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Zusammenfassung 

 
 
 
 

Titel und Autoren 
 

 
Modellorganismen und Genomik in der Krebsforschung 
vorgelegt von Sebastian Hörsch 
 
 
bestehend aus den folgenden Veröffentlichungen (in zeitlicher Reihenfolge): 
 
 
RNA interference and retinoblastoma-related genes are required for repression of 
endogenous siRNA targets in Caenorhabditis elegans. 
Proceedings of the National Academy of Sciences of the United States of America 105(51): 20386-
20391 (2008).  
Alla Grishok, Sebastian Hoersch, and Phillip A Sharp. 
 
 
 
Periostin shows increased evolutionary plasticity in its alternatively spliced region.  
BMC Evolutionary Biology 10: 30 (2010).  
Sebastian Hoersch and Miguel A Andrade-Navarro. 
 
 
 
Highly aneuploid zebrafish malignant peripheral nerve sheath tumors have genetic 
alterations similar to human cancers.  
Proceedings of the National Academy of Sciences of the United States of America 107(39): 16940-
16945 (2010).  
GuangJun Zhang, Sebastian Hoersch, Adam Amsterdam, Charles A. Whittaker, Jacqueline A Lees, 
and Nancy Hopkins. 
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Kurzbeschreibung 
In dieser Dissertation werden neue Wege in der Krebsforschung beleuchtet, die durch die Analyse 

genomischer Daten von Modellorganismen ermöglicht werden. Wie am Beispiel der drei 

Publikationen dieser Dissertation gezeigt, hat diese Herangehensweise ein beträchtliches und nicht 

erschöpfend genutztes Potential, auf ganz verschiedenen Ebenen neue Einsichten in die 

Krebsbiologie zu gewinnen. 

Wie in einer dieser Veröffentlichungen beschrieben (1), können genomische Sequenzdaten auf 

zwischenartlich-vergleichender Basis zu interessanten Einsichten auch im Rahmen einer rein 

bioinformatische Studie führen. In dieser Studie untersuchen wir ein bestimmtes Gen, welches das 

extrazelluläre Matrixprotein Periostin kodiert. Periostin ist auch als Krebsmarker bekannt, über 

seine Funktion jedoch weiss man nur recht wenig. Im Zuge dieser Arbeit wurde das Verständnis 

von Periostins C-terminaler Region verbessert, indem Periostin-Sequenzen verschiedener 

Vertebraten verglichen wurden. Die Ergebnisse machten das Fehlen bekannter Proteindomänen 

oder Sequenzähnlichkeiten zu Nicht-Periostin-Proteinen verständlich, zeigten seine 

bemerkenswerte genomische und trankriptomische Variabilität auf und legten die Möglichkeit für 

eine Sekundärstruktur und einen funktionellen Mechanismus nahe. 

Die anderen beiden Studien dieser Dissertation beruhen auf nicht-murinen Modellorganismen – in 

der Krebsforschung eher unüblich – und enthalten wichtige bioinformatische Komponenten, die mit 

den experimentellen, von Forscherkollegen beigebrachten Teilen integriert sind. In diesen Fällen 

stellten genomische Daten eine notwendige Grundlage dar, welche sowohl die unmittelbare 

Forschung im Modellorganismus als auch deren Projektion auf den Menschen ermöglichte. 

In der einen Studie (2), am Fadenwurm Caenorhabditis elegans erarbeitet, werden Daten zu der 
Funktion bestimmter Gene (lin-35, zfp-1, rde-4, alg-1) vorgestellt und interpretiert, und wir 
beschreiben, dass diese in kooperativer Weise mit endogenen kurzen interferierenden RNAs 

(„small interfering RNAs“, siRNAs) agieren. mRNA-Expressionsdaten von C. elegans-Mutanten 
wurden in einem bioinformatischen Kontext analysiert, welcher genomweite funktionelle 

Interpretationen unter Berücksichtigung von relevanten genomischen Daten aus anderen 

Publikationen erlaubte. Diese Studie ist onkologisch von Bedeutung, weil die untersuchten Gene 

(mit einer Ausnahme) homolog zu bekannten Krebsgenen im Menschen sind, und weil die 

Ergebnisse auf das Konzept von Krebs als einem Zustand verweisen, bei welchem Keimbahn-Gene 

in somatischen Zellen pathologisch dereprimiert sind. Demgemäß handelt es sich bei dieser Studie 

um Grundlagenforschung mit einer wegen der untersuchten Gene und Mechanismen intrinsischen 

Bedeutung für die Krebsbiologie. 

Die Ergebnisse der auf Zebrafisch-Tumoren beruhenden Studie (3) sind unmittelbar 

krebsspezifisch. Hier wurde ein genomweites DNA-Mikroarray konzipiert, um vergleichende 

genomische Hybridisierungsdaten („comparative genomic hybridization“, CGH) zu erzeugen, und 

zwar von malignen peripheren Nervenscheidentumoren (MPNSTs) des Zebrafischs (Danio rerio). 
Die Datenanalyse zeigte, dass Zebrafisch-MPNSTs chromosomale und subchromosomale 

Veränderungen aufweisen, ähnlich solchen, die auch von menschlichen Tumoren (einschließlich 

MPNSTs) einschlägig dokumentiert sind. Manche der betroffenen Gene sind bei menschlichen 

Tumoren als häufig amplifiziert bekannt (z.B. met, ccnd2a, cdk6). Diese Erkenntnis führt zu einem 

möglichen Modellsystem für die Aneuploidie, einem Krebs-Merkmal, das in Mausmodellen generell 

nicht gut darstellbar ist. Des weiteren, und von unmittelbarer praktischer Bedeutung, stellen die 
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Ergebnisse eine Strategie in Aussicht, mit der Kandidaten für krebsfördernde Gene identifiziert 

werden könnten, indem man die Chromosomenprofile mit ihren Änderungen von Mensch und 

Zebrafisch vergleichend überlagert. 

Zusammengenommen stellen diese drei Abhandlungen Beiträge zur onkologischen Forschung dar, 

die sich in kritischer Weise auf Modellorganismen – und ihre Gegenstücke in silico, Modellgenome 

– stützen. Auf dieser Basis wurden hier bioinformatische Untersuchungen möglich, die entweder 

eng mit experimenteller Forschung verschränkt waren oder die in eigenständiger Weise nützliche 

Einsichten und Hypothesen hervorbrachten, und die so wiederum Fortschritte in unserem 

Verständnis von Krebs im Menschen erlaubten. 

Einführung 
Bis zum heutigen Tag stellt Krebs als Krankheit und biologisches Phänomen eine grundsätzliche 

Herausforderung dar. Dies gilt auf verschiedenen Ebenen – vom fundamentalen Verständnis der 

Gründe bis hin zu Diagnose und Therapie. Es bleibt auch der Fall angesichts der großen 

Datenmengen, die im Laufe vieler Jahrzehnte der Krebsforschung angesammelt wurden. 

Das Konzept von Krebs als einer Krankheit ohne Parallele (4) ist gut begründet. Keine andere 

Krankheit verfügt über ihre eigene Biologie in vergleichbarem Ausmaß, wie eine wegweisende 

Veröffentlichung vor elf Jahren darlegte (5). Seitdem haben die definierenden Kennzeichen von 

Krebs („the hallmarks of cancer“) stetig an Profil gewonnen (6), seit genomische Technologien die 

Charakterisierung zugrunde liegender molekularer Vorgänge in immer feinerer Auflösung 

erlaubten. Zur gleichen Zeit erstarkte die Hoffnung, dass letztendlich ein funktionelles Verständnis 

der krebstypischen Veränderungen möglich ist und diese somit therapeutisch zugänglich werden. 

Wie die Verfügbarkeit von Sequenzdaten des gesamten Genoms sowohl des Menschen als auch 

wichtiger Modellorganismen deutlich macht, haben sich die definierenden und beschränkenden 

Parameter in der Krebsforschung grundlegend verschoben. Dank genomweiter DNA-Mikroarrays 

oder, in jüngster Vergangenheit, massiv paralleler Sequenzierungstechniken, können Krebsproben 

hinsichtlich ihrer Genexpression, chromosomaler Abweichungen und ihres Mutationsstatus 

untersucht werden. 

Modellorganismen – für die onkologische Forschung unverzichtbar, wie stetig verfeinerte 

Mausmodelle belegen – können in ähnlicher Weise untersucht werden und die Ergebnisse mit 

menschlichen Daten integriert werden. Außerdem können genomische Sequenzen vom Menschen 

und anderen Organismen direkt verglichen werden, um Fragen beispielsweise nach der Größe von 

Genfamilien oder der Konservierung regulatorischer Elemente nachzugehen. Dies ist relevant für 

das Problem der grundsätzlichen Kompatibilität zwischen Mensch und Modellorganismus in einer 

gegebenen Fragestellung. 

Diese Dissertation umfasst für die Krebsbiologie relevante Ergebnisse, welche zum einen auf zwei 

Modellorganismen beruhen (dem Fadenwurm Caenorhabditis elegans und dem Zebrafisch Danio 
rerio) und zum anderen auf einer Studie, die eine breitere Auswahl von Vertebraten-

Modellgenomen umfasst. In diesem Zusammenhang kann die Bedeutung genomischer Daten als 

ein Element, das die Studien überhaupt erst ermöglichte, gar nicht unterschätzt werden. Es ist 

unwahrscheinlich, dass nicht-murine Modellorganismen ohne umfassende genomische 

Sequenzinformationen in der onkologischen Forschung heute eine gewichtige Rolle spielen 
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könnten, und schon allein die Verfügbarkeit genomischer Sequenzdaten öffnet innovativer 

Forschung die Tür. 

Zielsetzung 
Die Zielsetzung dieser Dissertation umfasst unkonventionelle bioinformatische Strategien, 

genomische Daten für die Krebsforschung zu nutzbar zu machen. Die Umsetzung dieser Strategien 

ist in drei unabhängigen Publikationen (1-3) beschrieben, in welchen meine bioinformatischen 

Beiträge die folgenden Ziele erfüllen: 

(1): Periostin ist ein Protein der extrazellulären Matrix und ist in vielen Krebsformen epithelialer 

Herkunft überexprimiert. Periostins wenig verstandene C-terminale Region soll mit Hilfe eines 

Ansatzes der vergleichenden Genomik charakterisiert werden. Besonderes Gewicht sollen dabei 

dem offenbaren Fehlen jeglicher funktioneller Merkmale wie Proteindomänen oder Homologien zu 

anderen Proteinen sowie dem wiederholt für diese Region beschriebenen alternativen Spleißen 

zukommen. 

(2): Im Fadenwurm Caenorhabditis elegans wurden vier Gene mit Homologien zu menschlichen 

Krebsgenen durch Mutationen unabhängig voneinander ausgeschaltet. Von den vier mutierten 

Linien sowie einer Referenzlinie wurden dann genomweit DNA-Mikroarray-basierte Gen-

Expressionsdaten gewonnen. Dieser Datensatz soll hinsichtlich differentieller Expressionsmuster 

analysiert werden, und die Ergebnisse sollen in einem geeigneten System umfassend funktionell 

zugänglich gemacht werden. Dieses System soll außerdem eine statistisch gestützte Interpretation 

dieser Daten im Zusammenhang mit Datensätzen aus der wissenschaftlichen Literatur 

ermöglichen. 

(3): Für das Genom des Zebrafisch (Danio rerio) soll ein DNA-Mikroarray zur Erfassung 
vergleichender genomischer Hybridisierungsdaten ausgelegt werden. Die mit diesem Array 

gewonnenen Datensätze sollen dann bezüglich chromosomaler Veränderungen in Zebrafisch-

Tumoren analysiert werden, und diese Veränderungen mit von menschlichen Tumoren bekannten 

verglichen werden. Darüber hinaus sollen, als unabhängiger Ansatz, massiv parallele 

Sequenzierungsdaten dieser Tumoren ausgewertet werden, um die Mikroarray-gestützten 

Erkenntnisse zu bestätigen. 
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Bioinformatische Methoden 

Allgemeine Prinzipien 

Einleitend darf festgestellt werden, dass die bioinformatische Arbeit für ein Projekt vor dem 

Schreiben von Programmcode, vor der Anwendung von Software und Algorithmen beginnt. Nicht 

nur müssen die zu lösenden Probleme verstanden werden, sie müssen auch gepaart werden mit 

verfügbaren und praktikablen Optionen für ihre Lösung. Vom machmal komplexen und oft 

pragmatischen Entscheidungsprozess, der zu der Wahl der letztlich benutzten Methodik führt, ist in 

Fachartikeln häufig nichts zu sehen, und auch im Rahmen dieser Dissertation forderten diese 

Arbeitsphasen „hinter den Kulissen“ meinerseits erhebliche Beachtung.  

Grundsätzlich und konzeptionell fußen die drei Teilprojekte dieser Dissertation auf einem 

gemeinsamen Kern bioinformatischer Methodik hinsichtlich der Analyse und Visualisierung 

biologischer Sequenz- und Mikroarray-Daten. 

Suche und Vergleich von biologischen Sequenzen sind von bestimmender Bedeutung in allen drei 

Projekten und umfassen weit verbreitete Methoden wie BLAST und BLAT, aber auch die neueren 

Programme (z.B. BWA) zum besonders effizienten „Alignment“ kurzer Sequenzen. Die Analyse von 

DNA-Mikroarray-Daten ist kennzeichnend für zwei der drei Studien (2; 3), und umfasst geeignete 

Strategien für die Normalisierung der Daten, deren Organisation (z.B. durch „Clustering“), und der 

Sequenzanalyse von Oligonukleotid-Sonden. 

Projekt-spezifische Methoden 

Die Details dieser beiden Themenkomplexe in Bezug auf ihre praktische Anwendung variieren mit 

den verschiedenen Schwerpunkten und experimentellen Ansätzen der drei Studien. Es folgt eine 

projektbezogene Kurzbeschreibung der relevanten bioinformatischen Methodik. 

Die Periostin-Studie (1) ist rein bioinformatischer Natur, mit Sequenzanalyse und Phylogenetik als 

expliziten Schwerpunkten. Zu den verwendeten Methoden gehören verschiedene Versionen des 

Sequenz-Suchalgorithmus BLAST (z.B. TBLASTN für die Identifizierung von Periostin-Exons in 

wenig annotierten Genomsequenzen und PSI-BLAST, um Homologie zwischen Sequenzen 

nachzuweisen, welche von geringer Komplexität und Sequenzmotiv-Wiederholungen geprägt sind). 

„Multiple Sequence Alignments“ und davon abgeleitete phylogenetische Stammbäume wurden mit 

ClustalW erstellt. Um das repetitive Grundmuster von der C-terminalen Region von Periostin 

aufzuzeigen, wurden „Dot-Matrix Plots“ verwendet. Periostins genomische Sequenzen 

verschiedener Organismen wurden mittels VISTA verglichen. PsiPred wurde für die Vorhersage der 

Protein-Sekundärstruktur der C-terminalen Region verwendet, welche dann die Grundlage für eine 

Hypothese bezüglich der Funktion des C-Terminus bildete. 

Die bioinformatische Methodik für die Publikation zu den C. elegans-Mutanten (2) umfasst die 

Prozessierung eines auf einem genomischen Mikroarray beruhenden Genexpressions-Datensatzes, 

gefolgt von einer Analyse der differentiell exprimierten Gene zwischen Mutantenstämmen und dem 

Kontrollstamm. Von zentraler Bedeutung ist die Adaption von TOPOMAP (7), einer mathematischen 

Projektion von Gen-Expressionsassoziationen in ein zweidimensionales Koordinatensystem, um 

eine schnelle, umfassende und genomweite funktionelle Klassifizierung von Gen-Gruppen zu 

erzielen, die sowohl von unseren Experimenten als auch von maßgeblichen publizierten 

Datensätzen stammten. Vorausgegangen war eine Evaluierung von „Gene Ontology“-basierten 
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Methoden, die jedoch für C. elegans aufgrund der ungleichmäßigen Repräsentation 

unterschiedlicher Gen-Funktionsgruppen als unzureichend befunden wurden. Die TOPOMAP-Daten 

wurden in einer grossen Tabelle erfasst und in einem entsprechenden Programm (MS Excel) den 

Projekt-Teilnehmern verfügbar gemacht, so dass die Schnittmengen zwischen beliebigen 

Gengruppen und TOPOMAP-Expressionsgruppen („Mounts“) mühelos etabliert und zusätzliche 

Gengruppen aus der Literatur nach und nach hinzugefügt werden konnten. Um die statistische 

Signifikanz solcher Schnittmengen zu bestimmen, wurde „Fischer’s Exact Test“ verwendet. siRNA-

Sequenzen aus Literatur-Daten wurden mittels BLASTN dem Transkriptom von C. elegans 
zugeordnet, so dass eine Evaluierung vermittels TOPOMAP möglich wurde. 

In Ermangelung einer kommerziell verfügbaren Mikroarray-Plattform für vergleichende Genom-

Hybridisierungsexperimente („array-based comparative genomic hybridization“, aCGH) wurde im 

Rahmen der Studie zur Aneuploidie in Zebrafisch-Tumoren (3) eine solches Mikroarray von Grund 

auf konzipiert und schließlich bei der Firma Agilent in Auftrag gegeben. Aus fünf Millionen 

Oligonukleotid-Sequenzen, die uns die Firma Agilent zur Verfügung stellte, wurden 15000 

ausgewählt, indem bestimmte Kriterien sukzessive kombiniert wurden, nämlich Kennzahlen zur 

Hybridisierung, durch BLAT erzielte Sequenz-Suchergebnisse (um Einzigartigkeit innerhalb des 

Genoms sicherzustellen) und schließlich eine Heuristik, um einen gleichmäßigen genomischen 

Abstand der Oligonukleotid-Sonden zu erreichen. BLAT wurde in ähnlicher Weise verwendet, um 

die Oligonukleotid-Sonden des Arrays auf eine neue Zebrafisch-Genomversion (Zv8) zu übertragen. 

Die vermittels Agilents „Feature Extraction Software“ prozessierten und normalisierten Daten 

wurden mit dem Programm DNAcopy segmentiert und in Bezug auf chromosomale und 

subchromosomale Änderungen mit dem Programm STAC analysiert. Schließlich führten Vergleiche 

der Syntenie zwischen Mensch und Maus einerseits und Mensch und Zebrafisch andererseits zur 

Entwicklung der in der Publikation diskutierten Hypothese, dass aktive Krebsgene („cancer driver 

genes“) über Schnittmengen der in den Tumoren beider Organismen veränderten 

Chromosomen(abschnitte) identifiziert werden können. 
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Ergebnisse und Diskussion 

Genomische Technologie und Modellorganismen in der onkologischen 
Forschung 

Diese Dissertation beruht auf der effektiven Kombination von Modellorganismen und genomischen 

Technologien.  

Genomische Technologien sind darauf ausgelegt, Biomoleküle wie DNA, RNA, Proteine oder 

Metaboliten in ihrer Gesamtheit zu erfassen. Die Analyse von Nukleinsäuren ist dabei am weitesten 

verbreitet. Ursprünglich ausschließlich auf Sequenzierungsmethoden (Sanger-Sequenzierung) 

beruhend, rückten später DNA-Mikroarrays mit immer höherer Dichte in den Vordergrund, bis 

schließlich seit einigen Jahren mit der raschen Entwicklung massiv-paralleler Technologien die 

Sequenz-Analyse wieder dominiert. 

Unter Modellorganismen versteht man im Allgemeinen eine kleine und recht scharf umrissene 

Gruppe von repräsentativen Organismen verschiedener phylogenetischer Gruppen. Historisch 

wurden diese in der Regel um bestimmter Eigenschaften willen ausgewählt, die das Studium 

ausgewählter, oft eng begrenzter biologischer Fragestellungen erleichterten oder erst 

ermöglichten. Bekannte Beispiele sind die Bäckerhefe (Saccharomyces cerevisiae), die Fruchtfliege 
(Drosophila melanogaster), die Ratte (Rattus norvegicus) und die Maus (Mus musculus).  

Die Maus ist auch mit Abstand der wichtigste Modellorganismus in der onkologischen Forschung 

(Abbildung 1). Aufbauend auf einer 100-jährigen Geschichte in der biomedizinischen Forschung 

können murine Krebsmodelle heutzutage im Hinblick auf bestimmte Veränderungen in bestimmten 

Krebsgenen präzise erzeugt werden (siehe z.B. (8)). Oft ahmen sie ihre menschlichen „Vorbilder“ 

bis in die molekularen Details nach (9; 10). 

Abgesehen vom Kontext präklinischer Tierversuche, stehen der Maus in der Krebsforschung nicht 

viele Alternativen gegenüber. Auf einem Spektrum der Nähe zum Menschen in Bezug auf 

Phylogenetik, Physiologie und – vermutlich – Ätiologie von Krebserkrankungen findet sich 

einerseits der Haushund (Canis lupus familiaris), dem in der genomisch fundierten Krebsforschung 

möglicherweise eine zunehmend wichtige Rolle zukommen wird (11). 

Auf der anderen Seite dieses Spektrums befinden sich zwei Modellorganismen, die in dieser 

Dissertation eine definierende Rolle spielen: der Fadenwurm oder Nematode Caenorhabditis 
elegans und der Knochenfisch oder Teleostier Danio rerio (2; 3). Ihre Bedeutung für die 
Krebsforschung mag nicht offensichtlich sein. Beide sind – besonders auf dem Gebiet der 

Onkologie (Abbildung 1) – relativ junge Modellorganismen, die diesen Status im wesentlichen dem 

Werk einzelner Wissenschaftler zu verdanken haben. 
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Abbildung 1: Titel der in der Medline-Datenbank zugänglichen Literatur von 1950 – 2010, die 
Krebs und ausgewählte Modellorganismen oder den Menschen (Hs) zusammen erwähnen, 

dargestellt nach „MLTrends“ (12). Die logarithmische Y-Achse stellt die Zahl der Artikel dar, die die 
Suchbegriffen enthalten, geteilt durch die Gesamtzahl der Publikationen per Jahr. Auf diese Weise entspricht 

eine dargestellte Zunahme einem zunehmenden Anteil an der Gesamtliteratur. Verglichen mit Maus (Mm), Hund 

(Clf) und Fruchtfliege (Dm) erscheinen Fadenwurm (Ce) und Zebrafisch (Dr) erst spät, und Zebrafisch zeigt 

gegenwärtig als einziger Organismus eine exponentielle Zunahme der relevanten Artikel. 

Titel mussten mindestens einen der Suchbegriffe „cancer(s)“, „tumor(s)“ oder „tumour(s)“ enthalten und 

zusätzlich wenigstens einen Bestandteil des wissenschaftlichen Artnamens oder den allgemeinen Namen 

(„human“, „mouse“, „dog“, „fruit fly“, „nematode“, „zebrafish“). 

 

Heutzutage sind die Genomsequenzen fast aller Modellorganismen in öffentlichen Datenbanken 

verfügbar. Dort findet sich auch eine rasch wachsende Anzahl von Genomsequenzen anderer 

Organismen, welche zwar nicht an sich Modellorganismen sind, die aber für die wissenschaftliche 

Forschung trotzdem von Interesse sind, z.B. für Fragestellungen der Evolutionsbiologie, der 

Medizin, der Ökologie oder der Landwirtschaft. Wie in dieser Dissertation im Detail gezeigt (1), 

stellen diese zusammen genommen eine mächtige Ressource für bioinformatische Studien dar. 

Ergebnisse, nach Publikationen geordnet 

Periostin shows increased evolutionary plasticity in its alternatively spliced region (1)  
(Periostin zeigt gesteigerte evolutionäre Plastizität in seiner alternativ gespleißten 
Region) 

Periostin (POSTN), ein sekretiertes Protein der extrazellulären Matrix mit Bedeutung für die 

Zelladhäsion, ist für seine Überexpression in epithelialen Krebsformen bekannt; seine gesteigerte 

Expression ist mit den für Krebs bedeutenden Phänomenen der Angiogenese und der 

Metastasenbildung in Zusammenhang gebracht worden. Periostin im Menschen wird von 23 Exons 

kodiert, was zu einem aus 836 Aminosäuren bestehenden Protein führt. Eine mit rund 180 

Aminosäuren recht umfangreiche C-terminale Region ist für ausgeprägtes alternatives Spleißen 

bekannt, andererseits jedoch bar jeglicher Signatur definierter Protein-Domänen. 
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Unsere Hypothese war, dass detaillierte Vergleiche mit Periostinsequenzen anderer Organismen zu 

weiteren Einsichten hinsichtlich der C-terminalen Region von Periostin führen könnten. Wir zeigten 

dann die Homologie zwischen dieser Region in Tetrapoden und einem stark konservierten, 

wiederholten Sequenzmotiv aus 13 Aminosäuren in der C-terminalen Region von Periostin in 

Knochenfischen auf. Die Analyse verfügbarer genomischer und transkriptomischer Sequenzen 

ermöglichte es uns, Periostin-Sequenzen – oft in ihrer Gesamtlänge – für mehrere Vertebraten zu 

rekonstruieren und alternatives Spleißen der C-terminalen Region von Periostin in all jenen 

Tetrapoden und Teleostiern (zusammen Euteleostomi) zu beobachten, für die es genügend 
Transkriptsequenzen gab.  

Dieser Sequenzvergleich ermöglichte auch die Identifikation eines vierundzwanzigsten Periostin-

Exons, das nur in bestimmten Tetrapoden-Linien exprimiert wird, und eines Clusters von 

genomisch kodierten Kopien von Exon 19, welches nur im Krallenfrosch (Xenopus tropicalis und 
laevis) beobachtet wurde und damit möglicherweise eine spezielle Entwicklung in den Amphibien 

darstellt. In beiden Fällen sind diese „zusätzlichen“ Exons Teil der C-terminalen Region und werden 

unseren Beobachtungen zufolge alternativ gespleißt. 

Des weiteren stellten wir aufgrund von Sequenzvergleichen in fünf Knochenfisch-Genomen fest, 

dass diese zwei Periostin-Kopien enthalten, offenbar in Folge der Genomduplikation, die der 

Radiation der Teleostier vorausging. Die beiden Periostin-Kopien zeigen zum Teil erhebliche 

Divergenz im C-Terminus. Im Gegensatz dazu scheint Periostins Paralog TGFBI (transforming 

growth factor, beta-induced) in Knochenfischen universell nur einfach vorhanden zu sein. 

So präsentierte sich Periostin schließlich in seiner C-terminalen Region als außergewöhnlich 

variabel, sowohl im Hinblick auf die Transkription (alternatives Spleißen) als auch auf genomischer 

und evolutionärer Ebene (hoher Grad an Sequenzdivergenz, Unterschiede von Zahl und Länge der 

Exons). Unserer Interpretation nach könnte dies eine Folge von aktiver Sub- oder 

Neofunktionalisierung nach der Aufspaltung zwischen Periostin und seinem Paralog TGFBI 
darstellen. Interessanterweise scheint diese Dynamik innerhalb der Knochenfische zwischen den 

beiden Periostin-Kopien in ähnlicher Weise erneut zum Tragen zu kommen 

Schließlich führten wir Sekundärstrukturvorhersagen durch, gemäß derer Periostins C-terminale 

Region in phylogenetisch konservierter Weise von aufeinanderfolgenden beta-Strängen 

gekennzeichnet ist. Dies erlaubte es uns, als erste eine biologische Funktion für diese Region 

vorzuschlagen: Unter den für Periostin bekannten Bindungspartnern in der extrazellulären Matrix 

ist unter anderem Fibronektin. Unserer Hypothese zufolge könnten Periostins beta-Stränge eine 

Bindung mit anderen Proteinen (z.B. Fibronektin) über einen ausgestreckte „beta zipper“-Struktur 

vermitteln. Dies könnte in ähnlicher Weise geschehen wie für wiederholte beta-Strang-Einheiten in 

bakteriellen Zellwand-Proteinen beschrieben, welche menschliches Fibronektin binden können. 

Beiträge der einzelnen Autoren 

Die Idee für diese Studie stammt von mir; das Konzept für ihe Durchführung stammt ebenfalls von 

mir und wurde durch Beiträge von Koautor Miguel A. Andrade-Navarro verfeinert. Alle Analysen 

wurden von mir durchgeführt, mit der Ausnahme der PSI-BLAST-Analyse, die zusammen mit 

M.A.A. durchgeführt wurde. Die Arbeit wurde mit M.A.A. auf kontinuierlicher Basis diskutiert. Das 

Manuskript mit allen Abbildungen und zusätzlichen Materialien wurde von mir verfasst und unter 

Berücksichtigung der Kommentare von M.A.A. in seine endgültige Form gebracht. 
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RNA interference and retinoblastoma-related genes are required for repression of 
endogenous siRNA targets in Caenorhabditis elegans (2)  
(RNA Interferenz und „Retinoblastoma“-assoziierte Gene sind notwendig für die 
Repression von endogenen siRNA-Zielgenen in Caenorhabditis elegans) 

Die Erkenntnis, dass RNA unabhängig von seiner klassischen Rolle in der zellulären 

Proteinsynthese auch als regulatorisches Molekül funktioniert, beflügelte in jüngster Vergangenheit 

ein rapide wachsendes Forschungsfeld, mit deutlichem Einfluss auch auf die Krebsforschung (13). 

Der Fadenwurm Caenorhabditis elegans war für die Arbeit an RNA-basierter Genregulation von 
Beginn an von großer Bedeutung. Sein Genom kodiert die größte für einen Organismus bekannte 

Zahl von mit kurzen RNAs interagierenden Argonaut-Proteinen sowie tausende von Genen für 

endogene kurze interferierende RNAs („endogenous short interfering RNAs“; endo-siRNAs). 

Wir verwendeten DNA-Mikroarrays für eine differentielle Genexpressionsstudie in C. elegans 
zwischen einem Wildtyp-Stamm und vier Mutanten-Stämmen. Diese waren entweder im Gen lin-
35, einem Homolog des menschlichen Tumorsuppressor-Gens RB1 („retinoblastoma“), mutiert 

oder in jeweils einem von drei Genen, die für RNA-Interferenz bedeutend sind (zfp-1, rde-4 oder 
alg-1). Um die Mikroarray-basierten Daten in Bezug auf biologische Funktionen interpretieren zu 

können, adaptierten wir Daten für eine virtuelle Genexpressions-Landschaft („gene expression 

terrain map“; TOPOMAP) (7). Dies ist eine mathematische Projektion koexprimierter Gen-Muster in 

Gruppen (oder, nach (7), Bergen („mounts“)) auf eine zweidimensionale Ebene. Die TOPOMAP-

Analyse in (7) beruht auf einem großen, viele verschiedene Bedingungen umfassenden 

Genexpressionsdatensatz, der eine große Mehrheit aller C. elegans-Gene enthält. In der Tat 
ergaben unsere Untersuchungen, dass der Anteil in TOPOMAP vertretener C. elegans-Gene mit 

77% sehr hoch war – über „Gene Ontology“-Annotationen fanden wir nur 46% aller Gene 

annotiert. Zudem ist die Repräsentation in TOPOMAP vom Bekanntheitsgrad eines Gens 

weitgehend unabhängig, so dass wir hiermit eine ausgewogenere Funktionalisierung des C. 
elegans Transkriptoms erreichten, als dies über „Gene Ontology“-Annotationen möglich gewesen 

wäre. 

Wir beobachteten, dass sich die Genexpressionsmuster zweier Mutanten-Stämme – verglichen mit 

Wildtyp-Würmern – ähnelten. Betroffen waren hier die Mutante für das Gen zfp-1 (ein Chromatin-

Faktor und Homolog des menschlichen Gens MLLT10 oder auch AF10 („acute lymphoblastic 

leukemia-1 (ALL-1)-fused gene from chromosome 10“) und die Mutante für das Gen rde-4, das ein 
Bindungsprotein für doppelsträngige RNA kodiert. Auf der Ebene funktioneller Annotationen (d.h. 

TOPOMAP „mounts“) betrachtet, verstärkte sich dies noch und verwies klar auf einen 

gemeinsamen Signalweg dieser beiden Gene.  

Wir verwendeten TOPOMAP zur Integration unserer eigenen Mikroarray-Daten mit relevanten 

publizierten Daten. Unsere Untersuchung von drei eigenständigen Datensätzen mit endo-siRNA 

Zielgenen ergab statistisch signifikant vergrößerte Schnittmengen mit in den Mutanten von zfp-1, 
rde-4 und lin-35 überexprimierten Genen, und zwar sowohl auf der Ebene einzelner Gene als auch 

funktioneller Gruppen. Dies legte nahe, dass es sich bei in den Mutantenstämmen 

überexprimierten Genen um direkte Zielgene für RNA-Interferenz handelt. 

Zusammenfassend legten wir Nachweise vor für eine in großem Maßstab erfolgende Kooperation 

zwischen endo-siRNAs und Chromatinfaktoren zur Regulation sich überschneidender Gengruppen. 

Wir sehen eine bedeutende Rolle voraus für über RNA-Interferenz herbeigeführte, Chromatin-

basierte negative Regulierung der Genexpression in C. elegans. 

11Zusammenfassung



 

Beiträge der einzelnen Autoren 

Idee und Gesamtkonzept für diese Arbeit stammen von Erstautorin Alla Grishok und von Professor 

Philip A. Sharp; das Detailkonzept wurde unter meiner Mithilfe entwickelt. 

Alle Experimente und die Analyse der PCR-Experimente wurden von A.G. durchgeführt. 

