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Zusammenfassung  

Die Vorläuferform der eukaryotischen mRNA (prä-mRNA) durchläuft, eine Reihe von 

Prozessierungs-Schritte, die schließlich zu der Synthese einer „reifen“ und Exportkompetenten 

mRNA führt. prä-mRNA Spleißen ist ein essentieller Teilschritt dieser Reifung bei der intragene 

Sequenzen, sogenannte Introns, von der prä-mRNA entfernt werden, während Exons legiert 

werden. Das prä-mRNA Spleißen wird durch das Spleißosom katalysiert. Dieser Mega-Dalton 

Komplex, besteht aus fünf Sub-Komplexen, die sich wiederum aus katalytisch aktiven „kleinen 

nukleären Ribonukleinsäuren“ (snRNAs) und einer Vielzahl von proteinogenen Faktoren 

zusammensetzen. Diese Subkomplexe, bezeichnet als snRNPs (small nuclear 

Ribonucleoprotein Particles), binden die prä-mRNA an charakteristischen Sequenzen und richten 

die prä-mRNA durch eine Reihe von Konformations-Änderungen so aus, dass benachbarte 

Exons in Kontakt treten und über eine biochemische Ligations-Reaktion verbunden werden 

können.   

Die Exon- bzw Intronerkennung der snRNPs wird durch zahlreiche Spleißfaktoren 

reguliert. Eine Proteinfamilie, die essentiell für die Regulierung des Spleißens ist, sind 

Serin/Arginin-reiche Proteine (SR-Proteine). Diese binden vorzugsweise an das 3‘ oder 5’ Ende 

von Exons, rekrutieren snRNPs und stimulieren dadurch die Exon-Inklusion. Durch diese 

Stimulierung können Spleiß-Events reguliert und gezielt spezifische Exons ausgeschlossen oder 

eingeschlossen werden. Dieser Prozess, der als alternatives Spleißen (AS) bezeichnet wird, tritt 

in 95% des menschlichen Transkriptoms auf und erweitert die Diversität eines Organismus, da 

verschiedene Transkripte von demselben Gen erzeugt werden können und folglich die 

Translation unterschiedlicher Proteine mit distinkten Funktionen ermöglicht wird.   

Darüber hinaus verfügt die Zelle durch das AS über eine weitere posttranskriptionale 

Genregulationsebene, die insbesondere unter zellulären Stressbedingungen zur Expression von 

alternativen Protein-Isoformen von der Zelle genutzt wird. Eine in medizinischer Hinsicht 

besonders relevante Stressbedingung ist die sogenannte Hypoxie, die eine Sauerstoff-

Unterversorgung von Zellen oder Gewebebereichen beschreibt. Hypoxie bzw. hypoxische 

Bereiche finden sich in  

Krebszellen und treten in 90% aller soliden Tumoren auf. Als Teil der Hypoxie Stress- 

Antwort, verfügt die Zelle über einen Adaptations-Mechanismus, der durch Hypoxieinduzierbare 

Faktoren (HIF) vermittelt wird. Diese Faktoren induzieren die Transkription zahlreicher Gene und 

stimulieren die Expression von Stressfaktoren, die an der zellulären Adaption der Hypoxie 

beteiligt sind. Einer dieser Faktoren ist der vaskuläre endotheliale Wachstumsfaktor A (VEGFA), 

welcher unter hypoxischen Bedingungen sekretiert wird und dadurch die Proliferation von 
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Endothelzellen, die Neubildung von Blutgefäßen und damit die Vaskularisation des hypoxischen 

Bereichs stimuliert.   

Die zelluläre Anpassung ist jedoch nicht nur auf die transkriptionelle Regulation des HIF-

vermittelten Hypoxie Signalwegs beschränkt, sondern wird auf multiplen Genexpressions-

Ebenen reguliert. Obwohl bekannt ist, dass tausende Transkripte unter hypoxischen 

Bedingungen alternativ gespleißt werden, sind die Faktoren, die die zelluläre Stress-Antwort 

durch AS regulieren, sowie deren molekularer Mechanismus jedoch weitestgehend unbekannt.   

Diese Arbeit umfasst die Identifizierung und Charakterisierung von AS Events, sowie den 

Einfluss und die Regulation von Spleißfaktoren auf AS unter hypoxischen Bedingungen. Hierzu 

führten wir globale Genexpressions- und AS-Analysen in HeLaKarzinomzelllinien unter Normoxie 

(21% O2) und Hypoxie (0.2% O2) durch und zeigen, dass 7962 Gene nach 24h Hypoxie 

unterschiedlich exprimiert werden. Über AS-Analysen konnten 4434 Transkripte identifiziert 

werden, die bei Hypoxie über AS reguliert sind. Dabei trat „Exon-Skipping“ als das am häufigsten 

auftretende AS-Events auf. Über PCR basierte Validierungs-Experimente konnten 5 regulierte 

Transkripte nachgewiesen werden. Dabei weisen Exon 3 und 4 in BORA, Exon 6 in MDM4 und 

Exon 4-5 in CSSP1 Exon-Skipping Events auf, während Exon-Inklusionen in CEP192 Exon 28 

und in der 3’UTR von EIF4A2 validiert werden konnten.   

Darüber hinaus wurde im Rahmen der AS-Analyse die Regulation des sogenannten 

„backsplicings“ bei Hypoxie untersucht. Im Gegensatz zum linearen  

Spleißens, wird beim backsplicing das 5’Ende und das 3’Ende von Exons verbunden, was die 

Bildung von sogenannten zirkulären RNAs (circRNAs) zufolge hat. Obwohl nur wenige 

Funktionen dieser RNA-Klasse bekannt sind, wurde die Regulation von circRNAs während der 

Zell-Differenzierung sowie in diversen Krebszellen beschrieben. Dabei können circRNAs als 

microRNA- oder Protein-Schwämme fungieren oder dienen als Protein-Interaktion Plattform und 

regulieren dabei die Genexpression.   

Zur Identifizierung von Hypoxie-regulierten circRNAs entwickelten wir eine stringente 

bioinformatische circRNA-Identifikations Pipeline und identifizierten 3.926 circRNAs in HeLa-

Zellen. Über Validierungs-Experimente konnten 15 circRNAs nachgewiesen werden.   

Mittels differentieller Genexpressionsanalyse identifizierten wir 22 hypoxieinduzierte 

circRNAs, von denen 7 (exoZNF292, PLOD2, intZNF292, MTCL1, MAN1A2, SPECC1 und 

RTN4) in Hinblick auf Hypoxie-induzierte Hochregulierung, sowie auf dessen Zirkularität validiert 

werden konnten. Da einige Studien zeigen, dass die circRNA  



 

XII  

  

Formierung meist auf AS Events zurückzuführen ist, könnte die Zunahme von ExonSkipping 

Events bei Hypoxie die cirRNA-Hochregulierung erklären.   

Da der Einfluss von Spleißfaktoren auf AS-Regulationen, sowie dessen molekularer 

Mechanismus bei Hypoxie weitestgehend unerforscht ist, untersuchten wir im Rahmen dieser 

Arbeit die Regulation von SR-Proteinen nach 24h Hypoxie. Dabei identifizierten wir SRSF6, als 

das am stärksten regulierte SR Protein mit einer mit einer  

4-fachen Reduzierung der SRSF6 mRNA und einer 40%igen Abnahme der  

Proteinmenge. Um die Ursache dieser SRSF6 Reduktion zu verstehen, analysierten wir SRSF6 

Transkripte auf Hypoxie-induzierte Spleißänderungen. Dies ergab, dass es bei Hypoxie zur 

Inklusion eines alternativen Exons kommt, zwischen Exon 2 und 3 des SRSF6 Transkripts. 

Dieses alternative Exon (PCE – poison cassette exon) enthält ein Abbruch-Kodon (PTC - 

premature termination codon). Diese Abbruch-Kodons destabilisieren Transkripte normalerweise 

und sie werden über den zytoplasmatischen Abbauweg NMD (Nonsense-mediated decay) 

abgebaut. Die Hypoxie-induzierte Hochregulierung und Stabilisierung dieser Isoform führt dazu, 

dass weniger proteinkodierende SRSF6 mRNA gebildet wird und dadurch der SRSF6 

Proteingehalt reduziert wird.   

Darüber hinaus zeigen wir über Lokalisierungs-Experimente mittels konfokaler 

Mikroskopie, dass SRSF6 bei Hypoxie in nukleären Speckles lokalisiert sind. Da bekannt ist, 

dass SR Proteine innerhalb von Speckles Spleiß-inaktiv sind, wird SRSF6 über die Speckle-

Lokalisierung in Hypoxie zusätzlich funktional reguliert.   

Aktuelle Studien zeigen, dass SRSF6 und SRSF1 das Spleißen des Hypoxieinduzierten 

Transkripts VEGFA antagonistisch regulieren. SRSF6 stimuliert dabei die Inklusion des Exons 

8b und die Erzeugung einer anti-angiogenen Isoform, während  

SRSF1 bei Hypoxie aktiviert wird und dadurch die Exon-Inklusion 8a und damit die  

Erzeugung einer pro-angiogenen Isoform fördert. Da erhöhte SRSF6 GenExpressionsraten mit 

einer gesteigerten Tumoraggressivität und schlechten Heilungschancen bei vielen Krebsarten 

korrelieren, fokussierten wir unsere Studien auf die Funktion von SRSF6 auf die AS Regulation 

bei Hypoxie.  

Zur Untersuchung und Identifizierung von RNAs die von SRSF6 gebunden werden, 

führten wir UV Cross-linking and Immuno-Prezipitation Experimente (iCLIP) durch und verglichen 

das SRSF6 RNA-Bindemuster von HeLa Zellen unter normoxischen- und hypoxischen 

Bedingungen. Bei Betrachtung der iCLIP-Analyse stellten wir fest, dass SRSF6 durch die 

Bindung der SRSF6 mRNA die Inklusion des PCEs und damit die Expression der NMD-
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Transkriptisoform stimuliert und dadurch dessen Proteingehalt autoreguliert. Wird diese 

Autoregulation über eine SRSF6Überexpression überwunden und der SRSF6-Haushalt 

dysreguliert, hat dies direkte Auswirkung auf das AS-Muster von SRSF6 gebundenen Hypoxie-

sensitiven Targets. So hat eine Überexpression von SRSF6 eine Verringerung von Exon-

Skipping Events  

(MDM4, PAPOLA, SNAP25 und CHAF1A) zufolge, was darauf hinweist, dass diese ASEvents 

direkt von SRSF6 reguliert werden.   

Des Weiteren zeigen wir, dass neben der AS-Regulation von linearen Transkripten die 

verringerten SRSF6-Level bei Hypoxie auch die circRNA-Bildung vermehrt. Sowohl unter 

hypoxischen Bedingungen (circPLOD2, circMTCL1, circMAN1A2, circRTN4) als auch bei SRSF6 

Depletions-Experimenten (circPLOD2, circMTCL1, circMAN1A2, circRTN4, circHIPK3, 

circSRSF4, circCPSF6) konnte eine Zunahme von einigen circRNAs festgestellt werden. 

Interessanterweise zeigen unsere iCLIP Analysen, dass potentiell zirkularisierte Exons massiv 

von SRSF6 gebunden werden. Dieses Bindemuster, sowie SRSF6-Überexpressions-

Experimente bei Hypoxie deuten darauf hin, dass die Bindung von SRSF6 an diese Exons die 

Exon-Inklusion in das lineare Transkript stimulieren und dadurch die Bildung von circRNA 

hemmen.     

SR-Proteine binden an die lange nicht-kodierende lncRNA MALAT1 in nuklearen 

Speckles. Aktuelle Studien haben gezeigt, dass MALAT1 SRSF1 bindet und dabei das SR 

Protein zum Chromatin führt und dadurch das Spleißen von SRSF1-Targets, z.B. der der pro-

angiogenen Isoform VEGFA165a fördert. Da die MALAT1-Expression sowie die Aktivität der 

lncRNA Hypoxie-sensitiv ist, untersuchten wir im Rahmen dieser Studie den  

Einfluss von SRSF6 auf die MALAT1 Expression und Funktion. Über quantitative PCRAnalysen 

konnten wir nachweisen, dass die MALAT1 Regulation bei Hypoxie durch erhöhte SRSF6-Level 

gehemmt wird. iCLIP-Analysen zeigten, dass die Bindung von SRSF6 bei Hypoxie massiv erhöht 

wird, was darauf hindeutet, dass SRSF6 die MALAT1 Funktionen bei Hypoxie hemmt.   

Zur Untersuchung des Einflusses von SRSF6 auf die MALAT1-Aktivität bei Hypoxie 

führten wir Lokalisierungs-Experimente durch und visualisierten MALAT1 mittels RNA-

Fluoreszenz in situ-Hybridisierung. Dabei beobachteten wir, dass MALAT1 bei einer 

Überexpression von SRSF6 in Hypoxie immobilisiert wird und in nuklearen Speckles 

zurückgehalten wird. Diese zu SRSF1 antagonistische Funktion spiegelt sich auch bei der AS 

Regulation von VEGFA wider, bei der eine SRSF6 Überexpression das IsoformVerhältnis in 

Richtung der VEGFA165a Isoform verschiebt.   
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Diese SRSF6 induzierte Dysregulation der Hypoxie Stress-Antwort ist jedoch nicht auf 

AS-Events beschränkt, sondern führt zu einer signifikanten Zunahme von zellulären DNA-

Schädigungen, zu der Bildung abnormaler Nuklei-Formen, sowie zur Formierung von 

Mikronuklei. Diesen Phänotyp beobachteten wird ebenfalls in MALAT1 Knockdown 

Experimenten, was darauf hindeutet, dass die Sequestrierung von MALAT1 durch SRSF6 ein 

essentieller Faktor bei der zellulären Hypoxie Stress-Antwort und Chromosomen Segregation ist.   

Im Zuge dieser Arbeit charakterisieren wir die Funktion von SRSF6 in der zellulären 

Hypoxie Stress-Antwort. Dabei zeigen unsere Ergebnisse, dass SRSF6 zum einen AS von 

multiplen linearen sowie zirkulären RNAs über eine direkte RNA-Bindung und zum anderen über 

eine MALAT1 Sequestrierung in nuklearen Speckles indirekt reguliert. Da erhöhte SRSF6 

Protein-Level zu einer Proliferation von Zellen mit DNASchäden, Destabilisierung von 

Chromosomen, sowie einer erhöhten Bildung von Mikronuklei führen, erklärt diese Studie zum 

Teil die pro-onkogene Funktion von SRSF6 in Krebs-Zellen mit erhöhter Tumoraggressivität.     
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1. Introduction   

  

1.1. Deciphering the human genetic code  

  

The human body is composed of around 37 x 1013 cells. Estimations based on cell 

morphology indicate that this number comprises around 200 different cell types  (Bianconi 

et al. 2013). Although every cell type has its own specific characteristics and functions, 

they all carry the same genetic code. The genetic code contains all the information 

necessary for the development and survival of an organism. This information is stored in 

the desoxyribonucleic acid (DNA) in form of nucleic base sequences. Around 20 years 

ago, the Human Genome Project was initiated with the aim to decipher the human genetic 

code and in 2001 the first human genome assembly was published. Although a major 

amount of information was offered to the scientific community, it raised many more 

questions.   

Humans cells contain 46 chromosomes and the genome has a size of around 3.3 

giga base pairs. The initial number of genes was estimated to be around 100.000, which 

was an astonishing low number, taking into account the diversity and amount of the 

identified protein isoforms (Moraes and Góes 2016). The number of protein-coding genes 

was even lower, only around 2% of the total gene pool (20.000). These numbers are 

increasing to date, with increasing numbers of deep sequencing studies. Some 

proteincoding genes are still being identified and annotated, but the major proportion of 

novel genes are transcribed into non-coding RNAs (Salzberg 2018). Considering the 

amount of protein-coding genes, the human proteome complexity can only be achieved 

when more than one protein is encoded from one gene. From transcription of a messenger 

RNA (mRNA) in the nucleus until its export to the cytoplasm, several processing steps 

take place, such as splicing and alternative splicing (AS) (Ben-Yishay and Shav-Tal 

2019). In the next sections these steps will be introduced to illustrate how they lead to the 

formation of different protein isoforms and how they control gene expression post 

transcriptionally.  
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1.2. The messenger RNA (mRNA) life cycle  

  

During transcription from DNA to RNA, many processing steps take place to ensure 

that the mRNA is mature and can be exported to the cytoplasm and translated (McKee 

and Silver 2007). An overview of the pre-mRNA processing steps is shown on Figure 1.   

Pre-mRNA is transcribed by RNA Polymerase II (RNA Pol II), which moves from 

the 3’ end of the DNA template to the 5’ end. The RNA is then synthetized in the 5’ to 3’ 

direction. The first pre-mRNA processing step is 5’ capping. The cap structure protects 

the nascent RNA from degradation by exonucleases. RNA 5'-triphosphatase (RT), 

guanylyl-transferase (GT) and methyl transferase enzymes remove the 5'-end 

γphosphate of the nascent transcript leading to the generation of a pre-mRNA with a 

diphosphate at its 5’end. Afterwards, a monophosphate guanosine is transferred to the 

diphosphate terminus and is methylated (Lee and Tarn 2013). After the cap is added, the 

cap-binding complex (CBP) binds to the cap and protects the RNA from degradation.   

RNA Pol II continues to transcribe the pre-mRNA and during transcription the 

noncoding sequences (introns) are removed and the coding sequences (exons) are 

ligated together in a process called pre-mRNA splicing (Manning and Cooper 2016). The 

nascent pre-mRNA contains specific sequences and regions, which are recognized by 

the splicing machinery and splicing factors that aid in the definition and recognition of 

exons and introns. The 5’ and 3’ ends of introns contain conserved consensus sequences, 

which are bound by the spliceosome components U1 and U2, called 5’ and 3’ splice sites 

(5’ss and 3’ss). The canonical consensus sequence in the 5’ss is a GU and at the 3’ss a 

AG (Gregory A. and Zefeng 2014). Aside from the splice sites, a motif consisting of two 

uracil and one adenine called branch point (located 20-40 nt away of the 3’ss) and a 

polypyrimidine-rich region named polypyrimidine tract (PPT) are also important for 

premRNA splicing (Wahl et al. 2009). A detailed overview of the splicing reaction, the 

factors and proteins, which recognize these sequences and promote splicing will be 

presented in the next section.   

The next processing step is 3’end processing, which consists of two tightly 

connected reactions: RNA cleavage and PolyA-tail synthesis. Cleavage of the pre-mRNA 

releases it from the DNA and is promoted by a protein complex that recognizes sequences 
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in the last exons of the pre-mRNAs. This cleavage and polyadenylation complex includes 

the cleavage and polyadenylation specificity factor (CPSF) that binds to U or GU-rich 

sequence elements around 30nt downstream of the PolyA site (PAS) and which cleaves 

the pre-mRNA. Subsequently, the PolyA polymerase (PAP) binds to the PolyA sites and 

adds a PolyA-tail of about 150 nt (Millevoi and Vagner 2010). Cleavage and 

polyadenylation are the final steps of pre-mRNA processing. Afterwards the nuclear 

export factor 1 (NXF1) is recruited to the mature mRNA, the mRNA is packed and 

exported to the cytoplasm through interactions between NXF1 and the nuclear pore 

complex (NPC) (Müller-McNicoll and Neugebauer 2013).   

In the cytoplasm, the CBC still bound to the 5’ cap recruits translation initiation 

factors such as EIF4G, cap-binding protein CBP80/20-dependent translation initiation 

factor (CTIF), eIF3G and eIF4III. These factors promote the assembly of the ribosome 

and mRNA translation (Ramanathan et al. 2016).   

  

Figure 1. Simplified mRNA life cycle.  mRNA processing steps from transcription to nuclear export and 

translation. CBC: cap binding complex. Figure adapted from (Müller-McNicoll and Neugebauer 2013).  
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1.3. Pre-mRNA splicing  

  

In this study, we focus on the second processing step - pre-mRNA splicing. As 

soon as splice sites are transcribed, the splicing machinery (spliceosome) assembles 

cotranscriptionally at each intron-exon boundary of the pre-mRNA de novo. The 

spliceosome consists of five small nuclear RNAs (snRNAs) and about 200 proteins 

forming a mega-Dalton RNA-protein (RNP) complex, which catalyzes the splicing reaction 

to remove introns and ligate exons (Figure 2) (Will and Lührmann 2011; Gregory A. and 

Zefeng 2014).   

  

Figure 2. Protein composition of human spliceosomal snRNPs. Secondary structure of human 

spliceosomal snRNAs (U1, U2, U4-U6, U5 and U4-U5-U6 tri-snRNP). Below are the common and 

snRNPspecific proteins (Will and Lührmann 2011).    

  

Figure 3 shows an overview of the pre-mRNA, the two splicing reaction steps and 

the assembly of snRNPs, which promote these steps. The first catalytic step of the 

reaction is a nucleophilic attack at the 5’ss by the 2’OH group of the adenosine at the 

branch point. In the second step, the 3′ss is attacked by the free 3′OH group of the 5′ 

exon. This leads to the ligation of the 2 exons and release of the intron in form of a lariat 
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structure (Figure 3A) (Will and Lührmann 2011). The assembly of the spliceosome starts 

with the recognition of the splice sites, branch point and polypyrimidine tract (Figure 3B). 

The U1 snRNP binds to the 5’ss and promotes binding of U2AF to the polypyrimidine tract 

upstream of the 3’ss and the splicing factor 1 (SF1) protein to the branch point, forming 

the complex E. This culminates the recruitment of the U2 snRNP to the 3’ss. The 

interaction between U1 and U2 is dependent on the helicases PRP5 and UAP56 and this 

interaction forms the pre-spliceosome complex A. Next, the pre-assembled U4/U6U5 

trisnRNP complex is recruited and the pre-catalytic complex B is formed. Through a series 

of ATP-dependent rearrangements U1 and U4 leave the spliceosome, while nineteen 

complex (NTC) joins and afterwards the catalytic complex B* and C is formed, which 

performs the first and second step of the splicing reaction. After the second step, both 

exons are ligated and the intron forms a lariat (post-spliceosomal P complex). After the 

splicing reaction is completed, the ligated exons and intron lariat are released from the 

spliceosome by the PRP22 helicase. Finally U2, U5 and U6 disassemble from the spliced 

mRNA and are recycled for the next round of splicing  (Gregory A. and Zefeng 2014; Shi 

2017; Papasaikas and Valcárcel 2016).    
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Figure 3.Overview of pre-mRNA splicing. A) Two splicing reaction steps. B) Scheme of a pre-mRNA with 

conserved sequences recognized by the spliceosome. C) Assembly of the different spliceosome 

complexes, which are conserved in metazoans. U1 snRNP recognizes the 5’ss of the exon and recruits the 

splicing factor 1 (SF1) and U2AF. Assembly of these proteins lead to formation of the complex E. Next, the 

U2 snRNP joins the complex and SF1 leaves. Complex A now associates with the pre-assembled U4, U5 

and U6 tri-snRNP complex leading to the formation of the pre-catalytic complex B. Complex B undergoes 

different conformational changes though actions of the indicated helicases, such as Prp8 and Prp2. In this 

step U1 and U4 are released from the complex. The activated complex B can then perform the catalytic 

splicing reaction. It undergoes more conformational changes during the first step of splicing (branching).  
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Complex C is responsible for the second step of splicing (exon ligation). After this step the complex P is 

formed containing the ligated exons and the intron lariat still bound by U2, U5 and U6. When the intron lariat 

is released, snRNPs are recycled and join a new round of splicing (Will and Lührmann 2011).  

  

1.4. Alternative Splicing (AS)  

  

In humans, 95% of genes are alternatively spliced (Kornblihtt et al. 2013; Manning 

and Cooper 2016). Alternative splicing (AS) of transcripts can be differentially regulated 

in cell types and can be essential for cellular stress response by regulating the expression 

of specific protein isoforms, which have specific functions. The recognition of splice sites 

is the initial and an essential step during the splicing process. This defines whether exons 

will be included or excluded in the transcript. There are different mechanisms, which lead 

to exon recognition and inclusion. Constitutive exons are predominantly included in 

transcripts by conservative splicing. They contain highly conserved and strong 5’ splice 

signals, which are more efficiently recognized and bound by the spliceosome. Alternative 

exons contain weaker splice signals whose recognition and usage is regulated by splicing 

factors (ROCA et al. 2005). Splicing factors can bind to specific sequences called exonic 

and intronic splicing enhancers or silencers (ESE, ESS, ISE and ISS) in the pre-mRNA 

and enhance or inhibit the usage of weak alternative splice sites through a regulated 

recruitment of the spliceosome (Roy et al. 20; Wang et al. 2015). Another factor, which 

plays a role in recognition of weak splice sites is the transcription rate. During normal 

transcription elongation the spliceosome assembles preferentially at strong splice sites. 

When transcriptional elongation is slow and the DNA Polymerase pauses, the 

spliceosome can bind to the weak splice sites and include alternative exons (Kornblihtt 

2006).   

Figure 4 shows the different categories of AS events, which have been described 

so far. When splicing factors bind to alternative cassette exons, they can promote either 

their inclusion or their skipping. Some transcripts contain neighboring exons, which are 

spliced in a mutually exclusive manner. In this case the mRNA isoforms will only contain 

either one exon or the other. There can be several alternative splice sites in exons and 

their differential recognition leads to alternative 3’ or 5’ splice site usage. Introns can also 

be retained in transcripts, e.g. through binding of splicing factors to ISS sites. AS can also 
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lead to alternative first and last exon usage (Baralle and Giudice 2017). AS events, which 

alter the coding sequence of the mRNA will lead to translation of different protein isoforms 

with a different amino acid content and different protein domains. These protein isoforms 

can have alternative functions and/or a dominant negative effect on the main isoform  

 (Wang et al. 2008). AS in the 3’ untranslated region (3’UTR) does not influence the 

protein coding potential of the mRNAs, however, in this case the stability and localization 

of the mRNA might be affected. For example, alternative Poly(A) sites can be recognized, 

which leads to transcripts with longer or shorter 3’UTRs (Feng et al. 2015). mRNAs with 

longer 3’UTRs have been shown to be less stable, e.g. due to an increased amount of 

potential micro-RNA binding sites or other instability elements, such as AU-rich elements. 

In turn, mRNAs containing shorter 3’UTRs are more stable and also more efficiently 

exported to the cytoplasm. Therefore, alternative last exon usage can influence in protein 

expression levels by influencing mRNA available for translation (Matoulkova et al. 2012; 

Moore 2005). For a long time, the importance of AS has not be fully appreciated. However, 

in the last decade AS and the generation of different protein isoforms have been shown 

to be essential for cellular differentiation, stress responses, disease development and 

cancer cell survival (Coltri et al. 2019; Harries 2019; Scherrer 2018; Tam and Stirling 

2019; Yamazaki et al. 2018; Yin and Rogge 2019).  
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Figure 4. The different categories of AS events. Constitutive exons are shown in pink, alternative exons 

in blue. Different transcripts generated through the AS event are depicted below the splicing scheme.   

  

1.4.1. Backsplicing and the formation of circular RNAs (circRNAs)   

During splicing, the 5’ss of one exon is ligated to the 3’ss of a downstream exon.  

However, one type of AS event involves the ligation of a 5’ss to the 3’ss of an upstream 

exon. This process is called backsplicing and leads to the formation of a circular RNA 

transcript (circRNA). CircRNAs have been already described in the early 70s, but only 

recently with the development of high throughput sequencing techniques and 

bioinformatics tools specifically developed for the detection of circRNAs, their abundance 

and expression levels have been thoroughly recognized (Wilusz 2018; Hansen 2018) . 

Due to their formation by backsplicing, circRNAs do not contain PolyA-tails as most linear 
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RNAs do. Their circularity and lack of free 3’ ends makes them further resistant to 

degradation by exonucleases such as RNase I and R. Therefore, circRNAs are highly 

stable transcripts and have longer half-life times than linear transcripts, such as mRNAs. 

Many studies have shown that circRNAs are abundantly cell type-specifically expressed, 

with neurons having the highest abundance of circRNAs (Bartsch et al. 2018; Rybak-Wolf 

et al. 2015; Werfel et al. 2016).   

Backsplicing and circRNA biogenesis can be regulated through different 

mechanisms (Figure 5). For exons to be backspliced, their splice sites need to be in close 

proximity. One mechanism promoting backsplicing is the base-pairing between 

complementary sequences in flanking introns. During transcription, complementary 

sequences in the introns can base-pair and form secondary structures that allow distant 

exons to come together. Introns often contain Alu repeats, which can also base-pair and 

the form long double-stranded RNA regions. Indeed, exons that are circularized have an 

enrichment in Alu repeats in their flanking introns and their presence can be used to 

predict circRNA formation (Jeck and Sharpless 2014; Ivanov et al. 2015). A second 

mechanism promoting circRNA formation is the binding of RNA binding proteins (RBPs) 

to introns upstream and downstream of the splice sites. This mechanism has been shown 

for the RBP Quaking (QKI). When two QKI proteins bind to introns and interact, they can 

bring the introns together and the exons in close proximity allowing backsplice events to 

occur (Conn et al. 2015). As a third mechanism, circRNA formation can be coupled to 

canonical splicing and AS. CircRNAs are spliced by the canonical splicing machinery, 

since knockdown of different splicing factors affects linear splicing as well as circRNA 

formation (Starke et al. 2015). When splicing is efficient, introns are quickly removed, 

impairing their interaction and backsplicing. In this way linear splicing competes with 

backsplicing (Ashwal-Fluss et al. 2014). In addition, exon skipping can lead to formation 

of exonic lariat structures, which in turn can result in backsplicing of the skipped exons. 

