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Abstract

Abstract

Ovarian carcinomas show by far the lowest survival rates among gynecological
cancers, as they are usually diagnosed late and have already become more
aggressive during their progression. Although many ovarian cancers are
chemosensitive at diagnosis and respond well to platinum-containing chemotherapy,
for example, there is the problem of cytostatic resistance. Resistance can develop
during the course of treatment and causes a problem for the treatment of relapses.
Therefore, the need arises to develop treatment strategies for platinum-resistant

tumors, to slow down or prevent the development of such resistance.

The aim of the studies in this thesis was to develop synergistic drug combinations
using cellular models. The cellular systems used were mainly, but not exclusively, cell
lines serving as models for high-grade serous ovarian cancers (HGSOC). HGSOC are
characterized by increased aggressiveness. Epigenetic dysregulations, particularly
increased expression and activity of histone deacetylases (HDACs) promote initial
tumorigenesis and resistance development. Therefore, histone deacetylase inhibitors
(HDACI) served as promising combination partners to modulate the expression of
apoptosis-related genes. We aimed to investigate whether combination with HDACI
would result in enhancing effects of treatment with cisplatin or the proteasome inhibitor
bortezomib. Bortezomib is well-known from the therapy of hematological tumors,
where it is clinically used with success. Bortezomib also supports the induction of
apoptosis by reducing the degradation of proapoptotic proteins. In addition, we aimed
to investigate whether HDACI with specific class selectivity are beneficial.
Combinations were characterized regarding their cytotoxicity (MTT assay) and
apoptosis induction (subG1- and caspase-3/7 activation assays) and investigated for
their mechanism by analysis of gene expression (qPCR, Western blot) and DNA

damage (YH2AX assay). Functional effects were analyzed for synergism.

The first study demonstrated that HSP90 inhibitors and panobinostat (pan-HDACI)
are generally able to sensitize ovarian cancer cells towards cisplatin. The follow-up
study was performed with five cell lines modeling HGSOC:s. It was shown that selective
inhibition of class | HDACs by entinostat enhanced the cytotoxicity of cisplatin in a
highly synergistic manner. The effect was more pronounced compared to
panobinostat. Mechanistically, entinostat led to a superadditive increase in the rate of

apoptotic cells, which was based on a shift in gene expression towards proapoptotic
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Abstract

genes. An extension of the dual combination of entinostat and cisplatin with kinase
inhibitors (epidermal growth factor receptor inhibitors [lapatinib and afatinib] and
phosphoinositide 3-kinase [buparlisib, dactolisib, and BGT-226]) showed an even
greater increase in cytotoxicity and apoptosis induction of cisplatin even under reduced
concentrations of entinostat. In the next study, the synergistic effect (cytotoxicity,
apoptosis, caspase-3/7 activation, and formation of yH2AX) of bortezomib and the
class lla specific HDACi CHDI-00390576 was demonstrated on (cisplatin-resistant)
non-HGSOC cell lines.

All'in all, the combined use of (selective) HDACI with cisplatin or bortezomib offer
the possibility to improve the therapy of aggressive and platinum-resistant ovarian
cancer. Furthermore, promising impulses for the inclusion of kinase inhibitors in this

combination therapy could be obtained.
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Zusammenfassung

Ovarialkarzinome haben innerhalb der gynakologischen Krebsarten bei weitem
die geringsten Uberlebensraten, da sie in der Regel spét diagnostiziert werden und im
Laufe ihrer Progression bereits an Aggressivitat zugenommen haben. Obwohl viele
Ovarialtumore bei Diagnosestellung chemosensitiv sind und beispielsweise auf eine
platinhaltige Chemotherapie gut ansprechen, besteht das Problem einer
Zytostatikaresistenz. Diese kann sich im Laufe der Behandlung entwickeln und stellt
ein Problem fir die Behandlung von Rezidiven dar. Daher ergibt sich die
Notwendigkeit, Behandlungsstrategien fir platinresistente Tumore zu entwickeln, die

Ausbildung einer entsprechenden Resistenz zu verlangsamen oder zu verhindern.

Das Ziel der Studien dieser Arbeit war die Entwicklung von synergistischen
Wirkstoffkombinationen am zellularen Modell. Als zellulare Systeme wurden vor allem,
aber nicht nur, Zelllinien eingesetzt, die als Modelle fur hochgradig serdse
Ovarialkarzinome (HGSOC) dienen. HGSOC zeichnen sich durch eine erhdhte
Aggressivitat aus. Epigenetische Dysregulationen, insbesondere eine verstarkte
Expression und Aktivitat von Histondeacetylasen (HDACs), fordern die initiale
Tumorentstehung und Resistenzentwicklung. Daher dienten Histondeacetylase-
Inhibitoren (HDACI) als vielversprechende Kombinationspartner, um die Expression
Apoptose-relevanter Gene zu modulieren. Es sollte Uberpruft werden, ob sich durch
die Kombination mit HDACI verstarkende Effekte einer Behandlung mit Cisplatin oder
dem Proteasom-Inhibitor Bortezomib ergeben. Bortezomib ist vor allem aus der
Therapie von hdmatologischen Tumoren bekannt und wird dort klinisch erfolgreich
eingesetzt. Auch Bortezomib unterstitzt die Einleitung der Apoptose, da die
Degradierung proapoptotischer Proteine gesenkt wird. Zusatzlich sollte untersucht
werden, ob HDACiI mit einer bestimmten Klassen-Selektivitat vorteilhaft sind. Die
Kombinationen wurden hinsichtlich ihrer Zytotoxizitat (MTT-Assay) und Apoptose-
Auslésung (subG1- und Caspase-3/7-Aktivierungsassay) charakterisiert und teilweise
mechanistisch aufgeklart (Analysen der Genexpression per g°PCR, Western Blot und

yH2AX-Assay). Die Effekte wurden auf Synergismus untersucht.

In der ersten Studie konnte gezeigt werden, dass HSP90-Inhibitoren und
Panobinostat (pan-HDACI) grundséatzlich in der Lage sind, Ovarialkarzinom-Zellen
gegenuber Cisplatin zu sensitivieren. Die Folgestudie wurde an fiunf Zelllinien

durchgefuhrt, die modellhaft fur HGSOCs stehen. Es konnte gezeigt werden, dass
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durch die selektive Inhibierung von Klasse | HDACs durch Entinostat die Zytotoxizitat
von Cisplatin hochsynergistisch gesteigert werden konnten. Der Effekt war starker
ausgepragt als unter Verwendung von Panobinostat. Als Basis des Effektes konnte
eine superadditive Erhéhung der Rate apoptotischer Zellen bewiesen werden, was in
einer Verschiebung der Genexpression hin zu proapoptotischen Genen begrindet ist.
Eine Erweiterung der dualen Kombination aus Entinostat und Cisplatin um
Kinaseinhibitoren (Inhibitoren des epidermalen Wachstumsfaktorrezeptors [Lapatinib
und Afatinib] und der Phosphoinositid-3-Kinase [Buparlisib, Dactolisib und BGT-226])
zeigte selbst unter verringerten Konzentrationen von Entinostat eine noch starkere
Erhohung der Zytotoxizitat und Apoptose-Auslésung von Cisplatin. In der nachsten
Studie konnte die synergistische Wirkung (Zytotoxizitat, Apoptose, Caspase-3/7-
Aktivierung und Bildung von yH2AX) von Bortezomib und dem Klasse lla spezifischen
HDACi CHDI-00390576 an (Cisplatin-resistenten) nicht-HGSOC Zelllinien gezeigt

werden.

Alles in allem bieten die kombinierte Anwendung von (selektiven) HDACI mit
Cisplatin oder Bortezomib die Mdéglichkeit, die Therapie von aggressiven und
platinresistenten  Ovarialkarzinomen  weiterzuentwickeln. Weiterhin  konnten
vielversprechende Impulse fur die Einbeziehung von Kinaseinhibitoren in diese

Kombinationstherapie generiert werden.
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1 Einleitung

1.1 Tumorerkrankungen

Tumorerkrankungen kdénnen aus einer einzigen Zelle entstehen, die eine
genetische Abweichung aufweist, sofern diese nicht durch koérpereigene
Reparaturmechanismen frihzeitig erkannt und eliminiert wird. Da prinzipiell jede Zelle
des Korpers der Startpunkt einer Krebserkrankung sein kann, gibt es mehr als
einhundert verschiedene denkbare Krebsarten, welche sich in ihrem spezifischen
Verhalten und ihrer Reaktion auf eine etwaige Behandlung unterscheiden.
Grundsatzlich muss zwischen benignen (gutartigen) und malignen (bdsartigen)
Tumoren unterschieden werden. Ein benigner Tumor zeichnet sich dadurch aus, dass
er an seiner urspringlichen Lokalisierung verbleibt, umliegendes Gewebe nicht
invadiert und vor allem keine Metastasierung aufweist. Ein maligner Tumor weist
dagegen invasives Verhalten und eine Neigung zur Metastasierung auf. Primare
Mechanismen fir die Metastasierung stellen die Verbreitung von Tumorzellen des
Primartumors Uber die Blutbahn (hdmatogene Metastasen) und die Lymphbahnen
(lymphogene Metastasen) dar. Allerdings besteht auch die Méglichkeit der Penetration
einzelner Tumorzellen durch verschiedene Barrieren im menschlichen Koérper um
beispielsweise auf die Oberflache des Peritoneums, der Pleurahéhle oder des
Perikards zu gelangen (1,2). Die Krankheitsbezeichnung ,Krebs® ist fir maligne
Tumore reserviert, da es sich auch bei einigen eher trivialen Erkrankungen (wie zum
Beispiel einer Hautwarze oder einer gutartigen Fettgeschwulst [Lipom]) im
definitorischen Sinne um einen benignen Tumor handelt. Nichtsdestotrotz muss stets
bedacht werden, dass einige benigne Tumore zur malignen Transformation fahig sind
und ihr Verhalten maligne Charakteristika entwickeln kann. Benigne Tumore weisen in
der Regel eine deutlich leichtere Behandlungsstrategie auf und kénnen zumeist durch
chirurgische Eingriffe vollstandig entfernt werden, wahrend maligne Tumore aufgrund
ihres Metastasierungspotentials besonders problematisch bezuglich ihrer Behandlung

sind.

Tumore lassen sich im Hinblick auf ihre Entstehung in Karzinome, Sarkome oder
Leukamien/Lymphome unterteilen. Rund 90 % der menschlichen Tumore sind
Karzinome und stellen maligne Neubildungen epithelialer Zellen dar. Weitere etwa 8

% entfallen auf Leukdmien bzw. Lymphome, welche aus blutbildenden Zellen oder
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Zellen des Immunsystems entstehen. Die relativ selten auftretenden Sarkome sind
solide Tumore, welche sich aus Muskel-, Knochen- oder Knorpelgewebe entwickeln.
Eine weitere Klassifizierung von Tumorerkrankungen wird aufgrund des
Ursprungsgewebes vorgenommen: so werden Karzinome des Eierstockgewebes

beispielsweise als Ovarialkarzinome bezeichnet (3).

1.1.1 Entstehung einer Tumorerkrankung

Die Karzinogenese stellt einen mehrstufigen Prozess auf zelluldrer Ebene dar,
der im Wesentlichen auf Mutationen und der Selektion von Zellen beruht, welche ein
verandertes Verhalten beziiglich ihrer Proliferations- und Uberlebenseigenschaften
aufweisen. Darlber hinaus zeigt eine Tumorzelle zunehmend invasives und
metastasierendes Verhalten. Zusatzlich sind Tumore angiogenetisch aktiv. Sie bilden
BlutgefalRe aus, um die einzelnen Tumorzellen mit Sauerstoff und Nahrstoffen zu
versorgen. Im ersten Schritt, der Tumorinitiation, fihren genetische Veranderungen zu
ungehinderter Zellproliferation. Bei normaler Funktion der entsprechenden
kérpereigenen Reparaturprozesse kann eine gewisse Zahl an genetischen Mutationen
toleriert werden. Theoretisch genugt jedoch eine einzige genetische Abnormitat an der
falschen Stelle, die nicht durch kérpereigene Prozesse repariert wird. Im Zuge des
unkontrollierten Wachstums entsteht durch Zellteilung eine erste Tumorzellpopulation.
Innerhalb dieser Population kommt es aufgrund der regelhaft erhdhten
chromosomalen Instabilitdt zu weiteren Mutationen, welche die Eigenschaften der
jeweiligen Zelle verdndern und beispielsweise zu einem noch starker erhéhten
Zellwachstum fuhrt. Im Zuge der Tumorprogression werden genetisch veranderte
Zellen innerhalb der Zellpopulation immer dominanter. Durch Zellteilung entstehen
somit immer mehr Zellen, welche per Mutation potenziell invasive oder
metastasierende Eigenschaften gepaart mit erhdhter Proliferationsrate aufweisen.

Dieser Vorgang wird als klonale Selektion bezeichnet (3).
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1.2 Ovarialkarzinome

Die haufigsten Ovarialkarzinome werden gemal der
Weltgesundheitsorganisation (WHO) und der aktuellen Leitlinie der Deutschen
Gesellschaft fur Gynakologie und Geburtshilfe (DGGG; Stand Marz 2020, Version 4.0)
in funf histologische Typen unterteilt: high-grade serdés (HGSC), klarzellig (CCC),
endometrioid (EC), low-grade serds (LGSC) und muzinés (MC). Diese Unterteilung
erfolgt auf Basis ,ihrer Vorlauferlasionen, Ausbreitungsmuster und Uberleben sowie
ihrer Assoziation mit hereditaren Tumorsyndromen und molekularer Pathogenese® (4).
Fur diese Promotionsarbeit sind vor allem HGSC-, CCC- und EC-Typen von Relevanz,

welche nun kurz auf Basis der Leitlinie charakterisiert werden.

HGSC liegen in mehr als 50 % der diagnostizierten Falle vor und werden oft sehr
spat, in einem fortgeschrittenen Stadium, entdeckt. Sie zeichnen sich durch eine
erhéhte Proliferationsrate, hohe chromosomale Instabilitdt (damit erhdhtes
Aufkommen von bzw. ein erhdhter Hang zu spontanen Mutationen) und durch eine
regelhafte Mutation des Tumorsuppressors p53 aus. Bei jungeren Patientinnen treten
vermehrt LGSC auf, welche schrittweise Uber die Entwicklung von nicht-invasiven zu
invasiven Tumoren entstehen. Die klinischen Verlaufe sind in der Regel deutlich

langsamer im Vergleich zu HGSC-Typen.

Ebenfalls eher in friheren Tumorstadien treten EC- und CCC-Typen auf, welche
sich durch Assoziation mit einer atypischen Endometriose oder eines endometrioiden
Karzinoms der Gebarmutter kennzeichnen lassen. Zur Differentialdiagnose des Typs
der vorliegenden Krebserkrankung des Ovars wird in der Leitlinie ein Algorithmus
basierend auf der Expression von vier Antigenen (WT1, p53, Napsin A und
Progesteronrezeptor) angegeben, welcher auf einer grol3en kanadischen Studie (5)
beruht (Abbildung 1).
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Abbildung 1: Algorithmus zur differentialdiagnostischen Klarung des Histotyps von

Ovarialkarzinomen.

p53

Die Abbildung wurde abgewandelt aus (4,5) ibernommen.

WT1 (Wilms-Tumor-Protein) ist ein Transkriptionsfaktor und tritt gehauft bei
serdsen Ovarialkarzinomen auf (WT1+). Liegt ein WT1-positiver Typ vor, wird auf
Basis der Expression des Tumorsuppressors p53 die Unterscheidung in LGSC bzw.
HGSC getroffen: Bei LGSC-Typen liegt p53 als unmutierter Wildtyp (WT) vor, wéhrend
es in knapp 94 % der HGSC-Falle als mutierte Form (nicht vorhanden oder verandert)
vorliegt. Ist der untersuchte Tumor WT1-negativ (WT1-), wird der Status der
Expression der Aspartat-Proteinase Napsin A bestimmt. In 92 % der Napsin A-
positiven Tumoren, liegt ein CCC-Typ vor. Sollte der untersuchte Tumor ebenfalls
Napsin A-negativ sein, wird untersucht, ob das Tumorgewebe Progesteronrezeptoren
exprimiert. Knapp 85 % der EC-Typen weisen die Expression dieses Rezeptors auf.
Ist die Tumorart WT1-negativ, Napsin A-negativ und weist keine Expression des

Progesteronrezeptors auf, handelt es sich um ein muzinéses Ovarialkarzinom.

Unabhéngig von der Einteilung in histologische Typen, kénnen Ovarialkarzinome
(und andere maligne Tumore) zur Beschreibung des Stadiums und damit in der Regel
auch der Schwere der Erkrankung im TNM- oder FIGO-System (letzteres nur fir
gynakologische Krebserkrankungen) klassifiziert werden. Das breiter giltige TNM-
System klassifiziert Tumore vor allem nach drei Kategorien: T (Tumor), N (Nodus, lat.
Knoten) und M (Metastasen). Mit dem Buchstaben T wird vor allem die rdumliche
Ausdehnung des Primartumors auf der Skala TO-T4 beschrieben. Die GréRenbereiche
sind von der Tumorentitat abhangig. N enthalt Informationen Uber die An- oder
Abwesenheit von Lymphknotenmetastasen in rdumlicher Nahe zum Primartumor. Bei

Anwesenheit von Lymphknotenmetastasen wird der Befund auf der Skala N1-N3
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einsortiert. Je hoher der Zahlenwert ist, desto starker ausgepragt ist der
Lymphknotenbefall. Den beiden Kategorien T und N kann der Zusatz ,X* angehangen
werden, wenn keine Aussage zur jeweiligen Klassifizierung mdglich ist. Die Angabe
des Buchstabens M gibt Aufschluss Uber das Fehlen (MO) oder Vorhandensein (M1)
von Fernmetastasen. In der aktuellen Fassung des TNM-Systems wurde der
zusatzliche Deskriptor C gestrichen. Dieser zeigte in alteren Versionen die
Zuverlassigkeit des Befundes an und konnte auf einer Skala von C1
(Réntgenaufnahme, allgemeine Untersuchungen) bis C5 (Autopsie) klassifiziert

werden (6).

In Ergdnzung zum TNM-System hat die Internationale Vereinigung fir
Gynékologie und Geburtskunde (frz. FIGO) ein eigenes Klassifizierungssystem fir
gynakologische Tumore verdéffentlicht. Die Tumore werden in Stadien I-IV unterteilt,
welche grob der T-Klassifizierung des TNM-Systems entspricht. Innerhalb der Stadien
findet eine Feineinteilung mit den Buchstaben A-C statt. Das erste Stadium ist FIGO |,
in welchem ein auf die Ovarien begrenzter Tumor vorliegt. Im Stadium IC kénnen
bereits beide Ovarien befallen sein und eine Schadigung bestimmter Strukturen
(Ovarkapsel oder Tube) liegt vor. AuRerdem sind Tumorzellen auf der Ovar- oder
Tubenoberflache nachweisbar. Handelt es sich um einen Tumor mit FIGO I, liegt
bereits eine nachgewiesene Ausbreitung ins kleine Becken oder ein primares
Bauchfellkarzinom vor. Wahrend im Stadium [IA eine Ausbreitung des Tumors auf
Uterus und/oder Tuben beschrankt ist, sind im Stadium |IB weitere Strukturen des
Bauchfells im Bereich des kleinen Beckens betroffen. Wird ein Ovarialkarzinom dem
Stadium FIGO lll zugeordnet, fand bereits eine Ausbreitung aul3erhalb des kleinen
Beckens statt und/oder es konnten retroperitoneale Lymphknotenmetastasen
nachgewiesen werden. Die detallliertere Klassifizierung innerhalb des Stadiums Il
basiert vorwiegend auf der GréRe und Lokalisierung der (Lymphknoten-)Metastasen.
Ein Tumor nach Stadium FIGO |V weist Fernmetastasen aul3erhalb des Peritoneums
auf. Unterschieden wird nach IVA (Tumorzellen im Pleuraerguss nachweisbar) und
IVB (Metastasen des parenchymalen Gewebes der Leber und/oder Milz oder
Metastasen in Organen aulerhalb des Abdomens) (4,7). Mit héherem FIGO-Stadium
sinkt die Prognose der Patientinnen drastisch von rund 80 % in FIGO | auf 14 % in

FIGO IlI, was sich in der 5-Jahres-Uberlebensrate niederschlégt.

In Deutschland erkranken jahrlich mehr als 7000 Frauen an Eierstockkrebs. Mit

einem Anteil von 27 % ist das Ovarialkarzinom die zweithdufigste gynakologische
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Krebserkrankung nach Gebarmutterkrebs (40 %). Daruber hinaus sterben jedes Jahr
mehr als 5000 Frauen an dieser Tumorerkrankung, sodass sie ursachlich fur 50 % der
Krebssterbefdlle im gynadkologischen Bereich ist und damit die tddlichste
gynakologische Krebserkrankung in Deutschland darstellt. Diese Daten finden sich in
Abbildung 2.

12 % Vulva,
Vagina und

16 % Vulva,
Vagina und
sonstige

Abbildung 2: Anteil der einzelnen Krebsarten an jédhrlichen gynédkologischen Neuerkrankungen (links)
und Sterbeféllen (rechts).

Die Abbildung basiert auf Daten des RKI (8).

Statistisch erkrankt eine von 71 Frauen im Laufe ihres Lebens an Eierstockkrebs
— die Erkrankungsraten steigen kontinuierlich mit steigendem Alter an und das mittlere
Erkrankungsalter liegt bei 69 Jahren. Nur wenige seltene Eierstockkrebsarten wie zum
Beispiel Keimzelltumore treten bereits bei Kindern und jungen Frauen auf. Mit einem
Anteil von 54,8 % werden die meisten Erkrankungen als serf6se Karzinome
klassifiziert, welche Uberwiegend maRig bis schlecht differenziert sind. Unter den
klassifizierten Krebserkrankungen besitzt das serése Karzinom mit einer relativen 5-
Jahres-Uberlebensrate von 40,5 % die schlechteste Prognose. Endometrioide und
klarzellige Karzinome weisen mit 7,9 % und 2,7 % einen weitaus geringeren Anteil der
gynakologischen Krebserkrankungen auf. Zusatzlich ist die Prognose mit einer
relativen 5-Jahres-Uberlebensrate von 68,6 % und 64,4 % deutlich giinstiger als bei
den serdsen Krebsformen. Die Daten zur Epidemiologie von
Eierstockkrebserkrankungen in Deutschland wurden der aktuellsten Veréffentlichung
des Robert-Koch-Instituts entnommen und haben Stand 2019 (8).



1 Einleitung

1.3 Therapie des Ovarialkarzinoms

Therapeutische Optionen ergeben sich gemal} der aktuellen Leitlinie der DGGG
aus operativen Verfahren, einer systemischen Primartherapie und einer eventuell
notwendigen Rezidivtherapie (4). Im Folgenden werden zunachst operative
Therapieoptionen und im Anschluss chemotherapeutische Ansatze, mit besonderem

Fokus auf platinhaltige Mdglichkeiten auf Basis der DGGG-Leitlinie dargestellt.

1.3.1 Operative Therapie

Sobald fruhe Manifestationen einer potenziell hochgradig serdésen
Tumorerkrankung der Eierstdcke, sogenannte serése tubare intraepitheliale
Karzinome (STIC), nachweisbar sind, soll mit der Patientin die Méglichkeit einer
Staging-Operation diskutiert werden. Im Rahmen dieser Staging-Operation kann das
gesamte Abdomen inspiziert werden und es kénnen bereits Biopsien verschiedener
Gewebsstrukturen genommen werden. Weiterhin besteht die Maoglichkeit bei
makroskopisch auffalligem Befund sofort invasive Schritte wie die beidseitige
Entfernung von Eierstécken und Eileitern (Adnexexstirpation) durchzufihren, falls eine
Fertilitatserhaltung im Rahmen der weiteren Therapie ausgeschlossen ist. Ist das
Ovarialkarzinom bei Diagnosestellung allerdings bereits fortgeschritten, empfiehlt die
Leitlinie eine makroskopisch vollstdndige Entfernung des Tumorgewebes im Rahmen
einer Operation. Sollte dies nicht méglich sein, kommt eine Debulking-Operation zur
maoglichst starken Verringerung der Tumormasse zum Einsatz. Die klinische Prognose
korreliert direkt mit der verbleidenden Tumormasse nach der Primaroperation. Nach
erfolgter Priméroperation soll eine anschlieBRende Chemotherapie durchgefuhrt

werden.

1.3.2 Chemotherapeutische Optionen

Die Standard-Chemotherapie des fortgeschrittenen Ovarialkarzinoms besteht aus
einer kombinierten Behandlung eines Platin-Zytostatikums und Paclitaxel
(Mitosehemmestoff; hemmt den Abbau der Mikrotubuli wahrend der Zellteilung). Als
Platin-Zytostatikum wird bevorzugt Carboplatin verwendet, da es in der klinischen
Anwendung ein besseres Profil hinsichtlich der unerwinschten Arzneimittelwirkungen

als Cisplatin aufweist. Es wird allerdings auf die &aquivalente Effektivitdt von
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Carboplatin und Cisplatin hingewiesen. Bei HGS-Tumoren kann die duale Kombination
um Bevacizumab erweitert werden. Dabei handelt es sich um einen therapeutischen
Antiképer, der gegen VEGF (vaskularer endothelialer Wachstumsfaktor) gerichtet ist.
Somit wirkt Bevacizumab als Angiogenesehemmer. Damit konnte das
Gesamtuberleben in Studien signifikant verbessert werden, wobei mit dieser Therapie
auch eine geringe Verschlechterung der Lebensqualitdt einhergeht (9,10). Die
Ursachen der Verringerung der Lebensqualitat konnte durch systematische Befragung
von Patientinnen im Rahmen einer Studie nicht vollstdndig geklart werden und scheint

daher multifaktoriell zu sein (11).

Sollte es bei einer erkrankten Patientin zu einer Rezidivbildung kommen, ist es fur
die weitere Therapie essenziell, ein platingeeignetes Rezidiv ohne bestehende Platin-
Resistenz von einem nicht-platingeeignetem Rezidiv mit bestehender Platin-Resistenz
zu unterscheiden. Friher wurde zur Klassifizierung der Zeitpunkt des Rezidivs nach
der letzten Platin-Dosis (platin-freies Therapieintervall) verwendet und der
Schwellenwert lag bei 6 Monaten. In die Entscheidung sollten nach momentanem
Stand die Therapiepraferenz der Patientin, ihr Alter, ihre Belastbarkeit, genetische
Faktoren und weitere tumorbiologische Aspekte einbezogen werden. Patientinnen,
welche wahrend der Primartherapie nicht mit einem platinhaltigen Zytostatikum
behandelt wurden, gelten stets als platinsensitiv und das Ziel der Rezidivtherapie ist
die Verldangerung des progressionsfreien Uberlebens. Liegt ein platinresistentes
Rezidiv vor, sind Symptomkontrolle und Lebensqualitdtserhaltung zentrale
Therapieziele. Bei einem platinresistenten Rezidiv wird im Allgemeinen eine erneute
Monochemotherapie mit Doxorubicin (DNA-Interkalator), Topotecan (Hemmstoff der
Topoisomerase ), Gemcitabin (Antimetabolit) oder Paclitaxel erwogen. Zur
zytostatischen Therapie eines platinsensitiven Rezidivs werden Carboplatin-haltige
Kombinationstherapien empfohlen. Es kann mit Gemcitabin (+ Bevacizumab),
Paclitaxel (+ Bevacizumab) oder Doxorubicin kombiniert werden. Durch die Addition
von Bevacizumab zu den jeweiligen Dualkombinationen konnte das progressionsfreie
Uberleben gesteigert werden. Dieser Zusatz kommt allerdings nur fiir Patientinnen in
Frage, welche ihr erstes Rezidiv erfahren und noch keine anti-VEGF-Therapie erhalten

haben.

Liegen bei HGS-Tumorpatientinnen Mutationen der Gene BRCA1 bzw. BRCA2
(Brustkrebsgen 1/2) vor, kann grundsatzlich eine Therapie mit PARP-Inhibitoren
(PARPI) in Betracht gezogen werden. Die meisten Daten liegen fur den PARPI
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Olaparib vor. Grundsatzlich sind BRCA1/2 Tumorsuppressorgene. Eine
Funktionsverlustmutation oder Deletion eines dieser beiden Gene ist ein wichtiger
Indikator fur eine gestdorte DNA-Reparatur der Zelle und beférdert somit die
Tumorinitiation. BRCA-Mutationen spielen bei gyndkologischen Tumoren eine
wichtige Rolle. Eine verringerte Kapazitat der Tumorzelle hinsichtlich der DNA-
Reparatur ist grundsatzlich vorteilhaft fir eine zytostatische Therapie mit platinhaltigen
Chemotherapeutika wie Carboplatin oder Cisplatin (12,13). Die Tumorzelle reagiert auf
diesen Stress mit der Aktivierung anderer DNA-Reparaturmechanismen wie
beispielsweise der Aktivierung des Proteins PARP (Poly-ADP-Ribose-Polymerase).
Zur Verhinderung dieses Umgehungsmechanismus werden PARPI bei Patientinnen
mit  platinsensitivem Primartumor sowie vorhandener BRCA-Mutation als
Erhaltungstherapie eingesetzt. Diese Empfehlung existiert ebenfalls fir HGS-
Patientinnen, welche ein Rezidiv erfahren, das auf eine platinhaltige Rezidivtherapie

anspricht.

Platinhaltige Zytostatika haben einen hohen Stellenwert in der Therapie des
hochgradig serésen Ovarialkarzinoms und dessen Rezidiven. Allerdings werden
platinhaltige Regime niemals als Monotherapie appliziert, sondern stets als
Komponente einer Kombinationstherapie. Fir Cisplatin-sensitive Rezidive von
Ovarialkarzinomen konnte in einer Metastudie gezeigt werden, dass sowohl das
Gesamtuberleben als auch das progressionsfreie Intervall durch eine
Kombinationstherapie verglichen mit einer Platin-Monotherapie verbessert wurde (14).
Diese Kombinationstherapien weisen einige Vorteile auf. Zum einen besteht die
Moglichkeit, bei vorliegendem Synergismus der Kombinationspartner die Dosen der
einzelnen Komponenten zu verringern, was in der Regel mit einer geringeren
Frequenz und Intensitat der unterwinschten Arzneimittelwirkungen ohne Einbul3e der
Wirksamkeit einhergeht. Dieser Vorteil zeigt sich auch bei additiven Interaktionen der
Komponenten, ist allerdings weniger stark ausgepragt. Durch die
Kombinationstherapien kénnen mehrere Signaltransduktionswege gleichzeitig
beeinflusst werden. Dies erschwert zum einen den Crosstalk zwischen
unterschiedlichen Signalkaskaden, zum anderen kénnen auf diese Art die Aktivierung
von Umgehungs- oder Reparaturmechanismen erschwert oder gar inhibiert werden.
Somit kénnte die Resistenzbildung gegeniber den platinhaltigen Komponenten

verhindert und ihre gute klinische Wirksamkeit erhalten werden.
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1.4 Platinhaltige Therapieregime

Wie zuvor erwahnt, weisen Cisplatin und Carboplatin die gleiche klinische
Effektivitat hinsichtlich der chemotherapeutischen Therapie von Ovarialkarzinomen
auf. Aufgrund des vorteilhafteren Profils hinsichtlich der unerwinschten
Arzneimittelwirkungen, empfiehlt die aktuelle Leitlinie zur Diagnostik, Therapie und
Nachsorge maligner Ovarialtumoren die Verwendung von Carboplatin (4).
Ausschlaggebend ist hier die Lebensqualitat der Patientinnen. Der Wirkmechanismus
von Cisplatin und Carboplatin ist hinsichtlich ihrer Bildung von DNA-Addukten identisch
und es besteht eine Kreuzresistenz (15-17). Die Studien im Rahmen dieser
Dissertation wurden mit Cisplatin durchgefuhrt. Daher wird es im folgenden Kapitel

fokussiert behandelt.

1.4.1 Cisplatin
1844 wurde die Verbindung cis-Diammindichloridoplatin-Il [Pt(NH3)2Cl2]

(Abbildung 3) vom italienischen Chemiker Michele Peyrone erstmals synthetisiert und
ist heute unter dem Namen Cisplatin und der Abkurzung cDDP bekannt.

Cl,  NH;

\\\\

ci” NH
3
Abbildung 3: Cisplatin.

Die damalige Synthese erfolgte im Rahmen der Erforschung von
komplexchemischen Vorgangen und hatte keinen medizinisch-therapeutischen
Hintergrund. Die Entdeckung der zytostatischen Wirkung erfolgte rein zufallig Mitte der
1960er-Jahre durch den amerikanischen Biophysiker Barnett Rosenberg. Im Rahmen
seines Experimentes setzte er Escherichia coli Bakterien einem elektrischen
Wechselstromfeld mithilfe von Platinelektroden und Ammoniumchlorid-Puffer aus. Er
stellte fest, dass die Bakterien auf das bis zu 300-fache ihrer Ublichen Lange
anwuchsen, ohne dass Zellteilung stattfand. Zunachst vermutete er ursachlich den
Einfluss des elektrischen Feldes auf die Zellteilung. Dies erwies sich als inkorrekt. Er
konnte beweisen, dass sich Platin der Elektroden abléste und unter seinen
Experimentalbedingungen zu dem zytostatischen Platinkomplex umsetzte. Ende der

1960er-Jahre konnte Rosenberg in Tierversuchen eine antitumorale Aktivitdt von
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Cisplatin zeigen. Anfang der 1970er-Jahre wurden die ersten Studien in Amerika zur
Behandlung von Hoden- und Eierstock-Krebs mit Cisplatin durchgefuhrt und 1978
wurde es von der FDA zur Behandlung ebendieser Krebsentitdten zugelassen.
Cisplatin wurde damit weltweit zum ersten metallbasierenden chemotherapeutisch
eingesetzten Arzneistoff. 1979 folgten Zulassungen in GroRbritannien und Europa
(18). In den folgenden Jahren bzw. Jahrzehnten wurde der Einsatz von Cisplatin stetig
erweitert. Es zahlt weiterhin zu den gangigsten Chemotherapeutika und ist auf der
erweiterten komplementaren Liste der unentbehrlichen Arzneimittel der WHO gelistet
(Stand 2019, 21. Fassung der WHO-Liste).

Da Cisplatin infolge der im Gastrointestinaltrakt stattfindenden Hydrolyse oral
nicht bioverfugbar ist wird es parenteral (intravends) appliziert. Der Mechanismus der
Aufnahme von Cisplatin in die Tumorzelle ist nicht abschlieRend geklart. Zunachst
wurde als maligeblicher Influx-Mechanismus passive Diffusion angenommen, da die
Aufnahme in die Zelle Uber die erste Zeit annahernd linear stattfindet (19). Da an
Ovarialkarzinomzellen gezeigt werden konnte, dass es bei vorhandener Mutation des
Kupfertransporters CTR1 zu einer Akkumulation von Cisplatin in der Zelle kommt,
scheinen Influx und Efflux von Cisplatin in Verbindung mit der Kupfer-Homdostase der
Zelle zu stehen (20). Das Bestreben Cisplatins mit seinen molekularen Zielstrukturen
in Wechselwirkung zu treten wird durch diese Akkumulation allerdings nicht moduliert.
So wurde beispielsweise gezeigt, dass eine intrazellulare Akkumulation von Cisplatin
nicht in direktem Zusammenhang mit dem Platinierungsgrad der DNA steht. Weiterhin
konnte gezeigt werden, dass eine Uberexpression von Kupfertransportern zu einer
Cisplatin-Resistenz der Zelle fuhren. Prominente Efflux-Transporter sind ATP7B
(Wilson-Protein, engl. Copper-transporting P-type adenosine triphosphate) (21) und
MRP2 (engl. Multidrug resistance-associated protein 2) (22). Kupfer und Cisplatin
behindern gegenseitig ihren Influx und verursachen die Degradierung bzw.
Internalisierung von CTR1 (23-25).

Bei Cisplatin handelt es sich um ein Prodrug, das nach intrazellularer Aufnahme
aufgrund der dort niedrigeren Chloridionen-Konzentration bioaktiviert wird. Es bilden
sich Mono- oder Di-Aqua-Komplexe ([Pt(NH3)2CI(OH2)]* bzw. [Pt(NH3)2(OH2)2]%*)
durch den Austausch der Chlorid-Liganden (Abbildung 4) (26).
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Abbildung 4: Intrazelluldre Aktivierung von Cisplatin.
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Die Abbildung wurde aus (26) idbernommen.

Die Aqua-Komplexe des Cisplatins sind gegenuber Nucleophilen wie der DNA, im
Gegensatz zu nicht aktiviertem Cisplatin, reaktiv. Dies ist auf eine erhdhte Elektrophilie
und dem damit verbundenen Elektronenmangel des Platin-Zentralatoms
zurickzufuhren. Die aktive Form von Cisplatin bildet mit den N7-Stickstoffen der
Purinbasen Adenin und Guanin Addukte wund fihrt entsprechend zu
Quervernetzungen. In rund 95 % der Falle bilden sich mit 1,2- bzw. 1,3-Intrastrang-
Addukten Quervernetzungen innerhalb eines DNA-Stranges. In den restlichen Fallen
bilden sich Interstrang-Quervernetzungen zwischen zwei DNA-Stradngen (Abbildung 5)

(26).

| Intrastrang-Quervernetzung | | Interstrang-Quervernetzung

Abbildung 5: DNA-Addukte von Cisplatin.
Die Abbildung zeigt die Haufigkeiten des Auftretens der DNA-Addukte, welche sich mit Cisplatin bilden kénnen.

Diese sind als Prozentangaben liber der jeweiligen Darstellung angegeben.
Die Abbildung wurde ibersetzt und aus (26) ibernommen.

Cisplatin fuhrt im Zuge der zelluldaren Reaktion auf die DNA-Schadigung (engl.
DNA Damage Response [DDR]) Uber verschiedene Signalwege zur Apoptose der
Zelle. Als Reaktion auf Cisplatin wird beispielsweise der Tumorsuppressor p53
aktiviert. Dies aktiviert DNA-Reparaturmechanismen, die bei irreparablen DNA-
Schaden Apoptose auslésen. Als Konsequenz wird p21 aktiviert, was zu einem

Zellzyklus-Arrest in der G1-Phase mit anschlieRender Apoptose fluhrt. Die Aktivierung
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von p53 initiiert zusatzlich eine vermehrte Expression von PUMA (engl. p&3
upregulated modulator of apoptosis), welches inhibierend auf antiapoptotische
Proteine der Bcl-2-Familie (z.B. Bcl-xL) wirkt. Durch diesen Stimulus werden
proapoptotische Proteine dieser Familie freigesetzt (z.B. BAK) und fiuhren zum Verlust
des Membranpotentials der Mitochondrien. Die Mitochondrienmembran wird
permeabilisiert und Cytochrom C tritt aus. Freigesetztes Cytochrom C ist nun in der
Lage, das cytosolische Protein APAF1 (engl. Apoptotic protease activating factor 1) zu
aktivieren. APAF1 bildet das Apoptosom, welches zur Aktivierung der Caspase-
Kaskade fuhrt und damit ultimativ die Apoptose einleitet. Das antiapoptotische Protein
Survivin wird durch die Aktivierung von p53 gehemmt und kann somit nicht mehr
inhibierend auf verschiedene Caspasen wirken. In der Literatur sind zahlreiche weitere
Signaltransduktionswege beschrieben, Uber welche Cisplatin zum Zelltod fuhrt. So
kénnen diverse Kinasen wie AKT, c-ABL, MAPK, JNK oder ERK an der intrazelluldren
Transduktion des DNA-Schaden-Signals beteliligt sein (23). Auch wenn Cisplatin in
extrem hohen Dosen zum Zelltod per Nekrose flihren kann, ist die tUbliche Reaktion

der Zelle unter therapeutischen Konzentrationen ein Niedergang durch Apoptose (23).

Geméall den Angaben einer beispielhaften Fachinformation einer Cisplatin-
Infusionslésung wird Cisplatin im menschlichen Kérper schnell mit Ausnahme des
zentralen Nervensystems in allen Geweben verteilt. Besonders hohe Konzentrationen
werden demnach in Leber, Nieren, Blase, Muskelgewebe, Haut, Hoden, Prostata,
Pankreas und Milz erreicht. Wie alle Zytostatika weist Cisplatin unerwiinschte
Arzneimittelwirkungen in erhéhter Frequenz und Intensitdt auf. Besonders
hervorzuheben sind dosisabhangige Schadigungen der Nieren (Nephrotoxizitat), der
Ohren (Ototoxizitat) und des Knochenmarks (Neurotoxizitat), welche bei rund einem
Drittel der Patienten gemeldet wurden. Vor allem die Nephrotoxizitat bildet eine dosis-
und damit unter Umstanden auch eine therapielimitierende unerwinschte
Arzneimittelwirkung. Bei mehr als 10 % der Behandelten fuhrt die Therapie zu
unerwiinschten gastrointestinalen Wirkungen wie Ubelkeit, Erbrechen und Durchfall.
Cisplatin liegt zu 90 % an Plasmaproteine gebunden vor, wodurch die Halbwertszeit
entsprechend erhéht wird. Die Elimination von Cisplatin verlauft dreiphasig und weist
Halbwertszeiten von rund einer Viertelstunde (initiale Eliminierung) bis zu mehr als funf
Tagen (an Plasmaproteine gebundenes Cisplatin) auf. Die Eliminierung von Cisplatin
erfolgt Uberwiegend renal. Es kann allerdings auch Uber die Gallenwege

ausgeschieden werden (27).
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1.4.2 Entwicklung einer Cisplatin-Resistenz

Neben den bereits erwdhnten unerwiinschten Arzneimittelwirkungen stellt die
Resistenzentwicklung im Laufe einer Cisplatin-Therapie ein  weiteres
therapielimitierendes Problem dar. Wie am Anfang beschrieben wird die Einteilung
eines Ovarialkarzinoms in Platin-sensitiv oder Platin-resistent im klinischen Kontext
besonders wichtig, wenn es um die Behandlung von Rezidiven geht. Die
Gynakologische Onkologie Gruppe (GOG; US-amerikanische Non-Profit-
Organisation) teilt die Chance auf Ansprechen eines Rezidivs auf eine Platin-haltige
Chemotherapie auf Basis des Abstands des letzten Platin-haltigen
Chemotherapiezyklus und der Rezidiv-Diagnose (Platin-freies Intervall) ein. Wird ein
Rezidiv innerhalb von 4 Wochen diagnostiziert, liegt die Chance auf Erfolg mit einer
Platin-haltigen Chemotherapie bei 0 %. Ein Ovarialkarzinom wird als Platin-resistenz
klassifiziert, wenn es nach 6 Monaten zu einem Rezidiv kommt und die Erfolgsrate
einer erneuten Platin-haltigen Chemotherapie wird auf unter 10 % geschatzt. Tritt ein
Rezidiv im Zeitraum von 6 bis 12 Monaten nach dem letzten Platin-haltigen Zyklus auf,
wird es zum einen als partiell Platin-resistent bezeichnet und zum anderen liegt die
Ansprechrate auf eine erneute Platin-haltige Behandlung bei rund 30 %. Ein Platin-
sensitives Rezidiv zeichnet sich dadurch aus, dass es frihestens 12 Monate nach der
letzten Platin-haltigen Chemotherapie auftritt. Es weist mit mehr als 50 % die besten
Erfolgschancen beim erneuten Einsatz einer Platin-haltigen Therapie auf (28). Als
Konsequenz eines Ovarialkarzinoms, welches entweder intrinsisch schwierig mit
Platin-haltigen Zytostatika zu behandeln ist (also ein frihes Rezidiv bildet) oder in
einem kurzen Zeitabstand nach Platin-haltiger Chemotherapie ein Rezidiv ausbildet
muss auf Second-Line-Therapien zurtckgegriffen werden. Diese haben individuelle
Nebenwirkungen und stellen nicht die gewinschte Therapieoption gemal Leitlinie dar,
wie zu Beginn bereits erldutert wurde (4). Rund 20-25 % der Patientinnen mit einem
Ovarialkarzinom nach FIGO [-ll erfahren einen Rickfall. Fur Patientinnen, deren
Primartumor in FIGO IlI-IV einzuordnen war, liegt die Rezidiv-Quote bei etwa 70 %.
Das mediane Intervall fur das Auftreten eines ersten Rezidivs liegt bezogen auf

Ovarialkarzinome zwischen 18 und 24 Monaten (29).

Die Resistenzentwicklung gegenuber Cisplatin stellt also bei Ovarialkarzinomen
ein Problem mit potenziell schwerwiegenden therapeutischen Folgen dar. Galluzzi et
al. definieren vier Kategorien von zellularen Mechanismen, die zu einer Cisplatin-

Resistenz fuhren konnen:
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e pre-target: Resistenzen, die vor Erreichen der DNA auftraten,

e on-target: Resistenzen, die in direktem Zusammenhang mit der (Reaktion auf
die) DNA-Schadigung stehen,

e post-target: Resistenzen, die Veranderungen in der nachgeschalteten

Signaltransduktion betreffen und

o off-target: Resistenzen, die durch eine Veradnderung von zelluldren
Regelprozessen ausgeldst werden, die nicht direkt mit Cisplatin in Verbindung

gebracht werden kénnen (30,31).

Die detaillierte Beschreibung der verschiedenen Arten der Cisplatin-Resistenz

richtet sich folgend nach der Einteilung von Galluzzi et al.

Pre-target Resistenzen lassen sich am besten dadurch beschreiben, dass die
Tumorzelle Uber verschiedene Mechanismen versucht, entweder den Influx von
Cisplatin zu verringern oder dessen Efflux bzw. Eliminierung zu erhéhen. Vor allem
Veranderungen der zelluldren Ausstattung an Influx-Transportern wie CTR1 oder
Efflux-Transportern wie ATP7B oder MRP2 fihren zu problematisch geringen
Cisplatin-Konzentrationen innerhalb der Zelle. Auch wenn eine steigende
Akkumulation von Cisplatin den zytotoxischen Effekt nicht endlos steigert (20), muss
eine gewisse Konzentration Uberschritten werden, damit Eliminierungsprozesse der
Zelle nicht zu viel Cisplatin inaktivieren oder entfernen. Sowohl die Verdnderung der
Expression der genannten Transporter als auch eine veranderte Lokalisation innerhalb
der Zelle wurde mit einer Cisplatin-Resistenz in Verbindung gebracht. Weiterhin kann
die Elimination von Cisplatin durch erhdéhte Spiegel von Glutathion (GSH),
Glutamatcysteinligase (GCL; Enzym, welches GSH-Bildung Kkatalysiert) oder
Glutathion-S-Transferasen (GST; Enzyme, welche Cisplatin und GSH verbinden)
gesteigert werden (32,33). Wahrend Veranderungen an CTR1 und ATP7B eine
bewiesene klinische Relevanz besitzen, konnte diese fur die anderen Transporter oder
Enzyme bisher nicht gezeigt werden (20,25,30,34). Zeigen Tumore eine
Uberexpression von CTR1, verlangert sich das progressionsfreie Intervall und das
Gesamtuberleben der Patientinnen signifikant (35). Analog weisen Patientinnen mit
ATP7B-positiven Tumoren eine schlechtere klinische Prognose im Sinne einer
schlechteren Gesamt-Uberlebensrate und Verkiirzung des progressionsfreien

Intervalls auf (34).
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Weist ein Tumor eine Cisplatin-Resistenz basierend auf einer on-target Resistenz
auf, so liegen meist Verdnderungen in der Reaktion auf den Cisplatin-induzierten DNA-
Schaden vor. An der Detektion und dem Versuch der Reparatur dieser Schaden sind
vor allem das NER-System (engl. nucleotide excision repair) (36) und das MMR-
System (engl. DNA mismatch repair) (37) beteiligt. Eine Uberaktivierung des NER-
Systems (ausgedruckt durch eine Uberexpression des DNA-
Exzisionsreparaturproteins 1 [ERCC1]) zeigt klinische Relevanz, da sie mit einer
verringerten Uberlebensrate der Patienten einhergeht (38,39). Unter normalen
Umstanden ist das MMR-System nicht in der Lage den verursachten DNA-Schaden
zu reparieren. Als Konsequenz werden proapoptotische Signalwege ausgeldst (40).
Daher fiihrt eine verringerte Expression der Komponenten der MMR in der Regel zu
einer Cisplatin-Resistenz, da die verursachten DNA-Schaden nicht mehr unbedingt zur
Auslésung der Apoptose flihren. Cisplatin kann nach Bildung der DNA-Addukte zu
Doppelstrangbriichen fuhren, welche im Rahmen der DNA-Synthese oder der
homologen Rekombination (HR) repariert werden sollten. Vor allem Veranderungen
der Proteine BRCA1 und BRCA2, welche an der HR betelligt sind, haben einen
Einfluss auf die Cisplatin-Sensitivitat der Zelle: wahrend funktionseinschrankende
Mutationen dieser Proteine zu einer Erhdéhung der Cisplatin-Sensitivitat fuhren, fihren

funktionssteigernde Mutationen zu einer Cisplatin-Resistenz (12,13,41).

Post-target Resistenzen sind in der Regel nicht spezifisch fur Cisplatin. Die
zugrundeliegenden Mechanismen lassen sich auch bei anderen DNA-schadigenden
Verfahren (wie Bestrahlung) oder Zytostatika beobachten. Da eine maligne Zelle per
Definition eine gewisse Resistenz gegenuber proapoptotischen Signalen aufweist
(42), konnen die angesprochenen Mechanismen vermehrt festgestellt werden.
Grundsatzlich wird eine Zelle zur Aufrechterhaltung der Zell-Homdostase zunachst
versuchen, entstandene Schaden zu reparieren. Schlagt dies allerdings fehl, werden
proapoptotische Signale weitergeleitet, um die Homodostase des gesamten
Organismus aufrechtzuerhalten (43,44). Im Falle Cisplatins wechselt die MMR vom
zytoprotektiven in den zytotoxischen Modus, was oft zu einer p53-abhangigen
Einleitung der Apoptose und einer Akkumulation von reaktiven Sauerstoffspezies
(ROS) fuhrt. Beide Wege fuhren zum Zusammenbruch des Potentials der dulieren
Mitochondrienmembran und ihrer Permeabilisation, was ein potenter apoptotischer
Stimulus ist. Somit stellt beispielsweise eine funktionsmindernde Mutation von p53

eine Médglichkeit fur eine post-target Resistenz dar, da die apoptotische
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Signaltransduktion in diesem Fall friih gestért wird. Auch Veranderungen hinsichtlich
der Expression von Proteinen der Bcl-2-Familie (z.B. Bcl-2, Bcl-xL und Mcl-1) oder
Caspasen, welche eine wichtige Rolle in der finalen Ausfuhrung der Apoptose spielen,
stellen potenzielle Resistenzmechanismen dar. Das Protein Survivin, welches die
Aktivitdt der Caspasen hemmt, ist als Reaktion auf Cisplatin-Stress bei manchen
Tumorarten verstarkt exprimiert (30). Dies konnte zum Beispiel fur Tumore des

Magens, der Lunge und des Osophagus gezeigt werden (45-47).

Unter off-target Resistenzen werden Uberlebensmechanismen der Zelle
kategorisiert, welche nicht direkt auf Cisplatin oder dessen ausgeldsten Stress
zurackzufuhren sind. Ziel der malignen Zelle ist es eine verstarkte proliferative und
anti-apoptotische Signaltransduktion aufrecht zu erhalten. Dies ist zum Beispiel durch
die Uberexpression von Wachstumsfaktorrezeptoren wie ErbB-2 und die damit
verbundene verstarkte proliferationsférdernde Signaltransduktion tUber den PI3K-AKT-
Signalweg méglich. Diese ErbB-2-Uberexpression kann haufig in gynakologischen
Tumoren nachgewiesen werden (48). Auch ein verstarkter Abbau von ROS uber die

verstarkte Expression von Antioxidantien ist ein méglicher Mechanismus (30).

Die Entwicklung einer Cisplatin-Resistenz ist demnach ein multifaktorielles
Geschehen. In der Regel findet sich in einer resistenten Zelle bzw. einem resistenten
Tumor nicht nur ein aktivierter Resistenzmechanismus. So wird dem Tumor weiteres
Wachstum trotz  Einwirkens von  Cisplatin  ermdglicht, da  diverse
Umgehungsmechanismen in Kraft gesetzt werden kdénnen, um entweder eine
Schadigung der DNA durch Cisplatin direkt zu verhindern, den eventuell verursachten
Schaden zu reparieren oder den Zelltod uber andere Wege zu verhindern. Aus dieser
Erkenntnis ergibt sich die Rationale Cisplatin mit anderen Wirkstoffen zu kombinieren,
welche einzelne oder mehrere Resistenzmechanismen adressieren und entsprechend

inhibieren sollen.

Im Rahmen dieser Arbeit wurden verschiedene Ansatze zur Senkung der
Cisplatin-Resistenz  bzw. Erhéhung der Cisplatin-Sensitivitdt verschiedener
Ovarialkarzinomzelllinien verfolgt. Ziel aller Kombinationsbehandlung war es, mehrere
wichtige Punkte in der Ausbildung einer Cisplatin-Resistenz zu adressieren. Die

verschiedenen Ansatze sind in Abbildung 6 dargestelit.
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Abbildung 6: Darstellung wichtiger Angriffspunkte der Kombinationstherapien dieser Arbeit.
Die Abbildung zeigt verschiedene zelluldre Angriffspunkte, die im Rahmen dieser Arbeit als Teile von

Kombinationstherapien adressiert wurden. Griine Pfeile stehen fiir einen positiven/verstarkenden Effekt und
rote Pfeile fiir einen inhibierenden/schwéchenden Effekt.

Anhand der dargestellten multifaktoriellen Natur der Cisplatin-Resistenz, wurden
Inhibitoren von  Histondeacetylasen, Hitzeschockprotein 90, epidermalem
Wachstumsfaktorrezeptoren, Phosphoinositid-3-Kinasen und des Proteasoms
eingesetzt. So sollten sowohl on-target als auch off- bzw. post-target Resistenzen
bekdmpft werden. Die Inhibitoren sowie deren Einfluss auf die Modulation der
Cisplatin-Resistenz von Ovarialkarzinomen sollen im Folgenden sowie im Ausblick

naher erlautert werden.
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1.5 Targeted Therapies zur Modulation der Cisplatin-Resistenz
1.5.1 Epigenetik

Der Begriff Epigenetik wurde in den 1940er-Jahren vom Entwicklungsbiologen
und Genetiker Conrad H. Waddington gepragt. Er definierte Epigenetik als
Veranderungen im Phanotyp eines Organismus, ohne dass eine entsprechende
Anderung im Genotyp festgestellt werden konnte (49). Zur damaligen Zeit herrschte
ein minimales Verstandnis der zugrundeliegenden Mechanismen. Mehrere Jahrzehnte
spéater ist klar, dass epigenetische Mechanismen regulatorisch auf die Genexpression
wirken, indem sie Einfluss durch chemische Modifikationen auf das Chromatin bzw.
Histone oder direkt auf die DNA ausuben (49-51).

Im Nukleosom werden DNA-Abschnitte zu jeweils 146 Basenpaare um ein Histon-
Oktamer gewunden. Durch diese raumliche Komprimierung verringert sich die Lange
des DNA-Abschnitts auf rund ein Siebtel. Ein Histon-Oktamer besteht aus jeweils zwei
Proteinen der Histone H2A, H2B, H3 und H4. Eine Aneinanderreihung von mehreren
Nucleosomen wird Chromatin genannt, welches sich raumlich zum Chromosom
zusammenlagert. Die unterschiedlichen Zustdnde zwischen DNA und rdumlich

komprimierter DNA sind in Abbildung 7 dargestellt.

Chromosome Histon Modifikationen & DNA
o Methylierung
@ Methylierung % I 5 i
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B Acetylierung % m
b =
c

Abbildung 7: Raumlicher Aufbau des Chromatins und Modifikationen.

Die Abbildung wurde (bersetzt uns aus (50) dbernommen.

In Abbildung 7 sind ebenfalls die gangigsten epigenetischen Modifikationen der

Histone bzw. der DNA dargestellt. Die Enzyme, welche an epigenetischen
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Modifikationen beteiligt sind, werden in die vier folgenden Gruppen eingeteilt: Writer
(,Schreiber®), Eraser (,Léscher”), Reader (,Leser’) und Mover (,Beweger®). Writer
fugen Modifikationen hinzu und bestehen zum Beispiel aus DNA-Methyltransferasen
(DNMTs), Histonmethyltransferasen (HMTs) und Histonacetyltransferasen (HATs). Im
Gegensatz dazu entfernen Eraser entsprechende Modifikationen und bestehen aus
Histondemethylasen (HDMs) und Histondeacetylasen (HDACs). Zur Gruppe der
Reader gehdéren Proteine, welche in der Lage sind, den Acetylierungsstatus der
Histone (Bromodomain-Proteine) oder den Methylierungsstatus der DNA
(Chromodomain-Proteine) zu lesen und in Signaltransduktion zu Ubersetzen. Eine
Umstrukturierung des Chromatins durch Verschiebung von Nucleosomen kann durch
Proteine der Mover-Gruppe vorgenommen werden. Dazu zahlen zum Beispiel:
ARID1A/1B/2 (AT-rich interactive domain-containing protein 1A/1B/2) oder die ATP-
abhangigen Chromatin Umstrukturierungsproteine SMARCA2/A4/B1.

Der Methylierungsstatus der DNA und posttranslationale Modifikationen der
Histone sind essentiell fir die Regulation der Genexpression, da zum einen die
Erreichbarkeit bestimmter Genabschnitte fur die Transkriptions-Maschinerie gesteuert
wird und zum anderen auch die direkte Funktionsfahigkeit der Gene beeinflusst

werden kann (50).

Eine Hypermethylierung der DNA in entsprechenden Promoter-Regionen kann
zur Inaktivierung von Tumorsuppressor-Genen oder dem Stilllegen diverser anderer
Gene in malignen Zellen fuhren. Eine Methylierung der DNA findet in der Regel an
Position 5 der Base Cytosin unter der Bildung von 5-Methylcytosin (5mC) statt.
Besonders haufig kann die Bildung von 5mC in CpG-Inseln nachgewiesen werden,
also Bereichen der DNA, in welchen das Dinukleotid aus Cytosin und Guanin gehauft
vorkommt. Gene, welche in Verbindung zum gynakologischen Krebsgeschehen
stehen und durch eine Hypermethylierung der CpG-Insel in der entsprechenden
Promoter-Region stiligelegt werden kénnen, codieren beispielsweise fir BRCA1,
CDKN2A/2B (Inhibitoren Cyclin-abhangiger Kinasen, welche als Tumorsuppressoren
wirken (52)) oder den Estrogenrezeptor 1 (ESR1) (53). So zeichnen sich aggressive
Karzinome des Endometriums (Typ Il) durch eine verringerte Expression von ESR1
aus und zeigen eine schlechtere klinische Prognose (54,55). Als zugrundeliegender
Mechanismus wird in der Literatur diskutiert, dass ESR1-negative Tumorzellen eines

Endometriumkarzinoms vermehrte Resistenz gegeniber der Einleitung der Apoptose
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aufweisen und eine erhdhte Tendenz zur Invasion benachbarten Gewebes zeigen
(56-58).

