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Kurzreferat

Die Zellkulturtechnik ist eine wichtige Forschungsmethode im Bereich der Zellbiologie und
Biomedizin. Wesentliche Unterschiede zwischen den Zellen in vivo und Zellen in vitro sind jedoch
deren Wachstumsbedingungen. Wahrend in Laboren Schilddriisenzellen als adhdrenter Zellrasen am
Boden von Kulturflaschen wachsen, zeigen sie im Korper ein dreidimensionales (3D)-Wachstum.
Bilden sich Tumore im Kdrper, so kann das Abl6sen aus dem Zellverband in Form von multizellularen
Aggregaten (z.B. Metastasen) beobachtet werden. Sphéaroide gleichen Metastasen in hohem MaRe, da
auch sie ein 3D-Wachstum und das Abldsen als Zellaggregate unter Laborbedingungen zeigen. Eine
Mdglichkeit diese Spharoide kinstlich zu erzeugen ist die Nutzung von Bodenanlagen (Ground-based
Facilities - GBF-Anlagen) zur Simulation von Mikrogravitation auf der Erde im Laboratorium. Dazu
werden im Rahmen dieser Arbeit die Random Positioning Machine (RPM) und der zweidimensionale
(2D)-Klinostat (CN) genutzt. Ein Vergleich beider Versuchsmethoden an der Zelllinie FTC-133 wurde
in der Arbeit ,,Thyroid cells exposed to simulated microgravity conditions — comparison of the fast
rotating clionstat and the random positioning machine* publiziert. In der Veroffentlichung ,,Common
effects of cancer cells exerted by a random positioning machine and a 2D clinostat* wurden fir die
Zelllinien ML-1 und RO82-W-1 ebenfalls vergleichende Untersuchungen auf diesen Bodenanlagen
vorgenommen. Mechanismen fur die Bildung von Sphéroiden wurden in den Arbeiten ,,Spheroid
formation of human thyroid cancer cells under simulated microgravity: a possible role of CTGF and
CAV1“ und ,,Cytokine release and focal adhesion proteins in normal thyroid cells cultured on the
random positioning machine” untersucht. Diese Studien wurden durch die European Space Agency
(ESA) und durch das Deutsche Zentrum fir Luft- und Raumfahrt (DLR) unterstitzt.

Schlisselworter
Multizelluldre Sphéroide; Schilddriisenzellen; Random Positioning Machine; 2D-Klinostat; simulierte

Mikrogravitation; adhdrentes Wachstum
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Vorwort

1. Vorwort

Die vorliegende Arbeit wurde von Februar 2013 bis Marz 2017 am Universitatsklinikum, Klinik fir
Plastische, Asthetische und Handchirurgie, der Otto-von-Guericke Universitdit Magdeburg in der
Arbeitsgruppe von Frau Prof. Grimm Gravitationsbiologie und Translationale Regenerative Medizin
angefertigt. Von Februar 2015 bis April 2016 wurde die Arbeit auf Grund von Mutterschutz und

Elternzeit unterbrochen.

Die Experimente auf der RPM wurden in der Gruppe Weltraummedizin bei Frau Prof. Grimm am
Institut flr Biomedizin, Universitat Aarhus, in Danemark durchgefihrt. Vorversuche auf dem
Klinostaten fanden am Deutschen Zentrum fir Luft- und Raumfahrt (DLR), Institut fiir Luft- und
Raumfahrtmedizin, Ko&ln in der Abteilung Gravitationsbiologie, geleitet von Frau PD Dr.
Hemmersbach, statt. Durch die Teilnahme an der Helmholtz Space Life Science Research School des
DLR im Institut fir Luft- und Raumfahrtmedizin, dem Mentoring und Coaching Programm Sachsen-
Anhalt (MeCoSa) sowie der Graduiertenschule der Otto-von-Guericke-Universitdt Magdeburg,

konnten diverse interdisziplindre Vortrage und Workshops wahrgenommen werden.
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Preface

2. Preface

The present doctoral thesis was prepared from February 2013 until March 2017 at the University
hospital, Clinic for Plastic, Aesthetic and Hand Surgery, of the Otto-von-Guericke University
Magdeburg, in the group Gravitational Biology and Translational Regenerative Medicine of Prof.

Grimm. The work was interrupted from February 2015 until April 2016 due to parental leave.

The experiments on the RPM were performed in the group Space Medicine of Prof. Grimm, Institute
for Biomedicine, Aarhus University, Denmark. Preliminary tests on the clinostat were performed at
the German Aerospace Center, Institute of Aerospace Medicine in the division Gravitational Biology
of PD Dr. Hemmersbach. The participation in the Helmholtz Space Life Science Research School of
the German Aerospace Center, the mentoring and coaching program of Saxony-Anhalt (MeCoSa) as
well as the Graduate School of the Otto-von-Guericke University Magdeburg enabled participation in

various interdisciplinary lectures and workshops.
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Professor Manfred Infanger, MD
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University Hospital, Otto-von-Guericke-University Magdeburg,
39112 Magdeburg, Germany

PD Ruth Hemmersbach, PhD
Deputy director

Division head Gravitational Biology
Institute of Aerospace Medicine
German Aerospace Centre (DLR)
Linder Hoéhe

51147 Cologne, Germany
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Zielsetzung

3. Zielsetzung

Die Arbeitsgruppe von Frau Prof. Grimm beschaftigt sich seit vielen Jahren mit Schilddrisenzellen
und dem Einfluss von realer und simulierter Mikrogravitation auf humane Zellen. Ein bedeutender
Meilenstein dieser Forschung war die erste Weltraummission SimBox/Shenzhou-8 im Jahr 2011.
Schilddrusenkarzinomzellen waren fiir 10 Tage der realen Mikrogravitation (r-pg) ausgesetzt und

zeigten die eindeutige Bildung von Sphéroiden.

Das wesentliche Fundament der Weltraumforschung ist die Vorarbeit und die Validierung der
Ergebnisse durch Versuche auf der Erde. In Bodenanlagen (GBF-Anlagen) sollen dabei Bedingungen,
wie sie in r-pg auftreten, simuliert werden. Der Ansatz, gezielt simulierte Mikrogravitation (s-pg) fur
die Sphéroidbildung zu nutzen, ist eine wertvolle Ergdnzung und in Zukunft mdglicherweise eine
Alternative zu Experimenten in r-pg, die diverse Vorteile gegentiber herkdommlicher Methoden bieten.
Diese werden in dieser Arbeit diskutiert.

Das Ziel dieser Dissertation ist es:
1. Die Eignung der beiden GBF-Anlagen (3D-RPM und 2D-Klinostat) fir die Induktion der Bildung
von Sphéroiden aus adhdrent wachsenden Schilddrisenzellen zu untersuchen und zu vergleichen.

2. Gene und Proteine zu identifizieren, die eine Rolle bei der Spharoidbildung spielen.

Im Rahmen der vorliegenden Doktorarbeit soll die Hypothese geprift werden, ob die Kultivierung von
Schilddrusenzellen sowohl auf der Random Positioning Maschine als auch auf dem Klinostaten zu
Spharoidbildung fiihrt. Im Weiteren soll die Beteiligung der Interleukine IL-6 und IL-8, des

Wachstumsfaktors CTGF und Caveolin-1 an der Spharoidbildung untersucht werden.
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Einleitender Textteil zum Stand der Forschung

4. Einleitender Textteil zum Stand der Forschung

Wéhrend der  deutsch-chinesischen Raumfahrtmission SimBox/Shenzhou-8  wurden
Schilddrusenkarzinomzellen der Linie FTC-133 fir 10 Tage (d) der realen Mikrogravitation ausgesetzt
und unter diesen Bedingungen kultiviert (Pietsch et al. 2013, Ma et al. 2014). Nach Ruckkehr und
Analyse der Proben wurden in den Kulturkammern multizellulare Aggregate, sogenannte
multizellulare Sphéaroide (MCS) gefunden, welche sich neben der adhérent wachsenden Kultur
gebildet hatten. Dieses Verhalten ist besonders interessant, da die besagte Zelllinie unter normalen
Schwerkraftbedingungen (1g) auf der Erde nur ein adhérentes Wachstumsverhalten am Boden der
Zellkulturflasche zeigt. Bereits in friiheren Studien wurde diese besondere Eigenschaft auch flr andere
Zelllinien wie Chondrozyten beschrieben (Freed et al. 1997, Stamenkovic et al. 2010, Aleshcheva et
al. 2013). Die genaue Ursache sowie die Mechanismen, welche fir den Ubergang von einem 2D- in
ein 3D-Wachstum verantwortlich sind, blieben jedoch ungeklért.

Das Auftreten von Sphéroiden konnte fir FTC-133 Zellen in friheren Studien mittels der
Bodenanlage RPM induziert werden (Grosse et al. 2012, Pietsch et al. 2011a), vergleichende
Messungen mit anderen Simulationsmethoden existieren jedoch nicht. Eine nahere Betrachtung der
verschiedenen Methoden zur Simulation von Mikrogravitation auf der Erde, die Bedeutung von
Spharoiden flr die Medizin, sowie die Entscheidung fir Schilddrisenzellen als Modelsystem, werden
in den nachfolgenden Punkten 4.1 bis 4.3. néher erléutert.

4.1 Bodenanlagen — Simulation von Schwerelosigkeit auf der Erde

Die Schwerkraft oder Gravitationskraft ist eine fundamentale Kraft unseres Universums. Sie beruht
auf der gegenseitigen Anziehung von Massen, beispielsweise zwischen der Erde und einem beliebigen
Obijekt auf ihr.

Der Zustand ,,ohne mechanische Unterstiitzung der Masse* wird als sogenannte ,,Mikrogravitation‘
bezeichnet (Briegleb 1992, Herranz et al. 2013). So ist die Schwerkraft auf der Erde zwar
allgegenwartig, kurze Perioden realer Mikrogravitation in Form von ,,freiem Fall“ kénnen dennoch
durchaus erreicht werden. In Fallturmexperimenten konnen etwa 5 Sekunden r-pg erreicht werden, in
Parabelfliigen befinden sich Experimentatoren und Experimente in 31 Parabeln fir jeweils 22
Sekunden im ,,freien Fall*. Auf Hohenforschungsraketen kdnnen je nach Steighdhe 6 bis 12 Minuten
Mikrogravitation erreicht werden. Gemeinsam sind all diesen Experimenten die Phasen in denen die
Massen der Korper frei von mechanischer Unterstutzung sind und somit frei im Raum schweben
(Grimm et al. 2013).
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Einleitender Textteil zum Stand der Forschung

Durch die Nutzung von Satelliten werden auch langere Phasen der r-pug von 1 bis 3 Monaten, bei
Experimenten auf Raumschiffen und Raumstationen wie der Internationalen Raumstation (ISS) oder
der chinesischen Tiangong fur mehrere Tage bis Monate oder gar Jahre mdglich. Selbst auf einer
,»stillstehenden ISS wiirde eine Erdanziehung von 90% der hier auf der Erde spirbaren
Anziehungskraft auf Raumstation und Astronauten wirken. Erst durch das kontinuierliche ,,Fallen* um
die Erde herum erfahren die Astronauten einen scheinbaren Zustand von Mikrogravitation. Man
spricht von Mikrogravitation, wenn die absolute Summe aller massenabhéngigen Beschleunigungen
ein sehr kleines Hintergrundrauschen im ldealfall von etwa 10™ bis 10°°g nicht tiberschreitet (Herranz
et al. 2013, Albrecht-Buehler 1992).

Das AusmaR des Schwerkraftvektors auf der Erde kann nicht verandert werden, wohl aber sein
Einfluss auf einen Modellorganismus (Briegleb 1992, Herranz et al. 2013). Genutzt werden dafur
Bodenanlagen, die im Wesentlichen auf dem gleichen Grundsatz beruhen: einer Randomisierung, also
Anderung, des Einflusses des Schwerkraftvektors durch Bewegung einer Probe um ein oder zwei

Achsen.

Der 2D-Klinostat beruht auf dem Prinzip einer Zentrifuge, besitzt also nur eine Achse (Brown 1992).
Gedndert wurde hier die Rotationsachse, die nicht vertikal, sondern horizontal ausgerichtet wurde und
somit im rechten Winkel zur Richtung des Schwerkraftvektors verlauft. In der Arbeit von Eiermann et
al. 2013 wurde die Nutzung des 2D-Klinostaten fiir adhédrente Zellen beschrieben. Bei einer
Rotationsgeschwindigkeit von 60 rpm und einer maximalen Entfernung zur Achse von etwa 3 mm
werden somit Schwerkraftqualitaten von < 0,012 g erreicht (Eiermann et al. 2013).

Diese Versuchsbedingungen wurden fiir samtliche Versuche dieser Arbeit ibernommen. Das Prinzip

der Simulation von Mikrogravitation wird in Abbildung 1 verdeutlicht.

Bei der RPM werden zwei unabhdngig voneinander rotierende Rahmen genutzt und somit zwei
Rotationsachsen  erzeugt. Permanente  Richtungsédnderungen und eine  Verteilung der
Schwerkraftwirkung auf alle drei Raumachsen werden so ermdglicht (van Loon 2007). Ein
Computerprogramm steuert dabei die maximal zuféllige Bewegung der zwei Rahmen. Durch eine
maximale Entfernung von 7 cm zum Drehzentrum wird eine Beschleunigung von 10™ bis 10 g bei
60°/sec erreicht (van Loon 2007). Die beschriebenen Arbeitsbedingungen von 60°/sec, zufallige
Richtungsédnderungen beider Rahmen und eine maximale Entfernung der Proben von 7 cm vom

Drehzentrum wurden ebenfalls in allen vorgelegten Arbeiten tbernommen.
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A Erdanziehung § B Erdanziehung §

Bodenkontrolle (1g)

Klinororation (s-pg)

2D-Klinostat Random Positioning Machine (RPM)

RPM-Exposition (s-pg)

Abb. 1:  Verdeutlichung des Prinzips der simulierten Mikrogravitation

A: 2D-Klinostat (DLR Koln, Deutschland) im Inkubator mit zeitgleich angesetzten
Bodenkontrollen auf dem Zwischenboden, oben im Bild. Schematische Darstellung der
Wirkung der Schwerkraft auf die Kulturflasche. Die statischen Bodenkontrollen (1g) sind
der konstanten Wirkung der Schwerkraft in eine Richtung ausgesetzt. Proben auf dem 2D-
Klinostaten werden permanent und konstant um die horizontale Achse rotiert. Die Richtung
des Schwerkraftvektors in Bezug zum Flaschenboden andert sich somit kontinuierlich.

B: Random Positioning Machine (RPM, Airbus Defense and Space, friiher Dutch Space,
Niederlande) im Inkubator mit parallel angesetzten Bodenkontrollen, links im Bild. Die
Proben werden permanent und zufallig um zwei Achsen rotiert, permanente
Richtungsénderungen finden statt. Die Richtung des Schwerkraftvektors im Verhaltnis zum
Flaschenboden ist somit ganzlich zufallig und tber alle Richtungen verteilt.

Neben der Klinorotation und der Random Rotation auf der RPM gibt es weitere Moglichkeiten zur
Simulation von Mikrogravitation, die zur Vollstandigkeit kurz erwéhnt werden sollen. Die Rotating
Wall Vessel (RWV) und auch die Diamagnetische Levitation werden zusétzlich in einem
vergleichenden Review von Herranz et al. 2013 n&her betrachtet. Die RWV beruht ebenfalls auf einer
Randomisierung des Schwerkraftvektors und wurde urspriinglich von der National Aeronautics and
Space Administration (NASA) entwickelt. Zellen in Suspension oder auf Mikrotrdgern befinden sich
dabei in stetigem ,freien Fall“, da das kreisformige Kulturgefa? im 90° Winkel zum
Schwerkraftvektor rotiert wird (Schwarz et al. 1992). Die Sedimentation kann somit verhindert
werden. Fiir meine Versuche mit adhérenten Zellen (AD) erschien die RWV nur bedingt geeignet. Bei
Experimenten mit AD missten Mikrotragerperlen verwendet werden, auf denen die Zellen zunéchst
anwachsen miissten, um ihnen dann den ,,freien Fall“ im Medium zu ermdglichen, oder die Zellen
wéren adhérent am Kulturgefd angewachsen und dann gedreht worden, was wiederum zu einem
erhdhten Abstand zur Rotationsachse gefuhrt und somit erhéhte Scherkrafte zur Folge gehabt hétte.

Insgesamt erschien diese Methode somit wenig geeignet und wurde folglich nicht eingesetzt.

Bei der Diamagnetischen Levitation wird der Schwerkraft ein Magnetfeld entgegengesetzt, das die
Zellen zwar in der Schwebe halt, wiederum aber einen starken Einfluss auf die Zellen zeigt

(Hemmersbach et al. 2014). In Mausfibroblasten C3H10T1/2 wurden beim Anlegen eines
14
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Magnetfeldes mit und ohne Levitation, Verdnderungen des Zytoskeletts festgestellt, die demzufolge
nicht auf eine Anderung des Schwerkrafteinflusses zurlickgefiihrt werden konnten, sondern als
Nebenwirkungen des Magnetfeldes einzustufen waren (Herranz et al. 2013). Darber hinaus wird auch
in den Arbeiten von Maret und Dransfeld 1985 beschrieben, dass verschiedene Biomolekile wie
Tubulin, Aktin und auch DNA in L&ésungen durch starke magnetische Felder ausgerichtet werden
konnen. Aufgrund der Kritikpunkte wurde diese Methode fur das gewahlte Modellsystem, humane
Schilddrusenzellen, als wenig geeignet eingestuft.

Fir adhérente Zellen bleiben somit CN und RPM als Mittel der Wahl zur Simulation von
Mikrogravitation bestehen. Nebeneffekte wie Zentrifugalbeschleunigungen, Scherkrafte und
Vibrationen sollten bei der Ernte und Interpretation der Ergebnisse beriicksichtigt werden (Herranz et
al. 2013). AbschlieBend ist zu sagen, dass Bodenanlagen eine kontinuierliche Forschung, allein
stehende Studien, aber auch die Kkosteneffiziente Vorbereitung von Raumfliigen ermdglichen. Sie
konnen daher eine wertvolle Ergénzung bieten, jedoch nicht als Ersatz fur Forschung unter realer
Mikrogravitation gesehen werden (Herranz et al. 2013).

Dariiber hinaus haben die letzten Jahrzehnte der Forschung gezeigt, dass Zellwachstum sowohl unter
realer als auch unter simulierter Mikrogravitation biologische Prozesse beeinflusst, die
mdglicherweise auch fir die Krebsforschung von entscheidender Bedeutung sein kénnen (Becker und
Souza 2013). Auf molekularer Ebene konnten Verdnderungen der Protein- und Genexpression,
erhdhte Apoptose, verlangsamtes Zellwachstum sowie Verdnderungen im Zytoskelett und die
Ausbildung von Spharoiden in Schilddriisenzellen beobachtet werden (Svejgaard et al. 2015, Pietsch
et al. 2011b, Grimm et al. 2002).

4.2 Spharoidbildung — Methoden und Bedeutung in der Medizin

In der herkémmlichen Zellkultur wachsen die meisten Zelllinien adhérent als Monolayer am
Flaschenboden und besitzen daher weniger Zell-Zellkontakte (Becker und Souza 2013). Schon auf
Grund dieser Tatsache zeigen sie nicht vollstdndig die charakteristischen Merkmale eines soliden 3D-
Tumors (Santini und Rainaldi 1999). Zu diesem Zweck wurden verschiedene Methoden zur
Erzeugung von multizellularen Sphéaroiden (MCS) entwickelt. Diese stellen ein intermediares Modell
zwischen 2D-Kultur und in vivo Tumoren dar. Die Kultur von MCS bietet daher eine deutlich bessere
Mdglichkeit fur Studien zur Untersuchung von Metastasen, GefdlRneubildungen in Tumoren und

pharmazeutischen Tests (Grimm et al. 2014, Becker und Souza 2013).

Die grundlegende Fahigkeit von diversen Zelllinien, 3D-Tumorsphé&roide zu bilden, wurde von Santini
und Rainaldi 1999 beschrieben. Die Autoren weisen darauf hin, das sich die Zeitdauer und die

erreichbare GrolRe zwischen verschiedenen Zelllinien stark unterscheiden kann. Diese Beobachtungen
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stimmen mit unseren Erfahrungen an Schilddrisenzellen Uberein. Wahrend maligne FTC-133
Schilddrisenkarzinomzellen dazu neigen sehr schnell grofRe Sphéroide (bis zu 200 pm im
Durchmesser nach 7 d) zu bilden, wurde fur benigne Nthy-ori 3-1 Schilddrisenzellen ein eher
verhaltenes Wachstum beobachtet (< 100 um im Durchmesser nach 7d) (Kopp et al. 2015).

A

B

adharent
wachsende Zellen

adhéarent

wachsende Zellen
i T
T A

Medium, Sphéroide
frei von Zellen im Medium

1g Zellkultur s-ug Zellkultur

Abb. 2:  Zellwachstum bei 1g Bedingungen und unter simulierter Mikrogravitation (s-ug)

erzeugt durch permanente Klinorotation. Gezeigt sind humane Schilddrisenkarzinomzellen
FTC-133. A: Unter 1g Bedingungen sind adhé&rent am Boden der Kulturflasche wachsende
Zellen zu sehen. Das Medium ist frei von Zellen. B: Werden Zellen wéhrend des
Wachstums  durch  permanente  Klinorotation  einer  Randomisierung  des
Schwerkrafteinflusses ausgesetzt, spricht man von simulierter Mikrogravitation (s-pg).
Dabei wird angenommen, dass sich Betrag und Richtung des Gravitationsvektors fiir das
Modellsystem (ber die Zeit zu annéhernd Null mitteln. Nach 24 h sind sowohl adhdrent am
Kulturflaschenboden wachsende Zellen, als auch im Medium frei schwebende
Zellaggregate, so genannte Spharoide (MCS), erkennbar.

Verschiedene Ansétze stehen fur die Erzeugung von MCS zur Verfligung. Bei der weit verbreiteten
Liquid-Overlay-Technik wird eine definierte Menge an Einzelzellen auf eine nicht-adhéasive
Oberflache pipettiert. Ein Beispiel ist eine mit Agarose beschichtete 96-Wellplatte oder eine normale
Kulturflasche mit einem Uberzug aus Agar oder Agarose (Santini and Rainaldi 1999, Carlsson und
Yuhas 1984). Da die Zellen so nicht anwachsen kdnnen, formen sie Zellaggregate. Einzelne Zellen
und unregelmdRig geformte Aggregate werden entsorgt und lediglich gleichméaRige, runde
Zellaggregate werden umgesetzt und auf frisch Gberzogenen Agaroseplatten weiter geziichtet (Santini
and Rainaldi 1999). Ein wesentlicher Nachteil dieser Methode ist der direkte Kontakt der Zellen mit
der Agarose, der zu einer Veranderung der Oberflacheneigenschaften fihren kann. Darlber hinaus

kann keine Umwandlung von 2D- in 3D-Wachstum untersucht werden, da vornehmlich adhdrent
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wachsende Zellen in Suspension eingesetzt werden mussen. Eindeutiger Vorteil dieser Methode ist der
geringe Materialaufwand und die gute Vergleichbarkeit der Sphdroide durch den Einsatz einer
definierten Zellzahl fur jedes Spharoid. Aus diesem Grund wurde auch die Liquid-Overlay-Technik
fiir die n&here Untersuchung des Einflusses der Interleukine IL-6 und IL-8 auf die Sphéroidbildung
genutzt. Die Ergebnisse sind in Svejgaard et al. 2015 bzw. im Punkt 5.2 n&her beschrieben.

Bei der Spinner flask-Technik wird ein Magnetriihrer eingesetzt. Die Zellen werden dafur in einer
Phase des exponentiellen Wachstums mithilfe von Trypsin in eine Einzelzellsuspension tberflhrt.
Eine definierte Zellzahl wird in das Medium in der Spinner flask gegeben. Durch das permanente
Ruhren mit etwa 190 rpm wird ein Anheften der Zellen verhindert und Aggregate werden geformt
(Sutherland und Duran 1984). Bei dieser Technik ist ebenfalls von Nachteil, dass adhdrent wachsende
Zellen durch das Trypsinieren abgel6st und als Suspension in die Spinner flask pipettiert werden und
somit kein Ubergang vom 2D- in das 3D-Wachstum beobachtet werden kann. Dariiber hinaus
unterliegen die Zellen einem stdndigen mechanischen Reiz durch den Rihrer, was als zusatzlicher

Zellstress die Ergebnisse beeinflusst.

Bei der Hanging Drop-Technik wird ein Tropfen des Zellkulturmediums mit einer definierten Zellzahl
an der inneren Oberseite eines Zellkulturgefales aufgetragen. Im unteren Teil des GeféaBes befindet
sich PBS um eine ausreichende Feuchtigkeit im Gefal zu gewdhrleisten und das Austrocknen der
Tropfen zu verhindern. Die Zellen sedimentieren auf dem Boden des Tropfens und bilden Sphéroide
aus (Foty 2011). Klarer Vorteil dieser Methode ist, dass nur Medium und keine kinstlichen
Oberflachen oder Ahnliches zum Ausbilden der Zellen benétigt werden. Die Zellen sind somit keinem
zusétzlichen Stress durch Rihrbewegungen ausgesetzt. Ein Nachteil ist auch hier, dass die Zellen
zuvor trypsiniert werden missen, um sie in Form einer Suspension einsetzen zu kénnen. Somit kann

hier ebenfalls kein Ubergang zwischen den Wachstumsformen beobachtet werden.

Um den tatsachlichen Ubergang aus einem 2D-wachsenden Zellphanotyp zu einem dreidimensionalen
MCS Phéanotyp zu induzieren, bieten sich simulierte Mikrogravitation mit Hilfe der Random
Positioning Machine oder dem Klinostaten an (Abb. 2 und 3, Kapitel 4.1). Zeitverlaufe und

Dokumentationen zum Spharoidwachstum sind in Abb.4 Kapitel 5.2 gezeigt.

4.3 Schilddrise — gesunde Zellen und das Karzinom

Die Schilddrise ist die groite endokrine Driise des menschlichen Kérpers (Heinrich et al. 2014). Das
Schilddrisenkarzinom ist allerdings auch der am meisten verbreitete endokrine Tumor (Agate et al.
2012). Hierbei ist zu erwahnen, dass das papillare Schilddriisenkarzinom (PTC) und das follikulére
Schilddrisenkarzinom (FTC) als differenzierte Schilddrisenkarzinome (DTC) klassifiziert werden

(Liao und Shindo 2012). Die DTC machen etwa 90% der Schilddrisentumorerkrankungen aus und

17



Einleitender Textteil zum Stand der Forschung

haben bei entsprechender Behandlung eine exzellente Prognose (Sherman 2003, Schmidbauer et al.
2017). Die 10-Jahres Uberlebensrate liegt beim minimal invasiven FTC bei 80-90% (O Neill et al.
2010, Grosse et al. 2013).

Die Behandlung der DTC umfasst die teilweise oder vollstdndige Thyroidektomie, also eine operative
Entfernung der Schilddriise, sowie Radiojodtherapien. Bei unzureichender Radiojodaufnahme oder
dem erneuten postoperativen Auftreten von Tumoren, ist die Bestrahlung induziert. Schreitet der
Tumor trotz Radiojodtherapie fort, ist dies hdufig in einer zunehmenden Dedifferenzierung begrindet
und verschlechtert damit die 10-Jahres Uberlebensrate erheblich auf weniger als 15 % (Durante et al.
2006, Grosse et al. 2013). Der Einsatz Ublicher Zytostatika zeigt bei diesen Arten von
dedifferenzierten Schilddriisentumoren eine sehr geringe Resonanz von 0-22% bei gleichzeitig hoher
Toxizitat (Baudine und Schlumberger 2007, Grosse et al. 2013).

Fir die vorliegende Arbeit wurden sowohl Zellen aus gesundem Schilddrisengewebe (Nthy-ori 3-1,
HTU-5) als auch aus malignem Karzinomen (FTC-133, ML-1, RO82-W-1) untersucht, um ein
mdglichst umfassendes Bild zu erzeugen, und allgemeingtiltige Effekte aufdecken zu kénnen.

