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Zusammenfassung 

Seit mehr als einem Jahrhundert arbeitet die internationale Forschungsgemeinschaft 

an der Entwicklung neuer Therapien für maligne Neoplasien. Trotz immenser 

Investitionen ist die Entdeckung eines Heilmittels nicht absehbar und stellt auch die 

modernsten Behandlungsstrategien immer wieder vor neue Herausforderungen. Da 

Krebs in sehr unterschiedlichen Zelltypen entsteht, führen die spezifischen 

Eigenschaften des Ursprungsgewebes zu einem sehr komplexen Krankheitsbild. Das 

macht eine universelle Therapie unmöglich und in den meisten Fällen den Einsatz von 

Kombinationstherapien erforderlich. Genetische Instabilität und stressbedingte 

Selektion der Krebszellen begünstigen die Weitergabe von Onkogenen und 

verursachen unbeständige Krankheitsverläufe. Aus diesem Grund müssen 

hochdosierte Zytostatika mit schwerwiegenden Nebenwirkungen eingesetzt werden, 

um die Resistenzentwicklung und Differenzierung der Krebszellen zu unterdrücken 

und so Tumorrezidiven vorzubeugen. Mit der gezielten Kombination 

verschiedenartiger, Target-spezifischer Pharmakophore zu multifunktionalen 

Wirkstoffen können jedoch therapieassoziierte Begleiterscheinungen, antagonistische 

Wechselwirkungen oder Resistenzen verringert wurden. 

Die im Rahmen dieser Arbeit durchgeführten präklinischen Studien umfassen drei 

Substanzserien potenzieller Wirkstoffkandidaten, die hinsichtlich ihrer biochemischen 

Eigenschaften charakterisiert und optimiert wurden. Strukturell leiten sich die 

Testsubstanzen von den antiproliferativen sowie Tubulin-destabilisierenden 

Wirkstoffen LY290181 und Combretastatin A4 ab, wobei durch die gezielte 

Modifikation des 2-Amino-4-phenyl-4H-chromen-3-carbonitril-Grundgerüsts 

verschiedene biologische Targets adressiert werden.  

An humanen Krebszelllinien konnten die entitätenspezifische Selektivität des 

antiproliferativen Potentials (MTT-Assay), intrazelluläre Lokalisation (Alkin-Azid-Click 

Chemie) sowie substanzinduzierte Effekte auf Zellzyklus (FACS-Analyse), Zytoskelett 

(Konfokalmikroskopie) und Zellmotilität (2D Tube-Formation-Assay) evaluiert werden. 

Weitere molekulare Wirkmechanismen wie Interferenz mit Mikrotubulidynamik, 

Caspaseinduktion, CDK1-Aktivität oder metabolischer Stabilität wurden mittels in-vitro-

Enzym-Assays untersucht. Außerdem ermöglichte ein neuartiger Luciferase-Reporter-

Assay das Screening potenzieller Inhibitoren der c-MYB-vermittelten Transkription. Im 
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Zebrafisch-Modell konnten sowohl die antiangiogenen Effekte als auch die Toxizität in 

vivo evaluiert werden, was darüber hinaus Hinweise auf die therapeutische Breite bei 

Vertebraten gibt. Ergänzend wurden pharmakokinetische ADME-Simulationen 

(Absorption distribution metabolism and excretion) und Docking-Studien (Tubulin) 

durchgeführt.  

Im ersten Teilprojekt konnten für drei von fünfzehn 4H,5H-Pyran[3,2-c]chromen-5-on-

Derivate neben spezifischer Zytotoxizität gegenüber malignen Zellen auch moderate 

Tubulin-bindende und Mikrotubuli-destabilisierende Effekte nachgewiesen werden. In 

diesem Zusammenhang sind vor allem die Substanzen mit ein- oder zweifach 

halogenierten Methoxyphenyl-Gruppen hervorzuheben. Die 

Immunofluoreszenzfärbung des Zytoskeletts zeigte ein vermehrtes Auftreten von 

Spindelabberationen und einen deutlichen Anstieg an bi- und multipolaren 

Mitosespindeln. Der beobachtete G2/M-Zellzyklusarrest konnte mit einer reduzierten 

CDK1 Aktivität und der vermuteten Akkumulation im Zellkern in Zusammenhang 

gebracht werden. Obwohl signifikante antiangiogene Effekte im Zebrafischmodell 

beobachtet wurden, lagen die wirksamen Konzentrationen relativ nahe an der letalen 

Dosis, was auf eine hohe in-vivo-Toxizität hindeutet.  

Die im zweiten Teilprojekt behandelten 4H-Benzo[h]chromene wurden auf der Basis 

des Mikrotubuli-destabilisierenden und c-MYB-inhibierenden Naphthopyran-Derivats 

Bcr-TMP synthetisiert und in einem ersten Substanzscreening bezüglich zytotoxischer 

und c-MYB-inhibitorischer Eigenschaften analysiert. Sieben strukturell verwandte 

Vertreter mit vielversprechenden Eigenschaften wurden weiterführend auf ihre 

Fähigkeit untersucht, Tubulin zu binden, das Zytoskelett zu zerstören und den 

Zellzyklus zu arretieren. Dabei zeigte sich eine Korrelation zwischen zunehmender 

Alkylkettenlänge der 4-Alkoxygruppe und einer Abnahme der Aktivität. Neben einem 

ausgeprägten G2/M Zellzyklusarrest nach bereits 6 h waren eine vollständige 

Dissoziation der Mikrotubuli und eine erhöhte Caspaseaktivität nach 24 h die Folge. 

Das Propargyloxyderivat, welches ursprünglich für die intrazelluläre Lokalisierung 

hergestellt wurde, konnte sich aufgrund verbesserter Target-Bindung in 

Dockingstudien mit überlegener in-vitro-Tubulinpolymerisationsinhibition behaupten. 

Zusätzlich wurde eine beachtliche Angiogenese-Inhibition im Zebrafisch-Modell sowie 

eine außergewöhnlich große therapeutische Breite nachgewiesen. Vielversprechende 
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pharmakologische Eigenschaften und metabolische Stabilität verdeutlichen zudem die 

Relevanz als potenzielle Leitstruktur für weitere Studien.  

Der dritte Teil dieser Arbeit erörtert die Struktur-Wirkungs-Beziehungen (SAR) einer 

weiteren Serie strukturverwandter 7-Methoxy-4-aryl-4H-chromene. Im Vergleich zu 

Vertretern der bereits beschriebenen 4H,5H-Pyran[3,2-c]chromen-5-on-Derivate und 

4H-Benzo[h]chromen-Analoga konnte eine leichte Steigerung der Aktivität hinsichtlich 

Zytotoxizität und die Inhibition des Transkriptionsfaktors c-MYB erreicht werden. Der 

Wirkstoff mit einem 3,5-Diiod-4-methoxyphenyl-Substituenten erwies sich als 

besonders wirksam für die Zellzyklusarretierung in der G2/M-Phase und die 

Destabilisierung des Mikrotubuli-Zytoskeletts. Eine Ausnahme bildet das 

Zebrafischmodell, bei dem im Gegensatz zum 3-Chlor-4,5-dimethoxy-Derivat keine 

signifikanten Auswirkungen auf die Angiogenese und eine erhöhte Toxizität in vivo 

beobachtet wurde. Die Angiogenesehemmung des Chlorderivats war nicht nur 

vergleichbar mit der des bereits klinisch eingesetzten Axitinib, sondern zeigte auch 

eine ausgezeichnete Selektivität gegenüber Krebszellen und eine Inhibition von c-MYB 

im nanomolaren Bereich.  
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Summary 

For more than a century, the international research community has been working to 

develop new therapies for malignant neoplasms. But despite huge investments, the 

discovery of a cure is not in sight and continues to pose new challenges to even the 

most advanced treatment strategies. Since cancer develops in many different cell 

types, the specific characteristics of each tissue lead to a very complex clinical picture, 

which makes it impossible to provide a universal therapy and requires the use of 

combination therapies in most cases. Genetic instability and stress-induced selection 

of cancer cells favor the propagation of oncogenes and lead to a volatile disease 

progression. For this reason, high-dose cytostatic drugs with severe side effects must 

be used to suppress the development of resistance and differentiation of cancer cells 

and thus prevent tumor recurrence. However, combining different target-specific 

pharmacophores into multifunctional agents can reduce therapy-related side effects, 

antagonistic interactions or resistances. 

The preclinical studies performed in this work include three series of potential drug 

candidates characterized and optimized concerning their biochemical properties. The 

compounds are structurally derived from the antiproliferative and tubulin-destabilizing 

agents LY290181 and combretastatin A4, with the 2-amino-4-phenyl-4H-chromene-3-

carbonitrile backbone modified to address multiple biological targets.  

In human cancer cell lines, compound-specific selectivity of antiproliferative potential 

(MTT assay), intracellular localization (alkyne-azide click chemistry), as well as 

compound-induced effects on the cell cycle (FACS analysis), cytoskeleton (confocal 

microscopy) and cell motility (2D tube formation assay) could be evaluated. Further 

molecular mechanisms of action such as microtubule dynamics, caspase induction, 

CDK1 activity or metabolic stability were investigated using in vitro enzyme assays. In 

addition, a novel luciferase reporter assay was used to screen potential inhibitors of c-

MYB-mediated transcription. The zebrafish model was used to assess both 

antiangiogenic effects and toxicity in vivo, providing insight into the therapeutic index 

in vertebrates. In addition, pharmacokinetic ADME simulations and docking studies 

(tubulin) were performed. 

The first part of the project showed that three of the fifteen 4H,5H-pyran[3,2-c]chromen-

5-one derivatives had moderate tubulin binding and microtubule destabilizing activities 
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and were specifically cytotoxic against malignant cells. Here, the compounds with one 

or two halogenated trimethoxyphenyl groups are of particular interest. 

Immunofluorescence staining of the cytoskeleton indicated an increase of spindle 

aberrations as well as bi- and multipolar mitotic spindles. G2/M cell cycle arrest was 

associated with reduced CDK1 activity and presumed nuclear accumulation. Although 

significant antiangiogenic effects were observed in the zebrafish model, the effective 

concentrations were relatively close to the lethal dose, indicating a high level of toxicity 

in vivo. 

The 4H-benzo[h]chromenes investigated in the second subproject were synthesized 

based on the recently published microtubule-destabilizing and c-MYB-inhibiting 

naphthopyran derivative Bcr-TMP and screened for cytotoxic and c-MYB-inhibitory 

properties. Seven structurally related compounds with promising properties were 

further tested for their ability to bind tubulin, disrupt the cytoskeleton and arrest the cell 

cycle. This revealed a correlation between increasing alkyl chain length of the 4-alkoxy 

group accompanied by a decrease in activity. In addition to a pronounced G2/M cell 

cycle arrest after 6 hours, complete microtubule dissociation and increased caspase 

activity were observed after 24 hours. The alkynyl derivative, initinally designed for 

intracellular localization, also performed well in docking studies due to improved target 

binding and superior in vitro tubulin polymerization inhibition. In addition, the zebrafish 

model has demonstrated remarkable inhibition of angiogenesis and a broad 

therapeutic spectrum. Its relevance as a potential lead structure for further studies is 

demonstrated by its promising pharmacological properties and metabolic stability. 

The third part of this work deals with the structure-activity relationships of another 

series of structurally related 7-methoxy-4-aryl-4H-chromenes. Compared to the 

reported 4H,5H-pyran[3,2-c]chromen-5-one derivatives and 4H-benzo[h]chromen 

analogues, a slight increase in activity was achieved concerning cytotoxicity and 

inhibition of the transcription factor c-MYB. In particular, the 3,5-diiodo-4-

methoxyphenyl substituent has been shown to be particularly effective in arresting the 

cell cycle at G2/M and destabilizing the microtubule cytoskeleton. An exception is the 

zebrafish model, where in contrast to the 3-chloro-4,5-dimethoxy derivative, no 

significant effect on angiogenesis and increased toxicity were observed in vivo. The 

antiangiogenic activity of the chloro-derivative was comparable to that of the clinically 
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used axitinib, but also showed excellent selectivity towards cancer cells and inhibited 

c-MYB in the nanomolar range. 
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1. Einleitung 
1.1 Krebs-assoziierte Eigenschaften: „Hallmarks of Cancer“ 

Trotz bahnbrechender Fortschritte bei der klinischen Behandlung von Krebs, sind viele 

Mechanismen, die zur Entstehung, dem Wachstum oder der Resistenzbildung 

gegenüber Chemotherapeutika beitragen, noch nicht vollständig geklärt. Da ein Tumor 

vielmehr einem eigenständigen Organismus mit differenzierten Zelltypen ähnelt und 

nicht, wie lange angenommen, nur eine Ansammlung von homogenen Krebszellen 

darstellt, wird die Erforschung sowie die Behandlung immer wieder vor neue 

Herausforderungen gestellt. Grundlage für ein umfassendes Verständnis der 

Krebsentstehung ist eine Kategorisierung der biochemischen Mechanismen, die einer 

neoplastischen Erkrankung zugrunde liegen. Die als „Hallmarks of Cancer“ von 

HANAHAN und WEINBERG postulierten Eigenschaften, stellen vereinfacht die Merkmale 

dar, in denen sich ein Tumor von gesundem Gewebe unterscheidet.1  

Dies umfasst Proliferation-induzierende Stimuli, Umgehung von 

Wachstumssuppressoren, proliferative Immortalität, Resistenz gegenüber natürlichem 

und induziertem Zelltod, Irreführung des Immunsystems, die Verbreitung durch 

Invasion und Metastasierung, Aufhebung von stoffwechselregulierenden 

Mechanismen sowie Induktion von Angiogenese. Zusätzlich wird dies durch eine 

erhöhte Mutationsrate sowie Tumorgenese-fördernde Entzündungsreaktionen 

begünstigt.2 Die jüngst erweiterte Darstellung der Tumor-assoziierten Merkmale 

umfasst außerdem das Tumor-Mikrobiom ebenso wie die epigenetische 

Neuprogrammierung als potentielle Einflussfaktoren und eine phänotypische 

Variationsbreite sowie zelluläre Seneszenz als zentralen Bestandteil der sogenannten 

Hallmarks (Abb. 1).3 Diese stark vereinfachte Darstellung wird der Komplexität einer 

Krebserkrankung zwar nicht annähernd gerecht, bietet aber ein Organisationsprinzip, 

das die Ausgangsposition für die Identifikation neuer krebsspezifischer Targets liefert. 

Ein zentrales Ziel ist dabei die zugrundeliegenden Veränderungen im Erbgut 

(Onkogene) zu lokalisieren, da möglicherweise mehr als 1% des gesamten humanen 

Erbguts durch Mutation zur Entstehung von Krebs beitragen können.4 Potenzielle 

Onkogene sind insbesondere solche, die Proteine mit wichtigen 

Zellzykluskontrollfunktionen, Apoptose, Wachstumsstimulation, Transkription oder 

Signaltransduktion kodieren.5 Obwohl die Veränderungen des Genoms für 

verschiedene Tumorarten sehr spezifisch sind und stark variieren können, besteht 
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gemeinhin eine Korrelation zwischen der Mutationsrate und der Malignität eines 

Tumors.6,7 Vor allem die Instabilität des Tumorzellgenoms spielt eine wichtige Rolle in 

der Entwicklung einer malignen Krebserkrankung.8  

Genetische Instabilität

Proliferationsinduktion

Umgehung von
Wachstumssuppressoren

Angiogeneseinduktion

Invasion und Metastsierung

Deregulierung des
Energiestoffwechsels

Tumor-unterstützende Entzündungsreaktionen

Mikrobiom-Interaktion

Unterdrückung der
Immunreaktion

Unterdrückung der Zelldifferenzierung

Seneszenzinduktion

Proliferative Immortalität

Zelltodresistenz

Epigenetische
Neuprogramierung

 

Abbildung 1: Die von HANAHAN et al. definierten charakteristischen Eigenschaften von Krebszellen 
(Hallmarks of cancer). [Eigene Darstellung nach HANAHAN et al. 2022]3 

 

1.1.1 Genetische Instabilität 

Die erhöhte Neigung bei der Zellteilung eine Veränderung des Erbguts zu erfahren, 

wird als Genomische Instabilität bezeichnet und im Kontext eines Mutator-Phänotyps 

diskutiert.9 Dieser beschreibt die Akkumulation von Mutationen, die eine weitere 

Mutagenese begünstigen und zu einer starken genetischen und phänotypischen 

Heterogenität innerhalb des sich entwickelnden Tumors beitragen.10 Dieses 

Phänomen ist hauptsächlich bei hereditären-Krebsarten die treibende Kraft für eine 

erhöhte Mutationsrate, wohingegen bei zufällig entstehenden Neoplasien als 

Hauptursache Onkogen-induzierter Stress bei der DNA-Replikation vermutet wird.11 

Sogenannte Driver-Mutationen verleihen einer Subpopulation bei gleichem 

Mikromilieu einen Wachstumsvorteil, was zu einer Verbreitung dieser Eigenschaften 

innerhalb eines Tumors führt (Abb. 2).12 Selektionsprozesse können dabei hypoxische 

Bedingungen, Reaktionen des Immunsystems oder auch eine Therapie darstellen, die 

über einen langen Zeitraum zu einer Anpassung der malignen Zellen führt und in vielen 

Fällen die Resistenzbildung sowie das Auftreten von Tumorrezidiven bedingt. 13–16 

DNA-Reparaturmechanismen wie die base exicion repair (BER) sind essenziell für die 

Aufrechterhaltung der genetischen Integrität, da jede menschliche Zelle täglich 
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schätzungsweise 70000 DNA-Schäden (Punktmutationen, Einzel- oder 

Doppelstrangbrüche) ausgesetzt ist, die im Fall von Doppelstrangbrüchen auch 

Chromosomenaberrationen zur Folge haben können.17 

Gründer-
Zelle

Driver-Mutation
(Wachstumsvorteil)

Mutator-Phänotyp
(Mutationsrate)

Gründer-
Zelle

phänotypische Heterogenität
(Subpopulation)

Therapie 
Mikroumgebung 
Immunsystem

Tumor Remission
(Selektion)

aggressives/invasives
Wachstum

Tumorrezidiv
(Resistenzbildung)

 
Abbildung 2: Auswirkungen phänotypischer Heterogenität auf die Tumorentwicklung und den 
Selektionsprozesses von Tumorzell-Subpopulationen. [Eigene Interpretation nach NIIDA et al. 2018]18 

Es wird dabei zwischen strukturellen (Deletion, Amplifikation, Inversion, Insertion und 

Translokation) oder numerischen (Aneuploidie) Abnormalitäten unterschieden.19 

Mutationen in Genen, die für DNA-Reparaturproteine kodieren, oder fehlerhafte 

Kontrollmechanismen, die zu deren Herunterregulierung führen, sind häufig die 

Ursache genetischer Instabilität.20 Darüber hinaus besteht eine enge Verknüpfung mit 

dem apoptotischen Zelltod, der bei irreparablen DNA-Doppelstrangbrüchen, 

Telomerdysfunktionen oder einem aneuploiden Zustand, die Weitergabe von 

Mutationen verhindern soll.21  

 

1.1.2 Zelltodresistenz 

Der programmierte Zelltod (Apoptose) ist eine wichtige Barriere gegenüber 

unkontrollierter Zellproliferation und der Entstehung genetischer Instabilität. Apoptose 

kann extern, etwa durch Immunzellen (extrinsischer Mechanismus, Granzym/Perforin 

initiiert), oder intrazellulär durch beispielsweise DNA-Schäden (intrinsischer 

Mechanismus) induziert werden (Abb. 3).22 Die Granzym/Perforin-vermittelte 

Apoptose wird durch T-Lymphozyten oder natürliche Killerzellen (NK-Zellen) ausgelöst 

und ist ein wesentlicher Abwehrmechanismus des Immunsystems gegen Virus-

infizierte oder entartete Zellen.23 Sekretierte Perforine bilden durchlässige 

Transmembrankanäle in der Zellmembran der Zielzellen und machen diese für 

verschiedene Granzym-Serinproteasen durchlässig. Diese induzieren die Apoptose 
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sowohl durch interacting-domain death agonist (BID) -vermittelte Freisetzung von 

Cytochrom C als auch durch direkte Aktivierung von Caspasen.24 Die intrinsische 

Apoptose-Kaskade wird durch oxidativen Stress oder als Antwort auf DNA-Schäden 

durch den Tumorsuppressor p53 über die Aktivierung von pro-apoptotischen 

Signalproteinen der Bcl-2-Familie initiiert. Vertreter wie das BCL-2 associated X 

protein (BAX) oder BCL-2 homologous killer (BAK) bewirken eine Permeabilisierung 

der äußeren Mitochondrienmembran (MOMP) was die Freisetzung von Cytochrom C 

nach sich zieht.25 Dort bildet es mit dem apoptotic protease activating factor 1 (APAF1) 

das Apoptosom und setzt durch die Spaltung von Procaspase-9 die Caspasekaskade 

in Gang, welche schlussendlich die Apoptose zur Folge hat.26 Der extrinsische Weg 

kann durch T-Lymphozyten initiiert werden, die durch sogenannte Todesliganden 

(FASL, TRAIL, TNF) die jeweiligen Todesrezeptoren (FASR, TRAILR, TNFR) 

aktivieren.27–29 Adapterproteine wie das Fas-associated death domain protein (FADD) 

bilden mit den Initiator-Caspasen 8 und 10 den DISC (death-inducing signalling 

complex), welcher für die Einleitung der proteolytischen Kaskade verantwortlich ist und 

wie bei der intrinsischen Aktivierung die Effektor-Caspasen 3, 6 und 7 aktiviert .30  
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TRAIL
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FASR, TNFR, TRAIL

Caspase 8/10
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Abbildung 3: Vereinfachte Darstellung der Apoptose-Kaskade bestehend aus Granzym/Perforin-
vermittelten, extrinsischen und intrinsischen Signalwegen. [Freie Interpretation nach CARNEIRO et al. 
2020]30 

Diese hochkomplexen Mechanismen stehen unter der Kontrolle sogenannter 

Tumorsuppressorproteine, die das Überleben jeder Zelle bestimmen, indem sie pro- 

oder antiapoptotische Stimuli regulieren.31,32 Der Transkriptionsfaktor p53 nimmt 

hierbei eine Schlüsselfunktion ein, da er bei DNA-Schäden zu einer verstärkten 
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Transkription von Zellzyklus-arretierenden (p21), Apoptose induzierenden (BAX) oder 

Seneszenz auslösenden Proteinen wie das promyelocytic leukemia protein (PML) 

beiträgt.33–35 Eine Beeinträchtigung der p53-Funktion steht deshalb auch in einem 

kausalen Zusammenhang mit der Entstehung von vielen Malignomen, was in 

mindestens 50% aller Tumore Mutationen im TP53-Gen geschuldet ist.36 Bei mehr als 

75% handelt es sich um missens-Mutationen die entweder einen Funktionsverlust 

bewirken oder neomorphe Aktivitäten hervorbringen die Prozesse wie Invasion, 

Metastasierung oder Proliferation begünstigen können.37,38 Neben der Apoptose ist die 

Autophagozytose eine zellphysiologische Reaktion auf Stresssituationen wie 

Nährstoffmangel. Dabei werden zelleigene Bestandteile in Autophagosomen 

eingeschlossen und mit Hilfe von Lysosomen verdaut, um in nährstoffarmer 

Umgebung, wie etwa im Zentrum eines Tumors, überleben zu können.39 Im 

Zusammenhang mit einer Substanz- oder Strahlungsbehandlung, kann 

Autophagozytose in Krebszellen zu einer Überdauerung der Therapie und 

anschließender Regeneration beitragen.40  

Die Seneszenz stellt einen weiteren Tumorsuppressor-Mechanismus dar, welcher die 

unbegrenzte Teilung von somatischen Zellen durch kürzer werdende Telomere 

reguliert und der Entstehung von Krebs entgegenwirkt.41 Diese replikative Seneszenz 

arretiert den Zellzyklus irreversibel in seiner G1- oder G2/M-Zellzyklusphase wobei die 

Zelle weiterhin metabolisch aktiv bleibt.42 Des Weiteren kann Seneszenz auch als 

Reaktion auf DNA-Schäden oder oxidativen Stress durch p53 und p16 (CDK inhibitor 

2A) regulierte Signalwege ausgelöst werden.43 Die Fähigkeit seneszenter Zellen, eine 

Vielzahl an extrazellulären Modulatoren, darunter Wachstumsfaktoren, Zytokine, 

Proteasen und Lipide zu sekretieren wird als Seneszenz-assoziierter, sekretorischer 

Phänotyp (SASP) definiert. Der SASP kann in diesem Kontext die Seneszenz 

verstärken und durch immunvermittelte Zerstörung von seneszenten Tumorzellen, 

Förderung der Geweberegeneration oder Eingrenzung von Fibrosen zur 

Tumorbekämpfung beitragen, aber andererseits auch chronische 

Entzündungsreaktionen verursachen, sowie das Wachstum und Überleben von 

Tumorzellen stimulieren.44 Dieser oft durch Chemo- oder Strahlentherapie 

hervorgerufene SASP ist nicht immer Bestandteil einer irreversiblen Inaktivierung von 

Krebszellen, sondern kann in Form einer transitorischen Seneszenz auch eine 

Überlebensstrategie darstellen.45 Eine SASP-induzierte Immunantwort kann bei der 

Beseitigung von seneszenten Zellen die Selektion von latenten 
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Stammzelleigenschaften begünstigen und einen Zellzyklus-Wiedereintritt zur Folge 

haben.46 Die Invertierung der Zellzyklusblockade wird zudem mit einem erhöhten 

Wachstumspotential und vermehrtem Auftreten in Rezidivtumoren assoziiert.47  

 

1.1.3 Proliferative Immortalität 

Somatische Zellen sind bis auf wenige Ausnahmen an eine maximale Anzahl an 

Teilungszyklen gebunden, die sogenannte Hayflick-Grenze, welche sich aus der 

stetigen Verkürzung der Telomerenden von Chromosomen bei der Mitose ergibt.48 

Beim Erreichen einer kritischen Telomerlänge wird p53-abhängig entweder Seneszenz 

induziert oder Apoptose ausgelöst, um unkontrolliertem Wachstum oder der 

Akkumulation von Replikationsfehlern entgegenzuwirken.49 Sich kontinuierlich teilende 

Zellen (Knochenmarkszellen, Keimzellen, Stammzellen und Immunzellen) sind in der 

Lage dieses Limit zu überschreiten, indem sie den Ribonukleoproteinkomplex, auch 

Telomerase genannt, exprimieren, der die Telomerenden stetig verlängert.50 Der 

Enzymkomplex besteht aus der katalytischen telomerase reverse transcriptase 

(TERT), der Telomerase-RNA-Matrize (TERC) und Dyskerin (DKC1).51 Die 

unbegrenzte Teilungsfähigkeit von Krebszellen setzt im Rückschluss eine permanente 

Verlängerung der Telomere voraus, was entweder durch die Überexpression von 

Telomerase (~90%) oder in einigen wenigen Fällen durch den Prozess des alternative 

lengthening of telomerases (ALT) ermöglicht wird.52,53 In diesem Szenario wird durch 

homologe Rekombination von benachbarten Telomersequenzen die Verlängerung 

mittels Fanconi anemia complementation group M (FANCM) und DNA Polymerase δ 

realisiert.54 Neben der Telomerverlängerung nimmt TERT Einfluss auf eine Reihe 

wichtiger Signalwege (Wnt/β-Catenin, NF-κB, MYC), die ebenfalls mit der Entstehung 

und Ausbreitung von Krebs in Verbindung gebracht werden.55 

 

1.1.4 Veränderte Signaltransduktion 

In somatischen Geweben wird die Zellproliferation über Signaltransduktionswege 

reguliert um ein Gleichgewicht (Homöostase) zwischen verschiedenen Zelltypen zu 

gewährleisten. Alle Zellen sind auf Stimulatoren (Wachstumsfaktoren, Mitogene) 

angewiesen, um in einen proliferierenden Zustand überzugehen oder können durch 

inhibierende Faktoren (Tumorsuppressoren) wieder in einen Ruhezustand versetzt 

werden.56 Diese Signale werden über Transmembranrezeptoren in die Zelle 

übertragen, indem Signalmoleküle an der Zelloberfläche binden und intrazellulär eine 
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Signalkaskade auslösen.57 Neben der Proliferation werden auch Prozesse wie 

Differenzierung, Motilität oder Viabilität der Zelle reguliert, die von HANAHAN et al. 

umgangssprachlich als zelluläre Schaltkreise benannt wurden (Abb. 4).2  

Änderungen der 
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Abbildung 4: Vereinfachte Darstellung der interzellulären (durchgezogene Pfeile) und intrazellulären 
(gestrichelte Pfeile) Signaltransduktionswege, die Motilität, Viabilität, Proliferation und Differenzierung 
regulieren sowie wichtige Vertreter der Transmembranrezeptoren und Signalmolekülen, die in malignen 
Zellen teilweise mutiert sind (rot). [Freie Interpretation nach HANAHAN et al. 2011]2 
 

Die Charakterisierung der entarteten Signaltransduktion in Krebszellen wird dadurch 

erschwert, dass ein Teil der Zusammenhänge bis heute nicht verstanden ist und sich 

die meisten Signalwege in einem komplexen Netzwerk gegenseitig kontrollieren. 

Offensichtlich machen sich alle malignen Zellen auf die eine oder andere Weise von 

dieser Regulation unabhängig, um sich auch ohne Wachstumsstimulation unbegrenzt 

teilen zu können. Strategien, um von externen Wachstumsfaktoren unabhängig zu 

werden, können darin bestehen, die umgebenden Zellen zur Sekretion dieser Faktoren 

anzuregen (parakrine Sekretion) oder sie durch Veränderung der Genexpression 

selbst zu produzieren (autokrine Sekretion).58,59 Überexprimierte oder durch 

Mutationen konstitutiv aktivierte Transmembranrezeptoren sowie die Unterbrechung 

von Regulationsmechanismen und Tumorsuppressoren können die Ursache einer 

verstärkten Signalaktivierung sein. Neben p53 ist das Retinoblastom-Protein (RB) ein 

zentraler Kontrollknotenpunkt bei der Regulation des Zellzyklus, und eine Inaktivierung 

ist in vielen Fällen für die Entstehung von Krebs verantwortlich.60 Zell-Zell-

Adhäsionsproteine (Cadherine) oder Matrix-Rezeptoren (Integrine) können zusätzlich 

Einfluss auf Zellkohärenz und Signaltransduktion nehmen indem sie Zellwachstum, 

Differenzierung oder Motilität unterdrücken.61,62  
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1.1.5 Angiogenese 

Bei der Bildung von Blutgefäßen wird grundsätzlich zwischen der Neubildung aus 

endothelialen Vorläuferzellen (Vaskulogenese) und der Angiogenese aus 

bestehenden Gefäßen unterschieden.63 Erstere baut während der Embryogenese das 

Herz und die grundlegende Gefäßstruktur aus sich differenzierenden 

Hämangioblasten auf, während die Angiogenese durch Spaltungsvorgänge oder 

lokale Sprossbildung mittels endothelialer Zellmigration für die Bildung von 

Blutgefäßkapillaren verantwortlich ist.64–66 Mit Ausnahme der Wundheilung und 

reproduktiver Prozesse ist die Angiogenese praktisch inaktiv und wird nur durch pro-

angiogene Wachstumsfaktoren angeregt. Zu den wichtigsten Aktivatoren zählen der 

fibroblast growth factor (FGF), der vascular endothelial growth factor (VEGF), 

Angiopoetin (Ang) und der plated derived growth factor (PDGF), die während der 

Angiogenese verschiedene Prozesse regulieren.67 Außerdem spielt die 

Reorganisation der extracellular matrix (ECM) durch sogenannte Matrix-

Metalloproteasen (MMP), Urokinasen und Integrine eine wichtige Rolle.68–70 

Im frühen Stadium eines Tumors wird das Wachstum auf eine begrenzte Verfügbarkeit 

von Sauerstoff und Nährstoffen durch Diffusion beschränkt. Daraus resultiert ein 

konzentrisches Mikromilieu bestehend aus einer stark proliferierenden äußeren 

Zellschicht, einem hypoxischen Bereich im Inneren und einem nekrotischen Kern.71,72 

Die Entstehung von makroskopischen Tumoren setzen deshalb eine gewisse 

Vaskularisierung des Tumorgewebes voraus was auch als angiogenic switch 

bezeichnet wird.73 Dies ist das Ergebnis einer Gleichgewichtsverschiebung durch 

Herunterregulierung von Angiogeneseinhibitoren (Thrombospondine, Interferone) bei 

gleichzeitiger Steigerung der Expression von Wachstumsfaktoren (VEGF) durch 

Transkriptionsfaktoren wie den hypoxia inducible factor (HIF-1α).74–77 Außerdem 

können immobilisierte pro-angiogene Faktoren auch durch den proteolytischen Abbau 

der ECM freigesetzt werden.78 Die durch chronisch-aktivierte Angiogenese 

entstandenen Tumorendothelzellen sind oft morphologisch entartet und bilden 

chaotische und unregelmäßig-verzweigte Blutgefäße.79 Fehlende Zell-Zell-

Verknüpfungen (tight junktions), geringe Stabilisierung durch Pericyten und eine 

ungleichmäßige Basalmembran lassen Lücken in den Gefäßwänden auftreten was 

unstetigen Blutfluss und Ausblutungen zur Folge hat (Abb. 5).80 Es wurde beobachtet, 

dass Bereiche der Gefäßwand mit Tumorzellen ohne endothelspezifische 

Oberflächenantigene ausgekleidet sind (Mosaikgefäße), die direkten Kontakt mit dem 
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Blutstrom ermöglichen und möglicherweise einen starken Einfluss auf die Ausbreitung 

von Tumorzellen im Organismus (Metastasierung) haben.81,82 

 
Abbildung 5: Vergleichende Darstellung von gesunden Blutgefäßen und Tumorblutgefäßen anhand 
der Struktur und dem zellulären Aufbau. [Eigene Darstellung nach LUGANO et al. 2020]83 
 

Wenn es zu einer vollständigen Substitution von Endothelzellen durch 

gefäßimitierende Tumorzellen kommt, die ein Angiogenese-unabhängiges 

Gefäßsystem aufbauen, wird auch von vaskulärer Mimikry gesprochen.84 Durch 

hypoxische Bedingungen innerhalb des Tumors wird das Differenzierungspotential 

von cancer stem cells (CSCs) verstärkt, die im Laufe einer epithelial-endothelial 

transition (EET) endotheliale Eigenschaften erwerben und so beispielsweise VE-

Cadherin zur Zelladhäsion oder Fibronektin für eine Verankerung in der ECM 

exprimieren.85,86  

 

1.1.6 Invasion und Metastasierung 

Unter Metastasierung wird eine Verbreitung von Tumorzellen an anatomisch entfernte 

Orte versanden, die ausgehend vom Primärtumor verschiedene Stadien der 

morphologischen Veränderung und Anpassung durchlaufen.87 Die schrittweise 

erfolgende Metastasierung beginnt mit der EMT-vermittelten Abspaltung einzelner 

Zellen vom Primärtumor und der Migration in umliegendes Gewebe (Invasion), gefolgt 

von dem Eindringen in Blut- oder Lymphgefäße (Intravasation), der Verteilung im 

Organismus (Zirkulation), dem erneuten Austreten durch die Gefäßwand 
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(Extravasation) und einer erfolgreichen Ansiedlung des Sekundärtumors 

(Kolonisierung) in einem neuen Micromilieu (Abb. 6).88  

 
Abbildung 6: Schematische Darstellung des Metastasierungsprozesses mit EMT-vermittelter 
Invasion (1), Intravasation (2), Zirkulation (3), Extravasation (4) und Kolonisierung (5). [Eigene 
Darstellung nach MAIJDPOOR et al. 2021]88 
 

Epithelzellen zeichnen sich normalerweise durch eine starke Verknüpfung mit ihren 

Nachbarzellen (tight junctions, gap junctions oder adherent junctions), apikal-basale 

Polarität und eine Verankerung in der Basallamina aus, während Mesenchymzellen 

eine spindelförmige Morphologie und migratorische Eigenschaften zeigen.89 Der 

Übergang von epithelialer Morphologie zu einem mesenchymalen Erscheinungsbild 

wird allgemein als epithelial-mesenchymal transition (EMT) bezeichnet und ist ein 

sukzessive-verlaufender Prozess der verschiedene Zwischenstadien einschließt.90 

Initiiert wird die phänotypische Veränderung oft durch eine Transkriptionsfaktor-

vermittelte Verringerung der E-Cadherin Expression, die einerseits das Ablösen von 

benachbarten Endothelzellen begünstigt und andererseits β-Catenin in das 

Cytoplasma freisetzt, das weitere EMT-Signalkaskaden in Gang setzt.91 Als Resultat 

werden für Mesenchymzellen charakteristische Proteine wie N-Cadherin und Vimetin 

exprimiert, umliegende cancer-associated fibroblasts (CAFs) zur Produktion von EMT-

induzierendem transforming growth factor β (TGF-β) angeregt und ECM-abbauende 

MMPs freigesetzt.92,93 Diese Eigenschaften ermöglichen eine gerichtete Migration von 
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Einzelzellen oder Zellkolonien durch die ECM und fördern zudem die Intravasation der 

Zellen in Lymph- oder Blutgefäße. Anhand von Aktin-vermittelter Protrusion werden 

Filopodien und Lamellipodien gebildet, die sich mittels focaler Adhäsion in der 

Umgebung verankern können und die Zelle durch Aktin-Myosin Kontraktion in eine 

Richtung bewegen.94 Die transendotheliale Migration ist noch nicht vollständig 

verstanden, erfolgt aber unter dem Einfluss verschiedener Faktoren wie zelluläre 

Eigenschaften (Genexpression, mesenchymaler Phänotyp), zelluläres 

Microenvironment (CAFs, Neutrophile) oder mechanische Einflüsse (interstitieller 

Druck, endotheliale Stabilität).95 Die Ausbreitung von circulating tumor cells (CTCs) in 

Blut oder Lymphe erfordert zelluläre Anpassungen an die exponierte Umgebung, um 

außerhalb des Zellverbandes vor Anoikis und Immunreaktionen geschützt zu sein.88 

Anoikis ist eine Form der Apoptose, die in Endothelzellen nach Ablösung von der ECM 

auftritt und in CTCs durch TGF-β oder HIF-1α inhibiert wird.96,97 Eine Umgehung des 

Immunsystems wird hauptsächlich durch die Interaktion mit CAFs, Neutrophilen oder 

Thrombozyten erreicht indem die CTC-Oberfläche durch Clusterbildung maskiert und 

vor beispielsweise natürlichen Killerzellen geschützt wird.98 Thrombozyten spielen 

auch bei der TGF-β und NF-κB vermittelten transendothelialen Extravasation in 

umliegendes Gewebe und bei der erneuten Ausprägung invasiver Eigenschaften eine 

wichtige Rolle.99 Nach vollständigem Eindringen in das Gewebe verweilen die 

Tumorzellen oft lange Zeit in einem Ruhezustand, um Immunreaktionen zu umgehen 

und sich an das fremde Milieu anzupassen.100 Für das erneute Eintreten in ein 

proliferatives Stadium müssen die bei der EMT durchlaufenen phänotypischen 

Veränderungen umgekehrt und eine mesenchymal endothelial transition (MET) 

vollzogen werden.101 Schließlich kommt es zur Bildung von Tochtergeschwülsten 

(Metastasen) in lebenswichtigen Organen, was die Hauptursache hoher 

Sterblichkeitsraten darstellt.102 Aus diesem Grund ist ein biochemisches Verständnis 

aller krebsspezifischen Merkmale von grundlegender Bedeutung für die Entwicklung 

neuer Wirkstoffe und zielgerichteter Therapieansätze. Nachfolgend werden die 

Fortschritte der letzten Jahrzehnte näher erörtert und im Kontext aktueller 

Wirkstoffforschung diskutiert. 
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1.2 Antitumorale Wirkstoffe 

Mit der Entdeckung der Röntgenstrahlen Ende des 19. Jahrhunderts und der 

Etablierung der ersten Strahlentherapie nahm die medizinische Behandlung von 

Tumorerkrankungen ihren Anfang. Die Wirksamkeit des ersten chemotherapeutischen 

Präparats wurde 1942 von GOODMAN und GILMAN anhand des DNA-alkylierenden 

Stickstofflostes bewiesen und setzte damit den Grundstein für die moderne 

Chemotherapie.103,104 Nicht viel später entdeckte FABER den Antimetaboliten der 

Folsäure (Aminopterin 1), welcher eine Remission bei leukämiekranken Kindern 

bewirkte und den Vorläufer des heutzutage immer noch eingesetzten Methotrexats 2 
darstellt.105 In den darauffolgenden Jahren kamen weitere Antimetabolite wie 

5-Fluoruracil 3 (1962), Topoisomeraseinhibitoren wie Doxorubicin 4 (1974), DNA-

Alkylanzien wie Cisplatin 5 (1978) oder Mitosehemmer wie Paclitaxel 6 (1992) auf den

Markt und sollten die Krebstherapie bis heute stark beeinflussen (Abb. 7).106–108
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Abbildung 7: Strukturen und molekulare Targets klinisch angewendeter Krebstherapeutika. DNA-
Synthese (Aminopterin 1, Methotrexat 2, 5-Fluoruracil 3), Transkription und Replikation (Doxorubicin 4, 
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Neben vielen weiteren zugelassenen Zytostatika veränderten sich auch die 

Therapiestrategien von einzelnen Wirkstoffen hin zu Kombinationstherapien aus 

unterschiedlichen Wirkstoffklassen, Strahlentherapie und onkologischer Chirurgie. 

