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EINLEITUNG 1

1 Einleitung

1.1 Charakteristika und Therapie des Nierenzellkarzinoms

Das Nierenzellkarzinom (NZK) umfasst eine heterogene Gruppe von Tumoren, deren
Ursprung in epithelialen Nierentubuluszellen liegtl. Es gehort mit ca. 2 % der
Gesamtkrebsdiagnosen und ca. 400.000 neuen Fallen im Jahr 2018 zu den 10 haufigsten
Krebsarten weltweit?3. Dabei sind das klarzellige* (ca. 70-80 %), papillare® (ca. 10-15 %) und
chromophobe NZK® (ca. 3-5 %) die haufigsten Subtypen des NZK”2 (Abbildung 1). Im Jahr
2013 wurde die histopathologische Klassifizierung durch die Internationale Gesellschaft fur
Urologische Pathologie modifiziert und die Diagnostik von folgenden finf neuen
Tumorentitaten empfohlen: tubulozystisches NZK, NZK assoziiert mit einer erworbenen
zystischen Nierenerkrankung, klarzelliges papillares NZK, Translokations-assoziiertes NZK
und hereditare Leiomyomatose-assoziertes NZK*°. Die Einteilung in Tumorgrade (Grading)
erfolgt beim klarzelligen und papillaren NZK aufgrund der Eosinophilie sowie der nukleolaren
Prominenz fur Grad 1-3, wadhrend Grad 4 durch nukleare Anaplasie (Riesenzellen,
sarkomatoide Differenzierung und/oder rhabdoide Morphologie) gekennzeichnet ist®. Die
Tumorklassifikation (Staging) erfolgt nach dem TNM-System (Tumor, Node, Metastasis),
wobei nach Grol3e und Ausbreitung des Tumors (T) sowie dem Vorhandensein von 6rtlichen
Lymphknotenmetastasen (N) und/oder Fernmetastasen (M) unterschieden wird?*:.

Das metastasierende klarzellige Nierenzellkarzinom (kzNZK) geht mit der héchsten
Mortalitatsrate und der schlechtesten Prognose beim NZK einher'?3, Eine Reihe
Krebsgenomuntersuchungen zeigten eine starke intra-4% und intertumorale!’ Heterogenitét
des kzNzK, welche die Behandlung zusatzlich erschwert!®. Lokal abgegrenzte NZK werden
mittels partieller oder radikaler Nephrektomie entfernt!®. Eine weitere Maoglichkeit der
Tumorentfernung stellt die Ablation dar?°. Trotz der Tumorresektion entwickeln etwa 30 % der
Patienten Metastasen, die mit einer hohen Mortalitdtsrate assoziiert sind und zahlreiche
weitere zielgerichtete Therapien erfordern?-2%, Die Hauptrisikofaktoren, ein NZK zu entwickeln
sind neben dem steigenden Alter?*, Ubergewicht, Bluthochdruck und Rauchen auch
UbermaRiger Alkoholkonsum, chronische Nierenerkrankungen, Nierenzysten und Diabetes?*
27 Manner sind haufiger betroffen sind als Frauen (2:1)%%. Trotz der Fortschritte der letzten
Jahrzehnte in der Behandlung des metastasierenden NZK mit Zytokinen wie Interleukin-2 (IL-
2) und Interferon o (IFNa)*°, Stammzelltransplantation, antitumorale Antikorpertherapie,
Tumorvakzinierungen oder Rezeptor-Tyrosinkinase-Inhibitoren (TKI) z. B. mit Sunitinib,
Pazopanib und Sorafinib sowie mTOR-Inhibitoren wie Temsirolismus und Everolismus lag die
5-Jahres-Uberlebensrate in fortgeschrittenen Tumorstadien (Stadium 4) bei unter 20 %*2. Erst
mit der Zulassung der sogenannten ,Checkpoint-Inhibitoren“ (Cl) z. B. Nivolumab (anti-
Programmed cell death protein 1 (PD-1) Antikdrper) nach vorheriger anti-angiogener TKI-

Therapie (zugelassen seit 2015) und der Kombinationstherapie aus Nivolumab und Ipilimumab
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(anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA4) Antikorper) in den letzten Jahren
konnte ein Ansprechen von bis 60 % der Grad 4 NZK erreicht werden. Sowohl nach der
,Leitlinie fur Diagnostik, Therapie und Nachsorge des Nierenzellkarzinoms*®(08/2020), als auch
nach der ,Society for Immunotherapy of Cancer” richtet sich die empfohlene Therapie des
metastasierenden NZK mit TKI und/oder ClI nach dem Risikoprofil des Patienten (glnstiges
Risiko: keine Risikofaktoren, intermediares Risiko: 1-2 Risikofaktoren, ungunstiges Risiko: >2
Risikofaktoren), wobei je nach Risikomodell Faktoren wie z. B. ein niedriger Hamoglobinwert,
eine  erhohte  Serumkalziumkonzentration  sowie  erhOhte  Neutrophilen-  und

Trombozytenanzahl (International Metastatic Renal Cell Carcinoma Database Consortium

Score) einbezogen werden3-34,

Abbildung 1: Klassifizierung des Nierenzellkarzinoms (NZK).

Ca. 75 % aller NZKs gehdren zum klarzelligen Subtyp (a). Das papillare NZK tritt in =15 % aller Falle
auf und wird in den basophilen (b) und eosinophilen (c) Subtyp unterteilt. Das chromophobe NZK
reprasentiert mit ca. 5 % den dritthaufigsten Subtyp (d). Hamatoxylin-Eosin-Farbung, verandert nach
Hsieh et al., 20173.

1.2 Molekulare Pathogenese des NZK

NZK treten hauptsachlich sporadisch auf. Nur bei etwa 3-5 % aller NZK ist ein hereditares
Syndrom wie z. B. das Von Hippel-Lindau-Syndrom, welches durch eine Keimbahnmutation
im Von Hippel-Lindau (VHL)-Tumorsuppressorgen ausgelost wird, oder das Birt-Hogg-Dubé-
Syndrom ursachlich®. Derzeit sind 11 Gene bekannt (BAP1, FLCN, FH, MET, PTEN, SDHB,
SDHC, SDHD, TSC1, TSC2 und VHL) deren Mutation an der Progression des NZK beteiligt
sind!"2¢4% Beij sporadischen kzNZK kommt es mit einer Haufigkeit von ca. 80 % zu einem
Funktionsverlust des VHL-Tumorsuppressorgens durch Mutationen, Deletionen in der
Chromosom 3p25-Region oder epigenetischer Genstilllegung**’. Urspriinglich wurden zwei
Isoformen des Proteins identifiziert. Mit 213 Aminosauren (AS) besitzt das Volllangen-Protein
ein Molekulargewicht von 24 kDa, wahrend bei der kiirzeren 18 kDa-Isoform die ersten 53 AS
aufgrund eines alternativen Translationsstart fehlen*®%°, Beide Isoformen sind biologisch aktiv
und koénnen UUber die Bindung von Elongin B und C sowie Cullin 2 einen ES3-

Ubiquitinligasekomplex bilden, welcher zur Ubiquitinierung und zum proteasomalen Abbau



EINLEITUNG 3

des Hypoxie-induzierbaren Faktors (HIF)o fuhrt®5, Zusatzlich wurde eine dritte VHL-Isoform

mit unbekannter Funktion beschrieben.

Der Verlust der VHL-Proteinfunktion z. B. durch Mutationen fuhrt zu einer konstitutiven
Stabilisierung von HIFa, was die Transkription einer Reihe von Zielgenen wie dem vaskularen
endothelialen Wachstumsfaktor (VEGF) oder der Carboanhydrase IX (CA9)%¢-%¢ (Abbildung
2) aktiviert. In Zellen mit funktionellem VHL wird der HIFa-Abbau durch Hypoxie verhindert,
indem die Prolylnydroxylasen (PHD) mit sinkendem Sauerstoffgehalt durch
Konformationsanderung inaktiviert werden®-%4, Da in Tumoren fortschreitender GroRe die
Versorgung mit Sauerstoff Gber die BlutgefaRe schlechter wird, findet haufig in Karzinomen

ohne VHL-Verlust ebenfalls eine partielle reversible HIFa-Stabilisierung statt®®.

Cullin 2
(a) Elongin ; —

Normoxie Proteasomaler Abbau (b)
q
% 26S-Proteasom
Aktivitat der
0,-Gehalt Prolylhydroxylasen
. .
(c)
Hypoxie oder VHL-
Defizienz

HRE

Zellkern

Abbildung 2: VHL- und Hypoxie-abhéangige Funktion des Hypoxie-induzierbaren Faktors.

Unter Normoxie wird der Hypoxie-induzierbare Faktor (HIF) an zwei Prolylresten hydroxyliert (a). Damit
kann das Von Hippel-Lindau-Protein (VHL) an HIFa binden und einen E3-Ubiquitinligasekomplex mit
Elongin B, Elongin C und Cullin 2 rekrutieren. Durch die Ubiquitinierung von HIF wird der
Transkriptionsfaktor im 26S-Proteasom abgebaut. Dabei betragt die HIF-Halbwertszeit etwa flnf
Minuten (b). Unter hypoxischen Bedingungen sind die Prolylhydroxylasen inaktiv, so dass HIFa in den
Zellkern transloziert. Im Zellkern dimerisiert HIFa mit der HIFB-Untereinheit, um mit verschiedenen
Cofaktoren, wie z. B. p300 oder dem CREB-bindenden Protein (CBP), an ein spezifisches DNA-Motiv
das Hypoxia-responsive element (HRE), mit der Konsensussequenz ACGTGC zu binden, wodurch die
Transkription verschiedener Zielgene gestartet wird (c). Liegt in der Zelle kein funktionelles VHL vor,
wird HIFa wie unter sauerstoffarmen Bedingungen nicht abgebaut und die Transkription der HIF-
Zielgene ist konstitutiv aktiv. Verandert nach Befani und Liakos®®.

Trotz allem reicht der alleinige funktionelle Verlust von VHL nicht aus, die kzNZK-Entstehung
zu initiieren, was darauf schlie3en lasst, dass eine weitere genetische oder epigenetische

Pradisposition vorliegen muss, um ein kzNZK hervorzurufen (two-hit Modell)®”"°. In den letzten
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Jahren identifizierten groRangelegte Krebsgenomprojekte neue kzNZK-Mutationen z. B. im
Polybromo 1- (PRBM1), SET domain containing 2- (SETD2) und BRCAl-assoziiertes Protein
1 (BAP1)-Gen (Abbildung 3), welche fir Chromatin- und Histon-regulierende
Tumorsuppressorproteine codieren und in der Nahe des VHL-Gens auf dem Chromosom 3p21
lokalisiert sind36-383%71 Nach VHL ist PRBML1 ist das am haufigsten mutierte Gen im kzNZK.
Im Mausmodell fiihrt die renale Kodeletion von VHL und PBRML1 zu bilateralen, multifokalen
kzNZK™., Weiterhin wurde beim kzNZK eine negative Korrelation zwischen PBRM1-
Mutationen und BAP1-Mutationen nachgewiesen. Jedoch sind Tumore mit BAP1-Mutationen
mit einem hoheren Tumorgrad, gesteigerter Aggressivitat und einer kirzeren
Patiententberlebensrate im Vergleich zu PBRM1-defizienten Tumoren assoziiert. Dariiber
hinaus weisen BAP1-defiziente Tumore eine hthere mechanistic target of Rapamycin complex
1 (mTORC1)-Aktivierung auf’®. Wahrend z. B. PBRMI1-Mutationen subtypspezifisch
ausschlieBlich beim papillaren NZK mit einem kirzerem Patiententberleben verbunden sind,
wurde fir alle NZK-Subtypen eine gesteigerte DNA-Hypermethylierung (CpG-Insel-
Methylator-Phanotyp), CDKN2A-Mutationen und eine gesteigerte Typ-2-T-Helferzell-mediierte

Immunantwort nachgewiesen, was jeweils mit einer schlechteren Prognose einherging’*"4,

LRP2
MTOR
MUC16
DST
Muc4
BAP1
SETD2
TTN
PBRM1
VHL

T T T 1

0 10 20 30 40

Anzahl der Mutationen (%)
Abbildung 3: Haufigkeit mutierter Gene im kzNZK.
Die Genarray-Daten des Krebsgenomatlas (The Cancer Genome Atlas, TCGA) zeigen die zehn am
haufigsten mutierten Gene aus 537 untersuchten kzNZK (Projekt TCGA-Kidney Renal Clear Cell
Carcinoma, Stand 04.10.2020). Die Gene VHL, PBRM1, TTN, SETD2 und BAP1 sind auf dem
Chromosom 3p lokalisiert.
VHL ist nicht ausschlieBlich am proteasomalen Abbau von HIFa beteiligt, sondern besitzt
zusatzlich weitere proteolytische und nicht-proteolytische Funktionen, die allerdings noch nicht
vollstandig charakterisiert sind’. Erst kirzlich wurde gezeigt, dass VHL die Ubiquitinierung
und den Abbau des onkogenen Proteins Scm-like with four malignant brain tumor domains 1
(SFMBTL1) steuert’. Zusatzlich sind HIF-unabhéangige VHL-Funktionen bekannt, wie die
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Regulation des Tumorsuppressors p53, die Beteiligung an der DNA-Reparatur und des

Abbaus von oxidativem Stress’7-80.

1.3 Der Transkriptionsfaktor HIF

HIF steuert 1-5 % der humanen Gene direkt oder indirekt und ist damit in zahlreiche Vorgénge
der Tumorentstehung wie Metastasierung, Invasion, Zelliberleben, Tumorangiogenese und
Epithelial-mesenchymale Transition (EMT) involviert®!,

HIF1a und HIF2a binden an ein identisches DNA-Motiv (Abbildung 2) und besitzen eine
Aminosaurelbereinstimmung von 48 %%. Es unterscheiden sich aber partiell ihre
Proteininteraktionspartner und Zielgene (Tabelle 1). Die HIF-Expression stellt nicht nur im
NZK, sondern ebenfalls in zahlreichen anderen soliden Tumoren, einen wichtigen
prognostischen Faktor dar, welcher mit einer schlechten Patientenprognose einhergeht®,
Dabei werden Tumore, welche ausschlie3lich HIF2 exprimieren (H2-Tumor) von Tumoren, die
eine Uberexpression von HIF1 und HIF2 (H1H2-Tumore) besitzen, unterschieden®.

Im Gegensatz zum Brustkrebs ist im NZK HIF1a haufig nicht exprimiert, wahrend HIF2a die
Funktionen des Transkriptionsfaktors ubernimmt®4®5, Eine HIF2a-Uberexpression wurde
bereits in einer Vielzahl von Tumorentitaten, einschlieBlich des nichtkleinzelligen
Lungenkarzinoms®, des Endometriumkarzinoms®’, des Plattenepithelkarzinoms®, des
Astrozytoms®®, des Kolorektalkarzinoms® und des Gallenblasenkarzinoms®, beschrieben,
wobei die HIF2a-Expression dieser vaskularisierten Tumore mit der Expression angiogener
Faktoren wie VEGF korreliert.

Tabelle 1: Charakteristika von HIF1la und HIF2a.

Eigenschaft HIF1a HIF2a
Hydroxylierung Prolylrest 402 und 564 Prolylrest 405 und 531
Regulation HAF, FIH-1, Hsp70, Hsp90 FIH-1, Hsp90
Proteininteraktion HNF-4 Etsl, Elk1, NEMO

Begrenzt auf Endothelium,

Expression Ubiquitar Leber, Hirn, Niere, Lunge und
Herz
Pathophysiologie Assoziiert mit Brustkrebs  Assoziiert mit Nierenzellkarzinom

Elk, ETS like-1 protein; Ets, E26 transformation-specific; FIH, HIF-inhibierender Faktor; HAF, Hypoxie-
assoziierter Faktor; HNF, Hepatozytarer nuklearer Faktor; Hsp, Hitzeschockprotein; NEMO, NFkB-
essentieller Modulator. Zusammengefasst nach Befani und Liakos, 20186,
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1.4 Der Transkriptionsfaktor CREB

Neben VHL und HIF spielt der Transkriptionsfaktor Cyclic adenosin monophosphate (CAMP)-
response element-binding protein 1 (CREB), welcher die Expression von zahlreichen Genen
reguliert, in der Progression des NZK eine Rolle. Zusatzlich wird die adaptive Reaktion des
Sauerstoffverlustes (Hypoxie) im Tumorgewebe durch HIF und CREB gesteuert.

Die Aktivierung des CREB-Proteins erfolgt tiber die Phosphorylierung der Serinseitenketten
durch Kinasen der Zellsignalwegskomponenten, wobei die Phosphorylierung des Serinrestes
133 am besten charakterisiert ist®?%, Der aktivierte Transkriptionsfaktor transloziert in den
Zellkern und bildet ein Homodimer oder Heterodimer (ATF-1, CREM)®. Gleichzeitig interagiert
das Dimer, ebenfalls wie HIF (Abbildung 2), mit CBP sowie einer Histonacetyltransferase zu
einem Transkriptionsinitiationskomplex. Dabei wird ein spezifisches DNA-Element mit der
Konsensussequenz TGACGTCA, genannt cAMP-responsive element (CRE), gebunden, um
die CREB-abhangige Gentranskription zu initiieren®:%. Mittels spezifischer Modifikation und
zellularer Lokalisation steuert CREB eine Reihe zellularer Prozesse, wie die Proliferation und
das Zelluberleben, und treibt in Tumoren die maligne Transformation voran®-1%, In zahlreichen
Studien wurde gezeigt, dass eine verstarkte Aktivierung von CREB bei akuter myeloischer
Leukamie®192  nichtkleinzelligen  Lungenkarzinomen!®1%4 [ eberzellkarzinomen®,
Brustkrebs!®®, und Melanomen®” die Tumorprogression fordert. In Xenograft-Modellen des
Leberzellkarzinoms wurde die Hypoxie-induzierte Ausbildung der tumorversorgenden
BlutgefalRe sowohl durch shRNA-mediierte verminderte Expression von CREB als auch von
HIF reduziert!s,

Weiterhin wurde eine verstarkte CREB-Phosphorylierung am Serinrest 133 sowie eine erhdhte
CREB-Expression in kzNZK-Zelllinien und -Geweben nachgewiesen®®1°, Die Reduktion der
CREB-Expression mittels siRNA bzw. die Hemmung der Phosphorylierung fuhrte in vitro zu
verringertem Wachstum, weniger Migration und Invasion sowie zur Herunterregulation von
Matrixmetallopeptidasen!'®!l deren Expression mit der Fahigkeit zur Metastasierung
assoziiert sind''2'3, Die Hemmung der CREB-Phosphorylierung unterdriickte das NZK-
Wachstum im Mausmodell nahezu komplett'®. Zusatzlich zeigten in vivo Daten, dass eine
verstarkte CREB-Expression mit einer hoheren Uberlebensrate von NZK-Patienten

einhergeht!4,

1.5 Verédnderungen des Metabolismus im Tumor
1.5.1 Der ,Warburg Effekt*

Bereits in den 1920er Jahren beobachtete Otto Warburg, die Fahigkeit von Tumorzellen den

Metabolismus zur aeroben Glykolyse umzustellen!'>*8, Der sogenannte ,Warburg Effekt",
welcher mit einer hohen Laktatproduktion der Zellen einhergeht, unterscheidet Tumorzellen

von gutartigen Zellen, deren Glukoseverbrauch unter atmospharischen
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Sauerstoffbedingungen durch die Inhibierung der Glykolyse gehemmt ist (Pasteur-Effekt).
Dieser Effekt wurde mittels Positronenemissionstomographie (PET) bewiesen, wobei die
Methode mit einer Uber 90-prozentigen Sensitivitdt und Spezifitat heute noch zur Detektion
von Metastasen eingesetzt wird!!®. Die Energiegewinnung gesunder Zellen tiber die oxidative
Phosphorylierung (OXPHOS) produziert 18-mal mehr ATP, als die aerobe Glykolyse, welche
zu einem hohen Glukoseverbrauch und einer verstarkten Produktion reaktiver
Sauerstoffspezies (ROS) der Tumorzellen fuhrt'?°, Weiterhin wurde beschrieben, dass die
Uberexpression des Enzyms Laktatdehydrogenase (LDH), erhohte Glutaminolyse und
mitochondriale Dysfunktionen zum ,Warburg Effekt* in Tumoren beitragt. Glykolyse-Enzyme
wie Triosephosphatisomerase (TPI1), Enolase (ENO) 1 und Pyruvatkinase M (PKM) 2 werden
verstarkt im NZK exprimiert'?1122. Eine Reihe von Onkogenen wie HER-2/neu bzw. der Verlust
von Tumorsuppressorgenen wie VHL sind assoziiert mit einer Aktivierung des
Phosphatidylinositol-3-Kinase (PI3K/Proteinkinase B)-Signalweges. Diese Aktivierung fuhrt
zur Translokation von vesikularen Glukosetransportern zur Zelloberflache, aktiviert das Enzym
Hexokinase (HK), inhibiert die Glykogensynthase-Kinase 3 (Gsk3) und erreicht damit die
Glukoseabhangigkeit der Zellen. Aufgrund dessen wird die Proteinkinase B (Akt) ebenfalls als
Warburg-Kinase“ bezeichnet'?®, Zusatzlich wurde erst kirzlich gezeigt, dass die
Herunterregulation von Proteinen der Atmungskette wie das Ubiquinol-Cytochrome C
Reductase Hinge Protein, welches den Elektronentransfer im Komplex IlI der
Elektronentransportkette beeinflusst, zur Verstarkung des ,Warburg Effekts” im NzK
beitragt!?*,

Zahlreiche HIF-Zielgene sind in den Zellmetabolismus involviert und beeinflussen die
Glykolyse, Laktatproduktion, Angiogenese, Metastasierung und den Eisenmetabolismus. Zu
diesen Zielgenen gehoren z. B. Glukosetransporter (GLUT1), glykolytische Enzyme (HK,
Aldolase A, ENO1, PKM2) und die LDHA sowie der Laktattransporter MCT48%125, Durch die
verstarkte Laktatproduktion und —sekretion kommt es bei VHL-defizienten oder hypoxischen
Tumorzellen zu einer Ansduerung (Azidose) des extrazellularen Raums bzw. des
Tumormikromilieus, wobei dieser Effekt durch die Anreicherung von Protonen (H*) verstarkt
wird. Zusatzlich fuhrt die verstarkte Akt-Aktivierung zur Azidose!?3,

Zusammenfassend wird der ,Warburg Effekt‘ in Tumorzellen durch verschiedene Onkogene,
Hypoxie und Verlust von Tumorsuppressorgenen ausgelost (Tabelle 2) und verschafft dem
Tumor bessere Bedingungen zur verstarkten Proliferation, Angiogenese, Invasion und
Metastasierung. AufRerdem beeinflusst der Laktatspiegel und der extrazellulare pH-Wert die

tumorale Immunantwort*6.
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Tabelle 2: Einfluss verschiedener Onkogene

Zellmetabolismus.

und Tumorsuppressorgene auf den

Onkogen Tumorentitat Auswirkung Referenz
PI3K Eierstock-, Magen- CPT1AT 127,182
Kolonkarzinom, GLUT1T
Akt Eierstock-, FASNT 128
Brustkarzinom Aktiviert mTOR
HER-2/neu Brustkarzinom FASNT 129
ACCoT
Aktiviert mTOR
Tyrosinkinasen Mehrere Entitaten, Inaktivieren PKM2 130
z. B. NZK
K-RAS Pankreas-, GLUT1? 131
Kolonkarzinom Glutamin®T
MYC Burkitt Lymphom, PDK1T 132
kzNZK Glutaminolyse™
Tumorsuppressor Tumorentitat Auswirkung Referenz
VHL kzNZK HIFa-Abbau 133
p53 Mehrere Entitaten, TIGARY PGAMI{ 134-136
z. B. Kolonkarzinom
PTEN Prostatakarzinom Inhibiert PI3K 133
FH Papillares NZK Inhibiert PHD 137
SDH Phaochromozytom Inhibiert PHD 137

T, verstarkte Expression; ¥, verminderte Expression; ACCa., Acetyl-CoA-Carboxylase alpha; CPT1A,
Carnitin-Palmityltransferase 1A; FASN, Fettsauresynthase; FH, Fumerathydratase; HIF, Hypoxia-
inducible factor; K-RAS, Kirsten Rat sarcoma; kzNZK, klarzelliges Nierenzellkarzinom; mTOR,
mechanistic target of Rapamycin; PGAM, Phosphoglucomutase; PHD, Prolylhydroxylasen; PKM,
Pyruvatkinase M; PI3K, Phosphoinositol-3-Kinase; PTEN, Phosphatase- und Tensinhomolog; SDH,
Succinatdehydrogenase; TIGAR: TP53-induced glycolysis and apoptosis regulator; VHL, Von Hippel-

Lindau.
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1.5.2 Auswirkungen des MWarburg Effekts” auf die Immunantwort

Die Auswirkungen der Stoffwechselveranderungen im Tumor auf die Umgebung sind vielfaltig.
Einerseits wird durch die Stabilisierung des Transkriptionsfaktors HIF die Expression und
Sekretion von VEGF und die Laktatakkumulation verstarkt, was zur Neubildung von
BlutgefaRen und damit zur besseren Versorgung des Tumors mit Glukose und Nahrstoffen
fuhrt (Abbildung 4a). Andererseits ist der Tumorstoffwechsel mit verminderten Arginin-,
Tryptophan-, Glutamin- und Glukosespiegel im Mikromilieu assoziiert (b). Diese
Néhrstoffreduktion, die Akkumulation von Laktat und die Azidose wirken hemmend auf die
Proliferation und Aktivitat von Immunzellen. In Makrophagen wird die Glykolyse und die
OXPHOS vermindert, wahrend es bei T-Zellen zur Reduktion der Interferon (IFN)y-Produktion
kommt. Oxidative Tumorzellen werden durch die verstarkte Sezernierung von Laktat und
Wachstumsfaktoren der glykolytischen Zellen zur Proliferation angeregt (c)'*4°. Die
Wechselwirkungen der malignen Zellen mit dem Mikromilieu fihren zu einem Vorteil bei der
Metastasierung, Proliferation und Hemmung der Apoptose des Tumors!38:14°,

Nachdem die Mechanismen der Tumorzellen, der Erkennung durch das kdrpereigene
Immunsystem (z. B. durch die Herunterregulation von MHC-Molekilen'4t142 oder der
Expression von HLA-G#3144) zu entgehen in den letzten Jahren besser aufgeklart wurden, hat
das Interesse an zielgerichteten Immuntherapien zur Krebsbekampfung stark zugenommen.
Zahlreiche Studien zeigten, dass das Tumormikromilieu die Effektivitdt von onkologischen
Therapien beeinflusst'?614°, Das Tumorstroma besteht aus verschiedenen Zellpopulationen
wie z. B. T- und Naturliche Killer (NK)-Zellen, Makrophagen, dendritische Zellen, Fibroblasten
und Endothelzellen. Tumor-infiltrierende lymphatische (TIL) Zellen kénnen abh&angig von ihrer
Dichte und Aktivitdt das Tumorwachstum kontrollieren und sind in héherer Dichte mit einer
besseren Prognose assoziiert. Fir das NZK ist eine Korrelation des verstarkten
Glukosestoffwechsels im Tumor mit einer geringeren CD8-positiven T-Zell-Infiltration
beschrieben>4¢, In weiteren Studien wurde die Modulation der Immunzellfunktion durch
Laktat in Assoziation mit verstarkter Tumorprogression und Metastasierung gezeigt4’148,
Laktat verstarkt die IL-23-Produktion in Monozyten und Makrophagen, induziert eine M2-
Polarisation in Tumor-assoziierten Makrophagen (TAM) und inhibiert die Aktivitat von T- sowie
NK-Zellen'**1%0  Fir Melanom-Patienten wurde ein Zusammenhang zwischen der LDHA-
Expression, T-Zellaktivitat, IFNy-Expression der TIL und dem damit verbundenen verstarkten

Tumorwachstum sowie einer immunsuppressiven Wirkung von Laktat nachgewiesen®®?.
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Abbildung 4: Einfluss des ,,Warburg Effektes* auf das Tumormikromilieu.
+, verstarkt; |, vermindert; IFN, Interferon; OXPHOS, oxidative Phosphorylierung; NK-Zellen, natirliche
Killerzellen; VEGF, vaskularer endothelialer Wachstumsfaktor.

1.6 Identifizierung von intra- und extrazellularen Biomarkern des NZK

In den letzten Jahren fiihrte eine Reihe von Microarray-*°, Proteom-"4 und Genomanalysen’
zur ldentifizierung einer Vielzahl von differentiell exprimierten Genen und Proteinen in NZK-
Lasionen im Vergleich zu gesunden Nierenepithelzellen, die mit der Metastasierung und dem
Uberleben der Patienten korrelierten'®>*, Dies waren z. B. Komponenten des Zytoskeletts
sowie der Signaltransduktionswege, der Zellproliferation und -motilitat, der
Expressionskontrolle, der Immunantwort und am Zellmetabolismus beteiligte Gene/Proteine.
Besonders vielversprechend erwiesen sich Serumbiomarker flir das metastasierende NZK wie
C-reaktives Protein, VEGF, ALDOA, CA9, Tissue Inhibitor of Metalloproteinase (TIMP) 1, RAS
p21 und IL-6%3155159  Epenfalls wurde zirkulierende Tumor-DNA (VHL, BAP1 und PRBM1)
detektiert!®®, Weiterhin wurden Tumorstammzellmarker, vor allem Zelloberflachenproteine wie
C-X-C chemokine receptor type 4 (CXCR4), CD105, CD133 und CD44, als prognostische oder
therapeutische Marker diskutiert6?,

Durch die zunehmende Bedeutung der Modulation des Tumormikromilieus wurde die
Zusammensetzung von extrazellularen Membranvesikeln (Exosomen, EV) und anderen
sekretierten tumoralen Proteinen untersucht. Fir das NZK wurde eine Vielzahl von
exosomalen Proteinen wie z. B. CA9 und HLA-G sowie mRNA von VEGF, MMP2 und MMP9
identifiziert. Zusatzlich konnten zahlreiche Mikro-RNA (miR) wie die miR-183, deren
Expression mit der Metastasierung, Angiogenese und der Herunterregulation der
Immunantwort im NZK assoziiert war, in Exosomen nachgewiesen werden®2, Die

extrazellulare Abgabe von Exosomen beeinflusst die Immunantwort’®®* und die
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Tumormetastasierung®*, wodurch EV, welche aus den meisten Korperflissigkeiten isoliert
werden konnen, als Quelle fir potentielle diagnostische Biomarker des NZK gelten!®5167,

Im NZK gehen metabolische Veranderungen mit einer erhéhten Expression von Glykolyse-
und Glutaminolyse-Enzymen sowie einer verminderten Expression verschiedener an der
Atmungskette sowie an der Glukoneogenese beteiligter Enzyme einher. Dabei sind die
metabolischen Alterationen abhangig vom Tumorgrad?®®®. Ebenfalls wurden subtypspezifische
differenzielle metabolische Signaturen detektiert, welche das kzNZK und das papillare NZK
vom chromophoben unterscheiden16°,

Einige dieser putativen molekularen Marker wurden vergleichend zu bestehenden
prognostischen Parametern analysiert oder in bestehende Prognosescores integriert und
zeigten eine Verbesserung der Prognosebewertung’17%17t, Jedoch wurde bisher keiner dieser
Marker in der Klinik etabliert, da Studien zur unabhangigen oder prospektiven Validierung

fehlen.
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2 Ziele der Arbeit

Der zellulare Stoffwechsel hat sich als kritische Determinante fur die Lebensfahigkeit und
Funktion sowohl von NZK-Zellen als auch der Zellen des Tumormikromilieus herausgestellt.
Um den enormen anabolen Bedarf aufrechtzuerhalten, unterscheidet sich der
Tumormetabolismus stark von dem somatischer Zellen. Der tumorale Stoffwechsel fihrt zu
einer Mikroumgebung, die haufig sauer, hypoxisch und/oder verarmt an kritischen Nahrstoffen
ist, welche von Immunzellen benétigt werden. In diesem Zusammenhang kann der veranderte
Tumorstoffwechsel zur Verminderung der immunvermittelten Tumorerkennung flhren. Der
direkte Einfluss von VHL, CREB und Hypoxie auf den Tumormetabolismus sowie das
Tumormikromilieu war zum Zeitpunkt der Erstellung dieser Dissertation weitgehend
unbekannt. Von daher sollte im Rahmen der vorliegenden Arbeit das VHL-, CREB- und
Hypoxie-abhdngige Expressionsprofil im NZK und onkogentransformierten Zellmodellen
mittels Microarray- und/oder Proteomanalysen charakterisiert werden, die Auswirkungen auf
den Zellmetabolismus untersucht und die funktionelle Bedeutung dieser Prozesse sowie ihr
Einfluss auf die antitumorale Immunantwort aufgeklart werden. Dabei wurden folgende

Forschungsschwerpunkte bearbeitet:

i.  Charakterisierung der Transkriptmengen, des Gesamtproteoms und Sekretoms in
VHL-negativen und VHL-positiven NZK-Zelllinien unter Normoxie und Hypoxie,
ii. ldentifizierung und Validierung von VHL-, HIF-, CREB-, und Hypoxie-abhangigen am
Metabolismus beteiligten Genen/Proteinen,
iii. Einfluss von VHL-Defizienz, CREB-Uberexpression und Sauerstoffreduktion auf
spezifische Vorgange und Komponenten des Energiestoffwechsels,

iv.  Einfluss definierter Komponenten des Sekretoms auf die Immunantwort.

Diese Studien sollten nicht nur zu einem besseren Verstdndnis der Rolle des
Tumorenergiestoffwechsels und der Biologie von CREB, HIF und VHL in diesem Prozess
fuhren, sondern ebenfalls dessen Einfluss auf die Immunantwort charakterisieren und NZK-
Kandidatentumormarker identifizieren, welche zur Etablierung prognostischer bzw.
therapeutischer Strategien genutzt werden konnen. Das Verstandnis der unterschiedlichen
Stoffwechselbedurfnisse der verschiedenen Zellen, bietet die Moglichkeit, die Funktion der
Immunzellen gezielt zu regulieren. Die Charakterisierung des Tumorstoffwechsels kdnnte
metabolische Schwachstellen und somit langfristig Ansatze fir eine verbesserte

Immuntherapie aufdecken.
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3 Beschreibung der publizierten Manuskripte

3.1 ,Distinct von Hippel-Lindau gene and hypoxia-regulated alterations in gene and
protein expression patterns of renal cell carcinoma and their effects on

metabolism*

Sandra Leisz, Kristin Schulz, Susanne Erb, Peter Oefner, Katja Dettmer, Dimitrios

Mougiakakos, Ena Wang, Francesco M. Marincola, Franziska Stehle, Barbara Seliger
Oncotarget (2015), 6(13):11395-406

Das Wissen iber die molekularen Mechanismen der zellularen Anpassung an den
Funktionsverlust des VHL-Proteins und die tumorale Hypoxie im NZK hat in den letzten Jahren
zugenommen. Jedoch gab es bisher nur wenige Informationen tiber die Uberschneidungen
und Unterschiede in der Gen-/Proteinexpression beider Prozesse. Ziel dieser Studie war es
daher, VHL- und Hypoxie-regulierte Verdnderungen im Stoffwechsel des humanen NZK
mittels Transkriptom- und Proteomanalysen zu untersuchen. Die Auswirkung der VHL- und
Hypoxie-regulierten veranderten Gen-/Proteinexpressionsmuster auf den zellularen
Stoffwechsel wurde durch die Bestimmung der Glukoseaufnahme, der Laktatsekretion, des
extrazellularen pH-Wertes, der Laktatdehydrogenase-Aktivitat, des Aminosauregehaltes und
des ATP-Spiegels analysiert. Unter Verwendung von VHL/VHL*-NZK-Zellen, welche unter
normoxischen und hypoxischen Bedingungen kultiviert wurden, konnten VHL-abhangige, HIF-
abhangige  sowie  VHL-/HIF-unabhéngige  Signaturen in den Gen- und
Proteinexpressionsmustern identifiziert und anschlieBend in anderen NZK-Zelllinien validiert
werden. Etwa 30 % der unter diesen unterschiedlichen Bedingungen differenziell exprimierten
Gene/Proteine waren am zellularen Stoffwechsel beteiligt, was mit einem veranderten
Metabolismus sowie mit VHL-abhangigen Verdnderungen des intrazellularen
Aminosauregehaltes einherging. Zusammenfassend zeigt die Studie Uberschneidungen, aber
auch Unterschiede in der Expression, welche durch VHL-Funktionalitat und Hypoxie
kontrolliert werden, und demonstriert damit Unterschiede in der metabolischen Umschaltung
des NZK. Weiterhin wurden potentielle neue Markerproteine fur das VHL-defiziente oder

hypoxische NZK identifiziert.
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Beitrdge der Autoren: Sandra Leisz hat das Manuskript zusammen mit Barbara Seliger
konzipiert und geschrieben sowie folgende Experimente durchgefihrt: Zellkultur und Hypoxie-
Inkubation, 2D-Gelanalysen mit anschlieBender Proteinidentifizierung, Expressionsanalysen
(gPCR, Western Blots (WB)), samtliche Stoffwechselanalysen mit Ausnahme der
Aminosauremessung, die gesamte Auswertung der Analysen inklusive der statistischen
Auswertung. Franziska Stehle und Kristin Schulz waren an der Etablierung und Durchfiihrung
der 2D-Gelelektrophorese sowie an der Proteinidentifizierung beteiligt. Susanne Erb hat das
Zellsystem und die Hypoxie-Analysen etabliert. Peter Oefner und Katja Dettmer haben die
Aminosauremessung durchgefuhrt. Dimitrios Mougiakakos hat den ,Seahorse Analyzer” und
die fur die Messung bendtigten Verbrauchsmaterialien zur Verfigung gestellt. Francesco

Marincola und Ena Wang haben die Microarray-Analyse durchgefihrt.
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3.2 ,VHL-dependent alterations in the secretome of renal cell carcinoma: Association

with immune cell response?“

Franziska Stehle, Sandra Leisz, Kristin Schulz, Nicolle Schwurack, Nico Weber, Chiara

Massa, Jana Kalich, Corinna Fahldieck, Barbara Seliger

Oncotarget (2015), 6(41):43420-37

Proteine der extrazellularen Matrix modulieren die Interaktion zwischen Tumor, Stroma und
Immunzellen innerhalb der Tumormikroumgebung und kénnen damit ein immunsuppressives
Tumormikromilieu aufbauen. Um die Sekretom-vermittelte, VHL-mediierte Interaktion
zwischen Tumorzellen und T-Lymphozyten zu bestimmen, wurden periphere mononukleare
Blutzellen (Peripheral blood mononuclear cells, PBMC) von gesunden Spendern entweder in
konditioniertem Medium einer VHL-defizienten NZK-Zelllinie (786-0 VHL") bzw. den VHL-
transfizierten Zellen dieser NZK-Zelllinie (786-0 VHL*) oder direkt mit einer der beiden
Zelllinien kokultiviert. Dabei wurde bei 786-0 VHL*-konditioniertem Medium eine hohere T-Zell-
Proliferation festgestellt. Durch die Anwendung eines quantitativen proteombasierten
Ansatzes mittels differentieller Gelelektrophorese und anschlieRender Massenspektrometrie
wurden 14 Proteine identifiziert, die im Sekretom der 786-0 VHL-Zellen im Vergleich zu den
786-0 VHL*-Zellen differentiell exprimiert vorlagen. Alle identifizierten Proteine waren an
tumorassoziierten biologischen Funktionen, einschlieRlich der Immunantwort, beteiligt.
Funktionelle Studien zur verstarkten Superoxiddismutase 2 (SOD2)-Sekretion zeigten, dass
diese ein Regulator der T-Zell-Aktivierung und des Zelltods ist. Die Inkubation der T-Zellen mit
solublem SOD2 fiuhrte ebenfalls zu einer verminderten T-Zellaktivierung und IL-2-Sekretion,
was auf eine kritische Rolle der extrazellularen SOD2-Spiegel fur die T-Zellproliferation und -
aktivierung hinweist. Folglich konnten diese Daten erstmals eine direkte Assoziation des VHL-

Verlustes mit der Reduktion der T-Zellaktivitat nachweisen.
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Beitrage der Autoren: Sandra Leisz war an der Etablierung der Hypoxie-Experimente, der
Proteinidentifizierung, der mRNA-Validierung und am Schreiben des Manuskriptes beteiligt.
Franziska Stehle hat das Manuskript zusammen mit Barbara Seliger konzipiert und
geschrieben. Kristin Schulz hat die enzyme-linked immunosorbent assays (ELISA)
durchgefuhrt und war an der Proteinidentifizierung beteiligt. Nico Weber hat die 2D-
Gelelektrophorese des Sekretoms im Rahmen seiner Diplomarbeit durchgefiihrt. Nicolle
Schwurack fuhrte im Rahmen ihrer Bachelorarbeit die T-Zellanalysen durch. Chiara Massa
beteiligte sich an der Etablierung der ELISA-Experimente. Corinna Fahldieck und Jana Kalich
haben die FACS- und WB-Analysen durchgefihrt.
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3.3 ,Hypoxia-mediated alterations and their role in the HER-2/neu-regulated CREB

status and localization*

André Steven, Sandra Leisz, Katharina Sychra, Bernhard Hiebl, Claudia Wickenhauser,