Die Stérungen der Homdostase epigenetischer Regulation ist daher eine
Kerneigenschaft von malignen Zellen (59). Eine Rationale epigenetischer
Therapieansatze besteht demnach in der Normalisierung von Methylierungsmustern
der DNA bzw. des Modifikationszustandes der Histone, um die Eigenschaften eines
malignen Phanotyps zu modulieren (49). Fur die Beeinflussung von Writer- und
Eraser-Proteinen sind momentan bereits Arzneistoffe in der Tumortherapie
zugelassen (EMA- und FDA-Zulassung). Mit Azacitidin und Decitabin stehen zwel
Arzneistoffe zur Verfigung, welche DNMTs (DNMT1/3A/3B) inhibieren und somit den
Methylierungsstatus der DNA normalisieren sollen. Tazemetostat inhibiert die HMT
EZH2, welche Histon H3 an Lysin-27 methyliert, um eine ibermaRige bzw. krankhaft
veranderte Methylierung von Histon H3 zu verhindern. Mit Ivosedenib und Enasidenib
stehen zwei Arzneistoffe zur Verfugung, welche indirekt in die epigenetische
Regulation eingreifen. Sie inhibieren Isocitratdehydrogenasen 1 und 2 (IDH1/2),
welche bei einigen Krebserkrankungen mutiert vorliegen kénnen und somit erhéhte
Spiegel von 2-Hydroxyglutarat (2-HG) produzieren. 2-HG selbst ist ein Inhibitor von
HDMs und des Enzyms Tet-Methylcytosindioxygenase 2 (TET2), welches an der
Demethylierung von Cytosin beteliligt ist. Zuletzt existieren ebenfalls zugelassene
Inhibitoren der HDACs: Vorinostat (keine EMA-Zulassung (60)), Belinostat,
Panobinostat und Romidepsin (keine EMA-Zulassung (61)) (50,62).

Im Rahmen der Studien dieser Arbeit waren vor allem Histondeacetylasen und
deren Inhibitoren relevant, da sie einen wichtigen Einfluss auf die Cisplatin-Sensitivitat

von Ovarialkarzinomzelllinien entfalten kdnnen, wie im folgenden Absatz erlautert wird.

1.5.1.1 Histondeacetylasen (HDACS)

Eine wichtige Untergruppe der Eraser-Proteine innerhalb der epigenetischen
Modulierungsproteine sind Histondeacetylasen (HDACs). Im Zusammenspiel mit ihren
Antagonisten, den Histonacetyltransferasen (HATSs), erhalten sie die Homdostase des
Acetylierungsstatus der Histone aufrecht. Basierend auf dem momentanen
Acetylierungsstatus kann zwischen Heterochromatin und Euchromatin unterschieden
werden. HATs sind in der Lage Acetylgruppen von Acetyl-Coenzym A (Acetyl-CoA)

auf Lysin-Reste der Histone zu Ubertragen, wahrend HDACs diese durch hydrolytische
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Spaltung entfernen. Heterochromatin bezeichnet eine geschlossene Form des
Chromatins, in welcher die DNA besonders eng um die Histone gewickelt ist. Dieser
Zustand ist prasent, wenn ein geringer Acetylierungsgrad der Histone vorliegt. Es
kommt zur Abnahme der Transkriptionsaktivitat und Genexpression. Die Ausbildung
des Heterochromatins wird durch eine erhdhte Aktivitdt von HDACs bzw. eine
verringerte Aktivitat von HATs beférdert und ist in diversen Tumorproben nachweisbar.
Liegt im Gegensatz dazu eine besonders offene Form des Chromatins, mit lockerer
Bindung der DNA um die Histone vor, wird vom Euchromatin gesprochen. Dieser
Zustand zeichnet sich durch einen hohen Acetylierungsgrad der Histone aus. Dies

fuhrt zu einer Steigerung der Transkriptionsaktivitdt und Genexpression (63—68).

In Saugetieren sind 18 HDAC-Isoenzyme bekannt, die sich in funf Klassen
unterteilen lassen: Klasse | (HDAC1/2/3/8), Klasse [IA (HDACA4/5/7/9), Klasse |IB
(HDACG6/10), Klasse Il (Sirtuine, SIRT1-7) und Klasse IV (HDAC11). Klasse |, IIA, 1IB
und IV HDACs weisen hohe strukturelle Ahnlichkeit auf und benétigen ein Zink-lon als
Cofaktor, wahrend die Sirtuine aus Klasse Il eine Strukturhomologie zum Protein Sir2
der Backerhefe (Saccharomyces cerevisiae) aufweisen und NAD® als Cofaktor
bendtigen. Somit sind klassische HDACI nicht in der Lage ihre Aktivitat zu inhibieren.
Zusatzlich ist bekannt, dass die HDACs der Klassen I, lIA, [IB und IV an der
Organisation des Chromatins und der Aktivierung bzw. Inhibierung von
Transkriptionsfaktoren beteiligt sind. Aufgrund dieser Unterschiede werden zumeist
die 11 zinkabhangigen HDAC-Isoenzyme der Klassen |, lIA, 1IB und IV gemeint, wenn
im Hinblick auf maligne Erkrankungen HDACs betrachtet werden. Weiterhin ist die
Rolle der Sirtuine im Rahmen der Karzinogenese nicht abschlieRend geklart, da die
Isoenzyme zum Teil duale Rolle erfullen und somit sowohl als Tumorsuppressor, als

auch Onkoproteine fungieren kdnnen (63,64).

Die HDAC-Isoenzyme weisen eine unterschiedliche intrazellulare Lokalisation
auf. Wahrend HDAC1/2/8 vorwiegend nukledr vorkommen, befinden sich
HDACG6/10/11 Uberwiegend im Zytoplasma. Die ubrigen HDACs (HDAC3/4/5/7/9)
kénnen zwischen beiden Lokalisierungen wechseln. Weiterhin weisen die Isoenzyme
unterschiedliche Neben-Substrate abseits der Histone auf. So interagiert HDAC1
beispielsweise mit dem Androgenrezeptor, dem Tumorsuppressor p53 oder dem
intrazelluldaren Signal-Transkriptionsfaktor STAT3, wahrend HDAC6 mit dem
Stutzprotein a-Tubulin und Hitzeschockprotein 90 (HSP90) interagieren kann. Der

Acetylierungsgrad von Nicht-Histon-Proteinen hat Einfluss auf deren raumliche
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Struktur und damit in der Regel auch auf die Funktion. So konnte zum Beispiel gezeigt
werden, dass die Interaktion zwischen HDACG6 und a-Tubulin zu einer veranderten
Zellmigration fuhrt (68). Die Effekte von HDACA1, als Vertreter der Klasse | HDACs, und

HDAC®6 wurden im Rahmen dieser Arbeit in einzelnen Studien naher beleuchtet.

Fir diverse Krebsarten konnte eine Uberexpression von HDACs gezeigt werden.
Dies konnte sowohl fir urologische Tumorerkrankungen (Blase, Niere und Prostata)
als auch fur gynakologische Tumorerkrankungen (Eierstdcke, Gebarmutter,
Gebarmutterhals und Brust), respiratorische Tumorerkrankungen (Lunge) und
Tumorerkrankungen des Gastrointestinaltraktes (Dickdarm, Gallenblase, Leber und
Pankreas) gezeigt werden. Fiir Ovarialkarzinome ist besonders die Uberexpression
der Klasse | HDACs HDAC1-3 beschrieben, welche sowohl die Tumorinitiation als
auch die Tumorprogression steigert. Eine Zunahme im AusmaR der Uberexpression
ist im Ubergang von benignen Tumoren iiber Grenzfille zu Karzinomen feststellbar
und besonders ausgepragt bei HGS-, muzinésen oder endometrioiden Tumoren.
Weiterhin ist die Uberexpression von Klasse | HDACs mit einer schlechten klinischen
Prognose verknlpft (63). Es konnte konkret gezeigt werden, dass HDAC1 die
Zellproliferation erhéht, indem sie die Aktivitat von Cyclin A steigert — Cyclin A reguliert
den Zellzyklus am Ubergang von der G2>-Phase in die M-Phase (69). Auch fur HDAC4,
ein prominentes Isoenzym der Klasse IlIA, konnte die Relevanz als Zielstruktur in
diversen Krebsarten uUber verschiedene Mechanismen gezeigt werden (70). Im
speziellen Bezug zu Ovarialkarzinomzelllinien finden sich Hinweise in der Literatur auf
proliferations- und migrationssteigernde Effekte. Diese Effekte beruhen unter anderem
auf der Inhibierung von p21 (71,72).

Im Allgemeinen fuhrt die verringerte Acetylierung der Histone und einiger Nicht-
Histon-Proteine zu mannigfaltigen Effekten, welche das Krebsgeschehen beférdern.
So werden beispielsweise apoptotische Reize unterdrickt, indem die Expression
antiapoptotischer Gene hochreguliert wird oder die Progression der Zelle durch den
Zellzyklus sichergestellt, da arretierende Gene vermindert exprimiert werden.
Zusatzlich kénnen sich Effekte auf die DDR, die Angiogenese und die Reaktion der
Zelle auf ROS auswirken (63,65).

Die Rationale in der Anwendung von HDAC-Inhibitoren im Rahmen einer
Tumortherapie liegt also mindestens in der Wiederherstellung der Acetylierungs-

Homdostase von Histonen und anderen Proteinen, oder noch besser im angestrebten
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Zustand des Euchromatins, um beispielsweise die Expression proapoptotischer Gene
intrinsisch zu steigern (63-68). Im Zuge der durchgefuhrten Studien wurde der
Acetylierungsstatus verschiedener Proteine (z.B. a-Tubulin und Histon H3) mithilfe des

Western Blots bestimmt.

1.5.1.2 Histondeacetylase-Inhibitoren (HDACI)

HDACI stellen eine diverse Arzneistoffgruppe dar, die sich strukturell in vier
Untergruppen einteilen lasst: aliphatische kurzkettige Fettsduren, zyklische Peptide,
Hydroxamsauren und Benzamide (63). Fir HDACi vom Hydroxamsaure- und
Benzamid-Typ lasst sich ein allgemeingultiges Pharmakophor-Modell beschreiben
(Abbildung 8).
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Abbildung 8: HDACIi-Pharmakophor-Modell mit typischen Vertretern der einzelnen Strukturklassen.

Sie bestehen aus einer zinkbindenden Gruppe (ZBG, dargestellt in rot), welche in
der Lage ist das Zinkion im katalytischen Zentrum der HDAC-Enzyme zu komplexieren
und die Aktivitdt der Enzyme auf diese Art zu inhibieren. Gangige Strukturelemente
sind Hydroxamsauren (wie Panobinostat und Vorinostat) und Benzamide (wie
Entinostat). Es finden sich in der Literatur allerdings auch Vertreter, welche

Carbonsauren (wie Valproinsaure) oder Thiole (wie Romidepsin nach Aktivierung) als
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ZBG tragen (73). Zur Erkennung der Zielstruktur dient die, in blau dargestellte, Cap-
Gruppe. Diese ist in der Regel aromatisch und enthalt oft Stickstoff als Heteroatom
und Wasserstoffbriicken-Akzeptor. Uber die strukturelle Ausgestaltung der Cap-
Gruppe lasst sich die Praferenz eines Inhibitors zu bestimmten HDAC-Enzymen oder
-Klassen beeinflussen. So tragt der selektive HDACiI Nexturastat A eine Butyl-
Seitenkette, worin die praferierte Inhibierung von HDAC6 begrindet ist (74). Die
Bindungstasche von HDACG6 bietet mehr Raum und hat daher mehr verfugbaren Platz
fur Inhibitoren mit volumindéseren Cap-Gruppen (75). ZBG und Cap-Gruppe werden
durch ein hydrophobes Verbindungsglied (Linker), dargestellt in grin, verbunden. Als
Linker kommen diverse Strukturelemente in Frage. So tragen Vorinostat und LMK-235
beispielsweise einen aliphatisch-linearen Linker, wahrend Panobinostat, Entinostat
und Nexturastat A einen aromatisch-linearen Linker tragen. Die Rolle des Linkers
beziglich der Isoform-Selektivitat ist nicht so gut erforscht wie die Rolle der Cap-
Gruppe. Eine neuere Studie konnte allerdings Ansatze dafur erarbeiten, dass
volumindse Linker (aliphatisch oder aromatisch heterozyklischer Natur) die Selektivitat
eher in Richtung HDAC1 verschieben und aromatisch lineare Linker (wie
Phenoxyacetate oder Thioacetate) die Selektivitat eher Richtung HDACG6 dirigieren
(76). Diese Ergebnisse sind allerdings nicht allgemeingiltig und daher nicht auf alle

HDACI anwendbar, sondern sollen vielmehr eine Tendenz zeigen.

Im Rahmen dieser Arbeit wurden die HDACi Panobinostat, LMK-235 und
Vorinostat als nicht selektive Vertreter der pan-HDACi verwendet. Als selektive HDACI
wurden das Benzamid Entinostat fur Klasse | HDACs und die Hydroxamsauren
Nexturastat A fur HDAC6 und CHDI fur Klasse IIA HDACs eingesetzt. Die
Strukturformeln der verwendeten HDACI inklusive ihrer Einordnung in das allgemeine

Pharmakophor-Modell der Arzneistoffgruppe sind in Abbildung 8 dargestelit.

2006 wurde Vorinostat als erster HDACi von der FDA zur Behandlung von
Patienten mit cutanem T-Zelllymphom (CTCL) zugelassen. In der Europaischen Union
wurde Vorinostat von der EMA 2004 als Arzneistoff fur seltene Leiden ausgewiesen.
Der finale Zulassungsantrag wurde seitens des pharmazeutischen Unternehmens
2009 allerdings zuriickgezogen, da der zustadndige Ausschuss der EMA Bedenken
gedulert und eine endgultige Zulassung als unwahrscheinlich eingestuft hatte.
Vorinostat ist oral bioverfugbar und wird in den USA in Form von Kapseln vermarktet.
Als zweiter pan-HDACI wurde 2015 Panobinostat sowohl von der FDA als auch von

der EMA zur Behandlung von Patienten mit Multiplem Myelom im Rahmen einer
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Kombinationsbehandlung mit dem Proteasom-Inhibitor Bortezomib und dem
Glucocorticoid Dexamethason zugelassen. Auch Panobinostat ist oral bioverfugbar
und wird in Form von Kapseln vermarktet. Entinostat wurde 2010 von der EMA als
Arzneimittel fur seltene Leiden (in diesem Fall zur Behandlung des Hodgkin
Lymphoms) ausgewiesen und kann seitdem beispielsweise im Rahmen von
Compessionate Use Programmen (engl. ,Anwendung aus Mitgefuhl*) Patienten zur
Verfugung gestellt werden. Durch Compessionate Use Programme wird es Patienten
mit seltenen Erkrankungen ermdglicht, von nicht zugelassenen Arzneimitteln zu
profitieren, welche sich erst in Entwicklung oder klinischer Prufung befinden. Allerdings
ist eine Einschatzung der EMA (oder anderer zustandiger Arzneimittelbehdrden)
notwendig, dass der Wirkstoff vielversprechend ist und eine Zulassung in der Zukunft
erwogen werden kann. Entinostat befindet sich zurzeit in zwei klinischen Phase ll|
Studien (77,78). Es wird in Kombination mit dem Aromatasehemmer Exemestan zur
Anwendung beim (rezidivierenden) Hormonrezeptor-positiven Brustkrebs untersucht.
Auch Entinostat ist oral bioverfugbar. Als weitere HDACiI wurden die
Experimentalsubstanzen LMK-235 (Weiterentwicklung von Vorinostat (79)) als pan-
HDACI, Nexturastat A als HDACG6i und CHDI als Klasse IIA HDACIi verwendet.

1.5.2 Proteasom-Inhibitoren

Das Proteasom ist ein zentraler Teil der zelluldren Qualitatskontrolle von
Proteinen. Proteine, welche fir den Abbau vorgesehen sind, werden durch
Ubiquitinligasen mit dem Protein Ubiquitin verbunden und somit markiert. Die erste
Ubiquitinierung eines Proteins ist ein Signal fur weitere Ubiquitinligasen, die Ubiquitin-
Kette zu verlangern. Diese polyubiquitinierten Proteine werden tber ihre Ubiquitin-
Kette an das Proteasom gebunden. Das Proteasom ist ein Proteinkomplex und die
enzymatischen aktiven Proteasen bauen in der Folge die ubiquitinierten Proteine ab.
Bei den Proteasen des Proteasoms handelt es sich um Endopeptidasen, welche in der
Lage sind Bindungen zwischen nicht-terminalen Aminosauren zu frennen. Es
entstehen kurzkettige Peptide, welche durch Zellprozesse weiter abgebaut und somit
erneut der Proteinbiosynthese zugefihrt werden kénnen. In Saugetier-Zellen wird das
26S-Proteasom exprimiert, welches aus einer proteolytisch aktiven 20S Untereinheit
und zwei regulatorisch aktiven 19S-Untereinheiten besteht. Die beiden 19S-
Untereinheiten sind ringférmig an entgegengesetzten Seiten der 20S-Untereinheit

gelagert. An ihnen befinden sich Bindungsstellen fur ATP und fur die zuvor erwahnten
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Polyubiquitin-Ketten. Der Kern des 26S-Proteasoms ist hohl. Proteinen wird es
erméglicht durch die entsprechenden Offnungen einzutreten und zum proteolytisch
aktiven Kern zu gelangen. Die standige Qualitdtskontrolle von Proteinen durch das
Ubiquitin-Proteasom-System (UPS) ist eine Basis fir die Aufrechterhaltung wichtiger
Regulierungsprozesse und der Homodostase von Zellen. So wird beispielsweise der

Zellzyklus reguliert oder der Ubergang einer Zelle in die Apoptose begleitet (80-84).

Das Proteasom reguliert diverse Proteine. Hierzu zahlen beispielsweise: Cycline,
p21, p27 (Regulation des Zellzyklus); Bcl-2, Bax (anti- bzw. proapoptotische Proteine),
p53 (Tumorsuppressor), NFkB (Tumorentwicklung, Metastasierung) und Wnt/B-
Catenin (Adhasionsmolekile). Durch das Auftreten verschiedener Onkoproteine, die
in Verbindung zum UPS stehen, kann eine erhdhte Ubiquitinierung und damit ein
erhdéhter Abbau von bestimmten antitumoralen Faktoren erfolgen. Dies konnte zum
Beispiel fur das Onkoprotein E6 gezeigt werden, welches zu einer verstarkten
Ubiquitinierung des Tumorsuppressors p53 fuhrt. Durch den erhéhten Abbau kann p53
seine tumorsupprimierenden Eigenschaften nicht mehr entfalten (85). Im Rahmen der
regelhaft vorhandenen genetischen Instabilitat von Krebszellen kommt es zu diversen
genetischen Veranderungen gegenuber normalen Zellen (42). Bezogen auf das
Proteasom konnte unter anderem an gynakologischen Krebsarten gezeigt werden,
dass die Gene fir die Untereinheiten des Proteasoms héufig Uberexprimiert werden
(86,87).

Mitte der 1990er-Jahre wurde der Proteasom-Inhibitor Bortezomib (Strukturformel
siehe Abbildung 9) entwickelt und Ende dieser Dekade in klinischen Studien zur

Behandlung des multiplen Myeloms untersucht.

Abbildung 9: Bortezomib.

2003 wurde es von der FDA als erster Wirkstoff seiner Klasse zur Behandlung
des Multiplen Myeloms zugelassen (88). Die Zulassung durch die EMA folgte Mitte
2004 (89). In beiden Regionen erfolgte die Zulassung zunachst zur Behandlung von
Patienten, welche bereits eine Therapie durchlaufen haben und sich bereits einer
Knochenmarktransplantation unterzogen haben oder fir diese nicht geeignet sind.

Beim Multiplen Myelom handelt es sich um eine Krebserkrankung der Plasmazellen
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des Knochenmarks. Mehrere Jahre spater erfolgte eine Erweiterung der Zulassung fur
die Initialbehandlung von Patienten mit Multiplem Myelom im Rahmen einer
Kombinationsbehandlung mit dem Alkylans Melphalan und dem Glucocorticoid
Prednison, die nicht fir eine hochdosierte Chemotherapie inklusive
Knochenmarktransplantation geeignet sind. Bortezomib steht seit 2019 auf der Liste
der unentbehrlichen Arzneimittel der Weltgesundheitsorganisation (WHQO) (90). Es ist

nicht oral verfugbar und wird als Injektion verabreicht.

Bortezomib bindet Uber sein Bor-Atom an das katalytische Zentrum des
Proteasoms (91). Weitere zugelassene Proteasom-Inhibitoren sind Carfilzomib,
welches an der proteolytisch aktiven 20S-Untereinheit des Proteasoms bindet, und
Ixazomib, welches oral verfugbar ist und den gleichen Wirkmechanismus wie

Bortezomib aufweist.

Bisher zeigten sich vielversprechende praklinische Daten zur Anwendung von
Proteasom-Inhibitoren in soliden Tumoren. Allerdings konnten sie in klinischen Studien
bisher aufgrund ungulnstiger Pharmakokinetik bezogen auf solide Tumore nicht
Uberzeugen, da die notwendigen Plasmaspiegel mit (zu stark) erhdéhter Toxizitat
einhergehen wirden (92). Es finden sich im amerikanischen Register fur klinische
Studien (ClinicalTrials.gov) mehr als 40 Eintrage uber klinische Studien mit Bortezomib
zur Anwendung bei soliden Tumoren. Eine einstellige Anzahl der Studien ist
momentan aktiv und rekrutiert Probanden. Trotz der bisher eher mittelmaliigen
klinischen Erfolge wird die Anwendung von Bortezomib bei soliden
Tumorerkrankungen weiter untersucht. Beispielsweise wird momentan in Stdkorea
eine Phase Il Studie zur Untersuchung der Anwendung von Bortezomib in Kombination
mit dem DNA-Interkalator Doxorubicin bei platin-resistenten Ovarialkarzinomen,

durchgefuhrt und es werden weiterhin Probandinnen rekrutiert (93).

In der Literatur finden sich weiterhin Hinweise, dass sich aus der Kombination von
Proteasom-Inhibitoren und Klasse lla-selektiven HDACi Behandlungsoptionen fur
Pankreaskarzinome ableiten lassen kénnten (94). Die gezeigten Effekte beruhen auf
einer gemeinsamen Induktion der Expression des Tumorsuppressors p21 und des

proapoptotischen Gens FOXO3a.
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1.5.3 Hitzeschockprotein 90-Inhibitoren (HSP90i)

Hitzeschockprotein 90 (HSP90) ist ein Chaperon und wird in Saugetierzellen
nahezu ubiquitadr exprimiert. Als Chaperon unterstitzt es frisch synthetisierte Proteine
bei der Faltung, die essenziell fir die spatere Erfullung ihrer jeweiligen Funktionen ist.
Weitere Aufgaben erfullt HSP90 im Rahmen des intrazelluldren Transports und der
Degradierung von Proteinen. Proteine, welche durch HSP90 beeinflusst werden,
werden Clientproteine genannt. Die zytosolische Form von HSP90 ist HSP90A und
wird in das konstitutiv exprimierte HSP90B und induzierbare HSP90a unterteilt, die
eine 85 %-ige Sequenzidentitat aufweisen (95-97). Werden beide Isoformen gemeint,

wird allgemein nur von HSP90 gesprochen.

HSP9O0 liegt als Homodimer vor und wird ATP-abhangig in die aktive Form des
HSP90-Dimers uberflhrt (Abbildung 10).

ATP

Offene Konformation Geschlossene Konformation

2% P,
| g |
ADP + Pi

Abbildung 10: ATPase Zykius voh HSP90.

R
2

Pi steht fiir einen Phosphatrest nach Abspaltung von ATP.
Die Abbildung wurde (bersetzt und aus (98) entnommen.

Strukturell betrachtet besteht HSP90 aus vier Domanen. Die N-terminale Doméane
(NTD) enthalt die ATP-Bindungsstelle und ist fur die Bindung an Clientproteine
notwendig. Aullerdem stellt sie eine wichtige Bindungsstelle fir niedermolekulare
Inhibitoren von HSP90 (HSP90i), wie Geldanamycin, Luminespib oder HSP990 dar,
welche in Konkurrenz zu ATP treten und somit die Ausbildung des Homodimers

verhindern (Strukturformeln von Luminespib und HSP990: siehe Abbildung 11).
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Abbildung 11: Luminespib (links) und HSP990 (rechts).
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Als Verbindungsglied zur mittleren Doméane (MD) schliel3t sich eine geladene
Linker-Region (CR) an die NTD an. Der Einfluss der CR auf die Chaperon-Aktivitat von
HSP90 wird kontrovers diskutiert (99,100). Nach der Spaltung von ATP in ADP und
einen Phosphatrest wird dieser Phosphatrest an der MD gebunden. Als vierte Domane
existiert die C-terminale Doméane (CTD), welche vor allem fir die Bildung des
Homodimers wichtig ist (101). Allerdings kann sie auch als allosterer Modulator der
NTD wirken (102) und stellt eine Zielstruktur fur C-terminale HSP90i dar (103).

In malignen Zellen wird HSP90 exprimiert und kann verantwortlich fur die
Instandsetzung und Instandhaltung diverser Onkoproteine sein (98). Durch diese
Involvierung von HSP90 in der Karzinogenese wird die bereits gesteigerte
Zellproliferation sowie eine bereits verringerte Apoptose-Induktion zusatzlich verstarkt.
Folgende HSP90-Clientproteine flihren zu diesen Effekten: Wachstumsfaktor-
Rezeptoren und andere Rezeptor-Tyrosin-Kinasen werden durch HSP90 stabilisiert,
was zur angesprochenen unkontrollierten Proliferation beitragt. Weiterhin sind PI3K
und AKT Clientproteine von HSP90, welche mal3geblich flr die Regulation des PI3K-
AKT-Signalweges verantwortlich sind und unreguliert zu gesteigerter Zellproliferation
und Angiogenese fuhren. Es finden sich auRerdem apoptoserelevante Proteine wie
p53, Survivin und APAF-1 unter den Proteinen, welche durch HSP90 in ihrer Aktivitat
reguliert werden. Eine gesteigerte HSP90 Expression fuhrt in diesem Hinblick zur
Unterdriickung von apoptotischen Signalen innerhalb der Krebszelle. Aufgrund dieser
regulatorischen Eigenschaften ist HSP90 eine wichtige molekulare Zielstruktur flr

therapeutische Arzneistoffe im Rahmen einer Krebserkrankung (98).

Luminespib wurde bisher nur im Rahmen weniger préklinischer Studien zur
Behandlung von Ovarialkarzinomen bzw. entsprechenden Zelllinien untersucht. Es
lassen sich Erkenntnisse aus tierexperimentellen Xenotransplantations-Studien
finden, die belegen, dass Luminespib den Wachstumsfaktor-Rezeptor ErbB-2 herunter
reguliert (104) und positive Effekte durch Verringerung des Tumorwachstums, der
Angiogenese und Metastasierung zeigt (105,106). Fur HSP990 lassen sich keine
praklinischen Daten aus Zell- und/oder Tierexperimenten finden. Folgend ergibt sich,
dass bisher keine Daten zur Kombination der genannten HSP90i und Cisplatin
und/oder HDACIi an Ovarialkarzinomen bzw. entsprechenden Zelllinien veréffentlicht
wurden. Fur andere HSP90i wie Geldanamycin und dessen Derivate Tanespimycin
(17-AAG [17-N-allylamino-17-demethoxygeldanamycin]) oder Alvespimycin (17-
DMAG [17-Dimethylaminoethylamino-17-demethoxygeldanamycin]) konnte eine
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positive Beeinflussung der Cisplatin-Sensitivitdt an verschiedenen Ovarialkarzinom-
Zelllinien gezeigt werden (107). Fur den positiven Effekt einer Kombination von
HSP90i und Cisplatin lassen sich fur andere Tumorentitdten als Ovarialkarzinome
entsprechende Indikatoren finden. So konnte beispielsweise an Cisplatin-resistenten
Kopf-Hals-Tumor-Zelllinien ein synergistischer Effekt zwischen Tanespimycin und
Cisplatin gezeigt werden, welcher auf der Induktion von Apoptose beruht (108).
Zusatzlich konnte fur Tanespimycin und Alvespimycin gezeigt werden, dass die beiden
HSP90i die Cisplatin-Sensitivitat von Blasenkrebs-initierenden Zellen erhdhen
konnten. Auch in dieser Studie konnte eine gesteigerte Auslésung von Apoptose
beobachtet werden (109). Eine Untersuchung der Dreifachkombination aus Cisplatin,

HSP90i und HDACI wurde auch an anderen Tumorentitdten bisher nicht durchgefihrt.

Mit Stand Dezember 2020 ist kein HSP90i zur Tumor-Behandlung oder in einer
anderen Indikation zugelassen. In der Vergangenheit wurden laut ClinicalTrials.gov 28
klinische Phase | oder Il Studien mit Luminespib (zu finden unter dem klinischen
Prufcode AUY-922) und zwei Phase | Studien mit HSP990 durchgefihrt. Die
entsprechenden Studien sind zum jetzigen Zeitpunkt beendet oder wurden
abgebrochen. Explizite Studien an Patientinnen mit Ovarialkarzinomen wurden mit den
beiden Inhibitoren nicht durchgefuhrt. Als einzige gynakologische Krebserkrankung
wurde in manchen Studien mit Luminespib Brustkrebs eingeschlossen. Einige wenige
Studien befassten sich sehr breit mit der Anwendung bei diversen
Tumorerkrankungen. Da fur diese Studien noch keine Ergebnisse verdffentlicht
wurden, ist nicht klar, ob auch Ovarialkarzinom-Patientinnen Teil des jeweiligen
Patientenkollektivs waren. Momentan sind rund 18 klinische Studien (Phase | und Il)
mit anderen HSP90i zu diagnostischen oder therapeutischen Zwecken, aktiv und
rekrutieren zum Teil Probanden. Diese Studien befassen sich sowohl mit soliden
Tumoren als auch mit Leukamien und die Patientenkollektive bestehen zumeist aus
Patienten, welche eine fortgeschrittene oder metastasierende Krebserkrankung

aufweisen.
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Aufgrund der besonderen Schwere einer Ovarialkarzinomerkrankung und
schlechten klinischen Uberlebensraten ist die Entwicklung und Bewertung von neuen
Therapiemaoglichkeiten ein wichtiges Forschungsgebiet. Im Zuge diverser Vorteile von
Kombinationstherapien wie zum Beispiel der potenziellen Verringerung der Dosen der
Einzelkomponenten und der damit einhergehenden Verringerung von unterwinschten

Arzneimittelwirkungen, bietet sich eine fokussierte Forschung auf diesem Gebiet an.

Platinhaltige Zytostatika wie Cisplatin oder Carboplatin sind aus der Therapie des
schwerwiegenden Ovarialkarzinoms nicht wegzudenken, da sie eine gute klinische
Effektivitat und Studienlage aufweisen. Eine Behandlung mit platinhaltigen Zytostatika
geht allerdings oft mit gravierenden unerwinschten Wirkungen (wie Nephrotoxizitat,
Ototoxizitdt oder Nausea) einher und kann aul’erdem zu einer therapielimitierenden
Entwicklung einer Platinresistenz fuhren. In den verschiedenen Studien dieser Arbeit
sollten effektive Kombinationspartner fur Cisplatin am zellularen Modell gefunden
werden. Das Ziel dieser Kombinationsbehandlung sollte ein synergistischer Effekt
zwischen Cisplatin und einer oder mehrerer weiterer Komponente sein. Aufgrund ihrer
vielfadltigen Effekte, welche theoretisch die zytostatischen Effekte von Cisplatin
unterstitzen sollten, lag der Fokus auf der Gruppe der Histondeacetylase-Inhibitoren

(HDACI) als Kombinationspartner.

Im Rahmen der ersten Studie dieser Arbeit (Class I-Histone Deacetylase (HDAC)
Inhibition is Superior to pan-HDAC Inhibition in Modulating Cisplatin Potency in High
Grade Serous Ovarian Cancer Cell Lines [Bandolik et al] (110)) sollte an
verschiedenen hochgradig serésen Ovarialkarzinomzelllinien untersucht werden,
welche Selektivitat eines HDACI besonders vorteilhaft in der Kombination mit Cisplatin
ist. Es wurden der unselektive HDACi Panobinostat mit dem Klasse |-selektiven HDACI
Entinostat und dem HDACG6-selektiven HDACiI Nexturastat A verglichen. Die
Effektivitat der Kombination wurde hinsichtlich der Auslésung von Apoptose und der
Zytotoxizitat beurteilt. Beide Effekte wurden hinsichtlich eines eventuell vorliegenden

Synergismus bewertet.

Eine weitere Studie dieser Arbeit (Priming with HDAC inhibitors Sensitizes
Ovarian Cancer Cells to Treatment with Cisplatin and HSP90 Inhibitors [Rodrigues-
Moita, Bandolik et al.] (111)) hat sich mit der grundsatzlichen Bewertung einer

denkbaren Dreifachkombination aus Cisplatin, den Hitzeschockprotein 90-Inhibitoren
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(HSP90i) Luminespib und HSP990 sowie den unselektiven pan-HDACi Panobinostat
und LMK-235 beschaftigt. Diese Studie wurde an verschiedenen cisplatinsensitiven

und -resistenten Ovarialkarzinomzelllinien-Parchen durchgefihrt.

Im Zuge der weiteren Klarung der Effekte von selektiven HDACI hat sich eine
zusatzliche Studie dieser Arbeit (Synergism oft the Class Illa Selective Histone
Deacetylase Inhibitor CHDI-00390576 and the Proteasome Inhibitor Bortezomib in
Ovarian Cancer Cell Lines [Bandolik et al.]) mit der Kombination des Klasse IIA-
selektiven HDACi CHDI mit dem Proteasom-Inhibitor Bortezomib beschéaftigt. Die
Effekte sollten an cisplatinsensitiven und -resistenten Zelllinien durchgefihrt werden,
um zu klaren, ob sich aus der Kombinationsbehandlung eine Behandlungsoption flr
Cisplatin-resistente Ovarialkarzinome ergeben kann. Bortezomib wird bisher an
soliden Tumoren kaum eingesetzt und ist Gegenstand aktueller klinischer Studien. Es

weist einen therapeutischen Fokus fur hdmatologische Tumore auf.

Die Bewertung der Effektivitat von dualen Wirkstoffen, welche in einem Molekiil
sowohl alkylierende als auch Histondeacetylase-inhibierende Eigenschaften
aufweisen, war die Zielsetzung der letzten Studie dieser Arbeit (Hydroxamic Acids
Immobilized on Resins (HAIRs): A Toolbox for the Synthesis of Dual-Targeting HDAC
Inhibitors and HDAC Degraders (PROTACSs) [Sinatra, Bandolik et al.] (112,113)). Es
wurden auf Seite der HDACI Strukturelemente von Vorinostat und Panobinostat
verwendet um diese mit Strukturelementen der Alkylanzien Temozolomid,
Chlorambucil und Mitozolomid zu kombinieren. Aufgrund der erhéhten klinischen
Relevanz der verwendeten Alkylanzien fir diese Tumorentitdten wurden die
Experimente dieser Studie an Kopf-Hals-Tumor- bzw. Glioblastom-Zelllinien
durchgefuhrt. Es wurde Uberprift, ob die dualen Arzneistoffe in zellbasierten

Experimenten vorteilhaft gegentber der Anwendung beider Einzelkomponenten sind.

Zusammenfassend lag der Fokus dieser Arbeit auf der Entwicklung von
Kombinationstherapien fur Ovarialkarzinome, welche entweder Cisplatin oder HDACI
beinhalteten. Nach der Entdeckung der Effekte sollten diese mechanistisch aufgeklart

werden.
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3.1 Publikation 1

Class I-Histone Deacetylase (HDAC) Inhibition is Superior to pan-HDAC
Inhibition in Modulating Cisplatin Potency in High Grade Serous Ovarian Cancer
Cell Lines

Jan J. Bandolik!, Alexandra Hamacher', Christian Schrenk! Robin Weishaupt?,
Matthias U. Kassack'

1 Institut fur Pharmazeutische und Medizinische Chemie, Heinrich-Heine-Universitidt Disseldorf
2 Institut far Informatik, Komplexitatstheorie und Kryptologie, Heinrich-Heine-Universitat
Disseldorf

Veroffentlicht in: International Journal of Molecular Sciences, 22. Juni 2019
DOI: 10.3390/ijms20123052

Beitrag: Erstautorschaft. Durchfuhrung der Experimente dieser Veréffentlichung
(Ausnahme: isolierter Enzyminhibitionsassay). Auswertung der Daten und Verfassen
der ersten Version des Manuskripts.

Zusammenfassung (ubersetzt): Hochgradig seréser Ovarialkrebs (HGSOC) ist der
verbreitetste und aggressivste Subtyp von Ovarialkrebs mit der schlechtesten
klinischen Prognose aufgrund intrinsischer oder erworbener Arzneimittelresistenz. Die
Standard-Behandlung beinhaltet Platin-Zytostatika. Die Entwicklung von Krebs und
Ausbildung einer Chemoresistenz ist oft verbunden mit einer erhéhten Aktivitat von
Histondeacetylasen (HDAC). Das Ziel dieser Studie war die Untersuchung des
Potentials von Histondeacetylase-Inhibitoren (HDACI) die Potenz von Cisplatin in
HGSOC zu erhéhen. Vier HGSOC Zelllinien mit unterschiedlicher Cisplatin-Sensitivitat
wurden mit Kombination von Cisplatin und Entinostat (Klasse | HDACI), Panobinostat
(pan-HDACI) oder Nexturastat A (Klasse IIb HDACI) behandelt. Die Inhibierung von
Klasse | HDACs durch Entinostat zeigte sich beziglich der Erhéhung der Potenz von
Cisplatin in Zellviabilitats-Assays (MTT), Apoptoseinduktion (subG1) und Caspase 3/7
Aktivierung Uberlegen gegeniber der pan-HDAC Inhibierung. Entinostat wirkte
synergistisch mit Cisplatin in MTT- und Caspase-Aktivierungs-Assays bei allen
Zelllinien. In den MTT-Assays liellen sich Kombinationsindices (C/-Values) < 0,9
nachweisen, was fur eine synergistische Wirkung auszeichnet. Der Effekt der HDACI
kénnte mit der Hochregulierung von proapoptotischen Genen (CDNK1A, APAF1,
PUMA, BAK1) und der Herunterregulierung von Survivin zusammenhangen.
Zusammengefasst, ist die Kombination von Entinostat und Cisplatin synergistisch in
HGSOC und konnte eine effektive Therapiestrategie beim aggressiven Ovarialkrebs
darstellen.
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Abstract: High grade serous ovarian cancer (HGSOC) is the most common and aggressive ovarian
cancer subtype with the worst clinical outcome due to intrinsic or acquired drug resistance. Standard
treatment involves platinum compounds. Cancer development and chemoresistance is often
associated with an increase in histone deacetylase (HDAC) activity. The purpose of this study
was to examine the potential of HDAC inhibitors (HDACi) to increase platinum potency in HGSOC.
Four HGSOC cell lines with different cisplatin sensitivity were treated with combinations of cisplatin
and entinostat (class I HDACi), panobinostat (pan-HDACi), or nexturastat A (class IIb HDACi),
respectively. Inhibition of class  HDACs by entinostat turned out superior in increasing cisplatin
potency than pan-HDAC inhibition in cell viability assays (MTT), apoptosis induction (subG1), and
caspase 3/7 activation. Entinostat was synergistic with cisplatin in all cell lines in MTT and caspase
activation assays. MTT assays gave combination indices (CI values) < 0.9 indicating synergism. The
effect of HDAC inhibitors could be attributed to the upregulation of pro-apoptotic genes (CDNKIA,
APAF1, PUMA, BAK1) and downregulation of survivin. In conclusion, the combination of entinostat
and cisplatin is synergistic in HGSOC and could be an effective strategy for the treatment of aggressive
ovarian cancer.

Keywords: cisplatin; high grade serous ovarian cancer (HGSOC); histone deacetylase inhibitors;
caspase activity; antitumor platinum agents; combination treatment; panobinostat; entinostat;
nexturastat A

1. Introduction

Ovarian cancer is one of the most lethal gynecological cancer subtypes, such as uterus, breast,
cervical or vulva cancer. Compared to the other gynecological cancers, ovarian cancers have the worst
survival rate over five years (47.6%, USA; 41%, Germany). In contrast, breast cancer has a 5 year
survival rate of 89.9% in the USA and 88% in Germany [1-6]. Ovarian cancer can be divided into types I
and II. Type Lis usually less aggressive and contains the subtypes endometrioid carcinoma and clear cell
carcinoma as well as mucinous carcinoma and low-grade serous carcinoma. However, cohort studies
from the USA found out that 68% of ovarian cancer cases are type Il diseases [7,8]. Type Il ovarian
cancer is clinically very aggressive and consists of high grade serous ovarian cancer (HGSOC). HGSOC
is rapidly growing, shows genomic instability, and dysfunction in tumor suppressors [9,10]. Primary
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options for treatment are surgery and a combination chemotherapy including platinum compounds
like cisplatin or carboplatin and paclitaxel [11]. Initially, most ovarian cancers are chemosensitive.
During the treatment, resistance develops and leads to relapse and therapeutic failure. The mechanisms
behind a developing platinum resistance are multifactorial in nature and cannot be overcome by
increasing the dose of a platinum drug given to a patient [12]. Furthermore, with increasing doses,
patients suffer from increased frequency or intensity of side effects like nephrotoxicity or ototoxicity.
Combination therapies with small molecule inhibitors are a widely used strategy to increase the
platinum sensitivity of the tumor or to prevent/delay the development of therapeutic resistance [13,14].
It is well known that epigenetic modifications such as histone acetylation or DNA methylation are
dysregulated in cancer and moreover in chemoresistance development [15,16]. The acetylation and
deacetylation of proteins is regulated by histone acetyl transferases (HATs) and histone deacetylase
(HDAC) enzymes. Eleven human zinc-dependent HDACs are known (HDAC1-11) which can be
clustered into several classes: Class I: HDACI, 2, 3, 8; class Illa: HDACA4, 5, 7, 9; class IIb: HDACS,
10; and class IV: HDAC11. Class IIl comprises non-zinc-dependent HDAC enzymes, the so-called
sirtuines which will not be considered in this paper [17]. There are several known overexpression
patterns of histone deacetylase (HDAC) enzymes in different cancer subtypes leading to transcriptional
repression [15]. For ovarian cancer, an overexpression of HDACs - especially of class I HDACs - is
described and correlates with its aggressiveness. Furthermore, HDAC overexpression can serve as a
marker of poor clinical outcome [18]. It is also described that chemotherapy leads to an upregulation
of HDAC expression [19].

Thus, using HDAC inhibitors (HDACi) to normalize a dysregulated acetylation status of
histone and non-histone proteins is an increasingly pursued strategy to increase the sensitivity
of chemotherapeutic agents [20-22]. HDACi can act by regulating pro- and anti-apoptotic gene
expression and thus promoting cell cycle arrest and induction of apoptosis [16]. However, the exact
regulatory network of HDACi on apoptosis induction in a particular type of cancer is not fully
understood. Further, it is not yet clear if subtype-selective HDACi or pan-HDAC inhibition is superior
in increasing chemosensitivity of anticancer drugs such as platinum compounds.

The purpose of this study was to test the effect of HDACi with different subtype preferences
on the chemosensitivity of cisplatin in HGSOC cell lines. Panobinostat was used as pan-HDACi,
entinostat as class I selective HDAC], and nexturastat A as class IIb (HDAC6)-selective HDACi. Due to
the intrinsic effect of HDACi regulating gene expression, all inhibitors were incubated 48 h prior to
cisplatin treatment. CaOV3, Kuramochi, OVSAHO, and HEY cell lines were chosen as representatives
for HGSOC based on literature recommendations [23-26]. Among these HGSOC cell lines, CaOV3,
Kuramochi, and OVSAHO are described as very suitable cellular models for HGSOC [27]. In addition
to the four HGSOC cell lines, A2780 was included as a comparison model for ovarian endometrioid
adenocarcinoma (type I) [28,29]—a less aggressive type of ovarian cancer. HDACi—induced effects
on cisplatin sensitivity were investigated using cell viability assays, apoptosis induction, caspase
activation, and analysis of apoptosis-related gene expression. Notably, the class I HDACi entinostat
turned out superior to panobinostat in increasing cisplatin potency in HGSOC and was synergistic
with cisplatin. The chemosensitizing effect could be attributed to the upregulation of cell cycle arrest
and pro-apoptotic genes.

2. Results

2.1. Characterization of the Human Ovarian Cancer Cell Lines

We chose the human ovarian cancer cell lines A2780, CaOV3, HEY, Kuramochi, and OVSAHO
as cellular models for HGSOC (CaOV3, HEY, Kuramochi, and OVSAHO) and ovarian endometrioid
adenocarcinoma type I (A2780). First, the cisplatin sensitivity of the cell lines and their HDAC
expression profile (nNRNA, protein) was analyzed. The results are shown in Figure 1.
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Figure 1. Characterization of the ovarian cancer cell lines. (a) Cell viability was measured by MTT
assay after 72 h incubation with different concentrations of cisplatin. Data shown are mean + SD
of at least three independent experiments each carried out in triplicates, calculated as percentage of

control. The cell line specific ICs; values are shown in Table 1. (b) Gene expression profile for HDAC

enzymes was obtained by RT-PCR. Data shown are normalized to endogenous control gene expression
of HPRT1 (hypoxanthine-guanine phosphoribosyltransferase), TBP (TATA binding protein), and GUSB
(beta-glucuronidase). (c) Representative immunoblot analysis of HDAC enzymes. One representative

immunoblot with a protein molecular weight marker is shown in Figure S3.
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ICs values of the cell lines towards cisplatin ranged from 1.44 pM for CaOV3 up to 11.0 uM for
A2780 (Figure 1A and Table 1). In literature, cisplatin plasma levels of 1.90 to 8.72 uM are reported in
patients (cmax reached after 1-1.5 h) [30].

Table 1. ICsp and pICsg for cisplatin after a 72h incubation.

Cell Line [If&’] pICsp + SEM
A2780 11.0 4.96 + 0.01
CaOV3 1.44 5.84 + 0.01
HEY 5.25 5.28 + 0.01
Kuramochi 4.68 533 +0.02
OVSAHO 4.83 5.32 +0.01

Data shown are the mean of pooled data from at least three experiments, each carried out in triplicate.

A2780 cells showed ICsp-values for cisplatin in the one-digit micromolar range in previous
studies [20,21,31]. Nevertheless, under the experimental conditions chosen here, an ICsp-value of
11.0 uM was obtained. Based on the ICsp-values, CaOV3 cells can be classified as cisplatin-sensitive,
while HEY, Kuramochi, and OVSAHO cells are mediocre sensitive and A2780 cisplatin-resistant.

Regarding the HDAC enzyme expression, different patterns were obtained. At mRNA level, the
cell line Kuramochi showed the highest expression of HDAC 1, 2, 5, 6, 7, 10, and 11 whereas A2780
revealed the highest expression of HDAC9. CaOV3, HEY, and OVSAHO generally showed a low
expression of HDACs in comparison to Kuramochi (Figure 1B). Within a particular cell line, HDACI-4
showed a rather high expression except for Kuramochi and A2780.

Comparing the HDAC gene expression profile with the HDAC protein expression levels, some
differences become evident (Figure 1C). HDAC1 and HDAC?2 are well expressed in every cell line,
whereas HDAC3 was only detected (protein) in CAOV, HEY, and Kuramochi. HDAC4 (class Ila HDAC)
is expressed in every cell line with a slightly higher expression in HEY and Kuramochi. HDACS5 is only
expressed in CaOV3 and slightly in HEY cells. For HDAC6 and HDAC10, members of class IIb, a more
heterogenous expression profile occurred. While HDACI10 is strongly expressed in CaOV3 and HEY
cells, it is weakly expressed especially in Kuramochi. For HDAC6 we observed a slight expression
in A2780, Kuramochi, and OVSAHO. Expression levels for HDAC11 as representative of class III
HDACs show some differences, too. CaOV3 expresses HDACI1 at a higher level, HEY, Kuramochi,
and OVSAHO at a very weak level, and A2780 shows no expression. For HDAC4 and HDAC6 a good
correlation between mRNA and protein expression levels could be observed. In conclusion, class I
HDACs HDAC1 and HDAC?2 were highly expressed throughout all ovarian cancer cell lines whereas
the other HDAC isoforms are expressed at a much lower level and only in some but not all cell lines
(Figure 1B,C).

2.2. Cytotoxic and HDAC-Inhibitory Effects of Entinostat, Panobinostat, and Nexturastat A

Next, we analyzed the antiproliferative effects of entinostat, panobinostat, and nexturastat A in
the ovarian cancer cell lines. Incubation times applied for the investigation of HDACi alone (absence
of cisplatin) were the same as later (chapter 2.3) used in combination experiments of HDACi with
cisplatin. Results are shown in Table 2.

Panobinostat showed the highest cytotoxic effects against all five cell lines with ICsp-values in the
low nanomolar range. Entinostat had moderate cytotoxicity with ICsp-values in the submicromolar
range. Nexturastat A had micromolar ICsp-values. Thus, nexturastat A was not cytotoxic at
concentrations where it displays HDAC6 selectivity (in the nanomolar range). To determine the
HDAC inhibitory activity of entinostat, panobinostat, and nexturastat A, we performed a whole-cell
HDAC inhibition assay. Results are shown in Table 3.
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Table 2. Cytotoxic activity of entinostat, panobinostat, and nexturastat A.

HDACi
Entinostat Panobinostat Nexturastat A
Cell Line
ICsg ICsp ICsp
[nM] pICsp + SEM [nM] pICsp + SEM [nM] pICsp + SEM
A2780 606 6.22 + 0.03 15.3 7.82 +0.02 7778 5.11 + 0.09
CaOV3 1146 5.94 + 0.03 7.62 8.12 + 0.03 5291 5.28 + 0.03
HEY 251 6.60 + 0.02 2.68 8.57 + 0.02 1724 5.76 + 0.03
Kuramochi 485 6.31 + 0.03 11.2 7.95 +0.02 5302 5.28 + 0.02
OVSAHO 1828 5.74 +0.02 42.4 7.37 £ 0.05 16,218 479 +0.02

Cell viability was measured by MTT assay after 48 h preincubation followed by an additional 72 h incubation. Data
shown are the mean of pooled data from at least three experiments each carried out in triplicates.

Table 3. HDAC inhibitory activity of entinostat, panobinostat, and nexturastat A.

HDACi
. Entinostat Panobinostat Nexturastat A
Cell Line
ICsp ICsp IC5
[nM] pICsg + SEM [nM] pICsy + SEM [nM] pICsp + SEM
A2780 313 6.50 + 0.04 12.1 7.91 + 0.06 3633 5.44 + 0.04
CaOV3 333 6.48 + 0.03 7.88 8.10 + 0.05 3500 5.46 +0.03
HEY 219 6.60 + 0.04 13.6 7.87 +£0.03 3874 5.41 +0.03
Kuramochi 339 6.47 + 0.04 9.87 8.01 + 0.07 3733 5.43 +0.03
OVSAHO 326 6.49 + 0.02 231 7.64 +0.04 5249 5.28 +0.02

Data shown are the mean of pooled data from at least three experiments each carried out in triplicates.

No significant differences were observed between the cell lines regarding the HDAC inhibitory
potency of entinostat. The ICsp-values for entinostat ranged from 0.22 uM in HEY cells to 0.34 uM
in Kuramochi cells. As expected, panobinostat showed ICsp-values in the nanomolar range. The
IC5p-values were between 7.88 nM for CaOV3 cells and 23.1 nM for OVSAHO cells. For nexturastat A,
we obtained ICsp-values in the low micromolar range and could not detect a large difference in the
ICsp-values between the individual cell lines. The ICsp-values ranged from 3.63 uM for A2780 cells to
5.25 uM in OVSAHO cells. For confirmation of HDAC-inhibitory effects, a-tubulin and histone H3
acetylation were analyzed by western blot (Figure 2).
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Figure 2. Effect of HDACi on acetylation level of a-tubulin and histone H3. Representative immunoblot
analysis of histone H3, ac-histone H3, a-tubulin, and ac-a-tubulin in the different human ovarian
cancer cell lines. Cells were treated with the indicated concentrations of HDACI. Control cells were
incubated with vehicle. One representative immunoblot with a protein molecular weight marker is

shown in Figure S3.

As can be seen, treatment with the HDACi was associated with a hyperacetylation of histone H3
indicating class I HDAC inhibitory effects. Hyperacetylation of x-tubulin is a marker for HDAC6
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inhibition. Incubation with nexturastat A confirmed HDAC6 inhibition in every cell line by yielding
increased levels of ac-«-tubulin.

2.3. Enhancement of Cisplatin-Induced Cytotoxicity

To investigate a possible effect of HDACi on the cisplatin sensitivity, the ovarian cancer cells
were pretreated with HDAC] for 48 h, respectively. After medium exchange, a 72 h treatment
followed with freshly added HDAC] and different concentrations of cisplatin. The concentrations
of HDACi used in this combination experiment were adjusted to exert a maximum effect of 44-60%
reduction of cell viability in the absence of cisplatin (i.e., a maximum reduction of the upper plateau of
concentration-effect curves of 44-60%). Concentrations of HDACi used in combination treatments are
shown in Table 4.

Table 4. HDACI concentrations used for combination treatment.

Cell Line Entinostat [nM] Panobinostat [nM] Nexturastat A [nM]
A2780 750 40.0 7500
CaOV3 750 15.0 7500
HEY 200 20.0 5000
Kuramochi 750 12.5 5000
OVSAHO 2000 70.0 12,500

Whereas entinostat retained its class I-selective properties in the used concentration range,
nexturastat A was likely to lose HDAC6 selectivity at 5-12.5 uM concentrations used in combinations
with cisplatin. However, lower concentrations of nexturastat A did not have effects on the cisplatin
sensitivity. To confirm the loss of selectivity of nexturastat A at high concentrations, we performed
enzyme HDAC-inhibition assays with nexturastat on representative HDACs for class I, Ila, and IIb.

As can be seen in Table 5, nexturastat A is a nanomolar potency inhibitor at HDAC6 whereas
the ICsp-value at HDAC2 is 1.99 uM. However, using nexturastat A in combination experiments with
cisplatin in concentrations ranging from 5 to 12.5 uM (Table 4) is highly likely to lead to a loss of
HDACS6 selectivity. Thus, nexturastat A effects may be attributed to class I and HDAC6 inhibition
rather than HDACS inhibition only.

Table 5. IC5; and inhibitory constants (K;) of nexturastat A on HDAC2, 4, 6, and 8.

HDAC2 HDAC4 HDACé HDACS
Compd ICsp £ SD K; ICsp + SD K; ICsp = SD K; ICsp £ SD K;
P [uM] [uM] [uM] [uM] [uM] [uM] [uM] [uM]

Nexturastat A 1.99 +£0.25 1.25 12.0 + 1.69 7.57 0.05 +0.01 0.03 22.6 +2.55 12.8

Data shown are the mean + 5D of pooled data from at least three experiments each carried out in triplicates.

Table 6 summarizes the effects of 48 h pretreatment of HDACi on the cisplatin concentration-effect
curves in all ovarian cancer cell lines. Besides ICsj-values of cisplatin alone, ICsp-values of cisplatin in
the combination with the respective HDACI are displayed. Further, shift factors (ratio of ICsp-value of
cisplatin and the ICsp-value of the combination) were calculated and included in Table 6. Figure 3
shows the corresponding concentration-effect curves of those HDACi-cisplatin combinations that
achieved the largest effect in each of the cell lines.
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Figure 3. HDACi pretreatment enhances the cytotoxic effects of cisplatin. A2780 (a), CaOV3 (b), HEY
(c), Kuramochi (d), and OVSAHO (e) were pretreated with the indicated HDACi 48 h prior to cisplatin
(cDDP) administration. After another 72 h, IC5j-values were determined by MTT assay. Data shown
are normalized to vehicle control and mean + SD of at least three experiments each carried out in
triplicates. The vertical arrows show the antiproliferative effects of HDACI in the absence of cisplatin

and the horizontal arrows show the shifts of the IC5p-values of cisplatin (absence and presence of
HDAC!I). Statistical analysis was performed using f-test. Levels of significance: ns (p > 0.05); * (p < 0.05);

** (p < 0.01); *** (p < 0.001).
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Table 6. Effect of HDACi pretreatment on cisplatin-induced cytotoxicity (MTT assay).

Gi . + 48 h HDACi Pretreatment
isplatin
Cell Line Entinostat Panobinostat Nexturastat A
ICsg ICsg SF ICsp SF ICsg SF
A2780 11.0 499 2.2 (") 2.58 5.6 (***) 1.44 7.6 (**)
CaOV3 1.44 0.72 200 0.74 2.0 (ns) 1.33 1.1 (ns)
HEY 5.25 1.39 3.8 (") 275 1.9 (%) 1.28 4.1 (**)
Kuramochi 4.68 3.28 1.4(% 5.14 < 1(ns) 3.22 1.5 (*%)
OVSAHO 4.83 1.02 47 (**) 3.01 1.6 (*%) 1.43 3.4 (")

Data shown are the mean of pooled data from at least three experiments, each carried out in triplicate. Shift-factors
(SF) were calculated by dividing the ICsp-values without and with HDACi-preincubation. pICsy and SEM are
shown in supplemental Table S1. Statistical analysis was performed using t-test. Levels of significance: ns (p > 0.05);
* (p <0.05); ** (p < 0.01); ** (p < 0.001).

Only class I-selective entinostat was able to increase cisplatin potency in each cell line in a
significant manner (Table 6). Even in cisplatin-sensitive CaOV3 cells, entinostat was able to induce a
slight, but significant enhancement of cisplatin potency (shift factor of 2.0, Figure 3B, Table 6). Within
the HGSOC cell lines, entinostat gave the highest shift factors (except for HEY and Kuramochi cells
where shift factors of entinostat and nexturastat A were not significantly different from each other).
Entinostat showed the strongest effect in OVSAHO cells (SF = 4.7, Table 6, Figure 3E). Notably, a similar
shift factor was achieved in HEY cells (SF = 3.8) with a remarkably low pretreatment-concentration of
entinostat (200 nM) whereas the other cell lines were treated with 750 nM (A2780, CAOV, Kuramochi)
or even 2000 nM (OVSAHO) entinostat. Surprisingly, the pan HDACi panobinostat was not superior
but even less efficacious than entinostat to increase cisplatin potency except in A2780 cells. However,
A2780 do not belong to HGSOC. Nexturastat A showed similar efficacy as entinostat. However, it
needs to be considered that the concentrations used for nexturastat A (5 to 12.5 uM) lead to a loss of
HDACS6 selectivity. Almost complete inhibition of class | HDACs can be assumed considering the K;
values presented in Table 5. Reducing nexturastat A concentration in pretreatment to 2.5 pM led to
complete loss of chemosensitizing activity in HEY cells (Figure S2).

To analyze the type of interaction between HDACi and cisplatin, synergism studies according to
Chou-Talalay were performed using MTT assay [32,33]. The cell lines were incubated with varying
concentrations of HDACi and cisplatin. Cells were pretreated for 48 h with HDAC; alone followed by 72
h treatment with HDAC] and cisplatin (termed: “48 h + 72 h”). Concentrations were chosen to achieve
a fraction affected (f;; level of cell viability inhibition) between 0.2 and 0.9 in the Chou-Talalay-analysis.
Combination indices (CI) were calculated and presented in Table 7.

