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Zusammenfassung

Primédre Transkripte oder pri-mRNAs (Precursor-Messenger-RNAs, Pre-mRNAs) wer-
den von der DNA abgeschrieben und erfordern mehrere Verarbeitungsschritte, bevor
sie Boten-RNA (mRNAs) oder ,mature transcripts’ genannt werden. In Eukaryonten
wird die mRNA von der Transkription im Kern bis zum Export in das Zytoplasma
weiterverarbeitet und modifiziert, wie z.B. durch (alternatives) Spleifien (Ben-Yishay
et al., 2019). Spleiiprozesse entstehen indem die Transkripte, die diskontinuierlich in
nicht-kodierende Introns und kodierende Exons organisiert sind, mit den SpleiSkom-
ponenten in regulatorischen Bereichen interagieren, um die Introns aus der pra-mRNA
zu entfernen. Das resultierende, durchgehende Transkript des Genes kann dann in
die Proteinsynthese eingehen bzw. bei fehlerhaft prozessierten Transkripten in dessen
Abbau resultieren. Alternatives Spleifien ist ein co- oder posttranskriptioneller Prozess,
bei dem ein einzelnes Gen zu unterschiedlichen Transkript-Isoformen fiihrt, indem
Exons selektiv eingefiigt oder {ibersprungen werden. Dieser “Teilen-und-Kombinieren”-
Schritt multipliziert die eukaryotische Proteom-Diversitdt um ein Vielfaches und ist
aufgrund seiner fundamentalen Auswirkungen an einer Vielzahl von Krankheiten
beteiligt (Yang et al, 2016). Hinzu kommt, dass alternatives Spleiflen gewebe- und
entwicklungsstadien-spezifisch determiniert ist und damit an wichtigen biologischen

Prozessen wie Gewebehomdostase, Zell- und Organdifferenzierung beteiligt ist (Baralle



et al., 2017). Alternatives Spleiflen wird in einer mehrstufigen Spleifireaktion mithilfe
einer Vielzahl von Proteinen des Spleiffosoms ermdglicht, was eine préazise Steuerung
und Modulation ermdglicht (Johnson et al., 2012). Um diese prézise Steuerung zu
gewihrleisten, bendtigt die Spleifmaschine zusétzliche trans-agierende Faktoren oder
RNA-Bindeproteine (RBP). Diese RBPs binden an RNA-Sequenzelemente oder cis-
regulatorische Elemente innerhalb der pr&-mRNA, steuern die Spleiffosomenaktivitét
und ermoglichen somit kontextabhidngiges alternatives Spleifen (Fu et al., 2014). Im
Einzelnen werden cis-regulatorische Elemente in exonische oder intronische Spleiiver-
starker (ESEs oder ISEs) sowie SpleiShemmer (ESSs oder ISSs) eingeteilt, je nachdem,
ob sie den Exon-Einbau verstirken oder unterdriicken (Kornblihtt et al., 2013). Cis-
regulatorische Elemente bestehen aus RNA-Sequenzen oder aus Motiven, wie z.B.
”G-Runs”, die Strukturen wie G-Quadruplexe ausbilden (Oberstrass et al., 2005; Warf
et al., 2009). Zusétzlich zur regulatorischen Rolle lenken trans-agierende Faktoren die
SpleiBosomanordnung tiber Exons hinweg, um die sogenannte Exon-Definition zu ver-
mitteln (Conti et al., 2013). Auffallend ist, dass die repressive oder aktivierende Rolle
von RBPs von ihren jeweiligen Bindungsorten in der pra-mRNA abhéngt (Erkelenz et al.,
2013). So erfolgt z.B. eine positionsabhdngige Regulation, entweder als Repressor oder
Aktivator des Spleifiens, durch RBPs wie HNRNP- oder SR-Proteine. In verschiedenen
Studien konnte gezeigt werden, wie HNRNP-Proteine das Spleifien bei Bindung an ein
Exon hemmen (Rothrock et al., 2005; Mauger et al., 2008), jedoch Spleifien bei Bindung
an ein Intron aktivieren (Hui et al., 2003; Xiao et al., 2009). Umgekehrt wurde gezeigt,
dass exongebundene SR-Proteine das Spleifien aktivieren (Cartegni et al., 2002; Shen et
al., 2004) und introngebundene SR-Proteine das Spleifien unterdriicken (Ibrahim et al.,
2005; Buratti et al., 2007; Shen et al., 2012). Zusitzlich werden Spleifiereignisse durch
ein Zusammenspiel mehrerer cis-regulatorischer Elemente in Kombination mit ihren

korrespondierenden RBPs gesteuert (Nasrin et al., 2014; Qian et al., 2014).

Die modulare Organisation dieser Interaktionen deutet auf die Existenz eines ”Spleifs-



codes” hin, d.h. eines Codes von pra-mRNA-Merkmalen, der von spezifischen RBPs
dekodiert wird. Umfangreiche bioinformatische Studien ermoglichen in silico Vorher-
sagen tiber das Ergebnis von SpleiSprozessen, durch die Integration von Informationen
tiber RNA-Merkmale mit RNA-Sequenzierungsdaten (RNA-Seq), mit dem Ziel, den
”Spleificode” zu entschliisseln (Barash et al., 2013; Xiong et al., 2015). Die resultierenden
Algorithmen sind niitzlich, um prinzipielle Trends zu erkennen und um die Einfithrung
von Mutationen in experimentellen Analysen vorzuschlagen. Thre Vorhersagekraft
ist jedoch gering, wenn es darum geht, die Folgen einzelner Nukleotidaustausche
auf alternatives Spleiflen zu bewerten (Soukarieh et al., 2016). Obwohl einige dieser
regulatorischen Wechselwirkungen bereits im Detail beschrieben sind, fehlt uns ein
umfassendes Verstindnis des regulatorischen Codes, der einer Spleifientscheidung zu-
grunde liegt. Um ein bestimmtes SpleifSereignis im Detail zu untersuchen, ist aufSerdem
eine experimentelle Validierung der in silico Vorhersagen erforderlich, was haufig die
Mutagenese von Minigen-Reportern beinhaltet (Cooper, 2005). Jiingste Hochdurchsatz-
studien trugen dazu bei, ein besseres Verstdndnis des Spleificodes zu erreichen, indem
sie die Minigene-Reporter-Mutagenese mit Hochdurchsatz-Sequenzierung ("Deep Se-
quencing”) kombinierten. Dies ermdglichte eine genaue Vorhersage des Einflusses von
Sequenzvarianten auf das Spleifen, lieferte ein nahezu vollstindiges Mutationsscreening
eines menschlichen Exons und erlaubte die Herleitung allgemeiner SpleiSmechanismen

(Rosenberg et al., 2015; Julien et al., 2016; Ke et al., 2018).

In all diesen Studien beschriankten sich die Mutationen jedoch auf exonische Regionen
oder synthetische Sequenzen, wéhrend trans-agierende Faktoren nicht berticksichtigt
wurden. Diese Einschrankungen fiihrten zur Notwendigkeit alternativer Ansétze, um die
Regulierung des Spleiiens in mehr Detail zu untersuchen. Als Konsequenz haben wir in
diesem Projekt einen Hochdurchsatz-Screeningansatz etabliert, um cis-regulatorische El-
emente, die eine bestimmte Spleiflentscheidung steuern, umfassend zu identifizieren und

zu charakterisieren. Hierzu war es wichtig, das richtige Minigen-Reporter-System fiir die



Durchfithrung der Zufallsmutagenese auszuwdéhlen. Zu diesem Zweck wurde aus dem
genomischen Lokus des RON-Gens (Recepteur d’origine nantais) ein Minigen-Konstrukt
generiert, das aus dem alternativ gespleifsten Exon 11, seinen vollstdndigen flankierenden
Introns sowie den Exons 10 und 12 besteht. Die ausschlaggebenden Kriterien fiir die Wahl
des RON Minigen-Reporter-Systems war der Aspekt, dass es mit hoher Effizient richtig
gespleiit wurde, die Existenz fritheren Studien zu seiner Regulation und seine klinische
Relevanz bei der Krebs-Pathogenese. RON ist eine Rezeptor-Tyrosin-Kinase, die durch
das Proto-Onkogen MSTIR (auch als RON bezeichnet; Gaudino et al.,, 1994) kodiert
wird. Unter normalen physiologischen Bedingungen 16st die Auto-Phosphorylierung der
Protein-Tyrosin-Kinase-Doméne die nachgeschaltete Signalkaskade aus (Schlessinger,
2000), die biologische Funktionen wie die Kontrolle der Immunantwort bei Entztindun-
gen und Wundheilung erméglicht (Yao et al., 2013; Faham et al., 2016). Das Uberspringen
des alternativen RON-Exons 11 fiihrt zu der Isoform RONA165, die bei metastasierendem
Krebs hochreguliert wird und durch die Férderung des Ubergangs von epithelialem
zu mesenchymalem Gewebe zur Tumorinvasivitit beitragt (Collesi et al., 1996; Zhou et
al.,, 2003). Dartiber hinaus wird RONA165 héufig bei soliden Tumoren, einschlieflich
Eierstock-, Bauchspeicheldriisen-, Brust- und Darmkrebs, hochreguliert (Ghigna et al.,
2005; Mayer et al., 2015; Chakedis et al., 2016). Aus fritheren Studien ging hervor, dass
das Spleifien von Exon 11 weitgehend durch trans-agierende Faktoren wie HNRNPH
reguliert wird (Lefave et al., 2011; Bonomi et al., 2013). Obwohl bereits einige wenige
cis-regulatorische Elemente identifiziert wurden, die den Einbau von Exon 11 regulieren
(Lefave et al., 2011), gibt es bisher keine umfassende und systematische Studie, die es
ermdglicht hitte, sowohl zuvor entdeckte als auch noch unbekannte cis-regulatorische
Elemente zu analysieren. Daher wurde das Proto-Onkogen RON als Minigen ausgewéhlt,

um einen solchen Screening-Ansatz zu durchzufiihren.

Hierfiir wurde eine “mutagene PCR” durchgefiihrt, um eine Bibliothek mit muta-

genisierten Varianten des RON-Minigen zu generieren. Eine ”paired-end” Hochdurchsatz-



DNA-Sequenzierung identifizierte die resultierenden Kombinationen von Mutationen
in der Minigen-Bibliothek. Hierauf wurde die Bibliothek als “Pool” in menschliche
Zellen transfiziert; die alternativ gespleifiten Isoformen wurden durch ”paired-end”
Hochdurchsatz-RNA-Sequenzierung quantifiziert. Wichtig war die Verwendung einer
Barcodesequenz, um jede Minigen-Variante zu kennzeichnen und eindeutig in den resul-
tierenden Isoformen identifizieren zu kénnen. Dieser Ansatz ermoglichte die paarweise
Zuordnung von mutierten Minigenvarianten zu den entsprechenden Spleilisoformen.
Insgesamt wurden 5.791 Minigen-Varianten erfasst, darunter 5.200 mit Mutationen
und 591 mit der Wildtyp (wt)-Sequenz. Die Identifikation der Mutationen (”"Muta-
tion calling”) zeigte 18.948 Punktmutationen, die gleichmégig tiber alle Positionen der
RON-Minigensequenz verteilt waren, womit Mutationsereignisse iiber die gesamte
Linge des Minigens beobachtet wurden. Um die verschiedenen Spleiisoformen der
Minigen-Bibliothek zu erfassen, wurde die Bibliothek zunéichst als “Pool” in menschliche
HEK293T-Zellen transfiziert. = AnschlieBend wurden die resultierenden alternativ
gespleifiten Transkripte mittels RNA-Sequenzierung mit einer Primerkombination quan-
tifiziert, die eine eindeutige Identifizierung aller kanonischen Isoformen ermdoglichte.
Die kanonischen Isoformen umfassten den Einbau des alternative Exons (AE) (,,exon
inclusion”), den AE-Ausschluss (,,exon skipping”), die vollstandige Intronretention (IR),
sowie Retention des ersten Introns (erste IR) bzw. des zweiten Introns (zweite IR) und
machten 94% aller SpleiSprodukte aus. Die restlichen 6% der Isoformen resultierten aus
der Verwendung von kryptischen 3’- und 5-Spleifistellen. Sanger-Sequenzierung und
RT-PCR von zuféllig ausgewdhlten Minigenvarianten bestétigten die Genauigkeit der
Mutationsbestimmung und der Quantifizierungen der RNA-Sequenzierungen. Zusam-
menfassend ermoglichte das Hochdurchsatz-Mutagenese-Screening die Analyse von

Mutationseffekten tiber die gesamte Sequenzlange des RON-Minigens.

Die resultierenden Minigene-Varianten enthielten im Durchschnitt 3,6 Mutationen. Das

bedeutet, dass das beobachtete Spleifmuster einer Minigen-Variante haufig das Ergebnis



mehrerer Mutationen darstellte. Weiterhin kann dieselbe Mutation zu unterschiedlichen
Spleiieffekten fithren, in Abhingigkeit von weiteren, im gleichen Minigen auftretenden
Mutationen. Um die Effekte der einzelnen Mutationen zu erfassen, wurde eine lineare
Regressionsmodellierung angewendet, bei der ein dynamisches SpleiSmodell formuliert
wurde, das die Berechnung der linearen Regression auf der Grundlage von Spleiflisoform-
Verhiltnissen erlaubt (Isoform-Entstehung versus Isoform-Abbau im Verhéltnis zur Rate
der AE-Einschlulisoform als Referenz). Die Betrachtung der Verhiltnisse der Isoformen
anstelle der absoluten Frequenzen bei der linearen Regression berticksichtigte die Nicht-
linearitit von Mutationseffekten. Unter der Annahme, dass Mutationseffekte additiv
sind, berechnete die lineare Regression einzelne Mutationseffekte (,log-fold changes”
relativ zum Wildtyp) aus der Summe mehrerer Mutationseffekte in einem Minigen. Um
das Regressionsmodell zu validieren, wurden hieraus abgeleitete Einzelmutationseffekte
mit RT-PCR-abgeleiteten SpleiSmessungen von neu erstellten Minigenen mit Einzelmu-
tationen verglichen. Zum Vergleich mit der Modellierung wurde zusétzlich die mittlere
Isoform-Frequenz tiiber alle Minigenvarianten, die eine bestimmte Mutation aufwiesen,
als vereinfachter Ansatz zur Abschitzung einzelner Mutationseffekte berechnet. Diese
medianbasierte Schitzung wurde jedoch durch die von der linearen Regression abgeleit-
eten Einzelmutationseffekte iibertroffen. Insbesondere bei Mutationen, die mit niedriger
Frequenz in der Bibliothek auftraten, d.h. im Falle, dass nur wenige Minigenvarianten
eine bestimmte Mutation teilten, konnten diese Mutationen den Median leicht vom
tatsdchlichen Einzelmutationseffekt verschieben. Zusammenfassend erméglichte die
Verwendung eines linearen Regressionsmodells unter der Annahme additiver Mutation-
seffekte die genaue Abschitzung der Effekte einzelner Mutationen aus den gemessenen,
kombinierten Mutationseffekten der ca. 1.800 Mutationen auf die fiinf kanonischen
Isoformen. Innerhalb aller Mutationen wurde das Spleifen von mindestens einer Isoform
durch 778 Mutationen signifikant verdndert, welche als spleiSwirksame Mutationen
bezeichnet wurden (Signifikanz definiert durch > 5% Anderung der Isoform-Frequenz

bei 5% Falscherkennungsrate, FDR). Die hochste Dichte an spleiSwirksamen Positionen,



d.h. Positionen mit mindestens einer spleiSwirksamen Mutation, wurde im alternativen
Exon gefunden. Bemerkenswert war, dass 91% aller Positionen innerhalb des RON-Exons
11 (134 von 147 Nukleotiden) spleiSwirksam waren. Dennoch enthielten auch die vor-
und nachgelagerten Introns 77% bzw. 82% spleiBwirksame Positionen, und ebenso
waren etwa die Halfte der Positionen in den flankierenden konstitutiven Exons an der
Spleifiregulation beteiligt. Dies zeigte, dass der untersuchte Sequenzbereich dicht mit
Spleifiregulationsregionen besetzt war und dass Spleifiregulation nicht nur von den
Nukleotiden innerhalb des alternativen Exons kontrolliert wird, sondern auch von den
benachbarten Introns und konstitutiven Exons. Insbesondere das hdufige Auftreten von
Spleiipositionen in Exons unterstreicht die doppelte Rolle der Proteinkodierungs- und

Spleifiregulierungsfunktion.

Wie wir zeigten, sind spleiSwirksame Mutationen evolutiondr sowohl in Exons als
auch in Introns konserviert. In Introns unterscheiden sich spleiSwirksame Positionen
durch eine héhere evolutiondre Konservierung von solchen Positionen, die das Spleifien
nicht beeinflussen, was den evolutiondren Selektionsdruck zur Aufrechterhaltung der
spleifwirksamen Positionen belegt (Xing et al., 2006). Im Gegensatz dazu wurde keine
groflere Konservierung der spleifSwirksamen Positionen in Exons festgestellt, was darauf
hindeutet, dass der durch die Spleififunktion eines Nukleotids erzeugte Selektionsdruck
durch proteinkodierende Einschriankungen aufler Kraft gesetzt wird. Der Vergleich
mit den Mutationswirkungsvorhersagen der in silico Applikation SPIDEX (SPANR;
Xiong et al., 2015) zeigte, dass die Mutationseffekte mit Ausnahme weniger starker
spleiBwirksamer Mutationen durch unseren Screening-Ansatz genauer bestimmt wur-
den. Um zu testen, inwieweit synonyme Mutationen an der Spleifsregulation beteiligt
sind, wurden die Effekte von synonymen und nicht-synonymen Mutationen verglichen.
In Ubereinstimmung mit fritheren Ergebnissen fiir FAS/CD95-Exon 6 (Julien et al., 2016)
vermitteln synonyme Mutationen in den RON-Exons 10, 11 und 12 eine Spleifiregulation

mit dhnlichen Effektgrofien wie nichtsynonyme Mutationen. Dartiber hinaus verdndern



die 135 synonymen spleifSwirksamen Mutationen nicht die RON-Proteinsequenz, son-
dern tragen zu pathogenen Auswirkungen durch eine Verdnderung von Proteinmenge
und -funktion durch alternatives Spleiflen bei (Xing et al., 2005; Shabalina et al., 2013).
Zusammenfassend ldsst sich sagen, dass das alternative Spleifen von RON-Exon 11 durch
zahlreiche Intron- und Exon-Positionen reguliert wird und dass die Bedeutung dieser
regulatorischen Positionen innerhalb von Introns durch ihre evolutionédre Konservierung
widergespiegelt wird. Dartiber hinaus konnten wir zeigen, dass die spleiffwirksamen
Mutationen hdufig mit synonymen Mutationen zusammenfielen. Da diese Mutationen
die Sequenz des kodierten Proteins nicht verdndern, konnten sie falschlicherweise als
nicht-pathogen interpretiert werden, wihrend sie tatsdchlich die Proteinfunktion durch

alternatives Spleifien beeintrachtigen konnen.

Weiterhin korrelierten die aus dem Screening-Ansatz quantifizierten Mutationseffekte
mit dem alternativen RON-Spleifien bei Krebspatienten. Da RON ein Proto-Onkogen
ist und das Uberspringen von Exon 11 fiir die Krebspathophysiologie relevant ist, wur-
den Mutationseffekte in der nicht-invasiven menschlichen Brustkrebs-Zelllinie MCF7
quantifiziert. Die klinische Relevanz der Mutationen wurde anschliefend durch die
Analyse von Krebspatientendaten bewertet. Zunédchst wurde die Datenbank ”Cat-
alogue of Somatic Mutations in Cancer” (COSMIC) auf Mutationen innerhalb der
RON-Minigenregion untersucht. COSMIC enthdlt manuell annotierte, somatische
Mutationen aus begutachteten Publikationen und Datenbanken. Die Region des RON-
Minigenes enthielt 33 COSMIC-Eintrige, von denen 20 mit spleiSwirksamen Mutationen
zusammenfielen. Sieben dieser Mutationen waren synonyme Mutationen, was da-
rauf hindeutet, dass ihre Rolle bei Krebs aus ihren Auswirkungen auf die alternative
Spleiiregulation und nicht aus ihrer Proteinkodierungsfunktion resultieren konnte.
Um die Rolle von Mutationen, die das RON-SpleifSen bei Krebs beeinflussen, weiter zu
untersuchen, wurden als nichstes Patientendaten aus dem ”"The Cancer Genome Atlas”

(TCGA) analysiert. Die starksten Mutationseffekte wurden durch die Mutationen G370T



und G297A, gefunden bei einem Patienten mit Kopf-Hals-Plattenzellkarzinom bzw.
Schilddriisenkarzinom, verursacht. Beide Mutationen fiihrten zu einem erhéhten Grad
an AE-Ausschliissen, entweder aufgrund der Storung der 3’-Spleifistelle des AE (G297A)
oder durch Anderung einer putativen Bindungsstelle im RON-Exon 11 (G370T). Da es
sich bei G297A um eine Mutation der Spleifistelle handelt, hitte ihr starker Einfluss auf
den erh6hten AE-Ausschluss bereits ohne die Informationen aus der Mutageneseanalyse
abgeschitzt werden kénnen. Im Gegensatz dazu ist die Mutation G370T eine nichtsyn-
onyme Mutation, die auf Aminosdureebene ein vorzeitiges Stoppcodon (,,premature
stop codon”, PTC) im alternativen Exon einfiihrt. Fiir PTC-haltige mRNAs wurde zuvor
gezeigt, dass sie durch "nonsense-mediated mRNA decay” abgebaut werden (Nichol-
son et al., 2010). Unsere Arbeit zeigte jedoch, dass der AE-Ausschluss aufgrund der
Mutation erhoht ist und somit das alternative Exon nicht in der reifen mRNA enthalten
ist. Dies kehrt die physiologischen Folgen dieser Mutation um: Statt eines weniger
funktionellen Rezeptors weisen die Zellen einen erhohten RONA165 Pegel auf, was
zuvor als Ursache fiir eine konstitutiven Rezeptoraktivierung gezeigt wurde (Collesi et
al., 1996; Zhou et al., 2003). Zusammengenommen ermdglicht das Mutagenese-Screening
die Bewertung der pathophysiologischen Relevanz von Krebsmutationen und deutet
darauf hin, dass die Auswirkungen von nichtsynonymen Mutationen bei Krebs nicht nur
durch Aminosdureverdnderungen, sondern auch durch Spleifiverdnderungen entstehen

konnen.

Um das Set von trans-regulierender Faktoren, die potenziell an der RON-Spleifiregulation
beteiligt sind, moglichst vollstindig zu erfassen, wurde die ”ATtRACT”-Datenbank fiir
in silico Bindestellenvorhersagen auf die Sequenz des RON-Minigens angewandt (Giudice
et al., 2016). Um die Ergebnisse des vorherigen Screens nutzen zu kénnen und sich auf
Positionen zu konzentrieren, die aktiv an der Spleifsregulation beteiligt sind, wurden RBP-
Motiv-Vorhersagen auf das Vorhandensein von mindestens 60% spleifSwirksamen Posi-

tionen gefiltert (sogenannte spleiiregulatorische Bindestellen, SRBS). Diese Analyse er-



10

gab 76 mutmafliche Regulatoren des RON-Spleifiens und bestatigte zuvor veroffentlichte
Bindestellen von HNRNPH und SRSF1 (Ghigna et al., 2005; Lefave et al., 2011). Fiir die
Auswahl der Kandidaten-RBPs wurde auf eine veroffentlichte RBP-, Knockdown” (KD)-
Studie zurtickgegriffen (Papasaikas et al., 2015), in der die KD-Effekte von ca. 250 RBPs
auf verschiedene Spleilereignisse gemessen wurden, darunter auch auf das RON-Exon
11, gemessen in HeLa-Zellen. Eine Auswahl von putativen Regulatoren aus dieser Studie
erfolgte anhand starker und in Replikaten konsistent auftretenden Auswirkungen auf
das RON-Spleifien. Insgesamt wurde die durch KD induzierten Spleifiverdnderungen
von 14 ausgewahlten RBPs zwischen endogenem und RON-Minigen-Spleifien verglichen,
und erfolgreiche KDs wurden durch die RT-qPCR Analyse bestitigt. Um neue Regula-
toren des RON-Spleifiens zu identifizieren, die in dem vorhergehenden RBP-KD-Screen
nicht berticksichtigt wurden (Papasaikas et al., 2015), wurden in vivo RBP-Expression
und RON-Spleifsen in den Expressionsdaten aus TCGA analysiert. Die starkste Assozi-
ation zwischen RBP-Expressionsniveau und RON-Exon 11-Einbau wurde fiir HNRNPH?2
beobachtet. Zusammengenommen deuten diese Ergebnisse darauf hin, dass das RON-
Spleiien durch mehrere Spleiaktivatoren und -repressoren weitgehend reguliert wird,
wobei SRSF2 und HNRNPH der stédrkste Aktivator bzw. Repressor sind. Dartiberhin-
aus entdeckten wir zahlreiche bisher unbekannte cis-regulatorische Elemente sowohl in
Introns als auch in Exons und fanden heraus, dass das heterogene nukleare Ribonukleo-
protein H (HNRNPH) das alternative RON-Spleifien auf mehreren Ebenen sowohl in Zel-
llinien als auch in Krebs weitgehend reguliert. Weiterhin weist die groSe Anzahl der am
Prozess beteiligten RBPs auf ein komplexes Spleifiregulationsnetzwerk hin, das an der

Steuerung des RON-Spleifiens beteiligt ist.

Eingehender betrachtet sind hnRNP-Proteine funktionell vielfdltig und regulieren un-
terschiedliche Schritte des RNA-Stoffwechsels, einschlieSlich pr&-mRNA-Verarbeitung,
mRNA-Transport und Translationskontrolle. Von diesen Proteinen weisen HNRNPH1

und HNRNPH2 96% Aminosdureidentitit auf und werden im Folgenden als HNRNPH
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zusammengefasst. Das RNA-Bindemotiv von HNRNPH-Proteinen besteht aus Guanin-
reichen Regionen (”G-runs”) (Romano et al., 2002; Marcucci et al., 2007). Spleiffanderun-
gen aufgrund reduzierter Expression von HNRNPH korrelieren mit der Lange des “G-
runs” in der Bindestelle (Xiao et al., 2009). RBPs aus der HNRNPH-Proteinfamilie konnen
mit G-Quadruplex-Faltungen der RNA interagieren (Hacht et al., 2014; Liu et al., 2017).
Desweiteren wurden HNRNPH-assoziierte SpleiSdefekte mit mehreren Krankheiten ein-
schliellich Krebs in Verbindung gebracht (Rauch et al., 2010; Lefave et al., 2011). Insge-
samt fanden wir heraus, dass das RON-Minigen 22 SRBS fiir HNRNPH enthalt, die sich
in allen Regionen des Minigens befinden. Diese kann man in fiinf verschiedene Cluster
zusammenfassen, mit drei bis fiinf SRBS. Um die positionspezifischen Interaktionen zwis-
chen HNRNPH und dem Minigen zu untersuchen, wurde als Methode Einzel-Nukleotid
auflosende UV-Kreuzvernetzung und Immunoprézipitation (,,individual-nucleotide res-
olution UV crosslinking and immunoprecipitation”, iCLIP) in HEK293T-Zellen durchge-
fithrt. Verdnderte Spleiflergebnisse resultierten aus Unterbrechungen bzw. Verldngerun-
gen der "G-runs”, was als reduzierte bzw. verbesserte HNRNPH-Bindung interpretiert
werden konnte. Wie bereits erwihnt, hing die Art der durch HNRNPH vermittelten
Spleianderungen von der Position der HNRNPH-Bindestelle innerhalb des Minigenes
ab. HNRNPH-Bindung im alternativen Exon vermittelte Spleiffunterdriickung, wahrend
die Bindung von HNRNPH im stromaufwirts gelegenen Intron Spleifsen férderte. Mu-
tationen in Cluster 1 und 5, die sich in den vor- und nachgelagerten konstitutiven Exons
befinden, reduzierten die Intronretention und in Cluster 5 wurde dies von einem erhéhten
AE-Ausschluss begleitet. Eine solche kontextabhéngige Regulierung wurde bereits fiir
HNRNPH und andere Spleifiregulatoren beschrieben (Xiao et al., 2009; Katz et al., 2010).
Die stédrksten SpleiSwirkungen wurden durch Mutationen im HNRNPH SRSBS Cluster 3,
das sich im alternativen Exon befindet, vermittelt. Auffallend ist, dass HNRNPH KD ein
dhnliches Spleiimuster induzierte wie Mutationen im Cluster 3, was die Bedeutung des
HNRNPH SRBS Clusters 3 in der HNRNPH-vermittelten Regulation des RON-Spleifiens

unterstreicht. Damit ldsst sich zusammenfassend sagen, dass HNRNPH gleichzeitig als
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Aktivator und Repressor des RON-Spleifiens fungiert und somit eine komplexe Regula-
tion verschiedener Isoformen tiber mehrere Bindungsstellen in der Minigeneregion ver-

mittelt.

Um die funktionell relevantesten Stellen der HNRNPH-Regulierung zu identifizieren,
wurde das Spleiflen der Minigen-Bibliothek unter HNRNPH KD-Bedingungen analysiert.
Es wurde erwartet, dass Mutationen mit Einfluss auf die HNRNPH-Bindung eine positive
oder negative Synergie mit dem HNRNPH KD zeigen wiirden, d.h. die kombinierten
Effekte von Mutation und Knockdown sich als grofer oder kleiner zeigen wiirden als
die einzelnen Effekte. Synergistische Effekte akkumulierten innerhalb des alternativen
Exons, bemerkenswerterweise mit einem Prozentsatz von 93% an synergistischen Po-
sitionen innerhalb des SRBS-Clusters 3. Dementsprechend stellt das alternative Exon
die Schliisselregion fiir die HNRNPH-vermittelte Spleifiregulation von RON dar. So
ermoglichte ein KD Experiment mit darauffolgender RNA-Sequenzierung der mutierten
Minigen-Bibliothek die anschlieBende Berechnung der Synergie zwischen Mutatio-
nen und HNRNPH KD, und damit eine quantitative Bewertung der funktionellen
Bedeutung der Bindestellen. Die Beobachtung, dass einzelne Punktmutationen im Clus-
ter 3 ausreichen, um die HNRNPH-vermittelte Spleifunterdriickung fast vollstindig
aufzuheben, deutete darauf hin, dass die HNRNPH-Bindungsereignisse voneinander
abhingig sind und Mutationen, die die Bindung von HNRNPH beeintrédchtigen, auch
die HNRNPH-Bindung bei benachbarten SRBS beeintrachtigen. Um diese Idee zu
testen, wurden iCLIP-Experimente im Rahmen von Minigenen mit Punktmutationen im
Cluster 3 wiederholt. Im Einklang mit dem Modell einer kooperativen Bindung war die
Reduktion des iCLIP-Signals nicht auf den Ort der Punktmutation beschriankt, sondern
erstreckte sich iiber das gesamte alternative Exon. Eine kooperative Regulierung des
RON-Spleifiens durch HNRNPH wiirde bedeuten, dass die Menge an RON-Isoformen
empfindlich auf Verdnderungen des HNRNPH-Proteinspiegels reagierte, was in einer

steilen, sigmoiden Dosis-Wirkungskurve resultieren wiirde. Tatsédchlich wurde eine
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schalterartige Spleifireaktion des RON-Exons 11 aus dem Minigen sowie dem endogenen
RON-Gen fiir die Verdanderung der HNRNPH-Konzentrationen beobachtet, die mit der
Hill-Gleichung quantitativ ausgewertet werden kann. Dartiber hinaus zeigte HNRNPH?2
die steilste Regressionssteigung unter den 190 RBPs, die auf Expressionskorrelation in
den TCGA-Daten getestet wurden, was mit der kooperativen Regulierung auch in vivo
tibereinstimmte. Zusammengenommen fungierte HNRNPH als Spleifischalter des RON-
Exons 11 durch kooperative Bindung, was zu grofien Spleiffdnderungen fiihrt, die durch
kleine Verdanderungen des HNRNPH-Proteingehalts verursacht werden. So wurden
durch iCLIP- und Synergieanalysen zwischen Mutationen und HNRNPH-Knockdown-
Daten die relevantesten HNRNPH-Bindestellen im gesamten RON-Minigen ermittelt.
Schliellich wurde gezeigt, dass die kooperative HNRNPH-Bindung einen Spleiischalter
des RON-Exons 11 erméglicht.