Dimitrios Mougiakakos, Rolf Kiessling, Carsten Denkert, Barbara Seliger

Oncotarget (2016), 7(32):52061-52084

Der Transkriptionsfaktor CREB ist an der Entwicklung von HER-2/neu-uberexprimierenden
murinen und humanen Tumoren beteiligt. Dabei wurde der Zusammenhang zwischen der
HER-2/neu-vermittelten CREB-Aktivierung, der posttranslationalen Modifikation und
Lokalisation von CREB und Verdnderungen im zellularen Metabolismus aufgrund einer
veranderten Tumormikroumgebung bisher nicht untersucht. In der vorliegenden Studie wurde
gezeigt, dass das shRNA-vermittelte Silencing von CREB in HER-2/neu-transformierten Zellen
zu einer verminderten Tumorbildung fuhrte, sowie mit einer reduzierten Angiogenese und der
Zunahme nekrotischer und hypoxischer Bereiche im Tumor einherging. In HER-2/neu-
transformierten Zellen wurde durch Hypoxie die Phosphorylierung von CREB am Serin 133,
aber nicht am Serin 121 induziert. Dies war verbunden mit einer Hochregulation der Hypoxie-
induzierbaren Gene GLUT1 und VEGF, erhdhter Zellmigration und Matrix-Metalloproteinase-
vermittelter Invasion. Die Behandlung der HER-2/neu*-Zellen mit
Signaltransduktionsinhibitoren, welche insbesondere die HER-2/neu-vermittelten Signalwege
hemmten, konnte die Hypoxie-gesteuerte CREB-Aktivierung revertieren. Zusatzlich zu den
Veranderungen in der Phosphorylierung verursachte Hypoxie in HER-2/neu*-Zellen eine
transiente Ubiquitinierung und small ubiquitin-like modifier(SUMO)ylierung von CREB sowie
eine Kolokalisation des nukledren CREB in der mitochondrialen Matrix. Eine mitochondriale
Lokalisation von CREB wurde ebenfalls in hypoxischen Bereichen von HER-2/neu-positiven
Mammakarzinomen  nachgewiesen, was in vitro mit einem  veranderten
Genexpressionsmuster, einer veranderten Aktivitat und einem veranderten Metabolismus der
Mitochondrien assoziiert war und zu einer erhéhten Atmungsrate, oxidativen Phosphorylierung
sowie einem erhohten mitochondrialen Membranpotential fiihrte. Diese Daten weisen darauf
hin, dass die HER-2/neu-vermittelte CREB-Aktivierung, welche durch eine hypoxische
Tumormikroumgebung verursacht wird, auf verschiedenen Ebenen zum neoplastischen

Phanotyp von HER-2/neu-transformierten Zellen beitragt.
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Beitrdage der Autoren: Sandra Leisz hat die extrazelluldare Flussmessung durchgefihrt und
ausgewertet. Weiterhin war sie an der Durchfihrung der Mausexperimente, der Etablierung
der Hypoxie-Versuche, der ATP- und LDH-Messung und dem Schreiben des Manuskriptes
beteiligt. André Steven hat gemeinsam mit Barbara Seliger das Projekt konzipiert und das
Manuskript geschrieben. André Steven hat die gesamten Experimente mit Ausnahme der
immunhistochemischen (IHC) Untersuchungen und der extrazellularen Flussmessung mit dem
~>eahorse Analyzer® durchgefuhrt. Katharina Synchra, Claudia Wickenhauser und Carsten
Denkert fuhrten die IHC-Analysen durch und stellten das humane Tumormaterial zur
Verfugung. Bernhard Hiebl war an den Mausexperimenten beteiligt. Dimitrios Mougiakakos
stellte den ,Seahorse Analyzer® sowie das Verbrauchsmaterial fur die extrazellulare
Flussmessung zur Verfiigung. Rolf Kiessling stellte die humanen HER-2/neu-Zellmodelle zur

Verfligung.
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3.4 ,Linking CREB function with altered metabolism in murine fibroblast-based model

cell lines”

André Steven, Sandra Leisz, Claudia Wickenhauser, Kristin Schulz, Dimitrios Mougiakakos,

Rolf Kiessling, Carsten Denkert, Barbara Seliger

Oncotarget (2017), 8(57):97439-97463

CREB ist haufig in Tumoren unterschiedlicher Histologie Uberexprimiert und verstéarkt aktiviert,
was zu erhohter Proliferation, Migration, Invasion, Angiogenese sowie reduzierter Apoptose
der Tumorzellen fuhrt. Fur die deregulierte Expression sind sowohl transkriptionelle als auch
posttranskriptionelle Regulationsmechanismen ursachlich. Die vorliegende Studie zeigt, dass
deregulierte CREB-Expressionsspiegel und -Aktivierung mit Verdnderungen im zellularen
Metabolismus assoziiert sind. Mittels vergleichender Proteomanalyse wurde ein differentielles
Expressionsmuster, der am zellularen Stoffwechsel beteiligten Proteine bei CREB-
herunterregulierten HER-2/neu-transfizierten Zellen identifiziert. Dies war mit einem
verminderten GLUT1-Expressionshiveau, reduzierter Glukoseaufnahme und reduzierter
Expression glykolytischer Enzyme im Vergleich zu HER-2/neu*-Zellen verbunden. Weiterhin
fuhrte die Hypoxie-induzierte CREB-Aktivierung zu Veranderungen des Stoffwechsels in HER-
2/neu-transfizierten Zellen. Der verminderte pH-Wert im Zellkulturiiberstand von HER-2/neu*-
Zellen war mit einer verstarkten intrazellularen LDH-Expression und Laktatsekretion assoziiert,
wobei sich eine Reversion des Effektes durch die Herunterregulation von CREB zeigte.
Daruber hinaus ging die Hypoxie-mediierte erhohte CREB-Phosphorylierung am Serinrest 133
mit einer verminderter ERK-Aktivitdt und der verstarkten Aktivierung der Proteinkinase B
einher. Zusétzlich wurde gezeigt, dass CREB die Entgiftung von ROS durch die verstarkte
Katalase-Expression fordert und somit die mitochondriale Aktivitat unter oxidativem Stress
schutzt. Diese Daten charakterisieren den Zusammenhang zwischen der CREB-Funktion und
dem veranderten Stoffwechsel in HER-2/neu-transformierten Zellen. Somit kdnnten die
veranderten Stoffwechselwege einen therapeutischen Ansatz fir die Behandlung von

Patienten mit HER-2/neu-uberexprimierenden Tumoren darstellen.
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Beitrage der Autoren: Sandra Leisz hat die extrazellulare Flussmessung und die
massenspektrometrischen Proteinidentifizierung durchgefuhrt. Aul3erdem war sie am
Schreiben des Manuskriptes beteiligt. André Steven hat gemeinsam mit Barbara Seliger das
Projekt konzipiert und das Manuskript geschrieben. André Steven hat die Experimente mit
Ausnahme der 2D-Gel-Analysen und der extrazellularen Flussmessung durchgefuhrt. Kristin
Schulz realisierte die 2D-Gel-Analysen. Claudia Wickenhauser, Rolf Kiessling und Carsten
Denkert waren am Schreiben des Manuskriptes beteiligt. Dimitrios Mougiakakos stellte den
,~>eahorse Analyzer” sowie das Verbrauchsmaterial fur die extrazellulare Flussmessung zur

Verfligung.

Tabelle 3: Darstellung des prozentualen Eigenanteils der zusammengefassten
Manuskripte.

Manu- Journal Erscheinungs Impact Eigenanteil

skript -jahr Factor* Experimenteller Anfertigung des
Anteil (%) Manuskriptes (%)

1 2015 5,008 ca. 90 % ca. 85 %

2 Oncotarget 2015 5,008 ca. 20 % ca. 20 %

3 2016 5,168 ca. 30 % ca. 30 %

4 2017 4,849 ca. 20 % ca. 20 %

Bei Oncotarget handelt es um ein Peer Review Open Access Journal mit den Schwerpunkten Onkologie
und Zellbiologie. *, ibernommen von der Datenbank Journal Citation Reports und scijournal.org (Impact
Factor 2017).
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ABSTRACT

During the last decade the knowledge about the molecular mechanisms of the
cellular adaption to hypoxia and the function of the “von Hippel Lindau” (VHL) protein
in renal cell carcinoma (RCC) has increased, but there exists little information about
the overlap and differences in gene/protein expression of both processes. Therefore
the aim of this study was to dissect VHL- and hypoxia-regulated alterations in the
metabolism of human RCC using ome-based strategies. The effect of the VHL- and
hypoxia-regulated altered gene/protein expression pattern on the cellular metabolism
was analyzed by determination of glucose uptake, lactate secretion, extracellular
pH, lactate dehydrogenase activity, amino acid content and ATP levels. By employing
VHL-/VHL* RCC cells cultured under normoxic and hypoxic conditions, VHL-dependent,
HIF-dependent as well as VHL-/HIF-independent alterations in the gene and protein
expression patterns were identified and further validated in other RCC cell lines.
The genes/proteins differentially expressed under these distinct conditions were
mainly involved in the cellular metabolism, which was accompanied by an altered
metabolism as well as changes in the abundance of amino acids in VHL-deficient
cells. In conclusion, the study reveals similarities, but also differences in the genes
and proteins controlled by VHL functionality and hypoxia thereby demonstrating
differences in the metabolic switch of RCC under these conditions.

INTRODUCTION

Renal cell carcinoma (RCC) represents approxi-
mately 2-3% of all cancers worldwide. It is a
heterogeneous disease with an increasing incidence and
more than 100.000 deaths per year [1]. While localized
RCC can be cured by surgery, inoperable RCC is resistant
to chemotherapy and radiotherapy and about 15% of
patients respond to immunotherapy. Angiogenesis plays
an important role in RCC development and progression
as evidenced by the molecular genetics of the autosomal
dominant von Hippel Lindau (VHL) syndrome and
the clear cell RCC (ccRCC) subtype. Drugs targeting

angiogenic factors have revolutionized the therapy of
c¢cRCC and led to a marked survival benefit in patients
with metastatic disease [2]. However, RCC patients often
develop resistances to these drugs.

The ccRCC is often associated with a loss of the
VHL gene function due to its deletion on chromosome 3p,
loss of heterozygosity, promoter methylation or missense
mutations. VHL mutations occur in approximately 50%
of sporadic ccRCC, which prevent the VHL-mediated
degradation of the hypoxia-inducible factor (HIF)a under
normoxic conditions. This is also the case by hypoxia,
which prevents binding of the prolylhydroxylase (PHD) to
HIFa, thereby leading to the induction of HIF targets. More
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than 2% of human genes are directly or indirectly regulated
by HIF [3]. These HIF targets modulate transcriptional
regulation, cell proliferation, survival, apoptosis, motility,
cytoskeletal structure, cell adhesion, angiogenesis and
cellular metabolism [4]. In ccRCC, HIFla is often not
expressed, while HIF2a adopts its function [5]. Lack of
VHL function or hypoxia cause a metabolic switch to
aerobic glycolysis [6]. This is associated with a high glucose
influx, a decreased gluconeogenesis and an increased lactate
concentration in the tumor microenvironment, which is
associated with an impaired immune recognition [7, 8] due
to changes in the activity and function of T cells, NK cells
and dendritic cells (DC) [9-12].

Generally, loss of VHL function or hypoxia has been
postulated to cause identical alterations in gene/protein
expression and function. However, this study identified
differences in the VHL- and hypoxia-induced pathways
by determining the mRNA and protein expression pattern
of VHL- RCC cell lines and their VHL transfectants
in the presence and absence of hypoxia using cDNA
microarrays, 2DE-based proteomics, and metabolomics.
Selected differentially expressed genes and proteins were
further validated and subjected to functional analysis.

RESULTS

Characterization of the different VHL model
systems

The mRNA and protein expression levels of VHL
were determined under both normoxic and hypoxic
conditions in the VHL- cell lines 786-O, RCC4 and RCC10
and their VHL transfectants using qPCR (Figure 1A) and
Western blot analysis (Figure 1B), respectively. Expression
of VHL protein was only detectable in VHL transfectants
and did not significantly differ between normoxia and
hypoxia. Over-expression of VHL led to a degradation
of HIF2a protein during normoxia and to its stabilization
under hypoxia (Figure 1B). Subsequently, transcription
levels of the HIF2a target gene GLUT 1 were reduced by
2.1 to 5-fold under normoxia in the VHL" RCC cells when
compared to VHL RCC cells. In contrast, hypoxia caused a
3.5 to 5.9-fold up-regulation of GLUT1 expression in VHL"
RCC cells when compared to normoxia (Figure 1C).

Identification of VHL- and hypoxia-induced
genes

The gene expression pattern of VHL- and VHL"
786-0 cells was determined under normoxic and hypoxic
conditions. The levels of gene expression significantly
differed between the cell systems and culture conditions
used (Table S2). Some genes were down-regulated up
to approximately 60-fold (NID2), while others were up-
regulated to approximately 25-fold (RAB31) depending
on the conditions analysed.

The most differentially expressed transcripts with
n = 1202 and n = 1292, respectively, were found upon
comparison of VHL" with VHL" cells under normoxia and
hypoxia (Table S3). The overlapping genes (662 genes,
Figure S1, Table S4) of these groups represent putative
VHL-regulated genes.

The greatest proportion of differentially expressed
genes mediated by VHL expression (24%; Figure 2A)
and hypoxia (28%; Figure 2B) exert a metabolic function.
Figure 2C summarizes the hierarchical clustering of the
differentially expressed metabolic genes in VHL-deficient
vs. VHL-expressing cells under normoxia and/or hypoxia
(p < 0.05). The number of VHL-independent, hypoxia-
regulated genes (194 regulated cDNAs) was much lower
(Table S2), but the lowest number was found for putative
HIF2a-regulated genes (28 genes, Table S4). These
data indicated distinct VHL-, hypoxia- as well as HIF-
independent regulated processes.

Identification of VHL- and hypoxia-regulated
targets

In order to identify differentially expressed proteins
caused by a distinct VHL status and hypoxic environment,
2DE-based proteomics of VHL- and VHL" 786-O cells
cultured under normoxia or hypoxia was performed
leading to 76 differentially expressed proteins identified
by MALDI-TOF/MS analysis (Table S3, Table S5). These
included VHL-independent, but hypoxia-dependent
as well as VHL-dependent and hypoxia-independent
and HIF2a-dependent targets, respectively. Figure 2D
shows identified differentially expressed proteins on a
representative 2-DE gel of VHL" vs. VHL" 786-0 cells
during hypoxia. Although the differentially expressed
proteins were associated with distinct functions,
approximately 30% of VHL-regulated proteins and 38% of
hypoxia-regulated proteins belong to metabolic processes
(Figure 2E, 2F). There exists a significant overlap in
differentially expressed proteins by comparing VHL" vs.
VHL" 786-0O protein profiles to that of 786-O cells under
normoxic versus hypoxic conditions, whereas only a
few proteins were found to be differentially expressed in
normoxic vs. hypoxic 786-O cells (n = 13) and VHL" 786-
O cells (n = 2), respectively (Table S5).

Impact of VHL- and hypoxia-dependent
alterations on the cellular metabolism

In order to validate the differentially expressed
genes and proteins, modulated by VHL, hypoxia or
a combination of both, qPCR, Western blot analyses
and enzymatic activity assays of selected targets were
performed.

The glucose consumption of the VHL”* RCC model
system was investigated via the uptake of fluorescent
dye labelled glucose. The VHL" RCC cells showed a
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Figure 1: Restoration of functional VHL expression in 786-O, RCC4 and RCC10 cells. (A) VHL cells were stably transfected
with a VHL overexpression vector or vector backbone. The bulk cultures were analysed for VHL mRNA expression after 24 h incubation
during normoxia or hypoxia (1% O,) conditions using qPCR. The data was normalized to -actin expression and the expression of wild type
cells incubated under normoxia was set to 1. (B) Western blot analysis of VHL and HIF2a protein in wt 786-O, RCC4, and RCC10 cells
and their respective transfectants during normoxia and hypoxia. Immunostaining was performed with a VHL- and HIF2a-specific antibody
as described in the experimental procedures. Equal amount of protein loading was controlled by immunostaining using B-actin-specific
antibody. A representative result of three independent biological replicates is shown. (C) mRNA expression of HIF2a target gene GLUT1 in

VHL- and VHL" cells during normoxia and hypoxia oxygen conditions was measured by qPCR and normalized to B-actin. The expression
level of wt RCC cells was set to 1.
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Figure 2: Functional classification of VHL- and hypoxia-dependent regulated genes and proteins. (A and B) The cDNA
microarray analysis was performed with Trizol-prepared total RNA as described in experimental procedures. For the classification of
data in biological processes the PANTHER classification system according to gene ontology criteria was employed. The pie chart shows
representative classifications for (A) VHL" vs. VHL- 786-O cells, and (B) wt cells incubated during hypoxia (1% O,) vs. normoxia.
(C) Hierarchical clustering of “ome”-based data. Using the hierarchical clustering differentially expressed genes associated with metabolic
function (p <0.05) identified by one way ANOVA among VHL’, VHL- 786-O under hypoxia or normoxia (top heat map) and hypoxia-
vs. normoxia-specific metabolic function related genes independent of VHL status (¢ test, p < 0.05, bottom heat map) were visualized.
(D) Identified differentially expressed proteins were marked on a representative 2-DE gel of VHL- vs. VHL" 786-O cells during hypoxia.
(E and F) The pie charts demonstrate the classification of differentially expressed proteins, which were identified by 2DE followed by
peptide mass fingerprint. The classification of proteins was performed with PANTHER software and is representatively demonstrated for
E) VHL" vs. VHL" 786-O cells and F) wt cells incubated under normoxic and hypoxic (1% O,) conditions.
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statistically significant 2-fold reduced glucose uptake
compared to the VHL-deficient RCC cells (Figure 3A),
which was accompanied by an altered expression of many
glycolytic enzymes (Table S6). In addition, extracellular
flux analysis was performed to assess the ECAR. As shown
in Figure 3B, VHL expression significantly decreased
glycolysis and glycolytic activity. A VHL-dependent down-
regulation of pyruvate kinase (PK)M2, y-enolase (ENO2)
and triosephosphate isomerase (TPI)l was detected,
while ENO2, TPI1 and aldolase (ALDO)A were hypoxia-
dependently up-regulated (Table S6). Over-expression of
VHL caused a 2- to 2.5-fold reduction in the expression of
TPI1 under normoxic conditions in comparison to VHL-
deficient RCC cells, while its expression was enhanced
2- to 3.9-fold under hypoxia in the VHL* RCC cells when
compared to normoxic conditions (Figure 3C). In VHL" 786-
O and RCC4 cells, the expression of ALDOA is hypoxia-
dependent 1.7- to 2-fold up-regulated, while in RCC10 cells
a 2.5-fold VHL-mediated down-regulation of ALDOA was
observed, which could be restored by hypoxia (Figure 3D).
Furthermore, the intracellular ATP levels were up to 67%
decreased in VHL" when compared to VHL- RCC cells
(Figure 3E).

Association of VHL expression with an induction
of the citric acid cycle and the mitochondrial
respiratory chain

To further analyse the VHL status-dependent
metabolic changes, the tricarboxylic acid cycle (TCA)
and the mitochondrial respiratory chain activity was
determined in VHL/VHL" model systems. Despite a
VHL-dependent suppression of glycolysis and ATP
production, the expression of the enzymes of the TCA
and, consequently, of the mitochondrial respiratory chain
were increased (Table S6). Interestingly, the SDHA
transcription was neither dependent on VHL nor on
hypoxia (Figure 4A). In contrast, the protein expression
of SDHA was approximately 2-fold up-regulated in
VHL" RCC cells (Figure 4B, 4C). The mitochondrial
respiration was assessed in VHL/VHL" RCC cells using
the extracellular flux assay. An increase of basal oxygen
associated with an increased respiration and respiratory
reserve was found in VHL* compared to VHL- RCC cells
(Figure 4D). This was associated with a 1.5 to 2-fold
increase of the mitochondrial dehydrogenase activity upon
VHL overexpression (Figure 4E).

VHL-dependent regulation of lactate secretion
and pH regulation

Since VHL could regulate the lactate dehydrogenase
(LDH) expression [18, 19], the intracellular LDH activity of
the VHL  and VHL" cells was determined. When compared
to VHL- RCC cells, LDH activity was down-regulated
between 30% to 66% in VHL transfectants (Figure SA),

which was associated with an up to 55% lower extracellular
lactate concentration (Figure 5B) and an altered pH in the
cell culture supernatant (Figure 5C). In contrast, hypoxia
restored the VHL-mediated reduction of LDH activity and
lactate secretion, which is accompanied by a drop in the
extracellular pH of the VHL transfectants (Figure 5).

Altered VHL-dependent amino acid content in
RCC cell lines

In order to investigate whether the amino acid
metabolism is also altered by the VHL status, the content
of 20 free amino acids was measured in the 786-O VHL
model system under normoxic conditions. In comparison
to VHL-deficient 786-O cells, the overall content of free
amino acids was reduced about 25% in VHL" RCC cells,
with the highest down-regulation of 2.5-fold for serine
(Figure 6). In contrast, the arginine concentration was not
altered in the presence or absence of VHL.

DISCUSSION

Major advances have been made in our understanding
of the molecular mechanisms of cellular adaption to
hypoxia and the function of VHL. Nevertheless, little
information exists about the overlap and differences of
VHL-dependent/independent and  hypoxia-dependent
alterations in gene and protein expression patterns and their
effects on the cellular metabolism. Therefore, the aim of
the study was to dissect both the VHL- and/or hypoxia-
induced pathways, which might lead to the identification
of candidate biomarkers for disease progression and
novel therapeutic targets. Using a tandem approach of
cDNA microarrays and 2-DE-based proteome analyses,
a large number of differentially expressed genes and/or
proteins could be detected in VHL" versus VHL- RCC
cells as well as under normoxic and/or hypoxic conditions.
Despite a high frequency of genes/proteins concordantly
regulated by loss of VHL function and hypoxia, a number
of differentially expressed genes/proteins demonstrating a
VHL-dependent, VHL-independent, hypoxia-dependent,
and hypoxia-independent regulation, respectively, of
the gene and protein expression profiles was identified.
qPCR and/or Western blot validation further confirmed
the differential gene and protein expression profiles in
the VHL- and VHL* RCC model systems analysed in the
absence or presence of hypoxia. Reflecting the biology and
molecular features of RCC, the differentially expressed
genes/proteins were mainly involved in the cell metabolism
and were localized in the cytoplasm. In most cases there
exists a concordant expression of these molecules at the
mRNA and protein level, although some genes appear to
be post-transcriptionally controlled, such as SDHA. These
data are in line with the proteome analysis of primary RCC
lesions and patient-matched normal kidney epithelium
demonstrating an altered glycolysis and gluconeogenesis
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Figure 3: VHL-dependent changes in glucose uptake and glycolysis. (A) 1 x 10* cells/cell line were seeded and the glucose
uptake was measured by incorporation of fluorescently labelled deoxyglucose (2-NBDG) at absorption and emission wavelengths of 485
nm and 535 nm, respectively. The fluorescence signal of wild type (wt) cells was set to 1. The figure shows the mean values and standard
derivations of three independent assays. (B) The extracellular acidification rate of wt, mock- and VHL-transfected 786-O cells is measured
in response to the indicated substrates and inhibitors. ECAR is predominantly the result of anaerobic glycolysis. ECAR levels upon
administration of glucose are indicative for basal glycolysis and upon administration of oligomycin for the cells’ glycolytic capacity. A
representative analysis as well as the mean values for glycolysis and the glycolytic capacity is shown. Bars indicate the standard error
mean. Abbreviations: p, p-value; *, p < 0.05; **, p < 0.005; *** p < 0.001. (C and D) Analyses of TPIl (C) and ALDOA (D) mRNA
expression are shown. qPCR analyses of wt and VHL-transfected 786-O, RCC4 and RCC10 cells were performed using oligo-dT primed
cDNA and normalized to B-actin mRNA expression. The expression levels of parental cells were set to 1 and the diagram shows the means
with S.D. of three biological replicates. (E) ATP levels were measured by the Cell Titer Glo luminescence cell viability assay as described
in experimental procedures. The VHL- RCC cells were set to 1.
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Figure 4: Induction of TCA and mitochondrial respiratory chain through VHL overexpression. (A) The transcription
level of SDHA was determined using oligo-dT primed cDNA and specific primer via qPCR. Expression of wt cells was set to 1. (B) 50 pg
protein/cell line was separated by 10% SDS-PAGE, transferred onto a nitrocellulose membrane before immunostaining was performed with
a SDHA-specific antibody as described in experimental procedures. Equal protein loading was controlled by subsequent immunostaining
using an anti-B-actin-specific antibody. A representative result of three independent biological replicates is shown. (C) Densitometric
analysis of SDHA expression in VHL" and VHL" 786-0, RCC4 and RCC10 cells incubated during normoxia and hypoxia (1% O,) is
shown. Areas of immunoblot signals were integrated using AIDA image analyser software and normalized to B-actin. The graphic showed
the means and S.D. of three independent experiments. (D) The baseline oxygen consumption rate (OCR) was measured by an XFe96 flux
analyzer in wt, mock-, and VHL-transfected 786-O cells. OCR is an indicator of mitochondrial respiration. Respiration (OCR) is measured
under basal conditions and in response to the indicated substances. Changes after application of the uncoupling agent FCCP are indicative
for the respiratory reserve. A representative analysis as well as the mean values for basal respiration and the respiratory reserve is shown.
Bars indicate the standard error mean. Abbreviations: p, p-value; ***, p < 0.001. (E) 5 x 10° cells/well were seeded in triplicates in 96-
well plates and incubated for 72 h at 37°C and 5% CO, during normoxia and hypoxia. The activity of mitochondrial dehydrogenases was
measured trough the turnover of the tetrazolium salt XTT to formazan by the OD of 490 nm.

[20, 21]. This study here extended these results by analysing
the VHL and hypoxia dependence or independence
demonstrating a link between VHL loss and hypoxia, but
also a distinction between both pathways. This is mediated
by an altered gene and protein expression pattern, which

were extended by demonstrated an up-regulation of
ALDOA expression associated with hypoxic conditions
and loss of VHL expression suggesting a link between
ALDOA, VHL and hypoxia. Thus, ALDOA might
represent a suitable and potential target irrespective of the

also modulates the tumor microenvironment thereby

VHL status and oxygen conditions.

differentially affecting the metabolic switch of RCC.

Heterogeneous, but increased expression of ALDOA
was found in RCC subtypes when compared to normal
kidney cortex [22] as well as in the serum of RCC patients
and have been used for tumor staging [23]. These data

Several reports have demonstrated a direct
correlation between the loss of VHL expression and
alterations in the cellular metabolism, leading to an
altered tumor microenvironment, such as high lactate
concentrations and low pH value [24]. This was
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also confirmed in this study by reversible hypoxia-
and VHL loss-mediated changes of the intracellular
lactate dehydrogenase levels, extracellular lactate
concentrations and extracellular pH, as well as the
differential expression of genes/proteins involved
in changes of the tumor microenvironment. These
alterations could lead to an immune suppressive tumor
microenvironment [25] although a correlation of the
VHL status with the immune cell infiltration has not yet
been determined in detail.

Metabolome analysis demonstrated an altered
metabolite and amino acid content in VHL" vs. VHL" cells
(Figure S2), thus supporting their distinct metabolism and
was further strengthened by recent work of Gameiro and
co-authors describing reduced intracellular citrate levels in
VHL mutant versus VHL wt RCC cells due to the presence
of HIF thereby linking VHL and hypoxia and sensitizing
VHL-deficient cells to glutamine deprivation [26].
Citrate levels could be restored by silencing PDK-1 and
ACLY, which was accompanied by suppression of RCC.
Furthermore, HIF rendered VHL-deficient cells sensitive
to glutamine deprivation in vitro, while systemic treatment
with glutaminase inhibitors suppressed the in vitro and in
vivo growth of RCC cells.

MATERIALS AND METHODS

Cell lines and hypoxia incubation

The RCC cell lines RCC4 and RCC4 VHL
were obtained from Health Protection Agency Culture
Collections (Salisbury, UK). The RCC cell lines 786-O
and RCCI10, and their respective stable VHL transfectants
were kindly provided by Prof. Wiesener (Erlangen) and
were authenticated by DNA profiling. All cell lines were
maintained in DMEM supplemented with 10% fetal
calf serum (Gibco), 2 mM glutamine (Biochrom AG), 1
mM pyruvate (Gibco), 100 U/mL penicillin and 100 pg/
mL streptomycin (PAA). Cells were cultivated for 24
to 72 h either under normal oxygen conditions or at 1%
oxygen (hypoxia incubator, Binder) at 37°C and 5% CO,.
All experiments were carried out during the logarithmic
growth phase of the cells.

Microarray analysis

Total RNA was extracted from 3 x 10° cells
using Trizol reagent (Invitrogen), reverse transcribed
and amplified with the WT expression kit (Invitrogen)
according to the manufacturer’s manual. Fragmented
cDNA was end-labeled using the Affymetrix terminal
labeling kit and hybridized onto Human GeneChip 1.0 ST
arrays (Affymetrix). The chips were stained and washed
following standard procedure and scanned on a GeneChip
Scanner 3000 7G (Affymetrix).

Two-dimensional gel electrophoresis

Protein was isolated from 5 x 107 VHL/VHL" 786-
O cells incubated for 48 h under normoxic or hypoxic
conditions. 550 pg/protein lysate were loaded onto IPG
strips (pH 3-10, non-linear, Amersham Biosciences)
followed by an isoelectric focusing and second-dimension
SDS-PAGE separation (13%) and staining with colloidal
Coomassie as described [13]. The gels were analyzed
using the Delta2D software package (Decodon). Proteins
found to be at least two-fold regulated (factor > 2.0 or
< 0.50; p < 0.05) were subjected to mass spectrometric
identification. The two-dimensional gel electrophoresis
was carried out in three independent experiments using
five gels for each condition.

In-gel digestion and mass spectrometric analysis

Differentially regulated protein spots were excised
from the gels using the Spothunter (Herolab), destained
with 50% acetonitrile (v/v) over night and subjected to
in-gel digestion with 8 pg/mL porcine trypsin (Promega).
Tryptic digests were subjected to MALDI-TOF mass
spectrometry (Ultraflex, Bruker). Protein identification
was performed as previously described [13].

RNA isolation and real time quantitative PCR

Total cellular RNA was isolated using the
NucleoSpin RNA 1I kit (Macherey & Nagel). Two pg
of total RNA were reverse transcribed into cDNA using
the Revert H Minus First Strand ¢cDNA synthesis kit
(Fermentas) and oligo(dT)18 primer according to the
manufacturer’s instructions. Comparative quantification
of gene expression was performed as previously described
[14]. The target-specific primers used for qPCR are listed
in the Supplementary Table S1.

Western blot analysis

Cells were harvested as previously described [13]
and protein isolated according to Laemmli [15]. Fifty
ng protein/lane were subjected to Western blot analysis
as recently described [13]. Membranes were incubated
over night at 4°C with the primary monoclonal antibodies
(mAD) directed against succinate dehydrogenase complex
subunit A (SDHA; Cell Signaling), HIF2a (Novus)
and B-actin (Sigma-Aldrich), followed by incubation
for 1 h with horseradish peroxidase-linked secondary
antibody and developed using the ECL method.
Chemoluminescence signals were detected using a CCD
camera (LAS3000, Raytest). For quantification of the
SDHA protein expression the respective area of the signal
was integrated using an AIDA image analyser (Raytest)
and subsequently normalized to B-actin.
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Secreted proteins could modulate the interaction between tumor, stroma

and immune cells within the tumor microenvironment thereby mounting
an immunosuppressive tumor microenvironment. In order to determine the secretome-
mediated, von Hippel Lindau (VHL)-regulated cross-talk between tumor cells
and T lymphocytes peripheral blood mononuclear cells (PBMC) from healthy donors
were either cultured in conditioned media obtained from normoxic and hypoxic human
VHL-deficient renal cell carcinoma (RCC) cell line (786-0"""") and its wild type (wt)
VHL-transfected counterpart (786-0v"'*) or directly co-cultured with both cell lines.
An increased T cell proliferation was detected in the presence of 786-0""-*-conditioned
medium. By applying a quantitative proteomic-based approach using differential gel
electrophoresis followed by mass spectrometry fourteen proteins were identified to
be differentially expressed within the secretome of 786-0v"'- cells when compared
to that of 786-0V"-+ cells. All proteins identified were involved in multiple tumor-
associated biological functions including immune responses. Functional studies on
manganese superoxide dismutase 2 (MnSOD2) demonstrated that it was a regulator
of T cell activation-induced oxidative signaling and cell death. Direct effects of soluble
MnSOD2 on the growth properties and interleukin 2 (IL-2) secretion of T cells could
be demonstrated underlining the critical role of extracellular MnSOD2 levels for T cell

proliferation and activation.

INTRODUCTION

Despite the recent advances in the detection as
well as treatment of metastatic renal cell carcinoma
(RCC) the overall 5 year’s survival rate of RCC patients
with metastatic disease is still low suggesting a poor
prognosis and worse clinical outcome of this disease.
While RCC are refractory to standard therapies and
only showed an approximately 15 — 20% response rate
to cytokine treatment, targeted therapies using tyrosine
kinase inhibitors (TKI) have shown promising results in
advanced RCC, but their clinical efficacy is limited due to
the development of resistances to these drugs. Therefore,
a suitable therapeutic strategy might be the combination
of anti-angiogenic and immune-based treatment as first-
line therapy this disease [1]. Prior to implementing such
combinatorial therapeutic concepts, it is important to

understand how the tumor microenvironment generates
systemic immune suppression in RCC patients.
Angiogenesis and immune suppression have been shown
to support each other in the RCC microenvironment. The
high pro-angiogenic status of RCC is associated with an
accumulation of regulatory T cells (Tregs) and myeloid-
derived suppressor cells (MDSC) in the local tumor
microenvironment [2], in particular in the tumor invasion
zone. Thus, the high frequency of Tregs and MDSC might
allow RCC cells to evade immune surveillance thereby
promoting disease progression [3]. The impaired anti-
tumor immune response in RCC involves T cells, natural
killer (NK) cells, dendritic cells (DCs), macrophages and
MDSC [4, 5]. The complex interplay between various
cell types of the immune system, tumor cells and the
tumor microenvironment is reflected by a high dynamic
range of the immune cell infiltrate as well as soluble
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and physical factors and therefore should be carefully
accounted for the timing and selection of anti-cancer
strategies, especially immunotherapy. For example, the
activation of DC subpopulations at early RCC stages is
counterbalanced by the co-appearance of Tregs, whereas
later stages are characterized by an accumulation of
neutrophils at the tumor site [6]. The presence of tumor-
associated macrophages (TAMs) and high serum levels of
IL-1B in RCC patients correlate with advanced disease.
The presence of IL-1B in the tumor microenvironment
promotes the development of aggressive RCC by inducing
the expression of matrix metalloproteinase (MMP) 1,
MMP3, MMP10 and MT1-MMP via activation of the
transcription factor CCAAT enhancer binding protein
(CEBPB) [7]. Macrophages that infiltrate human RCC
display significantly enhanced expression levels and
activity of 15-lipoxygenase-2 (15-LOX2) resulting in
stimulation inflammation and immune dysfunction [8, 9].

Furthermore, the characteristics of the tissue
microenvironment including metabolic changes play an
integral role in supporting the proliferation of cancer cells
[10, 11] suggesting that metabolic reprogramming might
affect tumor growth [12, 13]. Indeed, glucose metabolism
and growth control are tightly linked in proliferating cells
and involve signal transduction cascades including the
PI3K/Akt/mTOR pathway [14]. The “Warburg effect”
describes cells exhibiting a metabolic shift toward aerobic
glycolysis supporting an increased production of biomass,
in particular amino acids and nucleic acids [15]. However,
the metabolic signatures of cancer cells are not passive
responses to damaged mitochondria, but result from
oncogene-directed metabolic reprogramming required for
the alterations of the composition of cellular constituents
and soluble factors within the tumor microenvironment,
which is accompanied by changes of the tumor growth
characteristics. Recent evidence suggests that metabolites
can be oncogenic by altering cell signaling and blocking
cellular differentiation [13]. Moreover, the inefficient
production of ATP associated with the Warburg effect
results in selective advantages mediated by intracellular
metabolic shifts, which have also an impact on the
extracellular tumor microenvironment supporting
tumor cell growth and survival [11]. This includes an
increased adenosine concentration, which is involved in
impaired T cell-mediated tumor rejection and support of
angiogenesis [11].

Mutation, loss or methylation of both von Hippel-
Lindau (VHL) alleles has been reported in sporadic
RCC of the clear cell type (ccRCC) and in the inherited
VHL syndrome. The lack of VHL protein function
caused metabolic alterations, which lead to a switch
from oxidative phosphorylation to aerobic glycolysis,
increased glycogen synthesis along with a switch from
glucose to glutamine as the major substrate for fatty acid
synthesis resulting in tumor progression and therapy
resistance [16]. The VHL gene product is a critical

component of a multi-protein ubiquitin ligase complex
targeting the regulatory hypoxia-inducible factor (HIF)-a
subunits for oxygen-dependent proteolysis [17, 18].
The broad metabolic reprogramming is coordinated at
the transcriptional level by HIF-1, which functions as a
master regulator to balance oxygen supply and demand
[16] and activates the transcription of > 100 genes
involved in a variety of physiological cell processes,
such as e.g. vascular endothelial growth factor (VEGF),
glucose transport (glucose transporters), glycolysis
(glycolytic enzymes), and cell survival (insulin-like
growth factor 2) [19, 20]. Furthermore, the VHL-induced
gene regulation can also occur independent of hypoxia
[20, 21]: Cells defective for the VHL gene product
constitutively overexpress HIF target genes irrespective
of the environmental oxygen concentration [22] due to
the stabilization of HIF-a subunits [23]. Using various
ome-based approaches a number of studies demonstrated
a differential gene and protein expression pattern in VHL-
and VHL* RCC cells, which is partially overlapping,
but also distinct from that induced by hypoxia [24-27].
However, so far it has not been determined whether and
how the loss of VHL function affects the secretome
of RCC cells thereby also modulating the immune
cell response. In order to study the VHL-mediated
changes within the tumor microenvironment a pair of
RCC cell lines that are either defective or expressing
the wild-type (wt) VHL gene product were used to
generate conditioned media under normoxic and
hypoxic conditions and in co-culture experiments with
peripheral blood mononuclear cells (PBMC). The effect
of the conditioned media or of the co-cultivation with
VHL/VHL" RCC cell lines on the proliferation rate as
well as the expression of distinct activation markers was
determined. The results demonstrate VHL-dependent
alterations of the RCC secretome, which modulate the
T cell activation by negatively interfering with T cell
proliferation and cytokine secretion. This could be linked
to changes in the extracellular manganese superoxide
dismutase (MnSOD2) concentration. Thus MnSOD2
plays an important role in the cross talk between tumor
and immune cells within the tumor microenvironment
of RCC.

RESULTS

Reduction of T cell proliferation and activation
marker (CD25) expression in the presence of
786-0V""--conditioned media

To determine whether the VHL reconstitution
has direct effects on CD3/CD28- or PHA-M stimulated
immune effector cells, PBMC from healthy donors
were cultured in media conditioned under normoxic
(21% O,, 48 h) or hypoxic (1% O,, 48 h, balanced N,)
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conditions from 786-0V"" versus 786-0V"* cells and
subsequently analyzed with respect to proliferation,
composition and function of immune cell subpopulations.
As shown in Figure 1, PBMC were analyzed by
flow cytometry using covalent CFSE staining (A / B)
thereby demonstrating an inhibition of cell proliferation
in the presence of 786-0YM"-conditioned medium.
The reduced immune cell proliferation in 786-0VH:-
normoxic conditioned media was independent of the
stimulation method used for activation (Figure 1A).
The inhibition of T cell proliferation was detected in
both conditioned media alone (Figure 1A) and upon
co-culture with 786-0V" cells in the pre-conditioned
medium (Figure 1B). Under hypoxic conditions the
effects on cell proliferation in the presence of 786-0V!-
cells and 786-0Y""-conditioned media were increased
(Figure 1B). Furthermore, cells were grown for 72
h under normoxic conditions and analyzed by flow
cytometry for the lymphocyte repertoire using seven-
color staining. Flow cytometry revealed a VHL-
dependent increase in the percentage of peripheral
blood CD4* CD25" T cells within the total CD4" T cell
population as well as the percentage of blood CD8"
CD25" T cells within the total CD8" T cell population
(Figure 1C). In contrast, other markers analyzed were
not altered in dependence of VHL and hypoxia (data
not shown).

Identification of differentially secreted proteins
in 786-0Y"'- versus 786-0""'* conditioned media

To determine VHL-dependent differentially
secreted proteins the protein pattern of 786-0VH-
and 786-0V"* conditioned media was compared by
2DE-based proteome analysis. Differentially secreted
protein spots of the 786-0V" versus 786-0V":* model
system (Figure 2A) were then subjected to mass
spectrometric analysis. Overall, 64 distinct proteins
were found differentially secreted and identified by mass
spectrometry. The vast majority of proteins (46 proteins)
were differentially secreted within normoxic
conditioned media of 786-0VM- versus 786-0VHL*
cells. 24 proteins were detected to be differentially
secreted in the presence of hypoxic conditioned
media of 786-0V"- versus 786-0V"" cells (Figure 2B).
6 proteins were identified upon culture in normoxic and
hypoxic conditioned media, including aldose reductase
(AKR1BI1), cofilin-1 (CFL1), glutathione synthetase
(GSS), plasminogen activator inhibitor 1 (Serpinel),
superoxide dismutase (MnSOD2) and metalloproteinase
inhibitor 2 (TIMP2). As listed in Table 1, 14 proteins
were constantly detected as differentially secreted
in 3 individual experiments (Figure 2C) upon VHL
overexpression: 9 proteins were down-regulated and
5 proteins were up-regulated in conditioned media of
786-0V1- versus 786-0V1 cells.

