) 355 (18) [M*], 340 (100), 311
(88), 44 (77); Elemental analysis, Anal. calcd. for C1gH13CIN3O3S: C,
55.17; H, 4.63; N, 10.72. Found: C, 55.30; H, 4.68; N, 10.64.

4.1.3 | Synthesis of brimbam

5-Formyl-2-methoxyphenyloxybutyric acid (5)

Ethyl-5-formyl-2-methoxyphenyloxybutyrate 4 (120 mg, 0.42 mmol)
was dissolved in MeOH (10 ml), aqueous NaOH (1 M, 10 ml) was
added and the reaction mixture was stirred at room temperature for
24 h. The solution was acidified with agueous HCI (1 M, to pH < 2)
and extracted with ethyl-acetate. The organic phase was dried over
Na,SO4 and concentrated in vacuum. Yield: 99 mg (0.42 mmol,
100%); colorless solid of mp 127-128°C; Vi (ATR)/em™ 3025,
2974, 2922, 2708, 2625, 1708, 1682, 1581, 1509, 1472, 1439,
1410, 1397, 1361, 1341, 1295, 1263, 1243, 1213, 1184, 1161,
1137, 1088, 1061, 1029, 1015, 931, 883, 858, 818, 796, 769, 750,
680, and 641; "H-NMR (300 MHz, CDClg) & 2.15-2.19 (2H, m), 2.59
(2H, t, J=7.2Hz), 3.91 (3H, s), 4.11 (2H, t, J=6.2Hz), 6.95 (1H, d,
J=8.2Hz), 7.38 (1H, s), 7.44 (1H, d, 8.2 Hz), 9.91 (1H, s); **C-NMR
(75.5MHz, CDCl3) § 24.1, 304, 56.1, 67.7, 110.7, 126.9, 130.0,
148.8, 154.9, 178.7, and 191.0; m/z (%) 238 (57) [M"], 221 (4), 151
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(100), 137 (14), 123 (22), 109 (16), 95 (13), 87 (38), 77 (13), and
43 (25).

tert.-Butyl 5-formyl-2-methoxyphenyloxybutyrate (6)

Compound 5 (99 mg, 0.42 mmol), DMAP (25mg, 0.21 mmol) and
tert.-butanol (45 ul, 0.48 mmol) were dissolved in CH,Cl, (5 ml) and
EDCI (88 mg, 0.46 mmol) was added. The reaction mixture was stirred
at 0°C for 2 h and then at room temperature for 24 h. The reaction
solution was purified by column chromatography. Yield: 60mg
(0.20mmol, 48%); R;=0.76 (ethyl-acetate/n-hexane, 1:1); Viax
(ATR)/cm™ 2977, 2935, 2843, 1724, 1684, 1595, 1585, 1509,
1436, 1392, 1367, 1339, 1322, 1263, 1239, 1151, 1133, 1020, 960,
922, 865, 846, 808, 778, 747, 734, and 640; "H-NMR (300 MHz,
CDCly) 6 1.43 (9H, s), 2.18-2.26 (2H, m), 2.43 (2H, t, J= 7.4 Hz), 3.93
(3H, s), 4.09 (2H, t, J= 6.4 Hz), 6.95 (1H, d, J=8.2 Hz), 7.39 (1H, s),
7.43-7.47 (1H, m), 9.82 (1H, s); **C-NMR (75.5 MHz, CDCls) § 24.6,
28.1, 32.0,56.1, 68.1, 80.4, 110.7, 110.9, 126.6, 130.1, 149.0, 154.9,
172.3, and 190.9; m/z (%) 294 (15) [M*], 221 (86), 152 (100), 143
(23), 87 (96), 69 (34), 57 (45), and 41 (19).

1-Methyl-4-(3-bromo-4,5-dimethoxyphenyl)-5-(4’-methoxy-3'-tert.-
butoxycarbonylpropylphenyl)-imidazole (7)

Compound 6 (141 mg, 0.48 mmol) was dissolved in tert.-butanol
(10 ml) and 33% MeNH,/EtOH (297 pl, 2.4 mmol) was added. The
reaction mixture was stirred under reflux for 1h. {3-Bromo-4,5-
dimethoxyphenyl)-tosylmethylisocyanide (175 mg, 0.48 mmol) and
K2CO3 (500 mg, 3.62 mmol) were added and the reaction mixture
was stirred under reflux for 2h. The solvent was evaporated, the
residue was taken up in ethyl-ester and washed with water. The
organic phase was dried over Na,SO,, filtered and the filtrate was
concentrated in vacuum. The residue was purified by column
chromatography (silica gel 60). Yield: 213 mg (0.38 mmol, 79%);
R¢=0.63 (ethyl-acetate); viax (ATR)/cm™! 2978, 2936, 2836, 1726,
1599, 1584, 1547, 1510, 1484, 1464, 1416, 1392, 1368, 1320,
1247, 1151, 1137, 111, 1042, 1026, 1000, 947, 890, 865, 808, 759,
737, 680, 659, 638, and 619; *H-NMR (300 MHz, DMSO-d,) § 1.37
(9H, s), 1.88-1.93 (2H, m), 2.31-2.35 (2H, m), 3.44 (3H, s), 3.56 (3H,
s), 3.67 (3H, s), 3.82 (3H, s), 3.91-3.96 (2H, m), 6.90-6.97 (2H, m),
7.05-7.16 (2H, m), 7.22 (1H, s), 7.75 (1H, s); **C-NMR (75.5 MHz,
DMSO-dg) 6 24.3, 27.7, 31.2, 31.7, 55.4, 55.6, 60.0, 67.6, 79.6,
109.5, 112.5, 115.6, 116.4, 120.9, 122.1, 123.5, 128.9, 132.5, 134.7,
137.7, 143.6, 148.1, 149.6, 152.8, and 171.7; m/z (%) 562 (100) [M™],
560 (98) [M*], 506 (23), 504 (22), 491 (25), 489 (43), 487 (22), 420
(41), 418 (45), 405 (15), 403 (16), 87 (23), 57 (17).

