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Referat
Ribonukleinsäure(RNA)-bindende Proteine (RBPs) sind zentrale Regulatoren einer jeden
Phase des RNA-Metabolismus. Der Lebenszyklus einer Boten-RNA (mRNA) kann bereits
während der Transkription bis hin zu ihrem Abbau durch RBPs beeinflusst werden. Das
Insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1) gehört zu einer Familie
stark konservierter RBPs und zeigt im Menschen einen onkofetalen Expressionscharakter.
Durch seine regulierenden Wirkungen auf zahlreiche m-/RNAs, die eine wichtige Funk-
tion in entwicklungsbiologischen Vorgängen erfüllen, kann IGF2BP1 im Embryo Einfluss
auf zellbiologische Prozesse wie Wachstum, Teilung und Motilität nehmen. Andererseits
kann seine Dysregulation im pathologischen Kontext einen ungünstigen Krankheitsverlauf
fördern. Eine stark hochregulierte Expression von IGF2BP1 ist bereits in zahlreichen ma-
lignen Neoplasien unterschiedlichster Entitäten beobachtet worden. Im hepatozellulären
Karzinom (HCC) hingegen wurde bisher weder eine mutmaßlich veränderte Expression
noch die funktionelle Bedeutung dieses Faktors untersucht. Im Rahmen der vorliegenden
Arbeit zeigten wir, dass IGF2BP1 im humanen HCC im Vergleich zum normalen Leberge-
webe das am höchsten exprimierte RBP ist. Seine Depletion führte in allen untersuchten
HCC-Zelllinien zu einer Reduktion der Proliferation und zu einer Steigerung der Apop-
tose in vitro sowie zu einem signifikant reduzierten Wachstum von xenograft-Tumoren
in thymusaplastischen Mäusen in vivo. Nach vorausgegangener Etablierung wurde für
diesen Zweck vor der Xenotransplantation eine stabile Depletion von IGF2BP1 mittels
lentiviral vermittelter RNA-Interferenz (RNAi) durch den Transfer eines shRNA(short
hairpin-RNA)-kodierenden Plasmids in die HCC-Zelllinie Hep G2 erreicht. Die Versuchs-
tiere wurden in regelmäßigen Abständen mit einer dafür etablierten Methode zur nichtin-
vasiven Fluoreszenzbildgebung überwacht. Bezüglich IGF2BP1 handelt es sich dabei um
das erstbeschriebene Funktionsverlustexperiment in vivo. Als mögliche Erklärung fanden
wir auf molekularer Ebene einen stabilisierenden Effekt von IGF2BP1 auf die mRNAs des
Protoonkogens MYC (myc proto-oncogene protein) und des Proliferationsmarkers MKI67
(marker of proliferation ki-67 ).

In einer zweiten Arbeit konnten wir zeigen, dass IGF2BP1 essenziell für die epithelio-
mesenchymale-Transition (EMT) ist. Dieser Prozess ist durch ein typisches Genexpres-
sionsprofil und einer damit verbundenen Veränderung der Zellarchitektur charakterisiert
und spielt eine wesentliche Rolle in der Entwicklung sowie der Metastasierung. Die stabile
Depletion von IGF2BP1 führte in den untersuchten Zelllinien zu einem Verlust des mesen-
chymalen Expressionsprofils und der mesenchymalen Zellmorphologie, begleitet von einem
deutlich reduzierten Migrationspotenzial der Tumorzellen. Auf molekularer Ebene sahen
wir eine Stabilisierung der mRNA des im Rahmen der EMT aktiven Transkriptionsfaktors
LEF1 (lymphoid enhancer binding factor 1 ). Zusammenfassend lässt sich feststellen, dass
IGF2BP1 aufgrund seiner proliferations- und migrationsfördernden Wirkungen in vitro
und in vivo, einen von der Tumorentität unabhängigen protumorigenen Faktor darstellt
und somit als vielversprechendes Ziel zukünftiger Tumortherapien anzusehen ist.

Pazaitis, Nikolaos: In vitro und in vivo Untersuchungen zur Tumorigenität des Insulin-like growth
factor 2 mRNA-binding protein 1 (IGF2BP1), Halle (Saale), Univ., Med. Fak., Diss., 44 Seiten, 2018



Abstract
Ribonucleic acid (RNA) binding proteins (RBPs) are key regulators of RNA metabolism.
Every step in the life cycle of messenger RNAs (mRNAs) ranging from transcription to
decay may be influenced by RBPs. The human insulin-like growth factor 2 mRNA-binding
protein 1 (IGF2BP1) belongs to a highly conserved family of RBPs and shows an oncofetal
expression pattern. During embryogenesis, the regulatory effects of IGF2BP1 on numer-
ous RNAs, which play an important role in developmental processes, empower IGF2BP1
to influence cellular processes such as growth, division and motility. On the other hand,
its dysregulation in pathologically transformed cells can promote an unfavorable course of
diseases. Re-expression of IGF2BP1 has been reported in numerous malignancies of var-
ious entities. However in hepatocellular carcinoma (HCC), neither a putative expression
nor the functional significance of this factor has been investigated. Here we demonstrate
that IGF2BP1 is the most highly upregulated RBP in human HCCs compared to normal
liver tissue. Its depletion resulted in reduced proliferation and enhanced apoptosis in all
examined liver cancer cell lines in vitro, as well as in an impairment of tumor growth
in a murine xenograft model in vivo. For the latter, the HCC cell line Hep G2 was in-
jected subcutaneously into nude mice after establishing a stable depletion of IGF2BP1
by lentivirally-mediated RNA-interference (RNAi) using shRNA-encoding (short hairpin-
RNA) vectors in these cells. The animals were examined periodically using a non-invasive
fluorescence based imaging method. Regarding IGF2BP1, this was the first loss of function
experiment described in vivo. The lentiviral gene transfer system, the subcutaneous injec-
tion procedure and the imaging method where established during the course of the study
at hand. As an explanation for the effect observed, we found that IGF2BP1 significantly
enhances the stability of the mRNAs of the proto-oncogene MYC (myc proto-oncogene
protein) and the proliferation marker MKI67 (marker of proliferation ki-67).
As a second part of the present study we showed that IGF2BP1 is important for ep-

ithelial to mesenchymal transition (EMT), a process which is characterized by a specific
gene expression profile associated with a typical cell morphology change and crucial for
development and metastasis. Mechanistically, we observed that IGF2BP1 increased the
mRNA half-life of the transcription factor LEF1 (lymphoid enhancer binding factor 1),
that is an important promoter of EMT. The stable depletion of IGF2BP1 led to a loss of
the mesenchymal gene expression profile and cell morphology of the investigated cancer
cell lines and was associated with a significantly reduced migratory potential of the cells.
In summary, the pro-proliferative and pro-migratory effects in human cancer-derived cell
lines in vitro and in vivo suggest IGF2BP1 to be an important protumorigenic factor in a
wide variety of tumor entities and thus a promising target for future tumor therapies.

Pazaitis, Nikolaos: In vitro and in vivo studies of the tumorigenicity of insulin-like growth factor 2
mRNA-binding protein 1 (IGF2BP1), Halle (Saale), Univ., Med. Fac., Doc. Thesis., 44 Pages, 2018
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1 Einleitung und Zielstellung
Die regelrechte Funktion einer jeden Zelle im Gewebsverband erfordert eine komplexe
Koordination und Kontrolle der zeitlichen und örtlichen Genexpression. Diese Regulati-
onsleistung beginnt bereits vor der Transkription und endet mit dem koordinierten Abbau
der funktionstragenden Proteine und Ribonukleinsäuren (RNA). Kodierende und nicht-
kodierende Ribonukleinsäuren (mRNAs und ncRNAs) sind nach ihrer Transkription Trä-
ger der genetischen Erbinformation und bieten im Falle von mRNAs noch vor ihrer Trans-
lation einen Angriffspunkt für regulatorische Eingriffe in die Genexpression.
Untersuchungen humaner Gewebe mittels RNA-Sequenzierung zeigten, dass bis zu 20%

des proteinkodierenden Transkriptoms aus mRNAs bestehen, die für RNA-bindende-Pro-
teine (RBPs) kodieren, und untermalen somit eine entscheidende funktionelle Bedeutung
dieser Proteinklasse [1]. Bereits während der Transkription können mRNAs Bindungen
mit spezifischen RBPs eingehen. Solche aus mRNA und meist mehreren Proteinen ge-
formte Komplexe werden mRNA-Ribonukleoproteine (mRNPs) genannt und unterliegen
einem dynamischen Auf-, Um- und Abbau. Die weiteren Abschnitte im Lebenszyklus der
gebundenen RNAs werden maßgeblich durch die RNPs und durch die beteiligten RBPs
beeinflusst. So ermöglichen und beeinflussen sie unter anderem die Reifung, die posttran-
skriptionelle Modifikation, den nukleären Export, den Transport, die Lokalisation, die
Translation sowie die Stabilität und den Abbau der gebundenen Transkripte und sind da-
mit als regulatorische Elemente der posttranskriptionellen Genexpression zu verstehen [1–
4]. Dabei ist nicht das RBP alleine entscheidend für die Art und Weise, in welcher die
gebundene mRNA reguliert wird, sondern vielmehr die Kombination zwischen RBP und
mRNA-Transkript. So kann ein und dasselbe RBP je nach gebundenem mRNA-Transkript
beispielsweise dessen Abbau fördern, aber ganz im Gegenteil ein anderes vor dem Abbau
schützen. Solche „mehrwertigen“ Regulationsformen sind beispielsweise für FMRP (fragi-
le X mental retardation Protein) [5], AUF1 (AU-rich element RNA-binding protein) und
seine Isoformen [6] und für Mitglieder der IGF2BP(insulin-like growth factor 2 mRNA-
binding protein)-Proteinfamilie [7] bekannt.
Funktionsstörungen von RBPs können wie im Falle des FMRP krankheitsauslösend

sein. So führt eine Triplettexpansion in der 5 ’-untranslatierten Region (5‘-UTR) des für
das FMRP kodierenden Gens FMR1 (fragile X mental retardation 1 ) zu einer Hyperme-
tylierung und einer damit verbundenen transkriptionellen Hemmung mit dem Ergebnis
einer einem Funktionsverlust gleichenden Depletion von FMRP, was bei hinreichendem
Funktionsverlust zum Fragilen-X-Syndrom führt [5, 8]. Konsequenterweise führen auch
FMR1-Punktmutationen, die mit einem Funktionsverlust des FMRP einhergehen, zur
Entwicklung desselben Krankheitsbildes [9, 10]. Abgesehen von Mutationen, die zu einem
Funktionsverlust führen, sind auch krankhafte Zustände beschrieben, die in Zusammen-
hang mit einem Funktionsgewinn von RBPs gebracht werden konnten. So sind RBPs in
zahlreichen malignen Neoplasien die am höchsten hochregulierte Protein-Klasse [11], was
als Ausdruck der erhöhten Translationsleistung dieser Zellen und einer damit verbundenen
erhöhten Anforderung an Regulationsmechanismen gewertet werden kann [12]. Beispiels-
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1 Einleitung und Zielstellung

weise führte eine Überexpression von AUF1 in einem transgenen Mausmodell bei über
50% der Tiere zu einer multifokalen Entstehung sarkom-, karzinom- und lymphomartiger
Tumore [13]. Auch die Bedeutung der IGF2BPs ist im Zusammenhang mit unterschiedli-
chen Entitäten maligner Tumorerkrankungen des Menschen häufig untersucht worden [7,
14].

1.1 Die Insulin-like growth factor 2 mRNA-binding proteins
Bezug zu Manuskript 1, S. 46 [7] & Manuskript 4, S. 99 [15]

Die IGF2BPs sind stark konservierte, paraloge Proteine des Menschen mit onkofetalem Ex-
pressionscharakter [7]. Ihre Fähigkeit, Interaktionen mit RNAs einzugehen, zeichnet sie als
RBPs aus. Zusammen mit paralogen und orthologen Proteinen aus anderen Spezies bilden
sie die Proteinfamilie der VICKZ-Proteine. Diese Bezeichnung setzt sich aus den Anfangs-
buchstaben ihrer Mitglieder zusammen und ist als Akronym zu verstehen. Sie besteht aus
Vg1RBP/Vera (Vg1-mRNA binding protein, aus Xenopus laevis), IGF2BP1, -2 und -3 (aus
Homo sapiens), CRD-BP (coding region determinant-binding protein, aus Mus musculus),
KOC (K homology domain containing protein overexpressed in cancer, aus Homo sapiens)
und ZBP1 (zipcode-binding protein 1, aus Gallus gallus) [16, 17]. Im Rahmen der vorlie-
genden Arbeit wurden überwiegend Untersuchungen an humanem IGF2BP1 durchgeführt,
sodass dieses Paralogon in den nachfolgenden Betrachtungen fokussiert wird.

1.2 Molekulare Struktur der IGF2BPs
Die Mitglieder der VICKZ-Proteinfamilie teilen strukturelle Gemeinsamkeiten bezüglich
ihrer molekularen Primärstruktur und ihrer Proteindomänen. Der N-terminale Bereich
beinhaltet zwei RRMs (RNA-recognition motifs), während sich am C-terminalen Ende
vier HNRNPK(heterogeneous nuclear ribonucleoprotein K )-Homologie(KH)-Domänen be-
finden [7, 18]. Dabei sind jeweils zwei KH-Domänen (KH1 und -2, sowie KH3 und -4)
räumlich benachbart und maßgeblich für die Interaktion der IGF2BPs mit ihren Ziel-
RNAs verantwortlich [19, 20]. Ein Aminosäuresequenzvergleich der VICKZ-Proteine zeigt
eine starke Ähnlichkeit der Proteine untereinander (Abb. 1A, S. 3). Besonders deutlich ist
dabei die Sequenzübereinstimmung innerhalb der Proteindomänen (Abb. 1B, S. 3), sodass
auch eine Ähnlichkeit der Proteine bezüglich ihrer molekularen Funktionen angenommen
werden kann. Hinsichtlich der humanen IGF2BPs ist die Ähnlichkeit zwischen IGF2BP1
und -3 am höchsten, während sich IGF2BP2 stärker auch hinsichtlich der orthologen Prote-
ine aus den anderen Spezies unterscheidet. Eine funktionelle Gleichartigkeit im Speziellen
ist also besonders zwischen IGF2BP1 und -3 zu erwarten [7].

1.3 Molekulare Funktionen des IGF2BP1
Auch wenn es Hinweise für einen Kerntransport von IGF2BP1 gibt [21–24], ist es vorwie-
gend im Zytoplasma lokalisier [16, 18, 20, 25] und liegt dort im Komplex mit seinen Ziel-
transkripten und weiteren RBPs in Form von RNPs vor [26, 27]. IGF2BP1 kann mRNAs
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Abbildung 1 | Aminosäuresequenzvergleich und grundlegende Struktur der VICKZ-Proteine.
(A) Aminosäuresequenzvergleich zwischen IGF2BP1, -2, -3, CRD-BP, ZBP1 und VG1RBP ermittelt
mittels Protein-Blast (blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). Die Farbtafel gibt
die Ähnlichkeit der Aminosäuresequenz zwischen den einzelnen VICKZ-Proteinen in Prozent an (Farb-
kodierung von Hell in Dunkel graduiert entsprechend dieser Ähnlichkeit, siehe LUT). CRD-BP und
ZBP1 aus Mus musculus und Gallus gallus sind Orthologe des humanen IGF2BP1 und zeigen folglich
die höchste Sequenzähnlichkeit, IGF2BP2 die geringste. (B) Schematische Darstellung der gemeinsamen
Proteinstruktur der VICKZ-Proteine und ihrer Domänen maßstabsgetreu nach Sequenzausrichtung mit-
tels COBALT (constrain-based multiple alignment tool - www.ncbi.nlm.nih.gov/tools/cobalt/).
Die Abszisse gibt die Positionen der Aminosäuren an. Im unteren Diagramm ist das Ausmaß der über-
einstimmenden Aminosäuren positionsgenau zu der darüber parallel dargestellten Proteinstruktur wie-
dergegeben. Die größte Homologie der Primärstrukturen findet sich im Bereich der konservierten RNA-
Bindungsdomänen.

sowohl im Bereich der UTRs als auch in der kodierenden Sequenz binden (Manuskript 1 [7],
Tab. 2, S. 51). Dafür wurden bereits unterschiedliche, experimentell eruierte und com-
putergestützt berechnete putative RNA-Sequenzmotive vorgeschlagen [19, 26, 28–34]. In
jüngster Vergangenheit kamen hierbei auch modernere Methoden wie Variationen der
CLIP (cross-linking immunoprecipitation) [31, 33, 34] und RNA bind-n-seq (RBNS) [34]
zur Anwendung. Außer eines Sequenzmotivs scheinen für eine molekulare Interaktion aber
auch die Sekundärstruktur der RNA sowie sterische Eigenschaften von IGF2BP1 von Be-
deutung zu sein [19, 35–37]. Die Bindung von RNA an IGF2BP1 ist somit nicht durch
eine einzige diskrete Konsensussequenz determiniert. Die gebildeten m-/RNPs imponieren
mikromorphologisch als vornehmlich zytoplasmatische, perinukleär und im Bereich von
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Lamellipodien gelagerte granuläre Aggregate von 100-700 nm Durchmesser [25, 26, 29],
welche aus einer distinkten Komposition von Proteinen und m-/RNAs bestehen [26]. Diese
zytoplasmatischen m-/RNPs sind einer Vielzahl von regulatorischen Eingriffen ausgesetzt,
von denen angenommen wird, dass sie in Abhängigkeit von der m-/RNP-Komposition den
weiteren Werdegang der assoziierten m-/RNAs in unterschiedlicher Art und Weise be-
einflussen. Die Abb. 2, S. 5 zeigt eine Zusammenfassung dieser Prozesse und gibt einen
Überblick über bereits bekannte Zieltranskripte von IGF2BP1 und die jeweils erzielten
und im Nachfolgenden einzeln aufgezählten Wirkungen.
1. RNA-Stabilisierung: Bei dem Großteil der bisher beschriebenen Zieltranskripte kommt

es nach Assoziation mit IGF2BP1 zu einer Stabilisierung der RNA durch Verhinderung
des Abbaus durch Exo- und Endonukleasen (Abb. 2E oben, S. 5). Dieser Mechanismus ist
beispielweise für die mRNAs von CD44 (cluster of differentiation 44 molecule – indian
blood group) [38], MYC (myc proto-oncogene protein) [27, 39–43] und PTEN (phosphata-
se and tensin homolog) [44] bekannt. Andererseits kann der Abbau eines Zieltranskripts
auch durch die direkte oder indirekte Maskierung der Bindungsstelle einer mikro-RNA
(miRNA, auch miR) verhindert werden. Ein Beispiel dafür ist die mRNA von BTRC
(beta-transducin repeat containing E3 ubiquitin protein ligase), bei der die Bindung von
miR-183 an die 3’-UTR durch IGF2BP1 inhibiert wird und damit eine miRNA vermit-
telte Degradation durch den miRISC (micro-RNA-induced silencing complex) verhindert
wird [42, 45] (Abb. 2E unten, S. 5). Nach demselben Mechanismus hemmt IGF2BP1 auch
die Degradation der mRNA von MITF (melanogenesis associated transcription factor)
durch die miR-340 [46] und die Degradation der mRNAs von LIN28B (lin-28 homolog
B), HMGA2 (high mobility group AT-hook 2 ) und sogar seiner eigenen mRNA durch die
mikro-RNA let-7 (lethal-7 ) [47]. Die Inhibition des miRNA-vermittelten Abbaus von Ziel-
transkripten scheint im Kontext von Tumorzellen die Hauptfunktion von IGF2BP1 zu
sein [47, 48]. Diesem Regulationsprinzip unterliegen offenbar insbesondere mRNAs, wel-
che Faktoren kodieren, die beispielweise Invasivität und Proliferation von Tumorzellen
begünstigen [48] und teilweise in die Kategorie der Protoonkogene einzuordnen sind.
2. Regulation des RNA-Umsatzes in Stress Granules: Bei Einwirkung von zytotoxischem

Stress kommt es im Zytoplasma zur Bildung sogenannter stress granules (SGs), die unter
anderem aus mRNPs aufgebaut sind (Übersichtsartikel in [49]), in denen IGF2BP1 vertre-
ten ist [50]. Eine vermutete Funktion von SGs ist die Verhinderung einer RNA-Degradation
während der zellulären Stressreaktion, um der Zelle nach Überwindung der Stressphase ein
hinreichendes Reservoire von RNAs zu erhalten. Während die Aufnahme von RNAs in die
SGs relativ unspezifisch zu verlaufen scheint, schützt IGF2BP1 seine Zieltranskripte wäh-
rend der Stressphase vor Abbau, vermutlich durch Zurückhaltung dieser in SGs (Abb. 2H,
S. 5). Dies ist für die mRNAs von ACTB (actin beta), CD44, IGF2 (insulin like growth
factor 2 ) und MYC gezeigt worden [50].
3. RNA-Degradation: Abgesehen von mRNAs, kann IGF2BP1 auch ncRNAs wie die

lange ncRNA (l-ncRNA) HULC (hepatocellular carcinoma up-regulated long non-coding
RNA) binden. Im Gegensatz zu den oben genannten Mechanismen der RNA-Stabilisierung
wird HULC durch eine Interaktion von IGF2BP1 mit dem CCR4(carbo-catabolite repres-
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Abbildung 2 | Regulation der IGF2BP1-Expression und Synopsis über die durch IGF2BP1 wahrgenom-
menen Regulationsmechanismen an seinen Zieltranskripten.
(A) Die Expression von IGF2BP1 wird im Zytoplasma hauptsächlich durch miRNAs reguliert. (B, C)
Außerdem sind epigenetische und transkriptionelle Mechanismen der Transkriptionskontrolle bekannt.
Im Zytoplasma kommt es im Rahmen einer Assoziation von IGF2BP1 mit seinen Zieltranskripten zur
Bildung von mRNPs. Der weitere Werdegang der jeweiligen RNA kann dann verschiedenartig beeinflusst
werden. (D) Die nicht-kodierende RNA HULC ist das erste bekannte Zieltranskript, für das eine De-
stabilisierung durch eine IGF2BP1-vermittelte Rekrutierung des CCR4-NOT-Deadenylierungsapparates
gezeigt ist. (E) Bei den meisten bekannten Zieltranskripten verhindert eine Assotiation mit IGF2BP1
einen mRNA-Abbau durch Exo- und Endonukleasen (oben). Ferner ist für eine Reihe von mRNAs eine
Hemmung der miRNA vermittelten Degradation durch den miRISC gezeigt (unten). (F) Im Falle der
BIRC2- und der HCV-RNA vermittelt IGF2BP1 eine IRES-abhängige Aktivierung der Translation. (G)
Die mRNAs von ACTB, IGF2 und MAPK4 erfahren bei Assoziation mit IGF2BP1 eine Inhibition ihrer
Translation. (H) Unter zytotoxischem Stress assoziiert IGF2BP1 mit mRNAs in sogenannten stress
granules und schützt sie auf diese Weise vor ihrem Abbau. (I) Außer mit mRNAs kann IGF2BP1 auch
mit der Y3-RNA, einer im-ncRNA assoziieren und entsprechend yRNPs formieren. (J) Die mRNAs von
ACTB und PPP1R9B können entlang des Zytoskletts an einen kernfernen Ort transportiert werden, um
einer lokalisierten Translation zugeführt zu werden. Während des Transports wird eine vorzeitige Trans-
lation verhindert (stark modifizierte Darstellung aus Manuskript 1 [7], Abb. 2, S. 50; Zieltranskripte
in weißen Boxen unterliegen den entsprechend angezeigten Regulationsmechanismen; Referenzen und
Abkürzungen sind im Text aufgeführt.)
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sor 4 )-NOT(negative on TATA)-Deadenylierungsapparat, welcher einen Hauptbestandteil
der RNA-Abbaumaschinerie darstellt, destabilisiert und damit abgebaut [51] (Abb. 2D,
S. 5).
4. Regulation der Translation: Ein weiterer durch IGF2BP1 vermittelter Mechanismus

ist die Möglichkeit einer IRES (internal ribosomal entry site) abhängigen Aktivierung der
Translation der mRNA von BIRC2 (baculoviral IAP repeat containing 2 ) [52] und der
RNA des Hepatitis-C-Virus (HCV) [53] (Abb. 2F, S. 5). Auf der anderen Seite führt eine
Assoziation der mRNAs von ACTB [22, 44], IGF2 [18] und MAPK4 (mitogen-activated
protein kinase 4 ) [44] mit IGF2BP1 zu einer Inhibition ihrer Translation und damit in
diesen Fällen zu einer negativen Regulation der Genexpression (Abb. 2G, S. 5).
5. mRNA-Transport: Jenseits dieser grundsätzlich die Expression regulierenden Funk-

tionen wurde im Falle der mRNAs von β-Aktin (Übersichtsartikel in [54]) und Spinophilin
(auch PPP1R9B, protein phosphatase 1 regulatory subunit 9B) [32] zusätzlich eine den
mRNA-Transport betreffende Funktion des IGF2BP1 beschrieben (Abb. 2J, S. 5). Die β-
Aktin-mRNA weist eine konservierte, 54 Nukleotide umfassende Sequenz in der 3‘-UTR
auf, die für den intrazellulären Transport der mRNA essentiell ist [55]. Die β-Aktin-mRNA
und IGF2BP1 treten an diesem als zipcode bezeichneten Sequenzmotiv in Interaktion und
werden in Form eines mRNPs mittels axonalen und dendritischen Transports entlang des
Zytoskeletts in die Lamelli- und Filopodien des Dendriten [56] und des axonalen Wachs-
tumskegels [57] sowie in die Lamellipodien von Fibroblasten [29] transportiert. Erreicht der
Transportkomplex seinen Zielort, dissoziiert die β-Aktin-mRNA durch Phosphorylierung
des IGF2BP1 (am Thyrosin 396) durch die SRC (SRC proto-oncogene, non-receptor tyro-
sine kinase), um dann für Translationsprozesse zur Verfügung zu stehen [22]. Durch diesen
Mechanismus wird zum einen eine vorzeitige Translation verhindert und zum anderen eine
lokalisierte Translation an geeigneten kernfernen Zielorten ermöglicht [29].
6. Bildung von yRNPs: IGF2BP1 kann neben HULC auch mit anderen ncRNAs wie

dem Vertreter der Gruppe der sogenannten intermediate-sized ncRNAs (im-ncRNAs) Y3
(Erstbeschreibung in [58]) assoziieren [15, 24] (Abb. 2I, S. 5) und als akzessorisches Protein
zusammen mit den ebenfalls an der Y3-RNA gebundenen Proteinen TROVE2 (TROVE
domain family member 2, auch Ro60 oder SSA2) und SSB (Sjogren syndrome antigen
B, auch La) die Proteinkomponente sogenannter Y RNPs bilden [59–61]. Eine IGF2BP1-
Depletion führt zu einer Akkumulation von Y3 und Ro60 im Zellkern, sodass seine An-
wesenheit für den nukleären Export des Y3-Ro60-Komplexes scheinbar von Nöten ist und
IGF2BP1 auch in diesem Fall seine Rolle als Vehikel für den Transport und die subzelluläre
Verteilung von RNAs wahrnimmt [24]. Auch wenn noch nicht vollständig verstanden, so
spricht die hohe Konservierung von Y3 [62–69] für eine bedeutende biologische Funktionen
dieser im-ncRNA [70].
Die vielen durch IGF2BP1 wahrgenommenen Regulationsmöglichkeiten einer hohen An-

zahl sehr unterschiedlicher RNAs verdeutlichen die hohe modulierende Einflussnahme der
IGF2BPs in die Genexpression und die damit verbundenen Wirkungen auf zelluläre Pro-
zesse im physiologischen Kontext einerseits und lassen andererseits ein hohes Ausmaß einer
Dysregulation der Genexpression in einem pathologischen Kontext vermuten.
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1.4 Regulation der IGF2BP1-Expression
Die Kontrolle der IGF2BP1-Expression findet auf transkriptioneller und posttranskriptio-
neller Ebene statt und ist bisher nicht erschöpfend aufgeklärt. Außerdem werden epigene-
tische Regulationsmechanismen postuliert.
1. Transkriptionelle Regulation: In HEK-293T-Zellkulturen scheint die IGF2BP1-Ex-

pression durch β-Catenin (catenin beta 1 ) in Kombination mit dem Ko-Transkriptions-
faktor TCF7L2 (transcription factor 7 like 2, auch TCF4) verstärkt zu werden, wo-
mit anzunehmen ist, dass die Regulation der IGF2BP1-Transkription dem kanonischen
Wnt(wingless-related integration site)-Signalweg unterliegt [42, 71, 72]. In humanen Mam-
makarzinom-Zelllinien konnte spezifiziert werden, dass diese Aktivierung durch eine Bin-
dung des β-Catenin/TCF4-Komplexes an den IGF2BP1-Promotor ausgelöst wird [71,
72]. Übereinstimmend mit diesen Ergebnissen aus Zellkulturexperimenten zeigt sich in β-
Catenin-defizienten Mausembryonen eine reduzierte IGF2BP1-Expression [73]. Des Wei-
teren scheint IGF2BP1 im Kontext von Leukämie-Zelllinien ausgerechnet in Zellen mit
aktivierter Wnt-Signalkaskade exprimiert zu sein [74]. Auf der anderen Seite stabilisiert
IGF2BP1 durch Bindung im kodierenden Abschnitt die mRNA der substraterkennenden
Untereinheit βTrCP1 (beta-transducin repeat containing protein 1 ) des für den β-Catenin-
Abbau notwendigen E3-Ubiquitin-Ligase-Komplexes SCFβTrCP1 (skp1-cullin1-F-box pro-
tein) [42, 75] und hemmt damit seine eigene Transkription im Sinne einer negativen Rück-
kopplungsschleife [7, 42].
Des Weiteren konnte eine Aktivierung der IGF2BP1-Transkription durch MYC in HEK-

293T- und Hela-Zellen gezeigt werden. Der IGF2BP1-Promotor beinhaltet vier MYC Bin-
dungsstellen, die jede einzeln für sich Einfluss auf die IGF2BP1-Expression haben [75].
Da IGF2BP1 seinerseits sowohl die MYC- [39, 42, 75–79] als auch die β-Catenin-mRNA
stabilisiert [71], entsteht in diesen Achsen mit beiden Proteinen eine sich verstärkende
Rückkopplungsschleife mit der Konsequenz einer Erhöhung der Expression jeweils beider
Proteine (Abb. 2C, S. 5).
2. Posttranskriptionelle Regulation: Im Zytoplasma wird die Expression von IGF2BP1

wesentlich durch miRNAs reguliert. Die 3‘-UTR von IGF2BP1 beinhaltet sechs puta-
tive Bindungsstellen für die let-7 miRNA [80], welche weitläufig als tumorsuppressive
miRNA akzeptiert ist (Übersichtsartikel in [81]). In Hela-, HEK-293TN- [80] und ES-2-
Zellen [47] konnte eine in der IGF2BP1-3‘-UTR-angreifende, suppressive Wirkung der let-7
miRNA auf die IGF2BP1-Expression festgestellt werden. Diese Ergebnisse konnten von
Nishino et al. (2013) [73] sowohl ex vivo in primären neuronalen Zellkulturen der Maus als
auch in vivo amModell einer transgenen Maus mit induzierbarer let-7 miRNA rekapituliert
werden [73]. In der dIMP-3‘-UTR kommt ebenfalls mindestens eine let-7 Bindungsstelle
vor [82]. Gleichlautend mit den Ergebnissen aus der Maus konnte auch in den Stammzellen
des Hodens von Drosophila melanogaster eine Repression der dIMP-Expression durch let-7
in vivo gezeigt werden [82]. Der Regulation durch let-7 kann IGF2BP1 interessanter Weise
durch zweierlei Mechanismen entgehen. Zum einen kann IGF2BP1, wie im vorangegange-
nen Abschnitt erwähnt, durch Bindung an seine eigene mRNA die let-7 Bindungsstellen
maskieren [47]. Zum anderen kann in humanen Tumorzellen unter Umständen eine alter-
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native Polyadenylierung der IGF2BP1-mRNA einen Verlust der let-7-Bindungsstelle in der
3‘-UTR herbeiführen und so let-7 wirkungslos machen [47, 83]. In neueren Untersuchun-
gen konnte außerdem eine Fülle von miRNAs identifiziert werden, die eine Repression
der IGF2BP1-Expression in einer Reihe humaner Tumorzelllinien aus unterschiedlichen
Entitäten verursachen. Wie im Falle von let-7 wurden auch diese miRNAs jeweils als tu-
morsuppressiv bezeichnet [84–92] (Abb. 2A, S. 5).
3. Epigenetischer Regulationsmechanismus: Außer der trans- und posttranskriptionel-

len Regulation gibt es auch Anhaltspunkte für einen epigenetischen Regulationsmecha-
nismus der IGF2BP1-Expression. Die Promotorregion von IGF2BP1 weist eine erhöh-
te CpG(Desoxycytidin-Phosphorsäure-Desoxyguanosin)-Dinukleotid-Dichte auf [93], wo-
durch die reduzierte IGF2BP1-Expression in adulten Zellen möglicherweise das Resultat
einer Methylierung des IGF2BP1-Promotors sein könnte [94]. In einer Reihe von IGF2BP1-
negativen, aber nicht in IGF2BP1-positiven Mammakarzinom-Zelllinien aus unterschiedli-
chen Spezies wurde eine erhöhte Methylierung des IGF2BP1-Promotors gezeigt [72]. Tat-
sächlich führte auch eine Behandlung sowohl von in der Regel IGF2BP1-negativen, CD34-
positiven, primären hämatopoietischen Stammzellen [41] als auch von IGF2BP1-negativen
MTLn3-Zellen (Mammakarzinom aus Rattus norvegicus) [72] mit demethylierenden Agen-
zien (Vidaza bzw. Decitabin) zur Induktion einer IGF2BP1-Expression. Mechanistisch be-
trachtet, scheint die Promotormethylierung die Bindung von β-Catenin an den IGF2BP1-
Promotor zu blockieren und damit zu einer Inhibition der IGF2BP1-Transkription zu
führen [72]. Der Methylierungsstatus des IGF2BP1-Promotors scheint dabei durch TET1
(tet methylcytosine dioxygenase 1 ) kontrolliert zu werden [95] (Abb. 2B, S. 5).

1.5 IGF2BP1 im physiologischen Kontext
1.5.1 Physiologische Expression des IGF2BP1

Im physiologischen Kontext ist die stärkste Expression der IGF2BPs während der prä-
natalen Entwicklungsperiode in verschiedenen Geweben unterschiedlichster Organismen
zu verzeichnen [1, 7, 18, 96]. Während der Embryogenese der Maus (Mus musculus)
kommt es zu einer biphasischen Expression aller IGF2BPs auf mRNA- und Proteine-
bene. Dabei wird nach einem frühen Expressionsmaximum im Stadium der Zygote ein
zweites Expressionsmaximum 12,5 Tage post coitum (entspricht Embryonaltag E12.5 und
Theiler-Stadium ts20/21) beschrieben [18, 35, 96] (Übersichtsartikel in [97, 98]). In gan-
zen Mausembryonen durchgeführte in situ-Hybridisierungen erlaubten schließlich neben
der Analyse der zeitlichen auch eine topographische Auflösung der IGF2BP1-Expression.
So ist die IGF2BP1-mRNA im Moment des zweiten Expressionsmaximums insbesondere
im Pros- und Rhombencephalon, im Neuralrohr und in den Extremitätenknospen sowie ge-
ringer auch im Mittelgesicht, in der Schwanzknospe, in den Schlundbögen, in den Somiten
und innerhalb der Organanlagen von Augen, Zunge, Herz, Lunge sowie Leber beobachtet
worden [96].
Ein ebenfalls zweizeitiger Expressionscharakter und insbesondere auch eine wie imMaus-

embryo auffällige Distribution im sich entwickelnden zentralen Nervensystem konnte in
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sehr ähnlicher Form während der Ontogenese von Rattus norvegicus (Wanderratte) [56,
99],Gallus gallus (Bankivahuhn) [57, 100],Drosophila melanogaster (Tau-/ Obstfliege) [30,
101–103], Xenopus laevis (glatter Krallenfrosch) [104–106] und Danio rerio (Zebrabärb-
ling/ -fisch) beobachtet werden [105]. Die zeitliche und örtliche Expression des IGF2BP1
scheint damit speziesübergreifend auch über die Grenzen der Vertebraten hinaus konser-
viert zu sein. Detailliertere Untersuchungen an neuronalem Gewebe zeigten, dass IGF2BP1
insbesondere in der dorsomedialen Rinde des Telencephalons des Mausembryos [73] sowie
in der Neuralplatte, im späteren Neuralrohr unter Aussparung der Bodenplatte und in
Neuralleistenderivaten von Xenopus laevis [106] exprimiert ist.

Im Vergleich zu embryonalen Geweben zeigt IGF2BP1 in den meisten Geweben adul-
ter Organismen eine unter die Detektionsschwelle herabregulierte und nur noch in wenigen
Zelltypen in eher geringen Mengen nachweisbare Expression (Manuskript 1 [7], Abb. 3, S. 52).
So bleibt IGF2BP1 in mesenchymalen Stammzellen des Kolons [107], des Knochenmar-
kes [108] und der Nabelschnur [41], in den Oozyten und den Spermatogonien der adulten
Maus [109] und der adulten Taufliege [110] sowie im Ejakulat des Menschen nachweiß-
bar [109]. Eine geringe Expression ist außerdem in den Neuronen des Ganglion spinale
adulter Ratten [111] sowie ohne Angabe des genauen Zelltyps im Dünn- und Dickdarm,
im Tubulussystem der Niere und in der Leber der Maus zumindest noch einige Tage nach
der Geburt nachweisbar [96]. Eine Funktion des IGF2BP1 ist somit auch jenseits entwick-
lungsbiologischer Prozesse zu vermuten.
In Analogie zu den noch undifferenzierten embryonalen Zellen scheint IGF2BP1 im

adulten Organismus insbesondere in Zellpopulationen mit Stammzellcharakter [41, 95,
108] sowie in Zellen mit noch erhaltenem Proliferationspotenzial [112] exprimiert. Dieses
Expressionsprofil legt nahe, dass IGF2BP1 die Proliferation und Selbsterneuerung von
Zellen begünstigen könnte und würde damit typische Eigenschaften eines Protoonkogens
erkennen lassen.

1.5.2 IGF2BP1 in der Ontogenese

Neben deskriptiven Expressionsanalysen von IGF2BP1 sind in Hansen et al. (2004) [96]
Ergebnisse einer IGF2BP1-knockout-Maus veröffentlicht, die zahlreiche Erkenntnisse auch
bezüglich einer biologischen Bedeutung des Proteins erbrachten. Homozygot IGF2BP1-
defiziente Mäuse zeigten einen geschlechtsunabhängigen pathologischen Phänotyp. Es stell-
te sich eine erhöhte perinatale und postnatale Mortalität von 50% innerhalb der ersten drei
Lebenstage sowie eine um durchschnittlich 18% reduzierte Masse der Plazenta dar [96].
Des Weiteren zeigten die überlebenden Mäuse ein um 21% reduziertes Geburtsgewicht,
kombiniert mit einem disproportionierten Körperbau und einer gewissen fazialen Dysmor-
phie sowie eine postnatale Gedeihstörung mit resultierender Reduktion der Körpermasse
um durchschnittlich 40% im adulten Stadium [96]. Ferner konnten skelettale Wachstums-
anomalien im Sinne eines reduzierten Ausmaßes der langen Röhrenknochen neben einer
verzögerten Mineralisation der Knochensubstanz und einer Reduktion des Knorpelgewe-
bes in einer Reihe von Skelettelementen gezeigt werden [96]. In Zeitreihenanalysen der
Embryonen wurden die ersten Zeichen eines verzögerten Körper- und Organwachstums be-
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reits intrauterin im Stadium E14.5 registriert und erreichten im Stadium E17.5 statistische
Signifikanz [96]. Die intrauterine Wachstumsstörung entsteht folglich erst nach dem Zeit-
punkt der höchsten IGF2BP1-Expression, sodass ein direkter Zusammenhang zwischen der
Wachstumsstörung und dem IGF2BP1-Defizit wahrscheinlich ist. In der Chronologie der
Embryonalentwicklung der Maus wirkt das IGF2BP1-Defizit also in der Übergangphase
der von der Organogenese geprägten Embryonalperiode in die von einem Organwachstum
geprägten Fetalperiode. Es lässt sich damit eine wichtige Rolle von IGF2BP1 in prolifera-
tiv aktivem fetalen Gewebe vermuten. Unterstützt wird diese Annahme durch Prolifera-
tionsexperimente mit aus Embryonen des Stadiums E17.5 isolierten Fibroblasten (mouse
embryo fibroblasts; MEFs), in denen sich eine reduzierte Proliferationsrate der IGF2BP1-
defizienten MEFs zeigte [96]. Ferner verweist auch die Tatsache, dass die reduzierte Körper-
und Organmasse Ausdruck einer Hypoplasie und nicht etwa einer Hypotrophie ist [96], auf
eine reduzierte Fähigkeit des embryonalen Gewebes zur Proliferation.