Table 7. Synergism studies (CI-values) between HDACi entinostat, panobinostat, or nexturastat A
and cisplatin.

Cisplatin Entinostat Panobinostat Nexturastat A
[eM] [uM] [nM] [uM]
0.10 0.25 0.50 0.75 10 20 30 40 1.25 2.50 5.00 7.50
0.50 * 0.40 0.36 0.38 0.21 0.10 0.15 0.15 * 0.32 0.24 0.28
2 1.00 0.64 0.38 0.35 0.39 0.25 0.12 0.17 0.18 * 0.36 0.28 0.32
~ 2.00 0.83 0.43 0.34 0.40 0.35 0.16 0.22 0.21 0.97 047 0.30 0.33
g 4.00 0.73 0.44 0.34 0.38 0.35 0.21 0.27 0.25 >1.1 0.57 0.38 0.39
6.00 0.59 0.35 0.32 0.37 0.29 0.23 0.26 0.26 0.83 0.52 0.37 0.40
0.25 0.50 0.75 1.00 - - - - - - - -
0.20 * 0.66 0.71 0.42 o o o o o o o o
; 0.40 * 0.56 0.59 0.33 o o o o o o o o
'O‘= 0.60 0.56 041 0.49 0.28 o o o o o o o o
] 0.80 0.33 0.30 0.31 0.23 o o o o o o o o
1.00 0.21 0.20 0.21 0.16 o o o o o o o o
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Cisplatin Entinostat Panobinostat Nexturastat A

[uM] [uM] [nM] [uM]
0.10 0.25 0.50 0.75 10 20 30 40 1.25 2.50 5.00 7.50
0.10 0.15 0.20 0.25 5.0 10.0 15.0 20.0 1.25 2.50 3.75 5.00
0.32 * * * 0.27 * * 0.19 0.14 * * 0.32 0.27
— 0.50 * * * 0.26 * * 0.21 0.15 * * 0.33 0.29
E 1.00 * * 0.31 0.25 * * 0.25 0.16 * * 0.36 0.27
2.00 * 0.37 0.29 0.24 * 041 0.25 0.17 * 0.63 0.33 0.26
4.00 0.35 0.28 0.24 0.23 0.51 0.33 0.28 0.20 0.62 042 0.29 0.27
0.25 0.50 0.75 1.00 - - - - 1.25 2.50 3.75 5.00
- 1.00 0.43 0.42 0.51 0.62 o o o o * 0.73 0.66 0.66
8 2.00 0.42 0.43 0.49 0.60 o o o o * 0.78 0.74 0.72
E 3.00 0.46 0.44 0.48 0.57 o o o o * 0.80 0.77 0.75
=} 4.00 0.44 0.42 0.44 0.53 o o o o 0.84 0.79 0.77 0.74
M 5.00 0.45 0.43 0.47 0.52 o o o o 0.78 0.78 0.74 0.70
0.50 1.00 1.50 2.00 40 50 60 70 5.00 7.50 10.0 12.5
o 1.00 0.50 0.39 0.41 0.44 0.36 0.33 0.27 0.26 * 0.82 0.84 0.78
T 2.00 0.41 0.29 0.34 0.37 0.25 0.23 0.21 0.21 0.87 0.77 0.75 0.67
g} 3.00 0.42 0.28 0.32 0.36 0.24 0.22 0.21 0.21 0.80 0.76 0.65 0.60
E 4.00 0.39 0.28 0.31 0.35 0.23 0.22 0.21 0.21 0.72 0.69 0.61 0.57
5.00 0.39 0.29 0.33 0.36 0.24 0.23 0.22 0.22 0.64 0.59 0.53 0.53

Data shown are combination indices (CI) calculated using CompuSyn 1.0 based on the Chou-Talalay method.
CI > 1.1 indicates antagonism, CI = 1 indicates an additive effect, and CI < 0.9 indicates synergism. * means fraction
affected is less than 0.20. Values are the mean of two experiments. SD is < 10 % of the mean. Combinations marked
with o were not investigated because they did not show significant shift factors in combination treatment as can be

seen in Table 6.

The interactions between cisplatin and entinostat, panobinostat, or nexturastat A, respectively,
were synergistic as indicated by Cl-values lower than 0.9. Most CI values were lower than 0.5 indicating

strong synergism.

2.4. Enhancement of Cisplatin-Induced Cytotoxicity is Mediated via Apoptosis-Induction

Next, we investigated if the observed synergistic cytotoxic effect was mediated via
apoptosis-induction. The cell lines were preincubated for 48 h with the same HDACi concentrations
used for the MTT combination treatments (Figure 3, Table 6) followed by addition of cisplatin for
another 24 h in an ICsy concentration. Then, cells were subjected to flow-cytometry-based subG1

analysis. Results are shown in Figure 4.
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Figure 4. HDAC! pretreatment enhances cisplatin-induced apoptosis. A2780 (a), CaOV3 (b), HEY
(c), Kuramochi (d), and OVSAHO (e) cells were preincubated with HDACi for 48 h. Cisplatin was
added in an ICs; concentration for each cell line for a further incubation period of 24 h. Apoptosis
was analyzed by determining the sub-G1 cell fractions by flow cytometry analysis. 100 uM cisplatin
served as positive control for apoptosis induction. 0.2% DMSO was added as a control for vehicle
treated cells. All experimental conditions were incubated for same time periods. Data are the mean +
SD, n > 2. Statistical analysis to compare the apoptosis induction by cisplatin or HDACi alone and the
combination of HDACi and cisplatin was performed using f-test. Levels of significance: ns (p > 0.05); *
(p < 0.05); ** (p < 0.01); ** (p < 0.001).

Single treatment with each HDACi had an equal or higher effect on apoptosis induction than
treatment with cisplatin alone in each cell line. Every combination treatment showed a significant
increase in apoptosis induction compared to cisplatin or HDACi alone. Only the combination of
cisplatin and panobinostat in HEY cells showed no difference in apoptosis induction, possibly due to
the unexpected high apoptotic effect of panobinostat alone. In order to determine whether the effects
of HDAC: and cisplatin combinations on apoptosis induction were hyperadditive (= synergistic), we
compared the sum of the single treatment effects of HDACi and cisplatin (subG1 nuclei) with the
results from the combination treatment (Figure 5). Data were only analyzed if there was a significant

increase in subG1 induction in Figure 4.
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Figure 5. Synergistic effects of the combination of HDACi and cisplatin on apoptosis induction. The
sum of single treatment effects (HDACi, cisplatin) are shown in black bars. The extended white
bars show the difference (superadditive (= synergistic) part) between the sum of single treatment
effects and the effect of combination treatments. Vehicle treated control was subtracted. Data are
the mean + SD. Statistical analysis was performed using t-test. Levels of significance: ns (p > 0.05);
*(p <0.05); ** (p < 0.01); *** (p < 0.001).

Interestingly, most combinations turned out to be synergistic. Only nexturastat A in HEY and
Kuramochi and entinostat in OVSAHO showed no significant difference, probably due to the larger
error of the entinostat data. Entinostat showed the strongest increase in subG1 nuclei in HEY cells.
Overall, these combination treatment data from apoptosis induction confirm MTT data (Tables 6 and 7).

2.5. Apoptosis-Induction of the Combination Treatment is Caspase3/7-Driven

Here, we tested if apoptosis induction is caspase dependent. Caspase3/7-activation was measured
by fluorescence imaging. Untreated controls, single compound and combined treatments of HDACi
and cisplatin were analyzed. Figure 6 shows as an example fluorescence images for untreated control
(vehicle), cisplatin, entinostat, and the combination of entinostat and cisplatin for each cell line.

Caspase3/7-activation images were monitored for all HDACi and cell lines and analyzed to obtain
the results in Figure 7.

With exception of the panobinostat pretreatment in CaOV3 and HEY cells, every other experimental
condition lead to an increase in caspase3/7-activation. Surprisingly, pan-HDAC-inhibition with
panobinostat showed weaker effects than subtype-selective inhibition with entinostat or nexturastat A.
In A2780, CaOV3, HEY, and Kuramochi cells, entinostat showed the strongest effect with exception of
nexturastat A in OVSAHO. In order to determine whether the significant effects in caspase3/7-activation
are synergistic, we compared the sum of the single treatment effects of HDACi and cisplatin
(caspase3/7-activation) with the results from the combination treatments (Figure 8). Data were
only analyzed if there was a significant increase in caspase3/7-activation in Figure 7.
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Figure 6. Representative fluorescent imaging pictures (10x magnification) are shown for each cell
line for the treatment of cisplatin (ICs; concentration), entinostat, and the combination of cisplatin
and entinostat. Cell nuclei were stained by Hoechst 33342 and appear blue while cells with activated
caspases3/7 showed green fluorescence. Scale bar in upper left image is 100 pm and applies to all images.
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Figure 7. A2780 (a), CaOV3 (b), HEY (c), Kuramochi (d), and OVSAHO (e) cells were preincubated with
HDAC: for 48 h. Cisplatin was added in an IC5; concentration for each cell line for a further incubation
period of 24 h. Caspase3/7-activation was analyzed by incubation with CellEvent Caspase-3/7 green
detection reagent (Thermo Scientific, Germany) and visualized by ArrayScan XTI. Cisplatin 100 uM
(24 h) was added as positive control for caspase3/7-activation. 0.2% DMSO was added as a control
for vehicle treated cells. All experimental conditions were incubated for same time periods. To verify
the involvement of caspases in the observed effects, 20 pM QVD was preincubated for 30 min prior
to compound addition. No caspase3/7-activation was obtained (data not shown). Data are the mean
+ SD. Statistical analysis to compare the caspase3/7-activation by cisplatin or HDACi alone and the
combination of HDACI and cisplatin was performed using t-test. Levels of significance: ns (p > 0.05);
* (p < 0.05); ** (p < 0.01); *** (p < 0.001).
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Figure 8. Synergistic effects of caspase3/7-activation upon combination treatment of HDACi and
cisplatin. The sum of single treatment effects (HDACi, cisplatin) are shown in black bars. The extended
white bars show the difference (superadditive (= synergistic) part) between the sum of single treatment
effects and the effect of combination treatments. Results are shown for treatments significantly enhancing
caspase3/7-activation (Figure 7). Before calculation, values were normalized to the effect of 100 uM
cDDP and vehicle treated control was subtracted. Data shown are mean + SD. Statistical analysis was
performed using t-test. Levels of significance: ns (p > 0.05); * (p < 0.05); ** (p < 0.01); *** (p < 0.001).

Entinostat showed a significant synergistic effect on caspase3/7-activation in combination with
cisplatin in every cell line. This synergism was mostly pronounced in Kuramochi cells as it reached
the largest caspase3/7-activation. Caspase3/7-activation revealed a difference between the A2780
and the HGSOC cell lines. While in A2780 cells only entinostat triggered a synergistic effect
(caspase3/7-activation) with cisplatin, both, entinostat and nexturastat A showed synergism with
cisplatin in all HGSOC cell lines. However, it needs to be considered that nexturastat A was not
HDACS6 selective in the concentrations used in this assay.

2.6. Alterations in Apoptosis-Related Gene Expression

To get insight into the mechanism by which HDACi increase the potency of cisplatin in MTT
assays, apoptosis induction and caspase activation, we performed RT-PCR-based gene expression
analysis of apoptosis and cell cycle related genes. CDNKIA (cyclin-dependent kinase inhibitor 1; p21)
is a p53-mediated regulator of cell cycle progression at the transition of G;- and S-phase and normally
arrests the cell cycle in Gi-phase after DNA damage [34]. As proapoptotic factors we investigated
the expression of APAF]1 (apoptotic protease activating factor 1), PUMA (p53 upregulated modulator
of apoptosis), and BAK1 (Bcl-2 homologous antagonist killer) genes. APAF1 is a key factor for the
induction of apoptosis, while it forms the apoptosome leading to the activation of the caspase cascade
via activation of caspase 9 [35]. PUMA and BAKI1 are both proapoptotic members of the Bcl-2 family.
As a response to DNA damage, p53 is activated leading to the upregulation of PUMA itself [36]. It is
discussed that PUMA interacts with antiapoptotic members of the Bcl-2 family (like Mcl-1, Bcl-2)
and inhibits their inhibitory interaction with proapoptotic Bak (coding gene: BAKI) and Bax (also
members of Bcl-2 family) resulting in a proapoptotic effect [37]. Upon induction, Bak leads to a
loss of mitochondrial membrane potential and thus to cytochrome c release and apoptosis. It is also
published that Bak forms an oligomeric pore and leads to the permeabilization of the outer membrane
of mitochondria [38]. BIRC5 (baculoviral inhibitor of apoptosis repeat-containing 5; survivin) was
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chosen as a representative antiapoptotic gene. It is a member of IAP (inhibitors of apoptosis) family
and inhibits the activity of caspase 3/7 [39], which are downstream of caspase 9. BIRC5 leads to an
inhibitory effect on apoptosis induction. Changes in apoptosis-related gene expression patterns are

shown in Figure 9.
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Figure 9. Gene expression data were obtained by RT-PCR and analyzed according to Vandesompele [40].
Cells were pretreated with concentrations of HDACi shown in Table 4 for 48 h followed by treatment
with cisplatin for 24 h in an ICs; concentration. Data shown are normalized to endogenous control
gene expression of HPRT1 (hypoxanthine-guanine phosphoribosyltransferase), TBP (TATA binding
protein), and GUSB (beta-glucuronidase) and rescaled to cell line specific control (72 h incubation with
vehicle). Data are shown on a decadic logarithmic scale. Negative values marked in green show a
lower expression compared to cell line specific control. Positive values marked in red show a higher
expression compared to cell line specific control.
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RT-PCR data showed varying levels of induction of CDNKIA (p21). While p21 expression is
strongly inducible by cisplatin and HDACi or combined treatment in A2780 and OVSAHO cells, the
other cell lines showed a lower p21 expression. Except for A2780 cells, the combination of HDACi and
cisplatin showed a stronger induction of p21 than cisplatin treatment alone. Interestingly, in OVSAHO
cells, HDAC] treatment alone had the same effect as the combination of HDACi and cisplatin on p21
induction. In HEY and Kuramochi cell lines, HDACi only treatment had only moderate effects whereas
the combination with cisplatin induces p21. In HEY cells, panobinostat and nexturastat A as single
treatments led to slight downregulation of p21. Except for CaOV3 and Kuramochi cells, proapoptotic
APAF1 was upregulated by cisplatin and/or HDACi treatment. Mostly, combination treatments caused
a higher upregulation than single treatment with HDACi. However, in A2780 cells, cisplatin single
treatment was as effective in upregulating APAF] as combination treatments. The anti-apoptotic
gene survivin (BIRC5) was downregulated as a result of the different treatment regimens. Mostly,
the combination of HDACi with cisplatin caused a stronger downregulation of survivin gene than
single treatments. Strongest downregulation of survivin was seen in A2780, CaOV3, and Kuramochi
cells. Pro-apoptotic PUMA was upregulated under most treatment conditions except in Kuramochi
cells. Whereas in A2780 cells combinations of HDACi and cisplatin were not superior to cisplatin
alone, in CAOV3 and HEY cells combination treatments were more effective than cisplatin alone in
upregulating PUMA. Pro-apoptotic BAK1 expression was induced in A2780 cells upon cisplatin and
HDAC: treatment, however the combined treatment did only slightly increase BAK1 expression. In the
HGSOC cell lines, BAKI expression remained largely unaffected by cisplatin single treatment. HDACi
mostly increased BAK1 expression modestly. Combinations with cisplatin did not lead to additional
BAKT1 expression in most cases—except for A2780 cells. As a general tendency, PCR studies showed an
upregulation of p21 and of proapoptotic genes APAF1, PUMA, BAK1 as well as a downregulation of
the antiapoptotic gene survivin (BIRC5) in ovarian cancer cell lines.

3. Discussion

Chemoresistance is the major problem in managing cancer. Among ovarian cancer, high grade
serous ovarian carcinomas (HGSOC) have the lowest 5 year survival rate and do poorly respond
to chemotherapy including platinum compounds [1,12]. Targeting epigenetic processes like DNA
methylation or histone acetylation in tumors is a promising therapeutic strategy [20-22]. It is widely
known that cancer cells exhibit hypoacetylation of histones (and other proteins) due to an overexpression
of HDACs. Histone hypoacetylation leads to a more condensed heterochromatin structure of DNA
with decreased expression of tumor suppressor genes and decreased access for DNA damaging agents
like cisplatin [41]. HDACi are able to enhance the chemosensitivity of tumors for platinum-based drugs
by normalizing the dysregulated process. Mechanisms behind this effect are among others alterations
in the apoptosis-related gene expression pattern [42—44]. Studies with approved pan-HDACi like
panobinostat and vorinostat (SAHA) explored their effects on gene expression [45,46], but there is still
limited data available for cellular and transcriptional effects in solid tumors such as highly aggressive
HGSOC. Furthermore, pan-HDACi have no selectivity towards an HDAC isoform or class and can
cause severe side effects as known for panobinostat [47-49]. In our study, we compared the effects of
one pan-HDACi and two isoform-selective HDACi on the cisplatin sensitivity of four HGSOC cell
lines and—as control—one endometrioid adenocarcinoma type I (A2780). The aim was to explore if
the use of a subtype-selective HDACi (entinostat, nexturastat A) has advantages over pan-HDACi
(panobinostat).

The HDACé-selective HDACi nexturastat A was efficacious in increasing cisplatin potency in the
HGSOC and A2780 cells (Figure 3A,C,D, Table 6). However, the concentration needed to exert such
effects was beyond HDACé-selective concentrations. The K; value of nexturastat A at HDAC6 was
estimated as 0.03 uM whereas at HDAC?2, the K; was 1.25 uM. Even though this is a 42-fold selectivity
for HDAC6, concentrations needed for nexturastat A to increase cisplatin potency were 5 uM and
higher (Figure S2, Tables 4-6). In conclusion, effects seen with nexturastat A are in a concentration
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range where this compound was no longer selective but turned into a class I and class IIb HDACi. Thus,
HDACE6 inhibition does not seem to play a major role in sensitization of HGSOC cells against cisplatin.

The pan-HDACi panobinostat was able to increase the cisplatin sensitivity significantly in two
out of the four HGSOC cell lines (HEY, OVSAHO) and in A2780 cells. However, in HGSOC cells,
panobinostat was less efficacious in increasing cisplatin sensitivity than the class -HDAC] entinostat
as seen by lower shift factors for panobinostat (Table 6). In contrast to panobinostat, entinostat was
able to significantly increase cisplatin sensitivity in all four HGSOC cell lines (Figure 1B,E, Figure
S51AE,G, Table 6). Since entinostat remains a selective class  HDACi in all concentrations used in this
study, it can be concluded that class | HDAC inhibition is sufficient to explain the observed effects and
that pan-HDAC inhibition is not only not required but possibly detrimental due to severe side effects
associated with pan-HDACi [47-49].

HDACi-mediated increase in cisplatin potency was first estimated in cell viability assays (MTT)
and required a preincubation of the HDACi prior to addition of cisplatin (Figure 3, Tables 4 and 6).
HDAC; and cisplatin combinations were synergistic as shown by the Chou-Talalay analysis (Table 7).
HDACi-mediated increase in cisplatin cytotoxicity (MTT) was shown to be associated with increased
caspase3/7-activation and apoptosis induction (Figures 5-8). Whereas combinatorial effects of cisplatin
and nexturastat A or panobinostat, respectively, were not significant in all cell lines, the combinatorial
effects of entinostat and cisplatin were always significant and synergistic (caspase3/7-activation,
apoptosis induction) except for apoptosis induction in OVSAHO cells (Figure 5). This leaves the
class -l HDACi entinostat as the most promising chemosensitizing HDACi in this study. Based on
the presented results and the use of the caspase inhibitor QVD (not shown), it can be assumed that
apoptosis induction by entinostat (or the other HDAC]) and cisplatin treatment is caspase-3/7-driven
in HGSOC cell lines.

The next question was what changes are induced by HDACi in HGSOC cells leading to
chemosensitization against cisplatin? It is known that HDACi stimulate apoptosis in ovarian cancer cell
lines by alteration of gene expression related to cell growth, cell cycle progression and apoptosis [50].
In hepatocellular carcinomas, proapoptotic APAF1 is upregulated by HDACi [51]. Overexpression of
survivin is known for most types of cancer and an association with high grade cancers and poor disease
prognosis is well described [52]. It was shown in gastric cancer that overexpression of BAKT is related
to induction of apoptosis [53]. High expression of p21 may be a predictor for cisplatin sensitivity in
ovarian carcinoma [54]. Proapoptotic PUMA is normally upregulated by p53 [55]. These literature
results prompted us to analyze the gene expression profile of the five apoptosis and survival-related
genes APAF1, survivin, BAK1, p21, and PUMA by PCR in all ovarian cancer cells used in this study under
single and combination treatments of HDACi with cisplatin (Figure 9). As a general summary, we
found an upregulation of p21 and proapoptotic genes and a downregulation of survivin upon HDACi
treatment. However, variability within the different cell lines was rather large. Whereas survivin
was downregulated in all cell lines upon entinostat treatment, APAF1, PUMA, and BAK1 expression
were upregulated in all cell lines except Kuramochi cells in which only BAK1 was upregulated upon
entinostat treatment. The same holds true for PUMA expression which is regulated by p53 [55]. Since
p53-mutations are quite often observed in HGSOC cancer cell lines (e.g., CaOV3, Kuramochi, and
OVSAHO [23,25,26]), it is not surprising that PUMA is less upregulated in these cells compared to
p53 wt A2780 cells. Although literature describes a direct link between p21 expression and cisplatin
sensitivity [54], we could not establish a quantitative link in our cell lines (Figure 9, Table 6). Still,
the gene expression analysis upon HDACi treatment of five apoptosis and survival-related genes
can explain facilitated apoptosis upon cisplatin treatment in HGSOC and A2780 cells and is in full
agreement with literature data on gene expression of proapoptotic genes presented above.

In conclusion, HDACi are able to increase the sensitivity of HGSOC cancer cell lines towards
cisplatin. The class I-selective HDACi entinostat turned out superior in increasing cisplatin
potency than pan-HDAC inhibition in cell viability assays (MTT), apoptosis induction (subG1), and
caspase3/7-activation. Further, entinostat is synergistic with cisplatin in all cell lines in MTT and caspase
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activation assays. Combination indices estimated according to Chou-Talalay were <0.9, indicating
synergism. Mechanistically, HDACi induce an upregulation of cell cycle arrest and pro-apoptotic
genes (CDNK1A, APAF1, PUMA, BAK1) and repression of prosurvival genes such as survivin which is
in accordance with literature data for different types of cancer [56,57]. In conclusion, the combination
of entinostat and cisplatin is synergistic in HGSOC and could be an effective strategy for the clinical
treatment of this aggressive ovarian cancer subtype. Furthermore, studies on HDACi-induced gene
expression changes (Figure 9) may lead to predictive biomarkers for cisplatin sensitivity in HGSOC.

4. Materials and Methods

4.1. Reagents

Cisplatin was purchased from Sigma (Miinchen, Germany) and dissolved in 0.9% sodium chloride
solution, propidium iodide (PI) was purchased from PromoKine (Heidelberg, Germany). Stock
solutions (10 mM) of entinostat, nexturastat A, and panobinostat (Selleckchem, Houston, Texas, USA)
were prepared with DMSO and diluted to the desired concentrations with the appropriate medium.
All other reagents were supplied by PAN Biotech (Aidenbach, Germany) unless otherwise stated.

4.2. Cell Lines and Cell Culture

The human ovarian carcinoma cell lines A2780 and HEY were obtained from European Collection
of Cell Cultures (ECACC, Salisbury, UK). The cell lines Kuramochi and OVSAHO were obtained from
Japanese Collection of Research Bioresources Cell Bank (JCRB Cell Bank, Osaka, Japan). CaOV3 cell line
was obtained from ATCC/LGC Standards GmbH (Wesel, Germany). All cell lines were grown at 37 °C
under humidified air supplemented with 5% CO, in RPMI 1640 (A2780, HEY, Kuramochi, OVSAHO) or
DMEM (CaOV3) containing 10% heat inactivated fetal calf serum, 120 IU/mL penicillin, and 120 pg/mL
streptomycin. The cells were grown to 80% confluency before being used in further assays.

4.3. MTT Cell Viability Assay

The rate of cell-survival under the action of test substances was evaluated by an improved
MTT assay as previously described [20,31]. To investigate the effect of entinostat, panobinostat,
and nexturastat A on cisplatin induced cytotoxicity, compounds were added 48 h before cisplatin
administration. After 72 h, the cytotoxic effect was determined by MTT assay as described above
(density of cell seeding for this incubation scheme: A2780 3000 cells/well (¢/w), CaOV3 3000 c/w,
HEY 3500 c¢/w, Kuramochi 4500 c/w, and OVSAHO 10,000 c¢/w), and shift factors were calculated by
dividing the ICsq value of cisplatin alone by the ICs; value of the drug combinations. Incubation was
ended after 72 h and cell survival was determined by addition of MTT (Serva, Heidelberg, Germany)
solution (5 mg/mL in phosphate buffered saline). The formazan precipitate was dissolved in DMSO
(VWR, Langenfeld, Germany). Absorbance was measured at 544 nm and 690 nm in a FLUOstar
microplate-reader (BMG LabTech, Offenburg, Germany).

4.4. Whole-Cell HDAC Inhibition Assay

The cellular HDAC assay was based on an assay published by Heltweg and Jung [58], Ciossek
et al. [59], and Bonfils et al. [60] with minor modifications as described in [20]. Briefly, human cancer
cell lines A2780, CaOV3, HEY, Kuramochi, and OVSAHO were seeded in 96-well tissue culture plates
(Corning, Kaiserslautern, Germany) at a density of 15,000 ¢/w, 15,000 ¢/w, 17,500 ¢/w, 22,500 c/w, and
50,000 ¢/w in a total volume of 90 pL of culture medium. After 24 h, cells were incubated for 18 h
with increasing concentrations of test compounds. The reaction was started by adding 10 pL of 3
mM Boc-Lys(Ac)-AMC (Bachem, Bubendorf, Switzerland) to reach final concentration of 0.3 mM [61].
The cells were incubated with the Boc-Lys(Ac)-AMC for 3 h under cell culture conditions. After this
incubation, 100 puL/well stop solution (25 mM Tris-HCI (pH 8), 137 mM NaCl, 2.7 mM KCI, 1 mM
MgCl2, 1 % NP40, 2.0 mg/mL Trypsin, 10 uM Vorinostat) was added and the reaction was developed

92



Int. ]. Mol. Sci. 2019, 20, 3052 19 0f 24

for 3 h under cell culture conditions. Fluorescence intensity was measured at excitation of 320 nm and
emission of 520 mm in a NOVOstar microplate reader (BMG LabTech, Offenburg, Germany).

4.5. Combination Experiments

For the investigation of the effect of HDACi on cisplatin induced cytotoxicity, the compounds
were added 48 h before cisplatin administration. After 72 h, the cytotoxic effect was determined with a
MTT cell viability assay. Calcusyn software 2.1 (Biosoft, Cambridge, UK) was used to calculate the
combination index (CI) as a quantitative measure of the degree of drug interaction.

4.6. Enzyme HDAC Inhibition Assay

All human recombinant enzymes were purchased from Reaction Biology Corp. (Malvern, PA,
USA). The HDAC activity assay HDAC2 (cat nr. KDA-21-277), HDAC4 (cat nr. KDA-21-279),
HDACS6 (cat nr. KDA-21-213), and HDACS (cat nr. KDA-21-481) was performed in 96-well-plates
(Corning, Kaiserslautern, Germany). Briefly 20 ng of HDAC2/8, 17.5 ng of HDAC6 and 2 ng of
HDACH4 per reaction were used. Recombinant enzymes were diluted in assay buffer (50 mM Tris-HCI,
pH 8.0, 137 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, and 1 mg/mL BSA). After a 5 min incubation
step the reaction was started with 10 pL of 300 uM (HDAC?2), 150 uM (HDAC6) Boc-Lys(Ac)-AMC
(Bachem, Bubendorf, Switzerland) or 100 uM (HDAC4), 60 uM (HDAC8) Boc-Lys-(TFa)-AMC (Bachem,
Bubendorf, Switzerland). The reaction was stopped after 90 min by adding 100 puL stop solution (16
mg/mL trypsin, 2 uM panobinostat for HDAC2/6/8, 2uM CHDI0039 (kindly provided by the CHDI
Foundation Inc., New York, USA) for HDAC4 in 50 mM Tris-HCI, pH 8.0, and 100 mM NaCl. 15 min
after the addition of the stop solution the fluorescence intensity was measured at excitation of 355 nm
and emission of 460 nm in a NOVOstar microplate reader (BMG LabTech, Offenburg, Germany).

4.7. Measurement of Apoptotic Nuclei

A2780, CaOV3, HEY, Kuramochi, and OVSAHO cells were seeded at a density of 40,000 c/w,
50,000 c/w, 40,000 c/w, 60,000 c/w, and 100,000 ¢/w in 24-well plates (Sarstedt, Niirnbrecht, Germany).
Cells were treated with entinostat, panobinostat, or nexturastat A and cisplatin alone or in combination
for the indicated time points. Supernatant was removed after a centrifugation step and the cells were
lysed in 500 pL hypotonic lysis buffer (0.1% sodium citrate, 0.1% Triton X-100, 100 pg/mL PI) at 4 °C in
the dark overnight. The percentage of apoptotic nuclei with DNA content in sub-G1 was analyzed by
flow cytometry using the CyFlow instrument (Partec, Norderstedt, Germany).

4.8. Caspase 3/7 Activation Assay

Compound-induced activation of caspases 3 and 7 was analyzed using the CellEvent Caspase-3/7
green detection reagent (Thermo Scientific, Wesel, Germany) according to the manufacturer’s
instructions. Briefly, A2780, CaOV3, HEY, Kuramochi, and OVSAHO cells were seeded in 96-well-plates
(Corning, Kaiserslautern, Germany) at a density of 4000 ¢/w, 7500 c/w, 7500 c/w, 4500 c/w, and 10000
c/w. Cells were treated with entinostat, panobinostat, or nexturastat A 48 h prior to the addition
cisplatin and another incubation period of 24 h. Then, medium was removed and 50 pL of CellEvent
Caspase 3/7 green detection reagent (2 uM in PBS supplemented with 5% heat inactivated FBS) was
added. Cells were incubated for 30 min at 37 °C in a humidified incubator before imaging by using
the Thermo Fisher ArrayScan XTI high content screening (HCS) system with a 10X magnification
(Thermo Scientific). Hoechst 33342 was used for nuclei staining. The pan caspase inhibitor QVD was
used in a concentration of 20 uM diluted in the appropriate medium and incubated 30 min prior to
compound addition.
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4.9. Immunoblotting

Cells were treated with indicated concentrations of entinostat, panobinostat, or nexturastat A
for 48h prior to cisplatin (24 h) or 72 h entinostat, panobinostat, or nexturastat A without cisplatin,
or vehicle for 72 h. Cell pellets were dissolved with RIPA buffer (50 mM Tris-HCI pH8.0, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM sodium chloride, 2 mM EDTA, supplemented
with protease and phosphatase inhibitors (Pierce™ protease and phosphatase inhibitor mini tablets,
Thermo Scientific, Wesel, Germany)) and clarified by centrifugation. Equal amounts of total protein
(20 pg unless otherwise stated) were resolved by SDS-PAGE and transferred to polyvinylidene fluoride
membranes (Merck Millipore, Darmstadt, Germany). PageRuler Prestained Protein Ladder, 10 to 180
kDa (Thermo Scientific, Wesel, Germany) was used as protein molecular weight marker. Blots were
incubated with primary antibodies against acetylated «-tubulin (Cat. No. sc-23950), a-tubulin (Cat.
No. sc-8035) (Santa Cruz Biotechnology, Heidelberg, Germany), histone H3 (Cat. No. MAB9448),
acetyl histone H3 (Lys24, Cat. No. NBP2-54615), HDAC1 (Cat. No. NB100-56340), HDAC2 (Cat.
No. MAB7679), HDAC3 (Cat. No. NB100-1669), HDAC4 (Cat. No. AF6205), HDAC5 (Cat. No.
NBP2-22152), HDAC6 (Cat. No. NB100-56343), HDAC10 (Cat. No. NB100-91801), and HDAC11
(Cat. No. NBP2-16789) (Biotechne, Wiesbaden, Germany). Immunoreactive proteins were visualized
using luminol reagent (Santa Cruz Biotechnology, Heidelberg, Germany) with an Intas Imager (Intas,
Gottingen, Germany).

4.10. RT-PCR

Cells were treated with indicated concentrations of entinostat, panobinostat, or nexturastat a
for 48 h prior to cisplatin (24 h) or 72 h entinostat, panobinostat, or nexturastat A without cisplatin,
or cell culture medium for 72 h. RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany).
Afterwards transcription to cDNA was performed with High Capacity cDNA Reverse Transcription Kit
(Thermo Scientific, Wesel, Germany). RT-PCR was performed with GoTaq qPCR Master Mix (Promega,
USA) in a CFX96 Real-Time System (BIO-RAD, Hercules, California, USA). Relative changes in gene
expression were normalized to endogenous control genes GUSB (beta-glucuronidase), TBP (TATA
binding protein), and HPRT1 (hypoxanthine-guanine phosphoribosyltransferase) by Vandesompele
method [40] and if indicated normalized to vehicle treated control. Primers (Sigma Aldrich, Steinheim,
Germany) with an efficacy between 80% and 115% were used (Table 8). They were designed by
Primer-BLAST (NIH, Bethesda, Maryland, USA) [62] and efficacy was determined with a template
isolated from HeLa cells.

Table 8. Primer sequences for RT-PCR.

Gene Primer Forward Primer Reverse Efficacy [%]
HPRT1 CCTGGCGTCGTGATTAGTGA CGAGCAAGACGTTCAGTCCT 9.6
TBP GTGACCCAGCATCACTGTTTC GAGCATCTCCAGCACACTCT 86.9
GLISB ACCTCCAAGTATCCCAAGGGT GTCTTGCTCCACGCTGGT 83.1
HDACI TGCAAAGAAGTCCGAGGCAT ACCCTCTGGTGATACTTTAGCA 84.9
HDAC2 AATGGAAATATATAGGCCCC GTTATCTGGTCTTATTGACCG 96.4
HDAC3 GGCAACTTCCACTACGGAGC GCATATTGGTGGGGCTGACT 97.2
HDAC4 TTGGATGTCACAGACTCCGC CCTTCTCGTGCCACAAGTCT 80.8
HDACS GGAGAGCTCAAGAATGGATTTGC CTGCTGTAGGAGTTTTGCG 97.2
HDAC6 CTGGCGGAGTGGAAGAACC TCTGCCTACTTCTTCGCTGC 104
HDAC7 TCTCGTGAGCTAAAGAATGG CTGTTGAATGATCTGCATGG 96.5
HDACS8 CCACCTTCCACACTGATGCT GCTGGGCAGTCATAACCTAGC 97.7
HDAC9 TGTAGCTGGTGGAGTTCCCT CTCTGAGGCAAAGGTGCAGA 103
HDACI10 TGGCCTTTGAGTTTGACCCT CCGATGGCTGAGTCAAATCCT 97.3
HDACI11 CGGAAAATGGGGCAAAGTGA CAACAGCAAAGGACCACTTG 100
CDNK1A (p21) TGCCGAAGTCAGTTCCTTGT GTTCTGACATGGCGCCTCC 94.7
BIRCS5 (Survivin) TGAGAACGAGCCAGACTTGG TGTTCCTCTATGGGGTCGTCA 108
APAF1 AGTGGAATAACTTCGTATGTAAGGA AAACAACTGGCCTCTGTGGT 98.7
BAK1 TCATCGGGGACGACATCAAC CAAACAGGCTGGTGGCAATC 111
PUMA GAGCGGCGGAGACAAGAG TAAGGGCAGGAGTCCCATGA 94.7
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4.11. Data Analysis

Concentration-effect curves were constructed with Prism 7.0 (GraphPad, San Diego, CA, USA)
by fitting the pooled data of at least three experiments performed in triplicate to the four-parameter
logistic equation. Statistical analysis was performed using t-test or one-way ANOVA. To analyze the
synergistic effects of apoptosis induction and caspase3/7-activation, the values of the single treatments
were summed up and the standard deviation calculated. This value was compared with the actual
measured value of the combination treatment using t-test.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/12/
3052/s1.
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Abbreviations

HDAC histone deacetylase

HDACi histone deacetylase inhibitor

entino entinostat

cDDP cis-diamminedichloridoplatinum(II) (cisplatin)
pano panobinostat

next A nexturastat A

BIRCS, survivin  baculoviral inhibitor of apoptosis repeat-containing 5
PUMA P53 upregulated modulator of apoptosis
BAK/Bak Bcl-2 homologous antagonist killer

CDNKIA, p21 cyclin-dependent kinase inhibitor 1

APAF1 apoptotic protease activating factor 1

IAP inhibitors of apoptosis

HPRT1 hypoxanthine-guanine phosphoribosyltransferase
GUSB beta-glucuronidase

TBP TATA binding protein

HGSOC high grade serous ovarian cancer

MTT 3-(4,5-Dimethylthiazole-2-y1)-2,5-diphenyltetrazoliumbromide
CI combination index

RT-PCR reverse transcriptase polymerase chain reaction
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Supplemental Information

Table S1. Effect of HDAC] pretreatment on cisplatin-induced cytotoxicity.

+ 48 h HDACi pretreatment
] cisplatin entinostat panobinostat nexturastat A
cell line
ICso ICso ICso ICso
SE SE SE
[pICso£ SEM]  [pICso % SEM] [pICso = SEM] [pICs + SEM]
e 7
A2780 11.0 4.99 22 2.58 5.6 1.44 7.6
[4.96 + 0.01] [5.30+0.05] ** [5.50+0.04] ** [5.84+0.06] **
i) ~ 7, )
CaOV3 1.44 0.72 2.0 0.74 2.0 1.33 1.1
[5.84+ 0.01] [6.14+005] * [6.13+£0.05] ns [5.88+0.04] ns
HEY 5.25 1.39 3.8 2.75 1.9 1.28 41
[5.28 + 0.01] [5.80+£0.03] ** [5.56+0.04] * [5.80£0.04 **
) 4.68 3.28 14 5.14 <1 3.22 1.5
Kuramochi
[5.33 + 0.02] [5.48+002] * [5.20+0.04] ns [5.49+002] *
OVSAHO 4.83 1.02 4.7 3.01 1.6 1.43 3.4
[5.32+0.01] [5.99+0.03] ** [5.52+002] * [5.84+005] **

Data shown are the mean of pooled data from at least three experiments each carried out in triplicates. Shift-
factors (SF) were calculated by dividing the ICso-values without and with HDACi-preincubation.
Levels of significance: ns (p > 0.05); * (p < 0.05); ** (p < 0.01); *** (p < 0.001).
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Figure S1. HDACI] pretreatment enhance the cytotoxic effects of cisplatin. A2780 (a,b), CaOV3 (c,d),
HEY (e f), Kuramochi (g,h), and OVSAHO (i,j) were pretreated with the indicated HDACi 48 h prior to
cisplatin (cDDP) administration. After another 72 h, ICso-values were determined by MTT-assay. Data

shown are normalized to vehicle control and pooled of at least two experiments each carried out in
triplicates.
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Figure S2. Pretreatment with nexturastat A in low concentrations did not enhance the cytotoxic
effects of cisplatin. HEY (a) and CaOV3 (b) cells were pretreated with the indicated HDACi 48 h prior
to cisplatin (cDDP) administration. After another 72 h, IC50-values were determined by MTT-Assay.

Data shown are normalized to vehicle control and pooled of two (a) or one (b) experiment each carried
out in triplicates.
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OVSAHO cells. Cells were treated with the indicated concentrations of HDAC]. Control cells were
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3 Ergebnisse

3.2 Publikation 2

Hydroxamic Acids Immobilized on Resins (HAIRs): Synthesis of Dual-Targeting
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Beitrag: Zweitautorschaft. Durchfuhrung der tiefergehenden biochemischen
Evaluation dieser Veréffentlichung (Caspase-Assay, y-H2AX-Assay, Western Blots,
Kombinations-/Synergismus-Analysen) bzgl. der dualen HDAC-Inhibitoren und
Alkylanzien. Auswertung der Daten und Verfassen der ersten Version des
entsprechenden biochemischen Teils des Manuskripts.

Zusammenfassung (ubersetzt): Die Hemmung von mehr als einem
Signaltransduktionsweg im Rahmen einer Krebserkrankung durch Multi-Target-
Arzneistoffe ist ein aufstrebender Ansatz in der modernen Wirkstoffforschung gegen
Krebs. Basierend auf der gut erforschten Synergie zwischen Histondeacetylase-
Inhibitoren (HDACI) und Alkylanzien, stellen wir hier die Entdeckung einer Reihe von
alkylierenden HDACI unter Verwendung einer Pharmakophor-Verknipfungsstrategie
vor. Fur die Parallelsynthese der Zielverbindungen entwickelten wir ein effizientes
festphasengestutztes Protokoll unter Verwendung von auf Harzen immobilisierten
Hydroxamsauren (HAIRSs) als stabile und vielseitige Bausteine fur die Herstellung von
funktionalisierten HDACI. Die vielversprechendste Verbindung, 3n, war signifikant
aktiver bezuglich der Induktion von Apoptose, der Aktivierung von Caspase 3/7 und
der Verursachung von DNA-Schaden (y-H2AX) als die Summe der der Aktivitdten der
isolierten einzelnen Wirkstoffe. Um den Nutzen unserer vorbeladenen Harze zu
demonstrieren, wurde der HAIR-Ansatz dartber hinaus erfolgreich auf die Synthese
einer Proof-of-Concept PROTAC (Proteolysis-Targeting Chimeras) ausgedehnt, die
Histondeacetylase effizient abbaut.
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Abstract: Inhibition of more than one cancer-related pathway
by multi-target agents is an emerging approach in modern
anticancer drug discovery. Here, based on the well-established
synergy between histone deacetylase inhibitors (HDACI) and
alkylating agents, we present the discovery of a series of
alkylating HDACI using a pharmacophore-linking strategy.
For the parallel synthesis of the target compounds, we
developed an efficient solid-phase-supported protocol using
hydroxamic acids immobilized on resins (HAIRs) as stable
and versatile building blocks for the preparation of function-
alized HDACL. The most promising compound, 3n, was
significantly more active in apoptosis induction, activation of
caspase 3/7, and formation of DNA damage (y-H2AX) than
the sum of the activities of either active principle alone.
Furthermore, to demonstrate the utility of our preloaded resins,
the HAIR approach was successfully extended to the synthesis
of a proof-of-concept proteolysis-targeting  chimera
(PROTAC), which efficiently degrades histone deacetylases.

Dﬁcﬂties in developing new drugs for multifactorial
diseases like neurological disorders or cancer have led to
rethinking of the “one disease—one target—one drug”
paradigm to a “multi-target drug” concept.!) Compared to
combination therapies using two or more drugs, a single
multi-target molecule has the advantages of no drug-drug
interactions, a more predictable pharmacokinetic profile, and
improved patient compliance.>*!

Histone acetyltransferases (HATSs) and histone deacety-
lases (HDACsS) are key enzymes controlling the acetylation
level of histones and non-histone proteins.”! Due to their
repressive effect on gene transcription and their essential
influence on drug resistance mechanisms of tumor cells,*”!
HDACs are validated drug targets in epigenetic cancer
therapy with four inhibitors already approved by the
FDA P! Typically common HDAC inhibitors (HDACi) com-
prise a cap group, a linker region and a zinc binding group
(ZBG), which is crucial for the chelation of the zinc ion inside
the active site tunnel (Figure 1).") Fortunately, the cap group
can be subjected to various structural modifications providing
sufficient scope for hybridization approaches towards
HDACi-based multi-target drugs.'*!"]

Recent preclinical results provide evidence that combi-
nations of alkylating agents and HDACi exhibit efficacy
against drug-resistant glioblastoma multiforme (GBM), the
most common and aggressive primary brain tumor,">'" by
increasing the DNA damage of alkylating agents via HDACi-
mediated chromatin relaxation.'"*' Consequently, the first-
in-class nitrogen mustard-HDACi hybrid molecule tinosta-
mustine (Figure 1) was developed by fusing the pharmaco-
phores of the DNA-alkylating drug bendamustine and the
HDAC: vorinostat (SAHA).' Tinostamustine demonstrated
superior in vivo activity compared to bendamustine, temozo-
lomide and radiotherapy indicating that DNA/HDAC dual-
targeting inhibitors could be promising drug candidates for
cancer therapy.
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Figure 1. left: Selected HDAC inhibitors and their typical design; right:
intended targets of this work and of the hybrid compound tinostamus-
tine.

Since HDACi-based multi-target drugs show great prom-
ise in preclinical and early clinical studies,"®'" there is an
urgent need for efficient synthetic protocols allowing the
synthesis of focused compound libraries with linked or
merged pharmacophores. Herein we present the development
of a series of preloaded resins for solid-phase synthesis
termed hydroxamic acids immobilized on resins (HAIRs). To
demonstrate the utility of these HAIRs and to take advantage
of the synergism between HDACI and alkylating agents, we
successfully prepared a set of HDACi with DNA-alkylating
properties via a fast and straightforward parallel synthesis
approach. The scope of the HAIR technology was further
extended to the synthesis of a proof-of-concept proteolysis-
targeting chimera (PROTAC), that is, a protein degrader.

The preparation of HAIRs A—E as HDACi precursors is
summarized in Scheme 1. Initially, we modified the commer-
cially available 2-chlorotrityl chloride (2-CTC) resin with the
immobilization of hydroxylamine by treatment of the resin
with N-hydroxyphthalimide and triethylamine for 48 h. Next,
after deprotection of the Phth-group using hydrazine hydrate,
different Fmoc-protected HDAC:I linkers were loaded to the
functionalized resin to provide the preloaded resins HAIRs
A-E. For the linker a series of well-established HDACi
linkers such as benzyl, alkyl and cinnamyl was selected. For all
synthesized resins, high loadings between 0.81-0.90 mmol g™
were achieved. All prepared HAIRs showed excellent crude
purities and reproducible loadings (+5%). Furthermore,
after storage for > 6 months the weight and purity of all
modified resins were retested after swelling and drying. All
HAIRs showed stable weight (+ 5% ) and high crude purities
(> 95% after > 6 months of storage) (Table 1).

After establishing the preloaded HAIRs A-E, we utilized
them to incorporate the DNA-alkylating part in the cap group
region. Due to the synergistic activity of HDACi with
alkylating agents, we chose the DNA-alkylating drugs temo-
zolomide (TMZ), mitozolomide (MTZ), and chlorambucil
(CAB) as suitable scaffolds for a hybridization approach. All
three examples can be considered as challenging, because
TMZ and MTZ are sensitive to base treatment, which leads to
ring opening of the imidazotetrazinone ring system, whereas
CAB contains a very reactive nitrogen mustard group."”'*!
For library synthesis, the Fmoc protecting group was removed

Angew. Chem. Int. Ed. 2020, 59, 2249422499
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Scheme 1. Solid-phase supported strategy for the parallel synthesis of
DNA-alkylating HDACi hybrid molecules. a.) PhthN-OH (3.5 equiv),
Et;N (3.5 equiv), DMF, r.t., 48 h. b)) 5% N,H,H,0 in MeOH, rt., 2x
15 min. ¢.) Fmoc-NH-Linker-COOH (2.0 equiv), HATU (2.0 equiv),
HOBt-H,0 (2.0 equiv), DIPEA (3.0 equiv), DMF, rt., 20 h. d.) 20%
piperidine in DMF, 2x 5 min. e.) Cap-COOH (3.0 equiv), HATU

(3.0 equiv), DIPEA (5.0 equiv), DMF, r.t., 20 h, dark environment. f.)
5% TFA in CH,Cl,, rt.,1 h.

YHJ

™Z CAB

. "

and each linker was coupled with the three chosen alkylators
in a concentration range of 0.5-1.0 M. Using a parallel syn-
thesis strategy, we prepared a series of compounds combining
each linker with each alkylator yielding a library comprising
15 hybrid molecules. This approach provided the target
compounds in total yields of up to 83%. Purification by
preparative HPLC afforded all compounds in >95% purity.
Thus, only one purification step at the very end of the
synthesis is required for each inhibitor allowing for rapid and
time-efficient library expansion.

Compounds 3a—n were tested in a fluorogenic assay for
their in vitro inhibitory activity against HDACI (class I) and
HDACS (class IIb). Results of the inhibition assay are shown
in Table 2. Compounds containing a cinnamyl (3}-n) and
hexyl (3i-k) linker showed inhibitory activity in the nano-
molar range against both HDAC1 and HDAC6, which was
comparable to the control compound vorinostat. Notably,
inhibitors utilizing a benzyl linker revealed potent and
preferential inhibition of HDAC6 with up to 17-fold selectiv-
ity over HDACI (see compound 3 a, Table 2). All compounds
with a short propyl linker (3d-f) showed very low HDAC
inhibition, which suggests that this linker length is too short to
chelate the Zn’" ion in the active site. To investigate the
anticancer properties of the hybrid HDACI, the antiprolifer-
ative effects of 3a—n were determined in three human cancer
lines: the human tongue squamous cell carcinoma cell line
Cal27 and the human primary glioblastoma cell lines U87 and
U251. Results are summarized in Table 2. Based on data from
MTT assays, compound 3n, which contains a cinnamyl linker
and CAB as cap group, emerged as the most promising
compound. 3n showed HDACI and 6 inhibition in a similar
range as vorinostat and 3 to 5.6-fold weaker inhibition
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Table 1: Loadings of synthesized HAIRs and stability after 6 months stored at 4°C monitored by

repetition of the loading and crude purity determination.
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improved antiproliferative effect in
comparison to its parent compound

Entry preloaded resin Loading® Loading® Crude purity® CAB. Compounds bearing the cin-

(mmolg™) > 6 months > 6 months namyl linker (3l-n) showed the

(mmolg™) most effective combination of anti-

Fmoc. . D proliferative effect as well as

H HDAC inhibito activi and

HAIR A AQgN‘O 0.90 091 %% were therefore cll;yosen fortivalua—

H tion of their DNA-damaging

HAIR B Fm°°~N/\/\n/N~O’o 0.96 0.97 95% effects. 3-n were tested for induc-

d o} tion of DNA double strand breaks

i y by a y-H2AX assay"'? using cispla-

HAIR C e H/\/\/\ENO/O 0.87 0.90 96% ﬁfl., vorinostat, ngZ, M'Ig'Z, ];nd

H H D CAB as controls (Figure2A).

HAIR D quc”N\/W\r(N‘o 0.81 0.83 969% Cal27 cells were treated with an

Fmoc. . ICs, or fivefold ICs, (from MTT

N H /O assay) for 24h. Among the cin-

HAIRE 2~ Mo 0.87 0.85 95% namyl linker-containing compounds
0

31-n, 3n caused the largest increase

[a] Loadings were photometrically determined at 300 nm after deprotection of the Fmoc-group using
209 piperidine in DMF. [b] Crude purities were analyzed by HPLC after test cleavage with 5% TFA in

dichloromethane for 1 h.

compared to the hybrid compound tinostamustine. Further-
more, 3n demonstrated the most potent antiproliferative
effect of all hybrid compounds against the three cancer cell
lines (IC, (Cal27): 2.68 uM, IC,, (U87): 19.8 uM, and IC;,
(U251): 14.5 pM) and exceeded or was equal to the cytotox-
icity of the reference compounds vorinostat, tinostamustine,
TMZ, MTZ and CAB in the Cal27 cell line and with the
exception of vorinostat and tinostamustine also in the
glioblastoma cell lines. Notably, 3n showed up to 10-fold

in y-H2AX levels in Cal27 cells.
Using an ICs, from MTT assay, only
3n achieved a significant increase in
v-H2AX formation, whereas 31 and
3m were not different from control.
At fivefold ICy,, 31-n showed DNA damage with 3n being
significantly more active than 31 and 3m, Because 31 and 3m
showed only weak DNA damage, they were excluded from
further studies.

Based on these results, we investigated whether the
nitrogen mustard moiety is contributing to the antiprolifer-
ative activity and DNA-damage of 3n. We thus synthesized
the control compound 30 omitting the nitrogen mustard
group (see Scheme S1, Supporting Information). The anti-

Table 2: In vitro inhibition of HDAC1 and 6 by the hybrid inhibitors with different combinations of linkers and cap groups and antiproliferative activity

(MTT assay) against the human cancer cell lines Cal27, U87 and U251.

Compound Linker Cap Group Target Inhibition! Antiproliferative Effect®
1Cso [1M] 1Cso [WM]
HDACI HDAC6 Cal27 ug7 U251

3a A T™Z 0.705+0.077 0.035 +0.003 16.2+2.86 165 £26.1 98.7 +£10.0
3b A MTZ 0.394+0.020 0.023 +0.002 16.8 +3.62 147 £19.7 44.5+8.94
3c A CAB 0.518+£0.065 0.032 +0.003 6.89+1.04 23.9+3.41 22.0+3.09
3d B T™Z 35.1+5.32 4.99+0.129 97.1+16.3 323107 n.e.

3e B MTZ 16.2 +£0.070 2.37+0.086 87.8+9.52 413+77.7 4611+89.9
3f B CAB 8.21+0183 4.60+0.082 8.67+1.31 46.1 £5.71 200 +£2.41
3g Cc MTZ 0.681+£0.015 0.094 +0.002 29.0+3.73 262+75.6 140+17.8
3h C CAB 0.444+0.053 0.121+0.008 7.50+0.62 4394153 2514327
3i D ™Z 0.161+0.006 0.031 +0.002 10.2+1.54 166 +33.6 86.2+£13.1
3j D MTZ 0.143+0.005 0.038 +0.004 9.90+1.24 122 +56.0 4824735
3k D CAB 0.244+0.041 0.063 -+ 0.001 6.17+0.51 3924716 27.04355
3| E ™Z 0.146+0.008 0.072+0.008 15.4+1.61 141 +20.7 97.8+9.07
Im E MTZ 0.122+0.009 0.051 0.002 10.1+0.99 843+12.4 3224355
3n E CAB 0.15140.021 0.062 +0.001 2.68+0.31 19.8+3.16 1454159
vorinostat - - 0.097+0.012 0.045 +0.008 3.26+0.22 6.37+£0.51 7.4940.67
tinostamustine - - 0.047+0.003 0.011 +0.007 2.94+0.07 8324055 10.240.62
™Z - - - ; 56.8+5.05 144+15.6 4574573
MTZ - - - - 3.56+0.29 57.4+9.51 8454730
CAB - - - - 23.7+2.26 8631175 48.7+£11.9
30 - - 0.156+0.008 0.066 +0.001 6.59+0.44 27.7+6.52 23.94+3.51

[a] n > 2, each in duplicate wells. [b] n> 3, each in triplicate wells. n.e.: no effect up to 100 pM.
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Figure 2. A. Compound-induced formation of y-H2AX in Cal27 cells. Cells were treated with an 1Cy, or fivefold 1Cs, (from MTT assay) for 24 h. y-
H2AX formation was analyzed by immunohistochemistry. 100 pM cisplatin served as positive control and was set as 100%. “control” is vehicle
control. Data are the mean + SD, n > 3. T-test was used to analyse for significant differences between compounds and control or as indicated. ns
(p>0.05); ** (p <0.01). B. Synthesized hit compound 3n and its control compound without N-lost-functionality (3 o) and their cytotoxicity. C.
Induction of apoptosis shown as subG1 nuclei induced by 3n and the nitrogen mustard-free compound 3 0 in Cal27 cells. Cells were treated with
indicated compounds and concentrations (MTT-IC,,) for 24 h, and sub-G1 cell fractions were analysed by flow cytometry. 100 puM cisplatin served
as positive control for apoptosis induction. “control” is vehicle control. Data are the mean + SD, n=3. T-test was used to analyze for significant
differences between compounds and control or as indicated. ns (p>0.05); * (p <0.05). D. Compound-induced caspase3/7 activation in Cal27
cells. Cells were treated with a single, double, or fivefold 1C;, (from MTT assay) for 24 h. 100 pM Cisplatin was added as positive control. “control”
is vehicle control. Data are the mean & SD, n=3. t-test was used to analyze for significant differences between compounds and control or as
indicated. ns (p> 0.05); *** (p <0.001). E. 3n is significantly more effective than the sum of the effects of 3 0 and CAB on caspase3/7 activation
(left) and on formation of YH2AX (right). Compounds were used in concentrations reflecting the fivefold 1C;, (MTT assay). Green and grey bars
show sum of the effects of 30 and CAB. Light blue bars show the effect of 3 n. Vehicle control was subtracted. Data are mean & SD, n=3. T-test
was used to analyze for significant differences. ** (p <0.01); *** (p <0.001).The analysis was performed as previously described.”

proliferative potency of 3 o was slightly reduced compared to
3n (Figure 2B). The most pronounced reduction in antipro-
liferative potency was observed in Cal27 cells (3n ICs:
2.68 pM vs. 30 ICsq: 6.59 pM). More importantly, 3n caused
significantly greater DNA damage (y-H2AX assay) than 30
at a concentration of five times its IC, (Figure 2 A) indicating
an additive effect of the nitrogen mustard group. y-H2AX
formation is a marker for DNA damage, which usually results
in induction of apoptosis.'?) Figure 2C displays apoptosis,
shown as subG1 nuclei, induced by 3n and the nitrogen
mustard-free control 3 0. Notably, 3n is more potent than 3o,
cisplatin, vorinostat, and CAB in inducing apoptosis at the
respective IC;; values. Comparable results were observed in
a caspase 3/7 activation-apoptosis assay demonstrating the
superior utility of 3n to kill cancer cells via induction of the
programmed cell death (Figure 2D). Notably, although the
combination of 30 and CAB showed synergism in caspase
activation assay as analysed by the method of Chou-Talalay
(combination index (CI) values < 1), equal concentrations of
compound 3n demonstrated significantly stronger effects and
lower CI values (< 0.9) (see Figure S1, Table S1, Supporting

Angew. Chem. Int. Ed. 2020, 59, 2249422499
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Information). In addition, the effect of 15uM 3n was
significantly stronger than the sum of the effects of even
100 pM CAB and 30 pM 3o, again indicating a superadditive
effect of the dual-targeting compound 3n (Figure 2E, left).
The same holds true for results from the y-H2AX assay
(Figure 2E, right). The superior antiproliferative activity,
apoptosis induction, activation of caspase 3/7, and formation
of DNA damage of 3n vs. 30 could result from an altered
HDAC inhibition profile. 3n and 3 o0 were therefore screened
for their inhibitory activity against all class I HDACs and
HDACS6. However, 3n showed similar or less potent HDAC
inhibitory activity than 3o (Figure3A) highlighting the
importance of the DNA-alkylating feature of the hit com-
pound 3 n for its anticancer activity. Based on the biochemical
HDAC inhibition data, it can be assumed that the nitrogen
mustard in p-position of the cap group has little impact on the
HDAC inhibitory activity of 3n. To test the hypothesis that
the DNA alkylating moiety fails to form specific interactions
with the HDAC proteins, compounds 3n and 3 o were docked
into HDAC6. During the docking study the hydroxamic acid
group was restrained in proximity to the zinc ion in the
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points outwards and only inter-
acts loosely with the protein

N surface. Taken together, our

Entry 3n 30 control results demonstrate that the

0.151 0.156 0.097 incorporation of a DNA-alky-

HDAC 1 +0.021 +0.008 +0.012 lating feature in the p-position

of the cap group has little

HDAC 2 "'%40?{125 30109:;-1 _(_%1{;% impact on the HDAC inhibition

- = . and can thus be utilized to

HDAC 3 +%10807g P[j101270 30005‘}'62 enhance the anticancer effects
. 3. H). of HDACI.

