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Zusammenfassung 
Das kleinzellige Ovarialkarzinom vom hyperkalzämischen Typ (SCCOHT) repräsentiert 

einen sehr seltenen und aggressiven Tumortyp des Ovarialkarzinoms, welcher vornehmlich 

bei jungen Frauen im fortpflanzungsfähigen Alter auftritt. Diese Tumorerkrankung geht 

einher mit einer schlechten Prognose und bei 2/3 der Patientinnen entwickelt sich eine 

pathologisch erhöhte Kalziumkonzentration im Serum (Hyperkalzämie). Dank der Tatsache, 

dass seit kurzem zwei Zelllinien dieses Krankheitstyps etabliert wurden (SCCOHT-1 und 

BIN-67), ergibt sich nun die Möglichkeit für in vitro und in vivo Studien.  

 

Bei diesen Untersuchungen stellte sich heraus, dass durch eine Erhöhung der Kalzium-

konzentration im Kulturmedium auf ein hyperkalzämisches Niveau eine signifikante 

Wachstumshemmung beobachtet werden konnte. Dieser Einfluss auf die Proliferation war 

begleitet von einer Aktivierung der p44/42 MAPK und einer gesteigerten Produktion an 

Prostaglandin E2.  

 

Mit Hilfe weiterer in vitro Versuche wurde die Chemosensitivität der SCCOHT Zellen 

ausgetestet. Hierbei zeigte sich, dass die Zellen gegenüber Epothilone, Methotrexat und 

Topotecan sensitiv waren, aber gegenüber Platin-Präparaten eine Resistenz zeigten. Das 

Chemotherapeutikum mit dem höchsten Potenzial in dieser Untersuchung war Epothilon B. 

Mit zunehmender Versuchsdauer konnte eine Akkumulation der G1- und G2-Phase, gefolgt 

von einem Anstieg der Anzahl toter Zellen im Zellzyklus beobachtet werden. Ebenfalls 

konnte ein Anstieg der Ser15 Phosphorylierung von P53 nach Epothilon B Behandlung der 

SCCOHT-1 Zellen beobachtet werden. Nach xenogener Tumorinduktion in NODscid Mäusen 

konnten die Ergebnisse aus dem Tierversuch die in vitro erhobenen Daten bestätigten. Eine 

verstärkte Zytotoxizität in vitro und in vivo konnte darüber hinaus durch den synchronen 

Einsatz von Epothilon B und exogenem Kalzium beobachtet werden.  

 

Durch eine sekretorische Untersuchung von SCCOHT-1 zeigte sich, dass die Zellen auch eine 

Reihe von Zytokine und Wachstumsfaktoren konstitutiv produzieren, darunter unter anderem 

der Hepatozyten Wachstumsfaktor (HGF). HGF ist der Ligand für den Rezeptor c-Met und 

immunhistochemische Untersuchung von 15 SCCOHT-Tumoren zeigten eine heterogene 

c-Met Verteilung von 0-80%. In den untersuchten Zelllinien konnten bei SCCOHT-1 41 % 

und bei BIN-67 6,5 % c-Met Expression beobachtet werden, was auf einen autokrinen 



	

	

II	

Stimulationsmechanismus über das gleichzeitig freigesetzte HGF schließen ließ. Folgende 

weitere Gemeinsamkeiten konnten zwischen diesen beiden Zelllinien beobachtet werden: sie 

exprimieren kein BRG-1 (SMARCA4 Mutation) und EpCAM, dafür aber CD90. Im 

kompletten Gegensatz dazu exprimieren die Zelllinien der ovarialen Adenokarzinome 

(SK-OV-3 und NIH:OVCAR-3) BRG-1 und EpCAM, dafür aber kein CD90. 

 

Durch die Stimulation des c-Met Rezeptors von SCCOHT-1 mit HGF konnte eine 

Phosphorylierung von c-Met (Tyr 1349) und infolge weiterer Signalweiterleitung ebenfalls 

die Phosphorylierung von Thr202/Tyr204 der p44/42 MAPK beobachtet werden. Diese durch 

HGF vermittelte Signalkaskade konnte durch die Verwendung des Tyrosinkinase Inhibitors 

Foretinib unterbrochen werden, was auch zu einer Akkumulation der G2-Phase im Zellzyklus 

und einem Anstieg der Apoptose führte. Im Tierversuch konnte die wachstumsinhibierende 

Wirkung von Foretinib bestätigt werden und es konnte eine 5- bis 10-fach reduzierte 

SCCOHT Tumorgröße im Vergleich zu den Kontrolltumoren festgestellt werden. Zusätzlich 

zeigte sich bei den Foretinib behandelten Mäusen eine signifikant reduzierte Vaskularisierung 

der Tumore und deren Tumormikromilieus. Mit Hilfe einer durch c-Met siRNA vermittelten 

Herunterregulation konnte ein direkter Zusammenhang zwischen der verminderten c-Met 

Expression und der verlangsamten Proliferation bestätigt werden.  

 

Schlagwörter: SCCOHT, Epothilon B, Foretinib 
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Abstract / Summary 
The small cell carcinoma of the ovary hypercalcemic type (SCCOHT) represents a rare and 

aggressive form of ovarian tumors. This tumorigenic disease is associated with poor 

prognosis and predominantly affects young women during reproductive age. Two thirds of the 

patients develop a pathologically increased serum calcium concentration (hypercalcemia). 

Two cell lines (SCCOHT-1 and BIN-67) of this tumor entity have been established recently 

providing cellular models to perform in vitro and in vivo experiments.  

 

Exposure of SCCOHT-1 cells to hypercalcemic-like conditions demonstrated a progressively 

reduced proliferation rate. These calcium-mediated antiproliferative effects were accom-

panied by the activation of p44/42 MAPK and an increased production of prostaglandin E2.  

 

Moreover, chemosensitivity of SCCOHT-1 cells was tested by several in vitro approaches. 

The cells displayed sensitivity for certain epothilones, methotrexate and topotecan whereas 

little if any cytotoxicity was observed with platin-based compounds. In particular, 

epothilone B demonstrated the maximal cytotoxic effects in SCCOHT-1 cells. In addition, a 

significant G1 and G2 cell cycle accumulation with subsequent cell death in subG1 phase was 

observed during epothilone B incubation. Moreover, an increased Ser15 phosphorylation of 

P53 became detectable following epothilone treatment. These in vitro data were confirmed in 

vivo after induction of SCCOHT xenograft tumors in NODscid mice. The concomitant use of 

epothilone B and exogenously-added calcium displayed synergistic cytotoxicity in vitro and 

in vivo.  

 

Furthermore, screening of constitutive chemokine and growth factor production by 

SCCOHT-1 cells revealed a significant production of hepatocyte growth factor (HGF). 

Whereas HGF represents the ligand for c-Met receptor, immunohistochemistry of c-Met 

expression in SCCOHT tumors demonstrated a heterogeneous distribution between 

undetectable levels and 80 %. Here, SCCOHT-1 cells exhibited 41 % and BIN-67 cells 6.5 % 

of c-Met expression. Further characterization of SCCOHT-1 and BIN-67 cells showed an 

absence of BRG-1 protein (due to a SMARCA4 mutation), strong expression of CD90 and 

undetectable EpCAM levels which was in contrast to the ovarian adenocarcinoma cell lines 

(SK-OV-3 and NIH:OVCAR-3) displaying completely opposite expression patterns for these 

three markers.  
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HGF stimulation of SCCOHT-1 cells was associated with c-Met phosphorylation at Tyr 1349 

and a downstream Thr202/Tyr204 phosphorylation of p44/42 MAP kinase. This HGF-

induced signaling cascade was abolished by the c-Met inhibitor foretinib. Cell cycle analysis 

after foretinib treatment demonstrated enhanced G2 accumulation and increasing apoptosis. 

Animal experiment in SCCOHT-induced tumors in mice could confirm the antiproliferative 

effects of foretinib demonstrating a 5- to 10-fold reduced tumor size in comparison to 

untreated control tumors. Furthermore, foretinib-treated tumors revealed a significantly 

reduced vascularization within the SCCOHT tumor microenvironment. The important role of 

c-Met activation for the proliferative capacity of SCCOHT-1 cells and appropriate in vivo 

tumor growth could be substantiated by specific experimental approaches using c-Met 

siRNA-mediated protein knock down. 

 

keywords: SCCOHT, epothilone B, foretinib 
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1 Einleitung 

1.1 Das Ovarialkarzinom 

 
Jährlich erkranken deutschlandweit etwa 7.500–7.900 Frauen (12,1 auf 100.000 Frauen 

(2010)) [1] mit einem mittleren Erkrankungsalter von 69 Jahren an einer malignem Form des 

Eierstockkrebs. Dies entspricht 3,5 % der jährlichen Krebserkrankungen bei Frauen und stellt 

somit die fünfthäufigste Tumorerkrankung (weltweit 3,6 %, Rang 7) [2] - hinter dem 

Mammakarzinom, Darmkrebs sowie Bronchial- und Pankreaskarzinom - dar. Mit 5,6 % 

(weltweit 4,3 %) der jährlichen Krebssterbefälle weist der Eierstockkrebs (Ovarialkarzinom) 

dabei die höchste Mortalitätsrate bezogen auf gynäkologische Tumore in Deutschland auf. 

 

 

 
Abbildung 1-1: Prozentualer Anteil der häufigsten Tumorlokalisationen aller Krebssterbefällen in Deutschland (2010) 
[1]. 

 

Man unterscheidet je nach histologischer Tumorentität des Ovarialkarzinoms zwischen den 

epithelialen Ovarialtumoren (EOS, ca. 60 %), den Keimzelltumoren (ca. 20 %), den 

Keimstrang- und Stromatumoren (ca. 5 %) und Metastasen anderer Tumore (15-20 %) [3]. 

Des Weiteren werden Ovarialzysten von echten Neoplasien abgegrenzt. Echte Neoplasien 

werden wiederum in benigne und maligne Tumore sowie in Borderline Tumore eingeteilt. 

Eine international geltende Einteilung der gynäkologischen Tumore erfolgt z.B. in FIGO-

Stadien (Federation Internationale de Gynécologie et d`Obstétrique) [4]. 
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Tabelle 1.1 FIGO Stadieneinteilung für das Ovarialkarzinom [4] (Stand : 01. Januar 2014) 

FIGO   Kriterien 
 I   Tumor auf die Ovarien beschränkt 
I-A   auf ein Ovar beschränkt, Kapsel intakt, Ovarialoberfläche 

tumorfrei, negative Spülzytologie 
I-B   Befall beider Ovarien, ansonsten wie Stadium IA 
I-C   Tumor befällt ein Ovar oder beide Ovarien 
I-C1   iatrogene Kapselruptur 
I-C2   präoperative Kapselruptur oder Tumor auf der Ovarialoberfläche 
I-C3   maligne Zellen im Aszites oder in der Spülzytologie nachweisbar 
II   Tumor auf einem oder beiden Ovarien mit zytologisch oder 

histologisch nachgewiesener Ausbreitung in das kleine Becken 
oder primäres Peritonealkarzinom 

II-A   Ausbreitung und/oder Tumorimplantate auf Uterus und/oder 
Tuben 

II-B   Ausbreitung auf weitere intraperitoneale Strukturen im Bereich 
des kleinen Beckens 

III   Tumor auf einem oder beiden Ovarien mit zytologisch oder 
histologisch nachgewiesener Ausbreitung außerhalb des kleinen 
Beckens und/oder retroperitoneale Lymphknotenmetastasen 

III-A   retroperitoneale Lymphknotenmetastasen und/oder 
mikroskopische Metastasen außerhalb des kleinen Beckens 

III-A1   ausschließlich retroperitoneale Lymphknotenmetastasen 
III-A1(i)   Metastasen ≤ 10 mm 
III-A1(ii)   Metastasen > 10 mm 
III-A2   mikroskopische extrapelvine Ausbreitung auf das Peritoneum 

außerhalb des kleinen Beckens mit oder ohne retroperitoneale 
Lymphknotenmetastasen 

III-B   makroskopische extrapelvine Ausbreitung auf das Peritoneum 
außerhalb des kleinen Beckens ≤ 2 cm mit oder ohne 
retroperitoneale Lymphknotenmetastasen; schließt eine 
Ausbreitung auf die Leberkapsel und die Milz ein 

III-C   makroskopische extrapelvine Ausbreitung auf das Peritoneum 
außerhalb des kleinen Beckens > 2 cm mit oder ohne 
retroperitoneale Lymphknotenmetastasen; schließt eine 
Ausbreitung auf die Leberkapsel und die Milz ein 

IV   Fernmetastasen mit Ausnahme peritonealer Metastasen 
IV-A   Pleuraerguß mit positiver Zytologie 
IV-B   Parenchymale Metastasen der Leber und/oder der Milz, 

Metastasen zu außerhalb des Abdomens gelegenen Organen 
(einschließlich inguinaler Lymphknotenmetastasen und/oder 
anderer außerhalb des Abdomens gelegener 
Lymphknotenmetastasen 

 

 

Als Risikofaktoren für die Erkrankung an einem Ovarialkarzinom gelten zunehmendes 

Lebensalter, endokrine Faktoren (wiederholte Ovulation, frühe Menarche, späte Menopause, 

Nulliparität, primäre Sterilität, polyzystische Ovarien, Hormonsubstitution) und Keimbahn-
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mutationen von BRCA1 und BRCA2 (das Lebenszeitrisiko an Eierstockkrebs zu erkranken 

liegt bei 40–60 %) [5,6]. Als protektive Faktoren gelten Ovulationshemmung, Tubenligatur, 

höhergradige Parität und eine lange Stillperiode [7-9]. 

 

Da mit dem Oberbegriff Ovarialkarzinom eine Vielzahl histologischer Subtypen des 

epithelialen Typs mit unterschiedlichen Entitäten beschrieben werden (serös, endometrioid, 

muzinös, klarzellig, transitionalzellig (Brenner Tumor), Karzinosarkom, gemischte epitheliale 

Tumoren, undifferenzierte Karzinome und andere) [10], formulierten Kurman und Shih [11-

13] ein entsprechendes duales Modell zur verbesserten Einteilung der Tumore (Abbildung 1-

2). Hierbei wird zwischen zwei möglichen Entstehungswegen unterschieden, dem („low-

grade“) Typ-I und dem („high-grade“) Typ-II Tumor.  

 

 
Abbildung 1-2: Dualistisches Progressionsmodell der serösen Ovarialkarzinome nach Shih und Kurman.  
SBT (serous borderline tumor), APST (atypical proliferative serous tumor) MPSC (micropapillary serous carcinoma auch 
„nicht invasives mikropapilläres Karzinom“ genannt). (adaptiert nach Meinhold-Heerlein et al. [14]) 

 

Typ-I Tumore haben dabei zumeist Ihren Ursprung in benignen Tumoren (Adenome und 

Borderline-Tumore). Wie in Abbildung 1-2 dargestellt, entwickelt sich das hochgradig 

differenzierte Ovarialkarzinom an der Oberfläche des Ovars (Ovarialepithel) aus einem 

serösen Zystadenom - über ein Stadium, das als „invasives mikropapilläres seröses Zyst-

adenom“ (MPSC) beschrieben wird. Zu den MPSC gehören die hochdifferenzierten serösen, 

muzinösen und endometroide „low-grade“-Karzinome sowie die malignen Brenner-Tumore. 

Charakteristisch für Tumore dieses Typs ist eine Häufung im Auftreten von BRAF- (V-RAF 

murine sarcoma viral oncogene homolog B1), KRAS- (kirsten rat sarcoma virus) und ERBB2-

—	5	jährige	Überlebensrate	~55%	

	—		5	jährige	Überlebensrate	~30%	
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Mutationen [15,16], ein niedriger Proliferationsindex, eine geringe Rate an P53-Mutationen 

[15,17] und eine günstigere 5-jährige Überlebensrate von 55 %. Dagegen gehören die schlecht 

differenzierten, serösen und endometroiden Karzinome, die undifferenzierten und die 

malignen Müller-Mischtumoren zu den Typ-II Tumoren. Hierbei entsteht das Ovarial-

karzinom „de novo“ an der Ovaroberfläche oder an einem anderen Ort des Müller-Epithels 

und nicht, wie oben beschrieben, über eine tumoröse Vorläuferläsion. Charakteris-tisch für 

Typ-II Tumore ist ihr schnelles Wachstum und damit einhergehend eine schlechte Prognose. 

Des Weitern weisen sie im Vergleich zu den Typ-I Tumoren eine hohe genetische Instabilität 

und Mutationen im Gen TP53 auf.  

 

Erste in vitro Ergebnisse und klinische Untersuchungen [18-20] konnten zeigen, dass die 

langsam proliferierenden „low-grade“ serösen Typ-I Tumore nicht dieselbe Sensitivität im 

Vergleich zu den „high-grade“ serösen Karzinomen bezüglich der Standard Platin/Taxan-

basierten Chemotherapie zeigen. Diese Daten zeigen, dass mindestens für diesen Subtyp neue 

Wege/Therapeutika zur effektiven Behandlung komplett fehlen und erforscht werden müssen. 

Im Hinblick auf diese inadäquate Behandlung mit platinhaltigen Präparaten konnten erste 

erfolgsversprechende in vitro und in vivo Ergebnisse mit dem MAPK (Mitogen-aktivierte 

Proteinkinase)-Inhibitor CI-1040 bei Tumorzellen mit KRAS oder BRAF Mutationen gezeigt 

werden [21]. Mit der Applikation von Selumetinib, einem weiteren MAPK-Inhibitor, konnte 

bspw. bei einer Patientin mit einem rezidivierten, serösen, „low-grade“ Ovarialtumor eine 11-

monatige progressionsfreie Zeit beobachtet werden [22]. Im Hinblick auf die Wirksamkeit 

von MAPK-Inhibitoren geht auch die Suche nach Inhibitoren weiter, die in der Signalkaskade 

oberhalb (upstream) von MAPK angesiedelt sind. Von immer größer werdendem Interesse 

sind spezifische Moleküle, die gerichtet auf die Angiogenese und/oder auf die proliferative 

Kapazität von Krebszellen wirken. Als Target würden hierfür zum Beispiel FGFs (fibroblast-

growth factor), PDGFs (platelet-derived growth factor) [23], VEGF (vascular endothelial 

growth factor) [24], und HGF (hepatocyte growth factor)/c-Met (hepatocyte growth factor 

receptor) [25] von großem Interesse sein. 

 

Nach den Leitlinien der Deutschen Krebsgesellschaft erfolgt als Standardtherapie bei 

Ovarialtumoren mit einem FIGO-Stadium von I bis II-A nach der operativen Entfernung aller 

makroskopisch erkennbaren Tumormaterialen eine Primärtherapie von 6 Zyklen einer platin-

haltigen, adjuvanten Chemotherapie (ggf. kann bei einem Stadium von „I“ auf eine Chemo-

therapie verzichtet werden). 
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Tumore, bei denen das Stadium FIGO II-B bis IV diagnostiziert wurde, sollen nach einer 

möglichst kompletten Resektion des Tumormaterial mit einer primären, 6 Zyklen Carboplatin 

und Paclitaxel beinhaltenden, systemischen Chemotherapie behandelt werden [26].  

 

In ca. 3/4 der Fälle tritt trotz einer optimierten Therapie bei fortgeschrittenen Ovarialtumoren 

ein Rezidiv auf [14]. Von einem Frührezidiv spricht man, wenn es weniger als 6 Monate nach 

Abschluss der Primärtherapie diagnostiziert wird. In den meisten Fällen weist das Frührezidiv 

eine Resistenz gegenüber Platinpräparaten auf, sofern diese Bestandteil der Primärtherapie 

waren. In diesen Fällen können die Patientinnen entweder mit pegyliertem, liposomalen 

Doxorubicin, Topotecan oder mit Gemcitabin und Paclitaxel behandelt werden.  

 

Als Spätrezidiv werden Tumore bezeichnet, die frühestens 6 Monate nach Therapieende 

auftreten. Sie gelten im Allgemeinen als platinsensibel und werden in einer Reinduktions-

therapie erneut mit einer platinhaltigen Kombinationstherapie behandelt. Folgende Wirkstoff-

kombinationen haben sich als effektiv herausgestellt: Carboplatin + pegyliertes liposomales 

Doxorubicin oder Paclitaxel oder Gemcitabin oder Gemcitabin + Bevacizumab [26]. 

 

 

1.2 Kleinzelliges Ovarialkarzinom vom hyperkalzämischen Typ (SCCOHT) 
 
Als eigenständige pathologische Einheit klassifizierte Robert E. Scully 1979 erstmals das 

kleinzellige Ovarialkarzinom im Atlas für Tumorpathologie [27]. Es wird dabei zwischen drei 

Varianten unterschieden: dem hyperkalzämischen-Typ (SCCOHT), dem pulmonalen-Typ 

(SCCOPT) und dem nicht-kleinzelligen-Typ (NSCSCC, non-small-cell carcinoma). Diese 

drei Typen des kleinzelligen Ovarialkarzinoms repräsentieren zusammen ungefähr 1 % der 

jährlichen Ovarialkarzinom Erkrankungen [28]. In einer ersten Publikation zum SCCOHT 

wurden 11 Patientenfälle mit 3 ähnlichen, schon publizierten Fällen [29,30] beschrieben und 

verglichen. Das Tumormaterial wurde lichtmikroskopisch und elektronenmikroskopisch 

untersucht. Hieraus schlussfolgerte Dickersin et al. eine epitheliale Natur dieser Neoplasien, 

konnte aber keinen spezifischen Subtyp oder Ursprung diagnostizieren. Im ersten Jahrzehnt 

nach der Festlegung, dass es sich bei SCCOHT um ein eigenständiges Krankheitsbild handelt, 

folgten erste Fallberichte und Studien von Behandlungsversuchen [31-37]. 
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Folgende histologische Merkmale von SCCOHT-Tumoren wurden in der Literatur 

beschrieben:  

• wenig differenzierte, kleine, runde Zellen mit hyperchromatischen Kernen, wenig 

Zytoplasma und eine hohe Mitoserate [38,39], 

• diffuses, zuweilen spindelartiges Wachstum von dicht gepackten Zellen [39], 

• die Tumore weisen häufig diffuse, folikelähnliche Bereiche auf, die zumeist mit 

eosinophiler Flüssigkeit gefüllt sind [39]. 

 
Bezüglich des Ursprungs der Histogenese von SCCOHT gibt es bis heute kein klares 

Ergebnis. In der Literatur werden verschiedene Ursprünge diskutiert: oberflächliche 

epitheliale Zellen, Keimzellen oder Keimstrang-Stromazellen [34,39-41]. Die WHO klassifi-

zierte sie im Jahr 2003 in der Gruppe „misscellaneous tumor oft the ovary“ [42]. 

Im Klinikalltag bereitet die Unterscheidung zwischen einem SCCOHT und einem epithelialen 

Ovarialtumor oft große Probleme. Zumeist wächst das SCCOHT symptomlos und sehr 

schnell im kleinen Becken [43]. In über 50 % der Fälle ist bei der Erstdiagnose das SCCOHT 

nicht mehr auf das Ovar beschränkt, sodass es mit FIGO-Stadium ≥ II charakterisiert wird 

[44]. In einer retrospektiven Studie identifizierten Estel et al. 135 SCCOHT-Fälle mit um-

fangreichen Patientendaten, die in einem Zeitraum von 1975 bis 2010 lagen und werteten 

diese Daten statistisch aus. Die Ergebnisse dieser umfangreichen Studie lauten wie folgt [44]: 

• Durchschnittsalter: 23,4 Jahre (SD 10,6; [14 Monate–71 Jahre]) 

• Durchschnittliche Zeit zwischen den ersten Symptomen und Diagnose: 

6,6 Wochen (SD 9,2; [1–52 Wochen]) 

• Größe des Primärtumors: 14,7cm im Durchmesser (n = 85, SD 4,8; [6–30 cm]) 

• Tumorvolumen: 2.213 cm3 (n = 47, SD 2.479; [117–15.000 cm3])  

• Tumorgewicht: 1.378 g (n = 20, SD 2.045; [329–10.000 g]) 

• Tumormarker CA125 (Serumlevel): beschrieben in 26 Fällen und in 20 Fällen 

(76.9 %) lag ein erhöhter Messwert 176 U/ml (SD 176; [25–691 U/ml]) 

• Tumorstaging: FIGO „I“ 48,6 % (50/102), FIGO „II“ 11,6 % (12/102), FIGO „III“ 

35,9 % (37/102) und FIGO „IV“ 3,9 % (4/102) 

• Pathologische Beurteilung des Tumors: 

o Intratumorale Hämorrhagie: 28 

o Nekrose: 31 

o Zystische Bereiche: 28 

• Ovarektomie: 97 % (128/132), unilateral 69,7 % (89/128), bilateral 30,5 % (39/128) 



Einleitung	
	

	 7	

• Chemotherapie nach Operation: 86,3 % (101/117) 

o Carboplatin oder Cisplatin 87,1 % (88/101) 

o Etoposid 52,5 % (53/101) 

o Alkylierungsmittel 39,6 % (40/101) 

o Bleomycin 29,7 % (30/101) 

o Anthracycline 27,7 % (28/101) 

o Vinca-Alkaloide 27,7 % (28/101) 

o Taxane 20,8 % (21/101) 

• Strahlentherapie: 27,2 % (28/103) 

• Rezidiv: 65,1 % (82/126) 

o Dauer der Rezidiventwicklung: 11,5 Monate (n = 50, SD 13,3; [1–70 Monate]) 

o Operation: 81,3 % (26/32) 

o Chemotherapie: 90,2 % (37/41) 

o Strahlentherapie: 44,4 % (12/27) 

o Zeit zwischen aufgetretenem Rezidiv und tumorbedingtem Tod: 15,7 Monate 

(SD 26,4; [1–159 Monate]) 

 

Die statistische Auswertung dieser Daten von Estel et al. zeigen mittels Überlebenskurve 

nach Kaplan-Meier und dem Log-Rank-Test, dass Bleomycin, Cyclophosphamid, Anthra-

zykline und Taxane keinen Effekt auf das Überleben der Patientinnen haben und damit hier 

therapeutisch unwirksam sind. Die Anwendung von Etoposid (Log Rank = 18,5; df = 1; 

p > 0,001), Cisplatin oder Carboplatin (Log Rank = 5,9; df = 1; p > 0,015) oder Vinca 

Alkaloide (Log Rank = 3,9; df = 1; p > 0,047) ist begleitet mit einem verlängertem Überleben 

der Patientinnen. Diese Ergebnisse unterstreichen Daten von Pautier et al. [45], wobei 27 

Patientinnen eine PAVEP (Cisplatin, Adriamycin, Vepesid, Cyklophosphamid) basierte 

Chemotherapie verabreicht wurde mit dem Ergebnis, dass 49 % der Patientinnen einige Jahre 

überlebt haben (aber nur (1/13) der Stage-III Patientinnen überlebte die Krankheit mit dieser 

Therapie). Ein weiteres Chemo-Behandlungsschemata für das SCCOHT umfasst folgende 

Wirkstoffkombination VPCBAE (Vinblastin, Cisplatin, Cyclophosphamid, Bleomycin, 

Doxorubicin, Etoposid) [37,46-50]. Harrison et al. [51] berichtet in seiner Studie, dass die 

langzeitüberlebenden Patientinnen eine Kombinationstherapie von Cisplatin und Etoposid 

erhalten haben. Auf Basis dieser sehr spärlichen und heterogenen Ergebnislage gibt es bis 

zum jetzigen Zeitpunkt allerdings keine Standardtherapie für SCCOHT Patientinnen, so dass 

weiterhin Mithilfe von individuellen Heilversuchen (Case-Report) und der Grundlagen-
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forschung (in vitro und in vivo) neue Wege für einen SCCOHT Therapieansatz gefunden 

werden müssen. 

 

Ein physiologisch begleitendes Merkmal der SCCOHT Tumorerkrankung ist die Entwicklung 

einer Hyperkalzämie bei ca. 60 % der Patientinnen [39]. Als Hyperkalzämie bezeichnet man 

einen erhöhten Kalziumspiegel im Serum (Normalbereich: 2,0–2,5 mmol/L, milder Typ: 2,5–

3,0 mmol/L, moderater Typ: 3,0–3,5 mmol/L, hyperkalzämische Krise: > 3,5 mmol/L) [52].  

  

Neben der Hyperkalzämie gab es bis zum Jahr 2014 keinen spezifischen Marker, welcher es 

Pathologen ermöglichte, Tumorschnitte eindeutig dem SCCOHT zuzuordnen. Zwar kann ein 

erfahrener Pathologe mit Hilfe von charakteristischen Zellmerkmalen für SCCOHT mittels 

H/E-Färbung (Hämatoxylin-Eosin) und durch gezielten IHC-Färbungen (Immunhistochemie) 

von EMA (epithelial membran antigen, Synonyme: MUC1, CD227) und WT1 (Wilms-

Tumor-Protein) [38,53] das Krankheitsbild bestätigen. Da diese IHC-Marker aber nicht zu 

100 % spezifisch für SCCOHT sind, sind Fehlinterpretationen möglich. 

Durch umfangreiche Forschungen zeigten fast gleichzeitig drei Arbeitsgruppen [54-56], dass 

SCCOHT durch eine Mutation des Gens SMARCA4 (Proteinprodukt: BRG-1) charakterisiert 

werden kann (Verlust der Proteinexpression bei 64/69). Das BRG-1 Protein ist eine zentrale 

katalytische Komponente des „SWI/SNF chromatin-remodeling gene complex“ und ist an der 

Kontrolle der Gentranskription in der Zelle beteiligt [55]. Dieser Komplex wurde schon in 

einer Vielzahl unterschiedlicher Karzinome beschrieben [57,58]. Eine weitere Mutation in 

einem Mitglied des SWI/SNF Komplex, SMARCB1, zeigt zu 95 % bei Rhabdoiden Tumoren 

keine Expression des Proteinprodukts INI1 [55]. In einer ersten, darauffolgenden 

vergleichenden IHC-Studie konnte Karania-Philippe et al. [59] durch eine Analyse von 122 

Tumoren, darunter 116 gynäkologische Tumore inklusive von 12 SCCOHT Fällen zeigen, 

dass das Fehlen von BRG-1 Expression und das gleichzeitige Vorhandensein von INI1 

Expression eine geeignete Markerkombination zur Charakterisierung von SCCOHT darstellt. 

In vereinzelten Fällen kann es aber auch zu konträren Ergebnissen kommen, die nicht in das 

erwartete Muster passen [60].  

 

Aufgrund von einigen Gemeinsamkeiten zwischen dem SCCOHT und den rhabdoiden 

Tumoren spekulieren einige Wissenschaftler über deren Verwandtschaftsgrad [44,61]. Andere 

Forscher gehen soweit und fordern eine Umbenennung des SCCOHT zu „malignant rhabdoid 

tumor of the ovary“ (MRTO) [55,62]. 
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1.3 Zelllinien des kleinzelligen Ovarialkarzinom vom hyperkalzämischen Typ 
 
 In der Literatur wurden bis 2015 drei Zelllinien vom Typ des SCCOHT beschrieben: 

1. BIN-67 [63,64] 

[2. OS-1, allerdings ohne Tumorigenität] [65] 

3. SCCOHT-1 [66] 

  

Die Zelllinie BIN-67 wurde erstmals 1986 bei Upchurch et al. [64] erwähnt, aber erst 2013 

durch Gamwell et al. [63] ausführlich charakterisiert. Die Zellen zeigen eine typische 

Morphologie von adhärenten, kleinen Zellen mit wenig Zytoplasma. Im Orginaltumor wurden 

eng gepackte, epitheliale Zellen mit follikelähnlicher Struktur beschrieben. Intensive IHC-

Färbung von Vimentin und WT-1, eine moderate IHC-Färbung von KIT, Pgp9.5 und P53, 

sowie eine unregelmäßige IHC-Färbung von Zytokeratin und alpha-Synaptophysin wurden im 

Tumor festgestellt. In über 95 % der Zellen konnte ein diploider (46, XX) Chromosomensatz 

und in einer sub-Population eine Tetraploidie (92, XXXX) festgestellt werden. Es wurden 

keine TP53, KRAS und BRAF Genmutationen charakterisiert. Die Zelllinie zeigt nach sehr 

langer Inkubationszeit tumorigenes Potential und es konnte bei den tumortragenden Mäusen 

eine Entwicklung einer Hyperkalzämie beobachtet werden. Die Zelllinie BIN-67 zeigt in vitro 

eine Resistenz gegen Cis- und Carboplatin Präparate sowie Taxol. 

 

Die Zelllinie OS-1 stammt von einem metastasiertem Herd des Uterus einer 25 jährigen 

Japanerin (ohne Hyperkalzämie) und wurde erstmals 2004 durch Ohi et al. [65] beschrieben. 

Die Zellen wachsen in vitro als kleine, runde, nicht-adhärente Cluster. Sie wachsen adhärent 

auf Kollagen1 beschichteten Schalen. Die Populationsverdopplungszeit der Zellen beträgt 

30 h und sie besitzen zu 75 % (57/76) einen normalen Karyotyp (46, XX). Elektronen-

mikroskopische Beobachtungen zeigen runde Zellen mit einem Kern. In den Zellen befindet 

sich eine gut entwickelte Golgi-Apparatur, ausgedehnte ERs und glykogene Partikel. Des 

Weiteren wurden Desmosomen beobachtet. Im Kulturmedium konnte eine erhöhte 

Konzentration von ACTH, PTH und PTHrP nach der Kultivierung der Zellen beobachtet 

werden. Die Zellen sind in vitro sensibel gegen Vinblastin, Docetaxel, Irinotecan und haben 

eine Resistenz gegenüber Cis- und Carboplatin, Etoposid und Vincristin. Die Zelllinie OS-1 

zeigt allerdings keine tumorigene Kapazität in vivo und ist daher als Zellmodell für das 

SCCOHT unbrauchbar. 
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Die Zelllinie SCCOHT-1 wurde in unserem Labor durch Ralf Hass 2009 etabliert und 

erstmals 2012 in der Literatur von Otte et al. beschrieben. Die Zellen stammen von einer 

31 jährigen Frau mit einem diagnostiziertem SCCOHT (FIGO Ia). 11 Monate nach der 

Primärtherapie entwickelte die Patientin ein Rezidiv mit begleitender Hyperkalzämie 

(2,87 mmol/L). Die Patientin verstarb 13 Monate nach Diagnosestellung.  

 

Lichtmikroskopisch sind spindelförmige, adhärente Zellen sowie abgerundete Zellen zu 

beobachten. Elektronenmikroskopisch konnte eine Vielzahl an filopodienähnlichen 

Ausstülpungen beobachtet werden. Des Weiteren konnten viele längliche Mitochondrien, 

freie Ribosomen im Zytoplasma und gebundene am ER beobachtet werden (Abbildung 1-3). 

Die Zellen besitzen in Suspension einen Durchmesser von 13 µm und eine ungefähre 

Verdopplungszeit von 36 h.  

 

 
Abbildung 1-3: Morphologie von SCCOHT-1.   A-B) Typische Phasenkontrastmikroskopische Aufnahmen von SCCOHT-
1 mit adhärenten (A) und komplexen dreidimensionalen Strukturen (B). Die adhärenten Zellen bilden eine spindelförmige 
Morphologie aus (A) wohingegen bei den dreidimensionalen Strukturen abgerundete Zellen zu beobachten sind. Bei diesen 
abgerundeten Zellen handelt es sich aber nicht um abgelöste Zellen.  C-E) In den Transmissionselektronenmikroskopischen 
Aufnahmen konnten unterschiedlich stark ausgeprägte apikale Oberflächen (C) beobachtet werden. Im Zytoplasma konnten 
viele Ribosomen frei oder gebunden am rauen endoplasmatischen Retikulum (D+E) beobachtet werden. Es konnten des 
Weiteren gut ausgeprägte Mitochondrien (C-E) und euchromatinreiche Zellkerne (C+D) beobachtet werden. (Balken  A+B: 
25 µm, C: 5 µm und E: 0,5 µm). (adaptiert nach Otte et al. [66]) 

 

In 18 von 21 Zellen konnte ein normaler Karyotyp (46, XX) (Abbildung 1-4) gefunden 

werden. Mit der Hilfe von einer FACS-basierten Analyse der Oberflächenmarker der  
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Abbildung 1-4: Karyotyp Analyse von SCCOHT-1.  

Die Chromosomenanalyse wurde mittels klassischer Bänderungstechnik analysiert. Es konnten 3 von 21 unbalancierte 

Translokationen mittels mFISH-Analyse diagnostiziert werden. ISCN-Karyotyp: 46,XX,der(6)t(6;17)(q26;q22) 

[3]/46,XX[18]. (aus Otte et al. [66]) 
 

Zelllinie konnte eine Expression von CD15, CD29, CD44, CD90, panCK und Vimentin 

beobachtet werden. Die Zellen sind zu 100 % tumorigen in NODscid Mäusen und es 

entwickelt sich parallel eine Hyperkalzämie in den Mäusen. Histopathologisch zeigen die 

SCCOHT-1 induzierten Maustumore im Vergleich zum ursprünglichen Patiententumor-

gewebe große Übereinstimmungen. Damit stellen insbesondere SCCOHT-1 Zellen ein 

geeignetes Zellsystem für in vitro und in vivo Studien zu dieser Tumorerkrankung dar. 

 

1.4 Untersuchte Therapeutika 

1.4.1 5’-Fluoruracil (5’-FU) – Antimetabolit 

 
5’-FU gehört zu der Wirkstoffklasse der Zytostatika und zählt zu den Antimetaboliten, da es 

denselben Transportmechanismus wie Uracil verwendet [67]. Bei 5’-FU handelt es sich um 

ein Strukturanaloga von Uracil mit einem Fluor-Atom an der C-5 Position anstelle eines 

Wasserstoff-Atoms. In der Zelle wird 5’-FU in einige aktive Metaboliten umgewandelt 

(FdUMP, FdUTP und FUTP). Diese Stoffwechselprodukte stören die RNA-Synthese und die 

Wirkung des Enzyms Thymidylat-Synthase (TS). 1. Der 5’-FU Metabolit FdUMP verdrängt 

das Uracil bei der Bindung mit dem Enzym TS. Hierdurch kommt es zu einer verringerten 

Menge an synthetisiertem Thymidin, das für die Zellreplikation benötigt wird und somit zu 

einer verringerten Zellzahl führt. 2. FdUTP wird in Ermangelung von ausreichend Thymidin 

in die Zellen eingebaut, wobei eine fehlerhafte DNA entsteht, die mittels eines aufwendigen 
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Reparaturmechanismus korrigiert werden muss (Verlangsamung bis hin zum Erliegen 

kommende Zellreplikation). Durch die Überlastung der Reparationsmechanismus werden 

nicht alle Fehler entsprechend behoben und dies führt zu konsekutiven Strangbrüchen, die 

wiederum Apoptose induzieren. 

 

1.4.2 Cytosin-Arabinosid (Ara-C) – Antimetabolit 
 
Ara-C gehört ebenfalls zur Stoffklasse der Antimetaboliten und ist ein Analog des Nukleotids 

Cytosin. Es wurde erstmals um 1960 zur Behandlung von akuter myeloischer Leukämie 

(AML) zugelassen [68]. Intrazellulär wird Ara-C in seine aktive Form, dem Ara-C-

Triphosphat phosphoryliert. Dies führt durch dessen Einbau in die DNA und einer damit 

einhergehenden Hemmung der DNA-Polymerase zum Zelltod durch die Blockierung der 

DNA-Replikation und dessen Reparatur [69,70]. Demnach spielt Ara-C nur während der 

DNA-Synthesephase eine entscheidende Rolle.  

 

1.4.3 Methotrexat (MTX) – Antagonist 

 
Methotrexat gehört zu der Klasse der Folsäure-Antagonisten [71]. Die Wirkung beruht auf 

einer Inhibition des für die Zellproliferation essentiellen Enzyms Dihydrofolatreduktase 

(DHFR). Die Aufgabe dieses Enzyms beruht auf der Metabolisierung von Folsäure zum 

Tetrahydrofolat als aktive Form, welche wiederum für die Synthese von Purinen und 

Thymidylaten benötigt wird. Als Folge dessen stehen für die DNA-Synthese nicht genügend 

Bausteine zur Verfügung, was zu einer verminderten Zellreplikation führt [72]. 

 

1.4.4 Doxorubicin – Anthracyclin und Interkalation 

 
Doxorubicin gehört zu den Zytostatika aus der Stoffgruppe der Anthracycline und zur 

Wirkstoffgruppe der Interkalantien. Einer der Wirkstoffmechanismen beruht darauf, dass 

Doxorubicin sich zwischen benachbarte Nukleotide in der DNA schiebt und somit die 

Transkription blockiert wird [73]. Der zweite Wirkmechanismus beruht auf der 

enzymatischen Inhibition von Topoisomerase II durch Doxorubicin, die ein Schlüsselenzym 

der DNA-Synthese ist [74]. 
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1.4.5 Topotecan – Topoisomerase I Inhibitor 

 
Topotecan gehört zu der Stoffklasse der Zytostatika und ist ein Topoisomerase I Hemmer. Bei 

Topotecan handelt es sich um ein Camptothecin Derivat, welches auch in der traditionellen 

chinesischen Medizin zur Behandlung von Tumorerkrankungen eingesetzt wird [75]. 

Topotecan stabilisiert den kovalenten Komplex der Topoisomerase I mit der zur Replikation 

in zwei Stränge aufgespaltenen DNA. Aufgrund der Stabilisierung dieses Komplexes kommt 

es zu einem Doppelstrangbruch, die Transkription und die damit verbundene Replikation der 

Zellen kommt zum Erliegen und die Zellen gehen in die Apoptose [76-79]. Die Wirkung von 

Topotecan ist S-Phase spezifisch. 