Zusammenfassend haben wir in diesem PhD-Projekt ein Hochdurchsatz-Screening auf
Basis zufilliger Mutagenese etabliert, um die regulatorische Landschaft des Exon 11-
Spleiiens im RON-Minigen umfassend zu charakterisieren. Da das Minigene nicht nur
RON-Exon 11, sondern auch die benachbarten Introns sowie die flankierenden, konstitu-
tiven Exons enthilt, ermoglichte das Screening die Bewertung des Beitrags der Regionen
um das alternative Exon und erweiterte damit die bisherigen Studien. Klinische Daten
halfen, die ermittelten Mutationseffekte des Screeningansatzes mit dem RON-Spleifien
bei Krebspatienten mit den gleichen Mutationen zu vergleichen. Dementsprechend
werden die Ergebnisse bei der Beurteilung von Mutationseffekten helfen, die fiir die
klinische Diagnostik potenziell relevant sind. Neben der umfassenden Charakterisierung
von cis-regulatorischen Elementen identifizierten Knockdown-Experimente die an der
RON-Exon 11-Regulation beteiligten Spleififaktoren. Weiterfithrend lésst sich feststellen,
dass dieser neuartige Screening-Ansatz ein Werkzeug darstellt, um die Wechselwirkung
von RNA-Sequenzvarianten mit trans-regulierenden Regulatoren zu untersuchen. Das

ermdglicht Einblicke in alternative Spleifiregulationsmechanismen und die Relevanz
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von Mutationen bei menschlichen Erkrankungen. Weiterhin bieten die Ergebnisse eine
einzigartige Sichtweise auf die Komplexitdt der Spleifiregulierung eines alternativen

Exons.
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Abstract

Alternative splicing (AS) is a co- or post-transcriptional process by which one gene gives
rise to multiple isoforms. This ‘split and combine’ step multiplies eukaryotic proteome di-
versity several fold and is implicated in several diseases given its pervasive impact. Con-
trol of alternative splicing is brought about by cis-regulatory elements, such as RNA se-
quence and structure, which recruit trans-acting RNA-binding proteins (RBPs). Although
several of these interactions are already described in detail, we lack a comprehensive un-

derstanding of the regulatory code that underlies a splicing decision.

Here, we have established a high-throughput screen to comprehensively identify and
characterise cis-regulatory elements that control a specific splicing decision. A cancer-
relevant splicing event in proto-oncogene RON was picked as a minigene prototype for
initialising the screening approach. Then, we transfected a library of thousands of ran-
domly mutagenised minigene variants as a pool into human cells, and subsequently quan-
tified the spliced isoforms by RNA sequencing. Importantly, we used a barcode sequence
to tag the minigene variants and thereby linked mutations to their corresponding spliced
products. By using a linear regression-based modelling approach, we were able to de-
termine the effects of single mutations on RON AS. In total, more than 700 mutations
were found to significantly affect the splicing regulation of the RON alternative exon. In

addition, mutation effects quantified from the screening approach correlate with RON
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alternative splicing in cancer patients. We discovered numerous previously unknown cis-
regulatory elements in both introns and exons, and found that the RBP heterogeneous
nuclear ribonucleoprotein H (HNRNPH) extensively regulates RON AS at multiple lev-
els in both cell lines and cancer. Furthermore, the large number of RBPs involved in the
process, point to a complex splicing regulatory network involved in the control of RON
splicing. iCLIP and synergy analysis between mutations and HNRNPH knockdown data
pinpointed the most relevant HNRNPH binding sites across RON. Finally, cooperative
HNRNPH binding was shown to mediate a splicing switch of RON alternative exon. In
summary, our results provide an unprecedented view on the complexity of splicing reg-
ulation of an alternative exon. The novel screening approach introduces a tool to study
the relationship of RNA sequence variants along with trans-acting regulators to their im-
pact on the splicing outcome, offering insights on alternative splicing regulation and the

relevance of mutations in human disease.
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Preface

The RON mutagenesis screening project (Braun et al., 2018) constituted of three sections;
experimental, bioinformatics and mathematical modelling and was supervised by Dr. Ju-
lian Konig (IMB, Mainz), Dr. Kathi Zarnack (BMLS, Frankfurt), Dr. Stefanie Ebersberger
(IMB, Mainz) and Dr. Stefan Legewie (IMB, Mainz), respectively. In my Phd study, I per-
formed most of the bioinformatics analyses of the project. In this thesis, I have presented
the topics that were exclusively analysed by myself, along with analyses performed by
the other collaborators to present a complete and cohesive picture of the project for better

comprehension. The results of the project have been published in the following article -

Braun, S.; Enculescu, M.; Setty, S. T.; Cortés-Lopez, M.; Almeida, B. P. de; Sutandy, F.
X. R; Schulz, L.; Busch, A.; Seiler, M.; Ebersberger, S.; Barbosa-Morais, N. L.; Legewie,
S.; Konig, J.; Zarnack, K., 2018: Decoding a cancer-relevant splicing decision in the RON

proto-oncogene using high-throughput mutagenesis. Nature Communications., 9, 3315.
These collaborators and their corresponding work in brackets are as follows -

Simon Braun (RON high throughput mutagenesis screen and library generation and
prep.), F. X. Reymond Sutandy (iCLIP experiments), Mariela Cortés-Lépez (RBP site an-
notation and analyses), Laura Schulz (RT-PCR validation experiments), Dr. Markus Seiler
(Annotation of RNA G-quadruplex sequences), Dr. Anke Busch (iCLIP and RNA-seq data

processing and splice isoform quantification), Bernardo P. de Almeida and Dr. Nuno L.
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Barbosa-Morais (TCGA and GTEx analyses; iMM, Lisbon). The project was conceived by
Dr. Julian K6nig and experimental analyses were performed under his supervision. The
bioinformatics analyses were performed under the supervision of Dr. Katharina Zarnack
with additional supervision by Dr. Stefanie Ebersberger. Dr. Mihaela Enculescu and

Dr. Stefan Legewie designed and performed the mathematical modelling approach.
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Introduction

Pre-mRNA splicing (spliceosomal catalysis)

The messenger RNA (mRNA) is an essential macromolecule, involved in the tissue-
specific process of transcription in cells. Eukaryotic genes are transcribed into precursor
mRNA or pre-mRNA, which are made up of discrete units called exons (coding regions)
and introns (non-coding regions). The process of removal of introns from the pre-mRNA
and joining of exons in order to form a functional mRNA transcript is called splicing.
Splicing is realised by a multi-step catalysing reaction involving the spliceosome, a

complex made up of huge protein assemblies which interacts with other splicing factors
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to give rise to the mature mRNA transcript (Wahl et al., 2009). Such a multi-step reaction
involving many proteins allows opportunities for increased control and modulation,
such as the choice to include exons selectively via a process known as alternative splicing
(Johnson et al., 2012). This process forms the basis for tissue and proteome diversity and
occurs in ~95% of multi-exonic human genes (Pan et al., 2008). Furthermore, structural
images from yeast cryo-electron microscopy showed that the underlying mechanism of
spliceosomal catalysis is conserved across eukaryotes (Plaschka et al., 2019) suggesting

the universality of the process among higher organisms.

The spliceosomal catalytic reactions are mediated by the spliceosome complex, which is
an intricate biological machine consisting of a higher order assembly of 5 small nuclear
RNAs (snRNAs) and ~200 related proteins (Will et al., 2011; Fica et al., 2013). During or
immediately after transcription, the spliceosomal complex mediates the catalytic excision
of introns and stitching together of exons (splicing) in the pre-mRNA in a series of steps

as detailed below.

The assembly of the spliceosome is initiated with the recognition of the signals at the splice
sites, the branch point and the polypyrimidine tract (Figure 1.1, top left corner). Firstly,
the U1 small nuclear RNP (snRNP) binds to the 5" splice site and the U2 auxiliary factor
(U2AF) binds to the polypyrimidine tract along with the binding of the splicing factor
1 (SF1) to the branch point, thus forming the complex E. Subsequent recruitment of the
U2 snRNP is initiated at the 3’ splice site region. The resulting interaction between Ul
and U2 snRNPs depends on the helicases PRP5 and UAP56 and together forms the pre-

spliceosomal complex A.

Next, the pre-catalytic spliceosome complex (complex B) is formed by the recruitment of
U4/U6-US5 tri-snRNP, and is followed by the release of U1l and U4 snRNPs. This neces-
sitates a remodelling step (B activated complex) and activates the catalytic centre of the
spliceosome (complex B*), thus enabling the subsequent splicing reactions. In detail, the

splicing catalysis consists of two transesterification steps; starting with, the 2’-OH of the
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Figure 1.1: The spliceosome mediates alternative splicing in a multi-step cycle. Core-

splicing signals within introns of pre-mRNAs comprise the 5 splice site (5" SS), the branch
point (BP), the polypyrimidine-tract (Py-tract), and the 3’ splice site (3" SS). Early splicing

factors U1 snRNP, SF1 and the U2AF heterodimer, consisting of U2AF65 and U2AF35, tar-

get these signals. During the splicing reaction, the splicing factors U2 snRNP and U4 /U6-

U5 tri-snRNP are required to excise the intron, while numerous additional factors tran-
siently interact with the pre-mRNA during the different steps of splicing catalysis. Boxes
represent exons while the connecting introns are depicted with lines. Adapted from (Fica

etal., 2017).
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adenine, which is a part of the branch point consensus signal, attacking the phosphate of
the guanine at the 5" consensus splice site. This results in a cleaved product between the
exon and the guanine in the intron and in a free 3’-OH at the upstream exon. Additionally,
the intron lariat is released and is attached to the downstream exon. In the second step,
the free 3’-OH of the upstream exon reacts with the phosphate at the 5" end of the down-
stream exon to covalently join both exons and release the intron lariat via the C* complex
and then forms the post-spliceosomal P complex (Wahl et al., 2009; Fica et al., 2017; Shi,
2017). Finally, the ligated exons and intron lariat are released from the spliceosome by the

PRP22 helicase (Will et al., 2011), leading to the formation of the mature mRNA transcript.

Alternative splicing

The selective skipping or inclusion of exons leads to increased mRNA diversity in a pro-
cess called alternative splicing (AS). Alternative splicing is quite prevalent, given that at
least 95% of human genes are alternatively spliced (Kornblihtt et al., 2013; Manning et al.,
2017) resulting in an increased phenotypic diversity from a smaller set of genes (Yang et
al.,, 2016). Alternative splicing determines homeostasis and development of cell, tissue
and organ fate (Baralle et al., 2017) and may result in more than 1,000 different isoforms
from a single human gene (Treutlein et al., 2014). Alternative splicing is also a hallmark of
evolutionary complexity as more splicing is seen in higher vertebrates (Barbosa-Morais et
al., 2012; Chen et al., 2014). Such extensive alternative splicing has been observed in higher
organisms as a result of a higher presence of weak splice sites (Lee et al., 2015), which vary
from the consensus strong splice sites. Recently, studies on AS have increasingly shown
its essential role in cellular differentiation, stress responses, disease development and can-
cer cell survival (Coltri et al., 2019). There are five different events of alternative splicing
observed, which are based on the choice of splice sites, which in turn involve splice site

strength and context (Figure 1.2 and 1.3).
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Figure 1.2: Alternative splicing and canonical isoforms. Canonical splicing isoforms in-
clude exon inclusion and skipping isoforms. Exons are shown as boxes, while the solid
lines connecting them are introns. Other solid lines indicate the splice junctions between
exons. Adapted from (Wang et al., 2015).

Cassette exons, can either be present (exon inclusion) or absent (exon skipping) in the
mature mRNA (Figure 1.2). Unspliced introns (intron retention or IR) and alternative
splice site usage (alternative 3’ and alternative 5 splice site) result in altering the exonic
sequences (Kornblihtt et al., 2013) (Figure 1.3). While exon skipping is the most common
alternative splicing event (Wang et al., 2008), IR has recently been highlighted as an im-
portant mechanism to regulate gene expression and was shown to occur in more than half
of all human introns (Braunschweig et al., 2014; Jacob et al., 2017). In some cases, one
exon among two or more possible cassette exons is included in the mRNA resulting in
exon inclusion in a mutually exclusive manner (Figure 1.3). Furthermore, previous stud-
ies showed that most genes express multiple isoforms simultaneously (‘non-minimalistic
pattern’) (Djebali et al., 2012). Recent studies on single nucleotide variants (SNVs) of 1,812
tumour samples, revealed that exon skipping and intron retention were among the most

frequently observed alternative splicing events in cancer (Jung et al., 2015).
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Figure 1.3: Alternative splicing and non-canonical isoforms. Other types of alternative
splicing result in different mRNA isoforms. Exons are shown as boxes, while the solid
lines connecting them are introns. Other solid lines indicate the splice junctions between
exons. Adapted from (Wang et al., 2015).
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Regulation of alternative splicing

The regulation of alternative splicing is a multi-layered fine-tuned mechanism where the
information content in RNA sequences is decoded by the cognate RBP proteins. The fac-

tors that determine regulation of AS are detailed below.

1. Splice site strength

Constitutive splicing occurs in strong splice sites, which harbour conserved consensus se-
quences at 5’ (CAG | GUAAGU) and 3' (NYAG | G) splice sites in mammals (Mount, 1982;
Black, 2003). If the sequences at the splice sites match these consensus sequences, then it
is immediately recognised by the early spliceosome and splicing occurs (Garg et al., 2007).
However, many additional alternative splice sites of weak or intermediate strength may
exist along with stronger sites, which may complicate the splicing decision. In order to
ensure proper splicing, the splice sites must be selected in a correct manner. This is ac-
complished by the recruitment of RNA binding proteins (RBPs) in a context-dependent
manner. In particular, this competitive selection of splice sites among stronger constitu-

tive and weaker sites decides alternative splicing (Baralle et al., 2017).

2. Cis-regulatory elements

Control of alternative splicing is achieved through cis-regulatory elements, such as RNA
sequence and structure, which recruit trans-acting RBPs. The RBPs interact with pre-
mRNA sequence elements, called Exonic and Intronic Splicing Enhancers or Silencers
(ESE, ESS, ISE and ISS; Figure 1.4). These sequences enhance or inhibit the usage of weak
alternative splice sites in conjunction with the spliceosome (Kornblihtt et al., 2013; Wang

et al., 2015). Moreover, cis-regulatory elements can be highly context-dependent (Goren



26

Figure 1.4: Regulation of alternative splicing is a multi-layered process involving splicing
enhancers and silencers. SR and HNRNP proteins interact with splicing enhancers and si-
lencers either at introns or exons to mediate splicing regulation, in conjunction with splic-
ing proteins. ESE-exon splicing enhancer, ESS-exon splicing silencer, ISE-intron splicing
enhancer and ISS-intron splicing silencer. Grey circles indicate various splicing factors.
Adapted from (Bartys et al., 2019).

et al., 2006) and splicing events are controlled by combinatorial interplay of multiple cis-
regulatory elements (Nasrin et al., 2014; Qian et al., 2014). Moreover, it was shown that

variation in cis-regulatory elements majorly drives splicing evolution (Hsiao et al., 2016).
3. Trans-acting factors

Trans-acting factors are splicing-related proteins that target cis-regulatory elements
present in the pre-mRNA (Fu et al., 2014). RBPs work in conjunction with the spliceo-
some to mediate exon definition (De Conti et al., 2013) and inhibit or activate cognate
splice site usage. Moreover, these proteins are ubiquitously expressed across normal hu-
man tissues (Gerstberger et al., 2014), are evolutionarily conserved (Anantharaman et al.,
2002) and are known to be involved in all aspects of RNA processing (Glisovic et al., 2008).
The group of trans-acting splicing factors include Serine-Arginine repeat (SR) splicing
factors, heterogeneous nuclear ribonucleoproteins (HNRNPs) and other splicing factors
(Cordin et al., 2013) (Figure 1.4). HNRNPs are a highly conserved family of RNA-binding
proteins which bind to nascent pre-mRNA and are involved in diverse cellular functions

such as localization, maturation, translation among other roles. SR proteins are essential
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splicing factors that regulate both constitutive and alternative splicing. Cis-regulatory
elements are sometimes bound by multiple RNA binding domains of a single trans-acting
factor and hence require complex interactions to determine better specificity of RBPs
(Maris et al., 2005; Auweter et al., 2006; Valverde et al., 2008; Dominguez et al., 2010). The
trans-acting splicing factors usually bind to 4-7 bp of target RNA sequence (Daubner et

al., 2013), but even longer cis-regulatory elements have been shown.

4. Positional regulation

The activity of trans-acting factors depends on their binding site position within the pre-
mRNA (Erkelenz et al., 2013). As a general rule, HNRNP proteins binding at the exon
repress splicing (Rothrock et al., 2005; Mauger et al., 2008), but display opposite behaviour
and activate splicing, when they bind to the introns (Hui et al., 2003; Xiao et al., 2009). In
the case of bound SR proteins, a role reversal takes place and splicing is activated at the
exons (Cartegni et al., 2002; Shen et al., 2004) and repressed at introns (Ibrahim et al.,
2005; Buratti et al., 2007; Shen et al., 2012). Hence both HNRNP and SR proteins perform
a position-dependent regulatory function in opposing directions as splicing repressors or
activators, similar to other trans-acting factors such as NOVAL1 (Licatalosi et al., 2008) or

RBFOX1 (Sun et al., 2012).

5. RNA structure

In addition to sequence and proteins, alternative splicing regulation is mediated through
pre-mRNA secondary structure (Oberstrass et al., 2005; Warf et al., 2010). For instance,
RBPs such as MBNL1, PTBP1, SRSF1 and HNRNPA1 can modulate RNA secondary struc-
tures and thus mediate exon skipping or inclusion (Blanchette et al., 1999; Oberstrass et
al., 2005; Pascual et al., 2006; Liu et al., 2010) (Figure 1.5). The arrangement and number of

RBP binding sites and a structure-dependent competitive behaviour for instance; hairpin
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Figure 1.5: Pre-mRNA secondary structures mediate splicing regulation. The influence of
a representative exonic hairpin structure on the enhancer activity of SR proteins is shown
here. ESE - Exonic splicing enhancer. Adapted from (Bartys et al., 2019).

or stem loop presence, also determines splicing regulation (Taylor et al., 2018). Further-
more, RNA G-quadruplexes represents a secondary structure element that is shown to be
frequently involved in splicing regulation (Conlon et al., 2016; Huang et al., 2017; Weldon
et al., 2018). These secondary structures are formed by multiple stacks of four guanines,
organised into a planar arrangement via Hoogsteen hydrogen bonding (Cammas et al.,
2017). Moreover, multiple RBPs were shown to interact with RNA G-quadruplexes (Hacht
etal., 2014; Liu et al., 2017) including HNRNPH proteins (Decorsiére et al., 2011; Fisette et
al., 2012; Conlon et al., 2016). G-quadruplexes have been shown to be widely prevalent in
the human transcriptome in addition to being evolutionarily conserved (Kwok et al., 2016).
However, in-vitro and in-vivo data show contradictory evidences, limiting the interpreta-
tion of the role of RNA G-quadruplexes (Biffi et al., 2014; Laguerre et al., 2015; Guo et al.,
2016 ; Kwok et al., 2016), and thus require more functional studies. Furthermore, there are
studies showing many more determinants involving chromatin modifications, transcrip-
tional kinetics, developmental stages and cell type specificities, and binding specificities

like allelle specific binding that may modulate alternative splicing.
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Mechanisms of RBP function in alternative splicing regulation

Core splicing factors such as Ul interact with frans-acting proteins such as SR and HN-
RNP proteins, in conjunction with other transcript-specific splicing regulators in order
to modulate splicing regulation. Both SR and HNRNP proteins assist in the splice site
recognition and can recruit the spliceosome (Howard et al., 2015). Importantly, the inter-
play between SR and HNRNP proteins and recruitment and stabilisation of the splicing
machinery defines the exon boundaries (‘exon definition’) before splicing activation can
occur (Graveley, 2000; Caputi et al., 2002) (Figure 1.6 panel a). Additionally, a competition
between splicing repressors and either SR or HNRNP proteins (Zhu et al., 2001; Paradis et
al., 2007) can activate splicing (Figure 1.6 panel b). The direct competition of HNRNP pro-
teins with core splicing factor U2AF (Heiner et al., 2010; Zarnack et al., 2013) can repress
splicing (Figure 1.7 panel a).

By simultaneously interacting with Ul snRNP and U2AF splicing proteins, SR proteins
position the 5" and 3’ splice site close to each other and activate splicing (Wu et al., 1993;
Graveley, 2000) (Figure 1.6 panel c¢). However, HNRNP proteins enable splicing repres-
sion by looping and hiding the exons (Martinez-Contreras et al., 2006; Konig et al., 2010)
(Figure 1.7 panel b). Moreover, cooperative binding by polymeric HNRNP proteins across
the gene shows contrasting behaviour as it can both promote exon skipping (Okunola et
al., 2009) and exon inclusion depending on the context, although the mechanism remains

undiscovered (Gueroussov et al., 2017) (Figure 1.8).

The heterogeneous nuclear ribonucleoprotein H (HNRNPH)

Many studies have elucidated the important role of HNRNPH proteins in driving
splicing regulation (Martinez-Contreras et al., 2007; Chaudhury et al., 2010; Katz et al.,
2010). Based on structural differences, the HNRNPH family consists of five members;
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Figure 1.6: SR and HNRNP proteins mediate splicing activation. (a) Recruitment of core
splicing factors by SR and HNRNP proteins mediate splicing regulation. (b) Competition
of SR or HNRNP proteins with splicing repressors activates exon inclusion. (c) SR proteins
mediate cross-intron interactions and activate splicing. Exons and introns are depicted as
boxes and lines, respectively. Adapted from (Graveley, 2000; Martinez-Contreras et al.,
2006; Wachter et al., 2012) and from Simon Braun.
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Figure 1.7: SR and HNRNP proteins mediate splicing repression. (a) Competition of HN-
RNP proteins with core splicing factors represses exon inclusion. (b) HNRNP protein
mediated looping of pre-mRNA at ISS sites represses exon inclusion. Exons and introns
are depicted as boxes and lines, respectively. Adapted from (Graveley, 2000; Martinez-
Contreras et al., 2006; Wachter et al., 2012) and from Simon Braun.
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Figure 1.8: Multimerised HNRNP proteins mediate splicing activation and repression.
Multimerisation of HNRNP proteins across pre-mRNA can both activate and repress exon
inclusion. Exons and introns are depicted as boxes and lines, respectively. Adapted from
(Gueroussov et al., 2017).
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HNRNPH1, HNRNPH2, and HNRNPF, HNRNPH3a and HNRNPH3b. HNRNPH
proteins contain RRMs (RNA recognition motifs)-related domains that are loosely similar
to the consensus RRMs and are called quasi-RRMs (qQRRMs) and regions rich in glycine,
tyrosine and arginine (GYR) or glycine- and tyrosine-rich (GY) (Martinez-Contreras et al.,
2007). In our study, the protein HNRNPH is referred to both the proteins HNRNPH1 and
HNRNPH? as they share 96% amino acid identity (Martinez-Contreras et al., 2007). While
HNRNPEF is similar to HNRNPH on the amino acid level, HNRNPH3a and HNRNPH3b
are less conserved and lack a quasi RNA recognition motif (QRRM) (Nazim et al., 2017).
Figure 1.9 shows the conservation between the HNRNPH proteins.

HNRNPH binds to G-rich sequences or G-runs and consequently, mediates splicing regu-
lation via its qRRM domains (Ding et al., 1999; Dominguez et al., 2010). Depending on the
location of the binding motif in the different regions of the gene, HNRNPH either activates
or represses exon inclusion, respectively (Xiao et al., 2009; Katz et al., 2010). Accordingly,
the length of these G-runs also becomes important in mediating the regulatory activity
(Romano et al., 2002; Marcucci et al., 2007; Masuda et al., 2008; Rahman et al., 2015; Uren
et al., 2016; Nazim et al., 2017). Given the importance of HNRNPH in crucial cellular
processes, several diseases are linked to its deregulation (Rauch et al., 2010; Lefave et al.,
2011; Stark et al.,, 2011). In particular, deregulation mediated by RBP HNRNPH leads to

enhanced metastatic response in gliomas (Lefave et al., 2011).

Alternative splicing in disease

Alternative splicing is crucial in the generation of biological complexity, and its dereg-
ulation leads to several human diseases (Daguenet et al., 2015). Deregulation of splicing
has been attributed to mutations, which may result in perturbing a cis-regulatory element.
Consequently, exon inclusion or exon skipping may lead to irregular protein activity. For

instance, mutations that alter a splice site, result in loss of function of that site and may
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Figure 1.9: HNRNPH proteins show conservation of domains. The quasi-RNA recogni-
tion motifs (JRRM) mediate RNA binding, while the glycine-tyrosine-arginine-rich (GYR)
domains control nuclear localization. A glycine-tyrosine-rich (GY) domain at the C-
terminus mediates protein-protein interactions. Adapted from (Nazim et al., 2017).

lead to changing the splice location. This can cause insertion or deletion of unwanted se-
quences and in turn, longer or shorter exons in the mature mRNA. Although, many splic-
ing errors are safeguarded by nonsense-mediated mRNA decay (NMD), a quality control
step in cells (Danckwardt et al., 2002; Hug et al., 2016), several splicing-related diseases
still prevail. It is estimated that 10% of disease-causing exonic mutations and that up to

1/3 of all disease-associated alleles alter splicing (Havens et al., 2013; Soemedi et al., 2017).

Given the prevalence of splicing deregulation especially in cancer, the study of the role of
alternative splicing in cancers has been a primary concern. Splicing misregulation occurs
in transcripts coding for genes associated with all hallmarks of cancer including invasion,
metastasis and angiogenesis (Amin et al., 2011; Bonomi et al., 2013; Oltean et al., 2014;
Sveen et al., 2016). Moreover, a 30% rise in alternative splicing events is observed in tu-
mour samples when compared to normal samples. Many tumours consist of thousands

of alternative splicing events not detectable in normal samples; i.e. on average, ~930 new
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exon-exon junctions (‘neojunctions’) were observed in tumours and not typically found
in GTEx normal samples. Strikingly, tumours with aberrant splicing isoforms tend to
exhibit decreased expression levels of immune system-related genes and increased ex-
pression levels of cell-cycle marker genes. These tumour-specific splicing events create a
novel immune response and could be exploited in immunotherapy; for instance in person-
alised tumour vaccines (Mo et al., 2017; Kahles et al., 2018). Furthermore, RBP expression
is a tightly controlled process under normal circumstances, and any significant changes
may affect a plethora of transcripts and thus result in an imbalance in cellular homeostasis
(Mittal et al., 2009). Indeed, altered expression of some RBPs has been linked to diseases
including cancer (Musunuru, 2003; Lukong et al., 2008; Castello et al., 2013; Correa et al.,
2016; Sebestyén et al., 2016). Notably, many splicing factors moonlight in cancer either as
tumour suppressors or proto-oncogenes and drastically alter expression levels of genes
involved in cancer at a system-wide scale (Dvinge et al., 2016; Seiler et al., 2018). A study
revealed that RBPs have an average of approximately 3 mutations per Mb across 26 cancer
types and 281 RBPs to be enriched for mutations in at least one cancer type (Neelamraju
et al., 2018). Moreover, cancer related RBPs are predominantly downregulated in tumour
when compared to normal tissues (Wang et al., 2018), however Zhang et al. (2018) showed
that several RBPs are upregulated in cancers. In the 16 TCGA cancer types studied, 109
RBPs were consistently upregulated while only 41 RBPs were consistently downregulated
(Zhang et al., 2018). Furthermore, expression of many HNRNP RBPs is altered in neu-
rodegenerative diseases and cancer (Boukakis et al., 2010). The importance of HNRNP
proteins in cancer is underlined by the fact that the RBP levels correlate to prognosis of

patients (Karni et al., 2007; Huelga et al., 2012).
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Recepteur d’origine nantais (RON) receptor tyrosine kinase

Receptor tyrosine kinases (RTKs) discovered in 1960s, are transmembrane cell-surface re-
ceptors that bind to ligands, which promotes receptor dimerisation and stimulation of
the tyrosine kinase activity (phosphorylation) and subsequent signal transduction (Sch-
lessinger, 2000, 2014). RTKs are key regulators of homeostasis and normal development,
but also have a critical role in the development and progression of many types of can-
cer. One of the most well studied example in physiological conditions is insulin binding
a multimeric RTK complex (Meyts et al., 1973). Proteins in the receptor tyrosine kinase

family consist of the following domains -

1. extracellular ligand-binding domain.
2. intracellular protein tyrosine kinase domain.

3. transmembrane helix.

Recepteur d’origine nantais (RON) is a receptor tyrosine kinase (Ronsin et al., 1993) en-
coded by the proto-oncogene MSTIR (also referred to as RON) and is a member of the MET
proto-oncogene family (Benvenuti et al., 2007). RON undergoes transcription in epithelial
cells, however it is lowly expressed (Gaudino et al., 1994, 1995). In contrast to highly ex-
pressed receptor tyrosine kinases which express 70,000 molecules per keratinocyte, only
600 — 1,000 RON receptor proteins were estimated to be present per cell (Roque et al.,
1992; Wang et al., 1996). In physiological conditions, RON exists as a single-chain pre-
cursor, which is cleaved enzymatically into a 185 kDa heterodimer of a 35 kDa (a) and
a 150 kDa (p) disulfide-linked chain (Gaudino et al., 1994). In addition, the RON ligand
macrophage-stimulating protein (MSP or MST1) requires proteolytic maturation before it

can be bound to RON receptor and activated (Wang et al., 1994a; b).

Under normal conditions, RON signalling regulates inflammatory immune response and

wound healing in humans (Yao et al., 2013; Faham et al., 2016). Although RON and MSP



36

are evolutionary highly conserved, their function varies in different species (Gaudino et
al., 1995; Quantin et al., 1995; Aoki et al., 1996; Bassett, 2003). Since homozygous knockout
of RON is embryonically lethal in mice, RON is essential to life (Muraoka et al., 1999). In
relation to disease, the RON receptor kinase plays an active role through its splicing iso-
forms in cancers of the breast, pancreas, lung and colon (Ghigna et al., 2005; Mayer et al.,
2015; Chakedis et al., 2016). Among the different RON isoforms produced aberrantly in
cancer, the isoform formed by the skipping of the RON alternative exon 11 ‘'RONA165’, is
the focus of the current study. The skipping isoform is translated into a protein with an in-
frame deletion of 49 amino acids and consequently, the receptor persists as a single-chain
precursor molecule in the cytoplasm. Previous studies have shown that spontaneous mul-
timerisation of RONA165 occurs, finally leading to constitutive activation of RON, mean-
ing an activation which is independent of binding of a ligand (Collesi et al., 1996; Zhou et
al., 2003). In contrast to other RON splicing isoforms, RNA-seq studies showed RONA165
overexpression leads to similar gene expression changes to those produced by the acti-
vation of the full-length protein, suggesting that RONA165 promotes tumour formation
by aberrant RON activation (Chakedis et al., 2016). Moreover, RONA165 is consistently
upregulated in metastatic cancer, and contributes to tumour invasiveness by promoting
epithelial-to-mesenchymal transition (Collesi et al., 1996; Zhou et al., 2003; Wang et al.,
2004; Ghigna et al., 2005; Mayer et al., 2015). Targeted strategies for cancer therapies in-
volving RON are based on therapeutic antibodies. Moreover, antibody-drug conjugates
(ADCs), which are combinations of anti-RON monoclonal antibodies (mAbs) with cyto-
toxic drugs, particularly Zt/gr-DM1 and H-Zt/g4-MMAE have been shown to eradicate
tumours in-vivo by inducing RON internalisation (Yao et al., 2006, 2019; Li et al., 2010).
Additionally, mAbs that bind to RON receptors and block MSP-RON signalling pathways
have been assessed in clinical trials (ClinicalTrials.gov Identifier: NCT01119456; antibody
RONS, Narnatumab, ImClone; phase-I discontinued) (O’Toole et al., 2006). However,
even though the RON-antibody binding affects MSP-RON signalling, constitutive activa-

tion of RONA165 is not affected as it is ligand independent and tumours expressing this
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isoform can escape such therapies (Chakedis et al., 2016). Therefore, more information on
the splicing impact of mutations on RONA165 pathogenic isoform in patients is required

to advance personalised or targeted therapy.