Die Autoren unterscheiden die Mechanismen die eine intrauterine Wachstumsretardie-
rung auslösen von denen, die zu einem reduzierten postnatalen Wachstum führen. Neben
der Möglichkeit einer durch eine plazentare Insuffizienz bedingten Wachstumsretardie-
rung wurde in den IGF2BP1-defizienten Mäusen auch eine Reduktion der Translation der
IGF2-mRNA im Stadium E12.5 beobachtet und als mögliche Erklärung der intrauterinen
Wachstumsretardierung angeführt. Die IGF2-leader-3 -mRNA gehört zu den erstbeschrie-
benen IGF2BP-Zieltraskripten, war aus diesem Grund namensgebend für die Proteinfami-
lie (Erstbeschreibung in [18]) und kodiert für einen wichtigen embryonalen Wachstumsfak-
tor (Übersichtsartikel in [113]). Die IGF2-mRNA und IGF2BP1 zeigen im Zeitraum des
zweiten Expressionsmaximums (Stadium E12.5) eine ähnliche Verteilung im embryonalen
Mausgeweben, sodass der Phänotyp der homozygot IGF2BP1-defizienten Mäuse auf eine
fehlende Regulierung dieses Wachstumsfaktors durch IGF2BP1 zurückzuführen sein könn-
te [96]. Damit übereinstimmend zeigen IGF2-knockout-Mäuse einen ähnlichen Phänotyp
mit sowohl intrauteriner Wachstumsretardierung, reduziertem Körpergewicht im adulten
Stadium sowie eine kleindimensionierte Plazenta zu einem Zeitpunkt, der nach dem Stadi-
um E12.5 liegt [96, 114–117] und damit zeitlich mit den Veränderungen aus den IGF2BP1-
defizienten-Mäusen zusammenfällt. Auch weisen beide knockout-Mausstämme skelettalen
Entwicklungsanomalien auf. IGF2 ist im sich entwickelnden Skelettsystem stark expri-
miert [118] und fördert die Differenzierung und die Proliferation von Chondrozyten und
Osteoblasten sowie die Synthese der Extrazellulärmatrix des Knorpel- und Knochengewe-
bes durch diese Zelltypen [119] (Übersichtsartikel in [120]). Die sich durch Abwesenheit von
IGF2BP1 einstellende Translationshemmung von IGF2 kann somit ebenfalls als mögliche
Ursache der skelettalen Entwicklungsanomalien in Frage kommen.
Als eine mögliche Erklärung für das postnatale Wachstumsdefizit und als gleichzeitig

auffälligste anatomische Anomalie der überlebenden IGF2BP1-knockout-Mäuse zeigten
sich in Dünn- und Dickdarm nekrotische Areale mit abgeflachten und verschmälerten Villi
sowie eine reduzierte Tiefe der Krypten [96]. Die postnatale Gedeihstörung wäre nun un-
abhängig von dem IGF2BP1-Defizit durch ein Malabsorptions- oder Malassimilationssyn-
drom hinreichend erklärt [96].
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Die Autoren erklären die hohe Variation von überlebensfähigen bis hin zu letalen Phä-
notypen der homozygot IGF2BP1-defizienten-Mäuse mit der denkbaren Möglichkeit einer
Kompensation der IGF2BP1-Funktion durch die anderen eine ähnliche Bindungsspezifität
für RNA aufweisenden Paraloge IGF2BP2 und -3 [96].
Im Genom von Drosophila melanogaster kommt nur das zu IGF2BP1 orthologe Protein

dIMP vor (Übersichtsartikel in [101]). Eine Funktionsverlust-Mutation ist in diesem Orga-
nismus nicht überlebensfähig [102] und verdeutlicht die Wichtigkeit dieses Faktors in der
Ontogenese bei ausbleibender Kompensationsmöglichkeit durch paraloge Proteine.

1.5.3 IGF2BP1 in der embryonalen Neurogenese und Zellmigration

Eine Vielzahl von Zellen im Embryo und im adulten Organismus nutzt einen dynamischen
Auf- und Abbau spezialisierter Membranprotrusionen um eine zielgerichtete Fortbewe-
gung und Migration auszuführen (Übersichtsartikel in [121]). Diese im Allgemeinen als
Pseudopodien bezeichneten Zellkompartimente sind reich an Aktinfilamenten und kön-
nen auf Basis morphologischer Charakteristika unter anderem in Lamelli- und Filopodien
eingeteilt werden (Übersichtsartikel in [122]).
In noch undifferenzierten Neuronen verläuft sowohl das Auswachsen des Neuriten in

Form eines Wachstumskegels als auch das Wachstum des Dendriten nach einem gleicharti-
gen Prinzip und bildet die Basis der Synaptogenese (Übersichtsartikel in [123]). Als treiben-
de Kraft und als zugrundeliegender molekularer Mechanismus dieser komplexen Bewegung
kann eine gegen die Membran gerichtete Polymerisation von Tubulin- und Aktinfillamen-
ten angesehen werden (Übersichtsartikel in [122, 124]). Die gerichtete Bewegung dieser
Kompartimente in den heranwachsenden Neuriten und Dendriten ist dabei abhängig von
der lokalen β-Aktin-Konzentration [21, 55, 57]. Diese Differenzierungsprozesse von Ner-
venzellen sind in einer Reihe von Spezies mit einer IGF2BP1-abhängigen Regulation der
β-Aktin-mRNA in Verbindung gebracht worden und sind passend zur wiederholt beobach-
teten Expression des IGF2BP1 im neuronalen Gewebe von Embryonen unterschiedlicher
Organismen (Abschn. 1.5.1, S. 8). Der durch IGF2BP1 realisierte Transport der β-Aktin-
mRNA in unreifen Neuronen mit Ermöglichung einer lokalisierten Translation ist eine
Voraussetzung für die gerichtete Bewegung des Wachstumskegels heranwachsender Neuri-
ten in Xenopus laevis [125, 126], Mus musculus [127] und Rattus norvegicus [128] sowie für
das axonale Wachstum embryonaler Neuronen der Maus per se [111]. In den embryonalen
hippocampalen Neuronen des Huhns (Gallus gallus) führte eine IGF2BP1-Defizienz ferner
zu einer Beeinträchtigung der Motilität der Wachstumskegel der Neuriten [57]. Hinsicht-
lich des Dendriten konnte in IGF2BP1-depletierten embryonalen Hippocampus-Neuronen
der Ratte eine verringerte Anzahl der dendritischen Filopodien und Synapsen [56] so-
wie ein niedrigeres Verzweigungsniveau der Dendriten [99] und damit eine Reduktion der
Aufnahmefläche synaptischer Kontakte beobachtet werden.
Nicht nur in Bezug auf die Ausreifung der zentralen, sondern auch auf die der pe-

ripheren Neuronen kommt dem IGF2BP1 eine entscheidende Bedeutung zu. So ist das
zu IGF2BP1 orthologe dIMP aus Drosophila melanogaster wesentlich für die Entwicklung
der motorischen Endplatte von Motoneuronen und möglicherweise auch für eine fehlerfreie
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neuromuskuläre Erregung [102] sowie für ein auf die Muskelfaser gerichtetes Wachstum der
Axone [129, 130].
In der Embryonalentwicklung von Xenopus laevis ist das dem IGF2BP1 orthologe

VG1RBP/Vera essentiell für die Migrationseigenschaften der Zellen von Neuralleisten und
Neuralrohr. Ein Funktionsverlust des Proteins im Zweizellstadium führt hier zu einem
ausbleibenden Schluss der Deckplatte des Neuralrohrs und zu einer gestörten Migration
von Neuralleistenabkömmlingen wie den Melanozyten mit resultierender irregulärer Pig-
mentierung der Embryonen [106].
Neben den beschriebenen Funktionen in Neuronen ist der IGF2BP1-vermittelte Trans-

port der β-Aktin-mRNA auch im Zusammenhang mit den Migrationseigenschaften der
Fibroblasten des Hühnerembryos gebracht worden. Die durch IGF2BP1 ermöglichte lo-
kalisierte β-Aktin-Translation innerhalb des die Zellbewegung anführenden Membranfort-
satzes ist essentiell für die Etablierung einer Zellpolarität [100] und einer gerichteten Mo-
tilität [29] dieser Zellart.
Abgesehen von den Eigenschafen im Embryo ist die regelrechte Regeneration axonal

geschädigter adulter muriner Neurone von einem ungestörten Transport von mRNAs durch
IGF2BP1 abhängig [111].
Die Regulationsmechanismen der β-Aktin-mRNA durch IGF2BP1 sind demnach speziell

und umfassen neben der bei den anderen Zieltranskripten vornehmlich wahrgenommenen
reinen Translationskontrolle auch den Transport der mRNA und damit die spatiotemporale
β-Aktin-Expression. Somit ist IGF2BP1 als ein wichtiger Faktor für den Ausreifungspro-
zess und für die synaptische Plastizität embryonaler Neurone, für die Regenerationsfä-
higkeit adulter axonal geschädigter Neurone als auch für die Migrationseigenschaften von
Fibroblasten anzusehen.

1.5.4 Die Bedeutung von IGF2BP1 in der Aufrechterhaltung von
Stammzelleigenschaften

In traumatisch erzeugten Gewebeschäden der Kolonschleimhaut von adulten Mäusen konn-
ten MANIERI et al. (2012) [107] eine Expression von IGF2BP1 in den an der Gewe-
beregeneration beteiligten mesenchymalen Stammzellen (MSCs) des Kolons zeigen. Die
Autoren postulieren eine stabilisierende Funktion des Proteins auf die mRNA von PTGS2
(prostaglandin-endoperoxide synthase 2, auch cyclooxigenase-2 ), dessen volle Expression
aus zwei funktionierenden Allelen in MSCs für eine regelhaft ablaufende Wundheilung
unabdingbar ist [107]. In Anbetracht dieser Ergebnisse stellt sich die Frage nach einer
grundsätzlichen Funktion von IGF2BP1 im Rahmen von Regenerationsprozessen im Sin-
ne einer Wundheilung auch anderer adulter Gewebe, da PTGS2 bei allen akuten Inflam-
mationsprozessen induziert wird und zu den wichtigen Enzymen bei der Synthese von
Entzündungsmediatoren gezählt wird [131].
In neuronalen Stammzellen des dorsalen Telecephalons muriner Embryonen ist IGF2BP1

durch Stabilisierung der mRNA des Proteins HMGA2 für die Fähigkeit zur Selbsterneue-
rung und die Hemmung der Ausdifferenzierung und damit den Erhalt der Stammzelleigen-
schaften von Bedeutung. In IGF2BP1-depletierten murinen Embryonen kommt es durch
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einen frühzeitigen Verlust dieser Stammzelleigenschaften zu einer bis in das adulte Stadium
persistierenden Reduktion der Hirnmasse [73].
Eine ähnliche Funktion bezüglich der Aufrechterhaltung von Stammzelleigenschaften

konnte in humanen pluripotenten Stammzellen (hPSCs) ermittelt werden. Hier konnte eine
stabilisierende Eigenschaft des IGF2BP1 auf die mRNA des für die Zelladhäsion wichtigen
Proteins ITGB5 (integrin subunit beta 5 ) sowie ein positiver Einfluss auf das antiapopto-
tische Protein BCL2 (B-cell lymphoma 2, apoptosis regulator) gezeigt werden [33]. Eine
Depletion von IGF2BP1 in hPSCs führte schlüssiger Weise zu einer reduzierten Zelladhä-
sion und einer gesteigerten Apoptose [33].
Schließlich ist IGF2BP1 für die Erhaltung der Stammzellnische des Hodens von Droso-

phila melanogaster von Bedeutung. Im Rahmen des Alterungsprozesses kommt es in den
Stammzellen der Keimbahn männlicher Fruchtfliegen zu einem Verlust des für das Selbs-
terneuerungspotenzial dieser Zellen wichtigen Faktors Upd (unpaired) bei gleichzeitigem
Verlust von IGF2BP1 [82]. Es konnte demonstriert werden, dass IGF2BP1 nach Bindung
an die Upd-mRNA eine Stabilisierung dieser durch Maskierung einer Bindungsstelle der
endogenen siRNA (small interfering RNA) siRNA2 bewirkt und das Transkript damit vor
Abbau schützt. In Anwesenheit der im Alterungsprozess hochregulierten let-7 Expression
sinkt auch die IGF2BP1-Expression (Abschn. 1.4, S. 7) mit der Folge einer Reduktion der
Upd-Expression [82].

1.6 IGF2BP1 im pathologischen Kontext
Eine Beziehung zwischen IGF2BP1 und pathologischen Prozessen wurde hauptsächlich
in Verbindung mit malignen neoplastischen Prozessen untersucht. Die meisten dieser Un-
tersuchungen zeigen eine das Überleben, die Migration und die Resistenzentwicklung der
Tumorzellen fördernde Wirkung von IGF2BP1. Zur Erreichung dieser Effekte bedient sich
das Protein in Tumorzellen offenbar an Mechanismen, die sich direkt aus den physiologi-
schen Funktionen von IGF2BP1 im embryonalen Gewebe ableiten.

1.6.1 Pathologische Expression des IGF2BP1

Eine Re-/Expression der IGF2BPs konnte in zahlreichen Entitäten benigner und maligner
humaner Tumore festgestellt werden. Der überwiegende Anteil dieser Untersuchungen zeigt
eine erhöhte Expression der Paraloge IGF2BP1 und -3 (Manuskript 1 [7], Tab. 2 und 3, S. 53
und 54 und aktualisiert Tab. A1, S. 114) [14, 98]. Da IGF2BP1 und -3 abseits davon hauptsäch-
lich in embryonalem Gewebe und nur in geringen Mengen in einzelnen adulten Zelltypen
exprimiert sind, werden sie in der Literatur häufig als onkofetale Proteine betitelt [77, 93,
132, 133]. Im Gegensatz dazu ist IGF2BP2 in vielen adulten Geweben physiologischerwei-
se exprimiert (Manuskript 1 [7], Abb. 3a, S. 52) [109]. Die bezüglich einer IGF2BP1-mRNA-
und/oder Proteinexpresssion am ausführlichsten untersuchten Malignome sind die des Ko-
lons [133–136], der Lunge [133, 137–139], des Ovars [43, 47, 48, 133, 140], der weiblichen
Brustdrüse [72, 132, 133, 141, 142] sowie das Neuroblastom [143]. Weitere Untersuchungen
berichten auch über eine Expression im pankreatischen [133, 144], hepatozellulären [79,
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84, 88, 145, 146], oesophagealen [139], zervikalen, [90] und prostatischen Karzinom [133],
im Basalzellkarzinom [147], Melanom [148], Meningeom [137] und in der B-Vorläufer-ALL
(akute lymphatische Leukämie) [149] sowie in zahlreichen malignen Neoplasien des Ner-
vensystems [85, 137] und des Hodens [109], als auch in zahlreichen malignen und benignen
Weichteiltumore [52, 89, 93]. Mit einem alle Paraloge erkennenden Antikörper konnte
außerdem eine IGF2BP-Expression in zahlreichen Neoplasien des myeloischen und des
lymphatischen Systems [112] sowie in nicht näher bezeichneten Malignomen von Kolon,
Lunge, Hirn, Prostata, Ovar, der weiblichen Brust und im Melanom [150] gezeigt werden.
Des Weiteren ist eine IGF2BP1-Expression in vielen aus humanen Neoplasien zahlreicher
Tumorentitäten gewonnenen Zelllinien nachweisbar (Manuskript 1 [7], Abb. 3b, S. 52) [47, 83].
Eine Überexpression des physiologischerweise bereits in vielen gesunden Geweben exprim-
mierten IGF2BP2 wurde bereits im Liposarkom [151], im HCC [152, 153], im kolorektalen
Karzinom [154] und im oesophagealen Adenokarzinom [155] gesehen, allerdings ist eine
möglicherweise tumorprogressive Rolle bisher nur wenig überzeugend dargestellt worden.
Neben den Studien, die einen direkten Nachweis von IGF2BP1 und/oder seiner mRNA

analysierten, gab es auch eine Reihe von Untersuchungen an Blutseren von Patienten mit
unterschiedlichen Tumorleiden mit einer Entdeckung von Autoantikörpern gegen IGF2BP1,
-2 und -3 [156–165] (und Übersichtsartikel in [166–170]). Dies ist ein indirekter Hinweis
auf die Expression der Proteine in neoplastischen Geweben, und die IGF2BPs sind in die-
sem Kontext als tumorassoziierte Antigene (TAAs) zu bezeichnen. In der Literatur rücken
bezüglich dieses Phänomens insbesondere das HCC und seine präkanzerösen Läsionen in
den Vordergrund mit Entdeckung signifikant erhöhter Autoantikörper gegen alle Paralo-
ge [145, 146, 156–158, 166, 171–174] (Tab. A2, S. 122 und Übersichtsartikel in [170]). In
Einzelfällen waren auch in Seren von Patienten mit Leberzirrhose oder einer chronischen
Hepatitis Autoantikörper gegen zum Teil alle IGF2BPs nachweisbar [145, 146, 173, 174].

1.6.2 Genomische Alterationen des IGF2BP1-Gens

Abgesehen von den Veränderungen der IGF2BP1-Expression konnten einzelne Untersu-
chungen auch Alterationen des IGF2BP1-Gens in malignen Tumorerkrankungen nachwei-
sen. Im Neuroblastom konnte eine Amplifikation des IGF2BP1-Gens in 84% der unter-
suchten Fälle gezeigt werden und mit einer ungünstigen Überlebensprognose korreliert
werden, wobei die Amplifikation insbesondere bei Neuroblastomen im Stadium 4 (nach
international neuroblastoma staging system) zu finden war [143].
Zudem konnte IGF2BP1 in einem Einzelfallbericht eines 16-jährigen Patienten mit einer

ALL der B-Zellreihe als IGH(immunoglobulin heavy chain)-Translokationspartner identi-
fiziert werden [175] und könnte, ähnlich wie für Translokationen anderer RBPs in so-
liden und hämatologischen Neoplasien bereits gezeigt [176], möglicherweise als Tumor-
fördernde Funktionsgewinnmutation wirken. In einer davon unabhängigen Arbeit konn-
te eine IGF2BP1-Überexpression speziell in t(12;21)(p13;q22)/ETV6(ETS variant 6 )-
RUNX1(Runt-related transcription factor 1 )-positiven Fällen der B-Vorläufer-ALL ent-
deckt werden [149]. In Verbindung mit der Tatsache, dass eine ETV6-RUNX1-Translokation
alleine zur klinischen Manifestation einer B-Vorläufer-ALL nicht ausreichend ist [177], liegt
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die Vermutung nahe, dass IGF2BP1 in diesen Fällen zur malignen Entartung beitragen
könnte [175].
Zusätzlich gibt es zwei Berichte über eine Amplifikation des IGF2BP1-Gens in Mamm-

akarzinomen [132, 141]. Das IGF2BP1-Gen ist auf dem Chromosom 17 in Nachbarschaft
zu dem ERBB2(erb-b2 receptor tyrosine kinase 2 , auch HER2/neu)-Gen lokalisiert und
war in einer Untersuchung an 40 Mammakarzinomen in 14 Fällen gemeinsam oder auch
unabhängig von ERBB2 amplifiziert [132].

1.6.3 IGF2BP1 als tumorinitiierender Faktor

In der Tat war im Zeitraum der Datenerhebung zur vorliegenden Arbeit nur ein einziges die
Bedeutung von IGF2BP1 in einer Tumorerkrankung untersuchendes in vivo Experiment
verfügbar. Von Tessier et al. (2004) [178] wurde eine transgene Mauslinie vorgestellt,
welche unter Laktation ein durch den WAP(whey acidic protein)-Promotor kontrollier-
tes IGF2BP1 in den Brustdrüsenzellen exprimierte. Dosisabhängig entwickelten 95% der
stark-exprimierenden und 60% der schwächer-exprimierenden Tiere ein Mammakarzinom
binnen 60 Wochen. Dabei wiesen zahlreiche Tiere eine multifokale/ -zentrische Tumor-
genese und einige der Tiere auch lymphonodale, Ovarial- oder Lungenmetastasen auf.
Damit ist anzunehmen, dass ein alleiniges Auftreten einer hochregulierten Expression von
IGF2BP1 im Brustdrüsengewebe der Maus für eine Tumorinitiation ausreichend ist.

1.6.4 IGF2BP1 als protumorigener Faktor

Bezug zu Manuskript 2, S. 66 [79]

1. Proliferation und Selbsterneuerung: In zahlreichen aus malignen Neoplasien isolierten
Tumorzelllinien wurde eine Abhängigkeit der Proliferation von der IGF2BP1-Expression
in Zellkulturexperimenten gezeigt [41–43, 47, 48, 52, 75, 80, 84–87, 89, 95, 136, 138, 142,
143, 147, 148, 179–183]. Die proliferationsfördernde Wirkung erreicht IGF2BP1 offenbar
durch Erwirkung eines bereits häufig beschriebenen stabilisierenden Einflusses auf die
mRNAs des Protoonkogens MYC [27, 39–44, 76, 79, 136, 184, 185] mit der Konsequenz,
die Expression und damit den onkogenen Einfluss dieses Faktors in malignen Zellen zu un-
terstützen. Die Expressionsfördernde Wirkung von IGF2BP1 auf MYC wurde bereits in
der Mammakarzinom-Zelllinie MCF-7 [41], der Kolonkarzinom-Zelllinie LIM-2405 [136],
der Ovarialkarzinom-Zelllinie ES-2 [43, 48], der Melanom-Zelllinie 1241 mel [148], der
Osteosarkom-Zelllinie U2OS [44], den Neuroblastom-Zelllinien BE(2)-C, IMR-32 und Kel-
ly [143] sowie in MSCs der Nabelschnur [95] gezeigt.
Analog zu MYC hat IGF2BP1 auch eine stabilisierende Wirkung auf die mRNA von

KRAS (KRAS proto-oncogene, GTPase), welches in malignen Neoplasien gehäuft akti-
vierende Mutationen zeigt und damit zu einer gesteigerten Proliferation der Tumorzel-
len führt (Übersichtsartikel in [186]). In der Kolonkarzinom-Zelllinie SW-480 führte eine
siRNA-vermittelte IGF2BP1-Depletion zu einer Reduktion der KRAS-Expression, was
scheinbar als Folge einer stabilisierenden, direkten Interaktion von IGF2BP1 mit dem ko-
dierenden Abschnitt und dem 3‘-UTR der mRNA von KRAS angesehen werden kann [136].
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Des Weiteren kann die Ursache des proliferationsfördernden Einflusses von IGF2BP1 in
der Stabilisierung der GLI1(GLI family zinc finger 1 )-mRNA begründet liegen, welche
einen durch den Hedgehog(Hg)-Signalweg aktivierbaren Transkriptionsfaktor kodiert [95,
179]. Die Zielgene von GLI1 wirken stimulierend auf den Zellzyklus, womit ein aktivierter
Hg-Signalweg in Tumorzellen in erster Linie als Proliferationsstimulus anzusehen ist (Über-
sichtsartikel in [187, 188]). In Kolonkarzinom-Zelllinien (genetisch modifizierte DLD-1 und
LS-174T) konnte eine durch IGF2BP1-Depletion erzwungene Reduktion der Zellteilungs-
rate durch eine GLI1-Überexpression wiederhergestellt werden [179], womit GLI1 als ein
Vermittler des von IGF2BP1 ausgehenden Proliferationsreizes gewertet werden kann.
In neueren Untersuchungen zeigte unsere Arbeitsgruppe außerdem, dass IGF2BP1 die

Protein- [47] und mRNA-Expression [48] des RBPs LIN28B und des chromatinstruktur-
regulierenden Proteins HMGA2 [47] verstärkt. Beide Proteine sind sowohl in Stammzel-
len als auch in malignen Zellen zahlreicher Tumorentitäten exprimiert. Während HM-
GA2 in Stammzellen die Genexpression von proliferationsfördernden Faktoren begüns-
tigt (Übersichtsartikel in [189]), verhindert LIN28B die Zellreifung durch Repression der
heterochronie-miRNA let-7 und hütet so Stammzelleigenschaften wie beispielsweise die
Fähigkeit zur Selbsterneuerung [190]. In der Ovarialkarzinom-Zelllinie ES-2 führte eine
Depletion von HMGA2 zu einer Reduktion der Proliferationsfähigkeit, eine Depletion
von LIN28B zu einer Reduktion der Potenziale zur Selbsterneuerung sowie zur anoikis-
Resistenz und eine IGF2BP1-Depletion zu einer Kombination aller drei Resultate [47].
In derselben Zelllinie führte eine IGF2BP1-Überexpression durch Verhinderung eines let-
7/miRISC-vermittelten Abbaus der mRNAs von HMGA2 und LIN28B zu einer erhöhten
und eine Inaktivierung zu einer reduzierten Expression beider Faktoren, wodurch anzu-
nehmen ist, dass IGF2BP1 in malignen Tumorzellen überlebensfördernde Eigenschaften
von HMGA2 und LIN28B vermittelt [47].
Für den speziellen Fall der ALL mit ETV6/RUNX1-Translokation gibt es Hinweise

für eine stabilisierende Wirkung von IGF2BP1 auf die ETV6/RUNX1-mRNA mit re-
sultierender Expressionssteigerung des Fusionsproteins [191]. Eine IGF2BP1-Depletion in
REH-Zellen führte zu einer Reduktion der Proliferations- und einer Steigerung der Apop-
toserate [182].
2. Apoptose & anoikis Resistenz: Wie bereits häufig in Tumor-Zellkulturen gezeigt,

scheint IGF2BP1 nicht nur aufgrund des vom ihm ausgehenden Proliferationsvorteils,
sondern auch aufgrund einer Unterbindung der Apoptose vorteilhaft für das Wachstums-
verhalten von Tumorzellen zu sein [42, 45, 52, 136, 147, 148, 182]. Ein Anhaltspunkt
für eine Hemmung der Apoptose durch IGF2BP1 ergibt sich durch seine stabilisierende
Wirkung auf die mRNA der Proteine βTrCP1 (Genprodukt von BTRC) [42] und cIAP1
(cellular inhibitor of apoptosis protein 1 ; Genprodukt von BIRC2) [52], die jeweils einen
aktivierenden Einfluss auf den NF-κB(nuclear factor kappa-light-chain-enhancer of acti-
vated B cells)-Signalweg haben und der seinerseits im aktiven Status Überleben, Prolifera-
tion und Inhibition von Apoptose in Tumorzellen steuert (Übersichtsartikel in [192]). Als
substraterkennende Untereinheit der im Abschn. 1.4, (S. 7) beschriebenen Ubiquitin-Ligase
fördert βTrCP1 den Abbau von Inhibitoren des NF-κB, was in der Kolonkarzinom-Zelllinie
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HCT 116 [42, 45] und der Melanom-Zelllinie 1241 mel [148] einen Schutz vor Apoptose
herbeiführte. In einer weiteren Untersuchung konnte gezeigt werden, dass IGF2BP1 die
IRES-abhängige Translation des Apoptoseinhibitors cIAP1 (Abschn. 1.3, S. 2) verstärkt [52].
Das Protein cIAP1 erreicht seine antiapoptotische Wirkung durch Inhibition von Cas-
pasen (Übersichtsartikel in [193]). Die Rhabdomyosarkom-Zelllinie RH36 konnte durch
eine IGF2BP1-Depletion und daraus resultierender, cIAP1-vermittelter Reduktion der
Effektor-Caspasen-Aktivität auf ein durch TNFα-provoziertes Apoptosesignal sensibili-
siert werden [52]. Darüber hinaus führte eine IGF2BP1-Depletion in der Kolonkarzinom-
Zelllinie SW-480 zu einer gesteigerten Expression des proapoptotischen Faktors CYFIP2
(cytoplasmic FMR1 interacting protein 2 ) und zu einer daraus resultierenden gesteigerten
Apoptoserate [136]. Ferner zeigte eine IGF2BP1-Depletion eine Reduktion der Fähigkeit
zur anoikis-Resistenz in Zellkulturen unterschiedlichster Tumorentitäten [47, 48].
3. Chemoresistenz: Schließlich ist ein IGF2BP1-vermittelter Mechanismus zur Entwick-

lung einer Chemoresistenz von Tumor-Zelllinien demonstriert worden. IGF2BP1 hat eine
stabilisierende Wirkung auf das Transkript des zellmembranständigen Substrattranspor-
ters MDR1 (multidrug resistance protein 1 ) [184], welcher in Tumorzellen häufig überex-
primiert ist und als ABC(ATP binding cassette)-Transporter für das Ausschleusen von hy-
drophoben Substanzen, wie sie im Rahmen von Chemotherapien eingesetzt werden, verant-
wortlich ist [194]. In der Ovarialkarzinom-Zelllinie NCI/ADR-RES führte eine IGF2BP1-
Überexpression zu einem erhöhten Expressionsniveau von MDR1 und unterdessen zu einer
gesteigerten Chemoresistenz gegenüber Taxanen [140].
Zusammengenommen sprechen die bislang publizierten Studien für eine das Überleben,

das Wachstum und die Teilung von Tumorzellen fördernde Wirkung von IGF2BP1. Da-
bei erlangt IGF2BP1 diese Möglichkeit über die Stabilisierung von Transkripten, deren
Genprodukte wichtige Steuerelemente in der Regulation des Proliferations- und Apopto-
severhaltens sowie des Umganges mit toxischen Substanzen darstellen.
Zielstellung: Aufgrund der bereits gezeigten hochregulierten Expression von IGF2BP1

in zahlreichen humanen Neoplasien (Manuskript 1 [7], Tab. 2 und 3, S. 53 und 54 und aktualisiert
Tab. A1, S. 114) und der Erkenntnisse über den Einfluss von IGF2BP1 auf die Proliferation
und Apoptose zahlreicher sehr unterschiedlicher Tumorzelllinien (Abschn. 1.6.4, S. 15), stellt
sich die Frage nach einer vom Zelltypen und der Tumorentität unter Umständen unab-
hängigen wachstumsfördernden Funktion des IGF2BP1. Unterstützt wird diese Annahme
durch die genannten regulatorischen Funktionen von IGF2BP1 hinsichtlich tumorassozi-
ierter Faktoren in vitro und in cellulo (Abschn. 1.6.4, S. 15), als auch durch die gezeigte
tumorigene Eigenschaft von IGF2BP1 im Mausmodell in vivo [178] (Abschn. 1.6.3, S. 15).
Trotz vorhandener Einzelfallberichte mit nachweisbarer IGF2BP1-Expression [145, 146]
sowie der Entdeckung von IGF2BP1-Autoantikörpern in betroffenen Patienten [145, 146,
156–158, 166, 171–174] (Tab. A1, S. 114 und Abschn. 1.6.1, S. 13) waren bis zum Zeitpunkt un-
serer Datenerhebung hinsichtlich des HCCs weder systematische Untersuchung über eine
mutmaßlich erhöhte IGF2BP1-Expression noch funktionelle Untersuchungen verfügbar.
In der vorliegenden Arbeit sollte der Einfluss von IGF2BP1 auf die Proliferation und

Apoptose von HCC-Zelllinien zunächst in vitro analysiert werden. Bei Identifizierung eines
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für die Tumorzellen günstigen Einflusses sollte ferner das Wachstumsverhalten von sub-
kutanen HCC xenograft-Tumoren in der thymusaplatischen Maus charakterisiert werden.
Dafür sollte weiterhin die für ein xenograft-Experiment geeignetste HCC-Zelllinie ermittelt
und möglichst optimale Bedingungen für ein quantitatives monitoring der Versuchstiere
geschaffen werden. Da für die Aufrechterhaltung einer hinreichenden IGF2BP1-Depletion
über den notwendigen Gesamtzeitraum der langwierigen in vivo-Experimente eine transi-
ente Depletion von IGF2BP1 unter Umständen unzureichend wäre, sollte die Etablierung
eines lentiviralen Gentransfer-Systems zur genomischen Integration einer gegen IGF2BP1
gerichteten shRNA angestrebt werden. Zu Beginn der Arbeiten waren weder das lentivirale
Gentransfer-System, noch die subkutane Xenotransplantation von humanen Tumorzellen
in thymusaplastische Mäuse, noch das monitoring am Institut erprobt (Thematik publiziert
in Manuskript 2, S. 66 [79]).

1.6.5 IGF2BP1 als migrationsfördernder Faktor

Bezug zu Manuskript 3, S. 79 [185]

Im Zusammenhang mit der Transportfunktion der β-Aktin-mRNA und der dadurch be-
dingten lokalisierten Translation mit Akkumulation von Aktinmonomeren in speziali-
sierte Membranprotrusionen von Neuronen, Neuralleistenabkömmlingen und Fibroblas-
ten (Abschn. 1.5.3, S. 11) kommt dem IGF2BP1 eine Schlüsselfunktion in Migrationspro-
zessen von Zellen und der Motilität spezialisierter Zellfortsetze im Embryo zu. Die im
Rahmen dieser physiologischen Zellmigration ablaufenden und von IGF2BP1 abhängigen
Prozesse lassen sich grundsätzlich in malignen Zellen wiederfinden. Auch wenn zunächst
nicht paralogspezifisch gezeigt, verhelfen insbesondere IGF2BP1 und -3 verschiedenen Tu-
morzelllinien zu einer für Migrationszwecke geeigneten Oberflächendifferenzierung. So ist
anzunehmen, dass IGF2BP1 die Zelladhäsion und die Anzahl von Invadopodien in der
Zervixkarzinom-Zelllinie Hela fördert [38] und einen essentiellen Faktor für die Formation
von Lamellipodien in der Kolonkarzinom-Zelllinie SW-480 darstellt [150]. Außerdem zeigte
sich nach einer Depletion aller IGF2BPs eine Reduktion der Motilität der Blasenkarzinom-
Zelllinie TSU-Pr1 [195]. Des Weiteren ist speziell IGF2BP1 wichtig für die Migration der
Zervixkarzinom-Zelllinien Hela und C33A [90], der Osteosarkom-Zelllinien U2OS [44] und
MG63 [89], der Nierenzellkarzinom-Zelllinie 786-O [87], der HCC-Zelllinien QGY-7703 und
SMMC-7721 [84] und der Glioblastom-Zelllinien U87 und U373 [85] in vitro sowie für die
Migration und Migrationsgeschwindigkeit der Ovarialkarzinom-Zelllinie ES-2 in vitro [44,
47, 48] und die Metastasierung in vivo [48]. Diese Phänotypen werden dabei nicht durch
IGF2B1 direkt verursacht, sondern müssen in letzter Instanz von anderen Faktoren eta-
bliert werden [150, 195]. Mit seiner Fähigkeit die Expression von mRNAs zu regulieren,
nimmt IGF2BP1 als posttranskriptioneller Modifikator hierbei eine Vermittlerrolle ein.
So ist in der Zelllinie Hela ein stabilisierender Einfluss von IGF2BP1 auf die mRNA des
Hyaluronsäurerezeptors CD44 gezeigt worden [38], welcher seinerseits als wichtiger Faktor
für die Migrationsvorgänge in neoplastischen und nicht-neoplastischen Zellen anzusehen ist
(Übersichtsartikel in [196]). Der Einfluss von IGF2BP1 auf das Zusammenspiel der für eine
Migration im Gewebe notwendigen Anpassungen der Zytoarchitektur durch dynamische
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Umbauvorgänge des Zytoskelets (ACTB) (Übersichtsartikel in [197]) einerseits und der
Interaktionen zwischen Zelloberfläche und Extrazellulärmatrix (CD44) (Übersichtsartikel
in [196]) andererseits konnten erstmals durch Stöhr et al. (2012) [44] umfassend aufgelöst
werden und in einen Zusammenhang mit übergeordneten Regelkreisen des Aktinmetabo-
lismus gebracht werden (Übersichtsartikel in [198]). Diese Studie zeigte, dass IGF2BP1 in
der Osteosarkom-Zelllinie U2OS die mRNA des Signalproteins MAPK4 bindet und ihre
Translation inhibiert und umgekehrt die mRNA des Tumorsuppressors PTEN bindet, sta-
bilisiert und ihre Translation steigert. Diese Effekte resultierten in einer Steigerung der
Migrationsgeschwindigkeit und der Konstituierung einer Richtungspersistenz der Tumor-
zellbewegung (Übersichtsartikel in [198]). Die Reduktion der MAPK4-Expression führte
zu einer reduzierten MK5(auch MAPKAPK5, mitogen-activated protein kinase-activated
protein kinase 5 )-abhängigen Phosphoaktivierung von HSPB1 (heat shock protein family B
[small] member 1 ) und damit zu einer Mobilisierung von in der Regel sonst durch HSPB1
sequestrierten Aktinmonomeren (G-Aktin). Analog dazu führte die Translationssteigerung
von PTEN ebenfalls zu einer Inhibition der sonst durch AKT1 (KT serine/threonine kina-
se 1 ) vorgenommenen Phosphoaktivierung von HSPB1. Damit entsteht bezüglich beider
Faktoren ein synergistischer Effekt, welcher über eine erhöhte G-Aktin-Konzentration zu
einer Dynamisierung der Polymerisation von filamentärem (F-)Aktin führte. Des Weite-
ren scheint IGF2BP1 durch die Translationssteigerung von PTEN die Aktivität von RAC1
(Rac family small GTPase 1 ) zu inhibieren, wodurch U2OS-Zellen eine polarisierte Archi-
tektur mit definierter Vorder- und Hinterkante erhalten und dadurch eine Richtungsper-
sistenz der Migration etabliert wird [44]. Passend dazu konnten in davon unabhängigen
Studien auch in der Mammakarzinom-Zelllinie MDA-MB-231 [199] und MTLn3 [200] eine
Richtungspersistenz der Zellbewegungen und in der Zelllinien MTLn3 eine Polarisierung
des Zellkörpers [200, 201] durch eine IGF2BP1-Überexpression bewirkt werden.
Betrachtet man die Situation im Organismus, so erwartet die Metastasierung maligner

Tumorerkrankungen von einzelnen Zellen die Fähigkeit zur Migration in Gewebe und In-
vasion in anatomische Strukturen wie beispielsweise Blutgefäße und Nervenscheiden [202].
Dieses Phänomen wird allerdings auch stark von epithelialen Tumoren beansprucht [203,
204], obwohl ihre Ursprungszellen für gewöhnlich durch zahlreiche Zell-Zell-Kontakte und
teilweise auch Zell-Matrix-Kontakte stark untereinander und mit der Basalmembran ver-
zahnt sind und für gewöhnlich ihre Lokalisation oberhalb der Basalmembran nicht verlas-
sen [205]. Schlussfolgernd kann für die dennoch häufig stattfindende Metastasierung aus
einer solchen Tumormasse angenommen werden, dass die Transformation einer epithe-
lialen Zelle in eine maligne Tumorzelle Änderungen umfassen muss, die zu einem Verlust
ihrer epithelialen Eigenschaften führen. Dieser Prozess wird mithilfe des nicht unumstritte-
nen [206] Modells der epitheliomesenchymalen Transition (EMT) erklärt (Erstbeschreibung
in [207]), welches besagt, dass epitheloide Zellen zumindest für den Zeitraum der Metasta-
sierung Eigeschafften mesenchymaler Zellen annehmen müssen [208] (EMT-Typ 3 [209]).
Tatsächlich konnte in solchen aus Epithelien hervorgegangenen Zellen sowohl eine Nut-
zung bestimmter Zellsignalwege, ein Expressionsprofil einer Reihe von sogenannten EMT-
Marker als auch eine für Migrationszwecke geeignete Zellarchitektur charakterisiert wer-

19



1 Einleitung und Zielstellung

den. Dazu zählen eine aktivierte TGFβ(transforming growth factor beta)-Signalkaskade,
die Expression von Transkriptionsfaktoren wie SNAI1, -2 (snail family transcriptional re-
pressor 1 & -2 ), TWIST1, -2 (twist family bHLH transcription factor 1 & -2 ), ZEB1,
-2 (zinc finger E-box binding homeobox 1 & -2 ) und LEF1 (lymphoid enhancer binding
factor 1 ), die Repression von posttranskriptionellen Regulatoren wie die miRNA-Familie
miR-200, die Expression von typischen Oberflächenproteinen wie CD44 sowie Verände-
rungen und Umstrukturierungen von zytoskelettalen Elementen und Komponenten von
Zellkontakten wie β-Aktin, epitheliales (E-)Cadherin und β-Catenin [210].
Zielstellung: Aufgrund der Erkenntnisse über den Einfluss von IGF2BP1 auf die Migra-

tionsfähigkeit von Tumorzelllinien in vitro [44, 47, 48, 195] im Zusammenhang mit seiner
regulatorischen Funktion der mRNAs von Schlüsselfaktoren der EMT wie β-Aktin [22, 29]
(und Abschn. 1.5.3, S. 11), β-Catenin [42, 71] (und Abschn. 1.4, S. 7) und CD44 [38], stellt
sich die Frage nach einer Funktion von IGF2BP1 in Metastasierungsprozessen. Diese An-
nahme wird durch die Erkenntnisse über eine hochregulierte Expression von IGF2BP1 in
malignen epithelialen Tumoren (Manuskript 1 [7], Tab. 2 und 3, S. 53 und 54 und aktualisiert
Tab. A1, S. 114 und Abschn. 1.6.1, S. 13) sowie der Korrelation der IGF2BP1-Expression mit
der Metastasierung von epithelialen Tumoren im Menschen [150] (Abschn. 1.6.1, S. 13) und
im experimentellen Mausmodell [178, 180] (Abschn. 1.6.3, S. 15) unterstützt. Trotz dieser
Faktenlage waren bis zum Zeitpunkt unserer Datenerhebung keine Untersuchungen be-
züglich einer Funktion von IGF2BP1 im Zusammenhang mit den im Theorem der EMT
konzeptuierten Vorgänge verfügbar.
In der vorliegenden Arbeit sollte der Einfluss von IGF2BP1 auf entsprechende mor-

phologische Veränderungen in humanen Tumorzelllinien sowie möglicherweise damit ver-
bundene regulatorische Effekte von IGF2BP1 auf EMT-Marker untersucht werden. Da
hierfür unter Umständen transiente Funktionsgewinn- und -verlust-Experimente unzurei-
chend wären, sollten diese durch eine stabile Überexpression beziehungsweise durch eine
stabile Depletion von IGF2BP1 mithilfe des im Rahmen dieser Arbeit etablierten lentivi-
ralen Gentransfersystems in einer Reihe von Zelllinien realisiert werden (Thematik publiziert
in Manuskript 3, S. 79 [185]).
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Die Karzinogenese ist als mehrstufiger Prozess zu verstehen, der mit einer Akkumula-
tion genetischer Alterationen einer Ursprungszelle beginnt und in ein von dieser Zelle
ausgehendes, expansives Wachstumsverhalten einer Tumormasse mit der Möglichkeit der
Metastasierung übergeht. Für das Gelingen und vor allem das Überleben dieses Vorgangs
müssen Tumorzellen jedoch eine Reihe von Fähigkeiten akquirieren, die normalerweise
nicht zum Wesen somatischer Zellen gehören. So müssen sie den Status der Immortalität
und ein autonomes Proliferationsverhalten sowie die Fähigkeit zur Selbsterneuerung und
zur Immunevasion erlangen [211]. Ereignisse, die zu einer Manifestation dieses aggressi-
ven Verhaltens führen, werden nach heutigem Verständnis unter anderem auf besonders
ungünstige somatische Mutationen im Genom mit anschließender Dysfunktion betroffener
Genprodukte zurückgeführt [212]. Eine Mutation des IGF2BP1-Gens im Sinne einer klas-
sischen Funktionsverlust- oder -gewinn-Mutation eines Tumorsupressor- oder Onkogens
mit tumortreibenden Eigenschaften schein nach Maßgabe der aktuellen Literatur nicht
der im Vordergrund stehende molekulare Pathogenesemechanismus in der Entstehung von
IGF2BP1-positiven Neoplasien wie dem HCC zu sein [79] (Abschn. 1.6.2, S. 14).