 

1.4.6 Cyclophosphamid – Alkylanz 

 
Cyclophosphamid gehört zu der Gruppe der alkylierenden Wirkstoffe. Alkylanzien bauen 

Alkylgruppen in Amino-, Carboxyl-, Hydroxyl-, Phosphat- und Sulfhydrylgruppen der DNA 

ein und vernetzen damit die RNA bzw. DNA-Stränge miteinander. Dies führt wiederum zu 

einer insuffizienten Replikation der DNA, gefolgt von Substanz induzierten Strangbrüchen 

und wirkt somit direkt schädigend auf die DNA ein. Cyclophosphamid ist ein sogenanntes 

„Prodrug“, das erst durch eine enzymatische Reaktionen in der Leber aktiviert wird. Hierbei 

hydroxyliert das Cytochrom P450 System das Cyclophosphamid zu 4-Hydroxy-cyclophos-

phamid-Aldophosphamid. In einem weiteren Schritt wird Acrolin abgespalten, es entsteht das 

zytotoxische reaktive Produkt Phosphoramid-Mustard [80]. 

 

1.4.7 Platinverbindungen Cis- und Carboplatin 

 
Das chemische Molekül „Cisplatin“ (cis-PtCl2(NH3)2 wurde erstmals 1845 durch Michel 

Peyrone in der Literatur erwähnt. Seine zytostatische Wirkung wurde allerdings erst um 1960 

durch ein Zufall entdeckt. Im Jahr 1971 wurde es erstmals in klinischen Studien für die 

Krebstherapie getestet. Die Wirkungsweise beruht auf der Bildung eines Platinkomplex im 

Zellinneren, der sich an die DNA bindet und sie quervernetzt.  
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Abbildung 1-5: Strukturformel von Cis- und Carboplatin  

 

Hierbei handelt es sich um eine nukleophile Substitutionsreaktion. In wässriger Umgebung 

des Körpers wird das Chlorid-Ion durch eine Hydroxyl-Gruppe ausgetauscht. Nach der 

intrazellulären Aktivierung bildet das positiv geladene Platinatom mit den nukleophilen 

Bindungsstellen der DNA (bevorzugt an den Guanin- oder Adeninbasen) eine kovalente 

Bindung aus. Die so entstehenden Quervernetzungen am selben Strang (Intrastrang-

Vernetzung), sowie zwischen den Strängen der Doppelhelix (Interstrang-Vernetzung) haben 

eine Verkürzung der DNA, und somit eine Störung in der Stapelung der Basen, gefolgt von 

einer Verzerrung der Sekundärstruktur zur Folge. Dies kann zu einer Entwindung der 

Doppelhelix führen und hat den Verlust der thermischen Stabilität zur Folge. Als Folge ist bei 

Cisplatin behandelten Zellen keine Transkription und Replikation mehr möglich [81]. 

Carboplatin zeigt eine geringere Reaktivität und eine langsamere DNA-Bindungskinetik, 

obwohl das gleiche Endprodukt ausgebildet wird. 

 

1.4.8 Paclitaxel (Taxol®) – Tubulin-interagierende Substanz 

 
Taxol gehört zu der Stoffklasse der Taxane, die natürlich vorkommende Zytostatika sind. Die 

Substanz wurde erstmals 1971 durch Extraktion des Wirkstoffs aus der Rinde der pazifischen 

Eibe (Taxus brevifolia) von Wani et al. isoliert und charakterisiert [82].  

Die krebshemmende Wirkung von Taxol und den unter 1.4.9 beschriebenen Epothilone 

beruht auf der Hemmung der Depolymerisierung von Mikrotubuli (Heterodimer aufgebaut 

aus je einer α- und β-Tubulinuntereinheit) und damit auf der Stabilisierung des polymeren 

Zustands [83]. Eine zentrale Rolle spielen die Mikrotubuli bei der Zellteilung (mitotischen 

Zellspindel), sowie beim Aufbau des Spindelapparates, dem intrazellulären Transport und 

dem Aufbau des Zytoskeletts in Zellen [84]. 

Durch die Bindung des Moleküls an β-Tubulin wird die Dissoziationsgeschwindigkeit in dem 

Tubulindimer beeinflusst. Dies führt zu einer Stabilisierung der Mikrotubuli, als Folge 
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können keine korrekten mitotischen Spindeln auf- und wieder abgebaut werden, der 

Zellzyklus wird in der G2/M Phase arretiert und der Zelltod wird eingeleitet [83-85].  

 

1.4.9 Epothilon A, Epothilon B und Ixabepilon – Tubulin-stabilisierende Substanz 

 
Erstmals isolierten Wissenschaftler im Jahr 1987 beim Fermentationsprozess von 

Bodenbakterien, die sie am Flussufer des Sambesi in Afrika gefunden hatten, die 

Produktklasse der Epothilone [86,87]. Epothilone stellen eine Klasse von Zytostatika dar, 

dessen Wirkstoff aus dem Myxobakterium Sorangium cellulosum isoliert wurde [88].  

 

Der Name Epothilon leitet sich von der chemischen Struktur des Naturstoffes (Abbildung 1-6) 

ab. Das Grundgerüst repräsentiert ein 16-gliedriges Makrolid mit Epoxid, Thiazol und Keton 

als funktionellen Gruppen [85,87]. 

 

 
 

 

Abbildung 1-6: Strukturformel von Epothilon und deren Derivate Epothilon A, Epothilon B und Ixabepilon 

 

Eine aktuelle PubChem Suche (http://pubchem.ncbi.nml.nih.gov) ergab bei einer 

Schlagwortsuche nach „epothilone“ 44 Treffer und für „ixabepilone“ 2 Treffer, darunter 

Epothilon A bis K, sowie semisynthetische Epothilone wie Ixabepilon und vollsynthetische 

Epothilone. Wie in Abbildung 1-6 zu erkennen ist, liegt der Unterschied zwischen Epothilon 

A und B in einer zusätzlichen Methylgruppe am Kohlenstoffatom der Epoxidgruppe, bei 

Ixabepilon ist anstelle des Sauerstoffatoms im Makolid-Ring (Epo A und Epo B) ein 

Stickstoffatom ausgetauscht. 

 

Der Wirkstoffmechanismus beruht genau wie bei den Taxanen auf der Stabilisierung von 

Mikrotubuli in Tumorzellen (siehe unter 1.4.8). 

X	

Epoxid,	Thiazol,	Keton	=	Epothilon	

Epothilon	A:	R	=	H						und		X	=	O	
Epothilon	B:	R	=	CH3		und		X	=	O	
Ixabepilon:			R	=	CH3		und		X	=	N	
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1.4.10 Tyrosin Kinase Inhibitoren (TKI) des Tyrosin Kinase Rezeptor (RTK)  

 
Tyrosin-Kinase Inhibitoren (TKI) sind kleine organische Verbindungen mit niedrigem 

Molekulargewicht (500–900 Dalton) [89,90]. Durch Bindung eines TKIs an eine ATP-

Bindungsstelle der Tyrosinkinase-Domäne von Rezeptor-Tyrosinkinasen (RTK) wird dessen 

Kinaseaktivität inhibiert, die normalerweise nach Bindung eines spezifischen 

Wachstumsfaktors durch Dimerisierung mit anschließender Autophosphorylierung eines 

Tyrosinrestes aktiviert würde (Abbildung 1-8). Durch den Einsatz von TKI`s wird diese 

Autophosphorylierung an der Tyrosinkinase-Domäne inhibiert und die nachfolgende 

Signaltransduktion blockiert [91].  

 
Abbildung 1-7: Schematische Darstellung von Rezeptor-Tyrosinkinasen. Allen Rezeptor-Tyrosinkinasen (RTK) gemein 
ist ihre Struktur, die aus drei Regionen besteht, der extrazellulären, der transmembranen und der zytoplasmatischen Region. 
Nach einer spezifischen Liganden Bindung erfolgt eine Dimerisierung gefolgt von einer Aktivierung des Tyrosinkinase-
Rezeptors durch die Autophosphorvlierung von Tyrosinresten und die Aktivierung von Substratproteinen durch 
Tyrosinphosphorylierung. Daraufhin wird eine Signaltransduktionskaskade aktiviert (grüne Umrandung). Durch den Einsatz 
von kleinmolekularen Rezeptortyrosinkinase-Inhibitoren (TKI) wird über eine Bindung in der ATB-Bindungsstelle die 
Kinaseaktivität blockiert. (adaptiert nach Müller-Tidow et al. [92]) 

 
Beim Menschen sind derzeit 58 RTK`s bekannt, die in 20 Familien unterteilt werden. 

Darunter befinden sich 30 RTK`s, die bei der Onkogenese, einer Vielzahl von Tumoren, eine 

wichtige Rolle spielen [93]. Hierzu zählen z. B. die RTK`s der Familie vom EGF-Rezeptor 
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(Epidermaler Wachstumsfaktor Rezeptor), Insulin-Rezeptor, PDGF-Rezeptor (Blutplättchen-

Wachstumsfaktor Rezeptor), FGF-Rezeptor (Fibroblasten-Wachstumsfaktor Rezeptor), 

VEGF-Rezeptor (vaskulo-endothelialem-Wachstumsfaktor Rezeptor), HGF-Rezeptor 

(Hepatozyten-Wachstumsfaktor Rezeptor) und weitere Rezeptoren. 

 

1.4.10.1 Hepatozyten-Wachstumsfaktor (HGF) und dessen korrespondierende Rezeptor 

Tyrosinkinase c-Met 

 
Der Tyrosinkinase Rezeptor c-Met, der durch das proto-Onkogen MET auf dem Chromosom 

7q21-31 codiert wird, kontrolliert eine Vielzahl von Prozessen während der Entwicklung und 

Embryogenese von Wirbel- und Säugetieren [94]. Es handelt sich hierbei um einen 

membranständigen Rezeptor, der auf epithelialen Zellen von einer Vielzahl an Organen 

(Leber, Pankreas, Prostata, Niere, Muskeln und Knochenmark, während der Embryogenese 

und im Erwachsenenalter) zu finden ist [95]. 

 
Abbildung 1-8: Schematischer Aufbau des c-Met-Rezeptors. Die Abbildung zeigt schematisch den Aufbau des 
transmembranen c-Met Proteins. Die extrazellulären Domänen: Sema- Domänen, eine Cystein-reiche-Domäne und vier 
Immunglobulin-Domänen. Der intrazelluläre Teil besteht aus der Juxtamembran- und der Tyrosinkinase-Domäne sowie aus 
der regulatorischen Region an der sich die Multisubstrat-Bindungsstelle befindet. Diese Extrazellulären Bereiche werden 
durch eine Transmembran-Domäne mit den intrazellulären Domänen verbunden. (adaptiert nach Organ et al. [94]) 

 

Der c-Met Rezeptor wird im post-Golgi-Kompartment durch [96] eine proteolytische Spaltung 

des inaktiven Proteins mit Furin zwischen den Aminosäuren 307 und 308 gebildet. Die aktive 

Form von c-Met besteht aus einer kurzen α- und einer langen β-Kette, die mittels einer 

Disulfid-Brücke miteinander verbunden sind [96]. Der extrazelluläre Bereich von c-Met 

besteht aus der spezifischen Bindungsstelle für HGF, auch bezeichnet als Sema-Domäne, 

Immunoglobulin-Domäne	

Sema-Domäne	

α-Ke3e	 β-Ke3e	

Cystein-reiche	Domäne	

Tyrosinkinase-Domäne	

C-terminale	regulatorische	Region	

Extrazelluläre-Domäne	

HGF-	
Bindungsstelle	

Juxtamembran	Domäne	
Transmembrane	Domäne	



Einleitung	
	

	18	

gefolgt von einer Cystein-reichen Domäne und vier Immunglobulin-Domänen. Der 

zytoplasmatische Bereich des Proteins besteht aus der membranständigen Juxtamembran-

Domäne, der Tyrosinkinase-Domäne und der C-terminalen Region, die für die 

Signalübertragung verantwortlich ist. 

Ende 1980 entdeckten zwei Wissenschaftler unabhängig voneinander den später als Ligand 

vom c-Met Rezeptor identifizierten Wachstumsfaktor HGF bzw. scatter-factor (SF) [97-100]. 

HGF wird als einkettige, biologisch inerte Vorläufer-Form (pro-HGF/SF) von mesenchy-

malen Zellen sekretiert. Durch eine proteolytische Spaltung der Bindung zwischen den 

Aminosäuren Arg494 und Val495 durch HGFA (Hepatozyten-Wachstums-Aktivator) wird 

das pro-HGF in ein aktives Dimer gespalten, welche durch eine Disulfidgruppe miteinander 

verbunden sind [101,102].  

 

Durch die Bindung des Liganden HGF/SF an c-Met erfolgt eine Homodimerisierung des 

Rezeptors, gefolgt von einer Autophosphorylierung zweier Tyrosinreste (Y1234 und Y1235) 

in der katalytischen Schleife der Tyrosinkinase-Domäne [103]. Dies induziert die intrinsische 

Kinase-Aktivität des Moleküls und es folgen weitere Phosphorylierungen von Tyrosin-Resten 

in der C-terminalen Region (Y1349 und Y1356) sowie in der membrannahen Juxtamembran-

Domäne (Y1003).  

 

Die zentrale Voraussetzung für das Ablaufen der durch c-Met aktivierten Signalkaskaden ist 

die Bildung der Multisubstrat-Bindungsstelle für verschiedene Effektorproteine mit SH2- (Src 

homology 2) bzw. PTB- (phosphotyrosine binding) Domänen oder Met Bindungs-Domänen 

durch die Phosphorylierung der Tyrosin-Reste Y1349 und Y1356 in der Tyrosinkinase-

Domäne [104,105]. Dabei können an dieser Multisubstrat-Bindungsstelle Proteine ohne 

enzymatische Aktivität (wie die Adapterproteine GRB2 (growth-factor receptor-bound 

protein), SHC (Src-homology-2 (SH2)-domain-containing), CRK (v-crk avin sarcoma virus 

CT10 oncogene homolog), CRKL (Crk-like) und GAB1 (growth factor receptor-bound 

protein 2 (GRB2) associated-binding protein 1)) und Proteine mit enzymatischer Aktivität 

(wie Src-Kinasen (Proto-oncogene tyrosine-protein kinase Src), PI3K (phosphatidylinositol 3-

kinase), PLC-γ1 (phospholipase C- γ1), SHIP-2 (src homology 2 domain-containing 5’ 

inositol phosphatase), STAT-3 (signal transducer and activator of transcription), SOS (Ras 

guanine nucleotide exchange factor son-of-seven), PTPs (protein tyrosine phosphatases) und 

SHP2 (Src homology 2 domain-containing phosphatase-2) binden [105-113]. Den 
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Adapterproteinen kommt dabei die zentrale Aufgabe zu, als Plattform für die Rekrutierung 

von Signalproteinen an der Zellmembran zu dienen. 

 

Eine Schlüsselrolle bei diesen Signalkaskaden nimmt das Adapterprotein GAB1 ein, das sich 

direkt oder indirekt über GRB2 an c-Met bindet und dadurch phosphoryliert wird. Durch 

diese Phosphorylierung entstehen am Gab1 neue Bindungsstellen für nachgeschaltete 

Signalmoleküle. Dies führt zur Aktivierung des MAPK (mitogen activated protein kinase) – 

Signalweg und/oder zur PI3K vermittelten Aktivierung des Akt/PKB-Signalweges 

(Abbildung 1-9).  

 

 

 

Abbildung 1-9: Schematischer Darstellung der HGF indizierten c-Met Signalwege.  
Hier dargestellt sind der MAPK-Signalwegs (Proliferation, Migration, Apoptose und Differenzierung), PI3K/Akt-Signalweg 
(Zellwachstum, Überleben uns Proliferation), STAT3-Signalwegs (induziert Transkription von Genen zur Proliferation und 
Differenzierung) und die Negativ Regulierung. (aus Organ et al. [94]) 

 
Zusammenfassend führt eine HGF-Bindung an den Rezeptor c-Met zu dessen Aktivierung 

und damit zu einer Rezeptorphosphorylierung. Dies wiederum führt zur Rekrutierung von 

Adaptermolekülen, mit nachgeschalteter Stimulation weiterer Signaltransduktionskaskaden, 

u.a. der Aktivierung von MAPK. 

 



Einleitung	
	

	20	

MAPK-Signalweg 

Die Aktivierung der MAPK über die c-Met Signalkaskade kann durch die Bindung des 

Adapterproteins GRB2 erfolgen, das wiederum konstitutiv mit dem Guaninnukleotid - 

Austauscher SOS (son of sevenless) an der Multisubstrat-Bindungsstelle assoziiert. Es folgt 

die Aktivierung von RAS (rat sarcoma viral oncogene homolog) durch SOS, indem es die 

Freisetzung von GDP und so den Austausch mit GTP an RAS ermöglicht [111]. RAS-GTP 

bindet daraufhin das Effektorprotein RAF (v-raf murine sarcoma viral oncogene homolog 

B1), dies führt zur Aktivierung von RAF, was in der Folge die Kinase MEK (MAPK effektor 

kinase) durch Phosphorylierung aktiviert. Schlussendlich phosphoryliert aktiviertes MEK die 

Kinase ERK/MAPK. Dies transloziert in den Zellkern und aktiviert dort eine Reihe von 

Transkriptionsfaktoren, die für die Regulation einer Vielzahl an Genen (Proliferation, 

Motilität und Zellzyklus Progression) verantwortlich sind [113,114]. Im Gegenzug reguliert 

die Phosphatase SHP2 die Dauer der MAPK Phosphorylierung durch entsprechende 

Dephosphorylierung  der RAS-GAP- (RAS GTPase activating protein) Bindungsstellen am 

GAB1, hierdurch kommt es zu keiner negativen Regulierung von RAS durch RAS-GAP 

[115,116].  

Aktiviertes RAS kann darüberhinaus auch die Aktivierung von PI3K veranlassen, die über 

weitere Zwischenreaktionen die Kinasen P38 und JNK aktiviert. Diese beiden Kinasen 

kontrollieren auch eine Vielzahl an zellulären Prozesse (Transformation, Proliferation, 

Differenzierung und Apoptose) [109,117,118]. 

 

AKT/PKB-Signalweg 

Durch die Bindung von p85, der regulatorischen Untereinheit von PI3K, kommt es zur 

Aktivierung von PI3K. Dies führt zur Generierung des sekundären Botenstoffs PIP3 

(phosphatidylinositol (3,4,5)-triphosphat) aus PIP2 (phosphatidylinositol (4,5)-bisphosphat). 

Durch die Interaktion von PIP3 mit der PH- (pleckstrin homology) Domäne wird AKT an die 

Plasmamembran rekrutiert. Dort erfährt AKT eine Konformationsänderung und wird 

anschließend von den Kinasen PDK1 (phosphoinositide depending kinase 1) und mTORC2 

(mammalian target of rapamycin complex 2) phosphoryliert und aktiviert. Der AKT-

Signalweg ist an der Übermittelung von Wachstumssignalen (Proliferation, Motilität und 

Angiogenese) an Zellen beteiligt und verhindert, dass diese in die Apoptose gehen 

(Phosphorylierung von Bad (BCL-2 antagonist of the cell death) und MDM2 (E3 ubiquitin-

protein ligase) durch AKT) [97,119]. 
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STAT3-Signalweg 

Durch die Bindung von STAT3 an die phosphorylierte Multisubstrat-Bindungsstelle von 

c-Met erfolgt eine Phosphorylierung von STAT3 über dessen SH2-Domäne. Dies ist 

assoziiert mit der Dimerisierung von STAT3 und der Translokation zum Zellkern. Hier 

veranlasst das STAT3 Dimer als Transkriptionsfaktor die Expression von Genen, die an der 

Differenzierung und Proliferation beteiligt sind.  

 

An der negativen Regulation des c-Met Rezeptors sind verschiedene Mechanismen beteiligt. 

Eine wichtige Polle als negativer Regulator spielt dabei der Tyrosin-Rest Y1003. Dieser wird 

durch die Bindung der E3-Ubiquitin-Ligase c-CBL (casitas B-linage lymphoma) an den 

phosphorylierten Tyrosin-Rest Y1003 ubiquitiniert. Es folgt Endozytose, Transport und 

abschließend die proteasomale Degradierung des c-Met Rezeptors [120-123]. Ein weiterer 

Mechanismus der negativen Regulation erfolgt durch die Bindung von PLCγ1 an den c-Met-

Rezeptor. Dadurch wird PLCγ1 aktiviert und setzt dabei den „second messenger“ IP3 

(Inositoltriphosphat) und DAG (Diacylglycerol) frei. Dies führt unter anderem zu der 

Aktivierung von PKC (Protein Kinase C), die über einen negativen Feedback-Mechanismus 

die Tyrosinkinase Aktivität des c-Met Rezeptors herunterreguliert [124,125]. Unabhängig von 

der PKC-Aktivierung kann ein Anstieg an intrazellulärem Kalzium zu einer negativen 

Regulation von c-Met führen [126]. Ebenfalls können PTP`s die Tyrosin-Reste in der Kinase-

Domäne bzw. an der Multisubstrat-Bindungsstelle für die Adaptorproteine dephosphorylieren 

[94]. 

 

Somit wird deutlich, dass ein weit verzweigtes Netzwerk unterschiedlicher Signalkaskaden 

für die komplexe zelluläre Antwort auf HGF/Met-Signale verantwortlich ist. 

 

1.4.10.2  Crizotinib 

 
Crizotinib (PF-02341066) ist ein Tyrosinkinase Inhibitor und wurde im Jahr 2010 durch die 

Firma Pfizer als Arzneimittel der Fachwelt vorgestellt. Die Substanz wurde mit Hilfe eines 

Arzneimittelscreening entwickelt, basierend auf dem c-Met-Inhibitor PHA 665752. Im 

Rahmen dieser Optimierung wurden verschiedene funktionelle Gruppen des ursprünglichen 

Moleküls (PHA 665752) verändert, so dass bei dem neu entwickelten Molekül Crizotinib eine 

effizientere Bindung des Moleküls an der ATP-Bindungstasche der Kinase-Domäne von 

c-Met festzustellen war. Somit wird die Bindung von ATP an die Kinase-Domäne blockiert 
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und die Autophosphorylierung der Tyrosinreste verhindert)[127,128]. Zudem zeigt Crizotinib 

auch für den Tyrosinkinase Rezeptor ALK (Anaplastic lymphoma kinase) und ROS1 (ROS 

proto-oncogene 1, receptor tyrosine kinase) inhibierendes Potenzial [129]. Seit dem Jahr 2012 

ist Crizotinib unter dem Handelsnahmen Xalkori in Europa bekannt und seit August 2011 in 

den USA zur Behandlung von ALK-positiven nicht-kleinzelligen Bronchialkarzinomen 

(NSCLC) zugelassen. Bei der Durchführung von klinischen Studien konnten die pharmako-

kinetischen Eigenschaften von Crizotinib sowie resultierende Nebenwirkungen untersucht 

werden. Dies waren zumeist gastrointestinale Nebenwirkungen (Übelkeit und Diarrhö), die 

höchste Plasmakonzentration nach einmaliger Einnahme vom 250 mg Crizotinib wurde nach 

4 h erreicht. Hierbei liegt die Konzentration des freien Arzneistoffs im Plasmaspiegel bei 

57 nM (274 ng/ml) und somit im effektiven Konzentrationsbereich für c-Met (~13 nM) und 

ALK (~26 nM) [130,131]. 

 

1.4.10.3  Foretinib 

 
Der als Medikament oral verabreichte Tyrosinkinase Inhibitor Foretinib (GSK1363089, 

XL880) wurde von der Firma Exelixis entwickelt und anschließend an die Firma 

GlaxoSmithKline auslizensiert. Foretinib zeigt eine gewisse Spezifität mit hoher 

Bindungsaffinität bei c-Met (IC50: 0,4 nM) und VEGF/KDR (IC50: 0,9 nM) und eine 

geringere Bindungsaffinität bei anderen Wachstumsfaktorrezeptoren wie PDGFRα 

(IC50: 3,6 nM), PDGFRβ (IC50: 9,6 nM), RON (IC50: 3 nM), c-KIT (IC50: 6,7 nM), FLT-3 

(IC50: 3,6 nM) und TIE-2 (IC50: 1,1 nM) [132-135] und eine geringe Bindungsaffinität bei 

FGFR1 (IC50: 660 nM), und EGFR (IC50: 2,9 µM). Durch die Assoziation des Inhibitors an 

die Rezeptor-Tyrosinkinasen kommt es zu einer Änderung der Konformation in der Kinase-

struktur. Hierdurch kommt es zu einer stabileren Bindung von Foretinib mit den Tyrosin-

Resten in den ATP-Bindungstaschen. Eder et al. fand heraus, dass die Foretinib/ 

Tyrosinkinase Rezeptorbindung länger als 24 Stunden stabil bleibt [133]. Aktuell gibt es 

folgende klinische Studien mit Foretinib (clinicaltrials.gov, updated on 2015-06-27): Phase I: 

solide Tumore, orale Applikation (abgeschlossen); Phase I: solide Tumore, tägliche 

Applikation (abgeschlossen); Phase I: Leberkrebs, multizentrisch (aktiv); Phase I: 

randomisiert, solide Tumore (abgeschlossen); Phase I/II: nicht kleinzelliges Lungenkarzinom 

(NSCLC) nach Erlotinib Therapie (abgeschlossen); Phase I/II: Metastasierender Brustkrebs 

mit HER2- (human epidermal growth factor receptor2) Überexpression, (abgeschlossen); 

Phase II: „triple negative“ Brustkrebs (abgeschlossen); Phase II: Nierenkrebs (abgeschlossen); 
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Phase II: genomische Subpopulationen des nicht kleinzelligen Lungenkarzinoms (NSCLC), 

(aktiv); Phase II: metastasierter Magenkrebs (abgeschlossen); Phase II: Rezidiv oder 

metastasiertes Plattenepithelkarzinom (abgeschlossen). 

 

1.5 Zielsetzung der Arbeit 
 
Wird bei einer Patientin die Diagnose gestellt, dass sie an einem kleinzelligen 

Ovarialkarzinom vom hyperkalzämischen Typ (SCCOHT) erkrankt ist, so kann man davon 

ausgehen, dass diese Frau innerhalb der nachfolgenden 5 Jahre an dieser Erkrankung 

versterben wird. Seit der erstmaligen Erwähnung des SCCOHT von Dr. Robert E. Scully im 

Atlas für Tumorpathologie vor 36 Jahren wurden in der Fachliteratur zwar einige Fallberichte 

publiziert, aber es fehlt an Arbeiten, die sich mit den mechanistischen Grundlagen dieser 

Krankheit eingehend beschäftigen. Aus dieser Unkenntnis ist der momentane Therapieansatz 

beim SCCOHT fast identisch mit der Therapie, die beim Ovarialkarzinom Anwendung findet. 

Ein schwerwiegendes Problem stellt die Seltenheit dieser Erkrankung dar, weil dies im 

entscheidenden Maße das für die Forschung dringend benötigte Ausgangsmaterial limitiert. 

Es fehlten hierfür zuverlässige Modellsysteme, mit deren Hilfe dieses Krankheitsbild 

zunächst auf Zellbasis (in vitro) studiert werden konnte. Diese Voraussetzungen geeigneter 

Zellkulturmodelle sind bei einer Vielzahl gut erforschter Tumorerkankungen wie 

beispielsweise dem Ovarialkarzinom, dem Lungenkarzinom oder Leukämie gegeben, um 

therapeutische Hypothesen testen zu können.  

 

Diese entscheidende Lücke beim SCCOHT konnte durch eine erfolgreiche Etablierung zweier 

Zellsysteme in den letzten Jahren geschlossen werden. Eines dieser Zellsysteme ist die 

Zelllinie SCCOHT-1, die im Jahr 2009 von Prof. Ralf Hass aus dem Tumormaterial einer 

Patientin mit einem SCCOHT Rezidiv isoliert und etabliert werden konnte. Im Rahmen von 

Vorarbeiten aus der Arbeitsgruppe um Ralf Hass, der medizinischen Doktorarbeit von Finn 

Rauprich und meiner eigenen Diplomarbeit konnten die Zellen grundlegend charakterisiert 

werden. Dabei zeigten die Zellen im Mausmodell ein solides tumorigenes Potenzial, das für 

die in dieser Arbeit durchgeführten in vivo Untersuchungen das Fundament darstellte. In der 

hier vorgestellten Arbeit sollte der Effekt verschiedenster Chemotherapeutika und deren 

Einfluss auf unterschiedliche Signalwege der SCCOHT-1 Zellen untersucht werden. Die aus 

diesen in vitro Testreihen resultierenden Ergebnisse sollten anschließend im in vivo Modell 

auf ihre Wirksamkeit hin überprüft werden. 
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Anknüpfend an die Arbeit von Finn Rauprich, der zeigen konnte, dass die SCCOHT-1 

gegenüber einer erhöhten Kalziumkonzentration im Zellkulturmedium mit einer verminderten 

Proliferation reagierten, sollte dieses Phänomen weitergehend und im Vergleich zu zwei 

humanen ovarialen Adenokarzinom-Zelllinien (SK-OV-3 und NIH:OVCAR-3) untersucht 

werden. Des Weiteren sollte geprüft werden, was das exogen hinzugefügte Kalzium auf 

molekularer Ebene in den Zellen auslöst. Die aus den in vitro Untersuchungen generierten 

Ergebnisse sollten ebenfalls in vivo auf ihre Relevanz hin getestet werden. Darüber hinaus 

sollte durch den parallelen Einsatz von Chemotherapeutika in Verbindung mit exogenem 

Kalzium geprüft werden, wie sich diese Kombination auf das proliferative Verhalten der 

SCCOHT-1 Tumorzellen in vitro und in vivo auswirkt. 
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Abstract. A recently established cellular model for the 
rare small cell carcinoma of the ovary hypercalcemic type 
(SCCOHT-1) was characterized in comparison to ovarian 
adenocarcinoma cells (NIH:OVCAR-3 and SK-OV-3). The 
different cancer populations exhibited a common sensi-
tivity in acidic pH milieu and a continuous proliferation in 
alkaline medium of pH 8.0-9.0. In the presence of elevated 
Ca2+ concentrations, the ovarian cancer cells demonstrated a 
progressively reduced proliferation within 72 h in contrast to 
other tumor types such as breast cancer cells. This significant 
growth inhibition was calcium-specific since the prolifera-
tion was unaffected after culture of the ovarian cancer cells 
in the presence of similar concentrations of other cations. 
The Ca2+ effects on the ovarian cancer cells were associated 
with marked differences in the activation of intracellular 
signaling pathways including enhanced phosphorylation of 
the p42/44 MAP kinase (Thr202/Tyr204). Further analysis 
of the signaling pathway revealed a significantly enhanced 
Ca2+-dependent and p42/44 MAP kinase activation-mediated 
prostaglandin E2 (PGE2) production in SK-OV-3 and 
SCCOHT-1 and to a lesser extent in NIH:OVCAR-3 cells. Vice 
versa, exogenous PGE2 did not affect the proliferative capacity 
of the ovarian cancer cells and inhibition of the Ca2+-mediated 
MAP kinase activation did not abolish the Ca2+-mediated cyto-
toxicity. Collectively, these data suggest that multiple pathways 
are activated by exogenous Ca2+ in the different ovarian cancer 
cells, including a specific MAP kinase signaling cascade with 
subsequent PGE2 production and a parallel pathway for the 
induction of cell death.

Introduction

Ovarian cancer still represents one of the most lethal gyneco-
logic malignancies. Within this type of gynecological cancer 
the small cell ovarian carcinoma of the hypercalcemic type 
(SCCOHT) is defined as a rare form of an aggressive ovarian 
tumor predominantly affecting young women between ages 
of 13 to 35 which is mostly associated with paraendocrine 
hypercalcemia (1-3). Following the initial histopathological 
evaluation of several clinical cases, the SCCOHT has been 
classified as a separate pathological entity (2). Recent studies 
revealed a mutation in the SMARCA4 gene as a potential 
marker for the SCCOHT (4-6).

The SCCOHT tumor disease is associated with poor 
prognosis and appears different and clearly distinguishable 
from other ovarian cancer types such as ovarian epithelial 
tumors and ovarian germ cell tumors (7). Initial immuno-
histochemical analysis of the SCCOHT postulated a germ 
cell-derived tumor (8). Another study reported SCCOHT as 
an epithelial-like originating tumor (3). In fact, some cells 
stained positive for epithelial cell markers, however, the inter-
mediate filament protein vimentin predominantly associated 
with cells of a mesenchymal phenotype has been identified in 
the majority of cells in the SCCOHT (9). Further investiga-
tions using additional genetic analysis of SCCOHT tumor 
specimen suggested a heterogeneous tumor entity but did not 
confirm a germ cell-derived or an epithelial cell-derived tumor 
origin (9-11). The heterogeneity of these data may be explained 
in part by the rare and limited tumor material from patients. 
Considering these controversial reports, the histogenesis of 
SCCOHT and the mechanism of the development and physi-
ological role of an accompanying hypercalcemia still remain 
unclear. Likewise, reasonable approaches for a sufficient 
(chemo)therapeutic management to treat SCCOHT patients 
are completely unknown. Although a multi-modality platform 
is suggested including surgery followed by chemotherapy and 
radiotherapy (12,13), only very few patients survived longer 
than the following two years (14-17).

Recently, we developed a cellular model for the SCCOHT 
and the resulting SCCOHT-1 tumor cells were derived from a 
primary culture of biopsy material from a 31-year-old patient 
with recurrent SCCOHT. In vivo studies with these primary 
cells substantiated a SCCOHT phenotype with histopatho-
logical similarities between the mouse xenograft-developed 
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tumors and the original patient tumor. Moreover, development 
of SCCOHT-1-induced tumor xenografts displayed an accom-
panying hypercalcemia in NOD/scid mice with serum calcium 
levels above 3.5 mmol/l (1).

Using this unique cellular model, we examined in the 
present study the effects of exogenous calcium representing 
a hypercalcemia on SCCOHT-1 in comparison to estab-
lished human ovarian adenocarcinoma cell lines including 
NIH:OVCAR-3 and SK-OV-3 cells. Moreover, different 
calcium-mediated signaling pathways were analysed in these 
ovarian cancer cells, which may be supportive in search of an 
appropriate therapeutic approach, particularly in SCCOHT.

Materials and methods

Cell culture
Primary human SCCOHT-1 cells. SCCOHT-1 cells were 
derived as a spontaneous, permanently growing primary 
culture from a tumor biopsy after surgery of a 31-year-old 
patient with recurrent SCCOHT (1). Informed written consent 
was obtained from the patient for the use of this material and 
the study was approved by the Ethics Committee of Hannover 
Medical School, Project #3916, June 15, 2005. The SCCOHT-1 
cells were cultured in RPMI-1640 supplemented with 1 or 
10% (v/v) fetal calf serum, 100 U/ml L-glutamine, 100 U/ml 
penicillin and 100 µg/ml streptomycin. The tissue culture was 
performed at 37˚C in a humidified atmosphere of 5% (v/v) CO2 
and the medium was changed at intervals of 3 to 4 days. For 
subculture, the cells were centrifuged (320 g/6 min) and resus-
pended in growth medium and the proliferative capacity at 
various conditions and the population doublings in parallel to 
the cell viability during culture was determined in a hemocy-
tometer using the trypan blue exclusion test. In an alternative 
fluorescence-based proliferation assay the SCCOHT-1 cells 
have been transduced with a 3rd generation lentiviral SIN 
vector containing the eGFP gene (SCCOHT-1GFP) as previ-
ously described for these cells (1).

Human ovarian adenocarcinoma cell lines. Human 
NIH:OVCAR-3 ovarian cancer cells (ATCC® #HTB-161™) 
were commercially obtained in passage 76 (P76) from the 
Institute for Applied Cell Culture (IAZ), Munich, Germany. 
The SK-OV-3 ovarian cancer cells (ATCC® #HTB-77™) were 
commercially obtained in P25 from the ATCC, Manassas, VA, 
USA. These ovarian adenocarcinoma cell lines were origi-
nally established from the malignant ascites of a patient with 
progressive adenocarcinoma of the ovary, respectively. The 
cells were cultivated at about 1,750 cells/cm2 in RPMI-1640 
supplemented with 1 or 10% (v/v) fetal calf serum, 100 U/ml 
L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. 
Subculture was performed by trypsin/EDTA (Biochrom 
GmbH, Berlin, Germany) treatment for 5 min at 37˚C. For 
the experiments NIH:OVCAR-3 cells were used in P86 to 
P118 and SK-OV-3 cells were used in P37 to P39. For fluo-
rescence measurement in an appropriate proliferation assay 
the NIH:OVCAR-3 as well as the SK-OV-3 cells were also 
transduced with a eGFP gene vector (NIH:OVCAR-3GFP and 
SK-OV-3GFP) similar to SCCOHT-1GFP cells.

Human breast cancer cell line. Human MDA-MB-231 
breast cancer cells (MDA) were obtained from the ATCC 
(#HTB-26). This cell line was analyzed in a short tandem 

repeat (STR)-based authentication by the Institute for Legal 
Medicine at the University Hospital Schleswig-Holstein as 
recently documented (18). MDA cells were cultivated at about 
1,500 cells/cm2 in Leibovitz's L-15-medium (Invitrogen) with 
10% (v/v) FCS, 2 mM L-glutamin and 1 mM penicillin/strep-
tomycin. For fluorescence measurement MDA-MB-231GFP 
cells were also generated after transduction with the eGFP 
gene vector.

Cell line authentication. Authentication of SCCOHT-1, 
NIH:OVCAR-3, SK-OV-3, and MDA-MB-231 cells was 
performed by short tandem repeat (STR) fragment analysis 
using the GenomeLab human STR primer set (Beckman 
Coulter Inc., Fullerton, CA, USA). Following DNA isolation of 
the cell lines and amplification by polymerase chain reaction 
(PCR) with the STR primer set, the appropriate PCR products 
were sequenced in the CEQ8000 Genetic Analysis System 
(Beckman Coulter) using the GenomeLab DNA size standard 
kit-600 (Beckman Coulter). Comparison of the sequencing 
results from SCCOHT-1 were similar to the original SCCOHT 
patient cells cultured in our lab. Moreover, the NIH:OVCAR-3, 
SK-OV-3 and MDA-MB-231 cell lines demonstrated a similar 
STR pattern according to the STR database provided by the 
Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ, Braunschweig, Germany) for these cell lines.

Proliferation and cell cycle analysis
For fluorescence measurement the different eGFP-transduced 
ovarian cancer populations were cultured in flat bottom 
96-well plates (Nunc/ThermoFischer, Roskilde, Denmark) 
and incubated with 1.6, 3.2 and 6.4 mM Ca2+, respectively, for 
24 to 72 h. At different time points, the medium was removed 
and the cells were lysed with 5% (w/v) sodium dodecylsulfate 
(SDS). Thereafter, the fluorescence intensities of GFP in the 
cell homogenate which corresponded to the appropriate cell 
number of ovarian cancer cells, were measured at excitation 
485 nm/emission 520 nm using the Fluoroscan Ascent Fl 
(Thermo Fisher Scientific) fluorescence plate reader.

To substantiate these results in an alternative assay, 
wild-type ovarian cancer populations were incubated similarly 
with 1.6, 3.2 and 6.4 mM Ca2+, respectively, for 24 to 72 h 
and the cells were counted at the appropriate time points in a 
hemocytometer following trypan blue staining.

The cell cycle analysis was performed as described previ-
ously (19) using untreated compared to 1.6 mM Ca2+- and 
6.4 mM Ca2+-stimulated SCCOHT-1GFP, NIH:OVCAR-3GFP 
and SK-OV-3GFP ovarian cancer cells after 48 h. Briefly, 
5x105 cells were fixed in 70% (v/v) ice-cold ethanol at 4˚C for 
24 h. Thereafter, the fixed cells were stained with CyStain 
DNA 2 step kit (Partec GmbH, Münster, Germany) and filtered 
through a 50 µm filter. The samples were then analyzed in a 
Galaxy flow cytometer (Partec) using the MultiCycle cell cycle 
software (Phoenix Flow Systems Inc., San Diego, CA, USA).

Immunoblot analysis
Following culture of SCCOHT-1GFP cells in culture medium 
with 1% FCS, untreated control cells and Ca2+-stimulated 
cells were washed three times in ice-cold PBS and lysed in a 
reswelling buffer containing 8 M urea (Carl Roth GmbH Co KG, 
Karlsruhe, Germany), 1% CHAPS (3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate) (Carl Roth GmbH 
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Co KG), 0.5% (v/v) pharmalyte 3-10 (GE Healthcare Europe 
GmbH, Freiburg, Germany), 0.002% (w/v) bromophenol blue 
(Serva Electrophoresis GmbH, Heidelberg, Germany) and 
freshly prepared 0.4% (w/v) dithiothreitol (DTT) (Carl Roth 
GmbH Co KG). Protein concentration was adjusted using the 
colorimetric BCA-assay (Perbio Science Deutschland, Bonn, 
Germany), subjected to SDS-polyacrylamide gel electro-
phoresis and transferred to a Hybond C Extra Nitrocellulose 
membrane (GE Healthcare Life Science). The membranes were 
blocked with PBS containing 5% FCS and 0.05% Tween-20 
(PBS/Tween). After washing four times with PBS/Tween, the 
membranes were incubated with the primary antibodies (poly-
clonal anti-phospho-p44/42 MAPKThr202/Tyr204 (Cell Signaling 
Technology Inc.); polyclonal anti-Stim-1 (clone D88E10; 
Cell Signaling Technology Inc.); polyclonal anti-IP3 receptor 
(clone D53A5; Cell Signaling Technology Inc.); monoclonal 
anti-GAPDH (clone 6C5, Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) at 4˚C overnight. Thereafter, the membranes 
were washed four times with PBS/Tween and incubated with 
the appropriate horseradish peroxidase-conjugated secondary 
antibody (all from Santa Cruz Biotechnology) for 1 h/25˚C. The 
membranes were washed with PBS/Tween and visualized by 
autoradiography using the ECL-detection kit (GE Healthcare 
Europe GmbH).