HDAC 6 0.062 0.066 0.045 Encouraged by the success-

+0.001 +0.001 +0.008 ful and straightforward parallel

404 082 0.61 ) synthesis of a focused hbl:ary of

HDAC 8 DNA-alkylating HDACi, our

1028 011+ 10.04 / aim was to extend the HAIR

Figure 3. A. Inhibition of HDAC 1, 2, 3, 6, and 8 by the hit compound 3n and compound 3 0. *Vorinostat

approach to a second class of

was used as control compound except in the case of HDAC8, where panobinostat was used. n> 2, each chimeric small molecules: pro-
in duplicate wells. B. Docking poses of 3n and 3o in the human HDAC6 (PDB: 5EDU). Both compounds ~ teolysis-targeting chimeras
were individually docked to human HDACG using Rosettaligand in iterative rounds of focused docking. (PROTACs). PROTACs are

bifunctional small molecules

Protein
of interest
(POI)

E3
Ligase

spacer

o /\rr“ \/\0/\/0\)\ /©)L W\)L

ICso (HDAC1): 0.174 = 0.009 pM
N ICso (HDAC2): 0.248 = 0.049 pM
4 ICso (HDAC3): 0.159 + 0.031 pM

ICso (HDAC6): 0.027 + 0.000 pM
proof of concept HDAC PROTAC ICsq (HDACS): 3.42 = 0.32 pM

that are able to hijack the cel-
lular  protein  degradation
system by recruiting the protein
of interest (POI) to E3 ubiquitin
ligases, which leads to polyubi-
quitinylation of the POI and
induction of its proteasomal
degradation.??] Developments
in PROTAC technology give
new opportunities to address
and study epigenetic targets
such as HDAGCs, with already
a few HDAC PROTACs

. E T s = reported recently”? How-
B C S ¢ +« = ever, due to their high molecular
%0 - weight and bifunctional nature,
890 Toau S VL2684 ¥®™ ©% © —uDACs  the synthesis of HDAC PRO-
Oﬂ‘;\,&‘q TACs is usually cumbersome
600 - & *7 - . . _Acetl‘:‘"‘ and involves multi-step proto-
ENsL cols.”*! Consequently, we under-
E) took the first reported solid-
‘3‘400 . Lo phase synthesis of an HDAC
i % ®% wm - —HDAC degrader. HAIR D was chosen
g as a suitable starting point for
200 7 the preparation of the proof-of-
% Ak - —— | cetyl- concept HDAC PROTAC 4.

RSO L Histone H3 3
. o Iterative cycles of Fmoc depro-
i tection and amide coupling
'1000'0 100 200 T ap0 5| WS D @mm eme —— GAPDH allowed to introduce the
Retsnition Tiene (min) HDAC cap, PROTAC linker,

Figure 4. A. Synthesized proof of concept HDAC degrader 4 and inhibitory activities against HDACIT, 2, 3,
6, and 8. B. HPLC-chromatogram of the test cleavage of crude proof of concept PROTAC 4 (cleavage mix:
5% TFA in CH,Cl,, 1 h, rt.). C. Immunoblot analysis of cell lysate after HL-60 cells were treated with 4 at
various concentrations (0.1 pM, 1 pM and 10 pM).

and thalidomide-based ubiqui-
tin E3 ligase ligand in a modular
fashion (see Scheme S2, Sup-
porting Information for syn-
thetic details) to generate

PROTAC 4 (Figure 4A). This straightforward and rapid
HAIR-supported synthesis provided 4 in an excellent crude
purity of 91% (Figure 4B) and >95% after purification.

catalytic center, resulting in very similar binding poses for
both compounds (Figure 3B). The addition of the N-lost
group did not alter the binding pose of the compounds as it
www.angewandte.org
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Biochemical HDAC inhibition assays highlighted 4 as
a potent pan-HDAC inhibitor (Figure4A). Pleasingly,
PROTAC 4 turned out to be an efficient HDAC degrader.
Western blot experiments using the AML cell line HL60
confirmed that 4 was able to degrade especially HDAC6 and
also HDAC1 in a concentration dependent manner (Fig-
ure 4C). Furthermore, the treatment of HL60 cells with 4 led
to a significant hyperacetylation of histone H3 (a marker of
reduced HDACI1-3 activity) and a-tubulin (a marker of
reduced HDAC6 activity) (Figure 4C). Thus, these results
clearly confirm that PROTAC 4 is an efficient HDAC
degrader, which is suitable for the chemical knock-down of
histone deacetylases.

In conclusion, we have developed an efficient solid-phase
synthesis protocol using hydroxamic acids immobilized on
resins (HAIRs) to prepare novel dual-target epigenetic-
cytotoxic compounds. The combination of potent class I/
HDACS6 inhibition with established alkylating agents gave
a series of active compounds, among which 3n (derived from
panobinostat and chlorambucil) showed the highest antipro-
liferative activity. 3n was significantly more active in apop-
tosis induction, activation of caspase 3/7, and formation of
DNA damage (y-H2AX) than the sum of the activities of
either control compounds alone, that is, chlorambucil and
compound 3o, an analogue of 3n missing the nitrogen
mustard. Thus, the combination of an HDACi and a DNA
alkylating agent in 3n indicates a superadditive effect. Finally,
the HAIR technology was applied to synthesize the proof of
concept HDAC degrader 4. Indeed our proof of concept
HDAC PROTAC showed efficient degradation of HDACs.
The HAIR methodology is thus a versatile method for
synthesis of HDACi-based chimeric small molecules.
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Abbreviations

°C
A
aq.
BSA

calcd

Da
DNA
DIPEA
DMEM
DMF
DMSO
EDTA
equiv.
ESI

et al.
Fmoc

HAIR
HATU
HDAC
HOBt
HPLC
HRMS

m/z
M+/M-
max.
MeCH
min
mL
mm
MS
MTT
nm
NMR
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degrees Celsius

angstrom

aqueous

bovine serum albumin

concentration

calculated

doublet (spectral)

dalton

deoxyribonucleic acid

N, N-Diisopropylethylamine

Dulbecco's Modified Eagle Medium

N, N-Dimethylformamide

dimethyl sulfoxide

2,2',2" 2"-(Ethane-1,2-diyldinitrilo)tetraacetic acid
equivalent

electrospray ionization (mass spectrometry)
and others

fluorenylmethoxycarbonyl

hour

histone

hydroxamic acid immobilized on resin

[O-(7-Azabenzotriazol-1-yl)-N,N,N',N-tetramethyluronium-hexafluorophosphate]

histone deacetylase
1-Hydroxybenzotriazole

high performance liquid chromatography
high-resolution mass spectrometry
hertz

infrared spectroscopy

coupling constant (NMR spectrometry)
kelvin

literature

molar (moles per liter)

multiplet (spectral)

mass-to-charge ratio

molecular ion

maximum

methanol

minutes

milliliter

millimeter

mass spectrometry
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
nanometer

nuclear magnetic resonance

WILEY-VCH



WILEY-VCH

PBS phosphate-buffered saline

PDB protein data bank

PE polyethylene

PI propidium iodide

PP polypropylene

ppm parts per million

PROTAC protolysis targeting chimera

q quartet (spectral)

QvD 5-(2,6-Difluorophenoxy)-3-[[3-methyl-1-oxo-2-[(2-quinolinylcarbonyl)amino]butyl]amino]-4-oxo-pentanoic acid
hydrate

RIPA Radioimmunoprecipitation assay

pm revolutions per minute

s singlet (spectral)

sat. saturated

SDS sodium dodecyl sulfate

t triplet (spectral)

TFA trifluoroacetic acid

TLC thin-layer chromatography

TNBS 2,4 6-trinitrobenzenesulfonic acid

TOF time-of-flight (mass spectrometry)

tr retention time

TRIS Tris(hydroxymethyl)-aminomethane

UV-vis ultraviolet-visible

viv volume per volume

ZMAL N-(4-Methyl-7-aminocoumarinyl)-Na-(t-butoxycarbonyl)-Nw-acetyllysineamide

[¢] NMR chemical shift in parts per million downfield from a standard (tetramethylsilane)

£ molar extinction coefficient
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1 Supplementary tables, schemes and figures

1.) 5% NyHg*Hz0, MeOH (2x 15 min)

2.) Fmoc-cinnamyl-COOH (2.0 equiv.),
HATU (2.0 eq), HOBt-HZO (2.0 equiv.),
DIPEA (3.0 equiv.)

Fmoc.. N
H
G DMF, rt, 20 h . H/\G\/\N’N“O’O
°
o HAIR E
1 0.87 mmolig

1.) 20% piperidine,
DMF, 2x 5 min

2.) 4-phenylbutanoic acid (3.5 equiv.),
HATU (3.5 equiv.), DIPEA (5.0 equiv.)

o}
DMF, rt, 20 h N
HAIR E > H H
3.) 5% TFA A~ Ny
30 o

DCM, rt., 1h
37%

Scheme S1: Solid Phase supported Synthesis of control compound 3o using HAIR E.

1.) 5% NyH4 H,0,
MeOH, 2x 15 min

H H
- me’NW{N‘oD

2.) Fmoc-AHP-COOH (2.0 equiv.)
HATU (2.0 equiv.), HOBt-H,0 (2.0 equiv),
DIPEA (3.0 equiv.)
DMF, r.t., 20 h.

s

Fmoc™ (8]
H H
2
o] @WN\/\/\/\WN\O/O
o o
6

1.) 20% piperidine,
DMF, 2x 5 min

DIPEA (3.5 equiv.),
DMF, rt., 4 h
3.) 5% TFA in DCM
Q DCM, rt, 1h

(o]
o]
N o] (o] u
(o] o]
o \)J\H{\J }.)kﬁ
2
4

HAIR D °©
loading: 0.97 mmol/g

1.) 20% piperidine
DMF, 2x 5 min

HATU (3.0 equiv.),

1.) 20% piperidine
DMF, 2x 5 min

2.} 4-Fmoc-amino-
benzoic acid (3.0 equiv.),
HATU (3.0 equiv.),
DIPEA (5.0 equiv.)
DMF, rt., 16 h

H
Frm:m’hI
H H
. O (. Q
2.) Fmoc-020c-OH (3.0 equiv.), T o
o o
5

DIPEA (5.0 equiv.)
DMF, r.t., 4 h

"o o g
2.) 7 (2.0 equiv.), HATU (2.2 equiv.), fo] NH
N o}
o
7

o]

PN T

N
H

Scheme S2: Synthesis of proof of concept HDAC-PROTAC using solid phase supported HAIR approach. 7 was synthesized according to literature [']

Table 51: Data shown are combination indices (Cl) calculated using CompuSyn 1.0 based on the Chou-Talalay method 3. Cl > 1.0 indicates antagonism, Cl = 1
indicates an additive effect, and CI < 1.0 indicates synergism. Cal27 cells were incubated with the drugs indicated for 24 h and caspase-3/7-positive cells were
analyzed. The single drug effects of 3o and CAB were compared to the effect of coincubation of *3o + CAB™ and to the effect of 3n. Values are the mean of three

experiments. SD is < 10 % of the mean.

Cl-Values
[30], uM [CABL UM | 5 'Cap 34
6 6 0,93 0,92
9 9 0,90 0,69
12 12 0,96 0,70
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Figure S1: Compound-induced caspase-3/7 activation in Cal27 cells. Cells were treated with indicated concentrations for 24 h. 100 uM Cisplatin was added as
positive control (data not shown). “control” is vehicle control (and showed 3.96 % caspase-3/7 positive cells). t-test was used to analyse for significant differences
between 3o or CAB single treatment and coincubation of 3o and CAB or 3n and the comparison of 3o and CAB coincubation and 3n single treatment as indicated.
The increase in caspase-3/7 activation by 3n single treatment over coincubation of 3o and CAB is shown as percentage points below the respective bracket. Data
are the mean + SD, n = 3. ns (p > 0.05); * (p < 0.05); ** (p < 0.01); *** (p < 0.001).
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2 Chemistry

2.1 General Remarks

Materials and Experimental Procedures

All chemicals were obtained from commercial suppliers (Sigma-Aldrich, Acros Organics, Carbolution Chemicals, Iris Biotech, TCI
Chemicals) and used as purchased without further purification. 2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetic
acid (7) was synthesized according to literature known procedures.!"! Solvents with technical grade were distilled prior to use.
Acetonitrile in HPLC-grade quality (HiPerSolv CHROMANORM, VWR) was used for all HPLC purposes. Water was purified with a
Milli-Q Simplicity 185 Water Purification System (Merck Millipore). All reactions with water- and/or air-sensitive starting materials were
carried out in pre-dried glass wares under Argon atmosphere utilizing standard Schlenk techniques. All solid phase reactions were
carried out in PP-reactors with PE frits (sizes: 2/5/10/20 mL, pore size 23 pym, MultiSynTech GmbH) and a 2-chlorotrityl chloride resin
(200-400 mesh, 1.60 mmol/g, Iris Biotech) was used. Thin-layer chromatography (TLC) was carried out on prefabricated plates (silica
gel 60, F254 with fluorescence indicator, Merck). Components were visualized by irradiation with ultraviolet light (254 nm, 366 nm) or
by staining in potassium permanganate dip or ninhydrin dip followed by careful heating (~300 °C). Column Chromatography was either
carried out on silica gel (NORMASIL 60®, 40-63 um, VIWR) or on a Teledyne ISCO Combi Flash NEXTGEN 300+ using prepacked
silica columns (Redisep® normal phase, 35 to 70 microns, 230 to 400 mesh, 60 A in the sizes 12 g or 24 g, Teledyne ISCO).

Figure 1 was partially created with BioRender.com.

Nuclear Magnetic Resonance Spectroscopy (NMR)

Proton ('H) and carbon (*C) NMR spectra were recorded either on a Bruker Avance Ill HD 400 MHz at a frequency of 400 MHz
('H) and 100 MHz (**C) or Varian/Agilent Mecury-plus-400 at a frequency of 400 MHz ('H) and 100 MHz ('3C) or a Varian/Agilent
Mecury-plus-300 at a frequency of 300 MHz ('H) and 75 MHz ('3C). The residual solvent signal (CDCls: "H NMR: 7.26 ppm, *C NMR:
77.1 ppm, DMSO-ds: 'H NMR: 2.50 ppm, *C NMR: 39.52 ppm) was used for calibration referred to tetramethylsilane. As solvents
deuterated chloroform (CDCls), deuterated methanol (MeOD) and deuterated dimethyl sulfoxide (DMSO-ds) were used. The chemical
shifts are given in parts per million (ppm). The multiplicity of each signal is reported as singlet (s), doublet (d), triplet (t), quartet (q).
multiplet (m) or combinations thereof. Multiplicities are reported as they were measured, and they might disagree with the expected
multiplicity of a signal.

Mass Spectrometry

High resolution electrospray ionisation mass spectra (HR-ESI-MS) were acquired either with a Bruker Daltonik GmbH micrOTOF
coupled to a an LC Packings Ultimate HPLC system and controlled by micrOTOFControl3.4 and HyStar 3.2-LC/MS or with a Bruker
Daltonik GmbH ESI-qTOF Impact Il coupled to a Dionex UltiMate™ 3000 UHPLC system and controlled by micrOTOFControl 4.0 and
HyStar 3.2-LC/MS.

High Performance Liquid Chromatography (HPLC)

For analytical purposes either a Thermo Fisher Scientific UltiMate™ 3000 UHPLC system or a Gynkotek Gina 50 HPLC system
(Detector: Gynkotek UVD340U, Pump: Dionex P680 HPLC pump, column oven: Dionex STH 585) with a Nucleodur 5u C18 100 A
(250 x 4.6 mm, Macherey Nagel) column were used. In the process a flow rate of 1 mL/min and a temperature of 25° C were set. For
preparative purposes a Varian ProStar system with either a Jupiter 5 u C18 100 A-column (250 x 10 mm, Phenomenex) with 4 mL/min
or a Nucleodur 5 u C18 HTec (150 x 32 mm, Macherey Nagel) column with 15 mL/min were used. Detection was implemented by UV
absorption measurement at a wavelength of A = 220 nm and A =254 nm. Bidest. H.O (A) and MeCN (B) were used as eluents with an
addition of 0.1% TFA for eluent A. For analytical as well as preparative purposes after column equilibration for 5 min a linear gradient
from 5% A to 95% B in 15 min followed by an isocratic regime of 95% B for 5 min was used.

UV-VIS and Infrared Spectroscopy (IR)

Loading determinations were performed on a Shimadzu UV-160A spectrometer at room temperature. All measurements were
performed in a 3500 pL quartz cuvette (100-QS, Hellma Analytics) with a path lengths of 10 mm. Infrared spectroscopy measurements
were performed on a PerkinElmer SpectrumTwo FT-IR spectrometer at room temperature.

Determination of the Loading
A small part of the different HAIRs (~5 mg) was weighed and treated with 500 pL of the deprotection solution (20% piperidine in
DMF) for 5 min. The solution was collected and the procedure was repeated once. The concentration of the cleaved Fmoc-group was
determined photometrically (&300 nm(dibenzofulvene)= 7800 M-'cm'). With the concentration of the cleaved dibenzofulvene determined
by using Lambert-Beer law and the mass of the resin the loading could be determined.
A=¢g-c-1

where A = absorbance; £ = molar extinction coefficient; ¢ = concentration; / = optical path length.
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2.2 General Procedures

General Procedure A

e}
i AR
1. Fmoc-Cl (1.5 equiv.) . 0" N’
H

HoN-R! >

10% ag. Na;C0O3/1,4-dioxane (3:2),
0°C—>rt, 18h
2. 6M HCI 8a-d

The amounts of reagents and solvents used in the following synthesis protocol correspond to 6.00 — 8.00 mmol scale. To a cooled
(0 °C) solution of the appropriate amine (1.00 equiv.) in 10% aq. Na.COQOas/1,4-dioxane (3:2, 20mL/mmol) was added Fmoc-Cl
(1.50 equiv.) in five portions over a period of 20 min. The mixture was then allowed to warm to room temperature and stirred for 18 h.
Upon completion of the reaction, the reaction solution was diluted with dest. H,O (50 mL) and washed with Et.O (3 x 150 mL).
Subsequently the aqueous phase was acidified to pH 1 with 6 m HCI. Filtration of the resulting precipitate, followed by washing with
dest. H.O (200 mL) and drying in vacuo afforded the desired products 8a-d.

General Procedure B

PhthN-OH (3.5 equiv.) O
EtsN (3.5 equiv.) Q
c—Q iﬁw—o

DMF, r.t., 48 h

The amounts of reagents and solvents used in the following synthesis protocol correspond to a 3.00 — 4.00 mmol scale. This
reaction step was carried out based on a procedure of Khan et. al® After resin swelling for 30 min in DMF, a solution of
N-hydroxyphthalimide (3.50 equiv) and EtsN (3.50 equiv.) in DMF (1.5 mL/g resin) was added to the resin and reacted for 48 h.
Afterwards the resin was washed with DMF (10 x 5 mL) and CH.Cl. (10 x 5 mL). Capping of the modified resin was performed by
treatment with capping solution (10 mL, CH.Cl./MeOH/DIPEA, 80:15:5) two times for 15 min. Subsequently, the resin was washed with
DMF (5 x 5 mL) and CH-Cl» (10 x 5 mL) and dried in vacuo to afford the modified resin 1.

General Procedure C

o] 1. 5% hydrazine monohydrate Q H
p in MeOH (rt., 2x15 min) O L RT N ,O
. o N \ﬂ/ 0
- H o

N-O
2. Fmoc-R'-COOH (2.0 equiv.) O
0 HATU (2.0 equiv.), HOBt-H20 (2.0 equiv)
1 DIPEA (3.0 equiv.) HAIR A-E
DMF, rt, 20 h

The amounts of reagents and solvents used in the following synthesis protocol correspond to a 1.50 — 2.00 mmol scale. After
swelling of the modified resin 1 (estimated loading 1.50 mmol/g) for 30 min in DMF, the resin was washed with MeOH (3 x 5 mL). The
phthaloyl protecting group was removed by treatment with 5% hydrazine monohydrate in MeOH for 15 min (2 x 5 mL). Afterwards the
resin was washed with DMF (5 x 5 mL), MeOH (5 x 5 mL), CH.Cl (5 x 5 mL) and DMF (5 x 5 mL). For the subsequent amide coupling
reaction a solution of the respective acid (2.00 equiv.), HATU (2.00 equiv.), HOBt-H-O (2.00 equiv.) and DIPEA (3.00 equiv.) in DMF
(1 mL/mmol acid) was agitated for 5 min and then added to the resin. The amide coupling was performed for 20 h at room temperature.
Afterwards the resin was washed with DMF (5 x 5 mL) and CH.Cl, (5 x 5 mL). Completion of the reaction was monitored via TNBS-
test. The preloaded resins HAIR A-E were dried in vacuo and stored at 4 °C. Determination of the loading capacity was conducted
photometrically.

General Procedure D
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sy

. 20% piperidine
in DMF (2 x 5 min)
o 2. CAP-COOCH (3.0 equiv.)
H HATU (3.0 equiv.), DIPEA (5.0 equiv.)
O L r R Q DMF, rt, 20h Ho 9
. 0" N ‘n’ o]
H o}

> RZ_N._J ow

\n’ RN
O 3.5% TFA 0 H
HAIR A-E DCM, 1h, r.t.

3ao0

The amounts of reagents and solvents used in the following synthesis protocol correspond to 0.30 — 0.50 mmol scale. After swelling
of the appropriate HAIR in DMF for 30 min, Fmoc deprotection was performed by treatment with 20% piperidine in DMF for 5 min (2 x
3 mL). Afterwards the resin was washed with DMF (5 x 3 mL), CH.Cl (5 x 3 mL) and DMF (5 x 3 mL). For the subsequent amide
coupling reaction a solution of the respective acid (3.00 equiv.), HATU (3.00 equiv.), and DIPEA (5.00 equiv.) in DMF (1 mL/mmol acid)
was agitated for 5 min and then added to the resin. The amide coupling was performed in dark environment for 20 h at room temperature.
Afterwards the resin was washed with DMF (5 x 3 mL) and CH-Cl, (5 x 3 mL). Completion of the reaction was monitored via TNBS-test
on a few resin beads. The resin was dried in vacuo followed by the cleavage of the crude products from the resin by treatment with
cleavage solution (5% TFA in CH.Cl., 1 mL/40 mg resin) for 1 h at room temperature. The filtrates were concentrated in vacuo and the
crude products 3a-o were purified by preparative HPLC. Lyophilization of the respective fractions yielded the desired products 3a-o in
>95% purity.

2.3 Synthesis
Building block synthesis

4-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)butanoic acid (8a)

O

Synthesized from 4-aminobutanoic acid (2.00g, 19.4 mmol, 1.00 equiv.) and 9-fluorenylmethoxycarbonyl chloride (7.53 g,
29.1 mmol, 1.50 equiv.) according to general procedure A. Filtration and drying in vacuo afforded 8a as a white solid (5.04 g, 15.5 mmol,
80%). 'H-NMR (400 MHz, MeOD): = 7.79 (d, J=7.6 Hz, 2H), 7.65 (d, J = 7.5 Hz, 2H), 7.39 (t, J=7.4 Hz, 2H), 7.31 (t, /= 7.4 Hz, 2H),
4.35 (d, J=6.8 Hz, 2H), 4.20 (t, J= 6.9 Hz, 1H), 3.15 (t, J = 6.8 Hz, 2H), 2.31 (t, J= 7.5 Hz, 2H), 1.84 — 1.69 (m, 2H) ppm, -COOH
signal could not be detected due to solvent exchange. HRMS-ESI (m/z): [M + Na]* calcd for C1sH1gsNQO,: 348.1206; found: 348.1204.
The analytical data are in accordance with the literature.™

7-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)heptanoic acid (8b)

o

X
Q. o) H/\/\/\)J\OH

O w

Synthesized from 4-aminoheptanoic acid (1.00 g, 6.90 mmol, 1.00 equiv.) and 9-fluorenylmethoxycarbonyl chloride (2.67 g,
10.3 mmol, 1.50 equiv.) according to general procedure A. Filtration and drying in vacuo afforded 8b as a white solid (2,26 g, 6.14 mmol,
89%). "H-NMR (400 MHz, DMSO-d;): 5= 7.88 (dt, J = 7.6, 1.0 Hz, 2H), 7.68 (d, /= 7.4 Hz, 2H), 7.41 (td, J = 7.5, 1.2 Hz, 2H), 7.32 (td,
J=74,12Hz 2H), 7.24 (t, J=5.7 Hz, 1H), 4.29 (d, J=6.9 Hz, 2H), 4.20 (t, J=6.9 Hz, 1H), 2.98 - 2.92 (m, J = 6.6 Hz, 2H), 2.18 (t,
J=7.4Hz 2H), 1.48 (p, J=7.4 Hz, 2H), 1.38 (p, J=6.9 Hz, 2H), 1.25 (h, J=4.2, 3.1 Hz, 4H) ppm, -COOH signal could not be detected
due to solvent exchange. *C-NMR (101 MHz, DMSO-d;): 5= 174.6, 156.1, 144.0, 140.8, 127.6, 127.1, 125.2, 121.4, 120.1, 65.2, 46.8,
33.8, 29.2, 28.3, 26.0, 24.5 ppm. HRMS-ESI (m/z): [M - HJ calcd for CH2sNO,: 366.1711, found: 366.1722. IR: /= 3222 (br), 2935
(br), 1743 (vs), 1640 (vs), 1579 (s), 1518 (s), 1455 (vs),1249 (s), 1087 (s), 956 (m), 735 (s) cm™".

tert-Butyl (4-bromobenzyl)carbamate (9)
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To a cooled (0 °C) solution of 4-bromobenzylamine (1.00 g, 5.38 mmol, 1.00 equiv.) and triethylamine (822 pL, 5.91 mmol,
1.10 equiv.) in CH>Cl> (15 mL), a solution of di-tert-butyl dicarbonate (1.29 g, 5.91 mmol, 1.10 equiv.) in CH.Cl> (10 mL) was added
dropwise. The mixture was then allowed to warm to room temperature and stirred for 18 h. Upon completion of the reaction, the solvent
was removed in vacuo and the crude product was dissolved in EtOAc (20 mL). The organic phase was acidified to pH 4 with anhydrous
citric acid. The organic phase was washed with dest. H.O (3 x 20 mL) and sat. NaHCOs (3 x 20 mL). Drying over anhydrous MgSO,
and removal of the solvent in vacuo afforded the crude product9, which was purified by flash column chromatography
(cyclohexane/EtOAc, 4:1) to afford the desired product 9 (1.15 g, 4.04 mmol, 75%). 'TH-NMR (400 MHz, CDCl,): 5= 7.60—7.39 (m, 2H),
7.15 (d, J = 8.0 Hz, 2H), 4.85 (s, 1H), 4.26 (d, J = 6.0 Hz, 2H), 1.45 (s, 9H) ppm. 3C-NMR (75 MHz, CDCls): 5= 156.0, 138.2, 131.8,
129.3, 121.3, 58.4, 44.2, 28.5 ppm. HRMS-ESI (m/z): [M + NaJ* calcd for C42H4sBrNO,: 308.0257, found: 308.0253. IR: V= 3363 (m),
3340 (m), 2976 (m), 2931 (w), 1682 (vs), 1534 (s), 1504 (vs), 1486 (s), 1362 (s), 1281 (m), 1244 (vs), 1157 (vs), 1068 (m), 1047 (vs),
1010 (s), 877 (m), 808 (m), 798 (m), 623 (m), 479 (s) cm™.

tert-Butyl (E)-3-(4-(((tert-butoxycarbonyl)amino)methyl)phenyl)acrylate (10)

o
S K

oN

>r\g/ 10

To a mixture of tert-butyl (4-bromobenzyl)carbamate (600 mg, 2.10 mmol, 1.00 equiv.), [PdClo(PPhs).] (73.5 mg, 0.11 mmol,
5 mol%), LiCl (177 mg, 4.20 mmol, 2.00 equiv.) and DIPEA (714 pL, 4.20 mmol, 2.00 equiv.) in DMF (7 mL) was added fert-Butyl
acrylate (609 pL, 4.20 mmol, 2.00 equiv.). The reaction was heated up to 100 °C under argon atmosphere for 16 h. Upon completion
of the reaction, the solvent was removed in vacuo and coevaporated with toluene (3 x 15 mL). The residue war dissolved in EtOAc
(20 mL) and washed with 1 m HCI (5 x 20 mL), sat. ag. NaHCO; (3 x 20 mL) and brine (3 x 20 mL). The organic phase was dried over
anhydrous MgSO. and the solvent was removed under reduced pressure. Purification by flash column chromatography
(cyclohexane/EtOAc, 9:1) afforded the desired product 10 as white solid (574 mg, 1.72 mmol, 82%). 'H-NMR (400 MHz, CDCl): 5=
7.56 (d, J=16.0 Hz, 1H), 7.46 (d, J= 8.0 Hz, 2H), 7.28 (d, J = 8.1 Hz, 2H), 6.34 (d, J = 16.0 Hz, 1H), 4.88 (s, 1H), 4.32 (d, J=6.0 Hz,
2H), 1.53 (s, 9H), 1.46 (s, 9H) ppm. **C-NMR (101 MHz, CDCl;): 5= 166.5, 156.0, 143.2, 141.2, 133.9, 128.4, 127.9, 120.2, 80.7, 79.8,
44.5, 28.5, 28.3 ppm. HRMS-ESI (m/z): [M + Na]* calcd for C4sH7NO4: 356.1832, found: 356.1828. IR: V= 3362 (br), 2977 (m), 2930
(m), 1703 (vs), 1513 (br), 1367 (m), 1151 (vs), 845 (br) cm™.

(E)-3-(4-(((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)methyl)phenyl)acrylic acid (8c)

() L.
O. °Wgn‘/©/\)k

8¢
TFA (7.5 mL) was added dropwise to a cooled (0 °C) solution of 10 (511 mg, 1.55 mmol, 1.00 equiv.) in CH.Cl, (22.5 mL). After
stirring for 15 min, the solution was allowed to warm to room temperature and stirred for further 2 h. Upon completion of the reaction,
the solvent was removed in vacuo. The crude product was further reacted with 9-fluorenylmethoxycarbonyl chloride (481mg. 1.86 mmol,
1.20 equiv.) following general procedure A yielding the desired product 8c as white solid (482 mg, 1.20 mmol, 77%). "H-NMR (400
MHz, DMSO-ds): 6= 12.39 (s, 1H), 7.89 -7.82 (m, 3H), 7.70 (d, J=7.5 Hz, 2H), 7.63 (d, J = 8.0 Hz, 2H), 7.57 (d, J= 16.0 Hz, 1H), 7.42
(t, J=7.5Hz 2H),7.33 (t, J=7.4 Hz, 2H), 7.25 (d, J=7.9 Hz, 2H), 6.51 (d, J= 16.0 Hz, 1H), 4.36 (d, J=6.8 Hz, 2H), 4.23 (t, J=6.7
Hz, 1H), 4.20 (d, J = 6.2 Hz, 2H) ppm. *C-NMR (101 MHz, DMSO-d;): 5= 167.9, 156.4, 143.9, 143.2, 142.0, 140.8, 133.0, 128.1,
127.6, 1274, 1271, 1252, 120.1, 1194, 65.3, 46.8, 43.5 ppm. HRMS-ESI (m/z). [M-H] calcd for CisHiNO,: 398.1398,
found:398.1398. IR: = 3310 (br), 1686 (vs), 31 (m), 1532 (m), 1427 (w), 1254 (s), 1142 (m), 984 (m), 757 (m), 737 (s), 533 (m) cm™".

4-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)benzoic acid (8d)
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Synthesized from 4-aminobenzoic acid (1.00 g, 7.30mmol, 1.00 equiv.) and 9-fluorenylmethoxycarbonyl chloride (2.83 g, 11.0 mmol,
1.50 equiv.) according to general procedure A. Filtration and drying in vacuo afforded the desired product 8d as white solid (2.32 g,
6.46 mmol, 88%). "H-NMR (400 MHz, DMSO-ds): 5= 12.67 (s, 1H, broad signal), 10.06 (s, 1H), 7.91 (dt, J = 7.6, 0.9 Hz, 2H), 7.85 (d,
J=8.5Hz 2H), 7.76 (dd, J=7.4, 1.2 Hz, 2H), 7.55 (d, J = 8.1 Hz, 2H), 7.48 —7.39 (m, 2H), 7.35 (1d, J=7.4, 1.2 Hz, 2H), 4.53 (d, J =
6.5 Hz, 2H), 4.33 (t, J = 6.5 Hz, 1H) ppm. HRMS-ESI (m/2): [M + Na]* calcd for C;2H,7NO,: 382.1050, found: 382.1049. The analytical
data are in accordance with the literature !

4-Diazo-4H-imidazole-5-carboxamide (11)

HoN

1"

A solution of 5-amino-1H-imidazole-4-carboxamide hydrochloride (3.50 g,21.5 mmol, 1.00 equiv.) in 1 m HCI (28 mL) was slowly

added dropwise to a solution of sodium nitrite (1.63 g, 23.7 mmol, 1.10 equiv.) in water (42 mL) at 0°C in an ice-bath. With every drop,

the orange-reddish color of the suspension intensified and more and more precipitate formed. After completion of the addition, the dark

red suspension was stirred for further 15 min at 0°C, before the solids were collected by suction filtration and thoroughly washed with

water. Drying in a desiccator over CaCl, under vacuum for several days afforded 11 as a deep-red powder (3.02 g, 22.0 mmol, 79%).

TH-NMR (400 MHz, DMSO-ds): = 7.99 (s, 1H), 7.80 (s, 1H), 7.61 (s, 1H) ppm. 1*C-NMR (101 MHz, DMSO-ds): 5= 161.3, 155.4, 149.7,

102.3 ppm. MS-ESI (m/z): [M + Na]* calcd for C4H3sNsO: 160.023, found: 160.024; [M - H}- calcd for CsHsNsO: 136.026, found: 136.027.
Synthesized according to literature.[”

3-(2-Chloroethyl)-4-oxo-3,4-dihydroimidazo[5, 1-d][1, 2,3,5]tetrazine-8-carboxamide (12)

o]

N
N,:-N/I‘i
HzN °
12
To a suspension of 4-diazo-4H-imidazole-5-carboxamide (2.00 g, 14.6 mmol, 1.00 equiv.) in dry EtOAc (70 mL) were slowly added
via syringe 6.60 mL (8.16 g, 77.3 mmol, 5.30 equiv.) chloroethyl isocyanate. The dark red suspension was stirred for 72 h in the dark
at room temperature, before being diluted with diethyl ether (180 mL). More solid material formed, which was collected by suction
filtration and dried, yielding 12 as a red powder (2.84 g, 11.7 mmol, 80%). '"H-NMR (400 MHz, DMSO-d;): = 8.87 (s, 1H), 7.83 (s, 1H),
7.70 (s, 1H), 4.64 (t, J= 6.1 Hz, 2H), 4.03 (t, J = 6.1 Hz, 2H) ppm. *C-NMR (101 MHz, DMSO-ds): 3= 161.4, 139.1, 134.0, 131.2, 129.1,
50.0, 41.5 ppm. MS-ESI (m/z): [M + Na]* calcd for C;H;CINsO,: 265.021, found: 265.021.

3-(2-Chloroethyl)-4-oxo-3,4-dihydroimidazo[5, 1-d][1, 2,3, 5]tetrazine-8-carboxylic acid (13)

o]
C|~.\/'\|?JJ\N_..-\\

N
N:N)i
HO °
13

A solution of sodium nitrite (2.56 g, 37.1 mmol, 3.60 equiv.) in 7.50 mL water was added very slowly and under vigorous stirring to

a suspension of 2.50 g (10.30 mmol, 1.00 equiv.) 12 in concentrated sulfuric acid (15 mL) at 0°C in an ice-bath. Under heavy evolution
of gases, the suspension became lighter in color and more precipitate formed, while the temperature was maintained at max. 10°C.
After completion of the addition (ca. 1 h), the mixture was warmed to room temperature and vigorously stirred for further 3 h, before
being poured into crushed ice (ca. 100 g). An off-white solid formed, which was collected by suction filtration and dried in vacuo to yield

13 as a peach-colored powder (1.76 g, 7.23 mmol, 70%). '"H-NMR (400 MHz, DMSO-d;): 5= 8.86 (s, 1H), 4.65 (1, J= 6.1 Hz, 2H), 4.02
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(t, J= 6.1 Hz, 2H) ppm. "*C-NMR (101 MHz, DMSO-ds): 5= 161.7, 138.9, 135.9, 129.7, 128.4, 50.1, 41.4 ppm. HRMS-ESI (m/z):
[M + NaJ* calcd for C;HgCINsO5: 266.005, found: 266.005. Synthesized according to literature.®!

3-Methyl-4-oxo-3,4-dihydroimidazo[5, 1-d][1,2, 3, 5]tetrazine-8-carboxylic acid (14)

14

A solution of sodium nitrite (2.56 g (37.1 mmol, 3.60 equiv.) in 20 mL water was added very slowly and under vigorous stirring to a
suspension of 2.00 g (10.3 mmol, 1.00 equiv.) temozolomide in concentrated sulfuric acid (20 mL) at 0°C in an ice-bath. Under heavy
evolution of gases, the suspension became lighter in color and more precipitate formed, while the temperature was maintained at max.
10°C. After completion of the addition within 45 min the mixture was warmed to room temperature and vigorously stirred for further 2 h,
before being poured into crushed ice (ca. 100 g). An off-white solid formed, which was collected by suction filtration and dried in vacuo
to yield 14 as a white powder (1.52 g, 7.77 mmol, 76%). "H-NMR (400 MHz, DMSO-d;): 5= 8.80 (s, 1H), 3.87 (s, 3H) ppm. *C-NMR
(101 MHz, DMSO-d): 6= 161.8, 139.0, 136.4, 129.0, 127.8, 36.3 ppm. MS-ESI (m/z): [M + Na]* calcd for CsHsNsOa: 218.028 found:
218.028; [M - H} calcd for CsHsNsO5: 194.032, found: 194.032. Synthesized according to literature.®!

HAIR synthesis

HAIR A

Yo

HAIR A
Synthesized according to general procedure C using modified resin 1 (1.00 g, 1.50 mmol, estimated loading 1.50 mmol), 4-(Fmoc-
aminomethyl)benzoic acid (1.12 g, 3.00 mmol, 2.00 equiv.), HOBt-H.O (459 mg, 3.00 mmol, 2.00 equiv.), HATU (1.14 g, 3.00 mmol,
2.00 equiv.) and DIPEA (790 pL, 4.50 mmol, 3.00 equiv.) following general procedure C. Upon completion of the reaction and washing,
the resin was dried in vacuo and a loading of 0.90 mmol/g was photometrically determined for HAIR A.

HAIR B

Q. °AH’VW9;H‘°D

) vane

Synthesized according to general procedure C using modified resin 1 (1.00 g, 1.50 mmol, estimated loading 1.50 mmol), 4-Fmoc-
aminobutanoic acid (1.12 g, 3.00 mmol, 2.00 equiv.), HOBt-H.O (459 mg, 3.00 mmol, 2.00 equiv.), HATU (1.14 g, 3.00 mmol,
2.00 equiv) and DIPEA (790 WL, 4.50 mmol, 3.00 equiv) following general procedure C. Upon completion of the reaction and washing,
the resin was dried in vacuo and a loading of 0.96 mmol/g was photometrically determined for HAIR B.

HAIRC

0
O. OJLH’W\[O]’H‘O/O

0 HAIRC

Synthesized according to general procedure C using modified resin 1 (1.19 g, 1.79 mmol, estimated loading 1.50 mmol), 6-Fmoc-
aminohexanoic acid (1.26 g, 3.57 mmol, 2.00 equiv.), HOBt-H.O (547 mg, 3.57 mmol, 2.00 equiv.), HATU (1.36 g, 3.57 mmol,
2.00 equiv.) and DIPEA (933 pL, 5.35 mmol, 3.00 equiv.) following general procedure C. Upon completion of the reaction and washing,
the resin was dried in vacuo and a loading of 0.87 mmol/g was photometrically determined for HAIR C.
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HAIR D

Synthesized according to general procedure C using modified resin 1 (1.22 g, 1.83 mmol, estimated loading 1.50 mmol), 7-Fmoc-
aminoheptanoic acid 8b (1.34 g, 3.65 mmol, 2.00 equiv), HOBt-H-O (560 mg, 3.65 mmol, 2.00 equiv.), HATU (1.39 g, 3.65 mmol,
2.00 equiv.) and DIPEA (960 pL, 5.50 mmol, 3.00 equiv.) following general procedure C. Upon completion of the reaction and washing,
the resin was dried in vacuo and a loading of 0.81 mmol/g was photometrically determined for HAIR D.

HAIR E

M@WD

HAIRE
Synthesized according to general procedure C using modified resin 1 (66.6 mg, 0.10 mmol, estimated loading 1.50 mmol), 4-
(Fmoc-aminomethyl)phenylacrylic acid 8¢ (79.8 mg, 0.20 mmol, 2.00 equiv.), HOBt-H.O (30.6 mg, 0.20 mmol, 2.00 eq), HATU
(76.0 mg, 0.20 mmol, 2.00 equiv.) and DIPEA (51.0 pL, 0.30 mmol, 3.00 equiv.) following general procedure C. Upon completion of the
reaction and washing, the resin was dried in vacuo and a loading between 0.80 and 0.87 mmol/g was photometrically determined for
different batches HAIR E.

Library Synthesis

N-(4-(Hydroxycarbamoyl)benzyl)-3-methyl-4-oxo-3,4-dihydroimidazo[5,1-d][1,2,3, 5] tetrazine-8-carboxamide (3a)

3a

Synthesized according to general procedure D with different equivalents for the reagents using HAIR A (200 mg, 0.30 mmol,
1.00 equiv.), HATU (171 mg, 0.45 mmol, 1.50 equiv.), DIPEA (116 mg, 0.90 mmol, 3.00 equiv.) and 14 (88.0 mg, 0.45 mmol,
1.50 equiv.). Purification by preparative HPLC afforded 3a as beige colored powder (5.0 mg, 14.6 mmol, 5%). HPLC: tz= 12.70 min,
TH-NMR (400 MHz, DMSO-ds): = 11.16 (s, 1H), 9.13 (t, J= 6.3 Hz, 1H), 8.99 (s, 1H), 8.87 (s, 1H), 7.70 (d, J=8.1 Hz, 2H), 7.39 (d, J
=8.0 Hz, 2H), 4.53 (d, J = 6.3 Hz, 2H), 3.87 (s, 3H) ppm. 13C-NMR (101 MHz, DMSO-d;): 5= 164.1, 159.8, 142.8, 139.2, 134.6, 131.3,
130.2, 128.5, 127.1, 126.9, 41.9, 36.1 ppm. HRMS-ESI (m/z): [M + H]" calcd for C14H13N;O4: 344.1102, found: 344.1101. IR: V= 3281
(br), 1756 (m), 1641 (vs), 1557 (m), 1517 (vs), 1455 (m), 1350 (m), 1251 (s), 1015 (m), 952 (m), 732 (s), 586 (s) cm™.

3-(2-Chloroethyl)-N-(4-(hydroxycarbamoyl)benzyl)-4-oxo-3,4-dihydroimidazo[5, 1-d][1,2, 3, 5]tetrazine-8-carboxamide (3b)

o]

_OH
o, /=N H
et
N
I NN 0
cl 3b

Synthesized according to general procedure D with different equivalents for the reagents using HAIR A (400 mg, 0.60 mmol,
1.00 equiv.), HATU (342 mg, 0.90 mmol, 1.50 equiv.), DIPEA (233 mg., 1.80 mmol, 3.00 equiv.) and 13 (219 mg, 0.90 mmol,
1.50 equiv.). Purification by preparative HPLC afforded 3b as beige coloured powder (56.0 mg, 0.14 mmol, 24%). HPLC: tz= 14.22 min.
TH-NMR (400 MHz, DMSO-d;): 8= 11.16 (s, 1H), 9.18 (t, J = 6.3 Hz, 1H), 8.96 (s, 1H, broad signal), 8.93 (s, 1H), 7.71 (d, J = 8.1 Hz,
2H), 7.40 (d, J=8.0 Hz, 2H), 4.64 (t, /= 6.1 Hz, 2H), 4.54 (d, J= 6.3 Hz, 2H), 4.03 (t, J=6.1 Hz, 2H) ppm. 3C-NMR (101 MHz, DMSO-
dg): 6= 164.1, 159.7, 142.7, 139.0, 134.0, 131.3, 130.9, 129.3, 127.1, 126.9, 50.0, 42.0, 41.4 ppm. HRMS-ESI (m/z): [M + H]* calcd for
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CisH14CIN;O,: 392.0869, found 392.0866. IR: i/= 3413 (w), 3286 (br), 3128 (w), 2869 (br), 1766 (s), 1644 (vs), 1580 (s), 1519 (s), 1456
(s). 1316 (m), 1255 (s), 1246 (s), 1077 (m), 954 (s), 902 (m), 729 (m), 654 (s), 600 (s), 572 (vs), 554 (s) cm".

4-((4-(4-(Bis(2-chloroethyl)amino)phenyl)butanamido)methyl)-N-hydroxybenz-amide (3c)

o}

\_/©)LNJOH
H H

N
CI\/\NW

Cl 3c

Synthesized according to general procedure D with different equivalents for the reagents using HAIR A (200 mg, 0.30 mmol,
1.00 equiv.), HATU (171 mg, 0.45 mmol, 1.50 equiv.), DIPEA (116 mg, 0.90 mmol, 3.00 equiv.) and chlorambucil (137 mg, 0.45 mmol,
1.50 equiv.). Purification by preparative HPLC afforded 3c as white powder (25.0 mg, 0.06 mmol, 18%). HPLC: tz= 18.17 min. "H-NMR
(300 MHz, DMSO-ds): 6= 11.14 (br s, 1H), 8.35 (t, /= 5.9 Hz, 1H), 7.69 (d, J = 8.2 Hz, 2H), 7.29 (d, J=8.2 Hz, 2H), 7.02 (d, J= 8.6
Hz, 2H), 6.69 — 6.63 (m, 2H), 4.29 (d, J = 5.9 Hz, 2H), 3.69 (s, 8H), 245 (d, J=7.6 Hz, 2H), 215 (1, J=7.5Hz, 2H), 1.76 (p, /= 7.6
Hz, 2H) ppm. APT (75 MHz, DMSO-ds): 5= 172.0, 164.0, 144.4, 143.0, 131.2, 129.9, 129.3, 127.0, 126.9, 111.9, 62.2, 41.7,41.2, 34.8,
33.6, 27.4 ppm. HRMS-ESI (m/z): [M + H]* calcd for C2H27CLN3O5: 452.1502, found 452.1367. IR: = 3281 (br), 1756 (br), 1640 (s),
1613 (s), 1552 (m), 1432 (br), 1176 (vs), 1153 (vs), 1015 (m), 799 (m), 703 (m) cm™".

N-(4-(Hydroxyamino)-4-oxobutyl)-3-methyl-4-oxo-3,4-dihydroimidazo[5, 1-d]f 1,2, 3, 5]tetrazine-8-carboxamide (3d)

o, /=N o
N H
,,,p?’ )&HTN\/\)LH,DH
N O
3d

Synthesized according to general procedure D using HAIR B (400 mg, 0.36 mmol, 1.00 equiv.), HATU (407 mg, 1.07 mmol,
3.00 equiv.), DIPEA (302 pL, 1.78 mmol, 5.00 equiv.) and 14 (209 mg, 1.07 mmol, 3.00 equiv.). Purification by preparative HPLC
afforded 3d as beige coloured solid (80.7 mg, 0.27 mmol, 76%). HPLC: tz= 11.33 min. "TH-NMR (400 MHz, DMSO-ds): = 10.39 (s, 1H),
8.84 (s, 1H), 8.55 (t, J=6.0 Hz, 1H), 3.87 (s, 3H), 3.29 (q, /= 6.7 Hz, 2H), 2.01 (dd, J = 8.4, 6.7 Hz, 2H), 1.82 — 1.70 (m, 2H) ppm, , -
C-NH-OH signal could not be detected due to solvent exchange. *C-NMR (101 MHz, DMSO-d;): 5= 168.8, 159.7, 139.2, 134.4, 130.5,
128.4, 38.3, 36.1, 30.0, 25.5 ppm. HRMS-ESI (m/z): [M + Na]* calcd for C1gH13N7O4: 318.0921 found:318.0927. IR: v= 3223 (br), 3127

(br), 2935 (br), 1742 (vs), 1641 (s), 1579 (s), 1518 (m), 1455 (vs), 1351 (w), 1248 (m), 1170 (s), 945 (br), 735 (vs), 595 (br) cm".

3-(2-Chloroethyl)-N-(4-(hydroxyamino)-4-oxobutyl)-4-oxo-3,4-dihydroimidazo [5, 1-d][1, 2,3, 5]tetrazine-8-carboxamide (3e)

o] Nf‘-=N H o]
h?’_ )/’\rrN\/\)LN,OH
/NN 0o H
cl 3e
Synthesized according to general procedure D using HAIR B (400 mg, 0.36 mmol, 1.00 equiv.), HATU (407 mg, 1.07 mmol,

3.00 equiv.), DIPEA (302 pL, 1.78 mmol, 5.00 equiv.) and 13 (260 mg, 1.07 mmol, 3.00 equiv.). Purification by preparative HPLC
afforded 3e as beige coloured solid (73.4 mg, 0.21 mmol, 59%). HPLC: tzr= 13.10 min. 1H-NMR (400 MHz, DMSO-d6): 5= 10.40 (s,
1H), 8.90 (s, 1H), 8.61 (t, J=6.1 Hz, 1H),4.64 (t, J = 6.1 Hz, 2H), 4.03 (t, J = 6.1 Hz, 2H), 3.29 (q, /= 6.7 Hz, 2H), 2.01 (t, J=7.6 Hz,
2H), 1.76 (p, J = 7.2 Hz, 2H) ppm, -C-NH-OH signal could not be detected due to solvent exchange. *C-NMR (101 MHz, DMSO-d6):
5= 168.8, 159.5, 139.1, 133.8, 131.2, 129.1, 49.9, 41.5, 38.3, 30.0, 25.5 ppm. HRMS-ESI (m/z): [M + H]* calcd for C11H14CIN;Os4:
344.0869, found 344.0864. IR: 7= 3224 (br), 3129 (br), 2935 (br), 1743 (vs), 1642 (s), 1579 (m), 1455 (s), 1247 (m), 1157 (s), 1076 (m),
735 (vs) cmr'.

4-(4-(Bis(2-chloroethyl)amino)phenyl)-N-(4-(hydroxyamino)-4-oxobutyl)butanamide (3f)
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H
orpte
H
CI\/\N o

] 3f

Synthesized according to general procedure D using HAIR B (270 mg, 0.24 mmol, 1.00 equiv.), HATU (273 mg, 0.72 mmol,
3.00 equiv.), DIPEA (210 pL, 1.20 mmol, 5.00 equiv.) and chlorambucil (219 mg, 0.72 mmol, 3.00 equiv.). Purification by preparative
HPLC afforded 3f as beige coloured solid (59.5 mg, 0.15 mmol, 63%). HPLC: tz= 17.38 min. "H-NMR (300 MHz, DMSO-d;): 8= 10.35
(s, 1H), 7.77 (t, J=5.6 Hz, 1H), 7.01 (d, J = 8.6 Hz, 2H), 6.66 (d, J = 8.7 Hz, 2H), 3.69 (s, 8H), 3.01 (q, J=6.9 Hz, 2H), 242 (t, J=7.6
Hz, 2H), 2.04 (t, J = 7.5 Hz, 2H), 1.94 (dd, J = 8.3, 6.8 Hz, 2H), 1.72 (qd, J = 8.3, 6.6 Hz, 2H), 1.66 — 1.53 (m, 2H) ppm, -C-NH-OH
signal could not be detected due to solvent exchange. 1*C-NMR (75 MHz, DMSO-d;): 5= 171.9, 168.8, 144 .4, 130.0, 129.3, 111.9, 52.2,
41.2,38.1, 34.9, 33.7, 29.9, 27.4, 25.4 ppm. HRMS-ESI (m/z): [M - H] calcd for C1sH27Cl:N305: 402.1357 found: 402.1356. IR: 7= 3222
(br), 2935 (br), 1742 (vs), 1639 (vs), 1579 (s), 1518 (s), 1350 (w), 1248 (m), 1173 (s), 947 (m), 735 (vs), 596 (m) cmr'.

3-(2-Chloroethyl)-N-(6-(hydroxyamino)-6-oxohexyl)-4-oxo-3,4-dihydroimidazo[5, 1-d][1,2,3, 5]tetrazine-8-carboxamide (3g)

o. /=N o
N H
Y %TN\/\/\')J\ OH
N N
_— H
e
cl 3g

Synthesized according to general procedure D using HAIR C (450 mg, 0.38 mmol, 1.00 equiv.), HATU (437 mg, 1.15 mmol,
3.00 equiv.), DIPEA (326 pL, 1.92 mmol, 5.00 equiv.) and 13 (279 mg, 1.15 mmol, 3.00 equiv.). Purification by preparative HPLC
afforded 3g as beige coloured solid (83.4 mg, 0.22 mmol, 58%). HPLC: tz= 13.87 min. '"H-NMR (400 MHz, DMSO-d;s): = 10.32 (s, 1H),
8.89 (s, 1H), 8.51 (t, J=6.0 Hz, 1H), 4.63 (t, J=6.1 Hz, 2H), 4.03 (t, J=6.1 Hz, 2H), 3.28 (q, /= 6.8 Hz, 2H), 1.94 (t, /= 7.4 Hz, 2H),
1.52 (h, J=7.1 Hz, 4H), 1.27 (qd, J = 9.4, 8.9, 6.1 Hz, 2H) ppm, -C-NH-OH signal could not be detected due to solvent exchange.
13C-NMR (101 MHz, DMSO-d;): 5= 169.0, 159.4, 139.1, 133.8, 131.3, 129.1, 49.9, 41.5, 38.5, 32.2, 28.9, 26.0, 24.9 ppm. HRMS-ESI
(m/z): [M + H]* calcd for C43H45CIN;7O4: 372.1182, found: 372.1177. IR: V= 3334 (br), 3273 (br), 2941 (br), 2866 (br), 1753 (m), 1682
(m), 1629 (m), 1257 (m), 1452 (m), 1251 (s), 1200 (m), 733 (vs) cm™.

6-(4-(4-(Bis(2-chloroethyl)amino)phenyl)butanamido)-N-hydroxyhexanamide (3h)

0

H\/\/\)LN,OH
H
o JO ¥

cl 3h

Synthesized according to general procedure D using HAIR C (450 mg, 0.38 mmol, 1.00 equiv.), HATU (437 mg, 1.15 mmol,
3.00 equiv.), DIPEA (326 pL, 1.92 mmol, 5.00 equiv.) and chlorambucil (349 mg, 1.15 mmol, 3.00 equiv). Purification by preparative
HPLC afforded 3h as beige coloured solid (84.5 mg, 0.20 mmol, 51%). HPLC: tz= 17.86 min. '"H-NMR (400 MHz, DMSO-d;): 5= 10.32
(s, 1H), 7.72 (t, J = 5.6 Hz, 1H), 7.01 (d, J = 8.7 Hz, 2H), 6.66 (d, J = 8.7 Hz, 2H), 3.75 — 3.60 (m, 8H), 3.00 (id, J=7.0, 5.6 Hz, 2H),
242 (t,J=7.6Hz 2H),2.04 (t, J=7.5Hz, 2H), 1.92 (t, J=7.4 Hz, 2H), 1.78 — 1.65 (m, 2H), 1.47 (p, J=7.5Hz, 2H), 1.36 (p, J=7.3
Hz, 2H), 1.28 — 1.14 (m, 2H) ppm, -C-NH-OH signal could not be detected due to solvent exchange. "*C-NMR (101 MHz, DMSO-d;):
6= 171.7, 169.0, 144.4, 130.0, 129.3, 111.9, 52.2, 41.2, 38.3, 34.9, 33.7, 32.2, 28.9, 27 4, 26.0, 24.9 ppm. HRMS-ESI (m/z): [M + H]*
caled for CooH31ClaNsOs5: 432.1815, found 432.1816. IR: = 3223 (br), 2934 (br), 1743 (vs), 1639 (vs), 1579 (s). 1518 (s), 1455 (vs),
1173 (s), 946 (m), 735 (vs) cm™.

N-(7-(Hydroxyamino)-7-oxoheptyl)-3-methyl-4-oxo-3,4-dihydroimidazo[5, 1-d][1, 2,3, 5]tetrazine-8-carboxamide (3i)

N'N:N o] o]
B /\/\/\.)'I\ -
)‘NMH N
0 \=N
3i

Synthesized according to general procedure D using HAIR D (500 mg, 0.41 mmol, 1.00 equiv.), HATU (468 mg, 1.23 mmol,
3.00 equiv.), DIPEA (349 pL, 2.05 mmol, 5.00 equiv.) and 14 (242 mg, 1.23 mmol, 3.00 equiv.). Purification by preparative HPLC
afforded 3i as colorless powder (114 mg, 0.34 mmol, 83%). HPLC: tr= 12.25 min. "H-NMR (400 MHz, DMSO-ds): 8= 10.32 (s, 1H),
8.82 (s, 1H), 8.46 (t, J=6.0 Hz, 1H), 3.86 (s, 3H), 3.28 (q, J= 6.7 Hz, 2H), 1.93 (t, J= 7.3 Hz, 2H), 1.50 (dp, J = 14.5, 6.9 Hz, 4H), 1.27
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(dq, J = 9.0, 5.2, 4.5 Hz, 4H) ppm, -C-NH-OH signal could not be detected due to solvent exchange. "*C-NMR (101 MHz, DMSO-d):
6= 169.1, 159.6, 139.2, 134.4, 130.6, 128.4, 38.5, 36.1, 32.2, 29.1, 284, 26.1, 25.1 ppm. HRMS-ESI (m/z): [M + Na]* calcd for
C13H1aN70O4: 360.1391, found: 360.1401. IR: /= 3301 (br), 3195 (br), 2911 (br), 2847 (br), 1736 (vs), 1622 (m), 1580 (s), 1255 (m), 1044
(m), 948 (s) cm™.

