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Einleitung

1 Einleitung

1.1 Allgemeine Struktur und Signaltransduktion von TRAIL und den
Todesrezeptoren TRAIL-R1/-R2

Der ,TNF-related-apoptosis-inducing-ligand“ (TRAIL) wurde 1995 als neues Mitglied
der Tumor-Nekrose-Faktor-Superfamilie (TNFSF) entdeckt und charakterisiert. In der
humanen Form dienen 281 Aminosauren als Grundstruktur des Typ Il Transmembran-
proteins, dessen extrazellularer C-terminaler Teil prozentual unterschiedlich sequenz-
homolog zu anderen TNFSF-Mitgliedern (z.B TNFa (23%), FasL (23%), LTa (22%),
etc.) konserviert gestaltet ist (1). Die Tumor-Nekrose-Faktor-(Rezeptor)-Superfamilie
(TNF(R)SF) subsumiert multiple Rezeptoren und Liganden mit unterschiedlichsten
zellphysiologischen Steuerungsmadglichkeiten (2, 3). Bereits kurz nach der Klonierung
des Proteins konnte das Apoptose-induzierende Potential des Todesliganden TRAIL
detektiert werden (1, 4). In den therapeutischen Fokus riickte TRAIL nachdem gezeigt
werden konnte, dass der Ligand als einziger Vertreter der TNF-Superfamilie selektiv
in Tumorzellen Apoptose induzieren kann (5). Die humanen TRAIL-Rezeptoren 1 und
2 sind aufgrund ihrer intrazellularen ,death domains® (Todesdomanen) als Zelltod-
signal transferierende Rezeptoren funktionell vergleichbar, jedoch divergiert zelltyp-
spezifisch der Beitrag zur Apoptoseinduktion. Das am TNF-Rezeptor 1 entdeckte
Motiv der Todesdomane, bestehend aus 60 - 80 Aminosauren, spielt dabei eine
entscheidende Rolle in der Frage, ob eine Zelle eher proinflammatorisches oder
proapoptotisches Signaling betreibt (6, 7). Strukturell weisen die Typ | Transmembran-
proteine als Subklassenvertreter der TNFRSF extrazellular zudem drei cysteinreiche
Domaéanen auf, deren sechs Cysteinreste durch Ausbildung von drei Disulfidbriicken
zur Rezeptorstabilisierung und Ligandeninteraktion beitragen (6). Ein Nachweis der
TRAIL-Rezeptor 1 und 2 Expression zeigte sich in verschiedensten Tumorentitaten,
wie beispielsweise dem Kolon-Karzinom (8), dem Mamma-Karzinom (9) oder dem
Glioblastom (10). TRAIL-Rezeptor 1 dient dabei in Pankreaskarzinomzellen, bei der
Chronisch Lymphatischen Leukamie oder beispielsweise dem Mantelzell-Lymphom
als Transduktor des apoptotischen Signals (11, 12, 13). Die Vielfalt der Tumor-
entitaten, welche TRAIL Todesrezeptoren exprimieren, unterstreicht dabei die thera-

peutische Bandbreite einer mdglichen TRAIL-induzierten Apoptose.
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1.2 Aktivierung des extrinsischen Apoptosewegs durch TRAIL

Trimeres TRAIL mit konsekutiver Rezeptor-Trimerisierung von TRAIL-Rezeptor 1 oder
2 stellt das anfangliche Grundgerust einer erfolgreichen ,death inducing signaling
complex® (DISC) Bildung dar, welches dann als hohermolekuldre TRAIL-Formation
eine effiziente Apoptoseinduktion einleitet. Das intrazellulare Adapterprotein Fas-
associated protein with death domain (FADD) wird Uber seine ,death domain“ an die
intrazellulare ,death domain® des TRAIL-Rezeptors rekrutiert (14, 15). Stdchiometrisch
wird dabei ein einzelnes FADD-Molekl an drei TRAIL-Rezeptoren raumlich assoziiert.
Durch das Vorhandensein einer sogenannten ,death effector domain“ (DED) rekrutiert
nun wiederum das Adapterprotein FADD multiple, enzymatisch-inaktive Procaspasen
(v.a. die Initiatorcaspase 8) uber deren DEDs an den membranassoziierten Komplex
heran. Ein Kettenmodell, bei dem die erste Procaspase direkt DED vermittelt mit FADD
homotypisch interagiert und die raumlich folgenden Procaspasen untereinander tber
DEDs verbunden sind, wurde dabei publiziert (16). Beide Initiatorcaspasen 8 und 10
lokalisieren und aktivieren sich am DISC. Die entscheidende Initiatorcaspase innerhalb
der ablaufenden Apoptose ist Caspase 8, deren signaltransduzierende Wirkung nicht
von Caspase 10 generiert oder ersetzt werden kann (17). Die Aktivierung der Pro-
caspase 8 erfolgt mittels Konformationséanderung, getriggert durch raumliche Nahe
zum DISC, sowie anschlieRender autokatalytischer Aktivierung und Homodimer-
bildung (18). Der DISC als zentraler Steuerungsort und Regulator der Zelltodkaskade
unterliegt variablen Aktivitatsmodulatoren. Cullin 3 polyubiquitiniliert als E3-Ligase
kleine katalytische Untereinheiten der Caspase 8 Molekiile, was p62 vermittelt zu einer
Stabilisierung der aktivierten Initiatorcaspasen und damit auch zur gesteigerten DISC-
Aktivierung fuhrt (19). Das Ubiquitinsystem besitzt dartber hinaus auch DISC
aktivitatsmindernde Eigenschaften, beispielsweise tber die E3 Ligase TRAF 2 (TNF-
receptor associated factor 2). Caspase 8 Molekile werden mittels K48 konjugierter
Ubiquitinketten an der grof3en katalytischen p18 Untereinheit markiert. Die DISC-
Aktivitat wird dann durch die TRAF 2 getriggerte proteosomale Degradation der
Caspasen in Folge herabgesetzt (20). Eine weitere Regulationsmoglichkeit der TRAIL-
induzierten Apoptose bieten die sogenannten cFLIP-Proteine (cellular FLICE-like

inhibitory proteins).
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Drei verschiedene Splicevarianten (cFLIP-long 55 kDa; -short 27kDa; -Raji 25 kDa)
werden auf Proteinebene exprimiert und fungieren teils divergent zueinander. Je nach
Expressionsniveau bieten die cFLIP-Isoformen der Zelle also die Mdglichkeit, aufgrund
der kurzen Proteinhalbwertszeit schnell auf eine veranderte Zellhomoostase reagieren
oder Resistenzen gegenuber der TRAIL-induzierten Apoptose ausbilden zu kdnnen.
Die Isoformen cFLIP-short und -Raji kbnnen dabei an das Adapterprotein FADD
binden, ohne dabei jedoch das proapoptotische Signal, wie Initiatorcaspase 8, weiter-
zuleiten. Die Isoform cFLIP-long zeigt je nach Expressionsniveau unterschiedliche
Wirkungsweisen. Proapoptotisch wirksam bei eher geringeren Expressionsraten und
kontrar dazu antiapoptotisch wirksam bei hohen Expressionsniveaus (21, 22). Ziel der
DISC-Bildung ist die Effektorcaspasen Aktivierung, um das am Todesrezeptor

generierte Zelltodsignal innerhalb der Signalkaskade weiterfihren zu kdnnen.

1.3 Crosslink extrinsischer und intrinischer TRAIL-aktivierter Apoptoseweg

Das uUber den TRAIL-Todesrezeptor nach intrazellular transportierte Zelltodsignal wird
dabei abhangig vom Zelltyp auf zwei unterschiedlichen apoptotischen Signal-
kaskaden weitergeleitet. Typ-l Zellen erreichen eine DISC-Aktivierung, deren Starke
eine Initiatorcaspase-8 Aktivierung mitsamt konsekutiver Effektorcaspasen
Beteiligung und Apoptoseinduktion initiiert. Typ-l1l Zellen, denen eine robuste
Aktivierung von Effektorcaspase 3 auf direktem DISC-Wege nicht gelingt, nutzen das
Mitochondrium als Amplifikationsort des Zelltodsignals. Die am DISC aktivierte
Caspase 8 spaltet das BH3-only Protein Bid am Aspartatrest 60 proteolytisch, mit einer
sich daran anschlieRenden Translokation von tBid zum Mitochondrium (23). Das 15
kDa grol3e tBid enthalt dabei den C-terminalen Bid-Proteinanteil (24). Die Proteine Bax
und Bak liegen im nicht aktivierten Zustand als Monomere vor und wechseln erst nach
erfolgter Konformationsanderung im Rahmen der Aktivierung in einen oligomerisierten
Zustand (25, 26, 27). Eine von Bax und Bak induzierte Porenbildung fuhrt final zur
Permeabilisierung der &uf’eren Membran (MOMP: mitochondrial outer membrane
permeabilization) und zur Freisetzung proapoptotischer Faktoren wie Cytochrom c
oder SMAC (second mitochondria derived activator of caspases) (28). Bax liegt dabei
Uberwiegend im Zytosol lokalisiert vor und nur ein geringer Teil weist eine Membran-

assoziation auf.
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Antiapoptotisch wirksame Proteine, wie beispielsweise Bcl-xL, sorgen durch eine
Retranslokation dafiir, dass Bax als potentiell porenbildendes Protein in ,steady-state’

Bedingungen nur sehr eingeschrankt zur Verfigung steht (29).
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Abbildung: Schema der TRAIL-induzierten Apoptose. Modifiziert nach Karstedt, Montinaro et al (30).
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Nach der Bindung von trimerem TRAIL an die trimerisierten TRAIL-Todesrezeptoren 1 oder 2, erfolgt
Uber die Rezeptor-Todesdoméanen (,death domains®) die Rekrutierung des Adapterproteins FADD an
den Rezeptorkomplex. Durch Interaktion der Todeseffektordomanen (,death effector domains®) wird nun
vor allem die Initiatorcaspase 8 im Anschluss an den membranassoziierten Komplex heran-
rekrutiert. Typ-l Zellen aktivieren in der Folge direkt die Effektorcaspasen, wahrend Typ-Il Zellen das
Mitochondrium nutzen, um das Zelltodsignal zu verstarken. Uber tBid wird das Zelltodsignal zum
Mitochondrium transferiert und dort mittels Bax und Bak induzierter Porenbildung durch konsekutive
Freisetzung proapoptotischer Molekile, wie bspw. Cytochrom c, verstérkt. Die gemeinsame Endstrecke
erfolgt unter anderem Uber die aktivierte Effektorcaspase 3 und die letztliche Apoptoseinduktion.