1-Methyl-4-(3-bromo-4,5-dimethoxyphenyl)-5-(4’-methoxy-3'-
tetrahydropyranyloxyaminocarbonyl-propylphenyl)-imidazole (8)
Compound 7 (202mg, 0.36 mmol) was dissolved in CH,Cl, (3ml),
treated with TFA (2 ml) and stirred at room temperature for 1 h. The
solvent was evaporated, the residue was dried in vacuum and used
for the next step without further purification. It was dissolved in dry
CH,Cl, and EDCI (108 mg, 0.56 mmol), DMAP (21 mg, 0.15 mmol),

triethyl-amine  (130ul, 0.61mmol) and tetrahydropyranyl-
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hydroxylamine (78 mg, 0.67 mmol) were added. After stirring at room
temperature for 24 h, the solvent was evaporated and the residue
was purified by column chromatography (silica gel 60, ethyl-acetate/
methanol, 9:1). Yield: 205mg (0.34 mmol, 94%), R¢=0.44 (ethyl-
acetate/methanol, 9:1); Vimax (ATR)/cm ™t 2946, 2877, 2841, 1674,
1600, 1548, 1512, 1487, 1465, 1417, 1320, 1249, 1205, 1172,
1135, 1113, 1040, 1022, 1001, 947, 897, 868, 801, 760, 725, 680,
659, 645, 618, and 604; 'H-NMR (300 MHz, CDCl3) 6 1.52-1.61 (3H,
m), 1.76-1.84 (3H, m), 2.08-2.13 (2H, m), 2.29-2.38 (2H, m), 3.44
(3H, s), 3.50-3.58 (1H, m), 3.64 (3H, s), 3.88-3.90 (4H, m), 3.98 (2H, t,
J=6.1Hz), 4.90-4.94 (1H, m), 6.81 (1H, s), 6.81-6.96 (2H, m), 7.06
(1H, s), 7.22 (1H, s), 7.50 (1H, s), 8.95-9.02 (1H, br s); *C-NMR
(75.5MHz, CDCly) 6 18.7, 24.7, 25.0, 28.0, 29.8, 32.1, 55.7, 56.0,
60.5, 62.5, 68.2, 102.4, 109.8, 112.1, 116.0, 17.3, 122.3, 122.5,
122.8,123.9,128.9, 131.9, 136.3, 137.1, 144.7, 148.5, 150.1, 153.2,
and 170.1; m/z (%) 605 (2) [M'], 603 (2) [M'], 561 (3), 559 (4), 521 (3),
519 (3), 505 (6), 503 (7), 477 (100), 475 (97), 420 (59), 418 (62), 405
(38), 403 (39), 380 (63), 85 (27), and 44 (49).

Archiv der Pharmazie

1-Methyl-4-(3-bromo-4,5-dimethoxyphenyl)-5-(4’-methoxy-3’-
hydroxyaminocarbonylpropylphenyl)-imidazole x HCI (brimbam)
Compound 8 (205 mg, 0.34 mmol) was dissolved in CH,Cl,/MeOH
(5ml, 4:1) and 4 M HCl/dioxane (3 ml) was added. The reaction
mixture was stirred at room temperature for 1 h. The solvent was
evaporated and the residue was crystallized from ethanol/n-
hexane. Yield: 175 mg (0.31 mmol, 91%); colorless solid of mp
157-158°C; VinaxlATR)/cm ™! 3350, 3060, 3014, 2947, 2876, 2837,
1732, 1638, 1547, 1524, 1494, 1459, 1418, 1398, 1342, 1311,
1260, 1247, 1215, 1182, 1139, 1114, 1042, 1019, 994, 947, 888,
853, 809, 758, 739, 724, 676, 639, 620; 'H NMR (300 MHz,
DMSO-ds) 6 1.85-1.98 (2H, m), 2.09-2.17 (2H, m), 3.58 (3H, s),
3.63 (3H, s), 3.72 (3H, s), 3.84 (3H, 5), 3.93-3.97 (2H, m), 7.05-7.07
(1H, m), 7.15-7.26 (4H, m), 9.33 (1H, s), 10.50-10.57 (1H, br s);
13C-NMR (75.5 MHz, DMSO-ds) 6 24.6, 28.6, 33.8, 55.7, 56.1,
60.2, 68.0, 111.3, 112.6, 115.4, 116.8, 117.6, 122.3, 124.0, 127.6,
130.1, 135.5, 145.9, 148.4, 150.7, 153.2, 168.5; m/z (%) 520 (94)
[M'],518 (93) [M'], 505 (25), 503 (25), 477 (14), 475 (14), 420 (16),
418 (15), 405 (11), 403 (12), 101 (100), 59 (24), 36 (54); HRMS for
Ca3H2704N357”Br [M™+H] caled. 520.10777, found 520.10688, for
C23H2706N3531Br [M*+H] calcd. 522.10573, found 522.10464.

414 | Synthesis of troxbam and troxham

Troxbam and troxham were obtained according to the literature.'*¥

4.2 | Biological assays
421 | Stock solutions

Compounds were dissolved in DMSO to obtain a concentration of
10mM and stored at -23°C. Before biological experiments, they
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were diluted to the desired concentration with sterile Millipore water.
CA-4 and SAHA were purchased from TCI chemicals.

4.2.2 | Cell lines and cell culture conditions

518A2 human melanoma cells {Department of Radiotherapy &
Radiobiology, University Hospital Vienna, Austria), HCT116"“* (DSMZ
ACC-581) and its HCT116°*/~ knockout mutant colon carcinoma
cells, Huh7 (CVCL_0336) and HepG2 (DSMZ ACC-180) liver
carcinoma as well as HDFa human dermal fibroblasts (ATCC PCS-
201-012) as healthy control cell line were cultivated in Dulbeccos
Modified Eagle medium (DMEM, PAN biotech), supplemented with
10% (v/v) fetal bovine serum (Sigma Aldrich) and 1% (v/v) ZellShield
{Minerva Biolabs) at 37°C under 95% humidity and 5% CO,. If not
noted otherwise, all bioassay steps including cells were conducted
under these standard cell culture conditions.

4.2.3 | MTT cell viability assay

The antiproliferative effect of test compounds on cancer cell lines as
well as on human dermal fibroblasts was examined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) based
cell viability assay. The MTT cell viability assay was conducted as
described before.[*”! Briefly, cells were seeded in 96-well microtiter
plates (Sarstedt) with a cell density of 0.05x 10° cells per ml with
100 pl per well and incubated for 24 h under standard cell culture
conditions. Afterwards, a dilution series of test compounds was
added, followed by a further incubation step for 72h. A 0.05% in
MTT in PBS solution was added (12.5 pl/well), followed by another
incubation period of 2 h. Following a centrifugation step, the medium
was discarded and 25 pl per well of SDS solution in DMSO (10% SDS,
0.6% AcOH in DMSO) were added, and plates were further incubated
for 1h. Absorbance was measured at 570 nm and 630 nm using a
Tecan Plate reader. Background absorbance (630 nm) was subtracted
from formazan signal (570 nm). Resulting absorbance is directly
proportional to viable cells, control was normalized to 100% viable
cells and accordingly the viability of cells treated with test
compounds was calculated. ICso was calculated based on a sigmoidal
fit model using GraphPad Prism. Means and SD were calculated from
at least four independent experiments.