3-(2-Chloroethyl)-N-(7-(hydroxyamino)-7-oxoheptyl)-4-oxo-3,4-dihydroimidazo [5, 1-d][1,2,3, 5]tetrazine-8-carboxamide (3j)

Cl
N= o] o]
\LN, \ /\/\/\)'I\ JOH
O \
0 \=N
3
Synthesized according to general procedure D using HAIR D (500 mg, 0.41 mmol, 1.00 equiv.), HATU (468 mg, 1.23 mmol,

3.00 equiv.), DIPEA (349 pL, 2.05 mmol, 5.00 equiv.) and 13 (300 mg, 1.23 mmol, 3.00 equiv.). Purification by preparative HPLC
afforded 3j as colorless powder (108 mg, 0.28 mmol, 68%). HPLC: tz= 13.63 min. 'H-NMR (400 MHz, DMSO-ds): 5= 10.32 (s, 1H),
8.88 (s, 1H), 8.50 (t, J=6.0 Hz, 1H), 4.64 (t, J=6.1 Hz, 2H), 4.03 (t, J = 6.1 Hz, 2H), 3.28 (q, J = 6.7 Hz, 2H), 1.93 (t, /= 7.4 Hz, 2H),
1.50 (m, J=17.5, 7.1 Hz, 4H), 1.27 (m, J=10.9, 9.3, 4.4 Hz, 4H) ppm, -C-NH-OH signal could not be detected due to solvent exchange.
13C-NMR (101 MHz, DMSO-ds): 5= 169.1, 159.4, 139.1, 133.8, 131.3, 129.1, 49.9, 41.5, 38.5, 32.2, 29.1, 28.3, 26.1, 25.1 ppm.
HRMS-ESI (m/z): [M + Na]* calcd for C44H2CIN;O4: 408.1158, found: 408.1158. IR: V= 3251 (br), 2927 (br), 2854 (br), 1736 (vs), 1630
(vs), 1580 (s), 1519 (m), 1456 (s), 1318 (m), 1250 (m), 1088 (m), 926 (m), 737 (m), 643 (m) cm.

7-(4-(4-(Bis(2-chloroethyl)amino)phenyl)butanamido)-N-hydroxyheptanamide (3Kk)

Cl

N
g
N/\/\/‘\)'I\ -OH

H N
3k

Synthesized according to general procedure D using HAIR D (500 mg, 0.41 mmol, 1.00 equiv.), HATU (468 mg, 1.23 mmol,
3.00 equiv.), DIPEA (349 pL, 2.05 mmol, 5.00 equiv.) and chlorambucil (374 mg, 1.23 mmol, 3.00 equiv.). Purification by preparative
HPLC afforded 3k as colorless powder (93.0 mg, 0.21 mmol, 51%). HPLC: tz= 17.53 min. "H-NMR (300 MHz, DMSO-d;): 5= 10.31 (s,
1H), 7.71 (t, J = 5.6 Hz, 1H), 7.01 (d, J = 8.6 Hz, 2H), 6.66 (d, J = 8.7 Hz, 2H), 3.69 (s, 8H), 3.10 — 2.90 (m, 2H), 242 (t, J = 7.5 Hz,
2H), 2.04 (t, J=7.4 Hz, 2H), 1.92 (1, J = 7.3 Hz, 2H), 1.80 — 1.65 (m, 2H), 1.48 (q. J=7.2 Hz, 2H), 1.35 (q, J= 6.8 Hz, 2H), 1.22 (p, J
= 3.5 Hz, 4H) ppm, -C-NH-OH signal could not be detected due to solvent exchange. 1*C-NMR (101 MHz, DMSO-d;): = 171.7, 169.1,
144.4, 130.0, 129.3, 111.9, 52.2, 41.2, 38.3, 34.9, 33.6, 32.2, 29.1, 28.3, 274, 26.2, 25.1 ppm. HRMS-ESI (m/z): [M + H]* calcd for
C21H33CN;03: 446.1972, found: 446.1971. IR: /= 3262 (br), 2928 (br), 2852 (br), 1614 (s), 1564 (s), 1517 (vs), 1354 (m), 1178 (m),
804 (m), 740 (s) cm™.

(E)-N-(4-(3-(Hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)-3-methyl-4-oxo-3,4-dihydro-imidazo[5, 1-d][ 1,2, 3, 5]tetrazine-8-
carboxamide (31)

(o]

N N y-OH
OYN;;\\H/H H
NN 0

Synthesized according to general procedure D using HAIR E (500 mg, 0.41 mmol, 1.00 equiv.), HATU (468 mg, 1.23 mmol,
3.00 equiv.), DIPEA (349 pL, 2.05 mmol, 5.00 equiv.) and 14 (242 mg, 1.23 mmol, 3.00 equiv.). Purification by preparative HPLC
afforded 31 as white coloured powder (63.0 mg, 0.17 mmol, 41%). HPLC: tz= 13.05 min. "TH-NMR (300 MHz, DMSO-d;): 5= 10.72 (s,
1H), 9.09 (t, J=6.3 Hz, 1H), 8.86 (s, 1H), 7.52 (d, J= 8.1 Hz, 2H), 7.42 (d, J=15.9 Hz, 1H), 7.37 (d, J=8.2 Hz, 2H), 6.43 (d, J=15.8
Hz, 1H), 4.51 (d, J = 6.3 Hz, 2H), 3.87 (s, 3H) ppm, -C-NH-OH signal could not be detected due to solvent exchange. *C-NMR (75
MHz, DMSO-ds): 5= 162.8, 159.8, 141.1, 139.2, 138.1, 134.6, 133.4, 130.3, 128.5, 127.9, 127.5, 118.6, 41.9, 36.2 ppm. HRMS-ESI
(m/z): [M + H]* calcd for C1gH1sN7O4: 392.1078, found: 392.1060. IR: 7= 3209 (br), 3028 (br), 2854 (br), 1745 (vs), 1651 (s). 1582 (m),
1454 (m), 1250 (m), 1054 (m), 943 (m), 734 (s), 568 (m), 509 (s) cm™.
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(E)-3-(2-Chloroethyl)-N-(4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)-4-oxo-3,4-dihydroimidazo[5, 1-d]f1, 2,3, 5]tetrazine-8-

carboxamide (3m)
\\rw\m W
CI

Synthesized according to general procedure D using HAIRE (600 mg, 0.41 mmol, 1.00 equiv.), HATU (470 mg, 1.24 mmol,
3.00 equiv.), DIPEA (350 pL, 2.06 mmol, 5.00 equiv.) and 13 (301 mg, 1.24 mmol, 3.00 equiv.). Purification by preparative HPLC
afforded 3m as white coloured powder (94.1 mg, 0.23 mmol, 56%). HPLC: tz= 14.38 min. 'TH-NMR (400 MHz, DMSO-ds): 5= 10.73 (s,
1H), 9.14 (t, J=6.3 Hz, 1H), 8.92 (s, 1H), 7.52 (d, J= 8.0 Hz, 2H), 7.43 (d, J=15.8 Hz, 1H), 7.37 (d, J=8.3 Hz, 2H), 6.43 (d, J=15.8
Hz, 1H), 4.64 (t, J=6.1 Hz, 2H), 4.52 (d, J = 6.3 Hz, 2H), 4.03 (t, J = 6.1 Hz, 2H) ppm, -C-NH-OH signal could not be detected due to
solvent exchange. 1*C-NMR (101 MHz, DMSO-d;): 8= 162.7, 159.7, 141.0, 139.1, 138.1, 134.0, 133.4, 130.9, 129.3, 127.8, 127.5,
118.6, 50.0, 41.9, 41.5 ppm. HRMS-ESI (m/z): [M + H]* calcd for C47H1sCIN;O,: 418.1025, found: 418.1025. IR: = 3387 (br), 3226 (br),
3032 (br), 1738 (vs), 1657 (vs), 1622 (m), 1582 (m), 1519 (m), 1251 (m), 1056 (m), 780 (m), 733 (s), 612 (m), 496 (m) cm™.

(E)-4-(4-(Bis(2-chloroethyl)amino)phenyl)-N-(4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)butanamide (3n)

o]

ﬁvLNJOH
H H

N

e JJ T

al 3n
Synthesized according to general procedure D using HAIR E (500 mg, 0.40 mmol, 1.00 equiv.), HATU (456 mg, 1.20 mmol,
3.00 equiv.), DIPEA (340 pL, 2.00 mmol, 5.00 equiv.) and chlorambucil (365 mg, 1.20 mmol, 3.00 equiv.). Purification by preparative
HPLC afforded 3n as white coloured powder (48.5 mg, 0.10 mmol, 25%). HPLC: tz= 18.00 min. 'H-NMR (400 MHz, DMSO-d;): 5=
10.73 (s, 1H), 8.32 (1, J=5.9 Hz, 1H), 7.50 (d, J=7.9 Hz, 2H), 7.42 (d, J = 15.8 Hz, 1H), 7.27 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 8.6 Hz,
2H), 6.66 (d, J=8.7 Hz, 2H), 6.43 (d, J= 15.8 Hz, 1H), 4.27 (d, J = 5.9 Hz, 2H), 3.69 (d, J = 3.2 Hz, 8H), 2.45 (t, J=7.6 Hz, 2H), 2.14
(t, J = 7.5 Hz, 2H), 1.87 — 1.68 (m, 2H) ppm, -C-NH-OH signal could not be detected due to solvent exchange.’*C-NMR (101 MHz,
DMSO-ds): 8= 172.0, 162.7, 144.4, 141.3, 138.0, 133.3, 129.9, 129.3, 127.7, 127.4, 118.6, 111.9, 52.2, 41.8, 41.1, 34.9, 33.6, 274
ppm. HRMS-ESI (m/z): [M + H]* calcd for C24H29CloN;O5: 478.1659, found: 478.1654. IR: = 3227 (br), 3030 (br), 2856 (br), 1745 (w),
1641 (m), 1614 (m), 1517 (s), 1349 (m), 802 (m), 736 (m) cm".

(E)-N-(4-(3-(Hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)-4-phenylbutanamide (30)

Synthesized according to general procedure D with different equivalents for the reagents using HAIR E (170 mg, 0.14 mmol,
1.00 equiv.), HATU (186 mg, 0.49 mmol, 3.50 equiv.), DIPEA (122 uL, 0.70 mmol, 5.00 equiv.) and 4-phenylbutanoic acid (80.0 mg,
0.49 mmol, 3.50 equiv.). Purification by preparative HPLC afforded 3o as white coloured powder (17.6 mg, 0.05 mmol, 37%). HPLC:
tr=15.72 min, "H-NMR (400 MHz, DMSO-d;): 8= 10.72 (s, 1H), 9.00 (s, 1H, broad signal), 8.34 (t, J = 5.9 Hz, 1H), 7.50 (d, J = 8.0 Hz,
2H),7.42 (d, J=15.8 Hz, 1H), 7.32 -7.23 (m, 4H), 7.22 - 7.13 (m, 3H), 6.42 (d, J = 15.8 Hz, 1H), 4.27 (d, J=6.0 Hz, 1H), 2.59 - 2.53
(m, 2H), 2.16 (t, J=7.5 Hz, 2H), 1.89 — 1.73 (m, 2H) ppm. 13C-NMR (101 MHz, DMSO-ds): 3= 171.9, 162.8, 141.7, 141.3, 138.1, 133.3,
128.3, 128.3, 127.7, 127.4, 125.7, 118.6, 41.8, 34.8, 34.7, 27.1 ppm. HRMS-ESI (m/z): [M + H]* calcd for CoH22N204: 339.1703, found:
339.1705. IR: 7= 3288 (br), 2924 (br), 1641 (vs), 1556 (s), 1418 (w), 1350 (w), 1069 (m), 973 (m), 741 (s), 697 (vs). 590 (br), 521 (m),
488 (m) cmr'.

4-(2-(2-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)- 1, 3-dioxoisoindolin-4-yl)oxy)acetamido)ethoxy)ethoxy)acetamido)-N-(7-
(hydroxyamino)-7-oxoheptyl)benzamide (4)
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o] 0]
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o O/\H,N \/\o/\/O\)LH
o]

(o]
e}
NH

o 4

After swelling HAIR E (156 mg. 0.15 mmol, 1.00 eq) in DMF for 30 min, Fmoc deprotection was performed by treatment with
deprotection solution (20% piperidine in DMF, 2 x 15 min). Afterwards the resin was washed with DMF (3 x 5 mL), CH,Cl» (3 x 5 mL)
and DMF (3 x 5 mL). For the subsequent amide coupling reaction a solution of 4-(Fmoc-amino)benzoic acid 8d (162 mg, 0.45 mmol,
3.00 equiv.), HATU (171 mg, 0.45 mmol, 3.00 equiv.), and DIPEA (105 pL, 0.60 mmol, 4.00 equiv.) in DMF (0.5 mL) was agitated for
5 min and then added to the resin. The amide coupling was performed for 16 h at room temperature. Afterwards the resin was washed
with DMF (3 x 5 mL), CH2Cl- (3 x 5 mL) and DMF (3 x 5 mL). Completion of the reaction was monitored via TNBS-test. Coupling of the
PEG-linker was performed starting with Fmoc deprotection, subsequent washing and coupling using Fmoc-020c-OH (173 mg,
0.45 mmol, 3.00 equiv., supplied by Iris Biotech), HATU (171 mg, 0.45 mmol, 3.00 equiv.), and DIPEA (105 L, 0.60 mmol, 4.00 equiv.)
in DMF (0.5 mL) for 4 h at room temperature. After washing with DMF (3 x 5 mL), CH.Cl- (3 x 5 mL) and DMF (3 x 5 mL) the coupling
cycle was repeated using 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetic acid 7 (99.7 mg, 0.30 mmol, 2.00 equiv),
HATU (125 mg, 0.33 mmol, 2.20 equiv.), DIPEA (92 pL, 0.53 mmol, 3.50 equiv.) in DMF (500 pL). Amide coupling was performed for
4 h at room temperature. Afterwards the resin was washed with DMF (3 x 5 mL) and CH-Cl (3 x 5 mL). The resin was dried in vacuo
followed by the cleavage of the crude products from the resin by treatment with cleavage solution (5% TFA in CH.Cl., 1 mL/40 mg
resin) for 1 h at room temperature. The filtrates were concentrated /in vacuo and the crude product 4 was purified by preparative HPLC.
Lyophilization of the respective fractions yielded the desired product 4 (63.5 mg, 86.0 ymol, 57%) in >95% purity. HPLC: t,= 13.65 min.
TH-NMR (400 MHz, DMSO-ds): 8= 11.11 (s, 1H), 10.32 (s, 1H). 9.79 (s, 1H), 8.29 (t, J = 5.6 Hz, 1H), 8.00 (t, J = 5.7 Hz, 1H), 7.89 —
7.73 (m, 3H), 7.68 (d, J= 8.8 Hz, 2H), 7.48 (d, J=7.2 Hz, 1H), 7.38 (d, J = 8.6 Hz, 1H), 5.10 (dd, J = 12.9, 5.4 Hz, 1H), 4.77 (s, 2H),
4.10 (s, 2H)", 3.73 — 3.65 (m, 2H), 3.66 — 3.59 (m, 2H), 3.52 (, J = 5.6 Hz, 2H), 3.35 (q, J = 5.6 Hz, 2H), 3.21 (9, J = 6.7 Hz, 2H), 2.95
—2.83 (m, 1H), 2.69 — 2.52 (m, 2H), 2.10 — 1.98 (m, 1H), 1.94 (t, J = 7.3 Hz, 2H), 1.49 (p, J= 6.6, 6.1 Hz, 4H), 1.27 (tq, /= 8.2, 4.7,
3.3 Hz, 4H) ppm, -NH signal could not be detected due to solvent exchange. *C-NMR (101 MHz, DMSO-d;): &= 172.7, 169.9, 169.1,
168.6, 166.9, 166.7, 165.5, 165.5, 154.9, 140.7, 136.9, 133.0, 129.5, 127.9, 120.3, 118.7, 116.8, 116.0, 70.3, 70.2, 69.4, 68.9, 67.5,
48.8, 39.1%, 38.3, 32.2, 31.0, 29.1, 28,4, 26.2, 25.1, 22.0 ppm, "overlapping with DMSO signal, confirmed by HSQC. HRMS-ESI (m/z):
[M + HJ* calcd for CasHaoNsO42: 739.2933, found: 739.2936. IR: = 3333 (br), 2930 (br), 1707 (s), 1527 (m), 1394 (m), 1262 (m), 1196
(m), 1116 (m), 747 (m), 602 (m), 466 (m) cm".

N-(6-(Hydroxyamino)-6-oxohexyl)-3-methyl-4-oxo-3,4-dihydroimidazo[5, 1-dJ[1,2,3, 5]tetrazine-8-carboxamide (3p)

o]} /=N H 0
yN%‘rN\/\/\)J\ AOH
_N N
‘=N
N (o] 3p

Synthesized according to general procedure D using HAIR C (450 mg, 0.38 mmol, 1.00 equiv.), HATU (437 mg, 1.15 mmol,
3.00 equiv.), DIPEA (326 pL, 1.92 mmol, 5.00 equiv.) and 14 (226 mg, 1.15 mmol, 3.00 equiv). This compound turned out to be
unstable, already during lyophillization and thus could not be characterized and was excluded from the biological evaluation.
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Figure S$18: 'H and '*C-NMR spectra of 3m in DMSO-ds.
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3 Biological Evaluation

3.1 Reagents

Cisplatin was purchased from Sigma (Mulnchen, Germany) and dissolved in 0.9% sodium chloride solution, propidium iodide (PI)
was purchased from PromoKine (Heidelberg, Germany). Stock solutions (10 mM) of vorinostat, nexturastat A (Selleckchem, Houston,
Texas, USA), chlorambucil (Sigma Aldrich, Germany), temozolomide (TCl Chemicals) and mitozolomide (synthesized, see
compound 12), were prepared with DMSO and diluted to the desired concentrations with DMEM. All other reagents were supplied by
PAN Biotech (Aidenbach, Germany) unless otherwise stated.

3.2 Cell Lines and Cell Culture

The human tongue squamous cell carcinoma cell line Cal27 and the human primary glioblastoma cell lines U87 and U251 were
obtained from Merck KGaA (Darmstadt, Germany). All cell lines were grown at 37 °C under humidified air supplemental with 5 % CO,
in DMEM containing 10% heat inactivated fetal calf serum, 120 IU/mL penicillin, and 120 pg/mL streptomycin. The cells were grown to
80 % confluency before being used in further assays.

3.3 MTT Cell Viability Assay

The rate of cell survival under the action of test compounds was evaluated by an improved MTT assay as previously described.[*"
Briefly, cells were plated out (Cal27 2,500 c/w, U87 4,000 c/w, and U251 2,500 c/w) and incubated with the compounds in different
concentrations. After 72 hours, the incubation was ended by addition of MTT (Serva, Heidelberg, Germany) solution (5 mg/mL in PBS).
The formazan precipitate was dissolved in DMSO (VWR, Langenfeld, Germany). Absorbance was measured at 544 nm and 690 nm in
a FLUOstar microplate-reader (BMG LabTech, Offenburg, Germany).

3.4 y-H2AX Expression DNA Damage Assay

The y-H2AX DNA damage assay was based on an assay published by Ziegler et al. with minor modifications.['?! Briefly, Cal27 cells
were seeded in 96-well tissue culture plates (Corning, Kaiserslautern, Germany) at a density of 2,500 c/w. Cells were treated with
indicated concentrations and compounds for 24 hours. Cells were fixed with 4 % formaldehyde solution followed by incubation with ice-
cold methanol and blocking in blocking buffer (5 % BSA, 0.3 % Triton X-100 in PBS). Cells were incubated with primary antibody (Cat.
No. 05-636, Merck Millipore, Darmstadt, Germany) overnight at 4°C and secondary fluorophore-labeled antibody (Northern Light Anti
Mouse, Cat. No. NLOO7, Biotechne, Wiesbaden, Germany) for 2 hours in the dark. Cell nuclei were counterstained with Hoechst 33342.
Analysis was performed with Thermo Fischer ArrayScan XTI (Thermo Scientific, Wesel, Germany).

3.5 Measurement of Apoptotic Nuclei

Cal27 cells were seeded at a density of 32,000 c/w in 24-well plates (Sarstedt, Nlrnbrecht, Germany). Cells were treated with
indicated compounds for 24 hours. Supernatant was removed after a centrifugation step and the cells were lysed in 500 pL hypotonic
lysis buffer (0.1 % sodium citrate, 0.1 % Triton X-100, 100 pg/mL propidium iodide) at 4°C overnight in the dark. The percentage of
apoptotic nuclei with DNA content in sub-G1 was analyzed by flow cytometry using the CyFlow instrument (Partec, Norderstedt,
Germany).

3.6 Caspase 3/7 Activation Assay

Compound-induced activation of caspases 3 and 7 was analyzed using the CellEvent Caspase-3/7 green detection reagent
(Thermo Scientific, Wesel, Germany) according to the manufacturer’s instructions. Briefly, Cal27 cells were seeded in 96-well plates
(Corning, Kaiserslautern, Germany) at a density of 2,500 c/w. Cells were treated with indicated compounds for 24 hours. Then, medium
was removed and 50 pL of CellEvent Caspase 3/7 green detection reagent (2.0 um in PBS supplemented with 5 % heat inactivated
FBS) was added. Cells were incubated for 30 min at 37 °C in a humidified incubator before imaging by using the Thermo Fisher
ArrayScan XTI high content screening (HCS) system with a 10X magnification (Thermo Scientific). Hoechst 33342 was used for nuclei
staining. The pan caspase inhibitor QVD was used in a concentration of 20 um diluted in DMEM and incubated 30 min prior to compound
addition.
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3.7 Inmunoblotting

Cells were treated with the indicated concentration of the compound or vehicle (DMSQ) for 48 hours. Cell pellets were dissolved
with RIPA buffer (50 mM Tris-HCI pH 8.0, 1 % Triton X-100, 0.5 % sodium deoxycholate, 0.1% SDS, 150 mM sodium chloride, 2 mm
EDTA. supplemented with protease and phosphatase inhibitors (Pierce protease and phosphatase inhibitor mini tablets, Thermo
Scientific, Wesel, Germany) and clarified by centrifugation. Equal amount of total protein were resolved by SDS-PAGE and transferred
to polyvinylidene fluoride membranes (Merck Millipore, Darmstadt, Germany). PageRuler Prestained Protein Ladder, 10 to 180 kDa
(Thermofisher Scientific, Wesel, Germany) was used as protein molecular weight marker. Blots were incubated with antibodies against
acetylated a-tubulin (Cat. No. #5335), HDAC6 (Cat. No. #7558), HDAC1 (Cat. No. #2062), acetyl histone H3 (Cat. No. # 9677) and
GAPDH (Cat. No. #97166), obtained from Cell Signaling Technology, Danvers, MA.

3.8 Data Analysis

Concentration-effect curves were constructed with Prism 7.0 (GraphPad, San Diego, CA, USA) by fitting the pooled data of at least
three experiments performed in triplicates to the four-parameter logistic equation. Statistical analysis was performed using t-test or one-
way ANOVA. To analyze the superadditive effects of chlorambucil and 30 on caspase3/7-activation and DNA damage, the values of
single treatments were summed up and the standard deviation calculated according to Bandolik et al.l'"! This value was compared with
the effects of 3n using t-test.

3.9 In-vitro human HDAC1/2/3/6 assay

All reactions were performed in OptiPlate-96 black microplates (Perkin Elmer) with duplicate series in at least two independent
experiments. An assay end volume of 50 L was set for each experiment and all reactions were carried out in assay buffer (50 mm
Tris-HCI, pH 8.0, 137 mm NaCl, 2.7 mm KCI, 1.0 mm MgCl,, 0.1 mg/mL BSA) with appropriate concentrations of substrate and inhibitors
obtained by dilution from 10 mm stock solutions. Control wells without enzyme and control wells with vorinostat as reference were
included in each plate. After addition of 5 L test compound or control in assay buffer, 35 uL of the fluorogenic substrate ZMAL
(21.43 pm in assay buffer) and 10 pL of human recombinant HDAC1 (1.2 ng/pL in assay buffer; BPS Bioscience, Catalog# 50051) or
HDAC2 (1.0 ng/uL, BPS Bioscience Catalog# 50052) or HDAC3 (1.0 ng/uL, BPS Bioscience Catalog# 50003) or HDACG6 (2.0 ng/pL in
assay buffer; BPS Bioscience, Catalog# 50006) the reaction were incubated at 37 °C for 90 min. Afterwards 50 yL of 0.4 mg/mL trypsin
in trypsin buffer (50 mm Tris-HCI, pH 8.0, 100 mm NaCl) was added, followed by further incubation at 37 °C for 30 min. Plates were
analyzed using a Fluoroskan Ascent microplate reader (Thermo Scientific) and fluorescence was measured with an excitation
wavelength of 355 nm and an emission wavelength of 460 nm.

3.10 In-vitro human HDACS assay

HDACS recombinant enzyme was purchased from Reaction Biology Corp. (Cat Nr. KDA-21-481; Malvern, PA, USA). The HDAC
activity assay was performed in 96-well-plates (Corning, Kaiserslautern, Germany). Briefly 20 ng of HDACB8 per reaction were used.
HDACS was diluted in assay buffer (50 mm Tris-HCI, pH 8.0, 137 mm NacCl, 2.7 mm KCI, 1.0 mm MgClz, and 1.0 mg/mL BSA). After a
5 min incubation step the reaction was started with 10 yL of 60 um Boc-Lys-(TFa)-AMC (Bachem, Bubendorf, Switzerland). The reaction
was stopped after 90 min by adding 100 pL stop solution (16 mg/mL trypsin, 2.0 um panobinostat in 50 mm Tris-HCI, pH 8.0, and
100 mm NaCl). 15 min after the addition of the stop solution the fluorescence intensity was measured at excitation of 355 nm and
emission of 460 nm in a NOVOstar microplatereader (BMG LabTech, Offenburg, Germany).
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4. Docking Studies

Docking of 3n and 3o to human HDACG6 with RosettaLigand

The crystal structure of human HDAC6 (PDB: 5EDU)!"® was obtained from the Protein Data Bank (PDB, www.rcsb.org). Residues
114-478 of chain A corresponding to the maltose-binding periplasmatic protein, which was used to facilitate crystallization, and a second
copy of the protein in the crystallographic unit, chain B, were deleted. All heteroatom records were removed, except for all metal ions
(one zinc atom and two potassium atoms). The zinc bound water was positioned based on crystal structure PDB: 6CW8.!'"Y Throughout
the calculation a metal ion restraint was applied. The structure was optimized to the closest local energy minimum using the
RosettaRelax application with coordinate constraints on the backbone.!"*! Ligand input files for 3n and 3o were created with ChemDraw.
An initial 3D conformer with hydrogen atoms was constructed in Corinal'®! and subsequently an ensemble of 1000 low-energy
conformers was produced by using the BCL:ConformerGenerator.'™ One conformer was placed in the binding pocket of HDAC6 and
aligned to the known binding pose of hydroxamic acids in PDB: 6CW8.I'"l A constraint file was constructed using the known distance
measures between hydroxamic acid, zinc ion and water molecule as described by Porter et al.l'"® Ligand docking was performed for an
initial 10,000 models and subsequently three rounds of focused refinement using RosettalLigand were applied to identify the best
scoring models by predicted binding energy.l'*-2" A final ensemble of models was selected for 3n from three clusters containing 640
models and for 3o from seven clusters containing 315 models of ligand poses by root mean square deviation. Only such models were
considered that complied with the observed binding pose of the hydroxamic acid residue and the hydrogen bond between the amide
group and serine 531, a known interaction of this compound class.['418]

The following commands were executed throughout the modeling process.

Relax input starting structures:

/dors/meilerlab/apps/rosetta/rosetta-3.11/main/source/bin/relax.default.linuxgccrelease -s
5edu align A.pdb -database /dors/meilerlab/apps/rosetta/rosetta-3.11/main/database/ -
in:auto_setup metals -constrain relax to start coords -ignore waters False -out:prefix
relax -nstruct 25

Options for Rosettaligand:

-packing
—exl
—ex2
-no_optH false
-flip HNQ true
-ignore ligand chi true

-parser

—-protocol
/dors/meilerlab/home/schoedct/Documents/Versuche/HDAC docking chlorambucil derivates/dock to
_human HDAC6/docking/docking-LOST/dock.xml

-mistakes
-restore pre talaris 2013 behavior true

-constraints:cst _file
/dors/meilerlab/home/schoedct/Documents/Versuche/HDAC docking chlorambucil derivates/dock to
_human HDAC6/docking/docking-LOST/constraint.cst

RosettaScripts protocol for executing Rosettaligand:

<ROSETTASCRIPTS>

<SCOREFXNS>
<ScoreFunction name="ligand soft rep" weights="ligand soft rep">
</ScoreFunction>
<ScoreFunction name="hard rep" weights="ligand">
</ScoreFunction>

</SCOREFXN 5S>

<LIGAND AREAS>
<LigandArea name="inhibitor dock_ sc" chain="X" cutoff="6.0" add nbr radius="true"
all atom mode="false"/>
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<LigandArea name="inhibitor final sc" chain="X" cutoff="6.0" add nbr radius="true"
all atom mode="false"/>
<LigandArea name="inhibitor final bb"™ chain="X" cutoff="7.0"
add nbr radius="false" all atom mode="true" Calpha restraints="0.3"/>
</LIGAND AREAS>

<INTERFACE BUILDERS>
<InterfaceBuilder name="side chain for docking"
ligand areas="inhibitor dock sc"/>
<InterfaceBuilder name="side chain for final" ligand areas="inhibitor final sc"/>
<InterfaceBuilder name="backbone" ligand areas="inhibitor final bb"
extension window="3"/>
</INTERFACE BUILDERS>

<MOVEMAP BUILDERS>
<MoveMapBuilder name="docking" sc_interface="side chain for docking"
minimize water="false"/>
<MoveMapBuilder name="final" sc_interface="side chain for final"
bb_interface="backbone" minimize water—"false"/>
</MOVEMAP BUILDERS>

<SCORINGGRIDS ligand chain="X" width="25">
<ClassicGrid grid name="classic" weight="1.0"/>
</SCORINGGRIDS>

<MOVERS>
<ConstraintSetMover name="coordinate" add constraints="true"
cst file="/dors/meilerlab/home/schoedct/Documents/Versuche/HDAC docking chlorambucil derivat
es/dock to human HDAC6/docking/docking-LOST/constraint.cst"/>
<Transform name="transform" chain="X"box size="7.0" move distance="0.2" angle="20"
cycles="500" repeats="1" temperature="5"/>
<HighResDocker name="high res docker" cycles="6" repack every Nth="3"
scorefxn="1ligand soft rep" movemap builder="docking"/>
<FinalMinimizer name="final" scorefxn="hard rep" movemap builder="final"/>
<InterfaceScoreCalculator name="add scores" chains="X" scorefxn="hard rep" />
</MOVERS>

<PROTOCOLS>
<Add mover name="coordinate"/>
<Add mover name="transform"/>
<Add mover name="high res docker"/>
<Add mover name="final"/>
<Add mover name="add scores"/>
</PROTOCOLS>

</ROSETTASCRIPTS>

Executing RosettalLigand:

#!/bin/tcsh

foreach a ("cat templates.ls’)
/dors/meilerlab/apps/rosetta/rosetta-

3.10/main/source/bin/rosetta scripts.default.linuxgccrelease -s $a -database
/dors/meilerlab/apps/rosetta/rosetta-3.10/main/database/ -ignore waters False -
in:auto_setup metals

@/dors/meilerlab/home/schoedct/Documents/Versuche/HDAC docking chlorambucil derivates/dock t
o_human HDAC6/docking/docking-LOST/docking.options -in:file:extra res fa
/dors/meilerlab/home/schoedct/Documents/Versuche/HDAC docking chlorambuc1l_derivates/dock_to
_human HDAC6/docking/docking-LOST/Los.params -out:prefix dock -nstruct 400 -out:path:all
/dors/meilerlab/home/schoedct /Documents/Versuche/HDAC docklng chlorambucil derivates/dock to
_human HDAC6/docking/docking-LOST/output run 01/ &

end
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Calculation of binding energy

/dors/meilerlab/apps/rosetta/rosetta-

3.10/main/source/bin/rosetta scripts.default.linuxgccrelease -1 run 0l models.ls -database
/dors/meilerlab/apps/rosetta/rosetta-3.10/main/database/ -in:file:extra res fa nLo.params -
parser:protocol interface.xml -ignore waters False -in:auto setup metals -

out:file:score only

RMSD versus binding energy (interface delta) plots for 3n and 30

Docking of 3n (Lost) to human HDACE (SEDU) Docking of 30 (nor-Lost) to human HDACE (SEDU)

(REL)

interface_delta (REL)
5

interface_delta

un 01
16 . L un 02 16
. wnos
—_——

ligand RMSD [angstrom) ligand RMSD {angstrom)

Figure S22: Ligand RMSD versus interface_delta plots for 3n and 3o. Both compounds were docked over four consecutive rounds, always taking the best 1000
models by interface_delta forward and redocking the ligand.
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Zusammenfassung (libersetzt): Ovarialkrebs ist die fiinfthaufigste Todesursache
unter Krebstoden. Chemoresistenz, insbesondere gegen Platinverbindungen, tragt zu
einer schlechten Prognose bei. Es ist bekannt, dass Histondeacetylase-Inhibitoren
(HDACI) und Hitzeschockprotein 90-Inhibitoren (HSP90i) die an der Chemoresistenz
beteiligten Signalwege modulieren. Diese Studie untersuchte die Auswirkungen von
HDACi (Panobinostat, LMK235) und HSP90i (Luminespib, HSP990) auf die
Wirksamkeit von Cisplatin in Ovarialkarzinom-Zelllinien (A2780, CaOV3, OVCAR3 und
deren Cisplatin-resistente Subklone). Die Prainkubation mit HDACi erhdhte die
zytotoxische Potenz von HSP90i, wahrend die Prainkubation mit HSP90i keinen Effekt
hatte. Die 48-stundige Prainkubation mit HSP90i oder HDACi vor Cisplatin-
Behandlung, erhdéhte die Cisplatin-Potenz in allen Zelllinien via Apoptoseinduktion
signifikant und beeinflusste die Expression apoptoserelevanter Gene und Proteine. Bei
CaOV3CisR und A2780CisR fuhrte eine Prainkubation mit HDACIi fur 48 bis 72
Stunden zu einer vollstdndigen Revertierung der Cisplatin-Resistenz. Dariber hinaus
verhinderte die permanente Anwesenheit von HDACI in subzytotoxischen
Konzentrationen die Entwicklung einer Cisplatin-Resistenz bei A2780 Zellen.
Dreifachkombinationen von HDACi, HSP90i und Cisplatin waren jedoch den
Doppelkombinationen nicht Gberlegen. Insgesamt sensibilisiert das Priming mit HDACI
die Ovarialkarzinomzelllinien fur die Behandlung mit HSP90i oder Cisplatin und hat
einen Einfluss auf die Entwicklung einer Cisplatin-Resistenz — beide Effekte kénnen
zu einer verbesserten Behandlung des Ovarialkarzinoms beitragen.
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Abstract: Ovarian cancer is the fifth leading cause of cancer deaths. Chemoresistance, particularly
against platinum compounds, contributes to a poor prognosis. Histone deacetylase inhibitors
(HDAC:H) and heat shock protein 90 inhibitors (HSP90i) are known to modulate pathways involved in
chemoresistance. This study investigated the effects of HDACi (panobinostat, LMK235) and HSP90i
(luminespib, HSP990) on the potency of cisplatin in ovarian cancer cell lines (A2780, CaOV3, OVCAR3
and cisplatin-resistant sub-clones). Preincubation with HDACi increased the cytotoxic potency of
HSP90i, whereas preincubation with HSP90i had no effect. Preincubation with HSP90i or HDACi 48h
prior to cisplatin enhanced the cisplatin potency significantly in all cell lines via apoptosis induction
and affected the expression of apoptosis-relevant genes and proteins. For CaOV3CisR and A2780CisR,
a preincubation with HDACi for 48-72 h led to complete reversal of cisplatin resistance. Furthermore,
permanent presence of HDAC] in sub-cytotoxic concentrations prevented the development of cisplatin
resistance in A2780. However, triple combinations of HDACi, HSP90i and cisplatin were not superior
to dual combinations. Overall, priming with HDACi sensitizes ovarian cancer cells to treatment with
HSP90i or cisplatin and has an influence on the development of cisplatin resistance, both of which
may contribute to an improved ovarian cancer treatment.

Keywords: ovarian cancer; chemoresistance; HSP90 inhibitors; luminespib; HSP990; epigenetics;
HDAC inhibitors; panobinostat; LMK235; cisplatin

1. Introduction

Ovarian cancer is among the five most deadly types of cancer in women [1]. Although therapeutic
options have improved in the last decades, the five-year survival rate remains at around 48% for
ovarian cancer in the USA [2] and 40-43% in Germany [3,4]. When comparing the different cancers of
the female genital tract, ovarian cancer shows the highest death rate (6.9 per 100,000 US or German
citizen) compared to cervical cancer (2.3 per 100,000 in USA and 2.4 per 100,000 in Germany) and
uterine cancer (4.8 per 100,000 in USA and 3.0 per 100,000 in Germany). In 2020, about 22,000 new
cases of ovarian cancer are predicted in the USA with around 14,000 deaths [3,5]. First line therapy
includes taxane- and platinum-based chemotherapy after cytoreductive surgery [6]. A major obstacle
of this therapy is the development of resistance against platinum-based drugs eventually leading
to death. Resistance is multifactorial and can be intrinsic or acquired [7]. In addition, there is the
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possibility of neoadjuvant chemotherapy (NACT) to further reduce the tumor mass before debulking
surgery [8]. Randomized studies have shown that NACT before debulking was “non-inferior” to
primary tumor removal [9,10]. However, there is currently no consensus on which patients are best
suited for this type of therapy. Mutations and altered gene expression are the most common reasons
for resistance, leading to altered mismatch repair, DNA methylation, histone acetylation and reduced
apoptosis [11,12]. Modulators to overcome platinum resistance have not yet entered clinical routine,
possibly due to multiple mutations in resistant cells and heterogeneous cell populations [13]. Heat
shock protein 90 (HSP90) is an abundantly found molecular chaperone with over 280 client proteins
and influences their activity through various regulatory mechanisms [14,15]. Many HSP90 client
proteins such as Akt, MEK, receptor tyrosine kinases or estrogen receptors are members of proliferative
and antiapoptotic pathways activated in drug-resistant ovarian cancers [16]. HSP90 inhibitors (HSP901i)
could therefore interfere in many pathways by inducing degradation of HSP90 client proteins through
the ubiquitin-proteasome pathway [17]. Moreover, the expression of HSP90 is increased in most cancer
types [18]. For that reason, HSP90i are widely tested in different cancers such as colon, melanoma,
prostate or ovarian cancer as single drug or as part of combination therapies [19-24]. In the past,
HSP90i such as luminespib, SNX-5422, onalespib or ganetespib have entered phase II clinical trials
(NLM identifier NCT01854034, NCT02612285, NCT2535338, and NCT01551693). Most of them are
finished now. HSP90 was identified as a promising target in epithelial ovarian cancer [16]. Our group
has previously shown that increased expression and phosphorylation of the HSP90 clients IGFR, ErbB2,
and ErbB3 play a pivotal role in the development of resistance in ovarian cancer [25,26]. Thus, we
investigated in this study whether HSP90i such as luminespib and HSP990 could serve as treatment
options to address cisplatin resistance.

Another widely tested approach to address chemoresistance is epigenetic modulation [27,28].
Specifically, histone deacetylase inhibitors (HDACi) are currently under investigation. HDAC] increase
the acetylation status of histones and non-histone proteins such as transcription factors or HSP90 [13,29].
Furthermore, HDACi influence cell proliferation, cell cycle regulation and apoptosis of ovarian cancer
cells [30]. We and others demonstrated that HDAC], e.g., the broad spectrum HDACi vorinostat,
panobinostat, and LMK235 or class I selective HDACi entinostat, sensitize ovarian cancer cells to
DNA-damaging drugs such as cisplatin [31-33]. HDACi increase the acetylation of HSP90 and lead
to a loss of chaperone activity [34,35]. Thus, the combination of HSP90i and HDACi seems to be
intriguing for the treatment of cancer. The combination of HSP90i and HDAC:i has indeed been tested:
a combination of the HSP90i luminespib and the HDACi belinostat increased cell death in anaplastic
thyroid carcinoma cells in a synergistic manner [34]. Based on this study, the detected synergism was
investigated further, and it was found that the HSP90i SNX-5422 is also synergistic in combination
with belinostat, vorinostat, and trichostatin A [36]. There is further evidence for a synergistic cytotoxic
effect of the combination panobinostat or vorinostat with luminespib or HSP990 [29,37]. Part of the
effect was shown to be mediated through inactivation of the PI3K/AKT signaling pathway, which was
previously shown by us to contribute to cisplatin resistance in ovarian cancer and triple negative breast
cancer [25,38]. Similar effects were obtained by combining luminespib and the HDACi vorinostat in
multiple myeloma cells [29]. To the best of our knowledge, the combination of HSP90i and HDACi has
not yet been tested in ovarian cancer cells together with a cytotoxic platinum agent. Thus, we decided
to include the HSP90i luminespib and HSP990, as well as the non-selective HDACi panobinostat
and LMK235 [39] in our study and to investigate their effect in a combination therapy with cisplatin
in ovarian cancer. The rationale of this project was to compare single and combined effects of the
HDACi and HSP90i and cisplatin in the ovarian cancer cell lines A2780 and A2780CisR to contribute to
improved therapies addressing chemoresistance in ovarian cancer. The best combination was further
tested in CaOV3, OVCARS, and their cisplatin-resistant sub-cell lines to extend the impact of our
findings on high grade serous ovarian cancer cell lines.
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2. Results

2.1. HDAC;i and HSP90i Mediated Biological Effects in Ovarian Cancer Cells

First, we characterized the HSP90i luminespib and HSP990 and the HDACi panobinostat and
LMK?235 for their biological effects in the ovarian cancer cell lines A2780 and A2780CisR. MTT assays
were used to determine the compound-induced cytotoxicity and revealed ICs, values in the two-digit
nanomolar range for both HSP90i and panobinostat. LMK235 showed three-digit nanomolar ICs
values against A2780 (847 nM) and A2780CisR (644 nM) (Table 1 and Figure S2A,B).

Table 1. Cytotoxic activity of panobinostat, LMK235, luminespib and HSP990.

HDACi HSP90i
Cell Line Panobinostat LMK235 Luminespib HSP990
ICsp PICsﬂ + ICsp PICsﬂ + ICsp PICsﬂ + ICsp PIC5|] +
[nM] SEM [nM] SEM [nM] SEM [nM] SEM
A2780 280  755+002 847  607+003 112  795£006 201  7.70+0.06
A2780CisR 282  755+003 644  619£002 164  778+004 298  7.53+0.02

Cell viability was determined by MTT assay after a 72 h incubation. Data shown are the mean of pooled data from
at least three experiments each carried out in triplicate. Concentration effect curves are shown in Figure 52A,B.

To analyze the influence of the observed cytotoxicity on the growth kinetics of A2780 and
A2780CisR, we analyzed the doubling times with or without inhibitor treatment after 24, 48, and
72 h. The results are shown in Figure 1A ,B. Luminespib and HSP990 led to a slight increase in the
doubling time of A2780 and A2780CisR. This effect was statistically significant for all four compounds
in A2780CisR but only for two compounds (HSP990 and LMK235) in A2780 (Figure 1A). Further, both
HDACi reduced the growth of A2780 and A2780CisR, as indicated by an increase in the doubling time
(Figure 1B). In accordance to HSP90i, the effect seemed stronger in A2780CisR. The effect of HSP90i
and HDAC; on the protein expression, protein phosphorylation (HSP90i) and protein acetylation was
analyzed by Western blot. The results are shown in Figure 1C,D. Both H5P90i reduced the expression
and phosphorylation of the client protein and proto-oncogene AKT in both cell lines in a concentration-
and time-dependent manner (luminespib in Figure 1C and HSP990 in Figure S3). This is consistent
with the mechanisms of HSP90 inhibition. Cellular activity of both HDACi was demonstrated by a
concentration-dependent increase in acetylated tubulin in A2780 and A2780CisR analyzed by Western
blot (Figure 1D).

2.2. Treatment Order of HDACi and HSP90i Affects Increase in Cytotoxic Activity and Apoptosis Induction in
A2780 and A2780CisR

Because of the known interplay between HSP90 and HDACs [13,29,34,36,37], we were interested in
analyzing the cytotoxic effects of a combination treatment with HDACi and HSP90i. MTT experiments
for this combination study used longer incubation times than standard 72 h MTT assays. A 48 h
preincubation with one inhibitor (HDACi or HSP90i) was followed by 72 h coincubation with HDACi
or HSP90i resulting in a total incubation time of 120 h. Therefore, ICs; values for inhibitors obtained in
this experimental setup were substantially higher (Table S1 and Figure 2A-D) and not comparable to
those obtained with a 72 h MTT (Figure S2). A 48 h preincubation with HSP90i (luminespib or HSP990,
respectively) had no effect on the cytotoxic activity of panobinostat or LMK235 (Figure S4). In contrast,
48 h preincubation with panobinostat or LMK235 increased the potency of HSP990 and luminespib by
factors up to 3.2-fold (Figure 2A-D and Figure 54 and Table S1). The effects on the potency of HSP90i
were significant in A2780 and for panobinostat in A2780CisR. For LMK235, no significant interaction
in A2780CisR was observed. Therefore, we analyzed apoptosis induction only for the combination
of panobinostat with both HSP90i. The results are shown in Figure S5. The enhancement of the
HSP90i-induced cytotoxicity by HDACi pretreatment seen in MTT assays was mediated by apoptosis
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induction. A 24 h preincubation with HSP90i followed by 24 h coincubation with panobinostat had no
effect on the number of apoptotic cells, whereas, vice versa, a 24 h preincubation with panobinostat
followed by 24 h coincubation with HSP90i significantly increased the rate of apoptosis in A2780 and
A2780CisR cells (Figure S5).
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Figure 1. Effects of HSP90i and HDACi on cell growth and protein expression in A2780 and A2780CisR
cells. (A) A 72 h incubation with the HSP90i luminespib and HSP990 showed a slight decrease in cell
proliferation for A2780CisR cells. In A2780, this effect was only achieved with HSP990. (B) A72h
incubation with the HDACi panobinostat or LMK235 slightly reduced the cellular growth of A2780 and
A2780CisR cells. (C) A 48 h incubation with luminespib with IC5;, three-fold ICs; and five-fold ICsj or
time-dependent incubation with three-fold ICs; of luminespib led to a decrease in the expression of the
HSP90 client protein AKT and its phosphorylation (pAKT). The uncropped and labeled immunoblots
are shown in Figure 51. (D) A 24 h incubation with panobinostat or LMK235 increased the acetylation
of a-tubulin in both cell lines. Data shown are mean + SEM of three independent experiments or one
representative immunoblot out of three. Statistical analysis was performed using t-test. Levels of
significance: * p < 0.05, ** p < 0.001.

acetyla-tubulin (52 kDa)
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Figure 2. Preincubation with HDACi increase cytotoxic potency of HSP90i. A 48 h preincubation
(preinc) with panobinostat or LMK235 with the indicated concentrations decreased ICs; values of
HSP990 (A,B) and luminespib (C,D) in A2780 (A,C) and A2780CisR cells (B,D). ICs, values, pICsy and
SEM are shown in Table S1. Data shown are mean + SEM of three independent experiments each
carried out in triplicate. Statistical analysis was performed using t-test. Levels of significance: * p <

0.05, ** p < 0.01, ** p < 0.001.

To gain a first idea of the mechanisms behind the observed enhancement of cytotoxicity and
apoptosis induction after preincubation with HDACI, the effects of panobinostat and luminespib on
the gene expression of apoptosis-relevant factors in A2780 and A2780CisR cells were investigated.
Both inhibitors (luminespib and panobinostat) were chosen based on their highest effects in the MTT
assays shown in Figure 2A-D. Expression of the tumor suppressor gene p21; the proapoptotic genes
BAK, BAX, and APAF-1; and the antiapoptotic genes survivin, Bcl-xL, and Mcl-1 was analyzed by PCR.
A2780 and A2780CisR cells were treated with panobinostat or luminespib alone for the indicated time
points followed by analysis of gene expression. The results are shown in Figure 3.

118



Int. ]. Mol. Sci. 2020, 21, 8300 6of 22

A2780 A2780CisR

24h pano
48h pano
24h pano
48h pano

control
24h lumi
48h lumi
control
24h lumi
48h lumi

BAK (307 bp)

survivin (283 bp)
Bel-xL (211 bp)
BAX (170 bp)

Mcl-1 (154 bp)

APAF-1 (81 bp)

p21 (68 bp)

p-tubulin (161 bp)

Figure 3. Effects of HDACi or HSP90i incubation on apoptosis-related genes. Gene expression data
were obtained by PCR. Cells were treated with 10 nM (A2780) or 20 nM (A2780CisR) panobinostat or 5
nM (A2780) or 10 nM (A2780CisR) luminespib for 24 or 48 h.

In A2780, the expression of pro- and antiapoptotic genes remained largely unaffected by the
treatment with the exception of survivin. Surprisingly, both inhibitors increased the mRNA level in
a time-dependent manner. In A2780CisR, panobinostat reduced survivin expression and increased
APAF-1 and p21 expression.

2.3. Effects of HDACi and HSP90i on Cisplatin Induced Cytotoxicity and Apoptosis

HDACi showed a priming effect on the cytotoxic activity of HSP90i. This prompted us to explore a
possible influence of HSP90i or HDACi treatment alone or in combination on the potency of cisplatin in
ovarian cancer cells. First, MTT assays were performed in A2780 and A2780CisR with a 48 h inhibitor
preincubation prior to cisplatin administration or a coincubation of inhibitor and cisplatin (Figure
S6A-D, ICsq values in Table 2 and pICsg values in Table S2A). Coincubation of inhibitors with cisplatin
(dual combination) showed no or only small increases in the potency of cisplatin in A2780/A2780CisR
except for LMK235 (Figure S6C and Table 2). A 48 h preincubation with the inhibitors prior to cisplatin
administration however markedly increased the potency of cisplatin with shift factors up to 6.7 (e.g.,
calculated for A2780, IC5[| (cisplatin]: 3.34 |J.M; IC50 (cisplatin + 48h HSP990 preincubaﬁon): 0.5 |.M; Figure S6A
and Table 2). Notably, the effects were more pronounced in A2780 cells. HDACi and HSP90i showed
equal effects in increasing the cisplatin potency in A2780 (Figure S6A,C).

In A2780CisR, HDACi were slightly but not significantly superior to HSP90i (Figure S6B,D). The
best effect was observed with a 48 h preincubation with 20 nM panobinostat, decreasing the cisplatin
ICsp from 19.7 to 6.53 uM (shift factor 3). Despite this relatively large effect, a complete resensitization
by reaching the cisplatin ICsj of the parental cell line was not achieved (Figure S6D and Table 2).
Notably, even though HDACi and HSP90i were equally effective in increasing cisplatin potency in
MTT assays in A2780 (Figure S6A,C), only HDACH, but not HSP90i, showed a significant increase in
apoptosis induction in the absence or presence of cisplatin (Figure S6E).
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Table 2. Influence of dual or triple combinations with HDACi or HSP90i on the cytotoxic activity of
cisplatin in A2780 and A2780CisR cells.

A — Dual Combination (inhibitor + cDDP)

¢DDP IC50 [uM]
cell line Control HSP90i HDACGi
(cDDP only) Luminespib HSP990 Panobinostat LMK235
Coinc preinc coinc preinc coinc preinc coinc preinc
A2780 3.34 241 0.71 222 0.50 163 0.57 0.69 0.57
A2780CisR 19.7 249 13.2 257 11.8 16.6 6.53 11.0 7.05
B - Triple Combination I (HSP90i prior to HSP90i + HDACi + cDDP)
A2780 A2780CisR
c¢DDP IC5q [uM] ¢DDP ICsp [uM]
<DDP HDACi/cDDP <DDP HDACi/cDDP
pano LMK235 pano LMK235
. lumi 0.71 0.65 0.63 13.2 123 9.69
HSP90i HSP990 0.50 0.70 095 11.8 7.78 7.07
C - Triple Combination II (HDACi prior to HDACi + HSP90i + cDDP)
A2780 A2780CisR
c¢DDP IC5q [uM] ¢DDP ICsp [uM]
<DDP HSP90i/cDDP <DDP HSP90i/cDDP
lumi HSP990 lumi HSP990
. pano 0.57 091 0.84 6.53 6.07 5.91
HDAC LMK235 057 070 0.84 7.05 923 926

Data shown are ICsq values in uM obtained from three independent experiments each carried out in triplicate: (A)
dual combinations in A2780 and A2780CisR; and (B,C) triple combinations in A2780 and A2780CisR. Preincubation
means a 48 h preincubation with the indicated inhibitor followed by a 72-h incubation with cisplatin (A) or cisplatin
plus indicated HDACi/HSP90i (B,C). pICsy and SEM are shown in Table S2. Control denotes the ICsy value for
cisplatin without inhibitor treatment. Concentrations used are 5 nM luminespib, 10 nM HSP990, 500 nM LMK235,
and 10 nM panobinostat in A2780 and 10 nM luminespib, 15 nM HSP990, 700 nM LMK235, and 20 nM panobinostat
in A2780CisR. (A) ICs values are derived from the results in Figure S6A-D.

Preincubation with HDACi or HSP90i increased the potency of cisplatin. Next, we were interested
in whether a triple combination of HDACi, HSP90i, and cisplatin had an even more pronounced
effect regarding chemosensitivity against cisplatin. Data are presented in Figure S7A,B and Table 2.
HSP90i were incubated for 48 h prior to addition of cisplatin plus HDACi (Table 2). In a further
experiment, the HDACi were incubated for 48 h prior to addition of cisplatin plus HSP90i (Table 2).
pICsp values and errors are shown in Table S2. All triple combinations (HDACi panobinostat or
LMK?235 plus HSP90i luminespib or HSP990 plus cisplatin) resulted in significant increases in the
potency of cisplatin in A2780 and A2780CisR (Figure S7A,B). The increase in potency yielded shift
factors for triple combinations not significantly superior to those obtained by dual combinations
(i.e., HDACi or HSP90i plus cisplatin). As an example, the triple combination consisting of a 48 h
preincubation with panobinostat followed by 72 h of HSP990 plus cisplatin gave the lowest ICs for
cisplatin in A2780CisR (5.91 uM, Figure S7B). However, cisplatin potency was not significantly different
from a dual combination of panobinostat with cisplatin which gave an ICsj of 6.53 uM (Figure S6D).
Shift factors from dual (HDACi plus cisplatin) and triple combination MTT assays are listed in Table S3.

The effect of inhibitors was more pronounced in A2780 than in A2780CisR indicated by shift
factors up to 6.7 in A2780 and up to 3.3 in A2780CisR. We conclude that a triple combination has no
benefit over a dual combination treatment with regard to the cytotoxicity of cisplatin.

Similar to the dual combinations, the observed increase in cytotoxic activity of the triple
combinations was mediated via apoptosis induction. A 48 h preincubation with HDAC]i in combination
with HSP90i induced apoptosis in a similar range as a single pretreatment with HDACi (absence
of cisplatin; Figures S6E and S7C). Further, pretreatment with HDACi plus HSP90i increased the
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cisplatin-mediated induction of apoptosis (Figure S7C). However, this effect was not superior to dual
combinations of HDACi and cisplatin (Figure S6E). To confirm that the observed effects in the apoptosis
assay were mediated via caspase activation, the activity of caspase 3 and 7 was measured with a
fluorescence-based assay for single treatment and combinations of panobinostat, luminespib, and
cisplatin. The results are shown in Figure 4.
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Figure 4. Caspase 3/7 activation by single treatment and combinations of panobinostat, luminespib, and
cisplatin in A2780CisR cells. A2780CisR cells were preincubated with panobinostat and/or luminespib
(lumi) for 48h. Cisplatin (23.4 uM, corresponding to the ICsp) or buffer control were added for a further
incubation period of 24 h. Caspase 3/7 activation was analyzed by ArrayScan XTL Cisplatin 50 uM (24
h) served as positive control for caspase 3/7 activation, 0.2% DMSO as vehicle control. Data are the
mean + SD. Statistical analysis to compare the caspase 3/7 activation of the two indicated treatments
was performed using t-test. Levels of significance: ns p > 0.05, ** p < 0.01.

Whereas 10 nM luminespib did not lead to caspase 3/7 activation, 20 nM panobinostat was as
effective as the ICsp of cisplatin (23.4 uM). The combination of luminespib with cisplatin resulted in
a caspase 3/7 activation not significantly different from cisplatin alone. The HSP90i luminespib did
not increase cisplatin efficacy for caspase 3/7 activation, which is in agreement with the results from
apoptosis activation (Figure S6E). However, preincubation with panobinostat significantly increased
caspase 3/7 activation of cisplatin (Figure 4). In agreement with our results from MTT and apoptosis
assays (Figures 56 and S7), the triple combination of HSP90i, HDACI, and cisplatin showed no
advantages over dual combinations of HDACi and cisplatin. Again, in agreement with results from
MTT and apoptosis induction (Figure 2 and Figure S5), the combination of panobinostat and luminespib
led to a massive caspase 3/7 activation which could not further be increased by cisplatin.

Notably, the antiproliferative and chemosensitizing effects of HSP90i and HDACi alone or in
combination were not associated with changes in the cell cycle distribution of A2780 or A2780CisR
(Figure S8).

2.4. Effects of HDACi andjor HSP90i Plus Cisplatin Incubation on mRNA and Protein Expression of
Pro-/Antiapoptotic Key Genes

To identify genes that are altered by dual or triple combinations, we performed a PCR analysis.
The tumor suppressor gene p21, the proapoptotic gene APAF-1, and antiapoptotic gene survivin were
analyzed (Figure 5).
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Figure 5. Effects of HDACi or HSP90i preincubation prior to cisplatin on apoptosis-related genes.
Gene expression data were obtained by PCR. (A,B) A2780 and A2780CisR cells were treated with the
indicated inhibitors or their combinations. For combination treatments panobinostat and/or luminespib
were administrated 48 h prior to 24 h cisplatin treatment in an ICs;. Cell line specific untreated controls
were obtained by 72 h incubation with cell culture medium. The concentrations used (A,B) were the
same as for cytotoxicity combination studies (Figure 56 and Table 2). One representative agarose gel is
shown. Densitometric evaluation can be found in Figure S10B,C.

In A2780, the expression of survivin was reduced by the combination of panobinostat and cisplatin
and by luminespib alone. Panobinostat alone and the combination of panobinostat and luminespib
with or without cisplatin increased the expression of survivin. Only treatment with luminespib alone
did not increase the expression of APAF-1; all other treatments resulted in a small increase in expression.
The expression of the tumor suppressor gene p21 was generally increased by each treatment. Treatment
with panobinostat or luminespib alone (including the combination of both) had only a weak effect on
the expression of p21. The expression of p21 was strongly induced by any treatment regimen containing
cisplatin (Figure 5A). In A2780CisR, the expression of survivin was reduced by cisplatin alone and
cisplatin in combination with panobinostat or luminespib. Combination treatment with panobinostat
and luminespib (also with cisplatin) also led to a significant reduction in survivin expression. A
significant increase in the expression of APAF-1 could only be achieved by treatment with cisplatin
alone. p21 Expression was increased in A2780CisR for all treatment regimens containing either cisplatin
or panobinostat. Luminespib alone had no effect on the expression of p21 (Figure 5B). To confirm the
results of mMRNA gene expression, protein expression of p21, APAF-1, and survivin was analyzed by
Western blot (Figure 6).

APAF-1, p?1, and survivin expressions were strongly influenced by our treatments. Dual or
triple combinations containing panobinostat resulted in both cell lines in downregulation of survivin
and upregulation of p21 and APAF-1 in comparison to a single treatment with cisplatin. In contrast,
dual combinations with luminespib were clearly less effective and showed the desired effects only in
combination with panobinostat.
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Figure 6. Effects of HDACi and HSP90i incubation or preincubation prior to cisplatin on protein
expression levels of pro-/antiapoptotic proteins. Representative immunoblot analysis of APAF-1, p21,
survivin and o-tubulin (as loading control) in A2780 and A2780CisR cells is shown. For combination
treatments, panobinostat (pano) and/or luminespib (lumi) were administrated 48 h prior to 24 h cisplatin
treatment with respective ICs; concentrations. Cell line specific control was treated with vehicle for 72
h. Densitometric analysis of the Western blots are shown in Figure S11.