Die Zelllinie Nthy-ori 3-1 stammt von einer 35-jahrigen weiblichen Patientin. Es handelt sich um
gesunde Schilddrusenfollikelepithelzellen mit einem Plasmid mit SV Genom zur Immortalisierung
(Lemoine et al. 1989). Sie zeigen keine Kanzerogenitit im Mausmodell. Normale
Schilddrisenepithelfunktionen wie Jodaufnahme und Thyreoglobulinproduktion sind weiterhin
vorhanden (Lemoine et al. 1989).

Die HTU-5 Zelllinie stammt ebenfalls von gesundem follikuldren Schilddrisengewebe eines
Organspenders. Die Zellen produzieren weiterhin Thyreoglobulin (Curcio et al. 1994).

Aus einer Lymphknotenmetastase eines 42-jahrigen mannlichen Patienten entstammt die Zelllinie
FTC-133 (Goretzki et al. 1990). Sie wird als niedrigdifferenzierte  follikulére
Schilddrusenkarzinomzelllinie  eingestuft. Die Zellen zeigen Immunreaktivitdt gegeniber
Thyreoglobulin und dem Thyreotropin bzw. Thyreoidea-stimulierendes Hormon (TSH) (Goretzki et
al. 1990).

Aus einem dedifferenzierten follikuldren Schilddrisenkarzinomrezidiv einer 50-jahrigen weiblichen
Patientin (Schonberger et al. 2000) entstammt die Zelllinie ML-1. Trotz operativer Entfernung der
Schilddrise (Thyreoidektomie) und zweifacher Radiojodtherapie, traten erneut Tumore auf. Die
Zelllinie ML-1 zeigt Tumorigenitat im Mausmodell und die Produktion von Thyreoglobulin, Thyroxin
und Tryiiodthyronin (Schonberger et al. 2000).

Aus der Metastase eines follikuldren Karzinoms einer weiblichen Patientin stammt die RO82-W-1
Zelllinie. Die Zellen zeigen Tumorigenitdt im Mausmodell und sind weiterhin in der Lage

Thyreoglobulin zu synthetisieren (Estour et al. 1989)
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Die Studien mit gesunden und malignen Schilddrisenzellen sind in der Arbeitsgruppe von Frau Prof.
Grimm sehr gut etabliert. Diverse Vorstudien standen als Grundlage fiir diese Arbeit zur Verfugung.
Als Vergleichsdaten konnte auf Experimente zum zelluldren Verhalten unter Hypergravitation oder
Vibration und tber Zellversuche unter realer Schwerelosigkeit zuriick gegriffen werden (Pietsch et al.
2013, Ma et al. 2013, Wehland et al. 2016), was eine Einordnung und Bewertung der Daten deutlich
erleichterte.

Abb. 3:  Arbeit in der Zellkultur
A: Luftblasenfreies Fullen der Flasketten fiir Versuche auf dem Klinostaten (CN)
B: Uberpriifung des adharenten Anwachsens der Zellen am Flaskettenboden
C: Befestigung der Flasketten auf dem Klinostaten (DLR, K&ln Deutschland)

5. Ergebnisse und Diskussion der zugrundeliegenden Publikationen

Die Daten der vorliegenden Doktorarbeit habe ich in drei Publikationen als Erstautorin (Warnke et al.
2014, Warnke et al. 2016 und Warnke et al. 2017) publiziert. Dartber hinaus war ich Mitautorin an
der Publikation von Svejgaard et al. 2015. In den folgenden vier Abschnitten 5.1. bis 5.4. wird auf die
genutzten Untersuchungsmethoden eingegangen und die wichtigsten Ergebnisse der Originalarbeiten

zusammengefasst und diskutiert.

5.1 Sphéroidbildung von humanen Schilddrisenkarzinomzellen in
simulierter Mikrogravitation: eine mégliche Rolle von CTGF und
CAV1

Die Bildung von Schilddrisentumorzellspharoiden durch Kultivierung der Zellen auf der RPM st
bereits seit langerem bekannt (Grosse et al. 2012) und erscheint zunédchst vergleichbar mit dem
Entstehen von Sphéroiden unter realer Mikrogravitation. Es fehlten jedoch vergleichende Studien auf
anderen GBF-Anlagen, um diese Ergebnisse zu belegen. Zu diesem Zweck wurde die humane
Schilddrisenkarzinomzelllinie FTC-133 fiir 4 h, 24 h und 3 d sowohl auf dem CN als auch auf der
RPM kultiviert und die Ergebnisse untereinander sowie mit korrespondierenden 1g Kontrollen
verglichen. Als Untersuchungsmethoden wurden die Phasenkontrastmikroskopie zur Bestimmung
eines eventuellen Auftretens von Sphéroiden, die quantitative real time Polymerase-Kettenreaktion
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(RT-gPCR) zur Ermittlung von Anderungen der Genexpression sowie die Multi-Analyte Profiling
(MAP) Technologie zur Untersuchung des Zytokingehalts der gewonnenen Zellliberstande genutzt.
Die Ergebnisse sind in der Publikation ,,Warnke E, Pietsch J, Wehland M, Bauer J, Infanger M,
Gorog M, Hemmersbach R, Braun M, Ma X, Sahana J, Grimm D: Spheroid formation of human
thyroid cancer cells under simulated microgravity: a possible role of CTGF and CAV1. Cell
Commun Signal. 12. 32 (2014) “ verdffentlicht worden.

Die Bildung von Sphéroiden konnte innerhalb von 3 d sowohl in den auf dem CN als auch auf der
RPM kultivierten Proben beobachtet werden, wobei weiterhin ein Teil der Zellpopulation ein
adhérentes Wachstum am Flaschenboden zeigte. Parallel dazu geziichtete Bodenkontrollen (1g),
welche stets im gleichen Inkubator wie die GBF-Anlagen gelagert waren, zeigten ein ausschlieBlich
adhdrentes Wachstum am Boden des Kulturgefales. Rein morphologisch haben also beide GBF-

Anlagen die gleiche Auswirkung auf das Zellwachstum und induzieren die Bildung von Spharoiden.

Auf Grundlage fruherer Studien (Grosse et al. 2012) wurden anschlieRend diverse Zielgene mit Hilfe
der RT-gPCR untersucht. Die ausgewéhlten Gene kodieren fiir verschiedene biologische Bereiche wie
das Zytoskelett, Wachstumsfaktoren, Apoptose, Angiogenese und Signaltransduktion, welche
mdglicherweise mit der Bildung von Sphéroiden in Verbindung stehen kénnen (Grosse et al. 2012).
Als vielversprechender Ansatz zeigte sich hier der Connective Tissue Growth Factor (CTGF). Bereits
nach 4 h konnte eine signifikant erhdhte CTGF-Expression in adhdrenten Zellen fiir beide GBF-
Anlagen im Vergleich zur entsprechenden 1g Kontrolle beobachtet werden. Die Tendenz blieb auch
nach 3 Tagen bestehen, wobei hier interessanterweise in den MCS Proben eine signifikante
Verringerung zu beobachten war. Eine Uberexpression von CTGF wurde in papillaren
Schilddrisenkarzinomen beschrieben und korrelierte dort mit Metastasierung und GrofRe des
Karzinoms (Cui et al. 2011).

Auch fur das Caveolin-1 Gen (CAV1) konnte ein &hnliches Expressionsverhalten auf beiden GBF-
Anlagen beobachtet werden. Zwar zeigte sich fir die AD Zellen keine Anderung, bei den MCS war
ebenfalls nach 3 d eine signifikant verringerte Expression von CAV1 sowohl bei CN als auch bei RPM
Proben auffallig. Das integrale Membranprotein Caveolin-1 ist wesentlich an der Regulierung der
Zellproliferation, Differenzierung und Apoptose beteiligt (Mo et al. 2011). Dariiber hinaus ist die
Verringerung von Caveolin-1 fur die Fahigkeit von Zellen sich in Gewebe zu integrieren
verantwortlich (Lu et al. 2003). Insgesamt zeigten die meisten Gene ein unterschiedliches

Expressionsverhalten, abhangig von der gewahlten GBF-Anlage.

Im nédchsten Schritt wurde die Sekretion von Zytokinen und Wachstumsfaktoren der Tumorzellen in
den Zelliberstand durch MAP-Analysen gemessen. Diese Untersuchungen wurden von der Firma
Myriad-Rouldes Based Medicine (RBM) in Austin, TX, USA durchgefuhrt. Das Ergebnis war
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Uberraschend. Lediglich die Tendenz der Zellen vermehrt Eotaxin-1 und weniger Vascular endothelial
growth factor (VEGF) zu sezernieren wurde fur beide GBF-Anlagen (ibereinstimmend festgestellt. Im
Vergleich zu den 1g Kontrollen wurden jedoch in den RPM Proben nach3 d signifikant hohere Werte
fur Granulocyte-macrophage colony-stimulating factor (GM-CSF), Interleukin-(IL-) 6, 1L-8, Brain-
derived neutrophic factor (BDNF), Eotaxin-1, Intercellular adhesion molecule 1 (ICAM1), IL-10a, IL-
1B, IL-1Ra, 1L-12p40, IL-15, IL-17, IL-23, Matrix metalloproteinase 3 (MMP-3) und Stem cell factor
(SCF) gefunden.

Proben, die auf dem CN kultiviert wurden, zeigten im Uberstand hingegen signifikant geringere Werte
fur GM-CSF, IL-6, IL-8, Macrophage inflammatory protein (MIP)-10, MIP-1 und BDNF als in ihren
korrespondierenden 1g Kontrollen.

Das Ergebnis zeigt, dass zwar beide GBF-Anlagen in der Lage sind, ein Spharoidwachstum bei FTC-
133 Zellen zu induzieren, es aber offensichtlich bei der Zytokinsekretion der Zellen zu deutlichen
Unterschieden kommt. Dies unterstreicht erneut die Bedeutung von Vergleichsstudien, sowie die
Notwendigkeit, die Ergebnisse mit Daten aus realer Mikrogravitation zu vergleichen. Dabei sollten
Zeitrahmen, verwendete Hardware und Prozeduren angeglichen werden, um einen Einfluss von

externen Faktoren auf das Ergebnis zu minimieren.

Bereits kleine Unterschiede kénnen enorme Auswirkungen haben. Dies zeigt die Arbeit von Eiermann
et al. 2013. Die Autoren beschreiben in ihrer Veroffentlichung, dass im Klinostaten bei 60 rpm
Restbeschleunigungen von 0,012g im Bereich von +3 mm um die Rotationsachse herrschen und bis zu
0.036g in £9 mm Entfernung. Bei ihren Untersuchungen zur Expression von Guanylylzyklase A (GC-
A) in gering metastasenbildenden humanen 1F6 Melanomzellen zeigten sich signifikante
Expressionsunterschiede zwischen Zellen, die aus den jeweiligen Bereichen der Flaskette geerntet
wurden. Die Gegenwart von funktionellen natriuretischen peptidsensitiven membrangebundenen GC-
Isoformen in Melanomzellen wurde in friiheren Studien bereits mit der Bildung von Metastasen in
Verbindung gebracht (Ivanova et al. 2001, Kong et al. 2008, Eiermann et al. 2013).

Waéhrend sich die adhdrenten Zellen bei der Ernte aus CN Proben fur die RT-gPCR relativ leicht
separieren lassen, konnen die Uberstande nur fiir das gesamte KulturgefaR geerntet werden, was

wiederum bei der Betrachtung der Ergebnisse der MAP Analyse ber(icksichtigt werden muss.

Insgesamt zeigt diese erste Studie auf Grund der unterschiedlichen Ergebnisse, die bei CN- und RPM-
Kulturen erzielt wurden, die Notwenigkeit von vergleichenden Studien mit unterschiedlichen GBF-
Anlagen. Grundsatzlich sind sowohl CN als auch RPM geeignet, um die Bildung von Sphéroiden zu
induzieren. Zur Untersuchung des Ubergangs von 2D-Wachstum in 3D-Wachstum bieten somit beide
Tools einen wertvollen Ansatz. Gerétespezifische Einflisse missen jedoch stets berticksichtigt
werden. Eine genauere Betrachtung mdglicher geratespezifischer Unterschiede wird in Kapitel 5.3
diskutiert.
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5.2 Kultivierung auf der Random Positioning Maschine und dem 2D-

Klinostaten: Gemeinsame Auswirkungen auf Karzinomzellen

Es handelt es sich bei den untersuchten Zelllinien ML-1 und RO82-W-1 um humane niedrig
differenzierte follikuldre Schilddriisenkarzinomzellen. Biologische Veranderungen nach jeweils drei
und sieben Tagen Kultivierung im CN oder in der RPM wurden in der Publikation ,,Svejgaard B,
Wehland M, Ma X, Kopp S, Sahana J, Warnke E, Aleshcheva G, Hemmersbach R, Hauslage J,
Grosse J, Bauer J, Corydon TJ, Islam T, Infanger M, Grimm D: Common effects on cancer cells
exerted by a random positioning machine and a 2D clinostat. PLoS One. 10:e0135157 (2015)
veroffentlicht.  Als Untersuchungsmethoden wurden Phasenkontrastmikroskopie, Western Blot
Analyse, F-Aktinfarbung sowie Zytokinmessung mittels MAP und Enzyme-linked Immunosorbent
Assay (ELISA) vorgenommen. Darliber hinaus wurden Sphéroide beider Zelllinien mit Hilfe der
Liquid-Overlay-Technik gezichtet, um die Effekte einer zusatzlichen IL-6 und IL-8 Applikation zu

untersuchen.

Auch bei den Schilddriisentumorzelllinien ML-1 und RO82-W-1 konnten bereits nach dreitagiger
Kultivierung, sowohl im CN als auch in der RPM die Bildung von multizelluldren Sphéroiden
beobachtet werden. Die 1g Kontrollproben zeigten ausschliellich ein adharentes Wachstum.
Hinsichtlich der Sphéroidanzahl wurden keine signifikanten Unterschiede beobachtet. Es wurde eine
maximale GrofRe von etwa 0,4 mm bei den MCS festgestellt, wobei kleine und gréRere MCS stets
gemischt auftraten (Abb. 4).

Bei den Zytokinuntersuchungen wurden nach sieben Tagen in den Uberstanden von ML-1 Zellen, im
Vergleich zu den korrespondierenden 1g Kontrollen, sowohl nach RPM- als auch nach CN-
Exposition signifikant erhohte Werte von IL-6 und MCP-1 gemessen. In Immunohistochemischen
Farbungen von papilléren Schilddrisenkarzinomzellen korrelierte eine hohe MCP-1 Expression mit

der Lymphknotenmetastasierung und dem Wiederauftreten von Tumoren (Tanaka et al. 2009).

Im Gegensatz dazu zeigten sich bei den RO82-W-1 Zellen signifikant verringerte Werte fir MCP-1
nach s-pg. Fir die Zytokine IL-6 und auch IL-8 fand sich hingegen eine Erhdhung der Werte im
Vergleich zur 1g Kontrolle, die jedoch nur fir die RPM-Proben eine Signifikanz aufwiesen. IL-8 spielt
eine Rolle bei rheumatischen Erkrankungen (Deleuran et al. 1994) und ist bekannt fur die
Tumorprogression und fir Lebermetastasen in kolorektalen Tumoren (Terada et al. 2005). Da sowohl
IL-6 als auch IL-8 bereits in friheren Studien mit der Bildung von MCS in Verbindung gebracht

wurden (Grosse et al. 2012), sollte dies noch naher untersucht werden.
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Abb. 4: Phasenkontrastmikroskopie von RO82-W-1 nach 1g und s-pug
A: Follikulére Schilddriisenkarzinomzellen RO82-W-1, nach 3 d Kultivierung unter
statischen 1g-Bedingungen, zeigen ein Zellwachstum im adhdrenten Monolayer. B:
RO82-W-1 nach 3 d Kultivierung auf der RPM. Zusétzlich wird ein MCS im
Zellkulturiiberstand gezeigt. C: MCS nach 3 d auf dem Klinostaten (CN) D: RO82-
W-1 Zellen nach 7 d auf dem CN. Zusétzlich wird ein MCS im Zellkulturiiberstand
gezeigt. E: RO82-W-1 nach 7 d unter statischen 1g-Bedingungen, im konfluenten
Monolayer. F: RO82-W-1 nach 7d RPM-Exposition, adhérentes und MCS Wachstum
ist sichtbar. 3D-Aggregate werden durch Pfeile verdeutlicht (Multizellulare Sphéroide;
MCS). (Svejgaard et al. 2015)

Mit Hilfe der Liquid-Overlay-Technik wurden zu diesem Zweck Sphéaroide unter 1g Bedingungen
gezlichtet. 96-Multiwell-Testplatten wurden dafur mit Agarose Uberzogen und 200 pl einer
Zellsuspension in Kulturmedium mit 200 Zellen/pl aufgetragen. Zusétzlich wurden verschiedene
Konzentrationen von IL-6 (1 ng/mL, 10 ng/mL, 100 ng/mL) oder IL-8 (1 ng/mL, 10 ng/mL, 45
ng/mL) zugegeben. Bei allen Versuchen zeigte sich ein positiver Effekt der Interleukinapplikation auf
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die Sphéroidbildung. Wahrend die ML-1 Zellen ohne Interleukingabe lediglich lose Zellaggregate
bildeten, entstanden mit IL-Gabe nach drei und sieben Tagen MCS, die optisch vergleichbar zu den
Sphéroiden nach s-pg Exposition waren. Auch RO82-W-1 Zellen wiesen im Gegensatz zu den
irreguldren Aggregaten ohne IL deutlich kompaktere MCS nach Zusatz von 1L-6 oder IL-8 auf.

Im néchsten Schritt wurde der Einfluss einer zusétzlichen Interleukingabe auf die Bildung der Proteine
B-Aktin, B;-Integrin, Talin-1 und Ki-67 mittels Western Blot Analysen untersucht. Als zusatzliche
Konzentrationen wurden 0,03 ng/mL IL-6 ausgewdhlt, da dies die maximale Konzentration darstellte,
welche in s-pg Proben von ML-1 Zellen sezerniert wurde. Fir IL-8 wurden in s-pg maximal 45 ng/mL
in den Kulturuberstdanden von ML-1 Proben gemessen. Die Versuche zeigten, dass sowohl IL-6 als
auch IL-8 vor allem in physiologischen Bereichen (0,03 ng/mL und 45 ng/mL) diec Mengen an [-
Aktin, Bi-Integrin, sowie KI-67 innerhalb von drei bzw. sieben Tagen erhohten. In Studien von
Gopinathan et al. 2015 wurde IL-6 als ein wichtiger Faktor, der fiur Tumorzellwachstum,

Metastasierung und Angiogenese verantwortlich ist, vorgeschlagen.

Auch Zellen ohne zuséatzliche Interleukingabe, aber mit s-pg-Exposition, wurden in Bezug auf
Anderungen ihres Proteingehalts untersucht. Eine signifikante Reduktion von B-Aktin zeigte sich in
ML-1 Zellen nach CN-Exposition, die Werte von RPM-Proben blieben unveréndert. Bei den RO82-
W-1 Zellen ergaben sich generell keine Anderungen im B-Aktingehalt unter s-pg. p-Aktin ist ein
wichtiger Bestandteil des Zytoskeletts und damit verantwortlich fur Stabilitat, Beweglichkeit und
Struktur der Zelle. Uber eine Uberexpression wurde in den Arbeiten von Xu et al. 2013 bei der

Metastasierung von gastrointestinalen Karzinomen berichtet.

Der Gehalt an B;-Integrin war in beiden Zelllinien nach s-pg-Exposition signifikant vermindert,
unabhéngig von der genutzten GBF-Anlage. Die geringsten Werte waren hier jeweils in MCS zu
finden. B;-Integrin gehort zur Familie der Adhdasionsmolekile und ist somit mafgeblich an der
Bindung an die Basalmembran, der Freisetzung von Adh&sionsmolekiilen und der Invasivitat von
Tumoren in umgebendes Gewebe beteiligt. Sowohl follikulare als auch papilléare
Schiddrusenkarzinome zeigten in Studien von Ensinger et al. 1998 und Demeure et al. 1992 erhohte

Werte von f3;-Integrin.

Weiterhin wurde der Einfluss von s-pg auf die Struktur des Zytoskeletts der Zellen néher untersucht.
Die Zellen wurden nach einer dreitdgigen Exposition auf RPM oder CN mit einer Rhodamin-
Phalloidin-Farbung zur Darstellung des F-Aktins gefarbt und mit den entsprechenden 1g-Kontrollen
verglichen. Es fand sich eine vermehrte Ablagerung von F-Aktin um die duRere Zellmembran bei
adhédrenten Zellen in CN- und RPM-Proben. Diese wurde auch fir sich bildende Sphéroide
beobachtet. Diese Befunde passen sehr gut zu friiheren Studien, die von einem groRen Einfluss der

Mikrogravitation auf zytoskelettale Proteine berichteten (Buravkova und Romanov 2001, Aleshcheva
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et al. 2015, Ulbrich et al. 2011). Zum Teil konnten wahrend eines Parabelflugs bereits nach der ersten
Parabel mit 22s dauernder r-pg-Phase eine Neuordnung des F-Aktinnetzwerkes mit perinuklearer
Ansammlung bei ML-1 Zellen beobachtet werden (Ulbrich et al. 2011).

Zusammenfassend ist zu sagen, dass in dieser Studie oft &hnliche Effekte fiir den Gehalt an
ausgesuchten Proteinen und die Zytokinausschittung nach CN- und RPM-Exposition beobachtet
werden konnten. In den Zelllinien ML-1 und RO82-W-1 induzierte die Kultivierung auf beiden GBF-
Anlagen die Bildungen von Sphéroiden. Dariliber hinaus fanden sich nach s-pg-Exposition
Veranderungen des F-Aktin-Zytoskeletts mit vermehrter Ablagerung um die Zellmembran.
Unterschiede beim Gehalt an Proteinen oder der Sekretion zwischen den Zelllinien sind
mdglicherweise auf die unterschiedliche Herkunft und Charakteristik der Zelllinien zuriickzufihren.
Ein eindeutig positiver Effekt der IL-6 und IL-8 auf die Spharoidbildung konnte mittels Liquid-

Overlay-Technik in dieser Studie nachgewiesen werden.

5.3 Schilddrusenzellen in simulierter Mikrogravitation — Vergleich von

Klinostat und Random Positioning Maschine

Das Verhalten von Schilddriisenkarzinomzellen und gesunden Schilddrisenzellen unter s-pug mit
Fokus auf Wachstumsverhalten, Gen- und Proteinexpressionsmuster sowie Sekretionsverhalten der
Zellen wurde in der Publikation “Warnke E, Kopp S, Wehland M, Hemmersbach R, Bauer J, Pietsch
J, Infanger M, Grimm D: Thyroid cells exposed to simulated microgravity conditions — comparison
of the fast rotating clinostat and the random positioning machine. Microgravity Sci. Technol.
28.247-260 (2016)” zusammengefasst. Ergdnzend wurden die Proteingehalte von B-Aktin und B-
Tubulin mittels Western Blot Analysen fur FTC-133 und Nthy-ori 3-1 nach 7 d RPM-Exposition
erhoben. Verschiedene Aspekte, die bei der Nutzung der GBF-Anlagen CN und RPM auftreten

kdnnen, wurden diskutiert.

Die Experimente wurden durch das CORA-ESA-GBF Projekt-2011-005 (Akronym ,.Device
Comparison‘‘) sowie das ESA-CORA-GBF-2013-001 (Akronym ,,Thyroid I11*) gefordert. Langfristige
Ziele der Forschung waren dabei neben dem grundlegenden Verstdndnis der Zellbiologie, die
Vorbereitung von zukinftigen Weltraumfligen sowie die ldentifizierung mdglicher Ansétze fur die
Therapie von Schilddrisenkarzinomen. GBF-Anlagen erméglichten sowohl eigenstidndige Studien als

auch effiziente Vorbereitung spaterer Mikrogravitationsexperimente.

Diverse friihere Studien haben gezeigt, dass Schilddriisenzellen sowohl in vitro als auch in vivo auf
verénderte Schwerkraftbedingungen reagieren (Kossmehl et al. 2002, 2003, Meli et al. 1998, Martin et

al. 2000, Masini et al. 2012). Die Sphéroidbildung ist dabei von besonderem Interesse, da sie sowohl
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in r-ug als auch in s-pug ohne die Nutzung von Tragermaterial induziert werden konnte. Vor allem fir
die Gewebeziichtungen kdnnte somit die Nutzung von s-ug zur Ziichtung groRerer Gewebestiicke
einen vielversprechenden Ansatz bieten (Grimm et al. 2014). In einer Proteomanalyse zur
Spharoidbildung von FTC-133 Zellen konnte gezeigt werden, dass verschiedene Proteine in fokalen
Adhasionskomplexen den 3D-Zusammenhalt von Zellen fordern (Pietsch et al. 2011a). Diese Proteine
sind vor allem flr die Gewebeziichtung, aber auch fiir weitere Studien zur Metastasierung von

Tumorzellen und pharmakologische Studien von Bedeutung.

In einem weiteren Punkt wurde das Zytoskelett als mdglicher Gravitationssensor betrachtet (Hader et
al. 2017). Als dynamische Struktur verleiht es den Zellen mechanischen Halt, ist formgebend,
ermoglicht aber auch die Anpassung der Zelle an externe Faktoren. Die genauen molekularen
Mechanismen sind weiterhin unklar. Vorselen et al. 2014 schlagen vor, dass die physikalische Kraft
der Gravitation in ein biochemisches Signal umgewandelt werden muss und dass dies mit Hilfe des
Gravitationssensors Zytoskelett geschehen kdnnte.

Ulbrich et al. 2011 zeigten frihe Veranderungen des Zytoskeletts an follikuldaren
Schilddrusenkarzinomzellen nach der ersten Parabel mit 22 s r-ug wahrend eines Parabelflugs. Auch
Boonstra 1999 unterstltzt die These vom Zytoskelett als Gravitationssensor. Er fand in A431

Epidermoidkarzinomzellen nach ca. 7 Min Aufenthalt in der r-pug erhéhte F-Aktinwerte.

Die von mir erhobenen Western Blot Daten fur Nthy-ori 3-1 Schilddriisenzellen nach 7 d RPM-
Exposition ergaben eine signifikante Erhohung des B-Aktin- und B-Tubulinproteins in Zellen, die auf
der RPM inkubiert wurden, im Vergleich zu den korrespondierenden 1g-Kulturen.

Bei den FTC-133 Schilddrisenkarzinomzellen zeigt sich keine signifikante Anderung fiir B-Aktin und
lediglich signifikant erhéhte B-Tubulinwerte in MCS Zellen von RPM-Proben.

Diese Unterschiede kdnnten im Adaptationsverhalten der jeweiligen Zelllinien an die veranderten
Gravitationsbedingungen begrindet sein. Die Differenzierung und die Herkunft der Zellen kénnten
ebenfalls eine Rolle spielen. So handelt es sich beispielsweise bei Nthy-ori 3-1 um normale benigne
Schilddrisenzellen, wahrend die FTC-133 einem niedrig differenzierten  follikuléren
Schilddrisenkarzinom entstammen. Untersuchungen zum Zytoskelett wurden bisher hauptsachlich an
fixierten Zellen nach Abschluss der Experimente durchgefiihrt. Neue vielversprechende Erkenntnisse
werden von dem DLR Projekt mit dem fluoreszenzmikroskopischen Analysesystem fiir biologische
und biomedizinische Forschung im Weltraum (FLUMIAS, Airbus Defense and Space, Bremen)
erwartet. Dies soll die online-in-time-Visualisierung der Dynamik und Adaptation des Zytoskeletts an

lebenden Zellen unter r-pg im Weltall ermdglichen.

Insgesamt konnte beobachtet werden, dass Mikrogravitation eine Vielzahl an Veranderungen sowohl

in gesunden als auch in malignen Schilddrisenzellen bewirkt. Neben Anzeichen fiir Apoptose,
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konnten veréndertes Wachstumsverhalten, ein Einfluss auf Migration, Differenzierung, Zelladhdsion
und Zytokinsekretion beobachtet werden (Pietsch et al. 2011b).

Die Rolle von CN und RPM zur Vorbereitung von Weltraumstudien wurde bestétigt. Eventuelle
Nebeneffekte wie Zentrifugalbeschleunigung, Scherkrafte und Vibrationen mussen bertcksichtigt und
naher untersucht werden (Herranz et al. 2013).