Obwohl die Überlebenschancen von Krebspatienten nachhaltig verbessert werden 

konnten, brachte die klassische Chemotherapie schwerwiegende Nebenwirkungen 

durch die Schädigung gesunder Zellen, sowie die Entstehung von Resistenzen mit 

sich.109,110 Mit einem immer umfassenderen Verständnis der molekularen 

Mechanismen von Krebserkrankungen konnten zielgerichtete Strategien gegenüber 

spezifischen Targets wie Zellzyklusregulatoren, Wachstumsfaktoren, 

Apoptoseinhibitoren oder Angiogenese-kontrollierenden Proteinen entwickelt werden, 

was die Ära der targeted therapy einläutete.108 Dazu gehören hauptsächlich small 

molecule inhibitors, die gezielt Proteine wachstumsfördernder Signalkaskaden wie 

Tyrosinkinasen inhibieren (Gefitinib 7, Erlotinib 8).111 Daneben werden auch 

zunehmend monoklonale Antikörper eingesetzt, um tumorspezifische Antigene für das 

Immunsystem zu markieren (Ipilimumab), Wachstumsfaktoren im Blut zu 

immobilisieren (Bevacizumab) oder als Konjugate gezielt Wirkstoffe im Tumor 

anzureichern (Inotuzumab-Ozogamicin 13).112–114 In den letzten Jahren wurden mit der 

Zulassung moderner Behandlungsstrategien wie Tumorvakzinen (Sipuleucel-T), 

Gentherapien (CAR-T-Zelltherapie), dem Einsatz onkolytischer Viren (Talimogen 

laherparepvec) und Stammzelltherapien (hämatopoetische Stammzelltransplantation) 

viele vielversprechende Therapieansätze weiterentwickelt.115–118  

1.2.1 Multifunktionalität 

Die erste Kombinations- oder Polychemotherapie wurde mit der Verabreichung von 

Methotrexat und 6-Mercaptopurin Ende der 1950er Jahre erprobt und bis heute durch 

etliche neue Kombinationspräparate und Therapieregime erweitert.119 Die 

Kombination verschiedener Wirkstoffe hat jedoch nicht nur die Wirksamkeit verbessert 

und die Resistenzbildung vermindert, sondern ist oft mit stärkeren Nebenwirkungen 

verbunden und kann stellenweise zu antagonistischen Wechselwirkungen führen.120 

Neben Prodrug-Strategien ist die kovalente Verknüpfung pharmakologisch aktiver 

Strukturelemente, um neue bioaktive Moleküle zu erzeugen, eine weitere Alternative 

zur gebräuchlichen Kombinationstherapie.121 Eine hybrides Arzneimitteldesign kann 

die Wirksamkeit verbessern, Resistenzen überwinden oder eine Visualisierung 
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ermöglichen ohne zusätzliche Neben- oder Wechselwirkungen zu erzeugen 

(Abb. 8).122  
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Abbildung 8: Darstellung unterschiedlicher Anwendungsstrategien multifunktionaler Wirkstoffe: (A) 
Proteolyse-Targeting-Chimären (ARV-110)123, (B) Antikörper-Konjugate (Inotuzumab-Ozogamicin)114, 
(C) Multi-Target-Inhibitoren (Entrectinib)124, (D) Fluoreszenzmarkierte Wirkstoffe (BODIPY-
Verapamil)125 und (E) bioorthogonal markierbare Metabolite (Homopropargylglycin).126

Proteolyse-Targeting-Chimären (PROTACs) wie ARV-110 12 bringen durch die 

Bindung zweier Targets den Androgenrezeptor (AR) in die Nähe der E3-Ligase, die 

durch Ubiquitinierung (Ub) für den proteolytischen Abbau sorgt. Im Vergleich zu 

konventionellen Inhibitoren bietet die PROTAC-Strategie Vorteile wie die Reduktion 

von Off-Target-Effekten, die Spezialisierung auf schwer adressierbare Targets und 

eine geringere Therapieresistenz, da nicht das aktive Zentrum des Zielproteins 

gebunden wird.123 Zu den pleiotropen Wirkmechanismen gehören auch Wirkstoff-

Antikörper-Konjugate (Inotuzumab-Ozogamicin 13), die durch Anreicherung des 

Wirkstoffs in der unmittelbaren Umgebung des Tumors lokal zu deutlich höheren 

Wirkstoffkonzentrationen bei gleichzeitig geringer Schädigung des gesunden 

Gewebes führen.114 Der Multi-Target-Inhibitore Entrectinib 9 besitzt aufgrund seiner 

pleiotropen Struktur synergistische antiproliferative Effekte indem sowohl TRK 
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(tropomyosin receptor kinase) als auch ROS1 (receptor tyrosine kinase) und ALK 

(anaplastic lymphoma kinase) inhibiert werden.124 Fluorophor-gekoppelte 

Verbindungen (BODIPY-Verapamil 10) oder bioorthogonal markierbare Reste 

(Homopropargylglycin 11) ermöglichen die Visualisierung von molekularen 

Mechanismen innerhalb von Zellen und sind daher für die Forschung von größerer 

Bedeutung.125,126 

 

1.2.2 Tubulin als Target in der Krebstherapie 

Um zu verstehen, wie microtubule targeting agents (MTAs) wirken, müssen zunächst 

die molekularen Mechanismen des Tubulin-Zytoskeletts verstanden werden. 

Mikrotubuli sind aus αβ-Tubulin-Heterodimeren aufgebaute Biopolymere, die einem 

dynamischen Gleichgewicht aus Auf- und Abbau unterliegen. Ausgangspunkt der 

Polymerisation können das microtubule-organizing center (MTOC), der Golgi-Apparat 

oder frei im Zytoplasma vorliegende γ-Tubulin-Ring-Komplexe (γ-TuRC) sein, an 

denen sich die zuvor gebildeten Protofilamente (Ketten aus αβ-Tubulin) mit dem α-

Ende anlagern (Abb. 9).127  
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Abbildung 9: (A) Initiationsprozess der Mikrotubulipolymerisation am γ-TuRC. (B) Dynamisches 
Gleichgewicht der Mikrotubuli mit beteiligten MAPs (EBs, Kinesin und Dynein). [Eigene Interpretation 
nach WU et al. 2017 und AKHANOVA et al. 2015]127,128 
 

Der γ-TuRC bildet normalerweise eine Röhrenstruktur aus 13 Protofilamenten, die 

ausgehend vom negativ geladenen α-Ende zum positiven β-Ende verlängert wird.129 

Eine leichte Versetzung der longitudinalen Tubulin-Kontakte bildet eine helikale 

Struktur und induziert eine stabilisierende Konformationsänderung des β-Tubulins 

durch GTP-Hydrolyse.128 Zusätzlich wird das wachsende Plusende durch end-binding 

proteins (EBs) und die sogenannte GTP-Cap stabilisiert, um die weitere 

Polymerisation zu begünstigen.130 Ihre Asymmetrie macht den gerichteten Transport 
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durch Motorproteine zum Minus- (Dyneine) oder Pluspol (Kinesine) möglich.131 Der 

gesamte Prozess des Auf- und Abbaus wird durch Mikrotubuli-assoziierte Proteine 

(MAPs) oder posttranslationale Modifikationen der Tubulin-Monomere reguliert und ist 

maßgeblich an der intrazellulären Organisation, der Stabilität, dem 

Organellentransport und der Mitose beteiligt.132,133 Da sich insbesondere Krebszellen 

durch eine erhöhte Zellteilungsrate auszeichnen, sind der für die Mitose essentielle 

Spindelapparat und die daran beteiligten Mikrotubuli wichtige therapeutische 

Zielstrukturen. 

Die grundlegende Strategie von MTAs besteht darin, das dynamische Gleichgewicht 

zu verschieben, indem sie entweder die Mikrotubuli stabilisieren oder die 

Depolymerisation zu αβ-Tubulin-Heterodimeren begünstigen. Je nach Wirkstoffklasse 

binden diese an unterschiedliche Bereiche der αβ-Untereinheit und beeinflussen so 

die Wechselwirkungen der Tubulin-Monomere untereinander (Abb. 10).134  

Mytansinoid (23)

Colchicin (19)

Paclitaxel (6)

Vinblastin (21)

Laulimalid (17)

Pironetin (24)
-Tubulin

β-Tubulin

Abbildung 10: Heterodimer aus α- (grün) und β-Tubulin (orange) mit potenziellen MTA-Bindestellen 
(Mytansinoid, Vinblastin, Paclitaxel, Laulimalid, Colchicin, Pironetin). PDB: 1TUB. [Freie Interpretation 
nach STEINMETZ et al. 2018]134 

Die Taxan-Bindestelle befindet sich auf der Innenseite des β-Tubulins und wird von 

Paclitaxel 6, Epothilon A 14, Epothilon B 15 oder Discodermolid 16 durch hydrophobe 

und polare Wechselwirkungen durch eine Arretierung der αβ-Konformation stabilisiert 

(Abb. 11).135 Auch die Bindung von Laulimalid 17 und Pelorusid A 18 führt zu einer 

Mikrotubuli-Stabilisierung, diese erfolgt jedoch an der äußeren Oberfläche des β-

Tubulins in der Nähe der lateralen Kontaktstelle zwischen den Protofilamenten.136 Der 

Bereich zwischen den α- und β-Untereinheiten des Heterodimers stellt die Colchicin-

α
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Bindungstasche dar, die von Colchicin 19 oder Combretastatin A4 (CA4) 20 gebunden 

werden kann und eine Konformationsänderung innerhalb des Heterodimers hervorruft 

und damit die Bildung der Mikrotubuli verhindert.137,138 

 
Abbildung 11: Strukturformeln verschiedener Tubulin-bindender Wirkstoffe mit entsprechenden 
Bindestellen (BS). Taxan-BS (Paclitaxel, Epothilon A/B und Discodermolid), Laulimalid-BS (Laulimalid 
und Perlorusid A), Colchicin-BS (Colchicin und CA4), Vinca-BS (Vinblastin und Vincristin), Mytansinoid-
BS und Pironetin-BS.  
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Eine weiter bekannte Stoffklasse der Mikrotubuli-destabilisierenden Agentien (MDAs) 

ist die der Vinca-Alkaloide (Vinblastin 21, Vincristin 22), welche zwischen zwei 

αβ-Dimeren die Protofilamente aufspalten oder durch ringförmige Oligomerisierung 

eine korrekte Bildung der Protofilamente verhindern.139,140 Auch Derivate des 

Maytansinoid 23 können sich zwischen den αβ-Dimeren anlagern, besitzen jedoch 

eine andere Bindestelle und führen am Plus-Ende der Mikrotubuli zu einer Stagnation 

der Elongation.135 Neben diesen nicht kovalent-bindenden Wirkstoffgruppen existiert 

ein weiterer Mechanismus bei dem Pironetin 24 kovalent an Cys316 der α-Untereinheit 

bindet, die Polymerisation am Minus-Ende blockiert und inaktive Pironetin-Tubulin-

Heterodimere bildet.141 Trotz unterschiedlicher Bindungsstellen haben die meisten 

MTAs bei geringer Dosierung jedoch eine ähnliche Wirkung, da die normalerweise 

dynamisch verlaufenden Prozesse stark verlangsamt ablaufen.142  

MTAs finden heute breite Anwendung in der klinischen Krebstherapie, da sie Zellen 

unabhängig von ihrem Zellzyklusstadium adressieren können und sowohl Interphase-

Mikrotubuli (IM) als auch die mitotische Spindel während der Zellteilung angreifen. Da 

eine Reihe von onkogenen Proteinen entlang der Mikrotubuli transportiert werden, 

führt eine Hemmung der dynamischen Abläufe zu einer Unterbrechung 

nachgeschalteter zellulärer Stoffwechselwege und verändert dadurch 

Signaltransduktion, Endozytose oder Sekretionsmechanismen.143 Während der Mitose 

wird durch die Beeinträchtigung der Tubulin-Dynamik die Ausbildung des 

Spindelapparats gestört und durch den spindle assembly checkpoint (SAC) ein G2/M-

Zellzyklusarrest ausgelöst. Die Aktivierung von SAC und die Verzögerung der Mitose 

führt normalerweise zu einer mitotischen Katastrophe, die als Schutzmechanismus die 

fehlerhafte Zellteilung verhindert und entweder zum Zelltod oder zur Seneszenz 

führt.144,145 Tumorzellen können jedoch durch sogenanntes mitotic slippage den 

Zellzyklusarrest verlassen, was einerseits zum Zelltod während des DNA-damage 

checkpoint des nächsten Zellzyklus führen kann, andererseits bei mehrfachem 

Auftreten auch Aneuploidie und Resistenz gegenüber MTAs zur Folge hat.146 Da 

Aneuploidie normalerweise mit einer Zentrosomen-Amplifikation und multipolarer 

Zellteilung einhergeht, machen sich Krebszellen den Mechanismus des centrosome 

clustering zu Nutze um weiterhin eine bipolare Mitose vollziehen zu können.147 Dies 

stellt ein vielversprechendes therapeutisches Target dar indem spezifisch aneuploide 

Zellen adressiert werden, wie am Beispiel von Griseofulvin gezeigt werden 

konnte.148,149 Abgesehen von direkten Folgen eines zerstörten Tubulin-Zytoskeletts, 
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können weitere Zellzyklus-unabhängige Mechanismen Apoptose in Tumorzellen 

auslösen. So können MDAs die Transkription pro-apoptotischer Faktoren der Bcl-2-

Familie (BAD, Puma, Noxa, BAX, BAK) erhöhen, an Dynein gebundene Apoptose-

induzierende Proteine wie Bim und Bmf freisetzen oder antiapoptotische Stimuli (Bcl-2, 

Bcl-xl, Mcl-1) inhibieren.150 Des Weiteren können akute Vaskular-disruptive Effekte 

auftreten die meistens mit Mirotubuli-destabilisierenden Substanzen assoziiert werden 

und sich aufgrund gestörter VE-Cadherin/β-Catenin/Akt-Signaltransduktion und Rho-

vermittelter Aktin-Reorganisation direkt auf Morphologie und Zell-Zell-Kontakte von 

Endothelzellen auswirken.151  

1.2.3 Inhibition der Angiogenese 

Die Angiogenese ist ein essenzieller Bestandteil für die Entstehung solider Tumore 

und trägt maßgeblich zur Metastasierung bei. Im Allgemeinen können antiangiogene 

Strategien in drei Ansätze unterteilt werden: Reduktion der Tumorvaskularisation, 

Normalisierung der Gefäßmorphologie und Rekrutierung des Immunsystems.152 Die 

direkte Hemmung der Angiogenese ist jedoch in der therapeutischen Anwendung mit 

einigen Schwierigkeiten verbunden, da es aufgrund der verminderten Durchblutung 

des Tumors zu einer Hypoxie-induzierten Steigerung der Aggressivität der Krebszellen 

und zu einer verminderten Verteilung von Chemotherapeutika kommt.153 Außerdem 

reicht die alleinige Behandlung mit hohen Inhibitor-Konzentrationen häufig nicht aus, 

um eine Tumorregression zu induzieren, und muss mit anderen Chemotherapeutika 

kombiniert werden.154 Im Gegensatz dazu wird die Hypothese diskutiert, dass eine 

spezifische Dosierung in geringer Konzentration zur Normalisierung der Gefäße 

beiträgt und sich positiv auf die Wirksamkeit konventioneller Strahlen-, Chemo- und 

Immuntherapie auswirkt.155  

Auf molekularer Ebene gibt es verschiedene Targets die durch antiangiogene 

Wirkstoffe adressiert werden können (Abb. 12). Den größten Anteil zugelassener 

Wirkstoffe stellen Tyrosinkinaseinhibitoren (Imatinib 25, Neratinib 26, Axitinib 27), die 

hauptsächlich die Signaltransduktion pro-angiogener Induktoren (BCR-ABL, EGFR, 

ERBB2) hemmen.156 Darüber hinaus werden monoklonale Antikörper eingesetzt, um 

endogene Wachstumsfaktoren wie VEGF zu immobilisieren (Bevacizumab) oder 

deren Rezeptoren (VEGFR) zu inaktivieren (Ramucirumab) und damit das 

unkontrollierte Gefäßwachstum in soliden Tumoren einzuschränken.113,157 
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Abbildung 12: Strukturformeln antiangiogener Tyrosinkinaseinhibitoren (Imatinib, Neratinib und 
Axitinib), Immunomodulatoren (Thalidomid, Lenalidomid und Pomalidomid) sowie mTOR-Inhibitoren 
(Evolimus und Sirolimus).  

Aflibercept ist das bisher einzige therapeutisch zugelassene rekombinante 

Fusionsprotein aus VEGFR-1 Domäne 3, VEGFR-2 Domäne 3 und dem crystallizable 

fragment (Fc-Fragment) von Immunglobulin G1.158 Das maßgeblich durch den 

„Contergan-Skandal“ bekannt gewordene Thalidomid 29 zählt neben Lenalidomid 30 

und Pomalidomid 31 zu den immunomodulatorischen Wirkstoffen.159 Das extrem breite 

Wirkungsspektrum beinhaltet für die Krebstherapie relevante Effekte wie 

Apoptoseinduktion durch verminderte Bcl-2-Expression, Verstärkung diverser 

Immunrektionen mittels T-Zell-Aktivierung (CD4+/CD8+), sowie Angiogeneseinhibition 

durch die Herunterregulation von VEGF.160 Außerdem konnte eine Reduktion der 

Angiogenese auch für mTOR-inhibierende Makrolide wie Everolimus 32 und 

Sirolimus 33 gezeigt werden.161 

1.2.4 c-MYB-Inhibitoren 

Aus der Familie der MYB-Transkriptionsfaktoren sind drei homologe Vertreter bekannt 

(c-MYB, A-MYB und B-MYB), die aufgrund von Amplifizierung oder erhöhter 

Transaktivierung der MYB-Gene an der Entstehung diverser Krebsarten beteiligt sind, 
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wobei im Folgenden nur c-MYB ausführlicher beschrieben wird.162 Aufgrund 

zahlreicher regulatorischer Funktionen (Zellzyklusprogression, Differenzierung und 

Apoptose) in hämatopoetischen Zellen wird c-MYB hauptsächlich mit der Entstehung 

von akuter myeloischer Leukämie assoziiert, trägt jedoch auch in vielen soliden 

Tumorarten zur Malignität bei.163 C-MYB besteht aus einer N-terminalen DNA-

bindenden Domäne (DBD), einer im Zentrum liegenden Transaktivierungsdomäne 

(TAD) und einer C-terminalen negativ regulierenden Domäne (NRD). Verschiedene 

Co-Aktivatoren (FLASH, CBP/p300) bzw. -Repressoren (N-CoR, TIP60) können die 

Erkennung der Konsensussequenz an der DBD oder die Transaktivierung an der TAD 

beeinflussen, während die NRD nur Repressoren (Tif1β) rekrutiert, die c-MYB durch 

posttranslationale Modifikationen inaktivieren.164  

Transkriptionsfaktoren galten aufgrund fehlender niedermolekularer Bindungsstellen 

lange Zeit als nicht medikamentös zugänglich, und obwohl inzwischen einige 

Strategien zur Hemmung MYB-assoziierter Effekte untersucht wurden, konnten bisher 

nur mäßige therapeutische Erfolge erzielt werden.165 Die vielversprechendste 

Strategie besteht darin, die Bindung des Co-Aktivators CBP/p300 zu unterbrechen und 

so die Aktivität zu regulieren (Abb. 13).  
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Abbildung 13: Strukturformeln c-MYB-inhibierender Substanzen, die entweder die Co-Aktivierung von 
CBP/p300 hemmen oder im Fall eines translozierten MYB-Gens (MYB-NFIB) die c-MYB-Expression 
indirekt durch IGF1R- oder EGF-Inhibition verringern. 
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Dies kann sowohl durch small molecule inhibitors (Celastrol 34, Mebandazol 35 oder 

Bcr-TMP 36) als auch durch Peptidmimetika (MYBMIM) erreicht werden.166–169 In 

adenoid-zystischen Karzinomen liegt MYB besonders häufig transloziert als MYB-

NFIB-Fusionsgen vor, das sich durch verstärkte Transkription am neuen Genlokus und 

eine Inaktivierung der C-terminalen NRD auszeichnet.170 Da das MYB-NFIB-Onkogen 

IGF1R- und EGF-abhängig reguliert wird, kann der Einsatz von Linsitinib 37 oder 

Figitumumab in diesem Fall zu einer verminderten Expression führen.171,172 Der in 

Form eines Plasmid-Vektors (pVAX1) verabreichte DNA-Impfstoff (TetMYB) stellt 

einen Versuch dar, durch Fusion von Tetanospasmin-Epitopen mit inaktiviertem MYB 

eine tumorspezifische Immunantwort zu induzieren und wird bereits in einer ersten 

klinischen Studie getestet.173 
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2. Synopsis
2.1 Übersicht der Teilprojekte 

Die vorliegende kumulative Dissertation setzt sich aus drei Publikationen zusammen, 

die Ihren Fokus auf die wirkmechanistische Aufklärung sowie die strukturelle 

Optimierung verschiedener LY290181(38)-abgeleiteter Naphthopyran-Analoga legen 

(Abb. 14). Dabei sollten durch die Variation des Tubulin-bindenden 3,4,5-

Trimethoxyphenyl-Strukturmotivs (CA4 20) neue multimodale Wirkstoffe mit 

verbesserten Eigenschaften generiert werden, um gleichzeitig mehrere Cancer 

Hallmarks zu adressieren. Bei allen Substanzserien konzentrieren sich die Studien auf 

die Mikrotubuli-destabilisierende Wirkung und die daraus resultierenden 

antiproliferativen Eigenschaften, sowie antiangiogene Effekte in vitro und in vivo. 

Zudem wurden weitere therapeutisch relevante Targets zur Aufklärung des 

Wirkprinzips untersucht. Die in Publikation I beschriebenen Dihydropyranchromene 

zeichneten sich durch die Inhibition des in vielen Tumorarten auftretenden centrosomal 

clustering aus, welches einen wichtigen Mechanismus bei der Vermeidung von 

multipolaren Zellteilungen in Krebszellen spielt. Publikationen II (Naphthopyrane) und 

III (Arylchromene) knüpften an der 2022 von M. V. Yusenko et al. beschriebenen 

Inhibition des Transkriptionsfaktors c-MYB durch das Naphthopyran-Derivat Bcr-

TMP 36 an, wobei zwei neue Substanzklassen auf Ihren Einfluss gegenüber 

Zytoskelett, Angiogenese und potenzielle c-MYB-Aktivität gescreent wurden. 

Die im Rahmen dieser Arbeit untersuchten Verbindungen wurden vollständig von Dr. 

Bernhard Biersack am Lehrstuhl für Organische Chemie I der Universität Bayreuth 

hergestellt. Einzelne Assays wurden von Kooperationspartnern des Biochemie-

Instituts der Westfälische-Wilhelms-Universität in Münster, des Department of 

Chemistry & Post Graduate Research Center des Abeda Inamdar Senior College 

(Indien) und der Arbeitsgruppe Entwicklungsbiologie der Universität Bayreuth 

durchgeführt.  
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Abbildung 14: Übersicht der untersuchten Substanzen mit Zuordnung zu den entsprechenden 
Publikationen: Das 4-Aryl-4H-naphthopyran LY290181 sowie das Stilben CA4 dienten als Leitstruktur 
für die in dieser Arbeit untersuchten Substanzserien. Die davon abgeleiteten multifunktionalen 
Dihydropyranchromene (Publikation I), Naphthopyrane (Publikation II) und Arylchromene (Publikation 
III) stellen neue Verbindungen dar, welche neben Mikrotubuli-destabilisierenden und Angiogenese-
hemmenden Eigenschaften auch das centrosome clustering oder die c-MYB-Aktivität beeinträchtigen.
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2.2 Publikation 1: 2‐Amino‐4‐aryl‐5‐oxo‐4,5‐dihydropyran[3,2‐
c]chromen‐3‐carbonitrile mit Mikrotubuli-disruptiven, Zentrosom
Declustering und antiangiogenen Effekten in vitro und in vivo.

Im Fokus dieser Arbeit steht die Untersuchung fünfzehn neuer 

Dihydropyranchromene, welche sich strukturell vom 4-Aryl-4H-Naphthopyran 

LY290181 38 ableiten lassen. Das Naphthopyran-Grundgerüst wurde mit einem δ-

Lacton an 5,6-Position (4-Hydroxycumarin) versehen und die Reste des 4-Phenylrings 

mit verschiedenen Heteroatomen und funktionellen Gruppen substituiert (Abb. 15). 
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Abbildung 15: Strukturen der untersuchten Dihydropyranchromene (1a, 1c, 1d) und die biologischen 
Targets der wirksamsten Substanz 1d. 

Substanz 1f wurde bereits 2016 von Y. Hu et al. ohne sichtlichen Erfolg auf ihr 

antibakterielles Potential hin untersucht, zeigte jedoch gegenüber einigen humanen 

Krebszelllinien zytotoxische Effekte.174 Die drei Derivate 1a (3-Brom-4,5-

dimethoxyphenyl-Motiv), 1c (3,5-Dibrom-5-methoxyphenyl-Motiv) und 1d (3,5-Diiod-5-

methoxyphenyl-Motiv) stachen bei ersten Zytotoxizitätsstudien mit einstellig 

mikromolaren IC50-Werten (halbmaximale inhibitorische Konzentration) gegenüber 

neun verschiedene Krebs- und Hybridzelllinien hervor. Das meta-halogenierte 

Methoxyphenylmotiv, welches bereits in vorangegangenen Studien zu einer 

Wirkungsverbesserung geführt hat, leitet sich vom Tubulin-bindenden und vaskular-

disruptiven CA4 20 ab.175,176 Neben einer deutlichen Selektivität gegenüber malignen 

Zellen waren die Derivate zudem in der Lage, in vitro die Tubulinpolymerisation zu 

inhibieren sowie das Mikrotubuli-Zytoskelett innerhalb von 518A2 Melanomzellen zu 

zerstören. Dabei konnte die Häufung von multiplen Mitosespindeln innerhalb 

substanzbehandelter Zellen beobachtet werden, was auf die Störung eines Krebs-

2-Amino-4H-naphtho(1,2-b)pyran-3-
carbonitril-Gerüst von LY290181

− Proliferationssupression
− Inhibition der Tubulindynamik

CA4-abgeleitete Derivate 
− Tubulin-Bindung
− Angiogenese-Inhibition

Lacton-Gruppe (4-Hydroxycumarin) 
− Abschwächung der Toxizität
− Hemmung des Zentrosom-Declusterings

https://www.researchgate.net/publication/358915935_2-Amino-4-aryl-5-oxo-45-dihydropyrano32-cchromene-3-carbonitriles_with_Microtubule-Disruptive_Centrosome-Declustering_and_Antiangiogenic_Effects_in_vitro_and_in_vivo
https://www.researchgate.net/publication/358915935_2-Amino-4-aryl-5-oxo-45-dihydropyrano32-cchromene-3-carbonitriles_with_Microtubule-Disruptive_Centrosome-Declustering_and_Antiangiogenic_Effects_in_vitro_and_in_vivo
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assoziierten Überlebensmechanismus, dem sogenannten centrosome clustering, 

zurückgeführt werden könnte (Abb. 16, A und B).148  

Abbildung 16: (A) Wirkung der Verbindungen 1a, 1c und 1d (1 und 2,5 μM) auf die Bildung des 
Spindelapparats und die Häufung von multipolaren Spindeln. Die Bilder zeigen die Färbung von α-
Tubulin und sind repräsentativ für mindestens drei unabhängige Experimente. Vergrößerung 100×. 
Maßstabsleiste: 250 µm. Vergrößerte Bildausschnitte zeigen Einzelzellen mit multipolaren Spindeln. (B) 
Die Histogramme zeigen den prozentualen Anteil der Zellen mit bipolarem Spindelapparat (grün) und 
Zellen mit multipolarem Spindelapparat (rot). Es wurden 500-800 Zellen pro Wirkstoffkonzentration von 
3 unabhängigen Experimenten gezählt. (C) Konzentrationsabhängige Effekte der Testsubstanzen (1 
und 2,5 μM) auf die Fähigkeit von EA.hy926 Endothelhybridzellen, gefäßähnliche Strukturen auf 
Matrigel® zu bilden. Die Positivkontrolle wurde mit 100 nM CA4 20 behandelt. Die Aufnahmen 
repräsentieren drei unabhängige Experimente mit vitalen Zellen >80% (MTT-Assays) im Vergleich zur 
Negativkontrolle. Vergrößerung 100×. Maßstabsleiste: 500 µm. (D) Die Fläche der Subintestinalen 
Venen (SIV) von Zebrafischembryos nach 48-stündiger Behandlung mit den Testsubstanzen (0.5 und 
1 µM) ist als Dotplot dargestellt. Die Negativkontrolle wurde mit DMSO, die Positivkontrolle mit Axitinib 
(1 µM) behandelt. Die Signifikanz wurde gegenüber der Kontrolle für jede Konzentration angegeben mit: 
*p<0,05; **p<0,01; ***p<0,001; ****p<0,0001. [Reprinted with permission from L. H. F. Köhler et al.,
ChemMedChem 2022, 17, e202200064. DOI: 10.1002/cmdc.202200064]

Obwohl die zugrundeliegenden Mechanismen noch teilweise unbekannt sind, stellt 

dies ein krebsspezifisches Target für selektive Therapieansätze dar.177 Eine für MDAs 

typische Veränderung des Zellzyklus konnte hauptsächlich bei 1d in Form eines G2/M-

Arrests nachgewiesen werden, was zudem durch eine Inhibition der Mitose-
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regulierenden CDK1 verstärkt wurde. Die intrazelluläre Lokalisierung des Ethinyl-

substituierten Derivats 1m mittels Alkin-Azid-Click-Reaktion zeigte eine Anreicherung 

im Zellkern und teilweise im Zytoplasma der behandelten Zellen. Ein weiteres Target 

der untersuchten Verbindungen stellt die Angiogenese bzw. vaskuläre Mimikry dar, 

welche bei der Sauerstoff- und Nährstoffversorgung sowie der Metastasierung von 

Tumoren eine zentrale Rolle spielen.152 Anhand des EA.hy926-Tube-Formation-

Assays konnten Substanz-induzierte Effekte auf Migration, Zell-Zell-Adhäsion oder 

Sprossung beobachtet werden, welche für die Angiogenese essentiell sind 

(Abb. 16, C). Signifikant verringerte SIV-Flächen (subintestinal veins) von 

heranwachsenden Zebrafischembryonen belegt zudem die antiangiogenen 

Eigenschaften von 1d in vivo (Abb. 16, D). 

Weitere Details:  L. H. F. Köhler, S. Reich, G. Begemann, R. Schobert, 
B. Biersack

2‐Amino‐4‐aryl‐5‐oxo‐4,5‐dihydropyrano[3,2‐c]chromene‐3‐
carbonitriles with Microtubule‐Disruptive, Centrosome‐
Declustering, and Antiangiogenic Effects in vitro and in vivo 

ChemMedChem 2022, doi.org/10.1002/cmdc.202200064 
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2.3 Publikation 2: Ein neues Naphthopyranderivat mit kombinierter 
Hemmung von c-MYB, auf Mikrotubuli abziehlender Effekte und 
antiangiogener Eigenschaften. 

Die vorliegende Studie baut auf der Arbeit von YUSENKO et al. (2022, Cancers) auf, in 

der 2-Amino-4-(3,4,5-trimethoxyphenyl)-4H-naphtho[1,2-b]pyran-3-carbonitril Bcr-

TMP 1b als neuer und vielversprechender c-MYB-Inhibitor mit Mikrotubuli-

destabilisierenden Eigenschaften identifiziert wurde. Ziel der Studie ist die weitere 

Analyse der Wirkmechanismen sowie die strukturelle Optimierung dieser 

Substanzklasse. (Abb. 17).168  

Abbildung 17: Strukturenübersicht der untersuchten Naphthopyran-Derivate 3a-g und die biologische 
Aktivität der effektivsten Substanz 3f. 

Zu diesem Zweck wurde eine Serie neu synthetisierter sowie Literatur-bekannter 

Substanzen mittels eines neuartigen Luciferase-Reporter-Assays hinsichtlich Ihrer 

c-MYB-inhibierenden Eigenschaften verglichen, wobei sechs von 1b abgeleitete

Strukturen expliziter untersucht wurden.178 Diese an der 4-Methoxygruppe des

Phenylrings modifizierten Derivate zeigten mit zunehmender Kettenlänge generell eine

Wirkungsabnahme, wobei das Alkinderivat 3f eine Ausnahme darstellte. Die

ursprünglich für die intrazelluläre Lokalisation hergestellte Substanz erwies sich als

besonders aktiv mit IC50-Werten im ein- bis zweistelligen nanomolaren Bereich. Eine

Akkumulation im Zytoplasma konnte mit der Alkin-Azid-Click-Reaktion nachgewiesen

werden. Neben einer mit CA4 20 vergleichbaren Hemmung der Tubulinpolymerisation

und einer Destabilisierung des Mikrotubuli-Zytoskeletts in 518A2-Melanomzellen mit

nanomolaren Substanzkonzentrationen wurde die hohe Affinität zur Colchicin-

Bindestelle des Tubulins in Dockingstudien bestätigt (Abb. 18, A, B und C).