Die gesamte bioinformatische Arbeit wurde von mir durchgeführt, im Detail: Datenprozessierung 

und Normalisierung der DNA-Mikroarray-Daten (mit Unterstützung durch Charles A. Whittaker); die 

differentielle Expressionsanalyse der Mikroarray-Daten; die Bewertung einer Eignung von „Gene 

Ontology“-basierten funktionellen Annotationen für dieses Projekt; die Anpassung von TOPOMAP 

als Plattform für funktionelle Annotationen und die Veröffentlichung entsprechender allgemein 

nutzbarer Dateien; der Einsatz von Methodik, um die Überschneidung von Gengruppen innerhalb 

von TOPOMAP statistisch zu bewerten; die Adoption von publizierten Datensätzen, insbesondere 

von endo-siRNAs, aber auch von anderen, welche nur teilweise Bestandteil der Publikation sind. 

Zusätzlich zu Projekt-Besprechungen zwischen den Koautoren P.A.S. und A.G. (mit meiner 

gelegentlichen Teilnahme) trafen sich A.G. und ich regelmäßig für detaillierten Diskussionen, bei 

denen – oft unter meiner Leitung – Zwischenergebnisse bewertet wurden und über 

Untersuchungsmethodik oder zusätzliche publizierte Datensätze entschieden wurde. 

Das Manuskript wurde von A.G. aufgesetzt und mit Unterstützung von P.A.S. und mir überarbeitet. 

Die Abschnitte bezüglich der bioinformatischen Methodik wurden von mir verfasst. Die Abbildungen 

1, S1, S2 sowie alle drei ergänzenden Datentabellen wurden von mir erstellt. 

Die Ablage der Mikroarray-Genexpressionsdaten in der öffentlichen Datenbank (Gene Expression 

Omnibus, GSE13258) wurde von mir durchgeführt. 

 

Highly aneuploid zebrafish malignant peripheral nerve sheath tumors have genetic 
alterations similar to human cancers (3)  
(Hochgradig aneuploide maligne periphere Nervenscheidentumoren im Zebrafisch 
zeigen menschlichem Krebs ähnliche genetische Veränderungen) 

Chromosomale Instabilität, ein wichtiges Kennzeichen in menschlichen Krebserkrankungen, führt 

zu Aneuploidie und zu subchromosomalen Veränderungen wie Translokationen, Inversionen, 

Deletionen, und Amplifzierungen, und es ist schwierig, die vielen nicht-spezifischen Abweichungen 

(„passengers“) von solchen zu unterscheiden, die aktiv krebsfördernd wirken („drivers“). 

Mausmodelle sind in dieser Hinsicht nicht sehr hilfreich, weil chromosomale Instabilität in diesen 

typischerweise eine untergeordnete Rolle spielt. 

In (3) untersuchten wir mit Hilfe von extra konzipierten Mikroarrays für die vergleichende 

genomische Hybridisierung (CGH) und von massiv paralleler Sequenzierung die chromosomalen 

Veränderungen in malignen peripheren Nervenscheidentumoren (MPNSTs) des Zebrafischs. Diese 

Tumoren entstanden durch Mutationen in ribosomalen Proteingenen oder im Gen des 

Tumorsuppressors p53 nach einer beträchtlichen Latenzzeit von 9 – 24 Monaten. 

Unsere Untersuchungen ergaben, dass Zebrafisch-MPNSTs – wie viele menschliche Tumoren – 

hochgradig aneuploid sind, im Allgemeinen mit einer durchschnittlichen Ploidie von 3N. Für 

bestimmte Chromosomen zeigten sich dabei in den 36 unabhängigen MPNST-Proben deutliche 

Tendenzen: So waren z.B. die Chromosomen 25, 11 und 10 vorwiegend überrepräsentiert, 

während die Chromosomen 15, 8 und 5 vor allem unterrepräsentiert waren. Andere 
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Chromosomen, z.B. 16, 13 oder 3 zeigten hingegen keine eindeutige Tendenz in die eine oder 

andere Richtung. 

Wir beobachteten auch subchromosomale Amplifikationen, am deutlichsten auf Chromosom 25. In 

diesem Fall fanden sich in der amplifizierten Region z.B. die Gene slc45a3, ccnd2a und met – all 
dies Gene, deren menschliche Gegenstücke schon wiederholt in chromosomalen Veränderungen im 

Menschen beobachtet worden sind und die demgemäß als potentiell krebsfördernd gelten. 

Wie fanden auch subchromosomale Veränderungen, die nur wenige hunderttausend Basenpaare 

betrafen („narrow focal changes“). Allerdings stellte sich ihre Auswertung als problematisch 

heraus, und zwar wegen des vorläufigen Charakters der für den Zebrafisch verfügbaren 

Genomsequenzen. So bemerkten wir, dass viele dieser begrenzten Veränderungen in 

verschiedenen Genomsequenz-Versionen zu unterschiedlichen Chromosomen gehörten. Wir 

schlossen daraus, dass diese Art von Veränderung einer Validierung bedarf, die von heute 

verfügbaren Genomsequenzen unabhängig ist. 

Schließlich führten wir eine vorläufige und indirekte Validierung eines Gens (fgf6a) in einer 
subchromosomal amplifizierten Region auf Chromosom 25 durch. Von Säugetieren ist bekannt, 

dass verschiedene Mitglieder der Familie der Fibroblasten-Wachstumsfaktoren (FGF) übergreifend 

an vier FGF-Rezeptoren binden können, woraufhin sie über gemeinsame MAP-Kinase Signalwege 

wirken. Wir zeigten, dass die Überexprimierung eines anderen Fibroblasten-Wachstumsfaktoren 

(fgf8a) zu einem beschleunigten Auftreten von MPNSTs in den p53-Mutantenstämmen führte, und 

stellten die Hypothese auf, das fgf6a in ähnlicher Weise fördernd auf MPNST wirken könnte. 

Zusammenfassend fanden wir in MPNSTs des Zebrafischs chromosomale Veränderungen, die den 

von menschlichem Krebs her bekannten ähneln. Auf dieser Basis erscheint der Zebrafisch als ein 

wertvoller Modellorganismus für die Untersuchung von Aneuploidie, einem wichtigen 

onkologischen Merkmal, das Mausmodellen nicht in direkter Weise zugänglich ist.  

Beiträge der einzelnen Autoren 

Idee und Gesamtkonzept für diese Studie stammen von Erstautor GuangJun Zhang und Koautoren 

Adam Amsterdam, Professor Jacqueline A. Lees und Professor Nancy Hopkins; das Detailkonzept 

wurde mit meiner Mithilfe entwickelt. Alle experimentellen Arbeiten wurden von G.Z. und A.A. 

durchgeführt, die auch die Datenanalyse für die Durchflusszytometrie, das „Southern Blotting“ und 

Chromosomezählungen durchführten. 

Die gesamte bioinformatische Arbeit wurde von mir durchgeführt, mit Ausnahme der Prozessierung 

der massiv parallelen Sequenzierungsdaten, die von Charles A. Whittaker vorgenommen wurde. Im 

Detail führte ich die folgenden Untersuchungen durch: die Evaluierung verschiedener 

Designstrategien für das eigens für diese Studie konzipierte CGH-Mikroarray für Zebrafisch, 

Auslegung des tatsächlich hergestellten und verwendeten Arrays auf der Basis von etwa fünf 

Millionen Oligonukleotid-Sequenzen (von der Firma Agilent zur Verfügung gestellt), einschließlich 

der nötigen Sequenzanalyse, um Qualität, Einzigartigkeit, und Kompatibilität der Sondensequenzen 

mit dem verwendeten experimentellen Protokoll sicherzustellen; die erneute Analyse der Array-

Sondensequenzen im Kontext einer neuen Version der Zebrafisch-Genomsequenz; Prozessierung 

und Normalisierung der Arraydaten (Agilent Feature Extraction); und die Analyse der Array- und 

der Sequenzierungs-Daten im Hinblick auf chromosomale Abweichungen vor und nach erfolgter 

Segmentierung (DNAcopy, STAC). 
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Bestimmte Details des experimentellen Designs dieser Studie wurden unter meiner Leitung 

erarbeitet, insbesondere die kontinuierliche Verwendung von gepaarten Kontrollen (zusätzlich zu 

Tumor-Kontroll-Paaren), um zu einer verbesserten Einschätzung des Grundrauschens in den Daten 

zu gelangen. Diese gepaarten Kontrollen werden im Artikel zwar nicht erwähnt, ihre Datensätze 

wurden aber – zusammen mit denen der Tumor-Kontroll-Paaren – in der öffentlichen Datenbank 

abgelegt. Auch erfolgte die Wahl massiv paralleler Sequenzierung als Validierungsmethode für die 

Arraydaten auf meine (und C.A.W.s) Initiative hin. 

Ich nahm regelmäßig an Projektbesprechungen teil, die üblicherweise die Koautoren G.Z., A.A., 

N.H. und mich einbezogen. Während dieser brachte ich häufig meine bioinformatische Erfahrung 

ein, auch bezüglich der Machbarkeit und vorläufiger Ergebnisse für einen potentiellen zukünftigen 

Vergleich zwischen den chromosomalen Veränderungen im Menschen und Zebrafisch. 

Das Manuskript wurde zusammen von G.Z., A.A., N.H. und mir geschrieben, die bioinformatische 

Methoden betreffenden Abschnitte wurden von mir verfasst (unter Berücksichtigung von C.A.W.s 

Kommentaren). Abbildungen 2 und 3A & B wurden von mir erstellt.  

Schließlich wurden die von den Mikroarrays und der massiv-parallelen Sequenzierung stammenden 

Datensätze von mir in der öffentlichen Datenbank abgelegt (Gene Expression Omnibus, 

GSE23666). 

Weiterführende Untersuchungen 

Alle drei Publikationen dieser Dissertation repräsentieren nicht so sehr Endpunkte als viel mehr 

Momentaufnahmen aktiver Forschungsanstrengungen. 

Die Periostin-Studie (1) liefert eine sequenzanalytische Grundlage für weitere Ergebnisse, zu denen 

sich ein Manuskript in Vorbereitung befindet (14) und die teilweise schon in einer Patentschrift 

offengelegt wurden, die von Millennium Predictive Medicine (jetzt Takeda, the Millennium 

Oncology Company, Cambridge, USA) eingereicht wurde (15). So ermöglichen unsere Einsichten in 

die transkriptionelle Variabilität und in einen möglichen funktionellen Mechanismus eine 

verbesserte Interpretation unserer auf klinischen Proben beruhenden Beobachtung Brustkrebs-

assoziierten alternativen Spleißens in Periostins C-terminaler Region. 

Während der Veröffentlichung von (2) übernahm die Erstautorin ihre eigene Forschungsgruppe an 

der Columbia Universität in New York, wo sie ihre Studien der Biologie von C. elegans mit einem 

Schwerpunkt RNA-Interferenz fortsetzt. Sie unterhält weiterhin eine informelle Zusammenarbeit 

mit mir im Zusammenhang mit verschiedenen bioinformatischen Fragestellungen. Zu diesen gehört 

auch die fortgesetzte Verwendung von TOPOMAP, das für diese Studie adaptiert worden war, als 

einer Plattform für die funktionelle Annotation und die Integration von Gengruppen aus diversen 

Quellen. Wir haben festgestellt, dass diese Plattform gut erweiterungsfähig ist, so dass neue Daten 

einfach hinzugefügt und mit älteren Daten verglichen werden können. Ein Fachartikel, das diese 

fortgesetzte Nutzung widerspiegelt ist bereits eingereicht und in der Begutachtungsphase (16), ein 

weiterer ist in Vorbereitung. 

Die Untersuchungen am Zebrafisch-Krebsmodell laufen nach (3) in direkter Weise und unter 

meiner Mitarbeit weiter, und wichtige im Diskussionsteil dieses Artikels angesprochene Aspekte 

werden nun verfolgt. Statt des eigens entwickelten Mikroarrays kommt in dieser Phase 

ausschließlich massiv-parallele Sequenzierungstechnologie zum Einsatz, welche ja in (3) nur zu 

Validierungszwecken benutzt worden war – ein Zeugnis der geradezu explosiven Fortentwicklung 
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dieser Technologie. Etliche hundert Zebrafisch-Krebsproben – zum größten Teil wieder MPNSTs, 

aber auch zwei andere Krebsarten – wurden bereits sequenziert und werden zurzeit analysiert.  

Des Weiteren folgen wir der Idee, dass der beträchtliche evolutionäre Abstand zwischen Mensch 

und Zebrafisch zur Identifikation krebsfördernder Gene benutzt werden kann, indem man aus den 

chromosomalen Veränderungen der menschlichen und Zebrafisch-Tumoren auf Gen-Ebene 

gewissermaßen eine Schnittmenge bildet. Verglichen mit Gengruppen, die den chromosomalen 

Veränderungen eines einzelnen Organismus entsprechen, sind die aus dieser Herangehensweise 

resultierenden Gengruppen deutlich kleiner und – so die Erwartung – angereichert mit Krebs-

relevanten Genen. Diese könnten dann innerhalb dieser relativ kleinen Gengruppen mittels RNA-

Interferenz-Screening identifiziert werden (siehe z.B. (17; 18) ). 

 

Die folgenden Abschnitte stellen einen Versuch dar, die Projekte meiner Dissertation 

sowohl in historischen als auch aktuellen Kontext einzuordnen, so gut dies in der 

gebotenen Kürze möglich ist. Diese Überlegungen werden von den für diese 

Dissertation so zentralen Motiven „Genomik“ und „Modellorganismen“ geleitet und 

bleiben schwerpunktmäßig der Krebsforschung und ihrem Fortschritt verhaftet.  

Caenorhabditis elegans als Modellorganismus in der Krebsforschung 

Der Fadenwurm Caenorhabditis elegans erfuhr seine systematische Einführung als 

Modellorganismus für genetische Studien durch Sydney Brenner in 1974 (19). Seitdem spielt er 

eine bedeutende Rolle in der biologischen Forschung, wie zum Beispiel bei der Entschlüsselung der 

Mechanismen der RNA-Interferenz (RNAi) in 1998 (20). 

Krebserkrankungen an sich sind in Fadenwürmern unbekannt, wobei allerdings bestimmte 

Genmutationen eine stark erhöhte Proliferation in manchen Zelllinien bewirken können. Dennoch 

ist C. elegans für die onkologische Forschung von erheblicher Bedeutung. Zum einen führte die 

Entdeckung des biologischen Phänomens RNAi bald zu einer RNAi-basierten Labortechnik, welche 

auch der Krebsforschung in bedeutender Weise zugute kommt. So hat zum Beispiel die durch RNAi 

eröffnete Möglichkeit, die Auswirkungen von Genverlusten mit hohem Durchsatz zu eruieren („loss-

of-function screening“) genomweite Studien ermöglicht, in denen vergleichende Analysen der 

RNAi-Ergebnisse aus verschiedenartigen Zelllinien zur Entschlüsselung onkogenischer Signalwege 

führten (17; 18). 

Zum anderen erweisen sich zentrale biologische Prozesse und ihre Gene im Allgemeinen als 

konserviert zwischen Fadenwürmern und Vertebraten (13). Insofern sind in C. elegans gewonnene 
Einsichten für die menschliche Krebsbiologie relevant, in der die häufige Deregulierung von 

Schlüsselprozessen wie Zellzyklus, Wachstumsfaktor-Signalwegen oder Apoptose gut bekannt ist.  

In unserer Studie (2) sind drei der vier für die Mikroarray-Analyse mutierten Gene Homologe von 

bekannten Krebsgenen. So ist zum Beispiel lin-35 ein Homolog von RB1 (retinoblastoma 1), einem 

Tumorsuppressor und den Zellzykus regulierenden Gens, dessen Mutation im Menschen zu 

Retinoblastom im Kindesalter, Blasenkrebs und Osteosarkom führen kann. Ein zweites Gen, zfp-1, 
ist ein Homolog von MLLT10 („myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, 

Drosophila); translocated to, 10“), auch AF10 genannt. MLLT10 kodiert einen Transkriptionsfaktor 
und ist am besten bekannt für seine Rolle in chromosomalen Translokationen, die über die 

Erzeugung von Fusionstranskripten und –proteinen zu Leukämien führen. Es ist allerdings 
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bemerkenswert, dass die eigentliche Funktion von MLLT10 weitgehend unbeschrieben ist. Vor 

diesem Hintergrund wird das aus dieser Studie und nachfolgenden Arbeiten hervorgehende Bild 

von ZFP-1 als einem negativen Modulator seiner Zielgene auch für das Verstehen der Funktion von 

MLLT10 von Bedeutung sein. Die Beobachtung, dass zfp-1 und MLLT10 sich im Bezug auf die 

Komplexität ihrer Transkriptvarianten stark ähneln, ist dabei ebenfalls interessant. 

Krebszellen können überlebenswichtige Eigenschaften gewinnen, indem sie normalerweise auf 

Keimbahnzellen beschränkte Genexpressionsmuster aktivieren. Im Menschen liefert die Klasse der 

sogenannten „Cancer-Testis Antigene“ ein Beispiel (21). Eine neuere Untersuchung in der 

Fruchtfliege Drosophila melanogaster (22) verweist auf eine Rolle von RB1-homologen Proteinen, 

die Expression von Keimbahn-Genen in somatischen Zellen auf Transkriptionsebene zu 

unterdrücken. Während der Nachweis für diese Funktion von RB1 in Säugetieren noch aussteht, 

spiegelt unsere Untersuchung diese Ergebnisse wider: Wir zeigen eine Überexpression gerade von 

Keimbahn-Genen in dem in lin-35 mutierten C. elegans-Stamm.  

All dies unterstreicht, dass biologische Erkenntnisse in C. elegans für die Krebsforschung sowohl 
auf der Ebene individueller Gene als auch auf der Ebene grundsätzlicher Prinzipien von Bedeutung 

sind. 

Danio rerio als Modellorganismus in der Krebsforschung 

1981 stellten George Streisinger und seine Kollegen den Knochenfisch Danio rerio, den Zebrafisch, 
als für genetische Screening-Verfahren geeignet vor (23). Seitdem entwickelten sich die Methoden 

erheblich weiter, und wichtige Einsichten, vor allem im Bereich der Entwicklungsbiologie, wurden 

anhand des Modellorganismus Zebrafisch gewonnen. Erst zwei Jahrzehnte später wurde der 

Zebrafisch als ein Modellsystem für die onkologische Forschung vorgeschlagen, obgleich dieser 

Vorstoß zunächst hauptsächlich auf theoretischer Ebene erfolgte (24). In den folgenden Jahren 

wurden etliche Zebrafisch-Krebsmodelle in der Literatur vorgestellt (z.B. für 

Bauchspeicheldrüsenkrebs, Melanom, Leukämie), darunter eine Studie über Mutationen in Genen 

für ribosomale Proteine, welche zur Krebsbildung führen können, vor allem zu malignen peripheren 

Nervenscheidentumoren (MPNSTs) (25). Die Zebrafisch-Studie dieser Dissertation baut in direkter 

Weise auf diese frühere Arbeiten auf. 

Es gibt übrigens ältere, von der Entwicklung genetischer Screening-Verfahren unabhängige 

Arbeiten, die bereits auf eine Rolle des Zebrafischs in onkologischen Studien verweisen: Schon 

1965 wurde beschrieben, dass Zebrafische in reproduzierbarer Weise Krebs entwickeln, wenn sie 

karzinogenen Substanzen ausgesetzt werden (26), und ähnliche Studien in anderen Fischarten 

gehen sogar noch weiter zurück. Möglicherweise könnten diese Arbeiten wieder aufgegriffen und 

die Ergebnisse mit jenen, die von genetischen Krebsmodellen und deren genomischer 

Charakterisierung stammen, verglichen und integriert werden. 

Durch die Tatsache, dass Zebrafische an Krebs erkranken, insbesondere an Krebs mit direkter 

histopathologischer Entsprechung im Menschen, kommt diesem Organismus eine direktere Rolle in 

der Krebsforschung zu als dem Fadenwurm. Wie auch bei Mausmodellen ist eine exakte 

funktionelle Äquivalenz zwischen einem menschlichen Krebstyp und dem Modell-Gegenstück nur 

schwer nachzuweisen und deshalb bei der Interpretation Vorsicht geboten. So ist eine direkte 

Entsprechung zu der im Zebrafisch onkogenen Wirkung von Mutationen in den ribosomalen 

Protein-Genen im Menschen bisher nicht gezeigt worden. 
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Vor diesem Hintergrund ist unsere Studie bedeutsam, weil sie die in Zebrafisch MPNSTs häufigen 

chromosomalen Veränderungen dokumentiert, welche wiederum auf zum Teil wohlbekannte 

Krebsgene verweisen (z.B. met, cdk6, slc45a3, ccnd2a). Gemessen am Ziel einer möglichst 

genauen Krebs-Modellierung stellt dies – verglichen mit Mausmodellen – eine Verbesserung 

hinsichtlich des übergreifenden Phänomens der Aneuploidie dar, ohne dass dafür der 

Zusammenhang mit bekannten Krebsgenen aufgegeben würde. 

Die Genome von C. elegans und D. rerio im Vergleich 

Ein Vergleich zwischen C. elegans und D. rerio aus genomischer und bioinformatischer Perspektive 

ist im Kontext dieser Dissertation von Interesse, und zwar sowohl in Bezug auf die Genomstruktur 

als auch auf den Stand der Genomsequenzen, die ja die Basis für den Hauptanteil der analytischen 

Arbeit darstellen. 

Die Genomsequenz von C. elegans wurde 1998 veröffentlicht (27), als erste Genomsequenz eines 

Vielzellers. Heute ist sie so gut etabliert, dass Unterschiede zwischen aufeinanderfolgenden 

Versionen minimal sind. Interessanterweise wurden Schätzungen der Gesamtzahl 

proteinkodierender Gene in C. elegans über die Jahre kontinuierlich nach oben korrigiert, während 
sie für das menschliche Genom dramatisch gefallen sind, so dass sie heute für beide Organismen 

bei ungefähr 20000 Genen liegen. Diese Tatsache sollte beim Studium von Krebsgenen in C. 
elegans berücksichtigt werden. Zum Beispiel wird das Argument vorgebracht, dass genetische 

Netzwerke in C. elegans im Vergleich zu Säugetieren weniger redundant seien (13), was sich an 

Beispielen durchaus illustrieren lässt: So entsprechen dem C. elegans-Gen lin-35 im Menschen 

nicht nur RB1, sondern auch zwei Paraloge, RBL1 (p107) und RBL2 (p130). Ganz ähnlich ist die 
Situation mit cep-1, dem auf menschlicher Seite drei Homologe, TP53, TP63 und TP73 
gegenüberstehen. Andererseits verweist die Tatsache der in beiden Linien so ähnlichen Genzahl 

jedoch zwingend auf Fälle, wo eine derart reduzierte Redundanz nicht auftritt oder sich gar in 

umgekehrter Weise manifestiert. Auch haben manche C. elegans-Gene, wie zum Beispiel rde-4 (2), 
keine erkennbaren Homologe in Vertebraten, was die Übertragung genetischer Modelle vom 

Fadenwurm auf den Menschen natürlich erschwert. 

Für den Zebrafisch ist die Situation eine deutlich andere. Das gesamte Genom hat in 

evolutionsgeschichtlich jüngerer Vergangenheit eine Duplikation durchgemacht, die sich vor der 

Radiation der Teleostier ereignete. Wie anhand der Gene postn und tgfbi diskutiert (1), resultiert 
dies für manche Gene in einer von Neo- oder Subfunktionalisierung begleiteten Beibehaltung 

beider Kopien (postn) und für andere im Verlust einer Kopie (tgfbi). Diesen Sachverhalt spiegelt 
die Nomenklatur von Zebrafisch-Genen wider, deren Kurznamen oft das Suffix ‚a’ oder ‚b’ tragen, 

um die paralogen Kopien zu bezeichnen. Leider werden Paraloge nicht immer zuverlässig erkannt 

und annotiert, wie das Beispiel von postn und seinem unbezeichneten Paralog verdeutlicht. Die 

biologische Bedeutung dieser Situation liegt in der resultierenden zusätzlichen Hürde, das 

„funktionelle Ortholog“ für ein bestimmtes Säugetier-Gen zu bestimmen. 

Das Projekt für die Genomsequenzierung von D. rerio wurde im Jahre 2001 begonnen, und eine 

erste Version wurde 2003 veröffentlicht (28). Die Genomsequenz ist bis heute durch die Häufigkeit 

von Polymorphismen gekennzeichnet, welche von der großen Zahl der für die ursprüngliche DNA-

Gewinnung genutzten diploiden Embryonen herrühren. Im Unterschied zur Genomsequenz des 

Menschen oder des Wurms sind die Unterschiede zwischen aufeinanderfolgenden Versionen der 

Genomsequenz beim Zebrafisch beträchtlich, und bedingen in der Praxis oft erheblichen 
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bioinformatischen Aufwand (siehe oben und (3)). Auch gibt es bis heute bedeutende (und 

zwischen Versionen wechselnde) Teile der Genomsequenz ohne Zuweisung zu einem der 25 

Chromosomen, was ebenfalls Schwierigkeiten für bioinformatische Studien und Datenanalyse 

bedingt. 

Von Modellorganismen zu Modellgenomen 

Zwei Studien (2; 3) dieser Dissertation beschreiben an jeweils einem Modellorganismus 

ausgeführte Forschungsprojekte mit dem Potential der Übertragbarkeit auf menschliche Biologie. 

Im Gegensatz dazu verkörpert (1) eine dem genomischen Zeitalter vorbehaltene Art und Weise, 

mit Modellorganismen zu arbeiten. Hier wurden die Sequenzen eines bestimmten Gens, POSTN, 
innerhalb der Genomsequenzen verschiedener Organismen, von Säugetieren bis zu 

Knochenfischen (und ansatzweise darüber hinaus), identifiziert, wenn nötig rekonstruiert, und 

schließlich verglichen. 

Dieser gewissermaßen vertikale Ansatz, der im Prinzip für jedes beliebige Gen zur Verfügung steht, 

wäre ohne die große und schell wachsende Zahl öffentlich verfügbarer Genomsequenzen 

verschiedener Organismen nicht möglich gewesen und steht damit für eine neue, genomisch-

bioinformatisch geprägte Perspektive der Arbeit mit Modellorganismen. 

Der Aufstieg eines Organismus zur „Prominenz“ des Modell-Status ist traditionell von 

wissenschaftlichen und auch praktischen Überlegungen bestimmt. Dazu zählen charakteristische 

oder exemplarische biologische Merkmale, kurze Generationszeiten, Einfachheit der Haltung und 

schließlich Konsens innerhalb der Wissenschaftsgemeinde. Heute jedoch stehen Organismen als 

Modelle für genomische, phylogenetische oder bioinformatische Studien allein durch ihre 

genomischen Information zur Verfügung. Die folgenden zwei Beispiele verdeutlichen diesen 

Übergang. 

(i) Die Ackerschmalwand (Arabidopsis thaliana) erfuhr erst später als Fadenwurm und der 

Zebrafisch allgemeine Akzeptanz als Modellorganismus. Als der Wissenschaftsgemeinde im Jahre 

1985 die konzeptionellen Vorteile dieses Modells dargelegt wurden (29), wurde auch ihr Genom im 

Detail diskutiert. Während die Sequenzierung ganzer Genome noch in weiter Ferne zu liegen 

schien, wurden – neben klassischen Vorzügen wie der kurzen Generationszeit, der hohen Zahl von 

Samen, und der Einfachheit, durch Selbstbefruchtung homozygote Pflanzen zu erzeugen – bereits 

Eigenschaften des Arabidopsis-Genoms vorgebracht, insbesondere die geringe Größe (das 

bedeutete wenig benötigte Klone für eine umfassende DNA-Bibliothek), die geringe 

Chromosomenzahl und der niedrige Anteil repetitiver Sequenzen. 

(ii) Das wahrscheinlich erste Beispiel eines Modellorganismus, der allein auf genomischer Basis 

vorgeschlagen wurde, stammt aus dem Jahre 1993, als Sydney Brenner – einmal mehr – und seine 

Kollegen für die Charakterisierung des Genoms eines Kugelfischs (Takifugu rubripes) plädierten 
(30). Sie prägten die Bezeichnung „Vertebraten-Modellgenom“ („vertebrate model genome“) und 

argumentierten, dass das mit 400 Mb äußerst kompakte Genom dieses Kugelfischs für die damals 

existierende oder wenigstens vorstellbare Sequenzierungstechnologie ein erreichbares Ziel 

darstelle. Auch sei es durch seine geringe Komplexität und sein hohes Verhältnis von kodierenden 

zu nicht kodierenden Sequenzabschnitten ein ideales Werkzeug für die Gen-Identifikation im 

Menschen. Doch während das Genom von Takifugu rubripes fast viermal kleiner ist als das des 

Zebrafisches, sind Kugelfische aus praktischen Gründen als allgemeine Modellorganismen nicht gut 

geeignet. 
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Nachdem die Sequenz des menschlichen Genoms im Jahre 2001 vorgestellt worden war, erfolgte 

die Publikation neuer Genomsequenzen immer schneller, was durch die rasche Optimierung der 

Sanger-Sequenzierungstechnologie und durch die dadurch bedingten Kapazitätsgewinne möglich 

wurde. Zu Genomprojekten für etablierte Modellorganismen mit großen Genomen (Maus, Hund, 

Krallenfrosch, Zebrafisch) gesellten sich bald solche, die vor allem aufgrund evolutionsbiologischer 

und phylogenetischer Bedeutung (Opossum, Platypus, Rotkehlanolis (Anolis carolinensis)) oder 
wegen landwirtschaftlicher Anwendungsmöglichkeiten (Rind, Reis, Weintraube) unternommen 

wurden. 

Krebsfoschung und die sich beschleunigende genomische Revolution  

Genomische Forschung ist heute gekennzeichnet durch ausgereifte DNA-Mikroarray-Technologie 

und durch sich rasant entwickelnde massiv parallele Sequenzierungstechnologien. Letztere 

ersetzen zunehmend ältere Technologien (Sanger-Sequenzierung), auch für genomweite Analysen, 

wie dies die Sequenzierungsstatistiken eindrucksvoll zeigen, die auf der Webseite der 

Genomprojekte des U.S. Energieministeriums veröffentlicht werden (31). Auch verdrängen sie 

Mikroarrays bei Anwendungen, für die diese viele Jahre lang Standard waren (Genexpression, 

Chromosomenzahl, Mutationen). Dieser Trend beschleunigt sich durch die Aussicht, gleichsam 

„nebenbei“ Einsichten in zusätzliche und für Mikroarrays bisher nicht oder nur unter 

Schwierigkeiten zugängliche Fragestellungen (z.B. Translokationen, Spleißvarianten) gewinnen zu 

können. 

Unsere Folgearbeiten im Anschluss an (3) an hunderten von Zebrafisch-Tumoren beruhen nicht 

länger auf Mikroarrays, sondern ausschließlich auf voller Sequenzierung. Auch in unserer 

fortgesetzten Forschung am Fadenwurm stammen die zu Vergleichen herangezogenen publizierten 

Literatur-Datensätze immer öfter von Sequenzierungsprojekten und können dementsprechend 

extrem groß sein. 

Für die Untersuchung von Modellgenomen hat diese Entwicklung die Möglichkeit eröffnet, die 

Variation innerhalb einer Art in beispielloser Breite und Auflösung zu studieren. In der Tat werden 

menschliche Genome schon weithin sequenziert, und das Ausmaß natürlicher Variation im 

Menschen (das „Variom“) beginnt deutlich zu werden – das Ende des vereinfachten (und 

bioinformatisch so bequemen) Konzepts „ein Organismus, ein Genom“ zeichnet sich ab. 

Im Bereich der Krebsbiologie spiegelt sich diese Entwicklung in onkogenomischen Ansätzen wider, 

die dem erklärten Ziel eines erschöpfend beschriebenen, Krebsform-spezifischen Modellgenoms 

(mit Transkriptom und Variom) immer näher kommen. Es ist faszinierend, dies als Bestätigung der 

Idee des Evolutionsbiologen Leigh van Valen zu sehen, nach der Krebszelllinien (in diesem Fall 

HeLa) als eine eigene biologische Art anzusehen seien (32). Wie ernst es van Valen mit diesem 

Konzept damals war, ist nicht klar – es findet sich jedoch heute in Studien wieder, die Krebs mit 

den Parametern der Evolutionsbiologie ergründen (33), und in Beispielen klinischer Forschung, bei 

denen das gesamte Krebsgenom eines Patienten sequenziert und analysiert wird (34; 35), mit dem 

Endziel aus den Ergebnissen individualisierte und damit optimierte Therapieoptionen abzuleiten. 

Eine solcherart personalisierte Medizin ist schon vor mehr als 35 Jahren angedacht worden (36), 

wird jedoch erst heute umfassend möglich. 

Die hohe Rate der Neusequenzierung vor allem menschlicher Genome kann leicht den Blick darauf 

verstellen, dass die Situation nicht-menschlicher Modellgenome, einschließlich solcher von weniger 

etablierten Modellorganismen weit weniger fortgeschritten ist, ohne dass hier Besserung absehbar 
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wäre. Die Situation für das Zebrafisch-Genom ist weiter oben schon erläutert worden. Schlechter 

steht es um andere Genome, deren Sequenzen zum Teil ohne Zuweisung zu Chromosomen 

verbleiben (z.B. Krallenfrosch) und die mitunter so fragmentiert sind, dass sogar einfache 

Versuche, einzelne Gene zu identifizieren zu einer Herausforderung werden (Pflugnasenchimäre 

(Callorhinchus milii), Neunauge (Petromyzon marinus)). Ohne finanzielle Förderung der 
entsprechenden Projekte verkümmern diese Genomsequenzen in jetzigen Zustand ihrer teils 

extrem eingeschränkten Nutzbarkeit. Diese Situation hat zum Beispiel schlüssige Ergebnisse zu 

Periostin verhindert, als wir versuchten, die C-terminalen Region in phylogenetischen Linien 

jenseits der Knochenfische zu identifizieren (siehe zusätzliche Datei 6 in (1)), und behindert uns 

durch die weiter oben beschriebenen Unzulänglichkeiten in der Zebrafisch-Genomsequenz 

weiterhin bei der Fortsetzung der Arbeiten im Anschluss an (3). 