Functional annotation cluster analysis

To categorize the biological processes that are
altered in 786-0V"* conditioned media all differentially
expressed proteins (fold change >2.0) were classified using
the Functional Annotation Cluster (FAC) tool available in
the Database for Annotation, Visualization and Integrated
Discovery (DAVID) [http://david.abcc.nciferf.gov/home
jsp]. DAVID FAC analysis of 46 regulated proteins
identified using normoxic conditioned media generated
a total of 11 and 3 functional clusters for up-regulated
and down-regulated proteins, respectively using default
parameters. DAVID FAC analysis of the 24 regulated
proteins identified using hypoxic conditioned media
generated a total of 5 functional clusters for down-
regulated proteins, respectively using default parameters.
The Gene ontology (GO) terms “Biological Process”,
“Cellular Component” and ‘“Molecular Function”
were used for annotations. The GO terms with highest
significance and statistically significant p-values from the
resulting functional clusters are listed in Tables 2 and 3
for hypoxic and normoxic conditioned media, respectively.
Regarding there classification all identified differentially
secreted proteins are involved in multiple tumor-
associated biological functions and the regulation in the
786-0V"-" conditioned media coincides with the reduced
aggressiveness in the presence of VHL protein (Figure 3).

Gene ontology analysis using GOMiner

Gene ontology (GO) terms for repeatedly
identified proteins were extracted, and overrepresented
functional categories for differentially abundant proteins
were determined by the high throughput GOMiner
tool (National Cancer Institute, http://discover.nci.nih.
gov/gominer/) [28]. Proteins involved in regulation of
immune system processes include beta-2-microglobulin
(B2M), plasminogen activator inhibitor 1 (SERPINE 1),
mitochondrial superoxide dismutase (MnSOD2) and
ubiquitin-conjugating enzyme E2 N (UBE2N). The
proteins B2M and SERPINE 1 were up-regulated in the
media conditioned by 786-0V"* cells, whereas MnSOD2
and the UBE2N were down-regulated in the respective cell
culture supernatants.

Validation of representative differentially
secreted proteins in 786-0""'- versus 786-0Y""*
conditioned media

The up-regulation of B2M and SERPINE 1 as well
as the down-regulation of MnSOD2 and UBE2N in the
cell culture supernatants were validated by qPCR using
oligo-(dT)18 primed cDNA of 786-0V"" and 786-0V1*
cells incubated for 48 h under normoxic and hypoxic
conditions (Figure 4). Furthermore, the up-regulation of
B2M and the down-regulation of MnSOD2 in the cell
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Figure 1: Reduction of T cell proliferation and CD25 expression within 786-0Y"'- conditioned media. PBMC from healthy
donors were prepared by Ficoll density gradient centrifugation and stimulated directly with anti-CD3 and anti-CD28 antibodies (mouse
anti-human, BD, 1 pg/ml each) or PHA-M (Sigma-Aldrich, 4 pg/ml) and IL-2 (100 U/ml). “Cells were grown up to 6 days in 786-
OVHL- or 786-0VHL+ conditioned media (A) or in the presence of 786-0VHL-/VHL+ cells (B), respectively. Cells were analyzed via
flow cytometry using covalent CFSE staining (Invitrogen) according to the manufacturer’s protocol.” Cells were grown for 6 days under
normoxic conditions and analyzed via flow cytometry for lymphocyte markers using seven-color staining panels (C) Data are represented
as mean percentage (%) + SD based on five independent experiments.

culture supernatants of 786-0VH* cells were validated by
Western blot analysis using freshly prepared conditioned
medium (Figure SA and 6A). B2M is a component of
the major histocompatibility complex (MHC) class
I involved in the presentation of peptide antigens to the

immune system. As intracellular B2M non-covalently
associates with the 44 kDa heavy chain of the MHC
class I antigen complex, the VHL-dependent expression
of B2M and MHC class I antigens (HLA-A, B and C)
was also analyzed using flow cytometry. In contrast to the
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Figure 2: Comparative profiling of cell culture supernatants upon reconstitution of VHL expression in the
786-0 cell line. (A) Representative protein expression profiles of media conditioned by the parental cell line 786-0V"""" (left panel) and
its VHL-transfected variant (786-0""", right panel) under normoxic conditions (21% O,, 48 h) is shown. The respective protein pools were
individually labeled with distinct fluorescence dyes (DIGE technology) and than co-separated by 2-DE as described in the Materials and
methods section. Differentially expressed proteins are labeled with numbers. Figure B and C show an overview of the conditioned media
profiling results. The Venn diagrams display the distribution pattern of all differentially secreted proteins under normoxic and hypoxic
conditions (B) as well as the repeatedly detected secreted proteins (C).

VHL-dependent 1.7 - and 3.5 - fold up-regulation of B2M
(p <0.01) within the cell culture supernatants of 786-0VH-*
cells under normoxic or hypoxic conditions, respectively,
no increase of intracellular B2M or MHC class I heavy
chain was detectable under these conditions (Figure 5B).

With regard to MnSOD2 the supernatants of
the 786-0YH-* RCC cells had 3.8 — fold or 2.1 — fold
lower MnSOD2 levels compared to the supernatants
of the 786-0V"- cells (p < 0.01) under normoxic or
hypoxic conditions, respectively (Figure 6A). These
data were further confirmed by determination of the
MnSOD2 enzyme activity demonstrating a 2.2 — fold or
1.8 — fold lower MnSOD2 activity of 786-0¥"* cells when
compared to the supernatants of 786-0V""™ cells (p < 0.01)
under normoxic or hypoxic conditions, respectively
(Figure 6B).

Inhibition of T cell activation-induced cell
proliferation and IL-2 secretion by increased
MnSOD2 levels and activity

To determine whether the reduced MnSOD2
secretion as a consequence of the VHL reconstitution

caused an increased proliferation of stimulated immune
effector cells within the supernatants of 786-0V"* cells,
PBMC from healthy donors were stimulated with anti-CD3
and anti-CD28 antibodies in the absence and presence of
recombinant MnSOD?2 protein followed by the analysis
of their proliferation capacity using CFSE staining. As
shown in Figure 7A, an inhibition of cell proliferation in
the presence of MnSOD?2 protein was detected, which was
comparable to the diminished immune cell proliferation
in the presence of MnSOD2 within the supernatants of
786-0VHL- cells.

To prove whether the reduced cell proliferation
rate could be linked to MnSOD2-mediated alteration of
cytokine secretion, the IL-2 concentration was determined
using a commercial ELISA assay. Therefore, “day 6”
T cells were re-stimulated with anti-CD3 and anti-CD28
antibodies in the absence and presence of recombinant
MnSOD?2 protein for 20 and 40 h and their IL-2 secretion
was subsequently analyzed (Figure 7B). The supernatants
of MnSOD2-treated re-stimulated “day 6” T cells showed
1.8 and 2.1 — fold lower IL-2 levels after 20 and 40 h
of re-stimulation, respectively when compared to the
supernatants lacking recombinant MnSOD2 (p < 0.01).
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Table 1: Proteins differentially secreted in media conditioned by 786-0Y""'- versus 786-0""-* cells

protein name gene symbol Uml;;)otKB x-fold change cellular function cellular compartment
aldose reductase AKRIBI P15121 e Ry (G e, erterlink
oxidoreductase activity |space, nucleus
retinal et
dehydrogenase 1 ALDHI1AI P00352 3.5+ 13 | N [dehydrogenase (NAD) [cytosol
ydrog activity
component of
beta- . the class I major extracellular space,
+ . e
2-microglobulin R L) 2RI histocompatibility secreted
complex (MHC)
T’;S;‘;ﬂli‘:’;ep;"te‘n CCT6A P40227 04+0.1 | H |chaperone cytoplasm
ati £ acti cell membrane,
cofilin-1 CFLI P23528 0.4+0.1 | N/H |fCBHaHONORACUN = oo asm,
cytoskeleton dynamics
cytoskeleton, nucleus
cathepsin D CTSD P07339 04+0.1 | N |acid protease extracellular space,
secreted, lysosome
é’;‘;‘t‘i‘f;;";f GSS P48637 0.5+0.1 | N/H |glutathione biosynthesis | cytosol
matrix metalloproteinase gi:fcl :lslr;ll’ar
A MMP2 P08253 04+0.1]N 1nvqlved mn matrix, membrane,
(72 kDa type IV angiogenesis, tumor . .
. s . mitochondrion,
collagenase) invasion, inflammation
nucleus, secreted
plasminogen extracellular space.
activator SERPINE1* P05121 2.2+0.1 | N/H [serine protease inhibitor J——, pace,
inhibitor 1
superoxide destroys superoxide
dismutase [Mn], MnSOD2* P04179 04+0.1 | NH SLroys sup mitochondrion
mitochondrial CI L
metalloproteinase TIMP2 P16035 27404 | NH irreversible inactivation | extracellular space,
inhibitor 2 : ! of metalloproteinases | secreted
LI TPII P60174 0401 N |8luconeogenesis, cytosol
isomerase glycolysis
UG olyubiquitination,
conjugating UBE2N* P61088 05+0.1 N polyubiqui ’ cytoplasm, nucleus
enzyme E2 N DNA repair
WD repeat induces disassembly
Nt of actin filaments in cytoplasm,
Sx0. . . .
C?g::;:ln? & VR DR S conjunction with ADF/ | cytoskeleton
P cofilin family proteins

Proteins involved in regulation of immune system processes are marked in bold.

DISCUSSION

To improve treatment of RCC using combinations
of anti-angiogenic and immune-based therapy an
increased knowledge of the interactions between tumor,
stroma and distinct immune cell types are necessary.

As secreted proteins are supposed to be involved in
the interaction amongst these cells within the tumor
microenvironment the VHL-regulated cross talk between
tumor cells and T lymphocytes and the involvement
of the secretome in this process was analyzed in the
present study.
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Table 2: Significantly enriched gene ontology terms detected by FAC in up-regulated and
down-regulated proteins after cultivation under hypoxic conditions

No. of AC GO Term (fold enrichment) No. of Proteins  p-value
up-regulated 0
down-regulated 1 G0:0031988, membrane-bounded vesicle (1.98) 4 0.014
2 GO0:0031974, membrane-enclosed lumen (1.28) 6 0.021
3 G0:0043066, anti-apoptosis (1.15) 3 0.016
4 GO0:0031012, extracellular matrix (1.14) 3 0.040
5 G0:0006928, cell motion (0.9) 4 0.010

Table 3: Significantly enriched gene ontology terms detected by FAC in up-regulated and
down-regulated proteins after cultivation under normoxic conditions

No. of AC GO Term (fold enrichment) No. of Proteins  p-value
up-regulated 1 G0O:0006986, response to unfolded protein (1.69) 4 0.00026
2 G0:0030414, peptidase inhibitor activity (1.60) 3 0.035
3 G0:0031988, membrane-bounded vesicle (1.44) 5 0.015
4 GO0:0031400, negative regulation of protein modification 3 0019
process (1.10)
5 GO:0004175, endopeptidase activity (1.02) 4 0.034
G0:0042981, regulation of apoptotic process (0.93) 6 0.012
7 GO0:0016192, vesicle-mediated transport (0.84) 5 0.018
3 GO:QO43161, proteasome-mediated ubiquitin-dependent 3 0014
protein catabolic process (0.79)
9 GO0:0005525, GTP binding (0.78) 3 0.016
10 G0:0046907, intracellular transport (0.67) 5 0.027
11 GO:0005576, extracellular region (0.65) 9 0.015
‘r’;’g‘fl’l‘;te 4 1 G0:0006732, coenzyme metabolic process (2.53) 3 0.017
2 G0:0031988, membrane-bounded vesicle (2.48) 5 0.0064
3 G0:0043066, anti-apoptosis (0.84) 3 0.030

To identify differentially secreted proteins in 786-0V"
versus 786-0"* conditioned media responsible for reduction
of T cell proliferation and activation marker (CD25)
expression within 786-0VH- conditioned media (Figure 1),
the protein pattern of 786-0YH- and 786-0VH* conditioned
media was compared using 2DE-based proteome analysis.
The secretome study was performed in vitro by first culturing
786-0H- and 786-0VH* cells in serum-supplemented
medium to obtain a sufficient number of cells. Subsequently
cells are washed carefully with sterile phosphate-
buffered saline to remove bovine serum proteins followed
by incubation in serum-free medium up to 72 hours.
Conditioned medium containing cell-secreted proteins was
collected and analyzed by 2D gel electrophoresis prior to
protein identification by mass spectrometry.

Altogether, 64 proteins were found differentially
secreted in dependence of the VHL status from which
14 proteins were constantly found in 3 individual
experiments (Figure 2; Table 1).

The relative low number of recurring proteins
might be explained by false-positive discoveries due
to serum proteins or proteins released by dying cells or
as the result of mechanical injury [29]. The incubation
of mammalian cells in serum-free medium to avoid
interference from serum contaminants might affect
the cell secretome profile. In addition, the length of
incubation in serum-free medium could also dramatically
influence the secretome profiles, as increased cell death
correlates with an increased release of intracellular
proteins [29].
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Figure 3: Classification of the differentially secreted proteins according to their biological processes (A), cellular

components (B) and their molecular functions (C).

The functional annotation cluster analysis of all
identified proteins clearly showed an enrichment of
proteins localized within membrane-bounded vesicles
or in the extracellular region (Table 2 and 3; Figure 3).
Furthermore, intracellular proteins like anti-apoptotic
proteins or proteins of the unfolded protein response were
additionally identified (Table 2 and 3).

Several intracellular proteins are consistently
found to be released by cultured mammalian cells into
the conditioned medium. Although these intracellular
proteins can be released due to cell death or leakage, there
is evidence that some of these proteins are secreted via
non-classical pathways like vesicles and exosomes [30].
Often these proteins possess additional extracellular
functions that are different from their intracellular role.
Exosomes are small vesicles with an average size ranging
from 30 to 150 nm. They are believed to originate from
endosomes and contain a variety of components including

mRNA, miRNA and proteins such as carbohydrate and
lipid metabolism enzymes, cytoskeletal components and
chaperone proteins [31, 32]. Exosomes might play a
role in protein turnover, serve as carriers for RNA and
miRNA as well as modulate the immune response [33].
The enrichment of proteins that are localized within
membrane-bounded vesicles clearly showed the
involvement of exosome release for modification of
the cell culture supernatants of 786-0¥"- and 786-0VHL*
cells. For example, a-enolase (ENOI), a glycolytic
enzyme, involved in the synthesis of pyruvate, was
detected in significant amounts in the secretome of almost
every type of cultured mammalian cell. Additionally,
it was down-regulated within the supernatant of
786-0V1L* cells (regulation factor 0.4). Extracellular or
cell surface ENO1 was suggested to act as a plasminogen
receptor mediating extracellular matrix degradation
and cell migration in cancer and to have diagnostic and
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Figure 4: Representative qPCR-mediated target validation. 786-0"""" and 786-0"""* cells were cultured under normoxic (21%
0,, 48 h) and hypoxic (1% O,, 48 h) conditions and subjected to quantitative real-time PCR analysis to determine mRNA levels of B2M,
MnSOD?2, plasminogen activator inhibitor 1 (SERPINEI), and ubiquitin-conjugating enzyme E2 N (UBE2N) using oligo-(dT)18 primed
cDNA. Mean expression of HPRT and PPIA were used for normalization. Data were represented as mean percentage (%) £ SD based on

three independent experiments.

prognostic values [34]. Down-regulation of ENO1 within
the supernatant of 786-0Y""* cells corresponds with the
reduced aggressiveness of the 786-0"* cells.

The 14 proteins, which were constantly found
regulated in dependence of VHL in 3 individual
experiments, were analyzed with respect to their
GO terms [28]. The proteins B2M and SERPINE 1 were
up-regulated in the media conditioned by 786-0V"* cells,
whereas MnSOD?2 and the UBE2N were down-regulated
in this cell culture supernatant. The VHL-dependent down-
regulation of MnSOD2 as well as the upregulation of B2M
was further validated by qPCR, Western Blot analysis
as well as MnSOD?2 activity assays (Figure 4 and 6).
In contrast to MnSOD2, B2M protein was just found
up-regulated within the cell culture supernatants of
786-0V1t* cells and not intracellular (Figure 5).

RCC comprises a heterogeneous group of tumors
with various molecular and cytogenetic abnormalities
and different histological features as cell types and tumor
architecture [35]. Untargeted metabolomic analyses of
murine ccRCC model demonstrated that HIF 1o activates
the transcription of genes that cause increased glucose

uptake, glycolysis, and lactate production. In addition, it
diminishes the flux of pyruvate entering the tricarboxylic
acid cycle accompanied with a decreased oxidative
phosphorylation identical to those observed in human
ccRCC samples [36]. Furthermore, molecular genetic
and proteomic tools led to the discovery of potential
diagnostic, prognostic and therapeutic biomarkers of this
disease. In early studies, the 2-DE expression patterns
from whole renal and RCC tissues resulted in a number
of differentially expressed proteins associated with
RCC. This includes MnSOD?2, a mitochondrial enzyme
related to the redox cycle, involved in various regulatory
functions of cells, which was not present in normal kidney
tissue [35, 37, 38]. It is noteworthy that there exists a
large diversity of MnSOD2 levels in various human
cancers, which is most likely due to the combination
of heterogeneity of genomic events and environmental
changes [35].

MnSOD?2 is an anti-oxidative enzyme responsible
for the defense against O, radicals released by the
electron chain as a byproduct of respiration. Moreover,
MnSOD?2 plays a key role in the regulation of human
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Figure 5: VHL-mediated up-regulation of B2M in the supernatant of 786-0Y""* cells. The up-regulation of B2M within
the cell culture supernatant was verified at the protein level (A) as described within the Materials and Methods section. Blots were probed
with an anti-B2M mAb, whereas the immunostaining with the anti-GAPDH mAb served as a loading control. In addition, the intracellular
protein levels of B2M as well as HLA-ABC of 786-0V"- and 786-0""" cells were analyzed by flow cytometry after intracellular staining
using FITC-conjugated anti-B2M or FITC-conjugated anti-HLA-ABC antibodies (BD) (B) Data are represented as mean percentage (%)

+ SD based on five independent experiments.

T cell activation since it mediates the first step in the
mitochondrial oxidative signal generation. Thus, MnSOD2
represents an important control switch in the process of
activation-induced oxidative signal generation in T cells.
The TCR-mediated gene expression strictly depends
on the simultaneous activation of oxidation-dependent and
calcium-dependent transcription factors. The activation-
induced oxidative signal is generated by different enzymes
including the NADPH oxidases NOX2 and DUOXI
[39, 40]. Since the mitochondrial respiratory complex I was
identified as an essential source of reactive oxygen species
(ROS) generation upon TCR stimulation mitochondria could
function as oxidative signaling organelles during T cell
activation [41, 42]. After the complex I-mediated formation
of O, radicals, the transformation into the oxidative signaling
molecule H,0, occurs within the mitochondrial matrix
[43]. H,O, diffuses into the cytosol and potentiates TCR
signaling via reversible inactivation of negative regulatory
phosphatases or direct influence on NF-kB/AP-1 activity

or DNA binding occurs [44—46 ]. In order to avoid harmful
ROS effects as well as to allow signaling integration, the
TCR-induced generation of mitochondrial oxidative signals
has to be tightly regulated. Following T cell activation
the mitochondrial complex I-mediated release of O,
radicals is up-regulated, while MnSOD2 participates in
generation of mitochondrial H,O, during the signaling
phase. In the presence of low MnSOD2 levels, H,O,
could also be produced by reactions other than O, radical
dismutations, which have substrate/product ratios higher
than MnSOD2. The resulting increased cytoplasmic H,O,
levels activate the redox-dependent transcription factors
NF-kB- and AP-1. As a consequence the expression of
CD95L, IL-2 and MnSOD2 is initiated. The transcriptional
upregulation of MnSOD?2 results in higher mitochondrial
concentrations and activity leading to the inhibition of H,0,
release. The reduced probability of O, radicals to participate
in other H,0,-generating reactions yielding more H,0,/
single O, radical than the dismutase reaction itself lowers
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Figure 6: VHL-mediated down-regulation of extracellular superoxide dismutase (MnSOD?2) level and activity. Down-
regulation of superoxide dismutase (MnSOD2) within the cell culture supernatant was also verified at the protein level (A) as described within
the Materials and Methods section. Blots were probed with anti-MnSOD2 antibodies, whereas the immunostaining with the anti-B-actin
mAb served as loading control. In addition, MnSOD?2 activity was assessed using the Superoxide Dismutase Activity Colorimetric Assay

Kit as described in the Materials and Methods section (B).

cytoplasmic H,0, concentrations resulting in a decreased
NF-kB/AP1 activation [47-49 ].

In this context it was shown that the TCR-induced
oxidative signal generation as well as the NF- kB/API-
dependent IL-2 gene expression inversely correlates
with the protein content of MnSOD2 [48]. Consequently,
MnSOD?2 over-expression abrogated T cell activation-
triggered mitochondrial ROS production as well as NF-kB/
AP-1-mediated transcription [48]. In line with this report
the proliferation of TCR-stimulated immune effector cells
was significantly inhibited in the presence of recombinant
MnSOD2 protein (p < 0.01) (Figure 7A). Therefore, the
VHL-mediated increase of cell proliferation of stimulated
immune effector cells within the supernatants of 786-0""*
cells could at least partly be attributed to decreased
extracellular MnSOD2 levels and activity. IL-2 secretion of
TCR-stimulated T cells was also slightly, but significantly

diminished in presence of recombinant MnSOD?2 protein
(Figure 7B). Upon the internalization into the mitochondria
the increased amount of extracellular MnSOD2 remove O,
radicals more efficiently thus mimicking the inhibition of
the signal transduction. Consequently, lowered expression
of IL-2 resulted in decreased IL-2 secretion in the presence
of recombinant MnSOD?2 (Figure 7B). Our data underline
the critical role of MnSOD2 in T cell response and suggest
that MnSOD2 could represent a novel target for (immuno-)
therapies.

MATERIALS AND METHODS

Chemicals

Recombinant MnSOD2 protein was purchased from
Abnova (Pforzheim, Germany). Endotoxins were removed
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Figure 7: MnSOD2-induced reduction of T cell proliferation and IL-2 secretion. PBMC from healthy donors were prepared
by Ficoll density gradient centrifugation, labeled with CFSE according to the manufacturer ’s instructions, and stimulated directly with anti-
CD3 and anti-CD28 antibodies (mouse anti-human, BD, 1 pg/ml each) and IL-2 (100 U/ml). Cells were grown in the absence or presence
of MnSOD2 (1U/ml) for 20 and 40 h prior to flow cytometry (A).
IL-2 secretion was analyzed using commercial enzyme-linked immunosorbent assay (ELISA) (eBioscience, Austria) using “day 6” T cells
at a density of 1 x 10° cells/well onto 96-well culture plates in the absence and presence of 1 U/ml MnSOD?2 as described in Materials and

Methods section (B).

Data are represented as mean percentage (%) + SD based on five independent experiments.

*p-value < 0.05

using the Detoxi-Gel™ Endotoxin Removing Gel (Thermo
Fisher Scientific, Rockford, IL, USA) according to the
manufacturer’s instructions prior to sterile filtration using
a 0.22 mm syringe filter. MnSOD?2 activity was analyzed
using the Superoxide Dismutase Activity Colorimetric
Assay Kit (Abcam, Cambridge, UK) according to the
manufacturer’s protocol.

Cell culture and preparation of
conditioned media

The parental ccRCC cell line 786-0 harboring a
mutated VHL gene (786-0V") and its counterpart stably
transfected with a HA-tagged wt VHL gene construct
(786-0V1") have been recently described [26]. Both
cell lines were grown in Dulbecco’s modified Eagle
medium (DMEM; Sigma-Aldrich, Munich, Germany)
supplemented with 10% fetal calf serum (FCS, PAA

Laboratories GmbH, Coelbe, Germany), 2 mM
L-glutamine (Lonza, Cologne, Germany), 1% sodium
pyruvate (GIBCO, Life technologies, Carlsbad, USA),
1% non-essential amino-acid mixture (GIBCO), and 1%
penicillin/streptomycin (PAA).

To prepare conditioned media 1 x 10° parental
786-0VHL- or 786-0VHL* RCC cells, respectively, were
seeded in complete medium under conventional conditions
(37°C, humidified atmosphere, containing 5% CO,) for
24 hours. Cells were then washed 3 times with phosphate
buffered saline (PBS) before the medium was changed into
an FCS-free Roswell Park Memorial Institute Medium
(RPMI-1640; Sigma-Aldrich) supplemented with 2 mM
L-glutamine (Lonza), 1% sodium pyruvate (GIBCO),
1% non-essential amino-acid mixture (GIBCO), and 1%
penicillin/streptomycin (PAA) and exposed to normoxia
(21% 0O,, 5% CO,) or hypoxia (1% O,, 5% CO,, and
balanced N,) for 48 h. In addition, the apoptosis rate of the
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cells grown under normoxia and hypoxia was determined.
Conditioned medium of non-apoptotic cells (apoptosis
<5%) was collected, centrifuged at 300 x g for 5 min
and at 5000 x g for 10 min, and finally filtered using a
0.22 mm syringe filter.

PBMC of healthy donors obtained from the local
Department of Transfusion Medicine were isolated from
heparinized venous blood samples by density gradient
centrifugation using Leukosep® (Greiner Bio-One,
Germany) and Biocoll Separation Solution (Biochrome,
Berlin, Germany). PBMC were either cultured under
conventional conditions (37°C, humidified atmosphere,
containing 5% CO,, 72 h) in conditioned media
supplemented with 10% FCS (PAA) in the presence
of 100 U/ml IL-2 (PROLEUKIN, Chiron, Ratingen,
Germany) or co-cultured with 786-0V"™ or 786-0VM*
cells in the presence of conditioned media and directly
stimulated with plate-bound agonistic anti-CD3 and anti-
CD28 antibodies (mouse anti-human, 1 pg/ml each, BD
Biosciences, Heidelberg, Germany) or PHA-M (Sigma-
Aldrich). For co-culture experiments 2 x 10° PBMC/well
were seeded onto six-well culture plates and incubated
with conditioned media for 120 or 72 hours under
normoxic or hypoxic conditions, respectively. 786-0VH-
or 768—0VH* cells were added at a density of 3 x 10° on
25-mm Anopore tissue culture plate inserts (0.02 pm pore
size; Nalge Nunc International, Thermo Fisher Scientific).

T cells were isolated from PBMC after labeling
with allophycocyanine (APC)-conjugated anti-CD3
antibodies using the EasySep™ Human APC Positive
Selection Kit according to the manufacturer’s instructions
(Stemcell Technologies, Grenoble, France). T cells
were expanded by stimulation with plate-bound anti-
CD3 and anti-CD28 antibodies (mouse anti-human,
1 pg/ml each) and subsequent culture in IL-2-containing
(25 U/ml, PROLEUKIN) RPMI-1640 (Sigma-Aldrich)
supplemented with 10% FCS (PAA) and 2 mM
L-glutamine (Lonza) for 5-6 days (“day 6” T cells).

Proliferation assay

To evaluate cell proliferation, 1 x 10” PBMC in
10 ml of PBS were labeled with 5,6-carboxyfluorescein
succinimidyl ester (CFSE, 0.5 uM, Invitrogen,
Eugene, USA) according to the manufacturer’s
instructions. 2 x 10° cells/well were seeded in 6 well
microtiter plates (TPP, Trasadingen, Switzerland) in
5 ml of 786-0Y"" or 786-0"“" conditioned media or
in co-culture with 3 x 10° 786-0V"- / 786-0V"-* cells/
well in the presence of conditioned media followed by
direct stimulation with plate-bound anti-CD3 and anti-
CD28 antibodies (mouse anti-human, 1 pg/ml each,
BD Biosciences) and maintained for 5 days in culture.
10,000 events were analyzed on a BD FACSCanto II flow
cytometer in combination with the FACSDiva software
package (BD Biosciences) in a time kinetic. The results
were expressed as percentage of proliferating cells.

Proliferation assays in the presence of MnSOD2
were analyzed as described above in the absence and
presence of 1U/ml recombinant MnSOD2 (Abnova;
Pforzheim, Germany) within the culture medium for up
to 40 hours.

Monitoring VHL-dependent alterations
in the composition and function of T cell
subpopulations

Seven-color flow cytometric staining was used
for analyzing VHL-dependent effects on CD3/CD28-
stimulated PBMC. Briefly, 2 x 10° cells/well were seeded
in 6 well microtiter plates (TPP) in 5 ml of 786-0VH
or 786-0"* conditioned media or in co-culture with
3 x 10° 786-0V"- / 786-0VML* cells/well in the presence
of conditioned media followed by direct stimulation with
plate-bound anti-CD3 and anti-CD28 antibodies (mouse
anti-human, 1 pg/ml each, BD Biosciences). After 68 h,
BD GolgiPlug™ (5 pl) and IL-2 (100 U/ml) were added
to each cell suspension and further incubated for 4 h. The
cells were harvested and washed twice with PBS. Surface
molecules were directly stained with the fluorescence-
conjugated antibodies against CD3, CD4, CD8, CD25 and
CD45 as well as the respective fluorescence-labelled 1gG
controls (all purchased from BD Biosciences) for 15 min
at room temperature. Cells were washed with PBS and
fixed in PBS containing 1% paraformaldehyde. Three
independent experiments were performed.

Apoptosis assay

To evaluate the VHL-mediated apoptosis induction,
2 x 10° PBMC were cultured in 5 ml of 786-0VH-
or 786-0V"* conditioned media or in co-culture with
3 x 10° 786-0VH- / 786-0VH* cells/well in the presence
of conditioned media followed by direct stimulation with
plate-bound anti CD3-and anti-CD28 antibodies (mouse
anti-human, 1 pg/ml each, BD Biosciences) for 72 h.
Apoptosis was determined by flow cytometry after staining
of cells with APC-annexin V (BD Phamingen™) and
propidium iodide (2 mg/ml, Sigma-Aldrich) according to
the manufacturer ’s instructions (BD Phamingen™). The
stained cells were analyzed using the BD FACSCanto II
flow cytometer and the FACSDiva software package (BD).

c¢DNA synthesis and qPCR

Total RNA was extracted from the samples using
the Nucleospin Extract II kit (Macherey-Nagel, Diiren,
Germany) according to the manufacturer’s instructions.
cDNA was synthesized from 3 pg RNA treated with
DNase I (Invitrogen GmbH, Karlsruhe, Germany) using
oligo dT primers (Fermentas, Mannheim, Germany) and
the RevertAid™ H Minus First Strand cDNA synthesis
kit (Fermentas, St. Ingbert, Germany) before qPCR
was performed with target-specific primers (Table S1)

www.impactjournals.com/oncotarget

43432

Oncotarget

44



MANUSKRIPTE

using Platinum® SYBR® Green qPCR SuperMix-UDG
(Invitrogen) and applying the following parameters for
40 cycles; denaturation 95°C, 15 s; annealing/elongation
60°C, 30 s. Relative mRNA expression levels for specific
genes were normalized to peptidylprolylisomerase
A (PPIA) and hypoxanthine-guanine phosphoribosyl-
transferase (HPRT). The transcription levels of 786-0VH-
cells were set to one and the relative expression ratios in
786-0VHL* cells were calculated, respectively.

NaDOC/TCA precipitation

Proteins of the cell culture supernatants were
precipitated using the sodium deoxycholate (NaDOC)/
TCA precipitation procedure described by Bensadoun and
Weinstein [50], which allows a quantitative recovery of
protein samples [51].

The samples were mixed with 10% aqueous NaDOC
(1:100, by volume). Then 50% aqueous TCA (1:20, by
volume) was added. After incubation at room temperature
for 15 min the samples were centrifuged in 50 ml
centrifuge tubes (Greiner) at 4,500 g and 4°C for 45 min.
The supernatant was decanted and the pellet was washed
with 20 ml aqueous ethanol (70%). After incubation at
—20°C for 15 min, the samples were centrifuged at 4,500 g
and 4°C for 45 min. The supernatant was decanted and 1 ml
aqueous ethanol (70%) was added to the pellet followed
by thorough mixing. Then the pellet was transferred into
a 1.5 ml cup (Eppendorf). After incubation at —20°C for
15 min, the samples were centrifuged at 21,000 g and
4°C for 15 min. The supernatant was decanted and 1 ml
aqueous acetone (80%) was added to the pellet followed
by thorough vortexing. After incubation at —20°C for
15 min, the samples were centrifuged at 21,000 g and 4°C
for 15 min. The supernatant was decanted and the pellet
was dried under nitrogen.

Resolubilization of protein pellets

The precipitates of 1 I cell culture supernatant/
conditioned media were incubated in 200 pl DIGE lysis
buffer (30 mM Tris—HCI buffer, pH 8.5, containing
7 M urea (Applichem, Darmstadt, Germany), 2 M thiourea
(Sigma-Aldrich) and 4% (w/v) 3 [(3 cholamidopropyl)-
dimethylamino] 1 propane sulfonate (CHAPS;
Applichem)) at 25°C for 30 min thereby vortexing
thoroughly. Solubilized proteins were then sonicated using
two cycles of five impulses (0.5 s/impulse) at 100% power
(Bandelin UW 2070 sonicator, MS 73 needle; Bandelin,
Berlin, Germany) and total protein concentration of
samples was determined as previously described [52].

Fluorescence labeling of protein pellets

All fluorescence labelings were performed in
DIGE lysis buffer using the Refraction-2D Labeling
Kit according to the manufacturer’s instructions

(NHDyeAGNOSTICS, Halle (Saale), Germany).
Briefly, 25 pg of a mixture composed of equal amounts
of proteins precipitated from 786-0V- and 786-0VH*-
conditioned media were labeled for 30 min on ice with
100 pmol of G-Dye 100 as internal protein standard,
whereas 25 pg of individual protein representing either
proteins of 786-0VH-- or 786-0VH*-conditioned media
were independently labeled with 100 pmol of G-Dye
200 and -300, respectively. The individual labelings were
performed in a total volume of 21 ul DIGE lysis buffer,
respectively for 30 min on ice. The reaction was stopped
by adding 1 pL 10 mM lysine. After an incubation on
ice for 10 min, an equal amount of 2 x sample buffer
(7 M urea, 2 M thiourea, 0.4M NDSB-256 (Merck
Biosciences, Darmstadt, Germany), 4% CHAPS, 2%
dithiothreitol (DTT; Applichem), 1% pharmalytes
pH 3-10 (Amersham Biosciences, Freiburg, Germany)
was added to the mixture before the samples were pooled
and subjected to 2-DE separation.

Two-dimensional gel electrophoresis (2-DE),
protein visualization and image analysis

For analytical gels the volume of the labeled protein
mix was adjusted with Lysis-buffer (7 M urea, 2 M thiourea,
0.2 M dimethylbenzylammonium propane sulfonate (NDSB
201, Merck, Darmstadt, Germany), 1% dithiothreitol
(DTT; Applichem), 4% 3 [(3 cholamidopropyl)-
dimethylamino] 1 propane sulfonate (CHAPS; Applichem),
0.5% pharmalytes (Amersham Biosciences, Freiburg,
Germany) and a trace of the dye bromophenol blue (Serva
Electrophoresis, Heidelberg, Germany) to a final volume
of 350 ul, whereas for preparative gels 500 pg protein in
a total volume of 350 pl lysis buffer were loaded. Samples
were applied to IPG strips (pH 3-10 NL, 18 cm, GE
Healthcare, Munich, Germany) by in-gel rehydration and
covered with 450 pl Immobiline DryStrip Cover Fluid (GE
Healthcare). After 2 h of rehydration, isoelectric focusing
(IEF) was carried out at 20°C on an Ettan IPGphor 2 unit
(GE Healthcare) at the following settings: 30 V 10 hrs,
500V 1h, 1000V 1h,5000V 1 h,and 8000 V up to a total
0f 45,000 Vhrs. The IPG strips were subjected to a 2 step
strip equilibration procedure, which was performed by
incubation the strips first for 15 min in 12 ml equilibration
buffer I (6 M urea, 2% SDS, 50 mM Tris HCI (pH 8.8), 30%
glycerol, supplemented with 1.5% DTT) followed by 15 min
in 12 ml equilibration buffer II (6 M urea, 2% SDS, 50 mM
Tris HCI (pH 8.8), 30% glycerol, supplemented with 4.8%
iodoacetamide, all chemicals purchased from Applichem).
SDS-PAGE separation was performed using a PROTEAN
plus Dodeca Cell (Bio-Rad, Munich, Germany) with gels of
1.5 mm thickness and an acrylamide/bisacrylamide matrix
0f2.5% C and 13% T (Serva, Heidelberg, Germany). Strips
were fixed on vertical SDS-PAGE gels with 1.5% soft
melting agarose (BioLine GmbH, Luckenwalde, Germany)
and traces of bromophenol blue. Electrophoresis was
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performed with constant voltage (20 V, 1 h; 120V, 15 h)
at 10°C.

Gel documentation was accomplished by using a
Fuji FLA 5100 fluorescence-scanning device (Fuji Photo
Film, Duesseldorf, Germany). The PMT for all scans was
set to 50 V below the saturation point of the brightest
spot and all gel images were acquired at a resolution
of 100 pm.

After 2D separation the preparative gels were
stained with colloidal Coomassie Blue staining solution
(10% ammonium sulfate (Applichem), 10% phosphoric
acid (Merck KGaA), 0.12% Coomassie Brilliant Blue
G250 (Applichem), 20% methanol (Merck KGaA); [53],
and thereafter destained by extensive washing in ddH,0.
Preparative gels were scanned on a conventional scanner
(UMAX Image Scanner, GE Healthcare) at a resolution of
600 dpi and stored as TIFF-images.

2D gel image analysis was performed using
Delta2D Software version 4.0.8 (DECODON GmbH,
Greifswald, Germany). All gel images were matched
with the Delta2D software and a synthetic fusion gel
was prepared. Final spot detection was performed
on the fused gel. The resulting spot pattern was
assigned to each of the gels in the experiment. The
normalization procedure of the Delta2D software for
DIGE experiments is based on the internal protein
standard (IPS). The absolute spot volume is divided
by the accumulated absolute volume of all spots and
subsequently normalized to the corresponding absolute
spot volume of the IPS. Furthermore, Student’s s-test
was performed to assess the statistical significance of
differentially expressed proteins. Spots whose relative
expression is changed at least 2-fold (increase or
decrease) at 95% confidence level (#-test; p < 0.05) were
considered to be significant and subsequently subjected
to further analysis.

In-gel digestion and MS

Digestion with trypsin and subsequent spotting of
peptide solutions onto the MALDI-targets were performed
as previously described [52] with slight modifications.
For protein identification the proteins were excised from
Colloidal Coomassie Brilliant Blue stained 2D gels using
the Herolab spot hunter (Herolab GmbH, Wiesloch,
Germany) with a picker head of 1.5 mm diameter and
destained by addition of 50% (v/v) ACN. Gel pieces were
washed twice with 100 pl 50% (v/v) ACN and once with
100 pl 100% ACN. After drying 5 pl trypsin solution
containing 17 ng/ul trypsin (Promega, Madison, WI, USA)
in 25 mM NH,CO, supplemented with 0.4 mM CaCl,
was added and incubated on ice for 2 h followed by an
incubation over night at 37°C. If necessary 5 pl of 25 mM
NH,CO, supplemented with 0.4 mM CaCl, were added to
keep gel pieces hydrated throughout the digest. Gel pieces
were agitated by sonicating in a water bath for 10 min

before 1 pl of the supernatant (containing tryptic peptides)
were mixed with 1 pl of alpha-cyano-4-hydroxycinnamic
acid (HCCA) matrix (saturated at room temperature in
50% ACN, 0.1% TFA) and 1 pl of this solution were
directly spotted on the MALDI-target. Prior to the
measurement the samples were allowed to dry on the
target.

Spectra were calibrated externally using Peptide
calibration standard II (Bruker Daltonics Inc, Bremen,
Germany). MALDI-TOF-MS was performed on an
ultrafleXtreme™ mass spectrometer (Bruker Daltonics
Inc) in positive reflector mode using an accelerating
voltage of 25 kV. Spectra processing was performed with
flexAnalysis (3.3.80.0) software for resolution-based peak
detection using default settings.

The PMF dataset were analyzed using the MASCOT
search engine (http://www.matrixscience.com) with
the following parameters: (i) homo sapiens sequences;
(ii) fixed modification, carbamidomethylation of cysteins;
(iii) cleavage enzyme, trypsin; (vi) a maximum of
one missed cleavage was allowed; and mass tolerance
(monoisotopic), + 50.0 ppm. Target identification was
based on the overall sequence coverage of matching
peptide fragments. Proteins were assigned when the
MASCOT score exceeded 57 according to the MASCOT-
defined significance threshold for false-positive events
at p <0.05.

The heterogeneous set of the identified significant
differentially expressed proteins was analyzed using
gene ontology (GOminer) software [28], which
provides information about gene function and cellular
localization.

Functional annotation cluster and pathway
analysis DAVID

Functional annotation cluster analysis was
performed on the list of up-regulated and down-regulated
proteins with a fold change of >2.0 [http://david.abcc.
nciferf.gov/home.jsp]. Only those terms that reported
a p-value of < 0.05 were selected for analysis. The
Gene Ontology (GO) terms of cellular components,
molecular function and biological processes in DAVID
were employed to categorize enriched biological themes
in up- and down-regulated protein lists.

Western blot analysis

Aliquots of 50 pg of solubilized protein/lane were
separated on 12% SDS-PAGE gels and subsequently
transferred onto nitrocellulose membranes (Schleicher
& Schuell, Dassel, Germany). Membranes were
processed as previously described [54] using target
protein-specific primary antibodies directed against
beta-2-microglobulin (B2M) (kindly provided by
Dr. Soldano Ferrone; [55]), MnSOD2 (Abfrontier,
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Aachen, Germany), GAPDH (Cell signaling) or B-actin
(Sigma-Aldrich) in combination with horse-radish
peroxidase (HRP)-conjugated secondary antibodies (Cell
Signaling, Frankfurt, Germany). Protein bands were
visualized with LumiLight Western Blotting substrate
(Roche, Mannheim, Germany) and recorded with a LAS
3000 CCD camera system (FUJIFILM, Duesseldorf,
Germany). The co-detection of the GAPDH or B-actin
signal, respectively, for each lane on the given blot served
as loading control and the relative protein expression
level for each target were defined using AIDA software
(Raytest, Sprockhoevel, Germany).

