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Zusammenfassung

ZUSAMMENFASSUNG

Dickdarmkrebs ist weltweit eine der haufigsten krankheitsbedingten
Todesursachen. Daher ist die Aufklarung der zugrunde liegenden anatomischen und
molekularen Mechanismen der kolorektalen Tumorentstehung und - Progression ein
hochrelevanter Gegenstand der internationalen biomedizinischen Forschung.
Wahrend der vergangenen zwei Jahrzehnte fihrten zahlreiche Studien bereits zu
vielen grundlegenden Erkenntnissen, so dass heute bereits allgemeine
Modellvorstellungen Uber die Entwicklung dieses Tumortyps existieren und diskutiert
werden. Es stellte sich heraus, dass die Uberwiegende Mehrzahl kolorektaler
Lasionen auf der Dysregulation des hochkonservierten WNT Signalwegs beruht. Das
hierdurch stabilisierte Protein B-CATENIN ist die treibende Kraft hinter der
kolorektalen Karzinogenese. B-CATENIN nimmt in der Zelle zwei unterschiedliche
wichtige Funktionen wahr: zum einen ist es ein Bestandteil der membrandsen Zonula
adhaerens und am Aufbau von Epithelverbé&nden beteiligt. In diesem Kontext fungiert
B-CATENIN als Tumorsuppressor. Zum anderen kann B-CATENIN auch im Kern
vorliegen, wo es zusammen mit TCF/LEF1 einen aktivierenden Transkriptionsfaktor
darstellt. Die hierdurch regulierten Zielgene vermitteln die Aggressivitat der
Tumorzellen, so dass B-CATENIN in diesem Zusammenhang ein Onkoprotein
darstellt. In kolorektalen Tumoren sind Zellen mit nuklearem B-CATENIN haufig an
der Invasionsfront lokalisiert und zeigen Verlust der epithelialen Differenzierung bei
gleichzeitigem Zugewinn mesenchymaler Attribute. Insofern stellt die Invasionsfront
eine Zone epithelialer-mesenchymaler Transition (EMT) dar, ein Prozess der eng mit
der Progression von Krebserkrankungen verknlUpft zu sein scheint und auch von
wichtiger Funktion in der Induktion des Tumorstammzellphanotyps ist. Diese Befunde
bilden das Fundament fir das Konzept der migrierenden Krebsstammzellen im
Dickdarm, deren aggressive Eigenschaften sich im Wesentlichen auf die Aktivitat
nuklearen B-CATENINs zurtckfuhren lassen.

Im  Mittelpunkt meiner Doktorarbeit standen somit Untersuchungen
wissenschaftlicher Fragestellungen betreffend der Stabilisierung der WNT Aktivitét in
kolorektalen Tumoren und der Beteiligung von B-CATENIN an der Vermittlung des
Tumorstammzellphé@notyps. Ich konnte einen neuen denkbaren Mechanismus
aufdecken, der in hochgradig mikrosatelliteninstabilen Tumoren zur Anreicherung
von B-CATENIN fahren kénnte: in einem geringen Anteil dieser Tumore wies ich eine
Frameshift-Mutation im WTX Gen nach, die vermutlich mit dem funktionellen Verlust
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des Genprodukts assoziiert ist. Bei WTX handelt es sich um eine kirzlich entdeckte
Komponente des B-CATENIN Degradationskomplexes. Demnach kdnnte dessen
Aktivitat aufgrund des Ausfalls von WTX beeintrachtigt sein, wodurch der Abbau von
B-CATENIN inaktiviert wird. In einem weiteren Projekt beschéftigte ich mich ebenfalls
mit der Regulation der WNT Aktivitat und half zu zeigen, dass kolorektale Tumoren
einen Verlust der Expression des B-CATENIN Zielgens und WNT Inhibitors DKK4
aufweisen, so dass der hierdurch aufgebaute negative feedback loop unterbrochen
wird.

Der Fokus meiner Doktorarbeit lag allerdings auf Untersuchungen hinsichtlich
des Tumorstammzellkonzepts. Es stellte sich heraus, dass der etablierte
Tumorstammzellmarker CD133 zwar sehr wohl eine prognostische Bedeutung fir die
Tumorprogression hat, sein funktioneller Beitrag fir die Aggressivitat kolorektaler
Tumore hingegen vermutlich eine untergeordnete Rolle spielt. Die Beteiligung von -
CATENIN an der Vermittlung von Tumorstammzelleigenschaften indes konnte in
mehreren Projekten experimentell untermauert werden. Mir gelang die ldentifizierung
der neuen B-CATENIN Zielgene p16™“* TERT und FGF-2 und der Nachweis, dass
diese tatsachlich auch in den vermeintlichen Tumorstammzellen der Invasionsfronten
kolorektaler Tumore exprimiert werden. Die Tumorstammzellen zugeschriebene
Eigenschaft geringer Proliferation wird im kolorektalen Karzinom demnach durch
p16INK4A
Uberlebensprognose fiir die betroffenen Patienten korreliert ist. Als essentielle

vermittelt, dessen Expression auch mit einer signifikant schlechteren

Komponente des Telomerase Enzymkomplexes ist TERT von hoher Wichtigkeit fur
das Tumorstammzellattribut der Langlebigkeit, so dass B-CATENIN auch hierfur
direkt verantwortlich gemacht werden kann. Eine basale Herausforderung fur
Tumorstammzellen, die sich durch Migration auszeichnen, ist die Konfrontation mit
sich permanent a&ndernden Umgebungsbedingungen und das Risiko des Verlusts der
adaquaten Tumorstammzellnische. Durch die B-CATENIN vermittelte, autokrine
Expression von FGF-2 konnten die Tumorstammzellen autark von dieser Nische
werden, da ich nachweisen konnte, dass FGF-2 eine essentielle Rolle in der
Aufrechterhaltung von Stammzelleigenschaften kolorektaler Tumorzellen innehat.

Zusammenfassend liegt der Hauptbeitrag meiner Doktorarbeit in der
Untermauerung der fundamentalen Bedeutung stabilisierten B-CATENINs fur die
kolorektale Tumorentstehung und - Progression. In Unterstiitzung des Konzepts der
migrierenden Krebsstammzellen konnte ich bestéatigen, dass nukleares B-CATENIN
funktionell an der Vermittlung von Tumorstammzelleigenschaften im kolorektalen
Karzinom beteiligt ist.



1 Einleitung

1 EINLEITUNG

1.1 Krebs

Nach Erkrankungen des Herz-Kreislaufsystems stellen bdsartige (maligne)
Tumore weltweit die zweithaufigste Todesursache dar. So schatzte man fur das Jahr
2007 das Auftreten von mehr als sieben Millionen Todesféllen als direkte Folge von
Krebsleiden, wobei jahrlich in etwa zwdlf Millionen neue Krebspatienten
hinzukommen. Demnach betrdgt das individuelle Lebenszeit-Risiko an Krebs zu
erkranken dber 11% und an einem Tumor zu sterben anndhernd 6%. Méanner sind
dabei haufiger betroffen als Frauen und die Inzidenzen in der westlichen Welt sind
deutlich hoher als in Schwellen- und Entwicklungslandern (Garcia et al., 2007).
Letzteres liegt vor allem daran, dass die Menschen in den Industrielandern teils sehr
viel alter werden und der Grof3teil aller Tumore erst ab einem Lebensalter von etwa
60-70 Jahren auftritt. Der derzeit stattfindende demografische Wandel wird folglich
unweigerlich eine weitere Zunahme an Tumorerkrankungen mit sich bringen.
Zusatzliche erhebliche Einflisse auf das Auftreten von Krebserkrankungen haben
auBerdem genetische Pradispositionen, Umweltbelastung (z. B. Strahlung) sowie
Lebensgewohnheiten (z. B. Erndhrung und Tabakkonsum). Im Jahr 2004 entfielen in
etwa 436.000 aller Neuerkrankungen auf Deutschland, wo im selben Jahr tber
200.000 Menschen ihrer Krankheit erlagen (Batzler et al., 2008). Aufgrund dieser
sehr grol3en Todeszahlen ergibt sich, dass seitens der Medizin, der Forschung und
der Industrie enorme Anstrengungen unternommen werden, um die Aussichten fur
betroffene Patienten kinftig verbessern zu konnen. Hierzu zé&hlen neben der
Grundlagenforschung auch neue, patienten- und tumorindividuelle Diagnose- und
Therapieverfahren (Theranostik), aber insbesondere auch Praventionsprogramme
und regelméalige Vorsorge-Untersuchungen zur Fruherkennung maligner
Veranderungen (Neoplasien) bestimmter Zell- und Gewebetypen. Fir Tumorarten,
bei denen dies bereits haufig durchgefuhrt wird (z. B. Gebarmutterhals, Brust,
Prostata), sind zum Teil schon erste Erfolge erzielt worden. So schatzt man, dass
sich die Zahl der neu diagnostizierten Krebsfalle durch Pravention und
Friherkennung um bis zu mehr als 50% senken lassen wird (Garcia et al., 2007).

Dies gilt insbesondere auch fur das kolorektale Karzinom (KRK).
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1.2 Das kolorektale Karzinom (KRK)

1.2.1 Epidemiologie

Im Darm sind besonders das Kolon und das Rektum haufig von gutartigen
(benignen) und malignen epithelialen Tumoren, den Adenomen und den Karzinomen
betroffen. Durch diagnostische Verfahren wie der Darmspiegelung (Koloskopie)
konnten auch kleinere Veranderungen der Darmschleimhaut (Mucosa) frihzeitig
erkannt und die Inzidenz des KRK mittels rechtzeitiger Entfernung derartiger
Tumorfriihstadien stark verringert werden. Dementsprechend gehdrt in Deutschland
seit dem Oktober 2002 die Koloskopie ab dem 55. Lebensjahr zur angebotenen
Darmkrebsvorsorge, deren Kosten auch von den gesetzlichen Krankenkassen
Ubernommen werden. Dennoch war das KRK im Jahr 2004 die zweithaufigste
Krebsneuerkrankung in Deutschland (16,9%) und ebenfalls die zweithaufigste
krebsbedingte Todesursache (Abbildung 1) mit fast 28.000 verstorbenen Patienten
(13,4%) (Batzler et al., 2008). Ahnlich ist die prozentuale Verteilung weltweiter Falle
des KRK, wo man fur 2007 mit etwa 1,2 Millionen Neuerkrankungen und knapp der
Halfte an Verstorbenen rechnete (Garcia et al., 2007). In vielen Fallen erfolgte hier
die Diagnose eines KRK zu spat, so dass die gangigen Therapieformen nicht mehr

vom gewiinschten Erfolg gekront waren.

A B
Manner Frauen Manner Frauen
Prostata I 1| Brustdriise Lunge I 1 Brustdriise
Darm [— ] Darm Darm I X! Darm
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Harnblase I Gebarmutterkorper Bauchspeicheldriise I Bauchspeicheldriise
Magen IEX] Eierstocke Magen IR Eierstocke
Niere Malignes Melanom Niere Magen
Mundhéhle / Rachen IEN Magen Leukamien BEXZ Leukamien
Non-Hodgkin Lymphome I Harnblase Harnblase IEM3 Non-Hodgkin Lymphome
Malignes Melanom I Bauchspeicheldriise Speiserohre NI Harnblase
Bauchspeicheldriise Niere Mundhohle / Rachen IEX] Gebarmutterkorper
Leukamien 25l Gebéarmutterhals Non-Hodgkin Lymphome B2 Niere
Hoden 74l Non-Hodgkin Lymphome Kehlkopf B Gebarmutterhals
Speiseréhre il Leukamien Malignes Melanom B M Speiserohre
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Morbus Hodgkin I I Speiseréhre Hodenl ISchilddrise
Morbus Hodgkin Kehlkopf
. . Kehlkopf . Morbus Hodgkin
25 20 15 10 5 00 5 10 15 20 25 30 25 20 15 10 5 00 5 10 15 20 25

Abbildung 1: Prozentualer Anteil ausgewahlter Tumor lokalisationen an Krebs-
Neuerkrankungen und an allen Krebssterbeféllenin D eutschland 2004

Darmkrebs gehort zu den haufigsten (A) Tumorerkrankungen mit schlechtem Verlauf (B) (rote
Késten). Angegeben sind die Inzidenzen in %; (Batzler et al, 2008).
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1.2.2 Diagnose, Therapie und Prognose

Die Diagnose kolorektaler Lasionen wird nach operativer Entnahme maf3geblich
von Pathologen erstellt, die das Tumormaterial makroskopisch, mikroskopisch sowie
molekularbiologisch analysieren und gemaR gangiger Kriterien, z. B. der
Weltgesundheitsorganisation (WHO) oder der Union Internationale Contre le Cancer
(UICC), klassifizieren. Die UICC empfiehlt hierbei eine Klassifikation nach dem TNM-
System. Diesem liegen die Infiltrationstiefe des Primartumors beziglich der
Basalmembran, der Mucosa (Schleimhaut) und der Sub-Mucosa (TO, T1, T2, T3, T4)
sowie der metastatische Befall regionaler Lymphknoten (NO, N1) und das
(Uberwiegend in der Leber vorkommende) Auftreten von Fernmetastasen (MO, M1)
zugrunde. Von einem invasiven Karzinom und demnach einer malignen Erkrankung
spricht man generell ab dem T-Stadium 1. In diesem haben die Tumorzellen namlich
die Basalmembran als Verankerung epithelialer Zellen durchbrochen und sind in
benachbarte Gewebe eingedrungen. Passenderweise folgen die jeweiligen
Therapieformen und die Uberlebensprognosen fir die Patienten u. a. den
anatomischen Eindringtiefen ihrer jeweiligen Tumore. Therapieansatze kdnnen
zusatzlich zu chirurgischen Mafinahmen auch die Gabe von Chemotherapeutika (5-
Fluoro-Uracil (5-FU), Irinotecan, Oxaliplatin) beinhalten sowie den Einsatz
bestimmter Antikorper (z. B. Erbitux®, Vectibix®), die spezifisch gegen Zell-
Oberflachen-Molekile wie den Epidermal Growth Factor (EGFR) gerichtet sind. Als
Folge der Antikérperbindung kann u. a. deren Aktivitat und somit verstarkende
Wirkung auf die Tumorzellen gezielt blockiert werden (targeted therapy). Der Erfolg
der gewahlten Therapieform lasst sich v. a. anhand der 5-Jahres-Uberlebensrate
bestimmen, die fir das KRK in Deutschland kumuliert bei etwa 60% liegt (Batzler et
al., 2008). Von entscheidender Wichtigkeit flir eine derart positive Prognose ist
hierbei die Diagnosestellung eines KRK vor dem Auftreten von Fernmetastasen
(UiIcC Stadium IV). Diese fiuhren zu einer Senkung der 5-Jahres-
Uberlebenswahrscheinlichkeit auf 5% und sind in der Regel auch direkt fir den Tod
der betroffenen Patienten verantwortlich (de la Chapelle, 2004). Doch auch Tumore,
die entsprechend frih entdeckt und therapiert wurden, kbnnen nach einiger Zeit als
sog. Rezidiv erneut wiederauftauchen und haben dann bei Diagnosestellung oft
bereits Fernmetastasen entwickelt, SO dass die 5-Jahres-

Uberlebenswahrscheinlichkeit der Patienten deutlich geringer ausfallen wird. Hierfir
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verantwortlich kénnten die sogenannten Mikrometastasen sein, bei denen von
erhohten Resistenzen gegen Therapeutika ausgegangen wird und die bei
chirurgischen Eingriffen und pathologischer Klassifikation Gibersehen worden waren.
Fur die Diagnose- und Prognose-Erstellung waren molekulare Hinweise, die bereits
anhand des Primartumors einerseits Auskunft Uber den spateren Krankheitsverlauf
und andererseits Uber eventuelles Therapieansprechen (individuelle Pradiktion)
geben, somit von grof3er Wichtigkeit. Ein wesentliches Ziel der Theranostik ist es
daher, derartige Hinweise als definierte Biomarker zu etablieren und diese in den

klinischen Alltag einflie3en zu lassen.

1.2.3 Die Adenom-Karzinom-Sequenz und das KRK als M odelltumor

Das KRK ist fur das Auffinden derartiger Marker ein sehr geeigneter Tumor-
Typ. Hier ist namlich die schrittweise Entwicklung einer malignen Erkrankung von
frihesten hyperplastischen Vorlaufer-Lasionen wie den aberranten Kryptenfoci (AKF)
Uber gutartige Adenome (Polypen) und ortlich begrenzte Karzinome (Karzinom in
situ) bis hin zu einem vollinvasiven und metastasierenden Karzinom
histopathologisch aul3erordentlich gut definier- und nachvollziehbar. Dieser
Tumorigeneseprozess wird daher auch als Adenom-Karzinom Sequenz bezeichnet
(Muto et al., 1975), die sich vom Adenom bis hin zur Metastase wahrscheinlich Uber
einen Zeitraum von etwa 20 Jahren erstreckt (Jones et al., 2008). Wie jeder andere
Krebs auch entwickelt sich das KRK aus einem Zusammenspiel von genetischen und
epigenetischen Veranderungen der Tumorzellen sowie der Interaktion mit den sie
umgebenen Zellen, Organstrukturen und Komponenten der extrazellularen Matrix.
Interessanterweise weisen zumindest Anderungen in der genetischen Komponente
der Tumorentstehung einige Parallelen zur Adenom-Karzinom Sequenz des KRK
auf. So ordneten Vogelstein und Mitarbeiter den einzelnen histologisch abgrenzbaren
Stufen kolorektaler Tumore eine Reihe von Mutationen in Tumorsuppressorgenen
und Proto-Onkogenen zu, die sich in der GroR3zahl dieser Lasionen finden und
entwickelten daraus das multistep carcinogenesis model (Abbildung 2A) (Fearon and
Vogelstein, 1990).
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APC/B-catenin KRAS TP53, PIK3CA, Other
loss of 18q Changes?
a !
Normal Aberrant Early Late l Invasive l Metastasis
mucosa crypt focus adenoma adenoma cancer (Liver)
B MSI-H

Abbildung 2: Das Multistep Carcinogenesis Modell de r kolorektalen Karzinogenese

(A) Darmkrebsentstehung aufgrund schrittweise auftretender genetischer Alterationen oder (B) als
Folge hochgradiger Mikrosatelliteninstabilitat. Fir Details siehe Text; modifiziert nach (Pino and
Chung, 2010).

Ausgehend davon, dass zur Aktivierung von Onkogenen (gain of function) ein, und
zur Inaktivierung von Tumorsuppressorgenen (loss of function) zwei unabhéngige
genetische Mutationen (hits) notwendig sind, bedarf es diesem Modell nach
mindestens sieben genetischer Alterationen in der Entwicklung eines KRK: in der
Mehrzahl aller KRK (ca. 85%) wird der neoplastische Prozess durch Verlust des auf
Chromosom 5q gelegenen Tumorsuppressorgens APC (ADENOMATOUS
POLYPOSIS COLI) initiiert. Dieses wird aufgrund dieser Schlusselstellung auch als
gatekeeper der kolorektalen Karzinogenese bezeichnet (Kinzler and Vogelstein,
1996). APC hat als eine Komponente des Spindelapparates u. a. eine grundlegende
Rolle bei der Chromosomen Segregation inne (Kaplan et al., 2001). Bei funktionellem
Ausfall des Proteins zeichnet sich diese Gruppe von Tumoren folglich haufig durch
generell hohe chromosomale Mutationsraten aus und wird daher auch als CIN
(chromosomal instability) KRK klassifiziert. Dem Verlust des APC folgen im Weiteren
Mutationen im Proto-Onkogen KRAS sowie in Tumorsuppressorgenen, welche sich
auf den Chromosomen 17p (TP53) und 18q (DCC, SMAD4) befinden. Diese Uber
defektes APC initiierte Tumorentstehung findet sich auch in einem erblichen
Syndrom des KRK wieder, wo Familienmitglieder bereits mit einer mutierten Variante
(Allel) des APC Gens geboren werden: die familiare adenomatdse Polyposis (FAP).
FAP-Patienten entwickeln im Gegensatz zu Patienten mit sehr spat auftretenden
sporadischen Neoplasien bereits bis zur Pubertat hunderte von Polypen im Kolon
und im Rektum und zeigen mit anndhernd 100% Penetranz das Auftreten von

Adenokarzinomen in frihen Lebensjahren (de la Chapelle, 2004) (Abbildung 3).
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Abbildung 3: Familiare Adenomattse Polyposis (FAP)

(A) Hunderte von Polypen (Adenome) im Dickdarm eines FAP-Patienten; (B) Normaler Dickdarm;
(Weinberg, 2007).

Das uber die Keimbahn vererbte mutierte APC Gen stellt somit den ersten hit nach
Knudsons Two-Hit-Hypothese dar (Knudson, 1993), wahrend eine zweite,
somatische Mutation (Punktmutation oder loss of heterozigosity, LOH) zum Ausfall
des verbleibenden gesunden APC Gens bis zum jungen Erwachsenenalter fihrt
(Albuquerque et al., 2002). Allerdings konnte in Analysen der Mutationsfrequenzen
der Gene APC, KRAS und TP53 in humanen Fallen von KRK eine Koinzidenz aller
drei Mutationen von lediglich 6,6% nachgewiesen werden (Smith et al., 2002). Dies
lasst somit Zweifel an der allgemeinen Gultigkeit des Vogelstein-Modells aufkommen
und erdffnet Spielraum fur andere Modelle der kolorektalen Tumorprogression. Diese
Zweifel gelten insbesondere fir eine Gruppe von Dickdarmtumoren, die sich priméar
durch eine epigenetisch bedingte Karzinogenese auszeichnet statt durch Mutationen:
den sporadischen hochgradig mikrosatelliteninstabilen (MSI-H) Tumoren. Dieser
Form des KRK entsprechen stadienabhéngig etwa 6-10% aller Falle (Ogino and
Goel, 2008). Im Gegensatz zu Tumoren des CIN Typs sind sporadische MSI-H KRK
nicht durch frih auftretende APC Mutationen, sondern meist (ca. 75%) durch gain of
function im BRAF Gen charakterisiert (Ogino and Goel, 2008), was haufig mit dem
CpG island methylator phenotype (CIMP) assoziiert ist (Weisenberger et al., 2006).
Aufgrund dieses Phanotyps kommt es im Folgenden zum Verlust der Expression von
MLH1 (MUT-L homologue 1) durch Methylierung im Promotor/Exonl Bereich dieses
Gens. Da es sich bei MLH1 um eine essentielle Komponente des Mismatch
Reparatur Systems (MMR) handelt, kommt es als Konsequenz der Methylierung zu

Instabilitaten in Mikrosatelliten, die — wenn sie sich in genkodierenden DNA-
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Abschnitten von Tumorsuppressorgenen befinden — weiter zur malignen
Transformation beitragen kénnen (Abbildung 2B). Auch vom MSI-H Typ des KRK gibt
es eine familiare Modellerkrankung: das hereditdre nicht polyptse kolorektale
Karzinom (HNPCC), wo die Mikrosatelliteninstabilitat als Folge von Mutationen in
verschiedenen Komponenten des MMR aulftritt (de la Chapelle, 2004). Trotz der
Unterschiede in den Karzinogenesewegen von Tumoren des CIN oder des MSI-H
Typs lassen sich letztendlich auch molekular anndhernd alle Félle von
Dickdarmkrebs durch ein gemeinsames Attribut zusammenfassen: die Stabilisierung
des Onkoproteins B-CATENIN.

1.3 B-CATENIN und der WNT Signalweg

1.3.1 Die duale Funktion von B-CATENIN

B-CATENIN Ubernimmt in kolorektalen Epithelzellen zwei sehr unterschiedliche
Aufgaben, die auch funktionell direkt mit verschiedenen zellularen Phanotypen
korreliert sind (Harris and Peifer, 2005) (Abbildung 4).

Nucleus Cyelin D1
TBE Myc... /
/

-rcF/
b

Pli
Cadherin & AJ & AJ

Abbildung 4: Die duale Funktion von  B-CATENIN in Zelladhasion und transkriptioneller
Aktivierung

B-CATENIN (B) ist zum einen am Aufbau der Zonula Adhaerens/Adherens Junctions (AJ) beteiligt,
zum anderen kann es auch im Nukleus lokalisiert sein, wo es zusammen mit TCF einen aktiven
Transkriptionsfaktor darstellt. Fir Details siehe Text; modifiziert nach (Conacci-Sorrell et al., 2002).
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Zum einen ist B-CATENIN mal3geblich an der Konstruktion der Zonula adhaerens
(adherence junctions) beteiligt und ist somit eine essentielle Komponente fir den
Aufbau und die Aufrechterhaltung des epithelialen Phéanotyps (Brabletz et al., 2001;
Hirohashi, 1998). Die Zell-Zell Kontakte der Zonula adhaerens werden durch
homophile Interaktionen der extrazellularen Domé&nen des Kalzium-abhangigen
Transmembranproteins E-CADHERIN vermittelt und fuhren unter anderem zum
Erhalt einer geordneten Gewebe-Architektur wie auch der Zellpolaritat. Auf
zytoplasmatischer  Seite interagiert E-CADHERIN mit B-CATENIN und
PLACOGLOBIN (y-CATENIN), welche dann ihrerseits via a-CATENIN den Kontakt
zum B-AKTIN-Zytoskelett herstellen (Brembeck et al., 2006; Conacci-Sorrell et al.,
2002).

Im Gegensatz zu dieser membranstandigen Lokalisation kann B-CATENIN auch im
Zellkern (Nukleus) vorliegen, wo es seine zweite wichtige physiologische Aufgabe
wahrnimmt: hier interagiert B-CATENIN mit HMG (high mobility group) DNA
Bindungsfaktoren der TCF/LEF Familie (T-CELL FACTOR/LYMPHOID ENHANCER
FACTOR) (Behrens et al., 1996; Molenaar et al.,, 1996) und stimuliert die
transkriptionelle Aktivierung von Zielgenen, welche DNA-Bindemotive fur diesen
Proteinkomplex in ihren Promotor/Enhancer Regionen aufweisen. Diese TCF
Bindeelemente (TBEs) sind durch das zentral gelegene Sequenzelement
AITTCAAAG (Hatzis et al., 2008) definiert. Die Expressionsstarke der Zielgene,
welche unter anderem Proliferation und Dedifferenzierung vermitteln, wird ferner
durch die Aktivitdt von chromatin remodelling Komplexen, insbesondere Histon
Deacetylasen (HDACs) und Histon Acetyltransferasen (HATs) feinreguliert. Diese
interagieren entweder direkt mit 3-CATENIN beziehungsweise TCF/LEF oder werden
via weiterer Brickenfaktoren an die TBEs rekrutiert und zeigen hier inhibierende
(GRO/TLE (GROUCHO/TRANSDUCTION-LIKE ENHANCER OF SPLIT), CTBP (C-
TERMINAL BINDING PROTEIN)) oder stimulierende (SWI/SNF, p300/CBP (C-AMP
RESPONSE ELEMENT BINDING PROTEIN)) Wirkung auf die Genaktivierung
(Barker et al., 2001; Cavallo et al., 1998; Hecht et al., 2000; Le et al., 2008; Roose et
al., 1998; Valenta et al., 2003).
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1.3.2 Der kanonische WNT Signalweg
Physiologisch wird die subzellulare Lokalisation von B-CATENIN Uber die

Aktivitat des evolutionar hochkonservierten kanonischen WNT Signalweg reguliert,

dessen zentrales Effektormolekil es ist (Bienz and Clevers, 2000) (Abbildung 5).

A B [ Frized
[—Frizzled 7\@ k WNT»
¢ . ~ . >

«y —

DKK

/
LRP5/6

Ubiquitin-
mediated
P) proteolysis (®) o (®)

Abbildung 5: Der kanonische WNT Signalweg

(A) In Abwesenheit von WNT Liganden wird B-CATENIN durch den Degradationskomplex
gebunden und fir den Abbau im Proteasom markiert. (B) Nach Bindung von WNT an der
Zelloberflache dissoziiert der Komplex, B-CATENIN wird stabilisiert und im Cytoplasma/Nukleus
angereichert; Zielgene kdnnen aktiviert werden. Details siehe Text; modifiziert nach (Moon et al.,
2004).

Bei Sattigung der membran-assoziierten B-CATENIN-Bindungsstellen wird im
inaktiven Zustand des Signalwegs Uberschissiges B-CATENIN durch den
sogenannten Degradationskomplex gebunden und fur den Abbau vorbereitet. Dieser
zytoplasmatisch vorliegende Multiprotein-Komplex besteht zumindest aus den
Molekilen GLYCOGEN SYNTHASE KINASE 3B (GSK3p3), AXIN/CONDUCTIN und
APC, wobei AXIN das Gerustprotein dieses Komplexes darstellt. Nachfolgend wird 3-
CATENIN durch die CASEIN KINASE la (CKla) an Serin 45 phosphoryliert, was
wiederum das Signal fur weitere N-terminale Serin-/Threonin-Phosphorylierungen
durch die GSK3p ist (Gregorieff and Clevers, 2005). So markiert wird B-CATENIN
durch  einen  E3-Ubiquitin  Ligase @ SCF-Komplex  (SKP/CULLIN/F-BOX)
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polyubiquitiniert und dem zytoplasmatischen 26 S Proteasom Komplex zur
Degradation zugefuhrt (Aberle et al., 1997; Bienz and Clevers, 2000). Physiologisch
inhibiert wird dieser Prozess durch die Bindung von WNT Liganden an die sieben-
Transmembran-Rezeptoren der FRZ (FRIZZLED) Familie und ihre Korezeptoren
LRP 5/6 (LOW DENSITY LIPOPROTEIN RECEPTOR-RELATED PROTEIN). Der
genaue Ablauf der von den Rezeptoren ausgehenden Signaltransduktion, welche zur
Hemmung des Degradationskomplexes fuhrt, ist zwar noch nicht genau verstanden,
aber man vermutet, dass die membrandse Translokation des Geristproteins AXIN
hierfur eine mal3gebliche Ursache darstellt. Vermittelt wird diese Translokation
wahrscheinlich Uber das durch FRZ aktivierte Protein DSH (DISHEVELLED) und
LRP 5/6 (Clevers, 2006). Als Folge der WNT Aktivierung kann B-CATENIN nicht
mehr abgebaut werden, akkumuliert in der Zelle und gelangt auf noch nicht genau
verstandenem Weg in den Nukleus, wo es seine transaktivierende Wirkung entfaltet.
Doch auch in Anwesenheit von WNTs kann die Aktivitat des Signalwegs gehemmt
werden. Dies geschieht, indem die Liganden bereits extrazellular durch ebenfalls
sekretierte Proteine der SFRP-Familie (SECRETED FRIZZLED RELATED
PROTEINS) gebunden werden, oder ihre Interaktion mit LRP 5/6 durch die Aktivitat
der Familie der DKK (DICKKOPF) Proteine gehemmt wird (Clevers, 2006).

1.3.3 Die Rolle des kanonischen WNT Signalwegs fir die intestinale

Kryptenarchitektur

Das adulte Intestinum setzt sich zusammen aus Dunndarm, Dickdarm (Kolon)
und Enddarm (Rektum). Anatomisch sind diese Abschnitte recht @hnlich aufgebaut
und charakterisiert durch eine enorme Anzahl von Einstilpungen. Diese
sogenannten Darmkrypten dienen der OberflachenvergroRerung und somit der
effizienteren Aufnahme von Nahrstoffen und/oder Wasser aus der Nahrung. Im
Dunndarm erfullen den gleichen Zweck zusatzlich noch die sogenannten Villi, die von

den Krypten ausgehend ins Darmlumen hineinragen (Abbildung 6).
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of crypt
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Abbildung 6: Die Krypten-/Villus-Architektur des Da rmes

Der Darm besteht aus vielen Krypten, die der OberflachenvergréfRerung dienen. Im Dinndarm
dienen demselben Zweck zusétzlich noch die Villi. Reguliert wird die Bildung dieser Architektur von
basal in der Krypte lokalisierten Stammzellen. Fur Details siehe Text; (Crosnier et al., 2006).

Das Darmepithel, welches lediglich aus einer Zellschicht besteht, zeichnet sich durch
eine hohe Rate konstanter Selbsterneuerung aus. So dauert der Lebenszyklus einer
neugebildeten Zelle in der Kryptenbasis von einer Phase hoher Proliferation
(transiently amplifying unit cells) Uber den Differenzierungszustand mit Sekretions-
und/oder Absorptionsaufgaben bis hin zum programmierten Zelltod, der Apoptose,
und dem Abschilfern der Zelle am Krypten- oder Villusapex (Anoikis) lediglich 3-6
Tage (Gregorieff and Clevers, 2005). Somit werden allein ca. 10* Zellen des
menschlichen Dinndarms taglich Uber den Stuhl mit ausgeschieden (Potten and
Loeffler, 1990). Ableiten lassen sich alle diese Zellen von gemeinsamen, sich selbst
erneuernden, multipotenten adulten Stammzellen, die sich basal in den Krypten
befinden (Potten et al., 2009; van der Flier and Clevers, 2009). Die treibende Kraft

hinter dieser enormen Erneuerungsrate ist der WNT Signalweg (Abbildung 7A).
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Abbildung 7: B-CATENIN in der Biologie der Dickdarmkrypte

Schematische Darstellung einer Dickdarmkrypte. Im Normalzustand (A) ist der WNT Signalweg
lediglich im unteren Drittel der Krypte aktiv (ON). Hier sind die Zellen gekennzeichnet durch
Dedifferenzierung und Proliferation. An der Basis der Krypten sind die Stammzellen lokalisiert. Nach
apikal nimmt die Aktivitdt des Signalwegs ab (OFF), die Zellen stoppen den Zellzyklus und
differenzieren um ihrer physiologischen Aktivitdt nachzukommen, bis sie an der Spitze der Krypte ins
Darmlumen abschilfern (Anoikis). Bei Defekten im WNT Signalweg (B) werden die Zellen unabhéngig
von dieser Regulation, proliferieren weiter und behalten dabei ihren Vorlaufer-Phéanotypen. Es kommt
zur Adenombildung; modifiziert nach (Weinberg, 2007).

So liegt nukleares B-CATENIN in wenigen Zellen an der Kryptenbasis vor, wodurch
die dort liegenden Zellen durch hohe Zellteilung und Dedifferenzierung charakterisiert
sind (van de Wetering et al., 2002). AufRerdem findet sich nukledres B-CATENIN im
Mausmodell auch in den intestinalen Stammzellen, die gleichzeitig exklusiv durch
das B-CATENIN Zielgen Lgr5 (Leucine-rich-repeat-containing G-protein coupled
receptor 5) charakterisiert und somit nachweisbar sind (Barker et al., 2007). So
konnte der WNT Signalweg hier auch eine essentielle Funktion fir den Aufbau der
intestinalen Stammzellnische inne haben. In apikaler gelegenen Zellen jenseits der
transiently amplifying unit befindet sich B-CATENIN hingegen an der Zellmembran.
Dementsprechend sind die Zellen durch hohe epitheliale Differenzierung und
fehlende Proliferation gekennzeichnet (van de Wetering et al., 2002). Die Rolle des
WNT Signalwegs fir die Aufrechterhaltung der intestinalen Homodostase wurde auch
in in vitro Kulturen intestinalen Gewebes bestétigt (Ootani et al., 2009) und
eindrucksvoll in Experimenten mit transgenen Mausen bewiesen, die entweder
darmspezifisch den WNT Inhibitor Dkk1l exprimierten oder einen genomischen
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Knockout von B-catenin oder Tcf4 (Tcf4™) aufwiesen (Fevr et al., 2007; Korinek et al.,
1998; Pinto et al., 2003). In allen Modellen kam es zum Verlust der proliferativen
Zellfraktion sowie des Stammzell-Kompartiments, was letztlich den Kollaps der
Kryptenarchitektur zur Folge hatte. Uber die physiologische WNT Quelle in der
Kryptenbasis herrscht noch Unklarheit. Es wird aber vermutet, dass intestinale
subepitheliale Myofibroblasten (ISEMFs) hierbei eine entscheidende Rolle spielen
(Gregorieff and Clevers, 2005). Da diese in apikaleren Bereichen nicht vorhanden
sind, kénnte sich die hier fehlende nukleare Lokalisation von 3-CATENIN somit durch
einen abnehmenden WNT Gradienten ausgehend von den ISEMFs erkléaren lassen.
Ergdnzend zu diesem rein passiven Effekt gibt es auch Untersuchungen die
nahelegen, dass dem WNT Signalweg in Iuminalen Kryptenregionen aktiv
entgegengewirkt wird, z. B. durch den HEDGEHOG (HH) Signalweg (Akiyoshi et al.,
2006; van den Brink et al., 2004).

1.3.4 Die Bedeutung von B-CATENIN im kolorektalen Karzinom

In kolorektalen Tumorzellen erfolgt die Stabilisierung von B-CATENIN
unabhéangig von Ligandenbindung durch Mutationen in Komponenten des WNT
Signalwegs (Abbildung 7B). In CIN Tumoren erfolgt dies tUberwiegend durch loss of
function von APC, welches hier auch oft die erste Mutation in der malignen Entartung
darstellt. Wie erwéahnt, zeichnen sich MSI-H KRK initial zwar durch andere
Mechanismen der Karzinogenese aus, benétigen zur vollen Transformation haufig
jedoch ebenfalls die Aktivitat stabilisierten B-CATENINs. In dieser Gruppe von
Tumoren wird dieser Zustand nicht ausschlie3lich Gber APC Mutationen erreicht
(Huang et al., 1996; Shitoh et al., 2001), sondern auch Mutationen im AXIN2 Gen
(Liu et al., 2000) oder in B-CATENIN (Polakis, 2000) selbst wurden hier beschrieben.
Daruiber hinaus sind in diesem speziellen Tumortyp auch noch weitere Mechanismen
der B-CATENIN Stabilisierung denkbar. Interessanterweise wird der bivalente
Charakter von [B-CATENIN beziglich seiner subzellularen Lokalisation trotz
Akkumulation in allen Tumorzellen auch in vielen gut bis mafig differenzierten KRK
wiedergespiegelt (Abbildung 8). Diese Plastizitdt wird auch als das B-CATENIN
Paradoxon bezeichnet (Fodde and Brabletz, 2007).
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Tumor- Invasions-

Abbildung 8: EMT und nukleére Akkumulation von B-CATENIN an der Invasionsfront
kolorektaler Tumore

B-CATENIN Immunhistochemie (braune Farbung) eines KRK. Im Tumorzentrum sind die Zellen
epithelial differenziert und zeigen membrandses B-CATENIN, wahrend die Zellen der Invasionsfront
nukledres B-CATENIN aufweisen und durch eine epitheliale-mesenchymale Transition (EMT)
charakterisiert sind; aus (Brabletz et al., 2001).