Prostaglandin E2 (PGE2) ELISA
SCCOHT-1WT, SK-OV-3WT and NIH:OVCAR-3WT cells were 
seeded in 24-well plates at 106 cells/well (Nunc/ThermoFischer, 
Roskilde, Denmark) with 500 µl culture medium per well. In 
comparison to untreated control cells, the populations were 
stimulated with 1.6, 3.2 and 6.4 mM Ca2+, respectively, in the 
absence or presence of a 1-h pre-incubation with 50 µM of the 
MAP kinase inhibitor PD98059 (Cell Signaling Technology 
Inc.). The conditioned medium was collected after 12 and 
24 h, respectively, and centrifuged at 1,000 rpm/10 min. 
Thereafter, 50 µl aliquots of the supernatant were applied to 
the appropriate PGE2 measurements which were performed 
in an ELISA system according to the manufacturer's recom-
mendation (R&D Systems Ltd., Abingdon, UK).

Results

Proliferation. All three ovarian cancer cell types exhib-
ited sensitivity for an acidic culture milieu and continued 
maximal proliferation in alkaline medium of approximately 
pH 9.0 (Fig. 2). The proliferative capacity of SCCOHT-1 and 
NIH:OVCAR-3 cells was progressively inhibited by about 
80% at pH 6.0 within 72 h (n=5) whereas SK-OV-3 cells 
demonstrated more stability with a growth reduction of about 
30% (n=6). At pH 10.0 the proliferation progressively declined 
by 59±4% (n=5) in SCCOHT-1 cells after 72 h. A higher sensi-
tivity with 80±2% (n=5) was observed in NIH:OVCAR-3 cells 
at pH 10.0 after 72 h and SK-OV-3 cells revealed 41±6% (n=5) 
growth inhibition at similar conditions (Fig. 1).

According to the hypercalcemia associated with SCCOHT, 
exogenous stimulation with calcium was tested and revealed 
a significant growth inhibition in all three ovarian carcinoma 
cell types in a concentration- and time-dependent manner. 
Whereas the culture medium constitutively contained about 
0.8 mM Ca2+ and Mg2+ during steady-state culture conditions, 

the proliferative capacity of SK-OV-3 cells after exogenous 
addition of 1.6 mM Ca2+ up to 6.4 mM Ca2+ was progres-
sively reduced to 17.8±6.2% (n=10) within 72 h. These 
growth-inhibitory effects of 6.4 mM Ca2+ were even more 
pronounced in SCCOHT-1 with growth reduction down to 
11.4±5.0% (n=9) and were maximal in NIH:OVCAR-3 cells 
reaching only 3.8±0.5% (n=10) of proliferative capacity after 
72 h as compared to control cells in normal culture medium 
(Fig. 2A). In contrast to these significant growth-inhibitory 
effects of Ca2+, incubation of the three ovarian carcinoma 
cell populations with 6.4 mM Mg2+ demonstrated little if any 
effect on the cell growth and remained at a normal growth 
rate of approximately 100% within 72 h (Fig. 2A). Moreover, 
culture of the breast cancer cell line MDA-MB-231 in the 

Figure 1. The proliferation of different ovarian cancer cell types (SCCOHT-1GFP, 
NIH:OVCAR-3GFP and SK-OV-3GFP cells) was evaluated in a fluorescence-based 
assay under various pH conditions in the range of pH 5.0 to pH 11.0 as compared 
to control cells cultured at pH 7.4 for 24 to 72 h. Every 24 h, the medium was 
exchanged with newly established pH following appropriate adjustments by HCl 
or NaOH, respectively. Data represent the mean ± SD (n=5).
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presence of 6.4 mM Ca2+ was associated with a growth rate 
of 68.1±13.2% (n=6) compared to a control culture after 
72 h (Fig. 2A). Similar results of a marked Ca2+-mediated 
concentration- and time-dependent growth inhibition were 
also obtained with the appropriate wild-type ovarian cancer 
cell populations by cell counting in a trypan blue exclusion 
assay (Fig. 2B). The results from the proliferation assays were 
also accompanied by appropriate morphological changes. 
Whereas the different ovarian cancer cell types demonstrated 
their typical morphology in phase contrast microscopy of 
the control cultures together with a GFP expression of the 
lentiviral eGPF-transduced cultures, a significant cell death 
with rounded and granulated cell bodies was observed in 

NIH:OVCAR-3GFP cells following exposure to 6.4 mM Ca2+ for 
72 h (Fig. 3, upper panel). Moreover, little if any fluorescence 
was detectable anymore in NIH:OVCAR-3GFP cells. Only few 
GFP-expressing viable cells remained in the SCCOHT-1GFP 
culture after incubation with 6.4 mM Ca2+ for 72 h (Fig. 3, 
middle panel). SK-OV-3GFP cells also exhibited a significant 
granulation after incubation with exogenous Ca2+ with some 
more GFP-positive viable cells which substantiated the results 
of the proliferation assay (Fig. 3, lower panel).

Cell cycle analysis revealed a significant arrest of 
SCCOHT-1GFP cells in the G2 phase after 48 h in the presence 
of 1.6 mM Ca2+. An elevation to 6.4 mM Ca2+ was associated 
with increased cell death by an accumulation of SCCOHT-1GFP 

Figure 2. (A) The proliferation of different ovarian cancer cell types 
(SCCOHT-1GFP, NIH:OVCAR-3GFP and SK-OV-3GFP cells) and the breast 
cancer cell line MDA-MB-231GFP was evaluated in a fluorescence-based assay 
in the absence (control) or presence of exogenously added Ca2+ at concen-
trations between 1.6 to 6.4 mM for 24 to 72 h, respectively. Moreover, the 
three ovarian cancer cell types were also tested in the presence of 6.4 mM 
Mg2+ for 24 to 72 h. Data represent the mean ± SD (n=5). (B) The prolifera-
tive capacity of different wild-type ovarian cancer cell types (SCCOHT-1WT, 
NIH:OVCAR-3WT and SK-OV-3WT cells) was also assessed by counting the 
cell numbers in a hemocytometer following trypan blue staining after exog-
enous addition of Ca2+ at concentrations between 1.6 to 6.4 mM for 24 to 72 h, 
respectively.
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cells in the subG1 phase. Similar findings were observed in 
6.4 mM Ca2+-exposed NIH:OVCAR-3GFP cells with signifi-
cantly elevated levels of cells in the subG1 phase after 48 h 
whereas the cell cycle of the lesser Ca2+-sensitive SK-OV-3GFP 
cells still remained unaltered (Fig. 4).

Together, these findings suggested an optimal growth of 
the different ovarian cancer cells in a neutral to alkaline pH 
range whereby enhanced exogenous Ca2+ significantly reduced 
the proliferative capacity and tumor cell viability. Western 
blot analysis was performed to further investigate specific 

signaling effects of Ca2+ in the different ovarian cancer cells. 
Exposure to 1.6 mM Ca2+ revealed a marked appearance of 
phosphorylated p42/44 MAP kinase (Thr202/Tyr204) within 
2 h in SCCOHT-1 cells and this phosphorylation signal 
sustained for at least 24 h (Fig. 5A). A constitutive p42/44 MAP 
kinase phosphorylation in NIH:OVCAR-3 and SK-OV-3 cells 
was initially reduced by exogenous Ca2+ and significantly 
increased after 4 to 8 h before this signal was markedly 
reduced again within 24 h (Fig. 5B and C). Ca2+-sensitizing 
proteins were also investigated, including stromal interaction 
molecule-1 (Stim-1) which determines differences in [Ca2+] 
in the endoplasmic reticulum and can oscillate for stimula-
tory interactions with the ORAI1 calcium ion channels to the 
plasma membrane (20). The Stim-1 expression was enhanced 
between 1 and 2 h of 1.6 mM Ca2+ treatment of SCCOHT-1 
cells (Fig. 5A), whereas little, if any, different Stim-1 protein 
levels were observed in NIH:OVCAR-3 and SK-OV-3 cells 
until a decrease was observed after 24 h (Fig. 5B and C). 
With respect to the IP3 receptor which releases Ca2+ from 
endoplasmic storage compartments upon phospholipase 
C-mediated PI-breakdown and inositol trisphosphate genera-
tion, there was only marginal if any change in the IP3 receptor 
protein levels following Ca2+ stimulation of the ovarian cancer 
cells. The unaltered GAPDH expression served as loading 
control (Fig. 5A).

Ca2+-mediated phosphorylation of p42/44 MAP kinase 
(Thr202/Tyr204) was associated with enhanced PGE2 
production in the ovarian cancer cells. Thus, stimulation 
of SK-OV-3 cells with increasing [Ca2+] between 1.6 and 
6.4 mM exhibited progressively increasing PGE2 release 
after 12 h, which was significantly further elevated after 
24 h following Ca2+ stimulation (Fig. 6A). Moreover, 
pre-treatment with the p42/44 MAP kinase inhibitor 
PD98059 completely abolished even the highest levels of 
Ca2+-mediated PGE2 production (Fig. 6A). Similar results 
were obtained in SCCOHT-1 cells with 40.4±24.1 pg/ml 
PGE2 after 1.6 mM Ca2+ and 232.5±37.9 pg/ml PGE2 after 
6.4 mM Ca2+ stimulation for 12 h. Likewise, NIH:OVCAR-3 
cells produced 41.2±0.1 pg/ml PGE2 after 1.6 mM Ca2+ 
and 48.4±0.1 pg/ml PGE2 after 6.4 mM Ca2+ incubation 
within 24 h whereas non-stimulated control cells displayed 
12.1±0.1 pg/ml PGE2 and the PGE2 concentrations in the 
presence of the MAP kinase inhibitor PD98059 were below 
detection limit. To test any potential growth-inhibitory 
effects of PGE2 on the different ovarian cancer populations, 
SCCOHT-1, NIH:OVCAR-3 and SK-OV-3 cells were incu-
bated with various PGE2 concentrations between 1 pg/ml 
to 10 ng/ml and revealed little if any effect on the prolif-
erative capacity of the tumor cells (Fig. 6B). Together, these 
findings suggested that the Ca2+-mediated p42/44 MAP 
kinase phosphorylation and subsequent stimulation of PGE2 
production was independent of the Ca2+-mediated growth 
inhibition. Indeed, this suggestion was substantiated by the 
MAP kinase inhibitor PD98059 which completely abolished 
the Ca2+-mediated p42/44 MAP kinase phosphorylation in 
SCCOHT-1 cells (Fig. 7A). Moreover, MAP kinase inhibi-
tion did not demonstrate any effect on the increased G2 
arrest by 1.6 mM Ca2+ nor on the pronounced cell death of 
SCCOHT-1 cells in subG1 phase by 6.4 mM Ca2+ after 48 h 
similar to the results in Fig. 4 (Fig. 7B).

Figure 3. The morphology of NIH:OVCAR-3GFP (upper panel), SCCOHT-1GFP 
(middle panel) and SK-OV-3GFP (lower panel) cells was documented by 
phase contrast (grey) and fluorescence microscopy (green) in untreated 
control cells and after incubation in the presence of 6.4 mM Ca2+ for 72 h.
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cells in the subG1 phase. Similar findings were observed in 
6.4 mM Ca2+-exposed NIH:OVCAR-3GFP cells with signifi-
cantly elevated levels of cells in the subG1 phase after 48 h 
whereas the cell cycle of the lesser Ca2+-sensitive SK-OV-3GFP 
cells still remained unaltered (Fig. 4).

Together, these findings suggested an optimal growth of 
the different ovarian cancer cells in a neutral to alkaline pH 
range whereby enhanced exogenous Ca2+ significantly reduced 
the proliferative capacity and tumor cell viability. Western 
blot analysis was performed to further investigate specific 

signaling effects of Ca2+ in the different ovarian cancer cells. 
Exposure to 1.6 mM Ca2+ revealed a marked appearance of 
phosphorylated p42/44 MAP kinase (Thr202/Tyr204) within 
2 h in SCCOHT-1 cells and this phosphorylation signal 
sustained for at least 24 h (Fig. 5A). A constitutive p42/44 MAP 
kinase phosphorylation in NIH:OVCAR-3 and SK-OV-3 cells 
was initially reduced by exogenous Ca2+ and significantly 
increased after 4 to 8 h before this signal was markedly 
reduced again within 24 h (Fig. 5B and C). Ca2+-sensitizing 
proteins were also investigated, including stromal interaction 
molecule-1 (Stim-1) which determines differences in [Ca2+] 
in the endoplasmic reticulum and can oscillate for stimula-
tory interactions with the ORAI1 calcium ion channels to the 
plasma membrane (20). The Stim-1 expression was enhanced 
between 1 and 2 h of 1.6 mM Ca2+ treatment of SCCOHT-1 
cells (Fig. 5A), whereas little, if any, different Stim-1 protein 
levels were observed in NIH:OVCAR-3 and SK-OV-3 cells 
until a decrease was observed after 24 h (Fig. 5B and C). 
With respect to the IP3 receptor which releases Ca2+ from 
endoplasmic storage compartments upon phospholipase 
C-mediated PI-breakdown and inositol trisphosphate genera-
tion, there was only marginal if any change in the IP3 receptor 
protein levels following Ca2+ stimulation of the ovarian cancer 
cells. The unaltered GAPDH expression served as loading 
control (Fig. 5A).

Ca2+-mediated phosphorylation of p42/44 MAP kinase 
(Thr202/Tyr204) was associated with enhanced PGE2 
production in the ovarian cancer cells. Thus, stimulation 
of SK-OV-3 cells with increasing [Ca2+] between 1.6 and 
6.4 mM exhibited progressively increasing PGE2 release 
after 12 h, which was significantly further elevated after 
24 h following Ca2+ stimulation (Fig. 6A). Moreover, 
pre-treatment with the p42/44 MAP kinase inhibitor 
PD98059 completely abolished even the highest levels of 
Ca2+-mediated PGE2 production (Fig. 6A). Similar results 
were obtained in SCCOHT-1 cells with 40.4±24.1 pg/ml 
PGE2 after 1.6 mM Ca2+ and 232.5±37.9 pg/ml PGE2 after 
6.4 mM Ca2+ stimulation for 12 h. Likewise, NIH:OVCAR-3 
cells produced 41.2±0.1 pg/ml PGE2 after 1.6 mM Ca2+ 
and 48.4±0.1 pg/ml PGE2 after 6.4 mM Ca2+ incubation 
within 24 h whereas non-stimulated control cells displayed 
12.1±0.1 pg/ml PGE2 and the PGE2 concentrations in the 
presence of the MAP kinase inhibitor PD98059 were below 
detection limit. To test any potential growth-inhibitory 
effects of PGE2 on the different ovarian cancer populations, 
SCCOHT-1, NIH:OVCAR-3 and SK-OV-3 cells were incu-
bated with various PGE2 concentrations between 1 pg/ml 
to 10 ng/ml and revealed little if any effect on the prolif-
erative capacity of the tumor cells (Fig. 6B). Together, these 
findings suggested that the Ca2+-mediated p42/44 MAP 
kinase phosphorylation and subsequent stimulation of PGE2 
production was independent of the Ca2+-mediated growth 
inhibition. Indeed, this suggestion was substantiated by the 
MAP kinase inhibitor PD98059 which completely abolished 
the Ca2+-mediated p42/44 MAP kinase phosphorylation in 
SCCOHT-1 cells (Fig. 7A). Moreover, MAP kinase inhibi-
tion did not demonstrate any effect on the increased G2 
arrest by 1.6 mM Ca2+ nor on the pronounced cell death of 
SCCOHT-1 cells in subG1 phase by 6.4 mM Ca2+ after 48 h 
similar to the results in Fig. 4 (Fig. 7B).

Figure 3. The morphology of NIH:OVCAR-3GFP (upper panel), SCCOHT-1GFP 
(middle panel) and SK-OV-3GFP (lower panel) cells was documented by 
phase contrast (grey) and fluorescence microscopy (green) in untreated 
control cells and after incubation in the presence of 6.4 mM Ca2+ for 72 h.
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Discussion

Ovarian cancer represents the predominant cause of gyneco-
logical cancer-related deaths affecting approximately 65,000 
females in economically-developed countries in 2011 (21). As 
a rare form and special kind of ovarian cancer, the SCCOHT 
represents an aggressive tumor with poor prognosis and charac-
teristics as compared to other ovarian carcinoma types remain 
unclear. The in vitro results in this study revealed common 
pH sensitivity in acidic milieu and continuous proliferation 
in neutral/low alkaline environment. Whereas young patients 
diagnosed with SCCOHT often present with a concomitant 
serum hypercalcemia, it was of interest to focus on calcium 
effects in ovarian cancer cells.

According to normal serum calcium levels of 2 to 
2.5 mmol/l, hypercalcemia is considered as a mild type at 
concentrations between 2.5 to 3.0 mmol/l serum calcium and 
as a moderate type at concentrations between 3.0 to 3.5 mmol/l 
serum calcium. Patients with serum calcium levels above 
3.5 mmol/l are diagnosed with a hypercalcemic crisis. Of 
interest, a recent study in a variety of ovarian cancer patients 
reports elevated blood calcium levels whereby [Ca2+] was 
proposed a potential predictive marker for ovarian cancer (22).

To test different levels of hypercalcemia in vitro, calcium 
concentrations of 1.6, 3.2 and 6.4 mmol/l were applied to the 
various ovarian cancer cells and revealed already signifi-

cant growth-inhibitory effects between mild and moderate 
hypercalcemia. These growth-inhibitory effects were calcium-
specific, since none of these results were obtained with 
similar concentrations of Mg2+ or further cations. Moreover, 
other tumor types such as breast cancer cells demonstrated 
much less responsiveness to high Ca2+ concentrations as 
compared to the different ovarian cancer cells. This calcium 
sensitivity of ovarian cancer cells suggested that elevated 
[Ca2+] is supportive for a therapeutic approach particularly in 
SCCOHT. Additional examination of these growth-inhibitory 
effects of high [Ca2+] in vitro demonstrated a morphological 
disintegration of the ovarian cancer cells. This was associated 
with increased cell death as revealed by cell cycle analysis. 
Interference with the calcium homeostasis can induce cell 
damage and eventually initiate cell death (23), whereby 

Figure 4. Cell cycle analysis was performed in SCCOHT-1GFP (upper panel), 
NIH:OVCAR-3GFP (middle panel) and SK-OV-3GFP (lower panel) cells in the 
absence (control) or presence of exogenously added Ca2+ at concentrations of 
1.6 and 6.4 mM for 48 h, respectively.

Figure 5. Western blot analysis was performed with proteins from 
(A) SCCOHT-1GFP, (B) NIH:OVCAR-3GFP and (C) SK-OV-3GFP cells 
following incubation in the absence (control) or presence of 1.6 mM 
exogenously added Ca2+ for 1 h up to 24 h, respectively. The blots were 
incubated with the anti-phospho-p44/42 MAPKThr202/Tyr204, anti-Stim-1 and 
anti-IP3 receptor antibody, respectively. Protein levels of GAPDH served 
as a loading control.
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recent studies proposed a process of programmed necrosis 
(necroptosis) upon cytosolic calcium accumulation in mouse 
xenografts of human neuroblastoma (24). These findings 
further substantiate our hypothesis that suitable chemothera-
peutic compounds in combination with increased calcium 
levels contribute to an enhanced promotion of tumor cell death 
particularly in SCCOHT-1 cells. In this context, the hypercal-
cemia associated with SCCOHT may reflect a physiological 
anti-tumor response. However, due to a certain protection of 
the tumor cells within the tumor microenvironment and poten-
tial interactions with other cell types including immune cells 
and mesenchymal stem/stroma cells as documented for other 
tumor types such as breast cancer (18,25,26), the hypercal-
cemic effects achieve only a limited threshold and therefore, 
remain unresponsive and inefficient without further support to 
directly target the SCCOHT cancer cells.

At the molecular level, high [Ca2+] was associated with 
increased activation/phosphorylation of the p42/p44 MAPK 
in the ovarian cancer cells. Activated p42/p44 MAPK can 
further relay phosphorylation signals to eventually stimulate 

phospholipase A2 (27). Upon cleavage of polyunsaturated 
fatty acids including arachidonic acid from the C2-position of 
membrane phospholipids by activated phospholipase A2, the 
elevated levels of arachidonic acid can be further metabolized 
via cyclooxygenase isoforms (COX-1, COX-2) into pros-
tanoids and predominantly PGE2 (28,29). Indeed, the data 
obtained in the present study substantiated such a signaling 
pathway, whereby stimulation of the ovarian cancer cells with 
increasing calcium concentration resulted in appropriately 
increasing PGE2 production both, in a concentration- and 
time-dependent manner. Enhanced PGE2-synthesis accom-
panied by an increased expression of COX-1 and COX-2 has 
been documented in certain epithelial ovarian cancer (30) 
indicating potential metabolic alterations with the malignant 
transformation and progression. PGE2 can mediate suppres-
sive effects via ligation to the E prostanoid receptors EP2 
and EP4 followed by enhanced production of cyclic AMP. 
However, PGE2 binding to EP3 can also exert immune-
stimulatory properties by decreasing cAMP levels. Therefore, 
PGE2-mediated immune-modulation by tumors can alter 
immune surveillance by re-educating the infiltrating inflam-
matory and immune cells to support tumorigenesis (31). 
Whereby no direct proliferative effects of PGE2 on the ovarian 
cancer cells were detectable, our work also demonstrated 

Figure 6. (A) The amount of released prostaglandin E2 (PGE2) was evaluated 
by ELISA in the supernatant of SK-OV-3WT cells following stimulation in the 
absence (control) or exogenous addition of Ca2+ at concentrations between 
1.6 to 6.4 mM for 12 and 24 h, respectively. Moreover, PGE2 levels were 
measured in the supernatant of control cells after incubation with 50 µM 
of the p44/42 MAPK inhibitor PD98059 for 24 h (inhibitor PD98059), and 
following stimulation of the cells with 6.4 mM Ca2+ in the presence of the 
MAPK inhibitor PD98059 for 12 and 24 h, respectively. Data represent the 
mean + SD (n=3). (B) The proliferation of different ovarian cancer cell types 
(SCCOHT-1GFP, NIH:OVCAR-3GFP and SK-OV-3GFP cells) was evaluated in a 
fluorescence-based assay following stimulation of the different populations 
with various concentration of PGE2 between 1 pg/ml to 10 ng/ml for 72 h. 
Data represent the mean ± SD (n=5).

Figure 7. (A) Western blot analysis was performed for the anti-phospho-p44/42 
MAPKThr202/Tyr204 protein levels in SCCOHT-1GFP cells following incubation in 
the absence (control) or presence of 1.6 mM exogenously added Ca2+, 50 µM of 
the p44/42 MAPK inhibitor PD98059 or both, 1.6 mM Ca2+ and 50 µM PD98059 
for 24 h, respectively. Incubation of the blot with anti-GAPDH antibody served 
as a loading control. (B) Cell cycle analysis was performed in SCCOHT-1GFP 
cells pre-incubated for 1 h with 50 µM of the p44/42 MAPK inhibitor PD98059 
and further cultured in the absence (control) or presence of exogenously added 
Ca2+ at concentrations of 1.6 and 6.4 mM for 48 h, respectively.
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that the calcium-mediated PGE2 production was p42/p44 
MAPK-dependent since MAPK inhibition abolished the 
PGE2 production in the different ovarian cancer cells.

Together, increased calcium concentrations can 
specifically stimulate PGE2 production via p42/p44 MAPK 
activation and in parallel, contribute to the induction of 
cell death in ovarian cancer cells, whereby these calcium-
mediated effects are relayed via different signaling pathways. 
Although the appearance of a serum hypercalcemia in 
SCCOHT patients and a variety of other ovarian cancer 
patient exhibit only a limited and insufficient threshold, 
the present findings indicate that elevated Ca2+ levels can 
enhance a physiological antitumor strategy for SCCOHT in 
support of a combined therapeutic approach against this rare 
but severe type of ovarian cancer.
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In vitro and in vivo therapeutic approach for a
small cell carcinoma of the ovary hypercalcaemic
type using a SCCOHT-1 cellular model
Anna Otte, Finn Rauprich, Peter Hillemanns, Tjoung-Won Park-Simon, Juliane von der Ohe and Ralf Hass*

Abstract

Background: The small cell ovarian carcinoma of the hypercalcemic type (SCCOHT) which preferably affects young
women during regenerative age represents a rare and aggressive form of ovarian tumors with poor prognosis and
lacks an efficient therapy.

Methods and results: In vitro chemotherapy testing in a fluorescence assay using a recently developed cellular
model from a recurrent SCCOHT revealed sensitivity for certain epothilones, methotrexate and topotecan whereas
little if any cytotoxicity was observed with other chemotherapeutics including platin-based compounds. In particular,
epothilone B demonstrated a high sensitivity in contrast to ixabepilone with only little detectable effects. Western blot
and cell cycle analysis revealed that the epothilone B sensitivity was associated with increased Ser15 phosphorylation
of p53, a significant G1 and G2 cell cycle accumulation and subsequent cell death in subG1 phase. Moreover, tubulinβ3
expression in SMARCA4/BRG1-defective SCCOHT-1 in contrast to other ovarian cancer cells was also affected during
chemotherapy treatment. Increased extracellular Ca2+ levels further enhanced the epothilone B cytotoxicity in
SCCOHT-1 cells. These in vitro effects were also confirmed in vivo in NOD/scid mouse xenografts demonstrating an
attenuated tumor growth in epothilone B / Ca2+-treated mice. After 4d of subsequent treatment, the tumor sizes
were reduced by about 90% as compared to continuously growing control tumors. In parallel, a hypercalcemia in
control tumor-carrying mice was reverted to normal serum Ca2+ levels after epothilone B / Ca2+ therapy.

Conclusions: Taken together, these data demonstrated anti-tumorigenic effects of epothilone B / Ca2+ in SCCOHT
providing a focused therapeutic approach against this rare disease and arising recurrent tumors.

Keywords: SCCOHT, Ovarian cancer, Tumor growth, Chemotherapy

Background
Ovarian cancer represents one of the most lethal gyneco-
logic malignancy. A rare form of an aggressive ovarian
tumor is displayed by the small cell ovarian carcinoma of
the hypercalcemic type (SCCOHT). So far, no histogenetic
origin of SCCOHT has been identified and accordingly,
only little is known about tumor tissue characteristics of
SCCOHT. Initial immunohistochemical analysis of the
SCCOHT has postulated a germ cell-derived tumor [1] al-
though electron microscopy evaluations of tumor speci-
men reported SCCOHT as an epithelial-like originating
tumor [2]. Further analysis of SCCOHT tumor specimen

suggested an inhomogeneous tumor entity which neither
confirmed a germ cell-derived nor an epithelial cell-
derived tumor origin [3-5]. The heterogeneity of these
data may be explained in part by the limitations of biopsy
material from patients. An appropriate cellular model for
this tumor entity is represented by the BIN-67 cells [6].
Due to the unknown etiology, the SCCOHT which repre-
sents an aggressive form of ovarian tumors still remains
with poor prognosis and no efficient therapy. Thus, the
SCCOHT which is mostly accompanied by a paraendo-
crine hypercalcemia [2,7] preferably affects young women
between ages of 13 to 35 with lethal outcome in a short
period of time after diagnosis.
Potential therapeutic approaches to date are based

predominantly on certain histological SCCOHT tissue
examinations. The findings revealed that some areas of
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SCCOHT tumor stained positive for epithelial cell markers
whereas the intermediate filament protein vimentin has
been described in the majority of cells [3]. In addition, cell
cycle analysis of several SCCOHT tumors by flow cytome-
try reported a broad distribution with 4.7% to 18% of S
phase cells and 1.5% to 19.5% of G2/M phase cells [8],
however, the histogenesis and further cell biological prop-
erties of the SCCOHT still remained poorly understood.
Recent studies of a variety of SCCOHT tissue samples re-
vealed a mutation in the SMARCA4 gene as a potential
marker for the SCCOHT [9-11].
Moreover, interaction of the tumor cells with adjacent

populations within the tumor microenvironment includ-
ing endothelial cells and mesenchymal stem cells support
tumor vascularization and growth, however, such inter-
action alters the functionality and induces differentiation
processes of the stem cells which can contribute to protect
the tumorigenic target cells [12,13]. Consequently, reason-
able approaches for the treatment of SCCOHT patients or
a sufficient (chemo)therapeutic management are difficult
and remain unclear. A recently developed cellular model
of SCCOHT-1 cells derived from a primary culture of bi-
opsy material after surgery of a 31-year-old patient with
recurrent SCCOHT confirmed a cell type with epithelial/
mesenchymal properties by partially expressing epithelial
cytokeratins as well as the mesenchymal-type intermediate
filament vimentin. Expression of surface markers in
SCCOHT-1 includes CD15, CD29, CD44 and CD90 [14].
Based upon this cellular model of SCCOHT-1 cells, we ex-
amined in the present study cytotoxic effects of a variety
of anti-tumor compounds in comparison to established
human ovarian adenocarcinoma cell lines including NIH:
OVCAR-3 and SK-OV-3 with known resistance to cis-
platin [15]. The obtained in vitro effects in SCCOHT-1
cells with a focus on microtubule-stabilizing chemothera-
peutics including epothilone B were investigated at the
protein level to identify certain molecular effects and
mechanisms. Moreover, epothilone B in combination with
calcium was applied in NOD/scid mouse tumor xeno-
grafts to verify the in vitro therapeutic effects also in vivo.
Our findings provide a more detailed understanding of
potential compounds to target ovarian cancer cells exhi-
biting resistance to a variety of chemotherapeutics.

Material and methods
Cell culture
Primary human SCCOHT-1 cells
SCCOHT-1 cells were derived as a spontaneously per-
manent growing primary culture from a tumor biopsy
after surgery of a 31-year-old patient with recurrent
SCCOHT [14]. Informed written consent was obtained
from the patient for the use of this material and the
study has been approved by the Ethics Committee of
Hannover Medical School, Project #3916 on June 15th,

2005. The SCCOHT-1 cells were cultured in RPMI 1640
supplemented with 10% (v/v) fetal calf serum, 2mM L-
glutamine, 100U/ml penicillin and 100 μg/ml strepto-
mycin. The tissue culture was performed at 37°C in a
humidified atmosphere of 5% (v/v) CO2 and the medium
was changed at intervals of 3 to 4 days. For subculture,
the loosely attached cells were mechanically collected,
centrifuged (320 g/6 min), and resuspended in growth
medium at a cell viability of >95% as determined in a
hemocytometer using the trypan blue exclusion test.
The proliferation of SCCOHT-1 cells was measured in a
fluorescence-based microtiter plate assay following trans-
duction of SCCOHT-1 cells with a 3rd generation lenti-
viral SIN vector containing the eGFP gene as previously
described for these cells [14].
The human SCCOHT cell line BIN-67 (kindly provided

by Dr. Barbara Vanderhyden, University of Ottawa,
Canada) was cultured with DMEM/F12 : DMEM medium
(1:1) (Sigma Aldrich, St. Louis, MO) supplemented with
20% (v/v) fetal calf serum, 2mM L-glutamine, 100U/ml
penicillin and 100 μg/ml streptomycin.
Human alveolar adenocarcinoma A549 cell line (kindly

provided by Dr. Detlef Neumann, Hannover Medical School,
Germany) were cultured with DMEM (Sigma) supple-
mented with 10% (v/v) fetal calf serum, 2mM L-glutamine,
100U/ml penicillin and 100 μg/ml streptomycin.

Human ovarian adenocarcinoma cell lines
Human NIH:OVCAR-3 ovarian cancer cells (ATCC®
#HTB-161™) were commercially obtained in passage 76
(P76) from the Institute for Applied Cell Culture (IAZ),
Munich, Germany. The SK-OV-3 ovarian cancer cells
(ATCC® #HTB-77™) were commercially obtained in
P25 from the ATCC, Manassas, VA, USA. These ovarian
adenocarcinoma cell lines were originally established
from the malignant ascites of a patient with progressive
adenocarcinoma of the ovary, respectively. The cells
were cultivated at about 1,750 cells/cm2 in RPMI 1640
supplemented with 10% (v/v) fetal calf serum, 2mM
L-glutamine, 100U/ml penicillin and 100 μg/ml strepto-
mycin. Subculture was performed by trypsin/EDTA
(Biochrom GmbH, Berlin, Germany) treatment for 5 min
at 37°C. For the experiments NIH:OVCAR-3 cells were
used in P86 to P118 and SK-OV-3 cells were used in P37
to P39. For fluorescence measurement in an appropriate
proliferation assay the NIH:OVCAR-3 as well as the
SK-OV-3 cells have also been transduced with a 3rd gen-
eration lentiviral SIN vector containing the eGFP gene
similar to SCCOHT-1 cells.
Authentication of SCCOHT-1, NIH:OVCAR-3, and

SK-OV-3 cells was performed by short tandem repeat
(STR) fragment analysis using the GenomeLab human
STR primer set (Beckman Coulter Inc., Fullerton, CA,
USA). PCR products were sequenced in a CEQ8000
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Genetic Analysis System (Beckman Coulter) using the
GenomeLab DNA size standard kit-600 (Beckman
Coulter). The results of SCCOHT-1 were similar to the
original SCCOHT patient cells cultured in our lab and
the NIH:OVCAR-3 and SK-OV-3 cell lines results were
similar to the STR database provided by the Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ,
Braunschweig, Germany).

Proliferation measurement by fluoroscan assay
The ovarian cancer cells were incubated with different
concentrations for each of the chemotherapeutic com-
pounds. The compounds and their concentrations used
in the cell culture are:
carboplatin (320 μM; Carbomedac, Medac GmbH, Hamburg,

Germany), cisplatin (320 μM; Bristol-Myers-Squibb),
cyclophosphamide (1.28 mM; Cyclophostin, Pharmacia
GmbH, Erlangen, Germany), cytarabine (320 μM; Ara C,
Sigma Aldrich GmbH, München, Germany), 5’-fluorouracil
(320 μM; Gry-Pharma GmbH, Kirchzarten, Germany),
doxorubicin (1.28 μM; Sigma), methotrexate (320nM; Hexal
AG, Holzkirchen, Germany), topotecan (320nM; Glaxo
Smithkline GmbH&Co KG, Munich), taxol (160nM;
Paclitaxel, Bristol-Myers-Squibb GmbH&Co KGaA, Munich),
epothilone A (160nM; GBF Braunschweig, Germany),
epothilone B (40nM; GBF Braunschweig, Germany), and
ixabepilone (80 μM; Bristol-Myers-Squibb), respectively.
For fluorescence measurement the different eGFP-

transduced ovarian cancer populations were seeded at
3,000 cells/well with standard culture medium (100 μL/
well) in flat bottom 96-well plates (Nunc/ThermoFischer,
Roskilde, Denmark) and incubated overnight to allow at-
tachment. Thereafter, 100 μl of culture medium was
added to the cells as control and in further wells 100 μl
of culture medium with the maximal solvent concentra-
tion was added to the cells as solvent control, respectively.
Moreover, 100 μl of the chemotherapeutic compounds
were added to the cells and dosed in a 2-fold serial dilu-
tion. Each plate was applied with a cells-only control in
culture medium and a maximal solvent concentration
control, respectively (Table 1). The cell viability obtained
with the appropriate chemotherapeutic compounds was
then normalized to these controls on a plate by plate basis
and a drug-dose–response analysis was performed for
the different compounds in the 3 different ovarian can-
cer cell populations. Following incubation of the cells
for 72 h, the medium was removed and the cells were
lysed with 5% (w/v) SDS. Afterwards, the fluorescence
intensities of GFP in the cell homogenate which corre-
sponded to the appropriate cell number of ovarian can-
cer cells was measured at excitation 485 nm/emission
520 nm using the Fluoroscan Ascent Fl (Thermo Fisher
Scientific). The resulting fluorescent signal was first
normalized to the mean signal of the cells only wells to

control for seeding variability and then to the mean sig-
nal of the solvent-only control.

Cell cycle analysis
The cell cycle analysis was performed as described previ-
ously [16]. Briefly, 9.3 × 103 cells/cm2 were seeded in
culture plates (diameter 10 cm; Greiner Bio-one GmbH,
Frickenhausen, Germany) overnight to allow attachment
of the cells and adjustment to the culture conditions.
Following incubation with 1 μM cisplatin, or 1 μM car-
boplatin, or 2nM epothilone B for 48 h, the cells were
fixed in 70% (v/v) ice-cold ethanol at 4°C for 24 h.
Thereafter, about 5 × 105 fixed cells were stained with
CyStain DNA 2 step kit (Partec GmbH, Münster, Germany)
and filtered through a 50 μm filter. The samples were then
analyzed in a Galaxy flow cytometer (Partec) using the
MultiCycle cell cycle software (Phoenix Flow Systems Inc.,
San Diego, CA).

Immunoblot analysis
For immunoblot analysis, untreated and chemotherapeu-
tic agents-stimulated SCCOHT-1GFP, NIH:OVCAR-3GFP

and SK-OV-3GFP cells were washed three times in ice-
cold PBS and lysed in a reswelling buffer containing 8 M
urea (Carl Roth GmbH Co KG, Karlsruhe, Germany),
1% CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-
1-propanesulfonate) (Carl Roth GmbH Co KG), 0.5% (v/v)
Pharmalyte 3 –10 (GE Healthcare Europe GmbH, Freiburg,
Germany), 0.002% (w/v) bromophenol blue (SERVA
Electrophoresis GmbH, Heidelberg, Germany) and freshly
prepared 0.4% (w/v) DTT (Dithiothreitol) (Carl Roth
GmbH Co KG). Protein concentration was adjusted using
the colorimetric BCA-assay (ThermoScientic, Rockford,
IL, USA), subjected to SDS-polyacrylamide gel electro-
phoresis and transferred to a hybond-C extra nitrocellu-
lose membrane (GE Healthcare). The membranes were
blocked with PBS containing 5% FCS and 0.05% Tween-
20 (PBS/Tween). After washing four times with PBS/
Tween, the membranes were incubated with the pri-
mary antibodies (monoclonal anti-BRG-1 (dilution 1:1,000;
ab110641; Abcam plc, Cambridge, UK); polyclonal
anti-p53[pSer15] (dilution 1:1,000; Cell Signaling Technology,
Beverly, MA, USA); polyclonal anti-p53 (dilution
1:1,000; Cell Signaling Technology); monoclonal anti-
HSP27[pSer82] (dilution 1:200; clone 5B9, Enzo GmbH,
Lörrach, Germany); monoclonal anti-tubulinβ3 (dilution
1:500; clone TU-20, Novus Biologicals Ltd., Cambridge,
UK); monoclonal anti-β-actin (dilution 1:5,000; clone
AC-15; Sigma-Aldrich) and monoclonal anti-GAPDH
(dilution 1:200; clone AC-15 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA)) overnight at 4°C. Thereafter, the
membranes were washed four times with PBS/Tween
and incubated with the appropriate horseradish peroxidase-
conjugated anti-mouse IgG (dilution 1:5,000) or anti-rabbit
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IgG (dilution 1:10,000) secondary antibody, respectively,
(all from GE Healthcare, Freiburg, Germany) for 1 h/room
temperature. The membranes were washed with PBS/
Tween and visualized by autoradiography using the
ECL-detection kit (GE Healthcare). Quantification of
the blots was performed by densitometry scanning using
the Image J program.

In vivo experiments
Animal research using NOD/scid mice was carried out
by following internationally recognized guidelines on
animal welfare and has been approved by the institu-
tional licensing committee ref. #33.14-42502-04-12/0814
on June 22nd, 2012.
About 1 x 106 GFP-labeled SCCOHT-1 cells previously

cultured in serum-free HybridoMed DIF 1000 medium
to avoid non-specific serum effects were injected sub-
cutaneously into 5 to 6 weeks old female NOD/scid
mice, respectively. After about 18 days post injection, all
mice with SCCOHT-1GFP cells had developed subcuta-
neous tumors. A therapeutic approach of the tumors
was first tested with a daily subcutaneous injection of
only 200 μl epithilone B (10 μM Epo B) at the tumor site
for 2 days. To test possible synergistic effects of calcium
and epothilone B in a further set of experiments, tumor-
carrying mice were divided into 3 treatment groups. The
first group represented the control tumor group with 5
animals and was injected subcutaneously with 200 μl of
0.9% NaCl at the tumor site every day. The second
group with 5 animals was injected subcutaneously with
200 μl Ca2+ (5 mM) in 0.9% NaCl at the tumor site every
day. The third group of 5 animals with tumor-carrying

mice was injected subcutaneously with 200 μl Ca2+

(5 mM) together with 10 μM Epo B in 0.9% NaCl at the
tumor site every day. The tumor length (L) and width
(W) in each animal was measured on a daily basis and
the resulting tumor size was calculated as ½ L × W2

where L is the longer of the 2 measurements according
to the calculation of ellipsoid tumor forms [17]. The
treatment was started at an initial tumor size of approxi-
mately 2 to 3 mm3.
At the end of the experiments, the animals were sacri-

ficed by CO2 anesthesia and cervical dislocation. Follow-
ing UV light examination for the detection of GFP
positive tissue, the tumors were dissected whereby
tumor weight and the corresponding animal weight were
determined.
For calcium measurements cardial blood was taken from

the tumor-carrying NOD/scid mice after therapy and serum
was prepared and analyzed for Ca2+ concentration using the
Calcium Gen.2 reagent kit (Roche Diagnostics, Mannheim,
Germany). The Ca2+ test is based on a color reaction with
the chromophor 5-nitro-5’-methyl-1,2-bis(o-aminophenoxy)
ethane- N,N,N',N'-tetraacetic acid (NM-BAPTA) according
to the manufacturer’s instruction (Roche Diagnostics).