MnSOD2 activity assay

MnSOD2 activity of conditioned media was
analyzed using the Superoxide Dismutase Activity
Colorimetric Assay Kit (Abcam, Cambridge, UK)
according to the manufacturer’s protocol using freshly
prepared and undiluted 786-0VM- and 786-0VHL*-
conditioned media. MnSOD2 activity was analyzed
after incubation up to 60 min using a microplate
reader (MRX-TC, DYNEX Technologies, Denkendorf,
Germany). The absorbance values were expressed as
percentage of the supernatant of 786-0VH- cells.

Determination cell proliferation and IL-2
secretion in the absence and presence of
MnSOD2

IL-2 secretion was analyzed using commercial
enzyme-linked  immunosorbent  (ELISA)  assay
(eBioscience, Austria) based on the supplier’s protocol.
Therefore, “day 6” T cells were plated at a density of
1 x 10° cells/well onto 96-well culture plates in 200ul
of RPMI-1640 (Sigma-Aldrich) supplemented with 10%
FCS (PAA) and 2 mM L-glutamine (Lonza) in the absence
and presence of MnSOD2 (1U/ml, Abnova via Biozol,
Eiching, Germany). T cells were directly stimulated
with plate-bound anti-CD3 and anti-CD28 antibodies
(mouse anti-human, 1 pg/ml each, BD) in a time kinetic
fashion (20 h, 40 h). Next, the supernatants were cleared
by centrifugation and measurements were performed
according the manufacturer’s instructions using 100 pl cell
culture supernatants.

Statistical analysis

The results were expressed as mean + standard
deviation of at least three independent experiments. The
data were analyzed using the SigmaPlot software (Systat
Software, Erkrath, Germany). Differences between
groups were examined for statistical significance using
the Student’s 7 test. A value of p < 0.05 was considered as
statistically significant.
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ABSTRACT

The cAMP-responsive element-binding protein (CREB) is involved in the
tumorigenicity of HER-2/neu-overexpressing murine and human tumor cells, but
a link between the HER-2/neu-mediated CREB activation, its posttranslational
modification and localization and changes in the cellular metabolism, due to an
altered (tumor) microenvironment remains to be established. The present study
demonstrated that shRNA-mediated silencing of CREB in HER-2/neu-transformed
cells resulted in decreased tumor formation, which was associated with reduced
angiogenesis, but increased necrotic and hypoxic areas in the tumor. Hypoxia induced
pCREBS¢"133, but not pCREBS*r'2! expression in HER-2/neu-transformed cells. This
was accompanied by upregulation of the hypoxia-inducible genes GLUT1 and VEGF,
increased cell migration and matrix metalloproteinase-mediated invasion. Treatment
of HER-2/neu* cells with signal transduction inhibitors targeting in particular HER-2/
neu was able to revert hypoxia-controlled CREB activation. In addition to changes
in the phosphorylation, hypoxic response of HER-2/neu* cells caused a transient
ubiquitination and SUMOylation as well as a co-localization of nuclear CREB to the
mitochondrial matrix. A mitochondrial localization of CREB was also demonstrated
in hypoxic areas of HER-2/neu* mammary carcinoma lesions. This was accompanied
by an altered gene expression pattern, activity and metabolism of mitochondria
leading to an increased respiratory rate, oxidative phosphorylation and mitochondrial
membrane potential and consequently to an enhanced apoptosis and reduced cell
viability. These data suggest that the HER-2/neu-mediated CREB activation caused
by a hypoxic tumor microenvironment contributes to the neoplastic phenotype of
HER-2/neu* cells at various levels.

INTRODUCTION

The cAMP-responsive element-binding protein
(CREB) belongs to the leucine zipper family of
transcription factors. Different mediators, such as growth
factors, neurotransmitters, glucose, inflammatory lipids,
stress signals as well as factors known to modulate the

intracellular cAMP or Ca?" levels can activate CREB
through phosphorylation of serine 133 (Ser'*®) by protein
kinase A (PKA), protein kinase B (PKB/AKT), mitogen-
activated protein kinases (MAPK), calcium-activated
calmodulin kinases (CaMKs) and the 90 kD ribosomal
S6 kinase. Stress situations like irradiation and UV
caused phosphorylation of CREB at serine 121 (Ser'?")
leading to its activation [1-3], while phosphorylation of
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CREB at Ser'# could negatively interfere with CREB
activity [2]. The phosphorylated CREB (pCREB) can
bind to its transcriptional co-activator (CBP/p300) via
the kinase-induced domain (KID) in the cAMP- (CRE)
and the KID-interacting domain KIX of CBP [4]. The
CREB/CBP complex recruits the transcription machinery
to the gene promoter thereby initiating CRE-regulated
gene transcription. Upon activation CREB regulates
the expression of many genes involved in different
physiologic and pathophysiologic processes by binding to
the CRE sequence within their promoters [5-9].

In addition, pCREB has been shown to be
present and active in mitochondria (mitoCREB):
This not only leads to an altered expression pattern of
mitochondrial genes [10-13], but also to changes in the
mitochondrial function, which could affect cell growth
and survival. Although phosphorylation of CREB is the
most studied modification, other post-transcriptional
modifications (PTMs), like ubiquitination, acetylation
and SUMOylation, could also exist. However, the
frequency and role of these PTMs for CREB expression
and function are incompletely understood [14-17]. Next
to the phosphorylation-dependent activation of CREB,
the stability of CREB is influenced by hypoxia. In the
acute phase of hypoxia CREB can be ubiquitinated and
degraded via the ubiquitin/proteasome pathway [18,
19], while SUMOylation of CREB is increased during
prolonged hypoxia. The hypoxia-mediated stabilization
and activation of CREB results in the induction of various
genes [20] leading to an adaptation to hypoxia coupled
with a translocation of CREB from the nucleus to the
mitochondria [21]. This process caused changes of the
mitochondrial function and biogenesis thereby modulating
cellular processes including cell survival [13, 22].

A role for CREB in the development of tumors has
been suggested since it is often overexpressed and more
active in many solid and hematopoietic tumors [23-26].
This could be influenced by the modulation of signalling
cascades upstream of CREB as well as the induction of
the CRE-dependent gene expression downstream of
CREB, e.g. matrix metalloproteinases (MMPs), adhesion
molecules and different survival factors [20, 27] leading
to an increased tumor growth, prevention of cell death,
enhanced metastasis formation and angiogenesis [28].
Furthermore, overexpression of CREB in tumors often
correlates with disease progression, poor patient survival
and chemotherapy resistance [21, 24-26, 29-31]. On the
other hand oxygenation in breast cancer is markedly
reduced compared to normal tissue [32]. In mammary
carcinoma the CREB pathway is often upregulated
[33, 34]. An important role of CREB in breast cancer
has been further demonstrated by global profiling of
signalling networks in breast cancer stem cells [34].
Recently, a correlation between CREB expression/
activation, altered in vitro and in vivo tumor growth
properties and HER-2/neu has been described in both in

vitro models of HER-2/neu transformation and in HER-
2/neu overexpressing human mammary carcinoma [35].
Despite the tumor microenvironment including hypoxia
is of critical importance for breast cancer [36], it has not
yet been determined whether the HER-2/neu-mediated
expression, activation, localization and modification of
CREB and upstream signal pathways are altered under
hypoxic conditions. Therefore this study analysed the
changes of the cellular localization and posttranslational
modifications in different HER-2/neu model systems
under normoxia and hypoxia in the presence of signal
transduction inhibitors.

RESULTS

Link between decreased tumorigenicity of
CREB-deficient cells and reduced angiogenesis

Recently, a link between HER-2/neu overexpression
and CREB activation has been described in parental
HER-2/neu* cells upon silencing of CREB by shRNA
without affecting HER-2/neu surface expression [35].
This was accompanied by a decreased tumor growth of
CREB-deficient compared to parental HER-2/neu" cells
([35], Supplementary Figure 1A). In order to determine
whether the diminished in vivo growth capacity of CREB-
deficient HER-2/neu’” cells was associated with a reduced
angiogenesis, lesions of parental and shCREB HER-2/
neu” murine tumors were stained with anti-CD31 and
anti-HIF-1a antibodies, respectively. As shown in Figure
1A, an altered staining pattern for CD31 and HIF-10 was
demonstrated in parental versus CREB-deficient HER-2/
neu” cells with a more than 50% reduced density of blood
vessels (Figure 1B), an approximately 2-fold increase of
necrotic (Figure 1C) as well as hypoxic areas (Figure 1D) in
CREB-deficient tumors when compared to parental HER-
2/neu’ tumors. It is noteworthy that the increased HIF-1a
expression has been correlated with a worse prognosis of
breast cancer patients, while CREB increased the risk of
metastases in HER-2/neu" breast cancer (Supplementary
Figure 2 and Supplementary Table 1).

The CREB-mediated regulation of angiogenesis
was confirmed in vitro by incubating human umbilical
vein endothelial cells (HUVEC) with conditioned medium
obtained from both parental and CREB-deficient HER-2/
neu” cells. In the presence of supernatants from parental
HER-2/neu” cells morphologic changes of HUVEC were
more pronounced with increased numbers of branching
points when compared to that from CREB-deficient
HER-2/neu” cells (Figure 1E). To confirm the angiogenic
potential of CREB, both parental and CREB-deficient
HER-2/neu’ cells were injected with matrigel into the
flanks of mice followed by the analysis of tumor growth,
hemoglobin content and blood vesel density in these
tumors. The matrigel plugs of CREB-deficient HER-2/
neu” cells had a smaller size, a fainter red color (Figure
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Figure 1: Link of decreased tumorgenicity of CREB-deficient HER-2/neu* cells and reduced angiogenesis, but enhanced
hypoxic areas. A. DBA-1 mice were injected with parental or CREB-deficient HER-2/neu* cells as described in Materials and Methods
and tumors were removed after 42 days. Representative photos of parental and CREB-deficient HER-2/neu” tumors are shown. The arrows
indicate the blood vessels on the tumor surface. The tumor volume is given. The bar represents 1 cm (left). 5 pm slices of paraffin-embedded
tumors were stained with the indicated primary antibody followed by an anti-rabbit secondary antibody. The detection was performed
with the peroxidase substrate DAB. Slides were counterstained with methylene blue. The arrow heads indicate the blood vessels. The bar
represents 100 um; Magnification: 40x (right). B. The blood vessel density of the tumors was analysed by counting vessel structures in
the anti-CD31 mAb-stained samples (see 1A). Bars represent mean values from four samples/group with four counted fields/sample. C.
The necrotic area was analysed in the HE-stained samples. Bars represent mean values from four samples/group with four counted fields/
sample. D. The hypoxic area was analysed in the anti-HIF-1a-stained samples. Bars represent mean values from four samples/group with
four counted fields/sample. E. 1x10* HUVEC/well were seeded in a 96 well plate on polymerized growth factor reduced matrigel. 100 pl/
well fresh medium or cell conditioned medium was added and the cells were incubated for 16 h by 37°C. The morphology of the HUVEC
under these distinct culture conditions was compared (left) and the mesh-like structures were quantified (right) as described by Zhang
[51]. The bar represents 80 pm; Magnification: 10x. F. 1x10° parental and CREB-deficient HER-2/neu” cells resuspended in matrigel were
injected into the flank of female DBA-1 mice (n = 8). 7 days after injection the mice were killed and the removed matrigel plugs were
photographed. The bar represents 1 cm (up). 5 pm slices of the matrigel plugs from parental and CREB-deficient HER-2/neu” cells were
stained as indicated. The bar represents 100 um; Magnification: 10x (down). G. Matrigel plugs from parental and CREB-deficient HER-
2/neu’ cells were homogenized and their hemoglobin content was analysed as described as in Material and Methods. The bars represent
the hemoglobin concentration of each plug from mice injected with the indicated cell line normalized to the weight of the plug. Data
demonstrate the results of one out of two independent experiments (with five Matrigel plugs in each experiments) regarding the hemoglobin
content/plug from parental and CREB-deficient HER-2/neu” cells.
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Table 1: Influence of CREB knock down on the expression of surface and angiogenesis markers

NIH3T3 NIH3T3 shCREB HER-2/neu* HER-2/neu* shCREB
Angiopoietin 1 1 0.56 +/- 0.23 4.06 +/-3.01 4.63 +/-0.41
Angiopoietin 2 1 1.7 +/-0.39 * 0.65 +/- 0.7 1.45 +/- 0.44
ICAM-1 1 0.82 +/- 0.5 0.12 +/- 0.03 2.07+/-12%*
PECAMI1 1 1.08 +/- 0.54 0.28 +/- 0.34 0.29 +/- 0.23
VCAMI1 1 0.56 +/- 0.49 3.62 +/- 5.63 0.18 +/- 0.02
VEGF-A 1 0.87 +/- 0.53 2.76 +/- 0.31 0.79 +/- 0.49 *

Cellular RNA isolated from parental and CREB-deficient (shCREB) HER-2/neu” and HER-2/neu” cells was subjected to
qPCR analysis as described in Materials and Methods. Using gene-specific primers the expression of two angiogenesis
markers (VEGF, angiopoetin 1) as well as two adhesion molecules linked with angiogenesis (ICAM-1, VCAM1) was
determined. The results represent the mean and SEM from three independent replicates. The expression was normalized to
B-actin and the data are expressed as relative mRNA expression by setting the expression levels of NIH3T3 cells to 1.

1F), reduced hemoglobin content and decreased number
of blood vessels (Figure 1G). This was accompanied
by a downregulation of the mRNA expression levels of
VEGF-A and ICAM-1 in CREB deficient cells when
compared with parental HER-2/neu” cells (Table 1).

Determination of the role of hypoxia on the
expression and activation of CREB and its
dependence on the HER-2/neu-mediated
signaling

Since an oxygen-limited microenvironment
(hypoxia) has recently been shown to activate CREB [18,
20], the expression level and phosphorylation status of
CREB was compared in HER-2/neu” NIH3T3 cells and
parental HER-2/neu” cells cultured under normoxic and
hypoxic conditions. The induction of hypoxia in these cells
was confirmed by an upregulated transcription of VEGF-A
and the glucose transporter (GLUT)1 (Figure 2A).

The expression and activation of CREB in the model
systems was found to be different both under normoxic
and hypoxic culture conditions. A strong upregulation of
unphosphorylated CREB and pCREB®*''3* was found in
hypoxic HER-2/neu’, while expression of pCREBS*!2!
was unchanged after 24 h hypoxia in these cells (Figure
2B). The increased phosphorylation status of CREB at
Ser'** was accompanied by an upregulated expression
of pERK, but not of ERK, AKT or pAKT in the HER-2/
neu” cell line (Figure 2C), while the cAMP levels were
not changed under hypoxic conditions (data not shown)
resulting in an unaltered PKA activity. Treatment with
the MEK inhibitor trametinib decreased pCREBS*'** but
not pCREB®*'2! while 5 uM U0126 had no effect (Figure
2D). Blocking PI3K/AKT by LY294002 reduced the
phosphorylation of both serine residues. There might
be a minor effect of U0126 on the expression of AKT,
which does not have an impact on the general results.
Analogous to murine parental HER-2/neu” cells, hypoxia

increased pCREBS*"!3 expression in the breast cancer cell
line HTB122 transfected with functional HER-2/neu (E2),
but not in HTB122 cells transformed with a signaling-
deficient HER-2/neu construct (E2A, Figure 2E). Vice
versa the shHER-2/neu-transfected lung carcinoma cell
line H125 exhibited a downregulation of pCREBS'3
expression under hypoxic conditions (Supplementary
Figure 1B). These data suggested a control of CREB
activity by both oncogenic transformation and hypoxia. It
is noteworthy that hypoxia did not influence the HER-2/
neu surface expression in murine and human HER-2/neu-
transformed cells (Figure 2F).

In order to determine whether inhibitors of
transduction pathways affect the hypoxia-mediated
expression of CREB, hypoxic parental HER-2/neu" cells
were treated with various inhibitors followed by the
analysis of the phosphorylation status of CREB. As shown
in Figure 2G the tyrosine kinase inhibitor (TKI) lapatinib
targeting HER-1 and HER-2/neu had the most significant
impact and already 2.5 uM lapatinib caused an 80%
downregulation of the expression of pCREBS*'33, which
could not be further decreased by higher concentrations.
In contrast, lapatinib treatment consecutively increased the
total CREB expression in a dose-dependent manner.

Hypoxia-induced post-translational
modifications of CREB

In order to dissect the effect of early and late phase
hypoxia on the CREB status and its PTMs, time kinetic
analyses of parental HER-2/neu" cells were performed.
A transient, but time-dependent upregulation of CREB
and pCREBS"'3, but not of pCREBS"?! was detected
during hypoxia: Already at one hour after hypoxia onset a
significant increase in both CREB and pCREBS!3 protein
expression was found (Figure 3A). This was accompanied
by a transient induction of pPCREBS*"'** modifications in
these cells during the early phase of hypoxia with the
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Figure 2: Hypoxia-induced CREB phosphorylation by induction of the MAPK/ERK signal transduction pathway.
A. The transcription of CREB and of hypoxic markers (GLUT1, VEGF) was analysed by qPCR. The bar charts represent the mean
values and SEM of three independent experiments. B. CREB expression and phosphorylation was compared in HER-2/neu” NIH3T3
cells under normoxia and hypoxia by Western blot analysis as described in Materials and Methods using an anti-CREB and anti-CREB
phosphorylation-specific antibodies. One of three representative Western blots is shown. C. The activity/phosphorylation of the AKT and
ERK pathway was determined under normoxic and hypoxic conditions by Western blot analysis using total and phosphorylation-specific
antibodies, respectively. The data represent one of three biological replicates. D. Cells were treated under hypoxia with 5 uM LY294002,
100 nM trametinib or 5 uM U0126 for 24 h. The phosphorylation and total expression of CREB, AKT and ERK was analysed by Western
Blot. E. Hypoxia-mediated induction of CREB phosphorylation and its dependence on the HER-2/neu status was determined in HTB122
cells and their HER-2/neu-transformed transfectants (E2A: dominant negative mutation in the HER-2/neu kinase domain; E2: wild-type
HER-2/neu) either incubated under normoxia or hypoxia for 24 h, respectively, before Western blot analysis was performed as described
in Materials and Methods. The results show one of two independent experiments (up). HTB122, E2 and E2A cells were incubated under
normoxic conditions for 24 h before the HER-2/neu cell surface expression was determined using flow cytometry. The data are represented
as histograms from one out of two representative experiments. The black area represents the IgG control, while the red defined area is the
HER-2/neu-PE staining (down). F. Cells were incubated for 24 h under normoxia or hypoxia and the presentation of HER-2/neu on the
cell surface was determined by flow cytometry as described in Materials and Methods using a PE-labelled anti-HER-/neu mAb. The bars
represent the MFI of HER-2/neu compared to an IgG control from two independent experiments. G. The effect of inhibition of the HER-2/
neu activity by treatment of parental HER-2/neu* cells with increasing concentrations of lapatinib on CREB phosphorylation was analysed
by Western blot. Cells were treated with lapatinib for 24 h under hypoxic conditions.
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Figure 3: Hypoxia-mediated post-transcriptional modification and altered distribution of CREB. A. Comparative analysis
of different pPCREB and CREB modifications under normoxia and early phase hypoxia (up to 12 h). Western blot analyses were performed
as described using CREB and pCREB®*'*-specific mAb. The size of the modified CREB protein is given. The blots represent one of three
biological replicates. Extracellular pH (pH [ex]) of the cell free media was directly measured with a pH electrode after harvesting the cells.
B. CREB phosphorylation at serine residue 133 and 121 as well as CREB protein expression was analysed under late phase hypoxia (up
to 5 d). The photos represent one of two independent biological replicates. The pH of the culture media was measured with a pH electrode
directy after harvesting the cells. C., D. Ubiquitination was analysed by CREB immune precipitation (C) and ubiquitin pull down (D) as
described in Materials and Methods by loading the complete supernatant on 10% (C) or 12% (D) gels. The proteins were identified by
using anti-CREB- or anti-ubiquitin-specific mAb. Results represent data of three (C) or two (D) biological replicates. E. Influence of the
proteasome inhibitor MG-132 and the ubiquitin inhibitor PYR-41 on CREB modifications. Parental HER-2/neu” cells were either left
untreated or treated with different concentrations of MG-132 (10, 25, 50 uM) or PYR-41 (10, 20, 50 uM) for 4 h under hypoxia. Following
Western blot analysis using anti-CREB-specific antibodies as described above, the appearance of highly modified CREB molecules was
determined. The blot represents one of two biological experiments. F. Cells were cultivated under hypoxia for the indicated time and
SUMO-1 modified proteins in the cell lysate were precipitated by immunoprecipitation. The proteins were loaded onto a 10% SDS Gel and
CREB was detected with specific antibodies.
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highest levels at 2 h and their subsequent decline upon
prolonged hypoxia (late phase) (Figure 3B). A comparable
phosphorylation pattern, but modified CREB forms as
demonstrated by two bands at ~90 and ~120 kDa were
observed in the HER-2/neu" breast cancer cell line SKBR3
under hypoxic treatment (Supplementary Figure 1C),
while the 60 kDa band was neither visible with CREB
nor with pCREB antibodies. In the early phase of hypoxia
(up to 48 h) no changes in the pH were measured, but a
sligthly more acid pH was observed after 5 d.

Immunoprecipitation with an anti-CREB-specific
antibody demonstrated a hypoxia-induced ubiquitination
of CREB in parental HER-2/neu’ cells (Figure 3C),
which was also confirmed by an ubiquitin pull down
assay (Figure 3D). The role of the ubiquitin-dependent
proteasomal degradation for CREB expression was further
analysed in hypoxic parental HER-2/neu” cells either
left untreated or treated with increasing concentrations
of the ubiquitin inhibitor PYR-41 (10, 25, 50 uM) and
of the proteasome inhibitor MG-132 (10, 20, 50 uM),
respectively. Treatment of hypoxic parental HER-2/
neu’ cells with 10 uM PYR-41 abrogated the expression
of highly modified CREB, whereas total CREB protein
expression was reduced (Figure 3E). In contrast, highly
modified CREB expression levels were enhanced in
hypoxic cells with increasing concentrations of MG-132.
Furthermore, immunoprecipitation of SUMO-1 followed
by the detection with CREB-specific antibodies revealed
a SUMOylation of CREB after 8 h hypoxia, which further
increased during 48 h hypoxia (Figure 3F).

Hypoxia-induced changes in the localization of
CREB in HER-2/neu" cells

Since stress conditions can cause a translocation
of nuclear CREB into mitochondria (mito-CREB)
thereby altering the expression of mitochondrial genes
including oxidative phosphorylation complexes [7, 37,
38], the subcellular localization of CREB was determined
in parental HER-2/neu’ cells under normoxic and
hypoxic conditions. As shown in Figure 4A subcellular
fractionation revealed a partly translocation of CREB
from the nucleus to the mitochondria in hypoxic parental
HER-2/neu” cells. Western blot analysis using antibodies
directed against the cytosolic (MEK1) or nuclear (histone
H3) compartment served as controls (Figure 4A). These
in vitro data were confirmed by immunohistochemical
analysis of mammary carcinoma lesions demonstrating an
increased extracellular localization of pCREB in hypoxic
breast cancer areas (Supplementary Figure 3).

The specificity of mitochondrial CREB in hypoxic
parental HER-2/neu’ cells was confirmed using the
mitochondria-specific dye MitoTracker. A co-localization
of CREB into mitochondria of hypoxic, but not of
normoxic parental HER-2/neu” cells was detected with this
dye (Figure 4B, ICC pictures), which was accompanied

by morphologic changes of hypoxic parental HER-2/neu”
cells towards a more spindle-shaped phenotype (Figure
4B, transmitted light). Under hypoxic conditions nearly
30% of CREB was extra-nuclear localized when compared
to ~ 5% under normoxic conditions. The translocation of
CREB into mitochondria (mito-CREB) was confirmed
by its resistance to digestion with trypsin unless the
mitochondria were dissolved by Triton X100 (Figure 4C).
Upon sub-fractionating and validation of the purity of the
different mitochondrial fractions using specific markers
CREB expression was found in the mitochondrial matrix,
while the modified form of CREB could be detected in
the matrix as well as in the inner and outer mitochondrial
membrane (Figure 4D).

The nuclear export of CREB was further shown by
treatment of cells with the nuclear translocation blocker
leptomycin B. A combination of hypoxia and treatment
with 50 ng/ml leptomycin B for 24 h totally abrogated the
expression of mito-CREB in parental HER-2/neu” cells
and significantly enriched high molecular weight forms
of CREB in the nucleus (Figure 4E). In the presence of
leptomycin B the expression of MEK shifted in parental
HER-2/neu’ cells from the cytosol to the nucleus. A similar
CREB expression pattern was detected in the presence of
the PI3K inhibitor LY294002 and the E3 ubiquitin ligase
inhibitor PYR-41 (Figure 4E).

Changes in the biogenesis of parental vs. CREB-
deficient HER-2/neu* cells

In order to determine CREB function in the
mitochondria the expression of the mitochondrial genes
was compared in parental and CREB-deficient HER-2/
neu” cells. As shown in Figure 5A, the mitochondrial
genes NDS5, COXIII and ATP synthase 6 were
downregulated in CREB-deficient HER-2/neu’ cells,
whereas the expression of the mitochondrial genes ND1
— 4, ND4L, COXI, COXII and ATP synthase 8 remained
unaltered in parental and CREB-deficient HER-2/neu”
cells (data not shown). Changes in the expression pattern
of selected mitochondrial genes were not due to alterations
of the mitochondrial (mt) DNA content (data not shown).
The decreased mitochondrial biogenesis, respiration
or incomplete mitophagy was further confirmed by the
shCREB-mediated reduction of Ppargcla transcription
(Figure 5B). Since mtDNA contains several putative CRE
sites (Figure 5C) the binding of CREB to the D-LOOP
of the mtDNA was analyzed, which was enhanced under
hypoxia (Figure 5D).

Hypoxia-mediated changes of the mitochondrial
metabolism of parental vs. CREB-deficient
HER-2/neu” cells

The mitochondrial fitness was further investigated
by determining the activity of mitochondrial complexes in
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Figure 4: Increased mitochondrial localization of CREB under hypoxia. A. The distribution of CREB in different cell
fractions was analysed by using a commercial kit for separations followed by Western blot analysis of the distinct fractions. Anti-MEK 1
(cytosol) and anti-histone H3 (nucleus) mAb served as markers for the subcellular compartments. “W” marks the whole cell lysate, “C” the
cytosolic fraction, “M” the membrane/mitochondrial fraction and “N” the nuclear fraction. The picture represents one of three independent
experiments. B. Cells were incubated for 24 h under hypoxia or normoxia and 30 min before terminating the cells were stained with 500
nM MitoTracker. After removing the media and fixation with 4% PFA for 20 min the cells were permeabilized with 0.5% Triton X100 in
HBBS (HBSS-T) for 30 min. Following incubation with CREB antibody overnight at 4°C the cells were washed three times with HBSS,
incubated with the secondary antibody (rabbit-Alexa 488) for 1 h, washed again three times with HBSS and then the nuclei were stained
with DAPL Single and merged colors recorded at a Pathway 855 (BD) are shown. Note the complete loss of nuclear CREB in dividing cells
(white arrow heads). The bar represents 100 pm; Magnification: 20x. Morphology of the cells cultivated under normoxia or hypoxia (24
h each) was recorded by microscopic pictures. The pictures were taken on living, non-stained cells (transmitted). C. 1 mg isolated intact
mitochondria were incubated in 1% Triton X100 and/or 10 U proteinase K in proteinase K buffer and were incubated at 37°C for 30 min
and 60°C for 10 min. The reaction was stopped by boiling the probes in Laemmli buffer for 5 min and the stability of CREB was analysed
by Western blot using an anti-CREB-specific mAb as described in Materials and Methods. D. Mitochondria were sub fractionated into outer
membrane (OM), inter membrane space (IMS), inner membrane (IM) and mitochondrial matrix (MM). The purity of the fractions was
analysed with marker proteins: TOM20 for OM, AIF for IMS, COXIV for IM, PDK4 for MM. E. Cells were cultured in the presence or
absence of 50 ng/ml Leptomycin B, 10 uM LY294002 and 10 uM PYR-41 for 24 h under hypoxic conditions. Then cellular proteins were
fractionated as described in the Material and Methods section. Additionally to the marker proteins used in (A) AIF served as a marker for the
mitochondrial fraction. “W” represents the whole cell lysate, “C” the cytosolic fraction, “M” the membrane/mitochondrial fraction and “N”
the nuclear fraction. The picture shows one of two experiments. An accumulation of highly modified CREB and the nuclear translocation
of MEK1 and partially of AIF was found under leptomycin B treatment.
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Figure 5: Regulation of the mitochondrial biogenesis via Pparla and CREB binding to mitochondrial elements. A.
mRNA expression of mitochondrial encoded genes was determined by real time PCR using gene specific primer. The bar charts represent
the data from two independent experiments. B. Expression of Ppargcla mRNA was quantified by qPCR. The bar charts represent the data
from two independent experiments. C. Putative CRE motifs were identified in the mtDNA. The mtD-LOOP has 2 CRE elements and
in the protein coding regions 3 other CRE elements were identified. These were marked with a red cross. D. CREB binding DNA was
immunoprecipitated, purified and used in a real time PCR. The products were further analysed by 2% agarose gel electrophoresis. IgG
rabbit antibody was used as a control. The gel represents two of three independent experiments.

www.impactjournals.com/oncotarget 52069 Oncotarget



MANUSKRIPTE

normoxic and hypoxic CREB-deficient/parental HER-2/
neu’ cells. As shown in Figure 6A, NADH dehydrogenase
activity (complex I) and complex IV was reduced in
hypoxic CREB-deficient HER-2/neu* cells, which is in
line with the cell viability as well as the generation and
maintenance of an electrochemical gradient. The increased
mitochondrial metabolism/oxidative phosphorylation
of parental HER-2/neu” cells was further underlined
by an increased basal respiratory rate (Figure 6B). In
addition, the cells’ maximal respiratory capacity was
determined. Upon addition of the uncoupling agent FCCP
a significantly stronger relative increase of the oxygen
consumption rate (OCR) in parental HER-2/neu’ cells
when compared to CREB-deficient HER-2/neu’ cells
was detected. Furthermore, the increased dependency
on maintaining the mitochondrial energetic flux was
highlighted by the effects of parental HER-2/neu’ cells
upon sequential treatment with oligomycin and FCCP,
which blocked the mitochondrial function (Figure 6B).
Furthermore, ShCREB cells had an increased reliance on
respiration for producing ATP through ATPase activity.
Since PKA was more active in mitochondria upon hypoxia
(Figure 6C), a PKA-dependent process was suggested, that
can regulate the binding of mitochondrial CREB to the
D-LOOP under hypoxia (Figure 5D).

When compared to normoxia a change in the
mitochondrial morphology was found in the presence
of hypoxia in both parental HER-2/neu” and HER-2/
neu” cells. Mitochondria undergo mitochondrial fission
caused by the accumulation of perinuclear mitochondria
(Figure 6D, Supplementary Figure 4) and degradation
of dysfunctional mitochondria by mitophagy. To further
evaluate the mitochondrial function/dysfunction two types
of mitochondria-specific dyes were used that distinguish
respiring (MitoTracker Red) from total (MitoTracker
Green) mitochondria. HER-2/neu” cells displayed a
stronger signal with MitoTracker Green under hypoxic
but not under normoxic conditions when compared to
their HER-2/neu” shCREB counterparts (Figure 6E).
Furthermore, parental HER-2/neu” cells had an increased
fraction of respiring (i.e. functional) mitochondria (Figure
6F) when compared to CREB-deficient HER-2/neu” cells
suggesting an enrichment of dysfunctional mitochondria
in CREB-deficient cells under hypoxia, which is in line
with our functional data for the mitochondrial biogenesis
shown in Figure 5B.

Functional consequences of hypoxia on CREB
activity

The hypoxia-induced partly translocation of
CREB into mitochondria was accompanied by changes
in the mitochondrial membrane potential of parental
and CREB-deficient HER-2/neu* cells. While the JC-1
fluorescence of normoxic parental and CREB-deficient
HER-2/neu’ cells was comparable, hypoxia increased the

mitochondrial membrane potential of parental HER-2/
neu” cells, but decreased it in CREB-deficient HER-2/neu”
cells (Figure 7A). The altered membrane potential during
hypoxia directly correlated with changes in the apoptosis
sensitivity: The viability of hypoxic CREB-deficient HER-
2/neu’ cells were approximately 20% decreased when
compared to hypoxic parental HER-2/neu” cells (Figure
7B). This was further confirmed by an approximately 30%
increased activity of caspase-3 (cleaved form) in normoxic
CREB-deficient HER-2/neu” cells, which was aggravated
under hypoxia (Figure 7C). The cellular ATP levels were
reduced in hypoxic parental and CREB deficient HER-
2/neu’ cells, which were accompanied by a reduced
mitochondrial activity. No changes were measured in
the CREB deficient NIH3T3 cells between normoxic
and hypoxic conditions. Furthermore hypoxia decreased
ATP levels and mitochondrial activity in parental/CREB-
deficient HER-2/neu’” cells (Figure 7D, 7E).

Hypoxia-independent induction of cell migration
and invasion by CREB activation

During prolonged hypoxia CREB expression and
activation was induced thereby affecting the growth
properties of cells [20]. Thus, the migration capacity of
parental and CREB-deficient HER-2/neu” and HER-2/
neu” cells was compared under normoxia and hypoxia.
As shown in Figure 8A, the migration rate of normoxic
HER-2/neu and HER-2/neu’ cells was approximately 60
to 70% reduced upon CREB silencing (36). Similar results
were obtained in the presence of hypoxia demonstrating a
reduced migration rate of CREB-deficient HER-2/neu” and
HER-2/neu’ cells of approximately 60%. A significantly
increased invasion capacity of normoxic parental HER-2/
neu” cells compared to normoxic HER-2/neu" cells was
found using transwell assays with matrigel-coated wells.
Under these conditions the invasion was 50% inhibited by
CREB silencing of HER-2/neu’ cells, while an enhanced
invasion was detected in hypoxic parental HER-2/
neu” (Figure 8B). Here the invasion capacity of CREB
silenced HER-2/neu” was highly variable, contrary to the
unchanged invasion in the NIH3T3 shCREB cells. This
was accompanied by an induction of MMPs in hypoxic
parental versus CREB-deficient HER-2/neu” cells as
determined by zymography (Figure 8C) suggesting that
the hypoxia-mediated induction of CREB activity affected
the regulation of basal MMP expression. MMP9 secretion
was further increased under hypoxic but not under
normoxic conditions.

DISCUSSION

CREB has been demonstrated to play a key role in
the initiation as well as progression of tumors, since it
modulates the expression of genes/proteins involved in cell
proliferation, apoptosis, invasion and migration [23-26].
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Figure 6: Regulation of mitochondrial functions by mito-CREB. A. The activity of mitochondrial complexes was analysed
by in gel activity. The numbers in A are the mitochondrial proteins from HER-2/neu’ cells (1) and HER-2/neu’" shCREB cells (2). M:
representative molecular weight marker. Coo: Colloidal coomassie staining. The staining of complex V (ATP synthase) was documented
in front of a dark background. The data beyond the gel staining represents the spectrometrically analysis of the complex I and II activities
from three independent experiments. B. Basal oxygen consumption rate (OCR) (an indicator for mitochondrial respiration) was detected
using the XF96e Extracellular Flux Analyzer (Seahorse Bioscience). Next, OCR responses towards the application of oligomycin (1 pM),
FCCP (2.5 uM), and the combination of antimycin (3 pM), and rotenone (3 uM) (XF Cell Mito Stress Test Kit, Seahorse Bioscience)
were evaluated. All experiments were performed in at least hexaplicates. Changes after FCCP application are indicative for the maximal
respiratory capacity (up). The spare respiratory capacity was calculated from the results (down). C. The PKA activity of the whole cell
lysate (W) and the intracellular fraction (C, M, N) was analysed as described in Materials and Methods. Samples (cultivated for 24 h
under normoxia or hypoxia), positive (P) and negative (-) controls were loaded onto an agarose gel. The gel was photographed under UV
irradiation. D. The localization of CREB (green), mitochondria (red) and the nucleus (blue) was compared in NIH3T3 and HER-2/neu” cells
under normoxia and hypoxia. White arrows mark dividing cells, which lacks nuclear CREB. Under hypoxic conditions the mitochondrial
fission is visible. E. HER-2/neu’ cells and CREB-deficient derivatives were incubated under normoxia and hypoxia for 24 hours, before cells
were stained with MitoTracker Green and Red, respectively. F. In the contour plot the cells in R2 represents mitochondrial dysfunctional
cells (pos. for MitoTracker Green, weaker staining for MitoTracker Red). 10.000 cells were analysed by flow cytometry.
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Figure 7: Decreased mitochondrial membrane potential and cell vitality upon CREB silencing. A. The mitochondrial
membrane potential was determined in normoxic or hypoxic cultivated cells by using JC-1 fluorescence analysis. The fluorescence of
5x10° stained cells was analysed with a FACsCalibur (BD) and CCCP-treated cells (2 pM) served as a control. The number of cells with an
intact mitochondrial membrane potential is given in the upper right region (left). The ratio of cells with an intact mitochondrial membrane
potential under normoxia/hypoxia is given for three independent experiments (right). B. The amount of apoptotic and necrotic cells was
determined by annexin V/propidium iodide staining as recently described [35]. 1x10* stained cells were analysed with a FACS Calibur
(BD). The amount of vital cells after 24 h and 48 h cultivation is shown in the bar charts. Data represent the mean of three independent
experiments. C. Cleaved caspase-3 activity was measured as recently described by Stehle and co-authors [35]. Both parental or CREB-
deficient HER-2/neu” cells were cultured under normoxic and hypoxic conditions before cleaved caspase-3 was determined as described
in Materials and Methods using flow cytometry. D. ATP levels were measured with a luciferase specific substrate as described in Materials
and Methods. Data show mean values from three independent experiments. E. Mitochondrial activity was analysed with the colorimetrical
XTT substrate assay as described in Materials and Methods. Data show mean values from three independent experiments.
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This was confirmed by high levels of CREB expression
and activation in tumors of distinct origin, which often
correlated with disease progression and poor patients’
survival [24, 29, 30], as well as in in vitro models of ras
and HER-2/neu transformation [35, 39]. Furthermore,
recent studies suggest that CREB activation is also
involved in prolonged/late hypoxic responses [20]. Since
the cellular localization and kinetic of phosphorylation as
well as other PTMs of CREB are important features for
its pathophysiologic function in tumors it is essential to
analyse the changes of the CREB status under normal and
hypoxic conditions.

In vitro analysis demonstrated a hypoxia-induced
time-dependent CREB phosphorylation at position
Ser'®, but not at position Ser'?’. An altered CREB
phosphorylation at Ser'* was already detected one hour
after hypoxia onset. During the acute phase of hypoxia
CREB ubiquitination occurred in parental HER-2/neu”
cells, which was transient and dependent on CREB
phosphorylation and could be reverted by treatment with
the proteasome inhibitor MG-132. Thus, ubiquitination
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of CREB might be responsible for signal transduction
during early phase of hypoxia in parental HER-2/neu”
cells, whereas CREB phosphorylation is responsible for
both early and prolonged hypoxia. These results are in
contrast to those reported by Nakayama [20] and might
be explained by differences in the cell systems analysed.
Furthermore, SUMOylation has been shown to regulate
the activity and function of CREB under physiologic
conditions [14-16]. These data were extended in this study
to hypoxia-induced CREB SUMOylation, but its role
during hypoxia requires further investigation.

The hypoxia-mediated enhanced CREB activation
was directly associated with an upregulation of
hypoxia-regulated molecules, like VEGF and ICAM-1.
Furthermore, hypoxia caused a partly translocation of
CREB from the nucleus to the mitochondrial matrix in
parental HER-2/neu” cells, which was accompanied by an
induction of pERK, but not of pAKT and increased levels
of pCREB®S*'33, Although MMP expression and activity
was induced by hypoxia in parental HER-2/neu” cells
and an altered CREB-dependent migration and invasion
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Figure 8: Abrogation of hypoxia-induced invasion by CREB silencing. The influence of 20 h hypoxia or normoxia on the
migration A. and invasion B. of HER-2/neu” and HER-2/neu’ cells was analysed using trans-well inserts as described in Material and
Methods. The bar charts represent three independent experiments performed in duplicates. C. The MMP activity under normoxic and
hypoxic conditions in the culture supernatant was determined by gelatin zymography (left). Cells were incubated for 24 h under normoxic
conditions (red) and were then incubated for the indicated time under hypoxia (blue) or were left under normoxia (green). The increased
activity of MMP-9 and MMP-2 after 12 h or 24 h hypoxia is visible in both right lanes compared to the normoxic controls (left lanes).
Parental and CREB-deficient HER-2/neu” cells were incubated for 72 h under hypoxia and 20 pl supernatant was analysed on gelatin
zymogram (right). A decreased activity of MMP-9 and of the cleaved MMP-2 was detected in CREB deficient cells, while the inactive
MMP-2 (72 kDa) is not altered. The gels represent one of two independent experiments.
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capacity of parental versus CREB-deficient HER-2/neu”
exists, hypoxic conditions did not or only marginally
alter their growth properties. These data suggest that the
hypoxia-dependent induction of MMPs was not linked to
enhanced invasion and migration, probably because of
the morphological changes of the HER-2/neu* cells under
hypoxia. However, these effects might alter the tumor
microenvironment, which interfere with anti-tumoral
immune responses by inhibiting T cell activation and
cytotoxicity as well as by reducing antigen processing of
dendritic cells [40].