In these cases circRNAs can be formed at the expense of the linear isoforms leading to 

a decrease in the levels of linear mRNAs or the formation of alternative mRNA isoforms 

lacking the circularized exons (Suzuki and Tsukahara 2014; Ashwal-Fluss et al. 2014).  
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Figure 5. Three mechanisms of circRNA formation. CircRNA formation mechanisms require that the 

ends of circularized exons are brought in close proximity for backsplicing to occur. A) Base-pairing of 

complementary sequences within flanking introns. B) Interaction between RBPs that bind to introns. C) 

Lariat formation during exon skipping. For all three mechanisms introns can be either partially kept in the 

transcript (eIcRNAs) or they can be completely spliced (exonic circRNAs). Figure adapted from (Ebbesen 

et al. 2016).  

  

CircRNAs have been intensively studied in the last years. An ever increasing 

amount of circular transcripts has been identified that are differentially expressed in 

cancer cells, during differentiation, during cellular stress such as hypoxia or related to 

diseases (Boeckel et al. 2015; Lei et al. 2018; Zhao et al. 2018; van Rossum et al. 2016). 

Many functions of circRNAs have been described; e.g. they can act as microRNA 

sponges, form complexes with RBPs and regulate transcription and translation, have 

functions in cellular stress response or regulate important cell signaling pathways (Figure 

6 and Table 1). Although circRNAs are generally considered as long non-coding RNAs 

(lncRNAs), recent studies suggested that they can contain internal ribosome entry sites 

(IRES) and can be translated via cap-independent translation (Pamudurti et al. 2017; 

Zhang et al. 2018a) . Most circRNAs studies focused on their identification and potential 

functions and very little is known on how these transcripts are induced or differentially 

regulated in different cellular conditions or as part of a stress response.     
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Figure 6. CircRNA functions. CircRNAs can act as microRNA sponges. MicroRNAs with complementary 

sequences base-pair with the circRNA instead of the mRNA target transcripts thereby impairing mRNA 

degradation and promoting increase in protein translation. Since circRNAs contain the same sequences as 

the linearized exons, RBPs can bind to the circle. The circRNA can function as scaffold for protein – protein 

interactions. CircRNAs can regulate RNA and protein expression. EIciRNAs can interact with the DNA Pol 

II and enhance transcription of their host genes. Additionally, circRNA formation can directly compete with 

linear splicing and mRNA formation, decreasing protein levels. CircRNAs can impair activity of the RBPs 

through sponging and sequestering. Some circRNAs contain IRES, which can be bound by ribosomes 

leading to translation of circRNA proteins. Figure adapted from (Kristensen et al. 2018).  
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 Table 1. Overview of circRNA functions.  
Function  circRNA  Target  Cell Type/Origin  Reference  

miRNA 

sponge  

CiRS-7   miR-7  Total Brain,  

HEK293  

(Hansen et al. 

2013) 

  
circSry  miR-138  

CircPVT1  miR-125  Gastric cancer 

tissue  

(Chen et al. 2017a) 

CircMYLK  miR-29a  Bladder cancer 

cells  

(Zhong et al. 2017)  

CircCDR1  miR-7  Zebrafish,  

HEK293, mouse 

embryo brain  

(Memczak et al. 

2013) 

  

CircRNA_100290   miR-29b  Human oral 

squamous cell 

carcinoma  

(Chen et al. 2017b) 

  

CircMTO1  miR-9  Human  

hepatocarcinoma   

(Han et al. 2017a) 

  

CircABCB10  miR-1271  Human breast 

cancer  

(Liang et al. 2017) 

  

CircP4HB    miR-133a-5p  Non-small cell 

lung carcinoma  

(Wang et al. 2019b) 

  

hsa_circ_0005105  miR-26a  Chondrocytes  (Wu et al. 2017)  

circUBAP2  miR-143  Osteosarcoma  (Zhang et al. 2017)  

Protein 

scaffold  

circNFATC3, 

circANKRD17  

IMP3 protein  Human  

hepatocarcinoma   

(Schneider et al. 

2016)  

circFoxo3  p21 and CDK2 proteins  NIH3T3, mouse  

cardiac fibroblast  

(Du et al. 2016) 

Transcription 

regulation  

circEIF3J, 

circPAIP2   

EIF3J, PAIP2 genes  HeLa  (Li et al. 2015)  

Splicing 

regulation 

through 

protein 

sponging  

circSMARCA5  SRSF1 sponge-> 

VEGFA splicing 

regulation   

U87-MG; 

glioblastoma 

multiforme  

(Barbagallo et al. 

2018) 

circMBL1  MBL1 sponge ->MBL1 

splicing regulation  

Drosophila S2, 

HeLa  

(Ashwal-Fluss et al. 
2014) 
  

Translation 

regulation 

through 

protein 

sponging  

circPABN1  HuR sponge -> PABN1  
translation regulation  

HeLa  (Abdelmohsen et al. 

2017)  

Protein 

translation  

CircSHPRH  SHPRH-146aa  Glioblastoma  (Begum et al. 2018)  

2018)  

CircZNF609    Myoblast  (Legnini et al. 2017)  
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1.4.2. Alternative splicing and nonsense-mediated decay (NMD)  

AS can also result in the generation of mRNA isoforms that contain premature 

termination codons (PTCs). PTCs can either appear due to the inclusion of an alternative 

exon or the retention of introns. Translation of mRNAs containing PTCs could give rise to 

truncated protein isoforms, which can be toxic for the cell or have a dominant negative 

function on the main isoform (Hwang and Maquat 2011). To prevent the synthesis of such 

truncated proteins, the nonsense-mediated decay pathway (NMD) degrades mRNAs 

containing PTCs during the first round of translation (Lloyd 2018). When the ribosome 

translates an mRNA and encounters a stop codon it pauses for termination. Ribosome 

pausing occurs usually at the end of the coding region and at the beginning of the 3’UTR. 

Interaction of the ribosome with the cytoplasmic PolyA binding protein (PABPC1), which 

binds to the polyA-tail of the transcript, leads to polypeptide release and translation 

termination. When the ribosome encounters a PTC the distance to the 3’end of the 

transcript is elevated and the interaction with PABPC1 is impaired. Instead the regulator 

of nonsense transcripts 1 (UPF1) binds to the mRNA next to the ribosome. This interaction 

leads to the release of the mRNA from the ribosome and target it for degradation 

(Mühlemann et al. 2008; Nicholson and Mühlemann 2010).   

Splicing is also coupled to the regulation of the NMD pathway. During splicing exon 

junction complexes (EJC) are deposited ~24nt upstream of every splice junction. The 

presence of EJCs downstream of stop codons marks them as PTCs and assists in the 

recruitment of NMD factors (Figure 7) (Nicholson and Mühlemann 2010). In a similar 

mechanism, splicing factors such as SRSF1 have been shown to recruit the NMD factor 

UPF1 when they remain bound to the mRNA in the cytoplasm due to ribosome pausing 

in a upstream stop codon (Aznarez et al. 2018). Translation inhibitors such as 

cyclohexamide (CHX) and knockdown of NMD factors such as UPF1 causes an 

inactivation of the NMD pathway and the accumulation of mRNAs with PTCs. Using this 

approach, studies have shown that AS of NMD target transcripts is a conserved 

mechanism for the regulation of protein levels (Lareau and Brenner 2015). During 

transcription, inclusion of exons containing PTCs, also called ‘poison cassette exons’ 

(PCEs), lead to the formation of transcript isoforms that are NMD-targets at the expense 
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of the main protein-coding mRNA isoform, which ultimately results in decreased protein 

levels. Many RBPs, spliceosome components and splicing factors, such as SR proteins, 

are regulated by PCE inclusion to maintain protein homeostasis (Saltzman et al. 2008).   

  

  

                   

Figure 7. Simplified NMD pathway. During splicing, exon junction complexes (EJCs) are deposited at 

most splice junctions. Alternative exons with premature termination codons (PTC - indicated by red 

hexagons), named ‘poison cassette exons’ (PCE) can be included during AS. After transcription terminates, 

polyA-tails are added to the mRNAs. The mature mRNA is exported to the cytoplasm for translation. In the 

cytoplasm the cytoplasmic PolyA binding protein 1 (PABPC1) binds to the polyA-tail. During the first round 

of translation the ribosome moves along the transcript and EJCs are displaced. When the ribosome 

encounters a stop codon it stalls. Stalling of the ribosome at stop codons at the end of the coding region 

allows interaction with PABPC1. This interaction leads to translation termination and protein release. 

Further rounds of translation can be initiated. In the second scenario the ribosome encounters a PTC and 

stalls. EJCs further downstream remain on the mRNA and interaction with PABPC1 does not occur. In this 

case, NMD factors and the endonuclease SMG6 are recruited and the mRNA and truncated protein are 

targeted for degradation, preventing further translation rounds.  
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1.5. SR proteins – essential alternative splicing regulators  

  

Serine-, arginine-rich proteins (SR proteins) are essential splicing factors that 

regulate constitutive and alternative splicing. SR proteins act mostly as splicing enhancers 

and bind preferentially to exons within ESEs. They assist in the splice site recognition and 

can recruit the spliceosome (Howard and Sanford 2015). Although SR proteins binding to 

exonic sequences rather promotes exon inclusion, multiple examples have been reported 

in which SR proteins binding to adjacent exons can also promote exon skipping. In this 

case the downstream and upstream exons are ligated while the alternative exon(s) in the 

middle are skipped (Figure 8) (Twyffels et al. 2011). Furthermore, SR proteins can inhibit 

binding of hnRNP proteins to ESS and ISS, which inhibit spliceosome assembly (Zhou 

and Fu 2013; Shepard and Hertel 2009).  

                       

Figure 8. SR proteins functions in constitutive splicing and AS. SR proteins can bind to exonic or 

intronic splicing enhancers (ESS, ISE). They promote exon recognition and recruitment of the spliceosome 

(green) to the splice sites. In addition, SR protein can inhibit binding of hnRNPs to exonic and intronic 

splicing silencer sequences (ESS, ISS) counteracting their inhibitory functions. When SR proteins bind to 

an exon they promote exon inclusion. When they bind to flanking exons they can promote exon skipping. 

Figure adapted from (Kornblihtt et al. 2013; Zhou and Fu 2013).    
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The SR protein family contains twelve canonical SR proteins named SRSF1-12  

(Manley and Krainer 2010). They contain one or two RNA recognition domains (RRM and 

RRMH) at their N-terminus and a C-terminal arginine-, serine-rich domain (RS domain), 

which varies in length. Beside these highly conserved domains, SR proteins can have 

additional protein domains. For example, SRSF7 contains a zinc knuckle domain between 

the RRM and RS domains (Figure 9) (Cavaloc et al. 1999). The RRMs bind to pre-mRNA 

during transcription to promote co-transcriptional splicing (Sapra et al. 2009). Although 

the structure and sequences within the RRMs are similar between SR protein family 

members, they have different binding motifs and target exons (Ankö et al. 2010). The RS 

domain serves as a proteins interaction platform and has been shown to interact with 

many RNA processing factors. Phosphorylation of the serine residues within the RS 

domain determines the activities of SR proteins (Ghosh and Adams 2011).   

  

Figure 9. Overview of the domain structure of canonical SR proteins (SRSF1-12). Indicated are the 

names, the domain structure, other known names, the total number of amino acids, the position where the 

RS domain is in the protein and the percentage of RS direpeats within the RS domain (Wegener and Müller-

McNicoll M. 2019).    
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The phosphorylation state of the RS domain is highly dynamic and is regulated by 

a complex interplay between phosphatases and SR protein specific kinases. Different 

phosphorylation states stimulate conformational changes within the SR proteins. These 

conformational changes allow interactions with the spliceosome and other proteins 

partners and regulate the SR proteins activity and localization (Aubol et al. 2017). The SR 

protein phosphorylation cycle is illustrated in Figure 10. In the nucleus, they are 

hyperphosphorylated by the nuclear CDC2 like kinases 1-4 (CLKs). In this form they are 

recruited to nascent pre-mRNAs, they bind to their target RNA sequences and recruit the 

U1 and U2 snRNP and promote spliceosome assembly. During splicing, SR proteins 

become dephosphorylated by protein phosphatase 1 (PP1) and in this form they are able 

to recruit the nuclear export factor 1 (NXF1) (Novoyatleva et al. 2008; Müller-McNicoll et 

al. 2016). Recruitment of NXF1 leads to the nuclear export of mature mRNAs to the 

cytoplasm. Most SR proteins remain bound to the exported mRNA and shuttle as part of 

the mRNP to the cytoplasm. In the cytoplasm, SR-specific protein kinases (SRPK1-2) 

rephosphorylate the RS domain to an intermediate state, which promotes SR protein 

reimport to the nucleus via Transportin-SR and their targeting to nuclear speckles  (Aubol 

et al. 2018; Saitoh et al. 2012; Zhong et al. 2009). In the nuclear speckles, SR proteins 

are stored and interact with other nuclear speckle proteins and polyadenylated RNAs, 

such as the lncRNA MALAT1. SR proteins remain in nuclear speckles until they are 

reactivated by hyper-phosphorylation and participate in a new round of splicing (Corkery 

et al. 2015).   
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Figure 10. The SR protein phosphorylation cycle. The SR protein phosphorylation state determines their 

localization and activity. The CLKs 1/4 hyper-phosphorylate SR proteins and in this state they bind to 

premRNA during transcription and promote spliceosome assembly and splicing. During splicing they are 

dephosphorylated by protein phosphate 1 (PP1) and remain bound to the mature RNA. In this state, SR 

protein recruit the export factor NXF1 and promote mRNA export to the cytoplasm. SR protein shuttle to 

the cytoplasm with the bound mRNA. In the cytoplasm, they are removed from the mRNA by the ribosome 

during the first round of translation. Subsequently, they become re-phosphorylated by SRPK1/2 kinases 

and are re-imported into the nucleus. In this intermediate phosphorylation state, they are stored within 

nuclear speckles were they bind to other splicing factors and MALAT1 until being hyper-phosphorylated by 

CLKs and able to leave the speckles for new round of splicing (Wegener and Müller-McNicoll M. 2019)  

  

1.5.1. Nuclear speckles (NS) and MALAT1  

Nuclear speckles (NS) are membrane-less dynamic structures present in the 

interchromatin spaces within the nucleus. They are formed through the interactions 

between RBPs and are considered as storage compartments for splicing factors, 

spliceosomal components and the lncRNA MALAT1 (Mao et al. 2011). High resolution 

images of NS have shown that splicing factors are mostly localized in the inner part of the 

speckle while MALAT1 localizes to the periphery (Fei et al. 2017). NS are dynamic 

structures and their composition, morphology and localization can change in different 

cellular conditions. Upon transcription inhibition, NS can localize to transcription sites, 

which allows the rapid recruitment of splicing factors to these sites to promote 
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posttranscriptional splicing (Girard et al. 2012). NS also contain mature mRNAs and 

nuclear export factors and have been described as a quality control hub, where mRNAs 

have to transit through prior their cytoplasmic export (Wegener and Müller-McNicoll 2018; 

Wang et al. 2018). SR proteins are also stored in NS and they are released when they 

are hyperphosphorylated by CLKs (Aubol et al. 2017). Within NS, SR proteins bind to the 

lncRNA MALAT1. MALAT1 has been shown to be a component of nuclear speckles, but 

it is also highly abundant in the nucleoplasm. Contrary to core nuclear speckle proteins 

such as SRSF2 (SC35) and SRm300, depletion of MALAT1 or deletion of different regions 

of this lncRNA does not affect nuclear speckle assembly (Miyagawa et al. 2012; 

Nakagawa et al. 2012).    

MALAT1 is up-regulated in many cancer cells and upon stress conditions, such as 

hypoxia, but its functions are not completely understood. Many studies suggested that 

MALAT1 induction might be important for cell proliferation, migration and survival. In 

agreement with this proposal, knockdown of MALAT1 in HeLa cells caused cell cycle 

arrest and nuclear fragmentation during replication. However, a recent study showed that 

MALAT1 actually prevents metastasis and cellular migration in breast cancer cells (Hou 

et al. 2017; Brock et al. 2017; Kim et al. 2018; Liu et al. 2017; Liu et al. 2018; Tripathi et 

al. 2010). Although the functions of MALAT1 seem to vary dependent on the cell type and 

cellular conditions, it is clear that its interaction with SR proteins represents one important 

mechanism of how MALAT1 might be able to regulate splicing and transcription. So far, 

studies have investigated only the interplay of MALAT1 with SRSF1 (Figure 11). It is 

unknown whether the interaction of MALAT1 with other SR proteins might affect its 

activities in a different manner. For example, SRSF6 remains in NS upon cellular stress, 

while SRSF1 is released to the nucleoplasm, suggesting that these two SR proteins might 

have different functions upon stress (Hochberg-Laufer et al. 2019). Investigating the 

MALAT1 interaction with other SR proteins could help to understand the function of this 

lncRNA in different cell types and stress conditions.  
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Figure 11. MALAT1 regulates splicing by moving SRSF1 from speckles to the chromatin. MALAT1 is 

a lncRNA present in nuclear speckles (NS) and in the nucleoplasm. It contains many binding sites for 

SRSF1 and other RBPs (yellow and green circles). MALAT1-SRSF1 complexes can leave NS and move 

together to the chromatin during transcription. MALAT1 binds to chromatin and brings SRSF1 in close 

proximity to nascent pre-mRNA facilitating its binding to target sequences and promoting the inclusion of 

SRSF1 target exons.                           

  

1.5.2. Serine-, arginine-rich splicing factor 6 (SRSF6)  

SRSF6 is a member of the canonical SR protein family. It contains one RRM and 

one RRMH domain and is very similar to SRSF4 in sequence and domain structure 

(Figure 9). Accordingly, SRSF6 and SRSF4 share a similar binding motif and can bind to 

the same target RNAs, but they often regulate splicing in opposite directions and might 

rather compete for binding sites (Müller-McNicoll et al. 2016). For example, it has been 

shown that splicing of exon 5 of the coagulation factor TF in monocytes is regulated by 

SRSF6 and SRSF4 in an opposing manner (Chandradas et al. 2010).   

SRSF6 was shown to play an important role in in pancreatic cells, where it 

regulates splicing of the anti-apoptotic isoform of Bim and assures cell proliferation and 

survival (Hara et al. 2013; Juan-Mateu et al. 2018). SRSF6 also regulates splicing of the 

vascular endothelial growth factor VEGFA, which is important for the response of tumor 
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cells to hypoxia (see chapters below) (Nowak et al. 2008). SRSF6 also emerged as 

oncogene, since it is overexpressed in different cancer cells and promotes tumor 

progression and aggressiveness (Chandradas et al. 2010; Iborra et al. 2013; Wan et al. 

2017). Moreover, these studies provided compelling evidence that SRSF6 is an important 

splicing regulator in tumors that regulates the proliferation and migration capacities of 

cancer cells. Most likely, overexpression of SRSF6 will lead to aberrant AS of many 

genes, but so far only very few SRSF6 target transcripts have been identified and 

characterized. Furthermore, the regulation of SRSF6 levels in the hypoxia response and 

adaptation of tumor cells has not been explored yet.  

  

1.6. The role of AS in stress conditions and upon DNA damage  

  

AS of transcripts can lead to the translation of protein isoforms with antagonistic 

functions, which can be essential to control the fate of a cell upon stress. For example, 

activation of the apoptosis signaling pathway upon DNA damage or mutation can impair 

the survival of carcinoma cells and block tumor progression. While the main isoform of 

Bim, a BCL2 family member, has pro-apoptotic functions, the alternatively spliced isoform 

Bim-S, which lacks exon 4, has anti-apoptotic functions (Juan-Mateu et al. 2018). Another 

example is MDM4, which is a negative regulator of the pro-apoptotic protein p53. An 

alternative spliced MDM4 isoform lacking exon 6 leads to the translation of a protein 

isoform, which lacks the p53 inhibitory domain and causes activation of p53 and the 

apoptosis signaling pathway (Allende-Vega et al. 2013).   

In addition to the modulation of the apoptotic pathway, AS of cell cycle regulators 

can also determine whether cell division is induced or if the cell cycle is arrested upon 

stress conditions and in cancer cells. For example, SRSF3 can be spliced into a truncated 

protein isoform, which has a dominant negative effect on the splicing of SRSF3 targets. 

When the truncated SRSF3 protein binds to the Sororin transcript, intron 1 and 2 are 

retained, which leads to creation of a NMD isoform. Consequently, Sororin protein levels 

are decreased culminating in cell cycle arrest (Jiménez et al. 2019).   
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The cellular response to DNA damage is essential to prevent accumulation of 

damaged cells and cancer development. In cancer cells and solid tumors, proliferation of 

cells with damaged DNA can further stimulate tumor progression and metastasis. Recent 

studies have shown that many transcripts undergo AS in response to DNA damage 

(Lenzken et al. 2013; Shkreta and Chabot 2015; Chen and Kastan 2017). For example, 

the Chk1 (checkpoint kinase 1) protein is essential for the DNA repair in DNA damaged 

cells. It promotes cell cycle arrest allowing the DNA to be repaired before division. 

Skipping of exon 18 of the Chk1 transcripts results in the translation of a truncated protein 

isoform (Chk1-short), which interacts and antagonizes Chk1 impairing the cell cycle arrest 

and leading to proliferation of DNA damaged cells (Pabla et al. 2012).     

DNA damage including mutations or double strand breaks (DSB) induce the DNA 

damage repair response (DDR), which triggers phosphorylation of the histone variant 

H2AX. Phosphorylated H2AX locates to sites of DSB and recruits ATM kinases (Burma 

et al. 2001; Ji et al. 2017; Huang et al. 2004; Podhorecka et al. 2010). ATM kinases 

activate downstream signaling pathways, which cause phosphorylation and regulation of 

splicing factors. This leads to AS of transcripts important for the DDR, involved in DNA 

repair, apoptosis activation and cell cycle regulation. Impaired DDR causes uncontrolled 

growth and additional genomic errors due to inefficient chromosome segregation and a 

lack of homologous repair. Errors during mitosis, especially during chromosome pairing 

and segregation can lead to the formation of micronuclei or abnormal shaped nuclei. 

Micronuclei have been shown to be an marker of DNA damage and an impaired DDR 

response (Fonseca et al. 2019; Zhu et al. 2011).  

  

1.7. Hypoxia  

  

The DDR is impaired in cancer cells and they tend to proliferate until they reach 

solid tumor stages. Cells in the middle of solid tumors are distant from blood vessels and 

oxygen (O2) supply. In this condition, cancer cells can experience a stress condition 

named hypoxia. Hypoxia occurs when the oxygen (O2) supply in cells and tissues is lower 

than the amount necessary for their normal metabolic functions. Hypoxia has been first 

described more than 50 years ago, when it was observed that cancer cells were resistant 



 Introduction  

  

38  

  

to radiation therapy, when they were isolated from blood vessels and had low O2 supply 

(Thomlinson & Gray 1955).  Radiation of cells with normal oxygen levels causes DNA 

damage due to the generation of reactive oxygen species. Hypoxic cells are adapted to 

lower O2 levels due to the hypoxia response, thus fewer reactive oxygen species are 

generated and they become resistant to DNA damage (Brown and Wilson 2004; Graham 

and Unger 2018).   

In the last decades, hypoxia has been described to occur in several other 

physiological conditions such as ischemia, stroke and wound healing. Upon hypoxia, cells 

release growth factors which act on endothelial cells and promote growing of new blood 

vessels, a process called angiogenesis. Therefore, the hypoxia response is essential for 

the revascularization of the affected areas. (Yang et al. 2018; Simon and Keith 2008; 

Zhang and Zhang 2018). The level of oxygen supply in the human body varies 

considerably between tissues, which is mainly due to the localization and amount of blood 

vessels which supply the respective tissue or cells in the body. O2 levels can vary from 

19% in the tracheas, where the atmospheric air enters, to 4% in muscle tissue and 1% in 

superficial layers of the skin (Carreau et al. 2011; Wenger et al. 2015; Esteban et al. 

2019). Therefore, the percentage of O2 that induces the hypoxia response can vary 

between tissues and cell types. Cancer cells can grow excessively and form tumors in all 

tissues. Studies have shown that due to the cellular organization and the lack of blood 

vessels, 90% of solid tumors display hypoxic conditions in their microenvironment (Vaupel 

et al. 2001; Muz et al. 2015).  

Cells that are under hypoxia need to respond to this stress in order to survive. The 

mechanisms, which allow cellular survival on low or insufficient O2 levels have been 

intensively studied through the last years. Adaptation occurs at many levels and the 

hypoxia response comprises global changes in gene expression and cellular processes. 

However, due to this major reprogramming that cells experience and the induction of 

various signaling pathways, the hypoxia response is still far from being understood.   

Wenger and colleagues discussed the question of what is considered a hypoxic 

condition in vivo and in vitro (Wenger et al. 2015). Depending on the cell type from which 

the tumor originated, the relative decrease in O2 compared to the normal tissue can vary 

from 20-90%, with less than 1% O2 in some cases. In vitro, cells are cultivated with 20% 



 Introduction  

  

39  

  

O2 (21% O2 with 5% CO2, which results in 19,95% total O2). Therefore, for most of the 

hypoxia studies the O2 levels used, are between 0.2-1.5%. This decrease in O2 supply 

mimics the physiological hypoxic conditions and can induce the hypoxia response in cells 

in vitro (Vordermark and Brown 2003).   

1.7.1. Hypoxia inducible factor pathway  

  

One of the most important signaling pathways for the hypoxia response is the 

hypoxia inducible factor (HIF) pathway. HIFs are a family of transcription factors, which 

bind to promoter regions and induce expression of genes associated with the hypoxia 

response. The function of HIFs in promoting the expression of hypoxia-inducible genes 

has been described in the early 90s (Guang l et al. 1995) and since then, many studies 

have shown the importance of these transcription factors for cellular adaptation and 

survival upon hypoxia.   

HIF1 and HIF2 are the most studied HIF transcription factors and they have 

common and differential functions in the hypoxia response. These transcription factors 

contain 2 subunits, alpha and beta. Only when both subunits are dimerized they can bind 

to the promoter regions of the DNA and promote transcription (Bartoszewski et al. 2019; 

Schito and Semenza 2016). In normal conditions, HIF1 and HIF2 alpha subunits are 

translated and rapidly degraded in the cytoplasm by the proteasome (half-life ~5 minutes, 

Figure 10). Rapid degradation occurs upon ubiquitination by the von Hippel-Lindau tumor 

(pVHL) suppressor protein, an E3 ubiquitin ligase. The recognition of HIF1/2 alpha by 

pVHL is dependent on the hydroxylation of proline residues within HIF1/2 alpha, catalyzed 

by prolyl-4-hydroxylases (PHDs) or HIF1/2 prolyl hydroxylases (HPHs). At low oxygen 

levels, PHDs and HPHs are no longer able to hydroxylate HIF1/2 alpha and the proteins 

are consequently stabilized. Upon stabilization, HIF1/2 alpha translocate to the nucleus, 

form heterodimers with the constitutively expressed HIF1 beta subunit and bind to other 

cofactors such as the CREB-binding protein (p300/CBP). Subsequently, HIF1/2 alpha 

bind to specific promoter sequences called E-box-like hypoxia response elements (HREs) 

and induce the transcription of thousands of genes important for the cellular hypoxia 

response (Salceda and Caro 1997; Kazuhiro et al. 1999; Masoud and Li 2015).   
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Figure 12. HIF1α signaling pathway. HIF1/2 transcription factors have two subunits, the alpha subunit 

stays in the cytoplasm and is rapidly degraded, while the beta subunit is stable and imported to the nucleus. 

When cells have high O2 levels, PHDs hydroxylate HIF1/2 alpha in the cytoplasm. Hydroxylated HIF1/2 

alpha are recognized and bound by VHL, which ubiquitinates HIF1/2 alpha. Ubiquitinated HIFs are rapidly 

degraded by the proteasome. In hypoxia conditions, low O2 levels impair the hydroxylation of HIF1/2 alpha. 

In this case, HIF1/2 alpha are not recognized by VHL and stabilized and translocate to the nucleus. In the 

nucleus they dimerize with the HIF1 beta subunit and bind to DNA sequences named hypoxia response 

elements and promote transcription of genes involved in the hypoxia response.  

  

Genes induced by the HIF1a pathway act in diverse cellular processes. In the early 

hypoxia response, mitochondrial genes are down-regulated and genes involved in 

anaerobic metabolism and glycogenesis are induced by HIF1 alpha (Singh et al. 2017).  

Another target of HIF1 alpha and important hypoxia marker is the vascular endothelial 

growth factor (VEGFA). VEGFA expression and induction in hypoxic cells is pivotal for 
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tumor and ischemic tissue survival (Shibuya 2011). This growth factor is produced and 

secreted by hypoxic cells and stimulates growth and migration of endothelial cells towards 

a VEGFA gradient, leading to blood vessel growth in a process called angiogenesis, which 

allows reoxygenation of the hypoxic cells and tissues (Figure 13). When tumor cells are 

provided with blood vessels, cancer cells tend to detach from the tumor and fall into the 

blood vessel. This allows tumor cells to reach other tissues and become metastatic (Schito 

and Semenza 2016). Furthermore, HIF1 alpha target genes have been shown to regulate 

cellular proliferation, migration and cell survival through regulation of the apoptosis 

pathway (Mori et al. 2016; Bai et al. 2013; Greijer and van der Wall 2004).   