Results
To date, little if any successful chemotherapy is available
for the poor prognosis SCCOHT and therefore, in vitro
testing was performed using a recently developed cellular
model of human SCCOHT-1 cells derived from a recur-
rent small cell ovarian carcinoma of the hypercalcemic
type [14]. The proliferative capacity of SCCOHT-1 cells
was tested in comparison to NIH:OVCAR-3 and SK-OV-3

Table 1 Concentrations of chemotherapeutic compounds used in human ovarian cancer cells
Chemotherapeutic
compound

Maximal solvent
concentration [%]

Maximal chemotherapeutic
compound concentration

IC50 [M]

SCCOHT-1 SK-OV-3 NIH:OVCAR-3

Cytarabine 1.6 × 100 H2O 160 μM 8.1 × 10-6 1.0 × 10-6 1.1 × 10-7

Cisplatin 2.0 × 10–2 NaCl 160 μM 2.3 × 10-5 3.3 × 10-6 1.7 × 10-6

Carboplatin 5.0 × 10–3 NaCl 160 μM 7.9 × 10-5 8.8 × 10-6 7.0 × 10-6

Cyclophosphamide 7.5 × 10–3 NaCl 640 μM 1.0 × 10-5 2.3 × 10-4 1.0 × 10-4

Methotrexate 3.0 × 10–5 NaCl/ 2.0 × 10–1 PBS 160 nM 4.7 × 10-9 5.7 × 10-9 5.9 × 10-9

Topotecan 7.0 × 10–3 H2O/ 2.0 × 10–1 PBS 160 nM 3.6 × 10-9 1.8 × 10-8 5.0 × 10-9

Doxorubicin 3.0 × 10–2 H2O/ 2.0 × 10–1 PBS 640 nM 2.0 × 10-8 1.3 × 10-7 2.9 × 10-8

5‘-fluorouracil 4.0 × 10–4 NaCl/ 2.0 × 10–1 PBS 160 μM 1.9 × 10-5 3.5 × 10-6 1.1 × 10-6

Epothilone A 8.0 × 10–3 DMSO/ 2.0 × 10–1 PBS 80 nM 3.3 × 10-9 2.9 × 10-9 2.2 × 10-9

Epothilone B 2.0 × 10–3 DMSO/ 2.0 × 10–1 PBS 20 nM 1.5 × 10-9 2.9 × 10-10 9.8 × 10-11

Taxol 6.0 × 10–4 ethanlol/ 2.0 × 10–1 PBS 80 nM 2.2 × 10-9 2.4 × 10-9 1.4 × 10-9

Ixabepilone 2.0 × 10–1 ethanol 40 μM 1.1 × 10-6 1.6 × 10-6 9.8 × 10-7

The maximal chemotherapeutic compound concentration indicates the highest initial concentration on the cells in the well followed by 2-fold serial dilutions.
The IC50 values of the appropriate chemotherapeutic compounds were calculated from the drug-dose–response curves after normalization to the mean signal of
the cells-only control and then to the mean signal of the solvent-only control.
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ovarian carcinoma cells in a fluorescence-based assay of
GFP-labeled cells following treatment with different che-
motherapeutic compounds for 72 h (Figure 1A-C). DMSO
as an initial solvent for certain compounds was diluted to
less than 0.1% (v/v) in the final concentration whereby in-
cubation of the cells with even 0.2% (v/v) DMSO dis-
played no detectable effects as compared to control cells
without DMSO reaching a proliferation rate of 104.3% ±
9.2% (n = 6) after 72 h.
Incubation of the cells with cisplatin revealed an IC50

of 2.3 × 10−5 M in SCCOHT-1GFP cells and 3.3 × 10−6 M
and 1.7x10−6 M in SK-OV-3GFP and NIH:OVCAR-3GFP

cells, respectively (Figure 1A). Likewise, little effects on
the proliferation of these 3 ovarian cancer populations
were observed after exposure to carboplatin for up to 72 h
(Figure 1A, Table 1). Only a marginal growth inhib-
ition of SCCOHT-1GFP, SK-OV-3GFP and NIH:OVCAR-
3GFP cells was also detectable following incubation of the
cells with cytarabine and even less with cyclophosphamide
(Figure 1A, Table 1). Similarly, 5’-fluoruracil displayed
only little effects on the proliferation of the 3 ovarian can-
cer cell types (Figure 1B, Table 1). In contrast, exposure to
doxorubicin, topotecan and methotrexate was associated

with a significantly elevated inhibiton of the proliferative
capacity in SCCOHT-1GFP, SK-OV-3GFP and NIH:
OVCAR-3GFP cells, respectively (Figure 1B, Table 1).
Mitotic inhibitors which stabilize the microtubules in-

cluding taxol and epothilones exhibited different anti-
proliferative effects. Thus, taxol revealed a growth reduc-
tion of in SCCOHT-1GFP with a IC50 of 2.2nM which was
enhanced in NIH:OVCAR-3 cells displaying an IC50 of
1.4nM but less pronounced in SK-OV-3GFP cells with an
IC50 of 2.4nM (Figure 1C, Table 1). Whereas epothilone
A demonstrated a slightly reduced sensitivity as compared
to taxol, treatment of the 3 different ovarian cancer cell
populations to epothilone B revealed the highest growth
inhibition tested in this study displaying an IC50 of 1.5nM
for SCCOHT-1GFP, 0.3nM for SK-OV-3GFP, and 0.098nM
for NIH:OVCAR-3GFP cells (Figure 1C, Table 1). In con-
trast, only a low responsiveness of the cells was observed
to ixabepilone with IC50 value in the micromolar range
(Figure 1C, Table 1).
Together, these findings demonstrated differences in the

chemotherapeutic sensitivity of these 3 ovarian cancer pop-
ulations. Moreover, topotecan, methotrexate, taxol and
epothilone B appeared as the most potent chemotherapeutic

Figure 1 Sensitivity of human ovarian cancer cells for chemotherapeutic compounds (A-C). SCCOHT-1GFP cells, NIH:OVCAR-3GFP and
SK-OV-3GFP cells were incubated with different concentrations of chemotherapeutic compounds for 72 h, respectively, and the proliferative
capacity was measured by the fluoroscan assay. Analysis of a drug-dose–response to define IC50 concentrations for all compounds was
performed using GraphPad Prism-6. For calculation of the drug-dose–response curves, the data were normalized to the cells-only control in
culture medium and to the maximal solvent concentration control of the corresponding compound, respectively.
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compounds for SCCOHT-1GFP cells in vitro with the highest
potency for epothilone B.
Further analysis was performed to test the effects of

epothilone B on the cell cycle progression of the ovarian
cancer cells in comparison to cisplatin or carboplatin
which are frequently used in a combination with eto-
poside or taxol, respectively, for treatment of the
SCCOHT [18,19]. Flow cytometric cell cycle analysis of
logarithmically-growing SCCOHT-1GFP cells revealed a
distribution of continuously proliferating cells with
about 68% in G0/G1 phase, 9% in S phase and 23% in
the mitotic G2/M phase as evaluated by the MultiCycle
cell cycle software (Figure 2A). A similar cell cycle dis-
tribution of continuously proliferating cells was ob-
served following incubation of SCCOHT-1GFP cells with
either 1 μM cisplatin or 1 μM carboplatin for 48 h. In
contrast, treatment of SCCOHT-1GFP cells with a 500-
fold reduced concentration of 2 nM epothilone B for
48 h was associated with G0/G1 cell cycle arrest and a
significant accumulation of dead cells in the subG1

phase (Figure 2A). Likewise, the platin-resistent ovarian
cancer cell lines NIH:OVCAR-3 and SK-OV-3 demon-
strated a paralleled cell cycle pattern following exposure
to 1 μM cisplatin or 1 μM carboplatin or 2 nM epothi-
lone B for 48 h whereby SK-OV-3 also displayed an ac-
cumulation in G2/M upon epothilone B exposure
(Figure 2A). The SCCOHT-derived cell line BIN-67
demonstrated platin-compound resistance although
some subG1 accumulation was detectable following
treatment with 1 μM carboplatine for 48 h. Moreover,
incubation of BIN-67 cells to 2 nM epothilone B re-
vealed an accumulation in G2/M phase (Figure 2A).
These findings substantiated the unresponsiveness of
BIN-67 and SCCOHT-1 cells as well as NIH:OVCAR-3
and SK-OV-3 cells to platin-based compounds. More-
over, growth inhibitory effects of epothilone B associ-
ated with significant cellular damage and cell death
were confirmed in the ovarian cancer lines except for
BIN-67 cells with a markedly reduced sensitivity.
Differences between ovarian cancer cells and cells de-

rived from SCCOHT have been previously reported by a
mutation in the SMARCA4 gene as a potential marker for
the SCCOHT [9-11]. Western blot analysis of BRG-1 as
the protein product of the SMARCA4 gene revealed a pro-
nounced expression in the NIH:OVCAR-3 and SK-OV-3
ovarian cancer cells, however, little if any BRG-1 protein
was detectable in SCCOHT-1 cells (Figure 2B). Likewise,
BRG-1 was absent in human alveolar adenocarcinoma
A549 cells and in the BIN-67 cell line as previously re-
ported [11] (Figure 2B), suggesting also a SMARCA4
defect in SCCOHT-1 cells. Detection of β-actin expression
was used as a loading control (Figure 2B).
Whereas cellular and DNA damage activate a cascade of re-

pair mechanisms involving p53 and distinct phosphorylation

processes of this tumor suppressor protein, the different
responses of SCCOHT-1 cells observed with taxol and
certain epothilones, particularly epothilone B and ixabepi-
lone, were evaluated by Western blot analysis. Thus, only
marginal differences were observed for the protein level of
p53 expression in SCCOHT-1 cells following treatment
with either taxol, epithilone A, epithilone B, or ixabepi-
lone. However, there was a significantly enhanced detec-
tion of phosphorylated p53 at serine15 (p53[pSer15])
particularly between 24 h to 48 h after epothilone B treat-
ment (Figure 3). Likewise, an elevated phosphorylation of
the heat shock protein HSP27 at serine 82 (HSP27[pSer82])
could be detected within 24 h to 48 h of epothilone B
exposure together with unchanged control expression of
GAPDH (Figure 3). Quantification by densitometry scan-
ning also revealed an elevated expression of p53[pSer15] in
taxol-stimulated SCCOHT-1 cells, however, these levels
remained significantly lower as compared to those ob-
served after epithilone B treatment.
A comparison of distinct chemotherapeutic effects be-

tween SCCOHT-1 and NIH:OVCAR-3 cells revealed lit-
tle if any change in p53 protein expression of the
investigated compounds, whereby densitometric analysis
revealed slightly induced p53 levels in the compound-
treated NIH:OVCAR-3 as compared to SCCOHT-1 cells
(Figure 4). A significant difference, however, was ob-
served for the tubulinβ3 protein level which was consti-
tutively expressed already in untreated SCCOHT-1 cells
and decreased after methotrexate treatment in contrast
to undetectable tubulinβ3 protein in NIH:OVCAR-3
cells (Figure 4). Conversely, HSP27[pSer82] was signifi-
cantly higher and unaltered expressed in NIH:OVCAR-3
cells as in SCCOHT-1 cells whereby incubation with
epothilone B for 24 h was associated with an increase of
HSP27[pSer82] protein levels in SCCOHT-1 cells (Figure 4).
SK-OV-3 cells are reported as p53 defective and a similar
expression pattern as compared to NIH:OVCAR-3 cells
was also observed for HSP27[pSer82] and undetectable
tubulinβ3 (data not shown).
To further address the question whether these in vitro

effects of epothilone B on SCCOHT-1 cells may also be
effective in vivo, subcutaneous tumors were induced in
NOD/scid mouse xenografts. Injection of 106 GFP-
labeled SCCOHT-1 cells resulted in a detectable tumor
development within 2–3 weeks. First, NOD/scid mouse
tumors were dissected and re-cultured to investigate
whether the cells obtained from the re-cultured tumors
maintain a similar chemotherapeutic sensitivity observed
during previous in vitro culture of SCCOHT-1GFP cells.
Indeed, incubation of the NOD/scid mouse tumors re-
cultured cells demonstrated a significantly increased sen-
sitivity for epothilone B after 48 h and 72 h, respectively,
whereas the responsiveness to topotecan-treated cells
remained unaltered (Figure 5A). Conversely, a higher
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Figure 2 Cell cycle analysis of ovarian cancer cells after chemotherapeutic compound application (A) and SMARCA4/BRG-1 protein
expression in human ovarian cancer cells (B). Cell cycle analysis (A) was performed by flow cytometry in SCCOHT-1GFP, NIH:OVCAR-3GFP,
SK-OV-3GFP and BIN-67 cells after treatment with 1 μM cisplatin, or 1 μM carboplatin, or 2 nM epothilone B for 48 h, respectively. Western blot
analysis (B) of BRG-1 protein was performed in steady state of two ovarian carcinoma cell lines (NIH:OVCAR-3 and SK-OV-3) as compared to
SCCOHT-derived cells (SCCOHT-1 and BIN-67). The absence of BRG-1 in human alveolar adenocarcinoma A549 cells was used as a control and
expression of β-actin served as a loading control.
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Figure 3 Western blot analysis was performed in SCCOHT-1 cells, treated with 4 nM of either taxol, epothilone A (EpoA), epothilone B
(EpoB), or ixabepilone (Ixa) for 24 h, 48 h, and 72 h, respectively. Protein aliquots of the corresponding cell homogenates were analysed for
the expression of p53, phosphorylated p53 at serine-15, and phosphorylated heat shock protein (HSP27) at serine-82. The unaltered expression of
GAPDH served as a control for equal loading. Quantification of the blots by densitometry scanning was normalized against the appropriate
GAPDH expression and the relative expression levels were documented as bar diagram below the corresponding Western blots.

Figure 4 Comparison of protein expression in SCCOHT-1 and NIH:OVACAR-3 cells. Western blot analysis was performed in SCCOHT-1GFP

and NIH:OVCAR-3GFP, to compare the protein expression levels of p53, tubulinβ3, and phosphorylated heat shock protein (HSP27) at serine-82
after a 24 h incubation of the 2 cell types with 2 nM of ixabepilone (Ixa), epothilone B (EpoB), methotrexate (MTX), and 5’-fluorouracil (5FU),
respectively. The unaltered expression of GAPDH served as a control for equal loading, respectively. Quantification of the blots by densitometry
scanning was normalized against the appropriate GAPDH expression and the relative expression levels were documented as bar diagram below
the corresponding Western blots.
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sensitivity was observed for doxorubicin which became
significant after 72 h as statistically analyzed by 2-way
ANOVA (Figure 5A). According to the hypercalcemia

which accompanies this tumor disease, additional ques-
tions were addressed whether exogenous calcium affects
SCCOHT-1 tumor cell growth in vitro together with

Figure 5 Chemotherapeutic sensitivity of re-cultured SCCOHT-1GFP cells from xenograft tumors (A) and sensitivity of SCCOHT-1 cells to
Ca2+ and Epo B (B). SCCOHT-1GFP cells and re-cultured cells obtained from a SCCOHT-1GFP-induced tumor in NOD/scid mice (A) were incubated
with 2 nM epothilone B (EpoB), 20 nM topotecan (Topo), and 20 nM doxorubicin (Doxo) for 48 h and 72 h, respectively, and the proliferative
capacity was measured by the fluoroscan assay. Fluorescence data of the non-treated control cells were calculated as 100% of relative fluorescence
intensity. Data represent the mean ± s.d. (n = 10 for each control; n = 9 for each chemotherapeutic compounds). Statistical analysis between
the SCCOHT-1GFP cells and re-cultured NOD/scid tumor SCCOHT-1GFP cells after treatment with the chemotherapeutics was calculated by 2-way
ANOVA following Tukey’s multiple comparison test (ns = not significant; *= significant (p < 0.0001)). SCCOHT-1GFP cells were incubated with
either 1.6 mM CaCl2 (1.6 mM Ca2+), 2 nM epothilone B (EpoB), or a combination of 2 nM EpoB + 1.6 mM Ca2+ in a fluoroscan assay for 24 h up
to 72 h (B), respectively. Fluorescence data of the non-treated control cells were calculated as 100% of relative fluorescence intensity. Data
represent the mean ± s.d. (n = 10). Statistical analysis was conducted between SCCOHT-1GFP cells in control medium and after exposure to 1.6 mM
Ca2+ as well as between SCCOHT-1GFP cells in the presence of 2 nM Epo B and SCCOHT-1GFP cells after exposure to 2 nM EpoB + 1.6 mM Ca2+ by
unpaired Student's t-test (*P < 0.0001; **P < 0.00001).
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epothilone B. Indeed, addition of 1.6 mM CaCl2 was asso-
ciated with a continuously reduced proliferation of
SCCOHT-1 cells in the fluoroscan assay by about 22.4% ±
4.6% (n = 10) after 72 h (Figure 5B). However, Ca2+ exhib-
ited at least additive effects together with epothilone B
and further diminished the epothilone B-mediated

progressive growth reduction of SCCOHT-1 cells. Thus,
the effects of epothilone B which reduced the SCCOHT-1
cell growth by 20.3% ± 3.6% (n = 10) after 24 h was further
enhanced to 35.0% ± 5.3% (n = 10) together with Ca2+.
Similar synergistic effects of Ca2+ together with an epothi-
lone B-conferred growth inhibition of SCCOHT-1 cells

Figure 6 In vivo effects of different therapeutic approaches were examined in NOD/scid mice by evaluation of the tumor size each
day in the course of the therapy and by calculation of the relation of tumor weight/mouse weight after tumor dissection at the end of
the experiment. Subcutaneous tumors were induced in NOD/scid mice within 18d following injection of about 106 SCCOHT-1GFP cells. Thereafter,
different therapeutic approaches were applied by injection of 200 μl of either 0.9% NaCl, or 5 mM CaCl2, or 10 μM epothilone B (EpoB), or 5 mM
CaCl2 + 10 μM EpoB each day. A. The relation of tumor weight / mouse weight was calculated after 2d of subsequent injections for control tumors
(NaCl) (n = 2) and EpoB-treated tumors (n = 2). B. The relation of tumor weight / mouse weight was calculated after 4d of subsequent injections as the
mean ± s.d. for control tumors (NaCl) (n = 5), Ca2+-treated tumors (n = 5), and Ca2+ + EpoB-treated tumors (n = 4). Statistical analysis was conducted by
1-way ANOVA test (*p = 0.027). C. The tumor size was evaluated each day at 4 consecutive days of subsequent injections as the mean ± s.d. for control
tumors (NaCl) (n = 5), Ca2+-treated tumors (n = 5), and Ca2+ + EpoB-treated tumors (n = 4). Statistical analysis was calculated by unpaired Student's t-test
between Ca2+-treated tumors and the NaCl-treated tumor sizes as well as between Ca2+ + EpoB-treated tumors and the NaCl-treated tumor sizes at the
corresponding time points, respectively (*P < 0.05; **P < 0.01).
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were observed after 48 h and 72 h, respectively
(Figure 5B).
Based upon these results, further NOD/scid mouse tu-

mors were examined for a successful therapeutic ap-
proach by a daily injection of epothilone B at the tumor
site. Testing various concentrations revealed detectable
effects with 10 μM epothilone B already after 48 h (=2
treatments) with a tumor size of 2.1 ± 0.2 cm3 as com-
pared to 2.5 ± 0.1 cm3 in NaCl-treated control tumors
and a relation of tumor weight to mouse weight of
8.2 ± 0.1 in the epothilone B-treated tumor mice as com-
pared to 11.8 ± 0.6 in the NaCl-treated control tumors
(Figure 6A). Although in this first therapeutic approach,
the mice had to be sacrificed after 2 days for ethical rea-
sons due to the tumor size, these data demonstrated
already a reduction in tumor size by about 16% and a re-
duction in the relation of tumor weight to mouse weight
by about 30% after solely epothilone B treatment.
Since addition of exogenous Ca2+ supported the growth-

inhibitory effects of epothilone B in vitro, a further thera-
peutic approach was tested in vivo whereby 200 μl of
5 mM CaCl2 were injected at the tumor site and com-
pared to the effects of a co-injection of 5 mM CaCl2 +
10 μM epothilone B. Although Ca2+ alone demonstrated
little if any effects on the in vivo tumor growth, the com-
bined treatment of Ca2+ + epothilone B was associated
with a significant reduction by about 90% in the relation
of tumor weight to mouse weight after tumor dissection
of the sacrificed mice (Figure 6B). Thus, a therapeutic ap-
proach with CaCl2 + epothilone B reached a relation of
tumor weight to mouse weight of 0.5 ± 0.2 (n = 3) after 4d,
however, Ca2+ alone and the NaCl control injection
reached a relation of tumor weight to mouse weight of
5.5 ± 1.0 (n = 4) and 5.6 ± 1.7 (n = 4), respectively. Statis-
tical analysis by 1-way ANOVA revealed a significant
tumor reduction (p = 0.027) (Figure 6B). Daily consecutive
measurements and corresponding calculations of the
tumor size normalized to the size at the beginning of the
therapy (day 0) confirmed a more than 90% reduced
tumor size in CaCl2 + epothilone B-treated mice. A con-
secutive NaCl control treatment and solely Ca2+ treatment
revealed a rapidly growing and continuously increasing
tumor size to 1827% ± 656% (n = 5) and 1472% ± 196%
(n = 5) after 4d (Figure 6C). In contrast, consecutive treat-
ment with CaCl2 + epothilone B for 4d was associated
with an attenuation of tumor growth reaching an average
tumor size of 165% ± 186% (n = 4). These findings sug-
gested that a significantly reduced tumor growth of the
SCCOHT in vivo by epothilone B treatment could be
further enhanced by the addition of exogenous Ca2+

to the epothilone B therapy. This therapeutic effect of
Ca2+/epothilone B was also accompanied by an abolished
hypercalcemia in the mice. Whereas NaCl-treated control
tumor-carrying mice and Ca2+-treated mice exhibited

a hypercalcemia with average calcium levels in the blood
serum of 3.11 ± 0.75 mmol/L (n = 3) and 3.20 ± 0.40 mmol/L
(n = 4), respectively, the combined treatment of Ca2+/epothi-
lone B demonstrated normal calcium serum levels of 2.16 ±
0.53 mmol/L (n = 3).

Discussion
SCCOHT represents an aggressive female tumor with
poor prognosis and previous work has suggested a multi-
modality treatment for the SCCOHT including surgery
and a subsequent chemotherapy consisting of cisplatin-
and etoposide-based or carboplatin- and taxane-based
components followed by a radiotherapy [18,19]. Despite
this multi-modality approach, however, the level of
tumor relapses remains high and only very few patients
survived for more than two years [20-23]. Thus, the data
obtained in this study demonstrated a certain resistance
of SCCOHT-1 cells to a cisplatin- or carboplatin-based
chemotherapy since both compounds were ineffective to
decrease the proliferative capacity in vitro. Resistance to
the platin chemotherapeutics has also been confirmed for
the NIH:OVCAR-3 and SK-OV-3 ovarian cancer cells.
Moreover, the continuous and unaltered cell cycle pro-
gression of SCCOHT-1 cells in the presence of both platin
compounds is further questioning the effectiveness of
these drugs in patients with SCCOHT. Our findings are
also supported by studies in BIN-67 cells, displaying a re-
sistance to platinum and other standard chemotherapeutic
agents [24]. In contrast, microtubule-stabilizing com-
pounds such as taxol and more importantly, epothilone
B demonstrated significant anti-proliferative effects in
SCCOHT-1 as well as in NIH:OVCAR-3 and SK-OV-3
cells in vitro. The growth-inhibitory effects of epothilone
B were associated with an activation of the cellular and
DNA damage response machinery including enhanced
detection of HSP27[pSer82] and p53[pSer15], respectively,
followed by increased cell death as determined via subG1

phase cell cycle accumulation in SCCOHT-1 cells. HSP27
phosphorylation can be mediated by PKD upon cellular
stress and plays an important role in cellular protection
[25]. Moreover, DNA damage response and cell cycle ar-
rest is relayed via p53 phosphorylation including accumu-
lation of p53[pSer15] [26]. Treatment of human A2780
ovarian cancer cells with taxol has been reported with
p53 phosphorylation at serin 20 [27] whereby taxol and
epothilone B may confer signals for different phosphoryl-
ation sites at p53. In addition, epothilone-mediated cyto-
toxicity is relayed via different forms of p53 [28].
These significant cytotoxic effects of epothilone B in

SCCOHT-1 cells in vitro could also be substantiated in a
therapeutic approach of NOD/scid mouse tumor xeno-
grafts in vivo leading to an attenuated tumor growth.
The differences in epothilone B concentrations used
in vitro and in vivo can be related to protective effects

Otte et al. Orphanet Journal of Rare Diseases 2014, 9:126 Page 11 of 13
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by the tumor stroma in vivo. Thus, the tumor cells
in vitro can be exposed directly to the drug whereas
in vivo, the tumor microenvironment of extracellular
matrix with embedded adjacent cell populations includ-
ing immune cells, endothelial cells, cancer-associated fi-
broblasts and mesenchymal stem cells contribute to a
border which requires higher chemotherapeutic concen-
trations to target the tumor cells [12,13].
In this context, it is remarkable to note that the closely

related compound ixabepilone, which differs in only one
atom by the exchange of oxygen against nitrogen within
the ester bridge of the molecule, displayed no detectable
effects on SCCOHT-1 cell growth and viability even at
a 250-fold higher concentration as compared to epothi-
lone B. These significantly different cellular effects of
structurally very similar compounds are related to mo-
lecular differences in the interactions with tubulins and
the associated stability of the microtubules. Whereas
tubulinα and tubulinβ proteins associate to a heterodi-
mer and form a taxane binding pocket at intradimer
interfaces, epothilone B binding to this taxane site ex-
hibits a tight interaction with the heterodimeric tubulin
molecule and a rather static conformation. In contrast,
ixabepilone retains a significant degree of flexibility
within the atomic and molecular environment of this
taxane binding pocket and therefore displays different ef-
fects on the interaction and stability with the tubulin het-
erodimeric molecule [29]. Such molecular interactions
may also apply to the isotype form tubulinβ3 which is
present predominantly in aggressive and drug-resistant tu-
mors [30,31]. Indeed, a markedly detectable expression of
tubulinβ3 has been identified in SCCOHT-1 cells in con-
trast to the NIH:OVCAR-3 and SK-OV-3 ovarian cancer
cells which substantiates the aggressiveness of SCCOHT.
The significant epothilone B-mediated growth reduction

of SCCOHT-1 cells in vitro was maintained in re-cultured
cells from induced mouse xenograft tumors and these
findings could also be confirmed in vivo demonstrating a
tumor reduction by epothilone B in SCCOHT-1-induced
mouse xenografts. Moreover, the tumor-reducing effects
of epothilone B could be synergistically enhanced by ex-
ogenous calcium in vitro and in vivo and resulted in an at-
tenuated tumor growth. The concomitant reduction of
the hypercalcemic serum levels back to normal calcium
serum levels observed in calcium+ epothilone B-treated
mice in contrast to the sustained hypercalcemia in un-
treated and solely calcium-treated tumors appear some-
what paradoxical and suggests an important but so far
unexplained physiological role of calcium in this tumor
entity. Since increased calcium levels can exhibit cytotoxic
effects in ovarian cancer cells in vitro [32], hypercalcemia
may partially represent a defense mechanism of the organ-
ism to antagonize the rapid and aggressive tumor growth
and exogenously added calcium may further raise these

levels for a sufficient synergy with epothilone B. However,
the underlying mechanisms of this synergism remain un-
answered and require further investigation.

Conclusion
Whereas only little therapeutic strategies for unrespon-
sive ovarian carcinoma are available, the present findings
provide a more detailed understanding of potential com-
pounds to target ovarian cancer cells exhibiting resist-
ance to a variety of chemotherapeutics. Moreover, this
work demonstrates a promising disease-focused ap-
proach including some molecular explanation for target-
ing the small cell carcinoma of the ovary hypercalcaemic
type which may be embedded into a multi-modality
therapeutic approach for a better targeted treatment of
this rare cancerous disease.
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ABSTRACT

A cellular model (SCCOHT-1) of the aggressive small cell hypercalcemic ovarian 
carcinoma demonstrated constitutive chemokine and growth factor production 
including HGF. A simultaneous presence of c-Met in 41% SCCOHT-1 cells suggested an 
autocrine growth mechanism. Expression of c-Met was also observed at low levels in 
the corresponding BIN-67 cell line (6.5%) and at high levels in ovarian adenocarcinoma 
cells (NIH:OVCAR-3 (84.4%) and SK-OV-3 (99.3%)). Immunohistochemistry of 
c-Met expression in SCCOHT tumors revealed a heterogeneous distribution between 
undetectable levels and 80%. Further characterization of SCCOHT-1 and BIN-
67 cells by cell surface markers including CD90 and EpCAM demonstrated similar 
patterns with differences to the ovarian adenocarcinoma cells. HGF stimulation of 
SCCOHT-1 cells was associated with c-Met phosphorylation at Tyr1349 and downstream 
Thr202/Tyr204 phosphorylation of p44/42 MAP kinase. This HGF-induced signaling 
cascade was abolished by the c-Met inhibitor foretinib. Cell cycle analysis after 
foretinib treatment demonstrated enhanced G2 accumulation and increasing apoptosis 
within 72 h. Moreover, the IC50 of foretinib revealed 12.4 nM in SCCOHT-1 cells 
compared to 411 nM and 481 nM in NIH:OVCAR-3 and SK-OV-3 cells, respectively, 
suggesting potential therapeutic effects. Indeed, SCCOHT-1 and BIN-67 tumor 
xenografts in NODscid mice exhibited an approximately 10-fold and 5-fold reduced 
tumor size following systemic application of foretinib, respectively. Furthermore, 
foretinib-treated tumors revealed a significantly reduced vascularization and little 
if any c-Met-mediated signal transduction. Similar findings of reduced proliferative 
capacity and declined tumor size were observed after siRNA-mediated c-Met knock-
down in SCCOHT-1 cells demonstrating that in vivo inhibition of these pathways 
contributed to an attenuation of SCCOHT tumor growth.

INTRODUCTION

One of the most lethal gynecologic malignancies 
is caused by ovarian cancer. A variety of different 
epithelial ovarian cancers have been categorized into two 
types, whereby type I tumors include low-grade serous, 
endometrioid, clear cell and mucinous carcinomas which 
appear clinically indolent. In contrast, type II tumors 
are characterized by high-grade serous, high-grade 

endometrioid and undifferentiated carcinomas, as well as 
malignant mixed mesodermal tumors (carcinosarcomas) 
with papillary, glandular, and solid patterns displaying 
highly aggressive cancer cells predominantly observed 
in advanced tumor stages [1–3]. This differentiated 
histopathological categorization of ovarian tumor types 
is also supported by molecular differences. Thus, gene 
mutations including KRAS, BRAF, ERBB2, PTEN, 
CTNNB1, and PIK3CA are predominantly detected in 
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type I ovarian tumors. Vice versa, type II tumors often 
display genetic instabilities with a high frequency of 
TP53 mutations and cyclin E1 amplifications which 
directly regulate the proliferative capacity and cell cycle 
progression [4, 5].

Upon variations of this type of malignant neoplasia, 
the small cell ovarian carcinoma of the hypercalcemic 
type (SCCOHT) represents a rare form of an aggressive 
ovarian tumor which is predominantly observed in young 
women between ages of 13 to 35. The SCCOHT has a 
poor prognosis and is associated in most cases with 
paraendocrine hypercalcemia [6, 7].

Histopathological evaluation of several clinical cases 
have classified the SCCOHT as a separate pathological 
entity [6] since this tumor appears different from 
other ovarian cancer types including ovarian epithelial 
tumors and ovarian germ cell tumors [8]. However, 
the etiology of the SCCOHT still remains obscure. 
Whereas immunohistochemical analysis of the SCCOHT 
postulated a germ cell-derived tumor [9], other work has 
also discussed SCCOHT as an epithelial-like originating 
tumor [7] and genetic analysis of SCCOHT tumor specimen 
have documented an inhomogeneous tumor entity [10–12]. 
Genome sequencing of SCCOHT tumor biopsies revealed 
both, germline and somatic mutations of the SMARCA4 
gene including a stop codon mutation p.Arg1077* and 
a frameshift p.Pro1180fs [13]. The SMARCA4 gene 
encodes the transcription activator BRG1 which represents 
an ATP-dependent helicase of the SWI/SNF family and its 
mutation was suggested as a potential molecular marker 
for the SCCOHT [14–16].

Cellular models for the SCCOHT are represented 
by the BIN-67 [17] and the SCCOHT-1 [18] cell lines. In 
line with the SCCOHT histology, characterization of BIN-
67 and SCCOHT-1 tumor cells indicated heterogeneous 
populations with certain epithelial and mesenchymal 
properties. Moreover, SCCOHT-1 tumor cells are carrying 
a defective SMARCA4 gene with a loss of BRG1 protein 
expression [19] and likewise, BIN-67 cells demonstrated 
biallelic deleterious SMARCA4 gene mutations [15] 
which confirms the results in SCCOHT patient biopsies. 
Whereas mutations in the SMARCA4 gene and the related 
SMARCB1 gene also occur in malignant rhabdoid tumors, 
further similarities by whole exome sequencing suggested 
SCCOHT as malignant rhabdoid tumor of the ovary [20]. 
Furthermore, BIN-67 and SCCOHT-1 cells developed 
appropriate tumors in xenotransplants and exhibited 
multiple chemotherapeutic resistances by continued tumor 
growth [21, 22]. Consistently, various resistant effects 
are also observed in SCCOHT patients and therefore, 
reasonable approaches for the treatment of this tumor 
disease remain unknown. It was thus the aim of the present 
study, to identify a potential molecular target for a growth 
arrest of these tumor cells by investigating effects of 
growth factors such as HGF and the related receptor c-Met 

in SCCOHT-1 cell cultures in comparison to BIN-67 
cells and the established human ovarian adenocarcinoma 
NIH:OVCAR-3 and SK-OV-3 cell line.

RESULTS

The constitutive production and release of certain 
cytokines and growth factors by SCCOHT-1 cells was 
measured in a customized human multiplex ELISA system. 
Little if any release of ICAM-1, PDGF-BB and TNF-α was 
detectable in SCCOHT-1 cell culture medium after 24 h 
and 48 h, respectively. However, there was a significant 
production of HGF by 4,868 ± 464ng/2 × 105 cells after 
24 h which raised to 24,590 ± 1,580ng/2 × 105 cells (n = 4) 
after 48 h (Fig.1). Moreover, an increase in IL8 production 
was also paralleled by elevated PDGF-AA levels from 
11 ± 2 ng/ml in control medium to 666 ± 100ng/2 × 105 
cells after 24 h and 2,167 ± 279ng/2 × 105 cells after 48 h 
(n = 4), respectively. Likewise, release of VCAM-1 and 
VEGF was significantly elevated by SCCOHT-1 cells 
(Fig. 1).

According to the constitutive production and 
release of HGF by SCCOHT-1 cells, simultaneous 
expression of the corresponding receptor c-Met was 
investigated. Analysis by flow cytometry revealed c-Met 
receptor expression in 6.5 ± 0.1% (n = 3) of BIN-67 cells, 
40.9 ± 3.8% (n = 3) of SCCOHT-1 cells and a majority in 
ovarian adenocarcinoma cells with 84.4 ± 9.2% (n = 3) in 
NIH:OVCAR-3 cells and 99.3 ± 0.4% (n = 3) in SK-OV-3 
cells (Fig. 2A). Similar results were obtained by Western 
blots with the lowest levels of c-Met proteins in BIN-67 
cells and high expression levels in NIH:OVCAR-3 cells 
and SK-OV-3 cells (Fig. 2B).

Although different levels of c-Met expression 
were observed in SCCOHT-1 and BIN-67 cells, these 
two populations shared a variety of similar markers 
and could be distinguished from other ovarian 
adenocarcinoma cells. Flow cytometry analysis revealed 
a common expression of surface markers for cell-cell 
communication including the beta-1 integrin subunit 
CD29 among all of these ovarian cancer populations 
which i.e. can function as the α3β1 integrin and may 
play a role during metastatic diffusion of certain tumor 
cells. However, marked differences were observed for a 
variety of other cell surface markers in SCCOHT-1 and 
BIN-67 cells compared to NIH:OVCAR-3 and SK-OV-3 
cells indicating altered tumor cell functionalities. One 
of these differences included the glycosyl phosphatidyl 
inositol (GPI)-anchored CD90 antigen expression, also 
present on some immune cells, hematopoietic stem cells, 
and a property of mesenchymal stem cells in a normoxic 
and hypoxic microenvironment [23, 24]. Increased CD90 
and vimentin levels were detected during epithelial to 
mesenchymal transition of non small cell lung cancer 
(NSCLC) cells [25] and CD90 protein expression by 
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Figure 1: Quantitative production of distinct growth factors and cytokines was measured in supernatants of 
SCCOHT-1 (2 × 105 cells/ml) after 24 h and 48 h, respectively, using a multiplexed human chemokine assay system. Data 
represent the amount of cytokine/growth factor production [pg/2 × 105 cells] ± s.d. (n = 4). (HGF = hepatocyte growth/scatter factor; 
ICAM-1 = intercellular cell adhesion molecule-1; IL-8 = interleukin-8; PDGF = platelet-derived growth factor; TNFa = tumor necrosis 
factor-alpha; VCAM-1 = vascular cell adhesion molecule-1; VEGF = vascular endothelial growth factor)

Figure 2: A. Expression of c-Met protein was measured by flow cytometry in BIN-67, SCCOHT-1, NIH:OVCAR-3 and 
SK-OV-3 cells, respectively. Data represent the percentage of c-Met expression ± s.d. (n = 4). B. Western blot of c-Met expression 
in the 4 different ovarian cancer cell populations with GAPDH expression as control.
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SCCOHT-1 and BIN-67 cells was in contrast to little if 

any detectable CD90 in NIH:OVCAR-3 and SK-OV-3 

cells (suppl. Fig. S1). Moreover, mesothelin as part of the 

outer plasma membrane by GPI linkage is overexpressed 

in several human tumors, including mesothelioma as 

well as pancreatic and ovarian adenocarcinoma [26] and 

was detectable in NIH:OVCAR-3 and SK-OV-3 cells in 

contrast to SCCOHT-1 and BIN-67 cells. In addition, 

the epithelial cell adhesion molecule (CD326/EpCAM) 

functions as a transmembrane glycoprotein mediating 

Ca2+-independent homotypic cell-cell adhesion in 

epithelia and in contrast to an extensive expression 

in NIH:OVCAR-3 and SK-OV-3 cells this adhesion 

molecule was undetectable in SCCOHT-1 and BIN-

67 cells. Furthermore, the mesenchymal intermediate 

filament vimentin could be observed in SCCOHT-1, BIN-
67 and SK-OV-3 cells and to about 7% NIH:OVCAR-3 

cells. In addition, cytokeratins as part of the epithelial 

intermediate filament proteins were strongly expressed 
in NIH:OVCAR-3 and SK-OV-3 cells and only to 

about 27% in SCCOHT-1 and about 2% in BIN-67 cells 

(suppl. Fig. S1). Together, these findings suggested 
differences in cell-cell and cell-matrix interactions 

between the small cell hypercalcemic ovarian tumor cell 

types and the ovarian adenocarcinoma cell lines.

C-Met expression was also examined by 

immunohistochemistry (IHC) in 16 different SCCOHT 

patient tumor tissues (Fig. 3). The SCCOHT-1 cell-

originating patient tumor demonstrated c-Met expression 

in about 40% of the cells (Fig. 3A) which is in line 

with our flow cytometry data. In addition, a series of 
15 centrally reviewed primary SCCOHT was retrieved 

from the archives of the Mannheim referral center for 

gynecopathology by one of the authors (FK) and stained 

for c-Met expression by standard immunohistochemistry. 

While 6/15 tumors were c-Met negative, 4/15 tumors 

showed very low levels of c-Met expression (<1% positive 

cells), and 5/15 tumors were weakly to moderately c-Met 

positive (<10–80% positive cells, Fig. 3B). These results 

suggest heterogeneity of c-Met expression in individual 

SCCOHT tumors.

Accordingly, c-Met signaling was investigated in 

the different ovarian cancer cells. Exogenous stimulation 

of SCCOHT-1, SK-OV-3 and NIH:OVCAR-3 cells 

with 20 ng/ml HGF was associated with enhanced 

phosphorylation of c-Met at Tyr1349 after 30 min which 

was abolished in the presence of 2.5 μM crizotinib and 
1.25 μM foretinib, respectively (Fig. 4). BIN-67 cells 
demonstrated barely detectable phosphorylation signals 

due to the low constitutive expression levels of c-Met 

(Fig. 4). Whereby constitutive c-Met expression remained 

unaltered, HGF stimulation was also accompanied 

by downstream signaling of enhanced p44/p42 MAP 

kinase phosphorylation at Thr202/Tyr204 particularly 

in SK-OV-3 and NIH:OVCAR-3 cells. Likewise, these 

HGF-mediated phosphorylation signals were partially 

diminished by a parallel incubation with 2.5 μM 
crizotinib and even more reduced in the presence of 

1.25 μM foretinib (Fig. 4) suggesting the c-Met inhibitor 
foretinib a potent signaling inhibitor in these tumor cells.

Effects of crizotinib and foretinib were also tested 

on the cell cycle progression and proliferative capacity 

of the ovarian cancer cells. Cell cycle analysis after 

incubation of SCCOHT-1 (Fig. 5A) and BIN-67 cells 

(Fig. 5B) with 0.25 μM up to 1.25 μM foretinib or 0.625 
μM up to 2.5 μM crizotinib revealed a significant initial 
G2/M accumulation after 12 h which continuously 

declined until 72 h (Fig. 5A, 5B). This was paralleled 

by a progressively increasing apoptosis in sub G1 phase 

within 12 h to 72 h. Moreover, some aberrant mitosis was 

detectable by DNA doubling without cell division and 

therefore, appearance of populations with 2 × G2/M or 

more DNA content (>2 × G2/M) (Fig. 5A, 5B). A detailed 

time course of incubation with these c-Met inhibitors 

demonstrated similar effects also in NIH:OVCAR-3 

and SK-OV-3 cells which substantiated a continuously 

increasing and significant G2/M phase accumulation 
already within 8 h to 12 h in the 4 different cell types 

(suppl. Figs. S2A to S2D).

Examination of the IC
50

 for the two c-Met 

inhibitors demonstrated an about 10-fold increased 

sensitivity of SCCOHT-1 cells for foretinib (12.4 nM) 

compared to crizotinib (128 nM). Moreover, the ovarian 

adenocarcinoma cells NIH:OVCAR-3 and SK-OV-3 

exhibited an about 2- and 3-fold enhanced sensitivity for 

foretinib whereas only little and insensitive differences 

were observed for BIN-67 cells (Fig. 5C). Together, these 

findings suggested a more specific growth inhibition 
associated with foretinib.

