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A. Einleitung

1. Neoplasien

Neoplastische Krankheitsbilder stellen zusammen mit  cCharakteristika maligner Neoplasien
kardiovaskularen  Erkrankungen die haufigsten ‘
. Ungebremstes Immortalitat B

Todesursachen weltweit dar (Sung et al. 2021) und Wachstum (@) mmunevasion
haben diese in Landern mit hohem Einkommen . - (A
mittlerweile sogar als fuhrende Todesursache abgelost
(Mahase 2019). Wéahrend sich benigne Neoplasien in \
erster Linie durch eine stark erhdhte Zellteilungsrate YIASA —

. . . .o . Genominstabilitat
auszeichnen, die sich klinisch durch Verdrdngung  &Mutationen
anderer Gewebe und Strukturen oder die Produktion
von systemisch wirksamen Hormonen bemerkbar Aerobe Glykolyse
machen, kommen im Falle der malignen Neoplasien Abb. 1: Charakteristika maligner Neoplasien
eine Invasion anderer Gewebearten und eine YomAutor eigens fir dieses Manuskript erstelites Schema.
hamatogene oder lymphogene Nah- und Fernmetastasierung hinzu, die zu paraneoplastischen

Syndromen und einer stark verminderten Lebenserwartung fihren kénnen.

Tumor-
unterstltzende
Inflammation

/ l ( ( R

Invasion &
Metastasierung

Die zellularen Charakteristika von malignen Neoplasien wurden von Weinberg und Hanahan in den
beiden vielbeachteten Publikationen Hallmarks of Cancer (Hanahan and Weinberg 2000, Hanahan and
Weinberg 2011) zusammengefasst. Zu den urspringlich formulierten sechs Merkmalen erniedrigte
Apoptoserate, dauerhaftes proliferatives Wachstum, Unempfindlichkeit gegenutber wachstums-
hemmenden Signalen, Invasion und Metastasierung sowie Immortalisierung und Induktion von
Neoangiogenese kamen spater die vier weiteren Eigenschaften deregulierter Energiehaushalt,
Immunevasion, Inflammation und Genominstabilitat hinzu.

Die Therapie von Neoplasien basiert auf drei Saulen: chirurgische Mallnahmen, ionisierende Strahlung
und pharmakologische Therapie. Die klassische pharmakologische zytostatische Therapie, wie sie in
den 1940er Jahren erstmals eingesetzt wurde, wirkt Uber eine Inhibition des Wachstums
schnellproliferierender Zellen. Neben neoplastischen Zellen sind dies unter anderem auch
hamatopoetische Zellen, Keimzellen, Immunzellen und epitheliale Zellen. Daraus ergeben sich die
starken Nebenwirkungen dieser Therapiestrategie wie Knochenmarktoxizitat, Ubelkeit und Erbrechen,
Diarrhoe, Haarausfall und Keimzellschadigung. Einige Wirkstoffklassen wie die Alkylantien bergen
zusatzlich das Risiko der Induktion von zeitversetzt auftretenden Sekundarneoplasien. Seit den spaten
1990er Jahren wurden zunehmend zielgerichtete Tumortherapeutika (,targeted therapy*) entwickelt und
klinisch angewandt, die tumorentitdtsspezifische Zielproteine blockieren und so zu geringeren
unspezifischen Nebenwirkungen und einer starkeren Wirksamkeit gefiihrt haben. Prominente Beispiele
sind die monoklonalen Antikérper (,-mabs®) und die Tyrosinkinaseinhibitoren (TKI, ,-nibe®). Eine aktuelle
Entwicklung stellen die Immuncheckpoint-Inhibitoren dar, die die Antwort des Immunsystems auf das
neoplastische Gewebe steigern und so zu einer immunvermittelten Lyse der transformierten Zellen
fihren kénnen. Trotz dieser faszinierenden Entwicklungen der letzten Jahrzehnte bleibt die Wirksamkeit
der neuen Therapieverfahren dennoch oft hinter den Erwartungen zurick: Die Fuinf-Jahres-
Uberlebenszeiten konnten (iber die vergangenen Jahrzehnte zwar schrittweise verlangert werden, ein
dauerhafter kurativer Ansatz ist meist aber nur in frihen Krankheitsphasen und bei bestimmten
Tumorentitaten erreichbar. Oft wird die Wirksamkeit von Chemotherapie-Regimen auch durch das
Auftreten lebensbedrohlicher Nebenwirkungen limitiert.



2. Die Tumormikroumgebung

Die Tumormikroumgebung (TMU, auch: das pje Komponenten der Tumormikroumgebung
Tumormikromilieu) besteht aus zellularen und
extrazellularen Komponenten: Wichtige Zellarten
sind mesenchymale Zellen wie Fibroblasten oder
mesenchymale Stromazellen (MSC), Immunzellen O | h ;
wie Makrophagen, dendritische Zellen und / ) [@
Lymphozyten sowie endotheliale Zellen, deren \ Y p ’
Anteil im Rahmen der tumorassoziierten
Neoangiogenese stark zunehmen kann (Arneth v Y
L ) })\J/Z“/ L?\< Makrophage

2019, Farc and Cristea 2021). Tumor- und g M Dendritsch

o ) kj () < % ZeelTe ritische
Stromazellen synthetisieren die Komponenten der _j%mQ\ )

I\ @ Lymphoz

extrazellularen Matrix (EZM); da diese Molekile ‘/k oo
nicht nur aus Protein-, sondern auch aus Abb. 2: Komponenten der Tumormikroumgebung.
Kohlenhydrat-Vorstufen  synthetisiert werden,
hangt ihre Produktion entscheidend vom zellularen Metabolismus der beteiligten Zellarten ab (Lau and
Heiden 2020, Montenegro and Indraccolo 2020).

<<= Fibroblast

Vom Autor eigens fur dieses Manuskript erstelltes Schema.

Die wechselseitigen Zell-Zell- und Zell-EZM-Interaktionen zwischen Tumor- und Stromazellen bilden ein
dynamisches System, das den Tumorzellen ermdglicht, die Stromazellen derart zu beeinflussen, dass
sie ihre bisherige Funktion verlieren und neue Phanotypen auspragen, die die Entwicklung und Invasion
von Tumorzellen beglnstigen. Dieser Prozess, der mitunter auch als Hijacking bezeichnet wird
(Baghban et al. 2020), erklart die auf den ersten Blick unerwartete Beobachtung, dass eine starke
Infiltration des Tumorgewebes mit Immunzellen nicht zu einer Eradikation der Tumorzellen flhrt,
sondern vielmehr zu einer gesteigerten Tumorprogression (Duan et al. 2020).

Bisher wurden bereits einige charakteristische Veranderungen der TMU wahrend der Tumorgenese
und -progression nachgewiesen: Die Bildung von hypoxischen Nischen, eine Ansduerung durch
verstarkte Laktat-Exkretion, weitere metabolische Verschiebungen, veranderte physiko-chemische
Eigenschaften sowie die Beeinflussung der Aktivitat von Immun- und Nervenzellen (Jin and Jin 2020).
In den letzten Jahren hat sich die TMU daher als zentrales Thema der Tumorforschung etabliert. In
diesem Rahmen werden auch die Auswirkungen bereits zugelassener Arzneistoffe auf die TMU
untersucht und ihr Einsatz als aktive Modulatoren der TMU geprft; unter diesen Arzneistoffen finden
sich interessanterweise unter anderem haufig verwendete Medikamente wie Cyclooxygenase-Hemmer,
das Antidiabetikum Metformin, HMG-CoA-Reduktase-Hemmer (,Statine”) und Beta-Blocker (Jin and Jin
2020).

Wahrend sich viele neuartige Therapieansatze auf die Therapie spezifischer Untertypen verschiedener
Neoplasien konzentrieren, kénnte die TMU Zielstrukturen enthalten, die einen universelleren Ansatz zur
Tumortherapie darstellen. Um systemische Nebenwirkungen dieser Therapieansatze auf weitere
Gewebetypen zu vermeiden, ist es essentiell, die Veranderungen der EZM in der Tumorgenese genau
zu charakterisieren und die ablaufenden Interaktionen zwischen Tumor- und Stromazellen wahrend der
Tumorprogression zu verstehen.



3. Die extrazellulare Matrix

Die EZM ist ein hochspezialisiertes, dynami- Die Komponenten der extrazellulédren Matrix
sches und plastisches Gerust, in das die Zellen

der Gewebe eingebettet sind. Die EZM besteht .K\

einerseits aus fibrillaren Komponenten wie e

Kollagenen, Fibronektin und Elastin und ‘ / e
andererseits aus nicht-fibrilldren Molekilen wie s,*? N : ‘ A ﬂf “ e luronsaure
Proteoglykanen, Hyaluronsdure und Glykopro- % R :y”fdh
teinen. Diese makromolekularen Komponenten ° Proteoglykan
bilden komplexe Netzwerke, die durch Bindung o ° ) ff Reseptoren
an Oberflachenrezeptoren mit den Zellen N O Voo

kommunizieren und intrazellulare Signaltrans-

duktionskaskaden beeinflussen konnen. Weitere 5,1, 3. komponenten der extrazelluliiren Matrix

Wichtige Komponenten sind die Matrix-  vom Autor eigens fur dieses Manuskript erstelltes Schema.
abbauenden Enzyme wie Kollagenasen,

Hyaluronidasen und Matrix-Metalloproteasen (MMP), die die strukturgebenden Komponenten
degradieren kénnen und so hochaktive niedermolekulare Produkte entstehen lassen. Weitere in der
Matrix gebundene Proteine wie Wachstumsfaktoren kénnen auf diesem Wege freigesetzt werden und
ihrerseits Zellfunktionen modulieren (Theocharis et al. 2019).

Durch diese Dynamik sorgt die EZM einerseits fur eine strukturelle Integritat von Geweben und bedingt
dadurch deren charakteristische mechanische Eigenschaften; andererseits reguliert sie aber auch die
Gewebshomoostase und beeinflusst den Phanotyp, die Proliferation und das Uberleben der
eingebetteten Zellen sowie deren Antwort auf externe Noxen oder eine Inflammation. Da die EZM sich
dynamisch an die aktuellen Zustande und Erfordernisse des Gewebes anpasst und diese mitbedingt,
variiert die molekulare Zusammensetzung und Struktur der EZM sowohl stark zwischen den
verschiedenen Gewebetypen als auch bei verschiedenen physiologischen und pathophysiologischen
Zustanden wie der normalen Gewebereparatur oder der Progression verschiedener Krankheiten. Eine
pathologisch veranderte Matrix kann auf diese Weise die Progression einer Erkrankung unterstiitzen
und aufrechterhalten. Dies wurde im Rahmen von genetischen Mutationen von Matrixgenen gezeigt,
betrifft aber auch eine Vielzahl wichtiger Systemerkrankungen wie kardiovaskularen und neoplastischen
Krankheitsbildern, entziindlichen Erkrankungen wie Osteoarthritis und chronisch-entziindliche
Darmerkrankungen, Fibrose und Hautalterung (Theocharis et al. 2019).

Eine Erforschung der zugrundeliegenden Veranderungen in der EZM kdnnte daher zum tieferen
Verstandnis vieler Krankheitsbilder beitragen und spezifische Verédnderungen aufzeigen, die fur
Diagnostik und Therapie relevant werden kdnnen.



4. Das Hyaluronsaure-System

Die Hyaluronsdure (HA) ist ein Das Hyaluronsédure-System
langkettiges  Glykosaminoglykan und S
pitheizellen
neben Kollagen eine Hauptkomponente ¢
( ‘

der EZM. Sie erfiillt wichtige Funktionen /= 1 o
bei der Organisation und Hydratisierung "/ 'ﬂg %

\
)
J

wa Hyaluronsaure

Hyaladherin

des Gewebes und reguliert (ber die gl 4 WU e T
Interaktion mit spezifischen M - V_m‘: E:i:m
Zelloberflachenrezeptoren wie CD44, v e | Ryaluronsiure:
RHAMM, LYVE1, HARE oder TLR2/4 e = T AR

. . . . TLR2/4
sowie diversen Bindungsmolekulen unter

anderem zelluldare Funktionen wie
Proliferation und Migration (Turley et al.
2002). Die Umsatzrate, die
Konzentration und die molekulare Gréfke der HA werden durch intrazellulare Stoffwechselwege reguliert,
die sich auf die Aktivitdt und Expression der HA-Synthasen (HAS1-3) und den Abbau der HA durch
Hyaluronidasen (HYAL1-2, PH-20, CEMIP) auswirken.

Hieiﬁatozyten
Abb. 4: Komponenten des Hyaluronsduresystems
Vom Autor eigens fur dieses Manuskript erstelltes Schema.

Von entscheidender Bedeutung fiir die oft auch gegensatzlichen biologischen Wirkungen der HA ist die
Polysaccharid-Kettenlange bzw. das Molekulargewicht: So vermittelt hochmolekulare HA (2x103-10°
Saccharid-Einheiten, Molekulargewicht 4x102-2x10* kDa) die Hydratisierung von Geweben sowie die
Unterdrickung von Angiogenese und Immunreaktionen. HA Fragmente hingegen férdern
Neoangiogenese, Inflammation und Zellmigration und unterdriicken die Apoptose von Tumorzellen
(Stern et al. 2006, Erickson and Stern 2012).

Trotz des relativ einfachen chemischen Aufbaus vermittelt HA so iber verschiedene MolekilgréRen und
Gewebekonzentrationen ein breites Spektrum an physiologischen und pathologischen Vorgangen, wie
die Morphogenese, Wundheilung und Entziindung. Uber analoge Wege férdert ein dysreguliertes
HA-System aber auch die Tumorprogression, Neoangiogenese und Chemotherapieresistenz
(Caon et al. 2020) oder kann den Umbau von Geweben in Rahmen kardiovaskularer Erkrankungen
negativ beeinflussen (Grandoch et al. 2018).

Neuere metabolische Untersuchungen zeigen, dass die Synthese von HA einerseits durch den
zellularen Metabolismus reguliert wird (Twarock et al. 2019), andererseits aber auch zellulare
Funktionen Uber die Reprogrammierung des zellularen Stoffwechsels regulieren kann (Chanmee et al.
2016). Ein aktueller Review gibt einen guten Uberblick tiber die Charakteristika, die Regulation und die
Funktionen der HA (Kobayashi et al. 2020).

Mittlerweile ist gut belegt, dass eine HA-reiche Matrix eine spezifische Tumormikroumgebung schafft,
die die Angiogenese, Invasion, Metastasierung, Immunevasion und Chemotherapieresistenz von
Tumoren begtinstigt und damit eine vielversprechende Zielstruktur darstellt (Chanmee et al. 2016). Die
Publikationen in dieser Arbeit haben zu diesen Erkenntnissen beigetragen und pharmakologische
Therapieoptionen aufgezeigt.



B. Zielsetzung

Die im Folgenden beschriebenen Projekte hatten zum Ziel, die Beteiligung einer HA-reichen
Tumormikroumgebung an der Tumorprogression zu untersuchen und pharmakologische Angriffspunkte
in diesem System zu identifizieren. Dies erfolgte am Modell des dsophagealen Plattenepithelkarzinoms
(ESCCQC).

Im Speziellen wurden in den hier vorgestellten Publikationen folgende Ziele verfolgt:

l. Charakterisierung der Auswirkungen einer HA-reichen Matrix auf die
Tumorprogression 6sophagealer Plattenepithelkarzinomzellen

il Identifizierung von Signalwegen, die eine transkriptionelle Regulation der
HA-Synthasen, Hyaluronidasen und HA-Rezeptoren bewirken und dadurch
potentielle pharmakologische Angriffspunkte zur Modulation des HA-Systems
darstellen kdnnten

. Untersuchung von metabolischen Regulationsmechanismen der HA-Synthese
und deren Beeinflussung durch Pharmaka oder durch eine diabetische
Stoffwechsellage

C. Zusammenfassung relevanter Publikationen

Die Besprechung der folgenden Publikationen erfolgt nicht chronologisch nach Veréffentlichungsdatum,
sondern entsprechend der im vorausgegangenen Abschnitt dargestellten Zielsetzungen. Die
Publikationen im ersten Abschnitt fokussieren sich auf die Charakterisierung des HA-Systems in
Osophagealen Plattenepithelkarzinomzellen, um dessen Stellenwert flr die Tumorprogression zu
definieren. In den folgenden beiden Abschnitten erfolgt dann die Analyse der Regulationsmdglichkeiten
durch transkriptionelle und metabolische Faktoren. In diesem Zusammenhang werden flnf
Publikationen in Erstautorschaft genauer erlautert. Zusatzlich wird kurz auf zwei thematisch passende
Veroffentlichungen in Koautorenschaft eingegangen.

Eine Ubersicht tiber die in diesen Projekten untersuchten Prozesse und die eingesetzten Pharmaka ist
in Abb. 5 dargestellt.

I.  Hyaluronsaure-Effekte im Tumormikromilieu

a. In Twarock et al. JBC 2010 wurde der Einfluss von HA auf die Stabilisierung von Zell-Matrix-
Kontakten untersucht. Der experimentell induzierte Verlust von HA-Zell-Interaktionen
destabilisierte fokale Adhasionen Uber eine gesteigerte Degradation der fokalen Adhasionskinase
(FAK) und fihrte so zu einem Verlust von Filopodien. Dieser Effekt war Gber RHAMM vermittelt
und ging in vitro mit einer verringerten Tumorzellproliferation einher.

b. In Twarock et al. Mol Cancer 2011 wurde ein Zusammenhang der HAS-Expression mit der
Expression des epithelialen Wachstumsfaktor-Rezeptors (EGFR) in humanen
Tumorschnitten und eine regulatorische Verbindung dieser beiden Proteine in vitro
nachgewiesen. Im Mausmodell wurde der Anteil der Tumor- und Stromaanteile an der
HA-Synthese im Tumorgewebe untersucht und die Auswirkung einer Inhibition der
HA-Synthese mittels oral verabreichten 4-MU oder tumorzellspezifischer HAS3-shRNA auf die
Tumorprogression in vivo quantifiziert.

c. In Kretschmer et al. BJP 2015 wurde der synergistische Effekt einer gleichzeitigen Hemmung
des EGFR-Signalwegs mittels Erlotinib und der HA-Synthese mittels 4-MU oder shRNA gegen
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a.

CD44 und RHAMM auf die Proliferation und Migration von verschiedenen ESCC-Zelllinien und
das Wachstum von multizelluldren Tumor-Sphéaroiden in vitro untersucht.

Transkriptionelle Regulation des Hyaluronsauresystems

In Twarock et al. BJP 2009 wurde der Einfluss des Prostaglandin-Rezeptor-Signalwegs auf die
Expression der HA-Synthasen in verschiedenen ESCC-Zelllinien untersucht. In den
untersuchten Zelllinien konnte tberraschenderweise im Gegensatz zu Untersuchungen anderer
Zellarten eine Entkopplung dieser beiden Signalwege beobachtet werden.

In Kretschmer et al. JBC 2016 wurden die parakrinen Effekte von ESCC auf Fibroblasten
analysiert. Eine direkte Interaktion zwischen den beiden Zellarten stimulierte Uber eine durch
Cadherin gesteuerte Signalkaskade die HAS2-Transkription. Zusatzlich zeigte sich unter der
direkten Co-Kultur eine modulierte Chemokin- und a-SMC-Expression in den Fibroblasten sowie
eine HA-vermittelte erhéhte Adhasion von CD4*-Zellen an das Tumorgewebe.

Metabolische Regulation des Hyaluronsauresystems

In Twarock et al. Int J Cancer 2017 wurden die Auswirkungen einer diabetischen Stoffwech-
sellage — Hyperglyk&mie und gestdrte Insulin-Signaltransduktion — auf die HA-Synthese und die
dadurch beeinflusste Tumorprogression untersucht. In einem Nacktmausmodell konnte in vivo
beobachtet werden, dass eine Stoffwechsellage entsprechend einem Diabetes mellitus Typ | eine
vermehrte Bildung von tumorassoziierter HA-Matrix bewirkte, was wiederum die Tumor-
progression und Neoangiogenese beschleunigte. Dieser Prozess wurde durch die orale Gabe von
4-MU effektiv abgeschwacht. Die Aufklarung der zugrundeliegenden Mechanismen erfolgte in
ESCC-Zellen in vitro. Hier wurde eine von der Glucose-Konzentration abhdngige Steigerung
der HA-Synthese festgestellt. Im Gegensatz dazu verringerte eine Zugabe von Insulin die HA-
Synthese. Dieser Effekt konnte durch die gezielte Ausschaltung von Genen, die direkt oder
indirekt die Glykolyse steigern, umgekehrt werden. Daraus konnte geschlossen werden, dass
Insulin durch Steigerung der Glykolyse der HA-Synthese die Substrate entziehen kann. Die
gesteigerte HA-Synthese unter diabetischen Bedingungen forderte in vitro Invasion,
verankerungsunabhangiges Wachstum und Adhasion von ESCC an Endothelzellen.

In Twarock et al. BJP 2019 wurden die Wirkungen des Pyruvat-Dehydrogenase-Kinase-
Inhibitors Dichloracetat (DCA) auf die HA-Synthese untersucht und die gleichzeitige Hemmung
der anti-apoptotischen HA-Matrix durch 4-MU als synergistisches Wirkprinzip getestet. In
Zellkulturversuchen mit ESCC-Zellen zeigte sich in vitro eine Zunahme der HA-Synthese unter
DCA-Behandlung. Diese Beobachtung konnte in weiteren Versuchen unter anderem auf eine
gesteigerte Acetyl-CoA-Konzentration unter DCA zuriickgefuhrt werden, der ein Anstieg des
Metaboliten UDP-N-Acetylglucosamin (UDP-GIcNAc) folgte. Dieser dient als Substrat fur
HAS-Enzyme und kann durch den Prozess der O-GlcNAcylierung die Aktivitat von Proteinen wie
der HASen steigern. Die synergistische tumorhemmende Wirkung der Kombination von DCA und
4-MU wurde in 2D- und 3D-Zellkulturen und in einem Nacktmaus-Tumor-Xenograft-
Regressionsmodell demonstriert.
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Beschreibung siehe Text. AGS: Aspartat-Glutamat-Shuttle, AST: Aminosaure-Transporter, CS: Carnithin-Shuttle, FATP:
Fettsaure-Transporter, GFAT:, GNAT: GLUT1: Glucose-Transporter 1, HA: Hyaluronsaure, INSR: Insulin-Rezeptor, MCT:
Monocarboxylat-Transporter 1, PDC: Pyruvat-Dehydrogenase-Komplex, UDP-GIcA: Uridindiphosphat-Glucuronséaure,
UDP-GIcNAc: Uridindiphosphat-N-Acetylglucosamin. Vom Autor eigens fur dieses Manuskript erstelltes Schema.



I. Hyaluronsaure-Effekte im Tumormikromilieu

1. Einfluss der Hyaluronsaure auf Zell-Matrix-Kontakte und die Tumorzell-
proliferation in vitro

Originalarbeit: Twarock, S., Tammi, M. |., Savani, R. C. and Fischer, J. W. (2010). Hyaluronan stabilizes focal
adhesions, filopodia, and the proliferative phenotype in esophageal squamous carcinoma cells. J Biol Chem
285(30): 23276-23284 (Twarock et al. 2010).

Copyright: Diese Verdffentlichung wurde unter den Bedingungen einer Creative Commons CC-BY-4.0-Lizenz
(open access) beim Verlag Elsevier verodffentlicht. Diese erlaubt die freie Verwendung aller Inhalte unter Angabe
der Originalquelle.

In dieser Veréffentlichung wurde die Rolle der HA in der Stabilisierung der perizellularen Matrix und
zellularer Protrusionen mit Kontakt zur Matrix untersucht. Dabei wurden verschiedene Methoden zur
Reduktion der HA-Interaktion mit den Tumorzellen eingesetzt:

= Pharmakologische Inhibition der HA-Synthese durch den niedermolekularen
HA-Synthese-Inhibitor 4-Methylumbelliferon (4-MU)

= Interferenz-RNA gegen HA-Synthase-lsoformen (HAS2 und HAS3)

= Verdrangung der perizelluldren HA durch das Peptid Pep-1

= Abbau der HA Uber exogen zugegebene Hyaluronidase und

= siRNA-vermittelter Knockdown der HA-Rezeptoren CD44 und RHAMM.
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Abb. 6: Verringerung der Anzahl HA-assoziierter Filopodien, Auflésung von fokalen Adhasionskomplexen
und Degradation der fokalen Adhédsionskinase unter HA-Synthese-Inhibition durch 4-MU.

A Die Assoziation von HA mit Filopodien wurde in fixierten OSC1-Zellen durch Immunfarbung von CD44 (grun) und
affinitatshistochemischer Farbung von HA (rot) verifiziert. Représentative Bilder, Skalenbalken 5 pm. Die Inhibition der HA-Synthese
durch 4-MU (0,3 mM, 24 h) reduzierte die HA-Menge und Filopodien-Anzahl. B Die Immunfarbungen von pFAK (orange, Pfeile) und
CD44 (magenta) sowie von Paxillin (rot, Pfeile) zeigten eine Abnahme fokaler Adhasionen als Reaktion auf die Behandlung mit 4-MU.
Reprasentative Bilder, Skalenbalken 50 pm. C Immunoblots zeigten eine Abnahme von Gesamt-FAK (tFAK) und phosphorylierter FAK
(pFAK) unter 4-MU (0,3 mM, 24 h). D Sowohl der Verdau von perizellularer HA mit Streptomyces Hyaluronidase (HAase, 5 U/ml, 5-
30 min, oberes Panel) im Vergleich zur unbehandelten Kontrolle als auch die Behandlung mit dem HA-verdrangenden Peptid Pep-1
(500 g/ml, 24 h, unteres Panel) im Vergleich zum scrambled Peptid (Kontrolle) fuhrten zu einer ausgepragten tFAK-Spaltung. E Die
Degradation der FAK begann zwischen 15 und 30 min nach der Applikation von 4-MU und erreichte nach 45 min ein Maximum.
Verwendet wurde ein Antikorper gegen den C-Terminus von FAK. C-E Dargestellt sind reprasentative Immunoblots und deren
quantitative Analyse nach densitometrischem Scannen. Mittelwert + SEM, n=3, *p<0,05, **p<0,01 gegenuber der jeweiligen Kontrolle.
Veroffentlicht unter einer CC-BY-4.0-Lizenz beim Verlag Elsevier, die eine freie Verwendung unter Angabe der Quelle erlaubt.
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Als Ergebnis zeigte sich, dass HA eine stabilisierende Wirkung auf Zell-Matrix-Interaktionen tber fokale
Adhasionen aufweist. Entsprechend kam es unter einer HA-Depletion mittels 4-MU zu einer Rickbildung
zellularer Filopodien (Abb. 6A), die auf eine Abnahme von Komponenten der fokalen Adhasionen —
die phosphorylierte fokale Adhasionskinase (pFAK) und Paxillin — zurtickgefuhrt werden konnte (Abb.
6B). Immunoblots zeigten zudem, dass nicht nur die phosphorylierte Form der fokalen Adhasionskinase
abnahm, sondern auch die unphosphorylierte Proteinmenge sank (Abb. 6C). Dieser Effekt trat auch
unter dem Einsatz von Hyaluronidase und Pep-1 auf (Abb. 6D) und konnte schlief3lich auf die
Degradation der FAK unter diesen Bedingungen zurlickgefihrt werden (Abb. 6E). Dieser Mechanismus
wurde in weiteren dsophagealen Plattenepithelzellkarzinom-Zelllinien bestatigt. In der Folge verringerte
sich auch die Migrations- und Proliferations-Aktivitat der Zellen (hier nicht gezeigt).

Eine detaillierte Untersuchung der beteiligten Proteine des HA-Systems zeigte, dass ein
transkriptioneller Knockdown beider relevanter HA-Synthase-lsoformen (HAS2 und HAS3) diesen
Degradation-Prozesses einleiten konnte, HAS3 als Hauptisoform aber einen gréfReren Anteil an diesem
Prozess hatte (Abb. 7A). Analog folgte im &hnlichen Verhaltnis eine Degradation der FAK (Abb. 7B).
Sowohl unter 4-MU als auch unter HAS2/3-Silencing kam es zu einer Abnahme der ERK- und AKT-
Phosphorylierung sowie zu einer Erniedrigung der Proliferation und Migration (Daten hier nicht gezeigt).
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Abb. 7: Nachbildung der Effekte von 4-MU auf Zellmorphologie, Filopodien und FAK-Spaltung durch einen
lentiviral vermittelten Knockdown von HAS3 und HAS2.

A Oberes Panel Die Lichtmikroskopie lebender Zellen zeigte eine Veranderung der Zellform nach lentiviraler Infektion mit shHAS3 und
in geringerem AusmaR mit shHAS2. Diese Formveranderung wies eine starke Ahnlichkeit zu derjenigen auf, die nach der Behandlung
mit 4-MU beobachtet wurde. Unteres Panel Die Farbung der fixierten Zellen mit dem Membran-Marker WGA Alexa Fluor 555 Konjugat
zeigte eine Abnahme der Anzahl und GroRe der Filopodien. Auch diese Effekte waren nach Knockdown von HAS3 am starksten
ausgepragt, traten aber auch beim Knockdown von HAS2 auf. Die Effekte des HAS-Knockdowns wurden 5 Tage nach der Infektion
ausgewertet und eine nicht gegen humane Gene gerichtete shRNA (scr, scrambled) wurde als Kontrolle verwendet. Abgebildet sind
reprasentative Bilder von n=3 Experimenten, Skalenbalken 500 um. B Analog zu diesen Beobachtungen steigerte shHAS3 die Spaltung
von FAK stéarker als shHAS2. Nachweis durch Immunoblot, quantitative Analyse von 125-kDa FAK (tFAK) und von degradierten FAK-
Fragmenten nach Normalisierung auf Tubulin und auf scrambled Kontrollen (scr). n=3, Mittelwert + SEM, *p<0,05 versus scrambled
shRNA. Veroffentlicht unter einer CC-BY-4.0-Lizenz beim Verlag Elsevier, die eine freie Verwendung unter Angabe der Quelle erlaubt.

In einem letzten Schritt wurde untersucht, ob die bisher beobachteten Effekte mechanistisch Gber die
beiden HA-Rezeptoren CD44 und RHAMM vermittelt werden. Die Immunfarbung zeigte, dass CD44 in
den OSC1-Kulturen stark und gleichmafig exprimiert wurde. Die Behandlung mit 4-MU fiihrte zu einer
randstandigen Betonung der Farbung (Abb. 8A). RHAMM wurde ebenfalls exprimiert, aber seine
Expression schien durch die Behandlung mit 4-MU nicht beeinflusst zu werden (Abb. 8B). Zur
Aufklarung der Beteiligung der HA-Rezeptoren an der Filopodienintegritat und Zellform wurden ein
lentiviral vermittelter Knockdown von CD44 und RHAMM mit shRNA und eine Farbung der Membran
mit WGA Alexa Fluor 555 Konjugat verwendet. Im Vergleich zur scrambled control shRNA zeigte sich,
dass shCD44 keinen Effekt auf die Filopodienstabilitat hatte (Abb. 8C), wahrend shRHAMM den Verlust
von Filopodien induzierte (Abb. 8D). Analog zu diesen Beobachtungen steigerte nur shRHAMM die
Spaltung von FAK (Abb. 8E). Die zellulare Proliferation und Migration wurden hingegen von beiden
untersuchten Rezeptoren beeinflusst (Daten hier nicht gezeigt).
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Abb. 8: Abhéngigkeit der Filopodien-Abnahme und FAK-Degradation von HA-Rezeptoren.

A Die immunzytologische Farbung auf CD44 (rot) und Kerne (blau) in OSC1-Kulturen + 300 uM 4-MU zeigte eine Zunahme der
randstandigen CD44-Expression unter 4-MU. B Die immunzytologische Farbung auf RHAMM (rot) und Kerne (blau) in OSC1-Kulturen
+ 300 uM 4-MU zeigte keine Unterschiede zwischen den beiden Konditionen. A-B Représentative Bilder, Mallstabsbalken 50 um. Die
Uberpriifung der Filopodienstabilitat erfolgte durch einen lentiviral vermittelten Knockdown von C CD44 und D RHAMM mit shRNA.
Die Farbung der Membran mit WGA Alexa Fluor 555 Konjugat (rot) und Kerne (blau) im Vergleich zu scrambled control shRNA (scr)
zeigte, dass nur RHAMM einen Effekt auf die Filopodienstabilitat hatte. Die Effekte des RHAMM- und CD44-Knockdowns wurden
5 Tage nach der Infektion gemessen. Dargestellt sind reprasentative Bilder von n=3 Experimenten, Skalenbalken 20 um. E Nachweis
der Spaltung von FAK durch Immunoblot, quantitative Analyse von 125-kDa FAK (tFAK) und degradierten FAK-Fragmenten nach
Normalisierung auf Tubulin und auf scrambled (scr) Kontrollen. n=3, Mittelwert + SEM, *p<0,05 versus scrambled shRNA. Veroffentlicht
unter einer CC-BY-4.0-Lizenz beim Verlag Elsevier, die eine freie Verwendung unter Angabe der Quelle erlaubt.
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Zusammenfassend wurde in dieser Arbeit ein neuer Mechanismus identifiziert, iber den HA Zell-Matrix-
Kontakte in Form von fokalen Adhasionen stabilisierte und die Proliferation und Migration von
Tumorzellen unterstitzte. Die Abhangigkeit der unter 4-MU beobachteten Wirkungen von dessen
hemmenden Effekt auf das HA-System wurde durch shRNA-Experimente und die Nutzung weiterer HA-
System-inhibierender Prinzipien bestatigt. Mechanistisch wurde eine Beteiligung beider HA-Synthase-
Isoformen (HAS2 und 3) sowie des HA-Rezeptors RHAMM identifiziert. RHAMM koénnte daher eine
interessante zukiinftige Zielstruktur zur Therapie des Osophaguskarzinoms darstellen.
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2. Regulation der HA-Synthese durch EGF, HA-Verteilung zwischen Tumor und
Stroma und Auswirkung der HA-Inhibition auf die Tumorprogression in vivo

Originalarbeit: Twarock, S., Freudenberger, T., Poscher, E., Dai, G., Jannasch, K., Dullin, C., Alves, F., Prenzel,
K., Knoefel, W. T., Stoecklein, N. H., Savani, R. C., Homey, B. and Fischer, J. W. (2011). Inhibition of oesophageal
squamous cell carcinoma progression by in vivo targeting of hyaluronan synthesis. Mol Cancer 10: 30
(Twarock et al. 2011).

Copyright: Diese Veréffentlichung wurde unter den Bedingungen einer Creative Commons CC-BY-2.0-Lizenz
(open access) beim Verlag BMC-Springer veréffentlicht. Diese erlaubt die freie Verwendung aller Inhalte unter
Angabe der Originalquelle.

Die Ziele dieser Arbeit waren, die Expression und Regulation der HAS-Isoformen in humanen ESCC
in vitro und in vivo genauer zu charakterisieren mit speziellem Fokus auf den Anteil von Tumor- und
Stromagewebe.

Im ersten Teil dieser Arbeit wurde ein Zusammenhang zwischen dem epithelialen Wachstumsfaktor-
Rezeptor (EGFR) und HAS3 in humanen ESCC Biopsien und in der Zellkultur detektiert und durch den
Einsatz von zwei pharmakologischen Wirkstoffen bestatigt.

Mittels gqPCR wurde daflr die Genexpression der HAS3 in humanen Biopsien aus gesunder Mukosa
und Plattenepithelkarzinomen des Osophagus verglichen. Dieser Vergleich ergab eine signifikant
hohere Expression der enzymatisch aktiven Variante 1 der HAS3 (HAS3v1) in SCC (Abb. 9A). Eine
Stratifizierung nach TNM-Klassifikation zeigte dariiber hinaus eine Abnahme der Varianz bei groRerer
Tumorausdehnung, klassifiziert als T2-T4 (Abb. 9B).

512' < 12
10 a E 10
£ B £ 8
Z L3
2] 4 [] 4 3 4
< - - 4 <,
< [ ] Aas I
0- 0
Mucosa SCC Mucosa  SCC (T=1) Mucosa SCC (T=2-4)
C D E
< 124 < 124 o T=1 15-
Z 101 Z 101 o a T=2-4 =
(4 o | 2 *hk
£ 8 £ 8 :z:g 10-
T 6 I Z S
44 [ I o a s O
2 - - 2 a 9% 51
21 2 A‘J o 4 a K]
I . I 4 A I =
0'_‘.' = v. T T 1 0 rp‘ T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5 0-
EGFR mRNA EGFR mRNA EGF - + + o+
Erlotinib - - + -
Cetuximab - - - +

Abb. 9: Korrelation der HAS3-Genexpression mit der TumorgroRe nach TNM-Klassifikation und der EGFR-
Expression in Schnitten von gesunder Mukosa und humanen ESCC.

gPCR auf HAS3-mRNA aus Biopsieproben von A normaler Mukosa (n=13) und B humanem ESCC differenziert nach TNM-Staging
(TumorgréRe T, Lymphknotenbefall N und Vorhandensein von Metastasen M) (n = 20), Mittelwert + SEM, *p < 0,05. Die EGFR-
Expression wurde in den gleichen Biopsieproben wie in A bestimmt und mit der HAS3-Expression in C normaler Mukosa und in D
ESCC korreliert. E Stimulation der HAS3-mRNA-Expression durch EGF in der humanen ESCC-Zelllinie OSC1. Dieser Effekt wurde
durch den Einsatz des EGFR-Tyrosinkinase Inhibitors Erlotinib und des Anti-EGFR-Antikérpers Cetuximab aufgehoben. Mittelwerte +
SEM; n = 3-5; ***p < 0,001. Veroffentlicht unter einer CC-BY-2.0-Lizenz beim Verlag BMC-Springer, die eine freie Verwendung unter
Angabe der Quelle erlaubt.
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Weitere Untersuchungen ergaben, dass die mRNA-Expression von HAS3 positiv mit der mRNA-
Expression des EGF-Rezeptors (HER1, ErbB1) in Tumorzellen korrelierte, wahrend in normaler Mukosa
keine Korrelation existierte (Abb. 9CD). Interessanterweise zeigten die Tumorproben des Grades T1
eine steilere Korrelation als die des Grades T2-4. Dies kdnnte auf eine starkere Abhangigkeit der friihen
Tumorgrade vom EGF-Signalweg zur Aufrechterhaltung der HAS3-Aktivitat hinweisen. In der Zellkultur
wurde der Stellenwert dieser beobachteten Korrelation mechanistisch weiter analysiert. In
Ubereinstimmung mit den vorherigen Befunden filhrte die Aktivierung des EGF-Rezeptors im
Zellkulturmodell zur Induktion der HAS3-mRNA-Expression in ESCC-Zellen. Durch den Einsatz
pharmakologischer, fiir den Einsatz am Menschen zugelassener, Inhibitoren des EGFR-Signalweges
konnte im Anschluss dieser Befund weiter gestitzt werden: sowohl der EGF-Rezeptor-Tyrosinkinase-
Inhibitor Erlotinib als auch der monoklonalen Anti-EGFR-Antikérper Cetuximab senkten die EGFR-
induzierte Steigerung der HAS3-Expression wieder auf das Ausgangsniveau ab (Abb. 9E).