2-Amino-4H-naphtho(1,2-b)pyran-3-
carbonitril-Gerüst von LY290181

− Proliferationsinhibition
− Suppression der Tubulindynamik
− c-MYB Inhibition

Bcr-TMP abgeleitete Derivate 
− Zellzyklusarrest
− c-MYB Inhibition

Alkinyl-Rest 
− Intrazelluläre Lokalisation
− Verbesserte Tubulin-Affinität
− Angiogenese-Inhibition

O NH2

CN

MeO OMe
O R

3f

O NH2
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O
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    Bu, All,
    proparagyl,
    n-pentyl 
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Abbildung 18: (A) Wirkung der Testsubstanzen 1b und 3a-3f (25 µM) auf das Tubulin- und Aktin-
Zytoskelett von 518A2 Melanomzellen nach 24-stündiger Behandlung. Als Positivkontrolle wurde CA4 
20 (25 nM) verwendet. Die Immunofluoreszenzbilder zeigen die Mikrotubuli (rot), Aktinfilamente (grün) 
und Zellkerne (blau) und sind repräsentativ für mindestens drei unabhängige Experimente. Aktin-
Stressfasern sind mit weißen Pfeilen gekennzeichnet. Vergrößerung 630×. Maßstabsleiste: 50 µm. 
(B) Zeitabhängige Inhibition der in-vitro-polymerisation von Tubulin durch Substanzbehandlung (5 µM)
in Doppelbestimmung. (C) Docking-Simulation von 1b und 3f in der Colchicin-Bindestelle von Tubulin
(1sa0) mittels PYMOL. (D) Zeitlicher Verlauf (6, 12 und 24 h) der Zellzyklusphasen behandelter 518A2
Melanomzellen (25 nM) in Prozent. Die Datenpunkte sind Mittelwerte und repräsentativ für mindestens
zwei unabhängige Experimente mit 10000 gezählten Zellen. (E) Die Flächen der subintestinalen Venen
(SIV) von Zebrafischembryos 48 h nach Testsubstanzbehandlung (100 µM) sind als Dotplot und in
Prozent zur Kontrolle aufgetragen. Die Positivkontrolle wurde mit 500 nM Axitinib behandelt. Die
Signifikanz wurde gegenüber der Kontrolle für jede Konzentration angegeben mit: *p<0,05; **p<0,01;
****p<0,0001. [Reprinted with permission from L. H. F. Köhler et al.; ACS Med. Chem. Lett. 2022, 13,
1783. DOI: 10.1021/acsmedchemlett.2c00403]

Die Zellzyklusanalyse substanzbehandelter Zellen zeigte bereits nach 6 h einen 

starken G2/M-Arrest sowie einen kontinuierlichen Anstieg der Sub-G1-Zellpopulation 

(Abb. 18, D). In Zusammenhang mit einer Aktivitätssteigerung der Effektorcaspasen 3 
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und 7 ist möglicherweise die Induktion von Apoptose die Ursache. Antimigratorische 

Effekte wurden durch verminderte Motilität und Ausprägung von Zell-Zell-Kontakten im 

EA.hy926 Tube-Formation Assay und durch stressinduzierte Bildung von 

Aktinfilamenten in behandelten 518A2 Zellen mit geschädigten Mikrotubuli 

nachgewiesen. Die Untersuchungen des antiangiogenen Potentials ergaben eine 

geringere in-vivo-Toxizität im Zebrafischmodell und erstaunlicherweise nur für zwei der 

Substanzen (3e und 3f) eine deutliche Reduktion der Angiogenese (Abb 18, E). Die 

Substanzspezifität könnte hierbei ein Hinweis darauf sein, dass nicht die MTA-

assoziierte Hemmung der Angiogenese, sondern andere antiangiogene Mechanismen 

die Ursache für diesen Effekt darstellen. Auch vorteilhafte Eigenschaften wie eine hohe 

gastrointestinale Resorption konnten in ADME-Simulationen der pharmakokinetischen 

Eigenschaften demonstriert werden. Zusammenfassend konnte die erfolgreiche 

Kombination von c-MYB-Hemmung, MTA-assoziierten Effekten und antiangiogenen 

Eigenschaften in einem intrazellulär lokalisierbaren pleiotropen Wirkstoff gezeigt 

werden. 

Weitere Details:  Leonhard H. F. Köhler, Sebastian Reich, Maria Yusenko, Karl-
Heinz Klempnauer, Amin H. Shaikh, Khursheed Ahmed, Gerrit 
Begemann, Rainer Schobert und Bernhard Biersack. 

A New Naphthopyran Derivative Combines c-Myb Inhibition, 
Microtubule-Targeting Effects, and Antiangiogenic Properties 

Med. Chem. Lett. 2022, 
doi.org/10.1021/acsmedchemlett.2c00403 
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2.4 Publikation 3: Multimodale 4-Arylchromen-Derivate mit Mikrotubuli-
destabilisierender, antiangiogener und c-Myb inhibierender Wirkung  

In der dritten Publikation dieser Dissertation wurden sechzehn neue 2-Amino-3-cyano-

4-(aryl)-7-methoxy-4H-chromen-Derivate untersucht, um durch Strukturoptimierungen 

die Wirksamkeit gegen humane Krebszellen zu erhöhen (Abb. 19). 

2a

2a: 3-Cl, 4,5-(MeO)2
2b: 3-Br, 4,5-(MeO)2
2c: 4,5-(MeO)2
2f: 2, 4-MeO

MeO O NH2

CN

R
35

4

MeO O NH2

CN

Cl
OMe

MeO

Abbildung 19: Strukturen der untersuchten 4-Arylchromen-Derivate (2a-c und 2f) und biologische 
Aktivität der vielversprechendsten Verbindung 2a. 

Wie bereits in früheren Publikationen beschrieben, erwies sich sowohl das 

Substitutionsmuster des 4-Aryl-Restes als auch das 2-Amino-4H-chromen-3-

carbonitril-Gerüst als besonders entscheidend für die Wirkungsoptimierung. 

Zytotoxizitätsstudien konnten vier Substanzen (2a-c, 2f) mit ausgezeichneter 

antiproliferativer Wirkung und Selektivität gegenüber malignen Zellen identifizieren. 

Die Auswertung dieser Substanzen ergab, dass sich der 3,5-Diiod-4-

methoxyphenylrest (2f) durch eine besonders schnelle Zerstörung des Zytoskeletts 

und eine starke Induktion von G2/M-arretierten Zellen auszeichnet, wobei die 

monohalogenierten Analoga (2a-c) einen verzögerten Wirkungseintritt zeigten 

(Abb 20, A). Lokalisierungsexperimente mittels Azid-Alkin-Cycloaddition bestätigten 

eine Anreicherung des 7-Propargylether-Derivats am Wirkort, dem Zytoplasma. 

Nachdem der in-vitro-Tube-Formation-Assay mit EA.hy926 Endothelhybridzellen 

Indizien für eine antiangiogene Wirkung lieferte, wurde der Substanzeinfluss im 

Zebrafisch-Modell anhand der SIV-Entwicklung quantifiziert (Abb 20, B). Dieser zeigte 

nicht nur eine sichtliche Diskrepanz der tolerierten Substanzkonzentrationen 

gegenüber Vertebraten, sondern verdeutlichte auch die signifikanten Unterschiede der 

antiangiogenen Wirkung in vivo. Im Gegensatz zum bisher aktivsten Derivat 2f, das 

gegenüber Zebrafischen deutlich toxischer war, konnte das 3-Chlor-4,5-

dimethoxyderivat 2a trotz hoher Strukturähnlichkeit signifikante antiangiogene Effekte 

Von LY290181 abgeleitetes 2-Amino-3-
cyano-7-methoxy-4H-chromen-Gerüst  

− Verbesserte Proliferationsinhibition
− Optimierte c-MYB-Inaktivierung

CA4-abgeleitete Derivate 
− c-MYB Inhibition
− Zellzyklusarrest

Halogen-Substituenten 
− Intensivierung der Mikrotubuli-

destabilisierenden Effekte
− Regulierung der in-vivo-Toxizität
− Angiogeneseinhibition

3-I,
3,5-I
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erzielen. Die Aktivität des Transkriptionsfaktors c-MYB unter Substanzeinfluss wurde 

mit dem bekannten Inhibitor Bcr-TMP 1b anhand des Luciferase-Reporter-assays 

verglichen (Abb 20, C).  

Abbildung 20: (A) Zeitlicher Effekt (1 und 6 h) der Testsubstanzen 2a-c, 2f und CA4 (100 nM) auf das 
Tubulin-Zytoskelett von 518A2 Melanomzellen. Die Immunofluoreszenzbilder zeigen die Mikrotubuli 
(weiß) und Zellkerne (blau). Sie stehen repräsentativ für mindestens zwei unabhängige Experimente. 
Vergrößerung 630×. Maßstabsleiste: 100 µm. (B) Die Fläche der subintestinalen Venen (SIV) von 
Zebrafischembryos nach 48-stündiger Behandlung mit den Testsubstanzen (50, 250, 500 oder 1000 nM) 
ist als Dotplot dargestellt. Als Positivkontrolle wurde Axitinib (50 und 500 nM) eingesetzt. Die Signifikanz 
wurde gegenüber der Kontrolle für jede Konzentration angegeben mit: ***p<0,001; ****p<0,0001. (C) 
Mittels Luciferase-Reporter-Assay quantifizierte c-MYB-Inhibition der Testsubstanzen nach 
16-stündiger Behandlung. Die halbmaximale Inhibitorische Konzentration (IC50) wurde mittels
Konzentrations-Wirkungskurve zwischen 0,1 und 100 nM ermittelt. Jede Konzentration repräsentiert den
Mittelwert von mindestens vier unabhängigen Versuchen. [Reprinted with permission from L. H. F.
Köhler et al., Cancer Drug Resist 2023, 6, 59. DOI: 10.20517/cdr.2022.90]

Hier konnte die Wirksamkeit durch das 7-Methoxy-4H-chromenmotiv deutlich 

verbessert werden, die 4-Arylringsubstituenten beeinflussten die Aktivität jedoch nur 

geringfügig. Als Ergebnis konnte das selektive, antiproliferative und 

angiogenesehemmende 2a als potenter Wirkstoffkandidat für die Entwicklung weiterer 

c-MYB-inhibierender MTAs identifiziert werden.
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Weitere Details:  L. H. F. Köhler, S. Reich, M. Yusenko, K. Klempnauer, A. H. 
Shaikh, K. Ahmed, G. Begemann, R. Schobert, B. Biersack 

Multimodal 4-arylchromene derivatives with microtubule 
destabilizing, anti-angiogenic, and MYB-inhibitory activity 

Cancer Drug Resist 2023, DOI: 10.20517/cdr.2022.90 
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4. Publikationen 
4.1 Darstellung des Eigenanteils 
Die in dieser Dissertation aufgeführten Publikationen wurden zum großen Teil in 

Kooperation mit anderen Arbeitsgruppen erarbeitet. Darunter zählen das Biochemie-

Instituts der Westfälische-Wilhelms-Universität in Münster, das Department of 

Chemistry & Post Graduate Research Center des Abeda Inamdar Senior College 

(Indien) und die Arbeitsgruppe Entwicklungsbiologie der Universität Bayreuth.  

Es folgt eine detaillierte Darstellung der Beiträge aller Co-Autoren zu den jeweiligen 

Publikationen. 
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4.1.1 zu Publikation I 

Die Ergebnisse zu diesem Thema wurden im Journal ChemMedChem 

(doi.org/10.1002/cmdc.202200064) unter folgendem Titel veröffentlicht:  

„2-Amino-4-aryl-5-oxo-4,5-dihydropyrano[3,2-c]chromene-3-carbonitriles with 

Microtubule-Disruptive, Centrosome-Declustering, and Antiangiogenic Effects in vitro 

and in vivo“ 

Von den Autoren 

Leonhard H. F. Köhler, Sebastian Reich, Gerrit Begemann, Rainer Schobert, und 

Bernhard Biersack. 

Der Eigenanteil setzt sich aus Konzeption, Durchführung und Auswertung der 

biochemischen Assays zusammen. Diese umfassen Zellkultivierung, MTT-Assay, 

Tubulinpolymerisationsassay, Immunofluoreszenzmikroskopie, Zellzyklusanalysen, 

CDK1/CyclinA2-Aktivitätstests, Co-Lokalisierungsexperimente, EA.hy926-Tube-

Formation-Assay und Zebrafisch-Angiogenese-Assay. Sebastian Reich unterstützte 

die experimentelle Durchführung im Rahmen eines Forschungsmoduls. Synthese, 

Aufreinigung und Charakterisierung der untersuchten Testsubstanzen wurde von Dr. 

Bernhard Biersack durchgeführt. Prof. Gerrit Begemann stellte die Laboratorien und 

Geräte für den Zebrafisch-Angiogenese-Assay zur Verfügung. Das Manuskript 

einschließlich der Revision sowie Diskussion und graphische Darstellung der 

Ergebnisse wurde von mir und Herrn Dr. Bernhard Biersack mit Korrekturen von Herrn 

Prof. Dr. Rainer Schobert erstellt. 
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4.1.2 zu Publikation II 

Die Ergebnisse zu diesem Thema wurden im Journal ACS Medicinal Chemistry 
Letters (DOI: 10.1021/acsmedchemlett.2c00403) unter folgendem Titel veröffentlicht:  

„A New Naphthopyran Derivative Combines c -Myb Inhibition, Microtubule-Targeting 

Effects, and Antiangiogenic Properties“ 

Von den Autoren 

Leonhard H. F. Köhler, Sebastian Reich, Maria Yusenko, Karl-Heinz Klempnauer, 

Amin H. Shaikh, Khursheed Ahmed, Gerrit Begemann, Rainer Schobert und Bernhard 

Biersack. 

Der Eigenanteil setzt sich aus Konzeption, Durchführung und Auswertung der 

biochemischen Assays zusammen. Diese umfassen Zellkultivierung, MTT-Assay, 

Tubulinpolymerisationsassay, Immunofluoreszenzmikroskopie, Zellzyklusanalysen, 

Caspase-3/7-Aktivitätstests, Co-Lokalisierungsexperimente, EA.hy926-Tube-

Formation-Assay, Zebrafisch-Angiogenese-Assay und Stabilitätsmessungen mittels 

UV-Absorption und RP-HPLC. Die experimentelle Durchführung wurde von Sebastian 

Reich im Rahmen seiner Bachelorarbeit unterstützt. Dr. Bernhard Biersack war für die 

Synthese, Aufreinigung und Charakterisierung der untersuchten Testsubstanzen 

verantwortlich. Maria Yusenko führte den c-MYB-Luciferase-Reporter-Assay unter der 

Leitung von Prof. Dr. Karl-Heinz Klempnauer durch. Molekulare Docking-Studien 

wurden von Amin H. Shaikh und Prof. Khursheed Ahmed durchgeführt und diskutiert. 

Das Manuskript einschließlich der Revision sowie Diskussion und graphische 

Darstellung der Ergebnisse wurde von mir und Herrn Dr. Bernhard Biersack mit 

Korrektur von Herrn Prof. Rainer Schobert und Prof. Dr. Karl-Heinz Klempnauer 

erstellt. 

  



47 

4.1.3 zu Publikation III 

Die Ergebnisse zu diesem Thema wurden im Journal Cancer Drug Resistance (DOI: 

10.20517/cdr.2022.90) unter folgendem Titel veröffentlicht:  

„Multimodal 4-Arylchromene derivatives with microtubule-destabilizing, anti-

angiogenic, and MYB-inhibitory activities“ 

Von den Autoren 

Leonhard H. F. Köhler, Sebastian Reich, Maria Yusenko, Karl-Heinz Klempnauer, 

Gerrit Begemann, Rainer Schobert und Bernhard Biersack. 

Der Eigenanteil setzt sich aus Konzeption, Durchführung und Auswertung der 

biochemischen Assays zusammen. Diese umfassen Zellkultivierung, MTT-Assay, 

Immunofluoreszenzmikroskopie, Zellzyklusanalysen, Co-Lokalisierungsexperimente, 

EA.hy926-Tube-Formation-Assay und Zebrafisch-Angiogenese-Assay. Sebastian 

Reich unterstützte im Rahmen eines Forschungspraktikums die experimentelle 

Durchführung. Die Synthese der Testsubstanzen sowie deren Aufreinigung und 

Charakterisierung wurden von Dr. Bernhard Biersack durchgeführt. Maria Yusenko 

war unter der Leitung von Prof. Dr. Karl-Heinz Klempnauer für die Messung der c-MYB-

Luciferase-Aktivität zuständig. Das Manuskript einschließlich der Revision sowie 

Diskussion und graphische Darstellung der Ergebnisse wurde von mir und Herrn Dr. 

Bernhard Biersack mit Korrektur von Herrn Prof. Dr. Rainer Schobert und Prof. Dr. 

Karl-Heinz Klempnauer erstellt.  
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2-Amino-4-aryl-5-oxo-4,5-dihydropyrano[3,2-c]chromene-3-
carbonitriles with Microtubule-Disruptive, Centrosome-
Declustering, and Antiangiogenic Effects in vitro and in vivo
Leonhard H. F. Köhler,[a] Sebastian Reich,[a] Gerrit Begemann,[b] Rainer Schobert,[a] and
Bernhard Biersack*[a]

A series of fifteen 2-amino-4-aryl-5-oxo-4,5-dihydropyrano[3,2-
c]chromene-3-carbonitriles (1a–o) were synthesized via a three-
component reaction of 4-hydroxycoumarin, malononitrile, and
diversely substituted benzaldehydes or pyridine carbaldehydes.
The compounds were tested for anticancer activities against a
panel of eight human tumor cell lines. A few derivatives with

high antiproliferative activities and different cancer cell specific-
ity were identified and investigated for their modes of action.
They led to microtubule disruption, centrosome de-clustering
and G2/M cell cycle arrest in 518 A2 melanoma cells. They also
showed anti-angiogenic effects in vitro and in vivo.

Introduction

The development of new drugs is mainly based on the synthesis
and screening of compound libraries, and on the elucidation of
target-ligand interactions, structure-activity relationships (SAR)
and target/disease selectivities.[1] When following a target-
oriented strategy, one-pot multi-component reactions (MCR)
are an excellent approach to the synthesis of large libraries of
compounds with systematically varied substituents.[2] Prominent
examples of such multi-component reactions often-used for
drug development are those named after Ugi, Biginelli and Van
Leusen, and modifications thereof.[3] The coumarin (1,2-benzo-
pyrone) scaffold is found in quite a few biologically active
compounds including anticancer agents.[4] 4-Hydroxycoumarin,
in particular, emerged as an important antitumoral pharmaco-
phore (Scheme 1).[5] It is fortunate that 4-hydroxycoumarin
reacts readily in one-pot three-component reactions with aryl
aldehydes and malononitrile to give pyranochromene deriva-
tives, which were frequently found active against cancer cells,
especially when carrying halogen substituents.[6] Analogous
reactions using naphthol and phenol derivatives instead of 4-
hydroxycoumarin previously led to a plethora of similar
anticancer active compounds.[7–9] In continuation of our recent

work on anticancer active pyrans derived from 1-naphthol and
hydroxyquinoline, we now submitted the most promising
substituted aryl aldehydes of these series (e.g., such with
methoxyphenyl and fluorinated phenyl residues) to MCR with
malononitrile and 4-hydroxycoumarin. This afforded a series of
new 2-amino-4-aryl-5-oxo-4,5-dihydropyrano[3,2-c]chromene-3-
carbonitriles, whose anticancer activities and modes of action
were assessed in detail.[8,9] In particular, effects on microtubules,
cellular morphology, cell cycle arrest, CDK, and angiogenesis
were studied in this work.

Results and Discussion

Synthesis

The test compounds 1a–q were prepared from a mixture of 4-
hydroxycoumarin, malononitrile, the corresponding aryl alde-
hyde, and a catalytic amount of triethyl amine in acetonitrile

[a] L. H. F. Köhler, S. Reich, Prof. Dr. R. Schobert, Dr. B. Biersack
Organic Chemistry Laboratory
University of Bayreuth
Universitätsstraße 30, 95447 Bayreuth (Germany)
E-mail: bernhard.biersack@yahoo.com

bernhard.biersack@uni-bayreuth.de
[b] Prof. Dr. G. Begemann

Department of Biology
University of Bayreuth
Universitätsstraße 30, 95447 Bayreuth (Germany)
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cmdc.202200064

© 2022 The Authors. ChemMedChem 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 reproduction in any medium,
provided the original work is properly cited.

Scheme 1. Syntheses of 2-amino-4-aryl-5-oxo-4,5-dihydropyrano[3,2-
c]chromene-3-carbonitriles 1.[a] El-Agrody et al.[10]
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(Scheme 1). The new compounds 1a–m were obtained as
colorless solids in low to moderate yields. NMR, IR, and MS
analyses confirmed the proposed structures.

Antiproliferative activity

The compounds 1a–o were initially tested for their antiprolifer-
ative activity against a panel of eight tumor cell lines from five
different entities and one endothelial hybrid cell line (EA.hy926)
using MTT assays (Table 1). The previously published com-
pounds 1p and 1q served as reference compounds but showed
no activity in our experiments in the tested concentration
range.[10] Compounds 1a–d showed generally considerable
antiproliferative activities with IC50 values in the low one-digit
micromolar range. The bromo-derivatives 1a and 1c were
slightly more active than the iodo analogs 1b and 1d. 3,5-
Dibromo-4-methoxyphenyl derivative 1c was especially active
against HT-29 colon carcinoma cells (IC50 =0.5 μM).

Among the fluorophenyl derivatives, only 3,5-difluorophenyl
compound 1f exhibited moderate antiproliferative activities
while the 3,4-difluorophenyl and 3,4,5-trifluorophenyl deriva-
tives 1e and 1g were virtually inactive. In contrast to the
inactive compound 1e, its dichlorophenyl analog 1h was active
against HT-29, EA.hy926 and HCT-116 cells, while it remained
inactive against 518 A2, KB-V1 and MCF-7 cells. Hence, 1h
showed a certain degree of tumor type specificity. Particularly
interesting activities and selectivities were observed for the 3-
pentafluorothiophenyl derivative 1 j. It was highly active against
EA.hy926, HCT-116 p53� /� , and HT-29 cells (IC50 =0.15, 0.04,
and 0.4 μM, respectively), while it was inactive against the other
tumor cell lines. In contrast to that, the 3-cyanophenyl
derivative 1 l showed moderate but unspecific activity against
all tested cancer cell lines. Interestingly, the 4-ethynylphenyl
derivative 1m, which was designed for localization assays (see

below), showed moderate activity only against HCT-116, HCT-
116 p53� /� , and U87 cells. The 4-methylthiophenyl analog 1 i,
the 3-nitro-4-methoxyphenyl analog 1k, and the pyridyl
derivatives 1n and 1o showed no antiproliferative activities
below concentrations of 50 μM. Some of the compounds, e.g.,
1f, 1g and 1 l, might be a substrate of efflux transporter P-gp,
as cells treated with the P-gp inhibitor verapamil (VER) prior to
the application of these compounds gave rise to significantly
lower IC50 values when compared to those measured in the
absence of verapamil. By contrast, 1a–d displayed no significant
difference in IC50 values of verapamil treated and untreated KB-
V1 cervix carcinoma cells. They are thus unlikely to be P-gp
substrates, which fact might contribute to their superior activity.
To estimate their selectivity for cancer cells the three most
active compounds 1a, 1c and 1d were also tested on non-
malignant adult human dermal fibroblasts (HDFa) via MTT
assays. The selectivity index (SI) for all tested cancer cell lines
was calculated from the ratio of the average IC50 value and that
of HDFa cells (SI=IC50 HDFa/average IC50 of all cancer cell lines).
Since all three compounds showed high SI values (29.3 for 1a,
52.9 for 1c, 31.1 for 1d), they can be considered as selective for
cancer cells (Table S1, Supporting Information).[11]

The three most active compounds 1a (3,5-dibromo-4-meth-
oxy motif), 1c (3-bromo-4,5-dimethoxy motif) and 1d (3,5-
diiodo-4-methoxy motif) were selected for further mechanistic
studies. Despite its selectivity for and low IC50 values against
EA.hy926, HCT-116p53� /� and HT-29 cells, compound 1 j was
excluded because of its lower average cytotoxicity and poor
efficacy against the mainly used 518 A2 melanoma cell line.

Effect on tubulin polymerisation and the microtubules

The superior cytotoxicity of the methoxyphenyl derivatives 1a,
1c and 1d, which remotely structurally resemble combretasta-

Table 1. Inhibitory concentrations IC50
[a] [μM] of test compounds 1a–q when applied to 518 A2 melanoma, KB-V1Vbl MDR cervix carcinoma (treated with and

without 1 μM verapamil), U-87 MG likely glioblastoma, MCF-7 breast carcinoma, HT-29, HCT-116 and HCT-116p53� /� (p53 knockout mutant) colon
carcinoma, EA.hy926 endothelial hybrid cells, and HDFa human dermal fibroblasts.

EA.hy926 518 A2 HCT-116 HCT-116 p53� /� U87 HT-29 KB� V1Vb. KB� V1Vbl.

[1 μM VER]
MCF-7 HDFa

1a 1.8�0.1 1.9�0.1 3.2�0.1 2.2�0.2 4.2�0.2 6.4�0.9 4.9�0.3 4.2�0.2 1.9�0.08 >100
1b 6.2�0.2 2.9�0.1 6.7 �0.2 1.7�0.16 12.3�1.4 5.6�0.3 7.8�0.8 7.0�1.4 5.8�0.2 –
1c 1.0�0.06 1.8�0.2 1.5�0.05 1.9�0.1 3.4�0.2 0.5�0.05 3.0�0.2 2.8�0.2 1.1�0.1 >100
1d 2.8�0.07 1.5�0.1 3.1�0.1 2.9�0.06 5.5�0.3 2.5�0.2 3.7�0.06 3.5�0.08 3.4�0.2 >100
1e >50 – >50 >50 >50 >50 >50 – – –
1f 8.8�0.3 6.7�0.5 7.8�0.6 9.8�0.4 12.6�2.2 13.7�1.5 21.2�2.8 7.4�1.4 5.8�0.2 –
1g >50 >50 >50 >50 >50 >50 29.3�2.0 >50 >50 –
1h 7.0�0.5 >50 18.2�1.4 42�1.8 49.1�7.1 1.5�0.2 >50 >50 >50 –
1 i – – >50 >50 – >50 – – – –
1 j 0.15�0.02 >50 >50 0.04�0.008 >50 0.4�0.02 >50 >50 >50 –
1k – – >50 >50 – >50 – – – –
1 l 10.2�0.7 13.3�1.0 15.3�1.0 16.6�3.3 15.7�1.7 35.1�3.6 14.6�1.2 2.9�0.3 14.4�0.9 –
1m >50 >50 13.5�1.2 27.4�1.2 7.4�0.8 >50 >50 >50 >50 –
1n – – – >50 >50 – >50 – – –
1o – – >50 >50 >50 >50 >50 – – –
1p – >50 – – – – >50 >50 >50 –
1q – >50 – – – – >50 >50 >50 –

[a] Values are the means of at least four independent experiments (�SD). They were derived from concentration-response curves obtained by measuring
the percentage of vital cells relative to untreated controls after 72 h using MTT-assays.
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tin A-4 (C� A4), may be due to a C� A4-like interaction with
cellular tubulin.[12] Therefore, their effect on the in vitro polymer-
isation of tubulin was investigated (Figure 1A). As a component
of the cytoskeleton, microtubules are essential for a variety of
cellular processes including cell division, motility, transport, and
structure stability, making them a promising target for anti-
cancer therapeutics.[13] Interestingly, compound 1d caused the
strongest inhibition of the polymerisation of purified tubulin,
even though its cytotoxicity was lower than that of 1c,
suggesting that cellular targets other than tubulin might also
play a role in cytotoxicity. To investigate the effects on tubulin
within living cancer cells, the microtubules of 518 A2 melanoma
cells were fluorescently stained 24 h after treatment with 1 and
2.5 μM of 1a, 1c or 1d (Figure 1B). Vehicle treated cells had a
well-organized and structured tubulin-cytoskeleton, contrary to
C� A4 (0.1 μM) treated cells, which had no intact microtubules
except for some fragments. At concentrations of 1 μM, only 1d
showed a slight destabilizing effect, apparent from a reduction
and shortening of the microtubules. At a concentration of
2.5 μM, 1a and 1c also led to a strong decrease and
fragmentation of intact microtubules, confirming the results of
the polymerisation inhibition tests in vitro.

Centrosomal de-clustering

In addition to the effects on the cytoskeleton, we observed an
increase in bipolar and multipolar mitotic spindles for all three
compounds (Figure 2A). After treatment with 2.5 μM of com-
pound, the number of cells with bipolar spindles were slightly
increased for 1c (10%) and 1d (13%), whereas cells with
multipolar spindles increased by 11% for 1a, by 22% for 1c
and by 26% for 1d (Figure 2B). The increase in bipolar mitotic
spindles indicates that cells are prevalent in prometa- or
metaphase, which may be the consequence of an improper
chromosome alignment resulting in an M phase spindle
checkpoint arrest.[14] Unlike healthy somatic cells, most tumor
cells have multiple centrosomes, which would normally lead to
the formation of multiple mitotic spindles, resulting in deficient
chromosome segregation and cell death.[15] Therefore, inhibition
of centrosome clustering with the resulting induction of multi-
polar spindles and subsequent cell death would selectively
affect tumor cells.[16] As already described for other antimitotic
drugs, compounds 1a, 1c and 1d induced a significant increase
in multipolar mitotic spindles, suggesting a mode of action

Figure 1. (A) Effect of compounds 1a, 1c and 1d (5 μM) on in vitro tubulin
polymerisation as determined by a turbidimetric assay. Vehicle (DMSO) and
C� A4 (5 μM) served as controls. Data are representative of two independent
experiments and quoted as means �SD. (B) Images illustrating tubulin
cytoskeleton stained for α-tubulin in 518 A2 melanoma cells after 24 h
incubation with substances 1a, 1c and 1d (1 and 2.5 μM). Negative controls
were treated with an equivalent amount of vehicle (DMSO) and positive
controls were treated with 100 nM C� A4. Images are representative of at
least three independent experiments. Magnification 630× .

Figure 2. (A) Effect of compounds 1a, 1c and 1d (1 and 2.5 μM) on spindle
apparatus formation and accumulation of multipolar spindles with α-tubulin
staining. Vehicle (DMSO) served as a control. Images are representative of at
least three independent experiments. Magnification 100× . The insets show
enlarged image sections with multipolar spindles (B) Histograms represent
the percentage of cells with bipolar spindle apparatus (green) displaying
cells in mitotic phase and multipolar spindle apparatus (red) displaying
defective declustered spindles. 500–800 cells were counted per condition of
3 independent experiments. The significance was given as *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001 against control for each concentra-
tion, One-way ANOVA with Dunnett’s multiple comparison test (GraphPad
Prism 7).
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through interference with spindle tension and subsequent
inhibition of centrosome clustering.[17] Furthermore, it is
possible that 1a, 1c and 1d inhibit other key enzymes involved
in centrosome-cluster formation.[18]

In recent studies the inhibition of centrosome clustering has
been described as a promising approach for selectively
targeting cancer cells.[19] As cancer cells rely on centrosome
clustering for survival, whereas healthy cells with normal
centrosome complement are hardly affected, centrosome
declustering could offer an opportunity for chemotherapy with
few side effects.

Effects on cell cycle and CDK1/CyclinA2 activity

To investigate this more closely, substance-treated cells were
analysed by FACS and the percentage of cells in the respective
cell cycle phase was determined. Upon treatment of 518 A2
melanoma cells with 2.5 μM of 1a, 1c or 1d for 12 h, an arrest
in the G2/M-phase was observed for all three substances, most
pronounced so for 1d with an increase of cells in this phase of
26% (Figure 3A). This supports the assumption that the cell
cycle is also influenced by the inhibition of tubulin polymer-
isation as already shown. During cell cycle, the balance between
tubulin dimers and microtubules plays a crucial role for
successful mitosis.[20] This supports the assumption that the cell

cycle is also influenced by the inhibition of tubulin polymer-
isation as already shown. During cell cycle, the balance between
tubulin dimers and microtubules plays a crucial role for
successful mitosis.[20]

Obstruction of tubulin polymerisation also prevents the
formation of kinetochore microtubules, which are supposed to
separate the sister chromatids during anaphase, consequently
leading to a G2/M-phase arrest.[21] A moderate increase of cells
in the sub-G1 phase was observed only for 1a and 1d,
indicating that cell death is already occurring. To clarify whether
an apoptotic mechanism was triggered, caspase-3/7 activity
was measured after compound treatment. No significant
increase of this activity was observed, which supports the
notion of an apoptosis-independent cell death (Figure S2,
Supporting Information). In line with the effect of centrosome
de-clustering, a mitotic catastrophe is the most likely mode of
cell death, triggered by aberrant mitosis and leading to the
formation of micronuclei and subsequent cell death.[22] Cells
that survive are more likely to get aneuploid through incorrect
chromosome segregation causing chromosomal instability
(CIN).[23] CIN occurs in a variety of cancer types and is
responsible for numerical changes in chromosomes.[24] Alter-
ations result in proliferative advantages but also increased
susceptibility to the accumulation of chromosomal defects.[25]

Cell cycle regulating cyclin dependent kinases (CDKs) play a
crucial role, as they control various cell cycle checkpoints and
prevent uncontrolled cell division in normal cells.[26] Further-
more, it has been shown that certain CDKs are overexpressed in
tumor cells, which makes them an interesting target in cancer
therapy.[27] The CDKs 1, 2, 4, and 6 with their regulatory cyclin-
subunits A, B, D, and E are directly involved in cell cycle
progression and essential for proliferation.[28] Apart from CDK1,
all other CDKs are redundant and are therefore not essential for
successful cell division.[29] The CDK1/Cyclin A2 ADP-Glo assay
system (Promega) was used to determine the inhibitory
potential of 1a, 1c and 1d (Figure 3B). Although inferior to the
positive control staurosporine (STA), 1c and 1d caused a
significant decrease in CDK1-activity at concentrations of 1 μM.
In addition to their antimitotic properties, this is another mode
of action that explains the G2/M-arrest and provides a reason
for the high selectivity for cancer over non-malignant cells.

Intracellular localization

The cellular localization of the ethynyl-substituted derivative
1m in 518 A2 melanoma cells was investigated via copper
catalysed azide-alkyne click reactions using 3-azido-7-hydrox-
ycoumarin, CuSO4 and sodium ascorbate in bovine serum
albumin (BSA) buffer (Figure 4).[30]

This fluorogenic method employs a bio-orthogonal reaction
proceeding under mild conditions and applicable to a variety of
bioconjugations.[31] Pearsons Correlation Coefficient (PCC) and
Li’s Intensity Correlation Quotient (LICQ) of cells co-stained with
DAPI (4’,6-diamidino-2-phenylindole) were calculated using
imageJ (Coloc2 plugin).[32] High PCC and LICQ values of 0.86
(1 corresponds to a complete colocalization) and 0.441 (0.5 cor-

Figure 3. (A) Ratio of cells in different cycle phases of 518 A2 melanoma cells
after 12 h incubation with compounds 1a, 1c and 1d (2.5 μM). Negative
controls were treated with an equivalent amount of solvent (DMSO) and
positive controls with C� A4 (100 nM). The assay was performed in triplicate
and quoted as means �SD. (B) Inhibition of the cell cycle regulating CDK1/
Cyclin A2 complex assessed by Kinase Enzyme Assay Kit (Promega). 1a, 1c,
1d and positive control staurosporine (STA; 1 μm) were tested in duplicate
and DMSO served as negative control. The significance was given as
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 against control, Two-way
ANOVA (A), One-way ANOVA (B), with Dunnett’s multiple comparison test
(GraphPad Prism 7).
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responds to a complete colocalization) after 60 min, indicated
an accumulation of 1m mainly in the nuclei. Assuming that
compounds 1a, 1c, and 1d accumulate in the nuclei, too, this
finding is consistent with the observed CDK1 interference of the
latter. Albeit not as strong as in the nucleus, a slight
fluorescence occurs in the cytoplasm, that falls in line with the
observed inhibition of tubulin polymerization, and correct
spindle formation that take place predominantly in the
cytoplasm.[33]

Inhibition of tube-formation by EA.hy926 cells

Microtubule-targeting agents (MTAs) do not only affect cell
division and proliferation, but also the formation of new blood
vessels.[34] The recruitment of new blood vessels (angiogenesis)
is essential for the growth of solid tumors, as it facilitates the
supply of nutrients and oxygen.[35] In addition, highly vascular-
ized tumors have a considerably higher metastatic potential,

Figure 4. Localization of alkyne-substituted compound 1m (50 μM) in
518 A2 melanoma cells after incubation for 15 and 60 min. The internalised
compound was then fluorescently labelled using a copper(I)-catalysed azide-
alkyne cycloaddition with 3-azido-7-hydroxycoumarin (red, λex =404/
λem =477 nm). Colocalized nuclei were stained with Nuclear Green (blue,
λex =503/λem =526 nm). The experiment was carried out in triplicate.
Magnification 630× . Pearson correlation coefficient (PCC) and Li’s colocaliza-
tion quotient (LICQ) were calculated for the merged images via imageJ
(Coloc2 plugin).