2.5. Effects of Panobinostat or HSP990 Plus Cisplatin on Cell Viability in High Grade Serous Ovarian Cancer
Cell Lines CaOV 3 and OVCAR3 and Their Cisplatin-Resistant Sub-Cell Lines

To demonstrate that our findings are not limited to the ovarian cancer cell pair A2780/A2780CisR,
the experimental conditions yielding the largest shift factors in MTT assays consisting of dual
combinations panobinostat plus cisplatin and HSP990 plus cisplatin (Table 2) were applied to the
high grade serous ovarian cancer (HGSOC) cell lines CaOV3 and OVCARS3, as well as their cisplatin
resistant sublines. Table 53 shows ICs) values from single treatments with panobinostat and HSP990.
ICs5p values of panobinostat and HSP990 in CaOV 3, OVCARS3 and their cisplatin-resistant sub-lines
(Table 3) are in a similar range as ICsp values at A2780 and A2780CisR cell lines (Table 1).

Table 3. Cytotoxic activity of panobinostat and HSP990 in sensitive and cisplatin-resistant HGSOC cell

lines CaOV3 and OVCAR3.
Cell Line Panobinostat HSP990
ICs5o [nM] pICsp + SEM ICs¢ [nM] pICsp + SEM
CaOV3 159 7.80 +0.02 409 7.39 +0.03
CaOV3CisR 16.9 7.77 +0.02 55.6 7.26 +0.02
OVCAR3 41.3 7.38 +0.02 27.6 7.56 +0.03
OVCAR3CisR 30.5 7.52 +0.01 25.0 7.60 +0.02

Cell viability was determined by MTT assay after a 72 h incubation. Data shown are the mean of pooled data from
at least three experiments each carried out in triplicate. Concentration effect curves are shown in Figure S2C-F.

The applied dual combinations increased the cisplatin potency significantly in all cell lines
with shift factors up to 4.7 except HSP990 plus cisplatin in OVCAR3 where no significant shift
was observed (Table 4 and Table S4). Notably, 10 nM panobinostat was able to completely
reverse the cisplatin resistance of CaOV3CisR (CaOV3, ICsj (cisplatin)’ 1.92 uM; CaOV3CisR,

ICs0 (cisplatin + 48h panobinostat preincubation): 1.38 WM Table 4 and Table 54).
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Table 4. Influence of dual combinations with panobinostat or HSP990 on the cytotoxic activity of
cisplatin in CaOV3, OVCARS3, and their cisplatin resistant sublines.

+ 48h Pretreatment

Cell Line Control HSP990 Panobinostat
(Cisplatin
Only) Cisplatin SF Cisplatin SF
ICsp [uM] 1Csp [uM]

CaOV3 1.92 0.79 2.4 e 1.04 1.8 ***
CaOV3CisR 4.80 3.20 1.5* 1.38 3.5
OVCAR3 3.94 277 l4ns 1.50 2.6
OVCAR3CisR 377 12.6 3.0% 8.03 4.7

Data shown are ICsy values and shift factors (SF) obtained from three independent experiments each carried out in
triplicate. The concentrations used were 10 nM for panobinostat and 10 nM HSP990. SF were calculated as the ratio
of ICs of cisplatin and the ICs5; of the corresponding drug combination. pICsy and SEM are shown in Table 54.
Statistical analysis was performed using t-test. Levels of significance: ns p > 0.05, * p < 0.05, ** p < 0.01, ** p < 0.001.

2.6. Effects of HDACi or HSP90i and Cisplatin on the Non-Cancer Cell Line HEK293

Next, to investigate if the observed effects were tumor specific in nature, we treated the
non-cancerous cell line HEK293 with a combination of HDACi or HSP90i with cisplatin (Figure 7).
Both HSP90i did not affect the cell viability, whereas the HDACi reduced the cell viability around 50%,
which can be recognized by the lowering of the top plateau of the concentration effect curves. Notably,
none of the inhibitors significantly increased the potency of cisplatin in HEK293 cells, except LMK235
which slightly (1.7 fold) reduced the ICs) of cisplatin (Figure 7 and Table S6). Therefore, we assume
that the observed effects of HSP90i and HDAC: on cisplatin have a certain selectivity for ovarian cancer
cells over non-tumor cells.
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Figure 7. 48 h preincubation with luminespib, HSP990, panobinostat or LMK235 prior to 72 h cisplatin
treatment did not affect cisplatin sensitivity of the non-cancerous cell line HEK293. Data shown are
mean + SEM of three independent experiments. Results (ICsy, pICsy, SEM, and shift factors) are
summarized in Table S6.

2.7. Long Term Treatment with Low-Dose HDACi or HSP90i can Overcome and Prevent the Development of
Cisplatin Resistance in A2780 Ovarian Cancer Cells.

The development of cisplatin resistance is a major obstacle in the therapy of ovarian cancer.
We observed favorable effects with dual combinations (HSP90i or HDACi and cisplatin) on the
cisplatin sensitivity in A2780 cells. In A2780CisR cells, the chemosensitizing effect on cisplatin was
less pronounced. Therefore, we were interested in whether a prolongation of the incubation time of
HDACi or HSP90i had an influence on cisplatin sensitivity in A2780CisR. Instead of 48 h, we applied
a 72 h preincubation with HDACi followed by 48-h cisplatin incubation or 48 h preincubation with
HDAC: followed by 24 h preincubation with HDACi plus HSP90i and subsequent addition of cisplatin
for 48 h. The results of MTT assays for A2780CisR with this incubation scheme are shown in Figure 8.
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Figure 8. Effects of prolonged (72 h instead of 48 h) preincubation with HDACi / HSP90i on cisplatin
sensitivity in A2780CisR ovarian cancer cells. 72 h preincubation with panobinostat or combination of 72
h of panobinostat with 24 h of luminespib or HSP990 prior to 48 h cisplatin treatment increased cisplatin
sensitivity in A2780CisR (A). pICsj + SEM values of cisplatin in A2780CisR using 72 h preincubation
with panobinostat compared to A2780 (B). Results (ICsq, pICso, SEM, and shift factor) are summarized
in Table S5. Statistical analysis was performed using t-test. Levels of significance: ns p > 0.05, ** p <
0.01, ** p < 0.001.

Extension of the preincubation time of HDACi from 48 (as applied in Figures S6 and S7) to 72
h resulted in only slightly decreased shift factors in A2780 cells (Figure S9, Table S5). In contrast,
prolongation of the incubation time increased shift factors in A2780CisR cells and reduced the cell
viability (Figure 8 and Figure S9A B and Table S5B). As a result of the prolonged incubation scheme,
cisplatin ICsy control values differed from those reported in Figures S6 and S7.

The prolonged incubation scheme resulted in an ICsy for cisplatin of 72.7 uM for A2780CisR.
Preincubation for 72 h of panobinostat enhanced the cisplatin potency 7.6-fold, resulting in a cisplatin
ICsp of 9.56 uM (Figure 8B). This indicates complete reversal of cisplatin resistance, as can be seen
from the cisplatin ICsy of 15.4 uM for A2780 cells using the prolonged MTT pretreatment scheme
(Figure 8B). The complete reversal of cisplatin resistance by panobinostat preincubation in A2780CisR
and the observed hypersensitization in A2780 cells prompted us to investigate the effect of a permanent
presence of the HDACi panobinostat or LMKM235 or the HSP90i luminespib on cisplatin sensitivity.
This was studied in short-term cisplatin-treated A2780 cells (Figure 9A, single cisplatin treatment cycle)
as well as in long-term cisplatin-treated cells (Figure 9B, 16-21 cisplatin treatment cycles).

Treatment cycle means that A2780 cells were exposed to cisplatin in an ICsj for 6 h followed by
washout, a two-day recovery and subsequent determination of cisplatin ICsy by MTT. Single cisplatin
treatment cycle applied to A2780 cells resulted in approximately the same ICs value of cisplatin as
obtained without cisplatin stress. Notably, the same cisplatin treatment cycle applied to A2780 cells in
permanent presence of 3 nM luminespib, 5 nM panobinostat or 200 nM LMK235 resulted in reduced
ICsg values indicating (hyper)sensitization towards cisplatin (Figure 9, “resistance” factors of less than
1). Increased sensitivity towards cisplatin was significant for both HDACi (5 nM panobinostat and 200
nM LMK235; Figure 9), confirming the data shown in Figure 2 and Figure S5 where we were able to
sensitize A2780 cells towards cisplatin by HDACi pretreatment. Long-term intermittent treatment with
ICsy of cisplatin (16-21 treatment cycles) resulted in the resistant subclone A2780CisR with a resistance
factor of around 4.5. When this long-term intermittent treatment with cisplatin was performed in the
presence of HDACi or HSP90i, resistance development was moderately (but not significantly) reduced
by 3 nM luminespib. Notably, in permanent presence of 5 nM panobinostat or 200 nM LMK235, a
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significant reduction of the resistance development was achieved. After 21 weekly treatment cycles, the
resistance factor of cisplatin was only 1.7 in presence of LMK235, demonstrating that the development
of cisplatin resistance was almost completely abrogated in the presence of HDACi.

EE control Bl 5nM panobinostat El  control Bl 5nM panobinostat
3nM luminespib B 200 nM LMK235 3 nM luminespib Bl 200 nM LMK235
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Figure 9. Effects of HDACi or HSP90i on short-term (A) or long-term (B) cisplatin stress-induced
changes of cisplatin sensitivity in A2780 ovarian cancer cells. Average resistance factors of cisplatin
after single cisplatin treatment cycle (“cisplatin stress”) (A) or after 16-21 cisplatin treatment cycles
(averaged data over Treatment Cycles 16-21) in A2780 cells. Cisplatin treatment cycle means treatment
for 6 h with an ICsp of cisplatin alone (“control”) or in permanent presence of 3 nM luminespib, 5 nM
panobinostat or 200 nM LMK235. Resistance factors were calculated by dividing the ICs; of cisplatin
obtained after a treatment cycle (“stressed” cells) by the ICs5; of cisplatin from unstressed A2780 cells.
Statistical analysis was performed using t-test. Levels of significance: * p < 0.05, ** p < 0.001.

3. Discussion

This study reports on single and combined effects of HDACi and HSP90i with cisplatin in human
ovarian cancer cell lines and offers a strategy to address chemoresistance in ovarian cancer that is
urgently needed [13]. In 2007, Solar et al. reported that geldanamycin, one of the first discovered HSP90j,
increased the sensitivity to cisplatin of the cisplatin-resistant ovarian cancer cell line A2780CisR [40].
Similarly, HSP90i have recently been shown to reverse cisplatin resistance in human ovarian cancer
cells [21]. However, these findings have not yet led to clinical approval of drugs for reversal of
chemoresistance. HDACi are approved epigenetic drugs for the treatment of specific lymphomas,
e.g., cutaneous T cell lymphoma or multiple myeloma. Their potential to reverse chemoresistance of
DNA-damaging drugs is currently explored by many groups including ours [31-33,41,42]. Weberpals
et al. could show that the increase in cisplatin sensitivity by HDACi could be caused by a decrease
in the expression of BRCA1 [43]. This reduced expression is achieved by HDACi alone or more
strongly in combination with cisplatin. This suggests a therapeutic option for patients with tumors
expressing significant levels of BRCA1. Additionally, there is the possibility to combine different
epigenetic therapy strategies. For example, another group has been successful in overcoming cisplatin
resistance of an ovarian cancer cell line by combining DNA methyltransferase inhibitors (DNMTi)
and HDACi [44]. Furthermore, it has been shown that this combination leads to cell cycle arrest and
increased apoptosis rate [45]. For the DNMTi decitabine, a BRCA1 related mechanism of action is
discussed. These and our results in the field of epigenetic therapy of ovarian cancer in cellular models
underline the importance of research in this field. To the best of our knowledge, the combination of
HSP90i with HDACi and cisplatin has not yet been thoroughly studied in ovarian cancer and was thus
the aim of this project.

We could confirm the results from previous studies [21,40] that pretreatment with HSP90i led
to an increase in cisplatin potency (Figure S6A,B and Table 2, Table S3A and Table 4). However,
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in contrast to Zhang et al., the sensitizing effect of HSP90i was only seen in A2780 but not in the
cisplatin-resistant cell line A2780CisR although HSP90 inhibition led to a decrease in AKT expression
and phosphorylation in both cell lines (Figure 1C) which is in accordance with literature reports [46].
In contrast to A2780/A2780CisR cells, we observed a larger cisplatin-sensitizing effect after HSP990
preincubation in cisplatin-resistant OVCAR3CisR than in OVCARS3 cells (Table 2, Table S3A and Table 4).
Further, we could demonstrate that the sequence of inhibitor incubation matters: only pretreatment
with HSP90i prior to cisplatin addition but not coincubation with cisplatin increased cisplatin potency
(Figure S6A,B and Table 2 and Table S3).

Protein levels of HDAC isoforms in A2780 cells were not different in our previously shown
studies [33] compared to those of Khabele et al. [30]. Consequently, combinations of the pan-HDACi
panobinostat or LMK235 with cisplatin had similar synergistic effects as recently reported [32,33,42]
(Figure S6C,D and Table 2 and Table S3A). Panobinostat and LMK235 showed no major differences,
and, in addition to synergistic effects with cisplatin (Figure S6), both HDACi reduced cell proliferation
significantly in A2780CisR but not in A2780 (Figure 1A,B), although an increase in acetylation was
observed in both cell lines (Figure 1D). This is however in accordance with reports that resistant
cancer cells undergo further epigenetic changes and might thus be more susceptible to HDACi [47].
Combinations of HDACi and cisplatin were synergistic as shown by the gold standard method of
Chou-Talalay [32,33,48]. Of note, both coincubation of HDACi with cisplatin and 48 h preincubation
with HDAC: prior to addition of cisplatin increased cisplatin potency. However, preincubation was
more effective in resistant A2780CisR, CaOV3CisR and OVCAR3CisR (Tables 2 and 4), which is
somewhat different from the results of Ong et al. who showed marked increases in sensitivity to
cisplatin by coincubation of vorinostat with cisplatin [49].

The importance of the sequence of inhibitor addition in combination experiments was further
explored when combining HDACi and HSP90i. Preincubation with HDACi prior to addition of
HSP90i increased HSP90i potency in A2780 and A2780CisR (Figure S7) up to three-fold, whereas, vice
versa, preincubation with HSP90i prior to addition of HDACi did not or only slightly increase the
potency of HDACi (Figure 2A-D and Figure S4 and Table S1). These results are in accordance with
data from Kaiser et al. (myeloma cells) and Kim et al. (anaplastic thyroid carcinoma cells) showing
that luminespib was more potent and synergistic after preincubation with HDACi [29,34]. Synergy
improves the efficiency of a therapy and could also help to reduce employed concentrations, thus
avoiding side effects limiting clinical application [50]. Maximum concentrations used in our study (10
nM luminespib, 15 nM HSP990, and 25 nM panobinostat) were far below the maximum plasma levels
resulting from application of the maximum tolerated dose (2.4 uM for luminespib, 1.3 uM for HSP990
and 721 nM for panobinostat) [51-53]. Preincubation with HDACi leads to hyperacetylation of histone
and non-histone proteins, including HSP90 [54], mediated at least by HDAC6 and HDAC10 [35].
Increase in HSP90 acetylation then results in HSP90 inhibition, which is further boosted by addition of
HSP90i [54], thus explaining the synergistic behavior of combinations of HDACi and HSP90i (Figure 2
and Figure S5). Since the contribution of different HDAC subtypes to the effect of HSP90i is not
completely understood and an HDACé-selective inhibitor showed no superior effect over pan-HDACi
in increasing the chemosensitivity of cisplatin [33,41], we decided to use the pan-HDACi panobinostat
and LMK235 [32].

Based on the promising results of dual combinations of HDACi and HSP90i in ovarian cancer,
we evaluated the potential of triple combinations of HDACi, HSP90i and cisplatin. As can be seen in
Figure 57 and Table 2 and Table S3B,C, triple combinations were not superior to dual combinations
of HSP90i and cisplatin or HDACi and cisplatin, regardless of the order of application of HDACiH,
HSP90i and cisplatin. Between almost all applied combinations (dual and triple combinations) were
no significant differences in ICsy values of cisplatin in A2780 or A2780CisR (Table 2). However,
the best effects of HDACI in increasing cisplatin potency (highest shift factors) were observed in
A2780 and not in A2780CisR (Table S3B,C). In A2780 cells, the largest increase in cisplatin potency
was obtained by 48 h preincubation with HSP990 (shift factor: 6.7), panobinostat (shift factor: 5.9)
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or LMK235 (shift factor: 5.9). In A2780CisR cells, neither combination led to a complete reversal
of cisplatin resistance, except if the preincubation time of HDACi was extended from 48 to 72 h
(Figure 8 and Table S5). In contrast, 48 h preincubation with panobinostat was sufficient for complete
reversal of cisplatin resistance in the HGSOC cell line CaOV3CisR (Table 3). HSP90i increased cisplatin
sensitivity but did not overcome (completely reverse) cisplatin resistance in A2780CisR, CaOV3CisR or
OVCAR3CisR. High HSP90 expression is associated with drug resistance [55], however, A2780CisR
cells did not show increased HSP90 expression compared to A2780 (Figure 1C,D). In addition, in a
previous study, we were also not able to reverse a fully established cisplatin resistance by various
kinase inhibitors [26]. Since an extended preincubation time of panobinostat (72 h instead of 48 h)
led to a complete reversal of cisplatin resistance (Figure 8), we were interested in studying the effects
of long-term, sub-cytotoxic concentrations of panobinostat on the development of chemoresistance
against cisplatin. For comparison, the HSP90i luminespib was included. Chemoresistance against
cisplatin was induced as previously described [26,38,56]. Cells were exposed to ICsg of cisplatin for 6h
followed by washout and recovery for one week (termed as “treatment cycle”). We demonstrated that
one treatment cycle in continuous presence of low concentrations of HDACi (5 nM panobinostat or
200 nM LMK235) significantly increased the potency of cisplatin as noticed by a resistance factor of
less than 1 (Figure 9A). The HSP90i luminespib also led to an increase in cisplatin potency but this
effect was not significant. Of note, long-term incubation of low concentrations of HDACi for up to
21 treatment cycles prevented almost completely the development of cisplatin resistance (Figure 9B).
Permanent presence of 200 nM LMK235 gave a resistance factor of 1.7, whereas, in the absence of
LMK?235, a resistance factor of 4.5 was obtained. This shows that epigenetic modulation by HDACi is
able to prevent the development of chemoresistance against cisplatin. Interestingly, these data are in
accordance with results previously published by us using resveratrol or ellagic acid (which have also
been described as HDACi) to prevent the development of resistance against cisplatin [26].

HDAC;] are known to induce apoptosis in ovarian cancer cells by modulating the expression of
genes regulating cell growth, cell cycle progression or apoptosis [57]. Apoptosis induction by HSP90i
has also been described for various cancers [58]. We were thus interested in the regulation of key genes
of apoptosis, cell survival, and cell cycle by HSP90i, HDACi, and cisplatin. Proapoptotic APAF-1 is
upregulated by HDACi in hepatocellular carcinomas [59]. Overexpression of survivin is known to
be associated with poor prognosis and high-grade cancers [60]. A high expression of p21 could be a
predictor of cisplatin sensitivity in ovarian cancer [61]. We thus examined expression of the key genes
APAF-1, survivin, and p21 in PCR and Western blot (Figures 3-6).

Effects were most pronounced in A2780CisR in Western blot. Survivin expression was even
increased upon treatment with cisplatin or luminespib (or their combination) in A2780CisR (Figure 5),
possibly explaining the lower effect of HSP90i in cisplatin resistant cells (Table 2). However, panobinostat
and any combination thereof, reduced expression of survivin, giving a further hint to the stronger effect
of HDACi over HSP90i. p21 expression was increased upon panobinostat (or panobinostat-containing
combinations) but unaffected by luminespib and only slightly increased under cisplatin treatment,
again explaining superior effects of HDACi in inducing cell cycle arrest via p21 followed by apoptosis
or caspase 3/7 activation (Figure 4, Figures S6E, S7C and S8). APAF-1 regulation was affected by the
modulators similar as p21. Luminespib gave almost no increase in APAF-1, whereas panobinostat
and cisplatin increased APAF-1 in A2780CisR cells (Figures 3, 5 and 6). Taken together, the effects
of HDACi on gene expression of survivin, p21, and APAF-1 may explain increased apoptosis and
caspase activation including synergy with the DNA-damaging agent cisplatin. Further, effects on gene
expression by panobinostat observed in this study are in accordance with previous results from our
group [33]. Interestingly, the triple combination of HDACi, HSP90i and cisplatin is less advantageous
than the dual combination HDACi and cisplatin regarding increase in APAF-1 and p21 and decrease in
survivin. The dual combination HSP90i and cisplatin is not favorable at all regarding gene expressions
of APAF-1, p21 and survivin.
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In conclusion, this study revealed that preincubation with HDACi increase the potency of HSP90i
in sensitive and cisplatin-resistant ovarian cancer cells but not vice versa. Further, preincubation
with HDACi or HSP90i prior to cisplatin increase cisplatin sensitivity and act synergistically. HDACi
are more effective than HSP90i in cisplatin-resistant cell lines. Surprisingly, triple combinations of
HSP90i, HDACi and cisplatin were not superior to dual combinations of HDACi and cisplatin. Finally,
permanent presence of low concentrations of HDACi significantly impedes the development of cisplatin
resistance. Thus, combinations of HDACi and HSP90i as well as combinations of HDACi and cisplatin
may improve the therapeutic outcome of ovarian cancer, in particular of HGSOC.

4. Materials and Methods

4.1. Materials

Materials and reagents for cell culture were purchased from PAN Biotech (Aidenbach,
Germany) unless otherwise stated. Cisplatin was from Sigma-Aldrich (Steinheim, Germany)
and 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) from Serva (Heidelberg,
Germany). Luminespib and HSP990 were gifts from Novartis, Basel, Switzerland. Panobinostat was
purchased from Selleckchem (Eching, Germany). LMK235 was synthesized in the group of Prof. T.
Kurz, Heinrich Heine University, Duesseldorf, Germany.

4.2. Cell Lines

The human embryonic kidney cells HEK293 was obtained from the German Collection of
Microorganism and Cell Cultures (DSMZ, Braunschweig, Germany). The human ovarian carcinoma
cell lines CaOV3 and OVCAR3 were obtained from American Type Culture Collection (ATCC, Manassas,
Virginia, USA). The human ovarian carcinoma cell line A2780 was obtained from European Collection
of Cell Cultures (ECACC, Salisbury, UK). The cisplatin resistant sublines A2780CisR, CaOV3CisR, and
OVCAR3CisR were generated by exposing the parental cell line to weekly cycles of cisplatin in an
ICs5p concentration according to Gosepath et al. [56]. Results of STR analysis of A2780 and A2780CisR
can be found in Table S7. Both cell lines have been previously characterized in our group [25,26].
Cisplatin resistant cell lines in the presence of an inhibitor were generated in an analogous manner in
the permanent presence of 3 nM luminespib, 5 nM panobinostat or 200 nM LMK235.

Cells were grown at 37 °C under humidified air supplemented with 5% CO, in RPMI 1640 (A2780,
CaOV3 and, OVCAR3) or DMEM (HEK293) containing 10% heat inactivated fetal calf serum, 120
IU/mL penicillin, and 120 ug/mL streptomycin.

4.3. Cell Viability Assay

The cytotoxic activity of the inhibitors and cisplatin was evaluated by an MTT assay as previously
described [26,32,33]. To analyze the interactions between HSP90i and HDAC], cells were preincubated
with one of these inhibitors for 48h followed by treatment for 72 h together with the second inhibitor.
To determine the effect of HSP90i and HDAC: on cisplatin sensitivity, inhibitors were coincubated for
72 h with cisplatin or preincubated for 48 h prior to cisplatin addition. Total incubation time of cells
never exceeded 120 h. All experiments were performed at least three times in triplicates. Shift factors
(SF) were calculated by dividing the ICsj value from single agent-treated cells by the ICsy value of
combined treated cells. Resistance factors (RF) were calculated as the ratio between ICsy values of
cisplatin-resistant cells and the sensitive subline.

4.4. Doubling Time

A2780 and A2780CisR cells were plated in 24-well plates (Sarstedt AG, Niirmbrecht, Germany)
and incubated under culture conditions for 24 h. After 24 h, initial cell number was determined and
cells were incubated with HSP90i or HDACi for additional 24, 48, and 72 h. After each time point,
cells were harvested by trypsin-EDTA, diluted in 0.9% NaCl with 0.1% NaN3 (Acros Organics, Geel,
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Belgium) and counted by flow cytometry (Partec GmbH, Muenster, Germany). Doubling time was
calculated using GraphPad Prism v. 4.0 (GraphPad Software Inc, San Diego, USA).

4.5. Analysis of Apoptosis Induction

To determine the number of apoptotic cells, A2780 and A2780CisR cells were treated in 24-well
plates with the indicated concentrations of the inhibitors for 24 or 48 h. If mentioned, cells were first
treated for 48 h with indicated inhibitor and then treated for 6 h with the ICsj of cisplatin. Next,
cells recovered for 24 h. After total incubation time, cells were lysed overnight in hypotonic staining
buffer (0.1% Triton X-100, 0.1% sodium citrate in sterile water) containing 100 png/mL propidium iodide
(PL, PromoCell, Heidelberg, Germany) and analyzed by flow cytometry (Partec GmbH, Muenster,
Germany). Ten percent DMSO incubated for 24 h served as positive control for apoptosis induction.

4.6. Immunoblotting

Cells were treated with the inhibitors for the indicated time periods. After treatment, cells were
lysed by using Lysis Buffer 6 (R&D Systems Inc, Minneapolis, MN, USA). Protein concentration
was determined with the bicinchoninic acid (BCA) protein assay. From 20 to 30 pg of protein were
separated by SDS-PAGE (8% polyacrylamide gel for AKT and pAKT, 12% polyacrylamide gel for
o-Tubulin and Acetyl-«-Tubulin) and transferred to PVDF membrane (Millipore Corporation, Billerica,
MA, USA). Blots were incubated with primary antibodies against HSP90 o/f3 (Cat. No. sc-7947),
AKT (Cat. No. sc-8312), phospho AKT (5.Ser 473, Cat. No. sc-293125), B-actin (Cat. No. sc-47778),
a-tubulin (Cat. No. sc-8035) (Santa Cruz Biotechnology, Heidelberg, Germany), APAF-1 (Cat. No.
MAB868), survivin (Cat. No. AF886) and p21 (AF1047) (Bio-Techne GmbH, Wiesbaden-Nordenstadt,
Germany). Membranes were incubated with the corresponding HRP-conjugated secondary antibody
(R&D Systems Inc, Minneapolis, MN, USA). Proteins were visualized using luminol reagent (Santa
Cruz Biotechnology, Heidelberg, Germany) and an INTAS Science Imaging Instrument (Chemo Imager
INTAS, Goettingen, Germany).

4.7. RNA Extraction and PCR

Cells were treated with the indicated conditions and harvested at 70-80% confluence. Total
RNA extraction was performed using RNeasy Mini Kit with DNase treatment according to the
manufacturer’s instructions (Qiagen, Hilden, Germany). Total RNA (ug) was reverse transcribed using
the High Capacity cDNA Reverse Transcription Kit (Thermo Scientific, Wesel, Germany). Thermocycler
program setting was initiated for 10 min at 25 °C, followed by 120 min at 37 °C. In total, 20 ug cDNA
were diluted in 100 uL TE buffer (1 mM Tris-HCl, 0.1 mM EDTA in distilled water; pH 7.50). Specific
primers (Sigma Aldrich, Steinheim, Germany, Table 5) were designed by Primer-BLAST (NIH, Bethesda,
Maryland, USA) [62]. The PCR program consisted of an initial denaturation step at 95 °C for 2 min
for the first cycle then continued with 94 °C for 20 s, 57 °C for 30 s and 72 °C for 60 s for 40 cycles.
The PCR products were separated using 2% agarose gel in TAE buffer (2.42 g Tris, 0.57 mL acetic acid
and 185 mg EDTA disodium salt in 500 mL distilled water). DNA bands were stained using GelRed
(New England Biolabs, Frankfurt, Germany) and detected with an Intas Gel iX Imager UV system
(INTAS, Goettingen, Germany). GeneRuler 50 bp (Thermo Scientific, Wesel, Germany) was used as
DNA ladder and B-tubulin served as housekeeping gene.
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Table 5. Primer sequences for PCR.

Gene. Primer Forward Primer Reverse Size [bp]
BAK GAACAGGAGGCTGAAGGGGT TCAGGCCATGCTGGTAGACG 307
survivin CGAGGCTGGCTTCATCCACT ACGGCGCACTTTCTTCGCA 283
Bcl-xL CTGAATCGGAGATGGAGACC TGGGATGTCAGGTCACTGAA 211
BAX GATGCGTCCACCAAGAAGCT CGGCCCCAGTTGAAGTTG 170
B-tubulin (TUBB) TCTACCTCCCTCACTCAGCT CCAGAGTCAGGGGTGTTCAT 161
Mcl-1 GGACATCAAAAACGAAGACG GCAGCTTTCTTGGTTTATGG 154
APAF-1 ACAATGCTCTACTACATGAAGGATATAAAGA CACTGGAAGAAGAGACAACAGGAA 81
p21 CCTAATCCGCCCACAGGAA AAGATGTAGAGCGGGCCTTTG 68

4.8. Caspase 3/7 Activation Assay

Compound-induced activation of caspases 3 and 7 was analyzed using the CellEvent Caspase-3/7
green detection reagent (Thermo Scientific, Wesel, Germany) according to the manufacturer’s
instructions. Briefly, A2780CisR cells were seeded in 96-well plates (Corning, Kaiserslautern, Germany)
at a density of 4000 ¢/w. Cells were treated with panobinostat or LMK235 and/or HSP990 or luminespib
(as indicated) for a maximum treatment duration of 48 h. Then, medium was removed and 50 uL of
CellEvent Caspase 3/7 green detection reagent (2 uM in PBS supplemented with 5% heat inactivated
FBS) was added. Cells were incubated for 30 min at 37 °C in a humidified incubator before imaging by
using the Thermo Fisher ArrayScan XTI high content screening (HCS) system with a 10 X magnification
(Thermo Scientific). Hoechst 33342 was used for nuclei staining.

4.9. Statistical Methods

Assays were performed at least in three independent experiments. Concentration—effect curves
were obtained using Prism 4.0 from GraphPad, San Diego, CA, USA, by fitting the pooled data to
the four-parameter logistic equation with variable hill slope. Flow cytometry data were analyzed
using FloMax 2.82 (Partec, Muenster, Germany). Statistical significance was assessed by two-tailed
Student’s t-test.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/21/8300/s1,
Figure 51: Effects of HSP90i and HDACi on cell growth and protein expression, Figure 52: Antiproliferative activity
of HDACi and HSP90i against ovarian cancer cell lines, Figure S3: Concentration-dependent 48 h incubation with
HSP990 (IC50, three-fold and five-fold IC50) and time-dependent incubation with three-fold IC50 of HSP990,
Figure S4: Influence on the cytotoxicity of HSP90i and HDAC:i on each other, Figure S5: Apoptosis induction was
analyzed in A2780 and A2780CisR after a 24 h incubation with an HSP90i or panobinostat followed by a 24 h
incubation with both inhibitors in combination, Figure 56: HSP90i and HDA Ci treatment enhance the activity
of cisplatin in A2780 and A2780CisR, Figure S7: Triple combination treatment (HDACi, HSP90i, cisplatin) is
not superior to dual combination of HDACi and cisplatin with regard to cisplatin cytotoxicity and apoptosis
induction, Figure S8: Effect of HDACi, HSP90i and drug combinations on cell cycle distribution, Figure S9: A72h
preincubation with LMK235 (350 nM for A2780 and 500 nM for A2780CisR) (A,B) or panobinostat (10 nM for
A2780 and 20 nM for A2780CisR) (C) or 48 h preincubation with HDACi followed by 24 h incubation together with
HDACi and HSP90i increased cisplatin sensitivity after 48 h cisplatin treatment at A2780 (C) and A2780CisR (A,B)
cells, Figure S10: Effects of HDACi or HSP90i incubation or preincubation prior to cisplatin on apoptosis related
genes, Figure S11: Effects of HDACi or HSP90i incubation or preincubation prior to cisplatin on protein expression
levels, Table S1: Influence on the cytotoxicity of HSP90i and HDAC:i on each other, Table 52: Influence of dual
or triple combinations with HDACi or HSP90i on the cytotoxic activity of cisplatin in A2780 and A2780CisR
cells, Table S3: Shift factors of dual or triple combinations with HDACi or HSP90i on the cytotoxic activity of
cisplatin in A2780 and A2780CisR cells, Table S4: Influence of dual combinations with panobinostat or HSP990 on
the cytotoxic activity of cisplatin in CaOV3, CaOV3CisR, OVCAR3, and OVCAR3CisR cells, Table S5: Effects of
short-term treatment with HDACi or HSP90i on cisplatin sensitivity of A2780/A2780CisR ovarian cancer cells,
Table Sé6: Influence of HDACi/HSP90i preincubation on cisplatin sensitivity of non-tumor cell line HEK293, Table
S7: Results of STR analysis of A2780 and A2780CisR.
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Abbreviations

(p)AKt/AKT (phosphorylated) protein kinase B

APAF-1 apoptotic protease activating factor 1

BAK Bcl-2 homologous antagonist killer

BAX Bcl-2-associated X protein

Bel-xL B-cell lymphoma-extra large

cDDP cis-diamminedichloroplatinum(II) (cisplatin)
coinc coincubation

HDAC histone deacetylase

HDACi histone deacetylase inhibitor

HSP90 heat shock protein 90

HSP90i heat shock protein 90 inhibitor

HSP990 NVP-HSP990

lumi luminespib; NVP-AUY922

pano panobinostat

PCR polymerase chain reaction

preinc preincubation
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Figure S1. Effects of HSP90i and HDACi on cell growth and protein expression in A2780 and
A2780CisR cells. Shown are the uncropped, labeled, and representative immunoblots from which Figure
1C was assembled.
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Figure S2. Antiproliferative activity of HDACi and HSP90i against ovarian cancer cell lines. The
cytotoxic activity of the HSP90i luminespib and NVP-HSP990 and the HDACi panobinostat was
determined against A2780 (A,B), CaOV3 (C,D), OVCAR3 (E,F) and their cisplatin resistant sublines with
a MTT assay after a 72h incubation. The HDACi LMK235 was characterized at A2780 and A2780CisR
(A,B). Data shown were determined in at least three independent experiments each performed in
triplicates. Graphs show average + SD. ICso, pICso, and SEM were summarized in Table 1.
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dependent incubation with 3-fold ICso of HSP990 led to a decrease in AKT expression and AKT
phosphorylation. Shown is a representative experiment out of three.

1259 -
125+ - -
1004 @&
— 100+ 20
23 Z g 751
ZE 75 €89
® § S0 504
S O g =%
=6 3 2 25+
82 25 = = control
o confrol 04 -+ preinc 48h AUY922
04 < preinc 48h AUY922 ® preinc 48h HSP990
o preinc 48h HSP990 — T T T T T
— p—————— T -~ 10 -9 -8 7 -6 -5
. 0 8 8 7 6 5 log [Panobinostat], M
log [Panobinostat], M
(A) (B)
1264 = 1251 L
—100] 8 & ¥a 7 —100{ & §
23 100{ & 25
=¥ 754 =g 759
£ 8 g 8 50
=% % Z%
82 25 5 control 82 250 u A2780CisR
04 ¢ preinc 48h AUY922 04 & +7.5nMAUY922
o preinc 48h HSP990 e + 15 nM HSP990
- -9 -8 7 6 -5 -4 - 89 8 7 6 -5 -4
log [LMK235], M log [LMK235], M
(O) (D)

Figure S4. Influence on the cytotoxicity of HSP90i and HDACi on each other. A 48h preincubation with the
HSP90i (luminespib or HSP990 did not influence the cytotoxic activity of panobinostat (A,B) or LMK235 (C,D)
in A2780 (A,C) and A2780CisR (B,D). Concentrations used were 5 nM luminespib and 10 nM NVP-HSP990
for A2780; 7.5 nM luminespib and 15 nM NVP-HSP990 for A2780CisR. Graphs shown are average + SD from
at least three independent experiments each performed in triplicates. Control is the concentration effect curve
of cisplatin with the indicated cell line without any pretreatment. ICso (pICso + SEM) and significances are
shown in Table S1.
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Figure S5. Apoptosis induction was analyzed in A2780 and A2780CisR after a 24h incubation with an HSP90i
or panobinostat followed by a 24h incubation with both inhibitors in combination. Maximum incubation time
did not exceed 48h. Concentrations used were 10 nM panobinostat, 5 nM luminespib and 10 nM HSP990 in
A2780 and 20 nM panobinostat, 7.5 luminespib and 15 nM HSP990 in A2780CisR. 10% DMSO for 24h was
used as positive control for apoptosis induction. Values were normalized to the effect of 10% DMSO.
Experimental treatment schemes 1-4: To analyze the effect of panobinostat (pano) on HSP90i (luminespib =
lumi) and vice versa, one inhibitor was preincubated for 24h before the other was applied for an additional
24h incubation. Data shown are mean + SEM of three independent experiments each carried out in triplicates.
Statistical analysis was performed using t-test. Levels of significance: * (p < 0.05); ** (p < 0.01); *** (p < 0.001).

139



HSP901

1259 125+
— 1004 &1 FF—= _10{ -
N kg 2% FIFE--5-58%
= £ 754 T~ = £ 75
i 58
: 50 B ax 507
% ‘E A control - % 2 control &
8 & 25d ¢ 5nMIumiceinc® s © 2 254 ¢ 100M lumicoine \
5 nM humi preine®®* L0 nt Tumi preinc
o] ® 100\ 118P990 coine e 04 ®  15nM HSP990 coinc™
© 10nh HEP990 preinc™ 15 nhd TISPG%) preinct*
-0 -8 -7 -6 -5 -1 -3 -0 -8 -7 -6 -5 =4 -3
log [cisplatin], M log [cisplatin], M
(A) A2780 (B) A2780CisR
HDACi
1254 1254
= 1004 &1 —, 1004 o
B2 e IF-®-. Fnlr
Z2E 5 It 2E 5] dar
a8 FTIFELC g 9 2 >l ke
T o 50 @D Z & 50 g
= °° A control QY =g °° A control i\ .
w 2% 954 10 M pan(lcninc"“‘;"s:\ w 2% 954 200 nM pano coine B
LI nM pano preing™= b= 20 ni pano preing™* ‘;\@:—Q
04 ® 500 nh LMK235 coinc*** 8 04 ® 700 nd LMK235 coinc® )
O 500 nh LMEZ235 preinc O T nh LMEZ235 preing
_| : T Ll T T T L} _| : T Ll T T T L}
o 8 7 6 5 -4 A3 o 8 7 6 5 -4 A3
log [cisplatin], M log [cisplatin], M
(C) A2780 (D) A2780CisR
O w/o cisplatin
Bl -+ 6h cisplatin . s o ”
1254 - E i " e e
3z
= 'E 1009 -
S8
2 o 751
S a
&=
=4 504
¥
=3
(|l K
o il ] Hil I
o) = - = =) ) o i = =) =) )
2 £ £ ¢ & § ¢ §f B g§ & 8
a8 & = & 8 o =
, =3 T 5 S - oo b
- &
2 =
A2780 A2780CisR
(E)

Figure S6. HSP90i and HDAC] treatment enhance the activity of cisplatin in A2780 and A2780CisR.
Coincubation of cisplatin (coinc) or a 48h preincubation prior to cisplatin treatment (preinc) with HSP90i
luminespib (lumi) or HSP990 (A, B) or HDAC]I panobinostat (pano) or LMK235 (C, D) enhanced the cytotoxic
activity of cisplatin in A2780 and A2780CisR cells, respectively. (E) Apoptosis induction in A2780 and
A2780CisR cells by HDAC] or HSP90i with or without (w/o) cisplatin. HSP90i or HDAC] were preincubated
for 48h prior to cisplatin treatment for 6h with an ICse followed by 24h recovery (without cisplatin).
Concentrations used of HSP90i and HDACi were the same as denoted in (A-D). 10% DMSO was used as
positive control for apoptosis induction. Data shown are mean + SEM of three independent experiments.
Corresponding ICso values for A-D are shown in Table 2A. Statistical analysis was performed using t-test.

Levels of significance: * (p <0.05); ** (p < 0.01); ™ (p < 0.001).
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Figure S7. Triple combination treatment (HDACi, HSP90i, cisplatin) is not superior to dual
combination of HDACi and cisplatin with regard to cisplatin cytotoxicity and apoptosis induction.
48h preincubation of luminespib or HSP990 prior to addition of panobinostat or LMK235 plus cisplatin
increased cisplatin sensitivity up to 5-fold in A2780 (A) and A2780CisR (B). Cells were preincubated for
48h with an HSP90i or HDACI prior to 72h cisplatin plus HDACi or HSP90i. Corresponding results are
also shown in Table 2B/C. (C) Apoptosis induction in A2780 and A2780CisR upon 48h pretreatment with
HDACI and/or HSP90i followed by 6h cisplatin treatment (with an ICso concentration) or solvent control
(w/o cisplatin) and 24h recovery without cisplatin. Concentrations used for apoptosis assay were the
same as for cell viability assay (A, B) except for panobinostat in A2780CisR (25 nM). 10% DMSO was
used as positive control for apoptosis induction. Data shown are mean + SEM of three independent
experiments. Statistical analysis was performed using t-test. Levels of significance: * (p < 0.05); ** (p <
0.01); *** (p = 0.001).
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Supplemental Method: Analyzing of cell cycle distribution. Cells were seeded in 6-well plates and treated
with HSP90i or HDACI for 48h. After treatment, cells were fixed and permeabilized in 70% ethanol at -20°C for at
least 24h. After washing cells with PBS, cells were stained with 1 ug/mL propidium iodide containing 0.1 % Triton-
X100 and 0.2 mg/mL DN Ase-free RNAse A (AppliChem, Darmstadt, Germany). After 15 minutes incubation at 37
°C in the dark, cells were analyzed for DNA content by flow cytometry (Partec GmbH, Miinster, Germany).
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Figure S8. Effect of HDACi, HSP90i and drug combinations on cell cycle distribution of A2780 (A) and
A2780CisR (B). Cells were incubated for 48h with HDACi or HSP90i alone or in combination and stained with
PI For G2/M arrest control, 50 nM paclitaxel was incubated for 24h. Graphs show average + SEM from three
independent experiments.
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Figure S9. A 72 hour preincubation with LMK235 (350 nM for A2780 and 500 nM for A2780CisR) (A,B) or
panobinostat (10 nM for A2780 and 20 nM for A2780CisR) (C) or 48h preincubation with HDACi followed by
24h incubation together with HDAC] and HSP90i increased cisplatin sensitivity after 48h cisplatin treatment
at A2780 (C) and A2780CisR (A,B) cells. Data shown are average + SD from three independent experiments
each carried out in triplicates. Control is the concentrations effect curve of cisplatin without any pretreatment.

Statistical analysis was performed using t-test. Levels of significance: *** (p < 0.001).
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Figure S10. Effects of HDACi or HSP90i incubation or preincubation prior to cisplatin on apoptosis-
related genes. Ratios of integrated densities of genes of interest and @-tubulin corresponding to PCR
results shown in Figure 5.
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Table S1. Influence on the cytotoxicity of HSP90i and HDACIi on each other.

A2780
lumi HSP990
1Cso (pICso = SEM) SF 1Cs0 (pICso = SEM) SF
control 41.6 (7.38 +0.03) - 74.0 (713 £0.04) -
pano preinc 13.2(7.88 £ 0.04) 3.2 26.9 (7.57 £ 0.07) 2.8
LMK235 preinc 29.1(7.54 +0.02) 1.4+ 40.8 (7.39 + 0.05) 1.8 ***
pano LMK235
control 56.2(7.25+0.03) - 2,490 (5.60 £ 0.04) -
lumi preinc 28.6(7.54 +0.23) 2.0 (ns) 2,420 (5.62 £ 0.05) 1.0 (ns)
HSP990 preinc 58.8 (7.23 + 0.07) 1.0 (ns) 2,240 (5.65 + 0.04) 1.1 (ns)
A2780CisR
lumi HSP990
1Cso (pICso = SEM) SF 1Cs0 (pICso = SEM) SF
control 44.2 (7.35+0.03) - 74.6 (713 £0.02) -
pano preinc 13.6 (7.87 £ 0.10) 33% 39.9(7.40 £ 0.08) 1.9*
LMK235 preinc 42.2 (7.38 +0.08) 1.0 (ns) 61.7 (7.21 +0.08) 1.2 (ns)
pano LMK235
control 67.4(7.17 +0.06) - 1,830 (5.74+0.04) -
lumi preinc 48.6 (7.31+0.05) 14* 2,190 (5.66 + 0.02) 0.8 (ns)
HSP990 preinc 65.5(7.18 +0.04) 1.0 (ns) 1,770 (5.75+ 0.05) 1.0 (ns)

ICso values [nM] of MTT assays with HSP90i or HDAC] incubation (72h) at A2780 and A2780CisR after 48h with
indicated preincubation (preinc) of HDAC] or HSP90i shown in Figures 2A-D and S3. Data shown is pooled data
from three independent experiments. Statistical analysis was performed using t-test. Levels of signiticance: (ns) (p

>0.05); * (p < 0.05); ** (p < 0.01); *** (p < 0.001).
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Table S2. Influence of dual or triple combinations with HDACi or HSP90i on the cytotoxic activity
of cisplatin in A2780 and A2780CisR cells.

A — Dual Combination (inhibitor + cisplatin)

cisplatin pICso + SEM
Control HSP90i HDACGI
cell line
(cisplatin luminespib HSP990 panobinostat LMK235
only) Coinc preinc coinc preinc coinc preinc coinc  preinc
A2780 548 5.62 6.15 5.65 6.30 5.79 6.24 6.16 6.25
+0.02 +0.06 +0.13 +0.05 +0.06 +0.03 +0.08 +0.04 +0.08
471 4.60 4.88 459 493 478 519 496 515
A2780CisR
+0.02 +0.03 +0.09 +0.02 +0.05 +0.07 +0.09 +009 +0.10
B — Triple Combination I (HSP90i prior to HSP90i + HDACI + cisplatin)
A2780 A2780CisR
cisplatin pICso + SEM cisplatin pICso + SEM
i . HDACi/cisplatin . i HDACi/cisplatin
cisplatin cisplatin
pano LMK235 pano LMK235
. 6.15 6.19 6.20 4.88 491 5.01
lumi
+0.13 +0.20 +0.11 +0.09 +0.18 +0.08
HSP90i
6.30 6.16 6.02 493 511 515
HSP990
+0.06 +0.05 +0.07 +0.05 +0.14 +0.07
C — Triple Combination II (HDAC] prior to HDACi + HSP90i + cisplatin)
A2780 A2780CisR
cisplatin pICso + SEM cisplatin pICso + SEM
i . HSP90i/cisplatin . i HSP90i/cisplatin
cisplatin - cisplatin -
lumi HSP990 lumi HSP990
5.79 6.04 6.07 519 522+ 523
pano £0.03 £0.16 £0.07 £0.09 010 £011
HDACGI
6.25 6.16 6.08 515 5.04+ 5.03
LMK235
+0.08 +0.08 +0.05 +0.10 0.19 +0.11

(A) Dual combinations in A2780 and A2780CisR (data and concentrations from Figures S5/56). (B) Triple
combinations in A2780 and A2780CisR. Preincubation (preinc) means a 48h preincubation with the indicated
inhibitor followed by a 72h incubation with cisplatin (A) and additionally if indicated with a HDACi/HSP90i (C).
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Table S3. Shift factors of dual or triple combinations with HDACi or HSP90i on the cytotoxic activity
of cisplatin in A2780 and A2780CisR cells.

A — Dual Combination (inhibitor + cisplatin)

HSP90i HDACGI
cell line luminespib HSP990 panobinostat LMK235
coinc preinc coinc  preinc coinc  preinc coinc preinc
A2780 14~% 4.7 15 67* 207 59 4.8 59 =
A2780CisR 08~ 1.5ns 08 1.7* 12ns 3.0 18~ 28
B — Triple Combination I (HSP90i prior to HSP90i + HDACI + cisplatin)
A2780 A2780CisR
HDACi/cisplatin HDACi/cisplatin
cisplatin cisplatin
pano LMK235 pano LMK235
. lumi 4.7+ 51 5.3 15ns 1.6ns 2.0
HSP90i
HSP990 6.7 ** 4.8 3.5 1.7 25% 2.8
C — Triple Combination II (HDAC] prior to HDACi + HSP90i + cisplatin)
A2780 A2780CisR
. i HSP90i/cisplatin . . HSP90i/cisplatin
cisplatin - cisplatin -
lumi HSP990 lumi HSP990
. pano 59 #* 3.7 4.0 3.0 3.2+ 33*
HDACi
LMK235 5.9 4.8 4.0 = 2.8 2.1* 21

Data shown are shift factors (SF) corresponding to drug combinations from Table 2. which were calculated as the
ratio of ICso of cisplatin and the ICso of the corresponding drug combination. ICso values are shown in Table 2,
PICs0 and SEM are shown in Table S2. Statistical analysis was performed using t-test. Levels of significance: ns (p
>0.05); * (p < 0.05); ** (p < 0.01); *** (p < 0.001).

Table S4. Influence of dual combinations with panobinostat or HSP990 on the cytotoxic activity of
cisplatin in CaOV3, CaOV3CisR, OVCAR3, and OVCAR3CisR cells.

. . + 48 h pretreatment
cell line cisplatin HSP990  panobinostat
pICso + SEM  pICso+ SEM  plCso + SEM
CaOV3 5.72+0.01 6.10+0.02 5.98 £ 0.05
CaOV3CisR 5.32+0.02 5.50+0.03 5.86 £ 0.15
OVCAR3 5.40 +£0.02 5.56 +£0.12 5.82+0.09
OVCAR3GCisR  4.42+0.02 490+0.24 5.10+0.10

Data shown are pICso + SEM (SF) from three independent experiments each carried out in triplicates. Dual
combinations in CaOV3, OVCAR3, and their cisplatin resistant sublines. The concentrations used were 10 nM for
panobinostat and 10 nM HSP990. ICso values are shown in Table 4.
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Table S5. Effects of short-term treatment with HDACi or HSP90i on cisplatin sensitivity of
A2780/A2780CisR ovarian cancer cells.

A - A2780
ICso (pICso + SEM)
[SF]
without inhibitor +24h 5 nM lumi +24h 8§ nM HSP990
control 15.4 (4.81 0.03) . -
(48h cisplatin)

72h 10 M pano 5.61 (5.25 + 0.06) 4.88 (5.31 +0.08) 7.23 (5.14 + 0.06)

2.7 "] [3.2 %] [2.17%%]
72h 350 nM 5.55 (5.26 £ 0.06) 4.78 (5.32 + 0.06) 6.52 (5.19 +0.12)

LMK235 [2.8 %] [3.2] 2.4

B - A2780CisR
ICso (pICso + SEM)
[SF]
without inhibitor + 24h 7.50 nM lumi + 24h 15 nM HSP990
control 727 (414 0.04) . -
(48h cisplatin)

72h 20 M pano 9.56 (5.02 + 0.14) 11.7 (4.93 +0.23) 9.88 (5.01 +0.27)

[7.6 ] [6.2%] [7.4%]
72h 500 nM 17.0 (4.77 £ 0.09) 18.7 (4.73 £ 0.10) 20.5 (4.69 +0.13)

LMK235 [43 %] [3.9 %] [3.5 ]

Data shown are ICso values in pM and pICso + SEM of cisplatin (48h incubation) determined by MTT assays
against A2780 (A) and A2780CisR (B) with inhibitor incubation. Data were obtained from three independent
experiments each carried out in triplicates. Shift factors (SF) were calculated as the ratio of ICso of cisplatin and the
ICso of the corresponding drug combination. Lumi means luminespib and pano means panobinostat.
Concentrations used as described in Figure 8. Corresponding Curves are shown in Figure 4A/S8. Statistical
analysis was performed using t-test. Levels of significance: *** (p < 0.001).

Table Sé6. Influence of HDACi/HSP90i preincubation on cisplatin sensitivity of non-tumor cell line
HEK293.

preincubation condition ICso0 (pICso + SEM) SF

control 3.09 (5.51 +0.02) -
2 nM luminespib 4.47 (5.35 + 0.03) 0.7
5 nM HSP990 2.60 (5.59 + 0.05) 1.2
10 nM panobinostat 254 (5.60+0.07) 1.2
350 nM LMK235 1.85(5.73 + 0.07) 1.7

Data shown are ICso values in pM and pICso + SEM of cisplatin atter a 72h incubation determined with MTT
assays against HEK293 cells. HEK293 cells were preincubated with the indicated inhibitors for 48h prior to
cisplatin administration. Shift factors (SF) were calculated as the ratio of ICso of cisplatin (“control”) and the ICso
of the corresponding drug combination. Graphs are shown in Figure 7. Data were obtained from three
independent experiments each carried out in triplicates. The shift factors shown were not significantly different

from control. Statistical analysis was performed using t-test.
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Table S7. Results of STR analysis of A2780 and A2780CisR

Lo |a27s0 22780 | apzgocisg AZ780CHR
(ECACC) (ECACC)
D5S818 | 11,12 11,12 11, 12 11
D16S539 | 11,13 11,13 11,13 11,13
VWA | 15,16 15,16 15, 16 15,16
D13S317 | 12,13 12,13 13 13
CSFIPO | 10,11 10,11 10,11 10,11
TPOX | 8,10 8 10 8 8,10
THO1 6 6 6 6
D21S11 | 28 - 28 -
D75820 | 10 10 10 10
AMEL X X X X

Shown are the results of the short tandem repeat (STR) analysis of the cell lines A2780 and A2780CisR. The results
were compared with the data of the cell bank ECACC and it can be stated that A2780 and A2780CisR were
successfully authenticated.
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3 Ergebnisse

3.4 Publikation 4 (Manuskript)

Synergism of the Class lla Selective Histone Deacetylase Inhibitor CHDI-
00390576 and the Proteasome Inhibitor Bortezomib in Ovarian Cancer Cell Lines

Jan J. Bandolik', Alexander J. Skerhut', A. Hamacher', Matthias U. Kassack'

1 Institut fur Pharmazeutische und Medizinische Chemie, Heinrich-Heine-Universitidt Disseldorf

Veroffentlicht in: eingereicht bei Cancers am 05.03.2021

Beitrag: Erstautorenschaft. Durchfuhrung der Experimente (Ausnahme: isolierter
Enzyminhibitonsassay) dieser (eingereichten) Veréffentlichung. Auswertung der Daten
und Verfassen der ersten Version des Manuskripts.

Zusammenfassung (ubersetzt): Das Ovarialkarzihom hat die mit Abstand
schlechteste klinische Prognose unter den gynakologischen Krebserkrankungen. Ein
grolRes Problem ist die intrinsische oder erworbene Resistenz gegen Zytostatika wie
Platinverbindungen. Dies macht die Erforschung neuartiger Behandlungsstrategien fur
platinresistente Karzinome notwendig. Es ist bekannt, dass epigenetische Stérungen,
wie eine erhdhte Aktivierung von Histondeacetylasen (HDACs), zur Chemoresistenz
von Krebs beitragen. Das Ziel dieser Studie war es, den Beitrag der Klasse lla HDACs
zur Chemoresistenz von Ovarialkarzinomen zu untersuchen. In einem Panel von 10
Ovarialkarzinom-Zelllinien — bestehend aus funf Paaren von Cisplatin-sensitiven und
Cisplatin-resistenten Zelllinien - untersuchten wir die Kombination des Klasse lla
selektiven HDAC-Inhibitors CHDI-00390576 (CHDI) mit dem Proteasom-Inhibitor
Bortezomib (BTZ). Diese Kombination war in A2780- und TOV21GcisR-Zellen hoch
synergistisch, wie die Synergieanalyse nach Chou und Talalay (MTT-Assay) zeigte.
CHDI verstarkte die Apoptoseinduktion von BTZ durch Aktivierung von Caspase3/7.
Dartber hinaus verstirkte CHDI die BTZ-induzierte DNA-Schadigung (yH2AX-
Blldung) und erhéhte die Expression von proapoptotischen Genen wie APAF1, BAD,
BAK, p21 und FOXO. Zusammenfassend lasst sich sagen, dass CHDI und BTZ eine
hochsynergistische Kombination darstellen, die Uber die Caspase3/7-induzierte
Apoptoseinduktion durch erhéhte Expression von proapoptotischen Genen wirkt und
somit das Potenzial einer neuartigen Behandlungsstrategie flr Eierstockkrebs bietet.
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Synergism of the Class lla Selective Histone Deacetylase Inhibitor
CHDI-00390576 and the Proteasome Inhibitor Bortezomib in Ovarian
Cancer Cell Lines

Jan J. Bandolik, Alexander J. Skerhut, Alexandra Hamacher, Matthias U. Kassack

Institute for Pharmaceutical and Medicinal Chemistry,
Department of Pharmaceutical Biochemistry, University of Duesseldorf,
40225 Duesseldorf, Germany

Simple Summary

Ovarian cancer has the worst clinical prognosis among gynecological cancers. Intrinsic or
acquired resistance against cytostatic drugs such as platinum compounds is a major problem
and requires novel therapeutic strategies. Epigenetic dysregulations, such as increased
histone deacetylase (HDAC) activity contributes to the development of chemoresistance.
Whereas the contribution of class | HDACs is widely accepted, the role of class Ila HDACs in
ovarian cancer chemosensitivity is less well understood. The aim of this study was to
investigate class Ila HDACs as novel therapeutic targets in ovarian cancer. Selective and
potent inhibition of class lla HDACs by CHDI-00390576 increased the potency of the
proteasome inhibitor bortezomib in a synergistic manner. The combination of CHDI-00390576
and bortezomib increased pro-apoptotic gene expression and induced caspase3/7-mediated
apoptosis. Class lla HDAC plus proteasome inhibition is highly synergistic and may constitute
a novel treatment combination particularly in chemoresistant ovarian cancer.

Abstract

Ovarian cancer has the poorest clinical prognosis among gynecologic cancers. A major
problem is intrinsic or acquired resistance to cytostatic drugs such as platinum compounds.
This warrants the investigation of novel treatment strategies for platinum-resistant cancers.
Epigenetic disturbances such as increased activation of histone deacetylases (HDACs) are
known to contribute to cancer chemoresistance. The aim of this study was to investigate the
contribution of class Ila HDACs to ovarian cancer chemoresistance. In a panel of 10 ovarian
cancer cell lines - five pairs of cisplatin-sensitive and cisplatin-resistant cell lines — we
evaluated the combination of the class lla selective HDAC inhibitor CHDI-00390576 (CHDI)
with the proteasome inhibitor bortezomib (BTZ). This combination was highly synergistic in
A2780 and TOV21GcisR cells as shown by synergy analysis (Chou-Talalay, MTT assay).
CHDI enhanced apoptosis induction of BTZ by activation of caspase3/7. In addition, CHDI
augmented BTZ-induced DNA damage (YH2AX staining) and increased expression of pro-
apoptotic genes such as APAF1, BAD, BAK, p21, and FOXO. In conclusion, class || HDAC
and proteasome inhibition by CHDI and BTZ are a highly synergistic combination acting via
caspase3/7-induced apoptosis induction through increased expression of pro-apoptotic genes,
thus offering the potential of a novel treatment strategy for (chemoresistant) ovarian cancer.