424 | Caspase 3/7 assay

Activation of caspases 3 and 7 is strongly associated with induction
of apoptotic type of cell death. Levels of active caspase 3/7 in
HCT116"" cells were measured using a commercial caspase 3/7
activity apoptosis assay kit (green fluorescence, CellMeter™, AAT
Bioquest, catalog number 22796). The protocol was in accordance
with the procedure specified by the manufacturer. Briefly, the cells
were seeded into a black 96-well plate as well as into a clear 96-well

plate for the corresponding MTT assay. After treatment with test
compounds for 24 h, the caspase 3/7 working solution was added,
followed by further incubation in the dark at room temperature for
1 h. Fluorescence intensity was monitored at ex/em =485/535nm

using a Tecan plate reader.

425 | (28]

LDH release assay’
HCT116"! colon carcinoma cells were seeded in 96 well flat
bottom microtiter plates (Sarstedt) with 100 pl per well and a cell
density of 0.05 x 10° cells per ml, wells containing medium alone
were additionally set for background measurement. Cells were
allowed to grow overnight under standard cell culture conditions
followed by substance treatment with 11.1ul of 10-fold
concentrated test compound dilutions for 24 h. For maximum
LDH release 10 ul per well of lysis solution (9% Triton-X100 in
Millipore H,O) were added and incubated for 45min, same
amount was added to maximum release background correction
wells containing only medium. After centrifugation (4°C, 150g,
5 min) 50 pul of the supernatant of each well were transferred on a
fresh microtiter plate followed by addition of 50ul LDH
assay buffer (223 mg 2-p-iodophenyl-3-p-nitrophenyl-5-phenyl-
tetrazolium-chloride, 57mg  N-methylphenazonium-methyl-
sulfate, 575mg N-adenine-dinucleotide, 3.2g lactic acid in
480 ml 200 mM Tris-Cl, pH 8.0) per well. Plate was incubated in
the dark for 10-30 min at room temperature. Then 50 ul stop
solution (1 M acetic acid) were added per well and absorbance
was measured at 490 nm. Mean value of background wells was
subtracted from negative control and test wells as well as
maximum LDH release wells. Afterwards percentage of LDH
release was calculated, setting maximum LDH release as 100%.
Means and SD were calculated from at least three independent

experiments.

426 | Cell cycle distribution

The distribution of HCT116 colon carcinoma cells in the different
phases of the cell cycle under influence of test compounds was analyzed
using flow cytometry as recently described.'*® Briefly, cells were seeded
in 6-well microtiter plates (Sarstedt) and allowed to grow for 24 h,
followed by treatment with test compounds to obtain final concentra-
tions corresponding the ICso and further incubation period of 24 h.
Afterward, medium and cells of each well were transferred into
precooled centrifugation tubes (on ice) and centrifuged (300 g, 5 min,
4°C). The pellet was resuspended with 1 ml ice-cold EtOH (70%) and
cells were fixed for at least 1 h at 4°C. Cellular DNA was stained with
200 ul propidium iodide solution (50 ug/ml Pl, 0.1% sodium citrate,
50 pg/ml RNase A, freshly added in PBS) for 40 min at 37°C and 500 ul
PBS were added per sample. Cell cycle distribution of cells was obtained
using flow cytometry and analyzed by CXP analysis software (Beckman
Coulter). Means+SD of n=3.
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427 | Clonogenic assay®®

The clonogenic assay also known as colony formation assay monitors
the ability of single cancer cells to grow into a colony. To monitor
influence of test compounds on this ability, HCT116 colon carcinoma
cells were treated with compounds before the assay. After 24 h of
treatment, cells were rinsed with PBS and harvested using trypsina-
tion. Afterwards, 500 cells per well were seeded into 6-well plates
(Sarstedt), containing 3ml DMEM and incubated for 7 days under
regular medium change. After the growth period, medium was
discarded, and wells were carefully rinsed with PBS followed by
fixation of colonies by adding 1 ml EtOH absolute (VWR) per well for
3 min. Colonies were stained for 5 min using 1 ml per well of a 0.5%
crystal violet solution, then wells were rinsed with water. Resulting
stained colonies were counted using image) (Vs 1.53], National
Institutes of Health). Colony count was normalized to control which
was set as 100%.

4.2.8 | Scratch migration assayml

The scratch migration assay also known as wound healing assay is an
easy and cheap method for investigating cell migration in vitro. For
the assay, HCT116wt colon cancer cells were seeded in wells of a
24-well microtiter plate (Sarstedt) in 500 ul DMEM containing 10%
(v/v) FBS (Sigma Aldrich) and 1% (v/v) ZellShield (Minerva Biolabs)
with a density of 0.5x10° cells per ml. When cells reached a
confluent level, medium was changed to DMEM containing 0.1% FBS
followed by further incubation overnight. The following day, a 10 ul
pipette tip was used to scratch a wound into the cell monolayer.
Afterward, each well was rinsed with PBS to remove detached cells
and 1 ml per well of fresh DMEM containing 0.1% FBS was added.
Substance treatment ensued by adding 10.1 ul per well of 100-fold
test compound dilutions. Images of scratch areas were acquired using
inverted brightfield microscopy. Cells were further incubated, and
images of the same areas were acquired after 6 and 24 h. The course
of migration of the cells into the area of the artificially created wound
was evaluated using ImageJ (vs. 1.53j, National Institutes of Health).
Cellular migration capability was calculated relative to control which
was set as 100%.

4.2.9 | Tubulin polymerization assay

To monitor the effect of test compounds on the polymerization of
tubulin monomers a tubulin polymerization assay was conducted.
Before the assay 10-fold predilutions of test compounds were
prepared in Brinkley's Buffer (BRB80; 80 mM PIPES KOH, 1 mM
MgCl,, 1 mM EGTA). A volume of 11.1 ul of substance predilution
were added per well containing 50 pl 2x polymerization buffer (20%
glycerin, 3mM GTP in BRB8O, sterile) into a flat black 96-well plate
(Brand). Then, 50 pl of purified pork brain tubulin (10 mg/ml) were
added in each well, obtaining a final concentration of 10 uM of test
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compounds. The corresponding dilution of DMSO served as control
(ctrl). Tubulin polymerization at 37°C was measured via OD340 nm
using a TECAN plate reader.

4210 | Immunofluorescence staining

To visualize the effects of test compounds on the morphology of
the a-tubulin cytoskeleton of HCT116 colon cancer cells,
immunofluorescence staining was conducted as described
before.l®® Briefly HCT116™ colon cancer cells were seeded
onto cover slips (borosilicate glass, Carl Roth) inside the
wells of 24-well microtiter plates and allowed to grow for 24 h.
Followed by compound treatment with concentrations corre-
sponding the 1C5q of test compounds for 24h, whereas
corresponding amount of DMSO served as control (ctrl). Before
immunofluorescence staining cells were fixed using a 3.7%
formaldehyde solution in PBS. Immunofluorescence staining of
a-tubulin, as well as DAPI counterstaining, were conducted. The
condition of the a-tubulin cytoskeleton was documented by
fluorescence microscopy.