Wir dürfen vielleicht hoffen, dass die neuen Sequenzierungstechnologien schließlich auch hier 

Abhilfe schaffen könnten, wenn ihr Einsatz weithin zur Routine geworden ist und die Kosten 

niedrig genug sind. Die Erkenntnis, dass eine phylogenetisch breite Sammlung von 

Genomsequenzen, die alle bestimmte minimale Gütekriterien erfüllen, im Interesse der 

wissenschaftlichen Gemeinschaft ist, sollte es ermöglichen, derartige Genomsequenzen geringer 

Qualität durch neu erzeugte Sequenzen „aufzupolieren“. Dieses Konzept ist bereits bei der 

neuesten Version des Zebrafisch-Genoms eingesetzt worden – vielleicht lässt es sich ja auch auf 

„verwaiste“ Genomprojekte übertragen. 

Fortschritte im Verständnis der Krebsbiologie werden heute in bedeutender und systematischer 

Weise durch das Studium von Modellorganismen und genomische Forschung ermöglicht. Die 

vorliegende Dissertation zeigt einige der unterschiedlichen Modalitäten auf, die diesem Konzept 

folgen, und die bestimmte exemplarische Koordinaten in einem komplexen Raum einnehmen, der 

durch Achsen wie „bioinformatische oder experimentelle Ansätze“, „Zahl der berücksichtigten 

Organismen“, „Zahl der untersuchten Gene“, „Grundlagenforschung oder angewandte Forschung“ 

und vielen anderen definiert ist. Und sie nährt die Hoffnung, dass letztendlich die Herausforderung 

gemeistert werden kann, all die wachsenden Inseln der Einsicht zu einem detaillierten und 

übergreifenden Verständnis zu verschmelzen, aus dem heraus Krebs tatsächlich heilbar wird. 
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Abstract 
This thesis explores new territory in cancer research, enabled by genomic data originating from 

model organisms. As exemplified in three publications forming the core of this thesis, this 

approach has a considerable and generally under-used potential for gaining insights into cancer 

biology on many distinct levels.  

As described in one of these publications (1), genomic sequence data can be used in comparative 

mode across species with insightful results even in the context of a purely computational project. 

Here, we study one particular gene of interest, which encodes the extracellular matrix protein 

periostin. Known also as a cancer marker, periostin function remains poorly characterized overall, 

but as part of this project, an improved understanding of periostin’s C-terminal region was 

achieved by comparing periostin sequences across a range of vertebrate genomes. We explained 

the absence of known domains or sequence similarities to any non-periostin proteins for this 

region, demonstrated its remarkable genomic and transcriptomic variability, and suggested a 

possible secondary structure and functional mechanism. 

The other two studies reported in this thesis are based on non-murine model organisms – the use 

of which is generally not common in cancer research – and contain key bioinformatic components 

in tight integration with experimental results that were contributed by other members of the 

research teams. Here, genomic data was a necessary foundation enabling both the immediate, 

model organism-centric research and its projection into the human realm.  

The study on the nematode Caenorhabditis elegans (2) presents and interprets data on the 
functional roles of select genes (lin-35, zfp-1, rde-4, alg-1), finding that they act cooperatively with 
endogenous small interfering RNAs (siRNAs). Here, mRNA expression profiling data of mutant C. 
elegans strains were evaluated in a bioinformatic framework that allowed genome-wide functional 

interpretations in conjunction with relevant genomic data from the public domain. This study is 

significant because the genes investigated are, with one exception, homologs of human genes with 

known importance in cancer, and because the findings point to the notion of cancer as a condition 

where germline genes are pathologically de-repressed in the soma. Thus, this study constitutes 

basic research with an intrinsic relevance for cancer due to the identity of the genes and 

mechanisms examined. 

The third study focuses on tumors occurring in zebrafish (Danio rerio), with results that are 
directly cancer-specific (3). A genome-wide DNA microarray was custom-designed to generate 

comparative genomic hybridization (aCGH) data from zebrafish malignant peripheral nerve sheath 

tumors (MPNSTs). Analysis of this data showed that zebrafish MPNSTs have chromosomal and 

subchromosomal alterations akin to those widely documented in human cancers (including human 

MPNSTs), some of them comprising genes known to be amplified in human cancers (met, ccnd2a, 
cdk6). The results suggest a model system for aneuploidy, an aspect of cancer not generally well 

replicated in mouse models. Furthermore, and practically forward-looking, they also evoke the 

promise of a strategy to effectively screen for cancer driver gene candidates by “intersecting” 

human and zebrafish copy number alteration profiles. 
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Together, these three studies exemplify contributions to oncology research that rely critically on 

model organisms and their in silico counterparts, model genomes. On this basis, bioinformatic 

analyses became possible – either closely integrated with experimental research or generating 

useful insights and hypotheses on their own – that enabled advances in our understanding of 

human cancer.  

Introduction 
Cancer remains a profoundly challenging disease today. This is true on many different levels, from 

a fundamental understanding of its causes all the way to diagnosis and therapy. It remains true 

also in the face of the large amounts of data collected and all the insights gained over many 

decades of cancer research.  

The notion of cancer as a disease in its own league (4) is well-founded: No other disease 

commands its own biology to a remotely similar extent, as documented in a seminal paper 

published eleven years ago (5). Since then, “the hallmarks of cancer” have come into even sharper 

focus (6), as genomic technologies allowed characterizations of underlying molecular events at 

ever higher granularity, while at the same time raising hopes that, ultimately, the aggregate of 

these alterations can be functionally parsed, understood, and targeted with medical therapies. 

Most prominently epitomized by the availability of entire genome sequences for human as well as 

important model organisms, the advent of the “genomic age” has profoundly altered the defining 

and limiting parameters in basic and clinical cancer research. Thanks to technologies such as 

genome-wide DNA microarrays or, most recently, high-throughput sequencing, clinical cancer 

specimens are amenable to molecular analyses of their gene expression, chromosomal alterations, 

and mutational status.  

Model organisms – indispensable accessories to cancer research as attested by ever more refined 

mouse models of cancer – can be similarly investigated and their data integrated with human data. 

Also, and of particular interest regarding the compatibility of a model organism with human for a 

given question, genomic sequences of humans and other organisms can be compared directly to 

address diverse questions concerning for example gene content, gene family size, or conservation 

of regulatory elements. 

This thesis comprises results relevant to the biology of cancer obtained from two non-murine 

model organisms (the nematode Caenorhabditis elegans and the zebrafish Danio rerio) and from a 

wider analysis using a collection of vertebrate model genomes. In this context, the importance of 

genomic data as an enabling factor cannot be understated: It is likely that without comprehensive 

genomic sequence data, model organisms other than mouse could not play a significant role in 

cancer research today, and the availability of genome sequences alone opens up innovative 

avenues of investigation. 
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Goals 
The goal of this thesis is to explore unconventional computational approaches to utilizing genomic 

data in cancer research. These approaches are exemplified in three separate publications (1-3), 

where my bioinformatic contributions address the following specific core objectives: 

(1): Utilize a comparative genomics approach for the characterization of the poorly understood C-

terminal region of the extracellular matrix protein periostin, which is over-expressed in many 

cancers of epithelial origin. In particular, focus on the apparent absence of functional clues such as 

functional domains or homology to other known proteins, and its prevalence of alternative splicing. 

(2): Perform a comparative analysis of genomic microarray data profiling the gene expression of 

Caenorhabditis elegans wild type and four strains mutated in genes homologous to human cancer 

genes. Adapt an appropriate functional genomics system to enable comprehensive functional 

interpretation and statistical inferences of this data in conjunction with relevant publicly available 

data. 

(3): Use genome sequence data for the design of a custom microarray-based comparative 

genomic hybridization platform for the zebrafish (Danio rerio) in order to measure and evaluate 

evidence for copy number alterations in zebrafish tumors. Compare the resulting chromosomal 

gains and losses with those observed in human cancer. Analyze high-throughput sequencing data 

as an orthogonal methodology to confirm the microarray-based findings. 

Bioinformatics Methods 

General principles 

It should be stated that bioinformatic work for any project starts prior to writing program code and 

prior to the application of software tools and algorithms. Not only need the problems at hand 

understanding, they also need to be paired with available and practical options for addressing 

them. Journal articles often betray little of the sometimes complex and often pragmatic decision-

making process leading to the final choice of methods, and also in the context of this thesis, these 

phases “behind the scenes” demanded my considerable attention. 

Fundamentally and conceptually, the three projects of this thesis build on a common core of 

bioinformatic methodology for analysis and visualization of biological sequences and microarray 

data. 

Sequence search and comparison are prevalent in all three studies, comprising successive 

generations of widely-used methods such as BLAST and BLAT, but also the more recently 

developed high-throughput, short read alignment programs like BWA. DNA microarray analysis is 

integral to two of the three publications (2; 3) and requires appropriate strategies for data 

normalization, organization (for example via clustering), and probe sequence analysis. 

Project-specific methods 

Given these two themes, the details of their actual application vary across the three studies, 

mirroring the diverse study goals and the different approaches chosen in their pursuit. A brief, 

project-specific characterization of the relevant bioinformatic methods follows. 
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The periostin publication (1) summarizes a pure bioinformatics project, with a stated, exclusive 

focus on sequence analysis and phylogenetic aspects. Methods applied include various versions of 

the sequence similarity search algorithm BLAST, such as TBLASTN (to identify periostin exons in 

genomic sequences of poorly annotated organisms) and PSI-BLAST (to establish homology that is 

obscured by low complexity and repeats). Multiple sequence alignments and derived phylogenetic 

trees were generated with ClustalW. Less commonly used sequence analysis methods were dot-

matrix plots to visualize the repetitive nature of the periostin C-terminal region and VISTA for a 

multi-species alignment of the periostin genomic region. PsiPred was used for secondary structure 

prediction, which provided a basis for a speculative proposal regarding periostin C-terminus 

function. 

Bioinformatic methods for the paper on C. elegans mutants (2) comprised processing and 

normalization of a genome-wide gene expression microarray dataset, followed by determination of 

gene sets differentially expressed between wild type and mutant strains. The central bioinformatic 

contribution is the adaptation of the expression cluster terrain map TOPOMAP (7) for rapid, 

universal, genome-scale functional classification of gene sets, derived both from our own data as 

well as from public data. Gene Ontology-based strategies were evaluated and found wanting due 

to the uneven coverage of genes from different functional groups. The TOPOMAP data were 

organized in a large matrix and deployed in a spreadsheet program (MS Excel), so that overlaps 

between gene sets and TOPOMAP expression clusters (“mounts”) could be easily ascertained and 

additional literature-based gene sets of interest could be incrementally added for going forward. 

Fisher’s Exact Test was adopted for assessing statistical significance of such overlaps. BLASTN was 

used to map siRNA sequences from other studies to the C. elegans transcriptome for adaption into 

the TOPOMAP framework. 

The lack of a commercial platform to perform array-based comparative genomic hybridization 

(aCGH) experiments in zebrafish necessitated a custom design for such a microarray in the context 

of the aneuploidy study in zebrafish tumors (3). 15,000 array probes were selected from a 

collection of five million probes provided to us by Agilent, using a successive combination of 

criteria: hybridization scores, BLAT search results (to determine uniqueness in the genome 

sequence), and a heuristic to achieve an approximation of equidistant spacing of probes along the 

genome. BLAT was similarly used to remap and re-evaluate the array content when a newer 

reference zebrafish genome assembly (Zv8) was chosen. Processed and normalized array data (via 

Agilent Feature Extraction) were subjected to the program DNAcopy for segmentation. Segmented 

data were analyzed for sub-chromosomal copy-number changes using STAC. Finally, bioinformatic 

efforts comparing human-zebrafish and human-mouse synteny centrally contributed to forming 

and supporting the hypothesis laid out in the paper’s discussion section that candidate cancer 

driver genes can be effectively screened for by “intersecting” chromosomal alterations found in 

human and zebrafish tumors. 
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Results and Discussion 

Genomic technologies and model organisms in oncology research 

This thesis takes advantage of the combined power of model organisms and genomic technologies. 

Genomic technologies are those that in aim and scope allow measurement of near-complete 

complements of DNA, RNA, protein or other biomolecules in a biological sample. Among these 

analytes, nucleic acids (usually genomic DNA or messenger RNA) have been most widely 

accessible to a range of methods. Exclusively sequencing-based in their early incarnations (Sanger 

sequencing), their primary focus shifted later to DNA microarrays of ever increasing density, only 

to recently return to sequencing with the advent of massively parallel technologies. 

Model organisms are generally understood to be a small set of representatives from different 

phylogenetic groups, selected originally for properties that facilitate the study of select, often 

narrowly defined biological questions. Iconic examples include baker’s yeast (Saccharomyces 
cerevisiae), the fruit fly (Drosophila melanogaster), the rat (Rattus norvegicus), and the mouse 

(Mus musculus).  

The mouse is by far the most prominent model organism in oncology research (Figure 1). With a 

background of a 100-year history in biomedical research, today’s mouse cancer models can be 

precisely engineered with specific changes to specific cancer genes (for example, see (8)), and 

often mimic their human counterparts down to molecular levels of detail (9; 10).  

 
Figure 1: Titles of the scientific literature accessible via the Medline database linking cancer and 
select model organisms or human (Hs) from 1950 to 2010, graphed according to MLTrends (12). 
The logarithmic Y-axis represents the number of entries matching the keywords, divided by the total number of 

publications per given year, so that an increase over time indicates an actually growing proportion of the total 

literature. Compared to mouse (Mm), dog (Clf), and fruit fly (Dm), nematode (Ce) and zebrafish (Dr) appear 

late in the cancer field, the latter being the only model organism to presently show explosive growth in its share 

of relevant publications. 

Any title had to match at least one of the keywords “cancer(s)”, “tumor(s)”, or “tumour(s)” and one component 

of the scientific species name or the common name, as mentioned above. 
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Leaving aside the context of pre-clinical testing, the list of alternative metazoan model organisms 

in cancer research is quite short indeed. On the spectrum of proximity to humans with respect to 

phylogenetics, physiology, and presumably cancer etiology, we find on one hand the dog, with a 

potentially increasingly prominent role in genomics-based cancer research going forward (11). 

On the other end of the spectrum are two model organisms that are prominent subjects of this 

thesis: the nematode Caenorhabditis elegans and the teleost fish Danio rerio (2; 3). They are 
phylogenetically more distant from human than mammals, and their relevance to cancer research 

may not be obvious. Both are relatively recent model organisms, especially in the oncology field 

(Figure 1), elevated to this status essentially single-handedly by dedicated scientists. 

Today, genomic sequences are available for almost all model organisms in public databases, where 

they reside alongside a rapidly expanding collection of genome sequences from organisms that – 

while not model organisms per se – are of interest to the scientific community in the context of 

domains as diverse as evolutionary biology, disease biology, ecology, or agriculture. Together, 

these form a formidable repository amenable to bioinformatic analyses, of which this thesis 

provides a detailed example (1). 

Results by publication 

Periostin shows increased evolutionary plasticity in its alternatively spliced region (1) 

Periostin (POSTN), a secreted, extracellular matrix protein with a role in cell adhesion, has been 

found to be over-expressed in numerous cancers of epithelial origin and its increased expression 

has been associated with angiogenesis and metastasis. Human periostin is encoded by up to 23 

exons, giving rise to an 836-amino acid protein. It has a C-terminal region that constitutes a 

substantial part of the periostin protein (~180 amino acids) and is known to be subject to 

alternative splicing, but is currently devoid of defined protein domain annotations. 

We hypothesized that an in-depth sequence comparison to other organisms would shed light on 

the C-terminal region. We established homology between this region in tetrapod periostin and a 

strongly conserved C-terminal 13 amino acid repeat in periostin of teleost fish. Evaluating existing 

genomic and transcript sequence data enabled us to infer the full-length periostin sequence for a 

range of vertebrate species and to observe alternative splicing of the periostin C-terminal region 

for all euteleostome lines with sufficient transcript evidence, including teleost fish. 

This sequence comparison exercise allowed us to identify a 24th periostin exon that is expressed in 

only a subset of tetrapod lines, and a cluster of 8 additional genomically encoded copies of exon 

19 unique to the claw frog Xenopus tropicalis. In both these cases, these non-canonical exons are 
part of the periostin C-terminal region and were also found to be alternatively spliced. 

Moreover, comparing five teleost genome sequences, we found that teleost fish have – 

presumably as a consequence of the whole genome duplication event occurring prior to teleost 

radiation – two copies of periostin that show considerable divergence in their C-terminus. By 

contrast, the periostin paralog transforming growth factor, beta-induced (TGFBI), which lacks 
periostin’s extended, alternatively spliced C-terminus, is uniformly not duplicated in teleosts. 

Thus emerged a picture of the periostin C-terminal region as remarkably variable both on a 

transcriptional level (alternative splicing) as well as on a genomic and evolutionary level (having a 

high degree of sequence divergence and a variable number and length of exons). In our 
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interpretation, this may be a consequence of active sub- or neo-functionalization following the split 

between periostin and its paralog TGFBI. Interestingly, this situation is mirrored in the teleosts, 

where the two periostin copies show considerable variation in their C-terminal region. 

Finally, we found a predicted structure for the C-terminal region of consecutive beta strands 

separated by turns to be conserved across all vertebrate species, regardless of exon structure or 

the degree of conservation of the 13 amino acid repeats. This allowed us to propose, for the first 

time, a biological function for the periostin C-terminal region: Periostin is known to bind to, among 

other extracellular matrix proteins, fibronectin, and we hypothesized that the beta strands may 

mediate binding with other proteins through an extended beta-zipper, reminiscent of the way 

beta-strand repeat units in bacterial cell wall proteins have been described to bind human 

fibronectin. 

Author contributions 

This study and its design was conceived of by me and refined with input from co-author Miguel A. 

Andrade-Navarro. All analyses were performed by me, with the exception of the PSI-BLAST 

analysis conducted jointly with M.A.A. The work was discussed with M.A.A. on an ongoing basis. 

The manuscript, including all Figures and supplemental material, was drafted by me and revised 

and finalized with input from M.A.A. 

 

RNA interference and retinoblastoma-related genes are required for repression of 
endogenous siRNA targets in Caenorhabditis elegans (2) 

The realization that RNA serves as a functional regulatory molecule independent of its classical role 

in cellular protein synthesis stimulated an explosive field of research recently, with significant 

implications in cancer biology (13). 

The nematode Caenorhabditis elegans has been at the forefront of work on RNA-based gene 
regulation. Its genome encodes the largest number of short RNA-interacting Argonaut proteins 

known in any organism, along with thousands of genes coding for endogenous short interfering 

RNAs (endo-siRNAs). 

We used microarray analysis to concurrently study the gene expression in mutants for three RNA 

interference related genes, zfp-1, rde-4, and alg-1, and for lin-35, a nuclear factor and homolog to 

the human tumor suppressor gene retinoblastoma (RB1) in comparison to a wild-type strain. For a 

functional interpretation of the microarray-based results, we adapted the framework provided by 

the gene expression terrain map (“TOPOMAP”) (7). This is a mathematical projection of co-

expressed gene signatures into clusters (“mounts”) on a two-dimensional plane. The TOPOMAP 

analysis in (7) is based on a large collection of gene expression data obtained under a wide variety 

of conditions, covering the majority of C. elegans genes. Indeed, we found the fraction of C. 
elegans genes represented in TOPOMAP to be very high (77%), whereas only 46% of genes had 

Gene Ontology annotations. Also, the TOPOMAP representation is largely independent of the 

degree to which a gene is known or studied, affording us a more balanced functionalization of the 

C. elegans transcriptome than would have been possible using Gene Ontology annotations. 

We found that mutants of zfp-1 (a chromatin factor and homolog of human acute lymphoblastic 

leukemia-1 (ALL-1)-fused gene from chromosome 10 (AF10), MLLT10) and rde-4 (encoding a 
Dicer-interacting, double-stranded RNA-binding protein) exhibit similar expression changes 
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compared to wild-type worms. This notion emerged even more forcefully on the level of functional 

annotations (TOPOMAP mounts), clearly indicating involvement in a common pathway (RNAi-

induced transcriptional gene silencing) for these two genes. 

We used TOPOMAP as an integrating platform for comparing our own microarray data with 

relevant data in the public domain. Analyzing three separate datasets of endo-siRNA target genes 

in this fashion, we found statistically significant enrichment with overexpressed genes in zfp-1, 
rde-4, and lin-35 mutants both on the level of individual genes and of functional groups. This 

suggested that overexpressed genes in the mutants represented direct RNAi targets. 

Together, we provided evidence for a large-scale cooperation between endo-siRNAs and chromatin 

factors in regulating overlapping gene sets, and we anticipate a significant role for RNAi-mediated 

chromatin silencing in C. elegans gene expression regulation. 

Author contributions 

This study and its overall design was conceived of by first author Alla Grishok and Professor Philip 

A. Sharp, and the detailed study design was developed with my input. 

All experimental work and data analysis of PCR experiments was conducted by A.G. 

All bioinformatic analyses were conducted by myself, specifically: data processing and 

normalization of DNA microarray data (with input from Charles A. Whittaker); differential 

expression analysis of microarray data; evaluation of the suitability of Gene Ontology functional 

annotations for this study; adaptation and deployment of TOPOMAP as a platform for functional 

annotation; implementation of a statistical framework to evaluate gene set overlaps within 

TOPOMAP; mapping of 3rd-party datasets, notably endogenous siRNA collections, but also others 

only partially represented in the final publication. 

In addition to project discussions between co-authors P.A.S. and A.G. (with my occasional 

participation), A.G. and I met for project discussions on a regular basis, reviewing results and 

evaluating and deciding on analysis strategies or feasibility of public dataset analyses in the 

context of our data, often with my guidance. 

The manuscript was drafted by A.G. and revised with input from P.S. and myself. I wrote the 

Bioinformatics method sections and created Figures 1, S1, S2 and all three supporting data tables. 

In addition, I handled the submission of the gene expression microarray data to the public data 

repository (Gene Expression Omnibus, accession no. GSE13258). 

 

Highly aneuploid zebrafish malignant peripheral nerve sheath tumors have genetic 
alterations similar to human cancers (3) 

Chromosomal instability, a key characteristic of human cancer, leads to aneuploidy as well as 

subchromosomal abnormalities such as translocations, inversions, deletions, and amplifications. It 

is difficult to distinguish the many non-specific abnormalities (“passengers”) from those actively 

promoting disease progression (“drivers”). Mouse models are not very helpful at studying 

chromosomal instability, because they typically exhibit a substantially lower level of chromosomal 

instability than their human counterparts. 

In (3), using custom-designed microarrays for comparative genomic hybridization aided by 

confirmatory high-throughput sequencing, we investigated chromosomal changes in malignant 
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peripheral nerve sheath tumors (MPNSTs) arising in rp or p53 mutant zebrafish (Danio rerio) after 
a considerable latency period of 9 – 24 months. 

We found that zebrafish MPNSTs are highly aneuploid, generally with an average ploidy of 3N, 

suggesting that they represent a good model for aneuploidy in human cancer. Among the 36 

independent MPNST samples, we observed whole chromosome changes that were non-random; 

examples include over-representation of chromosomes 25, 11, and 10 and under-representation of 

chromosomes 15, 8, and 5. On the other hand, certain other chromosomes (e.g. 16, 13, and 3) 

showed no consistent trend for either over- or under-representation. 

We also observed sub-chromosomal amplifications, most notably on chromosome 25. Genes in 

these amplified regions included slc45a3, ccnd2a, and met – all genes whose human counterparts 

have been observed repeatedly in the context of chromosomal changes in human cancers and 

implicated as potential cancer drivers. 

Narrower focal changes (only several hundred thousand bases wide) were also found, although 

their evaluation proved problematic because of the preliminary status of the zebrafish genome 

assembly. Indeed, we observed that many of these narrow changes were mapped to different 

chromosomes in different genome assembly versions. In conclusion, these focal amplifications 

require validation independent of the genomic references currently available. 

Finally, we performed a preliminary, indirect validation of a candidate gene (fgf6a) from a sub-

chromosomal amplification on chromosome 25. In mammals, different members of the fibroblast 

growth factor (FGF) family are known to bind across four FGF receptors, effecting signaling 

through common MAP-kinase pathways. We showed that over-expression of a different fibroblast 

growth factor (fgf8a) led to accelerated onset of MPNSTs in p53 mutant background, and 

hypothesized that fgf6a may similarly be a driver gene for MPNST. 

Overall, we found that zebrafish MPNSTs display chromosomal changes resembling those observed 

in human cancer, suggesting zebrafish as a valuable model organism for the study of aneuploidy, a 

key aspect of cancer not readily accessible with mouse models. 

Author contributions 

This study, including overall research design, was conceived of by first author GuangJun Zhang 

with co-authors Adam Amsterdam, Professor Jacqueline A. Lees and Professor Nancy Hopkins. The 

detailed study design was developed with my input. All experimental work was conducted by G.Z. 

and A.A, who also performed data analysis of flow cytometry, Southern Blot, and chromosome 

counting data. 

I conducted all bioinformatic work – except for processing of the high-throughput sequencing data 

performed by co-author Charles A. Whittaker. Specifically, I carried out the following: evaluation of 

different design strategies for a custom CGH array for zebrafish; design of the array actually 

manufactured and used based on a collection of about 5 million probes provided by Agilent, 

including sequence analysis steps to ensure probe quality, uniqueness, and compatibility with the 

experimental protocol used; re-mapping (including quality assessment) of the existing array probes 

to a newly released zebrafish genome assembly; array data processing and normalization (Agilent 

Feature Extraction) and analysis of whole-chromosome as well as segmented copy number data 

(DNAcopy, STAC) in both array and sequencing data. 
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Certain detailed aspects of experimental design for this study were guided by me, especially the 

ongoing use of two-channel control/control samples to gauge noise levels in the data. These 

samples are not commented on in the publication, but were submitted to the public data 

repository for this study together with the tumor/normal samples. Also, the choice of high-

throughput sequencing for array validation was advocated by me (with C.A.W.). 

I participated in project discussions on a regular basis, usually involving co-authors G.Z., A.A. and 

N.H. During these, I frequently provided guidance on bioinformatic analysis, also on the feasibility 

and preliminary data for potential future zebrafish/human comparisons outlined in the Discussion 

section. 

The manuscript was jointly written by G.Z., A.A., N.H., and myself; I wrote the bioinformatics 

methods section with input by C.A.W. Figures 2 and 3A & B were created by me. 

Finally, I handled submission of the microarray and the high-throughput sequencing CGH data to 

the public data repository (Gene Expression Omnibus, accession no. GSE23666). 

Continuing research 

All three publications constituting this thesis reflect snapshots from active areas of research rather 

than final end points.  

The study on periostin (1) provides a foundation for further work, for which a manuscript is in 

preparation (14) and certain core aspects of which have already been disclosed in a patent 

application filed by Millennium Predictive Medicine (now Takeda, the Millennium Oncology 

Company, Cambridge, US) (15). Our insights into periostin’s C-terminal variability, including a 

potential functional mechanism, enable an improved interpretation of our findings of a cancer-

associated alternative splicing pattern in this region in clinical breast cancer samples. 

During publication of (2), the first author started her own laboratory at Columbia University, New 

York, where she continues research in C. elegans biology with a particular focus on RNA 
interference. She maintains an informal collaboration with me on a range of bioinformatics 

problems and specifically on the continued utilization of the TOPOMAP platform that was adapted 

for this publication as a tool for functionally annotating and integrating gene sets from a diverse 

spectrum of sources. We have found that this capability scales well, thus allowing additional data 

to be incorporated and easily compared to earlier gene sets. One manuscript reflecting this has 

been submitted for publication and is under review (16), another one is in preparation. 

Investigations into zebrafish cancer following (3) continue in a very direct fashion with my 

participation, as major points outlined in the Discussion section of this paper are now being 

pursued. Instead of the custom-designed microarrays used in (3), we are now using high-

throughput sequencing exclusively – a testament to the extremely rapid advancement of this 

technology. Several hundred zebrafish tumor samples – mostly from MPNSTs, but also from two 

other tumor types – have already been sequenced and data analysis is ongoing. 

Furthermore, efforts are underway to explore the idea that the considerable evolutionary distance 

between humans and zebrafish can be used to hone in on cancer driver genes by “intersecting” 

the genes affected by chromosomal gains or losses observed in human and zebrafish cancer. 

Compared to considering all genes affected by chromosomal alterations in a single organism, the 

resulting collection of candidate genes is considerably reduced and expected to be enriched with 
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cancer-relevant genes. These, then, could be identified within this relatively small gene set using 

RNAi-screening (see e.g. (17; 18). 

 

 

The following sections are an attempt to provide both historical and current context 

for the projects of my thesis, space constraints notwithstanding. These considerations 

are guided by the two areas so central to this thesis, that is, genomics and model 

organisms. They continue to emphasize in their outlook the biomedical research into 

cancer, and its progress. 

Caenorhabditis elegans as a cancer model organism 

The nematode Caenorhabditis elegans was systematically introduced as a model organism for 

genetic research by Sydney Brenner in 1974 (19). Since then, it has been at the forefront of 

groundbreaking biological research, including for example the unraveling of the mechanisms of 

RNA interference (RNAi) in 1998 (20). 

Nematodes do not develop cancerous tumors, although hyper-proliferation of some cell lineages 

can occur as a consequence of mutations in certain genes. Nevertheless, the impact of C. elegans 
on oncology research is very considerable. Firstly, the discovery of RNAi as a biological 

phenomenon led to the development of RNAi as a laboratory technique, with a significant impact 

in cancer research. For example, the resulting RNAi-based ability to perform loss-of-function 

screens has enabled genome-wide studies elucidating oncogenic pathways by virtue of profiling 

and comparing multiple cancer cell lines (17; 18). 

Secondly, central biological processes and their genes are generally conserved between nematodes 

and vertebrates (13). Thus, insights obtained in C. elegans into the biological workings of these 
genes and pathways are relevant for vertebrate cancer biology, which routinely involves the 

deregulation of such conserved processes as cell cycle progression, growth factor signaling, or 

apoptosis. 

In our work (2), three of the four genes mutated in the microarray profiling panel are homologs of 

prominent cancer genes: For example, lin-35 is a homolog of the tumor suppressor and negative 

cell cycle regulator gene RB1 (retinoblastoma 1), that causes childhood retinoblastoma, bladder 

cancer, and osteosarcoma, when mutated. A second gene, zfp-1 is a homolog of MLLT10 
(myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, Drosophila); translocated to, 

10), also called AF10. MLLT10 is a transcription factor best known for its involvement in 

chromosomal translocation events leading to leukemias via the generation of fusion transcripts and 

proteins. It is notable, however, that MLLT10 function in its native configuration remains largely 

uncharacterized. Consequently, the picture emerging from this and follow-up work of ZFP-1 as a 

negative modulator of its targets will be important in elucidating native MLLT10 function. It is 

interesting to note that zfp-1 appears to echo MLLT10 in terms of transcript isoform complexity. 

Cancer cells can gain properties important for survival by expressing genes whose expression is 

normally restricted to germline cells. In humans, a class of genes illustratively named cancer-testis 

antigens provides an example (21). A more recent study in the fruit fly Drosophila melanogaster 
(22) implicates fly retinoblastoma protein homologs in a role of keeping germline genes 

transcriptionally repressed in somatic cells. While this function of RB1 still remains to be 
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demonstrated in mammals, our study mirrors these findings: we find over-expression of germline 

genes in the lin-35 mutant C. elegans strain. Thus we show that C.elegans biology informs cancer 

research for both individual gene function as well as broad trends in cancer. 

Danio rerio as a cancer model organism 

George Streisinger and colleagues introduced the teleost Danio rerio, the zebrafish, as a model 

organism for conducting genetic screens in 1981 (23). Over the next two decades, the screening 

methodology evolved considerably, leading to important insights mainly in the field of 

developmental biology. Only then, a forceful, but largely theoretical case was made for using 

zebrafish as a model system for cancer (24). Over the following years, several zebrafish cancer 

models (pancreatic cancer, melanoma, leukemia) were introduced in the literature. One study 

demonstrated that mutations in ribosomal protein genes can lead to tumors, mostly malignant 

peripheral nerve sheath tumors (MPNSTs) (25). The zebrafish study reported here continues and 

builds on that earlier work. 

As an aside, there is an earlier strain of work pointing to a role for zebrafish in oncology studies 

that is distinct from the historical background of genetic screening: The fact that zebrafish 

reproducibly develop tumors in response to carcinogen exposure was documented as early as 

1965 (26), with similar work in other types of fish going back even further. It is interesting to 

contemplate the prospect of re-opening this line of research to compare and integrate the results 

with those obtained from genetic cancer models and their genomic characterization. 

The fact that zebrafish develop tumors, and tumors with direct histological counterparts in 

mammals, gives that organism a more immediate role in cancer research than the nematode. As is 

true for mouse models, caution is nevertheless warranted on the genetic level where an exact 

correspondence between the human cancer and its modeled counterpart is harder to ascertain. For 

example, in human cancer, there is, as of yet, no known direct correlate for ribosomal protein 

genes acting as tumor suppressors. 