Decoding the regulation of alternative splicing

In contrast to high-throughput strategies, previous strategies employed minigene re-
porters with limited number of targetted mutations to decipher the role of splicing
related mutations (Cooper, 2005). These strategies still remain the most reliable and
direct way to assess mutation and its consequent phenotypic effects. However, they are
time consuming and impractical for approaches where a large scale or novel splicing
study is necessary. Additionally, they fail to detect more complex regulation events such
as those involving epistasis between two or more mutations (Nasrin et al., 2014; Ahsan et
al., 2017). Hence, recent in-silico studies in combination with experimental tools helped
better predict genome-wide splice-altering mutations (Soemedi et al., 2017; Adamson
et al., 2018; Cheung et al., 2019). To study the role of RBP regulators, a genome-wide
siRNA robotic screen catalogued the splicing regulators of a specific endogenous gene
(Tejedor et al., 2015). With the advent of NGS, high-throughput studies benefited from
combining deep sequencing techniques with minigene reporter mutagenesis screens.
These studies enabled a more accurate prediction of the impact of sequence variants
on splicing, provided mutational screening of a human exon, or allowed insights into
general splicing mechanisms (Rosenberg et al., 2015; Julien et al., 2016; Ke et al., 2018, re-
spectively). However, mutagenesis approaches in these studies were targetted to specific
exonic regions or restricted to the use of short synthetic spacer regions. Additionally,
regulatory layers like trans-acting factors or secondary structures were not considered.
Given these constraints, there is a need to study the comprehensive landscape of splicing

regulation using a combination of in-silico and in-vivo approaches.
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Motive and objectives of the project

In light of limitations in the previous approaches, the motive of this PhD project is to
establish a high-throughput screen to comprehensively identify and characterise the
complete cis-regulatory landscape controlling the splicing regulation of an alternatively
spliced exon. In order to study a cancer-relevant splicing decision, we chose a minigene
derived from the proto-oncogene RON (derived from the MSTIR genomic locus). The
aim is to assess the splicing regulatory effects of the exonic and intronic mutations of RON
minigene in both physiological and diseases states and to expand pre-existing knowledge

on the mechanisms of alternative splicing regulation.

The objectives of the project are as follows -

1. To establish a high-throughput screening method to identify cis-regulatory elements
by developing bioinformatics pipelines for analysing the RON mutagenised mini-

gene library.

2. To identify key cis-regulatory elements in the RON minigene from the high-

throughput screen.

3. To identify important trans-acting factors regulating splicing of RON minigene by

analysing RNA-seq data resulting from KD of known splicing factors.
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Materials and methods

Experimental methods

The methods presented below were performed by the following people under supervision
by Dr. Julian K6nig - Simon Braun (RON high throughput mutagenesis screen and library
generation and prep.), F. X. Reymond Sutandy (iCLIP experiments) and Laura Schulz (RT-

PCR validation experiments).
Cloning of recombinant plasmid DNA

The RON wt plasmid resulted from PCR amplification of a segment of the MSTIR gene
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by polymerase chain reaction using Phusion DNA polymerase (NEB) with the forward
primer 0J303 and the reverse primer 0S111 at an annealing temperature of 65 °C with hu-
man genomic DNA (Promega) as a template (Figure 4.5). The 779 bp DNA product was
gel-purified with the QIAquick Gel Extraction Kit (QIAGEN) and then digested using
HindIII and Xbal restriction endonucleases (NEB). The cut DNA fragment was purified
using a PCR purification kit (QIAGEN) prior to ligation into the pcDNA 3.1 (+) vector (In-
vitrogen). To match AE inclusion in the RON wt minigene to endogenous levels, the first
nucleotide of the alternative exon was replaced by a guanine. Plasmids containing point
mutations were generated using the Q5 Site-Directed Mutagenesis Kit (NEB) according to

the manufacturer’s instructions.

The HNRNPHI1 open-reading-frame was PCR-amplified from a plasmid (kindly donated
by Dr. Davor Lessel, Institute of Human Genetics, University Medical Center Hamburg-
Eppendorf) using 05428 and 05429 (Figure 4.5) and cloned into the pcDNA 3.1 (+) vector
(Invitrogen) to generate an overexpression construct. Successful cloning of plasmids was
monitored by diagnostic restriction digest of the target vector followed by analysis of re-
sulting fragments via agarose gel electrophoresis. In addition, relevant sequences of all

recombinant plasmids were validated by Sanger sequencing.

SDS PAGE and Western blotting

Protein samples were first separated by SDS-PAGE using precast 4-12% NuPAGE Bis-
Tris gels (Invitrogen) and MOPS SDS running buffer (Invitrogen). Subsequently, proteins
were transferred to a 0.45 ym pore size nitrocellulose membrane (GE Healthcare). Before
Western Blot analysis, loading was controlled by staining membranes using Ponceau red
staining solution (Supplementary Table 2). Antibodies used for Western Blot analysis are

listed in (Table 4.9).
Synthesis of cDNA and semiquantitative RT-PCR

Extraction of RNA for subsequent analysis was carried out using the RNeasy Plus Mini

Kit (QIAGEN). Semiquantitative RT-PCR was used for quantification of isoform ratios of
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individual plasmids and endogenous RON mRNA. Towards this, reverse transcription
was achieved in a volume of 20 ul using 500 ng of total RNA, 1 ul (dT);s primer (100 uM,
Thermo Scientific), 1 ul ANTPs (10 mM, NEB), and 1 ul RevertAid reverse transcriptase
(Fermentas) by heating 70 °C for 5 min, 25 °C for 5 min, 42 °C for 60 min, 45 °C for 10
min, and 70 °C for 5 min. Subsequently, 1 ul of the cDNA was used as a template for the
PCR reaction with the following condition: 94 °C for 30 s, 24 cycles (minigene) or 35 cycles
(endogenous) of [94 °C for 20 s, 52 °C (minigene) or 62 °C (endogenous) for 30 s, 68 °C for
30 s] and final extension at 68 °C for 5 min. The primers 0S066 (forward primer) and 0S067
(reverse primer) were used to amplify the minigene derived isoforms. These primers an-
nealed to the upstream constitutive exon and a region located downstream of the random
barcode but upstream of the polyadenylation site. The primers 05044 (forward primer)
and 05045 (reverse primer) were used to amplify endogenously derived isoforms. To anal-
yse endogenous RON mRNA in RON minigene transfected cells, the same reverse primer
but a different forward primer spanning the splice junction between exon 12 and 13 was
used (05237) with the condition as follows: 94 °C for 30s, 32 cycles of [94 °C for 20's, 61 °C
for 30 s, 68 °C for 60 s] and final extension at 68 °C for 5 min. This region is not part of the
minigene and endogenous RON transcripts are thus exclusively amplified in the PCR re-
action. The TapeStation 2200 capillary gel electrophoresis instrument (Agilent) was used

for isoform quantification of the PCR products (Figure 4.5).
Quantification of mRNA levels by RT-qPCR

To quantify mRNA levels of siRNA treated cells, cDNA was analysed by real-time quan-
titative reverse transcription PCR (RT-qPCR) using the Luminaris HiGreen Low ROX
(Thermo Scientific) and the ViiA 7 Real-Time PCR System (Thermo Scientific). PCR am-
plification efficiency of each RT-qPCR primer pair was assessed by the dilution method
and relative mRNA expression levels were quantified by efficiency corrected calculation
(Dorak, 2006, 2007). Beta-Actin was used as a reference transcript for normalization. All

measurements were carried out in technical triplicates. Primers used for RT-qPCR are
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listed in (Figure 4.5).
Cell culture

HEK293T, MCF7, and MDA-MB-435S cells were grown in Dulbecco’s modified Eagle
medium (DMEM,; Invitrogen) supplemented with 10% foetal bovine serum (Invitrogen)
at 37 °C with 5% CO,. MCF10A cells were cultured in DMEM/F12 (Invitrogen), supple-
mented with 20ng/ml epidermal growth factor (Peprotech), 0.5 mg/ml hydrocortizone
(Sigma), 100 ng/ml cholera toxin (Sigma), 10 yg/ml insulin (Sigma), 5% horse serum (In-
vitrogen) and 1x penicillin/ streptomycin (Invitrogen) at 37 °C with 5% CO,.

siRNA-mediated knockdown of target mRNA

RNA interference induced knockdown of target mRNAs was performed using single
small interfering RNAs (siRNAs) at a final concentration of 20 nM synthesized by Sigma-
Aldrich. For gradual HNRNPH KD, the siRNA concentration ranged from 0.05 nM to 10
nM. One day before transfection, 2 x 10° HEK293T cells were seeded in a 6-well plate to
result with approximately 20% confluence at the day of transfection. MCF7 cells were
seeded three days prior to transfection with 0.5 x 10° cells per well of a 6-well plate. The
transfection mix was prepared by incubating 3 ul of RNAiMax (Invitrogen) with 2 ul of
siRNA (20 yuM) in 200 pl OPTI-MEM (Invitrogen) for 20 min and then the mixture was
added dropwise to the cells. The cells were collected 48 hours after the knockdowns.
Knockdown efficiencies were assessed by RT-qPCR or Western blot analyses. siRNA

sequences are listed in (Table 4.8).
Transfection of minigene plasmids

Transfection of minigene plasmids in six-well plates was carried out by mixing 2 ug of
minigene plasmid DNA, 100 ul OPTI-MEM (Invitrogen), and 10 ug or 20 ug polyethylen-
imine MW ~ 2500 transfection reagent (Polysciences, Inc.) for HEK293T or MCF7 cells,
respectively. Following incubation for 20 min, the mixture was added to the cells. For

overexpression of HNRNPHI, the respective plasmid was transfected using 5 ul of Lipo-
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fectamine2000 (Invitrogen) and 1 ug or 2.5 ug of plasmid DNA according to the manufac-

turer’s instructions. Cells were harvested another 24 hours after the transfection.
Preparation of mutated RON minigene library

Mutagenesis was done by error-prone PCR amplification of the wild-type RON minigene
using the GeneMorph II Kit (Agilent). The target mutation frequency was controlled via
adjusting the input DNA concentration and the number of PCR cycles i.e. when lower in-
put DNA amounts are used, higher number of PCR cycles are required to reach saturated

PCR product levels, resulting in increasing mutation frequencies.

Subsequently, a mutation rate of three to four mutations per minigene was achieved by
mutagenic PCR using the forward primer 0J303 and the reverse primer 0S111 using 8 ug, 4
g, or 0.8 ug of RON wt plasmid DNA (corresponding to 1 ug, 0.5 ug, or 0.1 ug PCR ampli-
cons of 776 bp) and 30x, 30x, or 20x PCR cycles, respectively. The reverse primer contains
a 15 N random region as a molecular barcode to uniquely assign each of the generated
minigene variants. PCR products were separated via agarose gel electrophoresis using
a 0.8% TAE gel and subsequently purified using the QIAquick Gel Extraction Kit (QIA-
GEN). Next, PCR products were prepared for ligation by restriction digest using HindIII
(NEB) and Xbal (NEB) restriction endonucleases. Using 3:1 molar excess of insert to vec-
tor, the PCR products were then ligated to dephosphorylated and HindIII (NEB) and Xbal
(NEB) digested pcDNA 3.1 (+) vector (Invitrogen) using a Quick Ligation Kit (QIAGEN).
Subsequently, Escherichia coli DH5a were chemically transformed with 2 pl of the ligation

mixture. We generated three independent libraries using the same process.

For single bacterial colonies of equal size, 5-10% of the cell-ligation mixture was spread
on multiple selection plates to yield 150-200 transformants per 10 cm plate. Following
overnight incubation at 37 °C, the number of transformants per plate was counted and
then 2000 transformants per library (each transformant corresponds to a single mutant
minigene variant) were harvested using LB + ampicillin selection medium and a Drigal-

ski spatula for detachment of the colonies. Finally, the plasmid DNA of the collected cells
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was extracted using the Plasmid Plus Midi Kit (QIAGEN). In addition, 200 wild type plas-
mids were generated to be used as a spike-in to the abovementioned libraries by using the
same primers and template wild type plasmid but non-mutagenic PCR amplification with
Phusion DNA Polymerase (NEB) and the following conditions: 98 °C for 30 s, 30 cycles of
[98 °C for 10 s, 61 °C for 20 s, 72 °C for 20 s] and final extension at 72 °C for 5 min. Fol-
lowing confirmation of similar mutation frequencies between the three mutant minigene
libraries, they were mixed in 1:1:1 molar ratio with 3.5% of the wild type spike-in library

to result with a final library containing approximately 6,200 minigenes in equimolar ratio.
Library quality controls

Mutation frequencies of individual minigene variants from the libraries were assessed
by Sanger sequencing. To this end, re-transformation of E. coli DH5alpha with RON
library DNA and subsequent plasmid DNA isolation was carried out to obtain single
minigene constructs for sequencing. Similarly, wild type minigenes were obtained by
re-transformation of E. coli DH5alpha with the wild type library and following plasmid
DNA isolation. To test whether the 15 N random barcode region affects splicing, splicing

of these wild type minigenes was tested in semiquantitative RT-PCR analysis.
Library amplification

To amplify pre-existing library, 36 ng of the mutant minigene library were electroporated
using One Shot™ TOP10 Electrocomp™ E. coli (Invitrogen). Following outgrowth, a di-
lution series ranging from 1:10% to 1:10” was spread on selection plates to estimate the
number of successful transformants (obtaining approximately 7x10° transformants; cor-
responding to 1,000-fold coverage of the 6,200 plasmid library). The remaining trans-
formation mixture was then transferred directly from outgrowth to 300 ml LB + ampi-
cillin selection medium overnight. The next day, the grown bacteria cultures were split
in six 50 ml aliquots and plasmid DNA was extracted using the Plasmid Plus Midi Kit
(QIAGEN). The integrity of the amplified library was confirmed by RT-PCR analysis and
RNA-sequencing (RNA-seq).
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Emulsion PCR amplification of DNA fragments for high-throughput sequencing

To prevent chimeric amplicon formation during PCR-amplification of DNA and cDNA
fragments intended for next-generation DNA- and RNA-seq, respectively, a water-in-oil
emulsion PCR was carried out according to a previously published protocol (Williams et
al., 2006). In brief, 400 pl of oil-surfactant mixture (Supplementary Table 9) was added
to a 1.8 ml round bottom CryoTube vial (Nunc, Thermo Scientific) and stirred using a
3x8 mm stirring bar on a magnetic stirrer at 1,000 rpm. Next, a PCR mixture was made
containing the following ingredients: 52 ul of 5x Phusion HF-Buffer, 26 ul of 100g/1 BSA,
7.8 ul of each 10 uM forward and reverse primer (Figure 4.5), 5.2 ul of 10 mM dNTPs, 5.2 ul
of Phusion DNA-polymerase (NEB), 1.65 ul of 5 ng/ul template DNA (DNA-seq) or 12 ul
template cDNA (RNA-seq), and filled to 260 u1 with water. Then 200 pl of the PCR mixture
was added dropwise to the oil-surfactant mixture over a period of 1.5 min to generate a
water-in-oil emulsion. After the addition of the PCR mixture was complete, the solution
was stirred for additional 5 min. Next, the mixture was dispensed in 12x 50 ul PCR tubes
and each reaction was overlaid with 10 ]l mineral oil (Sigma Aldrich). PCR amplification
was carried out using the following conditions: 98 °C for 30 s, 18 cycles (DNA-seq) or 15
cycles (RNA-seq) of [98 °C for 10 s, 61 °C (DNA-seq) or 56 °C (RNA-seq) for 20 s, 72 °C
for 20 s (DN A-seq) or 1 min (RNA-seq)] and final extension at 72 °C for 5 min. To control
the PCR amplification with a non-emulsified control reaction, 50 ul of the aqueous PCR
mixture was amplified in addition to the 12x 50 ul emulsion PCR reactions. Following
amplification, the emulsion PCR reactions were pooled in a 1.5 ml Eppendorf tube and oil
and water phases were separated by centrifugation at 13,000xg for 5 min. Next, the upper
(oil) phase was discarded and the water phase was extracted twice using 1 ml of water-
saturated diethyl ether (Sigma Aldrich). Remaining solvent was removed from the broken
emulsion by vacuum centrifugation for 10 min at 30 °C using a Vacufuge™ Concentrator
(Eppendorf). The samples were then spun at 20,000xg for 3 min to pellet precipitated
BSA and the supernatants were purified using the GeneRead Size selection kit (QIAGEN)
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for DNA-seq samples or Agencourt AMPure XP beads (Beckman Coulter) for samples
intended for RNA-seq as follows: Two volumes of Agencourt AMPure XP beads were
mixed with the sample and incubated for 15 min. Following three washing steps each

using 200 ul of 75% ethanol, the beads were air-dried for 15 min.
Library preparation and sequencing of high-throughput DNA-seq libraries

Plasmid DNA from the RON minigene library was amplified by emulsion PCR and five
overlapping amplicons were generated using five different forward primers 05118, 05119,
05120, 0S138, and 0S105, and 0S106 as a common reverse primer. The purified prod-
ucts were first analysed with the TapeStation 2200 capillary gel electrophoresis instru-
ment (Agilent) and then fluorimetrically quantified using a Qubit fluorimeter (Thermo
Scientific). Samples were multiplexed in equimolar ratios prior to high-throughput se-
quencing. Sequencing was carried out on the Illumina MiSeq platform using 2 x 300 bp
paired-end reads (600-cycle MiSeq Reagent Kit v3) and a 10% PhiX spike-in to increase

sequence complexity.
Library preparation and sequencing of high-throughput RNA-seq libraries

For preparation of high-throughput RN A-seq libraries, the total RNA obtained from trans-
fected HEK293T cells or MCF?7 cells was enriched for mRNA by performing polyA selec-
tion using Dynabeads® Oligo (dT),s beads (Invitrogen) as follows: 50 ul beads were first
equilibrated with 1 ml binding buffer and then resuspended in 50 ul binding buffer. 20
g of total RNA was mixed with an equal volume of binding buffer and heated for 2 min
at 65 °C. After heating, the RNA was immediately placed on ice and then the beads were
incubated with the RNA shaking at 1,500 rpm for 10 min at RT. Next, the supernatant was
removed and the beads were washed twice with 200 ul Washing Buffer B (Supplementary
Table 6). Polyadenylated RNAs were finally eluted with 15 ul of 10 mM Tris-HCl for 2
min at 77 °C.

Reverse transcription was carried out using 500 ng of enriched mRNA under the above-

mentioned conditions. Next, emulsion PCR using the following primers containing Illu-
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mina sequencing adaptors were used: 05119 (forward primer) and 0S106 (reverse primer).
Purified amplification products were analysed using the TapeStation 2200 capillary gel
electrophoresis instrument (Agilent) and fluorimetrically quantified with a Qubit fluo-
rimeter (Thermo Scientific). High-throughput sequencing was performed using 2 x 300
bp paired-end reads (600-cycle MiSeq Reagent Kit v3) on an Illumina MiSeq system and a

10% PhiX spike-in to increase sequence complexity.
iCLIP experiment

Individual-nucleotide resolution UV crosslinking and immunoprecipitation (iCLIP) was
used to capture the binding pattern of HNRNPH on the MSTIR transcript. iCLIP was
performed according to a previously published protocol (Sutandy et al., 2016). The iCLIP
libraries were made from HEK293T cells 24 h after transfection of the RON wt minigene
(in triplicates) or mutated RON minigenes carrying point mutations G305A (in triplicates),
G331C or G348C (both in duplicates). The cells were irradiated with 150 mJ/cm? UV light
at 254 nm. For the immunoprecipitation step, 7.5 ug of a polyclonal rabbit anti-HNRNPH
antibody from Abcam (AB10374) were used. RNase digestion was performed by adding
10 ul of 1/100 diluted RNase I (Ambion) to the sample of the wt minigene experiment or
1/300 diluted RNase I (Ambion) to each sample of the experiment comparing the iCLIP
landscape of the RON wt minigene with the RON G305A point mutation minigene. Next-
generation sequencing was performed on an Illumina HiSeq2500 for the RON wt mini-
gene (51-nt single-end reads) and MiSeq or NextSeq 500 for the RON wt/ point mutant

minigene comparison (75-nt single-end reads).

Bioinformatics methods

In addition to below mentioned bioinformatics methods performed by myself, the meth-
ods and results presented below were performed by the following people under supervi-

sion by Dr. Katharina Zarnack with additional supervision by Dr. Stefanie Ebersberger-
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Mariela Cortés-Lopez (RBP site annotation), Dr. Markus Seiler (Annotation of RNA G-
quadruplex sequences), Dr. Anke Busch (iCLIP and RNA-seq data processing and splice
isoform quantification). Furthermore, we collaborated with Bernardo P. de Almeida and

Dr. Nuno L. Barbosa-Morais for the TCGA and GTEXx analyses.
Bioinformatics programs

The following list compiles the programs used in the current study.

¢ Python v2.7.9: Anaconda v2.2.0 (64-bit)

The Anaconda environment was used for scripting and development of pipelines in

Python.

e SLURM

Slurm workload manager is an open source cluster management and job scheduling sys-
tem running at the Goethe University Bioinformatics cluster facility. In order to run com-
putationally intensive programs on the cluster, SLURM commands were used. The scripts
were first tested on a 64-bit macOS Sierra 10.12.3 system and then run on the Bioinformat-

ics computing cluster facility.

e Bash

Wrapper scripts were written as Bash scripts. SED and AWK were also used wherever

simpler and faster functionalities were required, for instance; to calculate read lengths.

e R

Computing Cluster: v3.1.3 MacOS: v3.1.3 to v3.4.1 (R framework: RStudio v1.0 onwards)
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R is a scripting language extensively used for statistical analyses and has excellent pack-
age ecosystem for bioinformatic analyses. Scripts written in R programming language
were frequently used for computational analyses, with functionalities from Biostrings,
ShortRead, Knitr, ggplot2, dPlyr, ggpubr among many others. More details on the func-

tionalities used from these packages are described in the following sections.

e FASTQC v0.11.3

FastQC tool is used for checking the quality (Phred scale) of the sequenced reads in the
study (https://www.bioinformatics.babraham.ac.uk/projects/fastqc).

e Trimmomatic v0.33

Trimmomatic is a tool used in trimming the sequencing reads. The parameters used and

their explanations are given below (Bolger et al., 2014).

e HEADCROP: Cut the specified number of bases from the start of the read ® MINLEN:
Drop the read if it is below a specified length ¢ SLIDINGWINDOW: Perform a sliding win-
dow trimming, cutting once the average quality within the window falls below a thresh-

old.

e Picard v1.131

Picard is a tool used in the alignment of sequenced reads from the DNA-seq data (http:
//broadinstitute.github.io/picard/).

e Samtools v0.1.19

Samtools is a tool used in the manipulation of data formats and alignment of sequenced

reads from the DNA-seq data (Li et al., 2009).
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¢ NextGenMap v0.4.12

NextGenMap (http://cibiv.github.io/NextGenMap/)isa fastread alignment tool,
using a hash-table based algorithm, and is used to align DNA-seq reads (Sedlazeck et al.,
2013).

e STAR v2.4.2a

STAR (https://github.com/alexdobin/STAR) is a splice-aware aligner used in
aligning the RNA-seq reads of the library (Dobin et al., 2013).

¢ PhyloP

PhyloP conservations scores retrieved from UCSC genome browser (http://genome.
ucsc.edu/cgi-bin/hgTables; table: Mammal Cons, PhyloP46wayPlacental) are a
measure of evolutionary conservation at individual alignment sites and are interpreted

in elation to expected evolution under neutral drift:

Positive scores — Measure conservation, which is slower evolution than expected, at sites

that are predicted to be conserved.

Negative scores — Measure acceleration, which is faster evolution than expected, at sites

that are predicted to be fast-evolving (Pollard et al., 2010).

e MaxEntScan

MaxEntScan algorithm models the short splice site sequences accounting for non-adjacent
as well as adjacent dependencies between positions and is based on the Maximum Entropy

Principle and comapres other models as well (Yeo et al., 2004).

¢ G4dhunter
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G4hunter is a tool that takes into account G-richness and G-skewness of a given sequence

and gives a quadruplex propensity score as output (Bedrat et al., 2016).

e SPIDEX v1.0

SPIDEX predicts splicing changes based on multiple sequence features with deep learning

models (https://www.deepgenomics.com/spidex) (Xiong et al., 2015).

e Adobe Illustrator v22

[ustrator was used to reduce image size, improve colouring scale, increase visibility and

adding annotations. Care was taken to avoid any manipulation of data in images.
Bioinformatics databases

The following list compiles the databases used in the current study.

e ATtRACT (A daTabase of RNA binding proteins and AssoCiated moTifs)

ATtRACT (https://attract.cnic.es/) is a database of experimentally validated
RNA binding proteins and associated motifs. The scan sequence tool of the database was

used to identify potential RBP regulator binding sites along the RON minigene sequence
(Giudice et al., 2016).

* ExAC (The Exome Aggregation Consortium)

ExAC database catalogues variations and respective allele frequencies obtained from se-
quencing the protein-coding regions of 60,706 individuals of varied human ancestries (Lek

et al., 2016).

e COSMIC v82 (Catalogue Of Somatic Variants In Cancer)
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COSMIC is a comprehensive resource for exploring the impact of somatic mutations
in human cancer (https://cosmic-blog.sanger.ac.uk/cosmic-release-v82/)

(Bamford et al., 2004).

¢ TCGA (The Cancer Genome Atlas)

Database of molecular characterisations (DNA, RNA, proteins) of 20,000 primary cancer

and matched normal samples across 33 cancer types (Tomczak et al., 2015).

* GTEX (Genotype-Tissue Expression) project v7

GTEX is a comprehensive public resource of tissue-specific gene expression and regula-
tion, comprising of sequenced samples from 53 non-diseased tissue sites across nearly

1000 individuals (Carithers et al., 2015; DeLuca et al., 2015).

Bioinformatics methods: Data retrieval, sample processing via pipelines and further

analyses
iCLIP data processing

The iCLIP data was processed at the core bioinformatics facility at IMB, Mainz. Initially,
the sequencing reads were filtered by checking the Phred quality scores of experimen-
tal and random barcode regions and thereafter adapter trimming was performed. The
trimmed reads were mapped to the human genome (hg19/GRCh37) using STAR (Dobin
et al., 2013) resulting in ~49 million (HiSeq 2500), ~10 million (MiSeq), or ~178 million
(NextSeq 500) uniquely mapping reads. The resulting crosslink events were normalised
to the total number of crosslink events within the minigene region excluding RON exon
11. normalised counts were averaged between replicates, counted into 5-nt sliding win-
dows and then subtracted between the conditions to determine differences in HNRNPH

crosslinking. HNRNPH iCLIP data of the RON wt was then compared with those of the
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minigenes containing the selected point mutations and was used to determine differential

binding of HNRNPH.
DNA-seq data processing and mutation calling

The DN A-seq library was sequenced using Illumina MiSeq (300-nt paired-end) technology
with a total of 40 million reads (merge of two libraries) and analysed with a custom built
pipeline (Python version 2.7.9: Anaconda 2.2.0, 64-bit) consisting of custom Python, R and
bash scripts (Figure 3.7 A).

In detail, FastQC (fastqc_v0.11.3; https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) was used for quality control, and Trimmomatic (version 0.33; pa-
rameters HEADCROP: 20 SLIDINGWINDOW: 7:10 MINLEN: 0) (Bolger et al., 2014) was
used for removal of additional bases like sequencing adapters (HEADCROP) and trim-
ming of low-quality bases (SLIDINGWINDOW corresponding to an average Phred score

<10 in 7-nt window).

To test the optimal combination of listed trimming parameters, average Phred quality
scores of 5, 10, 20 and 30 were checked. For the sliding window; the parameters were set at
3-nt, 5-nt, 7-nt and none, before deciding on an afforementioned optimal parameters based

on balancing sufficient good quality reads being kept against those that were filtered out.

Then, the resulting reads were filtered for a minimum length of 130 nt (read #1) and 90 nt
(read #2). This was done in a way to capture maximal sequence content along with suffi-
cient barcode diversity. In order to extract the 15-nt barcode (read #1) which assigns the
read pairs to an individual minigene variant, the function ‘matchLRPatterns()’ from the
R/Bioconductor package ‘Biostrings” was used to search for the flanking restriction sites
or patterns (Lpattern="TCTAGA”, Rpattern="GGATCC", allowing for one mismatch).
Read pairs were only retained when they passed a quality threshold of Phred score > 30
at every single barcode position. The barcodes ranged from 14- to 16-nt with most being

15-nt as intended.
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Figure 2.1: Coverage of reads for plasmids in the DNA-seq library. The bar plot shows
the occurence of reads per plasmid counts of the RON minigene DNA-seq library. The
distribution shows a marked increase at the threshold of 640 reads. The data of barcodes
below a frequency of 2 plasmids, corresponding to the first peak, and above 8000 plasmids,
are not shown.

Barcode filtering: The frequency of these barcode occurrences ranged from 1 to 8000+ and
showed a bimodal distribution. It was postulated that the first peak showed rare barcode
occurrences as a result of mutations or indels in the barcode sequence and the second
smaller peak results from barcodes which are highly frequent and are true representatives

of the clonal population of minigene variants shown in Figure 2.1.
Aligning the minigene variants

Each minigene variant was assigned read pairs based on its matching barcode sequence
and had at least 640 read pairs for optimal coverage (threshold chosen as per Figure 2.1).
Then, the matched reads for each mingiene variant were mapped to the RON wt minigene
sequence using NextGenMap (version 0.4.12) (Sedlazeck et al., 2013). A read was reported
as mapped if > 50% of its bases were mapped, the alignment had an identity > 65%, and
at least one stretch of 13 bp was identical to the reference. Samtools (Li et al., 2009) and
Picard (http://broadinstitute.github.io/picard/) were used to process, sort
and index the resultant BAM files. Bedgraph files were created from these BAM files to
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calculate coverage maps of the RON minigene.
Read coverage from DNA-seq across the minigene variants

The read pairs that mapped across the minigene sequence, are a product of the ampli-
fication of five different forward primers and a common reverse primer, as previously
explained in the library generation protocol. This resulted in a non-uniform but sufficient
coverage across the whole minigene as in (Figure 3.6 A and B). The dips in coverage are
a result of the trimming at the ends of reads amplified by the different forward-reverse

primer combinations.
Mutation calling and filtering

Mutations were called using the HaplotypeCaller tool (version 3.4.0) of the Genome Anal-
ysis Toolkit (GATK) (Van der Auwera et al., 2013) with -dt NONE to override the down-
sampling function. This was done to include those mutations which remain unseen as
downsampling leads to a loss of reads at certain positions. Overlapping reads were re-
counted using bam-readcount (https://github.com/genome/bam-readcount)and
then manually filtered against single nucleotide variants (SNV) with low penetrance based
on reference (Ref) and alternative (Alt) allele frequencies: (i) Alt / (Alt + Ref) > 0.8, and (ii)
(Alt + Ref) / total > 0.5 taking into account all other isoforms. Since GATK was not built
for such custom applications and is mostly used for human genomic variation datasets,

we filtered manually using the mentioned filtering criteria.