4211 | HDAC activity assays

For measuring the HDAC activity of HCT116"* colon cancer cells
under the influence of test compounds, a commercial fluoromet-
ric HDAC activity kit was used (Amplite™, Fluorimetric HDAC
Activity Assay Kit, green fluorescence, AAT Bioquest, Catalog
number: 13601). Before the assay, a cell lysate was prepared
from HCT116"" colon cancer cells. The assay was conducted as
described by the provider. Briefly, a fivefold dilution of HCT16""
cell lysate in assay buffer was treated for 15 min at 37°C with
different concentrations of prediluted test compounds (final
concentrations corresponding the ICsp; animthioxam 2 uM,
brimbam 3.2 uM, troxbam 0.9 uM, troxham 0.6 uM and SAHA
0.9 uM). After adding HDAC Green™ Substrate working solution,
an incubation step followed (room temperature, 30-60 min, in the
dark). Fluorescence was measured at ex/em =490/525 nm using
a TECAN plate reader.

For measuring HDAC 6 activity of human HDAC 6, a
commercial fluorometric HDAC 6 activity kit (BioVision, HDAC
6 Activity Assay Kit [Fluorometric], Catalog Number K466). The
assay was conducted as described by the provider. Briefly, a
dilution of 2 ul of human HDAC 6 in 0.5ml of HDAC é assay
buffer was used. Samples were treated for 15min at 37°C
with different concentrations of prediluted troxbam (final
concentrations 0.01, 0.1, and 1uM). After adding HDAC 6
Substrate working solution, an incubation step followed (37°C,
30 min, in the dark). Developers were added and samples were
further incubated for 10 min at 37°C, afterwards, fluorescence
was measured at ex/em=380/490nm in an end point mode
at 37°C.
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4.2.12 | Western blot

Western blots were conducted following a standard protocol."‘o' Briefly,
cells were seeded into six-well plates (0.15x 10° cells per well) and
allowed to grow overnight. The following day cells were treated with
desired concentrations of test compounds. After further incubation for
24-72h, cells were lysed to obtain whole cell lysate and amount of
protein was determined using Pierce™ BCA Protein Assay Kit (Catalog
Number 23225). Protein samples were mixed with 4x Lammli buffer
(Biorad, Catalog Number 1610747) and denatured for 5 min at 95°C. A
total amount of 30 pg protein per sample was applied to a precast 12%
polyacryl amide Mini-PROTEAN gel (Biorad) and electrophoresis was
conducted. Afterward, proteins were electroblotted onto a 0.2 um PVDF
membrane (ROTI®*PVDF, CarlRoth). After blocking for 1 h in 5% skimmed
milk solution, primary antibody incubation (anti-GAPDH, 1:1000,
CellSignaling, Catalog Number 5174; anti-survivin, 1:1000, CellSignaling,
Catalog Number 2808, anti-ac-a-tubulin 1:1000, Merck Catalog-Number
T7451) followed over night at 4°C. Following day membranes were
washed in 0.1% Tween in TBS and incubated with secondary HRP-
conjugated antibody (anti-rabbit 1:2000, CellSignaling, Catalog Number
7074, anti-mouse 1:2000, CellSignaling, Catalog Number 7076) for 1 h at
room temperature. Protein signals were obtained using Clarity Max
Western ECL Substrate (Biorad, Catalog Number 1705062) and captured
using ChemiDoc system (Biorad). For quantification, ImageJ (vs. 1.53j,
National Institutes of Health) was used and the density of the protein

bands was normalized to GAPDH as a loading control.

4.3 | Statistics

Statistical data analysis was performed using DATAtab Team (2022)
Online Statistics Calculator.DATAtab e.U. Graz, Austria. URL https://
datatab.net. If not indicated otherwise, the presented data is the
mean+SD. To test statistical significance one-way analysis of
variance coupled with Tukey's post hoc tests was used. Several
replicates of each experiment were carried out, the exact number is

given in the respective figure or table description.

4.4 | Molecular docking

Docking studies of test compounds on the active site of human
HDACS6 (PDB ID 5EDU) were carried out using AutoDock Vina in the
presence of the catalytic Zn?' ion at the binding site. The
cocrystallized ligands and the Zn?* ion were used as reference to
define the binding pockets within a radius of 30A. The protein
preparation and ligand preparation procedures were done using the
open-source web server Dockthor (www.dockthor.Incc.br, accessed
on October 19, 2021) and Merck molecular force field was applied.
The protein preparation was done at physiological pH 7.4. All
dockings and calculations were performed using AutoDock-Vina
1.1.2 software.*) All other settings for ligand and receptor
definitions were used as defaults. The docking strategy, scoring,

and chemical parameters were kept as default. For each compound,
nine poses were generated, and all were evaluated with the built-in
scoring function. PyMOL software is utilized to visualize, compare
and analyze binding pose predictions, and to create imagesA["z] For
visualization, the protein was used in the cartoon mode and the
surface mode, wherein the metal chelation of Zn?* was visualized in
the sphere mode and nb sphere mode. The binding energies do have
some variability of 1-2kcal. The development of computational
methods for protein flexibility is still in its infancy and thereby
remains one of the major future directions in protein-ligand docking

which will increase its accuracy.
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associated mode of action
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Compound InChl Biological Activity (ICso)?
Animthioxam InChI=SRSLPEFGRNQQMA-CSKARUKUSA-N 2.1uM
Brimamin InChI=RROYVIRXZVIZQG-UHFFFAOYSA-N 3.2 uM
Troxbam InChI=RSOQQZTUTMPIOG-UHFFFAOYSA-N 0.9 uM
Troxham InChl=XFQXYONXLZHUAD-UHFFFAOYSA-N 0.6 uM

2 |Cso in HCT116"* colon carcinoma cells was assessed using MTT based cytotoxicity assay, according
to J Immunol Methods, 65 (1983) 55-63

0,3 1
0,25 e Animthioxam
=== Brimbam
E 0,2 1 e Troxbam
I~ Troxham
O 0,15
w— C A4
0.1 SAHA
e Ctrl
0,05

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (min)
FIGURE Sl 1 Tubulinpolymerisation assay of purified pork brain tubulin monomers under influence of compound treatment.

10 puM of test compounds were applied and polymerisation was observed at 37°C over 160 min, corresponding volume of
DMSO served as control (Ctrl). Data shown is mean of tow independent experiments.
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5.7 Publikation VII mit Darstellung des Eigenanteils

Publikation V11 entstand unter Mitarbeit von Dr. B. Biersack Mitarbeiter des Arbeitskreises Organische

Chemie I der Universitat Bayreuth unter der Leitung von Prof. Dr. R. Schobert.