Figure 5. (A) Effect of compounds 1a, 1c and 1d (1 and 2.5 μM) on the
ability of EA.hy926 endothelial hybrid cells to form vessel-like structures on
Matrigel® after 3 h. Negative controls were treated with vehicle (DMSO) and
positive controls with C� A4 (100 nM). Images are representative of three
independent experiments. The vitality (assessed by MTT-assay) of treated
cells was >80% compared to controls set to 100%. Magnification 100× . (B)
Number of junctions, master segments (MS), MS length and meshes as
representative parameters of tube-formation assays as percent of control
measured with imageJ (angiogenesis analysing plugin).[41]

Figure 6. (A) Antiangiogenic effects of 1a, 1c and 1d (0.5 and 1 μM) on the
subintestinal veins (SIV) of zebrafish embryos (24 hpf) after 48 h exposure.
Negative controls were treated with vehicle DMSO and positive controls
with axitinib (1 μm). Images are representative of at least 22 identically
treated zebrafish. (B) Area of SIVs illustrated as the mean �SD of each
measurement was quantified using ImageJ. For 1c and 1d, concentrations
above 1 μm were too toxic to be tested. The significance was given as
*p<0.05; ****p<0.0001 against control, One-way ANOVA, with Dunnett’s
multiple comparison test (GraphPad Prism 7).
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due to a likelier intravasation of migrating cancer cells.[36,37] For
several MTAs such as paclitaxel, colchicine or C� A4, anti-
angiogenic effects were demonstrated in various studies, which
primarily identified microtubule-dependent processes like mi-
gration, cell-adhesion or sprouting as targets.[38,39] The in vitro
tube formation assay was now used to determine the anti-
angiogenic properties of compounds 1a, 1c, and 1d (Fig-
ure 5A).[40]

This angiogenesis model is based on the ability of Ea.hy926
endothelial hybrid cells to form tubular and vessel-like
structures on a basement membrane matrix.[42] For all three
compounds, a concentration-dependent effect was demon-
strated. Compound 1c led to a complete inhibition of tube
formation at concentrations as low as 1 μm, like the positive
control C� A4. Compound 1a at 1 μM caused a decrease in
cord-like junctions but cells were still able to form small tubes
and cell agglomerates. Compound 1d caused a significant
reduction of vessel-like structures only at 2.5 μM. The images
were analysed with imageJ (angiogenesis-analysing tool) and
compared for the number of junctions, meshes, master seg-
ments (MS) and length of MS (Figure 5B). The vitality of the cells
was determined by MTT assay to be higher than 80% compared
to negative controls (Table S3, Supporting Information).

Antiangiogenic effects in zebrafish

As an in vivo study, the angiogenesis of zebrafish larvae
24 hours post fertilization (hpf) was observed by monitoring the
development of the subintestinal veins (SIV) during treatment
with 1a, 1c and 1d (0.5 and 1 μM).[43] Transgenic casper-
zebrafish embryos (fli1:EGFP), lacking melanocytes and reflect-
ing iridophores and expressing enhanced green fluorescent
protein (EGFP) in their blood vessels, were used to analyse the
anti-angiogenic effects by fluorescence microscopy (Fig-
ure 6A).[44,45]

Surprisingly, the most potent compound in tube formation
inhibition, 1c, failed to show significant anti-angiogenic effects
in vivo. Concentrations above 1 μM of 1c and 1d were too toxic
for the zebrafish larvae. 1a and 1d, however, showed a
decrease in SIV-area by 24% (1a, 1 μM) and 43% (1d, 1 μM)
compared to untreated zebrafish (Figure 6B). In summary, while
1d had the strongest anti-angiogenic effect, 1a was less toxic
to vertebrates at concentrations above 1 μM.

Conclusion

The evaluation of the fifteen 2-amino-4-aryl-5-oxo-4,5-
dihydropyrano[3,2-c]chromene-3-carbonitriles 1a–o against a
panel of tumor cell lines revealed that in particular, 1a (3,5-
dibromo-4-methoxyphenyl motif), 1c (3-bromo-4,5-dimeth-
oxyphenyl motif) and 1d (3,5-diiodo-4-methoxyphenyl motif)
with halogen-substituted aryl residues proved highly active and
selective against cancer cells of five different entities. Although
not as potent as the remotely related vascular disrupting
natural combretastatin-A4, the compounds 1a, 1c and 1d

inhibited tubulin polymerization and destabilized the micro-
tubule cytoskeleton of cancer cells. Cancer cells treated with
any one of these three compounds showed the phenomenon
of centrosomal de-clustering, normally appearing in cancer cells
that cannot build a bipolar spindle apparatus, resulting in
genome instability and subsequent cell death. Although many
mechanisms of centrosome clustering are still unknown, it
provides an effective and cancer-specific target for future
therapies.[46] Intracellular localization of the ethynyl-substituted
derivative 1m via an alkyne-azide click reaction to give a
fluorescent triazole revealed its accumulation in the nucleus.
This finding nicely matched the observed inhibition of CDK1/
CyclinA2 and mitotic arrest by the 1m-analogues 1a, 1c and
1d. Furthermore, concentration dependent anti-angiogenic
effects of these compounds were demonstrated in vitro by their
inhibition of tube formation by EA.hy926 endothelial hybrid
cells and in vivo by a significantly reduced development of
subintestinal veins of zebrafish embryos treated with them. The
development of new blood vessels, which is important for the
growth and spread of tumors, can be inhibited by these
substances, reducing cancer cell invasion and metastasis.[36,37] In
summary, the 3’,5’-diiodo-4’-methoxy derivative 1d stood out
as the most promising compound of this new series of 2-amino-
4-aryl-5-oxo-4,5-dihydropyrano[3,2-c]chromene-3-carbonitriles
with pleiotropic character. Based on its antiproliferative and
antimetastatic properties, as well as its distinct selectivity for
cancer cells and its rare centrosome declustering effect in
cancer cells, 1d might be a good starting point for further
optimization and investigation.

Experimental Section

General

All starting compounds were purchased from Aldrich, Alfa Aesar
and TCI. The known compounds 1n–q were prepared according to
literature procedures.[10,47] The following instruments were applied
for this study: melting points (uncorrected), Gallenkamp; IR spectra,
Perkin-Elmer Spectrum One FT-IR spectrophotometer with ATR
sampling unit; nuclear magnetic resonance spectra, BRUKER Avance
300 spectrometer; chemical shifts are given in parts per million (δ)
downfield from tetramethylsilane as internal standard; mass
spectra, Varian MAT 311 A (EI), UPLC/Orbitrap (ESI); microanalyses,
Perkin-Elmer 2400 CHN elemental analyzer. All tested compounds
were >95% pure by elemental analysis.

Chemistry and Synthesis

2-Amino-4-(3-bromo-4,5-dimethoxyphenyl)-5-oxo-4,5-dihydro-
pyrano[3,2-c]chromene-3-carbonitrile (1a)

3-Bromo-4,5-dimethoxybenzaldehyde (245 mg, 1.0 mmol) and ma-
lononitrile (70 mg, 1.0 mmol) were dissolved in MeCN (5 mL) and
three drops of Et3N were added. The reaction mixture was stirred at
room temperature for 30 min. 4-Hydroxycoumarin (162 mg,
1.0 mmol) was added and the reaction mixture was stirred at room
temperature for 16 h. The formed precipitate was collected, washed
with MeCN and n-hexane and dried in vacuum. Yield: 156 mg
(0.34 mmol, 34%); colorless solid of m.p. 237 °C; IR (ATR): νmax =
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3418, 3316, 3186, 2938, 2202, 1703, 1664, 1603, 1567, 1492, 1457,
1428, 1415, 1375, 1306, 1280, 1258, 1236, 1208, 1176, 1152, 1131,
1114, 1048, 998, 961, 904, 860, 833, 797, 769, 757, 784, 710, 676,
655, 629, 617, 577 cm� 1; 1H NMR (300 MHz, [D6]DMSO): δ=3.71 (s,
3H), 3.80 (s, 3H), 4.48 (s, 1H), 6.98 (d, J=2.0 Hz, 1H), 7.02 (d, J=

2.0 Hz, 1H), 7.4–7.5 (m, 4H), 7.7–7.8 (m, 1H), 7.89 (dd, J=7.9 Hz,
1.4 Hz, 1H); 13C NMR (75.5 MHz, [D6]DMSO): δ=36.5, 56.1, 57.4, 60.0,
103.1, 112.3, 113.1, 116.6, 119.1, 122.6, 123.0, 124.6, 132.9, 140.8,
144.7, 152.2, 153.2, 153.7, 158.0, 159.6; MS (70 eV): m/z (%): 456 (63)
[M]+, 454 (66) [M]+, 425 (7), 423 (8), 390 (12), 388 (12), 375 (53), 359
(7), 309 (15), 239 (100), 121 (32), 66 (10); elemental analysis calcd
(%) for C21H15BrN2O5: C 55.40, H 3.32, N 6.15; found: C 55.50, H 3.39,
N 6.08.

2-Amino-4-(3-iodo-4,5-dimethoxyphenyl)-5-oxo-4,5-dihydro-
pyrano[3,2-c]chromene-3-carbonitrile (1b)

3-Iodo-4,5-dimethoxybenzaldehyde (292 mg, 1.0 mmol) and malo-
nonitrile (70 mg, 1.0 mmol) were dissolved in MeCN (5 mL) and
three drops of Et3N were added. The reaction mixture was stirred at
room temperature for 30 min. 4-Hydroxycoumarin (162 mg,
1.0 mmol) was added and the reaction mixture was stirred at room
temperature for 16 h. The formed precipitate was collected, washed
with MeCN and n-hexane and dried in vacuum. Yield: 156 mg
(0.34 mmol, 34%); colorless solid of m.p. 237 °C; IR (ATR): νmax =

3415, 3317, 3184, 2936, 2203, 1704, 1663, 1603, 1564, 1476, 1457,
1425, 1412, 1377, 1306, 1276, 1258, 1235, 1207, 1177, 1152, 1131,
1115, 1038, 998, 961, 903, 860, 820, 796, 767, 756, 721, 709, 675,
652, 628, 617 cm� 1; 1H NMR (300 MHz, [D6]DMSO): δ=3.68 (s, 3H),
3.77 (s, 3H), 4.45 (s, 1H), 6.97 (s, 1H), 7.17 (s, 1H), 7.4–7.6 (m, 4H),
7.7–7.8 (m, 1H), 7.89 (d, J=7.9 Hz, 1H); 13C NMR (75.5 MHz,
[D6]DMSO): δ=36.3, 56.0, 57.5, 59.7, 92.7, 103.3, 113.1, 116.6, 119.1,
122.6, 124.6, 128.6, 132.9, 141.5, 147.2, 152.1, 152.2, 153.6, 158.0,
159.6; MS (70 eV): m/z (%): 502 (63) [M]+, 436 (37), 309 (42), 239
(100), 121 (42); C21H15IN2O5: C 50.22, H 3.01, N 5.58; found: C 50.31,
H 3.06, N 5.50.

2-Amino-4-(3,5-dibromo-4-methoxyphenyl)-5-oxo-4,5-dihydro-
pyrano[3,2-c]chromene-3-carbonitrile (1c)

3,5-Dibromo-4-methoxybenzaldehyde (293 mg, 1.0 mmol) and ma-
lononitrile (70 mg, 1.0 mmol) were dissolved in MeCN (5 mL) and
three drops of Et3N were added. The reaction mixture was stirred at
room temperature for 30 min. The formed precipitate was redis-
solved by heating and 4-hydroxycoumarin (162 mg, 1.0 mmol) was
added. The reaction mixture was stirred at room temperature for
2 h. The formed precipitate was collected, washed with MeCN and
n-hexane and dried in vacuum. Yield: 240 mg (0.48 mmol, 48%);
colorless solid of m.p. 274–275 °C; IR (ATR): νmax =3388, 3322, 3256,
3215, 3194, 2944, 2923, 2857, 2822, 2197, 1714, 1667, 1639, 1605,
1547, 1495, 1466, 1456, 1420, 1398, 1381, 1324, 1307, 1276, 1257,
1207, 1176, 1115, 1050, 987, 957, 904, 872, 801, 772, 762, 749, 737,
719, 712, 676 cm� 1; 1H NMR (300 MHz, [D6]DMSO): δ=3.78 (s, 3H),
4.53 (s, 1H), 7.4–7.5 (m, 2H), 7.51 (s, 2H), 7.60 (s, 2H), 7.7–7.8 (m, 1H),
7.8–7.9 (m, 1H); 13C NMR (75.5 MHz, [D6]DMSO): δ=35.9, 57.0, 60.4,
102.6, 113.1, 116.6, 117.4, 119.0, 122.7, 124.6, 132.1, 133.0, 142.6,
152.3, 154.0, 158.0, 159.7; MS (70 eV): m/z (%): 506 (9) [M]+, 504 (18)
[M]+, 502 (9) [M]+, 438 (9), 425 (15), 423 (16), 359 (12), 357 (11), 239
(100), 121 (23); C20H12Br2N2O4: C 47.65, H 2.40, N 5.56; found: C
47.72, H 2.45, N 5.49.

2-Amino-4-(3,5-diiodo-4-methoxyphenyl)-5-oxo-4,5-dihydro-
pyrano[3,2-c]chromene-3-carbonitrile (1d)

3,5-Diiodo-4-methoxybenzaldehyde (388 mg, 1.0 mmol) and malo-
nonitrile (70 mg, 1.0 mmol) were dissolved in MeCN (3 mL) and
three drops of Et3N were added. The reaction mixture was stirred at
room temperature for 30 min. 4-Hydroxycoumarin (162 mg,
1.0 mmol) was added, the reaction mixture was stirred at room
temperature for 1 h. The formed precipitate was collected, washed
with MeCN/H2O, and dried in vacuum. Yield: 322 mg (0.54 mmol,
54%); colorless solid of m.p. 277–278 °C; IR (ATR): νmax =3655, 3322,
3288, 3254, 3209, 2177, 2932, 2197, 1712, 1673, 1637, 1607, 1538,
1492, 1457, 1412, 1400, 1376, 1327, 1310, 1284, 1272, 1251, 1211,
1171, 1112, 1059, 995, 958, 907, 800, 768, 746, 736, 710, 699 cm� 1;
1H NMR (300 MHz, [D6]DMSO): δ=3.73 (s, 3H), 4.47 (s, 1H), 7.4–7.5
(m, 4H), 7.7–7.8 (m, 3H), 7.89 (d, J=7.9 Hz, 1H); 13C NMR (75.5 MHz,
[D6]DMSO): δ=35.3, 57.1, 60.2, 91.4, 102.8, 113.1, 116.6, 119.0,
122.6, 124.6, 133.0, 138.7, 143.1, 152.2, 153.8, 157.4, 158.0, 159.6; MS
(70 eV): m/z (%): 598 (20) [M]+, 532 (15), 405 (31), 239 (100), 121
(23); C20H12I2N2O4: C 40.16, H 2.02, N 4.68; found: C 40.28, H 2.08, N
4.62.

2-Amino-4-(3,4-difluorophenyl)-5-oxo-4,5-dihydropyrano[3,2-c]-
chromene-3-carbonitrile (1e)

3,4-Difluorobenzaldehyde (142 mg, 1.0 mmol) and malononitrile
(70 mg, 1.0 mmol) were dissolved in MeCN (5 mL) and three drops
of Et3N were added. The reaction mixture was stirred at room
temperature for 30 min. The formed precipitate was redissolved by
heating and 4-hydroxycoumarin (162 mg, 1.0 mmol) was added.
The reaction mixture was stirred at room temperature for 16 h. The
formed precipitate was collected, washed with MeCN and n-hexane
and dried in vacuum. Yield: 180 mg (0.51 mmol, 51%); colorless
solid of m.p. 248–249 °C; IR (ATR) νmax =3366, 3323, 3301, 3261,
3193, 2942, 2200, 1716, 1673, 1641, 1606, 1578, 1519, 1493, 1456,
1436, 1411, 1376, 1326, 1315, 1288, 1274, 1257, 1208, 1171, 1137,
1112, 1056, 1023, 960, 932, 922, 905, 871, 838, 823, 808, 778, 763,
753, 745, 722, 710, 698, 677, 648, 626, 615, 599, 588, 576 cm� 1; 1H
NMR (300 MHz, [D6]DMSO): δ=4.53 (s, 1H), 7.1–7.2 (m, 1H), 7.3–7.5
(m, 6H), 7.7–7.8 (m, 1H), 7.89 (dd, J=7.9 Hz, 1.4 Hz, 1H); 13C NMR
(75.5 MHz, [D6]DMSO): δ=36.3, 57.3, 103.0, 113.0, 116.5, 116.7,
116.9, 117.2, 117.4, 119.0, 122.6, 124.6, 133.0, 141.1, 147.6, 150.2,
152.2, 153.7, 157.9, 159.6; MS (70 eV): m/z (%): 352 (34) [M]+, 239
(100), 121 (31); C19H10F2N2O3: C 64.78, H 2.86, N 7.95; found: C 64.84,
H 2.90, N 7.89.

2-Amino-4-(3,5-difluorophenyl)-5-oxo-4,5-dihydropyrano[3,2-c]-
chromene-3-carbonitrile (1 f)

3,5-Difluorobenzaldehyde (142 mg, 1.0 mmol) and malononitrile
(70 mg, 1.0 mmol) were dissolved in MeCN (5 mL) and three drops
of Et3N were added. The reaction mixture was stirred at room
temperature for 30 min. The formed precipitate was redissolved by
heating and 4-hydroxycoumarin (162 mg, 1.0 mmol) was added.
The reaction mixture was stirred at room temperature for 16 h. The
formed precipitate was collected, washed with MeCN and n-hexane
and dried in vacuum. Yield: 95 mg (0.27 mmol, 27%); colorless solid
of m.p. 238 °C; IR (ATR): νmax =3406, 3322, 3256, 3218, 3193, 3086,
3055, 2195, 1694, 1664, 1622, 1606, 1594, 1495, 1456, 1445, 1416,
1382, 1305, 1276, 1253, 1205, 1179, 1154, 1124, 1115, 1063, 1022,
993, 970, 945, 905, 856, 796, 782, 766, 759, 720, 688, 672 cm� 1; 1H
NMR (300 MHz, CDCl3/ D6]DMSO): δ=4.50 (s, 1H), 6.46 (s, 2H), 6.6–
6.7 (m, 1H), 6.8–6.9 (m, 2H), 7.3–7.4 (m, 2H), 7.5–7.6 (m, 1H), 7.83
(dd, J=9.5 Hz, 1.6 Hz, 1H); 13C NMR (75.5 MHz, D6]DMSO): δ=36.4,
58.2, 102.0, 102.4, 102.7, 103.0, 110.2, 110.5, 112.4, 116.2, 118.2,
122.3, 124.1, 132.4, 146.0, 152.1, 153.6, 158.0, 159.5, 160.6, 160.8,
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164.1; MS (70 eV): m/z (%): 352 (42) [M]+, 240 (23), 239 (100), 121
(23); C19H10F2N2O3: C 64.78, H 2.86, N 7.95; found: C 64.82, H 2.91, N
7.90.

2-Amino-4-(3,4,5-trifluorophenyl)-5-oxo-4,5-dihydro-
pyrano[3,2-c]chromene-3-carbonitrile (1g)

3,4,5-Trifluorobenzaldehyde (160 mg, 1.0 mmol) and malononitrile
(70 mg, 1.0 mmol) were dissolved in MeCN (3 mL) and three drops
of Et3N were added. The reaction mixture was stirred at room
temperature for 30 min. 4-Hydroxycoumarin (162 mg, 1.0 mmol)
was added, the reaction mixture was stirred at room temperature
for 1 h. The formed precipitate was collected, washed with MeCN/
H2O, and dried in vacuum. Yield: 145 mg (0.39 mmol, 39%);
colorless solid of m.p. 236–237 °C; IR (ATR): νmax =3402, 3319, 3257,
3212, 3191, 2198, 1708, 1665, 1629, 1604, 1528, 1495, 1448, 1414,
1380, 1342, 1307, 1275, 1254, 1239, 1204, 1178, 1151, 1114, 1056,
1040, 972, 953, 905, 865, 809, 796, 780, 757, 715, 706, 684,
662 cm� 1; 1H NMR (300 MHz, [D6]DMSO): δ=4.57 (s, 1H), 7.3–7.4 (m,
2H), 7.5–7.6 (m, 4H), 7.7–7.8 (m, 1H), 7.89 (d, J=7.9 Hz, 1H); 13C NMR
(75.5 MHz, [D6]DMSO): δ=36.4, 56.8, 102.3, 112.4, 112.7, 113.1,
116.5, 118.8, 122.7, 124.6, 133.0, 140.7, 148.5, 152.3, 154.1, 158.0,
159.6; MS (70 eV): m/z (%): 370 (28) [M]+, 239 (100), 121 (44), 92
(23); C19H9F3N2O3: C 61.63, H 2.45, N 7.57; found: C 61.71, H 2.50, N
7.51.

2-Amino-4-(3,4-dichlorophenyl)-5-oxo-4,5-dihydropyrano[3,2-c]-
chromene-3-carbonitrile (1h)

3,4-Dichlorobenzaldehyde (175 mg, 1.0 mmol) and malononitrile
(70 mg, 1.0 mmol) were dissolved in MeCN (3 mL) and three drops
of Et3N were added. The reaction mixture was stirred at room
temperature for 30 min. 4-Hydroxycoumarin (162 mg, 1.0 mmol)
was added, the reaction mixture was stirred at room temperature
for 1 h. The formed precipitate was collected, washed with MeCN/
H2O, and dried in vacuum. Yield: 190 mg (0.49 mmol, 49%);
colorless solid of m.p. 244–245 °C; IR (ATR): νmax =3394, 3320, 3250,
3209, 3192, 2206, 1694, 1666, 1604, 1496, 1468, 1456, 1399, 1378,
1312, 1275, 1254, 1208, 1177, 1147, 1114, 1061, 1027, 958, 906, 838,
780, 761, 730, 699, 675 cm� 1; 1H NMR (300 MHz, [D6]DMSO): δ=4.55
(s, 1H), 7.3–7.4 (m, 1H), 7.4–7.6 (m, 6H), 7.7–7.8 (m, 1H), 7.89 (d, J=

7.8 Hz, 1H); 13C NMR (75.5 MHz, [D6]DMSO): δ=36.2, 57.0, 102.8,
113.0, 116.6, 118.9, 122.6, 124.6, 128.3, 129.7, 129.9, 130.6, 131.0,
133.0, 144.4, 152.3, 153.9, 158.0, 159.6; MS (70 eV): m/z (%): 386 (11)
[M]+, 384 (16) [M]+, 239 (100), 121 (22); C19H10Cl2N2O3: C 59.24, H
2.62, N 7.27; found: C 59.32, H 2.68, N 7.22.

2-Amino-4-(4-methylthiophenyl)-5-oxo-4,5-dihydro-
pyrano[3,2-c]chromene-3-carbonitrile (1 i)

4-Methylsulfanylbenzaldehyde (152 mg, 1.0 mmol) and malononi-
trile (70 mg, 1.0 mmol) were dissolved in MeCN (5 mL) and three
drops of Et3N were added. The reaction mixture was stirred at room
temperature for 30 min. The formed precipitate was redissolved by
heating and 4-hydroxycoumarin (162 mg, 1.0 mmol) was added.
The reaction mixture was stirred at room temperature for 16 h. The
formed precipitate was collected, washed with MeCN and n-hexane
and dried in vacuum. Yield: 150 mg (0.41 mmol, 41%); colorless
solid of m.p. 235 °C; IR (ATR): νmax =3388, 3321, 3253, 3192, 2917,
2193, 1705, 1667, 1605, 1493, 1456, 1435, 1407, 1378, 1328, 1305,
1273, 1253, 1206, 1175, 1112, 1090, 1047, 1014, 957, 903, 834, 773,
755, 727, 700, 676, 646, 618, 578, 558 cm� 1; 1H NMR (300 MHz,
[D6]DMSO): δ=2.44 (s, 3H), 4.42 (s, 1H), 7.1–7.2 (m, 4H), 7.4–7.5 (m,
4H), 7.7–7.8 (m, 1H), 7.90 (dd, J=7.9 Hz, 1.4 Hz, 1H); 13C NMR
(75.5 MHz, [D6]DMSO): δ=14.7, 36.5, 57.8, 103.9, 113.0, 116.6, 119.2,

122.5, 124.7, 126.0, 128.3, 132.9, 136.8, 140.0, 152.1, 153.3, 157.9,
159.5; MS (70 eV): m/z (%): 362 (96) [M]+, 315 (70). 296 (25), 249
(42), 239 (100), 121 (24); C20H14N2O3S: C 66.29, H 3.89, N 7.73; found:
C 66.35, H 3.96, N 7.77.

2-Amino-4-(3-pentafluorothiophenyl)-5-oxo-4,5-dihydro-
pyrano[3,2-c]chromene-3-carbonitrile (1 j)

3-Pentafluorothiobenzaldehyde (232 mg, 1.0 mmol) and malononi-
trile (70 mg, 1.0 mmol) were dissolved in MeCN (5 mL) and three
drops of Et3N were added. The reaction mixture was stirred at room
temperature for 30 min. The formed precipitate was redissolved by
heating and 4-hydroxycoumarin (162 mg, 1.0 mmol) was added.
The reaction mixture was stirred at room temperature for 16 h. The
formed precipitate was collected, washed with MeCN and n-hexane
and dried in vacuum. Yield: 270 mg (0.61 mmol, 61%); colorless
solid of m.p. 285 °C; IR (ATR): νmax =3416, 3326, 3256, 3222, 3194,
3117, 3076, 2200, 1706, 1668, 1636, 1604, 1495, 1484, 1456, 1435,
1411, 1380, 1331, 1305, 1275, 1260, 1206, 1176, 1114, 1053, 956,
907, 881, 851, 835, 817, 789, 771, 761, 747, 725, 710, 687 cm� 1; 1H
NMR (300 MHz, [D6]DMSO): δ=4.70 (s, 1H), 7.4–7.6 (m, 6H), 7.7–7.9
(m, 3H), 7.91 (dd, J=7.9 Hz, 1.4 Hz, 1H); 13C NMR (75.5 MHz,
[D6]DMSO): δ=36.8, 57.1, 102.9, 112.9, 116.6, 118.9, 122.6, 124.7,
125.1, 129.8, 131.7, 133.1, 145.0, 152.3, 152.6, 153.9, 158.1, 159.6; MS
(70 eV): m/z (%): 442 (18) [M]+, 314 (8), 239 (100), 121 (17);
C19H11F5N2O3S: C 51.59, H 2.51, N 6.33; found: C 51.67, H 2.56, N
6.30.

2-Amino-4-(3-nitro-4-methoxyphenyl)-5-oxo-4,5-dihydro-
pyrano[3,2-c]chromene-3-carbonitrile (1k)

4-Methoxy-3-nitrobenzaldehyde (181 mg, 1.0 mmol) and malononi-
trile (70 mg, 1.0 mmol) were dissolved in MeCN (5 mL) and three
drops of Et3N were added. The reaction mixture was stirred at room
temperature for 30 min. The formed precipitate was redissolved by
heating and 4-hydroxycoumarin (162 mg, 1.0 mmol) was added.
The reaction mixture was stirred at room temperature for 16 h. The
formed precipitate was collected, washed with MeCN and n-hexane
and dried in vacuum. Yield: 180 mg (0.46 mmol, 46%); colorless
solid of m.p. 246–247 °C; IR (ATR): νmax =3368, 3329, 3298, 3284,
3249, 3211, 3187, 3055, 2947, 2846, 2196, 1716, 1698, 1671, 1619,
1604, 1578, 1526, 1497, 1458, 1411, 1378, 1356, 1321, 1308, 1281,
1251, 1210, 1181, 1114, 1087, 1063, 1017, 963, 906, 845, 824, 763,
702, 672 cm� 1; 1H NMR (300 MHz, [D6]DMSO): δ=3.90 (s, 3H), 4.57
(s, 1H), 7.30 (d, J=8.8 Hz, 1H), 7.4–7.5 (m, 4H), 7.6–7.8 (m, 2H), 7.79
(d, J=2.3 Hz, 1H), 7.9–8.0 (m, 1H); 13C NMR (75.5 MHz, [D6]DMSO):
δ=35.9, 56.7, 57.2, 103.0, 113.1, 114.2, 116.6, 119.1, 122.6, 123.9,
124.6, 133.0, 133.8, 135.8, 139.2, 150.9, 152.2, 153.7, 158.0, 159.6; MS
(70 eV): m/z (%): 391 (22) [M]+, 374 (20), 325 (20), 239 (100), 121
(27); C20H13N3O6: C 61.38, H 3.35, N 10.74; found: C 61.46, H 3.41, N
10.66.

2-Amino-4-(3-cyanophenyl)-5-oxo-4,5-dihydropyrano[3,2-c]-
chromene-3-carbonitrile (1 l)

3-Cyanobenzaldehyde (131 mg, 1.0 mmol) and malononitrile
(70 mg, 1.0 mmol) were dissolved in MeCN (3 mL) and three drops
of Et3N were added. The reaction mixture was stirred at room
temperature for 30 min. The formed precipitate was redissolved by
heating and 4-hydroxycoumarin (162 mg, 1.0 mmol) was added.
The reaction mixture was stirred at room temperature for 1 h. The
formed precipitate was collected, washed with MeCN and n-hexane
and dried in vacuum. Yield: 197 mg (0.58 mmol, 58%); colorless
solid of m.p. 278 °C; IR (ATR): νmax =3400, 3322, 3291, 3253, 3215,
3194, 3076, 2233, 2201, 1722, 1675, 1638, 1602, 1495, 1456, 1435,
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1417, 1376, 1327, 1302, 1273, 1255, 1213, 1196, 1171, 1112, 1098,
1056, 1012, 957, 928, 901, 876, 817, 789, 779, 762, 744, 703 cm� 1; 1H
NMR (300 MHz, [D6]DMSO): δ=4.59 (s, 1H), 7.4–7.6 (m, 5H), 7.6–7.8
(m, 3H),7.8–7.9 (m, 2H); 13C NMR (75.5 MHz, [D6]DMSO): δ=36.6,
57.1, 102.7, 111.4, 113.1, 116.6, 118.7, 119.0, 122.6, 124.6, 129.7,
131.0, 131.5, 132.9, 133.0, 144.9, 152.3, 154.0, 158.0, 159.6; MS
(70 eV): m/z (%): 341 (33) [M]+, 275 (19), 274 (24), 240 (22), 239
(100), 121 (26); C20H11N3O3: C 70.38, H 3.25, N 12.31; found: C 70.42,
H 3.30, N 12.27.

2-Amino-4-(4-ethynylphenyl)-5-oxo-4,5-dihydropyrano[3,2-c]-
chromene-3-carbonitrile (1m)

3-Ethynylbenzaldehyde (130 mg, 1.0 mmol) and malononitrile
(70 mg, 1.0 mmol) were dissolved in MeCN (5 mL) and three drops
of Et3N were added. The reaction mixture was stirred at room
temperature for 30 min. The formed precipitate was redissolved by
heating and 4-hydroxycoumarin (162 mg, 1.0 mmol) was added.
The reaction mixture was stirred at room temperature for 1 h. The
formed precipitate was collected, washed with MeCN and n-hexane
and dried in vacuum. Yield: 85 mg (0.25 mmol, 25%); off-white solid
of m.p. >395 °C; IR (ATR): νmax =3390, 3322, 3285, 3212, 2196, 1709,
1669, 1639, 1605, 1498, 1456, 1417, 1381, 1328, 1307, 1275, 1257,
1210, 1177, 1115, 1052, 1018, 958, 904, 852, 833, 787, 773, 740,
661 cm� 1; 1H NMR (300 MHz, [D6]DMSO): δ=4.15 (s, 1H), 4.49 (s,
1H), 7.28 (dd, J=8.3 Hz, 1.9 Hz, 2H), 7.4–7.5 (m, 6H), 7.7–7.8 (m, 1H),
7.9–8.0 (m, 1H); 13C NMR (75.5 MHz, [D6]DMSO): δ=36.8, 57.4, 80.8,
83.3, 103.5, 112.9, 116.6, 119.1, 120.5, 122.5, 124.7, 128.1, 131.9,
133.0, 144.2, 152.2, 153.6, 158.0, 159.6; MS (70 eV): m/z (%): 340 (52)
[M]+, 273 (24), 239 (100), 121 (37); C19H10F2N2O3: C 64.78, H 2.86, N
7.95; found: C 64.84, H 2.90, N 7.89; C21H12N2O3: C 74.11, H 3.55, N
8.23; found: C 74.22, H 3.48, N 8.19.

Cell lines and culture conditions

518 A2 melanoma (Department of Radiotherapy, Medical University
of Vienna, Austria),[48] KB-V1Vbl (ACC-149) multidrug-resistant (MDR)
cervix carcinoma, U-87 glioblastoma, MCF-7 (ACC-115) breast
carcinoma, HT-29 (ACC-299), HCT-116 (ACC-581) and HCT-
116p53� /� (p53 knockout mutant) colon carcinoma, EA.hy926
(ATCC® CRL-2922TM) endothelial hybrid cells, and HDFa (ATCC® PCS-
201-012TM) human dermal fibroblasts were cultivated in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (20% for HDFa cells), and 1% antibiotic-antimycotic
at 37 °C, 5% CO2, and 95% humidity. To keep KB-V1Vbl cells resistant,
340 nM vinblastine was added to the cell culture medium 24 h after
every passage. Cells were grown at 5% CO2, and 95% humidity.
Only mycoplasma-free cell cultures were used.

Cell viability assay (MTT assay)

MTT assays were carried out for cytotoxicity evaluation of
compounds 1a–q. The cancer and hybrid cells (5×104 cells/mL,
100 μL/well), as well as HDFa cells (1×105 cells/mL, 100 μL/well)
were grown in 96-well plates for 24 h under cell culture conditions.
Then, they were treated with various concentrations (100 μM–
0.5 nM) of compounds 1a–q, or vehicle (DMSO) for another 72 h.
After the addition of 12.5 μL of a 0.5% MTT solution in PBS the cells
were incubated for 2 h at 37 °C so that the water-soluble MTT could
be converted to formazan crystals. The plates were centrifuged
(300 g, 5 min, 4 °C), the medium was withdrawn, and the formazan
dissolved in 25 μL of DMSO containing 10% SDS and 0.6% acetic
acid for at least 1 h at 37 °C. The absorbance of formazan (λ=

570 nm), and background (λ=630 nm) was measured with a
microplate reader (Tecan infinite F200). The IC50 values were derived

from dose-inhibition curves as the means �SD of four independent
experiments with respect to vehicle treated control cells set to
100% (GraphPad Prism). The cytotoxic selectivity was determined
by calculating the selectivity index (SI) according to following
equation: SI=IC50 (nonmalignant HDFa cells)/IC50 (average cancer
cell lines).

Tubulin polymerisation

In a black 96-well half-area clear bottom plate, 50 μL of Brinkley's
Buffer 80 (BRB80: 400 mM PIPES, 5 mM MgCl2, 5 mM EGTA, pH=

6.8) containing 20% glycerol and 2 mM GTP was pipetted. Test
compounds were added to the wells to reach a concentration of
5 μm. To start the polymerization reaction 50 μL porcine brain
tubulin (10 mg/mL in BRB80) was added and the plate was
immediately placed in the microplate reader (Tecan infinite F200).
The optical density was measured at 37 °C by recording the
absorption at 340 nm for 100 min. Data are representative as the
means �SD of at least two independent experiments.

Immunofluorescence staining of tubulin cytoskeleton

518 A2 melanoma cells (1×105 cells/mL, 0.5 mL/well) were seeded
on coverslips in 24-well cell culture plates and incubated for 24 h
under cell culture conditions (37 °C, 5% CO2 and 95% humidity).
After treatment with different concentrations of test compounds
1a, 1c and 1d (1 and 2.5 μM) or the vehicle DMSO, the cells were
incubated for another 24 h (37 °C, 5% CO2, 95% humidity). The cells
were washed with cytoskeletal buffer (100 mm PIPES, 3 mM MgCl2,
138 mM KCl, 2 mM EGTA, 300 mM sucrose, pH 6.8), fixed and
permeabilized in 3.7% formaldehyde and 0.2% Triton X-100 in
cytoskeletal buffer for 5 min at rt. As additional fixation step, the
cells were incubated with ice-cold EtOH for 10 s and rehydrated in
PBS. After blocking with 1% BSA in PBS for 30 min the cells were
treated for 2 h with a primary antibody against alpha-tubulin (anti
alpha-tubulin, mouse monoclonal antibody), washed two times
with PBS, followed by 1 h incubation with a secondary antibody
AlexaFluor®-546 conjugate (goat anti-mouse IgG-AF-546, Invitro-
gen). Actin and nuclei staining was done with Phallodin-iFluorTM

488 Conjugate (AAT Bioquest) and DAPI (1 μg/mL) for 1 h in the
dark. Finally, the cells were washed three times with PBS and the
coverslips were embedded in ProLongTM Glass Antifade Mountant.
Nuclei, actin filaments and microtubules were documented by
fluorescence microscopy (Zeiss Imager A1 AX10, 100× and 630×
magnification) and edited with imageJ. The ratio of bipolar and
multipolar spindle apparatus to the total cell count was determined
with the cell count tool (imageJ).

Cell cycle analysis

518 A2 melanoma cells (1×105 cells/mL, 3 mL/well) were seeded in
6-well cell culture plates for 24 h under cell culture conditions
(37 °C, 5% CO2, 95% humidity). The treatment with 1 μM each of
compounds 1a, 1c, 1d, vehicle (DMSO) or positive control C� A4
(25 nM) was carried out for another 12 h. Cells were fixed in 70%
EtOH after trypsinization and centrifugation (5 min, 300×g, 4 °C) for
at least 24 h at 4 °C. Before flow-cytometric measurement with a
Beckmann Coulter Cytomics FC500 flow cytometer (λem =570 nm,
λex =488 nm laser source) the cells were washed with PBS and
stained with propidium iodide solution (50 μg/mL PI, 0.1% sodium
citrate, 50 μg/mL RNAse A in PBS). The DNA content of at least
10,000 single cells was measured and the ratio of the cell cycle
phases (sub-G1, G1, S, G2/M) were determined by CXP software
(Beckman Coulter).