Außer den Veränderungen auf genomischer Ebene treten in malignen Zellen auch trans-
kriptionelle Regulationsstörungen mit Veränderungen des Transkriptoms auf [213]. Die
daraus resultierende veränderte Genexpression von auch nicht-mutierten Faktoren kann
für Tumorzellen vorteilhafte Auswirkungen mit sich bringen [212]. Es ist nicht verwun-
derlich, dass während dieses Prozesses gerade die Expression von RBPs verändert ist [11]
und für Tumorzellen vorteilhaft sein kann [12, 214, 215]. Die mit einer Re-/expression von
IGF2BP1 unmittelbar verbundenen Alterationen der Genexpression seiner Zieltranskripte
und die damit verbundene Modulation der Tumorzelleigenschaften scheinen vielmehr als
krankheitsauslösendes Moment in Frage zu kommen.

2.1 Die Bedeutung von IGF2BP1 für das Wachstumspotential
maligner Neoplasien

In Gutschner et al. (2014) [79] konnten wir erstmals durch eine lentiviral erzeugte
shRNA-vermittelte Depletion von IGF2BP1 sowohl eine Hemmung der Proliferation als
auch eine Steigerung der Apoptose von sechs HCC-Zelllinien in cellulo als auch eine
Reduktion des Tumorwachstums von Hep G2-xenograft-Tumoren in der Maus in vivo
zeigen. Da eine IGF2BP1-Depletion in den subkutanen Xenografts offenbar nur zu ei-
ner Wachstumshemmung sowie zu einer Persistenz von Mikrotumoren und nicht etwa
zu einer Rückbildung des Tumors führte, scheint IGF2BP1 im HCC eher eine Rolle
als Progressionsfaktor denn als Initiationsfaktor einzunehmen. Seine Überexpression ist
damit vielmehr als sekundäres Ereignis in der Hepatokarzinogenese zu verstehen. Be-
züglich IGF2BP1 stellte unser Mausmodell dabei neben dem transgenen Mausmodell
aus Tessier et al. (2004) [178] das zweitbeschriebene Experiment in vivo und das erst-
beschriebene Funktionsverlustexperiment in vivo dar. Nahezu zeitgleich mit der Veröf-
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fentlichung unserer Daten stellten Hamilton et al. (2013) [180] Tierversuche mit dem
übereinstimmenden Ergebnis einer das Tumorwachstum fördernden Rolle von IGF2BP1
in Mausmodellen zum kolorektalen Karzinom vor. So zeigten mittels Kolonkarzinom-
Zelllinien erzeugte subkutane Xenografts bei IGF2BP1-Überexpression ein vergrößertes
Tumorvolumen (Zelllinien SW-480 und LoVo). Zusätzlich konnte in einem genetischen
Mausmodell bei spezifischem IGF2BP1-Knockout in den Schleimhautepithelzellen einer
Kolonkarzinom-entwickelnden APC(Min/+)(adenomatous polyposis coli)-Maus durch seri-
elle Kreuzung mit einer IGF2BP1-LoxP-Maus und einer Villin-Cre-Maus eine Reduktion
der sich entwickelnden Kolonkarzinome von 66% beobachtet werden [180]. In jüngster Ver-
gangenheit konnte unsere Arbeitsgruppe in Müller et al. (2018) [48] unter Einsatz der im
Rahmen der vorliegenden Arbeit etablierten Methodik des lentiviralen Gentransfers und
der Fluoreszenzbildgebung nach Depletion von IGF2BP1 eine Reduktion des Tumorwachs-
tums von ES-2-Xenografts in thymusaplastischen Mäusen beobachten und somit die Ergeb-
nisse aus den Mausversuchen mit der HCC-Zelllinie Hep G2 in einem unabhängigen Zell-
system rekapitulieren. Dieser proliferationsfördernde [41–43, 47, 48, 52, 75, 80, 84–87, 89,
95, 136, 138, 142, 143, 147, 148, 179–183] und antiapoptotische [42, 45, 52, 85, 86, 89, 136,
147, 148, 182] Einfluss von IGF2BP1 konnte bereits in zahlreichen Tumor-Zelllinien unter-
schiedlicher Herkunft gezeigt werden (Abschn. 1.6.4, S. 15). Es gibt jedoch auch einzelne ge-
gensätzliche Berichte, die vor dem Hintergrund eines möglichen publication bias eine beson-
dere Betrachtung verdienen. So zeigte sich nach IGF2BP1-Depletion eine Steigerung der
Proliferationsrate der Leukämie-Zelllinie K-562 [216] und nach IGF2BP1-Überexpression
eine Reduktion der Proliferationsrate der Mammakarzinom-Zelllinie MTLn3 aus Rattus
norvegicus [72]. Zunächst ist festzuhalten, dass nicht jeder Tumor und nicht jede Tumor-
Zelllinie (Manuskript 1 [7], Abb. 3b, S. 52 und Abschn. 1.6.1, S. 13) im gleichen Maße IGF2BP1
exprimiert. Bezüglich der oben genannten Zelllinie MTLn3 ist zu sagen, dass IGF2BP1
in dieser [72] und in anderen Mammakarzinom-Zelllinien des Menschen [83] sowohl auf
Protein- als auch auf mRNA-Ebene nur zu geringen Mengen exprimiert, bis nicht de-
tektierbar zu sein scheint. Diese Tatsache weist darauf hin, dass Mammakarzinome zur
Aufrechterhaltung ihres Wachstums durchaus Mechanismen verwenden können, die von
IGF2BP1 unabhängig sind. Vor dem Hintergrund der hohen genetischen und epigene-
tischen Heterogenität von Tumorzellen unterschiedlicher Herkunft und der damit ver-
bundenen Diversität der von Tumorzellen zur Etablierung ihrer proliferativen Leistung
verwendeten Signalwege [217, 218] und anderen Mechanismen [211] ist es nicht verwun-
derlich, dass nicht alle malignen Zellen auf IGF2BP1 angewiesen sind. Auch im Falle einer
IGF2BP1-Positivität wie bei der oben genannten Leukämie-Zelllinie K-562 muss das Pro-
liferationsverhalten nicht unmittelbar mit IGF2BP1 verknüpft sein. Beispielsweise fördert
IGF2BP1 die Proliferation einer Reihe von Pankreaskarzinom-Zelllinien nur in Anwesen-
heit der Histon-Deacetylase SIRT6 (sirtuin 6 ) [181], welche eine wichtige Funktion für die
genomische Stabilität und die DNA(deoxyribonucleic acid)-Reparatur erfüllt [219]. Da-
mit wird deutlich, dass durch eine Depletion oder Überexpression von IGF2BP1 in den
meisten bisher untersuchten, aber nicht in allen Tumorzellen unweigerlich ähnliche Effekte
erwartet werden können. Die Proliferationsfördernde Wirkung von IGF2BP1 muss sich
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scheinbar erst bei günstiger Konstellation des im speziellen Fall gegenwärtigen Transkrip-
toms entfalten können. In unseren Untersuchungen konnten wir zeigen, dass IGF2BP1 in
Hep G2-Zellen die mRNA des Protoonkogens MYC durch direkte Bindung stabilisiert und
daraus eine Translationssteigerung von MYC resultiert. MYC ist für seine wachstums- und
proliferationsfördernden Wirkungen in malignen Tumorzellen gut bekannt (Übersichtsar-
tikel in [220, 221]), und eine Stabilisierung seiner mRNA durch IGF2BP1 [27, 39–44, 76,
136, 184, 185] mit anschließender expressionsfördernder Wirkung [41, 43, 44, 74, 95, 136,
143, 148] wurde bereits in zahlreichen Tumorzelllinien aus unterschiedlichsten Entitäten
gezeigt. Jedoch konnte der stabilisierende Einfluss von IGF2BP1 auf die mRNA von MYC
nicht in allen von uns getesteten HCC-Zelllinien (Daten nicht gezeigt) und auch nicht
in allen in der Literatur zu findenden Beschreibungen nachgewiesen werden. So kam es
nach IGF2BP1-Depletion in der ALL-Zelllinie REH [182] und in Hela-Zellen [38] nicht
zur erwarteten Reduktion der MYC-Expression. Hierbei sind verschiedene Erklärungen
denkbar. Zum einen kann angenommen werden, dass das Maß der IGF2BP1-Depletion in
diesen Zelllinien für eine Reduktion der MYC-Expression unzureichend war, so wie es die
Autoren im Falle der REH-Zellen selbst vermutet haben [182, 191]. Zum anderen wird die
Expression und die Stabilität der MYC-mRNA und des Proteins durch sehr viele Fakto-
ren und auf unterschiedlichen Ebenen reguliert [222, 223], sodass die MYC-Stabilität nicht
in jeder Zelllinie von IGF2BP1 abhängig sein muss. Darüber hinaus führten gut charak-
terisierte MYC-Mutationen in unterschiedlichen Lymphom-Entitäten zu einer erhöhten
Stabilität des Proteins [224]. Eine MYC-Mutation wurde in den oben genannten Zellli-
nien nicht ausgeschlossen. In allen diesen Fällen würde die Stabilität der MYC-mRNA
nicht exklusiv von IGF2BP1 abhängen und die Veränderung der Proteinexpression nach
Funktionsverlust- oder -gewinn-Experimenten unter Umständen nicht mehr messbar sein.
Weiterhin ist auch naheliegend, dass bei Abwesenheit von IGF2BP1 das sehr ähnliche
Paralogon IGF2BP3 (Abschn. 1.2, S. 2) die entstehende Instabilität der MYC-mRNA kom-
pensiert. Wie bereits gezeigt wurde, kann auch IGF2BP3 die MYC-mRNA binden [20],
und eine IGF2BP3-Depletion führte in der murinen pre-B-ALL-Zelllinie 70Z/3 zu einer
reduzierten MYC-Expression [225].
Wir konnten in unseren Untersuchungen auch zeigen, dass IGF2BP1 in der HCC-

Zelllinie Hep G2 neben der mRNA von MYC auch die des Proliferationsmarkers MKI67
(marker of proliferation ki-67 ) direkt bindet und stabilisiert. Das Genprodukt Ki-67 fin-
det als Proliferationsmarker breite Verwendung in der immunhistochemischen Diagnostik
von Tumorerkrankungen und korreliert in zahlreichen malignen Neoplasien (Übersichtsar-
tikel in [226, 227]) sowie im HCC mit einem fortgeschrittenen Tumorstadium und einer
unvorteilhaften Prognose (Metaanalyse in [228]). Die Minderung der Expression des Gen-
produkts Ki-67 durch antisense-Oligonukleotide führte in verschiedenen Tumor-Zelllinien
sowie in subkutanen und orthotopen xenograft-Experimenten zu einer Proliferationshem-
mung ex vivo [229–234] und einer Reduktion der Tumormasse in vivo [231] und damit
im Vergleich zur IGF2BP1-Depletion gleichlautenden Ergebnissen in Zellkultur und xeno-
graft-Experimenten aus unseren Versuchen. Folglich ist anzunehmen, dass IGF2BP1 die
Proliferation von HCC-Zelllinien durch Unterstützung des onkogenen Einflusses von MYC
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und Ki-67 fördert.
Wie in unserem Übersichtsartikel Köhn et al. (2013) [69] (Abschn. 1.3, S. 2) herausge-

arbeitet, könnte sich aufgrund des scheinbar von IGF2BP1 abhängigen Funktionserhalts
der yRNPs eine für Tumorzellen vorteilhafte Situation ergeben. Eine Überexpression der
Y RNAs ist bereits in humanen Tumorzelllinien [62, 70] und in einer Vielzahl maligner
humaner Tumoren beschrieben [70]. Da Y3 eine wichtige Funktion in der Initiation der
Replikation von Hela-Zellen [235], der Gallenblasenkarzinom-Zelllinie EJ-30 [236, 237] und
in der Fibroblasten-Zelllinie NIH 3T3 [235] in vitro zu haben scheint, führte ihre Deple-
tion in Hela-Zellen [68] und in der Zelllinie XL177 aus Xenopus laevis [238] schlüssiger
Weise zu einem Zellzyklusarrest und damit zu einer verminderten Proliferationsrate ex
vivo [70] sowie zu einem letalen Phenotypen in Xenopus laevis [238] in vivo (Übersichtsar-
tikel in [239]). Aufgrund der offenbar von IGF2BP1 abhängigen subzellulären Lokalisation
von Y3 [24] ergibt sich mutmaßlich eine weitere Möglichkeit für IGF2BP1, proliferations-
steigernde Wirkungen eines seiner Zieltranskripte zu fördern.

2.2 Die Bedeutung von IGF2BP1 für das
Metastasierungspotenzial maligner Neoplasien

Es gibt nicht nur eine genomische, sondern auch eine das Transkriptom betreffende inter-
und intratumorale Heterogenität maligner Neoplasien [213]. Was die Zieltranskripte von
IGF2BP1 angeht, kann das Protein in unterschiedlichen Tumorzellen demnach verschiede-
ne Situationen antreffen. Um ein vollständiges Bild aller von IGF2BP1 regulierten Trans-
kripte zu erlangen, wurden nach möglichst minimaler Manipulation von HEK-293T-Zellen
sowohl die Komposition von IGF2BP1-m-/RNPs [26] als auch die direkt gebundenen
Transkripte [31] analysiert. Dabei stellte sich heraus, dass sich innerhalb der IGF2BP1-
mRNPs etwa 3% des HEK-293T-Transkriptoms befinden [26] und IGF2BP1 über 1000
verschiedene Transkripte anhand eines distinkten Sequenzmotivs binden kann [31]. Die
Genprodukte dieser Transkripte konnten in Beziehung zu vielen unterschiedlichen zellulä-
ren Prozessen gebracht werden und sind nicht etwa einer bestimmten zellulären Funktion
zuzuordnen gewesen. Allerdings ist zu beachten, dass es sich bei HEK-293T-Zellen um em-
bryonale Zellen mit unklarer Gewebeherkunft und mit schweren genomischen Alterationen
sowie stark dereguliertem Transkriptom und damit um ein sehr artefizielles Zellsystem han-
delt [240]. Ferner ist eine Bindung allein kein hinreichender Beweis für eine tatsächliche
funktionelle Wertigkeit dieser Interaktion [241]. In einer späteren Studie zeigten Struk-
turanalysen von an IGF2BP1 gebundener β-Aktin-mRNA ein RNA-Sequenzmotiv auf,
welches eine Vorhersage von nur etwa 100 IGF2BP1-Zieltranskripten in silico definier-
te [32]. Die Zieltranskripte konnten dann in einem weitaus physiologischeren Kontext an
murinen embryonalen Hirnlysaten verifiziert werden, und ihre Genprodukte ließen sich gut
in funktionelle Gruppen kategorisieren, die auf eine wichtige Rolle des Proteins in der On-
togenese hinwiesen [32]. Im Kontext von Tumorzelllinien zeichnete sich bei Anwendung von
Funktionsverlust- und -gewinn-Experimenten ein teilweise besser kategorisierbares Muster
der durch IGF2BP1 regulierten Transkripte ab. In U2OS-Zellen wurden nach IGF2BP1-
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Depletion und Anwendung von zytotoxischem Stress etwa 70 durch IGF2BP1 regulierte
Zieltranskripte identifiziert, die sich in ihrer Gesamtheit wiederum nicht eindeutig einer
bestimmten zellulären Eigenschafft zuordnen ließen [44]. In Hela-Zellen führte dann ei-
ne IGF2BP1-Depletion aber zu einer Reduktion von nur fünf und zu einer Steigerung
der Expression von nur 17 Transkripten. Unter den zuletzt genannten Transkripten sind
11 Transkripte für Funktionen im Zusammenhang mit Adhäsion, Motilität, Invasion und
der Extrazellulärmatrix beschrieben [38]. Übereinstimmend scheint IGF2BP1 in MTLn3-
Zellen [72, 242] und in ES-2-Zellen (Ovarialkarzinom) [48] mit Faktoren zu assoziieren,
die eine Rolle für Motilität und Adhäsion oder für Migration spielen. Die Annahme, dass
IGF2BP1 in unterschiedlichen Tumorentitäten und unter bestimmten exogenen Konditio-
nen Tumorzellen auf unterschiedliche Art und Weise beeinflussen kann, ist also nahelie-
gend. Es ist folglich nicht verwunderlich, dass die Vielzahl der durch IGF2BP1 regulierten
Transkripte dem Protein neben seinem Einfluss auf das Proliferations- und Apoptosever-
halten von Tumorzellen auch eine Einflussnahme auf andere Tumorzelleigenschaften, wie
das Migrationsverhalten, ermöglicht.
In Zirkel et al. (2013) [185] konnten wir zeigen, dass IGF2BP1 beinahe ausschließ-

lich in Tumorzelllinien mit mesenchymalen Expressionsprofil koexprimiert war und in
diesen Zellen für die Aufrechterhaltung der mesenchymalen Eigenschaften und ihr Mi-
grationsverhalten mitverantwortlich war. Entsprechend führte eine IGF2BP1-Depletion
in Tumorzelllinien mit mesenchymalen Expressionsprofil zu morphologischen Änderun-
gen, die eher dem Phänotypen epithelialer Zellen entsprachen. Zunächst zeigte sich bei
IGF2BP1-Depletion in humanen transformierten embryonalen HEK-293A-Zellen eine Zu-
nahme von β-Catenin und E-Cadherin beinhaltenden Zell-Zell-Kontakten, eine Akzentu-
ierung des subplasmalemmal lokalisierten F-Aktins sowie eine Abflachung der Zellkörper
bei gleichbleibendem Zellvolumen. Dieser Phänotyp konnte in Grundzügen in Tumorzell-
linien mit mesenchymalen Expressionsprofil, wie den Melanom-Zelllinien HT-144 und 1F6
sowie der Ovarialkarzinom-Zelllinie ES-2, rekapituliert werden. Ferner konnten wir zeigen,
dass das Migrationspotenzial von HT-144-Zellen durch eine stabile lentiviral erzeugte,
shRNA-vermittelte Depletion von IGF2BP1 beeinträchtigt wurde. Auf molekularbiologi-
scher Ebene fanden wir eine mögliche Erklärung für diese zytomorphologischen Änderun-
gen und für den Migrationsphänotypen in der Identifizierung eines expressionsfördernden
Einfluss von IGF2BP1 auf die Transkriptionsfaktoren LEF1 und SNAI2 in allen oben
genannten Zelllinien. Vor allem SNAI2, aber auch LEF1 sind für ihre Aktivität als Tran-
skriptionsfaktoren im Rahmen der EMT gut bekannt [210]. Folglich konnten wir die durch
eine IGF2BP1 verursachte Beeinträchtigung der Migration von HT-144-Zellen durch eine
LEF1- oder SNAI2-Expression rekonstituieren. Wir konnten weiterhin spezifizieren, dass
IGF2BP1 die LEF1-mRNA durch direkte Bindung stabilisiert und daraus eine Steige-
rung der LEF1-Expression in allen oben genannten Zelllinien resultierte. LEF1 bildet eine
Endstrecke des Wnt-Signalwegs und steigerte durch Bindung an den Promotor die Expres-
sion der für eine Zellmigration wichtigen extrazellulären Matrix-Komponente Fibronectin
(FN1) in ebenfalls allen oben genannten Zelllinien sowie in U2OS-Zellen. Beachtenswert
ist in diesem Zusammenhang, dass MSCs des Colons physiologischerweise IGF2BP1 expri-
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mieren und im Rahmen einer reparatio aus den benachbarten Regionen per migrationem
in das betroffene Gewebe einwandern [107, 243] (Abschn. 1.5.4, S. 12). Damit kommt eine
generelle Funktion von IGF2BP1 in Migrationsprozessen auch im adulten Organismus in
Frage und kann als Phänomen einer physiologischen EMT (EMT-Typ 2 [209]) verstanden
werden. Die Regulation von SNAI2 scheint in unseren Untersuchungen jedoch ohne direk-
te Interaktion von IGF2BP1 mit der SNAI2-mRNA abzulaufen. Allerdings konnten wir
in IGF2BP1-negativen Zelllinien mit epithelialem Expressionsprofil wie MCF-7 und der
spontan immortalisierten Nierenzelllinie MDCK im Umkehrschluss auch durch eine stabi-
le Expression von IGF2BP1 keinen mesenchymalen Phänotypen und kein mesenchymales
Expressionsprofil etablieren. Daraus kann geschlussfolgert werden, dass IGF2BP1 nicht
das Potenzial hat, selbst eine EMT zu initiieren, sondern vielmehr die Fähigkeit besitzt
bei bereits erfolgter EMT die Expression und damit den Einfluss von für diesen Prozess
wichtigen Transkriptionsfaktoren auf posttranskriptioneller Ebene zu unterstützen. Un-
sere Ergebnisse stehen damit im Einklang mit den bereits dargestellten Funktionen von
IGF2BP1 in Bezug auf Zellmigration im physiologischen (Abschn. 1.6.5, S. 18) und im patho-
logischen (Abschn. 1.5.3, S. 11) Kontext. Die „Umprogrammierung“ des Expressionsprofils
von Zellen eines epithelialen Malignoms im Sinne einer EMT ist zunächst als ein initial
notwendiger Prozess für Migrationsvorgänge anzusehen und gilt als weitreichend akzep-
tierte Modellvorstellung für Metastasierungsereignisse im Menschen [202] (Abschn. 1.6.5,
S. 18). Da IGF2BP1 laut den hier dargestellten Ergebnissen mesenchymale Zelleigenschaf-
ten unterhält und ein migrationsfördernder Faktor zu sein scheint, stellt sich die Frage, ob
IGF2BP1 eventuell auch ein wichtiger Faktor für Metastasierungsvorgänge ist.
Was das Migrationsverhalten, aber nicht die genannten morphologischen Änderungen

angeht, finden sich in der Literatur bezüglich IGF2BP1 auch zu unseren Ergebnissen im
Widerspruch stehende Berichte. Sämtliche dieser Studien wurden dabei von der Arbeits-
gruppe Singer (Albert Einstein College of Medicine, New York) veröffentlicht. In murinen
Mammakarzinom-Zelllinien scheint IGF2BP1 in Zellen, die ein geringes Metastasierungs-
oder Invasionspotenzial (MTC) haben, höher exprimiert zu sein als in Zellen, die ein
höheres Metastasierungspotenzial (MTLn3) aufweisen [72, 200, 201, 242]. Des Weiteren
ist die durch EGF (epidermal growth factor) stimulierte Chemotaxis von normalerweise
IGF2BP1-negativen MTLn3-Zellen bei IGF2BP1-Überexpression in vitro und in vivo re-
duziert [200, 201]. Dem stehen neben unseren Ergebnissen aus HT-144-Zellen (Melanom)
Ergebnisse aus U2OS- (Osteosarkom), ES-2- (Ovarialkarzinom) [44, 47, 48] und TSU-
Pr1-Zellen (Blasenkarzinom) [195] gegenüber, die einen positiven Einfluss von IGF2BP1
auf die Motilität von Tumorzellen zeigen. Weiterhin konnte gezeigt werden, dass die von
durch ebenfalls mit MTLn3-Zellen erzeugten orthotopen Xenografts in der Maus aus-
gehenden Lungenmetastasen bei IGF2BP1-Überexpression seltener waren und dass die
Anzahl der zirkulierenden Tumorzellen im Blut reduziert war [201, 244]. Diskrepant da-
zu ist jedoch, dass die in Tessier et al. (2004) [178] gezeigte transgene Expression von
IGF2BP1 in der Brustdrüse von Mäusen zur Entwicklung metastasierender Mammakarzi-
nome führte. Ferner wiesen Mäuse mit einem durch IGF2BP1-depletierten SW480-Zellen
(Kolonkarzinom) erzeugten Xenografts aus den bereits oben genannten Untersuchungen
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von Hamilton et al. (2013) [180] eine reduzierte Anzahl von zirkulierenden Tumorzellen
im Blut auf. Ergänzend konnte unsere Arbeitsgruppe in neuen Untersuchungen schließlich
zeigen, dass eine IGF2BP1-Depletion in xenograft-Experimenten mit der Ovarialkarzinom-
Zelllinie ES-2 zu einer Reduktion von Metastasen in thymusaplastischen Mäusen in vivo
führte [48]. Als Ursache für den negativen Effekt von IGF2BP1 auf die Migration von
Mammakarzinom-Zelllinien postulierten die Autoren um SINGER eine durch IGF2BP1
induzierte lokalisierte Translation der β-Aktin-mRNA, die zur Etablierung einer Zellpo-
larität führte und damit die Fähigkeit der Zellen zur flexiblen Bewegung reduzierte [201,
244]. So waren diese Zellen bei Änderungen eines Gradienten von Chemoatraktanzien
nicht in der Lage, eine effektive Änderung der Migration in entgegengesetzte Richtung
durchzuführen [200]. Zu beachten ist aber, dass sowohl durch F-Aktin aufgebaute zytoske-
lettale Stressfasern als auch eine durch ein Lamellipodium definierte Vorder- und eine ge-
genüberliegende Hinterkante eines polarisierten Zellkörpers Charakteristika migrierender
neoplastischer [245] und nicht-neoplastischer Zellen [246] sind. Die Konstituierung einer
Polarität ist somit nicht Hindernis, sondern Erfordernis für Migrationsvorgänge. Der po-
sitive Einfluss von IGF2BP1 zur Realisierung einer solchen Zellarchitektur wurde bereits
in unterschiedlichen Zellsystemen demonstriert [44, 199, 201].
Nicht nur bezüglich muriner, sondern auch humaner Mammakarzinom-Zelllinien liegen

gleichlautende Studienergebnisse vor. In der IGF2BP1-exprimierenden humanen Mam-
makarzinom-Zelllinie T47D führte eine IGF2BP1-Depletion zu einer erhöhten Migrati-
onsfähigkeit der Zellen [72, 199] und zu einer Reduktion der Migration bei Rekonstituti-
on der IGF2BP1-Expression [72]. Entsprechend führte eine IGF2BP1-Expression in der
IGF2BP1-negativen humanen Mammakarzinom-Zelllinie MDA-MB-231 zu einer Redukti-
on der Migration [72]. Zudem konnte für beide Zelllinien gezeigt werden, dass IGF2BP1 die
Halbwertszeit von Zell-Matrix-Kontakten erhöht [201]. Allerdings ist aus einer unabhän-
gigen Arbeit mit unabhängiger Fragestellung ersichtlich, dass T47D-Zellen äußerst wenig
bis gar kein und dass MDA-MB-231-Zellen durchaus IGF2BP1 exprimieren [83], womit
die Grundvoraussetzungen dieser Experimente offenbar nicht optimal gegeben waren.
Es wird auffällig, dass in allen in der Literatur beschriebenen Experimenten, die einen

negativen Einfluss von IGF2BP1 auf das Migrationspotenzial von Tumorzellen zeigen,
Tumorzelllinien aus Mammakarzinomen verwendet wurden. Zudem wurde in vielen die-
ser Experimente mit Zelllinien gearbeitet, die aus Mammakarzinomen der Ratte isoliert
wurden (MTC und MTLn3), und für die Funktionsgewinn-Experimente wurde häufig das
orthologe und deshalb nicht mit IGF2BP1 identische ZBP1 aus Gallus gallus verwendet.
Im Gegensatz dazu zeigten wir die phänotypischen Änderungen und die Induktion eines
mesenchymalen Expressionsprofils durch IGF2BP1 in einer Reihe sehr unterschiedlicher
Tumor-Zelllinien, wodurch ein weitestgehend vom Zellsystem unabhängiger Effekt von
IGF2BP1 anzunehmen ist. Bezüglich des Mammakarzinoms scheinen sich die Ergebnisse
aus den genannten Zellkultur- und Tierexperimenten mit der Situation in Tumorerkran-
kungen im Menschen nur teilweise zu decken. Auch wenn nicht in jedem Fall im gleichen
Maße wie im jeweiligen Primärtumor, so war IGF2BP1 in allen getesteten Metastasen
ebenfalls exprimiert [72]. Im Gegensatz dazu ist die IGF2BP1-Expression in Metastasen
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des kolorektalen Karzinoms stärker als im primarius und korreliert positiv mit der Anzahl
der lymphonodalen Metastasen [150]. Hinsichtlich der Migration scheint IGF2BP1 damit
speziell im Kontext von Mammakarzinom-Zelllinien ein im Vergleich mit den anderen ge-
nannten Tumorzelllinien aus anderen Entitäten gegensätzliches Verhalten zu begünstigen.
Unsere Ergebnisse belegen die Notwendigkeit des Faktors IGF2BP1 für die Aufrechter-

haltung eines für die Zellmigration notwendigen mesenchymalen Expressionsprofils, wel-
ches durch die Regulation von Transkriptionsfaktoren der EMT auf posttranskriptioneller
Ebene erreicht wird, und rücken das Protein in den Verdacht, eine wichtige Rolle in Me-
tastasierungsprozessen einzunehmen.

2.3 IGF2BP1 im klinischen Kontext
Aus den Erkenntnissen, dass IGF2BP1 in neoplastischen Prozessen des Menschen re-
exprimiert wird und in diesen Neoplasien sehr wahrscheinlich eine wachstums- und mi-
grationsfördernde Wirkung ausübt, ergeben sich klinisch nutzbare Situationen:
1. Diagnostik: Aus dem Expressionsprofil von IGF2BP1 in den neoplastischen Erkran-

kungen des Menschen (Manuskript 1 [7], Tab. 2 und 3, S. 53 und 54 und aktualisiert Tab. A1,
S. 114 und Abschn. 1.6.1, S. 13) kann geschlussfolgert werden, dass die histologische Analyse
einer IGF2BP1-Expression im neoplastischen Gewebe weder einen Aussagewert bezüglich
der Dignität des Tumors hat, noch kann eine Positivität allein bei bekannter Dignität zur
Identifizierung einer speziellen Tumorentität herangezogen werden. Da die Ursprungszel-
len der IGF2BP1-positiven Malignome Derivate aller Keimblätter repräsentieren, ist bei
bekanntem Expressionsstatus ferner auch kein Hinweis bezüglich einer Liniendifferenzie-
rung der Tumorzellen möglich, die zu einer Diskrimination zwischen einem epithelialen,
mesenchymalen, neuroendokrinen, lymphatischen oder hämatologischen Ursprung des Tu-
mors führen könnte. Der diagnostische Wert einer IGF2BP1-Expressionsanalyse für die
Bestimmung der Entität eines malignen Prozesses ist demzufolge eher gering. Die Ex-
pression von IGF2BP1 in benignen Neoplasien ist nur in einzelnen Arbeiten untersucht
worden, sodass ein diagnostischer Wert einer IGF2BP1-Positivität für die Bestimmung
der Dignität momentan nicht gut bewertet werden kann.
Da es insbesondere im Falle von hepatozellulären Karzinomen zu einer Autoantikörper-

bildung gegen IGF2BP1 kommt (Tab. A2, S. 122 und Abschn. 1.6.1, S. 13), stellt sich die
Frage nach dem diagnostischen Stellenwert einer serologischen Untersuchung eben dieser
Autoantikörper. Bei Patienten mit HCC war die Autoantikörperbildung in den überwie-
genden Fällen erst bei klinisch manifestem Karzinom und damit erst nach der malignen
Entartung messbar, jedoch gab es auch Fälle mit positiven Autoantikörpern bei Patienten
mit präkanzeröser Läsion. Der Einzelfallcharakter der zuletzt genannten Fälle legt aber
die Vermutung nahe, dass bei diesen Patienten bereits zum Analysezeitpunkt ein klinisch
ansonsten unauffälliges HCC vorlag. Somit stehen die IGF2BPs einerseits im Verdacht,
einen tumorinitiierenden Effekt in der Transformation von präkanzeröser Läsion in das he-
patozellulären Karzinom zu besitzen, andererseits kann ihre Re-/Expression auch nur als
Folge der Transformation angesehen werden, ohne mit dieser im kausalen Zusammenhang
zu stehen, und die anschließende Immunantwort als reines Epiphänomen der Tumorerkran-
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kung gewertet werden. In beiden Fällen sind die IGF2BP-Autoantikörper zumindest als
möglicher Tumormarker im Rahmen eines unspezifischen Suchtests bei Malignomverdacht
und als Verlaufs- und Rezidivparameter in Erwägung zu ziehen. Im Speziellen könnte bei
bekannter präkanzeröser Kondition in der Leber ein Nachweis von Autoantikörpern gegen
IGF2BP1 zur Früherkennung eines HCCs genutzt werden.
2. Prognostik: Auch wenn der diagnostische Wert einer IGF2BP1-Expression im neoplas-

tischen Gewebe im Rahmen der histologischen Untersuchung eher gering ist, so ist dennoch
hervorzuheben, dass eine IGF2BP1-Positivität im kolorektalen [135], hepatozellulären [84,
88], ovarialen [43, 48, 133, 140], oesophagealen [139] und im Lungenkarzinom [138, 139]
sowie im Neuroblastom [143] mit einer ungünstigen Überlebensprognose für den Patien-
ten assoziiert werden konnte. Außerdem besteht im hepatozellulären Karzinom (HCC)
eine Korrelation mit einer multifokalen Tumorgenese [84] sowie eine negative Korrelati-
on mit einem ereignisfreien Überleben im kolorektalen [135], hepatozellulären [84], und
ovariellen [43, 48] Karzinom sowie im Neuroblastom [143]. Weiterhin bestehen Korre-
lationen zwischen einer erhöhten IGF2BP1-Expression und einem hohen TNM-Stadium
beim Kolon- [135, 150] und Lungenkarzinom [138], einem höheren grading im Lungen-
[138] und Ovarialkarzinom [43, 133] sowie einem höheren klinischen Stadium nach FIGO
(Fédération Internationale de Gynécologie et d’Obstétrique) im Ovarialkarzinom [43, 133].
Zusätzlich konnten wir für das HCC eine signifikante, wenn auch schwache Korrelation ei-
ner IGF2BP1-Expression mit der Tumorgröße (T-Stadium) und dem Differenzierungsgrad
(G-Stadium) des Tumors zeigen [79]. Somit wäre aufgrund des Zusammenhanges zwischen
einer IGF2BP1-Positivität eines malignen Tumors mit negativen klinisch-pathologischen
Merkmalen der Erkrankung sowie aufgrund eines Zusammenhanges mit einer ungünsti-
gen Überlebensprognose die Bestimmung einer IGF2BP1-Expression in den genannten
Tumorentitäten von prognostischem Wert.
3. Therapie: Eine zielgerichtete Therapie gegen IGF2BP1 ist aufgrund der Begünsti-

gung des Wachstums einer breiten Masse verschiedener Tumorzellen in vitro und in vivo
(Abschn. 1.6.3 und 1.6.4, jeweils S. 15), seiner Expression in einer hohen Anzahl von huma-
nen Tumorgeweben unterschiedlichster Entitäten mit der damit teilweise einhergehenden
Verschlechterung der Überlebensprognose (Abschn. 1.6.1, S. 13) und aufgrund seiner Aus-
wirkungen auf die Migrationsfähigkeit (Absch. 1.6.5, S. 18) von Tumorzellen ein vielverspre-
chender Therapieansatz. Für das Erreichen einer Reduktion der IGF2BP1-Expression in
entsprechend positiven Neoplasien sind sowohl Methoden, mit denen ein direkter Angriff
des Gens, der mRNA oder des Proteins, als auch indirekte Methoden, mit denen Faktoren
beeinflusst werden, welche die Expression von IGF2BP1 regulieren (Abschn. 1.4, S. 7), in
Erwägung zu ziehen. Ein modifizierender Eingriff in das Genom erfordert den eher schwie-
rigen Einsatz gentherapeutischer Methoden. Allerding ergeben sich aus der in jüngster
Vergangenheit entdeckten und sich bereits in präklinischen Entwicklungsstufen befinden-
den [247] Technologien zur Genom-Editierung neue und vielversprechende Methoden mit
therapeutischem Potential [248–250]. Ein möglicher Ansatz bezüglich IGF2BP1 wäre die
Realisierung einer Funktionsverlust-Mutation durch Modifikation der RNA-bindenden-
Domänen. Da dadurch seine Fähigkeit m-/RNA zu binden aufgehoben wird [19, 20, 29,
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36, 37], könnten auf diese Weise seine onkogenen Eigenschaften unterbunden werden.
Fernab der Gentherapie ist alternativ auch eine auf transkriptioneller Ebene und damit

noch vor der Translation positionierte Hemmung von IGF2BP1 denkbar. So könnten ge-
gen die mRNA von IGF2BP1 gerichtete antisense-Oligonukleotide (ASOs) oder siRNAs
eine Therapieoption darstellen [251]. Auch wenn bereits häufig im klinischen Kontext für
unterschiedlichste neoplastische und nicht-neoplastische genetische Erkrankungen erfolg-
reich erprobt [251, 252], sind Therapeutika, die als Wirkprinzip eine Modifikation von
DNA oder eine direkte Einflussnahme auf den mRNA-Metabolismus anstreben, nicht Ge-
genstand einer routinemäßigen Anwendung in der Klinik. Ein Grund dafür ist sicherlich
die noch nicht gut gelöste Frage nach der Formulierung und der Etablierung einer ge-
eigneten Pharmakokinetik des eigentlichen Therapeutikums im Menschen [247, 250, 253].
Bezüglich der Leber im Speziellen ist dennoch hervorzuheben, dass sich dieses Organ als
äußerst empfänglich gegenüber gentherapeutischen Verfahren [247, 254] und dem Einsatz
von ASOs [253] erwiesen hat. Somit kann die Therapie von primären Leber-Malignomen
mit den genannten Methoden durchaus realistisch sein.
Des Weiteren sind auch Therapeutika vorstellbar, die ihr Wirkprinzip auf Ebene des Pro-

teins entfalten. Auch wenn intrazellulär lokalisierte Proteine wie IGF2BP1 als Ziele von
Antikörper-Therapien zunächst weniger in Frage kommen [255], ist eine Internalisierung
eines solchen Antikörpers in Tumorzellen mit dann Zugang des Antikörpers zu seinem An-
tigen nicht ausgeschlossen [256]. Aussichtsreich wird dieser Ansatz insbesondere aufgrund
der immer größer werdenden Anzahl an Möglichkeiten, Modifikationen an Antikörpern vor-
zunehmen oder spezielle Trägersubstanzen zu nutzen, die den Antikörpern einen Zugang
in das Zytoplasma verschaffen [257]. Auch wurden bereits erfolgreich Antikörper entwi-
ckelt, die kurze Peptide von sonst intrazellulär lokalisierten, tumorassoziierten Antigenen
an der Zelloberfläche von Tumorzellen erkennen. Dieser Ansatz macht sich den Umstand
zu Nutze, dass Tumorzellen ihre intrazellulären Proteine auf MHC(major histocompati-
bility complex)-Klasse-1-Molekülen an der Zelloberfläche präsentieren und therapeutisch
eingesetzte Antikörper somit entsprechend positiv exprimierende Tumorzellen aufspüren
können [258].

Die Abhängigkeit der IGF2BP1-Expression von regulierenden Faktoren (Abschn. 1.4, S. 7)
macht das Protein außerdem auch indirekt durch eine pharmakologische Hemmung sei-
ner Transkriptionsfaktoren angreifbar. In diesem Zusammenhang rückt insbesondere der
onkogene Transkriptionsfaktor MYC in den Vordergrund, da seine Hemmung durch den
Einsatz von BET(bromo-and extraterminal domain family of proteins)-Inhibitoren bereits
gezeigt werden konnte [259]. Die Wirkung basiert auf einer Verhinderung der Rekrutierung
des BET-Proteins BRD4 (bromodomain containing 4 ) an den MYC-Lokus und einer damit
einhergehenden Hemmung der MYC-Transkription [260]. BET-Inhibitoren werden bereits
in zahlreichen Phase-I-Studien in Verbindung mit verschiedenen Entitäten solider, häma-
tologischer und lymphatischer Malignome erprobt [261]. Aufgrund der Tatsache, dass die
Quantität von MYC und IGF2BP1 in malignen Zellen als das Produkt einer sich verstär-
kenden Rückkopplungsschleife angesehen werden kann, wird durch die gezielte Hemmung
einer der beiden Faktoren der jeweils andere Faktor ebenfalls unterdrückt. Bei der durch
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2 Diskussion

den Einsatz von BET-Inhibitoren herbeigeführten Reduktion der MYC-Expression ist so-
mit eine konsekutive Reduktion der IGF2BP1-Expression zu erwarten. Die potente anti-
tumorale Wirkung von BET-Inhibitoren kann also zumindest teilweise als Ausdruck einer
Hemmung der IGF2BP1-Transkription verstanden werden. Interessanterweise kann die
für BET-Inhibitoren resistente Leukämie-Zelllinie K-562 durch eine IGF2BP1-Depletion
sensibilisiert werden. Wie zu erwarten war, wurde dabei zum einen eine reduzierte Proli-
ferationsrate und zum anderen eine reduzierte MYC-Expression gemessen [74].

Anhand dieses Beispiels wird deutlich, dass für die Entwicklung von effizienten Tumor-
therapien genaue Kenntnisse über die Funktion und die Regulation von tumorassoziierten
Proteinen wie dem IGF2BP1 notwendig sind. Bezüglich IGF2BP1 ist festzustellen, dass
die an seiner Expressionkontrolle beteiligten molekularen Elemente (Abschn. 1.4, S. 7) wohl
bekannte Charakteristika embryonaler und adulter Stammzellen sind und von diesen zur
Aufrechterhaltung ihrer Stammzellidentität benötigt werden [262–265]. Ausgerechnet ein
aktivierter Wnt-Signalweg [266–271], eine niedrige let-7-Expression [81, 263, 272] und ein
hypomethyliertes Genom [273, 274] können aber als typische tumortreibende Zustände
maligner Zellen angesehen werden und führten bereits häufig zu vergleichenden Gegen-
überstellungen von Stammzellen und malignen Tumorzellen [275–278]. Diese und andere
Analogien prägten den Begriff der Tumorstammzelle (CSC) (Erstbeschreibung in [279]).
Darunter sind Subpopulationen von Tumorzellen zu verstehen, die aufgrund ihrer Fähigkei-
ten zur Proliferation, zur Selbsterneuerung und zur Erzeugung differenzierter Schwester-
zellen die Tumormasse unterhalten und ihr ein aggressives biologisches Verhalten verleihen
(Übersichtsartikel in [280]). In diesem Bild spiegelt sich die von uns gezeigte proliferati-
onsfördernde und antiapoptotische Wirkung von IGF2BP1 (Manuskript 2, S. 66 [79] und
Manuskript 4, S. 99 [69]) genauso wider, wie seine Expression gleichsam im embryonalen wie
im neoplastischen Gewebe (Manuskript 1, S. 46 [7]). Auch scheinen CSCs die Ursprungs-
zellen der EMT und Metastasierung (Übersichtsartikel in [281]) und der Entwicklung ei-
ner Chemoresistenz [282, 283] zu sein. Diese Situationen steht ebenfalls im Einklang mit
unseren Untersuchungen zur Rolle von IGF2BP1 im Rahmen der EMT (Manuskript 3, S.
79 [185]) und passen zu den Hinweisen einer Mitwirkung von IGF2BP1 bei der Entwicklung
einer Chemoresistenz im Ovarialkarzinom [140, 184](Abschn. 1.6.4, S. 15). In Zusammen-
schau der bisher zugänglichen Daten kann somit die Vermutung ausgesprochen werden,
dass IGF2BP1 in physiologischen Zellelementen als integraler Bestandteil eines posttrans-
kriptionellen Netzwerks zur Aufrechterhaltung eines Stammzellcharakters aufzufassen ist
(Abschn. 1.5.4, S. 12) und bei Re-/Expression in malignen Zellen seine physiologischen Funk-
tionen vor dem Hintergrund eines dysregulierten Transkriptoms wiederaufnimmt, wodurch
unter Umständen die Etablierung einer CSC begünstigt wird. Seine Expression ist somit als
Malignitätskriterium einzustufen und mit onkogenen Eigenschaften neoplastischer Zellen
assoziiert. Für ein besseres Verständnis der Regulation von Transkription und Translation
des IGF2BP1 sind weiterführende Analysen notwendig und würden nicht nur ein besseres
Verständnis der Expressionskontrolle im Embryo, sondern auch zu einem besseren Ver-
ständnis der Dysregulation der IGF2BP1-Expression in malignen Zellen beitragen und so
möglicherweise neue Wege für eine gezielte Tumortherapie eröffnen.
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Thesen
1. Ribonukleinsäure(RNA)-bindende Proteine (RBPs) sind zentrale Regulatoren des RNA-

Metabolismus.