1.4 Resistenzmechanismen der TRAIL —induzierten Apoptose

An der Zelloberflache bietet die TRAIL-Rezeptorexpressionsrate einen Angriffspunkt,
um eine TRAIL-Resistenz induzieren zu kénnen. Bei Zellen der Akuten Lymphatischen
Leukamie konnte gezeigt werden, dass eine verminderte Expression von TRAIL-
Rezeptor 1 negativ mit der Zelltodrate korreliert (31). Mutationen an der intrazellularen
Todesdomane oder der Ligandenbindungstasche zeigten, dass die Rezeptorintegritét

entscheidend fir eine potente Apoptoseinduktion ist (32).
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Auf verschiedene Art und Weise kann es den Tumorzellen gelingen, das transferierte
Todessignal innerhalb der ablaufenden Signalkaskade zu inhibieren. Eine Moglichkeit
die TRAIL-Sensitivitat der Tumorzellen zu beeinflussen, besteht durch Modulation der
sogenannten IAPs (inhibitor of apoptosis proteins). XIAP, clAP1 und clAP2 spielen
dabei in der TRAIL-induzierten Zelltodkaskade eine besondere Rolle. Durch direkte
Caspasenhemmung oder durch Ubiquitin vermittelte Markierung fir den proteo-
somalen Abbau, greifen die IAPs antiapoptotisch in den Zelltodprozess ein. Eine
erhohte XIAP / clAP Expressionsrate kann also ebenfalls mit einer gesteigerten
Therapieresistenz von Tumorzellen assoziiert sein (33). Typ-1l Zellen sind aufgrund
ihrer mitochondrialen Abhangigkeit anfallig fir eine Resistenzentwicklung durch die
Hochregulation antiapoptotischer Proteine oder die Expressionsminderung pro-
apoptotischer Proteine. Innerhalb der TRAIL-induzierten Signalkaskade wurde
beispielsweise eine Hochregulation antiapoptotisch wirksamer Proteine, wie Bcl-2,
Bcl-xL oder Mcl-1, sowie ein Bax Expressionsverlust als potentieller Resistenzgrund
eruiert. Durch eine Aktivierungsblockade der porenbildenen Proteine Bax und Bak
sorgen Bcl-2, BxI-xL oder Mcl-1 dabei fir eine Fehlregulation der apoptotischen
Signalkaskade (34, 35, 36, 37).

1.5 Hyperosmolarer Stresseinfluss auf Tumorzellen

Erste Ergebnisse hinsichtlich eines Natriumchlorid spezifischen Effekts auf Tumor-
zellen wurden 1960 publiziert. An HeLa Zellen konnte gezeigt werden, dass die Zellen
eine Natriumchlorid Konzentration von 100-130 mM im Zellkulturmedium optimal fur
ein gesteigertes Wachstum nutzen kénnen. Bei h6heren Konzentrationen zeigten die
HelLa Zellen allerdings eine deutlich verminderte Wachstumsrate. Bei eingesetzten
NaCl Konzentrationen von 190 oder 220 mM Natriumchlorid konnten pro Zelle im
Medium vermehrte RNA- und Proteinmengen detektiert werden, zusammen mit einer
eher gleichbleibenden DNA-Menge ein Hinweis auf eine osmotisch induzierte
Dysfunktion der Zelle (38). In Vorarbeiten konnte zudem gezeigt werden, dass hyper-
osmotischer Stress beispielsweise HelLa Zellen, mit nattrlicher Resistenz gegenuber
einer TNFa-induzierten Apoptose, fur eben selbige sensitivieren und eine veranderte

Aktivierbarkeit des intrinsischen Apoptosewegs bedingen kann (39).
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1.6 Fragestellung und Ziel der Arbeit

Die Selektivitat der Zelltodinduktion unterscheidet den Todesliganden TRAIL beispiels-
weise von anderen Mitgliedern der Tumornekrose-Superfamilie, wie TNF- oder Fas-
Liganden, welche ihr proapoptotisches Tumorwirkspektrum mit teils letalen Neben-
wirkungen kompromittierten (40, 41). Der alleinige TRAIL-Einsatz in nicht malignen
Gewebsarten hingegen, zeigte primér keinen systemzytotoxischen Effekt und fuhrte
dariiber hinaus bei den ersten in vitro und in vivo Untersuchungen in unterschiedlichen
Tumorentitdten zu einer verminderten Tumorprogression und einer gesteigerten
Tumorzelltodrate (42). Neben den Schwierigkeiten, das vielversprechende pra-
klinische Potential in klinische Studien transferieren zu kénnen, riickten zunehmend
Resistenzmechanismen in den Mittelpunkt der TRAIL-Forschung. Die Mechanismen
der TRAIL Resistenz sind dabei ein Grund fur den bisher geringen klinischen Erfolg.
Ziel dieser vorliegenden Arbeit war es, zu untersuchen ob durch hyperosmotischen
Stress die Apoptoseinduktion der TRAIL-Todesrezeptoren in Tumorzellen mit

ansonsten geringer TRAIL-Responsivitat gesteigert werden kann.
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2 Methoden
2.1 MTT-Zytotoxizitatsassay

In 96-Multiwell-Platten wurden pro Well 2 x 10* Zellen in 50 pl Medium eingesetzt (bzw.
7 x 10* REH und TF-1-Zellen). Nach simultaner Stimulation von jeweils zwei Wells mit
TRAIL und NaCl oder einer anderen osmotisch wirksamen Substanz, wurden die
Zellen nach 18 h mit je 10 pl MTT pro Well pipettiert und die 96-Multiwell-Platte
daraufhin fur 2 h bei 37° C inkubiert. Um die Reduktion des MTTs zu stoppen wurden
im Anschluss 90 yl MTT-Lysepuffer pro Well addiert und die Platte wiederum bei
37° C uber Nacht inkubiert. Der Mittelwert eines unbehandelten Duplikats wurde als
100 % festgelegt und die Farbeintensitat der Stimulationsgruppen darauf prozentual
bezogen. Die Datenpunkte der Graphen entsprechen den Mittelwerten der zwei Wells

von drei unabhangigen Experimenten.

2.2 Caspase-Aktivitdtsmessung

Die zu messenden Zellen (2 x 104 bzw. 3 x 10*/ Well) wurden in eine 96-Blackwell-
Zellkulturplatte (Flachboden) ausgesat und nach Inkubation Gber Nacht fur unter-
schiedliche Zeitspannen stimuliert. Um die entsprechende Caspasen-Aktivierung
detektieren zu kénnen, wurde das Caspase-spezifische Cell Meter™ Activity Apoptosis
Assay Kit (AAT Bioquest Incorporated,Sunnyvale, Californien, USA) verwendet.
Analog zum Hersteller-Protokoll wurde nach Ablauf der Zellstimulation das Caspase
Substrat in Kombination mit dem Assay-Puffer in einer Menge von 100 pl pro Well
dazugegeben und fir 1 h bei Raumtemperatur dunkelinkubiert. Die 96-Blackwell-Platte
wurde im Anschluss fiir 3 Minuten bei 300 g abzentrifugiert und anschlielR3end mit dem
Victor® Multilabel Reader (Perkin Elmer Incorporated, Waltham, MA, USA) aus-

gewertet.
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2.3 Durchflusszytometrie

Phosphatidylserin, als physiologisch im Zytosol lokalisiertes Phospholipid, kann durch
den Apoptose induzierten Zusammenbruch der Zellmembran mittels einer Annexin-V-
Farbung calciumabhangig an der extrazellularen Seite der Zellmembran detektiert
werden (43, 44). 7-AAD (7-Amino-Actinomycin D) wird dabei zusatzlich als fluores-
zierender Interkalator eingesetzt. Nur in permeabilisierten, avitalen Zellen kann 7-AAD
an die DNA binden und eine im FACS detektierbare, spektrale Verschiebung
generieren (45). 0,5 x 108 Zellen wurden dafir pro Zellkulturschale ausgesat und nach
16 h Stimulation in ein 15 ml Falcon Ubertragen. Nach wiederholter Zentrifugation (500
g / 5 min) und zwischenzeitlicher Resuspension in jeweils 100 pl FACS-Puffer wurde
jede Zellprobe mit 4 pl Annexin und 3 pl 7-AAD fir 15 Minuten bei 4° C lichtgeschuitzt
inkubiert (46). Nach Ablauf der Zeit wurden 300 pl Annexin-Farbepuffer pro
Messgruppe addiert und die einzelnen Proben an einem Durchflusszytometer (FACS
Canto Il, BD Biosciences) ausgewertet. Durch Zugabe eines TRAIL-Rezeptor spezi-
fischen Phycoerythrin(PE)-konjugierten Antikdrpers (ProSci, Poway, Californien, USA)
oder einer Isoform (R&D Systems, Minnesota, USA) konnte die zelloberflachliche
Rezeptorexpressionsrate erfasst werden. BAX Konformationsdnderungen wurden
aquivalent wie in (47) beschrieben detektiert. Zur Messung mitochondrialen Membran-
potentials wurde das MitoScreen Kit (#551302, BD Biosciences, Franklin Lakes, USA)

verwendet.

2.4 \Western Blot

Nach viermindtiger Zentrifugation (400 g, Eppendorf Centrifuge 5417R) wurde der Zell-
pelletiiberstand mittels Vakuumpipette abgesaugt. Das Zellpellet wurde anschlief3end
mit 200 pl 1x Tritonlysepuffer (TBS mit 1 % Triton) resuspendiert und 40 Minuten auf
Eis gelagert. Durch Zugabe des nicht-ionischen Detergens Triton X-100 bricht die Zell-
membranintegritdt zusammen und zytosolische Proteine kdnnen detektiert werden.
Nach 40 Minuten wurde das Eppendorf-Cup mit den lysierten Zellen fir 20 Minuten bei
4° C und 20.000 g erneut abzentrifugiert. 150 pl des Uberstands wurden mit 50 pl 4 x
Laemmli Puffer (+ 165 pl Mercaptoethanol frisch zugegeben) versetzt und im
Anschluss bei 96° C fir 5 Minuten aufgekocht. Nach SDS-Polyacrylamid-Gelelektro-
phorese wurden die Gele auf Polivenylfluorid-Membranen transferiert.
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Nach Ablauf des Transfers wurde die Blot-Kassette aus dem Tankblot entnommen und
die Membranen fir 1-2 h in Blockpuffer (TBS (Tris-buffered saline) mit 5 % Mager-
milchpulver (w/v) und 0,1 % Tween 20 (v/v)) gelegt, um unspezifische Bindungsstellen
fur Proteinbindungen auf der PVDF-Membran zu blocken. Die Membranen wurden
danach mit dem spezifischen Priméar-Antikdrper (6-9 mL, geldst in Roti®-Block) gegen
das entsprechend gesuchte Protein Giber Nacht bei 4° C inkubiert. Am Folgetag wurden
die Membranen zweimal mit je 10 mL TBS-T (0,05 %) gewaschen und dann fir 2 h
mit dem jeweils passenden HRP-gekoppelten Sekundar-Antikorper (6-9 mL, geldst in
Blockpuffer) bei 4° C inkubiert. Nach dreimaligem Waschen mit TBS-T im Anschluss
wurden die Membranen mit je 5 ml ECL-Western Blot Substrat Losung bzw. 1 mL
SuperSignal® West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific
Inc, Waltham, USA) (4 mL Luminol in 0,1 M TBS, 400 ul Dimethylsulfoxid, 1,3 pl H202
bzw. 500 ul SuperSignal® West Femto Stable Peroxide Buffer, 500 ul SuperSignal®
West Femto Luminol Enhancer Solution) benetzt und daraufhin am INTAS Chemilux
Pro via INTAS ChemoCam Western Blot Imaging System (Intas Science Imaging
Instruments GmbH, Gottingen, Deutschland) ausgewertet.