ChemMedChem
ResearchArticle
doi.org/10.1002/cmdc.202200064

ChemMedChem 2022, 17, e202200064 (9 of 11) © 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 12.05.2022

2210 / 241165 [S. 43/45] 1

57



CDK1/CyclinA2 activity assay

The CDK1/CyclinA2 kinase enzyme system (Promega) was used to
profile the effect of substance 1a, 1c, 1d, staurosporine, or vehicle
DMSO on kinase activity.[49] The released ADP was quantified by
ADP-GloTM Assay (Promega).[50] Reactions were carried out in white
96-well plates with 2 ng of CDK1/CyclinA2 protein complex, 5 μg
histone H1 substrate, and test compounds in reaction buffer
(40 mM Tris-HCl, 20 mM MgCl2, 0.1 mg/mL BSA, pH 7.5). The kinase
reaction was initiated by adding 5 μL of ATP solution (250 μM),
bringing the final volume up to 25 μL. The reaction was terminated
after 15 min at 30 °C and remaining ATP was depleted by addition
25 μL of ADP-Glo reagent for 40 min at rt. 50 μL of kinase detection
reagent was added for another 30 min of incubation and followed
by luminescence measurement with a FLUOstar microplate reader
(Omega). Each concentration was measured in duplicate and
solvent controls were set to 100%. Significant decrease in CDK1/
Cyclin A2 activity compared to vehicle control was determined
using a t-test; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001,
One-way ANOVA with Dunnett's multiple comparison test (Graph-
Pad Prism 7).

Colocalization via intracellular click-reaction

518 A2 melanoma cells (1×105 cells/mL, 0.5 mL/well) were grown
on coverslips in 24-well cell culture plates for 24 h under cell
culture conditions (37 °C, 5% CO2, 95% humidity). Then the cells
were incubated with 50 μM 1m (solution in 0.2% Tween 80) for 15,
30 and 60 min under cell culture conditions. After washing with
PBS, the cells were fixed (3.7% formaldehyde in PBS) for 10 min
and again washed with PBS. The “click-reagents” (2 mM CuSO4,
5 mM sodium ascorbate, 0.1 mM 3-azido-7-hydroxycoumarin, 1%
BSA in PBS) were incubated before 200 μL was pipetted to the cells
and incubated in the dark for 30 min. Nuclei were counterstained
with Nuclear Green (1 :1000, 50 μg/mL RNase, 1% BSA in PBS). The
cells were washed once more with PBS and ddH2O before the
coverslips were embedded in Roti®Mount FluorCare and docu-
mented using a Leica TCS SP5 confocal microscope (630×
magnification). Pearson correlation coefficient (PC) and Li's colocal-
ization quotient (LICQ) were calculated for the merged images via
imageJ (Coloc2).

EA.hy926 tube formation assay

Ibidi μ-Slides were coated with the basement membrane-like matrix
Matrigel® (Corning). EA.hy926 endothelial hybrid cells were culti-
vated for 24 h in EndoPrime low serum (Capricorn) endothelial
medium and seeded (50 μL/well, 3×105 cells/mL) on Matrigel®. The
cells were treated with 1a, 1c, 1d (1 and 2.5 μM) or solvent
(DMSO) for 4 h under cell culture conditions (37 °C, 5% CO2, and
95% humidity), until tubular structures had formed in the control
wells. Anti-angiogenic effects were documented via light micro-
scopy (Zeiss Axiovert 135, 100× magnification). The measurements
were carried out in triplicate. Cell vitality was reviewed via MTT
assay (higher than 75% with DMSO treated cells set to 100%) as
described above (2.4.). The images were analysed with imageJ
(angiogenesis-analysing tool) and compared for the number of
junctions, meshes, master segments (MS) and length of MS to
quantify the tube formation process.[39]

Zebrafish angiogenesis assay

Transgenic zebrafish of the strain Tg(fli1:EGFP) and casper mutant
background were raised under standard conditions at about
28 °C.[44,51] The eggs were cultivated in E3 medium (5 mM NaCl,

0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 0.01% methylene
blue, pH 7.2) for 24 h, manually dechorionated and distributed in 6-
well plates with 5 mL E3 medium each. The embryos were treated
with 1a, 1c and 1d (0.5, 1 and 2.5 μM), axitinib (1 μM), or solvent
DMSO for 48 h. The SIV (subintestinal vein) area was used to
determine the vascular development and angiogenesis respectively,
and was documented by fluorescence microscopy (λex =488 nm,
λem =509 nm; Leica MZ10F with Zeiss AxioCam Mrc and Mrc-ZEN
pro 2012 software). SIV areas were quantified with imageJ of at
least 22 identically treated zebrafish larvae per concentration as
means �SD with solvent control set to 100%. Significance in SIV
decrease compared to vehicle control was determined using a t-
test; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001, One-way
ANOVA with Dunnett's multiple comparison test (GraphPad Prism
7).
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Experimental section 

NMR Spectra 

1H NMR spectrum of 1a 
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13C NMR spectrum of 1a 
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1H NMR spectrum of 1b 
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13C NMR spectrum of 1b 

 

 

 

 

65



1H NMR spectrum of 1c 
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13C NMR spectrum of 1c 
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1H NMR spectrum of 1d 
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13C NMR spectrum of 1d 
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1H NMR spectrum of 1e 
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13C NMR spectrum of 1e 
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1H NMR spectrum of 1f 
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13C NMR spectrum of 1f 
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1H NMR spectrum of 1g 
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13C NMR spectrum of 1g 
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1H NMR spectrum of 1h 
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13C NMR spectrum of 1h 
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1H NMR spectrum of 1i 
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13C NMR spectrum of 1i 
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1H NMR spectrum of 1j 
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13C NMR spectrum of 1j 
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1H NMR spectrum of 1k 
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13C NMR spectrum of 1k 
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1H NMR spectrum of 1l 
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13C NMR spectrum of 1l 
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1H NMR spectrum of 1m 
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13C NMR spectrum of 1m 

 

 

 

 

87



1H NMR spectrum of 1n 
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1H NMR spectrum of 1m 
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1H NMR spectrum of 1o 
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1H NMR spectrum of 1p 
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13C NMR spectrum of 1p 
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Results 

Selectivity Index 

To estimate their selectivity for cancer cells the three most active compounds 1a, 1c, 1d were also tested on non-malignant 

adult human dermal fibroblasts (HDFa) via MTT-assays. The selectivity index (SI) for all tested cancer cell lines was 

calculated from the ratio of the average IC50 value and that of HDFa cells (Tab S1). 

Table S1. Average IC50 value [µM] of all tested cancer cell lines the for compounds 1a, 1c and 1d and the calculated selectivity index (SI = IC50 

nonmalignant HDFa cells / IC50  average of cancer cell lines). [1] 

Effects on the cell cycle 

Effect of compounds 1a, 1c, 1d as well as C-A4 and solvent (DMSO) on the cell cycle of 518A2 melanoma cells were 

assessed via PI staining and subsequent flow cytometry (Fig. S2). 

Figure S2. Representative cell cycle Histograms of 518A2 melanoma cells treated with 2.5 µM of 1a, 1c, 1d or Combretastatin A4 (100 nM) for 12 

h. Negative controls were treated with an equivalent amount of solvent (DMSO). 

 Average IC50 value [µM] Selectivity index (SI) 

1a 3.41±1.5 29.3 

1c 1.89±0.9 52.9 

1d 3.21±1.0 31.1 

93



Caspase-3/7 activity 

The activation of effector caspases 3 and 7 was investigated through an Apo-One® Homogenous Caspase-3/7 Assay Kit 

(Promega) after 6h of incubation with substances 1a, 1c, 1d as well as C-A4 and vehicle DMSO (Fig S3). 

Figure S3. Measurement of caspase-3/7 activity via Apo-ONE® Homogenous Caspase-3/7 Assay Kit (Promega) after treatment of 518A2 

melanoma cells with test compounds 1a, 1c, 1d (2.5 µM) and staurosporine (1 µM). Solvent (DMSO) treated cells served as positive control and 

were set to 100%. Experiments were performed in triplicate and quoted as means ± SD. The significance was given as: ****: p <0.0001 against 

control, One-way ANOVA, with Dunnett’s multiple comparison test (GraphPad Prism 7). 

Tube-Formation viability (MTT-assay) 

The vitality of the cells after treatment with 1a, 1c, 1d as well as C-A4 and solvent (DMSO) for 3 h was determined by 

MTT assay to be higher than 80% compared to negative controls (Tab. S4). 

Table S4. Viability of 518A2 melanoma cells after treatment with test compound 1a, 1c, 1d (1 and 2.5 µM) or C-A4 (100 nM) with vehicle (DMSO) 

treated cells set to 100%. Values were assessed by MTT-assay after 3 h of incubation under cell culture conditions. 

 

 Concentration [µM] Viability [% of control] 

control - 100.0 

C-A4 0.1 81.1 

1a 
1.0 100.2 

2.5 106.9 

1c 
1.0 93.2 

2.5 81.0 

1d 
1.0 91.3 

2.5 84.7 
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ABSTRACT: Based on the promising c-Myb inhibitor 1b, a series of 2-amino-4-aryl-4H-naphtho[1,2-b]pyran-3-carbonitriles (1a,
2a−q, 3a−g) were repurposed or newly synthesized via a three-component reaction of 1-naphthol, and various aryl aldehydes and
malononitrile and screened for their c-Myb inhibitory activities. 1b also served as a lead compound for seven new naphthopyran
derivatives (3a−f), which were cytotoxic with nanomolar IC50 values, to inhibit the polymerization of tubulin, and to destabilize
microtubules in living cells. Especially, the alkyne 3f, originally made for intracellular localization studies using click chemistry,
showed an overall high activity in all assays performed. A strong G2/M cell cycle arrest was detected, which resulted in a distinct
increase in sub-G1 cells through the induction of effector caspases 3 and 7. Inhibition of angiogenesis was confirmed in vitro and in
vivo. In summary, 3f was found to be a pleiotropic compound with high selectivity for cancer cells, combining c-Myb inhibitory,
microtubule destabilizing, and antiangiogenic effects.
KEYWORDS: Naphthopyran, Multitargeting, c-Myb, Microtubule, Antiangiogenesis

The transcription factor c-Myb (encoded by the MYB
proto-oncogene) plays a crucial role in hematopoietic

cells and other tissues.1 The coactivator and histone
acetyltransferase p300 is a prominent interaction partner of
c-Myb.2 c-Myb is upregulated in leukemias and various solid
cancers such as colon cancers, indicating its importance for
tumorigenesis.3−6 Hence, inhibitors of c-Myb activity and
disruptors of the c-Myb/p300 interaction are suitable drug
candidates for the treatment of leukemias and solid cancers.
Until now, small molecules of various compound classes such
as sesquiterpene lactones (e.g., mexicanin-I), naphthols (e.g.,
naphthol AS-E phosphate), naphthoquinones (plumbagin,
shikonin, and naphthazarin), and podophyllotoxins (teniposide
and etoposide) were identified as inhibitors of c-Myb
function.7−10

Drug development, when target-oriented, is generally based
on the screening of compound libraries, the elucidation of
target-ligand interactions as well as of SAR and target/disease
selectivities.11 Multicomponent or domino reactions are
excellent tools for the design of biologically active compounds

since they allow the fast generation of compound libraries with
variance in residues and stereo configurations by the ever same
efficient carbon−carbon and/or carbon-heteroatom bond
formation reactions in one pot and without the need of
isolating and purifying intermediates. The starting materials
and required reagents and catalysts are commercially available
in most cases.12

Prominent examples of multicomponent reactions applied
for drug development are those named after Ugi, Biginelli, Van
Leusen, and modifications thereof.13−15 An efficient synthesis
of biologically active pyrans was reported, and multicomponent
reactions using derivatives led to anticancer active com-
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pounds.16,17 The antiproliferative 2-amino-4-(3-nitrophenyl)-
4H-naphtho(1,2-b)pyran-3-carbonitrile (LY290181, 1a) was
prepared by Dell et al. and identified as a microtubule-targeting
agent (MTA) (Scheme 1).18 Its 4-(3,4,5-trimethoxyphenyl)

analogue 1b (a.k.a. Bcr-TMP) was recently reported to be a
highly potent inhibitor of c-Myb activity, which surpassed the
c-Myb inhibitory activities of the above-mentioned c-Myb
inhibitors by far.19 Based on published works on related
anticancer active pyrans derived from 1-naphthol, we tested a
number of known anticancer active 2-amino-4-aryl-4H-
naphtho[1,2-b]pyran-3-carbonitriles for c-Myb inhibition, as
well as a series of close analogues of the c-Myb inhibitor 1b,
prepared for the first time.16,17,19 The pronounced c-Myb
inhibitory activity of 1b warranted a deeper investigation of
this class of naphthopyrans in order to identify structure−
activity relationships and eventually improved c-Myb inhib-
itors. Among the test compounds 2, halogenated analogues
refer to known pro-apoptotic bromophenyl-substituted pyrans
highlighting the relevance of halogens for drug design.16 The
new series 3 compounds have a 3,5-dimethoxy-4-alkoxy motif
derived from 1b and were investigated for c-Myb inhibition
and tubulin-binding properties. In order to find out the
underlying mechanisms of action of these compounds, further
experiments on their microtubule destabilization, cell cycle
arrest, cell death induction, intracellular localization, and
antiangiogenic effects were carried out in this study.
The test compounds 1a−b, 2a−q, and 3a−g were prepared

from a mixture of 1-naphthol, malononitrile, the corresponding
aryl aldehyde, and a catalytic amount of triethylamine in
acetonitrile (Scheme 1). 1a−b, 2a, and 2d are known from
literature and have already been tested for c-Myb inhibition.19

Here, some more substances should be investigated and
structurally compared based on their c-Myb inhibition IC50
value. Based on the lead substance 1b, a series of new
naphthopyrans (3a−g) was prepared. The synthesis and
analysis of the known compounds 1a, 1b, 2a−j, and 2n
followed literature procedures.16,17,20−23 The new compounds
2k−m, 2o−q, and 3a−g were obtained as colorless solids in
low to moderate yields. NMR, IR, and MS analyses confirmed
the proposed structures. The stability of the substances 1a, 1b,
and 3f in aqueous solution was confirmed by 1H NMR over 7
days (Figure S7, SI). Except for the isotopic exchange of the
amino group with D2O (7−7.5 ppm/δ) after 24 h, no changes
in the spectrum were observed. The susceptibility of
compounds to biotransformation could be excluded by

treatment with cell lysate and subsequent UV absorption
measurement after 24 h and RP-HPLC analysis after 72 h
(Figures S9 and S10, SI). Drug-like properties are crucial for
the design of new drug molecules and are typically based on
the five guiding principles outlined by Lipinski (Table S2, SI).
High gastrointestinal absorption (GI) but no blood-brain
barrier permeability (BBB) was exhibited by all compounds.
These features are observed in the BOILED-Egg model and
bioavailability radar graphs (Figure S8, SI).
All compounds 1a−b, 2a−q, and 3a−g were initially tested

for their c-Myb inhibitory activity (Figure 1). Their half-

maximal inhibitory concentrations ranged from single-digit
micromolar to single-digit nanomolar values, showing a
conspicuous dependency on the phenyl-substituents. Sterically
demanding residues, such as Bn (2c) or SF5 (2f), at the para
position led to derivatives with weak c-Myb inhibition. The 4-
SF5 derivative 2f showed an activity, weaker by more than an
order of magnitude than that of its 3-SF5 analogue 2e. A
comparably large loss of activity was observed for 1a (3-NO2)
with an additional 4-methoxy group 2k (3-NO2, 4-MeO) or a
methyl instead of a nitro group 2n (3-Me, 4-MeO).
Fluorination of the 3-position in 2l led to distinctly increased
activity when compared with 2i, which lacks this fluorine.
Other fluorinated derivatives such as 2h and 2j had an even
higher activity. Most surprising was the large difference in IC50
values between anisyl, veratryl, and 3,4,5-trimethoxyphenyl

Scheme 1. Reagents and Conditions: (i) Malononitrile, Aryl
Aldehyde, Cat. Et3N, MeCN, rt, 3−16 h, 35−79%.
Structures of LY290181 (1a), c-Myb Inhibitor H (1b), and
the Naphthopyrans 2a−q and 3a−g

Figure 1. Values are representing the relative luciferase activity in
HEKT cells transfected with the reporter plasmid pGL4−5xMRE-
(GG)-Myc and the expression vector for MYB-2KR, treated with
compounds 1a−b, 2a−q, and 3a−g for 16 h (A and C). Values are
means of at least four independent experiments. IC50 values were
calculated using GraphPad Prism 9 and sorted by size (B and D).
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compounds 2a (3.7 μM), 2d (0.04 μM) and 1b (0.009 μM),
showing activities increasing with the number of methoxy
substituents. Another interesting aspect was a 10-fold decrease
in activity of the trimethoxy motif (1b) when a bromine group
was inserted at position 2 (2o). As already shown by Yusenko
et al., the amino- and cyano-groups of the naphthopyran
scaffold are important for anti-c-Myb activity.19 However, the
functional groups at the phenyl ring appear to be quite flexible
and allow multiple functional groups for optimization. Here we
showed that H-bond acceptors like methoxy- (1b), nitro- (1a),
pentafluorosulfanyl- (2e) or halogen substituents (2h) can
have a positive effect on activity, whereas nonpolar groups like
methyl- (2b), benzyloxy- (2c), or pentoxy- (3g) are decreasing
it.
Next, we used the structure of 1b as a lead for the design of

refined c-Myb inhibitors 3, bearing modified 4-alkoxy groups
(Scheme 1). The compounds 3a (R = ethyl), 3e (R = allyl),
and 3f (R = propargyl) were only slightly less active c-Myb
inhibitors when compared with 1b. In contrast, compounds 3b,
3c, and 3d bearing longer-chained or bulkier saturated alkoxy
residues showed distinctly weaker c-Myb inhibitory activities,
which, however, still exceeded most of the compound 2 series.
Analogously, the 4-ethoxy compounds 2p and 2q containing a
3-iodo or 3-bromo substituent exhibited slightly lower c-Myb
inhibitory activities when compared with the 3,5-dimethoxy-4-
ethoxyphenyl compound 3a, with the bromo-substituent being
slightly superior to the iodo-substituent. 3g was not
investigated further because of its significantly lower inhibitory
activity against c-Myb indicating distinctly reduced inhibitory
effects by compounds bearing longer alkoxy chains in para-
position. When restricted to variations of the phenyl
substituents, the SAR studies suggested the 3,4,5-trimethox-
yphenyl motif of 1b near the optimum in terms of c-Myb
inhibition, also reached only by compounds 2h, 3a, 3e, and 3f.
The new compounds 3a−f and controls 1a−b were tested

for their antiproliferative activity against a panel of nine tumor
cell lines of five different entities and one endothelial hybrid
cell line (EA.hy926) via MTT assays and compared with some
previously published compounds 2c and 2e−i (Table 1).
Looking at the IC50 values, c-Myb inhibition roughly correlates
with cytotoxicity. The positive controls 1a and 1b as well as
compound 3f showed excellent antiproliferative activities (low
nanomolar IC50 values) in most tumor cell lines. Compounds
2c,f,g,i had shown comparatively low activities (single to
double-digit micromolar IC50 values) in previous tests on cell
lines 518A2 and HT-29, while 2e and 2h had been more active
with submicromolar IC50 values.

17 In general, HT-29 was the
cell line most insensitive to all compounds tested, except for 3f
(IC50 = 36.9 nM). The IC50 values averaged over all cell lines,
showed that 3a and 3f were the most active compounds with
mean IC50 values of ca. 27 nM (3f) and ca. 43 nM (3a),
followed by 3b (ca. 55 nM), 3e (ca. 73 nM), 3d (ca. 150 nM),
and 3c (ca. 564 nM).
To investigate the selectivity for cancer cells, the compounds

1b and 3a−f were also tested on nonmalignant adult human
dermal fibroblasts (HDFa) by the MTT assay. Although the
dose−response curves showed a concentration-dependent
decrease in proliferation, a clear resistance of the HDFa cells
to the test substances was observed (Figures S1 and S2, SI).
The compounds 1a and 1b have already been shown to

inhibit tubulin polymerization and to destroy microtubules in a
manner comparable to that of combretastatin-A4 (C-A4).18,19
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which is frequently found in tubulin binders such as C-A4 and
colchicine.24 We now investigated the influence of the 3,4,5-
trialkoxyphenyl analogues 3a−f (5 μM) on the in vitro
polymerization of tubulin (Figure 2A). Again, the 4-

propargyloxy derivative 3f stood out as the most potent
inhibitor surpassing even the positive control C-A4. However,
the other test compounds also showed a distinct inhibitory
effect on tubulin polymerization with no discernible gradation.
This superiority of the 4-propargyloxy group for the interaction
with purified tubulin has so far never been reported or been
taken into account for the optimization of tris(alkoxy) phenyl
substituted tubulin binders.17,25 A comparative molecular
docking analysis for the interaction of compounds 1b and 3f
with the colchicine binding site of tubulin was carried out using
AutoDock 4.2.6 with Lamarckian genetic algorithm and
empirical free energy scoring function (Figure 2B).26 The
arrangement of the substances within the colchicine binding
site showed two different possible orientations, but the exact
binding mode can only be confirmed by X-ray crystallography.
For 1b, the naphthopyran motif was located within the

binding pocket, whereas for 3f, the 3,5-dimethoxy-4-propar-
agylphenyl moiety was located within the binding site.
The docking afforded binding energies and inhibition

constants of −7.93 kcal/mol and 1.53 μM (1b) or −8.69
kcal/mol and 0.43 μM (3f), and they revealed the H-bonds
and amino acids are mainly involved (Table S1, SI). This
proves a stronger interaction of 3f with the binding pocket and
explains the stronger inhibition of in vitro tubulin polymer-
ization.

The compounds 1b and 3a−f (25 nM) were then applied to
518A2 melanoma cells. The microtubules and actin filaments
of treated cells were immunostained after 24 h and the effects
on the cytoskeletons documented (Figure 3). A disruption of
the microtubular cytoskeleton comparable to that of positive
control C-A4 (25 nM), as evidenced by fragmented micro-
tubules and intensely fluorescent areas within the cells, was
observed with all substances except 3c. The loss of structural
integrity due to a destroyed tubulin cytoskeleton not only
affects the mobility and proliferation of the cells but also can
lead to a RhoA-dependent formation of so-called actin stress
fibers.27 In epithelial cells, such as the 518A2 melanoma cells
used, actin stress fibers are particularly abundant and serve cell
adhesion and morphogenesis.28 The microscopic images of
phalloidin-stained actin (green) showed the formation of actin
stress fibers (white arrows), especially in the cells with
destroyed microtubules. In contrast to the DMSO control,
areas with dorsal stress fibers and transverse arcs can be seen,
mainly in C-A4, 1b, 3a−b, and 3d−f treated cells.29
Using copper(I)-catalyzed azide−alkyne click reactions, the

alkyne derivative 3f was linked to 3-azido-7-hydroxycoumarin
via cycloaddition, producing a fluorescent triazole which was
visualized by confocal microscopy in 518A2 melanoma cells
(Figure S4, SI).30 Within 15 min, the uptake of 3f into the cells
was observed, with accumulation mainly in the cytoplasm. This
is consistent with the prior identified target, tubulin,
predominantly occurring in the cytoplasm.
The impairment of the tubulin cytoskeleton is always

accompanied by effects on the cell cycle of proliferating cells.31

The perturbation of chromosome segregation activates the
spindle assembly checkpoint (SAC) leading to mitotic arrest
and subsequent cell death.32,33 The time-dependent effect of
compounds 1b and 3a−f (25 nM), as well as C-A4 (25 nM)
and solvent (DMSO) on the cell cycle of 518A2 melanoma
cells was examined by FACS analysis. The treated cells were
analyzed after 6, 12, and 24 h of incubation and the percentage
ratio of cells in individual cell cycle phases was depicted as line
graphs (Figure 4).
Except for 3d all tested compounds gave rise to a distinct

increase in sub-G1 and G2/M-phase cells, when compared
with solvent-treated cells. 1b, 3a, 3e, and 3f turned out to
induce a strong G2/M cell cycle arrest comparable with that of
the positive control C-A4. Cells arrested in the G2/M phase
reached their maximum after 12 h and partially entered the
sub-G1-phase after 24 h. In contrast to C-A4 treated cells, the
cells arrested in G2/M entered the sub-G1 phase more quickly,
which would suggest a more rapid induction of cell death by
substances 1b, 3a, 3e, and 3f. Since it is not possible to
differentiate between apoptotic and necrotic cells within the
sub-G1 population, the activity of effector caspases 3 and 7 was
determined after 6 and 24 h (Figure S5, SI). While
staurosporine (STA) triggered caspase-3/7 activity after 6 h
through direct caspase activation, the test compounds and C-
A4 led to a significant increase after only 24 h. The late
induction of effector caspases indicates an apoptosis
mechanism through mitotic arrest and subsequent initiation
of caspase cascades, as proposed for C-A4.34

Since the impairment of the cytoskeleton and cell cycle can
also affect angiogenesis, the influence of the test substances on
the formation of vessel-like 2D structures in the EA.hy926
endothelial tube-formation model was investigated (Figure S6,
SI).35 Clear indications of an antiangiogenic mode of action of
the substances were shown, with 1b, 3b, and 3f standing out.

Figure 2. (A) Inhibition of in vitro polymerization of tubulin by 1b
and 3a−f (5 μM) measured by a turbidimetric assay at 340 nm at 10
min intervals for 100 min. The vehicle DMSO and C-A4 (5 μM)
served as controls. Values are means of at least two independent
experiments. (B) Visualization of 1b and 3f docked in the colchicine
binding pocket of tubulin (1sa0) using PYMOL (18 × 22 × 20 Å
simulation box).
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The growth of the so-called subintestinal vessels (SIVs)
during the embryonal development of zebrafish larvae is
another reliable evaluation indicator for angiogenesis affecting
substances.36 Treatment of transgenic casper-zebrafish em-
bryos (fli1:EGFP) 24 h post fertilization (hpf) for 48 h with
substances 1b, 3a−f (100 nM), axitinib (500 nM) or C-A4 (10
nM) revealed several interesting insights (Figure S11, SI). In
terms of substance concentration, the 10-fold higher tolerance
for the test substances compared to the positive control C-A4
(results not shown) stands out and suggests a lower in vivo
toxicity to vertebrates. SIV area quantification revealed a
significant decrease through 3e (31.3%) and 3f (34.5%) when
compared with solvent-treated fish (Figure 5B). The well-
known angiogenesis inhibitor axitinib achieved a reduction to

19.6%, though with a 5-fold higher concentration.37 The
compounds 1b and 3a−d had a merely weak effect with a
reduction to 75.5−87.6%.
With the growing interest in multitarget drugs as therapeutic

agents, the purpose of this work was to get deeper insight into
the therapeutic potential of the MYB-inhibitory, and micro-
tubule destabilizing compound 1b and some of its deriva-
tives.19 Structurally, the compounds are a combination of the
microtubule destabilizing and cell cycle arresting naphthopyran
LY290282 (1a) and the vascular targeting C-A4. SAR studies
of various known naphthopyrans (1a−b and 2a−q) revealed

Figure 3. Effects of compounds 1b and 3a−f (25 nM) on the tubulin and actin cytoskeleton of 518A2 melanoma cells after 24 h of treatment.
Vehicle DMSO and C-A4 (25 nM) served as controls. The left panels show the microtubules (red), the right panels the merge of actin filaments
(green), nuclei (blue) and tubulin (red). White arrows indicate the formation of actin stress fibers. Images are representative of at least three
independent experiments. Magnification 630×, scale bars correspond to 50 μm.

Figure 4. Effect of compounds 1b, 3a−f, C-A4 (25 nM) or solvent
(DMSO) on the cell cycle phases of 518A2 melanoma cells after 6,
12, and 24 h of treatment. Experiments were performed at least in
duplicate with 10 000 counted cells each and quoted as means ± SD.

Figure 5. Antiangiogenic effects of 1b and 3a−f (100 nM) on the
SIVs of zebrafish embryos after 48 h exposure. Negative controls were
treated with vehicle DMSO and positive controls with axitinib (500
nM). Area of SIVs illustrated as the mean ± SD of at least 23 zebrafish
quantified using ImageJ. The significance was given as n.s.: p > 0.05;
*: p < 0.05; **: p < 0.01; ****: p < 0.0001 against control, one-way
ANOVA, with Dunnett’s multiple comparison test (GraphPad Prism
9).
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the importance of the 3,5-dimethoxy-4-alkoxyphenyl motif for
c-Myb inhibition. Despite an attenuation by larger alkyl
residues, the propargyl derivative 3f impressed with high
cytotoxicity and strong tubulin depolymerization. Compound
3f stood out with low nanomolar IC50 values surpassing even
the effects of C-A4 and 1a. Its high selectivity for cancer over
nonmalignant cells bodes well for a conceivable applicability in
man. According to SwissADME in silico predictions, most of
the substances are suitable for oral application and possess
drug-like properties, which makes them candidates for detailed
in vivo studies. The inhibition of tubulin polymerization, its
high affinity toward the colchicine binding site and the
microtubule destabilization properties in 518A2 melanoma
cells of 3f showed that the so far poorly studied 3,5-dimethoxy-
4-propargylphenyl moiety could represent an interesting
structural motif for new MTAs. A practical bonus aspect of
this structural motif is that it can be monitored within living
cells by means of fluorescent labeling via click reactions, which
greatly simplifies the observation of uptake and accumulation.
Compound 3f was found to accumulate mainly in the
cytoplasm of 518A2 melanoma cells, which is another hint at
tubulin being a major target. The destruction of the
microtubular cytoskeleton of cells by 3f resulted in further
beneficial effects, such as the formation of actin stress fibers
and a strong G2/M cell cycle arrest. The transition of mitotic
arrest to sub-G1 phase (cell death) occurred faster than for C-
A4, suggesting a quicker apoptosis mechanism for the tested
naphthopyrans. In contrast to C-A4, which isomerizes and
loses its activity in aqueous solution, these naphthopyrans are
stable for at least 7 days. Even under metabolic conditions, no
biotransformation of 3f could be detected after 72 h. It is
worthy of note that loss of MYB function can sensitize tumor
cells to apoptosis, suggesting a bimodal mechanism of mitotic
arrest and subsequent mitotic catastrophe coupled with
accelerated apoptosis induction by c-Myb inhibition.38 It is
known that the effect of MTAs is not limited to inhibition of
cancer cell proliferation but can also attenuate the recruitment
of blood vessels within a growing tumor.39,40 The antiangio-
genic potential was investigated using in vitro (EA.hy926 tube
formation assay) and in vivo (SIV angiogenesis in zebrafish)
models. The zebrafish model allowed both the demonstration
of a 10-fold lower in vivo toxicity compared to C-A4 and the
identification of 3e and 3f as potent angiogenesis inhibitors in
a vertebrate system. It therefore seems likely that the inhibition
of SIV growth is related to the alkenyl (3e) or alkynyl (3f)
residue. More specific statements regarding the mechanism
cannot be made at this point. The antiangiogenic properties
make 3f an especially interesting new lead structure superior to
1b in this regard. This finding implies an additional mechanism
of action of 3f and highlights the novel 3,5-dimethoxy-4-
propargyloxyphenyl motif as a potent pharmacophore.
Simulations of drug likeness using SwissADME revealed
favorable pharmacokinetic properties, as well as high gastro-
intestinal absorption. Taken together, compound 3f represents
a multimodal agent that combines c-Myb inhibition, MTA-
associated effects, and antiangiogenic properties. Thus, the
fusion of the 2-amino-4H-naphtho(1,2-b)pyran-3-carbonitrile
backbone of 1a (LY290181) with an intracellular localizable
3,5-dimethoxy-4-proparagyloxy moiety (3f) derived from C-
A4, generated a promising pleiotropic compound and potential
lead structure for further studies.
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Experimental Section
Safety statement

No unexpected or unusually high safety hazards were encountered.

Chemistry - Syntheses 

All starting compounds were purchased from Aldrich. The known compounds 1a, 1b, 2a-d, 2h, 2i, 
and 2n were prepared according to literature procedures.[24,25,27,30-33] The following instruments 
were applied for this study: melting points (uncorrected), Gallenkamp; IR spectra, Perkin-Elmer 
Spectrum One FT-IR spectrophotometer with ATR sampling unit; nuclear magnetic resonance 
spectra, BRUKER Avance 300 spectrometer; chemical shifts are given in parts per million (δ) 
downfield from tetramethylsilane as internal standard; mass spectra, Varian MAT 311A (EI), 
UPLC/Orbitrap (ESI); microanalyses, Perkin-Elmer 2400 CHN elemental analyzer. All tested 
compounds were > 95% pure by elemental analysis. 

2-Amino-4-(3-nitro-4-methoxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile (2k)

4-Methoxy-3-nitrobenzaldehyde (181 mg, 1.0 mmol) and malononitrile (70 mg, 1.0 mmol) were 
dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture was stirred 
at room temperature for 30 min. 1-Naphthol (144 mg, 1.0 mmol) was added and the reaction 
mixture was stirred at room temperature for 16 h. The formed precipitate was collected, washed 
with MeCN and n-hexane and dried in vacuum. Yield: 235 mg (0.63 mmol, 63%); pale brown solid 
of m.p. 199-200 °C; υmax(ATR)/cm-1 3435, 3325, 3203, 3058, 2946, 2189, 1656, 1637, 1608, 1574, 
1527, 1440, 1412, 1397, 1376, 1351, 1321, 1279, 1262, 1183, 1152, 1101, 1085, 1041, 1021, 966, 
934, 898, 861, 840, 826, 805, 768, 739, 706, 675; 1H NMR (300 MHz, DMSO-d6)  3.89 (3 H, s), 5.04 
(1 H, s), 7.12 (1 H, d, J = 8.6 Hz), 7.24 (2 H, s), 7.33 (1 H, d, J = 8.8 Hz), 7.5-7.7 (4 H, m), 7.80 (1 H, d, 
J = 2.3 Hz), 7.8-7.9 (1 H, m), 8.24 (1 H, dd, J = 9.0 Hz, 1.6 Hz); 13C NMR (75.5 MHz, DMSO-d6)   40.4, 
55.5, 56.7, 114.9, 117.0, 120.3, 120.8, 122.7, 123.7, 124.1, 126.0, 126.8, 126.9, 127.7, 132.8, 133.7, 
138.1, 139.0, 142.7, 151.0, 160.2; m/z (EI) 373 (25) [M+], 221 (100); Anal calcd for C21H15N3O4 
(%): C, 67.56; H, 4.05; N, 11.25. Found (%): C, 67.33; H, 3.99; N, 11.17.

2-Amino-4-(3-fluoro-4-methylthiophenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile (2l)

3-Fluoro-4-methylsulfanylbenzaldehyde (170 mg, 1.0 mmol) and malononitrile (70 mg, 1.0 
mmol) were dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture 
was stirred at room temperature for 30 min. 1-Naphthol (144 mg, 1.0 mmol) was added and the 
reaction mixture was stirred at room temperature for 16 h. The formed precipitate was collected, 
washed with MeCN and n-hexane and dried in vacuum. Yield: 265 mg (0.73 mmol, 73%); colorless 
solid of m.p. 234 °C; υmax(ATR)/cm-1 3443, 3332, 3197, 3058, 2198, 1664, 1637, 1605, 1574, 1478, 
1407, 1374, 1317, 1283, 1261, 1225, 1191, 1148, 1104, 1065, 1038, 1021, 959, 933, 883, 817, 790, 
766, 756, 744; 1H NMR (300 MHz, DMSO-d6)   2.44 (3 H, s), 4.94 (1 H, s), 7.0-7.1 (3 H, m), 7.22 (2 
H, s), 7.3-7.4 (1 H, m), 7.5-7.7 (3 H, m), 7.8-7.9 (1 H, m), 8.2-8.3 (1 H, m); 13C NMR (75.5 MHz, 
DMSO-d6)  14.0, 40.4, 55.6, 114.1, 114.4, 117.2, 120.3, 120.7, 122.7, 123.6, 123.9, 124.0, 124.3, 
124.4, 126.0, 126.7, 126.9, 127.7, 127.9, 128.0, 132.8, 142.7, 144.9, 145.0, 157.3, 160.2, 160.5; m/z 
(EI) 362 (62) [M+], 221 (100); Anal calcd for C21H15N2OS (%): C, 69.60; H, 4.17; N, 7.73. Found (%): 
C, 69.52; H, 4.12; N, 7.68.

2-Amino-4-(3-bromo-4-methoxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile (2m)

3-Bromo-4-methoxybenzaldehyde (215 mg, 1.0 mmol) and malononitrile (70 mg, 1.0 mmol) were 
dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture was stirred 
at room temperature for 30 min. 1-Naphthol (144 mg, 1.0 mmol) was added and the reaction 
mixture was stirred at room temperature for 16 h. The formed precipitate was collected, washed 
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with MeCN and n-hexane and dried in vacuum. Yield: 246 mg (0.60 mmol, 60%); colorless solid of 
m.p. 229-230°C; υmax(ATR)/cm-1 3451, 3330, 3282, 3255, 3202, 3071, 2943, 2840, 2195, 1661, 
1600, 1574, 1495, 1464, 1438, 1398, 1374, 1309, 1277, 1256, 1191, 1149, 1104, 1052, 1016, 954, 
898, 879, 825, 814, 802, 787, 770, 761, 744, 670, 659, 644; 1H NMR (300 MHz, CDCl3)  3.84 (3 H, 
s), 4.76 (2 H, s), 4.79 (1 H, s), 6.83 (1 H, d, J = 8.4 Hz), 6.98 (1 H, d, J = 8.4 Hz), 7.1-7.2 (1 H, m), 7.34 
(1 H, s), 7.4-7.6 (3 H, m), 7.7-7.8 (1 H, m), 8.1-8.2 (1 H, m); 13C NMR (75.5 MHz, CDCl3)  40.5, 56.3, 
61.2, 112.0, 112.2, 116.8, 119.5, 120.8, 123.2, 124.8, 126.0, 127.8, 128.2, 132.9, 133.3, 138.2, 143.2, 
155.2, 158.9; m/z (%) 408 (13) [M+], 406 (12) [M+], 221 (100), 166 (11); Anal calcd for 
C21H15BrN2O2 (%): C, 61.93; H, 3.71; N, 6.88. Found (%): C, 61.97; H, 3.77; N, 6.82.