In this context, the contribution of our study is significant, because it documents the chromosomal 

alterations frequent in zebrafish MPNSTs, which in turn implicate some well known cancer genes 

(e.g. met, cdk6, slc45a3, ccnd2a). Compared to mouse models, this represents an advance with 

respect to the goal of modeling human cancer as accurately as possible. This zebrafish model 

captures aneuploidy, a common feature of many human cancer types, without giving up the 

context of known cancer genes. 

Distinct genomic characteristics in C. elegans and D. rerio 

There is a genomic and bioinformatic perspective from which a comparison between C. elegans 
and D. rerio is of interest in the context of this thesis. These considerations comprise both certain 

aspects of the organisms’ genome structures and, more technically, the status of the genome 

assemblies that are the actual basis for much of the analytical and bioinformatic work. 

The C. elegans genome sequence was published in 1998 (27) as the first genome of a multicellular 

organism. Today, the genome sequence is well established, so that differences between successive 

assembly releases are generally minuscule. Intriguingly, over the years, total estimates for protein-

coding genes have steadily increased for C. elegans, while they have fallen dramatically for the 

human genome, so that they presently point to about 20,000 genes for either organism. This fact 

has to be taken into account when weighing the argument (see e.g. (13)) that distinct advantages 
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arise from studying cancer genes in C. elegans due to its less redundant gene networks. For 
example, the C.elegans gene lin-35 is homologous to three human genes: RB1 and its two 
paralogs RBL1 (p107) and RBL2 (p130). Similarly, the C.elegans gene cep-1 is homologous to the 

human genes TP53, TP63, and TP73. On the other hand, the similar overall gene counts in both 

organisms indicate that there must be instances where the situation is actually reversed. Also, 

some C. elegans genes do not have recognizable vertebrate homologs at all, as illustrated by the 

case of rde-4 (2), adding complexities to the mapping of C. elegans-based genetic models onto 

vertebrate gene networks. 

The situation for the D. rerio genome is markedly different in several respects. The genome has 

undergone a relatively recent duplication event that happened at the base of the teleost radiation. 

As discussed and illustrated with the example genes of postn and tgfbi (1), this has resulted in the 
retention, followed by neo- or sub-functionalization of the duplicate copy, for some genes (postn) 
and the loss of one duplicate for others (tgfbi). This situation is reflected in zebrafish gene names 

that often carry the suffix ‘a’ or ‘b’ to denote the two paralogs. These are, however, not reliably 

recognized and labeled, as the example of zebrafish postn and its unnamed paralog illustrates. 

Biologically, an important consequence is that an additional layer of uncertainty impedes the 

determination of the teleost “functional ortholog” for a given mammalian gene. 

The D. rerio genome sequencing project was started in 2001 and a first assembly was released in 

2003 (28). Assemblies have been affected by polymorphisms originating from the large number of 

diploid embryos originally used for obtaining source DNA. Unlike for C. elegans or human, 

differences between successive zebrafish genome assemblies continue to be major to this day, and 

can necessitate major bioinformatic efforts in practice (see above and (3)). Parts of the genome 

sequence, varying between versions, are disjointed from any of the 25 chromosomes, adding to 

the challenges for bioinformatics and genomic data analysis. 

From model organisms to model genomes 

In this thesis, two studies (2; 3) summarize distinct research efforts carried out in one particular 

model organism, with the potential for applicability to human biology. By contrast, (1) represents a 

different mode of working with model organisms: it focuses on one particular gene, periostin 

(POSTN). Our study elucidates properties of this region by comparing periostin across vertebrate 

species, from mammals to teleosts, and tentatively beyond. Complete or even partial periostin 

gene models existed only for a fraction of the species examined, a shortcoming that was overcome 

with the help of genomic (and to a lesser degree, transcriptomic) sequence data. 

This “vertical” approach – available in principle for any gene of interest – would not have been 

possible without the large and rapidly increasing number of genome sequences in the public 

domain. It is hence symptomatic for a new, genomically and bioinformatically informed perspective 

on model organisms. 

Traditionally, scientific and practical considerations such as exemplary or characteristic biological 

features, abundance of offspring, short generation time, or ease of stock maintenance, and finally 

a sufficiently widespread consensus among the scientific community determined an organism’s rise 

to “model organism prominence”. But today, genomically, phylogenetically, or bioinformatically, it 

is possible for organisms to serve as research models based solely on characteristics of their 

genomic sequence. The following two examples illustrate this transition: 
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(i) The scientific community’s convergence towards the thale cress (Arabidopsis thaliana), an 
angiosperm plant, as a model organism is even more recent than for C. elegans and D. rerio. 
When a high-profile case was made in 1985 (29), its genome was discussed in considerable detail. 

While whole-genome sequencing itself was not yet conceivable, genome features such as small 

size (implying a manageably small number of clones needed for a comprehensive library), low 

chromosome count, and low repeat content were explicitly put forward alongside “classical” 

advantages such as a short generation time, high seed counts, or the ease of obtaining 

homozygous plants due to self-fertilization. 

(ii) Probably the first example of a model organism being advanced on an exclusively genomic 

basis is from 1993, when Sydney Brenner – once more – and his colleagues made the case for the 

characterization of a certain pufferfish (Takifugu rubripes) genome (30). Introducing the term 

“model vertebrate genome”, they argued that this pufferfish’s compact genome of 400 Mb put it 

within reach of existing or at least conceivable sequencing technology at the time and that its low 

complexity and high ratio of coding vs. non-coding sequence made it an ideal tool for the task of 

gene discovery in humans. Notably, contrary to zebrafish, pufferfish are not generally practical as 

model organisms – but the T. rubripes genome is almost four times smaller than the zebrafish 

genome. 

After the announcement of the human genome sequence in 2001, the first decade of the 21st 

century was marked by an accelerating release of sequenced genomes, made possible by the 

rapidly progressing maturation of the Sanger sequencing-based technology and the concurrent 

ramp-up in capacity. Genome projects for established model organisms with large genomes 

(mouse, dog, claw frog, zebrafish) were soon complemented by those elected on the basis of 

phylogenetic interest (platypus, opossum, anole lizard) and, in parallel, of agricultural importance 

(cow, rice, grape). 

Oncology research and the accelerating genomic revolution 

Today, genomic research finds itself in a situation characterized by mature DNA microarray 

technology and by rapidly developing massively parallel sequencing technology. The latter is 

increasingly replacing traditional technologies, including for whole genomes, as stunningly evident 

from the sequence quantity statistics posted on the U.S. Department of Energy’s genome 

sequencing project website (31). It is also making inroads for applications for which microarrays 

had been the gold standard for years (gene expression, copy number, mutations), a trend that is 

accelerated by the added promise to address questions not or only with difficulty accessible to 

microarray technology (e.g. translocations, splice variants). 

In our case, follow-up work to (3) involves hundreds of zebrafish tumor samples being surveyed 

for copy number aberrations and relies on high-throughput sequencing rather than microarrays. 

Also, in our continued work in C. elegans, public datasets cross-correlated with project-generated 
data are increasingly sequencing-based and, accordingly, massive in size. 

For model genomes and their analysis, this development has opened the door to characterizing 

within-species variation at unprecedented resolution. For human at least, the concept of “one 

organism – one genome sequence” as conveniently reflected in many popular genomic 

bioinformatics resources, is rapidly becoming outdated: human genomes are being sequenced 

widely, putting a spotlight on the extent of naturally occurring intra-species variation, the 

“variome”. 
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Similarly for cancer, present oncogenomic research by far exceeds traditional piecemeal 

characterization efforts of individual select cancer-specific differences (mutations, over- and 

underexpressed genes) to approach the goal of comprehensively characterized, cancer type-

specific model cancer genomes (plus their transcriptomes and variomes). It is intriguing to reflect 

on this trajectory as a vindication of sorts of the proposal by evolutionary biologist Leigh Van Valen 

– inscrutable regarding its intended seriousness – to classify cancer cell lines (specifically HeLa) as 

their own species (32). This idea reverberates today in studies tracking the evolutionary 

trajectories of cancer (33), and in instances of personal cancer genome sequencing in clinical 

research settings (34; 35), with the ultimate goal of deriving individualized and hence optimized 

therapy options from the results. Such “personalized medicine” and their rationale were presaged 

more than 35 years ago (36), but are becoming comprehensively feasible only today. 

The rapid pace of genome sequencing of especially human genomes may obscure the fact that 

some non-human model genomes, including those of less established model organisms, are 

lagging behind to varying degrees, and that improvements are not in sight. The situation for the D. 
rerio genome has been discussed above. Much worse, other genomes remain without 

chromosome-based assemblies (claw frog), some of them so fragmented as to make even simple 

gene finding exercises challenging (elephant shark, lamprey), and their projects may well be at the 

end of their funded life cycles, effectively making them “orphans”. This situation has frustrated 

distinct avenues of investigating periostin, when we attempted to identify the C-terminal region in 

phylogenetic lines outside of the euteleostomes (see Additional file 6 in (1)). It also continues to 

pose difficulties due to the problems in the genome assembly (described above), as our zebrafish 

studies progress (3). 

It can be hoped that the new sequencing technologies may eventually offer a solution to this 

conundrum, once their cost is sufficiently low and their employment sufficiently routine. 

Recognizing that a phylogenetically broad collection of genome sequences that uniformly meet 

certain minimum standards is in the interest of the scientific community as a whole, it should be 

feasible to “brush up” low quality genome sequences by combining the existing with newly 

generated sequencing data, a model that has already been followed for the last zebrafish 

assembly. Maybe, a way will be found to do the same also for orphan genome projects. 

Advances in our understanding of cancer biology today are significantly and systematically driven 

by model organisms and genomic research. This thesis illustrates some of the diverse research 

modalities following this concept, occupying distinct coordinates in a space defined by axes such 

as ‘bioinformatics vs. experimental approaches’, ‘number of organisms considered’, ‘number of 

genes investigated’, ‘basic vs. applied research goals’, and many others. And it nourishes the hope 

that ultimately, the challenge of fusing all the rapidly growing islands of insight into a cohesive 

understanding that can actually translate into a “cure for cancer” will be met. 
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Periostin shows increased evolutionary plasticity
in its alternatively spliced region
Sebastian Hoersch1,2*, Miguel A Andrade-Navarro3

Abstract

Background: Periostin (POSTN) is a secreted extracellular matrix protein of poorly defined function that has been

related to bone and heart development as well as to cancer. In human and mouse, it is known to undergo

alternative splicing in its C-terminal region, which is devoid of known protein domains. Differential expression of

periostin, sometimes of specific splicing isoforms, is observed in a broad range of human cancers, including breast,

pancreatic, and colon cancer. Here, we combine genomic and transcriptomic sequence data from vertebrate

organisms to study the evolution of periostin and particularly of its C-terminal region.

Results: We found that the C-terminal part of periostin is markedly more variable among vertebrates than the rest

of periostin in terms of exon count, length, and splicing pattern, which we interpret as a consequence of

neofunctionalization after the split between periostin and its paralog transforming growth factor, beta-induced

(TGFBI). We also defined periostin’s sequential 13-amino acid repeat units - well conserved in teleost fish, but more

obscure in higher vertebrates - whose secondary structure is predicted to be consecutive beta strands. We suggest

that these beta strands may mediate binding interactions with other proteins through an extended beta-zipper in

a manner similar to the way repeat units in bacterial cell wall proteins have been reported to bind human

fibronectin.

Conclusions: Our results, obtained with the help of the increasingly large collection of complete vertebrate

genomes, document the evolutionary plasticity of periostin’s C-terminal region, and for the first time suggest a

basis for its functional role.

Background

Periostin (POSTN, PN, OSF-2) is a secreted extracellular

matrix (ECM) glycoprotein of up to 93 kDa with a role

in cell adhesion. It was originally identified in cells of

mesenchymal lineage - osteoblasts, osteoblast-derived

cell lines, the periosteum, and the periodontal ligament

[1,2]. Its role in the development of bones, teeth, and

cartilage has been documented subsequently (e.g. [3-7]).

Furthermore, periostin has in recent years prominently

emerged as important on two distinct fronts, both of

them with notable clinical implications: One is its differ-

ential expression in a wide array of epithelial tumors

compared to their respective normal tissues (for reviews,

see [8,9]). For the majority of cancers investigated, peri-

ostin expression was found to be increased over normal

tissue, but there are distinct exceptions where this pat-

tern is reversed. The other relevant area is its expression

in the developing and the diseased heart (for reviews,

see [10-13]). In the developing heart, periostin has been

found to be expressed in distinct substructures. In

pathological heart conditions, periostin expression has

been described both in the context of acute events

(myocardial infarction) [14,15], as well as chronic patho-

logical conditions (pressure overload) [15,16].

A comprehensive understanding of periostin’s func-

tional spectrum is still actively developing, but certain

core aspects emerging from those three major areas

(skeletal development, heart development and disease,

and cancer) are coming increasingly into focus. Studies

have associated periostin with epithelial-mesenchymal

transition (EMT) in cancer [17,18] and with mesenchy-

mal differentiation [19-22] in the developing heart.

Early characterizations of periostin as an adhesion

protein on the basis of its apparent homology to insect
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fasciclin [23] have subsequently been refined by expand-

ing the collection of known ECM binding partners (see

below), and secondly by illuminating functional aspects

consistent with a role in contact-signaling [12]. Periostin

protein, whose expression has been found to be pro-

moted for example by TGFbeta1, 2, or 3 and BMP-2 in

multiple studies [2,21,24-28], can bind to certain integ-

rin receptors, which subsequently activate the Akt/PKB

pathway via FAK and PI3K, leading to an enhanced

migratory or invasive phenotype [14,29-33].

The periostin gene in human and mouse has 23 exons,

with a genomic footprint covering about 36 (or 30) kilo-

bases in human (or mouse). Both terminal exons in

mouse and human are protein-coding. The periostin

protein (see Figure 1) has an N-terminal signal sequence

in accordance with its status as a secreted protein, an

EMI domain, and four Fasciclin (FAS1) domains. The

EMI domain, encoded by exons 2 and 3, is thought to

be involved in protein-protein interactions or protein

multimerization [34], and may be responsible for perios-

tin dimers observed in some studies (e.g. [31,35]). A

very recent report described EMI domain-mediated

dimers of periostin and its paralog TGFBI (see below)

[36], making it likely that the dimers observed in various

periostin studies are indeed physiologically relevant.

Besides integrins, periostin has been described to bind

a number of other ECM proteins, for example heparin

[37], fibronectin [38], and collagen I [35,39], although

the precise binding mechanisms are not defined in these

cases. The four fasciclin (FAS1) domains, described as a

cell adhesion module [23], are encoded by exons 3 to

14. As recently reported, each of these FAS1 domains

contains an N-terminal recognition site for g-glutamyl-

carboxylase, which mediates the post-translational modi-

fication of glutamate to g-carboxyglutamate [40]. Also,

integrin binding motifs are found in the second and

fourth FAS1 domain, as inferred from findings of the

periostin paralog transforming growth factor, beta-

induced (TGFBI, also BIG-H3 or betaig-h3) [41].

Finally, exon 15 is followed by exons 16 - 23, making

up 182 amino acids (in human) and thus a rather sub-

stantial part of the protein. The function of this stretch,

sometimes referred to descriptively as “hydrophilic

region” or, as from here onwards, “C-terminal region”, is

essentially unknown, although some aspects of its poten-

tial role have been investigated [42]. It is devoid of

known domains and contains few known sequence

motifs: (overlapping) regions of low compositional com-

plexity and of intrinsic disorder (obviously interdepen-

dent features) and a C-terminal nuclear localization

signal [43], which appears at odds with periostin’s status

as a secreted protein.

Interestingly, alternative splicing was described early

on for human and murine periostin exclusively in this

C-terminal region [1,2]. This is also suggested by EST

sequence data for human or mouse periostin, where

exons 17 to 21 present themselves as cassette exons that

can be excluded from mature RNA message in various

combinations, or individually.

The periostin paralog TGFBI is a protein with a

domain structure identical to periostin (Figure 1) with

the following exception: TGFBI, comprising only 17

Figure 1 Periostin and TGFBI exon and domain structure. Numbered periostin (POSTN) and TGFBI exons (coding sequence only) are

displayed to scale. Amino acid (AA) position scales and hydrophobicity profiles (adapted from the UCSC proteome browser [84]) for either

protein are displayed above and below the exon structures, respectively. Domains and features in common are displayed in-between: a signal

sequence (ss), an EMI domain, and four FAS1 domains. Vertical black bars in FAS1 domains 2 and 4 mark the integrin binding sites with

conserved central DI dimers. The shaded regions in the N-terminal end of the FAS1 domains represent g-glutamylcarboxylase recognition sites.

Additional features specific to either of the two proteins are indicated by markers positioned in the respective exon structure as follows. Pink

diamond: POSTN N-glycosylation site; blue triangle: TGFBI integrin RGD binding site; green oval: POSTN heparin binding motif (suspected); purple

rectangle: POSTN bipartite nuclear localization signal. The two orange V’s mark sites of genomic variation in periostin of other tetrapods:

between exons 19 and 20, a cluster of 8 additional exon 19 copies observed in X. tropicalis, and an additional exon “21V22” between exons 21

and 22, observed for example in chicken. The periostin region between exons 16 and 22 is flagged as subject to widespread alternative splicing

("AS”), and the extent of the “C-terminal region” as referred to in this work is indicated. See the main text for detailed descriptions.
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exons, is notably shorter and lacks completely the C-

terminal region that is subject to alternative splicing in

periostin. Periostin and TGFBI sequences diverge funda-

mentally after the fourth fasciclin domain (i.e. starting at

exon 15). An Arg-Gly-Asp (RGD) binding motif for a

subgroup of integrin adhesion receptors (reviewed in

[44]) is found in TGFBI exon 15, which is followed by

two short exons 16 and terminal exon 17. Interestingly,

TGFBI a3b1-integrin binding has been shown to be

mediated not via the canonical RGD binding motif, but

via two pentapeptides containing a central Asp-Ile (DI)

dimer found in the second and fourth FAS1 domain

[41], which were subsequently found to be conforma-

tionally similar to RGD peptides [45]. While an RGD

motif is not present in periostin, the DI dimers in FAS1

domains 2 and 4 are conserved between the two pro-

teins, strongly suggesting a mechanism for periostin

integrin binding.

Much of the literature on TGFBI is dedicated to cer-

tain relatively common mutations causing a variety for

corneal dystrophies (reviewed e.g. in [46]), a functional

aspect for which there is no known counterpart for peri-

ostin. Like periostin, TGFBI is a TGFbeta-induced,

secreted, integrin-binding ECM protein expressed dur-

ing cardiac development and differentially expressed in

certain epithelial cancers (e.g. [47]). But there is also

mounting evidence that periostin and TGFBI can have

complementary or opposite roles in cancer and develop-

ment. For cancer, reports highlight a tumor-suppressive

role of TGFBI (e.g. [48,49]), and complementary expres-

sion patterns of periostin and TGFBI in the developing

heart were explicitly studied [50].

Here we present the results of our computational ana-

lysis of periostin’s C-terminal region (exons 16 - 23),

which constitutes the most visible difference between

periostin and its paralog TGFBI and is hence likely to

be a major determinant of the functional differences

between these two genes and of periostin function per

se.

Against the backdrop of unavailable functional or

structural annotation and of indications for greater phy-

logenetic variability relative to the much better anno-

tated rest of the gene, our interest was increased by the

pervasive alternative splicing specific to this part of peri-

ostin. Periostin isoform heterogeneity is a source of sig-

nificant complexity in the rapidly growing body of

research on this gene, exacerbated by the fact that the

precise nature of the variants observed or used experi-

mentally is not always readily apparent. But cell-specific

periostin isoform profiles have been demonstrated early

on [2], and isoform-specific biological properties have

been documented subsequently (e.g. [14,51,52]). It is

hence not an exaggeration to expect that an improved

understanding of periostin’s C-terminal region in

general and its alternative splicing patterns in particular

may help resolve the sometimes controversial findings

on periostin’s biological effects.

Methods

Profile-based homology search

We compiled an alignment of two consecutive repeats

from fragment 675-700 of periostin isoform 1 [Danio

rerio] (RefSeq:NP_001071254.1) with fragments from

another two sequences from D. rerio and one from

Xenopus tropicalis found via BLAST [53]. The alignment

was done using ClustalW [54] and manual editing. This

alignment was converted into a profile and used for a

search against UniRef100 with the program hmmsearch

[55]. Iterative searches and addition of new positives led

to a progressively refined profile with repeats from Tet-

raodon nigroviridis, Takifugu rubripes, and chicken,

which matched mammalian periostin sequences (includ-

ing human) at E-value 1.8 (3rd iteration). No false posi-

tive was observed below this E-value.

Periostin locus identification and sequence reconstruction

(assembled genomes)

Periostin loci in genome assemblies of interest (detailed

in Additional file 1, Table S1) were identified in the

UCSC genome browser [56] (accessible at http://gen-

ome.ucsc.edu/) via a combination of annotation tracks

[57], where possible. Otherwise, the BLAT [58] search

function within the genome browser was used to search

with known periostin sequences from other organisms.

If available, transcript data (UCSC tracks ‘(species)

mRNAs from GenBank’ and ‘(species) ESTs That Have

Been Spliced’ were used to synthesize full-length perios-

tin sequences with a complete set of exons, commonly

resulting in full-length sequences with a higher exon

count than found in available RefSeq sequences (Mm,

Gg, Xt, Dr).

We identified individual missing exons or refined the

boundaries of individual exons with the help of BLAT-

based alignments and the ‘Vertebrate Multiz Alignment

& Conservation track’ [59], which provides sequence-

level genomic alignments for many vertebrate genomes.

For teleosts, we used periostin gene predictions from

the Ensembl database [60] (accessible at http://www.

ensembl.org ), if available, in combination with tran-

script evidence or BLAST-based efforts to expand exon

coverage.

For genome assemblies with insufficient or no tran-

script coverage of periostin, we performed TBLASTN

[53] searches with a known full-length periostin

sequence (usually human or chicken periostin for tetra-

pods and zebrafish locus 1 periostin for teleosts) as

query against a genomic sequence fragment comprising

the periostin locus as a subject sequence, changing

default BLAST parameters to not mask repeats and to
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report hits with E-values higher than 10.0. TBLASTN

hits were then evaluated in an exon-by-exon fashion:

exact exon boundaries were defined aided by the ‘Verte-

brate Multiz Alignment & Conservation track’ and on

the basis of assuming splice site conservation with cano-

nical GT-AG intronic splice sites in all cases as com-

mon practice in the comparative genomics field [61],

and the correct sequential order of the exons in the

genomic sequences was ascertained. It is hence impor-

tant to bear in mind the putative nature of this group of

predicted periostin sequences.

Multiple sequence alignments and phylogenetic trees

All multiple sequence alignments were performed using

the ClustalW algorithm as implemented in the ClustalX

(version 2.0.11) software package [54], using default

parameters, in particular using Neighbor Joining as the

clustering algorithm. Bootstrapping values were obtained

based on 1000 trials. Alignment-based phylogenetic

trees were generated with gapped positions excluded

and visualized with NJplot (described in [62]).

Genomic sequence alignments

In addition to the seven tetrapod and five teleost species

listed in Additional file 1, Table S1, we selected 16 addi-

tional species to study periostin exon 21V22 in the con-

text of an alignment of genomic sequences containing

the periostin locus.

Five additional genomic sequences were obtained from

the UCSC genome browser [56] for dog (Canis famil-

iaris, assembly canFam2), cow (Bos taurus, assembly

bosTau4), horse (Equus caballus, assembly equCab2),

zebra finch (Taeniopygia guttata, assembly taeGut1),

and tentatively for lamprey (Petromyzon marinus,

assembly petMar1).

Another 11 genomic sequences were obtained with

the help of the Ensembl genome browser (http://www.

ensembl.org) from generally less mature genome assem-

blies of other organisms, after the periostin locus was

identified using the ‘Projected human gene’ track. These

organisms were: armadillo (Dasypus novemcinctus), dol-

phin (Tursiops truncates), European hedgehog (Erina-

ceus europaeus), hyrax (Procavia capensis), kangaroo rat

(Dipodomys ordii), lesser hedgehog tenrec (Echinops tel-

fairi), megabat (Pteropus vampyrus), microbat (Myotis

lucifugus), squirrel (Spermophilus tridecemlineatus), tar-

sier (Tarsius syrichta), and tree shrew (Tupaia

belangeri).

The genome sequence alignments were then per-

formed using the VISTA suite of computational geno-

mics web tools [63] (accessible at http://genome.lbl.gov/

vista/ ), using the mVISTA option as appropriate for

aligning and comparing genomic sequences from multi-

ple species. Within mVISTA, ‘Shuffle-LAGAN’ [64] was

chosen as the alignment program, no repeat masking

was performed, and “translated anchoring” was selected

for its reported potential to improve alignment of dis-

tant homologs. VISTA was run twice, with two different

“reference sequences” that the alignment is anchored to:

genomic periostin sequence from chicken was used as

reference sequence to study exon 21V22 (Additional file

2, Figure S1 and Additional file 3, Table S2A), and

genomic periostin sequence from human was used to

study exon 17 (Additional file 3, Table S2B).

Sequence logos

Sequence logos were generated using the internet-based

tool WebLogo (version 2.8.2) [65] (accessible at http://

weblogo.berkeley.edu/), without small sample correction

and with a customized color scheme.

For tetrapod exon sequence logos, exon-specific align-

ment blocks from seven tetrapod species (Additional file

1, Table S1) were submitted individually for sequence

logo generation. The teleost repeat sequence logo was

obtained by manually aligning the individual 13 amino

acid repeat units within exon 18=19 from D. rerio, locus

1 (6 repeat units) and locus 2 (13 repeat units), G. acu-

leatus, locus 1 (7 repeat units) and locus 2 (5 repeat

units), T. nigroviridis, locus 2 (8 repeat units), and T.

rubripes, locus 2 (6 repeat units), totaling 45 repeat

units. Alignment involved the occasional introduction of

gaps and, in one case, the deletion of one amino acid

from one repeat sequence to avoid the introduction of a

gap position into the repeat alignment. This repeat

alignment block was then duplicated (side-by-side)

before being submitted for sequence logo generation.

Repeat visualization with dot-matrix plots

To visualize repetitive patterns within sequences with 2-

dimensional matrix dot plots, the JAVA application

JDotter [66] (accessible at http://athena.bioc.uvic.ca/

tools/JDotter) was used. For genomic DNA sequences,

(Additional file 4, Figure S2) we used a sliding window

of size 50 (default) and a DNA scoring matrix of +5 for

a match and -4 for a mismatch. Dot plots were origin-

ally generated at a resolution of 1 nucleotide per pixel

and displayed with the following parameters for the

“GreyMap Tool” to optimize visibility of the repeats in

the display: 0 (top)/35 (bottom).

For protein sequences, we used a sliding window of

size 5 and the amino acid scoring matrix BLOSUM62.

The dot plot was generated at a resolution of 1 residue

per pixel and with default “GreyMap Tool” parameters 0

(top)/245 (bottom) for the matrix display to obtain the

maximum dynamic range of grey-values. The grey value

continuum underlying this matrix display was then con-

verted into a color continuum (white-yellow-orange-red-

black) using standard image manipulation software.

Secondary structure predictions

For secondary structure predictions, we used PsiPred

[67] implemented as a web-based tool [68] (accessible at

http://bioinf.cs.ucl.ac.uk/psipred/). PsiPred v2.5 was used
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for all predictions. Predictions were performed without

any filtering options selected, in particular without the

option to mask low complexity regions (selected by

default).

Determination of periostin exon 21 and exon 21V22 in

Xenopus laevis

For 21 EST sequences from X. laevis periostin, the

UCSC browser indicated additional sequence without

genomic match at a position coincident with an assem-

bly gap between scaffold_505_18 and scaffold_505_19.

The EST subsequences without genomic coverage were

analyzed and determined to be identical, with a length

of 81 nucleotides. Protein sequence comparisons with

chicken periostin showed that the unmatched subse-

quence is periostin exon 21 and that the following exon

(seen in 9 out of a total of 33 EST sequences covering

this region) is actually exon 21V22 (data not shown).

Results

Exon naming conventions

Periostin is universally described as a 23-exon gene. Our

findings, going beyond the scope of human and mouse

as the organisms in which periostin has been investi-

gated, expand and modify this notion on multiple

counts. To keep our exon designations consistent with

those in the existing literature while maintaining the

capability to capture the new findings presented here,

we decided on the following rules:

We consider exons 1 - 23 as described for human and

murine periostin “canonical” and leave their numbering

unaltered. We refer to homologous exons in other spe-

cies by the same numbers, even if variations in exon

count were found to exist.

Additional or modified exons without direct counter-

parts in human or mouse are referred to by special des-

ignations we are introducing here (see also Additional

file 1, Table S1).

The tetrapod periostin C-terminal region is homologous

to a repetitive part of teleost fish periostin

Our early attempts to identify homologs of known func-

tion to the C-terminal part of human or murine perios-

tin using sequence similarity searches in protein

databases produced exclusively hits to corresponding

regions in tetrapod periostin sequences. An iterative

search (PSI-BLAST) with this region (exons 16 - 23)

alone produced an alignment (data not shown), with a

sequence fragment of zebrafish (Danio rerio) periostin

marked by a highly conserved 5-fold 13-amino acid

repeat [39], covering exons 16 - 20 of the human perios-

tin query.

In order to ascertain actual homology between the

obviously repetitive part of zebrafish periostin and the

C-terminal part of mammalian periostin, we conducted

a profile-based homology search with repeat units of the

zebrafish periostin (see Methods for details). We found

that a search with only one repeat unit resulted in spur-

ious hits, i.e., protein sequences of generically repetitive

nature, e.g., myosin. However, using as few as two

repeat units together for the search produced as the top

hits specifically periostin C-terminal sequences from

other vertebrate organisms, including human and

mouse.

These results confirmed an evolutionary relationship

between mammalian periostin C-terminal sequence and

a zebrafish periostin repeat region, but since no signifi-

cant hits to other proteins were found, it also marked

the “end of the road” for attempts to identify similarities

to gene sequences other than periostin for a tentative

functional annotation. We hence decided to systemati-

cally compare complete periostin sequences and espe-

cially their C-terminal region across a range of

phylogenetically diverse vertebrates in the hope of gain-

ing clues to the functional role of the C-terminal region.

Full length periostin sequence, including the alternatively

spliced part, can be inferred for many vertebrates with

genomic data

Besides human and mouse as representatives of placen-

tal (eutherian) mammals, we selected as the basis for

detailed study of periostin the complete genome

sequences of the following tetrapod species: gray short-

tailed opossum (Monodelphis domestica), platypus

(Ornithorhynchus anatinus), chicken (Gallus gallus),

green anole lizard (Anolis carolensis), and western

clawed frog (Xenopus tropicalis). Furthermore, teleost

fish genomes were added, namely of zebrafish (Danio

rerio), stickleback (Gasterosteus aculeatus), medaka

(Oryzias latipes), and two pufferfish, Tetraodon nigrovir-

idis and Takifugu rubripes, adding up to 12 vertebrate -

or, more narrowly, euteleostome - species.

Full-length periostin sequences comprising all exons

are only readily available or annotated in public

sequence databases for a subset of these vertebrate

species. This was the case for human, mouse, chicken,

frog, and a subset of teleost fish, although for some of

these, several mRNA and/or EST sequences had to be

combined to obtain complete sequences, or quality

deficiencies in the genomic assembly required addi-

tional efforts (in X. tropicalis). For the remaining spe-

cies, the periostin coding sequence was inferred using

a combination of approaches (detailed in Methods). A

detailed account of the origin and status of each spe-

cies’ periostin protein sequence is provided in Addi-

tional file 1, Table S1, and the actual sequences are

provided in a comprehensive listing in Additional file

5. In the same table, we summarize existing evidence

for periostin transcript variation and for other unusual

features of periostin gene structure in the 12 species

selected for detailed analysis.
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We will return to a detailed analysis of the 13 amino

acid repeat motif later in the manuscript and focus first

on transcriptional and genomic evidence for periostin

isoforms.

Alternative splicing events specific to the periostin C-

terminal region are observed in all euteleostome lines

with sufficient transcript evidence, including teleost fish

Alternative splicing affecting the region from exon 17 to

exon 21 has been described for human [1] and murine

periostin [2]. By evaluating available transcript evidence

for the vertebrate species considered in this work, we

universally found evidence for alternative splicing speci-

fic to this region for all species with non-trivial amounts

of sequence data (see Additional file 1, Table S1 for

details). This includes three fish species (zebrafish, stick-

leback, and medaka). Note that Additional file 1, Table

S1 lists also transcript evidence for alternative periostin

5’ and 3’ ends observed in some species, including

human.

Available periostin transcript evidence suggests that

the set of exons subject to alternative splicing is also

species-dependent (Additional file 1, Table S1). This

observation is subject to considerable uncertainty due to

limited transcript coverage, but human and murine peri-

ostin are compelling examples, having substantial

amounts of transcript evidence. We found that in

human, exons 17, 18, 19, and 21 - but never 20 - are

alternatively spliced, but in mouse, alternative splicing

does affect exon 20, as well as exons 17 and 21.

In summary, the aggregation of transcript data sug-

gests that the occurrence of alternative splicing is a uni-

versal hallmark of this part of the periostin gene. This

transcriptional variability could be important for a com-

plete understanding of periostin function.