2.9 Statistische Auswertung

Die aufgetragenen Datenpunkte entsprechen jeweils unabhangigen Experimenten,
angegeben mit Mittelwert +/- Standardfehler. Verglichen wurde mittels Student's t-test
(in den Graphiken mit *p < 0.05, **p <0.01, ***p < 0.001 und ****p < 0.0001 gekenn-

zeichnet).
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Diskussion

3 Diskussion

3.1 Aktuelle Studienlage

TRAIL prasentiert im Vergleich mit anderen Vertretern der TNFSF ein relativ schmales
Nebenwirkungsprofil. Eine letale Hepatotoxizitéat oder eine systemische Reaktion, wie
unter Einsatz von rekombinanten Fas-Liganden oder Fas-agonistischen Antikdrpern
beobachtet, konnte nicht oder nur in abgeschwachter Form detektiert werden (48, 40).
Mit dem Ziel das vielversprechende in vitro-Potential in klinische Studien transferieren
zu konnen, wurden 1999 die erste Ergebnisse mit Dulanermin publiziert, der ersten
und einzigen rekombinant-konstruierten und in klinischen Studien getesteten TRAIL-
Variante (42). In den sich anschlieBenden Phase-I-Studien konnte die gute
Vertraglichkeit des synthetischen Todesliganden auch in Kombination mit
Chemotherapeutika mehrfach bestatigt werden (49, 50). Die daraufhin angestrebten
randomisiert-kontrollierten Studien zeigten allerdings, dass kein signifikant vermehrtes
klinisches Ansprechen durch TRAIL und einen Kombinationspartner (wie Chemo-
therapeutika) generiert werden konnte. Weder beim Nicht-kleinzelligen Lungen-
karzinom, noch beim Non-Hodgkin Lymphom konnte beispielsweise ein gesteigertes,
antitumortéses Ansprechen induziert werden (51, 52). Die bisher einzig publizierte
Phase Il Studie mit signifikant besserem Outcome mit Blick auf das progressionsfreie
Uberleben wurde allerdings auch an Patienten mit fortgeschrittenen Nicht-kleinzelligen
Lungenkarzinomen durchgefiihrt. Dabei zeigte der kombinatorische Ansatz mit
Dulanermin, Cisplatin und Vinorelbin, verglichen mit der Kontrollgruppe, allerdings
auch keinen signifikanten Vorteil im Gesamttberleben (53). Durch die Entwicklung
spezifischer Antikorper konnte selektiv, je nach Zelloberflachenprofil, Gber den jeweils
dominierenden TRAIL-Todesrezeptor der Tumorentitat Zelltod induziert werden.
Mapatumumab ist bis heute der einzige TRAIL-R1 spezifische Antikérper mit klinischer
Studienbeteiligung. Fir TRAIL-R2 wurden mit Conatumumab, Lexatumumab,
Tigatuzumab, Drozitumab und LBY-135 verschiedene agonisitsche Antikdrper
entwickelt, jedoch zeigte sich auch hier, wie bei Mapatumumab, dass in samtlichen
Phase | / 1l Studien nur ein maRiger Erfolg mit Blick auf ein besseres Therapiean-

sprechen verzeichnet werden konnte.
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Diskussion

Weder singular, noch im kombinatorischen Ansatz mit einem Chemotherapeutikum
oder dem Proteaseinhibitor Bortezomib konnte durch Dulanermin oder einen der
TRAIL-spezifischen Antikorper ein signifikanter, antitumordser Effekt erzielt werden
(54, 55, 56, 57, 58, 59).

3.2 Sensitiverung der Zellen fur TRAIL-induzierte Apoptose

Die Ergebnisse dieser experimentellen Arbeit konnten zum ersten Mal zeigen, dass
osmotischer Stress gegentber TRAIL-induzierter Apoptose sensitivierend wirkt.
Zahlreiche Studien wurden bisher durchgefihrt, um das in vitro Potential des Todes-
liganden TRAIL quantifizieren zu kénnen. Unterschiede, zu dem in dieser Arbeit durch
TRAIL und osmotischen Stress erzielten apoptotischen Phanotyps, zeigten sich unter
anderem in der Zelltodrate der Tumorzellen oder korrelierenden Veranderungen inner-
halb der TRAIL-induzierten Signalkaskade. Wahrend oftmals zwischen 10 und 70 Pro-
zent der Tumorzellen, bei kombinatorischem Einsatz von TRAIL (oder einem TRAIL-
Rezeptoragonisten) und einem weiteren sensitivierenden Stimulus in die Apoptose
transferiert wurden, konnten unter Einsatz von Natriumchlorid und TRAIL, je nach Zell-
typ 80 — 90 % der Tumorzellen eradiziert werden (60, 61, 62). Im Rahmen von Studien
konnten viele Sensitivierungsmechanismen kausal auf zelloberflachliche bzw. zell-
interne Veranderungen zurickgefuhrt werden. Hochregulation von TRAIL-Rezeptor 2
oder eine cFLIP-Modifikation wurden beispielsweise als korrelierende Zelladaptionen
im Rahmen einer gesteigerten TRAIL-induzierten Apoptose ermittelt (63, 64). Die
Rezeptorexpression und die untersuchte Proteinkomposition der SK-Mel-3 und
HCT116 Zellen, zeigten hingegen unter singuléarer Natriumchlorid Stimulation keine
oder nur geringe Veranderungen, wie eine verminderte Mcl-1 Expression der HCT116
Zellen. Das sensitivierende Natriumchlorid fuhrte im kombinatorischen Einsatz mit
TRAIL zu einer potent ablaufenden Zelltodkaskade mit entsprechenden Protein-
modifikationen (z.B. Prozessierung von Bid), jedoch ohne, wie bei anderen Studien
gezeigt, singular als Natriumchlorid quantitative Zellveranderungen bspw. auf Ebene
der pro- oder antiapoptotischen Proteine zu initiieren. Der Signaltransport tber Bid
bzw. tBid hin zum Mitochondrium erwiel3 sich dabei als entscheidend. Bei den
kolorektalen HCT116 Karzinomzellen konnte so mittels Bid-Knockout Systemen
gezeigt werden, dass die HCT116 Zellen zum einen Typ-ll Zellen sind und die
mitochondriale Amplifikation des TRAIL-induzierten Zelltodsignals bei den Typ-II
HCT116 Zellen obligat Bid abhangig ist (65).
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Diskussion

Bid als Schnittstelle zwischen extrinsischer und intrinsischer Apoptose scheint auch
bei osmotischer Stressinduktion essentiell fir eine potent ablaufende TRAIL-induzierte
Signalkaskade zu sein. Durch den sehr geringen Zellviabilitatsabfall im Bid-Knockout
System, konnte bei den HCT116 Zellen auch ein Wechsel von einem Typ-II hin zu
einem Typ-l abhangigen Zelltodsystem unter osmotischer Stressinduktion
ausgeschlossen werden. Voruntersuchungen im TRAIL sensitivierten HCT116
Zellsystem hatten teils einen Wechsel von Typ-Il zu Typ-lI Zellen beschrieben (66).
Bax / Bak-Doppelknockout Zellsysteme und die nicht vorhandene gesteigerte Zelltod-
rate unter TRAIL und NaCl Einsatz, lieRen Rickschlisse zu auf die wichtige Rolle des
Mitochondriums und der Permeabilisation der &uf3eren Mitochondrienmembran.
Unsere Ergebnisse zeigten, dass die Tumorzellen durch hyperosmotischen Stress im
Zellumfeld auf mitochondrialer Ebene eine Abhangigkeit von antiapoptotisch wirksa-
men Proteinen der BCL-2 Familie entwickelten. Bcl-xL konnte dabei unter anderem
durch den Einsatz von selektiven Bcl-xL-Inhibitoren als entscheidendes Protein im
HCT116 Zellsystem charakterisiert werden (Fig. 6g im Manuskript). Die anti-
apoptotische Bcl-xL-Kapazitat, als direkter Regulator / Inhibitor der Effektorproteine
Bax / Bak (z.B. durch eine Bax Retranslokation vom Zytosol ins Mitochondrium) reichte
dann bei Zugabe des Todesliganden TRAIL nicht mehr aus, um eine Apoptose-
induktion verhindern zu kénnen (29, 67). Hyperosmotischer Zellstress induziert also
eine Art ,mitochondriales Priming“, welches in einer moglicherweise zelltyp-
spezifischen Bcl-2 Proteinabhangigkeit die antiapoptotischen Kapazitaten der Zelle
herabsetzt. Dadurch kann die Zelle bei ankommendem Todessignal auf intrinsischem

Weg die Permeabilisation des Mitochondriums nicht verhindern.