Im zweiten Teil dieser Arbeit wurden die Erkenntnisse aus den in vitro-Untersuchungen im Kapitel 1.1
zur Beteiligung der HA an einem aktivierten Phanotyp der ESCC-Tumorzellen in einem
Nacktmausmodell-Tumor-Xenograft-Modell in vivo untersucht. Ziel war es, die Auswirkungen einer
systemischen pharmakologischen HA-Synthese-Inhibition mittels 4-MU auf die Tumor- und Stroma-
Matrix zu untersuchen und einen Vergleich zu einen lentiviralen Knockdown von HAS3 in den
Tumorzellen mittels einer small-hairpin-Interferenz RNA (shHAS3) zu ziehen. Auf diese Weise sollte der
Anteil von Tumor- und Stromazellen an der HA-Produktion im Tumorgewebe bestimmt werden.

Als Ergebnis zeigte sich, dass die Inhibition der Tumorzell-standigen HA-Produktion ausreichte, um die
Effekte der systemischen Inhibition der HA-Synthese nachzubilden. Sowohl Tumorwachstum als auch
morphologische Veranderungen ahnelten stark zwischen der 4-MU-behandelten Gruppe (Abb. 10) und
der shHAS3-Gruppe (Abb. 11). Zudem konnte in beiden Gruppen unter der Behandlung eine Abnahme
proliferierender Zellkerne detektiert werden; die proliferierenden Zellen beschrankten sich jeweils auf
die Grenzflache zwischen Tumorzellen und Stromazellen (Abb. 12).

Die in dieser Arbeit identifizierte Regulation der HA-Synthese durch EGF legte die Basis fur weitere
Experimente zum Synergismus einer EGFR- und HA-Synthese-Inhibition (siehe Kapitel 1.3). Zudem
zeigte diese Arbeit die Wirksamkeit einer pharmakologischen HA-Inhibition durch 4-MU auf die
Tumorprogression in vivo und charakterisierte die HA-Verteilung zwischen Tumor und Stroma wahrend
einer solchen Behandlung.

17



A Control vs. 4MU

- control
- 4MU

Fl

fold of control

o-SM-actin

Hyaluronan

Control “4-MU

Abb. 10: Hemmung des Tumorwachstums von
xenotransplantierten OSC1-Zellen in Nacktmausen
durch Behandlung mit 4-MU.

Nacktmausen wurden 10° OSC1-Zellen subkutan injiziert und
das Tumorwachstum wurde Uber 47 Tage beobachtet.
A Tumorvolumen, bestimmt durch Schieblehren-Messungen;
Mittelwert £+ SEM, n=21 (Kontrolle), n=17 (4-MU); *p < 0,05.
B Reprasentative fpVCT-Bilder von Kontrollmausen und 4-MU-
behandelten Mausen nach 47 Tagen. Skalenbalken 1 cm. Die
durchschnittlichen Tumorvolumina nach Tétung der Mause am
Ende des Experiments, gemessen mittels fpVCT, zeigten eine
signifikante Reduktion des Tumorvolumens in der 4-MU-Gruppe.
C Mit H&E gefarbte Kryo-Schnitte zeigten einen charakte-
ristischen Tumor-Phanotyp in den mit 4-MU behandelten
Mausen. Dieser Phanotyp war gekennzeichnet durch groRere
Tumorzellcluster mit einer zellreichen Randregion (Pfeile) und
ausgepragtem Tumorstroma. D Stromale Fibroblasten wurden
auf alpha-smooth muscle actin gefarbt (rot). E Die HA-Farbung
(rot) war sowohl mit Tumorzellen als auch mit Stromagewebe
assoziiert und wurde durch die Behandlung mit 4-MU deutlich
reduziert. C-E Repréasentative Bilder von n = 6 (Kontrolle) und
n = 7 (shHAS3) Experimenten, Skalenbalken 200 upm.
Veroffentlicht unter einer CC-BY-2.0-Lizenz beim Verlag BMC-
Springer, die eine freie Verwendung unter Angabe der Quelle
erlaubt.
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Abb. 11: Hemmung des Tumorwachstums von
xenotransplantierten OSC1-Zellen durch lenti-
viralen Knockdown von HAS3.

Nacktmause erhielten subkutane Injektionen von 10% OSC1-
Zellen, die in vitro mit einem Lentivirus transduziert worden
waren, das entweder scrambled shRNA (Kontrolle) oder shHAS3
enthielt. A Das Tumorwachstum wurde durch Schieblehren-
Messungen uber 65 Tage ermittelt. Mittelwert + SEM, n = 6
(Kontrolle), n=7 (shHAS3); *p < 0,05. B Reprasentative fpVCT-
Bilder von Méausen nach 65 Tagen, Skalenbalken 1 cm. Die
durchschnittlichen Tumorvolumina nach der Tétung der Mause
am Ende des Experiments, gemessen mittels fpVCT, zeigten
ebenfalls eine signifikante Reduktion des Tumorvolumens in der
shHAS3-Gruppe. C Die H&E-Farbung zeigte Veranderungen in
der Tumormorphologie, die denen nach 4-MU sehr &hnlich
waren (vgl. Abb. links). D Das Tumorstroma wurde durch
Farbung von alpha-smooth muscle actin (rot) sichtbar gemacht.
E Die Xenotransplantation von shHAS3-Tumorzellen verursachte
eine Umverteilung der HA-Farbung, die spezifisch in der dueren
Schicht der Tumorzellcluster lokalisiert war. C-E Dargestellt sind
reprasentative Bilder von n = 6 (Kontrolle) und n = 7 (shHAS3)
Experimenten, Skalenbalken, 200 um. Veroffentlicht unter einer
CC-BY-2.0-Lizenz beim Verlag BMC-Springer, die eine freie
Verwendung unter Angabe der Quelle erlaubt.
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Abb. 12: Auswirkungen von 4-MU und tumorzellspezifischem HAS3-Knockdown auf die Proliferationsrate
in OSC1-Xenografts.

Die Rate proliferierender Zellen in Tumorschnitten aus dem Nacktmaus-Xenograft-Modell wurde durch die immunzytologische Farbung
von humanem Ki67 (rot) und Kernen (blau) bestimmt. A Die Behandlung mit 4-MU reduzierte den Anteil proliferierender Zellen; die
Verteilung beschrankte sich auf die Grenzflache zwischen Tumorzellen und Stromazellen. B Die Ki67-Farbung war in den mit shHAS3
transduzierten Tumorzellen deutlich reduziert. Auch hier beschrankten sich die proliferierenden Zellen auf die Randbereiche der
Tumorzellinseln. Skalenbalken 200 um. Gezeigt sind reprasentative Bilder von n = 6 (Kontrolle) und n = 7 (shHAS3) Experimenten.
Veroffentlicht unter einer CC-BY-2.0-Lizenz beim Verlag BMC-Springer, die eine freie Verwendung unter Angabe der Quelle erlaubt.

3. Synergistische Reduktion der Proliferation und Migration von ESCC-Zellen
durch gleichzeitige Inhibition des EGF-Rezeptor-Signalwegs und der
Hyaluronsaure-Synthese

Originalarbeit: Kretschmer, |., Freudenberger, T., Twarock, S. and Fischer, J. W. (2015). Synergistic effect of
targeting the epidermal growth factor receptor and hyaluronan synthesis in oesophageal squamous cell carcinoma
cells. Br J Pharmacol (Kretschmer et al. 2015).

In dieser Arbeit wurde eine pharmakologische Kombinationstherapie aus dem EGFR-Tyrosinkinase-
Inhibitor (TKI) Erlotinib und dem niedermolekularen HA-Synthese-Inhibitor 4-MU untersucht. Die
Spezifitdt der Wirkung von 4-MU auf das HA-System wurde Uber eine genetische Ausschaltung der HA-
Rezeptoren CD44 und RHAMM bestatigt.

Die Kombinationstherapie hemmte synergistisch die Proliferation und Migration von verschiedenen
ESCC-Zelllinien und das Wachstum von multizellularen Tumor-Spharoiden. In weiteren Experimenten
wurde eine verringerte ERK-Phosphorylierung als moglicher Mechanismus dieser Effekte identifiziert.

Zusammenfassend zeigte die Kombination von 4-MU und Erlotinib eine vielversprechende Anti-Tumor-
Wirksamkeit in verschiedenen ESCC-Zelllinien. Diese Beobachtung koénnte eine Grundlage fiir den
klinischen Einsatz dieser Substanzkombination darstellen.

19



Il. Transkriptionelle Regulation der Hyaluronsaure-Synthese in ESCC

1. Prostaglandine und Hyaluronsaure-Synthese

Originalarbeit: Twarock, S., Rock, K., Sarbia, M., Weber, A. A., Janicke, R. U. and Fischer, J. W. (2009). Synthesis
of hyaluronan in oesophageal cancer cells is uncoupled from the prostaglandin-cAMP pathway. Br J Pharmacol
157(2): 234-243 (Twarock et al. 2009).

Copyright: Die Verwendung des Bildmaterials aus dieser Veroffentlichung erfolgt mit freundlicher Genehmigung
des Verlags John Wiley and Sons. Lizenzierungsdatum 09.07.2021, Lizenznummer: 5104680153238.

Der Hintergrund dieser Arbeit war die in der Literatur gut belegte Uberexpression der Cyclooxygenase-2
(COX-2) in gastrointestinalen Tumoren (Hashemi Goradel et al. 2019) und die Beobachtung, dass die
von der COX-2 synthetisierten Prostaglandine in humanen vaskularen glatten Muskelzellen (hSMC) eine
transkriptionelle Steigerung der HA-Synthase 1 und 2 (HAS1 und HAS2) bewirken (Sussmann et al.
2004). Sowohl fiir die von der COX-2 gebildeten Prostaglandine als auch flr eine Ubermafige
HA-Produktion sind tumorférdernde Effekte bekannt. In der hier beschriebenen Arbeit sollte daher
untersucht werden, ob die fiir glatte GefaBmuskelzellen beschriebene Verbindung dieser beiden
Systeme analog in Tumorzellen zu finden ist.

Sowohl COX-2 als auch HA und CD44 konnten immunhistochemisch in tUber 90% der untersuchten
Gewebeschnitte von Osophaguskarzinomen detektiert werden (Abb. 13).

Abb. 13: Inmunhistochemischer Nachweis von Hyaluronsaure (HA), Cyclooxygenase-2 (COX-2) und CD44
in menschlichem Osophaguskarzinomgewebe.

Abgebildet sind reprasentative Schnitte von menschlichen Speiseréhrentumoren, n= 69. Um die raumlichen Beziehungen von HA,
COX-2 und CD44 zu beurteilen, wurden konsekutive Schnitte angefarbt. A HA wurde sowohl im Tumorzellparenchym als auch in
Stromazellen nachgewiesen; Sternchen zeigen die Akkumulation von HA im Tumorstroma; Inset, VergroBerung des angezeigten
Bereichs eines Tumorzellclusters, der auch HA innerhalb der Tumorzellen zeigt (Pfeilspitzen). B COX-2 und C CD44 wurden
hauptsachlich in Tumorzellinseln nachgewiesen. Insgesamt wies die Mehrheit (>90%) der Proben eine starke Expression aller drei
Proteine auf. MaBstabsbalken 200 um. Verwendung erfolgt mit freundlicher Genehmigung des Verlags John Wiley and Sons.

Die von der COX-2 synthetisierten Prostaglandine wirken als Liganden an verschiedenen Prostaglandin-
Rezeptoren. Die in dieser Arbeit untersuchen EP2-, EP4- und IP-Rezeptoren weisen die Gemeinsamkeit
auf, dass sie Uber ein G-Protein vom Gs-Typ die cAMP-Spiegel der Zelle steigern kénnen, was in der
Folge Uber eine Aktivierung eines cAMP response element-binding protein (CREB) die Transkription
von Zielgenen steigern kann. In den folgenden Versuchen wurden die an diesem
Signaltransduktionsweg beteiligten Komponenten daher naher untersucht. Die verwendeten
Tumorzelllinien wiesen folgende Besonderheiten auf: OSC1-Zellen exprimieren hauptsachlich COX-1,
OSC2-Zellen COX-2 und die HelLa-Zelllinien D98 und H21 zeigen eine TNFa-abhangige Induzierbarkeit
der COX-2.

RT-PCR-Analysen zeigten, dass OSC1- und OSC2-Zellen unter basalen Bedingungen HAS2, HAS3,
COX-2 und die Gs-gekoppelten EP2- und EP4-Prostaglandin-Rezeptoren exprimierten aber nur eine
schwache IP-Rezeptor-Expression aufwiesen. Allerdings induzierte weder die Stimulation mit dem PGl,-
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Analogon lloprost noch die Zugabe von exogenem PGE; oder Forskolin die mRNA-Expression von
HAS1, HAS2 oder HAS3 in OSC1- und OSC2-Zellen (Abb. 14).
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Abb. 14: HAS-Isoform-Expression in OSC1/2-Zellen unter Stimulation der Prostaglandin-Rezeptoren.

Die Zellen wurden fur 6 h mit dem Prostazyklin (PGl2)-Analogon lloprost (100 nmol/L), PGE2 (100 nmol/L), Forskolin (10 mmol/L) oder
mit PMA (100 nmol/L) als Positivkontrolle stimuliert. Dargestellt sind die Ergebnisse einer RT-PCR aus drei bis funf unabhangigen
Experimenten (Mittelwert + SEM, *p < 0,05). Die HAS2/3-mRNA-Expression wurde auf GAPDH normalisiert. A Nur der PKC-Aktivator
Phorbolmyristatacetat ~ (PMA)  fuhrte zu  einem  Anstieg der HAS2  mRNA-Transkription in  OSC1-Zellen.
B, C HAS3 mRNA-Spiegel wurden durch keinen Stimulus verandert. HAS1 mRNA war nicht nachweisbar (nicht gezeigt). Verwendung
erfolgt mit freundlicher Genehmigung des Verlags John Wiley and Sons.

Weitere Untersuchungen ergaben, dass eine exogene Prostanoid-Stimulation in OSC2-Zellen keinen
intrazellularen cAMP-Anstieg ausloste, wahrend PGE; in OSC1-Zelle und lloprost in Fibroblasten zu
einer deutlichen cAMP-Zunahme fiihrten (Abb. 15). Auch in den beiden HelLa-Zelllinien konnte keine
Regulation der HAS-Expression oder HA-Sekretion unter COX-2-Induktion mit TNFa oder Inhibition mit
Etoricoxib beobachtet werden (Daten hier nicht gezeigt).
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Abb. 15: Intrazellulare cAMP-Spiegel nach Stimulation des Prostaglandin-Signalwegs.

Die intrazellularen cAMP-Spiegel wurden mittels Radioimmunoassay bestimmt. Zur Untersuchung der cAMP-Antwort wurden OSC1-
und OSC2-Zellen sowie Fibrolasten mit Wirkstoffen stimuliert, von denen bekannt ist, dass sie den cAMP-Spiegel induzieren. Der
Aktivator der Adenylatzyklase Forskolin wurde als Positivkontrolle verwendet. A In OSC1-Zellen kam es unter PGE2-Stimulation und
Forskolin zu einem cAMP-Anstieg. B In OSC2-Zellen fuhrte keine exogene Prostanoid-Stimulation zu einem cAMP-Anstieg. C
Fibroblasten reagierten auf das stabile Prostacyclin-Analogon lloprost mit einem ausgepragten cAMP-Anstieg, der hoher als die
Forskolin-Kontrolle ausfiel. Repréasentative Ergebnisse aus vier unabhéngigen Experimenten. Mittelwert + SEM, *p < 0,05. Verwendung
erfolgt mit freundlicher Genehmigung des Verlags John Wiley and Sons.

Aus diesen Ergebnissen kann geschlossen werden, dass in Osophagus- und HelLa-Krebszellen die
Expression der HAS-Isoformen nicht tber den Prostaglandin-cAMP-Signalweg reguliert wird. Anhand
der verschiedenen Prostaglandin-Rezeptor-Muster zwischen OSC1/2-Zellen und Fibroblasten 1asst sich
vermuten, dass die Stimulation der HAS1 und 2 in Fibroblasten und glatten GefaRmuskelzellen Gber
Prostacyclin und den IP-Rezeptor-Signalweg reguliert wird, dieser Weg in den Tumorzellen aber keine
relevante Rolle spielt. Dennoch kdnnte dieser Mechanismus in der Beeinflussung des Tumorstromas
von Bedeutung sein, da dieses zu einem gro3en Teil aus cancer-associated-fibroblasts (CAFs) besteht
und in diesem System vom Tumor sezernierte Prostaglandine die HAS2-Expression im Stroma erhdhen
kénnten. Dieser Mechanismus kdnnte fur die in Abb. 13 gezeigten hohen HA-Mengen in den humanen
Tumorschnitten mitverantwortlich sein. Interessanterweise konnte in einer neueren Arbeit in der
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Brustkrebszelllinie MDA-MB-231 ein Zusammenhang zwischen COX2-Expression und HAS2-
Expression gefunden werden (Stasinopoulos et al. 2008). Dies lasst vermuten, dass sich die entspre-
chenden Prostaglandin-Signalwege in verschiedenen Tumorentitaten stark unterscheiden kénnen.

2. ESCC-Zellen modulieren die Chemokin-Expression und die Hyaluronsaure-
synthese in Fibroblasten

Originalarbeit: Kretschmer, |., Freudenberger, T., Twarock, S., Yamaguchi, Y., Grandoch, M. and Fischer, J. W.
(2016). Esophageal Squamous Cell Carcinoma Cells Modulate Chemokine Expression and Hyaluronan Synthesis
in Fibroblasts. J Biol Chem 291(8): 4091-4106 (Kretschmer et al. 2016).

Das Ziel dieser Arbeit war es, die Interaktion von Tumor- und Stromazellen in Bezug auf HA und die
Chemokinexpression zu charakterisieren. Hierzu wurden als Tumorzellen die ESCC-Zelllinie Kyse 410
und stellvertretend fir Stromazellen Hautfibroblasten und Tumor-assoziierte Fibroblasten (cancer-
associated fibroblasts, CAF) verwendet, die aus einem Nacktmaus-Tumor-Xenograft-Modell stammten.

Eine erste interessante Beobachtung in dieser Arbeit war, dass KYSE-410-Zellen die mRNA-Expression
der HA-Synthase 2 (Has2) in Fibroblasten nur in direkten Co-Kulturen induzierten; zwei verschiedene
indirekte Co-Kultur-Ansatze fiihrten nicht zu einer Stimulation. In weiteren Versuchen wurde mit dem
B-Catenin/LEF1-Signalweg entsprechend ein Mechanismus flr diese Stimulation identifiziert, der durch
Zell-Zell-Kontakte aktiviert wird. Analog zur Stimulation der Has2-mRNA wurde in diesen Experimenten
auch die Has2-Antisense-RNA (Has2as) reguliert.

Im Folgenden wurde die Auswirkung eines Knockdowns von Has2 in den Hautfibroblasten auf die
KYSE410-Zellen und Hautfibroblasten untersucht. Dieser hatte keine Auswirkungen auf epithelial-
mesenchymale Ubergangsmarker, Proliferation und Migration der KYSE410-Zellen in der Co-Kultur; es
konnte aber in den Hautfibroblasten eine Abnahme der Gen-Expression des Myofibroblastenmarkers a-
Glattmuskel-Aktin (aSMA) detektiert werden.

In weiteren Experimenten wurde unter Co-Kultur-Bedingungen eine Hochregulation des Chemokins
CCL5 und eine Herunterregulation von CCL11 sowohl in Hautfibroblasten als auch in CAFs detektiert.
AuBerdem wurde festgestellt, dass HA die Adhasion von CD4*-, aber nicht von CD8*-Zellen an
Xenograft-Tumorgewebe fordert.

Zusammenfassend zeigt diese Arbeit, dass die direkte Co-Kultur von Osophaguskarzinomzellen und
Fibroblasten die stromale HA-Synthese Uiber den B-Catenin/LEF1-Weg induziert und das Chemokinprofil
der stromalen Fibroblasten verandert, was wiederum die Immunantwort des Tumors beeinflussen
koénnte.
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lll. Metabolische Regulation der Hyaluronsaure-Synthese in ESCC

HA besteht als Glykosaminoglykan Uberwiegend aus Metaboliten des Glukose-Stoffwechsels. In den
folgenden Projekten wurde daher untersucht, inwiefern und auf welche Weise metabolische
Verschiebungen innerhalb dieses Stoffwechselwegs die Menge der synthetisierten HA mitbeeinflussen
kénnen und welche Auswirkungen dies auf das Tumorwachstum hat.

1. Einfluss einer diabetischen Stoffwechsellage auf Hyaluronsauresynthese
und Tumorprogression

Originalarbeit: Twarock, S., Reichert, C., Peters, U., Gorski, D. J., Rock, K. and Fischer, J. W. (2017).
Hyperglycaemia and aberrated insulin signalling stimulate tumour progression via induction of the extracellular
matrix component hyaluronan. Int J Cancer 141(4): 791-804 (Twarock et al. 2017).

Copyright: Die Verwendung des Bildmaterials aus dieser Veroffentlichung erfolgt mit freundlicher Genehmigung
des Verlags John Wiley and Sons. Lizenzierungsdatum 09.07.2021, Lizenznummer: 5104681412256.

In epidemiologische Studien wurde eine héhere Inzidenz verschiedener Tumorentitaten unter Patienten
mit Diabetes mellitus Typ 1 und Typ 2 festgestellt (Giovannucci et al. 2010). Zu diesen zahlt auch das
Osophaguskarzinom (Huang et al. 2012), fiir das auBerdem eine Assoziation zwischen gesteigertem
Nuchternblutzucker und erhdhter Mortalitat beschrieben wurde (Jee et al. 2005, Stocks et al. 2009). Die
zugrundeliegenden Pathomechanismen sind Gegenstand der aktuellen Forschung; derzeit werden der
direkte Einfluss der Hyperglykdmie auf das Tumorzellwachstum, die anabolen Wirkungen von
erhdhten Insulin-Konzentrationen sowie die verstarkte Produktion inflammatorischer Zytokine durch
das Fettgewebe bei Adipositas als Ursachen angenommen und untersucht (Vigneri et al. 2009).
Hinweise flr die genannten Mechanismen ergeben sich auch aus der Erkenntnis, dass die
Pharmakotherapie mit insulinotropen Antidiabetika die Tumorinzidenz steigert (Currie et al. 2009),
wahrend eine Behandlung mit Metformin das Risiko einer Krebsentstehung (Evans et al. 2005) und die
Mortalitatsrate (Landman et al. 2010) senken kann.

Fir den direkten Einfluss einer Hyperglykamie gibt es einige Hinweise: Durch die metabolische
Umstellung von mitochondrialer oxidativer Phosphorylierung auf die aerobe Glykolyse (,Warburg
Effekt”) kommt es zu einer weitgehenden Abhangigkeit der Tumorzellen von der Glukoseversorgung
(Warburg 1956, Vander Heiden et al. 2009). Zusatzlich werden durch die chronische Hyperglykamie
eine Vielzahl von Signalwegen aktiviert, die die Proliferation und Invasion erhéhen und die Einleitung
einer Apoptose inhibieren kdnnen (Duan et al. 2014, Ryu et al. 2014).

Neben seiner anabolen Wirkung, die zu einer Stimulation der zellularen Proliferation fiihrt, ist die
wichtigste Funktion von Insulin die Steuerung des Glukose-Metabolismus. Hierbei sind vor allem zwei
Mechanismen von Bedeutung: die Erhohung der Glukose-Aufnahme in die Zelle und die Férderung
der Glukose-Metabolisierung in der Glykolyse und im Pentosephosphatweg. Da in den meisten
Tumorzellen die Glukose-Aufnahme allerdings — im Rahmen des ,Warburg-Effektes“ — Uber Insulin-
unabhangige Glucose-Transporter-Isoformen wie GLUT1 und GLUT3 stattfindet (Medina and Owen
2002), Gberwiegen hier die Mechanismen zur Steuerung der Metabolisierung von Glukose.
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HA wird in der Zelle hauptsachlich aus Vorstufen synthetisiert, die in den ersten Schritten der Glykolyse
aus Glukose entstehen. Auf Grundlage der vorher geschilderten Erkenntnisse wurde daher in diesem
Projekt untersucht, inwiefern die HA-Synthese in 6sophagealen Plattenepithelkarzinomzellen einerseits
von der Glukose-Verfiugbarkeit und andererseits von der Aktivitat anderer Glukose-verbrauchender
biochemischer Metabolisierungswege, wie der Glykolyse und dem Pentosephosphatweg, abhangt. Die
Arbeitshypothese lautete, dass eine hyperglykdmische Stoffwechsellage in Zusammenspiel mit einer
vorhandenen Insulinresistenz zu einer gesteigerten HA-Synthese filhren kdnnte. Da HA tumorférdernde
Eigenschaften besitzt, kdnnte dieser Mechanismus zur Aggressivitat und Chemotherapie-Resistenz von
Tumorzellen beitragen.

Zellkultur-Versuche, in denen den Tumorzellen verschiedene Glukose-Konzentrationen angeboten
wurden, zeigten eine konzentrationsabhangige Steigerung der extrazelluldaren HA-Menge im
Zelliberstand (Abb. 16A) als auch der perizellularen HA-Matrix (Abb. 16B) sowohl unter An- als auch
Abwesenheit von Serum.
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Abb. 16: Abhangigkeit der HA-Synthese von extrazelluldaren Glukosekonzentrationen.

A HA-Konzentrationen im Medium von OSC1-Zellen normalisiert auf zellulares Protein unter verschiedenen Glukosekonzentration mit
und ohne Serum (10% FCS) nach 24 h gemessen mittels HA-Bindungsprotein (HABP)-Assay. B Perizellularer HA-Mantel der OSC1-
Zellen unter niedriger und hoher Glukosekonzentration mit und ohne Serum visualisiert durch HA-Affinitatszytochemie nach 24 h.
HABP, gruin, Zellkerne blau (Hoechst). Malstabsbalken 10 um. Mittelwerte + SEM, n=3, *p < 0,05. Verwendung erfolgt mit freundlicher
Genehmigung des Verlags John Wiley and Sons.

In den folgenden Versuchen wurde der Effekt von Insulin-gesteuerten Signalkaskaden auf die
HA-Synthese untersucht. Dies folgte der oben beschriebenen Annahme, dass HA mit anderen
metabolischen Wegen in Konkurrenz steht, die ebenfalls Glukose verbrauchen.

Eine Inhibition der Glykolyse durch Ausschaltung ihres Schlisselenzyms Phosphofructokinase M fuhrte
demnach wie erwartet zu einem deutlichen Anstieg der HA-Produktion, wahrend die Konzentration des
Endmetaboliten der aeroben Glykolyse Laktat stark abnahm (Abb. 17A). Eine Steigerung der Glykolyse
durch Stimulation mit Insulin hatte dementsprechend einen gegenlaufigen Effekt (Abb. 17B). Dieser
konnte wiederum durch das Ausschalten des Insulinrezeptors umgekehrt werden (Abb. 17C). In
weiteren hier nicht gezeigten Zellkultur-Experimenten wurde in dieser Arbeit die funktionelle Bedeutung
dieser Prozesse fir die Proliferation, die Invasion, das verankerungsunabhangige Wachstum und die
Adhasion von ESCC an Endothelzellen in vitro nachgewiesen.
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Abb. 17: Metabolische Konkurrenz zwischen Glykolyse und HA-Synthese.

A Die genetische Ausschaltung der Phosphofructokinase M (PFKM) — ein Schlusselenzym der Glykolyse — hemmt die Glykolyse zu
Lactat und lenkt die Glukoseverwertung in Richtung HA-Synthese um. B Die Stimulation mit Insulin (50 nM, 24 h) steigerte die Glykolyse
zu Lactat und senkte dadurch die HA-Synthese. C Die genetische Ausschaltung des Insulinrezeptors (INSR) kehrte die Effekte von
Insulin auf die Lactat- und HA-Spiegel um. HA im Uberstand wurde mittels HABP-Assay, Lactat mittels kolorimetrischem Assay
gemessen, beides in Anwesenheit von Serum nach 24 h. Mittelwerte + SEM, n=3-4, *p < 0,05. Verwendung erfolgt mit freundlicher
Genehmigung des Verlags John Wiley and Sons.

Die in vivo Relevanz der beschriebenen Zellkultur-basierten Ergebnisse wurde schlief3lich in einem
Streptozotocin-induzierten diabetischen Nacktmaus-Tumor-Xenograft-Modell Uberprift. Dieses ist
gepragt von einer systemischen Hyperglykdmie und einem Mangel an Insulin. Wie in Abb. 18A
dargestellt, wiesen die diabetischen Mause ein wesentlich starkeres Tumorwachstum auf als die nicht-
diabetischen Tiere; das Tumorwachstum in beiden Gruppen wurde durch die Fitterung mit dem
HA-Synthese-Inhibitor 4-MU deutlich gesenkt. Die Uberlebenszeit der diabetischen Tiere wurde in einer
Kaplan-Meier-Kurve aufgetragen (Abb. 18B); aus dieser konnte eine signifikant lebensverlangernde
Wirkung von 4-MU in dieser Gruppe abgelesen werden. Die histologische Aufarbeitung der
entsprechenden Tumorschnitte zeigte, dass die Tumoren in der diabetischen Gruppe einen héheren
HA-Anteil aufwiesen als die der nicht-diabetischen Gruppe und dass 4-MU die HA-Menge in beiden
Gruppen reduzierte (Abb. 18C). Die Vaskularisierung, quantifiziert Gber eine Farbung auf CD31
(Abb. 18D), sowie die Proliferationsrate, gemessen Uber die Anfarbung Ki67-positiver Zellkerne
(Abb. 18E) wurde durch 4-MU nur in der diabetischen Gruppe gesenkt. Die Auswertung apoptotischer
Zellen mittels TUNEL-Farbung ergab, dass 4-MU wiederum nur in der diabetischen Gruppe zu einer
ausgepragten Zunahme der Apoptose fliihrte (Abb. 18F).

Zusammengefasst zeigt diese Arbeit, dass eine hyperglykdme Stoffwechsellage und ein gestorter
Insulin-Signalweg die Tumorprogression uber eine Induktion der HA-Synthese férdern kénnen und dass
dieser Prozess durch die Behandlung mit 4-MU, einem pharmakologischen Inhibitor der HA-Synthese,
effektiv abgeschwacht werden kann. Somit koénnte die unter diesen Bedingungen stattfindende
Verschiebung der Glukoseverwertung von Glukose-Katabolismus hin zum HA-Anabolismus eine
wichtige Verbindung zwischen Diabetes und Tumorprogression darstellen und die therapeutische
Hemmung der HA-Synthese durch 4-MU einen vielversprechenden Ansatz fiir die Tumorbehandlung
bei diabetischen Patienten bieten.
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Abb. 18: Verstarkung der HA-abhidngigen Tumorprogression durch Hyperglykdmie und Insulin-Depletion
in einem Typ-1-Diabetes-Nacktmaus-Xenograft-Modell.

A OSC1-Xenotransplant-Tumorwachstum tber 90 Tage in diabetischen und nicht-diabetischen Mausen mit (gestrichelte Linien) oder
ohne (durchgezogene Linien) orale Applikation des HA-Synthese-Inhibitors 4-MU. Zwei-Wege-ANOVA mit Tukey's Post-Test: *p <
0,05 diabetisch vs. nicht-diabetisch; #p < 0,05 diabetisch vs. diabetisch mit 4-MU; Sp < 0,05 nicht-diabetisch vs. nicht-diabetisch mit
4-MU. B Kaplan-Meier-Uberlebenskurve von diabetischen Nacktméausen mit Tumoren + 4-MU-Behandlung innerhalb von 90 Tagen
nach Xenotransplantation. Beobachtet wurden 15 diabetische Mause ohne 4-MU-Behandlung VS.
9 diabetische Mause mit 4-MU-Behandlung. Am Ende des Experiments waren 4 diabetische Mause ohne 4-MU-Behandlung und 7 4-
MU behandelte diabetische Mause noch am Leben. Log-rank (Mantel-Cox) Test: *p < 0,05. C HA-Farbung (HABP, rot) im Tumor
(Cytokeratin 18, CK18, griin) und im Stroma, Zellkerne (blau, Hoechst). Quantifizierung von 9 nicht-diabetischen (ND), 8 diabetischen
(DM), 8 ND + 4-MU und 3 DM + 4-MU Tumoren. D Endothelzellfarbung (CD31-Farbung, rot) und Zellkerne (blau, Hoechst).
Quantifizierung von 9 nicht-diabetischen (ND), 5 diabetischen (DM), 7 ND + 4-MU und 3 DM + 4-MU Tumoren. E Proliferationsrate im
Tumorgewebe (Ki67-Farbung, rot), Zellkerne (blau, Hoechst). Quantifizierung von 9 nicht-diabetischen (ND), 8 diabetischen (DM), 5
ND + 4-MU und 3 DM + 4-MU Tumoren F Apoptotische Zellen (TUNEL-Farbung, grin) und Zellkerne (blau, Hoechst). Quantifizierung
von 7 nicht-diabetischen (ND), 6 diabetischen (DM), 7 ND + 4-MU und 4 DM + 4-MU Tumoren C-F Reprasentative Bilder,
Mafstabsbalken 100 um, Darstellung als Streudiagramme mit Mittelwert + SEM. Statistische Signifikanz wurde mit Ein-Weg-ANOVA
bestimmt: *p < 0,05, ****p < 0,0001. Verwendung erfolgt mit freundlicher Genehmigung des Verlags John Wiley and Sons.
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2. Eine Inhibition der Hyaluronsaurematrix verbessert die Tumor-hemmende
Wirkung von Dichloressigsaure in vitro und in vivo

Originalarbeit: Twarock, S., Reichert, C., Bach, K., Reiners, O., Kretschmer, |., Gorski, D. J., Gorges, K., Grandoch,
M. and Fischer, J. W. (2019). Inhibition of the hyaluronan matrix enhances metabolic anticancer therapy by
dichloroacetate in vitro and in vivo. Br J Pharmacol 176(23): 4474-4490 (Twarock et al. 2019).

Copyright: Diese Veroffentlichung wurde unter den Bedingungen einer Creative Commons CC-BY-NC-ND 4.0-
Lizenz (open access) beim Verlag Wiley veroffentlicht. Diese erlaubt die freie Verwendung aller Inhalte unter
Angabe der Originalquelle. Vorsorglich wurde eine Lizenz angefordert: 5104690425109 vom 09.07.2021.

Die aerobe Glykolyse ist ein einzigartiges Merkmal von Tumorzellen, das mehrere Vorteile fur die
Krebsprogression mit sich bringt wie z. B. eine Apoptose-Resistenz. Das niedermolekulare Pharmakon
Dichloracetat (DCA) ist ein Pyruvat-Dehydrogenase-Kinase-Inhibitor, der die oxidative Phospho-
rylierung wiederherstellt und bei einer Vielzahl von Krebsentitaten eine Apoptose induziert. Seine
therapeutische Wirksamkeit wird jedoch durch Resistenzmechanismen und dosislimitierende
Nebenwirkungen begrenzt. Ziel dieser Studie war es daher, die Rolle der anti-apoptotischen HA-Matrix
in diesem Kontext zu untersuchen und die Inhibition der HA-Synthese durch 4-MU als eine mogliche
zusatzliche Behandlungsoption zu testen, um die Wirksamkeit von DCA zu steigern.

In einem ersten Schritt wurde ein potentieller metabolischer Zusammenhang zwischen DCA-
Behandlung und HA-Matrix-Synthese in vitro untersucht. Im Ergebnis zeigte sich eine dosisabhangige
Zunahme der HA-Menge im Zelliberstand (Abb. 19A) und perizellular (Abb. 19B).
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Abb. 19: Gesteigerte Bildung der Hyaluronsiure-Matrix in Osophaguskarzinomzellen unter DCA.
KYSE-410-Zellen wurden 72 Stunden lang mit 10, 20 oder 40 mM Dichloracetat (DCA) inkubiert und auf inren HA-Gehalt analysiert.
A Die HA-Konzentration im Medium wurde mit einem ELISA-ahnlichen Immunaffinitdtsassay gemessen und auf den Proteingehalt
normalisiert (n = 6). B Die perizellulare HA-Matrix (rot) wurde mit einem HA-Bindungsprotein (HAbP) angefarbt und die integrierte
Dichte (IntDent) auf die Anzahl der Zellkerne (Hoechst, blau) normalisiert (n = 7, jedes n steht fur eine gepoolte Analyse von funf
Replikaten). Reprasentative Bilder, MaRstabsbalken 100 uym. Verwendung erfolgt mit freundlicher Genehmigung des Verlags John
Wiley and Sons.