5.7.1 Eigenanteil an Publikation VII

Die Publikation wurde in Investigational New Drugs verdffentlicht, unter dem Titel

,,3D cell cultures, as a surrogate for animal models, enhance the diagnostic value of preclinical in
vitro investigations by adding information on the tumour microenvironment: a comparative study of
new dual-mode HDAC inhibitors

von den Autoren
Sofia I. Bar, Bernhard Biersack und Rainer Schobert

Eigenanteil: Konzeption, Durchfiihrung, Auswertung, graphische Darstellung und
Statistik der  biochemischen Assays; MCTS Generation und
Wachstumsquantifizierung, Pl Farbung, Caspase 9 Immunofluoreszenz,
LDH Assay, ROS Assay und Generation von in vitro Mikrotumoren.

Zudem; Verfassen des Manuskripts einschlieflich der Diskussion und

Interpretation der Ergebnisse und Revision des Manuskripts.

Bernhard Biersack: Synthese und Charakterisierung der Testsubstanzen sowie Verfassen der

entsprechenden Manuskriptpassagen.

Rainer Schobert: Uberarbeitung und Korrektur des Manuskripts.
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5.7.2 Publikation VI

3D cell cultures, as a surrogate for animal models, enhance the

diagnostic value of preclinical in vitro investigations by adding

information on the tumour microenvironment: a comparative
study of new dual-mode HDAC inhibitors

Sofia I. Bar®, Bernhard Biersack and Rainer Schobert

2Qrganic Chemistry Laboratory, University of Bayreuth, Universitaetsstrasse 30, 95440 Bayreuth,

Germany

*E-mail: sofia.baer@uni-bayreuth.de

Invest. New Drugs, 2022, 40, 953
https://doi.org/10.1007/s10637-022-01280-0
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3D cell cultures, as a surrogate for animal models, enhance

the diagnostic value of preclinical in vitro investigations by adding
information on the tumour microenvironment: a comparative study
of new dual-mode HDAC inhibitors

Sofia I. Bar' © . Bernhard Biersack' © - Rainer Schobert’

Received: 14 June 2022 / Accepted: 1 July 2022
©The Author(s) 2022

Abstract

Anchorage-independent 3D-cultures of multicellular tumour spheroids (MCTS) and in vitro microtumours of cancer cells can
provide upfront information on the effects of anticancer drug candidates, tantamount to that obtained from animal xenograft
studies. Unlike 2D cancer cell cultures, 3D-models take into account the influence of the tumour microenvironment and the
location dependence of drug effects and accumulation. We exemplified this by comparison of the effects of two new dual-
mode anticancer agents, Troxbam and Troxham, and their monomodal congeners SAHA (suberoylanilide hydroxamic acid)
and CA-4 (combretastatin A-4). We assessed the growth of MCTS of HCT116"" human colon carcinoma cells exposed to
these compounds, as well as the spatial distribution of dead HCT116™" cells in these MCTS. Also, fluorescence imaging of
live and fixed MCTS was used to assess the type of cellular death induced by test compounds. Furthermore, an innovative
perfusion bioreactor system was used to grow microtumours in the presence or absence of test compounds. Both new investi-
gational compounds led to significant reductions of the size of such MCTS and also of corresponding in vitro microtumours
by inducing caspase-9 dependent apoptosis and elevated levels of reactive oxygen species. 3D multicellular tumour spheroids
are easy to grow and employ for compound tests in the familiar well-plate set-up. Together with 3D microtumours grown at
scaffolds in continuously perfused bioreactors they allow to study, early on in the course of drug evaluations, the communi-
cation of tumour cells with their microenvironment to an extent hitherto available only in animal experiments.

Keywords Cancer research - Colon cancer - 3D cell culture - Tumour spheroids - Microtumours - HDACi

Abbreviations PI Propidium iodide
CA-4 Combretastatin A-4 ROS Reactive oxygen species
DCFH-DA  27,7"-Dichlorodihydrofluorescin diactetate SAHA Suberoylanilide hydroxamic acid

acetyl ester SD Standard deviation
DMEM Dulbeccos modified eagle medium
ECM Extracellular matrix
HCT Human colorectal tumour Introduction
HDAC Histone deacetylase
HDACi HDAC inhibitor Assays employing 2D monolayer cultures of adherent can-
ICs, Half maximum inhibitory concentration cer cells are customarily used at early stages of drug devel-
LDH Lactate dehydrogenase opment due to their little cost and high throughput screen-
MCTS Multicellular tumour spheroids ability, in spite of their drawbacks [1]. A key disadvantage
NID New investigational drugs is that 2D tumour cell models disregard most of the many

physiological ramifications of in vivo tumours, such as
alterations in their signal transduction, gene expression,
supply of nutrients and oxygen, and in their accumulation
of drugs when compared with non-malignant cells and

Organic Chemistry Laboratory, University of Bayreuth, tissues [ 1-3]. However, the main causative factor for these
Universititsstrae 30, 95447 Bayreuth, Germany

< SofiaI. Bir
sofia.baer @uni-bayreuth.de

Published online: 07 July 2022 &\ Springer
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shortcomings, the anchorage dependence of 2D cell cul-
tures, can be circumvented by anchorage-independent 3D
cell growth models. While cells cultured in adherent 2D
systems typically react by anoikis (apoptosis induced by
cell-detachment) when detached, 3D cell models behave
more like real in vivo tumours [4]. They are also devoid
of other intrinsic limitations of 2D monolayer cell models
and thus should be given preference for preclinical screen-
ing of new investigational drugs (NID) [5]. 3D cell models
are even more appropriate than 2D cell models for an early
tentative dose finding, since a reduced efficacy of test com-
pounds in 3D cell models was frequently reported, mirror-
ing the physiological barriers of drug distribution in vivo.
HCT116 colon cancer cells, for instance, were found more
resistant to certain anticancer drugs when cultured in 3D
vs. 2D cell models [6]. Therefore, 3D cell culture models
are clearly preferable over the conventional 2D models,
given a reasonable pricing, ease of application, and the
possibility of high throughput methods.

The development of 3D cell culture applications gathered
momentum in recent years [7]. Publications and patents on
this topic have increased exponentially since the beginning
of the twenty-first century. In the year 2021 alone, 2340 arti-
cles on “3D cell culture” were listed by the PubMed data-
base whereas one decade before the number of articles was
a mere 838. Despite their many advantages over established
2D assays, 3D models are still rarely used at early stages of
drug discovery, probably due to high effort and high cost. A
comparatively simple and affordable method for investigat-
ing the effects of potentially active compounds on a 3D cell
culture model is presented here. In addition to analysing the
growth of MCTS under the influence of test compounds,
other markers commonly used in basic research on new
drugs are also transferred from the 2D to the 3D cell culture
model in this work.