HIF2 alpha acts in the same way as HIF1 alpha and binds to HREs promoting 

expression of genes involved in the hypoxia response. Although less studied than HIF1 

alpha, HIF2 alpha also induces expression of VEGFA (Hu et al. 2003; Lee and Simon 

2015; Franke et al. 2013). HIF2 alpha is also important in the regulation of selective 

protein translation in hypoxia (Uniacke et al. 2012). It forms a complex with the RBP  

RBM4 and the cap-binding protein eIF4E2 that binds to sequences in the mRNAs 5’end 

denominated rHREs (RNA hypoxia response elements), which in turn promotes ribosome 

recruitment and translation.    

The stabilization of the Hypoxia Inducible Factors (HIF) is a main characteristic of 

the hypoxia response. HIF target genes, such as VEGFA and CA9 are highly induced in 

different cell types and are considered as hypoxia markers (Simon 2016).  
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Figure 13. Angiogenesis and tumor metastasis. Figure modified from LUNGevity foundation website  

(https://lungevity.org/)  

  

1.7.2. HIF independent hypoxia response pathways  

 Hypoxia and oxidative stress lead to the activation of other HIF-independent signaling 

pathways that also increase the cellular hypoxia response and cell survival. For example, 

in hypoxia the amount of produced cellular ATP and energy is reduced. Cells switch from 

oxidative phosphorylation to glycogenesis, which maintains cellular ATP production but is 

not as efficient to produce energy. Therefore, processes which demand large amounts of 

energy are down-regulated (Gonzalez et al. 2018). One of the most energy consuming 

cellular processes is protein translation. In hypoxia, global protein synthesis is reduced 

through the activation of different signaling pathways while selective translation of proteins 

required for the hypoxia response is induced (Chipurupalli et al. 2019; Chee et al. 2019).  

At physiological conditions many proteins are synthesized at the Endoplasmic 

reticulum (ER). Hypoxia and oxidative stress can lead to disturbances in protein synthesis 

and folding at the ER and consequently cause ER stress. To alleviate ER stress, cells 

activate the unfolded protein response (UPR) pathway, which leads to a decrease in 

https://lungevity.org/
https://lungevity.org/
https://lungevity.org/
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global protein synthesis due to the inhibition of the mTOR signaling pathway, and 

reestablishes proper folding and processing of proteins at the ER (Bonnet-Magnaval et 

al. 2016). Hypoxia induced ER stress also leads to activation of the endoplasmic reticulum 

(ER)-resident kinase (PERK). This kinase phosphorylates the eukaryotic initiation factor 

2 alpha (eIF2α) which inhibits the activity of the initiation factor 2B, responsible for loading 

mRNAs in the ribosome for translation initiation (Chipurupalli et al. 2019; Koumenis et al. 

2002).   

The Akt pathway, which is mainly regulated by Akt and PI3K kinases, is also 

activated in hypoxia. These kinases are able to phosphorylate the kinase mTOR, which 

activates it. Activation of the mTOR signalling pathway leads to phosphorylation and 

activation of its targets, 4E-binding protein-1 (4EBP1) and ribosomal protein S6 kinases 

(S6K), which promotes cellular proliferation and survival through ehnhanced translation 

and inhibition of apoptosis (Zhang et al. 2018b). In hypoxia, the Akt/PI3K pathway can be 

activated due to the binding of growth factors which are released from neighboring 

hypoxic cells. On the other hand, the micro-RNA miR-21, which is highly expressed in 

hypoxia, targets PTEN, a suppressor of Akt phosphorylation and activation (Polytarchou 

et al. 2011). Activation of this signaling pathway can enhance the hypoxia response and 

has been suggested to be part of a chronic hypoxia feedback loop, in which activation of 

mTOR and protein synthesis is necessary. In addition, the Akt/PIK3 pathway has also 

been shown to stabilize and increase HIF1 alpha protein levels. Although the mechanism 

for this regulation is not clear, it has been proposed that PI3K kinases can influence the 

activity of the proteasome and promote HIF alpha stabilization (Zhang and Zhang 2018).   

Other than HIF-induced transcription, differential gene expression in hypoxia is 

also regulated by the NF-kB transcription factor family. Under physiological conditions NF-

kB is bound to the IkB protein and remains in the cytoplasm. During certain stress 

conditions or inflammation, IkB is degraded by the proteasome and NF-kB is released 

(Cartwright et al. 2016; Lawrence 2009). NF-kB translocates to the nucleus where it binds 

to promoter regions in the DNA and induces gene expression. In hypoxia, NF-kB has been 

shown to be activated by the Akt kinase. Additionally, some studies have explored the 

effects of VHL inactivity and NF-Kb activation, although the mechanisms leading to this 

activation are not clear. NF-kB induced transcription activates the anti-apoptotic pathway 
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and promotes cell survival and proliferation. Furthermore, NF-kB has been shown to be 

important for tumor metastasis and drug resistance (Bedogni et al. 2008; Zhang and 

Zhang 2018).   

  

1.8. Hypoxia mimic  

  

Activation of the HIF1/2 alpha pathway in response to hypoxia has a major 

importance for cellular reprogramming and adaptation to this condition. HIF1 alpha 

stabilization can be also chemically achieved by treating cells with cobalt (II) chloride 

(CoCl2), which mimics the hypoxia transcriptional response in normoxic conditions. Cobalt 

ions replace the iron in the active sites of PHDs leading to the inhibition of their 

hydroxylase activity. In addition, cobalt ions can bind to hydroxylated HIF1/2 alpha 

preventing binding of VHL and their ubiquitination (Muñoz-Sánchez and Chánez-

Cárdenas 2019). Indeed, the chemical induced hypoxia response by CoCl2 has been 

shown to mimic induction of VEGFA expression, activation of the PI3K/Akt and mTOR 

pathway and induction of glycolytic gene expression (Chen et al. 2017c; Osera et al. 2015; 

Zimmerman et al. 2018; Gregg L. et al. 1994).  

However, while stabilization of HIF1/2 alpha normally decreases after longer times 

of hypoxia exposure, CoCl2 stabilizes HIF1/2 alpha during the entire time of supply. 

Furthermore, although HIF1/2 alpha are stabilized, cells still have sufficient O2 and 

different signaling pathways are active, thus a prolonged hypoxia response cannot be fully 

mimicked by CoCl2 treatment.  

  

1.9. Hypoxia and AS  

  

Upon hypoxia, thousands of genes are induced or differentially regulated. In 

addition to the differential gene expression in hypoxia, AS has recently emerged as an 

important regulation mechanism to respond and adapt to hypoxia in different cell types 

(Bowler et al. 2018). Sena and colleagues have published a comprehensive analysis of 

genes, which are alternatively spliced in hypoxia. This indicated that a large proportion of 

genes that are alternatively spliced are not transcriptionally induced in hypoxia (Sena et 
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al. 2014). These results are evidence for the potential importance of AS as an additional 

layer of gene regulation during the hypoxia response. Although some studies have shown 

the general importance of AS in cancer cells, chondrogenic differentiation or endothelial 

cells in hypoxia (Gonçalves et al. 2017; Han et al. 2017b; Yao et al. 2016; Kemmerer and 

Weigand 2014), the splicing factors, which are responsible for the AS regulation in this 

condition remained elusive. Interestingly, recently it was shown that the SR proteinspecific 

kinases CLKs are high expressed in hypoxia and contribute to the phosphorylation and 

activation of splicing factors in this condition (Bowler et al. 2018). Moreover, 

Jakubauskiene and colleagues showed that CLKs and SRPK1 are activated upon hypoxia 

and influence the splicing outcome (Jakubauskiene et al. 2015).   Regarding the functions 

of alternatively spliced isoforms in hypoxia very little is known. Some isoforms have been 

described and validated but functional studies are scarce. Brady and colleagues showed 

that intron retention in the transcript encoding eukaryotic translation initiation factor 2B5 

(EIF2B5) leads to the generation of a truncated protein isoform, which has a dominant 

negative effect on the main isoform and inhibits translation (Brady et al. 2017)). VEGFA, 

which plays an important role in the hypoxic response, has several alternatively spliced 

isoforms and alternative splicing has been shown to play an important role in 

angiogenesis induced by hypoxia in different cell types. The isoforms have differential 

effects on the angiogenesis promoting potential of VEGFA  (Guyot et al. 2017; Biselli-

Chicote et al. 2017). There are pro- and anti-angiogenic VEGFA isoforms and their 

generation can be regulated by the inclusion of exon 8a and 8b, respectively (Figure 21C). 

The switch in splicing from the anti- (exon8b) to the proangiogenic (exon8a) isoform in 

hypoxia is modulated by the activation of the SR protein SRSF1 in hypoxia. SRSF1 binds 

to exon 8a and favors its inclusion. In contrast, the antiangiogenic isoform is generated 

by binding of SRSF6, which promotes inclusion of the exon 8b (Nowak et al. 2010; Nowak 

et al. 2008).   
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1.10. Hypoxia and HeLa cells  

  

In this study, we use HeLa cells as a model to study the hypoxia response and 

adaptation of cancer cells. HeLa cells are the first immortal cell lineage used for laboratory 

studies. They were isolated from Henrietta Lacks in 1950.  Henrietta had an advanced 

cervical carcinoma and when she sought treatment, some of her carcinoma cells were 

collected and cultivated by George Grey. Surprisingly, he realized that unlike other cells, 

HeLa cells could grow for many passages without dying or getting old (Masters 2002). 

Later, it was shown that Henrietta Lacks had a human papillomaviruses (HPV) infection 

and the virus genome integrated in the healthy cells causing mutation and deactivation of 

p53. HeLa cells are immortal because the apoptosis pathway is compromised and upon 

DNA mutations and damage the cells can still divide and proliferate. Activation of p53 

transcription in HeLa and other cancer cell lines has been shown to revert their continuous 

growth (Hoppe-Seyler and Butz 1993; Leroy et al. 2014). HeLa cells have been used for 

research since their discovery and many mechanisms leading to cell survival and tumor 

progression have been elucidated using them as experimental model. Although some 

studies have shown that primary tumor cells and cancer cell lines can vary in their 

genomic expression, their continuous growth and ability to generate tumors in vivo 

indicate that many cellular processes, signaling pathways activation and stress responses 

reflect the physiological tumor response (Gillet et al. 2013). As previously described, 

tumor cells such as HeLa cells, are resistant to DNA damage and able to adapt to cellular 

stresses such as hypoxia. When submitted to hypoxia conditions, HeLa cells respond to 

this stress in vitro similar to other cancer cell lines. They express and secret growth 

factors, which mimic angiogenesis induction by tumors. Hypoxia also induces the 

proliferation and migration of HeLa cells similarly to primary cancer cell tumors (Vaupel 

and Harrison 2004; Edwald et al. 2014; Fu et al. 2015; Setty et al. 2017).   
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2. Objectives  

  

The hypoxia response induces global changes in cellular gene expression and 

alternative splicing is essential for the stress response and cell survival. The factors that 

regulate the AS response to hypoxia are poorly understood. SR proteins are essential 

splicing regulators, but their role in the AS hypoxia response has not yet been studied.   

The objectives of this thesis were the following:  

  

1) Characterize global AS and backsplicing events in HeLa cells in hypoxia!  

2) Elucidate the functions of SRSF6 in the regulation of the AS response in hypoxia!  

3) Investigate the role of SRSF6-MALAT1 interactions for the regulation of hypoxia AS!  
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3. Material and Methods  

  

3.1. Materials   

  

3.1.1. List of chemicals, solutions, reagents and enzymes  
Table 2. List of chemicals, solutions, enzymes and reagents.  

Product   Company  

Solutions   

1 M Magnesium chloride  Life Technologies  

1 M Tris, pH 7.0  Life Technologies  

1 M Tris, pH 8.0  Life Technologies  

10X TBE  Thermo Fisher  
Scientific  

Dimethyl sulfoxide hybri-max sterile  (DMSO)  Sigma-Aldrich  

1x Dulbecco's phosphate buffered saline  Sigma-Aldrich  

2-Mercaptoethanol,>=99.0%  Sigma-Aldrich  

2-Propanol  Sigma-Aldrich  

3M Sodium acetate pH 5.5   Life Technologies  

5M Sodium chloride  Life Technologies  

Chloramphenicol,>=98% (TLC)  Sigma-Aldrich  

Cobalt chloride 0.1 M solution  Sigma-Aldrich  

Cycloheximide,from microbial, >=94% (TLC)  Sigma-Aldrich  

DMEM, high glucose, GlutaMAX™ Supplement, pyruvate  Life Technologies  

EDTA (0.5 M), pH 8.0  Life Technologies  

Ethanol, 70%  Carl Roth  

Fetal Bovine Serum  Thermo Fisher  
Scientific  

Formaldehyde solution 37 %  Carl Roth  

Geneticin® Selective Antibiotic (G418 Sulfate)  Life Technologies  

Igepal® CA-630  Sigma-Aldrich  

Methanol  Sigma-Aldrich  

NuPAGE® MOPS SDS Running Buffer (20X)  Thermo Fisher  
Scientific  

Penicillin-Streptomycin (10,000 U/mL)  Life Technologies  

Phenol:Chloroform:Isoamyl Alcohol 25:24:1, Saturated with 10mM Tris, 

pH 8.0, 1mM EDTA  
Sigma-Aldrich  

Phosphate buffered saline,10x concentrate  Sigma-Aldrich  

Pierce 16% Formaldehyde (w/v), Methanol-free  Thermo Fisher  
Scientific  



Material and Methods 

  

49  

  

Ponceau S, 500mL  Amresco  

ProLong® Diamond Antifade Mountant  Invitrogen  

Roitpuran >99,8%, Ethanol  Carl Roth  

 

Rotiphorese - Acrylamide 30% solution 37.5:1  Carl Roth  

SDS Solution  Bio-Rad  

Sodium deoxycholate bioxtra, 98%  Sigma-Aldrich  

Stellaris® RNA FISH Hybridisation Buffer  BioCat  

Stellaris® RNA FISH Wash Buffer A  BioCat  

Stellaris® RNA FISH Wash Buffer B  BioCat  

TBE buffer dry tris-borate-edta, 40L  Amresco  

Trichlormethan/Chloroform, ROTISOLV®  ≥99,8 %, Pestilyse  Carl Roth  

Tris-EDTA buffer solution, BioUltra, for molecular biology, pH 7.4  Sigma-Aldrich  

Triton X 100  Carl Roth  

TRIzol® Reagent  Thermo Fisher  
Scientific  

Tween 20, 1L  Amresco  

Water, Molecular Biology Reagent  Sigma-Aldrich  

Enzymes and reagents  

2x RNA Loading Dye  Fermentas  

50 bp DNA Ladder  Invitrogen  

ACCUPRIME SUPERMIX I 200 RX  Life Technologies  

BamHI-HF - 50,000 units  New England 

Biolabs (NEB)  

CircLigase™ II ssDNA Ligase  Lucigen  

cOmplete(TM) Protease Inhibitor Cocktail  Sigma-Aldrich  

dNTP Set, 100mM Solutions  Thermo Fisher  
Scientific  

Dynabeads® Protein G for Immunoprecipitation  Thermo Fisher  
Scientific  

GlycoBlue™ Coprecipitant (15 mg/mL)  Invitrogen  

Hexanucleotide Mix  Sigma-Aldrich  

Hoechst 34580  Sigma-Aldrich  

O’GeneRuler 50 bp DNA Ladder, ready-to-use  Thermo Fisher  
Scientific  

Oligo dT25 Magnetic Beads - 25 mg  New England 

Biolabs (NEB)  

ORA™ qPCR Green ROX L Mix, 2X  highQu  

PageRuler™ Prestained Protein Ladder, 10 to 180 kDa  Life Technologies  

Redsafe staining solution  Hiss Diagnostics  
GmbH  
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RiboLock RNase Inhibitor (40 U/µL)  Thermo Fisher  
Scientific  

RNase I (Cloned)  Invitrogen  

RNaseOUT™ Recombinant Ribonuclease Inhibitor  Thermo Fisher  
Scientific  

SuperScript® III Reverse Transcriptase  Life Technologies  

SuperScript® IV Reverse Transcriptase  Life Technologies  

SYBR® Gold  Thermo Fisher  
Scientific  

T4 Polynucleotide Kinase  New England 

Biolabs (NEB)  

Taq DNA Polymerase with ThermoPol Buffer  New England 

Biolabs (NEB)  

TURBODNase  Invitrogen  

Powder   

Agar bacteriological, 1Kg  Amresco  

Agarose  Sigma-Aldrich  

Albumin from bovine serum  Sigma-Aldrich  

Bicine,>=99% (titration)  Sigma-Aldrich  

Bis-tris,>=98.0% (titration)  Sigma-Aldrich  

Boric acid ~99%  Sigma-Aldrich  

Calciumchlorid  Carl Roth  

Ethylenediaminetetraacetic acid,ACS reagent, 99.4-100.06%  Sigma-Aldrich  

Glycerin  Carl Roth  

Glycin AnalaR NORMAPUR  VWR  

Hepes free acid, 1kg  Amresco  

LB Broth  Sigma-Aldrich  

Milk Powder  Applichem  

Sodium chloride, for molecular biology, >=98% (titration)  Sigma-Aldrich  

  

3.1.2. List of Equipment  

Table 3. List of equipment.  

Equipment  Company  

Herasafe KSP 1 biological safety cabinet  Thermo Fisher Scientific  

Gel doc GENi  Syngene  

VWR® Maxi 20 Electrophoresis System  VWR  

VWR® Mini Horizontal Electrophoresis System  VWR  

XCell SureLock® Mini-Cell  Novex - Thermo Fisher Scientific  

Mini-PROTEAN Tetra Vertical Electrophoresis Cell  Biorad  
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PowerPac™ Basic Power Supply  Biorad  

CL-1000 UV crosslinker   Analytic Jena  

Microscope Motic AE31  Motic  

Sonifier  Branson  

Balance PCB  KERN  

Centrifuge MICRO STAR 17R  VWR  

Centrifuge SU1550  SunLab  

ChemiDocTM MP Imaging System  BioRad  

Microscope (confocal) LSM 780  Zeiss  

NanoDrop 1000 Photometer  Thermo Fisher Scientific  

Rocking platform  VWR  

Stackable shaker MAXQ 4450  Thermo Fisher Scientific  

Stiring platform D-6010  NeoLab  

Vortex mixer 7-2020  NeoLab  

PikoReal96 Thermocycler  Thermo Fisher Scientific  

  

3.1.3. Kits   

Table 4. List of kits.  

Kit  Company  

DNA, RNA, and protein purification  Machery & Nagel  

Effectene® Transfection Reagent  Qiagen  

jetPRIME® Transfection Reagent  Polyplus  

Amersham ECL Prime Western Blotting Detection 

Reagent  
GE Healthcare  

miRNeasy Mini kit   Qiagen  

  

3.1.4. List of buffers and solutions recipes   
Table 5. Buffers and solutions recipes.  

Protein extraction/ Western Blot   

NET2 Buffer  5X Laemmli Buffer  10X SDS-Running Buffer  

50 mM Tris-HCl,  
150 mM NaCl  
0,05% NP-40  
H20  
Add Fresh  
10 mM β-Phosphoglycerate 

1x complete protease 

inhibitor cocktail  

10% SDS  
50% Glycerol  
300 mM Tris pH 6.8  
Bromophenol Blue  

30g Tris-Base  
144g Glycine  
10g SDS  
H2O to 1L  

10X SDS-Transfer Buffer  10X TBST  Blocking Solution  
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15.14g Tris-Base  
72.06g Glycine 

H2O to 1L  
20% Methanol for 1X  

24g Tris-Base  
88g NaCl 

H2O to 1L  
0,5Ml Tween 20 for 1XTBST  

5% Milk / 1X TBST or  
3% BSA / 1X TBST  

DNA electrophoresis  Immunofluorescence   

TBE 10X  Fixation Buffer  Blocking/Permeabilizing 

Solution  

108g Tris-Base  
74g EDTA  
55g Boric Acid 

H2O to 1L  

  

26mL H2O  
10mL 16% PFA  
4mL 10X PBS  

5% BSA  
1X PBS  
0.1% Triton X100  

   

iCLIP   

Lysis Buffer  High salt wash buffer  PNK wash buffer  

RNase free H2O      

50 mM Tris  HCl, pH 7.5    
100 mM NaCl      

1% IGEPAL       

0.1% SDS        
0.5% Sodium deoxycholate  

RNase free H2O  

50 mM Tris  HCl, pH 7.5    
1 M NaCl        
1 mM EDTA       
0.1% SDS  
0.5% Sodium deoxycholate   
1% IGEPAL  

RNase free H2O  

20 mM Tris  HCl pH 7.5    
10 mM MgCl2       

0.2% Tween  20    

5x PNK buffer; pH 6.5  Proteinase K buffer  Proteinase K buffer/Urea  

RNase free H2O    

350 mM Tris  HCl pH 6.5    
50 mM MgCl2        
5 mM DTT   

RNase free H2O  

100 mM Tris  Cl pH 7.5    
50mM NaCl        
10 mM EDTA  

RNase free H2O  
7 M urea      

100 mM Tris  Cl pH 7.5  
50mM NaCl      
10 mM EDTA  

TE buffer      

RNase free H2O   
10 mM Tris-HCl pH 8.0  
1 mM EDTA pH 8.0  

    

  

3.1.5. List of oligonucleotides  

Table 6. Oligonucleotides used in PCR, qPCR and iCLIP assays.  

Target  Primer  Sequence 5’-3’  Expect 
ed PCR  
product  

BORA  hBORA_Exon2_fw  AACACCAGAAACTCCAGGAAGGA  334bp/  
181bp   hBORA_Exon5_rev  AAGCTGTTTCCCTTCATGATCAGT  

CEP192  hCEP192_exon27_fw  TCAGTGGATCCAAAGAATCTACTCC  329bp /  
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hCEP192_exon29_rev  AGCAGTCGTAAATGTTGAGTTGT  155bp  

CSPP1  hCSPP1_Exon4_fw  TTGCGGCAAGATTACAGACGTT  323bp /  
117bp  hCSPP1_Exon5_rev  CACCTGCCTGAACTTTTCACTG  

EIF4A2  hEIFAE2_exon10_fw  TGTGCAACAAGTGTCTTTGGT  200bp /  
114 bp  hEIFAE2_exon11_rev  CAGCCACATTCATGGGCATC  

MDMD4  hMDM4_Exon4_fw  ACGTCAGAGCTTCTCCGTGA  248bp /  
148bp  hMDM4_Exon7_rev  CTCAAATCCAAGGTCCAGCCT  

SRSF3  hSRSF3_Exon3_fw  CACTATGTGGCTGCCGTGTA  696bp /  
240bp  hSRSF3_Exon5_rev  ATCGGGACGGCTTGTGATTT  

SRSF6  hSRSF6_exon2_fw  GACGCCGTTTACGAGCTGAA  498bp /  
230bp  hSRSF6_exon3_rev  AAATCTTGCCAACTGCACCG  

circGSE1  hcirc_GSE1_fw  CCAGCTTTGCCGCCGCGCTG  61bp  

hcirc_GSE1_rev  GTGGAAAGCATCCCTAGCG  

circHIPK3  hcirc_HIPK3_fw  TCGGCCAGTCATGTATCAAA  196bp  

hcirc_HIPK3_rev  CCCTTAGTGGGAGGATGAGA  

 hcirc_CAMSAP1_fw  CCCTGATGATGGCCTACACT  157bp  

 

circCAMSA 

P1  
hcirc_CAMSAP1_rev  TGTGCTCCTGCTCATACTGG   

circRICTOR  hcirc_RICTOR_fw  GAAAGAGACAGAATGGTCCGAGC  230bp  

hcirc_RICTOR_rev  ACCTCGTTGCTCTGTTGTATGTC  

circREV1  hcirc_REV1_fw  AGTTTCGATCAGATGCTGCTATGC  128bp  

hcirc_REV1_rev  ACCTTGGCAGCCATATACCCAC  

circGCN1  hcirc_GCN1_fw  GTGCTGGATGCTTTGGGACG  201bp  

hcirc_GCN1_rev  TCAATCAGCAAGGAGCAGAGGTC  

circSLTM  hcirc_SLTM_fw  AAGAGGACATCGAAAGTCAGG  118bp  

hcirc_SLTM_rev  GTGCCTCTTGATTCTCCAATTC  

circPLOD2  hcirc_PLOD2_fw  GAAGTCATGGAACACTATGCTG  132bp  

hcirc_PLOD2_rev  ACCTCTCCATTCTTCTCCTTGACC  

circCPSF6  m+hcirc_CPSF6_fw  TATTACAGAGAGAGAAGCAGAGAACG 

AGAGAG  
245bp  

m+hcirc_CPSF6_rev  GCTCCTTTACCCACATCATCACCAACA 
G  

circAAGAB  hcirc_AAGAB_fw  GAGGAGTTGCCTGAGGAGGATG  116bp  

hcirc_AAGAB_rev  TCTCACAGCATCATTGGAAGTCAC  

circMAN1A2  hcirc_MAN1A2_2_fw  GGGCAAAGATGGATTGAAGACAACC  167bp  

hcirc_MAN1A2_2_rev  TTGCTTCTTCCAAGGCCTTCTCATG  

circexoZNF 

292  
hcirc_exonicZNF292_fw  ACCCGGTACTGTGCACTATTCTTTC  151bp  

hcirc_exonicZNF292_re 
v  

GGTCGGGCTTTAACATAACTTTGG  
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circintZNF2 

92  
hcirc_intronicZNF292_f 

w  
GCTCAAGAGACTGGGGTGTG  97bp  

hcirc_intronicZNF292_r 

ev  
AGTGTGTGTTCTGGGGCAAG  

circSRSF4  hcirc_SRSF4_fw  AAGACAAGCCAGGTTCCAGA  116bp  

hcirc_SRSF4_rev  TTTTGCGTCCCTTGTGAGC  

circCDYL  hcirc_CDYL_fw  CAGGCTTAGCTGTTAACGGG  60bp  

hcirc_CDYL_rev  TGTCATAGCCTTTCCACCGA  

circMTCL1  circMTCL1_fw  GCTTATTCGAAGCCTGGAGCAG  147bp  

circMTCL1_rev  CTCTAAATAACTGTCTCTCATCTCTTC 

CATCTC  

circRTN4  circRTN4_fw  TCTTATTGCCTCCAGATGTTTCTGCTT 
T  

223bp  

circRTN4_rev  GCAGAGGAGCGTATCACAGG  

circSPECC1  circSPECC1_fw  AAATGTTGAAAGTAGCCCGAGCAG  162bp  

circSPECC1_rev  CGTGGGGCTGGAATGCC  

PLOD2  hlin_PLOD2_fw  CTCGAGCATCCCCACAGATAAA  282bp  

hlin_PLOD2_rev  ACTTCTTCTGGACCACCAGC  

U6  qPCR_U6-1_fw  GCTCGCTTCGGCAGC  103bp  

qPCR_U6-1_rev  AAATATGGAACGCTTCACGAATT  

  qPCR_SRSF1-3_fw  ATCTCATGAGGGAGAAACTGCC    

SRSF1  qPCR_SRSF1-3_rev  CGAGATCTGCTATGACGGGG  192bp  

SRSF2  qPCR_SRSF2-5_fw  AATCCAGGTCGCGATCGAAG  188bp  

qPCR_SRSF2-5_rev  CTCCGAGCAGCACTCCTAAT  

SRSF3  qPCR_SRSF3-1_fw  CACTATGTGGCTGCCGTGTA  141bp  

qPCR_SRSF3-1_rev  TTGGAGATCTGCGACGAGGT  

SRSF4  qPCR_SRSF4-10_fw  GAGTCATTCAAGGTCTCGCTCT  104bp  

qPCR_SRSF4-10_rev  ACCTGGACCGAGATCTACTCTTA  

SRSF5  qPCR_SRSF5-5_fw  CTCACTTTGAGGGCAAGCCT  131bp  

qPCR_SRSF5-5_rev  CCGGCTAGTACTTCCTCGAAT  

SRSF6  qPCR_SRSF6-5_fw  AAAAATGGGTACGGCTTCGT  196bp  

qPCR_SRSF6-5_rev  TGCCAGATGTTCTCCGACTG  

SRSF7  qPCR_SRSF7-3_fw  CGATCCAGAGGAAGGCGATAC  237bp  

qPCR_SRSF7-3_rev  AGATCTGGACTTTGATCGGCTG  

VEGFA  hVEGFA-fw  ATCTGCATGGTGATGTTGGA  218bp  

hVEGFA-rev  GGGCAGAATCATCACGAAGT  

VEGFA165 
a  

hVEGFA165a_ fw  AAGGGGCAAAAACGAAAGCGCA  186bp  

hVEGFA165a_ rev  TCACCGCCTCGGCTTGTCACAT  

MALAT1  hMALAT1_2_fw  TGAGTGTATGAGACCTTGCAGT  202bp  

hMALAT1_2_rev  GCAGCGGGATCAGAACAGTA  
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CA9  hCA9_fw  CATCCTAGCCCTGGTTTTTGG  103bp  

hCA9_rev  GCTCACACCCCCTTTGGTT  

SNAP25  hSNAP25exon4_5juncti 

on_fw  
GGATGAACAAGGAGAACAACTCGAT  223bp  

hSNAP25_exon6_rev  CCGTTCGTCCACTACACGAG  

CHAF1A  hCHAF1A_exon3_fw  TGTGAGACCACCGCAAATCA  231bp  

hCHAF1A_exonjunctio3 

-5_rev  CGCTCCTGATCTCTGCGGA  

PAPOLA  hPAPOLA_exon19_fw  ACACAACCAGCCATTTCTCCA  219bp  

hPAPOLA_hypjunction_ 

19-21_rev  ATCAAGTTGTTCCTCTTCTGTTTTGGT  

SRSF6_NM 
D  

hSRSF6-5_fw  AAAAATGGGTACGGCTTCGT  168bp  

hSRSF6_poisonexon_re 

v  
CCCATTGGTCATGCGGCTT  

iCLIP oligonucleotides   

Preadenylated DNA adapter L3-App:  rAppAGATCGGAAGAGCGGTTCAG/ddC/  

Rt1clip  X33NNAACCNNNAGATCGGAAGAGCGTCGTGgatcCTGAACCGC  

Rt2clip  X33NNACAANNNAGATCGGAAGAGCGTCGTGgatcCTGAACCGC  

Rt9clip  X33NNGCCANNNAGATCGGAAGAGCGTCGTGgatcCTGAACCGC  

  

  

  

3.1.6. List of Antibodies  

Table 7. Antibodies used in Western Blot and Immunofluorescence assays.  