2. Das Insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1) gehört zu einer
Familie stark konservierter RBPs und zeigt einen onkofetalen Expressionscharakter.

3. IGF2BP1 entfaltet seine Wirkungen im physiologischen sowie im pathologischen Kon-
text durch Beeinflussung der Stabilität, Lokalisation und Translation zahlreicher mRNAs,
deren Genprodukte zu einem großen Teil in Zusammenhang mit malignen Tumorerkran-
kungen des Menschen gebracht werden können.

4. IGF2BP1 ist das am höchsten exprimierte RBP im humanen hepatozellulären Karzinom
(HCC).

5. Eine transiente IGF2BP1-Depletion führt zu einer Reduktion der Proliferation und zu
einer Steigerung der Apoptose in humanen HCC-Zelllinien in vitro.

6. Eine stabile shRNA(short hairpin-RNA)-vermittelte IGF2BP1-Depletion in der huma-
nen HCC-Zelllinie Hep G2 führt zu einer mittels nichtinvasiver Fluoreszenzbildgebung
messbaren Reduktion des Wachstums von subkutanen xenograft-Tumoren in thymusa-
plastischen Mäusen in vivo.

7. IGF2BP1 stabilisiert die Boten-RNAs (mRNAs) des Protoonkogens MYC (myc proto-
oncogene protein) und des Proliferationsmarkers Ki-67 (marker of proliferation ki-67) in
humanen HCC-Zelllinien in vitro.

8. IGF2BP1 ist essenziell für die Aufrechterhaltung eines mesenchymalen Expressionsprofils
und der damit verbundenen Zellmorphologie in verschiedenen humanen Tumorzelllinien
in vitro.

9. IGF2BP1 stabilisiert die mRNA des Transkriptionsfaktors LEF1 (lymphoid enhancer bin-
ding factor 1) in verschiedenen humanen Tumorzelllinien in vitro.

10. Die überlebens- und migrationsfördernde Wirkung von IGF2BP1 in zahlreichen unter-
schiedlichen humanen Tumorzelllinien in vitro und in vivo legt nahe, dass IGF2BP1
einen von der Tumorentität unabhängigen protumorigenen Faktor darstellt und als viel-
versprechendes Ziel zukünftiger Tumortherapien anzusehen ist.
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Abstract The insulin-like growth factor-2 mRNA-binding

proteins 1, 2, and 3 (IGF2BP1, IGF2BP2, IGF2BP3) belong to

a conserved family of RNA-binding, oncofetal proteins. Sev-

eral studies have shown that these proteins act in various

important aspects of cell function, such as cell polarization,

migration, morphology, metabolism, proliferation and differ-

entiation. In this review, we discuss the IGF2BP family’s role

in cancer biology and how this correlates with their proposed

functions during embryogenesis. IGF2BPs are mainly

expressed in the embryo, in contrast with comparatively lower

or negotiable levels in adult tissues. IGF2BP1 and IGF2BP3

have been found to be re-expressed in several aggressive

cancer types. Control of IGF2BPs’ expression is not well

understood; however, let-7 microRNAs, b-catenin (CTNNB1)

and MYC have been proposed to be involved in their regula-

tion. In contrast to many other RNA-binding proteins,

IGF2BPs are almost exclusively observed in the cytoplasm

where they associate with target mRNAs in cytoplasmic

ribonucleoprotein complexes (mRNPs). During development,

IGF2BPs are required for proper nerve cell migration and

morphological development, presumably involving the control

of cytoskeletal remodeling and dynamics, respectively. Like-

wise, IGF2BPs modulate cell polarization, adhesion and

migration in tumor-derived cells. Moreover, they are highly

associated with cancer metastasis and the expression of

oncogenic factors (KRAS, MYC and MDR1). However, a pro-

metastatic role of IGF2BPs remains controversial due to the

lack of ‘classical’ in vivo studies. Nonetheless, IGF2BPs could

provide valuable targets in cancer treatment with many of their

in vivo roles to be fully elucidated.

Keywords Cancer � IGF2BP � IMP � CRD-BP �
VICKZ � KOC � MYC � Migration � Proliferation

Abbreviations

Acc. no. Accession number

CRD Coding region stability determinant

CRD-BP Crd binding protein (IGF2BP gene alias)

dIMP Drosophila IGF2BP

IGF2BP Insulin-like growth factor 2 mRNA-binding

protein

IMP IGF2 mRNA binding protein (gene alias)

KH hnRNP-K homology domain

PAR-CLIP Photoactivatable ribonucleoside-enhanced

crosslinking and immuno-precipitation

RBP RNA-binding protein

RIP RNA immunoprecipitation

RNP Ribonucleoprotein (granule)

RRM RNA-recognition motif

T2D Type 2 diabetes

VICKZ Vg1RBP/Vera IGF2BP CRD-BP KOC ZBP1

(gene family alias)

Introduction

The insulin-like growth factor-2 mRNA-binding proteins 1,

2, and 3 (gene symbols: IGF2BP1, IGF2BP2, IGF2BP3)

belong to a highly conserved protein family, which as their
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name suggests can bind RNA and influence their transcript

target’s fate. Nomenclature of the IGF2BP protein family

remains confusing due to the many synonyms used

throughout recent literature including: IMP, CRD-BP,

VICKZ, ZBP, Vg1RBP/Vera or KOC. These synonyms

may reflect the evolution of the various fields of IGF2BP

family research which suggest that these RNA-binding

proteins (RBPs) modulate important aspects of cell func-

tion during development and in cancer. In this review, we

discuss the rapidly growing research into the IGF2BP

family’s involvement in cancer biology and the mecha-

nisms by which high expression of these RBPs could cause

an aggressive malignancy phenotype. We also discuss the

molecular mechanisms by which these proteins facilitate

their various functions, their role in cell migration and the

need for better research tools to facilitate the next gener-

ation of IGF2BP research.

In mammals, the canonical structures of the three

IGF2BP proteins are strikingly similar in order and spacing

of domains (Fig. 1a), leading to proteins of calculated

molecular weights ranging from 58 to 66 kDa. There is

over 56 % amino acid sequence identity between the three

proteins with greater degree of similarity seen within the

protein domains. These similarities suggest that the pro-

teins share biochemical functions. Notably, IGF2BP1 and 3

show a higher identity of 73 % with each other (Fig. 1b).

All three proteins carry two RNA-recognition motifs

(RRMs) in their N-terminal part and four hnRNP-K

homology (KH) domains in the C-terminal region. Notably,

only one IGF2BP ortholog has been reported in Xenopus,

termed Vg1RBP/Vera. This shows the highest homology to

mammalian IGF2BP3. In Drosophila, a protein lacking the

N-terminal RRM domain but comprising four KH-domains

has been suggested as Drosophila IGF2BP (dIMP).

Regardless of organism or cell type, all members of the

IGF2BP protein family have been shown to bind RNA,

whereas an association with DNA has only been reported

once for the Xenopus variant of protein [1]. In vitro studies

revealed that RNA-binding is mainly facilitated via the

KH-domains [2], although the RRM-domains could

potentially contribute to the stabilization of IGF2BP-RNA

complexes with target-dependent in vitro half-life greater

than 2 h [3]. Recent structural analyses of human IGF2BP1

KH-domains 3 and 4 suggest the formation of an anti-

parallel pseudo-dimer conformation in which KH3 and

KH4 each contact the targeted RNA [4]. Although final

proof of this hypothesis requires protein–RNA co-crystals,

these findings suggest that IGF2BPs force associated

transcripts into a specific conformation. In light of the

surprisingly long half-life of IGF2BP-RNA complexes

in vitro, this provides evidence for an essential role of

IGF2BPs in promoting the formation of ‘stable’ protein–

RNA complexes.

The ribonucleoprotein (RNP) granule connection

IGF2BPs are predominately cytoplasmic, usually with a

granular appearance. A nuclear role of IGF2BPs remains

controversial, although there is evidence that IGF2BPs may

already associate with their target mRNAs at their site of

transcription [5–7]. In agreement, IGF2BPs were observed

in the nucleus of spermatogenic cells and were suggested to

comprise nuclear export signals [8]. In the cytoplasm,

IGF2BPs form distinct ribonucleoprotein (RNP) granules

which are enriched in the peri-nuclear region but are also

observed in neurites of developing neurons supporting a

role of IGF2BPs in promoting mRNA localization [2, 9].

Like most RNA-binding proteins (RBPs), IGF2BPs asso-

ciate with various other RBPs in an RNA-dependent

manner [10, 11]. However, in contrast to other proteins

involved in the control of cytoplasmic mRNA fate,

IGF2BPs apparently associate predominantly with ‘virgin’

mRNAs. This notion is supported by the observed associ-

ation with components of the exon junction complex (EJC)

as well as CBP80 whereas IGF2BPs do not copurify with

eIF4E protein [10, 11]. Hence, IGF2BPs apparently ‘cage’

their target mRNAs in cytoplasmic protein–RNA com-

plexes, termed mRNPs. This prevents the premature decay

of specific target transcripts, for instance, CD44, MYC,

PTEN or BTRC, presumably by limiting the release of

protein-associated transcripts [12–16]. IGF2BP-directed

recruitment of targeted mRNAs to cytoplasmic mRNPs is

also consistent with their role in controlling mRNA trans-

lation and transport. The formation of stable protein–RNA

association, as suggested based on in vitro studies [3],

provides a bona fide mechanism to prevent promiscuous

translation of transported mRNAs. The stable ‘caging’ of

transported mRNAs allows for their ‘long-distance’ trans-

port as well as transient storage. Consistently, IGF2BPs

have been shown to direct the localization and spatially

restrict translation of the b-actin (ACTB) mRNA to

exploratory growth cones of developing neuronal cells [6,

9]. Moreover, IGF2BP1 was shown to stabilize its target

transcripts during cellular stress when global mRNA

translation is severely reduced and mRNAs together with

RBPs are recruited to transiently forming stress granules

[17].

However, the efficient ‘caging’ of transcripts in cyto-

plasmic mRNPs requires signaling events allowing the

controlled release of silenced mRNAs to induce protein

synthesis or mRNA decay, respectively. In the case of

IGF2BPs, this regulation is likely to involve phosphoryla-

tion of the proteins. Src-directed tyrosine phosphorylation

in the linker region connecting KH-domains 2 and 3 of

IGF2BP1 was proposed to induce the disassembly of

cytoplasmic mRNPs and activate the translation of the

ACTB mRNA [6]. Phosphorylation of Vg1RBP/Vera by
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MAPKs was suggested to modulate the release of Vg1

mRNA from mRNPs localized to the vegetal cortex during

meiotic maturation [18]. Although not linked to mRNA

localization, it was recently shown that phosphorylation of

IGF2BP2 in the N-terminal linker region connecting RRM2

and KH1 by mTORC1 promotes the association with the

leader3 50-UTR of IGF2 resulting in elevated IGF2 protein

synthesis [19]. Hence, the post-translational modifications

of IGF2BPs emerge as an essential trigger modulating their

role in controlling the cytoplasmic fate of specific tran-

scripts. The underlying mechanism of these regulations

would fit well with the idea that some target mRNAs of

IGF2BPs are ‘caged’ in relatively stable cytoplasmic

mRNPs (Fig. 2). However, why do we observe transla-

tional silencing of some target mRNAs whereas the

association of IGF2BPs with other transcripts prevents

their premature decay? Essentially, one could envision two

mechanisms that are likely to cooperate in directing cyto-

plasmic mRNA fate. On the one hand, the protein

composition of regulatory mRNPs could determine mRNA

fate. Although this assumption remains largely speculative,

transcript-specific mRNP compositions have been pro-

posed [11]. Alternatively, final mRNA fate could be

determined exclusively by cis-determinants of the regu-

lated transcripts. In this scenario, the exclusive role of

IGF2BPs would be to ensure the spatiotemporal execution

of ‘final transcript fate’ by controlling the release of reg-

ulated transcripts from cytoplasmic mRNPs. Although not

formally proven, this model is in agreement with various

observations. For instance, IGF2BP1 was proposed to

shield the BTRC (beta-transducin repeat containing E3

ubiquitin protein ligase) mRNA from microRNA-mediated

degradation in the cytoplasm [20]. Likewise, IGF2BP1 was

proposed to protect the MYC and MDR1 mRNAs from

endonucleolytic attack [12, 21]. Moreover, it was proposed

that the potential association of IGF2BPs with their target

mRNAs already at the site of transcription provides an

efficient mechanism to direct cytoplasmic mRNA fate by

directing the assembly of mRNPs before cytoplasmic entry

[5–7]. Consistently, IGF2BP1 was observed in ‘virgin’

mRNPs [10, 11]. Taken together, this suggests that

IGF2BPs start controlling transcript fate right after tran-

scription and modulate the rate at which associated

transcripts encounter the translational apparatus, the decay

machinery or microRNA attack by recruiting regulated

transcripts in cytoplasmic mRNPs (Fig. 2). Although there

is substantially more work required to clarify the molecular

mechanisms by which IGF2BPs modulate mRNA fate,

their role certainly involves cytoplasmic mRNPs and

requires extensive control by cytoplasmic signaling.

The ‘RNA-binding puzzle’ of IGF2BPs

Despite various studies indicating a specific role of

IGF2BPs in controlling the localization, translation or

turnover of specific mRNA targets (Table 1), a compre-

hensive identification of targeted transcripts is still lacking.

PAR-CLIP and RIP studies have suggested more than

Fig. 1 The IGF2BP protein family. a Domain structure of huma-

nIGF2BPs and additionally, the IMP ortholog (dIMP, isoform K) of

Drosophila melanogaster. RNA-binding domains comprising RNA

recognition motifs (RRMs, blue) and hnRNP-K homology domains

(KH, red). The following proteins are shown: IGF2BP1 (Acc. no.:

NM006546), the longest IGF2BP1 protein isoform; IGF2BP2-a (Acc.

no.: NM006548), the longest IGF2BP2 protein isoform; IGF2BP2-a*

(no Acc. no. available), truncated IGF2BP2-a resulting from leaky

scanning during translation initiation [58]; IGF2BP2-b (Acc. no.:

NM001007225.1), spliced IGF2BP-a lacking exon 10; IGF2BP3

(Acc. no.: NM006547), the only reported variant of this paralogue;

dIMP (Acc. no.: NM001042803), variant K of the Drosophila

melanogaster ortholog of IGF2BPs. b Phylogentic tree indicating

amino acid substitutions of distinct IGF2BP paralogues from different

species (hu human, mu murine, ch chicken, xo Xenopus, d Drosoph-

ila). The accession number for each ortholog is indicated
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1,000 target mRNAs for IGF2BP1 [10, 22]. However, it

should be noted that these studies were based on the stable

expression of Flag-tagged proteins in HEK293 cells, in

which the stable expression of IGF2BP1 results in aberrant

sedimentation in polysomal gradient centrifugation when

compared with endogenous protein (Fig. S1). Recent

studies focusing on structural constrains defined by the

KH-domains 3 and 4 suggested just over 100 mRNAs to be

regulated by IGF2BPs [23]. However, these studies do not

take into account that KH-domains 1 and 2 are likely to be

involved in RNA-binding; also, as the studies were based

on IGF2BP1, the repertoire for the entire IGF2BP family

could be significantly larger. A role of KH-1/2 in RNA-

binding is supported for instance by the finding that in vitro

KH3/4 do not associate with RNA below concentrations of

100 nM, unlike the full length protein [3]. Moreover, we

observed that the KH1/2 domain modulates binding of

IGF2BP1 to cis-determinants in the ACTB 30UTR and,

more strikingly, the MYC-CRD (coding region stability

determinant) RNA in vitro (Fig. S2). This could indicate

that KH1/2 are important for the stabilization of IGF2BP-

RNA complexes.

Taken together, the currently available studies suggest a

significant structural complexity of IGF2BP-RNA associ-

ation. Structural studies of KH3/4, although still lacking

protein–RNA co-crystal information, suggest that each

KH-domain of IGF2BPs, presumably including KH-

domains 1 and 2, forms direct contacts with associated

transcripts [4]. Assuming that PAR-CLIP identifies specific

binding consensus motifs, a putative binding motif for the

KH-domains of IGF2BPs could be CAUH (H = A, U, or

C) [22]. Thus, only the defined spacing of specific asso-

ciation motifs on substrate RNAs would determine the

formation of specific IGF2BP–RNA complexes in vivo.

Another layer of complexity to be considered is that

IGF2BPs form homo- and potentially hetero-dimers on

their target mRNAs and that this was proposed to promote

the formation of stable protein–RNA complexes [3, 24]. In

agreement, the stability of IGF2BP–RNA complexes was

found to increase with the length of probed RNA baits

in vitro whereas KD-values were decreased [3]. Hence, it

appears as if the identification of physiological relevant

target mRNAs of IGF2BPs cannot be based solely on

studying protein–RNA association, but presumably

Fig. 2 Regulation of

cytoplasmic mRNA fate by

IGF2BPs. IGF2BPs associate

with specific target mRNAs and

other RNA-binding proteins

(RBPs) in cytoplasmic mRNPs.

The release of associated

mRNAs from these mRNPs

results in either their decay

(mRNA degradation) of or

protein synthesis (mRNA

translation). The formation of

‘stable’ mRNPs is presumed to

allow the directed transport of

specific mRNAs along the

microtubule and/or actin

cytoskeleton (mRNA transport).

To prevent promiscuous

translation of sorted mRNAs,

localized transcripts are likely to

be translationally silenced

during transport
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requires functional screening approaches and correlation

with cellular functions of the IGF2BP protein family.

The role of IGF2BPs during development

An important characteristic of the IGF2BP family is its

high expression during the period between zygote and

embryo stages [25]. There is a sharp peak in expression

seen around embryonic day 12.5 before a decline in

expression towards birth in mice [25, 26]. At E12.5,

IGF2BPs are expressed at very high levels in the brain,

limb buds, and muscle, and in the epithelia of many organs

in mice. During Xenopus development, Vg1RBP/Vera is

also expressed in the neural tube and neural crest cells [27].

Compared to their high expression in the embryo,

IGF2BP1 and IGF2BP3 were reported to be expressed at

negligible levels in adult organs, with the exception of

reproductive tissues [26]. In contrast, IGF2BP2 was

suggested to be expressed in various adult tissues

(reviewed in [28–30]). Aiming to re-evaluate these obser-

vations, we analyzed the expression of IGF2BPs in various

adult mouse tissues by semi-quantitative RT-PCR

(Fig. 3a). These studies confirmed that IGF2BP1 expres-

sion is essentially abolished in the adult organism, although

modest expression was observed in the brain, lung and

spleen of 16-week-old male mice. Largely age-independent

although modest expression of IGF2BP3 was observed in

the lung, spleen, kidney, and gut of male mice. Surpris-

ingly, expression in the brain and muscle was only

observed in 16-week-old mice, whereas modest expression

was observed in the heart and pancreas of 80-week-old

mice. Consistent with previous reports, largely age-inde-

pendent expression of IGF2BP2 was observed in all

analyzed tissues, except pancreas. In the latter, IGF2BP2

expression appeared to be upregulated in 80-week-old

mice. All family members were expressed in E17 mouse

Table 1 Target mRNAs of IGF2BPs

Target Cis-element on RNA IGF2BP Regulation of target mRNA References

ACTB 30-UTR 1 Inhibition of mRNA translation [6, 14, 43, 44]

ACTB 30-UTR 1 mRNA transport [2, 9, 42, 84]

BTRC CDS 1 Inhibition of miR-dependent mRNA decay [16, 20]

CD44 30-UTR 1, 3 Inhibition of mRNA decay [15]

CTNNB1 30-UTR 1 Inhibition of mRNA decay [50]

GLI1 Nd 1 Inhibition of mRNA decay [98]

Gurken 50-UTR dIMP mRNA transport/translation [34]

IGF2 50-UTR 1 Inhibition of mRNA translation [31]

IGF2 50-UTR 2, 3 Enhancement of mRNA translation [19, 70–72]

MAPK4 30-UTR 1 Inhibition of mRNA translation [14]

MDR1 CDS 1 Inhibition of CRD-dependent mRNA decay [21]

MYC CDS 1 Inhibition of CRD-dependent mRNA decay [11–13, 65, 66]

Oskar 30-UTR dIMP mRNA transport/translation [33]

PPP1R9B 30-UTR 1 mRNA transport [23]

PTEN CDS 1 Inhibition of CRD-dependent mRNA decay [14]

Vg1 30UTR Vg1RBP/Vera mRNA transport/translation [99–101]

HCV 50-/30-UTR 1 Enhancement of translation [102]

Target Cis-RNA IGF2BPs Proposed regulation of target RNA References

CDH1 – 1 mRNA localization [103]

H19 ncRNA (?) 1, (3) mRNA localization, IGF2 expression [3, 104]

LAMB2 – 2 Control of mRNA translation [89]

LIMS2 – 2 Inhibition of mRNA decay [90]

KRAS CDS, 30-UTR 1 Inhibition of mRNA decay [57]

MAPT – 1 mRNA localization [105, 106]

PABPC1 50-UTR 1 mRNA translation [107]

PTGS2 – 1 mRNA increase (undefined) [91]

TRIM54 – 2 Inhibition of mRNA decay [90]

Y3 ncRNA(?) 1, 2, 3 RO60 protein localization [97, 108]
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embryonic fibroblasts (MEFs). Hence, the expression pat-

tern observed for IGF2BP1 and IGF2BP3 can indeed be

characterized as ‘oncofetal’, since they are largely absent

from adult tissues but de novo synthesized or severely

upregulated in various tumors and tumor-derived cells

(Fig. 3b; reviewed in [28, 29]). In contrast, IGF2BP2

seems to be the only family member involved in directing

mRNA fate in non-transformed adult tissues, supporting a

role for this protein in metabolic control (reviewed in [30]).

The only family member for which knockout mice have

been reported is IGF2BP1. Mice deficient for this family

member have severely reduced viability, dwarfism and

impaired gut development [25]. The smaller sized organs

and 40 % smaller sized animals were suspected to be

caused via hypoplasia. PCNA, a marker of proliferating

cells, was reduced and a marker of apoptosis (TUNEL

staining) was not significantly increased compared to wild-

type mice. This indicates a pivotal role of IGF2BP1 in

promoting cell growth and differentiation during develop-

ment, presumably involving the regulation of IGF2 mRNA

translation [31].

In Drosophila, loss of function dIMP mutations are

zygotic lethal and the overexpression of dIMP disrupts

dorsal/ventral polarity [32]. Consistently, dIMP could

possibly direct the fate of localized mRNAs during early

development, including gurken and oskar [33, 34]. As

observed in vertebrates, dIMP shows a biphasic expression

during embryogenesis and is expressed in reproductive

tissues [35–37]. Moreover, dIMP plays a role in deter-

mining cell fate in testis stem cells and modulates neuronal

differentiation [32, 38]. Hence, in all organisms analyzed

so far, IGF2BPs were identified as essential modulators of

cell growth and differentiation during development.

IGF2BP1 and IGF2BP3 can be considered ‘oncofetal’

proteins with a biphasic expression during development

and significant upregulation in various malignancies (see

Tables 2, 3). Consistent with a suggested role in metabolic

control, the only family member widely expressed in adult

mouse tissues is IGF2BP2.

The role of IGF2BPs in the nervous system

The spatiotemporal control of mRNA localization is con-

sidered a key determinant of neuronal development,

cytoskeletal remodeling, and finally synaptic function

(reviewed in [39, 40]). IGF2BPs were identified as key

players in these processes due to their role in directing

subcellular mRNA sorting and spatial control of key

mRNA translation. A few transcripts have been suggested

to be regulated in a spatiotemporal manner by IGF2BPs in

neurons (Table 1). However, the role of IGF2BP1 in con-

trolling the fate of the ACTB mRNA is the most

investigated (reviewed in [41]). The current view suggests

that IGF2BP1 promotes the assembly of relatively stable

cytoplasmic mRNPs comprising the ACTB mRNA. This

allows the directed transport of the translationally silenced

transcript into developing axons and dendrites [9, 42].

Fig. 3 IGF2BP expression in adult mice and tumor-derived cells.

a Semi-quantitative RT-PCR analysis of IGF2BP expression (40 PCR

cycles) in adult mouse tissues. Total RNA was analyzed from tissues

isolated from either a 16- or 80-week-old male mouse. 28S RNA

served as a loading control (20 PCR cycles). Total RNA isolated from

E17 mouse embryonic fibroblasts (MEF) was used as positive control.

Total lung RNA without reverse transcription (-RT) and water

served as negative controls. b IGF2BP protein expression in indicated

tumor-derived cells was analyzed by western blotting using mouse

monoclonal antibodies directed against each of the three paralogues.

Recombinant IGF2BP proteins (20 ng; including IGF2BP2-a and

IGF2BP2-b) served as controls. Note, the IGF2BP3-directed antibody

shows a significant cross-reactivity with IGF2BP1 (see also supple-

mental Fig. S4), presumably reflecting the high sequence similarity of

both proteins. The cross-reactivity of both anti-IGF2BP1 (6A9) and

anti-IGF2BP3 (6G8) with IGF2BP2 is low and presumably negligible

for most studies (see also supplemental Fig. S4). Notably, one or two

IGF2BP paralogues are expressed at very low levels in some tumor-

derived cells, whereas all three paralogues are expressed in other

cancer-derived cells. Additional controls for paralogue specificity of

used monoclonal antibodies are shown in Fig. S4
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Spatially restricted translation of localized ACTB mRNAs

is presumably activated by Src-mediated phosphorylation

of IGF2BP1 [6]. This spatiotemporal fine tuning of ACTB

protein synthesis was suggested to promote growth cone

guidance during development [43–45]. Recent studies

indicate that IGF2BP1 also promotes the outgrowth and

branching of neurites in hippocampal neurons, presumably

by controlling Src-dependent spatiotemporal activation of

ACTB protein synthesis [46]. Notably, these studies

revealed that IGF2BP1 is not required for the maintenance

of matured dendrites, correlating well with the observation

that IGF2BP1 is not expressed in the adult mouse brain,

although final proof of this assumption requires further in

depth analyses (Fig. 3a). Notably, IGF2BP1 was recently

implicated in nerve regeneration capacity of adult sensory

neurons, suggesting that the protein could also play a role

in the matured neuronal system, at least during regenera-

tion [47]. Studies in Drosophila and Xenopus support

essential roles of IGF2BPs in the nervous system. In

Drosophila, dIMP was revealed to promote synaptic ter-

minal growth and modulate protein synthesis at

neuromuscular junctions [32]. In Xenopus, the ortholog

Vg1RBP/Vera was shown to be required for migration of

cells forming the neural tube of the embryo and, subse-

quently, migration of neural crest cells [27]. Taken

together, these findings identify IGF2BPs as key regulators

of neuronal development that modulate neurite outgrowth

and neuronal cell migration, presumably by the spatio-

temporal fine tuning of protein synthesis, as demonstrated

for ACTB.

Control of IGF2BP expression

Surprisingly little is known about how the expression of

IGF2BPs is regulated at the transcriptional level. In

HEK293 cells, IGF2BP1 transcription was proposed to be

induced by b-catenin (CTNNB1) in a TCF-dependent

manner [16]. This observation remains puzzling, since the

authors propose that, without CTNNB1/TCF4 overexpres-

sion, IGF2BP1 mRNA is not present or barely observed in

HEK293 cells. In contrast, various studies indicate that

IGF2BP1 is highly abundant in HEK293 cells (e.g., [6, 10,

48]). Despite this controversy, the CTNNB1-induced acti-

vation of IGF2BP1 expression was proposed to promote

IGF2BP1-dependent stabilization of the BTRC and MYC

mRNAs leading to elevated expression of both proteins

[16]. While IGF2BP1 stabilizes the MYC mRNA pre-

sumably by protecting the transcript from endonucleolytic

attack, the protein was proposed to prevent miR-182

directed degradation of the BTRC transcript [12, 13, 20].

These observations suggest that IGF2BP1 transcription is

modulated by negative as well as positive feed-back reg-

ulation. Negative feed-back regulation should be facilitated

by BTRC-dependent degradation of CTNNB1, whereas

MYC was proposed to enhance the transcription of

IGF2BP1, suggesting a positive feed-back loop [49].

Controversially, CTNNB1 was proposed to enhance the

expression of IGF2BP1 expression by positive feed-back

regulation in mammary carcinoma-derived tumor cells

[50]. Taken together, the presented studies support the

view of an oncogenic role of IGF2BP1 by providing evi-

dence for CTNNB1/TCF4 as well as MYC-dependent

transcriptional activation. This is consistent with the severe

upregulation of IGF2BP1 in various malignancies

(Table 2) and correlates well with IGF2BP1 de novo syn-

thesis observed in colorectal carcinomas [51, 52].

However, substantially more work is required to decipher

the cross-talk and feed-back regulations which are likely to

orchestrate IGF2BP1 transcription in a cell- and malig-

nancy-dependent manner.

Little information is available on the transcriptional

control of other IGF2BPs. Transcriptional regulation of

IGF2BP3 has never been studied to our knowledge. Two

studies indicate that IGF2BP2, but not the two other family

members, is regulated by the ‘architectural’ transcription

factor HMGA2 and NFjB (NFKB1). The first report on the

control of IGF2BP2 expression convincingly demonstrates

that transcription of this paralogue is essentially abolished

in HMGA2 (-/-) mice [53]. Consistently, HMGA2 was later

proposed to promote the transcription of IGF2BP2 by

Table 2 IGF2BP1 expression in human cancers

Cancer Method Incidence References

Breast RT-PCR 59 % (69/118) [109]

Ovarian

carcinomas

IHC 69 % (73/106) [13]

Ovarian IHC Not done (associated

with MDR1)

[56]

Testis IHC 90 % (30/33) [26]

Brain tumors

(various)

RT-PCR 55 % (28/51) [110]

Melanoma IHC 34 % (13/38) [111]

Non-small cell

lung

RT-PCR 27 % (4/11) [110]

Pancreatic Northern 33 % (5/15) [112]

Colon, lung,

ovarian

IHC [60 % [61]

Colon IHC, RT-

qPCR

50 % (36/78), 59 %

(46/78)

[52]

Colorectal RT-PCR 81 % (17/21) [51]

Mesenchymal RT-PCR 65 % (28/43) [113]

Hodgkin

lymphoma

IHC 94 % (101/108) [78]

B cell lymphomas

(various)

IHC 69 % (458/661) [78]
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associating with an AT-rich region in the first intron of the

IGF2BP2 gene [54]. Remarkably, the same region is tar-

geted by NFKB1 that apparently synergizes with HMGA2

in enhancing the transcription of IGF2BP2. Hence, in

contrast to IGF2BP1 where transcriptional control is pro-

posed to be orchestrated via a bona fide promoter region

located upstream of the start codon, IGF2BP2 expression is

suggested to involve enhancer elements located in the first

IGF2BP2 intron.

The post-transcriptional control of mRNA fate is a main

regulatory crank in the control of gene expression. In this

respect, a study by the Bartel laboratory provided a new

perspective that emphasizes the 30-end of IGF2BP tran-

scripts, in particular IGF2BP1, in modulating the

expression of this gene family [48]. Consistent with various

in silico-predicted poly-adenylation sites in the approxi-

mately 7-kb-long 30-UTR of the transcript (Fig. S3), at least

three IGF2BP1 transcripts were observed in various tumor-

derived cells and HEK293 cells. This supports the notion

that IGF2BP1 expression is modulated by alternative poly-

adenylation (APA). Although the mechanism by which

APA of IGF2BP1 is controlled remains largely elusive, it is

commonly accepted that 30-UTR shortening provides a

potent escape strategy preventing the targeting of repres-

sive microRNAs. This appears to be preferentially

observed for transcripts encoding oncogenic factors which

are targeted by tumor-suppressive microRNAs like the let-

7 family, as demonstrated for IGF2BP1 [55]. Notably,

APA-sites are only suggested for IGF2BP1 based on cur-

rently available sequence information (Fig. S3). Whether

this indicates that 30-UTR shortening provides an escape

strategy only for IGF2BP1 remains to be elucidated.

The observed post-transcriptional control of IGF2BP1

expression by microRNAs was suggested to modulate

tumor cell fate. Downregulation of let-7 expression, fre-

quently observed in aggressive tumor cells, was correlated

with increased drug-resistance and an upregulation of

IGF2BP1 [56]. The latter was proposed to enhance the

expression of the multi-drug-resistance factor 1 (MDR1) by

preventing MDR1 mRNA degradation via endonucleases,

Table 3 IGF2BP3 expression in human cancers

Cancer Incidence

(%)

References

Gastrointestinal/pancreatic

Pancreatic adenocarcinoma 63–97 [114–119]

Esophageal adenocarcinoma 66–94 [120, 121]

Gastric adenocarcinoma 60 [122]

Colorectal adenocarcinoma 65–74 [123, 124]

Hepatobiliary

Hepatocellular carcinoma 53–68 [79, 125]

Bile duct carcinoma 58 [126]

Gynecologic

Endometrial clear cell carcinoma 39 [74]

Endometrioid carcinoma 7–46 [74, 127]

Serous endometrial carcinoma 94–100 [59, 74,

127]

Cervical adenocarcinoma in situ 21–93 [75, 128]

Ovarian carcinoma 47 [76, 129]

Lung/pleura

Non–small cell lung cancer 55 [130]

Squamous cell carcinoma lung 75–90 [130, 131]

Adenocarcinoma of the lung 70–90 [131, 132]

Bronchioloalveolar carcinoma 25–40 [130, 132]

Malignant mesothelioma 36–91 [133, 134]

Lymphoid

Hodgkin lymphoma 100 [77]

Burkitt lymphoma 83 [77]

Follicular lymphoma 80 [77]

Diffuse large B cell lymphoma 85 [77]

Cutaneous

Melanoma 40–50 [80, 135]

Merkel cell carcinoma 90 [136, 137]

Thyroid

Papillary carcinoma, conventional 11–87 [138, 139]

Papillary carcinoma, follicular variant 38–67 [138, 139]

Follicular carcinoma 63–69 [138, 139]

Hürthle cell carcinoma 21 [138]

Poorly differentiated carcinoma 59 [140]

Nervous system

Meningioma 6.5 [141]

Pituitary adenoma 31 [142]

Pituitary carcinoma 36 [142]

Neuroblastoma 58 [81]

Genitourinary

Renal cell carcinoma, overall 11–21 [143, 144]

Renal cell carcinoma, clear cell 14–30 [143, 144]

Renal cell carcinoma, chromophobe 15–35 [143–145]

Renal cell carcinoma, papillary 9–65 [143–145]

Noninvasive papillary urothelial

carcinoma

1–53 [146]

Urothelial carcinoma in situ 36–48 [146, 147]

Table 3 continued

Cancer Incidence

(%)

References

Invasive urothelial carcinoma 34–59 [146, 147]

Breast

Mammary carcinoma 33–41 [148–150]

Other

Extrapulmonary small cell carcinoma 94 [151]

Mesothelioma 73 [152]

Osteosarcoma 17–96 [153, 154]
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as previously proposed for MYC [21]. Hence, the micr-

oRNA-dependent upregulation of IGF2BP1 enhanced drug

resistance by promoting the expression of MDR1. This

supports other studies which indicate that regulatory post-

transcriptional networks modulate tumor cell properties.

For IGF2BP1, it was demonstrated that the protein pro-

motes the expression of various bona fide let-7 targets

including KRAS, Lin-28B and MYC [57]. Notably, the

role of IGF2BP1 in the let-7-dependent post-transcriptional

control of gene expression is apparently conserved through

evolution. In Drosophila, let-7-controlled expression of

dIMP was recently proposed to modulate the expression of

the self-renewal factor Upd in the testis stem cell niche

[38].

Although regulation of the other IGF2BP family mem-

bers by microRNAs has not so far been demonstrated, the

expression of at least IGF2BP2 seems to be also regulated

at the post-transcriptional level. Recent studies indicate

that leaky scanning during translation initiation results in

the expression of a shorter protein isoform [58]. We have

confirmed the expression of this isoform in osteosarcoma-

derived U2OS cells and demonstrated that at least three

protein isoforms of IGF2BP2 are expressed in several

tumor-derived and transformed cells (Fig. 3b; Fig. S4).

These include the longest protein isoform (IGF2BP2-a;

Acc. no.: NM006548.4; calculated MW: 66 kDa), an

alternatively spliced variant lacking exon 10 (IGF2BP2-b;

Acc. no.: NM001007225.1; calculated MW: 61.8 kDa) and

presumably the shortest isoform resulting from leaky

scanning of IGF2BP2-a with a calculated molecular weight

of 58.6 kDa (IGF2BP2-a*). As for IGF2BP2, an alternative

splice variant lacking exons 6 and 7 was proposed for

IGF2BP1 (Acc. no.: NM 001160423.1). However, although

we were able to generate a cDNA encoding the shorter

IGF2BP1 isoform by RT-PCR cloning from HEK293 cells,

we have not been able to conclusively demonstrate

expression of the shorter protein variant at the endogenous

level (data not shown).

Taken together, it remains poorly understood how the

transcription of IGF2BPs is regulated and how it might be

modulated by epigenetic mechanisms. In contrast, there is

substantial evidence for a significant role of post-tran-

scriptional mechanisms directing the control of at least

IGF2BP1 expression. The ‘let-7-axis’ appears to emerge as

a highly conserved regulatory mechanism that antagonizes

the expression of IGF2BP1. This supports the view that

IGF2BP1 enhances tumor cell aggressiveness, since the let-

7 microRNA family is considered to facilitate a tumor-

suppressive role in most malignancies. Nonetheless, sub-

stantial efforts are required to promote our understanding

of how the expression of IGF2BPs is modulated by the

interplay of transcriptional and post-transcriptional net-

works. This will provide essential insights into how

IGF2BP function is controlled during development and

becomes deregulated in diseases.

Expression of IGF2BPs in cancer

Expression of IGF2BP family members has been impli-

cated in various cancers; however, the vast majority of

reports consider exclusively IGF2BP1 and IGF2BP3

(Tables 2, 3). For the latter, the most cited malignancies

are those of the colon, liver, kidney, pancreas, and female

reproductive tissues. There is sparse and less convincing

evidence thus far for an oncogenic role for IGF2BP2, but

studies have correlated the expression of this paralogue

with liposarcoma, liver cancer, and endometrial adeno-

carcinomas [54, 59, 60]. This is consistent with the

observation that IGF2BP1 and to a lesser extent also

IGF2BP3 are mainly or even exclusively expressed during

embryogenesis but become de novo synthesized in various

malignancies. In contrast, IGF2BP2, which has barely been

associated with a role in cancer, is the only paralogue

observed to be expressed in all non-transformed mouse

tissues so far analyzed (Fig. 3a).

The reported expression of IGF2BP1 and IGF2BP3 in

primary malignancies does not allow concluding a specific

expression pattern discriminating both paralogues. How-

ever, it should be noted that IGF2BP1 expression has been

studied largely on the mRNA level by RT-PCR, whereas

IGF2BP3 expression was analyzed mainly by immuno-

histochemistry. The latter is problematic with IGF2BPs due

to the high sequence identity and homology. This imposes

the difficulty to raise paralogue-specific antibodies which

are useful for immunohistochemistry. Thus, isoform-spe-

cific expression analyses should be evaluated with caution

and we expect that at least some of the reported observa-

tions have to be reconsidered.

IGF2BP1—oncogene(ic) or not?

For the majority of studies, there is a severe gap between

pure functional in vitro studies and more descriptive clin-

ical oncology/epidemiology studies. For example, even

though there is a large body of in vitro evidence for

IGF2BP1 in promoting cell movement, the significance of

IGF2BP1 in the process of cancer metastasis has not been

directly confirmed through in vivo studies. Likewise, we

still have little information on a putative co-regulation of

IGF2BP1 and target mRNA expression in primary tumor

samples, although the expression of IGF2BP1 has, for

instance, been correlated with lymph node metastasis of

colorectal carcinomas [61].

Only one study provides strong in vivo evidence for a

pro-oncogenic role of IGF2BP1 by applying classical

methods. In a transgenic mouse model, the expression of
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IGF2BP1 was induced in mammary epithelial cells of adult

female mice via the whey acidic promoter (WAP) upon

lactation [62]. The incidence of mammary tumors within

60 weeks was 95 % when IGF2BP1 was highly expressed,

and still reached 60 % with lower relative expression of the

paralogue. Tumors were generally multifocal and several

tumor-bearing mice had metastases. The quantification of

IGF2BP1 target RNAs demonstrated that levels of ACTB

and MYC transcripts were unaffected by IGF2BP1 over-

expression, whereas IGF2 and H19 were significantly and

consistently induced at the RNA level in mammary tissue

of transgenic mice after lactation. These findings are sur-

prising for two reasons. In vitro, IGF2BP1 was shown to

enhance the expression of MYC by preventing MYC

mRNA degradation, whereas this was not observed in vivo,

at least in the WAP-dependent mouse model [12, 13, 62].