Es besteht eine komplexe Wechselwirkung zwischen Rotationsgeschwindigkeit, daraus resultierenden
Beschleunigungen  und  der  Reaktionszeit des  Modellorganismus  auf  verdnderte
Gravitationsbedingungen (Hauslage et al. 2017). Wird zum Beispiel die Rotationsgeschwindigkeit
verringert, kdnnten zwar geringere Restbeschleunigungen erreicht werden, gleichzeitig erhéht sich die
Expositionszeit des Reizes, zum Beispiel der Schwerkraftwirkung in eine bestimmte Richtung, was fur
die Zelle zu permanenten Stress flihren kénnte (Horn et al. 2011). Auch die Effekte von Vibration und
Hypergravitation werden haufig diskutiert. Frihere Studien mit der Schilddrisenkarzinomzelllinie
ML-1 zeigten, dass Mikrogravitationseffekte wahrend einer Parabelflugkampagne starker waren als
Vibrations- und Hypergravitationseffekte (Ulbrich et al. 2011). Studien von Wehland et al. 2016 mit
den gesunden Schilddriisenzellen Nthy-ori 3-1 zeigten allerdings auch einen Einfluss von
Hypergravitation und Vibration auf Gene und Proteine der Extrazelluldaren Matrix, des Zytoskeletts,
der Apoptose, des Zellwachstums und verschiedener Signalprozesse. Dabei fuhrte Vibration stets zu
einer Reduktion der Expression, wohin gegen Hypergravitation ein breiter verteiltes
Expressionsspektrum zeigte. Um diese Nebeneffekte so gut es geht zu minimieren und zu
kontrollieren, wurden alle 1g Kontrollen in meinen Studien im gleichen Inkubator mit den GBF-
Anlagen kultiviert. Zellen, die der s-pg auf dem CN ausgesetzt wurden, wurden wie von Eiermann et
al.2013 vorgeschlagen, nur im Bereich von 3 mm um die Rotationsachse geerntet. Zellkulturflaschen
auf der RPM wurden wie von van Loon et al.2007 empfohlen in einem maximalen Abstand von 7 cm
zum Rotationszentrum angebracht. Dariiber hinaus wurden die Zellkulturflaschen luftblasenfrei
gefullt, um zusatzliche Turbulenzen zu minimieren. Trotz allem scheint die Anfalligkeit der
verschiedenen Zelllinien fiir diese Faktoren sehr unterschiedlich zu sein, sodass Ergebnisse unter s-pig
stets mit Ergebnissen von r-pg validiert werden sollten, um einen wirklichen pg Effekt zu belegen
(Herranz et al. 2013).

5.4 Zytokinsekretion und Veranderungen fokaler Adhasionsproteine von

auf der Random Positioning Machine kultivierten Schilddrisenzellen

Wie an Schilddrisentumorzellen bereits gezeigt wurde, scheinen Zytokinsekretion und fokale
Adhésionsproteine bei der Sphéroidbildung eine entscheidende Rolle zu spielen. Dieser Sachverhalt

wurde nun an normalen Nthy-ori 3-1 Schilddrisenzellen naher untersucht. Wachstumsfaktoren, die
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Zellen in den Zellkulturiberstand abgeben, sowie Komponenten der Zellmembran wurden
vergleichend nach 4 h, 24 h und 3 d RPM-Exposition der Zellen betrachtet. Die Ergebnisse wurden in
der Arbeit ,Warnke E, Pietsch, J, Kopp S, Bauer J, Sahana J, Wehland M, Kriger M,
Hemmersbach R, Infanger M, Litzenberg R, Grimm D: Cytokine release and focal adhesion
proteins in normal thyroid cells cultured on the random positioning machine. Cell. Physiol.
Biochem. 43. 257-270 (2017)* verOffentlicht.  Als  Untersuchungsmethoden  wurden
Phasenkontrastmikroskopie, RT-gPCR, Western Blot, MAP- und zusétzlich Pathway-Analysen mittels
Pathway Studio v.11 (Elsevier Research Solutions, Amsterdam, Niederlande) zur Analyse der
Interaktionen eingesetzt.

Die Schilddriisenzellen Nthy-ori 3-1 zeigten nach Inkubation auf der RPM die Koexistenz von AD
und MCS Zellen nach etwa 24 h. Im weiteren Zeitverlauf erhtéhte sich die Anzahl an MCS,
wohingegen die Zahl der AD leicht abnahm. MAP-Analysen wurden durchgefiihrt, um
Wachstumsfaktoren und Zytokine im Uberstand zu bestimmen. Die Versuche wurden von der Firma
Myriad-RBM in Austin, Texas, USA durchgefiihrt. Die Zytokine wurden mit dem Human
CytokineMAP A und dem KidneyMAP® bestimmt, wobei nur 7 der 29 untersuchten Zytokine
detektiert werden konnten. Obwohl nach 4 h noch alle Zellen adharent wuchsen, konnten signifikant
geringere Werte von Cystatin ¢ und TIMP-1 in RPM-exponierten Kulturiiberstanden im Vergleich zu
Kontrollliberstdnden nachgewiesen werden. Interessanterweise waren nach 3 d in den RPM-

Kulturliberstanden IL-6, IL-8 sowie TIMP-1 in signifikant erhthten Konzentrationen zu finden.

Die Genexpression von IL6 und IL8 sowie des MCP1 verlief umgekehrt. Sie blieb bei 1g weitgehend
stabil. Die Genexpression war aber in allen drei Féllen in Zellen der RPM-Kulturen nach 4 h maximal,
nach 24 h minimal und nach 3 d wieder deutlich erhéht. Beide Versuchsreihen zeigten eindeutig, dass
simulierte  Mikrogravitation einen Einfluss auf die Bildung und Abgabe bestimmter
Wachstumsfaktoren hat. Die Regulation von zusammengehdrigen Genen und Proteinen erschien

allerdings zeitversetzt.

Neben den Wachstumsfaktoren wurden die extrazellularen Matrix Proteine Laminin A und
Fibronektin sowie das zytoskelettale Protein Talin-1 untersucht. Nach 4 h waren dhnliche Mengen der
extrazelluldren Matrix Proteine nachweisbar, unabhéngig davon, ob die Zellen auf der RPM oder bei
1g kultiviert wurden. Die Proteinkonzentration von Talin-1 war hingegen unter s-pg deutlich
verringert. Die Genexpression von LAMAL, FN1 und TLN1 sowie von ITGB1 war nach 4 h deutlich
erhoht. Interessant war die Genexpression nach 24 h in AD. In diesen Zellen war die Expression der
genannten Komponenten signifikant erhéht. In den dazugehérigen MCS war sie auffallend erniedrigt.

Bei den dazugehorigen Proteinmengen konnten dagegen nach 24 h nur marginale Veranderungen
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festgestellt werden. Schwankungen waren bei der Genexpression dieser Proteine auch nach 3 d noch

Zu beobachten.

Zusammenfassend kann man sagen, dass sich die Genexpression von FN1, LAMAL, ITGB1 und TLN1
unter Einfluss von simulierter Mikrogravitation hauptséchlich in den adhérenten Zellen veranderte.
Die Genexpression und die Verénderungen der Proteinkonzentration scheinen auch hier zeitversetzt zu

erfolgen.

Um zu sehen, ob es sich bei den Veranderungen der untersuchten Zellkomponenten um isolierte
Vorgénge handelte oder ob Zusammenhdnge zwischen den beobachteten Vorgdngen existieren,
wurden Datenbankrecherchen mit Hilfe des Pathway Studio-Programms durchgefiihrt. Interaktionen
der untersuchten Zellkomponenten auf Protein- oder auf Genebene konnten so ermittelt werden. Es
zeigte sich, dass Laminin A, Fibronektin, B;-Integrin und Talin-1 aneinander binden kénnen. Die
Stabilitat der Bindung dieser extrazellularen und zytoskelettalen Proteine untereinander wird tber den
Tissue Inhibitor of Metalloproteinase-1 (TIMP-1) auf direkte (Jung et al. 2006) und Uber IL-8 auf
indirekte Weise (Xie 2001) stabilisiert. Auch IL-7 und VEGF zeigen einen Einfluss (Shao et al. 2012,
Avriel et al. 1997, Mitsi et al. 2006).

Auf Genebene interagieren, abgesehen von Laminin A, alle Komponenten miteinander. VEGFA, IL6
und CCL2 (MCP-1) fordern die Expression der Gene des B;-Integrin (ITGB1) und Fibronektin (FN1)
(Zhang et al. 2000, Suhr et al. 2003, Giunti et al. 2008, Ashida et al. 2001, Ancelin et al. 2004). IL8
kann zu einer Hochregulierung von FN1 beitragen (Mohamed 2012). Dagegen regulieren 1L6 und IL8
die Expression von Talin-1 (TLN1) herab (Svejgaard et al. 2015). IL7 hat Einfluss auf die Expression
von MCP-1 (CCL2) und IL-8 (CXCL8) (Damas et al. 2003).

Zusammenfassend kann gesagt werden, dass auch normale Schilddrusenzellen unter simulierter
Mikrogravitation Sphéroidbildung zeigen. Die Sphéroidbildung geht mit einem komplexen
Zusammenspiel l6slicher Faktoren und zellgebundener extrazelluldrer und zytoskelettaler Proteine
einher. Die biophysikalische Interaktion der Proteine und die Induktion der Genexpression konnte
durch die verdnderten Gravitationsbedingungen ausgeldst werden und somit zur Spharoidbildung

beitragen.
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6. Schlussfolgerungen

Sowohl fir benigne als auch maligne Schilddriisenzellen konnte die Bildung von 3D-Sphéroiden
innerhalb von 24 h Kultivierung auf beiden GBF-Anlagen bestétigt werden. Dies zeigt eindeutig die

Eignung des Klinostaten und der RPM zur Ziichtung von Sphéroiden.

Fir die Zelllinie FTC-133 ergaben sich abhangig von der genutzten GBF-Anlage Unterschiede im
Sekretionsverhalten. Wahrend eine Kultivierung unter 2D-Klinorotation auf dem CN eher eine
reduzierte Sekretion der untersuchten Zytokine bewirkte, flihrte die 3D-Random Rotation auf der
RPM zu einer erhéhten Sekretion. Lediglich VEGF und Eotaxin-1 wiesen vergleichbare Werte auf
beiden Gerédten auf. Auch bei der Expressionsanalyse der untersuchten Zielgene gab es diverse
Differenzen, wobei hier Caveolin-1 (CAV1) und der Connective Tissue Growth Factor (CTGF) ein
ahnliches Verhalten zeigten (Warnke et al. 2014). Aus diesem Grund wurde eine Beteiligung von
VEGF, Eotaxin, CAV1 und CTGF an der Spharoidbildung vermutet. Obwohl sich auf beiden GBF-
Anlagen die Ausbildung der zwei Phénotypen AD und MCS bestétigte, zeigen die Unterschiede in
Bezug auf Zytokinsekretion, Gen- und Proteinexpression die Notwendigkeit von vergleichenden
Untersuchungen. Um die Eignung der GBF-Anlagen zur Simulation von Mikrogravitation zu belegen,
sind Studien unter r-ug zwingend notwendig, damit pg-Effekte von gerédtespezifischen Effekten
getrennt werden koénnen. Auch der finale Nachweis eines Gravitationssensors in Schilddrisenzellen
und damit die Bestimmung von Grenzwerten fiir die Gravitationswahrnehmung in den Zelle steht noch
aus (Albi et al. 2017).

Fir die Untersuchung der Mechanismen der Sphéroidbildung und zur Validierung der Ergebnisse
kénnten auch Techniken wie Hanging Drop, Liquid-Overlay oder Spinner Flask zum Einsatz gebracht
werden. Allerdings kann bei keiner dieser Methoden der Ubergang von 2D- in 3D-Wachstum
nachgeahmt werden. Ein weiterer Aspekt ist die Nekrosebildung im Zentrum der Sphéroide bei diesen
drei 1g-Labormethoden. Dies stellt einen eindeutigen Nachteil dieser Methoden im Vergleich zum CN
und der RPM bei der Sphéroidbildung dar.

Fur die Zelllinien ML-1 und RO82-W-1 zeigten sich &hnliche Effekte der GBF-Anlagen hinsichtlich
Zytokinausschittung, Expression und Verteilung von Zytoskelettproteinen (Svejgaard et al. 2015).
Mittels F-Aktinfarbungen konnte eine Ansammlung von Aktin an der dul3eren Zellmembran nach CN-
und RPM-Exposition gezeigt werden. Die Umverteilung des Aktins kdnnte einen weiteren, wichtigen
Schritt auf dem Weg zur Spharoidbildung darstellen. Fr die Zelllinie Nthy-ori 3-1 konnten nach RPM
Versuchen ein erhohter f-Aktin- und B-Tubulin-Proteingehalt verzeichnet werden (Warnke et al.
2016).
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Bisher wurden Féarbungen der Zellen nach Beendigung der Versuche durchgefiihrt. Neue Methoden
wie FLUMIAS, die ein online Life-cell imaging ermdglichen, das heif3t die Beobachtung lebender
Zellen unter Mikrogravitation, bieten vielversprechende Mdglichkeiten fir die Sphéroidforschung.
Erste Ergebnisse des Mikroskops wahrend der 24. DLR Parabelflugkampagne und der TEXUS 52
Mission wurden 2016 von Corydon et al. 2016 veréffentlicht. In diesen Studien konnte gezeigt
werden, dass Anderungen im Zytoskelett sehr schnell nach Eintritt in die pg-Phase stattfinden. Dies
bestétigt unsere Vermutungen, dass das Zytoskelett eine Art Gravitationssensor fir die Zellen
darstellen konnte.

Bei normalen Nthy-ori 3-1 Thyreozyten konnte neben dem Sphéroidwachstum unter RPM-Exposition
auch die veranderte Sekretion diverser Zytokine (IL-6 und IL-8) in Verbindung mit fokalen
Adhasionsproteinen beobachtet werden (Warnke et al. 2017). Pathway-Analysen zeigten ein Netzwerk
aus positiven und negativen Interaktionen zwischen verschiedenen Proteinen, welche fur die MCS
Bildung eine Rolle spielen. Auf Grund der komplexen Interaktionen zwischen den Zellen sowohl in
vitro als auch in vivo sollten Pathway-Analysen in zukilnftigen Studien vermehrt eingesetzt werden.
Neben der Einordnung bereits vorhandener Ergebnisse kdnnten sie einen wichtigen Beitrag zum
Verstandnis von Signalwegen leisten. In der Arbeit von Svejgaard et al. konnte 2015 auch ein
verbessertes Spharoidwachstum von ML-1 und RO82-W-1 Zellen durch IL-6- und IL-8- Applikation
unter 1g mithilfe der Liquid-Overlay-Technik belegt werden.

Zusammenfassend wurde die Bildung von Sphéroiden diverser Zelllinien ohne Tragermaterialien oder
kinstliche Oberflachen bestéatigt. Somit konnte den GBF-Anlagen, vor allem im Bereich
Gewebezilichtung, zukinftig eine besondere Bedeutung zukommen. Da sich zum Teil sehr
unterschiedlicne Effekte in den verschiedenen betrachteten Zelllinien unter simulierter
Mikrogravitation zeigten, sollte die Empfanglichkeit des ausgewahlten Modellorganismus gegentiber
den verschiedenen Simulationsansatzen, aber auch Storfaktoren wie Vibration und Hypergravitation in
ergdnzenden Studien getestet werden. Eine erste Empfehlung fir die passende GBF-Anlage in
Abhéngigkeit von dem gewéhlten Modellorganismus ist in den Arbeiten von Herranz et al. 2013 zu

finden.

AbschlieBend mdchte ich noch einmal die Bedeutung von CN und RPM fir die Bildung von
Sphéroiden betonen. Da ein Ubergang von 2D- in 3D-Wachstum der Zellen erfolgt, kénnen sie einen
wichtigen Ansatz fiir zukinftige Studien zur Metastasierung, aber auch fiir pharmazeutische Tests
bieten. Als Grundlage und Vorbereitung fiir zukiinftige Raumfliige zeigen die GBF-Anlagen ein hohes
Potential. VVorab kénnten Hardwaretests im Hinblick auf Biokompatibilitdt und raumflugbezogene
Kultivierungsbedingungen  (Temperatur,  Startverschiebungen, etc.) durchgefiihrt  werden.

Simulationsanlagen bieten somit keinen Ersatz, aber eine wichtige Erganzung fiir Studien unter r-pg.
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Zusammenfassung

7. Zusammenfassung

Die vorliegende kumulative Dissertation beruht auf drei Publikationen, die ich als Erstautorin (Warnke
et al. 2014, 2016 und 2017) verdffentlich habe sowie einer weiteren Publikation, an der ich als
Mitautorin beteiligt war (Svejgaard et al. 2015).

In der ersten Verdffentlichung wurden humane Schilddriisenkarzinomzellen FTC-133 fir 4 h, 24 h
und 3 d auf der Random Positioning Machine (RPM) und dem 2D-Klinostaten (CN) kultiviert. Die
Zellen wuchsen auf beiden Geréten adhédrent (AD) und bildeten Spharoide (MCS). Zellen unter
statischen 1g-Kontrollbedingungen zeigten hingegen ausschliellich Adharenz. Die Kultivierung auf
den beiden Bodenanlagen induzierte Unterschiede bezlglich der Zytokinsekretion und der
Genexpression. Eine reduzierte CAV1 und CTGF Genexpression in MCS im Vergleich zu AD wurde
auf beiden Anlagen beobachtet. Dies deutet auf einen Zusammenhang mit der MCS Bildung hin.

Fir die zweite Studie wurden ML-1 und RO82-W-1 Schilddriisenkarzinomzellen nach jeweils 3 d und
7 d CN- bzw. RPM-Exposition untersucht. Nach 7 d fanden sich signifikant erhéhte Werte von 1L-6
und IL-8 in den Kulturiiberstanden von RPM-exponierten RO82-W-1 Zellen. Darauf aufbauende
Experimente mit IL-6 und IL-8 Supplementierung zeigten unter 1g, mit Hilfe des Liquid-Overlay-
Verfahrens, eine deutliche Verbesserung im Sphéroidwachstum fur beide Zelllinien. Die
Supplementierung beeinflusste den Proteingehalt an R;-Integrin, Talin-1, Ki-67 sowie B-Aktin in
Abhangigkeit von den IL-6 und IL-8 Konzentrationen. F-Aktinfarbungen zeigten eine Reorganisation
von F-Aktin an der aufleren Zellmembran, was auf eine aktive Rolle des Zytoskeletts an der
Gravitationswahrnehmung von Zellen hinweisen konnte. Dies konnte auch fir gesunde
Schilddrisenzellen in meiner dritten Publikation gezeigt werden. Nthy-ori 3-1 Thyreozyten wiesen
nach 7-tdgiger RPM-Exposition erhohte B-Aktin und B-Tubulinwerte auf. Die Nutzung von CN und
RPM zur Simulation von Mikrogravitation wurde n&her diskutiert, da diese Gerdte in der
Grundlagenforschung, zur Vorbereitung von Weltraumexperimenten, bei pharmakologischen Studien
und zur Gewebeziichtung eingesetzt werden.

In der dritten Verdffentlichung wurden Nthy-ori 3-1 Schilddriisenzellen nach 4 h, 24 h und 3 d auf der
RPM ndher beschrieben. IL6, 1L8 und CCL2 zeigten bereits nach 4 h eine signifikant erhohte
Genexpression, obwohl zu diesem Zeitpunkt noch alle Zellen adharent wuchsen. MCS wurden nach
24 h auf der RPM beobachtet. Dies ging mit einer signifikant reduzierten Genexpression in MCS fiir
IL6, IL8 und CCL2 im Vergleich zu 1g einher. Nach 3 d RPM-Exposition war die Sekretion von IL-6
und IL-8 signifikant verringert. Pathway-Analysen zeigten, dass ein Zusammenspiel aus Zytokinen
und fokalen Adhésionsproteinen maRgeblich an der Ausbildung von MCS beteiligt sein kénnte.

Auch wenn die Existenz eines Gravitationssensors in den untersuchten Zellen bisher nicht eindeutig
belegt wurde, so stlitzen die Ergebnisse die Hypothese, dass das Zytoskelett mafigeblich an der
Gravitationswahrnehmung von Zellen beteiligt ist. Darliber hinaus konnte die Eignung der GBF-
Anlagen, CN und RPM, zur Bildung von MCS fir diverse Schilddrisenzelllinien nach 24 h

nachgewiesen werden.
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Summary

8. Summary

The present cumulative thesis is based on three publications published as first author (Warnke et al.
2014, 2016 and 2017) as well as one further publication with co-authorship (Svejgaard et al. 2015).

For the first study, human thyroid carcinoma cells, FTC-133 were cultivated for 4 h, 24 h and 3 d on
either random positioning machine (RPM) or 2D-clinostat (CN). Cells showed adherent growth (AD)
behaviour but also the induction of spheroids (MCS). In contrast, cells cultured under conditions of 1g
just grew adherently. Concerning the secretion of cytokines and gene expression, differences were
visible between CN- and RPM-exposed cells. Reduced CAV1 and CTGF gene expressions were found
in MCS compared to AD on both devices. This suggests the involvement in the formation of MCS.
The second study investigated ML-1 and RO82-W-1 thyroid carcinoma cells after a 3-day and 7-day
CN- and RPM-exposure. After 7 d, significantly higher values of IL-6 and IL-8 were found in the
supernatants of RPM-exposed R0O82-W-1 cells. Constitutive experiments with IL-6 and IL-8
supplementation showed an improved growth of spheroids for both cell lines under conditions of 1g
demonstrated by means of the liquid-overlay technique. The supplement influenced the protein content
of 3s-Integrin, talin-1, Ki-67 and B-actin. This was dependent on the IL-6 and IL-8 concentrations. F-
actin staining showed a reorganization of f-actin towards the outer membrane, pointing towards an
active role of the cytoskeleton in gravity perception of the cells.

This could also be shown for normal cells in my third publication. Nthy-ori 3-1 thyrocytes revealed
increased values of B-actin and p-tubulin after a 7-day RPM-exposure. The use of CN and RPM for the
simulation of microgravity was discussed in detail. Both devices can be used for basic science, to
prepare for Space experiments, during pharmacological testing and for tissue engineering.

Within my last publication Nthy-ori 3-1 thyroid cells were investigated after 4 h, 24 h and 3 d on the
RPM.

IL6, IL8 and CCL2 already showed a significantly increased expression after 4 h, although all cells
were still growing adherently. MCS were visible after 24 h on the RPM, along with a significantly
reduced gene expression in MCS for IL6, IL8 and CCL2 compared to 1g-controls. The secretion of IL-
6 and IL-8 was significantly reduced after a 3-day RPM-exposure. Pathway analyses indicate an
interaction of cytokines and focal adhesion proteins in MCS formation.

So far, a gravitation sensor has not been identified in cells, but our studies confirm the hypothesis that
the cytoskeleton might be relevant for sensing of gravity by the cells. Furthermore, the capability of
the Ground-Based Facilities CN and RPM for the induction of spheroid formation of various thyroid

cell lines after 24 h was proven.
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Abstract

Background: Multicellular tumor spheroids (MCTS) formed scaffold-free under microgravity are of high interest for
research and medicine. Their formation mechanism can be studied in space in real microgravity or on Earth using
ground-based facilities (GBF), which simulate microgravity. On Earth, these experiments are more cost-efficient and
easily performable. However, each GBF might exert device-specific and altered superimposingly gravity-dependent

effects on the cells.

Results: FTC-133 human thyroid cancer cells were cultivated on a 2D clinostat (CN) and a random positioning
machine (RPM) and compared with corresponding 1 g control cells. Harvested cell samples were investigated by
microscopy, quantitative realtime-PCR and Multi-Analyte Profiling. Spheroid formation and growth occurred during
72 h of cultivation on both devices. Cytokine secretion and gene activation patterns frequently altered in different
ways, when the cells were cultured either on the RPM or the CN. A decreased expression of CAVT and CTGF in MCTS
compared to adherent cells was observed after cultivation on both machines.

Conclusion: The development of MCTS proceeds similarly on the RPM and the CN resembling the situation
observed under real microgravity conditions, while no MCTS formation was observed at 1 g under identical
experimental conditions. Simultaneously, changes in the regulation of CTGF and CAVT appeared in a comparable
manner on both machines. A relationship between these molecules and MCTS formation is discussed.

Keywords: Adherent growth, Three-dimensional growth, Cytokine, Microgravity, MCTS, RPM, 2D clinostat

Background

During a recent flight on board the Shenzhou-8 space-
craft human follicular thyroid cancer cells (FTC-133)
were exposed to real microgravity for 10 days [1,2]. The
returned samples revealed that scaffold-free formation of
multicellular tumor cell spheroids (MCTS) occurred
while the cells had been exposed to real microgravity.
The spheroids obtained after landing of the space ship re-
turn capsule showed a similar shape but larger diameters
(5-10 mm) than those usually induced on Earth with the
help of a random positioning machine (RPM) [1-4]. In
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contrast, 1 g controls kept under static conditions remained
adherent and formed no spheroids. From these results we
concluded that microgravity could be a major cause of tran-
sition from 2- to 3-dimensional cellular growth. However,
involved molecules and signaling pathways responsible for
this change of growth behavior remained unknown [5].

In order to understand and explain the effects of altered
gravity on spheroid formation, we complemented our
studies using two different ground-based facilities in order
to simulate microgravity conditions — the 2D clinostat
(CN) and the RPM. Both devices are cost-efficient and en-
able a sufficient number of experiments, which is rarely
achieved under real microgravity conditions [6]. Each of
these ground-based approaches prevents cell sedimenta-

© 2014 Warnke et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
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tion, however, in a device-specific manner. On the clino-
stat, sedimentation is prevented by a fast and constant ro-
tation of the samples around one horizontal axis, assuming
that the sample does no longer perceive the gravity stimu-
lus [7]. In contrast, the RPM consists of two independently
rotating frames enabling a 3D rotation with random speed
and random direction of the samples aiming to alter the in-
fluence of the gravity vector [8,9].

Considering the construction of both machines, we con-
cluded that a permanent change of the direction of the
gravity vector and thus prevention of sedimentation is a
common capacity of both machines, while their particular
modes of operations are rather different. Therefore, we
aimed to analyze whether biological processes triggered by
altered gravity may show identical or different results after
exposure on these two kinds of devices.

In order to prove ground-based microgravity simula-
tion approaches, we investigated human follicular thy-
roid cancer cells (FTC-133) cultivated either on the
CN or the RPM in a parallel manner focusing on the
formation of spheroids as well as on alterations of gene
expression and protein secretion. We learned that
spheroids are formed on both devices and concluded
that caveolin-1 (CAV1) and connective tissue growth
factor (CTGF) could be directly involved in the initi-
ation of 3D cell growth.

Results

Spheroid formation on the RPM and the CN

Subconfluent monolayers of human follicular thyroid car-
cinoma cells (FTC-133) were cultivated either on the RPM
or on the CN and in parallel to the 1 g controls located in
the same incubator, respectively. On both devices spher-
oid formation progressed like shown in Figure 1 for
cells harvested from the CN. While under static 1g
conditions (1g controls), the cells remained adherent
(Figure 1 A-C), two cell populations developed within
the culture flasks mounted on each of the two machines,
respectively (Figure 1 D-I). Of these populations, one con-
tinued to grow adherently (AD cells) (Figure 1 D-F), the
other one detached from the bottom of the culture flask
and assembled to MCTS (Figure 1 H-I). The separation of
the two cell populations is delayed, as 4 h after exposure
to the devices only adherent growth was observed in each
sample (Figure 1 A, D, G). After approximately 24 h early
spheroids became visible on each of both the devices in
addition to the adherently growing cells (Figure 1 E, H).
During the subsequent 48 h, spheroids became more nu-
merous and larger, while adherently growing cells were still
present (Figure 1 F, I). Spheroid size can be assumed to be
around 100 pm on the clinostat, as shown in Figure 1, but
also reaching up to 1 mm on the RPM as previously pub-
lished by Pietsch et al. [4].
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Differential gene expression in FTC-133 cells after
exposure to CN and RPM

After spheroid formation was observed on the RPM and
the CN, we were interested to see whether similar alter-
ations of mRNA expression occurred on both machines.
Therefore, qQPCR on several types of mRNA was per-
formed, which had been recognized in former experiments
on FTC-133 cells exposed to the RPM for 24 h to be im-
portant for MCTS formation [10]. The selected genes be-
long to several biological categories including cytoskeletal
proteins, and factors of growth, apoptosis, angiogenesis
and signal transduction (Table 1).