The mutations included 18,948 point mutations and 608 short insertions and deletions.
Indels were separately considered as independent sequence variants in the mathemati-
cal splicing model, but were not taken forward in the subsequent analyses as the focus
was on SNVs. The final library contained 5,791 minigene variants, including 591 wt and
5,200 mutated minigenes. The accuracy of mutation calling was validated by Sanger se-
quencing of 59 randomly selected minigene variants, confirming the presence of all 169

GATK-called mutations without any further false-negatives.
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RNA-seq data processing

RNA-seq libraries were sequenced on Illumina MiSeq (300-nt paired-end), yielding 17-22
million reads per sample and analysed with a custom Python pipeline similar to DNA-seq
(Figure 3.7 B). As before, low-quality sequences were removed first (average Phred score
< 20 in 6-nt window) and then the 15-nt barcode (read #1) was extracted as described in
the previous section. Only reads originating from the 5,791 minigene variants that were

recovered from the DNA-seq library were considered for further analyses.
Aligning the minigene variants from RNA-seq

Read pairs for each minigene variant were aligned to the RON wt minigene sequence
using the splice-aware alignment algorithm STAR (version 2.5.1b) (Dobin et al., 2013), al-
lowing up to 10 mismatches without adding any prior information on existing splice junc-
tions. Only read pairs pertaining to splice isoform boundaries i.e. both mates extended at
least 10 nt beyond the constitutive exon boundaries were considered. Furthermore, all
improperly or inconsistently mapped read pairs were removed from the analysis. Read
pairs are referred to as improperly mapped if they map with a wrong orientation, while
inconsistently mapped read pairs overlap and show a disagreement in their mapping pat-
terns. Finally, only minigene variants which were covered by at least 100 read pairs were
used further, resulting in 5,697, 5,645 and 5,623 minigene variants detected in RNA-seq
replicates 1, 2 and 3 from HEK293T cells, respectively.

Reconstruction and quantification of splicing isoforms

For each read pair, the underlying splicing isoform was reconstructed based on the CIGAR
strings of the two mates. Isoforms, which were supported by less than 1% of the read pairs
or less than two read pairs in any plasmid, were removed from the analysis. The frequency
of each isoform for each minigene variant was calculated as the number of read pairs sup-
porting this particular isoform in comparison to the total read pairs for all detected iso-
forms for one particular minigene variant. Finally, all thus derived non-canonical isoforms

(cryptic splice site activation products) were categorised in the isoform group ‘other’.
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Dynamic model of splicing

Splicing dynamics were modelled using a set of ordinary differential equations, in which
concentrations of RNA intermediates are determined by production and degradation
terms. The pre-mRNA precursor x, is produced at a constant rate ¢ and spliced into
five splice products with linear kinetics and rates r;. All non-canonical isoforms are
included in the model as one additional species produced at rate rs. This leads to
% =c— (r1+r2+r3+rsa+ 15+ 76) Xo. Six additional differential equations describe the
dynamics of the canonical (AE inclusion, AE skipping, full IR, first IR, and second IR)
and non-canonical (‘other’) splice isoforms. The concentration x; of isoform i is described
dxi _

by T = rixodx;, where d; are RNA degradation rates.

The measured isoform frequencies in the model correspond to the concentration of tran-
scripts x; normalised by the total RNA concentration. These fractions are calculated an-

alytically from the consideration of the system being in a steady state. As a result, the

K;
K1 +Kz+K3+Ky+K5+Ke) *

frequency p; of a certain isoform i has the form p; = |

Here, the splicing rates K; = %, j=1,2,4,5,6 are the ratios of production and degradation
rates for the isoforms involving splicing, and K5 = 1 + 2 reflects sum of the unspliced
pre-mRNA (x¢) and full intron retention (x3) isoforms, which cannot be discriminated ex-
perimentally. Thus, due to normalization, a change in the production rate of one isoform
due to a particular mutation will affect all isoform frequencies, and this effect depends in
anonlinear manner on the values of all splice rates K; (i.e., on the mutational background).
To infer the mutation effects from the data, the isoform ratio relative to the inclusion iso-
form (;’—i = I%) was used as a representative as this no longer depends on all splice rates,

and relates to K; in a linear fashion.
Calculation of single mutation effects by linear regression

To calculate single mutation effects in HEK293T cells, the combined log fold-changes of
multiple mutations on a splice isoform ratio were assumed to be the sum of individual

log fold-changes. One such equation was formulated for each minigene, resulting in a
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system of 5,621-5,697 equations for each splice isoform ratio, depending on the number of

minigene variants obtained from each RNA-seq replicate.

To test the assumption of additive mutation effects, single mutation effects were analysed

interact in minigenes containing several mutations.

To this end, a subset of mutations that is contained in the library as single-mutation mini-
genes (~600 minigene variants), and furthermore occur within double/triple-mutation
minigenes together with other mutations from the list was analysed. For the majority
of these mutations, the combined mutational effects on the splicing rates K; were multi-

plicative, e.g. K; (leinz) (WT) = KI-(’"T?) (WT) x Ki% (WT), where K; (WT), K; (my) , K; (m5)

and K; (my m,) are the splicing rates of the wt minigene and of the minigenes including
mutation m; or mutation m, or both mutations m; and m,, respectively. In practice, the
mutational effects Klw (WT) were calculated as a mutation-induced fold-change of
the splice isoform ratios p;/p1 (see above). By a log-transformation, the above multiplica-
tive relationship transforms to a linear one that connects the measured cumulative muta-
tion effects with the predominantly unknown single mutation effects. For the whole pool
of measured minigene variants, this constitutes a system of linear equations that can be
solved for the single mutation effects in a least-square sense. Additionally certain mini-
genes were excluded (Figure 4.1) from the linear regression because they deviated from

linear behaviour:

(i) Minigenes simultaneously harbouring two splice site mutations as apparent lack-
of-effect of secondary splice site mutations at non-zero inclusion frequencies contra-
dicts their strong effect as isolated splice site mutations, and introduces strong incon-
sistencies and biases in linear regression. This is probably due to leaky sequencing

reads originating from other minigenes where inclusion is the predominant isoform.

(ii) Minigenes with strong activation of cryptic splice sites: The activation of cryptic

splice sites by mutations leads to the generation of a plethora of new splicing prod-
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ucts (‘other’) which behave heterogeneously and cannot be considered in our model.
Therefore, we performed first the regression on the complete dataset and subse-
quently excluded the minigenes containing mutations that were predicted to exhibit

an increased ‘other’ isoform frequency.

As an alternative approach to estimate the mutation effects of the excluded mutations,
the median isoform frequency was calculated using isoform frequencies from all mini-
gene variants harbouring the given mutation (Table 4.5). Moreover, the median isoform
frequency was then compared to the prediction of the regression model. If enough mini-
gene variants with the mutation are present in the library, this procedure should average
out the effect of accompanying mutations. The median isoform frequency for a mutation
was independently calculated for each isoform category and treated as a representative

measure of the splicing effect of that particular mutation.
Estimation of the inference accuracy of the model

The training dataset comprised of single point mutations in individual minigene variants
with their measured splicing effects (~600 mutations). These single-mutation minigenes
were used to estimate the inference accuracy of the model, and to assess the dependency
of the prediction accuracy on the occurrence of a mutation in the dataset. For each such
mutation, the following cross-validation procedure was repeated: The single-mutation
minigene was removed from the dataset before fitting the regression model, and kept for
the evaluation of the regression results. The remaining minigenes containing the particu-
lar mutation were removed from the dataset successively (and in different permutations),
and each time the effect of the mutation was assessed by regression and the prediction
compared to the single-mutation minigene value. In this way, estimates for the inference
error were obtained based on 1 up to n — 1 minigenes containing a particular mutation,
where 7 is the total occurrence of the mutation in the dataset. In some cases, estima-
tion of mutational effects was not possible from a reduced dataset, e.g. the inference er-

ror for a particular mutation was estimated only for occurrences between m and n — 1,
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withl < m < n — 1. Finally, the standard deviation of the prediction errors for all muta-

tions was estimated for each measured frequency.
Definition of significant single mutation effects and synergistic interactions

The estimated single mutation effects on splice isoform ratios, obtained by linear regres-
sion were used to predict single mutation effects on each splice isoform frequency (p;).
To quantify the effects of each individual mutation on each isoform frequency, a z-score

value was calculated from the model-derived single mutation effects, using the mean and

(p_mutation_ mean(piwt))

standard deviation (p;Wt) "

standard deviation of the 591 wt minigene variants: The z-scores were
independently calculated per replicate and later averaged. Only mutations present in all

three replicates were kept for further analyses.

In order to combine the evidence from the three replicate experiments, Stouffer’s test was
applied to combine the z-scores (Whitlock, 2005). The resulting metric (under standard
normal distribution) was converted into a p-value and subjected to multiple testing cor-
rection (Benjamini-Hochberg). A mutation was considered as significant for a given iso-
form if it displays (i) 25% change in isoform frequency compared to the mean of the 591
minigene variants (AIF = 5%), and (ii) less than 5% false discovery rate (FDR, adjusted
p-value < 0.05). Combining all six isoform categories, this approach identified 778 and
1,022 splicing-effective mutations in HEK293T and MCEF?7 cells, respectively. These accu-
mulated into 469 and 550 splicing-effective positions, i.e. nucleotide positions in the RON
minigene where at least one out of three possible mutations shows a significant effect on

at least one isoform.

To calculate z-scores for synergistic interactions between mutations and HNRNPH knock-
down from the model-derived isoform ratios, the log-transformed fold-change was di-
vided in isoform ratios (KD over control condition) by the wt variation (standard devi-
ation). Then, the z-scores were calculated by replicates and then averaged, removing
mutations that were not present in the three replicates under KD conditions. Stouffer’s

test and multiple testing correction was then applied as above. To identify significant
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synergistic interactions, a cutoff at 0.1% FDR (adjusted p value < 0.001) was applied. Ad-
ditionally, a consistent directionality of the synergistic effects was required in all three
replicates. Combining the five different isoform ratios, this approach identified 358 sig-
nificant synergistic interactions (| z-score| > 2) on 281 positions between mutations and
HNRNPH knockdown in MCEF7 cells. Applying more stringent cutoffs at | z-score | >3 or

> 5 identified 227 or 71 significant synergistic interactions, respectively.
Characterisation of splicing-effective positions

Splice site strengths were predicted using the sequence analysis software MaxEntScan
(Yeo et al., 2004) for all mutations in the positions considered by MaxEntScan (278-300
nt and 442-450 nt for the 3" and 5’ splice site, respectively. PhyloP scores were retrieved
from the UCSC Genome Browser for the genomic coordinates corresponding to the RON
minigene (chr3:49933134 — 49933840, human genome version hg19). Gentoyped muta-
tions with their respective allele frequency data were retrieved from Exome Aggregation

Consortium (ExAC) for the exons within the RON minigene region.
Annotation of splice-regulatory RBP binding sites (SRBS)

The “Scan Sequence’ tool of the ATtRACT database was used (Giudice et al., 2016) to iden-
tify potential RBP binding sites along the RON wt minigene sequence. Duplicated records,
e.g. due to overlapping database entries from different experimental methodologies, were
removed. Only those binding sites were retained, for which >60% of positions were iden-
tified as splicing-effective in the screen. This step was independently performed for each
splice isoform. Within each RBP, these binding sites were then collapsed if they shared an
overlap of =2 nt and still harboured =60% splicing-effective positions for at least one iso-
form after collapsing, if they did not fulfil this condition, they were kept unmerged. For
the comparison in Figure 3.28, the HNRNPH SRBS within each cluster were extended by 2
nt. Nucleotide positions in the two isolated SRBS in the constitutive exons were excluded

from this analysis.

In order to connect mutation effects to the sequence specific binding of HNRNPH, G-run-
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disrupting mutations were defined as a G-to-H mutation at any position of the G-run,
while the two possible H-to-G mutations in immediately neighbouring positions were
counted as G-run-extending. Figure 3.27 A compares the median splicing effect (average
of three biological replicates) of all G-run disrupting versus extending mutations for the
22 predicted HNRNPH SRBS. In detail, Figure 3.30 gives the G-run disrupting mutation
effects of the 5 SRBS at the alternative exon, contributing together to form the effects of

cluster 3.

Comparison of screen-derived splicing-effective mutations to in-silico G-quadruplex

propensity scores- and splicing effects predictions at the RON AE

Along with linear organisation of elements, secondary structures like G-quadruplexes (G-
rich elements) also play a role in splicing regulation (Marcel et al., 2011). G-quadruplex
propensity scores were retrieved for the positions 303-332 via the tool G4hunter (Bedrat et
al., 2016). Figure 3.18 A indicates the effects of predicted G hunter scores in comparison

to Delta Inclusion IF values

To compare SPIDEX (SPANR) predictions to the screening method, mutation effects of
RON Exon 11 were compared to their counterpart mutation effects (dPSI) in SPIDEX
dataset. The SPIDEX genome-wide dataset contained scores for predictions of the
functional effects of 650,000 intronic and exonic variants on cassette splicing (Xiong et
al., 2015). The variants predicted in the genomic coordinates corresponding to the RON
minigene (chr3:49933134 - 49933840, human genome version hg19) were retrieved. Figure

3.18 B shows how SPIDEX predictions compare to AE Inclusion outcome of the screening.
Clinical relevance of RON mutations in Cancer

To analyse gene expression and alternative splicing profiles of healthy (control)
and cancerous (case) human tissues, normalised gene expression datasets were col-
lected from two different sources i.e. for case; The Cancer Genome Atlas (TCGA)
(https://cancergenome.nih.gov/) and control; Genotype-Tissue Expression

(GTEx) project (v7). Firstly, to establish the expression profiles of the control dataset,
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11,688 post-mortem samples comprising of 30 human tissues from 714 healthy human
donors were collected (Carithers et al., 2015; DeLuca et al., 2015). Then, normalised
gene expression data of tumour samples comprising the case, were retrieved via Fire-
browse (http://firebrowse.org/). Alternative splicing profiles for both these
datasets were quantified using the newly developed psichomics tool (version 1.2.1,
https://github.com/nuno-agostinho/psichomics, Nuno Saraiva—Agostinho
and Nuno L Barbosa-Morais 2018). Consequently, with a minimum coverage threshold,

RON exon 11 percent spliced-in (PSI) values were calculated.

In total, RON gene expression profiles and RON exon 11 PSI quantifications were derived
from 2,743 control samples, from 24 healthy human tissues, and 4,514 tumour samples,
from 27 cancer types. Normalised TPM values for comparison of HNRNPH?2 expression

between tumour and healthy tissues were obtained using Toil (Vivian et al., 2017).
Calculation of single mutation effects in TCGA tumour samples

Exome sequencing data from TCGA tumour samples were downloaded from Genomic
Data Commons Data Portal (https://portal.gdc.cancer.gov/) after obtaining the
required access permissions. A total of 153 patients consisting of 55 different mutations

within the RON minigene were taken for analysis.

To quantify the splicing effects of these mutations, the difference of RON exon 11 skipping
(calculated as 1 - PSI) between mutated and non-mutated tumour samples in each cohort
was considered. Then, RON exon 11 skipping differences of these mutations were corre-
lated with the skipping isoform frequencies (AE skipping) derived from the screen (of the
same mutations). With a minimum read coverage threshold (average of greater than 24
on splice junctions), the correlation analysis was performed using data from 117 patients
from 14 cohorts harbouring a total of 36 different mutations. The variability of RON exon
11 inclusion levels in TCGA patient samples was considering by taking into account the
standard deviation of RON exon 11 in “‘unmutated’ TCGA tumour samples (i.e. without a

given mutation) in the same cohorts.



64

Identification of trans-acting factors involved in RON alternative splicing regulation

Papasaikas et al. (2015) tested a large-scale RBP KD screen on various alternative exon
models whereby, the KD effects of >200 RBPs on splicing of RON exon 11 and other al-
ternative exons in HeLa cells were reported. In detail, the KD effect in terms of z-scores
were calculated from percent spliced-in (PSI) upon siRNA treatment and the median ab-
solute PSI deviation, divided by its standard deviation. A positive z-score implied more
AE inclusion upon RBP KD and vice versa. Consequently, among 125 RBPs affecting RON
exon 11 splicing (| z-score | >1.5), 17 RBPs were identified to have predicted SRBS in the
RON minigene. In order to identify potential regulators of RON exon 11 splicing in hu-
mans, mRNA expression profiles of RBPs were correlated with RON exon 11 splicing in
cancer. The correlation analysis (Spearman correlation) was performed with a final list of
190 identified RBPs; consisting of 65 identified via ATtRACT, 108 identified in the RBP KD

screen (Papasaikas et al., 2015), and 17 in common to both afforementioned approaches.

This selection included RBPs with different functions in splicing, such as HNRNPH, a
known repressor of exon 11 inclusion, SRSF2, a global splicing activator, and PRPF6, a
core component of the U5 snRNP subunit of the spliceosome. An initial selection of five
RBPs was done for high-throughput screening approach in the context of the minigene
library, to learn about their interplay with the cis-regulatory landscape of RON. The RON
minigene library was transfected into HEK293T cells, in which HNRNPH, SRSF2, PRPF6,
PUF60 or SMU1 had been depleted with siRNAs (RBP KDs) along with a mock siRNA
control. Following splicing quantification in both the control and KD libraries, the AE
inclusion levels of the respective libraries were compared to identify changes in splicing

behaviour.

In addition to this, the mRNA expression levels of the RBPs were correlated with RON
exon 11 inclusion levels across TCGA tumour samples. The significance of those corre-
lations (ranking of minus base-10 logarithm of the associated p-value) was tested against

those of all RBPs obtained from (Sebestyén et al., 2016) and of all protein-coding genes
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using Gene Set Enrichment Analysis (GSEA) tool (Mootha et al., 2003; Subramanian et
al., 2005). RBPs and protein-coding genes were initially filtered to the ones showing at
least the same average expression value as the least expressed pre-selected RBP, known
to be highly expressed in cancer, so that GSEA was not biased by varying gene expres-
sion ranges. Then, to assess the relative magnitude of association between each RBP and
RON exon 11 splicing, linear regression approaches were performed between the follow-
ing datasets; the expression profile of each of the 190 pre-selected RBPs and RON exon 11
PSIin TCGA tumour samples.

Analysis of the splicing switch response and cooperativity

Differences in percent spliced-in (APSI) data for RON exon 11 inclusion from the endoge-
nous RON gene and the wt RON minigene measured at different HNRNPH knockdown
(KD) and overexpression (OE) levels (Figure 3.36) were fitted using the following Hill

function -

_ (]/max_]/min)x”H
Y (X) = Ymax — “pinyrcs0m

with x and y being vectors of experimentally determined HNRNPH levels and corre-

sponding splicing outcomes (APSI), respectively (Figure 3.36 A). Yuin, Ymax, EC50, ny are

fitted parameters. Fitting was done by minimising the residual cost function

2 _ (APSI—y (HNRNPH)

= s

O APSI

where opg; denotes the standard deviation of the PSI measurement. Minimisation was
done using the Matlab non-linear least-squares solver Isqnonlin. The parameter ranges
used during fitting were Y, € [—0.5,0], Ymax € [0,0.5], EC50 € [0.1,2] ,ny € [1,20]. The

optimal parameter values that were found were
for the endogenous RON gene: vy, = —0.11, yyax = 0.36, EC50 = 0.93,ny = 17.4

for the wt RON minigene: Yyin = —0.11, Yy = 0.3, EC50 = 0.94, ny = 13.8
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Confidence intervals were determined for all parameters by using a profile likelihood ap-
proach. For each fitted parameter 6, the following workflow was repeated: The parameter
was assigned successively a number of values around its optimal value 0, listed above.
While keeping this parameter at the fixed value, the remaining parameters were optimised
and the value of the corresponding cost function was determined. Thus, the dependence
of the cost function x? (6) on the parameter value around the minimum corresponding to
the optimal value 6) was determined. The likelihood-based confidence interval for this

parameter is defined by

[6, Xz (6) - X2 (60) < Xz (a7 1)] )

where « is the confidence level and x? (a, 1) is the x? distribution with degree of free-
dom 1. For each parameter, the 95% confidence intervals were found by determining
the values 6 on both sides of 6y, for which the likelihood x? (0) crosses the threshold
x> (6o) + x*(0.95,1). The 95% confidence intervals found were for the endogenous RON

gene:

Yomin € [—0.12, —0.1], Ymax € [0.28,0.43] , EC50 € [0.89,0.95] , my; € [10.8,35.2] ,

and for the wt RON minigene:

Yunin € [—0.14, —0.08] , Ymax € [0.3,0.31], EC50 € [0.93,0.95], ny; € [10.4,17.7]
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Results

The RON minigene construct

In this study, a high-throughput screening approach is used to identify the landscape
of mutations that regulate splicing in a minigene context. Firstly, it was imperative that
the right minigene reporter system was chosen for performing random mutagenesis. To-
wards this, a minigene construct was obtained from the genomic locus of the MST1R gene
which comprised of the exon 11 (alternatively spliced) together with its complete flanking
introns and the exons 10 and 12 (Figure 3.1). In the context of the minigene construct, the

upstream (exon 10) and downstream exons (exon 12) are constitutively spliced.
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Figure 3.1: The RON minigene model focusses on the alternative splicing of exon 11 of the
MSTIR gene. The RON minigene comprises of the AE 11 and the upstream and down-
stream constitutive exons 10 and 12, respectively. A 679 bp region was chosen for mu-
tagenesis using error-prone PCR with the indicated forward and reverse primers. TSS,
transcriptional start site; pA, polyadenylation site; 15 N, the 15-nt barcode.

After the RON minigene was obtained, mutagenic PCR was performed resulting in a li-
brary of mutagenised variants of the minigene. High-throughput DNA-seq and follow-
ing analyses led to the identification of mutation sets in the minigene library (Figure 3.2).
Next, the library was transfected as a pool into human cells and the alternatively spliced
isoforms were quantified by high-throughput RNA-seq. Importantly, a unique barcode
sequence was used to tag each minigene variant. In addition, a 50-nt intronic spacer se-
quence was introduced to avoid any barcode effects. The barcode is recapitulated in the
resulting splice-isoforms allowing the one-to-one assignment of mutated minigene vari-

ants to their corresponding splicing isoforms.

In order to study the role of alternative splicing regulation, the RON minigene reporter

system was chosen for the following reasons -

1. Limitations of Sequencing: In order to sequence a minigene of interest, it is required to
be of a permissible length due to sequencing technology limitations. This is because
all the mutations and tagged barcodes must be characterised via paired-end DNA-
seq. The resultant reads should cover the whole minigene without any gaps and with
good quality phred scores. In the case of RNA-seq, the experimental barcode and
all relevant splice junctions must be part of the paired-end RNA-seq read to allow

proper assignment of minigenes and their corresponding splicing products. In light
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Figure 3.2: Overview of the High-throughput screening approach to decode RON exon 11
splicing. A library of mutated minigene variants resulting from mutagenic PCR; left panel.
After transfection into human cells, the minigenes are transcribed and are alternatively
spliced; middle panel. Mutations in the library and corresponding splicing isoforms are
characterised by next-generation DNA-seq and RNA-seq, respectively. A unique 15nt
barcode, that labels each minigene variant, links mutations to their splicing effects. Black
and grey boxes indicate constitutive and alternative exons, respectively.

of these requirements, Illumina next-generation sequencing technology was used
for both DNA-seq and RNA-seq. The longest read lengths available at the time for
[lumina MiSeq platform were 2 x 300 bp with the 600-cycle kit. However, trimming
the read ends for quality resulted in shortening of read length and necessitated the
use of several primers along the minigene. Thus, sequencing becomes the limiting
factor towards the choice of the minigene system allowing for a theoretical maximum
distance of 300 bp between the 3’ end of barcode and relevant splicing information
(i.e. junctions) containing sites (Figure 3.3). However, the quality of the reads reduce
with increasing read lengths (Schirmer et al., 2015) and all of the 300 bp sequence of

the read cannot be used for downstream analyses.

2. Endogenous splicing of the minigene reporter: Minigene splicing patterns may differ
from the endogenous splicing outcome given its artificial nature. Evidently, in-
creased AE inclusion levels were observed from the endogenous RON gene com-
pared to the minigene reporter system (Figure 3.4 A). To offset this in the RON mini-

gene, the thymidine at the alternative exon start was replaced with a guanine to in-
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Figure 3.3: The five canonical isoform types are correctly identified by paired-end RNA-
seq. Read 1 starting from the P5 adaptor provides the 15-nt barcode information and the
splice junction upstream of exon 12, while read 2 from P3 reads the splice junction down-
stream of exon 10. For partial or full IR isoforms, both reads extend into the respective
intron.
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Figure 3.4: The RON minigene resembles its endogenous counterpart in function. RT-PCR
analysis shows the RON minigene gives rise to the same splicing isoforms as the endoge-
nous MSTIR gene in HEK293T and MCF7 cells; in panel A. Gel-like representation of
capillary electrophoresis. A 52 bp size difference between isoforms stems from different
primer combinations used to differentiate between splicing products from endogenous
RON and RON minigene as in (Figure 4.5). Published mutations mut A (Bonomi et al.,
2013) and mut B (Lefave et al., 2011) trigger expected splicing changes towards increased
or decreased AE skipping, respectively. panel B shows Gel-like representation of RT-PCR
products from HEK293T cells. Bar diagram below shows the average isoform frequencies
(in %) for AE inclusion and skipping, as well as partial and full IR from biological tripli-
cates. Error bars denote the standard deviation. Partial IR refers to the sum of first IR and
second IR isoforms that cannot be discriminated by RT-PCR analysis.

crease the 3’ splice site strength of the alternative exon (Yeo et al., 2004). In addition,
RT-PCR based splicing analyses in different cell lines confirmed that the minigene
splicing patterns are comparable to the endogenous locus as the same isoforms were
produced. Therefore, the minigene reporter system allows the proper study of the

regulation of RON exon 11 alternative splicing.

3. Clinical relevance of RON AS regulation: The AE skipping isoform involving RON
exon 11 (RONA165) was previously shown to promote increased cell motility dur-

ing epithelial to mesenchymal transition (EMT) (Ghigna et al., 2005). Therefore, this
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aspect adds pathophysiological relevance to the study of alternative splicing regu-

lation in the RON minigene.

4. Prior knowledge of RON AS regulation: Previous mutagenesis studies have identified
the role of mutations in influencing RON alternative splicing. In line with these
studies, two mutations were chosen that disrupt a HNRNPA1 (Bonomi et al., 2013) or
HNRNPH binding site (Lefave et al., 2011) respectively for their effect in altering AE
skipping in opposing directions (Figure 3.4 B). In summary, previous information

was used in validating the regulation of the minigene reporter.

The RON minigene library

The library of RON minigene variants was generated with an optimised mutation rate of
3-4 mutations per minigene variant by varying amounts of template DNA and PCR cycles
in the error-prone PCR amplification of the RON wt minigene (Figure 3.5 A). The PCR
amplicons of each reaction mixture were used for cloning of mutated RON minigenes and
upon transformation of E. coli, minigenes from ~2,000 colonies of each of the three trans-
formations were collected (see methods; Figure 3.5 B). Sanger sequencing of ten minigene
variants of each of the three libraries confirmed mutation frequencies with an average of
3-4 mutations per variant. Then, the libraries were pooled to form a single RON minigene
library of ~6,000 minigenes. Moreover, the library was spiked-in with 200 RON minigenes
with wt sequence which contained random barcodes, to act as an internal reference. RT-
PCR analysis of a random selection of mutated minigene variants from the library showed
highly variable splicing patterns, suggesting that the intended mutation frequency would
suffice (Figure 3.5 C).
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Figure 3.5: The library consists of thousands of mutated RON minigene variants. (A)
Analytical agarose gel electrophoresis of fragments resulting from error prone PCR us-
ing varying amounts of RON wild type plasmid as template and indicated PCR cycles.
The target PCR amplicon amount is saturated and equal for each condition and each con-
dition results in minigenes with similar mutation frequency. (B) Schematic overview of
the experimental steps performed to generate the RON minigene library. Mutagenic PCR
generates mutated minigene fragments that are ligated with an expression vector to gener-
ate mutated minigenes. Following transformation in E. coli, transformants corresponding
to single minigene variants are collected and the plasmid DNA is extracted, resulting in
the minigene library. (C) Mutated minigene variants show different splicing outcomes.
RT-PCR results displayed by gel-like representation of capillary electrophoresis from ran-
domly selected clones from the RON minigene library in HEK293T cells. The number of
mutations in each minigene variant is provided above.
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Identifying mutations in the RON minigene library by high-throughput
DNA-seq

To characterise the mutations of the minigene library, we performed next-generation se-
quencing with 300-nt paired-end reads (Figure 3.6 A and B). For sufficient coverage of
the construct, five amplicons spanning the whole minigene were used. This was done for
two reasons. Firstly, to offset the decrease in coverage due to bad quality at the ends of
sequencing reads. It was previously was observed that read ends have a higher accumu-
lation of errors during the sequencing process (Dohm et al., 2008; Schirmer et al., 2015).
Thus, the 5 overlapping amplicons at the problematic areas helped increase the quality at
the read ends (Figure 3.6 C). Secondly, amplicons which are larger in size compared to the
rest, are preferred for primer extension during cluster formation. This resulted in in a bi-
ased library formation favouring the large amplicons. The overlapping amplicons helped
reduce this bias in the library. Importantly, a 15-nt barcode was included in each read
pair which enabled the complete reconstruction and assignment of all minigene variants

in the library.

A custom-tailored Python pipeline was developed (Figure 3.7 A) to identify the mutations
in the DNA-seq library. The library was sequenced on Illumina MiSeq (300-nt paired-end)
with a total of 40 million reads. After initial quality control steps, the reads were filtered
for a minimum length and the barcode which assigns the read pairs to an individual mini-
gene variant, was extracted for each variant. Subsequently, read pairs for each minigene
variant were aligned to the RON wt minigene sequence and the mutations were identified.
Only those mutations that passed the rigorous filtering criteria were considered as the fi-
nal set (refer materials and methods for details). In total, 5,791 unique minigene variants
were captured including 5,200 with randomly introduced mutations and 591 with the wt

sequence.



75

@
A & B < oo
& _ L =z =z z
\(Oé RS [ sequencing adaptor s $ 8 8
»> lllumina sequencing primer !
. ~~ 2 _ - . —
S e —
|¢—— 825bp ——— P name of the construct, 1580 =
primer combination 300 M- —
read #2 read #1 300 p— —
> <+ 600 m— —
[ WEEOEE 50 DR ]  RONA 0S118+08106 100
—
read #2 read #1 [ — —
> <«
[ WO MEEEE ] ROND, o138+ 05106
5 < oW
read #2 rsf-zd #1 3 58 5%
> bp 8§ ¥ X
L i EEZEE-]  RONB oSt19+05106
g1 -
read #2 rs_a —
> —
[ io—MEPEE{]  RONE,0S105+08106 .
: | —
read #1 900 — —
rea_ci#2 <« 600 p—_- —
c [0 EZEE{ ]  RONC, 08120+ 08106 -

Average
read depth (x10°)
o N & OO @

@

Figure 3.6: DNA-seq primer strategy of five overlapping amplicons ensures higher read
coverage across the RON minigene sequence. (A) Overview of the five overlapping am-
plicons generated for paired-end DNA-seq. The reverse primer binds downstream of the
15-nt barcode (15N, red box) and introduces Illumina sequencing adaptor P5 (Read 1).
Five variants of the forward primer bind to subsequent positions resulting in five overlap-
ping amplicons of the minigene. The forward primers introduce P3 (Read 2). (B) Gel-like
representation of the different PCR amplicons generated by emulsion PCR. The green line
indicates the internal size standard. (C) Average read depth per position across the RON
minigene after quality filtering and trimming. The graph is aligned with the overview of
primer combinations in (A).
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Figure 3.7: Custom bioinformatics workflows enable identification of mutations and cor-
responding splicing products from high-throughput DNA-seq and RNA-seq. (A) Bioin-
formatics workflow for DNA-seq analysis to characterise mutations. Quality control and
trimming was performed with FastQC and Trimmomatic, respectively, followed by cus-
tom scripts to extract 15-nt barcode and filter for minigenes with >640 read pairs. Reads
were aligned to wt RON minigene sequence using NextGenMap (NGM), and mutation
calling was done using HaplotypeCaller tool from Genome Analysis Toolkit (GATK). (B)
Bioinformatics workflow for RNA-seq analysis to quantify splice isoforms. Upon qual-
ity control and filtering similar to (A), reads were aligned to wt RON minigene using
splice-aware alignment software STAR. All isoforms present in RNAseq library were re-
constructed and filtered for minimum abundance using custom scripts. See methods for
further details.
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Figure 3.8: Mutations are distributed uniformly across the RON minigene and most vari-
ants are recovered in the three RNA-seq replicates. (A) Mutations equally distribute along
the RON minigene positions. The bar chart shows the distribution of 18,948 point muta-
tions across 5,791 minigenes. (B) Each position in the RON minigene is covered with at
least two mutations in the RON minigene library. Positions are covered with an average
of 28 mutations (orange line). (C) The majority of minigene variants identified by DNA-
seq is present in all three RNA-seq replicates. Pie-chart representing the fraction of the
minigenes present in the library (5,791) found in 0-3 RNA-seq replicates.