Western Blot     

Primary Antibody  Target  Company  Dilution  Blocking  

mAb104  SR epitope of SR 

proteins  
provided by Karla 

Neugebauer  
1:3  3%BSA  

SRSF6  SRSF6 

(aa250300)  
LS Biosciences 

(LSC290327)  
1:2000  5% milk  

HIF1alpha  HIF1a 

(aa400450)  
Novus Biosciences 

(NB100-134)  
1:1000  5% milk  

Alpha-tubulin  Alpha-tubulin 

(aa400-C 

terminus)  

Abcam (ab176560)  1:1000  3%BSA  

Secondary Antibody  Company  Dilution    

Donkey Anti-Mouse IgG Antibody, HRP 

conjugate  
Sigma Aldrich (AP192P)  1:10000    

Peroxidase-AffiniPure Donkey AntiMouse 

IgM, µ Chain Specific  
Jackson  
ImmunoResearch 

(715035-020)  

1:10000    
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Donkey Anti-Rabbit IgG Antibody, HRP 

conjugate  
Sigma Aldrich (AP182P)  1:10000    

Immunofluorescence      

Primary Antibody  Target  Company  Dilution    

SC35  phospho-epitope 

of the SC35  
Abcam (ab11826)  1:200    

H2A.X  Phospho-Ser 139 

of H2A.X histone  
Biolegend (2F3)  2µg/mL    

Secondary Antibody  Company  Dilution    

anti-Mouse alexa fluor 555  Abcam (ab150110)  1:500    

   

3.2. Programs and Databases  

  

3.2.1. Adobe Illustrator  

Adobe Illustrator CC 2018 (www.adobe.com) is a software for design and illustration. 

All figures from this thesis were created with this software.  

  

3.2.2. GraphPad Prism  

GraphPad Prism, version 8 (www.graphpad.com/scientific-software/prism/) is a 

scientific software, which allows the generation of graphics and plots and performs 

statistical analyses. GraphPad Prism was used to generate all graphics and perform all 

statistical tests described in the Methods section.  

  

3.2.3. Pubmed NCBI  

The Pubmed database of the National Center for Biotechnology Information (NCBI, 

https://www.ncbi.nlm.nih.gov/pubmed/) contains millions of articles and citations. This 

database was used for the bibliographic review of this thesis.  

  

3.2.4 Citavi  

Citavi, version 6.0 (Swiss Academic Software GmbH, www.citavi.com) is a reference 

manager software. It was used to insert and manage the citations and reference section.  

  

3.2.5. Refseq NCBI  

The Refseq database of the NCBI (O'Leary et al. 2016), contains annotations of 

human transcripts. Annotations contain millions of transcripts and protein sequences from 

http://www.adobe.com/
http://www.adobe.com/
http://www.graphpad.com/scientific-software/prism/
http://www.graphpad.com/scientific-software/prism/
http://www.graphpad.com/scientific-software/prism/
http://www.graphpad.com/scientific-software/prism/
https://www.ncbi.nlm.nih.gov/pubmed/
https://www.ncbi.nlm.nih.gov/pubmed/
http://www.citavi.com/
http://www.citavi.com/
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human and other organisms. Refseq transcripts of interest were imported from NCBI to 

SnapGene. Refseq proteins were also acquired from this database.   

  

3.2.6. SnapGene  

SnapGene software, (from GSL Biotech; available at snapgene.com) was used to 

design primers. NCBI reference sequence IDs were imported to the program with features 

(exons, start codons and stop codons). For designing specific circRNA primers, the 

sequences of the circularized exons were copied and edited to generate the circular 

transcripts. In silico prediction of proteins were performed with this software for the 

analyses of putative alternative spliced protein isoforms.   

  

3.2.7. Primer Blast NCBI  

Primer-Blast (Ye et al. 2012) is an online available on 

www.ncbi.nlm.nih.gov/tools/primer-blast. This tool was used to design specific primers and 

predict binding to unintended targets using the Refseq human genome annotation.   

  

3.2.7. Clustal Omega  

Clustal Omega, www.ebi.ac.uk/Tools/msa/clustalo, (Sievers et al. 2011) is an online 

tool to perform protein, DNA and RNA sequence alignments. This tool was used to align 

SRSF4 and SRSF6 proteins sequences.  

  

3.2.8. Fiji and Biovoxxel plug-in  

Fiji software (Schindelin et al. 2012) available on https://imagej.net/, is an open 

source software to process and analyze images. It was used to quantify splicing PCR band 

ratios and intensities. Immunofluorescence and FISH images were also processed with Fiji 

to crop whole images into one cell zooms. Signal intensity profiles were plotted with the Fiji 

“Plot Profile” tool. The Biovoxxel tool box (Brocher 2015) available at 

http://www.biovoxxel.de, was used to create nuclear regions of interest (ROI) with the  

“Analyze Particle” tool. Fluorescence intensity as well as the solidity values from nucleus 

were measured using ROIs.  

  

3.2.9. UCSC   

The UCSC database (Kent et al. 2002) was used to visualize transcripts. Browser 

shots from iCLIP cross link sites were takes with the View-> pdf option.    

http://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.ncbi.nlm.nih.gov/tools/primer-blast
https://imagej.net/
https://imagej.net/
http://www.biovoxxel.de/
http://www.biovoxxel.de/
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3.2.10. iCount  

The iCount software (Müller-McNicoll et al. 2016) was used to process RNA-protein 

iCLIP interaction data. Reads from iCLIP deep sequencing libraries were mapped to the 

Human genome assembly GRCh37 (hg19), crosslink maps were generated by keeping 

only the first nucleotide from each uniquely mapping read and peak calling was performed 

with iCount. Browser shots from SRSF6 binding sites were acquired by visualizing the 

grouped peaks from iCount as bed.files in the UCSC genome browser.  

  

3.2.11. FastQC  

FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to 

perform the first quality check of RNAseq reads.  

  

3.2.12. DESeq2  

DESeq2 (Love et al. 2014) was used to calculate differential expression of genes 

and circRNAs from the RNAseq dataset of HeLa cells in normoxia and hypoxia conditions.  

  

3.2.13. clusterProfiler  

The clusterProfiler package from R (Yu et al. 2012) was used to analyze enrichment 

of differential expressed genes involved in biological processes.   

  

3.2.14. Bowtie and STAR  

The Bowtie2 (Langmead and Salzberg 2012) and STAR (Dobin et al. 2013) 

alignment tools were used to map RNAseq reads to the human genome (version 

GRCh38/hg38).   

  

3.2.15. rMATS rMATS (Shen et al. 2014) tool was used to analyze alternative splicing in 

the RNAseq dataset of HeLa cells in normoxia and hypoxia conditions.  

  

 3.2.16. Find_circ and CIRCexplorer.   

 

Find_circ (Memczak et al. 2015) and CIRCexplorer (Zhang et al. 2014) were used 

to identify circRNA candidates in the RNAseq dataset.   

 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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3.3. Methods  

  

3.3.1. Cell Culture   

3.3.1.1. Thawing cells  

HeLa cells were frozen and kept in vials at -80°C or in liquid nitrogen. To thaw and 

cultivate the cells, one vial containing 500µl of frozen HeLa cells was thawed in a water 

bath at 37°C until only a small ice block was visible in the cell suspension. The 500µl cell 

suspension was transferred into a 15mL Falcon tube containing 4mL of culture medium:  

Dulbecco's Modified Eagle Medium (DMEM), GlutaMAX™ (Thermo Fisher Scientific) 

supplemented with 10% heat inactivated Fetal Bovine Serum (Thermo Fisher Scientific), 

100 U/ml penicillin and 100 µg/ml streptomycin (Thermo Fisher Scientific). Cells were 

pelleted by centrifugation (1000xg for 5 min at 4°C). The supernatant was removed, cells 

were ressuspended in 1mL medium by pipetting up and down with a 1mL pipet and 

transferred to 10cm culture dishes containing 10mL of culture medium.  

3.3.1.2. Seeding cells  

When cells reached confluence, they were seeded into new 10cm plates for 

experiments or to maintain in culture when necessary. For seeding, the culture medium 

was removed and cells were washed 1x with 3mL PBS (Dulbecco’s Phosphate Buffered 

Saline, Sigma-Aldrich). 1.5mL of Trypsin-EDTA (0.05%), phenol red (Thermo Fisher 

Scientific) was added to the cells and the plate was incubated for 5 min at room 

temperature (RT) until cells were detached. After cells were detached, Trypsin was 

inactivated with 3mL of fresh culture medium, cells were ressuspended by pipetting up and 

down with a 1mL pipet and 400µl of cell suspension were transferred to new 10cm plates 

containing 10mL of fresh culture medium.  

  

3.3.1.3. Freezing cells  

To freeze cells, confluent 10cm plates were trypsinized as described above. 

Detached cells in suspension were transferred into 15mL Falcon tubes and pelleted by 

centrifugation (1000xg for 5 min at 4°C). After centrifugation, the supernatant was removed 
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and cells were ressuspended in 2mL freezing medium: 10% DMSO (99.7% Dimethyl 

sulfoxide, Sigma-Aldrich) diluted in culture medium.  After resuspension, 500µl of cell 

suspension was transferred to four cryovials. Cryovials were placed in the Mr. Frosty 

freezing container (Thermo Fisher Scientific) containing Isopropanol (2-Propanol, VWR) 

and transferred to -80°C for 24h. After 24h inside the Mr. Frosty, cells were stored in boxes 

at -80°C for short-term storage or in a liquid nitrogen tank for long-term storage.  

3.3.2 Generation of SRSF4-GFP and SRSF6-GFP cell lines  

Glycerol stocks of E. coli DH10 cells containing the BACs with complete SRSF4 and 

SRSF6 genes, green fluorescent protein (GFP) sequence, kanamycin and 

chloramphenicol resistance genes sequences were stably inserted in HeLa wild type cells 

as previously described (Poser et al. 2008). In the next subsections a brief description of 

the method is provided.  

3.3.2.1.  Bacterial artificial chromosome (BAC) Isolation  

To isolate BACs, E. coli DH10 cells were streaked on Lysogeny broth (LB) plates 

containing 50µg/mL of kanamycin (Sigma-Aldrich) and chloramphenicol (Sigma-Aldrich) 

and incubated at 37°C overnight. Single colonies were picked and transferred to 2mL tubes 

containing LB medium supplemented with kanamycin and chloramphenicol (50µg/mL) and 

incubated at 37°C on thermomixer for 6 hours. From this culture, 20µL were transferred to 

100mL Erlenmeyer flasks containing 20mL LB medium supplemented with kanamycin and 

chloramphenicol (50µg/mL) and let grow overnight on a shaker at 37°C. BACs were then 

isolated using the BAC prep kit (Macherey & Nagel) following the manufacture´s protocol. 

After isolation, BAC DNA was ressuspended in Tris-EDTA buffer and the concentration 

was measured with a NanoDrop (Thermo Fisher Scientific).   

  

  

3.2.2. BAC transfection  

For transfection, 50 µl of HeLa wild type (WT) cells were seeded from a confluent 

10cm plate into 6 well plates. The next day, cells were transfected with 1µg of isolated BAC 

plasmid DNA using Effectene transfection kit (Qiagen) following the manufacture’s 
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protocol. After 24h, the medium containing transfection reagent was removed and replaced 

with new medium supplemented with 4.5mg/ml of Geneticin (Thermo Fisher Scientific). 

Cells with the BAC integrated into their genome carry a Geneticin resistance gene and are 

thereby selected upon Geneticin treatment. WT cells were kept as control, which should 

not survive in medium containing Geneticin. After cells reached confluence, they were 

transferred to 10cm plates and cultured as previously described.   

The resulting cells that contain the BAC express GFP-tagged proteins at different 

levels. To obtain cell lines with homogenous GFP expression levels, SRSF4- and 

SRSF6GFP expressing cell pools were sorted by FACS (Fluorescence activated cell 

sorting of live cells) into low and high expresser pools (SRSF6(L)-GFP, SRSF6(H)-GFP 

and SRSF4(H)-GFP). After sorting, the pools were expanded and cultured as previously 

described for the experiments.  

 

3.3.3. Hypoxia treatment   

For hypoxia experiments, HeLa WT and GFP-tagged cell lines were seeded in 10cm 

plates 24h prior to hypoxia incubation. Due to the observed fast growth of HeLa cells upon 

hypoxia conditions, for the 24h hypoxia treatment 30% less cells were seeded than for the 

normoxia and 4h hypoxia treatment plates. After 24h, cells were either left in a normal 

incubator for normoxia and 4h hypoxia treatment (21% O2 , 5% CO2, 37°C) or transferred 

to an hypoxia station (0.2% O2, 5% CO2, 37°C) (Hypoxiastation H35, Don Whitely Scientific 

Limited). For the 4h treatment, cells were transferred to the hypoxia station 4h before the 

24h hypoxia treatment finished. When the 4h and 24h treatment was complete, hypoxic 

cells were harvested inside the chamber. Normoxic cells were harvested beforehand using 

the same procedures, described in the topic cell harvesting.   

  

 3.3.4. Cobalt chloride treatment  

To induce HIF1a stabilization in normal O2 conditions, cells were treated with Cobalt 

chloride (CoCl2) (Sigma-Aldrich). Cells were seeded in 10 cm plates and let grown until 60-

80% confluence was reached. New medium was then added to the cells with 250 µM of 

CoCl2 (24h CoCl2) or without (control and 4h CoCl2). 4 hours before the 24h treatment was 
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finished, new medium with 250 µM of CoCl2 was added to the 4h treatment plate. All cell 

plates were harvested at the same time (by the end of the 24h treatment).   

  

3.3.5. Cycloheximide treatment   

To inhibit translation and study nonsense-mediated decay target transcripts, a 

cycloheximide (CHX) treatment was performed in cells in hypoxia and normoxia conditions. 

For that, cells were seeded and incubated in normoxic and hypoxic conditions as previously 

described. 2 hours prior harvesting, 100 µg/ml of CHX (Sigma-Aldrich) or DMSO (99.7% 

Dimethyl sulfoxide, Sigma-Aldrich) was added to the culture medium.   

3.3.6. Knock down  

3.3.6.1. SRSF6 knock down  

SRSF6 knock down (KD) was performed in WT HeLa cells in normoxic conditions. 

Cells were cultivated in 10cm dishes and seeded 24h prior to the KD into 6-cm dishes (as 

described in 3.2.1.2). 150µl of cells from a confluent 10cm dish were seeded. Two siRNAs 

targeting two different sequences of the SRSF6 transcript were used for the KD (siRNA 

sequences are listed on Table 8). The two siRNAs were pooled and transfected into HeLa 

cells in a total concentration of 66nM. The mission universal negative control siRNA (Sigma 

Aldrich) was used as control. The transfection was performed using jetPRIME® 

Transfection Reagent (Polyplus) as recommended by the manufacturer. After 48h KD, cells 

were harvested as described in 3.3.7.  

3.3.6.2. MALAT1 knock down  

MALAT1 KD was performed in HeLa WT cells in normoxia and hypoxia conditions. 

A scheme of the KD strategy is illustrated on Figure 14. For the KD, 350µl and 500µl of cell 

suspension were seeded into 10cm dishes 24h before the experiment (as described in 

3.3.1.2). The next day, two antisense oligonucleotides containing five 2′-Omethoxyethyl 

nucleotides at the 5′ and 3′ ends to support RNase H activity (ASOs) complementary to 

two different regions of MALAT1 were transfected into HeLa cells (sequences were 

acquired from Tripathi et. al, 2010, Table 8). ASOs containing a sequence complementary 
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to the Luciferase mRNA were used as control. The transfection was performed as 

described by the manufacturer. A total concentration of 12.5nM of ASOs was used for the 

KD and control.   

After transfection, cells were kept in normal incubator (21% O2) for 8h. After 8h, 

medium containing the ASOs was removed and new medium was added to the cells. The 

less confluent dishes were transferred to the hypoxia chamber (0.2% O2) for 24h hypoxia 

treatment. After 24h, normoxic and hypoxic KD and control cells were harvested as 

described in 3.3.7.   

  

  

  

Figure 14. Schematic of MALAT1 KD experiment in normoxia and hypoxia.  
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 Table 8. siRNAs and ASOs information.siRNAs were predesigned and acquired from Sigma. Sequence 

start indicates the first base number from the transcript were the siRNA was designed (NM_006275). 

Complete sequence is not offered by the company.    

Name  Target  Sequence  Company  

MISSION® siRNA  
Universal Negative  
Control  

No target  Unknown    

  
Sigma-Aldrich  

SASI_Hs02_00341239  SRSF6  Seq. start: 1235  

SASI_Hs02_00341240  SRSF6  Seq. start: 1129  

Luc_ASO  Luciferase  TCGAAATGTCCGTTCGGTTG  Integrated 

 DNA 

technologies  

  

MALAT1_ASO_1  MALAT1  GGGAGTTACTTGCCAACTTG  

MALAT1_ASO_2  MALAT1  ATGGAGGTATGACATATAAT  

  

3.3.7. Cell Harvesting  

After experiments were performed, cells were harvest for protein and RNA 

extraction. Culture medium was removed and cells were washed 2x with 1xPBS 

(Phosphate buffered saline, 10x; Sigma-Aldrich, diluted in distilled water). For hypoxia 

experiments, cells were harvested inside the hypoxia station, which has a temperature of 

37°C, to maintain hypoxia response transcripts and protein levels. Normoxic cells were 

harvested at room temperature, but washed with pre-warmed PBS at 37°C to increase 

comparability. After washing, 1mL of PBS was added to the plate and cells were scraped 

and collected in 1.5mL tubes. Tubes were centrifuged for 5 min at 1000xg, 4°C and the 

supernatant was removed from the cells. Cell pellets were either snap-frozen in liquid 

nitrogen for subsequent protein extraction or ressuspended in TRIzol (Thermo Fisher 

Scientific) for RNA extraction. Pellets and TRIzol suspension were stored at -80°C.  

3.3.8. RNA extraction  

Total RNA was extracted from cells using TRIzol. After performing the experiments 

in 10cm plates and harvesting the cells as previously described (3.3.7), pellets were 

ressuspended and lysed in TRIzol (Thermo Fisher Scientific) (500ul for half a 10 cm plate 

and 1 mL for an entire 10cm plate) and placed in the freezer (-80°C) for at least 2 hours 

prior to extraction. Lysates in TRIzol were thawed on ice and 100ul of chloroform (Carl 
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Roth) was added per 500ul of TRIzol. RNA/DNA were phase separated from proteins by 

centrifugation (17000xg for 15 min at 4°C) and transferred to a new tube.   

RNA was precipitated with isopropanol (Sigma Aldrich) (1:1) for at least 30 min on 

ice. After precipitation, RNA was pelleted by centrifugation (17000xg for 25 min at 4°C) and 

pellets were washed with 440ul of 70% ethanol (100% ethanol - VWR - diluted in RNase 

free water – Sigma Aldrich) (12000xg for 5min at 4°C). A DNase treatment was then 

performed with 4U of TurboDNase (Thermo Fisher Scientific) for 30 min at 37°C to clean 

the RNA from genomic DNA. A second precipitation was performed with 100% ethanol 

(VWR) and 3M sodium acetate pH 5.5 (Life Technologies) overnight at -80°C. On the next 

day, RNA was pelleted (17000xg for 25 min at 4°C) and washed with 70% ethanol 

(12000xg for 5min at 4°C). After removing ethanol and drying the RNA pellets, they were 

ressuspended in RNase free water by pipetting up and down and 5 min incubation at 37°C. 

RNA was then quantified using a Nanodrop and stored at -80°C.  

3.3.9. RNA sequencing samples preparation  

HeLa cells were cultured in normoxic (21%O2) and hypoxic (0.2%O2) conditions for 

24h. Cells were harvested and total RNA was extracted using the miRNeasy Mini kit 

(Qiagen), according to manufacturer instructions. 500 ng RNA were quality checked on a 

1% agarose gel. rRNA was depleted using the RiboZero kit (Zymo). Libraries were 

prepared and sequenced on an Illumina NextSeq500 sequencer with HighOutput (75-nt 

single-end reads). The sequencing resulted in ca. 100 Mio reads per sample.  

3.3.10. UV Cross-linking and ImmunoPrecipitation (iCLIP)  

HeLa SRSF6(L)-GFP cells were grown in normoxia and hypoxia conditions (4h and 

24h) as described in section 3.3.3. Before harvesting, cells were UV-irradiated one time 

with 150mJ/cm2 at 254nm. Two 10cm dishes were pooled per sample, and one noncross-

linked sample was kept as negative control. Cells were harvested and pellets were snap-

frozen in liquid nitrogen. The iCLIP experiment and the library preparation was performed 

by Francois McNicoll according to (Huppertz et al. 2014). All buffers and reagents used for 

the iCLIP experiment are listed in Table 5. In brief, cells were lysed in 1mL lysis buffer and 

RNA was partially digested to lengths of 80-200 nucleotides with RNase I (Invitrogen) for 

5 min at 37°C. After digestion, SRSF6-GFP protein was immunoprecipitated using Protein 
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G Dynabeads® (ThermoFisher Scientific) coupled with an anti-GFP antibody (12µg, 

provided by D. Drechsel, MPI-CBG, Dresden) for 2 hours at 4°C on a rotating wheel. Bound 

RNA fragments were dephosphorylated using T4 polynucleotide kinase (PNK) (New 

England Biolabs) and an L3 linker (IDT) was ligated to the 3’end of the RNAs overnight 

using T4 ssRNA ligase (New Englands Biolabs). Ligated RNA fragments were radioactively 

labeled with P32 at their 5’end and a Western Blot was performed to stringently purify and 

size select all RNA fragments that were cross-linked to SRSF6. Cross-linked RNA was 

extracted from the membrane by degrading all proteins with Proteinase K (Thermo Fisher 

Scientific). Isolated RNA fragments were reverse transcribed with Superscript IV 

(ThermoFisher Scientific) and barcoded RT-primers that anneal to the L3 linker (sequences 

on Table 6). cDNA fragments were resolved on a 6% TBU acrylamide gel (Invitrogen) and 

fragments of 150 to 300 bp were cut from the gel. After purification, cDNA fragments were 

circularized using CircLigaseTM (Epicentre) and re-linearized by BamHI (NEB). The final 

cDNA libraries containing now 5’ and 3’ adapters were amplified using AccuPrime 

(ThermoFisher Scientific) and sequenced on an Illumina HiSeq2000 machine (single-end 

75 nucleotide reads, 20 million reads per replicate).    

3.3.11. Analysis of RNA-Seq and iCLIP data  

RNAseq data analysis were performed by Antonella Di Liddo.   

RNAseq reads were quality controlled using FastQC. Reads with Phred score >20 

and with more than 20 nucleotide length were filtered using Flexbar (version 2.5). Reads 

were mapped to the human genome (version hg38/GRCh38) based on GENCODE 

annotation (release 24). Reads were mapped with STAR (Dobin et al. 2013) a spliceaware 

mapper, which can predict linear and chimeric junctions. Differential expression analysis 

was performed with DESeq2 (Love et al. 2014), and an adjusted P-value of 0.05 was 

considered for the differentially expressed genes (DEGs). Splicing analyses were 

performed with rMATS version 3.2.5 (Shen et al. 2014). Significant alternative splicing 

events were considered above a false discovery rate (FDR)<0.05 and change in 

percentage splice in (|ΔPSI |) ≥ 10%. Chimeric junctions from STAR were used for the 

circular RNA prediction tool CIRCexplorer (Zhang et al., 2014). Reads were also mapped 
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with the alignment tool Bowtie2 (Langmead and Salzberg, 2012) and unmapped reads 

were used with the Find_circ tool (Memczak et al., 2015) to predict circRNAs.   

Analysis of the iCLIP sequencing data was performed using the iCOUNT package 

(http://icount.biolab.si) with default options by Michaela Müller-McNicoll and Igor Ruiz de 

Los Mozos. Briefly, adapters and barcodes were removed from all iCLIP reads before 

mapping to the human genome (version hg19/GRCh19) based on GENCODE annotation. 

After analysis of reproducibility, replicates were pooled to allow determination of statistically 

significant cross-link events (X-links). For this, all uniquely mapping reads were used, PCR 

duplicates were removed using the random barcodes within the 3’adapter, X-link sites were 

extracted (1st nucleotide of the read) and randomized within co-transcribed regions. 

Significant X-links (false discovery rate [FDR] <0.05) were calculated using normalized 

numbers of input X-links as previously described (König et al., 2010). The entire iCOUNT 

script for the analysis is available on github:  https://github.com/tomazc/iCount.   

For quantification of significant X-links in genes and genic regions, significant Xlinks 

were counted into transcript regions using human hg19 transcript coordinates using the 

iCount annotate and segment functions respectively.  

All unique X-link events were used to generate the RNA maps. Bedgraph files were 

downloaded from iCOUNT and imported into R using import.bedGraph and corrected for 

score and strand. The rMATs output table including the genomic coordinates of the 

regulated and flanking exons were loaded into R and converted into a Granges object. The 

region around regulated exons (and upstream and downstream constitutive exons) was 

extended by 300 nt in both directions using flank. Crosslink sites were counted in the 

extended regions using countOverlaps and attributed to the 5’ss or 3’ss. RNA maps were 

plotted with R plot.  

For motif searching, a z-score analysis for enriched k-mers was performed as 

described previously (König et al., 2010). Sequences surrounding significant X-links were 

extended in both directions by 30 nucleotides (windows: -30 to -5 nt and 5-30 nt). All 

occurring k-mers within the evaluated interval were counted and weighed. Then a control 

dataset was generated by 100x randomly shuffling significant X-links within the same 

genes, and a Z-score was calculated relative to the randomized genomic positions. The 

http://icount.biolab.si/
http://icount.biolab.si/
http://icount.biolab.si/
https://github.com/tomazc/iCount
https://github.com/tomazc/iCount
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top 20 k-mers were aligned to determine the in vivo binding consensus motif. Sequence 

logos were produced using WebLogo (http://weblogo.berkeley.edu/logo.cgi).  

  

3.3.12. Reverse Transcription  

To perform splicing analyses and quantitative PCRs (qPCR), cDNA was synthetized 

from total RNA by reverse transcription. For reverse transcription, 2ug of total RNA were 

diluted in water in a final volume of 10ul. Reverse transcription primers (random 

hexanucleotide mix and oligodT; Sigma Aldrich) were mixed with dNTPs (Thermo Fisher 

Scientific) (1:1 ratio) and added to the RNA dilution. RNA was denatured at 65°C for 5 

minutes and cooled down to 4°C until the mastermix was added. The master mix was 

prepared (1X First Strand buffer, 0.1M DTT and 40U of Ribolock RNase Inhibitor- Thermo 

Fisher Scientific) and added to the samples together with 200U of SuperScript III (Thermo 

Fisher Scientific). As a control one of the samples was prepared with only the master mix 

and no Superscript was added (RT- control). The program was resumed and reverse 

transcription was performed for 60 min at 50°C. Reaction was inactivated by incubation at 

75°C for 15 min. After reverse transcription, cDNA was stored at -20°C until use.  

3.3.13. Splicing analyses   

For splicing PCRs, cDNA was obtained as described above. To detect cassette exon 

(CE) inclusion/skipping events, primers were designed to anneal on the upstream and 

downstream exons flanking the CE. Primers were designed using SnapGene and the 

sequences were blasted to the human Refseq database using PrimerBlast. PCR was 

performed using Taq DNA polymerase (New England Biolabs). Protocol and 

concentrations are described in Table 9. Primers used for splicing analyses are listed in 

Table 6. DNA loading dye (Orange DNA loading dye 6X - Thermo Fisher Scientific) was 

added to PCR products and these were resolved on agarose gels (2% agarose, dissolved 

in 0.7X TBE). A 50bp DNA ladder (O’ GeneRuler 50bp DNA Ladder; Thermo Fisher  

Scientific) was used to estimate the PCR products size. Gels were stained with RedSafe 

staining solution (Hiss Diagnostics) and images were acquired with a GelDoc station 

(Syngene). Quantification of the isoforms and isoform fractions was performed with Fiji and 

graphics/statistics with GraphPad Prism (Figure 15).   

http://weblogo.berkeley.edu/logo.cgi
http://weblogo.berkeley.edu/logo.cgi
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Table 9. Taq PCR protocol and program.  