3D cell models are a potential alternative to animal mod-
els, the indispensability of which is rather contentious. The
societal pressure to do away with animal studies is building
up fast, and alternatives are sought-after [8]. A current topic
in cancer cell research is the development of more accurate
and innovative in vitro 3D cell models. The combination
of perfusion bioreactor systems with established porous
chitosan-hyaluronic acid scaffolds is such an innovative
approach. It allows the growth of 3D MCTS as it mimics
the extracellular matrix (ECM) of a typical tumour micro-
environment [9].

3D cell culture models have been described several times
in recent years yet have hardly been used for the actual
investigation of NID. In this study we used an anchorage
independent 3D cell culture model for an assessment of the
effects of two multimodal NID, Troxbam and Troxham, in
comparison to the related known monomodal anticancer
drugs CA-4 and SAHA (SI Fig. 1).

£ Springer

Materials and methods
Test compounds and stock solutions

Test compounds were dissolved in DMSO with a concentra-
tion of 10 mM and stored at -23 °C. Combretastatin A-4 and
SAHA were purchased from TCI chemicals, Troxbam and
Troxham were prepared according to literature [10].

Cell culture

HCT116™ colon carcinoma cells (DSMZ ACC 581) were
cultured in DMEM (Dulbeccos Modified Eagle Medium,
ThermoFisher), supplemented with 10% fetal bovine serum
(Biochrom) and 1% ZellShield® (MinervaBiolabs). Unless
noted otherwise, cells were maintained at 37 °C, 95%
humidity and 5% CO,. Cells were serially passaged and only
mycoplasma free cultures were used.

MCTS

The MCTS were generated using an adapted hanging drop
method [11] which was further improved for generating
homogeneous MCTS. Briefly, drops containing 500 cells
per 20 uL were placed on the inside of the lid of a petri
dish filled with phosphate buftered saline (PBS). After an
incubation period of 48 h the suspension was transferred
into 1.5% agarose coated wells of a 24-well plate, transfer-
ring one drop per well in 1 mL DMEM. The spheroids thus
prepared were allowed to grow for a further 5 days. This is a
simple, efficient and reliable method for generating homo-
geneous MCTS of HCT116 colon cancer cells with a high
success rate. For compound treatment 10.1 pL of 100-fold
predilutions of compounds per well containing 1 mL DMEM
were added 72 h before completion of the 7 d growth period.
For a meaningful comparison of the 2D cell culture results
and the results of the new 3D models, the MCTS were each
treated with the ICs;, (72 h) determined in 2D assays [10].

MCTS growth quantification

The growth of MCTS was documented using an inverted
transmission light microscope. The size of the MCTS was
determined by measuring two orthogonal diameters (d, and
d,) per MCTS and calculating the volume using the follow-
ing formula V = 27 - r3 with r = @=L 11,

Analysis of compound induced cytotoxicity

For visualising dead cells within MCTS, spheroids were
stained for 30 min under cell culture conditions with
6 pug/mL propidium iodide (PI) which stains dead cells
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only because of their permeabilised cell membranes [12].
MCTS were then rinsed with PBS to remove excess PI.
Immediately thereafter, brightfield and fluorescence
images were acquired by inverted fluorescence microscopy
using a Zeiss Axiovert 135 fluorescence microscope and
AxioVision software. ImageJ was used for further image
processing.

Analysis of compound induced caspase 9 expression

For visualisation of caspase 9 expression in MCTS, sphe-
roids were rinsed with PBS after 7 d of growth including
a 72 h treatment with I1Cs, of test compounds [10]. They
were fixed in 3.7% formaldehyde in PBS for 2 h at room
temperature, followed by permeabilisation with 0.3% Tri-
ton X-100 in 1% bovine serum albumin (BSA) in PBS for a
further 2 h. After rinsing with PBS, MCTS were incubated
with primary antibody (Caspase 9 mouse anti-human mAb,
CellSignaling, 1:300 in 1% BSA in PBS) for 16 h at 4 °C or
for 2 h at 37 °C. Spheroids were rinsed once with PBS before
incubation with secondary antibody (AlexaFluor 555 goat
anti-mouse, ThermoFisher, 1:250 in 1% BSA in PBS) for 2 h
at room temperature in the dark. After rinsing with PBS, the
nuclei were stained with 1 pg/mL DAPI in PBS for 10 min at
room temperature in the dark and rinsed once again, before
mounting in VECTASHIELD® PLUS Antifade Mount-
ing Medium (VektorLaboratories). Confocal fluorescence
microscopy images were acquired at ex/em 555/565 nm as
well as ex/em 350-380/450-460 nm and further processed
using Imagel, as well as for obtaining surface plots.

LDH assay [13]

To measure the tendency of substances to induce necrosis, the
LDH content of the media was determined which is directly
linked to necrosis. After an incubation period of 7 d, 50 uL
of medium supernatant of the spheroid containing wells were
transferred to a 96-well plate. As a positive control, 100 pL
per well of lysis solution (9% Triton-X100 in Millipore H,0)
were added to untreated spheroids and incubated for 45 min
to maintain maximum LDH release. Then 50 uL of each
positive control well were also transferred into the 96-well
plate. 50 uL of LDH assay buffer (223 mg of 2-p-iodophenyl-
3-p-nitrophenyl-5-phenyl tetrazolium chloride, 57 mg of
N-methylphenazonium methyl sulfate, 575 mg of N-adenine
dinucleotide, 3.2 g of lactic acid in 480 mL 200 mM Tris—Cl,
pH 8.0) were added per well. The 96-well plate was incubated
in the dark for 10-30 min at room temperature. Then 50 uL.
of stop solution (1 M acetic acid) were added per well and
the absorbance was measured at 490 nm. The mean value
of background wells was subtracted from negative controls
and test wells. Finally, the percentage of LDH release was
calculated, setting the maximum LDH release at 100% and the

negative control at 0% release. Means and SD were calculated
from at least four independent experiments.

Analysis of the compound induced ROS generation

To monitor formation of reactive oxygen species (ROS)
inside the MCTS, the 2',7'-dichlorodihydrofluorescin
diactetate acetyl ester (DCFH-DA), which is membrane-
pervasive and per se non fluorescent, was used. After deac-
tetylation of DCFH-DA by cellular esterases to DCFH it
is oxidised by intracellular ROS to DCF which is strongly
fluorescent [14]. After treatment of MCTS with IC, concen-
trations of test compounds, DCFA-DA was added into the
medium to obtain a final concentration of 20 mM, followed
by an incubation for 1 h at 37 °C. The spheroids were rinsed
with PBS to remove excess dye and images were immedi-
ately acquired using an inverted Zeiss Axiovert 135 fluo-
rescence microscope with AxioVision software. For further
image processing ImageJ software was used.

Generation of in vitro microtumours

Using an innovative perfusion bioreactor system (SI
Fig. 2) 3D microtumours were generated in vitro. The
system enabled the growth of colon cancer microtumours
whereby an exchange of oxygen and nutrients over a
longer period of time was provided without having to
intervene in the system. Replacing the in vivo tumour
microenvironment with 3D porous scaffolds allows for
the generation of reliable in vitro 3D tumour models for
preclinical studies of NID [9].