A direct effect of CREB activation on angiogenesis
was found, as determined by the increased number
and density of blood vessels, CD31 staining of tumor
lesions and enhanced expression of markers involved
in angiogenesis. This could lead to a better oxygen and
nutrient supply of parental HER-2/neu” tumor cells.
Furthermore, hypoxia did not only alter expression
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transcription factor known to regulate gene expression,
there exists some evidence that CREB could be co-
localized to other cellular compartments. A hypoxia-
induced mitochondrial translocation was found in
parental HER-2/neu” cells as determined by Western blot
analysis of subcellular fractions, immunocytochemistry
and analysis of mitochondrial gene expression (Figure
9). In the presence of hypoxia the pCREBS*'*3 expression
was significantly higher in the mitochondria than in the
nucleus demonstrating the importance of the localization
of CREB for its activity (mitochondrion = nucleus >
cytosol). This was in line with a decreased expression of
a subset of mitochondrial genes including ND5, COXIII
and ATP synthase 6 upon disruption of CREB activity
demonstrating that CREB is transcriptionally active in
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Figure 9: Model for the regulation and functions of CREB activity under hypoxic conditions in nucleus and
mitochondria. Hypoxia increases the activity of CREB (phosphorylation at Ser133 but not Ser121) by the MEK-ERK pathway, leading
to an increased expression of pro-angiogenic factors (VEGF). This mechanism can counteract hypoxia. Hyperphosphorylation of CREB
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the mitochondria. Treatment of cells with leptomycin B
caused an inhibition of mito-CREB. Since LY294002 had
comparable effects, the AKT-mediated phosphorylation
might be essential for the export of CREB into the
mitochondria.

Mito-CREB has been shown to be involved in
pathophysiologic processes of neurons and associated
with altered apoptosis resistance [13]. This was correlated
with changes in the mitochondrial membrane integrity
and activation of caspases. The mitochondrial membrane
potential provides a method for determination of early
events of apoptosis. Indeed, hypoxic stress not only
altered localization of CREB in parental HER-2/neu’
cells, but also the sensitivity to apoptosis. Furthermore,
mitochondrial dysfunction can be caused by defects in
the energy metabolism and by stress including oxidative
damage or hypoxia. This might be involved in the
pathogenesis of neoplastic diseases. The localization of
CREB in the mitochondrion after hypoxia suggests that
CREB mediates survival by regulating mitochondrial
function and biogenesis thereby altering the response
to various stimuli. In parental HER-2/neu” cells the
mitochondria were functional and increased respiratory
rates correlated with the mitochondrial CREB levels.
Increasing evidence suggests a close interrelationship
between CREB overexpression and mitochondrial
biogenesis in the presence of hypoxia. The adaption to
hypoxia increased the biogenesis of novel and functional
mitochondria. Similar results have been recently also
demonstrated during the adaption to oxidative stress [41].

HER-2/neu signalling induced significant changes in
the CREB status, in particular of CREB phosphorylation.
While CREB activation occurs in response to pro-
growth and pro-survival stimuli, it is also phosphorylated
in response to harmful or stress stimuli, such as UV
irradiation and hypoxia [42], due to an upregulation of
the mitogen- and stress-activated protein kinase-1 [43].
Indeed, an increased activity of total and phosphorylated
CREB along with a decreased localization of pCREB in
the nucleus was demonstrated under hypoxia in parental
HER-2/neu’ cells. pCREB®"'%, but not pCREBS?!
appears to play an important role in this process, which
is in line with recent reports suggesting that despite the
existence of several phosphorylation sites, phosphorylation
of CREB at Ser'* is the major modulator of CREB activity
[44]. It cannot be ruled out, that the CREB-dependent gene
expression may involve modifications of CREB at sites
other than Ser'*.

In conclusion our data support a shuttling pathway
of HER-2/neu-mediated CREB activation linking CREB
signalling to mitochondrial and nuclear functions.
Furthermore, a hypoxia-mediated induction of CREB
expression and altered PTMs followed by enhanced
angiogenesis was observed. Increased knowledge of the
role of HER-2/neu-induced CREB expression and activity
might lead to the development of treatment strategies

including inhibition of angiogenesis and alteration of the
cellular metabolism.

MATERIALS AND METHODS

Cell culture, hypoxia and drug treatment

The generation and culture conditions of HER-2/
neu NIH3T3 cells, their HER-2/neu” derivative and their
respective CREB variants have been recently described
[35]. HER-2/neu-overexpressing cells with high levels of
pCREB were termed “parental HER-2/neu’” cells, while
HER-2/neu’ cells with silenced CREB were “HER-2/neu”
shCREB” cells. Human umbilical vein endothelial cells
(HUVEC) purchased from the American Tissue Culture
Collection (ATCC) were cultured in Ham’s F-12K (ATCC)
supplemented with 2% FBS, 1 ng/ml human epidermal
growth factor (hEGF), 1 ng/ml human basic fibroblast
growth factor (hbFGF), 1 pg/ml hydrocortison and
0.004 mg/ml ECGS (all supplements from PromoCell).
The human mammary carcinoma cell lines HTB-122
(BT-549) and SKBR3, the lung cancer cell line H125
(NCI-H125) and the HER-2/neu-transformed cells have
been previously described [45] and were cultivated
in RPMI1640 supplemented with 10% FBS, 2 mM
L-glutamine, 10 mM HEPES and penicillin/streptomycin.
Cell lines were validated with their HER-2/neu’ and
CREB expression status (murine cells) or with DNA
fingerprinting (human cells).

For hypoxia treatment cells were incubated in a
1% (v/v) O,, 5% (v/v) CO, atmosphere by 37°C for the
indicated time. Normoxic controls were exposed using
standard conditions. For Western blot and qPCR cells
were cultured under normoxic and hypoxic conditions for
up to 5 days and cell pellets were frozen until use. The
proteasome inhibitor MG-132 (Calbiochem), the ubiquitin
inhibitor PYR-41 (Santa Cruz) and the nuclear export
inhibitor Leptomycin B (Cayman) were used with the
indicated concentrations for 4 h (MG-132, PYR-41) or 24
h (Leptomycin B), respectively.

RNA isolation, cDNA synthesis, qPCR

Total cellular RNA from 5x10° cells/sample was
extracted and subjected to qPCR analysis as recently
described [35]. The specific primer sequences and PCR
conditions used are given in Table 2A and 2B. Relative
expression levels were calculated according to the ACt
method and normalized against B-actin and/or GAPDH as
internal control.

Protein isolation, cell fractionation and western
blot analysis

From 5x10° cells/sample protein was isolated and
subjected to Western blot analysis as recently described
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Table 2: Primer used for real time quantitative PCR

A: Nuclear encoded genes

Primer Sequence Annealing temperature [°C]
GAPDH fwd TTGTGCAGTGCCAGCCTCGT 60

GAPDH rev TCGGCCTTGACTGTGCCGTT 60

CREB-1 fwd CATTGCCCCTGGAGTTGTTATG 60

CREB-1 rev TCTACGACATTCTCTTGCTGCCTC 60
Angiopoietin-1 fwd TTGGGTCCAGAGAATGCCAC 60
Angiopoietin-1 rev CCAGGTCACCTCCACAATCC 60
Angiopoietin-2 fwd TTCTCCTCTGCCACGTTCAC 60
Angiopoietin-2 rev TGTTGGCCCTGTCGACATTT 60

Beta-actin fwd CTGTCGAGTCGCGTCCACCC 60

Beta-actin rev TGCTCTGGGCCTCGTCACCC 60

ICAM-1 fwd TGTCAGCCACCATGCCTTAG 60

ICAM-1 rev CAGCTTGCACGACCCTTCTA 60

PECAM-1 fwd CCAAGGCCAAACAGAAACCC 60

PECAM-1 rev GTTCTTAGGGTCGACCTTCCG 60

VCAM-1 fwd GTACAGTCTGGTGGAGGCAC 60

VCAM-1 rev GCATGGCTTGGTTTGTGGAG 60

VEGF A fwd AACCATGAACTTTCTGCTGTCTTGG 60

VEGF A rev ATCAGGGTACTCCTGGAAGATGTCC 60

PPARGCla fwd CAAAGCAGCAGAGAGGGAAC 60
PPARGClarev CTTCGTACAGCCATCAAAAAGGG 60

18S rDNA fwd TAGAGGGACAAGTGGCGTTC 60

18S rDNA rev CGCTGAGCCAGTCAGTGT 60
B: Mitochondrial encoded genes

Primer Sequence Annealing temperature [°C]
mATPSyn6 fwd CCAATGGCATTAGCAGTCCG 60

mATPSyn6 rev TGCATGAGTTTGGTGGGTCA 60

mATPSyn8 fwd CAAACATTCCCACTGGCACC 60

mATPSyn8 rev TTGTTGGGGTAATGAATGAGGC 60

mCOX I fwd GACTTGCAACCCTACACGGA 60

mCOX I rev GATGGCGAAGTGGGCTTTTG 60

mCOX II fwd AACCGAGTCGTTCTGCCAAT 60

mCOX Il rev CTAGGGAGGGGACTGCTCAT 60

mCOX III fwd CCAATGGCATTAGCAGTCCG 60

mCOX III rev TGCATGAGTTTGGTGGGTCA 60

mND1 fwd TCCGAGCATCTTATCCACGC 60

(Continued)
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Primer Sequence Annealing temperature [°C]
mND1 rev GTATGGTGGTACTCCCGCTG 60
mND2 fwd CAAGGGATCCCACTGCACAT 60
mND2 rev AAGTCCTCCTCATGCCCCTA 60
mND3 fwd GTTGCATTCTGACTCCCCCA 60
mND3 rev GGTAGACGTGCAGAGCTTGT 60
mND4 fwd AGCTCCAATTGCTGGGTCAA 60
mND4 rev GGCTAACTGAGGAGTAGGCG 60
mNDA4L fwd ACCTCACCATAGCCTTCTCAC 60
mNDA4L rev TAGTCCTACAGCTGCTTCGC 60
mND5 fwd ACCCAATCAAACGCCTAGCA 60
mNDS rev AGGACTGGAATGCTGGTTGG 60
mND6 fwd GAAGGAGGGATTGGGGTAGC 60
mND6 rev CCGCAAACAAAGATCACCCAG 60
COXI fwd GCCCCAGATATAGCATTCCC 60
COXI rev GTTCATCCTGTTCCTGCTCC 60

C: Primer used for real time quantitative PCR after mito DNA IP

Primer Sequence Annealing temperature [°C]
Mito D-LOOP 1 GTGGTGTCATGCATTTGGTATCT 60
Mito D-LOOP 2 ATCAACATAGCCGTCAAGGCATG 60
Mito D-LOOP 3 TCACCGTAGGTGCGTCTAGACTGT 60

[35] using following monoclonal antibodies (mAb): anti-
phospho-CREB  (Ser'®®), anti-phospho-CREB (Ser'?!)
(Novus), anti-GAPDH, B-actin (Sigma), anti-phospho-
ERK, anti-ERK, anti-phospho-AKT, anti-AKT and
anti-histone-3. More detailed information regarding the
antibodies used in this study are given in Table 3.

Furthermore, cells were fractionated into cytosolic,
mitochondrial and nuclear compartments using a cell
fractionation kit (Cell Signaling) according to the
manufacturer’s instructions. The isolation of subcellular
compartments allows the analysis of the distribution of
CREB in the cytosol, mitochondria and nucleus. The
purity of the subcellular fractions was determined using
histone H3 as nuclear, AIF as mitochondrial and MEK as
cytosolic marker.

Ubiquitin pull down assay, CREB
immunoprecipitation and ubiquitin
quantification

Cells were cultivated for 24 h under normoxia or
hypoxia, harvested and lysed in 50 mM HEPES (pH 7.5),
5 mM EDTA, 50 mM NaCl, 1% Triton X-100, 10 mM
N-ethylmaleimide and a protease inhibitor cocktail. After

centrifugation, ubiquitin affinity beads (Ubiquitinated
Protein Enrichment Kit, Calbiochem) were added to the
supernatant with a protein concentration of ~1 mg/ml
and pull down assays were performed according to the
manufacturer’s protocol. The amount of ubiquitinated
CREB protein was detected by Western blot using an anti-
ubiquitin (Millipore) and anti-CREB-specific antibody
(Cell Signaling).

For quantification, cell lysates were incubated with
an anti-CREB antibody (Cell Signaling) overnight under
agitation at 4°C, before 20 pl protein A agarose was added
for 4 hrs. Beads were collected by centrifugation, washed
four times with 200 pl wash buffer (50 mM HEPES
pH 7.5, 5 mM EDTA, 50 mM NaCl) and heated in 50
ul Laemmli buffer. The supernatant was loaded onto a
12% SDS gel following Western Blot analysis with an
ubiquitin-specific antibody.

SUMO detection

Cell lysates were incubated over night by 4°C under
slight agitation with a monoclonal SUMO-1 antibody (Cell
Signaling #4930, 1:50 dilution). Protein A agarose slurry
was added and was incubated for 2 h at 4°C (Sigma). After
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Table 3: Primary and labeled secondary antibodies used in this study

Antigen Species Manu(f:)c turer monoclonal  Application Dilution Dilution buffer
CREB-1 Rabbit Cell Signaling X (48H2) Western Blot  1:1000 5% (w/v) BSA in TBS-T
(#9197) IcC 1:800  HBSS + 0,1 % Triton X100
HC 1:400 Signal Stain Antibody
Diluent (Cell Signaling)
ChIP 1:100 ChIP1 buffer
IP 1:250 IP buffer
CREB-1 Mouse Cell signaling X (86B10)  Western Blot  1:1000 5% (w/v) BSA in TBS-T
(#9104) (after IP)
phospho-CREB-1 ~ Rabbit Cell Signaling X (87G3) Western Blot  1:1000 5% (w/v) BSA in TBS-T
(Ser133) (#9198)
phospho-CREB-1 ~ Rabbit  Novus (#NB100-  polyclonal =~ Western Blot  1:1000 5% (w/v) BSA in TBS-T
(Serl21) 410)
anti-mouse 1gG- Horse Cell Signaling n/a Western Blot  1:5000 5 % (w/v) Skim milk in
HRP (#7076) TBS-T
anti-rabbit [gG- Goat Cell Signaling n/a Western Blot  1:5000 5 % (w/v) Skim milk in
HRP (#7074) TBS-T
AIF1 Rabbit Cell Signaling X (D39D2)  Western Blot  1:1000 5% (w/v) BSA in TBS-T
(#5318)
AKT Rabbit Cell Signaling polyclonal ~ Western Blot  1:2000 5 % (w/v) BSA in TBS-T
(#9272)
phospho-AKT Rabbit Cell Signaling polyclonal ~ Western Blot  1:1000 5 % (w/v) BSA in TBS-T
(Ser473) (#9271)
p-Actin Mouse Sigma X (AC74) Western Blot ~ 1:5000 5 % (w/v) Skim milk in
(#A2228) TBS-T
CD31 Rabbit Abbiotech n/a THC 1:200 PBS-T, 5 % goat serum
(#250590)
COX 1V Rabbit  Novus (#NB110-  polyclonal ~ Western Blot  1:2000 5 % (w/v) BSA in TBS-T
39115)
ERK-1/2 Rabbit Cell Signaling polyclonal ~ Western Blot  1:2000 5 % (w/v) BSA in TBS-T
(#9102)
phospho-ERK1/2 Rabbit Cell Signaling X (D1314.4E) Western Blot  1:2000 5 % (w/v) BSA in TBS-T
(Thr202/204) (#4370)
GAPDH Rabbit Cell Signaling X (14C10)  Western Blot  1:2000 5 % (w/v) BSA in TBS-T
(#2118)
HER-2/neu-PE Mouse BD X (neu 24.7) Flow 1:200 PBS
(IgG1) (IgG1) (#340552) cytometry
HIF 1-a Rabbit Biorbyt X (n/a) HC 1:200 PBS-T, 5 % goat serum
(#0rb223706)
Histone H3 Mouse Cell Signaling X (96C10)  Western Blot  1:1000 5 % (w/v) BSA in TBS-T
(#3638)
1gG1-PE Mouse BC X (679.1Mc7) Flow 1:200 PBS
(#A07796) cytometry
(Continued)
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Antigen Species Manu(f:)c turer monoclonal  Application Dilution Dilution buffer
Ki-67 Rabbit  Novus (#NB110-  polyclonal HC 1:250 PBS-T, 5 % goat serum
89717)
MEK1 Mouse Cell Signaling X (61B12)  Western Blot  1:2000 5 % (w/v) Skim milk in
(#2352) TBS-T
PDK4 Rabbit Biorbyt polyclonal ~ Western Blot  1:1000 5 % (w/v) BSA in TBS-T
(#orb11259)
SUMO-1 Rabbit Cell Signaling polyclonal ~ Western Blot  1:1000 5% (w/v) BSA in TBS-T
(#4930) 1P 1:50 IP buffer
TOM20 Rabbit Biorbyt polyclonal ~ Western Blot  1:1000 5 % (w/v) BSA in TBS-T
(#0rb128858)
f-Tubulin Mouse Oncogene X (Ab-1) Western Blot  1:2000 5 % (w/v) Skim milk in
TBS-T
Ubiquitin Mouse Millipore X (Ubil) Western Blot  1:1000 5 % (w/v) BSA in TBS-T
(#MAB1510)

The mouse CREB-1 antibody was used for the Western-Blot after IP.

a centrifugation step (16.000 g, 30 s) the agarose beats
were collected, washed four times with 200 ul wash buffer
and were heated in laemmli buffer for 5 min. The protein
extract was separated on a 10% SDS gel.

Migration and invasion assays

For determination of cell migration 1x10° cells
cultured in medium supplemented with 1% FBS were
seeded into the upper well of the chamber, whereas medium
containing 10% FCS was added to the lower chamber of
the trans-well chamber system (Corning). After incubation
for 18 h at 37°C, non-migrated cells of the top insert were
completely removed, whereas the cells migrated to the
lower chamber were lysed with Cell Titer Glo (Promega)
before the ATP content was determined according to the
manufacturer’s instructions using a luminometer (Berthold).

For invasion assays trans-well chambers were
coated with 50 ul matrigel (Sigma) prior the experiments.
Each experiment was performed in triplicates at least three
times.

Analysis of CREB binding to mtDNA

Proteins and mtDNA of hypoxic or normoxic
conditioned cells were cross-linked by 1% formaldehyde
for 5 min following the incubation with 1M glycine for 5
min. The cells were lysed and sonicated three times. After
centrifugation, 10 ug of the shredded protein-DNA was
incubated with the CREB antibody or a rabbit IgG control
antibody over night for immunoprecipitation. Treatment

with agarose A/G beads for 2 h and centrifugation
collected the specific DNA, which was eluted by adding
1% SDS, 0.1 M NaHCO, pH 8.0 buffer. The crosslink was
reverted by incubation for 4 h at 65°C and proteins were
digested by protease K. The DNA was purified by phenol-
chloroform extraction and ethanol cleaning. mtDNA was
detected as described by Ryu and co-workers [13] using
the primers in Table 2C.

In vivo tumorigenicity

For all animal experiments mice were housed under
standard conditions as described previously and the study
was proofed by the ethical committee [35]. Briefly, 1x10°
cells/mouse were subcutaneously (s.c.) injected into the
flank of DBA-1 mice (2 - 3 month old, male and female).
The tumor growth and size were monitored overtime.
Mice were killed 4 - 5 weeks after injection before tumors
were isolated.

In vivo angiogenesis assays

The in vivo angiogenesis assay was performed by
injecting 1x10° cells/mouse suspended in 250 or 500 pl
growth factor reduced matrigel into the flank of DBA-1
mice. Seven days after injection the mice were sacrificed
and plugs were removed. The plugs were divided and one
half was embedded after formalin fixation into paraffin
for histological staining, while the other part was used for
hemoglobin measurement.
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Determination of the hemoglobin content

The matrigel plugs were homogenised with an
ultra turrax homogenizer in 100 pl erythrocyte lysis
buffer and the hemoglobin concentration was measured
in the supernatant after centrifugation using the
cyanomethemoglobin method. Briefly, 100 ul sample or
blank were mixed with 25 ul Drabkin’s reagent and after
10 min the absorption was measured at 540 nm. Control
blood was used as a standard.

In vitro angiogenesis assays

For determination of in vitro angiogenesis 5x10°
HUVEC/well were seeded into flat bottom 96 well plates
onto polymerized matrigel and 100 pl conditioned cell
culture supernatant obtained from parental or CREB-
deficient HER-2/neu" cells was added. The cells were
incubated for 16 h before the cell morphology and
branches was analysed under a microscope.

Histology, immunohistochemistry (IHC) and
immunocytochemistry (ICC)

Tumors or matrigel plugs were fixed in 5% (v/v)
formaldehyde overnight and then embedded in paraffin.
Tumor samples were cut into 5 pum slices and then
incubated with primary mAb directed against CD31
(Abbiotec) or HIF-1o (Novus) for 24 h. A compatible
secondary antibody linked with HRP SignalStain® Boost
THC Detection Reagent (Cell Signaling) was used for the
detection with the substrate DAB. Blood vessels of anti-
CD31-stained slides were counted and their mean number
calculated to determine the blood vessel density.

Matrigel plug slides were stained with
hematoxyline-cosine, Giemsa or Masson-Goldner [46].

Immunocytochemical analysis was performed with
5x10° cells/well seeded into clear bottom black 96 well
plates (BD) and incubated in DMEM without phenol red
for 24 h by 37°C. Cells were washed with PBS and fixed
with 4% paraformaldehyde for 20 min. After washing
with HBSS and 0.5% Triton X-100 (HBSS-T) cells were
permeabilized in HBSS-T for 20 min, then incubated
over night at 4°C with the primary antibody (CREB in
HBSS-T) followed by washing with HBSS-T three times.
After incubation for 1 h with a secondary Alexa488-linked
anti-rabbit polyclonal antibody (Cell Signaling) at 4°C, the
cells were washed with HBSS-T following HBSS. DAPI
was employed for the nuclear staining and fluorescence
was analysed with a fluorescence microscope (Leica).

For evaluation of localization of CREB in human
breast cancer tissue, formalin-fixed paraffin embedded
tissue samples that contained necrotic areas indicative
of localized hypoxia were stained with the phospho-
CREB (Ser133) (87G3) Rabbit mAb (Cell Signaling) in
the indicated concentration using the Ventana Discovery
Autostainer (Ventana).

Determination of the MMP activity by
zymography

Gelatin degradation activity of MMP-2 and 9 in
the culture supernatant was determined with the gelatin
zymography as recently described [35].

Immunofluorescence microscopy of
mitochondria

Mitochondria were visualized using the MitoTracker
Red CMXROS (Life Technologies) and DAPI
(Calbiochem) was added for nuclear staining. Cells were
immediately analysed using a fluorescence microscope at
a 20-fold magnification.

Flow cytometry

Cells were harvested after 24 h under normoxia or
hypoxia and stained with an anti-HER-2/neu-PE (BD)
antibody or with the IgG1-PE isotype control (BD),
respectively, for 20 min as recently described [47].
Fluorescence intensity was determined by flow cytometry
(FACSCalibur, BD). The results were expressed as mean
specific fluorescence intensity (MFI). Three independent
experiments were performed.

Apoptosis assays and determination of the
mitochondrial membrane potential

Apoptosis was determined as previously described
using annexin V and caspase-3 staining, respectively
[35]. For determination of the mitochondrial membrane
potential as an indicator for apoptosis cells were treated
for 24 h under normoxia or hypoxia, before harvesting by
trypsination. After centrifugation cells were stained with 2
uM JC-1 (Invitrogen) for 30 min at 37°C and fluorescence
was measured with a FACSCalibur.

Determination of the mitochondrial activity and
ATP content

5x10? cells per 96 well were incubated for 24 h and
mitochondrial activity was determined by using the XTT
viability assay kit (Roche) according to the manufacturer’s
instructions. ATP levels of normoxic and hypoxic cells
were analysed with the CellTiterGlo reagent (Promega).
Values were normalized to cells cultured under normoxic
condition.

Analysis of cAMP concentrations

The concentration of cAMP in the cells was
determined with the cAMP-Glo Assay kit (Promega).
Briefly, 5x10° cells/well were seeded into a white clear-
bottom plate (BD) and then cultivated for 24 h under
normoxia or hypoxia. The measurement of the cAMP was
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performed as described in the manufacturer’s instructions.
Luminescence in the plates were analysed with a
luminometer. The experiments were performed trice.

Extracellular flux assays

Bioenergetics of parental and CREB-deficient
HER-2/neu’ and in HER-2/neu” cells were determined
using the XF96e Extracellular Flux analyser (Seahorse
Biosience) as recently described [41]. Briefly, 2x10° cells/
well were reseeded in specialized tissue culture plates
(96FX micro well plate). One hour prior measurement,
cells were incubated at 37°C in a CO,-free atmosphere.
First basal oxygen consumption rate (OCR), which is an
indicator for mitochondrial respiration was detected. In
the next step OCR responses toward the application of
1 uM oligomycin, 2.5 pM FCCP (carbonyl cyanide-p-
trifluoromethyloxy-phenylhydrazane) and the combination
of 3 uM antimycin and 3 pM rotenone (XF Cell Mito
Stress Test Kit, Seahorse Bioscience) were evaluated. All
experiments were performed in at least octaplicates.

Determination of mitochondrial DNA copy
number, mitochondrial mass and oxidative
potential

Genomic and mitochondrial DNA (mtDNA)
was isolated from normoxic and hypoxic HER-2/
neu” cells using the QiaAMP DNA mini kit following
the manufacturer’s instructions. The copy number of
mtDNA was determined by qPCR as described [48].
For determination of the mitochondrial mass and
oxidative potential cells were stained with 100 nM of
the mitochondrial-specific dye MitoTracker Green (Life
Technologies) according to the manufacturer’s instructions
for staining the mitochondrial lipid membrane and with
100 nM MitoTracker Red for determination of oxidation
for 20 min at 37°C followed by flow cytometry [41].

Mitochondrial sub fractionation and
determination of mitochondrial complex
activities

Cells were harvested and washed with PBS two
times. After resuspension in 225 mM sorbitol, 75 mM
sucrose, 0.1 mM EGTA and 30 mM Tris HCI pH 7.4 cells
were ultrasonified (3 x 5 strokes with 10% frequence
intensity). Upon centrifugation of lysate (600 g, 5 min,
4°C, repeated two times) the supernatant was centrifuged
by 7000 g for 10 min at 4°C. The mitochondrial crude
pellet was dissolved in 200 pl 10 uM KH,PO, and was
incubated for 20 min on ice. 200 pl isotonic buffer (32%
sucrose, 30% glycerol, 10 mM MgCl,) were added prior to
centrifugation at 10,000 g for 10 min at 4°C.

The supernatant representing the outer membrane and
the protein of the inter membrane space of mitochondrial

was centrifuged for 1 h at 4°C and 15,000 g, resulting in
a pellet P2 with the inner membrane proteins, while the
supernatant S2 contains the proteins of the inter membrane
space. The pellet representing the inner membrane and
the matrix was resuspended in 200 pl 10 pM KH,PO, pH
8.0 and followed by incubation for 20 min on ice. 200 ul
isotonic buffer (32% sucrose, 30% glycerol, 10 mM MgCl,)
were added and the mixture was centrifuged (15,000 g, 1
h, 4°C). Pellet P3 are the proteins in the inner membrane
while the supernatant S3 contains the mitochondrial matrix
proteins. The four fractions as well as the crude extract were
separated on a 12% SDS PAGE and proteins were identified
by Western Blot analysis.

For determination of mitochondrial complex
activities, crude mitochondria extracts were solubilized
by adding DDM reaching a concentration of 0.45%. After
centrifugation the supernatant was used for the activity
measurement.

Complex I activity was determined by adding 1 ml
NADH buffer (100 uM NADH, 10 mM KH, PO, pH 8.0)
to 50 pg mitochondrial proteins following the absorption
at 340 nm for 1 min. After addition of 5 pul 10 mM
ubichinon-10 the absorption was measured for 2 min. The
turn-over rate was calculated with ¢ NADH = 6.21 mM-
*em!

Complex II activity was measured by adding
25 ng mitochondrial proteins to 1 ml reaction buffer
(50 mM KH,PO, (pH 7.5), 90 uM ubichinon-2, 55 uM
dichlorophenolindophenol and 10 mM sodium succinate).

Blue native gel electrophoresis and in gel activity
staining

Mitochondria (~ 1 mg) were prepared in ACA buffer
(500 mM 6-aminocaproic acid, 0.5 mM EDTA, 50 mM
BisTris (pH 7.0)) and were solubilized by adding DDM
(concentration: 0.45%). Samples were gentle mixed at 4°C
for 30 min and were centrifuged for 30 min at 4°C and
16,000 g. 200 pg mitochondrial proteins in the supernatant
were mixed with blue native loading buffer leading to an
end concentration of 10% glycerol, 0.05% Serva Blue
G250 and 500 mM 6-aminocaproic acid. The sample
were loaded onto 4-16% native gradient gels and protein
complexes were separated by 45 V for 19 - 24 h under
4°C cooling using 50 mM BisTris pH 7.0 as the anode
buffer and 50 mM Tricine, 15 mM BisTris, 0.002% Serva
Blue G250 as cathode buffer. All components were from
the ServaGel Native Gel starter kit (Serva). In gel activity
staining was performed as described by [49].

Statistical analysis and Kaplan-Meier survival
analysis

Differences between groups were analysed by
Mann-Whitney test, Student’s t test or ANOVA as
appropriate. Data are expressed as mean = SD and p
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values reported are 2-sided. Significance were accepted
if p values were < 0.05, *, < 0.01, **. For the Kaplan-
Meier curve analysis the KMplot database was used
with the Affymetrix ID 225572 at for CREBI and
200989 at for HIF-1a (http://kmplot.com/analysis/index.
php?p=service&cancer=breast). The chosen Affymetrix
IDs had the best JetSet score [50]. The following settings
were used for the data analysis: Split patients by: median,
Follow up threshold: all, Censore at threshold: checked,
Compute median over entire database: false. Cut-off
values and the expression range of the samples were
automatically adjusted by the database and are depicted in
the survival curves.
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ABSTRACT

The cAMP-responsive element binding protein CREB is frequently overexpressed

and activated in tumors of distinct histology, leading to enhanced proliferation,
migration, invasion and angiogenesis as well as reduced apoptosis. The de-regulated
expression of CREB might be linked with transcriptional as well as post-transcriptional
regulation mechanisms. We show here that altered CREB expression levels and
function are associated with changes in the cellular metabolism. Using comparative
proteome-based analysis an altered expression pattern of proteins involved in the
cellular metabolism in particular in glycolysis was found upon CREB down-regulation
in HER-2/neu-transfected cell lines. This was associated with diminished expression
levels of the glucose transporter 1, reduced glucose uptake and reduced glycolytic
activity in HER-2/neu-transfected cells with down-regulated CREB when compared
to HER-2/neu* cells. Furthermore, hypoxia-induced CREB activity resulted in changes
of the metabolism in HER-2/neu transfected cells. Low pH values in the supernatant
of HER-2/neu transformants were restored by CREB down-regulation, but further
decreased by hypoxia. The altered intracellular pH values were associated with a
distinct expression of lactate dehydrogenase, and its substrate lactate. Moreover,
enhanced phosphorylation of CREB on residue Ser133 was accompanied by a down-
regulation of pERK and an up-regulation of pAKT. CREB promotes the detoxification
of ROS by catalase, therefore protecting the mitochondrial activity under oxidative
stress. These data suggest that there might exists a link between CREB function and
the altered metabolism in HER-2/neu-transformed cells. Thus, targeting these altered
metabolic pathways might represent an attractive therapeutic approach at least for
the treatment of patients with HER-2/neu overexpressing tumors.

INTRODUCTION as well as pathophysiologic processes including cell
growth, differentiation, apoptosis, cell cycle progression

The 43 kDa cyclic AMP (cAMP)-responsive element and immune response amongst others [1]. CREB exerts

binding protein (CREB) is a member of the large family distinct activities in context and time-dependent manners
of basic leucine zipper (bZIP)-containing transcription [2-4], which depend on its phosphorylation status
factors (TF) and plays a key role in many physiologic mediated by various kinases. Phosphorylated CREB
www.impactjournals.com/oncotarget 97439 Oncotarget
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interacts with the CREB-binding protein CBP/p300 via its
kinase inducible domain (KID) and the KID-interacting
domain (KIX) in CBP/p300 [5]. The CREB/CBP complex
induces a transcriptional machinery leading to activation
of cAMP-responsive element (CRE) containing gene
promoters. CREB mediates transcriptional responses to
different stimuli including hormones, growth factors and
neurofransmitters thereby acting as mediator between
signaling pathways and their downstream activation target
[3.6].

However, based on its frequent overexpression
and persistent activation CREB is also involved in the
malignant transformation process [7]. This is mediated
by aberrant activation of cAMP signal transduction-
dependent pathways such as G-coupled receptors,
receptor tyrosine kinase (RTK) like human epidermal
growth factor receptor 2 (HER-2/neu) and the cytokine/
JAK/STAT signaling cascades, as well as signaling events
downstream of CREB.

HER-2/neu is a member of the transmembrane
epidermal growth factor receptor (EGF-R) family and
is physiological expressed in many epithelial cells.
However, it is overexpressed and/or amplified in human
tumor of distinct origin including mammary carcinoma
[8] and colorectal cancer [9]. HER-2/neu transformation is
associated with an increased cell proliferation, migration,
enhanced cell cycle progression as well as a survival
of patients [10]. Recently, we could demonstrate in the
murine model system used also in this study, that HER-2/
neu can increase the phosphorylation rate of CREB and
that HER-2/neu overexpressing cells had more detectable
CREB protein than the parental NIH3T3 cells [11].

As recently reviewed CREB overexpression and
its constitutive activation was found in many solid
tumors, including non-small cell lung carcinoma,
glioblastoma, melanoma, mammary carcinoma, renal
cell carcinoma and mesothelioma as well as in different
hematopoietic malignancies [4, 12-18], leading to
enhanced cell proliferation, reduced apoptosis, increased
angiogenesis and migration rates. Downregulation of
CREB expression inhibits proliferation, migration and/
or invasion, which was accompanied by suppression of
matrix metallopeptidases and proteins of the epithelial
mesenchymal transition [18]. Furthermore, CREB
overexpression can be correlated with clinico-pathological
parameters, in particular with tumor grade, stage,
metastasis formation, poor prognosis and reduced patients’
survival [14, 19-22]. In addition, CREB overexpression
is often caused by an up-regulation of downstream
target genes involved in neoplastic transformation as
demonstrated by different high throughput analysis [23].

The expression level and activity of CREB is
dynamically regulated by different mechanisms [24]
and critical for maintaining a homeostatic cellular
environment [25]. CREB transcriptionally controls
a large number of putative target genes, which are

involved in numerous cellular processes, such as signal
transduction, cell structure, differentiation, cell survival
as well as proliferation [17]. So far, amplifications and/
or deletions in CREB have only been rarely detected
suggesting that rather deregulation mechanisms of
CREB appear to be responsible for its overexpression
in tumors [26, 27]. Recently, a post-transcriptional
control mechanism for CREB has been described, which
seems to be mediated by microRNAs (miRs) known to
for their binding to the 3' untranslated region (UTR) of
CREB thereby contributing to tumorigenesis in different
tumor models as demonstrated both in vitro and in vivo
[28-31]. In addition, there is increasing evidence that
different extra-cellular signals have an impact on the
tumor microenvironment (TME), like hypoxia, pH
variation and oxidative stress [32]. Furthermore, post-
translational modifications (PTM) of CREB, which can
be quite diverse including phosphorylation, ubiquitination,
methylation, glycosylation and SUMOylation, might have
an impact on CREB function(s) [3, 17, 33]. So far, a link
between CREB expression levels/function(s) and tumor
metabolism has not been identified. Therefore, this study
analyzed the effects of CREB on the metabolism using a
murine model of HER-2/neu transformation with distinct
CREB expression and activation levels, which has been
previously well characterized and was able to induce
tumors in immunocompetend DBA mice [11, 17, 34].

RESULTS

CREB-mediated changes in the protein
expression pattern

Since the level of CREB and HER-2/neu expression
has been correlated with growth characteristics and altered
signaling cascades [32], the protein expression pattern
of HER-2/neu” versus CREB-diminished HER-2/neu”
(shCREB) cells (Supplementary Figure 1A), with a knock
down of up to 80% on the protein level (Supplementary
Figure 1B, 1C) were determined by using two-dimensional
gel electrophoresis (2-DE)-based proteome analysis
and differentially expressed protein spots, defined by a
2-fold regulation, were identified by mass spectrometry.
Overall 23 differentially expressed protein spots have been
identified from three biological replicates (merged gels
of all three experiments can be found in Supplementary
Figure 2A), from which 13 proteins were down-regulated
including four different forms of alpha-tubulin and 10 up-
regulated upon CREB down-regulation. The differentially
expressed proteins were mainly involved in metabolic
processes (Table 1, Figure 1A, Supplementary Figure
2B), in particular in glycolysis (Figure 1B). Based on their
distinct expression pattern the following candidate CREB-
regulated proteins were selected and their expression
validated by qPCR and/or Western blot analyses: The
panel of potential targets includes the phosphoglycerate
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Table 1: CREB-regulated proteins identified by 2-DE-based proteomics

Molecular
weight
Protein Acc no. el tad P
found
pyruvate Kinase
isozymes M1/ P52480 583 55 7.8
M2
heat shock
protein HSP P07901 835 38 493
90-alpha
lubllllinalpha-l.»\ P68369 507 45 4.94
chain
mbgliualpha-lB P0S213  50.8 4.94
chain
lllbl}lillﬂlplm-lc P6S3T3  50.5 4.96
chain
tubulinalpha-3  peeszs 506 497
chain
phosphoglycerate
ki \ P09411 449 41 802
catalase P24270 59.7 57 17172
alpha-enolase P17182 475 41 6.37
phosphoglycerate QIDBJI 289 30 667
mutase 1
vimentin P20152 537 60 5.06
Prolcindisulﬁdc— P09103 485 42 5.00
isomerase A6
toscphosphiate 5y 775) 326 29 556
isomerase
prolyl i
endopeptidase Q8Cl167 816 77 544
spliceosome
RNA helicase Q9ZINS 494 50 544
Ddx39b

Ratio
(range)

Sequence  Score

coverage (range) Localization Function
glycolysis,
19 78-212 cylopllals "::"d degradation of
e carbohydrates
chaperon,
4 56-62 cytoplasm and cell cycle
melanosome  control, signal
transduction
25 83-102 cg?g::;t:::ld microtubules
25 83-102
26 83-102
20 53-74
glycolysis,
degradation of
38 66-116  cytoplasm STt
angiogenesis
detoxification
29 76-90  peroxisome of hydrogen
peroxide
lasm and Slgtcx:v!h..
- cytop
33 L cell membrane  regulation of
hypoxic events
31 101-135 °y.',‘33:?§2. :‘c“d glycolysis
29 62-81 cytoplasm  structural protein
yield of disulfide
21 78 - 80 ER lumen bridges,
chaperone
3 92-191  nucleus ghycolysis,
gluconeogenesis
serine protease,
synthesis and
20 136-202  cytoplasm degradation
of peptide
hormones
35 61 -95 nucleus splicing
(Continued)
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Molecular
Protein Acc no. w.elght 1P Ratio Sequence  Score Localization Function
estimated (range) coverage (range)
found
) protein
268 proteasome .
non—gTPase degradation,
regulator QOWVI2 431 39 57 65 -245 cytoplasm regulation of
subunit 13; proteasomal
activity
superoxide .
dismutase P0S228 161 23 38 80-91  cytoplasm radical
[Cu-Zn] detoxification
&X‘gg%umse Qu23D2 222 24 38 84-104  cytoplasm  oxidoreductase
redox regulation,
peroxiredoxin-4 008807 31.2 28 40 59-98 CY“;PI‘*SE‘ ‘lmd regulation of
HHACET NF-kB activity
ATP-dependent 1 d
RNAhelicase ~ Q8VDWO 495 60 43 167-183 Yoplasman splicing
DDX30A nucleus
leukocyte ati ¢
elastase QOD154 427 40 33 138-183  cytoplasm prr;iz; L"C’:igity
inhibitor A
cell morphology
cofilin-1 PI8760 187 21 a6 92-107 Yioplasmand and
nucleus cytoskeleton,
mitosis
stress induced
. chaperone,
alpha-crystallin = py3007 290 22 58 108-173 Ovioplasmand o tion
B chain nucleus . .
against protem
aggregation

Functions, localization, IP, estimated molecular weigth and accession number of the proteins were added according to the

MASCOT and SwissProt database.

Up-regulated proteins after CREB knock down are marked in red, down-regulated proteins in green. The red bold value
in the row “molecular weight found” indicates samples with an alteration of the molecular weight by 15 or more percent
compared to the estimated molecular weight. For the ratio and the score value the range of the three experiments is given.

kinase (PKG)I, prolyl endopeptidase, peroxiredoxin
(PRX)4, enolase (ENO), triose phosphate isomerase (TPI),
pyruvate kinase M (PKM) and citrate synthase. In line
with the proteomic profiling data reduced transcription
levels of PKM, citrate synthase and TPI were found in
CREB down-regulated HER-2/neu” cells (Table 2), while
the mRNA expression level of PGK1 remained unchanged
and that of the prolyl endopeptidase (PEP) induced.
In addition, a CREB-mediated transcriptional control
was detected for cofilin and a-crystalline (Table 2). The
decreased mRINA levels were associated with decreased
protein expression levels of ENO, PRX4, PGK1, PGAM1,
PKM and TPI in HER-2/neu* shCREB versus HER-2/neu*
cells (Figure 1C), which was further confirmed by a down-

regulated PKM, TPI, and PGK1 enzyme activity (Table
3). Other differentially expressed proteins were enzymes
important for detoxification mechanisms (catalase,
PRX4, superoxide dismutase [Cu-Zn]) or linked to the
protein degradation process (26S proteasome non-ATPase
regulatory subunit 13, PEP, leukocyte elastase inhibitor A)
(Table 1).

In silico analysis of gene promoters from
differentially expressed proteins upon CREB down-
regulation revealed that most of the identified proteins
were controlled by half CRE sites (TGACG or CGTCA),
whereas full CRE sites (TGACGTCA) were merely found
in promoters of up-regulated proteins (Tables 4 and 5).
Since the promoter of the oncogene HER-2/neu contains
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no CRE elements, its expression was not affected by
CREB down-regulation [11].