A 24th periostin exon is functional, expressed, and

alternatively spliced in some tetrapod lines

Both human and murine periostin have been character-

ized as having a maximum of 23 exons ("canonical

exons”), according to a substantial amount of periostin

mRNA and EST sequences in these organisms.

Our analysis of the chicken periostin locus revealed

the existence of an additional non-canonical exon situ-

ated between canonical exons 21 and 22, which we

termed “21V22” to reflect this property. Exon 21V22 is

present in 8 of the 15 mRNA/EST sequences covering

this region. It is flanked by canonical splice sites and is

87 nucleotides long, allowing for maintenance of the

reading frame without stop codon and thus translation

into protein.

Sequence similarity searches with the protein

sequence of this exon against genomic sequences pro-

duced clear matches in zebra finch (Taeniopygia gut-

tata), lizard, opossum, and platypus, which are devoid of

periostin transcript evidence. In all of these, the most

basic hallmarks of a functional exon (maintenance of

the reading frame without stop codon, canonical flank-

ing splice sites) were also found, suggesting that this

exon may also be functional in these species. However,

equivalent searches failed to produce hits for this exon

in frog (where we identified it separately, see below)

and, interestingly, in placental mammals (human,

mouse, dog, cow). While this echoes EST evidence for

these species, we were surprised by the complete

absence of even low quality hits in the genomic

sequences, and performed a multiple alignment of peri-

ostin locus genomic sequence from 33 vertebrate species

to get a clearer understanding of the “fate” of this exon

across vertebrate taxa.

The genomic sequence alignment (Additional file 2,

Figure S1) with chicken periostin as a reference shows a

clear conservation peak for exon 21V22 not only for the

aforementioned species for which this exon is known or

highly likely to be expressed (chicken, finch, lizard,

opossum, platypus; >75% conservation), but also for

most other mammals tested (<75% conservation),

including human.

We then analyzed the nucleotide sequences underlying

the exon 21V22 conservation peaks (Additional file 3,

Table S2A). We noted that for those species where the

conservation peak was below 75%, hallmarks for a func-

tional exon in general (maintenance of reading frame,

no stop codons, flanking intronic GT-AG splice sites)

were missing in many cases. In some others, these hall-

marks are preserved, and the exon could be functional.

For example, in human, there could theoretically be

exon 21V22 expression within full-length periostin tran-

scripts and translation into protein product, as under-

scored by the GENSCAN [69] gene model

NT_024524.504 (UCSC browser, Human Mar. 2006

Assembly), with a terminal exon identical to exon

21V22. The fact that it has never been experimentally

observed leads us to speculate that the encoded protein

sequence may either be expressed in unobserved condi-

tions or be incompatible with human periostin function

and remain unexpressed.

We conclude that exon 21V22 is a periostin exon not

previously described. It is located between exons 21 and

22, and related in sequence to exons 17 - 21. Like these,

it is subject to alternative splicing. Its expression is con-

fined to a subgroup of vertebrates, including birds,

where its expression is de facto observed in chicken,

amphibians (see below), and putatively in lizards and

non-placental mammals.

X. tropicalis expresses periostin exon 21V22 and a cluster

of up to 8 additional genomically encoded exon 19

copies

When examined in the UCSC genome browser, the

periostin locus of the claw frog Xenopus tropicalis
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presents a notable feature: the number of (alternatively

spliced) exons upstream of exons 21 and 21V22 by far

exceeds the number of exons encountered in periostin

from any other tetrapod species. Specifically, compared

to mRNA sequence BC154911.1 as a reference, EST

sequences indicate up to eight additional exons between

exons 19 and 20. Analysis of these eight exon sequences

revealed that they are extremely similar to X. tropicalis

exon 19 (Figure 2), and we refer to these exons as exons

19A to exon19H. We are confident that these exons are

not an artifact due to the preliminary nature of the X.

tropicalis genome assembly, because they are present in

both genomic and transcript sequence. Furthermore, we

found a similar cluster of at least seven exon 19-like

sequences among Xenopus laevis transcript sequences

via similarity searches with X. tropicalis exons 19 and

19A - 19H as a query sequence (e.g. X. laevis mRNA

GenBank:CB200763.2; data not shown).

An overview of all X. tropicalis ESTs covering the

exon 19/20 region is given in Additional file 3, Table S3.

Comparing the library origin between ESTs splicing

directly from exon 19 to exon 20 (5 ESTs) to those that

contain at least a subset of exons 19A - 19H (24 ESTs)

revealed a strong bias for embryonic or metamorphic

origin in the latter set. While far from definitive, this

suggests the possibility of a developmental role of exons

from the 19A - 19H cluster.

We furthermore analyzed the region without genomic

match occurring in a majority of ESTs downstream of

the exon 19 cluster (marked ‘*’ in Figure 2), co-incident

with a gap in the genomic assembly, and concluded that

the unmatched region is periostin exon 21 and that the

following exon (seen in 9 out of 33 transcript sequences

covering this region) is actually exon 21V22 (see

Methods).

The predicted basic secondary structure of the periostin

C-terminus, consecutive beta sheets separated by turns,

is conserved in periostin sequences across vertebrate

species regardless of exon structure

We subjected periostin protein sequences exons 15 to

23 from 7 tetrapods (human, mouse, opossum, platypus,

chicken, lizard, and frog) and 2 teleost fish species (zeb-

rafish, locus 1 and stickleback, locus 1, see below) to a

secondary structure prediction algorithm (See Methods

for details). Prediction results are shown in Figure 3 in

the context of a multiple sequence alignment of the

nine sequences.

Generally, results show a universal multi-beta strand

structure starting at the end of exon 15 and continuing

into exon 22. Starting in exon 17, beta strands are

usually separated by short coil stretches around proline

residues occurring with a periodicity of 13 (or close to

13) in fish and at often somewhat larger intervals in tet-

rapods. (Note that for practical reasons, we are referring

to the exon following exon 17 as exon “18=19”, because

for many of the teleost periostin sequences, it allows us

to keep a numbering scheme on the basis of 23 perios-

tin exons intact).

Evaluating the alignment and the secondary structure

predictions in more detail, the following exceptions and

refinements are notable:

-For tetrapod exons 17 to 21 (and 21V22, where

applicable), each exon accommodates two beta-

strands.

-Starting with exon 20 (middle, Xt: exon 21), the

recurring proline residue is “lost” in tetrapod exons

20 and 21 and “reappears” universally in exon 22. It

is also present in exon 21V22 (middle) found in only

five of the seven species considered here.

-For the most part, the pattern of beta strands sepa-

rated by coils continues through exons 20 and 21

despite the absence of a proline residue. However,

interestingly, exon 20 (second half), and exon 21

(second half) show a predicted alpha helix instead of

a beta sheet in some of the species.

-Due to the strongly conserved repeat structure in

teleost fish, the beta strands are very regular here.

Remarkably, they are also in phase with the tetrapod

beta strands in the multiple sequence alignment.

-In the multiple sequence alignment, teleost exon 21

is aligned with tetrapod exon 21V22 and teleost

exon 20 is aligned with tetrapod exon 21 (partial).

This reflects both the length of teleost exon 18=19

accommodating, in the alignment, multiple tetrapod

exons, and the uncertainty regarding a direct orthol-

ogy between the short teleost exons 20 and 21 and

tetrapod exons 20 and 21.

The predicted structure of two beta-strands per exon

is interesting in light of the transcriptional variability

these exons are subject to: Evidence for alternative spli-

cing exists for each of the exons from 17 to 21V22 in at

least one tetrapod species (Additional file 1, Table S1).

The genomic duplications of exon 19 in Xenopus tropi-

calis are also alternatively spliced (Additional file 3,

Table S3). Alternative in- or exclusion of any of these

exons will then add or remove pairs of beta-strands to

or from the protein.

Teleost fish genomes have two copies of periostin

Identifying the genomic periostin locus was straightfor-

ward in all tetrapod genomes, even in those lacking

periostin transcript data (lizard, platypus, opossum)

based on relevant multi- or cross-species tracks in the

UCSC Genome Browser.

However, it is believed that the common ancestor of

teleost fish has undergone whole-genome duplication

(WGD) or at least a large-scale gene duplication event
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[70], complicating the situation. A systematic genome-

wide sequence search (BLAT) with human periostin

sequence against the five fish genomes resulted in typi-

cally three distinct matches. Analysis of these matches

in terms of length and similarity indicated that the two

stronger matches corresponded to periostin. This was

confirmed by the reciprocal results of a genomic search

with human TGFBI sequence. Here, the best match was

always the third-ranked hit from the previous periostin

genomic search (data not shown).

We conclude that teleost fish retained both copies of

periostin after the duplication event. By contrast, the

second copy of TGFBI was either universally lost (i.e.

presumably before the teleost species radiation), or

TGFBI was not part of the duplicated gene complement.

Our designation of the two periostin loci in the fish spe-

cies as “locus 1” and “locus 2” (see Additional file 1,

Table S1 for genomic coordinates) was done on the basis

of expression level as judged by the amount of transcript

evidence mapped to either locus in the UCSC genome

browser. Where possible (zebrafish and tentatively stick-

leback), we assigned the label “locus 1” to the locus

found to be more highly expressed by that measure, coin-

ciding in the case of zebrafish with the version of

Figure 2 The Xenopus tropicalis periostin C-terminal region in the UCSC genome browser. (A) The ‘Spliced EST’ track shows a cluster of

eight additional genomic copies of exon 19 (referred to here as exons 19A - 19H) immediately downstream of exon 19. These exons, not

represented in the RefSeq record, are subject to alternative splicing in various combinations. The asterisk (*) marks a region where multiple ESTs

have subsequences unaligned to genomic sequence due to a gap in the assembly (not shown), which we resolved to be exon 21 (see main

text). (B) Amino acid sequences of exons 19 and 19A - 19H. The very high degree of similarity among these is evident.
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periostin described in the literature [21]. For the other

fish species, we based the assignment on the grouping

resulting from a multiple alignment-based dendrogram

of teleost periostin protein sequences (see below).

We reconstructed as completely as possible periostin

coding sequence from both loci for four of the five tele-

ost fish species, relying mostly on sequence similarity

searches with the known periostin sequence from zebra-

fish. In several cases, missing exons or other uncertain-

ties remain due to gaps in genomic sequence and/or

complete lack of any guiding transcript coverage. For

one species (medaka), reconstruction from one periostin

locus was not undertaken due to the fragmentary nature

of the genomic sequence data.

A dendrogram based on an alignment of seven tetra-

pod periostin sequences (see above) together with the

nine teleost periostin sequences shows, among the tele-

osts, a separation into two major branches by periostin

locus 1 vs. 2 (Figure 4A) preceding the branching into

the multiple teleost lineages, and thus echoing the gen-

ome duplication event. Within each branch (i.e., perios-

tin locus), the dendrogram structure recapitulates the

Figure 3 Multiple sequence alignment and secondary structure prediction results for the periostin C-terminal region. A ClustalW

alignment for periostin’s C-terminal region of seven tetrapods (Hs, Mm, Md, Oa, Gg, Ac, Xt) and two teleosts (Dr locus 1, Ga locus 1) is shown.

The exon structure is indicated above the alignment, separately for tetrapods and teleosts, together with two-letter species codes, if alternative

splicing is observed for a particular exon in that species. Residues are highlighted based on PsiPred secondary structure predictions performed

separately for all nine sequences as indicated below the alignment. The general alignment of the secondary structure elements, mostly beta

strands, across all species considered here, is obvious.
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phylogenetic relationship between the five teleost fish

species (minus medaka for one locus), i.e., zebrafish as a

member of the Ostariophysi lineage most distant from

the other four species (Euteleostei), and the two puffers

(Tetraodontidae) Takifugu and Tetraodon closest

together.

Periostin sequence conservation is dramatically lower in

its C-terminal region

Up to exon 16, periostin sequences are extremely well

conserved between all euteleostomes, including the two

periostin loci in teleosts. In fact, not counting exons not

reconstructed due to missing genomic sequence and

uncertainties around the boundaries of Ensembl-predic-

tion based exons 15 and 16 for locus 2 in Tetraodon, a

multiple sequence alignment for all seven tetrapod and

nine teleost periostin sequences showed only 5 gapped

positions from exon 2 through 16.

By contrast, for tetrapod periostin sequences alone,

and not counting gaps corresponding to entire exons

(see below), we counted 32 gapped columns in a multi-

ple sequence alignment from exons 16 to 22. This

increased speed at which the C-terminal part of

Figure 4 Phylogenetic trees based on alignments of periostin sequences. (A) The phylogenetic tree obtained from a protein sequence

alignment of periostin from seven tetrapod species (Hs, Mm, Md, Oa, Gg, Ac, Xt) and 5 teleost species (Dr, Ga, Ol, Tr, Tn). Numbers at the branch

points are bootstrap values. For the teleosts, both periostin loci were considered, except for Ol, where periostin from the second locus was not

reconstructed. The dendrogram accurately reproduces established taxonomic lineages (adapted from the NCBI Taxonomy Browser [85]) for the

species in question as given on the right, with the minor exception of the branching order of Md and Oa. It clearly places the periostin

duplication event at the base of the teleosts, with the same subtree structure replicated between the two loci. (B) Phylogenetic trees based on

tetrapod protein sequence alignments of periostin exons 1 - 15 (left) and 16 - 23 (right), scaled for identity of branch length units (see 0.02

marker), which are given at the branch points. The right dendrogram has generally longer branches, most profoundly for Xt, reflecting the

increased rate of evolution of periostin’s C-terminal region.
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periostin evolves compared to the larger N-terminal

portion comprising the EMI and fasciclin domains is

also reflected in alignment-based dendrograms derived

separately for these two sections of periostin sequence

(Figure 4B). The overall tree topology is identical in

both cases (with the exception of the relative positioning

of opossum and platypus), but branch lengths are mark-

edly longer for the C-terminal region-based alignment.

Finally, further elements of genomic and transcriptional

variation, discussed in detail below and exclusively

found in the C-terminal periostin region, are adding to

the picture of a part of the periostin gene that shows

highly divergent and dynamic characteristics.

Starting with exon 17, we found in some cases dra-

matic variation with respect to exon number, exon

length, and overall sequence conservation, some of

which we described above for tetrapod species. The

divergence for this region is, in some respects, even

higher between teleost species.

In fish, we observed exon 17 to vary in length between

5 and 11 amino acids. Interestingly, short versions of

exon 17 also occur among tetrapod periostin sequences,

where the standard exon 17 length is 26 amino acids:

birds (chicken and zebra finch) as well as frog (but not

reptiles) have an exon 17 that is about 16 amino acids

in length.

Exon 18=19 is especially remarkable in teleost fish: in

periostin sequences from all species except medaka

(Oryzias latipes), we found it to be longer than neigh-

boring exons, sometimes remarkably so - for stickleback

periostin from locus 2, it is 91 amino acids long (with

EST coverage); for zebrafish locus 2, it appears to

encode 187 amino acids (incomplete EST coverage).

This exon is marked by a repeat structure that is

obvious to unaided visual inspection and readily sur-

faced via high-quality secondary hits in genome-wide

sequence searches with nucleotide or protein sequences

containing the repeat. It was chiefly this exon (in zebra-

fish) which we had initially observed aligning to the

human periostin query of exons 16 - 23 in a iterative

sequence search, and it is this exon from which the

repeat sequence for the profile-based homology search

was taken.

Characterization of the periostin repeats

The periodicity of this repeat is generally 39 nucleo-

tides/13 amino acids. Slight deviations from this length

are observed in a fashion that keeps the reading frame

intact. We used matrix dot plots to get a more detailed

understanding of the repeat properties (see Methods for

details). Interestingly, the repeat exhibits similarity to its

reverse complement to varying degrees. The most nota-

ble example here is in stickleback periostin locus 1,

where exon 18=19 reverse-complement similarity

reaches 25/39 (64%) nucleotide identities with no gaps.

This level of similarity is readily revealed in the matrix

dot plots as lines orthogonal to the main diagonal.

Other repeat instances show weaker levels of reverse-

complement similarity that are not readily surfaced in

the dot plots (e.g., 19/42 identities including a gap of 3

positions for zebrafish periostin exon 18=19 at locus 2

(Figure 5)).

Visualizing genomic periostin sequence extending

beyond the boundaries of the repeat exon(s) in dot-

matrix plots, we observed that the repeat pattern

appears confined to the exons and does not extend

into adjacent intronic sequence (Additional file 4, Fig-

ure S2).

The matrix dot plot in Figure 5 further illustrates our

finding that the number of exons beyond exon “18=19”

in teleosts is variable: Zebrafish locus 1 periostin has 4

more exons, but locus 2 periostin has as many as seven,

the largest number we found. Many of these “extra”

exons also show the repeat structure observed in exon

18=19 (Figure 5). On the other hand, periostin from the

stickleback locus 2 has only 3 more exons after exon

18=19, one less than the canonical number.

On the protein level, the 39-nucleotide repeats encode

a 13-amino acid sequence with the following consensus:

PSITKVTRVIEGE. (Figure 6A; amino acids that in ita-

lics were found to be the most frequent at this position

in every locus-specific repeat alignment considered,

which were for both loci from zebrafish and stickleback,

and for one locus from each of the two puffers, T. nigro-

viridis and T. rubripes). Its key characteristics as given

here are: (i) a Pro at position 1, (ii) a stretch of hydro-

phobic amino acids (mostly Thr and Val) from positions

3 to 10, interspersed with the positively charged amino

acids Lys and Arg in positions 5 and 8, and (iii) a final

stretch of three amino acids that is dominated by nega-

tively charged Glu and Asp (mostly at positions 11 and

13, with a Gly in between).

Tetrapod periostin sequences do not have a large exon

with obvious repeats like most teleost fish. However, dot

matrix plots readily reveal self similarities within the

transcript region spanned by exons 17 - 22 (Additional

file 4, Figure S3).

Similarities to the teleost repeat are likewise demon-

strated: Figure 6B-K gives sequence logo representations

[65] for the teleost repeat described above and for peri-

ostin exons 15 - 23 derived from the seven tetrapods

considered here (Hs, Mm, Md, Oa, Gg, Ac, Xt). A

color-coded version of a matrix dot plot is shown, gen-

erated by comparing 2 instances of the teleost repeat

consensus (26 aa) against concatenated tetrapod consen-

sus sequences from exons 15 - 23. The highest similari-

ties to the 13 aa repeat are detected in exon 18, exon 19

(X. tropicalis, see below), exon 21, and exon 21V22 (see

below), whereas we see somewhat weaker similarities in
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Figure 5 Matrix dot plot of periostin nucleotide sequences from the C-terminal region of zebrafish locus 1 (horizontal) versus locus 2

(vertical). Exon sizes and boundaries are indicated in either dimension, with locus 2 exons downstream of 18=19 marked here provisionally as a

- g. The dot plot shows the 39 nucleotide repeat pattern within exon 18=19 and also reveals similarities to the repeat within locus 2 exons b, c,

d as well as a correspondence (probable homology) of locus 1 exon 21 to locus 2 exon e (partial). Weaker reverse-complement similarities are

also visible.
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Figure 6 Sequence logo representations of the teleost fish periostin repeat consensus and of the consensus sequences from tetrapod

exons of the periostin C-terminal region. (A) The periostin repeat sequence logo for teleosts was obtained from an alignment of the 13 aa

repeat units of periostin exon 18=19 (see main text) from four teleost species (Dr, Ga, Tn, Tr). The starting amino acid (proline) is arbitrarily

chosen (see also Methods). (B - K) The exon-specific sequence logo representations were obtained from alignments of the respective periostin

exons from seven tetrapod species considered here (Hs, Mm, Md, Oa, Gg, Ac, Xt). Exceptions are (G), the Xt exon 19 cluster, where a sequence

alignment of exons 19 and 19A - 19H (see main text) was the basis for the sequence logo, and (J), exon 21V22, which was based only on

sequences from Md, Oa, Gg, Ac, and Xt. (L) A matrix dot plot showing similarities between the teleost repeat consensus (horizontal, as duplet for

clarity) and the sequential tetrapod exon consensus sequences (vertical), with the exon sizes indicated on the side. The dot plot is color-coded

(white-yellow-orange-red-black), with white indicating highest similarity and black indicating no similarity. Both this dot plot and the sequence

logos indicate the strong similarities between the teleost repeats and the tetrapod C-terminal exons found in the alternatively spliced exons 17 -

21V22 (see main text).
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exons 17, 19, and 20. Similarities in exons 15, 16, and 22

are markedly weaker than those found in the exons in-

between.

The concept that tetrapod exons between 16 and 22

are homologous to the long repeat exon 18=19 in tele-

ost fish is powerfully reinforced by the alignment given

in Figure 3. This alignment shows not only the primary

structure (sequence), but also the predicted secondary

structure elements. Here, tetrapod exons 17 to 21V22

align with the teleost repeats such that the sequence

alignment results also in an alignment of the secondary

structure elements, i.e., the beta strands. Critically, tetra-

pod exon 21V22, which appears downstream of exon

21, shows an especially high similarity with the teleost

repeat consensus: for example, the subsequence

EYTKVTKVIEGEP from chicken exon 21V22 is 77%

identical to the teleost repeat consensus SITKVTRVIE-

GEP (rearranged here for a terminal P to align with the

chicken sequence). Thus, exon 21V22 defines the range

of tetrapod exons homologous to the long teleost repeat

exon.

Discussion

The C-terminal region of periostin is likely a key to

disambiguating periostin function

Despite ongoing discussions regarding the periostin

alternatively spliced C-terminal region (e.g. [42,71])

dating back to its original description [1,2], this region

has not been target of in-depth analyses to identify its

biological function. Here, we presented evidence for its

universally high degree of variability in a phylogenetic

context, which we hope will assist future research on

periostin. We laid out the multiplicity and, within the

euteleostomes, phylogenetic universality of modalities

observed (including alternative splicing as well as gen-

omically encoded variable exon counts and lengths) to

modify this part of periostin. Considering also that the

functionally distinct periostin paralog TGFBI lacks an

equivalent to periostin’s C-terminal region, we propose

that this region is of functional relevance, and that the

sequence variation imparted by alternative splicing

could be a modulator of periostin function.

In studies aimed at elucidating determinants of tumor-

suppressive properties of periostin, the periostin C-term-

inal region was found to be sufficient to suppress ancho-

rage-independent growth in T24 bladder cancer cells

[72], to suppress cell invasiveness in SBT31A bladder

cancer cells, and to abrogate the metastatic potential of

highly metastatic B16F10 mouse melanoma cells in an

in vivo assay [42]. While the tumor-suppressive proper-

ties documented for periostin in these studies remain to

be reconciled with a large body of literature describing

periostin as tumor promoting, these results demonstrate

the functional significance of the periostin C-terminal

region as a whole. This notion is also playing out in dis-

cussions in literature not explicitly concerned with

decoding periostin function on the sequence or domain

level. For example, the significance of a recent high-pro-

file study on periostin as a potential therapeutic target

after heart attack [73] has been questioned on the basis

of this work being partly based on a version of periostin

lacking the C-terminal region [13,25,74].

The situation is more complex when it comes to dif-

ferent periostin splicing isoforms characterized by indi-

vidual presence or absence of cassette exons 17 - 21

(human and mouse). For the following discussion, we

are using a notation of exon numbers preceded with a

minus sign in superscript to characterize periostin iso-

forms by their absent exons relative to a full-length peri-

ostin, denoted POSTNfl, with a full complement of

exons, i.e. 23 for human and mouse.

Based on the common occurrence of gel pictures

showing multiple periostin bands throughout the litera-

ture [e.g. 2,4,15,17,25,29,75,76], we can assume that stu-

dies on native periostin typically deal with a mixture of

isoforms, although the exact number is usually

unknown. In apparent agreement with the number of

four isoforms originally reported [2], most gels show a

cluster of 4 or sometimes 5 periostin bands. However,

the similar length of the alternatively spliced exons gives

rise to possible combinations that are very close in size,

so that the actual number is potentially higher due to

isoforms co-migrating in the same band. Indeed, studies

have found higher isoform counts, for example 6 in

human kidney cancer [76] and more than 8 in human

breast tissue (Hoersch et al: Alternative splicing of peri-

ostin in human breast cancer, manuscript in prepara-

tion), and in both cases, gel pictures allowed distinction

of only four or five variants.

Descriptions of experimental procedures manipulating

periostin in some way, for example expressing in ectopi-

cally in a cell line, are not always explicit on the specific

isoform used, and the attributes “full-length” or “wild

type” are not always or unambiguously referring to the

isoform with all exons present. In some instances, the

relevant isoform can be traced via database accession

numbers provided, but overall, this information is not

consistently enough available to enable a meaningful

isoform-specific meta-analysis.

More interestingly, biological observations regarding

periostin have, in some cases, been explicitly tied to spe-

cific variants, as illustrated by the following three

examples.

(i) In a study on periostin expression in bone [71], the

designation “periostin-like factor” or “PLF” was intro-

duced by the authors specifically for periostin isoform

POSTN-21, while the designation “periostin” refers to

isoform POSTN-17 in the same study. Using the same
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designations, this group subsequently described differen-

tial spatiotemporal expression patterns of these two iso-

forms in the developing mouse embryo [77], although it

has to be understood that the “isoform-specific antibo-

dies” used in this work are technically only site-specific

for exons 21 and 17, respectively, and could, in princi-

ple, report on multiple isoforms characterized by exon

17 or exon 21 presence.

(ii) Differential expression profiles over time were

observed for different periostin isoforms after a myocar-

dial infarct event in periostin-null mice, with isoform

POSTN-17-21 being expressed strongest initially and then

becoming weaker after a sustained period of high

expression as the expression level of other isoforms gra-

dually increased [14].

(iii) In a continuation of earlier work, it was found

that periostin isoforms POSTNfl and POSTN-17-21 abro-

gate invasion in cell lines B16F10 and SBT991 and in

vivo lung metastasis of B16F10 cells in mice, while iso-

form POSTN-17-18-21 does not [51]. Along similar lines,

but with opposite directionality, isoform-specific differ-

ences in the ability to promote migration and invasion

were observed in breast cancer cells (Hoersch et al:

Alternative splicing of periostin in human breast cancer,

manuscript in preparation).

Apart from the often implicit issue of periostin iso-

form expression, several aspects of periostin are contro-

versially described and discussed in the literature to

date, prominently among them: (i) periostin subcellular

localization, (ii) the cell types responsible for periostin

expression and the physiological sites of periostin pro-

tein localization post secretion, and (iii), in the cancer

literature, periostin function being tumor promoting or

suppressing.

It will be interesting to see to what extent the variabil-

ity of periostin isoform expression will contribute to

resolving these issues, a possibility that is commonly

raised in discussion sections in the periostin literature.

Given the sequence and predicted structural similarities

between periostin’s cassette exons due to the underlying

repeat structure laid out in this study, we detail below a

functional interpretation that employs a dose-type ratio-

nale, i.e. a binding interaction as a function effectively

tuned by exon count. This seems more compelling to us

than a purely exon-specific mechanism, although the

reality may well be a complex overlay of both

mechanisms.

The periostin C-terminal region exhibits exceptional

transcriptional and genomic variability

We demonstrated the homology of periostin’s multi-

exon C-terminal region in tetrapods and its C-terminal

region in teleosts, where a 13 amino acid sequence is

stacked into adjacent repeats. The majority of these is,

in most of the teleost species studied, concentrated in

one exon that is unusually large (dubbed “exon 18=19”

in this work).

The absence of protein domain signatures in perios-

tin’s C-terminal region is thus no longer puzzling. We

can assume that this region as observed today evolved

from an ancestor repeat region, leading to its distribu-

tion over multiple exons, particularly in tetrapod species.

We demonstrated that the periostin C-terminal region

is showing increased evolutionary plasticity relative to

the remainder of the gene. This is evident from compar-

ing branch lengths of phylogenetic trees based on sepa-

rate sequence alignments of the C-terminal region and

of the remainder of the gene (Figure 4B). Moreover, it is

reinforced by the variability we found almost exclusively

for periostin’s C-terminal regions between different taxa

that are not even reflected in these dendrograms: pro-

foundly different exon structure (teleosts vs. tetrapods),

marked divergence between the two periostin copies in

teleosts, variable exon length (exon 17 across euteleos-

tomes, exon 18=19 in teleosts), an additional exon not

previously described (exon 21V22 in tetrapods except

placental mammals), and additional genomic copies of

exon 19 with a strong developmental implication (in

frogs).

We also reported that alternative splicing is a univer-

sal hallmark of the periostin C-terminal region. While

long established for human and murine periostin, we

found evidence for alternative splicing events affecting

multiple exons in periostin’s C-terminal regions in all

organisms studied here (including teleost fish) for which

non-trivial amounts of transcript sequence data were

publicly available. Exons 17, 18, 19, 20, 21, and 21V22

are all alternatively spliced cassette exons, although it

appears that in any given species, at least one of them is

constitutively expressed. Although uncertainties remain

in some cases due to low sequence coverage, the pre-

dicted alternative splicing patterns were found to vary

by species, sometimes subtly so (e.g. in human and

mouse with regard to exon 20).

Taken together, these observations point to periostin’s

C-terminal region being exceptionally dynamic on dif-

ferent scales. On a transcriptional scale, alternative spli-

cing could give rise to periostin variants in a tissue,

development, or disease process dependent manner, the

functional impact of which is only beginning to emerge.

On a genomic, i.e., evolutionary scale, the increased

plasticity of this region leads to periostin configurations

that are specific to taxonomic lineages or groups.

The periostin C-terminal region and neofunctionalization

We understand this increased evolutionary plasticity as a

manifestation of neofunctionalization [78] affecting eute-

leostome periostin where we observe variations in exon

length, count, structure, and variable splicing patterns in

the C-terminal region. We hypothesize that the repeats
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were acquired as de novo sequence in an exonization

event [79], either by ancestral periostin (after the perios-

tin/TGFBI split) or by the common periostin/TGFBI

ancestor gene, in which case the repeats were lost by

TGFBI after the split.

Data available at this time is insufficient to distinguish

between these two possibilities, chiefly because of the

preliminary nature of relevant genome assemblies out-

side the euteleostomes (for details and Figures, see

Additional file 6). This newly exonized repeat sequence

was then relatively free to evolve, while the remainder of

the gene remained much more conserved due to the

structural and functional constraints imposed by the

EMI and FAS1 domains.

Remarkably, our observations concerning the two

periostin copies in teleost fish point to the same

mechanism of neofunctionalization playing out here.

Between the two periostin copies in teleosts, we are

again seeing variations in exon length, count, and struc-

ture. In addition, to the extent that the EST record can

serve as a guide, the expression level difference between

the two periostin copies in teleosts might be species-

specific (zebrafish and stickleback, Additional file 1,

Table S1).

It is interesting to speculate that periostin’s C-terminal

region and its high evolutionary plasticity may explain

why periostin, but not TGFBI, is duplicated in teleosts.

The absence of a second TGFBI copy in teleosts might

reflect the limited freedom of TGFBI to functionally dif-

ferentiate from the “primary” copy due to the con-

straints imposed by the EMI and FAS1 domains, leading

to loss of the redundant, if not harmful, second copy. By

contrast, periostin’s C-terminal region could be instru-

mental for the rapid evolvement of a functional role suf-

ficiently distinct from the periostin paralog in question.

Additional file 6 summarizes further aspects of perios-

tin’s C-terminal region in particular and the periostin/

TGFBI paralogy in general, placing periostin and TGFBI

into a larger framework of chordate evolution.

Interpretations of the secondary structure prediction

results for periostin’s C-terminal region

Through secondary structure prediction on periostin’s

C-terminal region from seven tetrapod and two teleost

species, we found consecutive beta strands as the predo-

minant structural feature of this region, specifically, one

beta strand per repeat unit. For tetrapods, this means

that generally two beta strands are encoded per exon.

The universal splicing variations and the genomic

variability observed across and between species could, in

principle, point to a functional differentiation of the C-

terminal region of periostin. This interpretation is espe-

cially attractive in the light of both literature reporting

isoform-specific findings and our observation of the

eight additional genomic copies of exon 19 in X.

tropicalis, the expression of which might be tied to

developmental stage, specifically (pre)metamorphic ani-

mals, according to EST data.

The extracellular matrix is rich in potential interaction

and binding partners for periostin, a few of which have

been elucidated in some detail. Most prominent among

these are a number of integrins (e.g. [29-32]). Heparin

binding has been shown, possibly mediated by a Cardin-

Weintraub consensus sequence [37,80] encoded by exon

23.

More recently, periostin binding to collagen I was

reported in the context of a phenotypic characterization

of periostin-null mice [35], but the binding mechanism

was not described. Similarly, periostin binding with

fibronectin was observed, but not explained on a mole-

cular or structural basis [38].

Since collagen and fibronectin binding have not been

described for TGFBI, the periostin paralog lacking an

extended and variable C-terminal region, we hypothesize

that periostin might interact with these proteins in this

region. Collagen I - fibronectin binding has recently been

elucidated in complexes of two or four sequential fibro-

nectin FN1 or FN2 domains, components of a fibronectin

region called “gelatin-binding domain”, with peptides

from the collagen I a1 or a2 chain. With the two fibro-

nectin domains in question being beta-sandwich struc-

tures, the collagen peptides assume, in the complex, a

beta strand conformation with anti-parallel orientation to

one of the FN domain beta strands (beta-zipper) [81].