3.3 Translationaler Ausblick und Zusammenfassung

Der Todesligand TRAIL stellte nach seiner Entdeckung einen neuen Ansatz dar,
selektiv in Tumorzellen Apoptose induzieren zu koénnen. Vor dem Hintergrund,
Therapieerfolge gerade auch bei Apoptose resistenten Tumorentitdten erzielen zu
wollen, war es Ziel dieser Arbeit, TRAIL-resistente Zelllinien in vitro erneut fur die
Apoptose sensitivieren zu konnen. Wir konnten in unserer Arbeit osmotischen Stress
im Tumorumfeld als neuen, verstarkenden Faktor einer TRAIL-induzierten Apoptose

charakterisieren.
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Diskussion

Viele bereits klinisch eingesetzte Zytostatika zielen wirkmechanistisch auf eine Dere-
gulation der Bcl-2 kontrollierten, intrinsischen Apoptose ab und auch in Tumorzellen
unter hypertonen Bedingungen zeigte sich, dass das Mitochondrium als Kontroll-
zentrum der intrinsischen Apoptose entscheidend fur eine gesteigerte TRAIL-
induzierte Apoptose ist (68). In Vorarbeiten konnte gezeigt werden, dass durch die
Hemmung und Bindung antiapoptotischer Bcl-2 Proteine Tumorzellen in ihrer Fahig-
keit proapoptotische Signale kompensieren zu kdénnen kompromittiert werden (69).
Mechanistisch konnten wir auch bei hyperosmotischen gestressten Zellen eine Art
,mitochondriales Priming“ detekieren, welches zusammen mit dem ankommenden
TRAIL-induzierten Todessignal die Zellen vermehrt in die Apoptose treibt. Eine Bcl-xL-
Abhéangigkeit der mitochondrialen Integritat konnte dabei zelltypspezifisch sein und in
anderen Zelllinien von differenten Proteinen abhéangen. Ein Transfer in die Klinik
konnte perspektivisch auf zwei Wegen erfolgen: Zum einen Uber weiterfihrende,
mechanistische Untersuchungen mit dem Ziel den Wirkmechanismus des kombinato-
rischen TRAIL und Osmostress-Einsatzes molekular zu mimikrieren oder tber die
Generierung eines lokalen, hypertonen Kompartiments (bspw. beim Malignen
Melanom). Hypertonizitdten (von ca. 40 mM Na*) wurden bisher beispielsweise im
Rahmen von ablaufenden bakteriellen Entziindungen in der menschlichen Haut ge-
messen (70). Unter Hochsalzdiaten generierte Hyperosmolaritaten konnten zudem in
der Haut, im Muskel- und anderen Gewebsarten beobachtet werden (71, 72). Gleich-
wohl physiologische Prozesse, wie eine Diffusion der Osmolyte, hierbei mit zu berick-

sichtigen waren.
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Abstract

Attempts to exploit the cytotoxic activity of death receptors (DR) for treating cancer have thus far been disappointing. DR
activation in most malignant cells fails to trigger cell death and may even promote tumor growth by activating cell death-
independent DR-associated signaling pathways. Overcoming apoptosis resistance is consequently a prerequisite for
successful clinical exploitation of DR stimulation. Here we show that hyperosmotic stress in the tumor microenvironment
unleashes the deadly potential of DRs by enforcing BCL-2 addiction of cancer cells. Hypertonicity robustly enhanced
cytotoxicity of tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) and other DR ligands in various
cancer entities. Initial events in TRAIL DR signaling remained unaffected, but hypertonic conditions unlocked activation of
the mitochondrial death pathway and thus amplified the apoptotic signal. Mechanistically, we demonstrate that hyperosmotic
stress imposed a BCL-2-addiction on cancer cells to safeguard the integrity of the outer mitochondrial membrane (OMM),
essentially exhausting the protective capacity of BCL-2-like pro-survival proteins. Deprivation of these mitochondrial
safeguards licensed DR-generated truncated BH3-interacting domain death agonist (tBID) to activate BCL-2-associated X
protein (BAX) and initiated mitochondrial outer membrane permeabilization (MOMP). Our work highlights that
hyperosmotic stress in the tumor environment primes mitochondria for death and lowers the threshold for DR-induced
apoptosis. Beyond TRAIL-based therapies, our findings could help to strengthen the efficacy of other apoptosis-inducing
cancer treatment regimens.

Introduction

Death receptors (DR) stand out of the other tumor necrosis
factor (TNF)-receptor superfamily members due to their
capability to induce regulated forms of cell death (apoptosis

These authors contributed equally: Simon Sirtl, Gertrud Knoll. and/or necroptosis). The discovery that DRs such as CD95
Electronic supplementary material The online version of this article and TNF-related apoptosis-inducing receptor 1 (TRAIL-R1)
(https://doi.org/10.1038/s41388-018-0265-5) contains supplementary and TRAIL-R2 are expressed on malignant cells rendered
material, which is available to authorized users. DRs a potential target in cancer therapy and spurred in-
9 Martin Ehrenschwender del:.nh 1.nvest1ganons of DR signaling networks [1-4]. Upon
martin.ehrenschwender@ukr.de activation, the DRs CD95, TRAIL-RI, and TRAIL-R2
assemble a death-inducing signaling complex (DISC) to

' Institute of Clinical Microbiology and Hygiene, University promote caspase-8 activation, the starting point of the

Hospital Regensburg, Franz-Josef-Strauss-Allee 11,

Regenshurg 93053, Germany extrinsically triggered apoptotic cascade. Caspase-8 pro-

motes apoptosis either in a straightforward manner through
robust activation of the caspase-3 (type-I cells), directly

Division of Molecular Internal Medicine, Medical Clinic and
Polyclinic II, University Hospital Wiirzburg, Réntgenring 11,

Wiirzburg 97070, Germany heralding the execution phase of apoptosis. Alternatively,
3 Department of Dermatology, Friedrich-Alexander-University aC“V? caspase-S cleaves the BH3-mteracung," dO{nﬂln deat‘h
Erlangen-Niimberg (FAU), Ulmenweg 18, Erlangen 91054, agonist (BID) to truncated BID (IBID), which in tum sti-
Germany mulates BCL-2-associated X protein (BAX) and BCL-2-
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Fig. 1 Hyperosmotic stress enhances TRAIL-induced apoptosis. a-¢
and e SK-Mel-3 and HCT116 cells were challenged with the indicated
concentrations of KillerTRAIL in the presence and absence of the
indicated concentrations of a, e NaCl, b mannitol, and ¢ sodium
gluconate. d and f SK-Mel-3 and HCT116 cells were challenged with
the indicated concentrations of KillerTRAIL for 6 h in the presence
and absence of NaCl (75 mM). Cells were subsequently analyzed by
flow cytometry for 7-AAD- and annexin-V positivity. Data shown are
representative of two experiments performed. g SK-Mel-3 cells were
challenged with KillerTRAIL (32 ng/ml) for the indicated periods of

antagonist/killer (BAK) activity [5, 6]. Subsequent mito-
chondrial outer membrane permeabilization (MOMP)
releases cytochrome ¢ and second mitochondria-derived

SPRINGER NATURE

time in the presence and absence of NaCl (75 mM). h SK-Mel-3 (left
side) and HCT116 cells (right side) were treated with KillerTRAIL
(32ng/ml) for 9h in the presence and absence of NaCl (75 mM).
Caspase-3/-7 activity was assessed using the fluorogenic substrate
(DEVD),-R110. i SK-Mel-3 and HCT116 cells were challenged with
KillerTRAIL (32 ng/ml) in the presence and absence of NaCl (75 mM)
and zVAD-fmk (100 uM). With the exception of d and f, data points
and mean + SEM from three independent experiments are shown. *p <
0.05, *#p<0.01, **¥p<0.001, *p<0.0001, RFU, relative fluores-
cence units

activator of caspases (SMACs), triggering assembly of the
caspase-9-activating apoptosome and antagonizing anti-
apoptotic inhibitor of apoptosis (IAP) proteins, respectively.
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Fig. 2 Hypertonicity specifically sensitizes to death receptor-mediated
cytotoxicity. a-g HCT116, TF-1, and SK-Mel-3 cells were challenged
with the indicated concentrations of a CD95L, b TNF. ¢ tunicamycin,
d and e staurosporine, and f and g bortezomib in the presence and

Both events cooperate in caspase-3 activation and thus
propagate cell death in a type-II mode.

Translating early in vitro and in vivo findings into stra-
tegies for DR-directed cancer therapy faces major chal-
lenges. Fulminant liver toxicity of CD95 agonists precluded
further clinical evaluation [7, 8]. TRAIL, the cognate ligand
of TRAIL-R1 and -R2, potently killed cancer cells without
lethal adverse effects [3, 4], but TRAIL-based therapies thus
far failed in clinical trials [9]. The latter was (among others)
attributed to insufficient potency of the drug candidates to
activate TRAIL DRs and resistance of many primary tumors
to TRAIL-induced apoptosis [10]. Several cell intrinsic
factors contribute to apoptosis resistance, e.g., high levels of
anti-apoptotic proteins. Notably, a pivotal role for the tumor
microenvironment is also emerging [11]. We previously
reported that the hypoxic tumor environment regulates
TRAIL sensitivity in colorectal cancer cells through mito-
chondrial autophagy [12]. Here we show that hyperosmotic
stress in the tumor environment robustly enhances cyto-
toxicity of TRAIL and other DR ligands in various cancer
entities. Early events in TRAIL DR signaling remained
unaffected, but hypertonic conditions amplified the DR-
triggered apoptotic signal by unlocking tBID-mediated
activation of the mitochondrial death pathway. Hyper-
osmotic stress imposed a BCL-2 addiction on cancer cells to
safeguard the integrity of the outer mitochondrial membrane
(OMM). This overburdened the remaining protective
capacity of BCL-2-like pro-survival proteins to neutralize
DISC-generated tBID, which in turn activated BAX and
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absence of NaCl (75 mM). Shown are data points and mean + SEM
from three independent experiments. *p <0.05, **p<0.01, ***p<
0.001, #*p<0.0001, Borte, bortezomib: STS, staurosporine

initiated MOMP. Mechanistically, our work identifies the
osmotic pressure in the tumor microenvironment as a bio-
physical factor that affects mitochondrial priming and thus
modulates the threshold for DR-induced apoptosis. Beyond
TRAIL-based therapies, our findings could help to
strengthen the efficacy of other apoptosis-inducing cancer
treatment regimens.