As shown in Figure 1, after a 4 h-incubation on the RPM
and on the CN the whole FTC-133 population grew adher-
ently like in 1 g-control samples. Nevertheless, some mRNA
changes were already found in cells harvested from either
machine as compared to control cells. An up-regulation in
the CTGF gene expression was observed in cell cultures on
both devices. However, an up-regulation of CAV2 and a
down-regulation of ERKI gene expression were only evi-
dent after culturing on the CN (Figure 2).

After 72 h of exposure to the CN or the RPM, cells had
parted into adherent cells (AD) and cells forming multicel-
lular tumor spheroids (MCTS), which floated in the super-
natant (Figure 1 I). At this time, two fractions were
harvested from the CN and the RPM, respectively. Subse-
quently, it was investigated how the expression of the se-
lected genes (Table 1) had been regulated within the 4 cell
samples indicated in Figure 3 as compared to the corre-
sponding static ground controls (1 g). Interestingly, the
regulation of CTGF and CAVI split on both machines
equally. In adherent cells, CTGF remained up-regulated
and CAVI unchanged, while in MCTS the expression of
these two genes was decreased (Figure 3 E-F). Other genes
have also changed their expression behavior, but differ-
ently, when incubated on the two machines. Exposure of
FTC-133 cells to the RPM led to an up-regulation of ERKI
and EGF gene-expression in MCTS, but did not affect one
of the selected genes in AD cells. In contrast, exposure of
the same type of cells to CN triggered down-regulation of
ERK1, ITGBI, and PRKCA gene-expression in MCTS only
(Figure 3 I, M, O), but decreased expression of CAV2 and
IL8 in both, AD and MCTS cells (Figure 3 C, K).

The translation from mRNA to protein is a complex
process, and results obtained on mRNA level do not ne-
cessarily reflect the situation on the protein level. There-
fore, investigations of CN- and RPM- related effects on
cytokine release were performed additionally using Multi-
Analyte Profiling Technology (MAP).

Cytokine release of FTC-133 cells after 72 h exposure to
RPM and CN

Concentrations of selected cytokines within the various
culture supernatants were determined by MAP in order to
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s-ug:
MCTS

Figure 1 Phase-contrast microscopy of FTC-133 after culturing on the CN or as corresponding 1g control. The cells grew exclusively as
adherent monolayers (AD) in 1 g controls (A-C). On the CN, the FTC-133 cell population began to split in adherent cells (E, F) and MCTS cells
(H, 1) after 24 h clinorotation. 1 g control, adherent cells, and MCTS after 4 h (A, D, G), 24 h (B, E, H), and 72 h (C, F, 1) of clinorotation.

A\

estimate the secretion activities of the cells (Table 2). As
compared to the relevant 1g ground controls, significantly
higher amounts of GM-CSE, IL-6, IL-8, BDNE, Eotaxin-1,
ICAM], IL-1a, IL-1pB, IL-1Ra, IL-12p40, IL-15, IL-17, IL-
23, MMP-3 and SCF were detected in the supernatants of
FTC-133 cells cultured on the RPM for 72 h. In contrast,
significantly lower quantities of GM-CSE IL-6, IL-8,
MIP-1a, MIP-1 and BDNF were detected in cell superna-
tants of CN samples than in 1g control supernatants
(Table 2) after 72 h cell culturing. After cultivation on
both machines, however, a tendency of the cells to in-
crease eotaxin-1 and to decrease VEGF secretion was ob-
served in a comparable manner (Table 2).

Discussion

Spheroid formation occurs on both machines

The main result of this study is that FTC-133 cells form
spheroids on the CN as well as on the RPM like they did
during the Shenzhou-8 spaceflight in real microgravity
[1,2]. During the MCTS formation process, the cells were
separated into two populations. One continued adherent
cell growth, while the other one detached and formed
MCTS. Cultivation on the CN and the RPM resulted in
spheroid formation like it was observed in real micrograv-
ity. Hence, both machines equally influence the cells in this
respect. However, different device-specific alterations of
gene-expression and cytokine secretion were found after 4
and 72 h cultivation, indicating device-specific characteris-
tics. Common effects could be due to the prevention of

sedimentation. Nevertheless, data from real microgravity are
needed to clarify the situation and to control for any pos-
sibly confounding variables in the GBF and to choose the
appropriate microgravity approach. A review on the suitabil-
ity of diverse ground-based facilities was given by Herranz
et al,, indicating that both, CN and RPM are generally suit-
able for adherent mammalian cells [6]. Nevertheless, it is
also clearly stated, that although some similar results in s-pg
and real pg were achieved, extensive studies have to be per-
formed for each biological system and thus, individually for
each type of the cell culture of interest [6]. For future stud-
ies, equal time frames, hardware and procedures should be
used in space and ground-based studies in order to exclude
an impact of external factors influencing the results.
Spheroids formed scaffold-free under the condition of
microgravity are valuable models for tumor research
[1,3,11], as they resemble the in vivo situation much better
than 2D monolayer cultures or spheroids grown on Earth
using liquid overlay or spinner flask techniques [12,13],
which consist mainly of concentric layers surrounding
central necrotic cells by a thin shell [14]. The importance
of studies on tumor cells exposed to microgravity was re-
cently reviewed by Becker and Souza [15]. However,
MCTS generated under simulated microgravity conditions
show viable cells throughout the whole body and lack nec-
rotic centers, even if the thyroid cancer cells (ML-1) had
formed spheroids with diameters of up to 300 pm [3]. The
similarity between in vivo tumors and RPM- or CN-
derived MCTS is explained by the following hypothesis:
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Table 1 Primers used for quantitative real-time PCR

Gene Primer name Sequence
78S rRNA 18S-F GGAGCCTGCGGCTTAATTT
185-R CAACTAAGAACGGCCATGCA
CAVI CAV1-F GTACGACGCGCACACCAA
CAV1-R TCCCTTCTGGTTCTGCAATCA
CAV2 CAV2-F GATCCCCACCGGCTCAAC
CAV2-R CACCGGCTCTGCGATCA
CD44 CD44-F ACCCTCCCCTCATTCACCAT
CD44-R GTTGTACTACTAGGAGTTGCCTGGATT
CTGF CTGF-F ACAAGGGCCTCTTCTGTGACTT
CTGF-R GGTACACCGTACCACCGAAGAT
EGF EGF-F TGCCAGCTGCACAAATACAGA
EGF-R TCTTACGGAATAGTGGTGGTCATC
ERK1 ERK1-F ACCTGCGACCTTAAGATTTGTGA
ERK1-R AGCCACATACTCCGTCAGGAA
IL8 IL8-F TGGCAGCCTTCCTGATTTCT
IL8-R GGGTGGAAAGGTTTGGAGTATG
ITGB1 ITGB1-F GAAAACAGCGCATATCTGGAAATT
TGB1-R CAGCCAATCAGTGATCCACAA
NFKBP65 NFKBP65-F CGCTTCTTCACACACTGGATTC
NFKBP65-R ACTGCCGGGATGGCTTCT
OPN OPN-F CGAGGTGATAGTGTGGTTTAT GGA
OPN-R CGTCTGTAGCATCAGGGTACTG
PRKCA PKCC-F CATTCAACAGCTGGGCAAGTT
PKCC-R GTAGATGATGCCCTGATTGTGAAG
TLNT TLN1-F GATGGCTATTACTCAGTACAGACAACTGA
TLNT-F CATAGTAGACTCCTCATCTCCTTCCA
VEGFA VEGFA-F GCGCTGATAGACATCCATGAAC
VEGFA-R CTACCTCCACCATGCCAAGTG
VEGFD VEGFD-F TGCAGGAGGAAAATCCACTTG
VEGFD-R CTCGCAACGATCTTCGTCAA
NGAL NGAL-F AGGGAGTACTTCAAGATCACCCTCTA
NGAL-R AGAGATTTGGAGAAGCGGATGA
MSN MSN-F GAAATTTGTCATCAAGCCCATTG
MSN-R CCATGCAAGGCCAAGAT

All sequences are given in 5’-3" direction.

On the RPM or the CN, cells can undergo a transition
from a 2- to a 3-dimensional growth, with the adherent layer
serving as a starting point. Therefore, cell-cell contacts are
established by forces of biochemical components expressed
on the cell surfaces in a cell type specific manner under low
shear forces [3]. Results of former RPM experiments with
the two human follicular thyroid carcinoma cell lines FTC-
133 and CGTH W-1 showed differences in the size of spher-
oids formed which were correlated to their capability to bind
to fibronectin [4].
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Genes and proteins playing a possible role in spheroid
formation

As compared to the corresponding 1g controls, higher
amounts of the selected cytokines were frequently de-
tected in supernatants obtained from RPM cultures and
lower quantities in those harvested from CN cultures,
respectively (Table 2), clearly indicating device-specific
differences. Interestingly, VEGF secretion indicated a
tendency of down-regulation, while eotaxin-1 suggested
up-regulation on the CN as well as on the RPM after 72
h (Table 2). Former investigations of culture superna-
tants of samples cultured on the RPM or returned from
the Shenzhou-8 spaceflight experiment showed a different
picture. No changes of EGF and VEGF secretion were
observed after real microgravity exposure, while both cyto-
kines were significantly down-regulated after a 10d-RPM-
exposure [2]. The different cytokine concentrations could
be due to a change of the secretion activity during pro-
longed incubation under microgravity when the transition
from a 2- to a 3-dimensional growth is completed as
it has been shown for human endothelial cells [16,17]. A
comparison of cytokines in the supernatant appears only
possible during incubation within a few days, as investiga-
tion of IL-6 after 1 and 3 days performed in this and a
former study [10] suggested. VEGF prevents apoptosis in
thyroid carcinomas in an autocrine manner [18]. Its re-
duction may contribute to an enhanced apoptotic rate in
thyroid cells cultured on the RPM [3]. Eotaxin-1 induces
changes in the cytoskeleton and cell morphology and thus
could favor the transition from a 2- to a 3-dimensional
kind of growth [19].

Although spheroids were not seen in the cultures on
both machines after 4 h, a change in gene expression ac-
tivity was already expected based on earlier parabolic
flight experiments [20-22]. Indeed, three of the selected
genes were found to be changed. Most interesting of
them is CTGF’s significantly enhanced expression as
compared to the corresponding 1g controls. It remained
up-regulated for another 68 h in AD cells on both ma-
chines, while the MCTS cells showed CTGF mRNA
concentrations even lower than the control cells after
72 h of culturing. The split of CTGF gene expression
between adherent and MCTS cells corresponds nicely
to earlier data from 10 d RPM and spaceflight experi-
ments, which indicated more mRNA in AD than in
MCTS cells [2] and could therefore be a microgravity-
dependent process involved in spheroid formation.
CTGF was found to be over-expressed in papillary thy-
roid carcinoma correlating with metastasis, size and
clinical stage [23]. It was also suggested to play an im-
portant role in angiogenesis and tumorigenesis of pros-
tate cancer [24]. Its reduction in MCTS cells could hint
to a diminished aggressiveness of cancer cells incorpo-
rated in MCTS (manuscript in preparation).
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Figure 2 Quantitative real-time PCR for the determination of alterations in gene-expression of selected genes after 4 h. CTGF (A, B),
CAV2 (C, D) and ERK1 (E, F) gene expression was analyzed after 4 h exposure of the cells to 2-D Clinostat (A, C, E) or random positioning

machine (RPM; B, D, F). CTGF (A, B) was upregulated on both machines while CAV2 (C) and ERK1 (E) were differentially expressed on the CN
only. All results are shown as mean + standard deviation (SD) of n = 10 independent samples, with significance indicated by *P < 0.05 vs. 1g.
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Besides CTGE, genes of adherent cells remained un-
affected until 72 h on the RPM, while expression of CAV1,
EGF and ERKI had been altered in the MCTS. In contrast,
after 72 h on the CN, CAV2 and IL8 expression were chan-
ged in AD cells and CAVI1, CAV2, CTGE, ERKI and IL8 in
the MCTS. Most interesting of these observations was a
down-regulation of CAVI and an up-regulation of ERKI
in MCTS cells after three days following an at least one-
day-lasting stability of these genes [10,25], which differ
from the CAV2 gene that is stable only for 4 h (Figure 2)
but down-regulated after 24 h and 72 h [10]. Caveolin-1
is an integral membrane protein and plays crucial roles
in the regulation of cellular proliferation, differentiation
and apoptosis [26]. The down-regulation of caveolin-1
appears to enhance the capacity of the cell to incorpor-
ate in a tissue [27]. Furthermore, the expression of this
protein seems to be gravisensitive, because an overex-
pression in healthy mice staying in space had been ob-
served [28]. Since CAVI is an obviously gravisensitive
gene and its product influences the incorporation of
cells in tissue, we conclude from our observations that
CAVI may play a role in microgravity-dependent MCTS
formation.

Device-dependent cell modification

Unexpectedly, most of the selected genes and cytokines
were differently expressed or secreted, respectively, de-
pending on which kind of simulation device MCTS were
formed. We conclude that during MCTS formation con-
siderable alterations of various cellular molecules occur.
Some of them might not be directly related to the process
of 3D cell aggregation, but by products generated by
device-dependent modifications [29]. A comparative study
in space will help to discriminate microgravity-induced al-
terations from other physical stimuli due to vibration,
shearing forces, etc. generated by the simulators. The 2D
clinostat rotating constantly at 60 rpm generates residual
accelerations below 0.012 g within the distance of £3 mm
around the center of the flask [30]. Cells located at further
distance from the rotation axis are exposed to accelera-
tions reaching up to 0.036 ¢ at about +9 mm. Significant
differences in gene expression within these acceleration
intervals have been shown by Eiermann et al. [30]. Based
on these findings, only cells within the central 6 mm
(<0.012 g) of a slide were harvested and analyzed in the
present study. An exception had to be made for super-
natants which were collected in total, as a distinction
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Figure 3 (See legend on next page.)
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(See figure on previous page.)

Figure 3 Quantitative real-time PCR for the determination of alterations in gene-expression of selected genes after 72 h. CAV1 (A, B),
CAV2 (C, D), CTGF (E, F), EGF (G, H), ERK1 (I, J), IL-8 (K, L), ITGB1 (M, N), and PRKCA (O, P) gene expression was analyzed after 72 h exposure of
the cells to 2-D Clinostat (A, C, E, G, I, K, M, O) or random positioning machine (RPM; B, D, F, H, J, L, N, P). After 72 h culturing, the FTC-133 cells
grew adherently (AD) or within the MCTS. On both machines CAV1 (C, D) was down-regulated in the MCTS cells and CTGF (E, F) was differently
expressed in AD and MCTS, respectively. All results are shown as mean + standard deviation (SD) of n = 10 independent samples, with significance
indicated by *P < 0.05 vs. 1g, **P < 0.05 vs. s-ug: AD.

between different acceleration levels was not possible.  Either coating of the flasks in the parts outside the area
Therefore, supernatants were enriched by cytokines of  of interest in order to prevent initial cell attachment or
all cells from the flasks. Whether gravity forces in a  a different geometry of the flasks themselves, with an
range of 0.012 g and 0.036 g have a separated influence  enlarged area along the rotation axis would be con-
on the cell behavior has not yet been clarified [30,31].  venient to avoid a mixture in cytokine release.

Table 2 Cytokines detected in supernatants of FTC-133 cells after 72 h incubation

2D Clinostat Random positioning machine
Factor LDD (pg/mL) 72 h 1g (pg/mL) 72 h s-pg (pg/mL) LDD (pg/mL) 72 h 1g (pg/mL) 72 h s-ug (pg/mL)
GM-CSF 32 1536 + 166 1M172+£31% 93 468+69 1108+ 12.0*
IFN-y 049 nd. nd. 0.58 nd. nd.
IL-2 1.0 19+033 n.d. 26 nd. nd.
IL-3 1.1 nd. nd. 20 nd. nd.
IL-4 44 nd. nd. 32 nd. nd.
IL-5 1.0 nd. nd. 0.73 nd. nd.
IL-6 0.84 282+37 204 +£17* 0.85 438+84 70+ 15.6%
IL-7 2.1 nd. 21+£03 55 nd. nd.
IL-8 0.63 7604 + 410 5586 + 267* 049 226 + 31 350+ 36
IL-10 1.1 nd. nd. 1.5 nd. nd.
IL-18 37 nd. nd. 32 nd. nd.
MIP-1a 8.2 3086 + 390 2198 +379* 6.0 113£18 137+£24
MIP-18 4.0 261 £ 46 166 + 28* 46 nd. nd.
MCP-1 4.6 47+6 40+3 49 nd. nd.
TNF-a 29 89+12 70+£13 3.1 nd. nd.
TNF-B 23 23+£04 n.d. 44 nd. nd.
BDNF 30 2017 16+£1.7* 6.2 412+46 76.6 £4.7%
Eotaxin-1 37 11.8+18 124+23 13 754+99 994 + 9.8%
ICAM1 270 360 £ 74 350+73 620 1328 274 1840 + 150*
IL-1a 0.24 nd. nd. 0.19 0.85+0.11 1.60 £ 0.29*
IL-18 03 nd. n.d. 0.25 1.14+£022 202 +0.34*
IL-1ra 8.7 nd. n.d. 14 127 +38 226 + 24*
IL-12p40 16 nd. nd. 17 128+ 21 206 + 29*
IL-12p70 4.8 78+06 7309 45 36042 462+6.1
IL-15 39.0 nd. n.d. 41 142+ 27 208 + 28*
IL-17 0.51 1.14£0.32 1.0+0.16 06 25+04 45+06*%
IL-23 51 n.d. nd. 69 590+ 117 868 + 78*
MMP-3 58 260 £ 22 256+ 19 74 512+113 908+ 11.1%
SCF 13 24+ 4 19+2 9.0 590+ 16.1 946+ 11.5%
VEGF 14 3062 +539 2814 + 309 4.2 6048 + 791 5044 + 677

Values are given with mean + SD; 1g, corresponding ground control; n.d., not detectable; *P <0,05 for device sample vs. corresponding 1g ground control;
LDD (Least Detectable Dose)-determined as the mean + 3 standard deviations of 20 blank readings.
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Concerning clinorotation, no relative fluid motion is as-
sumed in a closed completely filled and air bubble-free
container exposed to the CN due to its linear and constant
acceleration mode [32]. In contrast, chaotic fluid motion
is caused on a RPM operating in real random mode due
to random changes of speed and direction of the platform
movement [33-35]. Although the magnitude of forces of
fluid motion, which does not exceed 0,44 dyn/cm2 [35], is
below that required to trigger cell detachment from sur-
faces [36,37], it is assumed to be high enough to induce an
enhanced convective fluid mixing, which may support nu-
trient supply and removal of metabolic products and thus
optimize the culture conditions for a cell.

Residual accelerations for RPM exposure have to be
considered for all 3 g-vector components that means in x,
y and z directions. Exemplary measurements of a RPM
running at 60—120 °/s showed accelerations due to gravity
of -1 to +1g for each direction [38]. A slower rotation
speed produces less residual acceleration but requires a
longer time for averaging of the g-vector. The relation of
rotation speed, resulting accelerations and the time a sys-
tems needs to detect the alterations of the influence of
gravity has to be considered. Even though less residual ac-
celerations can be achieved through a decreased rotation
speed, a longer exposure stimulus will be inevitably con-
nected which can possibly lead to a permanent stress
stimulus, if sensed by the cells [39].

Shear stress has to be considered as a variable differing
between the devices. As shown by Goodwin et al. BHK-21
cells exposed to 0.51 dyn/cm? consumed 60-70% less glu-
cose, but achieved higher cell counts and aggregation than
cells exposed to 0.92 dyn/cm? both on the integrated ro-
tating wall vessel (RWYV) [40]. Furthermore, experiments
by Hammond et al. on primary cultures of human renal
cortical cells exposed for 6 days to either real microgravity
on a space shuttle or cultured on ground-based devices as
controls demonstrated 1632 gene changes after the space
flight, 5 gene changes after centrifugation and 914 gene
changes after cell culturing on the RWYV, if a threshold of
more than + three-fold change was set. In addition, as
many gene changes in reciprocal as in the same direction
were observed, when results from RWYV and space cul-
tures were compared [41]. The balancing forces, such as
shear, used to offset gravity in RWV systems were sug-
gested to be responsible for changing the character of the
culture [41]. Further work by Kaysen et al. supports this
hypothesis, showing a shear stress dependence of selected
de novo gene and protein expression during renal epithe-
lial cell culture in RWV [42]. Therefore, different shear
stress situations on both devices used in our study seem to
be a cause of differences in the results obtained. The prob-
lem of internal shear forces due to residual accelerations
has been recognized not only in ground-based facilities,
but was also predicted to be responsible for differences
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between 1 g ground controls and 1 g-in-flight controls
using a 1 g-reference centrifuge in space, as described by
van Loon et al. [43]. An adjustment of the culture flasks
to the direction of the forces is suggested in order to ob-
tain an optimal outcome and comparability of the data.
Further experiments are required to clarify stress and
gravity-related effects and to determine threshold levels
for response time and optimal rotation speed in order to
simulate optimal microgravity conditions on ground.

Also vibrations are often suggested as a critical param-
eter in microgravity simulation. As the corresponding 1 g
controls were cultured next to the devices in the same in-
cubator, the vibration effect should be neglected as both
samples 1 g and s-pg are exposed to the same external
stimulus. The same matter has to be addressed in para-
bolic flights especially in combination with periods of
hypergravity. Experiments with respect to vibration and
hypergravity have been performed on two human follicu-
lar thyroid cancer cell lines (ML-1 and CGTH W-1) and
endothelial cells (EA.hy 926), all suggesting that micro-
gravity effects are stronger than the opposing vibration
and hypergravity effects [20-22]. Nevertheless, additional
vibration experiments for FTC-133 are of interest as final
validation of ground- based and future space data.

A further aspect possibly influencing the results are the
different culture containers used due to the geometry of
the devices. As the same flasks were used for s-pg-and cor-
responsing 1 g-samples and results were analyzed relatively
to the in parallel obtained 1g-data, an influence should not
be expected for the PCR data. Concerning the MAP data,
a possible effect cannot be excluded due to different vol-
ume and area proportions.

For the CN, special slide flasks had to be used in order
to utilize the harvesting area on the rotation axis to a max-
imum extent and to adjust a larger amount of samples on
the machine. This leads to differences in the proportion of
cells/cm® and cells/ml for both devices which might have
an impact on the cytokine measurements in the super-
natant and might influence interaction and signaling of the
cells. For the clinostat, a maximum of 0.056 x 10° cells/
cm?® were used for 4 h-experiments. Longer experiments of
24-72 hours were seeded with less density in order to pre-
vent overgrowing in the limited culture area of only 9 cm?.
A culture volume of 20 ml resembles 0.025 x 10° cells/ml.
For the RPM equal amounts of cells were used for all time
frames, as a bigger culture area of 75 cm® and a larger vol-
ume of 320 ml culture media was availabe. This leads to
0.053 x 10° cells/cm?® and 0.0125 x10° cells/ml. As a conse-
quence, differences in autocrine and paracrine signaling
between the cells, due to the differences in cell to area/vol-
ume proportion as well as different fluid behavior due to
the geometry of the culture flask, clinorotation and ran-
dom rotation have to be taken into consideration. The hy-
pothesis, that in vitro responses of cells to modified inertial
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environments might be a manifestation of modified extra-
cellular convective flow has been suggested by Paul Todd
already in 1992 [44]. For future experiments, equal culture
conditions should be used in order to obtain an optimal
comparability of the data. Still, the unique conditions of
real microgravity with the loss of gravity-dependent con-
vection and negligible hydrodynamic shear have to be con-
sidered when comparing real and s-pig results [15,44,45].

Conclusion

On both, the CN and RPM, spheroid formation of human
thyroid cancer cells was observed, whereas, besides a few
exceptions, a considerable number of selected genes or cy-
tokines were expressed or secreted differently, although
equal kinds of cells formed MCTS on the two machines.
The exceptions were CAVI and CTGF genes as well as
VEGF and eotaxin-1 cytokines. We consider them involved
in the process of spheroid formation, because their changes
consistently accompanied the MCTS formation in similar
manner, when cell sedimentation is prevented by RPM or
CN or even in real microgravity in space. The study shows
the advantage of searching for gravity-sensitive genes and
proteins in comparative approach using different machines
for microgravity simulation. Our study clearly shows the
necessity to verify results from ground-based simulation
approaches to the ones obtained in real microgravity con-
ditions to avoid misinterpretations, to learn and to under-
stand device-specific characteristics and finally choose the
appropriate simulation approach.

Methods

Culturing of FTC-133 cells

The human follicular thyroid carcinoma cell line FTC-
133 [46] was cultured in RPMI-1640 medium at 37°C
and 5% CO,. The medium was supplemented with 100
pg/mL streptomycin, 100 U/mL penicillin and 10% FCS
(all Biochrom, Berlin, Germany). One day prior to the
CN experiments, cells were seeded in 9 cm? slideflasks
(Thermo Scientific, Roskilde, Denmark). A cell count of
5 x 10° cells was disseminated for 4 h experiments, 4 x
10° for 24 h and 2 x 10° for 72 h experiments. For the
RPM experiments, cells were grown in T75 cell culture
flasks (Sarstedt, Numbrecht, Germany). Cells were
seeded at a density of 4 x 10° cells per flask. The cells
were randomized to be cultivated as static ground con-
trols (1 g) or under simulated microgravity conditions
(s-pg) on either a RPM or a CN. Ground controls were
always placed next to the device in the same incubator.
Cells and supernatants were harvested after 4 h or 72 h
on ice. The supernatants were aspirated and centrifuged
at 4°C. Afterwards, the fluid was transferred to another
tube and frozen. The pellet was fixed with RNAlater. After
removal of the culture supernatant, cells which remained
adherent during incubation, were washed once with PBS
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and then fixed with RNAlater. For this, in case of the
CN the slides were remove from their flask and were
slowly dipped first in PBS (5 s) and then transfered to
RNAlater until harvesting. T75 culture flasks from the
RPM were slowly filled with 10 ml PBS while standing
vertically, and were very carefully brought into horizon-
tal position to avoid any disturbance of the cells. PBS
was aspirated again before the addition of RNAlater.
Afterwards, the cells cultured on the RPM were scraped
off the whole bottom surface, while cells cultured on
the CN samples were harvested from the inner 6 mm of
the slide flask only, because cells of this part experience
accelerations of <0.012 g [30].

Random Positioning Machine (RPM) and 2D clinostat (CN)
For a comparative methodical approach, cells were either
cultivated on the Desktop RPM manufactured by Dutch
Space (an EADS Astrium company, Leyden, Netherlands)
[8] or the Fast Rotating 2D clinostat (DLR, Cologne,
Germany) [30]. The Desktop RPM was operated in real
random direction mode (60 °/s) and equipped with four
T75 flasks per run, fixed to the ground plate, giving a
maximum distance of 7.5 cm from the center of rotation.

The 2D clinostat constantly rotated with 60 rpm and
was loaded with four slideflasks on each of the 6 parallel
rotating axes, summing up to a total of 24 flasks per run.
Both devices were placed inside an individual incubator
with temperature of 37°C and 5% CO,. Prior to the experi-
ment, all flasks were completely filled with media avoiding
air bubbles carefully, in order to reassure a minimization
of turbulences. For harvesting of CN samples, cells of 16
flasks were pooled. Ten samples (n=10) were collected
for each condition: CN, CN corresponding lg control,
RPM and RPM corresponding 1g control.

Phase contrast microscopy

Phase contrast microscopy was performed for visual obser-
vation of the morphology of the cells, using the Axiovert 25
Microscope (Carl Zeiss Microscopy, LLC, United States).