2-Amino-4-(2-bromo-3,4,5-trimethoxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile (2o)

2-Bromo-3,4,5-trimethoxybenzaldehyde (244 mg, 0.89 mmol) and malononitrile (62 mg, 0.89 
mmol) were dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture 
was stirred at room temperature for 30 min. 1-Naphthol (128 mg, 0.89 mmol) was added and the 
reaction mixture was stirred at room temperature for 16 h. The formed precipitate was collected, 
washed with MeCN and n-hexane and dried in vacuum. Yield: 150 mg (0.32 mmol, 36%); colorless 
solid; υmax(ATR)/cm-1 3397, 3278, 3172, 2999, 2938, 2830, 2199, 1654, 1634, 1597, 1575, 1479, 
1462, 1426, 1393, 1374, 1328, 1293, 1263, 1239, 1189, 1159, 1148, 1101, 1056, 1001, 973, 920, 
883, 867, 849, 827, 789, 770, 755, 743, 679, 653, 636, 604; 1H NMR (300 MHz, CDCl3)  3.66 (3 H, 
s), 3.86 (3 H, s), 3.91 (3 H, s), 4.78 (2 H, s), 5.59 (1 H, s), 7.07 (1 H, d, J = 8.6 Hz), 7.5-7.6 (3 H, m), 
7.7-7.8 (1 H, m), 8.1-8.2 (1 H, m); 13C NMR (75.5 MHz, CDCl3)  40.1, 56.1, 60.4, 61.0, 109.5, 110.6, 
116.9, 119.3, 120.7, 123.1, 124.8, 125.7, 126.7, 126.8, 127.8, 133.4, 142.6, 143.1, 153.3, 159.5; m/z 
(%) 468 (17) [M+], 466 (17) [M+], 387 (12), 221 (100); Anal calcd for C23H19BrN2O4 (%): C, 59.11; 
H, 4.10; N, 5.99. Found (%): C, 59.04; H, 4.13; N, 6.05.

2-Amino-4-(3-iodo-4-ethoxy-5-methoxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile (2p)

4-Ethoxy-3-iodo-5-methoxybenzaldehyde (306 mg, 1.0 mmol) and malononitrile (70 mg, 1.0 
mmol) were dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture 
was stirred at room temperature for 30 min. 1-Naphthol (144 mg, 1.0 mmol) was added and the 
reaction mixture was stirred at room temperature for 16 h. The formed precipitate was collected, 
washed with MeCN and n-hexane and dried in vacuum. Yield: 220 mg (0.44 mmol, 44%); colorless 
solid; υmax(ATR)/cm-1 3488, 3415, 3385, 3321, 3200, 2973, 2930, 2190, 1658, 1635, 1608, 1592, 
1574, 1481, 1462, 1411, 1373, 1311, 1262, 1224, 1186, 1136, 1104, 1031, 891, 868, 830, 803, 767, 
749, 732, 669, 652; 1H NMR (300 MHz, CDCl3)  1.41 (3 H, t, J = 7.0 Hz), 3.77 (3 H, s), 4.00 (2 H, q, J 
= 7.0 Hz), 4.7-4.8 (3 H, m), 6.74 (1 H, s), 7.01 (1 H, d, J = 8.5 Hz), 7.12 (1 H, s), 7.5-7.6 (3 H, m), 
7.8-7.9 (1 H, m), 8.1-8.2 (1 H, m); 13C NMR (75.5 MHz, CDCl3)  15.8, 40.9, 56.1, 61.0, 69.0, 93.7, 
112.9, 116.6, 119.5, 120.8, 123.2, 124.8, 126.0, 126.8, 126.9, 127.8, 130.0, 133.4, 141.9, 143.2, 
147.7, 152.8, 159.0; m/z (%) 498 (42) [M+], 469 (6), 221 (100), 166 (9); Anal calcd for C23H19IN2O3 
(%): C, 55.44; H, 3.84; N, 5.62. Found (%): C, 55.50; H, 3.79; N, 5.68.

2-Amino-4-(3-bromo-4-ethoxy-5-methoxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile 
(2q)

3-Bromo-4-ethoxy-5-methoxybenzaldehyde (259 mg, 1.0 mmol) and malononitrile (70 mg, 1.0 
mmol) were dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture 
was stirred at room temperature for 30 min. 1-Naphthol (144 mg, 1.0 mmol) was added and the 
reaction mixture was stirred at room temperature for 16 h. The formed precipitate was collected, 
washed with MeCN and n-hexane and dried in vacuum. Yield: 190 mg (0.42 mmol, 42%); colorless 
solid of m.p. 188°C; υmax(ATR)/cm-1 3463, 3334, 3198, 2970, 2929, 2894, 2192, 1666, 1637, 1606, 
1572, 1487, 1416, 1397, 1372, 1325, 1278, 1260, 1229, 1207, 1188, 1142, 1103, 1037, 903, 884, 
864, 831, 796, 784, 766, 755, 667, 651; 1H NMR (300 MHz, CDCl3)  1.38 (3 H, t, J = 7.0 Hz), 3.79 (3 
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H, s), 4.02 (2 H, q, J = 7.0 Hz), 4.7-4.8 (3 H, m), 6.73 (1 H, s), 6.91 (1 H, s), 7.01 (1 H, d, J = 8.7 Hz), 
7.5-7.6 (3 H, m), 7.8-7.9 (1 H, m), 8.1-8.2 (1 H, m); 13C NMR (75.5 MHz, CDCl3)  15.6, 41.1, 56.2, 
61.0, 69.1, 111.6, 116.5, 118.5, 119.5, 120.8, 123.2, 124.3, 124.8, 126.0, 126.8, 126.9, 127.8, 133.4, 
141.2, 143.2, 145.1, 154.0, 159.0; m/z (%) 452 (9) [M+], 450 (10) [M+], 221 (100), 166 (8); Anal 
calcd for C23H19BrN2O3 (%): C, 61.21; H, 4.24; N, 6.21. Found (%): C, 61.14; H, 4.20; N, 6.16.

2-Amino-4-(3,5-dimethoxy-4-ethoxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile (3a)

3,5-Dimethoxy-4-ethoxybenzaldehyde (240 mg, 1.14 mmol) and malononitrile (80 mg, 1.14 
mmol) were dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture 
was stirred at room temperature for 30 min. 1-Naphthol (165 mg, 1.14 mmol) was added and the 
reaction mixture was stirred at room temperature for 4 h. The formed precipitate was collected, 
washed with MeCN and n-hexane and dried in vacuum. Yield: 363 mg (0.90 mmol, 79%); colorless 
solid of m.p. 168°C; υmax(ATR)/cm-1 3461, 3338, 3203, 3059, 2990, 2937, 2841, 2191, 1653, 1631, 
1612, 1592, 1575, 1504, 1463, 1456, 1426, 1397, 1376, 1325, 1279, 1263, 1240, 1229, 1188, 1147, 
1124, 1105, 1033, 919, 900, 860, 811, 786, 757, 691, 667, 655; 1H NMR (300 MHz, CDCl3)  1.07 
(3 H, t, J = 7.1 Hz), 3.53 (6 H, s), 3.75 (2 H, q, J = 7.1 Hz), 4.56 (1 H, s), 5.5-5.6 (2 H, br s), 6.20 (2 H, 
s), 6.83 (1 H, d, J = 8.6 Hz), 7.2-7.3 (3 H, m), 7.5-7.6 (1 H, m), 8.0-8.1 (1 H, m); 13C NMR (75.5 MHz, 
CDCl3/DMSO-d6)  15.0, 41.4, 55.6, 58.5, 68.1, 104.7, 116.6, 119.9, 120.5, 122.8, 123.6, 125.6, 
125.9, 126.1, 127.1, 132.7, 135.4, 139.9, 142.7, 153.0, 159.3; m/z (%) 402 (33) [M+], 221 (100); 
Anal calcd for C24H22N2O4 (%): C, 71.63; H, 5.51; N, 6.96. Found (%): C, 71.71; H, 5.47; N, 7.00.

2-Amino-4-(3,5-dimethoxy-4-propoxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile (3b)

3,5-Dimethoxy-4-propoxybenzaldehyde (287 mg, 1.28 mmol) and malononitrile (90 mg, 1.28 
mmol) were dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture 
was stirred at room temperature for 30 min. 1-Naphthol (185 mg, 1.28 mmol) was added and the 
reaction mixture was stirred at room temperature for 3 h. The formed precipitate was collected, 
washed with MeCN and n-hexane and dried in vacuum. Yield: 348 mg (0.84 mmol, 66%); colorless 
solid of m.p. 194-195°C; υmax(ATR)/cm-1 3464, 3343, 3200, 3059, 2963, 2936, 2875, 2839, 2192, 
1655, 1610, 1591, 1575, 1504, 1466, 1455, 1425, 1397, 1375, 1324, 1281, 1264, 1240, 1229, 1188, 
1149, 1118, 1104, 1064, 1024, 999, 955, 918, 882, 863, 843, 817, 804, 786, 757, 691, 667, 655; 1H 
NMR (300 MHz, CDCl3)  0.96 (3 H, t, J = 7.4 Hz), 1.7-1.8 (2 H, m), 3.75 (6 H, s), 3.88 (2 H, t, J = 7.0 
Hz), 4.75 (2 H, s), 4.79 (1 H, s), 6.40 (2 H, s), 7.04 (1 H, d, J = 8.6 Hz), 7.5-7.6 (3 H, m), 7.8-7.9 (1 H, 
m), 8.1-8.2 (1 H, m); 13C NMR (75.5 MHz, CDCl3)  10.3, 23.3, 41.7, 56.2, 61.5, 75.1, 105.5, 117.0, 
119.7, 120.8, 123.2, 124.6, 126.2, 126.7, 127.8, 133.4, 136.7, 139.6, 143.2, 153.7, 158.9; m/z (%) 
416 (47) [M+], 373 (13), 221 (100), 166 (18), 41 (22); Anal calcd for C25H24N2O4 (%): C, 72.10; H, 
5.81; N, 6.73. Found (%): C, 72.20; H, 5.85; N, 6.69.

2-Amino-4-(3,5-dimethoxy-4-isopropyloxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile 
(3c)

3,5-Dimethoxy-4-isopropoxybenzaldehyde (224 mg, 1.0 mmol) and malononitrile (66 mg, 1.0 
mmol) were dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture 
was stirred at room temperature for 30 min. 1-Naphthol (144 mg, 1.0 mmol) was added and the 
reaction mixture was stirred at room temperature for 4 h. The formed precipitate was collected, 
washed with MeCN and n-hexane and dried in vacuum. Yield: 160 mg (0.38 mmol, 38%); colorless 
solid of m.p. 182-183°C; υmax(ATR)/cm-1 3462, 3332, 3198, 2969, 2838, 2194, 1667, 1637, 1605, 
1588, 1573, 1501, 1462, 1425, 1397, 1370, 1326, 1282, 1259, 1235, 1185, 1148, 1123, 1102, 1053, 
1036, 1022, 935, 853, 826, 815, 785, 768, 759, 734, 688, 668; 1H NMR (300 MHz, CDCl3)  1.25 (6 
H, d, J = 6.2 Hz), 3.74 (6 H, s), 4.2-4.4 (1 H, m), 4.73 (2 H, s), 4.79 (1 H, s), 6.39 (2 H, s), 7.05 (1 H, d, 
J = 8.6 Hz), 7.5-7.6 (3 H, m), 7.7-7.8 (1 H, m), 8.1-8.2 (1 H, m); 13C NMR (75.5 MHz, CDCl3)  22.5, 
41.7, 56.1, 61.5, 75.2, 105.4, 117.1, 119.7, 120.8, 123.2, 124.6, 126.2, 126.6, 126.8, 127.8, 133.3, 
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135.5, 139.5, 143.2, 154.0, 158.9; m/z (%) 414 (23) [M+], 373 (100), 221 (83), 41 (27); Anal calcd 
for C25H24N2O4 (%): C, 72.10; H, 5.81; N, 6.73. Found (%): C, 72.23; H, 5.87; N, 6.70.

2-Amino-4-(4-butoxy-3,5-dimethoxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile (3d)

3,5-Dimethoxy-4-butoxybenzaldehyde (304 mg, 1.276 mmol) and malononitrile (84 mg, 1.276 
mmol) were dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture 
was stirred at room temperature for 30 min. 1-Naphthol (184 mg, 1.276 mmol) was added and 
the reaction mixture was stirred at room temperature for 4 h. The formed precipitate was 
collected, washed with MeCN and n-hexane and dried in vacuum. Yield: 190 mg (0.44 mmol, 35%); 
colorless solid of m.p. 201-202°C; υmax(ATR)/cm-1 3464, 3331, 3198, 3000, 2955, 2934, 2869, 
2839, 2193, 1667, 1637, 1590, 1573, 1506, 1462, 1425, 1397, 1371, 1327, 1282, 1260, 1236, 1186, 
1153, 1125, 1103, 1062, 1037, 1022, 957, 856, 826, 815, 800, 785, 760, 688, 669, 654; 1H NMR 
(300 MHz, CDCl3)  0.92 (3 H, t, J = 7.4 Hz), 1.4-1.5 (2 H, m), 1.7-1.8 (2 H, m), 3.75 (6 H, s), 3.92 (2 
H, t, J = 6.8 Hz), 4.73 (2 H, s), 4.79 (1 H, s), 6.40 (2 H, s), 7.05 (1 H, d, J = 8.6 Hz), 7.5-7.6 (3 H, m), 
7.8-7.9 (1 H, m), 8.1-8.2 (1 H, m); 13C NMR (75.5 MHz, CDCl3)  13.9, 19.1, 32.2, 41.7, 56.2, 61.5, 
73.2, 105.6, 117.1, 119.7, 120.8, 123.2, 124.6, 126.2, 126.7, 126.8, 127.8, 133.4, 136.8, 139.6, 143.2, 
153.7, 158.9; m/z (%) 430 (37) [M+], 374 (18), 221 (100), 41 (31); Anal calcd for C26H26N2O4 (%): 
C, 72.54; H, 6.09; N, 6.51. Found (%): C, 72.66; H, 6.03; N, 6.60.

2-Amino-4-(4-allyloxy-3,5-dimethoxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile (3e)

3,5-Dimethoxy-4-allyloxybenzaldehyde (255 mg, 1.15 mmol) and malononitrile (81 mg, 1.15 
mmol) were dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture 
was stirred at room temperature for 30 min. 1-Naphthol (166 mg, 1.15 mmol) was added and the 
reaction mixture was stirred at room temperature for 4 h. The formed precipitate was collected, 
washed with MeCN and n-hexane and dried in vacuum. Yield: 276 mg (0.67 mmol, 58%); colorless 
solid of m.p. 195-196°C; υmax(ATR)/cm-1 3473, 3353, 3196, 3057, 2921, 2842, 2191, 1657, 1633, 
1592, 1575, 1503, 1467, 1457, 1445, 1426, 1398, 1376, 1324, 1282, 1263, 1228, 1149, 1117, 1053, 
1026, 1012, 990, 939, 923, 862, 843, 820, 806, 787, 758, 693, 667, 655; 1H NMR (300 MHz, 
CDCl3/DMSO-d6)  3.58 (6 H, s), 4.2-4.3 (2 H, m), 4.61 (1 H, s), 4.9-5.0 (1 H, m), 5.0-5.1 (1 H, m), 
5.52 (2 H, s), 5.8-5.9 (1 H, m), 6.25 (2 H, s), 6.88 (1 H, d, J = 8.6 Hz), 7.3-7.4 (3 H, m), 7.6-7.7 (1 H, 
m), 8.0-8.1 (1 H, m); 13C NMR (75.5 MHz, CDCl3/DMSO-d6)  41.5, 55.7, 58.9, 73.6, 104.9, 116.7, 
117.1, 120.0, 122.9, 123.8, 125.7, 126.1, 126.3, 127.2, 132.8, 134.1, 135.4, 140.1, 142.8, 153.1, 
159.3; m/z (%) 416 (22) [M+], 374 (33), 221 (100), 166 (14); Anal calcd for C25H22N2O4 (%): C, 
72.45; H, 5.35; N, 6.76. Found (%): C, 72.55; H, 5.31; N, 6.70.

2-Amino-4-(3,5-dimethoxy-4-propargyloxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile 
(3f)

3,5-Dimethoxy-4-propargyloxybenzaldehyde (220 mg, 1.0 mmol) and malononitrile (66 mg, 1.0 
mmol) were dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture 
was stirred at room temperature for 30 min. 1-Naphthol (144 mg, 1.0 mmol) was added and the 
reaction mixture was stirred at room temperature for 4 h. The formed precipitate was collected, 
washed with MeCN and n-hexane and dried in vacuum. Yield: 180 mg (0.44 mmol, 44%); colorless 
solid of m.p. 194-195°C; υmax(ATR)/cm-1 3445, 3353, 3271, 3199, 3054, 3002, 2937, 2842, 2188, 
1659, 1634, 1590, 1572, 1503, 1464, 1424, 1405, 1397, 1373, 1327, 1279, 1261, 1235, 1216, 1188, 
1129, 1101, 1051, 1034, 1023, 994, 921, 856, 839, 820, 791, 766, 758, 689, 667, 655; 1H NMR (300 
MHz, CDCl3/DMSO-d6)  2.87 (1 H, s), 3.70 (6 H, s), 4.5-4.6 (2 H, m), 4.72 (1 H, s), 6.00 (1 H, s), 6.38 
(2 H, s), 6.99 (1 H, d, J = 8.6 Hz), 7.5-7.6 (3 H, m), 7.7-7.8 (1 H, m), 8.1-8.2 (1 H, m); 13C NMR (75.5 
MHz, CDCl3/DMSO-d6)  41.2, 55.3, 57.6, 59.0, 74.5, 78.8, 104.4, 116.3, 119.7, 120.4, 122.5, 123.4, 
125.3, 125.7, 125.9, 126.8, 132.4, 133.8, 140.7, 142.5, 152.7, 159.3; m/z (%) 412 (25) [M+], 373 
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(100), 221 (77); Anal calcd for C25H20N2O4 (%): C, 72.80; H, 4.89; N, 6.79. Found (%): C, 72.69; H, 
4.95; N, 6.73.

2-Amino-4-(3,5-dimethoxy-4-pentyloxyphenyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile (3g)

3,5-Dimethoxy-4-pentoxybenzaldehyde (308 mg, 1.22 mmol) and malononitrile (86 mg, 1.22 
mmol) were dissolved in MeCN (5 mL) and three drops of Et3N were added. The reaction mixture 
was stirred at room temperature for 30 min. 1-Naphthol (177 mg, 1.22 mmol) was added and the 
reaction mixture was stirred at room temperature for 4 h. The formed precipitate was collected, 
washed with MeCN and n-hexane and dried in vacuum. Yield: 290 mg (0.65 mmol, 53%); colorless 
solid of m.p. 191-192°C; υmax(ATR)/cm-1 3463, 3331, 3196, 2998, 2954, 2931, 2863, 2840, 2194, 
1667, 1636, 1606, 1590, 1572, 1505, 1462, 1425, 1396, 1370, 1327, 1281, 1260, 1238, 1226, 1206, 
1185, 1154, 1125, 1102, 1070, 1047, 1037, 1023, 972, 920, 899, 878, 857, 845, 826, 810, 786, 767, 
758, 725, 688, 669, 654; 1H NMR (300 MHz, CDCl3)  0.89 (3 H, t, J = 7.1 Hz), 1.3-1.4 (4 H, m), 1.7-
1.8 (2 H, m), 3.75 (6 H, s), 3.91 (2 H, t, J = 6.9 Hz), 4.74 (2 H, s), 4.79 (1 H, s), 6.40 (2 H, s), 7.04 (1 
H, d, J = 8.6 Hz), 7.5-7.6 (3 H, m), 7.7-7.8 (1 H, m), 8.1-8.2 (1 H, m); 13C NMR (75.5 MHz, CDCl3)  
14.1, 22.5, 28.0, 29.8, 41.7, 56.2, 61.4, 73.5, 105.5, 117.0, 119.7, 120.8, 123.2, 124.6, 126.2, 126.6, 
126.8, 127.8, 133.3, 136.8, 139.6, 143.2, 153.7, 158.9; m/z (%) 444 (13) [M+], 374 (15), 221 (100), 
43 (14); Anal calcd for C27H28N2O4 (%): C, 72.95; H, 6.35; N, 6.30. Found (%): C, 73.08; H, 6.40; N, 
6.33.

Cell lines and culture conditions

518A2 melanoma (Department of Radiotherapy, Medical University of Vienna, Austria)1, HeLa 
cervix carcinoma, KB-V1Vbl (ACC-149) multi drug resistant (MDR) cervix carcinoma, U-87 
glioblastoma, MCF-7 (ACC-115) breast carcinoma, HT-29 (ACC-299), HCT-116 (ACC-581) and 
HCT-116p53-/- (p53 knockout mutant) colon carcinoma, EA.hy926 (ATCC® CRL-2922TM) 
endothelial hybrid cells, and HDFa (ATCC® PCS-201-012TM) adult human dermal fibroblasts were 
cultivated in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 
serum (20% for HDFa cells), and 1% antibiotic-antimycotic or 1 % ZellShield® at 37 °C, 5% CO2, 
and 95% humidity. To keep KB-V1Vbl cells resistant, 340 nM vinblastine was added to the cell 
culture medium 24 h after every passage. Cells were grown at 5% CO2, and 95% humidity. Only 
mycoplasma-free cell cultures were used.

MYB Luciferase screening Assay

Compounds were tested using the HEC-Luc and HEK-MYB-Luc reporter cell lines, which allow a 
doxycycline dependent induction of MYB expression and harbor a MYB-dependent luciferase 
reporter plasmid as described before.2,3 After 16 h of substance treatment (0.0001 – 3 µM), 
luciferase activities were analyzed with Steady-Glo luciferase kit (Promega), using a TECAN 
microplate reader. 

MTT-assay (Cell viability assay)

The water-soluble tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium 
bromide (= MTT) was used to identify viable cells, which reduce it to violet formazan crystals. 
Therefore, the cancer and hybrid cells (5 × 104 cells/mL,100 μL/well), as well as HDFa cells (1 × 
105 cells/mL, 100 μL/well) were grown in 96-well plates for 24h under cell culture conditions. 
After the treatment with various concentrations (100 μM – 0.5 nM) of compounds 1b, 3a-f and 
DMSO for 72h, 12.5μL of a 0.5% MTT solution in PBS were added to the cells and incubated for 
another 2h at 37°C. Subsequently the microplates were centrifuged (300g, 5 min, 4°C), the 
supernatant medium was discarded, and the formazan dissolved in 25 μL of DMSO containing 10 
% SDS and 0.6% acetic acid for at least 1 h (37°C) in the dark. The absorbance of formazan (λ: 
570 nm), and the background (λ: 630 nm) was measured with a microplate reader (Tecan infinite 
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F200). The IC50 values were derived from dose-inhibition curves as the means ± SD of four 
independent experiments with respect to vehicle treated control cells set to 100%. For these data 
the “log(inhibitor) vs. normalized response-Variable slope” – curve fitting function was used 
(GraphPad Prism9).

Tubulin polymerisation

In a black 96-well half-area clear bottom plate, 50μL of Brinkley's Buffer 80 (BRB80: 400 mm 
PIPES, 5 mm MgCl2, 5 mm EGTA, pH = 6.8) containing 10 % glycerol and 1,5 mm GTP was pipetted. 
After adding the test compounds 1b and 3a-f (5 µM), the polymerisation was started by giving 50 
μL porcine brain tubulin (10 mg/mL in BRB80) to the wells. The measurement of the optical 
density at 340 nm was immediately started in a Tecan infinite F200 plate reader for 120 min at 
37°C. The measured data are representative as the means ± SD of at least two independent 
experiments.

Molecular docking analysis

For molecular docking analysis, the 3D-structure of the Tubulin-colchicine complex (PDB ID: 
1sa0) was retrieved from protein data bank (www.rcsb.org). Before actual molecular docking, the 
health of the protein was assured by plotting Ramachandran’s plot in Discovery studio visualizer. 
The compounds 1b and 3f were docked in the active site of target enzymes. In the present work, 
flexible docking was accomplished using AutoDock 4.2.6. The software executes the molecular 
docking using Lamarckian Genetic Algorithm and empirical free energy scoring function. The 
polar hydrogen atoms and Kollman charges were added to the protein. The Water molecules, 
hetero-atoms and ligands present in the tubulin-colchicine complex were removed from the 
structure in Autodock 1.5.7. Simulation boxes were centered on the originally crystallized ligand 
colchicine. Residues Lys254, Lys352, Asn101, Val318 and Ile378 were treated as flexible residues. 
An 18×22×20 Å simulation box was used in the docking calculations. Docking results were 
visualized and analyzed in Discovery studio visualizer, UCSF Chimera visualization tools and 
PYMOL programs. 

Immunofluorescence staining of tubulin and actin cytoskeleton

518A2 melanoma cells (1 × 105 cells/mL, 0.5 mL/well) were seeded on coverslips in 24-well cell 
culture plates and incubated for 24 h under cell culture conditions (37 °C, 5% CO2 and 95% 
humidity). Afterwards the cells were treated for 24 h with test compounds 1b, 3a-f and C-A4 
(25 µM) or solvent (DMSO). After incubation the cells were washed with cytoskeletal buffer 
(100 mm PIPES, 3 mm MgCl2, 138 mm KCl, 2 mM EGTA, 300 mm sucrose, pH 6.8), fixed and 
permeabilized with 3.7% formaldehyde and 0.2% Triton X-100 in cytoskeletal buffer for 5 min at 
rt. As additional fixation step, the cells were incubated with ice-cold EtOH for 10 s and rehydrated 
in PBS. The cells were blocked with 1% BSA in PBS for 30 min, followed by at least 2 h treatment 
with a primary antibody against alpha-tubulin (anti alpha-tubulin, mouse monoclonal antibody). 
Afterwards the cells were washed two times with PBS, subsequently incubated for another 1 h 
with a secondary antibody AlexaFluor®-546 conjugate (goat anti-mouse IgG-AF-546, Invitrogen). 
For the immunofluorescence staining of actin and nuclei, Phallodin-iFluorTM 488 Conjugate (AAT 
Bioquest) and DAPI (1 µg/mL) was used for 1 h in the dark. Consecutively the cells were washed 
three times with PBS and the coverslips were embedded in ProLongTM Glass Antifade Mountant. 
Nuclei, actin filaments and microtubules were documented by fluorescence microscopy (Leica 
TCS SP5 confocal microscope, 630× magnification) and edited with ImageJ.

Cell cycle analysis

518A2 melanoma cells (1 × 105 cells/mL, 3 mL/well) were seeded in 6-well cell culture plates for 
24 h under cell culture conditions (37 °C, 5% CO2, 95% humidity). The treatment with 25 nM each 
of compounds 1b,3a-f (25 nM) and positive control C-A4 (25 nM) or solvent (DMSO) was carried 
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out for 6 h, 12 h and 24 h. The cells were separated through trypsinization, centrifuged (5 min, 
300 × g, 4 °C) and fixed in 70% EtOH for at least 24h at 4°C. Before flow-cytometric measurement 
the cells were washed with PBS and stained with propidium iodide solution (50 µg/mL PI, 0.1% 
sodium citrate, 50 µg/mL RNAse A in PBS, pH = 7.4). The DNA content of at least 10000 single cells 
was measured with a Beckmann Coulter Cytomics FC500 flow cytometer (λem: 570 nm, λex: 488 nm 
laser source) and the ratio of the cell cycle phases (sub-G1, G1, S, G2/M) were determined as 
means from duplicates by CXP software (Beckman Coulter). 

Caspase-3/7 Activity Assay

Caspase-3/7 activity was measured using the Cell MeterTM Caspase 3/7 Activity Apoptosis Assay 
Kit (ATT Bioquest®). Therefore, 518A2 melanoma cells (1 × 105 cells/mL, 67.5 µL/well) were 
grown under cell culture conditions (37 °C, 5% CO2, 95% humidity) in black 96-well plates for 24 
h. The cells were incubated with 1b, 3a-f, and C-A4 (25 nM), positive control Staurosporine (1 µM) 
or solvent (DMSO) for 6 or 24 h under cell culture conditions, following by addition of fluorogenic 
caspase-3/7 substrate solution and 60 min incubation at rt. The fluorescence intensity (λex: 
485 nm, λem: 521 nm) was measured using a microplate reader (Tecan infinite F200). The blank 
values without cells were subtracted to reduce the background signals of the in triplicated 
performed measurement. The results were quoted as means ± SEM. 518A2 cells were reviewed 
on their vitality via MTT-assay as described above.

Co-localization via intracellular click-reaction

518A2 melanoma cells (1 × 105 cells/mL, 0.5 mL/well) were grown on coverslips in 24-well cell 
culture plates for 24 h under cell culture conditions (37 °C, 5% CO2, 95% humidity). Under the 
same conditions the cells were incubated with 3f (25 µM) for 0, 5 and 15 min. After the treatment 
the cells were washed twice with PBS, fixed (3.7% formaldehyde in PBS) for 10 min and washed 
again with PBS. Subsequently 200 µL of the click-reagent (2 mm CuSO4, 5 mm sodium ascorbate, 
0.1 mm 3-azido-7-hydroxycoumarin, 1% BSA in PBS) were pipetted to the cells and incubated for 
30 min in the dark. Nuclei were counterstained with Nuclear Green (1:1000, 50 µg/mL RNAse, 1% 
BSA in PBS) before the cells were washed again with PBS and ddH2O. The coverslips were 
embedded in Roti®Mount FluorCare and documented using a Leica TCS SP5 confocal microscope 
(630× magnification). The localization of 3f was identified for each point of time (0, 5, 15 min) in 
at least two independent experiments.

EA.hy926 tube formation assay

EA.hy926 endothelial hybrid cells (100 µL/well, 5 × 105 cells/mL) were seeded on thin layers of 
basement membrane-like matrix Matrigel® (Corning) in µ-Slides (Ibidi) and cultivated for 24 h in 
EndoPrime low serum (Capricorn) endothelial medium. The cells were treated with 1b, 3a-f and 
C-A4 (25 nM) or solvent (DMSO) for 5 h under cell culture conditions (37 °C, 5% CO2, and 95% 
humidity), till tubular structures had been formed in the control wells. Anti-angiogenic effects 
were documented via light microscopy (Zeiss Axiovert 135, 100× magnification), in which the 
determination of the substances was carried out in duplicates. EA.hy926 cells were reviewed on 
their vitality via MTT-assay as described above. Therefore, a viability higher than 80% of negative 
control set to 100% were confirmed. The images were analysed with ImageJ (angiogenesis-
analysing tool) and compared for the number of junctions, meshes, master segments (MS) and 
length of MS to quantify the tube formation process.4

Zebrafish angiogenesis assay

Transgenic zebrafish of the strain Tg(fli1:EGFP) with casper mutant background were raised 
under standard conditions at about 28 °C.5,6 The eggs (0 hpf) were cultivated in E3 medium (5 mm 
NaCl, 0.17 mm KCl, 0.33 mm CaCl, 0.33 mm MgSO4, 0.01% methylene blue, pH 7.2) for 24 h, then 
manually dechorionated and transferred in 6-well plates with 5 mL E3 medium each. The 
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fluorescent embryos (24 hpf) were treated with 1b and 3a-f (100 nM), Axitinib (0.5 µM), solvent 
(DMSO) for 48 h. Afterwards the development of the vascular system of the embryos (72 hpf), 
especially the SIV (subintestinal veins) area, was documented by fluorescence microscopy (λex: 
488 nm, λem: 509 nm; Leica MZ10F with Zeiss AxioCam MRrc and Mrc-ZEN pro 2012 software). 
SIV areas of at least 23 identically treated zebrafish larvae per concentration were quantified as 
means ± SD with control (DMSO) set to 100%. The significant levels of the decreased SIV areas 
from substance treated individuals compared with solvent control (DMSO) was determined with 
a One-way ANOVA, *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001, with Dunnett´s multiple 
comparison test (GraphPad Prism 9).

Drug-likeness and Pharmacokinetic studies

ADME (Absorption, Distribution, Metabolism and Excretion) and pharmacokinetic properties 
were checked using SwissADME (an online search tool, link: http://www.swissadme.ch).7 Chem 
Draw 12.0 software was used to draw and compute the structures of all the synthesized 
compounds and their physicochemical characteristics. Simultaneously, the SMILE file format 
required to obtain the pharmacokinetic parameters of all the compounds was obtained from Chem 
Draw 12.0. Swiss ADME predictor provides information about absorption parameters like 
gastrointestinal absorption (GI), oral bioavailability, and distribution parameters like blood brain 
barrier (BBB).

Preparation of 518A2 cell lysate

518A2 melanoma cells were cultivated under cell culture conditions (125 cm2 cell culture flask) 
until confluence was reached. Cells were washed with PBS, detached by cell scraper, and 
centrifuged (400g, 5 min, 4°C). The cell pellet was resuspended in hypotonic buffer (10 mM KCl, 
1.5 mM MgCl2, 10 mM HEPES, pH 7.9) for 10 min, centrifuged and homogenised with a typ B dounce 
homogenizer (50 strokes) in 1 mL of hypotonic buffer (1:100 Inhibitorcocktail plus, Roth). The 
concentration of the supernatant after centrifugation (10000g, 10 min, 4°C) was adjusted to 
1 mg/mL using a NanoDrop 1000 Spectrophotometer and aliquots were frozen at -80 °C. 

Metabolic stability monitored by UV-absorption

The test compound 3f (100 µM) was treated with 518A2 cell lysate and the stability was monitored 
via UV-absorbance between 275 nm and 400 nm (Varioskan LUX, Thermo). Solubility of the test 
substances was enhanced with 4 % tween 80 in PBS (EK=0.4 %). The probes (160 µL PBS, 20 µL 
Substance dilution in PBS with 4 % tween 80, 20 µL cell lysate 1 mg/mL) were measured in 96-
well plates after 0, 3 and 24 h and subtracted by blanks without substances.

RP-HPLC analysis of substance stability

The stability of substance 3f was verified by RP-HPLC analysis (Waters ACQUITY UPLC H Class 
System) after 0 and 72 h incubation with 518A2 melanoma cell lysate. The reaction was prepared 
in PBS with 10 % substance pre-dilution (4 mM in DMSO with 4 % tween 80) and 10 % cell lysate 
(1 mg/mL in hypotonic buffer). A reference for each measurement was prepared without cell 
lysate. The reaction was quenched with MeCN (1:1) and stored at -20 °C. RP-HPLC: column hydro 
C18, 50-95 % MeCN/H2O + 0.1 % HCOOH over 5 min, 0.5 mL/min, 30 µL. 
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Vitality-decrease of HDFa and cancer cells 

The selectivity towards cancer cells of substances 1b and 3a-f were tested on adult human dermal 

fibroblasts (HDFa) by MTT assay.7 Dose response curves of all tested cancer cell lines (black) or 

HDFa cells (red) were calculated using GraphPad Prism 9 and depicted for each compound 

(Figure S1).

Figure S1. Dose response curves of substances 1b and 3a-f for the cancer cell lines (black) 518A2 
(melanoma), HeLa (cervix carcinoma), KB-V1Vbl (MDR cervix carcinoma), U-87 (glioblastoma), MCF-7 
(breast carcinoma), HT-29 (colon carcinoma), HCT-116 (colon carcinoma) and HCT-116p53-/- (p53 
knockout mutant), EA.hy926 (endothelial hybrid cells), and nonmalignant (red) HDFa (adult human dermal 
fibroblasts) cells. The difference between the top and bottom of the curves was determined and stated in 
percent (GraphPad Prism 9).

Meaningful IC50 values could not be determined, as the vitality of the HDFA cells did not fall below 

50% (compared to solvent control).9 Instead, the dose response curves were plotted, and the 

difference between the top and bottom of the curves was matched. Although it is not a common 

method to compare selectivity, it is possible to roughly estimate the difference between healthy 

and malignant cells. Figure S2 shows the vitality decrease in the dose response curves from 0.5 nM 

to 100 µM, which represents the entire observed concentration range. All tested compounds were 

less cytotoxic in healthy HDFa cells, indicating a selectivity for cancer cells. 
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Figure S2. Concentration dependent vitality decrease of HDFa and cancer cells (mean of all tested cells) 
after 72 h incubation with substances 1b and 3a-f. Values are the difference between top and bottom values 
of the dose-response curves calculated with GraphPad Prism 9 (Fig. S1).

Molecular docking analysis

The docking analysis was accomplished with AutoDock 4.2.6 software (Lamarckian Genetic 

Algorithm and empirical free energy scoring function).10 As target the tubulin-colchicine complex 

(PDB ID: 1sa0) was docked with compounds 1b and 3f, after health was assured by plotting 

Ramachandran´s plot in Discovery studio visualizer (Figure S3). 

Figure S3. Ramchandran’s plot for Tubulin-colchicine complex (1sa0) before molecular docking

From figure below it is clear that the protein is suitable for actual molecular docking. All the 

compounds were docked in the active site of target enzymes. Finally Docking results were 
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visualized and analyzed in Discovery studio visualizer and UCSF Chimera visualization tools and 

PYMOL programs (Table S1).