Mutation calling identified 18,948 point mutations with an average frequency of 3.6 mu-
tations per minigene variant. The mutations were randomly spread across all positions
of the RON minigene sequence, such that 97% of the positions were mutated at least ten
times within the library (average 28 times per position; Figure 3.8 A and B). Sanger se-
quencing of 59 randomly selected minigene variants validated the accuracy of mutation
calling since all 169 mutations were retrieved by the mutation calling without any addi-
tional false-positives. Thus, mutation effects could be screened across the entire sequence

space of the RON minigene sequence.
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Quantifying RON minigene alternative splicing by RNA-seq

To count the different splicing isoforms of the RON minigene library, the library was firstly
transfected as a pool in HEK293T cells. Then, the resulting alternatively spliced transcripts
were quantified by paired-end RNA-seq using a primer combination that allowed unam-
biguous identification of all canonical isoforms (Figure 3.3 and Figure 4.5). As previously
done, each read pair included a 15-nt barcode to allow matching of the respective coun-

terpart minigene variants.

Three independent RN A-seq replicates were generated and sequenced on Illumina MiSeq
(300-nt paired-end), yielding 17-22 million reads per sample, and analysed with a custom
Python pipeline similar to DNA-seq (Figure 3.7 B). Low-quality sequences were removed
and the 15-nt barcode sequence was extracted similar to the steps followed in the DNA-seq

pipeline.

Moreover, only reads originating from the 5791 minigene variants that were recovered
from the DNA-seq library were considered for further analyses. Read pairs for each mini-
gene variant were aligned to the RON wt minigene sequence. Only read pairs conferring
splice isoform information (i.e., both mates extended at least 10 nt beyond the constitutive
exon boundaries) were kept. Furthermore, all improperly or inconsistently mapped read
pairs were removed from the analysis (refer materials and methods). Finally, only mini-
gene variants which were covered by at least 100 remaining read pairs were used further,
resulting in 5697, 5645 and 5623 minigene variants detected in RNA-seq replicates 1, 2 and
3 from HEK293T cells, respectively.

97% of minigene variants were found in all three replicates (Figure 3.8 C). The frequency
of each isoform for each minigene variant was calculated as the number of read pairs sup-
porting this particular isoform in relation to the total read pairs for all detected isoforms
for this particular minigene variant. While the canonical isoforms of alternative exon (AE)

inclusion, AE skipping, full intron retention (IR), first IR, and second IR accounted for 94%
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of all splicing products, the remaining 6% were categorised as ‘other” isoforms which orig-
inated from cryptic 3’ and 5’ splice site usage (Figure 3.9 A and B). These non-canonical
‘other” isoforms can still be a major proportion of the splicing products of certain individ-
ual minigene variants. For instance, 3 splice site disrupting mutations at the downstream
constitutive exon 12 trigger activation of a cryptic downstream AG (marked by one aster-
isk in Figure 3.9 A and F). The wt minigenes showed considerably small splicing variance,
thus indicating the barcode is not a confounding factor for quantifications (Figure 3.9 C).
In contrast, 45% of mutated minigenes were spliced with more than 10% deviation from
the wt average AE inclusion, showing that many of the introduced mutations can be stud-

ied for causing wide range of splicing effects.

In order to validate the splicing quantifications, splicing of minigene variants containing
AE splice site mutations were checked (Figure 3.9 C). Splice sites abolishment by muta-
tions disrupting the canonical splice signals at the AE, always led to severely decreased
near null AE inclusion levels, illustrating that the screening allows reliable detection of
strong splicing changes, in addition to small splicing changes. Furthermore, RT-PCR de-
rived splicing measurements of 59 randomly selected minigene variants was performed
and compared with the RNA-seq derived quantifications for variants containing the same
mutations, respectively (Figure 3.9 D). The observed correlation confirmed that the ac-
curacy of RNA-seq derived splicing quantification is comparable to individual RT-PCR
measurements (Pearson correlation coefficient, r = 0.95, p-value < 2e-16). Taken together,
the high-throughput mutagenesis screening allows analysis of mutation effects across the

entire RON minigene region.
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Figure 3.9: High-throughput mutagenesis screening of RON minigene library involves
quantitative splicing outcomes. (A) Canonical isoforms compose the most frequent splic-
ing variants in the library. Bar plot shows the nine most frequent isoforms sorted by total
frequency in the RNA-seq library (black) along with the maximum frequency for an indi-
vidual minigene variant (grey). (B) Splice junction frequencies. Line thickness and colour
represent the number of minigene variants producing the respective splice junction. Only
junctions accounting for >1% of all junctions for a given minigene variant were consid-
ered. (C) Widespread splicing effects of mutated minigene variants. The boxplots show
the distribution of AE inclusion frequencies in % for all wild type (wt) and mutated mini-
genes and a subset of mutated minigene variants with mutations in the splice sites (ss) of
RON exon 11. Minigenes in each category is given below. Whiskers represent the most ex-
treme values within 1.5x interquartile range. (D) Validation of RN A-seq quantification by
correlation with RT-PCR measurements of 59 individual clones from the library (r, Pear-
son correlation coefficient and associated p-value). (E) Mutation effects around the AE 3’
splice site. Boxplots show the isoform ratios displayed as AE inclusion (%) for minigenes
harbouring a mutation at the respective site with colours indicating the inserted base (see
legend). The purple and blue lines show the 25%- and 75%-percentiles of AE inclusion of
the wt minigenes and the complete library, respectively. (F) Isoform frequencies resulting
from mutations along the RON minigene. Stacked bar chart shows the median frequency
of the six isoform categories for all minigenes with a mutation at a given position. Av-
erage of three biological replicates in HEK293T cells. Asterisks show positions that upon
mutation cause increased formation of non-canonical isoforms (shown in B).
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Dissecting complex mutation effects with linear regression mod-

elling

The splicing outcome of a minigene variant is based on the underlying mutations present
in the respective minigene variant. In the minigene library, mutations occurred with an
average of 3.6 per minigene variant. This presented a complex situation, where only splic-
ing effects of those variants with only one mutation or previously studied mutations could
be effectively studied. In minigene variants with many more mutations, splicing effects of
a mutation may depend on the effects of co-occurring mutations in the minigene variant
(Figure 3.9 E). Such minigene variants present an overlaying of multiple mutation effects
and thus, the splicing outcome of individual mutations needs to be pinpointed. In order
to precisely infer the splicing effects of each mutation in the context of multiple muta-
tions, a linear regression based modelling approach was undertaken (refer materials and
methods section). Towards this, a dynamic splicing model based on splice isoform ratios
instead of absolute values was formulated for calculating linear regression. The model
involved isoform production versus isoform degradation in relation to the rate of the AE
inclusion isoform as a reference. Using isoform ratios instead of absolute frequencies for
the input of the linear regression accounted for the non-linearity of mutation effects. The
non-linearity of the data was attributed to the natural boundary of isoform frequencies

which were bound between 0% and 100%.

Assuming that mutation effects are additive, the linear regression model helped infer sin-
gle mutation effects (log-fold changes relative to the wt) from the sum of multiple mutation
effects in a minigene variant. To confirm that mutations act additively, ~600 single muta-
tion minigenes that allow direct assessment of mutation effects were used for comparison
with minigenes sharing combinations of two or three of these single mutations (Figure

3.10).
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Figure 3.10: Effects of mutations show additive behaviour. Scatterplots showing the cor-
relation of mutation effects (log-fold changes relative to the wt) for the sum of single muta-
tion effects and measured mutation effects of minigene variants containing combinations
of two (light blue) or three (dark blue) individually measured mutations. Top and bottom
panels show analyses for three replicates in HEK293T and MCF?7 cells, respectively. r -
Pearson correlation coefficients, p - associated p-values.

In line with the assumption of additive behaviour, the sum of the single mutation ef-
fects highly correlated with the combined mutation effects. Hence, the regression ap-
proach allowed the accurate modelling of the experimentally measured isoform frequen-
cies for each mutated minigene variant (Figure 3.11). As a validation step for the regres-
sion model, inferred single mutation effects were compared with RT-PCR derived splicing

measurements of minigenes containing single mutations (Figure 3.12).

Median isoform frequency measurements offer a simpler approach for quantifying the

mutation effects

In conjunction with the modelling approach, the median isoform frequency was calcu-

lated using isoform frequencies from all minigene variants harbouring the given mutation
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Figure 3.11: Isoform frequencies inferred from linear regression modelling correlate with
measured isoform frequencies. Scatterplot showing the frequencies of splice isoforms for
combined mutations calculated from the fitted model against the measured data of one
biological replicate in HEK293T cells. colours indicate distinct splice isoforms (see legend).
r - Pearson correlation coefficient, p - associated p-value.

(Table 4.5; refer materials and methods section). As a simple approach, the median was
useful in estimating individual mutation effects as an approximation of the splicing out-
comes of multiple minigene variants containing the same mutation (Figure 3.12). In fact,
the median performed in line with regression approach when minigene variants carrying
the same mutations occurred at least 10 times (10 plasmids carrying the same mutation).
Strikingly, the mutations representing low mutation occurrences (lightly coloured points)
showed poor correlation for all isoform types (Figure 3.12 bottom panel). This suggested
that if sufficient minigene variants carrying the same mutation were present in the library,
the median should average out the effect of the accompanying mutations and serve as an

effective proxy for depicting the splicing outcome.

The median isoform frequency was then compared to the prediction of the regression
model. However, the median-based estimation was outperformed by the linear regres-
sion derived single mutation effects (65% of all tests) and ultimately was used only for
those mutations that were non-inferred by the model. Depending on the replicate and
cell line, between 3-9% of the unique combinations of mutations were excluded from the

calculations based on two criteria. As detailed in the methods section, we excluded certain
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Figure 3.12: Linear regression provides an accurate estimation of single mutation effects
compared to the median isoform frequency of minigenes containing the same mutations.
Effects of mutations that rarely occur in the library (colour coded) correlate better with
the model-inferred than the median-based estimates. Scatterplots compare the model-
inferred (top row) and the median-based (bottom row) estimations of single mutation
effects relative to wt (y-axes) to semi-quantitative RT-PCR measurements (x-axes) of tar-
geted minigenes harbouring the respective single point mutations, insertions and dele-
tions. Separate plots are shown for the different splice isoforms. First IR and second IR
were summed up as partial IR, since these isoforms cannot be discriminated in the RT-PCR.
Pearson correlation coefficients r and associated p-values are provided in each panel.
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minigenes from the linear regression model that harboured either (i) combinations of two
splice site mutations or (ii) that showed a strong activation of cryptic splice sites (‘other’;
refer materials and methods; Table 4.5). The effects of the rest 94-97% of the mutations
present in the library could be assessed by linear regression model that covered almost
the entire length of the minigene (all but 3-4 out of all 679 nucleotides in the minigene;

Figure 4.1).

In summary, the model predictions for HEK293T cells allowed estimation of mutation
effects for ~1,800 single point mutations for the five canonical isoform categories. For
those mutations that fell in the excluded categories, the median estimation method was
used to assess the splicing outcome. Furthermore, in cases where sufficient number of
plasmids contain the given mutation, the median approach was shown to be well suited
as a first-approximation approach to assess the splicing impact of a mutation in the RON

minigene library (~3.6 mutations per minigene variant) .

The cis-regulatory landscape of RON alternative splicing

Among the ~1800 mutations, splicing was significantly altered in at least one isoform by
778 mutations (referred as splicing-effective mutations; > 5% change in isoform frequency,
5% false discovery rate, FDR Figure 3.13). Evidently, mutations that disrupted the splice
sites at the alternative exon completely prevented AE inclusion (Figure 3.13 B). In con-
trast, effects of mutations at the poly-pyrimidine tract upstream of the AE 3’ splice site
were base-specific: While pyrimidine transitions showed very little effect, transversions
to purines reduced inclusion drastically e.g. position 290 (Figure 3.13 B). Similarly, de-
generate positions of the branch point consensus of YUNAY sequence (positions 279 (Y),
281 (N), and 283 (Y)) were more resistant to mutation than the strictly conserved U or A

at positions 280 and 282, respectively (Gao et al., 2008) (Figure 3.13 B).

We saw that mutations at the splice sites of the flanking constitutive exons showed in-
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Figure 3.13: The regulatory effects of 1800 point mutations on RON exon 11 splicing. (A)
Modelling derived quantifications of single point mutations on AE inclusion- (left), AE
skipping- (middle), and full IR isoforms (right) across the RON minigene positions in
HEK293T cells. (B) Mutation effects on AE inclusion surrounding the AE 3’ splice site.
Horizontal black lines and arrowheads point to core splicing signals, including branch
point, polypyrimidine tract (Py-tract) as well as the 3" splice site. (C) Mutation effects on
full IR surrounding the 5" splice site (black arrowhead) of the upstream constitutive exon.
The Figure 3.13 B shows the same region as in Figure 3.9 E.

creased full IR and lowered AE inclusion isoforms (Figure 3.13 C). Mutations at the 5
splice site of the downstream constitutive exon affected AE inclusion, suggesting that exon
definition at flanking exons may affect the splicing regulation of the alternative exon. The
possible role of exon definition at the upstream constitutive exon to splicing regulation
of the AE could not be assessed, since the 3’ splice site of the upstream constitutive exon
was not present (Figure 3.1). This confirms previous knowledge on the possible effects of

distal exons in regulating the splicing of an alternative exon (Barash et al., 2010).

To check correlation of AE inclusion levels with the splice-site strength of mutations of

both 5" and 3’ splice sites, in-silico predictions of splice site strength using the target in-
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correlation coefficients » and associated p-values are provided.

put sequences (refer materials and methods) were performed using MaxEntScan software
(Yeo et al., 2004). In-silico predictions of splice site strength captured the mutation effects
at the 5 splice site of RON exon 11 (Spearman correlation coefficient, r = 0.89, p-value =
2.36e-08; Figure 3.14 A). However, predictions for 3’ splice site strength were less corre-
lated (Spearman correlation coefficient, r = 0.62, p-value = 4.02e-07; Figure 3.14 B), show-
ing that splice site strength predictions are less accurate at this site. This may be explained

by the presence of a higher density of regulatory signals at the 3’ splice site compared to

the 5’ splice site.

A highly dense arrangement of splicing-effective positions, i.e. positions with at least one
splicing-effective mutation, was found in the alternative exon as 91% of all positions of
the RON exon 11 (134/147 nt) were splicing-effective. In comparison, the upstream and
downstream flanking introns encompassed 77% and 82% splicing-effective positions, re-
spectively. In the constitutive exons 10 and 12, 50 and 60% of the positions were involved
in the splicing regulation (Figure 4.2). The vast splicing-regulatory information, reflected

in the overwhelming presence of splicing-effective positions within the RON regions is
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highlighted here.

In summary, the dense packaging of splicing-effective positions within the RON minigene
region is observed not only within the alternative exon but also in atleast 50% of the po-
sitions within the flanking introns and constitutive exons. Particularly, the widespread
occurrence of splicing effective positions across exons signifies the important role of splic-

ing regulation at exonic positions.

Evolutionary conservation of splicing-effective mutations

Evolutionary selection pressures positively affect the conservation of splicing-effective po-
sitions (Xing et al., 2006). In line with this observation, the evolutionary conservation
(PhyloP scores) between splicing-effective and non-effective positions in RON was com-
pared (Figure 3.15). In introns, splicing-effective positions showed higher evolutionary
conservation when compared to non-effective intronic positions. Furthermore, intronic
splicing-effective positions which exhibited strong splicing changes (=20%), such as core-
splicing elements, showed conservation levels as high as exonic splicing-effective posi-
tions (Figure 3.15). In exons, splicing-effective positions showed the same evolutionary
conservation as non-effective positions. As exonic sequences code for amino acids, which
are functionally constrained by selection pressures, the splicing-function of exonic posi-

tions becomes second priority and is overridden.

Previously, synonymous mutations were suggested to alter protein sequences via splicing
regulation (Mueller et al., 2015). In order to characterise the contribution of synonymous
mutations in splicing regulation, absolute mutation effects were compared between non-
synonymous mutations and synonymous mutations. As a result, synonymous mutations
in the RON exons 10, 11, and 12 are observed to mediate splicing regulation with similar
effect sizes and frequencies as non-synonymous mutations (Figure 3.16), in line with the

FAS/CD95 exon 6 study (Julien et al., 2016).
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Figure 3.15: Splicing-effective positions are more conserved than non-effective positions
in introns (MCF7 cells). Splicing-effective positions within introns are significantly more
conserved (PhyloP score across 46 placental mammals) compared to splicing non-effective
positions. This effect is not observed in Exonic positions. Splicing-effective positions were
categorised according to cut-offs of 5%, =10%, or >20% change in isoform frequency.
Number of positions counted in each box are indicated below. p-values correspond to
two-sided Mann-Whitney-U test. n.s., not significant.

In total, 135 splicing-effective mutations were found to be both synonymous and effective
in mediating splicing (Table 4.2). In line with previous studies, synonymous mutations
contribute to disease by altering the splicing outcome and consequently, the protein func-

tion (Xing et al., 2006; Shabalina et al., 2013; Mueller et al., 2015).

In order to assess if splicing-effective mutations occur in a low frequency among human
populations, allele frequency data was used from Exome Aggregation Consortium (ExAC)
which consisted of exonic variations genotyped from large scale exome sequencing data.
This catalogue of genetic diversity showed that the human exome contained an average
of one variant every eight bases, thus implying widespread recurrence of mutations in
humans (Lek et al., 2016). However, there was no significant difference between splicing-
effective mutations and non-effective mutations, revalidating that the evolutionary selec-
tive pressure generated by the splicing-function of a nucleotide in an exon is overruled by

protein-coding constraints (Figure 3.17).
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Taken together, the alternative splicing of RON exon 11 is regulated by many intronic and
exonic positions and the significance of splicing regulatory positions within introns is re-
capitulated by their evolutionary conservation. Moreover, stronger selection pressure is
observed on protein-coding constraints of sequences in comparison to splicing constraints.
Moreover, splicing regulatory mutations were also shown to be synonymous mutations.
Since these mutations do not alter the sequence of the encoded protein, they might er-
roneously be interpreted as non-pathogenic, however, they may impair protein function

through alternative splicing.

Comparisons to in-silico splicing effect and G-quadruplex predic-

tions

In order to check if in-silico splicing effect predictions were in line with those quantified
by the screen, SPIDEX (SPANR) splicing predictions were retrieved (Xiong et al., 2015). In
the SPIDEX dataset, mutations predicted to disrupt RON exon 11 splicing belonged within
the RON exon 11 region, i.e. only those mutations present within the RON exon 11 were
predicted to strongly influence the splicing regulation of the RON exon 11. Among this set
of mutations, only 12 mutations (10 coinciding with the screen) exhibited strong splicing
changes (dPSI > 20%) and were far fewer than those identified by the screen (Figure 3.18
B; Figure 4.2). These mutation numbers are fewer in nature compared to the screening ap-
proach, because the SPIDEX dataset consisted of predictions for only the strongest splice-
regulatory effect of a mutation. In contrast, from the screening approach, 47% (HEK293T)
and 51% (MCEF?7) of the splicing-effective mutations trigger changes of greater than 10%
in at least one splice isoform (363 out of 778 in HEK293T, and 521 out of 1022 in MCF7?),
and 1/5 of them exceed 20% (136 in HEK293T and 189 in MCF7, respectively). Impor-
tantly, intronic and other exonic (exon 10 and 12) mutations, identified by the screening

approach, too show stronger splicing effects on RON exon 11 inclusion. Hence, a large



92

A B
H r=-0.72 0 * . r=-0.74
. =6.4e-14 = -
< 20 '!:l . e P < p=6.8e-4
< ° :" o® < ° o
S R 5 -10
ERY TS ¢ 3 .
2 o :z:;f 2-20] °
. ot Yo e
g 20 ' . <30 G370T
Splice sites {
08 10 12 14 30 -20 10
G4 hunter scores Mutation to:  gpIDEX AE dPSI (%)
oA oC -G oT

Figure 3.18: In-silico predictions show fewer strong mutation effects compared to the
screen. (A) G4 prediction scores of the G-quadruplex region in RON AE correlates with
splicing changes obtained from the screen. (B) SPIDEX predictions are limited to the
strongest effect of a mutation and partially correlate to splicing effects obtained from the
screen. To-A mutations (left top corner) show opposing splicing changes in the screen-
ing approach compared to SPIDEX predictions. Coloured points represent mutations to
different bases. Spearman correlation coefficients r and associated p-values are provided.

number of potent mutations identified by the screening approach, substantially alter the

splicing outcome for RON exon 11.

Furthermore, the splicing regulatory role of mutations like G370T is an important dis-
covery of the screening approach (refer Figure 3.21), that is also confirmed by SPIDEX
predictions albeit higher in magnitude by ~15%. Nevertheless, SPIDEX predicted to-A
(mutation from wt base to adenosine) mutations show negligible effect in comparison to
those inferred by the screening approach (Figure 3.18 B; top left corner), which may be
attributed to the weak predictive power of the tool, especially when predicting non-splice
sites (Soukarieh et al., 2016; Grodecka et al., 2017; Moles-Ferndndez et al., 2018). Hence,
our screening approach can be useful in updating and validating in-silico based predictive

models.

In order to assess if a possible G-quadruplex mediates RON splicing regulation, G-

quadruplex propensity scores for the putative G-quadruplex (refer materials and
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methods) were retrieved from G4hunter tool (Bedrat et al., 2016). Then, the propensity
scores were compared to the splicing effects at the respective sites. As expected, muta-
tions to-guanine (right bottom corner) show high splicing effects (>20% change in IF)
and G4hunter scores (> 1) where as mutations disrupting a guanine have low G4hunter
scores (left top corner; r = -0.72, p = 6.4e-14). Since the RON alternative exon cluster has
the highest density of splicing-effective mutations, the G-quadruplex might have a role in
mediating splicing regulation of RON (Figure 3.18 A; refer Figure 4.2). However, further
studies on G-quadruplexes are required to identify the possible role of these structural

elements in modulating alternative splicing (refer discussion).

In summary, in-silico tools like SPIDEX predict fewer strong mutation effects when com-
pared to the screening approach. Mutation effects quantified by the screening approach
correlate with G-quadruplex propensity scores and may help assess the role of structural
elements in mediating alternative splicing. Furthermore, the mutation effects from the
screening approach may complement in-silico predictions and help in further validation

studies.

Clinical relevance of RON mutations in cancer

In tumours, RON proto-oncogene is involved in progression to invasive behaviour
through elevated levels of the AE skipping (RONA165) isoform (Collesi et al., 1996;
Chakedis et al., 2016). In line with this idea, the minigene library was transfected as
a pool into MCF7 cells (human breast cancer cell line) and the mutation effects were
quantified as previously done. Consequently, increased AE skipping levels of the library
were seen in MCF7 compared to the HEK293T cells (Figure 3.4 A). Moreover, overall
mutation effects were reproducible when expressed in fold-change (in relation to mutant
against wild-type) of the isoform ratios (Figure 3.19). The distribution of splicing-effective

mutations and positions showed similarities between the two cell lines (refer Figure 4.2
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Figure 3.19: Mutation effects are similar between MCF7 and HEK293T cells. Scatterplot
shows changes in splice isoform ratios predicted for mutations analysed in MCF7 against
those in HEK293T cells. Light and dark grey lines correspond to diagonal and linear re-
gression line, respectively. r, Pearson correlation coefficient and associated p-value.

and Figure 4.3), implying that regulation of RON splicing is mostly consistent between

the two cell lines.

In order to identify RON disease-relevant mutations in cancer, the COSMIC (Catalogue of
Somatic Mutations in Cancer) database was used. COSMIC compiles somatic mutations
comprehensively from several publications and databases. The RON minigene encom-
passed 33 COSMIC entries, of which 20 intersected with splicing-effective mutations de-
duced by the screening approach (Figure 3.20). Strikingly, 7 synonymous mutations (with
respect to the encoded RON protein) were observed in this set. This suggested that syn-
onymous mutations may play a harmful role by perturbing alternative splicing regulation

in cancer.

Next, the disease relevance of these mutations was further assessed by analysing splicing
quantification from TCGA (The Cancer Genome Atlas; https://cancergenome.nih.
gov/) cancer patient datasets. In contrast to the COSMIC database, TCGA additionally
lists RN A-seq datasets (i.e. splicing quantifications) associated with the mutations, thus
comparisons of in-vivo mutation effects with those of the screening approach were made

possible. In total, 51 mutations within the RON minigene region were listed from 19 dif-
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Figure 3.20: RON cancer somatic mutations show enrichment of splicing-effective muta-
tions. Bar plot shows the AE skipping changes quantified from the screening in MCF7
cells for 33 mutations that were present in COSMIC database within the RON minigene
region. Splicing-effective mutations are labelled above relevant bars. Orange, blue and
grey indicate non-synonymous, synonymous and splice site mutations, respectively.

ferent cohorts (representing different cancer types in 153 patients). Only those mutations
that occur specifically in the tumour but not in the corresponding normal samples (Table
4.4) were retrieved. The change of AE skipping levels between mutation-harbouring tu-
mour tissue and tumour tissue without the corresponding mutations were compared with

those of the respective mutations from the mutagenesis screening (Figure 3.21).

The strongest mutation effects were caused by G370T and G297A mutations in Head-
Neck Squamous Cell Carcinoma and Thyroid Carcinoma, respectively (Figure 3.21 B).
Both these mutations led to increased AE skipping levels, either via disrupting the AE 3’
splice site (G297A) or by alteration of a putative binding element for QKI and HNRNPL in
RON exon 11 (G370T). The observed correlation (Pearson correlation coefficient, » = 0.62,
p-value = 4.8e-05) indicated that data from the screening allowed the estimation of many
strong in-vivo mutation effects in cancer (refer discussion). In summary, the mutagene-
sis screening is helpful not only in the assessment of the pathophysiological relevance of
cancer mutations but also in deducing the splicing disrupting role of non-synonymous

mutations in cancer.
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Figure 3.21: RON splicing in mutation-bearing cancer patients correlates with mutation
effect quantifications from the screen. (A) Scatterplot comparing AE skipping changes of
mutations found in TCGA database with screening derived quantifications. Highlighted
mutations are detailed in (B). Grey lines indicate mean and standard deviation of unmu-
tated tumor samples. Only mutations from cohorts with more than 24 supporting reads
on average were used in Figure 3.21 A (Table 4.4). (B) Boxplots showing AE PSI distribu-
tion in Head-Neck Squamous Cell Carcinoma (HNSC) and Thyroid Carcinoma (THCA).
The highlighted mutations strongly reduce AE PSI levels.

Identification of trans-acting factors mediating RON alternative

splicing regulation

As a result of the screening approach, the set of splicing-effective mutations contained
1,022 mutations in MCF?7 cells (Figure 4.3), implying that multiple cis-regulatory elements
exist along the minigene. In order to find the trans-acting factors that regulate RON splic-

ing by targeting these cis-regulatory elements, the following approaches were considered:

Knockdown of trans-acting factors and subsequent analysis of RON splicing via RT-

PCR and screening approach:

A siRNA-mediated KD of a RON splicing regulator should affect RON isoform levels,
which can quantitatively be measured by RT-PCR. In order to select candidate RBPs, a

previously published large-scale RBP KD screen was of immense use (Papasaikas et al.,
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Figure 3.22: Splicing activators and repressors regulate RON exon 11 splicing. (A) Scat-
terplot comparing splicing changes induced by KD of selected RBPs between endogenous
RON and RON minigene splicing. Red and blue colour codes for positive and negative
splicing changes measured by (Papasaikas et al., 2015), respectively. PSI percent-spliced-
in. (B) Corresponding KD efficiencies analysed by RT-qPCR.

2015). Here, the authors measured the KD effect of ~250 RBPs on several splicing events
including RON exon 11 in HeLa cells. Putative regulators from this study were selected
based on their strong and replicate-consistent effect on RON splicing. In total, the splic-
ing change induced by KD of 14 selected RBPs was compared between endogenous and
RON minigene splicing (Figure 3.22 A) and successful KDs were confirmed by RT-qPCR
analysis (Figure 3.22 B). The observed splicing changes were in the same direction and
consistent with the results of Papasaikas et al. (2015) study, except for the KD of e[F£A3
that showed opposing splicing effects. Furthermore, the KD of DEK had almost no effect
on neither endogenous RON or RON minigene splicing, while it caused strong reduction
of AE inclusion in the Papasaikas et al. (2015) study. Taken together, these results indicate
that RON splicing is extensively regulated by several splicing activators and repressors,

with SRSF2 and HNRNPH as the strongest activator and repressor, respectively.

The splicing patterns of each minigene plasmid was analysed in the context of the 5 most

effective RBP KDs, via the high-throughput screening approach. These RBPs comprised
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Figure 3.23: Widespread effects of mutations under RBP KDs in the context of the RON
minigene library. Boxplots show the Percent-spliced in (PSI) of top 5 effective RBP KDs
in the context of minigene library compared to wt RON plasmid pool and the RON ctrl
(control)/RNAseq (RNASeq reps) minigene library.

of both core splicing factors and auxiliary RBPs namely HNRNPH, SRSF2, PRPF6, PUF60
and SMUI. Expectedly, the splicing outcome in PSI of plasmids under KDs compared to
the wt plasmids and control library, shows widespread effects due to constituent muta-

tions (Figure 3.23).

The underlying idea, referred to as synergy analysis (more details in the following section),
is that minigene variants with mutations that change binding of a regulatory RBP will
behave differently upon the KD compared to the remainder of the minigene library. For
instance, minigene variants that lost an RBP binding site will no longer respond to the
KD of this particular factor. In such scenarios, minigene variants with mutations in the
RBP binding site would also deviate from the remainder of the library in the KD of other
complex components. In order to understand this behaviour, the splicing outcome of the

control minigene library (ctrl AE inclusion) was compared to the knockdown effect of the
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library. The knockdown effect is given by the difference in splicing outcome of the KD
library (KD AE inclusion) in relation to the control library (ctrl AE inclusion), which is

given by
AKD AE inclusion = KD AE inclusion - ctrl AE inclusion

Expectedly, in the case of KD of repressors HNRNPH and PUF60, the RON minigene
library exhibits an overall increase in AE inclusion levels from the baseline and the rest
exhibit an overall decrease in AE inclusion (Figure 3.24 and Figure 3.23). Among these 5,

HNRNPH was chosen as an initial candidate for further analyses.