Cytokine measurements by Multi-Analyte Profiling
technology

The release of cytokines was investigated via Multi-Analyte
Profiling (MAP) as previously described [16,47,48]. For
each condition, five supernatants were collected after 72 h
and stored at —80°C until testing. The MAP was carried out
by Myriad RBM (Austin, Texas, USA) using the Human
Cytokine MAP A and B. Briefly, Micro beads carrying spe-
cific antibodies, directed against the target analytes, are
used to detect the cytokines. A second biotinylated reporter
antibody is added, followed by an excess of streptavidin-
phycoerythrin solution to develop the multiplexes and
thereby enabling the quantification of the cytokines re-
leased, via fluorescence detection [49].
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RNA isolation and quantitative real-time PCR

RNA isolation and quantitative real-time PCR were per-
formed according to routine protocols [25,50,51]. For CN
samples, only the inner 6 mm were harvested with a
scratching device. RPM samples were harvested in total.
RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden,
Germany) following manufacturer instructions. DNase
(Qiagen, Hilden, Germany) was added in the process of
RNA isolation, in order to diminish residual DNA contami-
nations. The RNA was quantified via Photometer Ultros-
pec2010 (Amersham Biosciences, Freiburg, Germany).
Reverse transcription was performed using the first strand
c¢DNA synthesis kit (ThermoFisher Scientific, Waltham,
US), following manufacturer’s instructions. Quantitative
real-time PCR was utilized to determine the expression
levels of target genes, shown in Table 1, using the 7500
Real-Time PCR System (Applied Biosystems, Darmstadt,
Germany). cDNA-selective Primers were designed to span
exon-exon boundaries and to have a T, of ~ 60°C using Pri-
mer Express software (Applied Biosystems, Darmstadt,
Germany), and were synthesized by TIB Molbiol (Berlin,
Germany). All samples were measured in triplicate and nor-
malized to the housekeeper 18S rRNA. Comparative Ct
(AACT) methods were used for relative quantification of
transcription levels, with 1 g set as 100%.

Statistical Evaluation

Statistical Evaluation was performed using SPSS 15.0 (SPSS,
Inc., Chicago, IL, USA). The Mann—Whitney-U-Test was
used to compare 1g and s-pg conditions, as well as s-yg ad-
herent cells and s-pug MCTS cells. All data is presented as
mean + standard deviation (SD) with a significance level of
p <0.05. * indicating the comparison of 1g vs. s-yig and **
representing the comparison of s-g AD vs. s-ug MCTS.
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Abstract

In this study we focused on gravity-sensitive proteins of two human thyroid cancer cell lines
(ML-1; RO82-W-1), which were exposed to a 2D clinostat (CLINO), a random positioning
machine (RPM) and to normal 1g-conditions. After a three (3d)- or seven-day-culture (7d)
on the two devices, we found both cell types growing three-dimensionally within multicellu-
lar spheroids (MCS) and also cells remaining adherent (AD) to the culture flask, while 1g-
control cultures only formed adherent monolayers, unless the bottom of the culture dish
was covered by agarose. In this case, the cytokines IL-6 and IL-8 facilitated the formation of
MCS in both cell lines using the liquid-overlay technique at 1g. ML-1 cells grown on the
RPM or the CLINO released amounts of IL-6 and MCP-1 into the supernatant, which were
significantly elevated as compared to 1g-controls. Release of IL-4, IL-7, IL-8, IL-17, eotaxin-
1 and VEGF increased time-dependently, but was not significantly influenced by the gravity
conditions. After 3d on the RPM or the CLINO, an accumulation of F-actin around the cellu-
lar membrane was detectable in AD cells of both cell lines. IL-6 and IL-8 stimulation of ML-1
cells for 3d and 7d influenced the protein contents of B4-integrin, talin-1, Ki-67, and beta-
actin dose-dependently in adherent cells. The 34-integrin content was significantly
decreased in AD and MCS samples compared with 1g, while talin-1 was higher expressed
in MCS than AD populations. The proliferation marker Ki-67 was elevated in AD samples
compared with 1g and MCS samples. The B-actin content of R082-W-1 cells remained
unchanged. ML-1 cells exhibited no change in 3-actin in RPM cultures, but a reduction in
CLINO samples. Thus, we concluded that simulated microgravity influences the release of
cytokines in follicular thyroid cancer cells, and the production of B4-integrin and talin-1 and
predicts an identical effect under real microgravity conditions.
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Introduction

Prolonged spaceflights often cause deleterious health problems in humans. A number of space-
flight effects have been extensively studied in the past and reviewed [1-4]. Some effects may be
explained by well-known physiology; e.g. the lack of gravitational stress on the leg musculature
results in a rapid loss of bone and muscle, and the lack of the gravitational vector causes prob-
lems related to balance and eye movements [1]. It had been shown that annulling of gravity
influences the molecular mechanisms of the cells directly [3]. Cells exposed to real or simulated
microgravity change their gene and protein expression behavior [5-7], increase apoptosis [8,
9], retard cell growth [10] and alter the cytoskeleton [11-13]. Moreover, multicellular aggre-
gates were detected, which resembled the organs from which their cells had been derived [14].

In recent years it became apparent that studies on the behavior of cancer cells in space might
support cancer research on Earth [15]. Now it is of interest to compare the roles of distinct pro-
teins in cellular adaption to changed environmental conditions (microgravity). We character-
ized various lines of human thyroid cancer cells grown under conditions of real and simulated
microgravity with the aim to find possibilities of reducing the cancer cell aggressiveness [16-
18]. Since experiments under real microgravity i.e. spaceflight possibilities are rare and expen-
sive [16], a great part of the studies was performed using devices aiming to simulate micrograv-
ity on Earth [3, 19]. However, each device affects the cells not only by preventing sedimentation,
but also by characteristics of its operation mode, which include transient hypergravity or vibra-
tion [20]. Therefore, it was considered that some observations made on cells cultured on a
microgravity simulating device may not solely be due to preventing cell sedimentation but also
due to device-specific effects [18]. Furthermore, we also observed that effects are specific for
defined types of the thyroid cell lines [21]. In order to investigate the influence of altered gravity
on the cellular level, we studied different cancer cells on different devices simulating micrograv-
ity according to comparable protocols. Prior to characterization, human thyroid cells FTC-133,
ML-1, and HTU-5 were cultured on the Random Positioning Machine (RPM, Fig 1A) [17], but
only FTC-133 cells on the RPM and the fast rotating 2D-Clinostat (CLINO, Fig 1B) [18] and in
Space [16, 22, 23]. The experiments revealed several aspects and pointed to cytoskeletal proteins
and cytokines as prime targets of microgravity effects [3, 19, 22, 23].

In this study we investigated the impact of simulated microgravity using the RPM and the
CLINO devices on two human follicular thyroid cancer cell lines (ML-1, RO82-W-1) in a par-
allel manner either for three (3d) or seven (7d) days, respectively, before selected cytokines and
cytoskeletal proteins were quantified. To evaluate the possible role of the cytokines IL-6 and
IL-8 for the expression of selected proteins in thyroid cancer cells, we studied the impact of IL-
6 and IL-8 application on Ki-67, f3;-integrin, talin-1, and beta-actin proteins in adherent ML-1
cells. Moreover, we focused on the role of the cytokines IL-6 and IL-8 in ML-1 and RO82-W-1
spheroid formation using the liquid-overlay technique under 1g-conditions [24]. Cytokines
and cytoskeletal proteins, whose release or expression was altered, respectively, are discussed
with respect to their specific roles in thyroid cancer.

Methods
Cell lines

ML-1 cell line. Monolayers of ML-1 follicular thyroid cancer cells [25] were cultured on
either the RPM or the clinostat. The ML-1 cell line derived from a recurring tumor of a poorly
differentiated follicular thyroid carcinoma (stage pT4) of a 50-year-old woman [25]. The cell
line has a doubling time of 4 days. The cells take up glucose, secrete thyroglobulin, thyroxine,
and triiodothyronine and are tumorigenic in nude mice.
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Fig 1. A: Random Positioning Machine (RPM) and B: 2D-Clinostat.

doi:10.1371/journal.pone.0135157.g001

UCLA RO82-W-1 cell line. The RO82-W-1 cell line was established by Estour et al. in
1989 [26]. The cell line was purchased from Sigma-Aldrich Chemie (Munich, Germany). This
cell line derived from the metastases of a follicular carcinoma in a female patient. Although the
primary tumor of RO82-W-1 released thyroglobulin (Tg) into the circulation, the uptake of
1131 was less than 2% [26]. RO82-W-1 cells are Tg-positive and are also tumorigenic in nude
mice [26].

Both cell lines were cultivated in RPMI-1640 medium at 37°C and 5% CO,. The medium
was supplemented with 100 pg/mL streptomycin, 100 U/mL penicillin and 10% FCS (all Bio-
chrom, Berlin, Germany).

Because both malignant human thyroid follicular cell lines had retained the ability to syn-
thesize Tg, they represent valuable models for the study of human follicular carcinomas.

Cell Culture Procedure

24 hours before the experiments, cells of both types were seeded into either slide flasks
(Thermo Scientific, Roskilde, Denmark) with a growing area of 9 cm” for the CLINO or into
T25 flasks (Sarstedt, Niimbrecht, Germany) with a growing area of 25 cm” for the RPM. The
cells for each type of culture flasks were randomized to be cultivated as static ground controls
(1g-condition) or on one of the devices. Phase contrast images were captured. The morphologi-
cal pictures for RO82-W-1 cells are given in Fig 2. CLINO and RPM experiments were per-
formed in individual incubators at 37°C, and ground controls were always kept next to the
experiments in the same respective incubator, resting under static 1g-conditions. Cells of both
types were harvested after 3d days and 7d.

Effects of IL-6 and IL-8 on adherent ML-1 cells grown under 1g-
conditions

ML-1 cells from frozen stocks were cultivated in T75 flasks in RPMI 1640 medium until they
reached subconfluence (3-5 days). Afterwards the cells were subcultured in 5 T175 and as soon
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Fig 2. Phase contrast microscopy of RO82-W-1 cells. A: Follicular thyroid cancer cells cultured for 3d at
static 1g. The cells proliferated as 2D monolayer. B: RO82-W-1 cells incubated for 3d on the RPM. The
arrows show 3D aggregates (multicellular spheroids; MCS). The inserts show swimming 3D spheroids in the
supernatant. C: MCS formed on the CLINO after 3 days. D: RO82-W-1 cells cultured for 7 days on the
CLINO. The arrows show 3D spheroids. The insert demonstrates a floating spheroid in the supernatant. E:
RO82-W-1 cells cultured for 7 days at static 1g-conditions grow as well as a confluent monolayer. F: 7-day-
old MCS formed on the RPM (arrows) could be detected and adherent RO82-W-1 cells.

doi:10.1371/journal.pone.0135157.g002

as they reached subconfluence they were subcultured again in 20 T175 flasks. After getting sub-
confluent, the cells were treated with vehicle RPMI 1640 medium or with 0.03 ng/mL, 1 ng/
mL, 10 ng/mL, 100 ng/mL of IL-6 or 1 ng/mL, 10 ng/mL, 45 ng/mL or 100 ng/mL of IL-8 con-
centrations, respectively [27-29]. We also applied for the IL-6 group 0.03 ng/mL and for IL-8
45 ng/mL, because these concentrations were released in the supernatant by ML-1 cells after 7
days.

10 T175 flasks (2 T175 without IL-6 or IL-8 and 8 T175 with different concentrations of IL-
6 or IL-8) were cultivated in the incubator (1g) for 3d, and another set of 10 T175 for 7d.

After 3d or 7d the medium in the culture flasks has been discarded, the cells were scraped in
10 ml of DPBS and centrifuged by 6000 rpm for 15 minutes. The supernatant was removed, the
pellet was dissolved in 1 ml of DPBS and centrifuged again by 6000 rpm for 15 minutes. The
pellets were immediately used for protein extraction, Western blot analysis of beta-actin, 3, -
integrin, talin-1 and Ki-67 and following densitometry [17,19]. The results are given in Fig 3.
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Fig 3. Effects of IL-6 and IL-8 on the amount of selected proteins in adherent ML-1 cells grown under normal 1g-conditions. Western blot analyses
and densitometric data are given. A, C: beta-actin, 3d and 7d; B, D: 34-integrin, 3d and 7d; E, G: Ki-67, 3 and 7 days; F, H: Talin-1, 3 and 7 days. IL-6 doses:
0.03 ng/mL; 1 ng/mL; 10 ng/mL and 100 ng/mL. The dose 0.03 ng/mL is the maximal amount of IL-6 released by ML-1 cells in the supernatant and measured
by MAP (dark-grey columns). IL-8 doses: 1 ng/mL; 10 ng/mL; 45 ng/mL and 100 ng/mL. The dose 45 ng/mL is the maximal amount of IL-8 released by ML-1
cells in the supernatant and measured by MAP (dark-grey columns).

doi:10.1371/journal.pone.0135157.9003
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Liquid-overlay technique

Multicellular tumor spheroids were produced with the help of the liquid-overlay technique
[24]. Thyroid cancer cells of the ML-1 cell line and the UCLA RO82-W-1 cell line harvested
from adherently growing confluent monolayers were plated on agarose-coated 96-multiwell
test plates (Nunc GmbH, Wiesbaden, Germany) at a concentration of 4000 cells/200 pL RPMI
1640 medium and were incubated at 37°C and 5% CO.,. The cells were stimulated with vehicle,
IL-6 (1 ng/mL, 10 ng/mL and 100 ng/mL) and IL-8 (1 ng/mL, 10 ng/mL and 45 ng/mL). After
3d and 7d pictures were taken and the results presented in Fig 4.

Random Positioning Machine

The RPM was purchased from ADS, former Dutch Space, Leyden, the Netherlands (Fig 1A).
Its construction and function was described earlier by van Loon [30]. It consists of two inde-
pendent rotating frames within each other. In our experiments, the RPM was operated in “ran-
dom mode” (60°/s), in which direction is changed continuously and randomly. Over time, the
gravity vector of the Earth is nullified. During experiments, the RPM was loaded with up to 15
T25 cm? flasks that were fixed to the ground plate of the machine. In effect, all flasks resided
within a distance of 7.5 cm from the center of rotation. In the relatively low speed (60°/s) of the
RPM, the centrifugal force experienced by cells even at the furthest points from the center of
rotation is assumed to be negligible [30].

2D Clinostat

The 2D CLINO device (manufactured by DLR, Cologne, Germany, Fig 1B) consists of six arms
enabling the rotation of the samples around an axis perpendicular to the force of gravity [31].
Each rotating arm was loaded with 4 slide flasks, for a total of 24 flasks per run. On the CLINO,
the gravity vector is randomized by fast and constant rotation. Great care was taken to ensure
that all flasks selected for clinorotation were free of air bubbles that would otherwise induce
chaotic fluid movement. The 2D CLINO rotating constantly at 60 rpm generates residual accel-
erations within the distance of 3 mm around the center of rotation in the order of 0.012g, while
cells located at further distance experience up to 0.036¢ [18, 31]. Although the gravity-related
threshold of thyroid cancer cells is unknown, only the cells located within the distance of 3 mm
around the rotational axis were harvested for the analyses, meaning that these cells had experi-
enced a very low residual acceleration.

pH measurements

The pH was measured with a Metrohm 827 pH-meter no more than 1 hour after experiment
termination. All measurements were performed twice, and the samples were kept in closed
Eppendorf tubes until measurement to avoid reactions with atmospheric gases.

Phase contrast microscopy

The Axiovert 25 Microscope (Carl Zeiss Microscopy, LLC, USA) was used for visual observa-
tion of the morphology of the cells.

Western blot analyses

Western blot analyses, immunoblotting, and densitometry were performed according to rou-
tine protocols [32-37]. The following antibodies were used to quantify the antigens: Anti-beta-
actin, and anti-talin-1 were used at a dilution of 1:1000 (Cell Signaling Technology, Inc., Dan-
vers, MA, USA); as well as anti-integrin-beta,; antibody (Epitomics, Burlingame, USA); Ki-67

PLOS ONE | DOI:10.1371/journal.pone.0135157 August 14,2015 6/22



@‘PLOS | ONE

Cancer Cells in Microgravity

ML-1 3d
vehicle

ML-1 3d
IL-8 1 ng/mL

RO82-W-13d
vehicle’

RO82-W-13d
IL-8 1 ng/mL

ML-17d
vehicle

ML-17d
IL-8 1 ng/mL

RO82-W-17d
vehicle

RO82-W-17d
IL-8 1 ng/mL

100 pm

100 pm

ML-1 3d
IL-6 1 ng/mL

ML-13d
IL-8 10 ng/mL

RO82-W-13d
IL-6 1 ng/mL

RO82-W-13d
IL-8 10 ng/mL

ML-17d
IL-6 1 ng/mL

ML-17d
IL-8 10 ng/mL

RO82-W-17d
IL-6: 1 ng/mL

RO82-W-17d
IL-8 10 ng/mL

100 uym

100 pm

100 pm

ML-1 3d
IL-6 10 ng/mL

ML-1 3d
IL-8 45 ng/mL

RO82-W-13d
1L-610 ng/|

RO82-W-13d
IL-8 45 ng/mL

ML-17d
IL-6 10 ng/mL

ML-17d
IL-8 45 ng/mL

RO82-W-17d
IL-6 10 ng/mL

RO82-W-17d
IL-8 45 ng/mL

ML-13d
IL-6 100 ng/mL

A

RO82-W-13d
IL-6 100 ng/mL

RO82-W-13d
CLINO

ML-17d
IL-6 100 ng/mL

RO82-W-17d
1L-6 100 ng/mL

RO82W:#7d
CLINO ¢+5

Fig 4. Liquid-overlay technique. A1-A7: Phase contrast microscopic pictures taken after 3d. ML-1 cells
grown in agarose-coated wells, treated with vehicle or different doses of IL-6 or IL-8, respectively. A8: 3-day-
old spheroid and adherent ML-1 cells on the CLINO. B1-B7: Photos taken after 3d. RO82-W-1 thyroid cancer
cells grown in agarose-coated wells, treated with vehicle or different doses of IL-6 or IL-8, respectively. B8:
3-day-old spheroid and adherent RO82-W-1 cells on the CLINO. C1-C7: Pictures taken after 7d. ML-1 cells
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grown in agarose-coated wells, treated with vehicle or different doses of IL-6 or IL-8, respectively. B8: 7-day-
old spheroid and adherent ML-1 cell population after incubation in the 2D CLINO. D1-D7: Phase contrast
images taken after 7d. RO82-W-1 thyroid cancer cells grown in agarose-coated wells, treated with vehicle or
different doses of IL-6 or IL-8, respectively. D8: 7-day-old MCS and adherent RO82-W-1 cells after culture in
the CLINO.

doi:10.1371/journal.pone.0135157.g004

was purchased from Santa Cruz Biotechnology, Santa Cruz, TX, USA (dilution 1:500); the sec-
ondary, HRP-linked antibody was utilized at a dilution of 1:4000 (Cell Signaling Technology,
Inc., Danvers, MA, USA). As a loading control glyceraldehyde 3-phosphate dehydrogenase
(ABR-Aftinity BioReagents, Golden, USA; dilution: 1:10 000) was used.

The membranes were analyzed using Image] software (U.S. National Institutes of Health,
Bethesda, MD, USA; http://rsb.info.nih.gov/ij/), for densitrometric quantification of the bands.

F-actin staining

F-actin was visualized by rhodamine-phalloidin staining (Molecular Probes, Eugene, OR,

USA) and the nuclei were stained with Hoechst 33342 (Molecular Probes, Eugene, OR, USA),
as published earlier [36, 37]. The samples were mounted with Vectashield (Vector, Burlingame,
CA, USA) and analyzed microscopically. The F-actin stained samples were examined using a
Zeiss 510 META inverted confocal laser scanning microscope (Zeiss, Germany), equipped with
a Plan-Apochromat 63x1.4 objective. Excitation and emission wavelengths were: Lexc = 488
nm and Aem = >505 nm for FITC. Afterwards, the samples were analyzed with the help of the
image analysis program Scion Image (Version 1.63 MacOs, Scion Corporation, USA).

Cytokine measurements by Multi-Analyte Profiling technology

The release of cytokines was investigated via Multi-Analyte Profiling (MAP) as previously
described [18, 22]. For each condition, five supernatants were collected after 72 h and stored at
-80°C until testing. The MAP was carried out by the company Myriad RBM (Austin, Texas,
USA), they determined the Human Cytokines of the selections MAP A and B.

Cytokine measurement by Enzyme Linked Immunosorbent Assay

IL-6, IL-8, and MCP-1 proteins released from RO82-W-1 cells in the cell culture supernatants
during RPM and CLINO experiments were detected by ELISAs purchased from R&D systems
[38]. The ELISAs have been performed according to the protocols supplied by the
manufacturer.

Statistical Evaluation

SPSS 15.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical evaluation. The Mann-Whit-
ney-U-Test was performed to compare 1 g and s-pg conditions, as well as s-pug adherent cells
and s-ug MCTS cells. All data is presented as mean + standard deviation (SD). Values of

p < 0.05 were considered significant.

Results

The cells of the follicular thyroid cancer cell lines ML-1 and RO82-W-1 were cultivated for 3d
and 7d on the RPM, on the 2D CLINO, and under normal static laboratory 1g-conditions. Up
to the seventh day, the pH remained in the normal range, irrespective of whether the cells were
cultured on the RPM, under 1g or on the CLINO. However, the cells remained growing in a
monolayer only if culturing was performed under 1g, while, when cultured under altered
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gravity conditions, the cells split into two populations of which one comprised cells remaining
adherently, while the other contained cells forming 3D aggregates similar to those described
for the FTC-133 cells [18].

We received similar results with the RO82-W-1 and ML-1 cells. Both types of cells prolifer-
ated like the RO82-W-1 cells shown in Fig 2 as an adherent monolayer (Fig 2A and 2E) and as
multicellular spheroids on the RPM (Fig 2B and 2F) and the CLINO (Fig 2C and 2D). There
were no differences in terms of number of spheroids of each cell line that arose on either the
RPM or the CLINO. Both devices delivered spheroids of different sizes (max. diameter 0.4
mm) at both time points as shown in Fig 2B, 2C, 2D and 2F. Detachment of AD cells started
early and cell detachment and spheroid formation occurred also after 7d.

Impact of IL-6 and IL-8 on ML-1 cells grown under 1g-conditions

IL-6 (0.03 ng/mL and 1 ng/mL) stimulation increased the amount of beta-actin and {3;-integrin
protein in adherent ML-1 cells. Moreover, IL-8 (1, 10 and 45 ng/mL) increased the beta-actin
protein content in these cells, whereas only higher doses (10-100 ng/mL) elevated the protein
content of 3;-integrin within 3 days (Fig 3A and 3B).

After 7d, an increase was found for beta-actin protein in all IL-6-treated samples as well as
in samples treated with 1 and 10 ng/mL IL-8 (Fig 3C). The f3;-integrin protein was induced by
0.03 ng/mL as well as by 10 ng/mL IL-6, whereas only 10 ng/mL IL-8 induced the amount of
the protein after a 7-day-stimulation (Fig 3D).

In addition, both cytokines (IL-6 and IL-8, all doses) induced an elevation of the Ki-67 pro-
tein content after 3d (Fig 3E). After 7d, all IL-6 doses as well as 1 ng/mL and 100 ng/mL IL-8
increased the amount of Ki-67 protein in ML-1 cells (Fig 3G). In contrast, the talin-1 protein
content was clearly reduced by IL-6 and IL-8 application to the medium. Low doses of IL-6
and all doses of IL-8 were effective (Fig 3F) during the 3-day-1g-experiment. Another result
was found after 7d. IL-6 stimulation resulted in an increase of talin-1 (Fig 3H). A similar find-
ing was seen in IL-8-treated samples (1, 10 and 45 ng/mL) of the ML-1 cell line.

These experiments defined firstly, the optimal IL-6 and IL-8 doses for the expression of dis-
tinct proteins under 1g-conditions and secondly, the doses to test their impact on MCS forma-
tion using the liquid-overlay method (see below and Fig 4).

Impact of IL-6 and IL-8 on spheroid formation under 1g-conditions

After 3d, ML-1 cells only showed loose cell aggregates, when cultured under 1g-conditions on
agarose. 10 and 100 ng/mL IL-6 and 1, 10 and 45 ng/mL IL-8 treatment resulted in a better
aggregation of the ML-1 cells to spheroids, when they are cultured in the agarose-coated wells
(Liquid-overlay technique) (Fig 4A1-4A7). RO82-W-1 cells formed large irregular aggregates
after a 3-day-incubation in agarose-coated wells. Both cytokines improved the formation of
RO82-W-1 multicellular spheroids using the liquid-overlay method (Fig 4B1-4B7).

After 7d, ML-1 cells showed irregular formed cellular aggregates on agarose. The cytokine-
treated groups contained several dense spheroids after one week of stimulation (Fig 4C). The
ML-1 spheroids formed on the CLINO were similar to the liquid-overlay spheroids treated
with 45 ng/mL IL-8 (Fig 4C7 and 4C8).

After 7d, the RO82-W-1 cells grew in form of dense multicellular spheroids as well as single
cells swimming in the supernatant in agarose-coated wells. Cytokine application to the
medium enhanced slightly the size of the spheroids (Fig 4D1-4D7).

The spheroids of both cell types formed after IL-6 and IL-8 treatment exhibited a similar
morphology than the MCS produced after incubation on the CLINO (Fig 4A8, 4B8, 4C8 and
4D8).
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Cytokine release by ML-1 cells

Measuring the cytokines of the Human Cytokine selections MAP A and B we detected IL-4,
IL-6, IL-7,IL-8, IL-17, MCP-1, VEGF-A and eotaxin-1 in the supernatants of the various cell
cultures. We measured about 32 pg/mL IL-4 and IL-7 in the supernatants of 3-day-old cell cul-
tures, irrespective of whether the cells had been incubated on the RPM, on the CLINO or in the
stationary 1g-control. After a 7-day-exposure, the cell culture supernatants contained around
47 pg/mL IL-4 and about 43 pg/mL II-7, independently of the culture conditions (Fig 5A and
5C). A similar phenomenon was observed with respect to IL-8 and VEGF-A. About 710 pg/mL
VEGF-A and 11,000 pg/mL IL-8 were found in the supernatants of 3-day-old cultures, irre-
spective of whether the cells had been incubated on the RPM, on the CLINO or under station-
ary 1g-conditions. After a 7-day-exposure, VEGF-A and IL-8 concentrations were enhanced to
around 3000 pg/mL VEGF-A and about 35,000 pg/mL I1-8 were detected, again without signif-
icant difference with respect to culturing conditions (Fig 5D and 5F). Taken together, Fig 5A,
5C, 5D and 5F show that the content of IL-4, IL-7, VEGF-A and IL-8 in the culture superna-
tants were enhanced in the 7-day-samples as compared to the 3-day-samples, while a signifi-
cant influence of exposing cells to the RPM or the CLINO could not be seen for these 4 types of
cytokines.

In contrast, the accumulation of IL-6 and MCP-1 in the different culture supernatants
clearly depended on the culture conditions. A release of 27 and 33 pg/mL IL-6 was found in the
supernatants of RPM samples after 3d and 7d of culturing, respectively, while an amount of
22.5 pg/mL IL-6 was measured in relevant 1g-controls (Fig 5B). Similarly, a concentration of
24 and 36 pg/mL IL-6 was found in the supernatants of CLINO samples after a 3- and 7-day-
experiment, respectively, while about an amount of 25 pg/mL IL-6 was measured in relevant
1g-controls (Fig 5B). In addition, the monocyte chemoattractant protein-1 (MCP-1) levels
changed, when cell culturing was performed on devices simulating microgravity. Under nor-
mal gravity conditions, about 600 pg/mL MCP-1 were found after 3 days and between 700 and
750 pg/mL after 7 days, while MCP-1 concentrations increased from 750 to 950 pg/mL on the
RPM and from 700 to 1000 pg/mL on the CLINO (Fig 5E).

In addition to the six cytokines shown in Fig 5 we searched for further cytokines as shown
in Table 1. However, we did not detect further cytokines released into the supernatant during 3
days of cell culturing under any condition. Release of IL-17 and eotaxin was detectable in sam-
ples cultured for 7 days on the CLINO, on the RPM as well as on the ground with no significant
differences at concentrations of around 1 pg/mL (IL-17) and 15 pg/mL (eotaxin) (Table 1).

Cytokine release by RO82-W-1 cells

We investigated the release of selected cytokines in the supernatant of RO82-W-1 cells after a
3-day-exposure to the RPM or the CLINO devices. The amount of IL-6 was significantly ele-
vated from 56.9 pg/mL to 75.2 pg/mL on the RPM (Fig 6A). A similar result was obtained for
IL-8 (Fig 6B). Non-significant increases for both cytokines were measured for the CLINO-
samples.