Results

Hypertonic conditions robustly enhance DR-induced
apoptosis

Exogenous addition or accumulation of osmotically active
solutes that cannot passively diffuse across the plasma
membrane (e.g., NaCl or mannitol) establishes an osmotic
pressure gradient between the intra- and extracellular space
(hyperosmotic stress or hypertonicity). Cellular adaption to
hyperosmotic stress requires (among others) activation of
nuclear factor of activated T-cells 5 (NFATS), an essential
transcription factor for upregulation of osmoprotective genes
(Supplementary Figure Sla) [13]. Treatment of melanoma
cells (SK-Mel-3) with an oligomerized and highly bioactive
TRAIL variant (KillerTRAIL, hereafter referred to as
TRAIL) displayed significantly enhanced killing when
hypertonic conditions were generated by adding NaCl,
mannitol, or sodium gluconate (Fig. la—c). All osmolytes
exerted no significant cytotoxic effect per se, but drastically
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Fig. 3 Changes in tonicity do not affect TRAIL-receptor expression
and receptor-ligand interaction. a Cell surface expression of TRAIL-
R1, TRAIL-R2, TRAIL-R3, and TRAIL-R4 was analyzed in HCT116
cells using flow cytometry. Data shown are representative of two
experiments performed. b and ¢ HCT116 cells were challenged with
the indicated concentrations of b FLAG-TNC-TRAILmutRl and ¢
FLAG-TNC-TRAILmutR2 (both artificially cross-linked by adding
anti-FLAG antibody) in the presence and absence of NaCl (75 mM). d
HCTI116 cells were treated with the indicated concentrations of the
TRAIL-R2 targeting. agonistic antibody conatumumab (artificially

increased the percentage of 7-aminoactinomycin D- and/or
annexin-V-positive cells upon TRAIL treatment compared
with isotonic conditions (Fig. 1d). We confirmed the
hypertonicity-granted boost in TRAIL cytotoxicity in other
cell lines established from malignant melanoma (IGR-1 and
A2058, Supplementary Figure S1b and ¢), colorectal cancer
(HCT116, Fig. le.f and HT-29, Supplementary Figure S1d),
acute lymphoblastic leukemia (REH), oral squamous cell
carcinoma (PCI-68, Supplementary Figure Sle and f), and
spheroid cultures (HCT116 spheroids, Supplementary Fig-
ure Slg) cells to exclude cell line-, tumor entity- or cell
culture technique-specific phenomena. Robust cell death
occurred ~6-9h following TRAIL stimulation under
hypertonic conditions (Fig. 1g) and (compared with isotonic
controls) was accompanied by strikingly higher activation of
the effector caspases 3 and 7 (Fig. lh). Blocking caspase

SPRINGER NATURE
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cross-linked by adding protein G) in the presence and absence of NaCl
(75 mM). For b—d. data points and mean £ SEM from three indepen-
dent experiments are shown. e and f Equilibrium binding studies were
performed by incubating SK-Mel-3 cells with the indicated con-
centrations  of e GpL-FLAG-TNC-TRAIL and f GpL-FLAG-
conatumumab as detailed in “Materials and methods.” Binding
curves and R values shown are representative of three experiments
performed; Kp, values shown were calculated from three independent
experiments. *p < 0.0 #p0.01.##p <0.001. *p <0.0001: n.s.. not
statistically significant; RLU. relative light units

activation using the pan-caspase inhibitor zVAD-fmk (car-
bobenzoxy-valyl-alanyl-aspartyl-(Omethyl)-fluoromethylk-
etone) completely rescued SK-Mel-3 and HCTI116 from
TRAIL-induced cytotoxicity cells in the presence of NaCl
(Fig. 1i). Notably, we also observed enhanced cytotoxicity
of CD95L and TNF (Fig. 2a.,b) under hypertonic conditions,
whereas toxicity of pharmacological cell death inducers such
as tunicamycin, staurosporine, and bortezomib remained
unchanged (Fig. 2c—g). Together, our data indicated that
hyperosmotic stress enhanced DR-mediated apoptosis.

Hypertonicity acts downstream of DISC formation to
enhance TRAIL-induced apoptosis

In previous work, we demonstrated that hyperosmotic stress
enhances cytotoxicity of SMAC mimetics (SMs) by
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Fig. 4 TRAIL-induced receptor signaling complex formation and
caspase-8 activation is equally effective under iso- and hypertonic
conditions. a TRAIL-R1/-R2 signaling complexes were induced in
HCT116 cells by stimulation with Fe-FLAG-scTRAIL (1 pg/ml) for
the indicated periods of time in the presence and absence of NaCl
(75 mM). Proteins associated with Fc-FLAG-scTRAIL were immu-
noprecipitated using protein G agarose and were analyzed together
with the corresponding lysates by western blotting for the presence of
the indicated proteins. Data shown are representative of two experi-
ments performed. b and ¢ HCT116 cells were treated with Kill-
erTRAIL (32 ng/ml) in the presence and absence of NaCl (75 mM) for

increasing auto-/paracrine TNF secretion [14]. Adding TNF
did not aggravate the cytotoxicity of TRAIL, whereas NaCl
did (Supplementary Figure 2a and b). This excluded a
pivotal role of hypertonicity-induced TNF production in
TRAIL/NaCl-induced apoptosis. We next investigated the
underlying  molecular  mechanism by  assessing
hypertonicity-associated alterations in the DR signaling
cascade at various steps. Cell surface expression levels of
TRAIL-R1 and -R2, as well as the decoy receptors TRAIL-
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the indicated periods of time. Caspase-8 activity was assessed using
the fluorogenic substrate (IETD);-R110. Please note that different
concentrations of recombinant TRAIL required for caspase activity
assays and co-immunoprecipitation experiments could alffect the
Kinetics of caspase-8 activation. Shown are data points and mean =
SEM from three independent experiments. d HCT116 and SK-Mel-3
cells were challenged with KillerTRAIL (32 ng/ml) for 9h in the
presence and absence of NaCl (75 mM). After washing and lysis,
western blot analyses were performed with antibodies specific for the
indicated proteins. Detection of tubulin served as a loading control.
RFU, relative fluorescence units

R3 and -R4 were comparable in the presence and absence of
NaCl in HCT116 (Fig. 3a) and SK-Mel-3 cells (Supple-
mentary Figure S2¢). TRAIL-R1- and TRAIL-R2-specific
TRAIL constructs (TRAILmutR1 and TRAILmutR2)
revealed that both TRAIL DRs displayed enhanced cyto-
toxicity under hypertonic conditions (Fig. 3b,c). Similarly,
TRAIL-R2 activation using the TRAIL-R2-specific ago-
nistic antibody conatumumab in the presence of NaCl
enhanced TRAIL-R2-induced cell death, suggesting that the

SPRINGER NATURE

22



Originalarbeit

0 32 0 32 ?

S. Sirtl et al.
a b HCT116
HCT116 BAX/BAK DKO HCTH8 Contror control AL ——
; ontrol ontrol ontrol ntreates
425 MMedium © +75 mM NaCl —+75mMNaCl  — +KillerTRAIL  — +NaCUKillerTRAIL -- 75 mM NaCl
%‘ ° — KillerTRAIL
LS Lo R ) g — KT+NaCl
z 75 h g 2 s
H = £ 2
£ : E
E 25 8 g
= ® s
0 B -]
KillerTRAIL — 0 32 256 S
>
[ng/mL] JC-1 PE [log rel. fluorescence intensity]
BAX 6A7 [log rel. fluorescence]
d e
SK-Mel-3
HCT116 SK-Mel-3 '
KillerTRAIL - - - - T 5000 M Medium © +75 mM NaCl
+75mMNaCl_ -+ + - - 4+ - E
PAT > | — — | | — — — ‘5'5 4000 }
Caspase-9 39, —_— s o 3000
P37+ — - 35kDa 35
£ 2000 -
Tubulin—+ - g2
— — —— | — — — —|_ 55l Da EL 1000 _}
0
Time(h] 5 "7 _ "9
KillerTRAIL 32 ng/mL
M Medium © +75 mM NaCl HCT116 BIDKO  m Medium © +75 mM NaCl
A +75 mM NaCl+zLEHD-fmk
T s SK-Mel-3 HCT116 - Empty vector BID BID G94E BID D6OE
£ 0] = v = S0 mE - = = 2 -{_ *
2] =F 4 i Sl * R T F - »
2 T T ]
g = T 5% =
= £
E 25 + = 25
g =
0dl—— — 5

KillerTRAIL [ng/mL]

Fig. 5 Hypertonicity licenses TRAIL to unlock MOMP. a HCT116
BAX/BAK double-knockouts were challenged with the indicated
concentrations of KillerTRAIL in the presence and absence of NaCl
(75 mM). b HCT116 cells were treated with NaCl (75 mM, first panel),
KillerTRAIL (32 ng/ml, second panel), or a combination of both (third
panel) for 3 h. Membrane potential of mitochondria was assessed by
flow cytometry after staining with JC-1. ¢ HCT116 cells were treated
as in b. Conformational changes of BAX (indicative of ongoing
activation) were measured using flow cytometry and the conformation-
specific BAX antibody 6A7 [53]. Data shown for b and ¢ are repre-
sentative of three experiments performed. d HCT116 and SK-Mel-3
cells were challenged with KillerTRAIL (32 ng/ml) for 9h in the
presence and absence of NaCl (75 mM). After washing and lysis,
western blot analyses were performed with antibodies specific for the

mode of TRAIL DR activation (ligand-mediated vs, ago-
nistic antibody-mediated) was unimportant (Fig. 3d). In
addition, equilibrium binding studies with Gaussia princeps
luciferase (GpL)-tagged variants of TRAIL and con-
atumumab revealed no gross hypertonicity-induced changes
in the equilibrium dissociation constant K, a characteristic
for receptor-ligand and receptor—agonist affinity (Fig. 3e,f).
In the light of these findings, changes in TRAIL DR
expression and/or ligand/agonist-binding affinity seemed
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KillerTRAIL [ng/mL]

indicated proteins. Detection of tubulin served as a loading control.
Data shown are representative of two experiments performed. e SK-
Mel-3 cells were treated with KillerTRAIL (32 ng/ml) in the presence
and absence of NaCl (75mM) for the indicated periods of time.
Caspase-9 activity was assessed using the fluorogenic substrate
(LEHD),-R110. f SK-Mel-3 and HCT1 16 cells were challenged with
the indicated concentrations of KillerTRAIL in the presence and
absence of NaCl (75 mM) and the caspase-9 inhibitor ZLEHD-fmk (50
puM). g HCT116 BID knockout cells or variants thereof complemented
with empty vector, wild-type BID, BID GY94E (mutated BH3 domain)
or BID D60E (caspase-8 resistant) [S0] were challenged with the
indicated concentrations of KillerTRAIL in the presence and absence
of NaCl (75 mM). For a, e—g, data points and mean = SEM from three
independent experiments are shown

unlikely to account for the hypertonicity-granted boost in
TRAIL-induced apoptosis.