Screening approach and in-silico binding site predictions identify RBPs regulating

RON at SRBS:

Using predictions from the ATtRACT database, RBPs and their binding sites across the
RON minigene were identified and catalogued (Giudice et al., 2016). Furthermore, using
information from the screening approach, RBP motif predictions were filtered for the pres-
ence of at least 60% splicing-effective positions which were termed as splice-regulatory
binding sites, SRBS. This resulted in a list of 76 putative regulators of RON along with
their quantifications in terms of splicing changes, suggesting that RON splicing is exten-
sively controlled by multiple RBPs. The analysis also recapitulated previously published
binding sites of RON regulators HNRNPH and SRSF1 (Ghigna et al., 2005; Lefave et al.,
2011; Figure 3.25). In order to prioritise among the 76 RBPs, our data was overlaid with
the large-scale knockdown (KD) screen which tested the KD effect of 31 RBPs from the list
of 76 RBPs on RON exon 11 splicing (Papasaikas et al., 2015). Among the new list of 31
RBPs, 17 RBPs substantially affected RON splicing with SRFS2 and HNRNPH emerging

as the strongest activator and repressor, respectively (Figure 3.25).
Correlation of RBP expression profiles and RON splicing levels in tumour samples:

TCGA tumour sample datasets containing in-vivo RBP expression profiles and RON splic-

ing data were used for mining novel RBP regulators of RON splicing in tumours. In par-
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Figure 3.24: The synergistic behaviour of plasmids under RBP KDs in the context of the
RON minigene library. The scatterplots show the effect of the top 5 RBP KDs affecting the
splicing outcome of RON minigene library. The splicing effects of individual plasmids are
represented by gray dots, exhibiting an increased AE inclusion from the baseline in the
case of HNRNPH KD and PUF60 KD and decreased AE inclusion in the other RBP KDs.
The contours in blue show maximum concentration of plasmids and the concentric range
of most plasmids. In the middle of contours, the wt plasmids are represented in red.
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Figure 3.26: HNRNPH?2 expression correlates with RON AE PSI levels across TCGA tu-
mour samples. Density scatter plot shows HNRNPH2 expression (in transcripts per mil-
lion, TPM) and RON exon 11 PSI across all TCGA tumour samples. r, Spearman correla-
tion coefficient and associated p-value.

ticular, the expression of 190 RBPs and corresponding RON AE PSI levels were analysed
in 4,514 cancer patient samples for correlation (Table 4.3). Strikingly, the strongest asso-
ciation between RBP expression levels and RON AE PSI was seen for HNRNPH? (Figure
3.26), which upon KD also showed stronger splicing changes in the RBP KD screen (Table
4.3). Asin other cases of splicing regulation, RON splicing is also regulated in-vivo by mul-

tiple RBPs with varying magnitudes of association.

In summary, RON splicing is extensively regulated by multiple RBPs in varying and bi-
directional magnitudes and HNRNPH is crucial for RON splicing both in-vivo (from tu-
mour samples, refer Figure 3.26) and in cells (Figure 3.22 and 3.25). Hence, HNRNPH
acts as a valid target RBP to study splicing regulation in RON.

Position-dependent regulation of RON splicing by HNRNPH

HNRNPH is predicted to bind at 22 different non-overlapping SRBS spread across the
RON minigene (Figure 3.25). These SRBS arrange into five distinct clusters across intronic
and exonic regions, with each comprising of 3-5 SRBS. In order to narrow down on specific

binding interactions of HNRNPH with the RON minigene, individual-nucleotide resolu-
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Figure 3.27: HNRNPH binds to both exons and introns across the RON minigene. Binding
of HNRNPH to the predicted HNRNPH SRBS is validated for four out of five HNRNPH
SRBS clusters. Bar diagram shows HNRNPH iCLIP crosslinking events per position across
the RON minigene (top). Brown boxes indicate HNRNPH SRBS that were assigned to five
clusters (circled numbers; bottom).
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Figure 3.28: HNRNPH iCLIP signal is enriched in four out of five HNRNPH SRBS clusters.
Boxplots compare the HNRNPH crosslink events within HNRNPH SRBS +2 nt (brown)
with HNRNPH crosslink events for other positions within the same intron/ exon region
(grey). Number of positions per boxplot is given below. p-values correspond to two-sided
Wilcoxon Rank-Sum test.

tion cross-linking and immunoprecipitation (iCLIP) was done in HEK293T cells in repli-
cates (Figure 3.27). Among four out of five HNRNPH SRBS clusters, the iCLIP approach
confirmed HNRNPH binding as seen by iCLIP signals (Figure 3.28). However, cluster 4
lacked a significant iCLIP signal, suggesting that it might possibly be bound by another
RBP with similar binding profiles.

The binding motif for HNRNPH was previously shown to consist of guanine-rich se-
quences (Uren et al., 2016). We found that guanine-rich sequences (G-runs) were abun-
dantly present in the defined HNRNPH SRBS. In order to understand the possible role

of G-runs in altering HNRNPH binding, we dissected the clusters into their constituent
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Figure 3.29: Opposing effects on splicing by extension and disruption of G-run stretches
in the RON minigene. Scatterplot showing correlation of median AE skipping induced by
mutations that extend or disrupt G-runs within HNRNPH SRBS. r, Spearman correlation-
coefficient; p, associated p-value.

SRBS. In detail, the five SRBS at the AE cluster 3 and their splicing effects on G-run disrup-
tions are shown (Figure 3.30). Strikingly, the effects are similar across all these SRBS with
increased AE inclusion and simultaneous decrease in AE skipping. In summary, splicing
was altered upon disruption or extension of G-runs by an additional guanine, which may

lead to reduced or enhanced HNRNPH binding, respectively (Figure 3.29).

Importantly, the HNRNPH-mediated splicing changes showed opposing behaviour de-
pending on where HNRNPH binding sites were positioned across the minigene. Conse-
quently, HNRNPH binding in the alternative exon led to repression of the AE inclusion,
however binding at the upstream intron activated splicing. In detail, mutations in cluster
1 and 5, located in the up- and downstream constitutive exons, respectively, reduced in-
tron retention and in cluster 5, led to increased AE skipping (Figure 3.31 A). In line with
previously described literature, context-dependent regulation of splicing regulators also
extends to HNRNPH (Xiao et al., 2009; Katz et al., 2010). The strongest splicing effects
were seen in mutations of HNRNPH SRSBS cluster 3 in the alternative exon (Figure 3.31
A). Moreover, HNRNPH KD induces a similar splicing change as mutations in cluster 3,
underlining the significance of HNRNPH SRBS cluster 3 in the HNRNPH-mediated reg-
ulation of RON splicing (Figure 3.31 B). In conclusion, HNRNPH acts simultaneously as
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Figure 3.30: HNRNPH-mediated regulation of RON splicing is dependent on G-runs at
the SRBS in the RON AE. SRBS 10-14 at the RON AE show similar strong splicing effects in
the same direction. Boxplots show the isoform frequencies as a result of G-run disrupting
mutations encompassed in HNRNPH SRBS 10-14 (above) in MCF7 cells (average of three
biological replicates). Number of mutations for each SRBS is given.

an activator and repressor of RON splicing and mediates complex regulation of different

isoforms via multiple SRBS clustering across the minigene region.

Synergy analysis shows interactions between mutations and HN-

RNPH knockdown

Although HNRNPH is shown to bind across the entire minigene (Figure 3.27), the muta-
tion effects showed a varied response between different HNRNPH binding sites (Figure
3.31). This suggests that binding sites differentially affect RON splicing regulation i.e. not
all binding sites contribute in the same manner towards RON splicing regulation. In or-
der to identify the most relevant sites involved in HNRNPH-regulation, splicing outcome
of the minigene library was analysed under HNRNPH KD conditions. A synergy implies
that the combined response of mutation and knockdown are greater or smaller than the re-

sponse expected from their independent contributions respectively (‘the whole is greater
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Figure 3.31: HNRNPH-mediated regulation of RON splicing is dependent on HNRNPH
binding position across the RON minigene. (A) Boxplots show the isoform frequencies as
a result of G-run disrupting mutations encompassed in different HNRNPH SRBS clusters
(circled numbers) in MCF7 cells (average of three biological replicates). Number of muta-
tions for each cluster is given. * p-value < 0.05, ** p-value < 0.01, one-sample Wilcoxon’s
test against population mean of zero. (B) Bar diagram showing the isoform frequency
changes of the wt minigenes resulting from HNRNPH KD. Error bars indicate standard
error of the mean from three biological replicates.
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Figure 3.32: Minigene variants in the library are differentially affected by HNRNPH KD.
Scatterplot showing splicing change of variants upon HNRNPH KD compared to ctrl. Sev-
eral variants are strongly (blue shade) or weakly (red shade) affected by the HNRNPH KD
compared to the majority of variants (described by the running mean + standard devia-
tion, red line). Minigene variants harbouring indicated point mutations C307G, G310A,
and G305A are highlighted in orange, blue, and yellow, respectively.

or even lesser than the sum of its parts’). This means that the mutations that affect HN-
RNPH binding, were expected to show either positive or negative synergy in the context
of HNRNPH KD. To be precise, mutations disturbing HNRNPH binding sites, would dis-
play reduced KD response in relation to wt minigenes (negative synergy), while mutations
strengthening HNRNPH binding sites would display enhanced KD response in relation

to wt minigenes (positive synergy).

Importantly, HNRNPH KD led to increase in AE inclusion on a system-wide scale (Figure
3.32) and as expected, subsets of minigenes displayed weaker or stronger KD responses
compared to the rest of the library. For instance, minigenes that harbour mutations within
HNRNPH SRBS in cluster 3, such as G305A or G310A, showed a consistently weaker KD
response but higher AE inclusion in control cells, implying negative synergy. In contrast,
minigenes with C307G mutations which extend a pre-existing HNRNPH binding motif by
an additional guanine, showed a stronger KD response but lower control AE inclusion.
This confirms positive synergy as the HNRNPH KD promoted a stronger-than-average

increase of AE inclusion in these minigenes.
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Figure 3.33: Synergistic interactions between mutations and HNRNPH KD overlap at HN-
RNPH SRBS regions in the RON alternative exon. Bar plots quantify significant synergistic
interactions affecting AE skipping-to-inclusion isoform ratio using different z-score cut-
offs in adjacent 5-nt windows. Line indicates density in 5-nt sliding window. Splice sites
+ 2 nt were excluded. Predicted HNRNPH SRBS (brown) are given above.

The synergy effects for each mutation were calculated as the difference of the mutation ef-
fects between ctrl (control) and HNRNPH KD. Then, to account for the experimental vari-
ation of the wt minigenes, a z-score normalization approach was used to define synergy
effects quantitatively (Figure 3.33). If resulting z-score tended to zero, then the mutations
show similar effects between ctrl and HNRNPH KD, implying that those mutations and
HNRNPH KD are not synergistic. However, z-scores greater or smaller than zero indicate

positive or negative synergy, respectively.

In total, 358 mutations in 281 positions (41%) showed significant synergy for at least one
splice isoform (| z-score | >2, adjusted p-value < 0.001, Stouffer’s test). Importantly, 93% of
positions within SRBS cluster 3 were synergistic (Figure 3.34 A). Hence, such strong syn-
ergistic interactions within the alternative exon represents the most functionally relevant

region involved in HNRNPH-mediated splicing regulation in RON.

Furthermore, to validate the importance of AE cluster, the splicing outcome under con-
trol and HNRNPH KD conditions of ten different minigene variants was measured. Each

variant harboured point mutations in one of the five clusters (Figure 3.34 B). In line with
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this idea, all the point mutations located in cluster 3 showed largely unchanged response
upon HNRNPH KD. However, splicing outcome of minigenes harbouring point muta-
tions in other clusters still showed changes upon HNRNPH KD, which agreed with the

reduced synergy quantified for these clusters (other than cluster 3).

Cooperative HNRNPH binding establishes a splicing switch

An important finding of the screening approach is that individual point mutations in clus-
ter 3 are able to completely release HNRNPH-mediated repression of AE inclusion. For
instance, mutation effects of point mutations (G305A, G331C and G348C) in the alterna-
tive exon (cluster 3) resemble HNRNPH-mediated repression of RON AE inclusion. This
suggests that HNRNPH binding occurs in an interdependent manner (Figure 3.34 B). Fur-
thermore, mutations that antagonise HNRNPH binding also prevented HNRNPH bind-
ing at other SRBS. In order to test this finding, iCLIP experiments were repeated in the
context of minigene variants harbouring only single point mutations in cluster 3 (Figure
3.35). The reduction of iCLIP signal was not limited to the site of the point mutation but
extended across the entire alternative exon (cluster 3), implying a cooperative mode of

binding.

The cooperative regulation of RON splicing by HNRNPH implied that RON isoform lev-
els react to changes in HNRNPH concentrations and show a switch-like behaviour in turn
resembling a steep, sigmoidal dose-response curve on cartesian co-ordinates. In order
to show this behaviour, RON minigene and endogenous RON splicing levels were mea-
sured after gradually changing HNRNPH levels in both directions (HNRNPH KD- and
HNRNPH]1 over-expression titration) (Figure 3.36 A and 3.36 C-H). As a result, a switch-
like splicing response of RON AE was observed with changing HNRNPH concentrations
with a high Hill’s co-efficient for both the RON minigene and endogenous RON, validating
that HNRNPH binds strongly in a cooperative manner. Additionally, HNRNPH2 showed
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Figure 3.34: AE cluster shows high functional relevance for HNRNPH-mediated regula-
tion of RON splicing. (A) Dot plots (top) display single mutation effects (inserted base,
see legend) on AE inclusion (mean, n=3). Red lines indicate median isoform frequency
of wt minigenes + 2 standard deviations (SD). HNRNPH SRBS (brown) are given above.
Heatmaps (bottom) show z-scores as measure of synergy (mean, n=3) per inserted base.
White or grey fields indicate mutations that were not present or filtered out, respectively
(see methods). Purple boxes highlight significant synergistic interactions (0.1% FDR). (B)
Scatterplot compares the splicing change of point mutation harbouring minigenes be-
tween control and HNRNPH KD conditions (mean, n=3) as inferred by the model from
RNA-seq data (y-axis) and RT-PCR analysis (x-axis). AE inclusion (circles) and AE skip-
ping (triangle) are shown separately. In summary, KD followed by RNA-seq of the mu-
tated minigene library followed by inference of synergy between mutations and HNRNPH
KD enabled the ranking of the functionally relevant binding sites (SRBS).
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Figure 3.35: HNRNPH iCLIP signal reduction extends towards neighbouring HNRNPH
binding sites in different point mutation minigene variants. Bar diagram shows the nor-
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linking events of indicated point mutants and the wt RON minigene in 5-nt sliding win-
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respectively. HRNPH SRBS are depicted with brown boxes and dashed lines highlight
their location within the bar diagrams.
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the steepest regression slope among the 190 RBPs tested for correlation with TCGA cancer
expression data, confirming in-vivo cooperative regulation (Figure 3.36 B). In summary,
HNRNPH behaves as a splicing switch of RON exon 11 through cooperative binding, re-

sulting in a major splicing shift due to minor changes in HNRNPH protein level.
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Figure 3.36: Cooperative binding of HNRNPH at RON AE results in a splicing switch.
(A) Dose-response curve showing the change of RON AE percent-spliced-in for changes
in HNRNPH protein levels for endogenous RON (orange) and the RON minigene (blue).
Degree of cooperativity is quantified by fitting the Hill equation (solid lines) and com-
pared to the theoretical fit for non-cooperativity (dashed line). Error bars denote standard
deviation of biological triplicates. CI confidence intervals. (B) Boxplot shows the distri-
bution of regression slopes from the correlation of 190 RBPs with RON exon 11 splicing
in TCGA samples (refer materials and methods). HNRNPH?2 is highlighted. (C) Rep-
resentative Western Blot of HNRNPHI overexpression using either empty vector or in-
creasing amount of HNRNPHI overexpression construct for transfection (H1 OE 1 and
H1 OE 2). HNRNPA1 was used for normalization. (D, E) Representative RT-PCR results
corresponding to the HNRNPH1 overexpression shown in (C) for the endogenous RON
gene (D) or the RON minigene (E). Gel-like representation of capillary electrophoresis. (F)
Representative Western Blot of gradual HNRNPH KD obtained through transfection of
increasing siRNA amount. HNRNPA1 was used for normalization. (G, H) Representa-
tive RT-PCR results corresponding to the HNRNPH KD shown in (F) for the endogenous
RON gene (G) or the RON minigene (H). Gel-like representation of capillary electrophore-
sis. PSI percent-spliced-in.
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Discussion

Preface

At the outset of this PhD project, previous mutagenesis studies on determining the ef-
fect and extent of cis-regulatory elements on regulating AS were found to be lacking.
These studies were either confined to short exonic regions or to synthetic reporter con-
structs. Secondly, the mutations affecting the splicing functions were predicted based on
different models and may not always accurately represent in-vivo quantifications of mu-
tation effects. In order to mitigate this, our novel high-throughput screening approach

to decode the alternative splicing of RON exon 11 was devised. The screening approach
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forms the basis of this project. Our study involves the integration of experimental, bioin-
formatics and mathematical modelling aspects, which has resulted in the most complete
cis-regulatory landscape of an alternative splicing minigene model till date. In detail, the
repertoire of multiple mutations affecting RON exon 11 splicing was determined with pre-
cise quantitative information. In addition, linear regression based approaches with a dy-
namic model of splicing enabled the accurate dissection of complex mutation effects. The
results enabled the recapitulation of splicing regulation in tumour patients and provided
new insights into the regulatory role of sequences affecting downstream protein function.
Furthermore, a key player in the regulation of RON alternative splicing, HNRNPH was
knocked down in the context of the mutagenised library. From these experiments, a con-
centration dependent regulation of splicing at multiple binding locations of HNRNPH
was observed. By systematically linking cis-regulatory elements to the synergistic activity
of the trans-acting factor HNRNPH, an additional regulatory layer of alternative splicing
was observed. Finally, the cooperative HNRNPH binding was shown to mediate a splic-
ing switch of RON exon 11. The screening approach provided an unprecedented view of
the complexity of splicing regulation of a single exon. The approach also gave rise to sev-
eral insights into the molecular details of RON alternative splicing which are discussed in

the following sections.

The widespread ever-expanding landscape of splicing-effective mu-

tations

Experimental studies have previously estimated that 30%-60% of human exonic sequences
contains putative cis-regulatory elements (Parmley et al., 2006) (Savisaar et al., 2017a).
An early computational study predicted that alternative exons on average contain 10.2
cis-regulatory 8-mers per 140-nt sequence, which corresponds to 58% of exon positions

involved in splicing regulation (Zhang et al., 2004), implying that the sequences that in-
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fluence splicing may be very abundant in pre-mRNA. Yet, the occurrence of splicing reg-
ulation elements like enhancers and silencers are still vastly underestimated (Hurst et al.,

2017).

In the current study focussed on the RON minigene, we showed that more than 90% of
exon 11 positions affect splicing suggesting that splicing regulation is conferred by most
nucleotides within the alternative exon. In this respect, RON exon 11 is not atypical given
that the other mutagenesis studies report a high density of splicing effective mutations in
CFTR exon 12, SMN1 exon 7, and FAS /CD95 exon 6 (87 bp, 54 bp, and 63 bp respectively)
(Pagani et al., 2005; Mueller et al., 2015; Julien et al., 2016). However, these studies were
done on similar-sized small exons and raise questions on the validity of these insights in
the case of larger exons (Savisaar et al., 2017b). In particular, the previous minigene stud-
ies with shorter exons were considered to overestimate the density of splicing-effective
mutations and computational predictions were thought to be more suitable (Savisaar et
al., 2017b). Nevertheless, in line with aforementioned studies, we found that splicing in-
formation was densely spread in the RON alternative exon. In fact, the length of RON
alternative exon, exon 11 (147 bp) was greater than the median length of a typical human
exon (134 bp), implying that indeed, the compact and dense arrangement of splicing sig-
nals is typical across average sized exons. In summary, splicing regulation is conferred in
a complex way as splicing regulation stems from many more positions in the alternative

exon than previously anticipated.

Many trans-acting factors regulate RON splicing

In the project, the catalogue of trans-acting factors that putatively regulate RON exon 11
splicing were short-listed by three approaches. Firstly, individual KDs of trans-acting fac-
tors from a previously described high-throughput candidate screening approach (Papa-

saikas et al., 2015) resulted in a list of trans-acting factors interacting with RON splicing.
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The idea behind the approach was not to identify de novo regulators but to list out the
strong regulators of RON splicing. Particularly, among the top 5 RBPs affecting RON
regulation, we saw a global shift and a widespread range of splicing effects of mutations
upon the KD of the respective RBPs in the context of the minigene library (Figure 3.23).
We observed that the mutation effects scale non-monotonically with the starting inclu-
sion level of the exon in different RBP KDs (Figure 3.24). This means that the HNRNPH
KD resulted in mutated minigene variants showing different splicing effects based on
their starting control inclusion levels. Two recent studies that dealt with understanding
the behaviour of splice-altering mutations, suggested that exons with intermediate inclu-
sion levels have a higher tendency to be affected by splicing mutations or be alternatively
spliced differently than those exons with maximum or minimum inclusion levels. This
was referred to as the non-monotonic global scaling law (Baeza-Centurion et al., 2019; Ja-
ganathan et al., 2019). As an initial approach, the KD of HNRNPH in the context of the
minigene library in multiple replicates, allowed for the study and synergistic modelling

of HNRNPH-mediated splicing regulation.

The second approach employed an unbiased in-silico prediction and validation of RBPs
regulating RON AE using the ATtRACT database. The high number of putative predicted
factors (76) from the ATtRACT database suggested that RON splicing regulation is more
complex than previously anticipated. However, this led to us to asking whether all these
factors were actively involved in RON splicing regulation. Additionally, multiple trans-
acting factors may share overlapping cis-regulatory elements, which complicates the se-
lection of cis-regulatory elements. Previously, it has been shown that alternative splicing is
highly context- and tissue-specific, which has mainly been attributed to the combinatorial
nature of alternative splicing regulation and cell type-specific RBP expression patterns (Fu
etal., 2014). Furthermore, Jaganathan et al. (2019) suggest that weak or intermediate cryp-
tic splice mutations play central roles in generating tissue specificity. This choice of splice

site usage may depend on its environment; for instance the concentration of RBPs in the
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pool. Hence, the putative predicted factors might compete for binding in a context depen-
dent manner in a restricted sequence space, leading to many trans-acting factors putatively
sharing contiguous cis-regulatory elements. Accordingly, several putative regulators sug-
gested in this work by the ATtRACT database analysis are cell type- or tissue-specifically
expressed and therefore, may result in drawbacks in the predictions of the given binding
site under the experimental conditions. Firstly, the given binding site prediction might not
be fully replicable under specific experimental conditions. Secondly, the binding prefer-
ences of RBPs in the database were generated from in vitro based methods like SELEX
which might be inaccurate in-vivo (Wu et al., 2016) and may not always sufficiently re-
capitulate the role played by cofactors influencing the binding of splicing factors in-vivo.
Furthermore, splicing factors bind to a subset of their natural binding motifs present in
the transcriptome and that their resultant binding is shaped by other cofactors (Sutandy
et al., 2018). Hence, further validation experiments are required in order to confirm these
regulators. In our screening approach, we find a large number of validated regulators re-
capitulating the idea of extensive regulation of RON splicing (Figure 3.22). This finding is
in line with the numerous splicing factors linked to the RON splicing regulatory network,

shown by the Papasaikas et al. (2015) study.

Finally, in order to identify novel regulators of RON splicing that were not considered in
the RBP KD screen (Papasaikas et al., 2015), in-vivo RBP expression and RON splicing was
analysed from TCGA tumour datasets. The association between RBP expression levels
and RON AE PSI was observed for many numerous RBPs, with HNRNPH2 emerging as
the strongest splicing determinant in-vivo (Figure 3.26). In summary, we find that a large
number of trans-acting factors regulate RON splicing, signifying a splicing regulatory net-
work of RON composed of many factors, among which HNRNPH suggesting that RON
splicing regulation is complex and composed of a network of splicing factors instead of
simpler, unit interactions between cis-regulatory elements and individual trans-acting fac-

tors. In addition, combining several approaches for the identification of putative splicing
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regulators results in candidate RBPs that still require downstream validation.

Cooperative regulation in RON splicing is mediated by HNRNPH

A previous study by Dominguez et al. (2010) showed that HNRNPH pre-mRNA targets
harbour multiple G-tract binding sites. In line with this finding, we confirm that HN-
RNPH binds at multiple G-runs (SRBS) and extending or shortening G-runs can affect
RON splicing (Figure 3.29). In addition, we see that mutating individual binding sites of
HNRNPH can recapitulate the full effect of HNRNPH KD in terms of altering AE inclu-
sion. iCLIP experiments showed that individual point mutations alone are potent enough
to alter HNRNPH binding in the cluster 3, and small changes in HNRNPH concentration
led to drastic AE inclusion changes. In tumours, RON exon 11 inclusion shows a particu-
larly steep correlation with HNRNPH?2 expression levels. In summary, these results point
to the extensive regulation of RON splicing mediated by HNRPNH. In fact, we show that
HNRNPH exhibits a cooperative model of splicing regulation in RON. The cooperative
behaviour of HNRNPH is attributed to the structural underpinnings of the process as de-

tailed in this section.

A common feature among splicing factors is that they bind as multimers. For instance,
the polypyrimidine tract-binding protein (PTB or HNRNPI) binds to a long stretch of
polypyrimidine tracts in multimers (Clerte et al., 2006). This preference is attributed to the
modularity of structural features of these proteins, as they possess multiple RRMs which
have both protein-protein and RNA-protein binding affinities in addition to interactions
with other RRMs (Cléry et al., 2008). Indeed, other HNRNP proteins too form multimeric
assemblies and bind along the pre-mRNA (Casas-Finet et al., 1993; Bedard et al., 2004) at
multiple locations via qRRMs (Dominguez et al., 2010). Strikingly, such an assembly is
attributed to oligomerisation of the inherent GY-rich structural domains of HNRNP pro-

teins (Akerman et al., 2009; Gueroussov et al., 2017). Moreover, Van Dusen et al. (2010)
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showed that the glycine/tyrosine (GY)-rich domains are important for oligomerisation
of HNRNPH and in turn, mediate cooperativity, finally resulting in nucleocytoplasmic
shuttling. As a consequence, the cooperative interactions of HNRNPH affect the splicing
regulation of the target pre-mRNAs (Gueroussov et al., 2017) in line with similar coop-
erative behaviour exhibited by other splicing related proteins, such as SF1 and U2AF65
(Berglund et al., 1998; Corioni et al., 2011).

Furthermore in this study, we find that the cooperative regulation of RON splicing enables
a switch-like splicing response. Apart from abnormal disease states, the switch response
might prove beneficial under normal physiological states that require a switch between
two states. A possible scenario that explains this, would be as a switch during human
embryonic development, where a switch occurs between initial rapid cell proliferation
(4th week post-fertilisation) to later organ development (9th week post-fertilisation) (Yi et
al., 2010). In fact, HNRNPH?2 ranks among the top 10% of the genes that are differentially
regulated in this development switch (Yi et al., 2010) which signifies increased RON AE
inclusion and lower RONA165 levels and in turn, reduced cell proliferation and activation
of migratory pathways. In summary, HNRNPH gene expression changes which lead to
the switch-like splicing of RON, may enable the precise modulation of the proliferation

and migration activity of cells during embryogenesis.

Pre-mRNA structural context affects RON splicing regulation

Many studies have detailed on how RNA structures can affect splicing. In one such study,
the splicing activity of RBP MBNL was shown to be dependent on the structural context
i.e the splicing outcome was dependent on the arrangement and number of binding sites
of RBP within unstructured RNA (Taylor et al., 2018). Similarly, it was shown that the
structural context in the target pre-mRNA was crucial for HNRNPH-mediated splicing
(Jablonski et al., 2008).
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While structural studies are outside the purview of the project, the effects of G-quadruplex
forming sequences could still be explored (Figure 3.18 A). Splicing-effective mutations
in the G-runs disrupt or enhance the propensity of G-quadruplex formations and thus
affect splicing regulation of RON (Figure 3.18 A; Figure 4.2). Although, there is uncer-
tainty about the formation of G-quadruplexes (Guo et al., 2016), many studies implicate
these structural elements in regulating splicing regulation. For instance, a G-quadruplex
structure in stem-loop structure within H-Ras pre-mRNA was shown to regulate splic-
ing through interactions with HNRNPH (Camats et al., 2008). Accordingly, a multimeric
assembly and cooperative regulation of HNRNPH might allow remodelling of RNA struc-
tural features, including G-quadruplexes, to maintain them in single-stranded conforma-
tion. In the current study of RON exon 11 AS regulation, this might suggest a dual-state
switching model of splicing regulation where the mode of regulation shifts between an
open and a closed state. A relaxed and open conformation mediated by an HNRNPH
assembly might allow the sequestering of G-runs and thus hinder the formation of the
G-quadruplex. In contrast, in a released state or under low HNRNPH concentration, the
G-runs may readily fold into G-quadruplexes thus explaining the observed switch-like

splicing response upon altered HNRNPH levels (Figure 3.36).

However, it is still unclear if HNRNPH maintains G-quadruplex-forming RNA in single-
stranded conformation or binds to pre-formed G-quadruplex structures. Previous studies
in this regard have attributed both the aforementioned aspects of HNRNPH binding to
G-quadruplexes. In detail, Conlon et al. (2016) showed that G-quadruplex structures are
bound and held together by HNRNPH, where as von Hacht et al. (2014) proposed that
HNRNPH binds and dissolves G-quadruplexes (Hacht et al., 2014; Conlon et al., 2016).
This suggests that splicing regulation by G-quadruplexes may act in a context-dependent
manner and its action may differ in individual targets. In particular, it was shown that
G-quadruplex-resolving helicase DHX36 unwinds G-quadruplexes to allow access of HN-

RNPH/F and that DDX5 and DDX17 interact with HNRNPH /F at G-quadruplex-forming
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sites to mediate splicing regulation (Dardenne et al., 2014; Newman et al., 2017). There-
fore, different modes of regulation seem to be target-dependent and increasing evidence
highlights the importance of G-quadruplexes and associated G-quadruplex-resolving he-
licases in HNRNPH-mediated splicing regulation.

Taken together, cooperativity could be achieved through HNRNPH assemblies on RON
exon 11. In fact, G-quadruplex structures might be involved in the control of RON splic-
ing and their interplay with HNRNPH assemblies might cause the switch-like splicing,
but further studies are required in this regard. Furthermore, our data might help extend
studies on deducing the role of G-quadruplexes, for instance, in the recently developed
high-throughput screens to unravel role of G-quadruplexes in gene regulation and EMT

(Zhang et al., 2019).

Clinical and physiological consequences of splicing-effective muta-

tions

Alternative splicing of the RON receptor kinase plays an active role in cancers of the
breast, pancreas, lung and colon (Ghigna et al., 2005; Mayer et al., 2015; Chakedis et al.,
2016). Among the different RON isoforms produced aberrantly in cancer, the isoform
formed by the skipping of the RON alternative exon 11 ‘RONA165’, promotes tumour
formation by aberrant RON activation (Chakedis et al., 2016). In fact, RONA165 is consis-
tently upregulated in metastatic cancer, and contributes to tumour invasiveness by pro-
moting epithelial-to-mesenchymal transition (Collesi et al., 1996; Zhou et al., 2003; Wang
et al., 2004; Ghigna et al., 2005; Mayer et al., 2015). Hence, targetting the defective splic-
ing mechanisms of RON signalling, involve either antibody-drug conjugates (ADCs) like
Zt/gr-DM1 and H-Zt/g4-MMAE which have been shown to eradicate tumours in-vivo
by inducing RON internalisation (Yao et al., 2006, 2019; Li et al., 2010) or involve ther-
apeutic antibodies (mABs) that bind to RON receptors and block MSP-RON signalling
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pathways (antibody RONS8, Narnatumab, ImClone; O’'Toole et al. (2006)). Although,
the process of RON-antibody binding does affect MSP-RON signalling, constitutive ac-
tivation of RONA165 is not affected as it is ligand independent and tumours expressing
this isoform can escape such therapies (Chakedis et al., 2016). Therefore, more informa-
tion on the splicing impact of mutations on RONA165 pathogenic isoform is required to
advance personalised therapy. Hence, for further directions on targetted therapy, one
might require complete knowledge of the cis-regulatory elements. For instance, the set of
splicing-effective mutations in patients. In this regard, the screen identified a set of ~1,800
mutations of which 778 and 1022 significantly affected splicing in HEK293T and MCF7
cells, respectively (refer Figure 4.2 and Figure 4.3 ). In comparison to previous limited
targetted approaches or computational predictions, the mutagenesis screen resulted in
precise measurements in terms of splicing quantifications. A quantitative measure from
the screening data like AE skipping or inclusion, representing the splicing outcome of mu-
tations can also be used to determine pathogenicity in cancers as the screening captures
in-vivo splicing effects (Figure 3.21; refer Figure 4.2). Importantly, the mutation effects in
the screening approach are reflected in cancer patients harbouring the same mutations. In
detail, two splicing-effective mutations ‘G297A” and ‘G370T” were observed to be present
in tumour patients with increased AE skipping levels of 43% and 34% on average, respec-
tively. The same mutations showed 55% and 31% increased AE skipping levels in the
screening data, respectively. It is evident that ‘G297A’ being a splice site mutation, shows
a strong impact on AE skipping. In contrast, the mutation ‘G370T” is a non-synonymous
mutation and forms a premature termination codon (PTC). PTC-containing mRNAs are
degraded early on through the nonsense-mediated mRNA decay (Nicholson et al., 2010).
As a consequence of which, the alternative exon is not included in the mature mRNA and
AE skipping isoforms are more abundant. These results from the screen direct to us to
a new inverted role of the mutation where by the physiological consequences are them-
selves altered. Thus, instead of forming a less functional receptor, increased RONA165

levels are observed, leading to constitutive receptor activation as shown in previous stud-
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ies (Collesi et al., 1996; Zhou et al., 2003).