Association of CREB and hypoxia-induced
changes on the cell metabolism of HER-2/neu*
cells

The comparative proteomics profiling of HER-2/
neu” cells and its shCREB derivatives suggests a link

between the CREB expression levels/activation status and
metabolic changes. In order to determine the functional
relevance of this altered expression pattern, intracellular
pH values were determined in the model system. Reduced
intracellular pH values were detected in HER-2/neu’ cells
when compared to NIH3T3 cells, while the intracellular
pH values were restored to that of NIH3T3 cells by CREB
down-regulation in HER-2/neu” cells (Figure 2A). As
expected treatment of the cells with the proton pump
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Figure 1: Influence of CREB knock down on metabolism and glycolytic enzyines. (A) HER-2/neu” and CREB-downregulated
HER-2/neu” (shCREB) cells were lysed and the protein pattern was analyzed by 2-DE gel electrophoresis following staining of the gels with
colloidal Coomassie Blue. Differentially regulated protein spots of interest were digested with trypsin and the fragments were identified
by MS/MS-TOF analysis. The picture represents a representative overlay of merged profiles (four technical replicates for both cell lines)
in sum of three independent experiments. Some identified proteins are marked and listed. Red marked spots were up-regulated in CREB
knock down cells, whereas green marked spots were down-regulated. The underlined proteins were further validated by measuring the
mRNA expression status. (B) The graph shows the distribution pattern of the identified targets in (A) based on their classification into
various pathways, functional roles or diseases and was performed by using the PANTHER database (pantherdb.org). (C) Validation of the
differentially expressed proteins in (A). The representative protein expression pattern in one HER-2/neu overexpressing cell line (HER-2/
neu”, left lane) and one shCREB HER-2/neu” (right lane) is shown for metabolic enzymes. The blot represents one of three experiments.
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Table 2: mRNA expression level of metabolic and stress related genes as identified to be differentially expressed in
2D gel electrophoresis of CREB down-regulated vs. HER-2/neu* and NTH3T3 cells

NIH3T3 NIH3T3 shCREB HER-2/neu” HER-2/neu’ shCREB
citrate synthase 1 0.87 +/-0.28 1.09 +/- 0.13 0.34+/-0.05"°
cofilin 1 1 0.68 +/-0.12" 0.41 +-0.16" 093 +-022"
a-crystalline B 1 0.61 +-0.17" 0.45+/-0.12° 0.2 +-0.04"
peroxiredoxin 4 1 1.23 +/-0.42 0.81 +/-0.17 1.76 +-0.18 °
PGAMI1 1 0.89 +/-0.17 1.87+-0.12" 1.21+/-02"
PGK1 1 0.68 +/-0.18~ 1.76 +/- 045" 0.78 +/-0.02"°
prolyl endopeptidase 1 042+/-012" 0.3+-0.08" 0.57 +/-0.08 "
pyruvate kinase M1/2 1 0.62 +/-0.05° 1.68 +/-0.14" 0.12 +-0.03 "
triose phosphate 1 0.7+-0.12" 4.97+-1.11" 482+-123
isomerase

Expression levels of the parental NTH3T3 were normalized to 1. For the significance of the row HER-2/neu” the values

were compared to that of the parental NTH3T3.

The expression of the genes analysed was compared to parental NIH3T3 cells (normalizied to 1). " statistical significant

(p < 0.05).

Table 3: Modulation of enzymatic activities by CREB down-regulation in HER-2/neu" cells

Activity [U/mg total protein] HER-2/neu” HER-2/neu’ shCREB
PKM 12.64 +0.52 3.01+-0.7"
TPI 38.64 +/- 0.31 6.81 +/-0.47°
PGAMI1 5.24 +/-0.61 228 +/-0.24"°
PGK 5.45 +/- 0.62 2.56+/-021°
prolyl endopeptidase 0.63 +/- 0.45 1.57 +/- 0.54
peroxiredoxin 4 1.48 +/-0.79 3.44+/-035°

The enzyme activity was calculated to the protein concentration.

inhibitor Esomeprazole (ESOM), which served as control,
strongly decreased the intracellular pH value in CREB
down-regulated HER-2/neu” cells (Figure 2A).

Although a correlation between hypoxic conditions
and metabolic reprogramming as well as the survival
of tumor cells has been demonstrated [35-37], the role
of CREB in this process has not yet been analyzed in
detail. Therefore, the effect(s) of hypoxia on the energy
metabolism of HER-2/neu* and HER-2/neu” shCREB as
well as HER-2/neuw (NTH3T3) cells was compared by
determining the intracellular and extracellular pH values,
lactate and lactate dehydrogenase (LDH) concentrations.
Under hypoxic conditions the intracellular pH was even
further reduced in HER-2/neu* cells, but also reduced in
CREB down-regulated HER-2/neu” cells (Figure 2A). The
hypoxia-mediated decline of the intracellular pH values in
HER-2/neu’ cells could be restored over time by culturing
these cells under normoxia suggesting that this is a rather
reversible process (Figure 2B).

Altered extracellular pH conditions also affected
both CREB activity and CREB-relevant signaling
pathways as determined by Western blot analysis of HER-
2/neu* cells cultured at pH 6.3 and pH 7.3, respectively
(Figure 2C). A shift from slightly acidic towards neutral
pH conditions resulted in a decreased pCREBS*!*
phosphorylation rate in HER-2/neu’ cells, which was
accompanied by a down-regulation of pERK and an up-
regulation of pAkt as well as of total CREB.

The modulation of the intracellular pH values was
linked to changes of the LDH expression levels and of
lactate concentrations as determined in the supernatants
of normoxic and hypoxic HER-2/neu” and CREB down-
regulated HER-2/neu” cells: The lactate concentrations
were increased in HER-2/neu* vs. HER-2/neu’ shCREB
and NIH3T3 cells, while hypoxia enhanced lactate
concentrations in all cell supernatants tested with the
highest increase in supernatants of NTH3T3 cells (Figure
2D). Total LDH concentrations were comparable across all
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Table 4: CRE elements in gene promoter of differential regulated proteins identified after CREB knock down by

2-DE and MS
) CRE  CRE Full " Conserved Chrom.
Symbol Gene name Accession prediction flag _ site Half site CRE CRE cluster pHMNM-+Pos localization Strand Pos
Pl PYOVAClamase our 011000 Others ik hi_-1433 chr9 + 59830243
muscle h -2
Pkmy  PYWVEm3S 0 011099  Ofhers  none L chrd + 59830243
muscle’ h_630
ht_-4769
“heat shock ht_-3435
HSpea i pha NMLDL080 Others Ot 830 chr12 - 104744737
h_893
Tubal “tubulin alpha1” NM 011653 Others  ht bt 2171 chrls - 99318440
Tuba2 “tubulin alpha2” NM_011654 Others  none chrl5 - 99299381
ht_-3468
) § h_-497
Tubas  “tubulin alpha 6" NM 009448 Others  h o chrls + 99396317
ht 575
P . chrln
Tuba7 “tubulin, alpha 7" NM_ 009449 Others  ht bt 95 L = 117747169
ht_-1021
Pekl ph‘“ph"gh“l M€ M 008828  Others bt ht_-707 chrX + 91115110
s bt 512
h_-4839
Cat catalase NM_009804 Others  ht ht_-2392 chr2 - 104935582
b 910
Enol enolase alpha \or 173110 Others  none b 527 chrd + 146873883
NOoN-Neuron
phosphoglycerate ht_-4353
Pgam1 P NM_023418  Others  none b 3676 chr19 + 41498057
) ht -580
Vim vimentn  NM_011701  others  hth e chr2. = 13567777
Tpi triose phosphate 00 500415 ohers  none h_-3599 chr6 - 125622026
150merase - -
prolyl bt 4229
Prep e NMOLIS6  others bt ht -918 chrl0 + 24917660
SR bt 613
HLA-B- CRE, :E; %g FE_
Batla associated NM_019693 —~  none = human 1.0 -4904_ chr17 + 33858338
TATA ht_-3526
transeript 1A b 886 mouse_1.3_-5083
‘proteasome h 4162
firem, ht_-1835
Psmdl3 macropain) 265 NM 011875  others  hth B chr7 + 12990289
subunit, noa— h[ssa
ATPase, 13
biliverdin
ht_-4463
reductase B CRE_ = H - H-
Blvb g vin reductase ZM-14923 yoma, HB ;Llllz:f 1237_635 1237_h_-1191.0 chr? T 19020930
(NADPH)) =
HT FIL -
L CRE, FH_- HT_2035 1215378
Pdxd  peroxiredoxind NMLOL6764 oo F]:{ 26 waon T chrX - 135097408
2035 177
DEAD (Asp-Glu- CRE ht_-4185 FH_
Ddx39  Al-Asp)box NM_197982 oo bt ht_-669 human_2.2_-3409_  chr8 ~ 82993770
polypeptide 39 ht 702 mouse_1.7 -3491
neutrophil h_-4246
NE P NM_015779  others  none 505 chrl0 + 79703208
“cofilin 1, non- CRE bt 3170 FE_
[l o NM_007687 ~  none £ human_1 2_-8876_  chrl9 - 5190328
muscle’ = TATA ht 558 17 8835
“cofilin 1. non- CRE, FF_
il i NM_007687 - nome human_17_-8876_  chr§ = 41275610
muscle mouse 1.2 -8835
ht_-4617
“crystallin, ht_-3003
Cryab dphap  NML009964  others  hth B 1195 chrd + 50875865
h_-716
Chr: chromosome.
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Table 5: CRE elements in gene promoter of differential regulated proteins identified after CREB knock down

by qPCR
- CRE CRE full q Conserved Chrom
Symbol Gene name Accession R G Ao Half site CRE CRE cluster pHMNM+Pos localization Strand Pos
“v-erb-b2
erythroblastic
leukemia viral
oncogene
ERBB2 " (HER- homolog
2;HER2;NEU; 2, neuro/ NM 004448 others none chr17 + 38231358
NGL:.TKR1) glioblastoma
derived
oncogene
homolog
(avian)”
B ht -2966
Cs citrate synthase  NM_026444 others ht ht 2751 chr10 + 128362478
h 2215
Esl0 esterase 10 NM_016903 others hth ht_151 chrl4 + 65179735
ht 481
R bt_-3367
By hi_-1283
Slc2al (facilitated CRE, -
= +
(Glut1) o NMLOL400 o hth :ﬁg;lz h 62 h 910 chr4 117243469
transporter), 1560
ber 1 L
ht_-2831
glutathione h_-2156 _
Gss <ynihetase NM_008180 others hth B 119 chr2 157439425
h_732

* - Erbb2 expression 1s unregulated after CREB knock down.
Chr: chromosome.

cells under normoxic conditions. Furthermore, culturing
the cells under hypoxic conditions caused an up-regulation
of total LDH activity in all cell lines to a similar extent
(Figure 2E), while CREB knock down had no significant
influence.

HIF-1a inhibitor blocks CREB activity and
regulates metabolism

Since hypoxia (1% O,) can increase the
phosphorylation of CREB at serine residue 133 [32], it was
analyzed whether hypoxia-related TFs, like HIF-1a, can
influence the CREB activity. Therefore, HER-2/neu” cells
were incubated with the HIF-1o inhibitor 2-methoxyestradiol
(2-ME) for 24 h resulting in a decreased HIF-1lo protein
expression (Figure 3A), which was linked with a down-
regulation of CREB phosphorylation at serine 133 in HER-
2/meu* cells. This effect was already visible upon treatment
of HER-2/neu” cells with 1 pM 2-ME and was not further
enhanced in the presence of higher 2-ME concentrations
(Figure 3B). In contrast, NIH3T3 cells exhibited the highest
CREB phosphorylation at 1 pM 2-ME, which was strongly
reduced with higher concentrations of this substance.
Furthermore, electromobility shift assays (EMSA) revealed
that 2-ME inhibited the formation of CREB-CRE complexes
by decreasing the phosphorylation of CREB (Figure 3C).

In addition, blocking HIF-la changed the
morphology of NTH3T3 from a fibroblast-like to a foci-

like grown pattern, while HER-2/neu* cells lost their
ability to form bigger foci (Figure 3D). It is noteworthy
that the treatment of both cell lines with 10 M 2-ME did
not altered the cell vitality significantly (data not show),
but decreased concentration-dependent the proliferation
(Figure 3E) and the metabolic / glycolytic activity
(Figure 3F).

CREB-mediated control of apoptosis in
HER-2/neu” cells

In order to determine whether HER-2/neu* cells are
more resistant to apoptosis compared to shCREB cells,
cells were cultured in medium supplemented with different
FCS and glucose concentrations. CREB down-regulated
HER-2/neu* cells, but not the parental HER-2/neu” cells
cultured in 0.1 % FCS showed a reduced cell vitality
as determined by flow cytometry upon annexin V / PI
stainings (Figure 4A). Cultivation of HER-2/neu” cells
with increasing FCS concentrations correlated with higher
CREB and pCREB levels, which were further correlated
with the higher frequency rates of vital cells (Figure 4B).

In addition, glucose deprivation resulted in reduced cell
vitalities in particular m CREB down-regulated HER-2/neu”
cells. The increased apoptosis rates were linked to reduced
pPCREB levels (Figure 4C) suggesting that growth properties,
in particular the neoplastic features of HER-2/neu” cells, are
tightly linked with cell vitality. Moreover, supplementation of
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Figure 2: Induction of an altered microenvironment in CREB-reduced cells under hypoxia. (A) Intracellular pH was
determined by staining with BCECF-AM under the conditions given in Material and Methods. As a control, cells were treated with the
inhibitor ESOM (5 uM/24 h) was used blocking the H/K™ pump. (B) The intracellular pH was followed during the re-oxygenation phase
after cultivation under hypoxic conditions for 24 h. The data represents one of two independently performed experiments. (C) The effects
of distinct pH conditions in the culture medium on the phosphorylation of CREB, AKT and ERK was determined by Western blot. The
blot represents one of two experiments. (D) Lactate levels in the culture supernatants of NTH3T3 (HER-2/new) vs. HER-2/neu” cells were
determined using a commercial kit. Data in the columns represent the average of three different experiments along with the error bars.
(E) LDH activity in the supernatant and in the cells was measured with a cytotoxicity assay as described in Materials and Methods. The

columns and bars represent the data from three experiments.
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high glucose concentrations caused a significant induction of
the corresponding pCREB levels (Figure 4D).

Influence of altered CREB expression levels on
the cellular metabolism

Based on the results of the proteomics profiling
and glucose deprivation experiments alterations within
the glycolytic pathway in HER-2/neu* cells vs. CREB
down-regulated HER-2/neu” cells are expected. Therefore,

modulations of glycolysis pathways were determined
by the extracellular acidification rates (ECAR). CREB
down-regulation in HER-2/neu” cells led to a marked
decrease of the ECAR under baseline conditions as well
as induction of glycolysis by adding glucose (Figure 5A).
The glycolytic capacity of the cells, meaning the highest
glycolytic activity under inhibition of the mitochondrial
ATPase with oligomycin was lower in CREB knock
down cells. This was accompanied with a diminished
glycolytic activity observed in these cells (Figure 5B).
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Figure 3: Modulation of CREB activity, proliferation and metabolic activity upon treatment with the HIF-1o inhibitor
2-methoxyestradiol. (A) HER-2/neu cells were treated with 2-ME or with DMSO as the solvent control for 24 h with the indicated
concentrations and HIF-la expression was analyzed by Western blot. B actin served as a loading confrol. The bands represent one of
three independent experiments. (B) NIH3T3 cells and HER-2/neu” cells were cultivated for 24 h with 2-ME or with DMSO before CREB
phosphorylation and CREB protein expression was determined by Western blot. 50 g total protein per lane were used. The blot represents
one of two independent experiments. (C) Binding of CREB to the CRE element was determined by EMSA analysis. Nuclear extracts of
HER-2/neu” cells were treated with DMSO or the indicated concentration of 2-ME prior to an EMSA reaction by incubating a biotinylated
CRE oligonucleotide with the nuclear extract in reaction buffer. Following gel electrophoresis, the complexes were blotted onto a nylon
membrane and DNA was detected with streptavidin-HRP. The diagram represents the densitometry of the shifted CREB-CRE complex
obtained from two independent experiments. (D) The morphology of the 2-ME-treated cells was documented. The bar represents 50 pm.
(E) Cell proliferation was measured by a BrdU ELISA in 96 well plate formats. Cells were incubated with BrdU and 2-ME or DMSO as the
untreated control, respectively, for 24 h and the integrated BrdU was detected with a specific antibody after cell fixation. Columns represent
the mean of three independent experiments with two technical replicates. The data were normalized to the DMSO-treated NIH3T3 control,
which was set to 100%. (F) Metabolic or mitochondrial activity of the cells was measured by adding XTT reagent for 4 h to the cells after
24 h incubation period with the inhibitors. The absorption was determined with an ELISA reader. Columns represent mean values of three
independent experiments with three technical replicates each. The data of all columns were normalized to the DMSO-treated NIH3T3
control, which was set to 100%.
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In line with this observation, a reduced glucose uptake
rate was recorded in CREB down-regulated HER-2/
neu’ cells (Figure 5C), which was further associated
with significantly decreased expression levels of the
glucose transporter GLUT]1 (Figure 5D) as well as with
diminished pyruvate and citrate concentrations (Figure 5E,
5F). Interestingly, the concentrations of both glycolytic
metabolites were reduced in the oncogenic HER-2/neu”
cell line after CREB knock down, but not in the parental
NIH3T3 after diminishing of CREB by shRNA (Figure
5E, 5F). Under hypoxia the loss of pyruvate was even
more pronounced in HER-2/neu” shCREB cells, while it
was unchanged in NTH3T3 shCREB cells.

To validate if the loss of CREB binding activity has
an effect on the cellular metabolism, two CREB inhibitors
were used: 666-15, a potent inhibitor of CREB-regulated
gene transcription [38], which disturbs the interaction of
CREB and the CREB binding protein (CBP) resulting

also in in vive anticancer effects, and surfen, affecting
the CREB-CRE complex [17, 39]. As determined by
EMSA surfen prevented the formation of the CREB-CRE
complex, while 666-15 had no effect on this interaction
(Supplementary Figure 3A). Furthermore, surfen cannot
displace ethidium bromide from the CRE oligonucleotide
in a cell-free assay system (Supplementary Figure 3B)
indicating that surfen did not bind to the CRE DNA
element, but could interact with the basic leucine zipper
of CREB. Both inhibitors diminished the proliferation by
slowing down the cell cycle transition from the G1 to the
S phase (Supplementary Figure 3C). This effect was more
pronounced upon treatment with 666-15 than with surfen.
Both 666-15 and surfen lowered the metabolic activity of
HER-2/neu” cells, while 666-15 but not surfen diminished
the metabolic activity of NIH3T3 cells (Figure 6A).
Using specific fluorescence dyes we could show
that 666-15 treatment resulted in an accumulation of
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Figure 4: Regulation of the phosphorylation rate of CREB by glucose and FCS. (A) HER-2/neu” and shCREB derivatives
were cultivated in EMEM supplemented with different FCS concentrations, before apoptosis was measured by flow cytometry after annexin
V/PI staining as described in Materials and Methods. 5000 cells were measured per histogram and the experiment was independently
repeated two additional times. (B) HER-2/neu” cells were incubated with the indicated concentrations of FCS and the corresponding
phosphorylation rate of CREB (upper panel) and of total CREB (middle panel) were determined by immune blotting whereas the detection
of B-actin served as loading control. The blot represents one of two experiments. (C) HER-2/neu” and shCREB derivatives were cultivated
in RPMI with high (4.5 g/1) or low (0.5 g/1) glucose concentrations. The glucose content after addition of 10 % FCS was verified by DNSA
measurement. The apoptosis rate of the cells after 24 h cultivation was quantified as described in (A). Data are the mean value and error
bars from three experiments. (D) NIH3T3 and HER-2/neu* cells were cultivated under low and high concentrations of glucose, before the

corresponding phosphorylation rate of CREB was analyzed by Western blot as described in Materials and Methods. The blot represents
one of two experiments.
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Figure 5: CREB-mediated regulation of glucose uptake by Glut-1 expression and glycolysis. (A) Glycolytic activity was
measured by the extracellular acidification rate. At the indicated time points glucose, oligomyecin or 2-desoxyglucose (2-DG) was added.
Data represents four independent experiments with eight replicates. (B) Glycolytic capacity and reserve were calculated with the data from
(A). (C) Glucose uptake in NITH3T3 and HER-2/neu” cells as well as their shCREB derivatives was analysed under normoxic and hypoxic
conditions as described in Materials and Methods. Cells were seeded into 96 well plates with black walls in EMEM and were cultivated for
20 hunder normoxic or hypoxic conditions. The cells were washed twice with PBS and 0.1 mM 2-NBDG was added. After 20 min. the cells
were washed again with PBS and the plate was measured in a fluorescence ELISA at 485/525 nm. The experiment was repeated two more
times. (D) The Glut-1 expression in shCREB transfectants and parental cell lines was determined by qPCR. The results are expressed as bar
charts with mean and standard error from three independent experiments. The statistical analysis (between parental and shCREB cell lines)
in black is from the normoxic dataset, while the red symbols are from the hypoxic dataset. Expression data were normalized to the cell line
NIH3T3, which was set to “1”. (E, F) The concentrations of pyruvate (E) and citrate (F) in cell lysates under normoxia and hypoxia were
measured with colorimetrical tests. The results are expressed as bar charts with mean and standard error from four independent experiments
with two wells each. The statistical analysis (between parental and shCREB cell lines) in black is from the normoxic dataset, while the red
symbols are from the hypoxic dataset.
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Figure 6: Inhibition of the mitochondrial activity and increased amount of dysfunctional mitochondria by CREB
inhibitors 666-15 and surfen. (A) NIH3T3 and HER-2/neu” cells were incubated with 1 uM 666-15, 10 uM surfen or DMSO up to four
days. For each time point XTT reagent was added for four h to the cell culture medium and cells were incubated at 37°C. Absorption was
determined in 96 well plates with an ELISA reader. Data represents three independent experiments with three wells each. (B) The effect of
the CREB inhibitors on “mitochondrial mass™ and the mitochondrial activity was measured by staining the cultivated cells (24 h incubation
period with the inhibitors) with 100 nM MitoTracker green and 100 nM MitoTracker red for 30 min following flow cytometrical analysis.
5000 events are displayed in every histogram and the mean fluorescence value is given in the histogram. Green areas are the MitoTracker
green signals and the red filled histograms are the MitoTracker red signals. The contour plot shows the cells with dysfunctional mitochondria
(R2) and the red number is the percentage of these cells with more mitochondrial “mass™ (x axis) than mitochondrial activity (y axis). One out
of three independent dataset is shown. (C) HER-2/neu* cells treated with 666-15 or surfen for 24 h were stained with the dye JC-1 for 20 min
at 37°C and the complex formation was analyzed by flow cytometry. CCCP was used as a positive control to set the quadrants. The number
in the lower right quadrant is the amount of cells with a decreased mitochondrial potential. Histograms are from one of two independent
experiments.
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dysfunctional mitochondria in HER-2/neu” and NIH3T3
cells, while for surfen treatment this effect was only
detectable in the HER-2/neu-transformed cell line (Figure
6B). This accumulation of dysfunctional mitochondria
can be explained by the CREB-regulated “master switch
for mitochondrial biogenesis™ peroxisome proliferator-
activated receptor gamma coactivator la [32] or by the
loss of autophagy-related proteins ATGS and ATG7
(Supplementary Figure 4A), a mechanism that can
prevent mitochondrial dysfunctions in several cell lines
[40, 41]. Furthermore, under normoxia and hypoxia an
increased intracellular lactate level was determined in
HER-2/neu” shCREB cells (Supplementary Figure 4B).
This can be caused by dysfunctional mitochondria and
leading to an acidosis. Since pyruvate and citrate levels
were decreased upon CREB knock down, we analyzed the

levels of the metabolite acetyl-CoA. In both tested cell
lines the concentration of acetyl-CoA was was increased
when compared to the parental and to the vector control
(Supplementary Figure 4C).

Since a loss of mitochondrial membrane potential
was detected under treatment with both inhibitors (Figure
6C), the release of cytochrome ¢ and ROS into the
cytoplasm is suggested.

Detoxification mechanisms regulated by CREB

One of the CREB-regulated proteins identified to
be differentially expressed upon CREB down-regulation
was catalase, an enzyme involved in the detoxification of
hydrogen peroxide. Since oxidative stress can increase
CREB phosphorylation and activity, the effect of
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Figure 7: Effect of hydrogen peroxide and formaldehyde on CREB activity and viability. (A) HER-2/neu” cells were incubated

with 10 or 50 M H,0,

for the indicated time and phosphorylation of CREB, AKT and ERK was detected by Western blotting. Staining with

an anti-P-actin mAb served as a loading control. The picture shows one of two independent Western blots. (B) Hydrogen peroxide in the cell
culture supernatant was measured with the xylenol orange method and was compared to a standard curve. The red line indicates the starting
concentration of H,0, and the numbers are the remaining % of H,O, at each time point. Data are the mean values from two independent
experiments. (C) 80 % confluent cells were incubated with FL,O, or formaldehyde for 24 h and the dead cells were stained by adding 10 uM
acridin orange and 10 pM ethidium bromide after treatment. Cells were visualized with a fluorescence microscope. The bar represents 50
um. (D) Phosphorylation of CREB protein after long-term incubation with H,0, or formaldehyde (24 h) was detected by specific antibodies
as described in Materials and Methods. The experiment was performed three times and the blot is one representative picture.
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Figure 8: Regulation of detoxification enzymes by CREB. (A) The ROS status/cell was determined by flow cytometry after
staining with the ROS sensitive dye 2,7-DCFH. 10,000 cells were measured for one replicate. S\CREB cells are within the red bordered
area, while parental cells (NIH3T3 or HER-2/neu* cells) can be found in the violet area. Representative histograms from one of three
experiments are shown. (B) The mean 2.7-DCFH fluorescence intensity values of 2-ME treated cells was measured as in (A). The data
points represents three independent experiments. (C) Viability of NTH3T3, HER-2/neu” and their CREB down-regulated counterparts treated
with high concentrations of H,0, or formaldehyde for 2 h was measured with annexin V and PT staining. After staining 10,000 cells were
analyzed by flow cytometry and cell viability was compared to that of untreated cells. Columns represens mean values of three independent
experiments. (D) mRNA expression of catalase, esterase D and glutathione synthetase was determined in the cell lines. The red dashed line
indicates the mRNA expression in the parental cell lines (NIH3T3 or HER-2/neu”), while the columns represent the mRNA expression in
the CREB down-regulated cells. (E) Protein expression in NIH3T3 control cells (NC) and CREB down-regulated cells (shCREB) as well
as in HER-2/neu* cells was determined by Western blot using catalase specific antibodies. The Western blot is representative from one out
of three experiments. (F) Cell lysates were separated on native gels and catalase activity was visualized by a catalase specific staining. The
picture shows one experiment and was repeated thrice. (G) GSH concentrations in the cell lysates were determined using the glutathione
assay kit as described in Materials and Methods. The concentration was normalized to the protein concentration. Data represents mean
values of three independent experiments with two replicates.
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Figure 9: Inhibition of the metabolic and mitochondrial activities by hydrogen peroxide in HER-2/neu” cells. (A) The
lactate concentration in the cell culture supernatant of HER-2/neu” cells incubated for 24 h with the indicated H,0, concentration was
measured with an enzyme assay kit. A lactate standard was used for the calibration. Data represents two independent experiments with
three replicates per run. (B) Glucose uptake was determined fluorimetrically by cultivation of H,O,-treated cells for 15 min with 1 mg/
ml 2-NDBG. Fluorescence units were normalized to the DMSO control. Columns represent three replicates with three wells each. (C)
HER-2/neu” cells were incubated with the indicated concentration of H,0, for 24 or 48 h and the mitochondrial activity was measured
with XTT. Data represents two experiments with three replicates. (D) HER-2/neu” cells were incubated with the indicated concentration of
H,0, for 24, 48 or 72 h and ATP concentrations was analyzed by using the “CellTiter glo” system. Data represents two experiments with
three replicates. (E) The effect of 10 and 50 M H,0, for a 24 h cultivation period on the mitochondrial potential was determined by JC-1
staining and fluorescence analysis. The number in the lower right quadrant is the amount of cells with damaged mitochondrial membranes.
5,000 cells were measured for every dot plot. The histograms show one of three independent experiments. (F) Cleavage of the effector
caspase-3 was monitored by flow cytometry by using a cleavage specific antibody. 5,000 cells / sample were determined. The histogram
is representative and the experiment was repeated twice. M2 represents the cells with an activated caspase-3 and the percentage is given.
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different concentrations of H,0, on HER-2/neu” cells was
determined. While low concentrations (10 pM) increased
the CREB phosphorylation rate at Ser133, but not at
Ser121 during 4 h, high concentrations of 50 pM H,0,
significantly increased CREB phosphorylation after 30
min. to 4 h (Figure 7A). The phosphorylation rate of AKT
was strongly increased in response to exposure to 50 pM
H,0,. while the phosphorylation level of ERK reached the
maximal signal after a 4 h incubation period.

The most efficient detoxification of H,0, was
determined in the presence of 30 uM H,0,. Under these
conditions almost 90 % of H,O, was degraded after 2 h,
while at higher or lower concentrations more than 50 %
of the starting I1,0, levels remained still detectable in the
given culture supernatants (Figure 7B). Exposure to 50
uM H,0, significantly induced necrosis after 24 h (Figure
7C), which was absent at lower H,0, concentrations (data
not shown). Furthermore, incubation with formaldehyde
over the same time had no effect on the vitality of the
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cells. However, long-term intervals (24 h) exposure
resulted in increased phosphorylation rates of CREB
(Figure 7D) regardless of the type of toxic compound
(H,0,, formaldehyde).

Using the ROS sensitive dye 2,7-DCFH an
accumulation of ROS in CREB down-regulated cells and
in HER-2/neu” transformants was detected. which was
higher than that of parental NIH3T3 cells (Figure 8A). In
the presence of the HIF-1o inhibitor 2-ME an accumulation
of ROS was also found in HER-2/neu’ cells (Figure 8B).
CREB knock down decreased the cell viability in the
presence of H,O, but not of formaldehyde-treated cells up
to 60 % when compared to untreated cells (Figure 8C).
We therefore analyzed the mRNA expression of three
“detoxifying” enzymes important in cellular homeostasis:
catalase, esterase D, an enzyme an enzyme involved in the
detoxification of formaldehyde and glutathione synthetase,
which is an important antioxidant. Only catalase mRNA
expression levels were decreased in response to CREB

i by los
ondrial
membrane potential
can be blocked by

\ PPARG1a | pois

pyruvate » AC

LDH i CS

lactate

CcM

lactate secretion

»citrate cycle

mitochondria

Figure 10: Model for effect of CREB on glycolysis, mitochondrial activity and detoxification mechanisms. Solid lines are
reactions or reaction pathways, while dashed lines indicates mechanisms regulated by CREB.

Abbreviation used: CM =cytoplasma membrane, Glutl = glucose transporter, HK = hexokinase, G6PI = glucose-6-phosphosphate isomerase,
PFK = phospho-fiuctokinase, ALD = aldolase, TPI = triosephosphate isomerase, GAPDH = glycerin-3-phosphate dehydrogenase, PGK1
= phospho glycerate kinase, PGAM]1 = phosphoglycerate mutase, ENO = enolase, PKM2 = pyruvate dehydrogenase, LDH = lactate
dehydrogenase, AC = acetyl-CoA, CS = citrate synthase, PPARG1a = peroxisome proliferator activated receptor gamma, cat = catalase,

PRX4 = peroxiredoxin 4, bcl2 = B-cell lymphoma 2.
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down-regulation, while the mRNA expression levels of
esterase D was not altered (Figure 8D). The decreased
mRNA expression levels of catalase was accompanied by
diminished catalase protein expression (Figure 8E) and
consequently by a lower catalase activity (Figure 8F). In
addition, glutathione synthetase was 2.1-fold up-regulated
in CREB down-regulated HER-2/neu™ cells, but not in
the parental NIH3T3 cells. However, free glutathione
remained unaltered in all cell lines analyzed (Figure 8G).

Disturbation of glycolysis and mitochondrial
functions by ROS

Next, we tested the effect of H,0, as a ROS on the
glycolysis and the mitochondrial activity. In the culture
supernatant of H,0,-treated cells lower concentrations of
lactate was detectable than in the DMSO control (Figure
9A). Furthermore, H,O, reduced the uptake of glucose as
determined using the glucose analogue 2-NBDG (Figure
9B). Both mechanisms were concentration dependent. This
led to lower metabolic activity (Figure 9C) and reduced
ATP production (Figure 9D), which was not only due
to a decreased cell proliferation (Supplementary Figure
5). However, higher concentrations of H,0, decreased
mitochondrial membrane potential (Figure 9E), as well as
induced the cleavage of caspase-3 (Figure 9F).

DISCUSSION

Major advances have been made in our
understanding of the molecular mechanism of CREB
function in malignant transformation and its association
with hypoxia [17], but so far there exists only little
information about the role of CREB in modulation of the
cellular metabolism. Therefore, the aim of this study was
to determine the effects of CREB and/or hypoxia-induced
pathways on the cellular metabolism. Using 2-DE-based
proteomic profiling of HER-2/neu* versus HER-2/meu*
shCREB cells differentially expressed proteins were
identified mainly involved in cell metabolism and localized
in the cytoplasm. In particular, the expression of proteins
associated with the glycolysis was altered. Validation
of the CREB-regulated genes revealed in some cases a
coordinated down-regulation of the respective mRNA and
protein expression levels, while e.g. PGK 1 transcription
remained unchanged upon CREB modulation, but altered
at the protein level suggesting a posttranscriptional
control. Thus, metabolic changes mediated by CREB
seem to occur at both the transcriptional as well as at
the posttranscriptional level. In this context it is also
noteworthy that hypoxia could lead to posttranslational
modifications of CREB [32]. The increased glycolysis of
HER-2/neu” cells was in accordance with the neoplastic
properties of these cells. Different phosphorylation of
CREB serine residues can affect metabolic enzymes, like
PEPCK [42].

The altered metabolism due to HER-2/neu-
controlled CREB overexpression modulates the TME.
High lactate concentrations and low pH values were
found in the supernatant of HER-2/neu” cells, which
might affect the anti-tumoral immune response. Indeed,
acidic pH values could negatively interfere with the
activity and function of effector T cells, dendritic
cells as well as NK cells [43]. Furthermore, the direct
influence of CREB on the cellular metabolism was
strengthened by altered intra-cellular LDH levels. LDH
representing the key enzyme of the glycolytic cascade
and converting pyruvate to lactate is a CREB target [44].
Up-regulation of LDH levels led to an increased aerobic
glycolysis, while CREB knock down not only reduced
LDH levels in our HER-2/neu model system, but also
in breast cancer [45]. The activation of the MEK/ERK
pathway by HER-2/neu increased the CREB binding
to the CREB-binding site (CRE) in the LDH promoter
leading to its transcriptional up-regulation [46].
Furthermore, loss or reduced LDH expression abrogated
cell proliferation in vitro and tumor formation in vive in
particular in triple negative mammary carcinoma [47],
while high levels of LDH expression could be associated
with poor patients’ outcome and inhibition of immune
surveillance [48].

Comparative analysis of HER-2/neu” and HER-2/
neu” shCREB cells demonstrated that CREB suppression
correlated with an increased respiration and respiratory
reserve. Thus, CREB-controlled altered metabolism was also
associated with a reduced sensitivity to undergo apoptosis
since HER-2/neu’ cells were able to grow under limited
serum and glucose concentrations. This could be even further
altered under hypoxic conditions leading to pronounced
changes of the intracellular lactate dehydrogenase levels,
extracellular lactate concentrations as well as extracellular
pH values. [n silico analysis of the transcriptional profile
of chronic myeloid leukemia cells, in which CREB was
knocked out demonstrated an upregulation of genes involved
in tumor initiation and progression as well as in hypoxic
signaling [49]. Since tumors with a higher glycolytic rate
were associated with a worse prognosis accompanied by
a poor clinical outcome of patients [48, 50], targeting of
metabolic pathways might become an attractive therapeutic
approach to treat cancer patients.

Increased ROS accumulation could be caused
by mitochondrial dysfunction through the endoplasmic
reticulum [51]. Furthermore, decreased mitochondrial
activity implemented by mitochondrial dysfunction
could activate CREB [52], which could in turn promote
mitochondrial biogenesis [32]. Therefore, we tested whether
oxidative stress like hydrogen peroxide could induce CREB
activity in vitro. By upregulation of the AKT pathway the
phosphorylation of CREB at Ser 133 was increased. Similar
results were reported in a PKA-independent pathway
by Pregni and co-authors [53] in neuronal cells, while
treatment of melanoma cells with H,0, increased CREB
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expression by the cAMP/PKA pathway [54]. Furthermore,
H,0, could stimulate phosphorylation of CREB by
AKT thereby promoting mitochondrial respiration and
biosynthesis [55], while the expression levels of esterase
D (formyl glutathione hydrolase), an enzyme important
for formaldehyde detoxification and upregulated by K-Ras
mutations in murine fibroblasts [ 56], were not altered under
these conditions.

CREB supports metabolism in several ways: First
it can up-regulate the expression of Glut-1, therefore
increasing uptake potential of glucose and intracellular
glucose levels. Second, it can positive regulates some
glycolytic enzymes (PKM?2, TPI, alpha-enolase). Third it
can enable mitochondrial respiration and biogenesis under
stress conditions like hypoxia and ROS, therefore allowing
a better survival of tumor and tumor cell (Figure 10).

However, further research is required for better
understand the role of TFs, like CREB, in the mitochondria
and their effect on the regulation of the cellular
metabolism and oxidative stress under physiologic, but
also pathophysiologic conditions [57].

MATERIALS AND METHODS

Cell culture, hypoxia, drug treatment and
glucose uptake

The generation and culture conditions of HER-2/
new NIH3T3 cells, their HER-2/neu” derivative and their
respective CREB variants have been recently described
[11, 34]. HER-2/neu-overexpressing cells with high levels
of pCREB were termed HER-2/neu” cells, HER-2/neu”
cells, in which CREB was down-regulated by shCREB
were termed HER-2/neu* shCREB cells.

For determination of the impact of FCS and glucose
concentrations on the cell growth, cells were cultivated in
1-10% FCS and 0.5 — 4.5 g/l glucose, respectively.

For hypoxia induction, cells were incubated in
a 1% (v/v) O, 5% (v/v) CO, atmosphere at 37°C for
the indicated time spans [32]. Normoxic controls were
cultured using standard conditions.

Cells were treated for 24 — 48 h with different
inhibitors (HIF-lo inhibitor 2-methoxyestradiol, CREB-
CBP inhibitor 666-15 (Tocris), CREB-CRE inhibitor
surfen (Sigma), proton pump inhibitor Esomeprazole) and
toxic components (H,0,, formaldehyde). Cytotoxicity of
the substances was analyzed by treatment of cells with
increasing concentrations of these inhibitors to determine the
IC,, value by using the cytoto assay kit (Promega). Glucose
uptake was determined as recently described in detail [58].

RNA isolation, cDNA synthesis, qPCR

Total cellular RNA from 5 x 10° cells/sample was
extracted and subjected to qPCR analysis as recently
described [11]. The specific primer sequences and PCR
conditions used were provided in Supplementary Table

1. Relative expression levels were calculated according
to the ACt method and normalized against f-actin and/
or GAPDH as internal controls. Three independent
experiments were performed.

Protein isolation, western blot analysis and
CREB ELISA

Total protein was isolated from 5 x 10¢ cells/sample
and the resulting lysates subjected to Western blot analysis
as recently described [11] using the panel of antibodies
listed in Supplementary Table 2. Blot membranes were
stripped with 2.5 M glycine (pH 2) for 15 min. and were
then re-probed with a new antibody after re-blocking
with skim milk. For data analysis, three independent
experiments were used.

The loss of CREB phosphorylation and protein was
further quantified with a CREB specific ELISA system
(Cayman). 10 pg total protein were incubated with the
antibody coated plates for 1 h at 25°C before CREB
phosphorylation and CREB protein expression were
determined by adding the primary antibody. After three
washing steps the samples were incubated with the HRP-
linked secondary antibody for 30 min., washed three times
and reaction was started by adding TNB substrate. After
30 min. the reaction was stopped with 1 mM acetic acid
and absorption was measured af 490 nm. Three biological
samples with three reactions were measured with each cell
line.

Flow cytometry

Cells were harvested after cultivation for 24 h under
normoxia or hypoxia, respectively, and then stained for
20 min. with an anti-HER-2/neu-PE-conjugated (Becton
Dickinson) antibody or with the IgG1-PE conjugated
isotype control (BD), respectively, as recently described
[39]. Fluorescence intensity was determined by flow
cytometry on a FACSCalibur (BD). The results were
expressed as mean specific fluorescence intensity (MFI)
of three independent experiments.

For measuring the mitochondrial mass and the
mitochondrial activity per single cell, the fluorescent
dyes MitoTracker green (Cell signaling) staining the
mitochondrial membrane, and MitoTracker red CFXRos
(Invitrogen), which changed to a fluorescent dye under
mitochondrial activity, were used. Cell pellets were
resuspended in PBS supplemented with 100 nM of both dyes
and then stained for 30 min. at 37°C in the dark. Cells were
washed with PBS and directly analyzed by flow cytometry.
Three biological replicates were used for every condition.

Determination of apoptosis and caspase-3
activation

Annexin V - propidium iodide staining was used for
the detection of apoptotic and necrotic cells as previously
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described [11]. For fluorescence analysis, 10 uM acridine
orange and 10 pM ethidium bromide were added to the
given cell culture. After a 10 min incubation period the
samples were analyzed by fluorescence microscopy using
both green / red filter settings. Three biological replicates
with three biological replicated each were photographed.