The secretion of MCP-1 of RO82-W-1 cells was much lower than the release of ML-1 cells
(Figs 5E and 6C). Culture of RO82-W-1 cells on the RPM or the CLINO completely blunted
the release of MCP-1 (Fig 6C).

Effects of simulated microgravity on the cytoskeleton

Since earlier studies have shown that cytoskeletal proteins of different types of cells are severely
affected by microgravity [11-13, 37, 39-41], we performed F-actin staining on cells cultured on
the RPM and on the 2D CLINO for 3d and 7d. After 3 days, an accumulation of F-actin along
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doi:10.1371/journal.pone.0135157.g005

PLOS ONE | DOI:10.1371/journal.pone.0135157 August 14,2015 11/22



@'PLOS ‘ ONE

Cancer Cells in Microgravity

Table 1. Soluble factors secreted by ML-1 cells.

Factor

Human CytokineMAP A GM-CSF
1.0

IFN-y
IL-2
IL-3
IL-5
IL-10
IL-18
MIP-1a
MIP-1
TNF-a
TNF-8

Human CytokineMAP B BDNF

1.0
Eotaxin-

1
ICAM-1
IL-1a
IL-18
IL-1ra
IL-12p40
IL-12p70
IL-15
IL-17
IL-23

MMP-3

SCF

LDD

2,9

0,32

1,2

0,00032

0,55

0,66

1,3

3,6

3,2

2,6

0,6

0,0054

13

0,65

0,0003

0,44

31

0,019

6,8

0,039

0,31

0,13

0,0052

13

[py/
ml]

[pg/
mi]

[po/
ml]

[po/
ml]

[pg/
mi]

[po/
ml]

[po/
ml]

[pg/
ml]

[po/
ml]

[pg/
ml]

lpg/
ml]
[ng/
ml]

[pg/
ml]

[pg/
ml]

[po/
ml]

[po/
ml]

[pg/
ml]

[ng/
ml]

[pg/
ml]
[ng/
mi]

[po/
ml]

[ng/
ml]
[ng/
ml]

[po/
ml]

3d

o S EEE O S JCEES O O JCIES O S| JERES O S JCEES O S5 JCEES O SO JERES O S JCEES O 5 JCEES O 5 JeEESi O S| JERES O 5 FeiEs

3d

control

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

7d

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

13.4+£79

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

1.078 £ 0.229

n.d.

n.d.

n.d.

Random Positioning Machine

7d control

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

176 +2.3

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

1.2+ 0,071

n.d.

n.d.

n.d.

3d

o Sl EEEC O O JCEES O O IO O S| JEEES O S JCEES O O JCEES O 0 JOS O O JCEES O 5 JCEES O 5 JeEpS O O JeRESy O 35 Feigs

3d

control

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

Clinorotation

7d

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

16.4+1.8

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

1.12+0.16

n.d.

n.d.

n.d.

7d control

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

13.6+£7.8

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

1.02 £ 0.602

n.d.

n.d.

n.d.

Values are given with mean + SD; 1g, corresponding ground control; n.d., not detectable; LDD (Least Detectable Dose)-determined as the mean + 3
standard deviations of 20 blank readings.

doi:10.1371/journal.pone.0135157.t001
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doi:10.1371/journal.pone.0135157.9g006

the outer cellular membrane was visible in ML-1 cells as well as in RO82-W-1 cells cultured on
the CLINO and the RPM (Fig 7). After 7 days, the cells were completely confluent and over-
grew each other. A thickening of the outer membrane was found under both conditions (1g
and simulated microgravity), but was more pronounced on the RPM and the CLINO.

Western blot analyses of B-actin in ML-1 cells revealed a decrease after 7d of clinorotation
(Fig 8A), but the protein remained unchanged after 7d of RPM-exposure. Exposure of the ML-
1 cells to the RPM and clinostat induced significant decreases of B;-integrin in AD and MCS
cells after 7d (Fig 8B). Talin-1 protein was significantly reduced in AD cells only, when the
ML-1 cells were incubated on the CLINO (Fig 8C). Ki-67 protein, a nuclear protein, associated
with the cellular proliferation process, was significantly elevated in AD cells compared with
MCS and 1g-control cells on both devices (Fig 8D).

No change in beta-actin was found in RO82-W-1 cells after a 7-day-culture on the RPM or
the CLINO (Fig 8E). The protein content of beta-actin remained constant. The protein con-
tents of beta, -integrin, talin-1 and Ki-67 of RO82-W-1 cells were comparable to those of the
ML-1 cell line, irrespective of culture conditions (Fig 8F-8H).

Discussion

Ground-based facilities such as the RPM and the CLINO, used to simulate conditions of micro-
gravity on Earth, have various benefits. They are important tools to prepare a future space mis-
sion [3, 4, 7, 30, 39-42]. They allow us also to explore altered gravity (microgravity)-related
effects on Earth. However, most often they show superimposing effects, which may be due to
the characteristics of a device. Common effects exerted by the RPM and the CLINO on target
cells of interest may be induced due to prevention of sedimentations. We have recently demon-
strated that the CLINO and the RPM are suitable to trigger FTC-133 cells to develop MCS and
to decrease expression of CAV1 and CTGF genes in MCS [18]. In this study we focused on the
regulation of cytokines and cytoskeletal proteins of two follicular thyroid cancer cell lines ML-
1 and RO82-W-1 under the influence of the devices. In MI-1 cells, we observed an enhanced
release of IL-6 and MCP-1, an elevated Ki-67 protein content in AD cells, but a reduced pro-
duction of f3;-integrin and talin-1 in AD cells. RO82-W-1 cells exhibited a similar production
of these proteins, when the cells were exposed to simulated microgravity conditions. The
release of IL-6 and IL-8 was enhanced in RO82-W-1 cells, but MCP-1 secretion was blunted
under conditions of microgravity. Different reactions of the two cell lines under CLINO- or
RPM-exposure might be due to their different origin and characteristics.
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Fig 7. F-Actin staining of ML-1 and RO82-W-1 cells after 3d and 7d on the RPM and on the CLINO. A-C:
ML-1 3-day-experiment. A: ML-1 cells, 3d, 1g-condition: normal cells with normal F-actin cytoskeleton B: ML-
1 cells, 3d, accumulation of F-actin at the outer cellular membrane (yellow arrows) after RPM-exposure. The
white arrow marks the detaching of cell aggregates from the adherent cell layer. C: ML-1 cells, 3d, thicker
layers of F-actin at the outer cellular membrane (yellow arrows). D-F: ML-1 7-day-experiment. D: ML-1 cells,
7d, 1g-condition: confluent normal cells with normal F-actin cytoskeleton. E: ML-1 cells cultured on the RPM
for 7d revealed thicker layers of F-actin at the outer membrane (insert). F: A 7-day-exposure of ML-1 cells to
the CLINO induced similar changes of the F-actin cytoskeleton. The insert shows ticker F-actin fibers at the
cellular membranes. G-I: RO82-W-1 3-day-experiment. G: normal F-actin cytoskeleton of RO82-W-1 cells.
H: MCS formation (yellow arrows) after a 3-day-incubation on the RPM. An accumulation of F-actin at the
outer cellular membrane is visible (yellow arrows). I: RO82-W-1 cultured for 3d on the clinostat revealed a
clear thickening of the F-actin fibers (arrows). Insert: 3D MCS. J-L: RO82-W-1 7-day-experiment. J: F-actin
cytoskeleton of confluent RO82-W-1 cells grown at 1g. K, L: MCS formation of RO82-W-1 cells after RPM-
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(K) and CLINO-exposure (L). The arrows indicate the 3D MCS and a thickening of F-actin fibers at the outer
membranes.

doi:10.1371/journal.pone.0135157.g007

Since both machines trigger similar cytoskeletal changes in both cell lines, we concluded
that these alterations might be important in adaptation to microgravity [4, 11-13, 36, 37]. Fur-
thermore, the proteins investigated play also a role in cancer development and progression.

A number of cytokines are known to play a role in tumor cell proliferation, apoptosis, and
angiogenesis [43]. IL-4 has been described as a growth factor of thyroid cancer cells. It pro-
motes resistance to chemotherapy by upregulating secondary messengers [44]. The role of IL-7
in relation to thyroid cancer remains largely unknown. Increased serum levels of IL-7 in con-
junction with IL-6, IL-10 and IL-14 had been shown to indicate both benign and malignant
thyroid disease [45]. IL-8 plays a role in arthroid disease [46]. In addition, IL-8 is responsible
to tumor progression and liver metastasis of colorectal tumors [47]. IL-17 plays a role in tumor
development, but the mechanisms of IL17 involvement are still uncharacterized [48]. Also
VEGF promotes neoangiogenesis. It is produced by many thyroid cancer cells and supports
infiltration of thyroid tumors by vasculature and thus promotes tumor growth [49, 50]. Its neu-
tralization by antibodies or drugs is currently of great interest in tumor therapy [51, 52]. All
these cytokines were accumulated in supernatants of ML-1 cultures progressively during time,
while a number of other cancer cell-related cytokines could not be detected in the various
supernatants (Table 1). There was no gravity-dependent influence on the secretion of the vari-
ous cytokines by ML-1 cells mentioned in Table 1 and of those described above besides slight
differences found for IL-7 and IL-8 (Fig 5). Hence, we concluded that a number of cytokines,
playing a role in tumor development are not affected by culturing the cells on the devices
applied. It is of interest that also the amounts of VEGF-A and eotaxin in the supernatants of
the FTC-133 cells cultured during the Shenzhou-8 flight in real microgravity and on 1g-refer-
ence centrifuge were equal, respectively [22].

The up-regulation of IL-6 and MCP-1 occurred in RPM and CLINO samples of the ML-1
cell line (Fig 5B and 5E). IL-6, along with IL-8, had already been suggested to play a role in
gravity-sensitive signaling required for spheroid formation [19]. To investigate the role of IL-6
and IL-8 on spheroid formation under 1g-conditions, we used the liquid-overlay technique
[24]. We could show for the first time that both cytokines improve 3D aggregation of both ML-
1 and RO-82-W-1 cells, which were cultured on agarose-coated wells for 3d and 7d (Fig 4).
The 3- and 7-day-old MCS were comparable to the spheroids grown under conditions of simu-
lated microgravity. In addition, we demonstrated that both cytokines induced the protein
expression of beta-actin, beta;-integrin, talin-1 and Ki-67 within 3 and 7 days (Fig 3). These
results support recent research suggesting that IL-6 might be an important factor in tumor cell
growth, metastasis and angiogenesis [53]. Immunohistochemical staining of papillary thyroid
tumor samples indicated that MCP-1 expression correlated with an aggressive behavior of this
tumor [54]. MCP-1 was highly secreted and elevated in ML-1 cells cultured under simulated
microgravity. This cell line derived from a poorly differentiated follicular thyroid carcinoma.
In contrast, RO82-W-1 cells exhibited a low secretion rate of this cytokine. A 3-day-incubation
on the RPM and CLINO blunted the secretion of MCP-1 (Fig 6C). In space during the Shenz-
hou-8 mission, we also had measured after 10 days in FT'C-133 supernatants 8pg/mL MCP-1
in spaceflight 1g-samples and 6.15 pg/mL MCP-1 in real pug-samples [22]. This reduction is in
accordance with the results obtained from RO82-W1 samples, which also exhibited a reduction
for this cytokine.

In addition, we investigated the F-actin cytoskeleton of the thyroid cancer cells. F-actin
accumulated at the outer cellular membranes in both types of follicular thyroid cancer cells
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Fig 8. Western blot analyses of A-D: ML-1 cells after a 7-day-exposure on the RPM and CLINO. A: B-actin,
B: B4-integrin, C: talin-1 and D: Ki-67 proteins. Clear differences between the two devices are found for 3-
actin. Western blot analyses of E-H: RO82-W-1 cells after a 7-day-exposure on the RPM and CLINO. E: 3-
actin, F: B4-integrin, G: talin-1 and H: Ki-67 proteins. There was no change in the beta-actin content of
RO82-W-1 cells cultured on the RPM or the CLINO for 7d. The amount of 34-integrin and Ki-67 was
comparable to the ML-1 cultures grown under s-ug. *P<0.05.

doi:10.1371/journal.pone.0135157.g008
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cultured on both devices for 3d and 7d (Fig 7), corresponding to our earlier studies on endothe-
lial cells and human chondrocytes [4, 36, 37, 40] and further proves cytoskeletal alterations in
cells cultured under microgravity conditions as reported by several authors [11-13, 55-57]. It
is well known that microgravity induces changes in the actin cytoskeleton, which is connected
to several membrane proteins with impact on cellular polarity, adhesion, migration, and may
respond to extracellular signals [55]. These alterations occur very early. After the first micro-
gravity phase of a DLR Parabolic Flight a clear rearrangement of the F-actin network with peri-
nuclear clustering was demonstrated in ML-1 cells [55]. In addition, MCS formation occurred
after 3d and 7d, a thick F-actin layer is visible at the outer membrane of the developing spher-
oids (Fig 7K and 7L).

Furthermore, we found a significant reduction of B-actin in CLINO-samples of the ML-1
cell line, whereas, a 7-day-RPM-exposure did not alter the expression of the protein (Fig 8A).
Interestingly, RO82-W-1 cells exhibited no change in B-actin after a 7-day-culture on the RPM
and the CLINO (Fig 8E). This protein is one of two non-muscular cytoskeletal actin types and
is important for the stability of cells as well as for motility and structure. B-actin is expressed by
tumor cells as well as by healthy cells, and overexpression of B-actin had been found to be asso-
ciated to metastasis of gastric cancer [58], however, its role in thyroid cancer cells is currently
unknown. The finding that B-actin is not changed in RO82-W-1 cells and the differences
found for CLINO- and RPM-ML1 samples may be explained as follows: The notable differ-
ences between the amounts of B-actin on the RPM vs. the clinostat could be firstly, due to
patient-specific properties of the two cell lines. Secondly, they may occur because of device
characteristic reasons. The RPM consists of two independently rotating frames enabling a 3D
rotation with random speed and random direction of the samples aiming to alter the influence
of the gravity vector [30]. This might induce stress experienced by cells on the RPM when the
direction is changed, where cells will experience numerous brakes for changing the vector and
for inducing gravitational unloading may be also one possible reason for the difference. ML-1
cells may be more sensitive and can stabilize their cytoskeleton by producing more B-actin on
the RPM [7, 30]. This does not occur in the CLINO due to constant rotating with respect to
speed and direction. Moreover, on the CLINO, sedimentation is prevented by a fast and con-
stant rotation of the samples around one horizontal axis, assuming that the sample does no
longer perceive the gravity stimulus.

Both cell lines exhibit MCS formation on both devices. During MCS formation considerable
alterations of various cellular molecules can occur. Some of them might not be directly related
to the process of 3D cell aggregation, but by products generated by device-dependent modifica-
tions [59]. Examples are physical stimuli due to vibration, shearing forces, etc. generated by the
simulators [18]. The CLINO device rotates constantly at 60 rpm and generates residual acceler-
ations below 0.012¢ within the distance of +3 mm around the culture flask center [31]. Cells
located at further distance from the rotation axis are exposed to accelerations reaching up to
0.036 g at about £9 mm [18]. Eiermann et al. had demonstrated significant differences in sev-
eral genes in a human 1F6 melanoma cell line within these acceleration intervals [31]. To be
sure to keep residual acceleration low, we only collected cells within the central 6 mm (< 0.012
g) of a slide flask were collected and analyzed by Western blot analysis in the present study.
Such a procedure is not possible for supernatants, and therefore IL-6 and IL-8 as well as all
other soluble factors produced by cells from the periphery have a significant influence on cells
growing in the center of the slide flasks. This may be one reason for the differences in beta-
actin and also talin-1 protein expression. Most importantly, research in simulated microgravity
has to be confirmed by a real space experiment.

B;-integrin belongs to a family of adhesion molecules and is known to be important in bind-
ing the basal membrane and release proteases, thus facilitating the invasion of cancer cells into
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the surrounding tissue. Follicular as well as papillary thyroid carcinoma cells express increased
levels of B;-integrin [60, 61]. Talin is a high-molecular weight cytoskeletal protein, which links
integrins to the actin cytoskeleton [62]. Its overexpression enhanced prostate cancer cell adhe-
sion, migration, and invasion [63]. B;-integrin and talin-1 are reduced in adherent ML-1 cells.
MCS cells of both cell lines contain a lower amount of B;-integrin, whereas talin-1 is not signif-
icantly changed in MCS as compared with 1g-samples, irrespective of the used microgravity
simulator (Fig 8). The protein content of talin-1 in RO82-W-1 MCS is higher than in AD cells
on both devices. The differences between the RPM and CLINO devices as already discussed
may be the reason for this finding. In an earlier study we had already investigated ML-1 cells
for 72 h on a 3D clinostat and detected an increase in £3;-integrin in AD cells [64]. After 72 h
the protein content of AD cells was comparable to the content of MCS samples, but remained
elevated as compared to 1g-samples [64]. Cellular adhesion and adhesion to the extracellular
matrix is very important for the organism and is mediated by integrins. This process occurs
early, which might explain why after a 7-day-exposure to s-ug, £3,-integrin was reduced in
MCS and AD cells. Talin is also required for a normal integrin function and is necessary for
the activation of §3;-integrins in many cell types. When ML-1 cells were cultured under s-pg,
talin was early elevated and MCS exhibited a higher amount of talin compared with 1g and AD
cells [64]. Talin is a cytoskeletal actin-binding protein that binds to integrin and also coloca-
lized with activated integrins. Therefore, an early increase of this protein in parallel to 3;-integ-
rin can be expected in microgravity. Afterwards, the cells produce a constant level of this
protein on the RPM.

Moreover, we evaluated the proliferation of the cells and measured the amount of Ki-67
protein. Ki-67 is an excellent proliferation marker, which is detectable during the cell cycle
phases G1, S, G2, and mitosis, but is absent from resting cells (GO). It indicated a high prolifera-
tion in 7-day-old ML-1 and RO82-W-1-cultures, which was higher in AD than in MCS (Fig
8D and 8H). MCS exhibited an unaltered Ki-67 content compared with corresponding controls
(Fig 8D and 8H). The Ki-67 content was also measured in human endothelial cells [41]. In
human EAhy926 cells cultured on an RPM, equal amounts of Ki-67 were detectable in adher-
ent cells under both 1¢- and s-pg-conditions. Ki-67 was reduced by about 50% in MCS floating
in the culture medium after 7 days under simulated microgravity [41].

In summary, these results support the hypothesis that simulated microgravity using the
RPM or the CLINO favors 3D growth of thyroid cancer cells and that IL-6 plays an important
role in this process. I1-6 favoring MCS formation and cell aggregation at 1g (liquid overlay tech-
nique) and simulated microgravity was elevated in simulated microgravity produced on the
RPM or CLINO, which is in contrast to experiments in space using the FT'C-133 cell line [22].
In addition, also IL-8 exerted beneficial effects on spheroid formation under 1g-conditions.
This finding has to be investigated in more detail in future s-ug experiments. Cell line-specific
differences between ML-1 and RO82-W-1 were found for the release of MCP-1. Therefore, fur-
ther studies are required to elaborate possible relationships between the differentiation of can-
cer cells and gravity-dependent changes of cells.

Conclusions

Taken together, the results obtained in this study reveal that experiments with the RPM and
the CLINO show similar effects on ML-1 and RO82-W-1 cells with regard to cytokine release
and expression of cytoskeletal proteins. Only in 2 out of 14 cytokines released by ML-1 cells
and measured by Multianalyte Profiling technology, we found significantly different effects
exerted by the CLINO in comparison to the RPM. Hence, the presented results demonstrate a
number of common effects of the two devices on the cells. This makes simulation of
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microgravity on Earth to a valuable method, if one takes in mind that the simulations have to
be verified under real microgravity conditions. Experiments in microgravity provide an inter-
esting tool for exploring new targets for cancer therapy. Staying critical and taking side effects
into account, ground-based facilities could provide cheaper alternatives of spaceflight research
at least for studies on dedicated aspects. The signaling pathways resulting in microgravity-
related alterations have to be determined [59] in order to identify and separate distinct proteins
playing a role in adaption to microgravity and to cancer progression.
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Abstract The ground-based facilities 2D clinostat (CN)
and Random Positioning Machine (RPM) were designed to
simulate microgravity conditions on Earth. With support of
the CORA-ESA-GBF program we could use both facilities
to investigate the impact of simulated microgravity on nor-
mal and malignant thyroid cells. In this review we report
about the current knowledge of thyroid cancer cells and
normal thyrocytes grown under altered gravity conditions
with a special focus on growth behaviour, changes in the
gene expression pattern and protein content, as well as on
altered secretion behaviour of the cells. We reviewed data
obtained from normal thyrocytes and cell lines (two poorly
differentiated follicular thyroid cancer cell lines FTC-133
and ML-1, as well as the normal thyroid cell lines Nthy-
ori 3-1 and HTU-5). Thyroid cells cultured under conditions
of simulated microgravity (RPM and CN) and in Space
showed similar changes with respect to spheroid formation.
In static 1g control cultures no spheroids were detectable.
Changes in the regulation of cytokines are discussed to be
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involved in MCS (multicellular spheroids) formation. The
ESA-GBF program helps the scientists to prepare future
spaceflight experiments and furthermore, it might help to
identify targets for drug therapy against thyroid cancer.

Keywords Thyroid cells - Simulated microgravity -
Random Positioning Machine - Clinostat -
Cytokines - Spheroids

Introduction

Previous studies have shown, that thyroid cells in vitro and
in vivo respond to altered gravity conditions (Grimm et al.
2002; Kossmehl et al. 2002, 2003; Meli et al. 1998, 1999;
Martin et al. 2000; Masini et al. 2012; Albi et al. 2011, 2012,
2014). This response might play an important role for phys-
iological changes at the organism level during spaceflight
but could also give important hints for cancer research on
Earth (Becker et al. 2013; Grimm et al. 2002, 2014).

An impressive example for the response to altered gravity
conditions is the spheroid formation, which was observed
after exposure of thyroid cancer cells to real microgravity in
Space for 10 days (Pietsch et al. 2013). This experiment was
part of the Sino-German Shenzhou-8/SIMBOX-mission in
2011 (Ma et al. 2014; Pietsch et al. 2013). 3D growth and
spheroid formation in Space were also observed for other
cell types like chondrocytes (Freed et al. 1997; Stamenkovic
et al. 2010). These multicellular spheroids mirror the
alteration in cell-cell adhesion, a transition from 2- to
3-dimensional growth and might be beneficial for stud-
ies on biological processes such as metastasis or tumor-
neovascularization and for pharmacological testing (Grimm
et al. 2014).
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In order to get a deeper insight into the molecular mech-
anisms behind this phenomenon, ground-based facilities
(GBF) are valuable tools, as they enable a cost efficient
preparation of spaceflights but also continuous research in
stand-alone studies. In this context, the fast rotating clinos-
tat (CN) and the Random Positioning Machine (RPM) have
been suggested for studies with adherent mammalian cells,
as they often showed similar results compared to real micro-
gravity in earlier studies (Herranz et al. 2013). The most
important findings concerning thyroid cells cultured in vitro
under conditions of simulated and real microgravity (ug),
published by our group and others, as well as data obtained
from Space missions from mouse thyroid glands in vivo,
published by Professor Ambesi-Impiombato and cowork-
ers, are listed in Table 1. In addition, we listed published
data concerning changes in the gene expression pattern and
protein content of different cell types obtained after culture
under simulated and real microgravity conditions in Table 2.

This review summarizes the results from the ESA-
CORA-GBF-PROJECT-2011-005 (ACRONYM DEVICE
COMPARISON) and ESA-CORA-GBF-PROJECT-2013-
001 (ACRONYM THYROID III). It gives an overview on
the behaviour of thyroid cells under real and simulated
microgravity.

Experimental Approach

The thyroid cells were cultured in a comparative method-
ological approach as published in detail before (Warnke
et al. 2014; Grosse et al. 2012). Static 1g-control cells
were always stored together with the microgravity simula-
tion device in the same standard cell culture incubator. We
used either a fast-rotating 2D clinostat (German Aerospace
Center, Cologne, Germany; Fig. la), operated constantly
at 60 rpm, or a Random Positioning Machine (ADS, for-
mer Dutch space, the Netherlands; Fig. 1b), operated in
real random speed and direction mode (60-75°/s) (Fig. la,
b). The spheroid formation was documented microscopi-
cally. Molecular biological analyses (quantitative real-time
PCR, gene array, bioinformatics), Western blot technique
and Multi-Analyte Profiling (MAP) as well as cytoskeletal
staining were performed according to established methods
(Warnke et al. 2014; Kossmehl et al. 2006; Grosse et al.
2012; Rothermund et al. 2002; Infanger et al. 2007; Pietsch
et al. 2013).

The Ground-Based Facilities Random Positioning
Machine and 2D Clinostat

The magnitude of the gravity vector on Earth cannot be
altered, but its direction and thus its influence can be

@ Springer

changed (Briegleb 1992; Herranz et al. 2013). This is the
underlying principle for the simulation devices of interest
in this review. Therefore, the term ‘simulated microgravity’
is used, as the cell might experience a condition compa-
rable to that of real microgravity, due to a randomization
of the direction of the gravity vector over time. However,
device-specific side effects like centrifugal accelerations,
shearing forces and vibrations remain and possibly mask the
desired microgravity effects. Therefore, a careful and con-
scious handling and discussion of the results are suggested
(Herranz et al. 2013).

Nevertheless, ground-based facilities (RPM, CN) used
for the experiments have been previously described as
promising candidates for microgravity simulations in adher-
ent mammalian cells (Herranz et al. 2013; Eiermann et al.
2013; van Loon 2007; Grimm et al. 2006; Grimm et al.
2014).

The 2D clinostat (Fig. 1a) contains a horizontal rotation
axis, where the sample is constantly rotated perpendicular
to the gravity vector. In contrast, the RPM (Fig. 1b) con-
tains two independently rotating frames, enabling a rotation
around two axes (van Loon 2007). The RPM is operated
in a random direction and random speed mode. Therefore,
the influence of the gravity vector with respect to the sam-
ples is constantly changed, which assures a maximum of
randomization.

The 2D clinostat is operated with a constant speed of 60
rpm, which enables highest pg-simulation quality. In addi-
tion, the radius around the rotation axis should not exceed
1-1.5 mm because of increasing centrifugal forces (Hider et
al. 2005; Klaus et al. 1998). Given a speed of 60 rpm and a
radius around the centre of 1.5 mm, the residual acceleration
is 10 3.

In case of the RPM, operated in real random mode with a
highest speed of 60-75°/s (which is equivalent to 12.5 rpm)
and a maximum distance of 7 cm to the rotation centre, the
residual acceleration over time is between 10~* and 10~2g
(van Loon 2007).

Thyroid Cell Lines Cultured Under Conditions
of Simulated and Real Microgravity

Nthy-ori 3-1

The cell line Nthy-ori 3-1 was derived from normal human
primary thyroid follicular epithelial cells of a 35-year-
old female patient. The cells were transfected with a
plasmid containing an origin-defective SV40 genome for
immortalization (Lemoine et al. 1989). They show thyroid
epithelial functions like iodide trapping and thyroglobulin
production, but are non-tumorigenic in nude mice (Lemoine
et al. 1989).
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Table 1 Summary of articles addressing research on thyroid cells in vitro and in vivo cultured under real or simulated microgravity, ordered by

cell line

Cell line

Device and

duration of exposure

Findings in microgravity (ug)

Reference

ML-1

ML-1

ML-1

ML-1

ML-1
RO82-W-1

FTC-133

FTC-133

RPM,
7and 11d

PFC,
Vibraplex,
SAHC

RPM

RPM
24 and 48 h

CN and RPM
72h,7d

CN and RPM
4h,24h,72h

PFC,

10 d Space
(SIMBOX/Shenzhou-8),
10 d RPM

- proteome analysis

- equal proteins from cells cultured

under 1g and on the RPM, were detected

in comparable gel pieces - many of
these proteins showed different
Mascot scores

- glutathione S-transferase P,
nucleoside diphosphate kinase A and
heat shock cognate 71 kDa protein
concentrations were enhanced on
the RPM

- gene array analysis: 2430
significantly changed transcripts
(PFC, 22 seconds)

- F-actin and cytokeratin cytoskeleton,
ACTB significantly up-regulated

- hypergravity and vibrations did not
change ACTB

- data indicate that the graviresponse
of ML-1 cells is occurring very early

- spheroid formation

- signs of apoptosis

- elevated amounts of apoptosis-
associated Fas protein, p53 and Bax

- caspase-3 was clearly upregulated

- spheroid formation

- elevated intermediate filaments, cell
adhesion molecules, and extracellular
matrix proteins

- induced apoptosis

- decreased fT3 and fT4 secretion

- Spheroid formation on both devices

- elevated release of IL-6 and MCP-1
by ML-1 cells compared with 1g

- reduced integrin-bjin MCS
compared with 1g

- Spheroid formation

- CN: decreased cytokine release

- RPM: increased cytokine release

- decreased expression of CAV/ and
CTGF in MCS compared to AD

- microarray analysis: 63 sig.
regulated transcripts after 22 s
of microgravity (PFC)

- 2881 sig. regulated transcripts after

10 d on the RPM or in Space

Pietsch et al. Microgravity
Sci. Technol. 2011; 23:
381-390.