Moreover, in vitro evidence indicates a role of IGF2BPs in

modulating the translation of the IGF2 mRNA, mainly by

associating with one of four known 50-UTRs of IGF2,

whereas total IGF2 mRNA levels were upregulated in vivo

[31, 62]. In vitro studies revealed that IGF2BP1 also binds

to the 30-UTR of IGF2 mRNA which is identical in all

IGF2 transcript variants. This could indicate that IGF2BP1

simply prevents IGF2 mRNA degradation in vivo [3].

Alternatively, one could envision a role of IGF2BP1 in

modulating the activation and/or imprinting of the IGF2-

H19 tandem locus (reviewed in [63]). Of note, the H19

RNA was reported to encode at least one microRNA,

proposed to negatively affect cell proliferation, which

would be consistent with the role of H19 as a tumor sup-

pressor (reviewed in [64]). How this correlates with the

observed induction of primary lesions as well as metastases

in WAP-driven IGF2BP1 mouse models remains to be

addressed [62].

IGF2BPs could be exploited in cancer through their

influence on classical oncogenes, in particular MYC and

KRAS [57]. Unlike various other targets to which

IGF2BP1 binds via the 30-UTR, IGF2BP1 was proposed to

bind to the CRD in the MYC open reading frame [65].

There is a bulk of evidence accumulated indicating that

IGF2BP1 sustains MYC expression in tumor cells derived

from various cancers in vitro (e.g.: mammary carcinomas

[66]; ovarian carcinomas [13]; colorectal carcinomas [57]).

This regulatory role was mainly correlated with the role of

IGF2BP1 in preventing cleavage of the MYC mRNA by

endonucleases upon the stalling of ribosomes in a rare

codon stretch at the 50-end of the CRD [11, 12, 21, 67].

However, in light of the reported repression of MYC as

well as KRAS expression by the let-7 microRNA family,

which targets in the 30-UTR of both transcripts, one could

envision that IGF2BP1 also prevents the targeting of this

miR-family. In the case of MYC, this could either be

facilitated by blocking let-7 targeting to the MYC-30-UTR

or by recruiting the mRNA into cytoplasmic mRNPs upon

association with the MYC-CRD. Alternatively, or in

addition, the protein could prevent the targeting of miRs to

the MYC-CRD, as previously proposed for the IGF2BP1-

directed stabilization of the BTRC mRNA [20]. Evidence

for an IGF2BP1-dependent enhancement of KRAS

expression is presented by only one study, but the molec-

ular mechanism of this regulation remains elusive [57].

However, the fact that both MYC and KRAS are targeted

by microRNAs of the let-7 family, like IGF2BP1 itself,

suggests that IGF2BP1 could prevent targeting of KRAS

by this microRNA family.

Taken together, there is strong evidence for an ‘onco-

genic’ role of at least IGF2BP1. However, there are

obvious discrepancies between in vitro and the only

available in vivo study. Hence, substantial efforts using

in vivo models are required to elucidate the role of

IGF2BPs in cancer.

What is the role of IGF2BP3 in cancer?

In contrast to IGF2BP1, which has been extensively stud-

ied in vitro, the role of IGF2BP3 remains barely

investigated. However, of the three family members,

IGF2BP3 has been associated the most with distinct cancer

types. Accordingly, it was suggested as an important bio-

marker in systemic malignancies (reviewed in [68, 69]).

Functional studies addressing a regulatory role of

IGF2BP3 revealed essentially two validated target mRNAs

and some putative candidates. Evidence indicating

IGF2BP3 to promote the mRNA translation of leader3

IGF2 mRNAs was presented by two laboratories [70, 71].

These studies suggest that the protein, like IGF2BP2 [19],

enhances the translation of IGF2 mRNAs carrying a highly

structured 50-UTR, the so-called leader3. The latter pre-

sents one out of four distinct 50-UTRs encoded by the

human IGF2 locus. In agreement, it was demonstrated that

IGF2BP3 promotes cell growth, proliferation, and resis-

tance to ionic irradiation in an IGF2-dependent manner

[72]. In contrast, IGF2BP1 was proposed to repress the

translation of the IGF2 mRNA, either via the leader3 50-
UTR or potentially via the 30-UTR of the IGF2 mRNA [3,

31]. Although the IGF2BP paralogue-specific regulation of

IGF2 expression might well be regulated in a cell type- or

cancer progression-dependent manner, these and various

other findings indicate IGF2 as a key target transcript of the

IGF2BP protein family. Interestingly, however, IGF2BP3

was also correlated with increased in vitro invasiveness and

metastasis in Xenograft studies [15, 71, 73]. The only

validated target mRNA which provides a conclusive hint

how IGF2BP3 could facilitate a pro-invasive role is CD44.

Together with IGF2BP1, IGF2BP3 was shown to enhance

the formation of invadopodia by preventing the
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degradation of the CD44 mRNA upon associating with the

30-UTR of the CD44 mRNA [15].

In light of the poorly understood role of IGF2BP3 in

modulating tumor cell functions, it is surprising to observe

that there was an ‘explosion’ of descriptive studies pub-

lished from 2007 onwards, which suggest IGF2BP3

expression to correlate with tumor aggressiveness in a

broad variety of malignancies (Table 3). Among the vari-

ous cancers for which an upregulation or de novo synthesis

for IGF2BP3 was reported, lung, gastrointestinal, and

ovarian cancers are the most frequently reported. Overall,

in gastrointestinal cancers, there is the suggestion that

IGF2BP3 expression, almost exclusively analyzed on the

basis of immunostaining, correlates with an overall poor

prognosis, tumor aggressiveness, and metastasis (for ref-

erences, please refer to Table 3). In cancers of female

tissues, positive staining was reported in 94 % of all serous

endometrial carcinomas and 89 % of all serous endometrial

intraepithelial carcinoma [74]. Notably, no expression was

observed in endometrial intraepithelial neoplasia, whereas

significant expression was observed in 93 % of cervical

adenocarcinomas [75]. Notably, there is contradictive evi-

dence for ovarian cancer suggesting IGF2BP3 expression

to correlate with an improved survival [76]. One descrip-

tive study by King et al. [77] displayed striking images of

high IGF2BP3 protein expression by IHC in normal ger-

minal centers of lymph nodes and negative staining in the

periphery of the lymph nodes. Of note, a similar pattern

was observed for IGF2BP1 in another lymphoma study

[78]. The research of King and colleagues could support a

role of IGF2BP3 in the proliferation and differentiation of

B cells and possibly hints towards a broader role for

IGF2BP3 in unrestricted proliferation and cell survival.

Aside from these data, they also demonstrate a possible

association of IGF2BP3 expression in specific subsets of

lymphoma, such as 100 % of Hodgkin lymphoma.

Although displaying less convincing IGF2BP3 staining in

liver cancer, IGF2BP3 expression was correlated with cell

proliferation by co-expression of ki67 [79]. This paralogue

has also been associated with two cell types of neural crest

origin; neuroblastoma and melanoma. IGF2BP3 has been

found to be significantly highly expressed in metastatic

melanomas, compared with thin melanomas. Thus, this

paralogue may be useful diagnostically as a marker to

differentiate melanoma from benign nevi cell types char-

acterized by little or no IGF2BP3 expression [80]. Of

relevance here is that Vg1RBP/Vera, the Xenopus ortholog

of IGF2BPs, was revealed to promote the migration of

neural crest cells during development [27]. This could

indicate a significant role of IGF2BPs in the etiology of

neuroblastoma and melanoma. In agreement, IGF2BP3 was

proposed a marker of high clinical significance in neuro-

blastoma, with IGF2BP3-positive patients having

decreased overall survival [81]. Interestingly, retinoic acid

treatment of neuroblastoma cells revealed downregulation

of IGF2BP3, and evidence within our laboratory shows this

is also the case for IGF2BP1 (Bell et al., unpublished).

Retinoid treatment causes the vast majority of neuroblas-

toma-derived cells to differentiate, decreases proliferation,

and is therefore used in treating minimal residual disease

neuroblastoma patients, but notably is also beneficial in

many other cancers and proliferative disorders [82]. This

could further implicate that high expression of IGF2BPs is

associated with a de-differentiated highly proliferative cell

state and speculatively nuclear receptor signaling

pathways.

Taken together, evidence for an ‘oncogenic’ role of

IGF2BP3 provided by in vitro studies is sparse and the

paralogue specificity of used antibodies remains to be

validated. Nonetheless, the bulk of correlative studies

associating the upregulation of IGF2BP3 with various

malignancies provide strong evidence for a pivotal role of

IGF2BP3 in cancer.

IGF2BPs as pro-survival factors

Obviously, the ability of IGF2BPs to increase the expres-

sion of MYC, IGF2 and potentially other pro-survival

proteins like KRAS tends towards IGF2BPs themselves

having pro-survival traits. This is a major characteristic of

both oncogenes and embryonic growth factors and thus

supports the oncofetal expression of IGF2BP1 and

IGF2BP3. Recent studies have suggested both these para-

logues to promote cell survival in response to Taxanes

treatment or ionizing radiation, respectively [56, 72]. Both

articles discuss common treatment regimens in cancer

therapy imposing cell cycle arrest and/or apoptosis. Thus,

the pro-survival role of IGF2BP1 and IGF2BP3 in response

to these therapeutic treatments in vitro suggests that

IGF2BPs also serve a role in mediating chemo-/radio-

resistance of tumor cells. In support of this view, IGF2BP1

was shown to enhance the expression of MDR1 [21].

Notably, IGF2BP3 knockdown in K562 cells (chronic

myeloid leukemia) does not induce apoptosis by itself, an

observation we can also confirm for IGF2BP1 in tumor

cells derived from gastrointestinal cancers (unpublished).

However, IGF2BP3 knockdown enhances c-irradiation-

induced apoptosis by around 30 % in K562 cells [72]. This

enhancement of apoptosis was largely abolished by sup-

plementing recombinant IGF2, suggesting that IGF2BP3

may exert its protective effects essentially by promoting

the expression of IGF2. In melanoma cells, knockdown of

IGF2BP1 was also shown to be protective against che-

motherapy-induced apoptosis [83]. Unfortunately, the role

of p53 and involvement of the mitochondria in the

observed apoptosis signaling was not investigated in the
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above studies, and remains an important area of enquiry.

This is emphasized by reported observations in colon car-

cinoma-derived cells in which IGF2BP1 knockdown was

proposed to induce apoptosis, as suggested on the basis of

increased Caspase3/8 abundance as well as cleaved PARP

and LaminA/C proteins [57].

The role of IGF2BPs in cell migration

The identified target transcripts, in particular ACTB and

CD44 (see Table 1), of IGF2BPs suggest a role of this

protein family in controlling cytoskeletal organization, cell

adhesion, and consequently cell migration. The most

striking observation indicating a significant role of

IGF2BPs in regulating cell motility was in Xenopus where

the IGF2BP ortholog Vg1RBP/Vera promoted the directed

migration of neuronal crest cells during development [27].

However, via which target mRNAs Vg1RBP/Vera modu-

lates the migration of neural crest cells remains largely

elusive .

The chicken ortholog of the human IGF2BP1, termed

ZBP1 (Zipcode binding protein), was identified as a key

regulator directing the localization of ACTB mRNA to the

leading edge of fibroblasts as well as exploratory growth

cones in primary neurons [2, 9, 84]. Although it remains

unknown whether enhancement of neuronal crest cell

migration by Vg1RBP/Vera also involves the localization

of ACTB mRNA, these findings together indicated a piv-

otal role of IGF2BPs in modulating both cytoskeletal

polarization and actin-driven cell migration. In support of

this, IGF2BP1 was identified to control the spatially

restricted translation of the ACTB mRNA in neuronal cells

[6]. This suggested that the protein is an essential regulator

of local ACTB monomer concentrations and thus F-actin

polymerization, the driving force of cell protrusion. In

developing mammalian neurons, the spatial control of

ACTB protein levels by IGF2BPs or their orthologs is

essentially involved in modulating neurite outgrowth and

growth cone guidance [6, 43, 44]. Although actin remod-

eling and protrusion of growth cones is regulated by

somewhat different mechanisms than observed in the

migration of mesenchymal cells, IGF2BPs were also

shown to enhance the migration of the latter. In tumor-

derived cells, IGF2BPs were demonstrated to enhance the

formation of lamellipodia, enforce intrinsic polarization,

and thus promote directed cell migration [14, 61, 85, 86].

Although all these findings support the notion that

IGF2BPs, in particular IGF2BP1, promote directed cell

migration, it was unknown if this role was solely due to the

spatiotemporal control of ACTB mRNA translation or

involved the regulation of additional target mRNAs.

However, recent studies by the Singer laboratory provide

striking evidence that the localization of endogenous

ACTB mRNA to the leading edge of fibroblasts lags

behind the rapid change in migration directionality

observed during random migration [87]. These findings

suggest that the enhancement of ACTB mRNA localization

sustains the directed migration in response to chemotactic

cues rather than initiating cell protrusion. This obviously

supports findings in neurons where IGF2BPs were sug-

gested to support the guidance of growth cones during

development [43, 44]. Despite this strong evidence indi-

cating an essential role of IGF2BPs in the modulation of

chemotactic movement, IGF2BP1 apparently also serves a

role in controlling the random migration of tumor-derived

cells. Our recent studies indicate that IGF2BP1 promotes

the velocity of tumor cell migration and migration-sup-

portive adhesion by limiting MAPK4 mRNA translation

and consequently MK5-directed phosphorylation of HSP27

[14]. The latter is frequently upregulated in various cancers

and is essentially involved in modulating cellular G-/F-

actin ratios by an enhanced sequestering of ACTB mono-

mers upon MK5-directed phosphorylation at two key serine

residues [14]. Thus, by antagonizing MK5-directed phos-

phorylation of HSP27 and concomitantly limiting ACTB

mRNA translation, IGF2BP1 serves as a ‘post-transcrip-

tional fine tuner’ of ACTB monomer levels (reviewed in

[88]). However, IGF2BP1 not only controls the speed of

migration but also modulates intrinsic cell polarization,

presumably via at least two target transcripts. The reported

control of ACTB mRNA localization directs actin mono-

mers to the site of active protrusion and thus determines a

dynamic cytoskeletal polarization. Although this is pre-

sumably largely dispensable for randomly walking cells, it

could have a severe impact on sustained motion during

development or in chemotactic gradients [85, 87]. On the

other hand, IGF2BP1 surprisingly enhances the expression

of the tumor-suppressor PTEN and thereby shifts the cel-

lular PIP3/PIP2 equilibrium [14]. This enhancement of

PTEN expression enforces intrinsic cell polarization in a

RAC1-dependent manner in vitro. Hence, in tumor-derived

cells still expressing functional PTEN, IGF2BP1 can

enhance both the speed and the directedness of cell

movement. In glioblastoma-derived tumor-cells lacking

PTEN, IGF2BP1 was found to exclusively promote the

speed but not the directedness of random migration [14].

Despite conclusive evidence supporting IGF2BPs as key

regulators of cell migration, their potential role in tumor

cell invasion and metastasis remains poorly understood.

However, it should be noted that the de novo synthesis of

IGF2BP3 and to a lesser extent IGF2BP1 have been

reported to correlate with enhanced metastasis and poor

prognosis in various cancers. Moreover, the de novo syn-

thesis of transgenic IGF2BP1 in mammary tissues of

lactating mice induced both the formation of primary

lesions as well as metastasis [62]. Consistently, IGF2BP1
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and IGF2BP3 were shown to enhance the in vitro forma-

tion of invadopodia by promoting the expression of CD44

[15]. In agreement with this, we have observed that the

forced expression of IGF2BP1 promoted the invasiveness

of tumor cells in vitro, whereas the opposite was observed

upon its knockdown (unpublished). Moreover, significant

expression of IGF2BPs was observed in metastasizing

colorectal carcinomas (CRC) with high expression of

IGF2BPs at the invasive front [61]. Notably, IGF2BP

expression apparently prevails during metastasis, since

high levels of IGF2BPs were also observed in CRC-derived

lymph node metastasis [61]. Although these studies fail to

reveal which paralogues of the IGF2BP protein family

potentially modulate the invasiveness of CRC, they support

the view that IGF2BPs enhance the metastatic potential of

tumor cells. In contrast, in vitro studies suggest that

IGF2BP1 could interfere with metastasis by enhancing

intrinsic cell polarization to a level which abolishes che-

motactic responsiveness [85]. Surprisingly, IGF2BP1

depletion in mammary carcinoma-derived T47D cells was

reported to enhance cell migration whereas the opposite

was observed upon the overexpression of ZBP1, the

chicken ortholog of IGF2BP1 [50]. These findings are

puzzling, since we observe that IGF2BP1 promoted the

migration of tumor-derived cells in vitro and enhanced cell

polarization in a PTEN-dependent manner [14]. These

observations are consistent with reports indicating

IGF2BP1 to enhance cell polarization, as well as studies

demonstrating that IGF2BPs promote cell migration and

the formation of lamellipodia [61, 85, 86]. One simple

explanation is that what is described to be IGF2BP1 in

T47D is a specific IGF2BP1 mutant/isoform or another

IGF2BP paralogue, since IGF2BP1 expression is barely

observed in a panel of breast cancer-derived cells including

T47D [48]. However, this does not explain why the over-

expression of ZBP1 slows down T47D cell migration.

Despite controversial observations regarding a potential

involvement of IGF2BPs in metastasis, IGF2BP1 and

IGF2BP3 emerge as potent modulators of cell migration

during development and in cancer. This role is likely to

involve the spatiotemporal fine tuning of actin dynamics,

the driving force of cell motility. Moreover, there is sub-

stantial evidence suggesting IGF2BPs modulate cell

adhesion, the formation of invadopodia, and intrinsic cell

polarization. Notably, IGF2BP2 could add to IGF2BP-

directed control of cell migration, presumably by modu-

lating cell adhesion. Recent reports suggest that IGF2BP2

controls the expression of proteins modulating cell matrix

contact formation, LIMS2 and TRIM54, as well as the

extracellular matrix protein LAMB2 [89, 90]. Hence,

substantial in vitro and in particular in vivo studies are

required to decipher how IGF2BPs modulate cell adhesion,

migration, and most importantly metastasis. However, in

view of the somewhat controversial observations reported,

it appears likely that their role in metastasis is essentially

determined by the cancer or cell type analyzed.

On a slightly different note, a recent publication has

uncovered an unexpected role for IGF2BP1 in a mouse

model of colon wound healing. IGF2BP1 was found to

promote the expression of prostaglandin-endoperoxide

synthase 2 (Ptgs2), presumably by preventing Ptgs2 mRNA

degradation in colonic mesenchymal stem cells [91]. This

was suggested to enable or enhance efficient wound clo-

sure, supporting a pivotal role of IGF2BPs in cell

migration. Moreover, there is a hypothesis within the

oncology field that has speculated that cancers are ‘wounds

that never heal’ [92]. Recent papers on the subject have

reported the importance of PTEN [93], IGFs, and MYC in

these processes, significantly transcripts also regulated by

IGF2BPs, and also that the majority of effected transcripts

are shared in both wound healing and cancer. Further

research is certainly required to elucidate further if

IGF2BPs serve roles in the process of wound healing, and

whether this role is exploited in tumors for growth and

metastasis and may lead to the mechanisms of IGF2BP1/3

re-expression in adult tissues.

Current limitations and concluding remarks

Descriptive studies of IGF2BPs demonstrate well-corre-

lated expression throughout development and in

reproductive tissues (which have high proliferation

requirements). To date, there are few mechanistic com-

parative studies involving paralogues and isoforms within

the IGF2BP family. This poses a significant limitation in

deciphering the role of individual IGF2BPs in cancer. In

contrast to IGF2BP1 and IGF2BP3, for which de novo

synthesis in various malignancies has been reported,

IGF2BP2 has been implicated as a candidate gene involved

in type 2 diabetes (T2D) (reviewed in [30]). However, it

has to be noted that, except for a role in IGF2 mRNA

translation proposed to be regulated by mTORC1-directed

phosphorylation of IGF2BP2, there is currently no func-

tional evidence for a role of this paralogue in glucose

homeostasis, insulin signaling, or diabetes [19]. The only

evidence for a putative role of IGF2BP2 in T2D is provided

by various studies correlating SNPs in the second intron of

the IGF2BP2 locus with T2D. Notably, some studies cor-

related IGF2BP2-SNPs with reduced pancreatic b-cell

function rather than with reduced insulin sensitivity

(reviewed in [30]). This could indicate a role of IGF2BP2

and potentially its paralogues in pancreatic development

and/or function. Supporting this assumption, loss-of-func-

tion studies in Xenopus revealed that Vg1RBP/Vera is

involved in determining pancreatic cell fate during
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development [94]. Notably, we observed that IGF2BP2 and

potentially the expression of IGF2BP3 were upregulated in

old male mice (Fig. 3a). Hence, current evidence favors a

role of IGF2BP2 in metabolic control and not in malig-

nancy. This could point to a lack of research, rather than a

lack of function, as there is little evidence towards it not

being involved in malignancy either. It could be speculated

that the family members act in balance to drive embryonic

growth, with IGF2BP2 functioning as a cell survival and

maintenance factor, unable to drive growth on its own, but

nonetheless integral to aid growth in non-limited nutrient

supply conditions in the embryo. This remains to be pro-

ven, but demonstrates the need for family members to be

studied (where possible) within the same contexts. Multiple

knockout/knock-in conditional mice studies are essential to

determine which of the family members are required for

carcinogenesis. It is relevant to note here that IGF2BP1 and

IGF2BP3 were found to occupy the same mRNPs in one

context, a finding supported by the observation that

IGF2BPs could form homo- as well as hetero-dimers upon

RNA-binding [3, 24, 95]. Although these findings provide

strong evidence for cooperative regulation of mRNA fate

by distinct paralogues, many cancer studies suggest that

IGF2BPs could also act in an independent manner. As

already eluded to, crossing of multiple IGF2BP paralogue

knockouts would be advantageous in understanding the

interactions and signaling effects, but first, formal charac-

terization of conditional and tissue specific knock-out mice

are required for each paralogue. The current models need

to be improved. Transgenic mice (especially IGF2BP1 and

3) that replicate the re-expression observed in cancer

pathology would be extremely useful for mechanistic

studies, but also for anti-IGF2BP drug development and

testing, in vivo. Notably, the only study addressing this

aspect in mammary carcinomas revealed interesting dif-

ferences of IGF2BP1 functions in vitro versus in vivo. For

instance, IGF2BP1 expression in the mammary tissue of

female mice led to an upregulation of IGF2 and H19 but

not MYC mRNA levels [62].

Somewhat concerning is the specificity of currently

available antibodies. Evidence within our laboratory has

shown that development of paralogue specific antibodies is

difficult (Fig. 3b; Fig. S4). Although we have achieved a

significant paralogue specificity which allows for a largely

unbiased analysis of IGF2BP expression in most cancer-

derived cells, we currently cannot exclude slight paralogue

cross-reactivity of monoclonal antibodies at high protein

concentrations. Notably, we had no success with polyclonal

peptide-directed antibodies, although other laboratories

reported high paralogue specificity of their polyclonal

antibodies [31, 58, 96]. This putative bias imposed by used

antibodies is largely ignored, since many studies show

specificity of used siRNA-mediated knockdown by western

blotting, but, unfortunately, not all papers give evidence

towards the specificity of their tools. The similarity in

paralogue kDa size and amino acid sequence similarity

makes differentiation of paralogues difficult by western

blot, therefore confidence in antibodies and siRNAs is

critical. With much of the research into IGF2BPs in the

cancer context using immunohistochemistry, here, too, it is

essential to generate and use paralogue-specific antibodies.

Even though IGF2BP1 and 3 have been demonstrated as

putative targets for drug design for use as chemotherapy

since the 1990s, there are no small molecules currently

available for specific inhibition of IGF2BP function.

Development of such compounds/molecules would have

great therapeutic potential and also have a use towards

mechanistic studies. Recent work on the IGF2BP1 protein

structure has paved the way towards possible drug design,

possibly through fragment-based screening or virtual

ligand screening to inhibit binding of substrates such as the

MYC or IGF2 mRNAs [4, 23]. However, structural anal-

yses of all four KH-domains in complex with target RNAs

are required for the development of specific compounds.

The possibility of paralogue-specific transcript binding

inhibition and/or specific-transcript binding inhibition is an

exciting next stage for IGF2BP research.

Consistently, various studies indicate the IGF2BP fam-

ily as powerful growth factors, critical in vertebrate

development. Current evidence points to the more closely

related IGF2BP1 and IGF2BP3 being pro-oncogenic and

pro-migratory when re-expression is forced or induced in

adult tissues, and to IGF2BP2 having a role in metabolic

homeostasis and response to nutrients. More specific

information is required as to the specific isoform and par-

alogue expression of significance in cancer etiology and

patient outcome. Current literature highlights the close

relationship between IGF2BP-dependent mechanisms in

cell migration in both embryos and neoplasia. Future

studies will hopefully bridge the gap in knowledge between

in vitro mechanistic studies on cell migration and in vivo

metastasis. Studies into IGF2BPs have shed light over the

potential diversity and wide-reaching effects of individual

RNA-binding proteins within cell homeostasis and cancer

progression. More importantly, however, there is growing

evidence indicating RNA-binding proteins, in particular

IGF2BPs, as clinically significant markers and attractive

targets for future anti-cancer/anti-metastatic drug design.
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Insulin-Like Growth Factor 2 mRNA-Binding
Protein 1 (IGF2BP1) Is an Important Protumorigenic

Factor in Hepatocellular Carcinoma
Tony Gutschner,1* Monika H€ammerle,1* Nikolaos Pazaitis,2* Nadine Bley,2

Evgenij Fiskin,1 Hannah Uckelmann,1 Andreas Heim,1 Matthias Grob,1 Nina Hofmann,1

Robert Geffers,3 Britta Skawran,4 Thomas Longerich,5 Kai Breuhahn,5 Peter Schirmacher,5

Britta M€uhleck,2 Stefan H€uttelmaier,2** and Sven Diederichs1**

Hepatocarcinogenesis is a stepwise process. It involves several genetic and epigenetic alter-
ations, e.g., loss of tumor suppressor gene expression (TP53, PTEN, RB) as well as activa-
tion of oncogenes (c-MYC, MET, BRAF, RAS). However, the role of RNA-binding
proteins (RBPs), which regulate tumor suppressor and oncogene expression at the post-
transcriptional level, are not well understood in hepatocellular carcinoma (HCC). Here
we analyzed RBPs induced in human liver cancer, revealing 116 RBPs with a significant
and more than 2-fold higher expression in HCC compared to normal liver tissue. We
focused our subsequent analyses on the Insulin-like growth factor 2 messenger RNA
(mRNA)-binding protein 1 (IGF2BP1) representing the most strongly up-regulated RBP
in HCC in our cohort. Depletion of IGF2BP1 from multiple liver cancer cell lines inhib-
its proliferation and induces apoptosis in vitro. Accordingly, murine xenograft assays after
stable depletion of IGF2BP1 reveal that tumor growth, but not tumor initiation, strongly
depends on IGF2BP1 in vivo. At the molecular level, IGF2BP1 binds to and stabilizes
the c-MYC and MKI67 mRNAs and increases c-Myc and Ki-67 protein expression, two
potent regulators of cell proliferation and apoptosis. These substrates likely mediate the
impact of IGF2BP1 in human liver cancer, but certainly additional target genes contrib-
ute to its function. Conclusion: The RNA-binding protein IGF2BP1 is an important pro-
tumorigenic factor in liver carcinogenesis. Hence, therapeutic targeting of IGF2BP1 may
offer options for intervention in human HCC. (HEPATOLOGY 2014;59:1900-1911)

H
epatocellular carcinoma (HCC) is the fifth
most common cancer and accounts for an
estimated 695,900 deaths per year worldwide,

representing the second most frequent cause of cancer-

related death.1-3 HCC accounts for 90% of all primary
liver neoplasia and its incidence rate is increasing.4

Long-term liver injuries caused by infection with hepa-
titis B or C virus, alcoholic liver disease, aflatoxin

Abbreviations: c-MYC, v-myc myelocytomatosis viral oncogene homolog (avian); FC, fold change; GFP, green fluorescent protein; HCC, hepatocellular carcinoma;
IGF2BP, IGF2 mRNA-binding protein; iRFP, near-infrared fluorescent protein; NAFLD, nonalcoholic fatty liver disease; qRT-PCR, quantitative reverse-
transcription, polymerase chain reaction; RBP, RNA-binding protein; shRNA, short hairpin RNA; siRNA, small interfering RNA.
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exposure, or inherited metabolic diseases contribute to
the onset of HCC.4 Hepatocarcinogenesis represents a
multistep process in which tumor suppressor genes
(TP53, PTEN, RB), oncogenes (c-MYC, RAS, MET,
BRAF), developmental pathways (Wnt/b-catenin,
Hedgehog), or growth factors and their receptors (IGF2,
TGFB1, FGFR) are altered.5,6 Next to genetic aberra-
tions, regulators of all layers of gene expression may con-
trol HCC-related genes and contribute to tumorigenesis.

RNA-binding proteins (RBPs) represent a large and
diverse class of posttranscriptional regulators.7 Through
direct interaction, RBPs control the localization, stability,
or translation of their target RNAs.8 The insulin-like
growth factor 2 mRNA-binding protein 1 (IGF2BP1), also
known as IMP-1 or CRD-BP (coding region stability
determinant-binding protein), belongs to a conserved fam-
ily of RNA-binding, oncofetal proteins, which includes
IGF2BP2 and IGF2BP3.9 Several target RNAs of
IGF2BP1 are known and often encode proteins that have
exceptional roles in developmental processes and neoplastic
transformation. For example, IGF2BP1 binds to the IGF2
mRNA and controls the translation of this growth fac-
tor.10,11 Binding of IGF2BP1 to ACTB messenger RNA
(mRNA) regulates the spatiotemporal expression of ACTB
in developing axons and dendrites.12,13 Interaction of
IGF2BP1 with c-MYC and MDR1 mRNAs inhibits the
endonucleolytic cleavage of these transcripts, prolonging
mRNA half-life.14-18 IGF2BP1 binds to the long noncod-
ing RNA HULC and facilitates its degradation by way of
interaction with CNOT1, a component of the deadenyla-
tion complex.19 The expression of IGF2BP1 has been
implicated in various cancers, e.g., breast, ovarian, brain,
lung, pancreas, colon, and skin cancer as well as Hodgkin
lymphoma and B cell lymphomas.9 Only recently, the fam-
ily member IGF2BP2 was reported to be up-regulated in
liver cancer,20 but neither the regulation nor the specific
functional role of IGF2BP1 in HCC has been studied.

Here we show that IGF2BP1 is the most strongly up-
regulated RNA-binding protein in human HCC com-
pared to normal liver. Its depletion in several liver cancer
cell lines inhibits proliferation and induces apoptosis,
partially by way of down-regulating c-MYC mRNA and
protein levels. As a novel target for IGF2BP1, we iden-
tify the proliferation marker protein MKI67 (Ki-67).

Importantly, a stable reduction of IGF2BP1 in HepG2
cells impairs tumor growth in vivo in a murine xenograft
model. Thus, our study identifies IGF2BP1 as a novel
potential target in HCC treatment.

Materials and Methods

RNA Isolation, cDNA and Quantitative Reverse-
Transcription Polymerase Chain Reaction (qRT-
PCR) Analysis. Trizol lysis and RNA isolation was
done as described previously.21 For cDNA synthesis,
equal amounts of RNA were transcribed and random
primers (Life Technologies) were used for reverse tran-
scription as described previously.22 Gene expression was
measured on an ABI StepOnePlus using SYBRGreen
(Life Technologies). The housekeeping gene GAPDH
was used as reference gene in all qRT-PCR analyses. All
qRT-PCR primers are shown in Supporting Table 2.

RNA Interference. RNA interference (RNAi) was
essentially performed as described previously with minor
modifications.19 In brief, for siRNA-mediated gene knock-
down, 1 3 105 (HLE, HLF, Huh6) or 2 3 105 cells
(HepG2, Huh7, Hep3B) were reverse transfected with 5
lL small interfering RNA (siRNA) (20 lM) and 5 lL
RNAiMAX (HepG2, Huh7, Hep3B) or 10 lL siRNA (20
lM) and 10 lL RNAiMax (Life Technologies) in a 6-well
plate according to the manufacturer’s recommendations.
Cells were harvested 48 hours or 72 hours after transfection
for subsequent gene expression analysis (protein or RNA).

Sequences of the individual siRNAs can be found in
Supporting Table 3, shRNA sequences for lentiviral
transduction in Supporting Table 4. As nontargeting
siRNA control, siAllStars Negative Control siRNA
from Qiagen (Hilden, Germany) was used.

Proliferation Assays. Proliferation was analyzed
with the bromodeoxyuridine (BrdU) Cell Proliferation
ELISA kit (Roche, Basel, Switzerland) as described pre-
viously23 or by monitoring cell numbers by counting at
different timepoints (TC-20 Cell Counter, Bio-Rad).

Results

IGF2BP1 Is the Most Strongly Up-Regulated
RNA-Binding Protein in HCC. Unbiased microarray
analysis of 60 human HCC (Supporting Table 1) and
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seven normal liver samples was performed previously
using the Agilent SurePrint G3 Human Gene Expres-
sion array.24 Here we focused our analysis on RBPs in
human HCCs as defined by the Gene Ontology
terms “RNA binding” (GO:0003723) and “mRNA
binding” (GO:0003729). This yielded a list of 116
significantly up-regulated (fold change [FC]� 2.0;
P� 0.05) RBPs and identified IGF2BP1 as the most
highly up-regulated RBP in HCC (FC 5 6.8, P 5 7.8
3 1023, t test) (Fig. 1A; Supporting Table 5). We
confirmed the overexpression of IGF2BP1 mRNA in
HCC with qRT-PCR (Fig. 1B). Interestingly,
IGF2BP1 expression positively correlated with tumor
size (P 5 0.038; correlation coefficient [Spearman-
Rho]: 0.276). We also tested for correlation with
other clinical parameters (etiology, staging, grading,
vascular invasion, age, and sex), but only detected

weak but significant correlations with advanced stages
and grading of poor differentiation (Supporting Fig.
1, Supporting Table 1).

In addition to our microarray data, we confirmed
IGF2BP1 induction in the Oncomine database (www.
oncomine.org) (Supporting Fig. 2A,B). Analysis of the
Chen et al. liver dataset25 confirmed a higher expres-
sion of IGF2BP1 in HCC compared to normal liver
tissue and precursor lesions. The comparison of �900
human cancer cell lines of different origin26 revealed
the highest expression level of IGF2BP1 in liver cancer
cells, implicating a specific importance of IGF2BP1 in
this entity (Supporting Fig. 2C).

To confirm the induction of IGF2BP1 at the pro-
tein level, we performed tissue microarray analyses and
stained 101 HCCs and 11 nontumorous liver samples
(Fig. 1C,D). We observed a stronger cytoplasmic

Fig. 1. Differential expression of IGF2BP1 in HCC and normal liver patient samples. (A) Microarray analysis of 60 HCC and 7 normal
liver samples showing significantly increased IGF2BP1 mRNA expression in HCC. The horizontal line represents the mean of nontumor sam-
ples. (B) Validation of differential IGF2BP1 expression using qRT-PCR. GAPDH was used as reference gene. The boxplot shows a signifi-
cantly higher expression of IGF2BP1 mRNA in tumor samples (P 5 0.03). (C) Confirmation of IGF2BP1 up-regulation at the protein level.
Tissue microarray staining was performed using a custom-made anti-IGF2BP1 antibody (clone 6A9). A strong cytoplasmic staining in liver
cancer samples is detected (lower panel). (D) Analysis of protein expression using the immunoreactive score reveals higher IGF2BP1 pro-
tein levels in HCCs.
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staining for IGF2BP1 in the HCC samples compared
to the nontumorous sections recapitulating the up-
regulation of IGF2BP1 mRNA also at the protein

level. The IGF2BP1 antibody used was custom-made
and specifically recognized human IGF2BP1 in west-
ern blotting (Supporting Fig. 3).9

Fig. 2. Reduced proliferation and enhanced apoptosis after IGF2BP1 depletion. (A) IGF2BP1 mRNA and protein expression were analyzed in
six human liver cancer cell lines. GAPDH was used as reference gene in qRT-PCR analysis as well as loading control for western blot. (B) A BrdU
incorporation assay was used to analyze cellular proliferation 72 hours after IGF2BP1 knockdown with either of two siRNAs. The proliferation rate
was normalized to siControl for each cell line. (C) Expression analysis of proliferation markers CCND1 and PCNA after 48 hours or 72 hours of
IGF2BP1 depletion. The expression was normalized to siControl and GAPDH was used as reference gene. (D) Analysis of apoptosis induction 72
hours after IGF2BP1 knockdown. Total protein lysates were analyzed for enhanced PARP cleavage as a marker for apoptosis by western blotting.
Efficient knockdown of IGF2BP1 was accomplished in all cell lines. Representative western blots are shown. All experiments were done in biolog-
ical replicates (n53). Given is the mean and the respective standard error of the mean (6SEM).
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Depletion of IGF2BP1 Inhibits Proliferation and
Induces Apoptosis. IGF2BP1 was highly expressed in
a panel of six human liver cancer cell lines, both at the

mRNA and protein level (Fig. 2A). Only minor
expression differences were detected. Next we analyzed
the cellular loss-of-function phenotype by way of

Fig. 3. IGF2BP1 is important for tumor growth in vivo. IGF2BP1 depletion impairs the growth of heterologous xenograft tumors. (A) HepG2
cells were transduced with the indicated multiplicity of infection (MOI) of control or IGF2BP1-directed shRNA encoding lentiviral vectors for 72
hours. IGF2BP1 depletion was monitored by western blotting using the indicated antibodies (upper panel). VCL served as a loading control. Cel-
lular proliferation relative to controls transduced with control shRNA (sh-Control) was determined by cell counting (lower panel). Statistical signifi-
cance was determined by Levene’s F- and Student t test. (B-F) Transduced HepG2 were harvested 48 hours after transduction and suspended in
serum-free media containing Matrigel before subcutaneous injection (4-8 3 105 cells per animal). For each cohort, control knockdown (sh-Con-
trol) and IGF2BP1 depletion, 16 animals were injected. Tumor growth was monitored at 5-day intervals. The number of macroscopic palpable
tumors as well as microtumors was determined 115 days (endpoint) after injection by NIR-imaging (B). Time resolved macroscopic tumor burden
is depicted by a Kaplan-Meier plot (C). The area (D) and integrated fluorescence intensity (E) of macro- and microtumors identified in both
cohorts is depicted by boxplots. Images of three macroscopic tumors acquired by brightfield (DIA) or NIR-imaging (iRFP) are shown in (F).
Bar 5 10 mm; LUT, fluorescence intensity scale (white 5 highest / black 5 lowest). Statistical significance was determined by logrank test (C) or
Mann-Whitney U tests (E,F).

1904 GUTSCHNER, H€AMMERLE, ET AL. HEPATOLOGY, May 2014

Publikationsteil

71



siRNA-mediated depletion of IGF2BP1 with two
independent siRNAs. First, the proliferation of the six
cell lines was measured using a BrdU incorporation
assay. Loss of IGF2BP1 significantly decreased prolifer-
ation in all cell lines (Fig. 2B). The effect was most
pronounced in HepG2 cells (�10-fold), while Hep3B
cells showed only a 2-fold reduction in proliferation.
The reduced proliferation rate was accompanied by a
significant reduction of the proliferation markers
CCND1 and PCNA in all six cell lines as determined
by qRT-PCR (Fig. 2C; Supporting Fig. 4A). Moreover,
depletion of IGF2BP1 efficiently induced apoptosis in
all six cell lines as indicated by enhanced poly (ADP-
ribose) polymerase (PARP) cleavage (Fig. 2D; Support-
ing Fig. 4B).

Knockdown of IGF2BP1 Impairs Tumor Growth
In Vivo. As knockdown of IGF2BP1 strongly
reduced cancer cell proliferation and survival in vitro,
we tested whether depletion of IGF2BP1 also pre-
vented tumor growth in vivo. HepG2 cells were
transduced with lentiviral vectors encoding
IGF2BP1-directed shRNA and an iRFP expression
cassette to trace transduced cells. Efficient IGF2BP1
knockdown was confirmed by western blot (Fig. 3A,
upper panel). Similar to transient IGF2BP1 deple-
tion, shRNA-mediated knockdown of IGF2BP1 cor-
related with reduced cell proliferation (Fig. 3A, lower
panel). Subcutaneous injection of 4-8 3 105 HepG2
cells transduced with the control shRNA vector (sh-
Control) led to the formation of macroscopic tumors
in 10 out of 16 animals (Fig. 3B). In contrast, only
3 out of 16 animals showed macroscopic tumors
when injected with HepG2 cells depleted of
IGF2BP1 (sh-IGF2BP1). This was analyzed in fur-
ther detail by near-infrared (NIR) in vivo imaging of
iRFP-labeled tumor cells. Surprisingly, the in vivo
imaging revealed that the total number of micro- and
macrotumors was the same in both populations with
13 out of 16 tumors (Fig. 3B). However, in the
IGF2BP1 knockdown cohort, the number of micro-
scopic and thus nonpalpable tumors was significantly
increased. In agreement, Kaplan-Meier analyses con-
firmed a significantly delayed formation of macro-
scopic tumors (Fig. 3C). This was further supported
by the quantitative assessment and significant
decrease of endpoint tumor area and integrated fluo-
rescence intensities (FI) as determined by NIR-
imaging (Fig. 3D-F). These findings provide the first
evidence that IGF2BP1 depletion impairs tumor
growth in vivo and support in vitro observations indi-
cating that the protein promotes tumor cell prolifera-
tion and survival.

IGF2BP1 Regulates c-MYC Expression at the
Posttranscriptional Level. To gain further insights
into the molecular mechanisms underlying IGF2BP1’s
cellular functions, we hypothesized that IGF2BP1 may
posttranscriptionally regulate the expression of onco-
genes or tumor suppressors that are known to have
pivotal roles in hepatocarcinogenesis. Among the
known IGF2BP1 target genes, e.g., ACTB,13

IGF2,10,11 MYC,14,15 or MDR1,17 MYC represented
the most interesting target due to its established role as
regulator of proliferation and apoptosis in diverse
human cancers including HCC.27-30 Notably, previous
studies revealed that IGF2BP1 promoted the prolifera-
tion of ovarian cancer cells by enhancing the expres-
sion of c-MYC mRNA and protein. This was
correlated with a severe up-regulation of IGF2BP1
expression in serous ovarian carcinomas.31 Thus, we
analyzed the expression of c-MYC after IGF2BP1
depletion in HepG2 cells. The mRNA and protein
levels of c-MYC were significantly down-regulated
upon IGF2BP1 knockdown (Fig. 4A,B). This was also
observed in Huh6 cells (Supporting Fig. 5A,B). To
confirm that IGF2BP1-dependent enhancement of c-
MYC expression was correlated with a direct associa-
tion of IGF2BP1 with the c-MYC mRNA, we per-
formed RNA immunoprecipitation (RIP) experiments.
FLAG-tagged IGF2BP1 or GFP (green fluorescent
protein; negative control) were transiently overex-
pressed in HepG2 cells and immunoprecipitated with
an anti-FLAG antibody (Fig. 4C, left panel). After iso-
lation of the copurifying RNA, the enrichment of
selected transcripts was determined by way of qRT-
PCR. This confirmed selective enrichment of the c-
MYC mRNA as well as other previously identified
IGF2BP1 target transcripts, i.e., the IGF2 mRNA and
the long noncoding RNA HULC (Fig. 4C, right
panel). No enrichment of c-MYC mRNA was seen in
GFP controls. The highly abundant 5.8S rRNA or
lysine-tRNA served as negative controls and were not
enriched in any of the purifications. Thus, we con-
firmed selective association of IGF2BP1 with the c-
MYC mRNA in human liver cancer cells.