Im nachsten Schritt sollten Uber die Quantifizierung verschiedener Metaboliten unter der Behandlung
mit DCA Wirkmechanismen identifiziert werden, die an der Steigerung der HA-Synthese unter DCA
beteiligt sein kénnten. Zuerst wurde die metabolische Wirkung von DCA auf die Verschiebung der
Energiegewinnung von Glykolyse zu oxydativer Phosphorylierung in den KYSE-410-Zellen Uberprift
und bestatigt: Die Glykolyse nahm dosisabhangig ab (Abb. 20A), wahrend die mitochondriale ATP-
Produktion bereits bei der kleinsten getesteten Dosis den Hohepunkt der Steigerung erreichte
(Abb. 20B).
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Abb. 20: Umschaltung des Metabolismus von KYSE-410-Zellen von Glykolyse auf oxidative Phospho-
rylierung durch DCA.

Eine Echtzeit-Stoffwechselanalyse mittels Seahorse XFe96 wurde genutzt, um die Auswirkungen von DCA auf Glykolyse und oxidative
Phosphorylierung in KYSE-410-Zellen zu untersuchen. 12 x 10° Zellen pro Well wurden 15 Minuten mit DCA prainkubiert. A Die
Glykolyse-Aktivitat wurde mit dem Glycolysis Rate Assay Kit als extrazellulare Ansauerungsrate (ECAR) bestimmt. B Die mitochondriale
oxydative Phosphorylierung wurde mit dem Mitochondrial Stress Test Kit als Sauerstoffverbrauchsrate (OCR) gemessen. n=6, jedes
n reprasentiert eine gepoolte Analyse von vier technischen Replikaten, Mittelwerte + SD, Einweg-ANOVA, *p < 0,05. Verwendung

erfolgt mit freundlicher Genehmigung des Verlags John Wiley and Sons.

Im Folgenden wurden drei Mechanismen identifiziert, Uber die DCA zu einer erhéhten HA-Synthese
beitragen kann:

A. Erhohtes Substratangebot durch Steigerung von Glucose-Metaboliten wie Glucose-6-
Phosphat aufgrund eines Riickstaus in der Glykolyse

B. Erhohtes Intermediar-Metaboliten-Angebot durch gesteigerte Produktion von Acetyl-CoA im
Krebs-Zyklus

C. Erhohte O-GlcNAcylierung von Proteinen wie den HAS-Enzymen, die mit einer Aktivierung
einhergehen kann

Ad A. DCA verursachte einen dosisabhangigen Anstieg von Glucose-6-Phosphat (Abb. 21A), einem
frihen Glykolyse-Metaboliten, der als Vorstufe von UDP-Glucuronsaure und UDP-N-Acetylglucosamin
ein zentrales Substrat der HA-Synthese darstellt. Entsprechend stiegen auch die Spiegel von UDP-N-
Acetylglucosamin an (Abb. 21B).
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Abb. 21: Steigerung der Konzentration des frithen Glykolyse-Metaboliten Glucose-6-Phosphat und des
HAS-Substrats UDP-N-Acetylglucosamin unter DCA.

A Die Glucose-6-Phosphat (G6P)-Konzentration wurde nach 3-tagiger DCA-Inkubation mittels kolorimetrischer Analyse gemessen. B
Der HA-Vorlaufer UDP-N-Acetylglucosamin wurde mittels ENVI-Carb-S&ulen isoliert, durch Fluorophor-unterstutzte Kohlenhydrat-
Elektrophorese (FACE) quantifiziert und auf den Gesamt-DNA-Gehalt normiert. n=6, Mittelwerte + SD, Einweg-ANOVA, *p < 0,05.
Verwendung erfolgt mit freundlicher Genehmigung des Verlags John Wiley and Sons.

Ad B. DCA fihrt Gber die Reaktivierung des Krebs-Zyklus zu einem Anstieg von Acetyl-CoA im Zytosol
(Abb. 22A). Um den mitochochondrialen Metabolismus als Quelle dieses Anstiegs zu verifizieren, wurde
die Aktivitat der ATP-Citrat-Lyase, die am Shuttling von Acetyl-CoA aus dem Mitochondrium ins Zytosol
beteiligt ist, durch SB204990 inhibiert. Durch diese MaRnahme konnte der zytosolische Anstieg von
Acetyl-CoA unter DCA-Behandlung aufgehoben werden (Abb. 22B).
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Weitere Messungen bestatigten schlief3lich den Zusammenhang dieses beobachteten Mechanismus
mit der HA-Sekretion (Abb. 22C).
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Abb. 22: Erhohung des fiir Vorstufen der HA-Synthese bendétigten Metaboliten Acetyl-CoA iiber die
Aktivierung des mitochondrialen Krebs-Zyklus durch DCA.

A Dosisabhangige Steigerung der intrazellularen Acetyl-CoA-Konzentration durch DCA; gemessen Uber ein kolorimetrisches
Verfahren. B Der ATP-Citrat-Lyase-Inhibitor SB204990 hemmt den Export von Acetyl-CoA aus den Mitochondrien in das Cytosol und
wurde verwendet, um die Effekte von Dichloracetat auf die zellulare Acetyl-CoA-Konzentration aufzuheben. C Messung der HA-
Konzentration im Medium nach Hemmung des Acetyl-CoA-Shuttlings mit SB204990 durch einen ELISA-ahnlichen
Immunaffinitdtsassay. n=6, Mittelwerte + SD, Einweg-ANOVA, *p < 0,05. Verwendung erfolgt mit freundlicher Genehmigung des
Verlags John Wiley and Sons.

Ad C. Der unter A. beschriebene Anstieg von UDP-N-Acetylglucosamin fiihrte zu einer erhéhten O-
GIcNAcylierung von Proteinen, die durch die Behandlung mit dem O-GIcNAc-Transferase (OGT)-
Inhibitor Alloxan aufgehoben werden konnte. Dieser Effekt wurde mit Immunoblot (Abb. 23A) und
Immunfarbungen nachgewiesen (Abb. 23B).
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Abb. 23: Erhohte Protein-O-GlcNAcylierung unter DCA.

Die dosisabhangig gesteigerte O-GlcNAcylierung der zellularen Proteine unter DCA wurde durch A Immunoblot-Analyse (n = 6) und
B Immunfarbung (O-GIcNAcylierung, grin; Nuklei, blau) quantifiziert (n = 8, jedes n reprasentiert eine gepoolte Analyse von funf
technischen Replikaten). Durch Behandlung mit dem O-GlcNAc-Transferase (OGT)-Inhibitor Alloxan konnte dieser Effekt aufgehoben

werden. Reprasentative Bilder, Malstabsbalken 20 um. Signifikanz durch Zwei-Wege-ANOVA ermittelt, *p < 0,05 vs. Kontrolle (0 mM
DCA) oder wie durch die Klammer angegeben. Verwendung erfolgt mit freundlicher Genehmigung des Verlags John Wiley and Sons.

Im Anschluss wurden die Auswirkungen und der Synergismus einer Kombination von DCA mit 4-MU in
2D- und 3D-Zellkulturen und in einem Nacktmaus-Tumor-Xenograft-Regressionsmodell untersucht. Im
3D-Tumorspheroidmodell hatte die Kombination der beiden Substanzen eine synergistische Wirkung
auf die Reduktion der SpheroidgréRe: Wahrend die Monotherapien lediglich zu einem verlangsamten
Wachstum fiihrten, konnte die Kombinationstherapie sogar eine Verkleinerung des Spheroidvolumens
bewirken (Abb. 24A).
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Abb. 24: Reduktion des Volumens von ESCC-Zell-Sphéroiden und eine damit einhergehende Apoptose-
Induktion unter Kombination von DCA mit 4-MU.

A Spharoid-Volumina von 24 Replikaten pro Bedingung wurden gemessen. 3D-Kulturen wurden 4 Tage nach Aussaat mit DCA (20
mM), 4-MU (300 uM) oder der Kombination aus beiden inkubiert und das Volumen Uber einen Zeitraum von 10 Tagen gemessen und
lichtmikroskopisch beobachtet. Das Spharenvolumen wurde auf Basis des Durchmessers mit der Formel V = 1/6 x 1t x d® berechnet
(n = 6). B Einfluss eines siRNA-Knockdowns von RHAMM, CD44 und HAS3 in KYSE410-Zellen auf die Spharoidbildung. Eine
zusatzliche Stimulation mit 20 mM DCA wurde ab Tag 4 durchgefuhrt und die Zellen fur 10 Tage inkubiert. Es wurde scrambled siRNA
verwendet, um nachteilige Effekte der siRNA selbst auszuschliefen (n = 6; ein n umfasste 24 Sphéroide pro Bedingung). C An Tag 10
wurden die Spharoide auf lebende (Calcein AM, grin) und tote (Ethidium Homodimer 1 [EthD-1], rot) Zellen (obere Reihe) oder auf
gespaltene Caspase 3 (Cas3, orange, untere Reihe) gefarbt. Die Zellkerne wurden mit Hoechst (blau) gegengefarbt. Reprasentative
Bilder, MaRstabsbalken 200 um. Mittelwerte + SD. Einweg-ANOVA, *p < 0,05, #p < 0,05 vs. scrambled Kontrolle, $p < 0,05 vs. alleinige
siRNA-Behandlung. Verwendung erfolgt mit freundlicher Genehmigung des Verlags John Wiley and Sons.

Annliche synergistische Effekte ergaben sich auch bei einer Kombination von DCA mit siRNAs gegen
die beiden HA-Rezeptoren RHAMM und CD44 sowie die HA-Synthase HAS3 (Abb. 24B). Die Farbung
der Tumorspheroide auf tote, lebende und apoptotische Zellen zeigte eine deutliche Zunahme der toten
und apoptotischen Zellen unter der Kombinationstherapie (Abb. 24C).

In einem Xenograft-Nacktmaus-Tumor-Regressionsmodell wurden schlieflich die bisher erhobenen
Daten verifiziert. Die Kombination von DCA und 4-MU erreichte als einzige Bedingung in diesem
Versuch eine Regression der TumorgréRe, wahrend die einzelnen Substanzen lediglich zu einer
Abschwachung des Tumorwachstums fiihrten (Abb. 25A).
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Abb. 25: Reduktion von Tumorwachstum und -proliferation und Induktion von HA-Synthese und Apoptose
durch die Kombination von DCA und 4-MU in einem Tumorregressionsmodell in vivo.

A Die Behandlung mit den Testsubstanzen wurde begonnen, nachdem ein Tumorvolumen von > 30 mm? festgestellt wurde. Das
Tumorwachstum wurde mit Messschiebern gemessen und Uber 60 Tage beobachtet. Placebo n = 15, 4-MU n = 9, Dichloroacetat n =
10, Dichloroacetat + 4-MU n = 13. Resttumoren wurden entnommen und Kryoschnitte angefertigt. Die Schnitte wurden gefarbt auf B
HA (HABP, rot) im Tumor (CK18, grin) und Stroma, C proliferative Aktivitat der Tumorzellen (Ki67, rot) und D Gefale (CD31, rot). E
Eine TUNEL-Farbung (grun) wurde verwendet, um die Apoptose-Rate zu messen. Reprasentative Bilder, Skalenbalken 100 pm.
Mittelwerte + SD. Ein-Weg-ANOVA, *p < 0,05, signifikant verschieden von Placebo oder wie angegeben. Verwendung erfolgt mit
freundlicher Genehmigung des Verlags John Wiley and Sons.

Die histologische Aufarbeitung der entsprechenden Tumorschnitte zeigte, dass die Tumoren in der
DCA Gruppe in Uberstimmung mit den in-vitro-Ergebnissen einen héheren HA-Anteil aufwiesen als
die der Kontroll-Gruppe und dass 4-MU die HA-Menge in beiden Gruppen reduzierte (Abb. 25B).
Die Proliferationsrate, gemessen uber die Anfarbung Ki67-positiver Zellkerne, verringerte sich am
deutlichsten unter der Kombinationstherapie, die im Vergleich mit den Monotherapien eine
nochmals signifikant erniedrigte Proliferationsrate aufwies (Abb. 25C). Die Vaskularisierung,
quantifiziert Uber eine Farbung auf CD31, wurde signifikant nur in den beiden DCA-enthaltenden
Gruppen gesenkt
(Abb. 25D). Die Auswertung apoptotischer Zellen mittels TUNEL-Farbung ergab nur unter der
Kombinationstherapie eine signifikante, stark ausgepragte Zunahme der Apoptose (Abb. 25E).

Zusammenfassend wurden in dieser Arbeit verschiedene Mechanismen identifiziert, Gber die DCA die
HA-Synthese verstarken kann. Die resultierende HA-reiche Mikroumgebung des Tumors stellt einen
Faktor dar, der zur Chemotherapieresistenz beitragt. Die Hemmung der HA-Synthese mittels 4-MU
zeigte in Kombination mit DCA ausgepragte synergistische Wirkungen auf die Proliferation und das
Uberleben von ESCC in vitro und in vivo. Die Kombination dieser beiden Medikamente, die bereits beim
Menschen eingesetzten wurden, kdnnte eine interessante neue Tumortherapie darstellen.
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D. Zusammenfassung der Ergebnisse und perspektivischer
Ausblick

Die Ergebnisse der in diesem Manuskript zusammengefassten Veroffentlichungen haben dazu
beigetragen, die Beteiligung des HA-Systems an der Tumorprogression genauer zu verstehen,
mechanistische Schnittpunkte zu weiteren zellularen Systemen, Signaltransduktionskaskaden und
Stoffwechselwegen zu charakterisieren und die Funktionen der Hyaluronsaure fiir zellulare Prozesse
tiefer zu verstehen (Abb. 26). Durch die ausgepragten tumorférdernden Aspekte und differentiellen
Regulationen tber MolekiilgréRe und verschiedene Rezeptoren bietet die Modulation des HA-Systems
weitreichende Madglichkeiten, in die TMU einzugreifen. Entsprechend wurde daher der Einfluss
verschiedener Pharmaka auf das HA-System untersucht und synergistische Substanz-Kombinationen
identifiziert, die potentielle Kandidaten fiir eine klinische Tumor-Therapie darstellen konnten. Die
Tatsache, dass viele der untersuchten Pharmaka bereits fir andere Krankheitsbilder am Menschen
angewandt wurden und eine gute Vertraglichkeit aufweisen, erleichtert weitere Untersuchungen in
klinischen Studien. Darlber hinaus zeigen die Arbeiten, dass eine Inhibition der Hyaluronsaure-
Synthese ein vielversprechender Ansatz zur Verbesserung des Ansprechens auf herkdmmliche
zytostatische Therapieprinzipien darstellt und auch in anderen Konstellationen getestet werden sollte.
Die Untersuchung der TMU erfolgt zunehmend unter der Anwendung von dreidimensionalen
Kultursystemen, wie sie auch in einigen hier vorgestellten Publikationen (Kretschmer et al. 2015,
Twarock et al. 2019) verwendet wurden. Eine weitere interessante Entwicklung zur Untersuchung der
TMU sind Organoide und Lab-on-Chip-Anséatze (Baghban et al. 2020).
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Abb. 26: Zusammenfassung der Ergebnisse der in diesem Manuskript zusammengefassten
Veroffentlichungen. Vom Autor eigens fir dieses Manuskript erstelltes Schema.

Da Fehlregulationen des HA-Systems wie eingangs beschrieben auch an der Pathogenese vieler
weiterer Erkrankungen beteiligt sind, konnten die hier beschriebenen Mechanismen bezuglich der
Regulation und pharmakologischen Beeinflussung des HA-Systems auch Uber die Tumortherapie
hinaus fur andere Forschungsgebiete wie zum Beispiel kardiovaskuldre und immunologische
Fragestellungen von Relevanz sein (Jiang et al. 2011, Grandoch et al. 2018, Ding et al. 2019).

Die hier vorgestellten Verdffentlichungen haben unter anderem Schnittstellen zu Systemen untersucht,
die die Hyaluronsaure-Matrix beeinflussen kénnen wie Prostaglandin-, EGFR- und Cadherin-
Signalwege und metabolische Einflisse. Ein interessanter zuklnftiger Ansatz ist die Untersuchung des
HA-Systems im Kontext einer Charakterisierung der Ubrigen Matrix-Komponenten in der
Tumormikroumgebung. Bisher sind bereits einige Verbindungen zwischen HA und anderen Matrix-
Komponenten bekannt. Diese im weitesten Sinne als Hyaladherine bezeichneten Proteine sind unter
anderem die HA-Rezeptoren, Linker-Proteine wie TSG-6 und weitere Proteine mit HA-Bindungsstellen
wie bestimmte Proteoglykane, die als Hyalektane bezeichnet werden und Aggrecan, Brevican,
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Neurocan und Versican umfassen. Diese kdnnen an HA und an weitere Matrix-Bestandteile binden und
so die Matrix stabilisieren. Niedermolekulare HA-Ketten und HA-Oligomere kénnen wiederum Uber die
Bindung an spezifische Rezeptoren eine Vielzahl an Transduktionswegen stimulieren. Weitere
Hauptkomponenten der EZM sind Zucker-basierte Moleklle wie die Glykosaminoglykane, zu denen
auch die HA gehodrt. Sie zeigen wahrend der Krebsentwicklung deutliche Veradnderungen in
Molekulargewicht, Verteilung, Zusammensetzung und Modifikationen wie der Sulfatierung. Neben ihren
Einsatz als diagnostische Marker werden sie als Zielstrukturen aber auch als Medikamenten-Delivery-
Systeme diskutiert (Berdiaki et al. 2021). Eine Ubersicht Uber Hyaluronsaure-bindende Proteine,
Proteoglykane und beispielhafter Interaktionen zwischen Kollagen, Elastin und Hyaluronsaure bietet
Abb. 27.
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Abb. 27: Hyaluronsaure-bindende Proteine, Proteoglykane und Interaktionen zwischen Kollagen, Elastin
und Hyaluronsaure.

ERC: Elastin-Rezeptor-Komplex, 4-MU: 4-Methylumbelliferon, PPCA: protective protein/cathepsin A, Neu-1: Neuraminidase-1,
C9-BA-DANA: C9-butyl-amide-2-deoxy-2,3-dehydro-N-acetylneuraminic acid, Vcpal: Ascorbylpalmitat. Vom Autor eigens fur dieses
Manuskript erstelltes Schema.

Eine systematische Bestimmung dieser Zucker-basierten Molekile erfolgt im Rahmen von Glykomik-
Analysen. Es ist mittlerweile gut belegt, dass das Glykom nicht nur in Form unterschiedlicher
Glykosylierungsmuster von Proteinen, sondern auch als Bestandteil von Proteoglykanen oder als
eigenstandige Polysaccharide fiir die hohe Diversitat der EZM-Interaktionen verantwortlich und an vielen
physiologischen und pathophysiologischen Prozessen beteiligt ist (Raghunathan et al. 2019). Die
Untersuchung der kohlenhydratbasierten Strukturen der EZM ist im Gegensatz zu der Quantifizierung
des intra- und extrazelluldren Proteoms durch ihre Komplexitat, Fragilitdt und Unzuganglichkeit fur eine
direkte analytische Messung eine Herausforderung. Der hohen Komplexitat des Glykom-Netzwerks wird
neuerdings zunehmend mit bioinformatischen Analysen begegnet (Kellman and Lewis 2021) und es
wurden Hochdurchsatz-Analyseverfahren entwickelt, die eine Detektion der Glykan-Komponenten
ermdoglichen (Ricard-Blum 2020). Analog zu anderen ,,Omics“-Untersuchungsmethoden wird versucht,
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mit dem Glykomics-Ansatz Netzwerke und Interaktionen zu identifizieren, die der Regulation
spezifischer Prozesse dienen. Im Zuge der Forschungsbemihungen auf dem Gebiet der GlycoScience
sind bereits Datenbank wie Glycosciences.DB (Bohm et al. 2019) und MatrixDB (Clerc et al. 2019)
entstanden, die einen ersten Eindruck von den Mdglichkeiten dieses Bereichs geben.

Aus pharmakologischer Perspektive wurden wie in der Einleitung beschrieben bereits eine Vielzahl
zugelassener Arzneistoffe identifiziert, die neben ihrem Hauptwirkmechanismus als Modulatoren der
extrazellularen Matrix fungieren kdnnen (Jin and Jin 2020) oder Strukturen der EZM als Hauptzielort
aufweisen. Zu diesen gehdren Pharmaka mit Wirkung auf Integrine, die unter anderem im
kardiovaskularen Bereich (Twarock et al. 2016) oder in der Therapie der multiplen Sklerose
(Polman et al. 2006) eingesetzt werden. Einen weiteren gro3en Forschungsbereich bilden die
Inhibitoren von Matrix-abbauenden Enzymen wie die Matrix-Metallo-Protease (MMP)-Inhibitoren. Fur
das in diesem Manuskript beschriebene HA-System existieren bisher ebenfalls einige
pharmakologische Ansatze mit niedermolekularen Substanzen. Beispiele sind der in den vorliegenden
Arbeiten genutzte HA-Synthase-Inhibitor 4-MU (Kakizaki et al. 2004) und der Hyaluronidase-Inhibitor
Ascorbylpalmitat (Botzki et al. 2004). Auch Fir die Inhibition der CD44-Signaltransduktion wurden neben
blockierenden Antikorpern (Maisel et al. 2016) mittlerweile niedermolekulare Substanzen (Liu and Finzel
2014, Wang et al. 2020) gefunden. Uber die therapeutischen Méglichkeiten hinaus kénnen die vom
Tumor und der umgebenden Matrix sezernierten Moleklle auch als Marker zur Diagnose und
Verlaufskontrolle der Tumorerkrankung verwendet werden (Baghban et al. 2020).

Die weitere Untersuchung der Komponenten der EZM birgt insgesamt die Méglichkeit einer Vielzahl von
diagnostischen und therapeutischen Méglichkeiten nicht nur im Rahmen von neoplastischen, sondern
auch kardiovaskularer, fibrotischer und weiterer Erkrankungen. Daher bieten sich hier zukinftig unter
Zuhilfenahme von Hochdurchsatzanalysen in Kombination mit bioinformatischen Auswertungen, neuen
dreidimensionalen EZM-Modellen und modernen molekularbiologischen Techniken viele interessante
Ansatze zur weiteren Erforschung dieser Prozesse, die das Potential haben, die klinische Diagnostik
und Therapie dieser Erkrankungen bereichern zu kénnen.
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Background and purpose: Cyclooxygenase-2 (COX2) and hyaluronic acid (HA) are common in tumours and both indepen-
dently promote tumour progression. Furthermore, COX2-dependent synthesis of prostaglandins (PGs) stimulates HA
synthase-1 (HAS1) and HAS2 mRNA expression, together with HA synthesis via the cCAMP/protein kinase A pathway in vascular
smooth muscle cells. Therefore, the aim of the present study was to elucidate whether COX2-mediated PGs induce transcrip-
tion of HAS isoforms in cancer cells as well.

Experimental approach: Human oesophageal squamous cell (OSC) carcinoma specimens were characterized with respect to
HA, COX2 and CD44 expression by immunohistochemistry. OSC cell lines (OSC1, OSC2) and Hela cell lines (D98, H21) were
exposed to exogenous PG analoques (100 nmol-L™), etoricoxib (10 umol-L™") and forskolin (10 umol-L™"). Subsequently, CAMP
levels, HA secretion and HAS isoform expression were determined by ELISA and real-time RT-PCR (reverse transcriptase
polymerase chain reaction) respectively.

Key results: COX2, HA and CD44 were detected immunohistochemically in >90% of human oesophageal tumour samples.
Under basal conditions, OSC1 and OSC2 cells express HAS2 and HAS3, COX2 and Gos-coupled EP, and EP, PG receptors.
Neither stimulation with the PGI, analogue, iloprost, addition of exogenous PGE; nor forskolin induced HAS1T or HAS2 mRNA
expression in OSC1 and OSC2 cells. Furthermore, in Hela cells after induction of COX2 by tumour necrosis factor o. and
subsequent PGE, release, inhibition of COX2 by etoricoxib did not affect HAS expression or HA secretion.

Conclusions and implications: We conclude that in oesophageal and Hela cancer cells, HAS1/2 expression was not respon-
sive to the PG/cAMP pathway.

British Journal of Pharmacology (2009) 157, 234-243; doi:10.1111/j.1476-5381.2009.00138.x; published online 26
March 2009

Keywords: oesophageal cancer; COX2; etoricoxib; prostaglandins; hyaluronic acid

Abbreviations: COX2, cyclooxygenase-2; HA, hyaluronic acid, hyaluronan; HAS, hyaluronic acid synthase; hSMC, human
vascular smooth muscle cell; OSC, oesophageal squamous cell; PG, prostaglandin; PMA, phorbol myristate

acetate; TNF-o, tumour necrosis factor o

Cyclooxygenase (COX) is the key enzyme during synthesis
of prostanoids [prostaglandins (PGs), prostacyclin, thrombox-
ane A,]. These important mediators account for a variety of
physiological and pathophysiological processes such as

Introduction

Oesophageal cancer is a rare but severe form of gastrointesti-
nal cancer that is differentiated into adenocarcinomas and

squamous cell carcinomas of the oesophagus. Squamous cell
carcinomas are found in the upper two-thirds of the oesopha-
gus and are mainly induced by alcohol and cigarette smoke.
Adenocarcinomas are usually found in the lower third of the
oesophagus and are preceded by metaplasia, referred to as
Barrett’s oesophagus (Enzinger and Mayer, 2003).
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inflammation, constriction and dilatation of blood vessels,
regulation of platelet aggregation and control of calcium regu-
lation. COX catalyses the production of PGH, from its pre-
cursor arachidonic acid. Downstream enzymes like PGE,
synthase and prostacyclin synthase account for the transfor-
mation of PGH, into the final products of the prostanoid
family. The COX enzyme exists in two isoforms, COX1 that is
responsible for the production of baseline levels of pros-
tanoids and COX2 that is induced under pathological condi-
tions and sustains inflammation. Prostanoids bind to a set of
nine prostanoid receptors (Hata and Breyer, 2004; nomencla-
ture follows Alexander et al., 2008).
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Over-expression of COX isoforms, especially COX2, repre-
sents a well-known correlate of malignancy in a variety of
cancers including those derived from colon (Kargman et al.,
1995), stomach (Uefuji et al., 1998), lung (Wolff et al., 1998),
oesophagus (Zimmermann etal.,, 1999), pancreas (Tucker
etal., 1999), liver (Shiota et al., 1999), as well as head and
neck tumours (Chan etal.,, 1999). Treatment with COX2
inhibitors leads to decreased proliferation of a variety of
tumours such as colorectal (Coffey et al., 1997), oesophageal
(Zimmermann et al., 1999), prostate (Liu etal., 1998) and
breast cancer (Hong et al., 1999). These effects can be reversed
by addition of exogenous PGE, or PGF,,.

Hyaluronan (hyaluronic acid; HA), an unbranched polysac-
charide, is composed of 2000-25 000 disaccharides of glucu-
ronic acid and N-acetylglucosamine. Besides hydration and
expansion of extracellular spaces, HA exhibits a plethora of
physiological and pathophysiological functions that play a
role in diverse processes including angiogenesis and inflam-
mation involving signalling through HA receptors, CD44 and
the receptor of HA-mediated motility (RHAMM). HA is pro-
duced by three isoforms of transmembrane HA synthase
enzymes (HAS1-3) that link the two precursor molecules in an
alternating manner and extrude the growing HA strand to the
outside of the cell. While HAS1 and HAS2 produce HA up to
10’ Da, HAS3 generates HA with an apparent molecular
weight of approximately 10° Da. In this context, it is impor-
tant to differentiate between HA of different molecular
weights, because depending on its length, HA serves different
functions (Stern et al., 2006). An overproduction of HA in
tumour cells such as breast cancer (Auvinen et al., 1997), lung
cancer (Horai etal., 1981), colon cancer (Ropponen etal.,
1998), mesothelioma (Azumi et al., 1992) or pancreatic cancer
(Ringel et al., 1999) results in elevated proliferation, migra-
tion, invasion, angiogenesis and resistance to apoptosis and
cytostatic treatment. Urinary HA excretion is also an emerg-
ing prognostic marker for bladder cancer (Golshani etal.,
2007). Interestingly, COX2 and HA are often found in the
same cancer cells.

Thus, both COX2 and HA are involved in promoting a
variety of malignancies. Recently, it was discovered that PGE,
and prostacyclin induce HAS1 and HAS2 mRNA expression in
human vascular smooth muscle cells (hSMCs). This was pro-
posed to be the outcome of an EP, or IP receptor-mediated
activation of protein kinase A (PKA) and an increase in cAMP,
that in turn binds to the cAMP-responsive element, a tran-
scription site in the HAS2 promoter region (Monslow et al.,
2004; Sussmann et al., 2004; van den Boom et al., 2006).
Based on these findings, we proposed, as a working hypoth-
esis, that COX2-dependent PGs induce expression of HAS
isoforms that subsequently give rise to HA-rich pericellular
matrices, thereby promoting the malignant phenotype of
cancer cells. The aim of the present study was to test this
working hypothesis in oesophageal cancer cells.

Methods

Cell culture
The oesophageal cancer cell lines OSC1 and OSC2 (oesoph-
ageal squamous cell) and the HeLa cell lines H21 and D98 were

Prostaglandins and hyaluronan synthesis in cancer
S Twarock et al 235

described previously (Defilippi et al., 1987; Sarbia et al., 1997).
The cells were routinely maintained as monolayer cultures in
RPMI-1640 supplemented with 10% foetal bovine serum,
L-glutamine, penicillin and streptomycin at 37°C and 5% CO..
For experiments, cells were subjected to serum withdrawal for
24 h and subsequently treated with the test compounds.

Immunohistochemical analysis of human tumour samples

The tumour samples were collected for diagnostic purposes
and were examined by a senior pathologist (MS). Informed
consent was obtained from patients or relatives. The present
study was performed according to the Declaration of Helsinki.
Immunohistochemical investigations were based on 69
patients (55 male; age range: 35-81 years) with squamous cell
carcinoma of the oesophagus that underwent oesophageal
resection without prior radio- or chemotherapy between 1978
and 1991 at the Department of Surgery, University of Diissel-
dorf. Subsequently, the resection specimens were fixed in
buffered 4% formaldehyde. Pathological tumour stage was
determined at the Department of Pathology, University of
Diisseldorf according to standard procedures. For the purpose
of this study, all cases were restaged according to the current
TNM classification (Wittekind et al., 2002). Accordingly, 26
cases were in pathological stage Ila (37.7%), 8 in stage IIb
(11.6%) and 35 in stage III (50.7%).

For each of the tumours, one paraffin block including rep-
resentative, non-necrotic tumour areas was selected. Three
tissue cylinders with a diameter of 0.6 mm per tumour were
punched from these areas and brought into a recipient paraf-
fin block by using a tissue arraying instrument (Beecher
Instruments, Silver Spring, MD, USA). Sections (4 um) from
the tissue microarrays were mounted on Superfrost-plus slides
(Langenbrinck, Teningen, Germany, Order-No 030060) for
the subsequent immunohistochemical study.

Sections were immunohistochemically stained by using
antibodies against COX2 (Cayman Chemical, Ann Arbor, M],
USA, 1:150) and CD44v (Sigma-Aldrich, Munich, Germany,
HPA005785, 1:500). HA was detected by using biotinylated
HABP (Seikagaku Corp., Tokyo, Japan; 2 ug-mL™) as described
(Ripellino et al., 1985). This staining procedure on paraffin-
embedded sections detects expression of both, intracellular
and extracellular HA. The sections were de-paraffinized and
rehydrated in graded alcohol. Subsequently, for COX2 and
CD44 detection, the sections were subjected to citrate buffer
(pH 6.0) in a steamer at 100°C for 20 min. Primary antibody
was applied overnight at 4°C. After application of the second-
ary antibody, antigen detection was performed by using
diaminobenzidine as chromogen. Finally, the sections were
counterstained with haematoxylin. Negative controls were
treated identically to the tumour samples including antigen
retrieval procedure with the exception that the primary anti-
body was replaced by non-immune serum. In negative con-
trols no signals were detectable.

Using light microscopy, expression of HA, COX2 and CD44
was determined by a senior pathologist (MS). Cases were
considered positive for expression when cancer cells in at least
one out of three tissue cylinders per tumour case showed
a distinctive extracellular/cytoplasmic (HA), cytoplasmic
(COX2) or membranous expression pattern (CD44). Cases
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were considered negative if cancer cells in all analysable tissue
cylinders per case showed no immunoreactivity.

RNA isolation

Total RNA from treated cells was isolated by using Tri-Reagent
(Sigma-Aldrich) according to the manufacturer’s protocol.
The RNA was quantitated by spectroscopic analysis at 260 nm
with an Eppendorf photometer.

Quantification of gene expression

The expression levels of HAS1, HAS2 and HAS3 were analysed
by real-time RT-PCR (reverse transcriptase polymerase chain
reaction). For real-time RT-PCR quantification, total RNA
(1 ng) was used for cDNA synthesis, and specific primers for
human HAS isoforms were generated according to the known
sequences HAS1 (NM_001523.1), HAS2 (NM_005328.1),
HAS3 (NM_005329.2) as follows: HAS-1: fwd 5-TACAACCAG
AAGTTCCTGGG-3’, rev 5-CTGGAGGTGTACTTGGTAGC-3’;
HAS-2: fwd 5-GTGGATTATGTACAGGTTITGTGA-3’, rev 5-
TCCAACCATGGGATCTTCTT-3’; HAS-3: fwd 5-GAGATGTC
CAGATCCTCAACAA-3’, rev 5-CCCACTAATACACTGCACAC-
3, GAPDH: fwd 5-GTGAAGGTCGGAGTCAACG-3’, rev 5-
TGAGGTCAATGAAGGGGTC-3'. The relative mRNA expres-
sion levels were determined by using GAPDH as house

keeping gene and the 2M°M method. Values were then
expressed as fold of respective controls.

Prostaglandin receptors were detected by RT-PCR using the
following sequences: EP1: fwd 5'-GCGCTGCCCATCTTCTCC-
3, rev 5-GGTACTGCAGCTCATAGC-3; EP2: fwd 5-GCTGGA
CTATGGGCAGTACG-3’, rev 5-AACAGGAGGCCTAAGGA
TGG-3; EP3: fwd 5-TCGGGCTCTCCTCGTTGTTC-3’, rev
5-AGTGAAGCCAGGCGAACAGC-3’; EP4: fwd 5-ACTACG
TGGACAAGCGATTG-3’, rev 5-TCACAGAAGCAATTCGGA
TG-3%; IP: fwd 5-GCGTCCTCTTCTGCGCGCTGCCCCTGCT
GG-3’, rev 5-GGTCCCCCATCTCACTGCTGCTGGTCAGG-3'.

Determination of the HA concentration

Cells were plated at a density of 10° cells per well in a 6 well
plate and allowed to adhere for 24 h. The cells were cultured
with or without stimulus for 6-24 h. HA released into the
culture medium was quantified by using a commercially avail-
able assay based on HA-binding protein according to the
manufacturer’s instructions (Corgenix, Broomfield, CO, USA).
Secreted HA was normalized to total cellular protein.

Quantification of PGI, and PGE, levels
Cell culture supernatants were collected at the indicated times
and the concentration of 6-0x0-PGF,,, the stable hydrolysis

Figure 1

Immunohistochemical detection of hyaluronic acid (HA), cyclooxygenase-2 (COX2) and CD44 in human oesophageal cancer tissue.

Shown are sections of human oesophageal tumours, representative for 69 cases. To assess the spatial relationships of HA, COX2 and CD44,
consecutive sections were stained. HA (A) was detected in both tumour cell parenchyma and stromal cells; asterisks indicate accumulation of
HA in tumour stroma; inset, magnification of the indicated area of a tumour cell cluster demonstrating HA within the cancer cells as well
(arrowheads). COX2 (B) and the HA receptor CD44 (C) were detected mainly in tumour cell islands. Taken together, the majority (>90%) of
the specimens displayed a strong expression of all three proteins. The micrographs show representative sections (scale bar marks 200 um).
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product of PGI,, was determined by radioimmunoassay (RIA)
as described previously (Sussmann et al., 2004). PGE, was
quantified by use of a commercially available ELISA assay (Pros-
taglandin E, EIA Kit - Monoclonal, Cayman Chemical, Ann
Arbor, MI, USA).

Measurement of intracellular cAMP concentrations

Cells were seeded in 6 well plates in serum-free medium for
72 h. Then, the cells were washed twice with 2 mL of a
balanced salt solution containing 130 mmol-L"' NaCl,
5.4 mmol-L' KCI, 1.8 mmol-L™" CaCl,, 0.8 mmol-L" MgCl,,
5.5 mmol-L™ glucose and 20 mmol-L™ HEPES, pH 7.3. Stimuli
were added for 10 min. The reaction was stopped by remov-
ing the buffer and by addition of ice-cold ethanol (96%).
Following evaporation of the ethanol, intracellular cAMP
levels were determined by an RIA as described previously
(Schroder and Schror, 1993). All experiments were carried out
in triplicate.