So findet sich nukleares B-CATENIN in diesen Tumoren vornehmlich in wenigen,
teils einzeln, teils in kleinen Clustern vorliegenden Tumorzellen (sog. buds) der
Invasionsfront wieder, welche den Ubergangsbereich zwischen neoplastischen und
normalen Gewebeanteilen darstellt (Brabletz et al., 1998; Brabletz et al., 2001).
Zellen zentraler Tumoranteile enthalten hingegen wenig bis kein nukleares (-
CATENIN, wobei zwischen Invasionsfront und zentralen Arealen eine graduelle
Abnahme nuklearen B-CATENINs zu beobachten ist. Dieses Verteilungsmuster von
B-CATENIN findet sich ebenfalls in den Metastasen kolorektaler Karzinome wieder.
Diese Beobachtung spricht daher fir eine hohe Plastizitdt und regulatorische
Komponenten, die zusatzlich zur Stabilisierung von B-CATENIN als Folge von
Mutationen dessen nukledre Translokation manipulieren kénnen. Der regulatorische
Anteil in der Progression eines KRK kann demnach als Erweiterung des linearen
Modells der Karzinogenese nach Vogelstein aufgefasst werden. Die entsprechenden
Signale hierfur konnten von der sich wahrend des Tumorwachstums verandernden
zellularen Umgebung (environment) stammen und zum Beispiel die Uber

Oberflachenrezeptoren vermittelte Aktivierung weiterer Signalwege (pathways)
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beinhalten (Barker and Clevers, 2001; Vermeulen et al., 2010). Denkbar ist hier in
etwa die Beteiligung von verschiedensten pathways, welche die Aktivitat der AKT
Kinase erhthen. Diese ist namlich wiederum bekannt dafur die nukleéare
Translokation und die transkriptionelle Aktivierung von B-CATENIN durch bestimmte
Phosphorylierungen entscheidend beeinflussen zu kénnen (Fang et al., 2007). Aber
auch zusatzliche Stimulation durch den WNT Signalweg selbst kdnnte hier von
Bedeutung sein. In Zellkultur konnte namlich gezeigt werden, dass auch kolorektale
Tumorzellen, die bereits Mutationen in B-CATENIN besitzen, zur vollen Aktivierung
weiterhin auf diese Liganden angewiesen sind (Bafico et al., 2004). Im Gegensatz zu
Zellen aus zentralen Arealen ist auffallend, dass die Zellen der Invasionsfront durch
fehlendes membranstandiges B-CATENIN ihren epithelialen Phénotyp aufgegeben
haben und in der Lage sind zu dissoziieren (budding) sowie mesenchymal zu
dedifferenzieren. So zeigen besonders vereinzelte Zellen den Verlust von E-
CADHERIN bei gleichzeitiger Expression der mesenchymalen Markermolekile
FIBRONEKTIN und VIMENTIN (Brabletz et al., 2001). Von daher zeichnet sich die
Invasionsfront als Zone einer epithelialen-mesenchymalen Transition (EMT) aus
(Abbildung 8), einen Prozess den man auch in vitro mit kultivierten kolorektalen
Tumorzellen simulieren kann (Brabletz et al., 2001; Conacci-Sorrell et al., 2003).
Derartige Tumorzellen mit mesenchymalem Charaker sind durch hohe Migrations-
und Invasionsfahigkeit gekennzeichnet (Spaderna et al., 2008). Da diese Prozesse
von grundlegender Relevanz fir die Progression zu einem metastatischen Zustand
und somit in der Regel fir den Tod der Patienten sind, weist dies auch auf eine
elementare Bedeutung der EMT im Verlauf der Tumorigenese hin (Thiery, 2002).
Unterstitzt wird dies durch Daten, die belegen, dass das Ausmalfi des buddings mit
stark vermindertem Patienteniberleben korreliert ist (Hase et al., 1993; Ueno et al.,
2002). Aufgrund der Tatsache, dass die jeweiligen Metastasen ebenfalls durch
epitheliale und mesenchymale Regionen gekennzeichnet sind, wird allerdings
vermutet, dass es sich an der Invasionsfront lediglich um eine transiente EMT
handelt, die durch den Umkehrprozess der mesenchymal-epithelialen Transition
(MET) in der Metastase wieder revertiert wird. Bedingt durch die hohe Korrelation
von nukledrem B-CATENIN und EMT an der Invasionsfront kolorektaler Karzinome
ergibt sich somit die Frage nach dem Zielgen-Programm von B-CATENIN und ob

dieses auch kausal fur die EMT und die Progression der Tumore eine Rolle spielt.
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1.3.5 Zielgene von B-CATENIN

Tumore sind durch einige ganz besondere funktionelle Eigenschaften
gekennzeichnet, die sie von gesunden Geweben unterscheiden und die als
Mindestanforderungen von Krebszellen erfillt sein missen, um eine voll maligne
Krankheit ausbilden zu kénnen: den hallmarks of cancer (Hanahan and Weinberg,
2000). Eine ganze Reihe von mittlerweile identifizierten B-CATENIN Zielgenen sind
interessanterweise an der Regulierung einzelner dieser Hallmarks funktionell beteiligt
(Brabletz et al., 2009).

Proliferation (hallmark: self-sufficiency in growth signals)

Ein wesentliches Charakteristikum von Tumorzellen ist ihre extrem hohe
Teilungsrate, die letztlich notwendig ist um Uberhaupt grof3e Tumore entstehen zu
lassen. CYCLIN D1 (Shtutman et al., 1999; Tetsu and McCormick, 1999) und das
Proto-Onkogen cMYC (He et al.,, 1998) sind zwei proliferationsinduzierende pB-
CATENIN Zielgene, was die zentrale Rolle von B-CATENIN in der kolorektalen
Karzinogenese unterstreicht. Besonders interessant ist hierbei, dass cMYC uber die
Hemmung der p53-abhéngigen Zelltod-Maschinerie gleichzeitig auch noch die
Erfillung des Hallmarks der Apoptose-Resistenz erklaren kann. Experimentell
bestatigt sind in diesem Zusammenhang bereits die B-CATENIN Zielgene SURVIVIN
(Zhang et al., 2001a) und das anti-apoptotisch wirkende BCL-W (Lapham et al.,
2009). Die besondere Rolle von cMYC in der kolorektalen Karzinogenese wird
eindrucksvoll in einer Arbeit hervorgehoben, die in transgenen Mausen alle
phanotypischen Effekte einer inaktivierenden Apc Mutation nur durch gleichzeitigen
knockout von cMyc komplett revertieren konnte (Sansom et al., 2007).
Paradoxerweise ist jedoch die Invasionsfront humaner kolorektaler Tumore trotz
Zellen mit nukledrem B-CATENIN sowie cMYC- (Brabletz et al., 2000) und
CYCLIN D1-Expression (Jung et al., 2001) eine Zone geringer Proliferation, was sich
durch die simultane Expression des Zellzyklusinhibitors p16™“* (Jung et al., 2001)
erklaren lassen konnte. Biologisch lieRe sich dieser negative Einfluss auf die
Proliferation dadurch erklaren, dass eine hohe Zellteilungsrate oft im Widerspruch

steht zu anderen funktionellen Prozessen wie der Migration oder der Invasion.
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Invasion und Metastasierung (hallmark: tissue invasion and metastasis)

Fir die Fahigkeit zur Invasion missen Zellen auch Migrationsfahigkeit aufweisen
konnen. Hierzu sind besonders mesenchymale Zellen gut in der Lage. B-CATENIN
reguliert passenderweise unter anderem die Expression des EMT-Induktors
TENASCIN C (Beiter et al., 2005) aber auch die Expression von E-CADHERIN
Repressoren wie SLUG (Conacci-Sorrell et al., 2003) oder die mesenchymalen
Markerproteine VIMENTIN und FIBRONEKTIN (Gilles et al., 2003; Gradl et al.,
1999). Somit ist B-CATENIN direkt fur die Induktion von EMT verantwortlich
(Brembeck et al., 2004). Um in benachbarte Gewebe invadieren zu kdnnen, missen
mesenchymale Zellen zunachst die sie umgebende extrazellulare Matrix Gberwinden.
Dies wird ermdglicht durch das B-CATENIN Zielgen MMP7 (MATRIX
METALLOPROTEINASE7) (Brabletz et al., 1999), welches eine extrazellular
wirkende Metalloproteinase ist, die extrazellulare Matrix und extrazellulare
Oberflachenmolekiile proteolytisch abbaut oder modifiziert. Weitere B-CATENIN
Zielgene, die direkt die Invasionsfahigkeit kolorektaler Tumorzellen modulieren, sind
aullerdem UPA (UROKINASE PLASMINOGEN AKTIVATOR) (Hiendlmeyer et al.,
2004) oder LAMININ-5 y2 (Hlubek et al., 2001). Schlielich ist B-CATENIN auch an
der Metastasierung kolorektaler Tumoren selbst beteiligt, indem es die Expression
des prometastatischen Zielgens S100A4 (Stein et al., 2006) hochreguliert, welches in

humanen KRK mit hoher Aggressivitat und schlechter Prognose korreliert.
Angiogenese (hallmark: sustained angiogenesis)

Da die Diffusionsgrenze fir Sauerstoff im menschlichen Gewebe bei etwa 200 pm
liegt, ist eine entsprechend dichte Vaskularisierung zur Sicherstellung der Blut- und
somit Sauerstoffzufuhr eine essentielle Voraussetzung fir das Uberleben von
Tumoren. Ein fir die Neo-Angiogenese und die Stabilisierung reifer Blutgefalie
essentieller Faktor ist VEGF (VASCULAR ENDOTHELIAL GROWTH FACTOR), der
ebenfalls durch B-CATENIN transkriptionell aktiviert wird (Easwaran et al., 2003;
Zhang et al., 2001b).

Das Hallmark des unbegrenzten replikativen Potentials (limitless replicative
potential) ist eine weitere essentielle funktionelle Eigenschaft, die Zellen wahrend

ihrer malignen Transformation erlangen mussen. Normalerweise ist namlich die
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Anzahl mdoglicher Zellteilungen durch die sich wahrend jedes Zellzyklus
verkirzenden Telomere auf ungefahr 50 limitiert. Um dieses sogenannte Hayflick
limit (Hayflick, 1965) Uberwinden zu kdnnen, exprimieren Tumorzellen oft das Enzym
TERT (TELOMERASE REVERSE TRANSCRIPTASE). Durch dessen Aktivitat
werden die Enden der Chromosomen auch nach vielen Zellgenerationen noch
stabilisiert und dadurch das Uberleben der Zellen erst erméglicht. Interessanterweise
findet sich Expression von TERT in kolorektalen Karzinomen ebenfalls in Bereichen
der Invasionsfront (Kolquist et al., 1998), so dass B-CATENIN auch als geeigneter
Kandidat fur die Vermittlung der daraus folgenden Immortalisierung in Betracht

gezogen werden kann.

Zusammenfassend lasst sich somit sagen, dass B-CATENIN zumindest an der
Realisierung von bis zu funf von sechs hallmarks of cancer direkt beteiligt ist, was
seine herausragende Rolle in der kolorektalen Tumorprogression eindrucksvoll

unterstreicht.

Darlber hinaus gibt es auch noch einige Zielgene von B-CATENIN, die nicht direkt
einem der Hallmarks zugeordnet werden konnen, deren Rolle fur die kolorektale
Karzinogenese jedoch trotzdem interessante Fragestellungen aufwirft. So wird zum
Beispiel der negative WNT Regulator DKK4 ebenfalls transkriptionell durch B-
CATENIN aktiviert (Pendas-Franco et al., 2008), was zumindest bei intaktem WNT
Signalweg eine hemmende Wirkung auf dessen Aktivitat bewirkt. Welche funktionelle
Auswirkung dieser negative feedback loop in der kolorektalen Karzinogenese spielt,

ist jedoch noch nicht genau bekannt.

Die lange Liste von B-CATENIN Zielgenen ist in jungerer Zeit au3erdem noch
durch einige Kandidaten wie Lgr5 erweitert worden, die mittlerweile zur
Charakterisierung der intestinalen Stammzellen verwendet werden und somit auch
einen Bezug zur wichtigen Rolle des WNT Signalwegs in der Embryogenese
herstellen. Seit einigen Jahren wird in diesem Zusammenhang intensiv an der
Hypothese gearbeitet, dass sich Tumore, &hnlich wie normale Gewebe, ebenfalls von
der Existenz solcher multipotenten Zellen ableiten lassen: den sogenannten
tumorinitierenden Zellen oder auch Tumorstammzellen/Krebsstammzellen (KSZ)
(Clarke et al., 2006), deren Eigenschaften nunmehr selbst zu einem neuen hallmark

of cancer geworden sind. Diese Zellen machen zwar nur einen sehr geringen
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Bestandteil der Gesamt-Tumormasse aus, sind allerdings die fur die
Tumorentstehung und -progression relevanten Zellen, wahrend die Nicht-
Tumorstammzellen hierzu nicht in der Lage sind. Im KRK werden fir
Tumorstammzellen charakteristische Markermolekile wie CD44, CD166 und CD133
vermutlich ebenfalls durch B-CATENIN reguliert (Hatzis et al., 2008; Katoh and
Katoh, 2007; Wielenga et al., 1999). Dies legt den Schluss nahe, dass der
deregulierte WNT Signalweg im KRK zuséatzlich zu den etablierten hallmarks of
cancer auch maf3geblich an der Vermittlung des Tumorstammzellphanotyps beteiligt
ist (Reya and Clevers, 2005). Dies konnte jungst in einer Publikation experimentell

gezeigt werden (Vermeulen et al., 2010).

1.4 Das Krebsstammzell-Konzept

141 EMT und stemness: das Konzept der migrierende n

Krebsstammzellen

Aufgrund der Beobachtung dass , Tumorstammzelligkeit” (stemness) tatséchlich
durch nukleéres B-CATENIN vermittelt wird, ergibt sich im Zusammenhang mit der
beschriebenen Vermittlung der EMT und ihrer funktionellen Besonderheiten eine
hochst interessante Hypothese: hiernach kdnnte es sich bei den Zellen der
Invasionsfront eines KRK um migrierende Krebsstammzellen (mKSZ) handeln. Diese
waren demnach nicht nur zur Wanderung in der Lage, sondern kénnten durch ihre
Multipotenz auch zur Kolonialisierung entfernter Organe und somit zur Bildung von
Metastasen verantwortlich sein (Brabletz et al., 2005b) (Abbildung 9). Diese
Hypothese wird von Arbeiten unterstiitzt die zeigen, dass in Mamma- und Pankreas-
Krebszellen EMT und ein stammzellartiger Phanotyp molekular direkt miteinander
verknupft sind (Mani et al., 2008; Wellner et al., 2009). Bezogen auf das KRK kdnnte
dies bedeuten, dass Mutationen im WNT Signalweg durch die Induktion von
Proliferation zwar zu hyperplastischen Lasionen wie Adenomen fiihren kénnen, dass
aber erst die zusatzliche Induktion von EMT und somit Tumorstammzellen zum voll

aggressiven Dickdarmtumor beitragt.
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Abbildung 9: Das Konzept der migrierenden Krebsstam mzellen

Im KRK zeigen Tumorzellen der Invasionsfront (tumour host interface) EMT bei nuklearer
Expression von B-CATENIN. Bei diesen Zellen kénnte es sich um migrierende Krebsstammzellen
(mKSZ) handeln, die fir die Progression und die Metastasierung der Tumore verantwortlich sind;
(Brabletz et al., 2009).

Entsprechend findet man in KRK auch Expression von B-CATENIN Zielgenen, die
der Idee eines Zwei-Phasen-Models folgen. Erst mit Eintritt in Phase zwei, die durch
Tumorzell-Dissimination und Metastasierung gekennzeichnet ist, wird das
Zielgenprogramm erganzt von Mediatoren der Migration, der Invasion und der EMT
(Brabletz et al., 2005b). Das Umschalten nach Phase zwei wird im KRK hierbei durch
die Manipulation der B-CATENIN Aktivitat erreicht, welche wiederum malf3geblich
durch das sich veréandernde environment beeinflusst wird. Fir die mKSZ konnte dies
bedeuten, dass das environment nicht nur ihre stemness aufrechterhélt
(Stammzellnische) (Bissell and Labarge, 2005), sondern diese durch entsprechende
Signale, wie z. B. von HGF (HEPATOCYTE GROWTH FACTOR), dessen Rezeptor
c-MET wiederum selber ein B-CATENIN Zielgen ist, tUberhaupt erst induziert wird
(Boon et al.,, 2002; Vermeulen et al., 2010). Unterstitzt wird die Wirkung von -
CATENIN dabei vermutlich von ZEB1 (ZINC FINGER E-BOX-BINDING
HOMEOBOX1), einem Transkriptionsfaktor der Zinkfingerfamilie. ZEB1 ist ein
Induktor von EMT, der ebenfalls an der Invasionsfront kolorektaler Tumore exprimiert

wird (Spaderna et al.,, 2008) und zumindest in pankreatischen Tumoren an der
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Vermittlung von stemness beteiligt ist (Wellner et al., 2009). In vitro zeichnen sich
derartige durch EMT induzierte Stammzellen durch eine stark erhthte Resistenz
gegen Chemotherapeutika aus (Gupta et al., 2009), eine Eigenschaft die in Patienten
vor allem den Mikrometastasen zugeschrieben wird. Aufgrund dieser Tatsachen
ergibt sich die sehr interessante Hypothese, dass es sich bei den vermeintlichen
koKSZ der Invasionsfront von KRK um die Mikrometastasen handelt, die fur das
Auftreten von Rezidiven und Metastasen nach erfolgreicher Operation des

Primartumors verantwortlich sind.

1.4.2 Kolorektale Krebsstammzellen

Tatsachlich zeigen auch primére, das heif3t direkt aus frisch operativ entfernten
Tumoren gewonnene kolorektale Krebsstammzellen (koKSZ), eine erhdhte Resistenz
gegen Therapeutika wie Oxaliplatin oder 5-FU (Dylla et al., 2008; Todaro et al.,
2007). Es wird vermutet, dass sich solche Tumorstammzellen direkt von ihren
normalen organspezifischen Gegenstiicken ableiten, da nur diese lange genug
Uberleben um Uberhaupt die fur die maligne Transformation nétigen Mutationen zu
akkumulieren. In eleganten Experimenten mit transgenen Mausen konnte so gezeigt
werden, dass sich koKSZ direkt auf normale intestinale Stammzellen zurickfuhren
lassen (Barker et al., 2009; Zhu et al, 2009). Fur die Resistenz von
Tumorstammzellen gegen cytotoxische Substanzen kommen mehrere Mechanismen
als Erklarung in Frage. Zum einen teilen sich Stammzellen definitionsgemal sehr
selten, gerade aber sich schnell teilende Zellen stellen fur diese Medikamente
besonders gute therapeutische Ziele dar. Zum Zweiten zeichnen sich Stammzellen
und Tumorstammzellen durch funktionelle Eigenschaften aus, die es ihnen erlauben
die durch die Therapien zerstorte DNA hocheffizient wieder zu reparieren (Bao et al.,
2006) oder aber aufgenommene schadliche Stoffe mit hoher Effizienz aktiv wieder
auszuschleusen. Interessanterweise ist ein Molekil das eine derartige drug pump
darstellt, selbst auch ein Zielgen des WNT Signalwegs (MDR1, MULTI DRUG
RESISTANCE 1) (Yamada et al., 2000). Dies sind somit weitere Befunde, die das
Konzept der koKSZ in Abhéngigkeit von nuklearem B-CATENIN weiter unterstitzen.
Daruiber hinaus scheint in koKSZ die Expression von IL4 (INTERLEUKIN 4) ein
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weiterer Mechanismus gegen therapiebedingte Apoptose zu sein und dadurch den

betreffenden Zellen erhdhte Resistenzen vermitteln zu kénnen (Todaro et al., 2007).

Zur Isolation von koKSZ dienen spezifische Oberflachenmolekile, tUber die sich
die Zellen zum Beispiel in einer FACS- (fluorescent activated cell sorting) Analyse
anreichern lassen. Im KRK gelang die Isolation von Zellpopulationen, die sich durch
entsprechende Eigenschaften auszeichnen (ca. 2,5% - 5,4% aller Tumorzellen), mit
Hilfe des Oberflachenmarkers CD133 (O'Brien et al., 2007; Ricci-Vitiani et al., 2007)
oder einer Kombination aus CD44 und CD166 (Dalerba et al., 2007) sowie der
enzymatischen Aktivitdt der Aldehyd Dehydrogenase 1 (ALDH1) im sogenannten
Aldefluor-Assay (Huang et al., 2009). Entsprechend des Konzepts der koKSZ
korreliert passenderweise auch die Expression des Tumorstammzellmarkers CD133
in Kombination mit nukledarem B-CATENIN in Primartumoren des humanen KRK mit
einem signifikant schlechteren Uberleben der Patienten (Horst et al., 2009a).
Allerdings scheint hierbei der funktionelle Beitrag von CD133 fir die Progression
vermutlich eher von geringer Bedeutung zu sein, gerade im Vergleich zu CD44 (Du
et al., 2008). Solche funktionelle Eigenschaften von koKSZ beinhalten u. a. die
Fahigkeit zur Selbsterneuerung durch asymmetrische Teilung, die Fahigkeit
Nachkommen zu bilden, die in sa&mtliche fir das Organ zutreffende Zelltypen
differenzieren konnen (Vermeulen et al., 2008), sowie als Goldstandard die Fahigkeit
zur Tumorinitiation nach subkutaner Injektion in immundefiziente Wirtsméause
(Xenografts) in geringer Zellzahl. Weiterhin konnten koKSZ auch als die fur die
Metastasierung relevanten Zellen identifiziert werden (Pang et al., 2010). Um mit
diesen Zellen in vitro Analysen durchfihren zu konnen, sind ganz besondere
Zellkulturbedingungen notig, da die Zellen ihrer naturlichen Nische beraubt wurden
und sie folglich ihren Stammzellcharakter verlieren kénnten und differenzieren
wirden. Die geeigneten in vitro Bedingungen umfassen die nicht-adhérente
Propagierung als sogenannte Spharoide (Kolospharen) in Gegenwart hoher
Konzentrationen der Wachstumsfaktoren EGF (EPIDERMAL GROWTH FACTOR)
und FGF-2 (FIBROBLAST GROWTH FACTOR 2) (Ricci-Vitiani et al., 2007). Diese
scheinen demnach in der Lage zu sein, die Tumorstammzellnische der in vivo
Situation simulieren zu kodnnen. Interessanterweise kdnnen auch aus etablierten
kultivierten  kolorektalen Tumorzelllinien derartige Kolospharen mit vielen

Eigenschaften von Tumorstammzellen generiert werden (Dallas et al., 2009; Fillmore
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and Kuperwasser, 2008; Yeung et al., 2010). Dies legt den Schluss nahe, dass
Tumorstammzellen mit ihren funktionellen Charakteristika auch unter artifiziellen in
vitro Bedingungen einen kleinen Prozentsatz aller Zellen ausmachen, worauf sich die
Fahigkeit der Kultivierung von Tumorzelllinien Uberhaupt erst zurickfihren liel3e.
Durch diese Erkenntnis lassen sich somit Fragestellungen im Kontext von
Tumorstammzellen auch in etablierten Tumorzelllinien untersuchen und es muss
nicht zwangslaufig auf schwer zu gewinnendes und aufwendig zu kultivierendes
primares Material zurtickgegriffen werden. Mdglich ist die Isolation dieser Zellen
ebenfalls mit Hilfe der beschriebenen Markermolekile (Yeung et al., 2010) oder
durch die funktionelle Eigenschaft von KSZ fluoreszierende Farbstoffe, wie z. B.
Hoechst 33342, aktiv auszuschleusen, was in FACS Analysen die charakteristische
Zellfraktion der Side Population (SP) zur Folge hat (Sussman et al., 2007).

25



2 Fragestellungen

2 FRAGESTELLUNGEN

Zusammenfassend kann festgestellt werden, dass das von Vogelstein
vorgeschlagene Modell der linearen Tumorentstehung viel zum Verstandnis der
kolorektalen Karzinogenese beigetragen hat (Kinzler and Vogelstein, 1996), es
jedoch angesichts neuerer Daten insbesondere bezlglich der EMT und des
Konzepts der Tumorstammzellen in einen weitaus komplexeren Kontext einzuordnen
ist. Da B-CATENIN in diesem Zusammenhang eine zentrale Rolle einnimmt und an
der Vermittlung vieler tumorrelevanter Prozesse beteiligt ist, sollte im Verlauf meiner
Promotion die Bedeutung des deregulierten WNT Signaltransduktionsweges fir die
Karzinogenese im Gastrointestinaltrakt mit besonderem Fokus auf die stemness
weitergehend untersucht werden. Insbesondere wurden in meiner kumulativen

Dissertation folgende Fragestellungen bearbeitet:

1. Welche Mechanismen fuhren in humanen KRK zur Stabilisierung von (-
CATENIN, insbesondere in MSI-H KRK?

2. Welche Auswirkung hat der B-CATENIN induzierte negative feedback loop
durch DKK4 in humanen KRK und wie wird dieser unterbrochen?

3. Welche prognostische und funktionelle Rolle spielen koKSZ Marker wie
CD133 in der Progression humaner KRK?

4. Welche neuen B-CATENIN Zielgene sind funktionell an der Aufrechterhaltung
von Tumorstammzell-Attributen wie Langlebigkeit, geringer Teilungsrate,
Tumor-Initiation und Therapieresistenz beteiligt? Sind B-CATENIN Zielgene

selber auch funktionell am Aufbau der Tumorstammzellnische beteiligt?
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Mutations in the WTX - gene are found in some
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Abstract

Background: Genetically, colorectal cancers (CRCs) can be subdivided into tumors with chromosomal instability
(CIN) or microsatellite instability (MSI). In both types of CRCs genes that are involved in the degradation of -
CATENIN are frequently mutated. Whereas in CIN CRCs APC (Adenomatous Polyposis Coli) is affected in most cases,
high grade MSI (MSI-H) CRCs frequently display mutations in various genes, like the APC-, AXIN2- or CTNNBI (B-
CATENIN) gene itself. Recently in Wilms tumors, WTX (Wilms tumor gene on the X-chromosome) was discovered as
another gene involved in the destruction of 3-CATENIN. As the WTX-gene harbors a short Tg-microsatellite in its N-
terminal coding region, we hypothesized that frameshift-mutations might occur in MSI-H CRCs in the WTX gene,
thus additionally contributing to the stabilization of B-CATENIN in human CRCs.

Methods: DNA was extracted from 632 formalin-fixed, paraffin-embedded metastatic CRCs (UICCIV) and analyzed
for MSI-H by investigating the stability of the highly sensitive microsatellite markers BAT25 and BAT26 applying
fluorescence capillary electrophoresis (FCE). Then, in the MSI-H cases, well described mutational hot spot regions
from the APC-, AXIN2- and CTNNBI genes were analyzed for genomic alterations by didesoxy-sequencing while the
WTX Tg-microsatellite was analyzed by fragment analysis. Additionally, the PCR products of Ts-repeats were
subcloned and mutations were validated using didesoxy-sequencing. Furthermore, the KRAS and the BRAF proto-
oncogenes were analyzed for the most common activating mutations applying pyro-sequencing. mRNA expression

transcription (RT-) PCR and FCE.

of WTX from MSI-H and MSS cases and a panel of colorectal cancer cell lines was investigated using reverse

Results: In our cohort of 632 metastatic CRCs (UICCIV) we identified 41 MSI-H cases (6.5%). Two of the 41 MSI-H
cases (4.8%) displayed a frameshift mutation in the Tg-repeat resulting in a Ts sequence. Only one case, a male
patient, expressed the mutated WTX gene while being wild type for all other investigated genes.

Conclusion: Mutations in the WTX-gene might compromise the function of the B-CATENIN destruction complex in
only a small fraction of MSI-H CRCs thus contributing to the process of carcinogenesis.

Background

Genetically, colorectal cancers (CRCs) might be subdi-
vided into two groups. One group is characterized by
chromosomal instability (CIN) and follows the classical
multistep carcinogenesis model where mutations result
in the activation of proto-oncogenes (gain of function)
or the inhibition of tumor suppressor genes (loss of
function) by this driving the process of colorectal
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carcinogenesis [1]. The other group is characterized by
high grade instability of microsatellites (MSI-H) and can
be subdivided into sporadic and heritable forms and
accounts for approximately 15% of all CRCs. The major-
ity of sporadic MSI-H CRCs is characterized by loss of
expression of the MLHI (MUT-L homologue 1) gene, a
component of the mismatch repair (MMR) system due
to methylation of its promoter/exon 1 region. These
MSI-H CRCs belong to the CIMP (CpG island methyla-
tor phenotype) and are highly associated with mutations
in the BRAF proto-oncogene (up to 75%) [2]. In con-
trast, the heritable forms of MSI-H CRCs, known as

© 2010 Scheel et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
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.
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hereditary non polyposis colorectal cancers (HNPCC),
harbor mutations in genes of the MMR-system, like
MLHI, MSH2 (MUT-S homologue 2), MSH6 or PMS2
(post mitotic segregation 2). Thus, in MSI-H tumors,
the function of the MMR-system is lost [3]. This in turn
leads to frameshift mutations in microsatellites, which
might contribute to the malignant transformation of
tumor cells when located in the coding sequences of
tumor suppressor genes like the TGFBR2 (TGF- recep-
tor type 2) [4]. This type of mutation and the associated
occurrence of neoantigenic structures might explain
why sporadic MSI-H CRCs have a better prognosis than
microsatellite stable (MSS) CRCs [5].

Interestingly, the stabilization of f-CATENIN, which is
the executor of the canonical WNT-signaling pathway, is
affected in both, MSI-H and MSS CRCs. In the WT
situation B-CATENIN is earmarked for degradation by a
multi-protein complex assembled of at least APC,
AXIN2, PP2A (pyro-phosphatase 2 A) and GSK3B (glyco-
gen synthase kinase 3f). In MSS CRCs, the stabilization
of B-CATENIN is mostly achieved by mutations in the
tumor suppressor gene APC, which is considered to be
the gatekeeper of colorectal carcinogenesis [1]. In con-
trast in MSI-H CRCs, the stabilization of B-CATENIN
seems to be a later event and is achieved by loss of func-
tion in APC [6-8] in only 14-56%, while in 24% mutations
are found in the AX/N2- [8] or in up to 43% in the
CTNNBI-gene itself, depending on if investigating spora-
dic or heritable cases of CRC [6,8-11]. Expectedly in
MSI-H CRCs, the loss of function mutations in the APC-
and AXIN2-tumor suppressor genes partly results from
frameshift mutations, thus highlighting the causative role
of the MMR system in MSI-H CRCs.

Recently in Wilms tumors, WIX (Wilms Tumor
gene on the X-Chromosome) was discovered as
another component of the B-CATENIN degradation
complex where it directly interacts with f-CATENIN
and APC [12,13]. Moreover, Wilms tumors are often
characterized by a deregulated WNT-signaling pathway
which can be attributed to mutations in the WI'X-gene
in 7 to 30% of all cases [14,15]. Due to its location on
the X-chromosome, WTX resembles a one hit tumor
suppressor which has therefore a higher penetrance in
men than in women.

Because of its role in the degradation of f-CATENIN
and the presence of a short six basepair long T-repeat
(Te) in the N-terminus encoding part of the WT'X-gene,
we hypothesized that WTX might also contribute to the
stabilization of B-CATENIN in MSI-H CRCs. Therefore,
we investigated if frameshift mutations are present in
the Te-repeat of the WTX-gene in the MSI-H fraction
of a collection of metastatic CRCs (UICCIV).
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Methods

Clinical samples

632 cases of formalin fixed, paraffin-embedded (FFPE)
tissue of metastatic CRCs (UICCIV) were selected for the
investigation. The usage of these cases for scientific rea-
sons was approved by the local ethics committee of the
Medical Faculty of the Ludwig-Maximilians-Universitat
Miinchen.

DNA and RNA isolation

After removal of paraffin wax using graded xylene- and
alcohol dilutions following routine protocols, tumor
cells were manually dissected from the slides. Subse-
quently, DNA and RNA were extracted using QIAamp
DNA Micro kits or RNeasy FFPE kits (Qiagen, Hilden,
Germany), respectively following the instruction
manuals.

Cell lines, Cell culture and RNA isolation

Cultivated colorectal tumor cell lines RKO, LoVo,
SW480, Caco2, DLD-1, HCT15, HCT116, LS174T and
HT29 were purchased from the ATCC (LGL Promo-
chem GmbH, Wesel, Germany) and maintained in
DMEM (Biochrom, Berlin, Germany) containing 7.5%
(v/v) fetal bovine serum (Biochrom, Berlin, Gemany).
RNA was isolated using RNeasy Mini kits (Qiagen, Hil-
den, Germany) according to the user’s instructions.

PCR, reverse transcription, RT-PCR, fluorescence capillary
electrophoresis (FCE), didesoxy- and pyro-sequencing

For the determination of MSI-H polymerase chain reac-
tions (PCRs) specific for the monomorphic mononucleo-
tide microsatellites BAT25 and BAT26 were done using
1 pl DNA as the template in the presence of 1.5 mM
MgCl,, 200 uM dNTPs (Fermentas, St. Leon, Germany),
400 nM of each of BAT25 or BAT26 specific primer
pairs (Additional file 1, Table S1), respectively together
with 1 U HotStarTaq Polymerase (Qiagen, Hilden,
Germany) following the user’s manual. Male DNA (Pro-
mega, Mannheim, Germany) was used as the template
for positive- and water for negative controls. PCRs spe-
cific for the mutation hot spots of the APC- (exon 15)
[7], AXIN2- (exon 8) [8] and CTNNBI- (exon 3) [16,17]
genes as well as the Te-microsatellite of the WTX-gene
were done using the same protocol together with gene-
specific primers (Additional file 1, Table S1). 1 pl of the
final PCR products was used for subsequent sequencing
using BigDye Terminator v1.1 kits (Applied Biosystems,
Darmstadt, Germany) together with appropriate primers
(500 nM, Additional file 1, Table S1). Reactions
were purified using DyeEx v2.0 kits (Qiagen, Hilden,
Germany) following the handbook. 4 pl purified
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Table 1 Overview of patient age, gender and mutations found in MSI-H CRCs

Patient ID Age Gender WTX APC AXIN2 CTNNB1 KRAS BRAF
Exon 15 Exon 8 Exon 3 Codon 12/13 Codon 600
1 65 m I WIT WT W1 W1 WIT
2 na. f I WIT WIT W W c1799T>A
3 52 m Is WT WT WT WT WT
4 74 m Te WI 1 bp del (G) WI WI na.
codon 665
5 68 f le WIT W W c.35G>A WT
6 28 m le 2 bp del (AG) WT WIT WIT WT
codon 1462
7 72 f le WIT WT W1 W1 c.1799T>A
8 65 f Te na. na. na. WIT WT
9 63 f Ie Cc2312A>G WT WT WT c1799T>A
p.E770G
10 na. m la C.2393A>G WT W1 W1 c.1799T>A
p.G797D
1 77 f Ie WT WT WT WT WT
12 65 f ls WIT WT W1 W1 c.1799T>A
13 75 m ls 1 bpins (A) WT W1 W1 c.1799T>A
codon 1554
14 69 f Ie WT €2062C>T (mut/mut) c64G>A WT WT
p.PE87L p.v22l
15 72 f la WIT WT WIT WIT c1799T>A
16 46 m le WIT c.2073C>T1 WIT WIT WT
p.691Q>STOP
17 45 f le 1 bp ins (A) WT W1 W1 c.1799T>A
codon 1554
18 42 m Is WIT WT WT WT WT
19 na. m ls WIT WT Wi Wi WIT
20 76 m le WIT WT W1 W1 c.1799T>A
21 76 m la WIT WT W1 W1 WIT
22 78 f le WIT c.2037C>T1 WIT WIT WT
p.H679Y and
c2071C>1
p.691Q>STOP
23 56 f Ie WT WT c134C>T WT c1799T>A
p.545F
24 33 m le WIT WIT W W WT
25 73 f le WIT WT WIT WIT c1799T>A
26 65 f Ie WIT c21031>C W1 W1 c1799T>A
p.S701P
27 77 f le WIT W W W WT
28 69 m le WIT WT WIT WIT WT
29 43 m ls WIT WT Wi Wi WIT
30 64 f ls WIT WT Wi Wi WIT
31 43 m la WIT WT W1 W1 WIT
32 43 m le WIT W W W WT
33 54 m le WIT WT WIT WIT WT
34 66 f Ie WIT € 2062C>1 WIT WIT WIT
p.PE87L
35 40 f le WIT W W W WT
36 60 m le na. n.a. n.a. n.a. WT

30



3 Ergebnisse

Scheel et al. BMC Cancer 2010, 10:413 Page 4 of 8
http://www.biomedcentral.com/1471-2407/10/413
Table 1 Overview of patient age, gender and mutations found in MSI-H CRCs (Continued)
37 63 f I3 WIT WIT WT c35G>A WT
38 73 m 3 WI WI WIT WI WT
39 72 f Is WI c.2077A>G WIT WI WT
p.HE92R
40 65 f Ig na. na. na. W1 na.
41 52 m Is €.2626C>T WI WIT WI WT
p.876R>STOP
and
2 bp del (AG)
codon 1462

PCR product were mixed together with 16 ul highly-
deionized formamide (HiDi, Applied Biosystems, Darm-
stadt, Germany), heated for 2 minutes at 90°C, cooled
down immediately on ice and loaded onto the genetic
analyzer 3130 (Applied Biosystems, Darmstadt, Ger-
many). Results were finally analyzed with the help of the
Sequencing Analysis v5.2- (Applied Biosystems, Darm-
stadt, Germany) and Geneious-software (Biomatters
Ltd., Australia).

For sequencing the fragments generated from the
WTX-gene, PCRs were repeated using the same but
unlabelled primers (Additional file 1, Table S1) as for
the screening for mutations. Resulting PCR products
were subcloned using the CloneJet PCR cloning kit (Fer-
mentas, St. Leon, Germany) according to the user’s
manual and finally sequenced as described above.

For reverse transcription, 1 pug of RNA was converted
into cDNA using QuantiTect Reverse Transcription kits
(Qiagen, Hilden, Germany) in the presence (+) or
absence (-) of reverse transcriptase (RT) following the
user’s manual. For subsequent WTX specific PCRs 1 pl
of a fiftyfold diluted cDNA solution was used as the
template but else applying the same conditions as
described above. RT-PCR specific for the housekeeping
gene ACTB (B-ACTIN, [GenBank: NM_001101]) served
as a control using B-ACTIN specific primers (Additional
file 1, Table S1). Products from RT-PCR were separated
on 2% 0.5 x TBE agarose gels containing 100 ng/ml
ethidium bromide and visualized under UV-light.

For the analysis microsatellite-stability PCR products
were separated by capillary electrophoresis using an ABI
3130 sequencing analyzer by mixing 1 pl of the PCR
products with 18.5 ul highly-deionized formamide
(HiDi) and 0.5 pl of the GeneScan-500 LIZ size standard
(both Applied Biosystems, Darmstadt, Germany), heated
for 2 minutes at 90°C, cooled down immediately on ice,
and subsequently loaded onto the genetic analyzer 3130.
Finally, results were analyzed with the help of the Gene-
Mapper v4.0 software (Applied Biosystems, Darmstadt,
Germany).

Mutations in codons 12 and 13 of the KRAS- and
codon 600 of the BRAF-gene were done as described

[18,19] using Pyromark-Gold reagents (Qiagen, Hilden
Germany) together with the appropriate primers (Addi-
tional file 1, Table S1) following the user’s instructions.