Immunoprecipitation experiments showed furthermore
that TRAIL-induced recruitment of DISC components such
as ¢FLIP and pro-caspase-8 occurred equally effective in
isotonic and hypertonic conditions (Fig. 4a). DR-associated
processing of caspase-8, indicative of DR-triggered caspase
activation, was comparable in the absence and presence
of NaCl (Fig. 4a, right panel) and correspondingly
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Fig. 6 Hyperosmotic stress drives BCL-2 addiction of cancer cells. a—¢
HCT116 cells were challenged with KillerTRAIL (32 ng/ml) for 9 h in
the presence and absence of NaCl (75 mM). After washing and lysis,
western blot analyses were performed with antibodies specific for the
indicated proteins. Detection of tubulin served as a loading control.
The dashed line in ¢ indicates that different cell lysates were used for
BCL-W detection. The asterisk (*) in the MCL-1 blot indicates a
defect in the CCD sensor of the western blot imaging system. All
samples were run on the same gel. no gels were sliced. Data shown for
a—c are representative of at least two experiments performed. d-g

no hypertonicity-mediated enhancement in caspase-8
activity was observable at early time points after TRAIL
challenge (Fig. 4b). Five hours post stimulation, an
apparently higher amount of the active p18 fragment of
caspase-8 was detectable in lysates of TRAIL/NaCl treated
cells (Fig. 4a, left panel), concomitant with higher caspase-8
activity (Fig. 4¢). This observation not necessarily reflects
enhanced DR-mediated caspase-8 activation, but could
also be attributable to increasing effector caspase-mediated
caspase-8 activation in the course of already ongoing
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HCT116 and HCT116 BID knockout cells were challenged with the
indicated concentrations of d ABT-737 (targeting BCL-2, BCL-xL,
and BCL-W), e A1210477 (targeting MCL-1), f ABT-199 (targeting
BCL-2), and g WEHI-539 (targeting BCL-xL) in the presence and
absence of the indicated concentrations of NaCl. h HCT116 cells were
challenged with the indicated concentrations of KillerTRAIL in the
presence and absence of the BCL-xL inhibitor WEHI-539. For d-h,
data points and mean + SEM from three independent experiments are
shown. #p £0.05, <0.01. <0.001, *p <0.0001

TRAIL/NaCl-induced apoptosis (Fig. 1g.h). Hypertonicity
alone did not alter the cellular levels of the anti-apoptotic
IAP family of proteins (Fig. 4d). In line with being caspase
substrates  [15, 16], cIAPl, cIAP2, and XIAP
levels decreased proportionally to the strength (TRAIL vs.
TRAIL/NaCl challenge) of the apoptotic stimulus (Fig. 4d).
Thus far, our data suggested that TRAIL-induced
signaling complex formation and initial caspase-8 activa-
tion was equally effective under iso- and hypertonic
conditions.
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Fig. 7 Hypertonicity enhances TRAIL responsiveness of patient-derived
melanoma cells. a—¢ ICNI-51i (derived from patient 1), ARST-1 (derived
from patient 2), and AXBI (derived from patient 3) cells were treated
with the indicated concentrations of KillerTRAIL in the presence and
absence of NaCl (50, 75, and 100 mM, respectively). d AXBI cells
(derived from patient 3) were treated with the indicated concentrations of

Hypertonicity depends on tBID-induced MOMP to
enhance TRAIL-induced apoptosis

Efficient DR-induced apoptosis in type-II cells (such as
HCT116) requires BAX/BAK-mediated release  of
mitochondria-derived pro-apoptotic molecules. Deficiency in
BAX/BAK or BAX alone attenuated or even abrogated
TRAIL sensitivity under hypertonic conditions in HCT116
cells, whereas single loss of BAK was not protective (Fig. 5a
and Supplementary Figure S3a-c). Apparently, MOMP
remained a prerequisite for TRAIL DR-mediated apoptosis
under hyperosmotic stress. In the presence of NaCl, TRAIL
induced a rapid decrease in mitochondrial membrane potential
(Fig. 5b) and activation-associated conformational changes in
BAX (Fig. 5¢ and Supplementary Figure S3e), whereas
TRAIL and NaCl alone had no effect. Concomitantly, NaCl
increased TRAIL-induced caspase-9 processing and activity
(Fig. 5d.e). Inhibiting caspase-9 using zLEDH-fmk com-
pletely rescued TRAIL/NaCl-challenged SK-Mel-3 and
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conatumumab (cross-linked with 1 pg/ml proein G). e ARST-1 and
AXBI cells (derived from patients 2 and 3) cells were challenged with
either soluble trimeric FLAG-TRAIL or oligomerized FLAG-TRAIL
(through incubation with 1 pg/ml anti-FLAG antibody) in the presence
and absence of the indicated concentrations of NaCl. Shown are data
points and mean = SEM from three independent experiments

HCTI116 cells (Fig. 5f). The extrinsic (DR-initiated) and
intrinsic  (mitochondria-mediated) apoptotic pathway are
interlinked via the BH3-only protein BID. BID deficiency
protected HCT116 cells from cell death upon TRAIL/NaCl
challenge (Fig. 5g). Complementing HCT116 BID KO cells
with wild-type BID but not with the caspase-8-resistant BID
D60E or BH3 defective BID G94E mutant restored TRAIL-
induced apoptosis under hypertonic conditions (Fig. 5g and
Supplementary Figure S3d). In sum, hyperosmotic stress
enhanced amplification of the TRAIL DR-derived death sig-
nal at the mitochondrial level via BID-induced, BAX-
mediated MOMP with subsequent caspase-9 activation.

Hyperosmotic stress enforces addiction to anti-
apoptotic BCL-2 family proteins

Caspase-mediated cleavage of BID and the integrity of its
BH3 domain were indispensable for TRAIL/NaCl-induced
killing of HCT116 cells (Fig. 5g). Hypertonicity could
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Fig. 8 Hypertonicity-enforced Bcl-2 addiction unleashes the cytotoxic
potential of death receptors in cancer cells. Left side: under isotonic
conditions, BCL-2 addiction of cancer cells is low, yielding a high
apoptotic threshold. Upon TRAIL DR activation, caspase-8 converts
of BID into tBID. The potency of tBID to activate the pro-apoptotic
effector BCL-2 protein family members BAX and BAK has to be
counteracted by anti-apoptotic BCL-2-like proteins (such as BCL-2
itself or BCL-xL) to prevent MOMP. This augments BCL-2 addiction
and lowers the apoptotic threshold. essentially priming mitochondria
for death. However, the remaining capacity of anti-apoptotic BCL-2-

therefore enhance caspase-dependent tBID generation, a
potent activator of BAX. Indeed, hyperosmotic stress
enhanced loss of full-length BID upon TRAIL challenge
(Fig. 6a), which is suggestive of caspase-8-mediated BID
cleavage [17]. In our experimental setup, however, TRAIL-
induced caspase-8 activation at early time points was
comparable under iso- and hypertonic conditions (Fig. 4b),
thus questioning whether the increase in BID cleavage is
truly related to early TRAIL DR-associated events. Notably,
caspase-3 is also capable to cleave BID [18] and is activated
upon TRAIL/NaCl challenge (Fig. 1h). Enhanced TRAIL-
induced BID cleavage under hypertonic conditions could
therefore reflect already established MOMP and full-blown
effector caspase activation rather than a hypertonicity-
related boost in DISC-mediated tBID generation. Func-
tionally, this raised the question at what level hypertonic
conditions act to enforce the TRAIL DR-derived apoptotic
signals in a mitochondria-dependent manner: (a) by
enhancing DISC-mediated tBID generation or (b) by
priming mitochondria for death downstream of tBID.
MOMP is governed by BCL-2 family interactions and
primed mitochondria are dependent on anti-apoptotic members
of the BCL-2 protein family to prevent loss of the mitochon-
drial membrane potential (BCL-2 addiction) [19]. Notably,
total cellular levels of the different BCL-2 family subgroups
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family proteins is still sufficient to cope with TRAIL DR-triggered
death signals, which in type-II cells effectively abrogates TRAIL DR-
induced cell death. Right side: hypertonic conditions impose a higher
degree of BCL-2 addiction on cancer cells, which lowers the apoptotic
threshold even under “steady-state™ conditions. The capacity of anti-
apoptotic BCL-2-family proteins is sufficient to prevent hypertonicity-
induced MOMP, but additional mitochondria-directed apoptotic sti-
muli (such as DISC-mediated tBID generation) rapidly exhaust the
remaining ‘neutralization capacity’. This results in activation of BAX
and MOMP, ultimately ending the cell’s life

(activator and sensitizer BH3-only, multi-domain anti-apop-
totic, and multi-domain effectors) did not grossly change under
hypertonic conditions (Fig. 6a—c and Supplementary Figure
S4a and b), although ongoing apoptosis following TRAIL/
NaCl challenge expectedly revealed caspase-dependent clea-
vage/degradation of BID, MCL-1 and PUMA [17, 20, 21]. In
BID-deficient HCT116 cells, the BCL-2-, BCL-xL-, and BCL-
W-antagonizing BH3-mimetic ABT-737 was only marginally
toxic under isotonic conditions, but robustly triggered cell
death upon the addition of NaCl (Fig. 6d). Selective targeting
of MCL-1 (A1210477), BCL-2 (ABT-199), and BCL-xL
(WEHI-539) revealed that hyperosmotic stress apparently
enforced BCL-xL addiction of cancer cells to survive (Fig.
6e-g). Conversely, combinatorial treatment with TRAIL and
the BCL-xL inhibitor WEHI-539 under normotonic conditions
resulted in robust cell death (Fig. 6h). Collectively. our data
suggested that hypertonicity-enforced addiction to the anti-
apoptotic functions of BCL-2 family members primes cancer
cells for TRAIL DR-mediated apoptosis.

Hypertonicity enhances TRAIL responsiveness of
patient-derived melanoma cells

Clinically, TRAIL-based therapies demonstrated a convin-
cing safety profile but thus far displayed little success,
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which has (among others) been attributed to resistance of
tumors to TRAIL-induced apoptosis and insufficient ago-
nistic activity of currently available drug candidates in the
clinic. We therefore next validated our findings in mela-
noma cells derived from three patients with metastatic dis-
ease. Hyperosmotic stress unequivocally enhanced cell
death induced by TRAIL (Fig. 7a—c). Hypertonicity also
boosted cytotoxicity of the TRAIL-R2 agonist con-
atumumab (Fig. 7d) and soluble (trimeric) FLAG-TRAIL
(Fig. 7e). Not surprisingly, antibody-mediated cross-linking
of the trimeric ligand enhanced bioactivity under iso- and
hypertonic conditions.

In sum, we demonstrated that hyperosmotic stress
enforced BCL-2 addiction of cancer cells and lowered the
threshold for engagement of the mitochondrial cell death
pathway. Death-primed mitochondria readily amplified
TRAIL DR-derived apoptotic signals, which in type-II cells
is a prerequisite for efficient apoptosis induction (summar-
ized in Fig. 8).