Under normal physiological conditions, RON signalling regulates inflammatory immune
response and wound healing in humans (Yao et al., 2013; Faham et al., 2016). Moreover,
RON mRNA is lowly transcribed in many epithelial cells (Gaudino et al., 1994, 1995; re-
fer introduction). Consequently, the read coverage for RON expression profiles in pub-
licly available genome-wide sequencing data is low or zero (GTEX; Carithers et al., 2015;
DeLuca et al., 2015) in accordance with its low expression levels (Wang et al., 1996). There-
fore, alternative approaches are necessitated in order to assess the role of mutations within
RON. In this regard, the mutagenesis screening approach provides quantitative splicing
data for mutations affecting RON splicing. Taken together, the potential results from the
screening approach will be helpful in training in-silico splicing prediction algorithms in

the future and thereby, assist in clinical diagnosis of potential harmful mutations.

Significance of intronic and synonymous mutations in disease

Intronic mutations, including cryptic splice mutations, have been recently implicated in
several cancers (Supek et al.,, 2014; Jung et al.,, 2015). In our study, intronic splicing-
effective positions, even those with only a 5% change in isoform frequency, showed an
increased evolutionary conservation compared to non-effective positions in MCF7 cells
(Figure 3.15). Strong evolutionary conservation in the intronic splicing-effective positions
could signify their relevance in mediating splicing deregulation in cancer. Moreover, ef-
fects of splicing-effective mutations from the screening approach recapitulates strong in-

vivo splicing effects in cancers (Figure 3.21).

In addition, we saw that splicing-effective mutations distribute in proportion among the
synonymous and non-synonymous mutations (Table 4.2), implying the equally potent
deleterious role of synonymous mutations. However, synonymous mutations were pre-

viously considered as silent mutations (Greenman et al., 2006) and have been limited to
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fewer studies (Gotea et al., 2015). The role of evolutionary pressures on selecting synony-
mous variants have been observed both in normal (Savisaar et al., 2018) and cancer cells
(Gartner et al., 2013; Supek et al., 2014). In line with this finding, we identify several syn-
onymous mutations present in cancer patients with a possible deleterious splice-altering

role (Figure 3.20).

These mutations do not alter the encoded protein content, but disrupt function through
alternative splicing by inverting their functional or coding role. Such mutations might
prove helpful in potential functional variant reclassification efforts (Cummings et al.,
2017). Additionally, synonymous mutations have been previously implicated in altering
HNRNPH2 binding sites in oncogenes, thus leading to tumour progression (Supek et al.,
2014). In our study, exonic mutations at the AE cluster (cluster 3; SRBS 10-14), destroyed
HNRNPH binding sites and led to decreased AE skipping (Figure 3.30). However,
intronic mutations altering HNRNPH binding sites, particularly in SRBS cluster 2 and 5,
promoted increased levels of the pathogenic AE skipping isoform, in contrast to reduced
AE skipping on a system-wide scale upon HNRNPH KD (Figure 3.31). Hence synony-
mous mutations can alter HNRNPH binding, thus causing a deregulation of alternative
splicing. In summary, the screening approach underscores the functional relevance
of splicing-effective mutations and positions either intronic or/and synonymous that
affect splicing in cancers. In particular, intronic mutations that cause cryptic splice site
activations in disease could help identify unclassified variants (Findlay et al., 2018) and

potentially benefit patients with severe genetic disorders (Bao et al., 2019).

Technical limitations of other studies

Many previous mutagenesis approaches were found lacking because of technology draw-
backs at the time of study; such as limitation in oligonucleotide synthesis technology

(Soemedi et al., 2017), which led to the study of mutation effects in short exons (<100
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nt in length). Recent mutagenesis studies have examined the regulatory role of RNA
sequences in a detailed manner (Mueller et al., 2015; Julien et al., 2016; Ke et al., 2018).
However, these approaches were limited by only targetting mutations in a short synthetic
spacer region or exons alone. Additionally, computational models that predict alternative
splicing outcomes from sequences exist, for instance, percent spliced-in (PSI) predictions
in SPIDEX (SPANR tool) (Xiong et al., 2015). However, predictive models may not be
specific to tissue-types, where as splicing is indeed tissue-specific and requires minigene
experimental data to run validation studies (Cheng et al., 2019). Hence, in-vivo splicing
effects, derived from the screening approach, can be useful in updating and validating
in-silico based predictive models (Baralle et al., 2017). Besides, splicing is shown to be ex-
tensively regulated by numerous cis-regulatory elements and both splice-enhancing and
-silencing sequences frequently overlap. This presents a challenge as to how splicing reg-
ulation is organised and offers an explanation on the difficulty of predicting mutation
effects (Grodecka et al., 2017). In comparison to all these studies, our study enabled a
systematic quantification of mutation effects in intronic positions and showed that in ad-
dition to exons, a large number of positions within the introns of the RON minigene me-
diate splicing regulation. The average human introns are 3.3 kb long (Lander et al., 2001).
In contrast, the introns flanking the AE of the RON minigene are much smaller in size
(~80 bp). This in turn, enables a compact arrangement of splicing regulation signals in the
atypically short introns. Thus, results from the screen still extend to other models albeit

with short range interactions between the splicing signals.

Off-late, intronic regions are of special interest as cryptic splice mutations are involved
in cancer (Supek et al., 2014; Jung et al., 2015) and the role of new cryptic splice sites in
disease remain less understood. However, clinical sequencing has focused on rare coding
mutations, largely disregarding variation in the non-coding genome due to the difficulty
of interpretation (Jaganathan et al., 2019). Thus, in-silico prediction tools so far have not

been rigorous enough to warrant a clinical diagnostic standard and instead compact muta-
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genesis studies are required to better understand splicing regulation (Baralle et al., 2017).
Although newer approaches involving deep learning have led to promising discoveries,
they still present potential problems. Jaganathan et al. (2019) showed that, while deep
learning can automatically extract sequence features that are not well described by hu-
man experts, it still incorporates features that do not reflect the true behaviour of the
spliceosome. These features have been shown to reduce the accuracy of predicting the
splice-altering effects induced by genetic variation. Along with these drawbacks, com-
plex interaction effects such as synergistic effects between the KD of an interacting RBP
and mutations, are difficult to model by deep learning methods (Han et al., 2005). In con-
trast, our models allowed the identification of synergistic interactions of mutations with
the HNRNPH KD data and enabled us to pinpoint the functionally relevant HNRNPH
binding sites in RON. Moreover, we were able to probe motif interactions via mutations of
SRBS along with their relative locations and distances, in relation to RON exon 11. In sum-
mary, as an extension to previous approaches where splicing regulatory elements within
introns have not been systematically studied (Mueller et al., 2015; Julien et al., 2016; Ke et
al., 2018), our approach enables the comprehensive study of positions that mediate splic-
ing regulation both within the introns and exons. Furthermore, synergy analysis allows
the identification of the most functionally relevant binding sites of RBPs and extends pre-

vious information on RBP regulation mechanisms.
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Outlook

Other minigenes and approaches

The current study resulted in several novel insights into the sequence determinants and
splicing regulation of RON alternative exon. As an extension of the project, currently,
other minigene models are being investigated upon using the screening approach. In par-
ticular, random mutagenesis studies of minigenes derived from BRCA2, Ddx21 (mouse)
and CD19 genes have been initiated. In detail, the BRCA2 minigene consisted of repeat el-
ements leading to exonisation of intronic elements and the resulting malformed isoforms
have been implicated in adenocarcinomas. The CD19 minigene model with the Exon 2
skipping pathological isoform is associated with leukemia in patients. In comparison, the
Ddx21 minigene would be employed in understanding the regulatory role of sequence
determinants in alternative polyadenylation. For reasons of initial prototyping during
the purview of our study, it was imperative that a splicing minigene model limited to the
confines of current sequencing technology be chosen. This resulted in the selection of the
smaller sized RON minigene model and the short-read Illumina MiSeq for the sequencing
of the RON minigene library. However, the next generation of sequencing technologies
like the SMRT sequencing technology of Pacific Biosciences or Nanopore sequencing by
Oxford Nanopore Technologies (Clarke et al., 2009; Eid et al., 2009) have come of age and
are already in vogue (Ardui et al., 2018). Besides, Fuselli et al. (2018) previously used a



129

combination approach in which problematic regions in long reads were resequenced with
short read technology to adjust for any errors from long reads. Hence, these newly con-
sidered minigenes can be employed for library generation using these technologies. The
brighter outlook is not only in terms of reducing costs of reagents but also computational
resources, since it is less cumbersome and more efficient to align longer reads (Ardui et

al., 2018).

In addition to SNVs, our approach also enables the quantification of the splicing effects
of insertions and deletions (INDELS). In particular, a frameshift-causing indel may intro-
duce pre-mature termination codon (PTC) into the mRNA and elicit non-sense mediated
decay (NMD) (Lykke-Andersen et al., 2015) and indeed, many such isoforms may not be
recovered by RNA-seq. Nevertheless, when mRNAs containing INDELS are translatable
into aberrant protein products (pseudo-mRNAs), they may induce deregulation of splic-
ing such as exon skipping by disruption of exon splicing enhancers (Tuladhar et al., 2019).
INDELS were unexplored in the context of RON exon 11 splicing study as the study was
optimised for single nucleotide variations and INDELS were not covered sufficiently by
multiple plasmids. The regulatory effects of INDELS on splicing could be further explored

as a next step in future screening approaches.

Another direction where more insights could be obtained, is from analysing the structural
features of the minigene models and its correlation to splicing regulation. In light of the
finding that only a small set of RN A binding motifs exist with low complexity (Dominguez
et al., 2018), other contextual features such as flanking composition and RNA stucture
play a prominent role in in deciding in which RBP finally elicits its splicing regulatory
role. It was prevously shown that the structural context of pre-mRNA, in terms of the
positional arrangement of its regulatory motifs in RNA hairpins, can influence the binding
of RBPs and hence mediate splicing regulation (Taylor et al., 2018). Accordingly, models
that predict RNA stability from sequence (Shi et al., 2015, 2018; Xu et al., 2016; Cheng et

al., 2017) could be integrated to the screening approach to analyse splicing regulation in
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the context of RNA stability. Additionally, there needs to be more effort to learn relevant
motifs not just from sequence features, but from additional features from other layers such
as RBP kinetics (Sutandy et al., 2018). Moreover, chromatin modifications are known to
affect splicing regulation in a significant manner (Kolasinska-Zwierz et al., 2009; Wang
et al., 2015). Hence, the approach could possibly benefit from models taking chromatin

states (histone accessibility scores) into account.

Recently, it has been shown that deep learning techniques may be particularly well suited
to solve problems of big data biology (Ching et al., 2018). Especially in the context of al-
ternative splicing regulation, recent studies offered new insights into the pathogenic roles
of noncoding sequence variants, which were previously of unknown clinical significance
(Baeza-Centurion et al., 2019; Jaganathan et al., 2019). In light of these findings, our data
may help assess the disease relevance of mutations in clinical diagnostics and may addi-
tionally be used to train in-silico splicing prediction tools. Furthermore, where a single
model may be insufficient to predict splicing-effective variants with high accuracy, Avsec
et al. (2019) provides the Kipoi repository where multiple machine learning models may
be employed in unison resulting in better accuracy. Taken together, our study shows that
the combination of bioinformatics, mathematical modelling and experimental approaches
lead to several insights into splicing regulation and thereby, such integrated approaches

will provide for a deeper understanding of the splicing code.
Synergy analysis of other trans-acting proteins

Further studies to decipher the complete splicing regulatory network could be under-
taken, by which many more trans-acting factors that interact strongly with RON splicing
can be identified. Our study showed that RON splicing is regulated by multiple trans-
acting factors and shows a non-monotonic synergistic behaviour when KD in the context
of the minigene library (synergy analysis). Since, synergy analysis allows detection of
functionally most relevant binding sites, assaying further regulators will enable to link

additional trans-acting factors to their cognate cis-regulatory elements. Comprehensive
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analysis of similarities in the recruitment patterns along the minigene for a large number
of trans-acting factors is expected to allow reconstruction of the full RON splicing regula-
tory network. This is attributed to the assumption that KD of factors that act in the same

molecular complex should display synergies with the same set of cis-regulatory elements.
Other splicing switches mediated by HNRNPH

A more comprehensive analysis of other linear and switch-like splicing responses could
be undertaken, from a deeper study of all the events that mediate HNRNPH cooperative
splicing regulation. In order to investigate this, we generated transcriptome-wide RNA-
seq datasets from cells with gradually changing HNRNPH levels. The RNA-seq dataset
will be further used to determine the link between G-quadruplexes and cooperative HN-
RNPH splicing regulation in the studied events, in light of previous studies linking HN-
RNPH splicing regulation to G-quadruplexes (Bedrat et al., 2016; Kwok et al., 2016).

Need for further studies of RON splicing regulation

Although, AS plays an important role in every hallmark of cancer, it is rarely examined
in either profiling of tumours or in biomarker and drug development in oncology. In
fact, this is attributed to the difficulty in analysing splicing regulation data and a lack of
partnership between bioinformaticians and cancer researchers (Robinson et al., 2019). In
particular, the RON receptor tyrosine kinase has been recently shown to be a predictive
marker for aggressive prostate cancer in African Americans (Bedolla et al., 2019) and drugs
that internalise the receptor, like H-Zt/ g4-MMAE have been in current development (Yao
et al.,, 2019). Although there is some interest in these studies, there needs to be a renewed

impetus to identify the complete role of RON splicing deregulation in cancers.
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Abbreviations

Table 4.1: List of abbreviations

ADC
AE
AS
BMLS

BSA

cDNA
CI
ctrl

DNA
DNA-seq
dNTP
E. coli

EMT

FDR

Adenine
Antibody-drug conjugates
Alternative exon

Alternative splicing

Buchmann Institute for Molecular Life Sciences

Bovine serum albumin
Cytosine
Complementary DNA
Confidence interval

Control

Deoxyribonucleic acid
DNA-sequencing

Deoxy nucleoside triphosphate
Escherichia coli

Epithelial to mesenchymal transition

False discovery rate
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Table 4.1: List of abbreviations (continued)

fwd Forward

G Guanine

GFP Green fluorescent protein

iCLIP Individual-nucleotide resolution UV crosslinking and immunoprecipitation
IMB Institute of Molecular Biology

iMM Instituto de Medicina Molecular

INDELS Insertions and Deletions

IR Intron retention

KD Knockdown

mRNA Messenger ribonucleic acid

MSP Macrophage-stimulating protein
MST1 Macrophage-stimulating 1
MSTIR Macrophage-stimulating protein receptor
N Any nucleotide

NMD Non-sense Mediated Decay

No. Number

nt Nucleotide

PBS Phosphate Buffered Saline

PCR Polymerase chain reaction

pre-mRNA  Precursor messenger ribonucleic acid

PTC Premature termination codon
qRRM Quasi RNA recognition motif
RBP RNA binding protein

rev Reverse

RNA Ribonucleic acid
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Table 4.1: List of abbreviations (continued)

RNA-seq  RNA-sequencing

RON Recepteur dOrigine Nantais
RRM RNA recognition motif
RT-PCR Reverse transcription PCR

RT-qPCR  Real-time quantitative reverse transcription PCR
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
siRNA small interfering RNA

SRBS Splicing-regulatory binding site
T Thymine

TCGA The Cancer Genome Atlas
TPM Transcripts Per Million

U Uracil

wt Wild type
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HEK293T MCEF7 - control MCF7 - HNRNPH KD
rep 1 | rep 2 | rep 3 rep 1 | rep 2 | rep 3 rep 1 | rep 2 | rep 3

General information

internal ID imb_koenig_2015_13 imb_koenig_2016_07 imb_koenig_2016_08
initial 17,261, | 19,501, | 18,166, | 19,103, | 17,132, | 22,075, | 17,956, | 19,551, | 21,9301
reads 922 750 077 473 590 639 862 048 73
minigenes | 5697 | 5645 | 5623 | 5680 | 5680 | 5684 | 568 | 5700 5,683
wt 586 586 586 586 586 586 586 586 586
mlmgenes
unique
mutation | 4,938 | 4886 | 4,865 | 4,923 | 4,923 | 4,927 | 4929 | 4,942 4,926
comb.
Model input
comb.used |\ 5oy | yuer | a4z | a2 | 4678 | 4650 | 4763 | 4771 4,739
by model
excluded 367 419 393 251 245 277 166 171 | g7 49)
comb. (7%) (9%) (8%) (5%) (5%) (6%) (3%) (3%) ?
singlets 606 603 603 612 608 609 613 613 613
doublets 1,000 | 1,000 | 1,001 1,023 | 1,025 1,021 1,034 | 1,032 1,030
triplets 869 859 858 891 888 886 910 909 905

Model output

mutations 504 | 2,033 | 2,032 | 2088 | 2040 | 2,041 | 2,039 | 2042 | 2040
in dataset
iﬁ’;ﬁfgg 1,942 | 1,915 | 1,915 | 1,97 | 195 | 1,957 | 1972 | 1,974 1,974
oot 95%) | (94%) | (94%) | (96%) | (96%) | (96%) | (97%) | (97%) | (97%)
Posiﬁons in 1 680 679 680 680 680 680 680 680 680
ataset
esggﬁd 676 675 676 677 677 677 677 677 677
D tocts | (99:4%) | (99.6%) | (99.4%) | (99.6%) | (99.6%) | (99.6%) | (99.6%) | (99.6%) | (99.6%)

Figure 4.1: Information on the input and output data of the mathematical model on the
different RNA-seq replicates. For each RNA-seq replicate (rep), the internal library iden-
tifier is given together with information on the number of total and wt minigene variants
detected in each dataset, the number of unique mutation combinations (differentiated into
those used or excluded from the model analysis; refer Table 4.5) as well as the used single-
/ double-/triple-mutation combinations (singlets/doublets/triplets, respectively). Out-
put information summarises the mutation and position effects that can be estimated by
the model in relation to all mutations and mutated positions represented in each dataset.
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exon10 | intron10 | exon 11 | intron 11 | exon 12 in;rzon total
mutations 555 261 441 240 498 42 2037
measured 487 224 381 190 430 35 1747
(87.8%) | (85.8%) | (86.4%) | (79.2%) | (86.4%) | (83.3%) | (85.8%)
any 117 118 270 108 144 21 778
isoform (23.4%) (51.5%) (70.0%) (55.1%) (32.7%) (60.0%) | (43.5%)
AE 100 111 263 87 92 19 672
inclusion | (20.5%) | (49.6%) | (69.0%) | (45.8%) | (21.4%) | (54.3%) | (38.5%)
AE 20 67 185 53 29 9 363
skipping (4.1%) (29.9%) (48.6%) (27.9%) (6.7%) (25.7%) | (20.8%)
first IR 2 6 3 0 4 2 17
(0.4%) (2.7%) (0.8%) (0.0%) 0.9%) (5.7%) (1.0%)
second IR 0 1 0 3 6 10 20
(0.0%) (0.5%) (0.0%) (1.6%) (1.4%) (28.6%) (1.1%)
full IR 70 74 107 79 113 16 459
(14.4%) (33%) (28.1%) (41.6%) (26.3%) (45.7%) | (26.3%)
; other 0 0 2 4 1 0 7
xX (0.0%) (0.0%) (0.5%) (2.1%) (0.2%) (0.0%) | (0.4%)
N
E positions 185 87 147 80 166 14 679
184 87 147 77 166 14 675
measured

(99.5%) | (100.0%) | (100.0%) | (96.2%) | (100.0%) | (100.0%) | (99.4%)

any 92 67 134 64 99 13 469
isoform | (49.7%) | (77.0%) | (912%) | (82.1%) | (59.6%) | (92.9%) | (69.3%)
AE 81 63 134 53 73 12 416
inclusion | (44.0%) | (72.4%) | (91.2%) | (68.8%) | (44.0%) | (85.7%) | (61.6%)
AE 20 42 110 32 28 4 236
skipping | (10.9%) | (48.3%) | (74.8%) | (41.6%) | (16.9%) | (28.6%) | (35.0%)
first IR 2 4 3 0 4 2 15
11%) | “4.6%) | .0%) | (00%) | (24%) | (14.3%) | (2.2%)

cecond IR 0 1 0 3 6 5 15
0.0%) | (12%) | 00%) | B9%) | (3.6%) | (35.7%) | (2.2%)

ull IR 59 48 70 53 82 11 323
(32.1%) | (55.2%) | (47.6%) | (68.8%) | (49.4%) | (78.6%) | (47.9%)

others 0 0 2 4 1 0 7
(0.0%) (0.0%) (1.4%) (52%) | (0.6%) | (0.0%) | (1.0%)

Figure 4.2: Splicing-effective mutations and positions per region in the RON minigene in
HEK293T cells.
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exon10 | intron10 | exon11 | intron 11 | exon 12 | intron 12 total
mutations 555 261 441 240 498 42 2037
measured 501 229 386 196 440 35 1787
(90.3%) (87.7%) (87.5%) (81.7%) (88.4%) (83.3%) | (87.7%)
any
isoform 150 149 300 137 264 22 1022
(29.9%) (65.1%) (77.7%) (70.0%) (60.0%) (62.9%) | (67.2%)
AE
inclusion 81 115 260 99 91 16 662
(16.2%) (50.2%) (67.4%) (50.5%) (20.7%) 45.7%) | (37.1%)
AE
skipping 86 125 271 102 217 18 819
17.2%) (54.6%) (70.2%) (52.0%) (49.3%) (51.4%) | (45.8%)
first IR 5 14 5 3 6 0 33
(1.0%) (6.1%) (1.3%) (1.5%) (1.4%) (0.0%) (1.9%)
second IR 1 2 12 7 15 11 48
(0.2%) (0.9%) (3.1%) (3.6%) (3.4%) (31.4%) 2.7%)
full IR
79 63 62 82 185 16 487
(15.8%) (27.5%) (16.1%) (41.8%) (42.1%) 45.7%) | (27.3%)
.| other 3 2 8 13 0 40
Ej (0.6%) (0.9%) (2.1%) 14 (7.1%) | (3.0%) (0.0%) (2.2%)
= positions 185 87 147 80 166 14 679
measured 185 87 147 78 166 14 677
(100.0%) | (100.0%) | (100.0%) | (97.5%) | (100.0%) | (100.0%) | (99.7%)
any 108 74 139 70 147 12 550
isoform (58.4%) (85.1%) (94.6%) (89.7%) (88.6%) (85.7%) | (81.2%)
AE 72 62 136 57 73 11 411
inclusion | (39.0%) | (71.3%) | (92.5%) | (73.1%) | (44.0%) | (78.6%) | (60.7%)
AE 71 65 131 58 136 9 470
skipping (38.4%) (74.7%) (89.1%) (74.4%) (81.9%) (64.3%) | (69.4%)
first IR 5 11 5 3 6 0 30
Q7%) | (12.6%) (3.4%) (3.9%) (3.6%) (0.0%) (4.4%)
second IR 1 2 11 6 13 6 39
(0.5%) (2.3%) (7.5%) (7.7%) (7.8%) (42.9%) (5.8%)
full IR 63 44 47 55 116 10 335
(34.1%) (50.6%) (32.0%) (70.5%) (69.9%) (71.4%) | (49.5%)
others 3 1 8 12 9 0 33
(1.6%) (1.2%) (5.4%) (15.4%) (5.4%) (0.0%) (4.9%)

Figure 4.3: Splicing-effective mutations and positions per region in the RON minigene in
MCF7 cells.
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exon10 | intron10 | exon11 | intron11 | exon 12 | intron 12 total

mutations 555 261 441 240 498 42 2037

501 229 386 196 440 35 1787

measured (90.3%) | (87.7%) | (87.5%) | (81.7%) | (88.4%) | (83.3%) | (87.7%)

any 73 50 147 63 63 13 409
isoform (14.6%) (21.8%) (38.1%) (32.1%) | (14.3%) (37.1%) | (22.9%)
AE 39 30 112 24 40 5 250
skipping | (53.4%) (60%) (76.2%) (38.1%) (63.5%) (38.5%) | (61.1%)
first 10 6 6 5 9 2 38

IR (13.7%) (12%) (4.1%) (7.9%) (14.3%) (15.4%) (9.3%)
second 10 12 10 6 8 1 47

IR (13.7%) (24%) (6.8%) (9.5%) (12.7%) (7.7%) (11.5%)
full 30 24 56 19 18 5 152

IR (41.1%) (48%) (38.1%) (30.2%) (28.6%) (38.5%) | (37.2%)
other 21 23 65 39 12 4 164

(28.8%) (46%) (44.2%) | (61.9%) (19%) (30.8%) | (40.1%)

positions 185 87 147 80 166 14 679

185 87 147 78 166 14 677
(100%) (100%) (100%) (97.5%) (100%) (100%) | (99.7%)

measured

MCEF?7 - synergistic interactions with HNRNPH knockdown

any 63 38 98 46 58 9 312
isoform (34.1%) (43.7%) (66.7%) (59%) (34.9%) (64.3%) | (46.1%)
AE 36 24 74 20 38 4 196
Skipping | (57.1%) (63.2%) (75.5%) (43.5%) (65.5%) (44.4%) | (62.8%)
first 10 5 6 5 9 2 37

IR (15.9%) (13.2%) (6.1%) (10.9%) (15.5%) (22.2%) | (11.9%)
second 10 11 9 6 8 1 45

IR (15.9%) (28.9%) (9.2%) (13%) (13.8%) (11.1%) | (14.4%)
full 29 22 47 13 18 5 134

IR (46%) (57.9%) (48%) (28.3%) (31%) (55.6%) | (42.9%)
other 21 19 47 31 11 3 132

(33.3%) (50%) (48%) (67.4%) (19%) (33.3%) | (42.3%)

Figure 4.4: Synergistic interactions of mutations and positions per region in the RON mini-
gene in MCF7 cells under HNRNPH KD.



Table 4.2: Significant splicing-regulatory effects are ob-

served with equal frequency among synonymous and

non-synonymous mutations.
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Mutations effective mutations non-effective percentage of effective mutations
mutations

non-synonymous 312 568
synonymous 135 272

Table 4.3: List of top ten RBPs whose expression levels

show strongest association with RON AE PSI levels in

tumour samples from TCGA.
gene ensembl-ID Spearman-correlation regression-slope p-value FDR
CDK10 ENSG00000185324 0.21 0.04 9.1e-47 8.7e-45
NXF1 ENSG00000162231 0.19 0.03 6.6e-38 4.2e-36
SNRNP70  ENSG00000104852 0.18 0.03 1.2e-32 4.7e-31
PRPF31 ENSG00000105618 0.17 0.03 1.3e-30 4.2e-29
PAXBP1 ENSG00000159086 0.16 0.03 7.3e-28 1.7e-26
PRPF4 ENSG00000136875 -0.15 -0.02 2.4e-25 3.9e-24
HNRNPF  ENSG00000169813 -0.15 -0.03 1.7e-25 2.9e-24
DHX8 ENSG00000067596 -0.16 -0.03 4.5e-29 1.2e-27
SLU7 ENSG00000164609 -0.18 -0.03 1.3e-33 6.2e-32
HNRNPH2 ENSG00000126945 -0.27 -0.04 1.0e-73  2.0e-71