Results

First of all, MSI-H CRCs were identified from our collec-
tion of 632 cases of metastatic CRCs (UICCIV) by inves-
tigating the stability of the highly sensitive and specific
monomorphic mononucleotide markers BAT25 and
BAT26 [20,21] using PCR based fluorescence capillary
electrophoresis (FCE). We detected instability of both
microsatellite markers in 41 out of 632 cases (6.5%) com-
pared to control DNA (Figure 1A, tumor 1D #1, #2 (both
MSI-H), #42 (MSS) and Table 1). These 41 cases were
taken for all further investigations as we aimed
to concentrate on WTX frameshift mutations only in
MSI-H CRCs. Second, these cases were analyzed for
mutations in the BRAF- and KRAS- proto-oncogenes
(Table 1) applying pyro-sequencing. We found two out
of 40 evaluable cases (5%) with activating mutations in
KRAS codons12 and 13 and 12 out of 39 cases (30.8%)
with an activating mutation in codon 600 of the BRAF
gene (p.V60OE). Third, WT'X frameshift mutations were
found in 2 out of the 41 investigated MSI-H CRCs (4.9%)
as shown by FCE and resulted in a T5-repeat (Figure 1B,
tumor ID #1, #2), while no such mutations were present
in MSS CRCs (Figure 1B, ID #42). These findings were
further confirmed by subcloning the truncated W7X
PCR products and subsequent didesoxy-sequencing. Both
approaches also revealed signals from the wild type Tg-
repeat in both cases (not shown for direct sequencing),
which probably stem from contaminations with normal
tissue, as well as signals derived from the second, intact
X-chromosome, the latter of course only in case of
female patients. The detected frameshift leads to a stop
codon (TGA) at position 621 of the coding sequence of
the WT'X-gene, which is of 3.408 bp in length (GenBank:
NM_152424). When expressed, such mutated W7TX
alleles will inevitably result in a truncated protein of 207
instead of wild typic 1.135 amino acids. Such a protein
will have no functional properties with respect to
the degradation of f-CATENIN, since the APC and
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Figure 1 MSI-H colorectal tumors display frameshift mutations in the Ts-microsatellite of the WTX-gene. (A) Genomic DNA from 632
patients with metastatic CRC (UICCIV) was analyzed for the presence of MSI-H with the help of the two monomorphic microsatellite markers
BAT25 and BAT26. Shown are representative results from two CRCs with MSI-H (ID #1, #2) and one CRC with MSS (ID #42). (B) Two tumors of the
41 MSI-H cases of CRCs harbored frameshift mutations in the coding sequence of the Ts-repeat of the WiX-gene resulting in the occurrence of a
Ts-repeat (ID #1 and #2) compared to only wild type Tg-repeats in tumors with MSS CRCs (ID #3). Left: shown by FCE, right: shown by direct
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B-CATENIN interaction domains are located C-termin-
ally of amino acid 207, namely positions 307-789 and in
the C-terminus, respectively [12,13]. Tumor ID #2 was
additionally characterized by a mutation in the BRAF
gene (Table 1). Fourth, we wanted to increase the evi-
dence that the WTX mutations might have a functional
relevance for the stabilization of f-CATENIN in the con-
text of the other members of the WNT signaling pathway
APC, AXIN2 and CTNNBI, which have been described to
be mutated in MSI-H CRCs. Therefore, we investigated
the described mutational hot spot regions of these three
genes in the 41 MSI-H CRCs [7,8,16,17] by direct dide-
soxy-sequencing (Table 1). Mutations in the APC gene
were detected in 6 out of 38 evaluable cases (15.8%), in
the AXIN2-gene in 7 of 38 (18.4%) and in the CTNNBI-
gene in 2 of 38 (5.3%) cases. As far as to our knowledge,
some of the detected mutations have not been described
previously and thus their functional consequences remain
to be determined. Importantly, however, we could not
find any additional mutations in the two tumors display-
ing the WTX Ts frameshift. Fifth, we analyzed the expres-
sion of WTX mRNAs in the tumors of the patients with
WTX frameshift mutations in order to assess whether
these might be of functional relevance for the stabiliza-
tion of B-CATENIN. Due to the clonal origin of cancers
and the fact that only one X-chromosome is transcrip-
tionally active in women whereas men carry only a single
X-chromosome, mutations in X-chromosomal encoded

genes like the WT'X-gene will have a direct functional
consequence known as haplo-insufficiency when being
expressed. Thus, we checked, first of all, if WTX is com-
monly expressed in CRCs and especially in the patients
carrying Ts-repeats in their WT X-genes. The tumors of
both patients expressed WI'X mRNA (Figure 2A, tumor
ID #1 and #2), as did MSI-H tumors from patients with
wild type WTX genes (Additional file 2, Figure S1 A
patient ID #4 - #6) or tumors from MSS CRCs (Figure
2A, tumor ID #42 and Additional file 2, Figure S1 A,
tumor ID #43 and #44), as well as a panel of cultivated
colorectal tumor cell lines (Additional file 2, Figure S1
B). Next, we investigated the length of the T microsa-
tellite in the WTX-mRNA. We found that only one of the
two tumors (ID #1, a male patient) harbored the Ts-fra-
meshift mutation on the transcript level (Figure 2B,
tumor ID #1) and thus inevitably also on the protein
level. However, this latter fact could not be verified
immunohistochemically due to lack of specific antibodies
distinguishing between wild type and mutated WTX pro-
tein. The Ts-repeat containing tumor of the female
patient (ID #2) expressed wild-type WT'X-mRNA, indi-
cating that the mutated gene was located on the inacti-
vated X-chromosome.

Discussion

MSI-H CRCs constitute approximately 15% of
all CRCs [3] and are generally considered to be
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Figure 2 Frameshift mutations in the WTX-gene are expressed
on the mRNA level. (A) CRCs (ID #1, #2 and #42) expressed WTX
mRNA. (B) One of the two CRCs with MSI-H and a genomic
frameshift mutation in the WTX-gene displayed expression of the
mutated allele on the level of mRNA (ID #1) whereas the other
tumor (ID #2) as well as MSS-CRCs (ID #42) harbored wild type
mRNA indicated by the presence of only Te-repeats.
A

characterized by a better prognosis than tumors of
the MSS type [5]. This is reflected by the fact that
only 7.9% of all MSI-H CRCs show progression to a
metastatic state (UICCIV), while 27.9% of MSS cases
succeed in forming distant metastases [22]. Thus, the
proportion of MSI-H CRCs among tumors in UICCIV
has been found to be less compared with the mean
value of 15% in all stages (UICCI - UICCIV) [23]
which is in support with 41 MSI-H cases found in
632 UICCIV cases of CRCs (6.5%). These results were
obtained using the two mononucleotide markers
BAT25 and BAT26 instead of the five marker set
recommended by the Bethesda guidelines from the
National Cancer Institute [20] because these two mar-
kers were shown to be of almost the same diagnostic
value as all five NCI markers in combination [21].
Furthermore, due to their monomorphic character,
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usage of BAT25 and BAT26 makes a comparison of
normal tissue dispensable.

The difference in clinical behavior of colorectal MSI-H
and MSS tumors is also reflected by differences in the
mechanisms of genetic instability. MSS CRCs usually
mutate the APC tumor suppressor gene by gross dele-
tions in the genome known as loss of heterozygosity
(LOH) or point mutations [24]. As this occurs as the
entry mutation in the process of colorectal carcinogen-
esis APC is here known as the gatekeeper [1]. In con-
trast, MSI-H CRCs seem to evolve via a different
pathway as mutations in the BRAF or less often KRAS
proto-oncogene occur early [3]. Our findings show that
in UICCIV less tumors carry BRAF gene mutations
(28% compared with up to 75% in MSI-H tumors of all
stages [2]) indicating that in MSI-H tumors BRAF muta-
tions might be somehow protective for progression into
UICCIV. Alternatively, the amount of heritable HNPCC
tumors might be higher in our collection which do not
show mutations in the BRAF gene [2]. Due to changes
in the cellular methylation system in sporadic MSI-H
tumors the expression of several tumor suppressor
genes is turned off due to methylation of its promoter/
exonl. This also seems to be the cause for the loss of
the expression of the MLHI (MUT-L homologue) gene.
As a consequence, instability of microsatellites occurs
which affects in a second wave of mutations compo-
nents of the WNT-signaling pathway, like the APC-,
or the AXIN2-gene and, as shown here in a small group
of cases, additionally in the WTX-gene. Since we con-
centrated on defects leading to the stabilization of f3-
CATENIN in MSI-H CRCs, a collection of UICCIV
tumors was used because it was expected that later
states should contain most if not all mutations leading
to the stabilization of B-CATENIN. One study analyzed
in a group of 45 MSI-H CRCs the occurrence of muta-
tions in the three genes encoding AXIN2 (11/45 -
24.4%), APC (4/28 - 14.3%) and CTNNBI (5/45 - 11.1%)
[8], thus assigning approximately 50% of MSI-H CRCs
with defects in components of the WNT signaling path-
way. Assuming that mutations in the WNT-signaling
pathway might also be important in MSI-H tumors, it
suggests that additional mechanisms might contribute to
the stabilization of f-CATENIN in this tumor entity.
The situation turns out to be even more complex as
heritable and sporadic forms of tumors display partly
great differences in their mutational spectrum as e.g.
shown for the CTNNBI gene where sporadic tumors do
not display mutation [11] compared to 43% in heritable
HNPCC cases [10]. Analyzing our mixed collection of
UICCIV MSI-H CRCs, we found 15 out 38 evaluable
cases (39.5%) with mutations in the established compo-
nents of the WNT signaling pathway. Alternatively, this
might be a stage specific effect as it was shown that
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MSI-H tumors are found less frequently in the UICCIV
group than MSS tumors which is not the case in the
other stages (UICCI - UICCIII) thus indicating a special
biology of MSI-H tumors in UICCIV [22]. Here, we add
frameshift mutations in the recently identified WTX-
gene, a component of the B-CATENIN degradation
complex [13], as an additional mechanism which were
found at a frequency of 2/41 among MSI-H cases
(4.9%). This frameshift occurred in a 6 thymidine repeat
that is located in the N-terminal coding region giving
rise to an unfunctional gene product when being tran-
scribed as shown here and translated due to the absence
of the APC- and B-CATENIN interaction domains
[12,13]. Moreover, we detected several monorepeats of
five basepairs in length distributed over the WTX open
reading frame which we did not investigate for instabil-
ity because they are to small to be targets for microsa-
tellite frameshifts [25].

In general a rate of two out of 41 is very low but it is
misleading to conclude from mutation rates on the
importance of genes as even intronic regions display
mutation rates of 54.2% which are known to be only pas-
senger mutations [26]. Moreover, even high mutation fre-
quencies of 39% in the T'CF4 gene (T-cell transcription
factor 4) [27] which has an important role in WNT-sig-
naling are not warranting that the mutations might have
a physiologic effect [28]. Thus, the finding that 1 patient
(2.5%) expressed the genetic alteration on the mRNA
level may be an indicator that alterations in the WTX-
gene might have a functional role for the stabilization of
B-CATENIN and have in this case the status of a driver
mutation. This accounts especially in the context of
absent other mutations in the WNT pathway (Table 1)
and when considering that this patient with tumor 1D #1
was a 65 years old man with probably a sporadic tumor
and that WTX is located on the X-chromosome. More-
over, our mutation frequency is consistent with another
study, which detected only a single mutation in 47 CRCs
(2.1%), irrespective of the MSI status [29]. While the
functional consequene of this described point mutation is
unknown, this and our work at least indicate that muta-
tions in WT'X might be involved in colorectal carcinogen-
esis in a small proportion of both, MSI-H as well as MSS
tumors. Interestingly, our result that the tumor of a
female patient displayed the mutation in the W7T'X-gene
on the transcriptionally inactive X-chromosome is in sup-
port with findings from Wilms tumors where mutations
of the WTX-gene were also found on the inactivated
X-chromosome in women [14]. Obviously, larger cohorts
are needed for definitively answering the open questions
about the frequency of WTX-gene mutations and
the prevalence of mutations on the inactivated X-
chromosome in female patients.
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Conclusion

Taking together, we demonstrate that mutations in the
WTX-gene might play a role in the process of MSI-H
colorectal carcinogenesis in a small subgroup of these
tumors as has been modeled for Wilms Tumors before
[30]. This implies that WTX-gene mutations should be
reconsidered in future studies dealing with MSI-H
CRCs, especially in the context of the other known
mutations leading to stabilization of B-CATENIN.
Importantly, a functional role of these mutations for the
process of colorectal carcinogenesis has to be investi-
gated in further works in the future.

Additional material

Additional file 1: Table 51 Oligonucleotides used in this study.

Additional file 2: Figure S1 CRCs as well as colorectal tumor cell
lines express WTX mRNA. (A) All cases of CRCs tested expressed WTX
mRNA irrespective of being MSI-H (ID #1, #2 and #4 to #6) or MSS (ID
#42 to #44). (B) A panel of cultivated CRC cell lines also expressed WX
mRNA. PCR specific for the housekeeping gene ACTB (B-ACTIN) served as
a control.
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Like Dickkopf-1 (DKK1), DKK4 is a target of B-catenin/Tcf-4 in colorectal cancer. However,
as a negative regulator of Wnt signalling its function in colorectal cancer cells is not well
understood. We report that DKK4 is frequently down-regulated in colorectal cancer cell
lines with deregulated p-catenin/Tcf-4 and in primary colorectal cancers. Exposure of can-

cer cells to DKK4 strongly inhibits basal p-catenin/Tcf-4 signalling activity, cancer cell
growth and cell cycle progression. Therefore, loss of this negative feed-back loop provides
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Wit factor expressing cancer cells with a growth advantage. Our data demonstrate that
DKK4 is an important negative regulator of colon cancer cell growth.

@ 2008 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Whntfp-catenin signalling plays essential roles in
embryogenesis, tissue homeostasis and tumor develop-
ment [1,2]. Physiclogical signalling is initiated by binding
of soluble Wnt ligands to members of the Frizzled family
of seven-pass transmembrane receptors and LRP5/6 co-
receptors. This in turn leads to inhibition of p-catenin
phosphorylation by a multi protein complex consisting of
CKlo, GSK-3B, Dishevelled, APC, and Axin, and conse-
quently to the inhibition of B-catenin degradation by the
ubiquitin/protecsome pathway [1]. B-catenin then translo-
cates to the nucleus, binds to Tcf/LEF factors and orches-
trates the transcription of multiple target genes. The
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coordinated regulation of this canonical Wnt pathway is
essential for differentiation of stem cells and homeostasis
of tissues including intestinal epithelium, skin, muscle,
and hematopoetic cells [3]. Two groups of extracellular
wnt antagonists, the secreted Frizzled-related proteins
(sFRPs), and the members of the Dickkopf {DKK) family,
act to fine-tune the spatiotemporal patterns of Wnt activ-
ity [4]. sFRPs inhibit Wnt signalling by sequestering Whnts.
Binding of Dickkopf proteins to the Wit co-receptor LRP5/
6 causes endocytosis of the complex and consecutively
inhibition of the recruitment of LRP5/6 to Frizzled recep-
tors which is essential for initiation of Wnt signalling at
the cell membrane [5].

Constitutively active Wnt signalling is causally invelved
in the genesis of various cancers [3,6]. Most frequently,
deregulation of Wnt/-catenin signalling is found in colo-
rectal cancer due to mutation of APC. This leads to cyto-
plasmic stabilization of p-catenin and in turn results in
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the activation of B-catenin/Tcf mediated transcription. In a
widely accepted linear view of constitutive activation of
Wnt/B-catenin signalling in cancer, additional activating
signals are thought to be ineffective and redundant [7].
However, several lines of evidence support a view in which
activating and inhibiting signals act simultaneously on dif-
ferent levels of the pathway to modulate Wnt signalling in
cancer cells [3]. Additionally, mutant APC retains some
residual activity to regulate -catenin [8], and thus activa-
tion of Wnt signalling at the membrane level in addition to
APC mutation would allow for further growth advantage of
cancer cells. In this model, extracellular Wnt factors might
act as a second force to stabilize pB-catenin [9]. On this
background, silencing of the expression of sFRPs and DKK
family members provides a growth advantage for cancer
cells [10-12].

Here, we report that DKK4, which like DKK1 is a target
gene of p-catenin/Tcf-4, and would therefore be expected
to be strongly expressed in colorectal cancers carrying
mutations of APC or B-catenin, is frequently down-regu-
lated in colorectal cancer cell lines and primary tumors.
We find that DKK4 acts as a potent inhibitor of Wnt-factor
induced Tcf-dependent signalling. Ectopic re-expression of
DKK4 or treatment of colorectal cancer cells with
recombinant DKK4 resulted in inhibition of cell growth
by attenuation of cell cycle progression. We find that
down-regulation of DKK4 expression is caused by histone
deacetylation. Our data demonstrate that colorectal cancer
cells select against the expression of DKK4. Due to abolish-
ment of the negative feed-back loop provided by DKK4
colorectal cancer cells gain further growth advantage.
Therefore, DKK4 is a new tumer suppressor gene candidate
in colorectal cancer.

2. Materials and methods
2.1. Plasmids

The generation of the pcDNA3-based plasmids 533Y-p-
catenin, Tcf-4, and Tcf4AN31 has been described
previcusly [14]. S33Y-pB-catenin-pTREZhyg and B-galacto-
sidase-pTREZhyg were generated by shuttling of the cod-
ing sequences from the pBMN constructs ([ 14]) into the
corresponding restriction sites of pTREZhyg (Clontech,
Mountain View, CA). The reporter plasmids 8xTOPflash
and 8xFOPflash were kindly provided by Randall T. Moon,
University of Washington. The putative promoter region
of DKK4 was amplified by PCR from the human BAC-clone
B737B051025D (RZPD, Berlin, Germany) by using the
primers 5'-ctc cca aag tgc tgg gat ta-3’ and 5-GCA CGT
CGT CTG TTT GTC AC-3'. The resulting fragment was sub-
cloned into the luciferase reporter plasmid pGL3-basic
{Promega, Mannheim, Germany) and the sequence was
confirmed by direct sequencing.

To clone pcDNA3 DKK4, human DKK4 c¢DNA {source:
SW480 cells) was amplified using the primers
hDKK4_BamHI_S 5-CGG GAT CCG CCG CCA CCA TGG
TGG €CGG CCG TCC TGC T-3 and hDKK4_Notl R 5-ATA
AGA ATG CGG CCG CTT ATA GCT TTT CTA TIT TIT GGC
ATA C-3. The resulting PCR product was digested with
the restriction enzymes BamHI and Notl and cloned into

the expression vector pcDNA3 (Invitrogen) digested with
the same restriction enzymes. The sequence of this plas-
mid was verified by sequencing.

2.2, Cell culture

All parental cell lines were obtained from ATCC {Manas-
sas, VA, USA) and cultured in DMEM medium supple-
mented with 10% calf serum (PAA, Pasching, Austria).
HEK293 Tet-On cells were purchased from Clontech. Short
interfering RNAs were purchased from Dharmacon (Lafay-
ette, CO, USA) as on-target validated siRNAs. These were
transfected employing Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). To generate stably transfected
HCT116 cells expressing human DKK4, 3 x 10° cells were
transfected with the plasmid pcDNA3 DKK4 using Mirus
LT1 transfection reagent {Mirus Bio). Transfected cells
were selected using 250 pg/ml G418 (PAA) and the poly-
clonal population was used for subsequent experiments.
For reporter assays cells were transfected using Nanofectin
I (PAA) with 0.5 ug of luciferase reporter plasmids, 0.5 Lg
expression plasmids and as a control for transfection effi-
ciency with 0.5 g of constitutively active p-galactosidase
reporter plasmid pCH110 {Amersham Pharmacia Biosci-
ences, Freiburg, Germany). Fourty-eight hours after trans-
fection, cells were collected and suspended in reporter
lysis buffer (Promega) and luciferase activities were mea-
sured using the luciferase assay reagent (Promega) and a
luminometer {model TD-20/20; Turner Corp., Sunnyvale,
California, USA). -galactosidase activity was determined
by standard methods as a control for transfection
efficiency.

Doxycycline-inducible HEK293 Tet/S33Y p-cat cells
were generated by stable transfection of S33Y-B-catenin-
pTREZhyg and p-galactosidase-pTREZhyg into HEK293
Tet-On cells. Cells were selected in G418 (0,1 mgjml;
PAA) and hygromycin B {0,1 mg/ml; PAA). Stimulations
were performed with doxycycline (Fluka, Steinheim, Ger-
many) at 2 ug/ml for 24 and 48 h. Recombinant human
DKK4 and Wnt3a was purchased from R&D Systems {Min-
neapolis, MN, USA). Proliferation assays were performed
with the CellTiter 96 One Soluticn Cell Proliferation Assay
{Promega).

2.3. Functional assays

HCT116 cells were stimulated with 1 pg/ml recombi-
nant DKK4 (R&D) for 72h 1x 10? HCT116 cells were
seeded in soft agar ({Agar noble, Becton Dickinson) mixed
with 2x DMEM) and treated with 1 pg/ml recombinant
DKK4 (R&D) as indicated. Similarly, 1 x 107 stably trans-
fected HCT116 cells expressing DKK4 were seeded in soft
agar. After four weeks, colonies were stained with methyl-
eneblue (Sigma) in 25% glutaraldehyde (Sigma), photo-
graphed, and counted.

For flow cytometry analysis, cells were stimulated with
1 pg/ml recombinant DKK4 {(R&D) for 72 h. Cells were har-
vested and stained with 50 mg/ml propidium icdide (Flu-
ka, Steinheim, Germany) in 0.1 M sodium citrate buffer
containing 0.1% (w/fv) Triten X-100 (Bio-Rad, Munich, Ger-
many) for 30 min at 4 °C and subsequently analyzed using
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a Becton Dickinson FACS Calibur flow cytometer (B&D, Hei-
delberg, Germany). For the analysis of stably with DKK4
transfected HCT116 cells, 1 x 10° cells were seeded, syn-
chronized by serum starvation for 48 h, and stimulated
with 10% FCS for 10 h. Flow cytometry analysis was per-
formed as described for cell lines treated with recombinant
DKK4 protein.

DLD1, SW480, HT29, LoVo and HCT116 cells were trea-
ted with 5 pg/ml trichostatin A {TSA, Sigma) for 24 h. Cells
were harvested and total RNA was isolated using TRIZOL
(Invitrogen). Reverse transcribed DKK4 mRNA (cDNA)
was quantified using real-time PCR.

The histone acetylation status was analyzed by chro-
matin immunoprecipitation {ChIP). After treatment of
DLD1 cells with TSA, immunoprecipitation of acetylated
histones H3 K9/14 and H4 K12 was performed using the
anti-H3 K9/14ac (Millipore; #06-599) and anti-H4 K12ac
(Millipore; #07-595) antibodies, respectively, as described
(Acetyl-Histone H3 Immunoprecipitation {ChIP) Kit, Up-
state, Lake Placid, NY, USA). The co-immunoprecipitated
DNA was amplified by PCR (Thermocycler CG1-96, Cor-
bett-Research, Sydney, Australia) and PCR products were
analyzed on an agarose gel. The following PCR were used
for the amplification of co-immunoprecipitated DNA:
ChIP_DKK4 A FW 5-CCC TGC CTC TTC TCT CCT TC-2,
ChIP_DKK4_A_RV 5-GAA ATC GGC TGA GCA AAG TC-7,
CHIP_GAPDH_prom_FwW 5-TGA GCA GAC CGG TGT CAC
TA-3’, and CHIP_GAPDH_prom_RV 5-AGG ACT TIG GGA
ACG ACT GA-3".

2.4, Western blots

Cell lysates were prepared with RIPA lysis buffer [Tris-
buffered saline (TBS), 0.5% deoxycholate, 0.1% (wfv) so-
dium dedecyl sulfate (SDS), 1% (v{v) Nonidet P-40] supple-
mented with proteinase inhibitors and equal amounts of
protein were supplemented with 4x SDS loading buffer
(0.35M Tris, pH6.8; 30% {vjv) glycerol; 10% (w}v) SDS; 90
mM 2-mercaptoethansl; 0.01% {wjv) bromphenol blue)
and separated by electrophoresis in discontinuous SDS-
pelyacrylamide gels. Antibodies specific for the Flag-tag
(Sigma), p-catenin antibody {Transduction Labs, San Jose,
CA, USA), p-actin (Sigma-Aldrich, St. Louis, MO, USA) and
the secondary horseradish peroxidase-conjugated goat
anti-mouse antibody (Amersham Biosciences) were used.
Blots were subjected to enhanced chemiluminescence sub-
strate (ECL; Amersham) and exposed to Hyperfilm ECL
(Amersham).

2.5. Quantitative RT-PCR

RNA was extracted from cells and microdissected
colorectal tissues using Trizol reagent (Invitrogen). RNA
was reverse-transcribed after DNase treatment with ran-
dom hexamer primers (final concentration 2.5 ng/ul)
using SuperScript™ I reverse transcriptase (Invitrogen).
Oligonucleotide primers and probes used for quantita-
tive RT-PCR will be made available upon request.
Resulting PCR-products were monitored by melting
peint analysis and agarose gel electrophoresis. PCR-effi-
ciency was determined by analyzing serial dilutions of

cDNA. Pair-wise fixed reallocation randemization test
was used to determine the significance of differences
between samples.

3. Results

3.1. Down-regulation of DKK4 expression in colorectal cancer
cell lines and primary tumors

It has previously been described that DKK1 and DKK4
are regulated by p-catenin/Tcf-4. To directly compare
p-catenin dependent regulation of DKK1 and DKK4 expres-
sion, a conditional expression was utilized, which induci-
bly expresses a stabilized mutant form of f-catenin,
namely S33Y-p-catenin. Induction of the cells with doxycy-
cline resulted in strong expressicn of the p-catenin trans-
gene and activation of Tcf-dependent transcription in the
TOPflash repeorter assay (Fig. 1A and B). Interestingly, the
induction of DKK4 was earlier and stronger than induction
of DKK1 (Fig. 1C). Accordingly, as the majority of colorectal
cancer cell lines is characterized by constitutive activation
of the Wnt/B-catenin pathway due to either APC {LoVg,
DLD1, Widr, SW480, SW620, HT29, Colo205, Colo320, Cac-
oll) or B-catenin (Colo205, HCT116, LS174T, SW48) muta-
tion and only few cell lines reveal no deregulation of this
pathway {(RKO)}, the expression of DKK1 and DKK4 would
be expected to be strongly up-regulated in most of these
cell lines. As expected, DKK1 expression was frequently
up-regulated in colon cancer cell lines with deregulated
B-catenin dependent signalling when compared to a pool
of micro-dissected normal celonic epithelium {Fig. 1D). In
contrast, expression of DKK4 could only be detected in
SW480 and SW620 cells, while all other cell lines revealed
no DKK4 expression irrespective of their APC and p-catenin
mutaticnal status (Fig. 1D). To test, whether the observed
down-regulation of DKK4 in cancer cell lines can also be
found in primary colorectal cancers, we determined the
expression of DKK4 in a series of matched pairs of micro-
dissected colorectal cancers and micro-dissected normal
colorectal epithelium. Only 6 of 21 tumors tested revealed
elevated DKK4 levels while 15 of the 21 primary colorectal
cancers analyzed revealed reduced or unchanged expres-
sion of DKK4 compared to the matched normal epithelium
{Fig. 1E). This suggests that the p-catenin target gene DKK4
is negatively regulated in the majority of colorectal cancers
and cancer cell lines irrespective of the mutational status
of APC and B-catenin. Therefore, despite DKK4 being regu-
lated by p-catenin/Tcf-4 on transcriptional level, in colo-
rectal cancer cells DKK4 is frequently down-regulated,
suggesting that cancer cells might select against the
expression of DKK4 in order to gain growth advantage.

3.2, Dickkopf-4. is a potent inhibitor of f-catein/Tcf-4-
dependent signalling activity

The colorectal cancer cells line HCT116 carries a mu-
tated allele of B-catenin resulting in constitutively active
Tcf-dependent signalling as determined by the TOPflash/
FOPflash reporter gene assay (Fig. 2A). Exposure of these
cells to the transforming Wnt-factor Wnt3a resulted in fur-
ther dose-dependent increase in reporter gene activity

40



3 Ergebnisse

5. Baehs et gl f Cancer Letters 276 (2008) 152-159 155
A control  S33Y-p-flag B so- DOX - C wo
mDOX + 9
c
E 8
DOX  Oh 24h48h  Oh 24h48h 45 ® 7
8 2 5
s X5
flag - - g% 2 4
k-] 2 4 T
s &
15 - g 2 )
B-actin 1
=0 20 @ = oo o ] M EEENERENES
B s i = hrs | o | 24 | 48 | 0 | 24 | 48 | 0 | 24 | 48
24h 48h
&-Gal DKK1 DKK4
D 925 E 10w
C——IDKK1 —
r4
S 700+ - DKKA4 =
B g
8 s
5 4754 g 100
>
rh) a
% 250 4 m E
o
@
E 25 -4 b l ) £ 010
= - X
® 24 2
© =
] - ]1| g
0 1 1 L] 1 L] HI T T 0.01

T
OO AR OPED b N DO
&Qq\?@i\@ LV P o (0" P >

12345867 8910112131415161718192021

Fig. 1. Down-regulation of DKK4 expression in colerectal cancer cell lines and primary tamors. (A) Induction of flag-tagged 533Y-f-catenin in HEK293 Tet/
S33Y (-cat cells after treatment of the cells with dexycycline. Western blet shows flag-tagged f-catenin and f-actin as leading contrel. (B) Expression of
$33Y-B-catenin results in activation of Tcf-dependent transcription as determined by pTOPflash based luciferase reperter gene assay. Transfection efficiency
was centrelled for by co-transfection of a §-galactesidase expressing plasmid. (C) The activation of DKK1 and DKK4 mRNA expression after activation of
S33Y-B-catenin expression was determined by quantitative RT-PCR. (D) The mRNA expression of DKK1 and DKK4 in colorectal cancer cell lines was
determined by quantitative RT-PCR and compared to six independent samples of micredissected normal human colen epithelium. The raties of tumor/
normal mRNA levels are shown. (E) The mRNA expression of DKK4 was determined by quantitative RT-PCR in matched pairs of micre-dissected normal
colerectal epithelium and celerectal cancers of the corresponding patients. The ratios tumor/normal are shown.

(Fig. 2A), demonstrating that Wnt/p-catenin signalling can
be modulated on the membrane level also in the context of
down-stream activating mutations. Co-incubation of these
cells with Wnt3a and increasing amounts of DKK4 resulted
in a strong suppression of Wnt3a-induced Tcf-dependent
reporter activity (Fig. 2B), supporting DKK4's role as a neg-
ative regulator of Wnt-induced signalling. As all colorectal
cancer cell lines endogenously express abundant levels of
the transforming Wnt-ligands Wntl, Wnt3, Wnt3a, and
Wnt7 (Fig. 2C), we next tested whether DKK4 was also
capable of inhibiting basal g-catenin/Tcf-dependent signal-
ling in HCT116 cells, which we supposed is dependent on
both extracellular Wnt-factors and mutation of B-catenin
in HCT116 cells. This assumption was confirmed by expo-
sure of HCT116 cells to DKK4, which resulted in a dose-
dependent reduction of the activity of the TOPflash repor-
ter by up to 60% (Fig. 2D).

3.3. Inhibition of cancer cell growth and cell cycle progression
by Dickkopf-4

To analyze whether this potency of DKK4 to inhibit
Whnt-factor induced Tcf-dependent signalling has func-
tional consequences on tumor cell growth, HCT116 cells
stably expressing DKK4 were plated in semi-solid agar
medium. This revealed that DKK4 strongly inhibited colony

formation reducing the colony number by more than 60%
(Fig. 3A and B). To exclude a non-specific effect due to ec-
topic over-expression of DKK4, the parental HCT116 cells
were plated in agar-medium and grown in the presence
or absence of recombinant DKK4. This confirmed that
extracellular DKK4 is a potent inhibitor of tumor cell
growth (Fig. 3A and B). Fluorescence-activated cell sorting
of HCT116 cells stably expressing DKK4 (Fig. 3C and D) or
HCT116, DLD1, HT29, and LoVo cells exposed to recombi-
nant DKK4 demonstrated that the growth inhibitory effect
of DKK4 was attributable to GO/G1 arrest {Fig. 3E). This
clearly demonstrates the anti-neoplastic function of
DKK4 in colorectal cancer cells and provides a rationale
for why cancer cells select against the expression of DKK4.

3.4. Epigenetic down-regulation of Dickkopf-4 expression

Sw480 and SW620, which have been propagated from a
primary tumor and a metastasis of the same patient, were
the only colorectal cancer cell lines with detectable DKK4
expression. To test whether DKK4 expression was depen-
dent on B-catenin, SW480 cells were transfected with siR-
NAs directed against -catenin or a control siRNA. All gene-
specific siRNAs led to silencing of p-catenin protein and
mRNA expression by at least 90% and a strong reduction
of TOPflash reporter activity (Fig. 4A and B and data not
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Fig. 2. Dickkopf-4 is a potent inhibitor of g-catein/Tcf-4-dependent signalling activity. (A and B) HCT116 colorectal cancer cells lines were transfected with
pTOPflash and incubated with recembinant Wnt3a and/or recembinant DKK4 at cencentratiens as indicated and luciferase activity was determined after
24 h. The means and standard deviations of representative experiments performed in triplicates are shown. (C} The expression of Wntl, Wnt3, Wnt3a,
Wnt7a and GAPDH mRNA was analyzed by RT-PCR in micredissected nermal human celenic epithelium and celerectal cancer cell lines. (D). Luciferase
activity of the pTOPflash reporter was determined after treatment of HCT116 cells with increasing concentrations of DKK4. The means and standard

deviations of an experiment perfermed in triplicates are shown.

shown). Silencing of B-catenin coincided with a strong
inhibition of expression of DKK4 and the well-established
target gene c-Myc (Fig. 4B). To confirm that this was med-
iated via the DKK4 promoter, a fragment of the DKK4 pro-
moter containing eight putative Tcf-binding sites (5-
CTTTG(T/A)T/A)-3") was cloned intoc a luciferase reporter
gene plasmid. Transfection of a dominant negative Tcf-4
allele, TCFAAN31, into SW480 cells led to inhibition of
the Tcf consensus reporter construct TOPflash and dose-
dependently reduced transcription from the DKK4 pro-
moter (Fig. 4C). To test whether the loss of DKK4 expres-
sion in colorectal cancer cells was a consequence of a
loss of transcriptional activators or expression of transcrip-
tional repressors this experiment was also performed in
HCT116 cells. This revealed that in a similar fashion Tcf-re-
porter activity as well as DKK4-promoter activity could be
inhibited by dominant negative Tcf-4 in HCT116 {Fig. 4D).

Silencing of DKK1 expression in colerectal cancers has
been found to be due to methylation of CpG islands of
the promoter [10]. However, our analysis did not identify
any relevant CpG islands in the DKK4 promoter and analy-
sis of promoter methylation in DLD1 and HCT116 cells by
bisulfite sequencing did not reveal any relevant methyla-
tion {data not shown). To test, whether medification of his-
tone acetylation might contribute to the expression of

DKK4 in tumors, DLD1, HCT116, HT29, LoVo and SW480
cells were treated with the histone deacetylase inhibitor
trichostatine A. We found that DKK4 mRNA was strongly
induced in DLD1, HCT116 and LoVo cells, which lack
endogenous DKK4 expression, but expression was not fur-
ther induced in HT29 and SW480 cells {Fig. 4E and data not
shown). Chromatin immuneprecipitation of acetylated his-
tones H3 K9/14 or H4 K12 demonstrated that treatment of
DLD1 cells with TSA increased these activating histone
modifications within the DKK4 promoter (Fig. 4F). There-
fore, our data suggest that despite positive regulation by
B-catenin/Tcf-4, DKK4 is negatively regulated in colorectal
cancer cells on the epigenetic level.

4. Discussion

With the exception of DKK3, the three Dickkopf family
members DKK1, DKK2, and DKK4 interact with LRP6 and
Kremen-2 and have been described to be inhibitors of
canonical Wnt signalling by inducing endocytosis of LRP-
6 [5,15]. They contribute to tissue homeostasis by fine tun-
ing of Wnt/p-catenin signalling as exemplified by studies
on DKK1 [16,17]. However, only DKK1 and DKK4 suppress
Whnt-induced secondary axis induction in Xenopus em-
bryos [18] and a recent study suggested DKK4 to be in-
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duced by canonical Wnt signalling during ectodermal
appendage morphogenesis in mice [19]. Like DKK1, DKK4
is also regulated by B-catenin/Tcf-4 on the transcriptional
level [13,20,21]. As negative regulators of Wnt signalling,
DKK1 and DKK4 are supposed to provide negative feed-
back loops that have important roles in fine-tuning Wnt
signalling in normal tissues.

It has previously been reported that DKK-1, -2, and -3 as
well as members of the sFRP family are frequently down-
regulated in colorectal cancer by promoter methylation
[10-12,22]. Very recently, however, it was reported that
DKK4 is up-regulated in primary colorectal cancers and
promoetes tumour cell invasion and angiogenesis [13]. In
accordance with our data, this study reported high expres-
sion of DKK4 in SW480 cells, but no expression data on
DKK4 were provided for other colorectal cancer cell lines.
To exclude that our finding of frequent down-regulation
of DKK4 in these cell lines was a secondary effect due to
selection of cells in tissue culture, expression studies in
primary colorectal cancers were performed. In contrast to
Pendas-Franco et al., who reported up-regulation of DKK4
expression in 20 of 29 cancers analyzed, we only found
DKK4 expression elevated over normal in 8§ of 21 cases.
This discrepancy might be explained by the different meth-
ods of tissue preparation, as only our study performed
careful micre-dissection of colorectal cancers and celonic

epithelium, thereby guaranteeing that no submucosa was
dissected which might have different expression levels of
DKK4 than the epithelium. Taken altogether, our data sug-
gest that a relevant number of colorectal cancers select
against the expression of DKK4.

sFRPs but not DKK1 can inhibit basal p-catenin/Tcf-
dependent transcription in colorectal cancer cells with
deregulated Tcf-dependent transcription [9,10,12]. How-
ever, here we present evidence that DKK4 is capable of
inhibiting basal B-cateninfTcf-dependent signalling in
colorectal cancer cells carrying activating mutations in
the Wnt/p-catenin signalling pathway. Moreover, as an
inhibitor of Wnt signalling DKK4 is a negative regulator
of cancer cell growth and cell cycle progression. This
poses DKK4 as an important regulater of Wnt signalling
and cell growth in cancer. Apart from this role as nega-
tive regulator of Wnt signalling, DKK4 has alsc been sug-
gested to promote angiogenesis and invasion [13].
However, since the Wnt/pB-catenin signalling pathway
regulates DKK4 expression under physiclogical condi-
tions, probably in order to fine-tune p-catenin activity,
this DKK4-dependent negative feed-back loop provides
an inhibitory signal that interferes with p-catenin medi-
ated colorectal cancer cell growth. Therefore, loss of
DKK4 expression by epigenetic inactivation of the DKK4
gene provides colon cancer cells with a growth advan-
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Fig. 4. Epigenetic down-regulation of Dickkepf-4 expression. (A and B) Transfection of different siRNAs resulted in silencing of B-catenin protein (A) and
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colorectal cancer cells were transfected with increasing amounts of a plasmid expressing dominant negative Tcf-4 (TCF4AN31) and the luciferase reporter
plasmids pTOPflash (TOP) or DKK4-premoter construct. Luciferase activity was measured and nermalized to g-galactosidase activity. The means and
standard deviations of a representative experiment performed in triplicate are shown. (E) Four colorectal cancer cell lines were treated with trichostatine A
(TSA) for 24 h. Expression of DKK4 mRMNA was determined by quantitative RT-PCR and normalized te untreated cells. The means and standard deviations of
arepresentative experiment performed in triplicates are shown. (F) Re-expression of DKK4 after treatment of DLD1 cells with TSA correlates with activating
histone medifications. DLD1 cells were treated with TSA ('+', lanes 5-8) or left untreated (', lanes 1-4) and total cell lysates were subjected te chromatin
immuneprecipitation using antibodies recognizing acetylated histones H3 K9/14 (lanes 3/7) or H4 K12 (lanes 4/8). The o-Gald antibody was used as a

negative control (lanes 2/6). Co-immunoprecipitated DNA was analyzed for the presence of DKK4 and GAPDH promoter sequences using PCR.

tage and offers an explanation why colon cancer cells se-
lect against the expression of DKK4.