To test potential growth-inhibitory effects of 

foretinib in vivo, xenograft tumors were induced in 

NODscid mice by the two SCCOHT cell lines. Following a 

subcutaneous injection of 3 × 106 cells SCCOHT-1-induced 

mouse tumors (n = 3) could be detected already after 8d. 

A daily oral application of 200 μl foretinib (50 mg/kg) 
for 10 subsequent days revealed a white/yellow-colored 

tumor tissue with an about 10- to 20-fold reduced tumor 

mass compared to red-colored SCCOHT-1 control tumors 

(n = 3) after similar daily treatment with the solvent only 

(Fig. 6A). Following continuous tumor size measurements 

with corresponding calculation of the tumor volume, 

progressively increasing control tumors volumes were 

observed in contrast to an unaltered size of foretinib-

treated tumors (Fig. 6B, upper panel). The relation of 

tumor weight / mouse weight after 10d of treatment 

revealed 1.46 ± 0.62% (n = 3) in control tumors and an 

about 15-fold reduced relation of 0.10 ± 0.02% (n = 3) 

in foretinib-treated SCCOHT-1 tumors (Fig. 6B, lower 

panel). Effects of foretinib treatment on the body weight 

of mice carrying SCCOHT-1 tumor xenografts revealed 
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less than 20% differences (up to 17%; n = 3; p < 0.01) 
compared to control treatment after 10d (suppl. Fig. S4, 
left panel).

BIN-67-induced mouse tumors (n = 3) appeared 
after 71d of subcutaneous tumor cell injection which took 
much longer to develop than SCCOHT-1 xenografts. This 
is also supported by the significantly reduced proliferative 
capacity of BIN-67 cells with an average cell doubling of 
approximately 75 h to 90 h compared to SCCOHT-1 cells 

representing a cell doubling time between 24 h to 36 h 
(suppl. Fig. S3).

A similar foretinib treatment of BIN-67-induced 
mouse tumors (daily oral application of 200 μl foretinib 
(50 mg/kg) for 10d) was associated with an approximately 
5-fold reduced tumor mass (Fig. 6C, left panel) and 
accordingly, the relation of tumor weight / mouse weight 
after 10d of treatment declined by 4.6-fold from 0.83 ± 
0.07% (n = 3) in control tumors to 0.18 ± 0.03% (n = 3) in 

Figure 3: Immunhistochemical (IHC) detection of c-Met was performed in specimen of 16 different patients with 
confirmed SCCOHT. A. IHC analysis in the primary patient tumor (origin of SCCOHT-1 cells) confirmed c-Met expression at variable 
levels with predominantly membrane-bound staining. B. An additional pilot series (n = 15) of primary SCCOHT showed microscopically 
detectable c-Met expression together with the SCCOHT-1 originating tumor predominantly in 6/16 cases. The staining confirmed significant 
c-Met expression in a subset of SCCOHT and showed striking variability across cases and within individual tumors, suggesting intra- and 
intertumoral heterogeneity of c-Met expression.

Figure 4: Western blot analysis was performed for c-Met phosphorylation at Tyr1349 and p44/p42 MAP kinase 
phosphorylation at Thre202/Tyr204 in SCCOHT-1, BIN-67, NIH:OVCAR-3 and SK-OV-3 ovarian cancer cells 
following 30 min of HGF stimulation in the presence or absence of the c-Met inhibitors crizotinib or foretinib, 
respectively.
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Figure 5: A. Cell cycle analysis was performed in SCCOHT-1, BIN-67 cells in the absence or presence of different 
concentrations of the c-Met inhibitors crizotinib and foretinib for 12 h up to 72 h, respectively. Quantification of the different 
cell cycle phases represent the mean ± s.d. (n = 3).

(Continued )
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foretinib-treated BIN-67 tumors (Fig. 6C, right panel). In 
parallel, the body weight of mice carrying BIN-67 tumor 
xenografts remained relatively constant and revealed no 
significant differences during foretinib treatment (suppl. 
Fig. S4, right panel).

Further analysis by RT-PCR revealed a strong c-Met 
expression in SK-OV-3 and NIH:OVCAR-3 cells and low 
levels in BIN-67 cells. Expression of c-Met in SCCOHT-1 
cells was also detectable in the original SCCOHT patient 
tumor and in SCCOHT-1-induced and BIN-67-induced 
tumor xenografts whereas a reduced expression appeared 
in both foretinib-treated tumors (Fig. 6D). Low levels 
of HGF transcripts in NIH:OVCAR-3, SK-OV-3, and 
BIN-67 cells were paralleled by nearly unaltered levels 

in SCCOHT-1 cells and the SCCOHT-1 in vivo tumors 
whereas the low HGF expression in BIN-67 in vivo tumors 
decreased to undetectable signals after foretinib treatment. 
Differences in the CD90 and EpCAM mRNA transcripts 
between the ovarian adenocarcinoma NIH:OVCAR-3 and 
SK-OV-3 compared to BIN-67 and SCCOHT-1 cells and 
associated in vivo tumors substantiated the special entity 
of SCCOHT tumors (Fig. 6D).

Analysis of c-Met protein expression in control 
tumor xenografts by Western blot revealed a reduction in 
both, the 170kDa preform and the 140kDa active HGF 
receptor following a 10 day foretinib treatment of the mice. 
Moreover, the phosphorylation signal of c-Met at Tyr1003 
present in the control tumors was abolished after foretinib 

Figure 5: (Continued ) B. SCCOHT-1GFP, BIN-67GFP, NIH:OVCAR-3GFP and SK-OV-3GFP ovarian cancer cells were incubated 
with different concentrations of crizotinib and foretinib for 72 h, respectively, and the proliferative capacity was measured by 
the fluoroscan assay. Analysis of a drug-dose-response to define IC50 concentrations for crizotinib and foretinib was performed using 
GraphPad Prism-6. For calculation of the drug-dose-response curves, the data were normalized to the cells-only control in culture medium 
and to the maximal solvent (DMSO) concentration control of the two compounds, respectively.
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application (Fig. 6E). In addition, downstream signaling by 
phosphorylation of p44/42 MAPK remained undetectable 
in foretinib-treated tumors whereby GAPDH expression 
was used as a control (Fig. 6E). These data suggested that 
the significantly reduced tumor size was associated at least 
in part with interruption of c-Met signaling followed by 
growth arrest after foretinib exposure. Supportive data 
were obtained by immunohistochemistry of the in vivo 
SCCOHT-1 (Fig. 6F) and BIN-67 (Fig. 6G) tumors. 
Staining with hematoxylin/eosin (HE) revealed various 
mitotic tumor cells in control tumor tissue in the vicinity 
of capillaries and microvessels. In contrast, less mitotic 
tumor cells and a significantly reduced vascularization 
were observed in the foretinib-treated tumors (Fig. 6F 

and 6G, upper panel). Moreover, the proliferation marker 
Ki-67 stained the majority of cells in the control tumor 
(about 91% in SCCOHT-1 and 31% in BIN-67) whereas 
only about 54% of Ki-67-positive SCCOHT-1 cells and 
about 17% of Ki-67-positive BIN-67 cells were detectable 
after foretinib application (Fig. 6F and 6G, lower panel). 
Together, these findings substantiated an attenuation 
of SCCOHT-1- and BIN-67-mediated tumor growth 
paralleled by a reduced vascularization in the yellow 
foretinib-treated tumors, respectively.

The involvement of c-Met on cell growth was 
also tested by c-Met siRNA knock-down in SCCOHT-1. 
Transfection efficiency using an appropriate green 
fluorescing probe revealed about 92% (suppl. Fig. S5). 

Figure 6: A. Size and weight of SCCOHT-1GFP-induced tumors in NODscid mice was compared in the absence or presence 
of a 10 days therapeutic approach with foretinib. Following initial tumor detection, daily oral application was performed in 
3 mice with 200 μl foretinib at a concentration of 50 mg/kg dissolved in 30% (v/v) propylene glycol, 5% (v/v) Tween 80, and 
65% (v/v) of a 5% (w/v) dextrose solution in H2O. The other 3 mice were used as controls by a daily oral application of 200 
μl of the solvent (30% (v/v) propylene glycol, 5% (v/v) Tween 80, and 65% (v/v) of a 5% (w/v) dextrose solution in H2O). 
After 10d of therapy, all 6 mice were sacrificed by cervical dislocation and the GFP-positive tumors were dissected under UV 
light, washed in PBS, and weighted. B. The tumor size (upper panel) of SCCOHT-1GFP-induced tumors in NODscid mice in the 
absence or presence of foretinib treatment was evaluated each day at 10 consecutive days of daily oral application as the mean 
± s.d. for control tumors (n = 3) and foretinib-treated tumors (n = 3). Statistical analysis was calculated by unpaired Student’s 
t-test (*P < 0.05; **P < 0.01). In the bottom panel, the relation of SCCOHT-1 tumor weight / mouse weight was calculated 
after 10d of subsequent treatment as the mean ± s.d. for control tumors (n = 3) and foretinib-treated tumors (n = 3). Statistical 
analysis was conducted by unpaired Student’s t-test (*P < 0.05). C. Size and weight of BIN-67GFP-induced tumors in NODscid 
mice was compared in the absence or presence of a 10 days therapeutic approach with foretinib (left panel). The relation of 
BIN-67 tumor weight / mouse weight (right panel) was calculated after 10d of subsequent treatment as the mean ± s.d. for 
control tumors (n = 3) and foretinib-treated tumors (n = 3). Statistical analysis was conducted by unpaired Student’s t-test 
(*P < 0.0005).
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Effects of the c-Met siRNA were confirmed by Western 
blot analysis. A pronounced c-Met expression was 
detectable in control SCCOHT-1 cells, in cells using the 
transfection reagent alone (transfection control), and in 
cells transfected with 25 nM of a non-targeting control 
siRNA after 24 h (Fig. 7A). In contrast, down-modulation 
of c-Met protein was observed in c-Met siRNA-transfected 
SCCOHT-1 cells for up to 120 h (Fig. 7A). This down-
modulation of c-Met in SCCOHT-1 caused a progressive 
growth reduction with a proliferative capacity of 35.1% 
± 1.4% in c-Met siRNA-transfected cells as compared to 
about 100% in control cells and control transfectants after 
72 h (Fig. 7B, upper panel). Moreover, c-Met siRNA-
mediated growth inhibition in SCCOHT-1 cells was also 
accompanied by an accumulation of apoptotic cells in 
subG1 and an increase in G0/G1 cell cycle phase with 
reduced S phase (Fig.7B, lower panel).

C-Met siRNA knock-down also abolished HGF-
mediated phosphorylation signaling of the receptor. 
Whereas SCCOHT-1 transfection control and cells 
transfected with a non-targeting siRNA demonstrated 
increased c-Met phosphorylation at Tyr1349 as well as 
more downstream an increased p44/p42 MAP kinase 
phosphorylation at Thr202/Tyr204 after 5 min to 

20 min of stimulation with 20 ng/ml HGF, little if any 
phosphorylation signal was observed in c-Met siRNA-
transfected SCCOHT-1 cells (Fig. 7C). Likewise, 
expression of the c-Met receptor itself remained 
undetectable in c-Met siRNA-transfected SCCOHT-1 cells 
in contrast to constitutive c-Met expression in SCCOHT-1 
transfection control and cells transfected with a non-
targeting siRNA (Fig. 7C).

At a more functional level, down-modulation of 
c-Met in SCCOHT-1 cells also reduced tumor growth 
in vivo. Whereas 1 mouse with a control tumor died 
during the experiment, 5 mice developed pronounced and 
partially red-colored tumors within 22d (Fig. 7D, upper 
panel) indicating an appropriate tumor vascularization. 
Similar data were obtained from tumors of 6 mice 
injected with non-coding siRNA-transfected SCCOHT-
1GFP cells (Fig. 7D, lower panel). In contrast, mouse tumor 
xenografts of c-Met siRNA-transfected SCCOHT-1GFP 
cells were observed only in 4/6 mice and appeared much 
smaller and less vascularized (Fig. 7D, middle panel). 
Calculation of the relation of tumor weight/mouse weight 
revealed 0.92 ± 0.51 (n = 5) for the transfection control 
and 0.94 ± 0.8 (n = 6) for the non-targeting siRNA-
induced tumors. In contrast, c-Met siRNA-mediated 

Figure 6: (Continued ) D. The mRNA expression levels of various genes were analyzed by RT-PCR in the 4 ovarian cancer 
cell lines in vitro and compared to the in vivo NODscid SCCOHT-1 xenograft tumors together with the original patient 
tumor and to the in vivo BIN-67GFP xenograft tumors following daily oral foretinib application for 10 consecutive days. 
E. Analysis of c-Met protein expression and associated phosphorylation signals in 2 control tumor xenografts (#1.2 and 
#1.3) was compared to 2 foretinib-treated tumor xenografts (#2.3 and #2.4) by Western blot analysis. 

(Continued )
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tumors displayed an approximately 20-fold reduced ratio 
of 0.04 ± 0.04 (n = 6) (Fig. 7E).

Together, these data demonstrated an attenuation of 
tumor growth in SCCOHT-1 cells by targeting c-Met via 
antisense or via c-Met signaling interference compounds 
including foretinib. However, BIN-67 cells express only 
background levels of c-Met although foretinib treatment 
exhibited a significant tumor reduction which suggested 
additional effects of this compound. Indeed, foretinib 
treatment was also associated with interference of vascular 
endothelial growth factor (VEGF) signaling. Whereas 
VEGF was expressed by the ovarian tumor cell lines and 
by the SCCOHT tumors, transcripts of the related receptor 
VEGFR2 appeared species-specific and were observed 
exclusively in the corresponding human and mouse 
tumors, respectively (Fig. 7F). In particular, VEGFR2 
expression exclusively in the original SCCOHT patient 
tumor but not in the corresponding SCCOHT-1 cells 

which were derived from this human tumor suggested 
paracrine VEGF effects by expression of this receptor 
in tumor-associated tissue rather than in the tumor cells. 
Moreover, foretinib treatment significantly reduced the 
VEGFR2 expression in the mouse tumors furthermore 
supporting additional effects of this drug also on the 
tumor microenvironment e.g. by reduced vascularization 
(Fig.7F).

DISCUSSION

SCCOHT represents a rare and aggressive tumor 
type with unclear etiology and insufficient therapeutic 
strategies. Whereas mutations in the SMARCA4 gene 
and certain similarities to malignant rhabdoid tumors 
are known for this cancerous disease [14–16, 20] further 
characterization of the corresponding cellular models 
SCCOHT-1 and BIN-67 demonstrated significant 

Figure 6: (Continued )  F. Tissue sections (4 μm) were prepared by hematoxylin/eosin staining (HE) of SCCOHT-1GFP-
induced control and foretinib-treated tumors in NODscid mice (upper panel; bars represent 50 μm). In addition, tissue sections 
(4 μm) of control and foretinib-treated tumor xenografts were compared by immune histochemistry using the proliferation 
marker Ki-67 (lower panel; bars represent 50 μm). G. Tissue sections (4 μm) were prepared by hematoxylin/eosin staining 
(HE) of BIN-67GFP-induced control and foretinib-treated tumors in NODscid mice (upper panel; bars represent 50 μm). In 
addition, tissue sections (4 μm) of control and foretinib-treated tumor xenografts were compared by immune histochemistry 
using the proliferation marker Ki-67 (lower panel; bars represent 50 μm).
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Figure 7: A. Western blot of c-Met in SCCOHT-1 steady state control cells, in cells using the transfection reagent alone 
(transfection control), and in cells with 25 nM of a non-targeting control siRNA was performed 24 h after transfection. 
For c-Met siRNA-transfected SCCOHT-1 cells Western blots were performed between 24 h and 120 h post transfection. Analysis 
for GAPDH served as a loading control. B. Proliferative capacity (upper panel) and percentage of cell cycle phases (lower 
panel) of steady state SCCOHT-1 cells (control) was compared to cells after 24 h in the presence of the transfection reagent 
(transfection control), to cells transfected with c-Met siRNA (c-Met siRNA) and to cells transfected with a non-targeting siRNA 
(non-targeting siRNA). Cell numbers were counted for 24 h to 72 h and normalized ot the cell number of control cells (=100%). 
Data represent the mean ± s.d. of 3 independent experiments. C. Western blot of c-Met signaling was examined in SCCOHT-1 
cells incubated with the transfection reagent for 24 h (transfection control), in cells transfected with 25 nM c-Met siRNA (c-Met 
siRNA), and in cells transfected with 25 nM of a non-targeting siRNA (non-targeting siRNA). In comparison to non-stimulated 
cells (0), the different populations were incubated with 20 ng/ml HGF for 5 min, 10 min, and 20 min, respectively. Expression 
of β-actin was used as a loading control. 

(Continued )
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differences in surface marker and filament expression 
compared to ovarian adenocarcinoma cells and therefore 
confirmed SCCOHT as a separate tumor entity with 
distinct growth properties. However, the growth factor 
receptor c-Met revealed common presences in the ovarian 
adenocarcinoma cells and to a lesser extend in SCCOHT-1 
and BIN-67 cells.

The membrane receptor c-Met (Mesenchymal 
epithelial transition factor), also known as hepatocyte 
growth factor/scatter factor receptor is essential for 
embryonic development and wound healing [27]. In 
tumors, however, including ovarian cancer, c-MET 
overexpression and paralleled hyperactivation correlates 
with poor prognosis by triggering tumor growth, 
metastasis and angiogenesis [28–30]. Constitutive 
c-Met expression and enhanced angiogenic properties in 
SCCOHT-1 cells are also supported by their capacity of to 
produce and release VEGF and VCAM-1 into the tumor 
microenvironment which are essential for tumor neo-
vascularization. Likewise, IL-8 (CXCL8) is associated 
with angiogenesis besides an involvement in inflammatory 

processes [31]. Moreover, the distinct chemokine/
growth factor production by SCCOHT-1 cells including 
a constitutive HGF production suggested an autocrine 
loop for c-Met-relayed proliferation signals which could 
serve as a more specific therapeutic target in these cells. 
Additional exogenous HGF stimulation resulted in c-Met 
phosphorylation and enhanced downstream signaling by 
elevated p44/42-MAP kinase activation in SCCOHT-1 
and the ovarian adenocarcinoma cells. Indeed, several 
phosphorylation sites are identified in the cytoplasmic 
c-Met domain to confer Erk/MAP kinase activation for 
induced proliferation and cell cycle progression in a 
variety of different tumor types including ovarian cancer 
[32–34]. Targeted approaches to antagonize aberrant 
c-Met signaling include therapeutic intervention in 
1) ligand/receptor interaction, 2) inhibition of the tyrosine 
kinase catalytic activity, and 3) blockade of activated 
receptor/effector interaction. Thus, crizotinib and foretinib 
represent multi-targeted tyrosine kinase inhibitors to block 
c-Met signaling whereby foretinib was even more efficient 
to completely abolish both, constitutive and HGF-induced 

Figure 7: (Continued ) D. In vivo tumor development was evaluated after 22d of subcutaneous injection of 3 × 106 
SCCOHT-1GFP cells 24 h after transfection into 6 NODscid mice, respectively. Steady state control cells with transfection 
reagent (upper row) were compared to c-Met siRNA-mediated tumors (middle row) and tumors of a non-targeting control 
siRNA (lower row). In the control tumor section 1 mouse died in the course of the experiment (†, upper row). In the c-Met 
siRNA-transfected SCCOHT-1 cells 2 tumor developments were not detectable (n.d., middle row). Each tumor was verified 
by fluorescence microcopy demonstrating GFP expression. E. The relation of tumor weight / mouse weight of tumors from 
Fig. 7D was calculated Statistical analysis was conducted by unpaired Student’s t-test (*P < 0.05; **P < 0.005). 

(Continued )
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c-Met and subsequent MAP kinase phosphorylation in 
the ovarian adenocarcinoma as well as in the small cell 
hypercalcemic ovarian cancer cells. Simultaneously, 
these c-Met inhibitors effectively inhibited proliferation 
of the tumor cells by a pronounced G2/M cell cycle 
arrest and confirmed previous findings in foretinib-
treated SK-OV-3 cells [35]. Since foretinib appears as 
a more potent inhibitor than crizotinib also in patients 
with ROS1-rearranged non-small-cell lung carcinoma 
[36], further in vivo studies revealed anti-tumorigenic 
effects of foretinib in lung metastasis [37] and in patients 
with sonic hedgehog-driven medulloblastoma [38]. In 
the present study, we could demonstrate a substantial 
therapeutic effect of foretinib by attenuating growth 
of SCCOHT-1- and BIN-67-induced tumors although 
SCCOHT-1 xenograft tumors developed much more 
rapidly. Both populations provide a cellular model for 
the rare SCCOHT whereby detectable c-Met expression 
was observed preferably in SCCOHT-1 cells and in the 
majority of SCCOHT tumor samples. Consequently, c-Met 
and associated targets by foretinib treatment represent 
a potential therapeutic approach for this tumor entity. 
Moreover, foretinib displayed additional effects by down-
modulation of the VEGFR2 within the SCCOHT tumor 
microenvironment and thereby reduced cancer growth also 

in BIN-67-induced tumors with little or barely detectable 
c-Met expression.

Together, interference with c-Met signaling in vivo 
significantly diminished the SCCOHT-1 and BIN-67 
tumor sizes, respectively. This effect was paralleled by a 
marked reduction of growth-associated structures in the 
tumor microenvironment such as tumor vascularization. 
Supportive evidence for anti-tumor activity of foretinib 
by inhibition of c-Met and vascular endothelial growth 
factor receptor 2 was obtained in models of hepatocellular 
carcinoma [39], renal cell carcinoma [40], and gastric 
cancer [41] which also underscores the importance to 
simultaneously target the tumor microenvironment by 
blocking neo-vascularization. In this context, interaction of 
SCCOHT-1 tumor cells by a close vicinity to mesenchymal 
stroma/stem cells in the tumor microenvironment can 
transfer proteins, RNAs and further biological material 
thereby altering cellular functionality and contributing to 
increased tumor heterogeneity [42–46].

In conclusion, the data suggested that in all 
presently available models of the rare SCCOHT tumor 
entity the attenuation of in vivo SCCOHT-1 or BIN-67 
tumor growth and vascularization blockage by foretinib 
provides a specific target to further support a combination 
with cytotoxic agents in a promising therapeutic approach.

Figure 7: (Continued )  F. The mRNA expression levels of VEGF and human and mouse VEGFR2 was analyzed by RT-
PCR in the 4 ovarian cancer cell lines in vitro and compared to the in vivo NODscid SCCOHT-1 and BIN-67GFP xenograft 
tumors together with the original patient tumor of SCCOHT-1 cells. GAPDH expression levels served as a control.
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MATERIAL AND METHODS

Cell Culture

Culture of human SCCOHT cells

Cellular models of SCCOHT are represented 

by the two cell lines BIN-67 and SCCOHT-1. BIN-

67 were kindly provided by Dr. Barbara Vanderhyden 

(University of Ottawa, Canada) and cultured with DMEM/

F12 : DMEM medium (1:1) (Sigma Aldrich, St. Louis, 

MO) supplemented with 20% (v/v) fetal calf serum, 

2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml 
streptomycin [21].

SCCOHT-1 cells were generated in our lab as a 

spontaneously growing primary culture derived from 

a tumor biopsy of a 31-year-old patient with recurrent 

SCCOHT [18]. The study has been approved by the 

Ethics Committee of Hannover Medical School, 

Project #3916 on June 15th, 2005 and informed written 

consent was obtained from the patient for the use of this 

material. The SCCOHT-1 cells were cultured in RPMI 

1640 supplemented with 10% (v/v) fetal calf serum, 

100 U/ml L-glutamine, 100 U/ml penicillin and 100 μg/ml  
streptomycin. Serum-free cultures of SCCOHT-1 were 

maintained in HybridoMed DIF 1000 medium (Biochrom, 

Berlin, Germany). The cell culture was performed at 37°C 

in a humidified atmosphere of 5% (v/v) CO
2
 and the 

culture medium was changed at intervals of 3 to 4 days. 

For subculture, the cells were centrifuged (320 g/6 min) 

and resuspended in the appropriate growth medium.

Human ovarian adenocarcinoma cell lines

Human NIH:OVCAR-3 ovarian cancer cells 

(ATCC® #HTB-161™) were commercially obtained 

in passage 76 (P76) from the Institute for Applied Cell 

Culture (IAZ), Munich, Germany. The SK-OV-3 ovarian 

cancer cells (ATCC® #HTB-77™) were commercially 

obtained in P25 from the ATCC, Manassas, VA, USA. 

These two cell lines were originally established from 

the malignant ascites of a patient with progressive 

adenocarcinoma of the ovary, respectively. Both cell types 

were cultivated at about 1,750 cells/cm2 in RPMI 1640 

supplemented with 10% (v/v) fetal calf serum, 100 U/ml  

L-glutamine, 100 U/ml penicillin and 100 μg/ml 
streptomycin. Subculture was performed by trypsin/EDTA 

(Biochrom GmbH, Berlin, Germany) treatment for 5 min 

at 37°C.

Cell line authentication

All cells were tested for mycoplasma by the 

luminometric MycoAlert Plus mycoplasma detection 

kit (Lonza Inc., Rockland, ME, USA) according to 

the manufacturer’s recommendations. Moreover, 

authentication of SCCOHT-1, BIN-67, NIH:OVCAR-3, 

and SK-OV-3 cell lines was performed by short tandem 

repeat (STR) fragment analysis using the GenomeLab 

human STR primer set (Beckman Coulter Inc., Fullerton, 

CA, USA). The fragment analysis for the NIH:OVCAR-3 

and SK-OV-3 cell lines demonstrated a similar STR 

pattern according to the STR database provided by 

the Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (DSMZ, Braunschweig, Germany).

Whereas no STR patterns are available for 

SCCOHT-1 and BIN-67 cells to date, repeated STR 

fragment analyses were performed for these two cell 

populations. Data from different SCCOHT-1 culture 

periods (n = 3) confirmed similar patterns and these STR 
pattern were presented in suppl. Fig. S6.

Cytokine production and release

Following culture of 2 × 105/ml SCCOHT-1 

cells in serum-free HybridoMed DIF 1000 medium, 

supernatants were collected after 48 h and 72 h, 

respectively. The conditioned medium was filtered in a 
0,2 μm filter (Sartorius Stedim Biotech GmbH, Göttingen, 
Germany) to remove cells and debris, and aliquots were 

shockfrozen in liquid nitrogen and stored at -80°C until 

measurement. Aliquots of the supernatants were applied 

to a Quantibody® array (RayBiotech Inc., Norcross, 

GA, USA / tebu-bio GmbH, Offenbach, Germany), 

which represents a quantitative array platform by using 

a multiplexed sandwich ELISA-based technology. This 

method allows to simultaneously and quantitatively 

determine the concentration of multiple cytokines. 

Membranes of the Quantibody Human Chemokine Array 

(RayBiotech Inc./ tebu-bio GmbH) were incubated with 

the cell supernatants in comparison to control medium 

in quadruplicates and developed by chemiluminescence 

according to the manufacturer’s instructions. Chemokine 

concentrations were measured (based on internal controls) 

in pg/ml + s.d. (n = 4) using appropriate manufacturer’s 

software.

Analysis of surface markers by flow cytometry

Continuously proliferating SCCOHT-1, BIN-67, 

NIH:OVCAR-3 and SK-OV-3 cells in logarithmic growth 

phase were harvested and analyzed for cell surface marker 

expression by flow cytometry. After blocking non-specific 
binding to Fc-receptors by incubation of 106 cells with 

2% FCS for 30 min at 4°C and washing with PBS-BSA, 

the cells were incubated with the following appropriately-

labeled monoclonal anti-human antibodies, respectively: 

c-Met-FITC (clone eBioclone97, IgG1, eBioscience, Inc., 

San Diego, CA, USA); CD29-PE (clone MAR4, IgG1, BD 

Biosciences, Heidelberg, Germany); CD44-FITC (clone 

G44–26, IgG2b, BD Biosciences); CD90-PE (clone 5E10, 

IgG1, BioLegend Inc., San Diego, CA, USA); CD105-PE 

(clone 43A3, IgG1, BioLegend Inc.); CD326-PE (clone 

G9C4, IgG2b, BioLegend Inc.); vimentin-PE (clone VI-

RE-1, IgG1, antibodies-online Inc., Atlanta, GA, USA); 

pan-cytokeratin-PE (clone C-11, IgG1, Acris Antibodies 

GmbH, Herford, Germany); Following antibody staining, 
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all samples were washed twice with PBS-BSA. Moreover, 
SCCOHT-1, BIN-67, NIH:OVACAR-3 and SK-OV-3 
cells were incubated with a primary monoclonal anti-
human mesothelin antibody (clone K1, IgG1, abcam plc, 
Cambridge, UK), respectively, followed by two washes 
with PBS-BSA and subsequent addition of a secondary 
PE-labeled polyclonal rabbit anti-mouse antibody 
(DakoCytomation Inc., Glostrup, Denmark).

A parallel incubation of the cells with appropriately-
labeled antibodies of the corresponding Ig subclass were 
used as controls. Flow cytometry analysis was performed 
in a Galaxy FACSan (Partec) using FloMax analysis 
software (Partec).

Immunohistochemical c-Met analysis in 
SCCOHT patient tumors

Immunohistochemistry was performed on an 
automated staining instrument (Benchmark Ultra; Ventana, 
Tuscon, U.S.A) using the CC1 mild antigen retrieval 
procedure and a monoclonal anti-c-Met antibody (clone 
D1C2, rabbit, Cell Signaling Technology, Danvers, MA, 
USA), diluted at 1:100 in primary antibody diluent following 
the manufacturer’s recommendations. Semiquantitative 
slide evaluation by two observers (RH/FF) included scoring 
of staining intensity (0, 1+, 2+, 3+) and estimation of 
percentage of positive cells in 10% increments.

Immunoblot analysis

Cell lysates of SCCOHT-1, BIN-67, NIH:OVCAR-3 
or SK-OV-3 cells were prepared in reswelling buffer 
containing 8 M urea (Carl Roth GmbH Co KG, Karlsruhe, 
Germany), 1% CHAPS (3-[(3-Cholamidopropyl)-
dimethylammonio]-1-propanesulfonate) (Carl Roth 
GmbH Co KG), 0.5% (v/v) Pharmalyte 3 –10 (GE 
Healthcare Europe GmbH, Freiburg, Germany), 0.002% 
(w/v) bromophenol blue (SERVA Electrophoresis GmbH, 
Heidelberg, Germany) and freshly prepared 0.4% (w/v) 
DTT (Dithiothreitol) (Carl Roth GmbH Co KG). Protein 
concentration of the cell lysates was adjusted using the 
colorimetric BCA-assay (Thermo Scientific, Schwerte, 
Germany). Aliquots of 40 μg protein were subjected to 
SDS-polyacrylamide gel electrophoresis and transferred 
to a Amersham™ Protran™-Supported 0.45 μm 
nitrocellulose membrane (GE Healthcare). The membranes 
were blocked with PBS containing 5% low fat milk and 
0.05% Tween-20 (PBS/Tween). After washing four times 
with PBS/Tween, the membranes were incubated with the 
primary antibodies: monoclonal anti-c-Met (clone D1C2, 
rabbit, (dilution 1:1,000); Cell Signaling Technology, 
Danvers, MA, USA); monoclonal anti-phospho-Met 
(Tyr1349) (clone 130H2, rabbit, (dilution 1:1,000); 
Cell Signaling Technology); monoclonal anti-phospho-
Met (Tyr1003) (clone 13D11, rabbit, (dilution 1:1000), 

Cell Signaling Technology); polyclonal anti-phospho 
p44/42 MAP kinase (Thr202/Tyr204) (rabbit, (dilution 
1:1,000), Cell Signaling Technology); monoclonal 
anti-GAPDH (clone 6C5, mouse, (dilution 1:200), 
Santa Cruz Biotechnology Inc., Dallas, Texas, USA); 
monoclonal anti-β-actin (clone AC-15, mouse, (dilution 
1:1,000), Sigma, St. Louis, Missouri, USA). Thereafter, 
the membranes were washed four times with PBS/
Tween and incubated with the appropriate horseradish 
peroxidase-conjugated anti-mouse IgG (dilution 1:5,000) 
or anti-rabbit IgG (dilution 1:2,000) secondary antibody, 
respectively, (all from GE Healthcare, Freiburg, Germany) 
for 1 h/room temperature. The membranes were washed 
with PBS/Tween and visualized by autoradiography using 
SuperSignal West Pico Chemiluminescent Substrate 
(Thermo Scientific, Schwerte, Germany).

Cell cycle analysis

Cell cycle analysis compared to untreated 
controls was performed in 5 × 105 SCCOHT-1, BIN-67, 
NIH:OVCAR-3 or SK-OV-3 cells after culture either 
in the presence of 0.025% (v/v) DMSO (Sigma) 
as solvent, 2.5 μM crizotinib, or 1.25 μM foretinib 
(= GSK1363089; = PF-02341066) (both from Selleck 
Chemicals LLC, Houston,TX,USA) for up to 72 h, 
respectively. The cells were fixed in 70% (v/v) ice-cold 
ethanol at 4°C for 24 h. Thereafter, the fixed cells were 
stained with CyStain DNA 2 step kit (Partec GmbH, 
Münster, Germany) and filtered through a 50 μm filter. 
Flow cytometry analysis was performed in a Galaxy 
FACSan (Partec) using FloMax analysis software (Partec).

Proliferation rate

The proliferative capacity and the sensitivity of 
SCCOHT-1, BIN-67, NIH:OVCAR-3 and SK-OV-3 cells 
was determined for different concentrations of crizotinib 
and foretinib. In a fluorescence-based proliferation 
assay the ovarian cancer cell types were transduced 
with a 3rd generation lentiviral SIN vector containing 
the eGFP gene as previously described for these cells 
[18, 19]. The different eGFP-transduced ovarian 
cancer cell populations (SCCOHT-1GFP, BIN-67GFP, 
NIH:OVCAR-3GFP and SK-OV-3GFP) were incubated 
with culture medium in flat bottom 96-well plates 
(Nunc/ThermoFischer) at a density of 3 × 103 cells/
well and following incubation for 24 h, 48 h, and 72 h, 
the medium was removed and the cells were lysed with 
5% (w/v) SDS. Afterwards, the fluorescence intensities 
of GFP in the cell homogenate which corresponded 
to the appropriate cell number of ovarian cancer cells 
was measured at excitation 485 nm / emission 520 
nm using the Fluoroscan Ascent Fl (Thermo Fisher 
Scientific).
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In vivo experiments
Animal research using NODscid mice was carried 

out by following internationally recognized guidelines 
on animal welfare and has been approved by the 
institutional licensing committee ref. #33.14–42502-
04–12/0814 on June 26th, 2012.

About 3 × 106 SCCOHT-1GFP or BIN-67GFP cells 
were injected subcutaneously into 5 weeks old female 
NODscid mice (n = 6 for each cell line). Within 8 days, 
the 6 SCCOHT-1-treated mice and after 71d the other 
6 BIN-67-treated mice had developed small subcutaneous 
tumors. Systemic therapy was performed in 3 mice of 
both cell line-induced tumors by a daily oral application 
of 200 μl foretinib (GSK1363089) (50 mg/kg) (Selleck 
Chemicals LLC) dissolved in 30% (v/v) propylene 
glycol, 5% (v/v) Tween 80, and 65% (v/v) of a 5% (w/v) 
dextrose solution in H2O. The other 3 mice of both cell 
line-induced tumors were used as controls by a daily oral 
application of 200 μl of the solvent (30% (v/v) propylene 
glycol, 5% (v/v) Tween 80, and 65% (v/v) of a 5% (w/v) 
dextrose solution in H2O). Although foretinib in clinical 
studies is administered to patients between 3.6 mg/kg to 
4.5 mg/kg [47], in vivo mouse experiments including 
recent studies are performed at foretinib concentrations of 
60 mg/kg to 100 mg/kg [38].

Oral application was performed using plastic feeding 
tubes (18 ga × 30 mm) (Instech Laboratories, Plymouth, PA, 
USA). Following 10d of therapy, the 6 mice of each cell 
line-induced tumors were sacrificed by cervical dislocation. 
Tumor volumes (V) of SCCOHT-1 tumors were calculated 
with the longitudinal diameter (length) and the transverse 
diameter (width) in the modified ellipsoidal formula V = π/6 
* width * (length)2 [48].

The GFP-positive tumors were dissected under UV 
light, washed in PBS, weighted and either cryo-preserved 
in liquid nitrogen for subsequent PCR and Western blot 
analysis or fixed in 4% glutardialdehyde solution for 
histopathological evaluations.

Transcript analysis by RT-PCR

Total RNA was isolated from cells and tumor 
tissues using RNeasy Mini Kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s instructions. One μg RNA 
was reverse transcribed into cDNA using 500 μM of dNTP 
(R0193), 5 μM Oligo(dT)18 primer (S0132), 5 μM Random 
Hexan primer (S0142), 1 U RiboLockTM RNase Inhibitor 
(E00381) and 5 U RevertAidTM M-MuLV Reverse 
Transcriptase (EP0441) in the supplied reaction buffer (all 
reagents from Thermo Scientific, Schwerte, Germany). The 
cDNA reactions were performed for 10 min/25°C, 1 h/37°C 
and stopped at 72°C for 10 min. As a template 2.5 μl of 
cDNA was used with primers specific for:

•  Hepatocyte growth factor (scatter factor) (HGF) 
(sense: 5′-AGG AGA AGG CTA CAG GGG CAC-3′;  

antisense: 5′-TTT TTG CCA TTC CCA CGA TAA-
3′; amplification product 267 bp) [49];

• c-Met (sense: 5′-CAG GCA GTG CAG CAT GTA 
GTG-3′; antisense: 5′-TAA GGT GGG GCT CCT 
CTT GTC A-3′; amplification product 662 bp) [50];

• CD90 (sense: 5′-GGA CTG AGA TCC CAG AAC 
CA-3′; antisense: 5′-ACG AAG GCT CTG GTC CAC 
TA-3′; amplification product 124 bp) [51]);

• EpCAM (sense: 5′-GAA GGC TGA GAT AAA 
GGA GAT GGG-3′; antisense: 5′-TTA ACG ATG 
GAG TCC AAG TTC TGG-3′ amplification product 
301 bp) [52];

•  VEGF-A (sense: 5′-CCT CAG TGG GCA CAC ACT 
CC-3′; antisense: 5′-CGA AAC CAT GAA CTT TCT 
GC-3′ amplification product 302bp) [53]

• human VEGF-R2 (sense: 5′-TTA CAG ATC TCC ATT 
TAT TGC-3′; antisense: 5′-TTC ATC TCA CTC CCA 
GAC T-3′ amplification product 630bp) [54]

• mouse VEGF-R2 (sense: 5′-ATA ACC TGG CTG 
ACC CGA TTC -3′; antisense: 5′-TCG GTG ATG 
TAC ACG ATG CC-3′ amplification product 614 bp)

• GAPDH as a control PCR (sense: 5′-ACC ACA 
GTC CAT GCC ATC AC-3′; antisense: 5′-TCC ACC 
ACC CTG TTG CTG TA-3′; amplification product 
452 bp [55])
was performed (all primers customized by Eurofins, 

MWG GmbH, Ebersberg, Germany). PCR reactions 
included 0.2 μM of each primer, 200 μM of dNTP (R0193, 
Thermo Scientific) and 0.05 U Taq DNA Polymerase 
(EPO402, Thermo Scientific) in the supplied reaction 
buffer. PCR cycling conditions were performed 30 sec 
at 94°C, 1 min at 60°C and 72°C for 1 min respectively, 
including an initial 30 sec denaturation step at 94°C and a 
final 10 min extension step at 72°C (35 cycles). Aliquots 
of 25 μl of each RT-PCR product were separated on a 2% 
agarose gel including the standard GeneRuler 100 bp DNA 
Ladder (Thermo Scientific) and visualized by GelRedTM 
(Biotium Inc., Hayward, CA, US) staining.

siRNA knock-down of c-Met

For c-Met knock-down a transfection protocol 
was applied according to the manufacturer’s instructions 
(Dharmacon, GE Healthcare, Uppsala, Sweden) 
using c-Met small interfering RNA (siRNA). Briefly, 
SCCOHT-1 cells were transfected with 25 nM c-Met 
siRNA (siGENOME human MET SMARTpool, cat. 
#D-003156-02) or with 25 nM of a non-targeting control 
siRNA (non-targeting #3 control, cat. #D-001210-03, 
Dharmacon, GE Healthcare, Uppsala, Sweden) using 
a 1:1,000 dilution of the DharmaFECT 4 transfection 
reagent (Dharmacon) in transfection medium (RPMI-1640 
medium supplemented with 2% (v/v) fetal calf serum, 
100U/ml L-glutamine) for 24 h. For evaluation of the 
transfection efficiency, SCCOHT-1 cells were transfected 
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with 25 nM of the green fluorescing siGLOgreen (cat. 
#D-001630-01, Dharmacon). Thereafter, the cells were 
washed and cultured in normal growth medium.
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Supplementary Figure S1: Cell marker analysis was performed for a variety of different surface molecules and 
intermediate filament proteins (vimentin, cytokeratin (panCK)) in steady state-growing SCCOHT-1, BIN-67, 
NIH:OVCAR-3 and SK-OV-3 ovarian cancer cells by flow cytometry analysis according to the appropriate Ig isotype 
control.
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Supplementary Figure S2: Short term cell cycle analysis of A. SCCOHT-1, B. BIN-67, C. NIH:OVCAR-3 and  
D. SK-OV-3 ovarian cancer cells was performed in steady state controls, in solvent controls (0.025% (v/v) DMSO), or 
in the presence of the c-Met inhibitors 2.5 μM crizotinib and 1.25 μM foretinib for up to 24 h, respectively.