Discussion

TRAIL-based therapies are capable to specifically kill
cancer cells without collateral damage in healthy tissue [3,
4]. Thus far, clinical trials largely failed as tumors evaded
TRAIL-induced apoptosis and/or potency of TRAIL DR-
activating molecules (soluble TRAIL, TRAIL-RI1-, and
TRAIL-R2-targeting agonistic antibodies) was modest [10].
Here we identify osmotic stress in the tumor micro-
environment as a novel factor that aggravates DR-mediated
apoptosis and boosts the deadly potential of “weak™ TRAIL
DR-targeting drug candidates. Mechanistically, hyper-
osmotic stress enforced BCL-2 addiction of cancer cells and
thereby decreased the remaining capacity of mitochondria-
safeguarding BCL-2-like proteins. Functionally, this low-
ered resistance of mitochondria to DR-generated OMM-
targeting molecules such as tBID and thus unlocked
amplification of the apoptotic signal. TRAIL DR-induced
apoptosis under hypertonic conditions still followed a type-
IT mode (Fig. Se-g). which contrasts other TRAIL DR-
sensitizing strategies that enforced a switch to type-I mode
of apoptosis [22, 23].

The modest potency of currently clinically used TRAIL-
R1/-R2 agonists guarantees an excellent safety profile, but
is obviously also a major cause for clinical failure. Sub-
stantial differences the cytotoxic activity of soluble trimeric
TRAIL versus artificially oligomerized TRAIL variants and
membrane TRAIL were early recognized [24-26]. Due to
safety concerns, however, oligomerized forms of neither
recombinant TRAIL nor TRAIL-R1/-R2-targeting agonists
were moved forward to clinical development. A more
potent “second-generation” of TRAIL and TRAIL-receptor
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agonists is under way [27], but will this be paid for with
detrimental off-target effects? Notably, there are alternative
strategies to boost the TRAIL DR-activating potential of
available drug candidates. Soluble TRAIL and the TRAIL-
R2 targeting antibody conatumumab synergistically induced
apoptosis with good tolerability in vivo [28, 29]. This is
most likely attributable to antibody-assisted secondary
aggregation of initially formed trimeric receptor-ligand
complexes to fully active receptor clusters, an essential step
in TRAIL DR signaling [30]. We observed aggravated
cytotoxicity of soluble trimeric TRAIL under hypertonic
conditions in the absence of any cross-linking agent (Fig.
7e). Thus, hypertonicity enhanced TRAIL DR signaling
either by facilitating spontaneous self-aggregation of tri-
meric TRAIL/TRAIL DR complexes into receptor clusters
or lowered the threshold of cellular responses to weakly
active trimeric receptor—ligand complexes. We provide
evidence for the latter inasmuch as BCL-2 addiction under
hypertonic conditions (Fig. 6d,g) lowers the threshold for
tBID-mediated MOMP by overburdening the remaining
BCL-2-like proteins (Fig. 6h). Substantial changes in the
cellular levels of some BCL-2 family proteins were only
detectable in the course on ongoing apoptosis, but not due
to hyperosmotic stress alone (Fig. 6a—c and Supplementary
Figure S4a and b). This was also observed in an earlier
study that (somehow conflictingly) linked hypertonicity-
induced TNF sensitization of HeLa cells to decreased BCL-
2 protein levels in apoptotic cells [31].

A spatially restricted hypertonic tumor microenviron-
ment could, on the one hand, complement existing strate-
gies to enhance activity of TRAIL DR targeting agents and,
on the other hand, limit efficient TRAIL DR activation to
the tumor area. Acute onset of hypertonicity exceeding a
certain level is sufficient to cause apoptotic cell death [32,
33]. It is therefore important to note that in our experimental
setting hypertonicity alone had no or only modest toxic
effects (Fig. 1a.e, Supplementary Figure S1, and Fig. 5b). Is
it possible to establish an osmotic pressure gradient for the
time needed to deliver/complete a treatment? For solid
tumors, injection of non-diffusible osmolytes or their con-
tinuous release from implantable devices is technically
feasible and from a therapeutic view may have implications
beyond TRAIL-based cancer treatments. Many apoptosis
inducing signals (including most chemotherapies) physi-
cally converge at the mitochondria, rendering the BCL-2-
regulated (or intrinsic) apoptotic pathway associated with
these organelles decisive whether to live or die [34]. This
has stimulated development of BH3-mimetics (reviewed in
Delbridge et al. [35]), a novel class of therapeutics that
induces apoptosis or primes mitochondria for death by
binding and inhibiting anti-apoptotic BCL-2 family proteins
[19]. Mitochondrial priming is directly correlated with
clinical response to cytotoxic chemotherapy [36]. Our
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finding that hypertonicity enforced BCL-2 addiction (and
thus primed) cancer cells might therefore not only be of
clinical relevance for TRAIL-based, but also other
apoptosis-inducing cancer treatments.

Our experiments highlighted an essential role for BCL-
xL (Fig. 6g), but not for BCL-2 and MCL-1 (Fig. 6e.f) to
survive hypertonic conditions. BCL-XL retro-translocates
BAX from the mitochondria into the cytosol and can
sequester BAX-activating BH3-only proteins at subcellular
membranes [37, 38]. BCL-xL also retro-translocates mito-
chondrial BAK (although significantly slower) [39]. but
HCT116 cells predominantly rely on BAX (and not the
functionally redundant BAK) for apoptosis induction [40].
However, functions of anti-apoptotic BCL-2 family proteins
can be at least partly redundant and dependency on BCL-xL
or other safeguards might be cell-type specific. Never-
theless, this raises the question how hypertonicity enforces
BCL-xL addiction in our experimental setup. Hyperosmotic
stress enhanced activation of the effector protein BAX
following TRAIL DR activation (Fig. Sc), but also upon
ABT-737 treatment (data not shown). Perturbations in
sensitizer and activator BH3-only proteins could be
involved, although at least BID seems to be dispensable
(Fig. 6d). In addition, MOMP in the absence of all BH3-
only proteins has recently been demonstrated and in isolated
mitochondria ionic strength ionic strength influences the
dynamics of BAX channel formation [41, 42].
Hypertonicity-induced biophysical alterations in the cell
could thus already be sufficient promote mitochondrial
BAX translocation and subsequent activation, potentially
facilitated by changing localization dynamics of BCL-xL to
subcellular membranes [38]. Under otherwise steady-state
conditions, BCL-xL still manages to safeguard the mito-
chondria, but is overburdened when challenged with BH3
mimetics or TRAIL DR-generated tBID (summarized in
Fig. 8). Definitely, further work is required to solve these
questions.

Beside cancer treatment, hypertonicity-induced mito-
chondrial priming might also affect immunomodulatory
functions of TRAIL. TRAIL is expressed on various dif-
ferent immune cells such as monocytes, T cells, dendritic
cells, and natural killer cells [43—-46]. Recent studies ele-
gantly demonstrated that hypertonic environments indeed
occur in vivo (apart from the textbook example of the renal
medulla). For example, bacterial skin infections in humans
caused cutaneous Na® accumulation (~40mM Na') and
high dietary salt intake resulted in hyperosmolality in skin,
muscle, and other tissues [47-49]. In is currently unclear
whether “(patho-) physiologic hypertonicity” alters the
response of TRAIL DR expressing non-malignant cells.

In sum, we provide evidence that tonicity of the cellular
environment acts as a factor that co-determines the

apoptotic threshold by modulating death priming of mito-
chondria. Our work adds another layer of complexity in the
sophisticated web of TRAIL DR signaling.

Material and methods
Cell lines, antibodies, and chemicals

HCT116, HT-29, TF-1, and REH cells were obtained from
the German Collection of Microorganisms and Cell Culture
(Braunschweig, Germany). Sk-Mel-3 and IGR-1 cells were
provided by Barbara Schmidt (University of Regensburg,
Germany), A2058 cells by Jens Pietzsch (Helmholtz-Zen-
trum Dresden-Rossendorf, Germany), and authenticated
using SNP-profiling (Multiplexion, Heidelberg, Germany).
PCI-68 cells were a gift from Richard Bauer (University of
Regensburg). BID-deficient HCT116 cells and the com-
plemented variants thereof (HCT116 BID KO + empty
vector, HCT116 BID KO + wt BID, HCT116 BID KO +
BID D60E, HCT116 BID KO + BID G94E) were a kind
gift from Xu Luo (University of Nebraska Medical Center,
Nebraska, USA) [50]. HCT116 BAX/BAK DKO and
HCT116 BAK KO cells were kindly provided by Richard
Youle (National Institutes of Health, Bethesda, USA) [40].
HCT116 BAX KO cells were obtained from Bert Vogel-
stein (Johns Hopkins University, Baltimore, MA, USA)
[S1]. All cell lines were grown in RPMI 1640 medium
(PAN Biotech, Aidenbach, Germany) supplemented with
10% (v/v) fetal calf serum (Sigma, Steinheim, Germany).
AXBI, ARST-1, and ICNI-5li cell lines were (after
informed consent) established from metastatic lesions of
melanoma patients as described previously (approved by
the ethics committee of the Medical Faculty, Friedrich-
Alexander-Universitit Erlangen-Niirnberg, EK 4602) [52].
These cell lines were grown in Dulbecco’s modified Eagle’s
medium (Thermo Fisher, Waltham, MA, USA) supple-
mented with  10% (v/v) fetal calf serum (Sigma).
HCT116 spheroids (3000 cells/spheroid) were grown in
Nunclon Sphera 96-well plates (Thermo Fisher) for 72 h,
according to manufacturer’s instructions, and subsequently
challenged with KillerTRAIL for another 48 h. Viability of
the spheroids was assessed using MTT (3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyl tetrazolium bromide) staining.
Antibodies used in the study were as follows: TRAIL-R1
(#854.853.020), TRAIL-R2 (#854.863.020) (Diaclone SAS,
Besancon, France): cFLIP (#3210), caspase-8 (#9746),
caspase-9 (#9502), cIAPI (#7065), cIAP2 (#3130), XIAP
(#2045), BID (#2002), BIM (#2933), BAX (#5023), BAK
(#12105), PUMA (#12450), BCL-xL (#2764), MCL-1
(#5453), and BCL-W (#2724) (Cell Signaling, Beverly,
MA, USA); tubulin (#MS-581) (Dunnlab, Asbach,
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Germany); conformation-specific [53] BAX (6A7, #sc-
23959), NOXA (114C307, #sc-56169) (Santa Cruz, Santa
Cruz, CA, USA); FLAG (M2, #F3165) (Sigma): NFATS
(#PA1-023) (Thermo Fisher). Chemicals were as follows:
MTT (Biomol, Hamburg, Germany); zVAD-fmk (Bachem,
Bubendorf, Switzerland); zLEHD-fmk (BD Biosciences,
Heidelberg, Germany): tunicamycin, ABT-737, ABT-199,
A1210477, and WEHI-539 (Hycultec, Beutelsbach, Ger-
many); staurosporine (Selleck Chemicals, Houston, TX,
USA): and bortezomib (US Biological, Swampscott, MA,
USA).