Many cancer cells secret Wnt factors which have been
classified according to their ability to transform the mouse
mammary epithelial cell line C57MG [23,24]. We find that
Wnt-1, Wnt-3, Wnt-3a, and Wnt-7a, which belong to the
group of highly transforming Wnts and which are all
thought to activate the canonical Wnt/p-catenin pathway,
are abundantly expressed in colorectal cancer cell lines.
This supports a view in which transforming Wnt factors
have a significant rele in the deregulation of p-catenin/
Tcf-dependent transcription also in cells with mutations
in down-stream components of the Wnt-pathway. This
and the down-regulation of the expression of DKK4 and

other antagonists and inhibitors of Wnt signalling provides
colorectal cancer cells with further growth advantage due
to deregulation of p-catenin/Tcf-4 mediated transcription
in addition to mutation of p-catenin and APC.

In contrast to the promoters of DKK1, DKK2, and
DKK3, which are targets for CpG-island methylation in
colorectal cancers [10,11], the mechanism of down-regu-
lation of DKK4 has so far been unclear. Our analyses and
one recent report failed to identify relevant CpG islands
within the regulatory regions of the DKK4 gene which
could contribute to silencing of DKK4 expression [11].
Pendas-Franco et al. [13] reported that DKK4 expression
could be repressed by 1,25-dihydroxyvitamin D3 in
SW480 cells. However, as colorectal cancer cells do not
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express vitamine D3 and the culture medium does not
contain relevant levels of this vitamine, this cannot be
the mechanism of DKK4 down-regulation in the colorec-
tal cancer cells. Our studies show that silencing of DKK4
expression is not likely due to loss of transcriptional acti-
vators or the presence of repressors of transcription, as
transcription from a luciferase reporter gene driven by
the DKK4 promoter is equally active in cultivated cells
with high DKK4 expression and in those lacking endoge-
nous DKK4 expression. We find that DKK4 expression
can specifically be restored by treatment with a histone
deacetylase inhibitor in cells lacking endogenous DKK4
expression, while this had no effect on DKK4 expression
in DKK4 expressing SW480 cells. This demonstrates that
all Dickkopf factors are frequently negatively regulated in
colorectal cancers due to epigenetic mechanisms. How-
ever, the DKK4 gene is the only member of the Dickkopf
family that is not regulated by DNA methylation but by
histone modification.

In conclusion, our studies show that DKK4 is a potent
inhibitor of Tcf-dependent signalling and growth in colo-
rectal cancer cells. Loss of DKK4 expression which is facil-
itated by histone modification provides cancer cells with a
growth advantage. Under physiological conditions DKK4
provides a negative feed-back loop for fine-tuning of
wnt-signalling. In colorectal cancer cells this loop is shut
down resulting in a growth advantage of cancer cells.
Therefore, loss of DKK4 expression and its function as a
growth suppressor suggests that DKK4 is an important reg-
ulator of colorectal cancer cell growth.
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Abstract

In colon cancer, CD133 has recently been used to enrich for a subset of tumour cells
with tumour-initiating capabilities and was therefore suggested to mark colon cancer stem
cells. However, this melecule has surprisingly been shown to lack functional importance
for tumour initiation itself. Herein, we investigated whether CD133 may be relevant for
colon cancer metastasis in patients, and as metastasis requires several additional biological
characteristics besides tumour initiation, we examined the effects of knocking down CD133
expression in colon cancer cell lines on proliferation, migration, invasion, and colony
formation. We demonstrate that high CD133 expression correlates strongly with synchronous
liver metastasis in a matched case—control collection, while siRNA-mediated knock down
of this factor has ne significant effect on the mentioned biological characteristics. Thus, we
conclude that CD133 expression is a marker with high prognostic impact for colon cancer,
while it seems to have ne obvious functional role as a driving force of this malignancy.
Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

In colon cancer, the cell surface marker CD133
has recently been used in several studies to enrich
for a subset of tumour cells that have the abil-
ity to initiate tumour growth when xenografted into
imrunocompromised mice [1-4]. Furthermore, these
cells were able to retain tumourigenicity in vitro as
spheroid cultures and were resistant to chemothera-
peutic drugs [2,3]. As CD133-negative colon cancer
cells had none of these features, CD133 was sug-
gested to mark tumour-initiating colon cancer stem
cells (Co-CSCs). However, in one of the initial stud-
ies that used this marker for enrichment of tumour-
initiating cells, it was estimated that only about 1 in
262 CD133-positive cells actually had such tumour-
initiating capabilities [1], which suggests that CD133
is not highly specific for these cells. Moreover, in a
recent study, knock down of CD133 did not compro-
mise the tumour-initiating capabilities of colon cancer
cells, questioning a functional role of this molecule for
the Co-CSC phenotype [5]. Taken together, CD133
may roughly enrich for Co-CSCs but may lack

functional relevance for their tumour-initiating capa-
bilities.

Clinical relevance of Co-CSCs arises as these cells
are thought to contribute substantially to tumour pro-
gression and metastasis in the patient [6-9] and in
support of this hypothesis, we and others previously
demonstrated that high CD133 expression, suggestive
of large amounts of Co-CSCs in the tumours, corre-
lated with poor patient survival [10,11]. As CD133
may lack a functional role for tumour initiation [5] but
had an impact on survival, it is possible that CD133
has functional properties for the classical biologi-
cal hallmarks of tumour progression, which include
increased cell motility, invasiveness, colonization of
distant organs, and growth of metastatic tumours
[12-14].

We therefore investigated the impact of CD133
expression on colon cancer metastasis and tested the
functional importance of this molecule for the men-
tioned biological characteristics of tumour progres-
sion. Using a matched case—control collection, we
demonstrated that high CD133 expression correlated
strongly with synchronous liver metastasis, while in

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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cultured colon cancer cell lines, knock down of CD133
expression did not affect cell proliferation, invasion,
migration or colony formation. Thus, we conclude that
CD133 has a high prognostic relevance for colon can-
cer progression and metastasis but it is unlikely to
contribute functionally to the malignant phenotype of
colon cancer cells.

Materials and Methods

Unless otherwise stated, methods were performed
following the instructions given in the user’s manuals.

Clinical samples and statistical analysis

CD133 expression was evaluated using formalin-
fixed, paraffin-embedded (FFPE) colon cancer sam-

nles of natients who underwent curcical tumour resec-
P1e5 O paulins Wil ULGCTWENt SUrgica: wiimniur résed

tion at the Ludwig-Maximilians-Universitdt Miinchen
between 1994 and 2005. Follow-up data were recorded
by the Tumorregister Mlinchen. Samples had not been
previously evaluated for CD133 expression or com-
sidered for survival analyses [10]. The collection con-
sisted of colon cancers with synchronous liver metasta-
sis, where metastasis was diagnosed by clinical imag-
ing, liver biopsy, or both. Controls had no distant
metastasis at the time of diagnosis and disease-free
survival of at least 5 vears after primary resection.
Controls and cases were matched on a one-to-one
basis for tumour grade (according to WHO), T stage
(according to UICC), and tumour localization (all
tumours were located on the right side), resulting in
54 matched pairs. FFPE samples of corresponding
liver metastases, available for 16 cases, were used
for a direct comparative analysis. Frequency data were
analysed using the x”-test. Statistical procedures were
done using SPSS version 16.0 (SPSS Inc). p < 0.05
was considered statistically significant. The study was
approved by the local ethics committee of the Med-
ical Faculty of the Ludwig-Maximilians-Universitit
Miinchen.

Immunochistochemistry

Immunohistochemical staining was carried out on
5 um sections of FFPE tumour samples. Staining
was done on a Ventana Benchmark XT autostainer
using anti-CD133 rabbit monoclonal antibody (clone
C24B9; Cell Signaling Technologies, 1:100) together
with XT UltraView DAB Kits (Ventana Medical
Systems). Slides were counterstained with haema-
toxylin (Vector). System- and isotype-controls were
included. CD133 staining intensity was categorized
semi-quantitatively as CD133 low (0% to <50%
CD133-positive glands) or CDI133 high (=50%
CD133-positive  tumour glands), evaluating five
medium-power fields of each tumour tissue. Positiv-
ity was defined as membranous staining or staining of
shed cellular debris in the tumour glands, as previously
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described [10]. Staining was evaluated independently
by two observers (DH and JN), and their inter-observer
agreement was calculated using the x-statistics [15].

Cell lines, cell culture, and transfections

Caco-2 and LoVo cells (ATCC/LGL Promochem
GmbH, Wesel, Germany) were maintained in DMEM
with 7.5% (v/v) fetal bovine serum (FBS; Biochrom).
Double-stranded siRNAs (50 nm) specific for CDI33
(Dharmacon, OnTarget Plus Smartpool) or GFP (AA-
GCUACCUGUUCCAUGGCCAATAT) were trans-
fected overnight in six-cluster well plates using 7.5 ul
of Lipofectamine RNAiMax (Invitrogen). Twenty-four
or 72 h later, cells were used in functional assays and
for isolation of proteins and RNA. For determination
of the knock-down duration, cell lysates were gener-
ated for up to 10 days post-transfection.

tion, reverse transcription,
RNA was prepared employing RNeasy Kits (Qia-
gen). RNA was reverse-transcribed using a Qanti-
Tect Reverse Transcription Kit (Qiagen). For subse-
quent PCR, dilutions of RT reactions were incubated
with either 5 pl of 2x iQ-SYBR-green (Biorad) for
the detection of B-Actin (900 nM TTGCGGATGTC-
CACGTCA, 900 nMm GCCCTGAGGCACTCTTCCA)
or 5ul of LightCycler 480 Probes Master and
100 nM universal probe human #33 for CDI33
(300 nm TCCACAGAAATTACCTACATTGG, 300
M CAGCAGAGAGCAGATGACCA). Real-time
PCR was domne three times in duplicate using a
LightCycler 480 (Roche Diagnostics). CDI33 expres-
sion was normalized on the corresponding values
of the housekeeping gene B-Actin. Normalized val-
ues resulting from CD133-specific siRNA experiments
were referred to those from GFP-specific knock-down
experiments, giving rise to relative copy numbers.

Immunoblotting

Total protein was isolated using protein lysis buffer
supplemented with PMSF (Maniatis, triple lysis buffer)
and protease inhibitor (Complete, Sigma). Protein con-
centrations were determined using DC-protein reagent
(BioRad). 20 pg of protein was used for gel elec-
trophoresis. After blotting onto PVDF membranes
(Millipore), anti-CD133 {(clone C24B9; 1:1000) or
anti-cleaved Caspase 3 (Aspl75, Cell Signaling;
1:1000) and after stripping, anti- 8-Actin-specific anti-
bodies (Sigma, Acl5; 1:3000) were added. HRP-
conjugated secondary antibodies (Pierce; 1:20 000)
were used together with ECL or ECL Advance West-
ern Blotting Detection Kits (Amersham) for the visu-
alization of bands.

Functional assays

Assessment of proliferation, migration, and invasion
was carried out three times each, 72 h after transfec-
tion with siRNA. For proliferation, the Cell Prolifera-
tion ELISA, BrdU Kit (Roche) was used. Triplicates of

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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10% cells were seeded onto 96-well plates; BrdU was
added 24 h later; and non-confluent cells wers fined
and stained the next day. Relative BrdU incorporation,
reflecting the nurnber of labelled cells, was determined
by colorimetric analysis. The presence of cleaved Cas-
pase 3 was determined by immunoblotting. Migra-
tion was tested in wound-healing assays using Culture
Inzertz (ibidi). After cell adherence, Culture Inserts
were removed and pictures of the remaining gaps were
taken every 24 h. Migration distances were measured
at three random points for each replicate and wound
arcas were assessed on photo-images using Photo-
shop’s Lasso-Tool (Adobe). Jm vifro invasion was
assessed by adding serum-starved cells to Matrigel-
coated transwells as previously described [16]. Lev-
ele of invasion were determined after 5 (LoVo) or
7 days (Caco-2) by photographs and colorimetric
determination of crystal violet staining. Anchorage-
independent growth was assessed twice in triplicates
by ernbedding 500 cells into culture medium contain-
ing 0.9% methylcellulose (Fluka, Deisenhofen, Ger-
many) in 35 mm culture dishes (Greiner, Gerrnany).
After 10 days, colonies were counted microscopically
with an inverted microscope (Zeiss).
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Results

CD 133 expression correlates strongly with liver
metastasis of colon cancer

We investigated CD133 expression in a ratched
case—control collection of 34 pairs of colon can-
cers with and without synchronous liver metastasis.
In normal mucosa adjacent to tumours, immunchis-
tochemical staining for CD133 was always nega-
tive (Figure 1), CD133 expression in tumours was
assessed as either low or high by two observers, giv-
ing an inter-observer agreement coefficient & of 0.88.
In the case—control collection, high CD133 expres-
sion was significantly associated with liver metastasis
(p = 0.0006, OR = 5.0, Table 1). Among other clini-
cal variables, only lymph node metastasis also corre-
lated with CD133 expression, being only marginally
significant (p = 0.035). Age, gender, tumour size,
and histological grade were independent of CD133
expression levels. In 16 cases where tissue samples
of both tumour sites were available, we investigated
whether CD133 expression in primary colon can-
cers was comparable to expression in corresponding
liver metastases. In 15 cases (94%), the expression

B
D

. -
e

Figure 1. CDI33 expression in colon cancer primary tumours and their liver metastases is usually similar. Primary tumours
with low CD133 expression (A)usually form liver metastases which also display low CDI33 expression (B). Accordingy,
CD133 high primary colon cancers (C) form liver metastases with high CD 33 expression (D). High-power magnification (E) of a
CDI 33-positive tumour gland showing apical luminal staining of the tumour cells (arrowheads) and staining of intra-glandular debris

[asterisl). Negative system control (F) and isotype control (G) of the same primary tumour shown for high CDI33 expression.

Normal mucosa (H) did not stain for CDI 33

Copyright @ 2009 Pathological Society of Great Britain and [reland. Published by |ohn Wiley & Sons, Ltd.
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level in the primary tumour and metastasis was the
same (Figure 1), In one case, the metastasiz showed
high CD133 expression, while the corresponding pri-
roary tumour was CD133 low, Taken together, CD133
expression correlates strongly with synchronous liver
metastasis in colon cancer, while the expression levels
in the prirmary and metastasis are usually sirmilar.

CD133 siRNA knocks down CD |33 expression in
cultured colon cancer cell lines

To investigate the functional role of CD133 in colon
cancer for proliferation and metastasis-associated
hallmarks, we depleted CD133 in the cultured colon

Table 1. Clinicopathological variables and correlation with
CD133 expression

CD133 expression level

Characteristic Total Low High p
All patients 108 {100y 78 322 30 (278
Age (median 66.5), years
<66 54 (504 37 (343) 17 {157 039
=67 54 (504 41 380) 13 {120
Gender
Male 57 (528) 39 3A0) 18 {1673 035
Fernale S1{d7zy 39300 1Z2{01.13
Tumeour size (UICC)
Tl 2019 209 S (8)] 014
T2 10(23) 1033) S (8)]
T3 B0F40 L6519 240y
T4 16(148) 1033) 6 (5.6)
MNodal status
MO 50(463) 41 380) 9 (83) 0.035
M+ 58537y 3343 21 {194y
Metastasis (her)
MO 54 (504 47 435) 7(85) 0.0006
M1 54 (504 31287 230213
Tumour grade (AWHO)
G2 42(389) W 2L0) 15 {135 020
G3 62(574) 47 {35 15 {139}
4 437) 437 S (8)]
Fer cent values are given in parentheses.
A 12- B
1 1
E 1
£ o8
=
g 06
o 0.4
.E. : 0.z
g 0.2 045 |
]
Caco-2 LoVo
W GFP siRNA
[ co1a3 sikNA
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cancer cell lines Caco-2 and LoVo, which express high
and moderate endogenous amounts of CD133, respec-
tively (data not shown). Both cell lines were treated
with a CDI33-specific or —ag a control — GFP-
specific siRNA. CDI133 siRNA knocked down CDI33
mRNA levels by factors of 67 (Caco-2) and 4.8
(LoVo), respectively (Figure 2A). Comparable effects
were observed on CD133 protein expression lev-
els (Figure 2E), with no substantial recovery within
10 days (Supporting information, Supplementary
Figure 1), Among the different experiments used for
this study, CD133 baseline expression levels and
knock-down efficiencies were cornparable (Supporting
information, Supplementary Figure 2). The selected
CDI133 siRNA therefore worked properly, with long-
lasting effects on CD133 protein levels.

CD 133 knock down does not affect the
preliferation of cultivated colon cancer cells

To assess cell proliferation, we compared the incor-
poration of BrdU-labelled thymidine between cells
treated with CDJ133 siRNA and those treated with con-
trol GFP siRNA. No significant differences in BrdU
incorporation were observed in Caco-2 and LoVo cells
(Figure 3). To erclude apoptosiz as a confounding
variable, we rmonitored the cleavage of Caspase 3
for each group over several days after knock down
and observed no significant cleaved Caspase 3 in
either cell line (Supporting information, Supplemen-
tary Figure 3). Thus, CD133 had no significant effect
on the proliferation of Caco-2 and LoVo colon cancer
cells.

CD 133 expression is not linked to either
migration or invasion of colon cancer cells

To investigate the effect of CD133 on migration, we
performed wound-healing assays. For neither cell line,
transfected with either CDI33- or control GEP-siRNA,
did we observe differences in the time required for
closure of the gap or significant differences in migrated
distances towards the centre of the gap (data not
shown), or significant differences among the wound
areas (Figure 4). We alzo analyzed transwell migration
and recorded no significant difference in the number

CD133

siGFP siCD133 siGFP siCD133

Caco-2 LoVo

Figure 1. Specific siRNA-rmediated knodk down of CDI133 in Caco-2 and LoYo colon cancer cells. Both cell lines were transiently

transfected using siRNA specific for CDJ33 (siCD133) or with
dowrrregulated CD1 33 expression on mRNA (&) and protein |

siRNA against GFP (siGFP) as a control. Transfection significantly
evels (B). Due to lower endogenous expression, a more sensitive

detection system was used to illustrate CDI33 protein levels of LoVo cells (B)

J Pathol 2009; 2 19: 427434 DOL: 10,1002 path
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1.4
1.2

0.8
0.6
0.4
0.2

relative BrdU-Incorporation

Caco-2 LoVo

B GFPsiRNA
[ co133 sirNA

Figure 3. Knode down of CO133 in Caco-2 and LoYo cells has
no influence on preliferation. No significant differences in BrdlJ
incorporation were observed after COJ33 RNAI in either cell
line

of migrated cells for either cell line (data not shown).
Nexrt, we investigated cell invasion, applying Matrigel-
coated transwell assays. Although we observed a trend
towards greater invasion of CIDM33-siRNA-treated
cells, there was no significant difference between
CDI33- and GFP-siRNA-treated colon cancer cell
lines (Figure 5). These results collectively suggest
that CD133 kmock down does not significantly affect
migration or invasion of these cultured colon cancer
cell lines,

CD 133 knock down does not alter the colony
formation capabilities of colon cancer cells

To test whether CD133 might be important for
anchorage-independent colony formation, CDI33- or
GFP-siRNA-treated LoVo or Caco-2 cells were grown
in methylcellulose and the formation of colonies was
assessed. Both cell lines formed comparable numbers
of colonies under these conditions and these numbers
did not differ significantly between the CDI33-siRNA
and GFP-siRNA treatment groups (Figurs 6). As the
time window for the analysis was 10 days only, the
colony growth had to be inspected microscopically.

A

£

siCD133

siGFP

3 Ergebnisse

431

These results imply that CD133 does not significantly
affect the colony formation of both colon cancer cell
lines.

Discussion

In this study, we demonstrate that high CD133 expres-
sion in colon cancer correlates strongly with syn-
chronous liver metastasis. This result iz in support of
the previcous finding that high CD133 expression is a
marker for low patient survival [10,11] in this tumnour
entity, when considering that the risk of colon cancer-
specific death may be mainly attributable to metastasis
formation [17,18]. CD133-positive tumours expressed
this antigen on the luminal surface of glandular differ-
entiated cancer cells and on cellular debris inside these
glands. Although we have previously dernonstrated
that this staining pattern is specific and that staining
of intra-glandular debris mirrors staining of surround-
ing tummour cells [10], this pattern creates some unease
in enumerating CD133-positive cells. We thersfore
applied an empirically determined semi-quantitative
score of 30% or more positive tumour glands, which
previously correlated significantly with low patient
survival [10]. As we found almost perfect inter-
observer agreement using this scoring approach [15],
we suggest that it iz a robust and reproducible way
to define CD133 expression status in colon cancers.
We did not see CD133 staining in normal mucosa,
which agress with a previous study [19] but diverges
from a more recent report [20]. This may be explained
by the different sensitivity levels of CD133 detection;
we seem to detect CD133 overexpression only within
turmnours. Regardless of expression in normal mucosa,
we add further wvalidity to the suggestion that high
CD133 expression may be a reliable and clinically rel-
evant marker to identify high-risk colon cancer cases.

CD133 gained attention as a marker to enrich
for a subset of colon cancer cells with tumour-
initiating capabilities [1-4]. Such cells were also
termed colon cancer stern cells (Co-CSCs) and are
assumed to promote progression and metastasis of
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Figure 4. YWound-healing assays showed no altered migratory behaviour of Caco-2 or LoYo cells as a result of CDI33 depletion.
[A) No significant difference in the closure of gaps was observed for cells transfected with C0U 33 (siCDI133) or GFP (siGFP) control
siRNA. Dashed lines indicate borders of gaps at the start of the experiment. (B] ¥Wound areas from experimental triplicates are
shown inrelation to wound areas at the start of the experimert, demonstrating lacle of sigrificart differences in cell migration
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Figure 5 CD133 knock down doses not inhibit the invasion
of Caco-2 or Lo¥o cells. Cells treated with siRNA specific
for GFF (A, C) or CDI3T (B, D) were tested for their ability
to invade Matrigel-coated transwells. Membranes were stained
with erystal violet. Comparable densities of invaded cells are
exemplarily shown for Caco-2 (4, B) and LeVo (C, D) colon
cancer cell lines. Additicnally, membranes with invaded cells
were dissolved in acetic acid and analysed colorimetrically for
quantification of irvasion (E). Trends towards a greater invasion
of COI33-RMNAI-treated cells were not significant. The data
represent one triplicate of three independent experiments

the disease [6-9]. Under thess presurnptions, high
CD133 expression in colon cancer may indicate a large
amount of Co-C3Cs in the tumour, with an increased
risk that these Co-CSCs might disseminate from the
primary and initiate tumour growth at the metastatic
gite. Qur additional finding that CD133 expression
in the primary tumour and its corresponding liver
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metastases is usually comparable suggests a similar
ratic of Co-C5Cs at both tumour sitez, which iz in
further agreement with the cancer stem cell model
[6,21]. Nevertheless, these presumptions should be
taken with care until the controversy that questions the
uge of CI133 to enrich for Co-C5Cs [20] is resolved.

The relevance of CD133 as a marker to enrich
for Co-CSCs rests mainly on the potential to initiate
turmnour growth in mouse xenografte [1,2]. Colon can-
cer metastasis in the human patient, however, requires
several additional biological characteristics, such as
increased cell motility, invasiveness, and colonization
of distant organs, followed by proliferation and growth
at the new site [12-14]. Although CD133 hasg been
shown to lack functional importance for tumour initi-
ation [5], it may still contribute functionally to turnour
progression. To clarify the role of CD¥133 for this pro-
cess, we used a siRNA knock-down strategy in two
cultured colon cancer cell lines expressing high and
moderate levels of CD133, respectively. We achieved
considerable knock down of CD133 on both mRNA
and protein levels and showed that CD133 protein lev-
els remained depleted for at least 10 days. Thus, pro-
liferation, migration, invasion, and colony formation
were evaluated within this time frame. We did net find
a significant functional impact of the CD133 knock
down on any of these cellular characteristics in either
cell line. Together with the observation that CD133
knock down had no effect on the tumour-initiating
properties of colon cancer cells [3], we therefore sug-
gest that, at least in cultivated colon cancer cell lines,
CD133 itzelf iz unlikely to be essential for these spe-
cific biological cellular characteristics that are assurned
to promote colon cancer progression and metastasis.
Moreover, as CD133 is encoded by the PROMI gene
[22,23], recent findings demonstrating the dispensabil-
ity of Proml in mice for normal development [24]
even more generally question an important function
of this factor,

CD133 was initially recognized as a marker for
hurnan hacmatopoietic stern cells using the mono-
clonal antibody AC133, which detected a glycosylated
form of this protein and which later proved useful
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Figure &, CDI33 knock down doss not compromise the colony formation of Caco-2 and LeVo colon cancer cells in
methyleellulose assays. (A) For both call lines, similar numbers of colonies of comparable size and appearance formed after
RNA&i-mediated knock down of COI33 (siCCI33) or GFF [siGFP) as a control. Representative colonies are shown (original
magnification > 100). (B) Colenies had to be microscopically courted due to the short growth interval of 10 days, showing no
significant differences among the treatment groups for either cell line. The data represent one triplicate of two experiments
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for isolating tumour-initiating cells from solid neu-
ronal malignancies [25,26]. The usage of CD133 for
the prospective isolation of Co-CSCs was thus not
based on any known role or expression in the nor-
mal colon. Nevertheless, when assuming that Co-CSCs
may derive from normal colonic epithelial stem cells,
recent results showing widely distributed expression of
Proml in the colon of mice [20,24] rather than expres-
sion more restricted to the stem cell and progenitor
cell compartment — as suggested for the small intesti-
nal epithelium [24,27] — are surprising. Whether in
addition to the detection of glycosylation-dependent
epitopes in Co-CSC-related studies, splice variants of
CD133 [23] contribute to such alleged discrepancies
still remains to be determined.

In humans, the expression of two CD133 splice
variants, CD133.s1 and CD133.s2, has been charac-
terized in several tissues: CD133.s2 is mainly found
in neuronal structures, whereas the predominant form
in abdominal organs and various cancer cell lines,
including colon cancer, is CD133.51 [28,29], suggest-
ing that this isoform is the one relevant to colon
cancer. In our study, however, we used an antibody
(C24B9) generated against a peptide corresponding to
a region surrounding Asp562 of human CD133 [30],
encoded by exon 15 of the PROMI gene. We pre-
viously demonstrated that both the C24B9 and the
AC133 antibody detect the same sized protein and
give the same staining pattern in colon cancer tis-
sue [10], suggesting detection of the same glycosy-
lated CD133 variant. Nonetheless, the exon encoding
the antigen detected in the present study is invariable
among known human splice variants of CD133 [23],
so that more than one variant may have been detected.
Which CD133 variants are expressed in colon can-
cer and whether they are distinct in their prognostic
relevance for this malignancy thus also remain to be
established.

In conclusion, we suggest that CD133 is a valuable
prognostic marker for assessing the risk of disease pro-
gression, metastasis, and death of patients with colon
cancer. However, this molecule seems unlikely to con-
tribute directly to the aggressiveness of the disease,
as colon cancer cell lines do not seem to depend on
CD133 expression in cellular assays related to metas-
tasis. It is therefore critical to distinguish between
CD133 as a molecular marker and its functional role,
which are independent variables, and the latter of
which in colon cancer still remains elusive.
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SUPPORTING INFORMATION ON THE INTERNET

The following supporting information may be found in the online version of this article.

Figure S1. CD133 knock down is effective for at least 10 days in Caco-2 and LoVo cells.

Figure S2. Proper function of siRNA-mediated knock down in cells used for the different experiments.

Figure S3. Knock down of CD133 does not induce apoptosis in Caco-2 or LoVo cells.
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Supplementary Figure 1. CD133 knock down is effective for at least 10 days
in Caco-2 and LoVo cells. To exclude quick recovery of CD133 protein levels
after knock down, cell lysates of CD733- (siCD133) or GFP-siRNA (siGFP)
transfected cells were obtained for up to 10 days after transfection. No
significant CD133 protein levels were regained within this time frame in

CD133 siRNA-treated Caco-2 (A) and LoVo (B) cells
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Supplementary Figure 2. Proper function of siRNA-mediated knock down in
cells used for the different experiments. (A) Comparing cells that were used
for duration of knock-down assessment (exp2) with those used for migration,
invasion, and proliferation assays (exp1), and (B) with those used for colony
formation experiments (exp3) demonstrate similar CD133 expression levels
under control GFP-siRNA treatment (siGFP) and similar knock-down
efficiencies under CD733-siRNA treatment (siCD133). Lysates were obtained
at the starting point of each assay (72 h after knock down for exp1 and exp2;
24 h after knock down for exp3). (C) After 10 days, CD133 still remained
similarly depleted in cells used for colony formation assessment (exp3-10d)

and in cells used for duration of knock-down assessment (exp2-10d)
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Supplementary Figure 3. Knock down of CD133 does not induce apoptosis
in Caco-2 or LoVo cells. To exclude apoptosis as a confounder for the
investigated cellular properties, cleaved Caspase 3 levels were evaluated in
CD133- (siCD133) and GFP-siRNA (siGFP) treated cells for up to 10 days
after transfection. No significant apoptosis was seen, either in Caco-2 cells (A)
or in LoVo cells (B). Caspase-3 control cell extracts (Cell Signaling) were

used as a positive control
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Abstract

Background

A characteristic of most colorectal cancers is the dysregulation of the canonical WNT-
pathway that leads to the stabilization and thus cellular increase of p-catenin. When
-catenin is found at the membrane as part of the zonula adhaerens the epithelial
phenotype is enhanced. When [3-catenin is expressed in the nucleus it works as a
transcription factor. In this context p-catenin transactivates genes conferring the
hallmarks of cancers like proliferation, anti-apoptosis, invasion and migration, or
angiogenesis. Additionally, -catenin imposes a progenitor phenotype on colorectal
cells which is in support with p-catenin's ability to induce an EMT (epithelio-
mesenchymal transition) because EMT is associated with stemness in tumor cells.
Finally, B-catenin regulates the transcription of the cancer stem cell markers CD44
and CD166. Thus, B-catenin seems to be centrally involved in the maintenance of
stemness in colorectal tumor cells. Therefore, we investigated if p-catenin might also
be involved in the transcriptional regulation of the functional stem cell marker TERT

(telomerase RT-component).
Results

We demonstrate that the human TERT (hTERT) is expressed in tumor cells where [3-
catenin is localized in the nucleus. Recombinant TCF-4 bound to the
promoter/enhancer of the hTERT gene in vitro and B-catenin in vivo. (-catenin
functionally regulated the transcriptional activity of the hTERT promoter/enhancer in
luciferase gene reporter assays. The downregulation of -catenin resulted in a loss of

the expression of hnTERT.

Conclusions

Our findings add another piece of evidence that (-catenin is involved in the regulation
of stemness in colorectal tumor cells. Additionally, p-catenin is involved in the
regulation of the cancer hallmark eternal life which underscores the important role of

-catenin in the process of colorectal carcinogenesis and might help to understand
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why the WNT/B-catenin signaling pathway is mutated in so many tumors. Next, our
data might help to explain why telomerase activity is found to be upregulated in
colorectal cancers albeit the telomeres are shorter than in normal tissue as p-catenin
is found to be expressed in only a small population of tumor cells. Finally, hTERT

might indicate the colorectal cancer stem cells compartment in human tissue.
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Background

Most colorectal carcinomas (CRCs) are characterized by a dysregulation of the
canonical WNT-pathway due to mutations of its components adenomatous polyposis
coli (APC), p-catenin or axin. As a consequence [(-catenin accumulates in tumor cells
[1] which has an ambivalent consequence [2]: on the one hand B-catenin is an
integral part of the zonula adhaerens by linking E-cadherin and a-catenin, thus
stabilizing the epithelial phenotype. In this context p-catenin works a
tumorsuppressor. On the other hand, p-catenin induces gene expression in
conjunction with DNA binding factors of the T-cell factor (TCF) / lymphocyte
enhancing factor (LEF-1) family [1], if such dimers are present in the nucleus [3]. The
-catenin target gene products drive colorectal carcinogenesis by regulating
proliferation, survival, angiogenesis, invasion and migration which represent
hallmarks of cancer [4, 5]. Moreover, nuclear p-catenin induces EMT (epithelio-
mesenchymal transition) [6] which is highly associated with stemness of tumor cells
[7, 8]. Next, pB-catenin/TCF-4 activity is essential for maintaining the regenerative
capacity of colonic crypts [9] and is driving the progenitor phenotype of colorectal
tumor cells [10]. Finally, g-catenin/TCF-4 activate the expression of the colorectal
tumor stem cell markers CD44 [11] and CD166 [12]. In this context - catenin works

as an oncogene.

Another marker and vital component of stem cells is TERT (telomerase RT-
component) [13] which is an essential component of the telomerase, an enzymatic
complex that is important for the long term survival of cells [14]. This view is
supported by the fact that TERT is not associated with proliferation in CRCs as the

patterns of TERT expression and proliferation differ from each other [15].

Interestingly in human CRCs, the expression patterns of TERT [15] and nuclear j-
catenin which also correlates with low proliferation [16] seem to be overlapping.
Thus, we argued that TERT might be another target gene of p-catenin. Here we show
that a small fraction of CRC cells at the invasive front expressed nuclear 3-catenin
and TERT at the same time. The promoter/enhancer of the human TERT (hTERT)-

gene harbors four TCF-4 binding elements (TBEs) which conferred (-catenin and
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TCF-4 binding as well as transcriptional activation of the hTERT promoter/enhancer.
Finally, RNA interference (RNAIi) of the expression of (-catenin led to the loss of
hTERT-expression. Thus, hTERT seems to be another direct target gene of f-catenin
which is in support that -catenin is an active player in the bioclogy of immoralization

and stemness.

Results and Discussion

hTERT and B-catenin are found coexpressed in human colorectal cancers

CRC cells at the invasive front are characterized very often by the nuclear expression
of B-catenin [3, 17] and expression of hTERT [15]. Thus, we investigated if nuclear [3-
catenin and hTERT displayed overlapping expression patterns using serial sections
of a selected collection of 24 cases of well differentiated CRCs with well developed
invasive fronts which displayed strong nuclear expression of B-catenin. As expected,
it turned out that expression of hTERT (Figure 1 A) was found in tumor cells
expressing nuclear p- catenin (Figure 1 B). In contrast, tumor cells lacking hTERT
expression (Figure 1 C) also did not display nuclear pB-catenin (Figure 1 D)
expression. This correlation suggested that p-catenin might be involved in the

transcriptional regulation of the hTERT gene.

The hTERT promoter/fenhancer harbours TCF-4 binding elements (TBE) that
bind TCF4 and p-catenin

Next, we looked if the promoter/fenhancer region of the hTERT gene [GenBank:
ABO16767] harbored consensus TCF-4 binding elements (TBEs, WWCAAAG) [12]
as a prerequisite for the transcriptional regulation by pB-catenin /TCF-4. Four TBEs
were found at positions -1,627 (TBE1), -2,149 (TBE2), -2,488 (TBE3), and -2,974
(TBE4) upstream of the transcription start (+1). They are flanked by binding elements
for other transcription factors like AP2 (activation protein 2), MAD (MAX dimerization

protein), cMYC, MZF2 (myeloid zinc finger protein 2), SP1 (specificity protein 1) or
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WT1 (Wilms tumor 1 gene) (Figure 2 A) [18]. Therefore, we tested if TCF-4 or p-
catenin specifically interacted with TBEs of the hTERT promoter/enhancer. In a first
approach the specific binding of the DNA binding domain (DBD) of a recombinant
GST/TCF-4 (glutathione-S-transferase) fusion protein to a radioactively end-labeled
DNA probe containing TBE3 of the hTERT gene (Table 1) was investigated applying
electric mobility shift assays (EMSAs). GST/TCF-4 bound the TBE2 of the hTERT
promoter/enhancer (Figure 2 B, lane 1). This binding was competed by adding
unlabeled TBE4 (Figure 2 B TBE3, TBE4) or TBE3 containing fragments (Figure 2 B
lane 4) of the hTERT- or the second TBE of the cMYC promoter/enhancers (MYC,
Figure 2 B, MYC) but not when adding mutant variants of the TBE4 or TBE3 of the
hTERT promoter/enhancer (Figure 2 B, MUT3, MUT4). Moreover as a control, GST
alone did not bind to the TBE of the hTERT promoter/enhancer (Figure 2 B GST). In
a second approach, chromatin immune-precipitations (ChIPs) were done to prove if
-catenin directly interacts with the region of the ATERT promoter/enhancer
containing the TBEs in the context of native chromatin. Therefore, chromatin of DLD-
1 cells was prepared for ChIP experiments using two different antibodies specific for
-catenin (Figure 2 C, B-CATI, 3-CATII) or transcription factor Il B (TFIIB), the TATA-
box binding component of the RNA-polymerase |l holo-enzyme as well as
immunoglobulins as controls (Figure 2 C, TFIIB, 1gG). Binding of B-catenin was
analyzed by PCRs using primer-pairs that bind to the genomic region of the TBEs
containing regions of both the hTERT- and cMYC-promoter/enhancers (Figure 2 C,
hTERT, cMYC). To exclude unspecific binding of chromatin to the antibodies a region
of the GAPDH-promoter/enhancer covering the TATA-box without a TBE was used
as a control (Figure 2C, GAPDH). Moreover, unspecific binding of DNA to
immunoglobulins per se was excluded by the IgG control. To exclude that the
background amounts of PCR products received with chromatin precipitated with -
catenin specific antibodies (B-CATI, B-CATII) applying the GAPDH specific PCR were
only due to technical reasons TFIIB specific ChlPs were done (Figure 2 C, TFIIB).
Here, a clear signal was received indicating that this system worked well and that the
low signals obtained with the p-catenin specific antibodies were due to missing
binding. Both experiments demonstrated that the TBEs but at least TBE3 of the

hTERT promoter/enhancer interacted specifically with p-catenin/TCF-4. Moreover,

6

66



Im Reviewprozess bei Molecular Cancer 3 Ergebnisse
our data are in support with results from a genome-wide TCF-4 specific ChIP
experiment. Here, TCF-4 was shown to interact with the hTERT promoter/enhancer
[12].