In vitro microtumours were generated by means
of a perfusion bioreactor system (BioMedCenter
Innovations). Using Chitosan-Hyaluronic acid-based
scaffolds, as established in the field of scaffold-
supported 3D cell culture [9, 15, 16], the growth of colon
cancer microtumours under influence of test compounds
was monitored over a period of 28 d. Scaffolds were
prepared according to literature [9, 15, 16]. Freeze-dried
and gamma-sterilised scaffolds were placed in 24-well
plates, covered with 1.5 mL DMEM (ThermoFisher),
supplemented with 10% fetal bovine serum (Biochrom)
and 1% ZellShield® (MinervaBiolabs), and incubated
under standard cell culture conditions. The medium
was replaced every 60 min, five times. Two days before
seeding the scaffolds, cell pellets containing 2 10°
cells were generated and cultivated under cell culture
conditions with regular medium change. The medium-
saturated scaffolds were each seeded with a pre-incubated
cell pellet and incubated overnight to ensure cell
attachment. The perfusion bioreactor system was filled
with 150 mL DMEM (ThermoFisher), supplemented with
10% fetal bovine serum (Biochrom) and 1% ZellShield®
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(MinervaBiolabs) and the seeded scaffolds were placed
inside the flow chamber, followed by a perfusion
period of 28 d under standard cell culture conditions.
The engineered flow ensured the right nutrient supply
for the growing microtumours, while the system was
operated with a peristaltic pump (Masterflex L/S Digital
7551-30, Cole Parmer, flowrate 1 mL/min) providing
a continuous flow, a schematic graphic representation
is shown in the supporting information (SI Fig. 2). The
test compounds were added via the medium at day 21 of
the incubation period. After a total incubation period of
28 days the scaffolds were eventually removed and grown
microtumours were measured and weighed.

Statistics

Statistical data analysis was done using GraphPad Prism
software (GraphPad Software, Inc.). Data is presented as
mean =+ standard error of the mean if not indicated oth-
erwise. For determination of statistical significance one-
way ANOVA coupled with Tukey's post hoc tests was
used, whereas P < 0.05 were considered to indicate a sta-
tistically significant difference. Numbers of repetitions
per experiment as indicated in the respective captions.

Graphics

For creation of the artwork the following programs were
used; Adobe Illustrator, ChemDraw Professional 15.0, GIMP
2.10.12, Microsoft Excel 16.0 and Power Point 16.0.

Fig. 1 Size and volume of a
HCT116.* colon carcinoma

MCTS after 7 d of growth with

exposure to test compounds

at their IC5; or the negative

control DMSO over the last

72 h. a Representative images

of treated MCTS, brightfield =
images acquired using inverted b
microscopy, 100-fold magni-

fication; scale bar represents

100 pm. b MCTS volumes after

3 d treatment with ICs of test

compounds, SAHA or CA-4,

related to corresponding DMSO

treated controls (ctrl). Data rep-

resents the means + SD percent-

age related to untreated control

set to 100%. SD of n=18,
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Results and discussion

Generation of homogeneous MCTS of HCT116 colon
cancer cells

An optimal cell number for the generation of HCT116
MCTS was determined to be 500 cells. These were incubated
using the hanging drop method for 2 d before being trans-
ferred to an agarose-coated 24-well plate. The agar coat-
ing of the standard 24-well plates served to avoid the need
for costly low attachment plates. The growth of the MCTS
was documented over a period of seven days (SI Fig. 3).
During this period, a linear growth process was observed.
The resulting spheroids had a diameter of > 500 um which is
considered as a critical size to closely mimic various prop-
erties of solid human tumours [17]. This model is capable
to mimic tumour associated ECM interactions as well as
gradients of gases, nutrients, pH and especially the delivery
of potential drugs under compound treatment [1, 18].

Influence of compounds on MCTS growth

First, the growth of MCTS under the influence of the test
substances was observed. For treatment, the published ICs,
values of the drug candidates Troxbam (0.9 uM) and Trox-
ham (0.6 uM) as well as of their lead compounds SAHA
(0.9 uM) and CA-4 (0.0026 uM) were used [10]. Right here,
the first difference to the established 2D system became
apparent. As shown in Fig. 1, unlike the other substances
investigated in the 3D system, the established vascular-
disrupting agent CA-4 did not lead to a significant reduction
in cell growth when applied at its ICy, for 72 h. Despite the

SAHA

ctrl

ok kK

*okok ok

CA-4 ctrl
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known higher resistance of 3D cell models to antitumoural
compounds, Troxbam and Troxham reduced the growth of
MCTS in the same order of magnitude as the established
HDACi SAHA which indicates them as potential antitumoural
drug candidates.

Substance induced cytotoxicity in MCTS

The cytotoxic effects of the test compounds were assessed
by selectively staining the dead cells within treated MCTS
with propidium iodiode (PI). As shown in Fig. 2, treatment
of HCT116 MCTS with the new investigational compound
Troxbam led to a distinct accumulation of red, PI-positive
and thus dead cancer cells. Troxham, when applied at the
same concentration range, gave a less pronounced effect,
while ICs, of SAHA gave rise to a larger core of dead can-
cer cells within the respective MCTS when compared with
the effect of Troxbam. In contrast, the vascular-disrupting
agent CA-4 had a merely marginal cytotoxic effect on

Fig.2 Images of PI stained brightfield Pl
MCTS, after treatment for RN .

72 h with IC4, of Troxbam and
Troxham, respectively SAHA
and CA-4 as positive controls,

and corresponding amounts Troxbam

of DMSO as negative control.

Brightfield and fluorescence

images were acquired using

inverted fluorescence micros-

copy. The scale bar corresponds

to 100 pm. The images shown

are representative of three inde-

pendent experiments Troxham
SAHA

CA-4
ctrl

HCT116 MCTS which is in keeping with its weak growth-
retarding effect as shown in Fig. 2. Besides their MCTS
growth-inhibiting effect, the compounds led to a significant
increase in the proportion of PI-positive and thus dead cells
in the remaining spheroids, predominantly in the centre of
the MCTS. This is proof that the compounds also perme-
ate the inner regions of the spheroids. The obviously higher
susceptibility of the more centreward cells is likely the result
of an accumulation of metabolic products, a drop in the pH
value, and a depletion of nutrients and oxygen in the core
of the MCTS. A lower pH in the centre of cancer spheroids
was previously reported [18].