Data analysis

Data are presented as means = SEM of the indicated number
of independent experiments. Statistical comparisons between
groups were performed by using one-way ANOVA followed by
the Bonferroni post test. A P-value <0.05 was considered sig-
nificant.

Materials
Reagents for RT-PCR and real-time RT-PCR were obtained
from Qiagen (Hilden, Germany) and Invitrogen (Karlsruhe,
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Germany). All cell culture reagents were obtained from Invit-
rogen or Sigma-Aldrich (Munich, Germany). Iloprost was
kindly provided by Schering AG (Berlin, Germany). Forskolin,
PGE, and human recombinant tumour necrosis factor o
(TNF-a) were purchased from Sigma-Aldrich. Etoricoxib was
bought from WITEGA Laboratorien Berlin-Adlershof GmbH
(Berlin, Germany).

Results

Expression of HA, COX2 and CD44 in human oesophageal
cancer sections

Due to technical reasons, that is, detachment of tissue sec-
tions during immunohistochemical staining, only a subset of
the 69 cases could be evaluated for expression of HA (61/69),
COX2 (61/69) and CD44 (58/69). Expression of COX2 and
CD44 was found in 100% of informative tumour samples,
whereas accumulation of HA was found in 57 out of 61
samples (Figure 1A-C). HA was detected in tumour paren-
chyma (Figure 1A, inset, arrowheads) and even more pro-
nounced in stromal cells (Figure 1A, asterisks). Because there
is evidence that cancer cells tend to express large CD44 vari-
ants (Ponta et al., 1994; 2003), an antibody detecting long
CD44 variants was used. In consecutive sections CD44 and
COX2 staining was observed in the cancer cells, whereas the
stroma was predominantly negative (Figure 1B,C). Taken
together, in the majority of cases co-localization of HA, COX2
and CD44 was observed in the cancer cells. Therefore, we

fluorescence
microscopy

light
microscopy

Figure 2 Characterization of the hyaluronan system of oesophageal cancer cell lines (OSC1 and OSC2). (A) Expression of HAS2 and HAS3 in
OSC1 and OSC2 cells was determined by quantitative real-time RT-PCR. In both cell lines, HAST mRNA expression was only barely detectable,
whereas HAS2 and HAS3 could be detected in OSC1 cells at a ratio of about 1:2. In OSC2 cells, only HAS3 mRNA was detected (data not
shown). (B) Affinity cytochemical staining showed membrane-bound patches of HA. Detection was performed by light microscopy (left
column) and fluorescence staining (right column). The micrographs show representative reactions (scale bar marks 50 um). (C) The
quantification of HA in the supernatants of OSC1 and OSC2 cells revealed approximately equal amounts of secreted HA normalized to protein
in both cell lines. Representative data from experiments are shown. HA, hyaluronic acid, hyaluronan; HAS, hyaluronic acid synthase; OSC,
oesophageal squamous cell; RT-PCR, reverse transcriptase polymerase chain reaction.
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Figure 3 Characterization of the COX2/PG system in OSC1 and OSC2 cells. (A) As shown by immunoblotting, COX2 was more abundantly
expressed in OSC2 cells than in OSC1 cells. One representative immunoblot out of three is shown. (B) To determine the amount of PGs secreted
by OSC1 and OSC2 cells, the prostacyclin metabolite, 6-oxo-PGF;,, indicative of PG synthesis was determined in the supernatant. OSC2 cells
produced approximately 12-fold more prostacyclin than OSC1 cells (n = 3, mean = SEM). (C) Expression of PG receptors by OSC1 and OSC2
cells was assessed by RT-PCR. Human smooth muscle cells were examined as control. All cells expressed EP,, EP,, EP4 and IP receptors. Only
OSC2 cells additionally expressed marked amounts of EP; receptor. Receptor bands were found at the expected sizes, EPy/, (450 bp), EP3/4
(580 bp), IP (380/520 bp). Shown are the results of one representative experiment out of three. COX2, cyclooxygenase-2; hSMC, human
vascular smooth muscle cell; OSC, oesophageal squamous cell; PG, prostaglandin; RT-PCR, reverse transcriptase polymerase chain reaction.
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Figure 4 HAS isoform expression in OSC1 and OSC2 cells. Cells were stimulated for 6 h with the prostacyclin (PGl,) analogue, iloprost
(100 nmol-L™"), PGE, (100 nmol-L™"), forskolin (10 umol-L™") or with PMA (100 nmol-L™") as a positive control. Shown are the results of one
real-time RT-PCR out of three to five independent experiments (mean £ SEM, *P < 0.05). The HAS2/3 mRNA expression was normalized to
GAPDH. Surprisingly, neither PGE; nor iloprost or forskolin induced HAS2 mRNA in either cell line [OSC1, (A); OSC2, not shown]. Only PMA
led to a strong increase of HAS2 mRNA transcription in OSC1 cells (A). HAS3 mRNA levels were not altered by any stimulus (B,C), HAST mRNA
was not detectable (not shown). HAS, hyaluronic acid synthase; OSC, oesophageal squamous cell; PG, prostaglandin; PMA, phorbol myristate
acetate; RT-PCR, reverse transcriptase polymerase chain reaction.
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analysed in vitro whether COX2-dependent PGs would induce
HA production in human oesophageal cancer cells.

Characterization of the HA system in the oesophageal cancer cell
lines OSC1 and OSC2

Two oesophageal cancer cell lines exhibiting a different
expression pattern of HAS isoforms were used in the subse-
quent experiments. In OSC1 cells, HAS2 and HAS3 mRNA
were highly expressed at a ratio of about 1:2, while HAS1
mRNA was undetectable (Figure 2A). OSC2 cells, in contrast,
only expressed HAS3 (not shown). HA was regularly found in
both cell lines as pericellular HA as well as secreted HA in their
supernatants. As shown by affinity cytochemistry, pericellular
HA was distributed in both cell types as membrane-bound
patches (Figure 2B), and both cell lines produced also approxi-
mately the same amount of HA (Figure 2C).

COX2 expression, PG production and PG receptor expression in
OSC cells

Cyclooxygenase expression and activity in OSC1 and OSC2
cells were measured on protein and product level respectively.
As shown by immunoblotting, COX was found to be consti-
tutively expressed in both cell lines with OSC2 cells display-
ing a stronger protein expression, which is in accordance with
a previous study (Zimmermann et al., 1999) (Figure 3A). As an
indicator for COX2 activity, the secretion of PGI, was quan-
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tified. Consistent with the COX2 protein expression levels,
PGI, levels were approximately 12 times higher in OSC2 cells
compared with OSC1 cells (Figure 3B). Also the mRNAs of the
corresponding prostacyclin (IP) and PGE receptors (EP;, EP,,
EP,) were differentially expressed in both cell lines. Whereas
OSC1 cells were found to abundantly express only the Go-
coupled EP,, EP; and IP receptors, OSC2 cells expressed mRNA
of all EP receptors and the IP receptor (Figure 3C).

Stimulation of OSC1 and OSC2 cells with PGs did not alter HAS
isoform expression

Next we stimulated the cells with the prostacyclin (PGL)
analogue iloprost or with PGE, to assess their influence on
HAS mRNA expression. Surprisingly, neither PGE, nor iloprost
induced HAS1T mRNA or HAS2 mRNA in either OSC1 or OSC2
cells despite the fact that both cell lines abundantly express
the IP, EP, and EP, receptors (see Figure 3C). To preclude the
possibility that this deficiency is caused by a lack of cAMP
induction due to inactive PG receptors, forskolin, an adeny-
late cyclase activator was used to raise CAMP levels indepen-
dently of PG receptor activity. However, forskolin had also no
effect on the expression of the HAS2 mRNA (Figure 4A). Only
phorbol myristate acetate (PMA), an activator of PKC that was
used as a positive control, resulted in a strong increase in
HAS2 mRNA transcription (Figure 4A). As, with the exception
for PMA, none of the stimuli used was able to induce HAS2
mRNA expression, we hypothesized that HAS transcription
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Intracellular cAMP levels after stimulation of OSC1 and OSC2 cells and fibroblasts by iloprost, PGE, and forskolin. Intracellular cAMP

levels were determined by radioimmunoassay. To examine the cAMP response, OSC1 (A) and OSC2 (B) cells were stimulated with agents
known to induce cAMP levels. Human skin fibroblasts (C) were used as a positive control. lloprost failed to induce cAMP increase in OSC1 and
OSC2 cells, whereas it was able to raise cAMP levels in fibroblasts (C). PGE, stimulated cAMP production only in OSC1 cells (A), whereas
forskolin led to an increase in cCAMP levels in all tested cell types. Representative results from four independent experiments are shown and
displayed as mean * SEM; asterisk indicates a P-value < 0.05. OSC, oesophageal squamous cell; PG, prostaglandin.
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might be uncoupled from the cAMP system in oesophageal
cancer cells. In addition, HAS3 mRNA levels were not altered
by any stimulus in either cell line (Figure 4B,C).

Induction of cAMP levels in response to prostaglandins

To verify that PG receptors were active and coupled to the Go
subunits in OSC cells, we performed cAMP assays to measure
the activation of adenylyl cyclase in response to PGs. In
contrast to the positive control in hSMCs (data not shown)
and fibroblasts (Figure 5C), activation of the IP receptor by
iloprost did not lead to an increase of cAMP in either OSC1
or OSC2 cells, suggesting that IP receptors are inactive
(Figure 5A,B). On the other hand, PGE, stimulation resulted
in a strong cAMP response, however, only in OSC1 cells
(Figure 5A). The lack of a CAMP response in OSC2 cells might
be due to receptor down-regulation because of the high
endogenous PG levels in these cells (Figure 3B). Forskolin
significantly increased cAMP levels in all examined cell lines
proving the presence of functional adenylyl cyclase
(Figure 5A-C). Thus, in OSC2 cells, both the IP and the EP
receptors (EP, and EP,) did not induce cAMP formation,
which may explain why HAS2 expression was not affected by
PGs in these cells. However, in OSC1 cells, PGE, strongly
induced cAMP production, suggesting that cAMP-dependent
activation of HAS2 gene transcription was blocked down-
stream of cAMP in these cells.
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Expression of the HAS isoenzymes in HeLa cells

To verify these results also in another cellular model, cancer
cells known to produce large amounts of PGE, upon cytokine-
induced COX2 expression were investigated. Therefore, two
HeLa cells lines (D98, H21) exhibiting a TNF-a-inducible,
COX2-dependent PG synthesis (Figure 6A,B) (Janicke et al.,
1994; Totzke et al., 2003) were used to assess the effects of
endogenous PGE, on HAS mRNA expression. TNF-o. had no
effect on mRNA levels of HAS2 and HAS3 isoforms in both cell
lines (Figure 6C,D) despite the dramatic induction of PGE,
release (Figure 6A,B). Compatible with the conclusion that
autocrine release of PGE; in response to TNF-o did not induce
HAS2 or HAS3, no effect of the COX2 inhibitor etoricoxib on
HAS expression was detected (Figure 6C,D). Interestingly,
etoricoxib itself caused a slight induction of HAS2 in Hela
D98 cells that was, however, not significant. Taken together,
these data further substantiate our conclusion that HAS
mRNA expression is not regulated by PGs in cancer cells.

Discussion and conclusions

Previously it has been shown in hSMC that HAS1 and HAS2
are strongly induced by stimulation of the Go,-coupled IP and
EP, receptors (Sussmann ef al.,, 2004; van den Boom et al.,
2006). Subsequently, it was reported that closure of the ductus
arterjosus is also dependent on COX2-mediated PGE, synthe-
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Figure 6 HAS isoenzyme expression in Hela cells. The Hela cell lines D98 and H21 were stimulated with TNF-c (30 ng-mL™") for 6 h in the
absence or presence of the COX2 inhibitor etoricoxib (10 umol-L™"). The determination of PGE; levels revealed high endogenous PGE, synthesis
in response to TNF-o. that was responsive to etoricoxib (A,B). Real-time RT-PCR revealed that HAS2 and HAS3 mRNA levels were not regulated
in response to COX2 and PG induction (C,D). HAS1 was not detectable (data not shown). The diagrams show representative results from three
experiments (mean * SEM, *P < 0.05). COX2, cyclooxygenase-2; HAS, hyaluronic acid synthase; PG, prostaglandin; RT-PCR, reverse
transcriptase polymerase chain reaction; TNF-o, tumour necrosis factor o.
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sis and subsequent stimulation of HAS2-mediated HA synthe-
sis via stimulation of the EP, receptor (Yokoyama et al., 2006).
Furthermore, it has been known for a long time that forskolin
stimulates HA synthesis in oocytes thereby stimulating the
rapid expansion of the pericellular matrix of oocytes (Fischer
and Schror, 2007). These findings suggest that the
PG-mediated activation of HAS expression is a regulatory
pathway of general importance. The fact that the majority of
human oesophageal tumour samples were characterized by
the presence of HA, COX2 and CD44 was compatible with the
working hypothesis that COX2-mediated PG synthesis stimu-
lates HA production in human tumours. However, in vitro in
OSC1 and OSC2 cells, prostacyclin and PGE, did not induce
HAS1 or HAS2 mRNA expression. In contrast, PMA, known to
induce HAS2 transcription via activation of PKC (Feusi et al.,
1999; Pienimaki et al., 2001; Anggiansah etal., 2003) did
up-regulate HAS transcription in both cell lines.

To investigate the reason for the absence of PG-mediated
activation of HAS1/2 transcription, we analysed the pros-
tanoid signalling pathway in more detail. RT-PCR analyses
revealed that all the necessary receptors including the EP;_4
and IP receptors are expressed in both OSC cell lines. Next,
we pursued the question, if a loss of PG receptor-dependent
induction of cAMP levels could be the reason for the lack of
HAS2 induction in response to exogenous PGs. Forskolin, a
direct cCAMP inductor was used as positive control. Interest-
ingly, in contrast to hSMC and fibroblasts, iloprost failed to
stimulate cAMP production in either cell line. This might
indicate that the IP receptor is either not expressed at the
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protein level or desensitized. PGE, was able to raise cAMP
levels in OSC1, but not in OSC2 cells, which are character-
ized by an abundant native overproduction of PGI, and
PGE, (Zimmermann etal., 1999) (Figure 3B), that in turn
could cause a down-regulation of active EP receptors. For-
skolin led to a strong increase of cAMP levels in both cell
lines showing the presence of activatable adenylyl cyclase.
However, forskolin failed to induce HAS2 mRNA as revealed
by quantitative real-time RT-PCR (Figure 4). In conclusion,
in OSC1 and OSC2 cells, the cAMP-mediated HAS2 mRNA
induction might be inhibited downstream of cAMP genera-
tion. A possibility that might be considered in future studies
is that epigenetic changes such as methylation of HAS2 pro-
moter may occur. Another possibility for aberrant HAS2
mRNA expression was pointed out by Chao and Spicer who
described a mnaturally occurring HAS2 antisense RNA
(HASNT) that leads to inactivation of HAS2 gene expression
(Chao and Spicer, 2005).

To further investigate the possibility that a highly elevated
endogenous PG production could induce HAS2 mRNA in an
autocrine manner and in turn permanently activate the HAS
system, we used the two HeLa cell lines D98 and H21 that
display strong COX2 induction in response to TNF-a (Jdnicke
et al., 1994; Totzke et al., 2003) and abundant production of
PGE,. However, also in these cells no correlation between HAS
mRNA expression and PGE, production was observed as indi-
cated by the use of the COX2 inhibitor etoricoxib. These
experiments show that the observed lack of response towards
PG-mediated HAS expression is not restricted to oesophageal
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Figure 7 Schematic illustration of the proposed stimulation of HAS isoform regulation by prostaglandins in cancer cells. According to our
working hypothesis COX2-dependent prostaglandins (PGl, and PGE,) activate the Gao,-coupled IP and EP,,4 receptors, raise intracellular cAMP
levels and in turn activate HAST and HAS2 expression via PKA-mediated signals. The increased HA secretion stimulates a malignant tumour cell
phenotype through signalling via HA receptors CD44 or receptor of HA-mediated motility (RHAMM). The present findings indicate that in
oesophageal squamous cancer cells, OSC1 and OSC2, stimulation of HAST and HAS2 expression by prostaglandins is inhibited either at the
level of prostaglandin receptor-stimulated cAMP induction (OSC2) and/or downstream of cAMP (OSC1, OSC2).
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cancer cells and might therefore be relevant for cancer cells of
varying origins.

Tofuku et al. showed that metastasis-associated properties
of cancer cells such as invasion and proliferation are
enhanced by lower molecular weight forms of HA that are
characteristic of HAS3 activity (Itano and Kimata, 2002). In
contrast, HAS2 is believed to deliver higher molecular weight
HA that supports pericellular coat formation and thus inhibits
a malignant tumour cell phenotype (Tofuku etal., 2006)
unless it is further processed by for example hyaluronidases
(Stern, 2008). This hypothesis was corroborated by Bullard
et al. (2003) who compared the primary colon carcinoma cell
line SW480 and the corresponding lymph node metastasis
cell line SW620. The expression levels of HAS3 mRNA were
much higher in the metastasizing cells (Bullard et al., 2003).
Therefore, it is tempting to speculate that the observed
absence of PG- and cAMP-dependent HAS2 mRNA induction
is leading to a higher relative contribution of HAS3 to HA
synthesis, which might support the malignant phenotype of
OSC1 and OSC2 cells.

Taken together, the present data did not support our
working hypothesis that COX2-dependent PGs induce HA
synthesis in oesophageal cancer (Figure 7). In OSC2 cells, this
is likely to have been caused by desensitized PG receptors,
which did not lead to raised cAMP levels after stimulation. In
OSC1 cells, the EP receptors induce cAMP levels in response to
PGE,; however, HAS1 and HAS2 were not induced. Instead, we
showed that in OSC1 and OSC2 cells, PG- and cAMP-
dependent induction of HAS1/2 mRNA expression was not
active. In future studies it should therefore be investigated
whether epigenetic changes or natural occurring antisense
RNA against HAS2 suppress the expression of HAS1 and HAS2
in these cancer cells.
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Hyaluronan Stabilizes Focal Adhesions, Filopodia, and
the Proliferative Phenotype in Esophageal Squamous

Carcinoma Cells™
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Hyaluronan (HA) is a polysaccharide component in the paren-
chyma and stroma of human esophageal squamous cell carcinoma
(ESCCQ). Clinically, esophageal cancer represents a highly aggres-
sive tumor type with poor prognosis resulting in a 5-year survival
rate of 5%. The aim of the present study was the detailed analysis of
the role of HA synthesis for ESCC phenotype in vitro using the
ESCC cell line OSCI1. In OSC1 cells, pericellular HA-matrix sur-
rounding extended actin-dependent filopodia was detected. The
small molecule inhibitor of HA synthesis, 4-methylumbelliferone
(4-MU, 0.3 mm) caused loss of these filopodia and focal adhesions
and inhibited proliferation and migration. In search of the under-
lying mechanism cleavage of focal adhesion kinase (FAK) was
detected by immunoblotting. In addition, displacing HA by an HA-
binding peptide (Pep-1, 500 pug/ml) and digestion of pericellular
HA by hyaluronidase resulted in cleavage of focal adhesions. Fur-
thermore, real-time reverse transcription PCR revealed that HA
synthase 3 (HAS3) > HAS2 are the predominant HA-synthases in
OSC1. Lentiviral transduction with shHAS3, and to a lesser extent
with shHAS2, reduced intact FAK protein and filopodia as well as
proliferation and migration. Furthermore, down-regulation by
lentiviral ShARNA of RHAMM (receptor of HA-mediated motility)
but not CD44 induced loss of filopodia and caused FAK cleavage. In
contrast, knockdown of both HA receptors inhibited proliferation
and migration of OSC1. In conclusion, HA synthesis and, in
turn, RHAMM and CD44 signaling promoted an activated
phenotype of OSC1. Because RHAMM appears to support
both filopodia, FAK, and the proliferative and migratory phe-
notype, it may be promising to explore RHAMM as a potential
therapeutic target in esophageal cancer.
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Hyaluronan (HA)? is produced by three isoforms of the
hyaluronan synthase family (HAS1-3), which are located at
the plasma membrane and extrude the growing HA polymer
into the extracellular space. HAS isoenzymes produce HA of
different chain lengths, and HA is subsequently degraded by
hyaluronidases. HA is an unbranched high molecular weight
polysaccharide that is composed of p-glucuronic acid B(1-
3)-p-N-acetyl-glucosamine-B(1-4) without further modifi-
cations. A variety of different types of cancer is characterized
by high amounts of tumor cell-associated HA (e.g. colon and
gastric cancer), and in some of these malignancies, such as
colon cancer, tumor-associated HA is an independent prog-
nostic factor for poor outcome (1-2). The activity of all three
isoforms of the hyaluronan synthase family (HAS1-3) can be
inhibited by 4-methylumbelliferone, which interferes with
HAS activity by depleting the activated uridine diphosphate-
glucuronic acid precursor pool (3). Consequently, 4-MU
inhibits tumor progression in animal models (4 -5). The bio-
logical effects of HA have largely been attributed to activa-
tion of the HA receptors RHAMM (receptor of HA-medi-
ated motility, CD168) and CD44 (6). CD44 is an adhesion
receptor and an HA receptor that serves, together with the
expression of CD24 or CD133, as a surface marker for the
tumorigenic potential of breast cancer and colon cancer cells
(7-9) and is implicated in the HA-mediated chemoresis-
tance of cancer cells (10). RHAMM is particularly interesting
because it is a cytoplasmic protein that not only is exported
into the extracellular compartment but also exerts onco-
genic effects through both extracellular and intracellular
functions (11-12). Importantly, RHAMM is believed to be
transforming under control of RAS signaling in tumor cells
(13) and to be required in part for the signaling of CD44 (11,
14). Furthermore, both CD44 and RHAMM can associate
with the cytoskeleton (15-16) and control tumor cell inva-
siveness (17-18). In synthesis, the HA-rich matrix is impor-
tant for a variety of aspects of tumor pathobiology, including
anchorage-independent growth, migration, angiogenesis,
suppression of apoptosis (2, 19), and metastasis (20-21).

2 The abbreviations used are: HA, hyaluronan; ESCC, esophageal squamous
cell carcinoma; 4-MU, 4-methylumbelliferone; FAK, focal adhesion kinase;
HAS3, HA synthase 3; shRNA, short hairpin RNA; HABP, hyaluronan-binding
protein; ERK, extracellular signal-regulated kinase; tFAK, total FAK; pFAK,
phosphorylated FAK; FCS, fetal calf serum.
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TABLE 1
shRNA sequences for lentiviral knockdown
Gene shRNA
Human HAS2 5'-CCGGCGTCTCCTCTATGAAGAACTACTCGAGTAGTTCTTCATAGAGGAGACGTTTTTG-3'
Human HAS3 5'-CCGGGCTCTACAACTCTCTGTGGTTCTCGAGAACCACAGAGAGTTGTAGAGCTTTTTG-3"
Human RHAMM 5'-CCGGCGTCTCCTCTATGAAGAACTACTCGAGTAGTTCTTCATAGAGGAGACGTTTTTG-3'
Human CD44 5'-CCGGGCCCTATTAGTGATTTCCAAACTCGAGTTTGGAAATCACTAATAGGGCTTTTTG-3'

With respect to esophageal cancer, it is known that HA accu-
mulates in the parenchyma and stroma (22). However, the
role of HA synthesis and the potential mechanistic links
between HA synthesis, individual HAS enzymes and ESCC
cell phenotype have not yet been explored.

The understanding of the role of the HA matrix in the patho-
physiology of esophageal cancer may contribute to the defini-
tion of targets for novel HA-based therapeutic approaches.
Therefore, the aim of the present study was to analyze the role
of HA synthesis and individual HA receptors in human ESCC
cells in vitro.

EXPERIMENTAL PROCEDURES

Materials—Reagents were obtained from the indicated
sources: 4-MU and latrunculin A from Sigma-Aldrich (Munich,
Germany), AG82 from Calbiochem, Merck (Darmstadt, Ger-
many); Streptomyces hyaluronidase from MP Biomedicals Ger-
many (Eschwege, Germany); and a lentiviral gene silencing sys-
tem MISSION™ from Sigma-Aldrich. Sequences are indicated
in Table 1. Blocking anti-CD44 monoclonal antibody Hermes-1
was from Thermo Fisher Scientific (Bonn, Germany), and
blocking anti-RHAMM IgG (R36) has been described previ-
ously (23). Pep-1 (GAHWQFNALTVR) and scrambled control
peptide (SATPASAPYPLA) (24) were synthesized by Biosyntan
(Berlin, Germany).

Cell Culture—OSC1 cells were a gift from M. Sarbia (25) and
were used for experiments addressing molecular mecha-
nisms throughout the present study. Key experiments were
also performed in other ESCC lines (Kyse 30, -270, -410,
-520)(26) obtained from DSMZ (German Collection of
Microorganisms and Cell Cultures, Braunschweig, Ger-
many). OSC1 and Kyse cells were maintained as monolayer
cultures in RPMI 1640 (Sigma-Aldrich) supplemented with
10% fetal bovine serum, L-glutamine, penicillin, and strepto-
mycin at 37 °C, 5% CO, and 95% humidified air. DNA syn-
thesis was determined by [?H]thymidine incorporation, and
migration was assessed using a microchemotaxis assay as
described previously (27).

Immunostaining—Cultured cells were fixed for 20 min either
with 3.7% paraformaldehyde in phosphate-buffered saline or
with acetone:methanol (1:1) at —20 °C. HA was detected using
biotinylated hyaluronan-binding protein (HABP, Seikagaku; 6
pg/ml) and fluorescein isothiocyanate- or Cy3-labeled strepta-
vidin (Dako, Hamburg, Germany; 1:200) or Alexa 594-coupled
HABP (28). Actin stress fibers were stained by fluorescein iso-
thiocyanate-phalloidin and membranes by the membrane
marker WGA Alexa Fluor® 555 conjugate (Invitrogen). Other
primary antibodies used were rabbit anti-phospho-FAK
(Tyr*”, Santa Cruz Biotechnology; 1:500), monoclonal mouse
anti-CD44H (R&D Systems, Wiesbaden, Germany; 1:500),
mouse anti-paxillin (BD Transduction Laboratories; 1:500),
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monoclonal mouse anti-B-tubulin I (Sigma-Aldrich; 1:20,000)
and polyclonal anti-RHAMM (R36) (23). For detection, the
appropriate secondary antibodies labeled either with fluores-
cein isothiocyanate or Cy3 (Sigma-Aldrich) were applied.
Nuclei were counterstained by Hoechst 33342 solution
(Invitrogen; 1:20,000).

Blocking of RHAMM and CD44—For blocking experiments,
polyclonal anti-RHAMM (R36, 100 ug/ml) was applied for 1 h,
and normal rabbit IgG (100 wg/ml) (AB-105-C, R&D Systems)
was used as control. Blocking CD44 was performed by adding
blocking anti-CD44 monoclonal antibody Hermes-1 (Thermo
Fisher Scientific) (40 ug/ml) for 1 h, whereas control rat IgG,,,
(40 pg/ml) was used as control.

Immunoblotting—For Western blot analysis, whole cell
lysates were separated on 10% SDS-PAGE and transferred to
nitrocellulose, and the following primary antibodies were
used: pAKT, Akt/PKB, pERK1/2, Erk1/2, pFAK (Cell Signal-
ing Technology), FAK, cleaved FAK (C20) (Santa Cruz Bio-
technology), B-actin (Abcam, Cambridge, UK), and tubulin
(Sigma Aldrich) and were either detected by the appropriate
horseradish peroxidase-coupled secondary antibodies or
infrared fluorescent-coupled secondary antibodies, allowing
fluorescent detection on a LI-COR Odyssey Infrared Imag-
ing System.

Determination of the HA and Proteoglycan Concentration in
OSCl1 Cell Culture Supernatants—Cells were plated at a density
of 10° cells per well in 6-well plates and allowed to adhere for
24 h. HA released into the culture medium was measured with
an HABP-based commercial kit according to the manufactur-
er’s instructions (Corgenix, Broomfield, CO). The quantity of
HA was expressed per mg of total cellular protein. For proteo-
glycan secretion, cells were seeded at 2 X 10° cells per well in
6-well plates and kept for 24 h in growth medium in the pres-
ence of *>SO;~ (10 pCi/well, Hartmann Analytic). **S-labeled
sulfated glycosaminoglycans were quantified using cetylpyri-
dinium chloride (Sigma-Aldrich) precipitation as described by
Wasteson et al. (29).

Real-time Reverse Transcription-PCR—Total RNA from
OSC1 cells was isolated by using TriReagent® (Sigma-Aldrich),
and ¢cDNA was synthesized by using the Superscript III first-
strand synthesis system (Invitrogen). The PCR reactions were
performed by using the 7300 real-time PCR system (Applied
Biosystems, Darmstadt, Germany) with SYBR Green PCR
Master Mix (Applied Biosystems). Relative expression levels
were compared by using real-time PCR with the 2724
method. The primer sequences of the genes of interest are
given in Table 2.

Lentiviral Knockdown—HAS3, HAS2, CD44, and RHAMM
knockdown were achieved by using the MISSION™ Lentiviral
shRNA knockdown system (Sigma-Aldrich). The used shRNA
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sequences are stated in Table 2. A scrambled shRNA was used
as a control. The transfer into the packaging line HEK 293T
(ATCC) was performed with the lipofection reagent FuGENE 6
(Roche Applied Science, Mannheim, Germany). After 16 h, the

medium was changed to Iscove’s modified Dulbecco’s medium
for better stability of the produced lentiviral particles. The next
day, the lentiviruses were harvested, and target cells were trans-
fected at a multiplicity of infection of 10 and kept for 5 days in
normal growth medium before fixation.

Statistical Analysis—All data sets were analyzed either by
analysis of variance and the Bonferroni post hoc test or by
Student’s ¢ test as appropriate. Data are presented as
means * S.E. Statistical significance was assigned at the level

TABLE 2
rimer sequences used for quantification of gene expression
P d fi tificat f
Gene Primer sequence
Human HASI 5'-TACAACCAGAAGTTCCTGGG-3'
5'-CTGGAGGTGTACTTGGTAGC-3’
Human HAS2 5’ GTGGATTATGTACAGGTTTGTGA-3' of p < 0.05.
5'-TCCAACCATGGGATCTTCTT-3’
Human HAS3 5'-GAGATGTCCAGATCCTCAACAA-3’
! : RESULTS
5'-CCCACTAATACACTGCACAC-3
Human RHAMM 5'-GACCGGTTACCATAACTATTGTC-3’
5'-CATCGATGTCTTCTTGGTGTG-3’
Human CD44 5'-GCTATTGAAAGCCTTGCAGAG-3’
5'-CGCAGATCGATTTGAATATAACC-3’
Human GAPDH 5'-GTGAAGGTCGGAGTCAACG-3'

5'-TGAGGTCAATGAAGGGGTC-3'
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FIGURE 1. 4-MU causes changes in morphology, disruption of the actin cytoskeleton, and inhibition of
HA-associated filopodia. A, treatment with 0.3 mm 4-MU for 24 h resulted in a dramatic change in the shape
of OSC1 cells, including a uniform flat appearance, cluster formation, and smoother cell borders (arrows). Scale
bars, 500 um. B, phalloidin staining revealed a reduction of actin cytoskeleton 24 h after the addition of 4-MU
to OSC1 cells. Scale bars, 50 um. C, in controls, extensive filopodial protrusions were detected by staining of
plasma membranes (membr.) with the WGA Alexa Fluor® 555 conjugate (red). The filopodia did not contain
tubulin (green). Filopodia were no longer detectable 24 h after the addition of 4-MU (right panel). Scale bars, 20
um. D, the use of Alexa Fluor® 594-coupled HABP (red) during confocal microscopy of live cells showed a
continuous pericellular HA coat covering also the filopodia (arrows). Hyaluronidase (20 units per ml) com-
pletely removed the pericellular HA signal (not shown). Importantly, after treatment with 4-MU for 24 h, the HA
coat was no longer detectable. This finding suggests rapid turnover of the pericellular HA coat. Top, the
xz-view; bottom, the xy-view. The orientation of the xz-analysis is indicated. Scale bars, 20 um. E, the association
of the HA coat with the filopodia was verified in fixed OSC1 cells by immunostaining of CD44 (green) and affinity
histochemistry of HA (red). Fluorescence microscopy showed that HA aggregates are still associated with the
filopodia even after fixation. Scale bars, 5 um. F, staining actin (phalloidin, green) and the membrane (red)
showed that the filopodia contained actin and that the filopodia were sensitive to the inhibitor of actin poly-
merization latrunculin A (2 um, 5 min). Scale bars, 20 wm. G, filopodia showed a rapid response to inhibition of
FAKby AG82 (10 um, 1 h), as shown by WGA Alexa Fluor® 555 conjugate (red). In this figure, the images compare
untreated OSC1 cellsin 10% FCS (control) with OSC1 treated with the indicated agents. Representative images
from more than three experiments are shown. Scale bars, 20 um.

control
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4-MU Decreases Filopodia and Focal Adhesion Complexes—
Incubating OSC1 cells with 0.3 mm 4-MU decreased the total
amount of HA secreted into the medium to 50.7% * 10.7%
(n = 3, p < 0.05) of that secreted by untreated OSC1 cells.

As a control, the effect of 4-MU
on proteoglycan synthesis by in-
corporation of **SO3” into sul-
fated glycosaminoglycans chains
was determined. Because 0.3 mMm of
4-MU specifically inhibited HA syn-
thesis without affecting sulfated
proteoglycans (94.3% * 1,5%,n = 3
of control, p > 0.05), this concentra-
tion was used throughout the study.
Interestingly, the shape of OSC1
cells changed remarkably in re-
sponse to the inhibition of HA
synthesis by 4-MU. These pheno-
typical changes comprised cell
clustering, a uniform flat appear-
ance, and smoother cell borders
than those of untreated control
cells (Fig. 1A, arrows). Moreover,
a dramatic decrease in actin
cytoskeleton staining (Fig. 1B)
occurred in the presence of 4-MU.
This finding suggests that 4-MU
interferes with either actin fiber
formation or actin fiber anchor-
ing, e.g. disassembly of focal adhe-
sion complexes. In contrast, the
tubulin network remained intact
in response to 4-MU (Fig. 1C,
green). In addition, OSC1 regu-
larly exhibited numerous filopo-
dia, which were detectable by the
WGA Alexa Fluor® 555 conjugate
as membrane marker (Fig. 1C,
red). Similar filopodia have been
associated previously with tumor
cell transformation (30). Notably,
4-MU caused rapid resolution of
these protrusions within 1 h after
application (Fig. 1C, right).
Confocal imaging of live cells
that had been stained with Alexa
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FIGURE 2. Inhibition of HA synthesis results in FAK degradation and resolution of focal adhesion com-
plexes. A, OSC1 cells were treated for 24 h with 0.3 mm 4-MU. Double staining of CD44 (magenta) and pFAK
(orange) revealed a decrease of pFAK in focal adhesions in response to treatment with 4-MU. Scale bars, 50 pm.
B, as an additional indication of focal adhesions, paxillin (red, arrows) was detected by immunostaining; the
amount of paxillinin focal adhesions was strongly reduced by treatment with 4-MU. Scale bars, 50 um. C,immu-
noblots revealed strongly decreased levels of both tFAK and pFAK under the influence of 4-MU (0.3 mm, 24 h).
Quantitative analysis of 125-kDa tFAK normalized to B-actin and to untreated control is shown D, tFAK degra-
dation in response to 4-MU began between 15 and 30 min after the application of 0.3 mm 4-MU, as detected by
the use of an antibody targeting the C terminus of FAK. Quantitative data of 125-kDA tFAK are depicted below.
E, both the digestion of pericellular HA with Streptomyces hyaluronidase (HAase, 5 units/ml, 5-30 min, upper
panel) compared with untreated control and treatment with the HA-displacing peptide Pep-1 (500 ng/ml, 24 h,
lower panel) compared with scrambled peptide (control) led to pronounced tFAK cleavage. Quantitative data
of 125-kDA tFAK are depicted. In this figure, representative immunoblots and the quantitative analysis
(mean = S.E., n = 3) after densitrometric scanning are presented. *, p < 0.05, **, p < 0.01 versus the respective
control.

still intact at this time. After 5 min,
the inhibition of filopodia was
almost complete (Fig. 1F, right).

Subsequently, the contribution
of focal adhesion (FA) function to
the maintenance of filopodia was
analyzed by treatment with the
FAK inhibitor AG82 (10 uM, 1 h).
AG82 completely inhibited the
cell protrusions (Fig. 1G). Taken
together, these results indicate
that OSC1 cells extend actin-
based filopodia that are dependent
on HA synthesis and FAK activity.

Inhibition of HA Synthesis Causes
Cleavage of FAK—To address the
mechanism by which the inhibition
of HA synthesis interferes with FAK
and FAs, we used immunostaining
of phosphorylated FAK (Fig. 24, yel-
low) and paxillin (Fig. 2B, red) to
analyze the distribution and activity
of focal adhesion complexes after
treatment with 4-MU. The levels of
both pFAK and paxillin were dra-
matically lower in focal adhesions in
response to 4-MU (24 h). In addi-
tion, we performed immunoblot
analysis to measure the amount of
total and phosphorylated FAK
(Fig. 2C). In line with the results
of immunofluorescence staining,
these results showed a strong
decrease in the levels of both total
FAK (tFAK) and pFAK.