Since IGF2BP1 could stabilize, destabilize, or con-
trol the translation of its target RNAs, we tested
whether its knockdown affected c-MYC mRNA stabil-
ity in liver cancer cells as previously shown in other
tumor entities.18 Upon siRNA-directed IGF2BP1
depletion, HepG2 cells were treated with Actinomycin
D to inhibit transcription. Indeed, we observed an
enhanced decay and a significantly reduced half-life
(siControl: �43 minutes versus siIGF2BP1: �32
minutes) of c-MYC mRNA (Fig. 4D). Hence,
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IGF2BP1 directly associated with the c-MYC mRNA,
stabilized this target transcript, and gave rise to an
enhanced c-MYC expression.

Since the c-MYC oncogene is a key player associ-
ated with malignant transformation by regulating cell

cycle progression, differentiation, cell growth, apopto-
sis, and other tumor traits,28 we tested whether c-
MYC down-regulation could contribute to the
observed cellular phenotypes associated with IGF2BP1
depletion. Two different siRNAs efficiently reduced

Fig. 4. Impact of IGF2BP1 depletion on c-MYC expression and mRNA stability. (A) Analysis of c-MYC mRNA 48 hours after IGF2BP1 depletion
in HepG2 cells. GAPDH was used as reference gene in qRT-PCR. Depicted is the remaining c-MYC expression relative to its level in cells trans-
fected with control siRNA (mean of at least three independent experiments 6SEM). (B) A representative western blot shows the reduction of c-
Myc protein after IGF2BP1 depletion. (C) Representative western blot analysis after FLAG-immunoprecipitation. HepG2 cells were transiently
transfected for 72 hours with FLAG-tagged GFP (negative control) or IGF2BP1, respectively (left panel). Analysis of copurified RNA and respective
enrichment as determined by qRT-PCR after anti-FLAG immunoprecipitation showing the specific binding of c-MYC mRNA to IGF2BP1 (right
panel). All immunoprecipitation experiments were done in biological replicates (n 5 3). Given is the mean and the respective standard error of
the mean (6SEM). HC, heavy chain. (D) c-MYC mRNA stability analysis in HepG2 cells after actinomycin D (ActD) treatment. Cells were trans-
fected with siRNAs against IGF2BP1 or a control siRNA and 48 hours later a time course for RNA stability was started by adding the transcription
inhibitor. Cells were harvested at the indicated timepoints. Expression levels were normalized to “0 h” and GAPDH was used as reference gene.
Shown is the mean of at least three independent experiments (6SEM).
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c-MYC at the mRNA and protein level (Supporting
Fig. 6A,B). At the cellular level, c-MYC knockdown
reduced proliferation of HepG2 cells, which correlated
with the knockdown efficiency (Supporting Fig. 6C).
In addition, the depletion of c-MYC slightly induced
apoptosis in a dose-dependent manner in HepG2 cells,
as indicated by enhanced PARP cleavage (Supporting
Fig. 6B). Knockdown of c-MYC with the second
siRNA was apparently not sufficient to induce apopto-
sis, but consistently affected cell proliferation (Support-
ing Fig. 6C). A similar decrease in proliferation upon
c-MYC knockdown was obtained in Huh6 cells (Sup-
porting Fig. 6D-F).

To determine whether c-MYC could, at least par-
tially, rescue the cell growth phenotype observed upon
IGF2BP1 depletion, we overexpressed c-MYC at mod-
erate levels in IGF2BP1-depleted cells (Supporting Fig.
5C). Consistent with our previous findings, IGF2BP1
knockdown strongly impaired cell growth. The latter
was substantially restored by the overexpression of
Flag-tagged c-MYC protein, suggesting that IGF2BP1
promotes tumor cell growth and survival partially by
way of c-MYC (Supporting Fig. 5D). Notably,
IGF2BP1 was modestly up-regulated by the overex-
pression of c-MYC even in the presence of IGF2BP1
targeting siRNAs. This suggested that c-MYC could
induce IGF2BP1 expression. Depletion of c-MYC in
HepG2 and Huh6 cells indeed reduced IGF2BP1
mRNA and protein expression and its overexpression
strengthened IGF2BP1 promoter activity (Supporting
Fig. 7), supporting previous studies suggesting that c-
MYC promotes IGF2BP1 mRNA synthesis.32 This
might point towards a positive feedback loop and fur-
ther underscores the functional interplay between these
two factors in liver cancer.

Finally, we tested whether IGF2BP1-directed
enhancement of c-MYC expression was also detectable
in human HCCs. We correlated IGF2BP1 and c-MYC
mRNA expression in HCC patient samples. Consistent
with IGF2BP1-dependent control of c-MYC expres-
sion in vitro, we observed a modest, but significant,
positive correlation between the expression of
IGF2BP1 and c-MYC mRNA in our microarray data-
set (P 5 0.029; correlation coefficient [Spearman-Rho]:
0.282) (Supporting Fig. 8A). However, this analysis
revealed two distinct groups of HCC with different
interdependencies between IGF2BP1 and c-MYC
(Supporting Fig. 8B,C): A subset of HCCs with well
detectable IGF2BP1 expression (group A, red dots)
showed a strong and significant correlation (P 5 0.013;
correlation coefficient 0.558). In contrast, group B
HCCs (gray dots) with marginal expression of

IGF2BP1 did not show a significant correlation
(P 5 0.446; correlation coefficient 0.122). Hence, in
HCCs with relevant expression of IGF2BP1, its
expression was positively correlated with c-MYC
expression. We compared the gene expression profiles
between the two groups (A, B) and analyzed pathway
activation using the DAVID v. 6.7 analysis tool
(http://david.abcc.ncifcrf.gov/)33 for genes that showed
a significant (P< 0.05) and at least a 1.5-fold increase
in group A versus group B. Pathways overrepresented
in group A were most prominently linked to the cell
cycle (Supporting Fig. 8D). These processes might
thus be distinct between the two groups of HCCs
with high versus marginal IGF2BP1 expression and
could be causally linked to IGF2BP1 and c-MYC
expression.

Ki-67 Is a Novel Target for IGF2BP1 in Liver
Cancer. While c-MYC is undoubtedly an important
target of IGF2BP1 with a strong link to cancer, a
direct comparison of the proliferative and apoptotic
effects after IGF2BP1 and c-MYC silencing (Fig. 2B;
Supporting Fig. 6) revealed a stronger impact of
IGF2BP1, which implicates additional targets in its
function in liver cancer cells. Hence, we aimed to
explore further targets of IGF2BP1 in HCC. We iden-
tified mRNAs positively correlated with IGF2BP1 in
our HCC microarrays and compared these to the
mRNAs interacting with IGF2BP1 in public data-
sets.34 Thereby, we identified the proliferation marker
MKI67 (Ki-67)35 as a novel client mRNA of
IGF2BP1. Ki-67 mRNA was strongly up-regulated in
HCC compared to normal liver (Fig. 5A) and posi-
tively correlated with IGF2BP1 expression (Fig. 5B).
Additionally, we found a positive, but not statistically
significant, correlation between IGF2BP1 protein
expression and the number nuclei positive for Ki-67
protein in the HCC TMA (P 5 0.09, correlation coef-
ficient [Spearman-Rho]: 0.345). Using RIP-qPCR, the
interaction of Ki-67 mRNA with IGF2BP1 protein
was validated (Fig. 5C). Upon IGF2BP1 silencing, Ki-
67 mRNA as well as protein was reduced (Fig. 5D-F).
At the mechanistic level, depletion of IGF2BP1 signifi-
cantly decreased the half-life of Ki-67 mRNA
(Fig. 5G).

Taken together, we propose the following model of
IGF2BP1 function in human HCC (Supporting Fig.
9): The RNA-binding protein interacts with several
protein-coding mRNAs, including c-MYC and
MKI67, or long noncoding RNAs and regulates their
fate, i.e., degradation, translation, and/or localization.
Interaction with c-MYC and MKI67 mRNAs leads to
a stabilization and increased expression in liver cancer.
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Fig. 5. Impact of IGF2BP1 depletion on MKI67 expression and mRNA stability. (A) MKI67 mRNA levels (represented by three different probes)
were significantly increased in HCC tissue compared to normal livers as detected by microarray analysis of 60 HCC and 7 normal liver samples.
(B) Positive and strong correlation of IGF2BP1 and MKI67 mRNA in 60 HCC samples. (C) Analysis of copurified RNA and respective enrichment
as determined by qRT-PCR after anti-FLAG immunoprecipitation showing the specific binding of MKI67 mRNA to IGF2BP1. (D) MKI67 mRNA lev-
els were significantly reduced in HepG2 and Huh7 cells with two independent siRNAs as analyzed by qRT-PCR. (E) The reduced MKI67 protein
was analyzed by western blotting. Tubulin was used as reference gene. All experiments were done in three biological replicates and representa-
tive blots are shown. (F) IGF2BP1 (green) and MKI67 (red) protein expression were determined by immunofluorescence in Huh7 cells after
knockdown of IGF2BP1 (blue: DAPI; scale bar 5 25 lm). (G) MKI67 mRNA stability analysis in HepG2 cells after alpha-amanitin treatment. Cells
were transfected with siRNAs against IGF2BP1 or a control siRNA and 48 hours later a time course for RNA stability was started by adding the
transcription inhibitor. Cells were harvested at the indicated timepoints. Expression levels were normalized to “0 h” and GAPDH was used as ref-
erence mRNA. Shown is the mean of at least three independent experiments (6SEM). *P< 0.05; **P< 0.01; ***P< 0.001.
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Altogether, these regulatory circuits that are controlled
by IGF2BP1 act in concert to allow tumor cell prolif-
eration, tumor growth, and prevent apoptosis in liver
cancer.

Discussion

Large-scale genomic approaches have identified
genetic abnormalities in putative “drivers” of transfor-
mation in liver cancer.36-39 HCC appears as a multi-
factorial disease emerging from a stepwise process
including loss of tumor suppressors on chromosome 1,
3, and 8p, and gain of oncogenes such as c-MYC on
8q.5,40,41 Nonetheless, the molecular mechanisms
underlying neoplastic transformation are incompletely
understood. Oncogenic drivers without chromosomal
alteration or mutation are missed in these analyses,
although their expression may be deregulated. More-
over, cellular processes are dynamically regulated also
posttranscriptionally and posttranslationally. Micro-
RNAs are well established as posttranscriptional regula-
tors in HCC.42 However, surprisingly little is known
about RNA-binding proteins and their function in
liver carcinogenesis.

RNA-binding proteins can influence gene expression
by their direct interaction with specific sequence motifs
or structural elements present in the coding or 50- or
30-untranslated region of their target RNA7,8 control-
ling RNA localization, stability, or translation. So far,
only a small number of RBPs have been studied in
human liver diseases, e.g., HuR,43 CUGBP1,44 and
Lin28.45

In this study we determined the role of IGF2BP1 in
liver cancer. In our microarray profiling, IGF2BP1 is
the most highly up-regulated RBP in human HCCs
(Fig. 1). The precise mechanism of regulation remains
elusive. IGF2BP1 gene amplifications have been found
in human breast cancer.46 However, no evidence of
IGF2BP1 genomic alterations (17q21.32) in liver can-
cer is found in public databases (COSMIC, CONAN,
Oncomine), suggesting a transcriptional induction.
Notably, the IGF2BP2 family member is not strongly
induced in our patient cohort in contrast to recent
observations.20 This finding is consistent with reports
that IGF2BP2 rather plays a role in metabolic control
than in carcinogenesis.9,47 Also, while IGF2BP2 silenc-
ing has been published to reduce ERK phosphoryla-
tion as its main mechanism of action,20 we do not
observe this effect for IGF2BP1 silencing (Gutschner,
H€ammerle, Diederichs, unpublished). This further
underlines the functional distinctness of these family
members.

IGF2BP1 is a known oncofetal protein linked to
several human cancers: Its expression is induced in
human malignant melanomas or colorectal carcinomas
with activated WNT/b-catenin/TCF signaling.16,48

High IGF2BP1 expression is a poor prognostic marker
in ovarian and lung cancer.31,49,50 Here we show that
IGF2BP1 expression in HCC patients is associated
with enhanced tumor growth and identify IGF2BP1 as
a critical regulator of liver cancer cell proliferation and
survival (Fig. 2). Our xenograft assay further supports
the notion that IGF2BP1 is important for liver cancer
growth in vivo (Fig. 3). The correlation of IGF2BP1
expression with tumor size and the formation of
microtumors in the xenograft mouse model might
indicate that IGF2BP1 is important for liver cancer
progression and tumor growth rather than initiation.

IGF2BP1 may contribute to liver carcinogenesis in
part by regulating the expression of the oncogene c-
MYC. IGF2BP1 directly interacts with the c-MYC
mRNA, stabilizes the transcript, and leads to higher c-
MYC protein expression (Fig. 4). These findings cor-
roborate previous findings from other cell types in liver
cancer.18,31

c-MYC acts as a transcription factor and controls
the expression of pro-oncogenic factors that drive cell
proliferation.28 Interestingly, c-MYC also seems to
moderately induce IGF2BP1 expression and promoter
activity in HepG2 and Huh6 cells (Supporting Fig. 7),
recapitulating findings in HeLa and HEK293T cells32

in a liver cancer model. Chromatin immunoprecipita-
tion data deposited in the UCSC genome browser
(www.genome.ucsc.edu) provide evidence for direct
binding of the c-Myc/Max dimer to the promoter
region of IGF2BP1 in HepG2 cells, further supporting
the idea of a self-amplifying loop. This feedforward
loop may contribute to the maintenance of high c-
MYC levels in liver cancer cells.

Depletion of c-MYC leads to decreased cell prolifer-
ation and induced apoptosis (Supporting Fig. 6).
While this might seem unexpected at first, given that
c-MYC overexpression is also known to induce apo-
ptosis, our finding matches previous observations in
liver cancer cells.29 Loss of c-MYC or IGF2BP1 give
rise to similar phenotypes, but our data also suggest
that c-MYC is not the sole mediator of IGF2BP1
function. Concordantly, IGF2BP1 depletion reduces c-
MYC expression in HepG2, Huh6, and Huh7 cells,
but not in other liver cancer cell lines tested (data not
shown), although these are highly responsive to
IGF2BP1 knockdown. This could be explained by the
heterogeneity and mutational diversity of the different
cell lines or additional factors that control c-MYC
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expression levels and render it largely insensitive
towards changes in IGF2BP1 expression. Thus, besides
its striking effect on c-MYC expression in a subset of
liver cancer cells, IGF2BP1 likely achieves its full
oncogenic potential by the pleiotropic regulation of
multiple target genes. Here we identify one additional
substrate mRNA for IGF2BP1: MKI67 (Ki-67). The
Ki-67 mRNA is induced in HCC and positively corre-
lated with IGF2BP1, it interacts with IGF2BP1, its
expression is reduced, and its mRNA destabilized
upon IGF2BP1 knockdown. Ki-67 has been linked to
proliferation, one of the hallmarks of cancer, providing
a further important link between IGF2BP1 and its
oncogenic phenotypes.

Future studies will elucidate the full RNA-IGF2BP1
network that promotes HCC development.

In summary, our study unravels a striking example
that RNA-binding proteins represent important func-
tional regulators of liver carcinogenesis by defining
IGF2BP1 as an important player in human HCC with
a broad impact on proliferation, survival, and tumor
growth. Hence, inhibition of IGF2BP1 expression or
blocking the interaction with its target RNAs may rep-
resent a promising and innovative approach for clinical
intervention.
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ABSTRACT

The oncofetal IGF2 mRNA-binding protein 1
(IGF2BP1) controls the migration and invasiveness
of primary as well as tumor-derived cells in vitro.
Whether the protein also modulates epithelial-mes-
enchymal-transition (EMT), a hallmark of tumor
progression involved in tumor cell dissemination,
remained elusive. In this study, we reveal that
IGF2BP1 enhances mesenchymal-like cell properties
in tumor-derived cells by promoting the expression
of the transcriptional regulators LEF1 and SLUG
(SNAI2). IGF2BP1 associates with LEF1 transcripts
and prevents their degradation in a 30-UTR-depend-
ent manner resulting in an upregulation of LEF1
expression. LEF1 promotes transcription of the mes-
enchymal marker fibronectin by associating with the
fibronectin 1 promoter. Moreover, LEF1 enforces the
synthesis of the ‘EMT-driving’ transcriptional regula-
tor SNAI2. Accordingly, IGF2BP1 knockdown causes
MET-like (mesenchymal-epithelial-transition) mor-
phological changes, enhances the formation of
cell–cell contacts and reduces cell migration in
various mesenchymal-like tumor-derived cells.
However, in epithelial-like tumor-derived cells
characterized by a lack or low abundance of
IGF2BP1, the protein fails to induce EMT. These
findings identify IGF2BP1 as a pro-mesenchymal
post-transcriptional determinant, which sustains
the synthesis of ‘EMT-driving’ transcriptional regula-
tors, mesenchymal markers and enhances tumor cell
motility. This supports previous reports, suggesting
a role of IGF2BP1 in tumor cell dissemination.

INTRODUCTION

Epithelial-mesenchymal-transition (EMT) is essential
during embryogenesis and is considered a hallmark in

the progression of carcinomas [reviewed in (1,2)]. In
cancer, the term EMT describes a complex network of
molecular and cellular trans-differentiation phenomena
by which epithelial-like tumor cells acquire mesenchy-
mal-like properties leading to reduced inter-cellular
adhesion, increased migratory capacity and elevated
invasive potential. Accumulating evidence indicates that
the post-transcriptional control of gene expression
facilitated by microRNAs essentially modulates EMT
and its reversal, mesenchymal-epithelial-transition
(MET). One of the most studied post-transcriptional
mechanisms promoting EMT is facilitated via the miR-
200 family. This antagonizes TGF-b (TGFB)-induced
EMT by interfering with the expression of ZEBs, two
key transcriptional repressors of E-cadherin (CDH1)
[reviewed in (3)]. Another double-negative feedback loop
modulating cell plasticity essentially relies on the miR-34
family, which links p53 signaling and negative regulation
of Snail (SNAI1) expression, another ‘EMT-driving’ tran-
scriptional regulator (4,5). Surprisingly, little is known
about the role of RNA-binding proteins (RBPs) in
modulating EMT in cancer-derived cells, although at
least two RBPs were proposed as essential modulators
of malignant EMT/MET. The splicing regulator Sam68
was shown to control EMT through alternative splicing-
activated nonsense-mediated mRNA decay of the proto-
oncogene SF2/ASF (6). More recently, it was
demonstrated that La enhances the IRES-mediated trans-
lation of the extracellular matrix protein laminin B1
during malignant EMT (7).

IGF2 mRNA-binding proteins (IGF2BPs) comprise a
group of three proteins, two of which, IGF2BP1 and
IGF2BP3, were proposed to serve essential functions
during embryogenesis and in cancer [reviewed in (8–10)].
In contrast to IGF2BP2, which appears to be the main or
even exclusive IGF2BP member expressed in non-neoplas-
tic adult tissue, IGF2BP1 and IGF2BP3 were found to be
severely upregulated in various cancers [reviewed in
(8,11)]. However, in view of the multitude of descriptive
studies indicating elevated expression of IGF2BP1/3 to
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correlate with tumor aggressiveness, their role in cancer
cells remains poorly understood. Studies in tumor-derived
as well as primary cells suggest two main functions of
IGF2BPs, growth control and the regulation of cell
migration. Evidence for a role in regulating cell growth
and proliferation was provided by findings indicating
that all IGF2BPs promote or interfere with IGF2
protein synthesis. IGF2BP1 was suggested to inhibit
IGF2 mRNA translation by associating with the highly
structured leader3 50-UTR of the transcript, one of four
alternative 50-UTRs reported (12,13). In contrast,
IGF2BP2 and IGF2BP3 were shown to enhance transla-
tion of the IGF2 mRNA, presumably involving the phos-
phorylation of IGF2BP2 by mTORC1 (14,15). Another
target transcript via which IGF2BP1 was proposed to
modulate cell proliferation is the oncogenic transcriptional
regulator c-Myc (MYC). On associating with a rare-codon
comprising coding region determinant (CRD), IGF2BP1
was shown to prevent cleavage of the MYC mRNA by
endonucleases when ribosomes are slowed down on
entering the rare-codon region of the CRD (16). In agree-
ment, we observed that IGF2BP1 knockdown results in a
significantly reduced half-life of the MYC mRNA in most
tumor-derived cells and accordingly is associated with
severely decreased cell proliferation (17,18). Finally, it
was proposed that IGF2BP1 modulates b-catenin
(CTNNB1) signaling (19,20). On the one hand, it was
shown that IGF2BP1 transcription is enhanced in a
CTNNB1/TCF-dependent manner but then negatively
feeds back on CTNNB1-dependent signaling by
enhancing the expression of beta-TrCP1, which among
others facilitates CTNNB1 protein degradation (21). On
the contrary, IGF2BP1 was demonstrated to enhance
CTNNB1 expression by preventing degradation of the
CTNNB1 mRNA (20). The interplay of IGF2BP1
and CTNNB1-dependent signaling was moreover sug-
gested to negatively regulate the migration of breast
cancer-derived cells in vitro (22). In contrast, various ob-
servations indicate that IGF2BP1 and its ortholog
Vg1RBP/Vera promote the migration of primary as well
as tumor-derived cells [reviewed in (23)]. In Xenopus,
Vg1RBP/Vera was shown to enhance the migration of
neural crest cells during development (24). In agreement,
we reported that IGF2BP1 promotes the directed migra-
tion of tumor cells derived from osteosarcoma, ovarian
carcinoma as well as glioblastoma (25). This was also
demonstrated in colorectal as well as mammary carcin-
oma-derived cells, in which IGF2BPs enhance the forma-
tion of lamellipodia and promote directed migration,
respectively (26,27). Finally, IGF2BP1 and IGF2BP3
were suggested to enhance the invasive potential of
cervical carcinoma-derived HeLa cells by interfering with
the degradation of the CD44 mRNA (28). This results
in elevated CD44 expression and enforced formation of
invadopodia in vitro. One common theme in the IGF2BP-
facilitated regulation of cell migration, adhesion and
potentially invasion is the regulation of actin dynamics
[reviewed in (23)]. IGF2BP1, also termed zipcode-
binding protein (ZBP) in chicken, facilitates the localiza-
tion of b-actin (ACTB) encoding transcripts to the leading
edge of primary fibroblasts as well as the growth cones of

developing neurons (29–31). This enforcement of spatially
restricted ACTB mRNA levels was proposed to provide a
pool of transcripts for the rapid activation of ACTB
protein synthesis and thus enhance directed cell protrusion
in response to external guidance cues [reviewed in (32)]. In
agreement, IGF2BP1 was observed to promote actin-
driven neurite protrusion by controlling translation of
the ACTB mRNA in a spatiotemporal and Src-kinase
controlled manner (33). Moreover, IGF2BP1 and its
ortholog Vg1RBP/Vera were revealed to modulate
growth cone guidance during neuronal development
(34,35). Like in primary neurons, IGF2BP1 also serves
essential roles in regulating actin dynamics in tumor-
derived cells. In recent studies, we proposed that the
protein modulates the cellular G-/F-actin equilibrium by
controlling ACTB protein synthesis and HSP27 (HSPB1)-
dependent sequestering of monomeric actin (25). The
latter is facilitated by IGF2BP1-directed inhibition of
MAPK4 mRNA translation, which limits the activation
of MK5-directed phosphorylation of HSPB1 and thereby
reduces sequestering of monomeric actin by this small heat
shock protein [reviewed in (23)]. Despite these various
studies indicating a regulatory role of IGF2BPs, in par-
ticular IGF2BP1, in directing the migration and invasive
potential of tumor-derived cells in vitro, it remains elusive
whether IGF2BPs also regulate tumor cell dissemination
in vivo. One key aspect that remains to be addressed in this
respect is whether IGF2BPs serve a role in modulating
mesenchymal versus epithelial properties of cancer-
derived cells. This has been barely investigated, although
one recent study suggests that IGF2BP1 promotes the for-
mation of cell–cell contacts by enhancing the spatially re-
stricted expression of CDH1 in proximity to cell–cell
contacts (36).

MATERIALS AND METHODS

Plasmids

Full-length LEF1 (NM_016269) as well as alternative
30-UTRs of LEF1 isoforms (A: NM_016269;
NM_001130713; NM_001166119; B: NM_001130714)
were generated by RT-PCR from HEK293 cells. The
LEF1 coding sequence was inserted via BamHI/ EcoRI
in pcDNA3.1zeo-Flag, pLVX-puro and pLVX-puro
GFP plasmids, respectively. The LEF1 30UTRs were
inserted via EcoRI/ XhoI into pcDNA3.1neo-LUC
(LUC: Firefly luciferase), as recently described (25). The
SNAI2 30UTR was amplified by RT-PCR from HT-144
cells and inserted into the pmirGLO (Promega) vector via
BamHI/ XhoI. The fibronectin (FN1) minimal promoter
(�839 to +1), the 50UTR (+1 to +266_ATG) and the
starting ATG of human FN1 (Chr.2q34) were identified
by in silico prediction using Proscan (http://www-bimas.
cit.nih.gov/molbio/proscan/). The longest FN1-promoter
fragment (1105 nt; �839 to starting ATG) as well as
SNAI2 promoter (37) was PCR-amplified from HEK293
genomic DNA and transferred into pGL4.21 (Promega)
via XhoI/ BglII sites. ShRNA-encoding lentiviral vectors
were generated by inserting annealed oligonucleotides via
BamHI/EcoRI in the modified pLVX-shRNA2 or
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modified pLVX-shRNA2-Crimson-puro. In the latter, the
ZsGreen cassette was replaced by a PGK-promoter driven
cassette encoding for E2-Crimson fused to the puromycin
resistance via an EMCV IRES to allow for tracing and
selection of transduced cells. All PCR-amplified products
and modified vectors were validated by sequencing. The
following plasmids were obtained from Addgene: SNAI2-
directed shRNA lentiviral vector (ID: 10905); SNAI1
cDNA (ID: 36976), subcloned in pLVX-puro GFP;
SNAI2 cDNA (ID: 36986), subcloned in pLVX-puro
GFP; SNAI1 promoter (ID: 31694). For PCR primers
used for cloning and plasmids, refer to Supplementary
Table ST1.

Cell culture, transfection and lentiviruses

All cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum. To
reduce bias by cell density-dependent regulation of epithe-
lial or mesenchymal marker expression, cells were har-
vested or analyzed at �80% confluence. Cells were
transfected with siRNAs by RNAiMax (72 h) or
plasmids by Lipofectamine 2000 (48 h), as previously
described (25). SiRNA and shRNA sequences are listed
in Supplementary Tables ST1 and ST2. For knockdown-
recovery studies, cells were co-transfected with indicated
shRNA encoding and Flag-tagged protein-encoding
plasmids for 72 h. Where indicated, cells were treated
with actinomycin D (ActD; 5 mM) to block mRNA syn-
thesis and monitor mRNA decay, as recently described
(25). Lentiviruses were produced essentially as recently
described (25). Transduced cell populations were subse-
quently cultured in the presence of puromycin (1 mg/ml).
All lentiviral transfer vectors are indicated in
Supplementary Table ST1.

Immunofluorescence and microscopy

Cells were grown on coverslips (48 h) and processed for
immunostaining with indicated antibodies on fixation by
formaldehyde, as previously described (38). Nuclei were
stained by DAPI, and F-actin was labeled by phalloidin-
TRITC. Representative images are shown. Images
were acquired using a Leica LSM-SP5� microscope, as
recently described (25). Antibodies used for imm-
unostaining are indicated in Supplementary Table ST3.
Bright field images of living cells were acquired using a
Nikon TE-100 inverse microscope equipped with a Nikon
CoolPix990 camera and a 40� Plan Apo objective. For
wound closure analyses, cells (1� 105/well) were cultured
for 24 h in a 24-well plate and scratched before time lapse
microscopy using a Leica LSM-SP5� microscope
equipped with a Ludin Cube live cell chamber and a
20� Plan Fluor objective. Images were acquired every
15 min. Movies of all cell populations were analyzed sim-
ultaneously using automated cell segmentation and wound
closure algorithms recently described (39).

RT-PCR and qRT-PCR

RNA isolation and reverse transcription were carried out
as previously described (25). Briefly, total RNA was
isolated by Trizol reagent followed by Chloroform

extraction. Reverse transcription was performed using
M-MLV-RT (Promega) and oligo-dT priming at 42�C
for 2 h. The cDNA samples were then analyzed using
SYBR� Select Master Mix (Life Technologies) and
the 7900HT Fast Real-Time PCR System (Applied
Biosystems) in triplicates. RNA abundance was
determined using the �Ct or ��Ct method, respectively.
Primers used for quantitative PCR analyses are listed in
Supplementary Table ST4.

Luciferase reporter analysis

Luciferase activities were determined using DualGlo
reagent (Promega), as previously reported (18,25). For
promoter analyses, HEK293 cells were co-transfected
with indicated luciferase reporters and protein encoding
plasmids for 30 h or shRNA encoding vectors for 48 h.
For analyses of 30UTR-containing reporters, cells were
transfected with siRNAs 48 h before the transfection of
luciferase reporters for an additional 24 h. Renilla
luciferase served as an internal normalization control in
all analyses.

Western blotting

For western blotting, cells were harvested by a rubber
policeman to minimize degradation of trans-membrane
proteins like CDH1. Total protein was extracted in
RIPA-buffer [20mM Tris–HCl (pH 7.5), 150mM NaCl,
1mM EDTA, 1mM EGTA, 1% NP-40, 1% sodium
deoxycholate , 2.5mM sodium pyrophosphate, 1mM
beta-glycerophosphate, 1mM Na3VO4] supplemented
with protease inhibitor cocktail (Sigma Aldrich). Protein
abundance was analyzed by western blotting with
indicated antibodies using the Odyssey infrared scanner
(LICOR), as previously described (18,25). Antibodies
used for western blotting are indicated in Supplementary
Table ST3.

Flow cytometry

The volume and number of detached cells was determined
by flow cytometry measurements using a MACSQuant
(Miltenyi Biotec). The relative cell size was determined
by forward scattering.

Enzyme-linked immunosorbent assay

Soluble FN1 protein levels secreted by HEK293 cells were
determined using a human FN1 enzyme-linked immuno-
sorbent assay (ELISA) (Boster Biological Technology).
The assay was performed according to the manufacturer’s
instructions. HEK293 cells were transfected with the
indicated siRNAs for 72 h and starved with fetal bovine
serum free Dulbecco’s modified Eagle’s medium for 16 h
before the collection of the cell culture supernatant.
Fibronectin protein amounts were normalized to cell
numbers determined by flow cytometry.

RNA-immunoprecipitation

HEK293 cells were harvested and cross-linked with 0.1%
formaldehyde in PBS (107 cells in 1mL) for 10min before
quenching by 0.1M Tris–HCl for 5min. Cells were
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extracted in RNA-immunoprecipitation (RIP)-buffer
[10mM HEPES (pH 7.2), 150mM KCl, 5mM MgCl2,
0.5% NP40] supplemented with protease inhibitor
cocktail (Sigma Aldrich) and RNasin (Promega).
Antibodies for control-IP [immunoglobulin G (IgG)
mouse] or the IGF2BP1-IP were coupled to proteinG
Dynabeads (Life Technologies) in wash buffer [WB:
50mM Tris–HCl (pH 7.4), 300mM NaCl, 0.01% NP40,
5mM MgCl2] supplemented with yeast tRNA (20mg/ml).
After antibody coupling to beads, cell lysates were added
in a 1:1 (v/v) ratio and incubated at 4�C overnight with
constant agitation. The beads were washed once with WB
and three times with WB containing 0.5M urea. Protein–
RNA complexes were eluted in WB supplemented with
1% SDS at 65�C for 10min. Reversal of the cross-link
was achieved by adding proteinase K (Roche) for 1 h at
65�C. RNA was purified by phenol-chloroform extraction.
RNA samples were treated with RQ1-DNase before
reverse transcription with M-MLV reverse transcriptase
and random hexamer primers. RNA abundance was
assessed by semi-quantitative and quantitative PCR
using primers listed in Supplementary Table ST4.

Chromatin immunoprecipitation

The chromatin immunoprecipitation was performed using
the SimpleChIPTM Enzymatic Chromatin IP Kit (Cell
Signaling) essentially according to the manufacturer’s in-
structions. For each ChIP experiment, 4� 107 HEK293
cells were used. Co-purification of indicated genomic
DNA fragments was analyzed by semi-quantitative as
well as quantitative PCR using primers listed in
Supplementary Table ST4.

RESULTS

IGF2BP1 promotes mesenchymal cell properties

Aiming to reveal whether IGF2BP1 modulates mesenchy-
mal versus epithelial cell properties, we analyzed its role in
transformed embryonic kidney-derived 293A (HEK293)
cells. HEK293 cells express all IGF2BPs, in particular
substantial amounts of IGF2BP1, and show epithelial-
like as well as mesenchymal-like cell characteristics with
few CTNNB1/CDH1-positive cell–cell contacts and
expression of mesenchymal markers like FN1. The transi-
ent knockdown of IGF2BP1 induced an increased size and
apparent flattening of adherent HEK293 cells (Figure 1A).
The observed enlargement of adhesive cells was confirmed
by the quantitative assessment of cell size using LSM-mi-
croscopy and two distinct IGF2BP1-directed siRNAs
(Figure 1B and Supplementary Figure S1A). Flow
cytometry revealed that the overall size of detached cells,
as determined by forward scattering, remained largely
unaffected by IGF2BP1 knockdown (Supplementary
Figure S1B). This suggested that the shift in cell size was
due to altered cytoskeletal organization rather than an
overall increase in cell mass. Notably, the used siRNAs
were highly IGF2BP paralogue selective supporting an
IGF2BP1-dependent role in controlling cell morphology
(Figure 1C and Supplementary Figure S1C). Consistent
with the inhibitory role of IGF2BP1 in ACTB mRNA

translation (25,33), depletion of the protein resulted in
an increase of ACTB protein levels in HEK293 cells
(Supplementary Figure S1D). To evaluate whether
IGF2BP1 depletion also enhanced epithelial-like cell char-
acteristics, the formation of cell–cell contacts was
analyzed by immunostaining for CTNNB1 and CDH1
as well as monitoring F-actin organization by phalloidin
(Figure 1D, E and Supplementary Figure S1F). In
contrast to the previously observed disturbance of stress-
fibers in U2OS cells (25), IGF2BP1 knockdown induced
an enrichment of cortical actin in HEK293 cells.
Concomitantly, the recruitment of CTNNB1 as well as
CDH1 to cell–cell contacts sites was markedly
pronounced by IGF2BP1 knockdown using two distinct
siRNAs. This morphological re-organization was
associated with a modest increase in CDH1 protein and
mRNA levels (Figure 1F and Supplementary Figure S1E).
CTNNB1 protein amounts remained largely unaffected,
although CTNNB1 mRNA abundance was decreased by
IGF2BP1 knockdown, as previously described (20). On
the contrary, the abundance of secreted FN1 protein as
well as FN1 mRNA was significantly decreased by
IGF2BP1 depletion (Figure 1G and Supplementary
Figure S1E). Taken together, these observations suggested
that IGF2BP1 depletion promotes epithelial-like and
interferes with mesenchymal-like cell properties.

IGF2BP1 promotes the expression of LEF1

In recent studies, we identified various novel candidate
target transcripts of IGF2BP1 using the selective stabiliza-
tion of mRNAs by the protein during cellular stress as a
screening criterion in osteosarcoma-derived U2OS cells
(25). These analyses suggested LEF1 paralogue encoding
mRNAs as putative target transcripts of IGF2BP1.
Notably, LEF1 was identified as a regulator of FN1 and
CDH1 expression in tumor-derived cells and was
proposed to act in both, a CTNNB1-dependent as well
as -independent manner (40,41). Hence, we hypothesized
that IGF2BP1-directed regulation of pro-mesenchymal
cell properties could be facilitated at least in part via
LEF1.
The knockdown of IGF2BP1 with two distinct siRNAs

induced a significant decrease in the levels of all three
major LEF1 protein isoforms observed in HEK293 cells
(Figure 2A). This was well correlated with a modest, but
significant, decrease in LEF1 mRNA levels at steady state,
whereas ACTB transcript abundance remained largely
unaffected, as previously demonstrated (Figure 2B).
Notably, the steady state levels of LEF1 mRNAs were
not affected by the knockdown of IGF2BP2 or
IGF2BP3 (Supplementary Figure S2A and B). This sug-
gested that IGF2BP1 promoted LEF1 expression by
stabilizing the LEF1 mRNA, as previously shown for
CD44, MYC or PTEN (18,25,28). To evaluate a role of
IGF2BP1 in preventing LEF1 mRNA degradation, the
turnover of LEF1 transcripts was monitored on
IGF2BP1 knockdown by using ActD to block mRNA
synthesis. These analyses revealed a significant destabiliza-
tion of LEF1 mRNAs in response to IGF2BP1 depletion,
whereas RPLP0 as well as FN1 mRNA turnover remained
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Figure 1. IGF2BP1 knockdown promotes epithelial-like cell properties in HEK293 cells. (A and B) HEK293 cells were transfected with control (siC)
or IGF2BP1-directed (siI1-2 or siI1-3) siRNAs for 72 h. Cell morphology was monitored by light microscopy (A). The size of adherent cells was
analyzed on immunostaining for CTNNB1 as well as F-actin labeling by phalloidin and is depicted as box plots (B). Images were acquired by LSM
microscopy. Adherent cells were traced by manual labeling using CTNNB1-defined cell borders to determine the cell area (mm2) using the Leica-SP5�
software (also see Supplementary Figure S1A). (C) HEK293 cells were transfected with control (siC) or three distinct IGF2BP1-directed siRNAs
(siI1-1, siI1-2 or siI1-3) for 72 h. IGF2BP1 paralogue-specific knockdown was analyzed by western blotting using IGF2BP1-, IGF2BP2- or IGF2BP3-
directed monoclonal antibodies. VCL served as a loading control. (D and E) HEK293 cells were transfected with indicated siRNAs as in (A).
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largely unaffected (Figure 2C). This suggested that the
IGF2BP1 knockdown induced decrease in FN1 resulted
from an indirect impairment of FN1 transcription. In
contrast, IGF2BP1 interfered with LEF1 mRNA
turnover, presumably by associating with LEF1 tran-
scripts. The latter was tested by RIP using formalde-
hyde-facilitated cross-linking to stabilize cytoplasmic
mRNPs followed by IGF2BP1 immunopurification
(Figure 2D and E). Semi- as well as quantitative RT-
PCR confirmed MYC and ACTB mRNAs as direct
targets of IGF2BP1, as previously demonstrated in
U2OS cells (25). Selective association was also observed
for LEF1 transcripts, whereas no association was
determined for PPIA, vinculin (VCL) and FN1-encoding
mRNAs, indicating LEF1, but not N1, as a direct target
transcript of IGF2BP1. Surprisingly, we could not confirm
association of IGF2BP1 with the CTNNB1-encoding
mRNA providing further evidence that the protein does
not regulate CTNNB1 expression in HEK293 cells
(Figure 2E).

The mRNA decay as well as RIP studies indicated that
IGF2BP1 interfered with LEF1 mRNA degradation by
associating with LEF1-encoding transcripts. Although
IGF2BP1 was suggested to prevent MYC or PTEN
mRNA degradation by associating with the respective
coding regions of these transcripts, the protein was
proposed to prevent decay of the CD44 mRNA via the
30-UTR. In contrast to the MYC or PTEN mRNAs, no
significant enrichment of rare codons was observed in the
coding region of LEF1 mRNAs (data not shown).
However, recent PAR-CLIP studies identified various
putative association sites for IGF2BPs in the 30-UTR of
LEF1 encoding mRNAs, which with the exception of a
small 50-region is shared by all reported LEF1 transcripts
(42). This suggested that IGF2BP1 controlled the fate of
LEF1 mRNAs essentially via the 30-UTR. To test this in
further detail, the activity of luciferase reporters harboring
either of the two so far reported LEF1-30UTRs was
analyzed on IGF2BP1 knockdown. The activity of the
reporter comprising the BGH-derived 30-UTR was only
modestly decreased by IGF2BP1 depletion. On the
contrary, the activity of the two analyzed LEF1 reporters
was significantly reduced by IGF2BP1 depletion
(Figure 2F). Reporter activity remained largely unaffected
by the knockdown of IGF2BP2 or IGF2BP3, as observed
for steady levels of LEF1 mRNAs (Supplementary Figure
S2C).

To exclude that IGF2BP1-facilitated regulation of
LEF1 expression was exclusively observed in HEK293
cells, we analyzed how IGF2BP1 modulates mesenchymal

properties and LEF1 synthesis in U2OS cells. Notably, we
recently demonstrated that IGF2BP1 promotes U2OS
migration and cell-matrix contact formation, two bona
fide mesenchymal cell properties (23,25). In contrast to
HEK293 cells, the depletion of IGF2BP1 had an only
marginal effect on the morphology of U2OS cells,
although actin fiber integrity was severely compromised
as previously reported (Figure 3A). Despite only modest
morphological alterations, IGF2BP1 depletion caused a
decrease in LEF1 as well as FN1 mRNA and protein
levels, whereas CTNNB1 protein abundance remained
largely unaffected in U2OS cells (Figure 3B–E). Owing
to its low abundance, altered expression of CDH1 could
not be evaluated in U2OS cells (data not shown). To
validate that IGF2BP1 promotes the expression of LEF1
and FN1, the chicken ortholog of human IGF2BP1,
termed ZBP1, was stably expressed in U2OS cells, which
compared with HEK293 cells express significantly lower
levels of IGF2BP1 (8). In comparison with U2OS cells
stably expressing GFP, GFP-tagged ZBP1 enhanced the
expression of both, LEF1 and FN1 (Figure 3F and G).
The expression of RPLP0, VCL as well as CTNNB1
remained essentially unaffected on the protein as well as
mRNA level. In summary, these studies revealed that
IGF2BP1 enhances the expression of LEF1 and FN1 in
HEK293 and U2OS cells, suggesting largely cell context
independent regulatory mechanisms. IGF2BP1 interfered
with LEF1 mRNA degradation in a 30-UTR-dependent
manner. In contrast, the protein indirectly enhanced
FN1 expression, potentially by stimulating LEF1-depend-
ent FN1 transcription.