Taq PCR Protocol  Taq PCR program  

20.9 µl water  

2.5 µl 10x Taq buffer  

0.5 µl 10 mM dNTPs Mix  

0.125 µl Taq  

0.5 µl 10mM forward primer  

0.5 µl 10mM reverse primer  

1µ cDNA  

95°C      30 sec  

95°C      30 sec  

  
60°C         30sec                      30 cycles  

  
68°C      (1min per kb)    

68°C      5 min  

4°C       Infinite hold  

  

  

Figure 15. Quantification and calculation of isoform fractions. Primers were designed to anneal at exons 

flanking the cassette exons. Primers are indicated as black arrows over the exons. Splicing PCRs were 

performed and isoform fractions calculated with Fiji.    

  

3.3.14. Real time PCR  

For real time PCRs (qPCRs), cDNAs were diluted 1:8. The ORATM SEE qPCR 

Green ROX L kit (highQu) diluted to 1X was mixed with the forward and reverse primers of 

interest. Primers were designed using SnapGene and the sequences were blasted to the 

human Refseq database using PrimerBlast to avoid unspecific amplification (primer 

sequences are listed on Table 6). A melting curve step was added to check primer 

specificity in each experiment. Table 10 shows the qPCR protocol and program.   
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Table 10. qPCR protocol and program. A melting curve was added after the final elongation step, going 

from 60 to 95 degrees.    

qPCR Protocol  Taq PCR program  

2.5 µl ORA qPCR Master mix  

1.5 µl forward and reverse primer (0.5-2µM)  

1µ cDNA (1:8 dilution)  

95°C      2 min  

95°C      20 sec  

  
60°C         20sec                      30 cycles  

  
72°C      30sec    

72°C      5 min  

60°C → 95°C Hold 1sec; temperature  

increase after hold 0.2°C 25°C      

Infinite hold  

  

3.3.15. Circular RNA validation  

To validate the circularity of the selected circRNAs, three methods were chosen. 

PolyA+ selection, RNase R treatment and PCR amplification of backsplice junctions with 

divergent primers. CircRNAs should be enriched in the non-polyadenylated RNA (Poly  A-

) fractions since they do not contain PolyA-tails, they should be resistant to exonuclease 

treatment with RNase R and only amplifiable with divergent primer pairs that amplify the 

backsplicing junctions. After PolyA selection and RNase R treatment, RNA was reverse 

transcribed into cDNA as described in 3.3.9. PCRs with divergent (circRNAs-specific) and 

convergent (linear RNA-specific) primers were performed to estimate the circRNA 

abundance in the respective samples. Linear isoforms (linRNA) cannot be amplified with 

circRNA junction primers. PCR with Taq DNA polymerase was performed as described in 

3.3.10, circRNA and linRNA primers are listed in Table 6.  

3.3.15.1. PolyA+ selection  

Total RNA was extracted from HeLa cells as previously described (3.2.8). For 

PolyA+ selection, Oligod(T)25 magnetic beads (New England Biolabs) were used following 

the manufacturer protocol with slight modifications. In brief, 10µg of total RNA were 

incubated with binding buffer for 5 minutes. Next, RNA solution was added to 100µl beads 

(pre-washed with binding buffer) and incubated for 10min at RT. After incubation, the 
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supernatant was transferred to a new tube as PolyA- fraction. PolyA+ RNA bound to the 

beads was washed and eluted as described in the manufacturer protocol. To thoroughly 

clean the PolyA- fraction from the remaining PolyA+ RNA, the PolyA- supernatant was 

incubated one more time with fresh beads. In the end, both PolyA+ fractions were pooled. 

PolyA- and A+ fractions were precipitated overnight with 100% ethanol and 3M NaAc pH 

5.5. On the next day, RNA was pelleted (17000xg for 25 min at 4°C) and washed with 70% 

ethanol (12000xg for 5min at 4°C).  PolyA+ and PolyA- RNA were ressuspended in 15µl of 

RNase-free water and stored at -80°C until reverse transcription was performed.  

3.3.15.2. RNase R treatment  

For RNase R treatment 10µg of total RNA was incubated with or without 10 units of 

RNase R (Epicentre), 1x RNase R buffer and RNase-free water to a final volume of 20µl. 

Incubation was performed for 40min at 37°C in a thermomixer at 1100 RPM. Next, samples 

were incubated at 95°C for 3min to inactivate the RNase R. After treatment, RNA was 

precipitated overnight. On the next day, RNA was pelleted (17000xg for 25 min at 4°C), 

washed with 70% ethanol (12000xg for 5min at 4°C), ressuspended in 20µl of RNase-free 

water and stored at -80°C until reverse transcription was performed.  

  

3.3.16. Protein Extraction  

Cell pellets were thawed on ice for 10 min, then NET2 buffer with 25X cOmplete™ 

Protease Inhibitor Cocktail (Roche) and 1M B-phosphoglycerate was added to the pellets 

to lyse the cells (NET2 buffer receipt on Table 5). Lysates were sonicated for 30 sec at 

20% amplitude and cleared by centrifugation for 10 min, 13000 RPM at 4°C. Supernatants 

were transferred to new tubes and protein concentration was quantified with Quick Start™ 

Bradford 1x Dye Reagent (Biorad) on a Nanodrop. After quantification, samples were 

diluted so all the samples had same amount of protein as the less concentrated sample. 

Laemmli buffer (receipt on Table 5) was added to the lysates and protein denaturation was 

performed by incubating the samples at 95°C for 5 min. Samples were stored at 20°C until 

loaded onto SDS gels.  

  

3.3.17. Western Blot  
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Around 30ug of protein were loaded onto an home-made SDS gel (receipt in Table 

11) or pre-cast gradient gels (NuPAGE™ 4-12% Bis-Tris Protein Gels; Thermo Fisher 

Scientific). Gels were run at 150V for around 45 min and transferred onto nitrocellulose 

membranes (0.1um pore size) according to the recommendations of the used system 

(BioRad for home-made gels and NOVEX for pre-cast gels). After blotting, the membranes 

were blocked for 2 hours with either 3% BSA or 5% milk solution diluted in TBST, 

depending on the antibody (Buffers and solutions receipts are listed on Table 5). Primary 

antibodies were added to the membranes and these were incubated overnight at 4°C or 

for 2 hours at RT. After primary antibody incubation, membranes were washed 2 times with 

TBST for 15 min and secondary antibody was added (1:10000 dilution) for 4560 min. All 

antibodies and dilutions used on this study are listed on Table 7. Membranes were washed 

two more times with TBST and developed on Chemiluminescent Imager (Biorad) using 

ECL Prime detection reagent (GE Healthcare). Multiple exposure time pictures were 

acquired and saved. Images were subsequently processed and protein quantification was 

performed with Imagelab software (Biorad).  

Table 11. SDS-PAGE gel receipt  

Solution  Separation Gel (8%)  Stacking Gel (4%)  

Water  2.05 ml  1.22 ml  

30% Bis-Acrylamide  1.6 ml  260 μl  

1M Tris-HCl pH 8.8  2.25 ml  -  

1M Tris-HCl pH 6.8  -  500 μl  

10% SDS  60 μl  20 μl  

10 % APS  30 μl  25 μl  

TEMED  10 μl  2.5 μl  

  

3.3.18. Fluorescence and Immunofluorescence microscopy  

  

To acquire fluorescent images of the GFP-tagged proteins in the SRSF6-GFP and  

SRSF4-GFP cell lines, coverslips were added to the dishes before cells were seeded for 

experiments. After experiments were performed, the cells were harvested as described on 

3.3.7. During cell harvesting, after the first wash with 1X PBS, coverslips were removed 
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from the dishes and transferred to 24 well plates. Cells grown on the coverslips were fixated 

with 4% Paraformaldehyde solution (PFA) (diluted from 16% Paraformaldehyde; Sigma-

Aldrich) for 15 minutes. For visualization of GFP-tagged proteins (fluorescence assay), 

cells were washed two times with 1X PBS and then incubated with Hoechst nuclear staining 

solution (1:4000) for 15 min. Coverslips were then washed one time with 1X PBS and 

placed on a paper towel for 15 min to dry. After drying, coverslips were mounted on 

microscopy slides with ProLong® Diamond Antifade Mountant (Invitrogen). Slides were left 

to dry overnight at RT and on the next day they were transferred to 4°C until imaging. For 

immunofluorescence, after fixation and washing, cells were incubated with 

blocking/permeabilizing solution (receipt on Table 5) for 30 min. After 

blocking/permeabilization, cells were incubated with a primary antibody diluted in 3% BSA 

in 1X PBS for 2 hours at RT. After primary antibody incubation, cells were washed two 

times with PBS. Next, cells were incubated with a secondary antibody diluted in 3% BSA 

in 1X PBS for 1 hour at RT. Nuclear staining and slides preparation were performed as 

described above for the fluorescence assay.    

  

3.3.19. RNA Fluorescence in Situ Hybridization (FISH) and Immunofluorescence  

  

For FISH-IF experiments, 12mm diameter coverslips were placed inside 10cm 

plates used for the experiments. After removing the medium and washing the cells with 1X 

PBS, the coverslips were collected using tweezers and transferred to 24-well plates. FISH 

was performed using Stellaris probes and buffers (LG Bioserch Technologies) following 

the manufacturer protocol with modifications for the Immunofluorescence – FISH 

combination. Briefly, cells were fixated with 4% Paraformaldehyde solution (diluted from 

16% Paraformaldehyde; Sigma-Aldrich) for 15 minutes. After fixation, cells were washed 

with PBS and permeabilized with 70% ethanol for at least one hour. Next, cells were 

washed with Wash Buffer A and coverslips were placed in a humidified chamber and were 

hybridized for 16 hours at 37°C in the dark. MALAT1 probes (Stellaris FISH Probes, 

Premade: Human MALAT1 with Quasar 670 Dye) were diluted 1:100 in hybridization buffer 

together with the anti-SC35 antibody [SC-35] - Nuclear Speckle Marker (Abcam). After 

hybridization, cells were incubated for 30 min at 37°C with Wash Buffer A solution 
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containing 1:500 dilution of the secondary antibody (Donkey anti-Mouse alexa fluor 555, 

Abcam). A second incubation at 37 degrees for 30 min with Wash Buffer A was performed 

and Hoechst 34580 (Sigma-Aldrich) was added to the buffer for nuclear staining. 

Coverslips were washed for 2-5 min with Wash Buffer B and then dried for 15 minutes at 

RT in the dark and subsequently mounted in slides as previously described in  

3.3.18.   

  

3.3.20. Cell imaging   

  

Cell images were acquired with a confocal laser-scanning microscope (LSM780; 

Zeiss) with a Plan-Apochromat 63x objective with a numeral aperture of 1.4, using 

immersion oil. The Zen 2012 software was used to acquire images. Images from the same 

experiment were acquired in the same day with the same settings for all conditions (laser 

power, gain, pin hole size and offset).   

  

3.3.21. Image processing and quantification  

Fiji software was used to process and analyze the acquired images of fluorescence, 

FISH and immunofluorescence experiments. Pictures were cropped with Image crop 

function and scale bars were added. Below the strategies for quantification and image 

processing are detailed.  

3.3.21.1. Fluorescence quantification  

For fluorescence quantification fields with similar numbers of cells were captured 

until at least 100 cells were obtained. Pictures were opened in Fiji (Schindelin et al. 2012) 

and the channel corresponding to Hoechst (nuclear staining) was used to acquire a 

threshold image (“Threshold Li”). The “Particle analyzer” plug in from the Biovoxxel toolbox 

(Brocher 2015) was used to obtain the nuclear Regions of interest (ROI). was used to 

obtain the ‘nuclear regions of interest’ (ROI). Next, nuclear ROIs were transferred to the 

GFP channel image and fluorescence was quantified using the ‘integrated density value’ 

(mean gray value per pixel x area) (Figure 16). Fluorescence values were plotted in 

GraphPad Prism.   
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Figure 16. Quantification of GFP fluorescence with Fiji. The cell nucleus was used to acquire a threshold 

image. The plug in “Analyze Particle” identifies the cell number and saves the nuclear region (ROI). ROIs 

are transferred to the image of interest and fluorescence intensity per pixel is acquired (IntDen).   

  

3.3.21.2. Micronuclei, DNA damage foci and nuclear shape quantification  

For micronuclei quantification, fields with similar amount of cells were captured until 

at least 100 cells were obtained. Threshold images of the cell nuclei were acquired as 

described above. For each picture, the number of cells containing micronuclei were 

counted and the percentage relative to the total number of cells in the field was calculated. 

The same procedure was used for counting cells with positive phosphorylated histone 

H2A.x foci. The nuclear ROIs were transferred to the pH2A.x channel and cells containing 

pH2A.x foci were counted. Percentage of cells containing micronuclei and pH2A.x foci were 

plotted in GraphPad Prism. For solidity values, nuclear ROIs were measured and the 

solidity value was acquired from the Fiji results table, solidity values of at least 200 cells 

per condition were plotted in GraphPad Prism.   

3.3.21.3. Line scans  

To acquire the fluorescence intensity per pixel in a cell area and visualize 

nucleoplasm and speckle fluorescence, a straight line was drawn across the cell nucleus. 
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To obtain the maximum nucleoplasm and speckle signal, this line was draw from one 

extremity to another of the cell nucleus without going through the nucleolus. The line scans 

were performed in one-cell zooms to increase resolution. A straight line was traced in one 

channel of interest and the profile was acquired from Fiji (Analyze – Plot profile). The same 

line was transferred to the other channels and the fluorescence of each channel was plotted 

in the line area. The values of each graphic were saved and a profile for all the channels 

was plotted in GraphPad Prism.   

3.3.22. Statistical analyses  

To quantify differences between controls and treatments, isoform fractions, relative 

RNA levels and fluorescence intensity values were analyzed using the GraphPad Prism 

software. One-way ANOVA followed by Dunnett’s multiple comparisons test was 

performed using GraphPad Prism version 8.00 for Windows, GraphPad Software, La Jolla 

California USA, www.graphpad.com. The same test was used to compare percentage of 

cells containing micronuclei in different cells lines as indicated in the results figure legends. 

Significance is indicated by asterisks.    

  

  

  

  

  

  

  

  

  

  

  

 

 

 

http://www.graphpad.com/
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4. Results  

  

4.1. Hypoxia causes differential expression of thousands of transcripts in HeLa 

cells  

  

To identify global changes of the HeLa cell transcriptome upon hypoxia stress, we 

performed total RNAseq of cells grown in normoxia or hypoxia conditions (24h; 0.2%). 

Using DESeq2 (Love et al. 2014) we quantified changes in expression and identified 7962 

differential expressed genes (DEGs; padj<0.05), approximately half of them were 

downregulated (n: 3862, 49%) and the other half up-regulated (n: 4100, 51%) (Figure 

17A). When we applied a more stringent cut-off (Log2-fold change > or < 1) we still 

acquired 2495 DEGs (padj<0.05). Of those, 66% were up-regulated upon hypoxia (1653) 

and 34% (842) down-regulated (Figure 17B). We subsequently performed a Gene 

Ontology (GO) analysis using GOenrich (Yu et al. 2012) to investigate in which biological 

processes DEGs are enriched. We found that biological processes known to be important 

for the response to hypoxia, such as angiogenesis and positive regulation of epithelial cell 

proliferation were significantly enriched among the up-regulated DEGs (Figure 17C). 

Confirming the efficiency of the hypoxia treatment, genes involved in aerobic metabolism 

and mitochondrial gene expression were mostly down-regulated. Furthermore, we found 

that hypoxia likely affects cell cycle progression, as genes responsible for cell cycle arrest 

were up-regulated and genes involved in the transition from G2 phase to mitosis were 

down regulated (Figure 17D). Interestingly, down-regulated genes were also highly 

enriched in the GO-term categories ‘mRNA splicing’ and ‘mRNA processing’ (Figure 17D).  

A down-regulation of splicing factors should lead to major changes in alternative splicing, 

such as exon skipping and inclusion, alternative 3’ and 5´UTR splice site usage or intron 

retention.  
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Figure 17.  Hypoxia leads to global changes in gene expression. A) Pie chart displaying the total 

number of significantly differentially expressed genes (DEGs) (up and down regulated, padj<0.05) 

quantified using DESeq2 on RNA-Seq data comparing HeLa hypoxic (0.2% O2) and normoxic cells (21% 

O2). n= 3 replicates per condition. B) Pie chart displaying DEGs with Log2 fold change > or < 1.0 (up and 

down regulated, padj<0.05). C) GO-term analysis for biological processes (BP) that are enriched among 

DEGs (from A, padj<0.05) using GOenrich (GO). The point color represents the degree of enrichment and 

the point size represents the gene ratio compared to all genes annotated for the respective BP. D) Plots 

showing enrichment score profiles of DEGs assigned to 4 enriched BPs upon hypoxia. The black lines 

represent the genes, the X-axis indicates their ranking in the list of DEGs and the Y-axis shows their 

enrichment score in the GO analysis.   
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4.2. Hypoxia causes global changes in alternative splicing   

  

In order to investigate changes in alternative splicing (AS) occurring upon hypoxia, 

we used the replicate multivariate analyses of transcript splicing (rMATs) tool (Shen et al.  

2014) and applied it to the RNAseq dataset. The following splice events were analyzed: 

cassette exons (CE), alternative 3’ and 5’ splice site usage (A3SS, A5SS), mutually 

exclusive exons (MXE) and retained introns (IR) (Figure 18A). We identified 4434 

transcripts that were alternatively spliced after 24h hypoxia. The majority of events that 

changed were CEs (2912 events, padj<0.05), including exon skipping or inclusion, 

whereby exon skipping was the most frequent splicing event in hypoxia (1783 events) 

(Figure 18B). Alternatively spliced isoforms were enriched in 3 BPs, related to microtubule 

and centrosome localization (Figure 18C). This might indicate that AS in hypoxia plays a 

role in the generation or expression of different protein isoforms that are involved in 

centrosome and microtubule organization or the regulation of the cell cycle.   

  

Figure 18. Thousands of transcripts are alternatively spliced upon hypoxia. A) Alternative Splicing 

(AS) events identified with rMATS. B) Left panel: Pie chart displaying significantly changed AS events 

(padj<0.05) comparing RNAseq data from HeLa hypoxic (0.2% O2) and normoxic cells (21% O2). n=3 

replicates per condition. Right panel: Pie chart displaying all significantly changed cassette exon (CE) 

events, divided into exon skipping and inclusion events. C) GO-term analysis (BP) for AS events (from B, 

padj<0.05) acquired using GOenrich. The point color represents the degree of enrichment and the point 

size represents the gene ratio compared to all genes annotated for the respective BP.  
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We selected five CE splice events for validation by RT-PCR (Figure 17A). All 5 

affected transcript isoforms are protein-coding genes. BORA (aurora kinase A activator), 

CEP192 (centrosomal Protein 192) and CSPP1 (centrosome and spindle pole associated 

protein 1) code for proteins associated with centrosome organization and cell cycle 

progression. EIF4A2 (eukaryotic translation initiation factor 4A 2) encodes a translation 

initiation factor, involved in the regulation of cap-dependent translation initiation, and 

MDM4 (MDM4 regulator of p53) encodes a protein involved in the regulation of apoptosis 

signaling. For BORA, exons 3 and 4 are skipped, in the CEP192 transcript exon 28 is 

more included in hypoxia. CSSP1 has an alternative exon inclusion between exon 4 and 

5 in normoxia and this exon is skipped in hypoxia. EIF4A2 AS event results in the inclusion 

of exons in the 3’UTR in hypoxia. Skipping of exon 6 of MDM4 has been previously 

described in tumor cells; it leads to translation of a truncated protein. This truncated 

protein has a repressive effect on p53 and apoptosis pathway activation (Rallapalli et al. 

1999).  We designed primers that anneal to the upstream and downstream exons, flanking 

the hypoxia-skipped/included exons, and analyzed three replicates from normoxic and 

24h hypoxic HeLa samples (Figure 19B). To test whether the alternative transcript 

isoforms generated by exon skipping or inclusion are targets of the NMD pathway, we 

treated normoxic and hypoxic cells with cycloheximide (CHX), which inhibits the 

translation-dependent NMD pathway. DMSO was used as control. Figure 19C-G shows 

splicing gels for the 5 selected targets as well as the calculated ratio between the 

isoforms.   

For all targets we could validate significant differences in the isoform fraction 

between normoxia and hypoxia (Pvalue<0.05). Moreover, with the exception of EIF4A2, 

no significant stabilization of the alternative isoforms was detectable upon CHX treatment. 

This indicates that alternative isoforms generated during hypoxia are generally not 

targeted for degradation by NMD and should be translated into functional protein isoforms.   
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Figure 19. Validation of cassette exon (CE) events in hypoxia. A) Table showing five CE events selected 

for validation, including transcript IDs, gene names, inclusion level differences in hypoxia relative to 

normoxia, calculated Pvalues, the gene type from which the alternatively spliced transcript is transcribed, 

log2 fold changes of the corresponding gene quantified by DESeq2 and the respective adjusted Pvalues. 

B) Scheme of validated CE events. Black arrows above the exons indicate the primers that were designed 

for exons flanking the regulated CE. C-G) RT-PCR splicing agarose gels (2% concentration) for the five AS 

events. Exons which are skipped or included in hypoxia are represented in gray beside the gel. Black arrows 

above the exons indicate the primer position. A 50bp ladder was used for every gel. The sizes are indicated 

on the left side of the picture. Below the gels, the relative isoform fraction quantification is shown (n=3). The 

normoxic isoform is depicted in white and the alternative isoform, which is increased upon hypoxia, in grey. 

A T-test was performed to test for differences between the isoform ratios. Significant changes between 

normoxia DMSO control and each sample is shown by asterisks (*p<0.05, **p<0.01).   
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4.3. Hypoxia changes the abundance of several circular RNAs (circRNAs)   

  

Our results so far show that upon hypoxia mRNA splicing is reduced and that 

thousands of transcripts undergo AS, particularly exon skipping, in this condition. It was 

recently shown that under conditions of reduced splicing also the formation of circular 

RNAs (circRNAs) increases through enhanced backsplicing (Liang et al. 2017). To test 

whether this is also true in hypoxia, we searched our RNAseq dataset for backsplicing 

events to identify all circRNAs that are generated in HeLa cells in normoxic and hypoxic 

conditions (Figure 20A). In collaboration with Antonella DiLiddo (AK Zarnack) we set up 

a computational pipeline and combined two circRNA prediction tools, Find_circ (Memczak 

et al., 2015) and CIRCexplorer (Zhang et al., 2014) to predict and quantify circRNAs 

(DiLiddo et al., 2019). For a high confidence set of circRNA candidates, we considered 

only the overlap between both tools and required at least 2 unique reads mapping to the 

backsplice junction. Using this approach, we identified 3,926 circRNAs that were 

expressed in HeLa normoxia and hypoxia cells.   

We selected 9 highly expressed circRNA candidates for validation of expression 

and circularity using three different methods. First, we designed divergent PCR primers 

flanking the backsplice junction that can only amplify a PCR product from the circular 

transcript but not from the corresponding linear transcript (Figure 20B). Since circRNAs 

do not contain PolyA tails, we separated polyadenylated (PolyA+) from 

nonpolyadenylated (PolyA-) RNAs and verified the abundance of circRNAs and linear 

RNAs in these fractions by RT-PCR (Figure 20C, upper panel). Finally, due to the lack of 

free transcript ends, circRNAs are resistant to exonuclease activity. We performed an 

RNase R treatment on total RNA samples and verified whether our selected circRNAs 

candidates were resistant to degradation by this exonuclease (Figure 20C, lower panel). 

Indeed, all selected circRNA candidates were amplified with the divergent primers, 

enriched in the PolyA- fraction and resistant to exonuclease RNase R treatment 

confirming their circularity. The linear PLOD2 transcript was used as control; it was 

enriched in the PolyA+ fraction and was degraded by RNase R treatment (Figure 20C).  

To investigate whether circRNAs are differentially expressed upon hypoxia, we used 

the DESeq2 tool with slight modifications for the analysis of circRNAs (DiLiddo et. al, 2019). 
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We identified 22 circRNAs that were differentially expressed between normoxia and 

hypoxia in HeLa cells (Figure 20D). We selected 7 circRNAs (exoZNF292, PLOD2, 

intZNF292, MTCL1, MAN1A2, SPECC1 and RTN4) that were up-regulated in hypoxia, and 

8 circRNAs (SLTM, CAMSAP1, SRSF4, HIPK3, AAGAB, RICTOR, REV1 and  

CPSF6) that did not show significant differences in abundance to validate their expression 

changes by RT-qPCR. We could validate the differential expression of all 7 circRNAs 

(100%; Figure 20E), indicating that our circRNA identification pipeline works very robustly 

and avoids false positives. Furthermore, our results indicate that backsplicing is regulated 

upon hypoxia and the splicing balance is shifted to the enhanced formation of some 

circRNAs. In line with our previous results, these circRNAs could be formed either by 

enhanced exon skipping or due to decreased linear splicing activities through the 

downregulation of splicing factors that promote linear splicing.   
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Figure 20. circRNA formation is regulated in hypoxia. A) Pipeline used for the identification and 

quantification of circRNAs candidates from RNAseq data of HeLa normoxic and hypoxic cells. Linear 

mapped reads were used for differential expression and alternative splicing analyses. Non-linear reads 

were used to identify circRNAs with two different tools. B) Scheme showing the primer design strategy for 

the amplification of circular and linear RNAs. Convergent primers (red) flank the backsplicing junction and 

amplify only circular RNAs. Convergent primers (blue) amplify only the linear spliced transcripts. C) Upper 

panel: RT-PCR using convergent and divergent primers validate the enrichment of circRNAs in the PolyA- 

fraction. Lower panel: RT-PCR from RNase R treated samples validate the resistance of circRNAs to 

RNase R treatment. D) Volcano plot showing differentially expressed circRNAs in hypoxia relative to 

normoxia samples. All tested circRNAs were  from the high confidence dataset and had at least 5 reads 

mapping to the backsplice junction in at least two samples (n=3 replicates per condition). Differentially 

expressed circRNAs (FDR<0.05) are marked in red. Labeled circRNAs were selected for validation by 

RTqPCR. E) RT-qPCR analysis comparing the levels of 15 circRNAs in normoxia and hypoxia. Divergent 

qPCR primers flank the backsplice junction. CircRNAs predicted to be up-regulated in hypoxia are indicated 

in bold. Levels are normalized to U6 expression and calculated relative to normoxia. All samples were (n=3, 

*p<0.05, **p<0.01). Figures are adapted from DiLiddo et. al, 2019.  
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4.4. Transcripts encoding SR proteins are differentially regulated in hypoxia  

  

AS can be pivotal for the hypoxia response, either by promoting the expression of 

different protein isoforms or by regulating the levels of proteins through the expression of 

non-functional transcript isoforms (Sena et. al, 2014). Because of their well-known 

function as regulators of AS, we next investigated changes in the expression level of SR 

proteins upon 24h hypoxia. Our RNAseq data indicated that SR protein transcripts 

(SRSF1 to SRSR7) are indeed differentially regulated upon hypoxia. While SRSF2 and 

SRSF4 show a significant up-regulation in hypoxia, most SR protein transcripts are 

downregulated, with SRSF6 showing the strongest decrease among the SR protein family 

members (almost 4-fold down regulated). We validated the differential expression of SR 

protein transcripts by RT-qPCR (Figure 21A). The efficiency of the hypoxia treatment was 

confirmed using the hypoxia markers CA9, which is only expressed in hypoxic and 

oxidative stress conditions, and VEGFA, the vascular endothelial growth factor transcript, 

a known and important marker for the hypoxia response (Figure 21A).  

To test whether the differential expression of SR protein transcripts is part of the 

transcriptional response to hypoxia via HIF1, we treated cells with CoCl2, a commonly 

used compound that promotes HIF1 stabilization and mimics the HIF1-dependent hypoxia 

response. Interestingly, we did not detect a significant differential expression for any SR 

protein transcript after 24h CoCl2 treatment, with the exception of SRSF3, which was 

slightly down-regulated (Figure 21B). This suggests that the differential expression of SR 

protein transcripts and particularly the down-regulation of SRSF6 are not caused by HIF1a 

stabilization. VEGFA and CA9 induction after 24h hours was controlled by RTqPCR to 

confirm the efficacy of the CoCl2 treatment (Figure 21B).   

It is known that SRSF6 binds to exon 8b of the VEGFA transcript and promotes its 

inclusion (Nowak et al. 2010), which favors the expression of the anti-angiogenic isoform 

of VEGFA (VEGFA165b). SRSF6 binding also counteracts the inclusion of exon 8a, which 

is bound by SRSF1, and the production of the pro-angiogenic isoform VEGFA165a 

(Figure 21C). In hypoxia, the pro-angiogenic isoform VEGFA165a increases, which we 

confirmed by RT-qPCR with primers that anneal to exon 8a (Figure 21D). VEGFA165a is 

essential for the hypoxia response in cancer cells. It is expressed and secreted by tumor 
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cells and promotes their migration as well as angiogenesis of endothelial cells to supply 

growing tumors with blood vessels (Biselli-Chicote et al. 2017). Since expression of 

VEGFA165a transcripts is inhibited by SRSF6 and SRSF6 is the most down-regulated 

SR protein in hypoxia, we decided to investigate the importance of this SR protein in 

regulating/suppressing the adaptation of cells to hypoxia conditions.   