This mode of binding is similar to earlier descriptions

of the way bacterial cell wall proteins from Staphylococ-

cus aureus and Streptococcus pyogenes attach to human

fibronectin [82,83]: Here, bacterial repeats were found

to form a tandem beta-zipper with two fibronectin FN1

domains. This finding and the repetitive arrangement of

both the bacterial units and the FN1 domains then led

the authors to propose a model of an extended beta-zip-

per, involving a larger number of FN1 domains and bac-

terial repeats. Therefore, since the periostin’s C-terminal

region has repeats reminiscent of these bacterial repeats,

we hypothesize that they may assume a structure of

multiple consecutive beta strands when binding to

sequential beta strand elements of fibronectin domains

(and possibly other ECM proteins) by way of an

extended beta-zipper.

In such a model, the strength of this interaction would

be influenced by the number of beta strands available

for binding with - in the case of fibronectin - maximally

11 available sequential FN1/FN2 domains in the N-

terminal region. The number of available beta strands

from periostin’s side is a function of exon count, which

is in turn determined - and, in this model, calibrated or

tuned - by alternative splicing as well as lineage-specific

differences.
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Conclusions

We believe that this study marks an important contribu-

tion to periostin research. Despite the considerable

increase in published literature since periostin’s discov-

ery in an osteoblast cell line in 1993, especially over the

past few years, some aspects have remained poorly

understood. This paper provides evolutionary context

for periostin’s enigmatic C-terminal region and argues

that it is likely key to a detailed understanding and dis-

ambiguation of periostin function, which is subject to

some controversy in present literature. We put forward

a number of findings and interpretations that will hope-

fully be taken on in further studies and experimentally

in the future. We believe that our secondary structure

prediction, the finding of additional genomic exon 19

copies in X. tropicalis, and the duplication of periostin

in teleosts are particularly rewarding experimental

targets.

Finally, we note that this work has benefited greatly

from the growing collection of whole-genome sequences

available, without which it would have been impossible

in its present form. At the same time, it strongly sup-

ports the argument not only for continued new genome

sequencing, especially of strategically selected represen-

tatives from key phyla, but importantly also for a sus-

tained effort to finish, at least to a reasonable degree,

existing draft assemblies. While it will not be practical

in all cases to arrive at high-quality chromosome-by-

chromosome assemblies that are subject to sustained

curation efforts, highly fragmented genome sequences

render detailed gene-level analyses impossible, or at

least severely limit the power of their results. Some

aspects of our work remained incomplete, mirroring the

unfinished state of key genome assemblies, for example

within the teleosts, but especially outside the euteleos-

tome group.

Additional file 1: Table S1: Periostin in seven tetrapod and five

teleost species. For periostin from seven tetrapod and five teleost

species, this table summarizes data on chromosomal location, available

transcript abundance and variation, and the periostin protein sequences

reconstructed in the course of this work and listed in Additional file 5.

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2148-10-

30-S1.PDF ]

Additional file 2: Supplementary Figure S1. Genomic sequence

alignment of the periostin locus for 15 species and illustrating the

variable conservation of exon21V22.

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2148-10-

30-S2.PDF ]

Additional file 3: Supplementary Tables S2 and S3. Select alignments

of genomic sequences comprising periostin exon 21V22 and exon 17

(Tables S2A, S2B) and overview of Xenopus tropicalis transcript sequence

evidence covering the periostin C-terminal region (Table S3).

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2148-10-

30-S3.PDF ]

Additional file 4: Supplementary Figures S2 and S3. Matrix dot plots

of periostin C-terminal repeats in teleosts (Figure S2) and human and

chicken (Figure S3).

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2148-10-

30-S4.PDF ]

Additional file 5: FASTA-formatted sequence listing. Protein

sequences of periostin and certain periostin homologs relevant for this

work.

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2148-10-

30-S5.DOC ]

Additional file 6: Additional evolutionary and phylogenetic

considerations. This document summarizes additional evolutionary and

phylogenetic considerations regarding periostin and its paralog, TGFBI,

based on analyses of periostin/TGFBI homologs outside the

euteleostomes. Contains Supplementary Figures S4 - S7.

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2148-10-

30-S6.PDF ]
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exon 21V22

Figure S1: Genomic sequence alignment of the periostin locus of 15 species*) obtained with VISTA. 

Alignments are relative to chicken periostin (Gg, top). Conservation curves from 14 other species are displayed 
below, arranged manually by decreasing conservation of exon 21V22 (green frame). Conservation peaks of 
exons are colored blue, of non-coding sequence red. While conservation levels stay generally high (above the 
70% mark indicated by the faint horizontal line) for most exons or, in some cases, are universally low due to 
exon shortness (for example, exon 17), the peak for exon 21V22 displays the widest range of conservation 
level of all exons, from very highly conserved (Tg, Ac, Oa, Md, coming close to the 100% line) to not registering 
in the VISTA output (Mm, not exceeding the 50% line), with other species on a continuum in-between.

*)Gg: chicken (Gallus gallus), Tg: zebra finch (Taeniopygia guttata), Ac: anole lizard (Anolis carolinensis), Oa: 
platypus (Ornithorhynchus anatinus), Md: opossum (Monodelphis domestica), Ml: microbat (Myotis lucifugus),
Pv: megabat (Pteropus vampyrus), Cf: dog (Canis familiaris), Ec: horse (Equus caballus), Pc: hyrax (Procavia
capensis), Bt: cow (Bos taurus), Tt: dolphin (Tursiops truncates), Hs: human (Homo sapiens), St: squirrel 
(Spermophilus tridecemlineatus), Mm: mouse (Mus musculus).

The Ø symbol indicates regions of partially missing genomic sequence.

ø

ø

ø

ø

Periostin shows increased evolutionary plasticity in its alternatively spliced region
Sebastian Hoersch and Miguel A. Andrade-Navarro
Additional file 2
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Figure S2: Matrix dot plots of teleost periostin nucleotide sequence comprising exon 18=19 against 
themselves.
In all four examples, exon 18=19 sequence is flanked by 150 nucleotides of intron sequence on either side. It is 
clearly visible that the repeat structure does generally not extent beyond the exon boundaries. The varying 
degree of similarity to the reverse complement repeat sequence is also obvious, being strongest in G. aculeatus, 
locus 1 and basically invisible in D. rerio, locus 2. 

D. rerio, POSTN locus 1, 
exon 18=19 +/-150 nt’s

D. rerio, POSTN locus 2, 
exon 18=19 +/-150 nt’s

G. aculeatus , POSTN locus 1, 
exon 18=19 +/-150 nt’s

T. nigroviridis, POSTN locus 2, 
exon 18=19 +/-150 nt’s

Periostin shows increased evolutionary plasticity in its alternatively spliced region
Sebastian Hoersch and Miguel A. Andrade-Navarro
Additional file 4: Figures S2 and S3
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Human periostin, exons 15 – 23

Chicken periostin, exons 15 – 23
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Figure S3: Matrix dot plots of 
human (top) and chicken 
(bottom) periostin nucleotide  
sequences, exons 15 – 23 
against themselves.
Colored boxes delineate exons
as indicated in the plots’ legends. 
The repetitive structure and 
similarities within and among 
exons 17 and 21 (21V22 for 
chicken) are clearly visible.
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Periostin shows increased evolutionary plasticity in its alternatively spliced region 

Sebastian Hoersch and Miguel A. Andrade-Navarro 

Additional file 6, text with Figures S4 – S7   

 

Evolutionary and phylogenetic considerations regarding 
periostin and its paralog, TGFBI 
According to our survey of the SMART domain database (http://smart.embl-heidelberg.de/, data not 
shown), periostin and TGFBI – with their sequence of secretion signal, EMI domain and tetrad of 
FAS1 domains – represent one of only two vertebrate contexts for FAS1 domains, the second being 
the presence of FAS1 domains in the scavenger receptors stabilin 1 and 2 (STAB1 and STAB2, also 
FEEL-1/2 and FELE-1/2), where as many as seven FAS1 domains occur interspersed with other 
domains. 
 
Outside the vertebrate group, candidate genes encoding the domain architecture “signal sequence – 
EMI domain – 4x FAS1 domain” can additionally be found in cephalochordates (lancelet, 
Branchiostoma floridae; RefSeq:XP_002235318.1) and gastropods (California sea hare, Aplysia 
californica; Uniprot:Q8N0B2_APLCA). Thus it appears that this domain architecture predates the 
protostome / deuterostome split within the Coelomata. 
 
This picture is muddled by a lack of obvious candidates for four-fold FAS1 domain proteins within 
deuterostome groups of varying proximity to the vertebrates: the comparatively well studied Tunicates 
and Echinoderms (represented by the genome assemblies for Ciona intestinalis and the sea urchin 
Strongylocentrotus purpuratus) do not appear to have them, even without EMI domain. We are 
assuming that this is due to a secondary loss in these groups, given that the four-fold FAS1 domain 
structure per se is phylogenetically very broadly encountered, although not ubiquitous. It was 
originally described in grasshopper (Schistocerca americana) and fruit fly (Drosophila melanogaster) 
[23] for the protein fasciclin (which provided the name for the FAS1 (fasciclin I) domain), and is 
generally common in arthropods. According to records in the SMART database, there are even a few 
known instances of four FAS1 domain proteins in bacteria (curiously, all in marine and/or 
psychrophilic species) and in fungi. 
 
Given the framework outlined above, it was reasonable to hope that we might be able to 
phylogenetically pinpoint the periostin / TGFBI split and the appearance of the repeat structure for 
periostin, taking advantage of complete genome sequences from relevant species that have become 
available recently.  
 
In this context, the elephant shark or ghost shark (Callorhinchus milii) was of interest as a 
cartilaginous fish and thus as representative of the Chondrichthyes, the non-euteleostome branch of 
the jawed vertebrates (Gnathostomata). We found evidence supporting the presence of both periostin 
and TGFBI in the elephant shark genome (see Figure S4).  
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Figure S4: Graphical representation of the disambiguation process for separating POSTN and TGFBI in the 
elephant shark (Callorhinchus milii) genome (unfinished assembly). 
TBLASTN searches were performed against C. milii  “whole genome shotgun” sequences using the “genomic 
BLAST” server at http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organism=euk with Danio rerio (locus 1) 
periostin protein sequence (top panel) and TGFBI protein sequence (bottom panel) as queries. C. milii subject 
sequences (identified by the last five digits of their sequence accession number) were annotated with regard to 
being primary or secondary hits for the respective search. It emerged that by this metric alone, subject sequences, 
while commonly appearing in both searches, could be near-unambiguously assigned to either POSTN or TGFBI 
(reflected in the color coding, orange for POSTN, cyan for TGFBI). This, in turn, enabled the partial reconstruction 
of C. milii POSTN and TGFBI sequences. The much higher number of hits for the POSTN compared to the TGFBI 
query (587 vs. 120) is mostly due to the POSTN C-terminal region (blue-green bracket), which results in a 
disproportional number of hits. 

 
 
This is borne out in an alignment-based phylogenetic tree with the partially reconstructed sequences 
(Figure S5), where the candidate periostin and TGFBI sequences from shark co-cluster with their 
respective euteleostome orthologs.  
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Figure S5: A POSTN/TGFBI homolog in lancelet (Branchiostoma floridae). 
(A)  Phylogenetic tree based on a ClustalW alignment of POSTN and TGFBI sequences from select euteleostome 
species, the reconstructed POSTN and TGFBI sequences from elephant shark (C. milii, see Fig.S4), and 
reconstructed POSTN/TGFBI homolog from the lancelet B. floridae (based on predicted lancelet protein 
Refseq:XP_002235318.1 and translated lancelet ESTs), which clearly falls outside the POSTN and TGFBI groups.  
Accession numbers for TGFBI sequences (except Cm): RefSeq:NP_000349.1 (Hs), RefSeq:NP_990367.1 (Gg), 
RefSeq:NP_878282.1 (Dr), Ensembl:ENSGACP00000021567 (Ga). 
(B)  Domain structure of the reconstructed lancelet POSTN/TGFBI homolog (as predicted by SMART, 
http://smart.embl-heidelberg.de/ ), which interestingly features a fifth C-terminal FAS1 domain. Note that the tree 
topology given in (A) is not attributable to this fifth domain, since the tree was calculated excluding gapped 
columns. 
(C)  Taxonomic lineages of the newly considered species C. milii and B. floridae. 

 
 
However, the question if elephant shark periostin also has the repeat structure universally 
encountered in euteleostomes could not be resolved: While we identified multiple candidate repeat 
regions with a periodicity of 13 amino acids and similarity to a periostin repeat consensus based on 
teleost fish (Figure S6), the fragmentary nature of the elephant shark genome assembly made it 
impossible to establish or rule out an actual inter-exon connection between matches to repeats and 
those to other regions of the periostin gene. 
 
A genome-based reconstruction of the sequence for the candidate periostin/TGFBI homolog from 
lancelet, a cephalochordate, and its alignment with periostin and TGFBI sequences showed it falling 
outside the periostin and TGFBI clusters in the resulting dendrogram (Figure S5). 
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Figure S6: Best TBLASTN hit in the C. milii genome for a query of concatenated teleost fish repeat 
consensus sequences. 
(A)  A query of concatenated teleost fish repeat consensus sequences (based on 45 repeat units from different 
teleost fish species, see main text for details) was used as a query in a TBLASTN search against the elephant 
shark genome sequence (via http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organism=euk ); the BLAST 
alignment for the best hit is shown . 
(B)  A comparison of the repeat consensus from this hit (top) to the teleost repeat consensus used for the 
TBLASTN search show (bottom) via sequence logo representation. 

 
So far, these findings are consistent with the prevalent concept of whole genome duplication events 
within the chordates that provide the most straightforward explanation for the emergence of the 
periostin / TGFBI paralog pair: Apart from the most recent whole genome duplication (WGD) event at 
the base of teleost fish, two other WGD events, one at the base of the jawed vertebrates and another 
at the base of all vertebrates, are thought to have occurred [70]. 
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Figure S7: Phylogenetic tree based on the alignment of select POSTN and TGFBI protein sequences and 
four translated EST sequences from putative lamprey (Petromyzon marinus) POSTN/TGFBI homologs. 
EST #1 groups with POSTN, ESTs #2, #3, #4 form an outgroup relative to all other sequences, including the 
POSTN/TGFBI homolog from lancelet, which is contrary to the lamprey’s phylogenetic position relative to 
euteleostomes and cephalochordates (see taxonomic lineages below). The interpretation of this result is difficult 
(see main text for details). 
P. marinus EST accession numbers (and translated nucleotide ranges): EST #1: GenBank:DW022362 (2-886),  
EST #2: GenBank:DW021408 (2-841), EST #3: GenBank:FD721541 (1-855), EST #4: GenBank:FD706478 (3-
830). 

 
 
Crucially, searches in the genome sequence of the lamprey (Petromyzon marinus), a jawless 
vertebrate, and as such positioned after the first chordate WGD event affecting vertebrates, but not 
subject to the second one at the base of the jawed vertebrates, produced complex and ambiguous 
results (see Figure S7). Their interpretation was substantially hampered by the extremely preliminary 
status of the genome assembly.  
 
Consequently, while successfully fitting periostin and TGFBI into the larger framework of chordate 
evolution, we are presently unable to precisely identify the WGD event responsible for the split 
between these two genes and to clarify the origin of periostin’s C-terminal repeat region beyond the 
euteleostome group. 
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RNA interference and retinoblastoma-related genes
are required for repression of endogenous siRNA
targets in Caenorhabditis elegans
Alla Grishok , Sebastian Hoersch , and Phillip A. Sharp

Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology, Cambridge, MA 02139; and

Contributed by Phillip A. Sharp, October 23, 2008 (sent for review August 15, 2008)

In Caenorhabditis elegans, a vast number of endogenous short

RNAs corresponding to thousands of genes have been discovered

recently. This finding suggests that these short interfering RNAs

(siRNAs) may contribute to regulation of many developmental and

other signaling pathways in addition to silencing viruses and

transposons. Here, we present a microarray analysis of gene

expression in RNA interference (RNAi)-related mutants rde-4, zfp-1,

and alg-1 and the retinoblastoma (Rb) mutant lin-35. We found

that a component of Dicer complex RDE-4 and a chromatin-related

zinc finger protein ZFP-1, not implicated in endogenous RNAi,

regulate overlapping sets of genes. Notably, genes a) up-regulated

in the rde-4 and zfp-1 mutants and b) up-regulated in the lin-35(Rb)

mutant, but not the down-regulated genes are highly represented

in the set of genes with corresponding endogenous siRNAs (endo-

siRNAs). Our study suggests that endogenous siRNAs cooperate

with chromatin factors, either C. elegans ortholog of acute lym-

phoblastic leukemia-1 (ALL-1)-fused gene from chromosome 10

(AF10), ZFP-1, or tumor suppressor Rb, to regulate overlapping sets

of genes and predicts a large role for RNAi-based chromatin

silencing in control of gene expression in C. elegans.

endo-siRNA � microarray � Rb � RNAi

Among the species with sequenced genomes the nematode
Caenorhabditis elegans encodes the largest number of Argo-

naute proteins, which interact with short RNAs (1). Also, a large
number of endogenous, short interfering RNAs (endo-siRNAs)
have been cloned from C. elegans (2–5). They are distinct from
microRNAs (miRNAs), are largely generated by RNA-dependent
RNA polymerases (RdRP), and match thousands of genes.
These observations suggest that multiple gene-regulatory net-
works involving Argonaute proteins and endo-siRNAs exist in
the nematode.

We have characterized a system of RNAi-induced transcriptional
gene silencing (RNAi-TGS) of a repetitive transgene expressed in
the soma of C. elegans (6). Also, we found that RNAi pathway genes
and lin-35(Rb) synergize in repressing the intestinal cell divisions
and in repressing the cyclin E gene (cye-1) expression, likely through
cooperative inhibition of cye-1 transcription (7). Two chromatin-
related genes, zfp-1 and gfl-1, promote the RNAi process in C.
elegans, either directly or indirectly, they also contribute to RNAi-
TGS of a repetitive transgene (6, 8, 9). Interestingly, both genes
were also found to antagonize the repressive function of LIN-
35(Rb) (10, 11). Therefore, ZFP-1 and GFL-1 appear to regulate
both RNAi and Rb target genes.

The C. elegans Rb protein LIN-35 represses inappropriate tran-
scription of germline-specific genes (12) and growth factors (13) in
differentiated somatic cells and functions redundantly with other
transcriptional repressors (14). Also, lin-35 mutants are more
sensitive to exogenous RNAi than wild-type worms (11, 15). This
might be partially because of the de-repression of germline-specific
RNAi pathway genes in somatic cells.

Because RNAi genes were found to function in the same
processes as lin-35, we conducted microarray experiments to find
potential targets regulated by RNAi-TGS and lin-35. We used rde-4

and zfp-1 mutants affecting RNAi-TGS. RDE-4 is a dsRNA
binding protein interacting with Dicer (16) whereas ZFP-1 is a
nuclear protein that is likely to affect transcription directly. Our
previous study indicated that miRNAs might have a role in pro-
moting RNAi-TGS in C. elegans as well (6); therefore, we included
miRNA pathway Argonaute mutant alg-1 in our experiments.

Our analysis revealed i) that zfp-1 and rde-4 mutant animals have
strikingly similar profiles of alterations in gene expression and ii)
that there is an enrichment of genes with matching (antisense)
endo-siRNAs (3–5) only among genes up-regulated, but not down-
regulated, in zfp-1 and rde-4 mutants. These genes therefore might
represent direct targets of chromatin-based silencing induced by
endogenous RNAi pathways. Interestingly, endo-siRNAs matched
not only genes negatively regulated by rde-4 and zfp-1, but also those
primarily inhibited by LIN-35(Rb).

We also report that zfp-1, unlike rde-4, opposes the repressive
function of LIN-35 in controlling intestinal nuclear divisions and
cye-1 expression. Our results suggest that ZFP-1 may play both a
positive and a negative role in regulating gene expression.

Results

Microarray Data Analysis. To find target genes regulated by RNAi
and Rb, we performed a series of microarray experiments using
RNA from L1-L2 larvae of the wild type and loss-of-function
mutants rde-4 (17), zfp-1 (10), alg-1 (7), and lin-35 (18). We
conducted pairwise comparisons of the levels of gene expression in
each mutant compared with the wild type and selected statistically
significant changes in gene expression by two-sample t test (P value
�0.01), requiring in addition an expression difference of at least
1.5-fold between two group averages. Our microarray data are
summarized in Dataset S1 and Dataset S2.

A majority of the genes changing expression in the lin-35 mutant
compared with the wild type (535 of 710) were up-regulated
consistent with the repressive role of the LIN-35 protein (Table 1).
Similar numbers of genes were either up-regulated or down-
regulated in each of the RNAi-related mutants: 420 were ‘‘up’’ in
zfp-1 and 434 were ‘‘down’’ whereas 285 were ‘‘up’’ in rde-4 and 219
were ‘‘down’’, and 170 were ‘‘up’’ in alg-1 and 213 were ‘‘down.’’ The
numbers of genes similarly regulated in different mutants are listed
in Table 1. Ten genes commonly up-regulated in all four mutants
are described in Table S1.
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zfp-1 and rde-4 Mutants Have Similar Gene Expression Profiles. A
comparison of gene sets misregulated in the studied mutants
revealed a very significant overlap between genes regulated by rde-4
and genes regulated by zfp-1, including genes both up-regulated and
down-regulated in the mutants compared with wild type (Table 1).
Fifty percent of genes regulated by rde-4 (close to 250) are included
in a group affected by zfp-1. This degree of overlap in transcriptome
regulation has not been reported before for any pair of RNAi-
related genes.

Next, we used the gene expression terrain map (‘‘topomap’’) (19)
as a platform for functional annotation of misregulated gene sets.
In this work, based on the analysis of extensive microarray expres-
sion datasets, 17,658 C. elegans genes were divided into forty-five
expression clusters (‘‘mounts’’) of coregulated genes. Kim and
colleagues also redundantly assigned membership in 56 functional
categories to 5,615 functionally characterized C. elegans genes,
resulting in 8,212 category assignments (19). We mapped our
datasets of misregulated genes in various mutants to mounts and
categories (Fig. 1). A heatmap representation with clustering
dendrograms summarizing significant enrichment of genes from
ours and other relevant studies in functional groups of genes
(mounts and categories) defined by Kim and colleagues (19) is
shown in Fig. 1 and, more completely, in Fig. S1. In this represen-
tation, related functional groups are clustered on the y axis and
related datasets are clustered on the x axis. This allows functional
annotation and comparison of multiple datasets. P-values for
statistical significance and representation factors for gene enrich-
ment in specific groups are listed in Dataset S3.

We chose topomap as a vehicle for functional analysis over
possible alternatives, especially gene ontology (GO) annotation, for
a number of reasons. Chief among them is the considerably greater
coverage of C. elegans genes (77% for topomap compared with 46%
for GO) that is—by nature of the ‘‘annotation process’’—not
restricted to known and characterized genes. Therefore, topomap-
based functional assignment described in our study is not limited to
well studied genes. Functional annotation of our expression data
using GO platform (data not shown) was similar to that obtained
with topomap, but we arrived at a more complete picture of gene
expression by using topomap.

A comparison of the functional categories of genes changing
expression in different mutants revealed a striking similarity be-
tween transcriptome profiles in rde-4 and zfp-1 mutants (Fig. 1 and
Fig. S1). This similarity suggests that common biological processes
are affected by both mutations. For example, certain germline-
enriched and oocyte genes (mount #02) are overrepresented in
groups of genes with higher expression levels in zfp-1 and rde-4
mutants and close to 20% of genes commonly up-regulated in both
mutants belong to this category (Dataset S2). Indeed, functional

annotation of the groups of genes commonly affected by each
combination of two mutants (presented in Table 1) revealed the
same categories of enrichment as those that were common between
the two single mutant profiles (Fig. S2).

Therefore, two independent types of analyses: 1) a direct com-
parison of genes changing expression in two mutants (Table 1) and
2) functional annotation of misregulated genes (Fig. 1 and Figs. S1
and S2) strongly suggest that zfp-1 and rde-4 work in the same
pathway (RNAi-TGS) and point to a very significant role of this
pathway in biology of C. elegans.

The rde-4 mRNA level was not changed in the zfp-1 mutant and
vice versa, indicating that a simple model of regulation of one gene
by the product of another does not account for the correlation. We
cannot exclude the possibility that protein levels of RDE-4 or
ZFP-1 might change. However, these types of changes are not likely
to be due to the direct regulation by RDE-4 or ZFP-1 because
RDE-4 is known to interact with RNA and ZFP-1 is a chromatin
factor.

Genes with higher expression in zfp-1 and rde-4 mutants were
overrepresented among the functional groups ‘protein expression,’
‘germline-enriched,’ ‘biosynthesis,’ ‘mitochondrial,’ and ‘cell cycle,’
whereas those genes that were down-regulated in the mutants
frequently represented intestine-specific genes involved in meta-
bolic processes (Fig. 1). Histone genes were also significantly
enriched in the rde-4 down-regulated gene set (Fig. 1). Importantly,
ZFP-1 appears to have a larger role in gene expression regulation
than RDE-4 (Fig. 1, Table 1, and Dataset S1). Consistent with these
results, zfp-1 mutants have some developmental phenotypes, such
as slow growth and protruded vulva (10), whereas rde-4 mutant
worms are superficially normal.

A recent microarray study reported gene expression changes in
the RNAi pathway mutants rde-1, rde-4, and dcr-1 (20). We mapped
the misregulated gene sets from this study to the functional groups
of coregulated genes (Fig. 1) and found that genes down-regulated
in the rde-4 mutant were enriched in intestine-specific group
contained significant number of histone genes and proteases. This
signature corresponds to that of genes down-regulated in the rde-4
mutant from our study (Fig. 1). However, genes found up-regulated
in the rde-4 mutant do not have a signature consistent with our
findings (Fig. 1). One difference between the studies is that we used
L1-L2 larva and the published report used adult worms (20).
Because adult worms contain both differentiated somatic tissues
and actively proliferating and specialized germline cells, whereas
the L1-L2 larvae contain primarily somatic cells, the resulting
‘‘average’’ gene expression profile is likely to be different in adults
and larvae. In addition, mutant backgrounds may have different
effects on gene expression in somatic and germline tissues.

Table 1. Numbers of genes changing expression compared with the wild type in indicated mutant backgrounds (top) and numbers

of overlapping genes between indicated mutants (bottom)

Mutant backgrounds # genes UP Enrichment P value # genes DOWN Enrichment P value

lin-35 535 175

zfp-1 420 434

rde-4 285 219

alg-1 170 213

lin-35 and zfp-1 56 4.54 1.39 � 10�21 65 15.59 2.15 � 10�60

lin-35 and rde-4 40 4.78 2.07 � 10�16 32 15.21 9.1 � 10�29

lin-35 and alg-1 39 7.81 5.45 � 10�24 40 19.55 1.58 � 10�40

zfp-1 and rde-4 110 16.74 1.44 � 10�107 138 26.45 2.78 � 10�174

zfp-1 and alg-1 68 17.35 7.26 � 10�67 131 25.81 7.40 � 10�163

rde-4 and alg-1 41 15.41 3.77 � 10�37 77 30.07 2.65 � 10�96

Genes up-regulated in the mutants are listed in the �UP� column and down-regulated gene are listed in the �DOWN� column. Enrichment factors and P values

for significance of overlaps are indicated. Descriptions of genes changing expression in indicated mutants are listed in Dataset S2. Overlaps between groups of

genes misregulated in two or more mutants can be found by using the �data filter� option in the Excel file and selecting �1� in the columns representing conditions

of interest.
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Endogenous siRNA Preferentially Map to Genes Up-Regulated in zfp-1,

rde-4, and lin-35 Mutants. As mentioned, we found almost equal
numbers of genes both positively and negatively regulated by
RDE-4 and ZFP-1 (Table 1). Although it is conceivable that ZFP-1
might act directly as an activator or as a repressor on both types of
target genes, RDE-4, required for the production of siRNAs (21),
is much more likely to contribute directly only to gene silencing.

To gain insight about possible direct targets of RNAi-TGS, we
mapped the endo-siRNA target genes according to three indepen-
dent studies (3–5) to the coregulated groups defined by Kim and
colleagues (Fig. 1). Interestingly, distribution of siRNA target genes
was nonrandom and mostly consistent among the three studies

(3–5) (Fig. 1). We found that siRNA-matching genes were very
significantly enriched in the same functional groups as the genes
up-regulated in zfp-1 and rde-4 mutants or lin-35 mutants (Fig. 1),
but not in the groups overrepresented in genes down-regulated in
the same mutants, with the exception of histone genes (Fig. 1). This
suggested that specific genes negatively regulated by zfp-1 and rde-4
or by lin-35 might be more likely to have a matching endo-siRNA.

Indeed, direct comparison of endo-siRNA target gene sets and
zfp-1, rde-4, alg-1, and lin-35-regulated genes revealed a statistically
significant enrichment of genes with siRNAs only in the sets of
genes up-regulated in the mutants but not in the down-regulated
sets of genes (Table 2). Close to 50% of genes with increased
expression in each of the mutant strains were reported to have a
matching siRNA. These data strongly suggest that genes up-
regulated in the mutants represent the direct targets repressed by
RNAi and that the down-regulated genes might be affected by the
mutations indirectly. A very large overlap between rde-4 and
zfp-1-regulated genes (Table 1) together with high significance of
enrichment in siRNA targets of gene sets up-regulated in both
mutants (Table 2) further strengthens the prediction of numerous
target genes regulated by RNAi-TGS in C. elegans.

When functional annotation was done on the groups of genes
representing overlaps between genes up-regulated in the mutants
and siRNA target genes, the signatures of ‘‘UP in zfp-1 and siRNA
target’’ and ‘‘UP in rde-4 and siRNA target’’ groups were found to
be very similar and very close to ‘‘UP in zfp-1 and rde-4’’ signature.
On the contrary, the signature of the ‘‘UP in lin-35 and siRNA
target’’ group was distinct from ‘‘UP in zfp-1 and rde-4’’ and very
similar to that of ‘‘UP in lin-35’’, whereas ‘‘UP in alg-1 and siRNA
target’’ group had similarity to groups of genes regulated by zfp-1
and rde-4 and also regulated by lin-35. We conclude that siRNA
targets overlapping with lin-35-regulated genes are distinct from the
groups of siRNA targets regulated by zfp-1 and rde-4. Although
chromatin factor ZFP-1 may be directly involved in the endo-
siRNA pathway as this gene was implicated in supporting RNAi,
the overlap between lin-35 and endo-siRNA target genes likely
represents synergy between the two repressive pathways.

The main signature of the lin-35 mutant is de-repression of
germline-specific genes in somatic tissues of larvae (Fig. 1), which
is consistent with previous findings (11, 22). There are three main
groups of coregulated genes that represent germ line (mounts #02,
#07, and #11, Fig. S1). Endogenous siRNAs are enriched in those
same groups: of the total of 4,372 siRNA targets represented in the
topomap dataset, 1,448 were found to belong to these germline
mounts. Direct comparison of germline-specific siRNA target
genes with the sets of genes changing expression in the mutants
(Table S2) revealed 9� overrepresentation of genes up-regulated in
lin-35 larvae (154 compared with 17 expected by chance). This
correlation may indicate that endo-siRNAs synergize with LIN-35
in repressing germline-specific fate in somatic tissues. Alternatively,
although both LIN-35 targets and endo-siRNAs preferentially
correspond to germline-enriched genes, LIN-35 and RNAi may
regulate those genes independently in distinct tissues: soma and
germ line, respectively.

When we compared nongermline siRNA target genes with gene
sets changing expression in the mutants, genes up-regulated in
lin-35 were enriched modestly (2.5�) and enriched less than genes
down-regulated in lin-35 (3.3�) (Table S3). In contrast, genes
up-regulated in zfp-1 and rde-4 were overrepresented among siRNA
targets (4�), independently of their germline or nongermline
classification (Tables S2 and S3). The corresponding sets of down-
regulated genes were not overrepresented. This analysis further
supports synergy between endo-siRNAs, rde-4 and zfp-1, in gene
expression regulation. Although lin-35 and endo-siRNA targets do
not appear to correlate outside of germline-enriched group of
genes, the possibility of synergy between LIN-35 and endo-siRNAs
in repressing germline fate in the soma still remains and needs to
be studied further.

Fig. 1. Heatmap showing the enrichment of selected functional groups as

defined by ref. 19 (y axis) in gene sets from various datasets (x axis). The gray

shades in the heatmap indicate significance levels as indicated in the legend.

The bars to the right of the heatmap indicate the total size of each functional

group. For a comprehensive version of the figure including all functional

groups with any significant enrichment and clustering dendrograms inform-

ing the order of groups and datasets, see Fig. S1. Enrichment factors and their

P values are presented in Dataset S3.
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Notably, the cyclin E gene targeted by endo-siRNAs is expressed
very highly during oogenesis and is categorized as ‘germline-
enriched.’ Therefore, its repression by Rb and RNAi pathways in
somatic tissues that we discovered genetically (7) may serve as an
example of possible large-scale cooperation between endo-siRNAs
and LIN-35 in repressing common targets.

Mutation in zfp-1 Suppresses Extra Nuclei Division Phenotype and

Enhanced Cyclin E Expression in lin-35 Mutant Worms. We have found
that the combination of the RNAi pathway mutants rde-1, rde-4, or
the miRNAi pathway mutants dcr-1 and alg-1 with the lin-35
mutation leads to a significant increase in postembryonic nuclear
divisions in the intestine of the double mutant worms (Fig. 2 A and
B) (7). Increases in cyclin E (cye-1) transcription under these
conditions are at least partially responsible for this phenotype (7).