LEF1 promotes mesenchymal-like cell properties

Although IGF2BP1 could promote mesenchymal-like cell
properties by enhancing the expression of LEF1 was
investigated by analyzing the role of the transcriptional
regulator LEF1 in HEK293 as well as U2OS cells.
Similar to IGF2BP1 knockdown, the depletion of LEF1
resulted in significant morphological changes in HEK293
cells (Figure 4A). Cells appeared flattened, and the overall
area covered by adherent cells was significantly increased,
whereas the cell volume remained largely unaffected
(Figure 4B and Supplementary Figure S2D and E). This
suggested that the knockdown of LEF1 paralogues
enhanced epithelial-like cell properties in HEK293 cells.
In support of this, the localization of CTNNB1 and
CDH1 to cell–cell contacts was obviously increased by
LEF1 depletion (Figure 4C and Supplementary Figure
S2G). Consistent with the assumption that LEF1 is not
a potent repressor of CDH1 expression, CDH1 mRNA

Figure 1. Continued
The F-actin cytoskeleton and cell–cell contact formation was analyzed by phalloidin labeling and immunostaining for CTNNB1 (D) or CDH1 (E).
Where indicated nuclei were stained by DAPI. Enlargements of boxed regions (left panels) are shown in the right panels (enlargement). Note the
enrichment of CTNNB1 and CDH1 at adherens junctions and a knockdown-induced enhancement of cortical F-Actin (also see Supplementary
Figure S1F). Representative images were acquired by LSM microscopy; bars, 10 mm. (F) HEK293 cells were transfected with indicated siRNAs as in
(A). CDH1, CTNNB1 and IGF2BP1 protein abundance was analyzed by western blotting with indicated antibodies. Protein levels on IGF2BP1
knockdown were determined relative to controls (siC) by normalization to VCL, as indicated above panels. Representative western blots of three
independent analyses are shown. (G) Soluble FN1 levels were analyzed by ELISA in HEK293 cells transfected with indicated siRNAs for 72 h.
Statistical significance was validated by Student’s t-test: **P< 0.005. Error bars indicate standard deviation (SD) of at least three independent
analyses.
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Figure 2. IGF2BP1 promotes LEF1 expression by preventing LEF1 mRNA degradation. (A and B) HEK293 cells were transfected with control
(siC) or indicated IGF2BP1-directed (siI1-1, siI1-2) siRNAs for 72 h. Protein abundance on IGF2BP1 knockdown was determined relative to controls
(siC) by western blotting using VCL and TUBA4A for cross-normalization, as indicated above panels. Representative western blots of three
independent analyses are shown. ACTB and LEF1 mRNA levels were analyzed by qRT-PCR. Changes in RNA abundance on IGF2BP1 knockdown
(siIGF2BP1) were determined relative to controls (siC) by the ��Ct-method using PPIA for normalization. (C) RNA decay was monitored in
HEK293 cells transfected with indicated siRNAs for 72 h by blocking mRNA synthesis using ActD (5 mM) for indicated times. RNA levels were
determined by qRT-PCR using normalization to PPIA by the ��Ct-method. RPLP0 served as a control. RNA decay is depicted in semi-logarithmic
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and protein levels were only modestly yet reproducibly
upregulated by LEF1 knockdown (Figure 4D and E).
More strikingly, LEF1 depletion resulted in a 2-fold
reduction of FN1 mRNA and secreted protein levels
(Figure 4E, F and Supplementary Figure S2F). As for
IGF2BP1, this was further validated in U2OS cells. In
these, FN1 mRNA and protein levels were decreased by
LEF1 knockdown (Figure 4G, H). The opposite was
observed on stable transfection of the longest LEF1
paralogue, which led to an upregulation of FN1 expres-
sion (Figure 4I and J). Hence, LEF1 promoted mesenchy-
mal-like cell properties and enforced the expression of
FN1 in HEK293 and U2OS cells.

IGF2BP1 promotes FN1 and SNAI2 (SLUG)
transcription through LEF1

IGF2BP1 promoted the expression of FN1 indirectly sug-
gesting the protein induced FN1 transcription through
LEF1, which was proposed to positively regulate FN1
mRNA synthesis (40,43). In accord, transient expression
of the longest LEF1 paralogue enhanced FN1 mRNA
abundance and secreted FN1 protein levels in HEK293
cells (Supplementary Figure S3A–C). Moreover, FN1
expression was restored in IGF2BP1 knockdown cells by
the transient expression of LEF1 (Supplementary Figure
S3D). Together, this supported the view that IGF2BP1
enhances the expression of FN1 through LEF1.

In silico analyses of the genomic sequence upstream of
the starting ATG of the human FN1 gene (Chr.2q34) sug-
gested a putative minimal promoter of approximately 1 kb
comprising five candidate LEF1-targeting sites
(Figure 5A). To analyze whether LEF1 stimulates FN1
transcription through the FN1 promoter, the Renilla
luciferase normalized activity of Firefly luciferase re-
porters driven by indicated fragments of the FN1
promoter were analyzed in HEK293 cells. In cells, co-
transfected with red fluorescent protein (RFP), FN1
reporter activity was only observed for reporters
comprising the predicted binding site four (Figure 5B,
RFP). All shorter FN1 promoter fragments showed an
only basal activity, which was indistinguishable from
background activity determined for the control reporter
lacking any promoter (Figure 5B, pGL4). Activity of
reporters comprising binding site four was �4-fold
increased by the transient expression of the longest
LEF1 paralogue reported in human (Figure 5B, LEF1).
Together, this suggested that LEF1 promotes FN1 tran-
scription by associating with site four in the FN1

promoter. However, activity of the longest promoter
reporter (FN-839) remained essentially unaffected by the
deletion of site four, which could be due to the condition-
ing of binding by surrounding sequences (Supplementary
Figure S3E). We therefore analyzed whether LEF1 asso-
ciates with the FN1 promoter using ChIP studies
(Figure 5C and D). Immunopurification of LEF1
followed by semi-quantitative PCR analyses revealed
robust copurification of two genomic sequences located
in the human FN1 promoter, whereas binding to
intergenic elements was not observed (Figure 5C, P1-P2;
schematic shows position of ChIP PCR amplicons and
putative binding sites). Histone H3 served as a non-
promoter selective positive and IgG-agarose as a
negative control. Quantitative assessment of the ChIP
analyses indicated selective binding of LEF1 to the FN1
promoter and suggested association at or in proximity to
the predicted binding sites three and four (Figure 5D).
Finally, IGF2BP1 as well as LEF1-dependent transcrip-
tional regulation of FN1 was evaluated by determining the
activity of the longest reporter (FN-839) in response to
IGF2BP1 or LEF1 knockdown (Figure 5E). The depletion
of both factors reduced the reporter activity significantly
supporting the view that IGF2BP1 promoted FN1 tran-
scription in a LEF1-dependent manner. However, these
analyses could not exclude whether IGF2BP1 also modu-
lates the expression of additional factors directly or indir-
ectly regulating the transcription of FN1.
Recent studies revealed that LEF1 enhances the expres-

sion of two transcriptional ‘drivers’ of EMT [reviewed in
(2)], ZEB2 and SNAI2 (SLUG), in breast carcinoma-
derived MDA-MB-231 cells (44). Moreover, it was
postulated that LEF1 enhances SNAI2 transcription
(37). Accordingly, it was tempting to speculate that
IGF2BP1, by enhancing the expression of LEF1, also
induces the expression of other pro-mesenchymal tran-
scriptional regulators. To evaluate this hypothesis,
SNAI2 expression in HEK293 cells was first determined
in response to IGF2BP1 depletion (Figure 5F and
Supplementary Figure S3F). Steady state SNAI2 protein
as well as mRNA levels were reduced on IGF2BP1
knockdown. However, SNAI2 mRNA turnover
remained unchanged, as determined by mRNA decay
analyses in response to blocking transcription by ActD
(Figure 5G). Moreover, direct association of IGF2BP1
was only observed for the LEF1, but not the SNAI2
mRNA by RIP analyses (Supplementary Figure S3H).
This suggested that IGF2BP1 sustains SNAI2 expression

Figure 2. Continued
scale. Statistical significance determined over three independent analyses was analyzed by Student’s t-test, as shown in panels (P-values). (D and E)
The association of indicated mRNAs with IGF2BP1 in HEK293 cells was analyzed by RIP using formaldehyde fixation to stabilize mRNPs prior
purification. Endogenous IGF2BP1 was immunopurified (I1) by a monoclonal antibody, as indicated by western blotting in the lower panel (IB). Co-
purification of indicated mRNAs was analyzed relative to the input fraction (I, 10% of cell lysates) by semi-quantitative (D) as well as qRT-PCR (E).
IgG-agarose served as a control (C) for unspecific mRNA binding. The enrichment of mRNAs by immunopurification of IGF2BP1 (I1) was
determined relative to the input fraction by using the �Ct-method (E). (F) Upper panel: Scheme of used Firefly reporters comprising the two
alternative LEF1 30-UTRs (A: Acc.No., NM_016269 /001130713/ 001166119; B: Acc.No., NM_001130714) or the vector-encoded BGH-30UTR (C).
Lower panel: HEK293 cells were transfected with control or indicated IGF2BP1-directed siRNAs for 48 h before the co-transfection of Firefly
luciferase reporters (A–C: see scheme in upper panel) and Renilla luciferase control reporters for 24 h. Changes in Firefly luciferase reporter activities
on IGF2BP1 knockdown (siIGF2BP1) were determined relative to controls (siC) on normalization by Renilla activities. Statistical significance was
validated by Student’s t-test: *P< 0.05; **P< 0.005; ***P< 0.0005. Error bars indicate SD of at least three independent analyses.
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indirectly, potentially by promoting the expression of
LEF1. To test this directly, SNAI2 expression was moni-
tored on LEF1 knockdown in HEK293 cells (Figure 5H
and Supplementary Figure S3G). As expected and previ-
ously reported for breast cancer-derived tumor cells,
LEF1 depletion resulted in decreased steady state
SNAI2 protein as well as mRNA levels. Whether LEF1
similar to FN1 controls SNAI2 expression by promoting

the transcription of this ‘EMT-driver’ was analyzed via a
previously validated luciferase reporter comprising the
SNAI2-promoter [Figure 5I, (37)]. A reporter driven by
the promoter of SNAI1, another ‘EMT-driving’ transcrip-
tional regulator, served as control [Figure 5I, (45)]. In
accord with previous studies, transiently expressed LEF1
enhanced the activity of the SNAI2, but not the SNAI1
reporter (Figure 5J). The opposite was observed on
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Figure 3. IGF2BP1 promotes the expression of LEF1 and FN1 in U2OS cells. (A) U2OS cells were transfected with IGF2BP1-directed (siI1-2) or
control (siC) siRNAs for 72 h. Cell morphology and the actin cytoskeleton were analyzed by monitoring CTNNB1 localization using immunostaining
or phalloidin labeling, respectively. Nuclei were labeled by DAPI. Enlargements of boxed regions (left panel) are shown in the right panels
(enlargement). Bars, 10 mm. (B and C) The abundance of LEF1 protein and mRNA in response to IGF2BP1 knockdown (siI1-1 and siI1-2) was
analyzed 72 h post-transfection by western blotting (B) or qRT-PCR (C), respectively. VCL served as the loading control to determine protein
abundance relative to controls (siC), as is indicated above panels (B). LEF1 mRNA levels were determined relative to siC-transfected controls by the
��Ct-method using PPIA for normalization. RPLP0 mRNA served as a control. (D and E) FN1 and CTNNB1 protein (D) and mRNA (E)
abundance was analyzed in U2OS cells 72 h post-transfection of indicated siRNAs as described in (B and C). CDH1 was not detectable in U2OS
cells. (F and G) FN1, CTNNB1 and LEF1 protein (F) and mRNA (G) levels were investigated in U2OS cells stably transfected with GFP-ZBP1, the
chicken ortholog of IGF2BP1 or GFP. Protein and mRNA abundance was essentially analyzed as described in (B and C). Statistical significance was
determined by Student’s t-test: **P< 0.005; ***P< 0.0005. Error bars indicate SD of at least three independent analyses.
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IGF2BP1 as well as LEF1 knockdown. Although SNAI2
reporter activity was decreased by the depletion of
IGF2BP1 or LEF1, SNAI1 reporter activity remained un-
affected (Figure 5K). Notably, we also attempted to
validate direct association of LEF1 with the SNAI2
promoter by ChIP, as previously demonstrated in

human osteoblasts (46). However, we could not confirm
association of LEF1 with the SNAI2 (46) or CDH1 (43)
promoter in HEK293 cells (Supplementary Figure S3I).
Recent studies reported that the expression of ‘EMT-
driving’ transcriptional regulators like ZEBs, SNAILs
and potentially LEF1 is essentially modulated by
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Figure 4. LEF1 promotes mesenchymal cell properties. HEK293A (A–F) or U2OS cells (G and H) were transfected with LEF1-directed (siL1-1 or
siL1-2) or control (siC) siRNAs for 72 h. U2OS cells stably transfected with GFP or Flag-LEF1 were analyzed in (I and J). (A) Cell morphology was
monitored by light microscopy; bar, 10 mm. (B) The size of adherent cells was determined by LSM microscopy, as described in Figure 1B. Please also
refer to Supplementary Figure S2D. (C) The F-actin cytoskeleton and cell–cell contact formation was analyzed by phalloidin labeling and
immunostaining for CDH1, where indicated nuclei were labeled by DAPI. Enlargements of boxed regions (left panels) are shown in right panels
(enlargement); bars, 10 mm. The knockdown of LEF1 results in an enhanced recruitment of CDH1 to cell–cell contacts, whereas the F-actin
cytoskeleton remains largely unaffected. (D) The abundance of CDH1 protein was analyzed by western blotting on LEF1 knockdown. Levels of
LEF1 and CDH1 proteins were determined relative to controls (siC), as depicted above panels. VCL served as a loading control. (E) The abundance
of FN1 and CDH1 mRNAs was investigated by qRT-PCR using the ��Ct-method and PPIA for normalization. RPLP0 served as a control. (F)
Soluble FN1 concentrations in response to LEF1 knockdown were determined by ELISA as described in Figure 1G. (G and H) In U2OS cells
transfected with indicated siRNAs, FN1 abundance was analyzed on protein (G) and mRNA (H) levels relative to controls as described in (D and
E). (I and J) FN1, CTNNB1 and LEF1 protein (I) and FN1 mRNA (J) abundance was determined in U2OS cells stably transduced with Flag-LEF1
relative to GFP expressing controls. VCL served as loading control. Statistical significance was validated by Student’s t-test: *P< 0.05; **P< 0.005;
***P< 0.0005. Error bars indicate SD of at least three independent analyses.
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Figure 5. IGF2BP1 modulates FN1 and SNAI2 (SLUG) transcription via LEF1. (A) Schematic of luciferase reporters comprising the full-length in
silico predicted (FN-839) or 50-truncated fragments of the human FN1 promoter. The proposed transcription start is indicated by+1 with a reported
50-UTR of 266 nt. Putative LEF1-binding sites predicted by ‘PROMO’ are depicted as white boxes with labels ‘1-5’ in 50-to-30 direction. (B) The
Firefly luciferase activity of indicated promoter fragments or empty pGL4 vector was monitored in HEK293 cells on transient co-transfection with
RFP or LEF1 for 30 h. Firefly activities were normalized by Renilla activities [relative luciferase units (RLU)], serving as internal controls. All
reporters comprising the putative LEF1-binding site four showed promoter activity and were activated by LEF1. (C and D) Binding of endogenous
LEF1 protein to the human FN1 promoter in HEK293 cells was assessed by ChIP. The association of endogenous LEF1 or histone H3 to the FN1
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regulatory feedback loops facilitated via microRNAs
[reviewed in (3,4)]. To evaluate whether LEF1 could
regulate the expression of SNAI2 in a microRNA-depend-
ent manner, the activity of reporters comprising the
SNAI2 30-UTR was analyzed in response to LEF1
overexpression (Supplementary Figure S3J). Activity of
the SNAI2 30-UTR comprising reporter was significantly
reduced compared with the control reporter supporting
inhibition of SNAI2 expression by microRNAs, for
instance the miR-34 family (5). The overexpression of
LEF1, however, had no significant effect on reporter
activity. This suggested that LEF1 promotes SNAI2 tran-
scription rather than modulating the post-transcriptional
fate of the SNAI2 mRNA in HEK293 cells. Whether this
regulation is facilitated via direct association with the
SNAI2 promoter or in an indirect manner via additional
yet to identify factors remained elusive, as no association
of LEF1 with the SNAI2 promoter could be determined
by ChIP. Taken together, these analyses indicated that
IGF2BP1 promotes the expression of two ‘EMT-driving’
transcriptional regulators, LEF1 and SNAI2. IGF2BP1
enhanced LEF1 expression by interfering with LEF1
mRNA degradation resulting in presumably LEF1-de-
pendent enhancement of FN1 transcription and SNAI2
expression.

IGF2BP1 sustains mesenchymal-like tumor cell properties

IGF2BP1 promotes tumor cell migration [reviewed in
(23)], sustained the expression of pro-mesenchymal
transcriptional regulators, and its depletion interfered
with mesenchymal-like cell morphology in HEK293 as
well as U2OS cells. This supported the view that
IGF2BP1 serves an essential pro-mesenchymal role in
tumor-derived cells, suggesting the protein as a mesenchy-
mal marker. To evaluate this assumption, we analyzed the
expression of IGF2BP1 and mesenchymal as well as
epithelial markers in a panel of 10 cell lines derived from
distinct tumors or metastases (Figure 6A). Except ovarian
carcinoma-derived OVCAR cells, which expressed
CDH1 and KRT8 but barely any of the analyzed
mesenchymal markers, significant IGF2BP1 expression
was only observed in mesenchymal-like tumor- or

metastases-derived cells. With the exception of breast
carcinoma-derived MDA-MB-231 cells, IGF2BP1 expres-
sion was well correlated with the expression of the mesen-
chymal marker vimentin (VIM). This provided further
evidence for an essential function of IGF2BP1 in
inducing and/or sustaining mesenchymal-like properties
in various, although not all, mesenchymal-like tumor
cells. To test this in further detail, the role of IGF2BP1
was analyzed in melanoma-derived HT-144 and 1F6 cells
as well as ovarian carcinoma-derived ES-2 cells. Notably,
we recently demonstrated that IGF2BP1 promotes ES-2
cell migration (25). As observed in HEK293 or U2OS
cells, the transient knockdown of IGF2BP1 as well as
LEF1 led to reduced FN1 as well as SNAI2 expression
in all three cell lines. VIM or CDH1 protein abundance
remained largely unaffected (Figure 6B and
Supplementary Figure S4A and D). Despite unaffected
expression of these markers, cell morphology was signifi-
cantly altered, and cell–cell contact formation, as
determined by CTNNB1 localization at cell borders,
appeared increased on the depletion of IGF2BP1 or
LEF1 (Supplementary Figures S4B, C, E, F and S5A
and B). Whether the stable knockdown of IGF2BP1,
LEF1 or SNAI2 promoted epithelial-like cell characteris-
tics and marker expression in a more ‘sustained’ manner
was analyzed in HT-144 cells transduced with shRNA-
encoding lentiviral vectors. The stable knockdown of
IGF2BP1 led to �3-fold reduced IGF2BP1 abundance,
which was associated with a significant downregulation
of LEF1, FN1, SNAI2 and also VIM. Expression of the
epithelial marker CDH1 was modestly, but reproducibly,
increased (Figure 6C and D). The same was observed on
the stable knockdown of LEF1 and SNAI2, although sig-
nificant upregulation of CDH1 was only observed on
SNAI2 depletion confirming the pivotal role of this tran-
scriptional ‘EMT-driver’ in the repression of CDH1.
Notably, the knockdown of LEF1 as well as SNAI2 also
interfered with IGF2BP1 expression, which could indicate
that IGF2BP1 expression is controlled by ‘EMT-driving’
transcriptional regulators like LEF1 and/or SNAI2.
Consistent with the observed shift in the expression of
mesenchymal versus epithelial markers, the knockdown

Figure 5. Continued
promoter was monitored by semi-quantitative (C) as well as quantitative PCR (D) using to FN1 promoter specific amplicons (P1 and P2, indicated in
lower panel). An intergenic probe served as positive control. IgG-agarose was used to monitor unspecific binding (C, negative control). In (D), the
enrichment of indicated genomic DNA fragments (P1 and P2) or the intergenic control (intergenic) was determined relative to the diluted input
fraction (I) normalized by IgG-controls using the �Ct-method. (E) HEK293 cells were co-transfected with FN-839 luciferase reporter and IGF2BP1-
directed (shI1-1), LEF1-directed (shL1-1) or control shRNA encoding vectors for 48 h. RLUs were determined as described in (B). (F) HEK293 cells
were transfected with IGF2BP1-directed (siI1-2) or control siRNAs (siC) for 72 h. The abundance of SNAI2 mRNA in response to IGF2BP1
knockdown was analyzed by qRT-PCR using the ��Ct-method and PPIA for normalization. ACTB served as control. (G) HEK293 cells transfected
as in (F) were treated with ActD (5mM) to block transcription for indicated times. SNAI2 mRNA turnover was analyzed by qRT-PCR using the
��Ct-method and PPIA for normalization. RNA decay is depicted in semi-logarithmic scale revealing no significant difference in mRNA turnover
(P-value not shown). (H) HEK293 cells were transfected with LEF1-directed (siL1-1) or control siRNAs (siC) for 72 h. The abundance of SNAI2
mRNA in response to LEF1 depletion was analyzed by qRT-PCR using the ��Ct-method and PPIA for normalization. RPLP0 served as control.
(I) Schematic of Firefly luciferase reporters comprising the SNAI1 or SNAI2 promoter sequences, as previously reported (37,45). Indicated putative
LEF1-binding sites within the SNAI1 or SNAI2 promoter were predicted [white boxes; as described in (A)] or as previously reported [gray boxes,
only for SNAI2; (37)]. (J) The Firefly activity of SNAI1 or SNAI2 promoter fragments cloned in pGL4 as well as the activity of empty pGL4 vector
was monitored in HEK293 cells on transient co-transfection with RFP or LEF1 for 30 h. RLUs were determined as described in (B). LEF1 only
enhanced the activity of the SNAI2 promoter. (K) HEK293 cells were co-transfected with SNAI1 or SNAI2 promoter reporters and indicated
shRNA-encoding vectors for 48 h. RLUs were determined as described in (B). SNAI2 promoter activity was reduced by IGF2BP1 as well as LEF1
knockdown, whereas the SNAI1 reporter activity remained largely unaffected and was barely elevated compared with the empty control reporter.
Statistical significance was validated by Student’s t-testing: *P< 0.05; ***P< 0.0005. Error bars indicate SD of at least three independent analyses.
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Figure 6. IGF2BP1 sustains mesenchymal-like tumor cell properties. (A) Indicated tumor-derived cell lines were cultured (48 h) and harvested at
80% confluence before analyzing the abundance of indicated proteins by western blotting. Epithelial-like cell lines and marker proteins are labeled in
green. Mesenchymal-like cell lines and marker proteins are depicted in red. VCL and HSPB1 (HSP27) served as loading controls. IGF2BP1 is almost
exclusively expressed in the following tumor-derived mesenchymal-like cells: ES-2 ovarian carcinoma (ATCC#: CRL-1978); SW480 colorectal car-
cinoma (ATCC#: CCL228); MDA-MB-231 (ATCC#: HTB-26) and HBL-100 (ATCC#: HTB-124) mammary carcinoma; 1F6 (no ATCC# available)
and HT-144 (ATCC#: HTB-63) melanoma. In epithelial-like adenocarcinoma-derived cells [OVCAR (ATCC#: HTB-161) ovarian adenocarcinoma;
MCF7 (ATCC#: HTB-22) breast adenocarcinoma; HT-29 (ATCC#: HTB-38) colorectal adenocarcinoma], expression of IGF2BP1 was only observed
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of all three factors caused severe morphological changes in
HT-144 with an increase of CTNNB1 positive cell–cell
contact sites (Figure 6E and F). These findings indicated
that IGF2BP1 sustains the expression of mesenchymal
markers and mesenchymal-like cell morphology involving
the enhancement of LEF1 and SNAI2 expression.
However, it remained elusive whether IGF2BP1 also
induces mesenchymal-like cell properties or even EMT.
To address this in further detail, we transduced breast
cancer-derived MCF7 cells, which express IGF2BP1 at
barely detectable levels (see Figure 6A), with lentiviral
vectors encoding either GFP or GFP-fused ZBP1, the
chicken ortholog of IGF2BP1. Two to three weeks after
infection, the expression of low abundant LEF1 as well as
highly expressed CDH1 remained essentially unaffected
by GFP-ZBP1 (Figure 6G). Likewise, no significant
increase was observed for the expression of VIM, which
was barely detectable to begin with. In accord with the
unaltered expression of mesenchymal and epithelial
markers, the overall cell morphology remained essentially
unchanged with no obvious defect in cell–cell contact
formation, as evidenced by CDH1 immunostaining
(Figure 6H). This was further analyzed in epithelial
MDCK, which, despite their epithelial morphology, ex-
presses IGF2BP1 (Supplementary Figure S7D). The
stable expression of GFP-ZBP1 using lentiviral transduc-
tion significantly increased the size of adherent MDCK
cells (Supplementary Figure S7A and B). However, cell–
cell contact formation and the expression of the epithelial
marker CDH1 or the mesenchymal marker VIM remained
unaffected by ZBP1 (Supplementary Figure S7C and D).
Finally, we analyzed whether the forced expression of
ZBP1 increased the migratory potential of MDCK cells.
Wound closure studies revealed that the motility of
MDCK cells was unchanged (Supplementary Figure S7E
and F). Taken together, this indicated that IGF2BP1
rather sustains than induces mesenchymal-like cell
properties in tumor-derived or immortalized cells.
However, its potential role in inducing mesenchymal-like
cell properties or even EMT has been validated here for
only two cell lines (MCF7 and MDCK). In contrast,
IGF2BP1-dependent sustainment of mesenchymal cell
properties could be validated for all so far analyzed
mesenchymal-like tumor-derived cells expressing
IGF2BP1.

IGF2BP1 promotes migration and mesenchymal cell
morphology through LEF1 and SNAI2

In previous studies, we demonstrated that IGF2BP1
promotes the migratory potential as well as cell-matrix
contact formation of various tumor-derived cells. These
analyses indicated that IGF2BP1 modulates these bona
fide mesenchymal-like cell properties by fine tuning actin
dynamics in a MK-signaling dependent manner. However,
pharmacological inhibition of MK-signaling only par-
tially, although significantly, restored cell migration and
the formation of focal adhesions (23,25). Therefore, it was
tempting to speculate that the role of IGF2BP1 in direct-
ing cell migration and sustaining mesenchymal-like cell
properties is also modulated through the pro-mesenchy-
mal regulators LEF1 and/or SNAI2. Accordingly, cell
migration was analyzed by wound healing analyses in
HT-144 cells using automated segmentation algorithms
to quantify wound closure (39). Consistent with recent
findings, stable IGF2BP1 knockdown reduced wound
closure by �2-fold (Figure 7A and B). Significantly
reduced cell migration was also observed on the stable
knockdown of LEF1 or SNAI2, although cell migration
was only moderately affected by LEF1 depletion when
compared with the knockdown of IGF2BP1 or SNAI2.
Whether LEF1 or SNAI2 could recover IGF2BP1
knockdown-induced impairment of tumor cell migration
was determined by their stable expression in IGF2BP1-
depleted cells. In comparison with IGF2BP1 knockdown
cells stably expressing GFP, cell migration was restored
substantially by the forced expression of either LEF1
or SNAI2. Surprisingly, however, the stable expression
of LEF1 or SNAI2 had only moderate effects on FN1
or CDH1 abundance in IGF2BP1 knockdown cells
(Figure 7C). Despite largely unaltered expression of
these markers, mesenchymal-like cell morphology with
reduced cell–cell contacts was observed on the expression
of LEF1 and SNAI2 in cells stably transduced with
IGF2BP1-directed shRNAs (Figure 7D and E).
IGF2BP1 knockdown cells showed pronounced cell–cell
contact formation with increased recruitment of
CTNNB1 to cell–cell contact sites. This was correlated
with an enhanced association of cells observed by bright
field analyses (Figure 7D). The stable expression of LEF1
or SNAI2 induced a more mesenchymal-like appearance
of cell morphology with reduced association of cells and

Figure 6. Continued
in OVCAR cells. (B) Melanoma-derived HT-144 cells were transiently transfected with indicated siRNAs for 72 h. The abundance of indicated
proteins was analyzed by western blotting. IGF2BP1 as well as LEF1 depletion result in reduced FN1 and SNAI2 protein abundance, whereas
CDH1 and VIM levels remain essentially unchanged. (C–F) HT-144 cells were stably transduced by lentiviral vectors encoding IGF2BP1 (shI1-1),
LEF1 (shL1-1), SNAI2 (shS2-1) directed or control (shC) shRNAs. Three weeks after transduction, cells were cultured for 48 h before analyzing
protein abundance by western blotting with indicated antibodies (C and D). Protein abundance on IGF2BP1 knockdown was determined relative to
controls (siC) using VCL and HSPB1 for cross-normalization, as indicated above panels (C). Standard deviation of at least three independent
analyses is shown. The stable knockdown of SNAI2, LEF1 and IGF2BP1 promotes the expression of the epithelial marker CDH1, whereas all
mesenchymal marker proteins were reduced. Cell morphology was monitored by bright field microscopy (E). Cells were cultured on collagen coated
coverslips for 48 h before immunostaining of CTNNB1 and CTNND1 (p120 Catenin) to label cell–cell contacts (F). Enlargements of boxed regions
(left panels) are shown in right panels (enlargement). All three stable knockdowns promote the formation of cell–cell contacts, suggesting an
enhancement of epithelial-like cell morphology. (G and H) MCF7 cells were stably transduced with GFP-ZBP1 (the chicken ortholog of
IGF2BP1) or GFP. Three weeks after transduction, cells were cultured for 48 h before determining the abundance of indicated proteins by
western blotting (G). Cell morphology was monitored by bright field microscopy (H, left panel) and immunostaining for CDH1 as well as
labeling of F-actin by phalloidin (H, right panel). Neither CDH1 expression nor cell-cell contact formation is compromised by GFP-ZBP1,
although cell size appeared modestly increased. Bars, 10 mm.
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Figure 7. IGF2BP1 promotes migration and mesenchymal-like cell morphology via LEF1 and SNAI2. HT-144 cells were stably transduced by
lentiviral vectors encoding IGF2BP1 (shI1-1), LEF1 (shL1-1), SNAI2 (shS2-1) directed or control (shC) shRNAs, where indicated IGF2BP1
knockdown populations were transduced with GFP, GFP-LEF1 or GFP-SNAI2 cDNA-encoding lentiviral vectors 3 weeks after the infection
with shRNA-encoding vectors. (A and B) Cell migration was analyzed using wound closure analyses monitored by time lapse microscopy over
20 h (A; Bars, 250mm). Cell migration was assessed by quantitative means relative to cells transduced with control shRNA (shC) using automated
segmentation algorithms (B), as recently described (39). SD was determined over three independent analyses. Statistical significance was validated by
Student’s t-test: *P< 0.05. The depletion of IGF2BP1, LEF1 or SNAI2 significantly reduces cell migration. Migration of IGF2BP1 knockdown
populations is restored by the expression of LEF1 or SNAI2. (C) The abundance of indicated epithelial or mesenchymal markers was analyzed by
western blotting in indicated cell populations as described in Figure 6C. (D and E) Cell morphology of indicated cell populations was monitored
by bright field microscopy (D) and immunostaining for CTNNB1 (E). Transduction with shRNA-encoding lentiviral vectors was monitored by
E2-Crimson (pseudo-colored in blue), whereas the expression of GFP-LEF1, GFP-SNAI2 or GFP is depicted in green. Mesenchymal-like cell
morphology was essentially restored by the stable expression of GFP-LEF1 or GFP-SNAI2 in IGF2BP1 knockdown populations. Enlargements
of boxed regions are shown in the right panels (E, enlarged). Bars, 10 mm.
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less striking recruitment of CTNNB1 to cell borders.
CTNNB1 appeared to be enriched in the cytoplasm and
was even observed, although at moderate levels, in the
nucleus of some cells transduced with LEF1 or SNAI2
(Figure 7E). Hence, although FN1 and CDH1 are pre-
sumably not the key markers involved, these findings sup-
ported the view that the role of IGF2BP1 in promoting
tumor cell migration and sustaining mesenchymal-like cell
morphology involves the upregulation of LEF1 and
SNAI2.

DISCUSSION

This study identifies a novel mechanism by which the RBP
IGF2BP1 sustains mesenchymal tumor cell properties and
promotes the migration of tumor-derived cells in vitro.
This regulation is essentially facilitated by IGF2BP1-
directed upregulation of the ‘EMT-driving’ transcriptional
regulators LEF1 and SNAI2 [reviewed in (1,2)]. IGF2BP1
interferes with LEF1 mRNA degradation in a 30-UTR
dependent manner resulting in the enhancement of LEF1
expression. This in turn promotes transcription of the
extracellular matrix component FN1, a bona fide
mesenchymal marker. Moreover, IGF2BP1 indirectly
promotes SNAI2 (SLUG) transcription, presumably in a
LEF1-dependent manner. In agreement with this pro-mes-
enchymal role of IGF2BP1, the protein is predominantly
observed in mesenchymal-like tumor-derived cells in
which it enhances motility. In addition to controlling
actin dynamics (23,25), IGF2BP1 sustains mesenchymal
cell properties and modulates tumor cell migration also
through the upregulation of LEF1 and SNAI2.
However, the stable expression of IGF2BP1 in epithelial-
like MCF7 tumor-derived cells or kidney-derived MDCK
cells failed to induce EMT or a significant upregulation of
mesenchymal marker expression. This indicates that
IGF2BP1 sustains but does not induce pro-mesenchymal
gene expression by promoting the expression of ‘EMT-
driving’ transcriptional regulators at the post-transcrip-
tional level. This results in elevated tumor cell migration
and potentially enhances the invasive potential of tumor
cells (Supplementary Figure S8).

In vitro, IGF2BP1 was identified as a pro-migratory
RBP, which in various tumor-derived cells promotes
both the velocity and directionality of migration.
Expression profiling of primary tumors and metastases
provided substantial evidence for an upregulation or
even de novo synthesis of IGF2BP1 and/or IGF2BP3 in
almost all solid cancers analyzed so far [reviewed in
(8,23)]. Together, this suggests a fundamental role of
IGF2BP1 and potentially IGF2BP3 in tumor cell dissem-
ination, which presumably is observed in a broad variety
of tumors. In support of this, it was reported that the
transgenic expression of mouse IGF2BP1 (CRD-BP) in
mammary tissue promotes the formation of primary
breast carcinomas as well as metastases (47). In contrast,
IGF2BP1 was proposed to interfere with the in vitro
migration of breast cancer-derived cells and enhance the
formation of cell–cell contacts (22,36). Hence, it
remained contradictory whether IGF2BP1 promotes

mesenchymal-like properties of tumor cells and modulates
their migration in a largely cell context independent
manner. Therefore, we addressed how perturbing
IGF2BP1 expression in tumor-derived cells and non-
tumorigenic HEK293 cells, which express exceedingly
high levels of IGF2BP1, affects mesenchymal- versus
epithelial-like cell properties. In HEK293 cells, depletion
of the protein induced severe morphological changes,
which were associated with an increase in cell–cell
contact formation, moderate upregulation of the epithelial
marker CDH1 and significant downregulation of the mes-
enchymal marker FN1. These pro-epithelial changes in
cell morphology and marker expression were observed
to varying extend for all analyzed tumor-derived cells
expressing IGF2BP1. Accordingly, we propose that
IGF2BP1 is a pro-mesenchymal marker that sustains mes-
enchymal-like cell properties and promotes migration of
tumor-derived cells in a largely context-independent
manner.
IGF2BPs control the cytoplasmic fate of specific target

mRNAs by regulating their turnover, translation and/or
transport [reviewed in (8,10)]. This implied that the pro-
mesenchymal role of IGF2BP1 is facilitated by regulating
the fate of target transcripts encoding either regulators or
markers of pro-mesenchymal gene expression signatures.
In recent studies, we identified various novel candidate
target mRNAs of IGF2BP1 by using a loss-of-function
screen in stressed U2OS cells (25). These analyses sug-
gested mRNAs encoding the pro-mesenchymal or
‘EMT-driving’ transcriptional regulator LEF1 as candi-
date target transcripts of IGF2BP1. Analyses of how
IGF2BP1 modulates LEF1 mRNA fate revealed that the
protein interferes with the degradation of LEF1 mRNAs
resulting in elevated expression of this TCF family
member. Similar to the IGF2BP-directed control of
CD44 expression (28), IGF2BP1 prevents degradation of
LEF1 mRNAs via the 30-UTR essentially shared by all
four reported human LEF1 transcripts. Notably,
IGF2BP1-controlled LEF1 expression could be validated
by loss- as well as gain-of-function analyses and was
observed in all mesenchymal-like tumor-derived cells
analyzed in this study. This suggests LEF1 as a prime,
although not exclusive candidate, through which
IGF2BP1 promotes mesenchymal-like tumor cell
properties.
The TCF/LEF family of transcriptional regulators was

identified as a key mediator of both Wnt/CTNNB1- or
TGFB/SMAD-dependent developmental and malignant
EMT [reviewed in (2,48)]. In agreement with ‘EMT-
driving’ functions, LEF1 depletion was associated with
reduced FN1 expression in all cells analyzed in this
study, whereas the opposite was observed by stable
LEF1 expression in U2OS or HEK293 cells. This
supports LEF1-dependent upregulation of FN1 transcrip-
tion observed by promoter-reporter and ChIP studies.
However, LEF1 is presumably not the only mediator of
FN1 expression, as FN1 is also expressed in cells lacking
LEF1, for instance melanoma-derived MV3 cells. In
contrast to FN1, LEF1 depletion or overexpression
barely affected the expression of CDH1 supporting the
view that LEF1 is not a potent repressor of CDH1
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transcription. This is surprising, as LEF1 was shown to
enhance the transcription of SNAI2 (SLUG) a bona fide
‘EMT-driving’ regulator suppressing CDH1 expression
(37,49). However, LEF1-driven upregulation of SNAI2
may simply be too moderate to push SNAI2 abundance
to levels sufficient for CDH1 repression. Consistent with
IGF2BP1-promoted expression of LEF1, IGF2BP1 and
LEF1 depletion resulted in reduced SNAI2 expression,
presumably owing to reduced transcription. Direct regu-
lation of SNAI2 mRNA fate by IGF2BP1 could be
excluded, as the protein neither associates with the
SNAI2 mRNA nor modulates its turnover. Thus, taken
together, our studies suggest that IGF2BP1 can promote
the expression of mesenchymal markers and modestly
interfere with the expression of epithelial markers. This
regulation is likely to be facilitated via LEF1 and
SNAI2 but presumably also involves additional regulators
like ZEBs or TWISTs. Notably, we have substantial
evidence that IGF2BP1 promotes the expression of
ZEB1, another potent ‘EMT-driving’ transcriptional regu-
lator, in anaplastic thyroid carcinoma-derived tumor cells
(Mensch et al., in preparation). Importantly, in none of
the analyzed tumor-derived cells, IGF2BP1 depletion was
sufficient to induce upregulation of epithelial markers to a
level expected for MET. Likewise, stable IGF2BP1 or
ZBP1 expression in epithelial-like MCF7 or MDCK cells
failed to induce EMT. This supports the view that
IGF2BP1 sustains mesenchymal-like cell properties and
potentially EMT-induced reprograming of gene expres-
sion at the post-transcriptional level. However, it fails to
induce this reprograming, as this requires the induction of
powerful upstream drivers at the transcriptional and/or
epigenetic level. Along these lines, even the stable expres-
sion of bona fide ‘EMT-driving’ transcriptional regulators
like SNAI2 failed to induce EMT in MCF7 cells, although
CDH1 levels were significantly reduced, and cell size was
markedly increased (Supplementary Figure S6A–C). This
is consistent with the assumption that in some or even
most tumor-derived cells, one ‘EMT-driver’ is insufficient
to induce trans-differentiation. Moreover, this provides
further support for the view that RBPs, which only fine
tune gene expression at the post-transcriptional level, with
few exceptions like SXL in Drosophila, simply lack the
potency to induce a complete reprograming of gene ex-
pression signatures. This of course does not contradict a
significant influence in the sustainment of altered gene
expression at the post-transcriptional level.
Strikingly, we observed that IGF2BP1-facilitated

modulation of tumor cell migration involves IGF2BP1-
directed control of LEF1 and SNAI2 expression. This
conclusion is supported by the finding that reduced migra-
tion of HT-144 cells on IGF2BP1 knockdown was com-
pletely restored by the stable expression of LEF1 or
SNAI2. Notably, this is intriguingly consistent with the
reported role of both factors in tumor cell invasion and
metastasis, which essentially, although by far not exclu-
sively, relies on the migratory capability of tumor cells
[e.g. (50,51)]. In support of the interdependence of EMT,
enhanced migratory potential and metastasis, the stable
expression of LEF1 or SNAI2 also pronounced more mes-
enchymal-like cell morphology with reduced cell–cell

contact formation on stable IGF2BP1 knockdown in
HT-144 cells. Hence, although IGF2BP1 failed to induce
EMT and sustained the expression of mesenchymal
markers only moderately, the post-transcriptional fine
tuning of gene expression facilitated by IGF2BP1 is suffi-
cient to substantially impact cell morphology and tumor
cell migration. This suggests that IGF2BP1 modulates
various pro-mesenchymal regulatory networks including
the control of actin dynamics (23,25) and the sustainment
of pro-mesenchymal gene expression signatures driven by
transcriptional regulators like LEF1 or SNAI2. In view of
the proposed multitude of target mRNAs regulated by
IGF2BP1 and IGF2BP3 (42), these findings suggest a fun-
damental role of both factors in promoting tumor cell
aggressiveness and invasive potential in a largely tumor
origin-independent manner. Future studies will now
have to reveal whether this conclusion can be validated
in vivo by testing to which extent both proteins promote
metastasis and via which target mRNAs or signaling
networks this regulation is facilitated. We expect that
such analyses will indicate IGF2BP1 and IGF2BP3 as
useful biomarkers for evaluating tumor aggressiveness
and will reveal avenues to pursue analyzing their suitabil-
ity for targeted therapy. The latter would benefit substan-
tially from the fact that both factors are essentially de novo
synthesized in various tumors, whereas they are barely
expressed in the vast majority of adult tissues (8).
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Abstract: Y RNAs constitute a family of highly conserved small noncoding RNAs (in 

humans: 83-112 nt; Y1, Y3, Y4 and Y5). They are transcribed from individual genes by 

RNA-polymerase III and fold into conserved stem-loop-structures. Although discovered 30 

years ago, insights into the cellular and physiological role of Y RNAs remains incomplete. 