To determine the caspase-3 activation through
cleavage, the FITC Active Caspase-3 Apoptosis Kit (BD)
was used following the manufacturer’s instruction. Briefly,
2.5 x 106 cells were fixed in 500 pl cytofix/cytoperm
at 4°C for 30 min., and then washed once with 1 ml
cytowash, before they were stained in 100 pl cytowash
and 10 pl anti-active-caspase-3-FITC for 30 min. After
one additional washing step, 1x10° cells/sample were
analyzed on a FacsCalibur (BD). The experiment was
independently repeated twice.

Determination of I1,O, concentrations and
enzyme activities

The concentration of H,0, in the culture media was
determined by the xylenol orange-Fe** method described
by Gay and co-authors [60]. The enzymatic activity of
PKM in cell lysates was measured by the method of Tietz
and Ochoa [61]. 100 pl cell lysate were incubated with
reaction puffer (50 mM Tris HC1 pH 7.5, 4 mM MgCl,,
75 mM KC1, 0.2 mM ADP, 1.5 mM PEP, 0.2 mM NADH,
12 U/ml LDH) for 5 min. at room temperature. The
reaction was started by addition of pyruvate kinase (end
concentration 0.3 U/ml) and the absorbance change at 340
nm was recorded for 5 minutes.

Activity of prolyl endopeptidase was determined
fluorometrically by the cleavage of the substrate Z-glycyl-
prolyl-4-methylcoumarinyl-7-amide as described by
Goossens and co-workers [62] with the following
modifications: 100 pl of cell lysate were diluted with 100
pl incubation buffer (100 mM KH,PO, pH 7.4, 100 uM
NaN,, | mM DTT, 1 mM EDTA). Next the samples were
incubated for 15 min. at 37°C and 10 ul of substrate was
added (5 mM in DMSO). After incubation for 2 h in the
dark at 37°C 500 pl 1.5 mM acetic acid were added and
mixed. Fluorescence was analyzed with an ELISA reader
(Tecan) with A_ 370 nm and A_, 440 nm.

PGAMI1 activity was measured following the
protocol published by Hallows and co-authors [63].

TPI enzyme activity in cell lysate was analyzed by
adding 2 ml reaction buffer (220 mM triethanolamine HCI,
pH 7.6, 3 uM DL-glyceraldehyde-3-phosphate, 0.26 M
NADH, 50 mU glycerol-3-phosphate dehydrogenase, 0.2
U/ml triose phosphate isomerase) to 100 ul of cell lysate.
The decrease in absorbance at 240 nm was recorded by a
spectrometer.

PGK activity was determined by ATP formation:
100 ul cell lysate were mixed with 50 mM potassium
phosphate, 5 mM 1,3-bisphosphoglycerate, 1 mM ADP, 5

mM CaCl,. The formation of Ca,(PO,), was measured by
340 nm after incubation by 25°C for 15 min.

For determination of the PRX 4 activity the protocol
from Nelson and Parsonage [64] was used.

The enzymatic activity was normalizied to the total
protein concentration in the cell lysate. All experiments
were performed with three cell preparations.

Extracellular flux assays

Bioenergetics of CREB down-regulated and CREB
expressing HER-2/neu* and HER-2/neu control cells were
determined using the XF96e Extracellular Flux analyzer
(Seahorse Bioscience) as recently described [65]. Briefly,
2x10° cells/well were reseeded in specialized tissue
culture plates (96FX micro well plate) and subsequently
immobilized using CELL-TAK (BD Biosciences). One
hour prior measurement, cells were incubated at 37°C
in a CO,-free atmosphere. First, the basal extracellular
acidification rate (ECAR), as an indicator for lactic acid
production or glycolysis, was recorded. In the next step
ECAR in response to the application of 1 pM oligomycin
(XF Cell Mito Glyco Test Kit, Seahorse Bioscience) as
well as 10 mM glucose was evaluated. All experiments
were performed in four independent experiments with at
least hexaplicates.

Determination of lactate, pyruvate, citrate levels,
acetyl-CoA and glucose concentrations in cell
culture supernatants and cell lysats

The amount of lactate in 100 pl cell culture
supernatants was analyzed with a lactate detection kit
(Sigma) according to the manufacturer’s instructions in
a 96 well plate format. The deproteinated samples were
measured at 570 nm in an ELISA reader (Tecan) after
enzymatic reaction. Three independent experiments were
performed using three technical replicates in each run and
the results were expressed as mean + SD using bar charts.

For the detection of pyruvate and citrate in cell
lysates commercial kits (Biovision) were used following
the manufacturer’s protocol. Samples and standards were
measured with an ELISA reader as described above.

Acetyl-CoA was measured fluorimetrically with
an acetyl-CoA assay kit following the manufacturer’s
instructions (Sigma).

The amount of glucose in the culture medium
was controlled with the DNSA method as described by
Miller [66].

Proliferation and cell cycle analysis

Proliferation of treated cells was determined by
measuring the DNA synthesis with the cell proliferation
ELISA, BrdU (colorimetric) kit (Roche). 5 x 10* cells
were seeded per 96/well and were treated with or without
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H,0,. The inclusion of BrdU was analyzed following the
manufacturer’s instructions. Three biological replicates
with three biological sample each were analyzed at an
ELISA reader (Tecan).

For cell cycle analysis the DNA content per cell
was measured as described previously [11]. Briefly, after
synchronization of the cells by serum deprivation (0.5%
FCS) for 48 h, cells were incubated with media containing
inhibitors and 10% FCS for the indicated time span. The
cells were fixed after harvesting in 70% ethanol for at least
24 h by 4°C, following the isolation of nucleus by washing
once with PBS, 0.5% tween 20 and then PBS. 0,5% tween
20 and 100 mM citrate. RNA was digested with RNase A
treatment and DNA was stained with 0.1 mg/ml PI. DNA
content was measured with a FacsAria ITI (BD) with three
biological replicates for each condition.

CREB — DNA binding analysis

Binding of CREB to the CRE DNA element was
analyzed by an EMSA. Nuclear extracts of HER-2/neu”
cells were incubated with a biotinylated oligonucleotide
(TGACGTCA) and the testing substances as described by
Bukur and co-authors [59].

Furthermore, the ethidium bromide displacement
assay was used to determine whether surfen interacts with
the CRE element and therefore prevents binding of CREB
or whether surfen binds to the CREB protein. The assay was
conducted as published in Rishi and co-workers [67] for three
times independently. The following hairpin oligonucleotids
were used: TGACGTCAAAAAATGACGTCA (CREB),
TGACTCAAAAAATGACTCA (AP1), TTAATTAAAAAA
ATTAATTAA (AT rich), GGCCGGCCAAAAAGGCC
GGCC (GC rich).

Detection of reactive oxygen species (ROS)

Cells were incubated in 10 pM 2',7'-dichlorodihyd
rofluorescein diacetate (2,7-DCFH) for 15 min. at room
temperature and then were washed twice with PBS.
Fluorescence intensity was analysed by flow cytometry
(BD) as recently described [68].

Determination of glutathione levels

The glutathione levels were determined using the
GSH/oxidized GSH ratio kit (Calbiochem) as previously
described [56]. Briefly. 1 x 105 cells were incubated for
48 h, washed twice with PBS, scratched of the plates and
resuspended in 100 ul PBS. After cell lysis obtained by
6 cycles of freezing and thawing 900 pl 5 % (w/v) meta
phosphoric acid/sample was added. 50 pl of the cell
supernatant was analyzed according to the manufacturer’s
instructions at 412 nm in a spectrometer (Merck). The
amount of glutathione was correlated to the protein
concentration determined with the bicinchoninic acid kit
(Thermo).

Catalase activity staining

Catalase staining was performed according to
Weydert and Cullen [69]. 150 pg non-denaturated total
protein lysate was separated with a native 8 % PAGE
gel in a cold room (6°C) at ~40 mA for 6 to 8 h. After
electrophoresis the gel was washed with aqua dest. and
incubated for 10 min by RT in 0.03 % H,0,. After washing
twice with aqua dest. the gel was stained in 2 % (w/v)
FeCl, and 2 % (w/v) K [Fe(CN),]) until clear bands
appeared. Finally, the gels were extensively washed with
water and documented with a gel scanner. Four single
protein lysates were used for every condition.

Intracellular pH measurement

1 x 106 cells were stained with 0.1 yM BCECF-AM
for 30 min. at 4°C and washed twice with culture medium.
1 x 10* cells/well were seeded into a black 96 well plate
with a clear bottom and incubated at 37 °C for 24 h under
normoxic or hypoxic conditions. The fluorescence intensity/
well was determined in a fluorescence reader (Tecan,
excitation wavelength 480 nm, emission wavelength 535
nm). For the analysis of pH stability and the regeneration
time under normoxia, the fluorescence intensity was
monitored for one h. For the standard curve the cells were
incubated in buffer with known pH whereas nigericin-KCl
(25 pM and 125 mM) was used for permeabilization.

2D gel electrophoresis, spot digestion and mass
spectrometry

For determination of the differential protein
expression pattern upon CREB down-regulation, 2-DE-
based proteome analysis followed by mass spectrometry
was performed as recently described [58]. Three
biological replicates with four to six technical replicates
(gels) were used for proteome analysis. Coomassie
stained gels were documented with a gel scanner and
gel pictures were compared with the Delta2D software
(Decodon). The cut-off for up and down-regulation
of protein spot was < 0.5 and > 2.5. Putative CREB-
regulated proteins were cut-out with an automatic spot
picker (Spothunter, Herolab) and prepared for MALDI
TOF/TOF-MS with a o-cyano-hydroxycinnamic acid
matrix. MS data were identified with the Mascot
database. Protein spots with a score value higher than 55
and found in all three biological replicates were used for
further validation processes.

Statistical analysis

Differences between groups were analyzed by
Mann-Whitney test, Student’s t test or ANOVA as
appropriate. Data are expressed as mean = SD and the
corresponding p values reported are 2-sided. Significance
was accepted if p values were < 0.05 (). The statistical
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analysis of the graphs and tables compares the CREB
diminished cells with their parental cell lines (NIH3T3 or
HER-2/neu*) if nothing else is stated in the figure legend.
For the analysis of putative CRE regions in the listed
gene promoter sequence the CREB target gene database
(natural.salk.edw/CREB/) was used [70].
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5 Diskussion

Das Institut fir Medizinische Immunologie der Martin-Luther-Universitat Halle-Wittenberg
beschaftigt sich seit vielen Jahren mit dem Vergleich des Proteoms von NZK-Zelllinien mit
Zelllinien von korrespondierendem Nierenepithel dieser Patienten!?1:122172-177 Etwa 80 % der
kzNZK weisen dabei einen Funktionsverlust des Tumorsuppressors VHL durch
Promotormethylierung, Missense-Mutationen oder Deletionen in der Chromosom 3p-Region
auf, was mit einem verminderten Abbau des sauerstoffabhangigen Transkriptionsfaktors HIF
und der verstarkten Aktivierung des Transkriptionsfaktors CREB einhergeht. Die
vorangegangen 2D-Gel-Analysen des Instituts und anderer Arbeitsgruppen zeigten bereits,
dass im NZK haufig Proteine des Zellmetabolismus dereguliert vorliegen?1:122173.176.178.179 Rje
angefertigte Dissertation sollte deshalb den Einfluss der VHL-Funktion und Hypoxie sowie der
Transkriptionsfaktoren HIF und CREB auf die Veranderungen im Zellmetabolismus in
verschiedenen in vitro-Modellsystemen untersuchen. In Abbildung 5 sind die wesentlichen
Untersuchungen der zusammengefassten Manuskripte schematisch dargestellt. In den
folgenden Abschnitten werden die publizierten Ergebnisse mit der aktuellen Literatur diskutiert.
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Abbildung 5: Schematische Ubersicht der publizierten Untersuchungen zu den VHL-, Hypoxie-,
und CREB-abhéangigen Veranderungen im Zellmetabolismus.

AS, Aminosaure; ATP, Adenosintriphosphat; CREB, Cyclic adenosin monophosphate response
element-binding protein 1; GAP, Glycerinaldehyd-3-phosphat; FS, Fettsdure; ROS, reactive oxygen
species; TCA, tricarbonic acid; VHL, Von Hippel-Lindau-Protein. Die durchgefihrten Analysen zur
Untersuchung der O VHL-Defizienz, =) Hypoxie oder [J CREB-Uberexpression wurden jeweils farbig
markiert.

5.1 Diskrepanz und Konvergenz des VHL-, CREB-, und Sauerstoff-gesteuerten
Expressionsmusters

In vorangegangenen Studien der VHL-abh&ngigen Expressionsveranderungen im NZK wurde

hauptséchlich die Destabilisierung des Transkriptionsfaktors HIF, welche als Hauptfunktion

von VHL beschrieben ist, untersucht. Haufig wird dabei der Verlust des funktionellen VHL-

Proteins mit einem ,pseudohypoxischen“ Zustand gleichgesetzt®’. Die Ergebnisse der

Manuskripte 1 und 2 zeigen jedoch, dass der Verlust des funktionellen VHL-Proteins nicht mit

hypoxischen Verhéltnissen gleichzusetzen ist. Unter den verwendeten Bedingungen wurden
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662 Transkripte identifiziert, welche sauerstoffunabhangig durch VHL reguliert vorlagen
(Manuskript 1). Dabei waren das Transkript Nidogen 2 (NID2) mit einer 60-fachen Reduktion
und die Rat sarcoma (RAS)-assoziierte GTPase (RAB)31 mit einer 25-fach gesteigerten
Expression am starksten VHL-abhangig reguliert. RAB31-Uberexpression ist bisher als
prognostischer Marker fur Brust-182181 ' Magen-182, Pankreas!®®- und Leberzellkrebs!8* bekannt
und mit einem reduzierten metastasenfreien Uberleben sowie mit einem kirzeren
Gesamtiuberleben der Patienten assoziiert. Somit konnte RAB31 ein wichtiges HIF-
unabhangig reguliertes Zielprotein in der Therapie des NZK darstellen.

Das Glykoprotein NID2 bildet eine der ubiquitaren Hauptkomponenten der Basallamina und
fungiert als Verbindungsprotein zwischen dem Laminin- und dem Kollagennetzwerk'®. Dabei
zeigen Nidogen-Knock out-Mause keine Veranderungen in der Nierenbasallamina'®®. Weitere
Arbeiten haben den Promotor des NID2-Gens bei Magenkrebs bis zu 95 % methyliert
nachgewiesen, was zu einer stark verminderten Expression im Tumor fuhrt!®’. Eine mittels
TCGA-Daten erstellte Kaplan-Meier Uberlebenskurve!®® (Anhang Abbildung 1A) zeigt, dass
eine niedrige NID2-Expression mit einem kirzeren Patiententberleben im kzNZK assoziiert
ist (p=0,009). Da NID2 in das humane Serum sezerniert wird, stellt dieses Protein einen
zukunftsweisenden Marker fur die Prognostik und Diagnostik des VHL-defizienten kzNZK dar.
Dieses Ergebnis wird zusatzlich durch die Tatsache unterstiitzt, dass NID2 bereits als
diagnostischer Marker fir Leberzellkrebs dient®®,

Weiterhin wurden 194 VHL-unabh&ngige Hypoxie-regulierte Zielgene identifiziert, was darauf
hinweist, dass die Inkubation unter Hypoxie zusatzlich HIF-unabhangig gesteuerte Funktionen
aufweist, die in die Betrachtungen der Krankheits- bzw. Tumorentwicklung einbezogen werden
sollten. Manuskript 3 zeigt unter Hypoxie eine verstarkte Phosphorylierung des
Transkriptionsfaktors CREB am Serinrest 133, aber nicht am Serinrest 121. Das dieser
Zustand HIF-bedingt ist, wurde mittels eines HIFla-Inhibitors untersucht. Diese Daten
beweisen, dass die Hypoxie-Induktion mittels HIF-Stabilisierung zusatzlich indirekt weitere fir
die Tumorentwicklung essentielle Transkriptionsfaktoren wie CREB aktiviert. CREB spielt
unter anderem eine Rolle in der Progression zahlreicher Tumorentitéten00.101.103-105,107.190 \yjg
auch des kzNzK*!1191 Zysatzlich wurde bereits in anderen Arbeiten gezeigt, dass eine HIFla-
Stabilisierung die CREB-Aktivierung verstarkt®192-1% AuRerdem interagiert HIF direkt mit dem
CREB-bindenden Protein (Abbildung 2). Die Ergebnisse des Manuskriptes 3 zeigen, dass
neben der erh6hten CREB-Aktivierung durch Phosphorylierung am Serinrest 133 ebenfalls die
Lokalisation, Ubiquitinierung und SUMOylierung des Proteins unter hypoxischen Bedingungen
verandert ist. Weiterhin ist die Hyperphosphorylierung von CREB unter Hypoxie beschrieben,
welche zum proteasomalen Abbau des Transkriptionsfaktors fiihrt'%. Unter Sauerstoffmangel
ist CREB bis zu 30 % auRRerhalb des Zellkerns lokalisiert, wobei dies mit einer gesteigerten

mitochondrialen Lokalisation und einer verstarkten Bindung zum D-Loop der mitochondrialen
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DNA einhergeht (Manuskript 3). Zusatzlich wurde bereits gezeigt, dass CREB unter Hypoxie
die zellulare Invasivitat steuert!®*. Zusammenfassend lassen diese Daten darauf schlieRen,
dass es eine grole Konvergenz im VHL-Defizienz-, Hypoxie— und CREB-gesteuerten
Expressionsmuster gibt. Ebenfalls existieren unabhéngig voneinander regulierte Prozesse,
welche in den folgenden Abschnitten detailierter betrachtet werden sollen.

Mittels 2D-Gel-Analysen wurde die VHL-, CREB-, und Hypoxie-gesteuerte Proteinsignatur in
verschiedenen Zellsystemen untersucht (Manuskript 1, Manuskript 2, Manuskript 4). Dabei
zeigte sich, dass die prominenteste Gruppe der beeinflussten Proteine funktionell am
Zellmetabolismus beteiligt ist (VHL 30 %, Hypoxie 38 %, CREB 35 %).

Nur wenige der differentiell exprimierten metabolischen Enzyme konnten als HIF2a-Zielgene
identifiziert werden. Im NZK ist haufig HIF1a nicht exprimiert, wahrend HIF2a die tumorigene
Entwicklung der Zellen vorantreibt. Die verwendete kzNZK-Zelllinie besitzt ebenfalls keine
HIF1la-Expression. Da die HIF-Ubiquitinierung und der damit verbundene proteasomale
Abbau des HIF-Proteins gleichermal3en durch VHL-Defizienz oder Hypoxie gehemmt wird,
wurden die HIF2o-Zielgene durch die kontrare Expression nach VHL-Transfektion versus
Hypoxie-Inkubation nachgewiesen. Eines dieser identifizierten HIF2a-Zielgene, welches am
Zellmetabolismus beteiligt ist, stellt die Transglutaminase (TGM) 2 dar (Manuskript 1,
Supplementary table 6). Diese Protein-Glutamin-y-Glutamyltransferase wurde bereits von
Wykoff et al. als Hypoxie- und VHL-abhangig differentiell exprimiert beschrieben®®. Die
Transglutaminasefunktion der TGM2 Kkatalysiert den Transfer eines Acylrestes von
proteingebundenen Glutaminresten auf primare Amine. Wenn an dieser Reaktion neben der
y-Glutamylgruppe der Aminosaure Glutamin auch die e-Aminofunktion eines
proteingebundenen Lysinrestes beteiligt ist, kommt es zu einer intra- oder intermolekularen
Vernetzung von Proteinen durch Ausbildung einer Isopeptidbindung®®’. Die TGM stellt damit
stabile Querverbindungen innerhalb oder zwischen Proteinen her, welche nicht durch
Proteasen gespalten werden kénnen!®®. Die Gewebsglutaminase TGM2 hat auRerdem nicht
nur die Funktion der posttranslationalen Proteinmodifikation, sondern ebenfalls zahlreiche
weitere intra- und extrazellulare Funktionen'®®2%° (Abbildung 6). Dabei liegt das
calciumabhéngige Enzym normalerweise inaktiv im Zytoplasma vor und wird durch Stress,
Trauma oder Entziindungsprozesse aktiviert?®?, TGM2 kann zusétzlich im Zellkern, in der
Plasmamembran oder im extrazellularen Raum lokalisiert sein!®®292, Entziindungsprozesse
spielen haufig in der Tumorentwicklung, Invasion und Metastasierung eine progressive
Rolle?%32%4 Dabei geht eine gesteigerte TGM2-Expression in Tumorzellen mit erhohter
Metastasierung, Therapieresistenz und kiirzerem Patiententberleben einher, was bereits fur
verschiedene Tumorentitaten, wie das Pankreaskarzinom?°®, Brust-2°¢, Ovarial-2°" und nicht-
kleinzelligem Lungenkrebs?®® sowie das maligne Melanom?®®, Glioblastom?!® und NzZK?!1212,

beschrieben wurde. Die Auswertung von TCGA-Daten weisen auf ein verringertes Uberleben
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von kzNZK-Patienten mit hoher TGM2-Expression hin (Kaplan-Meier Uberlebenskurve,
Anhang Abbildung 1B). TGM2 steuert auRerdem die epithelial-mesenchymale Transition
(EMT)#%215 Ku et al. zeigten, dass die Induktion der TGM2-Expression den
Tumormetabolismus mittels Reduktion der Aconitase-Expression im NZK beeinflusst?!6. Die
mitochondriale Aconitase katalysiert im TCA-Zyklus die Umwandlung von Citrat zu Aconitat.
Citrat dient ebenfalls der Fettsdure- bzw. Cholesterol-Biosynthese (Kapitel 5.5). Weiterflihrend
wird die TGM2 in seiner geschlossenen GTP-gebundenen Form Dbereits als

Tumorstammzellmarker beschrieben?'’.
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Abbildung 6: Funktionen der TGM2.
TGM2 fordert oder hemmt verschiedene zellulare oder extrazellulare Funktionen abhangig von seiner
Lokalisation und den Stressbedingungen. Verschiedene Entziindungs- oder Stresssignale erhéhen die
TGM2-Expression (1). Unter Normalbedingungen (niedrige intrazelluldre Calciumkonzentration) liegt
TGM2 in einer kompakten, katalytisch inaktiven Form vor. In dieser Form werden die katalytisch
unabhangigen Funktionen der TGM2 direkt durch die Bindung von GTP und der damit assoziierten
Aktivitats-, Stabilitdts- und Funktionsénderung oder indirekt Uber die Induktion der Genexpression
gesteuert (2). Extreme Stress- oder Traumabedingungen erhéhen die intrazellulare
Calciumkonzentration (3), was zur katalytischen Aktivierung von TGM2 fiihrt (4). Katalytisch aktives
TGM2 induziert die Vernetzung von zellularen Proteinen und begtnstigt den Zelltod (5). In den
extrazellularen Raum sezerniert, vernetzt katalytisch aktives TGM2 die Proteine der extrazellularen
Matrix (EZM), was zu einer Stabilisierung und damit zur verstarkten Zelladh&asion bzw. —motilitat fihrt
(6). ROS, reaktive Sauerstoffspezies; TGF-f3, Transforming growth factor 8; NFkB, nuclear factor k-light-
chain-enhancer of activated B cells; GTP/GDP, Guanosintriphosphat /Guanosindiphosphat. Verandert
nach Mehta et al., 2010218

Kontrare TGM2-Level wurden sowohl auf mRNA- als auch auf Proteinebene in der NZK-
Zelllinie 786-0 validiert (Abbildung 7). In weiteren Analysen zeigte sich eine Induktion der

TGM2-mRNA in 7 NzK-Zelllinien nach Inkubation unter einer verminderten
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Sauerstoffkonzentration (1 % O, 24 h). Die verstarkte TGM2-Expression korrelierte mit der
HIF2a-Proteinmenge bzw. der Fahigkeit zur Hypoxie-Induktion der Zellen (Abbildung 8).
Zusatzlich konnte eine TGF-B-induzierbare Hochregulation sowie eine verstarkte Expression
in Sunitinib-adaptierten Kolonkarzinomzelllinien und einer Melanomzelllinie (Daten nicht
gezeigt) im Vergleich zu den Sunitinib-sensitiven Zellen nachgewiesen werden. Sunitinib ist
ein TKI, welcher hauptsachlich gegen die Aktivitat des VEGF- und PDGF-Rezeptors gerichtet
und in der Therapie des metastasierenden NZK zugelassen ist. Interessanterweise zeigten
Huang et al., dass Sorafinib, ein TKI mit &hnlichem Wirkspektrum, die Proliferation, Migration
und Invasion von NZK-Zellen Uber die Reduktion der CREB-Phosphorylierung inhibiert?°,
Grundsatzlich steigert TGM2-Expression die HIF1a-Expression??° und die Phosphorylierung
von CREB am Serinrest 133 Uber den Abbau der Serin-Threonin-Phosphatase PP2A-a, was
zum Anschalten CREB-gesteuerter EMT-Gene wie der Matrixmetalloproteinase (MMP) 2
fuhrt?2!, Diese zusatzlichen Ergebnisse und die funktionelle Komplexitat dieses Enzyms in der

Tumorentstehung beweisen seine Eignung als zukunftiges therapeutisches Ziel im kzNKZ.

A) B)
1.8 4
1,6 4
< 144 +
2 " 786-0 Vektor VHL
DE: 12 4 HyDoxi
: ypoxie - + - + - +
N 4 y
oz e St N — 0
[
g akin e g e o - 202
E 04 4
0,2
0,0 +

786-0  Vektor VHL* 786-0 Vektor VHL*

Normoxie Hypoxie

Abbildung 7: Validierung der TGM2-Transkript- und Proteinmenge unter Normoxie und Hypoxie.
Mittels 2D-Gel Analysen wurde eine VHL-abhéngig herunterregulierte TGM2-Proteinmenge detektiert
(Manuskript 1). Zur Validierung der Ergebnisse wurde die TGM2-mRNA-Expression mittels quantitativer
Echtzeit-PCR (gPCR) (A) sowie die Proteinmenge mittels Immunoblotanalysen (B) bestimmt. Dabei
wurde die VHL-defiziente NZK-Zelllinie 786-0 mit einem Leervektor (Vektor) und einem VHL-
Uberexpressionskonstrukt (VHL*) stabil transfiziert. Die VHL-negativen (786-0, Vektor) und VHL-
positiven (VHL*) NZK-Zellen wurden fiir 24 h unter Normoxie (21 % O2) oder Hypoxie (1 % O3) inkubiert
und anschlielBend, wie im Material und Methodenteil des Manuskriptes 1 beschrieben, die mRNA-
Expression und das Protein detektiert. Die qPCR erfolgte mit spezifischen Primern (TGM2fwd,
ATGGTCAACTGCAACGATGA; TGM2rev, GTCATGGGCCGAGTTGTAGT). Das Diagramm zeigt die
Mittelwerte und Standardabweichungen aus drei unabhdngigen Experimenten (A). Die
Immunoblotanalysen erfolgten mit einem TGM2-spezifischen Antikérper (Cell Signaling, Frankfurt am
Main, Deutschland). Die Abbildung zeigt ein reprasentatives Replikat aus drei unabhangigen
Experimenten (B).
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Abbildung 8: Einfluss von Hypoxie und HIF2a-Proteinmenge auf die TGM2-mRNA-Expression.

15 NzK-Zelllinien wurden fir 24 h unter Normoxie und Hypoxie (1 % O2) inkubiert, die RNA der Zellen
extrahiert und das TGM2-Transkriptlevel, wie in Abbildung 6 beschrieben, detektiert. Die Induzierbarkeit
der HIF-Zielgene GLUT1 und VEGF wurde anhand der mindestens 1,5-fachen Induktion der

Transkriptmengen unter Hypoxie bestimmt (HIF-Zielgene induzierbar: +, Induktion von GLUT1 und

VEGF >1,5; -, keine Induktion oder <1,5). Die HIF2a-Proteinmenge wurde unter Normoxie mittels
Immunoblotanalysen unter Verwendung eines HIF2a-spezifischen Antikérpers (Novus Biologicals, Bio-
Techne, Wiesbaden, Deutschland) analysiert (Daten nicht gezeigt; -, kein HIF2a-Protein detektierbar; -
/+; wenig Protein detektierbar; +, verstarkt HIF2a-Protein detektierbar). Dabei weist eine stabile HIF2a-
Proteinmenge und die fehlende Induktion der HIF2a -Zielgene (GLUT1, VEGF) unter Hypoxie auf eine
defiziente VHL-Proteinfunktion hin. Eine Hochregulation der TGM2-Expression unter Hypoxie zeigen 7
von 9 Hypoxie-induzierbare NZK-Zelllinien. Bei den Zelllinien, welche eine fehlende Induktion der
HIF2a-Zielgene (GLUT1, VEGF) aufwiesen, war keine Hochregulation der TGM2-Expression
detektierbar. Die Darstellung zeigt ein biologisches Replikat.

Bis heute gibt es keinen therapeutisch zugelassenen TGM2-Inhibitor. Die Firma Zedira testet
derzeit den reversiblen Inhibitor ZD1227 gegen Zoliakie in klinischen Studien???, In
experimentellen Arbeiten mit verschiedenen TGM2-Inhibitoren wurde bereits ein antitumoraler
Effekt nachgewiesen??3, Dabei fuihrte die Behandlung mit dem Inhibitor GK921 im Xenograft-
Modell zu einem reduzierten NZK-Wachstum, zur Stabilisierung von TP53 und zu einem
synergistischem antitumoralen Effekt bei zusatzlicher Doxorubicin-Behandlung??*. Der
klinische Einsatz dieser TGM2-Inhibitoren ist aufgrund seiner unspezifischen Hemmung
anderer Transglutaminasen kritisch??2, Ebenfalls wurden bereits HIF-Inhibitoren in in vitro- und
in vivo-Experimenten getestet. So wirkte der HIF-Inhibitor 2-Methoxyestradiol, welcher
ebenfalls in  Manuskript 4 verwendet wurde, synergistisch mit Sorafenib

progressionshemmend auf Leberzellkarzinome im Tiermodell??®. Zusatzlich wurden
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Inhibitoren, welche die Dimerisierung von HIF2a mit HIFP im Zellkern verhindern, gegen NZK-
Zellen getestet??5227, Der Inhibitor PT2385 befindet sich zurzeit in der klinischen Studie Phase
I (NCT02293980) gegen das fortgeschrittene kzNZK. Eine weitere Mdoglichkeit der
Hochregulation von TGM2 oder auch der HIF-Stabilisierung direkt entgegen zu wirken, wéare
der Einsatz von siRNA oder miR. In siRNA-Studien sowohl gegen HIF2a als auch gegen TGM2
wurde eine verminderte Proliferation und erhdhte Apoptose von NZK-Zellen detektiert?28.22°,
Die Transfektion von NZK-Zellen mit der miR-1285 flihrte zum Abbau von TGM2, was mit der
Hemmung der Proliferation einherging?®. Zusétzliche eigene Analysen weisen auf eine VHL-
abhangige Regulation der miR-1285 hin (Daten nicht gezeigt). In den letzten Jahren wurden
miR identifiziert, welche die posttranskriptionelle Regulation von VHL (miR-210, miR-224),
HIF2a (miR-182-5p), HIF-Zielgene, wie VEGF (miR-17-5p) oder CA9 (miR-155), oder CREB
(miR-22-3p, miR-26a-5p, miR-27a-3p, MiR-221-3p) im NZK steuern?2%2, Die Arbeitsgruppe
von Carsten Miller-Tidow entwickelt seit einigen Jahren zunachst an der Martin-Luther-
Universitat Halle-Wittenberg und spater an der Ruprecht-Karls-Universitat Heidelberg si- oder
miR-gekoppelte therapeutische Antikorper, um Therapieresistenzen zu uberwinden und
zielgerichtete Tumortherapien zu entwickeln?3234, Zukunftsweisend wére es ebenfalls fiir das
kzNZK denkbar, siRNA/miR gegen HIF, CREB oder TGM2, wie z. B. die miR-1285, an einen
Antikorper wie WX-G250 (Rencarex, Wilex), zu koppeln, um zielgerichtete Therapien zu
verbessern und Therapieresistenzen zu Uberwinden. WX-G250 ist gegen das Protein CA9
gerichtet, welches zu 95 % auf der Oberflache von NZK-Zellen vorkommt?* und ebenfalls ein
HIF-Zielgen darstellt®!. Die Zulassung des Antikorpers scheiterte 2017 in der Phase Il der
klinischen Zulassungsstudien, weil der Antikdrper singuldr zu keiner Verlangerung des

rezidivfreien Uberlebens fiihrte23.

5.2 Der Einfluss von VHL, CREB und Hypoxie auf die Glykolyse

Der zellulare schrittweise Abbau von Monosacchariden (Glukose) wird als Glykolyse
bezeichnet. In Manuskript 1 und 4 wurde einerseits gezeigt, dass der intrazellulare
Glukosetransport (2-fach) VHL-abhangig sowie durch CREB-Minderexpression erniedrigt
wird. Dies geht mit der verringerten Expression des Glukosetransporters GLUT1 einher,
welcher im NZK mit dem Tumorgrad, einer verminderten Infiltration von CD8-positiven T-Zellen
und dem Patienteniiberleben korreliert'4¢23", In der vorliegenden Arbeit wurden VHL-abhéngig
reduzierte Proteinmenge zahlreicher Glykolyseenzyme wie Aldolase (ALDOA),
Triosephosphatisomerase (TPI) 1, Enolase (ENO) und Pyruvatkinase (PKM) nachgewiesen,
wahrend durch Hypoxie keine Hochregulation der Phosphoglyceratmutase (PGAM) 1 und
PKM beobachtet wurde (Manuskript 1). Zusatzlich wurden durch verminderte CREB-
Expression die Glykolyseenzyme TPI1, ENO1, PGAM1, PKM und die Phosphoglyceratkinase
(PKG)1 herunterreguliert detektiert (Manuskript 4). Umgekehrt kommt es daher in VHL-
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defizienten und CREB-aktiven Tumorzellen nicht ausschlielich zu einer erhohten
Glukoseaufnahme, sondern zur gesteigerten glykolytischen Aktivitdt, welche mittels
extrazellularer Flussmessung (Fluxanalyzer, Seahorse) detektiert wurde (Manuskript 1 und 4).
Craven et al. zeigte in NZK-Primarzelllinien bereits 2006 eine vermehrte ALDOA-
Expression?38, Weiterhin konnte eine gesteigerte Konzentration im Serum von NZK-Patienten
nachgewiesen werden®®, Die gesteigerte ALDOA-Expression ist mit einem kirzeren
Gesamtiiberleben®®” und einem kiirzeren rezidivfreien Uberleben (Anhang Abbildung 1C)
assoziert und geht in vitro mit einer gesteigerter Proliferation, Migration und Invasion von NZK-
Zellen einher®*°, ALDOA reprasentiert damit einen potentiellen Biomarker, welcher einerseits
fur die Detektion hypoxischer Tumorbereiche und anderseits bei Tumoren, welche mit einem
Funktionsverlust des VHL-Proteins einhergehen, verwendet werden koénnte. Fir die
Glykolyseenzyme ENO1 und TPI1 wurden zuséatzlich erhdhte Proteinmengen im Sekretom der
VHL-defizienten NZK-Zellen gefunden, was darauf schliel3en lasst, dass beide Enzyme in der
Zusammensetzung des Tumormikromilieus (TME) eine Rolle spielen oder als prognostische
Serummarker zur Erkennung des NZK dienen kdnnten (Manuskript 2). Die Expression von
ALDOA und ENO1 wird von mehreren HRE im Promotorbereich gesteuert'?®. ENO1 wurde
bereits als prognostischer und diagnostischer Faktor in verschiedenen Tumoren wie z. B.
Magen-, Prostata-, Dickdarm- oder Brustkrebs identifiziert?*!, wobei das Enzym den Abbau der
extrazellularen Matrix und damit die Migrationsfahigkeit der Tumorzellen steigert. Weiterhin
stellt ENOL eine potentielle Zielstruktur fur gerichtete Immuntherapien dar. Fir TPI1 ist bisher
keine  extrazellulare  Funktion bekannt. Allerdings wurde das Enzym als
Tumorstammzellmarker sowie als prognostischer Faktor fir Magenkrebs beschrieben?42,

In Manuskript 4 wurde gezeigt, dass das die verminderte Expression von CREB durch ,Small
hairpin® RNA (shRNA) in einem Zellmodell der onkogenen Transformation zu einer
verminderten glykolytischen Aktivitat und zur verminderten Expression von Glykolyseenzymen
wie TPI1, PGAM, ENO1 und PKM2 fuhrt. Zusatzlich wurde auch eine reduzierte Enzymaktivitat
nachgewiesen. Dabei weisen die Promotorregionen jedes dieser Enzyme regulatorische CRE-
Elemente auf. Von daher kann angenommen werden, dass die erhohte Aktivierung des
Transkriptionsfaktors CREB durch die Stabilisierung von HIF bei Hypoxie oder VHL-
Funktionsverlust zum metabolischen Umschalten der Tumorzellen zur verstarkten Glykolyse
beitragt. Das HIF-Stabilisierung zur verstarkten CREB-Phosphorylierung fuhrt, wurde bereits
fur andere Tumorentitaten nachgewiesen®192-1% und zusatzlich in Manuskript 3 gezeigt sowie
in Manuskript 4 durch den Einsatz des HIF1a-Inhibitors 2-Methoxyestradiol bestatigt.

In den letzten Jahren wurde der Einfluss des Tumormetabolismus insbesondere der Glykolyse
auf Immunzellen untersucht, da immer wieder neue Mechanismen bekannt werden, wie
Tumorzellen der Erkennung des Immunsystems entgehen (immune escape-Mechanismen)

und in Folge dessen ungehindert wachsen konnen?#3-24¢ oder nicht auf Therapien
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ansprechen®7248, Cascone et. al zeigte beispielweise 2018, dass die Uberexpression von
Glykolysegenen, wie z. B. ALDOA und PGAM, im Tumor die T-Zellaktivitat verringert, wahrend
die Hemmung der Glykolyse zur T-Zell-mediierten Erkennung des Tumors durch das
Immunsystem flhrte!!2, Diese Ergebnisse weisen darauf hin, dass ein Umschalten des
Metabolismus (durch VHL-Defizienz, Hypoxie oder CREB-Aktivierung) zur Glykolyse dem
Entgehen der Tumorzellen vor der Erkennung des Immunsystems beitragt, wie im Abschnitt
5.7 diskutiert wird. Weiterhin wurde bereits ein therapeutischer Einsatz des Glykolyseinhibitors
Dichloroacetat untersucht?*%-253, Dabei hat sich die Behandlung mit Dichloroacetat allerdings
als immunzellhemmend erwiesen®42%, Zusatzlich zeigten Analysen mit Inhibitoren der
Glukoseaufnahme (GLUT1-Hemmer) wie Resveratrol oder Apigenin (Flavon) antitumorale
Effekte?>"2%8, In Abbildung 9 sind die einzelnen Reaktionsschritte der Glykolyse schematisch
dargestellt, wobei die durch VHL-Defizienz, Hypoxie und CREB-Uberexpression regulierten

Enzyme jeweils farbig hervorgehoben sind.



DISKUSSION 109

VHL-Defizienz Hypoxie CREB-Uberexpression

Glull(ose

HK

v

Glukose-6-phosphat

A

Phosphoglukose-
isomerase

2
Fruktose-6-phosphat
|

Phosphofrukto-
kinase

v

> Fruktose-1,6-bisphospat

B, |

<« ‘
Dihydroxyacetonphosphat ) ALDO ‘

‘ v
“ ‘;9 Glyceratalde

hyd-3-phospat

3-Phosphoglycerat
1

2-Phosphoglycerat

H ENO Jj
o

Phosphoenolpyruvat
1

| Pm |
v
Pyruvat

Abbildung 9: VHL-, CREB- und Hypoxie-abhangige differenziell exprimierte Enzyme der
Glykolyse.

Die Abbildung zeigt schematisch die Reaktionsschritte der Glykolyse, dabei wurden die regulierten
Enzyme farbig markiert (3 VHL-Defizienz, = Hypoxie, [J CREB-Uberexpression).

ALDOA, Aldolase; ENO, Enolase; HK, Hexokinase; PGAM, Phosphoglyceratmutase; PGK,
Phosphoglyceratkinase; PKM, Pyruvatkinase M; TPI, Triosephosphatisomerase.

5.3 Differentieller Einfluss von VHL, CREB und Hypoxie auf die Atmungskette und die
mitochondriale Aktivitat
Die Untersuchungen des VHL-, CREB-, und Hypoxie-regulierten Proteinmusters zeigten nicht
nur Anderungen in der Glykolyse, sondern ebenfalls im TCA-Zyklus, der oxidativen
Phosphorylierung (OXPHOS) und der mitochondrialen Aktivitat. Die OXPHOS ist ein
effizienter Mechanismus zur Synthese von ATP aus ADP. Dabei erfolgt die
Elektronentransportkette tber vier Redoxkomplexe in der mitochondrialen Matrix. Komplex |
(NADH-Dehydrogenase) reduziert mittels Elektronen aus NADH, wahrend Komplex Il

(Succinatdehydrogenase) Succinat zu Fumarat mittels der Reduktion von Flavin-Adenin-
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Dinukleotid (FAD) zu FADH oxidiert®°. Beides fiihrt letztendlich zur Reduktion von Ubichinon
zum Ubihydrochinon. Die Detektion der Succinatdehydrogenase (SDH)A-Proteinmenge zeigte
eine zweifache VHL-abhangige Hochregulation (Manuskript 1). In Krebszellen kommt es
haufig zu loss of function-Mutationen von SDHA, welche zur Ansammlung von Succinat
(Onkometabolit) fihren, sowie epigenetische Veranderungen induzieren, die zum malignen
Phanotyp beitragen?%%-263, Dies weist darauf hin, dass die verminderte SDHA-Proteinmenge
zur Malignitdt von VHL-defizienten Tumoren beitragen konnte, was weiterfihrend in
funktionellen Untersuchungen uberprift werden sollte. Ebenfalls wurden VHL-abhéngig
hohere Proteinmengen des Komplex Il (Ubiquinol-Cytochrom-c-Reduktase) der OXPHOS
nachgewiesen. Dieses Enzym Kkatalysiert die Reduktion von Cytochrome-c und tragt
entscheidend zur Erzeugung des Protonenkonzentrationsunterschieds zwischen der inneren
und &auReren Mitochondrienmembran bei. Weiterhin wurde eine VHL-abhangige
Hochregulation der Aconitase (ACO)1 nachgewiesen, welche unter Hypoxie reversibel war
(Manuskript 1). Fur die Reduktion der ACO1 durch VHL-Defizienz oder Hypoxie kdnnte die
verstarkte Expression der TGM2 ursachlich sein (Kapitel 5.1). ACO1 katalysiert die
Umwandlung von Citrat zu Aconitat im TCA-Zyklus. Die verminderte Expression der ACO1
kénnte zu einer Citratanreicherung fiihren, welche wiederum die Fettsauresynthese induziert,
wobei es zu den fur das NZK typischen Lipidablagerungen kommt (Kapitel 5.5).