Table S1. Calculation of Binding Energy, Inhibition constant, H-bonds and Amino acids involved in 
interactions was calculated using AutoDock 4.2.6 with Lamarckian Genetic Algorithm and empirical free 
energy scoring function

Compound
Binding 
Energy 

(Kcal/mol)

Inhibition 
constant 

(Ki)

Number of H 
bonds         

(Drug-enzyme)
Amino acids involved in interactions

1b -7.93 1.53 µM 1
Ala354, Val318, Ala316, Thr353, Lys352, 

Leu248, Cys241, Leu242, Ala250, Leu255, 
Lys254

3f -8.69 0.43 µM 1
Ala354, Ala316, Met259, Lys352, Lys254, 
Leu248, Cys241, Ala250, Leu255, Leu242, 

Val318, Leu252, Asn258

Intracellular localization via copper catalyzed click-reaction 

The ethynyl-substituted derivative 3f was linked to 3-azido-7-hydroxycoumarin via copper(I)-

catalysed azide-alkyne cycloaddition, producing a fluorescent triazole (red, Figure S4). The nuclei 

were counterstained with Nuclear Green (blue). 

Figure S4. Intracellular localization of 3f (25 µM) via copper(I)-catalyzed azide-alkyne cycloaddition with 
3-azido-7-hydroxycoumarin (red) after 0, 5 and 15 min of treatment in 518A2 melanoma cells. Nuclei were 
colocalized with Nuclear Green (blue). Images are representative of at least three independent experiments. 
Magnification 630×, scale bars correspond to 100 µm.

Activation of executioner caspases 3 and 7 in 518A2 melanoma cells

The activity of effector caspases 3 and 7 was determined through a Cell MeterTM Caspase 3/7 

Activity Apoptosis Assay Kit (ATT Bioquest®). 518A2 melanoma cells were treated with 

substances 1b, 3a-f, C-A4 (25 nM), staurosporine (1 µM) or solvent (DMSO) for 6 and 24 h 

(Figure S5). 
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Figure S5. Measurement of caspase-3/7 activity via Cell MeterTM Caspase 3/7 Activity Apoptosis Assay Kit 
(ATT Bioquest®) after treatment of 518A2 melanoma cells with 1b, 3a-f, C-A4 (25 nM), staurosporine 
(1 µM) or solvent (DMSO) for 6 and 24 h. Cell vitality was reviewed via MTT assay and above 80 % for all 
experiments. The measurements were performed in triplicate and quoted as means ± SEM. 

EA.hy926 tube-formation assay

The tube formation assay is an easy to run screening method for anti-angiogenic agents, which 

uses EA.hy926 endothelial hybrid cells to form 2D vessel-like structures on a basement membrane 

matrix (Matrigel®).11 The effect of compounds 1b, 3a-f (25 nM) and C-A4 (25 nM) on the tube-

formation ability of EA.hy926 cells was documented after 5 h of treatment (Figure S6, SI). 

Figure S6. The ability of EA.hy926 endothelial hybrid cells to form vessel-like structures was reduced by 
compounds 1b and 3a-f (25 nM) as well as positive control C-A4 (25 nM) compared to solvent (DMSO) 
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treated cells. Images are representative of two independent experiments. Vitality (assessed by MTT-assay) 
was greater than 80 % compared to controls set to 100%. Magnification 100×. Scale bars correspond to 
500 µm. 

The vehicle (DMSO) treated cells developed a strongly branched mesh through cell flattening, 

migration, and the formation of cell-cell connections. Both C-A4 and compounds 1b and 3a-f 

showed anti-angiogenic effects, albeit to different extents. While 3d treated cells formed few 

tubes, 3a, 3c, and 3e led to only single sprouting cells and relatively few cell-cell contacts. 

Compounds 1b, 3b and 3f, as well as C-A4, inhibited cell motility completely, resulting in a round 

cell morphology and few cell contacts. The vitality of the cells was confirmed by MTT-assays to be 

higher than 80%, excluding cytotoxic effects. 

Hydrolytic stability via NMR

The stability of 1a, 1b and 3f in aqueous solution was verified by 1H NMR spectroscopy 
(Figure S7).
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Figure S7. 1H NMR spectra (500 MHz, DMSO-d6) of substances 1a, 1b and 3f before and after the addition 
of 5 % D2O and incubation for 7 days.

Drug-likeness and Pharmacokinetic studies

ADME (Absorption, Distribution, Metabolism and Excretion) and pharmacokinetic properties 

were checked using SwissADME. The molecular weights (MW) of all the tested compounds 3a-f 

range from 402.4 to 430.5 Daltons whereas hydrogen bond acceptor and donor values are 5 and 

1. The predicted values of topological polar surface area (TPSA) were found at 86.73 Å2
 suggesting 

the high bioavailability of compounds. The calculated molar refractivity (MR) values of all the 

compounds ranging from 113.66 to 123.27. Lipophilicity was assessed using Consensus LogPo/w 

descriptor ranging from 3.81 to 4.51. From the predicted values of Consensus LogPo/w, molar 

refractivity and the total polar surface area in synthesized compounds indicate that the test 

compounds have drug likeness with no violations of Lipinski’s rule of five. All substances are likely 

to inhibit the CYP2C19, CYP2C9 and CYP3A4 enzymes of the cytochrome P450 mixed-function 

oxidase system, but only 3a might be a CYP1A2 inhibitor. The drug likeness is based on Lipinski´s 

rule of five and the parameters are shown in Table S2. Absorption parameters like gastrointestinal 

absorption (GI), oral bioavailability, and distribution parameters like blood brain barrier (BBB) 

crossing were illustrated using the BOILED-Egg model and bioavailability radar graphs (Figure 

S8, A and B). The drug likeness is based on Lipinski´s rule of five and the parameters are shown in 

Table S2.

Table S2. Predicted physiochemical, pharmacokinetic, and drug-likeness properties of the synthesized 
compounds 3a-3f. 

3a 3b 3c 3d 3e 3f

MW (Dalton) 402.4 416.4 430.5 430.5 414.45 412.44

TPSA (Å2) 86.73 86.73 86.73 86.73 86.73 86.73

nHD (H-Donor) 1 1 1 1 1 1

nHA (H-Aceptor) 5 5 5 5 5 5
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MR (Molar refractivity) 113.66 118.47 123.27 123.27 117.99 116.63

Log Po/w (Lipophilicity) 3,85 4,20 4,44 4,51 4,08 3,81

GI absorption ↑ ↑ ↑ ↑ ↑ ↑ 

BBB permeance - - - - - - 
CYP1A2 inhibitor + - - - - - 
CYP2C19 inhibitor + + + + + +
CYP2C9 inhibitor + + + + + +
CYP2D6 inhibitor - - - - - - 
CYP3A4 inhibitor + + + + + +
Lipinski + + + + + +

Figure S8. (A) BOILED-Egg model for predicting gastrointestinal absorption and brain access. (B) 
Bioavailability radar graph of synthesized compounds 3a-f.

Metabolic stability monitored by UV-absorption

Compound 3f was treated with 518A2 cell extract and stability was reviewed via UV-absorption 
(Thermo Fischer Varioskan LUX Microplate reader) after 0, 10, 30 min and 24 h (Figure S9). 
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Figure S9. UV absorption spectra (275-400 nm) of cell lysate treated test compound 3f after 0, 10, 30 min 
and 24 h.
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RP-HPLC analysis of substance stability

Treatment of test compound 3f with 518A2 cell lysate for 72 h showed no susceptibility to 
biotransformation. The area of RP-HPLC chromatograms (Waters ACQUITY UPLC H Class System) 
revealed an area decrease of 0.05 % after 72 h (Fig. S10).

Figure S10. RP-HPLC of compound 3f, treated with cell lysate or buffer (control) for 0 and 72 h. 
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Zebrafish angiogenesis assay

Representative images of substance treated zebra fish show the inhibition of SIV growth (yellow 
arrows), which is particularly evident for 3e, 3f and axitinib (Figure S11).

Figure S11. Antiangiogenic effects of 1b and 3a-f (100 nM) on the SIVs (yellow arrows) of zebrafish 
embryos (24 hpf) after 48 h exposure. Negative controls were treated with vehicle DMSO and positive 
controls with axitinib (500 nM). Magnification 630×, scale bar corresponds to 250 µm.
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Abstract
Aim: Efficient and readily available anticancer drugs are sought as treatment options. For this reason, chromene 
derivatives were prepared using the one-pot reaction and tested for their anticancer and anti-angiogenic 
properties.

Methods: 2-Amino-3-cyano-4-(aryl)-7-methoxy-4H-chromene compounds (2A-R) were repurposed or newly 
synthesized via a three-component reaction of 3-methoxyphenol, various aryl aldehydes, and malononitrile. We 
performed assays to study the inhibition of tumor cell growth [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 
tetrazolium bromid (MTT) assay], effects on microtubules (immunofluorescence), cell cycle (flow-activated cell 
sorting analysis), angiogenesis (zebrafish model), and MYB activity (luciferase reporter assay). Fluorescence 
microscopy was applied for localization studies via copper-catalyzed azide-alkyne click reaction of an alkyne-
tagged drug derivative.

Results: Compounds 2A-C and 2F exhibited robust antiproliferative activities against several human cancer cell 
lines (50% inhibitory concentrations in the low nanomolar range) and showed potent MYB inhibition. The alkyne 
derivative 3 was localized in the cytoplasm after only 10 min of incubation. Substantial microtubule disruption and 
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G2/M cell-cycle arrest were observed, where compound 2F stood out as a promising microtubule-disrupting agent. 
The study of anti-angiogenic properties showed that 2A was the only candidate with a high potential to inhibit 
blood vessel formation in vivo.

Conclusion: The close interplay of various mechanisms, including cell-cycle arrest, MYB inhibition, and 
anti-angiogenic activity, led to identifying promising multimodal anticancer drug candidates.

Keywords: Chromene, pyran, anticancer drugs, microtubule, angiogenesis, MYB inhibition

INTRODUCTION
Multi-component reactions such as the Biginelli reaction, Van Leusen reaction, and the Ugi reaction, and 
their modifications are helpful for the design of biologically active compounds[1-4]. An efficient three-
component synthesis of biologically active pyrans was reported using naphthol, phenol, and 
hydroxyquinoline derivatives, which led to several new anticancer compounds[5-8]. For instance, the 
naphthopyran LY290181 or 2-amino-4-(3-nitrophenyl)-4H-naphtho(1, 2-b)pyran-3-carbonitrile (1A) was 
identified as an active anticancer MDA (microtubule-binding/destabilizing agent)[9,10]. The close analog 1B 
was initially described as an apoptosis inducer in breast cancer and non-small-cell lung cancer cells[6]. It was 
also recently determined to be a highly potent inhibitor of the transcription factor MYB[11]. MYB is encoded 
by the proto-oncogene MYB and is involved in the development of malignancies, making it a potential 
therapeutic target[12]. The structurally optimized 7-methoxy-4H-chromene 2B is an even more potent 
apoptosis-inducing agent than 1B and showed high antiproliferative activities[5]. The 2-amino-4-aryl-5-oxo-
4, 5-dihydropyrano[3,2-c]chromene-3-carbonitrile 1C inhibited centrosome clustering in melanoma cells, 
leading to the formation of multiple mitotic spindles, chromosome segregation defects, and cell death 
[Figure 1][13].

Based on these active anticancer pyran heterocycles, several 2-amino-3-cyano-4-aryl-7-methoxy-4H-
chromenes were prepared for testing their antiproliferative and MYB-inhibitory activities. Experiments on 
cell death induction, microtubule destabilization, drug localization, and anti-angiogenic effects were 
performed to investigate the underlying mechanisms of action of the most active compounds.

METHODS
Chemistry
General
Starting compounds and reagents were obtained from Aldrich, TCI, and Alfa Aesar. The already published 
compounds 1A, 1B, 2B, 2O, and 2R were prepared as described[5,6,9,14]. For compound analysis, the following 
instruments were used: Gallenkamp for melting points (uncorrected); Perkin-Elmer Spectrum One FT-IR 
spectrophotometer (ATR) for IR spectra; BRUKER Avance 300 spectrometer for nuclear magnetic 
resonance spectra; chemical shifts were expressed as ppm (parts per million, δ) downfield from TMS 
(tetramethylsilane) as the internal standard; Varian MAT 311A (EI) and UPLC/Orbitrap (ESI-HRMS) for 
mass spectra; Perkin-Elmer 2400 CHN elemental analyzer for elemental analyses (microanalyses), and 
compounds were > 95% pure as to elemental analysis.

Synthesis
2-Amino-3-cyano-4-(3’-chloro-4’, 5’-dimethoxyphenyl)-7-methoxy-4H-chromene (2A)
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Figure 1. Structures of LY290181 (1A); MYB inhibitor Bcr-TMP (1B); chromosomal de-clustering agent 1C; and antiproliferative 
compound 2B.

3-Chloro-4, 5-dimethoxybenzaldehyde (200 mg, 1.0 mmol) and malononitrile (70 mg, 1.0 mmol) were
dissolved in MeCN (5 mL), and three drops of Et3N were added. The reaction mixture was stirred at room
temperature for 30 min. 3-Methoxyphenol (109 µL, 1.0 mmol) was added, and the reaction mixture was
heated with a heat gun and stirred at room temperature for 2 h. The precipitate was collected, washed with
MeCN and n-hexane, and dried in a vacuum. Yield: 80 mg (0.22 mmol, 22%); colorless solid of mp = 224-
225 °C; υmax(ATR)/cm-1 3397, 3332, 3220, 2943, 2846, 2186, 1651, 1619, 1572, 1509, 1465, 1430, 1415, 1399,
1313, 1281, 1258, 1231, 1207, 1193, 1178, 1148, 1137, 1124, 1051, 998, 928, 856, 834, 813, 801, 780, 753, 714,
690, 659;  1H NMR (300 MHz, CDCl3)  3.77 (3 H, s ,  OMe), 3.82 (6 H, s ,  2 x OMe),
4.5-4.6 (3 H, m, 4-H, NH2), 6.53 (1 H, d, J = 2.5 Hz, 8-H), 6.6-6.7 (3 H, m, 6’-H, 6-H), 6.71 (1 H, s, 2’-H),
6.85 (1 H, d, J = 8.7 Hz, 5-H); 13C NMR (75.5 MHz, CDCl3)  40.2 (4-C), 55.5 (OMe), 56.2 (OMe), 60.7
(OMe), 101.4 (8-C), 110.6 (6-C), 111.8 (6’-C), 113.9 (4a-Cq), 119.6 (CN), 121.2 (2’-C), 128.5 (3’-C), 130.1 (1’-
C), 141.3 (4’-C), 149.1 (5’-C), 153.9 (8a-Cq), 159.1 (7-C), 159.6 (2-C); HRMS for C19H18O4N2Cl [M+ + H]
calcd. 373.09496, found 373.09355.

2-Amino-3-cyano-4-(3’-iodo-4’, 5’-dimethoxyphenyl)-7-methoxy-4H-chromene (2C)

Analogously to the synthesis of 2B, compound 2C (150 mg, 0.32 mmol, 32%) was obtained from 3-iodo-4, 
5-dimethoxybenzaldehyde (292 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol), three drops of Et3N, and
3-methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 223-224 °C;
υmax(ATR)/cm-1 3403, 3334, 3220, 2937, 2841, 2186, 1651, 1619, 1582, 1563, 1508, 1479, 1464, 1411, 1397,
1308, 1272, 1253, 1231, 1200, 1178, 1136, 1124, 1044, 999, 875, 855, 812, 801, 777, 750, 688, 655, 611; 1H NMR
(300 MHz, dimethyl sulfoxide [DMSO]-d6)  3.67 (3 H, s, OMe), 3.74 (3 H, s, OMe), 3.78 (3 H, s, OMe), 4.68
(1 H, s, 4-H), 6.56 (1 H, d, J = 2.5 Hz, 8-H), 6.68 (1 H, dd, J = 8.7 Hz, 2.5 Hz, 6-H), 6.9-7.1 (5 H, m, 6’-H, 6-
H, 5-H, NH2); 13C NMR (75.5 MHz, DMSO-d6)  39.1 (4-C), 55.4 (OMe), 55.6 (OMe), 55.9 (OMe), 93.0 (3’-
C), 100.9 (8-C), 111.4 (6-C), 112.7 (6’-C), 114.8 (4a-Cq), 120.4 (CN), 128.2 (5-C), 129.9 (2’-C), 144.4 (1’-C),
146.9 (4’-C), 148.7 (5’-C), 152.2 (8a-Cq), 159.0 (7-C), 160.3 (2-C); m/z (%) 464 (43) [M+], 201 (100); Anal.
calcd. for C19H17IN2O4 (%), C, 49.16, H, 3.69, N, 6.03; found: C, 49.24, H, 3.77, N, 5.98.

2-Amino-3-cyano-4-(3’, 5’-dichloro-4’-methoxyphenyl)-7-methoxy-4H-chromene (2D)

Analogously to the synthesis of 2B, compound 2D (115 mg, 0.31 mmol, 31%) was obtained from 3,5-
dichloro-4-methoxybenzaldehyde (205 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol), three drops of Et3

N, and 3-methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 229 °C;
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υmax(ATR)/cm-1 3395, 3331, 3219, 3004, 2973, 2938, 2841, 2192, 1652, 1619, 1583, 1557, 1509, 1478, 1448,
1404, 1395, 1318, 1301, 1282, 1265, 1254, 1195, 1150, 1127, 1082, 1043, 1029, 996, 949, 914, 888, 857, 848,
807, 795, 775, 751, 741, 687, 667, 653; 1H NMR (300 MHz, CDCl3/DMSO-d6)  3.62 (3 H, s, OMe), 3.70 (3 H,
s, OMe), 4.44 (1 H, s, 4-H), 5.58 (2 H, s, NH2), 6.4-6.5 (2 H, m, 6-H, 8-H), 6.6-6.7 (1 H, m, 5-H), 6.96 (2 H, s,
2’-H, 6’-H); 13C NMR (75.5 MHz, CDCl3/DMSO-d6)  39.7 (4-C), 55.4 (OMe), 57.7 (3-C), 60.5 (OMe), 101.4
(8-C), 111.5 (6-C), 113.5 (4a-Cq), 120.2 (CN), 128.0 (2’-C, 6’-C), 129.3 (3’-C, 5’-C), 129.9 (5-C), 142.9 (1’-C),
149.0 (4’-C), 150.9 (8a-Cq), 159.5 (7-C), 160.0 (2-C); m/z (EI) 378 (16) [M+], 376 (23) [M+], 201 (100); Anal.
calcd. for C18H14Cl2N2O3 (%), C, 57.31, H, 3.74, N, 7.43; found: C, 57.40, H, 3.70, N, 7.36.

2-Amino-3-cyano-4-(3’, 5’-dibromo-4’-methoxyphenyl)-7-methoxy-4H-chromene (2E)

Analogously to the synthesis of 2B, compound 2E (125 mg, 0.27 mmol, 31%) was obtained from 3, 5-
dibromo-4-methoxybenzaldehyde (259 mg, 0.88 mmol), malononitrile (70 mg, 1.0 mmol), three drops of Et3

N, and 3-methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 247 °C;
υmax(ATR)/cm-1 3396, 3331, 3218, 2943, 2190, 1652, 1619, 1582, 1547, 1508, 1471, 1420, 1407, 1394, 1317,
1296, 1282, 1253, 1194, 1150, 1125, 1064, 1045, 1028, 999, 990, 947, 888, 857, 847, 811, 800, 779, 750, 733, 704,
686, 663; 1H NMR (300 MHz, CDCl3/DMSO-d6)  3.70 (3 H, s, OMe), 3.76 (3 H, s, OMe), 4.52 (1 H, s, 4-H),
5.90 (2 H, s, NH2), 6.47 (1 H, d, J = 2.5 Hz, 8-H), 6.55 (1 H, dd, J = 8.6 Hz, 2.5 Hz, 6-H), 6.77 (1 H, d, J = 8.6
Hz, 5-H), 7.23 (2 H, s, 2’-H, 6’-H); 13C NMR (75.5 MHz, CDCl3/DMSO-d6)  39.1 (4-C), 54.9 (OMe), 56.9 
(3-C), 59.9 (OMe), 101.0 (8-H), 111.0 (6-C), 113.1 (4a-Cq), 117.6 (3’-C, 5’-C), 119.7 (CN), 129.4 (5-C), 
131.3 (2’-C, 6’-C), 143.7 (1’-C), 148.6 (4’-C), 152.2 (8a-Cq), 159.0 (7-C), 159.7 (2-C); m/z (EI) 468 (8) 
[M+], 466 (16) [M+], 464 (8) [M+], 201 (100); Anal. calcd. for C18H14Br2N2O3 (%), C, 46.38, H, 3.03, N, 
6.01; found: C, 46.29, H, 2.98, N, 6.06.

2-Amino-3-cyano-4-(3, 5-diiodo-4-methoxyphenyl)-7-methoxy-4H-chromene (2F)

Analogously to the synthesis of 2B, compound 2F (165 mg, 0.30 mmol, 30%) was obtained from 3, 5-diiodo-
4-methoxybenzaldehyde (388 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol), three drops of Et3N, and 3-
methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 228 °C; υmax(ATR)/cm-1 3400,
3332, 3219, 2936, 2841, 2187, 1652, 1619, 1580, 1534, 1506, 1460, 1405, 1387, 1316, 1293, 1281, 1247, 1198,
1150, 1124, 1048, 1028, 993, 945, 897, 885, 854, 808, 798, 778, 749, 737, 711, 708, 700, 685; 1H NMR (300
MHz, CDCl3/DMSO-d6)  3.70 (3 H, s, OMe), 3.72 (3 H, s, OMe), 4.49 (1 H, s, 4-H), 6.07 (2 H, s, NH2), 6.47
(1 H, d, J = 2.6 Hz, 8-H), 6.54 (1 H, dd, J = 8.6 Hz, 2.6 Hz, 6-H), 6.77 (1 H, d, J = 8.6 Hz, 5-H), 7.47 (2 H, s,
2’-H, 6’-H); 13C NMR (75.5 MHz, CDCl3/DMSO-d6)  54.9 (OMe), 56.6 (3-C), 59.9 (OMe), 90.3 (2’-C, 6’-C),
100.9 (8-C), 111.0 (6-C), 113.3 (4a-Cq), 119.8 (CN), 129.4 (5-C), 138.4 (2’-C, 6’-C), 144.9 (1’-C), 148.6
(8a-Cq), 156.9 (4’-C), 158.9 (7-C), 159.7 (2-C); m/z (EI) 560 (52) [M+], 201 (100); Anal. calcd. for
C18H14I2N2 O3 (%), C, 38..60, H, 2.52, N, 5.00; found: C, 38.69, H, 2.45, N, 4.97.

2-Amino-3-cyano-4-(2’-fluorophenyl)-7-methoxy-4H-chromene (2G)

Analogously to the synthesis of 2B, compound 2G (73 mg, 0.25 mmol, 25%) was obtained from 2-
fluorobenzaldehyde (124 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol), three drops of Et3N, and 3-
methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Yield: 73 mg (0.25 mmol, 25%); colorless solid of m.p.
198 °C; υmax(ATR)/cm-1 3405, 3336, 3214, 2194, 1652, 1619, 1582, 1509, 1486, 1453, 1435, 1405, 1317, 1292,
1255, 1240, 1224, 1193, 1152, 1124, 1103, 1092, 1045, 1031, 937, 871, 857, 817, 803, 787, 753, 721, 705, 679; 1H
NMR (300 MHz, CDCl3)  3.75 (3 H, s, OMe), 4.65 (2 H, s, NH2), 5.04 (1 H, s, 4-H), 6.51 (1 H, d, J = 2.6 Hz,
8-H), 6.59 (1 H, dd, J = 8.6 Hz, 2.6 Hz, 6-H), 6.92 (1 H, d, J = 8.6 Hz, 5-H), 7.0-7.2 (4 H, m, 3’-H, 4’-H, 5’-H,
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6’-H); 13C NMR (75.5 MHz, CDCl3)  33.8 (4-C), 55.5 (OMe), 59.2 (3-C), 101.3 (8-C), 111.7 (6-C), 114.1 (4a-
Cq), 115.8 (d, J = 22.0 Hz, 3’-C), 119.6 (CN), 124.6 (5’-C), 128.9 (d = 8.3 Hz, 4’-C), 129.7 (5-C), 131.5 
(d = 12.7 Hz, 6’-C), 149.2 (8a-Cq), 159.4 (7-C), 159.8 (2-C), 160.0 (d = 195.9 Hz, 2’-C); m/z (EI) 296 (42) 
[M+], 201 (100); Anal. calcd. for C17H13FN2O2 (%), C, 68.91, H, 4.42, N, 9.45; found: C, 68.99, H, 4.36, N, 9.39.

2-Amino-3-cyano-4-(2’-chlorophenyl)-7-methoxy-4H-chromene (2H)

Analogously to the synthesis of 2B, compound 2H (500 mg, 1.6 mmol, 40%) was obtained from 2-
chlorobenzaldehyde (562 mg, 4.0 mmol), malononitrile (280 mg, 4.0 mmol), six drops of Et3N, and 3-
methoxyphenol (436 µL, 4.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 184 °C; υmax(ATR)/cm-1 3435,
3343, 3216, 2937, 2840, 2186, 1639, 1618, 1580, 1506, 1466, 1441, 1402, 1311, 1291, 1278, 1253, 1198, 1154,
1123, 1033, 956, 935, 874, 854, 817, 782, 758, 724, 708, 694, 675; 1H NMR (300 MHz, CDCl3)  3.75 (3 H, s,
OMe), 4.62 (2 H, s, NH2), 5.31 (1 H, s, 4-H), 6.51 (1 H, d, J = 2.6 Hz, 8-H), 6.57 (1 H, dd, J = 8.6 Hz, 2.6 Hz,
6-H), 6.89 (1 H, d, J = 8.6 Hz, 5-H), 7.2-7.3 (3 H, m, 4’-H, 5’-H, 6’-H), 7.3-7.4 (1 H, m, 3’-H); 13C NMR (75.5
MHz, CDCl3)  36.8 (3-C), 55.5 (OMe), 59.7 (4-C), 101.3 (8-H), 111.6 (6-C), 114.2 (4a-Cq), 119.5 (CN), 127.5
(6’-C), 128.4 (5’-C), 129.7 (4’-C), 129.9 (3’-C), 130.7 (5-C), 133.0 (2’-C), 141.8 (1’-C), 149.1 (8a-Cq), 159.5
(7-C), 159.6 (2-C); m/z (EI) 314 (6) [M+], 312 (24) [M+], 201 (100); Anal. calcd. for C17H13ClN2O2 (%), C,
65.29, H, 4.19, N, 8.96; found: C, 65.36, H, 4.12, N, 9.02.

2-Amino-3-cyano-4-(3’, 4’-difluorophenyl)-7-methoxy-4H-chromene (2I)

Analogously to the synthesis of 2B, compound 2I (98 mg, 0.31 mmol, 31%) was obtained from 3, 4-
difluorobenzaldehyde (142 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol) three drops of Et3N, and 3-
methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Yield: 98 mg (0.31 mmol, 31%); colorless solid of m.p.
193 °C; υmax(ATR)/cm-1 3433, 3349, 3220, 2842, 2186, 1663, 1616, 1580, 1507, 1464, 1436, 1408, 1311, 1289,
1255, 1202, 1191, 1156, 1123, 1109, 1046, 959, 928, 889, 856, 828, 816, 802, 775, 746, 697, 673; 1H NMR (300
MHz, CDCl3)  3.77 (3 H, s, OMe), 4.61 (2 H, s, NH2), 4.64 (1 H, s, 4-H), 6.53 (1 H, d, J = 2.6 Hz, 8-H), 6.62
(1 H, dd, J = 8.6 Hz, 2.6 Hz, 6-H), 6.81 (1 H, d, J = 8.6 Hz, 5-H), 6.9-7.0 (2 H, m, 5’-H, 6’-H), 7.0-7.1 (1 H, m,
2’-H); 13C NMR (75.5 MHz, CDCl3)  39.8 (4-C), 55.5 (OMe), 60.5 (3-C), 101.5 (8-C), 111.9 (6-C), 113.8 
(4a-Cq), 116.7 (d, J = 17.6 Hz, 2’-C), 117.4 (d, J = 17.4 Hz, 5’-C), 119.4 (CN), 123.7 (d, J = 9.8 Hz, 6’-C), 
130.1 (5-C), 141.8 (1’-C), 147.1 (d, J = 156.0 Hz), 149.1 (8a-Cq), 151.2 (d, J = 156.0 Hz, 3’-C), 159.1 (7-C), 
159.7 (2-C); m/z (EI) 314 (33) [M+], 201 (100); Anal. calcd. for C17H12F2N2O2 (%), C, 64.97, H, 3.85, N, 
8.91; found: C, 65.08, H, 3.79, N, 8.96.

2-Amino-3-cyano-4-(3’-chloro-4’-fluorophenyl)-7-methoxy-4H-chromene (2J)

Analogously to the synthesis of 2B, compound 2J (100 mg, 0.30 mmol, 30%) was obtained from 3-chloro-4-
fluorobenzaldehyde (159 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol), three drops of Et3N, and 3-
methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 192-193 °C. υmax(ATR)/cm-1

3432, 3350, 3285, 3219, 3087, 2972, 2842, 2186, 1659, 1615, 1579, 1505, 1495, 1464, 1435, 1412, 1401, 1320,
1306, 1291, 1254, 1221, 1201, 1153, 1122, 1058, 1044, 948, 897, 855, 828, 815, 801, 774, 755, 711, 702, 693; 1H
NMR (300 MHz, CDCl3)  3.77 (3 H, s, OMe), 4.61 (2 H, s, NH2), 4.64 (1 H, s, 4-H), 6.54 (1 H, d, J = 2.6 Hz,
8-H), 6.61 (1 H, dd, J = 8.6 Hz, 2.6 Hz, 6-H), 6.80 (1 H, d, J = 8.6 Hz, 5-H), 7.0-7.1 (2 H, m, 5’-H, 6’-H), 7.1-
7.2 (1 H, m, 2’-H); 13C NMR (75.5 MHz, CDCl3)  39.7 (4-C), 55.6 (OMe), 60.5 (3-C), 101.5 (8-C), 112.0
(6-C), 113.8 (4a-Cq), 116.8 (d, J = 21.3 Hz, 5’-C), 119.4 (CN), 121.4 (d, J = 18.0 Hz, 3’-C), 127.6 (6’-C), 130.0
(2’-C), 131.1 (5-C), 141.9 (1’-C), 149.1 (8a-Cq), 157.3 (d, J = 248.9 Hz, 4’-C), 159.1 (7-C), 159.7 (2-C); m/z
(%) 330 (47) [M+], 201 (100), 186 (43), 158 (43). Anal. calcd. for C17H12ClFN2O2 (%), C, 61.74, H, 3.66, N,
8.47; found: C, 61.84, H, 3.71, N, 8.50.
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2-Amino-3-cyano-4-(3’, 4’-dichlorophenyl)-7-methoxy-4H-chromene (2K)

Analogously to the synthesis of 2B, compound 2K (105 mg, 0.30 mmol, 30%) was obtained from
3, 4-dichlorobenzaldehyde (175 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol), three drops of Et3N, and
3-methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 192 °C; υmax(ATR)/cm-1 3433,
3349, 3220, 2186, 1661, 1616, 1579, 1506, 1463, 1434, 1412, 1320, 1290, 1251, 1199, 1180, 1157, 1123, 1046,
1029, 948, 911, 895, 885, 856, 825, 809, 786, 753, 732, 703, 692, 665; 1H NMR (300 MHz, CDCl3)  3.77 (3 H, s,
OMe), 4.63 (1 H, s, 4-H), 4.66 (2 H, s, NH2), 6.53 (1 H, d, J = 2.6 Hz, 8-H), 6.61 (1 H, dd, J = 8.6 Hz, 2.6 Hz,
6-H), 6.80 (1 H, d, J = 8.6 Hz, 5-H), 7.03 (1 H, dd, J = 8.2 Hz, 2.1 Hz, 6’-H), 7.22 (1 H, d, J = 2.1 Hz, 2’-H),
7.37 (1 H, d, J = 8.2 Hz, 5’-H); 13C NMR (75.5 MHz, CDCl3)  39.8 (4-C), 55.5 (OMe), 60.0 (3-C), 101.5 (8-C),
111.9 (6-C), 113.5 (4a-Cq), 119.4 (CN), 127.3 (6’-C), 129.8 (2’-C), 130.1 (5-C), 130.8 (5’-C), 131.4 (4’-C),
132.9 (3’-C), 145.0 (1’-C), 149.0 (8a-Cq), 159.2 (7-C), 159.7 (2-C); m/z (EI) 348 (7) [M+], 346 (13) [M+], 201
(100); Anal. calcd. for C17H12Cl2N2O2 (%), C, 58.81, H, 3.48, N, 8.07; found: C, 58.94, H, 3.55, N, 8.09.

2-Amino-3-cyano-4-(2’, 4’-difluorophenyl)-7-methoxy-4H-chromene (2L)

Analogously to the synthesis of 2B, compound 2L (100 mg, 0.32 mmol, 32%) was obtained from
2, 4-difluorobenzaldehyde (142 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol), three drops of Et3N, and
3-methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 169-170 °C. υmax(ATR)/cm-1

3432, 3349, 3220, 3084, 3015, 2969, 2936, 2840, 2186, 1660, 1615, 1602, 1581, 1497, 1463, 1409, 1316, 1280,
1262, 1241, 1220, 1202, 1190, 1155, 1138, 1124, 1086, 1039, 960, 852, 827, 808, 781, 751, 730, 683; 1H NMR
(300 MHz, CDCl3)  3.76 (3 H, s, OMe), 4.63 (2 H, s, NH2), 5.01 (1 H, s, 4-H), 6.52 (1 H, d, J = 2.6 Hz, 8-H),
6.60 (1 H, dd, J = 8.6 Hz, 2.6 Hz, 6-H), 6.7-6.8 (2 H, m, 3’-H, 5’-H), 6.88 (1 H, d, J = 8.6 Hz, 5-H), 7.0-7.1
(1 H, m, 6’-H); 13C NMR (75.5 MHz, CDCl3)  33.5 (4-C), 55.5 (OMe), 59.2 (3-C), 101.4 (8-C), 103.8-104.5
(m, 3’-C), 111.6-112.0 (m, 5’-C, 6-C), 113.8 (4a-Cq), 119.4 (CN), 127.5 (d, J = 12.9 Hz), 129.7 (5-C), 130.5-
130.7 (m, 6’-C), 139.0 (1’-C), 149.2 (8a-Cq), 159.6 (7-C), 159.8 (2-C), 160.3 (d, J = 247.5 Hz, 4’-C), 162.0 (d,  
J = 248.8 Hz, 2’-C); m/z (%) 314 (43) [M+], 201 (100); Anal. calcd. for C17H12F2N2O2 (%), C, 64.97, H, 3.85, 
N, 8.91; found: C, 64.90, H, 3.78, N, 8.88.

2-Amino-3-cyano-4-(2’, 3’-difluorophenyl)-7-methoxy-4H-chromene (2M)

Analogously to the synthesis of 2B, compound 2M (100 mg, 0.32 mmol, 32%) was obtained from 2, 3-
difluorobenzaldehyde (142 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol), three drops of Et3N, and 3-
methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 183-184 °C. υmax(ATR)/cm-1

3429, 3331, 3213, 2975, 2935, 2840, 2193, 1652, 1627, 1614, 1576, 1508, 1478, 1416, 1310, 1287, 1266, 1249,
1231, 1190, 1150, 1123, 1043, 1030, 969, 929, 895, 857, 824, 792, 782, 758, 740, 718, 697, 683; 1H NMR (300
MHz, CDCl3)  3.76 (3 H, s, OMe), 4.64 (2 H, s, NH2), 5.05 (1 H, s, 4-H), 6.52 (1 H, d, J = 2.6 Hz, 8-H), 6.60
(1 H, dd, J = 8.6 Hz, 2.6 Hz, 6-H), 6.9-7.1 (4 H, m, 5-H, 4’-H, 5’-H, 6’-H); 13C NMR (75.5 MHz, CDCl3)  34.1
(4-C), 55.5 (OMe), 58.9 (3-C), 101.5 (8-C), 111.8 (6-C), 113.5 (4a-Cq), 116.1 (d, J = 17.2 Hz, 4’-C), 119.3
(CN), 124.3-124.5 (m, 6’-C), 129.7 (5-C), 133.9 (d, J = 9.8 Hz, 5’-C), 148.1 (d, J = 151.0 Hz, (2’-C), 149.2
(8a-Cq), 151.4 (d, J = 156.0 Hz, 3’-C), 159.7 (7-C), 159.9 (2-C); m/z (%) 314 (27) [M+], 201 (100); Anal. calcd.
for C17H12F2N2O2 (%), C, 64.97, H, 3.85, N, 8.91; found: C, 64.88, H, 3.80, N, 8.94.