B-catenin transcriptionally regulates the expression of the hTERT gene

Now, we wanted to know if p-catenin/TCF-4 exerted a role in the transcriptional
regulation of the ATERT gene. Therefore, transient Iuciferase-reporter gene
transfection assays were done first of all. A fragment of the hATERT
promoter/enhancer (-3,328/+19) driving the firefly luciferase gene [18] (Figure 2 D)
was transiently transfected together with increasing amounts of an expression
plasmid encoding a dominant negative form of the TCF-4 gene (dnTCF-4) which is
an inhibitor of p-catenin /TCF-4 transcriptional activity [19] into cultured colorectal
SW480 cells. dnTCF-4 suppressed the activity of the hTERT-promoter/enhancer
luciferase reporter gene construct in a dose-dependent manner to residual amounts
of about 40 % (Figure 2 E) thus indicating a role of B-catenin/TCF-4 in the
transcriptional regulation of the ATERT gene. Second, pB-catenin expression was
knocked down in cultured colorectal SW480 and DLD-1 cells using siRNAs specific
for p-catenin [20] or cdc2 as a control (Figure 3 B, p-catenin: B, cdc2: ). As cMYC
is a well known target gene of (- catenin [19] and is also known to regulate the
hTERT gene transcription [18] conditions had to be selected to exclude effects of
cMYC on the transcriptional regulation of the hTERT gene. Therefore, siRNA
transfected cells were harvested at different timepoints (2 h, 3h, 4h, 5h, 6 h, 8h,
12 h) after transfection and investigated for the expression of f-catenin and cMYC on
the levels of mMRNA using qRT-PCR and protein employing Western-Blotting. Thus,
situations were selected where p-catenin expression was reduced as well on the
protein- (Figure 3 A) as on the mRNA-level (Figure 3 B, C) but the expression of
cMYC only on the mRNA- (Figure 3 B, C) but not yet on the protein level (Figure 3 A).
This time point described a situation in which B-catenin but not cMYC should exert
transcriptional activity. Under these conditions the ATERT mRNA levels were
reduced (Figure 3 B, C) thus indicating a direct effect of B-catenin on the

transcriptional regulation of the hTERT gene.
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Conclusions

Our finding that p-catenin regulates the expression of the hTERT-gene indicates that
[-catenin is also involved in the hallmark eternal life [5] and thus affects all hallmarks
of carcinogenesis[4]. In this sense, the WNT/B-catenin signal pathway is a master
switch of carcinogenesis and this might explain why this pathway is frequently
deregulated in CRCs. On the other hand the question arises why additional
mutations are then needed in the process of colorectal carcinogenesis.

Additionally, our data manifest that p-catenin is involved in the regulation of stemness
of colorectal cancer stem cells (CSCs) as CSC-markers like CD44 [11] or CD166 [12]
and hTERT are all transcriptionally regulated by p-catenin. Thus, colorectal CSCs
might be defined as the tiny amount of hTERT expressing cells at the invasive front
which had already been proposed [7]. These cells are characterized by low
proliferation which correlates with the expression of the B-catenin target gene
p16'™M42 116, 17] and EMT indicated by the loss of the expression of E-cadherin and
gain of expression of vimentin and fibronectin [3]. Moreover, the number of these
cells correlates with low survival [21] as does high TERT activity [22]. Yet, the
distribution of cells expressing CD133 which is a well accepted maker of CSCs [23,
24] differs completely [25]. Thus, the localization of colorectal CSCs in the
histological context still remains unsolved and needs more investigation.

Finally, our data might shed light on the conundrum that the length of the telomeres
in colorectal tumor cells is shorter than their counterparts in normal cells [26]
although the TERT activity of the tumor cells was found to be higher [22]. This might
be explained by the observed fact that hTERT expression is found only in some
tumor cells. Thus, one should expect that the tumor cells at the invasive front should

be characterized by longer telomeres.
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Methods

Immunohistochemistry

Immunohistochemical staining of serial sections was done for 24 well differentiated
colorectal adenocarcinomas as described [17]. Briefly, 5 um thick sections were
subjected to antigen retrieval using citrate buffer (DAKO) employing microwave
treatment. Antibodies specific for hnTERT (1:100 - PC563T; Calbiochem) or [-catenin
(1.750 - C2206; Sigma) were applied over night at 4°C. After washing,
immunohistochemistry was completed using Envision AP (DAKO) or Envision HRP
(DAKQO) according to the user's instructions followed by counterstaining using

methyleneblue. Pictures were done employing the AnalySis photo system (AnalySis).

Electric Mobility Shift Assay (EMSA)

Unlabeled competitor, or water in the case of controls, were incubated with 1 pl of
crudely purified recombinant glutathione S-transferase (GST)-TCF-4 (amino acid
265-496) comprising the DNA binding domain or GST in binding buffer (10 mM
HEPES (pH 7.9), 60 mM KCI, 1 mM EDTA, 1 mM DTT, and 4% (w/v) Ficoll,
12.5 ng/micol poly-(deoxy-inosinic-deoxy-cytidylic)-acid, 62.5 pg/ml BSA) in a volume
of 16 ul. After incubating for 5 min, 0.5 ng of [*?PJATP end-labeled double-stranded
oligonucleotides (Table 1) with a specific activity of 3+1 0° dpm/ug (Hartmann Analytik,
Braunschweig, Germany) were added and the mixture incubated for further 20 min. A
30-fold molar amount of unlabeled oligonucleotides (15 ng, Table 1) was used for
competition. Products of this binding procedure were separated with the help of 5%
(wiv) 0.25x TBE (1xTBE: 89 mM Tris-HCI, pH 8.0, 89 mM boric acid, 2 mM EDTA)

polyacrylamide gels.

Cell lines, cell culture, luciferase assays

DLD-1, SW480 and HCT116 (American Type Culture Collection, Manassas, VA)
were maintained in DMEM 4,500 mg/l glucose and 10 % (v/v) fetal bovine serum
(Invitrogen). For luciferase assays 30 % confluent cultures of cultured colorectal

SWA480 cells were transiently transfected 24 h after seeding in 12 cluster well plates
9
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adding 500 ng hTERT-promoter/fenhancer-luciferase-reporter constructs together
with increasing amounts of dnTCF-4 expression plasmids (0 ng, 120 ng, 240 ng, and
360 ng respectively), as well as 50 ng of pCMV-Renilla (Promega) for normalization
of results, and finally filled up to a constant amount of 1.25 ng using the expression
plasmid pcDNA3-CAT (Invitrogen) together with 2.5 yl Superfect (Qiagen) following
the instruction manual. 36 h later, cells were harvested and luciferase activities were
determined applying the Dual-Luciferase Reporter Assay System (Promega)
following essentially the manufacturer's protocol. Triplicates were normalized on the

activity of renilla-luciferase.

Chromatin immunoprecipitation (ChlP)

ChIPs were done using ChIP-IT kits (Active Motif) following essentially the instruction
manual. Briefly, chromatin of cultured colorectal HCT116 cells was
immunoprecipitated using 2 pyg of two different antibodies specific for B-catenin (j-
CATI. C2,206; Sigma, BCATII. clone 14, BD) or TFIIB specific antibodies (Active
Motif, Belgium) or mouse IgG (Santa Cruz) as controls. Analysis of the reverse
crosslinked chromatin precipitates was done employing PCRs using 10 % of these
precipitates together with 400 nM of each primer spanning the region of the hTERT
enhancer containing TBE3 and TBE4 (Table 1). 1 % of the input chromatin {input) or

water (no template) were used as the positive or negative control, respectively.

RNA interference, RNA isolation and quantitative real-time PCR

For RNA interference (RNAi) DLD-1 or SWA480 cells were transiently transfected with
3.9 ug siRNA specific for either pB-catenin or cdc2 (Table 1) using 9.6 pl
TransMessenger (Qiagen) following the user's instructions. Cells were harvested
24 h after transfection and total RNA was isolated using RNeasy kits (Qiagen). 1 ug
of this RNA isolate was reverse transcribed using 0.2 ug random hexamer primers
(Fermentas) in the presence of 1 U Superscript Il (Invitrogen) following the user's
manuals. As a control RT-reactions were done in parallel without adding
Superscript Il. Copy numbers of p-catenin, hTERT and ¢c-MYC encoding cDNA
representing mRNA steady state levels were determined employing real-time PCR

(ABI Prism 7700; Applied Biosystems) together with specific primer-pairs (table 1).
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2.5 of the RT-reactions with or without reverse transcriptase were analyzed
employing SYBR-Green Master Mix kits (Applied Biosystems) following the
manufacturer's instructions. All experiments were done in triplicates and repeated at

least twice.

Western-Blotting

20 ng of protein-lysate were separated using discontinuous polyacrylamide
gelelectrophoresis, transferred onto PVDF-membranes (Millipore) following the
user’s instructions. The membranes were incubated in the presence of antibodies
specific for B-catenin (clone 14; BD), c-MYC (clone 9E10; BD, Germany) or B-actin
(Pierce) and developed using a chemi-luminescence based system (SuperSignal®
West; Pierce) together with Kodak Bio-Max films after stripping the membranes
employing stripping buffer (Restore™ Western Blot; Pierce) following essentially the

recommendations given in the user’s manuals.

Abbreviations

(AP1): activation protein 2, (B-CAT). p-catenin specific antibody, (CD): cluster of
differentiation, (ChlIP); chromatin immune-precipitation, (CRC): colorectal cancer,
(CSC). cancer stem cell, (dnTCF4). dominant negative TCF-4, (EMSA). electric
mobility shift assay, (EMT): epithelio-mesenchymal transition, (GAPDH): glycerol-
aldehyde-3-phosphate dehydrogenase, (GST). glutathione-S-transferase, (hTERT):
human TERT, (LEF-1): lymphocyte enhancing factor-1, (MAD): MAX dimerization
protein, (MZF2). myeloid zinc finger protein 2, (qQRT-PCR): quantitative RT-PCR,
(RNAIi): RNA interference, (RT): reverse transcriptase, (siRNA): small interfering
RNA, (SP1): specificity protein 1, (TBE). TCF-4 binding element, (TCF): T-cell factor,
(TERT): telomerase RT-component, (TFIIB): transcription factor 1IB, (WT1): Wilms

tumor 1 gene
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Tables

Table 1 Sequence of Oligonucleotides

Name BT length | amount .

[bp] concentrations

EMSA

TBE3 ATTATTTCAAAACAAAGGTTTACAGAAA

TBE4 GAGTTACCCTCCTTTGATATTTTCTGTA

MUT1 ATTATTTCAACGCAGAGGTTTACAGAAA

MUT2 GAGTTACCCTCCTGTGCGATTTTCTGTA

MYC CTAGCGCACCTTTGATTTCTGCACCTTTGATTTCTG

ChIP-PCR

TERT ACTCGCGCTGCCCTTCTAGC 618 400 nM
ACGGTGTATCCCCAGTCTACGAAG 400 nM

cMYC ACAGACGCCTCCCGCACGGG 451 400 nM
CCACACCGAGAACGCACTGC 400 nM

GAPDH TACTAGCGGTTTTACGGGCG 165 400 nM
TCGAACAGGAGGAGCAGAGAGCGA 400 nM

RNAi

Peatenin | CAGUUGUGGUUAAGCUCUUTAT 3.9ug

cde? GAUGUAGCUUUCUGACAAAITIT 3.9 ug

qRT-PCR

Peatenin | CTTGGAATGAGACTGCTGATCTTG 102 900 nM
CACCAGAGTGAAAAGAACGATAGCTA 900 nM

cMYC GTGCTCCATGAGGAGACAC 96 300 nM
CCTCTTTTCCACAGAAACAACATC 300 nM

hRTERT ACGGCCTCCCTCTGCTACTC 51 900 nM
CGACATCCCTGCGTTCTTG 900 nM

Pactin TTGCGGATGTCCACGTCA 103 300 nM
GCCCTGAGGCACTCTTCC 300 nM

TBEs either WT or mutated are underlined.
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Figures

7

. jo

1

TERT

B-catenin

Figure 1 - Coexpression of hTERT and B-catenin in tumor cells at the invasive

front of colorectal tumors.

(A): Tumor cells expressing hTERT (white arrows) are found at the invasive front.

(B): Corresponding cells express P-catenin in their nuclei (black arrows). (C): Tumor

cells without or with weak expression of hTERT are found in central areas (inlet

picture) which are characterized by epithelial differentiation. (D): These tumor cells

display no nuclear p-catenin (inlet picture).
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Figure 2 - B-catenin interacts with TBEs in the hTERT promoter/enhancer and

confers transcriptional activation

(A): Schematic representation of the hTERT-promoter/enhancer showing several

known responsive elements: AP2 (activation protein 2), MAD (MAX dimerization

protein), MZF2 (myeloid zinc finger protein 2), SP1 (specificity protein 1), TBE (TCF
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binding element), WT1 (Wilms tumor 1 gene). The arrows below the TBEs represent
the orientation of the consensus sequence WWCAAAG. Figure is not drawn to scale.
(B): Specific binding of a recombinant GST-TCF-4 (glutathion-S-transferase-T-cell -
factor-4) fusion protein to the second TBE (TBE2) of the hTERT promoter/enhancer
using Electric Mobility shift assays (EMSA). (C): p-catenin specifically binds the
genomic region of the hTERT gene containing TBE3 and TBE4 applying ChIP
(chromatin immune precipitation). (D): The hTERT-promoter/enhancer luciferase
reporter gene construct consists of a 3,347 bp fragment of the hTERT
promoter/enhancer harboring the four TBEs (1, 2, 3, 4) driving the firefly luciferase
encoding gene. Not drawn to scale. (E): dnTCF-4 suppresses the transcriptional
activity of the hTERT-promoter/enhancer luciferase reporter construct in a dose

dependent manner.

19
79



Im Reviewprozess bei Molecular Cancer

3 Ergebnisse

siRNA
A
5 & 3 o
O ? G *
& & & o
p-catenin s - —
[
S SMYC s "
o
P-actin | . — e -
SW480 DLD-1
cell line
B ! 16 msiRNA: p-catenin
D oga B = SW480
s siRNA: cdc2
2 1.2
2 1.0 T ) T
a
g 0.8
p 0.6
2 04
5
| s m F
| 0.0—_,— ‘ —
p-catenin cMYC TERT f-actin
c t 16 DLD-1
E 1.4 —
e 12 T
2 10" = 1
2 0.8
g ]
g 00 |
FI=I =
o
9 0.2
[ 0.0 g ;
B-catenin cMYC TERT [i-actin

Figure 3 - B-catenin specific RNAi results in the downregulation of hTERT

mMRNA under conditions where cMYC protein is still present

(A): Time point when p-catenin specific siRNA leads to the downregulation of f3-

catenin but not cMYC proteins. (B): Here, p-catenin- in contrast to cdc2-specific
siRNA leads to the downregulation of hTERT and cMYC in SW480 or (C): DLD-1

cells.
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p16'NK4a |s a -Catenin Target Gene and Indicates Low Survival in Human

Colorectal Tumors
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Background & Aims: Human colorectal carcinomas
display an infiltrative front of invasion where tumor
cells undergo an epithelomesenchymal transition as-
sociated with low survival. Epithelomesenchymal
transition is regulated by a nuclear B-catenin accu-
mulation, and subsequently, activation of f-catenin/
TCF4 target genes similar to CYCLIN D;. Unexpect-
edly, these tumor cells are characterized by low
proliferation, which correlates with the expression of
the cell cycle inhibitor p16™%4:, Therefore, we inves-
tigated the molecular mechanism of the transcrip-
tional regulation of p16T¥%% in colorectal cancer and
its correlation with survival. Methods: Molecular bi-
ological techniques were used for investigating the
transcriptional mechanisms of the p16™54 gene reg-
ulation. Moreover, p16N¥4 expression was correlated
with the 10-year survival of patients with colorectal
carcinomas. Results: In colorectal carcinomas, ex-
pression of the pl6™%¥4 gene is regulated by B-cate-
nin/TCF4 and correlates with low survival rates of
patients with tumors displaying an infiltrative front
of invasion. Conclusions: f-catenin/TCF4 regulates
cell cycle promoting {¢-MYC, CYCLIN D;} and inhib-
iting genes (p167%%4) at the same time in the mesen-
chymally differentiated tumor cells at the front of
invasion. The function of p16™NK4: seems to supersede
in this context thus leading to low proliferation.
Moreover, these tumor cells seem to govern the out-
come of colorectal cancer independently of their pro-
liferation.

Histologically] many colorectal cancers (CRCs) dis-
play an infiltrative growth pattern at the front of
tumor invasion. Here, a transition from the well-ditfer-
entiated tubular and glandular organization to single
isolated growing cells can be seen. The histological man-
ifestation of this transition is known as “budding,” which
correlates very well with local metastasis and low survival 12

The tumor cells at the edge of the front of invasion show
characteristics of an epitheliomesenchymal transition
{EMT), associated with the expression of vimentin as well as
fibronectin.3 Moreover, these tumor cells are often charac-
terized by nuclear expression of f-catenin®® and thus the
expression of well-known S-catenin/TCF4 target genes®
These confer proliferation, angiogenesis, migration, inva-
sion, as well as EMT and explain the observed morpholog-
ical changes of the mesenchymal transition of tumor cells at
the front of invasion on the molecular level. Thus, tumor
budding and EMT do not just reflect a morphological
pattern but rather a functional program with biological and
clinical relevance. Although tumor cells at the front of
invasion express the cell cycle promoting f-catenin/TCF4
target gene CYCLIN D,’7*® they are characterized by low
proliferation, . which significantly correlates with the ex-
pression of the cell-cycle inhibitor p16%¥445.5.19 In addition
to regulating the cell eycle, p 168744 might induce migration
and invasion of tumor cells in cooperation with laminin-Sy
2,'* another f-catenin/TCF4 target gene.'?

The transcriptional regulation of the pI6™ *.gene in
CRCs is unknown. In aberrant crypt foci (ACF), no associ-

Abbreviations used in this paper: ACF, aberrant crypt foci; APC,
adenomatous polyposis coli; CBP, CREB-binding protein; CREB, cAMP
response element-binding; CNAPI, chromosome condensation-related
SMC-associated protein; NCAPD2, non-SMC condensin | complex; sub-
unit D2; CRC, colorectal cancer; dn, dominant negative; ds, double
stranded; EMSA, electromobility shift assay; EMT, epitheliomesenchy-
mal transition; Ets, proto-oncogene E twenty six; GAPDH, glycerol
aldehyde-3-phosphate-dehydrogenase; GFP, green fluorescent protein;
GST, glutathicne-S-transferase; GST-TCF4, glutathione-S-transferase T-
cell factor-4; HAT, histone-acetyl-transferase; HPRT, hypoxanthine-
phospho-ribosyl-transferase; INK4, inhibitor of kinase 4; M, methylated
DNA; MSP, methylspecific PCR; MU, mutated; qRT-PCR, quantitative
RT-PCR; RT, reverse transcriptase; TBE, TCF4-binding element; TFIIB,
transcription factor Il subunit B; U, unmethylated DNA; WT, wild-type;
YWMAZ, tyrosine 3-monc-oxygenase/tryptophan 5-monoc-oxygenase
activation protein £-polypeptide.

© 2009 by the AGA Institute
0016-5085/09/$36.00
doi:10.1053/]j gastro.2008.09.019
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ation was found between activity of the Wnt signaling
pathway and expression of p16™&+A 10 Moreover, in endo-
metrial carcinomas, the expression of both pl16™&+ and
p21°p1/Well is regulated via the action of fS-catenin in the
absence of TCF4.1% But the mechanism for the regulation of
Pp16MEA might differ in CRCs, as this is already the case for
p21%P1/%aA which is down-regulated by B3-catenin/TCF4 via
up-regulation of the target gene e-MYC 14

Thus, we investigated the mechanism of transcrip-
tional regulation of the expression of the pI6™ % gene.
Moreover, we analyzed if the p16T¥4 expression in tu-
mor cells at the infiltrative invasion front of CRCs also
correlates with low survival rates.

Materials and Methods

Electrophovetic Mobility Shift Assay

Fifteen nanograms of unlabeled competitor oligo-
nucleotides or water were incubated together with 1 uL
of crudely purified recombinant GST-TCF4 (amino acid
265-496) or GST in binding buffer (10 mM Hepes, pH
7.9; 60 mM KCl; 1 mM EDTA; 1 mM DTT, 4% [w/v]

Table 1. Primers Used in the Study
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Ficoll) in the presence of 12.5 ng/uL poly-(deoxyinosinic-
deoxycytidylic) acid (Sigma-Aldrich, Taufkirchen, Ger-
many) and 62.5 jug/mL bovine serum albumin (Sigma-
Aldrich) in a total volume of 16 L. After an incubation
period of 5 minutes, 0.5 ng of #2P end-labeled double-
stranded oligonucleotides (Table 1, electrophoretic mo-
bility shift assay [EMSA]) with a specific activity of 3 X
10% dpm/ug (Hartmann Analytik, Braunschweig, Ger-
many) were added, incubated for another 20 minutes,
and finally applied on a2 0.5 X TBE 10% (w/v) polyacryl-
amide gel. The recombinant proteins, GST-TCF4 and
GST, were produced according to the instructions given
in GE Healthcare’s (Freiburg, Germany) GST Protein
brochure.

Chromatin Immune Precipitation

Chromatin immune precipitation (ChIP) was
done using ChIP-It kits (Activ-Motif, Rixenart, Belgium)
following essentially the instructions given in the user’s
manual. Chromatin was fragmented using an ultrasonic
device (Branson, Schwibish-Gmiind, Germany) to a

p16MNEAA WT TBE
p16MNAA rutated TBE
cmyc WT TBE1L7

EMSA
16WT TCTCCAAAAGGAATCCTTTGAACTAGGGTTTCTGACT
16MU TCTCCAAAAGGAATCCTTTGCGCTAGGGTTTCTGACT
mywT CGCACCTTTGATTTCTGCACCTITGATTTICT
ChiP
GAPDH GCGCCCCCGGTTTCT, CCTAGLCTCCCGGGTTTS
omyc ACAGACGCCTCCCGCACGGG ,CCACACCGAGAACGCACTGT
plenrs AGCCGTTTTACACGCAGGAG, CCACCGAGAAATCGAAATCAC
CNAP! ATGGTTGCCACTGGGGATCT, TGCCAAAGCCTAGGGGAAGA

Sitedirected mutagenesis
Mutagenesis

CCAAAAGGAATCCTTTGCGCTAGGGTTTCTGACTTAGTG

p16MN4methylated
p16IN4A_ unmethylated

pl4rtmethylated

Sequencing TGTCCCCCTACCCCCTCAAC
sIRNA
Bcatenin CAGUUGUGGUUAAGCUCUUATAT®
GFP AAGCUACCUGUUCCAUGGCCACTT
RTPCR
cMYC GITGCGGAAACGACGAGAACAG, CCAAAGTCCAATTTGAGGCAGTITAC
GAPDH AAGGGCATCCTGGGCTACAC, CCCCTCTTCAAGGGGTCTAC
p14ARE AGGGTTTTCGTGGTTCACATCC, CCATCATCATGACCTGGTCTTC
p1EmHas CACGUCCTAAGCGCACATTC, AAGCCAGTAACCCCCCTGAG
qRT-PCR
B-ACTIN TITGCGGATGTCCACGTCA (300 nM), GCCCTGAGGCACTCTTCCA (300 nM)
B-CATENIN CTTGGACTGAGACTGCTGATCTTG (800 nM), CACCAGAGTGAAAAGAACGATAGCTA (900 nM)
cMYC GTGCTCCATGAGGAGACAC (300 nM), CCTCTTTTCCACAGAAACAATCATC (300 nM)
CYCLIN Dy TGCCCTCTGTGCCACAGAT (50 nM), CACCAGAGTGAAAAGAACGATAGCTA (900 nM)
HPRT TGACACTGGCAAAACAATGCA (300 nM), (CCAACGCACCGAATAGTTACG (300 nM)
YWMAZ ACTTTTGGTACATTGTGGCTTCAA (300 nM), CCGCCAGGACAAACCAGTAT (300 nM)
MSspP
p16-M TTATTAGAGGGTGGGGCGGATCGC
GACCCCGAACCGCGACCGTAA
p16-U TTATTAGAGGGTGGGGTGGATTGT
CAACCCCAAACCACAACCATAA
p14-M GTGTTAAAGGGCGGCGTAGC
AAAACCCTCACTCGCGACGA
p14-U TITTTGGTGTTAAAGGGTGGTGTAGT

CACAAAAACCCTCACTCACAACAA

p144t unmethylated

EMSA, electromobility shift assay; ChIP, chromatin immune precipitation; MSP, methyl-specific PCR.
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mean size of 300 bp. For precipitation, 1 jug of antibodies
specific for B-catenin (clone 14; BD Transduction Labo-
ratories, Heidelburg, Germany), TFIIB (Activ-Motif), or
IgG (Sigma-Aldrich) as a control were used. For the
subsequent detection of precipitated chromatin, PCRs
were employed using primer pairs (Table 1, ChIP) specific
for the promoter/enhancers of the MYC-, GAPDH-,
p16™4 or the CNAPI genes. The TFIIB antibody and
CNAPI-gene PCR readout were introduced as additional
controls to obtain testable negative controls, which is not
the case when using [gGs. PCR products were separated
on 0.5 X TBE 3% (w/v) agarose gels.

DNA Clones

The luciferase gene reporter clone pGL2-pl6
-3027 contains a 3017 bp fragment of the human p162%4
promoter/enhancer with respect to the translation start
site of this gene. The functional proximal TBE (-708/-
702) was mutated using QuikChange mutagenesis kits
(Stratagene, Amsterdam, The Netherlands) together with
appropriate primers (Table 1, site-directed murtagenesis).
The success of mutagenesis was verified by sequencing
using BigDye termination kits (Applied Biosystems,
Darmstadt, Germany) together with a specific sequencing
primer (Table 1, site-directed mutagenesis) following the
user’s manual.

Cell Lines, Cell Culture, and Transfections

The human embryonic kidney cell line 293T and the
colorectal cell lines DLD-1 (APC: LOH, c.1417delC),
HCT116 (B-catenin: p.S45del), LS174T (f-catenin: p.S43F),
and SW480 cells (APC: LOH, c4012C>T, p.R1338X) were
purchased from the American Type Culture Collection (Ma-
nassas, VA). Mutations found in the APC or B-catenin genes
of the colorectal tumor cell lines! are given in brackets. All
cells were maintained in Dulbecco’s Modified Eagle Me-
dium with 10% (v/v) fetal bovine serum, 2 mM Glutamax I,
and 50 puM 2-mercaptroethanol (Invitrogen, Karlsruhe, Ger-
many) without antibiotics. For transient transfections, 5 <
104 293T, or 1.5 X 10° HCTI116, or LS174T cells, respec-
tively, were seeded in 12-cluster well plates. The next day,
cells were transfected with 600 ng of luciferase reporter
plasmids; 50 ng plasmid pRL-CMV (Promega, Heidelburg,
Germany) as the transfection conwurol, and 600 ng of
pcDNA— or pcl-Neo—derived expression vectors encoding
B-catenin, dn'TCF4, Ets2, dnEts2, CBP, p300 in case of 293T
cells, or 1200 ng in case of HCT116 or LS174T cells as
indicated, using Superfect (Qiagen, Hilden, Germany).
pcDNA3-Cat (Invitrogen) was added to fill up DNA to
constant amounts of 1.25 g in case of 293T cells or 2 g
when enrolling HCT116 or LS174T cells. After 16 to 28
hours, cells were harvested, lysed, and luciferase activity was
determined, using Dual Light kits (Promega) following the
user’s manual. Results were normalized for transfection
efficiency on the basis of the activity of Renilla luciferase.
Transfection of siRNA cells was done as described
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previously.’® Briefly, 3.9 ug double-stranded siRNA specific
for B-catenin or GFP (Table 1, siRNA) as a control were
incubated together with Oligofectamine (Invitrogen) fol-
lowing the user’s instructions. About 48 hours after trans-
tection, cells were harvested, and subsequently, RNA was
isolated.

Adenovirus Transduction and Cell Sorting

Adenovirus encoding either B-galactosidase (AdBasy-
Peal) or dnTCF4 (AdEasy-dnTCF4) were propagated in
293 cells'” and purified using the Adeno-X kit (Clontech,
Heidelburg, Germany) following the user’s manual.
HCT116 cells were infected at an MOT of 25. Transduced
cells were selected on the basis of their green fluorescence
using a Cytomation MoFlo FACS (Ft Collins, CO) apply-
ing appropriate electronic gates for the sorting process,
were subsequently washed, and used for the isolation of
RNA.

RNA Isolation, Reverse Transcription,

RT-PCR, gRT-PCR

Total RNA from cell lines was prepared employing
RNeasy kits (Qiagen) following the user’s instructions.
One microgram RNA was reverse transcribed using 200
ng each oligo(dT),s and random hexamer primers in the
presence (+) or absence (—) of 1 U of reverse transcrip-
tase (Superscript II, Invitrogen) following the user’s man-
uals. Thereby, the reactions without RT were utilized as
negative controls. One microliter of the resulting cDNA
was used in subsequent PCRs together with intron-span-
ning gene specific primer pairs (Table 1, RT-PCR). After
electrophoresis intensity of PCR products as quantified
by densitometry with the help of a UV-transilluminator
(Eagle Eye II, Stratagene). For qRT-PCR, 1 uL of the RT
reactions (+/—) was incubated together with 5 uL 2 X
1Q-SYBR-Green (Biorad, Munich, Germany) in the pres-
ence of optimized amounts of intron-spanning primer
pairs (Table 1, qRT-PCR) specific for the genes B-ACTIN,
B-CATENIN, ¢MYC, CYCLIN D, HPRT, pl6P%4 o
YWMAZ using a Prism 7700 Sequence Detection System
(Applied Biosystems). All assays were run in triplicates.
All data were normalized on the geometric mean of the
values resulting from the qRT-PCRs specific for the 3
housekeeping genes B-ACTIN, HPRT, and YWMAZ.

Immunobistochemical Staining and

Statistical Analysis

Eighty-two patients with CRC displaying an infil-
trative front of invasion were enrolled in the study (Table
2). No metastases were detectable at the time of surgery.
Moreover, only patients surviving the surgery for at least
6 months were selected to exclude surgery-associated
effects as the cause of death. The patients did not show
other malignancies or other diseases besides the CRCs.
Immunohistochemical staining was performed as de-
scribed previously.® Briefly, sections were stained after
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Table 2. Clinicopathological Data and Statistical Results for the Patients Enrolled in This Study

p1 B84 Seore

Variable Number of Cases Low High P Value (x* test) P Value (Cox)
Gender
Male 43 (52.4%) 23 20 NS NS
Female 39 (47.6%) 21 18 974 873
Age
=74 40 (48.8%) 22 18 NS NS
=74 42 (52.1%) 22 20 812 012
T-stage
12 34 (41.5%) 19 15 NS ».002
13 48 (68.5%) 25 23 734
N-stage
NO 21 (25.6%) 15 6 NS ».001
N1 41 (50.0%) 18 23 113
N2 20 (24.4%) 11 9
M-stage
MO 82 (100%) 44 38 5} 5}
M1 0 (0%)
Grade
1 5 (8.1%) 1 4 NS NS
2 72 (87.8%) 41 31 214 .059
3 5 (6.1%) 2 3
Adjuvant therapy
No 23 (28.0%) 31 28 NS NS
Yes 59 (72.0%) 13 10 809 97
R-stage
0 82 (100%) 44 38 5} 5}
1 0 (0%)
2 0 (0%)
Survival (y)
=5 39 (47.6%) 12 27 ».002 ».001
=5-10 13 (15.9%) 11 2
=10 30 (36.5%) 21 9
Censored 0 (0%)
p1GINkdA 44 (53.7%) 4] 4] 4] r<.001
38 (46.3%)

NOTE. Given is the number of cases (frequencies) as well as the numbers of p1&ME4 Jow- or high-staining cases, respectively, within the variates.
The 2 test was applied to correlate p16'"* staining with the variates, the multivariate Cox regression (Cox) for the correlation of the variates
with survival, Statistically significant data are shown in boldface and indicated by an arrowhead (»).

NS, statistieally not significant; @, statistics not applicable.

statistically not sigr @, statistics not a can

microwave-driven antigen retrieval in citrate buffer, pH
6.0 (Ventana, Illkirch, France) using a 1:25 dilution of a
mouse monoclonal plet¥+ gspecific antibody (clone
G174-405, Pierce, Ulm, Germany) and the subsequent
application of Ventana’s DAB staining system employing
a semiautomated staining machine (Benchmark, Ven-
tana) following the given recommendations. For the anal-
ysis of results, a labeling index was introduced. First, the
intensity of immunchistochemical p16™# stainings was
scored in 3 groups: absent or low (1), medium {2), and
high (3). Second, the amount of pl6™¥4 positive colo-
rectal tumor cells or small cell clusters was counted in
regions with maximum budding defined at 50X magni-
fication. Buds were defined as structures of less than §
tumor cells.l:2 The amount of pl6™&*A-positive tumor
cells was counted in 10 viewing fields at 250X magnifi-
cation and scored in 2 groups: up to 50 cells or clusters
{1) and more than 30 cells or clusters (2).2 The product of

both parameters was calculated and was considered as
low- (1—3) or high-labeling index (4, 6). For statistical
analyses, the ¥? test, multivariate Cox-regression, and
Kaplan-Meier statistics together with log-rank regression
were applied using SPSS version 16.0 software (Chicago,
IL) (Table 2).

Results

The Promoter/Enbancer of the Human

Pp16™WEA Gepe Harbors a Functional TCF4

Binding Element

As nuclear expression of -catenin correlates with
the expression of pl6™K# in human CRCs in a highly
significant manner,S we proposed that pI67%# might be a
target gene of S-catenin. Therefore, TBEs (WWCAAAG)®™®
were expected to occur in the promoter/enhancer of the
human p162%# gene. Two consensus TBEs were found at
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Figure1. Theprodmal TOF binding elernert (TBE) of the human plaiNes
promoter/enhancer binds recombinant TCF4 protein. (4) The pramoter/
enhancer region of the human p16N@A gene (accession no. AFGZ2809),
The start of transktion (ATGE) i 1. The human pl 8N promatar/enhancer
harbors 2 consensus TBEs (WWCAAAG)T® embedded in the context of a
varlety of other tranacription factors known to be involved in the transcrip-
tional regulation of tha p18MNEA gang: ITSE [INKda transcription silencs
element) 2® SP1 30 Ets 2! RBRE (retinoblastoma-responsive element) 3
and RHA (RMNA helicase A) 32 (B) EMSA. Radioactively lakeled aligonucle-
otides containing the proximal TBE bind specifically to the DMNA-binding
domain of a recombinant GST-TCF4 (G~T) fusion protein fane 2) but not
when the TBE is mutated (lane 7). Binding is compatible using WT p1 6/
flane 3) or ¢-MYC (fane 5) but not MU p16™N9 (fane 4) TBE-containing
oligonuclectides. Binding does not depend on GST (fanes 6 and 9). Inter-
action with the radioactively labeled TBE21? of the ¢-MYC gene was pro-
vided as the posttive control.

positions -702/-708 (proximal TBE) and -1980/-1986 (distal
TBE) with respect to the translational start of the p16#4
gene (accession no. AF022809) (Figure 14). Employing
EMSAs, we investigated if recombinant GST-TCF4 fusion
proteins bind radioactively labeled oligonucleotide probes
containing either of the 2 TBEs. GST-TCF4 bound to the
proximal (Figure 1B, lane 2) but not the distally located TBE
(data not shown). Binding was competed when adding
unlabeled oligonucleotides harboring WT TBE sequences of
the human p16%7%# (16WT) or the ¢#yc promoter/enhancer
(myWT)*® (Figure 1B, lanes 3 and 5) but not when mutated
TBE-containing oligonucleotides of the p{67%# gene were
used (Figure 1B, lane 4). Moreover, radiocactively labeled
oligonucleotides containing a mutated TBE of the p16%#4
promoter/enhancer did not bind GST-TCF4 proteins (Fig-
ure 1B, lane 7). Binding was due to TCF4, as GST alone did
not interact with labeled probes containing pl6%%# WT
TBE (Figure 1B, lane 6). Labeled oligonucleotides of the
human ¢smyc gene containing the second TBE (TBE2)*®
were used as a control. Expectedly, they bound GST-TCF4
(Figure 1B, lane 8) but not GST (Figure 1B, lane 8). Taken
together, the proximal TBE of the human p167%* gene
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interacts specifically with the recombinant GST-TCF4 pro-
tein.

B-Catenin Interacts With the TBE of the
Endogenous Human p16™514 Gene

Next, we analyzed if S-catenin interacts with the
proximal TBE of the pi16™%44 gene in the context of native
chromatin employing ChIP. As pl6T ig rarely ex-
pressed in cultured cell lines, and primers have to be
selected carefully to exclude interference with expression
from the pI14*% locus,*® we investigated both the meth-
ylation status of the promoter regions as well as the
expression of the p167%4 and pI14*% genes in the 4
cultivated colorectal tumor cell lines DLD-1, HCT116,
LS174T, and SW480 (Supplementary Figure). As a result,
the p16™&4: expressing cell lines HCT116 and LS174T
were selected for further functional tests, HCTL16 cells
were chosen for ChIP (Figure 2) due to their higher
expression level of p16™%4 compared with LS174T cells
(data not shown). For precipitations, antibodies specific
tor B-catenin or RNA polymerase II (RNA pol II) as well
as immunoglobulins (IgG) as negative controls were
taken. Regions of the human pI16™#4 (Figure 24) or
¢-MYC promoters (Figure 2B) harboring TBEs or the
TATA box-containing sequence of the glycerol-aldehyde-3-
phosphare-dehydrogenase (Figure 2C) were used for subse-
quent PCR-based readouts. A region of intron 25 of the
chromosome condensation-related SMC-associated
protein gene containing neither TATA box-containing
sequences nor TBE sequences was used as a control for
unspecific binding of chromatin to the employed an-
tibodies (Figure 2D). B-catenin—specific antibodies

A p16™ B c-myc C GAPDH D CNAPI

E X T Y TR 1L 11 [ T

=
=

_— o - - - =
5 £ T050 E=0O5@ E=TO050 5 =080
£ 33232 E 52 3 E 5 2 3 E 53 2 3
s$28° £ g8 ° E g3° £ g 38°E
= < < < <

s 2 ¢ Z g 2 ¢ 2

= = = <

Figure 2. S-catenin binds to the proximal TBE of the human pl oM«
gene in the context of native chramatin. ChiP using antibadies speaciic for
B-catenin, RNA polymerase I, or immunoglobulins G (Ig&) as a control.
Human genomic DNA (input) was used as a positive contral and water as
the negative control (&), PCR primers covered sequences of the human
016N gene containing the proximal TBE (4), the o-MY G gene contain-
ing TBEZ2'® (), orthe GAPDH-gene harboring the TATA box (C). Intron 25
of the CHNAPI-gene (D) is not expectad to bind DNA and was thus used as
a contral for comparing the unspecific binding of DMNA to the antibodies in
use, B-catenin—speciic antibodies precipitated DNA sequences contain-
ing TBEs of the p1 8N~ and c-myc genes (4 and B) but not GAPDH gene
(). The situation was expectedly found vice versa for an antibody specific
for RNA polvmeraze ||, The prepared chromatin did not bind unspeciically
to immunoglobuling {Ig&), and the antibodies in use did not differ in their
unspecific binding to chromatin ().

87



3 Ergebnisse

January 2009

precipitated chromatin fragments containing TBEs of
the p16™¥ 4. (Figure 24, lane [3-catenin) or MYC- (Fig-
ure 2B, lane B-catenin) but not TATA box-containing
chromatin of the GAPDH promoter (Figure 2C). Vice
versa, TATA box-containing chromatin of the GAPDH-
(Figure 2C, lane RNA pol II) but neither TBE-containing
chromatin of the pI6™%4 (Figure 24, lane RNA pol II)
nor ¢MYC promoter/enhancers (Figure 2B, lane RNA
pol II) were precipitated by RNA polymerase II—specific
antibodies, thus indicating the specificity of the
B-catenin—driven ChIP. Additionally, IgGs did not
precipitate chromatin at all (Figure 24, B, C, and D,
lane IgG). Moreover, all antibodies bound unspecifically
comparable amounts of chromatin, which was indi-
cated by identical PCR results specific for an intronic
region of the CNAPI gene (Figure 2D, lanes [-catenin,
RNA pol I and IgG) as an indicator for unspecific
binding of DNA to the antibodies. Taken together,
these results demonstrate that B-catenin interacts spe-
cifically with the proximal TBE of the human p1677%44
promoter/enhancer in the context of native chromatin.