Because rde-4 and zfp-1 regulate many common genes, we tested
whether ZFP-1 also cooperates with LIN-35 in repressing cye-1.
Surprisingly, we found that combining the zfp-1 mutation with
lin-35(lf) did not lead to an increase in nuclear divisions. Instead, the
zfp-1 mutation suppressed extra nuclear divisions associated with
the lin-35; dcr-1, lin-35; alg-1 (Fig. 2A) and lin-35; rde-1 double
mutant combinations (Fig. 2B). This suppression by zfp-1(lf) of a
phenotype associated with the lack of transcriptional repressors is
comparable with its suppression of a multivulva phenotype (10, 11).
In both cases it is likely that zfp-1 function is required for an
enhanced expression of the de-repressed target genes.

Because cyclin E is one of the target genes repressed by LIN-35,
we tested whether enhanced expression of cye-1 mRNA in lin-35(lf)
worms requires ZFP-1. Indeed, we found that in the lin-35; zfp-1
double mutant strain, the cye-1 mRNA level was reduced as
compared with that in lin-35(lf) (Fig. 2C). We did not observe a
reduction in cye-1 mRNA levels in the zfp-1 mutant alone, indicat-
ing that its activity is not required for normal levels of expression
of this gene.

Genes Repressed by lin-35 and Activated by zfp-1. Our genetic studies
of cye-1 regulation and published reports (10, 11) indicate that zfp-1
may act as an activator of LIN-35(Rb)-repressed genes (Fig. 2).
However, the microarray results strongly suggest that ZFP-1 and
RDE-4 have a direct repressive effect on a number of other targets,
which are not regulated by LIN-35. We were interested in identi-
fying an additional group of genes, those oppositely regulated by
lin-35 and zfp-1, and further selected for up-regulated expression in
lin-35(lf) background and down-regulated expression in the zfp-1
mutant with a change in expression intermediate between zfp-1 and
lin-35 in rde-4(lf) and alg-1(lf) (see SI Text). Fifty-seven genes
with expression profiles showing high similarity to this ‘‘custom
expression profile’’ were identified (Dataset S1 and Fig. 1).
Notably, three Argonaute genes were found in this group. This
representation is statistically significant (enrichment factor 38�,
P value 6.36 � 10�5).

We used quantitative real-time PCR to analyze the expression

levels of the candidate genes with the largest differences in expres-
sion between zfp-1 and lin-35 mutants (down-regulated in zfp-1 and
up-regulated in lin-35) or genes with smaller expression changes
that we find interesting, such as Argonaute gene csr-1 (1). The
expression of these chosen genes was tested in mutants used for the
array analysis and in lin-35; rde-4 and lin-35; zfp-1 double mutants
that have limited viability (Fig. 3 A–F). A few genes showed
suppression of their enhanced expression in lin-35(lf) background

Table 2. endo-siRNA targets are overrepresented among genes up-regulated in RNAi and Rb mutants

UP in lin-35

UP in

zfp-1

UP in

rde-4

UP in

alg-1

DOWN in

lin-35

DOWN in

zfp-1

DOWN in

rde-4

DOWN in

alg-1

Totals in 18,45923 428 333 232 142 143 371 191 185

Endo-siRNA targets

3,892

Overlap with

endo-siRNA targets

223 149 107 61 37 74 41 48

Representation f-r 2.5 2.1 2.2 2 1.2 0.9 1 1.2

P value 1.8 � 10�46 1.4 � 10�22 9.6 � 10�18 3.2� 10�9 0.09 0.73 0.48 0.064

Endo-siRNA target gene set, according to Pak and Fire (2) and gene sets determined to be �UP�- or �DOWN�-regulated in our expression data were mapped

to 18,459 genes with TOPOMAP representation (with recalls ranging from 74% to 84%). For each group, total and overlap counts are listed as well as

representation factors and p values for overlaps.

Fig. 2. Suppression of the increased nuclear division phenotype and in-

creased cye-1 mRNA expression in lin-35 mutants by zfp-1(ok554). (A and B)

Quantification of postembryonic nuclear divisions in the intestine (number of

nuclei in adult worms after subtraction of 20 nuclei present in L1) in different

genetic backgrounds. Intestinal nuclei were counted in 15–30 worms and data

for each genotype are presented as a mean number � SD. The following

mutants were used lin-35(n745)unc-13(e1091), zfp-1(ok554), rde-1(ne300),

alg-1/2(RNAi), and dcr-1(RNAi). Similar results to those shown in A were

obtained with lin-35(RNAi) and zfp-1(RNAi). (C) Real-time RT-PCR analysis of

the expression levels of cye-1 mRNA in different mutant backgrounds. Levels

of cye-1 mRNA were normalized to ama-1 mRNA levels. Results of 2 indepen-

dent experiments are shown as means and ranges of relative expression

compared with wild type.
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when the zfp-1 mutation was added to the lin-35 mutant (Fig. 3 E
and F), whereas enhanced expression of other genes was not
suppressed by zfp-1(lf) (Fig. 3 A–D). These results reveal a complex
regulation of tested genes by LIN-35 and ZFP-1 and suggest that
ZFP-1 may have a dual role (of an activator and repressor) in
regulating expression of specific targets.

We also performed real time RT-PCR analysis of the expression
of several germline-enriched genes with matching siRNAs and
repressed by lin-35, but not affected by zfp-1(ok554), similarly to
cye-1 (Fig. S3). The lin-35; rde-4 and lin-35; zfp-1 double mutants
were also included in this analysis. Loss of rde-4 or zfp-1 does not
appear to contribute very significantly to the dramatic de-repression
of these targets in the lin-35 mutant background.

Discussion

Our microarray study was motivated by the finding of cooperation
between RNAi-TGS and Rb in cyclin E regulation (7). We aimed
at identifying more targets of these repressive pathways.

The profile of genes up-regulated in the lin-35 mutant larvae
confirms its role in the repression of germline-specific fates in
somatic cells (11). More than half of genes up-regulated in the lin-35

mutant have matching endogenous siRNAs (311/535, enrichment
factor 2.3�, P value 2 � 10�60). Although we cannot exclude a
possibility that these endo-siRNAs are produced in the germ line
and also function in this tissue, it is equally possible that siRNAs
generated in the germ line by RdRP are inherited and function
along with LIN-35 to repress germline genes in the soma. Cyclin E
is an example of a ‘germline-enriched’ gene repressed by LIN-35
and RNAi in the somatic tissues (7). This pattern of expression of
Cyclin E is not unique to nematodes. Cyclin E expression has been
shown to be continuous throughout the cell cycle in germline stem
cells of Drosophila (23) and embryonic stem (ES) cells from mouse
(24) and primates (25). High level of cyclin E was proposed to
indicate ‘‘stemness’’ of the cells (23). In somatic cells in these
organisms, constitutive Cyclin E expression is repressed with the
onset of cell-cycle dependent regulation. Our results demonstrating
repression of cyclin E in the soma along with other germline genes
are consistent with this idea.

Interestingly, we found that many RNAi-related Argonaute
genes (ppw-1, sago-2, C16C10.3, C04F12.1, and csr-1) are repressed
by LIN-35. Argonaute proteins interact with siRNAs and are
essential for the silencing process. C. elegans Argonaute genes
ppw-1, sago-2, and C04F12.1 function redundantly in the RNAi
process (1). The level of expression of these genes is elevated eight
to ten fold in lin-35(lf) larvae. This finding may explain why the
lin-35 mutant is more susceptible to exogenous RNAi (11, 15).

We identified very significant enrichment of endo-siRNA target
genes among genes up-regulated in rde-4 (P value 9.6 � 10�18) and
zfp-1 (P value 1.4 � 10�22) mutants. Also, these mutants affected
a large number of common genes. Previous studies aimed at
identifying common misregulated targets among various endo-
RNAi pathway mutants (3) have not detected large overlaps in
misregulated genes or common functional signatures predicting
biological pathways where regulation by endogenous RNAi may
take place. Therefore, this is the first study demonstrating a
connection between zfp-1 function and endogenous RNAi pro-
cesses and identifying specific genes that are 1) endo-siRNA targets,
2) up-regulated in rde-4(�/�), and 3) up-regulated in zfp-1(�/�)
and belong to very specific functional groups, such as regulation of
protein translation and germline function (Dataset S2).

We infer that genes commonly up-regulated in the rde-4 and zfp-1
mutants and containing matching siRNAs are the direct targets of
nuclear RNAi. This prediction is based on the role of rde-4 and zfp-1
genes in our characterized system of transcriptional silencing of a
transgene (6), the demonstrated requirement of RDE-4 for pro-
duction of at least some endo-siRNAs (3, 26) and on the predicted
nuclear function of the ZFP-1 protein. ZFP-1 is a homolog of
mammalian protein AF10, which causes myeloid leukemia when
fused to MLL (27). Both ZFP-1 and AF10 contain two N-terminal
PHD zinc fingers and a C-terminal leucine zipper domain. Some
PHD zinc fingers were recently recognized as histone-binding
modules interacting with either methylated (28, 29) or unmethyl-
ated (30) lysine 4 of histone H3. The protein sequences of most
terminal PHD fingers of ZFP-1 and AF10 align very well with
histone-binding PHD fingers of other proteins, strongly suggesting
that these proteins interact with chromatin via PHD domains. AF10
was shown to recruit histone H3 lysine 79 Dot1 methyltransferase
via its leucine zipper domain (31) and to play a role in transcrip-
tional elongation (32). It is possible that ZFP-1 binds histones with
its N-terminal PHD domain and recruits different protein factors
with its C-terminal domain. It could serve as an adaptor for both
activators (Dot1) and repressors (RNAi factors) and regulate gene
expression at the transcription elongation step.

The majority of the endo-siRNAs in C. elegans is antisense to
mature mRNA sequences and is likely produced by RdRPs by using
those mature RNAs as templates (2–5). A very recent discovery of
an Argonaute protein NRDE-3 that binds endo-siRNAs and shut-
tles between the cytoplasm and the nucleus (26) further supports a

Fig. 3. ZFP-1 acts as a positive and negative regulator of genes repressed by

LIN-35. Real-time RT-PCR analysis of the expression levels of indicated LIN-35

and ZFP-1 target mRNAs in different mutant backgrounds. (A–F) Examples of

genes up-regulated in lin-35 (�/�) and down-regulated in zfp-1 (�/�). The

order of mutants tested is presented the same in all images and is indicated in

the bottom. The levels of tested mRNAs were normalized to arx-2 mRNA levels.

Results of 3 RT-PCR experiments are shown as means and ranges of relative

expression compared with wild type. Groups of bars labeled * or ** in each

image are not statistically different from each other, considering P � 0.05.
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possibility that endo-siRNAs and ZFP-1 may work together in the
nuclear RNAi pathway in C. elegans.

Materials and Methods
C. elegans Strains. Worms were maintained on nematode growth medium plates

seeded with OP50 bacteria. The strains used are listed in the SI Text. Adult or L4

worms were used for counting intestinal nuclei in strains containing

elt-2::gfp/LacZ reporter. RNAi by feeding was performed as described (7). We

used lin-35(n745) mutant linked to the weak unc-13(e1091) allele in our experi-

ments to facilitate gene expression comparison between a lin-35 single mutant

and lin-35; rde-4 and lin-35; zfp-1 double mutants constructed in unc-13(e1091)

background. Only one of eighteen lin-35unc-13-dependent genes that we tested

by real-time RT-PCR, sod-3, had an increased expression in unc-13(e1091) back-

ground compared with wild type (data not shown). However, its expression was

even higher in the lin-35unc-13 strain. Because the functional categories of genes

up-regulated in lin-35 mutant were almost identical between our study and that

of Kirienko and Fay (22) (Fig. 1), which used an unmarked lin-35 mutant, we

believe that the number of false positives in our study, due to unc-13, is very low.

C. elegans Collection for Microarray Experiments. Nematodes were synchro-

nized at L1 stage by hypochlorite treatment of gravid hermaphrodites and

hatching their eggs overnight in liquid culture without food. Resulting pop-

ulations were cultured on OP50 bacteria for 6–7 h and collected for RNA

preparations.

RNA Preparation and Microarray Hybridization. Tri Reagent (MRC) was used for

total RNA preparation from frozen worms resulting in 5–30 �g RNA per sample.

The quality of RNA samples was confirmed by BioRad Bioanalyzer. Affymetrix

GeneChip C. elegans Genome Arrays with a total of 22,625 probesets were

hybridized with cDNA and scanned according to manufacturer’s standard pro-

tocol. All conditions (WT and 4 mutants) were profiled in triplicate. Replicates

were biological replicates (separately grown worm populations), with two ex-

ceptions: because of shortage of biological material, there were only two bio-

logical replicates available for the lin-35(n745) unc-13(e1091) I and zfp-1(ok554)

III strains; for both, one biological sample was hybridized twice to set up a

consistent triplicate structure across the dataset. Subsequent analysis of the

replicate structure by using unsupervised hierarchical clustering showed that the

agreements between technical replicates is in the same range as those between

biological replicates, validating the approach taken. Raw data processing and

normalization was performed by using the Bioconductor (33); http://www.bio-

conductor.org/) packages ‘affy’ and ‘gcrma’ to generate the dataset of GC-RMA

expression measures (34) used for further analysis.

Data Analysis: Sets of Differentially Expressed Genes. Sets of probesets with up-

or down-regulated expression in the mutants relative to WT were determined via

t test (two-tailed, homoscedastic) with a P value cutoff of 0.01, requiring in

addition an average expression difference of 1.5 or greater on the natural scale.

Complete data analysis description, which includes generation of idealized

expression profile, gene assignment and mapping, topomap assignments and

graphic generation, is presented in SI Text.

RT and quantitative real time PCR was performed as described in refs.

6 and 7.
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Correction

GENETICS

Correction for “RNA interference and retinoblastoma-related
genes are required for repression of endogenous siRNA targets
in Caenorhabditis elegans” by Alla Grishok, Sebastian Hoersch,
and Phillip A. Sharp, which appeared in issue 51, December 23,
2008, of Proc Natl Acad Sci USA (105:20386–20391; first pub-
lished December 10, 2008; 10.1073/pnas.0810589105).
The authors note that an additional affiliation for Sebastian

Hoersch was omitted from the article. Sebastian Hoersch’s sec-
ond affiliation is Bioinformatics Group, Max Delbrück Center
for Molecular Medicine, 13125 Berlin, Germany. The corrected
author and affiliation lines appear below. The online version has
been corrected.

Alla Grishoka, Sebastian Hoerscha,b, and Phillip A. Sharpa

aKoch Institute for Integrative Cancer Research, Massachusetts Institute of
Technology, Cambridge, MA 02139; and bBioinformatics Group, Max Delbrück
Center for Molecular Medicine, 13125 Berlin, Germany
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The following strains were used: wild type Bristol strain N2,
lin-35(n745) unc-13(e1091) I, unc-13(e1091) I, rde-4(ne299) III,
zfp-1(ok554) III, alg-1(gk214) X, elt-2::gfp/lacZ X, lin-35(n745)
unc-13(e1091) I; rde-4(ne299) III, lin-35(n745) unc-13(e1091) I;
zfp-1(ok554) III, lin-35(n745) unc-13(e1091) I; rde-1(ne300) V;
elt-2::gfp/lacZ X, lin-35(n745) unc-13(e1091) I; zfp-1(ok554) III;
rde-1(ne300) V; elt-2::gfp/lacZ X, zfp-1(ok554) III; elt-2::gfp/lacZ X,
rde-1(ne300) V; elt-2::gfp/lacZ X, zfp-1(ok554) III; rde-1(ne300) V;
and elt-2::gfp/lacZ X.

Generation of ‘‘Custom’’ Expression Profile. Using the ‘‘Profile
Search’’ functionality in the Spotfire DecisionSite data analysis
software, an idealized expression profile was defined across all
samples showing high expression in lin-35(lf) background, low
expression in the zfp-1 mutant, and intermediate expression in
the RNAi pathway mutants. This profile was encoded numerically
by using the values 1, �1, and 0, respectively. Probesets with
expression profiles similar to this idealized profile were selected by
requiring a Pearson’s correlation r � 0.6 and in addition, to ensure
preservation of the idealized profile’s key features, P values �0.05
for differential expression between WT and zfp-1 mutant and
between WT and lin-35 mutant.

Gene Assignments and Mapping. An Affymetrix-generated anno-
tation file (version 15-Nov-2006), specifically data in the column
‘‘Ensembl,’’ was used to map probeset identifiers to Caenorhab-
ditis elegans genes. For probesets with multiple gene annotations
(3.1% of total), all gene annotations were retained, as identifying
a ‘‘correct’’ one is often impossible because of cross-
hybridization issues. No attempt was made to universally assign
genes to probesets without gene annotation (5.7% of total).
Gene collections from other C. elegans studies used in compar-
ative analyses were downloaded from the authors’ websites or the

publications’ supplemental data sections, maintaining the orig-
inal author’s gene assignments.

Collections of siRNA target genes were, where possible, used
as provided by the authors (1). Alternatively (2, 3), collections
of siRNA sequences provided by the authors were, if necessary,
preprocessed to eliminate linker sequences, and then subjected
to a BLASTN (4) analysis against a database of C. elegans
full-length transcripts obtained by using the UCSC Table
Browser (5) [Jan 2007 (ce4) assembly, track ‘‘WormBase genes,’’
resulting in 30,497 sequences]. Only matches with 100% identity/
100% query sequence coverage were considered.

Topomap Assignments. Topomap raw data (6) were downloaded
from the supplementary data website (http://www.sciencema-
g.org/feature/data/kim1061603/gl/gene_list.html) and assembled
into a gene-centric annotation table comprising 18,459 gene
entries, 17,658 of which had mount assignments, and 5,615 had
(frequently more than one) category assignment. For functional
studies, C. elegans gene sets were mapped to the Topomap
representation, resulting in recovery rates between 67% and
80% for mounts. For categories, the recovery rates were typically
lower and more diverse, between 37% and 72%. Representation
factors r (as provided in Dataset S3) to measure the enrichment
or impoverishment of gene sets of interest (‘‘set 1’’) in mounts
and biogroups (‘‘set 2’’) were calculated according to r �

(n1,2)/[(n1 � n2)/N], with n1,2 � number of genes common to set
1 and 2, n1 � number genes in set 1, n2 � number of genes in set
2, n � total number of genes considered. Significance of
enrichment and impoverishment was determined separately by
using Fisher Exact test as implemented in the statistical com-
puting package R (http://www.r-project.org/).

Graphics Generation. The heatmap (Fig. 1 and Figs. S1 and S2)
were generated with Spotfire DecisionSite.
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Fig. S1. Heatmap showing the enrichment of selected functional groups as defined by ref. 19 (y axis) in gene sets from various datasets (x axis). The gray shades

in the heatmap indicate significance levels as indicated in the legend. The bars to the right of the heatmap indicate the total size of each functional group. P values

for the significance of enrichment are presented in Dataset S3.
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Fig. S2. Variation of a heatmap shown in Fig. S1 that includes additional conditions (gene sets) listed on x axis and defined by symbol key.
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Fig. S3. Examples of genes strongly up-regulated in lin-35 mutants. Results of three RT-PCR experiments are shown as means and ranges of relative expression

compared with wild type.

Grishok et al. www.pnas.org/cgi/content/short/0810589105 4 of 7

84 Grishok et al. (2008): RNA interference...



Table S1. Genes commonly up-regulated in rde-4(�/�), zfp-1(�/�), alg(�/�) and lin-35(�/�) backgrounds

Cosmid ID Gene name Gene description Chr Human homolog* Endo-siRNA target†

C05D10.1 Intestine enriched III

C11H1.3 Predicted E3 ubiquitin ligase X RNF157

C14H10.3 Predicted pyridoxal-dependent decarboxylase X PDXDC1

C52D10.2 Up-regulated in dcr-1(�/�) (21) IV

K08B4.1 lag-1 Transcription factor orthologous to members of the

CSL (CBF1, Suppressor of Hairless, LAG-1) family

IV RBPJ Pak07

T07D4.4 DEAD(Asp-Glu-Ala-As) -box helicase II DDX19A Lee06, Ruby06, Pak07

W03F9.1 C4-type Zn-finger protein V ZNF259 Lee06, Pak07

Y102E9.2 WD repeat protein WDR4 III WDR4 Pak07

Y48G1C.7 I Ruby06, Pak07

Y54G9A.4 Fe2�/Zn2 � regulated transporter II SLC39A3

*Tentative human homologs of C. elegans genes were defined by a BLAST E-value cutoff of 10�10 (best hit).
†Monikers used flag genes being identified as endogenous siRNA target in three studies as follows: Lee06 � Lee et al. (1), Pak07 � Pak and Fire (2), and Ruby06 �

Ruby et al. (3).
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Table S2. Overlaps between germline genes (mounts #02, 07, and 11), endo-siRNA targets, and groups of genes up- and

down-regulated in four mutants

Germ line: 2,862 genes

Endo-siRNA target: 4,372 genes

In experimental group X: n genes

X n 3-way overlap: observed 3-way overlap: expected* Enrichment factor

lin-35 UP 413 154 16.6 9.3

lin-35 DOWN 137 10 5.5 1.8

zfp-1 UP 303 42 12.2 3.5

zfp-1 DOWN 348 16 14.0 1.1

rde-4 UP 208 33 8.3 4.0

rde-4 DOWN 177 12 7.1 1.7

alg-1 UP 134 25 5.4 4.6

alg-1 DOWN 175 13 7.0 1.9

*Based on a total of 17,658 genes with Topomap mount annotation
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Other Supporting Information Files

Dataset S1 (XLS)

Dataset S2 (XLS)

Dataset S3 (XLS)

Table S3. Overlaps between nongermline genes in mounts #04, 05, 23, 27, 28, 30, 32, and 41 enriched in endo-siRNA targets (from

Fig. S1), endo-siRNA target genes, and groups of genes up- and down-regulated in four mutants

Nongermline, siRNA enriched: 2,531 genes

Endo-siRNA target: 4,372 genes

In experimental group X: n genes

X n 3-way overlap: observed 3-way overlap: expected* Enrichment factor

lin-35 UP 413 36 14.66 2.46

lin-35 DOWN 137 16 4.86 3.29

zfp-1 UP 303 44 10.75 4.09

zfp-1 DOWN 348 8 12.35 0.65

rde-4 UP 208 28 7.38 3.79

rde-4 DOWN 177 6 6.28 0.96

alg-1 UP 134 12 4.76 2.52

alg-1 DOWN 175 10 6.21 1.61

*Based on a total of 17,658 genes with Topomap mount annotation
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Highly aneuploid zebrafish malignant peripheral
nerve sheath tumors have genetic alterations
similar to human cancers
GuangJun Zhanga, Sebastian Hoerscha,b, Adam Amsterdama, Charles A. Whittakera, Jacqueline A. Leesa,
and Nancy Hopkinsa,1

aDepartment of Biology and David H. Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology, Cambridge, MA 02139; and
bBioinformatics Group, Max Delbrück Center for Molecular Medicine, 13125 Berlin, Germany

Contributed by Nancy Hopkins, August 17, 2010 (sent for review June 30, 2010)

Aneuploidy is a hallmark of human cancers, but most mouse cancer

models lack the extensive aneuploidy seen in many human tumors.

The zebrafish is becoming an increasingly popularmodel for studying

cancer.Herewereport thatmalignantperipheralnervesheathtumors

(MPNSTs) that arise in zebrafish as a result of mutations in either

ribosomalprotein (rp) genesor inp53 arehighly aneuploid. Karyotyp-

ingreveals that these tumors frequentlyharbornear-triploidnumbers

of chromosomes, and they vary in chromosome number from cell to

cell within a single tumor. Using array comparative genomic hybrid-

ization,we found that, as inhumancancers, certainfish chromosomes

are preferentially overrepresented, whereas others are underrepre-

sented inmanyMPNSTs. In addition,we obtained evidence for recur-

rent subchromosomal amplifications and deletions that may contain

genes involved in cancer initiation or progression. These focal ampli-

fications encompassed several geneswhoseamplification is observed

in human tumors, including met, cyclinD2, slc45a3, and cdk6. One

focal amplification included fgf6a. Increasing fgf signaling via amuta-

tion that overexpresses fgf8 accelerated the onset of MPNSTs in fish

bearingamutation inp53, suggesting that fgf6a itselfmaybeadriver

of MPNSTs. Our results suggest that the zebrafish is a useful model

inwhich to studyaneuploidy inhumancancer and inwhich to identify

candidate genes that may act as drivers in fish and potentially also

in human tumors.

array comparative genomic hybridization | fgf8 | met | Illumina | copy

number alteration

Chromosomal instability is a hallmark of human cancer (1, 2). It
results in aneuploidy (a nondiploid number of chromosomes)

and subchromosomal abnormalities, including inversions, trans-
locations, deletions, and amplifications (3–5). Aneuploidy is par-
ticularly common in solid tumors (6). For example, in one study,
85%of colorectal cancerswereaneuploid andpossessed anaverage
of 60–90 chromosomes (7). Such tumors are frequently heteroge-
neous, with the number of chromosomes varying from cell to cell.
Most of the chromosomal changes seen in complex cancer

genomes are likely to be nonspecific by-products of chromosomal
instability. Others, however, are clearly drivers of the cancer
phenotype, including certain whole-chromosome amplifications
and certain subchromosomal translocations, amplifications, and
deletions. A major goal of cancer research is to distinguish path-
ogenetically relevant alterations from passive changes (2).
Cytogenetic technologies such as chromosome banding, fluo-

rescence in situ hybridization (FISH), and comparative genomic
hybridization (CGH) have been adapted for the purpose of char-
acterizing numerical and structural chromosome abnormalities in
cancers (8, 9). With CGH, chromosomal abnormalities are mea-
sured asDNA copy-number alterations (CNA). Recent large-scale
CGH studies have found that human tumors possess preferred
whole-chromosome, chromosome-arm, and focal CNAs (10, 11).
The conservation of gene function has made it possible to use

animal models to study human cancer. The most powerful model
system has been the mouse. However, most mouse cancer models

do not display the extensive aneuploidy seen in many types of
human tumors. For this reason, researchers have engineered
mouse cancer models with chromosomal instability. Such mice
develop tumors that are highly aneuploid and also possess sub-
chromosomal alterations. These alterations can then be exploited
to identify genetic alterations that drive the cancer phenotype (12).
Comparison of T-cell acute lymphoblastic leukemia (T-ALL) in
this mouse model with human T-ALL using array CGH (aCGH)
indicated important roles of FBXW7 and PTEN in this tumor type
(12). In a manner similar to the use of the mouse model, com-
parison of CNAs in canine and human colorectal cancer has been
used to extend the cross-species comparison strategy to identify
human cancer genes (13).
The zebrafish is becoming a popular model organism for

studying cancer, and a number of tumor models have been made
by expression of oncogenes or the mutation of tumor suppressor
genes (14). Zebrafish tumors have been shown to have similar gene
expression signatures as human cancers (15). However, the nature
of the zebrafish cancer genome, including numerical and structural
changes, has been largely unexplored, although fluorescence-
assisted cell sorting (FACS) analysis suggested that some tumors
may be aneuploid (16–18) and low-resolution aCGH has indicated
the presence of subchromosomal amplifications and deletions
(19). Our laboratory previously reported that zebrafish heterozy-
gous for mutations in any of 17 different rp genes develop malig-
nant peripheral nerve sheath tumors (MPNSTs) (20, 21). This is an
otherwise rare tumor type in our fish colony. Interestingly, fish
homozygous for an inactivating mutation of p53 also develop
MPNSTs (16). Here we report that MPNSTs that arise in either rp
or p53 mutant zebrafish mimic human cancer in that they exhibit
massive aneuploidy and heterogeneity within a single tumor.
Furthermore, as in human cancers, custom-oligonucleotide aCGH
and massively parallel synthetic sequencing reveal that despite
their heterogeneity, fish MPNSTs display both preferred whole-
chromosome copy-number alterations and significant focal copy-
number alterations.

Results

Zebrafish MPNSTs Are Highly Aneuploid. To determine whether, like
human MPNSTs, zebrafish MPNSTs that arise in either rp or p53
mutant fish are aneuploid, we first investigated the DNA content
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of fish MPNSTs by FACS. Primary cells were isolated from large
externally visible tumors and immediately stained with propidium
iodide (PI) and then analyzed. Cells from most zebrafish MPNSTs
contain at least one peak at a location expected for aneuploid cells,
usually near 3N in DNA content and varying between 2N and
4N. In addition, there was usually a peak representing cells with 2N
or near-2N DNA content in the same tumor, and the relative
number of cells with 2N versus apparently aneuploidDNA content
varied among tumors (Fig. 1 A, D, G, and J). We do not know
whether the 2N peak represents contaminating normal cells or
diploid tumor cells.
To exclude the possibility that the peak with higher DNA content

was either an artifact of cell aggregation or 2N cells in the G2 or M
phase of the cell cycle, we double-labeled tumor cells with PI and
antibody to phosphorylated histone H3 (pH3), which stains cells in
late G2 and M, and analyzed them by FACS. The majority of pH3-
positive cells were present in a peak with twice the DNA content of
the major ∼3N peak, suggesting that the aneuploid ∼3N cells are
dividing. To label cells in S phase, BrdU was injected intraperi-
toneally into fish bearing tumors, and tumor cells from these fish
were then costained with PI and analyzed by FACS. Consistent with
the results of pH3 staining, most of the BrdU-positive cells had
DNAcontent greater than that of cells in the presumptive aneuploid
peak (Fig. S1). Taken together, these data suggest that the ∼3N
peak is not an artifact of cell aggregation but rather represents an-

euploid cells in G1. Furthermore, the results of pH3 and BrdU la-
beling suggested that, even in samples with both 2N and ∼3N peaks,
most of the proliferating cells are derived from the∼3N population.
Staining of tumor cells with antibody to γ-tubulin demonstrated that
the aneuploid cells had centrosome abnormalities similar to multi-
polar spindles often found in human cancers (Fig. S1).
To further characterize the aneuploidy in fish MPNSTs, we

prepared metaphase chromosome spreads from tumors of five fish
heterozygous for mutations in rp genes. To prevent potential ar-
tifactual changes in chromosome number caused by cell culture,
colchicine was injected intraperitoneally into tumor-bearing fish
and both normal and tumor cells were harvested 4 h later and fixed.
We counted the chromosome number in 19 cells from normal
tissue and 100 cells from each of the five tumors. We consistently
found 50 chromosomes (the 2N number) in metaphase spreads
from normal tissue (Fig. 1 B and C). In contrast, the chromosome
number in tumor cells averaged around 70 per cell in each of the
five samples. Notably, the chromosome number varied widely from
cell to cell within each tumor, from 48 to 124 chromosomes (Fig. 1
E, F, H, I, K, and L). Thus, we conclude that, like many human
solid tumors, zebrafish MPNSTs are both highly aneuploid and
heterogeneous in chromosome number.

Preferential Whole-Chromosome Alterations in Zebrafish MPNSTs.

Aneuploidy is characteristic of most human solid tumors, and
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Fig. 1. Zebrafish MPNSTs are highly aneu-

ploid and heterogeneous. FACS DNA content

analysis (A, D, G, and J), metaphase chromo-

some spreads (B, E, H, and K), and number of

chromosomes per cell in 19 normal cells (C) or

100 tumor cells (F, I, and L) from threeMPNSTs

arising in rp heterozygous fish or from normal

tissue, as labeled on the right. Tumors possess

ananeuploidpeakandusually in additiona2N

peak that is locatedataround200onthexaxis.

Note that the number of chromosomes per

cells varies dramatically within a single tumor.
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preferential gain or loss of particular chromosomes has been
observed for both specific tumor types and across many types of
cancers. Based on this precedent, we sought to establish whether
there are common chromosomal copy-number changes among
zebrafish MPNSTs. To this end, we designed a custom DNA
microarray for aCGH experiments. Our Agilent custom array,
designed against the zebrafish Zv7/danRer5 genome assembly,
comprised about 15,000 60-mer probes at an average separation
of ≈100 kb. After the release of the Zv8 assembly, we remapped
the positions of all of the probe sequences and eliminated any for
analysis that were not assigned to an assembled chromosome,
resulting in 13,646 usable probes. For the most part, the changes
in the assembly did not affect the chromosomal coverage on our
array, except that a large part of chromosome 4 unique to the
Zv8 assembly turned out to be poorly represented.
We analyzed DNA from 36 tumors, 5 of them from fish homo-

zygous for a mutation in p53, and 31 of them obtained from 13
different lines of rp heterozygotes. To avoid artifacts arising from
polymorphisms in the fish genome, we used DNA from the tail of
the same fish as the referenceDNA for each tumor sample. Tumor
samples and their respective reference DNAs were differentially
labeled with Cy3 or Cy5, and hybridized to the same array. Data
were normalized across the entire probe set and subjected to a cir-
cular binary segmentation algorithm. Thus, if a segment corre-
sponding to an entire chromosome was found to be either above or
below the baseline, we considered that to be a whole-chromosome
gain or loss, respectively. Importantly, as these tumors are∼3N, the
baseline is likely three copies. Thus, losses can represent two or
fewer copies, whereas gains should represent four or more copies.
As in human tumors, we found that chromosome copy number

changes in zebrafishMPNSTswere not random.Themost dramatic
and common change was a relative gain of chromosome 25 (Fig. 2).
Other chromosomes that were frequently overrepresented were 10
and 11. Themost commonly underrepresented chromosomes were
8 and 15. By contrast, chromosomes 3, 12, 13, 14, and 16, for ex-
ample, showed relatively little deviation from baseline across the
36 samples or had similar-sized subsets of tumor samples showing

over- and underrepresentation (Fig. 2). To confirm these findings,
we sequenced several samples using the IlluminaGenomeAnalyzer
platform. Based on a total of at least 900,000 alignable reads for
both normal and tumor tissues in three fish, we obtained nearly
identical postsegmentation results for copy-number inter- and
intrachromosomal variations as with aCGH (Fig. 3A). To confirm
the aCGH results by yet another method, we used Southern blots
to investigate an additional 14 tumors arising in rp heterozygous
fish. For this analysis, we used probes against the commonly over-
represented chromosome 25, against the commonly under-
represented chromosome 15, and against chromosomes 13, 14, and
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Fig. 2. Array CGH analysis of copy-number changes in zebrafish MPNSTs.