2-Amino-3-cyano-4-(2’, 5’-difluorophenyl)-7-methoxy-4H-chromene (2N)
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Analogously to the synthesis of 2B, compound 2N (95 mg, 0.30 mmol, 30%) was obtained from 2, 5-
difluorobenzaldehyde (142 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol), three drops of Et3N, and 3-
methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 179-180°C. υmax(ATR)/cm-1

3629, 3458, 3408, 3333, 3213, 3080, 2983, 2938, 2843, 2192, 1651, 1618, 1579, 1508, 1490, 1452, 1436, 1404,
1317, 1290, 1252, 1240, 1190, 1176, 1150, 1122, 1082, 1044, 1028, 961, 942, 883, 855, 849, 817, 806, 794, 777,
752, 739, 731, 716, 700; 1H NMR (300 MHz, CDCl3)  3.76 (3 H, s, OMe), 4.67 (2 H, s, NH2), 5.04 (1 H, s,
4-H), 6.52 (1 H, d, J = 2.6 Hz, 8-H), 6.61 (1 H, dd, J = 8.6 Hz, 2.6 Hz, 6-H), 6.8-7.0 (4 H, m, 5-H, 3’-H, 4’-H,
6’-H); 13C NMR (75.5 MHz, CDCl3)  33.8 (4-C), 55.5 (OMe), 58.8 (3-C), 101.5 (8-C), 111.9 (6-C), 113.4 
(4a-Cq), 115.2-116.2 (m, 4’-C), 116.7-117.2 (m, 3’-C, 6’-C), 119.3 (CN), 129.7 (5-C), 133.1-133.4 (m, 1’-C), 
149.2 (8a-Cq), 156.2 (d, J = 239.8 Hz, 2’-C), 159.0 (d, J = 243.3 Hz, 5’-C), 159.7 (7-C), 159.9 (2-C); m/ z (%) 
314 (60) [M+], 201 (100), 186 (37), 158 (33); Anal. calcd. for C17H12F2N2O2 (%), C, 64.97, H, 3.85, N, 8.91; 
found: C, 65.04, H, 3.90, N, 8.98.

2-Amino-3-cyano-4-(3’, 4’, 5’-trifluorophenyl)-7-methoxy-4H-chromene (2P)

Analogously to the synthesis of 2B, compound 2P (105 mg, 0.32 mmol, 32%) was obtained from 3, 4, 5-
trifluorobenzaldehyde (160 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol) three drops of Et3N, and 3-
methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 237-238 °C; υmax(ATR)/cm-1

3428, 3346, 3221, 3053, 3014, 2945, 2848, 2187, 1662, 1616, 1579, 1524, 1506, 1465, 1446, 1409, 1342, 1310,
1292, 1232, 1203, 1182, 1156, 1131, 1116, 1035, 985, 897, 879, 855, 834, 822, 803, 785, 756, 716, 709, 688; 1H
NMR (300 MHz, DMSO-d6)  3.79 (3 H, s, OMe), 4.81 (1 H, s, 4-H), 6.57 (1 H, d. J = 2.5 Hz, 8-H), 6.69 (1 H,
dd, J = 8.7 Hz, 2.5 Hz, 6-H), 6.98 (1 H, d, J = 8.7 Hz, 5-H), 7.07 (2 H, s, NH2), 7.1-7.2 (2 H, m, 2’-H, 6’-H);
13C NMR (75.5 MHz, CDCl3/DMSO-d6)  54.8 (3-C), 55.4 (OMe), 101.1 (8-C), 111.5-112.0 (m, 2’-C, 6’-C,
6-C), 113.8 (4a-Cq), 120.2 (CN), 129.9 (5-C), 136.0 (1’C), 143.3 (4’-C), 148.8 (8a-Cq), 150.2 (dd, J = 248.7 Hz,
9.8 Hz, 3’-C, 5’-C), 159.2 (7-C), 160.4 (2-C); HR-MS (ESI, m/z) for C17H12O2N2F3 [M+ + H] calcd. 333.08454,
found 333.08436.

2-Amino-3-cyano-4-(3’-pentafluorothiophenyl)-7-methoxy-4H-chromene (2Q)

Analogously to the synthesis of 2B, compound 2Q (130 mg, 0.32 mmol, 32%) was obtained from 3-
pentafluorothiobenzaldehyde (232 mg, 1.0 mmol), malononitrile (70 mg, 1.0 mmol) three drops of Et3N,
and 3-methoxyphenol (109 µL, 1.0 mmol) in MeCN (5 mL). Colorless solid of m.p. 226-227 °C;
υmax(ATR)/cm-1 3472, 3321, 3281, 3233, 3205, 3071, 2936, 2841, 2192, 1652, 1626, 1612, 1577, 1508, 1464,
1434, 1402, 1293, 1252, 1191, 1155, 1125, 1111, 1097, 1036, 938, 911, 884, 833, 810, 794, 780, 747, 717, 697,
688; 1H NMR (300 MHz, CDCl3)  3.77 (3 H, s, OMe), 4.64 (2 H, s, NH2), 4.75 (1 H, s, 4-H), 6.55 (1 H, d, 
J = 2.6 Hz, 8-H), 6.62 (1 H, dd, J = 8.6 Hz, 2.6 Hz, 6-H), 6.80 (1 H, d, J = 8.6 Hz, 5-H), 7.3-7.4 (2 H, m, 
5’-H, 6’-H), 7.53 (1 H, s, 2’-H), 7.6-7.7 (1 H, m, 4’-H); 13C NMR (75.5 MHz, CDCl3)  40.5 (4-C), 55.5 
(OMe), 60.2  (3-C), 101.6 (8-C), 112.0 (6-C), 113.5 (4a-Cq), 119.3 (CN), 124.9 (2’-C), 125.3 (4’-C), 129.3 
(5’-C), 130.1 (5-C), 131.1 (6’-C), 145.9 (1’-C), 149.2 (8a-Cq), 154.3-155.0 (m, 3’-C), 159.3 (7-C), 159.8  
(2-C); m/z (%) 404 (31) [M+], 201 (100), 186 (38), 158 (33); Anal. calcd. for C17H12F5N2O2S (%), C, 50.50, 
H, 3.24, N, 6.93; found: C, 50.59, H, 3.20, N, 6.88.

2-Amino-3-cyano-4-(3’-bromo-4’, 5’-dimethoxyphenyl)-7-propargyloxy-4H-chromene (3)

A mixture of malononitrile (70 mg, 1.0 mmol) and 3-bromo-4, 5-dimethoxybenzaldehyde (245 mg,
1.0 mmol) in ethanol (EtOH) (5 mL) was treated with three drops of piperidine, and the reaction mixture
was stirred for 30 min at room temperature. 3-Propargyloxyphenol (148 mg, 1.0 mmol) was added, and the
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reaction mixture was stirred under reflux for 4 h. The solvent was evaporated, and the residue was taken up
in ethyl acetate, washed with water, and dried over Na2SO4. The solvent was evaporated, and the residue was
purified by column chromatography (silica gel 60). Yield: 50 mg (0.11 mmol, 11%); off-white solid of m.p.
206-207 °C; Rf = 0.47 (ethyl acetate / n-hexane, 1:1); υmax(ATR)/cm-1 3442, 3331, 3294, 3240, 3202, 3009, 2971,
2939, 2834, 2192, 1651, 1629, 1608, 1570, 1508, 1488, 1459, 1431, 1401, 1312, 1284, 1230, 1183, 1157, 1124,
1044, 1028, 995, 880, 850, 840, 823, 801, 780, 762, 684, 654; 1H NMR (300 MHz, DMSO-d6)  3.59 (1 H, s,
CCH), 3.70 (3 H, s, OMe), 3.81 (3 H, s, OMe), 4.72 (1 H, s, 4-H), 4.80 (2 H, s, CH2), 6.65 (1 H, d, J = 2.6 Hz,
8-H), 6.73 (1 H, dd, J = 8.6 Hz, 2.6 Hz, 6-H), 6.88 (1 H, s, 6’-H), 7.0-7.1 (4 H, m, 5-H, 2’-H, NH2); 13C NMR
(75.5 MHz, DMSO-d6)  55.4 (CH2), 55.7 (3-C), 56.1 (OMe), 60.0 (OMe), 78.6 (CCH), 78.9 (CCH), 102.5
(8-C), 111.8 (6-C), 112.3 (4a-Cq), 115.4 (6’-C), 116.8 (3’-C), 120.4 (CN), 122.5 (2’-C), 129.9 (5-C), 143.6  
(1’-C), 144.4 (4’-C), 148.6 (5’-C), 153.4 (8a-Cq), 156.9 (7-C), 160.4 (2-C); HR-MS (ESI, m/z) for 
C21H18O4N2

79Br [M+ + H] calcd. 441.04445, found 441.04419.

Biological assays
Cell lines and culture conditions
The following cell lines were used: 518A2 melanoma (Department of Radiotherapy, Medical University of
Vienna, Austria)[15], HeLa cervix carcinoma, KBV1Vbl (ACC-149 cervix carcinoma, MCF7 [ACC-115]) breast
carcinoma, U-87 glioblastoma, HT-29 (ACC-299), HCT-116 (ACC-581) and HCT-116p53-/- colon
carcinoma, EA.hy926 (ATCC® CRL-2922TM) endothelial hybrid cells, and HDFa (ATCC® PCS-201-012TM)
adult human dermal fibroblasts. The cells were maintained in Dulbecco’s Modified Eagle Medium with 10%
fetal bovine serum (20% for HDFa cells) and 1% ZellShield® at 37 °C, 5% CO2, and 95% humidity. KB-V1Vbl

cells were treated with 340 nM vinblastine to retain vinblastine resistance. Only mycoplasma-free cultures
were used.

In vitro cytotoxicity assay
An 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromid (MTT) assay was used for
antiproliferative studies. Cancer cells (5 × 104 cells/mL, 100 μL/well) were placed in 96-well plates (10 × 104

cells/mL for HDFA and U87 cells), and the cells were incubated for 24 h at 5% CO2 and 95% humidity.
Then, cells were treated with test compounds (at various concentrations) or solely with DMSO as a negative
control for 72 h. Then, 12.5 μL of a 0.5% MTT solution in phosphate-buffered saline (PBS) was added to the
cells, followed by incubation for 2 h at 37 °C. After centrifugation of the plates (300 × g, 5 min, 4 °C), the
medium was discarded, and 25 μL of DMSO containing 10% SDS and 0.6% acetic acid was added, followed
by incubation at 37 °C for at least 1 h. Formazan absorbance at λ = 570 nm was measured using a Tecan
infinite F200 microplate reader and corrected for the background (λ = 630 nm). The 50% inhibitory
concentration (IC50) values were calculated from dose-response curves (means ± SD, four independent
experiments) compared to DMSO-treated control cells, which were set to 100%. GraphPad Prism 9 was
used for curve-fitting.

Microtubule immunofluorescence staining
518A2 melanoma cells (10 × 104 cells/mL, 0.5 mL/well) were placed on coverslips in 24-well plates followed
by incubation at 37 °C, 5% CO2, and 95% humidity. The cells were treated with test compounds and controls
(25 and 100 nm) for 0.5, 1, 3, and 6 h and washed with cytoskeletal buffer (100 nm PIPES, 3 nm MgCl2,
138 nm KCl, 2 nm EGTA, 300 nm sucrose, pH 6.8). Fixation and permeabilization were performed for 5
min with 3.7% formaldehyde and 0.2% Triton X-100 in a cytoskeletal buffer. The cells were fixed with cold
EtOH for 10 s, rehydrated in PBS, and blocked with 1% bovine serum albumin in PBS for 30 min. The
microtubules were stained for 1 h with primary (anti-α-tubulin, mouse monoclonal antibody) and
secondary antibodies (goat anti-mouse IgG-AF-546, Invitrogen) and washed with PBS between each
treatment. Nuclei were stained using DAPI (1 µg/mL in PBS) for 30 min. The coverslips were placed in
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Roti®-Mount FluorCare. Microtubules (λex = 488 nm, λem = 507 nm) and nuclei (λex = 358 nm, λem = 461 nm) 
were documented by confocal microscopy (Leica TCS SP5 confocal microscope, 630 × magnification) and 
edited with ImageJ.

Intracellular localization
518A2 melanoma cells (7.5 × 104 cells/mL, 0.5 mL/well) were placed on coverslips in 24-well plates and 
cultivated for 24 h. Cells were treated with 3 (25 µm, 0.4% tween 80 in PBS) for 10 min at room temperature. 
After fixation in 3.7 % formaldehyde for 15 min and washing with PBS, the cells were incubated with the 
“click-solution” (2 mm CuSO4, 5 mm sodium ascorbate, 0.1 mm 3-azido-7-hydroxycoumarin, 1% bovine 
serum albumin in PBS) for 30 min and washed with PBS. The nuclei were counterstained with Nuclear 
Green LCS1 for another 30 min, and the coverslips were mounted in Roti®-Mount FluorCare. The clicked 
test compound (λex = 404 nm, λem = 477 nm) and nuclei (λex = 488 nm, λem = 507 nm) were analyzed with a 
Leica TCS SP5 confocal microscope, and the obtained images were edited with ImageJ.

Cell-cycle analysis
518A2 melanoma cells (10 × 104 cells/mL, 3 mL/well) were cultivated in six-well plates for 24 h. After the 
treatment with test compounds (10 and 25 nm), C-A4 (10 and 25 nm), or DMSO (vehicle) for an additional 
24 h, the cells were trypsinized, centrifuged (300 × g, 5 min, 4 °C), and fixed in 70% EtOH for min. 24 h. For 
FACS measurement, cells were washed in PBS and stained with propidium iodide solution (50 µg/mL PI, 
50 µg/mL RNase A in 0.1% sodium citrate) for 30 min at 37 °C. The DNA content of at least 10000 single 
cells was determined using a Beckmann Coulter Cytomics FC500 flow cytometer (λex = 488 nm, λem = 570 
nm). CXP software (Beckman Coulter) was used to analyze the cells in the cell cycle phases (sub-G1, G1, S, 
G2/M).

Tube-formation assay
EA.hy926 endothelial hybrid cells were maintained for 24 h in EndoPrime low-serum endothelial medium 
and seeded (3 × 105 cells/mL, 50 µL/well) on basement membrane-like matrix Matrigel® on Ibidi µ-Slides. 
After treatment with test compounds for 4 h until tubular structures had formed in the control wells, results 
were documented using a Zeiss Axiovert 135 light microscope. Cell vitality was measured using the MTT 
assay and was above 75% compared to solvent-treated cells. Experiments were performed in triplicate.

Zebrafish angiogenesis assay
Transgenic zebrafish (Tg(fli1:EGFP, casper mutant) were bred at 28 °C.[16] After fertilization, the eggs were 
transferred to E3-medium (5 mm NaCl, 0.17 mm KCl, 0.33 mm CaCl, 0.33 mm MgSO4, 0.01% methylene 
blue, pH 7.2), followed by incubation for 24 h. The chorion was manually removed, and the larvae were 
treated with test compounds or solvent in six-well plates (30 fish per concentration, 5 mL/well) for 48 h. The 
fluorescent vasculature was documented with a Leica MZ10F and Zeiss AxioCam MRrc. To quantify the 
angiogenesis, the sub-intestinal vein (SIV) area was measured using ImageJ and expressed as means ± SD 
with the control set to 100%. The significance of SIV reduction through substance treatment was assessed 
using one-way analysis of variance (ANOVA), *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, with 
Dunnett´s multiple comparison test (GraphPad Prism 9).

Luciferase-dependent MYB activity assay
Compounds were tested using the HEK-MYB-Luc reporter cell line, which allows a doxycycline-dependent 
induction of MYB expression and harbors an MYB-dependent luciferase reporter plasmid, as previously 
described[17,18]. After 16 h of substance treatment (0.0001-3 µM), luciferase activities were analyzed as 
described[11].
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RESULTS
The test compounds 2A-R were obtained from 3-methoxyphenol, malononitrile, the corresponding aryl 
aldehyde, and a cat. amount of Et3N in acetonitrile [Scheme 1]. Synthesis and analysis of the known 
compounds 2B, 2O, and 2R were as described[5,14]. The new compounds 2A, 2C-N, 2P, and 2Q were colorless 
solids. The structures of the test compounds were confirmed by NMR, IR, and MS analyses. The 
compounds are racemic mixtures, and no efforts to separate enantiomers were performed. The yields were 
generally low but acceptable considering the simple one-pot reaction and workup and the commercially 
available starting compounds [Table 1].

The new propargyl ether derivative 3 was prepared to conduct localization studies of this compound within 
cancer cells [Scheme 2]. 3-Propargyloxyphenol was obtained from the reaction of resorcinol with 1.2 equiv. 
propargyl bromide (80% in toluene) in DMF under basic conditions (K2CO3)[19]. Harsher conditions (reflux 
for 5 h in EtOH) were necessary to synthesize 3 by the described three-component reaction compared with 
the synthesis conditions of compounds 2A-R. 3 was obtained as an off-white solid in low yields only.

The antiproliferative activity of compounds 2A-R and 3 was evaluated in nine tumor and hybrid cell lines 
from six entities and compared with previously published data of the known compounds 1A and 
1B [Table 2][13,20].

The presentation of the cytotoxicity screening results was simplified by determining the average IC50 values 
of all cell lines and sorting them based on their antiproliferative activity [Table 3]. The halogen atom did not 
have any major effect on the activity among the compounds with a 3-halo-4, 5-dimethoxyphenyl group (2A, 
2B, and 2C). By contrast, in the group of 3, 5-dichloro- to 3, 5-diiodo-4-methoxyphenyl derivatives 2D, 2E, 
and 2F, a distinct increase in activity was observed from the dichloro compound 2D via the dibromo 2E to 
the diiodo derivative 2F. Several striking effects were observed in addition to this trend. Comparing the 
structure of 1C (coumarin-based) and 2F (7-methoxy-4H-chromene), a clear increase in antiproliferative 
activity based on the methoxychromene structure was observed, while the IC50 values of the 4H-naphtho(1, 
2-b)pyran-3-carbonitriles (1A) and the 7-methoxy-4H-chromenes (2R) were both in the nanomolar range. 
Some compounds showed certain tumor cell line-specific activities, surpassing positive controls 1A and 1B. 
2C was particularly active against HCT116 p53-deficient colon carcinoma cells, verapamil-treated KB-V1Vbl 
cervix carcinoma cells and MCF-7 breast cancer cells, whereas 2F and 2O were highly active against 
multidrug-resistant HT-29 colon carcinoma cells. The 1A-analog 2R showed slightly less overall activity but 
had a much stronger effect on MCF-7 breast cancer cells than 1A. The vinblastine-resistant KB-V1Vbl cells 
were treated with the P-glycoprotein (P-gp) blocker verapamil to identify synergy effects[21]. Compounds 2I, 
2B, 2C, and 2E showed 12-, 14-, 20- and 320-fold lower IC50 values combined with verapamil (1 µM), 
assuming an inhibition of the efflux pumps increases the substance efficiency by blocked drug removal via 
the P-gp membrane transporter. A comparison of compounds 2B and 3, prepared for intracellular 
localization purposes, showed a substantial conformity of activity, indicating a similar mode of action and 
accumulation behavior in most tumor cell lines. However, compound 2B was more active against 
verapamil-treated KB-V1Vbl cells than against untreated cells and HeLa cells (which is the parent cell line of 
KB-3-1, from which KB-V1Vbl cells are derived), while 3 was more active against HeLa cells and KB-V1Vbl 
cells in the absence of verapamil than against verapamil-treated KB-V1Vbl cells.

The most active derivatives 2A-C and 2E-F and the positive control 1A were tested for their toxic effects on 
non-malignant HDFa cells [Table 3]. The selectivity index (SI) was calculated as a measure of selectivity 
toward cancer cells compared to non-malignant cells. 2B, 2C, and 2F displayed exceptionally high SI values, 
highlighting their potential as anticancer drug candidates.
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Table 1. Yields of the syntheses of compounds 2A-R

Compound Yield Compound Yield Compound Yield

2A 22% 2G 25% 2M 32%

2B 30% 2H 40% 2N 30%

2C 32% 2I 31% 2O 20%

2D 31% 2J 30% 2P 32%

2E 31% 2K 30% 2Q 32%

2F 30% 2L 32% 2R 30%

Table 2. IC50 values (in nM) of 2A-R and 3 in tumor cell lines.[a]1A (LY290181) and 1B (Bcr-TMP) were used as positive controls

EA.hy926 518A2 HCT-116 HCT-116 
p53-/- U87 HT-29 KB-V1Vbl KB-V1Vbl[b]

        HeLa MCF-7 HDFa

1A[c] 30 ± 1 10 ± 1 8 ± 0.7 30 ± 3 70 ± 9 30 ± 3 20 ± 2 80 ± 2 40 ± 2 200 ± 20 40,700 ±
1500

1B[c] 20 ± 1 30 ± 0.1 20 ± 1.9 30 ± 2 5 ± 0.2 300 ± 40 30 ± 1 9 ± 1 10 ± 1 34 ± 2.5 -

1C[d] 2800 ± 70 1500 ±
100

3100 ± 
100

2900 ± 60 5500 ± 
300

2500 ± 
200

3700 ± 
60

3500 ± 
80

- 3400 ± 
200

-

2A 0.4 ± 0.06 4 ± 0.3 70 ± 5 70 ± 5 20 ± 3 300 ± 20 6 ± 0.5 0.9 ± 
0.08

10 ± 0.4 40 ± 7 11,500 ± 
1200

2B 0.8 ± 0.09 6 ± 0.2 100 ± 10 30 ± 3 80 ± 5 200 ± 20 10 ± 1 0.7 ± 
0.06

2 ± 0.2 100 ± 8 > 50,000

2C 60 ± 5 20 ± 2 70 ± 1 6 ± 0.7 25 ± 2 200 ± 20 60 ± 5 3 ± 0.3 10 ± 0.9 20 ± 1 > 50,000

2D 1100 ± 70 2100 ± 
200

2500 ± 
200

1900 ± 200 3900 ± 
400

1400 ± 
100

2100 ± 
100

2400 ± 
100

700 ± 50 2400 ± 
300

-

2E 20 ± 1 20 ± 2 20 ± 2 40 ± 3 20 ± 2 300 ± 2 3200 ± 
300

10 ± 0.5 30 ± 3 80 ± 3 22,200 ± 
2100

2F 20 ± 2 20 ± 0.4 30 ± 5 30 ± 1 50 ± 10 60 ± 1 70 ± 7 40 ± 2 30 ± 3 80 ± 4 > 50,000

2G 900 ± 90 700 ± 40 200 ± 20 300 ± 40 3200 ± 
100

200 ± 10 700 ± 20 500 ± 20 400 ± 60 500 ± 40 -

2H 3700 ± 300 2000 ± 
100

3700 ± 
400

2800 ± 300 7400 ± 
200

5300 ± 
970

1900 ± 
200

1600 ± 
200

1400 ± 
100

5100 ± 
370

-

2I 700 ± 10 700 ± 5 800 ± 6 600 ± 6 3600 ± 
500

800 ± 30 700 ± 30 60 ± 5 600 ± 30 700 ± 100 -

2J 400 ± 20 400 ± 10 300 ± 30 400 ± 40 1200 ± 70 500 ± 50 300 ± 20 210 ± 10 100 ± 6 150 ± 20 -

2K 600 ± 80 600 ± 7 300 ± 10 800 ± 20 8500 ± 
300

1900 ± 
100

1300 ± 
100

600 ± 50 800 ± 70 1000 ± 50 -

2L 200 ± 10 500 ± 30 2500 ± 
40

1600 ± 160 5100 ± 
500

500 ± 50 3800 ± 
400

1000 ± 
100

1500 ± 
70

> 50,000 -

2M 400 ± 10 300 ± 10 500 ± 50 200 ± 8 400 ± 60 200 ± 20 900 ± 90 100 ± 4 90 ± 2 200 ± 30 -

2N 4700 ± 
900

90 ± 60 500 ± 50 200 ± 10 500 ± 100 400 ± 30 700 ± 70 200 ± 20 200 ± 20 300 ± 7 -

2O 40 ± 1 60 ± 6 1400 ± 50 40 ± 3 100 ± 10 70 ± 8 20 ± 2 60 ± 4 40 ± 4 400 ± 60 -

2P 400 ± 40 300 ± 30 300 ± 20 300 ± 20 1100 ± 90 200 ± 5 100 ± 5 100 ± 10 100 ± 20 400 ± 50 -

2Q 600 ± 20 300 ± 10 700 ± 40 2900 ± 10 900 ± 60 400 ± 30 1900 ± 
100

2000 ± 
100

400 ± 4 800 ± 30 -

2R 300 ± 9 30 ± 2 300 ± 30 200 ± 20 900 ± 50 200 ± 20 30 ± 0.4 70 ± 6 300 ± 20 10 ± 0.8 -

3 80 ± 2 60 ± 3 300 ± 10 90 ± 7 90 ± 3 2100 ± 
300

80 ± 3 100 ± 3 40 ± 2 70 ± 4 -

[a]Means of min. four independent experiments (± SD); [b]plus verapamil; [c]Köhler et al.[20]; [d]Köhler et al.[13].

For a more detailed investigation of possible drug mechanisms, compounds 2A-C and 2F were tested for
their influence on the cell cycle of 518A2 melanoma cells. FACS analysis at doses of 25 nM revealed a
significant G2/M cell-cycle arrest for these compounds and the positive control combretastatin A4 (CA4),
but to varying extents [Figure 2].
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Table 3. Average IC50 value [nM] of the tested cancer and hybrid cell lines for compounds 1A-B, 2A-R, and 3, and SI (IC50 HDFa cells/

IC50 tumor cell average)

2F 2C 2B 1A 2A 1B 2O 2R 3 2M 2P 2E 2J 2G, 2N, 2J, 2Q, 2K, 2D, 1C, 2H, 2L

Ø IC50 [nm] 43 47 49 52 53 53 203 227 321 330 330 374 396 > 500

SI 1163 1055 952 786 219 - - - - - - 59 - -

Scheme 1. Reagents and conditions: (i) Malononitrile; aryl aldehyde; cat. Et3N; MeCN; rt; 3-16 h.

Scheme 2. Reagents and conditions: (i) cat. piperidine; EtOH; reflux; 5 h; 11%.

Among the compounds 2A-C, the 3-chloro-4, 5-dimethoxyphenyl derivative 2A showed more significant
cell-cycle arrest than its 3-bromo and 3-iodo congeners 2B and 2C. However, an opposite effect was
observed for the 3, 5-dihalo-4-methoxyphenyl derivatives 2D-F, where the 3, 5-diiodo-4-methoxyphenyl
derivative 2F triggered by far the most significant arrest. The analogous 3, 5-dichloro (2D) and 3, 5-dibromo
(2E) compounds induced only a slight increase in G2/M phase cells (data not shown). Substance 2F arrested
about 74% of cells before or during mitosis and exceeded the C-A4 control. C-A4, 1A, and 1B caused G2/M
arrest by microtubule depolymerization, thus preventing the formation of a functional spindle apparatus
required for cell division[7,11,22].

Because of the structural similarity of the new cell cycle arresting compounds 2A-C and 2F to the known
tubulin-depolymerizing agent C-A4, the effects on the microtubule cytoskeleton were investigated. Time-
dependent imaging of 518A2 melanoma cells was applied to provide insights into the dynamics of the
depolymerization process [Figure 3].
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Figure 2. Cell cycle events of 518A2 melanoma cells treated with 2A-C and 2F (25 nM) for 24 h. Positive control (C-A4) and solvent 
(DMSO) were treated similarly to the substances. Measurements were carried out in triplicate and expressed as means ± SD with 
GraphPad Prism. Significance is expressed as n.s. P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 against control (two-
way ANOVA, with Dunnett’s multiple comparison test).

In solvent-treated cells, the tubulin cytoskeleton consists of fine filaments extending throughout the
cytoplasm. Upon treatment with test compounds 2A-C and 2F, these filaments were initially shortened and
fragmented, leading to their destruction and distribution within the cytoplasm. However, the timing of this
disintegration process was highly dependent on the substance used. For instance, 2A-C showed a
breakdown of the cytoskeleton after 6 h, whereas 2F led to a change in the microtubule structure after 1 h. A
similar effect was observed for the C-A4 control after 30 min, which can be attributed to a faster uptake or
higher target affinity.

The alkynyl derivative 3 was designed to investigate compound uptake and localization within tumor cells.
The propargyl group allows orthogonal fluorescence labeling with 3-azido-7-hydroxycoumarin using a
copper-catalyzed click reaction. After 10 min, a distinct increase in fluorescence was observed within the
treated cells, with most of the fluorescence found in the cytoplasm [Figure 4]. This finding suggests an
accumulation of 3 in the cytoplasm, supporting the hypothesis that cytoplasmic tubulin is the primary target
for 3 and its close analogs used in this study. The conformity of the basic structure and the antiproliferative
activity of 3 with compound 2 suggests a similar mechanism.

In addition to antiproliferative and cytotoxic effects, microtubule-destabilizing agents possess additional
antitumor properties[23]. In the case of C-A4, anti-angiogenic and vascular disruptive effects have been
demonstrated. In this context, the tube-formation assay is a suitable method to observe the effects on the
two-dimensional (2D) vessel structures by EA.hy926 cells[24]. The inhibition of cell migration and the
development of cell-cell junctions (necessary for tube formation) by 2A-C and 2F were investigated
[Figure 5]. At 100 nM, all four test compounds showed anti-angiogenic effects on EA.hy926 cells seeded on
Matrigel®. The cells could not form a cross-linked 2D structure within 4 h, as with the negative control or at
25 nM substance concentration. Even if cell-cell junctions were formed in isolated cases, most cells
agglomerated due to their spatial proximity. In addition, rounding was observed in many cells, as in C-A4
treated cells, presumably because of microtubule-destabilizing effects.
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Figure 3. Immunofluorescence images of 518A2 melanoma cells treated with compounds 2A-C; 2F; and CA4 (100 nM) or vehicle 
(DMSO) for 0.5, 1, 3, and 6 h. Representative images (of two experiments) illustrate stained microtubules (white) and nuclei (blue). 
The scale bar corresponds to 100 µm, magnification of 630×.

Figure 4. Intracellular localization of 3 (25 µM) using melanoma cells (518A2) after 10 min. The uptake was visualized using a Cu(I)-
catalyzed reaction with 3-azido-7-hydroxycoumarin (white), and the nuclei were counterstained (Nuclear Green, blue). The right image 
shows the magnified section marked with a white box. The experiment was carried out in duplicate. The scale bar corresponds to 100 µ
m (left) or 25 µm (right), magnification of 630×.

The development of blood vessels is based on a complex mechanism with various regulators, which are
essential targets for the treatment of tumor growth. Angiogenesis can be seen in the embryonal
development of zebrafish larvae, where the SIV can be used to measure anti-angiogenic effects[25]. After
exposure of 24-h-old zebrafish embryos to substances 2A-C and 2F or positive control axitinib for 48 h, we
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Figure 5. Images show EA.hy926 cells seeded on Matrigel® after 4 h treatment with substances 2A-C; 2F (25, 100 nM); and C-A4 (25 
nM) or vehicle (DMSO). Representative images of a min. of two experiments. The scale bar corresponds to 500 µm, magnification of 
100×.

Figure 6. Effects of 2A; 2B (50, 500 nM); 2C (50, 1000 nM); and 2F (50, 250 nM) on the SIV growth of zebrafish larvae (24 hpf) after 
treatment (48 h). Positive controls used axitinib (50, 500 nM). Negative controls used equivalent amounts of DMSO. The SIV area was 
quantified using ImageJ and expressed as mean ± SD of at least 20 zebrafish. The significance is expressed as n.s. P > 0.05; 
***P < 0.001; ****P < 0.0001 against control (one-way ANOVA, with Dunnett´s multiple comparison test).

Figure 7. Inhibition of MYB activity in HEK-293 cells containing the reporter plasmid pGL4-5xMRE(GG)-Myc and the expression vector 
for MYB-2KR, upon treatment with compounds 1B; 2A-C; and 2F (0.1-100 nM) for 16 h. IC50 values were calculated with at least four 
independent experiments using GraphPad Prism 9.
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measured the SIV area and compared it to solvent-treated fish [Figure 6]. Here, 2F showed no significant 
change in blood vessel growth, and 2F had a toxic effect above 250 nM. 2B and 2C showed no SIV decrease 
in the tolerated concentration range. However, 2A inhibited angiogenesis to an extent comparable to the 
known inhibitor axitinib[26]. This finding suggests a different mechanism of action for 2A, a bimodal 
compound with selective antiproliferative properties against cancer cells and angiogenesis-inhibiting 
features.

Due to their structural similarity to the potent MYB inhibitor 1B (data to be published elsewhere), 
compounds 2A-C and 2F were tested for their MYB-inhibitory activity [Figure 7]. Inhibition of MYB 
activity by 2A-C and 2F (1.28-2.81 nM) was superior to the inhibition by reference compound 1B 
(9.07 nM). Because the values are very close, it is challenging to identify a structure-dependent activity 
trend; however, the activity was in the order 2B > 2C > 2F > 2A.

DISCUSSION
This study’s objective was to develop and optimize the lead structures 1A, 1B, and 1C. For this reason, we 
reduced the size of the benzo[h]chromene backbone to a 7-methoxy-4H-chromene structure, which led to 
increased activity. In addition, various phenyl substituents were tested to optimize the lead structure. Initial 
cytotoxicity studies against nine cancer cell lines confirmed that the C-A4-derived 3-iodo-, 3-bromo-, and 
3-chloro-4, 5-dimethoxyphenyl motifs (2A-C) and the analogous 3, 5-diiodo- and 3, 5-dibromo-4-
methoxyphenyl derivatives (2E-F) are excellent pharmacophores with selectivity against malignant cells. 
Only the 3, 5-dichloro-4-methoxyphenyl stands out with only micromolar IC50 values. Interestingly, 
differences in the specificity for HeLa cells, derived KB-V1Vbl cells, and KB-V1Vbl cells treated with the P-gp 
inhibitor verapamil were observed for the close analogs 2B and 3. 2B is more active against the parent HeLa 
cells than against the vinblastine-resistant KB-V1Vbl cells. In contrast, the addition of verapamil strongly 
sensitized the KB-V1Vbl cells to treatment with 2B, leading to a higher activity of 2B against verapamil-
treated KB-V1Vbl cells than against HeLa cells. A comparable hypersensitizing effect of verapamil was 
observed for KB-V1Vbl cells treated with 2A, 2C, and 2I, surpassing their activity against HeLa cells, which 
may have explanations beyond mere P-gp inhibition by verapamil. The hypersensitivity effects of resistant 
P-gp-overexpressing cancer cells upon verapamil treatment were reported (e.g., based on disrupted energy 
homeostasis upon ATP depletion), which might lead to enhanced anticancer activity combined with other 
active drug candidates such as 2A-C (but not 2F) compared with their activity against related cell lines 
without (overexpressed) P-gp transporter[27]. For unknown reasons, compound 3 showed only slightly 
reduced activity against KB-V1Vbl cells when combined with verapamil than against HeLa cells.

In addition, a reversal of P-gp- and BCRP-mediated resistance was documented for the 3-chloro-4-
fluoroanilino-derivative gefitinib, an approved EGFR inhibitor[28,29]. However, the new 3-chloro-4-
fluorophenyl derivative 2J appears to be a substrate of P-gp. Among the remaining fluorophenyl derivatives, 
2, 3-difluorophenyl 2M and 2, 5-difluorophenyl 2N were identified as P-gp substrates, while 3, 5-
difluorophenyl 2O and 3, 4, 5-trifluorophenyl 2P showed no dependence on P-gp, indicating a considerable 
influence of the fluoro-substitution pattern on the activity against P-gp-overexpressing cells (also compared 
with the effects of 3, 4-difluorophenyl derivative 2I mentioned above).

Because P-gp tends to have relatively hydrophobic substrates with aromatic rings, substituting methoxy 
groups with halogen atoms may already have an efflux-attenuating effect due to increased hydrophilicity[30]. 
Treatment with P-gp modulators can provide more significant cytotoxicity by reducing effective 
concentrations by 100-fold (paclitaxel) or 351-fold (vinblastine) in MDR colorectal cancer SW620/Ad300 
cells[31,32].
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The test compounds were obtained and tested as racemic mixtures. An increase in activity might be 
achieved by the separation of the enantiomers of the active derivatives and evaluating the separated 
enantiomers via MTT assay to identify any enantiomers which are more active or less active than the 
mixture. Instead of separating racemic mixtures, chiral synthetic procedures (e.g., using chiral organic bases 
instead of piperidine or triethylamine) might be applied to generate enantiopure compounds for biological 
testing.

The evaluation of the four most active test compounds (2A-C and 2F) revealed a correlation between the 
rate of microtubule destruction and the cell-cycle arrest in the G2/M phase in 518A2 melanoma cells. 
Compared with C-A4, 2F showed almost equal efficacy and led to early morphological changes in the 
microtubules (i.e., within 1 h). Localization of the structurally related alkynyl derivative 3 in the cytosol 
confirmed the accumulation near the cytoplasmic target. As previously demonstrated for the controls 1C 
and C-A4, the influence on angiogenesis (essential for tumor growth and metastases) was investigated for 
the test substances[13,33]. Using the 2D tube-formation assay, the concentration-dependent impairment of cell 
motility and intercellular junctions could be demonstrated, probably due to the damaged tubulin 
cytoskeleton. Nevertheless, this model can only partially simulate the complex mechanisms of blood vessel 
formation, which is why the substances were also tested for anti-angiogenic effects in zebrafish. This assay 
offers the possibility of estimating toxicity in a vertebrate and investigating the direct influence on the 
angiogenesis of the so-called SIVs. Surprisingly, only 2A showed a significant decrease in SIV growth, which 
occurred independently of its antiproliferative and microtubule-associated effects. As a third potential 
target, the inhibitory effect on the transcription factor MYB was tested and revealed the enhancement by 
three- to seven-fold compared to the previously discovered inhibitor 1B[11]. Overexpression of MYB in 
leukemias and various solid cancers such as colon and ER-positive breast cancers contributes to their 
development and thus represents a valuable target[34-39]. The rapid development of resistance to selective 
chemotherapeutics (e.g., kinase inhibitors, including RAF inhibitors) is a problem that can be overcome by 
addressing various targets by drugs with dual or multimodal mechanisms of action such as dual 
BRAF/HDAC inhibitors[40,41]. In this context, compound 2A represents a promising scaffold that can be used 
for further optimization and advanced stages of preclinical anticancer testing.
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