Keywords

ovarian cancer, histone deacetylase (HDAC) inhibition, proteasome inhibitor, bortezomib,
CHDI-00390576, cisplatin, cisplatin resistance, epigenetics, class lla HDAC inhibition
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Introduction

Ovarian cancer is by far the most lethal cancer within the group of gynecologic cancers
(uterine, breast, cervical, vulvar, and ovarian cancer). Comparing five-year survival rates within
this group, ovarian cancer shows the worst prognosis (47.6 %, USA; 43 %, Germany), while
breast cancer shows the best prognosis (89.9 %, USA; 88 %, Germany) [1-7]. Ovarian cancers
can be broadly divided into two groups: type | and II. Type | is typically less aggressive and
consists of subtypes endometrioid carcinoma, clear cell carcinoma, mucinous carcinoma, and
low-grade serous carcinoma (LGSOC). Type Il ovarian cancers clinically show an aggressive
progression and mainly include high-grade serous ovarian cancers (HGSOC). HGSOCs are
rapidly growing, exhibit genomic instability, and regularly show dysfunctional tumor
suppressors [8,9]. In cohort studies conducted in the USA, it has been shown that 68 % of
ovarian cancer cases are type |l diseases [10,11]. Primary treatment options include surgical
excision of the tumor and combined chemotherapy that includes platinum-containing cytostatic
agents such as cisplatin or carboplatin and paclitaxel [12]. At the beginning, most ovarian
cancers are chemosensitive. In many cases, drug resistance develops during therapy and
leads to therapeutic failure and relapse. The mechanisms leading to platinum resistance are
multifactorial and cannot be countered by increasing the dose of cis-/carboplatin given to the
patient [13—15], mainly since increasing platinum doses lead to intolerable side effects
(nephron-, oto-, neurotoxicity). Epigenetic aberrations are meanwhile well known to contribute
to chemoresistance of cancer cells [16]. Approaches to address chemoresistance include
synergistic combination therapies to increase platinum sensitivity or to prevent or delay the
development of drug resistance [17,18]. In this context, epigenetic modulators such as histone
deacetylase inhibitors (HDACI) are subject of preclinical and clinical research and show
promising effects in hematological and solid cancers [19-24]. On the other hand, the strategy
of treating a cisplatin-resistant tumor with other cytostatic drugs is also an approach with good
prospects. In a previous study, we have examined the use of pan- and class | HDACi to
investigate the reversal of cisplatin chemoresistance in HGSOC cells [19]. In the current study,
the approach will be pursued to treat ovarian cancer cell lines (pairs of parental and cisplatin-
resistant subclones) with a combination of the class lla selective HDACi CHDI-00390576
(CHDI) and the proteasome inhibitor bortezomib (BTZ). The rationale behind this approach is
that a combination of class Ila HDACi and proteasome inhibitors has been successfully
identified as synergistic in cancer cells such as multiple myeloma and pancreatic cancer but
not yet in ovarian cancer [25,26].

Homeostasis of the acetylation level of histones and non-histone proteins is maintained by
histone deacetylases (HDACs) and histone acetyltransferases (HATs). There are eleven
known zinc-dependent HDAC isozymes (HDAC1-11), which can be divided into four classes:
class | (HDAC1-3/8), class lla (HDAC4/5/7/9), class IIb (HDAC6/10), and class IV (HDAC11).
Class Il consists of non-zinc-dependent HDAC enzymes, known as sirtuins [27-29]. HDAC
enzymes are known to be overexpressed in diverse cancers, generally leading to
transcriptional repression [30]. Normalization of the dysregulated acetylation status of histones
and non-histone proteins using HDACI is an emerging strategy to increase the sensitivity of
tumor cells to other cytostatic drugs [19-24]. Class Ila HDACs have been less investigated so
far compared to class | HDACs. There is however increasing knowledge that class Ila HDACs
can also contribute to cancer proliferation and chemoresistance [31,32]. The mechanism of
action of HDACi may be based on downregulation of anti-apoptotic genes and upregulation of
proapoptotic genes [19,20]. Furthermore, HDACI could lead to cell cycle arrest, which would
result in apoptosis. However, the exact mechanism of action is not fully understood and is the
subject of current research. For ovarian cancer, overexpression of HDACs, especially HDAC1,
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is associated with a poor clinical prognosis, as the increased expression leads to an increase
in tumor aggressiveness [33].

The proteasome is a central part of protein quality control in cells. Proteins intended for
degradation are enzymatically linked to the protein ubiquitin and thus Ilabeled.
Polyubiquitinated proteins are bound to the proteasome via their ubiquitin chain and degraded.
The degradation is carried out by endopeptidases. In mammalian cells, the 26S proteasome
is expressed consisting of a proteolytically active 20S subunit and two regulatory active 195
subunits. The constant quality control of proteins by the ubiquitin proteasome system (UPS) is
a basis for the maintenance of important regulatory processes and cell homeostasis such as
the cell cycle or the initiation of apoptosis [34—38]. Overexpression of genes encoding subunits
of the proteasome has been shown for gynecologic cancers leading to increased degradation
of antitumor factors in cancer cells [39,40]. The proteasome inhibitor bortezomib was the first
drug in its class to be approved by the FDA in the U.S. and by the EMA in Europe for the
treatment of multiple myeloma [41,42]. While proteasome inhibitors show good clinical efficacy
in hematologic cancers, this has not yet been confirmed for solid tumors despite promising
preclinical data [43]. However, a phase Il clinical trial in South Korea is currently investigating
the use of BTZ in patients with cisplatin-resistant ovarian cancer in combination with the DNA
intercalator doxorubicin [44].

Based on the results of studies in other cancer entities [25,26], we investigated in this study
whether a therapeutic benefit would result from the combination of the class lla selective
HDACIi CHDI and the proteasome inhibitor BTZ. Although the effect of combining the class I/ll
selective HDACI trichostatin A with BTZ has already been studied in ovarian cancer [45,46],
the use of a highly selective and potent class lla HDACi in combination with BTZ has, to the
best of our knowledge, not yet been investigated. Strong synergistic effects of CHDI and BTZ
were observed in A2780 and TOV21GcisR and led to caspase-mediated apoptosis induction
with increased DNA double strand breaks.

Results

Characterization of the Human Ovarian Cancer Cell Lines

We chose human ovarian cancer cell lines A2780, CaOV3, HEY, OVCAR3, and TOV21G as
cellular models for different ovarian cancer types. While A2780 and TOV21G represent type |
diseases, CaOV3, HEY, and OVCARS represent the more aggressive type Il diseases (Table
1). In addition, cisplatin-resistant subclones (cisR) of the five cell lines were also included in
this study. CisR clones were generated according to methods previously published mimicking
the clinical treatment situation [47].
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Table 1. Overview of ovarian cancer cell lines.

Cell Line Grade Cell Type References

A2780 ) er.1dometr|0|d f:arcmoma (48-52)
(derived from primary tumor)

Ca0V3 ) high gra.de serous a.\denocarcmoma (48 53-55)
(derived from primary tumor)
high grade serous adenocarcinoma
HEY (derived from papillary deposit) (52-54,56)
high grade serous adenocarcinoma
(derived from ascites)
clear cell carcinoma
ToV216G i (hypermutated, derived from primary tumor) (48,54,58,59)

Information shown were gathered from different literature references as indicated.

OVCAR3 ] (48,52,57)

First, the cisplatin sensitivity of the cell lines and the resistance factor between sensitive
parental cell lines and their cisplatin-resistant subclones were determined (Figure 1, Table 2).

A2780= e .
RF = 2,46 (**)
A2780cisR = g -
CaQV3i= [ _
RF=1,45 (*%)
CaOV3cisR= L -
HEY+ e .
RF =824 (")
HEYcisR = —— -
OVCAR3- e .
RF = 3,07 (**)
OVCAR3cisR = —— -
TOV21G —— .
RF = 1,79 (**)
TOV21GcisR= ™ i
I L] L L L] LB LI I L L L L] LEL L I L L] L] L] LEL L I
1 10 100 1000

IG5, Cisplatin [uM]

Figure 1. Cisplatin sensitivity of the ovarian cancer cell lines. Cell viability was measured by MTT assay after
72 h incubation with different concentrations of cisplatin. Data shown are the mean + 95 % confidence interval of
at least two independent experiments each carried out in at least triplicates. The cell line specific |Csp values are
shown in Table 2. Resistance factors were calculated by dividing the ICsp values of the resistant cell lines by the
ICso values of the parental cell lines. Statistical analysis was performed using t-test.
Levels of significance: * (p < 0.05); ** (p = 0.01); *™* (p = 0.001).

The ICso values of the parental cell lines to cisplatin range from 4.52 pM for CaOV3 to 16.2
UM for OVCARS, while the cisplatin-resistant subclones show cisplatin 1Cs, values from 6.57
for CaOV3cisR to 57.0 uM for HEYcisR. The highest resistance factor (8.24) within a pair of
cell lines was achieved for HEY and HEYcisR cells. The data are summarized in Table 2. In
literature, cisplatin plasma levels of 1.90 to 8.72 uM are reported in patients (Cmax reached
after 1-1.5 h) [69].

Table 2. ICso, pICso, and resistance factors for cisplatin after 72 h incubation.
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CellLine ICso[uM]  pICso * SEM Cell Line ICso [uM]  pICso * SEM RF

A2780 6.42 5.19+0.02 A2780cisR 15.8 480 +0.02 2.46
CaOVv3 452 5.35+0.02 CaOV3cisR 6.57 5.18 £0.02 1.45
HEY 6.92 5.16 £ 0.02 HEYcisR 57.0 424 +0.11 8.24
OVCAR3 16.2 479+0.03 OVCAR3cisR 49.8 430+0.07 3.07
TOV21G 12.9 489+0.05 TOV21GcisR 231 464 £ 0.01 1.79

Data shown are the mean of pooled data from at least two experiments, each carried out in at least triplicates.

In terms of parental cell lines, it appears that initial cisplatin sensitivity does not necessarily
depend on the type of ovarian cancer. Considering above-mentioned clinically achievable
plasma concentrations of cisplatin, all parental cell lines show only moderate cisplatin
sensitivity or even cisplatin resistance, particularly OVCAR3 and TOV21G. Treatment with
intermittent concentrations of cisplatin allows acquired cisplatin resistance to develop in all five
cell lines. Except for CaOV3cisR, all subclones now exhibit ICs, values for cisplatin that are
outside clinically achievable concentrations, meaning a patient would appear as
chemoresistant. In a previous paper, we could demonstrate a sensitization of ovarian cancer
cells against cisplatin by treatment with class | HDAC inhibitors. Here, we tested the
combination of cisplatin and CHDI which however yielded only very low shift factors (less than
2) and did not turn out as synergistic - in contrast to class | HDACi (data not shown). We thus
looked for alternative treatments for cisplatin-resistant ovarian cancer cells. Literature reports
on promising combinations of class lla HDACi and proteasome inhibitors that have been
identified as synergistic in multiple myeloma and pancreatic cancer but not yet tested in ovarian
cancer [25,26]. We thus followed up on that approach and applied a combination of the class
lla HDACi CHDI and BTZ to our ovarian cancer cell lines.
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Cytotoxic Effects of CHDI-00390576 (CHDI) and bortezomib

We first analyzed the antiproliferative and cytotoxic effect of CHDI and BTZ using MTT assay
after a 72 h incubation period. Results are shown in Table 3 for CHDI and in Table 4 for BTZ.

Table 3. ICso and plCso for CHDI after 72 h incubation.

CellLine ICso[uM]  pICso £ SEM Cell Line ICso [UM]  pICso = SEM Sig
A2780 16.4 479 +0.03 A2780cisR 8.58 5.07 + 0.01 *
CaoV3 37.2 443 +0.02 CaOV3cisR 13.6 4.87 +0.02

HEY 39.7 4.40 +0.04 HEYcisR 7.89 5.10 + 0.06 *

OVCAR3 16.7 4.78 +0.09 OVCAR3cisR 21.1 4.68 +0.08 ns

TOV21G 4.95 5.31+0.05 TOV21GcisR 18.0 4.75 +0.12 *

Data shown are the mean of pooled data from at least two experiments, each carried out in at least triplicates.
The column Sig indicates whether there is a significant difference between the ICsp values for CHDI of the
parental cell line and the cisplatin resistant subclone. Statistical analysis was performed using t-test.
Levels of significance: ns (p > 0.05); * (p = 0.05); ** (p = 0.01); ** (p < 0.001).

ICso values of CHDI for the five parental cell lines vary from 4.95 uM for TOV21G to 39.7 pM
for HEY. Compared with their cisplatin resistant subclones, it can be seen that acquired
cisplatin resistance has an impact on CHDI sensitivity (up or down) except for
OVCAR3/OVCARS3cisR: ICsp values for CHDI at A2780 (A2780cisR: 8.58 puM), CaOV3
(CaOV3cisR: 13.6 uM), and HEY (HEYcisR: 7.89 uM) decreased after the development of
cisplatin resistance. Only for TOV21G, the ICs, value increased from 4.96 uM (parental) to
18.0 uM in TOV21GcisR cells. There is a tendency for the ovarian cancer type | cell lines
A2780 and TOV21G to show lower ICsp values towards CHDI than the type Il cell lines used.

Table 4. ICs and plCso for BTZ after 72 h incubation.

CellLine ICs[nM]  pICso * SEM Cell Line ICso [NM]  pICso  SEM Sig
A2780 42.1 7.38+0.02 A2780cisR 97.7 7.01 +0.09 o
CaoV3 226 7.65+0.03 CaOV3cisR 15.9 7.80 + 0.04 *

HEY 50.5 7.30+0.03 HEYcisR 245 7.61+0.12 o

OVCAR3 18.5 7.73+0.04 OVCAR3cisR 180 6.75+0.16 *

TOV21G 21.0 7.68+0.05 TOV21GcisR 498 7.30 +0.04 o

Data shown are the mean of pooled data from at least two experiments, each carried out in at least triplicates.
The column Sig indicates whether there is a significant difference between the ICsp values for BTZ of the parental
cell line and the cisplatin resistant subclone. Statistical analysis was performed using t-test.

Levels of significance: * (p < 0.05); ** (p < 0.01).

For BTZ, ICso values of the parental ovarian cancer cell lines range from 18.5 nM for OVCAR3
to 50.5 nM for HEY. The ICs values of BTZ in the cisplatin resistant subclones varied from
15.9 nM for CaOV3cisR to 180 nM for OVCAR3cisR. Literature data show plasma
concentrations of BTZ of around 500 nM after intravenous and 55 nM after subcutaneous
application (cmax) [70]. An efficient clinical inhibition by BTZ is not clear considering the high
ICso values of BTZ, particularly in A2780cisR and OVCARS3cisR cells. For all five cell line pairs,
BTZ sensitivity was significantly affected by acquired cisplatin resistance. In the case of CaOV3
and HEY, the ICs, of BTZ decreased and in A2780, OVCARS3, and TOV21G it increased.
Whereas BTZ sensitivity decreased in cisplatin-resistant type | cell lines (A2780, TOV21G),
cisplatin-resistant type Il cell lines (CAOV3, HEY, OVCAR3) displayed a mixed BTZ sensitivity.
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Investigation of the Cytotoxic Effect of the Combination of CHDI and BTZ

To investigate a potential superadditive or synergistic effect of a combination treatment with
CHDI and BTZ, the ten ovarian cancer cell lines were incubated for 72 h with BTZ and CHDI
in concentrations based on their IC to ICso values. For CHDI, this generally resulted in
concentrations in the single-digit micromolar range and for BTZ in the mid-double-digit
nanomolar range. Figure 2A shows the superadditive effect of 4 yM /6 uM CHDI with different
concentrations of BTZ in A2780 cells. Figure 2D shows similar data for TOV21GcisR cells.
Similar effects, but to a lesser extent, were obtained for A2780cisR (Figure 2B) and TOV21G
(Figure 2C) as well as the HGSOC cell lines CaOV3cisR, HEY, and OVCAR3 (SFigure 1,
STable 1), but not for CaOV3, HEYcisR, and OVCAR3cisR (data not shown).
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Figure 2. Combined cytotoxic effects of BTZ and CHDI. A2780 (A), A2780cisR (B), TOV21G (C), and
TOV21GcisR (D) cells were treated for 72 h with the indicated concentrations of BTZ and/or CHDI. Data shown
are the cytotoxic effect normalized to vehicle (untreated) control (mean + SD; n = 3).

The quantified superadditive cytotoxic effect is shown in Table 5.
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Table 5. Superadditive cytotoxic effect of BTZ and CHDI in A2780/cisR and TOV21G/cisR.

CHDI [uM CHDI [uM
A2780 M) TOV21G M)
4 6 2 a4
5 [06% 66% 5 * 13%
= [ 10 [73% 16%| = 10 3.9% 2.9%
E- 20 | 42% 32% E- 20 1.1 % 8.5 %
b |30 |38% 31%| & 30 5.5 % 11 %
40 | 34% 18% 40 3.0% 18%
_ CHDI [pM] _ CHDI [uM]
A2780cisR TOV21GcisR
6 4 6 8
5 * 5 * * 19%
= | 10 * 3 10 * 16% 39%
E- 20 * E- 20 | 15% 45% 64%
B | 30 29% a 30 | 30% 45% 53%
40 7.4 % 40 | 25% 40% 44%

Data shown are superadditive cytotoxic effect of the combination treatments with BTZ and CHDI corresponding to
the results shown in Figure 2. Effects were adjusted to vehicle control. * indicated calculated superadditive effects
< 0 %. Data shown are mean with n = 3.

Next, the cell lines obtaining the highest superadditive effects (A2780 and TOV21GcisR
(Figure 2A/D, Table 5)) were used to analyze if there is drug synergism between CHDI and
BTZ according to the method of Chou-Talalay using MTT assay [71,72]. Concentrations of
CHDI and BTZ were chosen to achieve a fraction affected (fa; level of cell viability inhibition)
between 0.1 and 0.9 in the Chou-Talalay-analysis. Combination indices (Cl) were calculated
and are presented in Table 6 for A2780 and TOV21GcisR cells.

Table 6. Synergism studies (Cl values) between CHDI and BTZ in A2780 and TOV21GcisR.

BTZ [nM]
A2780 TOV21GcisR
25 5 10 20 30 5 10 20 30 40
2 * * * 035 0.30 * * * 051 043
Ea 4 047 049 053 036 0.31 * * 064 055 048
9 6 059 056 049 038 038 * * 075 065 059
© g 060 056 048 045 045 091 090 075 069 064

Data shown are combination indices (Cl) calculated using Calcusyn 2.1 based on the Chou-Talalay method. Cl >
1.1 indicates antagonism, 0.9 < Cl < 1.1 indicates an additive effect, and Cl < 0.9 indicates synergism. * means
fraction affected is less than 0.10. Values are the mean of three experiments. SD is < 10 % of the mean.

Considering the Cl values obtained, it can be seen that the cytotoxic effect of the combination
of the HDACIi CHDI and the proteasome inhibitor BTZ proved to be synergistic in both cell lines
A2780 and TOV21GcisR. Cl values of even less than 0.50 are seen for some combinations,
indicating strong synergism.
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Potentiating Effect of a Fixed Concentration of CHDI on the Cytotoxicity of BTZ

To investigate the effect of co-incubation of the class Ila HDACi CHDI on the cytotoxic potency
of BTZ, concentration-effect curves of BTZ were determined in the absence and in the

presence of CHDI in A2780 and TOV21G cells (parental and cisplatin-resistant). Results are
shown in Figure 3.

150+ 150+
:g: 1004 g: 1004
S S
i 8
> 504 > 504
= =
3 48 hBTZ 3 48 hBTZ
0= coinc 5 phd CHDL 0= coinc 5 phd CHDL
<14 <13 <12 <11 <10 -9 -8 -7 -6 -5 -4 <14 <13 <12 <11 <10 -9 -8 -7 -6 -5 -4
log[BTZ], M log[BTZ], M
(A) A2780 (B) A2780cisR
150+ 150+
:g: 1004 g: 1004
S S
i 8
> 504 > 504
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3 48 hBTZ 3 48 hBTZ
0= coine 7.50 uh CHDL 0= coine 7.50 uh CHDL
<14 <13 <12 <11 <10 -9 -8 -7 -6 -5 -4 <14 <13 <12 <11 <10 -9 -8 -7 -6 -5 -4
log[BTZ], M log[BTZ], M
(C) TOV21G (D) TOV21GcisR

Figure 3. Effect of coincubation with CHDI on the cytotoxicity of BTZ. A2780 (A), A2780cisR (B), TOV21G
(C), and TOV21GcisR (D) cells were treated with increasing concentrations of BTZ for 48 h. As indicated the cells
were treated with different concentrations of BTZ and co-incubated with the indicated concentration of CHDI. Data

shown are normalized to vehicle control and mean + SD of at least two experiments each carried out in at least

triplicates. |Cso values derived from these curves are shown in Table 7.

Based on the obtained concentration-effect curves, ICs, values were calculated for BTZ with
and without CHDI co-incubation. From these ICs, values, a shift factor (SF) was calculated
describing the degree to which CHDI could increase the potency of BTZ. The calculated ICs
values, plCsp £ SEM, and shift factors are shown in Table 7.
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Table 7. Influence of co-incubation with CHDI on BTZ cytotoxicity.

BTZ

Cell Line Treatment SF Sig.
IC50 [NM] pICso £ SEM
48 hBTZ 10.1 8.00 £ 0.01
A2780 6.05 o
coinc 5 uM CHDI 1.67 8.78 £ 0.07
48 hBTZ 15.5 7.81+£0.02
A2780cisR 1.93 >
coinc 5 uM CHDI 8.03 8.10 £ 0.04
48 hBTZ 9.64 8.02 £ 0.01
TOV21G 1.98 *
coinc 7.50 uM CHDI 4.88 8.31+0.04
48 hBTZ 7.78 8.11£0.02
TOV21GcisR 12.3 o
coinc 7.50 uM CHDI 0.63 9.20 £ 0.04

Data shown are the mean of pooled data from at least three experiments, each carried out in at least triplicates.
Shift factors (SF) were calculated by dividing the ICso values without and with CHDI co-incubation. Statistical
analysis was performed using t-test. Level of significance: *** (p < 0.001).

In A2780 and TOV21G cells (parental and cisplatin-resistant), CHDI was able to significantly
enhance the cytotoxicity of BTZ in a 48 h co-incubation. Highest shift factors were obtained in
A2780 and TOV21GcisR cells. In A2780 cells, 5 uM CHDI decreased the ICs, value of BTZ
from 10.1 nM to 1.67 nM (SF = 6.05). 7.50 yM CHDI reduced the ICs, value of BTZ from 7.78
nM to 0.63 nM (SF = 12.3) in TOV21GcisR cells.

To test whether the results found were dependent on the cisplatin resistance status of the cell
lines, we performed corresponding experiments on A2780cisR and TOV21G (Table 7). In
A2780cisR cells, co-incubation with 5 upM CHDI reduced the 48 h ICs, value of BTZ from 15.5
nM to 8.03 nM (SF = 1.93). Co-incubation with 7.50 uM CHDI decreased the 48 h ICs value
of BTZ on TOV21G from 9.64 nM to 4.88 nM (SF = 1.98). Despite statistical significance, the
shift factors achieved are substantially lower than those obtained with A2780 (SF = 6.05) and
TOV21GcisR (SF = 12.3) cells, indicating that the cisplatin resistance status does not predict
the effect of the class lla HDACi CHDI.

HDAC-Enzyme Inhibition Profile of CHDI

Next, we wanted to ensure that CHDI exerts its synergistic effects with BTZ (increase of BTZ
cytotoxicity) by inhibition of class Ila and not class | HDACs. We thus investigated the HDAC
inhibitory profile of CHDI on nine HDAC isoenzymes and re-confirmed the literature-known
HDAC inhibition profile [73]. Results are shown in Table 8.
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Table 8. ICso of CHDI on HDAC isoenzymes.

Class Isoenzyme ICs5 [UM] pICso £ SEM

1 120 3.92+0.10

2 300 3.52+0.15

I 3 456 434 +£0.10
8 248 4.61+0.02

4 0.10 7.01£0.03

lla 5 0.11 6.97 £ 0.04
7 0.13 6.90 £ 0.07

Iib 6 5.98 522+0.04
v 11 456 434 +£0.10

Data shown are the mean of at least three experiments. SD is < 10 % of the mean.

The results confirm that CHDI is a potent and selective class lla HDACIi with an 1Csp of around
100 nM at HDAC4, 5, and 7. The selectivity index for class lla HDACs versus HDACG is 47.
Selectivity indices versus class | HDACs are > 195. Against HDAC1 and HDAC2, CHDI has
no detectable inhibitory activity. These data confirm the excellent selectivity of CHDI for class
lla HDACs which is important since inhibition of class | HDACs is known to increase
chemosensitivity [19].

In addition to HDAC enzyme inhibition data, whole cell HDAC inhibition assays were performed
in those cell lines showing the highest shift factors for the combination of CHDI and BZT, A2780
and TOV21GcisR. Whole cell HDAC assays were performed with the HDAC substrate Boc-
Lys(Ac)-AMC (all HDACs except class lla) and the HDAC class lla (and HDACB8) selective
substrate Boc-Lys(Tfa)-AMC. Data obtained are presented in Table 9.

Table 9. HDAC inhibitory activity of CHDI in whole cell HDAC inhibition assay.

) Boc-Lys(Ac)-AMC Boc-Lys(Tfa)-AMC
Cell Line ICso [uM] pICso £ SEM ICso [uM] plCso * SEM sl
A2780 26.4 4.58 + 0.06 0.26 6.58 £ 0.05 102 (***)
TOV21G 36.3 444 +0.04 0.12 6.94 + 0.08 303 (***)

Data shown are the mean of pooled data from three experiments each carried out in triplicates. Selectivity index
(Sl) is calculated by dividing the ICsp of unselective Ac-substrate by the ICso of class lla selective Tfa-substrate.
Statistical analysis was performed using t-test. Levels of significance: *** (p < 0.001).

The whole cell HDAC inhibition assay with the pan (except class lla) substrate Boc-Lys(Ac)-
AMC showed ICso values for CHDI of 26.4 uM and 36.3 uM for A2780 and TOV21GcisR,
respectively. Using the class lla HDAC selective substrate, 1Csp values of 0.26 uM (A2780) and
0.12 uM (TOV21GcisR) were obtained. This confirms a high selectivity of CHDI for class lla in
the cellular environment. Selectivity indices (class Ila HDAC inhibition vs. pan-HDAC inhibition)
were around 100 for A2780 and around 300 for TOV21GcisR. Furthermore, the cellular HDAC
assay confirms cellular activity and thus uptake of CHDI into the respective cells. Based on
these results, we can exclude an effect of CHDI on class | HDACs.
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Effect of CHDI + BTZ Combination Treatment on the Induction of Apoptosis

In the following, we investigated if the observed synergistic cytotoxic effects of CHDI and

BTZ were mediated via apoptosis-induction. A2780 and TOV21GcisR cell lines were co-
incubated for 24 or 48 h with CHDI and BTZ. The concentrations of CHDI used were the
same for both cell lines and are based on the ICs, value of CHDI against HDAC4 isoenzyme
(Table 8). Thus, 1.25 uM (12.5-fold I1Csp), 2.50 pM (25-fold 1Cs0), and 5.00 uM (50-fold 1Csp) of
CHDI were used. In this concentration range, CHDI is still clearly selective for class lla
HDACs (Table 9). For BTZ, concentrations were chosen based on the cytotoxic effect
detected in MTT assays (Table 4). Concentrations corresponding to 1/2, 1/4, 1/8, and 1/16 of
the respective ICsp values were used. Apoptosis was quantified by a modified Nicoletti assay

analyzing subG1 fraction. Results are presented in Figure 4.
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Figure 4. Apoptosis induction by combination treatment with CHDI and BTZ. A2780 (A,B) and TOV21GcisR
(C,D) cells were treated for 24 h (A,C) or 48 h (B,D) with the indicated concentrations of CHDI and BTZ.
Apoptosis was analyzed by determining the subG1 cell fractions by flow cytometry analysis. 100 pM cisplatin
(cDDP) served as positive control for apoptosis induction. 0.2 % DMSO was added as a control for vehicle treated
cells. Effect of vehicle treated control was subtracted. Data are the mean + SD, n = 2. Raw data for (A), (B), (C),
and (D) can be found in SFigure 2, SFigure 3, SFigure 4, and SFigure 5, respectively. Statistical analysis was
performed using t-test. Levels of significance: ns (p = 0.05); * (p < 0.05); ** (p £ 0.01); *** (p < 0.001).

In both cell lines, CHDI was able to significantly increase apoptosis induction of BTZ. However,
in A2780 cells, 1.25 yM CHDI could not increase apoptosis induction of 24 h 10 nM, 48 h 2.5
nM, and 48 h 5 nM BTZ. The highest increase in the rate of apoptotic cells in A2780 was shown
for 48 h incubation with 5 nM BTZ and 5 pM CHDI. In TOV21GcisR, the BTZ low-dose
combinations 24 h 6.25 nM BTZ + 1.25 or 2.50 yM CHDI and 48 h 3.125 nM BTZ + 1.25 or
2.50 yM CHDI did not increase apoptosis induction. The combination of 48 h 6.25 nM BTZ and
5 yM CHDI gave the highest increase in apoptosis induction TOV21GcisR.

To determine whether the effects of BTZ and CHDI combinations on apoptosis induction were
superadditive (= synergistic), we compared the sum of the single treatment effects of BTZ and
CHDI (subG1 nuclei) with the results from the combination treatment (Figure 5). Data were
only analyzed if there was a significant increase in subG1 induction in Figure 4.
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Figure 5. Synergistic effects of the combination of BTZ and CHDI on apoptosis induction. The sum of
single treatment effects (BTZ, CHDI) are shown in black bars. The extended white bars show the difference
(superadditive (= synergistic) part) between the sum of single treatment effects and the effect of combination
treatments. Vehicle treated control was subtracted. Data are the mean + SD. Statistical analysis was performed
as previously described (19,65) and using t-test.
Levels of significance: ns (p > 0.05); * (p = 0.05); ** (p = 0.01); *** (p < 0.001).

Figure 5 revealed that most combinations are synergistic. Non-synergistic combinations in
A2780 cells were 10 nM BTZ + 2.50 pM CHDI, as well as all 20 nM BTZ combinations. The
strongest hyperadditive effects during 24 h incubation were obtained in A2780 cells for 5 nM /
10 nM BTZ + 5 pM CHDI and in TOV21GcisR cells for 12.5 nM BTZ + 5 yM CHDI. When
incubated for 48 h, only the combination of 3.125 nM BTZ + 5 yM CHDI was not synergistic in
TOV21GcisR cells. The strongest hyperadditive effects were obtained in A2780 cells with the
combination of 2.50 nM /5 nM BTZ + 5 ygM CHDI and in TOV21GcisR cells with 6.25 nM BTZ
+ 5 uM CHDL.
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Apoptosis Induction of the Combination Treatment is Caspase3/7-Driven

Next, we tested whether the observed apoptosis induction by the combination treatment of
CHDI and BTZ was caspase-dependent. CHDI was used at 10- and 50-fold concentrations of
its ICso value against the HDAC4 isoenzyme in both cell lines (Table 8). BTZ was used in the
respective cell line at concentrations corresponding to one-, two-, and five-fold ICs, from MTT
assay (Table 4). The caspase3/7-activation of untreated controls, single compounds, and
combination treatments were analyzed by fluorescent imaging. Results are shown in Figure
6.
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Figure 6. Caspase3/7-activation by combination treatment of CHDI and BTZ. A2780 (A) and TOV21GcisR
(B) cells were treated with the indicated concentrations of CHDI and BTZ for 24 h. 100 pM (A2780) or 316 M
(TOV21GcisR) cisplatin (cDDP) was added as positive control for caspase3/7-activation. 0.2 % DMSO was added
as a control for vehicle treated cells. Effect of vehicle treated control was subtracted. Experiment was carried out
in triplicates. Data are the mean + SD. Statistical analysis was performed using t-test. Levels of significance: ns (p
> 0.05); * (p = 0.05); ** (p = 0.01); *** (p = 0.001).
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In A2780 cells, all combinations of CHDI and BTZ showed significantly increased activation of
caspase3/7 compared with the effects of the single compounds at the respective
concentrations. An exception is the combination of 200 nM BTZ and 5 pM CHDI. 5 yM CHDI
and 40 nM BTZ individually show no significant activation of caspase3/7 in A2780 cells. The
combination, however, achieves an effect of about 60% of the effect of 100 pM cisplatin. Thus,
it shows the strongest enhancement related to caspase3d/7 activation of BTZ. TOV21G cells
also show good effects upon combination treatment with CHDI and BTZ related to caspase3/7
activation. All combinations examined led to a significant increase in the activation rate of
caspase3/7 compared with the effects of the single compounds. An exception in TOV21GcisR,
similar to A2780, is the combination of 250 nM BTZ with 5 yM CHDI. The greatest increase in
caspase3/7 activation compared to the individual compounds, is achieved with the combination
of 100 nM BTZ and 1 pM CHDI.

In order to determine whether the significant effects in caspase3/7 activation are synergistic,
we compared the sum of the single treatment effects of BTZ and CHDI (caspase3/7 activation)
with the results from the combination treatments (Figure 7). Data were only analyzed if there
was a significant increase in caspase3/7 activation in Figure 6.
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Figure 7. Synergistic effects of caspase3/7 activation upon combination treatment of BTZ and CHDI. The
sum of single treatment effects (BTZ, CHDI) are shown in black bars. The extended white bars show the
difference (superadditive (= synergistic) part) between the sum of single treatment effects and the effect of
combination treatments. Vehicle treated control was subtracted. Data are the mean + SD. Statistical analysis was
performed as previously described (19,65) and using t-test.

Levels of significance: * (p < 0.05); ** (p < 0.01); *** (p = 0.001).

All combinations investigated were synergistic regarding their effects on caspase3/7 activation
in both cell lines. The strongest hyperadditive effects were obtained in A2780 cells with the
combination 40 nM BTZ + 5 pM CHDI and in TOV21GcisR cells with 100 nM BTZ + 1 pM
CHDI.

168



Detection of Increased YH2AX Expression as Evidence for DNA Damage Caused by the
Combination of CHDI and BTZ

To further understand the synergistic action between CHDI and BTZ observed in MTT assay,
apoptosis induction and caspase3/7 activation, DNA damage induced by CHDI and BTZ and
their combination was analyzed. As a marker for DNA double-strand breaks serves the
analysis of yH2AX foci [74]. Thus, a fluorescence-based yH2AX assay was performed. Since
the focus of this assay was to understand the synergistic action between CHDI and BTZ
regardless of the cell lines, we chose exemplary A2780 cells to detect potential DNA damage
by CHDI and BTZ. The same incubation conditions as for the caspase3/7 activation assay
were used. Results are shown in Figure 8.
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Figure 8. yH2AX formation induced by combination of CHDI and BTZ in A2780 cells. A2780 cells were
treated with an ICso, double ICso, or fivefold ICso of BTZ (from MTT assay) and indicated concentrations of CHDI
for 24 h. yH2AX formation was analyzed by immunohistochemistry. 100 uM cisplatin (cDDP) served as a positive
control and was set as 100 % effect. 0.2 % DMSO was added as vehicle control. Vehicle treated control was
subtracted. Data are the mean + SD. Experiment was carried out in triplicates. Statistical analysis was performed
using t-test. Levels of significance: ns (p > 0.05);
*(p =0.05); ** (p=0.01); *** (p =0.001).

Figure 8 demonstrates that the rather small induction of yH2AX foci by 40 and 80 nM BTZ
(11.4 % and 25.1 % yH2AX foci of 100 pM cisplatin control) could be significantly enhanced
by 5 uM CHDI. The highest level of yH2AX foci induced by 40 nM BTZ in the presence of 5
UM CHDI was almost 50% of the level of 100 uM cisplatin.

To determine whether the effects of BTZ and CHDI combinations on formation of yH2AX were
superadditive (= synergistic), we compared the sum of single treatment effects of BTZ and
CHDI (yH2AX formation) with the results of the combination treatment (Figure 9). Data were
only analyzed if there was a significant increase in yH2AX formation in Figure 8.

169



100~ o
4 [ combination treatment values
Il sum of single treatment values
£ 75
Ex
£ 8
é 8 o ET e
=) 5 E 50+ *
g2 ]
8 ]
g : ] EL3
- o b
bl -
s B
0-
N 8 N 8 N 8
= I B T m T
@) o @]
Iz %Iz %3
= = =5 =]
- T @0 1n
+ + +

Figure 9. Synergistic effects of the combination of BTZ and CHDI on yH2AX formation. The sum of single
treatment effects (BTZ, CHDI) are shown in black bars. The extended white bars show the difference
(superadditive (= synergistic) part) between the sum of single treatment effects and the effect of combination
treatments. Vehicle treated control was subtracted. Data are the mean + SD. Statistical analysis was performed
as previously described (19,65) and using t-test.

Levels of significance: * (p < 0.05); ** (p < 0.01); *** (p = 0.001).

Concerning the formation of yH2AX, all three investigated combinations in A2780 cells of BTZ
and CHDI proved to be synergistic. The strongest superadditive effect regarding induced DNA
damage could be achieved with the combination of 40 nM BTZ + 5 uM CHDI.

Gene Expression of Pro- and Antiapoptotic Proteins in Untreated, CHDI-Treated, BTZ-Treated
and CHDI plus BTZ-Treated A2780 and TOV21GcisR Cells

Using quantitative RT-PCR, we investigated the influence of selected treatments on the
expression of CCND1 (coding gene for cyclin D1) and HDAC4, as well as the pro-apoptotic
genes APAF1, BAD, BAK1, BCL2L11 (Bim), CDKN1A (p21), FOXO1, FOX0O3, PTEN, TP53,
and the anti-apoptotic genes BCL2, BCL2L1 (Bcl-xL), MCL1, BIRCS (survivin), and X/AP in
A2780 and TOV21GcisR cells. Results are shown in Figure 10.
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Figure 10. Expression of pro- and antiapoptotic genes in A2780 and TOV21GcisR cells. Gene expression
data were obtained by RT-PCR and analyzed according to Vandesompele (67). Cells were (co-)incubated with
the indicated inhibitors. Data shown are normalized to endogenous control gene expression of HPRT1
(hypoxanthine-guanine phosphoribosyltransferase), TBP (TATA binding protein), and GUSB (beta-glucuronidase)
and rescaled to cell line specific control (48 h incubation with vehicle). Data are shown on a decadic logarithmic
scale. Negative values marked in green show a lower expression compared to cell line specific control. Positive
values marked in red show a higher expression compared to cell line specific control.

Overall, treatment-induced expression changes are similar in A2780 and TOV21GcisR cells.
Further, differences in gene expression between 24 h and 48 h incubations are also similar in
both cell lines. Interestingly, after 24h incubation, almost 50% of the genes in A2780 and
around 20% of the genes in TOV21GcisR were downregulated (green areas). In contrast, 48h
incubation led to upregulation only in A2780 and upregulation of all except two genes in
combination treatment in TOV21GcisR cells. Surprisingly, 48h incubation affected upregulation
of both, pro- and anti-apoptotic genes although upregulation of pro-apoptotic genes seems to
be stronger than upregulation of anti-apoptotic genes (darker red among pro-apoptotic than
among anti-apoptotic genes). Notably, in TOV21GcisR, anti-apoptotic Bcl2 is downregulated
after combination treatment. In general, an increase in expression of anti-apoptotic genes after
48h treatment may be an attempt of the cancer cells to counteract the strong pro-apoptotic
signals which however superimpose anti-apoptotic signaling as is evident from results of the
caspase and apoptosis assays. Another observed feedback mechanism is the strong
upregulation of HDAC4 after 48h treatment with CHDI and/or BTZ.

In A2780 cells, pro-apoptotic BAD and FOXO1 were stronger upregulated after combination
treatment with CHDI plus BTZ than after respective single treatments. The same holds true in
TOV21GcisR cells for the upregulation of BAD, BAK1, CDKN1A, FOXO3, and PTEN and the
downregulation of BCL2. In addition, the upregulation of anti-apoptotic genes BCL2L1
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(TOV21GcisR), BIRCS (TOV21GcisR, A2780), and BCL2 (A2780) is remarkably lower under
combination treatment (CHDI plus BTZ) than under respective single treatments.

Discussion

Ovarian cancer generally has a poor clinical prognosis and the lowest 5-year survival rate
among gynecologic cancers [2]. HGSOC has the poorest prognosis among the ovarian
cancers. Platinum drugs such as carboplatin (or cisplatin) are part of the chemotherapeutic
regime in ovarian cancers. Particularly HGSOCs have a low responsiveness to platinum drugs,
however also endometrioid and clear cell ovarian cancers may acquire resistance.
Chemoresistant ovarian cancer poses a major therapeutic challenge. Thus, strategies to
regain chemosensitivity or prevent resistance development are urgently needed. Epigenetic
disturbances such as increased expression of HDACs lead to hypoacetylation, condensed
DNA, and impaired expression of tumor suppressor genes [75]. Further, a dysregulated
acetylation status of histones and non-histone proteins can play an important role in
chemoresistance [16]. Thus, HDAC inhibitors (HDACI) are intensively investigated to
reestablish a normal acetylation homeostasis [76—78]. In a previous study, we could show that
class | HDACI are superior in reversing chemoresistance than pan-HDACI in various HGSOC
cell lines [19]. However, class Ila HDACi were not investigated in that previous study. Yet, we
have shown that also class lla HDACs, and in particular HDAC4, are expressed in HGSOCs
and in A2780 cells [19]. Class lla HDACs are known to play an important role in cancer and
contribute to chemoresistance [31]. Thus, this study aims to investigate the role of class lla
HDACs and their inhibitors in cisplatin-resistant ovarian cancer. Initially, we investigated if the
potent class lla inhibitor CHDI is able to revert cisplatin resistance. This however yielded
resistance shift factors of maximum 2 (data not shown). Another class of chemotherapeutic
drugs undergoing clinical trials in (chemoresistant) ovarian cancer are proteasome inhibitors
[44,79-81]. Protein quality control is a central function of the ubiquitin proteasome system
(UPS) and crucial for the maintenance of cell homeostasis such as regulation of the cell cycle
and apoptosis [34-38]. Overexpression of UPS genes is associated with an increased
degradation of antitumor factors and has been described for ovarian carcinomas [39,40]. The
idea behind the use of proteasome inhibitors is therefore to normalize the activity of the UPS
and prevent the degradation of antitumor factors. We thus shifted the aim of our study and
investigated the combination of the class lla HDACi CHDI and the proteasome inhibitor
bortezomib (BTZ) in parental and cisplatin-resistant ovarian cancer cell lines (Table 1, Figure

1).

Simultaneous treatment of the non-HGSOC cell lines A2780 and TOV21GcisR with BTZ and
CHDI resulted in a strong synergistic cytotoxic effect (Figure 2, Figure 3, Table 5, Table 6,
Table 7). Of note, concentrations of CHDI used in this study (up to 8 uM) were still highly
selective for class lla HDACs (except for HDAC6 (Table 8)), excluding an effect of class |
HDAC inhibition and thus supporting the use of class Illa HDACi in combination with BTZ. A
partial inhibition of HDACEG is unlikely to play a major role sine HDACG inhibition did not reveal
significant effects in improving chemosensitivity in ovarian cancer as previously shown [19]. In
HGSOC cell lines (CaOV3cisR, HEY, OVCAR3), we found some hyperadditive effects
(SFigure 1) but synergism according to Chou-Talalay could not be proven (data not shown).
Subsequent studies were thus performed in parental and cisplatin-resistant A2780 and
TOV21G cells. Incubation of CHDI in the presence of increasing concentrations of BTZ
resulted in significant shifts of the corresponding BTZ concentration-effect curves (shift factors
up to 12.3, Table 7). CHDI is thus able to increase the cytotoxic potency of BTZ. This effect
was clearly more pronounced in parental A2780 and cisplatin-resistant TOV21GcisR (Figure
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3). Cisplatin sensitivity (or resistance) is thus not a predictor for a synergistic effect of CHDI
and BTZ. Synergy was proven with the method according to Chou-Talalay (Table 5) [71,72].
Combination indices (CI values) below 0.9 indicate synergism. If Cl is < 0.5, which was the
case for a majority of data in A2780 cells (Table 5), strong synergism can be assumed. Notably,
strong synergism was observed for BTZ concentrations which are clearly below clinically
observed plasma concentrations of BTZ. Literature data show plasma concentrations of BTZ
of around 500 nM after intravenous and 55 nM after subcutaneous application (Cmax) [70]. Thus,
combinations of class lla HDACI with BTZ (or other proteasome inhibitors) may allow reducing
doses and by that, toxic side effects of the proteasome inhibitors.

CHDI induced very little apoptosis (Figure 4). However, CHDI in combination with even very
low concentrations of BTZ (such as 2.50 / 5 nM for A2780 and 6.25/ 12.5 nM for TOV21GcisR,
respectively) strongly enhanced apoptosis in a caspase3/7 dependent manner in A2780 and
TOV21GcisR cells. This effect was synergistic in apoptosis assays (Figure 4, Figure 5) and
caspase3/7 activation assays (Figure 6, Figure 7). Notably, 48 h co-incubation of 2.5 nM or 5
nM BTZ plus 5 uM CHDI gave apoptosis induction in A2780 cells at least as strong as 24 h
100 uM cisplatin (Figure 4). The same is true for the combination of 6.25 nM or 12.5 nM BTZ
plus 5 yM CHDI in TOV21GcisR cells. Caspase3d/7 activation assays thus confirm that the
subG1 cells found in apoptosis assays are indeed apoptotic cells (Figure 6). The potential for
inducing apoptosis by BTZ is consistent with the literature [82,83]. Furthermore, the
combination of BTZ and CHDI was synergistic in inducing DNA damage analyzed by yH2AX
staining (Figure 8, Figure 9). Even though BTZ and CHDI are not primarily DNA-damaging
agents, a combination of 40 nM BTZ plus 5 uM CHDI for 24 h achieved around 50% of the
DNA damage induced by 100 uM cisplatin. These results are in accordance with literature data
reporting BTZ-induced DNA damage [84].

gPCR-based gene expression analysis supports our data on CHDI-increased apoptosis
induction by BTZ. Gene expression data suggest that the class lla HDACi CHDI enhanced
pro-apoptotic gene expression (Figure 10), assumingly responsible for increased caspase3/7-
dependent apoptosis induction. This is in accordance with the general mechanism of action of
HDACI and confirms gene expression analyses of previous studies conducted by us [19,20].
Combination treatments particularly affected upregulation of pro-apoptotic BAD, BAK1,
CDKN1A, FOXO1, FOX0O3, and PTEN and downregulation of anti-apoptotic BCL2 (in
TOV21GcisR cells) or diminished expression of anti-apoptotic BCL2L1 (TOV21GcisR) and
BIRCS (TOV21GcisR, A2780) under combination treatment (BTZ plus CHDI) compared to
single treatment (BTZ or CHDI). Especially the pro-apoptotic BAD gene seems to be affected
by our combination treatments. It is well known that BAD is a crucial factor during the induction
of apoptosis, which is also described for ovarian cancer [85,86].

Conclusions

This study aimed to investigate the contribution of class lla HDACs in ovarian cancer
chemoresistance. In conclusion, we could demonstrate that selective class lla HDAC inhibition
increases the potency of the proteasome inhibitor BTZ in a synergistic manner in parental and
cisplatin-resistant non-HGSOC cells. The highly potent and selective class lla HDACi CHDI
shifts gene expression to a more apoptotic phenotype, thus explaining increased caspase-
mediated apoptosis of the combination CHDI plus BTZ. This opens a new strategy for
treatment of platinum-resistant ovarian cancers by using low-toxic class lla HDACI in
combination with proteasome inhibitors. HGSOC cancer cells may have more benefit from
class | HDACI as shown by our previous study [19].
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Materials and Methods

Reagents

Cisplatin was purchased from Sigma (Munchen, Germany) and dissolved in 0.9 % sodium
chloride solution, propodium iodide (Pl) was purchased from PromoKine (Heidelberg,
Germany). Stock solutions (10 mM) of bortezomib (Selleckchem, Houston, Texas, USA) and
CHDI-00390576 (Tocris Bioscience, Bristol, UK) were prepared with DMSO and diluted to the
desired concentrations with the appropriate medium. All other reagents were supplied by PAN
Biotech (Aidenbach, Germany) unless otherwise stated.

Cell Lines and Cell Culture

The human ovarian carcinoma cell lines A2780 and HEY were obtained from European
Collection of Cell Cultures (ECACC, Salisbury, UK). CaOV3, OVCARS3, and TOV21G cell lines
were obtained from ATCC/LGC Standards GmbH (Wesel, Germany). The cisplatin resistant
sublines A2780cisR, CaOV3cisR, HEYcisR, OVCAR3cisR, and TOV21GcisR were generated
by exposing the parental cell line to weekly cycles of cisplatin in an ICsy concentration
according to Gosepath et al. (47). All cell lines were grown at 37 °C under humidified air
supplemental with 5 % CO, in RPMI-1640 (A2780, HEY, OVCAR3, TOV21G) or DMEM
(CaOV3) containing 10 % heat inactivated fetal calf serum, 120 IU/mL penicillin, and 120
Hg/mL streptomycin. The cells were grown to 80 % confluency before used in further assays.

MTT Cell Viability Assay

The rate of cell-survival under the action of test substances was evaluated by an improved
MTT assay as previously described (21,80). For an incubation period of 72 h cell lines were
seeded in 96-well tissue culture plates (Corning, Kaiserslautern, Germany) in the following
concentrations: OVCAR3 - 7,000 c/w; A2780, CaOV3, CaOV3cisR, HEY, HEYCcisR,
OVCAR3cisR — 8,000 c/w; A2780cisR, TOV21G, TOV21GcisR — 10,000 c/w. For an incubation
period of 24 or 48 h A2780 and TOV21GcisR cells were seeded at a density of 15,000 c/w.
Incubation was ended after the indicated period and cell survival was determined by addition
of MTT (Serva, Heidelberg, Germany) solution (5 mg/mL in phosphate buffered saline). The
formazan precipitate was dissolved in DMSO (VWR, Langenfeld, Germany). Absorbance was
measured at 544 nm and 690 nm in a ThermoFisher Multiskan FC Microplate Photometer
(Thermo Scientific, Wesel, Germany).
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Whole-Cell HDAC Inhibition Assay

The cellular HDAC assay was based on an assay published by Heltweg and Jung (81), Ciossek
et al. (82), and Bonfils et al. (83) with minor modifications as described in (21). Briefly, human
cancer cell lines A2780 and TOV21GcisR were seeded in 96-well tissue culture plates
(Corning, Kaiserslautern, Germany) at a density of 25,000 c/w and 22,500 c/w in a total volume
of 90 pL of culture medium. After 24 h, cells were incubated for 18 h with increasing
concentrations of test compound CHDI-00390576. The reaction was started by adding 10 yL
of 3 mM Boc-Lys(Ac)-AMC or 1 mM Boc-Lys(Tfa)-AMC (Bachem, Bubendorf, Switzerland) to
reach final concentration of 0.3 mM or 0.1 mM (84). The cells were incubated with the
respective substrate for 3 h under cell culture conditions. After this incubation, 100 pL/well stop
solution (25 mM Tris-HCI (pH 8), 127 mM NacCl, 2.7 mM KCI, 1 mM MgClI2, 1 % NP40, 2 mg/mL
Trypsin, 10 uM Panobinostat) was added and the reaction was developed for 3 h under cell
culture conditions. Fluorescence intensity was measured at excitation of 320 nm and emission
of 520 nm in a NOVOstar microplate reader (BMG LabTech, Offenburg, Germany).

Combination Experiments

For the investigation of the effect of a combination treatment with bortezomib and CHDI-
00390576 the cells were coincubated with the compounds for the indicated period of time.
After the incubation the cytotoxic effect was determined with a MTT cell viability assay.
Calcusyn software 2.1 (Biosoft, Cambridge, UK) was used to calculate the combination index
(Cl) as a quantitative measure of the degree of drug interaction.

Enzyme HDAC Inhibition Assay

All human recombinant enzymes were purchased from Reaction Biology Corp. (Malvern, PA,
USA). The HDAC activity assay HDAC1 (cat nr. KDA-21-365), HDAC2 (cat nr. KDA-21-277),
HDAC3 (cat nr. KDA-22-278), HDAC4 (cat nr. KDA-21-279), HDAC5 (cat nr. KDA-21-280),
HDACEG (cat nr. KDA-21-213), HDACTY (cat nr. KDA-21-281), and HDACS (cat nr. KDA-21-481)
was performed in 96-well-plates (Corning, Kaiserslautern, Germany). Briefly 20 ng of
HDAC1/2/3/8, 17.5 ng of HDACSG, 30 ng of HDAC11, and 2 ng of HDAC4/5/7 per reaction were
used. Recombinant enzymes were diluted in assay buffer (50 mM Tris-HCI, pH 8.0, 137 mM
NaCl, 2.7 mM KCI, 1 mM MgCI2, and 1 mg/mL BSA). After a 5 min incubation step the reaction
was started with 10 pL of 15 uM (HDACG6), 30 pM (HDAC2), 40 uM (HDAC1), 50 uM (HDAC3)
Boc-Lys(Ac)-AMC (Bachem, Bubendorf, Switzerland) or 6 uM (HDACS8), 10 pM (HDAC4/5/7),
25 uM (HDAC11) Boc-Lys-(Tfa)-AMC (Bachem, Bubendorf, Switzerland). The reaction was
stopped after 90 min by adding 100 pL stop solution (16 mg/mL trypsin, 4 uM panobinostat for
HDACS8/11, 2 uM CHDI-00390576 for HDAC4, 4 uM vorinostat for HDAC1/2/3, 4 uM tubastatin
a for HDAC6 in 50 mM Tris-HCI, pH 8.0, and 100 mM NaCl. 15 min after the addition of the
stop solution the fluorescence intensity was measured at excitation of 355 nm and emission of
460 nm in a NOVOstar microplate reader (BMG LabTech, Offenburg, Germany).

Measurement of Apoptotic Nuclei

A2780 and TOV21GcisR cells were seeded at a density of 30,000 c/w in 24-well plates
(Sarstedt, Nurnbrecht, Germany). Cells were treated with bortezomib and/or CHDI-00390576
as indicated for 24 or 48 h. Supernatant was removed after a centrifugation step and the cells
were lysed in 500 pL hypotonic lysis buffer (0.1 % sodium citrate, 0.1 % Triton X-100, 100
Hg/mL propidium iodide) at 4 °C in the dark overnight. The percentage of apoptotic nuclei with
DNA content in sub-G1 was analyzed by flow cytometry using the CyFlow instrument (Partec,
Norderstedt, Germany).
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Caspase3/7 Activation Assay

Compound-induced activation of caspase3/7 was analyzed using the CellEvent Caspase-3/7
green detection reagent (Thermo Scientific, Wesel, Germany) according to the manufacturer’s
instructions. Briefly, A2780 and TOV21GcisR cells were seeded in 96-well-plates (Corning,
Kaiserslautern, Germany) at a density of 8,000 c/w. Cells were treated with bortezomib and/or
CHDI-00390576 for 24 h. Then, medium was removed and 50 pL of CellEvent Caspase3/7
green detection reagent (2 uM in PBS supplemented with 5 % heat inactivated FCS) was
added. Cells were incubated for 30 min at 37 °C under cell culture conditions before imaging
by using the Thermo Fisher ArrayScan XTI high content screening (HCS) system with a 10X
maghnification (Thermo Scientific, Wesel, Germany). Hoechst 33342 was used for nuclei
staining. The pan caspase inhibitor QVD was used in a concentration of 20 uM diluted in the
appropriate medium and incubated 30 min prior to compound addition.

yH2AX-Assay

The yH2AX DNA damage assay was based on an assay published by Ziegler et al. (85) with
minor modifications. Briefly, A2780 cells were seeded in 96-well tissue culture plates (Corning,
Kaiserslautern, Germany) at a density of 6,000 c/w. Cells were treated with the indicated
concentrations and compounds for 24 h. Cells were fixed with 4 % formaldehyde solution
followed by incubation with ice-cold methanol and blocking buffer (5 % BSA, 0.3 % Triton X-
100 in PBS). Cells were incubated with primary antibody (Cat. No. 05-636, Merck Millipore,
Darmstadt, Germany) overnight at 4 °C and secondary fluorophore-labeled antibody (Northern
Light Anti Mouse, Cat. No. NLOO7, Biotechne, Wiesbaden, Germany) for 2 hours in the dark.
Cell nuclei were counterstained with Hoechst 33342. Analysis was performed with Thermo
Fisher ArrayScan XTI (Thermo Scientific, Wesel, Germany).

RT-PCR

Cells were (co-)incubated with the indicated concentrations of CHDI and/or BTZ for 24 or 48
h. RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany). Afterwards
transcription to cDNA was performed with High Capacity cDNA Reverse Transcription Kit
(Thermo Scientific, Wesel, Germany). RT-PCR was performed with GoTaq gPCR Master Mix
(Promega, USA) in a CFX96 Real-Time System (BIO-RAD, Hercules, California, USA).
Relative changes in gene expression were normalized to endogenous control genes HPRT1
(hypoxanthine-guanine phosphoribosyltransferase), TBP (TATA binding protein), and GUSB
(beta-glucuronidase) by Vandesompele method (67) and normalized to vehicle treated
control. Primers (Sigma Aldrich, Steinheim, Germany) with an efficacy between 80.4 % and
111.3 % were used (Table 10). They were designed by Primer-BLAST (NIH, Bethesda,
Maryland, USA) (86) and efficacy was determined with a template isolated from HeLa cells.
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Table 10. Primer sequences for RT-PCR.