B-Catenin Drives the Expression of the
Human pl6™**A Gene via the Proximal TBE

Next, we wanted to investigate if the proximal
TBE of the human pi6™¥4 confers S-catenin/TCF re-
sponsiveness. Therefore, we used luciferase-reporter as-
says together with reporter plasmids regulated by frag-
ments of the pI6™%# promoter/enhancer containing
either WT or MU TBEs (Figure 14). For the activation
of the reporter plasmids, expression vectors encoding
B-catenin, Ets2 (Figure 3A, B-cat, ets), dominant-nega-
tive TCF4, dominant-negative Ets2 (Figure 3B and C)
or the histone-acetyl-transterases (HAT) p300 or CBP,
respectively (Figure 3D), were employed. Ets2 and
HATSs were taken because they are well-known activa-
tors of the transcription of the pI6™%4 2! or a variety of
B-catenin target genes such as CYCLIN D;22 Both
B-catenin as well as Ets2 transactivated WT pI67%E
promoter/enhancer reporters (Figure 3, black bars) in a
dose-dependent manner when cotransfected into 293T
cells (Figure 3A4). In contrast, pl6%™# luciferase-re-
porter constructs containing a MU TBE (Figure 3,
stippled bars) were transactivated as expected only by
Ets2 (Figure 34) but no longer by S-catenin (Figure
3A), as the TBE but not the Ets2 binding site was
affected by the mutation. In combination, B-catenin
and Ets2 stimulated WT but not MU p16™£44 reporters
in an additive manner. In case of the MU TBE-contain-
ing p16™E4 reporter constructs, the activity was com-
parable with the value of the WT reporter when acti-
vating with Ets2 alone (Figure 3A). Comparably, the
promoter/enhancer activity of WT but not MU p 1677544
reporters was down-regulated in HCT116 cells in a
dose-dependent manner by dnTCF4-encoding expres-
sion constructs (Figure 3B). In combination, dnTCEF4
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Figure 3. The proximal TBE of the human p18MN* promoter/enhancer
confers g-catenin/TCR-specific transactivation. (A) After transfection into
293 cells, luciferase reporter constructs containing the WT p1 8N pro-
moter/enhancer (black bars) were transactivated in a dose-dependent
manner by a stabilized form of g-catenin (8-cat) as well as Et=2 (sta).
Togethar, B-catenin and Ets2 (3-cat + ets) stimulated transactivation in an
additive manner, Lucfferase reporter constructs containing the MU
p1EMNEA sromater/anhancer (stippled bars) were expectedly transacti-
vated only by Ets2 but no longer by B-catenin. When added together, the
effect was thus comparable to the activity induced by Ets2 alone. (B) In
HCT116 cels, dnTCF4 suppressed the activity of luciferase reporter con-
structs containing the p16™~ promoter/enhancer containing a WT but
not MU TBE sequence. () Moreover, dnTCF4 as well as dnEts2 sup-
pressed thatranscriptional activity of WT p1 N in HCT118 cells. (D) Two
hundred ninetyv-3 cells displayed an activation of human p1EMNE promot-
ar/enhancer luciferase reporter constructs by HATs, which was synergis-
tically stimulated by B-catenin.

and dnEts2 down-regulated the promoter activity of
the WT pl6™%# reporter comstructs additively in
HCT116 cells (Figure 3C). Both HATs, p300 as well as
CBP, stimulated transcription of WT p16™K44 reporter
constructs in 293T cells already alone, which is in
support with published data.!? When added in combi-
nation with fB-catenin—encoding expression vectors,
transcriptional activity of WT pl68%4 reporters in-
creased slightly synergistically (Figure 3D). Taken to-
gether, the proximal TBE-conferred S-catenin/
TCF4—dependent transcriptional activity to the
human p16™%#4 promoter/enhancer could be increased
further by action of Ets2 as well as HATs.
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Figure 4. 5-catenin/TCF regulates the endogenous exprassion of p18MN (4 and ) dnTGF4 (dn Ty in contrast to -galactosidase (5-G) expressing
adenovirus leads 1o the down-regulation of p1 8N4 (70%) and (B and D) c-myc mRNA levels in the human colorectal cell line HCT116, (C and D) In
contrast, mRNA levels of the housakeeping gene GAPDH are unaffected by dnTCF4 . (D) Densitometric analysis of the band intensities displayed in
the gels. (M), 100-bp marker (Invitrogen); (&), negative control using water instead of template. The number of cycles of the respactive PCH is given
below each gel photograph. (£ and £ g-catenin—specific siRNA leads to the down-regulation of S-oatenin-, o-MY G-, Cyalin Dy- and p1ahea-
speciiic mRNA levels compared with the geometric mean of the 3 housekeeping genes HPRT, p-actin, and YWMAZ (geo-HKG) in the human

colorectal tumor cell lines HCT116 (£) and LS174T (F).

The Activity of the Human p16™NE*A Gene Is
Driven by B-Catenin/TCF

In the next set of experiments, we wanted to see if
the activity of the endogenous p167%*4 gene is regulated
by [3-catenin/TCF4. Therefore, cultivated human colorec-
tal cells expressing p1627%4 were transiently transduced
applying adenoviruses (Figure 4A-D) or [-catenin—
specific RNA interference (Figure 4E and F). Transient
transduction of HCT116 cells using dnTCF4-expressing
adenoviruses resulted in the reduction of p162%44. (Fig-

ure 44, lzne dnT and D) and ¢MYC- (Figure 4B, lane dnT
and D) but not GAPDH mRNA levels (Figure 4C, lane dnT
and D). Results were normalized on the respective
amounts of PCR product levels of cells transduced with
J-galactosidase —encoding adenoviruses (Figure 4A4-C,
lanes B—G and D). Next, we transiently transfected
HCT116 as well as LS174T cells using siRNA specific for
Freatenin-2® or GFP RNA and analyzed changes in the
expression levels applying qRT-PCR. All results were nor-
malized on the geometric mean of the 3 housekeeping
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genes HPRT, B-ACTIN, and YWMAZ. Application of
Bcatenin—specific siRNA resulted in the loss of
B-catenin—specific mRNA (Figure 4E and F, lane B-catenin)
and protein {(data not shown) thus proving the experi-
mental procedure. In parallel, mRNA levels of the 3-cate-
nin target genes ¢ MYCY and CYCLIN D;7%24 declined, as
did the p16%%#4 specific mRNA (Figure 4E and F, lanes
o-myq, cyclin Dy, and p167%44). Taken together, our results
indicated that pl6®¥* transcription is regulated by
B-catenin/TCF4 in human CRC cell lines.

16K4A Expression at the Front of Invasion
of Human CRC Is a Marker for Poor

Survival

Finally, we wanted to investigate if the expression
of ple™&4 correlates with low survival of patients. We
expected such a result, as p16T%* expression is a char-
acteristic of the tumor cells in the budding zone, which
has been shown already to be significantly correlated with
low survival.> Therefore, 82 patients with CRCs (Table
2) that displayed budding at the infilcrative front of
invasion in conjunction with tumor cells expressing
B-catenin in the nucleus were immunohistochemically
stained, employing pl6™&4A-specific antibodies. p 16Tk
expression was found heterogeneously distributed (Fig-
ure 5A), which is in support with published data.5210
High expression levels of p16T™%*~ were seen especially in
budding tumor cells located at the front of invasion
(Figure 5A and C), whereas tumor cells found in central
areas of the tumor displayed little-to-absent expression of
ple™&4 (Figure SA and C). Kaplan-Meier statistics and
the log-rank test (Figure 5D) revealed a highly significant
correlation of high p1607T844 expression with low survival
(P << .001). p16™K44 expression neither correlated with
gender, age, T- or N-stage, grading, nor adjuvant therapy
(x* test, Table 2). In a multivariate Cox-regression model,
p16ME4 expression as well as T- and N-stages correlated
significantly with lower survival rates (Table 2). Thus,
expression of the cell cycle inhibitor p16™¥4# at the
infilerative front of invasion of human CRC might be a
prognostic marker for poor survival.

Discussion

Tumor cells in the infilerative front of invasion of
CRCs displaying signs of EMT,* nuclear expression of
B-catenin *?® and low proliferation, correlated with the
expression of pleMK#4359.10 In this context, plelkés
might play its well-known role of an inhibitor of the cell
division cycle.?® Alternatively, p16™%4 might induce—in
conjunction with laminin-Sy 2—migration and invasion
of tumor cells, as has been demonstrated in a keratino-
cyte model of squamous cell carcinomas.!! Interestingly,
laminin-5v 2 is another S-catenin target gene,!? and thus
B-catenin might be an integrator of malignant transfor-
mation in this scenario.
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Figure 5. High expression of p16™N*4 at the invasive front of CRC
correlates with low survival rates. Representative (4) overview (50 and
high-power magnification (2503 of (B) central areas or (C) the invasive
front of a typical GRC stained immunohistochemically using p1&hKeA
specific antibodies. () Kaplan-Meier curve and log-rank test assign
high labeling index of p16NE4 1o a lower survival rate in contrast to
cases with a low labeling index

Two conclusions might be drawn from our observations.
First, p16™%# ig a target gene of B-catenin/TCF4 in CRCs.
In contrast, in ACFs, p16™%44 expression was detected in the
presence of intact APC, indicated by the immunohisto-
chemical detection of full-length APC.*® Thus, it was con-
cluded that p16™# is not regulated via S-catenin/TCF4.
But knowing that (1) most sporadic ACFs develop on the
basis of a deregulated Ras/MAPK pathway?” and that (2)
Ras strongly transactivates the expression of p167E 21 to-
gether with the fact that (3) most antibodies binding APC

90



3 Ergebnisse

204 WASSERMANN ET AL

are not specific for APC,?* cast this conclusion into doubt.
Additionally, in cell lines from endometrial carcinomas,
Pp16MF a5 well as p2 1€PYW4T were both found to be regu-
lated via B-catenin in a TCF4-independent manner.'* More-
over, pLl6™&4 was also transactivated by p21CPU/%afl even
stronger than by S-catenin. But in CRCs, -catenin/TCF4
leads to a robust down-regulation of p21°FY™ yia up-
regulation of the f-catenin/TCF4 target gene ¢MYC1417
Thus, the mechanisms of regulation transferred by f-cate-
nin or S-catenin/TCF4 seem to differ from each other in
colorectal and endometrial carcinomas and are thus not
directly comparable.

Second, the role of proliferation might have been over-
estimated as a driving force for the malignant progres-
sion of CRCs. Interestingly, a minority of tumor cells
defined by the expression of pl6™¥#: and therefore,
probably low proliferation seems to be responsible for
the correlation with low survival. These tumor cells are
constituents of the budding zone, which was shown to be
a good prognostic marker for low survival.n? In such a
sense, expression of p16%™4 and the associated low pro-
literation*1% might be an attribute or characteristic of
these tumor cells that difter from the rest of the tumor.
Certainly, the clinical relevance of the p16T¥* expression
for survival presented here and in other studies is limited
and should be re-evaluated in larger cohorts containing
more clinical information and aspects than our small
collection of patients.

Supplementary Data

Note: To access the supplementary marterial
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2008.09.019.
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Summary

In colorectal cancers mutations in the canonical WNT signaling pathway induce the
stabilization of B-CATENIN which is the kingpin of colorectal carcinogenesis as it is
involved in the regulation of the hallmarks of cancer namely proliferation,
angiogenesis, survival, migration, invasion and evasion of apoptosis. Furthermore, -
CATENIN induces and maintains stemness and associated characteristics like
epithelial-mesenchymal transition (EMT) or chemoresistance. Mechanistically, all of
these functional properties are mediated by B-CATENIN target genes but those
genes which are involved in the induction of stemness and accompanying traits
remained elusive. Here, we show that FGF-2 (fibroblast growth factor-2) is
transcriptionally up-regulated by B-CATENIN in colorectal cancer and is a mediator of

stemness, EMT and chemoresistance in colorectal tumor cells.

Significance

Cancer stem cells (CSCs) are considered to be the driving force for many if not all
tumors. Their progeny gives rise to the mass of the tumors whereas the CSCs
themselves represent only a minor population. Importantly, they are responsible for
the formation of metastases and are additionally highly resistant against
chemotherapeutic agents. Therefore, unraveling the mechanisms that help to
maintain pluripotent CSCs might be of great therapeutic value. Here, we present data
that demonstrate a possible mechanism how B-CATENIN maintains CSCs by the
transcriptional upregulation of the FGF-2 gene. FGF-2 confers stemness and
associated characteristics like EMT or chemoresistance. As a consequence, the
FGFR/FGF-2 system emerges as an appealing target for therapeutically targeting the
WNT-signaling pathway indirectly.
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Introduction

The carcinogenesis of classical colorectal cancers (CRCs) proceeds via an adenoma
carcinoma seguence which is driven by acquiring mutations in oncogenes (gain of
function) and tumorsuppressor genes (loss of function). A sum of 80 to 80 mutations
was found in various types of carcinomas, like the colorectum, pancreas, mamma, or
others (Jones et al., 2008). In CRCs some definite driver genes are mutated with high
frequency such that they comprise mountains when depicting the mutations as a
landscape (Sjoblom et al., 2006). One of these mountain-genes is the
tumorsuppressor gene APC (adenomatous polyposis coli) which is usually mutated at
the very beginning of colorectal tumor development in the majority of cases (up to
80%). Therefore, APC is the gatekeeper of colorectal carcinogenesis (Kinzler and
Vogelstein, 1996) but only when it is mutated in colorectal crypt stem cells (Barker et
al., 2009). These altered stem cells develop into colorectal cancer stem cells
(coCSCs) thereby gaining malignant potential. Although coCSCs comprise only the
minor part of colorectal tumors, they are the driving force for the formation of
metastases (Pang et al., 2010) and tumor associated death of patients (Horst et al.,
2009). coCSCs are induced and maintained by high WNT activity (Vermeulen et al.,
2010b) which is indicated by nuclear B-CATENIN and its transcriptional actions
(Brabletz et al., 2005b). B-CATENIN is the transducer of the canonical WNT signaling
pathway which regulates the stability of B-CATENIN via a multiprotein degradation
complex containing APC as an integral part (Gregorieff and Clevers, 2005). Although
APC is mutated, the subcellular localization of B-CATENIN still can be regulated,
what is known as the B-CATENIN paradox (Fodde and Brabletz, 2007). Only when
expressed in the cells’ nuclei, p-CATENIN works in conjunction with DNA binding
HMG (high mobility group) proteins of the LEF-1/TCF4 (lymphocyte enhancing factor-
1/ T-cell factor 4) family and a variety of other proteins as a transcription factor
(Gregorieff and Clevers, 2005). B-CATENIN target genes mediate the hallmarks of
cancer (Hanahan and Weinberg, 2000) and moreover, [(-CATENIN induces

stemness of coCSCs (Vermeulen et al., 2010b) and EMT (epithelial-mesenchymal
transition) (Brembeck et al., 2004), which are closely connected with each other if not
the same (Mani et al.,, 2008). But it remains largely unknown, how B-CATENIN
regulates stemness or EMT mechanistically. Such a regulator should ideally be a -

3
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CATENIN target gene and essentially involved in the maintenance of stemness and
functions associated with stemness like EMT, resistance against chemotherapeutics
besides others. A potential candidate for such a regulator are fibroblast growth
factors (FGF). They are known to be important factors during the course of
tumorigenesis and have been ascribed to many traits of CSCs, especially EMT and
chemoresistance (Turner and Grose, 2010). Additionally, the strict dependency of
(co)CSCs on FGF-2 when being cultured in vitro (Ricci-Vitiani et al., 2007, Vermeulen
et al., 2010a) is another important support of this view. Here, we show evidence that
FGF-2is a B-CATENIN target gene which confers stemness, expression of stem cell
markers, EMT, and chemoresistance and is thus a possible mediator explaining how
B-CATENIN regulates stemness and stemness associated functions in colorectal

tumor cells.

Results

FGF-2 Is Expressed in Disseminated Tumor Cells at the Invasion Front and in
Cultivated Cell Lines of Human CRC

Human CRCs displaying an invasion front with infiltrating tumor cells are a well suited
model for the identification of B-CATENIN target genes (Brabletz et al., 2005b).
Tumor cells at the invasion front are characterized by nuclear expression of [3-
CATENIN and B-CATENIN target genes, as well as EMT. Therefore, we investigated
whether such cells express FGF-2 employing immunohistochemistry. We observed
strong expression of FGF-2 in tumor cells with nuclear B-CATENIN, whereas those
without staining for nuclear p-CATENIN displayed only background levels of FGF-2
(Figure 1 A). Furthermore, expression of FGF-2 was detected in cultivated colorectal
tumor cell lines LoVo, DLD-1, HCT15 and HCT116 but not in SW480, LS174T,
Caco2 or HT29 cells on the mRNA (Figure 1 B) and protein level (Figure 1 C). The
latter was characterized by the appearance of various FGF-2 isoforms, which also
included the secreted 18 kDa low molecular weight form (Figure 1 C) known to
induce signaling via binding to its cognate receptors FGFR1-4 (Dvorak et al., 2006;
Turner and Grose, 2010). Thus, we investigated if the cultivated colorectal cell lines

also expressed mRNA specific for these FGFRs. Most of the tumor cell lines
4
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expressed at least one of the FGFRs (Supplemental Figure 1) indicating that these
tumor cells might possess an intact FGF-2/FGFR signaling system. As neither the
mode of FGF-2 signhaling nor the functional role of the different isoforms, which all
had been linked to stemness (Thomas-Mudge et al., 2004; Yu et al., 2007), were
within our scope, we did not follow these aspects. Taken together, we show that
FGF-2 expression is commonly found in colorectal tumor cells and is associated with

the nuclear expression B-CATENIN.

FGF-2 Expression is Regulated by FCATENIN

The coexpression of FGF-2 and nuclear B-CATENIN in human CRCs implicated
FGF-2 to be a B-CATENIN target gene. To clarify this point, we first knocked-down
the mRNA of f~CATENIN specifically using RNA-interference (RNAI) in the FGF-2
expressing cell lines LoVo, HCT15 and DLD-1 (Figure 1 B, C). The knock-down led
to a strong reduction of F-CATENIN mRNA levels (86% to 93%), which was
accompanied by the down-regulation of the well known -CATENIN target gene c-
MYC (He et al., 1998) to residual amounts of 14 to 38% (Figure 2 A), thus approving
the success of the knock-down. Importantly, FGF-2 mRNA amounts were also down-
regulated in all three cell lines to levels between 14 and 66% (Figure 2 A). Second,
the existence of TCF4 binding elements (TBE, consensus sequence: WTCAAAG
(Hatzis et al., 2008)) in the promoter/enhancer regions of B-CATENIN target genes is
a prerequisite for the transcriptional activation of genes via B-CATENIN as they are
the binding sites for TCF4/B-CATENIN complexes. The promoter/enhancer of the
FGF-2 gene (accession no.: S81809) contains a single consensus TBE at position —
387 (TTCAAAG) upstream of the transcription start (Figure 2 B). Binding of TCF4 to
this site was analyzed with the help of EMSAs (electric mobility shift assay) and
ChIPs (chromatin immune precipitation). Recombinant GST-TCF4 fusion protein
bound radioactively labeled oligonucleotide probes when containing the FGF-2 TBE
in its WT (Figure 2 C, lane 2) but not mutated (CGCAAAG, lane 7) form. Binding of
GST-TCF4 was competed by unlabeled WT FGF-2 (WT, lane 3) or c-MYC ((He et al.,
1998), MWT, lane 5) but not mutated FGF-2 probes (MUT, lane 4). Binding was
specific for TCF4 as GST alone did not bind the WT FGF-2 probe (lane 6). Next, we

5
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analyzed the binding of TCF4 to a region of the FGF-2 gene containing the
promoter/enhancer in the context of native chromatin employing ChIPs. LoVo cells
were selected for ChIPs as they expressed the highest amounts of FGF-2 mRNA in
our panel of cultivated colorectal cell lines (Figure 1 B). Antibodies specific for TCF4
(x-TCF4) but neither immunoglobulins (IgG) nor antibodies specific for RNA-
Polymerase |l {(«-Polll) could precipitate DNA fragments containing the TBE of the
human FGF-2 promoter (Figure 2 D). The detection of a TATA box-containing
sequence of the glycerol-aldehyde-3-phosphate-dehydrogenase (GAPDH) dgene
made sure that the a-Polll specific antibodies worked in general. Unexpectedly, a-
TCF4 also slightly precipitated these TATA-box containing regions of the GAPDH
gene (Figure 2 D) which might be due to the fact that a consensus TBE was found at
-423 bp upstream of the TATA-box (accession no. AY340484). Third, we investigated
whether B-CATENIN/TCF4 conferred functional activity to the FGF-2 gene employing
FGF-2 promoter/enhancer-fuciferase gene reporter assays. The [uciferase gene was
driven by fragments of the human FGF-2 gene (-1.800 / +314) containing either the
WT TBE or the mutant form (Figure 2 B, MUT, CGCAAAG) that did not bind TCF4 in
EMSAs (Figure 2 C). These reporter plasmids were transiently transfected into LoVo
or HCT15 cells together with increasing amounts of a plasmid encoding dominant
negative (dn) TCF4, which is an inhibitor of B-CATENIN/TCF4 transcriptional activity
(Tang et al., 1998). This resulted in a dose-dependent decline in the activity of the
WT- but not MUT FGF-2 reporter constructs which did not respond at all (Figure 2 E).
These results were comparable with data obtained when using Super-TOPflash or
Super-FOPflash as a positive control system for the function of the experimental
setting (Supplemental Figure 2). Taken together, we present several lines of
evidence indicating that FGF-2 is a direct target gene of B-CATENIN.

Loss of FGF-2 Ameliorates the Transformed Phenotype of Cultivated Colorectal

Tumor Cells

Now we wanted to learn about the effects of FGF-2 on the transformed phenotype
and initiation of tumor growth. Both are well known functional characteristics of CSCs
and had been shown to depend on FGF2 (Turner and Grose, 2010). Thus, FGF-2

expression was stably knocked down in colorectal LoVo cells, which were chosen
6
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due to their high FGF-2 expression level. Two independent clones each expressing
FGF-2 specific (sh FGF-2#1 and #2) or enhanced Green Fluorescent Protein specific
shRNA (sh eGFP#1 and #2), respectively, were selected from a screen using five
different FGF-2 or e GFP specific shRNA encoding lentiviruses for either target. This
RNAI approach led to strong reduction of FGF-2 expression in sh FGF-2#1 and #2
clones on mRNA- (12 and 11% respectively) and protein levels compared to sh
eGFP#1 and #2 clones (Figures 3 A and B). The knockdown did neither alter
proliferation, measured as the change in cell numbers over time (Figure 3 C), nor
apoptosis indicated by the absence of cleaved Caspase 3 (Figure 3 D). However, the
loss of FGF-2 led to a substantial decrease in the transformation capacity
(Figure 3 E) when investigating anchorage independent growth of sh FGF-2 and sh
eGFP clones in methylcellulose medium. To exclude cell line specific or off target
effects, the same set of experiments was repeated with the cell lines HCT15 and
HCT116. Here, bulk cultures grown for 14 days under puromycin selection after
lentiviral transduction with two different sh FGF-2 encoding lentiviruses were
employed instead of stable clones yielding comparable results (Supplemental Figure
3). Finally, we tested the tumorigenic potential of the different LoVo clones.
Therefore, 2+10° parental, sh FGF-2 or sheGFP LoVo cells were injected
subcutaneously (s.c.) into nude mice. Parental (6/6) and sh eGFP cells (5/6)
developed tumors of 2 cm® size after 4 to 8 weeks whereas sh FGF-2 cells hardly
initiated tumor growth (1/8). Moreover, this single tumor was smaller (~0.6 cm3) and
needed 10 to 12 weeks for outgrowth (Figure 3 F). Of note, this effect is unlikely to be
based on differences in proliferation or apoptosis as both were not affected in
sh FGF-2 LoVo tumor cells. In summary, our results demonstrated that FGF-2 is an
essential component for the maintenance of a malignant phenotype reflected by
anchorage independent growth and tumor initiation in colorectal tumor cells but does

not seem to influence proliferation or anti-apoptosis.

FGF-2 Contributes to the Mesenchymal Phenotype of LoVo Cells

Stemness and EMT are closely related if not the same (Mani et al., 2008). Both are
made responsible for malignancy (Pang et al., 2010; Thiery, 2002) and are induced
by B-CATENIN (Brembeck et al., 2004; Vermeulen et al., 2010b). Thus, we wanted to
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know if FGF-2 might play a crucial role in the maintenance of EMT, especially as a
connection of FGF-2 and EMT had been shown in nasopharyngeal carcinomas and
other cellular systems before (Billottet et al., 2004, Chen et al., 1994; Strutz et al.,
2002). When inspecting the growth patterns of LoVo cell clones in closer detail, we
found that parental LoVo cells and LoVo sh eGFP clones contained patches of
fibroblast like looking cells, which was reminiscent of a mesenchymal differentiation
(Figure 4 A, lower panel). In contrast, sh FGF-2 clones were mostly flattened,
enlarged, and seldom showed a fibroblast like morphology (Figure 4 A, upper panel).
On the molecular level, sh FGF-2 clones expressed significantly higher mRNA
amounts of the epithelial marker molecule E-CADHERIN (4.2 to 6.3 times) but at the
same time less mRNA of the mesenchymal marker genes VIMENTIN (11 to 26%) or
FIBRONECTIN (28 to 31%), respectively, when compared to sh eGFP clones
(Figure 4 B). Moreover, we were keen to see if FGF-2 also effected the expression of
ZEB-1 (zinc finger E-box binding), the master regulator of EMT in colorectal cancer
cells (Spaderna et al., 2006). Indeed, loss of FGF-2 expression was related with the
downregulation of ZEB-1 on the mRNA (11 to 18%) (Figure 4 C) and protein level
(Figure 4 D). As expected, this effect was accompanied by higher protein levels of E-
CADHERIN (Figure 4 D and E) which is a direct target of ZEB-1 mediated
transcriptional repression. However, this discovery could not be extended to the cell
lines HCT15 and HCT116 (data not shown), which might be explained by the fact that
both cell lines expressed naturally low amounts of FGF-2 mRNA (Figure 1 B; 10 to
20%) compared to LoVo cells. Moreover, they were characterized by an already high
epithelial differentiation indicated by high levels of E-CADHERIN mRNA expression
(9.5 or 2.4 fold sh eGFP HCT15 or -HCT116 cells, respectively) but low levels of
VIMENTIN as well as ZEB-1 (Supplemental Figure 4 A) compared to sh eGFP LoVo
cells. As the induction of EMT is frequently paralleled by an increase in migration and
invasion, we analyzed the impact of FGF-2 on the invasive properties of LoVo
sh FGF-2 clones employing Matrigel® coated Boyden-chambers. The knockdown of
FGF-2 did not alter the invasive properties of sh FGF-2 clones (Supplemental Figure
4 B). As the knock-down of B-CATENIN affects both, EMT as well as migration and
invasion, our results indicated that FGF-2 relays only the EMT effect of B-CATENIN
but neither migration nor invasion for which other B-CATENIN target genes have

been made responsible {(Brabletz et al., 2005b).
8
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FGF-2 Contributes to a Cancer Stem Cell Phenotype in LoVo Cells

Stemness of coCSCs is indicated by the expression of surface markers like CD133
(O'Brien et al., 2007; Ricci-Vitiani et al., 2007), CD44 or CD166 (Dalerba et al.,
2007), as well as the export of the Hoechst 33342 dye (Sussman et al., 2007) which
are therefore commonly employed for the isolation and enrichment of coCSCs. First,
we found that LoVo sh FGF-2 clones expressed reduced levels of CD44 and CD166
mRNA compared to sh eGFP clones (Figure 5 A). Second, we enriched side
population (SP) cells from parental LoVo cells employing FACS together with
Hoechst 33342 dye (Figure5 B). Expectedly, the SP of LoVo cells {1.36%)
expressed significant higher amounts of the coCSC markers CD766 and CD733
when compared to the non-SP fraction (Figure 5 B). Interestingly, SP LoVo cells also
expressed higher mRNA amounts of FGF-2 than non-SP cells (Figure 5 B) indicating
that FGF-2 expression might be an attribute of tumor cells with signs of stemness.
Third, we were interested to follow the effect of FGF-2 loss on the SP. LoVo sh FGF-
2 clones contained a significant smaller SP (0.097%) compared to the sh eGFP
clones (0.58%) or parental cells (0.76%) (Figure 5 C). Fourth, we showed previously
that a mixture of conditioned medium from bone marrow stromal cells exposed to
hypoxia mixed with conditioned medium from “injured cells” induced the migration of
SP cells through Matrigel® coated Boyden chambers resulting in mSP (migratory SP)
cells. These cells displayed enhanced characteristics of stemness (Das et al., 2008).
Using this approach, LoVo sh FGF-2 clones contained only a small fraction of mSP
cells (8%) compared to sh eGFP clones (54.5%) or parental LoVo cells (61.5%)
(Figure 5 D). Taken together, this panoply of experimental data assigned FGF-2 a

fundamental and mechanistic role in maintaining stemness in colorectal tumor cells.

FGF-2 Confers Resistance against 5-FU

Another well known functional trait of (co)CSCs is their resistance against
chemotherapeutic drugs like 5-Fluorouracil (5-FU) {(Gupta et al., 2009; Todaro et al.,
2007, Tsuchida et al., 2008). As a consequence, chemotherapeutic treatment over
time enriches for CSCs which is paralleled by an increase of features of stemness as

well as EMT (Creighton et al., 2009). First, we examined if 5-FU treatment (two
9
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weeks, 10 pg/ml) led to changes in the expression of FGF-2 and CSC markers in
LoVo cells. Surviving cells displayed a mesenchymal morphology (Figure 5 E) and
expressed higher mRNA levels of VIMENTIN (data not shown), thus indicating EMT,
as well as the coCSC markers CD44 (3.06 fold) and CD166 (2.26 fold). Interestingly,
FGF-2 mRNA levels became also elevated (2.56 fold, Figure 5 F). Second, we
increased the amount of 5-FU over a two days’ period and followed the expression
levels of CD44, CD166, and FGF-2. The expression of all genes increased in parallel
with the concentration of 5-FU in a dose dependent manner (Supplemental Figure 5
A). Incubation for a longer period of 7 days did not change the expression levels any
more (Supplemental Figure 5 B). These experiments were repeated using HCT15
cells which yielded comparable results (Supplemental Figure 5 B). Third, we were
interested to see if the effects of chemotherapy were reversible and if surviving cells
could give rise to a normal, epithelially differentiated population again. As LoVo cells
harbor a WT p53 gene, the chemotherapy surviving cells showed an arrest of the cell
cycle (data not shown) which was reflected by the upregulation of the cell cycle
inhibitor and p53 target gene p271°F"WAT (Supplemental Figure 5 C, upper panel).
Retraction of 5-FU treatment for two weeks resulted in a complete reversion of the
expression of the CSC markers CD44 and CD166 (Figure 5 H), the cell cycle inhibitor

p2 1C1'p 1TMWAF1

In contrast, the expression level of FGF-2 remained unaltered after this period of time

(Supplemental Figure 5 C), and the morphology of the cells (Figure 5 G).

(Figure 5 H). Finally, we were keen to investigate the role of FGF-2 as a driving force
for 5-FU resistance. Therefore, we employed our LoVo clone system by comparing
the viability of sh FGF-2- to sh eGFP clones after exposition to increasing amounts of
5-FU. LoVo shFGF-2 clones proved to be less resistant (Figure 5 |, IC30 between
100 and 333pM) than sh eGFP clones (Figure 5 I, IC50 higher than 666uM 5-FU). In
summary, we showed that a chemotherapeutic challenge increased attributes of
stemness in colorectal tumor cells together with an increase in FGF-2 expression.

Vice versa, FGF-2 is an essential mediator for chemoresistance and again stemness.
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Stemness and Transformation of Weakly FGF-2 Expressing Caco? cells also Depend
on FGF-2

As our experiments supported the view that endogenous FGF-2 expression might be
a B-CATENIN regulated mechanism of stemness in CRC cell lines, we wondered
wherefore some colorectal cell lines with an activated WNT/B-CATENIN pathway
should be virtually negative for FGF-2 expression (Figure 1B). Thus, we aimed to
repeat the experimental procedure with FGF-2 negative Caco2 cells. We found an
SP-fraction of only 0.14% in size (Figure 6 A) indicating that the amounts of coCSCs
represent in this cell line only /4o to /5 of that found in Lovo cells (Figure 5 B and C).
In general, analogy to our findings in LoVo cells was observed in CacoZ2 cells. Caco2
SP-cells expressed higher mRNA levels of the coCSC markers CD44, CD166
(Dalerba et al., 2007) and CD133 (O'Brien et al., 2007; Ricci-Vitiani et al., 2007)
compared to parental and non-SP cells. The small size of the fraction of cells with
traits of coCSCs might explain why the bulk culture of Caco2 cells remained negative
in the detection of FGF-2 (Figure 1 B, C). Expectedly, expression of FGF-2 became
detectable in the SP-fraction of Caco2 cells enriched for coCSCs (Figure 6 B). Next,
the tumor initiation capacity of Caco2 SP-cells was tested. Therefore, 1+10° cells of
either Caco2 SP-, non-SP- or parental cells were injected s.c. into nude mice.
Tumors were only initiated with Caco2 SP cells within 6 — 8 weeks (Table 1). To pin
down the importance of FGF-2, the undetectable amounts of FGF-2 were knocked
down in Caco2 cells comparably to LoVo cells. Interestingly, the results were
completely analogous to LoVo cells as the knockdown of FGF-2 had no obvious
effect on apoptosis (Figure 6 C) or proliferation (Figure 6 D), but substantially
decreased anchorage independent growth in methylcellulose (Figure 6 E).

Moreover, the capacity of Caco2 sh FGF-2 (sh FGF-2 C) clones to initiate tumors
after xenografting s.c. into immunocompromised mice was significantly affected. Only
mice being injected with 2+10° Caco2 sh eGFP (sh eGFP C) cells developed visible
and palpable tumors after an observation time of 8 weeks (8 out of 8 animals), while
mice being injected with Caco2 sh FGF2 cells did not show formation of tumors in
this period (data not shown). However, because tumor initiating potency might be
underestimated when monitoring only for 8 weeks (Quintana et al., 2008), we waited

up to twelve weeks and reanalyzed the tumor incidence in the mice. We found that all
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animals displayed visible tumors but that those deriving from Caco2 sh FGF2 cells
were significantly smaller than the tumors from the control cells (Figure 6 F). Since
we did not observe changes in proliferation or apoptosis, these results collectively
suggest that Caco2 sh FGF2 clones contained less cells with the ability for tumor
initiation. Thus, even in colorectal cell lines expressing only trace amounts of FGF-2
characteristics of stemness and transformation are lost when knocking down FGF-2

expression.

Discussion

We present evidence that FGF-2 is a B-CATENIN target gene in CRCs and is
upregulated in colorectal tumor cells displaying nuclear expression of B-CATENIN.
Moreover, our data indicate that FGF-2 has an essential role in the maintenance of
stemness and EMT which are functionally tightly coupled characteristics (Mani et al.,
2008). This also applies for the observed resistance against chemotherapy which is
also a reminiscence of stemness (Gupta et al., 2009; Todaro et al., 2007). As a
transcription factor B-CATENIN exerts its effects via expression of its target genes
what has been shown for most if not all of the functions resembling the hallmarks of
cancer (Brabletz et al.,, 2005a; Hanahan and Weinberg, 2000). Stemness together
with its associated EMT and chemoresistance might also be considered as a more
recently found hallmark of cancer. But for this hallmark no B-CATENIN target genes
have been described up to know. This missing link might be filled in nicely by FGF-2
(Figure 7A).

The addition of the B-CATENIN target gene FGF-2 now helps to better understand
the process of colorectal carcinogenesis. For doing so we start with the migrating
cancer stem cell concept (Brabletz et al., 2005b) because this conception integrates
first of all the histological adenoma-carcinoma sequence (Muto et al., 1975), second
the accumulation of mutations in oncogenes (gain of function) and tumorsuppressor
genes (loss of function) of the multistep carcinogenesis model (Kinzler and
Vogelstein, 1996) and finally the more recent CSC-model (Pardal et al., 2003).
Normal adult stem cells are located at the bottom of intestinal crypts where
pericryptal lying myofibroblasts are thought to secrete Wnt ligands and by this

generate a niche for the intestinal stem cells (Gregorieff and Clevers, 2005). It is
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unknown if EGF (epidermal growth factor) and FGF-2 which are both essential for the
maintenance of CSCs in vitro are also needed for the survival of adult stem cells.
Moreover, it is also not known if both factors are made by the pericryptal
myofibroblasts or the stem cells themselves as a result of paracrine WNT stimulation.
The latter possibility not only applies for FGF2 but also for EGF which might be a -
CATENIN target gene as well, since it contains a TBE in its promoter/enhancer
region, too (accession no NT_016354.19, position -499) (Figure 7 B). With this in
mind it might become clear why the initiation of colorectal tumorigenesis works
already when the WNT-signaling pathway is deregulated for example only by
mutations in the APC tumorsuppressor gene (Barker et al., 2009) which is another
manifestation of the gatekeeper function of APC (Kinzler and Vogelstein, 1996). As a
consequence, adult stem cells are transformed into coCSCs. With a B-CATENIN
mediated autocrine expression of FGF-2 and maybe EGF coCSCs now become
independent from their niche and are licensed to leave this defined region
(Figure 7 B) while developing adenomas and carcinomas as a consequence of the

actions of other B-CATENIN target genes.

Second, our results suggest wherefore colorectal tumor cells at the invasive front of
CRCs display EMT. We demonstrated that FGF-2 is an essential regulator of ZEB-1,
which is known to be the master switch factor for the induction of EMT in colorectal
tumor cells (Spaderna et al., 2006). This is in line with the observation that the
epithelial marker E-CADHERIN is up- but the mesenchymal markers VIMENTIN as
well as FIBRONECTIN are down-regulated in the absence of FGF-2. Interestingly,
FGF-2 does not seem to be involved in the regulation of invasion or migration. Here,
other B-CATENIN target genes are known to be involved, like MMP-7 (matrix
metalloproteinase-7), UPA (urokinase plasminogen activator), laminin-5y2 or MT-
MMP1 (membrane type matrix metalloproteinase 1) (Brabletz et al., 2005b)
(Figure 7 A).

Third, aggressiveness of CRCs is correlated with the number of disseminated cells
which are characterized by nuclear B-CATENIN at the invasive margin of the tumors
(Brabletz et al., 2005b; Ueno et al., 2002) and also show reasonable expression of
FGF-2. Our data are thus in support with others that anti-F GF-2 targeted therapies

might be a reasonable strategy to attack these potential coCSCs (Turner and Grose,
13
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2010). Therefore, by targeting the activity of the p-CATENIN target gene FGF-2 it
might become possible to treat CRCs with a deregulated WNT/B-CATENIN signalling
pathway and coCSCs with expression of FGF-2 and nuclear f-CATENIN indirectly.