Ulbrich et al. Cell Physiol
Biochem. 2011; 28:
185-198.

Kossmehl et al. J Gravit
Physiol. 2002; 9: P295-296.

Grimm et al. FASEB J.
2002; 16: 604-606.

Svejgaard et al. PLoS One.
2015; 10:e0135157

Warnke et al. Cell
Commun Signal. 2014;
10; 12: 32.

Ma et al. FASEB J. 2014;
28: 813-835.
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Table 1 (continued)

Cell line Device and Findings in microgravity (ug) Reference

duration of exposure

- genes involved in several biological
processes: apoptosis, cytoskeleton,
adhesion/extracellular matrix,
proliferation, stress response,
migration, angiogenesis, signal
transduction, regulation of cancer

cell proliferation and metastasis

FTC-133 Space and RPM - Spheroid formation Pietsch et al. Biomaterials.
10d - enhanced EGF and CTGF in both 2013; 34: 7694-7705.
real and s-ug
FTC-133, RPM - protein pathways influenced by s-ug: Pietsch et al. Int J Mol
CGTH W-1, land3d - Carbohydrate and protein Sci. 2013; 14: 1164-1178.
HTU-5 metabolism, regulation of cell
growth and cell membrane
structuring.
FTC-133 RPM - spheroid formation Grosse et al. FASEB J.
24 h - 487 sign. regulated transcripts 2012; 26: 5124-5140.
(Gene Array)

- IL-6, IL-8, OPN, TLN-1, CTGE,
NF-kB suggested as relevant for RPM-
dependent spheroid formation
FTC-133, RPM - Proteomic analysis of differences Pietsch et al. Proteomics.
CGTH W-1 3d - collagen only detected in CGTH W-1 2011; 11: 2095-2104.
- integrin a-5 chains, myosin-10 and
filamin B only found in FTC-133
- FTC-133 cells express surface
proteins that bind fibronectin, this

strengthens the 3D cell cohesion

Human RCCS - 3D aggregates Martin et al. Thyroid.
thyrocytes 14d - human thyroglobulin level increased 2000; 10: 481-487.
- keratinocyte growth factor facilitated
3D aggregation
FRTL-5 Texus-44 mission - no response to TSH Albi et al. Astrobiology.
rat 6 min 19 s r-ug - irregular shape 2011; 11: 57-64.

- shedding of TSH-R in the supernatant
- increase in Bax
- increase in sphingomyelin-synthase

- rearrangement of the cell membrane

FRTL-5 CN - less-responsive to TSH stimulation in Meli et al. Acta Astronaut.
rat terms of cAMP 1998; 42: 465-72.
FRTL-5 low-speed centrifuge - response to the variable gravity force Meli et al. Biochemie.
rat S5g and 9g in a dose-dependent manner in terms 1999; 81: 281-285.

of cAMP production following TSH-

stimulation
Thyroid Spaceflight - increase in average follicle size Albi et al. Astrobiology.
gland 91d - increase in sphingomyelinase 2012; 12: 1035-10341.
mouse - increase in sphingomyelin-synthasel

@ Springer
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Table 1 (continued)
Cell line Device and Findings in microgravity (ug) Reference

duration of exposure
Thyroid Spaceflight Both conditions induce: Albi et al. PLoS One.
gland 91d - loss of C cells 2012; 7: e48518.
mouse hypergravity - reduction of calcitonin production

2g centrifuge - over-expression of pleiotrophin
Thyroid Spaceflight - thyroid follicles appeared more organized Masini et al. PLoS One.
gland 3 months - over-expression of caveolin-1 2012; 7: e35418.
mouse - over-expression of TSH-R
Thyroid Spaceflight - over-expression of HBME-1 Albi et al. Biomed. Res. Int.
gland 90d - over-expression of Galectin-3 2014: 652863
mouse
Thyroid hypergravity - up-regulation of TSH-R Albi et al. PLoS One.
gland 2g centrifuge - up-regulation of caveolin-1 2014; 9: 98250
mouse - down-regulation of STAT3

- cholesterol level strongly reduced

- no changes of cAMP

AD adherent cells, ACTB Actin Beta, cAMP cyclic adenosine monophosphate, CAV Caveolin, CN 2D clinostat, CTGF Connective Tissue Growth
Factor, 3D three-dimensional; EGF Epidermal Growth Factor, HBME-1 Anti-Mesothelioma antibody, /L Interleukin, /TGB! Integrin Beta-1,
MCP-1 Monocyte chemotactic protein, MCS multicellular spheroids, MYO9B Myosin, OPN osteopontin, PFC Parabolic Flight Campaign, RCCS
rotary cell culture system, RDX Radixin, RPM random positioning machine, r-ug real microgravity, SAHC short-arm human centrifuge; s-ug
simulated microgravity, TLN-1 Talin-1, TSH Thyroid-stimulating hormone, TSH-R Thyroid-stimulating hormone receptor, VIM Vimentin

HTU-5

The normal thyroid cell line HTU-5 was derived from
healthy human thyroid tissue. HTU-5 thyroid cells pro-
duce thyroglobulin constitutively and exert normal diploid
chromosome numbers (Curcio et al. 1994). The cells were
cultured in Coon’s F-12 medium containing a mixture of
growth factors as described earlier (Curcio et al. 1994).

FTC-133

The FTC-133 is classified as a poorly differentiated follic-
ular thyroid cancer cell line. It was derived from a lymph
node metastasis of a 42-year-old male patient (Goretzki
et al. 1990). Nevertheless, the cells show thyroglobulin
immunoreactivity, response to thyroid-stimulating hormone
and epidermal growth factor receptors in the membrane
(Goretzki et al. 1990).

ML-1

The human thyroid carcinoma cell line ML-1 originates
from a dedifferentiated follicular thyroid carcinoma relapse
of a 50-year-old female patient (Schonberger et al. 2000).
The tumour progressed despite previous surgery and two

radioiodine therapies. The cells are able to take up iodine
and/or glucose in vitro and in vivo. Furthermore, they
express and secrete thyroglobulin. Xenotransplantation in
NMRI nude mice showed tumourigenic capacity, with the
formation of tumours with follicular structures, in vivo
(Schonberger et al. 2000).

Biological Responses to Simulated Microgravity

RPM- and CN-Exposure Induced Spheroid Formation
in Thyroid Cancer Cell Lines and Normal Thyrocytes

When cultured under normal 1g-conditions on Earth, thy-
roid carcinoma cells grew in form of an adherent monolayer.
Already in 2000, Martin et al. have demonstrated that nor-
mal thyrocytes grow three-dimensionally in form of thyroid
follicles, when they were cultured in a rotary cell culture
system (RCCS). The cells produced thyroglobulin, when
they were grown in the RCCS (Martin et al. 2000). The
authors showed that these artificial human thyroid organoids
generated in the RCCS and in the presence of keratinocyte
growth factor structurally resembled natural thyroid tissue.
Interestingly, several types of cells undergo a transition
when exposed to simulated microgravity. It was shown, that
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Table 2 Differential gene expression and protein content of different thyroid cell lines on the RPM, the 2D Clinostat and in Space

Cell Line Device and Investigated gene AD MCS References
condition expression

and protein

content
ML-1 RPM 24 h Protein content: Grimm et al. FASEB J.
and 72 h Collagen 1/3 0 0 2002; 16: 604-6.
Laminin 4 4
Fibronectin 4 4
Fas 0 0
p53 t 1
Bax 0 0
Bcl-2 N J
ML-1 RPM Protein content: Kossmehl et al. J Gravit Physiol.
Fas 1 0 2002; 9: P295-6.
p53 t 1
Bax 4 0
Bcl-2 N 5
FTC-133 RPM 24 h Gene expression: Grosse et al. FASEB J.
1L6 1 1 2012; 26: 5124-40.
Erkl N -
Erk2 N 1
Cavl - -
Cav2 N N
OPN 1 -
CTGF N 1
ILS 1 -
FTC-133 RPM 10d Gene expression: Pietsch et al. Biomaterials
CTGF 1 0 2013; 34: 7694-7670.
EGF 1 0
Space 10d Gene expression:
CTGF M ™M
EGF M ™M
FTC-133 RPM 10d Gene expression: Ma et al. FASEB J.
IL6 - - 2014; 28: 813-35.
ILS N N3
OPN 1 0
VEGFA N N
VEGFD 1 0
Space 10d Gene expression:
IL6 O] )
ILS N N
OPN ) )
VEGFA ) ()
VEGFD M M
FTC-133 CN4h Gene expression: Warnke et al. Cell Commun Signal.
CTGF 1 / 2014; 12:32.
CAV2 1
ERK1 N

@ Springer
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Table 2 (continued)

Cell Line Device and Investigated gene

condition expression
and protein

content

AD MCS References

RPM 4 h Gene expression:
CTGF

CAV2

ERK1

Gene expression:
CAVI

CAV2

CTGF

EGF

ERKI

ILS

ITGB1

PRKCA

Gene expression:
CAVI

CAV2

CTGF

EGF

ERK1

ILS

ITGB1

PRKCA

Protein content:

CN72h

RPM 72 h

FRTL-5 Texus-44
6 min 19 s Bax
Sphingomyelin-

synthase

' ' <«
<« D R R R

)
- = <«

Albi et al. Astrobiology.
2011;11:57-64.

AD Adherent cells RPM, Bax Bcl-2-Associated X Protein, Bcl-2 B-Cell Lymphoma 2, Cavi/2 Caveolin 1/2, CN 2D-Clinostat, CTGF Connective
Tissue Growth Factor, EGF Epidermal Growth Factor, ERK1/2 Extracellular Signal-Regulated Kinases, /L6 Interleukin-6, /L8 Interleukin-8,
ITGBI Integrin Beta-1, MCS Multicellular Spheroids, OPN Osteopontin, PRKCA Protein Kinase C Alpha, RPM Random Positioning Machine,
VEGFA/D Vascular Endothelial Growth Factor. 1/, significantly up- or down-regulated compared to control adherent cells, (x) not significant,

- no changes, / no MCS

an exposure to either RPM or CN lead to the detachment
and formation of 3D aggregates, so-called multicellular
spheroids (MCS) for some cells, while others remained
adherent (AD). This transition from 2- to 3-dimensional
growth is of high interest for tissue engineering but also for
possible cancer therapy (Grimm et al. 1997, 2014). In 2002
we demonstrated for the first time that ML-1 thyroid cancer
cells changed their growth behaviour and form MCS on the
3D clinostat (Grimm et al. 2002) (Table 1).

When FTC-133 thyroid carcinoma cells were cultured
on the RPM for 24 h, one part of the cells started to form
MCS, which increased in size up to 72 h, while another

part remained adherent (Grosse et al. 2012). These changes
in growth behaviour were observed in each experiment
(Grosse et al. 2012), but also in normal thyrocytes, which
had been cultured for 7 d on the RPM (Wuest et al. 2015).

FTC-133 investigated at early time points: 4 h, 24 h and
72 h showed an early onset of spheroid formation after
24 h but numerous and much larger spheroids after 72
h (Warnke et al. 2014). No spheroids were visible in 1g
control cultures.

This spheroid formation is of special interest, as it occurs
in a scaffold-free manner and is therefore a very promis-
ing approach for tissue engineering. The 3D structures
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Fig. 1 a Fast rotating 2D
clinostat and b Desktop Random
Positioning Machine in an
incubator

resemble the in vivo situation much better than conventional
cell culture in 2D cell monolayer. Studies on molecular
mechanisms, tumor cell apoptosis and the angiogenesis
process in co-cultures will be of high interest in future
studies (Grimm et al. 2014, Grimm et al. 1997). In a pro-
teomic study to analyse the spheroid formation of two
human thyroid cell lines cultured on a RPM, Pietsch et al.
found that FTC-133 cells express surface proteins that bind
fibronectin, strengthening the 3D cell cohesion (Pietsch
et al. 2011).

The Cytoskeleton as a Possible Gravisensor

The cytoskeleton is a dynamic structure, which gives shape
and mechanical strength to cells but also enables the adap-
tion to external stimuli. This phenomenon can be nicely
visualized by the transformation from 2D to 3D growth as
observed under real and simulated microgravity conditions
(Ma et al. 2014). The underlying biological and molecular
mechanisms remain mostly unclear, while it is obvious, that
the physical force of gravity needs to be translated into a
biochemical signal. The cytoskeleton is therefore suggested
to play a role as “gravisensor” in cells lacking a distinct and
so far known mechanism for gravity perception (Vorselen
et al. 2014).

When follicular thyroid cancer cells were investigated
during parabolic flight manoeuvres (Ulbrich et al. 2011),
it was shown that the response to altered gravity condi-
tions of ML-1 cells occurred very early, within the first few
seconds. After 22 s of microgravity, the F-actin and cyto-
keratin cytoskeleton was altered, and in parallel ACTB and
KRT80 mRNAs were significantly up-regulated after the
first parabola (Ulbrich et al. 2011). Studies performed on

@ Springer

sounding rockets revealed that the F-actin content increased
in A431 epidermoid carcinoma cells after 7 min under
microgravity (Boonstra 1999), leading to the suggestion
that the actin microfilament system is sensitive to changes
in gravity and that remodelling of actin microfilaments
may affect signal transduction. Another interesting find-
ing was the detection of septin-11 (SEPT11) in HTU-5
cells (Pietsch et al. 2010). The proteomic discovery of
SEPT11 accumulation in HTU-5 cells indicates a role for
this cytoskeleton-associated protein in thyrocyte biology.
The impact of microgravity on SEPT11 will be studied in
detail in future studies.

A 7-day-exposure of Nthy-ori-3-1 cells induced a clear
elevation of B-actin protein in AD and MCS cells as mea-
sured by Western blot analysis (Fig. 2a). In addition, we
detected a significant increase in S-tubulin protein in AD
and MCS after a 7-day-culture on the RPM (Fig. 2b). In
contrast, B-actin remained unchanged in FTC-133 cells
cultured for 7 d on the RPM and B-tubulin was sig-
nificantly elevated in MCS compared with corresponding
1g—controls (Fig. 2c, d).

Expression of Growth Factors in Microgravity

Measurements of Vascular Endothelial Growth Factor
(VEGF) in the supernatants after a 3-day-exposure of FTC-
133 to either CN or RPM showed a reduced (but not signif-
icant) secretion of VEGF (Warnke et al. 2014) (Table 2). In
contrast, in Space after 10 d no change in the VEGF release
was measured, whereas after 10 d on the RPM the cells
released a significantly decreased amount of the cytokine
(Ma et al. 2014). In general, VEGF is known to promote
neoangiogenesis and is therefore an important player for
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Fig. 2 Western blot analyses of 8-Actin (a) and B-tubulin (b) in Nthy-ori 3-1 cells. B-actin (¢) and S-tubulin (d) in FTC-133 cells

growth and metastasis of tumours (Grimm et al. 2009). A
target-based therapy is already of special interest in tumour
therapy (Wehland et al. 2012).

No MCS had been detected on both ground-based facil-
ities, CN and RPM, after 4 h, but a change in the gene
expression of several cytokines was expected. The Connec-
tive Tissue Growth Factor (CTGF) mRNA was significantly
enhanced on both devices (Warnke et al. 2014). After 72 h,
CTGF mRNA was still elevated in AD cells on the RPM, but
normalized in MCS (Warnke et al. 2014). On the CN there
was only a moderate, but not significant elevation, whereas
the CTGF mRNA was significantly down-regulated in MCS
(Warnke et al. 2014). In Space, the CTGF gene expression
was up-regulated in AD and MCS, whereas the CTGF ele-
vation was more pronounced in AD (Pietsch et al. 2013).
A clear up-regulation of Epidermal Growth Factor (EGF)
mRNA in AD and MCS was found in Space and on the RPM
compared with controls (Pietsch et al. 2013). Interestingly,
EGF remained static in FTC-133 cells grown on the CN,
whereas EGF was up-regulated in MCS on the RPM after a
time-period of 72 h (Warnke et al. 2014). These data suggest
that EGF and CTGF play a key role in the 3D formation of
thyroid cancer cells when they are grown in Space and on
the RPM.

Martin et al. have demonstrated in 2000 that recombinant
human keratinocyte growth factor facilitated 3D growth of
human thyrocytes.

Caveolins are integral membrane proteins and compo-
nents of caveolae membranes. A higher caveolin expression
results in an inhibition of cancer-related pathways (growth
factor signaling). We have shown that in MCS engineered
in the CN or RPM the CAVI gene expression is down-
regulated in FTC-133 thyroid cancer cells after a 72-hour-
exposure (Warnke et al. 2014; Table 2). An up-regulation of
caveolin-1 was found in mouse thyroid glands after a three-
month-spaceflight (Masini et al. 2012), a similar result was
found when mice were exposed to hypergravity (Albi et al.
2014, Table 1).

Involvement of I1-6 and I1-8 During Gravisensitive
Signalling

Since the discovery of IL-6 in 1986, the knowledge on
this cytokine for immune homeostasis and its pathophys-
iology has rapidly increased (Rath et al. 2015). IL-6 is a
key cytokine for linking chronic inflammation to cancer
development (Rath et al. 2015). IL-6 is a multifunctional
cytokine and is expressed by human thyrocytes (Grubeck-
Loebenstein et al. 1989; Aust and Scherbaum 1996). It
induces the production of VEGF and is involved in neoan-
giogenesis (Tartour et al. 2011) and thus, may be involved
in 3D formation in Space or in simulated microgravity using
a RPM or 2D CN. IL-6 plays an important role in modi-
fying various tumour characteristics, such as proliferation,
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migration, differentiation, apoptosis, angiogenesis, invasion
and adhesion thus promoting tumour growth and metasta-
sis (reviewed by Tartour et al. 2011). Mechanical stress or
stretching enhances IL-6 production in human lung epithe-
lial cells and smooth muscle cells via NF-xB (Copland and
Post 2007, Zampetaki et al. 2005). FTC-133 cells showed
an enhanced /L6 gene expression in AD cells and no change
in MCS when they were cultured on the RPM for 24 h
(Grosse et al. 2012). A similar finding was observed after
a 4-hour- and 72-hour-exposure of FTC-133 cells on the
RPM, but no change was found for the IL6 gene expres-
sion on the 2D CN (Fig. 3a-d) (Warnke et al. 2014). Using
MAP technology, a significantly reduced release of IL-6
protein in the supernatant was found in CN, but an increase
in RPM samples (Warnke et al. 2014). We recently showed
that a PKCa-independent mechanism of /L6 gene activation
is very sensitive to physical forces in thyroid cells cul-
tured in vitro as monolayers under conditions of vibration
or hypergravity (Ma et al. 2013).

These findings nicely correspond to earlier data, suggest-
ing an involvement of IL-6 in gravity-sensitive signalling for
spheroid formation (Ma et al. 2013, 2014). In a new study
we could show for the first time that both cytokines IL-6
and IL-8 induced the formation of MCS in ML-1 and UCLA
RO82-W-1 cells using the liquid-overlay technique under
1g-conditions (Svejgaard et al. 2015). These investigations
support the hypothesis that IL-6 is one of the key factors
inducing spheroid formation in Space and on the RPM and
CN.

Earlier studies with FTC-133 cells suggest that gravita-
tional unloading leads to an initiation of an early phase of
apoptosis. An escape from the late phase then leads to the
transition from 2D to 3D growth (Grosse et al. 2012; Grimm
et al. 2014).
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Interleukin-8 is a chemokine produced by a variety of
cell types. In humans the interleukin-8 protein is encoded
by the /L8 gene. This cytokine is a known strong promoter
of angiogenesis. A recent study demonstrated that NF-«B
signalling is a key regulator of angiogenesis and growth in
thyroid cancer, and that IL-8 may be an important down-
stream mediator of NF-xB signalling in advanced thyroid
cancer growth and progression (Bauerle et al. 2014). FTC-
133 cells cultured for 72 h on the CN showed a significant
reduction of the /L8 gene expression in AD cells and MCS
(Warnke et al. 2014). Interestingly, we did not observe sig-
nificant changes of the /L8 mRNA after RPM exposure
of the FTC-133 cells (Warnke et al. 2014). The secretion
of IL-8 protein in the medium of FTC-133 cells cultured
on the CN was significantly reduced, whereas a different
result was found in the RPM cultures, which exerted an
increase (Warnke et al. 2014, Table 2). Interestingly, a dif-
ferent gene expression of /L8 and differences in the IL-8
secretion behaviour of the cells were found. Reasons for
this may be the different culture chambers, which had to
be used due to the geometry of the devices. We have used
slide flasks on the CN and T 75 cm? cell culture flasks on
the RPM (Warnke et al. 2014). In a planned future study we
will use slide flasks for both devices. Another aspect may be
the impact of vibrations, which are critical for the release of
cytokines by human cells. The controls were stored next to
the device in the same incubator so that the influence should
be minimal but this has to be investigated in the future in
more detail.

Eiermann et al. (2013) had also found significant differ-
ences in the gene expression in cells located at a further dis-
tance from the CN rotation axis. These cells are exposed to
higher accelerations. Therefore, only cells within the inner
6 mm of the slide flasks were collected. A problem is
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that the supernatant consists of released proteins from all
cells. This means that also the release of cells exposed
to higher accelerations (though still less than 0.036g)
was measured. This problem might explain some of the
differences.

Conclusions and Recommendations

Taken these data together, microgravity induces a vari-
ety of changes in thyroid cells. The thyroid cancer cells
revealed signs of apoptosis (Grimm et al. 2002; Kossmehl
et al. 2003), changed their growth behaviour, differentia-
tion, migration and cell adhesion. Interestingly, already after
a short-term sounding rocket flight rat FRTL-5 thyrocytes
showed an increase in Bax as well as an irregular shape
(Albi et al. 2011).

Spheroid formation was detected in several cell lines
in ground-based facilities and also in real microgravity.
It demonstrated the good practicability of ground-based
devices like RPM and CN for scaffold-free tissue engineer-
ing of multicellular spheroids.

It is important to keep in mind that each device affects
the cells not only by randomization of the gravity vector
but also by device-specific artefacts like vibration, centrifu-
gal accelerations and shearing forces. The susceptibility
of cells to gravity alterations but also to these artefacts
might vary broadly between different cell lines. A careful
and conscious handling of ground-based devices is there-
fore suggested, with real microgravity experiments as an
indispensable tool for validation to identify gravity-related
effects (Herranz et al. 2013).

Changes in cytoskeletal proteins were found very early
in real and simulated microgravity (Ulbrich et al. 2011;
Grosse et al 2012; Pietsch et al. 2011). These observations
nicely fit to early studies, reporting a cytoskeletal involve-
ment in the transition from 2D to 3D growth behaviour
(Grimm et al. 2014). So far all investigations had been made
after termination of the experiments. The cells were fixed
with paraformaldehyde and then stained by immunofluo-
rescence. Great new insights are expected by the German
national DLR project FLUMIAS in which a Fluorescence
Microscopic Analysis System for biological and biomedi-
cal research in Space has been developed, enabling in-vivo
3D fluorescence analyses of biological samples in micro-
gravity. FLUMIAS developed by ADS, Bremen, Germany
had been successfully flown on TEXUS 52 sounding rocket
in April 2015, launch site Esrange, Kiruna, Sweden. Here,
FTC-133 poorly differentiated follicular thyroid cancer cells
together with other cells were investigated online during a
6-min-exposure to real microgravity allowing visualization
of dynamics and adaption of the cytoskeleton. These data
will be published soon.

The fast rotating 2D Clinostat and the Random Posi-
tioning Machine are important ground-based devices for
tissue engineering of spheroids which can be used in can-
cer research to study drug effects and to spare animal tests.
In addition, these devices can be applied for the prepara-
tion of a future spaceflight. It is important to know when
and how spheroid formation occurs and the mechanisms
behind 3D growth. We become able to answer questions
like, how big are the spheroids, how many are formed, do
they have an impact on the operational capability of the
hardware, are filters necessary to avoid that the spheroids
block the tubes of the hardware, what happens to the cells
when the launch is delayed, or simply to test a newly con-
structed hardware container under simulated microgravity
conditions or check the influence of temperature changes
on the cells. The ESA-CORA-Ground-based facility pro-
gram has supported us to answer these questions and to
prepare the SIMBOX/Shenzhou-8 in 2011 and the Cellbox-
1 Space missions in 2014 (Pietsch et al. 2013, Ma et al.
2014, Riwaldt et al. 2015).
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Abstract

Background/Aims: Spaceflight impacts on the function of the thyroid gland in vivo. In vitro
normal and malignant thyrocytes assemble in part to multicellular spheroids (MCS) after
exposure to the random positioning machine (RPM), while a number of cells remain adherent
(AD). We aim to elucidate possible differences between AD and MCS cells compared to
1g-controls of normal human thyroid cells. Methods: Cells of the human follicular epithelial
thyroid cell line Nthy-ori 3-1 were incubated for up to 72 h on the RPM. Afterwards, they were
investigated by phase-contrast microscopy, quantitative real-time PCR and by determination
of cytokines released in their supernatants. Results: A significant up-regulation of /L6, IL8 and
CCL2 gene expression was found after a 4h RPM-exposure, when the whole population was
still growing adherently. MCS and AD cells were detected after 24 h on the RPM. At this time,
a significantly reduced gene expression in MCS compared to 1g-controls was visible for /L6,
IL8, FN1, ITGB1, LAMA1, CCL2, and TLNI. After a 72 h RPM-exposure, IL-6, IL-8, and TIMP-1
secretion rates were increased significantly. Conclusion: Normal thyrocytes form MCS within
24 h. Cytokines seem to be involved in the initiation of MCS formation via focal adhesion

proteins. © 2017 The Author(s)
Published by S. Karger AG, Basel

Introduction

Long-term space missions are a challenge for the health of crewmembers. There are
reports about various health concerns such as dysfunctions of the musculoskeletal and
cardiovascular system, a down-regulation of the immune system, and visual problems [1-
3]. In space, the thyroid gland in vivo revealed a variety of changes such as follicles with
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larger thyrocytes and increases in cAMP, thyrotropin-receptors (TSHR), and caveolin-1 [4,
5]. On the cellular level, it is known that both real (r-pg) and simulated microgravity (s-
1g) influence growth behaviour, gene expression pattern, protein synthesis and secretion
in thyroid cancer cells [6-11]. In addition, thyroid hormone production is decreased, while
a TSHR up-regulation was detected in follicular thyroid cancer cells after exposure for 24 h
to a random positioning machine (RPM) [12] - a device designed to simulate microgravity
conditions [13, 14]. As thyroid hormones produced by the thyroid gland are influencing the
function of nearly every cell and organ of the human body [15, 16], thyroid cells cultured
under microgravity justify a thorough investigation. Therefore, the research was extended
to normal thyrocytes.

Culturing normal thyroid cells in a rotary cell culture system (RCCS), three-dimensional
(3D) cell aggregates resembling thyroid follicles were observed exhibiting the ability to
produce thyroglobulin [17]. Rat FRTL-5 thyroid cells were investigated in r-pg during a
TEXUS rocket flight. The cells did not respond to thyrotropin (TSH) treatment and exhibited
an irregular shape with condensed chromatin, shedding of the TSHR in the supernatant, and
elevated protein levels of sphingomyelin-synthase and Bax [18]. Mice exposed to hypergravity
treatment revealed up-regulation of the TSHR and caveolin-1 as well as a down-regulation of
STAT3 without changes in cAMP [19].