We first studied how SRSF6 down-regulation in hypoxia is achieved. Quantification 

of junction reads from the RNAseq data revealed that exon 3 of SRSF6 is more included 

in hypoxia (3-fold; Figure 21E). This exon is called ‘poison cassette exon’ (PCE) as it 

contains a premature termination codon (PTC), and its inclusion generates SRSF6 

isoforms that should be degraded by NMD. Generation of NMD isoforms was shown to 

be an important mechanism for the regulation of SR protein levels, e.g. SRSF3 and 

SRSF1 (Jumaa and Nielsen, 1997; Shying et. al, 2010). Indeed, SRSF3, which is 

downregulated in hypoxia as well, also showed an increased inclusion of its PCE (2-fold; 

Figure 21F). Enhanced PCE inclusion in SRSF6 and SRSF3 transcripts was confirmed 

by RTPCR, using primers that anneal to exons upstream and downstream of the PCE 

(Figures  

21G-H). NMD inhibition by CHX treatment confirmed the accumulation of SRSF6 and 

SRSF3 NMD isoforms in normoxic cells (Figures 21G-H). However, NMD isoforms were 

readily detectable in hypoxic cells, at the expense of the normal isoform, and did not 

accumulate further upon CHX treatment (Figures 21G-H).   

These data suggest that the levels of normal protein-coding SRSF3 and SRSF6 

transcript isoforms decrease in hypoxia due the increased generation of NMD isoforms, 

but their degradation is inhibited in hypoxia, likely due to a general NMD inactivation. 

Indeed, it has been shown that NMD is inhibited in different stress conditions including 

hypoxia (Gardner, 2008). The stable presence of PTC-containing transcripts and their 

translation could give rise to truncated protein isoforms that might fulfill specific functions 

in the hypoxia adaptation. Indeed it was recently shown that a truncated form of the 

translation initiation factor EIF2B5 contributed to the inhibition of translation in hypoxia 

(Ref Brady, 2017). Unfortunately, due to the lack of antibodies specific for the N-terminus 

of the proteins, we were not able to detect truncated protein isoforms for SRSF6 or SRSF3 

in hypoxia samples. 24h CoCl2 treatment did not accumulate SRSF3 and SRSF6 NMD 
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isoforms (Figure 21I), which could explain why SRSF3 and SRSF6 transcripts were not 

down-regulated in this treatment condition, and suggest the requirement of a cellular 

stress response.  
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Figure 21.SRSF6 and SRSF3 transcript levels are strongly decreased in hypoxia. A) Left panel: 

RTqPCR validation of changes in SR protein transcripts (SRSF1-7) levels upon 24h hypoxia treatment. 

Right panel: RT-qPCR of hypoxia induced transcripts VEGFA and CA9 as control for efficient hypoxia 

treatment. U6 transcript was used for normalization of all samples. Log2 fold changes in hypoxia relative to 

normoxia were calculated (n=3, T-test *p<0.05, **p<0.01). B) Left panel: RT-qPCR to quantify changes in 

SR protein transcript levels (SRSF1-7) after 24h 250µM CoCl2 treatment. Right panel: RT-qPCR of HIF1α-

induced transcripts VEGFA and CA9 as control for HIF1α stabilization upon CoCl2 treatment. Log2 fold 

changes of CoCl2 treated samples relative to control (H2O) were calculated (n=3, T-test: *p<0.05, **p<0.01). 

C) Schematic representation of the VEGFA transcript and its two splice isoforms (VEGFA165a and 

VEGFA165b) regulated by SRSF1 and SRSF6. SRSF1 binds to exon 8a and promotes splicing of the 

proangiogenic isoform VEGFA165a. SRSF6 binds to exon 8b, counteracts SRSF1 and promotes inclusion 

of exon 8b and expression of the anti-angiogenic isoform VEGFA165b. D) RT-qPCR validation of hypoxia 

induced transcripts VEGFA and the VEGFA165a isoform. Primers were design to anneal to exon 8a to 

specifically amplify VEGFA165a. Changes in RNA levels in hypoxia relative to normoxia samples was 

calculated (n=3, T-test **p<0.01). E-F) Browser shots showing the RNA-Seq read coverage on the SRSF6 

and SRSF3 genes in normoxic and hypoxia samples using IGV. Constitutive exons of the main protein 

coding isoform are shown as black boxes. The PCE is indicated in pink. Splicing junction usage in percent 

in normoxia (black) compared to hypoxia (pink) is shown for the PCE and its flanking exons. Values were 

acquired using Sashimi Plot in IGV. The scale represents the maximum number of reads per nucleotide 

position. G-H) Upper panels: Representative RT-PCR splicing gels validating SRSF6 and SRSF3 PCE 

inclusion upon 24h hypoxia and 2 hours CHX treatment (100µM) in normoxic and hypoxic samples. DMSO 

(100µM) was used as control. Primers were designed to anneal to the exons flanking the PCE (indicated 

by black arrows). Lower panels: Plots showing the fraction of isoforms (white - main isoform, grey - isoform 

with PCE inclusion). All samples were compared to the normoxia DMSO control and significance was tested 

using T-test, (n=3, **p<0.01). I) RT-PCR splicing gels to test PCE inclusion into SRSF3 and SRSF6 

transcripts upon 24h CoCl2 treatment and 2 hours CHX treatment (100µM). DMSO (100µM) was used as 

control. Primers are indicated by black arrows.  

  

  

4.5. Hypoxia decreases SRSF6 protein level and alters its subnuclear localization  

Since SRSF6 transcripts are strongly decreased in hypoxia, we next investigated 

whether its protein and phosphorylation levels are also decreased, both of which 

determine its splicing activity. To determine changes in SRSF6 phosphorylation in initial 

and late stages of hypoxia, HeLa cells were incubated in hypoxia conditions for 4h or 24h. 

Western Blots probed with mAb104 antibodies that recognize phosphorylated RS 

domains, did not show any difference in phosphorylated SRSF6 levels upon hypoxia 

(Figure 22A). In contrast, total SRSF6 protein levels were decreased by 40% (n=3, 

p<0.05) after 24h hour hypoxia. As a control for the hypoxia response, we re-probed the 

membranes with an antibody specific for HIF1α and confirmed its stabilization after 4h 

and 24 hours (Figure 22B). In agreement with the mRNA expression data, 24h CoCl2 

treatment did not alter SRSF6 protein nor phosphorylation levels, despite a strong 

stabilization of HIF1α (Figure 22C). Altogether this suggests that SRSF6 protein levels 

are also decreased in 24h hypoxia, which is surprising, as SR proteins are highly stable 
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proteins. Moreover, since we detected no change in the levels of phosphorylated SRSF6 

in hypoxia, the residual SRSF6 proteins must be hyper-phosphorylated. Indeed, it has 

been previously shown that most SR proteins are hyper-phosphorylated in hypoxia due 

to an increase in the expression of SR protein kinase 1 (SRPK1) (Jakubauskiene et. al, 

2015).  

To better quantify changes in SRSF6 protein levels and visualize changes in its 

cellular localization upon hypoxia, we generated HeLa cell lines stably expressing 

SRSF6-GFP from genomic loci using bacterial artificial chromosomes (BAC). The BAC 

contains the entire SRSF6 gene fused to a C-terminal GFP-tag and randomly integrates 

into the genome (Poser, 2008) (Figure 22D,. We sorted GFP-positive cells in two different 

pools with low (SRSF6(L)) and high SRSF6-GFP expression (SRSF6(H)) levels (Figure 

S1A-B). The transgenes contain all regulatory sequences including introns and exons, 

and are alternatively spliced in hypoxia to generate more NMD isoforms, similar to the 

endogenous SRSF6 gene (Figure 22E). Quantification of GFP fluorescence indicated that 

SRSF6(L)-GFP is also down-regulated by 35% after 24h hypoxia, similar to endogenous 

SRSF6 (n>100 cells, p>0.01; Figure 22F, S2A-B). Interestingly, in normoxic cells we 

observed a high SRSF6(L)-GFP fluorescence signal in the nucleoplasm (Figure 22G, blue 

arrows), but in hypoxia, residual SRSF6(L)-GFP protein localized exclusively to nuclear 

speckles (evidenced by a more condensed GFP signal and well-defined peaks in the line 

scans) (Figure 22G, red arrows). In line with our previous results, 24h CoCl2 treatment 

did not decrease the fluorescence intensity of SRSF6(L)-GFP nor alter its localization 

(n>100 cells) (Figure 22H, S2C-D), underlining important differences between CoCl2 and 

hypoxia in the splicing response.    
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Figure 22. Hypoxia decreases SRSF6 protein levels and alters its nuclear localization. A) WB showing 

SRSF6 phosphorylation (pSRSF6 – anti-mAB104 antibody) and total protein levels (SRSF6 – anti-SRSF6 

antibody) at 4h and 24h hypoxia. Tubulin was used as loading control. Protein levels were normalized and 

calculated relative to the normoxia control (representative picture from 3 experiments). B) HIF1α 

stabilization was confirmed by WB (anti-HIF1α antibody). C) WB showing SRSF6 phosphorylation and total 

protein levels at 4h and 24h CoCl2 treatment Tubulin was used as loading control. Protein levels were 

normalized and calculated relative to the control. D) HIF1α stabilization at 4h and 24h CoCl2 treatment was 

verified by WB. E) Scheme of the bacterial artificial chromosome (BAC) stably integrated into WT HeLa 

cells. The green boxes represent introns and the black boxes exons of the SRSF6 gene. A GFP-tag is 

inserted before the STOP codon (indicated in green). The SRSF6-GFP protein domains derived from the 

BAC gene are shown below. F) Representative splice RT-PCR gels showing increased SRSF6 PCE 

inclusion at 4h and 24h hypoxia in WT and SRSF6(L)-GFP cell lines. Primers anneal to exons flanking the 

PCE (indicated by black arrows) and amplify endogenous and exogenous SRSF6 transcript isoforms. Plots 

below the gels show the fractions of isoforms (white – main isoform, grey – isoform with PCE inclusion). All 

samples were compared to normoxia (n=3, **p<0.01) and significance was tested using a T-test. G) Left 

panel: Representative fluorescence microscopy images of SRSF6(L)-GFP cells line in normoxia, 4h and 

24h hypoxia, showing the GFP signal (green), nuclear staining with Hoechst (blue) and the merge of both 

channels. Right panel: Quantification of GFP fluorescence intensity in normoxia and 24h using FIJI (n>100 

cells, 2 replicates, **p<0.01; scale bar = 5µm). H) Line profiles from SRSF6(L)-GFP cells line in normoxia 

and 24h hypoxia. Lines are shown in the micrograph (left) and the corresponding plots with signal intensity 

per pixel and line distance are shown on the right. Red arrows indicate GFP peaks, which correspond to 

nuclear speckle localization in the image. Blue arrows indicate nucleoplasmic SRSF6-GFP localization. I) 

Left panel: Representative fluorescence microscopy images of SRSF6(L)-GFP cells treated with 250µM 

CoCl2 for 0h (control), 4h and 24h showing the GFP signal (green), nuclear staining Hoechst (blue) and the 

merge of both channels. Right panel: Quantification of GFP fluorescence intensity in control and 24h CoCl2 

treated cells using FIJI (n>100 cells, 2 replicates, n.s: non-significant; scale bar = 5µm).  

   

4.6. SRSF6 overexpression in hypoxia promotes formation of micronuclei and DNA 

damage  

  

Our data so far indicate that SRSF6 is down-regulated at the RNA and protein level 

upon 24h hypoxia. To test the importance of SRSF6 down-regulation for hypoxia 

adaptation we used the high-expressing SRSF6(H)-GFP cells and investigated their 

response to hypoxia. As a control, we generated cell lines expressing SRSF4-GFP and 

also sorted for high GFP levels (SRSF4(H)-GFP) (Figure S1A). SRSF4 is closely related 

to SRSF6 and has a high structural similarity (83% identity) (Lareau and Brenner 2015) 

(Figure S1C-D), but it is up-regulated in hypoxia (Figure 21A). Using WB and confocal 

microscopy, we validated the presence of GFP-tagged proteins in SRSF6(L)-GFP, 

SRSF6(H)-GFP and SRSF4(H)-GFP cell lines (Figures S1B).   

We then subjected WT, SRSF4(H)-GFP and SRSF6(H)-GFP cell lines to hypoxia 

for 4 and 24h and investigated SRSF6 phosphorylation and total protein levels (Figure 

23A). Similar to SRSF6(L)-GFP cells, transgenic SRSF6(H)-GFP and endogenous 
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SRSF6 protein was down-regulated by 35% after 24h hypoxia. Despite this decrease, 

SRSF6(H)-GFP cells still expressed 4-fold more SRSF6 than WT cells in normoxic and 

hypoxic conditions (n=3, p<0.05). In both, SRSF6(H)-GFP and SRSF4(H)-GFP cell lines, 

endogenous SRSF6 protein levels were decreased in comparison to WT (1.3-fold in 

normoxia and -4-fold in 24h hypoxia). This result is in agreement with studies performed 

in our lab showing that both, SRSF4 and SRSF6, regulate SRSF6 levels (data not 

published) (Figure 23B).  

  

  

Figure 23. SRSF6 regulation in overexpressing cell lines in normoxia and hypoxia.   

A) Representative WB from WT, SRSF6(H)-GFP and SRSF4(H)-GFP cell lines in normoxia, 4h and 24h 

hypoxia. mAb104 antibody was used to detect phosphorylated SRSF6 and SRSF4 endogenous 

proteins..Anti-SRSF6 antibody was used to detect total SRSF6 protein levels. Anti-HIF1α antibody was 

used as a control for hypoxia treatment efficiency. Tubulin was used as loading control. B) Quantification 

of total SRSF6 protein levels in all cell lines using ImageLab. SRSF6 signal was normalized and Log2-fold 

changes (log2FC) were calculated relative to WT normoxia values (n=3).   

  

To identify phenotypic changes due to SRSF6 overexpression, we first analyzed 

cells by confocal microscopy. Interestingly, we observed that SRSF6(H)-GFP cells 

showed a significant increase in micronuclei abundance (Figures 24A-B, S3A). 

Micronuclei are small fragments of nuclei, which, due to errors during mitosis, become 

separated from the main cell nucleus. The presence of micronuclei and aberrant nuclei 

shapes are general indicators of inefficient DNA replication and errors in the assembly of 
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mitotic spindles and chromosomal segregation (Fonseca et. al 2019). Figure 24C shows 

different nuclei shapes and their respective solidity values measured using Fiji. In hypoxia, 

HeLa cells show generally higher solidity values, which might be explained by their 

increased proliferation and migration under these conditions (Figure 24D). SRSF4(H)-

GFP cells show higher solidity values than the WT cells, which might be due to lower 

SRSF6 levels in this cell line. Most interestingly, SRSF6(H)-GFP cells display much lower 

solidity values in normoxic and hypoxic conditions compared to WT and SRSF4(H)-GFP 

cells (Figure 24D).  

Cells, which display disturbances in chromosome segregation and homologous 

repair during cellular division, usually show higher DNA damage due to double strand 

breaks (DSBs). We therefore tested whether SRSF6(H)-GFP cells present higher number 

of DSB events than WT cells. DSBs can be detected by the presence of phosphorylated 

Serine139 in Histone H2Ax (yH2A.x). We performed Immunofluorescence (IF) 

experiments with normoxic and hypoxic cells (24h) and indeed, SRSF6(H)-GFP cells 

showed significantly higher numbers of pH2A.x nuclear foci compared to WT in normoxic 

and hypoxic cells (Figures 24E-F, S3B). Taking together, these results suggest that low 

SRSF6 levels are crucial for the proper regulation of DNA damage repair and 

chromosome segregation during cellular division and cell cycle progression under hypoxic 

conditions. Higher amount of cells with DNA damage might indicate that the apoptosis 

triggered by the DNA damage repair pathway is not active and these cells can still survive 

and divide.     
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Figure 24. SRSF6 overexpression promotes micronuclei formation and DNA damage. A) 

Fluorescence images of SRSF6(H)-GFP cells in normoxia and 24h hypoxia showing increased formation 

of micronuclei (white arrows). B) Quantification of micronuclei events in WT, SRSF6(H)-GFP and 

SRSF4(H)-GFP cell lines in normoxia and 24h hypoxia. (n=2; >100 cells per experiment). C)   
Representative images of SRSF6(H)-GFP cell nuclei and the respective solidity (S) values analyzed by FIJI. 

Nuclei are stained with Hoechst. D) Mean solidity values of WT, SRSF6(H)-GFP and SRSF4(H)-GFP HeLa 

nuclei in normoxia and 24h hypoxia. (n=2; >200 cells per condition). Differences of nuclei solidity were 
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calculated for every cell line relative to WT in normoxia and hypoxia (T-test, *p<0.05, **p<0.01). E) 

Representative IF images of WT and SRSF6(H)-GFP cells in normoxia and 24h hypoxia stained with 

antiphospho Ser139 histone H2Ax (yH2A.x) antibody (red). GFP signal is shown in green, Hoechst nuclear 

staining in blue. F) Quantification of WT and SRSF6(H)-GFP cells with positive pH2A.x signal in normoxia 

and 24h hypoxia. The percentage of positive yH2A.x cells was calculated, plotted (n>100 cells) and tested 

for significant differences relative to the WT normoxia (T- test, *p<0.05, **p<0.01).   
  

4.7. Identification of mis-regulated transcripts by SRSF6 overexpression in hypoxia 

using iCLIP  

  

Our data indicate that SRSF6 overexpression in hypoxia negatively affects cell 

division and DNA stability. One reason for the observed phenotype could be alterations 

in AS of hypoxia-induced transcripts caused by sustained high SRSF6 level. SRSF6 

binding usually promotes the inclusion of alternative exons (Shepard and Hertel 2009) 

and its decrease during hypoxia should in principle cause their skipping. SRSF6 

overexpression might impair exon skipping in hypoxia due to sustained SRSF6 binding, 

and instead promotes exon inclusion (Figure 25A). On the other hand, SRSF6 could also 

promote exon skipping in hypoxia through enhanced binding to upstream and 

downstream exons flanking alternative exons, which are included in normoxia. To test 

these expectations and compare exons and transcripts that are bound by SRSF6 in 

normoxia and hypoxia at a transcriptome-wide level, we performed UV Cross-Linking and 

ImmunoPrecipitation (iCLIP) experiments, with SRSF6(L)-GFP cells grown in normoxic, 

4h and 24 hours hypoxic conditions in three replicates (Figure 25B). After UV crosslinking, 

the cells were lysed and an RNaseI treatment was performed. RNA fragments  

(50-300nt) bound by SRSF6(L)-GFP were immunoprecipitated using an α-GFP antibody 

and stringently purified by SDS-PAGE (Figure 25C). SRSF6-bound RNAs were isolated 

and RT-PCR was performed to generate iCLIP libraries for Deep Sequencing (Figure 

25D). Non cross-linked samples were used as control (Figures 25B-D).   

After mapping the iCLIP reads to the human genome (hg19) we obtained 

3,285,995, 4,178,237, 3,127,338 and 3,141 unique crosslinks (X-links) for the pooled 

replicates in normoxia, 4h, 24 hypoxia and controls, respectively. Peak calling derived 

379,097, 611,391, 405,278 and 123 significant X-links (FDR<0.05) that were merged into 

42,685, 52,388, 38,414 and 59 binding sites (Figure 25E). In general, there was a similar 

number of SRSF6 X-links and binding sites, which allowed for a direct comparison of the 
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data. Analyses of enriched 5-mers around significant X-links revealed the 

consensusbinding motif of SRSF6. This purine-rich binding motif (GARGAR) is the same 

in normoxia and hypoxia and similar to the one obtained with mouse P19 cells (Müller-

McNicoll et. al, 2016) (Figure 25F). In agreement with SRSF6 binding preferentially to 

exons, significant X-links are enriched in coding regions including ORFs, 3´UTRs and 

5´UTRs, with negligible binding to intronic regions (Figure 25G). There was also a high 

overlap of genes that were bound by SRSF6 in all three conditions, which allowed us to 

compare differential binding within genes and exons in normoxic and hypoxic conditions 

(Figure 25H).   
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Figure 25. Transcriptome-wide SRSF6 binding landscape in normoxia and hypoxia. A) Schema of 

SRSF6 binding and potential splicing outcome in normoxia, hypoxia and SRSF6 overexpression in hypoxia. 
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Scenario 1. In normoxia SRSF6 protein binds to alternative exons and promotes their inclusion. In hypoxia, 

SRSF6 levels are decreased and less binding to target exons causes their skipping. Upon SRSF6 

overexpression, binding to target exons persists, promoting the inclusion of exons, which are normally 

skipped in hypoxia. Scenario 2. SRSF6 binds weakly to flanking exons in normoxia and promotes inclusion 

of the regulated exons. In hypoxia the binding to flanking exons could be increased due to increase in RNA 

expression of induced genes and the regulated exons are skipped. Skipping could be reversed in hypoxia 

when upon SRSF6 overexpression binding in alternative exons is also increased. B) Workflow of the iCLIP 

experiment using SRSF6(H)-GFP cells subjected to normoxia, 4h and 24h hypoxia. C) Autoradiograph 

showing RNA cross-linked to purified SRSF6-GFP protein labeled with P32. Squares indicate where the 

RNA was cut and purified. UV- represent control samples where no cross-linking was performed. D) 6% 

TBE-Urea gel stained with SYBR Gold showing the final iCLIP library amplified by RT-PCR (22 cycles). E) 

SRSF6 iCLIP mapping statistics from pooled replicates (n=3); tags – sign. X-links. F) Consensus binding 

motifs of SRSF6 in normoxia, 4h and 24h hypoxia treatment. G) Significant X-link enrichment in different 

genomic regions. ncRNA – non-coding RNA; inter – intergenic regions. H) Venn diagram showing the 

overlap of genes bound by SRSF6 in the three conditions.  

  

We first analyzed changes in the binding of SRSF6 to exons that were alternatively 

spliced in hypoxia according to our RNAseq data. For this we separated all regulated 

exons into more included or less included and derived their genomic coordinates. We 

excluded exons whose transcripts increased significantly in abundance in hypoxia 

(log2fold-change>0.7). Exonic regions were extended by 100 nt in both directions to 

include X-links within intronic regions and around the splice sites. Then all X-links that 

mapped to this extended region were counted and their patterns compared between 

normoxia and hypoxia samples (see Material and Methods).   

We observed that exons that are skipped in hypoxia are indeed more bound by  

SRSF6 in normoxia compared to up-regulated exons (Figure 26A), suggesting that 

SRSF6 binding promotes the inclusion of those exons under normal conditions. SRSF6 

also bound more to skipped exons in hypoxia, however, binding is high at 4h and declines 

after 24h hypoxia (Figure 26B). This is probably because at 4h, hypoxia-induced 

premRNAs are more available for splicing by SRSF6 since SRSF6 levels are not 

decreased yet. But after 24h, when SRSF6 levels are reduced, apparent binding also 

decreases.  

We next compared SRSF6 binding in exons upstream and downstream of 

hypoxiaskipped exons. Interestingly we observed a strong increase in SRSF6 binding 

within upstream exons in both hypoxic samples compared to normoxia, whereas in 

downstream exons this increase was less apparent (Figure 26C). These data suggest 

that in normoxia, weak SRSF6 binding to flanking exons and strong binding to alternative 
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exons promotes their inclusion, while in hypoxia decreased binding to alternative exons 

and enhanced binding to flanking regions enhances their skipping.  

  

  

Figure 26. Changes in SRSF6 binding to regulated and flanking exons in hypoxia. A-B) SRSF6 Xlinks 

mapping to regulated exons that are more included and skipped upon 24h hypoxia treatment. X-link 

patterns were compared in normoxia, 4h and 24h hypoxia around the 5’ splice site (5’ss) in a window of +/- 

100nt upstream and downstream. C) SRSF6 X-links mapping to skipped exons and upstream and 

downstream flanking exons around the 5’ss in a window of +/- 100 nt.  

  

To test these assumptions and identify SRSF6-regulated target exons, we visually 

inspected the binding patterns of SRSF6 around selected skipped exons. We considered 

only transcripts that had at least 2 significant X-links within the regulated and/or 

downstream and upstream exons and chose four transcripts that displayed differential 

SRSF6 binding for validation by RT-qPCR and RT-PCR.   
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In SNAP25 (Synaptosome associated protein 25), both, exon 5 and 6 are skipped in 

hypoxia. SRSF6 binds to both exons, as well as to flanking exons in normoxia. In hypoxia, 

SRSF6 binding to the alternative exons decreases while binding to the upstream exon 

increases, which should promote exon skipping (Figure 27A). In the case of PAPOLA 

(Poly(A) polymerase alpha), SRSF6 also binds to the skipped exon 19 and upstream of it 

in normoxia, but in hypoxia binding to the skipped exon is lost (Figure 27B). In MDM4, 

SRSF6 binds to the skipped exon 6 in normoxia, but binding is lost in hypoxia, which 

should lead to exon skipping (Figure 27C). In CHAF1A (chromatin assembly factor 1 

subunit A) SRSF6 binding to the skipped exon 4 and to upstream and downstream exon 

decreases in hypoxia (Figure 27D). We designed primers specific for the exon junction 

generated by the skipped isoforms of SNAP25 and PAPOLA to quantify their expression 

by RT-qPCR (Figures 27E-F). This confirmed that in WT cells exons 5/6 of SNAP25 are 

indeed more skipped in hypoxia, however in SRSF6 overexpressing cells 

(SRSF6(H)GFP), exons 5/6 are more included in normoxia and there is no change in 

hypoxia (Figure 27E). Exon 19 of PAPOLA is also more skipped in WT cells, but much 

more included in SRSF6(H)-GFP cells in hypoxia. Skipping of this exon in hypoxia was 

not significant due to high replicate variation (Figure 27F). MDM4 exon 6 skipping in 

hypoxia was already validated by RT-PCR (Figure 27G), but in SRSF6(H)-GFP cells this 

exon is significantly more included in normoxia and hypoxia conditions (Figure 25G). We 

also quantified CHAF1A skipped isoform levels and indeed, in WT cells the skipped 

isoform increases in hypoxia, but upon SRSF6 overexpression it decreases, indicating 

that skipping of this exon also depends on low SRSF6 levels (Figure 27H). In conclusion, 

we positively validated 100% (4 out of 4) exons whose inclusion seems to be regulated 

by SRSF6. Given these promising results, we next performed RNA-Seq on WT and 

SRSF6(H)-GFP cells in normoxia and hypoxia to identify all SRSF6 splicing targets and 

test isoforms for impaired exon skipping (experiment ongoing). Analysis of these data will 

enable us to identify transcript isoforms that are important for hypoxia adaptation and 

further strengthen the importance of SRSF6 down-regulation for the alternative splicing 

response to hypoxia.   

Finally, we wanted to investigate whether SRSF6 might regulate the decrease of its 

own protein levels in hypoxia through unproductive splicing. As shown before, SRSF6 
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transcripts display an increased inclusion of the PCE in hypoxia, but the resulting NMD 

isoforms are not degraded (Figure 21G). Using our iCLIP dataset, we investigated whether 

SRSF6 binds to the PCE and promotes its inclusion in hypoxia. Indeed, we found that 

SRSF6 binds strongly to the PCE in normal and hypoxic conditions, much more than to the 

other exons, suggesting it promotes its inclusion. In 4h and 24h hypoxia, although SRSF6 

binding to flanking exons decreases, binding to the PCE remains high with a very 

pronounced peak at its 3’ss (Figure 27I). To validate inclusion of the PCE by RT-qPCR we 

used primers that bind to the PCE. Indeed, we observed higher PCE inclusion in 

SRSF6(H)-GFP cells compared to WT cells in hypoxia (Figure 27J).  Altogether, this 

suggests that SRSF6 binds to its own PCE in normoxia and hypoxia, promotes its inclusion 

and thereby controls the amounts of functional SRSF6 protein levels.   
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Figure 27. SRSF6 downregulation in hypoxia promotes exon skipping. A-D). Upper panel: Browser 

shots showing the distribution of significant SRSF6 X-links on 4 genes, which undergo exon skipping in 

hypoxia. Both isoforms with included and skipped exons are shown below. Grey boxes indicate the skipped 

exons for each transcript. Lower panel: Zoom into the region of the skipped exons and flanking exons 

upstream and downstream with significant SRSF6 X-links on normoxia and 24h hypoxia. E-F) RT-qPCR 

quantification of skipped exon levels in SNAP25 and PAPOLA transcripts in normoxia and hypoxia 

comparing WT and SRSF6(H)-GFP cells. G) RT-PCR splicing gel showing skipping of exon 6 in the MDM4 

transcript in WT and SRSF6(H)-GFP cells in normoxia and hypoxia. Quantification of skipped and excluded 

isoforms in all conditions is shown below. H) RT-qPCR quantification of skipped exon levels in CHAF1A 

transcripts in normoxia and hypoxia comparing WT and SRSF6(H)-GFP cells.T-tests were performed to 

test for significance. (n=3 replicates, *p<0.05, **p<0.01). I) Upper panel: Browser shots showing the 

distribution of significant SRSF6 X-links on the SRSF6 gene in normoxia, 4h and 24h hypoxia. The main 

isoform and the isoform with included PCE are shown below.Grey boxes indicate the PCE. Lower panel: 

Zoom into the PCE and flanking upstream and downstream exons with significant SRSF6 X-links in 

normoxia and 24h hypoxia. J) RT-qPCR quantification of PCE inclusion levels in WT and SRSF6(H)-GFP 

cell lines in normoxia and hypoxia.   