Publikationen	
	

	 73	
 

www.impactjournals.com/oncotarget/ Oncotarget, Supplementary Materials 2015

Supplementary Figure S3: Relative proliferative capacity of SCCOHT-1, BIN-67, NIH:OVCAR-3 and SK-OV-3 cells 
was determined in 24-well plates using the trypan blue exclusion test between 24 h to 72 h. Data represent the mean ± s.d. 
of 3 independent experiments.
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Supplementary Figure S4: Body weight was determined in mice carrying SCCOHT-1GFP (left panel) and BIN-67GFP 
(right panel) tumor xenografts receiving control treatment compared to foretinib treatment over 10 days. Data represent 
the mean ± s.d. of 3 animals in each experiments. Statistical analysis was performed by unpaired Student’s t-test (*P < 0.05; 
**P < 0.01).
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Supplementary Figure S5: Transfection efficiency of SCCOHT-1 cells with 25 nM siGLOgreen was evaluated by 
microscopy (upper panels) and by flow cytometry (lower panels) 24h after transfection.
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Supplementary Figure S6: Short tandem repeat (STR) fragment analysis using the GenomeLab human STR primer 
set was performed for SCCOHT-1 and BIN-67 cell populations. Data from different culture periods of SCCOHT-1 (n = 3), 
respectively, confirmed reproducible STR patterns for each cell type.
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Human Mesenchymal Stroma/Stem Cells Exchange
Membrane Proteins and Alter Functionality

During Interaction with Different Tumor Cell Lines

Yuanyuan Yang,1,2 Anna Otte,1 and Ralf Hass1

To analyze effects of cellular interaction between human mesenchymal stroma/stem cells (MSC) and different
cancer cells, direct co-cultures were performed and revealed significant growth stimulation of the tumor
populations and a variety of protein exchanges. More than 90% of MCF-7 and primary human HBCEC699
breast cancer cells as well as NIH:OVCAR-3 ovarian adenocarcinoma cells acquired CD90 proteins during
MSC co-culture, respectively. Furthermore, SK-OV-3 ovarian cancer cells progressively elevated CD105 and
CD90 proteins in co-culture with MSC. Primary small cell hypercalcemic ovarian carcinoma cells (SCCOHT-1)
demonstrated undetectable levels of CD73 and CD105; however, both proteins were significantly increased in
the presence of MSC. This co-culture-mediated protein induction was also observed at transcriptional levels and
changed functionality of SCCOHT-1 cells by an acquired capability to metabolize 5¢cAMP. Moreover, ex-
change between tumor cells and MSC worked bidirectional, as undetectable expression of epithelial cell
adhesion molecule (EpCAM) in MSC significantly increased after co-culture with SK-OV-3 or NIH:OVCAR-3
cells. In addition, a small population of chimeric/hybrid cells appeared in each MSC/tumor cell co-culture by
spontaneous cell fusion. Immune fluorescence demonstrated nanotube structures and exosomes between MSC
and tumor cells, whereas cytochalasin-D partially abolished the intercellular protein transfer. More detailed
functional analysis of FACS-separated MSC and NIH:OVCAR-3 cells after co-culture revealed the acquisi-
tion of epithelial cell-specific properties by MSC, including increased gene expression for cytokeratins and
epithelial-like differentiation factors. Vice versa, a variety of transcriptional regulatory genes were down-
modulated in NIH:OVCAR-3 cells after co-culture with MSC. Together, these mutual cellular interactions
contributed to functional alterations in MSC and tumor cells.

Introduction

Human mesenchymal stroma/stem cells (MSC) can
be derived as a multipotent stromal population from a

large variety of different sources. MSC represent a hetero-
geneous cell population due to their diverse origin from
nearly all vascularized organs and tissues and exhibit mi-
gratory capability and regenerative potential [1]. According
to their heterogeneity, no specific marker but a broad range of
properties are characterized for these stem cells, including the
capacity for plastic adherence, simultaneous expression of
the CD73, CD90, and CD105 surface molecules with con-
comitant absence of other cell type-specific markers, in-
cluding CD14, CD31, CD34 CD45, and HLA-DR, and at
least a tri-lineage differentiation potential along the osteo-
genic, chondrogenic, and adipogenic phenotype [2,3]. Some
additional surface markers can be detected in certain sub-

populations such as Stro-1 [4], or the chemokine receptors
VCAM-1 (CD106) and ICAM-1 (CD54) [5] predominantly
found in bone marrow-derived MSC, or the more embryonic-
like stem cell markers Oct-4 and Sox2 [6], all of which de-
pend on the local microenvironment and contribute to the
multi-facetted functionalities as a part of the heterogeneous
MSC population.

MSC can be attracted by inflammatory cytokines/che-
mokines to migrate toward local tissue injuries in support of
tissue regeneration and repair. During this process, MSC get
into contact with a variety of different cell types and dis-
play mutual cellular interactions, including the release of
bioactive molecules [7] and exosomes [8] as well as direct
cell-to-cell interactions via integrins and gap junctional inter-
cellular communication (GJIC). At the sites of tissue damage,
MSC exhibit immune-modulatory functions predominantly
for T cells, NK cells, and macrophages to facilitate repair
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[9–11]. Moreover, MSC are involved in endothelial cell
interactions for the promotion of angiogenesis and neo-
vascularization in the damaged area [12,13].

Invasive tumor growth such as breast or ovarian cancer
also causes local tissue damage and inflammation and,
consequently, attracts immune cells and MSC to contribute
to the required repair machinery. Thus, MSC can be de-
tected within the adipose breast tissue and the fibroglandular
tissue of the breast, thereby forming close vicinity to normal
human mammary epithelial cells (HMEC) and to breast
cancer cells within the tumor microenvironment [14–16].
Likewise, MSC are also present in tissues of the ovary and
their tumorigenic counterparts. Ovarian cancer similar to
breast cancer represents one of the most lethal gynecologic
malignancies and can be categorized into different low-
grade serous type I tumors in contrast to high-grade type II
tumors with aggressive cancer cells predominantly observed
in advanced tumor stages [17–19]. Moreover, the small cell
carcinoma of the ovary hypercalcemic type (SCCOHT)
represents a rare form of an aggressive tumor, which often
affects young women during reproductive age. SCCOHT
characterizes a separate tumor entity apart from ovarian can-
cer [20]. However, it remains unclear how MSC interact with
these different kinds of breast, ovarian, or other cancer types.

In this study, we established several co-culture models for
a variety of MSC populations together with different kinds
of tumor cells, including tumor cell lines and primary cells
from tumor biopsies of breast and ovarian cancer patients. It
was the aim of this study to address potential cell biological
effects during direct interaction between the stroma/stem
cells and the various tumor cell types. Our co-culture ex-
periments demonstrated elevated growth of the tumor cells
in the presence of MSC and mutual exchange of cellular
material between MSC and the different tumor cell types.

Materials and Methods

Cell culture

The use of primary cells from human tumor biopsies and
the use of primary human mesenchymal stem cells after
explant culture have been approved by the Ethics Com-
mittee of Hannover Medical School, Project #3916 on June
15th, 2005, and Project #443 on February 26th, 2009, re-
spectively, and informed written consent was obtained from
all patients.

Breast cancer cells. Human MCF-7 breast carcinoma cell
line was obtained from the American Type Culture Collection
and grown in Dulbecco’s modified Eagle’s medium with
medium supplements [10% (v/v) fetal calf serum (FCS),
2 mM L-glutamine, 100 U/mL penicillin, and 100mg/mL
streptomycin; all from Sigma Chemie GmbH]. Cultures were
maintained at 37!C in a humidified atmosphere with 5% CO2.

Primary human breast cancer-derived epithelial cells
(HBCEC) were obtained from explant cultures of human
breast cancer biopsies after negative testing for HIV-1,
hepatitis B & C, bacteria, yeast, and fungi, respectively, as
described [21]. The primary HBCEC 699 were cultured
further in serum-free and phenol red-free mammary epi-
thelial cell growth medium (MEGM; Lonza Ltd.).

Ovarian cancer cells. The human NIH:OVCAR-3 ovarian
adenocarcinoma cell line (ATCC" #HTB-161#) was

commercially obtained in passage 76 (P76) from the In-
stitute for Applied Cell Culture (IAZ). The SK-OV-3
epithelial-like ovarian cancer cells (ATCC #HTB-77#)
were commercially obtained in P25 from the ATCC.
SCCOHT-1 represent a spontaneously proliferating pop-
ulation derived from a patient with recurrent SCCOHT
[22]. These three different cancer cell types were culti-
vated at about 1,750 cells/cm2 in RPMI 1640 with medium
supplements, respectively. NIH:OVCAR-3 and SK-OV-3
cells were subcultured by trypsin/EDTA (Biochrom GmbH)
treatment for 5 min at 37!C.

Mesenchymal stroma/stem cells. MSC-like cells were iso-
lated from human umbilical cords as previously reported
[23,24]. The cells were obtained from six different patients
after delivery of full-term (38–40 weeks) infants either
spontaneously or by Cesarean section. MSC were cultured
in aMEM supplemented with 10% of allogeneic human AB-
serum (HS, commercially obtained from blood bank, Uni-
versity Campus Lübeck, Germany), 100 U/mL penicillin,
100 mg/mL streptomycin, and 2 mM L-glutamine (Sigma)
at 37!C in a humidified atmosphere with 5% CO2. For the
experiments, MSC primary cultures from the six differ-
ent donors in different passages (P2 to P6) were used
(MSC240113 in P2; MSC280313 in P3, P4 and P5;
MSC131113 in P3 and P4; MSC101213 in P5; MSC100314
in P3; and MSC180314 in P3 and P6), respectively.

Human mammary epithelial cells. Primary cultures of nor-
mal human mammary epithelial cells (HMEC) were com-
mercially provided by BioWhittaker, Inc. (Lot #1F1012).
Juvenile and proliferating HMEC in P13 were cultured at
2,500 cells/cm2 in mammary epithelial cell growth medium
(PromoCell) as previously described [25].

Cell line authentication. Cells were tested for mycoplasma
by the luminometric MycoAlert Plus mycoplasma detection
kit (Lonza, Inc.) according to the manufacturer’s recom-
mendations. Moreover, authentication of the cell lines was
performed by short tandem repeat (STR) fragment analysis
using the GenomeLab human STR primer set (Beckman
Coulter, Inc.) demonstrating a similar STR pattern accord-
ing to the STR database provided by the Deutsche Samm-
lung von Mikroorganismen und Zellkulturen (DSMZ).

Co-culture and proliferation measurement
of tumor cell lines and primary cultures
with MSC after lentiviral transduction

For discrimination of the different tumor cells in co-
culture with MSC and for proliferation measurements, all
tumor cell populations were transduced with a third gener-
ation lentiviral SIN vector containing the mcherry gene.
Likewise, the different MSC populations were similarly
transduced with an eGFP gene-containing vector as previ-
ously described [26].

A co-culture of 60% GFP-labeled human mesenchymal
stem cells (MSCGFP) and 40% mcherry-labeled tumor cells
(for MCF-7cherry and MSCGFP the initial ratio was 20% to
80%) were incubated in MSC culture medium till 9 days in
cell culture plates (diameter 10 cm; Greiner BioOne GmbH)
at an initial density between 500 and 2,000 cells/cm2 as
indicated in the experiments.

For proliferation measurement of the co-culture at dif-
ferent time points, the medium was removed and the cells
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were lysed with 10% SDS. The fluorescence intensity of
mcherry (excitation 584 nm/emission 612 nm) and GFP
(excitation 485 nm/emission 520 nm) that corresponded to
the appropriate cell number of tumor cells and MSC, re-
spectively, was measured in aliquots of the lysate using the
Fluoroscan Ascent Fl (Thermo Fisher Scientific). Appro-
priate mono-cultures of tumorcherry cells and MSCGFP

demonstrated no artificial cross-fluorescence.
In an additional independent evaluation of the cell num-

bers, the different cell cultures were trypsinized at the ap-
propriate time points and the cells were counted after trypan
blue staining in a fluorescence microscope (Olympus IX50)
using the green and red fluorescence filters, respectively, as
well as an FITC/TRIC fluorescence dual band filter.

Analysis of surface markers and cell cycle
by flow cytometry

Continuously proliferating mono- and co-culture cells
were harvested and analyzed for cell surface marker ex-
pression by flow cytometry. After blocking nonspecific
binding to Fc-receptors by incubation of 106 cells with 2%
bovine serum albumin in phosphate-buffered saline (PBS-
BSA) for 30 min at 4!C and washing with PBS-BSA, the
cells were incubated with the following appropriately labeled
monoclonal anti-human antibodies, respectively: CD73-PE
(clone AD2; BD Bioscience); CD90-PE (clone 5E10, IgG1;
BioLegend, Inc.); CD105-PE (clone 43A3, IgG1; BioLegend,
Inc.); and CD326-PE ( = EpCAM-PE, clone G9C4, IgG2b;
BioLegend, Inc.). After antibody staining, all samples were
washed twice with PBS-BSA and measured by flow cyto-
metry. Appropriately labeled antibodies of the correspond-
ing Ig subclass were used as a control.

For cell cycle analysis, 5 · 105 cells were fixed in 70%
(v/v) ice-cold ethanol at 4!C for 24 h. Thereafter, the fixed
cells were stained with CyStain DNA 2 step kit (Partec
GmbH) and filtered through a 50mm filter. Flow cytometry
analysis was performed in a Galaxy FACSan (Partec) using
FloMax analysis software (Partec).

Analysis of 5¢-AMP and adenosine

Steady-state SCCOHT-1 cells and SCCOHT-1 after
FACS separation from a 7 days co-culture with MSC were
cultivated in PBS with 20 mM 5¢-AMP (Sigma) as a sub-
strate for 30 min at 37!C. MSC mono-culture and MSC after
FACS separation from a 7 day co-culture with SCCOHT-1
cells were used as a control after incubation with 20mM
5¢-AMP. Supernatants were collected and centrifuged
(500 g/5 min) to remove additional cells and debris and
cell-free supernatants were analyzed by HPLC-MS/MS
using a Shimadzu HPLC-system (Shimadzu) coupled with a
QTRAP5500TM triple quadrupole mass spectrometer (AB-
SCIEX) operating in positive ionization mode to quantify the
amount of 5¢AMP as the substrate and the level of adenosine
as the product.

Immunoblot analysis

Conditioned media (7 days) from mono-cultured MCF-
7cherry, SK-OV-3cherry, SCCOHT-1cherry, and NIH:OVCAR-
3cherry (initially seeded at 5 · 104 cells/mL) or MSCGFP

(initially seeded at 7.5 · 104 cells/mL) in comparison to co-

cultured cells from MCF-7cherry, SK-OV-3cherry, SCCOHT-
1cherry and NIH:OVCAR-3cherry with MSCGFP (cell ratio
40:60; initially seeded at 1.25 · 105 cells/mL) was used,
respectively. In addition, cell lysates of MSCGFP were pre-
pared in reswelling buffer containing 8 M urea (Carl Roth
GmbH Co KG), 1% CHAPS (3-[(3-Cholamidopropyl)-
dimethylammonio]-1-propanesulfonate; Carl Roth GmbH
Co KG), 0.5% (v/v) Pharmalyte 3–10 (GE Healthcare Europe
GmbH), 0.002% (w/v) bromophenol blue (SERVA Elec-
trophoresis GmbH) and freshly prepared 0.4% (w/v) DTT
(Dithiothreitol; Carl Roth GmbH Co KG). Protein concen-
tration of the MSC lysate was adjusted using the colori-
metric BCA-assay (Thermo Scientific). The protein samples
(50mg MSC cell lysate as control) and 40 mL aliquots of all
appropriate conditioned media from mono- and co-cultures
were subjected to SDS-polyacrylamide gel electrophoresis.
In parallel, all conditioned media were concentrated 100-
fold by applying Amicon Ultra-4 centrifugal filters (Merck
Millipore Ltd.) with a molecular weight cut-off of *10 kDa
according to the manufacturer’s instructions. Gels were
transferred to a Amersham" Protran" Supported 0.45 mm
nitrocellulose membrane (GE Healthcare). The membranes
were blocked with PBS containing 5% FCS and 0.05%
Tween-20 (PBS/Tween). After washing four times with
PBS/Tween, the membranes were incubated with the pri-
mary antibodies [monoclonal anti-CD90 (EPR3132, rabbit,
dilution 1:250, ab92574; Abcam plc); polyclonal anti-CD105
(N3C3, rabbit, dilution 1:500; Gene Tex, Inc.), and mono-
clonal anti-b-actin (mouse, dilution 1:1,000, clone AC-15;
Sigma-Aldrich)] overnight at 4!C. Thereafter, the membranes
were washed four times with PBS/Tween and incubated with
the appropriate horseradish peroxidase-conjugated anti-mouse
IgG (dilution 1:5,000) or anti-rabbit IgG (dilution 1:5,000)
secondary antibody, respectively, (all from GE Healthcare)
for 1 h/room temperature. The membranes were washed
with PBS/Tween and visualized by autoradiography using
SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific).

Transcript analysis by reverse transcription PCR

Total RNA was isolated using RNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. One microgram
RNA was reverse transcribed into cDNA using 500mM of
dNTP (R0193), 5mM Oligo(dT)18 primer (S0132), 5mM
Random Hexan primer (S0142), 1 U RiboLock" RNase
Inhibitor (E00381), and 5 U RevertAid" M-MuLV Reverse
Transcriptase (EP0441) in the supplied reaction buffer (all
reagents from Thermo Scientific). The cDNA reactions were
performed for 10 min/25!C, 1 h/37!C and stopped at 72!C
for 10 min. As a template, 2.5mL of cDNA was used with
primers specific for CD73 (sense: 5¢-CGC AAC AAT GGC
ACA ATT AC-3¢; antisense: 5¢-CTC GAC ACT TGG TGC
AAA GA-3¢; amplification product 241 bp [27]), CD90
(sense: 5¢-GGA CTG AGA TCC CAG AAC CA-3¢; anti-
sense: 5¢-ACG AAG GCT CTG GTC CAC TA-3¢; amplifi-
cation product 124 bp [28]), and CD105 (sense: 5¢-TGT CTC
ACT TCA TGC CTC CAG CT-3¢; antisense: 5¢-AGG CTG
TCC ATG TTG AGG CAG T-3¢; amplification product
378 bp [29]). As a control, b-actin polymerase chain reac-
tion (PCR) (sense: 5¢-CGG ATG TCC ACG TCA CAC T-
3¢; antisense: 5¢-CCA CTG GCA TCG TGA TGG A-3¢;
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amplification product 427 bp [30]) was performed (all
primers customized by Eurofins, MWG GmbH). PCR re-
actions included 0.2 mM of each primer, 200mM of dNTP
(R0193; Thermo Scientific), and 0.03 U One Taq Hot Start
DNA polymerase (New England Biolabs GmbH) in the
supplied reaction buffer. PCR cycling conditions were per-
formed for 30 s at 94!C, 1 min at 60!C, and 68!C for 1 min,
respectively, including an initial 30 s denaturation step at
94!C and a final 5 min extension step at 68!C (35 cycles).
Aliquots of 25 mL of each reverse transcription-PCR product
were separated on a 2% agarose gel, including the standard
GeneRuler 100 bp DNA Ladder (Thermo Scientific), and
visualized by GelRed" (Biotium, Inc.) staining.

FACS separation, RNA isolation,
and microarray analysis of co-cultured
MSC and NIH:OVCAR-3 cells

After RNA isolation using the RNeasy mini kit (Qiagen
GmbH), 100 ng of total RNA from either steady-state con-
trol MSCGFP, control NIH:OVCAR-3cherry, and 7 days co-
cultured MSCGFP, or NIH:OVCAR-3cherry cells after FACS
separation were used to prepare aminoallyl-UTP-modified
(aaUTP) cRNA (Amino Allyl MessageAmp" II Kit,
#AM1753; Life Technologies) as directed by the manufac-
turer. Labeling of aaUTP-cRNA was performed by CY3
POST-Labelling Reactive Dyes (25-8010-79; GE Health-
care Biosciences). Before the reverse transcription reaction,
1 mL of a 1:10,000 dilution of Agilent’s ‘‘One-Color spike-
in kit stock solution’’ (#5188-5282; Agilent Technologies)
were added to each total RNA sample. cRNA fragmentation,
hybridization, and washing steps were carried out as re-
commended and microarray analysis was performed by use
of a refined version of the Whole Human Genome Oligo
Microarray 4x44K v2 (AMADID 026652; Agilent Tech-
nologies), termed ‘‘026652AsQuintuplicatesOn180k’’ (AMA-
DID 054261) and developed in the Research Core Unit
Transcriptomics of Hannover Medical School. Microarray
design was defined at Agilent’s eArray portal using a
4x180k design format for mRNA expression as a template.
All noncontrol probes of AMADID 026652 were printed
five times onto one 180k Microarray (on-chip quintupli-
cates). Control probes required for proper Feature Extrac-
tion software algorithms were determined and placed
automatically by eArray using recommended default settings.
Slides were scanned on the Agilent Microarray Scanner
G2565CA (pixel resolution 3mm, bit depth 20). Data extrac-
tion was performed with the ‘‘Feature Extraction Software
V10.7.3.1’’ using the extraction protocol file ‘‘GE1_107_
Sep09.xml.’’ Processed intensity values of the green channel,
‘‘gProcessedSignal’’ (gPS) were normalized by global linear
scaling: All gPS values of one sample were multiplied by an
array-specific scaling factor. This factor was calculated by
dividing a ‘‘reference 75th Percentile value’’ (set as 1,500 for
the whole series) by the 75th Percentile value of the particular
microarray (‘‘Array I’’ in the formula shown next). Accord-
ingly, normalized gPS values for all samples (microarray data
sets) were calculated by the following formula:

normalized gPSArray i¼ gPSArray i

· (1, 500=75th PercentileArray i

Measurements of on-chip replicates (quintuplicates) were
averaged using the geometric mean of normalized gPS
values. Measurements outside the interval of ‘‘1.42 · in-
terquartile range’’ regarding the normalized gPS distribution
of the respective on-chip replicate population were excluded
from averaging. A lower intensity threshold (surrogate
value) was defined as 1% of the reference 75th Percentile
value ( = 15). All normalized gPS values below this inten-
sity border were substituted by the respective surrogate
value of 15. Gene expression levels of more than two-fold
difference were compared between control MSC and co-
cultured MSC as well as between control NIH:OVCAR-3
and co-cultured NIH:OVCAR-3 cells and stored at the
NCBI-GEO database with the accession GSE60035 (www
.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE60035).

Results

Enhanced cell growth and membrane protein
acquisition by cancer cells in the presence of MSC

Co-culture of human MCF-7cherry breast cancer cells with
three different individual MSCGFP populations in separate
assays was associated with reproducible data demonstrating
continuous growth stimulation by MSCGFP within 9 days
(Fig. 1A). These growth-stimulatory effects by MSC pre-
dominantly required direct intercellular communication, as
co-culture experiments performed in transwells carrying a
sterile track-etched membrane with 0.4 mm sized-pores re-
vealed no detectable effects in proliferative capacity similar
to previous studies (data not shown) [25]. Direct cell
counting of MCF-7cherry cells in co-culture with MSCGFP

was also performed and compared with an appropriate
amount of mono-cultured cells and confirmed a growth in-
duction of the breast cancer cell line in contrast to a reduced
MSCGFP cell number during co-culture (Supplementary
Fig. S1; Supplementary Data are available online at www
.liebertpub.com/scd).

Moreover, the MCF-7cherry cells revealed an acquisition
of CD90 protein from about 1.4% – 0.3% in mono-culture to
92.5% – 2.0% (n = 3) in MCF-7cherry co-cultured with MSC
as evaluated in correspondence to the appropriate G1 cell
cycle peaks of MCF-7cherry and MSCGFP (Fig. 1B). The co-
cultures were prepared at an initial population ratio of 20%
MCF-7cherry and 80% MSCGFP due to the high proliferation
rate of the breast cancer cells. Similar data were obtained at
an initial co-culture ratio of 40% MCF-7cherry and 60%
MSCGFP; however, here MCF-7cherry more rapidly overgrew
the MSCGFP representing already 95.7% of the population in
co-culture with 57.6% of CD90-positive breast cancer cells
after 7 days. These levels increased to 97.3% of MCF-7cherry

with 72.6% of CD90-carrying breast cancer cells after 8
days of co-culture (data not shown). The acquisition of
CD90 by the breast cancer cells in co-culture was also de-
pendent on the cell density. While MCF-7cherry and MSCGFP

initially seeded at 500 cells/cm2 demonstrated more than
90% of CD90 acquisition by the breast cancer cells after 9
days of co-culture (Fig. 1B), a four-fold increased density of
2,000 cells/cm2 was accompanied by 92% of CD90-positive
MCF-7 cells already after 3 days of co-culture (data not
shown). A direct proof of CD90-carrying breast cancer cells
was performed after cell sorting of MCF-7cherry cells and
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MSCGFP after 8 days of co-culture into cherry- and GFP-
positive cells, which revealed more than 90% of CD90
expression in the cherry-labeled MCF-7 cells in contrast
to about 1.9% of CD90 in MCF-7 mono-cultured cells
(Fig. 1C).

Similar to the MCF-7 breast cancer cell line, CD90 ex-
pression was also acquired by primary human breast cancer
epithelial cells (HBCEC). HBCEC 699 corresponded to a
benign phyllodes breast tumor as previously characterized
[31,32] and exhibited little, if any, detectable CD90 ex-
pression (Fig. 2A). After mcherry transduction, the resulting
HBCEC 699cherry were seeded together with MSCGFP at a
ratio of 40% to 60%, respectively. After 10 days of co-
culture, a ratio of 39.5% HBCEC 699cherry and 58.7%
MSCGFP together with 1.8% of spontaneously fused yellow
chimeric/hybrid cells was measured (Fig. 2B), whereby
91.6% of the whole co-culture population expressed CD90
(Fig. 2C), suggesting that the majority of HBCEC 699cherry

also acquired this antigen. Cell counting was performed

with primary HBCEC 699GFP and MSCcherry and revealed a
growth stimulation of the breast cancer cells in co-culture
with MSC, whereas the cell number of MSC was decreased
in co-culture compared with the appropriate amount of
mono-cultured cells (Supplementary Fig. S2).

Co-culture of MSC with different ovarian cancer cell
lines was also associated with growth stimulation of the
tumor cells, alterations in the membrane protein composition,
and the formation of a small population of spontaneously
fused chimeric/hybrid cells. Thus, NIH:OVCAR-3cherry cells
increased from an initial population of about 40% to 73.3%
in a co-culture with MSCGFP after 7 days and conversely, the
initially 60% MSCGFP dropped to 26.7% together with
transiently detectable chimeric/hybrid cells as evaluated by
fluorescence cell counting using a hemocytometer (Fig. 3A).
Similar results were obtained by flow cytometry with 67.0%
NIH:OVCAR-3cherry cells, 32.4% MSCGFP, and 0.6% chi-
meric/hybrid cells after 7 days of co culture (Fig. 3B).
CD90 expression was always detectable in about 99% of

FIG. 1. MCF-7cherry cells were incubated with three different human primary MSC populations (MSC240113GFP P2,
MSC280313GFP P3, and MSC131113GFP P3) in three separate co-cultures at a ratio of 20% MCF-7/80% MSC with 500
cells/cm2 till 9 days. (A) Cell cycle analysis was performed in the co-cultures, and the ratio of the two populations (MCF-
7cherry and MSCGFP) was quantified with the corresponding G1 peaks. Data represent the mean – SD from the three separate
co-cultures. (B) The percentage of CD90 expression in each population of the co-culture was quantified by flow cytometry.
Data represent the mean – SD from the three separate co-cultures. (C) Cell cycle analysis by flow cytometry and CD90
expression demonstrated little, if any, detection in MCF-7cherry and 97.4% in MSCGFP mono-cultures (upper panels), which
were compared with an 8 day co-culture (middle panel). After separation of the co-cultured cells into cherry (red fluo-
rescence) and GFP (green fluorescence) populations by sorting via FACS, subsequent flow cytometric analysis for CD90
and cell cycle revealed 91.3% CD90-positive MCF-7 cells. MSC, mesenchymal stroma/stem cells.
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MSCGFP during co-culture similar to the corresponding
MSC mono-cultures (Fig. 3C, D). Conversely, CD90 protein
in NIH:OVCAR-3cherry mono-culture was barely detectable
(Fig. 3D); however, co-culture with MSCGFP till 7 days
continuously increased these levels from about 1.9% to
91.9% (Fig. 3C).

Steady-state human SK-OV-3 ovarian adenocarcinoma
cells displayed little, if any, CD90 and CD105 expression in
contrast to a pronounced presence of more than 95% of
these markers in MSC (Fig. 4A). Co-culture of SK-OV-
3cherry with MSCGFP till 7 days was associated with an el-
evated CD105 expression by about 12% (Fig. 4B), and
CD90 expression constantly increased over time to about
69.3% in SK-OV-3cherry cells (Fig. 4C). Simultaneously, the
ovarian cancer cell population increased from about 40% to
58.7% by cell counting (Fig. 4D) or to 57.0% by flow cy-
tometry analysis (Fig. 4E), whereas MSC declined from

initially 60% to 41.3% by cell counting (Fig. 4D) or to
42.7% by flow cytometry analysis (Fig. 4E) within 7 days
of co-culture.

The acquisition of these proteins by the tumor cells pri-
marily required direct cell-to-cell interactions with the
MSC, as western blot analysis revealed no detectable CD90
or CD105 proteins in the supernatant of the different mono-
and co-cultures in contrast to a clear control staining in
protein lysates of MSC (Supplementary Fig. S3).

Primary SCCOHT-1 cells expressed CD105
and functional ecto-5¢-nucleotidase (CD73)
after co-culture with MSC

The SCCOHT-1 cells, which represent a completely dif-
ferent tumor entity of a small cell hypercalcemic type as
compared with other ovarian cancers constitutively,

FIG. 2. Co-culture of primary MSC with human primary breast cancer epithelial cells at a ratio of 40% HBCEC 699/60%
MSC with 500 cells/cm2 till 10 days. (A) Detection and analysis of CD90 expression in mono-cultures of MSC280313 P5 and
HBCEC 699. (B) Quantification of the percentage of MSC280313GFP P5 and HBCEC 699cherry and the formation of yellow
chimeric/hybrid cells by flow cytometric analysis during a 10 day co-culture. (C) Quantification of the percentage of CD90-
positive HBCEC 699 acquired during a 10 day co-culture with MSC. HBCEC, human breast cancer-derived epithelial cells.
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FIG. 3. Co-culture of primary
MSC with human ovarian can-
cer cells at an initial ratio of 40%
NIH:OVCAR-3/60% MSC with
2,000 cells/cm2 till 7 days. (A) Cell
counting of MSC131113GFP P4 and
NIH:OVCAR-3cherry and yellow
chimeric/hybrid cells using a fluo-
rescence microscope (Olympus
IX50) with a FITC/TRIC fluores-
cence dual band filter and calcula-
tion of the population percentage
during a 7 day co-culture. (B)
Quantification of the percentage
of MSC131113GFP P4 and NIH:
OVCAR-3cherry and the formation of
yellow chimeric/hybrid cells by flow
cytometric analysis during a 7 day
co-culture. (C) Quantification of the
percentage of CD90-positive NI-
H:OVCAR-3 cells acquired during
a 7 day co-culture with MSC. (D)
Detection and analysis of CD90 ex-
pression in mono-cultures of MSC
and NIH:OVCAR-3 cells.

(Figure continued/)
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expressed CD90 in more than 99% of the population-like
MSC [22]. In contrast, little, if any, CD73 or CD105 was
detectable in SCCOHT-1 cells as compared with MSC (Fig.
5A). However, co-culture of SCCOHT-1cherry with MSCGFP

was associated with CD73 expression in 10.2% (Fig. 5B)
and expression of CD105 in 12.1% of the cancer cell pop-
ulation at day 7, which already appeared after 3 days and
remained at about this level (Fig. 5C). The appearance of
CD73 ( = ecto-5¢-nucleotidase) in SCCOHT-1 after co-cul-
ture with MSC also demonstrated intact enzymatic activity
by the acquired capability of SCCOHT-1 cells to metabolize
purine 5¢-mononucleotides. Thus, steady-state cultures of
SCCOHT-1 demonstrated 5¢-AMP substrate concentrations
of 2,205 – 18.7 pmol/100 mL (n = 3) during incubation with
little detectable production of adenosine similar to a no cell
PBS control displaying 2,071.7 – 185.1 pmol/100 mL (n = 3)
of the 5¢-AMP substrate (Fig. 5D). In contrast, analysis by
liquid chromatography coupled with tandem mass spec-
trometry revealed significantly decreased levels of 1,461.7 –
86.1 pmol/100 mL (n = 3) 5¢-AMP paralleled by a more
than 13-fold increased adenosine production in co-
cultured SCCOHT-1 cells. Indeed, the acquisition of
5¢-AMP metabolization was detectable after FACS sepa-
ration of SCCOHT-1 from a 5 days MSC co-culture with
a purity of about 97.5% (Fig. 5E). As a control, constitu-
tively CD73-expressing MSC mono-cultures produced
911.6 – 100.9 pmol/100 mL (n = 3) adenosine with a paral-
leled decline of the 5¢-AMP substrate to 218.0 – 52.6 pmol/
100 mL (n = 3). Similar data were obtained from MSC after
FACS separation of a 5 days co-culture with SCCOHT-1
cells (Fig. 5D).

Transcript analysis of acquired MSC markers
during co-culture

RNA isolation and PCR analysis was performed in mono-
cultures and after separation of co-cultures by FACS to
distinguish between the possibilities of transferring premade
proteins as opposed to transferring mRNA and/or tran-
scriptional regulators that induce expression of these pro-
teins in co-cultured cells. Although little, if any, CD73 gene
expression was measured in SCCOHT-1 cells and no de-
tectable CD105 mRNAs in SCCOHT-1 and SK-OV-3 cells,
both of these transcripts were significantly expressed after
co-culture of the tumor cells in the presence of MSC (Fig.
5F, upper panel). Likewise, the absence of CD90 mRNAs in
SK-OV-3 cells became detectable after co-culture with
MSC (Fig. 5F, lower panel). Altered levels of distinct
mRNAs were also observed during co-culture of MSC
with HMEC as a nontumorigenic cell population. Although
CD73 was constitutively expressed in HMEC (P13), little, if
any, CD105 mRNAs were detectable in the HMEC mono-
cultures. However, these transcripts were enhanced in
HMEC after MSC co-culture (Fig. 5G).

Epithelial cell adhesion molecule (EpCAM/CD326)
became detectable in MSC after co-culture
with ovarian carcinoma cells

Acquisition of new proteins also worked in the opposite
direction that MSC revealed new markers during interac-
tions with cancer cells. There was little, if any, detectable
expression of the CD326 epithelial cell adhesion molecule

FIG. 3. (Continued).
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FIG. 4. Co-culture of primary MSC (MSC101213 P5 and MSC 131113 P4) with human ovarian adenocarcinoma cells at
an initial ratio of 40% SK-OV-3/60% MSC with 2,000 cells/cm2 till 7 days. (A) Detection and analysis of CD90 and CD105
expression in mono-cultures of SK-OV-3 cells and MSC. (B) Quantification of the percentage of CD105-positive SK-OV-3
cells acquired during a 7 day co-culture with MSC101213. (C) Quantification of the percentage of CD90-positive SK-OV-3
cells acquired during a 7 day co-culture with MSC101213. (D) Cell counting of MSC131113GFP P4 and SK-OV-3cherry and
yellow chimeric/hybrid cells using a fluorescence microscope (Olympus IX50) with an FITC/TRIC fluorescence dual band
filter and calculation of the population percentage during a 7 day co-culture. (E) Quantification of the percentage of
MSC131113GFP P4 and SK-OV-3cherry and the formation of yellow chimeric/hybrid cells by flow cytometric analysis during a
7 day co-culture.

(Figure continued/)
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(EpCAM) in MSC populations in contrast to a significant
EpCAM expression of more than 99% in the epithelial-like
ovarian tumor cells SK-OV-3 and NIH:OVCAR-3 (Fig.
6A). Co-culture of MSC with the ovarian tumor cells,
however, was accompanied by continuously increasing

EpCAM levels in MSC. About 23% of MSC displayed
EpCAM after co-culture with SK-OV-3 cells (Fig. 6B), and
about 45% of MSC demonstrated EpCAM expression after
intercellular communication with NIH:OVCAR-3 cells till 7
days (Fig. 6C).

FIG. 4. (Continued).

FIG. 5. Co-culture of primary MSC with human small cell ovarian carcinoma cells hypercalcemic type at an initial ratio of
40% SCCOHT-1/60% MSC with 2,000 cells/cm2 till 7 days. (A) Detection and analysis of CD73 and CD105 expression in
mono-cultures of SCCOHT-1 cells and MSC. (B) Quantification of the percentage of CD73-positive SCCOHT-1 cells
acquired during a 7 day co-culture with MSC101213. (C) Quantification of the percentage of CD105-positive SCCOHT-1 cells
acquired during a 7 day co-culture with MSC101213. (D) Quantification of acquired 5¢ nucleotidase enzymatic activity by
liquid chromatography/tandem mass spectrometry analysis of 5¢AMP and adenosine. Data represent the mean – SD of three
independent experiments. A statistical analysis between the mono-culture and the corresponding population in co-culture was
conducted by unpaired Student’s t-test (**P < 0.01). (E) SCCOHT-1 cells previously co-cultured with MSC were separated by
fluorescence-activated cell sorting (FACS), and sorted SCCOHT-1 cells were analyzed for purity by a GFP flow cytometry
analysis. (F) RT-PCR of CD73 and CD105 transcripts (upper panel) and CD90 transcripts (lower panel) was performed in
SCCOHT-1cherry and SK-OV-3cherry mono-cultures as compared with a 7 day co-culture with MSCGFP and subsequent
separation by fluorescence-activated cell sorting. (G) RT-PCR of transcripts in MSCGFP and HMEC (P13) mono-cultures were
compared with a 7 day co-culture and subsequent separation by fluorescence-activated cell sorting. Unaltered b-actin ex-
pression was used as a control. HMEC, human mammary epithelial cells; RT-PCR, reverse transcription PCR.

(continued)
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Altered protein expression (CD90, CD105)
could be abolished by cytochalasin D

Morphological evaluation of the cellular interactions be-
tween various MSCGFP populations and different kinds of
tumor cells, including MCF-7cherry breast cancer cells (Fig.
7A), revealed cell contacts by the extension of small cyto-
plasmic protrusions (nanotubes) and exchange of small
vesicles (exosomes). Nanotubes (yellow arrows) and GFP-
labeled exosomes originating from MSC (white arrows)
could be detected between MSC and MCF-7 tumor cells
(Fig. 7A). Similar structures were also observed in co-
cultures of MSCGFP with NIH:OVCAR-3cherry ovarian
adenocarcinoma cells (Supplementary Fig. S4A), SK-OV-
3cherry epithelial-like ovarian cancer cells (Supplementary
Fig. S4B), and SCCOHT-1cherry small cell hypercalcemic
tumor cells of the ovary (Supplementary Fig. S4C),
respectively. Furthermore, the release of exosomes and ex-
tension of nanotubes was also detectable in MSC mono-
cultures (Supplementary Fig. S4D).

The formation of distinct chimeric/hybrid cells was ob-
served in each of the co-cultures and demonstrated yellow-
colored populations by a simultaneous expression of cherry
protein and eGFP (Fig. 7B). This observation indicated

spontaneous cell fusion between a mesenchymal stem cell
and a corresponding tumor cell as previously described for
MDA-MB-231 breast cancer cell hybrids [16,26]. Further
characterization of such a chimeric/hybrid cell clone re-
vealed CD90 expression by about 90.4% compared with a
parental expression of 97.1% in MSC but undetectable
levels of less than 0.1% in parental MDA-MB-231 cells
(Table 1). The type-1 membrane glycoprotein CD200 (Ox-
2) was detectable in 47.9% of MSC and in 69.3% of MDA-
MB-231 cells, which was combined to 74.4% in chimeric/
hybrid cells. Moreover, cytokeratins were detectable in
99.7% of chimeric/hybrid cells compared with a parental
expression of 99.6% in MDA-MB-231 cells but only about
54.1% in parental MSC (Table 1).

To further explore the cellular interactions and the mutual
acquisition of membrane proteins, cytochalasin D (cyt D)
was applied to the co-cultures to inhibit a potential exchange
of membrane proteins between the co-cultured cell popu-
lations via exosomes, formation of nanotubes, or exchange
of membrane parts by a process termed trogocytosis [33].
Evaluation of a concentration dependency for cyt D in MSC,
MCF-7, SK-OV-3, or NIH:OVCAR-3 cells revealed suble-
thal concentrations of 50 nM in these cell populations (data
not shown). MCF-7 cells demonstrated about 66% and

FIG. 5. (Continued).
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67.7% CD90 expression after 3 and 5 days of co-culture
with MSC, respectively, and incubation of this co-culture in
the presence of 50 nM cyt D was associated with a marked
reduction of the CD90 levels to 36.2% and 32.4% after 3
and 5 days, respectively (Fig. 7C). About 48.4% and 52.6%
of SK-OV-3 cells demonstrated CD90 expression after 3
and 5 days of MSC co-culture; however, cyt D treatment
significantly reduced these CD90 levels to about 17.8%
and 5.4%, respectively. Likewise, CD90 acquisition dur-
ing co-culture of MSC with NIH:OVCAR-3 cells was
markedly reduced in the presence of cyt D (Fig. 7C). A
similar effect of cyt D was observed for the acquisition of
CD105. Co-culture of SK-OV-3 cells with MSC till 3 days

revealed always more than 99% of CD105 in MSC par-
alleled by progressively increasing CD105 in SK-OV-3
cells from 1.4% at 0 day to 12.6% after 3 days (Fig. 7D,
upper panel), whereas co-culture in the presence of 50 nM
cytochalasin D was accompanied by markedly reduced
CD105 levels of only 2.6% in SK-OV-3 cells after 3 days
while CD105 expression was sustained in more than 99%
of MSC (Fig. 7D, lower panel). Together, these effects
suggested that cyt D predominantly inhibits the acquisition
of new membrane proteins such as CD90 and CD105 by the
tumor cells, as no effects were observed on the steady-state
expression of these membrane proteins by cyt D in MSC
mono-cultures (Fig. 7E).