Heatmap showing aCGH results indicating relative chromosomal gain (red)

and loss (blue) in 36 zebrafish tumor/normal sample pairs across chromo-

somes 1–25. Thirty-one rp tumor samples are shown on the top and five p53

tumor samples are shown on the bottom. The heatmap is colored according

to the segment mean of the data as processed by a circular binary seg-

mentation algorithm, with segment mean values between −0.01 and 0.01

displayed white, and segment mean values between 0.01 (−0.01) and 0.8

(−0.8) displayed in continuous shades of red (blue) on a quasilogarithmic

scale (see color band at the bottom). Segment mean values above (below)

0.8 (−0.8) are rendered in the most saturated color value.

Fig. 3. Array CGH results are supported by Illumina

sequencing and Southern blot. (A) Postnormalization

data of one zebrafish tumor/normal sample pair ana-

lyzed by aCGH (Upper) and Illumina sequencing

(Lower). The red line indicates the segment mean as

obtained by a circular binary segmentation algorithm.

Note that the results obtained by these two technolo-

gies with respect to both inter- and intrachromosomal

changes are largely in agreement. (B) Array CGH

analysis demonstrated that 8 of the 36 tumor samples

showed subchromosomal amplifications on chromo-

some 25 beyond the chromosome-level gain. The

positions of Southern blot probes to two areas most

often overamplified (Sc and M) and an area not addi-

tionally amplified (T) are indicated by arrows. (C)

Southern blots of the DNA isolated from tails (N) and

tumors (T) from 2 of the 14 rp heterozygotes analyzed

in this way. Three or four probes were used on each

blot; the positions of bands to which probes from

chromosomes 13 or 16 or various locations on chro-

mosome 25 as indicated in B hybridized are marked.

Note that in tumor 6, all of the chromosome 25 probes

show more signal in the tumor sample than the tail

sample; in tumor 7,whereas all chromosome25probes

do so, the increase for the M probe (and to a lesser

extent the Sc probe) is greater than that for the T

probe. Quantitation for all of the 14 rp heterozygotes

and various probes can be found in Figs. S2 and S3.
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16, whose sequences show little tendency to be either over- or un-
derrepresented. Quantitation of the hybridization signal from
these probes confirmed that chromosome 15 was frequently un-
derrepresented and chromosome 25 was frequently overrepre-
sented in this independent sample of 14 tumors (Fig. S2); the
amount of chromosomes 13 and 14 did not consistently vary (Fig.
S3). Overall, these data suggest that certain chromosomes are
preferentially gained or lost in highly aneuploid MPNSTs of
zebrafish. We found the same trends in p53mutant tumors as in rp
mutant tumors, although p53mutant tumors appear to additionally
show common loss of chromosomes 3 and 8 and gain of chromo-
some 24 (Fig. 2).Wewould need to analyzemore p53 samples to be
confident that these changes are consistently preferred in that
genetic background.

Subchromosomal Amplifications on Chromosome 25. In addition to
whole-chromosome changes, both aCGH and sequencing re-
vealed subchromosomal areas of copy-number variation in fish
MPNSTs (Figs. 2 and 3A). Striking areas of amplification oc-
curred on the already overrepresented chromosome 25. To verify
these changes by another method, we used Southern blot analysis
of DNA from the 14 additional rp heterozygous tumors described
above. As controls, we again used probes that hybridize to either
chromosome 13, 14, or 16. We used three probes that hybridize to
different regions of chromosome 25; two of the probes (Sc andM)
hybridize to one or the other of the two regions found to be highly
amplified on this chromosome by aCGH analysis, and one probe
(T) hybridizes to an area that tracks with the rest of chromosome
25 in being overrepresented but not additionally amplified (see
Fig. 3B for probe locations). In at least a third of the 14 tumors
analyzed by Southern blot, sequences of chromosome 25 repre-
sented by the Sc and/or M probes were amplified relative to the
T region on chromosome 25 (Fig. 3C and Fig. S4). As observed
previously with aCGH on the initial panel of 36 tumors, some-
times both Sc and M regions were amplified, sometimes just one
or the other was amplified.

Regions of Common Focal Amplification or Deletion in Fish MPNSTs.

Identifying regions of focal amplification or deletion that are bi-
ologically relevant in cancers with complex genomes is not trivial,
because of the large number of random alterations that occur in
such tumors. Here we first identified regions that appeared to be
either commonly gained or lost by visual inspection of heatmap
displays of segmented aCGHdata for each chromosome. To arrive
at a final list, we then combined our findings with the results of
a permutation-based test (22) to determine which regions met the
criterion of statistical significance in terms of ruling out the null
hypothesis that overlaps between segments in different samples
are merely random. We used this two-pronged approach because,
whereas statistical significance is obviously impossible to judge by
eye, the algorithmic results themselves are subject to certain lim-
itations and artifacts requiring human input. For example, a key
parameter in such analysis is a fixed cutoff level that is required for
segment means to be considered for candidate focal regions. Al-
though we generally used a cutoff of ±0.2 (segment mean), we
found that for chromosome 25, a higher cutoff level (0.6) was
needed in addition to adequately take into account the large dy-
namic range (up to a segment mean of 3.47) encountered here.
We identified two types of apparent focal changes. The first type

was similar to what has been observed in human tumors: ampli-
fications or deletions with varying boundaries from tumor to tu-
mor, among which areas of overlap were evident. We found eight
such regions on five different chromosomes among the 36 tumor
samples analyzed. Together, they contain ≈220 genes (Dataset
S1). Seven of these regions were gains, one was a loss. Two of the
amplified areas identified lie on chromosome 25, one near the Sc
probe and one near the M probe described above. The Sc region
includes five to seven genes: ccnd2a, tigara, fgf6a, slc45a3, c12orf4,

and possibly dyrk4 and nduf9 (these last two lie between the last
probe in the segment and the first probe outside of the segment).
The M region includes 14 genes, one of which is the proto-
oncogene met, which has been previously identified as a gene
frequently amplified in humanMPNSTs and which is activated by
mutation or overexpressed in perhaps 50% of human tumors (23,
24). The other genes in this region are arntl2, loh12cr1, cep290,
tmtc3, kitla, dusp6, poc1b, tsga14, cpa1, cpa5, tes, cav2, and cav1.
In the second type of focal change, two to five fish had the same

few (two to six) probes representing an amplification or deletion.
We found eight cases of this type. Although we cannot rule out the
possibility that these are genuine copy-number changes, it seems
highly possible that these are cases where, even in the most recent
assembly of the zebrafish genome (Zv8), the genomic positions of
these probes are misassigned. Should these probes in reality be on
chromosomes that are (for that tumor) up or down at the whole-
chromosome level relative to the chromosome to which they have
been misassigned, they would appear to represent a focal change.
In initially working with the aCGH data with the probes mapped
to the previous assembly (Zv7), we had observed multiple
instances of this type of focal event, and nearly all of them dis-
appeared after probes were reassigned based on theZv8 assembly.
Thus, we conclude that this type of “narrow” focal change cannot
be called with any reliability under the present circumstances.
To determine whether genes in a focally amplified region may

contribute to the initiation or progression of cancer requires
a biological assay. As described next, we obtained preliminary
evidence that fgf6 might be a driver of zebrafish MPNSTs.

Preliminary Biological Validation of a Candidate Gene from a Focal

Amplification: fgf8 Overexpression Accelerates Tumorigenesis in a p53

Mutant Background. The fgf gene family contains many members,
but in mammals they can all bind to four FGF receptors, members
of the receptor tyrosine kinase superfamily, suggesting that they
might have similar ability to signal through common MAP-kinase
signaling pathways. Although we do not have a mutant line of fish
that overexpresses fgf6a, a mutant line designated HagD1 over-
expresses fgf8a as a result of a retroviral insertion (25). This line
develops large neuroblastomas at a low frequency and rarely
before 1 y of age (25). To determine whether fgf8amay be a driver
gene for MPNSTs (as well as neuroblastomas), we introduced the
HagD1 mutation into fish heterozygous or homozygous for a mu-
tation in p53. fgf8a overexpression accelerated the onset of
MPNSTs in both p53 heterozygous and homozygous backgrounds
(Fig. 4). This is consistent with the possibility that, by analogy, fgf6a
may also be a driver inMPNSTs, and it demonstrates the feasibility
of testing candidate genes identified by genomic approaches.

Discussion

Our results suggest that the zebrafish may be a useful model in
which to study aneuploidy in human cancer. As with many human
cancers, we showed that zebrafish MPNSTs that arise in fish het-
erozygous for rp mutations or homozygous for a p53mutation are
highly aneuploid, frequently possessing pseudotriploid genomes.
Furthermore, as in human cancers, the number of chromosomes
per cell is extremely heterogeneous within a single zebrafish
MPNST. Finally, aCGH, massively parallel sequencing, and
Southern blotting revealed that despite the heterogeneity seen in
fish tumors, some copy-number changes dominate any given tu-
mor, presumably because cells with those changes have been se-
lected for better growth. These copy-number alterations include
both whole-chromosome and subchromosomal regions.
The similarities in genomic changes between fish and human

MPNSTs extend beyond single tumors to properties shared by
multiple tumors.We observed that among the 36 zebrafishMPNSTs
analyzed by aCGH, whole-chromosome copy number changes are
far from random: Several chromosomes are frequently gained and
seldom lost in many tumors, whereas others show frequent loss and
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rare gain. Recent analysis of large numbers of human tumors by
CGH and sequencing shows that many chromosomes or chromo-
some arms are preferentially gained or lost in particular tumor types,
and some preferences are shared across many human cancers (10,
11). It is postulated that the preferential over- or underrepresenta-
tion of certain chromosomes or chromosome arms in both human
and zebrafish tumors may reflect a growth advantage conferred by
genes that lie on these chromosomes.
In addition to whole-chromosome changes, we also found sub-

chromosomal segments of gain or loss in fish MPNSTs. Using
statistical methods to identify common focal areas of copy-number
variation in human tumors has been a powerful tool for dis-
tinguishing focal changes that contain driver genes from those that
are merely a harmless consequence of genomic instability. We
used similar methods here and identified eight statistically signif-
icant regions of gain or loss manifest in several tumors. An analysis
of more tumors, as well as use of a higher-resolution platform
(both the aCGH and sequencing approaches used here had win-
dows of about 0.1 Mb) will likely identify additional focal areas as
well as narrow their size. This analysis in zebrafish is currently
hampered by the unfinished nature of the zebrafish genome as-
sembly, as well as incomplete gene annotation, but both will surely
improve. In addition, adapting sophisticated tools such as GISTIC
(26) for use with zebrafish, especially in combination with an in-
creased sample size, could improve the statistical robustness of our
findings. Meanwhile, the focal changes we have found thus far,
although certainly not complete, clearly contain genes whose
amplification is observed in human tumors, such as met, cyclinD2,
slc45a3, and cyclin-dependent kinase 6. met is of particular interest
because it has been identified as a gene that is often overexpressed
in humanMPNSTs (23). Furthermore, an increase in copy number
of an activated met oncogene is thought to underlie the common
gain of an extra chromosome 7 in papillary renal carcinomas (27),
and increased expression of met may in part explain the common
overrepresentation of chromosome 7 in many human cancers.
The high degree of aneuploidy observed in fish MPNSTs could

prove to be extremely beneficial in helping to identify important
drivers in human cancer. Most murine cancer models do not show
extensive aneuploidy. As a result, mouse cancer models have been
engineered specifically to generate a greater degree of genomic
instability (e.g., 12). Using such models, a comparison of syntenic
regions between mouse and human chromosomes that show copy
number variation in tumors in both organisms has been helpful in
further identifying biologically relevant focal changes in human
tumors (12, 28). A similar approach using shared copy-number
alterations between fish and human cancers could be even more
powerful. This is because mouse and human are relatively close
evolutionarily, so focal changes shared by these two organisms
tend to share nearly all of the same genes, making it difficult to

separate driver genes from passengers that merely cosegregate due
to proximity. In contrast, zebrafish and human are far more evo-
lutionarily distant, and syntenic blocks between them tend to be
much shorter (29). Thus, focal regions in each organism containing
the same driver gene are unlikely to share many additional genes,
making it much easier to narrow down the list of candidate driver
genes within the shared focal region.
Even more difficult to analyze in human tumors has been the

significance of preferred chromosome or chromosome arm-level
changes. As with focal regions, because of the nature of the synteny
between fish and human genomes, a comparison of the genes on
chromosomes preferentially gained or lost in human and zebrafish
tumors could severely limit the number of candidate genes to ex-
amine. Although some kind of biological assay would be needed,
such as the effects upon growth and survival properties in tumor
cell lines, it is far easier to study the effects of knockdown or
overexpression of a few dozen genes on a chromosome than of
several hundred. Furthermore, as the example here with over-
expression of fgf8a in zebrafish with p53mutations shows, it is also
possible to test the effects of copy-number alterations of specific
genes on tumorigenesis in the fish itself, including in the context of
different tumor-promoting mutations or transgenes.
The goal of much cancer research today is to identify the com-

bination of driver genes that allow each and every human tumor to
proliferate and evolve. The ability to type many highly aneuploid
tumor genomes by next-generation sequencing and aCGH in
zebrafish should help to parse tumors into groups with specific
combinations of drivers generated by copy-number alterations and
then to test combinations of inhibitors to treat the different sub-
classes of cancer.

Materials and Methods
Zebrafish Lines. Tumor-prone lines of zebrafish used in these studies have

been described previously. They includefish heterozygous or homozygous for

a point mutation in p53 (16), fish heterozygous for an insertional mutation in

any one of 15 different ribosomal protein genes (21), and fish with the in-

sertional allele HagD1, which overexpresses fgf8a (25). Stocks were main-

tained as described previously and genotypes were determined by PCR at

8–18 wk of age as described (30).

Genomic DNA Isolation and Southern Blot Analysis. Genomic DNA from tail

tissue and tumors was prepared as in ref. 31. Approximately 5 μg of each

sample was cut with HindIII and Southern blots were conducted as in ref. 32.

Details of probe sequences and quantitation are provided in SI Materials

and Methods.

Flow Cytometry. Tumorsweredissectedout after euthanizationwith 500mg/L

tricaine, and tail fins were clipped to obtain normal cells from the same fish.

After euthanization, tumors were dissected out of p53 homozygous or rp

heterozygous fish between the ages of 8 and 24 mo. Single-cell suspensions

were made by digestion at room temperature for 1 h in 2 U/mL dispase

(Invitrogen) in PBS, and were strained through a 40-μm filter. Cell suspensions

were then pelleted and washed one time with PBS before being fixed with

70% ethanol and stored at −20 °C. For BrdU labeling, 10 mM BrdU was

injected into the peritoneal cavity of tumor-bearing fish, and the tumor was

dissected out about 45min later. BrdU, pH3, and propidium iodide (PI) double

staining were performed as has been described for embryonic cells (33). FACS

analysis was conducted by FACScan (Becton-Dickinson). DNA content, pH3,

and BrdU data were analyzed by FlowJo (Tree Star).

Cytogenetics and Chromosome Counting. Colchicine (0.025%; 10 μL/g weight)

was injected peritoneally into fish 4 h before dissection. After fish had been

killed, tumors were dissected out and cell suspensions were prepared in the

sameway as for FACS. Cells were treatedwith 0.5%KCl and incubated at 35 °C

for 30 min. Following hypotonic treatment, the cells were fixed in Carnoy’s

fixative (75% methanol, 25% acetic acid) and stored at −20 °C. Chromosome

spreads were made as described (34). For chromosome counting, slides were

stained with either DAPI or Giemsa. Pictures were taken at 1,000× magnifi-

cation using a Zeiss Axioplan II uprightmicroscope, and chromosomenumbers

were counted using ImageJ (National Institutes of Health).

n=59

n=21

n=22

n=51

p=0.025p=0.035

Fig. 4. Overexpression of fgf8a synergizes with mutation of p53 in MPNST

development. Kaplan–Meier curves indicate when externally visible tumors

were first observed in fish with the indicated genotypes. Allfish were progeny

of the same four pairs born the same day. Tumor type was confirmed by his-

tological analysis, and fish with neuroblastoma (1 in p53 HOM, HagD1 het, 1 in

p53 het, HagD1 het) were excluded from the analysis. No MPNSTs were found

in p53 WT, HagD1 heterozygous fish. P values comparing genotyped pairs

are shown.
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Array CGH and Data Processing. Genomic DNA was isolated from tumors and

from tail tissue of the same fish (used as reference) as in ref. 35. Samples were

prepared and hybridized to the array containing 13,648 probes mapped to as-

sembled chromosomes in Zv8/danRer6 according to the Agilent standard pro-

tocol with some modifications. The arrays were scanned with Agilent scanner

G2505B, and Agilent Feature Extraction software v9.1.3.1 was used to obtain

normalized data (column logRatio in output file) that were subsequently con-

verted from log10 to log2 scale. Normalized log2-ratio data were submitted to

the circular binary segmentation algorithm (36) as implemented in the Bio-

Conductor package DNAcopy (v1.16.0) and processed with default parameters.

The segmentsand segmentmeanvalues obtainedwere thebasis for subsequent

analyses. For two samplepairs, anaccidental dye swapwas identifiedbyanalysis

and comparison of single-channel data, and segment means for these samples

were multiplied by −1 to correct this mistake. The STAC algorithm (22) in a Java

implementation provided on the authors’Web site (http://cbil.upenn.edu/STAC;

v1.2)wasapplied toassesswhether theoverlapof twoormore subchromosomal

segments was likely to be a chance event. Full datasets are publicly available

at http://www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GSE23666;. Ad-

ditionaldetails on thedesignof thearray, labelingandhybridization conditions,

and STAC analysis are provided in SI Materials and Methods.

Massively Parallel Synthetic Sequencing. Samples for sequencing with the

Illumina Genome Analyzer IIx system were prepared from the same batches

of genomic DNA used for aCGH, according to published methods (37–39).

Sequences were processed with either Bustard.py (OLB 1.6.0) or GERALD.pl

(CASAVA1.6.0), downloaded from the IlluminaWeb site (http://www.illumina.

com/software/genome_analyzer_software.ilmn), with a produced read length

of 41 nucleotides. Further details on the analysis of the sequencing data are

provided in SI Materials andMethods. Sequencing data are available at http://

www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GSE23666.

Note Added in Proof. In further support of the concern that the very small

focal CNAs that were observed in several fish might have been an artifact of

misassignment of the underlying probe sequences in the genome assembly,

we found that probe sequences for 5 of the 8 cases map to a different

chromosome in the pre-Ensembl release of the Zv9 assembly in July 2010.
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SI Materials and Methods

Immunohistochemistry and Immunofluorescence. Tissues were fixed
in 4% paraformaldehyde at 4 °C for up to 2 d. The fish were de-
hydrated in alcohol, cleared in xylene, and infiltrated with paraffin.
Cell suspensions were made before 4% paraformaldehyde fixa-
tion. Primary antibody against phosphorylated histone H3 (pH3)
(Santa Cruz Biotechnology) was diluted 1:100 and the antibody
against γ-tubulin (Sigma) was used at 1:100. Nuclei were coun-
terstained with DAPI for visualization using a Zeiss microscope.

Array CGH and Data Processing. Array probes (15,104) against
zebrafish chromosomes 1–25 were selected from a pool of more
than 7 million zebrafish probes kindly provided by Agilent. Pre-
processing was performed excluding probes containing AluI and
RsaI restriction sites to ensure compatibility with an enzymatic
comparative genomic hybridization (CGH) protocol for genomic
DNAdigestion for labeling purposes, applying a cutoff to Agilent-
provided probe quality scores, and excluding probes exhibiting
perfect secondary matches down to 21 nucleotides as assessed by
a BLAT (1) search against zebrafish genomic sequence (Zv7/
danRer5 assembly). Among the resulting set of 60,000 probes, the
target number of about 15,000 probes for chromosomes 1–25 was
reached by an iterative heuristic for selecting approximately
equidistant probes. After the Zv8/danRer6 genome assembly was
released, we remapped the probes by BLAT search against the
improved assembly Zv8/danRer6. Probes were flagged as “unus-
able” if theymappedwith high quality tomore than one assembled
chromosome (1–25) in Zv8/danRer6, resulting in 13,648 available
probes.With the exception of a novel and highly repetitive portion
on chromosome 4, probe coverage, although not as uniform as for
the Zv7/danRer5 assembly underlying the original design, was
satisfactory under the new assembly.
Genomic DNA was isolated from tumors and from tail tissue of

the samefish (usedas reference)as in ref. 2. Sampleswereprepared
and hybridized to the arrays according to the Agilent standard
protocol with some modifications. Briefly, after fragmentation of
5 μg of tumor or reference DNA, DNA samples were labeled with
Cy3-dCTP or Cy5-dCTP by random priming. Unincorporated
nucleotides were removed using a QIAquick PCR purification kit
(QIAGEN). Before hybridization the probes were measured by
NanoDrop 1000 (Thermo Scientific), and were denatured by in-
cubation at 95 °C for 2 min followed by cooling to room temper-
ature. Array hybridization was carried out at 65 °C with about 200
ng probes/array in Agilent HI-RPM hybridization buffer. After
washing, the arrays were scanned with Agilent scanner G2505B,
and Agilent Feature Extraction software v9.1.3.1 was used to ob-
tain normalized data (column logRatio in output file) that was
subsequently converted from log10 to log2 scale. Normalized log2-
ratio data were submitted to the circular binary segmentation al-
gorithm (3) as implemented in the BioConductor package DNA-
copy (v1.16.0), and processed with default parameters. The
segments and segment mean values obtained were the basis for
subsequent analyses. For two sample pairs, an accidental dye swap
was identified by analysis and comparison of single-channel data,
and segment means for these samples were multiplied by −1 to
correct this mistake. Full datasets are publicly available at http://
www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GSE23666.

Assessment of the Significance of Focal Changes with STAC. The
STAC algorithm (4) in a Java implementation provided on the
authors’Web site (http://cbil.upenn.edu/STAC; v1.2) was applied
to assess whether the overlap of two or more subchromosomal

segments was likely to be a chance event, given the chromosome-
specific incidence of observed segments (STAC “footprint P

value”). Segments indicative of relative gain and relative loss were
processed separately. Only segments smaller than 20MB and with
a mean value above (below) 0.2 (−0.2) were considered for
analysis, with the exception of gains on chromosome 25, where
a mean value cutoff of 0.6 was used to better account for the high
density of segments with mean values above 0.2 and their un-
usually broad mean value range. STAC was run with a resolution
of 50,000 nucleotide positions and 5,000 permutations.

Massively Parallel Synthetic Sequencing. Samples for sequencingwith
the Illumina Genome Analyzer IIx system were prepared from the
same batches of genomic DNA used for array CGH (aCGH)
according topublishedmethods(5–7).Allof theenzymesusedin the
preparation were from New England Biolabs, and the oligonu-
cleotides were synthesized by Eurofins MWG Operon. Oligonu-
cleotide sequences (ATTGGC; GATCTG; TCAAGT; CTGATC;
AAGCTA; GTAGCC; TACAAG; CGTGAT; ACATCG; GCC-
TAA; TGGTCA; CACTGT) were added to the 3′ end of the Illu-
mina adaptors used for the paired-end library preparation to serve
asbarcodes so thatmultiple samples couldbe sequenced in the same
reaction. Sequencing was performed on an Illumina GAIIx Se-
quencer using Sequence Control software v2.6.26. Sequences were
processed with either Bustard.py (OLB 1.6.0) or GERALD.pl
(CASAVA 1.6.0), downloaded from the Illumina Web site (http://
www.illumina.com/software/genome_analyzer_software.ilmn), with
a produced read length of 41 nucleotides.
FASTQ sequence files were split into sample sets according to

a barcode strategy and then barcodes were trimmed from the
sequences using the applications fastx_barcode_splitter.pl and
fastx_trimmer from the FASTX-Toolkit-0.0.13 (http://hannonlab.
cshl.edu/fastx_toolkit) package. Illumina sequence qualities were
converted to Sanger sequence qualities using theMAQapplication
fq_all2std.pl (http://maq.sourceforge.net/qual.shtml) (8). Se-
quences were then aligned to chromosomes in the zebrafish Zv8/
danRer6 assembly using bwa0.5.7 (9). Unassembled “scaffold” and
“NA” fragments were not included in the alignment target.
Alignments with quality scores of 10 or greater were extracted from
the resulting Sequence Alignment/Map files and counts were ob-
tained for the number of reads aligning to consecutive, adjacent
100-kb physical windows along the genome. Per-window counts per
sample were rescaled to a total of 1 million reads, and log2 ratios
were calculated for tumor/normal pairs for all 100-kb windows (or
set to 0, if the read count for one or both samples was 0). The log2
ratios were then submitted to the circular binary segmentation al-
gorithm in the same manner as described for the aCGH data (see
above). Sequencing data are available at http://www.ncbi.nlm.nih.
gov/projects/geo/query/acc.cgi?acc=GSE23666.

Southern Blot Analysis. Probes for Southern blots were ≈1 kb in
length; fragments were amplified by PCR and subcloned into
pBluescriptIIKS+ (Stratagene) or SP72 (Promega) before label-
ing. Sequences of the primers used to amplify the probe fragments
are as follows:

Chr 13: AATGGCATCATCGTTCAGAC and TCTAGCCC-
TGCCACTGAATA

Chr 14: GGGAGAGAGGCTGACAAGTT and ACTTCTC-
TTGTGCGCATGTT

Chr 15: CCTGCATATGCCTACCACAT and CGTTTCCA-
TGTGTGTCACTG
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Chr 16: GGGCAAGATCACCACTCATA and ATCACCAA-
CAGCCACATCTC

Chr 25Sc: GGGACAACAGGAACTCATCA and GCCCA-
TTTCCTACAGTTTCC

Chr 25M: CTTCTGCAATGCAAGGAAAC and AGCTTCA-
CGAACCAAGACAA

Chr 25T: TCAGCAAACTGGCTTGATTT and GATTGT-
GTGATGGCAGGAGT.

Hybridization signals were quantitated on a phosphoimager
using Imagequant software (Molecular Dynamics). For each
probe, a ratio was determined between the signal in the tumor
and the signal in the tail. The average of this ratio for the
“neutral” probes (Chr 13, Chr 14, and Chr 16 probes) was then
used to normalize the ratio for all of the probes for each tumor/
tail pair.
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Fig. S1. Cell-cycle properties of zebrafish malignant peripheral nerve sheath tumor (MPNST) cells. Results are shown for cells from three different MPNSTs

from different rp heterozygotes: rpL7 (A–C), rpS8 (D–F), and rpL36 (G–I). (A, D, and G) DNA content distribution by FACS analysis of propidium iodide (PI)-

labeled cells. On the x axis, 200 represents the normal 2N position, which was calibrated by running a mixture of normal and tumor cells. (B, E, and H) FACS

analysis of cells double-stained with PI (x axis) and antibody to pH3 (y axis). The mitotic cells are pH3-positive, and are circled in red. The percentages of the cell

populations are indicated beside the circles. (C, F, and I) S-phase labeling with a 30-min BrdU pulse. The positions of major horseshoe shapes indicate that the

majority of proliferating cells are aneuploid. (J) Histological sections from the rpL35 tumor were stained with antibodies to pH3. Mitotically active tumor cells

were stained brown. (K) Tumor cells from rpL35 were double-stained with DAPI and anti-γ-tubulin. The multiple centrosomes are indicated by red arrowheads.
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Fig. S2. Southern blot analysis confirms that chromosome 15 is often underrepresented and chromosome 25 is often overrepresented in zebrafish MPNSTs.

Southern blots were performed with DNA from tail and tumor tissue from 14 rp heterozygotes. Signals for probes to chromosomes 13, 14, 15, 16, and 25 (T; Fig.

3B) were quantified, and a tumor/tail ratio was determined for each probe. The values for the chromosome 13, 14, and 16 probes were used to normalize the

values for the chromosome 15 and 25 probes.
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Fig. S3. Southern blot analysis confirms that chromosomes 13 and 14 do not vary in copy number consistently across zebrafish MPNSTs. Southern blots were

performed with DNA from tail and tumor tissue from 14 rp heterozygotes. Quantitation of the normalized tumor/tail ratios for chromosome 13 and 14 probes

was performed from the same Southern blots used in Fig. S2.
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Fig. S4. Southern blot analysis confirms subchromosomal amplifications on chromosome 25 in zebrafish MPNSTs. The same Southern blots described in S2

were additionally probed with sequences from different positions on chromosome 25 (Fig. 3B) and analyzed as in Fig. S2. For each tumor, the ratio of the value

for probe Sc or probe M to probe T is shown. Seven of 14 tumors show greater amplification for the Sc probe and/or the M probe than the T probe.
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Cutoff 0.2 0.2 0.2 0.2 0.2 0.2 0.6 0.6

Change GAIN LOSS GAIN GAIN GAIN GAIN GAIN GAIN

CHR chr9 chr9 chr13 chr13 chr17 chr19 chr25 chr25

segment coordinates 

(outside/ inside-inside/ 

outside)*

0/ 90,897 - 

942,637/ 

1,022,533

26,184,442/ 

26,280,956 - 

26,784,577/  

26,837,792

36,381,421/ 

36,485,738 - 

36,947,490/ 

37,028,635

38,398,270/ 

38,963,490 - 

41,969,088/ 

42,111,394

28,622,850/ 

28,706,826 - 

35,513,416/ 

35,610,681

38,060,565/ 

38,172,964 - 

45,022,722/ 

45,121,465

13,991,469/ 

14,053,597 - 

14,445,547/ 

14,580,496

18,244,527/ 

18,326,711 - 

19,316,686/ 

19,567,146

genes in segment** actr5 aplp1 pcnx bai3 eml1 bai2 ccnd2a arntl2

bzw1 kirrel3 med6 lmbrd1 pkdcc tgm1 tigara loh12cr1
igsf3 ttc9 col9a1 disp2 rabggta fgf6a cep290
cldn10 map3k9 fam135a rpusd2 stxbp3 slc45a3 tmtc3
map3K12 slc8a3 frmd1 pcmtl sfpq c12 orf4 kitla
pcbp2 cox16 tarbp1 ccdc32 zmym4 dyrk4 dusp6
kif5a actn1 slc35f3 prlhr illr4 ndufa9 poc1b
stac3 dcaf5 sfrp5 bahd1 c7orf64 tsga14
map4k4 pacs2 loxl4 ivd efcab1 cpa1
crfb5 sfrs5a pyroxd2 itpka grn1 cpa5
lims1 synj2bp nkx2.3 ltk grn2 tes
ranbp2 gmfb got1 rpap1 cdk6 cav2
slc5a7 cnih slc25a28 adprhl2 ccdc132 cav1
fam136a cdkn3 hpse2 cinp pdk4 met
pcyox1 sos2 hps1 vsx2 asb4
hint2 l2hgdh ankrd2 lin52 ppp1r9a
ppp2cb atp5s morn4 pomt2 sgce
wrn cdkl1 nkx1.2la c14orf126 casd1
nrg1 map4k5 prkg1a nubpl col1a2
fut10 pcdh15 arhgap5 bet1

fam175b gngt1
metll10 tfpi2
rab40b calcr
cox11 slc25a13
stxbp4 shfm1
hlf eif2c2
ctsl.1 gatad2b
vgll2b tinagl1
ythdf2 trio
adam12 kalrn
dhx32 nfyc
klf11b jtb
grhl1 anp32e
ywhaqb plekho1
fam176a vps45
ctsba psmb4
kcnk2 sytl1
cenpf fkbp9
smyd2a crtap
prox1 fbxl2
snx9 clasp2
pomca ubp1
erf3b pum1
dnajc27 nkain1
adcy3 snrnp40
xdh zcchc17
acbd3 fabp3
ccdc28a dclk3
snap23 cyhr1
rin3 pdcd6ip
tip39 eef1a1
tmem121 sdc3
dnal1 matn1
fut8 sesn2
gphn yrk
mpp5a wasf2
eif2s1 cap1
id2a ppt1
kidins220 rpl11
mboat2 tceb3
asapa2 trps1
itgb1bp1 csmd3
iah1 rad21
adam17a mterfd1
rnf144a uqcrb
rsad2 gatad1
sox11a ankib1
colec11 lypa2
htrib c1orf128
impg1 cap2
myo6b
mapre3
dpysl5
dnmt3a
dtnb
asxl2
kif3c
slc30a1
hadha
tmem62
zadh1
trerf1
crip1
crip2
mta1
tmem229b
zfp36l2

* Coordinate boundaries are expressed as a range between the first or last probe 

showing the gain/loss to the neighboring probe that does not, separated by a 

slash.

** Genes in the uncertain boundary region - in between the first or last probe 

showing the gain/loss to the neighboring probe that does not - are shown in blue 

and italics.

Gene identities were manually curated from the UCSC genome browser, 

including all zebrafish RefSeq genes as well as all putative genes based upon 

mRNA evidence and homology to a human gene.  In cases where the zebrafish 

did not have a refseq gene, or the gene had a zgc number for a name, the name 

of the human homolog was used.

Table S1.  Coordinates of common focal changes and genes contained therein
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