  

4.8. SRSF6 inhibits circRNA formation in normoxia and hypoxia  

  

Our results so far indicate that SRSF6 down-regulation is important for appropriate 

AS in response to hypoxia. Decreased SRSF6 levels leads to exon skipping and the 

formation of transcript isoforms that might fulfill specific functions in hypoxia adaptation. 

Decreased splicing activity and exon skipping is also one of the mechanisms that leads 

to enhanced circRNA formation (Liang et al. 2017; Ragan et al. 2018). Since some 

circRNAs show increased levels in hypoxia (Figure 20E), we next wanted to investigate 

whether reduced SRSF6 levels and exon binding are responsible for their formation 

(Figure 28A). To test this, we depleted SRSF6 in normoxic conditions and quantified the 

levels of 15 circRNAs that we had previously validated. Using 2 pooled siRNAs we 

successfully achieved an 80% KD at the RNA and protein level (Figure 28B). Indeed, 7 

out of 15 circRNAs were significantly increased after SRSF6 KD: circPLOD2, circMTCL1, 

circMAN1A2, circRTN4, circHIPK3, circSRSF4 and circCPSF6 (Figure 26C). Out of 

these, 4 circRNAs were also up regulated in hypoxia: circPLOD2, circMTCL1, 

circMAN1A2 and circRTN4 (Figure 28C).   

If SRSF6 depletion leads to enhanced circRNA formation due to increased exon 

skipping (Figure 28A), circularized exons should be bound by SRSF6 in normoxia. To 

investigate this, we interrogated our normoxia SRSF6(L)-GFP iCLIP data and compared 

SRSF6 X-links on circularized exons to neighboring linear exons of circRNA host 

transcripts. We did not consider hypoxia iCLIP data, since most circRNAs host transcripts 
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were up regulated in hypoxia, which confounds comparative binding analyses. Indeed, 

exons that can be circularized are strongly bound by SRSF6 in normoxia (Figure 28D). 

Thus, SRSF6 might promote inclusion of these exons into linear mRNAs, this way 

inhibiting circRNA formation by backsplicing. To test this, we quantified the levels of 

circPLOD2, circMAN1A2 and circRTN4 levels in WT and overexpresser (SRSF6(H)-GFP) 

cells in normoxia and 24h hypoxia by RT-qPCR. In WT cells, all circRNAs were 

significantly increased upon hypoxia. However, in SRSF6(H)-GFP cells, circRNAs levels 

did not increase, instead some circRNAs, e.g. circRTN4, even decreased in normoxia and 

hypoxia (Figure 28E). These results show that SRSF6 depletion in normoxia and hypoxia 

conditions leads to skipping of target exons and enhances the formation of circRNAs by 

backsplicing.    
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Figure 28. SRSF6 overexpression inhibits circRNA formation. A) Schematic of potential circRNA 

formation mechanism upon SRSF6 depletion. SRSF6 is highly expressed in normoxia and can bind to 

exons promoting their inclusion and linear splicing. Upon SRSF6 depletion (KD or hypoxia), SRSF6 binds 

less to its target exons, which can cause exon skipping and circularization of the skipped exons by 

backsplicing resulting in formation of circRNAs and skipped transcript isoforms. B) Validation of SRSF6 KD 

with 2 pooled siRNAs at the protein and RNA levels. Left panel: WBs were probed with anti-SRSF6 

antibody to investigate total SRSF6 levels in control and 48h KD samples. Tubulin was used as loading 

control. SRSF6 protein levels were quantified and normalized and are shown relative to the control. Right 

panel: SRSF6 mRNA levels were quantified by RT-qPCR relative to the control after normalization with U6 

(n=3, **p<0.01). C) RT-qPCR quantification of 15 circRNAs in control and SRSF6 KD samples. All qPCR 

primers amplify the backsplice junction. Four circRNAs up-regulated in hypoxia are indicated in bold. Levels 

of circRNAs were normalized to U6 and calculated relative to control samples. (n=3, *p<0.05, **p<0.01). D) 

Browser shots of circRNAs host genes where circRNAs were up-regulated upon SRSF6 KD. Significant 

Xlinks of SRSF6 in normoxia are shown on each gene. Circularized exons are indicated by grey boxes and 

circularization is indicated with arrows. Isoforms containing or lacking circularized exons are shown below 

(when annotated). E) RT-qPCR quantification of circRNA levels in WT and SRSF6(H)-GFP cells in 

normoxia and 24h hypoxia. T-tests were performed to compare circRNA levels in SRSF6(H)-GFP cells in 

24h hypoxia relative to WT 24h hypoxia (n=3 replicates, *p<0.05, **p<0.01).  

  

4.9. SRSF6 overexpression impairs MALAT1 induction and VEGFA165 splicing in 

hypoxia  

  

Our iCLIP data also detected strong binding of SRSF6(L)-GFP to non-coding RNAs 

(ncRNA) (Figure 25G). Two of the most SRSF6-bound ncRNAs were NEAT1 and 

MALAT1 (Figures 29A). Both, SRSF6 and MALAT1 are known to localize to nuclear 

speckles. MALAT1 is induced in hypoxia and was shown to repress splicing of the 

antiangiogenic VEGFA165b isoform (Pruszko et. al, 2017). In contrast, we show here that 

SRSF6, which promotes splicing of VEGFA165b, is down-regulated in hypoxia and the 

remaining SRSF6 localizes exclusively to nuclear speckles. In line with this localization, 

iCLIP binding profiles and quantification of significant X-links revealed that MALAT1 is 

densely coated by SRSF6 and binding increases at least 2-fold in hypoxia despite 

decreased SRSF6 levels (Figures 29A and 29B).   

MALAT1 was previously shown to regulate the phosphorylation, protein levels and 

localization of some SR proteins (Tripathi et al. 2010). Therefore, we decided to 

investigate whether MALAT1 induction in hypoxia might regulate SRSF6 activities and in 

turn hypoxia adaptation. We first confirmed by RT-qPCR that MALAT1 is indeed 2.5-fold 

up-regulated in HeLa WT cells after 24h hypoxia treatment (Figure 29C). Since SRSF6 

and MALAT1 display anti-correlated expression changes upon hypoxia, we next tested 
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whether depletion of SRSF6 induces MALAT1 expression also in normoxia. Indeed, 

depletion of SRSF6 increased MALAT1 expression by 3.8-fold (Figure 29D). Interestingly, 

although no hypoxia treatment was performed, we also observed a slight increase 

(1.5fold) in VEGFA levels upon SRSF6 KD. Even more strikingly, the pro-angiogenic 

VEGFA165a isoform increased by 2.7-fold compared to the control (Figure 29E). These 

results confirmed that SRSF6 is an important suppressor of VEGFA165a splicing in 

normal conditions.   

These data suggested that SRSF6 depletion in hypoxia might induce MALAT1 

expression. To test this, we submitted WT and SRSF6(H)-GFP cells to hypoxia for 4h and 

24h. Indeed, SRSF6 overexpression significantly impaired MALAT1 induction after 24h 

hypoxia (Figure 29F). Moreover, inclusion of exon 8a and expression of the VEGFA165a 

isoform was also decreased in SRSF6(H)-GFP cells. The transcriptional hypoxia 

response was unchanged in both cell types confirmed by the similar induction of the 

hypoxia marker CA9 (Figure 29G). These data indicate that a failure to down-regulate 

SRSF6 in hypoxia impairs the generation of pro-angiogenic VEGFA165a isoforms and 

MALAT1 induction.   
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Figure 29. SRSF6 regulates MALAT1 expression in normoxia and hypoxia. A) Browser shots of 

significant SRSF6 X-links on the MALAT1 transcript in normoxia, 4h and 24h hypoxia. B) Number of SRSF6 

X-links mapping to the indicated transcripts in percent compared to all X-links in normoxia, 4h and 24h 

hypoxia. C-G) RT-qPCR analyses to quantify expression levels of the indicated transcripts in hypoxia and 

SRSF6 KD. T-tests were performed to compare the levels of the indicated transcripts in all conditions 

relative to normoxia or control siRNA samples. T-tests were performed to compare transcript levels in 

SRSF6(H)-GFP cells in 24h hypoxia to WT cells in 24h hypoxia (n=3 replicates, *p<0.05, **p<0.01).  
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4.10. SRSF6 overexpression in hypoxia increases MALAT1 accumulation in nuclear 

speckles  

  

To compare the localization of MALAT1 in normoxia and hypoxia and study the 

effect of SRSF6 overexpression we performed RNA FISH coupled with 

immunofluorescence (IF) in WT and SRSF6(H)-GFP cells. In normoxia, MALAT1 

localized mostly to the nucleoplasm of both cell lines (Figure 30A). In hypoxia, there is a 

general increase in MALAT1 signal in both cell types, in line with MALAT1 induction, 

however, SRSF6(H)-GFP cells show a different localization pattern compared to WT cells. 

While MALAT1 signal increases similarly in the nucleoplasm and nuclear speckles in WT 

cells, in SRSF6(H)-GFP cells MALAT1 signal increases only in nuclear speckles with a 

concomitant decrease in nucleoplasmic signal (Figure 30B).  

 In order to better compare the MALAT1 distributions we generated line scan 

profiles and determined the signal intensity per pixel of MALAT1, SRSF6 and the nuclear 

speckle marker SC35 throughout the cell (Figure 30C). These profiles revealed that 

accumulations of MALAT1 signal coincide precisely with SC35 signal confirming the 

localization of MALAT1 to nuclear speckles. Defining a threshold for the nucleoplasmic 

signal (signal intensity per pixel < 50; dashed lines), we observed that in normoxia most 

MALAT1 signal is nucleoplasmic with minor fluctuations, independent of the cell line 

(Figure 30C). In hypoxia, the profile shows multiple high peaks exceeding the threshold 

indicative of increased co-localization with SC35 and nuclear speckle localization. 

Although an increase in speckle related peaks (red arrows) is apparent for both cell lines, 

in SRSF6(H)-GFP cells the nucleoplasmic signal is much lower (Figure 30C). SRSF6 and 

MALAT1 also co-localize in nuclear speckles, as indicated by the SRSF6 profile (Figure 

30C; green). These data suggest that SRSF6 overexpression also decreases the nuclear 

mobility of MALAT1 by sequestering it in nuclear speckles, and thus may impair its 

cotranscriptional splicing activities in hypoxia. In line with this, SRSF6 was recently 

identified as a core nuclear speckle component, while MALAT1 is not required for speckle 

integrity (Hochberg-Laufer, 2019).  
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Figure 30. SRSF6 overexpression sequesters MALAT1 in nuclear speckles upon hypoxia. A-B) Panel 

of MALAT1 FISH-IF images of WT and SRSF6(H)-GFP cells line in normoxia (A) and 24h hypoxia (B). 

Representative images show the GFP signal (green), MALAT1 (magenta), SC35 (grey), nuclear staining 

Hoechst (blue) and the merge of the MALAT1-SC35-SRSF6 channels. C) Line profiles from WT and 

SRSF6(H)-GFP cells in normoxia and 24h hypoxia. A line was traced in diagonal through the cell nucleus 

to acquire the longest distance containing nucleoplasm and speckle signal without crossing the nucleolus. 

The signal intensity per pixel in the line area was measured on Fiji and plotted on GraphPad Prism. Red 

arrows indicate speckle localization based on speckle marker SC35 signal. Dashed line represents the 

threshold for nucleoplasmic signal (Scale bars = 5µm).  

  

4.11. MALAT1 depletion in hypoxia phenocopies SRSF6 overexpression and 

causes formation of micronuclei   

  

We hypothesized that impaired co-transcriptional splicing activities of MALAT1 

upon SRSF6 overexpression may have contributed to the phenotype we have observed 

in hypoxia – the formation of micronuclei. Indeed, MALAT1 depletion was shown to cause 

cell cycle arrest and replication errors (Vidisha et. al, 2010). To test this, we depleted 

MALAT1 in normoxic and hypoxic conditions using antisense oligonucleotides (ASOs) 

targeting two different regions of the MALAT1 transcript. KD efficiency and hypoxia 

response were confirmed by RT-qPCR using MALAT1- and CA9-specific primers (Figure 

31A). VEGFA165a levels were decreased upon MALAT1 KD in hypoxia, confirming that 

MALAT1 normally promotes splicing of this isoform antagonizing SRSF6 (Figure 31B).  

MALAT1 KD did not affect SRSF6 transcript levels in both conditions (Figure 31C).   

We next inspected micronuclei abundance and nuclei shape aberrations upon  

MALAT1 KD in normoxia and hypoxia. As shown in Figures 31D-E and Figure S4B, 

MALAT1 depleted cells showed an increase in micronuclei formation in normoxia and this 

effect is even more pronounced in hypoxia (10% to 20% of cells containing micronuclei). 

Furthermore, solidity of MALAT1 depleted nuclei is significantly lower than control cells in 

normoxia and hypoxia (Figure 31F).   

Since MALAT1 KD displayed a similar phenotype as SRSF6 overexpression with 

regard to cell division errors, we postulate that SRSF6 depletion during hypoxia serves a 

dual purpose; on the one hand it allows exon skipping of direct SRSF6 target exons, and 

on the other hand it allows boosting of MALAT1 expression and enhances its nuclear 

mobility to allow co-transcriptional splicing of non-SRSF6 target isoforms that are also 

required for hypoxia adaptation.   
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Figure 31. MALAT1 KD phenocopies SRSF6 overexpression in the formation of micronuclei and 

aberrant nuclei shapes. A-C) RT-qPCR quantification of expression levels of the indicated transcripts in 

MALAT1 KD in normoxia and 24h hypoxia. T-tests were performed to compare the levels of the indicated 

transcripts in all conditions relative to the normoxia control ASOs. A second T-test was performed to 

compare transcript levels on MALAT1 KD cells relative to ASO control in 24h hypoxia (n=3 replicates, 

*p<0.05, **p<0.01). D) Fluorescence images of MALAT1 control and KD cells in normoxia and 24h hypoxia 

showing micronuclei (white arrows). E) Quantification of micronuclei events in MALAT1 control and KD cells 

in normoxia and 24h hypoxia. Images containing ca. 20 cells were acquired and the number of micronuclei 

was counted. The percentage of cells containing micronuclei per field was calculated and plotted using 
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GraphPad Prism (n=2, >100 cells per experiment). F)  Solidity values of cell nuclei from MALAT1 control 

and KD cells in normoxia and 24h hypoxia. (n=2; >200 cells per condition). Differences in nuclei solidity 

were tested relative to control cells in both conditions (T-test, *p<0.05, **p<0.01).  

    

Based on our data, we propose that SRSF6 is an important regulator of the 

alternative splicing response to hypoxia. It binds to exons in normal conditions and 

promotes their inclusion. Upon hypoxia, SRSF6 depletion allows exon skipping and 

expression of isoforms, which are important for the hypoxia response. Skipping of SRSF6 

exons might also allow their circularization and promotes circRNA formation in hypoxia. 

In addition to regulation of its direct targets, SRSF6 controls MALAT1 expression level 

and its nuclear mobility/splicing availability to ensure splicing of anti-angiogenic VEGFA 

isoforms and likely many other target transcripts. SRSF6 overexpression in hypoxia, 

however, impairs MALAT1 activities and splicing of pro-angiogenic isoforms, thereby 

resulting in abnormal splicing and cell division errors. This could lead to increased DNA 

damage and mutagenesis culminating in a more aggressive and metastatic tumor 

phenotype. The DNA damage repair response pathway leads to activation of cellular 

apoptosis. This response prevents survival and accumulation of cancer cells. Thus 

SRSF6 represents an interesting target for cancer intervention, it acts as an oncogene 

and higher expression levels might increase tumor metastasis and aggressiveness upon 

hypoxia. As an example, we show that SRSF6 can promote splicing of the anti-apoptotic 

isoform of MDMD4.     
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5. Discussion  

  

In this study we investigated changes in gene expression and alternative splicing 

(AS) in response to hypoxia in HeLa cells as a model for cancer cells and demonstrated 

that down-regulation of the splicing factor SRSF6 is crucial for an appropriate AS 

response to hypoxia. A failure to down-regulate SRSF6 in hypoxia causes a misregulation 

of several alternative isoforms and results in DNA damage, aberrant chromosome 

segregation and abnormal cancer cell growth.   

Specifically we show that hypoxia induces changes in expression and AS of 

thousands of transcripts, many of which are involved in cell cycle regulation, mitotic 

spindle assembly and chromosomal segregation. In addition to AS of mRNAs, 

backsplicing and circRNA formation is induced in hypoxia. We further show that SRSF6 

is strongly down-regulated in hypoxia and this down-regulation is essential for an 

appropriate hypoxia response at the level of AS. SRSF6 down-regulation promotes I) the 

skipping of many SRSF6 target exons, II) splicing of the pro-angiogenic isoform of 

VEGFA, an essential hypoxia response factor, III) the formation of circRNAs, which might 

fulfill specific functions in hypoxia, IV) MALAT1 induction in hypoxia, and V) the nuclear 

mobility and availability of MALAT1 for co-transcriptional splicing. Failure to downregulate 

SRSF6 prevents exon skipping, VEGFA165a splicing and the formation of circRNAs, and 

sequesters MALAT1 in nuclear speckles (NS). As a consequence, SRSF6 overexpressing 

cells present higher numbers of micronuclei and DNA damage sites, a phenotype that is 

mimicked by MALAT1 depletion.   

We propose a mechanism whereby SRSF6 down-regulation in hypoxia serves a 

dual purpose. On the one hand it allows AS of direct SRSF6 targets, and on the other 

hand it regulates the mobility and availability of MALAT1. Normally, SRSF6 competes with 

SRSF1 for binding sites within MALAT1. During hypoxia, SRSF6 levels decrease, the 

nuclear mobility of MALAT1 increases and SRSF1-MALAT1 complexes leave the NS and 

move to the transcription sites to splice SRSF1 target exons co-transcriptionally. In 

contrast, SRSF6 overexpression replaces SRSF1 from MALAT1 and sequesters it instead 

within NS, impairing the splicing of SRSF1 targets in hypoxia (Figure 30).  



 Discussion  

  

116  

  

Finally, we present here the first comparative iCLIP experiment in normoxic and 

hypoxic cells and identified and validated several novel targets of SRSF6. These targets 

show exon skipping or circularization in hypoxia and upon SRSF6 depletion, but exon 

inclusion and linear splicing upon SRSF6 overexpression. A model of mechanism of AS 

splicing regulation in hypoxia by SRSF6 and MALAT1 is shown in Figure 30.  
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Figure 32. Mechanism of AS regulation by SRSF6 in hypoxia. In normal conditions SRSF6 is expressed 

at high levels and promotes inclusion of its target exons. SRSF6 is present in the nucleoplasm and within 

nuclear speckles (NS) where it binds to MALAT1. In hypoxia, MALAT1 levels increase and SRSF6 protein 

decreases. Remaining SRSF6 is concentrated in speckles. MALAT1 is now bound by SRSF1, which is 

activated in hypoxia and leaves the NS and relocates to the chromatin. SRSF6 target exons are skipped 

and SRSF1-MALAT1 targets are alternatively spliced. This leads to the generation of pro-apoptotic and 

pro-angiogenic isoforms, AS of chromatin assemblers and cells cycle regulators, cell survival and 

adaptation to hypoxia. Upon SRSF6 overexpression in hypoxia, SRSF6 remain high and on the one side, 

SRSF6 can still bind to its target exons promoting the splicing of anti-angiogenic and anti-apoptotic 

isoforms. On the other side, it binds more to MALAT1 in NS and impairs MALAT1-SRSF1 complexes from 

moving to the transcription sites, which prevents AS of MALAT1/SRSF1 targets. SRSF6 overexpression 

leads to the survival of DNA damaged cells, inefficient mitotic spindle assembly and chromosome 

segregation. Cells show increased numbers of micronuclei and abnormal nuclei formation.  

  

5.1. Gene expression and alternative splicing regulation in hypoxia   

  

5.1.1 Identification of differential expressed genes and regulated biological processes in 

hypoxia  

In this study, we identified 7962 differentially expressed genes (DEGs) in HeLa 

cells after 24h hypoxia (0.2% O2). Previous studies have also shown that hypoxia induces 

global changes in gene expression in human cancer cells. Highly expressed genes in 

hypoxia have been investigated as potential markers in cancer development and 
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progression (Chi et al. 2006; El Guerrab et al. 2017; Favaro et al. 2011). Up-regulation of 

genes in hypoxia is mostly caused through enhanced transcription by the 

hypoxiainducible transcription factor (HIFs) family. We performed gene ontology 

analyses, which showed that the hypoxia conditions used in this study confirm previously 

described changes in gene expression and induction of biological pathway processes. 

Genes induced by HIFs were involved in the metabolic response to hypoxia, such as 

exchange from aerobic ATP production to glycolysis, cell migration, apoptosis and 

induction of endothelial cell growth (Hu et al. 2003; Bartoszewski et al. 2019). We 

confirmed in our data that HIF1α is stabilized and target genes such as CA9, VEGFA, 

PLOD2 and GAPDH were induced.   

Our results also show that half of the DEGs (3862 genes) are down-regulated in 

hypoxia. This is consistent with previous studies that showed that an important part of the 

hypoxia response is the down-regulation of energy-consuming processes. We found that 

genes assigned to biological processes such as mitotic cell cycle progression, RNA 

metabolism, RNA splicing and ribosome biogenesis were down-regulated. The same 

processes were also down-regulated in in hypoxia in 16 different breast cancer cell lines  

(Abu-Jamous et al. 2017). In normal conditions, transcription of some genes involved in 

these processes is induced by the transcription factor MYC. It has been shown that in 

hypoxia, HIF1α stabilization leads to inhibition of MYC target genes (Dang et al. 2008).   

One mechanism for this inhibition is the HIF1α induced transcription of MIX, which binds 

to MYC and impairs is activities. In addition, HIF1 alpha also competes with MYC for 

binding to the cofactor MAX leading to MYC inactivity and down-regulation of its target 

genes (Corn et al. 2005; Gordan et al. 2007; Koshiji et al. 2004). In line with these previous 

studies, in our dataset we identified MYC target genes, such as the Ribosomal protein L3 

(RPL3), the splicing factor SRSF7 and cell cycle regulators CDC25A and CDC25C to be 

down-regulated in 24h hypoxia (Zeller et al. 2003).  
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5.1.2 AS as a hypoxia response mechanism  

AS is an important mechanism for the post-transcriptional regulation of gene 

expression. In hypoxia, thousands of transcripts are alternatively spliced (Bowler et al. 

2018). We found in our analyses that 4434 transcripts undergo AS and the most occurring 

AS event is exon skipping. A previous study in MCF7 cell lines has identified intron 

retention as the most common AS event (Han et al. 2017). This contrasting result could 

be due to the different cell line and hypoxia conditions used in the study (1% O2). Indeed, 

the number of DEGs identified was also smaller (<1000 genes) as well as total AS events 

(1684) (Han et al. 2017). In agreement with our data, Sena and colleagues showed that 

in Hep3B cells, exon skipping was also the most common AS event in hypoxia (1.5%O2 

for 16h) predicted by two different AS analysis tools (Sena et al. 2014). Furthermore, they 

reported that most AS events occur in transcripts whose transcription is not induced in 

hypoxia. These results highlight the importance of AS as an additional layer of gene 

expression regulation in hypoxia. We also performed a gene ontology analysis for splice 

isoforms, and interestingly, we found three biological processes enriched in our dataset, 

all related to centrosome and microtubule protein localization. The findings are in line with 

previous findings which show that transcripts many alternatively spliced transcripts in 

cancer cells are involved in cell cycle progression and regulation (Dominguez et al. 2016; 

Moore 2005; Oltean and Bates 2014).  

  

5.1.3 Putative functions of newly identified splice isoforms in hypoxia  

From our splicing analysis, we have chosen 5 transcripts and successfully 

validated the predicted AS events. With the exception of EIF4A2, NMD inhibition did not 

cause an accumulation of these alternative isoforms in normoxic or hypoxic conditions. 

This indicates that these alternative isoforms are not unstable NMD targets, but are rather 

translated into protein isoforms with altered functionalities. AS of BORA (aurora kinase A 

activator) leads to skipping of exons 3 and 5. BORA is an important cell cycle regulator. 

Its phosphorylation leads to the activation of aurora protein kinase and recruitment of the 

polo like kinase 1 (PLK1). This complex has an important function in promoting cell cycle 

progression after mitotic arrest due to the DNA damage repair response (Parrilla et al. 
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2016; Zheng and Yu 2018). Mutations in BORA, which impair its phosphorylation were 

shown to inhibit its activity and cause cell cycle arrest (Bruinsma et al. 2017; Vigneron et 

al. 2018). Although the phosphorylated amino acids are not encoded by the skipped 

exons, In silico prediction indicates that this exon skipping event could lead to translation 

of an altered protein isoform which lacks 50 amino acids (aa) at the protein N-terminal 

(full length isoforms: 620aa; skipped isoform: Δaa112-162). This isoform might either not 

interact with its partners or not be phosphorylated. However, this alternative protein 

isoform has not been characterized so far. Further studies are required to understand the 

effects of the missing exons on the final transcript and the encoded protein.   

In silico translation indicates that skipping of exon 28 of the centrosomal protein 

192 (CEP192) leads to a deletion of 56 amino acids from the full length protein. Previous 

studies have shown that CEP192 interacts with Aurora kinase A and PLK1 regulating 

centrosome and spindle assembly during mitosis (Gomez-Ferreria and Sharp 2008; 

Gomez-Ferreria et al. 2007; Joukov et al. 2014). Deletions in CEP192 showed that 

interactions with Aurora kinase A and PLK1 occurs in different protein domains. However, 

deletion of the region containing the amino acids that are lacking in the putative alternative 

isoform of CEP192 did not show any effects on these interactions (Meng et al. 2015). 

CEP192 can be highly phosphorylated and this phosphorylation leads to interaction and 

recruitment of cell cycle regulators and centrosome components (Nasa et al. 2017). 

Based on the in silico translation prediction, the protein derived from the skipped isoform 

would have less serine and tyrosine amino acids as the full-length isoform. Thereby, this 

could potentially affect the phosphorylation state of CEP192 and thereby its function.    AS 

of Centrosome and Spindle Pole Associated Protein 1 CSSP1 results in the formation of 

a large long isoform denominated CSSP-L. Here we show that this isoform is down-

regulated in hypoxia, while the shorter CSSP1-S isoform is increased. CSSP1 protein is 

involved in the regulation of cell cycle progression from S-phase into G1 phase by 

promoting mitotic spindle assembly. In contrast, CSSP1-L overexpression induced 

formation of protein aggregates and impairment of cell cycle progression (Patzke et al. 

2006). In light of these results, in hypoxia, higher expression of CSSP1-S might be 

important to induce cellular division and proliferation.  
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We further show that in normal conditions an intron-retained isoform of the 

eukaryotic initiation factor A2 (EIF4A2) is expressed in addition to the canonical 

proteincoding isoform. This alternative isoform seemed to be a NMD target, since it was 

accumulated upon CHX treatment in normoxia. However, in hypoxia, the NMD target 

isoform decreased and the main protein-coding isoform increased. There are not many 

studies on EIFA2 and its functions, but it has been reported that EIFA2 protein has 

helicase activity, which is important for the translation of pro-oncogenic mRNAs with more 

structured 5’UTRs (Raza et al. 2015). Furthermore, a recent study has shown that EIFA2 

has a role in stress granule formation upon cellular stress (Jongjitwimol et al. 2016). Our 

results show that the protein-coding isoform of EIF4A2 is increased upon hypoxia 

suggesting that EIF4A2 might be important for the translation of hypoxia-induced mRNAs 

or stress granule formation in this condition.   

Finally, we show that the short isoform of the MDM4 regulator of p53 mRNA 

(MDM4-S) lacking exon 6 is increased upon hypoxia. This splice event leads to the 

formation of a shorter protein isoform (MDM4-S). The role of the two protein variants of 

MDM4 (MDM4-FL and MDM4-S) has been previously described in cancer cells. MDM4FL 

represses p53 transcriptional activity by interacting with the DNA binding domain of p53 

(Rallapalli et al. 1999). The MDM4-S isoform lacks the p53 interaction domain and does 

not suppress its activity. This isoform has been shown to be up-regulated in cancer cells 

as a mechanism to activate the apoptosis signaling pathway (Pant et al. 2017). Here we 

show that upon hypoxia the MDM4-S isoform is increased. In HeLa cells, p53 is not 

expressed, however regulation of this splicing event in hypoxia could indicate that MDM4 

has other functions in these cells. Indeed, recent studies have shown that apart from its 

role in suppressing p53 activity, MDM4 is involved in mitotic multipole spindle formation 

and inhibits the kinase mTOR (Matijasevic et al. 2007; Mancini et al. 2017). Although 

MDM4-S counteracts MDM4 function as p53 repressor, it has not yet been shown if it can 

also impair its other functions. Our results suggest that this protein might have functions 

in HeLa cells in response to hypoxia, which are probably unrelated to p53 activation. 

Further studies are necessary to understand the importance of MDM4S isoform in 

response to stress.   
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In conclusion, we have identified and validated novel hypoxia-induced splicing 

events, which, with the exception of EIF4A2, culminate in the translation of different 

protein isoforms. All proteins are involved in cell cycle regulation, either by promoting 

assembly of centrosomes and mitotic spindles (CEP192, CSPP1, MDM4), or by 

interacting with key cell cycle regulators (BORA). Taken together, these results support 

the importance of AS for cell cycle regulation in hypoxia.     