Gene Primer Forward Primer Reverse Efficacy [%]
APAF1 AGTGGAATAACTTCGTATGTAAGGA AAACAACTGGCCTCTGTGGT 98.7
BAD TTGTGGACTCCTTTAAGAAGG CACCAGGACTGGAAGACTCG 87.6
BAK1 TCATCGGGGACGACATCAAC CAAACAGGCTGGTGGCAATC 111.3
BCL2 GATAACGGAGGCTGGGATGC TCACTTGTGGCCCAGATAGG 82.9
BCL2L1 CAGTAAAGCAAGCGCTGAGG CCACAAAAGTATCCTGTTCAAAGC 86.5
BCL2L11 AGACAGAGCCACAAGCTTCC CAATACGCCGCAACTCTTGG 106.9
BIRC5 TGAGAACGAGCCAGACTTGG TGTTCCTCTATGGGGTCGTCA 108.4
CCND1 ATCAAGTGTGACCCGGACTG CTTGGGGTCCATGTTCTGCT 80.4
CDKN1A TGCCGAAGTCAGTTCCTTGT GTTCTGACATGGCGCCTCC 94.7
FOXO1 ATGTGTTGCCCAACCAAAGC AGTGTAACCTGCTCACTAACCC 97.1
FOXO3 AAGGATCACTGAGGAAGGG GTGTCAGTTTGAGGGTCTGC 90.3
GUSB ACCTCCAAGTATCCCAAGGGT GTCTTGCTCCACGCTGGT 83.1
HDAC4 TTGGATGTCACAGACTCCGC CCTTCTCGTGCCACAAGTCT 80.8
HPRT1 CCTGGCGTCGTGATTAGTGA CGAGCAAGACGTTCAGTCCT 93.6
MCL1 GTTAAACAAAGAGGCTGGGATGG AGCAGCACATTCCTGATGCC 92.4
PTEN ACTTGCAATCCTCAGTTTGTGG TCGTGTGGGTCCTGAATTGG 90.1
TBP GTGACCCAGCATCACTGTTTC GAGCATCTCCAGCACACTCT 86.9
TP53 AGTCAGATCCTAGCGTCG TCAGGAAGTAGTTTCCATAGG 102.9
XIAP TTGGAAGCCCAGTGAAGACC CAGATATTTGCACCCTGGATACC 97.7

Data Analysis

Concentration-effect curves were constructed with Prism 7.0 (GraphPad, San Diego, CA, USA)
by fitting the pooled data of at least three experiments performed in triplicates (or stated
otherwise) to the four-parameter logistic equation. Statistical analysis was performed using t-
test. To analyze the synergistic effects of apoptosis induction, caspase3/7 activation, and
formation of yH2AX, the values of the single treatments were summed up and the standard
deviation was calculated. This value was compared with the value of the combination treatment
using t-test as previously described (19,65).
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Abbreviations

BTZ
Boc-Lys(Ac)-AMC

Boc-Lys(Tfa)-AMC

Bortezomib
tert-Butyloxycarbonyl-acetyl-lysine-7-amido-4-methylcoumarin
tert-Butyloxycarbonyl-trifluoroacetyl-lysine-7-amido-4-
methylcoumarin

cDDP cis-diamminedichloridoplatinum(ll) (cisplatin)

CHDI CHDI-00390576

Cl combination index

DSB double-strand breaks (DNA damage)

EMA European Medicines Agency

FDA Food and Drug Administration

HDAC(i) histone deacetylase (inhibitor)

HGSOC high grade serous ovarian cancer

LGSOC low grade serous ovarian cancer

UPS ubiquitin proteasome system
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Supplemental Information

STable 1. Superadditive cytotoxic effect of BTZ and CHDI in CaOV3cisR, HEY, and OVCAR3.

CHDI [pM CHDI [uM CHDI [pM
CaOV3cisR V] HEY LM OVCAR3 V]
6 8 5 10 4 6

5 * 1.4 % 20 123% 21% 5 [66% 42%

%‘ 10 |78% 91% %‘ 30169% 93% %‘ 10 |96% 3.0%
Sl - - - R * L) (=] L) *

ﬁ E 40 1.2% E 20 [ 3.6%

m - _ _ o 50 * * o 30 * *
- - - 60 * * 40 (1.7 % *

Data shown are superadditive cytotoxic effect of the combination treatments with BTZ and CHDI corresponding to
the results shown in SFigure 1. Effects were adjusted to vehicle control. * indicates calculated superadditive
effects < 0 %. Data shown are the mean, n z 3.
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SFigure 1. Combined cytotoxic effect of BTZ and CHDI on CaOV3cisR, HEY, and OVCARS3 cells.
CaOV3cisR (A), HEY (B), and OVCARS3 (C) cells were treated for 72 h with the indicated concentrations of BTZ
and/or CHDI. Data shown are the cytotoxic effect normalized to vehicle control (mean + SD, n = 3).
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Cells counted in the RN1 region were classified as subG1. A2780 cells were treated for 24 h with the indicated
inhibitors unless otherwise stated.
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3.5 Dreifachkombination aus Cisplatin, HDACi und Kinaseinhibitoren

Nach den vielversprechenden Ergebnissen der dualen Kombination von Cisplatin
und dem Klasse | selektiven HDACi Entinostat in Bandolik et al. (110) wurden
Moglichkeiten zur Erweiterung der Kombinationstherapie um einen dritten Wirkstoff
(small molecule inhibitor) analysiert. Ziele dieser Strategie waren zum einen eine
Reduktion der eingesetzten Konzentrationen der jeweiligen Wirkstoffe infolge eines
mdglichen synergistischen Effektes. Dies kénnte in klinischer Hinsicht zu einer
Verringerung des Auftretens bzw. der Intensitdt von unerwlnschten
Arzneimittelwirkungen der einzelnen Wirkstoffe fuhren. Zum anderen kdénnte die
gleichzeitige Inhibition verschiedener Signaltransduktionswege neue
Therapieoptionen von chemoresistenten Ovarialkarzinomen eréffnen. Im Zuge dieses
Versuchs der Weiterentwicklung der Kombinationsbehandlung haben sich zwel
Wirkstoffgruppen als besonders beachtenswert herausgestellt: Inhibitoren der
epidermalen = Wachstumsfaktorrezeptoren  (EGFRi) und  Inhibitoren  der
Phosphoinositid-3-Kinasen (PI3Ki).

Die beiden Wirkstoffgruppen wurden aufgrund der dargestellten
Zusammenhange in Abbildung 6 bezlglich verschiedener Angriffspunkte im Rahmen
der Bekdmpfung einer Cisplatin-Resistenz als Kombinationspartner von Interesse
ausgewahlt. Durch die Erweiterung der Kombinationstherapie von Entinostat und
Cisplatin mit diesen beiden Wirkstoffgruppen, wurde eine gegenseitige Verstarkung
der Wirkung hinsichtlich der Auslésung von Apoptose erwartet. Wahrend Entinostat
das apoptotische Geschehen iiber Anderungen in der Expression pro- und
antiapoptotischer Gene unterstutzt, verhindern aktive EGFR- und PI3K-Signalwege die
Auslésung von Apoptose. Durch eine Inhibierung dieser Strukturen erscheint ein
verstarkender Effekt mdglich. Auf die genauen Mechanismen, welche der
Signaltransduktion durch EGFRs und PI3Ks zugrunde liegen und wie diese mit der

Auslésung von Apoptose zusammenhangen, wird im Folgenden erlautert.
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3.5.1 Erweiterung der Kombinationstherapie von Cisplatin und Entinostat durch
Inhibitoren von epidermalen Wachstumsfaktorrezeptoren (EGFRI)

Der epidermal growth factor receptor (EGFR) ist eine transmembranare Rezeptor-
Tyrosinkinase. Liganden aus der epidermalen Wachstumsfaktorfamilie wie
beispielsweise der epidermale Wachstumsfaktor EGF oder der transformierende
Wachstumsfaktor TGFa kénnen an EGFR binden und den Rezeptor aktivieren (114).
Er ist Teil der ErbB- bzw. EGF-Rezeptorfamilie, was auch durch seine synonyme
Bezeichnung ErbB-1 deutlich wird. Ebenfalls Teil der ErbB-Rezeptorfamilie sind die
Wachstumsfaktorrezeptoren ErbB-2, ErbB-3 und ErbB-4. Sie weisen strukturelle
Ahnlichkeit zum EGFR auf. Die Bindungsstelle fir Liganden liegt extrazellular,
wahrend das enzymatische Zentrum intrazellular lokalisiert ist. Das enzymatische
Zentrum bildet eine Bindestelle fur ATP, welche von Wirkstoffen wie Lapatinib oder
Gefitinib zur Inhibierung der Signaltransduktion genutzt werden kann. Nach
extrazellularer Ligandbindung wird eine Rezeptor-Dimerisierung induziert, die zu einer
gegenseitigen Phosphorylierung von Tyrosin-Resten der beiden Rezeptor-Monomere
fuhrt (Autophosphorylierung). Fur die Autophosphorylierung wird ATP als Cofaktor
bendtigt. Es werden verschiedene Signalmolekile wunter Bildung eines
Signalkomplexes rekrutiert, welche durch ihre nachgeschalteten Bindungspartner die
Signaltransduktion weiter in den Zellkern leiten. Nach Dissoziation des
Signalkomplexes wird das Rezeptordimer per Endozytose internalisiert und entweder
Uber Lysosomen degradiert oder wiederverwendet. Die Rezeptoren der EGF-Familie
sind in der Lage, Heterodimere (z.B. aus EGFR und ErbB-2) zu bilden. Diese sind in
der Regel weniger stabil, zerfallen nach der Rezeptorinternalisierung leichter und
werden erneut verwendet, wahrend Homodimere (z.B. aus zwei EGFR) stabiler sind
und mit erhdhter Wahrscheinlichkeit degradiert werden. Fir ErbB-2 sind keine
naturlichen Liganden bekannt und somit kann dieser Rezeptor seine
Signaltransduktion lediglich durch Heterodimerisierung mit anderen Mitgliedern der
EGFR-Familie entfalten (115,116). Die Aktivierung der Rezeptoren fihrt zu diversen
Effekten, unter anderem DNA-Synthese, Zellproliferation, Zellmigration, Adhasion und

Verhinderung der Apoptose (117).

EGF-Rezeptoren sind in verschiedenen Krebsarten exprimiert oder mutiert (118).
Auch fiir Ovarialkarzinome konnte eine (Uber-)Expression von EGFR und anderen
Mitgliedern der Rezeptorfamilie gezeigt werden (119-121). Eine Uberexpression von

EGF-Rezeptoren fuhrt zu einer Verstarkung der proliferativen Signaltransduktion
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sowie der Abschwachung von apoptotischen Signalen, was in Kombination ein
unkontrolliertes Zellwachstum unterstitzt (42). Es sind verschiedene Mutationen von
EGFR bekannt, welche vor allem bei der Behandlung von Lungenkrebs eine
gesteigerte Rolle spielen (122), da sie dort haufiger auftreten und Zielstrukturen fir

Wirkstoffe darstellen kénnen.

Im Rahmen der Untersuchung einer méglichen Dreierkombination von Cisplatin,
Entinostat und EGFRI wurden die drei Wirkstoffe Lapatinib, Afatinib und AZD-37359 in

die Experimente einbezogen. Die Strukturformeln sind in Abbildung 12 dargestelit.
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Abbildung 12: Lapatinib (links), Afatinib (zentral) und AZL';-3759 (rechts).

Lapatinib ist ein reversibler Inhibitor von EGFR und ErbB-2 und tritt aufgrund
struktureller Ahnlichkeit durch Bindung an der intrazelluldaren ATP-Bindungsstelle in
Konkurrenz zu ATP, was die Autophosphorylierung im Rahmen der
Rezeptoraktivierung hemmt (123). Es ist zur Behandlung von ErbB-2 positivem
Brustkrebs im Rahmen einer Kombinationstherapie zugelassen. Bei Afatinib handelt
es sich um einen peroral verfugbaren und irreversiblen Inhibitor von EGFR, ErbB-2
und ErbB-4. Die irreversible Hemmung kommt durch kovalente Bindung durch eine
Michael-Addition (Afatinib tragt eine a,B-ungesattigte Carbonylverbindung, welche als
Michael-Akzeptor dient) an einen Cystein-Rest der Rezeptoren zustande (124-126).
Da es auch mutierte EGFR inhibieren kann, ist es zur Behandlung von nicht-
kleinzelligem Lungenkrebs mit aktivierenden EGFR-Mutationen zugelassen. Als
Vertreter der neuesten Generation von EGFR-Inhibitoren wurde AZD-3759 in die
Untersuchungen eingeschlossen. Es ist aus der Leitstruktur des ATP-kompetitiven
Inhibitors Gefitinib entstanden, ist oral bioverfugbar und ZNS-gangig, was sein
Anwendungsgebiet zum Beispiel auf Hirnmetastasen von EGFR-positiven bzw. EGFR-
mutierten Tumorarten erweitert (127). In diesem Kontext wird es momentan in
verschiedenen klinischen Studien hinsichtlich Sicherheit und Wirksamkeit untersucht
(128,129). Die drei Inhibitoren weisen unterschiedliche Profile hinsichtlich ihrer
inhibitorischen Aktivitat gegenuber den verschiedenen EGFR-Subtypen auf. Lapatinib
inhibiert in dhnlichem Ausmall EGFR (ICso: 9,2 nM) und ErbB-2 (ICso: 10,8 nM) und
schwacher auch ErbB-4 (ICso: 367 nM) (130). Afatinib inhibiert ebenfalls EGFR (ICso:
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0,5 nM), ErbB-2 (ICs0: 14 nM) und ErbB-4 (ICs0: 1 nM), sowie zwei Mutationen von
EGFR im nanomolaren Bereich (L858R wund L858R/T790M) (125,131). Die
Experimentalsubstanz AZD-3759 inhibiert sowohl nicht mutierte EGFR (ICso: 0,3 nM),
als auch mutierte EGFR (L858R und Exon 19Del) im subnanomolaren Bereich (127).
Die angegebenen |Cso-Werte beziehen sich auf Messungen am isolierten Enzym. Im
zelluldaren Kontext sind in der Regel hdhere Konzentrationen erforderlich. Der
Mutationsstatus der EGF-Rezeptoren der verwendeten Zelllinien wurde in den
durchgefuhrten Studien nicht bestimmt. Allerdings finden sich in der Literatur Hinweise
auf eine Expression von EGFR bzw. ErbB-2 sowohl in A2780 als auch in HEY Zellen
(132,133), was durch bisher unveréffentlichte Expressionsanalysen aus unserem

Arbeitskreis bestatigt werden konnte.

Eine Kombinationsbehandlung bestehend aus Entinostat (oder anderen HDACI),
EGFRI und Cisplatin an Ovarialkarzinomen bzw. entsprechenden Zelllinien ist bisher
nicht in der Literatur beschrieben und wurde im Rahmen dieser Arbeit aufgrund der

maoglichen positiven Kombinationseffekte in ersten Experimenten untersucht.

Der verstarkende Einfluss von Entinostat auf die Behandlung von Ovarialkrebs-
Zelllinien mit Cisplatin durch Steigerung der Apoptoserate konnte bereits gezeigt
werden (110). Durch die Erweiterung der Behandlung mit einem EGFRi kodnnte
zusatzlich zur verstarkten Apoptoseinduktion ein weiterer Impuls zur Hemmung der
Zellproliferation gegeben werden. AulRerdem verhindern aktive EGFR in gewissem
Ausmal} die Einleitung der Apoptose. Zielsetzung dieser Folgeexperimente war die
Uberpriifung der These, ob sich die verstarkte Apoptoseinduktion der
Kombinationsbehandlung von Entinostat und Cisplatin durch Hemmung von EGFR

noch weiter steigern lasst.

In ersten Experimenten konnte gezeigt werden, dass eine gemeinsame 48-
stiindige Prainkubation von Entinostat und den EGFRI Lapatinib und Afatinib an den
Zelllinien A2780 und HEY zu einer deutlichen Erhéhung der Zytotoxizitat von Cisplatin
fuhren konnte. Beispielhaft sind die Ergebnisse an A2780 Zellen der Kombination von

Entinostat, Lapatinib und Cisplatin in Abbildung 13 dargestellt.
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Abbildung 13: Einfluss von Entinostat und Lapatinib auf die Zytotoxizitat von Cisplatin an A2780.
A2780 Zellen wurden fiir 48 Stunden mit Entinostat und/oder Lapatinib préinkubiert. AnschlieBend wurden die
Zellen fiir 72 Stunden mit verschiedenen Konzentrationen Cisplatin behandelt. Die Bestimmung der Zellviabilitat
per MTT-Assay und die Auswertung der erhaltenen Daten wurde nach Bandolik et al. (110) durchgefiihrt. Die
dargestellten Ergebnisse stammen aus mindestens drei voneinander unabhéngigen Experimenten, vermessen

in Triplikaten, und zeigen den Mittelwert und die Standardabweichung (A) bzw. den Standardfehler (B) der
einzelnen Datenpunkte. Signifikanzniveaus (t-Test): ns (p = 0,05); * (p < 0,05); ** (p < 0,01).

Durch gleichzeitige Prainkubation mit 0,25 uyM Entinostat und 5 uM Lapatinib
konnte in A2780 der ICso-Wert von Cisplatin von 5,54 yM auf 0,83 uM (Shift-Faktor
(SF) = 6,67) signifikant gesenkt werden. Entinostat allein konnte den ICsp-Wert auf
1,99 uM (SF = 3,48) senken, wahrend Lapatinib einen ICso-Wert fur Cisplatin von 5,06
MM (SF = 1,09) hervorrufen konnte. Fur HEY Zellen konnte gezeigt werden, dass eine
gleichzeitige Prainkubation mit 175 nM Entinostat (SF = 2,34) und Lapatinib (SF =
1,82) den |Cso-Wert fur Cisplatin von 7,12 uM auf 0,99 uM (SF = 7,17) senken konnte.
Im Gegensatz zu A2780 konnte an HEY Zellen ein &hnlicher Effekt auch fur 0,25 uM
Afatinib gezeigt werden. Afatinib allein zeigte einen Shift-Faktor von 1,71, wahrend in
der kombinierten Anwendung von Entinostat und Afatinib die Cisplatin-Sensitivitat auf
1,22 uM (SF = 5,84) gesenkt werden konnte. Fir die Kombination von Entinostat, AZD-
3759 und Cisplatin konnten keine vergleichbaren Effekte hinsichtlich der Zytotoxizitat
von Cisplatin gezeigt werden. Sowohl fur die Experimente mit A2780, als auch mit HEY
konnten die eingesetzten Konzentrationen von Entinostat im Vergleich zur dualen

Kombination mit Cisplatin in Bandolik et al. (110) zum Teil deutlich verringert werden.

Da fur den verstarkenden Effekt von Entinostat auf Cisplatin malgeblich die
erhdhte Aktivierung von Caspasen 3/7 verantwortlich gemacht werden konnte (110),

wurde auch zur Beurteilung der Kombinationsbehandlung aus Entinostat, EGFRIi und
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Cisplatin ein Caspase 3/7-Aktivierungs-Assay durchgefuhrt. Die Ergebnisse fur A2780
sind in Abbildung 14 dargestelit.
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Abbildung 14: Einfluss der Kombination von Entinostat, EGFRI und Cisplatin an A2780 auf die
Aktivierung von Caspase3/7.

A2780 Zellen wurden fiir 48 Stunden mit Entinostat und/oder EGFRI (Lapatinib, Afatinib oder AZD-3759)
préinkubiert. AnschlieBend wurden die Zellen fiir 24 Stunden mit 5 uM Cisplatin behandelt. Die Bestimmung der
Caspase 3/7-Aktivitét per fluoreszenzbasiertem Caspase-Assay und die Auswertung der erhaltenen Daten
wurde nach Bandolik et al. (110) durchgefiihrt. Die dargestellfen Ergebnisse haben explorativen Charakter,
stammen aus einem Experiment (mindestens in Triplikaten vermessen) und zeigen den Mittelwert und die

Standardabweichung der einzelnen Datenpunkte. Die Fluoreszenzintensitét der unbehandelten Kontrolle wurde
von allen Werten abgezogen. Signifikanzniveaus (t-Test): ns (p = 0,05); * (p £ 0,05); ** (p < 0,01), *** (p < 0,001).

Wie zu erkennen ist, verursachen weder 5 uM Cisplatin noch 0,25 uM Entinostat
oder die eingesetzten EGFRI in ihren jeweiligen Konzentrationen eine signifikante
Steigerung der Caspase-Aktivitat. Auch die dualen Kombinationen aus Cisplatin und
einem weiteren Inhibitor (entweder Entinostat oder EGFRI) zeigen keine erhdhte
Caspase-Aktivitdtin A2780 Zellen. Innerhalb der dualen Kombinationen aus Entinostat
und einem EGFRI, war die Kombination aus Entinostat und Lapatinib in der Lage eine
signifikant erhdhte Caspase-Aktivitat verglichen mit den beiden Einzelkomponenten zu
verursachen. Alle untersuchten Triple-Kombinationen aus Entinostat, einem EGFRI
und Cisplatin vermochten eine deutlich erhéhte Caspase-Aktivitat auszulésen. Im Falle
von Afatinib und AZD-3759 ist zu unterstreichen, dass jede beliebige duale
Kombination aus diesen beiden EGFRI mit Entinostat und/oder Cisplatin nicht in der
Lage war eine signifikante Aktivierung von Caspase 3/7 zu verursachen und somit nur
die entsprechende Triple-Kombination effektiv war. An HEY Zellen liel® sich nach

bisherigen Erkenntnissen kein analoger Effekt der Dreifachkombination hinsichtlich der
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Caspase 3/7-Aktivitat zeigen. Eine Steigerung der Caspase 3/7-Aktivitdt durch die

Lapatinib enthaltene Dreifachkombination konnte in CaOV3-Zellen gezeigt werden.

Zusammenfassend ist festzuhalten, dass im Rahmen erster Experimente
vielversprechende Ergebnisse fur die Triple-Kombination aus Cisplatin, Entinostat und
einem EGFRI generiert werden konnten. Es zeigt sich aullerdem eine Tendenz fiur die
Moglichkeit, die einzelnen Komponenten in geringeren Konzentrationen als in dualen
Kombinationen einzusetzen. Wurde sich ein solcher Sachverhalt auch in vivo oder im
klinischen Alltag zeigen, bestinde wie einleitend erwahnt, die Mdglichkeit, eine
deutlich verringerte Haufigkeit bzw. Intensitat der unerwinschten Wirkungen der

Wirkstoffe festzustellen.

3.5.2 Erweiterung der Kombinationstherapie von Cisplatin und Entinostat durch
Inhibitoren von Phosphoinositid-3-Kinasen (PI3Ki)

Der zusammenhangende Signaltransduktionsweg von Phosphoinositid-3-
Kinasen (PI3K), Proteinkinase B (AKT oder PKB) und des mechanistic/mammalian
target of rapamcyin (mTOR, dt. Ziel des Rapamycins im S&augetier) spielt im
Krebsgeschehen eine zentrale Rolle (134,135) und wird im Rahmen verschiedener
Krebsarten, wie zum Beispiel Karzinome des Ovars (136,137), der Brust (138) oder
der Prostata (139), auch in Zusammenhang mit der Entwicklung von
Therapieresistenzen untersucht. Der klinische Erfolg konnte zum Teil allerdings noch
nicht ausreichend gezeigt werden. Grundsatzlich gibt es vier Klassen (I-1V) von PI3K
— da die drei Wirkstoffe dieser Studie PI3Ks der Klasse | adressieren, wird im
Folgenden vorwiegend auf diese eingegangen. Innerhalb von Klasse | werden
weiterfihrend die Klassen IA und IB unterschieden. Klasse | PI3Ks katalysieren die
Umsetzung von PIP2 (Phosphatidylinositol-4,5-bisphosphat)  zu PIP3
(Phosphatidylinositol-3,4,5-trisphosphat) und werden im Fall von Klasse |IA durch
Rezeptor-Tyrosinkinasen (wie Kinasen der EGFR-Familie) oder durch GPCRs (G-
Protein gekoppelte Rezeptoren) im Fall von Klasse IB, aktiviert. Klasse | PI3K sind
Heterodimere und bestehen aus einer p85 (Klasse |IA) bzw. p101 (Klasse IB)
regulatorischen Untereinheit und einer p110 katalytischen Untereinheit. Fir die
katalytische Untereinheit gibt es vier unterschiedliche codierende Gene. Je nachdem,
welche katalytische Untereinheit exprimiert wird und Teil des jeweiligen Heterodimers

ist, werden PI3K aq, B, y (Klasse IA) oder & (Klasse ID) unterschieden. Daraus ergibt
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sich fur diese Untereinheiten die jeweilige Schreibweise p110a, p110B, p110y oder
p1108. Die Aktivierung von PI3K fuhrt zur Aktivierung durch Phosphorylierung von
AKT. mTOR kann in vivo als Teil zweier Komplexe vorliegen: mTOR-Komplex 1
(mTORC1) oder mTOR-Komplex 2 (mTORC2). Die Aktivierung von mTORC1 oder
mTORC2 fihrt zu einer Steigerung der Translation von Proteinen, was zu
gesteigertem Zellwachstum und damit Zellproliferation fihrt (140,141). Aktiviertes AKT
aktiviert mTORC1 durch Phosphorylierung von mTOR. In der Literatur ist auRerdem
eine Aktivierung von mTORC2 direkt durch PI3K beschrieben (142). Aktivierung von
mTORC2 fuhrt indirekt, Uber Aktivierung von AKT ebenfalls zur Aktivierung mTORC1.
Der wichtigste Regulator des PI3K/AKT/mTOR-Signalweges ist der Tumorsuppressor
PTEN (phosphatase and tensin homolog). PTEN wandelt PIP3 zu PIP2 um und
verhindert somit die PIPs-abhangige Aktivierung von AKT (143). Eine Senkung der
Aktivitat oder ein vollstdndiges Fehlen von PTEN durch genetische Mutationen fuhrt
auf der anderen Seite zu einer Ansammlung von PIP3 und damit zu einer verlangerten
und nicht mehr regulierten Aktivierung von AKT (137). Fur Ovarialkarzinome konnte
gezeigt werden, dass eine Funktionsbeeintrachtigung von PTEN in einer gewissen
Anzahl von Fallen stattfindet (144).

Die Aktivierung des PI3K/AKT/mTOR-Signalweges fuhrt alles in allem also zu
einer gesteigerten Proliferation der Zellen und unterdriickt damit apoptotische Signale.
Auf Basis dieser Eigenschaften wurden im Rahmen der folgenden Studien Inhibitoren
dieses Signalweges in Kombination mit Cisplatin und Entinostat untersucht. Eine
Dreierkombination dieser Wirkstoffe bzw. Wirkstoffklassen ist bisher nicht in der
Literatur beschrieben. Allerdings ist beschrieben, dass A2780 Zellen, welche als
Testsystem dienten, eine Deregulation des PI3K/AKT/mTOR-Signalweges aufgrund
einer PTEN-Mutation (145-147) und einer Mutation in PI3Ka (146) aufweisen. Fur
HEY- und CaOV3-Zellen, an welchen Teile der Studie ebenfalls durchgefihrt wurden,

weisen laut Literatur derartige Deregulationen oder Mutationen nicht auf (146,147).

In die folgenden Untersuchungen wurden die PI3Ki Buparlisib (BKM-120), BGT-
226 und Dactolisib (BEZ-235) eingeschlossen. Die Strukturformeln sind in Abbildung
15 dargestelit.
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Abbildung 15: Buparlisib (links), BGT-226 (zentral) und Dactolisib (rechts).

Buparlisib ist vorwiegend ein nanomolarer und oral verfugbarer Inhibitor aller
PI3Ks der Klasse | und zeigt nur schwache inhibitorische Wirkung auf mTOR im
mittleren mikromolaren Bereich (145). Es war zuletzt Teil von Phase | Studien zur
Klarung der klinischen Sicherheit und pharmakokinetischer Eigenschaften bei
Patientinnen mit Ovarialkarzinomen und anderen soliden Tumoren (148,149).
Weiterhin wurde es im Rahmen von Phase |l Studien an Patientinnen mit
fortgeschrittenem oder metastasierendem Brustkrebs, zumeist als Teil einer
Kombinationstherapie, untersucht (150,151). Eine weitere Phase Il Studie an
Patienten mit Kopf-Hals-Tumoren ist geplant (152). BGT-226 inhibiert sowohl PI3Ks
der Klasse | als auch mTOR im nanomolaren Bereich (153). Auch BGT-226 wurde
bisher in Phase | Studien untersucht, allerdings nicht explizit an Ovarialkarzinomen,
sondern entweder an fortgeschrittenen Brustkarzinomen (154) oder breiter an
verschiedenen fortgeschrittenen soliden Tumoren (155). Dactolisib ist oral verflgbar,
inhibiert ebenfalls PI3Ks der Klasse | und mTOR im nanomolaren Bereich.
Mechanistisch wirkt es Uber ATP-Konkurrenz an der entsprechenden Bindungsstelle
der PI3Ks (156). Es war der erste PI3Ki, welcher in klinischen Studien untersucht
wurde. So wurde es im Rahmen einer abgeschlossenen Phase IB/Il Studie an HER2-
negativem Brustkrebs untersucht (157). Dactolisib wurde auch an anderen
Krebsformen (Pankreastumore (158) und Nierenkarzinome (159)) untersucht. Diese
Studien wurden allerdings aufgrund hoher Toxizitat bzw. geringer klinischer Effizienz

abgebrochen.

Es konnte gezeigt werden, dass eine gemeinsame 48-stiindige Prainkubation mit
Entinostat und Buparlisib (PI3Ki) oder BGT-226 (PI3Ki/mTORI) zu einer deutlichen
Steigerung der Cisplatin-Sensitivitdt von A2780 Zellen fihren konnte. Diese Daten sind
in Abbildung 16 dargestellt.
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Abbildung 16: Einfluss von Entinostat und Buparlisib bzw. BGT-226 auf die Zytotoxizitédt von Cisplatin
an A2780.

A2780 Zellen wurden fiir 48 Stunden mit Entinostat und/oder Buparlisib (A/B) bzw. BGT-226 (C/D) préinkubiert.
AnschlielBend wurden die Zellen fiir 72 Stunden mit verschiedenen Konzentrationen Cisplatin behandelt. Die
Bestimmung der Zellviabilitdt per MTT-Assay und die Auswertung der erhaltenen Daten wurde nach Bandolik et
al. (110) durchgefiihrt. Die dargestellten Ergebnisse stammen aus mindestens drei voneinander unabhéngigen

Experimenten, vermessen in Triplikaten, und zeigen Mittelwerte und Standardabweichung (A/C) bzw.
Standardfehler (B/D). Signifikanzniveaus (t-Test): ns (p = 0,05); * (p = 0,05); ** (p < 0,01).

Eine 48-stiindige Prainkubation mit 0,25 uM Entinostat konnte den ICso-Wert von
Cisplatin an A2780 von 5,54 pM auf 1,59 uM (SF = 3,48) senken. Sowohl ein Zusatz
von Buparlisib als auch von BGT-226 konnte diesen Effekt verstarken. Wurde nur mit
0,50 puM Buparlisib prainkubiert, sank der |ICso-Wert von Cisplatin auf 2,57 uM (SF =
2,16). In Kombination mit Entinostat allerdings konnte der ICso-Wert von Cisplatin auf
1,09 uM (SF = 5,08) gesenkt werden. Damit liegt er signifikant niedriger als nach einer

alleinigen Vorbehandlung mit Entinostat oder Buparlisib. Ahnliches zeigt sich fiir BGT-
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226. Eine alleinige Vorbehandlung vermochte es, den ICso-Wert von Cisplatin auf 2,82
MM (SF = 1,96) zu senken. In Kombination mit Entinostat wurde der ICso-Wert von
Cisplatin auf 1,12 uM (SF = 4,95) signifikant gesenkt. Auch in diesem Fall liegt dieser
ICso-Wert signifikant niedriger als nach Vorbehandlung mit den beiden Inhibitoren
allein. Fur HEY Zellen konnte dies in ersten explorativen Experimenten fur eine
gemeinsame Prainkubation aus Entinostat und BGT-226 gezeigt werden — hier konnte
der ICso-Wert von Cisplatin von ungefahr 7 uM auf rund 1 pM gesenkt werden, was in
etwa einem Shift-Faktor von 7 entsprechen wirde. Fur Dactolisib konnte weder ein
alleiniger noch in Kombination mit Entinostat sensitivierender Effekt gegeniber

Cisplatin festgestellt werden.

Zur Klarung, ob dieser beobachtete Effekt auf der erhéhten Induktion von
Apoptose beruht, wurde der subG1-Anteil der Zellpopulation nach entsprechender
Behandlung bestimmt. Die Ergebnisse in A2780 Zellen sind in Abbildung 17

dargestellt.
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Abbildung 17: Einfluss der Kombination von Entinostat, PI3Ki und Cisplatin an A2780 auf den Anteil
von subG1-Zellen.

A2780 Zellen wurden fiir 48 Stunden mit Entinostat und/oder PI3Ki (Buparlisib, BGT-226 oder Dactolisib)
préinkubiert. AnschlieBend wurden die Zellen fiir 24 Stunden mit 5 uM Cisplatin behandelt. Die Bestimmung des
Anteils von subG1-Zellen wurde per Durchflusszytometrie bestimmt und die Auswertung der erhaltenen Daten
wurde nach Bandolik et al. (110) durchgefiihrt. Die dargestellten Ergebnisse haben explorativen Charakter,
stammen aus zwei Experimenten (mindestens in Duplikaten vermessen) und zeigen den Mittelwert und die
Standardabweichung der einzelnen Datenpunkte. Die Rate von subG1-Zellen der unbehandelten Kontrolle
wurde von allen Werten abgezogen. Signifikanzniveaus (t-Test): ns (p = 0,05); * (p < 0,05); ** (p < 0,01),
***(p = 0,001).
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Es ist zu erkennen, dass weder 5 pyM Cisplatin noch Entinostat oder die
eingesetzten PI3Ki in alleiniger Anwendung eine signifikante Erhéhung der Rate von
subG1-Zellen verursachen. Nur Entinostat konnte in dualer Kombination mit 5 uM
Cisplatin dessen erreichte subG1-Raten signifikant steigern. Buparlisib und BGT-226
konnten in dualer Kombination mit Entinostat signifikant héhere subG1-Raten
erreichen als Entinostat allein. Verglichen mit der Kombinationsbehandlung aus 5 uM
Cisplatin und Entinostat, konnte eine Erweiterung des Behandlungsschemas mit
einem beliebigen PI3Ki die Rate an subG1-Zellen dartber hinaus signifikant steigern.
An HEY Zellen konnten ahnliche Effekte bzgl. BGT-226 und Dactolisib bzw. deren

Dreierkombinationen mit Cisplatin und Entinostat gezeigt werden.

Um zu verifizieren, ob es sich bei den gemessenen subG1-Zellen um
apoptotische Zellen handelt, wurde unter den gleichen Bedingungen ein Caspase 3/7-
Aktivierungs-Assay durchgefuhrt. Die exemplarischen Ergebnisse fur A2780 Zellen
sind in Abbildung 18 dargestelit.
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Abbildung 18: Einfluss der Kombination von Entinostat, PI3Ki und Cisplatin in A2780 auf die
Aktivierung von Caspase 3/7.

A2780 Zellen wurden fiir 48 Stunden mit Entinostat und/oder EGFRI (Lapatinib, Afatinib oder AZD-3759)
préinkubiert. AnschlieBend wurden die Zellen fiir 24 Stunden mit 5 uM Cisplatin behandelt. Die Bestimmung der
Caspase 3/7-Aktivitdt per fluoreszenzbasiertem Caspase-Assay und die Auswertung der erhaltenen Daten
wurde nach Bandolik et al. (110) durchgefiihrt. Die dargestellten Ergebnisse haben explorativen Charakter,
stammen aus einem Experiment (mindestens in Triplikaten vermessen) und zeigen den Mittelwert und die
Standardabweichung der einzelnen Datenpunkte. Die Fluoreszenzintensitét der unbehandelten Kontrolle wurde
von allen Werten abgezogen. Signifikanzniveaus (t-Test): ns (p = 0,05); * (p £ 0,05); ** (p < 0,01), *** (p < 0,001).
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Es zeigte sich, dass weder 5 yuM Cisplatin noch Entinostat oder einer der
eingesetzten PI3Ki in alleiniger Behandlung nach insgesamt 72-stindiger
Inkubationszeit eine signifikante Aktivierung von Caspase 3/7 verursachten. Dies gilt
mit einer Einschrankung fir Entinostat auch fur die dualen Kombinationen mit
Cisplatin. Die Kombination aus Cisplatin und Entinostat konnte zwar die Caspase 3/7-
Aktivierung von Cisplatin signifikant steigern, liegt allerdings nicht signifikant héher als
unter alleiniger Anwendung von Entinostat. Unter Verwendung der dualen
Kombination von Entinostat und einem der drei PI3Ki konnte keine erhéhte Caspase
3/7-Aktivitat im Vergleich zur unbehandelten Kontrolle festgestellt werden. Die dualen
Kombinationen von Entinostat und PI3Ki konnten, mit Ausnahme von Dactolisib, die
verursachte Caspase 3/7-Aktivitat von Entinostat signifikant erhéhen. Fir alle drei
untersuchten Dreifachkombinationen aus 5 pM Cisplatin, Entinostat und PI3Ki konnte
eine deutlich erhéhte Caspase 3/7-Aktivitdt gezeigt werden. Diese war in jedem Fall
signifikant héher im Vergleich zu 5 pM Cisplatin allein oder der dualen Kombination
aus Cisplatin und Entinostat. Auch bei der Auswertung des Caspase 3/7-Aktivierungs-
Assays konnten an HEY Zellen im Wesentlichen analoge Ergebnisse flr Buparlisib
und Dactolisib beinhaltende Dreifachkombinationen erzielt werden. An CaOV3-Zellen
konnten schwache, aber signifikante Effekte durch die Dreifachkombination von
Cisplatin, Entinostat und BGT-226 hinsichtlich der Aktivierung von Caspase 3/7

gezeigt werden.

Zusammenfassend zeigt sich, dass im Rahmen dieser ersten explorativen
Experimente vielversprechende Ergebnisse fur die Dreierkombination aus Cisplatin,
Entinostat und einem der eingesetzten PI3Ki gezeigt werden konnten. Zunéchst wurde
festgestellt, dass Buparlisib bzw. BGT-226 zusammen mit Entinostat die Zytotoxizitat
von Cisplatin deutlich verstarken konnten. Folgend konnte gezeigt werden, dass die
Rate an subG1-Zellen unter den Dreifachkombinationen erhéht war und diese
Beobachtung, nach zusatzlicher Durchfihrung eines Caspase 3/7-Aktivierungs-
Assays auf eine gesteigerte Auslésung von Apoptose zurlckzufihren sein darfte.
Auch mit diesen Experimenten konnte gezeigt werden, dass verminderte
Konzentrationen der einzelnen Komponenten in Kombination wirkungsvoll sein

kénnen.
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4 Diskussion und Schlussfolgerung
Allgemeines

Aufgrund der besonderen Schwere einer Ovarialkrebs-Erkrankung, die sich durch
eine schlechte klinische Prognose und hohe Rezidiv-Raten auszeichnet, ist es von
besonderer Wichtigkeit neue Therapiestrategien gegen diese Krebsentitat zu
entwickeln. Erkenntnisse, die in praklinischen Zellkultur-Studien gewonnen werden,
kénnen wertvolle Impulse fir die klinische Therapie von Ovarialkarzinomen
generieren.  Zellkultur-Studien bieten die Mdaglichkeit viele verschiedene
Experimentalkonditionen zu untersuchen, was im Rahmen einer klinischen Studie am
Patienten (auch aus ethischen Griinden) in diesem Ausmal und dieser Vielfalt schwer
umsetzbar ware. Im Rahmen dieser Arbeit wurde die Bedeutung von HDACI fur die
Behandlung von Ovarialkarzinomen genauer herausgearbeitet. Daflr wurden Studien
mit unterschiedlichen Zielsetzungen und an verschiedenen zelluldren Testsystemen

durchgefluhrt, die im Folgenden in einen gemeinsamen Kontext gesetzt werden sollen.

Kombinationen mit pan-HDACi und HSP90i

Im Rahmen der Studie Priming with HDAC inhibitors Sensitizes Ovarian Cancer
Cells to Treatment with Cisplatin and HSP90 Inhibitors (Rodrigues-Moita, Bandolik et
al.) bezuglich der méglichen Kombination von HDACI, HSP90i und Cisplatin, konnten
wichtige Erkenntnisse bezuglich des grundsatzlichen Zusammenspiels von HDACi und
Cisplatin an Ovarialkarzinom-Zelllinien generiert werden (111). In diese Studie waren
die pan-HDACIi Panobinostat und LMK-235 eingeschlossen. Im Fokus stand die
Zelllinie A2780 und ihr Cisplatin-resistenter Subklon A2780cisR — A2780 gilt als
zellulares Modellsystem fir Ovarialkarzinome vom EC-Typ (147,160-163). Allerdings
wurden Teile dieser Studie auch an den Zelllinien CaOV3 und OVCARS, inklusive ihrer
Cisplatin-resistenten Subklone, durchgefuhrt. Sie gelten als zellulare Modellsysteme
fur Ovarialkarzinome vom aggressiven HGS-Typ (146,147,163-166). Insgesamt
konnte gezeigt werden, dass die Anwendung von pan-HDACI sensitivierend auf die
untersuchten Zelllinien bezlglich Cisplatin wirkte. Dies konnte fur EC- und HGS-
Zelllinien, eingeschlossen ihrer Cisplatin-resistenten Subklone (an CaOV3,
CaOV3cisR, OVCAR3 und OVCAR3cisR nur fur Panobinostat bewiesen), gezeigt
werden. Die Basis der gefunden Effekte beruht auf einer verstarkten Induktion von

Apoptose, was mit einer Beeinflussung der Expression Apoptose-relevanter Gene
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begriindet werden konnte. Als besonders wichtig stellten sich Anderungen der
Expression von Survivin, APAF1 und p21 heraus, die letztendlich in einem
proapoptotischen Effekt resultieren und besonders durch die Kombination von
Panobinostat und Cisplatin ausgeldést wurden. Diese Ergebnisse konnten auf
Proteinebene im Wesentlichen bestatigt werden. Zur Rolle von HSP90i ist
zusammenfassend zu sagen, dass sie zwar geeignete Kombinationspartner fir
Cisplatin sein kénnen, aber die Dreifachkombination aus pan-HDACIi, HSP90i und

Cisplatin keinen signifikanten Vorteil ergibt.

Kombinationen mit Klasse | HDACi und pan-HDACI

Auf Basis der vielversprechenden Ergebnisse, welche mit pan-HDACI erzielt
wurden, wurde die folgende Studie Class I-Histone Deacetylase (HDAC) Inhibition is
Superior to pan-HDAC Inhibition in Modulating Cisplatin Potency in High Grade Serous
Ovarian Cancer Cell Lines (Bandolik et al.) entworfen (110). Der Fokus dieser Studie
lag auf den HGS-Zelllinien CaOV3, HEY, Kuramochi und OVSAHO (146,147,165,167—
169), die mit der EC-Zelllinie A2780 verglichen wurden. Ziel war es Erkenntnisse
dariber zu sammeln, ob flr die Effekte der vorherigen Studie die Anwendung eines
pan-HDACI notwendig ist oder ob sich eine bestimmte HDAC-Klasse oder sogar ein
einzelnes Isoenzym als besonders wichtig erweisen wurde. Im Rahmen der
Experimente dieser Studie wurden die beiden selektiven HDACi Entinostat (Klasse |)
und Nexturastat A (HDAC6) mit dem pan-HDACI Panobinostat verglichen. Es wurde
gezeigt, dass eine Vorbehandlung der Zellen mit Entinostat die Cisplatin-Sensitivitat
jeder untersuchten Zelllinie maximal um Faktor 4,7 steigern konnte. Panobinostat
konnte zwar die Cisplatin-Sensitivitdt von A2780 Zellen erhéhen, was in Einklang mit
den Ergebnissen der vorherigen Studie steht, jedoch nur von zwei der vier HGS-
Zelllinien, und zwar um maximal Faktor 1,9. Nexturastat A zeigte an drei der vier HGS-
Zelllinien gute Ergebnisse (Steigerung der Cisplatin-Sensitivitdt um maximal Faktor
4.1), musste daflr allerdings in Konzentrationen eingesetzt werden, in deren Héhe es
nicht mehr selektiv fur HDACS6 ist, sondern auch Klasse | HDACs inhibiert. Kontroll-
Experimente mit Nexturastat A Konzentrationen im HDACG6-selektiven Bereich wurden
durchgefuhrt und es konnten keine Cisplatin-sensitivierenden Effekte festgestellt
werden. Fur alle Kombinationen aus Cisplatin und HDACI, die eine signifikante

Steigerung der Cisplatin-Sensitivitat auslésten, konnte mit Hilfe der Chou-Talalay-
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Methode bewiesen werden, dass es sich um eine synergistische Beziehung zwischen
den HDACI und Cisplatin handelte. In der sich anschlieRenden Versuchsreihe der
Studie konnte gezeigt werden, dass eine erhéhte Auslésung von Apoptose die
Ursache flur die synergistische zytotoxische Wirkung zwischen HDACI und Cisplatin
ist. Die Kombinationen, welche eine synergistische Steigerung der Apoptose zeigten,
wurden zur Verifizierung der Ergebnisse auf eine erhéhte Aktivierung von Caspase 3/7
untersucht. Allein Entinostat konnte in allen funf Zelllinien, sowohl die Cisplatin-
Sensitivitat als auch die Cisplatin-induzierte Apoptose und die Caspase 3/7 Aktivierung
von Cisplatin signifikant steigern. Far Nexturastat A zeigten sich hinsichtlich der
Caspase 3/7 Aktivierung ahnliche Ergebnisse, was die Resultate von Entinostat
bestatigte, da Nexturastat A in den eingesetzten Konzentrationen auch HDACs der
Klasse | hemmt. Im Zuge einer explorativen qPCR-Genexpressions-Analyse konnten
die Ergebnisse der Vorgangerstudie bestatigt werden. Eine Kombinationsbehandlung
aus Cisplatin und HDACI fuhrte an A2780 als EC-Zelllinie und den vier HGS-Zelllinien
zu einer verringerten Expression des antiapoptotischen Gens Survivin und einer
verstarkten Expression der proapoptotischen Gene p21, APAF1, BAK1 und PUMA.
Diese Erkenntnisse lassen sich mit Genexpressions-Analysen aus andren
Verdéffentlichungen bezogen auf unterschiedliche Krebsarten in Einklang bringen
(170,171). Alles in Allem lieRen sich durch diese Studie die Ergebnisse der
Vorgangerstudie in wichtigen Punkten hinsichtlich der allgemeinen Effekte der
Kombination von HDACi und Cisplatin bestatigen. Dartber hinaus konnte anhand
verschiedener Kriterien gezeigt werden, dass fur HGS- (und mit Einschrankungen
auch fur EC-) Zelllinien eine selektive Inhibierung von HDACs der Klasse | Vorteile
gegenuber einer Inhibition aller HDAC Isoenzyme zeigt. Projiziert auf die klinische
Anwendung von HDACI kénnte dies die Notwendigkeit der Anwendung von pan-
HDACi einschranken, was Vorteile hinsichtlich der Vermeidung von teils

schwerwiegenden unerwinschten Arzneimittelwirkungen haben kénnte (172-174).
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Erweiterung der Kombination von Cisplatin und Entinostat um Kinaseinhibitoren

Nachdem sich in der Studie Class [-Histone Deacetylase (HDAC) Inhibition is
Superior to pan-HDAC Inhibition in Modulating Cisplatin Potency in High Grade Serous
Ovarian Cancer Cell Lines (Bandolik et al.) Arbeit Entinostat als vielversprechender
Kombinationspartner fur Cisplatin herauskristallisiert hat, wurden erste Experimente
durchgefluhrt, die zum Ziel hatten, diese duale Kombination (Cisplatin + Entinostat) um
einen dritten Wirkstoff zu erweitern (vgl. Kapitel 4 Ausblick). Der Vorteil in
Kombinationsbehandlungen besteht im Allgemeinen darin die eingesetzten
Konzentrationen der einzelnen Substanzen zu senken. Daraus ergibt sich in der Regel,
dass die Patienten unter einer geringeren Haufigkeit an (potenziell schwerwiegenden)
unerwlinschten Arzneimittelwirkungen leiden muissen. Als mogliche Kandidaten
wurden Inhibitoren von epidermalen Wachstumsfaktorrezeptoren (EGFRIi) und

Inhibitoren von Phosphoinositid-3-Kinasen (PI3Ki) ausgewahlt.

Die Aktivierung der Rezeptoren der EGFR-Familie fuhrt unter anderem zu einer
Steigerung der DNA-Synthese, erhdhter Zellproliferation, Zellmigration, Zelladhasion
und Verhinderung der Apoptose (117). Fur Ovarialkarzinome konnte eine Expression
von EGFR und anderen Mitgliedern der EGFR-Familie gezeigt werden (119-121).
Eine Expression und aktive Signaltransduktion dieser Rezeptoren unterstitzt die
wesentlichen Charakteristika einer Krebszelle (42) und stehen im Zusammenhang mit
der Ausbildung einer off- bzw. post-target Cisplatin-Resistenz (30,31). Die
Experimente wurden mit den drei EGFRI Lapatinib (reversibler Inhibitor von EGFR und
ErbB-2; zugelassen flr die Behandlung von ErbB-2 positivem Brustkrebs), Afatinib
(irreversibler Inhibitor von EGFR, ErbB-2 und ErbB-4; zugelassen fur die Behandlung
von NSCLC mit aktivierenden EGFR-Mutationen) und AZD-3759 (EGFRI; Gegenstand
aktueller klinischer Studien) durchgefuhrt. Als Modellsysteme wurden A2780 und zum
Tell HEY Zellen verwendet. Es konnte gezeigt werden, dass eine gemeinsame
Vorbehandlung mit low-dose Entinostat und Lapatinib die Cisplatin-Sensitivitat beider
Zelllinien signifikant verbessern konnte (Faktor 6,67 fur A2780 und Faktor 7,17 fur
HEY). An HEY Zellen zeigte sich ein dhnlicher Effekt auch unter analoger Verwendung
von Afatinib. AZD-3759 konnte hinsichtlich der Beeinflussung der Zytotoxizitat von
Cisplatin keine vergleichbaren Ergebnisse zeigen. An A2780 Zellen konnte ein
vorteilhafter und synergistischer Effekt der Dreifachkombinationen hinsichtlich der

Aktivierung von Caspase 3/7 gezeigt werden. Grundsatzlich lasst sich, bezogen auf
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die bisherigen Ergebnisse, die Einbeziehung von EGFRI ins Behandlungsschema als

vielversprechend bewerten.

Der PIBK/AKT/mTOR-Signalweg ist bezogen auf das Krebsgeschehen von
zentraler Bedeutung (134,135) und wird unter anderem an Ovarialkarzinomen im
Zusammenhang mit der Entwicklung von Therapieresistenzen untersucht (136,137).
Eine Aktivierung dieses Signalwegs fuhrt zu einer gesteigerten Proliferation der Zelle
und unterdrickt damit apoptotische Signale (140,141). Eine Dreierkombination von
Cisplatin, Entinostat und PI3Ki ist in der Literatur bisher nicht beschrieben. In die
Experimente fur diesen explorativen Ansatz wurden die PI3Ki Buparlisib (pan-PI13Ki fur
Klasse |; geringe inhibitorische Wirkung auf mTOR), BGT-226 (pan-PI3Ki fur Klasse |
und mTORI) und Dactolisib (pan-PI3Ki fur Klasse | und mTORI) einbezogen. Keiner
der drei Wirkstoffe ist bisher zugelassen; sie befinden sich in unterschiedlichen Phasen
der klinischen Entwicklung. Es konnte gezeigt werden, dass eine gemeinsame
Prainkubation mit low-dose Entinostat und Buparlisib bzw. BGT-226 die Cisplatin-
Sensitivitat von A2780 Zellen signifikant um Faktor 5,08 bzw. 4,95 erhéhen konnte. An
HEY Zellen konnte BGT-226 in Kombination mit Entinostat die Cisplatin-Sensitivitat
etwa um Faktor 7 erhdéhen. Hinsichtlich der Auslésung von Apoptose konnten die
Dreifachkombinationen Uberzeugen. Sie wiesen eine starke Steigerung der Rate
apoptotischer Zellen auf. An HEY Zellen konnten &hnliche Effekte mit BGT-226 und
Dactolisib erzielt werden. Ein Caspase 3/7 Aktivierungs-Assay bestatigte die
Ergebnisse im Wesentlichen. Die apoptose-steigernden Effekte waren besonders
ausgepragt fur die Dreierkombinationen, die Buparlisib oder BGT-226 (A2780) bzw.
Buparlisib oder Dactolisib (HEY) enthielten. Auch flr die Einbeziehung von PI3Ki in ein
Kombinationsschema von Cisplatin und Entinostat lassen sich vielversprechende

Zwischenergebnisse erkennen.

Es konnte damit gezeigt werden, dass sowohl EGFRIi als auch PI3Ki eine
potenzielle Erweiterung der Kombinationstherapie aus Cisplatin und Entinostat sein
kénnen. Damit konnte hervorgehoben werden, dass die Adressierung dieser beiden
Zielstrukturen im Rahmen der Bekdmpfung einer Cisplatin-Resistenz an
Ovarialkarzinomen von besonderer Wichtigkeit sein kénnen. Der Apoptose-steigernde
Effekt von Entinostat auf Cisplatin konnte durch die Inhibierung Proliferations-

steigernder Impulse zusatzlich unterstitzt werden.
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Kombinationen mit Klasse lla HDACi

In der Studie Synergism of the Class lla Selective Histone Deacetylase Inhibitor
CHDI-00390576 and the Proteasome Inhibitor Bortezomib in Ovarian Cancer Cell
Lines (Bandolik et al.) wurde ein Panel von insgesamt zehn HGS-, EC- und CC-
Zellinien (funf Zelllinien inklusive ihrer Cisplatin-resistenten Subklone [,cisR®)])
hinsichtlich eines Therapieansatzes zur Kombination eines Klasse lla selektiven
HDACI und eines Proteasom-Inhibitors untersucht. Als HDACi wurde CHDI-00390576
(CHDI) eingesetzt und als Proteasom-Inhibitor Bortezomib (BTZ). Fiur Klasse lla
HDACSs finden sich verschiedene Hinweise in der Literatur, dass sie eine gewisse Rolle
im Krebsgeschehen spielen kénnen und werden an anderen Krebsentitdten untersucht
(70,94). Das Proteasom ist ein wichtiger Teil des Ubiquitin-Proteasom-Systems (UPS).
Wenn die Qualitatskontrolle von Zellen im Rahmen einer malignen veradnderten Zelle
aus den Fugen gerdt, werden gezielt antitumorale Proteine abgebaut, um
beispielsweise die Auslésung von Apoptose zu verhindern (86,87). Im Rahmen dieser
Studie konnte gezeigt werden, dass CHDI und BTZ im Allgemeinen antiproliferative
Effekte auf alle zehn Zelllinien entfalten konnten. Synergistische zytotoxische Effekte
lielRen sich allerdings, bewiesen per Chou-Talalay-Methode, nur fur die EC-Zelllinie
A2780 und die Cisplatin-resistente CC-Zelllinie TOV21GcisR zeigen. Beide Zelllinien
reprasentieren eher weniger aggressive Unterarten von Ovarialkarzinomen.
Nichtsdestotrotz ist es wichtig auch Therapieoptionen fir weniger aggressive
Ovarialkarzinome zu entwickeln, da nicht jedes dieser Ovarialkarzinome automatisch
gut auf eine Standardbehandlung mit beispielsweise Platin-basierten Zytostatika
anspricht. AulRerdem besteht grundsatzlich ein grolies Problem in der Therapie von
Platin-resistenten Ovarialkarzinomen. Die weiteren Untersuchungen der Studie
wurden daher fokussiert an A2780 und TOV21GcisR durchgefuhrt. Es konnte gezeigt
werden, dass CHDI die von BTZ ausgeléste Rate an apoptotischen Zellen in beiden
Zelllinien sowohl nach 24- als auch 48-stiindiger gemeinsamer Inkubation steigern
konnte. Diese Ergebnisse lieRen sich im Allgemeinen im Caspase 3/7 Aktivierungs-
Assay bestatigen. An A2780 Zellen wurde zusatzlich ein yH2AX-Assay durchgefiuhrt,
um die Kombinationsbehandlung hinsichtlich madglicher DNA-Schadigung zu
untersuchen. Es zeigte sich, dass eine gleichzeitige Inkubation mit 5 uM CHDI die
DNA-schadigende Wirkung von 40 nM und 80 nM BTZ nach 24 Stunden signifikant
steigern konnte. In einem weiteren Teil dieser Studie konnte gezeigt werden, dass

CHDI in der Lage ist die Zytotoxizitat von BTZ Uber 48 Stunden signifikant zu erhéhen.

211



4 Diskussion und Schlussfolgerung

So vermochten es 5 uM CHDI den 48 Stunden ICso-Wert von BTZ von 10,1 nM auf
1,67 nM (Faktor 6,05) signifikant in A2780 Zellen zu senken. In TOV21GcisR Zellen
konnten 7,50 uM CHDI den 48 Stunden ICso-Wert von BTZ von 7,78 nM auf 0,63 nM
(Faktor 12,3) signifikant senken. Aus den Ergebnissen dieser Studie ist ableitbar, dass
die Kombination aus dem, vor allem zur Anwendung an hdmatologischen Tumoren
untersuchten, Proteasom-Inhibitor Bortezomib und dem Klasse lla selektiven CHDI,
der bisher nicht an Ovarialkarzinomzellen untersucht wurde, Vorteile in der

Behandlung von weniger aggressiven Formen von Ovarialkrebs zeigen konnte.

Effekte dualer Wirkstoffe mit alkylierender und HDAC-inhibitorischer Wirkkomponente

Die letzte Studie dieser Arbeit Hydroxamic Acids Immobilized on Resins (HAIRS):
A Toolbox for the Synthesis of Dual-Targeting HDAC Inhibitors and HDAC Degraders
(PROTACs) (Sinatra et al.) beschaftigte sich mit der Evaluierung von neuartigen
dualen Inhibitoren, welche sowohl alkylierende als auch HDAC-inhibitorische Wirkung
zeigen (112). Die Substanzen wurden im Arbeitskreis von Prof. Finn Hansen von Laura
Sinatra synthetisiert und im Rahmen dieser Arbeit hinsichtlich ihres Einflusses auf die
Auslésung von Apoptose hin untersucht. Die dazugehdrigen Experimente wurden an
Kopf-Hals-Tumor- und Glioblastom-Zelllinien durchgefiihrt. Es konnte gezeigt werden,
dass die dualen Verbindungen in Abhangigkeit der Aktivierung Caspase 3/7 zur
Auslésung von Apoptose fuhrten. Aulierdem konnte eine DNA-Schadigung im yH2AX-
Assay nachgewiesen werden, welche vorwiegend auf die alkylierenden Eigenschaften
der Verbindungen zurickzufuhren sein wird. Als wichtigstes Ergebnis der Studie
konnte gezeigt werden, dass die Hit-Verbindung dieser Synthesereihe bessere Effekte
hinsichtlich Zytotoxizitat, Caspase 3/7 Aktivierung und Bildung von yH2AX zeigte als
die aquimolare = Kombinationsbehandlung bestehend aus den beiden

Ausgangssubstanzen.
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Finale Schlussfolgerungen

Zur tieferen Untersuchung der Rolle von HDACi mit verschiedenen Selektivitaten
in der Therapie von Ovarialkarzinomen wurden im Rahmen dieser Arbeit diverse
Experimente bzw. Studien durchgefuhrt. Die folgenden Ansatze fur
Kombinationstherapien haben sich aufgrund ihres synergistischen Verhaltens
zwischen  den Kombinationspartnern  als besonders  vielversprechend
herauskristallisiert und kénnten wertvolle Impulse fir die klinische Behandlung dieser

Tumore liefern:
e Kombination von Cisplatin mit Panobinostat an EC-Ovarialkarzinomen,

e Kombination von CHDI-00390576 und Bortezomib an EC- und Cisplatin-

resistenten CC-Ovarialkarzinomen,

e Kombination von Cisplatin mit Klasse | HDACi (wie Entinostat) an HGS-

Ovarialkarzinomen,

e Kombination von Cisplatin mit Entinostat und EGFRIi oder PI3BK(/mTOR)i an EC-

und HGS-Ovarialkarzinomen.
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