Table 4.4: Mutation effects on RON exon 11 splicing in can-

cer patients.
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Mutation Genomic Cohort A B C D E F

position

(hg19)
G43T chr3:49933795 BLCA 242 1 26.50 -17.76  -17.76  -5.52
G56A chr3:49933782 COAD 281 1 76.50 9.64 9.64 0.58
Gh6T chr3:49933782 SKCM 44 1 26.00 -6.06 -6.06 5.32
G76T chr3:49933762 CESC 247 1 181.50 -1.52 -1.52 0.45
GS81A chr3:49933757 BLCA 242 1 39.50 13.96 13.96 2.48
G103T chr3:49933735 HNSC 423 1 19.00 NA NA NA
A118T chr3:49933720 OV 175 1 14.50 NA NA NA
C119A chr3:49933719 ESCA 172 1 29750 -17.75 -17.75 -10.85
C124T chr3:49933714 LUAD 444 1 138.00 2.78 2.78 -2.62
C133T chr3:49933705 STAD 391 1 39.00 -3.52 -3.52 -1.02
Cl44A chr3:49933694 OV 178 1 23.50 NA NA NA
G221T chr3:49933617 HNSC 423 1 21.50 NA NA NA
G222A chr3:49933616 BRCA 778 1 18.00 NA NA NA
G222T chr3:49933616 COAD 281 1 87.50 -21.58  -21.58  0.02
G242T chr3:49933596 THYM 49 1 16.00 NA NA NA
A246G chr3:49933592 STAD 391 1 95.50 -3.45 -3.45 17.55
T277G chr3:49933561 BLCA 242 6 46.00 5.74 1.20 14.85
T277G chr3:49933561 PAAD 159 1 63.00 -10.56  1.20 14.85
T277G chr3:49933561 OV 175 8 29.81 3.02 1.20 14.85
T277G chr3:49933561 BRCA 739 8 27.44 -3.45 1.20 14.85
T277G chr3:49933561 LUSC 268 9 34.61 -2.96 1.20 14.85
T277G chr3:49933561 CESC 247 10 46.55 4.12 1.20 14.85
T277G chr3:49933561 KIRC 5 1 10.00 NA NA NA
T277G chr3:49933561 KIRP 45 1 11.50 NA NA NA
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Mutation Genomic Cohort A B C D E F

position

(hg19)
T277G chr3:49933561 THCA 271 12 22.62 NA NA NA
T277G chr3:49933561 LUAD 444 15 51.93 494 1.20 14.85
T277G chr3:49933561 STAD 391 4 127.50 4.12 1.20 14.85
T277G chr3:49933561 HNSC 423 18 45.31 -1.72 1.20 14.85
C278G chr3:49933560 STAD 391 1 99.00 10.70 10.70 11.08
C287T chr3:49933551 SKCM 44 1 12.00 NA NA NA
G297A chr3:49933541 THCA 271 1 25.00 42.96 42.96 54.65
C345A chr3:49933493 SKCM 44 2 27.00 -3.98 -3.98 17.82
G348T chr3:49933490 HNSC 423 1 21.00 NA 0.00 NA
G370T chr3:49933468 HNSC 423 1 74.50 34.37 34.37 31.32
C375A chr3:49933463 CESC 247 1 116.00 10.35 10.35 15.38
C376A chr3:49933462 OV 178 1 23.50 NA NA NA
G381A chr3:49933457 CESC 247 1 16.00 NA NA NA
C398A chr3:49933440 HNSC 423 1 34.50 -2.20 -2.20 -4.75
C398A chr3:49933440 SKCM 44 1 16.00 NA NA NA
C403T chr3:49933435 LUSC 268 1 44.00 7.62 7.62 -5.28
C406A chr3:49933432 SKCM 44 1 15.50 NA NA NA
C411A chr3:49933427 HNSC 423 1 34.50 -2.20 -2.20 -14.08
C437A chr3:49933401 HNSC 423 1 44.50 -4.87 -4.87 -3.78
G471A chr3:49933367 DLBC 3 1 57.00 17.14 17.14 11.28
C478T chr3:49933360 BRCA 739 1 30.50 -17.15  -9.00 0.02
C478T chr3:49933360 COAD 281 1 66.00 -0.85 -9.00 0.02
G479T chr3:49933359 HNSC 423 1 24.00 NA NA NA
G479T chr3:49933359 SKCM 44 1 11.50 NA NA NA
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Mutation Genomic Cohort A B C D E F

position

(hg19)
G499T chr3:49933339 BLCA 242 1 44.50 0.14 0.14 -2.08
G500T chr3:49933338 LUSC 268 1 55.00 -14.19 -1419 552
Ab47T chr3:49933291 UCEC 61 1 22.00 NA NA NA
AB49G chr3:49933289 CESC 247 1 43.00 -2.26 -2.26 0.68
G568A chr3:49933270 BLCA 242 1 11.50 NA NA NA
G579T chr3:49933259 BLCA 242 1 36.00 18.15 18.15 -4.25
G582A chr3:49933256 COAD 281 1 32.00 -13.73  -13.73  -14.02
G582T chr3:49933256 THCA 271 1 18.00 NA NA NA
C587A chr3:49933251 HNSC 423 1 19.00 NA NA NA
G599A chr3:49933239 HNSC 423 1 15.00 NA NA NA
C602T chr3:49933236 COAD 281 1 47.00 -8.94 -8.94 -0.58
C615A chr3:49933223 BRCA 739 1 19.50 NA NA NA
G636T chr3:49933202 BLCA 242 1 23.00 NA NA NA
C640G chr3:49933198 THCA 271 1 24.50 -29.04 -7.81 -14.82
C640G chr3:49933198 HNSC 423 1 40.00 13.42 -7.81 -14.82
C646A chr3:49933192 BRCA 739 1 56.00 -27.60 -27.60 -5.88
C646A chr3:49933192 LIHC 24 1 21.00 NA NA NA
C646T chr3:49933192 CESC 247 1 87.50 -5.02 -5.02 -16.12
G656T chr3:49933182 BRCA 739 1 39.00 -4.21 -4.21 0.48
G676T chr3:49933162 SKCM 44 1 25.00 -9.29 -9.29 -11.18
G690T chr3:49933148 SKCM 44 1 26.00 -6.06 -6.06 -15.18
T692C chr3:49933146 COAD 281 1 60.00 -3.73 -3.73 -25.42
A694G chr3:49933144 COAD 281 1 133.50 3.97 3.97 -24.05
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Information on 51 mutations that are present in tumours but not matched normal sam-
ples from 153 patients in The Cancer Genome Atlas(TCGA), including the mutation, its
genomic coordinate (human genome version hg38), the tumour cohort of the patient
with the total number of patients and of mutation-bearing patients therein, the number
of RNA-seq reads supporting the PSI in the TCGA samples (average across mutation-
bearing samples from the cohort), as well as changes in alternative exon (AE) skipping
from TCGA (in 1-PSI) and the screen (in % isoform frequency). Abbreviations of cancer
types: BLCA, Bladder Urothelial Carcinoma; BRCA, Breast Invasive Carcinoma; CESC,
Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma; COAD, Colon
Adenocarcinoma; DLBC, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; ESCA,
Esophageal Carcinoma; HNSC, Head-Neck Squamous Cell Carcinoma; KIRC, Kidney
Renal Clear Cell Carcinoma; KIRP, Kidney Renal Papillary Cell Carcinoma; LIHC, Liver
Hepatocellular Carcinoma; LUAD, Lung Adenocarcinoma; LUSC, Lung Squamous Cell
Carcinoma; OV, Ovarian Serous Cystadenocarcinoma; PAAD, Pancreatic Adenocarci-
noma; SKCM, Skin Cutaneous Melanoma; STAD, Stomach Adenocarcinoma; THCA,
Thyroid Carcinoma; THYM, Thymoma; UCEC, Uterine Corpus Endometrial Carcinoma.
Only mutations from cohorts with more than 24 supporting reads on average were used
in (Figure 3.21 A). Columns A, B, C, D, E and F stand for ‘Total patients’, ‘Patients with
mutation’, ‘Average supporting reads’, “AAE skipping (1-PSI; TCGA), ‘AAE skipping
weighted average (1-PSI; TCGA)', “AAE skipping (our screen)’ respectively. NA implies

no value available.
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mutation type position occurrence A B C D E F
A219C SNV chr3:49933619 1 -38.32 4359  -1.69 -2.30 -0.90 -0.18
A224C SNV  chr3:49933614 1 -54.57 6448  -5.66 -3.50 -1.58 1.09
A299C SNV chr3:49933539 1 -61.30 67.03  -13.64 -4.63 -1.83 14.58
A371C SNV chr3:49933467 1 -61.58 73.65  -4.39 -4.77 -1.63 -1.01
A428T SNV chr3:49933410 10 -53.06 9.40 4.35 -4.67 3.27 30.67
A475C SNV chr3:49933363 -61.39  59.61 10.02  -4.71 -1.69 -1.69
A506C SNV chr3:49933332 1 -60.67 17.99 3267 -4.70 8.14 6.49
A506G SNV chr3:49933332 20 -60.73  -2.88 3299 471 19.19 13.14
A513C SNV  chr3:49933325 4 -7.78 -1.31 -3.30 -1.72 1.31 5.56
AB23G SNV  chr3:49933315 33 -60.81  -7.89 2492 471 1345 3740
A523T SNV  chr3:49933315 21 -61.26  -7.94 2.57 -4.72 4.75 66.95
A535C SNV chr3:49933303 1 -60.13  -7.90 2750  -4.77 2340  21.09
AB42T SNV  chr3:49933296 10 -7.56 -0.98 2.34 -1.71 0.51 497
A549T SNV  chr3:49933289 4 -4.55 1.28 -0.10 -0.69 0.68 4.20
A560G SNV  chr3:49933278 18 -41.83  -7.65 1538  -4.18 7.62 29.98
AG296A DEL chr3:49933542 1 -60.75 1144  5.07 0.31 -1.72 45.20
AG523A  DEL chr3:49933315 1 -60.78  -7.75 1297  -4.74 4.80 55.15
C135CT INS  chr3:49933703 1 1.72 -6.44 5.13 -0.31 0.18 -0.06
C139G SNV  chr3:49933699 1 -59.70  -8.09 31.83  -4.77 30.74  9.46
C151A SNV  chr3:49933687 1 1.14 -3.07 2.32 -0.50 0.27 -0.07
C168A SNV chr3:49933670 2 -60.44  -4.50 2577  -4.23 1.50 41.44
C175A SNV  chr3:49933663 5 -35.72  1.05 -0.61 -1.48 -0.39 3.31
C198G SNV chr3:49933640 1 -2.69 -2.39 5.37 0.11 -0.52 0.00
C231G SNV chr3:49933607 1 -38.32 4359  -1.69 -2.30 -0.90 -0.18
C237A SNV chr3:49933601 1 -61.60 79.13  -9.68 -4.66 -1.79 -1.12
C281G SNV chr3:49933557 1 1055  -6.34 -7.63 3.07 0.30 0.12
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mutation type position occurrence A B C D E F
C324G SNV  chr3:49933514 2 -23.04 27.09 -0.62 -2.14 -0.75 -0.39
C344A SNV  chr3:49933494 1 -11.11 297 6.06 1.59 -0.09 0.68
C396A SNV  chr3:49933442 5 -20.04 -1.86 -0.32 -1.18 -0.26 21.04
C404G SNV  chr3:49933434 2 -38.66  34.00 341 -2.07 -0.88 4.13
C410G SNV  chr3:49933428 2 -61.30 33.62 4.18 -4.72 -1.13 29.46
C415G SNV  chr3:49933423 3 -30.78  0.86 26.64  -2.52 3.91 1.69
C418G SNV  chr3:49933420 4 -21.17 2137 -7.93 -3.62 -1.05 9.24
C450G SNV chr3:49933388 1 -9.10 5.57 0.65 -2.52 5.15 -0.36
C455A SNV  chr3:49933383 2 -0.09 -2.54 4.06 -2.71 1.24 0.09
C455G SNV chr3:49933383 1 -1855 2.84 8.98 0.20 -0.37 7.00
C489G SNV chr3:49933349 1 -45.83 940 4.35 -4.64 3.27 32.96
C502G SNV  chr3:49933336 1 -61.45 -8.07 -12.99 475 3.47 83.65
C503G SNV chr3:49933335 2 -47.09  -1.36 3775  -3.78 5.31 9.15
C512G SNV chr3:49933326 3 -11.41  -5.08 4.55 -2.40 4.23 9.17
C514G SNV  chr3:49933324 2 -53.01 -6.96 3596  -4.21 13.52  14.87
C518A SNV  chr3:49933320 4 -26.90 -6.92 2247 317 8.45 6.84
C518G SNV  chr3:49933320 2 -25.68  -7.75 5.05 -3.62 2443 748
C520G SNV  chr3:49933318 1 3.72 0.76 -11.00 -2.54 -0.14 9.35
C521CA INS  chr3:49933317 1 8.51 -6.03 -10.63  -1.50 -0.24 9.45
C522A SNV  chr3:49933316 2 -28.68 -5.73 21.04 -394 8.50 8.79
522G SNV  chr3:49933316 3 -58.41  -7.80 1951  -4.69 9.48 38.69
C530G SNV  chr3:49933308 9 -29.10 -6.81 19.62  -3.65 8.86 6.68
C60G SNV  chr3:49933778 1 2.74 -3.35 -0.56 -0.41 0.32 1.42
C63A SNV  chr3:49933775 2 -9.37 -4.69 1.84 -2.56 5.09 9.65
Ce4G SNV  chr3:49933774 1 2.38 1229  -10.75 -2.79 -0.23 -0.87
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C668G SNV  chr3:49933170 3 -2949 2650 355 -4.32 -0.13 3.21
C85G SNV  chr3:49933753 1 -61.53 -8.04 2.18 -4.77 2.09 69.35
CA384C DEL chr3:49933454 1 -60.84  -7.66 33.59 -4.70 38.74  0.28
CA442C DEL chr3:49933396 3 -61.36 47.67  -1.39 -4.75 -0.39 18.78
CG339C DEL chr3:49933499 1 13.86  -6.58 -7.95 0.21 1.56 -0.90
CG478C DEL  chr3:49933360 1 -20.32 0.77 0.62 -1.86 0.41 20.55
CT515C DEL chr3:49933323 1 -58.76  65.16  -2.15 -4.33 -1.39 1.27
CT687C DEL chr3:49933151 1 -61.75 84.88  -15.87 -4.77 -1.86 -0.32
G104T SNV  chr3:49933734 3 -58.93  -7.60 -0.10 -4.34 4.71 9.34
G211A SNV chr3:49933627 16 -59.88  -7.53 5719 850 -1.44 3.12
G211C SNV  chr3:49933627 3 -59.91  -7.26 5155 7.01 -1.60 9.91
G215T SNV  chr3:49933623 1 -57.52 3417  29.85 -4.04 -1.36 -1.41
G221C SNV  chr3:49933617 1 -57.61 -6.74 43.08  -4.52 13.08  12.14
G228C SNV chr3:49933610 1 -5.02 1.51 491 -0.51 -0.27 -0.47
G235C SNV chr3:49933603 1 -5.02 1.51 491 -0.51 -0.27 -0.47
G245GT INS  chr3:49933593 1 2275  -794 -17.78  -2.87 3.56 0.21
G260T SNV chr3:49933578 1 10.55  -6.34 -7.63 3.07 0.30 0.12
G284T SNV chr3:49933554 1 10.26  -3.48 -6.26 -1.10 0.90 -0.20
G304C SNV chr3:49933534 1 -9.10 5.57 0.65 -2.52 5.15 -0.36
G304T SNV chr3:49933534 1 -5022 224 11.52  0.50 -1.36 37.06
G310C SNV chr3:49933528 1 13.86  -6.58 -7.95 0.21 1.56 -0.90
G342C SNV  chr3:49933496 1 -30.17  21.60 1022  -2.19 -0.24 0.82
G348A SNV chr3:49933490 9 -16.94  -7.06 2.18 -0.31 0.29 19.92
G350GT INS chr3:49933488 1 -7.83 -6.60 1332 -1.78 2.27 0.26
G350T SNV chr3:49933488 1 -59.65 -7.11 67.69  0.51 -1.07 -0.51
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G362T SNV  chr3:49933476 2 -31.61  0.19 3145  -2.27 2.38 0.02
G381T SNV  chr3:49933457 16 -8.46 -5.97 -0.11 -1.81 0.35 12.10
G422A SNV  chr3:49933416 19 -4.95 -4.34 -1.19 -0.89 -0.06 9.13
G426C SNV  chr3:49933412 5 -35.95 2057  -3.15 -3.53 -0.24 8.34
G426T SNV  chr3:49933412 26 -16.25  4.85 1.32 -1.27 -0.38 10.30
G445T SNV chr3:49933393 1 -61.58 73.65  -4.39 -4.77 -1.63 -1.01
G452C SNV  chr3:49933386 2 -4743  51.01  -0.86 -2.71 -1.39 1.45
G480C SNV  chr3:49933358 2 -2529 058 2.40 -1.61 0.71 22.88
G481A SNV chr3:49933357 15 -19.20 843 3.10 -2.14 0.15 8.29
G52GT INS  chr3:49933786 1 -60.74  -7.62 5347  -4.49 11.71  7.99
G524A SNV  chr3:49933314 13 -60.79  -7.81 2912 -4.68 8.31 30.31
G524C SNV  chr3:49933314 1 -60.78  -7.93 1049  -4.65 1.55 61.50
G524T SNV  chr3:49933314 19 -61.30 -8.01 -6.25 -4.71 3.02 76.07
G525C SNV chr3:49933313 1 -1548  -5.22 1215 -1.10 293 6.81
G525T SNV  chr3:49933313 1 -11.80  -2.19 1032 -3.10 1.88 4.86
G554A SNV chr3:49933284 13 -4547  -7.64 1.13 -4.18 6.10 45.60
G554T SNV  chr3:49933284 3 -9.83 -6.69 413 -0.87 2.19 18.92
G555T SNV chr3:49933283 17 -9.25 2.35 -2.41 -1.20 -0.02 7.86
G561T SNV chr3:49933277 1 -11.05  -2.78 6.93 0.87 0.86 5.05
G651C SNV  chr3:49933187 2 1026  -3.48 -6.26 -1.10 0.90 -0.20
G679C SNV chr3:49933159 1 -11.34 445 2.35 -3.58 1459 224
G691C SNV  chr3:49933147 1 -60.34 -7.70 30.15  -4.66 4390 -1.43
G71T SNV  chr3:49933767 3 2.38 -3.07 -10.73  -1.48 0.27 -0.07
GA100G DEL chr3:49933738 1 -61.19  -7.90 5.50 -4.68 3.95 64.28
GA245G DEL chr3:49933593 1 -36.61 2586 1444  -2.17 -1.35 0.01
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GA540G DEL chr3:49933298 1 -0.09 -2.54 4.06 -2.71 1.24 0.09
GA677G DEL chr3:49933161 1 3.72 0.76 -11.00  -2.54 -0.14 9.35
GT204G DEL chr3:49933634 1 -60.77  -7.54 2.53 3.32 -1.60 63.55
GT350G DEL chr3:49933488 1 4.92 -5.72 -2.50 0.06 1.21 1.99
GT507G DEL chr3:49933331 1 -7.66 -3.70 6.12 -1.84 2.38 4.73
T116G SNV  chr3:49933722 2 -13.12 -0.54 1117  -1.49 0.65 3.38
T117G SNV chr3:49933721 1 2.35 5.00 -8.92 -3.93 0.85 3.23
T293A SNV chr3:49933545 16 -59.81  33.87 11.13  -3.51 -1.69 7.27
T293G SNV  chr3:49933545 2 -59.36 3693  13.28  -2.61 -1.60 13.29
T351G SNV chr3:49933487 1 -4743 51.01  -0.86 -2.71 -1.39 1.45
T420G SNV chr3:49933418 1 -36.57  9.70 2952  -3.82 1.48 -0.44
T439G SNV  chr3:49933399 1 -23.04 27.09 -0.62 -2.14 -0.75 -0.39
T446G SNV  chr3:49933392 1 -61.39 59.61  10.02 -4.71 -1.69 -1.69
T504A SNV  chr3:49933334 21 -52.59  -6.54 37.59  -443 11.61  8.53
T504C SNV chr3:49933334 32 -59.20 -7.52 4823  -4.63 1255 945
T504G SNV  chr3:49933334 3 -59.64  -7.39 29.05  -4.61 1271 4.39
T509G SNV  chr3:49933329 2 -49.31  -4.64 3634  -3.86 5.94 15.39
T516A SNV chr3:49933322 16 -60.34  -7.66 3649  -4.66 11.83  17.73
T526A SNV  chr3:49933312 3 -8.98 -4.34 4.19 -1.70 1.45 9.31
T536G SNV chr3:49933302 -0.09 -2.54 4.06 -2.71 1.24 0.09
T616A SNV chr3:49933222 18 -1470 042 1.99 -1.62 0.53 5.16
T616G SNV  chr3:49933222 1 1.72 -6.44 513 -0.31 0.18 -0.06
T620G SNV  chr3:49933218 2 -39.94  9.05 1895  -2.40 1.37 13.02
T634G SNV  chr3:49933204 1 6.50 -4.24 -7.34 -2.60 0.81 7.03
T638G SNV chr3:49933200 1 -61.37 6281  6.51 -4.68 -1.46 -1.64
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Table 4.5: HEK293T modelling-excluded mutations that

were annotated with median isoform frequencies. (contin-

ued)
mutation type position occurrence A B C D E F
TG126T DEL chr3:49933712 1 -54.57  64.48 -5.66 -3.50 -1.58 1.09
TG317T DEL chr3:49933521 1 -11.80 -2.19 10.32 -3.10 1.88 4.86
TG498T DEL chr3:49933340 12 -41.52  -3.60 18.17 -3.58 5.04 12.21
TG581T DEL chr3:49933257 11 -9.88 5.29 -5.54 -1.37 -0.45 0.50
TG622T DEL chr3:49933216 1 6.50 -4.24 -7.34 -2.60 0.81 7.03

List of HEK293T mutations excluded from the modelling approach and subsequently an-
notated with median isoform frequencies from all minigene variants containing the given
mutation as the splicing outcome. Columns A, B, C, D, E and F stand for ‘Median AAE
inclusion (%), ‘Median AAE skipping (%), ‘Median AAE full IR (%)’, “‘Median Afirst IR
(%), “‘Median Asecond IR (%)" and ‘Median Aother (%) respectively.



Plasmids

Table 4.6: List of plasmids used in this study.

Plasmid ID Name Description
pS_020 pCDNA_RON_TAT_to_GAT+50 RON minigene with a
T298G single

pS_021 pcDNA_RON_TAT_to_GAT_Lefave

pS_022 pcDNA_RON_TAT_to_GAT_Bonomi

pS_056 pcDNA_HNRNPH1

nucleotide exchange
and 50 bp extension
downstream of exon
12

RON minigene with
point mutations
according to (Lefave
etal,, 2011)

RON minigene with
point mutations
according to (Bonomi
etal., 2013)
HNRNPH1
overexpression
construct

All plasmids are in the pcDNA 3.1 (+) vector backbone (Invitrogen).

Table 4.7: List of plasmids containing point mutations

or small insertions or deletions.

Plasmid Mutation

ID

G272A
G305A
C307G
C339T
A356G

g1 = W N =
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Table 4.7: List of plasmids containing point mutations

or small insertions or deletions. (continued)

Plasmid Mutation

ID

6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

A371G
C415T
G460A
A483T
T333C
G229T
C397A
GT172G
G433T
G517T
T389G
G531C
G380C
TG325T
G71C
CTe12C
TA117T
T581G
C142A
G348C
A483C
G228A
G331C

152
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Table 4.7: List of plasmids containing point mutations

or small insertions or deletions. (continued)

Plasmid Mutation

ID

29 G471C
30 G480T
31 G500A
32 GB55C

siRNAs

All siRNAs were purchased from Sigma Aldrich.

Table 4.8: List of siRNAs used in this study.

No. Target Sequence

18 Notarget UGGUUUACAUGUCGACUAA[AT][dT]
22 PRPF6 GAGAAGAUUGGGCAGCUUA[AT][dT]
24 HNRNPH GGAGCUGGCUUUGAGAGGAI[AT][dT]
26 SRSF2 AAUCCAGGUCGCGAUCGAA[AT][dT]
29 SMUI GCACGAGAAGGAUGUGAUU[AT][dT]
30 PUF60 GCAGAUGAACUCGGUGAUGIAT][dT]
52 HNRNPF UGAGAAGGCUCUAGGGAAA[dT][AT]
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Antibodies
Table 4.9: List of antibodies used in this study.

Antigen Dilution Origin Product number Supplier
GFP 1:500 (0.39) mouse sc-9996 Santa Cruz
GFP trap 20 pulslurry/ sample lama  gtma-100 Chromotek
HNRNPA1 1:20,000 mouse R4528 Sigma Aldrich
HNRNPH  1:10,000 rabbit AB10374 Abcam
HNRNPF  1:500 (0.39) mouse 3H4 Santa Cruz
mouse [gG  1:5,000 horse 7076 Cell Signalling
rabbit [gG  1:5,000 goat 7074 Cell Signalling

Oligonucleotides (next page)

Oligonucleotides were obtained either from Sigma-Aldrich or Integrated DNA Technolo-

gies
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Name

Sequence (5'-3")

Purpose

0J303

05111

05428

05429

0566

0S67

0544

0545

0S237

0S118

05119

0S120

0S138

minigene_cloning_fwd

minigene_cloning_rev

BamHI_HNRNPHI1_fwd

Xbal_HNRNPH1_rev

RT-PCR_minigene_fwd

RT-PCR_minigene_rev

RT-PCR_endo_fwd

RT-PCR_endo_rev

RT-PCR-endo_fwd2

RON A

RON B

RON C

RON D

CCCAAGCTTTGTGAGAGGCAGCIT
CCAGA

cagTCTAGANNNNNNNNNNNNNN
NGGATCCgccattggttgggggtagggectgat

taaaggtagg

catGGATCCaccatgatgttgggcacggaagg

cattctagactatgcaatgtttgattgaaaatc

TGCCAACCTAGTTCCACTGA

GCAACTAGAAGGCACAGTCG

CCTGAATATGTGGTCCGAGACCCC
CAG

CTAGCTGCTTCCTCCGCCACCAGTA

GGGCAGTGGAAAGCAGGTGTGAG

CAAGCAGAAGACGGCATACGAGA
TCGGTCTCGGCATTCCTGCTGAACC
GCTCTTCCGATCTNNNNNNNNNN
CTATAGGGAGACCCAAGCTT

CAAGCAGAAGACGGCATACGAGA
TCGGTCTCGGCATTCCTGCTGAACC
GCTCTTCCGATCTNNNNNNNNNN
GTTCCACTGAAGCCTGAG

CAAGCAGAAGACGGCATACGAGA
TCGGTCTCGGCATTCCTGCTGAACC
GCTCTTCCGATCTNNNNNNNNNN
AGCTGCCAGCACGAGTTC

CAAGCAGAAGACGGCATACGAGA
TCGGTCTCGGCATTCCTGCTGAACC
GCTCTTCCGATCTNNNNNNNNNN
GAATCTGAGTGCCCGAGG

Cloning of wt RON
minigene

Cloning of wt RON
minigene

Cloning of
HNRNPH1
overexpression
construct
Cloning of
HNRNPH1
overexpression
construct

RT-PCR for RON
minigene

RT-PCR for RON
minigene

RT-PCR for
endogenous RON
gene

RT-PCR for
endogenous RON
gene

RT-PCR for
endogenous RON
gene in minigene
transfected cells

[Nlumina fwd
sequencing primer for
DNA-seq

[Nlumina fwd
sequencing primer for
DNA-seq and RNA-
seq

[Nlumina fwd
sequencing primer for
DNA-seq

[Nlumina fwd
sequencing primer for
DNA-seq
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No. Name Sequence (5'-3") Purpose
CAAGCAGAAGACGGCATACGAGA 1y o o
05105 RON E TCGGTCTCGGCATTCCTGCTGAACC _ ~  ©  imer for
GCTCTTCCGATCTNNNNNNNNNNc 1 &b
DNA-seq
tactggctggtcctcatga
AATGATACGGCGACCACCGAGATC Illumina rev
TACACTCTTTCCCTACACGACGCTC sequencing primer for
0S106  P5SOLEXA RON TTCCGATCTNNNNNNNNNNATAG DNA-seq and RNA-
AATAGGGCCCTCTAGA seq
RT-qPCR validation
05153 HNRNPHI1_qPCR_f GTACACATGCGGGGATTACC of HNRNPH1 KD
RT-qPCR validation
0S154 HNRNPHI1_qPCR_r CGAACTCGACATCTGCTTCA of HNRNPH1 KD
RT-qPCR validation
05155 PRPF6_qPCR_f CCGGAGAGAACCATACCTCA of PRPE6 KD
RT-qPCR validation
05156 PRPF6_qPCR_r CTGTGCCAGGTGTCATCAGT of PRPF6 KD
RT-qPCR validation
05157 PUF60_qPCR_f GCAAGATCAAGTCCTGCACA of PUE60 KD
RT-qPCR validation
08158 PUF60_qPCR_r GGTTCATGGAAGACACAGCA of PUF60 KD
RT-qPCR validation
05159 SMU1_qPCR_f TCCTCTGCATGTGTTTCAGC of SMU1 KD
RT-qPCR validation
05160 SMU1_gPCR_r TGTGCCCTCTCAAATCTCCT of SMUT KD
RT-qPCR validation
0S161 SRSF2_gPCR_f GCACTAGGCGCAGTTGTGTA of SRSF2 KD
RT-qPCR validation
05162 SRSF2_qPCR_r CAATCGGGAGAAAACAGGAA of SRSF2 KD
RT-qPCR validation
05253 HNRNPH2_gPCR_fwd  GTGGTGGTTATGGAGGTGGT of HNRNPH2 KD
RT-qPCR validation
05254 HNRNPH2_qPCR_rev GTGCTCCTTCTCTACCTAAGCA of HNRNPH?2 KD
RT-qPCR validation
05289 HNRNPF_qPCR_f GCCTGGTAGCAACAGAAACC of HNRNPE KD
05290 HNRNPF_qPCR _r GTGATCTTGGGTGTGGCTTT RT-qPCR validation

of HNRNPF KD
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No. Name Sequence (5'-3") Purpose

Cloning of
05428 BamHI_HNRNPHI1_fwd catGGATCCaccatgatgttgggcacggaagg HNRNPHI1

overexpression

construct

Cloning of
HNRNPH1
overexpression
construct

05429 Xbal HNRNPHI_rev cattctagactatgcaatgtttgattgaaaatc
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Other supplementary tables

The following tables list the contents of the solutions and buffers used in the study.

Supplementary Table 1: Lysis buffer composition.

Component Final concentration
Tris-HCl, pH 7.5 50 mM

NaCl 150 mM

EDTA 1 mM

NP-40 1% (v/v)

sodium deoxycholate 0.1% (w/v)

NEM (N-ethylmaleimide) 10 mM

cOmplete™ Protease Inhibitor Cocktail 1 tablet/ 10 ml
B-glycerophosphate 5 mM

Supplementary Table 2: Ponceau red staining solution.

Component Final concentration

PonceauS  0.1% (w/v)
Aceticacid 5% (v/v)
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Supplementary Table 3: Buffer A+ composition.

Component Final concentration
Hepes KOH pH 7.6 10 mM

MgCl, 1.5 mM

KCl1 10 mM

Igepal CA630 0.1% (v/v)
cOmplete™ Protease Inhibitor Cocktail 1 tablet/ 10 ml
DTT 0.5 mM

Supplementary Table 4: Buffer C+ composition.

Component Final concentration
Hepes KOH pH 7.6 20 mM

MgCl, 2mM

NaCl 420 mM

Glycerol 20% (v/v)

Igepal CA630 0.1% (v/v)
cOmplete™ Protease Inhibitor Cocktail 1 tablet/ 10 ml
DTT 0.5 mM

Supplementary Table 5: Binding buffer composition.

Component Final concentration

Tris-HCl, pH 7.5 20 mM
LiCl 1M
EDTA 2mM




160

Supplementary Table 6: Washing buffer B composition.

Component Final concentration

Tris-HCL pH 7.5 10 mM
LiCl 0.15M
EDTA 1 mM

Supplementary Table 7: RNA binding buffer composition.

Component Final concentration
NaCl 100 mM

Hepes/ HCl, pH7.6 50 mM

Igepal CA630 0.5% (v/v)

MgCl, 10 mM

Supplementary Table 8: RNA wash buffer composition.

Component Final concentration
NaCl 250 mM

Hepes/ HCL pH7.6 50 mM

Igepal CA630 0.5% (v/v)

MgCl, 10 mM

Supplementary Table 9: Oil-surfactant mixture for emulsion PCR.

Component Amount Final concentration

Span 80 225ml  4.5% (vol/vol)
Tween 80 200 ul 0.4% (vol/vol)
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Component Amount Final concentration

Triton X-100 25 ul 0.05% (vol/vol)

Mineral 0il  to 50 ml
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Citations

e Figures in the Introduction section were created using BioRender.com

e The references were added and managed using Papers 3.
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Addendum

Preface (extended with figure
contributions)

The RON mutagenesis screening project constituted of three sections; experimental,
bioinformatics and mathematical modelling and was supervised by Dr. Julian Konig
(IMB, Mainz), Dr. Kathi Zarnack (BMLS, Frankfurt), Dr. Stefanie Ebersberger (IMB,
Mainz) and Dr. Stefan Legewie (IMB, Mainz), respectively. The results of the project
and part of the thesis have been published in the following article -

Braun, S.*; Enculescu, M.%; Setty, S. T.*; Cortés-Lépez, M.; Almeida, B. P. de; Sutandy,
F. X. R; Schulz, L.; Busch, A.; Seiler, M.; Ebersberger, S.; Barbosa-Morais, N. L.;
Legewie, S.; Konig, J.; Zarnack, K., 2018: Decoding a cancer-relevant splicing decision
in the RON proto-oncogene using high-throughput mutagenesis. Nature

Communications., 9, 3315.

*These authors contributed equally: Simon Braun, Mihaela Enculescu, Samarth
Thonta Setty. The author and figure contributions are as listed in the following

paragraphs.

In my PhD study, I performed most of the bioinformatics analyses of the project. In
this thesis, I have presented the topics that were exclusively analysed by myself
(Figures 2.1, 3.6 C, 3.7, 3.8, 3.9 C, D & E, 3.13 (Modelling results from Mihaela) , 3.14,

3.15, 3.16, 3.17, 3.18 A (AAE inclusion (%) values) and B, 3.20, 3.23, 3.24, 3.27, 3.29,
3.30, 3.31, 3.32, 3.33, 3.34 dot plots, 3.34 B (RNA-seq values)), along with analyses



performed by the other collaborators to present a complete and cohesive picture of
the project for better comprehension. These collaborators and their corresponding

work in brackets are as follows —

Simon Braun (method schematics - Figures 3.1 and 3.2 (with my design inputs);
Experimental section - Figures 1.6, 1.7, 3.3, 3.4, 3.5, 3.6 A and B, 3.22 A and B, 3.34 B
(RT-PCR values), 3.35, 3.36), F. X. Reymond Sutandy (iCLIP experiments - Figures
3.27 (figure by myself), 3.35), Mariela Cortés-Lépez (RBP site annotation and analyses
- Figures 3.25, 3.28, 3.34 heatmaps, 4.4), Laura Schulz (RT-PCR validation experiments
- Figure 3.12 (RT-PCR values)), Dr. Markus Seiler (Annotation of RNA G-quadruplex
sequence (G4 hunter scores calculation only) - Figure 3.18 A; Figure done by myself),
Dr. Anke Busch (iCLIP and RNA-seq data processing and splice isoform
quantification - Figure 3.9 A and B by Anke Busch; F - IF % quantification by Anke
Busch; figure by myself), Bernardo P. de Almeida and Dr. Nuno L. Barbosa-Morais
(TCGA and GTEx analyses - Figures 3.21, 3.26; iMM, Lisbon). The project was
conceived by Dr. Julian Kénig and experimental analyses were performed under his
supervision. The bioinformatics analyses were performed under the supervision of
Dr. Katharina Zarnack with additional supervision by Dr. Stefanie Ebersberger. Dr.
Mihaela Enculescu (Figures 3.10, 3.11, 3.12 (RNA-seq - model results), 3.19) and Dr.

Stefan Legewie designed and performed the mathematical modelling approach.
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