  

5.1.4 Backsplicing and generation of circRNAs is induced in hypoxia    

In this study we identified 3,926 circRNAs expressed in HeLa cells in normoxia and 

hypoxia conditions, using a combination of two different circRNA identification tools, 

Find_circ and CIRCexplorer (Memczak et al. 2015; Zhang et al. 2014). This tools take 

reads which are not linear mapped to the genome to predict circRNA transcripts based 

on their backsplice junctions. Previous studies in different cell lines have also shown that 

circRNAs can be highly abundant. For example, 5500 circRNAs were identified in gastric 

cancer tissues with the find_circ pipeline and 7388 circRNAs were found in Human 

umbilical vein endothelial cells (HUVECs) in normoxia and hypoxia conditions (Chen et 

al. 2017a; Boeckel et al. 2015). It is important to emphasize that a big portion of predicted 

circRNAs can be false positives. Recently, it has been shown that different circRNA 

predictions tools have a small overlap of the final predicted circRNAs (Hansen 2018). 

Therefore, combining tools and more stringent filter strategies can improve the prediction 

of true circRNAs. Here, we combined two different tools and filtered for circRNA 

candidates, which had at least 2 unique reads supporting the backsplice junction. Using 

this approach, we were able to validate the circularity of all tested circRNAs.  

Our results show that some circRNAs were up-regulated in hypoxia in HeLa cells. 

In HUVECs, circRNAs were also induced in hypoxia, although the up-regulated circles 

were not identical (Boeckel et al. 2015). We found 22 circRNAs that were differentially 

expressed in HeLa hypoxic cells. Only one circRNA, circZNF292, was up regulated in 

hypoxia in both, HUVECs and HeLa cells. circZNF292 is generated through circularization 

of the alternative exon 1a and exon 2 of the ZNF292 transcript. We identified an alternative 

isoform of circZNF292 in HeLa cells, which contains the exons 2 and 3. We denominated 

these isoforms intronic and exonic circZNF292 (intZNF292 and exoZNF292), respectively. 
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Boeckel and colleagues performed a knockdown (KD) of circintZNF292 in HUVECs in 

normoxia and hypoxia and showed that this circRNA promotes angiogenesis and 

sprouting of HUVECs in in hypoxia (Boeckel et. al, 2015). It is not known whether the 

exonic isoform, identified in this study, has a similar function. We tested five other 

circRNAs that were predicted to be up-regulated in hypoxia (circRTN4, circMTCL1, 

circSPECC1, circMAN1A2 and circPLOD2). For all of them we were able to confirm their 

up-regulation. These circular RNAs have been previously identified in different cell types, 

but their potential functions remain unknown (Li et al. 2017; Kaur et al. 2018; Maass et al. 

2017; Nan et al. 2017; Mo et al. 2018; Okholm et al. 2017).    

  

5.2. SRSF6 is downregulated in hypoxia through NMD   

  

We found that mRNA processing and splicing by the canonical splicing machinery 

is one of the biological processes down-regulated in hypoxia. SR proteins are essential 

splicing factors involved in conservative and alternative splicing regulation (Wegener and 

Müller-McNicoll M. 2019; Twyffels et al. 2011; Zhou and Fu 2013), prompting us to 

investigate the expression levels of the canonical members of the SR protein family 

(SRSF1-7) in hypoxia. Indeed, we found that most of SR protein transcripts were 

downregulated. SRSF6 was the most affected, with a 4-fold down-regulation in hypoxia. 

This effect was not mimicked by CoCl2 treatment and HIF1α stabilization, indicating that 

other mechanisms induced by hypoxia stress are responsible for the regulation of SR 

protein level. Supporting this observation, recent studies have also shown that CoCl2 does 

not mimic several layers of the hypoxia response (Muñoz-Sánchez and Chánez-Cárdenas 

2019).   

SRSF6 is an interesting but not well-studied member of the SR protein family. It 

has been shown to be an oncogene, since its up-regulation in cancer cells is associated 

with tumor progression (Chandradas et al. 2010; Iborra et al. 2013; Wan et al. 2017). 

Moreover, SRSF6 has been shown to promote splicing of the anti-angiogenic isoform of 

VEGFA (VEGFA165b) by counteracting the exon 8a inclusion by SRSF1 (Juan-Mateu et 

al. 2018; Nowak et al. 2008b). We confirmed AS of VEGFA in hypoxia, showing that while 

total levels of VEGFA increase 4-fold in hypoxia, VEGFA165a increases 8-fold. In light of 
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these results and previous studies, we hypothesized that down-regulation of SRSF6 might 

be important for the hypoxia response and cell survival through the regulation of VEGFA 

splicing and potentially other transcripts.   

Interrogation of RNAseq data showed that in hypoxia, an alternative exon 

containing a premature stop codon (PTC) is included in the SRSF6 transcript. We 

validated this exon inclusion event and demonstrated that this NMD isoform is generated 

in expense of the main protein-coding isoform. NMD isoforms are usually not detectable 

in normal conditions. They are rapidly degraded by the NMD pathway in the first round of 

translation (Hwang and Maquat 2011). However, the NMD isoforms of SRSF6 and SRSF3 

are readily detectable in hypoxia without NMD inhibition. Two mechanisms could explain 

this observation. First, the NMD signaling pathway has been shown to be less active in 

hypoxia. It was shown that NMD factors are localized into stress granules in the cytoplasm 

and cannot perform their function (Gardner 2008). Second, previous studies have shown 

that global translation is reduced in hypoxia while selective translation is increased. 

mRNAs containing hypoxia regulated elements are recognized and translated while other 

mRNAs are not translated due to inhibition of the canonical translation pathway (Uniacke 

et al. 2012; Chipurupalli et al. 2019). If NMD target RNAs are not bound by ribosomes for 

the pioneer round of translation, they would not be detected by the NMD machinery. This 

could also contribute to the accumulation of these isoforms.  

Previous studies have shown that SRSF1, SRSF2 and SRSF3 levels can be 

regulated through generation of NMD isoforms (Sun et al. 2010; Sureau et al. 2001; 

Jumaa and Nielsen 1997). Here we show for the first time that higher expression of the 

SRSF6 NMD isoform decreases the level of the main protein-coding SRSF6 isoform. 

Furthermore, we show that SRSF3 is down-regulated in a similar manner in hypoxia. 

Supporting this mechanism, we did not detect the NMD isoform induction in the CoCl2 

treatment where SRSF6 levels remain constant.   

Decrease in expression of the main SRSF6 isoform in expense of the NMD isoform 

up-regulation correlated with depletion of SRSF6 protein. We observed that 

phosphorylated SRSF6 levels remain constant in 24h hours hypoxia but a 40% depletion 

of SRSF6 was observed in total protein levels. This suggests that SRSF6 is 

downregulated in hypoxia, but the remaining SRSF6 pool is hyper-phosphorylated. In 
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agreement with this, previous studies have shown that SR proteins are highly 

phosphorylated in hypoxia due to the up-regulation of SR protein kinases (SRPK1-2)  

(Jakubauskiene et al. 2015). Phosphorylation of SR proteins by SRPK1 was shown to 

target them to NS were they are stored (Aubol et al. 2017; Aubol et al. 2018; 

MüllerMcNicoll and Neugebauer 2013). In agreement with that, using stable cell lines 

expressing low levels of SRSF6-GFP tagged protein we show that SRSF6 protein 

depletion in hypoxia affects mostly SRSF6 protein present in the nucleoplasm. The 

remaining detectable SRSF6 protein is exclusively localized to NS.  

SRSF6 hyper-phosphorylation could increase specific binding to its targets. Our 

iCLIP data showed that SRSF6 binds strongly to its own PCE, this binding likely promotes 

the inclusion of this exon and generation of the NMD isoform. In this mechanism, SRSF6 

hyper-phosphorylation could lead to increase binding to his own exon in an autoregulatory 

mechanism. It is very likely that regulation of SRSF6 protein levels occurs in the 

transcriptional level, since inhibition of the proteasome in normoxia and hypoxia 

conditions did not result in increased SRSF6 protein levels (data not shown).   

Another mechanism in which SRSF6 could be down-regulated in hypoxia in the 

transcriptional level is the up regulation of SRSF4 in hypoxia. Previous work performed in 

our lab showed that upon SRSF4 overexpression SRSF6 is down-regulated. This down-

regulation is likely due to strong binding of SRSF4 to the SRSF6 PCE which leads to 

accumulation of the SRSF6 NMD isoform and down regulation of the protein-coding 

isoform (data not published).    

Taken together, this results have shown that SRSF6 protein levels are down 

regulated in hypoxia due to induction of the SRSF6 NMD isoform. Furthermore, remaining 

SRSF6 is higher phosphorylated and localizes to nuclear speckles which could impair 

SRSF6 binding to most of his target exons.  

    

5.3. SRSF6 down regulation is essential for AS in hypoxia   

  

5.3.1 SRSF6 splicing targets and their potential functions in hypoxia   

In this study we have for the first time used comparative iCLIP as a method to 

compare RNA-binding profiles of an RBP in normoxia and hypoxia. Since SRSF6 levels 



 Discussion  

  

126  

  

are down-regulated in hypoxia, we used cell lines with low SRSF6-GFP levels to acquire 

a dataset of SRSF6 binding sites, close to physiological conditions. We integrated the 

iCLIP data with the hypoxia AS data and found that SRSF6 binds more to exons that are 

skipped in hypoxia. This observation is in line with the proposed mechanism, whereby 

SRSF6 and other canonical members of the SR protein family enhance the inclusion of 

bound alternative exons (Zhou and Fu 2013; Shepard and Hertel 2009). Manual 

interrogation of the iCLIP data identified 4 alternatively spliced transcripts, which showed 

differential SRSF6 binding in normoxia and hypoxia. Loss of SRSF6 binding to exons 

correlated with their skipping in hypoxia. Using a stable SRSF6 overexpresser cell line we 

then showed that exon skipping of these 4 targets is impaired in hypoxia.   

Moreover, splicing of the pro-angiogenic isoform of VEGFA (VEGFA165a) is 

impaired upon SRSF6 over-expression. These results showed that exon inclusion is 

regulated by SRSF6 and that too high SRSF6 levels impair proper AS of these exons in 

hypoxia.   

Specifically, we found that inclusion of exon 6 of MDM4 is regulated by SRSF6.  

Skipping of this exon results in the translation of a shorter protein isoform, which has 

opposite functions than the main isoform. Furthermore, we found that skipping of exon 4 

of CHAF1A (chromatin assembly factor 1 subunit A), exon 5/6 of SNAP25 (Synaptosome 

associated protein 25) and exon 19 of PAPOLA (PolyA polymerase alpha) was also 

impaired by SRSF6 overexpression in hypoxia. In the following paragraphs we explore 

potential functions of the alternative spliced transcripts based on the available literature. 

We have not tested whether protein isoforms encoded by the AS isoforms are more 

expressed in HeLa upon hypoxia. However, the hypothesis and putative functions put 

forward here allowed us to generate a model, which will help us to understand the 

importance of SRSF6 in counteracting the hypoxia response through an impairment of 

splicing of target exons.  

CHAF1A has been described as an important chaperone and histone assembly 

factor. During DNA replication, CHAF1A interacts with histones H3/H4 and deposits them 

into newly replicated DNA. The longer subunit of CHAF1A has been shown to be essential 

for the interaction with nucleosome components and its activity. Furthermore, CHAF1A 

has also been described to be important for chromatin assembly and modulation during 
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the DNA repair response after DNA damage (Lechner et al. 2005; Moggs et al. 2000; 

Sauer et al. 2018; Xin et al. 2018). AS of CHAF1A can lead to generation of a 

proteincoding isoform, which does not contain the histone interaction domain of the main 

protein isoform. This alternative isoform has been annotated, but not yet studied. Exon 

skipping by SRSF6 could lead to the formation of this protein isoform and impair the DNA 

damage response and chromatin assembly in hypoxia.   

SNAP25 is part of the SNARE (soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor) complex and is essential for cellular communications through 

lysosome and vesicle trafficking. This protein has been mostly studied for its function in 

modulating synaptic vesicle trafficking (Irfan et al. 2018; Jiang et al. 2019; Ramos-Miguel 

et al. 2018). However, recent studies have demonstrated the importance of SNAP25 

regulation in cancer cells (Mu et al. 2018). KD of SNAP25 suppresses the uptake of anti-

angiogenic and pro-apoptotic proteins through endosomes in endothelial cells (Chen et 

al. 2018). Importantly, SNAP25 has been already shown to be regulated through AS. The 

alternatively spliced isoform SNAP25b is protein-coding and has a negative effect on the 

function of SNAP25a (Kádková et al. 2018). Here we show that SNAP25 is alternatively 

spliced in hypoxia and the SNAP25b isoform is increased. In light of previous studies, we 

suggest that AS of SNAP25 in hypoxia can be important to inhibit anti-angiogenic and 

pro-apoptotic  protein traffic.   

PAPOLA is a polyA polymerase, which binds to newly transcribed pre-mRNA and 

adds adenosines for the PolyA-tail. PAPOLA activity is essential for proper pre-mRNA 

processing and maturation. Addition of a PolyA tail recruits polyA binding proteins, can 

cause nuclear retention of transcripts or cause their degradation due to mis-splicing 

(Muniz et al. 2015). Fours isoforms are described for the PAPOLA transcript, which are 

protein-coding (Zhao and Manley 1996). Here we show that in hypoxia, the exon 20 

skipped isoform PAPOLA II is up-regulated. This isoform encodes a protein that lacks 21 

amino acids within the C terminal region. According to previous studies, loss of this 

domain might impair PAPOLA interaction with proteins of the 14-3-3 family. This 

interaction normally inhibits PAPOLA activity, therefore up-regulation of the PAPOLA II 

splicing isoform might lead to the translation of a constitutively active protein isoform  

(Colgan et al. 1998; Kim et al. 2003; Rapti et al. 2010).  PAPOLA activation can lead to 



 Discussion  

  

128  

  

an increase in number of adenosines added to the PolyA tails. It has been previously 

showed that longer Poly A tails can enhance translation (Rutledge et al. 2014; Fuke and 

Ohno 2007), or enhance nuclear retention and decay (Bresson and Conrad 2013).   

Since in hypoxia, selective translation of hypoxia response transcripts is induced, 

one could propose that these transcripts might have longer Poly A tails as a mechanism 

to improve translation efficiency.   

  

5.3.2 SRSF6 inhibits circRNA formation in hypoxia  

In this study, we show that circRNA formation is induced in hypoxia. Furthermore, 

we show that SRSF6 down-regulation in this condition increases skipping of its target 

exons. Previous studies have shown that exon skipping is one of the mechanisms leading 

to circRNA formation (Starke et al. 2015). Here we show for the first time that SRSF6 

depletion promotes circRNA formation in normoxia and hypoxia conditions. SRSF6 KD in 

normoxic cells induced the formation of 4 circRNAs, which were also up-regulated in 

hypoxia: circPLOD2, circMTCL1, circMAN1A2 and circRTN4. Furthermore, 3 other 

circRNAs (circHIPK3, circSRSF4 and circCPSF6), tested in this study, were up-regulated 

upon SRSF6 KD. Interrogation of the iCLIP data revealed that SRSF6 binds with high 

affinity to these circularized exons. In contrast, circZNF292, which was not up-regulated 

by SRSF6 KD, did not show binding of SRSF6 to the circularized exons (data not shown). 

This supports our hypothesis that SRSF6 might suppress circRNA formation by binding 

to circularized exons and promoting their linear splicing. Indeed, we showed that upon 

SRSF6 overexpression in hypoxia, the formation of circPLOD2, circMAN1A2 and 

circRTN4 was repressed.   

Exon skipping and the formation of circRNAs can lead to generation of alternative 

splice isoforms, which do not contain the circularized exons (Suzuki and Tsukahara 2014; 

Ashwal-Fluss et al. 2014). We performed AS analyses but did not detect these events. 

One possible reason for this could be the lower stability of these exon-skipped isoforms. 

They might be rapidly degraded precluding their detection. It is possible that these 

alternative spliced isoforms could be generated as a consequence of increase in the main 

host expression. Transcriptional increase of the host gene, but decrease in SRSF6 

available for splicing could lead to exon skipping and allows formation of circles.  
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 5.4. SRSF6 modulates MALAT1 levels and availability in hypoxia  

 

MALAT1 is a highly abundant nuclear long non-coding RNA (lncRNA). Although it 

is up-regulated in many cancer cells and upon hypoxia, its functions are highly debated 

in the field. Some studies show that MALAT1 is up-regulated in cancer cells and in 

hypoxia, promoting proliferation, cancer cell survival and migration (Wang et al. 2019a). 

However, latest evidence show that it might suppress cellular migration in endothelial cells 

and breast cancer metastasis (Kim et al. 2018; Michalik et al. 2014). We believe that 

MALAT1 functions might depend of the availability and activity of its protein interactors. 

For example, on the one hand MALAT1 was shown to interact with transcription factors 

and inhibits transcription of important cell cycle regulators and VEGFA and this way 

suppressed tumor metastasis (Kim et al. 2018). On the other hand, MALAT1 interaction 

with SRSF1 has been shown to be important for splicing of the pro-angiogenic VEGFA 

isoform and other SRSF1 targets (Tripathi et al. 2010). It is possible that MALAT1 is bound 

by different RBPs in different cell types, which in fact modulate its availability and 

consequently its functions. Supporting this hypothesis, previous studies have shown that 

binding of mutant p53 protein to MALAT1 promotes its translocation to the nucleoplasm 

and to transcription sites (Pruszko et al. 2017). In a similar mechanism, MALAT1 can 

modulate AS of SRSF1 transcripts. SRSF1-MALAT1 complexes can relocate to 

transcription sites facilitating binding of SRSF1 to its target exons. Here we show that 

SRSF6 binds to MALAT1 over the entire length of the transcript. SRSF6 overexpression 

leads to an accumulation of MALAT1 in NS in hypoxia. These results suggest a 

mechanism in which, contrary to SRSF1, SRSF6 binds to MALAT1 in the NS and prevents 

its mobilization to the nucleoplasm and transcription sites. In addition, we show that 

SRSF6 can further repress MALAT1 functions by regulating its levels. In hypoxia and 

upon SRSF6 KD, low SRSF6 protein levels lead to an up-regulation of MALAT1, whereas 

overexpression of SRSF6 in hypoxia prevents MALAT1 induction.  

Taken together, our results suggest that SRSF6 overexpression in hypoxia might 

impair AS of SRSF6 direct target exons and of SRSF1/MALAT1 target exons. SRSF1 and 

SRSF6 have a similar binding motif (GGAGGA and GAAGAA) share many binding sites 

over the entire MALAT1 transcript (Müller-McNicoll, 2016). Competition for binding 
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between these splicing factors can modulate MALAT1 localization and activity. In hypoxia, 

where SRSF6 levels are depleted, more SRSF1-MALAT1 complexes can be formed to 

allow nuclear mobility and facilitate splicing of SRSF1 targets. In line with this hypothesis, 

it has been shown that SRSF6 is a core NS factor, which remains in NS during cellular 

stress (Hochberg-Laufer et al. 2019). Therefore, SRSF6 binding to MALAT1 could lead to 

this lncRNA retention in NS.  

While upon SRSF6 overexpression in hypoxia, SRSF6 binds more to MALAT1 

preventing its translocation and interaction with SRSF1 and suppresses splicing of SRSF1 

target exons. Supporting this mechanism, we showed that upon SRSF6 KD inclusion of 

the exon 8a and up-regulation VEGFA165a is induced, while in SRSF6 overexpression 

this AS event, which is promoted by SRSF1 and MALAT1 is repressed.   

  

5.5 SRSF6 overexpression in hypoxia protects cells from death due to DNA 

damage leading to micronuclei formation  

  

SRSF6 has been shown to be an oncogene. It is amplified in lung, colon and skin 

cancer and its up-regulation correlates with poor prognosis (Cohen-Eliav et al. 2013; 

Jensen et al. 2014). SRSF6 is also an important splicing regulator in ß-pancreatic cells. It 

promotes splicing of transcripts involved in chromatin remodeling, exocytosis and cell 

death (Alvelos et al. 2018). Upon SRSF6 depletion, exon skipping of BIM, BAX and 

DIABLO leads to formation of pro-apoptotic isoforms and cell death. SRSF6 up-regulation 

protects ß-cells from apoptosis by promoting inclusion of its target exons and translation 

of the anti-apoptotic proteins such as BIM-L (Juan-Mateu et al. 2018). The apoptosis 

signaling pathway when deregulated can be harmful and lead to death of healthy cells. 

However, upon DNA damage, activation of the apoptosis pathway prevents accumulation 

of mutated cells. Uncontrolled growth and division of DNA-damaged cells can lead to 

cancer and tumor development. SRSF6 normally protects cells from apoptosis, which 

strongly suggests that this might be the one of the mechanisms, which leads to tumor 

progression and aberrant cell growth upon SRSF6 up-regulation (Piekielko-Witkowska et 

al. 2010; Wan et al. 2017). In agreement with this, it was shown that after DNA damage,  
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SRSF6 is up-regulated and promotes cell proliferation in p53- deficient U2OS cells 

(Filippov et al. 2008) have shown that after DNA damage, SRSF6 is up-regulated and 

promotes cells proliferation. In hypoxia, the DNA damage repair pathway is less active, 

leading to higher numbers of cells with DNA damage and chromosomal instability (Riffle 

et al. 2017). Here we show an increase of cells containing pH2A.x nuclear foci, indicative 

of DNA damage, upon SRSF6 overexpression. This increase is already visible in normal 

condition, but is higher in hypoxia. In light of previous studies, we suggest that SRSF6 

overexpression can impair apoptosis of cells after DNA damage. When these cells are 

submitted to hypoxia, they continue to divide and proliferate leading to chromosomal 

instability and replication errors.    

The AS of anti-apoptotic isoforms by SRSF6 can explain why cells with DNA 

damage continue to grow, which can lead to further chromosomal instability (Fonseca et 

al. 2019). However, previous studies showed that KD of SRSF6 in DNA damaged cells 

only regulates AS of few targets (Filippov et al. 2011). This suggests that up-regulation of 

SRSF6 might affect proliferation and aggressiveness of cancer cells also by additional 

mechanisms. Here we show that in hypoxia, SRSF6 directly regulates splicing of genes 

associated with chromosomal assembly and cell cycle regulation. Interestingly, we also 

show for the first time that up-regulation of SRSF6 decreases MALAT1 availability and 

levels. MALAT1 regulation can be another mechanism to explain why SRSF6 

upregulation has stronger effects on cancer progression than SRSF6 KD. Our results 

show that increase of SRSF6 binding to MALAT1 might impair binding of SRSF1 and 

translocation of MALAT1-SRSF1 complexes to the transcription site. This can lead to 

inefficient splicing of SRSF1 and MALAT1 targets and act as a second mechanism 

leading to micronuclei formation due to chromosomal instability and replication errors in 

cells with high levels of SRSF6. Indeed, previous studies have shown and we confirmed, 

that MALAT1 depleted cells present a similar phenotype than the one observed in SRSF6 

overexpressing cells ( (Tripathi et al. 2010; Tripathi et al. 2013), namely increased number 

of micronuclei and abnormal nuclei formation.   

Taken together our observations strongly suggest that SRSF6 up regulation 

directly and indirectly regulates AS in hypoxic cells. Mis-regulation of AS in response to 
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hypoxia my lead to increase in tumor cells growth and proliferation. Therefore, SRSF6 

down-regulation is essential to prevent poor prognostics and metastasis in cancer.   
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6. Conclusions and outlook  

  

In hypoxia thousands of transcripts undergo alternative splicing (AS). AS in 

hypoxia can lead to expression of different protein isoforms, which might have alternative 

or opposite functions. In order to survive, cells in hypoxia stress need to suppress energy 

consuming processes such as protein translation. Cell division is also regulated in 

hypoxia and apoptosis pathway is activated, likely to prevent cell overgrowth and 

competition for O2 and allow survival of the remaining cells. AS of cell cycle regulator 

transcripts can be a mechanism to modulate cell division and down-regulation of the 

canonical splicing machinery could be a mechanism to allow global AS regulation and 

exon skipping. One AS event induced in hypoxia is circRNA formation. Exon 

circularization in hypoxia might be due to major exon skipping or to the down-regulation 

of canonical splicing machinery.   

SRSF6 is down regulated in hypoxia, and this down-regulation occurs due to AS 

of the SRSF6 transcript and up-regulation of the non-coding protein isoform, which 

contains a poison exon cassette with a premature stop codon. SRSF6 promotes inclusion 

of this poison cassette exon in hypoxia, in an auto-regulatory mechanism. SRSF6 

generally promotes exon inclusion when it binds to its target exons. Therefore, SRSF6 

down-regulation is necessary for a proper AS of SRSF6 direct targets. SRSF6 depletion 

also leads to circRNA formation. It is unclear by which mechanism SRSF6-regulated 

circRNAs form, but we hypothese that circRNA formation could occur through exon 

skipping of SRSF6 target exons followed by backsplicing. Indeed, we showed that SRSF6 

overexpression in hypoxia impairs exon skipping and circularization. To prove the 

hypothesis that circRNAs are formed through skipping of SRSF6 target exons, further 

investigation of the putative alternatively spliced isoforms is required.  

SRSF6 might also regulate AS of transcripts indirectly. SRSF6 binds with high 

affinity to MALAT1 and competes for binding sites with SRSF1. Upon SRSF6 depletion 

in hypoxia, SRSF1 can bind more to MALAT1 and these complexes can move to the 

transcription sites, promoting splicing of SRSF1 target exons, such as exon 8a of VEGFA.   
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When SRSF6 is overexpressed in hypoxia, it represses MALAT1 functions. On the 

one hand, it represses MALAT1 induction. On the other hand, it binds to MALAT1 and  

Conclusions and outlook 

retains it in nuclear speckles, impairing its mobility and availability. MALAT1 can no longer 

efficiently form complexes with SRSF1 and their target exons might not be properly 

spliced.  

To prove these proposed mechanisms AS analyses from RNAseq data of SRSF6 

overexpression and MALAT1 KD in hypoxia will be analyzed in the near future. We expect 

to find in the overlap of regulated AS targets, genes that are responsible for cell survival 

and proliferation. To date very few direct SRSF6 AS targets have been identified. This 

might be due to the fact that KD of SRSF6 reveals only a subset of direct targets, while 

SRSF6 overexpression would affect a different subset. Investigating the overlap between 

MALAT1 KD and SRSF6 overexpression targets might uncover many more AS events, 

which are causative for cancer development and poor prognosis. Our data will also give 

insights in the mechanisms that render SRSF6 a pro-oncogene. Targets for therapy in 

cases of SRSF6 up-regulation might need to be directed towards SRSF1 and MALAT1 

target genes and not only to direct SRSF6 targets. RNA splicing therapy such as 

antisense nucleotides, which could target alternatively spliced exons could be used to 

prevent cancer cells proliferation in SRSF6 up-regulated cells.  

It remains unclear whether MALAT1 forms also complexes with other splicing 

factors that are also impaired by SRSF6 overexpression. The increased localization of 

MALAT1 in speckles is a good indicative that it is sequestered by SRSF6. To investigate 

this, MALAT1 pull-downs and the Capture and Hybridization Analysis of RNA Targets 

(CHART) method (Simon et al. 2011) can be used to investigate whether upon SRSF6 

overexpression MALAT1 is less bound by its interactors, e.g. SRSF1 and less recruited 

to the chromatin.  
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Figure S1. Validation of SRSF6 and SRSF4 cell lines. A) Western Blot with anti-mab104. The total 

amount of SRSF6 protein (exogenous + endogenous) in the SRSF6 (Low and High) relative to the WT 

SRSF6 is indicated below the lanes. Same calculation was performed for the SRSF4 cell line, indicated 

below the SRSF4–GFP lane. Values were normalized by tubulin loading control. B) Panel with fluorescence 

images of SRSF4 and SRSF6 cell lines. C) Representative scheme of SRSF4-GFP and SRSF6-GFP 

tagged proteins expressed in the stable cell lines. D) Alignment of SRSF6 and SRSF4 human protein 

sequences.   
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Figure S2. SRSF6 protein level decrease in hypoxia. A-B) Additional representative fluorescence 

microscopy images of SRSF6(L)-GFP cells line in normoxia, 4h and 24h hypoxia, showing the GFP signal 

(green), nuclear staining with Hoechst (blue) and the merge of both channels. C-D) Additional 

representative fluorescence microscopy images of SRSF6(L)-GFP cells treated with 250µM CoCl2 for 0h 

(control), 4h and 24h showing the GFP signal (green), nuclear staining Hoechst (blue) and the merge of 

both channels. Scale bar: 5µm.  
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Figure S3. SRSF6 over expression leads to micronuclei formation and DNA damage. A) Fluorescence 

images of WT, SRSF4(H)-GFP and SRSF6(H)-GFP cell lines in normoxia and 24h hypoxia highlighting 

micronuclei formation B) IF images of WT and SRSF6(H)-GFP cells in normoxia and 24h hypoxia stained 

with anti-phospho Ser139 histone H2Ax (yH2A.x) antibody (red). GFP signal is shown in green, Hoechst 

nuclear staining in blue. Scale bar: 15µm.  
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Figure S4.Micronuclei formation in MALAT1 KD cells. Fluorescence in situ hybridization (FISH) 

images of MALAT1 control and KD WT cells in normoxia and 24h hypoxia showing micronuclei (white 

arrows). Scale bar:15µm.  
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