For an assessment of a possible necrosis induction by the
test compounds, the medium of the MCTS was examined
for LDH after substance treatment. As shown in Fig. 3a,
none of the tested compounds led to a significant enhance-
ment of LDH levels secreted into the media. Elevated LDH
release is typically associated with unselective cytotoxic-
ity and necrosis [13]. Considering the significant growth
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Fig.3 a LDH release by HCT116 colon cancer MCTS after treat-
ment with ICs, concentrations of test compounds for 3 d. Data are
presented as the LDH release relative to controls, with their basal
LDH levels set to 0% and the maximum LDH release, achieved by
treatment with lysis solution for 1 h, set to 100%. Data represents the

reduction of treated MCTS and the high percentage of their
PI-positive fraction, an apoptotic mechanism of cell death
can arguably be assumed. A rise in reactive oxygen spe-
cies is frequently observed when treating cancer cells with
chemotherapeutic agents. The formation of ROS within
MCTS treated with the test compounds was investigated
using the membrane-pervasive pre-fluorescent DCFH-DA.
All tested compounds led to a distinct enhancement of ROS
levels in MCTS, with the DCFH fluorescence intensity being
strongest in the middle of the spheroids (Fig. 3b). Treatment
with Troxbam resulted in the highest ROS levels, yet only
with a slight edge on Troxham, SAHA and CA-4. Increasing
cellular ROS levels in cancer cells is considered an inter-
esting approach to circumvent resistance and thus achieve
more effective killing of cancer cells [19]. The increase in
ROS levels in the MCTS is associated with the induction of
apoptosis. The strong increase in ROS levels upon treatment
with Troxbam, concomitant with a comparatively low cas-
pase 9 expression, suggests caspase 8 associated apoptosis
[20]. Caspase 8 associated apoptosis in conjunction with
increased ROS levels in HCT116 colon cancer cells has been
described previously [20].

Substance induced expression of apoptosis
associated caspase 9 in MCTS

The expression of caspase 9 upon treatment with the test com-
pounds was investigated by immunofiuorescence staining using
a primary antibody for caspase 9 (mouse anti-human mAb)
followed by a secondary antibody (AlexaFluor 555 goat anti-
mouse). As shown in Fig. 4, an overexpression of caspase 9 was
particularly pronounced in the outer rim of the treated MCTS.

@ Springer

b - Troxbam

SAHA CA-4 ctrl

Troxham

mean+ SD of n=4. b ROS levels in MCTS treated for 3 d with ICy,
concentrations of test compounds, observed as DCFH fluorescence by
inverted fluorescence microscopy. Images shown are representative of
four independent experiments. 100-fold magnification, scale bar cor-
responds to 100 pm

It also shows the average fluorescence distribution across the
entire MCTS diameter for the individual test compounds.
The overall strongest induction of caspase 9 expression was
observed after treatment with Troxham, closely followed by
SAHA. CA-4 caused only about half of this effect, while Trox-
bam led to a comparatively small increase in caspase 9 expres-
sion, which was, however, still twice as high as in untreated
control MCTS controls. A certain basic level of caspase 9
expression is typical even of the untreated controls [21]. An
overexpression of caspase 9 is a benchmark of apoptosis. When
observed upon treatment with chemical compounds, elevated
levels of caspase 9 expression are an indication for them being
inducers of apoptosis [22]. The comparatively weak expression
of caspase 9 upon treatment with Troxbam suggests the activa-
tion of a further apoptosis-inducing mechanism, considering
the distinct increase in the PI-positive percentage of cells within
the MCTS (cf. Fig. 2) and the fact that there was no increase of
LDH levels (cf. Fig. 3a).

Substance induced mass reduction of in vitro 3D
HCT116 microtumours

The effects of Troxbam and Troxham on the growth and
persistence of 3D HCT116 microtumours were examined
by means of an innovative in vitro bioreactor perfusion sys-
tem. The constant perfusion of the scaffold with cell culture
medium and oxygen allowed for the cells to be kept and sup-
plied in a closed system, mimicking the conditions of in vivo
studies with xenografted animals more closely than tests on
MCTS in agarose-coated wells. Both new dual-mode HDAC
inhibitors Troxbam and Troxham led to significant reduc-
tions of size and weight of preformed microtumours (Fig. 5).
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Fig.4 Monitoring caspase 9 Troxbam
expression in MCTS after sub- a

stance treatment for 3 d. a Visu-
alisation of caspase 9 expression
in MCTS by immunofiuores-
cence staining (AF555) and of
nuclei by DAPI fluorescence
staining. Images are representa-
tive of at least three independent
experiments, acquired by confo-
cal fluorescence microscopy,
100-fold magnification. Scale
bar represents 100 um. b Rela-
tive fluorescence intensity (FI)
of AF555, representative of
caspase 9 expression, plotted
across the diameter of MCTS
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Fig.5 Size and weight of HCT116 colon cancer microtumours after a
growth period of 28 days in a bioreactor perfusion system; substance
treatment (2 1Cs;) was conducted on day 21. a Representative images
of microtumours, grown on chitosan-hyaluronic acid scaffold. Scale
bar corresponds 0.5 cm. Microtumours after substance treatment are

MCTS diameter
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marked with arrows. b Final tumour masses after total growth period
of 28 days. Controls represent tumours treated with corresponding
amounts of DMSO at day 21. Mean standard deviations are shown,
data represent four measurements with the means+SD. SD of n=4,
**P <0.001
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Conclusion

The consideration of the tumour microenvironment has been
identified as an important aspect in the in vitro evaluation
of new investigational anticancer drugs. While 3D multi-
cellular tumour spheroids are easy to grow and apply for
compound tests in the familiar well-plate set-up, 3D micro-
tumours grown at scaffolds in continuously perfused biore-
actors come even closer to the quality of information hith-
erto obtained only from in vivo experiments. In the long run,
they might even replace a good deal of them, concerning the
elucidation of drug induced communication of tumour cells
among themselves and with the tissues they are imbedded
in. 3D-based cell assays are likely the future in cancer drug
screening, offering far more possibilities than the established
2D assays.

The dual-mode HDAC inhibitors Troxbam and Trox-
ham, which we used to put the new 3D cellular assays
through their paces, are interesting in their own right,
even as a possible alternative to the clinically established
SAHA. They led to a comparable reduction in MCTS as
well as microtumour mass by inducing apoptosis in can-
cer cells, associated with overexpression of caspase 9 and
enhanced ROS levels.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10637-022-01280-0.
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SI Fig. 2 Illustration of the bioreactor perfusion system used. a) Image of the bioreactor system, operated in a CO;
incubator under sterile conditions. b) Schematic illustration of the perfusion bioreactor system
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5 PUBLIKATIONEN MIT DARSTELLUNG DES EIGENANTEILS
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SI Fig. 3 Growth of HCT116 colon carcinoma MCTS over 7 days, measured by means of the spheroid diameter.
a) Representative images of MCTS at each point of the measurement. Brightfield images were acquired using
inverted microscopy. Scale bar corresponds to 100 pm. b) Graphical summary of the growth process of MCTS
over a period of 7 days. Data represents mean = SD of n = 8.
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