Using an antibody that detects
C-terminal FAK cleavage prod-
ucts, we identified rapid cleavage
of FAK starting between 15 and 30
min after the addition of 4-MU as
the reason for the reduction in
tFAK (Fig. 2D). The most promi-
nent bands run at 125, 100, 70, and
48 kDa; these findings are in agree-
ment with those reported previ-
ously (31). To ensure that the

594-coupled HABP revealed a continuous pericellular HA
matrix that covered the entire OSC1 cell, including the
filopodial protrusions (Fig. 1D). Also, in fixed OSC1 cells
stained for CD44 and HA, the association between HA and
CD44-positive protrusions was obvious (Fig. 1E). Filopodia
contained actin fibers as shown in Fig. 1F. Therefore, the
inhibitor of actin polymerization latrunculin A (2 uMm, 5
min), was used to investigate the dependence of filopodia on
the actin cytoskeleton. The incidence of filopodia was
reduced in parallel to actin depolymerization, which began
as early as 3 min after latrunculin A application (data not
shown), whereas the cortical parts of the cytoskeleton were

JULY 23, 2010-VOLUME 285+NUMBER 30

observed phenomena were specific responses to the inhibi-
tion of HA synthesis by 4-MU, we investigated the effects of
other agents known to either degrade or displace HA.
Indeed, we found that FAK degradation was also induced 5
min after the application of Streptomyces hyaluronidase (Fig.
2E, upper panel) and 24 h after the application of Pep-1 (500
pg/ml), a hyaluronan binding and displacing peptide (24)
(Fig. 2E, lower panel). To determine whether the formation
of HA-dependent filopodia was specific to OSC1 or a more
general phenomenon, we treated additional human ESCC
cell lines with 4-MU. As shown in Fig. 34, filopodia sensitive
to 4-MU were detected also in other ESCC cell lines such as
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FIGURE 3. 4-MU inhibits filopodial protrusions and induces FAK degra-
dation in ESCC Kyse cell lines. A, the ESCC cell line Kyse 520 exhibited
filopodial protrusions that were sensitive to 4-MU (0.3 mm, 24 h). Cells
were stained with a plasma membrane marker (WGA Alexa Fluor® 555
conjugate). B, FAK degradation in response to 4-MU was observed in four
of five ESCC cell lines (Kyse 270, Kyse 410, Kyse 520, and OSC1) as detected
by the use of an antibody targeting the C terminus of tFAK after the appli-
cation of 0.3 mm 4-MU. Shown are representative immunoblots and quan-
titative analysis of the 125-kDa tFAK band after normalization to tubulin
and as percentage of untreated controls (n = 3; mean = S.E.). *, p < 0.05
versus untreated control cells.

Kyse 520. Furthermore, FAK degradation in response to
4-MU occurred in four out of five tested cell lines such as
Kyse 520, 410, 270 (Fig. 3B). These results indicate that the
pericellular HA matrix is required for filopodial plasma
membrane extensions and suggest that the absence of HA
results in rapid degradation of FAK and the breakdown of
filopodia.

Treatment with 4-MU Impairs Proliferation and Migration
of OSC1 Cells—In addition, the phosphorylation status of
ERK1/2, an important downstream target of FAK, was analyzed
between 5 min and 20 min after the addition of 4-MU. It was
found that reduction of phosphorylation of ERK1/2 concurred
with FAK cleavage at 20 min (Fig. 4, A and B).

In turn, incubation with 4-MU significantly inhibited pro-
liferation, which was measured by [*H]thymidine incorpora-
tion in response to 10% fetal calf serum (FCS) and migration
as determined by a modified Boyden chamber assay in
response to 10% FCS: [*H]thymidine incorporation was
61.7% *= 7.2% that of untreated controls, and migration was
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FIGURE 4. 4-MU-induced FAK cleavage coincides with decreased phos-
phorylation of ERK1/2 and reduced proliferation and migration. A, OSC1
cells were incubated with 4-MU (0.3 mm), and FAK degradation was detected
with an antibody targeting the C terminus of tFAK starting at 20 min in OSC1
cells. B, time course of pERK1/2 and total ERK after the addition of 4-MU to
OSC1 cells. The phosphorylation of ERK1/2 was strongly decreased starting at
20 min. Shown are representative immunoblots and quantitative analysis at
20 min of digitized blots. C, effect of 4-MU (0.3 mm) on migration toward FCS
as determined in a 24-well microchemotaxis assay and DNA synthesis as
determined by [*H]thymidine incorporation in response to FCS expressed as
cpm per total cellular protein (mean = S.E, n = 3). * p < 0.05, **, p < 0.01
versus untreated control cells.

45.4% *+ 3.8% that of untreated controls (# = 3-5, mean *+
S.E., p < 0.05, Fig. 4C).

Knockdown of HAS3 and HAS2 Causes FAK Degradation
and Inhibition of Filopodia—Because HAS3 and HAS2 are
the main HAS isoforms in OSCI1 cells, we investigated
whether the molecular and cellular events mediating the
inhibitory effects of 4-MU could be recapitulated by the
knockdown of HAS3 or HAS2 in OSC1 cells in vitro. Knock-
down of HAS3 and to a lesser extent of HAS2 reduced HA
secretion into the medium (Fig. 54) as expected from the
relative expression levels of HAS2 and HAS3. In response to
knockdown of HAS3, the phenotypical changes and the res-
olution of filopodia (Fig. 5B) closely resembled the changes
produced by 4-MU. In addition, shHAS2 partially reduced
filopodia as well and induced a smoother outline of cell clus-
ters. Western blot analysis using the C-terminal FAK anti-
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and ERK1/2 phosphorylation (Fig.
. 8B) in OSC1 cells. Furthermore,
both shCD44 and shRHAMM
reduced proliferation and migra-
tion in response to FCS (Fig. 8C).
In addition to shRNA, blocking
antibodies against CD44 (Hermes-1)
and RHAMM (R36) were used. In
line with the results obtained with
shRNA, only blocking RHAMM
caused loss of filopodia and FAK
cleavage (supplemental figure). Block-
ing antibodies against CD44 inhib-
ited Akt/PKB and ERK phosphor-
ylation and blocking RHAMM by
R36 resulted only in reduced Akt/
PKB phosphorylation (supple-
mental figure). Thus, inhibiting
RHAMM closely mimics all effects
of 4-MU, shHAS3, and shHAS2,
whereas inhibition of CD44 lacks
the effects on filopodia and FAK.
Therefore, it may be concluded
that RHAMM plays a crucial role
in transducing the effects of peri-
cellular HA on the maintenance of
FA and filopodial integrity in
OSC1 cells, whereas both HA
receptors are involved in ERK and
Akt/PKB signaling.

knockdown of HAS3 but also were also present in the case of shHAS2. Scale bars, 500 um. The effects of the HAS

knockdown were observed 5 days after infection and a nontargeting (scrambled) lentivirus was used as con-

DISCUSSION

trol. Shown are representative images of n = 3 experiments (mean = S.E., *, p < 0.05, **, p < 0.01). scr,

scrambled.

body showed pronounced FAK cleavage after HAS3 and
HAS2 knockdown (Fig. 64). Concomitantly Akt/PKB and
ERK phosphorylation were reduced by shHAS3 and shHAS2
(Fig. 6B). In turn, shHAS3 and shHAS2 reduced the prolif-
erative and migratory response to FCS (Fig. 6C). Altogether,
the cellular responses to HAS3 and HAS2 knockdown sup-
port the conclusion that HA synthesis plays a key role in the
maintenance of filopodia and FAK protein levels as well as
ERK and Akt/PKB signaling in OSC1 cells.

Blockade of RHAMM but Not CD44 Induces FAK Degrada-
tion and Inhibits Filopodia—OSC1 cells express both CD44
and RHAMM as identified by immunohistochemistry (Fig. 7,
A and B). In response to 4-MU, CD44 was more pronounced
in the circumference of the OSC1 cells, which might be due
to a redistribution or due to the change in cell shape. In
contrast, the expression pattern of RHAMM was not
affected by 4-MU. To identify the HA receptors involved in
the regulation of tFAK protein levels, and the maintenance
of filopodia CD44 and RHAMM were down-regulated by
lentiviral shRNA. Interestingly, shCD44 did not affect
filopodial integrity (Fig. 7C) or tFAK levels (Fig. 84). In con-
trast, SARHAMM led to a complete inhibition of filopodia
(Fig. 7D) and a strong decrease in intact tFAK levels (Fig. 84).
However, both shRHAMM and shCD44 decreased Akt/PKB
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HA synthesis is not sufficient for

malignant transformation (32),

but HA, HA-binding proteins, and HA receptors provide a

matrix environment that supports the malignant phenotype

of cancer cells, stromal cell recruitment, and, thus, the pro-

gression of cancer (33). In human ESCC, HA accumulates in

the parenchyma and stroma, and HA is produced by both

tumor cells and stroma (22, 34). Here, an analysis of the

molecular and cellular effects of HA synthesis on ESCC phe-
notype is provided.

In addition to the inhibition of proliferation and migration,
4-MU also repressed the formation of cell protrusions. These
cell protrusions were reminiscent of the filopodia that have
in previous studies been associated with the malignant phe-
notype of cancer cells (30). Furthermore, it was demon-
strated recently that overexpression of HAS3 in several cell
lines causes pronounced microvilli that were sensitive to
4-MU and hyaluronidase (28). Therefore, microvilli are
thought to provide a scaffold to support the pericellular HA-
matrix (28). The present results suggest that filopodia also
can be dependent on HA-synthesis and pericellular HA. Fur-
thermore, our findings suggest that the loss of filopodia and
the change in cell shape are a consequence of FAK cleavage
in response to the inhibition of HA synthesis. A likely can-
didate protease responsible for FAK degradation is calpain,
which is involved in the physiological turnover of FAK and is

JOURNAL OF BIOLOGICAL CHEMISTRY 23281


http://www.jbc.org/cgi/content/full/M109.093146/DC1
http://www.jbc.org/cgi/content/full/M109.093146/DC1
http://www.jbc.org/cgi/content/full/M109.093146/DC1

Hyaluronan and Esophageal SCC Phenotype

tFAK 150
125 kDa i \aed W 125 KkDa tFAK
100 kDa ; . [ degraded tFAK
90 kDa | b .3
bl — s 3 100
C - s £
TOKDA | S o e Q E
50 kDa | S wee ; “c;, 50
s
3040kDa |1
o
scr o+ - - < a o
O
shHAS2 -  + - S K
shHAS3 - - + PXNEIPN
PAKT - W pAKT W pERK
TAKT | S— e e c 3 150 I tAKT c T 150 O FERK
Tubulin - s 8 T 8
PERK | — = ° 5100 * . 33 §1oo .
N — [ s *
tERK | e o s ;g 50 §§50
Tubulin < £ o RN
scr  * - - <
shHAS2 - + - < Q\v& Qyé\’ & ‘,s?m Q\v@ﬂ,
shHAS3 - N + PP P o
C R
migration DNA thesi
150 — Eead — 4000 synthesis
123 o C
-z £S5 3000 .
2 8100 $¥¢ .
2% £ g 52000 T
55 s 757
£2 I 2 1000
0 r o]
5 9 ) & % %
¥ TE
& PN & &

FIGURE 6. Lentiviral knockdown of HAS3 and HAS2 cause FAK cleavage
and inhibit proliferation and migration. A, lentiviral knockdown of
HAS3 and HAS2 was performed as described in Fig. 5. Increased cleavage
of tFAK resulting in the loss of total intact 125-kDa FAK occurred after
shHAS3 expression. This effect was present but less pronounced after
knockdown of shHAS2. Quantitative analysis of 125-kDa tFAK and
degraded tFAK (<125 kDa) after normalization to tubulin and to scram-
bled (scr) controls (n = 3, mean £ S.E.). *, p < 0.05 versus scrambled shRNA.
B, representative immunoblots of tAKT, pAKT, tERK, and pERK and quan-
titative data after densitometric scanning and normalization to tubulin
and to scrambled controls (n = 3, mean = S.E.). *, p < 0.05 versus scram-
bled shRNA. The effects of HAS knockdown were observed 5 days after
infection and compared with a nontargeting lentivirus as control. C, effect
of shHAS3 and shHAS2 on migration toward FCS as determined in a
24-well microchemotaxis assay and on DNA synthesis as determined by
[*H]thymidine incorporation in response to FCS expressed as cpm per
total cellular protein (n = 3, mean * S.E.). ¥, p < 0.05, ***, p < 0.001 versus
scrambled shRNA. scr, scrambled.

also spatially associated with the focal adhesion complex
(35).

It has been shown that cross-talk exists between the HA
matrix and focal adhesions. Using H-ras-transformed C3
fibroblasts, Hall et al. (1994) demonstrated that HA leads to
FAK tyrosine phosphorylation and augmented the forma-
tion of focal adhesions (36). Furthermore, in osteosarcoma
cells, HA stimulates the phosphorylation of FAK and ERK1/2
(20). Despite the previously observed link between CD44 and
FAK activation (37-38), CD44 blocking antibodies had no
influence on FAK degradation in ESCC. In contrast, the
present results from down-regulation of RHAMM by shRNA
and blocking RHAMM by antibodies strongly suggest that
the loss of RHAMM signaling induces subsequent FAK deg-
radation. In addition, interference with RHAMM signaling
by shRNA and R36 led to decreased phosphorylation of Akt/
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FIGURE 7. Filopodia are dependent on RHAMM but not on CD44.
A, CD44 is strongly expressed and evenly distributed within the OSC1
cultures, as shown by immunostaining, and expression appeared more
pronounced at the circumference of cells in response to treatment with
4-MU compared with untreated controls. B, RHAMM was expressed as
well, but its expression appeared not to be affected by treatment with
4-MU compared with untreated control OSC1. Scale bar, 50 um. To eluci-
date the involvement of HA receptors in filopodial integrity and cell shape
lentiviral shRNA vectors targeting CD44 (C) and RHAMM (D) were used and
compared with scrambled control shRNA vectors. Membrane staining
(WGA Alexa Fluor® 555 conjugate) showed that shCD44 had no effect on
filopodia, whereas shRHAMM induced loss of filopodia. Scale bars, 20 um.
The effects of the RHAMM and CD44 knockdown were observed 5 days
afterinfection. Shown are representative images of n = 3 experiments. scr,
scrambled.

0O
=)

membrane
membrane

PKB, whereas ERK phosphorylation was responsive only to
shRHAMM. This difference between the use of the blocking
antibody R36 and shRNA might point toward a role of intra-
cellular RHAMM for ERK phosphorylation in OSC1. Inhibi-
tion of CD44 by both shRNA and Hermesl antibody led to
decreased phosphorylation of Akt/PKB and ERK1/2. These
findings suggest that both HA receptors are involved in the
observed inhibition of the signaling response after interfer-
ence with HA synthesis. The inhibition of Akt/PKB and ERK
1/2 signaling likely also explains the inhibition of growth and
migration in response to 4-MU, shHAS3, shHAS2, shCD44,
and shRHAMM because the activation of the Ras-MAPK
and PI3-kinase pathways by HA have been shown to mediate
promigratory and proproliferative phenotypes (32, 39 —-41)
in cultured cancer cells. Interestingly, RHAMM is also a
novel susceptibility gene for breast cancer, and its overex-
pression is positively correlated with the phosphorylation of
ERK, metastasis, and poor survival for patients with breast
cancer (42-43). RHAMM peptide vaccination is currently
being successfully explored in phase 1 clinical trials of acute
myeloid leukemia and multiple myeloma (44). The relevance
of RHAMM for esophageal cancer is further emphasized by a
microarray analysis showing that RHAMM is highly induced
in human ESCC cell lines and correlating RHAMM expres-
sion with the TNM Classification of Malignant Tumors
(TNM) stage of human esophageal carcinoma (45).

All considered, in OSC1 cells interference with HA pro-
duction, digestion of HA, displacement of HA, and inhibi-
tion of RHAMM signaling all cause FAK cleavage, suggesting
a strong cross-talk between FA and hyaluronan/RHAMM.
This might be important for these tumor cells to regulate
adhesion, migration, and proliferation. In contrast, CD44
participates in hyaluronan-mediated signaling through Akt/
PKB and ERK and through these pathways may contribute to
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FIGURE 8. FAK cleavage is induced specifically by down-regulation of
RHAMM. A, lentiviral shRNA targeting CD44 and RHAMM were used as in Fig.
7. Immunoblotting of tFAK and quantitative analysis of 125-kDa tFAK and
degraded tFAK (<125 kDa) revealed that shCD44 had no effect on FAK,
whereas shRHAMM induced pronounced FAK cleavage compared with the
scrambled lentiviral vector. Data are normalized to tubulin and to scrambled
control (n = 3, mean * S.E.). *, p < 0.05 versus scrambled control vector.
B, phosphorylation of AKT and ERK1/2 were reduced by shRNA targeting both
CD44 and RHAMM. Data were normalized to tubulin as loading control and to
scrambled controls. C, both shCD44 and shRHAMM inhibited migration
toward FCS as determined in a 24-well microchemotaxis assay and reduced
DNA synthesis as determined by [*H]thymidine incorporation in response to
FCS expressed as cpm per total cellular protein (n = 3). **, p < 0.01, ***, p <
0.001 versus scrambled control vector. scr, scrambled.

the control of migration and proliferation but has no effect
on FAK and cell shape. FAK mediates many crucial events in
cancer cell biology and signaling, including spreading, pro-
liferation, migration, invasion, and metastasis (46 —47);
moreover, the promise of targeting FAK activity by antitu-
mor therapy is supported by numerous studies. The novel
interrelationship between HA/RHAMM and FAK turnover
described here could therefore be important for a better
understanding of these processes and for the development of
new anticancer strategies.
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Abstract

Background: Oesophageal cancer is a highly aggressive tumour entity with at present poor prognosis. Therefore,
novel treatment options are urgently needed. Hyaluronan (HA) is a polysaccharide present in the matrix of human
oesophageal squamous cell carcinoma (ESCC). Importantly, in vitro ESCC cells critically depend on HA synthesis to
maintain the proliferative phenotype. The aim of the present study is (1) to study HA-synthase (HAS) expression
and regulation in human ESCC, and (2) to translate the in vitro results into a mouse xenograft model of human
ESCC to study the effects of systemic versus tumour targeted HAS inhibition on proliferation and distribution of
tumour-bound and stromal hyaluronan.

Methods: mRNA expression was investigated in human ESCC biopsies by semiquantitative real-time RT PCR.
Furthermore, human ESCC were xenografted into NMRI nu/nu mice. The effects on tumour progression and
morphology of 4-methylumbelliferone (4-MU), an inhibitor of HA-synthesis, and of lentiviral knock down of HA-
synthase 3 (HAS3), the main HAS isoform in the human ESCC tissues and the human ESCC cell line used in this
study, were determined. Tumour progression was monitored by calliper measurements and by flat-panel detector
volume computed tomography (fpVCT). HA content, cellular composition and proliferation (Ki67) were determined
histologically.

Results: mRNA of HAS isoform 3 (HAS3) was upregulated in human ESCC biopsies and HAS3 mRNA was positively
correlated to expression of the epidermal growth factor (EGF) receptor. EGF was also proven to be a strong
inductor of HAS3 mRNA expression in vitro. During the course of seven weeks, 4-MU inhibited progression of
xenograft tumours. Interestingly, remodelling of the tumour into a more differentiated phenotype and inhibition of
cell proliferation were observed. Lentiviral knockdown of HAS3 in human ESCC cells prior to xenografting
mimicked all effects of 4-MU treatment suggesting that hyaluronan produced by ESCC is accountable for major
changes in tumour environment in vivo.

Conclusions: Systemic inhibition of HA-synthesis and knockdown of tumour cell HAS3 cause decreased ESCC
progression accompanied by tumour stroma remodelling and may therefore be used in novel approaches to ESCC
therapy.

* Correspondence: jensfischer@uni-duesseldorf.de

YInstitut fiir Pharmakologie und Klinische Pharmakologie, Universitétsklinikum
Dusseldorf, Heinrich-Heine Universitat Dusseldorf, 40225 Dusseldorf, Germany
Full list of author information is available at the end of the article

© 2011 Twarock et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons

( BioMed Central Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.


mailto:jens.fischer@uni-duesseldorf.de
http://creativecommons.org/licenses/by/2.0

Twarock et al. Molecular Cancer 2011, 10:30
http://www.molecular-cancer.com/content/10/1/30

Background

Oesophageal cancer is the sixth leading cause of cancer
deaths worldwide [1]. The mortality rate associated with
oesophageal cancer is similar to its incidence rate
because of its generally advanced stage at the time of
diagnosis, its aggressive characteristics, and because
of the paucity of effective treatment strategies. In spite
of its poor prognosis, oesophageal cancer has not been
well studied [2]. Two types of oesophageal cancer exist:
adenocarcinoma, and oesophageal squamous cell carci-
noma (ESCC), which corresponds to approximately 50%
of all oesophageal cancers. Standard treatment for oeso-
phageal cancer comprises surgery, chemoradiotherapy,
and palliative chemotherapy with cisplatin, fluorouracil,
and taxanes. However, the response to chemotherapy
typically lasts only a few months, and the median survi-
val time is less than one year [3]. Recent technical
advances in surgery, the use of neoadjuvant chemora-
diotherapy, and new cytotoxic drugs have increased the
response rates but have had no meaningful effect on
survival.

Hyaluronan (HA) is an unbranched high molecular
weight polysaccharide that is composed of D-glucuronic
acid beta(1-3)-D-N-acetyl-glucosamine beta(1-4). HA is
produced by three isoforms of the hyaluronan synthase
family (HAS1-3), which are located at the plasma mem-
brane and extrude the growing HA polymer into the
extracellular space [4]. Overexpression of either HAS2
or HAS3 in several tumour types such as prostate
cancer [5], breast cancer [6,7], osteosarcoma [8] and
colon carcinoma [9] is known to be associated with
higher malignancy or metastasis. The activity of all three
HAS isoenzymes can be inhibited by 4-methylumbelli-
ferone (4-MU), which depletes the activated uridine
diphosphate-glucuronic acid precursor pool and thus
leads to decreased HA production [10]. Recently, 4-MU
has been studied in different animal models and was
shown to inhibit liver metastases of melanoma cells
[11], to enhance chemotherapeutic action in pancreatic
and breast cancer cells [12,13] and to attenuate tumour
progression along with induction of apoptosis in pros-
tate cancer cells [14].

HA activates membrane receptors such as the receptor
of HA-mediated motility (RHAMM) and CD44 to
induce signalling and specific cellular responses. Both
CD44 and RHAMM have been implicated in tumour
cell biology and tumour progression [15].

An HA-rich matrix is important for a variety of
aspects of tumour pathobiology including anchorage-
independent growth, migration, angiogenesis, suppres-
sion of apoptosis [15,16] and metastasis [8,17].
Recently strong evidence for the importance of HA in
the microenvironment of tumours and in the tumour
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stroma has been presented [18,19]. A variety of differ-
ent types of cancer are characterised by either high
amounts of tumour cell- associated HA (e.g., colon
and gastric cancer) or high amounts of stromal HA
(e.g., breast, ovarian, and prostate cancer) or both. In
some of these malignancies (e.g., colon cancer),
tumour-associated HA is an independent prognostic
factor for poor outcome [20]. In other tumours (e.g.,
ovarian and prostate cancer) it is the stromal HA that
is correlated with poor outcome, most likely because
of the accelerated growth of the tumours and their
metastases [4,21]. With respect to oesophageal cancer
it is has been demonstrated that HA accumulates in
the parenchyma and stroma [22].

The HA matrix of oesophageal carcinoma may contain
novel targets for therapeutic approaches such as the
HAS-isoforms, hyaluronidases and HA-receptors.
Furthermore, the role of individual HAS enzymes and
the factors that regulate HAS expression in oesophageal
cancer have not been defined. In addition, the relative
importance of stromal versus tumour cell HAS expres-
sion has not been addressed experimentally in any
cancer yet, which is due to the fact that HAS2 deficient
mice are lethal and HAS1 and HAS3 deficient mice are
not available to the scientific community [23].

Previously it was demonstrated in ESCC cell lines that
HA-synthesis mediated by HAS3, and to a lesser extent
by HAS2, is required for the malignant cell phenotype
characterised by filopodial plasma membrane extensions
and high proliferative activity [24]. Knockdown of HAS3
and inhibition of HA-synthesis by the small molecule
inhibitor, 4-MU, caused a rapid loss of focal contacts
which was followed by resolution of filopodia and inhi-
bition of proliferation and migration. Therefore, the aim
of the present study was to elucidate whether HAS iso-
forms are specifically upregulated in human ESCC
tumour specimens and if so whether inhibition of HA
synthesis would be effective to inhibit tumour growth
in vivo. Furthermore changes in tumour morphology
and distribution of HA and HA receptors, following
either systemic HA inhibition by 4-MU or inhibition of
tumour HA production by lentiviral knockdown of
HAS3, were examined. This approach may help to
define and specify the molecular targets and to explore
the therapeutic promises of pharmacologic HAS inhibi-
tion in ESCC.

Methods

Reagents and substances

Unless otherwise stated, all reagents were obtained from
Sigma-Aldrich, Munich, Germany. Erlotinib was bought
from LC Laboratories, Woburn. MA, USA. Cetuximab is
a product of Merck Serono, Darmstadt, Germany.
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Cell culture

OSC1 cells were a gift from M. Sarbia [25] and were
used for xenograft and cell culture experiments through-
out the present study. The human foreskin fibroblast
cell line Hs68 used in the co-culture experiments was
purchased from ATCC (Wesel, Germany). OSC1 and
Hs68 cells were maintained as monolayer cultures in
RPMI-1640 (Sigma-Aldrich) supplemented with 10%
fetal bovine serum, L-glutamine, penicillin, and strepto-
mycin at 37°C, 5% CO, and 95% humidified air.

Human ESCC specimens

Tissue samples from oesophageal squamous cell carcino-
mas (ESSC, n = 20) and normal oesophageal mucosa (n =
13) were collected from patients undergoing radical en
bloc oesophagectomy at Diisseldorf University Hospital.
The tissues were snap-frozen in liquid nitrogen immedi-
ately after resection and stored in liquid nitrogen until use.
Written informed consent was obtained from all patients.
The collection of the fresh tumour samples was approved
by the ethics committee of the Heinrich Heine University
Diisseldorf. Tumour stage and grading were classified by
routine histopathologic assessment according to the UICC
(Union Internationale Contre le Cancer) Classification for
Malignant Tumours; the pathologists performing the
assessment were unaware of the experimental data.

Xenograft Model

NMRI nu/nu mice were used for subcutaneous tumour
formation experiments after xenografting of OSC1 cells
with or without previous lentiviral transduction in vitro.
The tumours were initiated by the subcutaneous injec-
tion of 10® OSC1 cells into both flanks, and the mice
were monitored after xenografting for 47 days in the 4-
MU group and 65 days in the shHAS3 group, respec-
tively. The mice were treated with 4-MU, which was
pelleted into the chow, at a daily dose of 250 mg per
mouse. Treatment started two days before xenografting.
Biopsies for immunostaining and molecular studies were
taken after sacrifice of the animals at the end of the
experiment. The animal experiments were approved by
the local animal facility and the Landesamt fiir Natur,
Umwelt und Verbraucherschutz, NRW.

Flat-Panel Detector Volume Computed Tomography
Imaging (fpVCT)

After an iodine-containing contrast agent (Isovist 300®)
was injected intravenously, mice were subjected to
fpVCT, a nonclinical volume CT prototype (GE Global
Research, Niskayuna, NY), as described previously [26].

Immunostaining
Cryosections (8 um) were derived from tumour tissue and
fixed in acetone-methanol (2:3) for the following
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immunostaining: human cytokeratin 18 (Progen Biotech-
nik, Heidelberg, Germany; 1:200), alpha-smooth muscle
actin (Abcam; 1:50), secondary antibodies, goat anti-gui-
nea-pig-FITC, goat anti-rat-RhodX (Dianova, Hamburg,
Germany; 1:200), and sheep anti-rabbit-Cy3 (Sigma-
Aldrich; 1:200); biotinylated HABP was detected with Cy3-
labeled streptavidin (Dako; 1:200). Alternatively, fixation
with 96% ethanol was used for staining with rabbit anti-
human Ki67 (Abcam; 1:50) and rabbit anti- CD44 (Sigma-
Aldrich; 1:1000), which were detected with sheep anti-rab-
bit-IgG F(ab)2-Cy3 (Sigma-Aldrich; 1:50/1:500). HA was
detected by biotinylated HABP (Seikagaku, Tokyo, Japan;
6 pg/ml) and FITC- or Cy3-labeled streptavidin (Dako
Deutschland, Hamburg, Germany;1:200). Nuclei were
counterstained by Hoechst 33342 (Invitrogen, Karlsruhe,
Germany; 1:20000). Cell culture experiments were carried
out on glass cover slides, fixed with 3.7% formalin solution
and stained as above. Ki67 and HA staining were quanti-
fied by using Image] 1.37c software with the nucleus coun-
ter plug-in. For quantification five randomly selected
images from each tumour section were analyzed and the
average was used as 7 equals one.

Real-time RT-PCR

The PCR reactions were performed according to stan-
dard procedures with the SYBR Green PCR Master Mix
(Applied Biosystems). Relative expression levels were
compared by using real-time PCR with the 20-44¢(T)]
method. The primer sequences of the genes of interest
are given in Table 1 [27,28].

Lentiviral knockdown of HAS3

The ESCC cell line, OSC1, was used for xenografting and
was maintained as described [25] in monolayer cultures.
HAS3 knockdown was achieved by using the MISSION™
Lentiviral shRNA knockdown system (Sigma-Aldrich).
The used hairpin sequence was 5’-CCGGGCTCTA-
CAACTCTCTGTGGTTCTCGAGAACCACAGAGAGT
TGTAGAGCTTT TTG-'3. A scrambled shRNA was used
as a control. The transfer into the packaging line HEK
293T (ATCC, LGC Standards, Wesel, Germany) was

Table 1 Primer sequences used for quantification of gene
expression

Gene
human EGFR

Primer sequence

5-GGA GAA CTG CCA GAA ACT GAC C-3'
5-GCC TGC AGC ACA CTG GTT G-3'
5-GTGAAGGTCGGAGTCAACG-3'
5-TGAGGTCAATGAAGGGGTC-3'

human GAPDH

human HAS2 5-GTGGATTATGTACAGGTTTGTGA-3'
5-TCCAACCATGGGATCTTCTT-3'
human HAS3 5-GAGATGTCCAGATCCTCAACAA-3'

5'-CCCACTAATACACTGCACAC-3'
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performed with the lipofection reagent Fugene 6 (Roche,
Grenzach-Wyhlen, Germany). After 16 h, the medium was
changed to Iscove’s Modified Dulbecco’s Medium
(IMDM) for better stability of the produced lentiviral parti-
cles. The next day, the lentiviruses were harvested and con-
centrated by centrifugation with poly-l-lysine under the
conditions reported previously [29]. After verification of
HAS3 mRNA knockdown by RT-PCR target cells were
transfected at a multiplicity of infection (MOI) of 10 and
kept for 5 days in normal growth medium before injection.

Statistical Analysis

Statistical analysis of mRNA levels in biopsy samples
was performed by using the nonparametric Mann-Whit-
ney test and the Spearman correlation analysis. All
other datasets were analyzed either by ANOVA and the
Bonferroni post hoc test or by Student’s ¢ test as appro-
priate. Data are presented as means + SEM. Statistical
significance was assigned at the level of p < 0.05.

Results

HAS3 is upregulated in human oesophageal SCC biopsies
and correlates with EGF receptor expression

We analysed the expression of HAS1-3 in human ESCC
tumours by RT-PCR and compared to healthy oesopha-
geal mucosa. HAS3 was the main isoform of the studied
ESCC tumour samples. This result is in accordance with
the HAS expression pattern found in the ESCC cell line
OSC1 as determined earlier [28]. Therefore, OSC1 cells
were used in this study for in vitro experiments and for
the xenograft model. In addition, only HAS3 expression
was significantly higher in ESCC than in normal mucosal
tissue whereas there was no significant increase regarding
HASI1 and HAS2 (data not shown). This result was true
over all studied samples (2.34+-0.5 fold induction vs.
control, mean+-SEM, p < 0.05) as well as for the T = 1
(3.15+-1.2 fold induction vs. control, mean+-SEM, p <
0.05) and the T = 2-4 (1.81+-0.3 fold induction vs. con-
trol, mean+-SEM, p < 0.05) subgroups according to
TNM classification (defining tumour size (T), lymph
node involvement (N) and existence of metastases (M))
(Figure 1A). Furthermore, the mRNA levels of HAS3
were positively correlated with the mRNA levels of EGF
receptor (HER1, ErbB1) in tumour cells, but no correla-
tion between these mRNA levels was observed in normal
mucosa (Figure 1B, C). Interestingly, T1 grade tumour
samples showed a steeper correlation than did T2-4. This
might indicate a stronger dependence of early tumour
grades on EGF pathway signalling to maintain HAS3
activity. In line with these findings, EGF receptor activa-
tion led to induction of HAS3 in ESCC cells, which could
be rescued by use of the EGF receptor tyrosine kinase
inhibitor erlotinib and the monoclonal anti-EGFR anti-
body cetuximab (Figure 1D).
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4-MU inhibits tumour growth in vivo and causes tumour-
stroma remodelling

A xenograft tumour model was established by subcuta-
neously injecting the human ESCC line OSC1 into the
flanks of NMRI nu/nu mice. The mice were given oral
doses of the small molecule HAS inhibitor 4-MU start-
ing 2 days before injection for the whole experimental
period. During the first 47 days after xenografting calli-
per measurements showed that treatment with 4-MU
strongly inhibited the time course of tumour progres-
sion (Figure 2A). At the end of the experimental period
additional analysis using flat-panel volume computed
tomography (fpVCT) revealed also significantly lower
tumour volumes (control 100 + 20,0% vs. 4-MU 27,4 +
11,8%, Figure 2B).

Treatment with 4-MU not only was associated with
decreased tumour size but also caused remarkable
alterations in tumour morphology. Histopathological
examination of tumour specimens from control mice
showed that OSC1-derived xenograft tumours were
poorly differentiated, with numerous loosely cohesive
tumour cells (Figure 2C, left). In contrast, tumours from
mice treated with 4-MU were characterised by the for-
mation of distinct tumour cell clusters and large contin-
uous areas of intratumoural stroma, as indicated by
alpha-smooth muscle actin staining (Figure 2D, right).
The outer circumference of the clusters exhibited a cell-
rich border region (Figure 2C, right, arrows). Staining
with the HABP probe showed that HA was found in the
tumours but at levels lower in mice treated with 4-MU
than in control mice (Figure 2E).

Knockdown of HAS3 expression in OSC1 cells is sufficient
to inhibit tumour progression and to mimic the
morphological stroma redistribution as caused by
systemic HAS inhibition

HASS3 is the major isoform in human ESCC as deter-
mined by real time RT-PCR and was correlated to EGFR
expression, perhaps pointing to the functional impor-
tance of HAS3 in ESCC. Because the systemic application
of 4-MU inhibits HA synthesis in both tumour cells and
stromal fibroblasts independently of the involved HAS
isoforms, the relative contribution and functional signifi-
cance of HA derived specifically from tumour cell asso-
ciated HAS3 was addressed. Transduction with shHAS3
lentivirus caused marked knockdown of HAS3 mRNA
and protein expression (Figure 3).

The subcutaneous injection of the shHAS3 transduced
OSC1 cells into nu/nu mice resulted in a marked inhibi-
tion of tumour growth (control 100 + 57.7% vs. shHAS3
10.1 £ 5.3%, Figure 4A, B) and in a tumour morphology
strikingly similar to that seen after systemic inhibition of
HA synthesis. Specifically, tumours derived from
shHAS3-transduced OSC1 cells exhibited a phenotype
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Figure 1 HAS3 was upregulated and correlated with EGFR in human ESCC. (A) Real-time PCR of HAS3 mRNA from biopsy specimens from
normal mucosa (n = 13) and human ESCC differentiated into TNM staging (defining tumour size (T), lymph node involvement (N) and existence
of metastases (M)) (n = 20), mean + SEM, *, p < 0.05. (B, C) EGFR expression was determined in the same biopsy specimens as in (A) and
correlated to HAS3 expression in normal mucosa (B) and in ESCC (C). HAS3 expression was significantly correlated to EGFR expression in ESCC.
(D) EGF stimulated HAS3 mRNA expression in the human ESCC cell line OSC1. This effect was rescued by use of the EGFR tyrosine kinase
inhibitor erlotinib and the molecular anti-EGFR antibody cetuximab. Data are mean + SEM; n = 3-5; ***, p < 0.001.

characterised by large tumour cell clusters with con-
densed cell-rich borders (Figure 4C, arrows) whereas the
morphology of control tumours was characterised by
numerous small clusters of OSC1 cells (Figure 4C, left).
Furthermore, alpha-smooth muscle actin staining
showed that stromal tissue was strongly pronounced in
shHAS3 tumours and separated the large OSC1 cell
clusters (Figure 4D). The lentiviral knockdown of HAS3
in the xenografted OSC1 cells resulted in reduced stro-
mal HA staining and in addition in pronounced associa-
tion of the residual HA with the circumference of
tumour cell clusters (Figure 4E). To identify the tumour
cells anti-human cytokeratin 18 (CK18) immunostaining
was performed in combination with HA staining (Figure
5). Strong stromal HA signals were detected in the

vicinity of CK18 positive tumour cell islands in shHAS3
xenografts (Figure 5B, arrows). However, within the
tumour cell clusters HA was less pronounced.

In combination, these findings indicate that 4-MU and
shHAS3 reduce the growth of OSC1-derived tumours in
nude mice, cause a transition to a more differentiated
tumour phenotype and cause formation of large tumour
cell clusters that were separated by pronounced stromal
tissue with reduced HA content.