Aufgrund dieser Ergebnisse scheint es nicht verwunderlich, dass VHL-defiziente Zellen eine
verminderte respiratorische und mitochondriale (Dehydrogenase-) Aktivitéat zeigen (Manuskript
1). Wahrenddessen fiihrt die CREB-Minderexpression zu einer niedrigeren respiratorischen
Reserve, zur verminderten Aktivitat der OXPHOS (Manuskript 3) und zu einer verminderten
Citratsynthaseproteinmenge (Manuskript 4), was darauf hinweist, dass Tumore mit einer
erhohten CREB-Expression/-Aktivitdt ebenfalls eine erhohte mitochondriale Aktivitat
aufweisen.

Verminderte mitochondriale Aktivitat, wie sie bei VHL-Defizienz oder Sauerstoffreduktion
nachgewiesen wurde (Manuskript 1), fuhrt zu einer Aktivierung von CREB?** sowie zur
verstarkten ROS-Freisetzung®® (Kapitel 5.6). Andererseits kam es zu einer starkeren
mitochondrialen Lokalisation von CREB unter Hypoxie (Manuskript 3). Um diese teilweise

widerspruchlichen Daten aufzuklaren, bedarf es weiterer Untersuchungen.

5.4 VHL-abhangige Reduktion des Aminosduremetabolismus

Die Bestimmung des intrazellularen Aminoséaurelevels zeigte eine Reduktion von bis zu 25 %
durch Reversion der VHL-Funktionalitdt (Manuskript 1). Dabei war die Aminosaure (AS) Serin,
welche eine funktionelle Rolle bei der Aktivierung von Kinasen durch die Phosphorylierung von
Serinresten besitzt, 2,5-fach reduziert. In friheren Studien wurde gezeigt, dass Tumorzellen
in der Lage sind exogenes Serin aufzunehmen?®®. Zusatzlich wurde eine signifikante

Reduktion der Aminosauremenge von Glycin, Methionin, Tryptophan, Alanin und Glutamin
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detektiert (Manuskript 1). Ein Zusammenhang der Tumorzellproliferation mit dem
intrazellularen Serin-, Glutamin- und Glycinlevel wurde bereits in anderen Arbeiten
nachgewiesen?®’. Glutamin ist die am starksten vertretene freie AS im Zellstoffwechsel und
spielt neben der aeroben Glykolyse eine Schlusselrolle im Vorantreiben des
Tumorwachstums®®, Glutamin wird auf vielen verschiedenen Wegen metabolisiert, um in
proliferierenden Zellen Energie und Biomasse zur Membran- sowie DNA-Synthese zu
erzeugen?26°  Weiterhin ist Glutamin an der NADPH-Regeneration und Erhaltung des
Glutathionlevels und damit an der Neutralisierung von reaktiven Sauerstoffspezies (ROS)
beteiligt (Kapitel 5.6). Dementsprechend kann der Glutaminstoffwechsel bei aerober Glykolyse
die Glukoseoxidation ersetzen?’°. Dieser Effekt wurde mittels isotopisch markiertem 3C-
Glutamin nachgewiesen?’*273, Da sich die Glutaminolyse mit einem Teil des TCA-Zyklus
Uberschneidet, verwenden stark proliferierende Zellen Glutamin (Uber die Metabolisierung zu
Glutamat und anschlieRend a-Ketoglutarat) als Energie- und Ammoniumquelle?’, Dabei
spielen die verstarkte Aufnahme, aber auch eine erhéhte Glutaminaseaktivitat eine treibende
Rolle?”. Durch diese metabolische Flexibilitat, welche die Glutaminolyse fiir den TCA-Zyklus
ermdglicht, schaffen es Tumorzellen, wahrend der Tumorprogression auf die sich andernde
Mikroumgebung zu reagieren®l. Kappler et al. zeigte in verschiedenen Tumorzelllinien
(Brustkrebs, Osteosarkom, Plattenepithelkarzinom), dass die HIF1-Aktivitdt durch den
Glutaminmetabolismus  (Glutaminolyse) und die damit verbundene zellulare
Ammoniumanreicherung unter normoxischen Bedingungen verstarkt wird, was mit einer
gesteigerten Expression von HIF-Zielgenen wie CA9, erhdhter Proliferation und verringerter
Alaninproduktion der Zellen einherging?’®?’’. AuRBerdem wurde eine Reversion der HIF-
Stabilisierung durch die Behandlung der Zellen mit Acetylsalicylsdure, Ascorbat oder Ibuprofen
unter Normoxie erreicht?’’. Ascorbat ist als Kofaktor der Prolinhydroxylasen bekannt?’8. Fir
das papillare NZK und kzNZK ohne funktionellen VHL-Verlust wurde eine negative Korrelation
der Ascorbatspiegel mit der Expression von HIF-Zielgenen nachgewiesen. Bei VHL-
defizienten kzNZK konnte keine Modulation der HIF-Aktivitat gezeigt werden, da der HIF-
Abbau unabhangig von der Hydroxylierung gehemmt wird?"®.

Weiterhin ist Glutamin am Nukleotidaufbau beteiligt und fungiert als Elektronendonor in der
anaplerotischen Synthese von Aspartat?’>280, Zusatzlich weist die verstarkte Expression der
Guanosinmonophosphat (GMP)-Synthase durch VHL-Defizienz auf eine verstérkte Synthese
von GMP mittels ATP-abh&ngiger Glutaminhydrolyse hin, welches zum Aufbau zum Nukleotid
Guanosintriphosphat (GTP) oder der Base Guanosin beitrédgt. GTP fungiert dhnlich wie ATP
als Energietrager. Wobei eine erhohte GTP-Konzentration eine funktionelle Bedeutung fur die
TGM2-Aktivitat haben kdnnte (Abbildung 5, GTP-abhéangige Funktion). Eine Aktivierung der
Transkriptionsfaktoren MYC und mTOR, wie im NZK bereits gezeigt, flUhren zur verstarkten

Glutamin- und Tryptophanaufnahme in Tumorzellen?81-283, Folglich kénnte die Reduktion des
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intrazellularen Glutaminlevels in der Therapie des NZK einen hemmenden Effekt auf das
Tumorzellwachstum haben. Dazu konnte Shroff et al. bereits zeigen, dass
Glutaminaseinhibitoren, dass Tumorwachstum des kzNZK reduzieren?4. Anderseits sind
Glutamin und Tryptophan essentielle AS fur die T-Zellfunktion®%26 was zur

Immunsuppression fihren konnte.

5.5 Die Rolle von VHL und Hypoxie im Abbau und Transport von Fettsduren

Das kzNZK ist histologisch hé&ufig durch lipid- und glykogenreiche Einlagerungen im
Zytoplasma gekennzeichnet. Dabei wird die Fettsauresynthese durch einen Citratiiberschuss
induziert?®”. Citrat wird einerseits Uber die Metabolisierung von Pyruvat iber Acetyl-CoA im
TCA-Zyklus angereichert, andererseits kann Citrat auch mittels Glutaminolyse (Kaptiel 5.4)
produziert werden. Uberschiissiges Citrat wird ins Zytosol transportiert und dort in
zytosolisches Acetyl-CoA umgewandelt und anschlieRend zu Malonyl-CoA carboxyliert?8,
Fettsauren dienen als Substrate fir die Membransynthese, Energiespeicher und zur
Produktion von Signalmolekillen. Du et al. beschreibt HIF-induzierte Lipidablagerungen,
welche mit dem verminderten Fettsdureabbau und verminderten mitochondrialen
Fettsauretransport einhergehen?®, Dabei inhibiert HIF die Expression der Carnitin-
Palmitoyltransferase  1A. Interessanterweise sind die beschriebenen zellularen
Lipidablagerungen glukose-, aber nicht glutaminabhangig.

Die Enoyl-CoA-Hydratase (ECHS1), welche am Fettsaureabbau beteiligt ist, wurde in der
vorliegenden Arbeit als VHL-abhangig hochreguliert identifiziert (Manuskript 1). Der Abbau von
Fettsduren (B-Oxidation) in den Mitochondrien erzeugt Acetyl-CoA und die
Reduktionsaquivalente NADH und FADH,, die mittels OXPHOS zur Herstellung von
mitochondrialem ATP verwendet werden. In einer erst kirzlich erschienenen Studie wurde
nachgewiesen, dass ECHS1 die Progression des NZK durch die verminderte Aktivierung des
mTOR-Signalweges inhibiert?®. Dabei fiihrte ECHS1-Uberexpression zur verminderten
Proliferation und Migration der NZK-Zellen. Aul3erdem wurde mittels TCGA-Kidney Renal
Clear Cell Carcinoma-Datenanalyse eine statistisch signifikante ECHS1-Minderexpression im
NZK gezeigt. Folglich eignet sich ECHS1 sowohl als prognostischer Marker als auch als neues
therapeutisches Zielprotein gegen das VHL-defiziente NZK.

Im Gegensatz dazu ist eine differentielle Expression der fettsaurebindenden Proteine (FABP)
im NZK seit vielen Jahren bekannt. In eigenen Arbeiten des Instituts fir Medizinische
Immunologie wurde bereits 2005 und 2009 die Hochregulation von FABP7 sowie verminderte
Proteinmengen von FABP1 im NZK nachgewiesen?2175,

FABP wirken als solubilisierende Molekiile und erméglichen den Fettsduretransport in
verschiedene zellulare Kompartimente. Damit steuern FABP zahlreiche zellulare Prozesse wie

z. B. die Proliferation oder die Inflammation. FABP7-Uberexpression ist beim kzNZK mit einer
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schlechteren Prognose assoziiert und erhoht die Proliferation von NZK-Zellen Uber die
Aktivierung von STAT3 und ERK?', In der vorliegenden Arbeit wurde die FABP5-
Proteinmenge VHL-abhangig ca. 3-fach reduziert detektiert (Manuskript 1). FABP5 wurde
bisher in Brust-, Prostata-, Leber- und Kolonkarzinomen hochreguliert beschrieben und steuert
dabei den Transport von langkettigen Fettsduren, welche als Liganden der Peroxisom-
Proliferator-aktivierten Rezeptoren (PPAR) fungieren?22%, In Manuskript 3 wurde die CREB-
abhangige Hochregulation des PPARy-Coaktivator 1a nachgewiesen, was ebenfalls zu einer
Aktivierung des PPARYy-Signalweges beitragen konnte. Uber die Aktivierung des PPAR-
Signalweges beeinflusst FABP5 die Proliferation und das Zelliberleben?®42%, AuRRerdem
fuhrte die PPARB/d-Aktivierung zur Induktion der VEGF-Expression und somit zur verstarkten
Angiogenese im Prostatakarzinom?®®. In Kolonkarzinomzellen war eine erhdhte FABP5-
Expression mit reduzierter p21-Aktivitat, erhthter MYC-Expression und verstarkter
Invasionskapazitat der Zellen assoziiert?®’. Weitere Untersuchungen missen klaren, ob sich
FABPS5, als prognostischer Faktor fir das NZK eignet. Aufgrund der funktionellen Daten, die
bereits fir das Prostata- und Kolonkarzinom existieren, ist es wahrscheinlich, dass FABP5
ebenfalls eine funktionelle Rolle in der Entwicklung des NZK hat und damit als neues
therapeutisches Zielprotein in Frage kommt. Erst kirzlich zeigten Wu et al. mittels der
Auswertung der zur Verfigung stehenden TGCA-Datenbank eine FABP5-Hochregulation im
kzNZK und beschreiben FABPS5 als ein wichtiges Onkogen, welches die Proliferation, Invasion
und Migration im kzNzZK fordert?%82%°, Weiterhin wurde die Aktivierung des PI3K/Akt-
Signalweges als ursachlich fur die FABP5-mediierte gesteigerte Proliferation von kzNZK-
Zellen identifiziert?*®3%, Die Behandlung von Prostatakarzinomzellen mit spezifischen FABP5-
Inhibitoren (SBFI-102, SBFI-103) und Docetaxel oder Cabazitaxel zeigten starkere
zytotoxische Effekte und eine stérkere Reduktion des Tumorwachstums in Balb/c-
Nacktmausen im Vergleich zur singularen Behandlung mit den jeweiligen
Chemotherapeutika®®!. Ebenfalls zeigte der FABP5-Inhibitor SBFI-26 antitumorigene
Eigenschaften bei Prostatakarzinomzellen in vitro und in vivo®®?. Aufgrund dessen wére es
denkbar, dass die Hemmung des zellularen Fettsduretransports einen positiven
synergistischen Effekt bei der Behandlung des NZK haben kénnte. Jedoch miisste dies
zunéchst in weiteren in vitro Experimenten Uberprift werden. Insgesamt scheint das
Umschalten der Tumorzellen vom Katabolismus zum Anabolismus die tumorigenen
Eigenschaften wie z. B. verstarkte Zellteilung tber den Aufbau von Nukleotiden und die

verstarkte Membransynthese zu fordern.

5.6 VHL-, CREB- und Hypoxie-abhéngiger Abbau reaktiver Sauerstoffspezies
Bereits 2003 konnte in einer Veroffentlichung des Instituts fir Medizinische Immunologie

erhohte Proteinmengen von ROS-abbauenden detoxifizierenden Enzymen wie
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Superoxiddismutase (SOD) und Thioredoxin (Trx) in NZK-Zelllinien nachgewiesen werden?’3,
Weiterhin ist bereits beschrieben, dass die OXPHOS im NZK herunterreguliert wird, wobei
NZK-Zellen bei geringen ROS-Konzentrationen bereits eine Apoptoseinduktion zeigten3°?,
ROS sind chemische Sauerstoffradikale wie Superoxide (O:7), Hydroxylradikale (OH-),
Peroxylradikale (ROO-) und Alkoxylradikale (RO-) oder stabilere molekulare Oxidantien wie
Wasserstoffperoxid (H20-), Hydroperoxide (ROOH), Ozon und Hypochlorit-Anionen sowie
angeregte Sauerstoffmolekile®®*. Mitochondrien und zytosolische NADPH-Oxidasen
produzieren O, aus der Elektronenreduktion des Sauerstoffs®®. In den Mitochondrien geht
dabei ein geringer Teil der Elektronen aus der Elektrontransportkette der OXPHOS direkt auf
den Sauerstoff Gber. Vorwiegend sind der Komplex | und 11l der Atmungskette an der ROS-
Bildung beteiligt?>°, aber es ist ebenfalls die Entstehung mittels des Komplex Il beschrieben3°e.
O2" reagiert durch die enzymatische Aktivitat der SOD im Zytosol bzw. in der
Mitochondrienmatrix zu H»O2, welches anschlielBend mittels Peroxiredoxinen (PRDX) zu
Wasser umgewandelt wird. Dabei kommt es zu einer Oxidation der Cysteine im aktiven
Zentrum der PRDX3’. Danach erfolgt die Reduktion der Cysteine durch Trx,
Thioredoxinreduktase (TXNR) und NADPH, um den Ausgangszustand der PRDX wieder
herzustellen®%®, Glutathionperoxidasen (GPX) kénnen ebenfalls H.O, mittels Oxidation von
reduziertem Glutathion (GSH) in Wasser umwandeln. Wobei oxidiertes Glutathion (GSSG)
anschlieBend via Glutathionreduktase (GR) und NADPH wieder zu GSH reduziert wird3®®. Der
dritte Weg, um die Zelle von H>O, zu entgiften, ist die Katalaseaktivitit in den Peroxisomen
(Abbildung 10). Zur verstarkten Bildung von mitochondrialen ROS kommt es vor allem unter
Hypoxie, Ischamie, der Gabe von Medikamenten und durch verschiedene
pathophysiologische Zustande3!°. Grundsatzlich sind ROS ein Abfallprodukt, welches in
hoheren Konzentrationen zu Schaden an DNA, Proteinen und Lipiden und damit zum Zelltod
fuhrt. Geringe Mengen ROS widerum aktivieren intrazellulare proliferative Signalwege und
stabilisieren HIF*%, In Tumorzellen induziert die Aktivierung von Onkogenen oder die
Sauerstoffreduktion die Produktion von ROS, was die Tumorgenese fordert3!1312,

Die Ergebnisse der vorliegenden Arbeit zeigten eine Hochregulation der SOD sowohl durch
VHL-Defizienz (Manuskript 1) als auch durch CREB-Stilllegung (Manuskript 4). Weiterhin
wurde bei VHL-Defizienz eine vermehrte extrazellulare Sekretion der SOD2 beobachtet,
welche mit einer Inhibition der T-Zellaktivierung und IL-2-Sekretion der T-Zellen einherging.
Die Auswirkung der SOD2-Sekretion auf das TME wird in Abschnitt 5.7 diskutiert.

Die intrazellular erhdhten SOD2-Level fihren nicht nur zu einem verstarkten Abbau von O3~
zu H»0,, sondern ebenfalls zu vermehrter Invasionskapazitat, Proliferation und
Apoptoseresistenz von Tumorzellen®®. Von daher wird vermutet, dass die vermehrte
Expression der SOD2 vorteilhaft fir die Tumorprogression ist. Einerseits begunstigt der

verstarkte Abbau der toxischen, reaktiven O, die Zellviabilitidt. Andererseits scheint die lokal
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erhdhte ROS-Konzentration proliferative und invasive Signhalwege der Tumorzellen zu
aktivieren und immunsuppressiv (Kapitel 5.7) zu wirken. Eine hohe SOD2-Expression geht
ebenfalls einher mit einem kirzeren rezidivfreien Patienteniberleben im kzNKZ (TCGA-Daten,
Anhang Abbildung 1D) sowie einer erhdhten Expression in allen NZK-Subtypen und -
Metastasen im Vergleich zum Normalgewebe (NCBI-GEO-Daten, Anhang Abbildung 2).
Weiterhin wurden VHL-abhéngig die Peroxiredoxine PRDX1, PRDX2 und PRDX3 3- bis 4-
fach sowie Trx 6-fach hochreguliert (Manuskript 1) identifiziert. Eine hohere PRDX2-
Expression im NZK ist assoziiert mit einem niedrigeren Tumorgrad, weniger Metastasen und
einer langeren Uberlebenszeit der Patienten®“. Durch CREB-Minderexpression ist das
PRDX4-Proteinlevel etwa 4-fach erhoht, wahrenddessen das Katalase Proteinlevel ca. 3-fach
und zusatzlich die Katalaseaktivitat (Manuskript 4) reduziert ist. Folglich bauen VHL-defiziente
oder CREB-Uberexprimierende Tumorzellen erhéhte H,O,-Konzentrationen nicht Uber die
Peroxiredoxine ab, sondern vermutlich tGber den Katalase- oder den GPX-Weg (Abbildung
10). Zusatzlich fuhrte die Behandlung mit H2O2 zu einer transient verstarkten CREB-
Phosphorylierung, wéhrend die onkogentransformierten Zellen mit héherer CREB-Aktivitat
auch resistenter gegenuber der Zelltodinduktion bei héheren H,O2-Konzentrationen waren
(Manuskript 3). Durch Behandlung mit einem HIF-Inhibitor sowie bei CREB-Minderexpression
waren intrazellular hdhere ROS-Konzentrationen detektierbar (Manuskript 4).

GSH fuhrt mittels des Enzyms GPX zum Abbau von H,O,, wobei die GSH-Mengen im NZK im
Vergleich zum gesunden Gewebe vermindert sind!°. Eigene Studien zeigten einen erhohten
GSH-Spiegel durch VHL-Uberexpression (Daten nicht gezeigt) oder CREB-Minderexpression
(Manuskript 4). Die Ursachen dafir sind bisher ungeklart. In der vorliegenden Arbeit wurde
lediglich eine VHL-abhangige Hochregulation der Glutathion-S-Transferase P1 (GSTP1,
Manuskript 1) und eine Hochregulation der Glutathionsynthetase (GSS) nach CREB-
Minderexpression in onkogentransformierten Zellen (Manuskript 4) bzw. eine VHL-abhangige
Herunterregulation der GSS im Zellkulturiberstand (Manuskript 2) nachgewiesen.
Hypothetisch kdnnte der verminderte Abbau von Glutamat zu GSH in Tumorzellen dazu
dienen, Glutamat als Energiequelle fir den TCA-Zyklus zu nutzen (Kapitel 5.4), was durch
weitere Untersuchungen belegt werden misste. Aus therapeutischer Sicht wird haufig
angenommen, dass Antioxidantien durch den Abbau von ROS gegen Krebs schiitzen. Jedoch
zeigen verschiedene Studien diskrepante Ergebnisse. Einige internationale Studien belegen
sogar ein hoheres Tumorrisiko durch antioxidative Substanzen243316-318  Erst kirzlich
untersuchte eine Studie mit 95 kzNZK-Patienten den Status antioxidativer Enzyme (SOD,
Katalase, GPX, GST, GR, GSH und Malondialdehyd) nach einer Nephrektomie, wobei keine

Korrelation mit dem 5-Jahres-Gesamtiiberleben nachgewiesen werden konnte®'°.
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Abbildung 10: VHL-, Hypoxie- und CREB-mediierter ROS-Abbau.

Die Abbildung stellt schematisch den enzymatischen Abbau von Superoxiden (O2) und
Wasserstoffperoxid (H202) dar. Die differentiell regulierten Enzyme und Metabolite sind farbig markiert
(B VHL-Defizienz, Hypoxie,Ed CREB-Uberexpression). Eine Hochregulation der Superoxiddismutase
(SOD) 2-Proteinmenge wurde in den VHL-defizienten NZK-Zelllinie 786-0 detektiert. Zusatzlich wiesen
die Uberstéande dieser Zellen eine hohere SOD2-Menge und Glutathionsyntethase (GSS) auf. VHL-
Defizienz fuhrte zu weniger Peroxiredoxin (PRDX) 2- und 3-Protein. Im Gegensatz dazu wurde unter
Hypoxie PRDX1 hochreguliert nachgewiesen. CREB-Uberexpression zeigte in Onkogen-
transformierten Zellen erhdhte Katalase (Kat)- sowie verringerte (PRDX) 4-, GSS- und Glutathion
(GSH)-Level. T, erhoht; |, reduziert; ADP/ATP, Adenosindiphosphat/Adenosintriphosphat; GCS,
Glutamyl-Cystein-Synthetase, GPX, Glutathionperoxidase; GSSG, Glutathiondisulfid; NADP*/H,.
Nicotinamidadenindinukleotidphosphat (oxidiert/reduziert); Trx, Thioredoxin; TXNR
Thioredoxinreduktase.

5.7 Die Auswirkung von VHL-Defizienz, verstarkte CREB-Aktivitat oder Hypoxie auf
das TME und die Zellen des Immunsystems
Eine Konsequenz des ,Warburg-Effektes® ist eine Protonen- und Laktatanreicherung im
TME®?°, Ein saures Mikromilieu des Tumors hat Einfluss auf eine Reihe von Immunzellen®2,
So werden T-Zellen, NK-Zellen und Makrophagen in Proliferation und Aktivitdt gehemmt
(Tabelle 4), was dem Tumor einen selektiven Vorteil verschafft, der Erkennung des
Immunsystems zu entgehen. Weiterhin geht ein niedriger pH-Wert des TME mit der Resistenz
der Tumore gegen Chemo- und Radiotherapie®*?326 sowie mit einer schlechteren
Prognose®?"% und reduzierter Uberlebenszeit nach Tumorresektion einher?%3%, zZusatzlich
sprechen Tumore mit saurem TME weniger auf Therapien mit Checkpoint-Inhibitoren, wie z.

B. Ipilimumab, an331332,



DISKUSSION 117

Tabelle 4: Auswirkung der Ansauerung des TME auf Immunzellen.

Immunzellen Effekt durch Ansauerung des TME

Effektor-T-Zellen broliferation 1151
Zytokinproduktion 151
Induktion von Teg 254255

Treg Immunsuppression 1254255

NK-Zellen Zytokinproduktion IFNy, 333334
Granzym B 15!
Apoptose T151

Makrophagen ICER 1243
Polarisation zu M2 TAMs 1243
Produktion inflammatorischer Zytokine 33
T-Zell-Aktivierung 2%
VEGF T4

Dendritische Zellen T-Zell-Aktivierung 147:3%
IL-10 137

T, erhoht; | reduziert; ICER, Inducible cyclic adenosine monophosphate early repressor; IFN,
Interferon; IL, Interleukin; NK-Zellen, natirliche Killerzellen; TAM, Tumor-assoziierte Makrophagen; Treg,
regulatorische T-Zellen; VEGF, vaskularer endothelialer Wachstumsfaktor; verandert nach Lacroix et
al., 201816

Die in vitro-Untersuchungen in Manuskript 1 zeigten eine bis zu 55 % erniedrigte
Laktatkonzentration und einen gesteigerten pH-Wert im Zellkulturiberstand nach
Uberexpression des funktionellen VHL-Proteins in drei verschiedenen kzNZK-Zelllinien. Die
Reversion dieses Effektes war durch Inkubation der Zellen unter hypoxischen Bedingungen
detektierbar. Intrazellular zeigte sich eine verringerte LDH-Aktivitat (bis 66 %) durch VHL-
Uberexpression (Manuskript 1) oder verminderte CREB-Expression in Onkogen-
transformierten Zellen (Manuskript 4). Ebenfalls fiihrte die shRNA-vermittelte CREB-
Reduktion zu einer verminderten extrazellularen Laktatkonzentration bzw. zu einem erhdhten
pH-Wert (Manuskript 4). In vivo kbnnen intratumorale Laktatwerte bereits mit verschiedenen
Methoden (PET, CEST-MRT, 1"-MRT) bestimmt werden33%-343, Dabei erreichen Tumorzellen
intrazellulare Laktatlevel von bis zu 40 nmol/I*>t. Weiterhin kénnen sich intratumoral mehrere
Subpopulationen verschiedener glykolytisch aktiver Zellen bilden®®, Dabei sezernieren (z. B.
VHL-defiziente, hypoxische oder CREB-Uberexprimierende) anabole Tumorzellen verstarkt
Laktat, wahrend umliegende oxidative katabole Tumorzellen dieses als Energiequelle nutzen
und in den TCA-Zyklus einbringen®**(Abbildung 4). Folglich kommt es zu einer Kooperation
heterogener Tumorzelltypen und damit zum starkeren Vorantreiben der Tumorprogression
(Abbildung 11), trotz der partiell schlechten Versorgung des Tumors mit Sauerstoff und der

ungeordneten tumorassoziierten Neovaskularisierung. Hypothetisch kénnte die Versorgung
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von anabolen Tumorzellen mit Laktat zusatzlich das Auswachsen von Tumorstammzellen
(TSZ) begunstigen. Die Entstehung von TSZ, welche ebenfalls als tumorinitierende Zellen
bezeichnet werden, ist bisher nicht vollstandig geklart. Bei TSZ handelt es sich um eine
Tumorzellsubpopulation, die eine hohe Proliferation und Tumorigenitat aufweisen und
vermutlich eine  entscheidende Rolle bei der  Entstehung, Progression,
Chemotherapieresistenz, Rezidiv und Metastasierung des NZK spielen'®!, NZK-TSZ
exprimieren Stammzellmarker wie CXCR4, CD105, CD133 wund CD44 auf der
Zelloberflache®*®. Ob TSZ von einem glykolytischen Metabolismus profitieren ist bisher
unklar®#6347_ Allerdings wurde bereits gezeigt, dass sowohl ruhende als auch proliferierende
TSZ eine gesteigerte OXPHOS besitzen und den mitochondrialen oxidativen Metabolismus
praferieren®®. Folglich ist es denkbar, dass Tumorzellen mit anabolem Stoffwechsel die

Versorgung von TSZ in hypoxischen Nischen des Tumor unterstiitzen.
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Abbildung 11: Interaktion zwischen heterogenen Tumorbereichen mit unterschiedlichem
glykolytischen Phéanotyp.

Durch Aktivierung von Onkogenen bzw. Inaktivierung von Tumorsuppressorgenen kommt es zur
unkontrollierten Zellteilung (Hyperplasie) (1). Aufgrund der Volumenzunahme des Tumors sinkt
einerseits die Versorgung mit Sauerstoff (O2) im Inneren. Andererseits kénnen sich durch die genetische
Instabilitét der stark proliferierenden Tumorzellen weitere Tumorzellsubpopulationen ausbilden, die ein
Umschalten des Metabolismus zur aeroben Glykolyse (Warburg Effekt) aufweisen. Durch die verstarkte
Laktatsezernierung und die Ausschiittung des vaskularen epithelialen Wachstumsfaktors (VEGF) dieser
anabolen Tumorzellen wird das umliegende oxigenierte katabole Gewebe mit Laktat als Energietrager
versorgt und die Vaskularisierung des Tumors angeregt (2).Folglich kénnen verschiedene
Tumorregionen mit unterschiedlichen metabolischen Phanotypen miteinander interagieren und somit
die Tumorprogression, Invasion und Metastasierung vorantreiben. Zusétzlich fuihrt die Ansduerung des
Tumormikromilieus zur Inaktivierung von Immunzellen (Tabelle 4), was die Ausbreitung und Invasion
des Tumors begunstigt (3). Verandert nach DeBerardinis und Chandel, 201634,

Die LDH-AKktivitat in vivo kann im Serum sowie im Tumor bestimmt werden und dient beim
Melanom als ein prognostischer Uberlebensfaktor®*®. Dabei korreliert eine hohe LDH-AKktivitat
mit einer negativen Prognose (Gesamtiiberleben, progressionsfreies Uberleben,
Therapieansprechen) bei Immuntherapien mit dem Cytotoxic T-lymphocyte-associated

(CTLA)-4 Antikorper Ipilimumab und/oder dem Programmed cell death (PD)-1 Antikorper



DISKUSSION 119

Pembrolizumab®®. Weiterhin gehen erhohte LDH-Mengen ebenfalls bei anderen
Tumorentitaten mit einer schlechteren Prognose einher®!3%, siRNA-vermittelte LDHA-
Reduktion fuhrte interessanterweise zur verminderten Expression des CREB-Zielgens MMP2
und zur verminderten Migrations- und Invasionskapazitat von Gliomzellen®®*. Zurzeit gibt es
eine Reihe Kklinischer Studien, die die Kombination aus der Behandlung mit Checkpoint-
Inhibitoren und der Reduktion der Ansauerung des TME untersuchen (NCT02968303,
NCT02631447, NCT02902029)*. Es wurde bereits gezeigt, dass LDHA-defiziente Tumore
langsamer in immunkompetenten Mausen wachsen. Dieser Effekt konnte in T- und NK-Zell-
depletierten Mausen revertiert werden®?,

Ebenfalls werden weitere Therapieoptionen, wie die Blockierung der Laktattransporter
(NCT01791595, Phase | Kklinische Studie)®*%3%8 der Protonenpumpen (z. B. durch
Pantoprazol)®®-%¢1 oder der Carboanhydrasen¢233 untersucht, um eine pH-Wert-Reduktion
des TME zu verhindern und damit eine Immunzellhemmung zu vermeiden. Fir den Wirkstoff
Diclofenac wurde gezeigt, dass dieser die Laktatproduktion der Tumorzellen reduziert. Dabei
fuhrte die Behandlung mit Diclofenac aber ebenfalls zur Hemmung der T-Zell-Aktivit&t2542°5:336
Zusatzlich kénnten Puffertherapien wie z. B. die Bicarbonattherapie zur pH-Wert-Stabilisierung
im TME in Erwagung gezogen werden343%5 Folglich zeigen die Ergebnisse der vorliegenden
Manuskripte, dass diese verschiedenen neuartigen Behandlungsoptionen gegen die
Ansauerung des TME zukulnftig die Therapieeffizienz des VHL-defizienten, hypoxischen und
CREB-Uberexprimierenden NZK entscheidend steigern und zur Uberwindung von
immuntherapeutischen Resistenzen beitragen kénnten.

Weiterhin wurde beschrieben, dass Hypoxie Uber die Stabilisierung von HIF zur
Herunterregulation der MHC Klasse I-Antigenprasentation und damit zur verminderten T-
Zellantwort fuhrt3%®, Neben der pH-Wert-Reduktion und der verminderten Antigenprasentation
wird die Erkennung der Tumorzellen durch das Immunsystem durch tumorspezifische
Proteinsezernierung in das TME beeinflusst. In Manuskript 2 wurde die VHL- und Hypoxie-
mediierte Proteinsezernierung mittels 2D-Gelelektrophorese untersucht. Dabei zeigte sich die
differentielle Regulation einiger immunmodulatorischer Proteine, wie die VHL-abh&ngige
Herunterregulation des antioxidativen Enzyms SOD2 und die verstarkte Sezernierung von
Beta-2-Mikroglobulin (2M), welches funktionell an der MHC Klasse I-Antigenprasentation
beteiligt ist. Zusatzlich wurde nachgewiesen, dass die Inkubation mit SOD2 zu einer
verringerten Aktivitat, Proliferation und IL-2-Sekretion von T-Zellen (PBMC) fuihrt (Manuskript
2). Folglich wére SOD2 fur VHL-defiziente NZK sowohl als prognostischer Marker sowie auch
als Zielprotein fiir therapeutische Ansétze, z. B. mittels Entwicklung eines spezifischen

Inhibitors, geeignet.
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6 Zusammenfassung

Wahrend des letzten Jahrzehnts hat das Wissen Uber die molekularen Mechanismen der
zellularen Anpassung an Hypoxie, Uber die Funktion des VHL-Proteins und der
Transkriptionsfaktoren HIF und CREB im Metabolismus des NZK stark zugenommen.
Trotzdem gab es zum Zeitpunkt der Erstellung, der in der Arbeit verwendeten Manuskripte,
wenige Informationen Uber die Konvergenz und Diskrepanz in der Genexpression und
Proteinsekretion dieser Prozesse. Ziel dieser Arbeit war es daher, VHL-, CREB- und Hypoxie-
regulierte Veranderungen im Tumormetabolismus mittels Transkriptom- und Proteom-
basierenden Strategien (Abbildung 5) zu untersuchen. Weiterhin wurde der Einfluss von VHL,
CREB und Hypoxie auf den Zellstoffwechsel durch die Bestimmung der Glukoseaufnahme,
der Laktatsekretion, des extrazellularen pH-Werts, der intrazellularen LDH-AKktivitat, des AS-
Gehalts und der ATP-Mengen analysiert. Zusatzlich wurde das Sekretom einer VHL-negativen
NZK-Zelllinie und der korrespondierenden VHL-positiven Uberexpressionsvariante unter
sauerstoffarmen und sauerstoffreichen Bedingungen verglichen.

Zusammenfassend lassen sich folgende Erkenntnisse aus der vorliegenden Dissertation

gewinnen:

i) Sowohl VHL-Defizienz und Hypoxie als auch CREB-Uberexpression filhren zur
Uberexpression der Glykolyseenzyme, zu einer verstarkten zellularen glykolytischen Aktivitat,
erhohter LDH-Aktivitat und zu verstarkter Laktat- sowie Protonensekretion in den
extrazellularen Raum (,Warburg Effekt*). Somit wére eine antiglykolytische Therapie oder eine
Therapie, die die Laktatsekretion bzw. das Ansduern des TME unterbindet in VHL-defizienten,
hypoxischen oder CREB-Uberexprimierenden NZK vermutlich gleichermalBen wirksam.
Zusatzlich wurde eine ausschliellich CREB-abhangige Expression der PKG sowie die
Expression von Enzymen, die zwar VHL-abhangig, aber nicht Hypoxie-abhangig reguliert
vorlagen (PGAM, PKM), nachgewiesen. Im Gegensatz dazu waren TPI1 und ENO einerseits
als therapeutische antiglykolytische Zielproteine besonders geeignet, weil beide Enzyme HIF-
abhangig (divergent exprimiert durch Hypoxie und VHL-Funktionalitat) und CREB-abhéngig
reguliert werden. Andererseits stellen beide Enzyme neue prognostische Marker dar, da sie

ebenfalls in héherer Menge im Sekretom der NZK-Zellen nachgewiesen wurden.

ii) Im Gegensatz zur Glykolyse zeigen die Analysen der VHL-, CREB- und Hypoxie-
abhangigen mitochondrialen Aktivitat Unterschiede: CREB-Uberexpression fiihrt zu einer
erhdhten mitochondrialen Aktivitat und zur verstarkten Expression der Citratsynthase,
wahrend es bei VHL-Verlust zu einer reduzierten mitochondrialen Aktivitdt und zur
verminderten ACO1-Expression kommt. Zuséatzlich waren bei VHL-Defizienz die Enzyme der

Komplexe 1l und 11l der Atmungskette auf Proteinebene herunterreguliert. Unklar bleibt hier
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inwiefern eine therapeutische Intervention der mitochondrialen Aktivitat im NzZK die
Tumorprogression beeinflussen wirde. Zwar scheint die Ansammlung von Succinat durch die
reduzierte SDHA tumorigen zu wirken, jedoch wird den Tumorzellen durch die verminderte

OXPHOS weniger ATP zur Verfligung gestellt.

iii) Durch VHL-Defizienz und Hypoxie wird ACO1 vermindert exprimiert, was zu einer erhéhten
Citratansammlung fiihrt. Ebenfalls konnte die CREB-abhédngige Hochregulation der
Citratsynthase zur vermehrten Citratansammlung beitragen. Beide Vorgange konnten
urséachlich fur die vermehrte Lipidansammlung im NZK sein, welche nachweislich zum
malignen Ph&notyp beitragt. Zusatzlich wurde eine reduzierter Fettsdureabbau und erhohter

Fettsauretransport in den VHL-defizienten NZK-Zellen nachgewiesen.

iv) Sowohl VHL-Verlust als auch verstarkte CREB-Expression fiihren zu erhéhtem Abbau von

ROS. Allerdings sind verschiedene Abbauwege urséachlich.

v) Die VHL-Defizienz- und Hypoxie-bedingte SOD2-Hochregulation fiihrt nicht ausschlie3lich
zum intrazellularen ROS-Abbau, sondern gleichermafien zur verstarkten Sekretion des
Proteins. Sekretiertes SOD2 vermindert die T-Zell-Aktivierung, -Proliferation und -IL-2-
Sekretion. Aufgrund dessen ist SOD2 eine geeignete Zielstruktur fir Therapieanséatze, die zur

gesteigerten tumoralen Immunantwort gegen das NZK fiihren kdnnten.

vi) Aufgrund der funktionellen Bedeutung des Proteins TGM2 in der Tumorentwicklung und
seiner Abhangigkeit von der HIF2a-Proteinmenge, stellt TGM2 sowohl einen neuen
prognostischen Faktor als auch ein wichtiges putatives therapeutisches Ziel fir das kzNZK
dar.

Ein schematischer Uberblick tiber die Ergebnisse der VHL-, Hypoxie- und CREB-gesteuerten

Anderungen im Zellmetabolismus ist in Abbildung 12 dargestellt.
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7 Ausblick

Trotz der Fortschritte der letzten Jahre in der Behandlung des metastasierenden NZK mit
Zytokinen, Antikdrpertherapien, Tumorvakzinierungen oder TKI liegt die 5-Jahres-
Uberlebensrate fortgeschrittener Stadien bei unter 20 %. Dies zeigt die Unerlasslichkeit der
Etablierung neuer Anséatze in der Therapie des NZK. Dazu ist es u. a. notwendig, die tumoralen
Stoffwechselvorgange und die Verdnderungen der Genexpression durch den Verlust von
Tumorsuppressoren wie VHL oder des Anschaltens von Transkriptionsfaktoren wie HIF und
CREB oder auch Tumorstammzellmarkern wie TGM2 zu analysieren. Die vorliegende
Dissertation tragt diesbeziglich zur Aufklarung bei und schafft Ansatzpunkte fur die
Entwicklung und Einsatzmoglichkeiten neuer oder bereits existierender Inhibitoren/Antikdrper.
Erstin den letzten Jahren (teilweise nach dem Erscheinen der Manuskripte) wurden zahlreiche
klinische Studien zur Untersuchung der Wirksamkeit von Substanzen, welche gegen die
metabolischen Veranderungen in Tumoren gerichtet sind, initiiert (siehe Diskussion). Fur die
Therapie des kzNZK wéren vor allem Substanzen, die entweder direkt gegen das glykolytische
Umschalten der Tumorzellen oder zumindest das Ansauern des TME unterbinden von Vorteil,
um die Wirkung von Immuntherapien zu verbessern und Therapieresistenzen zu vermeiden.
Ebenfalls sollten TGM2-, TPI1- und SOD2-Inhibitoren gegen das kzNZK zur Unterstiitzung der
konventionellen Therapie getestet werden. Zukiinftig ware auch eine personalisierte Therapie
denkbar, welche auf der Bestimmung von prognostischen Markern wie ENO, TPI1, ALDOA
oder SOD2 aus dem Patientenserum basiert. Allerdings mussten der Etablierung solcher
Therapien eine Reihe weiterer klinischer Studien vorangehen, um die Sicherheit der Patienten

zu gewahrleisten.
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13 Anhang
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Anhang Abbildung 1: Kaplan-Meier-Uberlebenskurven
Erstellt mit Kaplan-Meier Plotter
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Anhang Abbildung 2: SOD2-Expressionsanalyse

Erstellt mit TNMplot.com
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