Earlier experiments have shown that human thyroid cancer cells exhibit changes in the
secretion of growth factors and cytokines, as well as alterations in the factors involved in 3D
growth, in the cytoskeleton, and in the extracellular matrix composition when cultured in a
an RPM [10, 20, 21]. Furthermore, human thyroid cells may exhibit two phenotypes in s-pg
either in the form of multicellular spheroids (MCS) or as adherent monolayer (AD) cells [20,
21].

For the present study, the human follicular epithelial thyroid cell line Nthy-ori 3-1 was
exposed for 4 h, 24 h and 72 h to the RPM. MCS and AD cells were investigated in comparison
to static 1g-controls. For this purpose, phase-contrast images were taken to monitor
expected changes in the morphology of the thyrocytes. Furthermore, quantitative real-time
PCR (qPCR) and multi-analyte profiling (MAP) analyses were performed. The chosen genes
and cytokines were detected previously to have changed in cells of this cell line in s-pg after
RPM-exposure of 7 and 14 days [21]. The principal aim of these experiments was to close the
knowledge gap concerning the impact of microgravity on the behaviour of normal thyroid
cells exposed for a short time to s-jig generated by an RPM.

Materials and Methods

Culture of Nthy-ori 3-1 cells

The Nthy-ori 3-1 cell line (Sigma-Aldrich, Munich, Germany) is a primary human thyroid follicular
epithelial cell line. The immortalised cell line exhibits thyroid specific functions, such as iodide-trapping
and thyroglobulin synthesis and reveals no signs of tumorigenesis, when transplanted into nude mice [22].

The Nthy-ori 3-1 cells were cultured under standard cell culture conditions (37°C and 5% CO,). The
cells grew in RPMI 1640 medium (Life Technologies, Naerum, Denmark), supplemented with 1 % penicillin/
streptomycin (Life Technologies) and 10 % (v/v) fetal calf serum (FCS) (Biochrom, Berlin, Germany). The
cells were cultured in T25 cm? vented cell culture flasks (Sarstedt, Newton, USA) for one day prior to RPM-
exposure. Each flask was seeded with 1 x 10° cells. The culture flasks were filled completely with medium
without any air bubbles. The flasks (n = 60 per time point) were assigned randomly to use as static controls
(1g; n = 30) or as RPM-samples (n = 30). The 1g-controls were positioned next to the RPM in the same
incubator. Supernatants and cells were harvested after 4 h, 24 h or 72 h according to the protocol.

Random positioning machine (RPM)

The Desktop RPM manufactured by Airbus Defense & Space (ADS, Leyden, The Netherlands) was used
for the simulation of microgravity [23]. The device was stored in an incubator at 37°C and 5 % CO,, operated
in real random direction mode at 60 degrees/s and equipped with T25 flasks. The flasks were fixed to the
ground plate, giving a maximum distance of 7.5 cm from the centre of rotation.
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Fig. 1. Phase-contrast microscopy images of Nthy-ori 3-1 cells under 1g-conditions and after 24 h and 72 h
of exposure to the RPM. Human thyrocytes of the cell line Nthy-ori 3-1 were exposed to the RPM for up to 72
h. Compared to 1g-controls (A), which showed only cells growing as adherent monolayers, cells exposed to
s-ug generated by the RPM showed no morphological differences after 4 h (data not shown), but started to
detach and form 3D aggregates after a 24 h RPM-exposure (B). The MCS increased in number and size over
time (72 h), while adherent cells decreased (C).

After the experimental run, cells and supernatants were harvested according to the protocol. The
supernatants were collected and centrifuged at 4°C and 3000 rpm. Samples of 1.5 mL were transferred
from the supernatants to 2 mL Eppendorf tubes (Eppendorf, Wesseling-Berzdorf, Germany) and frozen at
-80°C for MAP analyses. The pellet resulting from centrifugation contained the MCS. After removal of the
supernatant, the MCS pellets were snap frozen in liquid nitrogen. AD cells were washed twice with PBS on
ice, scraped off the bottom surface and transferred into a tube. After a centrifugation for 10 min at 3000 rpm
and 4°C, the supernatant was discarded. The pellets were resuspended in 1 mL PBS and again centrifuged
for 10 min at 3000 rpm and 4°C. The remaining supernatant was discarded carefully and the pellets with AD
cells snap frozen in liquid nitrogen. Finally, the cells were stored at -80°C.

Phase-contrast microscopy

Phase-contrast microscopy was performed for visual observation of the cellular morphology, using the
Leica Microscope (Leica Microsystems CMS GmbH, Germany). Pictures of RPM and control samples were
taken after 4 h and 24 h (Fig. 1).

Cytokine measurements by multianalyte profiling (MAP) technology
Cytokines and proteins released into the supernatant were analysed by the company Myriad RBM (Austin,
Texas, USA). The MAP analysis was performed using the Human CytokineMAP A and the KidneyMAP® as
described previously [24-29]. Supernatants were taken after 4 h, 24 h and 72 h from 1g- and RPM-samples
(n =9-10; each group) and stored at -80°C until shipment to Myriad RBM.

RNA isolation and quantitative real-time PCR (qPCR)

RNA isolation was performed using the RNeasy Mini Kit (Qiagen, Hilden, Germany), with an additional
DNase digestion step (Qiagen) in order to eliminate
residual DNA contaminations. Subsequently, the
amount of RNA was quantified via a Photometer
Ultrospec2010 (Amersham Biosciences, Freiburg, Gene  PrimerName Sequence

Table 1. Primers used for quantitative real-time
PCR. All sequences are given in 5’-3’ direction

. . . 18SrRNA18S-F GGAGCCTGCGGCTTAATTT
Germany). The first strand cDNA synthesis kit 185-R GGAGCCTGOGGOTTAATTT
(Thermo Fisher Scientific, Waltham, US) was used Fn1 FN1-F AGATCTACCTGTACACCTTGAATGACA
for reverse transcription. qPCR was performed FN1-R CATGATACCAGCAAGGAATTGG
] ) ) IL6 IL6-F CGGGAACGAAAGAGAAGCTCTA
using the 7500 Real-Time PCR System (Applled IL6-R GAGCAGCCCCAGGGAGAA
Biosystems, Darmstadt, Germany) according to C¢XCL8 CXCL8-F TGGCAGCCTTCCTGATTTCT
. Is 130-32]. cDNA-selecti . CXCL8-R GGGTGGAAAGGTTTGGAGTATG
routine protocols [30-32]. ¢ -selective-primers ..,  ccpa-p GCTATAGAAGAATCACCAGCAGCAA
were synthesized by TIB Molbiol (Berlin, Germany) CCL2-R TGGAATCCTGAACCCACTTCTG
and are listed in Table 1. The primers were designed LAMAT  LAMAL-F TGCTCATGGTCAATGCTAATCTG
) ) - ; LAMA1-R TCTATCAATCCTCTTCCTTGGACAA
using Primer Express (Applied Biosystems, irgp:  ITGBI-F GAAAACAGCGCATATCTGGAAAT
Darmstadt, Germany) to have a T _ of ~ 60°C and ITGB1-R CAGCCAATCAGTGATCCACAA
boundari AIlnl : TLN1I  TLN1-F GATGGCTATTACTCAGTACAGACAACTGA
to span exon-exon boundaries. samples were TLNL.R CATAGTAGACTCCTCATCTCCTTCCA

measured in triplicate. For normalization, 18S rRNA  All sequences are given in 5'-3 direction
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was used as a housekeeping gene. The comparative C (AAC,) method was used for relative quantification of
transcription levels and 1g was defined as 100 % for reference.

Western blot analyses

Whole cell lysates were used for Western blotting following routine protocols for gel electrophoresis
and trans-blotting, as described earlier [31, 33]. Equal amounts of 10 pL lysate containing 2 pg/uL protein
were loaded on precast TGX stain-free gels (Bio-Rad, Munich, Germany). Transturbo blot PVDF membranes
(Bio-Rad) were used for blotting. Each Western blot contained 5 samples for each group: 4 h 1g, 4 h RPM-AD
cells, 24 h 1g, 24 h RPM AD cells and 24 h RPM MCS.

The following primary antibodies were used at a dilution of 1:1000: fibronectin (F3648), laminin
(L9393) and talin (T3287) (all Sigma-Aldrich) and vascular endothelial growth factor (VEGFA; ab46154,
Abcam, Cambridge, United Kingdom). The corresponding secondary antibodies were used at a dilution of
1:3000: HRP-linked anti-mouse IgG (#7076) and anti-rabbit IgG (#7074, both Cell Signaling Technology,
Massachusetts, USA). The analysis was performed in ChemiDoc XRS+ (Bio-Rad), and the densitometric
quantification was performed using ImageLab (BioRad).

Pathway Studio analysis

The commercially available Pathway Studio v.11 (Elsevier Research Solutions, Amsterdam, The
Netherlands) was applied for the investigation of mutual regulation networks. For the analysis, SwissProt
numbers of the investigated proteins were entered and networks built by the software based on relationships
and processes from the literature, PubMed, databases and experimental data [9, 10, 33].

Statistical evaluation

Statistical evaluation was performed with SPSS 15.0 (SPSS, Inc., Chicago, IL, USA) using the Mann-
Whitney-U-Test. All data are presented as mean #* standard deviation (SD) values and differences between
groups were considered significant at p < 0.05.

Results

Multicellular spheroid (MCS) formation

Subconfluent monolayers of the human follicular epithelial thyroid cell line Nthy-ori 3-1
were exposed to the RPM or to 1g-control conditions. Both groups were located in parallel
in the same incubator. After 4 h, the cells of both RPM and 1g-controls groups showed solely
adherent growth. MCS formation occurred within 24 h on the RPM (Fig. 1) while cells of
the 1g-controls continued to grow as a 2D cell monolayer attached to the bottom of the
culture flask. In RPM cultures, the mixture of AD cells and MCS remained for up to 72 h of
RPM-exposure, although the number of AD cells appeared to decrease slightly. The two cell
populations could be harvested separately from the RPM-samples according to the method
described above.

Cytokine release of Nthy-ori 3-1 cells after RPM-exposure

Concentrations of selected cytokines within the various culture supernatants were
determined by MAP analysis in order to estimate the secretion activities of the cells (Human
CytokineMAP A and Human KidneyMAP®, carried out by Myriad RBM). Table 2 shows all of
the cytokines of these two MAPs, which could be detected.

Interleukin 6 (IL-6; IL6), interleukin 8 (IL-8; CXCL8), cystatin-c (CST3), tissue inhibitor
of metalloproteinase (TIMP-1; TIMP1) and VEGF (VEGF) could be detected after 4 h, whereas
monocyte chemoattractant protein (MCP-1; CCL2) could only be detected after 24 h and 72
h and interleukin 7 (IL-7; IL7) could only be detected after 72 h and even then only in the
RPM-samples.

Although these cytokines have been identified, only five of them revealed significant
differences between 1g and the respective RPM sample. Cystatin-c (CST3) and tissue inhibitor
of metalloproteinase-1 (TIMP1) were reduced significantly in s-ug compared to 1g after 4 h.
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KidneyMAP®
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4h 24h 72h

Factors LDD 1g RPM 1g RPM 1g RPM

(pg/mL)  (pg/mL)  (pg/ml)  (pg/mL) (pg/mL) (pg/mL) (pg/mL)
Human CytokineMAP A
IL-6 1.0 15.72 13.00 107.78 102.70 180.00 267.22
(IL6) +9.12 +431 +39.98 +17.06 +26.45 +3413%
IL-7 6.1 n.d. nd. nd. n.d. nd. 8.54
(IL7) +0.72
IL-8 0.56 379 304 324.6 2248 468.4 642.3
(CxcL8) +19.47 +10.02 +177.32 +54.84 +92.08 +176.16 *
MCP-1 15 n.d. n.d. 112.22 66.89 433.56 4411
(ccL2) +53.42 +20.09 +82.27 +67.67
Human KidneyMAP®
Cystatin-c 20 358.00 185.56 3,022.2 2,680.0 9,755.56 11,190.00
(CST3) +87.6 +35.00* +739.04 +727.74 +1,101.63 +1,781.2
TIMP-1 6.1 177.00 102.7 2,410.0 2,030.0 6,344.44 8,366.67
(TIMPI) +44.73 +20.78* +811.73 +376.96 +869.36 +1,531.89*
VEGF 39 12.07 10.85 110.00 124.6 328.56 359.5
(VEGFA) +245 +2.39 +36.33 +3871 +56.35 +72.24

The gene names of the proteins are given in brackets. Values are given as mean + SD; 1g, ground control; n.d,, not detectable; *, P
<0.05 vs. 1g; LDD (Least Detectable Dose) determined as the mean of 20 blank readings.
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Fig. 2. Quantitative real-time PCR (qPCR) was used to determine the gene expression. The gene expression
levels of IL6 (A), CXCL8 (B), CCL2 (C), FN1 (D), LAMA1 (E), ITGB1 (F), and TLN1 (G) were measured after 4
h, 24 h and 72 h RPM-exposure and in corresponding 1g-controls. All values were expressed relative to the
value for 4 h of 1g, which was set to 100 % and all other values are expressed relative to this value. 1g - static
control; RPM - random positioning machine; AD - adherent cells; MCS - multicellular spheroids; n = 5-6;

* - p<0.05.

After 24 h RPM-exposure, no significant changes could be observed. However, after 72 h, IL-6
(IL6), IL-8 (CXCL8) as well as TIMP-1 (TIMP1) were elevated significantly in s-pg compared

to 1g-controls.
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Altered gene expression in Nthy-ori 3-1 cells exposed to the RPM

Changes in the mRNA expression levels of IL6, CXCL8 and CCL2 were investigated by
gPCR (Fig. 2A-C). This revealed a significant increase between 1g- control cells and RPM-
AD cells that had been exposed for 4 h. However, these increases in gene expression were
already equalized after 24 h. Interestingly, the gene expression was decreased significantly
after 24 h in RPM-MCS samples compared to 1g-controls as well as RPM-AD samples. For IL6
and CXCL8 no significant alterations were detectable after RPM-exposure for 72 h. CCLZ gene
expression was only reduced significantly compared to RPM-AD samples, but not compared
to 1g-controls.

Furthermore, we focused on the genes coding for fibronectin (FN1), laminin (LAMAI),
B,-integrin (ITGBI), and talin (TLN1), as these are involved in focal adhesion processes.
Only ITGB1 showed a significantly increased gene expression in RPM-AD samples compared
to 1g-controls after 4 h (Fig. 2F). The other three genes revealed no significant changes at
this time point (Fig. 2D, E and G). However, 24 h of RPM exposure triggered a significantly
elevated expression in FNI in RPM-AD samples compared to 1g-controls and MCS, while
TLN1, ITGB1 and LAMA1 were up-regulated significantly in RPM-AD samples compared to
RPM-MCS samples only, but were expressed similarly in 1g-control samples. After RPM-
exposure for 72 h, only a significant increase in RPM-AD samples compared to 1g controls
could be detected for FN1 expression level (Fig. 2D).

Content of selected proteins after RPM-exposure

After focusing on gene expression changes, we studied the ECM and cell adhesion
molecules laminin, fibronectin and talin-1 (Fig. 3A, B, and D). The amount of laminin was
similar in cells exposed for 4 h to the RPM, but increased after 24 h. There was no significant
difference in the laminin protein content after a 24 h-exposure (Fig. 3A). Also, the fibronectin
accumulation was approximately equal in samples incubated for 4 h. After 24 h, both, the
RPM-AD cells and the RPM-MCS cells exhibited increased amounts of fibronectin (Fig. 3B).
Talin-1, which links integrins to the actin cytoskeleton has been shown to be increased
slightly in MCS compared to 1g and AD cells after RPM-exposure for 24 h. VEGF was released
into the supernatant and was unaltered in 1g-control cells of thyrocytes cultured for 4 h on
the RPM, while RPM-AD cells that had been exposed for 24 h exhibited a lower VEGF content.
There was no difference in VEGF content between MCS and 1g-control cells (Fig. 3C).
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Fig. 3. Content of cell adhesion proteins, VEGF and talin. Nthy-ori 3-1 cells were harvested after 4 h and 24
h of exposure to the RPM or as corresponding 1g-controls. The protein contents of laminin (A), fibronectin
(B), VEGF (C) and talin (D) were detected by Western blot analyses. Static 1g-control (1g); random position-
ing machine (RPM); adherent cells (AD); multicellular spheroids (MCS); n =5; * p < 0.05 vs. 1g-control.
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Pathway Analyses

Searching related information via Pathway Studio, proteins of differentially expressed
genes and proteins detected in the supernatant of Nthy-ori 3-1 cells were investigated with
respect to their cellular localization and their interaction on the protein level (Fig. 4) as well
as in regard to their mutual influence on the genetic level (Fig. 5). The cohort of proteins
analysed includes the extracellular proteins laminin A1l and fibronectin, the membrane
proteins integrin-f, and talin-1. These four proteins can bind to each other as shown by the
solid lines in Fig. 4 [34, 35]. Their stability is enhanced by a direct interaction with TIMP1
[36] and via an indirect positive action by IL-8 [37]. IL-7 and VEGF also have an influence
on the ITGB1, LAMA1, FN1, TLN1 complex [38-40], while IL-6, MCP-1 and cystatin c do not
appear to make contact with this complex.

On the gene level LAMA1 is isolated from the genes of the other soluble and membrane-
bound proteins investigated (Fig. 5). Like VEGFA, IL-6 and MCP-1 have positive regulatory
effects on the genes of ITGB1 and FN1 [41-45]. IL-8 can up-regulate FN1 expression [46].
CXCL8 and CCL2 genes are also up-regulated by VEGF and IL-6 [47, 48], while TLN1 is down-
regulated by IL-6 and IL-8 [49]. In addition, cystatin c affects turnover of fibronectin [50] and
IL-7 regulates the expression of CCL2 and CXCL8 [51].
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Discussion

In this study, we investigated the morphological and molecular biological changes of
normal human thyrocytes (Nthy-ori 3-1 cell line) exposed for 4 h, 24 h and 72 h to a an
RPM. The objective of this project was to monitor changes occurring during short-term
RPM-exposure in normal human thyrocytes with respect to the influence of soluble factors
on proteins involved in focal adhesion. These findings might help to further understand
the observed impact of microgravity on the formation of 3D aggregates of normal human
thyrocytes and other cells [4, 5].

MCS formation

One part of the RPM-exposed normal human thyroid cells of the Nthy-ori 3-1 cell line
formed MCS, while the other part continued to grow adherently. The MCS became visible
after 24 h. This observation broadens the observation made by Kopp et al., who investigated
MCS after 7 and 14 days [21]. This early 3D growth is in agreement with the formation of
cancer MCS by the thyroid cancer cells lines ML-1, FTC-133 and RO82-W-1 [12, 21, 28, 49].
Like the thyroid cancer cells FTC-133, the normal Nthy-ori 3-1 cells required a lag time of
several hours of RPM-exposure, before some of the cells started to detach from the bottom
of the culture flask and to assemble to 3D aggregates [28], while others remained adherent.
Hence, regarding the morphological changes triggered by s-pg, a striking difference between
normal and cancer cells could not be detected.

Genes and proteins altered by RPM-exposure

Investigating cytokines, we found an influence of s-pg on IL-6 (IL6) and IL-8 (CXCL8) at
gene and protein secretion levels (Table 2, Fig. 2). The cytokines IL-6 and IL-8 are involved
in angiogenesis and progression in different cancer types [52-54]. On the RPM, their genes
were up-regulated significantly after 4 h in RPM-AD cells. However, after 24 h both were
un-regulated again in RPM-AD cells, but were down-regulated significantly in MCS cells (Fig.
2). During the next 48 h a slight tendency of up-regulation in AD as well as MCS cells was
observed although this was not significant (Fig. 2A, B). In parallel, the secretion of IL-6 and
IL-8 into the supernatant did not reveal any alteration due to s-pg until 72 h when both
proteins were up-regulated significantly in RPM-exposed cells (Table 2).

IL-6 and IL-8 play a key role in angiogenesis and 3D growth in cancer [55, 56]. IL-6
induces the production of VEGF [57] and a similar function is assumed for IL-8 (Fig. 5).
When secreted by U937 cells IL-8 induces the fibronectin expression by inflammatory breast
cancer cells (SUM149 cell line) via interaction with IL-8 specific receptors and stimulation of
the PI3K/AKkt signalling pathway [46].

[L-6 and IL-8 influence the formation and growth of MCS established under 1g-conditions
[49, 58]. Recently, we demonstrated their direct impact using the liquid-overlay technique
[49]. The cytokines IL-6 and IL-8 are strong regulators controlling FN1 and ITGB1 expression
(Fig. 5). Furthermore, both cytokines were increased significantly in space samples of human
thyroid cancer FTC-133 cells cultured in r-pg conditions for 12 days on the International
Space Station compared with 1g-controls [9]. However, in this case no MCS formation could
be observed whereas during another spaceflight on which FTC-133 cells were grown for 10
days in pg and MCS were formed, no differences between ground and space samples could
be observed for IL-6 and only a slight decrease was observed for IL-8 [7]. How these findings
can be explained regarding the role of IL-6 and IL-8 in 3D growth has to be elucidated in
future space experiments.

An important finding was the detection of IL-7 in the supernatant after RPM-exposure
for 72 h (Table 2). Interestingly, control samples did not secrete IL-7. IL-7 is considered a
powerful pro-inflammatory cytokine, which can induce tumorigenesis [59]. A variety of cells,
for example intestinal epithelial cells, keratinocytes, hepatic tissue, endothelial cells, smooth
muscle cells, fibroblasts, thyroid cancer cells and others, have proven to produce IL-7 [21, 60].
IL-6 interacts with IL-7 and vice versa (Fig. 5). Together they have a regulatory influence on
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cell-cell adhesion of melanocytes [61], but no data exist concerning the interaction between
[L-6 and IL-7 for normal thyroid cells. In our experiments the cells secreted IL-7 only after
72 h on the RPM, while the corresponding 1g-control cells did not secrete this cytokine at all.
However, it could be shown that Nthy-ori 3-1 cells secrete IL-7 after 7 days when cultured
under normal 1g-conditons and on the RPM [21].

In addition, IL-7 can influence ECM production and decrease fibronectin expression.
This was shown in human subconjunctival fibroblasts [62]. In our experiments the FN1 gene
expression was elevated in Nthy-ori 3-1 AD cells after RPM-exposure for 24 h compared with
1g-control cells, while the FN1 mRNA was down-regulated in MCS cells (Fig. 2A). Aftera 72 h
RPM-exposure, the FN1 expression was still down-regulated in Nthy-ori 3-1 MCS compared
to AD cells. This finding was paralleled by the secretion of IL-7 by the RPM-mounted thyroid
cells after 72 h and might demonstrate a regulatory interaction of IL-7 with fibronectin (Fig.
4). In addition, these data suggest that the cytokine IL-7 might be a very likely key candidate
involved in regulating MCS formation [21].

Integrins are transmembrane o- and B-subunit forming receptors for distinct ECM
proteins, such as fibronectin, or laminin [63]. They mediate the cell adhesion to ECM
components supporting adhesion of cells grown on two-dimensional surfaces and within
three-dimensional matrices [64]. Although integrins consist of a- and $-subunit, incorporated
B,-integrin seems to play a special role increasing cell migration and invasion, and decreasing
sensitivity to anti-cancer drug in triple-negative breast cancer [65]. Overexpression of .-
integrin has been demonstrated to improve the activities and functions of several benign
cell types [66]. For example, r-ug during a parabolic flight induced B,-integrin expression in
human chondrocytes [67].

The role that laminin plays in MCS formation remains to be elucidated. However, it is a
fact that laminins interact with several integrin isoforms and are involved in migration and
development [35, 68]. Moreover, since the gene expression of LAMA1 was down-regulated
in MCS cells, an impact of this gene or protein seems to be very likely. Interestingly, laminin
A1 was not detected in a recent proteome study, which revealed more than 5000 proteins of
thyroid cancer cells [69]. Therefore, the presence of laminin A1 could be a sign of normal cell
differentiation as was shown for human mesenchymal stem cells [70].

Talin (TLN1) is found in high concentrations in focal adhesions and links integrins to
the actin cytoskeleton [71]. Due to its direct interaction with B -integrin (Fig. 4), we analysed
the gene expression of TLN1. In Nthy-ori 3-1 cells, the TLNI mRNA was found to be down-
regulated significantly in MCS after RPM-exposure for 24 h, but without differences to
normal gravity after 4 and 72 h. It has been shown that TLN1 is involved in RPM-dependent
thyroid carcinoma MCS formation [8]. Regarding the findings described above, the TLN1
gene expression might point to the time frame in which the detachment and subsequent
formation of MCS occurs.

VEGF was detectable in Nthy-ori 3-1 cells and the secretion of VEGF increased over time
in the supernatant (Table 2). No difference between 1g-controls and RPM-samples could
be observed up until 72 h. VEGF plays an important role in neoangiogenesis, proliferation
and migration, mainly of endothelial cells but also of various other cells types [72-74].
VEGF seems to be affected considerably in thyroid cancer cells exposed to s-ug [72, 75].
Furthermore, there might be a delayed response in Nthy-ori 3-1 cells, when exposed to s-ug.
It could be shown that VEGF secretion was decreased after RPM-exposure for 7d [21].

The secretion of TIMP-1 was significantly lower after 4 h in RPM-samples compared
with 1g-controls, whereas a 1.32-fold elevated amount of TIMP-1 was measured after 72 h in
the supernatant of RPM-samples. TIMPs inhibit metalloproteinases, which in turn are widely
known to degrade the ECM and thus participate in remodelling the shape and composition
of cell aggregates and tissues [76, 77]. An overexpression of TIMP-1 was also implicated in
several cancer types and correlated with a less-positive outcome for a patient after treatment
[76]. A decreased expression of TIMP-1 seems to facilitate the detachment of the thyroid
Nthy-ori 3-1 cells from the bottom of cell culture flasks in the early hours of RPM-exposure
(Table 2) due to a failure to stabilize integrin-, activity [36]. The later increase might be a
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facilitator of cell-cell contacts during the rearrangement of the focal adhesion complex for
3D cell aggregate formation [69]. A similar influence could be observed in endothelial cells.
Even after 7 d and 14 d of RPM-exposure, the amount of TIMP-1 was reduced significantly
in s-ug [24]. These data indicate the involvement of TIMP-1 in 3D formation of MCS, which
contain a high amount of ECM proteins.

Cystatin-c is secreted as an extracellular polypeptide and functions biologically as a
protease inhibitor. Dysregulated cystatin-c levels are implicated in various clinical diseases
[78]. The secretion of cystatin-c was decreased significantly after 4 h of RPM-exposure.
Later on, no differences between the different groups were evident. As cystatin-c was down-
regulated together with TIMP-1 a general inhibition of ECM degradation seems to be a result
of microgravity. Further experiments should be conducted to verify this hypothesis.

MCP-1 is a key member of the large family of chemokines which regulate mainly
cell trafficking. MCP-1 itself is associated with regulating migration and infiltration of
monocytes/macrophages [79]. Many experiments were conducted focusing on MCP-1 and
its involvement in various diseases like hypertension, inflammatory or neuronal diseases
and cancer. A high or constitutive expression level of CCL2 is often observed [80-82]. The
human thyroid Nthy-ori 3-1 cells secrete MCP-1 after 24 h in a continually increasing amount
of MCP-1 although no differences could be observed between normal gravity and s-pug. These
findings are in accordance with the earlier results regarding MCP-1 in the supernatant of
Nthy-ori 3-1 cells cultivated on the RPM for 7 d [21]. Whether this expression has an impact
on the signal transduction or if the MCP-1 specific receptor CCR2 [83] is even expressed,
remains to be elucidated.

Conclusion

The normal human thyroid cell line Nthy-ori 3-1 was shown to form MCS as early as 24
h after RPM-exposure. The secretion of several cytokines in connection with focal adhesion
proteins paint a picture of entangled and positively or negatively interacting proteins which
might strengthen the onset of the MCS formation. Further analyses will have to be performed
to elucidate in more detail how these cytokines exert their effect. Though MCS formation is
induced by exposing cells to an RPM, which is comparable to their behaviour in r-pg, our
results indicate what might happen during a spaceflight. However, they have to be verified
under this condition.
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