Possible role of tumour cell CD44 for maintenance of
pericellular HA matrix in OSC1

Next, immunostaining was used to determine the
expression of the HA receptors CD44 and RHAMM in
response to treatment with 4-MU and shHAS3. The



Twarock et al. Molecular Cancer 2011, 10:30 Page 6 of 14
http://www.molecular-cancer.com/content/10/1/30

>

Control vs. 4MU

Average
0.204 * tumour volume
_ -a contral 15 -
E - AWMU
g 0157
s
_E 0.10- g
o %
2 0.051 3
£
0.004

control 4-kU

0O

m

Hyaluronan

Control

Figure 2 4-MU treatment inhibited tumour growth of OSC1 cells in nude mice. Nude mice received subcutaneous injection of 10° OSC1
cells, and tumour growth was monitored for 47 consecutive days. (A) Tumour volume as determined by calliper measurements; mean + SEM, n
= 21 (control), 17 (4MU); *, p < 0.05. (B) Representative fpVCT images of control mice and 4-MU treated mice. Scale bars, 1T cm. Average tumour
volumes after sacrification of mice at the end of the experiment as measured by fpVCT showed a significant reduction in tumour volume in the
4-MU group. (C) Cryosections stained with H&E demonstrated a differentiated tumour phenotype in mice treated with 4-MU. This phenotype
was characterised by larger tumour cell clusters with a cell-rich border region (arrows) and pronounced tumour stroma. Scale bars, 200 um. (D)
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Figure 3 Lentiviral knockdown of HAS3 in OSC1 cells. The
transduction with lentiviral sShHAS3 results in (A) a strong decrease
of HAS3 mRNA without affecting HAS2 mRNA levels. (B) A
significant reduction of HAS3 protein levels was found. Shown are
the results of three independent RT-PCR experiments and a
representative immunoblot of HAS3 with quantitative analysis of n
= 3 experiments, mean + SEM, ** p < 0.01, ** p < 0.001.

expression of human CD44 was pronounced in all
tumour cells in controls and appeared to be redistribu-
ted and upregulated after 4-MU treatment in the
tumour cells that faced the stromal tissue (Figure 6A,
right). Similar changes in CD44 expression occurred in
the shHAS3 group compared to mice that received
OSC1 cells transduced with a control vector (Figure 6C,
right). RHAMM was strongly expressed in tumour cells
and to a weaker extent in stromal cells and did not
respond to 4-MU or shHAS3 (Figure 6B, D). Next we
considered that upregulated CD44 may bind stromal
HA to the tumour cell surface. To further examine this
possibility we compared CD44 and HA staining in
monoculture of OSC1 with OSC1 and fibroblast co-cul-
ture. In monocultures the lentiviral knockdown of
HASS3 resulted in an increased CD44 staining similar to
the in vivo results whereas the pericellular HA signal
was hardly detectable (Figure 7A, B). In contrast, in co-
cultures of fibroblasts and OSC1 cells, strong pericellu-
lar HA signals were obtained in controls (Figure 7C)
and were not diminished by knock down of HAS3 in
OSC1 (Figure 7D, arrows). These observations suggest
that HAS3 depleted OSC1 cells might utilise HA pro-
duced by stromal cells by means of increased CD44
expression to maintain the pericellular HA matrix.
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Inhibition of proliferation
To address the underlying mechanisms for inhibition of
tumour progression, proliferation was determined by
immunostaining in the xenograft tumours. Immunos-
taining of the proliferation marker Ki67 revealed numer-
ous small clusters of proliferating tumour cells in the
controls. The proliferative activity was lower in speci-
mens treated with 4-MU than in controls and the prolif-
erating cells were confined to the outer circumference of
the large tumour cell clusters that tested positive for
HA, CD44 and RHAMM (Figure 8A; proliferating cells
in controls, 25% + 3%; proliferating cells in sections of
mice treated with 4-MU, 15% + 3%; p < 0.05; n = 4-5).
Subsequently the above described staining patterns
were compared to mice xenografted with shHAS3 trans-
duced OSC1 cells. The percentage of proliferating
tumour cells was lower in shHAS3-transduced tumours
compared to control tumours (Figure 8B: control, 35% +
6%; shHAS3, 20% + 2%; p < 0.05, n = 7). As observed
after 4-MU treatment, the remaining proliferative activ-
ity was confined to the CD44-positive circumference of
tumour cell islands. These results strongly support the
conclusion that inhibition of HAS3-mediated HA synth-
esis by OSC1, rather than HA synthesis by stromal cells,
is sufficient to inhibit ESCC proliferation and progres-
sion and to cause stromal remodelling into a more dif-
ferentiated tumour phenotype. In combination, tumour
cell specific knock down of HAS3 pheno-copied the
effect of systemic inhibition of HA synthesis.

Discussion

HA synthesis is not sufficient for malignant transforma-
tion [30], but HA-binding proteins and HA receptors
provide a matrix environment that supports the malig-
nant phenotype of cancer cells, stromal cell recruitment,
and, thus, the progression of cancer [31]. Recently, the
importance of stromal HA-binding proteins was demon-
strated for the proteoglycan versican, which triggers the
invasion and retention of inflammatory cells in Lewis
lung carcinoma and supports metastasis [17]. In human
ESCC, HA accumulates in the parenchyma and stroma,
and HA is produced by both tumour cells and stroma
[22,28]. The amount of HA, which is supposed to be
initially high in ESCC, decreases with progression to
undifferentiated aggressive carcinomas; this finding sug-
gests increased turnover [32].

Amount of HA and distribution are important prog-
nostic factors in a variety of tumour types. However,
important differences exist between tumours that origi-
nate from different types of tissue. Tumours arising
from simple epithelia such as lung [33], gastric [34], sali-
vary gland [35] and from the thyroid epithelium [36]
show a strong correlation between tumour stage and
increased HA content. In contrast, those derived from
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morphology strikingly similar to those after 4-MU (compare Figure 2). (D) Tumour stroma was visualised by alpha-smooth muscle actin staining
(red). (E) Xenografting shHAS3 tumour cells caused redistributed hyaluronan staining specifically localised to the outer layer of tumour cell
clusters. Scale bars, 200 um. Shown are representative images of n = 6 (control) and n = 7 (shHAS3) experiments.
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stratified epithelia i.e. oral, laryngeal, oesophageal and
skin epithelium are characterized by an increase in HA
abundance in early tumour stages which decreases in
high grade poorly differentiated tumour stages [22,32].
In line with this, a tendency to increased HAS3 levels in
the T = 1 stage compared to T = 2-4 stages was also
seen in the present work (Figure 1A) although this was
not significant.

The experiments reported here were performed to
further increase our understanding about the role of HA
synthesis in the progression of human ESCC, to evaluate
the therapeutic potential of pharmacologic inhibition of
HA synthesis for this tumour type and to attempt to dif-
ferentiate the roles of tumour cell derived HA versus
stromal cell-derived HA. Therefore, we analysed the
response of ESCC xenografts to systemic versus tumour
cell-targeted interference with HA synthesis. The inhibi-
tion of ESCC xenograft tumours by 4-MU is in line
with reports showing that 4-MU has anti-tumour activ-
ity: it inhibits liver metastasis of melanoma cells; sensi-
tises pancreatic cancer cells to gemcitabine and breast
cancer cells to trastuzumab treatment in mice; and

decreases prostate cancer cell growth in a xenograft
model [11-14]. However, this is the first demonstration
that inhibition of a specific HAS isoform, HAS3, in
tumour cells is as efficient as systemic HAS-inhibition
by 4-MU.

Specifically, a more differentiated tumour phenotype,
pronounced stromal strands, fewer singular tumour cells
and reduced proliferation were observed. This in vivo
phenotype shows strong similarities to the phenotype
observed in vitro after treatment with 4-MU or shHAS3:
specifically in vitro formation of tumour cell clusters
with smooth cell borders occurred in response to inhibi-
tion of HA synthesis [24]. After knock down of HAS3
xenografted OSCI1 cells still exhibited strong pericellular
HA staining concomitant with pronounced CD44 stain-
ing suggesting that the elevated CD44 expression may
cause binding of stroma derived HA to the tumour cell
surface. The recruitment of stromal HA in response to
knock down of HAS3 by tumour cells might be part of
a compensatory mechanism. This thesis is corroborated
by reports that melanoma cells stimulate stromal HA
production by soluble factors to facilitate tumour
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growth and invasion [37] and lung carcinoma cells using
stimulatory membrane-bound glycoproteins to support
locomotion and adhesion [38]. Functionally, the HA/
CD44 interactions might contribute to tumour cell pro-
liferation, because after inhibition of HA synthesis by 4-

MU or application of shRNA targeting HAS3 the
remaining proliferative activity of tumour cells was con-
fined to the CD44 positive tumour cell - stroma inter-
face. The interaction between tumour cells and stromal
fibroblasts mentioned above [38] might play an
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important role in this counterregulatory mechanism
under HA deprived conditions as it was shown for
breast carcinomas that the tumour-adjacent stroma
showed elevated levels of HA and hyaluronectin to

facilitate invasion [39]. However, despite the utilisation
of stromal HA the current findings clearly showed that
tumour cell mediated HA synthesis is critical in this
model of ESCC.



Twarock et al. Molecular Cancer 2011, 10:30
http://www.molecular-cancer.com/content/10/1/30

Page 12 of 14

Ki67

control

control

n = 7 (shHAS3) experiments.

Figure 8 Effects of 4-MU and tumour cell targeted shHAS3 on proliferation in OSC1 xenografts. (A) 4-MU, staining of human Ki67 (red)
was markedly reduced by 4-MU treatment and confined to the interface between tumour cells and stroma. (B) shHAS3, staining of human Ki67
(red) was markedly reduced in tumour cells transduced with shHAS3. Scale bars 200 um. Shown are representative images of n = 6 (control) and

4-MU

shHAS3

In contrast RHAMM remained more evenly distribu-
ted after both interventions. The previous characterisa-
tion of the molecular mechanisms underlying the
inhibition of malignant ESCC phenotype by interference
with HA synthesis in vitro suggested that both RHAMM
and CD44 signalling are critically involved in the prolif-
erative and migratory phenotype of ESCC [24] through
activation of focal adhesion signalling and MAPK signal-
ling. The abundant expression of RHAMM and the
redistribution of CD44 upon treatment in xenograft
tumours are therefore in line with the proposed role of
RHAMM and CD44 in transducing the effects of HA in
this model. In addition, in prostate carcinoma HAS3
and HAS2 have been shown to produce HA that is bro-
ken down by Hyall and that subsequently drives tumour
progression and even metastasis [5,40,41]. Therefore,
degradation of the high molecular weight HA into smal-
ler fragments may contribute to tumour progression in
ESCC and should be investigated in future studies.

Remarkably, the EGF receptor (EGFR, ErbB1) is over-
expressed in 40% to 90% of ESCC tumours and overex-
pression of EGFR is associated with a poor prognosis
[42,43]. As we show here, EGFR expression is positively
correlated with HAS3 expression in human ESCC. Of
note, a steeper correlation between HAS3 and EGFR

levels was found in the subgroup of T = 1 tumours,
which possibly suggests a stronger dependence of this
early tumour stage on EGF stimulated HAS3 expression.
In line with this finding, EGF receptor activation led to
induction of HAS3 in ESCC. Induction of HAS3 expres-
sion by EGF and ErbB2 receptors has also been shown
for keratinocytes, prostate and lung carcinoma cells
[44-47]. Therefore, EGF may be an important regulator
of HAS3 expression in ESCC, which would be especially
relevant in cancers known to be responsive to EGF inhi-
bition, such as head and neck squamous cell carcinoma
and metastatic colorectal cancer.

On the other hand, HA has been shown to contribute to
the EGFR pathway via HA-CD44 interaction. HA-CD44
complexes colocalize and potentially transactivate the EGF
receptor leading to phosphorylation of ERK1 and ERK2 in
glioblastoma cell lines [48] and to increase tumour growth,
migration and resistance to a variety of chemotherapeutic
drugs such as methotrexate, doxorubicin, adriamycin and
cisplatin in head and neck cancer [49]. In line with this,
reduction of HA synthesis by 4-MU enhances the antican-
cer activity of gemcitabine in pancreatic cancer cells [12].
Consistently, adding exogenous HA leads to increased
resistance to the EGFR inhibitor gefitinib in non small
lung cancer cells [47]. However, vice versa, EGFR was also
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shown to modify the HA induced expression of a number
of genes associated with cellular invasion and proliferation
i.e. plasminogen activator inhibitor-1 (PAI-1) or tissue
inhibitor of metalloproteinases (TIMP-1) in glioblastoma
cell lines [48]. Moreover, in corneal epithelial cells, it was
shown that HA and EGEFR effects on migration were addi-
tive and that inhibition of either HA or EGER signalling
could not completely abolish the combined effects. This
observation might indicate additional independent actions
of EGFR and HA-CD44 [50]. Taken together, these reports
show a close interrelationship between EGFR and HA-
CD44 pathways and possibly a positive regulatory feedback
in which EGF induces HA production which in turn
amplifies the EGFR dependent signalling via CD44. There-
fore, therapeutic modulation of the HA system may contri-
bute new anticancer strategies in tumours dependent on
EGER signalling by disruption of this feedback cycle.

Conclusions

In summary the present data extend the results from
cell culture experiments [24] to in vivo growth of
human oesophageal xenograft tumours. Specifically, it is
proposed that ESCC tumour cells overexpress HAS3 in
an EGFR dependent manner and that this overexpres-
sion supports a dedifferentiated proliferative tumour cell
phenotype. Therefore, pharmacologic inhibition of HA
synthesis may provide a novel therapeutic target for
ESCC.
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Hyperglycaemia and aberrated insulin signalling stimulate
tumour progression via induction of the extracellular

matrix component hyaluronan

Soren Twarock

, Christina Reichert, Ulrike Peters, Daniel ). Gorski, Katharina Rock and Jens W. Fischer

Institut fiir Pharmakologie und Klinische Pharmakologie, Universitatsklinikum der Heinrich-Heine-Universitat, Disseldorf, Germany

Epidemiological studies have detected a higher incidence of various tumour entities in diabetic patients. However, the under-
lying mechanisms remain insufficiently understood. Glucose-derived pericellular and extracellular hyaluronan (HA) promotes
tumour progression and development. In our study, we tested the hypothesis that a diabetic metabolic state, characterised by
hyperglycaemia and concomitant aberrant insulin signalling, stimulates tumour progression via the induction of HA synthesis.
In a streptozotocin-induced diabetic nude mouse tumour xenograft model, hyperglycaemia and lack of insulin caused an
increased formation of tumour-associated HA-matrix, which in turn accelerated tumour progression and neoangiogenesis. This
process was effectively attenuated by treatment with 4-methylumbelliferone, a pharmacological inhibitor of HA-synthesis. To
define the mechanisms behind these in vivo observations, we investigated the impact of hyperglycaemia and insulin on the
glucose metabolism in oesophageal squamous cell cancer cells (ESCC). Hyperglycaemia induced HA synthesis while insulin
diminished HA production by directing glucose metabolites to glycolysis. Vice versa, inhibition of glycolysis, either by knock-
down of the glycolytic key enzyme phosphofructokinase or by an experimental abrogation of insulin signalling (knockdown of
the insulin receptor and long-term treatment with insulin) augmented HA synthesis. Consequently, these processes induced
invasion, anchorage-independent growth and adhesion of ESCC to endothelial cells in vitro. Thus, the cellular shift in glucose

usage from catabolism of glucose to anabolism of HA driven by hyperglycaemia and insulin resistance may represent an
important link between diabetes and cancer progression. Hence, therapeutical inhibition of HA synthesis may represent a

promising approach for tumour treatment in diabetic patients.

Introduction

Diabetes is a widespread disease and is accountable for a pleth-
ora of sequelae and pathologies. In recent epidemiological stud-
ies, both Type 1 and Type 2 diabetes have been linked to an

Key words: diabetes, oesophageal cancer, extracellular matrix,
hyaluronan, 4-methyumbelliferone, pharmacological therapy
Abbreviations: ESCC: oesophageal squamous cell cancer cells;
FACE: fluorophore-assisted carbohydrate electrophoresis; G6P:
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growth factor; INSR: insulin receptor; INSR-B: insulin receptor
subunit beta; IRS-1: insulin receptor substrate 1; MAPK: mitogen-
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increased prevalence of several types of tumour entities' includ-
ing oesophageal cancer.” Furthermore, some malignancies,
such as hepatocellular carcinoma, respond poorly to chemo-
therapeutic intervention in diabetic patients.” The mechanisms
underlying these findings are insufficiently understood but pre-
sumably involve high glucose uptake by tumour cells, anabolic
actions of insulin and the production of inflammatory cyto-
kines by adipose tissue.* Increased uptake and metabolism of
glucose, termed the Warburg effect, is regarded as an import
hallmark of cancer cells.”® These processes provide an increase
in energy substrates and further fuel biomass synthesis.”
Besides an indirect increase in insulin and insulin-like growth
factor (IGF), hyperglycaemia can directly induce pathways that
promote proliferation, antiapoptosis and invasion.® Further-
more, hyperglycemia causes epigenetic changes, which result in
a prolonged activation of tumour cell proliferation.” However,
many aspects of the direct effects of hyperglycemia on cancer
cell progression need further investigation.'?

Oesophageal cancer occurs with approximately equal
probability as either adenocarcinoma or squamous cell carci-
noma (ESCC). It is the sixth leading cause of cancer-related
deaths worldwide, with a rapid increase in the last decades.
Despite technical advances in surgery, intensified use of neo-
adjuvant chemoradiotherapy, and the introduction of new
cytotoxic  drugs, the mortality rate associated with
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What’s new?

Hyaluronan: A link between diabetes and cancer

The mechanisms by which hyperglycemia and other diabetes-related factors promote tumourigenesis are not fully understood,
and while glucose metabolites and glycolytic precursors are implicated, their involvement remains largely undefined. In this
investigation of hyperglycemia and glucose metabolism in esophageal squamous cell cancer cells, abrogated insulin signalling
was found to work in combination with hyperglycemia to redirect glucose usage from glycolytic catabolism to anabolism of
HA, an extracellular matrix polysaccharide synthesized from precursors in the first stages of glycolysis. Augmented HA
facilitated the development of a malignant phenotype and tumour progression. Its synthesis was blocked by the inhibitor

4-methylumbelliferone.

oesophageal cancer is similar to its incidence rate. The 5-year
survival rate ranges from 15 to 25%.""

HA has been identified as a determinant of cancer progres-
sion, neoangiogenesis, metastasis and resistance to chemother-
apy.'*"® Of note, HA is an important protumourigenic
component of the microenvironment of oesophageal cancer.'*
HA is an unbranched high-molecular-weight polysaccharide,
composed of D-glucuronic acid and D-N-acetylglucosamine
disaccharide units, and is exclusively synthesised from precur-
sors that are generated during the first steps of glycolysis.
The production of HA is facilitated by three isoforms of
the HA synthase family (HAS1-3), which are located at the
plasma membrane and extrude HA into the extracellular
space.'” HA synthesis can be blocked by the HAS inhibitor 4-
methylumbelliferone (4-MU).1®

Both hyperglycaemia and elevated HA synthesis have been
shown to enhance tumour progression, metastasis and chemo-
therapy resistance.'”'*'? Insulin plays a major role in diabetes
as well as the cell’s glucose metabolism, especially by governing
glucose metabolites to distinct downstream pathways.'” Hence,
in the study reported here we addressed the question of
whether diabetes-associated hyperglycaemia and aberrant insu-
lin signalling may account for the overproduction of tumour-
promoting HA in ESCC cells and whether this process is
mediated by a crosstalk between glycolysis and HA synthesis.
In vivo, in a diabetic nude mouse tumour xenograft model, we
investigated the influence of this process on tumour progres-
sion and tested systemic HA synthesis inhibition as a potential
treatment option. Thus, we evaluated the efficacy of 4-MU, an
orally available HAS inhibitor with documented safety in
humans, for the treatment of diabetes-induced cancer growth.

Material and Methods

Reagents and substances

Unless denoted otherwise, all reagents were obtained from
Sigma-Aldrich (St. Louis, MO).

Cell culture

The primary ESCC lines OSC1 and OSC2 were isolated and
kindly provided by M. Sarbia.'® KYSE-30, KYSE-270, KYSE-
410 and KYSE-520 cells were obtained from DSMZ (Braun-
schweig, Germany). The identity of the four KYSE cell lines
was validated by short tandem repeat (STR) analysis. Briefly,
multiplex PCR reactions were performed by amplifying

genomic DNA using Identifier-1 Kit (ABI, Waltham, MA) and
ESI17 Kit (Promega, Fitchburg, WI). Analyses were performed
in the Institut of Forensic Medicine, University Hospital Dues-
seldorf. The identity of OSC1 and OSC2 was validated by kar-
yotype analysis in the Institute of Human Genetics, University
Hospital Duesseldorf. The cells were maintained as previously
described."® Insulin resistance was induced in vitro by incuba-
tion with 100 nM insulin and high-glucose media for 3 days, as
previously described.”® HAS activity was inhibited by treatment
with 4-MU, sodium salt (0.3 mM, 24 hr).

Quantitative real-time reverse-transcriptase

polymerase chain reaction

Total RNA from cultured cells was isolated, reverse transcribed
and analysed by qQRT-PCR as described previously." The follow-
ing primers were used (gene of interest, sense and antisense
sequences): INSR, 5'-GCTGCCACCAGTACGTCATT-3' (sense),
5-GTCGATGGTCTTCTCGCCTT-3' (antisense); PFKM, 5'-TC
ATGACCCATGAAGAGCAC-3' (sense), 5'-GCACCGGTGAAG
ATACCAAC-3' (antisense); HAS1, 5-TTCTTCAGTCTGGAC
TATATTGGGA-3' (sense), 5'-CCTGATCACACAGTAGAAAT
GG-3' (antisense); HAS2, 5-GTGGGGAAGAATCAAACAT
TTAAGA-3' (sense), 5-AATGCATCTTGTTCAGCTCTTG-3'
(antisense); HAS3, 5'-GGAGGAGGATCCCCAAGTAG-3' (sense),
5'-CTGCTCAGGAAGGAAATCCA-3' (antisense); GLUTI1, 5'-
CTGAAGTCGCACAGTGAATA-3 (sense), 5-TGGGTGGAGT
TAATGGAGTA-3' (antisense); GLUT4, 5-CCTGGTCCTTG
CTGTGTTCT-3" (sense), 5-CCAGCCACGTCTCATTGTAG-3'
(antisense).

Immunoblot analysis

Immunoblots were performed as previously described.'” Pri-
mary antibodies against the following target proteins were
used: IRS-1 (D23G12), p-IRS1 (Ser307) from Cell Signaling
Technology (Danvers, MA); p-Tyr (PY99, Santa Cruz, Dallas,
TX); insulin receptor beta (ab69508; Abcam, Cambridge, UK)
and beta tubulin I (T7816; Sigma-Aldrich). Detection was
performed with IR fluorescent secondary antibodies (IrDye;
LI-COR, Lincoln, NE) using an Odyssey Infrared Imaging
System (LI-COR).

Transfection and gene silencing

Knockdown of the genes of interest was achieved by lipotrans-
fection of siRNAs or scrambled control siRNA (Qiagen, Hilden,

Int. ). Cancer: 141, 791-804 (2017) © 2017 UICC
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Germany) with Lipofectamine RNAiMaxx (Thermo Fisher,
Waltham, MA) according to the manufacturer’s instructions.
The following siRNAs were used (gene of interest, Qiagen order
numbers): INSR SI00004508, SI00004515, PFKM SI00604835,
SI00604828, HAS3 S104201246, S100433895, AllStars Negative

793

HA measurement

HA in supernatants was measured by a commercially avail-
able HABP immunoaffinity assay (Corgenix, Broomfield,
CO). For detection of HA newly synthesised from glucose, a
radioactive HA assay was used. This assay was performed

Control siRNA S103650318. analogously to HA purification as described in literature.*"
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Briefly, cells were incubated with [14C]-labelled glucose (20
pCi/ml; Hartmann Analytic, Braunschweig, Germany). Next,
pronase (200 pm/ml) was used to break up HA protein com-
plexes, and half of the extract was digested with bovine hyal-
uronidase (10 U/ml, H3506, Sigma-Aldrich). To remove any
unincorporated radiolabels, low-molecular-weight sugars and
peptides, both samples were separately applied to a DEAE-
Sephacel column (GE Healthcare, Little Chalfont, UK).
Eluted HA was mixed with scintillation fluid (Rotiszint;
Roth, Karlsruhe, Germany) and counted in a scintillation
counter. The amount of HA was defined as the number of
hyaluronidase-susceptible counts per minute (cpm) normal-
ised to the protein content of the cell layer, as determined by
Bradford assay.

Quantification of glucose metabolites

Intracellular glucose-6-phosphate and pyruvate as well as extra-
cellular lactate concentrations were quantified with commercially
available colorimetric assays (Lactate Assay Kit II, Glucose-6-
Phosphate Assay Kit; Sigma-Aldrich and Pyruvate Assay Kit;
abcam) according to manufacturer’s instructions. Intracellular
uridine diphosphate (UDP)-glucose/galactose, UDP-glucuronic
acid and UDP-N-acetylglucosamine were quantified by
fluorophore-assisted carbohydrate electrophoresis (FACE) as
previously described.”” Briefly, cultures were given low or high
glucose containing media for 24 hr. Cell layers were collected on
ice and sonicated, nucleotide sugars were then purified using
solid phase extraction with ENVI-Carb SPE columns (Sigma-
Aldrich). Monosaccharides were released from nucleotide resi-
dues by mild acid hydrolysis and conjugated to 2-aminoacridone
(Invitrogen) before separation by gel electrophoresis. Samples
were run alongside a control ladder of glucose, N-acetyl-
glucosamine and glucuronic acid (Sigma-Aldrich). Band intensi-
ties were then integrated using image J and normalized to DNA
content determined by a Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen).

Hyaluronan: A link between diabetes and cancer

Proliferation assay
Proliferation was measured by a *[H]-thymidine assay as pre-
viously described."

Adhesion assay

The impact of HA on the adhesion of cancer cells to endothelial
cells by was assessed as previously described”* but with micro-
scopic analysis instead of a radioactive assay. In detail, human
coronary artery endothelial cells (HCAECs; Promocell, Heidel-
berg, Germany) were grown to confluence in monolayers in a
12-well plate. OSC1 cells were labelled with calcein (1 pM) for
20 min and were then seeded at a density of 5 X 10" cells per
well on top of the confluent HCAEC monolayers, followed by a
45 min incubation at 4°C with gentle shaking. After washing
with PBS, the bound cells were visualised and counted by
fluorescence microscopy. To verify HA-dependency of the
adhesion, each condition was also treated with hyaluronidase
(10 U/ml), and the remaining cells were subtracted.

Matrigel invasion assay

The invasive capability of OSC1 cells over 24 hr was deter-
mined with a BD BioCoat Matrigel Invasion Chamber (Cat.
354480; BD Biosciences, Franklin Lakes, NJ) according to the
manufacturer’s instructions. Cells were counted with a bright-
field microscopy after HE staining.

Soft agar assay

The capability for anchorage-independent growth in response
to glucose and insulin was assessed as follows: To inhibit
adhesion of the cells, the bottom of each well in a 24-well
plate was coated with 0.5% Noble agar (BD Difco Agar; BD
Biosciences) in RPMI-1640 full medium. OSC1 cells were
suspended in a 0.3% agar-RPMI mixture and applied onto
the solidified bottom layer. The medium was changed twice
weekly, and the assay was analysed after three weeks by

Figure 1. Hyperglycaemia and insulin depletion enhance hyaluronan-dependent tumour progression in a Type 1 diabetes nude mouse

xenograft model. (a) Xenograft 0SC1 tumour growth over 90 days in diabetic and nondiabetic mice with (dashed lines) or without (solid lines)
application of the hyaluronan synthase inhibitor 4-MU. Two-way ANOVA with Tukey’s post-test: *, p < 0.05 diabetic vs. nondiabetic; #,

p < 0.05 diabetic vs. diabetic + 4-MU; §, p < 0.05 nondiabetic vs. nondiabetic + 4-MU (b) Mean tumour volumes at Day 90. One-way ANOVA
with Tukey’s post-test of seven nondiabetic, five diabetic, eight nondiabetic + 4-MU and three diabetic + 4-MU tumours. Shown are scatter-
plots with mean = SEM. *, p < 0.05 vs. indicated condition. (c) Survival rate of tumour-bearing diabetic nude mice * 4-MU within 90 days after
xenografting. Fifteen diabetic vs. nine diabetic mice with 4-MU treatment were observed. At the end of the experiment, four diabetic mice and
seven 4-MU treated diabetic mice remained alive. Log-rank (Mantel-Cox) test: *, p < 0.05. (d) Blood glucose levels. Fifteen nondiabetic (ND),
nine diabetic (DM), seven ND + 4-MU and seven DM + 4-MU were observed over 60 days. There was no statistical difference between control
and 4-MU treated mice in diabetic and nondiabetic mice, respectively. (€) HA deposition (HABP staining, red) in tumour (cytokeratin 18, CK18,
green) and stroma; nuclei (blue, Hoechst). Bar, 100 um. Shown are representative images. Quantification of nine nondiabetic (ND), eight dia-
betic (DM), eight ND + 4-MU and three DM + 4-MU tumours, presented as scatterplot with mean = SEM. Statistical significance by one-way
ANOVA: *, p < 0.05 vs. indicated condition. (f) Proliferation rate in tumour tissue (Ki67 staining, red); nuclei (blue, Hoechst). Bar, 100 pum.
Shown are representative images. Quantification of nine nondiabetic (ND), eight diabetic (DM), five ND + 4-MU and three DM + 4-MU tumours,
presented as scatterplot with mean = SEM. Statistical significance by one-way ANOVA: *, p < 0.05 vs. diabetic condition without 4-MU. (g)
Endothelial cell staining (CD31 staining, red) in tumour tissue; nuclei (blue, Hoechst). Bar, 100 um. Shown are representative images. Quanti-
fication of nine nondiabetic (ND), five diabetic (DM), seven ND + 4-MU and three DM + 4-MU tumours, presented as scatterplot with mean =
SEM. Statistical significance by one-way ANOVA: *, p < 0.05 vs. diabetic condition without 4-MU. (g) Apoptotic cells (TUNEL staining, green);
nuclei (blue, Hoechst). Bar, 100 um. Shown are representative images. Quantification of seven nondiabetic (ND), six diabetic (DM), seven

ND + 4-MU and four DM + 4-MU tumours, presented as scatterplot with mean = SEM. Statistical significance by one-way ANOVA: *, p < 0.05
vs. all other conditions. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 2. Elevated glucose concentrations facilitate the production of hyaluronan in oesophageal squamous cell carcinoma cell lines. (a,
b) Hyaluronan (HA) concentrations in the medium of OSC1 cells normalised to cell layer protein in response to glucose and serum (10%
FCS) after 24 hr measured by hyaluronic acid binding protein (HABP) assay. Data are mean + SEM from three independent experiments. *,
p <0.05 vs. 4.5 g/L glucose. (c, d) [**C]-glucose integration in HA synthesis normalised to protein of 0SC1 cell layer in response to glucose
and serum after 24 hr. Data are mean + SEM from three independent experiments. *, p < 0.05 vs. 0 g/L glucose. (e) Pericellular HA coat of
0SC1 cells in response to glucose and serum visualised by HA affinity cytochemistry after 24 hr (HABP, green); nuclei (blue, Hoechst).
Scale bar, 10 pm. Shown are representative results from three independent experiments, mean = SEM. *, p < 0.05. (f, g) Transcriptional
changes in hyaluronan synthase (HAS) 2 and 3vl mRNA expression in OSC1 cells in response to glucose and serum after 24 hr. HAS1
mRNA was not detectable. Data are mean = SEM from three independent experiments. *, p < 0.05 vs. 0 g/L glucose. (h, i, /) HA production
and HAS mRNA expression in six oesophageal squamous cell carcinoma (ESCC) cell lines: 0SC1, 0SC2, Kyse 30, Kyse 270, Kyse 410 and
Kyse 520 (each cell line represents one n). HAS1 mRNA was not detectable in any cell line. Data are mean = SEM from six independent
experiments. *, p < 0.05, **, p <0.01, ***, p <0.001 vs. 0 g/L glucose. [Color figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

=]
p—
=]
o
=]
o
)
Q
=
<
O
i
=
=]
3]
=
=]
=

796

counting formed colonies larger than 50 pum with a bright-
field microscope.

Nude mouse xenograft model and diabetes induction

T cell-immunodeficient male Crl:NU-Foxnl™ mice were
obtained from Charles River Laboratories (Wilmington,
MA).** At the age of 6 weeks, a single dose of streptozotocin
(240 mg/kg body weight) was injected. When blood sugar
levels (tail vein blood glucose test; GlucoSmart, MSP bod-
mann, Bobingen, Germany) of all mice were verified to be
within the target range of 400-600 mg/dl, half of the diabetic
and nondiabetic mice was treated with 4-MU (AlfaAesar,
ThermoFisher, Waltham, MA), which was pelleted into choc-
olate flavoured chow at a daily dose of 10 mg/g body weight;
the other half of the mice received respective placebo chow.
Two days later, 1 X 10° OSCI cells were injected into both
flanks of each mouse. Palpable tumours were detected at
approximately Day 20 after xenografting. The mice were
observed for a total period of 90 days. The tumour volume
was calculated by calliper measurements with the formula
height X length X depth X 0.52 as described.”® At the end of
the observation period, the mice were sacrificed, and tumour
xenografts were explanted for histological analysis. The ani-
mal experiments were approved by the local animal facility
and the corresponding authority (LANUV NRW) and were
carried out following the rules and guidelines of the German
animal welfare law (Tierschutzgesetz).

Immunostainings

Cryosections (8 pm) were derived from tumour tissue and
fixed with formalin. Targets stained comprise HA (HABP;
Calbiochem, San Diego, CA), Ki67 (rabbit anti-Ki67; Novus,
Littleton), CK18 (guinea pig anti-CK18; Progen, Heidelberg,
Germany), CD31 (rat anti-CD31; Abcam) and CD44 (rabbit
anti-CD44; Sigma-Aldrich). Apoptotic cells were detected
with the Click-it Plus TdT-mediated dUTP-biotin nick end
labeling (TUNEL) assay (C10617; Thermo Fisher) according
to manufacturer’s instructions. Nuclei were counterstained
using Hoechst 33342 (Invitrogen, Carlsbad, CA).

Statistical analysis

All datasets were analysed either with ANOVA plus Tukey’s
or Sidak’s post hoc test, with Log-rank (Mantel-Cox) test or
with Student’s t-test, as appropriate. All statistical analyses
were carried out using GraphPad Prism 6 (Graphpad
Software, La Jolla, CA). Data are presented as mean * SEM.
Statistical significance was set at the level of p < 0.05.

Results

Diabetic conditions facilitate HA-mediated tumour
progression in vivo

To investigate the impact of a diabetic metabolic state on
tumour growth and morphology, we developed a Type 1 dia-
betes nude mouse tumour xenograft model characterised by
hyperglycaemia and insulin deprivation: Induction of diabetes

Hyaluronan: A link between diabetes and cancer

in nude mice by a single injection of streptozotocin yielded
blood sugar levels of approximately 400 mg/dl. Starting at
around Day 55 after injection of the OSCI1 squamous carci-
noma tumour cells, the tumour growth curves of nondiabetic
and diabetic mice diverged. On Day 90, the tumour volume
in diabetic mice was significantly higher than that in nondia-
betic mice, which indicates tumour promotion by Type I dia-
betes conditions. To assess the contribution of HA to this
observation and to evaluate pharmacological HA synthesis
inhibition as a therapeutical measure, nondiabetic and dia-
betic mice were fed the HAS inhibitor 4-MU. Of note, 4-MU
substantially decreased the rate of tumour growth in diabetic
and control mice, however with a more pronounced absolute
effect in diabetic mice (Figs. 2a and 2b). Strikingly, 4-MU
also increased the mean survival time of the diabetic mice
(Fig. 2c). These effects were not accompanied by significant
changes in blood glucose concentrations (Fig. 2d). Diabetic
conditions resulted in an increase of the total HA deposition
in xenograft tumour tissue, which was effectively reduced by
treatment with 4-MU (Fig. 2e). Moreover, diabetic conditions
strongly increased important histological parameters of
tumour progression, i.e., the rate of Ki67-positive proliferat-
ing cells (Fig. 2f) and the amount of CD31-positive vessel
formation (Fig. 2g). Intriguingly, only under diabetic condi-
tions did 4-MU treatment significantly reduce proliferation
(Fig. 2f) and vessel formation (Fig. 2g), and also cause a
strong induction of apoptosis (Fig. 2h). The expression of the
main HA receptor in ESCC, CD44, was not altered in
response to hyperglycemia or 4-MU treatment (supporting
information Fig. S1). These results indicate that elevated HA
synthesis is of particular importance for tumour growth
under diabetic conditions and that 4-MU may be an effective
therapeutic drug under these conditions.

Elevated glucose supply augments HA production
independently of HAS transcription

In vivo, elevated tumour growth under diabetic conditions
was accompanied by increased histological deposition of HA
while the inhibition of HA synthesis by 4-MU inhibited
tumour growth. To elucidate the mechanism by which dia-
betic metabolic conditions induce HA synthesis, we per-
formed the following in vitro experiments.