FIG. 6. Co-culture of primary MSC with different human ovarian carcinoma cells (SK-OV-3, NIH:OVCAR-3) at an
initial ratio of 40% ovarian carcinoma cells/60% MSC with 2,000 cells/cm2 till 7 days. (A) Detection and analysis of steady-
state CD326 (EpCAM) expression in mono-cultures of MSC101213, SK-OV-3, and NIH:OVCAR-3 cells, respectively. (B)
Quantification of the percentage of EpCAM-positive MSC acquired during a 7 day co-culture with SK-OV-3 cells. (C)
Quantification of the percentage of EpCAM-positive MSC acquired during a 7 day co-culture with NIH:OVCAR-3 cells.
EpCAM, epithelial cell adhesion molecule.
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Microarray analysis of MSC co-culture
with NIH:OVCAR-3 cells

More detailed functional alterations were observed after
microarray analysis of co-cultured cells (Supplementary
Table S1–S4). After a 7 days co-culture of MSCGFP and

NIH:OVCAR-3cherry cells, the two cell populations were
separated into the appropriate mono-cultures by double FACS
to yield about 99% of NIH:OVCAR-3 corresponding cher-
ry-positive and MSC corresponding GFP-positive cells, re-
spectively (Fig. 7F, left panel). Selected microarray data of
these co-culture-separated MSC compared with steady-state

FIG. 7. (A) The morphol-
ogy during co-culture of
MSC180314GFP P3 and MCF-
7cherry cells demonstrated var-
ious cellular interactions with
the extension of nanotubes
(yellow arrows), formation of
exosomes (white arrows), and
overlapping membranes. Scale
bars represent 25mm. (B) Co-
culture of MSCGFP with dif-
ferent tumor cell lines dem-
onstrated the formation of
yellow chimeric/hybrid cells
by simultaneous expression
of cherry protein and eGPF
(white arrows). Scale bars
represent 100mm. (C) Quan-
tification of acquired CD90
by MCF-7, SK-OV-3, and
NIH:OVCAR-3 cells after a 3
and 5 day co-culture with
primary MSC180314 P3, re-
spectively, and effect of 50 nM
cytochalasin D in these co-
cultures. (D) Quantification of
acquired CD105 by SK-OV-3
cells within 3 days of co-cul-
ture with primary MSC100314
P3 (upper panel) and effect of
50 nM cytochalasin D in these
co-cultures (lower panel). (E)
Effect of cytochalasin D on the
constitutive expression of
CD90 and CD105 in 3 and 5
days cultured MSC270114 P2.
(F) Flow cytometric analysis of
double FACS-separated cells
from a 7 day MSC180314GFP

P6 and NIH:OVCAR-3cherry

co-culture (left panels) and
microarray analysis of the
separated populations re-
vealed selected prominent
changes in gene expression
of co-cultured MSCGFP (up-
per right panel) and co-
cultured NIH:OVCAR-3cherry

cells (lower right panel).
Color images available online
at www.liebertpub.com/scd

(Figure continued/)
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FIG. 7. (Continued).
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MSC revealed an increase of epithelial cell-specific tran-
scripts, including the ESPR2 splicing regulator and a variety
of cytokeratins (KRT genes). Moreover, transcripts of the
epithelial-like differentiation factors dermokine and sciellin
that contribute to keratinocyte differentiation were up-reg-
ulated in co-cultured MSC. Likewise, regulators of cell–cell
interactions, including transcripts of the epithelial cell-spe-
cific tight junction factor CRB3, desmosomal periplakin
(PPL), and members of the tetraspanin transmembrane
components in epithelial cells (UPK1B), were significantly
elevated in co-cultured MSC. In addition, EpCAM mRNAs
were markedly enhanced by 51.1-fold in co-cultured MSC,
suggesting that MSC acquired a variety of epithelial-like
cell functionality during co-culture with NIH:OVCAR-3
cells. Furthermore, a variety of chemokine/cytokine tran-
scripts were down-modulated in co-cultured MSC (Fig. 7F,
upper right panel).

Selected genes in co-cultured NIH:OVCAR-3 cells com-
pared with steady-state NIH:OVCAR-3 cells demonstrated an
up-regulation of growth factors (BMPs), epithelial mitogens
(EPGN), and mitotic spindle-associated factors (MZT2A),
which promote proliferative capacity. The protein product of
the DIRAS3 gene can function as a putative tumor suppressor,
whereas the induced kelch domain-containing transcript
(KLHDCA8) is associated with elevated tumor aggressive-
ness. Down-regulated genes in NIH:OVCAR-3 cells included
a variety of transcription factor genes such as TAL1, the basic
helix-loop-helix family FOS and FOSB, and also HES1 and
HES5, which are suggested to promote cancerous develop-
ment on down-modulation. Likewise, genes of zinc finger
transcription factors are down-regulated such as EGR1 and
the Kruppel-like factor (KLF10) as a repressor of cell
growth (Fig. 7F, lower right panel).

Discussion

Invasive tumor growth causes local tissue injuries that are
associated with the attraction of MSC to take part in repair
mechanisms. This process is also accompanied by interac-
tions between the adjacent neighboring cells, whereby the
close vicinity of mesenchymal stem/stroma cells contributes
toward altering the proliferative capacity and a certain
functionality of the tumor cells.

Co-culture of different cancer cell populations with six
individual MSC primary cultures revealed a growth stimu-
lation of the tumor cells, which was also supported by in-
duction of proliferation-promoting genes in NIH:OVCAR-3
cells and down-modulation of certain transcription factor
genes with repressor function of tumorigenic development
and cell growth. Furthermore, these findings are substanti-

ated by a previous work demonstrating enhanced tumor cell
growth by MSC [34–37], although there are also contro-
versial studies suggesting a reduced tumor cell proliferation
in the presence of MSC [38,39]. The divergent effects of
MSC on tumor cells may be caused, in part, by a different
activation status within the heterogeneous MSC population
involving interference with the b-catenin pathway such as
DKK-1-mediated depression of Wnt signaling [40]. More-
over, secretory pathways within the tumor cell microenvi-
ronment such as MSC-mediated release and activation of
distinct matrix metalloproteinases interfere with the migra-
tory and invasive potential of tumor cells and reduce their
tumorigenicity [41]. Other work postulated bidirectional
effects of naı̈ve or innate MSC on tumors with promotion or
inhibition of tumor progression, whereas MSC already
primed by inflammatory factors within the tumor microen-
vironment promote tumor progression [42].

MSC that express CD73, CD90, and CD105 surface
markers can transfer, exchange, or induce these proteins
during their interactions with tumor cells, thereby altering
cellular functionality with the consequence of increased
tumor heterogeneity. Little, if any, of the GPI-anchored
CD90 antigen was expressed in MCF-7, HBCEC 699, NI-
H:OVACAR-3, and SK-OV-3 cells; however, co-culture of
these human cancer cells with different MSC populations
was accompanied by a CD90 induction at both the mRNA
and protein levels. Moreover, endoglin (CD105) as a part of
the TGFb receptor complex that is predominantly involved
in the regulation of angiogenesis in tumors was acquired
by SK-OV-3 and SCCOHT-1 cells on MSC interactions.
Furthermore, changes in cellular functionality during co-
culture with MSC were also observed for acquisition of
CD73 transcripts and expression of the active enzyme by
SCCOHT-1 cells. This ecto-5¢-nucleotidase is associated to
the external face of the plasma membrane via a GPI-anchor
and catalyzes the dephosphorylation of purine 5¢-mononu-
cleotides, particularly AMP, which increases extracellular
levels of nucleosides [43]. Therefore, the acquisition of this
property by SCCOHT-1 cells in response to interactions
with MSC alters the tumor cell functionality and contributes
to changes in nucleoside concentrations within the micro-
environment on availability of corresponding substrates.
Contrary to these functional changes of the tumor cells, the
direct intercellular communication processes also affected
MSC. The epithelial cell-specific adhesion molecule (CD326/
EpCAM), which functions as a transmembrane glycoprotein
mediating Ca2 + -independent homotypic cell–cell adhesion
in epithelia, was undetectable in MSC. However, co-culture
of the ovarian cancer cells with MSC was associated with
EpCAM mRNA and protein induction, which suggested
certain differentiation processes by adding epithelial cell-
like properties to the MSC. Such heterogenic functionality
was also discussed in vivo with EpCAM-positive subsets of
tumor-initiating cells (cancer stem cells) in patient ovarian
cancer ascites also carrying markers of cancer-associated
fibroblasts [44]. Other in vivo studies demonstrated cross-
talk of MSC with tumor cells and promotion of tumor
growth in patients with head and neck cancer, whereby MSC
isolated from these patient tumors constitutively produced
high levels of IL-6, IL-8, and stromal cell-derived factor
(SDF)-1a [45]. In addition, co-transplantation of human
adipose tissue-derived MSC with MDA-MB-231 breast

Table 1. Analysis of Certain Protein Marker
Expression by Flow Cytometry

Protein
MSC
(%)

MDA-
MB-231

(%)

Chimeric/
hybrid

cells (%)

CD90 97.1 < 0.1 90.4
CD200 47.9 69.3 74.4
Pan-cytokeratin 54.1 99.6 99.7

MSC, mesenchymal stroma/stem cells.
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cancer cells exhibited partial EMT and was associated with
development of tumor xenograft metastases to multiple
mouse organs [46].

The alteration in the cellular functionality of tumor cell
populations and MSC within the tumor microenvironment
contributes to tumor heterogeneity [47] and suggests a process
of mutual cellular adaptation whereby MSC acquire tumor cell-
specific markers and vice versa. Indeed, enhanced gene ex-
pression of epithelial cell-specific markers appeared in MSC
after co-culture with ovarian epithelial cancer cells whereas
MSC-like properties such as expression of certain chemokine/
cytokine genes were down-modulated. These functional alter-
ations can result in MSC differentiation of an altered pheno-
type, including cancer-associated fibroblasts, perivascular cells,
or tumor-associated macrophage-like cells [48]. Moreover, co-
culture with injured mesangial cells has demonstrated differ-
entiation of MSC into mesangial cells [49]. In addition, direct
co-culture of MSC with human nucleus palposus cells resulted
in differentiation of MSC to a nucleus palposus-like phenotype
associated with up-regulation of appropriate growth factor and
matrix-associated genes [50].

Mutual cellular adaptation was suggested between cells
from ductal invasive breast cancer and surrounding MSC
[16,51–53], and further studies revealed that disseminated
tumor-like cells originating from breast cancer tissue can be
long-term hosted in an inactivated (dormant) state in peri-
vascular niches [54], which also provides the stem cell niche
for MSC. Therefore, the characterization of a variety of
tumor-specific cell types, including cancer-associated fi-
broblasts or cancer stem cells, may likewise originate from
processes of mutual cellular adaptation within the tumor
microenvironment. Moreover, altered tumor cell functions
during MSC interactions within the tumor microenviron-
ment carry the risk of therapy failure by developing cancer
cells displaying certain resistances [55].

According to functional changes by mRNA and/or protein
transfer or protein induction via specific communication
processes, a previous work confirmed that cellular interac-
tions can promote an MSC-mediated protein expression in
MDA-MB-231 breast cancer or natural killer cells, which
partially involves GJIC and notch signaling [26,56]. Fur-
thermore, this study demonstrated that the direct interactions
include the transfer and exchange of cellular material. This
was also substantiated by fluorescence microscopy demon-
strating close membrane interactions between MSC and the
co-cultured tumor cells together with exosome release and
the extension of cytoplasmic protrusions that appear as na-
notubes. Exosomes represent the release of extracellular
vesicles carrying predominantly proteins, mRNAs, and mi-
croRNAs that are exchanged during cellular interactions
[57]. Production of exosomes has been described for MSC
to transport gene regulatory information to recipient cells
that can modulate cell growth and angiogenesis by affecting
a variety of cellular pathways [58]. Indeed, the CD73,
CD90, and CD105 induction in the different tumor cells was
observed at both the protein and mRNA levels, suggesting
exchange of proteins and/or transcriptional regulators and/or
mRNAs between MSC and co-cultured tumor cells. More-
over, these interactive properties of MSC were also ob-
served in normal cells such as HMEC after MSC co-culture.

Intercellular structures, including membrane channels
such as tunneling nanotubes, also enable a direct exchange

of biomolecules and small organelles and may also serve as
a tool for tumor cell interactions [59]. Thus, a previous work
revealed increased regenerative support during nanotubular
cross-talk between MSC and damaged cardiomyocytes [60].
Intercellular transport via nanotubes requires actin micro-
filaments to transmit traction and contraction forces that can
be blocked by cytochalasin D for inhibition of actin poly-
merization. In this context, the transfer between MSC and
the different tumor cell populations was significantly re-
duced in the presence of cytochalasin D. Confirmative
studies have demonstrated that formation of nanotubes be-
tween MSC and vascular smooth muscle cells enables the
exchange of proteins and mitochondria associated with el-
evated MSC growth that can be abolished by cytochalasin D
[61]. These findings suggested that the extent of cellular in-
teractions between MSC and tumor cells is associated with
different levels of exchange such as exchange of exosomes or
membrane patches or a combination of whole cell membranes
by cell fusion. Indeed, all MSC co-cultures revealed a small
amount of chimeric/hybrid cells, indicating MSC-tumor cell
fusion products. This phenomenon has also been observed in
other MSC co-cultures [16,26], and characteristics revealed
the acquisition of distinct markers from both parental cell
populations. Although most fusion products between MSC
and tumor cells are unable to survive due to aberrant signaling
by two nuclei, a small amount of chimeric/hybrid cells arrange
chromosome/DNA regulation and result in various individual
hybrid populations displaying altered expression levels com-
pared with the parental cell types. Fusion of tumor cells with
macrophages or bone marrow-derived cells has been dis-
cussed in the context of cancer invasion and metastasis [62],
whereas the development and progression of chimeric/hybrid
populations enhances tumor heterogeneity and complicates
therapeutic approaches.

Conclusion

Co-culture of various human cell populations with dif-
ferent individual MSC populations was accompanied by
exchange of biological material via different mechanisms,
including exosomes and formation of nanotubes. During
these cellular interactions, a variety of functional changes
were observed, particularly the acquisition of multiple epi-
thelial cell-like properties by MSC after co-culture with
ovarian cancer cells and vice versa, an elevated growth of
tumor cells. These findings suggested a progressive functional
heterogeneity by a process of mutual cellular adaptation.
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Abstract. Interaction between multi-functional mesenchymal 
stroma/stem cells (MSC) and human tumor cells involves 
the exchange of biological material via extracellular vesicles 
including exosomes. Protein analysis of MSC-derived exosomes 
demonstrated the presence of MMP-2 and MSC-specific markers 
including CD90 and ecto-5'-nucleotidase (CD73). Incubation of 
tumor cells with these membranous particles revealed a rapid 
uptake of MSC-released microvesicles whereby breast cancer 
cells incorporated ~19% and SCCOHT-1 cells representing a 
rare type of small cell ovarian cancer assimilated ~28% of avail-
able exosomes within 24 h. This interaction was accompanied by 
functional alterations of tumor cell properties during integration 
of exosomal content from MSC. Indeed, exosome-associated 
MMP-2 exhibited functional enzyme activity and MCF-7 breast 
cancer cells with undetectable MMP-2 protein acquired expres-
sion of this enzyme and corresponding gelatinase functionality 
after stimulation with MSC-derived exosomes. Similar effects 
were observed in SCCOHT-1 cells during culture in the pres-
ence of MSC-derived exosomes which enabled new metabolic 
activities in this tumor cell type. Together, these findings 
demonstrated that the internalization of MSC-derived exosomes 
was associated with the acquisition of new tumor cell properties 
by altering cellular functionalities and providing the capability 
to re-organize the tumor microenvironment.

Introduction

Multipotent human mesenchymal stroma/stem cells (MSC) are 
characterized as a heterogeneous cell population which can be 

found in nearly all vascularized organs and tissues. The stem 
cell properties include self-renewal and regenerative potential 
(1). Moreover, MSC display at least a tri-lineage differentiation 
capacity along the osteogenic, chondrogenic and adipogenic 
phenotype (2). Certain heterogeneity in morphology and cell 
fate as demonstrated by isolation of MSC subpopulations (3) 
may result partially from the cellular microenvironment by 
neighboring cells, altered trophic factors, pH or hypoxic condi-
tions. Consequently, a broad range of simultaneous properties 
including the capacity for plastic adherence, paralleled by 
expression of the CD73, CD90 and CD105 surface molecules 
with concomitant absence of other cell type-specific markers 
including CD14, CD31, CD34 CD45 and HLA-DR can be 
identified for MSC (2,4).

MSC are recruited during tissue damage to support wound 
repair and tissue regeneration. Likewise, invasive tumor growth 
also causes tissue injuries and inflammatory processes with the 
consequence of MSC attraction and cellular crosstalk. MSC 
can interact with tumor cells via exchange of soluble factors like 
chemokines, cytokines and further trophic molecules as well 
as various microvesicles including exosomes. These types of 
interaction enable multiple pathways for MSC to communicate 
with neighboring tumor cells whereby release of exosomes can 
also affect more distant tumor cells. Exosomes represent small 
membrane particles of endocytic origin which are released into 
the extracellular compartment (5) and contain a large panel of 
proteins, mRNAs and regulatory microRNAs (miRs) which 
can alter the functionality of recipient cells (6). According to 
the heterogeneity of MSC populations, exosomes from MSC 
of different tissue origin contain a variety of unique proteins 
together with some common exosomal marker proteins such as 
CD29 or CD63 (7,8). Several effects of MSC-derived exosomes 
on tumor cells have been demonstrated including suppres-
sion of angiogenic potential by down-modulation of VEGF 
in breast cancer cells via exosome-associated miR-16 (9). 
Moreover, human umbilical cord MSC-derived exosomes can 
protect against cisplatin-induced nephrotoxicity and promote 
cell proliferation (10) and other research has demonstrated that 
human bone marrow MSC-derived exosomes increase tumor 
growth in vivo (11), however, mechanisms for these findings 
remain unclear.
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In the present study, we investigated the effects of 
MSC-derived exosomes on different tumor types including 
breast cancer and a rare type of ovarian carcinoma cells. The 
data demonstrated a variety of functional changes including 
MMP-2 and ecto-5'-nucleotidase acquisition by different 
tumor cells following internalization of exosomes.

Materials and methods

Cell culture of mesenchymal stem/stroma cells (MSC). Primary 
human mesenchymal stem cells were obtained after explant 
culture of umbilical cord tissue; the procedure was approved 
by the Ethics Committee of Hannover Medical School, Project 
no. 443, February 26, 2009, respectively, following informed 
written consent by the patient.

MSC-like cells were isolated from human umbilical cords 
as reported previously (12). The cells were obtained from 
different patients following delivery of full-term (38-40  weeks) 
infants either spontaneously or by cesarean section. In brief, 
umbilical cord tissue was washed with PBS to remove blood 
cells, cut into ~0.5 cm³ large pieces and incubated in αMEM 
(Sigma Chemie GmbH, Steinheim, Germany) supplemented 
with 15% of allogeneic human AB-serum (HS; commercially 
obtained from blood bank, University Campus Lübeck, 
Germany), 100 U/ml penicillin, 100 µg/ml streptomycin and 
2 mM L-glutamine (Sigma) at 37˚C in a humidified atmosphere 
with 5% CO2. After ~14 days of explant culture, the umbilical 
cord tissue pieces were removed and the adherent cells were 
harvested by accutase (Sigma) treatment for 3 min at 37˚C. 
The obtained cell suspension was centrifuged at 320 x g for 
5 min and the cells were resuspended in MSC culture medium 
(αMEM supplemented with 10% HS, 100 U/ml penicillin, 
100 µg/ml streptomycin and 2 mM L-glutamine) and subcul-
tured in the appropriate passage. For the experiments, MSC 
primary cultures from 5 different donors in different passages 
(P1 to P5) were used (MSC241111 in P3, MSC131113 in P2, 
MSC101213 in P1 and P3, MSC180314 in P5 and MSC270114 
in P1), respectively.

Cell culture of tumor cells. Human MDA-MB-231 and 
MCF-7 breast carcinoma cell lines were obtained from the 
American Type Culture Collection (Rockville, MD, USA). 
MCF-7 cells were grown in Dulbecco's modified Eagle's 
medium and MDA-MB-231 cells were cultured in Leibovitz 
medium supplemented with [10% (v/v) fetal calf serum, 2 mM 
L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin]
(all from Sigma Chemie GmbH, Steinheim, Germany), respec-
tively. Subculture was performed by trypsin/EDTA (Biochrom 
GmbH, Berlin, Germany) treatment for 5 min at 37˚C.

SCCOHT-1 cells represent a spontaneously proliferating 
population derived from a patient with recurrent small cell 
carcinoma of the ovary hypercalcemic type (SCCOHT) and 
were maintained in RPMI-1640 with medium supplements as 
described previously (13).

Cells were cultivated at 37˚C in a humidified atmosphere 
containing 5% CO2 and tested for mycoplasma by the lumino-
metric MycoAlert Plus mycoplasma detection kit (Lonza Inc., 
Rockland, ME, USA) according to the manufacturer's recom-
mendations. Moreover, authentication of the cell lines was 
performed by short tandem repeat (STR) fragment analysis 

using the GenomeLab human STR primer set (Beckman 
Coulter Inc., Fullerton, CA, USA) demonstrating similar 
STR pattern according to the STR database provided by the 
Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ, Braunschweig, Germany).

Labeling of MSC by lentiviral transduction. For discrimina-
tion of the different tumor cells in co-culture with MSC and 
for proliferation measurements, all tumor cell populations 
were transduced with a 3rd generation lentiviral SIN vector 
containing the mcherry gene. Likewise, the different MSC 
populations were transduced with a 3rd generation lentiviral 
SIN vector containing the eGFP gene according to a labeling 
technique previously described (14).

Analysis of surface markers by flow cytometry. Characterization 
of the MSC immunophenotype was performed as described 
previously (15). Briefly, continuously proliferating MSC 
were harvested and analyzed for cell surface marker expres-
sion by flow cytometry. After blocking non-specific binding 
to Fc-receptors by incubation of 106 cells with 2% FCS for 
30 min at 4˚C and washing with PBS-BSA, the cells were 
incubated with the following appropriately-labeled monoclonal 
anti-human antibodies, respectively: CD73-PE (clone AD2) 
(BD Bioscience); CD90-PE (clone 5E10, IgG1, BioLegend 
Inc., San Diego, CA, USA); CD105-PE (clone 43A3, IgG1, 
BioLegend Inc.); CD31-FITC (Miltenyi Biotec, Bergisch-
Gladbach, Germany); CD34-PE and CD45-PE (BD Biosciences). 
Following antibody staining, all samples were washed twice 
with PBS-BSA. Positive staining was obtained according 
to control measurements of the different populations with 
isotype-matching IgG control antibodies. Flow cytometry 
analysis and histograms were performed in a Galaxy FACSan 
(Partec) using FloMax analysis software (Partec).

Preparation of exosomes. Exosomes were isolated using the 
total exosome isolation kit reagent (Invitrogen, USA). After 
culture in serum-free conditions for 24 h, cell media were 
harvested from MSCGFP, MCF-7cherry, and MDA-MB231cherry 
mono-cultures and from co-cultures of MSC with the two 
breast cancer cell lines, respectively. Co-culture of MSC and 
the tumor cells was performed at a cell ratio of 60:40. The 
cells were cultured at an initial density of 2,000 cells/cm2 for 
7-15 days and following medium exchange with serum-free 
media, the released exosomes were isolated after subsequent 
24 h.

The serum-free cell media samples were centrifuged at 
2,000 x g for 30 min to remove cell debris. The supernatant 
was stored on ice and supplemented with the half volume of 
the total exosome isolation kit reagent (Invitrogen) according 
to the manufacturer's instructions. After thorough mixing, the 
samples were incubated at 4˚C overnight and centrifuged at 
100,000 x g/4˚C for 1 h. The supernatant was aspirated and 
discarded, and the exosome pellet was resuspended for protein 
and enzymatic analyses.

For incorporation of MSCGFP-derived exosomes into 
tumor cells, equal aliquots of exosomes were added to 104 
MCF-7 or SCCOHT-1 cells in a 6-well plate (Nunc). The 
tumor cell cultures were then incubated for 24 h in the pres-
ence of MSCGFP-derived exosomes followed by 5 extensive 
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washes of the wells with PBS to remove free and loosely 
cell-attached exosomes. Thereafter, the cells were detached by 
trypsin/EDTA treatment, homogenized in appropriate buffer 
and cell homogenates were analyzed by western blot analysis 
or zymography assay. Alternatively, analysis of exosomes and 
of the tumor cells with incorporated GFP-labeled exosomes 
was performed after lysis in 10% (w/v) SDS. Relative fluores-
cence intensities of the homogenates were quantified for GFP 
(excitation 485 nm/emission 520 nm) using the Fluoroscan 
Ascent Fl (Thermo Fisher Scientific).

2D-gel analysis and mass spectrometry identification. The 
proteins of the different exosome preparations were separated 
by isoelectric focusing (IEF) followed by SDS-PAGE in the 
second dimension, respectively. Thus, aliquots of exosomes 
from each preparation were incubated in reswelling buffer 
[8 M urea, 1% CHAPS (v/v), 0.5% pharmalytes 3-10 (v/v), 
0.002% bromophenol blue (w/v), 0.4% DTT (w/v); according 
to the GE Healthcare protocol] on an 18-cm IPG Immobiline 
Dry Strip (pH 3.0-10.0; NL) (Amersham Biosciences GmbH, 
Freiburg, Germany) and separated for 18 h at 150 V in the 
first dimension using the IPGphor isoelectric focusing system 
(Amersham). Thereafter, the IPG strips were incubated in 
two subsequent equilibration buffers for 15 min, respectively 
(according to the GE Healthcare protocol), and polymerized 
on a 10% SDS-PAGE separation gel using 0.5% (w/v) low 
melting point agarose. Electrophoresis was standardized using 
appropriate molecular-weight markers (Amersham). Following 
staining of the gels with Coomassie brilliant blue appropriate 
protein spots were cut and analyzed by liquid chromato- 
graphy coupled with tandem mass spectrometry (LC-MS/
MS) using the AB5800 TOF/TOF (ABSys GmbH, Darmstadt, 
Germany).

Western blot analysis. Exosome aliquots from the different 
cell cultures were homogenized in RIPA buffer containing 
0.3 M NaCl, 1% (w/v) sodium desoxycholate, 0.1% (w/v) 
sodium dodecyl sulfate (SDS), 1% (v/v) Triton X-100, 20 mM 
Tris-HCl (pH 8.0), 1 mM EDTA supplemented with 1 mM 
phenylmethylsulfonylf luoride (PMSF). Approximately 
15 µg of exosomal protein was separated by electropho-
resis on a 15% SDS-polyacrylamide gel and transferred to 
a PVDF membrane (Millipore Corp., Bedford, MA, USA). 
Immunoblotting was performed with the following anti-
bodies: polyclonal anti-CD63; polyclonal anti-collagen αI; 
polyclonal anti-collagen αII, polyclonal anti-CD73 and anti-
MMP2 (each 1:500 dilution; all from Abcam, Cambrige, UK); 
monoclonal anti-CD90 (1:500 dilution; Dianova, Hamburg, 
Germany). Odyssey 680/800 nm secondary conjugates 
were used for the quantification of protein expression levels 
and signals were visualized using the Odyssey Infra-Red 
Imaging System and software (Li-Cor BioSciences, Lincoln, 
NE, USA).

Transcript analysis by RT-PCR. Total RNA was isolated from 
MSC and MSC-derived exosomes using RNeasy Mini kit 
(Qiagen, Hilden, Germany) according to the manufacturer's 
instructions. One microgram of RNA was reverse transcribed 
into cDNA using 500 µM of dNTP (R0193), 5 µM Oligo(dT)18 
primer (S0132), 5 µM Random Hexan primer (S0142), 1 U 

RiboLock™ RNase inhibitor (E00381) and 5 U RevertAid™ 
M-MuLV reverse transcriptase (EP0441) in the supplied reaction 
buffer (all reagents from Thermo Scientific, Schwerte, Germany). 
The cDNA reactions were performed for 10 min/25˚C, 
1 h/37˚C and stopped at 72˚C for 10 min. As a template 2.5 µl 
of cDNA was used with primers specific for: CD73 (forward, 
5'-CGCAACAATGGCACAATTAC-3'; reverse, 5'-CTCGACA 
CTTGGTGCAAAGA-3'; amplification product 241 bp); CD90 
(forward, 5'-GGACTGAGATCCCAGAACCA-3'; reverse, 
5'-ACGAAGGCTCTGGTCCACTA-3'; amplification product 
124 bp); CD105 (forward, 5'-TGTCTCACTTCATGCCTCC 
AGCT-3'; reverse, 5'-AGGCTGTCCATGTTGAGGCAGT-3'; 
amplification product 378 bp); MMP-2 (forward, 5'-TTTTCT 
CGAATCCATGATGG-3'; reverse, 5'-CTGGTGCAGCTCT 
CATATTT-3'; amplification product 619 bp); fibronectin 
(forward, 5'-AGCCGCCACGTGCCAGGATTAC-3'; reverse, 
5'-CTTATGGGGGTGGCCGTTGTGG-3'; amplification 
product 439 bp); (all primers customized by Eurofins, MWG 
GmbH, Ebersberg, Germany). PCR reactions included 0.2 µM 
of each primer, 200 µM of dNTP (R0193, Thermo Scientific) 
and 0.03 U One Taq Hot Start DNA polymerase (New England 
Biolabs GmbH, Frankfurt am Main, Germany) in the supplied 
reaction buffer. PCR cycling conditions were performed 30 sec 
at 94˚C, 1 min at 60 and 68˚C for 1 min, respectively, including 
an initial 30-sec denaturation step at 94˚C and a final 5-min 
extension step at 68˚C (35 cycles). Aliquots of 25 µl of each 
RT-PCR product were separated on a 2% agarose gel and 
visualized by GelRed™ (Biotium Inc., Hayward, CA, USA) 
staining.

MMP-2 zymography assay. Exosome aliquots from the MSCGFP, 
MDA-MB-231cherry cells, and from co-cultures of MSCGFP/
MDA-MB-231cherry cells were used in a zymographic assay. 
Moreover, conditioned media was prepared from 106 MSCGFP 
or MCF-7cherry cells or MCF-7cherry cells with incorporated 
MSCGFP-derived exosomes after 24-h culture in 0.1% serum and 
concentrated ~20-fold using Amicon Ultra-4 Centrifugal Filter 
Devices (10 kDa; Millipore, Carrigtwohill, Ireland) according to 
the manufacturer's instructions. In the following MMP-2 zymo-
graphic assay, aliquots were mixed 2:1 (v/v) with non-reducing 
sample buffer [10 mM Tris (pH 6.0-8.0), 1% SDS, 10% glycerol 
and 0.02% bromophenol blue] and subjected to SDS-PAGE 
containing 2 mg/ml of gelatine (Sigma). Electrophoresis was 
performed for 30 min at 60 V followed by 120 min at 125 V. 
The gels were washed twice in 2.5% Triton X-100 on a vertical 
shaker and five times with H2O. Thereafter, the gels were incu-
bated with fresh MMP enzyme buffer (50 mM Tris-HCl, pH 7.0, 
5 mM CaCl2) overnight at 37˚C. Finally, the gels were stained 
with 0.4% Coomassie blue whereby the proteolytic activity was 
detectable by the appearance of light bands.

CD73 activity by analysis of 5'-AMP and adenosine. Exosomes 
were isolated from steady-state SCCOHT-1 mono-cultures 
after 7 days, from steady-state MSC101213 P3 mono-cultures 
after 7 days, and from 7-day co-culture of these MSC with 
SCCOHT-1 (ratio 60:40; initial seeding of 2,000 cells/cm2). 
The appropriate exosomal fractions as well as SCCOHT-1 
control cells and SCCOHT-1 cells with 24 h incorporated 
MSC-derived exosomes were cultivated in PBS with 20 µM 
5'-AMP (Sigma, Schnelldorf, Germany) as a substrate for 
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30 min at 37˚C. An exosome-free and a cell-free PBS incuba-
tion served as a negative control, respectively. Supernatants 
were collected and centrifuged (14.000 x g/5 min) to remove 
debris and supernatants were analyzed by HPLC-MS/MS using 
a Shimadzu HPLC-system (Shimadzu, Duisburg, Germany) 
coupled with a QTRAP5500™ triple quadrupole mass spec-
trometer (ABSCIEX, Foster City, CA, USA) operating in 
positive ionization mode. Reversed phase chromatographic 
separation of adenosine and 5'-AMP was performed on a 
Hypercarb column (30x4.6 mm; 5 µm; Thermo Scientific, 
Dreieich, Germany) using a linear organic gradient. Data 
were collected and analyzed with Analyst 1.5.1 software 
(ABSCIEX).

Results

Direct cellular interaction of MSCGFP with MDA-MB-231cherry 
breast cancer cells was associated with the exchange of exosome-
like micovesicles (Fig. 1). GFP-labeled exosomes derived from 
MSC241111GFP P3 were detectable within the extracellular space 
and were incorporated into MDA-MB-231cherry breast cancer 
cells as indicated by the white arrows (Fig. 1). While these 
cellular interactions and the exchange of exosomes suggested 
an intercellular transfer of biological material between MSC 
and the tumor cells, a 24-h production of exosomes was 
isolated from the mono-cultures and the co-cultures for 
further analysis. The protein amount of isolated exosomes 
from MDA-MB-231cherry mono-cultures was 108 µg, from 
MSC241111GFP was 90 µg, and the co-culture of MSCGFP with 
MDA-MB-231cherry yielded 144 µg within 24 h. Comparative 

protein analysis was performed by 2D-gel separation of 35 µg 
of the exosomal protein fraction of each preparation (Fig. 2). 
A variety of common protein spots were detectable in all 
3 preparations, however, at least two additional proteins were 
identified in MSC exosomes (Fig. 2, upper panel) and co-culture 
exosomes (Fig. 2, lower panel) in contrast to MDA-MB-231 
exosomes (Fig. 2, middle panel). Mass spectrometric analysis 
revealed fibronectin and matrix metalloproteinase-2 (MMP-2) 
as those protein spots which were undetectable in exosomes 
from MDA-MB-231 cells (Fig. 2). Western blot analysis of 
exosomal preparation confirmed these findings (Fig. 3A). 
Moreover, similar data were also obtained from exosomes after 
co-culture of MSC with MCF-7 breast cancer cells (Fig. 3B). 
In addition to the presence of MMP-2 exclusively in exosomes 
from MSC and the co-culture, the GPI-anchored CD90 antigen 
was similarly detectable and likewise the ecto-5'-nucleotidase 
CD73, all of which remain absent in the two breast cancer cell 
lines (Fig. 3). Whereas fibronectin can associate with certain 
types of collagen, the isoform collagen α1 was also detect-
able in exosomes from MSC mono-cultures and was reduced 
in the co-culture exosomes, however, it was undetectable in 
the exosome preparation of MDA-MB-231 and MCF-7 cells, 
respectively (Fig. 3). In contrast, collagen α2 appeared in all 
exosome preparations and likewise, CD63 as an exosomal 
marker protein was uniformly present (Fig. 3).

Furthermore, transcripts of the typical MSC marker 
proteins CD73, CD90, and CD105 were detectable in MSC 
lysates as well as MMP2 and fibronectin in accordance 
with the mass spectrometric analysis of the 2D gels (Fig. 4). 
Likewise, mRNAs of CD73, CD90, and fibronectin also 

Figure 1. Exchange of extracellular vesicles between MSC and tumor cells. MSC101213GFP P1 and MDA-MB-231cherry breast cancer cells demonstrated the 
release of green fluorescing exosomes from MSC into the extracellular compartment and a corresponding uptake of these MSC-derived vesicles by various 
breast cancer cells in 7-day co-culture (white arrows). Bar, 75 µm.
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Figure 2. Two dimensional (2D)-gel analysis of exosomal proteins was performed from mono-cultures of MSC241111 P3 (upper panel), MDA-MB-231 cells 
(middle panel), and during co-culture of MSC241111 P3 with MDA-MB-231 cells (lower panel) by applying 35 µg of exosomal protein to the gels, respectively, 
whereas exosomes from MSC mono- and co-cultures demonstrated a similar protein pattern, differences compared to proteins derived from the breast cancer 
cell exosomes were analyzed by liquid chromatography coupled with tandem mass spectrometry and revealed fibronectin and MMP-2 indicated on the upper 
and lower panel, respectively.

Figure 3. Western blot analysis was performed with 15 µg of exosomal proteins from mono-cultures of MCF-7 cells and MSC270114 P1 as well as their co-
culture (A), respectively, and likewise from mono-cultures of MDA-MB-231 cells and MSC131113 P2 with their corresponding co-culture (B), respectively. 
The unaltered expression of CD63 as exosomal marker protein was used as a control.



Publikationen	
	

	102	 

YANG et al:  MSC-DERIVED EXOSOMES IN CANCER CELLS 249

Figure 4. PCR analysis with 62.5 ng/lane of transcripts of the MSC markers CD73, CD90, CD105 and additionally matrix metalloproteinase 2 (MMP-2) and 
fibronectin was performed in MSCGFP compared to MSCGFP-derived exosomes. The length of the PCR products was indicated in base pairs (bp).

Figure 5. Incorporation and enzymatic analysis of exosomes. (A) Uptake of MSCGFP-derived exosomes by MCF-7cherry breast cancer cells (upper left) or by 
SCCOHT-1cherry tumor cells (upper right) was performed by incubation of the exosomes with the tumor cultures for 24 h followed by 5 extensive washes with 
PBS to remove non-incorporated exosomes (bars represent 100 µm). The relative incorporation of MSCGFP-derived exosomes into MCF-7cherry cells (lower left 
panel) or into SCCOHT-1cherry cells (lower right panel) within 24 h of incubation was quantified by a fluorescence-based assay whereby the fluorescence of 
GFP-labeled exosomes used for the cell stimulation was calculated as 100%. Data represent the mean ± SD (n=3). (B) Zymography of MMP-2 for gelatinase 
activity was determined with 5.8 µg of exosomal protein from MDA-MB-231 and MSC mono-cultures and from 8-day co-culture of MSC/breast cancer cells, 
respectively. (C) MMP-2 western blot analysis of MSC and MCF-7 cell cultures compared to MCF-7 cells after incorporation of MSC-derived exosomes was 
performed by analysis of 40 µg protein cell lysate/lane. Expression levels of GAPDH were used as a loading control.
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appeared in MSC-derived exosomes although in reduced 
quantities as compared to the cells. However, PCR products 
of CD105 and MMP-2 remained undetectable in these vesicles 
(Fig. 4) suggesting that only the proteins are carried.

Incubation of MSCGFP-derived exosomes with tumor cells 
was associated with an uptake of exosomes by MCF-7cherry 
cells (Fig. 5A, upper left) and by SCCOHT-1cherry cells (Fig. 5A, 
upper right). The tumor cell cultures were incubated with the 
exosomes for 24 h and analysis of incorporated exosomes was 
performed after 5 extensive washes with PBS to remove free 
and loosely cell-attached exosomes. Quantification of incorpo-
rated exosomes into the cells was performed by fluorescence 
measurement of the GFP-labeled vesicles and revealed a rela-
tive uptake of 19.0±5.8% (n=3) by MCF-7 cells (Fig. 5A, lower 

left) and 28.0±3.4 % (n=3) by SCCOHT-1 cells (Fig. 5A, lower 
right) after 24 h compared to the total amount of available 
exosomes.

To test, whether the assimilation of MSC-derived exosomes 
by tumor cells includes transfer of biologically active proteins, 
gelatinase activity was measured for MMP-2 in an appro-
priate gelatin zymography assay. In contrast to exosomes 
from MDA-MB-231, MSC-derived exosomes and exosomes 
isolated from the MSC/breast cancer cell co-culture exhibited 
a marked gelatinase activity at ~63 kDa, which corresponded 
to the active form of MMP-2 (Fig. 5B). A potential 
MSC-mediated transfer of MMP-2 was also tested for MCF-7 
breast cancer cells. MSC cell homogenates demonstrated 
MMP-2 protein expression in contrast to undetectable MMP-2 
levels in MCF-7 cells. However, incubation of MCF-7 cells 
in the presence of MSC-derived exosomes and subsequent 
removal of non-incorporated exosomes by extensive washes of 
the cells was associated with MMP-2 protein expression in the 
breast cancer cells (Fig. 5C). Moreover, the acquired MMP-2 
expression in MCF-7 cells by MSC-derived exosomes was also 
tested for enzymatic activity. Whereas MSC cell homogenates 
exhibited MMP-2 gelatinase in-gel activity at ~59 and 63 kDa, 
there was little if any MMP-2 activity detectable in MCF-7 
cell homogenates. In contrast, MMP-2 activity was displayed 
in MCF-7 cells after incorporation of MSC-derived exosomes 
in the zymography assay (Fig. 5D).

Fur ther acquisit ion of enzymatic activity from 
MSC-derived exosomes was evaluated for the CD73 ecto-
5'-nucleotidase which associates to the external face of the 
plasma membrane via a GPI-anchor. The exosomal transfer 
of biologically active CD73 was tested by the capability to 
metabolize 5'-AMP into adenosine using a tumor cell culture 
model of primary cells from a small cell hypercalcemic 
ovarian carcinoma (SCCOHT-1). The preparation of exosomes 
from SCCOHT-1 cells demonstrated no detectable adenosine 
synthesis similar to PBS control incubation without any cells 
(Fig. 5E). In contrast, LC/MS-MS analysis of exosomes from 
MSC mono-culture and from MSC/SCCOHT-1 co-culture 
revealed a marked reduction of the substrate 5'-AMP 
paralleled by a significantly increased level of the product 
adenosine (Fig. 5E) suggesting CD73 activity exclusively in 
MSC-derived exosomes. Transfer of CD73 became obvious 
when a markedly elevated ecto-5'-nucleotidase activity was 
detectable after incorporation of MSC-derived exosomes 
into SCCOHT-1 cells compared to SCCOHT-1 control cells 
(Fig. 5F).