By this, WNT-signaling pathway specific treatment becomes possible which is known
to be a challenging operation (Barker and Clevers, 20086).
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Material and Methods
All experiments were done at least twice in replicates. When using kits it was done
according to the respective user's manuals. Oligonucleotides used in this study are

given in Supplemental Table 1.

Electrophoretic Mobility Shift Assay (EMSA)

EMSA was done as described previously (Wassermann et al., 2009). Briefly, fifteen
nanograms unlabeled competitor oligonucleotides or water were mixed together with
1 ulL of crudely purified recombinant GST-TCF4 (amino acid 265-496) or GST in
binding buffer (10 mM Hepes, pH 7.9, 60 mM KCI, 1 mM EDTA, 1 mM DTT, 4% (w/v)
Ficoll), poly-(deoxyinosinicdeoxycytidylic) acid (Sigma—Aldrich, final concentration:
12.5 ng/ul) and bovine serum albumin (Sigma— Aldrich, final concentration: 62.5
ug/mL) in a total volume of 16 uL. After 5 minutes incubation, 0.5 ng of **P end-
labeled double stranded oligonucleotides (Hartmann Analytik, Braunschweig,
Germany; specific activity: 3«1 0o° dpm/ug) were added, incubated for 20 minutes, and
subsequently applied on a 0.5xTBE 10% (w/v) polyacrylamide gel. Recombinant
GST-TCF4 and GST were generated according to the instructions given in GE

Healthcare's GST Protein brochure.

Chromatin Immune Precipitation (ChiP)

Chromatin was fragmented to a mean size of 300 bp using an ultrasonic device
(Heinemann). For chromatin immune precipitations (ChIP) precipitation, ChIP-It
Express kits (Active—Motif) were used together with 3 ug of antibodies specific for
TCF4 (clone 6H5-3, Upstate Biotechnology), or Polymerase Il (Active—Motif) and 1gG
(Active-Motif) as controls. FGF-2 and GAPDH promoter/enhancer specific PCRs
were employed to detect precipitation of chromatin. Positive and negative controls for
the PCR were input chromatin or water, respectively. PCR products were separated
on 0.5xTBE 3% (w/v) agarose gels.
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Plasmids

The TBE in the FGF-2 promoter/fenhancer in the luciferase gene reporter clone
pGL2-(-1798/+296) FGF-2Luc (Moffett et al., 1998) was mutated using QuikChange
mutagenesis kits (Stratagene) together with appropriate primers. The success of
mutagenesis was verified by sequencing using BigDye termination kits (Applied

Biosystems) together with a specific sequencing primer.

Cell lines, cell culture and transfections

The human colorectal tumor cell lines Caco2, DLD1, HCT15, HCT116, HT29, LoVo,
LS174T, and SW480 were purchased from LGL Promochem GmbH, Wesel,
Germany. All cell lines were maintained in Dulbecco's Modified Eagle Medium
(DMEM) with 7.5% (v/v) fetal bovine serum (Biochrom) and 50 pM 2-
mercaptoethanol (Invitrogen) without antibiotics. For transient transfections, 5¢10*
LoVo or HCT15 cells still suspended were seeded in duplicates in 96-well plates and
transfected with 30 ng of luciferase reporter plasmids, 10 ng pRL-CMV (Promega) as
the transfection control and a pcDNA derived expression vector encoding dnTCF4 in
increasing amounts ranging from 0 to 60 ng using Fugene6 (Roche). pcDNA3-Cat
(Invitrogen) was used to fill up DNA to constant amounts of 100 ng. After 48 to 72 h,
cells were harvested, lysed, and luciferase activity was determined using Dual Light
kits (Promega) in an Orionll microplate luminometer (Berthold). Results were
normalized for transfection efficiency on the basis of the activity of Renilla luciferase.
Transfection of siRNA was done as described previously (Beiter et al., 2005). Briefly,
cells were seeded at 20% confluence in 12-cluster well plates and transiently
transfected 24 h later using 100 pmol of specific siRNA specific together with 2 pl
Oligofectamine (Invitrogen). About 72 h after transfection, cells were harvested and

RNA was isolated.

RNA Isolation, Reverse Transcription, RT-PCR, gRT-PCR
Total RNA from cell lines was prepared employing RNeasy kits (Qiagen). 1 ng RNA
was reverse transcribed using QuantiTect Reverse Transcription kit (Qiagen) in the

presence (+) or absence (-) of reverse transcriptase. 1 ul of the resulting cDNA was
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used in subsequent PCRs together with intron-spanning, specific primer pairs. For
RT-gPCR, 1 ug of the RT reactions (+/-) was incubated in the presence of optimized
amounts of specific primer pairs together with 5 pL 2 x iQ-SYBRGreen (Biorad) or
5 pl 2xLightCycler® 480 Probes Master and the corresponding human universal
probe (100 nm, Roche), respectively. Analyses were done using a LightCycler®480
device (Roche) at least three times in duplicates. All data were normalized on -
ACTIN or the geometric mean of the expression values of the 3 reference genes (-
ACTIN, RPL13A (Ribosomal Protein L13a), and YWHAZ (Tyrosine 3-
Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein, &-Polypeptide).

Protein Isolation and Western Blotting

20ug of protein lysates (Maniatis, triple lysis buffer) supplemented with 0.7 mM
PMSF and 1x Complete protease inhibitor (Roche) were used for PAGE
(polyacrylamide gel electrophoresis). After Blotting onto a PVDF membranes
(Millipore), anti-FGF-2 (Sigma, clone FB-8 1:1,000), anti-E-Cadherin (Invitrogen,
clone 4A2C7, 1:1,000), anti-ZEB-1 (Sigma, clone HPA027524, 1:1,000) or anti-
cleaved Caspase 3 (Cell Signaling, clone ASP175, 1:1.000) and after stripping anti-3-
Actin specific antibodies (Sigma, clone Ac15, 1:3,000) were added. Signals were
visualized with HRP-conjugated secondary antibodies (Pierce, 1:20,000) and

subsequent incubation with ECL solution (Millipore).

Lentiviral transduction

Mission® lentiviral particles (Sigma) encoding shRNA specific for enhanced green
fluorescent protein (SHCOO5V) as the control or the human FGF-2 (SHCLNV) were
used for transduction of Caco2, HCT15, HCT116, or LoVo cells at an MQI of 5 and
selected for stable expression applying puromycin (Calbiochem; Caco2, Lovo,
HCT116: 2.5 pyg/ml, HCT15: 8pg/ml), respectively. For Caco2 and LoVo cells two
stably FGF-2 specific shRNA expressing cell clones each with maximal loss of FGF-2
were selected for experimental work whereas polyclonal bulk cultures were used

when working with HCT15 and HCT116 cells. The behavior of clones stably
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transduced with the control shRNA specific for eGFP or the corresponding bulk

cultures largely reflected that of parental cell lines.

Immunohistochemical Staining and Immunofluocrescence

For immunohistochemical staining (Wassermann et al.,, 2009) 2um histological
sections were incubated in citrate buffer, pH 6.0 (Ventana) heated in a microwave
three times at 600 W, applying thereafter mouse monoclonal FGF-2 {1:20, Sigma,
clone AC15) or B-CATENIN (1: 40, Transduction Laboratories, clone 14) specific
antibodies. Development was done applying of APAP (DAKO). For
immunofluorescence, 10* cells were seeded in wells of culture-slides (BD
Biosciences). After attachment, washing with PBS, fixing in 2 % (v/v) formalin and
blocking with 10% (v/iv) FCS in PBS anti-E-Cadherin specific antibody (1:200,
Invitrogen, clone 4A2C7) was incubated over night at 4°C in 2% (v/v) FCS, 0.1%
(w/v) Saponin in PBS. After washing with PBS anti-mouse Alexa-Flour 488
(Invitrogen, 1:400) was added under the same conditions for 2 h, washed again and
covered with mounting medium containing DAPI (Vector laboratories) and finally

analyzed using a fluorescence microscope (Zeiss).

Functional assays

Migration of cells was analyzed using ibidi chambers (IBIDI, Germany), invasion by
usage of matrigel® coated transwells, apoptosis by measuring cleaved CASPASE-3,
and anchorage independent growth by outgrowth of cells in methylcellulose
essentially as described previously (Horst et al., 2009).

For generation of growth curves, 50,000 cells were seeded in 6-well plates and the
resulting cell numbers were evaluated by counting individual wells every 24 hours
after trypsination. For chemotherapy assays, cells were incubated with 5-FU (Sigma)
dissolved in DMSO (Sigma) or in the presence of 0.1 % DMSO as a control. For
determining cell viability, cells were seeded in 96-well culture plates (10* cells/well),
allowed to adhere overnight and treated with 5-FU (Sigma) at different concentrations
for 48 h. Then, 0.1 mg of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide, Sigma) was added to each well and incubated at 37° C for further 4 h. The
medium was removed, and 100 pyl DMSO (Sigma) were added to each well. The
plates were shaken on a microplate shaker to dissolve the blue MTT formazan.
Absorbances at 490 nm were read using a microplate reader. Inhibition of cell growth
was calculated from the equation: inhibition (%) = (1 — At/Ac ) x 100%, where Af and
Ac represent absorbances of treated and control cultures, respectively.

FACS analyses

For the analysis and isolation of SP cells 2+10° tumor cells cultured in 10 % serum
containing medium were incubated with Hoechst 33342 (4.5|.|g/mI/1O6 cells) in 5%
FCS containing medium either alone or in combination with 50 yM verapamil (Sigma
Chemical, USA). The Hoechst treated cells were incubated at 37° C for 45 min,
counterstained with 1 pg/ml propidium iodide (PIl) for labeling dead cells and cellular
debris, and analyzed using a MoFlo FACS (Dako-Cytomation) as described (Das et
al., 2008). Settings: 488 nm solid state laser (Lyt 200.s, iCyt), and multiline high UV
output laser (Coherent 300-C). Laser power: 200 mW for the 488 nm laser, and 50
mWW for the multiline laser. Filters: Emissions signals from Hoechst and Pl were first
separated using a 510 SP dichroic mirror. Pl was detected using 670/40 (band pass).
Hoechst fluorescence was detected with a 450/65 filter (Hoechst blue) and a 630/30
optical filter (Hoechst red). Pl-positive dead cells were excluded from the analysis.
Gating: for each sample to be analyzed, a verapamil treated control was used to

define the upper limit of SP (side population) / MP (main population) boundary.

Bone marrow stromal cell derived “injured cell” conditioned medium driven Matrigel®
invasion assay

This invasion assay was performed as described previously (Das et al., 2008).
Briefly, Conditioned medium was prepared by treating primary human bone marrow
derived stromal cells with 0.5 mM H»0: in 5ml serum free media and exposition to
extreme hypoxia (0.5 % O2) for 20 h and 4 h of normoxia. 8 ym pore sized polyvinyl
membrane based chambers (Corning Inc., Life Science, Lowell, MA) were coated
with 100 i of ice-cold Matrigel® (7.5 mg/ml; BD Bioscience), and incubated at 37°C
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for 4 h. 10* cells (following trypsin neutralization) were added to the upper chamber,
and the lower chamber was filled with injured conditioned medium. The chamber was
incubated at 37°C for 8-24hrs, and invading cells were counted after crystal violet

staining.

In vivo tumorigenicity assays

Tumorigenicity of the SP and non-SP cells was measured by injecting viable cells
subcutaneously into female nude mice (BALB/c, nude/nude). Tumorigenicity was
measured by tumor incidence (number of tumors/number of injection) and latency
(time to form palpable tumor of > 0.04 cc). Briefly, viable SP and non-SP cells mixed
with matrigel (50 ul of cell suspension in 50 ul of matrigel) were injected
subcutaneously into both flanks of female nude mice (Balb/c, nude/nude). Resulting
tumors were surgically removed and tumor size was measured with a caliper using
the formula 4/3mabc, where a, b and ¢ are the perpendicular semiaxes of the

ellipsoid.
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Figure 1. FGF-2 is expressed in CRCs and colorectal tumor cells

(A) Disseminated tumor cells and small clusters of tumor cells at the invasive front of
CRCs showed coexpression of FGF-2 and nuclear B-CATENIN (upper panel) when
inspecting comparable regions of the same tumors on serial sections. In contrast,
FGF-2 expression was found at background levels or even absent in tumor cells from
without nuclear expression of B-CATENIN which are mostly found in central areas of
the same tumors (lower panel).

(B) Cultivated colorectal tumor cell lines expressed FGF-2 mRNA and (C) protein.
The expression levels of the reference gene B-ACTIN were used in both cases for

comparison.

26
120



Im Reviewprozess bei Cancer Cell 3 Ergebnisse

A B GFP siRNA c D
LoV (1-CATENIN siRNA
(12 | ?.,0 45 ., |PROT[ - TCF4 _ |GST| 4 «cﬁhv‘pqa!“o o .3
’ - - : PROBE FGF-2 WT M R L S
-_— FGF-2
—_ GAPDH

i |

relative copy number

B WT FGF-2-Luc

MUT FGF-2-Luc

)
—
2
k3]
]
)
]
©
e
=
=)
=
B o
-1800 TCFILEF  +1=————————=pp =

FGF-2 Promoter/Enhancer I Exoni =
FGF-2 Isotorms
-393 TT CAAAG 387 WTJll  SP1
393 CG S3BTMUT — CTG (+ 86)
—C TG (+319) -
— CTG (+346) 0 20 40 60
BB
—— CTG (+361) ————— dnTCFﬂ
ATG (+486) —

Figure 2. FGF-2 exXpression in CRCs is regulated by B-CATENIN/TCF4

(A) siRNA mediated knockdown of B-CATENIN in LoVo-, HCT15- and HCT116 cells
led to a decline in the mRNA expression levels of B-CATENIN, c-MYC, and FGF-2.
All levels were related on the expression levels of GFP (green fluorescent protein)
specific siRNA transfected cell lines.

(B) Scheme of the FGF-2 promoter/enhancer containing SP1 binding sites and a
consensus TCF4 binding element (TBE) located at -387 with respect to the
transcription start (+1). The positions and sequence of the start codons of the five
FGF-2 isoforms as well as the sequence of the WT and mutated (MUT) TBE are
given. Figure not drawn to scale.

(C) Electric Mobility shift assay (EMSA) showing the specific binding of recombinant
GST-TCF4 (Glutathion-S-Transferase-T-cell -factor 4) fusion protein to the WT (lane
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2) but not the MUT (lane 7) TBE of the human FGF-2 promoter/enhancer . Binding
was competed by addition of unlabelled WT FGF-2 (lane 3) or ¢-MYC TBEs (second
TBE of the c-MYC gene, lane 5) but not by MUT FGF-2 TBE (lane 4).

(D) ChIP {chromatine immune precipitation) experiments demonstrated that TCF4
specifically bound to fragments of the human FGF-2 promoter/enhancer containing
the TBE in the context of native chromatin from cultivated Lovo cells.

(E) Human FGF-2 promoter/enhancer luciferase reporter gene expression
demonstrated that dnTCF-4 suppressed the transcriptional activity of such reporter
construct in LoVo and HCT15 cells in a dose dependent manner. The same construct
showed loss of activity when the TBE is mutated. All results are shown as mean + SD

from at least triplicates from a representative experiment.
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Figure 3. Stable knockdown of FGF-2 leads to a less transformed phenotype in
colorectal tumor cells

(A) Stable knockdown of FGF-2 mRNA expression in LoVo cells when using shRNA
specific for FGF-2 (sh FGF-2) but not eGFP (sh eGFP).

(B) This effect was also seen on the protein level.

(C) Stable knockdown of FGF-2 did neither alter the proliferation of sh FGF-2 Lovo
cells (D) nor apoptosis. To exclude a systematic error in the procedure, cytochrome ¢
treated Jurkat cell protein extracts (Cell Signaling) were used as controls.

(E) Anchorage independent growth in methylcellulose medium was strongly impaired
in sh FGF-2 LoVo cells compared to control cells.

(F) 2,000,000 s.c. injected tumor cells (LoVo, sh eGFP, sh FGF-2) were monitored
for tumor initiation. sh FGF-2 cells almost completely lost their tumorigenic
capabilities as less and in a single case a smaller tumor developed over a longer
periode of time (2 to 3 fold). Surgically removed tumors are shown.

All values are shown as mean * SD from at least duplicates or triplicates in one

representative experiment.
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Figure 4. Loss of FGF-2 expression results in a gain of epithelial characteristics
of tumor cells
(A) sh FGF-2 LoVo cells displayed a large, flat morphology (arrowheads, upper
panel). In contrast, control LoVo cells showed patches of cells a mesenchymal
morphology of fibroblasts (arrowheads, lower panel).
(B) sh FGF-2 LoVo cells were characterized by higher expression of mRNAs for the
epithelial marker E-CADHERIN and lower expression of the mesenchymal markers
VIMENTIN, FIBRONECTIN applying gRT-PCR. Values are given as mean = SD from
duplicates of one representative experiment.
(C) Expression of the EMT master switch factor ZEB-1 was strongly reduced in sh
FGF-2 LoVo cells on the mRNA and (D) protein level. This was paralleled by higher
protein levels of the ZEB-1 target E-CADHERIN as shown by Western Blotting (D)
and immunofluorescence (E). Values are given as mean = SD from duplicates of one

representative experiment.
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Figure 5. sh FGF-2 LoVo cells show loss of cancer stem cell like characteristics
(A) sh FGF-2 cells showed lower mRNA expression of the CSC markers C044 and
CD 166 determined by gRT-PCR.
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(B) Side population (SP) LoVo cells which were defined by the addition of the
inhibitor Verapamil were characterized by higher mRNA expression levels of the CSC
markers CD1766 and CD133, as well as FGF-2.

(C) The SP of sh FGF-2 LoVo cells was significantly smaller compared to control
LoVo cells.

(D) The migratory behavior towards injury conditioned medium (hypoxia 0.5%) of SP
sh FGF-2 cells is significantly reduced compared to SP cells from sh eGFP or LoVo
cells.

(E) After two weeks incubation with 10 pM 5-FU LoVo cells displayed a
mesenchymal morphology (F) with expression of higher mRNA levels of the CSC
markers CD44 and CD166, as well as FGF-2.

(G) LoVo cells surviving 5-FU treatment gave rise to epithelially re-differentiated
progeny (H) with normalized CSC marker expression.

() sh FGF-2 LoVo cells showed reduced survival in response to increasing
concentration of 5-FU compared to the controls. All results are shown as mean + SD

from duplicates (F, 1) or triplicates of one representative experiment.

32
126



Im Reviewprozess bei Cancer Cell 3 Ergebnisse

>
W
(@]

Caco2
4000 | E — i
P [ parental @l SP [ non-SP cleaved CASPASE-3
= 3000 —4 2.4 -
2 ey é
® 2000 | /
L 3| : )
T | - | 1.6 p-Actin
0= - v . J K= "
0 1000 2000 3000 4000 £ 1.2- oy S
Hoechst Red E i ; |
. i ; #2 | #
+ Verapamil 2| 0.8 # ‘ ‘Con
4000 | B | [=] T ’L’o Qo
: | 04 & &
E 3000 -6 -4 Q @
B = 1 0.0- & &
42000 FGF-2 CD44 CD166 CD133
2 |
21000
o 1000 2000 3000 4000
Hoechst Red
D E i _
S A180 148 sh eGFP C #1
al7| - shecFPCHt 5 :ig l 3 =, 157 .
|6 = shFGF2Cj, o e = 0.0221
@5 2
E 4 E 100 I o 1.0 4
w3 = | 80 N
5, S | 60| .
Blq E 40 | a| 05
9 T2 N 23 | . E
o > #1 #2 #1 0.0
sh FGF-2 C sh eGFP C sheGFPC#1 shFGF-2C#1

Figure 6. Caco2 cells contain a small CSC like subpopulation correlating with
FGF-2 expression

(A) Caco2 cells contained a small fraction of SP cells

(B) which displayed higher mRNA expression levels of the CSC markers CD44,
CD166 and CD133 as well as detectable levels of FGF-2 (calculated upon the CT
value of LoVo parental FGF-2 expression).

(C) Stable knockdown of FGF-2 (sh FGF-2) expression in Caco2 cells did neither
alter apoptosis (D) nor proliferation compared to control cells sh eGFP.

(E) sh FGF-2 Caco?2 cells displayed a loss of transformation capacities measured as
anchorage independent colonies formation in methylcellulose and

(F) a reduced tumor growth after s.c. injection into nude mice. A representative
injection area of an immunocompromized mouse with (Caco2 sh eGF) or without
(Caco2 sh FGF-2) tumor is depicted.

All results are shown as mean = SD from duplicates or triplicates and tumor size as

mean * SD from eight animals each of one representative experiment each.
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Figure 7. Comprehensive model of colorectal carcinogenesis: integration of 1)
the adenoma-carcinoma sequence, 2) the multistep carcinogenesis and 3) the
CSC model and 4) the involvement of B-CATENIN in EMT and maintenance of
stemness via regulation of FGF-2

(A) Nuclear B-CATENIN is the driving force in the development of CRCs as it
transcriptionally upregulates functional mediators for all essential hallmarks of
cancer. These work either directly or indirectly when they are involved in
transcriptional regulation. Stemness and its associated traits might also be seen as a
new hallmark of cancer. Here, nuclear B-CATENIN is also centrally involved by the

transcriptional upregulation of FGF-2. Therefore, developing anti-FGF-2 therapies
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might prove useful in the treatment of colorectal cancer. (B) Adult intestinal stem cells
(SCs) are restricted to a defined stem cell niche by myofibroblast-dependent
paracrine activity of the WNT pathway and nuclear B-CATENIN. Furthermore,
autocrine or paracrine signaling of FGF-2 and EGF might also be implicated in the
generation of the niche. The adult SCs give rise to differentiated progeny, where
inactivity of the WNT pathway is indicated by membranous localization of -
CATENIN. By mutations in components of the WNT pathway, SCs transform into
colorectal cancer stem cells (coCSCs) as long as B-CATENIN remains in the
nucleus. These coCSCs gain the trait of niche independency as a result of
deregulated B-CATENIN transcriptional activity with consequent autocrine FGF-2
expression playing an essential role. In addition to other B-CATENIN regulated
mediators of malignancy (A), FGF-2 expression drives via the adenoma-carcinoma

sequence the formation of metastases.
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Tables

Table 1 Caco2 SP cells initiate tumors

no of injected Caco2

cells

tumor incidence and latency

(from injection to 0.04 cm® size)

tumor progression

(from 0.04 to 1 cm® size)

parental | 100,000 0/4 1%}

2/2
SP 100,000

(6 to 8 weeks) 3 to 5 weeks
non-SP | 100,000 0/4 1]
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Supplemental Data
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Supplemental Figure 1. Colorectal tumor cell lines show expression of various
FGF receptors

FGF receptor (1 — 4) expression was analyzed in some cultivated colorectal tumor
cell lines applying specific RT-PCRs. All cell lines were negative for expression of

FGFR-4. A positive control for FGFR-4 was used to indicate functionality of the PCR.
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Supplemental Figure 2. SuperTOPflash activity as a control for B-
CATENINI/TCF4 dependent activity in LoVo and HCT15 cells

dnTCF-4 suppressed the transcriptional activity of SuperTOPflash activity in LoVo
and HCT15 cells in a dose dependent manner. SuperFOPflash was completely
inactive in this setting. Results are shown as mean = SD from ftriplicates in one

representative experiment.
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(A and B) shRNA mediated knockdown of FGF-2 in HCT15 and HCT116 cells shown
on the mRNA and the protein level. Expression levels of bulk cultures with stable
integration of one of two (#1 and #2) shRNA specific for FGF-2 and eGFP as a
control are shown.

(C and D) Stable knockdown of FGF-2 did not alter proliferative or apoptotic behavior
in HCT15 and HCT116 cells.

(E) Anchorage independent growth in methylcellulose medium was impaired in
HCT15 and HCT116 cells with a stable knockdown of FGF-2 expression compared to
control cells.

All results are shown as mean = SD from duplicates or triplicates in one

representative experiment.
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Supplemental Figure 4. EMT properties of LoVo, HCT15, HCT116 and Caco?2
cells

(A) sh FGF-2 LoVo cells did not show impaired invasive behavior towards FCS
containing medium through Boyden chambers covered with matrigel.

(B) LoVo cells showed a much higher level of mesenchymal characteristics
compared to HCT15, HCT116 and Caco2 cells which was paralleled by the FGF-2
MRNA expression levels. mRNA values are shown as mean = SD from duplicates in

one representative experiment.
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Supplemental Figure 5. Treatment of colorectal tumor cell lines with 5-FU leads
to a higher CSC like phenotype partly depending on FGF-2

(A) Two days incubation of LoVo cells with high concentrations of 5-FU led to higher
mMRNA levels of CD44, CD166 and FGF-2.

(B) Seven days incubation of LoVo and HCT15 cells with high 5-FU led to higher
mMRNA levels of CD44, CD166 and FGF-2.

(C) Two weeks incubation of LoVo cells with 10uM 5-FU led to cell cycle arrest by
strong upregulation of p21 mRNA. After two additional weeks in normal culture
medium containing 7.5 % FCS the p21 levels dropped back down to control levels.

All Results are shown as mean += SD from triplicates in one representative

experiment.
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Supplemental Table 1 Oligonucleotides Used in this Study

EMSA (Electric Mobility Shift Assay)

FGF-2\NT GGTGATTTAGAGATTTITCAAAGCCTGCTCTGACACAG
FGF-2MUT | GGTGATTTAGAGATTCGCAAAGCCTGCTCTGACACAG
c-MYC WT CGCACCTTTGATTTCTGCACCTTTGATTTCT

TBEs are underlined. The c-MYC WT oligonucleotide comprises the second TBE of the human c-MYC

promoter/enhancer duplicated (He et al., 1998).

ChIP (Chromatin Immune Precipitation)

FGF-2 GGCCTCTTTCTCTCCTTTTGTTG
CCCAAACCACGTTTAGGCTTT

GAPDH TGTTTCATCCAAGCGTGTAAGG
TGGCGACGCAAAAGAAGAT

Site Directed Mutagenesis

mutagenesis

CTTTTGGTGATTTAGAGATTCGCAAAGCCTGCTCTGACACAGAC

sequencing

CCCAAACCACGTTTAGGCTTT

The mutated TBE is underlined.

siRNA (small interfering RNA)

B-CATENIN

CAGUUGUGGUUAAGCUCUUCTT (Verma et al., 2003)

GFP

AAGCUACCUGUUCCAUGGCCAITT

GFP — green fluorescent protein

RT-PCR (reverse transcription-PCR})

B-ACTIN TTGCGGATGTCCACGTCA, GCCCTGAGGCACTCTTCCA

FGF-2 CCGACGGCCGAGTTGAC, TGCTTGAAGTTGTAGCTTGATGTGA
FGFR-1 GTCACAGCCACACTCTGCAC, CAGGAAGGACTCCACTTCCA
FGFR-2 TGCATGGTTGACAGTTCTGC, CCCTATGCAGTAAATGGCTATCTC
FGFR-3 TCCTCGGGAGATGACGAA, CAGCAGCTTCTTGTCCATCC
FGFR-4 GGGCCTCCAGTCTTGTCC, GGCTACTGTCAGCTCCTGCT

FGFR — fibroblast growth factor receptor
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qRT-PCR (quantitative reverse transcription-PCR)

conc [nM] | UPL

RPL13A CCTGGAGGAGAAGAGGAAAGAGA 300
TTGAGGACCTCTGTGTATTTGTCAA 300

YWHAZ CTTTTGGTACATTGTGGCTTCAA 300
CCGCCAGGACAAACCAGTAT 300

B-ACTIN TTGCGGATGTCCACGTCA 900
GCCCTGAGGCACTCTTCCA 900

B-CATENIN CTTGGAATGAGACTGCTGATCTTG 900
CACCAGAGTGAAAAGAACGATAGCTA 900

c-MYC CACCACCAGCAGCGACTCT 50
GCCTGCCTCTTTTCCACAGA 300

FGF-2 CCGACGGCCGAGTTGAC 300
TGCTTGAAGTTGTAGCTTGATGTGA 300

p21 TCGAAAACGGCGGCAGACC 300
CGGCGTTTGGAGTGGTAGAAATCT 300

ZEB-1 GGGAGGAGCAGTGAAAGAGA 300 UP #3
TTTCTTGCCCTTCCTTTCTG 300

VIMENTIN TACAGGAAGCTGCTGGAAGG 900 UP#13
ACCAGAGGGAGTGAATCCAG 600

E-CADHERIN CCCGGGACAACGTTTATTAC 300 UP #35
GCTGGCTCAAGTCAAAGTCC 600

FIBRONECTIN | CTTTGGTGCAGCACAACTTC 900 UP #15
TCCTCCTCGAGTCTGAACCA 900

CD44 GGTCCCATACCACTCATGGA 300 UP #39
TCCTTATAGGACCAGAGGTTGTG 900

CD166 GGCAGTGGAAGCGTCATAA 300 UP #6
CATTCTCTTCAGGGGAAATGA 900

CD133 TCCACAGAAATTTACCTACATTGG 300 UP #83
CAGCAGAGAGCAGATGACCA 300

RPL13A - ribosomal protein L13a, UP — Universal Probe, UPL — Universal Probe Library (Roche), YWHAZ - tyrosine

3-mono-oxygenaseftryptophane 5-mono-oxygenase activation protein-&-polypeptide

shRNA
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eGFP CCGGTACAACAGCCACAACGTCTATCTCGAGATAGACGTTGTGGCTGTTGTA
FGF-2#1 | CCGGCTATCAAAGGAGTGTGTGCTACTCGAGTAGCACACACTCCTTTGATAG
FGF-2#2 | CCGGGTTACGGAATGAGTGTTTCTTTCTCGAGAAAGAAACACTCATCCGTAAC

eGFP — enhanced green fluorescent protein, the first half of the complementary part of the shRNAs is underlined and

the second in italics.
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4 DISKUSSION

Dickdarmkrebs ist eine der am besten untersuchten Tumorarten und viele
molekulare Veranderungen wahrend der Entwicklung dieser Krankheit von lokal
wachsenden Polypen bis hin zum vollinvasiven Karzinom und der Metastase sind
hier mittlerweile sehr gut verstanden. Die Uberwiegende Mehrzahl aller kolorektalen
Karzinome zeigt eine aberrante Aktivierung des WNT Signalwegs und eine daraus
folgende Stabilisierung und Akkumulation von (-CATENIN. Bei nukleéarer
Lokalisation ist dieses Protein als Teil eines transkriptionell aktivierenden Komplexes
sowohl an der Entstehung als auch an der Progression humaner KRK essentiell
beteiligt und somit das zentrale Effektormolekil der kolorektalen Tumorigenese.
Aufgrund dieser Sonderstellung B-CATENINs im KRK sind die hier vorgestellten
Untersuchungen, die sich funktionell und mechanistisch mit seiner Regulation sowie
der Auswirkungen von Defekten hierin auseinandersetzen, von grundlegender
Bedeutung fur das weitere Verstandnis der kolorektalen Tumorentstehung.

4.1 Stabilisierung von  B-CATENIN und WNT Aktivitat in KRK

WTX Mutationen in humanen MSI-H KRK

Fur die Stabilisierung von B-CATENIN kommen im KRK je nach Subtyp
verschiedene Mechanismen zur Geltung. So weisen CIN KRK fast ausschliel3lich
Mutationen im APC Tumorsuppressorgen auf, welches in dieser Form des KRK den
gatekeeper der kolorektalen Karzinogenese darstellt (Kinzler and Vogelstein, 1996).
Im Gegensatz hierzu sind MSI-H KRK durch frihe Mutationen im BRAF - oder im
KRAS - Onkogen charakterisiert (Ogino and Goel, 2008). Defekte im WNT Signalweg
treten in diesem Tumortyp erst in spateren Stadien oft als direkte Folge der
Mikrosatelliteninstabilitdt auf und betreffen neben APC auch das AXIN2 Gen oder (-
CATENIN selber (Liu et al., 2000). Ich konnte nahelegen, dass zumindest in einem
kleinen Anteil hochgradig mikrosatelliteninstabiler KRK des Tumorstadiums UICCIV

aullerdem noch Leseraster - Mutationen im WTX Gen (Wilms Tumor gene on the X-

141



4 Diskussion

Chromosome) als weiterer Mechanismus der B-CATENIN Stabilisierung dienen
konnten (Scheel et al., 2010c). WTX ist eine erst kirzlich beschriebene neue
Komponente des B-CATENIN Degradationskomplexes. Es interagiert direkt mit (-
CATENIN und APC (Grohmann et al., 2007; Major et al., 2007) und weist in 7-30%
aller Wilms Tumore Mutationen auf, welche entsprechend deregulierte WNT
Signalweg-Aktivierung nach sich ziehen (Perotti et al., 2008; Rivera et al., 2007).
Aufgrund seiner Lage auf dem X-Chromosom handelt es sich bei WTX um ein One-
Hit-Tumorsuppressorgen, so dass von einer erhdohten Penetranz in Mannern im
Vergleich zu Frauen auszugehen ist. Entsprechend fand ich in dieser rein
deskriptiven Studie auch nur einen ménnlichen Patienten aus einer Gruppe von 41
MSI-H Fallen (2,5%), der sowohl genomisch als erwartungsgemafl auch auf
transkriptioneller Ebene eine Leseraster-Mutation in einem Tg-Mikrosatelliten
aufwies. Da sich dieser Mikrosatellit in der N-terminal kodierenden Region befindet,
ist von einem funktionellen Verlust des WTX Proteins und somit von einer Driver
Mutation auszugehen, insbesondere da sich die Interaktionsdomanen mit APC und
B-CATENIN jenseits des Mutationslokus befinden. Im Gegensatz dazu fand ich zwar
insgesamt zwei weibliche Patientinnen mit einer genomischen WTX Leseraster-
Mutation, die allerdings beide wildtypische WTX mRNA exprimierten. Dies deutet
darauf hin, dass das mutierte Gen in den Tumoren dieser Patientinnen auf dem
inaktivierten X-Chromosom lokalisiert war. Dieser Befund deckt sich mit
Erkenntnissen aus Wilms Tumoren, in denen WTX Mutationen ebenfalls auf dem
inaktivierten X-Chromosom gefunden wurden (Perotti et al., 2008). Dennoch ist zu
vermuten, dass auch in einem geringen Anteil weiblicher Patientinnen ein
funktioneller Verlust von WTX in MSI-H KRK aufzufinden sein konnte.
Zusammenfassend konnte ich in diesem Projekt zeigen, dass das WTX Gen
zumindest in einer kleinen Gruppe von MSI-H KRK eine Rolle in der Stabilisierung

von B-CATENIN und somit der kolorektalen Karzinogenese spielen kénnte.

Verlust der Expression des B-CATENIN Zielgens DKK4 in humanen KRK

Trotz der diversen Mutationsstrategien, durch die es zur Stabilisierung von [3-
CATENIN in KRK kommt, scheinen kolorektale Tumorzellen auch weiterhin auf

extrazellulare WNTSs als Liganden in parakriner oder autokriner Weise reagieren und

142



4 Diskussion

somit ihre Signalwegaktivitéat noch verstarken zu kénnen (Bafico et al., 2004; He et
al., 2005). Dies ist unter anderem darin begriindet, dass selbst mutiertes APC immer
noch eine funktionelle Restaktivitat in der Regulation der B-CATENIN Stabilitat
wahrnehmen kann (Spirio et al., 1998), und Tumorzellen von daher solche
zusatzlichen Stimulationen nutzen um die daraus folgende Inhibition zu umgehen.
Mit diesem Hintergrund erklart sich auch, warum KRK haufig die Expression von
WNT Inhibitoren wie SFRPs (Secreted frizzled related proteins) oder DKK1 -3
(Dickkopf) mittels epigenetischer Mechanismen (DNA Methylierung) inaktiviert haben
(Aguilera et al.,, 2006; Sato et al., 2007; Suzuki et al., 2004). In diesem
Zusammenhang wurden die Expression und funktionellen Auswirkungen des
beschriebenen B-CATENIN Zielgens DKK4 in kolorektalen Tumoren und Kkultivierten
kolorektalen Zelllinien untersucht (Baehs et al., 2009). Es konnte gezeigt werden,
dass DKK4 Uberexpression in kolorektalen Tumorzellen tatsachlich einen potenten
negativen feedback loop darstellt, der eine stark hemmende Wirkung auf das
Wachstum und die Aggressivitat der Zellen hatte. Dies kénnte physiologisch einen
wichtigen Mechanismus in der Feinregulierung der WNT Aktivitat in den Zellen der
Darmkrypte darstellen. Ein Grof3teil der untersuchten Tumore und Zelllinien zeigte
jedoch eine starke Selektion gegen die Expression von DKK4. Folglich liel3 sich auch
die Aktivitdt von B-CATENIN/TCF4 durch Stimulation mit WNTs erheblich steigern.
Dies bringt fur die Tumorzellen naturlich einen Wachstumsvorteil mit sich und
begunstigt auch ihr aggressives Verhalten. Die Hemmung der DKK4 Expression l&sst
sich hierbei wie fur die anderen DKKs oder SFRPs ebenfalls durch epigenetische
Mechanismen erklaren, wobei hier allerdings nicht DNA Methylierung sondern Histon
Modifikationen im Mittelpunkt stehen. Somit konnte in dieser Arbeit gezeigt werden,
dass es sich bei DKK4 zwar einerseits tatsdchlich um ein B-CATENIN Zielgen
handelt, dieses aber andererseits viele Charakteristika eines Tumorsuppressorgens

aufweist und daher seine Expression in KRK haufig unterdrickt ist.
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4.2 Kolorektale Krebsstammzellmarker und ihre funkt ionelle

Bedeutung fir die maligne Progression

Weitere Zielgene von nuklearem B-CATENIN sind interessanterweise zellulare
Oberflachenmolekile wie vermutlich CD133 (Katoh and Katoh, 2007) oder CD44 und
CD166 (Hatzis et al., 2008; Wielenga et al., 1999) mit deren Hilfe es gelang, Zellen
mit tumorinitierenden Eigenschaften direkt aus kolorektalen Tumoren zu isolieren
(Dalerba et al., 2007; O'Brien et al., 2007; Ricci-Vitiani et al., 2007; Vermeulen et al.,
2008). Man spricht bei diesen Zellen auch von Kkolorektalen Krebs- oder
Tumorstammzellen (koKSZ) und von den Molekulen entsprechend als
Tumorstammzellmarkern. Denn experimentell sind so z. B. CD133 positive Zellen in
der Lage, bereits in geringer Anzahl Tumore nach subkutaner Injektion in
immundefiziente Mause zu bilden, wahrend CD133 negative Zellen diese
Eigenschaft nicht aufweisen (O'Brien et al., 2007; Ricci-Vitiani et al., 2007). Dariliber
hinaus behalten diese Zellen auch bei in vitro Kultivierung als sogenannte
Kolospharen ihre Fahigkeit zur Tumorinitiation bei und sind durch erhoéhte
Chemotherapie-Resistenz gekennzeichnet (Todaro et al., 2007). Jedoch wurde in
einer dieser Studien kalkuliert, dass lediglich eine von 262 solcher CD133 positiven
Zellen tatsachlich eine koKSZ darstellt (O'Brien et al., 2007). Dies bedeutet, dass
CD133 nicht absolut spezifisch fir Tumorstammzellen des Kolorektums ist, sondern
nur in der Lage diese anzureichern. Passenderweise gilt dies auch fir normale
Stammzellen des Kolorektums. So konnte in eleganten Experimenten mit transgenen
Méausen gezeigt werden, dass sich Tumorstammzellen zwar im Dunndarm sehr wohl
auf ebenfalls CD133 positive Kryptenstammzellen zurtckfuhren lassen, hiertiber im
Dickdarm allerdings noch Unklarheit herrscht (Shmelkov et al., 2008; Snippert et al.,
2009; Zhu et al.,, 2009). Im Tumorstammzellkonzept geht man davon aus, dass
solche, durch Tumorstammzellmarker gekennzeichneten Zellen, die treibende Kraft
hinter der Progression und der Metastasierung und dadurch schlie3lich dem Tod der
Patienten darstellen (Brabletz et al., 2005b; Clarke et al., 2006; Reya et al., 2001). In
Unterstitzung dieser Hypothese korreliert hohe Expression von CD133 in humanen
KRK mit einer signifikant schlechteren Uberlebensprognose (Horst et al., 2008) und

ist indikativ fir eine signifikant erhdhte Resistenz der Tumore gegen eine 5-FU
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basierte chemotherapeutische Behandlung (Ong et al.,, 2010). Es konnte gezeigt
werden, dass CD133 Expression auch hoch assoziativ mit dem Auftreten von
Fernmetastasen verknupft ist (Horst et al., 2009c). Allerdings scheint das
Vorhandensein von CD133 im Gegensatz zu z. B. CD44 fir die tumorinitierenden
Fahigkeiten der koKSZ keine funktionelle Rolle zu spielen (Du et al., 2008). Ich
untersuchte daher, ob CD133 zumindest an der Vermittlung anderer klassischer
Hallmarks der Tumorprogression wie erhohter Migration und Invasion, Proliferation
sowie Transformation beteiligt ist oder ob es sich lediglich um ein reines
Markermolekil handelt (Horst et al., 2009c). Da ich keinen Zugriff auf primare koKSZ
hatte, arbeitete ich mit CD133 positiven kultivierten Tumorzelllinien. In diesen lassen
sich ebenfalls Subfraktionen an Zellen finden, die durch KSZ Eigenschaften
charakterisiert sind (Dallas et al., 2009; Yeung et al., 2010). Mit Hilfe von siRNA
konnte die Expression von CD133 mRNA und Protein sehr effizient inhibiert werden.
Trotz dieses knockdowns zeigten die Zellen im Vergleich zu kontrollbehandelten
Zellen keinerlei Veranderungen in ihrem Verhalten hinsichtlich Migration, Invasion,
Proliferation oder Transformation. Diese Daten unterstitzen daher Studien, die
nahelegen, dass CD133 lediglich ein Marker fir koKSZ in Verbindung mit
schlechterer Uberlebensprognose und Metastasierung ist, ihnen jedoch keine fiir
diesen Phanotypen notwendige Funktionalitat vermittelt (Du et al., 2008). Anders
verhdalt es sich diesbezuglich mit dem jingst veréffentlichten koKSZ Marker CD26,
der auch kausal eine wichtige Rolle wahrend der Metastasierung kolorektaler Tumore
innehat (Pang et al.,, 2010). Allerdings wurde in einer kurzlich erschienenen
Publikation die Rolle von CD133 an sich im Zusammenhang mit koKSZ kontrovers
diskutiert (Kemper et al., 2010). Hier wurde gezeigt, dass Differenzierung von koKSZ
mit dem Verlust einer ganz bestimmten, glykosylierten Variante von CD133 korreliert
ist, wahrend die generelle Menge an CD133 mRNA und Protein hierbei unverandert
blieb. Dieses spezielle, glykosylierte Epitop von CD133 wird spezifisch durch den
Antikérper AC133 detektiert. Diese Arbeit lasst somit sicher Zweifel aufkommen was
die Bedeutung der veranderten mRNA Mengen in unserer Studie angeht. Den
Nachweis der Protein-Expression fihrten wir jedoch mit einem Antikorper durch, der
sowohl im Western Blot als auch in der Immunhistochemie das gleiche
Farbeverhalten wie AC133 aufgezeigt hatte (Horst et al., 2008). Dies deutet darauf

hin, dass in unseren Experimenten auch das fir koKSZ spezifische CD133 Epitop

145



4 Diskussion

vom knockdown betroffen war und CD133 somit tats&chlich keine funktionelle Rolle
fur die Progression kolorektaler Tumore spielt. Unterstitzt wird diese Annahme
weiterhin durch die Daten von Du et al, die keinen Verlust der
Tumorinitiationsfahigkeit von koKSZ nach durch AC133 Uberpruften knockdown von
CD133 zeigen konnten (Du et al., 2008).