As the glycosaminoglycan HA is exclusively synthesised
from glucose precursors, we first investigated the influence of
glucose supply on HA synthesis. Elevated glucose concentra-
tions caused a dose-dependent increase in HA production by
OSC1 cells in medium without (Fig. 3a) and with (Fig. 3b)
addition of serum. Strikingly, the presence of serum resulted in
lower HA synthesis than did the same glucose concentration in
serum-free medium. To verify that the observed increase of HA
in the medium was caused by de novo synthesis originating
from increased glucose uptake, we additionally measured the
incorporation of radioactive labelled [14C]-glucose into newly
synthesised HA. In agreement with the aforementioned results,
radioactive HA also strongly increased with higher glucose

Int. ). Cancer: 141, 791-804 (2017) © 2017 UICC
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Figure 3. Abrogation of glycolysis directs glucose usage to HA synthesis. (a—d) Changes in the concentration of the glucose metabolites
glucose-6-phosphate (G6P, n = 3), pyruvate (n = 6) and lactate (n = 3), in the amount of hyaluronan (HA, n = 8) and in the hyaluronan
synthase (HAS) mRNA expression (HAS3v1, n = 8; HAS2, n = 6) in response to abrogation of glycolysis by knockdown of
phosphofructokinase M (PFKM) in OSC1 cells with presence of serum after 24 hr (n = 5). Data are mean = SEM from three to eight

independent experiments. *, p <0.05 vs. control.

concentrations in medium without (Fig. 3¢) and with (Fig. 3d)
serum. Consistently, the pericellular HA coat also increased
strongly in response to glucose and also to serum deprivation
(Fig. 3e). These results indicate that increased substrate supply
is a driving factor for elevated HA synthesis. Interestingly, tran-
scriptional changes in HAS genes were not causally involved in
this process, since there was no upregulation of HAS3 (Fig. 3f)
and HAS2 mRNA was even reduced with higher glucose con-
centrations (Fig. 3g); HAS1 was not detected. The results
observed in OSCI cells were confirmed in a total of six different
ESCC cell lines (OSC1, OSC2, KYSE-30, KYSE-270, KYSE-410
and KYSE-520) (Figs. 3h-3j). To investigate the direct effect of
hyperglycemia on HA precursors, sugar nucleotides were
quantified by FACE, this showed elevated UDP-glucose/
galactose concentrations under stimulation with high glucose
media (supporting information Fig. S2a). In this assay, UDP-
glucuronic acid (supporting information Fig. S2b) and UDP-N-
acetylglucosamine (supporting information Fig. S2c) showed
only trends toward increased concentrations, which is likely the
result of rapid metabolisation by the HAS enzymes.

Direct inhibition of glycolysis stimulates

hyaluronan synthesis

The observation that HA synthesis is dependent on the avail-
ability of glucose precursors raises the question, whether other
pathways metabolising these precursors may interfere with HA
synthesis. Among these pathways, downstream glycolysis and
the pentose phosphate pathway are the most relevant. To
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analyse the flux of glucose metabolites, we measured the intra-
cellular concentration of glucose-6-phosphate (G6P), the piv-
otal upstream metabolite of both HA synthesis and glycolysis,
as well as extracellular lactate concentrations as an indicator of
glycolytic activity. Silencing of the glycolytic key enzyme phos-
phofructokinase M (PFKM, Fig. 4a) yielded a pronounced dis-
ruption of glycolysis, which presented as a strong increase in
the intracellular G6P pool and a decrease in pyruvate and lac-
tate concentrations (Fig. 4b). As a result, HA synthesis (Fig. 4c)
as well as HAS3 mRNA were increased while HAS2 mRNA was
reduced (Fig. 4d). The rise in HAS3 mRNA expression, which
was not detected in the experiments involving glucose stimula-
tion (see Figs. 3f and 3j), may be the result of a transcriptional
feedback loop between substrate supply to the HAS enzymes
and HAS mRNA expression. Experiments with different PFKM
knockdown efficiencies show that HAS3 mRNA expression is
positively correlated with PFKM knockdown efficiency (sup-
porting information Fig. S3a) while HAS2 mRNA shows a
trend to a negative correlation (supporting information Fig.
S3b). Thus, these experiments show a strong cross-talk between
those two pathways metabolising glucose, i.e., glycolysis and
HA synthesis.

Insulin diminishes HA synthesis by stimulation

of glycolysis

The combination of the observations that the presence of
serum decreased HA synthesis (see Fig. 3) and that HA syn-
thesis is counteracted by glycolytic activity (see Fig. 4) led us
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Figure 4. Insulin actions are inversely correlated with hyaluronan synthesis. (a—c) Changes in the concentration of the glucose metabolites
glucose-6-phosphate (G6P, n = 3), pyruvate (n = 5) and lactate (n = 3), hyaluronan (HA, n = 4) and HAS mRNA expression (n = 3) in response to
stimulation with insulin (50 nM, 24 hr). Data are mean = SEM from three to four independent experiments. *, p < 0.05 vs. control. (d—i) Effects
of insulin receptor (INSR) silencing (INSR mRNA, n = 4) on G6P (n = 3), pyruvate (n = 6) and lactate (n = 3) concentrations, hyaluronan
synthesis (n = 4) and HAS mRNA expression (n = 4). Data are mean = SEM from three to four independent experiments. *, p < 0.05 vs. control.
(/) Prolonged stimulation with insulin as a model for insulin resistance. Downregulation of insulin receptor activity by long-term (96 hr) insulin
stimulation (100 nM), as measured by detection of phosphotyrosine (pTyr)-containing proteins after immunoprecipitation (IP) with antiinsulin
receptor subunit beta (IRB) antibody normalised to total IRB protein and detection of phospho-insulin receptor substrate 1 (IRS-1) normalised
to total IRS-1. Data are mean = SEM from three independent experiments. *, p < 0.05 vs. short-term stimulation with insulin. (k) Effects of
simulated insulin resistance on HA production. Short-term (24 hr) insulin stimulation vs. long-term (96 hr) insulin resistance. Data are mean +
SEM from three independent experiments. *, p < 0.05 vs. unstimulated control. (/) Expression of glucose transporter 1/4 (GLUT1/4) mRNA in
0SC1 cells. Exact percentages: GLUT1, 95.91 + 0.5%; GLUT4, 4.09 = 0.5%. Data are mean = SEM from three independent experiments.
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to the hypothesis that serum-derived factors may trigger
pathways for glucose metabolism, thus reducing the availabil-
ity of glucose precursors for HA synthesis. Since stimulation
of glycolysis is a well-established metabolic function of insu-
lin, we tested the effects of insulin on glycolysis and HA syn-
thesis. As expected, stimulation with insulin (50 nM)
triggered glycolysis, as determined by lowered intracellular
G6P levels as well as increased intracellular pyruvate and
extracellular lactate concentrations (Fig. 5a). In turn, the
amount of HA in the supernatant of the cells was reduced
(Fig. 5b).

Accordingly, silencing of the insulin receptor (INSR, Fig.
5¢) increased the G6P precursor pool, reduced pyruvate and
lactate concentrations (Fig. 5d), and strongly triggered HA
synthesis (Fig. 5e) independently of changes in HAS tran-
scription (Fig. 5f). Under diabetic conditions, both insulin
depletion as found in Type 1 diabetes and insulin resistance,
a characteristic feature of Type 2 diabetes, may result in
diminished glycolysis and thus yield a larger supply of glu-
cose precursors to HA synthesis. To mimic Type 2 diabetes
conditions, we next established a model of experimentally
induced insulin resistance in cancer cells, which used pro-
longed stimulation with insulin to downregulate the down-
stream signalling of INSR, as previously described.”® To
validate this approach, we measured the phosphorylation of
insulin receptor subunit beta (INSR-B) and insulin receptor
substrate 1 (IRS-1) with immunoblotting after 24 and 96 hr
(Fig. 52). In this experimental setup, short-term insulin stim-
ulation (24 hr, 100 nM) consistently reduced HA synthesis,
while simulated insulin resistance (insulin stimulation for 96
hr, 100 nM) led to a pronounced increase in HA production
(Fig. 5h). This observation is in agreement with our observa-
tions using INSR silencing. To preclude any influence of
insulin on glucose uptake in this experimental setup, we
determined the expression of GLUT1, which facilitates basal
glucose uptake independently of insulin, and GLUT4, which
is largely regulated by insulin, by qPCR. Measurements of
the mRNA expression of GLUT1 and GLUT4 showed that
GLUTI is the predominantly expressed isoform in OSCI1
cells; therefore, it can be assumed that glucose uptake in
OSCl is also largely independent of insulin effects (Fig. 5i).

Augmented HA production in response to hyperglycaemia
and insulin depletion promotes the malignant cancer cell
phenotype

Elevated HA production has been shown to exhibit tumour-
promoting effects. Therefore, we performed experiments
regarding the HA-mediated proliferation, invasion, and meta-
static potential of OSC1 cells in response to high glucose sup-
ply, diminished insulin actions, and inhibition of glycolysis.
In addition to a strong mitogenic effect of insulin, we
detected a pronounced increase in proliferation with higher
glucose supply (Fig. 6a). Next, we measured the invasive
potential of OSC1 cells in response to hyperglycaemia and
insulin. OSCI cells exhibited stronger invasion when cultured
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in high-glucose, instead of low-glucose, media. Likewise, the
presence of insulin reduced invasion (Fig. 6b). Conversely,
abrogating insulin signalling and glycolysis by silencing INSR
or PFKM caused increased invasion (Fig. 6c). For detection
of anoikis-resistant cells featuring anchorage-independent
growth, we evaluated colony formation in a soft agar assay.
The largest number of colonies was consistently observed in
response to high glucose concentrations and insulin depriva-
tion, the condition with the highest HA synthesis in previous
experiments. Of note, insulin treatment in combination with
high glucose concentrations yielded fewer but larger colonies
than those found under other conditions (Fig. 6d). This
observation may be explained by the anabolic effect of insulin
in stimulating colony growth. Also, the inhibitory effect of
higher HA content on cell-cell interaction and colony
agglomeration in colonies lacking insulin may explain this
effect. To address the adhesive capability of OSC1 cells in
response to hyperglycaemia and insulin, we performed an
endothelial cell adhesion assay. The largest number of adher-
ent cells was again found under conditions that increased
HA production: hyperglycaemia and insulin depletion (Fig.
6e) and direct (siPFKM) and indirect (siINSR) inhibition of
glycolysis (Fig. 6f). These findings indicate enhanced cancer
cell malignancy in response to conditions under which HA
production is increased (cf. Figs. 3-5).

Discussion

Revealing the mechanisms behind the connection between
the wide-spread diseases diabetes and cancer can lead to new
strategies for prevention and targeted therapy.* Here we focus
on the metabolic impact of hyperglycaemia and concomitant
aberration of insulin signalling on the extracellular matrix
component HA, which exhibits crucial functions in tumour
progression.”® In our study, we used ESCC cell lines as a
model, which have been well characterised with respect to
the impact of the extracellular matrix and especially HA on
tumour progression.'”*”*® Further research is needed to ver-
ify these findings in other tumour entities.

First evidence for the dependence of HA production on
glucose supply was provided by studies using bacteria® that
have shown increased concentrations of glucose to induce
HA production. Moreover, diabetic rats®® as well as patients
with Type 1°! and Type 2 diabetes’*> exhibit elevated HA
levels in the circulating bloodstream and peripheral tissues.
Hyperglycaemia-induced HA was identified to impair wound
healing in diabetic patients.”* In COS-1 and MCF-7 cells
with overexpression of HAS isoforms, it was shown that HA
synthesis depends on the availability of its direct precursors
UDP-N-acetyl glucosamine and UDP-glucuronic acid.”>*°
Here we show that HA production in oesophageal cancer
cells natively depends on the early glucose metabolite pool.
This observation may indicate a proprietary overexpression
of HAS genes in ESCC cells conceivably providing a survival
factor for these cancer cell type.
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It is important to mention that in most of our experiments
the transcriptional regulations of the HAS enzymes do not cor-
respond to the changes in HA synthesis. Most experiments in
our study showed that higher HA precursor availability (i.e.,
hyperglycemia and abrogation of glycolysis by silencing of
INSR) caused no significant changes in HAS3 mRNA expres-
sion and a decrease in HAS2 mRNA expression. These findings
are in line with recent research on the regulation of HA synthe-
sis showing that the transcriptional control of HAS2, its activa-
tion and the eventual production of HA is regulated by
precursor availability, epigenetic changes in the promoter,
O-GIcNAc modifications, ubiquitinations, phosphorylations
and translocation to the cell surface.”’ > Presumably, these
processes are also involved in the regulation of the other HAS
isoforms HAS1 and HAS3, this area is under investigation in
the HA field. Taken together, current knowledge in this field
shows that HAS expression and HA production do not always
exhibit a direct relationship, even though HAS mRNA and
HAS protein expression show a correlation. In the light of this,

Int. ). Cancer: 141, 791-804 (2017) © 2017 UICC

our data indicate that indeed transcriptional changes were not
accountable for increased HA synthesis but that an increase of
substrates caused an increase of HA. However, it is remarkable
that an abrogation of glycolysis by silencing of PFKM resulted
in an increase of HAS3 expression. Therefore, we performed
experiments with different PFKM knockdown efficiencies,
which showed that HAS3 mRNA expression is positively corre-
lated with PFKM knockdown efficiency (yielding more sub-
strates for HA synthesis) while there is a trend to a negative
correlation with HAS2 mRNA. In summary, we propose a sub-
strate triggered feedback-loop leeding to upregulation of HAS3
and downregulation of HAS2 in response to an afflux of glucose
precursors.

Importantly, we show that the activity of glycolysis, the
main pathway metabolising glucose, counteracts the use of
glucose precursors for HA synthesis. Insulin plays a pivotal
role in the regulation of glucose homoeostasis and prolifera-
tion. Thus, aberrant insulin signalling is a crucial characteris-
tic of diabetes. In the context of tumour progression, the two
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most important effects of insulin are growth promotion and
metabolic regulation of glycolysis.* The anabolic and mito-
genic actions of insulin on tumour cells are well docu-
mented.*” However, the metabolic actions of insulin on
tumour progression are not well studied. Concerning glucose
metabolism, it is important to differentiate between control
of glucose uptake and glycolysis.

Insulin induces glucose uptake in many nonmalignant
cells, such as adipocytes and skeletal muscle cells. In most
cancer cells, however, glucose uptake is not facilitated by
insulin-regulated GLUT-4 but rather by insulin-independent
GLUT-1 and, to a lesser degree, by GLUT-3 and other
GLUT isoforms.*’ This switch toward uncontrolled glucose
uptake is part of the Warburg effect,” which describes a
highly enhanced aerobic glycolysis in tumour cells, and also
constitutes a hallmark of tumour development that is accom-
panied by increased aggressiveness of the tumour.** Of note,
overexpression of GLUT-1 among patients with ESCC is
associated with a poor prognosis and is directly correlated
with higher TNM stages.*’

Thus, even if insulin may not be necessary for glucose
uptake in most cancer cells, it remains an important regula-
tor of glycolysis and proliferation. More precisely, binding of
insulin to the INSR, especially subtype B, mediates metabolic
effects via the PI3K/Akt pathway, whereas growth processes
are promoted by insulin and IGF through the IGF receptor/
mitogen-activated protein kinase (MAPK) pathway.***
These pathways can act independently of each other, e.g., in
human muscle cells and adipocytes inhibition of the MAPK
pathway does not interfere with the metabolic effects of insu-
lin.*® Importantly, there is growing evidence that metabolic
and mitogenic pathways triggered by insulin are not only
highly separated but that diabetic conditions do not cause a
total loss of insulin functions but rather induce a partial or
selective insulin resistance with differential regulation of the
mitogenic and metabolic pathways.*’"** For instance, human
skeletal muscle cells of Type 2 diabetes patients exhibiting a
reduction of IRS-1 phosphorylation show only a selective
reduction in the activity of the metabolic PI3K-Akt-pathway
while the mitogenic MAPK pathway remains intact.’® These
findings imply that the anabolic and therefore growth-
promoting effects of insulin can persist, whereas other path-
ways, such as control of glycolysis, are abrogated. These
observations raise the question why an abrogation of glycoly-
sis, eventually resulting in decreased ATP production, might
be conducive to tumour cell growth; obviously, this process
would be disadvantageous for the energy homoeostasis of the
cell. However, research on the Warburg effect in cancer cells
has provided evidence that cancer cells are prone to use glu-
cose metabolites preferably for biomass gain and other cellu-
lar tasks rather than for ATP generation.” Of note, some
cancer cells express the dimeric pyruvate kinase M2 protein
which diminishes the activity of the glycolytic pathway and
thus increases the availability of glucose precursors for use in
anabolic pathways.”"

Hyaluronan: A link between diabetes and cancer

In conclusion, a lack of insulin in untreated Type 1 diabe-
tes, as well as insulin resistance in Type 2 diabetes, may
reduce glycolysis, thereby making an increased number of
glucose precursors available for production of biomass such
as HA synthesis. Simultaneously, proliferation can remain
promoted by insulin via INSR-A and IGFR. Indeed, we
observed that abrogation of insulin signalling increased the
glucose precursor pool and thus stimulated HA synthesis.
Concurrently, insulin remains exerted a strong mitogenic
effect on the OSC1 cells used in our study. Thus, our results
indicate that the tumour-promoting mitogenic actions of
insulin, e.g., via the MAPK pathway, combine with increased
HA synthesis to further support tumour growth and spread.
In line with this, we found an increase in HA-dependent
tumour characteristics, i.e., invasion, anchorage-independent
growth and adhesion to endothelial cells in response to
hyperglycaemia and insulin depletion, conditions favouring
HA synthesis.

In this article, we used a nude mouse tumour xenograft
model with streptozotocin-induced diabetes to investigate the
effects of a diabetic metabolic state on HA-mediated tumour
growth. In this model, diabetic conditions produced a pro-
nounced but delayed increase in tumour growth. An explana-
tion for this late onset of growth induction could be that
tumour growth in its early stages may depend more on the
mitogenic actions conferred by insulin, whereas glucose sup-
ply becomes more important in later stages of tumour pro-
gression. Two older studies (1972) on tumour growth in
diabetic mice reported a decreased growth under diabetic
conditions. However, these studies had some critical limita-
tions, i.e., a short observation period, the use of toxic alloxan
concentrations, or a pronounced weight loss leading to nutri-
ent depletion also affecting the tumour mass.”*>

Our results show that only in diabetic mice inhibition of
HA synthesis by 4-MU caused a higher absolute decrease in
tumour volume and significantly reduced proliferation and
vessel formation while strongly increasing the fraction of
apoptotic cells. In nondiabetic mice, 4-MU delayed the onset
of tumour growth resulting in a smaller mean tumour vol-
ume at Day 90. However, in this group treatment with 4-MU
resulted only in a trend toward less Ki67 and CD31 positive
cells and no effects on the TUNEL staining. This observation
may be caused by a slower, delayed tumour growth kinetic
and a depletion of the HA-rich tumour matrix.

Remarkably, 4-MU treatment also resulted in a pro-
nounced prolongation in survival time of diabetic mice. This
effect may be explained by a role of 4-MU in either reduction
of tumour burden as a result of diminished HA production,
or in a so far unknown amelioration of diabetes-related com-
plications in these mice. However, blood glucose concentra-
tions in diabetic mice were not significantly affected by 4-
MU treatment. Further research is needed to specify this
interesting effect of 4-MU on the mortality rate associated
with diabetic conditions. Notwithstanding, these data indicate
that 4-MU may be a promising therapeutic approach for the
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treatment of cancer in diabetic patients and may additionally
ameliorate diabetes-induced diseases. The fact that 4-MU
(INN: hymecromone) is an orally bioavailable small molecu-
lar compound drug that has been approved as a spasmolytic
in several countries for human use over many decades facili-
tates further clinical trials.

In summary, here we show that HA production in oeso-
phageal cancer is modulated by glucose supply and by the
glycolytic activity controlled by insulin (Fig. 6). We demon-
strate the functional relevance of increased HA synthesis in
response to hyperglycaemia and insulin depletion for the
malignant cancer cell phenotype in vitro and for tumour pro-
gression and survival in vivo. Thus, our findings reveal the
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central role of HA metabolism as a link between chronic
hyperglycaemia, insulin signalling, and ESCC tumour pro-
gression and suggest a future clinical use of HA synthesis
inhibitors such as 4-MU as an add-on therapeutic for cancer
patients with diabetic comorbidity.
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Background and Purpose: Aerobic glycolysis is a unique feature of tumour cells
that entails several advantages for cancer progression such as resistance to apoptosis.
The low MW compound, dichloroacetate, is a pyruvate dehydrogenase kinase inhib-
itor, which restores oxidative phosphorylation and induces apoptosis in a variety of
cancer entities. However, its therapeutic effectiveness is limited by resistance

mechanisms. This study aimed to examine the role of the anti-apoptotic hyaluronan

S:q;??g;:ren'twarock@um_ duesseldorf.de (HA) matrix in this context and to identify a potential add-on treatment option to
overcome this limitation.
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Experimental Approach: The metabolic connection between dichloroacetate treat-
ment and HA matrix augmentation was analysed in vitro by quantitative PCR and
affinity cytochemistry. Metabolic pathways were analysed using Seahorse, HPLC,
fluorophore-assisted carbohydrate electrophoresis, colourimetry, immunoblots, and
immunochemistry. The effects of combining dichloroacetate with the HA synthesis
inhibitor 4-methylumbelliferone was evaluated in 2D and 3D cell cultures and in a
nude mouse tumour xenograft regression model by immunoblot, immunochemistry,
and FACS analysis.

Key Results: Mitochondrial reactivation induced by dichloroacetate metabolically
activated HA synthesis by augmenting precursors as well as O-GlcNAcylation. This pro-
cess was blocked by 4-methylumbelliferone, resulting in enhanced anti-tumour efficacy
in 2D and 3D cell culture and in a nude mouse tumour xenograft regression model.
Conclusions and Implications: The HA rich tumour micro-environment represents a
metabolic factor contributing to chemotherapy resistance. HA synthesis inhibition
exhibited pronounced synergistic actions with dichloroacetate treatment on oesoph-
ageal tumour cell proliferation and survival in vitro and in vivo suggesting the combi-

nation of these two strategies is an effective anticancer therapy.

Abbreviations: 4-MU, 4-methylumbelliferone; CK18, cytokeratin 18; ECM, extracellular matrix; ESCC, oesophageal squamous cell carcinoma; FACE, fluorophore-assisted carbohydrate
electrophoresis; G6P, glucose 6-phosphate; GIcNAc, N-acetyl-glucosamine; HA, hyaluronan; HAbP, HA binding protein; HAS, hyaluronan synthase; HYAL, hyaluronidase; OXPHQOS, oxidative
phosphorylation; PDC, pyruvate dehydrogenase complex; PDK, pyruvate dehydrogenase kinase; RHAMM, receptor for hyaluronan-mediated motility
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1 | INTRODUCTION

Cancer cell metabolism has regained substantial attention as a poten-
tial drug target that distinguishes cancer cells from their non-malignant
counterparts. Several new strategies have emerged and have provided
promising new anticancer drugs (Martinez-Outschoorn, Peiris-Pages,
Pestell, Sotgia, & Lisanti, 2017; Vernieri et al., 2016). One of the most
evident characteristics of cancer cells is the metabolic switch from oxi-
dative phosphorylation (OXPHQOS) to aerobic glycolysis, which was
first described by the Nobel laureate Otto Warburg, hence termed
the Warburg effect (Warburg, 1956). It originates in reduced activity
of the pyruvate dehydrogenase complex (PDC), which facilitates the
conversion of pyruvate to acetyl-CoA and thus sustains mitochondrial
OXPHOS. In a range of cancer cells, the activity of PDC is impeded by
an increased pyruvate dehydrogenase kinase (PDK) activity, resulting
in reduced mitochondrial activity. To compensate for the loss in ATP
synthesis by mitochondrial OXPHOS, the glycolytic flux is increased,
finally resulting in a much increased generation of lactate. Even though
energy homeostasis is impaired by this process, the advantages for the
growing cancer cell seem to outweigh this limitation. Inhibition of
mitochondria-originated apoptosis, accumulation of biomass from
early glucose metabolites, and creation of an acidified extracellular
micro-environment are presumably supportive for tumour growth
and spread (Vander Heiden, Cantley, & Thompson, 2009).

Intensive research on the Warburg effect led to the discovery of
the low MW compound dichloroacetate, which was first used to
reduce plasma glucose and triglycerides in patients with diabetes and
hyperlipoproteinaemia (Stacpoole, Moore, & Kornhauser, 1978). In
more recent years, it has been tested as an orphan drug to treat
genetic mitochondrial diseases (Stacpoole, Kurtz, Han, & Langaee,
2008) such as lactate acidosis in children (Stacpoole et al., 2006) and
the MELAS syndrome (Kaufmann et al., 2006). It was not before
2007 that dichloroacetate was also shown to reverse anaerobic glycol-
ysis in tumour cells by dephosphorylation of PDK. This effect restores
PDC activity, which enables reactivation of mitochondria and eventu-
ally results in the induction of mitochondria-driven apoptosis in trans-
formed cells (Bonnet et al., 2007; Michelakis, Webster, & Mackey,
2008). As cell culture (Table S3) and animal experiments (Table S4)
showed a considerable activity of this compound against a variety of
tumour entities, dichloroacetate has gained wide attention in the sci-
entific community in recent years (Kankotia & Stacpoole, 2014). Even
though clinical studies confirm an overall good safety profile of
dichloroacetate in humans, peripheral neuropathy emerged as the
prominent dose-limiting side effect that often required dose reduction
resulting in a loss of efficacy (Kaufmann et al., 2006). For instance, in
recent phase | studies in NSCLC and glioblastoma patients, an effec-
tive dosage of 25-50 mg-kg *-day™* was defined, but severe revers-
ible neuropathy was reported in 38-86% of patients (Dunbar et al.,
2014; Garon et al., 2014; Michelakis et al., 2010). A reduction of the
dichloroacetate dose to 6.5-12.5 mg-kg™*-day* generally ameliorated
the emergence of this side effect but led to a loss of tumour growth
reduction (Chu et al,, 2015; Garon et al, 2014; Michelakis et al.,

2010). Given these clinical results, there is a keen interest in exploring
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What is already known
e Dichloroacetate is a promising metabolic chemotherapeu-

tic agent, but its efficacy needs further improvement.

e The hyaluronan matrix provides antiapoptotic signals via

hyaluronan receptors.

What this study adds
e Dichloroacetate treatment triggers hyaluronan synthesis

metabolically via Krebs cycle activation.

e 4-Methylumbelliferone inhibits hyaluronan synthesis and
counteracts this process, thus synergistically enhancing

the efficacy of dichloroacetate.

What is the clinical significance
e Both dichloroacetate and 4-methylumbelliferone, have
been used in humans and show a favourable safety

profile.

e This drug combination may represent a promising
therapeutic option for tumours exhibiting the Warburg
effect.

the mechanisms behind the diminished response to dichloroacetate
treatment and in finding synergistic combination partners for therapy
with dichloroacetate (Chu et al., 2015; Kaufmann et al., 2006; Sun,
Board, & Blackburn, 2011; Zhou et al., 2015).

In order to identify potential compounds that enhance the efficacy
of dichloroacetate or other strategies aiming at the restoration of
mitochondrial OXPHOS, we focused on the extracellular matrix
(ECM) as it is a pivotal component of the tumour stroma by forming
a supportive tumour micro-environment (Pickup, Mouw, & Weaver,
2014). Specifically, we investigated the role of the ECM component
hyaluronan (HA) as its synthesis is closely coupled to glycolysis inter-
mediates (Moretto et al., 2015; Tammi et al., 2011; Twarock et al.,
2017) and its abundance in the vicinity of cancer cells is a hallmark
of tumour development, which has been shown to support tumour
growth and spread, metastasis, chemotherapy resistance, and anti-
apoptosis (Chanmee, Ontong, & Itano, 2016; Tammi et al., 2018).
These processes are mediated by HA receptors, for example, CD44
and the receptor for hyaluronan-mediated motility (RHAMM), which
trigger potent anti-apoptotic signalling pathways (Misra, Hascall,
Markwald, & Ghatak, 2015). HA is an unbranched polysaccharide that
is composed of alternating disaccharide units of glucuronic acid and
(GlcNAc) and is
membrane-bound isoforms of the HA synthase family (HAS1-3; Itano

N-acetyl-glucosamine synthesized by three
et al., 1999). Its synthesis can be inhibited by the orally available com-
pound 4-methylumbelliferone (4-MU), which depletes the activated
uridine diphosphate (UDP)-glucuronic acid precursor pool and thus
interferes with HA production (Kakizaki et al., 2004). The efficacy of

4-MU in reducing the growth of a variety of tumour cells lines is well
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documented (Table S5). In animal experiments, 4-MU was shown to
attenuate tumour progression of, for example, oesophageal squamous
cell carcinoma (ESCC) cells (Twarock et al, 2011; Twarock et al.,
2017), hepatoma cells (Piccioni et al., 2015), bladder cancer cells
(Morera et al., 2017), and prostate cancer cells (Lokeshwar et al.,
2010). Moreover, it reduced metastatic spread of melanoma cells
(Yoshihara et al., 2005) and chemotherapy resistance of pancreatic
cancer cells (Nakazawa et al., 2006) and breast cancer cells (Chen &
Bourguignon, 2014; Palyi-Krekk et al., 2007). For further references,
see also Table Sé6. Current research is aiming at identifying diseases
and conditions in which 4-MU may present a valuable treatment
option (Twarock et al., 2017).

For discovering a potential resistance mechanism involving the
tumour micro-environment, we first investigated the effects of a
dichloroacetate-induced restoration of the mitochondrial activity on
the anti-apoptotic HA system. Subsequently, we established a mecha-
nism that describes how reactivation of OXPHOS triggers HA synthe-
sis (HAS) in two different ways. As proof of concept, we show that the
inhibition of this process is effective to synergistically enhance
dichloroacetate actions in terms of enhanced apoptosis in 2D and
3D cell cultures in vitro and in a nude mouse tumour xenograft regres-
sion model in vivo.

Our results provide insight in the counter-regulatory processes
that emerge from the restoration of mitochondrial OXPHOS and show
that the combination of dichloroacetate and 4-MU may be a promising
pharmacological strategy for treatment of cancer entities exhibiting
the Warburg effect. Our data suggest the combination of these two
orally available compounds with a good safety profile in humans

should be further investigated in clinical trials.

2 | METHODS

2.1 | Cell culture

The human ESCC cell line KYSE-410 (DSMZ Cat# ACC-381, RRID:
CVCL_1352; Braunschweig, Germany) was used to perform all exper-
iments and was authenticated by short tandem repeat analysis. Cells
were passaged in RPMI-1640 GlutaMAX medium (LifeTechnologies,
Carlsbad, USA) containing 10% FBS supplemented with penicillin and
streptomycin at 37°C in 5% CO, and 95% humidity. The number of
viable cells was determined using a Countess cell counter
Waltham, USA). Cells were
dichloroacetate in a concentration of 10, 20, or 40 mM as well as

(ThermoFisher, incubated with
either 0.3- or 0.5-mM 4-MU, alone or in combination. With regard
to dichloroacetate, we confirmed the doses to be used, with respect
to growth inhibition (Figure S1) and the induction of a metabolic shift
in our model cell line by quantification of lactate (Figure 2a) and mito-
chondrial ATP production (Figure 2b). For the experiments on the met-
abolic mechanism underlying elevated HAS under dichloroacetate, we
chose the higher 40-mM dose as it produced a more striking metabolic
phenotype (elevation of glucose 6-phosphate (G6P), acetyl-CoA,
UDP-GIcNAc, and pericellular HA staining) than did the 20-mM dose.

Of note, even this strong induction of acetyl-CoA and HA in the
medium was rescued by application of the ATP citrate lyase inhibitor
SB-204990. For the experiments on in vitro tumour growth inhibition,
we decided to use the mid-range concentration of 20-mM
dichloroacetate, as this dose showed synergism with 300-uM 4-MU
(Table S2) and we sought to explore in this study whether addition
of 4-MU can reduce the dichloroacetate dose needed to achieve
tumour growth inhibition. 4-MU alone only inhibited cell growth in a
concentration of 300 uM (Figure 4a). As higher doses can also impair
the synthesis of other glycosaminoglycans (unpublished data), we
chose this dose as the highest concentration in our study. Based on
the synergism calculation on growth reduction (Table S2) and our pre-
vious publications (Twarock et al., 2011; Twarock et al., 2017), we
chose the 300-uM dose for further experiments.

2.2 | Animals

All animal care and experimental procedures were approved by the
competent animal welfare authority (LANUV NRW) and the institu-
tional animal welfare officer of the University of Dusseldorf under
the administrative number 84.02.04.2013.A472 and performed
according to the German and European animal welfare law. Animal
studies are reported in compliance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath & Lilley, 2015) and with the recom-
mendations made by the British Journal of Pharmacology. Male Crl:
NMRI-Foxn1™ mice were obtained from Charles River (IMSR Cat#
CRL:639, RRID:IMSR_CRL:639; Wilmington, USA) and used for the
experiments at the age of 4-6 weeks and a weight of 31.5 g + 2 g. This
mouse strain is commonly used for tumour xenograft experiments.
The animals were bred and housed at the central animal housing facil-
ity of the Heinrich-Heine-University of Disseldorf under specific
pathogen-free conditions with standard housing and bedding material
with four animals per cage. The mice had free access to nude mouse
chow with chocolate aroma (Sniff, Soest, Germany) and water. In the
groups receiving 4-MU, the drug was pelleted into the chow (see
below); in the groups receiving dichloroacetate, the drug was dis-
solved in the drinking water. The animals were randomized to either
treatment group. At the end of the experiment or if abort criteria were
met (unusual behaviour as signs of pain or discomfort, tumour size
exceeding 15 mm in any direction), the mice were killed by CO,.
Power analyses with a = .05 and 1-B = .90 using an estimated effect
size of 1 (based on previous studies) yielded a minimum necessary

sample size of 8 animals per treatment group.

2.3 | Tumour xenograft regression model

Tumour xenografts were induced by subcutaneous injection of 10°
KYSE-410 cells into both flanks of the mice. After the injection, the
tumour growth was assessed every second day, and the mice were
randomized to the treatment groups placebo (nude mice standard
4-MU, and
dichloroacetate + 4-MU when the tumour volume reached at least

chow with chocolate flavour), dichloroacetate,
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30 mm®. The tumour volume was calculated by caliper measurements
with the formula Height x Length x Depth x 0.5. Dichloroacetate was
added to the drinking water at a concentration of 0.3 g-L™1. Measure-
ment of the volume of water consumed showed that the amount of
dichloroacetate administered to each mouse was approximately equal
to 50 mg-kg ! body weight-day . Here, we used a dichloroacetate
dose that is established in the literature showing considerable effects
on tumour growth in nude mouse xenograft models (Table S4). As in
the in vitro experiments, we have chosen a dose of the lower range
of published doses (Ishiguro, Ishiguro, Ishiguro, & lwai, 2012; Ohashi
et al., 2013). This dose was also used in clinical studies (Michelakis
et al., 2010). 4-MU (AlfaAesar, ThermoFisher) was pelleted into the
chow at a concentration of 50 g-kg™* (ssniff, Soest, Germany), which
corresponds to a dose of 10 g-kg™* body weight-day™*. The 4-MU
dose used here was first established by our group in a cardiovascular
mouse model, in which the resulting plasma levels of 4MU (600 nM
in blood plasma of mice) and the inhibition of HA synthesis were ver-
ified (Nagy et al., 2010). In two subsequent studies, our group con-
firmed the efficacy of this dose to inhibit tumour growth (Twarock
et al.,, 2011; Twarock et al., 2017).

After the start of the treatment, the tumour growth was assessed
every fifth day up to 60 days. At the end of the experiment, the mice
were killed, and the tumours were excised and embedded for immuno-
staining. The mice had open access to food and pathogen-free water
and were kept at a 12-hr day/night rhythm. All animal experiments
were approved by the local animal facility and the responsible animal
protection authority.

24 | HA assay

Cells were plated in 12-well dishes on glass cover slides and grown to
50% confluence. Next, the cells were incubated with dichloroacetate
for 72 hr and fixed. HA was visualized using 1:200 biotinylated HA-
binding protein (385911; Calbiochem, San Diego, USA) and 1:1,000
Streptavidin-Cy3 (SA1010; Invitrogen, Carlsbad, USA) in PBS. Nuclei
were stained with Hoechst 33342 (H3570; Invitrogen). The HA depo-
sition was calculated as integrated density and normalized to nuclei
count using Fiji (Fiji, RRID:SCR_002285; Schindelin et al., 2012). HA
content of the supernatant was measured after 72 hr by an ELISA-like
immunoaffinity assay (Corgenix, Broomfield, USA). Concentrations

were normalized to protein content measured by Bradford assay.

2.5 | Quantitative real-time PCR

Total RNA was isolated after 72 hr of dichloroacetate treatment, and
cDNA was synthesized from 1-ug RNA as described previously
(Twarock, Tammi, Savani, & Fischer, 2010). The PCR reactions were
performed according to standard procedures with SYBR Green PCR
Master Mix (Applied Biosystems, Waltham, MA, USA). Relative
expression levels were compared by using real-time PCR with the

27%C method. Primer sequences are given in Table S1.
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2.6 | Quantification of metabolites

Intracellular acetyl-CoA and G6P were quantified using a colorimetric
assay (Sigma) and normalized to total protein content. The ATP citrate
lyase inhibitor SB-204990 (TOCRIS, Bristol, UK) was used as a nega-
tive control for the acetyl-CoA quantification. Fluorophore-assisted
carbohydrate electrophoresis (FACE) was used to quantify intracellular
(UDP)-sugars and executed as described previously (Twarock et al.,
2017). Signal intensities were quantified by the Software Vision
Works (Analytik Jena, Jena, Germany) and normalized to DNA content
determined by Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen).