Discussion

Previous research has demonstrated that mesenchymal 
stem/stroma cells contribute to a direct interaction with tumor 
cells and promote mutual exchange/induction of cellular 
markers (14,16,17). Alternatively, MSC interaction can be 
mediated indirectly by the release of soluble biological factors 
(18) and/or vesicles such as exosomes whereby MSC can affect 
cellular functionality of distant cell populations in a paracrine 
manner. These effects can be mediated both, by proteins and 
RNAs including mRNAs and miRs.

The appearance of the MSC marker proteins CD73, CD90 
and CD105 in MSC-derived exosomes has been confirmed by 

Figure 5. Continued. (D) Detection of MMP-2 gelatinase activity by a 
zymography assay of MSC and MCF-7 cell cultures compared to MCF-7 
cells after incorporation of MSC-derived exosomes. (E) Ecto-5'-nucleotidase 
(CD73) activity was determined by the capacity of exosomes from equal 
cell amounts of SCCOHT-1 and MSC mono-cultures and from 6-day co-
culture of MSC/SCCOHT-1 cells to metabolize 5'-AMP into adenosine. 
The metabolites were analyzed by liquid chromatography combined with 
tandem mass spectrometry. Data represent the mean ± SD of 3 experiments. 
(F) Ecto-5'-nucleotidase (CD73) activity was determined in SCCOHT-1 cells 
compared to SCCOHT-1 cells after 24-h incubation in the presence of MSC-
derived exosomes. Quantification of 5'-AMP and adenosine was performed 
by HPLC-MS/MS. Data represent the mean ± SD of 3 experiments.
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previous studies (19). In addition, MSC-derived exosomes also 
contain transcripts for CD73, CD90, and fibronectin, whereas 
CD105 expression remained undetectable. Likewise, MMP-2 
mRNAs were not observed in MSC-derived exosomes, 
suggesting appropriate protein transport in the microvesicles 
or regulators that induced expression in the target cells. 
Previous research has demonstrated that cancer cell-associ-
ated fibronectin induces release of matrix metalloproteinase-2 
from normal fibroblasts (20). Consequently, MMP-2 protein 
appearance in MCF-7 and MDA-MB-231 breast cancer cell 
populations with corresponding enzymatic activity after 
incorporation of MSC-derived exosomes enables degradation 
of certain collagens as structural component of basement 
membranes. Therefore, the acquisition of distinct matrix metal-
loproteinase activities suggested new properties of the tumor 
cells with the capability to restructure the tumor microenvi-
ronment. Indeed, transfection of MDA-MB-231 human breast 
cancer cells with pro-matrix metalloproteinase-2 increased 
growth and metastasis in nude mice (21). Moreover, supportive 
evidence demonstrated that human adipose MSC-derived 
exosomes in conditioned medium promote migratory activity 
of MCF-7 cells accompanied by an upregulation of several 
cancer-related pathways such as Wnt signaling (22).

The incorporation of MSC-derived exosomes was also 
associated with acquired ecto-5'-nucleotidase activity by 
SCCOHT-1 tumor cells whereby this interaction included 
both, protein and corresponding mRNA assimilation. 
Previous findings substantiated acquisition of 5'-nucleotidase 
activity by SCCOHT-1 cells (17) and by normal natural 
killer cells (23) following direct co-culture with MSC which 
suggested a transfer by the cells and/or by the exosomes. With 
this new capability of metabolizing 5'-AMP into adenosine, 
SCCOHT-1 cells can suppress and modulate pro-inflamma-
tory activities via activation of adenosine receptor signaling 
present on the surface of most immune cells (24). Indeed, 
previous reports demonstrated that exosomal conversion of 
5'-AMP to adenosine can inhibit T cell activation in a tumor 
microenvironment (25).

Together, these findings suggested that MSC-derived 
exosomes can change the cellular functionality of tumor cells 
by induction of MMP-2 and ecto-5'-nucleotidase activity and 
thereby contribute to an altered tumor microenvironment 
and increased tumor heterogeneity (26,27). Further factors 
including certain microRNAs in MSC-derived exosomes can 
also hide metastatic breast cancer cells by inducing dormancy 
(28). Thus, functional changes by MSC-derived exosomes can 
support a protection of tumor cells against chemotherapeutic 
approaches and consequently promote tumor cell resistance. 
Alternatively, MSC-derived exosomes may represent a useful 
carrier to deliver antitumor cargo.
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3 Diskussion 
 
Im Rahmen dieser Dissertation wurde das Augenmerk auf die Charakterisierung einer sehr 

seltenen und aggressiven Tumorerkrankung, dem kleinzelligen Ovarial Karzinom vom 

hyperkalzämischen Typ (SCCOHT) gelegt. Hierbei handelt es sich um ein eigenständiges 

Krankheitsbild eines Ovarialkarzinoms, das erstmals 1979 von Robert Scully dokumentiert 

wurde [27]. Ein begleitendes typisches Merkmal dieser Erkrankung ist die Entwicklung einer 

Hyperkalzämie bei ungefähr 2/3 aller Patientinnen [136]. Aufgrund ihrer Seltenheit sind in 

der Literatur vornehmlich Fallberichte zu finden, die über das Auftreten, den Verlauf und 

über die Versuche einer Therapie berichten. Bis zum jetzigen Zeitpunkt, sind weltweit in der 

Literatur nur drei als Zelllinien (SCCOHT-1 [66], BIN-67 [63] und OS-1 [65]) beschriebene 

Modelle dokumentiert, deren Ursprung das SCCOHT darstellt. Hierbei sind insbesondere die 

SCCOHT-1 Zellen zu erwähnen, die als erstes Modelsystem für die SCCOHT Erkrankung 

auch in vivo ein tumorigenes Potenzial zeigen [66]. Im Rahmen meiner Diplomarbeit und 

durch Vorarbeiten der Arbeitsgruppe um Prof. Ralf Hass war es möglich, diese Zellen als 

Zelllinie zu charakterisieren [66], die anschließend den Grundstein dieser Arbeit legten. 

 

3.1 Exogene Kalziumstimulation und dessen Einfluss auf die Proliferation von 
Ovarialkarzinomen 

 
Der Begriff „Hyperkalzämie“, der sich im Namen der hier untersuchten Tumorerkrankung, 

des kleinzelligen Ovarial Karzinoms vom hyperkalzämischen Typ wiederfindet, beschreibt 

das Phänomen eines erhöhten Serum-Kalziumspiegels. Hierbei unterscheidet man je nach 

Schweregrad zwischen einer milden (2,5–3,0 mmol/L), moderaten (3,0–3,5 mmol/L) und 

schweren Hyperkalzämie (> 3,5 mmol/L). In einer Untersuchung aus dem Jahr 2013 stellten 

Wissenschaftler einen Zusammenhang zwischen der totalen und der ionisierten 

Serumkalziumkonzentration und der Sterblichkeit von Patientinnen mit einem 

Ovarialkarzinom fest. Sie postulieren die Hypothese, dass eine Erhöhung der 

Kalziumkonzentration im Serum einer Patientin als potenzieller Marker zur vorsorglichen 

Änderung der Behandlungsstrategie eingesetzt werden könnte [52]. Durch das Zufügen von 

exogenem Kalzium in das Kulturmedium von Zellen der Zelllinien SK-OV-3, 

NIH:OVCAR-3 (ovariale Adenokarzinome) und SCCOHT-1 war es möglich, die 

verschiedenen Stufen einer Hyperkalzämie im in vitro Versuchsansatz zu simulieren. Hierfür 

wurden die Zellen in einer Umgebung mit 1,6 mmol/L, 3,2 mmol/L oder 6,4 mmol/L eines 
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kalziumhaltigen Mediums kultiviert. Es konnte eine wachstumsinhibierende Wirkung bei den 

Zellen beobachtet werden, die im Kulturmedium mit erhöhter Kalziumkonzentration kultiviert 

wurden. Um zu überprüfen, ob es sich hierbei um einen kalziumspezifischen Effekt handelt, 

wurden die Zellen ebenfalls mit den korrespondierenden Magnesiumkonzentrationen 

inkubiert. Das Vorhandensein einer erhöhten Anzahl von Magnesium-Ionen zeigte dabei 

keinen signifikanten Einfluss auf die proliferative Kapazität der untersuchten Zellen. Mit 

Hilfe eines weiteren Tumortyps (Brustkrebszelllinie MDA-MB 231) konnte gezeigt werden, 

dass diese im Vergleich zu den untersuchten Ovarialkarzinomzellen weniger stark sensitiv auf 

das Vorhandensein von hohen Kalziumkonzentrationen reagierten. Diese Beobachtung 

bestätigt ebenfalls das Ergebnis einer Studie von Journé et al. [137]. In dieser Studie wurden 

Brustkrebszellen (MDA-MB 231) mit einer Kalzium- und Magnesiumkonzentration von bis 

zu 2,0 mmol/L inkubiert, dabei zeigten sich ebenfalls keine signifikanten Änderungen in der 

Proliferation.  

 

Neben der Tatsache, dass es unter der Verwendung von hohen Kalziumkonzentrationen zu 

einer Wachstumsinhibition kommt, zeigen diese mit exogenem Kalzium inkubierten Zellen 

eine deutlich veränderte Morphologie im Vergleich zu den Kontrollzellen, gleichzeitig ist ein 

deutlicher Anstieg der subG1-Phase bei Zellzyklusmessungen festzustellen. Daraus lässt sich 

schließen, dass die Zellen nicht über einen Zellzyklus-Arrest, sondern durch 

Zellschädigungen/Zelltod aus der Kultur eliminiert werden. Wie bei Trump et al. beschrieben, 

kann es in Folge einer hohen extrazellulären Kalziumkonzentration zu einer Störung der 

intrazellulären Kalzium-Homöostase kommen, was wiederum zu einer Schädigung der Zellen 

führt und im Fall eines nicht zu behebenden Schadens den Zelltod initiiert [138]. Eine weitere 

Erklärung konnte in einer anderen Studie gezeigt werden. Hier wird ein Prozess der 

programmierten Nekrose („necroptosis“) postuliert, der nach einer zytosolischen 

Kalziumakkumulation in xenotransplantierten Mäusen mit humanen Neuroblastom auftrat 

[139]. 

 

3.2 Wie wirkt sich die exogene Kalziumstimulation auf die molekularen 
Prozesse der Zelle aus? 

 
Die Untersuchung einiger kalziumsensibler Proteine zeigte auf molekularer Ebene keinen 

signifikanten Einfluss, wie beispielsweise das nach exogener Kalziumstimulation auf 

Kalziumschwankungen im Endoplasmatischen Retikulum der Zelle reagierende Protein 

STIM-1 (stromal interaction molecule-1). STIM-1 sorgt als sogenannter Kalziumsensor dafür, 
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dass bei erniedrigtem Kalziumspiegel im Endoplasmatischem Retikulum die ICRAC 

(Calcium released activated calcium current) Ionenkanäle, die aus dem Protein ORAI1 

(Calcium release-activated calcium channel protein 1) aufgebaut werden, an der Plasma-

membran aktiviert und damit geöffnet werden. Dadurch kommt es zu einer Einströmung von 

Kalziumionen ins Zellinnere, so dass die leeren Kalziumspeicher wieder aufgefüllt werden 

können [140]. Ein weiteres wichtiges Protein der Kalziumregulation in Zellen stellt der IP3-

Rezeptor (Inositoltriphosphate receptor) dar. Seine Aufgabe besteht darin, das im 

Endoplasmatischen Retikulum gespeicherte Kalzium, nach entsprechender Ligandenbindung 

mit IP3 freizusetzen. Die Generierung der dafür notwendigen Signalmoleküle als „Second-

Messenger“, IP3 und DAG (Diaclglycerol), erfolgt durch die hydrolytische Spaltung von 

vorzugsweise PIP2 (Phosphatidylinositol-4,5-biphosphat) durch Phospholipase C (PLC). 

Auch bei diesem Protein konnte eine kaum detektierbare Stimulation durch exogenes 

Kalzium beobachtet werden. Im Gegensatz dazu war eine verstärkte Phosphorylierung und 

damit Aktivierung des Proteins p44/42 MAPK (ERK1/2) durch die exogene Stimulation mit 

Kalzium zu beobachten. Das Protein p44/42 MAPK aktiviert darauf das zytosolische Protein 

PLA2 (Phospholipase A2) [141]. Im nächsten Schritt spaltet PLA2 aus den Phospholipiden 

der Zellmembran die mehrfach ungesättigte Fettsäure Arachidonsäure ab. Der dadurch 

ansteigende Spiegel von Arachidonsäure wird durch die Cyklooxygenasen COX-1 und 

COX-2 zu verschiedenen Prostanoiden, insbesondere PGE2 (Prostglandin E2) metabolisiert 

[142,143]. Diese durch exogenes Kalzium stimulierte Phosphorylierung von p44/42 MAPK 

und dessen nachfolgender Signalweiterleitung konnte bei den in dieser Arbeit verwendeten 

Ovarialkarzinomzellen gezeigt werden. Es konnte ebenfalls nachgewiesen werden, dass dieser 

Effekt sowohl zeit- als auch konzentrationsabhängig ist. Dies weist auf eine metabolische 

Modifizierung dieser Zellen während der malignen Transformation und deren weiterer 

Entwicklung hin. Durch die Bindung von PGE2 an die Prostaglandin E Rezeptoren EP2 und 

EP4 kommt es zur Weiterleitung suppressiver Effekte, woraufhin eine gesteigerte Produktion 

von zyklischen AMP (cAMP) zu beobachten ist. Alternativ hat die Bindung von PGE2 an 

EP3 auch immunstimulierende Eigenschaften, wodurch der cAMP-Spiegel sinkt. Das 

bedeutet also, dass durch eine PGE2 vermittelte Immunmodulation von Entzündungs- und 

Immunzellen diese zur Unterstützung der Tumore und einer weiteren Tumorgenese dienen 

können [144].  

 

Es konnte ebenfalls in dieser Arbeit gezeigt werden, dass eine Stimulation mit PGE2 

(1 pg/mL-10 ng/mL) keinen signifikant messbaren Einfluss auf das proliferative Verhalten 
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der untersuchten Ovarialkarzinomzellen zeigt und der Einsatz eines MAPK Inhibitor 

(PD98059) die Synthese von PGE2 komplett supprimierte. In der Literatur findet man 

unterschiedliche Ergebnisse im Bezug auf den Einfluss von PGE2 auf die Proliferation von 

Zellen. So berichtet zum Beispiel Donnini et al. [145], dass PGE2 (1–1000 nM) einen 

signifikant wachstumssteigernden Einfluss auf die Proliferation bei Zellen des 

Plattenepithelkarzinom zeigte. Dagegen konnte die Arbeit von Tobey et al. [146] keinen 

wachstumssteigernden Effekt auf das proliferative Verhalten durch exogen stimuliertes PGE2 

(5–5000 ng/ml) bei humanen Fibroblasten aus der Lunge feststellen, stattdessen wurde initial 

ein wachstumsinhibierender Effekt beobachtet.  

 

Zusammenfassend kann festgestellt werden, dass bei SCCOHT-1 und auch anderen 

Ovarialkarzinomzellen eine erhöhte exogene Kalziumkonzentration die Produktion von PGE2 

spezifisch über die p44/42 MAPK Aktivierung stimuliert. Dies führt parallel zu einer 

Induzierung des Zelltods. Die gezeigten Ergebnisse deuten darauf hin, dass ein erhöhter 

Kalziumwert eine mögliche physiologische Antitumor-Strategie für das SCCOHT in 

Unterstützung mit einer kombinierten chemotherapeutischen Behandlung darstellen könnte 

[147]. 
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Abbildung 3-1: Schematische Darstellung der durch exogenes Kalzium stimulierten MAPK Kinase Stimulierung der 
PGE2 Produktion im Ovarialkarzinom (A) und die inhibierende Wirkung des MAPK Inhibitors (B). (adaptiert nach 
Agard et al. [148]) 

 

3.3 Medikamentenscreening beim SCCOHT  
 
Betrachtet man die Tatsache, dass die Therapie der Wahl zur chemotherapeutischen 

Behandlung des SCCOHT zumeist aus der Kombination von Cisplatin und Etoposid oder 

Carboplatin und Taxan gefolgt von einer Strahlentherapie [43,51] besteht, dabei allerdings die 

Anzahl der Rezidive äußerst hoch ausfällt und nur ein verschwindend geringer Anteil der 

Patientinnen diese Erkrankung länger als 5 Jahre überlebt [46,149,150], so verwundert es 

nicht, dass bis zum jetzigen Zeitpunkt keine „speziell“ auf das SCCOHT abgestimmte 

Therapieempfehlung in der Fachwelt existiert. Dieses Fehlen einer spezifischen Therapie 

beruht auf der geringen Anzahl der jährlich auftretenden Fälle und einer zu späten Diagnostik 

verbunden mit einem häufig hohen FIGO-Stadium, wobei die angesetzte Behandlungs-

methode nahezu der tumortherapeutischen Standardbehandlung des gemeinen Ovarial-

karzinoms entspricht. Aufgrund der Seltenheit der SCCOHT-Tumorerkrankung, verbunden 

mit der hohen Sterblichkeit der Patientinnen, ist es sehr schwer, über den im Einzelfall 

versuchten Heilversuch hin zu einer aussagekräftigen klinischen Studie zu kommen. Eine 

essenzielle Zwischenstufe stellt dabei unser Zellmodell (SCCOHT-1) und das durch die 

Gruppe von Gamwell et al. etablierte Zellsystem (BIN-67) [63] dar. Mit der Verwendung 

dieser beiden Zelllinien war es erstmals möglich, diese seltene Erkrankung in vitro auf 

unterschiedliche Wirkstoffklassen hin zu untersuchen, was in diesem Umfang und aus 

ethischen Gründen am Patienten nicht möglich gewesen wäre. Im Rahmen dieser Arbeit 
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wurden die in vitro Untersuchungen parallel zum Vergleich ebenfalls an zwei ovarialen 

Adenokarzinom-Zelllinien (SK-OV-3 und NIH:OVCAR-3) durchgeführt. Dabei stellte sich 

heraus, dass die SCCOHT-1 Zellen gegenüber beiden Platinpräparaten (Cis- und Carboplatin) 

eine Insensitivität bzw. Resistenz zeigten. Dies konnte ebenfalls bei den Zellen des SK-OV-3 

und NIH:OVCAR-3 beobachtet werden und deckt sich mit dafür in der Literatur 

beschriebenen Ergebnissen [151,152]. Das Vorliegen einer Resistenz gegenüber den 

Platinpräparaten konnte ebenfalls mit Hilfe von Zellzyklusanalysen bestätigt werden. Dies 

lässt die Frage aufkommen, ob die Verwendung dieser Chemotherapeutika als Standard 

Medikation bei Patientinnen mit SCCOHT wirklich einen sinnvollen Therapieansatz darstellt. 

Auch wenn in einer Metaanalyse von 2011 [44] diskutiert wurde, dass die Verwendung von 

Platinpräparaten mit einer verbesserten Überlebenschance in Verbindung gebracht werden 

kann, war zu beobachten, dass die Verwendung dieser Substanzen in der Praxis zu keinem 

bahnbrechenden Anstieg der Patientinnen mit einer Überlebensrate > 5 Jahre führte, 

geschweige denn, eine Heilung mit diesen Präparaten bei einem Großteil der Patientinnen 

eintrat. Daher sollte man das Augenmerk nicht von Reagenzien abwenden, die auf den ersten 

Blick nicht in das vorherrschende Therapiespektrum passen. Eine solche Stoffklasse könnten 

unter anderem die Mikrotubuli stabilisierenden Präparate, wie das Taxol oder die Epothilone 

und im speziellen das Epothilon B darstellen. Hier konnte gezeigt werden, dass Epothilon B 

einen signifikanten wachstumshemmenden Effekt bei SCCOHT-1 und den ovarialen 

Adenokarzinom-Zelllinien zeigte. Im Jahr 2004 konnte ebenfalls eine Gruppe am Beispiel der 

Zelllinie SK-OV-3 zeigen, dass durch den Einsatz von 10 nM Epothilon B ein Zellzyklus-

arrest und Apoptose zu beobachten war [153]. Die Pharmafirma Novartis hat von November 

2005 bis Februar 2010 eine vergleichende Phase III Studie (NCT00262990) mit Patupilon 

(Produktname von Epothilon B) bei Patientinnen mit einem Ovarialtumor durchgeführt, die 

eine Taxan/Platin Resistenz aufweisen. Dieser Therapieansatz wurde verglichen mit einer 

Behandlung der Tumore mit pegyliertem, liposomalen Doxorubicin. Es stellte sich heraus, das 

Patupilon keinen signifikant verbesserten Therapieansatz darstellt im Vergleich zu der aktiven 

Kontrollgruppe, die mit Doxorubicin behandelt wurde [154]. Der wachstumsinhibierende 

Effekt von Epothilon B ist begleitet von der Aktivierung einer Vielzahl von Proteinen, die 

eine wichtige Rolle bei der Zell- und DNA-Schadensantwort spielen. Parallel hierzu wurde 

außerdem eine erhöhte Expression von HSP27(pSer82) und P53(pSer15) detektiert. Dieser Anstieg 

korrelierte mit dem Anstieg der Apoptoserate/Zelltod in den behandelten Zellen und stellte 

sich als eine Akkumulierung der SCCOHT-1 Zellen in der subG1-Phase des Zellzyklus dar. 

Eine Möglichkeit von Zellen, auf Stress zu reagieren, wie hier durch Epothilon B induziert, 
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stellt die Phosphorylierung von HSP27 dar, wobei dieser Schutzmechanismus nur eine 

begrenzte Wirkung hat. Zum Beispiel kann HSP27 die Formation von Apoptosomen 

inhibieren [155], durch veränderte BID Verteilung an der mitochondrialen Membran der 

Zellen (BH3 interacting-domain death agonist) und blockiert so die Fas/(CD95) vermittelte 

Apoptose [156]. In einem Artikel aus dem Jahr 2006 beschreibt Casado et al. die 

Phosphorylierung von HSP27(pSer82) bei Brustkrebszellen nach Inkubation mit Vincristin 

(einem Vinca-Alkaloid, das ebenfalls über die Mikrotubulistabilisierung wirkt) [157]. Dies 

scheint ebenso ein Ansatz der Zellen zu sein, sich gegen eine drohende Apoptose zu schützen.  

 

Als Antwort auf eine Schädigung der DNA in der Zelle kommt es auch zu einer 

Akkumulation des Tumorsuppressorproteins P53 und dessen Phosphorylierung P53(pSer15), 

was zu einem Zellzyklusarrest führt [158]. Kommt es zu einer vermehrten Anreicherung von 

P53 in der Zelle, kann dies zur Aktivierung von Proteinen der BAX/BCL2-Familie führen, die 

über weitere Signalkaskaden Caspasen aktivieren und so die Apoptose initiieren [159]. 

Interessant ist die Tatsache, dass bei der Behandlung einer humanen Ovarialkarzinom-

Zelllinie (A2780) mit Taxol eine Phosphorylierung am Serienrest 20 beobachtet werden 

konnte [160]. Dies lässt eventuell Rückschlüsse darauf ziehen, dass Taxol und Epothilon die 

Phosphorylierung unterschiedlicher Serin-Epitope vermitteln. Ioffe et al. konnte die 

Vermutung bestätigen, dass die Zytotoxizität verschiedener Epothilone über unterschiedliche 

Mechanismen an P53 weitergeleitet wird [161], sodass hier offensichtlich multiple 

Signalwege über P53 existieren. 

 

Als ein wichtiges Verbindungsglied zwischen den in vitro Ergebnissen und der Behandlung 

am Patienten stehen in vivo Versuche. Durch die tumorigene Eigenschaft der SCCOHT-1 

Zellen [66] war es uns möglich, das in den in vitro Daten vielversprechende Chemo-

therapeutikum Epothilon B auch an SCCOHT-1 generierten Tumoren in NODscid Mäusen zu 

untersuchen. Hierbei konnte ein reduziertes Tumorwachstum der mit Epothilon B behandelten 

Mäuse im Vergleich zu den unbehandelten Kontroll-Mäusen beobachtet werden. Dabei stellte 

sich eine unterschiedliche Sensitivität der Zellen in vitro und in vivo auf das verwendete 

Epothilon B heraus. Dieses Phänomen hängt möglicherweise davon ab, dass der Tumor nicht 

isoliert im Körper vorliegt - nur aus Tumorzellen bestehend - sondern im Tumorstroma mit 

einer Vielzahl von anderen tumorassoziierten Zellpopulationen eingebettet ist. Demnach 

erfolgt in vitro eine direkte Exponierung der Tumorzellen mit dem Chemotherapeutikum, 

wohingegen in vivo die Chemotherapeutika ebenfalls auf die Tumormikroumgebung, 
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bestehend aus Extrazellularmatrix, eingebetteten endothelialen Zellen, Immunzellen, 

tumorassoziierten Fibroblasten und mesenchymalen Stammzellen, mitwirken und hieraus der 

erhöhte Bedarf des Chemotherapeutikums resultiert, um die gewünschte Wirkung in vivo 

erzielen zu können [162,163]. In diesem Kontext war auch ein wichtiges Ergebnis, dass die 

molekular eng verwandten Reagenzien Ixabepilon und Epothilon B, die sich nur durch den 

Austausch eines Stickstoffatoms gegen ein Sauerstoffatom voneinander unterscheiden 

(Abbildung 1-5), in der Praxis in vitro bei gleicher Konzentration sehr unterschiedliche 

Effekte ausbildeten. Ixabepilon zeigte erst bei einem ca. 250-fach höheren 

Konzentrationsbereich einen ähnlichen wachstumsinhibierenden Effekt wie Epothilon B. 

Diese Unterschiede können darauf zurückzuführen sein, dass das Ixabepilon-Molekül eine 

instabilere Bindung mit der Bindungstasche des alpha- und beta-Tubulins eingeht, so dass die 

stabilisierende Wirkung auf die Mikrotubuli weniger stark ausgeprägt ist und sich damit die 

geringere Chemosensitivität der Zellen gegenüber Ixabepilon erklären lässt. Ein weiterer 

Grund könnte sein, dass das Ixabepilon ebenfalls eine geringere Bindungsaffinität zu der in 

vielen aggressiven und resistenten Tumoren exprimierten Protein-Isoform Tubulin-β3 

aufweist [164,165]. Diese Isoform konnte auch bei den Zellen des SCCOHT-1, nicht aber bei 

den ovarialen Adenokarzinom Zellen (SK-OV-3 und NIH:OVCAR-3) nachgewiesen werden, 

was wiederum den aggressiven Charakter von SCCOHT-1 Zellen und SCCOHT-1 induzierten 

Tumoren unterstreicht. Die wachstumshemmende Wirkung von Epothilon B konnte ebenfalls 

bei in vitro rekultivierten Zellen von SCCOHT-1 Xenografttumoren festgestellt werden [147]. 

 

3.4 Ist Epothilon B und exogen substituiertes Kalzium eine neue 
Behandlungsstrategie für das SCCOHT? 

 
Im Rahmen weiterführender Untersuchungen zur Optimierung der Behandlungsstrategie von 

SCCOHT sollte der Einfluss einer Kombination der einzeln erfolgversprechenden Therapien 

(unter 3.3 erfolgversprechenden Behandlung der SCCOHT-1 Tumore mit Epothilon B und 

des unter 3.2 erwähnten wachstumsinhibierenden Effekts von exogener Kalziumsubstitution) 

getestet werden. Durch die parallele Anwendung von Epothilon B und exogen hinzugefügtem 

Kalzium konnte eine synergistische Verbesserung des wachstumsinhibierenden Effekts des 

zuvor einzeln verwendeten Epothilon B in vitro und in vivo beobachtet werden. Eine ähnliche 

verbesserte Wirksamkeit eines chemotherapeutischen Präparates durch ein gleichzeitiges 

Verwenden von exogenem Kalzium konnte in einer Studie von Journé et al. gezeigt werden 

[137]. Hierbei wurde die Vermutung angestellt, dass es durch die Bindung von Ibandronat 
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und Kalzium zu einer Akkumulation dieses Komplexes in der Zelle kommen könnte, sodass 

dieser dort seine Wirkung verstärkt entfalten könnte.  

Durch den parallelen Einsatz von Epothilon B und Kalzium bei der Behandlung der 

SCCOHT-1 tumortragenden Mäuse konnte nach Versuchsende eine normale Kalzium-

konzentration im Mausserum festgestellt werden, wohingegen bei unbehandelten 

Kontrollmäusen, sowie bei den ausschließlich mit Kalzium behandelten Mäusen, nach 

Versuchsende eine persistierende Hyperkalzämie zu beobachten war. Diese Ergebnisse zeigen 

einen vielversprechenden Ansatz für einen möglichen Therapieansatz (Behandlungsversuch) 

am Menschen auf. Sie werfen aber auch noch viele Fragen hinsichtlich der hierbei 

ablaufenden Mechanismen auf, die eine Vielzahl an weiteren Untersuchungen erfordert. 

Einige dieser Fragen wären: Warum tritt diese, als Hyperkalzämie beschriebene, messbare 

Kalziumerhöhung im Serum von SCCOHT- und anderer Tumorpatienten auf? Ist die 

Hyperkalzämie dem Vorhandensein des Tumors geschuldet, der eine erhöhte 

Kalziumkonzentration vermittelt, oder ist es der Versuch des Körpers, auf diese 

Tumorerkrankung zu reagieren? Warum wirkt die kombinierte Behandlung der SCCOHT-1 

Xenografttumore mit Epothilon B und Kalzium besser als mit Epothilon B allein? Warum 

zeigt die alleinige Gabe von Kalzium keinen messbaren Einfluss auf das Tumorwachstum? 

 

3.5 Ist der Rezeptor c-Met und sein Ligand ein mögliches Target in der 
Therapie von SCCOHT-Patientinnen? 

 
Ein Ziel dieser Dissertation war es, neue therapeutische Möglichkeiten zur Behandlung von 

SCCOHT zu finden. Durch eine gezielte Untersuchung der Zellkulturüberstände von 

SCCOHT-1 Zellen konnte die konstitutive Sekretion von Zytokin- und Wachstumsfaktoren 

untersucht werden. Hierbei stellte sich heraus, dass die Zellen eine signifikante Menge des 

Wachstumsfaktors HGF (Hepatozyten Wachstumsfaktor) produzieren. Daraufhin richtete sich 

die Fragestellung auf c-Met (Mesenchymal epithelial transition factor), der korrespondierende 

mit einer intrinsischen Tyrosinkinase assoziierte Rezeptor des Liganden HGF. Durch die 

Untersuchung der Zellen der ovarialen Adenokarzinome und der SCCOHT-Zellen 

(SCCOHT-1 und BIN-67) konnte eine starke Expression von c-Met bei SK-OV-3 und 

NIH:OVCAR-3 und eine geringere Expression bei SCCOHT-1 und BIN-67 beobachtet 

werden. Diese Beobachtung geht konform mit zahlreichen Veröffentlichungen in der 

Literatur, die ermittelt haben, dass bei etwa 70 % der humanen Ovarialkarzinome das Protein 

c-Met exprimiert wird und davon bei etwa 30 % überexprimiert vorliegt (ebenso in Zelllinien) 

[166-169]. Der ebenfalls als HGF/SF-Rezeptor bekannte membrangebundene Rezeptor c-Met 
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ist essentiell für die embryonale Entwicklung und spielt eine wichtige Rolle bei der 

Wundheilung [97]. Eine Überexpression von c-Met bei hyperaktiven Tumoren, auch beim 

Ovarialkarzinom, korreliert mit einer schlechten Prognose. Hierdurch kann ein verstärktes 

Tumorwachstum, eine damit gekoppelte Metastasierung und erhöhte Angiogenese beobachtet 

werden [170-172]. Diese Parameter lassen sich auch bei den Eigenschaften der Zellen des 

SCCOHT-1 wiederfinden. Die verstärkte Angiogenese in vivo korrelierte mit einer im 

Zytokin/Wachstumsfaktor-Assay registrierten Sekretion von VEGF und VCAM-1 (Vascular 

cell adhesion molecule 1), da die Freisetzung dieser Wachstumsfaktoren im Mikroumfeld des 

Tumors eine entsprechende Neovaskularisierung fördert. Das gleichfalls von den SCCOHT-1 

Zellen sezernierte IL8 (CXCL8) ist ebenso an der Angiogenese und ferner bei Entzündungs-

reaktionen beteiligt [173]. Die Tatsache, dass SCCOHT-1 Zellen ein ausgeprägtes Produk-

tionsverhalten von Zytokinen und Wachstumsfaktoren zeigen, legt eine über autokrine 

Sekretion vermittelte Stimulation der durch c-Met vermittelten Proliferation nahe. Hierzu 

wurde dieses spezielle Ligand/Rezeptorpaar im Hinblick auf ein potenzielles spezifisches 

therapeutisches Target genauer untersucht. 

 

Durch exogene HGF Stimulierung konnte die Phosphorylierung von c-Met und durch dessen 

Signalweiterleitung die Phosphorylierung der p44/42 MAPK Kinase bei den Zellen der 

ovarialen Adenokarzinome und den SCCOHT-Zellen beobachtet werden. Dabei besitzt c-Met 

gleich mehrere Bindungsdomänen auf der zytosolischen Seite, die mittels Phosphorylierung 

der Tyrosin-Reste aktiviert werden, um über weitergeleitete Signale schließlich MAPK/ERK 

zu aktivieren. Dies wiederum führt zu einer Stimulierung der Proliferation und einer damit 

verbundenen Zellzyklusprogression bei einer Vielzahl verschiedener Tumortypen (inkl. 

Ovarialkarzinom) [94,167,174,175].  

 

Um c-Met und HGF als therapeutisches Target nutzen zu können, kommen drei 

Herangehensweisen in Frage: 1) Störung der Ligand/Rezeptor Interaktion, 2) Inhibierung der 

katalytischen Tyrosinkinase Aktivität und 3) Blockierung der Interaktionen des aktivierten 

Rezeptors mit seinen Effektoren. Als initialer Ansatzpunkt wurden zunächst Multi-Target 

Tyrosinkinase Inhibitoren (TKI) verwendet, im speziellen Crizotinib und Foretinib. Hierbei 

konnte gezeigt werden, dass Foretinib effizienter als Crizotinib die konstitutive und die durch 

HGF induzierte Phosphorylierung von c-Met und somit auch die Phosphorylierung der MAP 

Kinase der getesteten Zellen blockieren konnte. Folglich wurde durch den Einsatz der beiden 

c-Met Inhibitoren bei allen Zellen ein G2/M Zellzyklusarrest beobachtet und bestätigte somit 
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die Ergebnisse von Zillhard et al., der dieses Ereignis schon für die Zelllinie SK-OV-3 

beschreiben konnte [176]. Aufgrund der höheren Potenz von Foretinib in Bezug auf die 

wachstumsinhibierende Eigenschaft bei SCCOHT-1 und BIN-67 Zellen und der Tatsache, 

dass Foretinib bereits erfolgsversprechend bei in vivo Studien (Lungenmetastasen [177], 

Hedgehog Medulloblastom [178] und Nichtkleinzelligen Lungenkarzinom [129]) eingesetzt 

werden konnte, wurde diese Substanz auch bei in vivo Versuchen zum SCCOHT getestet. Bei 

den IHC-Färbungen von 15 originalen SCCOHT Tumorproben konnte bei ca. 60 % der 

untersuchten Schnitte eine c-Met Expression und bei ca. 30 % keine c-Met Expression 

beobachtet werden. Diese Unterschiede in der c-Met Expression konnten ebenfalls in den 

SCCOHT Zelllinien beobachtet werden (BIN-67 < 6,5 %, SCCOHT-1 ~ 41 %). Im in vivo 

Versuch konnte in beiden Fällen ein substantieller therapeutischer Effekt von Foretinib durch 

ein vermindertes Wachstum der Tumore im Vergleich zu den Kontrolltumoren beobachtet 

werden. Es zeigte sich kein Effekt des Foretinib hinsichtlich der Stärke des exprimierten 

c-Met der injizierten Zellen außer der Auffälligkeit, dass die Tumorentwicklung der BIN-67-

Tumore im Vergleich zu den der SCCOHT-1-Tumore deutlich länger dauerte. Dieses 

Ergebnis lässt vermuten, dass die Verwendung von Foretinib ein weiterer möglicher 

Therapie-Baustein für diese Tumorart darstellen könnte.  

 

Um den substanziellen Beitrag von c-Met bei der Proliferation von SCCOHT-1 zu 

untersuchen, wurde das Protein mit der Hilfe eines siRNA Knockdown herunterreguliert. Es 

konnte gezeigt werden, dass diese Herunterregulation von c-Met sich in einer verlangsamten 

Proliferation, einem Anstieg der G0/G1-Phase und einer erniedrigten S-Phase im Zellzyklus, 

sowie einer fehlenden Phosphorylierung von MAPK nach HGF Stimulation zeigte. Darüber 

hinaus wurde in den in vivo Versuchsreihen ein reduziertes Tumorwachstum beobachtet. Eine 

verringerte Proliferationsrate der SCCOHT-1 Zellen war sieben Tage nach Transfektion mit 

c-Met siRNA wieder auf ein normales Niveau zurückgekehrt und korrelierte mit einer wieder 

detektierbaren c-Met-Expression im Western Blot. 

 

Neben der Inhibition des c-Met Signalwegs konnte eine negative Regulierung des VEGFR2-

Rezeptors im Tumormikromilieu der mit Foretinib behandelten Mäuse beobachtet werden. 

Dieser Effekt war durch eine verminderte Ausprägung der wachstumsassoziierten Strukturen 

im Tumormikromilieu begleitet, darunter eine deutlich verringerte Vaskularisierung des 

Tumors. Unterstützende Evidenz bezüglich der Antitumoraktivität von Foretinib durch die 

Inhibition der c-Met und VEGFR-2 vermittelten Signalweiterleitung zeigen auch 
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unterschiedliche Tumormodelle (hepatozelluläres Karzinom [179], Nierenzellkarzinom [180] 

und Magenkarzinom [93]) und bestätigen die Wirksamkeit. Allerdings zeigt keine dieser 

Studien das parallele und ebenso wichtige Potenzial von Foretinib zur Blockierung der 

Neovaskularisierung im Tumormikromilieu, welches eine entscheidende Wirkung bei den 

SCCOHT Tumoren entfaltet. Zur Tumormikroumgebung konnte gezeigt werden, dass 

während der Interaktionen von SCCOHT-1 Tumorzellen mit nachbarschaftlichen 

mesenchymalen Stammzellen ein Transfer von Proteinen, RNA (Exosom) und anderem 

biologischen Material stattfinden kann. Dies kann zu veränderten Zellfuktionalitäten und zu 

einem Anstieg der Heterogenität des Tumors beitragen [162,163,181-183]. 

 

3.6 Neue Hinweise über die Entität von SCCOHT 
 
Ein Prinzip, auf dem die Wissenschaft beruht, ist die Tatsache, dass sie auf bestehendem 

Wissen weiter aufbaut und damit auch bereits bekanntes Wissen auf Korrektheit hinterfragt 

und überprüft. Beispielsweise ist die Ätiologie von SCCOHT bis zum jetzigen Zeitpunkt 

ungeklärt. Es wurde und wird immer wieder darüber spekuliert, dass die Zellen dieses Tumors 

epithelialen oder mesenchymalen Ursprungs sind [38,136,184,185], wohingegen andere 

Arbeitsgruppen auch einen Keimbahn Ursprung [34] postulierten. Seit der Entdeckung einer 

Mutation von SMARCA4 bei SCCOHT-Patientinnen wird die Abwesenheit des von 

SMARCA4 codierten Protein BRG-1 als potentieller Marker des SCCOHT diskutiert [54-56]. 

Aufgrund einer Reihe von Ähnlichkeiten zwischen dem SCCOHT-1 und dem malignen 

rhabdoiden Tumor (u.a. Mutation von SMARCA4) vermuten momentan einige Wissen-

schaftler einen gemeinsamen Ursprung dieser beiden Tumorarten und fordern eine Umbe-

nennung in „malignant rhabdoid tumor of the ovary“ [62].  

 

Im Rahmen dieser Arbeit konnte gezeigt werden, dass SCCOHT-1 und BIN-67 Zellen im 

Vergleich zu den ovarialen Adenokarzinom-Zelllinien SK-OV-3 und NIH:OVCAR-3 kein 

BRG-1 exprimieren. Dieses Resultat konnte somit den Verlust der Expression von BRG-1 bei 

BIN-67 [55] im Gegensatz zur Präsenz der BRG-1 Expression bei SK-OV-3 Zellen [186] 

bestätigen. Weiter konnte durch eine Charakterisierung der beiden SCCOHT Zelllinien im 

Vergleich zu zwei ovarialen Adenokarzinom-Zelllinien gezeigt werden, dass es signifikante 

Unterschiede in der Expression der Oberflächenmarker [CD90 (+), CD326 (-), Mesothelin (-)] 

und in der Filament-Expression [Vimentin (+), panCK (+ niedrig)] gibt. Dies lässt die 
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Schlussfolgerung zu, dass es sich beim SCCOHT tatsächlich um eine separate Tumorentität 

handelt.  

 

3.7 Ausblick 
 
Die aus dieser Arbeit neugewonnenen Erkenntnisse liefern erstmals spezifische mögliche 

Therapieansätze auf molekularer Ebene zur gezielten Behandlung der SCCOHT Tumor-

erkrankung, was die Grundlage für einen translationalen Ansatz von der Grundlagen-

forschung zur Anwendung in klinischen Studien bietet. Die Ergebnisse dieser Arbeit müssten 

dabei mit einer größeren Fallzahl multizentrisch in klinischen Studien getestet werden. Ferner 

sollte berücksichtigt werden, durch breiter angelegte und kombinierte Testreihen mögliche 

Synergismen von potenten Therapeutika zu identifizieren, um damit die Therapie von 

SCCOHT-Tumorpatientinnen weiter zu verbessen. 
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