Recombinant proteins

KillerTRAIL was purchased from Apronex (Jesenice u
Prahy, Czech Republic), CD95L (ACRP30headless-
CD95L, #AG-40B-0130-C010) and FLAG-TRAIL were
purchased from Adipogen (Liestal, Switzerland). TNF was
a kind gift from Daniela Minnel (University of Regens-
burg). Production and purification of TRAIL variants har-
boring mutations conferring specificity for TRAIL-R1
(FLAG-TNC-TRAILmutR1, mutations GI31R/R1491/
SI59R/NI199R/K201H/S215D)  [54] and TRAIL-R2
(FLAG-TNC-TRAILmutR2, mutations YI189Q/R191K/
QI93R/H264R/1266L/D267Q) [55], and GpL-tagged var-
iants thereof, was performed as described previously [56].
Expression plasmids encoding the heavy chain and light
chain of conatumumab were derived from pCR3 (Invitro-
gen, Karlsruhe, Germany). The light-chain expression
construct encodes an protein composed of the human IgG1
leader sequence followed by the amino acids QL, the FLAG
epitope, the amino acids EL, the variable light chain
sequence of conatumumab (KEGG database entry: D09329,
light chain pos. 1-105; (http://www.genome.jp/kegg/)), the
amino acid sequence GSEIKR and the amino acid sequence
of the partial immunoglobulin k-chain constant region
(GenBank accession number: AAAS58989.1). The heavy
chain expression construct encodes an protein composed of
the human IgGl leader sequence followed by the amino
acids QL, the FLAG epitope, the amino acids EL, the heavy
chain sequence of conatumumab (KEGG database entry:
D09329, heavy chain pos. 1-122), the amino acid sequence
RSSS, and the amino acid sequence of the immunoglobulin
heavy constant region yl (GenBank accession number
P01857). Conatumumab was produced by co-transfection
of light and heavy chain-encoding plasmids into HEK293
cells essentially as described elsewhere [57]. GpL-
Conatumumab was obtained by co-transfection of the
heavy chain-encoding plasmid and a variant of the light
chain-encoding plasmid in which the amino acids LE and
amino acids 18-185 of GpL (GenBank accession number
GMO037681) were inserted following the constant light
chain part.
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MTT-based cell viability assay

Cells were seeded in 96-well plates (REH and TF-1 cells:
7x 10* cells/well; all other cell lines: 2 x 10* cells/well) and
challenged with the indicated concentrations of the indi-
cated substances in duplicates (technical replicates). In case
NaCl or other osmotically active solutes were used, these
were simultaneously added. Unless indicated otherwise, cell
viability was determined 18 h after stimulation using MTT
staining (2 h at 37 °C). Staining intensity was measured at
595 nm and the mean was calculated from the technical
replicates of each experiment. The mean value for untreated
controls was set to 100%. For any other condition, the MTT
staining intensity is given relative to the corresponding
untreated group (% of control). Data points shown are mean
values (calculated from two technical replicates) of inde-
pendent experiments (1 > 3).

Western blot analysis

Cells were collected, spun down, and were directly dissolved
in 4x Laemmli sample buffer (8% (w/v) SDS, 0.1M
dithiothreitol, 40% (v/v) glycerol, 0.2M Tris, pH 8.0) sup-
plemented with phosphatase inhibitor cocktails-I and -II
(Sigma). Samples were sonicated and boiled for 5 min at 96 ©
C before proteins were separated by SDS-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
membranes. To block nonspecific binding sites, membranes
were incubated in Tris-buffered saline containing 0.1% (v/v)
Tween 20 and 5% (w/v) dry milk before primary antibodies
of the specificity of interest were added. Antigen-antibody
complexes were visualized using horseradish peroxidase-
conjugated secondary antibodies (Dako, Hamburg, Germany)
and ECL technology (Pierce, Rockford, IL, USA).

Caspase activity assays

Caspase activity was measured using the caspase-3/—7,
caspase-9 and caspase-8 activity kit (AAT Bioquest, Sun-
nyvale, CA, USA) according to manufacturer’s instructions.
Emitted fluorescence was quantified using a Victor3 Mul-
tilabel Reader (Perkin Elmer, Waltham, MA, USA).

Flow cytometry

Cell death was assessed by annexin-V and 7-AAD staining.
In brief, cells were challenged with the indicated con-
centrations of KillerTRAIL in the presence and absence of
NaCl for 16 h. Afterwards, cells were stained with 7-AAD
and annexin-V (4°C for 15min in the dark) following
standard procedures [58], and analyzed immediately using a
FACSCanto flow cytometer (BD Biosciences). For mea-
suring cell surface expression of TRAIL-Receptors, cells
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were incubated for 30 min on ice with phycoerythrin (PE)-
conjugated antibodies specific for the indicated TRAIL
receptors (ProSci, Poway, CA, USA) or an appropriate
isotype control (R&D Systems). Conformational changes in
BAX indicating activation was measured as described pre-
viously [59]. Mitochondrial membrane potential was mea-
sured using the MitoScreen Kit (#551302, BD Biosciences)
according to manufacturer’s instructions.

Binding studies using GpL fusion proteins

Binding studies using the bioluminescent fusion proteins
GpL-Flag-TNC-TRAIL and GpL-FLAG-conatumumab
were essentially performed as described elsewhere [60].
Cells (typically 2x 10° per well in 24-well plates) were
cultured overnight. For equilibrium binding experiments,
cells were split in two groups to determine total and non-
specific binding. Cells of the “nonspecific binding™ groups
were pre-incubated with an excess of conventional TRAIL
and conventional conatumumab (1 h at 37 °C), cells of the
“total binding” groups remained untreated. Cells of both
groups were subsequently pairwise incubated with
increasing concentrations of GpL-Flag-TNC-TRAIL and
GpL-FLAG-conatumumab for 1 h at 37 °C. Unbound ligand
was removed by washing the plates 10 times for ~ 5 s in ice-
cold phosphate-buffered saline. Next, cells were collected,
resuspended in 50 ul RMPI 1640 medium (0.5% v/v fetal
bovine serum), and transferred to black 96-well plates. GpL
activity was quantified by measuring luminescence using
the Gaussia luciferase assay kit (New England Biolabs,
Frankfurt am Main, Germany) and a luminometer (Antho-
sLabtec Instruments, Krefeld, Germany). To obtain specific
binding values, nonspecific binding values were subtracted
from the corresponding total binding values. The maximum
of specifically bound GpL activity (B, and the dis-
sociation constant (Kp) were obtained by analysis of the
specific binding values (non-linear regression analysis, one
site specific binding model) using GraphPad Prism5 soft-
ware (GraphPad Software, La Jolla, CA, USA).

Co-immunoprecipitation

Immunoprecipitation was performed as described pre-
viously [12].

Statistics

Unless otherwise specified, data are presented as individual
data points from independent experiments and mean =+
SEM. Comparisons were performed with a Student’s r-test
whose values are denoted in the figures as *p <0.05, **p <
0.01, ***p <0.001, and ****p <0.0001.
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Supplementary Figure S1: Hyperosmotic stress enhances TRAIL-induced apoptosis in various cancer cell

lines.

(a) HCT116 and SK-Mel-3 cells were cultured in the presence and absence of NaCl (75 mM). After washing and
lysis, Western blot analyses were performed with antibodies specific for the indicated proteins. Data shown are
representative of 2 experiments performed. (b-f) IGR-1, A2058, HT-29, REH and PCI-68 cells were challenged
with the indicated concentrations of KillerTRAIL in the presence and absence of the NaCl (75 mM). Shown are
data points and meanzS.E.M. from three independent experiments. (g) HCT116 spheroids were challenged with
KillerTRAIL (128 ng/ml) in the presence and absence of NaCl (75 mM) and subsequently stained with MTT (4 h).
Data shown are representative of 3 experiments performed. *p < 0.05, **p <0.01, ***p < 0.001, *p < 0.0001.
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Supplementary Figure S2: Enhanced TRAIL cytotoxicity under hypertonic conditions is not attributable

to TNF secretion or changes in TRAIL-receptor expression.
(aand b) HCT116 and SK-Mel-3 cells were challenged with the indicated concentrations of KillerTRAIL in the

presence and absence of NaCl (75 mM) or TNF (200 ng/ml). Shown are data points and mean+S.E.M. from three
independent experiments. (c) Cell surface expression of TRAIL-R1, TRAIL-R2, TRAIL-R3 and TRAIL-R4 was

analyzed in HCT116 cells using flow cytometry. Data shown are representative of two experiments performed.
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Supplementary Figure S3: tBID-triggered MOMP is essential for hypertonicity-mediated enhancement of

TRAIL-induced apoptosis.

(a) HCT116 BAX knockout cells and HCT116 BAK knockout cells were challenged with the indicated concent-
rations of KillerTRAIL in the presence and absence of NaCl (75 mM). Shown are data points and mean+S.E.M.
from three independent experiments. (b) HCT116 BAX/BAK double-knockout cells were challenged with the
indicated concentrations of KillerTRAIL for 6 h in the presence and absence of NaCl (75 mM). Cells were subse-
quently analyzed by flow cytometry for 7-AAD- and annexin-V-positivity. Data shown are representative of two
experiments performed. (c) Lysates from HCT116 wild-type, BAX KO, BAK KO and BAX/BAK DKO were ana-
lyzed using Western blot with antibodies specific for the indicated proteins. (d) Lysates from HCT116 wild-type,
BID KO and BID KO reconstituted with BID wt, BID G94E and BID D60E were analyzed using Western blot
with antibodies specific for the indicated proteins. Detection of tubulin served as a loading control. Data shown

are representative of two experiments performed.
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Supplementary Figure S4: Hyperosmotic stress does not change expression levels of BCL-2 family pro-
teins.

(a and b) SK-Mel-3 cells were challenged with KillerTRAIL (32 ng/ml) for 9 h in the presence and absence of
NaCl (75 mM). After washing and lysis, Western blot analyses were performed with antibodies specific for the
indicated proteins. Detection of tubulin served as a loading control. The dashed line in (b) indicates that different

cell lysates were used for BCL-2 detection. Data shown are representative of at least two experiments performed.
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