2.7 | Real-time metabolism analysis

Oxygen consumption rate and extracellular acidification rate were
measured by using a Seahorse XFe96 (Agilent Technologies, Santa
Clara, USA) according to the manufacturer's instructions. Briefly,
12 x 10% KYSE-410 cells were seeded in an XFe96 well plate in stan-
dard cell culture medium 1 day in advance. On the day of analysis, the
medium was changed to non-buffered RPMI-1640 supplemented with
10-mM glucose and 2-mM glutamine and incubated at 37°C without
CO, for 1 hr. dichloroacetate was injected, and the cells were incu-
bated for 15 min. Mitochondrial respiration was measured by XF Mito
Stress Test Kit, and glycolysis was analysed by Glycolysis Rate Assay
Kit (Agilent Technologies).

2.8 | Cell viability and apoptosis analysis

Cell viability and apoptosis were analysed by three different methods:
living cell count, Annexin V-FITC binding, and cleaved PARP immuno-
blots. For cell count analysis, 3 x 10* cells were seeded per 12-well
and incubated with the indicated amount of dichloroacetate and/or
4-MU and counted every 24 hr for 3 days. Annexin V (A13199;
Invitrogen) binding to apoptotic cells was analysed at Day 3 by flow
cytometry as previously described (Grandoch et al., 2009). For immu-
noblotting, at Day 3, cell extracts were separated by 10% SDS-PAGE
and transferred to a nitrocellulose membrane by the semi-dry method.
It was then incubated with 1:1,000 rabbit anti-cleaved-PARP antibody
(Cell Signaling Technology Cat# v9532, RRID:AB_659884; Danvers,
USA) in 2.5% BSA in TBS-T and visualized by 1:10,000 RDye
800CW Goat anti-Rabbit (926-32211; Li-COR Bioscience, Lincoln,
USA). The signal intensity was quantified and normalized to mouse
anti-B-tubulin  (Sigma-Aldrich  Cat# T7816, RRID:AB_261770)
concentration.

2.9 | Quantification of O-GIcNAcylation

The amount of O-GIcNAcylated proteins was analysed by immunoblot
and immunostaining. To this purpose, cells were incubated with
dichloroacetate for 3 days, harvested in 2x Laemmli buffer, and pro-
teins were separated by an 8% SDS-PAGE. After semi-dry transfer,
the membrane was incubated with 1:1,000 mouse anti-O-GIcNAc
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antibody (Abcam Cat# ab2739, RRID:AB_303264, Cambridge, UK) in
PBS followed by 1:1,000 goat anti-mouse AlexaFluor488 (A-11029;
ThermoFischer) staining. Quantified protein content was normalized
to tubulin concentration. The same antibody was used for immuno-
staining: The cells were grown on glass slides and fixed with 4%
formalin. Next, the cells were permeabilized and blocked by 10%
FBS, 0.3-M glycerine, 1% BSA, and 0.1% Triton X-100 in PBS. The
cells were then incubated with the O-GIcNAc antibody and Hoechst.
O-GIcNAc staining was analysed by Fiji and normalized to nuclei
count. The O-GIcNAc transferase inhibitor alloxan (10 mM, Sigma)

was used as negative control (Konrad et al., 2002).

2.10 | Gene silencing

The 1 x 10° cells were reversely transfected with siRNA or scrambled
control siRNA (Qiagen, Hilden, Germany) using lipofectamine
RNAiMaxx (ThermoFisher) according to manufacturer's instructions.
The following siRNAs were used (gene of interest, Qiagen order num-
bers): HAS3 (SI00433902, SI00433895), CD44 (SI00299705,
S103037419), RHAMM (S102653196, SI05137384), and AllStars-Neg-
ative-Control-siRNA (S103650318). Quantitative real-time RT-PCR

was performed to confirm successful knockdown.

2.11 | 3D spheroid model

A multicellular tumour spheroid model was used to mimic three-
dimensional growth: 5,000 KYSE-410 cells were planted in a round
bottom 96-well BRAND microplate (Brand, Wertheim, Germany) and
centrifuged for 10 min at 600x g. After 4-day incubation time, the
spheroids were treated with 20-mM dichloroacetate and/or 300-uM
4-MU for 10 days. At Days 0, 3, 7, and 10 of treatment, pictures were
taken with a Zeiss AxioObserverZ.1, and the diameter was measured
using AxioVision Software (AxioVision, RRID:SCR_002677, Carl Zeiss,
Oberkochen, Germany). The volume was calculated from the diameter
with the formula V = 1/6 x 1t x d°. The medium was changed at the

same time points.

212 | Living cell toxicity assay of 3D cultures

At Day 10, spheroids were stained with either 3-uM ethidium homo-
dimer 1 (46043; Sigma), 2-uM calcein AM (206700; Calbiochem),
and 33-puM Hoechst 33342 or with 1:100 CellEvent Caspase-3/
7Green Detection Reagent (C10423; Life Technologies) in combina-
tion with Hoechst as described previously (Sirenko et al., 2015). All
dyes were directly added to 100-pl RPMI culture media without wash-
ing and incubated for 3 hr at 4°C.

2.13 | Immunostaining

Tumour cryosections (8 um) were fixed with 10% formalin. Targets
stained comprise 1:200 HA (HA binding protein [HAbP]), 1:200
cytokeratin 18 (CK18; guinea pig anti-CK18; GP-CK18; Progen,

Heidelberg, Germany), 1:1,000 Kié7 (rabbit anti-Ki67; NB500-170;
Novus, Littleton, USA), and 1:1,000 CD31 (Abcam Cat# ab7388,
RRID:AB_305905). Click-it Plus TUNEL assay (C10617; ThermoFisher)
was used to determine apoptotic cells according to manufacturer's
instructions. Nuclei were counterstained by Hoechst. Staining was
quantified by Fiji software. Five random images were selected from

each tumour section and were averaged as one n.

2.14 | Randomization and blinding

In the in vivo experiments, the animals were randomized to either
treatment group. After the tumours of the mice were harvested, the
created histological slides were numbered, and the analysis was per-
formed under blinded conditions. In vitro experiments regarding
microscopic imaging were also carried out in a blinded manner. Other
in vitro experiments were not conducted under blind conditions, but
raw data were acquired directly from the experimental procedures
and analysed through standardized procedures that reduce any possi-

ble operator bias.

2.15 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analysis
in pharmacology. Statistical analysis was performed using GraphPad
Prism Software 7.04 (GraphPad Prism, RRID:SCR_002798, La Jolla,
USA). All results are expressed as mean + SD of n independent
experiments. Statistical comparison of two groups was performed by
Student's t test. Three and more conditions were analysed by
one-way ANOVA followed by Tukey's or Holm-Sidak's multiple com-
parison correction, if F test achieved the necessary level of statistical
significance and there was no variance inhomogeneity. Statistical
significance was considered at P values <.05.

2.16 | Materials

If not noted otherwise, all reagents and chemicals were obtained from
Sigma (St. Louis, MO, USA). Dichloroacetate and 4-MU doses used for
the in vitro and in vivo experiments in this study are based on studies
using these compounds in monotherapy and in combination with other
drugs. These studies are summarized in Tables S3-Sé (dichloroacetate
in vitro studies, Table S3; dichloroacetate in vivo studies, Table S4;
4-MU in vitro studies, Table S5; and 4-MU in vivo studies, Table Sé).

2.17 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in  http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY (Harding et al., 2018), and are permanently
archived in the Concise Guide to PHARMACOLOGY 2017/18
(Alexander et al., 2017).
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3 | RESULTS

3.1 | Treatment with dichloroacetate triggers HA
matrix synthesis

In this study, we aimed at the identification of strategies that synergis-
tically enhance the efficacy of metabolic cancer treatments. Specifi-
cally, we chose dichloroacetate as a prototypical drug as it
represents the most advanced approach exploiting aerobic glycolytic
metabolism in cancer cells. Oesophageal cancer was selected as a
model tumour entity since it presents with a poor prognosis and few
treatment options (Enzinger & Mayer, 2003); in addition, we and
others identified HA in the tumour micro-environment of oesophageal
squamous cancer cells as a pivotal factor of tumour progression (Lin,
Karakasheva, Hicks, Bass, & Rustgi, 2016; Twarock et al., 2011).

As a premise for further investigations, we first evaluated the influ-
ence of dichloroacetate treatment on the HA matrix system. Thus, we
quantified the extracellular and pericellular HA content and deter-
mined the transcriptional regulation of pivotal genes of the HA matrix
system in the ESCC cell line KYSE-410 in response to dichloroacetate.
In this study, we used dichloroacetate concentrations of 10, 20, and
40 mM for the cell culture experiments as this range showed a
dose-dependent reduction on the cell growth of KYSE-410 cells in
preliminary experiments (Figure S1) and is also found in the literature
(Kankotia & Stacpoole, 2014). On the product level, we measured HA
concentrations in the cell supernatant by an ELISA-like assay (Figure 1a)
and pericellular HA deposition by affinity-histological stainings, both
using HAbP (Figure 1b). We observed a dose-dependent increase in
both assays indicating enhanced HA deposition in response to
dichloroacetate treatment. Quantitative PCR analyses of the main
genes of the HA matrix system consistently revealed an up-regulation
of the HAS 2 and 3 (HAS2,3; Figure 1c), the hyaluronidases 1 and 2
(HYAL1,2; Figure 1d), and the HA receptors RHAMM and CD44
(Figure 1e). As an up-regulated HA matrix can exhibit a strong anti-
apoptotic activity, this observation might provide a basis for cellular
resistance against dichloroacetate and was thus further scrutinized in
the following experiments.

3.1.1 | Reconstitution of mitochondrial function by
dichloroacetate activates HA synthesis via an increase
in HA precursor pool and O-GIcNAcylation

In order to identify the underlying mechanism of elevated HA synthe-
sis following dichloroacetate treatment, we first validated the effects
of dichloroacetate on aerobic glycolysis (Figure 2a) and ATP produc-
tion (Figure 2b). Complete curves of mitochondrial respiration and
glycolytic activity are shown in Figure S2. We observed a dose-
dependent decline in glycolysis accompanied by a rise in intracellular
ATP levels indicating activation of mitochondria-bound OXPHOS.
HPLC measurements confirmed these findings (Figure S3). Pyruvate
concentrations did not significantly change under these conditions,

which is compatible with a shift in pyruvate usage from lactate
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generation to OXPHOS (Figure S3B). In response to dichloroacetate
treatment, the early glucose metabolite G6P, a key HA precursor mol-
ecule, increased in a dose-dependent manner (Figure 2C). However,
FACE analysis showed that the downstream metabolite UDP-glucose,
which is subsequently converted to UDP-glucuronic acid and finally
integrated into the growing HA chain, did not increase with
dichloroacetate stimulation (Figures 2d and S4). This finding may indi-
cate a rapid metabolization and usage of this precursor in HA synthe-
sis. A schematic overview of the suggested pathway is shown in
Figure 3. As the second constituent of HA, GIcNAc, is synthesized
by utilization of acetyl-CoA, we next investigated the effects of
restored OXPHOS on GIcNAc levels and subsequent implications for
HAS. Quantification of cellular acetyl-CoA levels revealed a strong
dose-dependent increase in response to dichloroacetate treatment
(Figure 2e) that was inhibited by the ATP citrate lyase inhibitor
SB204990, which indicates its mitochondrial origin (Figure 2f). This
rise in acetyl-CoA precursors also yielded a corresponding increase
in cellular UDP-GIcNACc levels (Figures 2g and S4). This process was
mainly accountable for the elevated HAS under dichloroacetate treat-
ment as the inhibition of acetyl-CoA shuttling by SB204990 reversed
the induction of HAS by dichloroacetate by about 75% (Figure 2h).
These results indicate that the restoration of mitochondrial OXPHOS
by dichloroacetate treatment causes an increase in the precursor pools
of HA constituents, which provide the basis for the observed elevation
of HAS. Furthermore, enhanced O-GIcNAcylation directly triggers the
activity of the HAS enzymes (Tammi et al, 2011; Vigetti, Viola,
Karousou, De Luca, & Passi, 2014). In line with the observed increase
of the UDP-GIcNAc pool, dichloroacetate treatment resulted in a
strong induction of O-GIcNAcylation of cellular proteins as deter-
mined by immunoblot (Figures 2i and S5) and immunohistochemistry
(Figure 2j). This finding delineates an additional mechanism account-
able for elevated HAS resulting from restored OXPHOS activity
triggered by dichloroacetate.

3.1.2 | Inhibition of HA synthesis synergistically
enhances apoptosis and tumour growth suppression
by dichloroacetate in 2D cell culture

The OXPHOS restoring agent dichloroacetate and the HA synthesis
inhibitor 4-MU both showed a suppressing effect on the growth of
cultured ESCC within 3 days. However, only the combination treat-
ment was able to decrease the cell count (Figure 4a). We used the
Software CompuSyn to identify synergistic combinations of
dichloroacetate and 4-MU concentrations. For the combination of a
mid-range concentration of 20-mM dichloroacetate with 300-uM 4-
MU, which is shown in Figure 4a, the Cl value was calculated as
0.65545 denoting synergism for this combination (Table S2). Flow
cytometry measurements for Annexin V* cells (Figure 4b) and immu-
noblots for PARP cleavage (Figure 4c) revealed that this effect was
caused by an induction of apoptosis. In a next step, we aimed to iden-
tify the role of key parts of the HA system for mediating the synergis-
tic enhancement of dichloroacetate by 4-MU. Therefore, we also

performed growth experiments with cells that were treated with
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FIGURE 1 Dichloroacetate up-regulates the hyaluronan matrix in oesophageal cancer cells on the product and transcriptional levels. KYSE-410
were incubated with 10-, 20-, 40-mM dichloroacetate (DCA) for 72 hr and analysed for their hyaluronan (HA) content and expression of genes
relevant to HA synthesis, degradation, and signalling. (a) HA concentration in the medium was measured by an ELISA-like immunoaffinity assay and
normalized to protein content (n = 6). (b) Pericellular HA deposition (red) was stained by HA binding protein (HAbP), and its integrated density
(IntDent) was normalized to nuclei (Hoechst, blue) count (n = 7, each n represents a pooled analysis of five replicates). Representative images are
shown, scale bar: 100 um. Gene expression of (c) HA synthases (HAS2,3) and (d) hyaluronidases (HYAL1,2) and (e) HA receptors RHAMM and CD44
were determined and normalized to respective controls (n = 7). Data shown are means + SD. *P < .05, significantly different from control (0-mM
DCA); one-way ANOVA.

3.2 | Combination treatment induces apoptosis and
shrinkage of tumour spheroids

siRNAs against both HA receptors RHAMM and CD44 and HASS,
which is the main HAS isoform in the ESCC cells used in this project
(Twarock et al., 2017). The knockdown of HAS3 resembled the effects

of 4-MU in showing a substantial impairment of tumour cell growth It has been reported that dichloroacetate shows different effectivity

in vivo and in cell culture experiments (Papandreou, Goliasova, &
Denko, 2011). This observation may be connected to the fact that

tumour metabolism is significantly modulated by oxygen availability,

that was, by trend, even more pronounced in combination with
dichloroacetate. The knockdown of the HA receptors had a much
weaker effect on cell growth, but this effect was strongly increased

by addition of dichloroacetate (Figure 4d). These results indicate that which alters with the growth of the tumour. In addition, also the

interference with various components of the HA system, which is trig-
gered by dichloroacetate treatment, result in a synergistic improve-

ment of the anticancer actions of dichloroacetate.

ECM changes in response to the spatial interaction of the embedded
cells. To consider these characteristics of a developing tumour, we

established a 3D tumour spheroid model to investigate the interaction
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FIGURE 2 Dichloroacetate (DCA) switches the tumour cells to OXPHOS resulting in increased hyaluronan precursors and protein O-
GlcNAcylation. Real-time metabolism analysis by Seahorse XFe96 with (a) Glycolysis Rate Assay Kit and (b) Mitochondrial Stress Test Kit was
used to measure the acute response of KYSE-410 cells to dichloroacetate stimulation. Cells were seeded into Seahorse plates, and dichloroacetate
was injected and incubated for 15 min before analysis was started. Extracellular acidification rate (ECAR) represents the amount of glycolysis, and
oxygen consumption rate (OCR) defines the amount of mitochondrial respiration of 12 x 102 cells per well (each n represents a pooled analysis of
four replicates). (c) Glucose 6-phosphate concentration was measured after dichloroacetate incubation of 3 days by colorimetric analysis. (d) The
hyaluronan (HA) precursor UDP-glucose/galactose was quantified by fluorophore-assisted carbohydrate electrophoresis (FACE) and normalized to
total DNA content. UDP-sugars were isolated from KYSE-410 by ENVI-Carb columns. (e) Acetyl-CoA concentration was measured by colorimetry.
(f) SB204990 inhibits the export of acetyl-CoA from the mitochondria to the cytosol and was used to abolish the effects of dichloroacetate on
acetyl-CoA synthesis. (g) The HA precursor N-acetylglucosamine was isolated and determined by FACE analysis. (h) HA concentration in the
medium after inhibition of acetyl-CoA shuttling with SB204990 was measured by an ELISA-like immunoaffinity assay. GlcNAcylation of proteins
was quantified by (i) western blot analysis and (j) immunostaining (O-GIlcNAcylation, green; nucleus, blue). The O-GlcNAc transferase (OGT)
inhibitor alloxan was used as a negative control. (a-i) n = 6. (j) Representative images are shown, scale bar: 20 um (n = 8, each n represents a pooled
analysis of five replicates). Data shown are means + SD. *P < .05, significantly different from control (0-mM DCA) or as indicated; one-way
ANOVA.
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FIGURE 3 Diagram of the pathways involved in the metabolic interaction of glycolysis, mitochondrial respiration, and hyaluronan synthesis.
Glucose is taken up by the glucose transporters (e.g., GLUT1) and further metabolized in the glycolysis. For energy production, pyruvate is
shuttled to the mitochondria via the mitochondrial pyruvate carrier (MPC) where it is converted to acetyl-CoA by the pyruvate dehydrogenase
complex (PDC), whose activity is regulated by pyruvate dehydrogenase kinase (PDK). Acetyl-CoA is then further consumed in the tricarboxylic acid
cycle (TCA) to fuel ATP synthesis. In most cancer cells, this pathway is aberrant due to an up-regulation of PDK leading to an inhibition of PDC
activity. This switch is characteristic for hypoxic conditions but is regularly found also in the presence of oxygen in tumour cells (Warburg effect).
Under these circumstances, pyruvate is reduced to lactate, which is exported by monocarboxylate transporters (e.g., MCT1). Restoration of
mitochondrial oxidative phosphorylation (OXPHQS) by the PDK inhibitor dichloroacetate (DCA) yields an increased amount of acetyl-CoA in the
mitochondria, which is also shuttled to the cytosol under involvement of the citrate carrier (CiC) and the ATP-citrate lyase (CL). A reactivation of
mitochondrial metabolism in tumour cells has been connected to the induction of caspase-dependent apoptosis. Our study reveals that this
process also yields an increase in the hyaluronan (HA) synthesis precursors glucose 6-phosphate and N-acetyl-glucosamine. The latter also triggers
the O-GlcNAc transferase (OGT) mediating GlcNAcylation of proteins (e.g., hyaluronan synthase [HAS]). These processes result in a pronounced
increase of the extracellular matrix compound HA that inhibits apoptosis via its receptors CD44 and RHAMM. HA synthesis can be blocked by 4-
methylumbelliferone (4-MU), thus providing a countermeasure for this antiapoptotic counter-regulation. GFAT, glutamine:fructose-6-phosphate
aminotransferase; GNAT, acetyl-CoA:D-glucosamine N-acetyltransferase; UGT, UDP-glucuronyltransferase

between metabolism and ECM in this setting and to determine the in spheroid volume below start size (Figure 5b). Live-Dead staining of

effect of dichloroacetate and 4-MU during this process. Quantitative native spheroids at Day 10 revealed that monotherapy with 4-MU

PCR analyses showed that indeed two of the major enzymes
supporting the Warburg Effect, that is, PDK 1 (PDK1) and LDH A

(300 uM) diminished the size of the spheroid while only few dead cells

were detectable. In contrast, monotherapy with dichloroacetate

(LDHA), showed a strong transcriptional induction compared to 2D
culture indicating an increase in aerobic glycolysis under these
conditions. Simultaneously, also, the mRNA expression of the main
HA synthase (HAS3) in the examined cells was strongly increased. This
may be attributable to the demanding scaffolding needs for three-
dimensional growth (Figure 5a). Given the augmented activity of both
systems in this set-up, we investigated whether the combination of
dichloroacetate and 4-MU is also effectively inducing apoptosis under
3D conditions. In line with our earlier findings, the combination of
dichloroacetate and 4-MU resulted not only in growth inhibition, as

observed with the monotherapies, but caused a pronounced decrease

(20 mM) caused shedding of dead cells from the spheroid. However,
only the combination of both compounds significantly reduced
spheroid size and led to an extensive emergence of dead cells in and
around the spheroid (Figure 5c, upper panel). This finding was corrob-
orated by a caspase 3 staining that revealed an apoptotic core under
4-MU treatment, homogeneously distributed apoptotic cells with
dichloroacetate treatment, and a widespread induction of apoptosis
throughout the spheroids under the combination therapy (Figure 5c,
lower panel). Silencing of RHAMM, CD44, and HAS3 basically
resembled the results obtained in 2D cultures differing only in a
weaker effect of the HAS3 knockdown, which may be caused by the
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FIGURE 4 Dichloroacetate (DCA) in combination with 4-methylumbelliferone (4-MU) leads to reduced cell growth and apoptosis induction in
oesophageal squamous cell carcinoma cells. (a) Cells were incubated with 20-mM dichloroacetate and/or 300-uM 4-MU and counted daily for
3 days (n = 7). After a 3-days of exposure to single or combination therapy, cells were collected for (b) FACS of annexin-positive cells (n = 6) and (c)
immunoblot of cleaved PARP (cPARP). cPARP was normalized to total PARP (tPARP). A typical immunoblot for seven individual experiments is
shown. Staurosporine (400 uM) was used as a positive control (n = 7). (d) Cell numbers were determined 3 days after gene knockdown by siRNA
for hyaluronan receptors RHAMM and CD44 and hyaluronan synthase (HAS) isotype HAS3 (n = 7). Data shown are means + SD. *P < .05,
significantly different from control or 0-mM DCA or as indicated; *P < .05, significantly different from scrambled control; SP < .05, significantly

different from only siRNA treatment, one-way ANOVA.

strong overexpression of HAS3 in 3D culture (Figures 5, S6B, and
S7A,B). The induction of cell death with dichloroacetate and 4-MU
or siRHAMM, siCD44, and siHAS3 was validated by an APH assay
(Figure S8A,B).

3.3 | Validation of the efficacy of the combination
therapy in a nude mouse tumour xenograft regression
model

To confirm our findings in vivo, we used a nude mouse tumour
xenograft regression model. On Day 60, all treatments caused a
significant reduction in tumour volume compared to the placebo
control. However, only the combination treatment resulted in a
sustained growth arrest of the tumour xenografts and in macroscop-

ically detectable destruction of tumour tissue. In this group, the

tumour volume was also significantly reduced in comparison to the
monotherapies with dichloroacetate and 4-MU (Figure 6a). In line
with the in vitro experiments (Figure 1a,b), histological stainings for
HA (HAbP) and tumour cells (CK18) yielded an increase in HA depo-
sition in the dichloroacetate treated group that was abolished in the
4-MU treated groups (Figure 6b). In order to detect the basis for
the impeded xenograft growth in the treatment groups, we stained
the tumour sections for the proliferation marker Kié7 (Figure 6c)
and the endothelial cell marker CD31 (Figure 6d). Proliferating cells
were diminished most in response to the combination treatment
while the monotherapies also decreased the number of proliferating
cells. Only dichloroacetate and dichloroacetate/4-MU resulted in
a significant reduction of CD31 positive vessels. However, also,
4-MU treatment showed a similar tendency. Apoptotic cells were
visualized by TUNEL staining (Figure ée). Intriguingly, only the
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FIGURE 5 Combination of dichloroacetate (DCA) and 4-methylumbelliferone (4-MU) causes reduction in tumour spheroid volumes and
induction of apoptosis. (a) Comparison of the gene expression between 2D and 3D cultures of the most relevant components of the
hyaluronan system and aerobic glycolysis (n = 6, each n represents a pooled analysis of eight replicates). (b) Spheroid volumes of 24 replicate
spheroids per condition were measured. 3D cultures were grown for 4 days until incubation with drugs (20-mM dichloroacetate, 300-uM 4-MU,
or the combination of both) was started. The volume was measured over a 10-day period and observed by light microscopy. The volume of a
sphere was calculated based on the diameter with the formula V = 1/6 x 1t x d (n = 6). (c) At Day 10, spheroids were stained for living (calcein AM,
green) and dead (ethidium homodimer 1 [EthD-1], red) cells or for cleaved caspase 3 (Cas3, orange). Nuclei were counterstained with Hoechst
(blue). Representative images are shown, scale bar: 200 pum. (d) siRNA knockdown of RHAMM, CD44, and HAS3 was performed prior to spheroid
formation. Additional stimulation with 20-mM dichloroacetate was performed at Day 4. The experiments were followed for 10 d. Scrambled
siRNA was used to exclude adverse effects of siRNA incorporation (n = 6; one n included 24 spheroids per condition). Data shown are means + SD.
*P < .05, significantly different from 2D values or as indicated; #P < .05 significantly different from scrambled control; SP < .05, significantly
different from only siRNA treatment; one-way ANOVA,

combination treatment caused a pronounced increase in apoptotic 4 | DISCUSSION

cells. The therapy was well tolerated in all treatment groups. Taken

together, these experiments show that the combination of This study provided a deeper insight into the close connection
dichloroacetate and 4-MU may be a safe and effective treatment between tumour metabolism and ECM regulation. It demonstrated

option for oesophageal cancer in vivo. that reconstitution of mitochondrial OXPHOS and subsequent
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FIGURE 6 The combination of dichloroacetate (DCA) and 4-methylumbelliferone (4-MU) reduces tumour growth and proliferation and
induces hyaluronan (HA) synthesis and apoptosis in vivo. (a) Treatment with the testing substances started after a tumour volume of

>30 mm? was detected. Tumour growth was measured by calipers and observed throughout 60 days. Placebo n = 15, 4-MU n = 9,
dichloroacetate n = 10, dichloroacetate + 4-MU n = 13. Residual tumours were retrieved, and cryosections were drawn. The slides were stained
for (b) HA deposition (HA binding protein [HAbP], red) in the tumour (CK18, green) and stroma, (c) proliferative activity of tumour cells (Ki67,
red), and (d) vessels (CD31, red). (e) TUNEL staining (green) was used to measure the amount of apoptosis that is induced by single or
combinational treatment. (f) HE staining of tumour tissues was used to evaluate the morphology of tumour and stroma. Representative images
are shown, scale bars: (b-€) 100 um, (f) 50 um. Data shown are individual values, with means + SD. *P < .05, significantly different from
placebo or as indicated; one-way ANOVA.
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changes in the cellular glucose flux were metabolically coupled to the
antiapoptotic HA system. This observation presents a new mechanism
for resistance to metabolic anticancer therapies targeting the Warburg
effect. This process may be further aggravated by the strong transcrip-
tional activation of both aerobic glycolysis and HAS under three-
dimensional growth, as observed in this study. To overcome this met-
abolic counter-regulation, we tested pharmacological inhibition of the
HA matrix synthesis by the low MW compound 4-MU in combination
with dichloroacetate treatment, which indeed caused increased apo-
ptosis, eventually leading to synergistically enhanced anti-tumour
effects in vitro and in vivo.

In detail, we describe two mechanisms that increase the HA syn-
thesis when mitochondrial OXPHOS is restored by dichloroacetate.
First, the G6P precursor pool is increased, thus providing more fuel
for the synthesis of UDP-glucuronic acid, one of the two substrates
for HA synthesis used by the HAS enzymes. This is in line with earlier
reports in muscle cells showing that dichloroacetate inhibits glycolysis
by an unknown mechanism resulting in an increase of G6P in this cell
type (Clark et al., 1987). This observation may be explained by the
inhibition of phosphofructokinase Il via O-GlcNAcylation and is fur-
ther discussed below. Second, activation of the PDC vyielded a pro-
nounced increase in mitochondrial acetyl-CoA that fuels OXPHOS
but is also shuttled to the cytosol, where it serves as a cofactor for
the synthesis of GIcNAc, which is the second substrate for HA
synthesis.

In this context, it is noteworthy that HA is exclusively synthesized
from these two early glucose metabolites. Accordingly, substrate avail-
ability directly correlates with the extent of HA synthesis (Tammi
et al.,, 2011). For instance, UDP-sugar accumulation has been shown
to enhance HA synthesis in breast cancer (Oikari et al., 2018). Interest-
ingly, the synthesis of other glycosaminoglycans is modulated by UDP-
GIcNACc availability, thus extending the effect of our findings beyond
regulation of HA synthesis (Vigetti et al., 2012). One remarkable
observation in our experiments is that we detected a rise in G6P and
UDP-GIcNAc levels under dichloroacetate treatment but no increase
in UDP-glucuronic acid. This may be caused by a rapid use of this
immediate precursor for HA synthesis due to a high activity of the
HAS enzymes triggered by the mechanisms discussed below.

In addition to providing fuel for HA synthesis, UDP-GIcNAc also
holds the potential to induce HA synthesis by post-translational mech-
anisms (Moretto et al., 2015): UDP-GIcNAc concentrations control the
activity of the O-GIcNAc transferase and thereby the O-
GIcNAcylation of various proteins including the HAS enzymes. Indeed,
a great extent of O-GIcNAcylation in breast cancer cells was found to
correlate with the levels of HAS enzymes, accumulation of HA, and
poor outcome (Tiainen et al., 2016). Specifically for HAS3, the pre-
dominant isoform in the ESCC cell line used in our study, it has been
reported that cytosolic levels of UDP-GIcUA and UDP-GIcNAc regu-
late its activity by orchestrating the shuttling of this isoform from
Golgi to the plasma membrane and facilitating its O-GIcNAcylation in
melanoma cells (Deen et al., 2016). However, this study is the first
to describe a connection between mitochondrial acetyl-CoA synthesis,

UDP-GIcNACc levels, and HA matrix augmentation. To prove the link of

mitochondrial activity and increased cytosolic GIcNAc levels, we used
the ATP citrate-lyase inhibitor SB-204990, which inhibits the cytosolic
conversion of citrate to acetyl-CoA, thus prohibiting the shuttling of
acetyl-CoA from mitochondria to the cytosol (Pearce et al., 1998). This
experiment shows that mitochondria-dependent acetyl-CoA synthesis
is an important step for the induction of HA synthesis via increased
GIcNAc concentration under restored Krebs cycle activity.

Recently, these and other roles of O-GIcNAcylation as a nutrient-
dependent regulator of cell functions have been summarised in a com-
prehensive review (Hart, 2019). The concentration of UDP-GIcNACc is
a highly responsive sensor for the availability and flux of nutrients
through major metabolic pathways and the activity of hexosamine bio-
synthesis. Thus, O-GIcNAcylation orchestrates a wide range of cellular
processes in response to glycolytic activity including regulation of
gene expression and methylation, cell cycle, cytokinesis, and the cyto-
skeleton. It is induced by cellular stress and mediates protection
against cellular damage, by regulating DNA repair mechanisms, for
instance. Moreover, O-GIcNAcylation is also an important factor
connecting metabolism to epigenetic regulation (Hanover, Krause, &
Love, 2012). Of note, O-GlcNAcylation and phosphorylation show a
mutually exclusive interplay in protein activation and also exhibit a
feedback crosstalk between the involved regulating enzymes.
Prolonged elevation of O-GlcNAcylation promotes several age-
associated chronic diseases, that is, diabetes, neurodegenerative
diseases, and cancer. O-GlcNAcylation was also shown to inhibit
phosphofructokinase Il, thus increasing the flux of glucose metabolites
into the pentose phosphate pathway (Yi et al., 2012). As the precur-
sors of HA, G6P and fructose 6-phosphate, originate from earlier steps
in glycolysis, this observation may explain the elevated G6P levels in
response to dichloroacetate treatment. Aberrations in O-GIcNAc
cycling enzymes are considered as a new characteristic of cancer
and have been connected to the metabolic reprogramming in cancer
cells and may represent a novel therapeutic target (Fardini,
Dehennaut, Lefebvre, & lIssad, 2013). As elevated O-GlcNAcylation
has been reported in many cancer entities (Slawson & Hart, 2011),
the increase of this process by dichloroacetate, which we report here,
should be further explored in further studies to determine whether
this may represent a negative dichloroacetate side effect, independent
of HA elevation.

In addition to the effects of our findings on tumour cells, the induc-
tion of HA and GIcNAc levels by dichloroacetate may also contribute
to its restorative effects on cellular stress, by regulation of cellular
homeostasis. For instance, dichloroacetate has been proposed as a
metabolic therapy for myocardial ischaemia and failure by facilitating
aerobic oxidation of carbohydrates of fatty acids (Bersin & Stacpoole,
1997), a concept that has been assessed in several studies. These pro-
tective effects may be also dependent on increased O-GlcNAcylation,
as discussed above, or on increased HA synthesis, as this process has
been linked to inhibition of apoptosis. In support of this thesis, HA was
recently found to promote healing after ischaemia-reperfusion injury
(Petz et al., 2019). These considerations could also apply to other con-
ditions such as septic shock (McCall et al., 2018), diabetes mellitus,

and hyperlipoproteinaemia (Stacpoole et al., 1978), as well as
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pulmonary arterial hypertension and other diseases (James et al.,
2017). Thus, the mechanisms elucidated in our study may also have
long-term consequences on cellular processes beyond HA matrix
regulation.

In addition to the observed metabolic stimulation of HA synthesis
via an elevated supply of precursors and post-translational activation
by GlcNAcylation, transcriptional changes were also involved in
increasing HA synthesis following dichloroacetate treatment. We
detected a strong dose-dependent up-regulation of the vital genes
involved in HAS (HAS2-3), catabolism (HYAL1,2), and signalling
(CD44, RHAMM,). This effect may either be attributable to a positive
transcriptional feedback loop that has been described (Tammi et al.,
2011) or to a direct influence of the metabolic changes under
dichloroacetate treatment on the respective gene promoters. Little is
known about metabolic effects on HAS transcription but, in human
smooth muscle cells, a drop in energy homeostasis causes a decline
in HAS2 expression via AMP kinase (Vigetti et al., 2011).

This study also provides an explanation for the paradoxical obser-
vation that dichloroacetate was more active in vivo than in vitro in
some experimental setups (Papandreou et al., 2011). The comparison
of 2D and 3D cell cultures showed strong up-regulation of PDK1
and LDHA when grown as spheroids indicating that these systems
are more active in this model, which better correlates to in vivo
growth. This observation is in line with the fact that multicellular
tumour spheroids are thought to be a better model for the hypoxia
found in solid tumours, a condition that is linked to activation of aer-
obic glycolysis (Riffle & Hegde, 2017). In addition, we show for the
first time that three-dimensional growth also causes strong transcrip-
tional induction of HAS3. This may be the result of increased scaffold-
ing needs but is likely also to present an important survival factor in
advanced carcinogenesis. Indeed, only the targeting of both systems
with the combination of dichloroacetate and 4-MU caused shrinkage
of the tumour spheroids below their initial size. Our data suggest that
the induction of the antiapoptotic HA matrix may be intrinsic to the
mechanism of action of drugs that restore OXPHOS in cancer cells.

In our study, we first characterized a counter-regulatory mecha-
nism involving a metabolic link between OXPHOS and elevated
synthesis of the ECM compound HA. In a next step, we specifically
targeted this rescue mechanism by abolishing the activity of the
antiapoptotic HA system, which yielded a pronounced synergistic
action of dichloroacetate and 4-MU. In contrast to most of the pub-
lished studies on dichloroacetate combination therapies, we used a
tumour xenograft regression model, which reflects the clinical situa-
tion more appropriately in that treatment starts after a defined tumour
volume is detected. Of note, also under this condition, we found a
sustained inhibition of tumour growth with a marked induction of apo-
ptosis in the tumour tissue.

A limitation of this study is that our results have been produced
using one tumour cell line. However, as summarized in Tables S3 and
S4, the effects of dichloroacetate on mitochondria reactivation and
subsequent tumour growth inhibition have been shown in a wide vari-
ety of tumour models in vitro and in vivo. As restored mitochondrial

activity is most likely to result in elevated acetyl-CoA production in
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general, we propose that the mechanism described here may also be
valid for other cell types. Given that 4-MU was also reported to inhibit
HAS, and consequently tumour growth, in a wide variety of tumour
cells types (as summarised in Tables S5 and Sé), it can be assumed that
it would exhibit the same synergism with dichloroacetate as reported
here in other cell types. Nevertheless, this assumption should be
tested with other tumour entities and in other models.

This study shows that the metabolic changes induced by reactiva-
tion of mitochondrial OXPHOS result in a pronounced activation of
HA matrix generation by an increase of the HA precursor pool and
O-GlcNAcylation, which in turn supports the survival of the tumour
cells. This process can be inhibited by the orally available HAS inhibitor
4-MU, which vyielded strong synergistic actions with dichloroacetate
in vitro and in vivo. As the resistance mechanism described in this
study is likely to be inherent in therapies targeting the Warburg effect,
4-MU may also be a promising synergistic partner for these metabolic
anticancer therapies as well. As 4-MU is approved for human use in
many countries, the results of this study should be applicable to new
clinical studies testing the therapeutic value of this combination for
metabolic anticancer therapy. These findings provide the basis for fur-
ther research on the effects of tumour metabolism on the tumour

micro-environment and for testing this combination in clinical studies.
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