4.3 Identifizierung von B-CATENIN Zielgenen mit funktioneller

Relevanz fur kolorektale Krebsstammzellen

Der Befund, dass es sich bei CD133 lediglich um ein Markermolekl fir koKSZ
handelt ist insofern erstaunlich, da es sich hierbei vermutlich um ein weiteres Zielgen
von nukledarem B-CATENIN handelt (Katoh and Katoh, 2007). Unterstitzung findet
diese Vermutung in der Tatsache, dass sich die Expressionsprofile dieser beiden
Proteine in KRK teilweise Uberlagern und sie zusammen eine Markerkombination fir
eine schlechte Uberlebensprognose fiir Patienten mit kolorektalen Tumorfriihstadien
darstellen (Horst et al., 2009a). Im Gegensatz zu CD133 ist ein Grof3teil bekannter 3-
CATENIN Zielgene in KRK essentiell an der Vermittlung von Krebs-Hallmarks
beteiligt (Brabletz et al., 2005a; Hanahan and Weinberg, 2000), was die
aulRerordentliche Rolle von B-CATENIN in der kolorektalen Tumorentstehung
eindrucksvoll herausstreicht. Neben der transkriptionellen Aktivierung solcher
Zielgene die an der Vermittlung der klassischen hallmarks of cancer, wie
insbesondere Migration und Invasion, beteiligt sind, spielt nukleares B-CATENIN
auch eine wichtige Rolle bei der Induktion von EMT (Brembeck et al., 2004) und
stemness (Vermeulen et al., 2010). Diese stehen miteinander in engem funktionellen
Zusammenhang (Brembeck et al., 2004; Mani et al., 2008; Wellner et al., 2009). Von
daher eignet sich das KRK als idealer Modeltumor fur das Konzept der migrierenden
Krebsstammzellen (mKSZ), deren Biologie sich durch die regulierte Lokalisation und
Aktivitat lediglich eines Molekils erklaren lassen kénnte (Brabletz et al., 2005b)
(Abbildung 10). Somit stellte sich die Frage, ob B-CATENIN neben CD44 (Du et al.,
2008; Wielenga et al., 1999), MDR1 (Yamada et al., 2000) oder SURVIVIN (Zhang et
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al., 2001a) noch weitere Zielgene hochreguliert, die auch fur koKSZ von direkter

funktioneller Relevanz sein konnten.
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Abbildung 10: Die Rolle von B-CATENIN im Konzept der migrierenden Krebsstammzell  en

Die transkriptionelle Aktivitat nuklearen B-CATENINs ist die molekulare Voraussetzung fir den
Phanotyp der migrierenden Krebsstammzellen (mKSZ) und somit der Metastasierung: an der
Invasionsfront induziert nukledres B-CATENIN EMT sowie die Aktivierung von Zielgenen die
Migrations- und Invasionseigenschaften vermitteln. Gleichzeitig werden durch B-CATENIN spezifische
Markermolekile fir koKSZ sowie funktionell relevante Gene fir ihre Stammzelleigenschaften
transaktiviert. In dieser Doktorarbeit neu beschriebene Zielgene sind in rot dargestellt. In den
Metastasen findet eine Redifferenzierung einhergehend mit mesenchymaler-epithelialer Transition
(MET) statt; modifiziert nach (Brabletz et al., 2005b)

B-CATENIN reguliert die Langlebigkeit von kolorektal —en Tumorzellen mit
Tumorstammzelleigenschaften

Im Tumorstammzellkonzept geht man davon aus, dass sich Tumorstammzellen

bezuglich vieler Eigenschaften &hnlich wie normale adulte Stammzellen verhalten,

was z. B. ihre Fahigkeit zur Multipotenz, Selbsterneuerung durch asymmetrische

Zellteilung oder Langlebigkeit anbelangt (Clarke et al., 2006). In anderen

funktionellen Eigenschaften jedoch konnten sich KSZ von ihren normalen
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Gegensticken unterscheiden. So wird z. B. vermutet, dass koKSZ durch eine
geringe Proliferation gekennzeichnet sind, wahrend fur die vermutlichen kolorektalen
Stammzellen gezeigt werden konnte, dass diese durch aktiven Zellzyklus
gekennzeichnet sind (Barker et al., 2007). Nach dem Konzept der mKSZ sind koKSZ
weiterhin durch mesenchymale Differenzierung mit hoher Migrations- und
Invasionsfahigkeit charakterisiert (Brabletz et al., 2005b), wodurch sie sich ebenfalls
von ihren normalen Gegenstiicken unterscheiden. Genau hierin konnte auch die
Ursache fir die fehlende Proliferation dieser Zellen an der Invasionsfront begriindet
sein (Brabletz et al., 2001), da eine hohe Teilungsrate im Widerspruch stehen wirde
zu ihren Wandereigenschaften. Zusatzlich wirkt geringe Proliferation auch dem
Alterungsprozess der Zellen entgegen, der mit jeder Zellteilung beschleunigt wiirde.
Von daher wurde untersucht, wie der Zellzyklus in den Tumorzellen mit nuklearem [3-
CATENIN an der Invasionsfront kolorektaler Karzinome inhibiert wird. Dabei
fokussierten wir uns auf den Zellzyklusinhibitor und Tumorsuppressor p16™“**, der in
diesen Zellen ebenfalls exprimiert wird (Jung et al., 2001). Interessanterweise wurde
herausgefunden, dass es sich bei p16™** um ein durch B-CATENIN/TCF4
reguliertes Zielgen handelt (Wassermann et al., 2009). Dieses induziert in
kolorektalen Tumorzellen Zellzyklusarrest und seine Expression kann dabei sogar die
proliferationssteigernde Wirkung der B-CATENIN Zielgene cMYC und CYCLIN D1
unterdriicken. Weiterhin wurde festgestellt, dass gerade diese p16™** - Expression
und damit wohl auch die geringe Zellteilung dieser vermeintlichen koKSZ an der
Invasionsfront statistisch signifikant mit einem schlechteren Uberleben der Patienten
korreliert ist. Demzufolge konnte der Einfluss hohen Tumorwachstums fir die
Progression kolorektaler Tumore in der Vergangenheit Uberschétzt worden sein. Im
Gegenteil ist inshesondere das Vorliegen von nur wenigen Tumorstammzellen von
entscheidender Bedeutung, welche B-CATENIN/p16™“** — vermittelt eine geringe

Teilungsrate aufweisen.

Zusatzlich zur geringen Zellteilungsrate kommt als weiterer Mechanismus der
Langlebigkeit von Stammzellen und Tumorstammzellen die Expression der
Telomerase Reverse Transkriptase Komponente (TERT) zur Geltung, die eine
essentielle Komponente des Telomerasekomplexes darstellt (Blackburn, 2000).
Ahnlich wie SURVIVIN spielt TERT ebenfalls eine wichtige Rolle in der Biologie von

Stammzellen und nimmt auch eine wichtige Funktion als einer ihrer funktionellen
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Marker wahr (Melton and Cowan, 2004). Passend zum Konzept der koKSZ korreliert
in KRK hohe Expression von TERT ebenfalls mit einer schlechten
Uberlebensprognose fiir die Patienten (Tatsumoto et al., 2000) und seine Expression

6™ " mit der nuklearen B-CATENINs und geringer Proliferation

scheint analog zu pl
Ubereinzustimmen (Kolquist et al., 1998). Es gelang mir in einem Projekt TERT als
neues direktes Zielgen von B-CATENIN in den Zellen der Invasionsfront von KRK zu
identifizieren (Scheel et al., 2010b). Dieser Befund wurde experimentell dadurch
erschwert, dass TERT gleichzeitig ein Zielgen von cMYC ist (Kyo et al., 2008;
Takakura et al., 1999). Folglich konnte seine Regulation lediglich ein indirekter -
CATENIN Effekt sein, der Uber die Expression des Zielgens cMYC (He et al., 1998)
gesteuert wird. Jedoch gelang es mir nach B-CATENIN spezifischer RNA Interferenz
(RNAI) ein experimentelles Zeitfenster zu finden, in dem bei verringertem [3-
CATENIN- und gleichem cMYC Proteinlevel die mMRNA Menge von TERT stark
reduziert war, so dass eine direkte Regulation durch B-CATENIN als sehr
wahrscheinlich anzunehmen ist. Durch diese Beobachtungen konnte die
fundamentale Bedeutung von B-CATENIN fir die kolorektale Karzinogenese und die
Vermittlung der Tumorstammzelleigenschaft Langlebigkeit weiter bestétigt werden.
Uberdies hinaus helfen diese Daten zu verstehen, warum die Telomere kolorektaler
Tumorzellen generell kirzer sind als ihre normalen Gegenstiicke, obwohl sich nur die
Tumorzellen durch TERT Aktivitdt auszeichnen (Hastie et al., 1990), wenn man

annimmt, dass nur die wenigen koKSZ diese Aktivitat besitzen.

B-CATENIN reguliert die Aufrechterhaltung von Tumors  tammzelleigenschaften
in kolorektalen Tumorzellen

Die herausragende Rolle von B-CATENIN fur die kolorektale Karzinogenese
und das Konzept der koKSZ besonders zu untermauern, gelang mir in der Aufklarung
eines fundamentalen aber vorher ungeklarten Mechanismus (Scheel et al., 2010a):
welche funktionellen Besonderheiten ermdglichen es Tumorstammzellen und
insbesondere koKSZ aul3erhalb einer definierten und fixierten Stammzellnische zu
uberleben, also ihre stemness aufrechtzuerhalten? Fir normale Stammzellen des
Dickdarms geht man davon aus, dass deren Nische durch die Aktivitdt des WNT

Signalwegs induziert und fixiert wird (Gregorieff and Clevers, 2005). Vermutlich
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stammen die WNT Liganden hierbei von stromalen, intestinalen Myofibroblasten, die
somit in parakriner Weise auf die Stammzellen wirken (van de Wetering et al., 2002).
Uber andere Regulationswege konnten diese Zellen jungst als verantwortliche
Kandidaten fur die nukleare Translokation von B-CATENIN in KRK ermittelt werden
(Vermeulen et al.,, 2010). Sie stellen demnach eine im mKSZ Konzept postulierte
stromale Komponente fir die Induktion des koKSZ Phanotypen dar. Durch die
Identifizierung des Zielgens FGF-2 gelangen mir funktionelle Einblicke, wie allein
diese Kernlokalisation B-CATENINs ausreichend fir die Aufrechterhaltung und
eventuell auch Induktion der stemness in KRK ist. Bei FGF-2 handelt es sich um ein
Protein, welches exogen hinzugefigt einen essentiellen Faktor darstellt fir die in vitro
Kultivierung von (embryonalen) Stammzellen und auch Tumorstammzellen, wie z. B.
aus dem Dickdarm (Dvorak et al., 2005; Ricci-Vitiani et al., 2007; Todaro et al.,
2007). Bei Abwesenheit von FGF-2 gehen die Zellen rasch in die Differenzierung und
verlieren dabei ihre Multipotenz. Weiterhin ist Vorhandensein von Fgf-2 auch nétig fur
das Uberleben intestinaler Stammzellen nach klassischen Antitumortherapien wie
Bestrahlung (Houchen et al., 1999). Zuséatzlich konnte zumindest in embryonalen und
leukamischen Stammzellen eine bedeutende Funktion von endogen exprimiertem
und autokrin wirkendem FGF-2 fiur die Aufrechterhaltung der entsprechenden
Eigenschaften aufgezeigt werden (Dvorak et al., 2006; Eiselleova et al., 2009). Meine
Daten bestatigen diesen Zusammenhang nun auch im KRK und bieten somit eine
Erklarung, wie koKSZ durch nukleares B-CATENIN Unabhangigkeit von
normalerweise notigen Nischenbedingungen erlangen kénnen. So ist FGF-2 im KRK
der Mediator fur die Vermittlung eines transformierten Ph&notypen, verstarkt
mesenchymale Eigenschaften, die wiederum funktionell in engem Zusammenhang
mit stemness stehen und schliellich wird es auch in den vermeintlichen
Tumorstammzellen mit nukledrem B-CATENIN an der Invasionsfront kolorektaler
Tumore exprimiert. Umgekehrt flhrte ein shRNA vermittelter knockdown von FGF-2
in kultivierten kolorektalen Tumorzelllinien zu einem Verlust der beschriebenen
Fahigkeiten. Dies traf als unumstoRliche Bestatigung der Befunde sogar fir die
zunachst als FGF-2 negativ eingestufte Zelllinie Caco2 zu. Denn auch diese enthalt
eine sehr kleine Fraktion an Zellen mit Tumorstammzell&hnlichen Eigenschaften, die
erst nach Anreicherung ebenfalls durch eine signifikante FGF-2 Expression

charakterisiert ist. Ferner konnte ich in dieser Arbeit auch Hinweise darauf gewinnen,
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dass endogene FGF-2 Expression weiterhin eine wichtige Rolle in der beschriebenen
Chemoresistenz von Tumorzellen und isolierten koKSZ spielen kénnte (Song et al.,
2000; Todaro et al., 2007). Somit kénnte FGF-2 eine potenzielle therapeutische
Zielstruktur fur die Behandlung kolorektaler Tumore darstellen, die u. a. im
Mausmodell auch schon erfolgversprechende Resultate lieferte (Sukhthankar et al.,
2008). Die Wirksamkeit verschiedener FGF spezifischer Medikamente wird derzeit in

einer Reihe klinischer Studien eingehend untersucht (Turner and Grose, 2010).

Im Gegensatz zu den beschrieben Manuskripten tber p16™“** und TERT
korreliert die Expression von FGF-2 zumindest auf Plasmaebene jedoch nicht mit
einer schlechteren Prognose fiur die Patienten (Akbulut et al., 2002) und dient
allenfalls als Surrogatmarker fur das Auftreten von Metastasen (George et al., 2002).
Allerdings wurde in diesen Arbeiten nicht beriicksichtigt, dass es zum einen auch
intrazellular wirksame FGF-2 Isoformen gibt und zum anderen auch im Falle
autokrinen Signalings der Tumorzellen keine Anderungen in den FGF-2 Plasmalevels
auftreten werden, da das Protein oft direkt wieder auf den Zellen bindet und somit
kein Nachweis im Blut moglich sein wird. Die Korrelation von immunhistochemisch
nachgewiesener FGF-2 Expression in KRK mit dem weiteren Krankheitsverlauf der
Patienten ist somit eine noch ausstehende Untersuchung, die weitere wichtige
Auskiinfte uber die Bedeutung von FGF-2 in der kolorektalen Tumorprogression

geben kann.

4.4 Ausblick

Trotz der enormen Erkenntnisse, die man im Zusammenhang mit B-CATENIN
und seiner prominenten Rolle in der kolorektalen Karzinogenese bisher gewinnen
konnte, bleiben weiterhin einige wichtige und grundlegende Fragen unbeantwortet.
So ist z. B. die Notwendigkeit weiterer Mutationen wie in KRAS, TP53, SMAD4 oder
anderen Genen (Kinzler and Vogelstein, 1996) schwer nachvollziehbar, wenn man
sich die Beteiligung von B-CATENIN an allen tumorrelevanten Prozessen (Hanahan
and Weinberg, 2000) sowie EMT und stemness vor Augen fiuhrt. Weiterhin bleibt
unklar, welcher Mechanismus dafur Verantwortung tragt, dass nukleares B-CATENIN

151



4 Diskussion

und assoziierte EMT fast ausschliellich in den Zellen der Invasionsfront auftreten.
Die Erkenntnis, dass in den Metastasen der Umkehrprozess der MET beobachten
werden kann (Brabletz et al., 2001), spricht natdrlich fir einen entscheidenden
Einfluss des umgebenden stromalen Gewebes in diesem Prozess. Allerdings
konnten effektiv beteiligte Zellen oder gar deren molekulare Wirkung auf die
Lokalisation von B-CATENIN bisher nur ansatzweise aufgeklart werden (Brembeck et
al., 2004; Vermeulen et al., 2010). Vieles deutet in diesem Zusammenhang auf eine
Beteiligung der Serin-Threonin-Kinase AKT hin (Fang et al., 2007; Vermeulen et al.,
2010), die im Zentrum verschiedenster zellularer Signalwege steht und die tber ILK
(INTEGRIN LINKED KINASE) auch durch Zell-Matrix Kontakte aktiviert werden kann
(Marotta et al., 2003; Tan et al., 2001). Zuséatzlich existieren Daten, dass zwischen
membranstandigem und nukledrem B-CATENIN molekulare Unterschiede bestehen
(Gottardi and Gumbiner, 2004). Die Regulation dieser Isoformen oder
posttranslationalen  Modifikationen stellt somit einen zusatzlichen, weiter
aufzuklarenden Mechanismus in der Aktivitat des WNT Signalwegs dar. In diesem
Kontext stellt sich weiterhin die Frage, welche zusatzliche Stimulation nétig ist um
das Zweiphasenmodell der B-CATENIN Zielgenaktivierung (s. S. 22) zu erklaren.
Gelange eine Aufklarung dieser Mechanismen, ware die Entwicklung einer
zielgerichteten Therapie denkbar, die z. B. den nukleéaren Transport von B-CATENIN
oder dessen Aktivitat inhibiert und somit unter Umstanden fir eine Reduktion der

Fraktion der koKSZ zu verwenden wére (Takahashi-Yanaga and Kahn, 2010).

Nach dieser Idee unterscheiden sich die einzelnen Tumorzellen schlief3lich
lediglich durch ihre Lokalisation innerhalb eines Tumors voneinander. Transiente
stemness resultiert hierbei plastisch aus den Einflissen der zellularen Umgebung,
wie zum Beispiel benachbarter Myofibroblasten, die durch parakrine HGF-Produktion
ebenfalls auf die intrazellulare B-CATENIN Lokalisation und somit den koKSZ-
Phanotypen erheblichen Einfluss nehmen (Vermeulen et al., 2010). Dies entspricht
somit dem Konzept der extrinsisch induzierten KSZ (Rosen and Jordan, 2009)
(Abbildung 11B). Bisher konnten Tumorstammzellen des Kolorektums mit Hilfe der
Markermolekile und B-CATENIN Zielgene CD133, CD44 und CD166 isoliert und
charakterisiert werden. Allerdings scheint es mit Hilfe dieser Marker lediglich moglich,
die Tumorstammzellfraktion anzureichern. Eine eindeutige Identifikation wie z. B. fur

normale intestinale Stammzellen mit Lgr5 (Barker et al., 2007) scheint hierdurch
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jedoch noch nicht méglich zu sein. Geht man davon aus, dass sich koKSZ direkt auf
solche normale Kryptenstammzellen zuriickfihren lassen und ihre Nachkommen
ahnlich schnell differenzieren (Barker et al., 2009), ist zu erwarten, dass sich die
Tumorstammzellenthaltende Fraktion mit Hilfe z. B. einer LGR5 basierten
Anreicherung nochmals deutlich enger eingrenzen lassen wird. Dieser Vermutung
liegt das Modell der intrinsischen stemness zugrunde, das davon ausgeht, dass

stemness eine festgelegte Eigenschaft einer kleinen Subpopulation an Tumorzellen
ist (Abbildung 11A).
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Abbildung 11: Tumorstammzellmodelle

Das intrinsische Tumorstammzellmodell (A) geht davon aus, dass spezifische Subpopulationen
innerhalb eines Tumors durch die funktionellen Eigenschaften von KSZ charakterisiert sind. Das
extrinsische Modell (B) hingegen vertritt die Ansicht, dass alle Zellen innerhalb eines Tumors
funktionell identisch sind und lediglich durch die Aktivitat ihrer zellularen Umgebung in ihrem Verhalten

moduliert werden. In KRK ist ein paralleles Auftreten beider Erscheinungsformen denkbar; (Rosen and
Jordan, 2009).

Bisher existieren allerdings nur gut géngige Antikorper gegen die anderen Marker,
deren immunhistochemische Expressionsprofile in humanen KRK interessanterweise
nur teilweise mit nukledrem B-CATENIN und vermeintlichen koKSZ uberlappen. So
findet sich z. B. CD133 Expression eher in epithelial differenzierten, zentralen
Tumorarealen ohne nukleare Expression von B-CATENIN und auch eine
Koexpression der Markerkombination CD44 und CD166 kann kaum detektiert
werden (Horst et al., 2008; Horst et al., 2009b; Horst et al., 2009c). Diese Befunde

erdffnen somit Spielraum fir weitere Modelle: es kdnnte sich demnach eventuell um
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unterschiedliche Pools von KSZ handeln, die sich nach Anreicherung jedoch &hnlich
verhalten, was sich unter Umstanden auf einen gemeinsamen, funktionellen
Mechanismus zurlckfihren lasst. Alternativ konnten diese verschiedenen Pools auch
funktionell unterschiedlich sein und je nachdem z. B. entweder an der Bildung von

Primartumoren oder Metastasen beteiligt sein (Dieter et al., 2010; LaBarge, 2010).

Weiterhin werden durch diese Daten gleichzeitig sowohl das intrinsische als auch
das extrinsische Modell der stemness unterstitzt (Abbildung 11) und ein paralleles
Auftreten dieser verschiedenen Zellfraktionen innerhalb eines Tumors scheint eine
plausible Erklarung fur die beobachteten Diskrepanzen darzustellen. Alternativ
besteht die Mdglichkeit, dass es sich bei diesen Zellen nur um die direkten
Nachkommen mit residualer Funktionalitdt von tatséchlichen Tumorstammzellen
handelt. Diese verfligen weiterhin Uber die Expression der Marker, wahrend durch
nukleares B-CATENIN gekennzeichnete Stammzellen bereits weiter in das
Nachbargewebe invadiert sind. Passenderweise herrscht diesbeziglich auch noch
Unklarheit, ob sich Tumorstammzellen durch Umprogrammieren auch von bereits
hoher differenzierten Tumorzellen ableiten lassen. All diese Mdglichkeiten tragen
dazu bei zu verstehen, warum die KSZ Frequenzen zwischen Tumoren
verschiedener Patienten teils erheblich voneinander abweichen kdnnen (Rosen and
Jordan, 2009). Daruber hinaus gilt es den Befund einzuordnen, dass ein gewisser
Anteil an KRK (insbesondere MSI-H) vom klassischen histologischen
Erscheinungsbild mit Tumorzentrum und Invasionsfront abweicht. Dies gilt
vornehmlich fur KRK des medullaren Typs (Jass, 2007; Lanza et al., 1999) und
kdnnte bedeuten, dass hier andere Mechanismen fur den Tumorstammzellphanotyp
verantwortlich sind oder gar, dass diese Tumore nach einer ganz anderen Strategie

in die Progression gehen und Tumorstammzellen hierbei keine Rolle spielen.

Die in dieser Arbeit prasentierten Daten sprechen jedoch klar fur die Existenz und
die funktionelle Rolle von Tumorstammzellen. Insofern stellt sich fur die neu
entdeckten B-CATENIN Zielgene p16™**, TERT und FGF-2 die Frage, ob ihre
Beteiligung an der Vermittlung dieses Phanotyps von universeller Natur ist und ihre
Aktivierung somit auch in Tumoren anderer Organe nachweisbar sein sollte. Da sich

Tumore der meisten Organe jedoch nicht auf eine Hyperaktivitat des WNT
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Signalwegs zurlckfihren lassen, ware hier gegebenenfalls die Aufklarung der

entsprechenden Mechanismen von sehr interessantem Wert.

Eine zunehmend wichtige Rolle spielen diesbeziglich die sog. miRNAs (micro
RNAs). Hierbei handelt es sich um kleine, nichtkodierende RNA-Molekile mit
komplexer Regulation, die eine hohe Komplementaritdt und somit Bindungsfahigkeit
fur eine grofRe Anzahl an Zielgen-mRNAs aufweisen. Nach Bindung in der 3° UTR
(untranslated region) der mRNAs werden diese entweder der Degradation zugefuhrt
oder kdénnen nicht mehr als Vorlage fir die Protein-Translation verwendet werden
(Bartel, 2004). Abhangig von ihren jeweiligen Zielgen-mRNAs kénnen miRNAs somit
sowohl tumorsupportive als auch tumorsuppressive Aufgaben wahrnehmen und
stellen dadurch einen wichtigen Regulationsmechanismus fir die zellulare
Homdostase dar (Esquela-Kerscher and Slack, 2006; Faber et al., 2009). Weiterhin
sind sie auch direkt an der Regulation von EMT (Burk et al., 2008; Gregory et al.,
2008; Martin-Berenjeno and Vanhaesebroeck, 2009; Park et al., 2008) und stemness
(Shimono et al., 2009; Wellner et al., 2009) beteiligt und kénnen z. B. Uber die in
vielen Tumoren deregulierten Proteine MYC und RAS aktiviert werden (Ma et al.,
2010; Shimono et al., 2009; Wellner et al., 2009). Folglich kénnte dies in Tumorarten
mit intaktem WNT Signalweg einen Mechanismus fir das Auftreten von
Tumorstammezellen darstellen. Umgekehrt ist Gber die Beteiligung von miRNAs an
der kolorektalen Karzinogenese gerade im Zusammenhang mit B-CATENIN Aktivitat
bisher nur sehr wenig bekannt und bleibt somit ein attraktiver Gegenstand in der

kiinftigen molekularen Erforschung dieser Krankheit.

AbschlieRend lasst sich festhalten, dass das Tumorstammzellmodel attraktive
Erklarungsmaoglichkeiten fur viele bekannte Eigenheiten von Krebserkrankungen, wie
z. B. der Therapieresistenz oder der Tumorheterogenitéat bietet und der Eingang der
Konsequenzen des Modells in den klinischen Alltag in absehbarer Zeit erfolgen
kdnnte. Mit sicheren Markern kénnten diese Zellen demnach detektiert und im
Wissen ihrer funktionellen Besonderheiten in Kombination mit gegen die Ubrige
Tumormasse gerichteten Therapeutika spezifisch attackiert werden. Genahrt wird
diese Hoffnung bereits von ersten Studien z. B. am KRK (Gupta et al., 2009). Hier
konnten bereits KSZ-selektiv wirksame Stoffe identifiziert werden, wéhrend Nicht-

KSZ wie erwartet ein sehr gutes Ansprechen auf herkdmmliche Chemotherapeutika
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wie 5-FU aufzeigten. Die Weiterverfolgung dieses Gedankens der Kombitherapie
eroffnet somit Hoffnung einem grolRen Ziel der medizinischen Forschung ein
wichtiges Stick ndher kommen zu kdnnen: der Verbesserung der Lebensumsténde
sowie der Prognose der betroffenen Patienten.
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7.1 Abklrzungen

5-FU
AKF
ALDH1
APC
al.
c-AMP
CBP
CIMP
CIN
CKla
CTBP
DCC
DKK
DNA
DSH
EGF
EGFR
EMT
FACS
FAP
FGF
FRZ
GRO
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5-Fluoro-Uracil

Aberrante Kryptenfoci

Aldehyd Dehydrogenase 1
Adenomatous Polyposis Coli

alia

cyclic Adenosin Mono-phosphate
C-AMP RESPONSE ELEMENT BINDING PROTEIN
CpG Island Methylator Phenotype
Chromosomale Instabilitat

Casein Kinase | a

C-terminal Binding Protein

Deleted in Colon Cancer

Dickkopf

Desoxyribonukleinsaure (desoxyribonucleic acid)
Dishevelled

Epidermal Growth Factor

Epidermal Growth Factor Receptor
Epitheliale-Mesenchymale Transition
Fluorescent Activated Cell Sorting
Familiare Adenomatdse Polyposis coli
Fibroblast Growth Factor

Frizzled

Groucho
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GSK3p Glycogen Synthase Kinase 3 8

HAT Histon Acetyl Transferase

HDAC Histon Deacetylase

HGF Hepatocyte Growth Factor

HH Hedgehog

HMG High Mobility Group

HNPCC Hereditary Non Polyposis Colorectal Carcinoma

IL4 Interleukin 4

ILK Integrin linked kinase

INK4A Inhibitor of Cyclin dependent Kinase 4

ISEMF Intestinale SubEpitheliale Myofibroblasten

koKSz Kolorektale Tumor-/Krebsstammzelle (colorectal cancer stem
cell)

KRK Kolorektales Karzinom (colorectal carcinoma)

KSZ Tumor-/Krebsstammzelle (cancer stem cell)

LEF Lymphoid Enhancer Factor

LgrS Leucine rich repeat containing G-Protein coupled Receptor 5

LOH Loss of heterozigosity

LRP Low density lipoprotein Receptor related Protein

mKSZ migrierende Krebsstammzelle (migrating cancer stem cell)

MDR1 Multi Drug Resistance 1

MET Mesenchymale-Epitheliale Transition

MiRNA micro RNA

MLH1 Mut-L homologue 1

MMP7 Matrix Metalloproteinase 7

MMR Mismatch Repair System

MRNA Messenger RNA

MSI-H High-grade MicroSatellite Instability

N-Terminus Amino-Terminus
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PCR
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Secreted Frizzled Related Protein
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small interfering RNA

Sma- and Drosophila homolog of Mothers Against
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T-Cell Factor

Transduction-Like Enhancer of split
Telomerase Reverse Transkriptase
Beta-Transducin repeat-Containing Protein
unter anderem

Union Internationale Contre le Cancer
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Vascular Endothelial Growth Factor

World Health Organisation

Wingless-type MMTYV integration site family
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7.2 Manuskript-Beitrage

3.1 In einigen hochgradig mikrosatelliteninstabilen (MSI-H) kolorektalen
Tumoren finden sich Mutationen im WTX — Gen

In diesem Projekt war ich an der Entwicklung und der Koordination der Studie
beteiligt. Darliber hinaus entwickelte und optimierte ich die analytischen Methoden,
generierte einen Grol3teil der Daten und wertete diese aus. AulRerdem fertigte ich die
Abbildungen an, schrieb den Entwurf des Manuskripts und optimierte und

submittierte das Manuskript zusammen mit Andreas Jung.

3.2 Dickkopf-4 ist in kolorektalen Krebszellen oft herunterreguliert und inhibiert
ihr Wachstum
In diesem Projekt analysierte ich mittels von mir etablierter Real Time PCR die
DKK4 Expression im Tumor verglichen zum Normalgewebe und wertete die hier
gewonnenen Daten aus (Abbildung 1E). Ich war zudem an Diskussionen das Projekt

betreffend und am Korrekturlesen des Manuskripts beteiligt.

3.3 Der Krebsstammzellmarker CD133 hat eine hohe pr ognostische
Aussagekraft ~aber unbekannte funktionelle Relevanz fur  die
Metastasierung von humanem Dickdarmkrebs
Mein alleiniger Beitrag zu dieser Veroffentlichung lag in der Entwicklung und

Durchfihrung samtlicher zell- und molekularbiologischen Analysen, deren

Auswertung und der Anfertigung der entsprechenden Abbildungen. Zusammen mit

David Horst und Andreas Jung plante und koordinierte ich das Projekt, schrieb Teile

des Manuskriptes und war am Submissions- und Reviewprozess beteiligt.

Zusammen mit David Horst bin ich equally contributing Erstautor dieser Publikation.
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3.4 Die humane TERT (Telomerase RT-Komponente) ist in kolorektalen
Tumoren ein Zielgen von B-CATENIN
In diesem Projekt war ich an der Planung der experimentellen Strategie sowie
der Koordination der Experimente beteiligt. Dartiber hinaus fuhrte ich einen Grol3teil
der Experimente aus (inshesondere die der Abbildung 3), analysierte die Daten und
fertigte die Abbildungen an. Zusammen mit Andreas Jung erarbeitete und

submittierte ich das Manuskript.

3.5 p16INK4A ist ein B-Catenin Zielgen und korreliert mit schlechtem Uber  leben
in humanen kolorektalen Tumoren
Fur diese Veroffentlichung in Gastroenterology lag mein Beitrag in der
Durchfuihrung eines Teils der molekularbiologischen Analysen (Abbildung 1 und 2).
AulRerdem wertete ich die Daten aus, fertigte Abbildungen an und war an der
Erstellung des Manuskripts beteiligt. Zusammen mit Stella Wassermann bin ich

equally contributing Erstautor dieser Veroffentlichung.

3.6 Das B-CATENIN Zielgen FGF-2 ist ein Mediator von Stemnes s, EMT und

Chemoresistenz in humanen kolorektalen ~ Tumorzellen

Die Arbeit an diesem Projekt und Manuskript stellt den Hauptanteil meiner
Promotion dar. Zusammen mit Andreas Jung entwickelte ich die ldee zu diesem
Projekt, plante die experimentelle Strategie und fihrte alle Arbeiten mit Ausnahme
der FACS-Analysen und den Mausexperimenten aus. Auf einem Workshop in
Snowmass Village, Colorado, USA initiierte ich die Kooperation mit meinem equally
contributing Erstautor Bikul Das vom Hospital for Sick Children, aus Toronto, Kanada
(jetzt Stanford University, Kalifornien, USA) und koordinierte diese. Ich fertigte alle
Abbildungen an, schrieb den Entwurf des Manuskripts und uberarbeitete und

submittierte diesen zusammen mit Andreas Jung.
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7.3 Erklarung geman der “Promotionsordnung der LMU Minchen

fur die Fakultat Biologie*

Betreuung:

Anfertigung:

Prufung:

Hiermit erklare ich, dass die vorgelegte Arbeit an der LMU von Herrn
PD Dr. Andreas Jung (med. Fak.) betreut und von Herrn Professor Dr.

Heinrich Leonhardt vor der Fakultat fur Biologie vertreten wurde.

Hiermit versichere ich ehrenwortlich, dass die Dissertation selbststandig
und ohne unerlaubte Hilfsmittel angefertigt wurde. Uber Beitrage, die im
Rahmen der kumulativen Dissertation in Form von Manuskripten in der
Dissertation enthalten sind, wurde im Kapitel 7.2 Rechenschaft abgelegt

und die eigenen Leistungen wurden aufgelistet.

Hiermit erklare ich, dass die Dissertation weder als Ganzes noch in
Teilen an einem anderen Ort einer Prifungskommission vorgelegt
wurde. Weiterhin habe ich weder an einem anderen Ort eine Promotion
angestrebt oder angemeldet oder versucht eine Doktorprifung

abzulegen.

Minchen, den 12.07.2010

(Silvio Scheel)
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7.6 Kongress - und Workshop - Teilnahmen
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»B-CATENIN regulates the expression of TENASCIN-C in
human colorectal tumors.” Posterprasentation auf der 90.
Jahrestagung der Deutschen Gesellschaft fir Pathologie in
Berlin, Deutschland

»B-CATENIN regulates the expression of TENASCIN-C in
human colorectal tumors.” Posterprasentation auf dem 35.
Kongress der Gesellschaft fur Gastroenterologie in Bayern e.V.,
in Nurnberg, Deutschland

“The cell cycle inhibitor p16 ™" is a B-CATENIN target gene
and its expression correlates with low survival in human
colorectal carcinomas.” Vortrag auf der 91. Jahrestagung der
Deutschen Gesellschaft fur Pathologie in  Magdeburg,
Deutschland
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