In this review, we will discuss knowledge on the structural properties, associated proteins 

and discuss proposed functions of Y RNAs. We suggest Y RNAs to be an integral part of 

ribonucleoprotein networks within cells and could therefore have substantial influence on 

many different cellular processes. Putative functions of Y RNAs include small RNA quality 

control, DNA replication, regulation of the cellular stress response and proliferation. This 

suggests Y RNAs as essential regulators of cell fate and indicates future avenues of research, 

which will provide novel insights into the role of small noncoding RNAs in gene expression. 

Keywords: Y RNA; Ro60; La; ncRNA 

 

1. Introduction 

Over recent years, our view of genomic regulation was severely revised when realizing that we have 

overseen a yet to be explored plethora of long and short non-coding RNAs (ncRNAs). Various reports 

revealed that ncRNAs are important regulators of diverse cellular processes. MicroRNAs (miRNAs), 

for instance, were shown to be important regulators of mRNA-fate in the cytoplasm, where they 
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control translation and turnover of specific target transcripts (reviewed in [1]). On the other hand, long 

non-coding RNAs can serve as scaffolds for the assembly of subnuclear bodies (e.g., paraspeckles and 

NEAT1-RNA, [2]). These results reflect just two aspects of the various functions facilitated by 

ncRNAs, which modulate gene expression at various levels. 

Y RNAs were originally identified in the 1980’s by immunopurification with auto-antibodies from 

patients suffering from systemic lupus erythematosus [3]. The proteins Ro60 (TROVE2, SSA) and La 

(SSB), which are common auto-antigens in autoimmune diseases (like systemic lupus erythematosus 

and Sjögren’s syndrome (reviewed in [4]), were identified as the major antigens facilitating the 

association with these small ncRNAs [5–7]. Subsequently, these cytoplasmic ncRNAs were named  

Y RNAs to distinguish them from nuclear U RNAs, another major class of small ncRNAs in  

the cell [3,8]. 

2. Structure and Evolution of Y RNAs 

Metazoan Y RNAs are transcribed by RNA polymerase III (POLIII, [9]) from distinct promoters. 

Transcription is terminated at an OligoT stretch (4–6 nt), resulting in an oligo-uridinylated 3’-end of 

nascent Y RNA transcripts (Figures 1 and 2). This serves as the primary binding site for the La 

protein [10–12]. It was proposed that the OligoU stretch is removed during nuclear maturation in the 

nucleus to promote nuclear export of trimmed Y RNAs [13]. The trimming of POLIII-transcripts 

seems to occur frequently and has been observed for various other RNAs [14]. Consistent with a 

pivotal role of La in the 3’-end processing of Y RNAs, La-binding was shown to prohibit the transport 

of Y RNAs to the cytoplasm [15]. However, the molecular basis of Y RNA trimming remains poorly 

understood and the potentially involved nucleases are still not known. Moreover, Y RNAs were shown 

to possess triphosphates at their 5’-ends and not to contain large amounts of nucleotide modifications [5]. 

Figure 1. Y RNA structure. A schematic structure of Y RNAs illustrates the important 

features common to these RNAs (A). Furthermore, the secondary structure of the human  

Y RNAs (Y1, Y3, Y4 and Y5) was visualized with VARNA [17], referring to published 

structure probing experiments (B; [18,19]). According to this data, alternative structures, at 

least for Y3, are likely [19]. 
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A common characteristic of all reported Y RNAs is their highly conserved stem-loop structure 

(Figure 1). The terminal 5’- and 3’-sequences (~20–30 nt) of Y RNAs form a double stranded region - 

the “stem”. This region is the essential structural determinant of Y RNAs allowing there typical  

stem-loop fold. For some Y RNAs, these structural properties were validated by enzymatic and 

chemical cleavage [18,19]. The stems of Y RNAs are usually not perfect double strands. Frequently, the 

“upper” and “lower” parts are separated by bulged regions. One of these, a highly conserved bulged 

cytosine (C9 in human Y RNAs [20]), constitutes the primary binding site for the Ro60 protein 

(TROVE2). Deletion or mutation of this site disrupts Ro60-binding and destabilizes the entire Y RNA fold 

(Figure 2, [15,20,21]). Ro60-homologs and also Y RNAs have been identified from bacteria to humans, 

suggesting an ancient origin and co-evolution of the Ro60-Y RNA-complex [21–23]. This is supported 

by analyses confirming the Y RNA stem to be the most conserved part of these ncRNAs, and even the 

bulged cytosine base in the stem is retained in bacterial Y RNAs (Figures 1 and 2, [23,24]). 

Accordingly, we propose that organisms, which encode for Ro60 orthologs, presumably also express  

Y RNAs. Ro60 and its orthologs, as well some Y RNAs, were described or assumed in various 

bacterial species, lower eukaryotes, like Chlamydomonas reinhardtii, nematodes, like Caenorhabditis 

elegans, and vertebrates (reviewed in [21]). Putative Ro60 and Y RNA orthologs had also been 

suggested in arthropods, such as Anopheles gambiae [21,22]. 

Figure 2. Sequence alignments of human Y RNA stems. The terminal Y RNA stem 

sequences were aligned using the TCoffee web server [25,26]. Perfectly conserved 

nucleotides are marked with asterisks. The remarkably conserved cytosine base at position 

9 within the 5’-part of the Y RNAs is highlighted in green. 

 

RNA sequencing approaches frequently reported fragments comprising parts of Y RNAs [27,28]. In 

view of the conserved Y RNA structure resembling that of pre-miRNAs, it accordingly was suggested 

that Y RNAs could serve as miRNA precursors [28,29]. However, experimental validation of Y RNA 

encoded regulatory microRNAs is still lacking, and thus, the proposed Y RNA fragments could also 

result from degradation [30]. In support of this, it was shown that the biogenesis of some Y RNA 

fragments is independent of DICER1 and AGO2, providing further evidence that the identified 

fragments are not generated by the classical miRNA pathway [31]. 

The loops of Y RNAs are heterogeneous in nature and the least conserved of the ncRNAs [24,32]. 

The primary sequence and length of the loop distinguishes the four Y RNAs (Y1, Y3, Y4 and Y5). The 

longest loop is observed for Y1 (hY1: 65 nt) and the shortest for Y5 (hY5: 31 nt). The structure of the 

loops differs significantly among the four Y RNAs and was suggested to be largely flexible in nature [19]. 
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The loops of Y1, Y3 and Y5 are rich in pyrimidines (human RNAs: 69 %, 65 % and 65 %, respectively); 

only Y1 and Y3 contain large, mostly single stranded stretches of pyrimidines. To date, in teleostei, 

only one Y RNA has been identified, which shows high homology to the human Y1/3-type of 

Y RNAs. Accordingly, Y3 was suggested to be the most ancestral Y RNA, at least in the vertebrate 

lineage [24,33]. Furthermore, additional Y RNAs possibly evolved through duplication of this 

ancestral RNA to fulfill novel functions within cells, which likely involves the loop region [24]. In 

accordance with this hypothesis, Y RNAs are able to recruit various RNA-binding proteins in a  

loop-dependent manner (see Table 1). 

Table 1. Y RNA binding proteins. 

Gene 
Symbol 

Alternative 
Names 

Y RNA Binding 
Region 

Proposed Function Reference 

SSB La 1,3,4,5 OligoU nuclear retention, protection of 
Y RNA 3’ends 

[15] 

TROVE2 Ro60 1,3,4,5 stem stabilization,  [15,23,34–37] 
nuclear export,  
RNA quality control  

APOBEC3G  1,3,4,5 ? ? [38−40] 
NCL nucleolin 1,3 loop ? [41] 
PTBP1 hnRNP I 1,3 loop ? [42] 
HNRNPK  1,3 loop ? [42] 
IGF2BP1 ZBP1, Imp1 (1),3 loop nuclear Export of Ro60 and Y3 [43,44] 
PUF60 RoBP1 (1,3),5 ? ? [45,46] 

3. Y RNA Localization and Expression 

POLIII-transcripts can be transported to the cytoplasm (pre-miRNAs, tRNAs, 5S; [47,48]) or remain 

in the nucleus after transcription (7SK, U6; [49,50]). The localization of Y1, Y3 and Y4 was described 

to be mostly cytoplasmic, whereas Y5 seems to be more nuclear [51,52]. As mentioned above, the La 

protein is thought to interfere with nuclear export of Y RNAs by binding to their 3’-ends [15]. This 

export block could be released by trimming of Y RNAs, which then lack the OligoU stretch. This 

would trigger Ro60-dependent nuclear export of these ncRNAs [13,15]. Thus, it is tempting to 

speculate that Y5 differs in its association with La or nuclear trimming, allowing its nuclear retention. 

Nascent POLIII transcripts can accumulate in the perinucleolar compartment (PNC, [53,54]). In 

agreement, at least Y1, Y3 and Y5 were shown to localize to this subnuclear site by fluorescence in  

in situ hybridization (FISH, [55]). In an in vitro system, where labeled Y RNAs are incubated with G1 

nuclei, Y RNAs were found to associate with euchromatin, and Y5 was recruited to nucleoli [56]. 

Notably, Y RNAs can be encapsidated into viruses, as shown for Moloney murine leukemia virus 

(MLV, [13]) and also for human immunodeficiency virus type 1 (HIV-1, [38]). This process is 

independent of Ro60-binding and seems to be initiated while Y RNAs are still in the nucleus. Whether 

Y RNAs modulate the lifecycle of these viruses significantly remains unknown.  

The export pathways used by Y RNAs are not known in detail. It was reported that the export of 

Y RNAs is dependent on the small GTPase Ran, suggesting members of the karyopherin protein 
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family to serve as nuclear export adapters [57]. Although XPO1 and XPOT are presumably not 

involved, XPO5 seems to be important to direct cytoplasmic translocation of Y RNAs [15,57]. This 

protein usually exports minihelix containing dsRNAs, which includes VA1, some tRNAs and pre-

miRNAs [58,59]. The Y RNA stem is reminiscent of a minihelix, and consistently, XPO5 was shown 

to associate in a complex with Y1 and RanGTP [58]. This was also supported by the crystal structure 

of XPO5, indicating the Y RNA stem acts as a substrate for this karyopherin [47]. Notably, there is no 

evidence for a re-import of Y RNAs into the nucleus. This is supported by the complete nuclear export 

of radiolabeled Y RNAs after injection into Xenopus oocytes [15,57]. Notably, the subcellular 

localization of Y RNAs was reported to be cell cycle-dependent and respond to cellular stress signals, 

like UV-irradiation [23,56,60]. Accordingly, cells accumulate both Ro60 and Y RNAs in the nucleus 

after UV irradiation or oxidative stress [35,44,60]. This could result from the stress-induced collapse 

of the Ran gradient and concomitant impairment of nuclear export [61], but may furthermore imply 

stress-dependent functions of the nuclear Ro60-Y RNA-complex under these conditions. 

Y RNA expression has been reported in various species, including primary tissue and tumor-derived 

cell lines [62,63]. However, comprehensive analyses of tissue-specific Y RNA expression profiles are 

still lacking. Therefore, we analyzed the expression of murine Y RNAs in several adult tissues by 

Northern blotting (Figure 3). These studies revealed basal expression of murine Y RNAs (mY1 and 

mY3) in all analyzed tissues. Y RNA abundance varied significantly, with high levels observed in the 

brain, lung, heart, stomach, kidney, ovary, adipose tissue and skeletal muscle, in contrast to lower 

mY RNA abundance in the liver, gut, spleen, skin and blood. Intriguingly, the observed mY RNA 

expression pattern correlated to the expression signature of Ro60 [64]. This supports the view that the 

Y RNA-Ro60 complex co-evolved and that the protein is essential for Y RNA stabilization [34,36]. In 

humans, Y RNAs were shown to be significantly upregulated in a variety of tumors, for instance, 

bladder and kidney carcinomas. Moreover, Y RNAs promote cell proliferation, which is supported by 

reduced cell cycle progression upon siRNA-directed Y1 and Y3 depletion [63,65]. Little is known 

about the developmental expression of Y RNAs, which was analyzed exclusively in Xenopus laevis 

and Danio rerio, where Y RNA levels increased after the midblastula transition (MBT, [66]). Notably, 

the inhibition of Y RNAs by antisense morpholinos led to lethal developmental defects after MBT 

before gastrulation.  

Figure 3. Y RNA expression in mouse tissues. A representative Northern blot for murine 

Y RNA tissue expression is shown. 7SL and 5S rRNA served as a loading control. Note 

that in mice, just Y1 and Y3 are expressed. 
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4. Is the Functional Role of Y RNA Determined by Associated Proteins?  

4.1. Y RNP Core Proteins 

All metazoan Y RNAs associate with Ro60 and La, which presumably form the core of nuclear or 

cytoplasmic Y RNPs (RNP: Ribonucleoprotein). As mentioned above, La binds the OligoU-stretch at 

the 3’-end of nascent Y RNAs [12]. On the contrary, Ro60 binds to the Y RNA stem [7]. Although La 

was found at the transcription site of Y RNAs, it remains to be addressed whether the protein has any 

influence on the transcription process itself [67]. Most likely, the protein protects nascent Y RNA 

transcripts from being degraded by 3’-exonucleases in the nucleus. Ro60, on the other hand, stabilizes 

the Y RNA structure and prevents Y RNA degradation [34,36]. In agreement, Y RNA levels are 

severely reduced in Ro60−/− cells [35]. However, the stabilizing function of Ro60 is presumed to 

mainly affect the cytoplasmic pool of Y RNAs, as shown for mouse fibroblasts [13]. Hence, it remains 

elusive whether other factors facilitate a Ro60-like role in modulating Y RNA fate in the nucleus [13,68]. 

Notably, the stabilization of Y RNAs by Ro60 is conserved in the bacterium Deinococcus radiodurans, 

where they act as essential facilitators of UV-resistance [23]. Additionally, the bacterial Rsr (Ro sixty 

related) was shown to assist in 23S rRNA maturation, and Y RNA were reported to sequester Rsr to 

inhibit this activity [37]. The crystal structure of Ro60-Y RNA complex revealed that Y RNAs 

associate with the outer surface of the HEAT-repeat-ring of Ro60, which comprises a highly conserved 

histidine residue (H187 in human and mouse) that is essential for direct contact formation with 

Y RNAs [69]. This association surface partially overlaps with the binding site for misfolded ncRNAs 

(like 5S), implying that Y RNAs modulate the proposed role of Ro60 in the quality surveillance of 

ncRNAs [60,69–71].  

All four human Y RNAs associate with the antiviral cytidine deaminase APOBEC3G, which 

accordingly was observed in Ro60- and La-RNPs [38–40]. Mutational inactivation of the zinc-binding 

domain of APOBEC3G (W127A) strongly reduced its interaction with Y1 [38]. Hence, although the 

function of APOBEC3G-Y RNA complexes remains unknown, one could speculate that the protein 

facilitates C-to-U-editing to modulate Y RNA-functions and/or suppress retro-transposition of these 

ncRNAs [39]. Notably, retro-pseudogenes derived from Y RNAs have been described, but it is unclear 

if they can be re-expressed or have any other functional relevance [72]. The existence of another 

putative Y RNA core protein, which binds the upper Y RNA stem, is still controversial. Based on 

sequence requirements, this protein could be involved in nuclear export of Y RNAs and the proposed 

involvement of Y RNAs in DNA-replication [57,73]. In vitro, all four human Y RNAs were reported 

to associate with proteins of the pre-replication, as well as the origin recognition complex (e.g., ORC2 

and CDT1, [56,66]). However, the functional composition of these Y RNPs remains to be deciphered, 

since the Y RNP core proteins, Ro60 and La, as well as nucleolin association, are not a prerequisite for 

Y RNAs to function in DNA replication [74].  

4.2. Accessory Y RNA Binding Proteins 

Apart from proteins associating at the Y RNA stem, additional proteins have been shown to bind 

Y RNAs. Most of these associate with distinct Y RNA loops and, thus, may impose Y RNA specific 

functions or play a role in directing the potentially distinct lifecycle of each Y RNA (for a summary, 
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see Table 1 and Figure 4). Only the Y1- and Y3-RNAs contain pyrimidine-rich tracts within their 

loops. Accordingly, these Y RNAs associate with OligoU/C-binding proteins, including hnRNP I 

(PTBP1), hnRNP K (HNRNPK) and Nucleolin (NCL) [41,42]. Additionally, RoBP1 (PUF60) was 

shown to bind Y5 and also associates with Y1 and Y3, in vivo and in vitro [45,46]). The purification 

procedure used for PUF60-Y5-complexes led to the identification of RPL5 as a putative binding 

partner of Y5. In support of this, Y5 was shown to associate with 5S-rRNA-variants, suggesting a role 

of this Y RNA in the biogenesis of ribosomal RNAs [46], as demonstrated for Ro60 and La [75,76]. 

The identification of Ro60 in IGF2BP1 containing RNPs suggested an association of this protein with 

Y RNAs [77]. Recently, we and the Wolin lab could confirm this by demonstrating that mouse 

IGF2BP1, like its chicken ortholog ZBP1 (Zipcode binding protein), directly associates with Y3 and, 

to a lesser extent, with Y1 [43,44]. The depletion of IGF2BP1 resulted in the nuclear accumulation of 

Ro60 and Y3, suggesting an involvement of the protein in nuclear export of this Ro60-Y  

RNA complex [44]. 

Despite the various proteins described to associate with Y RNAs, the composition and properties of 

cellular Y RNPs remains largely elusive. Gel filtration studies indicate that Y RNPs range in size from 

150–550 kDa. This suggests that one Y RNA can associate with more than one protein simultaneously. 

In vitro, we and others observed ternary complexes comprising La, Y3 and ZBP1 [43,78]. These 

findings suggest that Y RNPs contain at least one Y RNA, one core protein (e.g., Ro60) and one or 

two directly loop-associated accessory proteins (e.g., ZBP1), which could serve as binding scaffolds 

for additional proteins or promote oligomerization of Y RNPs (Figure 4). 

Figure 4. Lifecycle of Y RNAs. The proposed cellular functions of Y RNAs rely mostly 

on the association with their core proteins Ro60 and La. These interactions influence 

various parts of the Y RNA lifecycle (e.g., nuclear export together with Ro60). Additional 

functions and interactions with RNA binding proteins (RBPs) have to be assumed in the 

nucleus, as well as the cytoplasm. 
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5. Future Perspectives and Conclusions 

Although various Y RNA-associated proteins have been reported, the role of this highly conserved 

family of small ncRNAs and, in particular, the reason for their diversification remains sparse. Only 

two Y RNA functions have been proposed so far. During the cell cycle, they were suggested to 

stimulate DNA replication (Figure 4; [65,73,79]). This assumption is mainly based on in vitro 

evidence, using isolated G1-phase nuclei incubated with cellular extracts. These studies also indicated 

that Y RNAs are required for the establishment of new replication forks, but not for DNA 

elongation [79]. Although the model of Y RNAs being involved in DNA replication is intriguing, more 

information regarding the molecular mechanisms and in vivo regulation of these processes are 

required. However, a role of Y RNAs in DNA replication could be supported by their high 

conservation, as well as the devastating developmental defects and the proliferation decrease upon 

Y RNA inhibition [63,66]. On the other hand, Y RNAs were reported to inhibit the function of Ro60 in 

RNA quality control [37]. Accordingly, it was also shown that the binding site for Y RNAs in Ro60 

partially overlaps with the one for misfolded RNAs, suggesting a mutually exclusive Ro60-RNP [69]. 

Therefore, we favor a model that Y RNAs and bound Ro60 act as cellular stress sensors. Accordingly, 

Ro60 can dissociate from Y RNAs under conditions, like UV-irradiation, to assist in cellular recovery 

by salvaging misfolded RNAs (reviewed in  [21]). We propose that, in addition to Ro60, other RBPs 

could be sequestered by Y RNAs in a similar fashion. This is in accordance with the proposed 

functions of long ncRNAs, which can act as decoys and/or scaffolds to regulate gene expression [80]. 

A putative scaffolding role could provide both a sequestering of these regulators acting like a 

“molecular sink” or a chaperoning function to expedite function of the associated proteins [80]. We 

thus expect that Y RNAs modulate additional regulatory processes controlling the fate of mRNAs, 

which could include RNA processing, as well as cytoplasmic regulation of gene expression. The latter 

assumption is supported by the observation that Y RNAs are predominantly cytoplasmic at steady 

state. Surprisingly, most of the proposed roles of Y RNAs involve nuclear functions like  

DNA-replication or small RNA quality control. Future work will thus have to address the  

compartment-specific function of Y RNPs, which we expect to reveal that these small ncRNAs serve 

functions in modulating cytoplasmic mRNA fate. This role could essentially rely on the capability of  

Y RNAs to associate with various RBPs observed in mRNPs, for instance, IGF2BP1 (reviewed in [81]). 

By controlling the accessibility of such factors, Y RNAs could modulate the function of these regulatory 

RBPs in mRNA turnover, translation and, potentially, mRNA localization at regular or stress conditions. 

In addition to revealing the cellular role of Y RNAs, future studies also have to address the physiological 

significance of these small ncRNAs by the use of genetic models to address their function in 

development and diseases.  

6. Materials and Methods: Isolation of Total RNA and Northern Blot 

Tissues were isolated from athymic Nude-Foxn1nu-mice (Harlan) and rapidly mixed with TRIZOL-

reagent (Life Technologies). RNA-extraction was then performed using chloroform and precipitation 

with isopropanol. For Northern Blotting, 2.5 µg of total RNA was resolved on a 15% denaturing  

TBE-Urea-gel and subsequently blotted onto nylon membranes (Roche). The membranes were then 
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UV-crosslinked (Stratalinker 2400) and pre-hybridized with PerfectHyb Plus (Sigma-Aldrich). Northern 

probes (Atto680 or DY-782 label) were diluted to 100 ng/µL in PerfectHyb Plus and hybridized at 30 °C 

for 2 hours. Detection was conducted using the Odyssey Scanner (LI-COR). Northern Probes: 7SL: 

GGCATAGCGCACTACAGCCCAGAACTCCTG; Y1: ATAACTCACTACCTTCGGACCAGCC; 

Y3: CTGTAACTGGTTGTGATCAATTAGT; and 5S: AAGTACTAACCAGGCCCGAC. 
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Anlagen

Tabelle A1 | Expression von IGF2BP1 in benignen und malignen Neoplasien und präkanzerösen Läsio-
nen

Ursprung/
Entität/
Lokalisation

Referenz Nachweis-
methode

Subentität/
Probenart1

Anteil positiver
Fälle ‚x‘

ungünstige
Korrelation mit

in% an allen
Fällen ‚n‘
(n/x)

OS EFS KPP

gastrointestinales System & Anhangsdrüsen

K
ol
or
ek
ta
le
s
C
A

Ross 2001 [134]
WB und/
oder
sRT-PCR

81% (17/21) - - -

Dimitriadis
2007 [135]

IHC 50% (5/10)
x x x

sRT-PCR 59% (46/78)

Gu 2004 [133] sRT-PCR 100% (2/2) - - -

Mongroo
2011 [136]

IHC (TMA) - (+/228) - - -

Vainer
2008* [150]

IHC (TMA)
primarius >60% (+/46)

- - x
nur pT3 Fälle 97% (58/60)

LK-Met. 87% (73/84)

IHC (Einzel-
schnitte)

primarius - (+/25)

Müller-Pillasch
1997 [144]

NB 33% (5/15) - - -
Pankreas CA

Gu 2004 [133] sRT-PCR 100% (1/1) - - -

H
ep
at
oz
el
lu
lä
re
s
C
A

Zhou 2014 [84] IHC 61% (71/116) x x x

Gutschner
2014 [79]

MA - (+/60)
- - xqRT-PCR - (+/60)

IHC ( TMA) - (+/101)

Himoto
2005a [145]

IHC 29% (2/7) - - -
Himoto
2005b [146]

Zhang 2015 [88] qRT-PCR - (+/70) x - -

Oesophageal.
Adeno-CA

Lin 2017 [139] RNA-Seq.
(In silico)

- (+/80) x - -

Legende mit Erläuterungen der Abkürzungen befinden sich im Tabellenfuß auf S. 121

Tabelle A1 wird auf der nachfolgenden Seite fortgesetzt
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Fortsetzung Tabelle A1

Tabelle A1 | Expression von IGF2BP1 in benignen und malignen Neoplasien und präkanzerösen Läsio-
nen

Ursprung/
Entität/
Lokalisation

Referenz Nachweis-
methode

Subentität/
Probenart1

Anteil positiver
Fälle ‚x‘

ungünstige
Korrelation mit

in% an allen
Fällen ‚n‘
(n/x)

OS EFS KPP

respiratorisches System

Lu
ng

en
-C
A

Gu 2004 [133] sRT-PCR - 100% (2/2) - - -

Vainer
2008* [150]

IHC (TMA) - > 60% (+/45) - - -

Ioannidis
2004 [137]

sRT-PCR

NSCL 27% (4/15)

- - -
PE-CA 38% (3/8)

Adeno-CA 17% (1/6)

großzelliges CA 0% (0/1)

Kato 2007 [138] IHC (TMA)

NSCL 52% (139/267)

x - x

PE-CA 36% (57/157)

Adeno-CA 75% (70/93)

großzelliges CA 77% (10/13)

adenosqua-
möses CA

50% (2/4)

Lin 2017 [139] RNA-Seq.
(in silico)

Adeno-CA - (+/533) x - -

männliches reproduktives System

Prostata-
CA

Gu 2004 [133] sRT-PCR - 100% (1/1) - - -

Vainer
2008* [150]

IHC (TMA) - 5% (+/43) - - -

TIN (CIS) 100% (9/9)

Seminom 100% (5/5)

Spermato-
zytisches
Seminom

100% (1/1)

embryonales
CA

100% (7/7)

Teratom 88% (7/8)

H
od

en
tu
m
or
en

Hammer
2015 [109]

IHC

Leydig-Zell-
Tumor

50% (1/2)

- - -

Legende mit Erläuterungen der Abkürzungen befinden sich im Tabellenfuß auf S. 121

Tabelle A1 wird auf der nachfolgenden Seite fortgesetzt
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Fortsetzung Tabelle A1

Tabelle A1 | Expression von IGF2BP1 in benignen und malignen Neoplasien und präkanzerösen Läsio-
nen

Ursprung/
Entität/
Lokalisation

Referenz Nachweis-
methode

Subentität/
Probenart1

Anteil positiver
Fälle ‚x‘

ungünstige
Korrelation mit

in% an allen
Fällen ‚n‘
(n/x)

OS EFS KPP

weibliches reproduktives System

O
va
ria

l-C
A

Gu 2004 [133] sRT-PCR

Adenom - (+/8)

x - xborderline-
Tumor

- (+/5)

Adenokarzinom - (+/46)

Köbel 2007 [43] IHC - 69% (73/106) x x x

Vainer
2008* [150]

IHC (TMA) - > 60% (k.A./35) - - -

Boyerinas
2012 [140]

IHC - - (+/20) x - -

Busch 2016 [47]

sRT-PCR - - (+/29)

- - x

qRT-PCR - - (+/29)

MA
(in silico)

- - (+/285)

MA
(in silico)

- - (+/90)

Müller 2018 [48] MA
(in silico)

seröses - (+/1232) x x -

Ioannidis
2003 [141]

sRT-PCR - 59% (69/118) - - x

Gu 2004 [133] sRT-PCR - 100% (1/1) - - -

IDC 38% (12/32)

ILC 0% (0/5)
Doyle 2000 [132] FISH

DCIS &
medulläres
CA

33% (1/3)

- - x

Fakhraldeen
2015 [142]

IHC (TMA) - 100% (243/243) - - -

Vainer
2008* [150]

IHC (TMA) - 18% (+/54) - - -

ISH (TMA) 48% (24/50)

cDNA-Array
primarius

100% (4/4)

ISH (TMA) 20% (10/50)

M
am

m
a-
C
A

Gu 2009 [72]

cDNA-Array

Metastasen
selber
Patientinnen 100% (4/4)

- - -

Zervix-CA Su 2016 [90] IHC
(qRT-PCR)

- 81% (17/21) - - -

Legende mit Erläuterungen der Abkürzungen befinden sich im Tabellenfuß auf S. 121

Tabelle A1 wird auf der nachfolgenden Seite fortgesetzt
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Fortsetzung Tabelle A1

Tabelle A1 | Expression von IGF2BP1 in benignen und malignen Neoplasien und präkanzerösen Läsio-
nen

Ursprung/
Entität/
Lokalisation

Referenz Nachweis-
methode

Subentität/
Probenart1

Anteil positiver
Fälle ‚x‘

ungünstige
Korrelation mit

in% an allen
Fällen ‚n‘
(n/x)

OS EFS KPP

zentrales/ peripheres Nervensystem & Meningen

ne
ur
oe
pi
th
el
ia
le

Tu
m
or
e

(m
al
ig
ne
)

Ioannidis
2004 [137]

sRT-PCR

Glioblastom 55% (6/11)

- - -

anaplasti-
sches
Oligoden-
drogliom

100% (2/2)

Astrozytom 14% (1/7)

Medulloblastom 50% (1/2)

Subependymom 100% (2/2)

Schwannom 0% (0/2)

Vestibularis-
schwannom

100% (2/2)neuro-
epitheliale
Tumore
(benigne)

Ioannidis
2004 [137]

sRT-PCR
zentrales
Neurozytom

0% (0/1)

- - -

Meningeom Ioannidis
2004 [137]

sRT-PCR
WHO Grad I 61% (11/18)

- - -WHO Grad II 100% (3/3)

WHO Grad III 0% (0/1)

Hirntumor Vainer
2008* [150]

IHC (TMA) - > 30% (+/21) - - -

Glioblastom Wang 2015 [85] WB &
qRT-PCR

- 100% (6/6) - - -

MA
(in silico)

- 77-100% (+/88)

MA
(in silico)

- 77-100% (+/476)

qRT-PCR
(CNV)

- 84% (58/69)

MA
(in silico)

- 23% (78/341)N
eu
ro
bl
as
to
m

Bell 2015 [143]

WB - - (+/69)

x x x

Legende mit Erläuterungen der Abkürzungen befinden sich im Tabellenfuß auf S. 121

Tabelle A1 wird auf der nachfolgenden Seite fortgesetzt
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Fortsetzung Tabelle A1

Tabelle A1 | Expression von IGF2BP1 in benignen und malignen Neoplasien und präkanzerösen Läsio-
nen

Ursprung/
Entität/
Lokalisation

Referenz Nachweis-
methode

Subentität/
Probenart1

Anteil positiver
Fälle ‚x‘

ungünstige
Korrelation mit

in% an allen
Fällen ‚n‘
(n/x)

OS EFS KPP

hämato- & lymphopoietisches System

B
-Z
el
l-L

ym
ph

om
e

Natkunam
2007* [112]

IHC
(TMA &
Einzel-
schnitte)

follikuläres Lymphom 76% (126/165)

- - -

Grad 1 71% (30/42)

Grad 2 85% (45/53)

Grad 3 73% (51/71)

diffuses großzelliges
B-Zell-Lymphom

78% (155/200)

primäres
mediastinales
(thymisches)
großzelliges
B-Zell-Lymphom

90% (9/10)

Burkitt-Lymphom 100% (2/2)

extranodales
Marginalzonen-
Lymphom

8% (2/25)

splenisches
Marginalzonen-
Lymphom

20% (1/5)

nodales
Marginalzonen-
Lymphom

20% (1/5)

Mantelzell-Lymphom 11% (2/18)

kleinzelliges
B-Zell-Lymphom/
CLL

8% (3/38)

lymphoplasmo-
zytisches-Lymphom

0% (0/5)

Haarzellleukämie 70% (7/10)

B-Vorläufer-ALL 25% (4/13)

T-Vorläufer-ALL 29% (4/14)

peripheres
T-Zell-Lymphom

14% (3/21)

großzelliges
anaplastisches
Lymphom

75% (6/8)

T
-Z
el
l-L

ym
ph

om
e

Natkunam
2007* [112]

IHC
(TMA &
Einzel-
schnitte)

NK-Zell-Lymphom 2% (2/91)

- - -

Legende mit Erläuterungen der Abkürzungen befinden sich im Tabellenfuß auf S. 121

Tabelle A1 wird auf der nachfolgenden Seite fortgesetzt
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Fortsetzung Tabelle A1

Tabelle A1 | Expression von IGF2BP1 in benignen und malignen Neoplasien und präkanzerösen Läsio-
nen

Ursprung/
Entität/
Lokalisation

Referenz Nachweis-
methode

Subentität/
Probenart1

Anteil positiver
Fälle ‚x‘

ungünstige
Korrelation mit

in% an allen
Fällen ‚n‘
(n/x)

OS EFS KPP

hämato- & lymphopoietisches System
(Fortsetzung)

multiples Myelom 5% (7/153)

Plasmezellleukämie 0% (0/13)Plasmazell-
neoplasie

Natkunam
2007* [112]

IHC
(TMA &
Einzel-
schnitte)

monoklonale
Gammopathie
unklarer Signifikanz

0% (0/8)

- - -

lymphozytenprädo-
minantes HL

92% (12/13)

klassisches HL 94% (101/108)

noduläre Sklerose 96% (82/85)

Hodgkin-
Lymphome

Natkunam
2007* [112]

IHC
(TMA &
Einzel-
schnitte)

gemischtzellige Form 83% (19/23)

- - -

akute myeloische
Leukämie

100% (10/10)
myeloische
Leukämien

Natkunam
2007* [112]

IHC
(TMA &
Einzel-
schnitte)

chronische
myeloische Leukämie

100% (1/1)
- - -

testikulärer
B-Zell-
Tumor

Hammer
2005 [109]

IHC - 0% (0/1) - - -

B-
Vorläufer-

ALL

Stoskus
2011 [149]

qRT-PCR - - (+/96) - - x

Haut

Elcheva
2008 [148]

IHC - 34% (13/38) - - -
malignes
Melanom Vainer

2008* [150]
IHC (TMA) - > 40% (+/16) - - -

Basalzell-
CA

Noubissi
2014 [147]

qRT-PCR superfizielles 96% (22/23) - - x

Legende mit Erläuterungen der Abkürzungen befinden sich im Tabellenfuß auf S. 121

Tabelle A1 wird auf der nachfolgenden Seite fortgesetzt
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Fortsetzung Tabelle A1

Tabelle A1 | Expression von IGF2BP1 in benignen und malignen Neoplasien und präkanzerösen Läsio-
nen

Ursprung/
Entität/
Lokalisation

Referenz Nachweis-
methode

Subentität/
Probenart1

Anteil positiver
Fälle ‚x‘

ungünstige
Korrelation mit

in% an allen
Fällen ‚n‘
(n/x)

OS EFS KPP

Bewegungsapparat & Weichgewebe

Kaposi-Sarkom 0% (0/1)

Chondrosarkom 0% (0/2)

Ewing-Sarkom 100% (14/14)

malignes fibröses
Histiozytom

50% (1/2)

Liposarkom 33% (1/3)

Synovialsarkom 50% (1/2)

aneurysmatische
Knochenzyste

100% (1/1)

desmoid-Tumor 100% (1/1)

osteofibröse
Dysplasie

0% (0/1)

Fibrolipom 0% (0/1)

Fibrom 100% (1/1)

Osteoklastom 0% (0/2)

W
ei
ch
ge
w
eb
st
um

or
e/

Sa
rk
om

e

Ioannidis
2001 [93]

sRT-PCR

Lipom 33% (1/3)

- - -

Ioannidis
2001 [93]

sRT-PCR - 75% (6/8) - - -
Osteo-
sarkom Qu 2016

[89]
qRT-PCR
(WB)

- - (+/40) - - -

Legende mit Erläuterungen der Abkürzungen befinden sich im Tabellenfuß auf S. 121

Tabelle A1 wird auf der nachfolgenden Seite fortgesetzt
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Fortsetzung Tabelle A1

Tabelle A1 | Expression von IGF2BP1 in benignen und malignen Neoplasien und präkanzerösen Läsio-
nen

Ursprung/
Entität/
Lokalisation

Referenz Nachweis-
methode

Subentität/
Probenart1

Anteil positiver
Fälle ‚x‘

ungünstige
Korrelation mit

in% an allen
Fällen ‚n‘
(n/x)

OS EFS KPP

Bewegungsapparat & Weichgewebe
(Fortsetzung)

Rhabdomyosarkom

Ioannidis
2001 [93]

sRT-PCR - 100% (1/1) - - -

Faye
2015 [52]

WB - 75% (3/4)
- - -

IHC - 75% (6/8)

1 =̂ wie in Referenz bezeichnet

* =̂ Verwendung eines
PanIGF2BP1-Antikörpers

+ =̂ keine Angaben absoluter Werte
(positive Fälle enthalten)

- =̂ keine Angaben/ keine Angaben
relativer Werte

ALL =̂ akute lymphatische Leukämie

CA =̂ Karzinom

CNV =̂ Kopienzahlerhöhung

DCIS =̂ duktales Carcinoma in situ

EFS =̂ event-free survival

ERBB2 =̂ erb-b2 receptor tyrosine kinase 2

FIGO =̂ Fédération Internationale de
Gynécologie et d’Obstétrique

FISH =̂ Fluoreszens in situ-Hybridisierung

HCC =̂ hepatozelluläres Karzinom

HL =̂ Hodgkin Lymphom

IDC =̂ invasives duktales Karzinom

IHC =̂ Immunohistochemie

ILC =̂ invasives lobuläres Karzinom

ISH =̂ in situ-Hybridisierung

INRG =̂ the international neuroblastoma risk
group

KPP =̂ klinisch-pathologische Parameter
(wie in Referenz angegeben werden
hier subsumiert T-, N- und
M-Stadium [aus der
TNM-Klassifikation], sowie G-
[Grading ] und
V-Status[Gefäßinvasion],
FIGO-Stadium, INRG-staging,
Tumorgröße, Rezidiv, multifokale
Tumorentstehung, Aszites,
Residualtumor sowie Expression und
Amplifikation bekannter ungünstiger
Kofaktoren wie
negativer-ER-Rezeptor und
ERBB2-Amplifikation)

LK-Met. =̂ Lymphknotenmetastasen

MA =̂ microarray

MDR1 =̂ multidrug resistance protein 1

NB =̂ northern blot

NK-Zellen =̂ natürliche Killerzelle

NSCLC =̂ non-small-cell lung carcinoma

OS =̂ overall survival

PCR =̂ polymerase chain reaction

PE-CA =̂ Plattenepithelkarzinom

qRT-PCR =̂ quantitative real-time PCR

RNA-Seq. =̂ RNA-Sequencing

sRT-PCR =̂ semi-quantitative real-time PCR

TMA =̂ tissue microarray

WB =̂ western blot

WHO =̂ world health organization

x =̂ trifft zu
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Tabelle A2 | Autoantikörper gegen IGF2BP1, -2 und -3 im hepatozellulären Karzinom und seinen
präkanzerösen Läsionen

Läsion IGF2BP1 IGF2BP2 IGF2BP3 Referenz

Zhang 2001 [156]
x 10,7% (8/75) 17,3% (13/75)

Zhang 2002 [157]

x 16,3% (26/100) x Soo Hoo 2002 [158]

Zhang 2003 [172]
15,4% (10/65) 12,3% (8/65) 13,8% (9/65)

Tan 2008 [166]

x 21,1% (20/95) x Zhang 1999 [171]

Himoto 2005a [145]
3,5% (3/86) 1,2% (1/86) 4,7% (4/86)

Himoto 2005b [146]

16,9% (24/142) 14,1% (20/142) 9,9% (14/142) Zhang 2007 [173]

HCC

19,2% (14/77) 16,9% (13/77) 20,8% (16/77) Chen 2010 [174]

Himoto 2005a [145]
4,8% (1/21) 0,0% (0/21) 4,8% (1/21)

Himoto 2005b [146]

Zhang 2007 [173]
Leberzirrhose

0,0% (0/30) 3,3% (1/30) 13,3% (4/30)
Chen 2010 [174]

Zhang 1999 [171]akute
Hepatitis

x 0,0% (0/31) x
Soo Hoo 2002 [158]

Zhang 1999 [171]
x 0,0% (0/20) x

Soo Hoo 2002 [158]

Himoto 2005a [145]
5,6% (1/18) 0,0% (0/18) 5,6% (1/18)

Himoto 2005b [146]

Zhang 2007 [173]

chronische
Hepatitis

10,0% (3/30) 0,0% (0/30) 6,7% (2/30)
Chen 2010 [174]

Zhang 1999 [171]asymptomat.
HBsAg Träger

x 0,0% (0/26) x
Soo Hoo 2002 [158]

Zhang 2001 [156]
x 4,3% (6/139) 3,6% (5/139)

Zhang 2002 [157]Autoimmun-
erkrankungen

1,9% (1/103) 1,0% (1/103) 1,0% (1/103) Zhang 2003 [172]

x 0.9% (1/112) 0,9% (1/112) Zhang 2001 [156]

x 0,9% (1/112) x Soo Hoo 2002 [158]

Zhang 1999 [171]
x 0,0% (0/70) x

Zhang 2002 [157]

2,0% (7/346) 2,0% (7/346) 1,7% (6/346) Zhang 2003 [172]

Himoto 2005a [145]
0,0% (0/50) 0,0% (0/50) 0,0% (0/50)

Himoto 2005b [146]

Zhang 2007 [173]

Tan 2008 [166]

gesunde
Individuen

2,4% (2/82) 1,2% (1/82) 1,2% (1/82)

Chen 2010 [174]

* =̂ umfasst Patienten mit den Diagnosen sys-
temischer Lupus erythematodes, rheuma-
toide Arthritis und Sjögren Syndrom

HCC =̂ hepatozelluläres Karzinom

x =̂ nicht untersucht
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